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Abstract

This dissertation presents some novel constructions for curves and surfaces with arbitrary topol-
ogy in the context of geometric modeling. In particular, it deals mainly with three intimately
connected topics that are of interest in both theoretical and applied research: subdivision sur-
faces, non-uniform local interpolation (in both univariate and bivariate cases), and spaces of
generalized splines.

Specifically, we describe a strategy for the integration of subdivision surfaces in computer-
aided design systems and provide examples to show the effectiveness of its implementation.
Moreover, we present a construction of locally supported, non-uniform, piecewise polynomial
univariate interpolants of minimum degree with respect to other prescribed design parameters
(such as support width, order of continuity and order of approximation).

Still in the setting of non-uniform local interpolation, but in the case of surfaces, we devise a
novel parameterization strategy that, together with a suitable patching technique, allows us to
define composite surfaces that interpolate given arbitrary-topology meshes or curve networks
and satisfy both requirements of regularity and aesthetic shape quality usually needed in the
CAD modeling framework.

Finally, in the context of generalized splines, we propose an approach for the construction
of the optimal normalized totally positive (B-spline) basis, acknowledged as the best basis of
representation for design purposes, as well as a numerical procedure for checking the existence
of such a basis in a given generalized spline space.

All the constructions presented here have been devised keeping in mind also the importance
of application and implementation, and of the related requirements that numerical procedures
must satisfy, in particular in the CAD context.

Keywords: computer-aided design, subdivision surfaces, local non-uniform spline interpo-
lation, interpolating surfaces, arbitrary topology, generalized spline spaces, B-spline basis.
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Sommario

Questa tesi presenta alcune nuove costruzioni per curve e superfici a topologia arbitraria nel
contesto della modellazione geometrica. In particolare, riguarda principalmente tre argomenti
strettamente collegati tra loro che sono di interesse sia nella ricerca teorica sia in quella ap-
plicata: le superfici di suddivisione, I'interpolazione locale non-uniforme (nei casi univariato e
bivariato), e gli spazi di spline generalizzate.

Nello specifico, descriviamo una strategia per l'integrazione di superfici di suddivisione in
sistemi di progettazione assistita dal calcolatore e forniamo degli esempi per mostrare I'efficacia
della sua implementazione.

Inoltre, presentiamo un metodo per la costruzione di interpolanti univariati polinomiali a trat-
ti, non-uniformi, a supporto locale e che hanno grado minimo rispetto agli altri parametri di
progettazione prescritti (come 'ampiezza del supporto, I'ordine di continuita e 1'ordine di ap-
prossimazione).

Sempre nel contesto dell’interpolazione locale non-uniforme, ma nel caso di superfici, intro-
duciamo una nuova strategia di parametrizzazione che, insieme a una opportuna tecnica di
patching, ci permette di definire superfici composite che interpolano mesh o network di curve
a topologia arbitraria e che soddisfano i requisiti di regolarita e di qualita estetica di forma
solitamente richiesti nell’ambito della modellazione CAD.

Infine, nel contesto delle spline generalizzate, proponiamo un approccio per la costruzione della
base (B-spline) ottimale, normalizzata, totalmente positiva, riconosciuta come la miglior base
di rappresentazione ai fini della progettazione. In aggiunta, forniamo una procedura numerica
per controllare I’esistenza di una tale base in un dato spazio di spline generalizzate.

Tutte le costruzioni qui presentate sono state ideate tenendo in considerazione anche I'im-
portanza delle applicazioni e dell'implementazione, e dei relativi requisiti che le procedure
numeriche devono soddisfare, in particolare nel contesto CAD.

Parole chiave: progettazione assistita dal calcolatore, superfici di suddivisione, interpola-
zione spline locale non-uniforme, superfici di interpolazione, topologia arbitraria, spazi di spline
generalizzate, base B-spline.
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Chapter 1

Introduction

The research activity that resulted in this dissertation falls within the framework of the re-
search in Numerical Analysis concerning the theory of approximation, and, more specifically,
numerical methods for multivariate data approximation and interpolation, and within the con-
text of Computer-Aided Geometric Design. It deals mainly with three intimately connected
topics that are of interest in both theoretical and applied research: subdivision schemes, non-
uniform local
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integration into the system was achieved by introducing a new type of geometric description
that exploits a heterogeneous boundary representation of a solid CAD model. In this way, the
new type of representation automatically inherits any pre-existing CAD tool, and it can interact
in a natural way with the other geometric descriptions supported by the system. Moreover, the
critical behavior of subdivision surfaces in the neighborhood of extraordinary points was over-
come by exploiting a local modification of the limit surface so as to tune the analytic properties
without affecting its geometric shape. This method was inspired by the polynomial blending
approach proposed independently by [Lev06b| and [Zor06|, which we extended in some aspects
and generalized to multipatch surfaces evaluable at constant time at arbitrary parameter values.

Among the interpolatory subdivision schemes, only the version of the Catmull-Clark algo-
rithm by [HKD93|, together with Stam’s technique, is capable of generating exactly evaluable
limit surfaces interpolating the initial control polyhedron (or mesh). The main drawback of this
method is that it requires the solution of a global linear system to determine the control points
of the surface and a post-processing optimization step to fair its shape. Some variations of the
Catmull-Clark interpolatory scheme (e.g., [MMNO7]|) propose to improve computational cost
and surface quality exploiting the so-called progressive iterative approzimation or progressive
interpolation technique, which consist in constructing the interpolating surface by a sequential
approximation of its polygon control. However, these techniques are still inherently global, in
that, as soon as a vertex changes its location, the entire control polygon must be updated in
order to keep the interpolation property.

In a work by [BCR13b], non-tensor-product subdivision schemes interpolating regular grids of
control points are defined by exploiting a class of univariate C! interpolating four-point (hence
local) subdivision schemes, in order to generate C'! limit surfaces with a better behavior than
the well-established tensor-product subdivision and spline surfaces. In particular, the method
considers a regular grid of points (i.e., with four edges incident at each vertex), where each
polygonal section is parameterized independently of the others in a non-uniform way. From this
structure, a family of nested curve networks is constructed by an iterative refinement process,
in which each successively generated network is denser and contains the previous one. In the
limit, the process converges to a O surface, and the curves of the initial network are immersed
in this surface and retain their original parameterization. The approach generates surfaces
of higher quality compared to the classical non-uniform tensor-product splines or subdivision
schemes. The downside is that, because the limit surface is generated by a recursive process,
it cannot be described in parametric form or exactly evaluated at arbitrary points.

1.2 Interpolatory methods

Interpolatory methods for curve and surface modeling have the property that the designed
curve or surface interpolates a given set of data points. This feature is relevant and often desir-
able in many contexts: for example, in free-form and interactive design it provides an intuitive
outline of the final shape of the object, and in engineering applications it allows to avoid the
“shrinkage” effect that is typical of approximating methods and makes it easy to enforce inter-
polation constraints. The main drawback is the possible presence of artifacts like unpredictable
ondulations in the curve/surface which may compromise the overall quality of the shape. In this
regard, it has been recently shown (|Lee89, KY06, Flo08, YSK11, BCR11a, BCR11b]) that in
spline interpolation these undesirable effects may disappear completely by adopting a suitable
non-uniform parameterization (such as the centripetal or chordal), resulting in interpolants of
much better quality than their uniform counterparts. In addition, we emphasize the fact that
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an interpolant should have a piecewise (spline) nature and be featured by the property of lo-
cality, i.e.; built exploiting compactly supported fundamental functions, so that each piece or
patch depends only on a limited (and possibly low) number of data.

Concerning non-uniform interpolation, we started by addressing the design of interpolating
curves. In particular, we considered the constructive framework for designing families of local
non-uniform spline interpolants featured by given continuity order, polynomial reproduction
degree, and support width, which was presented and analyzed by [BCR13a|. The outcome of
extending that framework and exploiting it in order to obtain local polynomial spline inter-
polants of non-uniformly spaced data which are characterized by having minimum degree is
detailed in [ABC14a| and presented here in Chapter 3.

With regard to the construction of free-form objects from arbitrary 3D meshes, the non-
uniform parameterization principle has been a subject of interest especially in the area of
approximation ([CADS09, Casl0, Casll, KSD13, MRF06, MFR*10, SZSS98|), with a view
to establishing high-quality models compatible and comparable with the non-uniform B-spline
standard. However, even in the context of interpolation, its potential usefulness is easily un-
derstood. In fact, it is clear that a high-quality surface must have high-quality section curves.
Therefore, intuitively, we can think of generating a good-quality surface by interpolating a set
of good-quality section curves. The benefits of this approach are outlined in [BCR13b|.

Motivated by these results, our objective was to provide a method for generating an interpola-
tory parametric surface of high quality and sufficient regularity from an arbitrary quadrilateral
mesh, which can be evaluated exactly at arbitrary points in the parametric domain.

In particular, in Chapter 4 we devise an approach for the representation of a free-form object
having complex shape by exploiting surfaces that interpolate the vertices of a given control mesh
composed of quadrilateral faces and whose vertices can have arbitrary connectivity. Moreover,
by means of a suitable extension, our technique allows for interpolating data that consist of a
network of curves, in which, similarly as before, an arbitrary number of curves can meet at each
vertex. In both cases, the basic requirement is to generate models that satisfy both criteria of
analytical nature (regularity of the surface) and aesthetic concepts (shape quality).

Specifically, we propose a two-step construction that, given a quadrilateral mesh with ver-
tices of arbitrary valence (i.e., a vertex can be shared by an arbitrary number of edges), firstly
generates a network of high-quality curves interpolating the mesh vertices (and satisfying G*
or G? compatibility conditions at the intersections), and then builds a composite surface that
interpolates the curves of the network with a 1-1 association between mesh faces and surface
patches. In addition, if a suitable network of parametric curves is given, a direct generalization
of our approach allows generating a surface that interpolates the network, regardless of the
nature of the curves (polynomial, trigonometric, etc.). Now, let us outline the salient aspects
of this technique.

During the construction of the curve network, each curve is independently parameterized
by the centripetal or chordal parameterization, in such a way to optimize its quality. The
curves are then represented by piecewise-polynomial functions and are defined in a completely
local way exploiting a class of compactly supported fundamental functions having the desired
continuity (for the construction, see [BCR13a|), which turns out to be particularly convenient
due to its property of a very limited support width. In this way, the portion of curve between
two mesh vertices depends only on few adjacent points belonging to a polygonal section of
the mesh (which does not necessarily need to be planar). In the neighborhood of valence-4
vertices, the network does not have to meet any particular requirement for compatibility. In
the neighborhood of eztraordinary vertices (i.e., of valence other than 4), we construct the

3
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network in order to satisfy compatibility constraints of G' and G? type.

In the second stage, the curve network serves as a skeleton from which we build a smooth
and aesthetically pleasing surface by suitably blending the curves. To this aim, two innovative
ingredients are introduced: the first is to use as blending functions a class of non-uniform,
locally supported fundamental functions (see again [BCR13a]); the second consists in a suit-
able strategy of local parameterization. In this way the curves become the boundaries of the
patches of a composite surface, where each parametric patch corresponds to a face of the mesh
and depends on only one or two rings of vertices surrounding the face. Moreover, inspired by
the technique by [BCR13b], we introduce a novel parameterization strategy, called augmented
parameterization, which does not require that opposite boundaries of a face have the same
parameterization. As a result, the curves of the network are embedded in the surface, with-
out being approximated or altered in any way, and retain their original parameterization and
consequently their good shape quality. This is a major difference with respect to the classical
approaches based on tensor-product or Gordon surfaces, where averaging the parameterization
of parallel section curves is necessary. In particular, it is worth pointing out that the classical
tensor-product parameterization, albeit non-uniform, in many cases is not flexible enough to
generate surfaces of good quality.

Moreover, if a mesh includes isolated non-quadrilateral faces, the local nature of our method
makes it possible to patch all the quadrilateral faces. After this operation, non-quadrilateral
faces can be handled via hole-filling techniques, extrapolating the necessary information from
the adjacent patches. In this context, [VRS11, VSR12| propose a method for n-sided holes,
which takes into account the individual lengths of the sides of the hole, a reference to the
concept of non-uniform parameterization that is central to our approach. Therefore we suggest
that this technique could effectively complement our method, to patch possible isolated n-sided
faces.

Another possible approach for handling non-quadrilateral faces consists in refining the initial
mesh, either globally or adaptively, through an interpolatory subdivision scheme, so as to
split each n-sided face into n new quadrilateral faces. In this regard, as already mentioned,
interpolating subdivision schemes do not admit an analytical representation of the limit surface
or an exact evaluation algorithm. However, recently much research has been devoted to the
study of non-uniform subdivision schemes derived from spline interpolants (|BCR11a, BCR11b,
KP13]) and their bivariate generalization ([BCR13b]). By applying our patching approach
starting from the same classes of splines related to a subdivision scheme, we could therefore
approximate the limit surface, so as to provide a parametric representation. The construction
presented in Chapter 4 lays the foundation for the study of this relevant topic, which is among
our future research objectives.

1.3 Generalized splines

A further topic that we investigated concerns the theory of generalized splines, whose aim is
to extend the theory of polynomial splines in order to include also non-polynomial spaces (e.g.,
spaces of trigonometric, hyperbolic, or mixed-type functions).

In CAGD the standard representation of curves and surfaces consists in expressing them
as linear combinations of basis functions, in which the coefficients are called control points.
To be useful as a tool for design, the basis functions must form an optimal normalized totally
positive basis (ONTP), which means that they must possess some important properties: non-

4
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negativity, partition of unity (i.e., they sum up to 1), convex-hull property, affine invariance,
endpoint interpolation, variation diminishing property, total positivity, and the existence of
knot insertion algorithms. In fact, such properties ensure that the designer is provided with an
intuitive control on the shape of the object during interactive modeling.

In Chapter 5 we show how, considering spline spaces built upon Quasi Extended Chebyshev
spaces (QEC-spaces for short) that contain constants and such that the spaces obtained by
differentiation are QEC-spaces as well, we can formulate a novel and general approach to con-
struct the ONTP basis, if the spline space admits one. To this aim, we recall and formalize
the idea of transition function that was introduced in [BCR13a| and that, in a sense, can be
dated back to the basis functions initially used by Bézier for curve design (see, e.g., [Rab02]).
We exploit the notion of transition function to explicitly construct a basis that coincides with
the ONTP one, if it exists.

Moreover, we show that a system of weight functions can be computed in terms of transition
functions and, investigating the connection between the existence of weight functions and the
existence of the ONTP basis, we provide a criterion for determining whether an arbitrary gen-
eralized spline space admits the ONTP basis.

In addition, we provide some relevant algorithms for the computation and modeling in spaces
of generalized splines that are of interest from the point of view of applications.

Finally, Chapter 6 collects some concluding remarks.

We remind that Chapters 2 and 3 reflect work that has already been published (in [ABCT 13|
and [ABC14al, respectively), while Chapters 4 and 5 contain original, unpublished material.






Chapter 2

Subdivision surfaces integrated in a CAD
system

This chapter discusses the problem of the integration of subdivision surfaces in computer-
aided design (CAD) systems for modeling, engineering, and manufacturing purposes, and
presents an approach that has proven to be effective in achieving such an integration.

In particular, the main roadblock that has limited the usage of subdivision surfaces in CAD
systems is the lack of quality and precision that a geometric model must achieve for being
suitable for the engineering and manufacturing phases of the production process. The second
roadblock concerns the integration into the modeling workflow, which, for engineering purposes,
means providing a precise and controlled way of defining and editing models possibly composed
of different geometric representations. This chapter, together with the recent paper [ABC*13],
documents the experience in the context of a European project whose goal was the integra-
tion of subdivision surfaces in a commercial CAD software. To this aim, a new CAD system
paradigm with an extensible geometric kernel is introduced, where any new shape description
can be integrated through the two successive steps of parameterization and evaluation, and
a hybrid boundary representation is used to easily model different kinds of shapes. In this
way, the newly introduced geometric description automatically inherits any pre-existing CAD
functionality and tools, and it can interact in a natural way with the other geometric represen-
tations supported by the CAD system.

To overcome the irregular behavior of subdivision surfaces in the neighborhood of the so-called
extraordinary points, the limit surface of the subdivision scheme is locally modified so as to tune
the analytic properties without affecting its geometric shape. Such a correction is inspired by a
polynomial blending approach [Lev06b, Zor06|, which generates multipatch surfaces evaluable
at constant time at arbitrary parameter values.

Some modeling examples will demonstrate the benefits of the achieved integration, and some
tests will confirm the effectiveness of the proposed local correction method.

2.1 Introduction

Subdivision surfaces have a long history, being studied for more than 30 years now. Since
the first time they were used in Pixar’s movie “Geri’s game”, they had a big success in enter-
tainment industry and they are now widely supported in nearly all modern modeling programs
for graphic applications. Their flexibility and the fact that some subdivision surfaces represent
a superset of the standard Non-Uniform Rational B-Spline (NURBS) representation (see, e.g.,
[CADS09, SZSS98|) easily suggests that they can be the future description form of all geometric

7
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data. However, after all these years, their use in CAD systems is still negligible. This is partly
due to the fact that subdivision surfaces do not have a closed-form representation, which means
that most subdivision schemes can not be parameterized and evaluated exactly. As pointed
out in [Ma05|, the lack of closed-form evaluation restricts the class of subdivision methods
suitable for CAD to schemes that generalize the spline representation to arbitrary topology,
namely those of Catmull-Clark [CC78|, Doo-Sabin [DS78], and Loop |[Loo87]. Key aspects of
these schemes, such as the smoothness of the limit surface [DS78, Rei95, Pra98|, the curvature
behavior [SDHIO3, PR04|, and the nature and kinds of surface artifacts [KPR04, SB03|, have
been widely studied in the literature. The state-of-the-art also provides several proposals for al-
gorithms, mainly based on Catmull-Clark surfaces, that may be useful in various CAD-related
applications, such as surface fitting [MZ02|, reverse engineering [MZ00, BFL*10] and curve
lofting [Nas01, SWZ04|. However, despite such a large amount of effort, the quality achieved
by current subdivision schemes is still far from the requirements that a geometric model must
satisfy for being suitable for the engineering and manufacturing phases of design. In particular,
subdivision surfaces manifest a critical behavior in the neighborhood of the so-called extraor-
dinary vertices, which is not a punctual deficiency; actually, it involves a whole region around
each extraordinary vertex, making it difficult to apply most of the CAD tools. This has con-
fined their application in CAD merely to the phase of conceptual design, where the precision
and quality of the shape is not extremely important.

Subdivision surfaces have already been tested in some CAD systems (CATIA, Creo), while
other softwares (Rhinoceros, SolidWorks) have introduced plug-in modules based on T-splines
[SZBNO3|, that show the same lack of precision and quality of subdivision methods around
extraordinary vertices. None of the existing systems treats subdivision surfaces (nor T-splines)
as a truly integrated geometric primitive. This means that a subdivision model needs to be
converted to NURBS to interact with the rest of the CAD system.

This chapter documents part of the work that has been undertaken within the European
Eurostars Project NIIT4CAD under the coordination of think3 company. One of the aims of
the project was to overcome the traditional approach to surface and solid modeling of cur-
rent 3D CAD systems by introducing new methodologies based on subdivision surfaces which,
overcoming the mentioned roadblocks, could exploit their potentialities to obtain high-quality
geometrical model suited for engineering and manufacturing purposes. A prototype of software
module for subdivision surfaces for CAD has been integrated in the geometric kernel of the
ThinkDesign commercial CAD system, together with a module for fast design and editing of
meshes for subdivisions.

The contribution of the work presented in this chapter is twofold. We describe the new
framework which guarantees a full integration of subdivision surfaces in a CAD system, and we
introduce a correction method to improve the quality issues in the subdivision representation,
so as to achieve the accuracy required by CAD applications. The overall objective is to provide
a mathematical representation based on subdivision surfaces that achieves the desired accuracy
and is integrated with the other representations present in the CAD system, e.g., NURBS
and analytical shapes. This lays the groundwork for a new CAD paradigm for hybrid modeling
with NURBS /subdivision/analytical geometries, in which all the geometric representations may
coexist and interact, and all the functionalities of the CAD system are automatically inherited.

The realized integration is focused on Catmull-Clark subdivision surfaces [CC78|, which is
the most popular choice of all modern CAD systems. This is, in a way, a natural choice both
because Catmull-Clark surfaces represent a generalization of bicubic B-splines, and because
they provide an explicit parametric expression for the limit surface [Ma05]. However, the gen-
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(a) (b) (c) (d) (e)

Figure 2.1: (a) Control mesh, (b)-(d) some steps of the Catmull-Clark subdivision algorithm, and
(e) related limit surface. In (a)—(d) faces containing at least one extraordinary vertex and thus corre-
sponding to non-spline patches are highlighted in red color.

erality of the approach makes it easily extendable to all subdivision schemes based on splines.
To achieve the quality required in CAD, where necessary, we have introduced a local correction
inspired by the idea of polynomial blending proposed in [Lev06b, Zor06|. The approach con-
sists in blending, in the neighborhood of extraordinary points, the limit surface with a proper
polynomial approximant. This allows tuning the analytic properties of the surface, without af-
fecting its geometric shape. In [Lev06b, Zor06| the authors assume to work on a discretization
of the surface, obtained by applying a finite number of refinement steps to the mesh of the
initial control points. As a consequence, after the correction, the limit surface is evaluated only
at the discrete set of points generated by the process of iterative subdivision. To suit our needs,
the original blending idea is here further developed and generalized, assuming to work with a
continuous representation of the surface which is evaluable at arbitrary points of the domain.

The remainder of the chapter is organized as follows. Section 2.1.1 briefly presents some
basic notions on subdivision surfaces. Section 2.2 describes the CAD system paradigm on
which our integration approach relies. Section 2.3 presents our approach for the integration of
subdivision surface primitives into a CAD system, which is based on the B-rep representation
and a suitable parameterization method, described in Section 2.3.1. Section 2.4 is devoted to
the local correction of subdivision surfaces around extraordinary vertices. Section 2.5 discusses
the most relevant computational issues to deal with when implementing exact evaluation of
subdivision surfaces in a CAD context. Section 2.6 illustrates some modeling examples aimed
at demonstrating the potentialities of the proposed integration, and some tests which confirm
the effectiveness of the proposed local correction patching method. Concluding remarks can be
found in Section 2.7.

2.1.1 Subdivision basics

A subdivision scheme generates a smooth surface as the limit of a sequence of successive
refinements of an initial configuration of vertices, edges and faces with connectivity relations,
called control mesh. To illustrate the process, Figures 2.1(b)-2.1(d) show some refinement steps
of the Catmull-Clark scheme applied to the control mesh of Figure 2.1(a), while in Figure 2.1(e)
the associated limit surface is shown.

In the control mesh, an arbitrary number of edges can be incident at each vertex (called the
valence of the vertex), as well as an arbitrary number of edges can define a face, called an
n-sided face. In particular, a vertex is called extraordinary if its valence is different from the
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Figure 2.2: Limit surface structure around an extraordinary vertex of valence n = 5. Each of the
nested spline rings is composed by n sectors and each sector in turn of three spline patches in an
L-shaped configuration.

regular configuration, which for Catmull-Clark is 4, and it is called regular otherwise.

The potential of subdivision surfaces with respect to other forms of representation (e.g.,
NURBS) is the possibility of handling objects of arbitrary topological genus. Essentially, like
NURBS, subdivision surfaces describe a geometric model by means of control points. However,
while in a NURBS the control points form a regular rectangular grid, subdivision handles a
generic mesh with arbitrary topology. The benefit is that, when moving the points of the control
mesh, the geometric object automatically stays connected and the faces remain tangent- and
curvature-continuous to each other.

The successive refinement procedure, which characterizes the subdivision surface, provides a
representation that is inherently discrete. However, a parametric representation is admitted by
a special family of subdivision schemes that, away from extraordinary vertices (i.e., in regular
regions), reproduce a known analytic representation (which hereinafter can be assumed in spline
form). In this setting, the limit surface can be represented at a given parametric point (u,v)
belonging to regular or extraordinary regions as a finite linear combination

S(uv) = 3 pibiu,v), (2.1)

where p; € R? are the vertices of the input control mesh and b;(u,v) are suitable compactly
supported basis functions.

If the scheme has an analytic representation underneath, then away from extraordinary ver-
tices (2.1) represents a tensor-product surface patch. In this case, for Catmull-Clark scheme
the basis functions are the bicubic tensor-product B-splines [PT95].

In proximity of extraordinary vertices the number of basis functions depends on the valence.
For Catmull-Clark scheme these functions can be evaluated by well-known algorithms, as de-
scribed in [Sta98, Yam01, LCO06|, and by their several variants to non-closed surface evaluation
in the vicinity of the boundary [BLZ00, SES04, LB07|. These methods are capable of evalu-
ating the surface at arbitrary parameters in the vicinity of one extraordinary vertex based on
the idea illustrated in Figure 2.2. Each patch is parameterized by a collection of quadrilateral
domains arranged in nested L-shaped groups which progressively shrink towards the extraor-
dinary vertex; on each of these domains the surface is represented as a bicubic tensor-product
B-spline.
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2.2 The CAD system paradigm

In the following we discuss the fundamental features required for a CAD system to be able
to integrate the subdivision surface representation into its geometric kernel. In particular, the
CAD system must satisfy the following requirements:

e “parameterization and evaluation” paradigm;
e DB-rep representation;

e hybrid geometric descriptions.

A major challenge for the integration of a new geometric primitive within a CAD system is
represented by the problem of including the primitive in the geometric engine of the system,
the so-called geometric kernel.
In many of current commercial CAD systems the structure of the geometric kernel is quite
similar: it provides a set of geometric representations and a set of tools which operate on them.
Curves and surfaces are represented in parametric form, while for solids the boundary represen-
tation (B-rep) is mostly used. In the B-rep a geometric model is described through its boundary
surfaces, which, in case of a solid model, represent the boundary between solid and non-solid.
Such a boundary is constituted by one or more connected components, called shells. In turn,
each shell is represented as a collection of surface patches, called B-rep faces. Faces are chosen
so that the geometric form of each face can be represented as a single parametric function. To
describe each shell, a B-rep stores two types of information: topological information, namely
the connectivity relations between faces, and the geometric representation of the surface patch
corresponding to each face.
The various available CAD tools include intersections, projections, Boolean operations, offsets,
fillets, and many others. Some geometric kernels rely on the NURBS representation only, while
more advanced ones also allow different representations, such as planes, cylinders and quadrics,
which provide greater precision at lower storage cost. Since the CAD system must support dif-
ferent geometric representations, the B-rep modeling system underneath should adopt a hybrid
description of the geometry, allowing the coexistence of faces with different forms of geometric
representation.
The proposed approach is based on a CAD system paradigm with an extensible geometric ker-
nel, in which any geometric description can be integrated by simply implementing the related
evaluation algorithm that acts as an interface with the entire system. This paradigm of ex-
tensibility requires that any geometric representation be parameterizable and there must be a
known evaluation method that associates with each point in the parametric domain a surface
value and derivatives up to second order. This makes all the functionalities of the CAD sys-
tem automatically inherited by any newly introduced type of representation, which is therefore
indistinguishable from others already enclosed in the system. In this way, pre-existing oper-
ators and tools can be easily and directly applied to any hybrid representation. This defines
our concept of full integration of the geometric representations in the CAD system, although,
obviously, a suitable tuning of some algorithms may be required to optimize the output quality.
This paradigm reflects the structure of the geometric kernel of the ThinkDesign system (de-
veloped by think3), used for testing the proposed approach. Moreover, ThinkDesign supports
hybrid modeling where the B-rep has been extended to allow special, non-solid model types
called non-manifold models, which are used to represent thin-plate objects and integrate surface
modeling into a solid modeling environment. This makes the B-rep a more flexible descriptive
model and provides the CAD system with a much richer set of operations.
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Figure 2.3: Workflow for the creation and editing of a Subd-B-rep.
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2.3 Subdivision B-rep

This section describes how a subdivision entity has been integrated in the previously described
CAD system. A subdivision surface is a single entity describing an arbitrary topology geometric
model by means of its control mesh. However, a subdivision surface can be exactly evaluated
only by associating with each quadrilateral face of the control mesh a parametric domain. Thus
the most natural way to handle this structure is to store the information on the geometric model
in a B-rep, where the control mesh is used to derive the B-rep topological information. To this
end, we introduce the following B-rep characterization for subdivision surfaces.

Definition 2.1 (Subd-B-rep). A Subd-B-rep represents a B-rep geometric model in which each
B-rep face is a patch of a subdivision surface associated with a rectangular parametric domain
and the B-rep topology is defined by the subdivision control mesh.

Figure 2.3 shows the workflow for the creation and editing of a subdivision entity. The faces

which form a Subd-B-rep are extracted from the control mesh of the subdivision surface through
a patcher function. A suitable evaluator for subdivision entities is used by the various CAD
algorithms to interrogate the Subd-B-rep and compute surface value and derivatives of its faces
at arbitrary domain parameters.
Exploiting the classical handling of B-rep, a Subd-B-rep can interact naturally with other enti-
ties in the system. For example, the result of operations of solid composition is a B-rep whose
faces can have hybrid geometric nature, e.g., they can be either NURBS, analytical, or subdi-
vision surfaces patches. Such B-rep will be editable while maintaining the hybrid nature of its
faces, and any CAD tool will operate on the hybrid form. In this case the workflow in Figure
2.3 applies to those faces of the B-rep model that are of subdivision type.

In the following we illustrate how the topological and geometric information that characterizes
a Subd-B-rep is derived by the patcher function starting from an initial control mesh. The
leading idea is that the Subd-B-rep should maintain an intuitive association (possibly 1-1)
between the control mesh faces and the B-rep faces. Since the topological information is strictly
related to the specific subdivision scheme considered, we will specialize the following description
to the particular Catmull-Clark subdivision method. In this case, if the faces of the control
mesh are quadrilateral faces, the 1-1 correspondence is obtained in a natural way as illustrated
in Figure 2.4(a).

Topology. The topology is described by adjacency relations between topological entities. In
order to generate the Subd-B-rep, such information can be inferred from the control mesh of
the subdivision surface. The control mesh is a (consistent) collection of vertices, edges and faces
with connectivity relations in which each face can be formed by an arbitrary number of edges,
and each edge is adjacent to exactly two faces. In our B-rep construction, a quadrilateral face
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(a) Mesh with all quadrilateral faces. (b) Mesh with some non-quadrilateral faces;
loop of 6 edges highlighted in the corresponding
Subd-B-rep.

Figure 2.4: Control mesh of a subdivision surface and related Subd-B-rep.

of the control mesh defines a single face of the Subd-B-rep (see, e.g., Figure 2.4(a)). Conversely,
an n-sided face in the control mesh (with n # 4) cannot be represented as a unique parametric
surface patch on a quadrilateral domain. Thus we apply a refinement step of the Catmull-Clark
scheme which splits the face into n quadrilateral faces, each of which becomes an independent
face in the construction of the Subd-B-rep (see Figure 2.4(b)).

Besides adjacency relations, the B-rep typically stores the loops, i.e., circular sequences of
edges that form the boundaries of a B-rep face. In particular, in the Subd-B-rep each face
contains one single loop which can be either regular when it consists of 4 edges (Figure 2.4(a)),
or extraordinary (more than 4 edges) in case of quadrilateral mesh faces adjacent to non-
quadrilateral ones. In the example shown in Figure 2.4(b), an extraordinary loop of 6 edges that
defines a quadrilateral face is highlighted in red color. This determines a T-shaped configuration
of B-rep edges, which is easily handled by any standard B-rep data structure. In the worst
case, corresponding to a quadrilateral mesh face adjacent to 4 non-quadrilateral faces, the loop
is formed by 8 edges.

We remark that the consistency of the control mesh on which the B-rep is built automatically
leads to the consistency of the resulting Subd-B-rep.

Geometry. We describe the geometry associated with each face of the Subd-B-rep as a para-
metric surface patch over the domain @ := [0,1]?, called base domain. This patch is the limit
surface of the subdivision scheme which is parameterized and evaluated as described in the
following subsection.

The notation used from this point on is summarized in Table 2.1.

2.3.1 Subd-B-rep parameterization

In the proposed approach, the limit surface S of the subdivision scheme, associated with a
given control mesh, is represented as a parametric multipatch surface in which each patch S;
is associated either with a quadrilateral face of the control mesh or with a quadrilateral face
generated by refining an n-sided face. Each patch S; is parameterized on the base domain @)
through a parameterization function

Vs, Q — Si.

In the following, we denote by q,, ¢ = 0,...,3, the vertices of () indexed in counterclockwise
order from (0,0). The function ¢ is the parameterization in which the limit surface is evaluated
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o uniform scaling by a factor h

Pa counterclockwise rotation by an angle a about the origin

To translation by a vector v

Vg parameterization of a Catmull-Clark surface Z

Z; 1th patch of the parametric multipatch surface Z

Q base domain [0, 1]2

q vertices of @), in counterclockwise order starting from (0, 0)

Qr sub-square of () that cointains g,

Q" rectangular domain [0, h)?

(u,v) parameters of a surface patch, in @

S Catmull-Clark limit parametric multipatch surface

P polynomial surface

S* blended surface

w blending function

K([)n] sector of the characteristic map of valence n

K, local domain parameterizing the neighborhood of an extraordinary vertex
(s,t) parameters in K,

D, blending region C K,

Al subdominant eigenvalue of the local subdivision matrix for valence n
Pr approximation points for the construction of P

Table 2.1: The main symbols used in this chapter.

and, as recalled in Section 2.1.1, it is known in two situations, namely for regular faces and
faces that contain only one extraordinary vertex.

To fit the definition of Subd-B-rep, it is necessary that each B-rep face define a unique surface
patch parameterized over the domain (). Thus, faces of the control mesh that contain more
than one extraordinary vertex and non-quadrilateral faces must be suitably treated so as to
satisfy this requirement. To this aim, we distinguish three different types of extraordinary
patches, each of which corresponds to a different parameterization strategy, described in the
following and illustrated in Figure 2.5.

(a)

Quadrilateral face with only one extraordinary vertex (Figure 2.5(a)): it is mapped to a
surface patch parameterized over () in such a way that

wSi (qO) = Q/JSi (Oa O) = DPev,

where pe, is the limit point corresponding to the extraordinary vertex. Patches of type
(a) can be evaluated exploiting one of the algorithms cited in Section 2.1.1.

Quadrilateral face with more than one extraordinary vertex (Figure 2.5(b)): we define a
reparameterization map over () as follows. The patch S; is partitioned into the union of 4
sub-patches S;,,¢ =0, ..., 3, such that each of them contains at most one extraordinary
vertex. Each S, is associated with a sub-square @, of the base domain @), as illustrated
in Figure 2.5(b). To evaluate each sub-patch as in (a) it is necessary to apply beforehand
the reparameterization

Gr: Qe — Q
defined by
bt = 72 P © Tuan 22)
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where oy, is a scaling by a factor h, p;' is a clockwise rotation around the origin by an
angle a, and 7, is a translation of a vector v (note that all these functions are applied to
vectors).

(¢) Quadrilateral face generated by the splitting of an n-sided face: the patcher function
associates with an n-sided face of the control mesh n quadrilateral patches, by refining
the face through the Catmull-Clark scheme. Each of them contains at least one n-valent
extraordinary vertex generated by the splitting of the face (Figure 2.5(c.1)), and possibly
two (Figure 2.5(c.2)). The two situations give rise to the following cases:

(c.1) if the patch contains only one extraordinary vertex, then it is treated as in (a);

(c.2) if the patch contains two extraordinary vertices, then it is treated as in (b).

In both sub-cases, since the n quadrilateral patches derive from the refinement of an n-
sided face of the control mesh, an additional scaling of their first and second derivatives
is achieved respectively by the transformations o and o2 with h = 2.

We observe that, after the subdivision of an n-sided face, cases (c.1) and (c.2) differ from cases
(a) and (b) only for an additional scaling of the parametric domain, which takes into account
the fact that faces of type (c.1) and (c.2) have been subdivided one more time with respect to
faces of type (a) and (b). So, actually, only the three cases (a), (b) and (c) are strictly necessary,
with the two sub-cases of (¢) falling into (a) or (b). However, considering all the distinct four
cases will simplify the comprehension of the method of local correction described in Section 2.4.

The described parameterization technique allows us to isolate extraordinary points, in such a
way that each point p., belongs to a rectangular patch S; or a sub-patch S, ;, whose remaining
vertices are regular.

2.4 Surface tuning around extraordinary vertices

It is well known that Catmull-Clark surfaces exhibit a critical behavior in the neighborhood
of extraordinary points. Depending on the variant of the scheme that we consider, the curvature
at those points is either undefined [DS78| or zero [PU98|. Although some modifications were
proposed to overcome such issue [Sab91, Loo02, GU07, ADS06, SCADO(7|, available methods
guarantee bounded but not necessarily convergent curvature. This phenomenon is common to
the entire family of schemes whose limit surface can be represented as a collection of nested
spline rings around an extraordinary vertex, namely all parameterizable schemes. In fact, in-
tuitively, since these rings are essentially a deformation of a regular grid, using them to fill in
the n-sided hole around an n-valent vertex generates a singularity.

The main reason that prevents the use of subdivision surfaces in CAD applications is that the
erratic behavior of curvature is not confined to an isolated point; conversely, it affects a whole
area around each extraordinary vertex (see, e.g., [KPR04, SB03, PR08]). This causes many
fundamental geometric operations to produce unpredictable results or completely fail.

Another problem concerns the parameterization of the surface. Approaching an extraordinary
point, the absolute value of derivatives progressively increases (when valence n > 5) or de-
creases (when n = 3) without bound. Such an undesirable situation is very far from the ideal,
in which the parameter follows the distance on the surface, and it causes the instability of many
geometric algorithms (e.g., intersection, projection) that rely on approximation of the surface
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(a) Quadrilateral face with a single extraordinary vertex.
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(b) Quadrilateral face with more than one extraordinary vertex.
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(c.2) Non-quadrilateral face with at least one extraordinary vertex.

Figure 2.5: Correspondence between the different types of faces of the control mesh and the para-
metric patches that form the limit surface. Left: face of the initial mesh; center: parametric base
domain @ associated with the shaded face; right: patch S; of the limit surface. Extraordinary vertices
are marked by circles, while regular vertices by squares.
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by local Taylor expansion.

To address these issues, a possible approach relies on patching methods, based on replacing

all the subdivision surface patches containing an extraordinary point by another form of repre-
sentation. Most of these techniques result in a C! construction [Pet00] while, to our knowledge,
only [LS08| achieves G? continuity. However, a drawback of the patching approach is that the
modification affects a wide region of the surface, and this partly disqualifies it with respect to
our aims. In fact, since the shape of Catmull-Clark surfaces is already satisfactory, we are in-
terested in maintaining their appearance and B-spline nature in the widest possible area, while
improving their analytic properties in the smallest neighborhood of the extraordinary points.
To this aim, we pursue a blending approach |Lev06b, Zor06|, which consists in blending the
Catmull-Clark and another suitable surface in a small circular neighborhood of the extraordi-
nary point, called blending region. This results in C? continuity without significantly altering
the shape and the almost-everywhere spline nature of the Catmull-Clark method. The nov-
elty of our technique is its capability of generating a parametric surface, evaluable at arbitrary
points of the domain.
In Section 2.4.1 we overview the basic blending approach, while in the subsequent sections
we present the original aspects of our proposal. We remark that, although here we focus
on Catmull-Clark surfaces, the approach is very general and straightforwardly applies to any
exactly evaluable subdivision scheme.

2.4.1 Local correction through polynomial blending

Let p., be an extraordinary point of valence n and S;, 7 = 0,...,n— 1, the n surface patches
around it. Then, for each S;, we define on () a new geometric representation, named blended
surface, as

S* =

7

{wSi + (1 —w)P, inside the blending region, (2.3)

S, elsewhere,

where w is a bivariate blending function and P is a polynomial surface that approximates
an area of the Catmull-Clark surface centered at pe,. The function w must be chosen so as
to guarantee that the transition between S} and S; is C*-continuous. Figure 2.6 illustrates
two blending functions that can be conveniently exploited in our context: the function in
Figure 2.6(a) was proposed in [Lev06b], while Figure 2.6(b) shows a function which is zero in a
circular neighborhood Z of the origin and whose derivatives vanish up to the second order on
both internal and external boundaries of the blending region. It can be easily observed that
the latter blending function generates a purely polynomial surface in a neighborhood of the
extraordinary vertex, and the blending region reduces to an annulus: in fact, on Z, w = 0 and
thus, from (2.3), SF coincides with P.

The blended surface defined in (2.3) requires that locally the patches S;, i = 0,...,n — 1,
the polynomial P, and the function w be parameterized over a common domain, which is
introduced in the following section.

2.4.2 A star-shaped parameterization domain

The proposed construction is based on the characteristic map that defines the natural pa-
rameterization of the surface generated by the subdivision scheme in the neighborhood of an
extraordinary vertex (see, e.g., |[Rei95]). This map is defined as the limit surface of the subdi-
vision scheme applied to the 2D mesh whose vertices are the entries of the two subdominant



18 2. Subdivision surfaces integrated in a CAD system

Figure 2.6: Blending function w.

eigenvectors of the local subdivision matrix!. The characteristic map itself can be regarded as
a parametric multipatch surface, consisting of n patches Ki[n] of type (a) that, up to proper
normalization?, have rotational symmetry with respect to the extraordinary vertex. For our

purposes, without loss of generality, we consider one of these sectors, namely KOM, which is

represented over the square domain ) by v Kl Q — K([)n}.

In the following we describe how, starting from K([)n], it is possible to define a star-shaped
domain to parameterize the n surface patches S;, 7 = 0,...,n—1, in a suitable neighborhood of
Peov that contains the blending region. To this aim we introduce the star-shaped transformation

Ki = p;2z O @DK([)M °0p 0,

where 9. is applied to Q" ., with Q" == [0, h)?, oy, is a scaling with factor h given by
0

o

patch type | (a) (b) (c.1) (c.2)
h 4 2 2 1

(2.4)

and
(u,v),  if the ¢th patch is of type (a) or (c.1),
¢<U, U) = ¢€(u7 U)u t= 07 SR 737 (U, U) S Qf? d)f in (22)7
if the ith patch is of type (b) or (c.2).

For a patch of type (a), the star-shaped transformation is illustrated in Figure 2.7. Note that

the transformation v ) o 05 0 ¢ maps the parametric domain of a patch to K(g"], which is a

Kl
fixed sector of the characteristic map. Finally, the rotation p,2= maps K([]"] to the ith sector of
K, the global parameterization domain around the extraordinary point defined as follows.

Definition 2.2. For a given extraordinary vertex of valence n we define the star-shaped pa-
rameterization domain as

n—1

K, = U {/{i (u,v) ’ (u,v) € Q and op(P(u,v)) € Q} :

1=0

IThe local subdivision matrix M, is such that P**+t1) = M, P(*) where P(*) are the vertices of the k-times
refined mesh.

2The normalization is such that K ([Jn} is located in the positive quadrant of the real plane and with one edge
having endpoints in (0,0) and (1,0).
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Qh

0p 0 ¢

Figure 2.7: A surface value S;(u,v) is in 1-1 correspondence with a couple of parameters (s,t) € K, [n},

where (s,t) is obtained by applying to (u,v) € @ the transformation x; = p;2= o Vet © 0 © ¢ The
n 0

figure refers to a surface patch of type (a), hence h = 4. Dots represent the least squares approximation

points.

Remark 2.1. The point (0,0) of the domain K, is mapped to the extraordinary point shared
by the n surface patches S;.

Assuming (s,t) = k; (u,v), inside the domain K,, we define the circular blending region

Dy = {(5,8) € K | ll(s,0)]l, <A™},

centered at the origin and having radius equal to the subdominant eigenvalue A\ of the sub-
division matrix.
In this way, we can now characterize the blended surface in (2.3) as follows:

SH(u,v) = {w(s’t)si(%“) + (1 —w(s,t))P(s,t), (s,t) € Dy,

2.5
Si(u,v), elsewhere. (2:5)

In the base domain @) of each patch S; the blending region is represented by

D= {(0,0) € Q|on(6(u,0)) € @ and sa(u, )], < AP}

In Figure 2.8 the blending regions around adjacent extraordinary vertices are highlighted
in red color. We observe that the radius of the blending region is chosen in such a way that
blending regions surrounding extraordinary vertices of the same face are well separated from
each other. This guarantees that the spline nature of the limit surface of the Catmull-Clark
scheme is altered in quite restricted areas. In particular, as a consequence of the scalings by oy,
and possibly ¢y, D,,; is contained inside Qs for patch types (a), (b) and Q1 for (c.1), (c.2).

The first and second partial derivatives of w (s(u,v),t(u,v)) and of each component P, of
P (s(u,v),t(u,v)) with respect to u,v are computed by applying the chain rule. Let f be w or

P, functions, then:
Ol _ ;(0sf
<&j)-J(@f), (2.6

_ [Ous Oys
= (aut avt>

where
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Figure 2.8: Blending regions around adjacent extraordinary vertices. From left to right: control
mesh, isoparametric curves corresponding to the same parameter grid for each patch, limit surface
with patches of different type (according to the classification in Section 2.3.1). Blending regions are
highlighted in red color; in the grey area the surface has a bicubic spline representation.

is the Jacobian matrix of the map (u,v) — (s,t) defined by the star-shaped transformation x;,
and

(2.7)

Of\' (Ouus) (0sF\" (Ous
<8uuf auvf) =] (assf astf) JT—|— atf auut atf 8uvt
Ouf  Ouof Osf Ouf Of\" (0ous\ [0S\ [Doos) |
atf avut atf 811Ut
where Oy, f = Ouof and O f = Oqf since we are dealing with C? functions.

2.4.3 Computation of the approximating polynomial

In principle, the polynomial P can be computed by any suitable approximation method. As
pursued in [Lev06b, Zor06|, in the following we exploit a least squares approach. Alternatively,
an energy minimization approach was explored in [Lev06a| and could be adapted to our setting
as well.

Since P is required to interpolate the extraordinary vertex, we represent it in bivariate form of
degree d:
P(S’ t) = Pev + C’m(S, t)>

where C' = (¢, ;) € R¥*", with n == 1(d + 1)(d + 2) — 1, is the matrix having as rows the
polynomial coefficients of coordinates y, and the entries of vector m(s,t) € R"*! represent
the n. bivariate monomials s, t, s?, st,t?, ... up to degree at most d.

We assume d = 3 for extraordinary vertices of valence n > 5, and d = 2 in the case n = 3.

To complete the definition of the polynomial, we compute the coefficients ¢, ; by least squares
fitting exploiting n, := 12n points p;, obtained by evaluating the Catmull-Clark limit surface
at parameters (ug, vg) € D, ;. In particular, for each patch S; of type (a) or (b) containing pey,
these parameters correspond to the following points in the base domain:

(5:0):

VR
—~

o
~—

(2.8)
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In Figure 2.7 these points and their image through the star-shaped transformation k; are
represented by solid black dots. For patches of type (c.1) or (c.2) the parameters associated
with the approximation points are those in (2.8), but additionally scaled by a factor 2, as these
types of patches derive from the subdivision of a non-quadrilateral face. The parameters in
(2.8) have been obtained by evaluating the patch on a grid of equally spaced points in the
base domain and selecting the domain coordinates whose image in K, falls inside the blending
region D,,. The same values are used for each valence n.

In the star-shaped domain K, the n, points (uy,v;) correspond to the points (sg,tx) =
Ki (ug,v), © = 0,...,n — 1, that determine the coefficients of the Vandermonde matrix V €
R™ " having as kth row the vector

m(sk,tk) = (Sk, tk, Sz, Sktk, tz, - ) .

By slightly abusing the notation, we can assume to work componentwise and reduce the least
squares fitting problem to the linear system

VTVC = VT (p - pev) )

where the approximation points p, are arranged in a vector p. Since the coefficients ¢ depend
only on the approximation points, in a preprocessing stage the inverse of the matrix V'V can
be computed and the entries of (VTV) VT can be stored for each valence n. Referring to the
workflow in Figure 2.3, the patcher function computes the solution of the least squares problem
as a matrix-vector product, stores the polynomial coefficients and, if necessary, updates them
after editing of the subdivision control mesh.

2.4.4 Extraordinary vertices on the boundary

The local correction method presented in the previous section can also be extended to ex-
traordinary vertices on the boundary of non-closed surfaces. Let 1& be the mapping between the
base domain ) and one Catmull-Clark limit surface patch incident in a boundary extraordi-
nary vertex of valence n > 4. Thus the function @Z) is the evaluator for a Catmull-Clark surface
with boundary, e.g., as defined in [BLZ00, SES04, LB07|. We consider an open configuration
formed by n — 1 adjacent sectors of the mesh whose vertices are the entries of the subdominant
eigenvectors of the local subdivision matrix relative to valence 2(n — 1). If we apply 2[1 to this
configuration, we get n — 1 patches K'i[n], i = 0,...,n — 2, which can be used to define the
fan-shaped domain:

= (U o (00 (68.00)) | (0,0) € Q and 49w, 0) € @)

with h given by (2.4). K, plays the same role as the star-shaped domain K, in Section 2.4.2,
i.e., it is the local domain in which both the approximating polynomial and the Catmull-Clark
surface are represented in a neighborhood of the boundary extraordinary vertex. On this
domain, a semicircular blending region D,, can be defined similarly to D,, as

D, = {(s,t) € K,

(s, )ll, < AL

and the approximating polynomial can be computed as described in Section 2.4.3, thus by
sampling the Catmull-Clark limit surface at the parametric values (2.8) for each of the n — 1
patches incident in the vertex.
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2.4.5 Exact evaluation of the blended surface

This section presents the algorithm to compute the value, first and second derivatives of a
patch S} defined as in (2.5), containing at least one extraordinary vertex. Given the couple of
parameters (u,?) in the base domain @ of the patch, we check whether (@, v) lies inside the
preimage f)m of a blending region. If S} contains more than one extraordinary vertex, then
either the image of (@, v) lies outside all the related blending regions, or it belongs to exactly
one of them, since by construction the blending regions do not overlap. Thus, if the image
of (@, ) in the star-shaped domain K, through the reparameterization x; does not lie inside
the blending region D,, of any extraordinary vertex, the surface is directly evaluated in the
parameterization g, of the original Catmull-Clark patch S;. Alternatively, the value and the
derivatives of the weight function w and the polynomial P are computed in K,; then the value
of the blended surface S} is computed through (2.5), and its derivatives w.r.t. u, v are obtained
by applying the inverse mapping x; ' to the derivatives of w and P w.r.t. s, as in (2.6), (2.7),
and by composition.

The algorithm below summarizes the described evaluation procedure.

Algorithm. Evaluation of the blended surface.

Input: S; (i local index of the patch around the e.v.),
vertex valence n,
w, P,
evaluation parameters (u,v) € Q.

Output: S}, 0,5}, 0,8}, 0u,SF, 0SS}, 0upS; at (u,v).

Evaluate Si, 8USZ, 5’USi, auuSZ, am,Si, 8M,SZ at (ﬂ, 17),
Compute (5,t) = ;(@,);
if (s,t) € D,, then
Compute the value and the derivatives of w and P w.r.t. s,t;
S (u,v) = w(s,t)S;(u,v) + (1 —w(s,1))P(5,1);
Compute the derivatives of w and P w.r.t. u,v by using (2.6) and (2.7);
Evaluate 0,8, 0,5}, 0uuS;, 00uSF, 0uu'SF at (@, v);
else
Si(u,v) = S;(u,v) (and derivatives);
end if

2.5 Computational issues

The integration of subdivision surfaces in a CAD system and the application of the de-
scribed local correction method require that the limit surface be exactly evaluable at arbitrary
parametric coordinates. Although, as mentioned, there are various state-of-the-art evaluation
techniques, the implementation of these methods raises some general issues, that do not de-
pend on a particular algorithm, but on the specific requirement for application in CAD. This
section discusses such issues and how they were practically addressed in our implementation to
guarantee compatibility within a CAD environment.

Parameterization gap around an extraordinary point. The parameterization of the
limit surface through nested spline rings, which is at the basis of known evaluation methods,
covers the neighborhood of an extraordinary vertex only ad infinitum (see Figure 2.2). In
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practice, the need to truncate this infinite sequence generates a parameterization gap around
the vertex and the consequent impossibility of evaluating the surface in this area. This situation
also occurs when performing the local correction introduced in the previous section, and in
particular when evaluating the sector of characteristic map K([)n}.

In practice the problem can be fixed as described in the following. At the extraordinary point
it is possible to compute exactly both the limit surface value and the normal by well-known
formulas (see [HKD93, Appendix A]). Moreover, the first and second derivatives with respect
to the base domain are extrapolated (and additionally the first derivatives are projected on the
tangent plane defined by the normal) from the values they assume along the boundary of the
last ring of the truncated spline sequence, i.e., at a predefined distance § from the extraordinary
point. Finally, linear interpolation between surface and derivative values on the boundary of
the last ring and those at the extraordinary point has been exploited to bridge the gap in
the intermediate region. Clearly, this procedure results in a small local perturbation of the
regularity of the surface in a d-wide neighborhood of each extraordinary point. However, this
is not a major issue for application, provided that the distance ¢ is estimated in such a way
that the numerical algorithms available in the system are not sensitive to this perturbation.
Empirical observations suggest a suitable value § = 10710,

Evaluation outside the parametric domain of a patch. Some tools (such as Boolean
operations, fitting, and offset) may require to evaluate a surface patch outside its parametric
domain, which is in our case the base domain (). The structure of a subdivision surface,
made of spline (thus polynomial) rings, suggests that this operation could be accomplished
by extrapolating a suitable spline ring. However, this approach can not generate satisfactory
results when the extrapolated value is close to an extraordinary point, since the size of the
rings reduces exponentially while approaching the point. This issue has been overcome by
extrapolating the values external to ) and at a distance smaller than 107!° from a tangent
ribbon (i.e., a ruled surface defined by the first derivatives in the cross-boundary direction).

Corner vertices. A corner corresponds to a vertex of valence 2 of an open control mesh,
and therefore it belongs to one limit surface patch only. To evaluate this patch, we extrapolate
linearly one ring of mesh faces across the boundary. In the fictitious extrapolated mesh, the
corner vertex has valence 4, so it can be regarded as regular and the corner patch can be
evaluated as a spline one.

2.6 Modeling examples

This section presents some modeling examples provided by think3 and realized with the
ThinkDesign system.
Figure 2.9 illustrates a modeling and editing sequence of a B-rep solid with hybrid faces. In the
first row, from the left, the sequence shows a Subd-B-rep of a tap model. A blind hole is created
through Boolean intersection with a cylinder and afterwards a fillet is inserted to smooth down
the sharp joint between the two surfaces. Note that the Boolean operations already available in
ThinkDesign were used, i.e., no ad hoc implementation for subdivision surfaces was necessary.
The three rightmost figures show mean curvature, isophotes, and rendering of the model. In
the second row, the hybrid nature of the faces of the B-rep is highlighted: subdivision faces
are colored in yellow, a cylindrical face in green and a NURBS face in red. The two central
figures show the editing of the subdivision control mesh, which results in a still hybrid B-rep
represented in the last figure of the second row. In particular, after editing the control mesh,
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the hole and the fillet were automatically updated.

For this and the following examples, we recall that the radius of the blending region is chosen
as described in Section 2.4.2. Accordingly, the extension of the blending region depends on the
type of patch as illustrated in Figure 2.8.

The modeling sequence proposed in Figure 2.10 emphasizes the possibility of working with
surfaces and solids at the same time in a hybrid modeling CAD environment. An iron model is
designed by exploiting subdivision surfaces and thus represented as a Subd-B-rep with thick-
ness. Successively, a blind hole is created giving rise to a hybrid B-rep, which is further edited
by intersection with planar and quadric surfaces. The model is completed by two NURBS
surfaces representing the knob and the cable.

Figure 2.11 shows a magnification of curvature and isophotes visualization® around an extraor-
dinary point of the two models in Figures 2.9 and 2.10, comparing them with the Catmull-Clark
limit surface without the local correction through blending: the improved numerical behavior
around extraordinary points is even visibly noticeable.

The design and development of the subdivision software prototype integrated in ThinkDe-

sign went in a feedback loop with the validation of some end-users. The Italian-based firm of
household appliances Alessi has validated the software from the computer-aided styling (CAS)
point of view. One of the major features required by Alessi and then embedded in the subdivi-
sion prototype was the integration between the conceptual design and the engineering phases
which can be only achieved by a perfect integration of the new geometric representation in the
geometric kernel. This allows us to approach subdivision as any other CAD feature in a history-
based CAD system where a model description is stored and successively redefined interactively.
Thus, a geometric model based on subdivision can be modified shortly after some features, such
as shells, fillets, chamfers, Boolean operations, parting lines, etc., have been applied to it, and
these features are automatically updated.
Figures 2.12 and 2.13 illustrate the modeling of a product manufactured by Alessi exploiting the
subdivision surface capability integrated in ThinkDesign. The illustrated model was developed
from a Subd-B-rep obtained from the conversion of a solid cube. The sequence of divisions,
extrusions, and editing of faces and vertices has allowed the user to model the desired shape in
a fast and easy way (Figure 2.12). The final model, shown in Figure 2.13(a), now needs to be
engineered in order to be produced. This engineering design phase explains why it is necessary
that the subdivision module be intimately tied around the CAD system. Assuming the model
is to be produced in plastic, we need to add thickness to it, that is to apply a shell feature,
as illustrated in Figure 2.13(b). Successively, for manufacturing reasons due to the process-
ing of molding machines, it is convenient to separate the object into several parts: within an
integrated system, this task is easily performed by existing Boolean operators or through the
cutting surfaces feature, exploiting the peculiarity of a hybrid system (Figure 2.13(c)). If we
want to make major changes in the style and/or in the dimension of the object, the integrated
module allows us to just remodel and automatically update. Conversely, if the subdivision
module were not integrated, the designer should restart working on the initial model, redoing
all the steps involving thickness and cutting features. The feedback from Alessi on the ben-
efit introduced by the integration of subdivision surfaces in the CAD system is very positive.
Alessi emphasizes the visual quality of the obtained surfaces, the ease of use, and especially the
complete integration with the rest of the CAD environment, and concludes that this makes a
real progress with respect to the standard CAD approach.

3For a description of the use of isophotes in surface interrogation and quality assessment see, e.g., [KKS8,
The01].
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Figure 2.9: Example of a tap model. First row, from left to right: B-rep solid, creation of a filleted
blind hole, visualization of mean curvature, isophotes, and final rendering of the model. Second row:
hybrid B-rep of the model, before and after the editing performed on the vertices of a face of the
control mesh. The different colors highlight faces having different geometric representation.

Figure 2.10: Example of an iron model. First row, from left to right: B-rep solid, creation of
a blind hole, visualization of mean curvature and isophotes. Second row: hybrid B-rep of the model
(faces with different geometric representations are shown in different colors), hybrid modeling exploiting
surface/solid intersection tools, creation of knob and cable, and final rendering of the assembled model.
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Figure 2.11: (a), (c¢), (e), (g): magnification of curvature visualization and isophotes in Figures 2.9
(first row) and 2.10 (second row) around an extraordinary point with local correction; (b), (d), (f),
(h): same area of the model without local correction.

(b)

Figure 2.13: Example of a stool designed by Alessi. (a) Subd-B-rep solid, (b) model with added
thickness, (c) division of the object in two parts.
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2.7 Conclusions

In this chapter we discussed the theoretical and practical aspects involved in the integration

of subdivision surfaces in a CAD system, exploiting a suitable parameterization method and
exact evaluation. We have proposed a solution to the regularity issues that usually prevent
the adoption of subdivision in CAD applications, by providing a local correction method that
guarantees C? continuity also in the neighborhood of extraordinary vertices. To this end, we
have pursued a blending approach, whose effectiveness, although limited to the discrete setting,
was already emphasized in [Lev06b, Zor06]. In particular, this method provides a quite regular
curvature behavior against a negligible drawback, which is a slight violation of the convex-hull
property in situations of minor practical relevance, as discussed in [Lev06b|. The good quality
of the obtained surfaces was confirmed by the testing carried out by our industrial partners.
Using the proposed local correction, commonly used CAD tools like offset, local approximation
in Taylor expansion, intersections, and any other are performed successfully. Conversely, they
produce unpredictable results when applied to the (standard) Catmull-Clark surfaces. This is
due to the fact that these algorithms make extensive use of iterated interrogations of the surface
and its first and second derivatives at successively generated arbitrary parameter values and,
in this process, they need or assume a regular curvature behavior everywhere.
Subdivision surfaces have been fully integrated in the ThinkDesign CAD system since version
2011.1, in the sense that any existing CAD tool can be applied to them and they can interact
with other geometric entities, like NURBS, making it possible to perform Boolean operations
between hybrid representations. This allows a seamless integration of hybrid NURBS /subdi-
vision /analytical geometric models in a hybrid CAD system, which was never attained before,
either theoretically or in practical applications.

2.8 Acknowledgments

The research that resulted in the paper [ABC*13], which is at the base of this chapter, and in
the integration of subdivision surfaces in the ThinkDesign CAD system was supported by the
European Eurostars Project NIIT4CAD under the coordination of think3. The author of this
dissertation and the other authors of [ABC* 13| particularly thank, among the project partners,
Cristiano Colosio, Product Modeling Engineer at Alessi, for the collaboration in the assessment
of the software prototype and for providing the example shown in Figures 2.12 and 2.13.






Chapter 3

A general framework for the construction
of piecewise-polynomial local interpolants
of minimum degree

This chapter is devoted to the problem of designing piecewise polynomial local interpolants of
non-uniformly spaced data. Replicating the content of the recent paper [ABCl4al, we present
a constructive approach that, for any assigned degree of polynomial reproduction, continuity
order, and support width, allows us to generate the fundamental spline functions of minimum
degree having the desired properties. Moreover, the proposed construction is extended to handle
open sets of data and to the case of multiple knots.

3.1 Introduction

In this chapter we present a general framework for the construction of locally supported
fundamental functions for spline interpolation defined on non-uniform knot partitions. As
opposed to the traditional approach, in which one imposes the interpolation constraint and
thereafter builds on it, we address here the situation in which the user may want to choose the
relevant characteristics of the interpolant depending on the context of application. A similar
idea is also at the basis of the work in [BTUO03|, which, however, is limited to considering the
uniform case only. In that paper, it is observed that any piecewise-polynomial interpolation
kernel can be characterized by four main design parameters: degree, support, regularity, and
order of approximation. Obviously, such a classification can be adopted also in the non-uniform
case and possibly extended to other kinds of splines (e.g., exponential or rational). Inspired by
this observation, we consider the general problem of designing polynomial spline interpolants of
given degree, support, regularity, and order of approximation on non-uniform knot partitions.
In this respect, although many results are known about the uniform setting, at present the
non-uniform case is addressed by the work in [BCR13a] only. In that paper, families of splines
with different design parameters are defined through a suitable combination of polynomial
interpolants with either polynomial or rational, compactly supported blending functions. In
this way, polynomial reproduction is guaranteed by construction, whereas the order of continuity
must be ensured by a proper choice of blending functions. To some extent, the approach can
be seen as a generalization of the well-known construction of Catmull-Rom splines [CR74].

In approximation theory the best quality, within a fixed support, corresponds to the highest
possible approximation order and continuity. Based on this idea, the work in [DGMS88| proves
the existence and uniqueness of some families of optimally local interpolating splines, defined

29
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as those splines having degree h, approximation order h + 1, and order of continuity h — 1.
Thus, optimally local interpolating splines have minimum degree and highest possible continu-
ity. However, this feature is not a requirement for most applications: for instance, in image
processing one usually requires high approximation order and small support, regardless of con-
tinuity; conversely, in computer-aided design a reasonable balance between all the four design
parameters may be more effective in order to provide an interpolant with good shape quality.
Clearly, regardless of the context, the spline degree should be the lowest possible. In particular,
the minimum degree achievable in local spline interpolation is either equal to the polynomial
reproduction degree or equal to the order of continuity plus one. In this respect, it must be
observed that the aforementioned technique [BCR13a| does not allow designing optimally local
interpolating splines nor, more generally, splines having minimum degree.

The objective of this chapter (as well as of the work [ABC14al) is to provide a complete pa-
rameterization of the class of non-uniform, minimum-degree, locally supported, interpolating
splines with respect to the considered design parameters: more precisely, we present a con-
structive approach that, for any arbitrary choice of continuity order, polynomial reproduction
degree, and support width, allows us to design the corresponding fundamental spline functions
of minimum degree. To this aim, we extend and generalize the approach in [BCR13a| relying
on the observation that, in the design of locally supported fundamental splines, increased flex-
ibility can be obtained interpolating by splines with knots ¢ := {¢;} where the interpolation
nodes = {x;} are strictly contained in ¢t. We can date back this idea to the well-known
Powell-Sabin interpolant [PS77], where the additional degrees of freedom are used in order to
do Hermite interpolation at the interpolation points. Successively, the paper [Woo87| intro-
duces the term B2-splines to describe a local representation for cubic spline interpolants where
ty; = x; and toj41 € (z;,%j41). A similar construction is also proposed in [DGM88, KFK94],
and adapted to B3-splines in [Chu90|. More generally, in this chapter we construct Br-splines,
namely splines made of r polynomial pieces between t,; and t,;;,. Also, unlike the previous
works, the proposed approach allows us to handle not only the case z; = t,;, but also the case
T € (trjfratrj)-

We will see that the proposed method provides an effective procedure for the computation of
optimally local interpolating splines. In addition, it also allows us to generate other families of
non-uniform interpolating splines, parameterized by the considered design parameters, that, to
our knowledge, have never appeared before. Besides this, the framework includes the families
of splines investigated in [BCR13a|, regarded as Bl-splines.

The remainder of the chapter is organized as follows. In Section 3.2 we review the approach in
[BCR13a| and the relevant properties of the generated splines. In Section 3.3 we generalize the
interpolation framework to design Br-splines and illustrate the constructive method by means
of some significant examples. In Section 3.4 we study the family of minimum-degree splines
and show that the proposed method always allows us to design a minimum-degree spline with
assigned other design parameters. Section 3.5 extends the framework to open sets of data.
Section 3.6 discusses the role of the non-uniform knot partition, with particular emphasis on
the interesting situation in which the knots are set to coincident locations. Some final remarks
and general observations on interpolation by Br-splines are collected in Section 3.7.
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3.2 A blending-based approach to the design of non-uniform
local interpolating splines

In this section we review the approach presented in [BCR13a] for the construction of non-
uniform piecewise-polynomial local interpolants with given smoothness and approximation or-
der.

We denote by {(x;,y;)} the given interpolation data. In particular, we assume that « = {z,},
called nodes, form an increasing sequence. We also denote by p; ., € II,, the degree-m polyno-
mial such that p;,,(z;) =vy;, 1 =14,...,i +m.

We consider the family of splines represented by

¢
F(z) = Zpi—a,m($)Bz,n+1($), x € Iy = [T, Tes1). (3.1)

i=0—n

In the above expression, B; ,,+1 are blending functions defined on a strictly increasing sequence
of values 7 := {7;} and satisfying the general requirements of having

(i) Compact support: B;pi1(x) > 0,2 € (Ti, Tignt1), and By pi1(x) = 0,2 & (70, Titnt1);

(ii) Partition of unity property: Z Bini1(z) =1,Vx € R.

7

The reciprocal configuration of @ and 7 determines a first distinction among all the splines
represented by (3.1). In this respect, two relevant situations are worth considering and corre-
spond to

T=x (even configuration); (3.2a)
T#xand x; <7; <xj11,Y]  (odd configuration). (3.2b)

From formula (3.1) we can understand the leading idea of the proposed approach, that
is, the sought degree of polynomial reproduction (and the related approximation order) is
automatically guaranteed by construction, whereas the order of continuity must be ensured by
a proper choice of blending functions. Although, generally speaking, the blending functions
in (3.1) may be of various types (e.g., polynomial, rational, trigonometric, hyperbolic), in this
chapter we focus on the cases in which they are either polynomial or rational. In the following,
we enumerate the relevant properties of the considered family of splines, referring to [BCR13a)
for their proof.

1) Interpolation. Since we are interested in the construction of splines that are interpolating,
we need to characterize when this is the case for the functions defined by (3.1). In this
regard, it can be proved that (3.1) represents a family of interpolating splines for fixed
degree m of the polynomials and support width n+1 of the blending functions if and only
if the integer shift o belongs to 3, where either ¥ = {—1,..., m—n}and o # —1ifn =0
in case of even configuration, or ¥ = {—1,...,m —n — 1} in case of odd configuration.

Moreover, the requirement that F' interpolates the data provides useful necessary condi-
tions relating m and n. More precisely, F' is interpolating only if
o m+ 1> n, in case of even configuration;

o m+1>=n+1,in case of odd configuration.
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2)

Support width. We call fundamental functions associated with a class of local interpolating
splines and a given set of nodes = {z;} the functions v, that belong to the considered
class and satisfy ;(z;) = 9; ;. The support width w of a fundamental function associated
with a family (3.1) is

w=m+n+1. (3.3)

Smoothness. By construction, the order of continuity of F' is at least equal to the order
of continuity of the blending functions that appear in (3.1).

In the even configuration, an improvement on this estimate is obtained in two cases:

3.a) The n + 2 polynomials associated with the non-vanishing blending functions on the
interval [7,_1, 7, 1) are all interpolating the data (zy, y,), which corresponds to having
m+1>mnand ¢ # —1,m — n. In this case, if the blending functions are C* at 7
and at least C**! everywhere else, then F is C**1.

3.b) Conversely, if 0 = —1,m —n, F is C*"! if the blending functions are C* at 7, C**!
at the endpoints of their support, and at least C**! everywhere else. Note that this
is always the case when m + 1 = n because ¥ = {—1}.

Polynomial reproduction and approximation order. By construction, F' reproduces poly-
nomials of degree at least m. From this and the interpolation property of F', exploit-
ing standard estimates for polynomial approximation, it can be proved that, for any
f € C™H(R) and interpolation data (z;, f(x;)),

m+1
HF_JEHI,Z g’Y(%{%} _xZ—L%J-H) Hf(mH)H[

oLy preerryl]

where v is independent on f, w is the support width, and || f||; == max |f(z)]. Thus F
HAS

has approximation order m + 1.

Symmetry. We say that the fundamental functions are centered if they assume the value

1 at the central node of their support in case of even support width and at the midpoint

of the central interval of their support in case of odd support width. The property of
being centered is a necessary condition for the symmetry of F' and holds when

o= V“T?HJ , (3.4)

and w = m +n + 1 is even/odd respectively in the even/odd configuration.

Some examples of centered and non-centered fundamental functions are shown in Figure
3.1.

By the partition of unity property of the blending functions, we can reformulate (3.1) as’

¢ )4
F([L’) = pZ—n—U,m(x) + Z (pi—a,m<x) - pi—a—l,m<x)) Z Bj7n+1(x>
i=0—n+1 Jj=t
l i—o+m—1
- pZ—n—U,m(x) + Z Ci—o fz(x) H(x - xj), T € Ig, (35)

i=f—n+1 j=i—0o

'We refer to [BCR13a] for a detailed derivation of expression (3.5).
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(a) Even support width, centered, and symmetric.

|

(c) Odd support width, centered, and symmetric. (d) Odd support width, non-centered.

Figure 3.1: Centered and non-centered fundamental functions in even (top row) and odd (bottom
row) configuration.

where (denoting by [-] the standard divided differences)

Cj = [ij . 7yj+m—17yj+m} - [yju . 7yj+m—17yj—1]7

¢
and f;(z) = Z B n+1(x), for € I,. Note that we can extend the definition of f; to R as
j=i

0, T < T,
i+n—1
fi(x) = ZBJ?”“(‘T) = Z Bjni1(x), x € [T, Titn),
= j=i
1, T 2 Tidtn-

The functions f; are called transition functions. By the above formula and recalling that
supp(Bint1) = [Ti, Tixnt1], we have By, 1 = fi — fi1.

In the remainder of the chapter we focus only on spline interpolants that preserve possible
symmetries of the data. For this to happen, two conditions must hold true. First, the cor-
responding fundamental functions must be centered, which, according to Property 5, requires
o as in (3.4) and the even/odd configuration in correspondence of even/odd support width.
Second, the blending functions must be symmetric (when so are the related values in 7), which
means that the transition functions f; must be antisymmetric with respect to the midpoint of

[Tu T H—n] .

3.3 Generalization of the interpolation framework

The formulation (3.5) readily suggests a method for minimizing the degree of F' within the
considered framework. The idea is to design the transition functions f;, Vi=¢—n+1,...,/, as
piecewise rational functions whose denominator simplifies as many factors as possible among
(x—=z;),j=1i—o0,...,i—0c+m—1. In the remainder of this section we will present a suitable
constructive method to achieve this goal.
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In the following we refer to the elements of 7 as breakpoints. We introduce an increasing
sequence t := {t;}, which is a refinement of 7 such that t,; = 7;, and t,;4s € [7j,Tj11], b =

1,...,r—1. In this way, each interval I is subdivided into r subintervals I, , = [t,osn—1,tresn),
h=1,...,r. Hence, we define each f; as a piecewise rational function on ¢ of the form

07 r < tria

¢ij(7) .

I\ L) = , T E [Ty ‘_,tm' i), :1,...,7’71, 3.6
f( ) Wi,j(m) [ +j—-1 +J) J ( )

17 x > t'ri—i—rm
where ¢;; and 7, ; are suitable polynomials. On each interval Iy, ¢ = ¢,...,1 +n — 1, the
denominator of f; is the product of all the factors among (z —z;),j =i—o0,...,i—c+m—1

that do not vanish in I, while the numerator is determined by imposing that the resulting
spline interpolant F' has continuity C**!. The number of continuity conditions at each point of
t is inferred from Property 3 in Section 3.2. In particular, in the even configuration we require
that f; be C* at 7 and C**! at ¢\ T (see case 3.a); moreover, if m + 1 = n, then f; must be
C**1 also at ¢,; and t,(, (see case 3.b). In the odd configuration f; is required to be C** at
any point of t. Let us denote by k;j the order of continuity of f; at ¢,;15, h = 0,...,rn, and

set fi; = frij ,7=1,...,rn. Then f; is obtained by solving the linear system

k) =0, s=0,... kio,
) = ), s=0,0 ki, j=1,...,rm—1,
£ (trierm) = 850, s=0,... kim.

If we express the polynomials ¢; ;, j = 1,...,7n, which have degree d; ; := deg(q; ;) respectively,
in a basis uo, . .., uq, , with coefficients b; ;, then the above system can be written in the form
Mb = c,

with
M, ()
M (triyr) —Ma(tris1)
My(triv2)  —Ms(triva)
M = : ,

Mrn—Z(tri+rn—2) _Mrn—l(tri-i-rn—Q)
Mrnfl(tmﬁrrnfl) - rn(triJrrnfl)

M,
Mrn (tm’—i-rn)

b= (bi717bi,27'"7bi7rn—17bi,r‘n)Ta and C = (07"'7071707"'70)T7
and where M;(t,;15) is a matrix of size (k;,+1) x (d; ;+1) whose sthrow, fors =1,... k; ,+1,

is of the form
<D(sl) Uo(l‘) DG Ud; 5 (‘T) ) .
T=trit+h

Tri:j (.T) x:tri-l»h ﬂ—i)j (x)

We observe that each set of functions

{uh,h:(),...,diﬁ'}
T4
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is an extended Chebyshev system on [t,;1j_1,tri+;] (see Theorem 2.33 in [Sch07]). Consequently,
the matrix M;(t,;+5) has full rank, namely equal to the number of its rows k;; + 1. From this
formulation we can also see that, when the degrees of the numerators ¢, ; are chosen so that
the total number of unknown coefficients is equal to the total number of continuity conditions,
namely Y ;" (ki + 1), then M is square and nonsingular. This choice turns out to be ap-
propriate in most cases (see, e.g., the examples below). The exception is represented by those
cases in which the requirement, stated at the end of Section 3.2, that the transition function be
antisymmetric (which means that the degrees of the numerators ¢; ; must be set accordingly)
may result in having one degree of freedom exceeding the number of continuity conditions.
However, also these cases can be handled by exploiting an additional condition of symmetry,
in such a way that f; is always uniquely determined (see, e.g., Example 3.2 below, in the case
r=2).

To characterize the spline interpolants provided by the proposed constructive approach, we
introduce the following definition.

Definition 3.1 (Br-spline). An interpolating spline relative to breakpoints 7 is called Br-spline
if it is made of r polynomial pieces inside each interval [y, 7,1 1).

The proposed interpolation framework allows us to design several families of splines, where
each family is identified by four relevant features, namely degree, continuity, polynomial repro-
duction, and support width, that, hereinafter, are referred to as design parameters. For brevity,
we denote a certain family using the acronym Br DICkPmS™  where g,k,m,w are integers
representing respectively degree (g), smoothness (k), degree of polynomial reproduction (m),
and support width (w) of the fundamental function.

Based on the proposed construction, we illustrate the design of polynomial spline interpolants
of minimum degree by considering four relevant situations that may occur in the design of f;:

e Example 3.1 represents a basic situation and also outlines the procedure for constructing
the family of optimal splines B2 D"C"~1 ph§?",

e Example 3.2 shows how we can design a spline of minimum support and degree with given
polynomial reproduction and smoothness;

e Example 3.3 illustrates the situation in which, to obtain a spline of assigned continuity,
the transition functions must have different orders of continuity at the knots.

e Example 3.4 illustrates the construction of a family of optimal splines with odd support
width.

In the first three examples, we have chosen to focus on the even configuration, being this
setting the most common in applications. However, the last example provides a glimpse of a
case with the odd configuration.

Example 3.1 (B2 D3C?P35°). Our aim is designing a local B2-spline interpolant of the general
form (3.1) having degree g = h, continuity order & = h — 1, polynomial reproduction m = h,
and support width w = 2h. We address the particular case h = 3, although the same method
applies in general. In the considered setting, from (3.3) and (3.4) we deduce that the blending
functions have support width n 4+ 1 = 3 and that o = 0. Figure 3.2(a) illustrates the reciprocal
configuration between the non-vanishing blending functions in I, := |74, 7441) and the associated
interpolating polynomials. Note that, since the support width is even, also  and 7 are assumed
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Figure 3.2: Interpolating polynomials and associated (a) blending and (b) transition functions in-
volved in the construction of the spline interpolant in Example 3.1 on the interval Iy = [74, 7¢11). Being
the configuration even, 7 = «.

to be in even configuration. Following the procedure illustrated in the previous section, we can
write equation (3.5) on the single interval I, as

F(x) = pe—23(x) + frm1(x) (pe—1,3(x) — pr—2,3(x)) +fo() (Pe3(x) — pe—13(x)), x € .

N J/ N J/

62—1($—$2—1)Fg—$e)(x—$z+1) Cz(w—we)(ﬂﬁ—;;-l)(ﬂﬁ—wu-ﬂ

On the refined sequence t (such that ty; = 75, Vj), any transition function, say fr, is made
of four rational pieces between tyy = 7y and typy2) = Te42 (see Figure 3.2(b)). To determine
its expression we need to write f; in the form (3.6) and require that F' be C?-continuous. Any
other transition function can be simply determined by index shifting. Based on Property 3.a in
Section 3.2, F'is C? if f,is O at toe, ta(es1), tages2) and C? at togi1,toer3. Overall, this gives us
12 continuity conditions, which can be satisfied supposing that the numerator ¢, ; of each piece
j=1,...,40of f, on tis a quadratic polynomial. Since our aim is also minimizing the degree
of F', the denominator 7 ; is the product of all factors among (z — w¢), (x — z¢11), (T — Te42)
that do not vanish in the corresponding interval [tos;;_1,%2¢+;). The detailed construction of a
transition function f, and the expression for the numerators and denominators of its pieces are
given in Section 3.3.1.

Finally, a local cubic spline interpolant is obtained from (3.5) by simplifying the denominator
of the transition functions with the factors inside the product symbol. The fundamental function
associated with the class B2 D3C?P35° is shown in Figure 3.1(a).

Example 3.2 (B1 D°C?P%S* B2 D'C?P2S*, B3 D3C?P%S%). In this example, we fix the
continuity and polynomial reproduction degree to be k = 2 and m = 2 respectively. From
relation (3.3), it can be easily seen that w = 4 is the smallest support width that allows (in
the even configuration) obtaining centered fundamental functions that reproduce quadratic
polynomials. From (3.3) and (3.4) we deduce that n = 1 and ¢ = 0. The resulting spline
interpolant (3.5) has the expression

F(z) = pr_12(x) + cofo(z)(x — x0) (2 — 2441), x € I, (3.7)

We design the spline interpolant F' for different refinement coefficients » = 1,2, 3, deriving
the transition function f; in the three cases (for the sake of completeness, the corresponding
expressions are provided in Section 3.3.1). Figure 3.3 represents schematically the continuity
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Figure 3.3: Illustration of the interpolating polynomials and transition functions involved in the
design of F on Iy = [14,74+1) in Example 3.2. The figures indicate the required continuity at each knot
and the degree of the numerators and denominators of the pieces of f; (in the form deg(qy ;)/ deg(m,;),
j=1,...,7). Being the configuration even, 7 = x.
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Figure 3.4: Interpolating polynomials and associated (a) blending and (b) transition functions in-
volved in the construction of the spline interpolant in Example 3.3 on the interval Iy = [74, 7¢41). Being
the configuration even, 7 = «.

conditions at each knot of ¢ and the degree of the numerators and denominators in (3.6) that
allow satisfying them. Using this information, from the formulation (3.5) we can compute the
degree of F', which turns out to be equal to 5,4, 3 respectively for » = 1,2,3. This example
emphasizes the remarkable fact that, by increasing r, it is possible to get a progressive reduction
of degree, down to the minimum allowed for a local spline interpolant that is C2-continuous.

Example 3.3 (B2 D3C?P'S%). This class illustrates the situation in which, in order for F'
to be globally C?, a different order of continuity of f; must be required at some points of T,
according to Property 3.b in Section 3.2.

In the considered example, w = 4, m = 1 and, from (3.3) and (3.4), n =2 and 0 = —1. The
interpolating spline F' has the expression

¢ ¢
= Z pi+1,1($)Bi,3($) = Pe—1, 1 + Z CZ+1f2 5Uz'+1)> x € Iy,

i=0—2 i=0—1

and the reciprocal configuration of interpolating polynomials and related blending/transition
functions is illustrated in Figure 3.4. Thus we observe that, for any i, the data lying in the
support of B; 3 are (x;,y;), j =1,...,%+ 3, but the polynomial p;;; ; only interpolates (z;,y;),
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Figure 3.5: Interpolating polynomials and associated (a) blending and (b) transition functions needed
for the evaluation of the spline interpolant in Example 3.4 on the interval I; = [1y,7¢11). Being the
configuration odd, T # «.

j =i+ 1,i+ 2. This implies that (see Property 3.b in Section 3.2), in addition to continuity
order C! at 7 and C? at t\ T, we also have to require C? continuity at the extremal points of
the support of B;3, namely f; must be C? at ty; and ta(i+2). The complete expression of the
corresponding transition functions is given in Section 3.3.1.

Example 3.4 (B4 D3C?P3S5). Our aim is designing an optimal spline having odd support
width. Thus, from the assumption that ¢ = o, and Property 5 in Section 3.2, it follows
that we need to work in the odd configuration (3.2b), that is x; € (t4j_4,ts;) = (7j-1,75), V7.
From relations (3.3) and (3.4), we derive the values n = 1 and ¢ = 0, and accordingly the
representation of F' in the form (3.5):

F(z) = pe-13(x) + fe(x) (pes(x) — pé*l,i’)(l')z’ x € 1.

[\

co(w—x0)(—2041) (@~ 42)

Figure 3.5 illustrates the polynomials and blending/transition functions involved in our con-
struction on the interval I,.

Next, we set the proper continuity conditions needed to determine a transition function f.
At this point, it is convenient to make the particular assumption that t4,0 = xpq, V4. In
this way, in order for F' to be C?-continuous, we need to require that f; be C? at any point
of t in [ty tsera], but just C' at t4,2%. This gives us 14 continuity conditions against 14
unknown coefficients corresponding to proper degrees of the numerators in (3.6). For a detailed
computation of f, we refer again to Section 3.3.1.

The four above examples suggest a general formulation for the considered class of Br-splines.
In fact, if in equation (3.5) we substitute the expression (3.6) and simplify the denominator of
the transition functions, the spline interpolant F' becomes a piecewise polynomial of the form

¢
F(2) = pron-om(x) + Y Cimo Kipoiyin() Girg—iyn(x), 2 € Ion, h=1,...,r, (3.8)
i=f—n+1

’In the odd configuration, it can be proved that, whenever, for any j, one of the internal knots trj—h,
h=—r+1,...,1 coincides with z;, then F' gains one order of continuity with respect to the continuity of the
transition functions at the knot. The result can be obtained straightforwardly, verifying that the left and right
derivatives of F' at such knot are equal up to the order of continuity of the transition functions plus one.
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where ¢; j is the numerator of the jth piece of f;. The term K ;(x) contains the factors under the
product symbol in (3.5) that are not simplified by the denominator of the transition function.
Recalling that by construction the denominator of f; is the product of all the factors among

(x —x;),j=i—0,...,i —0 +m — 1, that do not vanish in I, it turns out that K, ;(z) can
be of the following types:
ifr=1,
r—z
K, j(x) = ki ( 0) in even configuration,
(r — 2e)(z — 2441)
(T — 2e41)
or
1 . .
K, j(x) = ki in odd configuration;
(T — ze11)
otherwise (if r > 2),
1
K;j(x) =kij < (x — x0) in even configuration,
(z — 2e11)
or
1 _ .
K, (z) = ki in odd configuration.
(z — @e41)

The term &;; is a multiplicative constant that depends on how we represent the denominator
of the transition functions. Using the Bernstein basis, an example for the explicit form of &, ;
is given in Section 3.3.1, at the end of Example 3.1.

Expression (3.8) provides a useful and concise evaluation algorithm for the interpolants in
the family (3.1). It also allows a direct computation of their derivatives. In particular, differ-
entiating (3.8) s times and using Leibniz’s formula, we get

F(S)( )= pe n— Um )+ ZCZ GZ () Ki(,]r)(ffl)+h(x) qg;zszl)+h(x)v x € Ipp.
i=f—n+1 7=0 J

The above formula can be further simplified in the particular case n + 1 = 2, as pointed out
in the following remark.
Remark 3.1. If n+1 = 2 and the blending functions (or, equivalently, the transition functions)
are C*, then F©)(1)) = pg )1 om(T0); 5=10,... k.

The assertion follows from (3.5), recalling that the transition functions are such that fo(me) =
0 and fy(7741) = 1 (only the blending function By_ 5 is non-zero at 74, and by partition of unity
its value is 1), and the derivatives of f, (equivalently, of B,s) up to order k vanish at 7, and
Tl+1-

Equation (3.8) also suggests some interesting observations about the degree of F'. Denoted
by d = max;—1,. ,nd;; the maximum degree of the numerators of f;, it can be seen that, if
r = 1, the lowest possible degree for I is

) max(m, d+2), in even configuration,
B max(m,d + 1), in odd configuration;
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Figure 3.6: Comparison between B1-, B2-, and B3-spline parametric interpolants of planar data: (a)
all interpolants superimposed, (b)—(d) interpolant and related curvature comb.

otherwise, namely if r > 2, the lowest degree turns out to be

g = max(m,d +1).

Thus, Br-splines always allow us to get interpolants with lower degree with respect to the
classical (i.e., B1) setting. Indeed we will show that any interpolating spline of minimum
degree (i.e., corresponding to arbitrarily chosen smoothness, polynomial reproduction degree,
and support width) can be obtained as a Br-spline for a suitable r.

Figure 3.6 illustrates three parametric interpolants (see Example 3.2), corresponding respec-
tively to a B1-, B2-, and B3-spline, which provide a progressive reduction of degree. The figure
emphasizes that curves featured by the same order of continuity, polynomial reproduction de-
gree, and support width are very similar. Moreover, they all generate a faithful approximation
of the original data, due to a proper choice of non-uniform parameterization (the centripetal pa-
rameterization is used in this example). In the curvature comb the different polynomial pieces
between two breakpoints are highlighted in different colors: since the curve is C?-continuous,
the curvature is only C° at internal knots ¢\ 7. In general we observe that at internal knots
t\ 7, a Br-spline is C*, while a Bl-spline is C*°-continuous.

A last consideration about the computational cost for the evaluation of a Br-spline is in
order. There are two contributions in such an estimate: the cost of determining the subinterval
Iy, of the refined sequence ¢ and the evaluation of expression (3.8). However, since the degree
of (3.8) is generally lower in the Br setting with » > 2, the overall computational cost may
decrease with respect to the B1 case.

3.3.1 Expressions for the transition functions designed in Section 3.3

We give here the explicit expressions for the transition functions designed in Examples 3.1-3.4
of the previous section.

In the following, we express each numerator ¢;; in (3.6) as a degree-d; ; polynomial in the
Bernstein basis using the notation

di

- - A\ ok
) = atolaif o) = Y () REA@LE, 1) 0 € B tin)

with

thi1 — X
L = — d R =
() the1 — tn o (@) thi1 — tn
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Example 3.1 (B2 D3C?P3S°). Since r = 2 and n = 2, the transition functions f; are, for
any ¢, piecewise rational of the form (3.6) made of rn = 4 pieces between ty; and to(i2).
The denominator of each piece is chosen so as to simplify as many factors as possible among
(x —x;),5 =1,...,1+ 2. Thus, recalling that we are in the even configuration = = 7 = {t,,},
we can write:

(O, T < to;,

il il il
q(x|a0 y A1 5 Ao )
Ryiy1() Roira(w)’

2 02 02
Q(x|a0 a1 5 Q9 )
filz) = Lai(x)Roiys(x)

i) = i3 i3 i3
q(zlag”, ay”, ay”)
Loi(x)Roiys(x)

iA 04 i

Q(m‘% y A1, Qg )

Loi(x) Loiya(x) ’
1

\ 7’

x € [t tait1),

T € [taiv1, lagiv1))s

T € [tagit1), t2iss),

T € [taiys, tagv2)),

T 2 lagit2)-

The coefficients aib’j of the numerators are determined by solving the 12 x 12 linear system
obtained by imposing C! smoothness at 7 and C? smoothness at £\ 7, which has the unique

solution

aé,l _ ail,l —0, aé,l _ aé’z _ (t2;i — toit1)(t2ie1 — t2i+2)n2i’
3(to; — toita)V2i
2 (toigr — toip2)no i2 i (tai — toiro) (taips — toip1)n2i
ay = — ) 2 = 0y =

272 (to; — toit1)7Vai
i3 _ (taicvai + Boi)ni
! 2(to; — toir1)V2i

%,3 1,4 244 2i+3 3 )
Aq~ = Qn = _Btz —tl —|—2tl tl n Ztl
2 0 3(to; — tair1) (oo — tojra)Voi [( siva — (t2it2 2i+3)t5i1q + Cait2ita

ot (6540 — 4 (faies + 2taisa) boipo + o105 + 35,4 + 2toiystoina) ) t3;
+ (= (50 = 3this + 2 (Btays — 2taiya) taivs) t s + ((P2igr + Btaiya)th s
+14(tais1 — taiya)toivstoirs — (Btaipr + toive) thirs) toiva + oo (6tairstyiys
—toi11C2i)) toi — (83i40 — Aboiratsis — 3 (taip1 — 2toiso) thiys) thisy
i otairs(baist (2laira + tairs) — Btaisatairs) + taiva (fair1ts; o — 2 (2t
Floiro) toivsloiva + (8tairo — 3toir1)t5;,s) taita] »

id —t2i02i+1 — Bait1 ia (toi — toiya)(toiro — taiga)

a = 9 —_— )
! 2(to; — toir1)(t2ivo — taiys) 2 (to; — toiy1)(t2ite — t2its)

where

;= =211 + tipo + tiys,

Bi = —2liyotivs + tig1(Live + Livs),

i =(tis = tiva) (L — tiva)this — (2 + (fipr — 2tiva)tiva) tiva
i (719 — tigstiva + tis10iy1))

i = (ti — tiys)(tiva — tiya)?,

G = 3t7 o + Atiyative — s
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For completeness, we provide the expression of the terms K; ; needed to write [ in the form
(3.8) on the interval I:

Ky 13(x) = ke—13(x — 24), Ko 14(x) = Kp—14(x — Tp31),

Kyq(x) e1(x — ), Kys(x) 02(x — xp4q),

with constants

Ko—13 = —(tar—1 — tar—2)(tarsa — tart1), Ke—1,4 = (tae—1 — tor—2)(taes1 — tar),

Keg = (taera — tare1) (tarsa — torss), koo = —(tars1 — tor) (farra — torss).

Example 3.2 (B1 D°C?P2S*, B2 D'C?P2S*, B3 D3C?P?S5*). We derive the expressions of a
generic transition function f; in (3.7), in the cases Br, r = 1,2, 3. We refer to Figure 3.3 for the
count of degrees of the numerators and continuity conditions which is exploited in the three
cases below.

r=1: f; is defined on t := {t;} = 7. Based on (3.6), we write

0, T < i,
fl(x) - Q(‘T’aglaalflaagla&gl)a YIS [ti7ti+1)7
L T 2=ty

Note that, for any 4, f; is polynomial in [t;,¢;11): in fact, none of the terms (z — x;),
(x—x;41) (which we may want to simplify, see (3.5)) can be set as a denominator without
generating a singularity.

We determine the coefficients ai’l, h=0,...,3, by solving the linear system arising from
the C! continuity constraint at ¢; and ¢;,;. In this way, we get

il il il il
ag” = ay =0, ay” = ag = 1.

r=2: f; is piecewise rational on the sequence t := {t;}, such that t5; = 7;, Vj. In fact,
according to (3.6), we can express f; as

'0, T < o,
il a1 il il
q(zlag ,ay a5 ,a3")
R2i+1($) 7
fi(z) = q<x|ai,2 a2 gh? ai,2)
) 7L21,(97c)2 =, 1w € [ty o)),
1

x € [t taiv1),

|1, T 2 lo@iy1)-

The denominator of f; is a multiple of (z — ;) in [te;, t241) and of (x — x;41) in
[t2i+1,t2(i+1)), in such a way that f; is never singular on R. To determine the coeffi-
cients of the numerators in the above formula, we require C! continuity at t;, to(i4+1) and
C? at ty;41. This provides 7 constraints, against 8 unknowns. As additional constraint,
we require that f; be antisymmetric with respect to to; 1, namely f;(tg;11) = %
This choice results in the coefficients

i1 1,1 ,1
ag ay 07 ay t i+ t % )
0 ! 2 9( A ? ) (t2i+2 t2i+1 t2i+2 t2z)
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Loi — to . 1 [ to: — tos
agl _ CL62 _ 21 2z+1’ aﬁ’2 _ - ( 21 2i+1 + 8> :
to; — ti42 9 \ i — t2iq2
i2_ —3t; + tair1 + 2ti40 g2 — to; — toit2
2 3(tai — toit1) ’ s to; — Toiq1

r = 3: f; is plecewise rational on the sequence t := {t;}, such that t3; = 7;, Vj. In this case,
from (3.6), we have

(0, r < tgi,
('T’a[) 7a1117a121)
Rora(7) € [ts3i, t3it1),
(fL’|6L0 7a1127al227ag2>
fi(z) = Loi(@) Ramra(2) T € [t3it1, t3it2),
(.17|CL0 7a§37a§3>
Loi () ; T € [t3ita, t3(i41)),
\17 x 2 t3(i+1)‘

Note that, in [ts;;1,t3;42), the denominator of f; contains both factors (z — x;) and
(x — 2441), as none of them vanishes in that interval.

Requiring Cl Continuity at t3i, t3(i+1) and 02 at tgi_;,_l, t3i+2, we get

aél _ azfl _p, a121 _ aé’z _ (t3i — tsip1) s 7
3(t3i — t3iv2) s
ai? — 1 (1 (s — taive) (taits — t3i+1)) ’ 0 — (t3i — t3ipa)as; 7
3 B 3(tsi — t3iv1) s
4 = it — 1 < (ts; — t3iva)? t3i + 13541 — 263542 . 3i+1 — t31+2> ,
3 \ (t3i — t3it1)(t3 — t3i43) t3i — t3i41 l3i+1 — t3i43
i3 —2l3i +tgipo +tsigs i3 t3i —1lsits
b 2tg; —tsit1) 2ty —tain
where
o =17 — tigitive + ti(tior + tiya — 2ti13), Bi = (i — tiys)(tiva — tits).

Example 3.3 (B2 D3C?P'5%). Since r = 2 and n = 2, the transition functions f; are piecewise
rational made of 7n = 4 pieces between ty; and ty(;42). In order to minimize the degree of I, the
denominator of each piece is chosen so as to simplify the factor (z — z;44), if possible. Pursuing
this principle, (3.6) can be rewritten as

(O, T < tQi,
($|a0 aazllaaglaagl)
€ [ta, tait1),

Raiy1(x) 7
q(z |a0 ’a112’a122)’ LS [t2i+1;t2(i+1))7
fz(x) = 9 4“3 4,3
(x|a0 yar”, as”), T € [tagiy1), t2irs),

( |a0 7all47al247ail34)
Tora(2) . T € [taiys, tauta)),
it

L 1, X 2 tQ(i+2).
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The coefficients al}:j are determined by solving the 14 x 14 linear system obtained by imposing
C! continuity at to;, ta(it1), t2(i42), and C? continuity at to;, 1, t2;13, and, recalling Property 3.b
in Section 3.2, at fo;, ta(i42) as well. Their computation provides

ag,l _ ail,l _ a;,l —0 ag,l _ aé’z _ (toi — toiy1)? (t2ig1 — t2i+2)a2i’
3(t2i — taita) o
a§’2 _ (t2i — toir1) (taipr — t2i+2)a2i’ aé’2 _ af)’?’ _ (toi — toiya) (taiys — t2i+1)&2¢’
239 B
L ((toig1 — toive)(tai — taivs) + (faipr — taigs)(tai — taig2)) 2
20 ’
ag?’ - a6’4 - 3(t2z‘+2 —1t2i+4)52i [t2i+2 (_(t%” a 4t2i+3)t§i+4
+(taivo — Aloits) (3taire — toirs)loipa + taivs (315, 5 + 2toissloio — 2t5,,5))
Ftoit172i + tai (V2i + taitr (faire — toira) )],
gt = _ —3toiro + 293 + toiia i4 _ _ —Staire +taiys + 2oity i4 _ laiv2 — toiva
! 3(t2ir2 — t2its) no 3(t2ire — t2its) ro toiva — toits
where

o =240 — tiys — tiya,
Bi = (tis1 — tisa)ti g — (t?+2 + (tig1 — 2tiva) i+3) ira 1 ( iro — Livsliva — ti—}—lai) ]
Vi = =3ty — Bativa + 17,5 — (fiya + 2tiia)th g + (3tive — tiys) (fiva + 2tips)tiga.

Example 3.4 (B4 D3C?P3S5%). In the case of odd configuration, in addition to the previous
definitions of Ly (z) and Ry (z), we set

Eh(m) =T — xp and ]:Bh(:v) = Tpi — T

Since r = 4 and n = 1, the transition functions f; are piecewise rational made of rn = 4
pieces between t4; and t4;14. Recalling the assumption that t4,0 = x;41, the expression (3.6)
for f; has the form
(07 r < Z541'7

,1 i,1
0 7a1 7(12 ;a3 )

q(~|a
L() i(2) Ripa(2)
(z|ag

22 22)

€ [tai, taitr),

S t 7 7t 7 )
L@<x>R@+l<x> Faii, faivo)

filx) = i3 i3

(-33|a0 7CL1 aa2 )
Lz<x)RH—1(x)
(xlaO aazl4aa124aa§’>4>
Li(2) Lis1(z) Rija ()
1

L1, T 2 tyiiv1)-

€ [taiva, taiys),

;% € [taigs, tas)),

The formulation above provides all the degrees of freedom necessary to satisfy the constraints
for C continuity at t42 and C? continuity at the other points of ¢. The coefficients a}’ found
as solution of the resulting 14 x 14 linear system are

2
P A ;5
0 1 2 = 3 =
3(ta; — 1)
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a2 — (tai — taip1) iy a? — Q57 0,2 i3 _ @i(tai — Tiy1) (Laiv1 — Tiga)
° Bt — wi41)B; 26’ Bi 7
RN (t4i(2tai1 — tairs — Tip1) + 2taips3Tigr — taipr (Faies + i)y RENINC

b 23; TRy

ag' = (taiss — Ti+1)—, ayt = 3 (thir3(& — Btaia) + Vi — pi(2tais + taira)) ,
i 1

abt = 3 (t3:44(& — Btairs) + 05 — pi(2taiva + taivs))

aéA = —(taira — i) (taiva — Tig1)(faiva — Tiya),

Q; = $?+1<t4i+4 — ;) — Tigo(taipa®i + Tip1 (Tip1 — 225))
+ tairs (Caira(Ti — 2i01 4 Tiga) + 35, — Tidtiso)
Bi = @it1(2tairataiva — (baivs + taisa)Tiv1) + tairr (@7 — taivstaira)
+ tai (air1 (baivs + taiva — 2Ti41) — taigsbaira + T54) |
Vi = (tai — taipr) (taiv1 — Tig1),
0= 3(taira — Tit1) ((—taier + tairs + taiva) Ty — 2baiystaipaion + tagritaisslaia
—ta; (¥71 — taivstaira + taipr (baips + tazsa — 22541)))
Gi= (3t = BTiataiva + 034y — Tiltiga) iy + (2071 + wiwipamipn — 3th 4 (20 + Tigo)
Flaira (3% — Bxigr) i1 + (207 + 3Ti41)Ti42)) thips + (—3(2; + i) 2],
Flaira (2271 + 301 + 3TipaTivy — DTTit2) Tia + Uiy (T71 + 223%i42) ) taies
— thiea®iin + T (g — 3Tiritaiva + 327) Tiga,
§i =T+ Tip1 + Tiyo,
Vi = 2tai3taiva&i + 3TiTi11 7549,
pi = Tiip1 + (Ti + Tig1)Tigo,
wi = — tai1G + T (665,14 — 9T taira + 327y + Tiigr + (Tip1 — 203)Tip2) U
+ (=322 + i1 + 22i40) g + (@1 (T2 + 3Tip1) + (42 + T2i41)Tigo)baira
22511 (25 — 22i41)Tig2 — 22;T441)) t?;¢+3 + (4tgita — i) (Lairaps
—32;%i41%i42) taiys + taipaiv1 (BTiTi1Tivo — taiyaps)) + tai (—G + taipr ((Btaipa — 2
—Tif1 — Tiy2) tii+3 + (taiva — 4xig1)(Btaipa — i — Tipq — xi+2)ti’+3
+ (2(—2951- + X — 2xi+2)tii+4 + (201 (T2 + 4wiq) + (B + T2i41)Tig2) taiva
=341 (2031 + (T + 20351)Tiy2)) taigs + 623071 Tig — i aTiTi1 T
+t421i+4 (7 — 2%431) 7400 + (323 + $¢+1)$i+2)>) )

3.4 Minimum-degree Br-spline interpolants

Based on the previous discussion and on Properties 1-5 in Section 3.2, it can be seen that
the formulation (3.8) allows designing splines featured by any feasible quadruple of design
parameters (g, k,m,w). More precisely, k can assume any arbitrary value, while the values
of m and w must satisfy a reciprocal relation given by the necessary interpolation condition
expressed by Property 1, which determines the bounds (“’—_ﬂ <m < w — 1 in case of even

2
configuration and (wT_lw <m < w — 1 in odd configuration. The degree is bounded below by
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—0— T;, Titn —o— T —I—t\T
J T1 on I;y, I o—e, e—0, 0—0
3,1y Li+n—1,1 T, Y, Y
r=1 o ¢ v {TQ on oy, (=i+1,. .. i+n—2 -
T3 on iy, Liyn-1, o—1, o0
r>2 —o—|—|—e—|—I—e—|—|—e—|—|—0— T4 onlyp, h=1,rl=i+1,...,i+n—2 | |—e
T5 onlyp, h=2,....,r=1,{=i4+1,...;i4+n—-2 i

Figure 3.7: Classification of the types of pieces of each transition function based on the configuration
of the endpoints of the related interval of definition.

g > max (m, k + 1). In fact, intuitively, a polynomial spline interpolant has minimum degree
when there could not exist another spline with same continuity, polynomial reproduction, and
support, but lower degree. Thus its degree must be equal either to the polynomial reproduction
degree or to the order of continuity plus one (as, e.g., in the case of global spline interpolation).
More formally, we introduce the definition:

Definition 3.2 (Minimum-degree spline). We say that a polynomial spline interpolant D? Ckpmgw
has minimum degree if g = max (m, k + 1).

In this section we show that, for any feasible choice of degree, order of continuity, degree
of polynomial reproduction, and support width, our framework always allows us to construct
a local Br-spline interpolant having the prescribed parameters. Successively, we exploit this
result to investigate in more detail the class of minimum-degree splines that belong to the
considered framework.

For the sake of conciseness we address in detail the even setting (3.2a) only, while the case of
odd configuration (3.2b) can be analyzed following the same outline. Hereinafter we suppose
n > 1; the case n = 0 is addressed separately at the end of this section. We introduce a
preliminary lemma and successively we prove the main result.

Lemma 3.1. Let F' be a Br-spline interpolant of the form (3.8) belonging to the class DCkpm§w
and assume the even configuration T = x. Then the numerators ¢, ; of the related transition
functions f; satisfy

= n(rg — 2), ifm+1>n,

> deg(ais) < { A (39)
= n(rg—2)+2, ifm+1=n.

Proof. We focus on a single transition function f; in the form (3.6). Equation (3.8) and the

fact that F' has degree g imply that

deg(qij) < g —deg(K; ), j=1,....rn. (3.10)

Since m; ; is assumed to be the product of all factors (x—xp,), h =i—0,...,i—oc+m—1, that
do not vanish on [t,;4;_1, tri+;], the degree of K; ; represents how many factors of the product
in (3.5) remain after simplification by , ;.

To compute deg(K; ;) we distinguish 5 types of pieces, according to the configuration of
the endpoints of the interval of definition; they are schematically represented in Figure 3.7. A
simple count allows us to determine deg(k; ;) and thus evaluate the right-hand side of condition
(3.10). The related upper bounds for deg(g; ;) are listed in the third and fourth columns of
Table 3.1, according to the type of piece. Note that the cases m+1 > n and m+1 = n must be
treated separately. This depends on the fact that, in the latter case, by Property 1 in Section
3.2, we always have 0 = —1 and, as a consequence, it is always possible to simplify one more
factor (z — xp,) with respect to the former case (see also Example 3.3 in Section 3.3).
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refinement | type of | upper bound for deg(g; ;) number of
coefficient | piece |m+1>n| m+1=n pieces in f;
2 ifn>2
N 11 9-2 g-1 1 ifn=1
o n—2 ifn>2
12 9-2 92 0 ifn=1
T3 g—1 g 2
r=2 T4 g—1 g—1 2n — 2
TH g g n(r —2)

Table 3.1: Upper bounds for deg(g;;) and number of different types of pieces for the transition
functions f;, based on the classification in Figure 3.7.

The refinement coefficient r indicates how many pieces of each type appear in f; (see again
Figure 3.7 and the rightmost column of Table 3.1). Now, taking into account the maximum
degree for ¢; ; allowed per piece and the total number of pieces of each type, relation (3.9) can
be obtained straightforwardly. m

The left-hand side of (3.9) determines how many degrees of freedom are provided by the
numerators of the pieces of the transition functions in (3.6) and which can be spent to ensure
that any f; has the desired continuity. Thus, for a given degree g, the maximum number of
degrees of freedom (#DoF) is obtained from (3.9) with the equality sign and gives

n(r(g+1) —2), if m+1>n,

, (3.11)
n(rig+1)—2)+2, if m+1=n.

#mﬁ:{

Since this estimate depends on r, we now determine which is the smallest value r such that
#DoF is greater than or equal to the total number of continuity conditions at the points of £
involved in the definition of f;.

Proposition 3.2. Let I’ be a spline interpolant of the form (3.8), in even configuration T =
x, with continuity k, polynomial reproduction m, and support w. The smallest value of r
guaranteeing that F' has given degree g > max(m,k + 1) is

il reres el .

Proof. In order to determine r we need to require that, for any transition function f;, the total
number of continuity conditions #CC at the points of ¢ contained in [7;, 7,1, be smaller than
or equal to the total number of degrees of freedom #DoF inferred from (3.6) (represented by
the coefficients of the numerators g ;).

We distinguish the two cases m +1 > n and m + 1 = n.

e If m+1>n, then #CC = k(n+1) + (k+1)(r — 1)n. Thus, by imposing #CC < #DoF,
with #DoF given by (3.11), and recalling that n = w — m — 1, we get (3.12).

e If m +1 = n, then #CC = k(n+ 1) + (k + 1)(r — 1)n + 2 and (3.12) is obtained by
proceeding analogously to the previous case.

]
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Following the outline of the proofs of Lemma 3.1 and Proposition 3.2, we can derive analogous
results for the odd configuration (3.2b). In this setting, the counterpart of (3.9) turns out to

be
- n(rg —2), if r is even,
> deg(gi;) < ( ) o
— n(rg —1), if ris odd,
7j=1

and (3.12) is replaced by

=

Now, since the above results hold for any degree g, by setting g = max(m, k + 1) and substi-
tuting it in (3.12) or in (3.13) (according to the reciprocal configuration of & and 7), we can
straightforwardly compute the suitable refinement coefficient r that is necessary for obtaining
a minimum-degree spline with fixed continuity, polynomial reproduction, and support. In par-
ticular, in the case of optimal splines corresponding to D*C"~1P" (3.12) and (3.13) reduce

respectively to the simpler expressions r = Lﬁﬁl] and r = Lﬁﬁl-‘.

Tables 3.3(a), 3.3(b), and 3.3(c) show some centered, minimum-degree Br-spline interpolants
with even configuration and support width 4, 6, 8 respectively that belong to the considered
framework.

In particular, the continuity progressively increases moving across columns, up to any ar-
bitrary order. At the same time, moving across rows, the polynomial reproduction degree m
increases and n decreases according to the relation w = m +n + 1.

We observe that optimal splines, featured by D*C"~!P" are located in a diagonal fashion, in
which respect the splines in the corresponding upper and lower diagonals are featured respec-
tively by sub-optimal reproducibility (D"C"~!P"=1) and sub-optimal continuity (D"C"~2Ph).
Moreover, the upper and lower triangular parts of each table contain respectively minimum-
degree splines with degree equal to k + 1 and m.

From the tables we notice that some splines share the same design parameters but the support
width and have the same value of r. In this case, it is common understanding that one is likely
to choose the class having smaller support. Thus the cell of the equivalent counterpart with
wider support, which is outperformed, is left blank. It is also worth observing that when two
of the listed splines have same continuity, polynomial reproduction, and degree, the one having
the smallest support width exhibits the highest r (see, e.g., B3 D3C?*P?S* vs. B2 D3C?P2S59).

In the case n = 0 the spline interpolant F' coincides on each interval [y, 7441) with the
polynomial p;_,,,. Therefore, F' can be directly designed as a Bl-spline and trivially has
minimum degree m. We also observe that, when w = 2 this family provides the only optimal
spline which can be obtained with » = 1, namely the class B1 D'C°P'S?, which represents the
piecewise linear interpolant of the given data.

To conclude this discussion, we point out that, to our knowledge, all the listed families of
non-uniform sub-optimal splines have never appeared in the existing literature. Instead, as pre-
viously recalled, optimal splines were originally proposed in [DGMS8S], although only in the even
configuration. That work investigates the two classes B2 D*Ch~1 PhS2?" and Bh D"Ch—1 phgh+2
(see Theorems 3.2.1 and 4.2.1 respectively) and proves their uniqueness. Moreover, the corre-
sponding Bh case for open data sets is explicitly calculated and analyzed in [DV12, Sections
10.5 and 10.6]. The same classes of [DGMS88| can be also generated by our approach, which
thus provides an effective method for their design and computation (see, e.g., Example 3.1 and
Figure 3.1(a)).

Moreover, the class Bh D"C"~1 P"S"+2 deserves a more detailed discussions. In fact, when A
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k 0 1 P 3 4
m,n+1
1,3 B2 D?C'P! « | B2 D3C?P! |B3 D*C3P'|B3 D>C*P!
2,2 Bl D?C°P? ¢\ B2 D?C'P? + B3 D3C?P? «| B4 D*C?P?|B5 D°C*P?
3,1 Bl D3C°P3 _ - _ _
(a) w=14
k 0 1 p 3 4
m,n—+1
2,4 B2 D3C?P? «| B2 D*C?*P? | B3 D°C*P?
3,3 Bl D3C'P3 | B2 D3C?P? +| B3 D*C®P? «| B3 D>C*P?
4,2 Bl D*C°P*| B1 D*C'P* | B2 D*C?P* o |B4 D*C3P* +|B5 D°C*P* «
5,1 B1 D°COPS - - - -
(b) w=6
k 0 1 2 3 4 5
m,n+ 1
3,5 B2 D*C3P® «| B2 D°C*P? | B3 D°C°P3
1,4 Bl D*C%P* +|B2 D*C®P* +| B3 D°C*P* «| B3 DSC5P*
5,3 Bl D°C'P®| Bl D°C2?P° |B2 D°C3P® o | B3 D°C*P° +| B4 DSCoPS «
6,2 B1 D°C°PS[B1 DSCTPS| B1 D°C?P® | B2 DSC3P® | B3 DSC*PS o |B6 D°C°P° +
7.1 B1 D'C°P7 - - - - -
(c) w=38

Table 3.2: Centered, local, interpolating Br-splines of support width (a) 4, (b) 6, (¢) 8, and minimum
degree. Optimal, sub-optimal reproducibility, sub-optimal continuity splines are highlighted respec-
tively in red, green, and cyan, and labeled with +, %, o. Blank cells correspond to classes that are
outperformed by counterparts having the same value of r and the same design parameters but a smaller
support width. (For interpretation of the references to color, the reader is referred to the web version
of this thesis.)

is odd, the even configuration assumed in [DGMS88| necessarily leads to fundamental functions
that are non-centered (and thus non-symmetric, according to Property 5 in Section 3.2). Al-
though the same functions could be constructed by our method as well, our approach can do
even better. In fact, it also allows us to generate optimal fundamental functions of odd support
that are centered and thus preserve possible symmetry of the data. Based on Property 5 in
Section 3.2, these can be obtained in the odd configuration as B(h + 1) D"C"~* PhS"+2 splines
(see Example 3.4). For instance, Figure 3.1(c) illustrates the fundamental function related to
this class for h = 3.

In addition to this, from the tables we observe that, also in the even configuration, other new
classes of optimal splines can be found in our framework, as, e.g., the class B3 D?C*P5S% in
Table 3.3(c).

3.5 Open spline interpolants with Hermite end conditions

In the following we extend the interpolation framework in order to design spline interpolants
of an open set of data {(z;,y;) € R*,j =0,..., N}. The following approach applies both to the
Br-splines addressed here and to the Bl family of locally-supported interpolants in [BCR13a).
For this reason, differently with respect to the rest of this chapter, we address here the more
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general context in which o € ¥ (see Property 1 in Section 3.2) and not only the centered case

(3.4).
Since F' must be defined in the whole interval [zg, xy], we assume to know a sequence of
suitable length 7 = {7;,j = —v,..., N + n} where v = n in the even configuration and

v = n + 1 in the odd configuration, in such a way that all the blending functions B;,; that
do not vanish in [zg, zx] be well-defined.

The leading idea is that the definition of the spline interpolant F' in the vicinity of the
boundary be formally identical to (3.1) in such a way that

—v+2n—1
F(l’) = Zpifcr,m(x)Bi,nJrl(a:)y T € IL, (314&)
o ~
F(z) =Y picom(@)Bina(x), 7€, (3.14b)
i=N—-2n

where I;, is either [70, Ty or [T_1,T,_1] in the even or odd configuration respectively, and Iz =
[T N—n,T. N] .

To define the polynomials p;_,,, that appear in the above formulas, we extrapolate from
the given set of data {(z;,y;),7 = 0,..., N} a suitable number of fictitious data to the left
of (xo,yo) and to the right of (zx,yn). If the nodes  and the breakpoints 7 are in the even
configuration 7 = x, the additional nodes z;, j < 0,5 > N, regardless of their number, can
be spaced with the same spacing of the corresponding breakpoints. Otherwise, i.e., in the odd
configuration, the additional nodes can be chosen arbitrarily, provided that z; < 7; < z41. As
a consequence, it only remains to establish how many fictitious data (z;,y;) need to be added
on each side of the boundary and how the corresponding y;, for j < 0 and for j > N, may be
suitably chosen. The former issue is addressed by the following proposition.

Proposition 3.3. For any open set of data, the spline interpolant F' is completely defined
(a) in the interval Iy, by adding v+ o interpolation data to the left of (xo,yo);
(b) in the interval Iy by adding m — 1 — o data to the right of (xx,yn).

Proof.

(a) It is sufficient to work out how many fictitious data are necessary in order to define the
polynomial p_,_, ,, associated in (3.14a) with the leftmost blending function B_, ,,1; that
does not vanish in I;,. By definition, Pj—o.m is the polynomial of degree m that interpolates
the data (2o, Yj—o)s - - -, (Tjtm—0, Yj+m—0o ), thus we can conclude that p_,_ ,, is uniquely
determined by adding the v + o fictitious data (z_, o, y_»_o), ..., (T_1,y_1) to the left
of (xg,y0). Obviously these are all the supplementary data that we may need in order
to determine also the remaining polynomials p_,4;_5m, j = 1,...,n, associated with the
other non-vanishing blending functions in Iy,

(b) In the interval fR, the rightmost non-vanishing blending function By_1 ,41 is associated
in (3.14b) with the polynomial py_1_,,, interpolating the data (ry_1_o, YN—1-0),-- -,
(TN—14m-0sUN—1+m—o)- As a consequence, the set of interpolation data needs to be ex-
tended by appending the m—1—o fictitious data (zny1, Yn+1)s - -5 (EN-14m—0s YN —14m—0)-

]
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Corollary 3.4. The total number of fictitious data that need to be added is m + v — 1, namely
w — 2 in the even configuration and w — 1 in the odd configuration.

Corollary 3.5. In the centered case, o = | ™21

number (%”_1} of fictitious data to both ends.

| (see (3.4)), and we need to append the same

In the following we discuss a strategy to derive the needed fictitious values, which is based on
imposing that F' has prescribed derivatives at the endpoints 71, and 7 of its interval of definition.
We recall that 71, = 7y in the even configuration and 71, = 7_; in the odd configuration, and
TR = 7n in both cases. The following preliminary result guarantees the feasibility of this
strategy.

Proposition 3.6. The degree of the interpolating spline F' is greater than or equal to the number
of fictitious data added to each end.

Proof. From (3.8) and the subsequent formulas for K; ;, the degree of the interpolating spline
Fis

{max(m, d+2), for Bl-splines in even configuration,

max(m,d + 1), otherwise,

with d := max;—1, . deg(qi;), where g; ; is the numerator of the jth piece of the ith transition
function. Moreover, by Proposition 3.3, the maximum number of fictitious data that need to
be added to any end is max(v +o,m — 1 — o).

We denote o, = Lm_—”_lj and distinguish three cases according to the value of the integer shift

2
ceX={-1,....m—v}.

e - 1<o<o.—1 Then, max(v+o,m—-1—oc)=m—-1—-—candm—-—1—oc<m<yg.

e 0 =o0.. Then, max(v+o,m—1—0) = [242=1]  Recalling the necessary condition for
interpolation (Property 1 in Section 3.2), that is m + 1 > n in case of even configuration
and m 4+ 1 > n + 1 in case of odd configuration, we obtain the bounds

m+n—1 _m+m+1-1
2 m;—n < m;m =m, for odd configuration.

=m, for even configuration,

Thus, (%’Hw < m < g for both types of configuration.

e o.+1<o<m-—v. Then, max(rv+o,m—1—-0o)=v+ocandv+o<m<g.
OJ

Based on the above proposition, denoted by Dy, ,, D s the given derivatives of order s at
71, TR Tespectively, we determine the v + o fictitious values y;, j < 0, and the m — 1 — o
fictitious values y;, 7 > NN, respectively as the solutions of the linear systems

FO(m)=Drs, s=1,....v+0, (3.15a)
FO(rg) = Dy, s=1,....m—1-o, (3.15b)
which can be written in the form Az = b with the following general expressions.

Let us recall that ¥ = n in the case of even configuration and ¥ = n + 1 in the case of odd
configuration.
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For simplicity, we denote the unknowns y_,_,.+s 1 as z;, s =1,..., v+ 0. In this way, at 7,
the system (3.15a) can be written in the general form Az = b, where

As,h = g(—sl)/—o'-‘,-h—l,m(TL) + Z Cfl,fg+h,17,,/,(7+k Q(_Sl)/+k(TL>, S, h = 1, N4 + g,

k=1
—v—o+m n
bs = Drs — Z ykél(:,Zn(TL) - Z T )tk QSS,),Jrk(TL)a
k=0 k=1
with
Qi(r) = Ki(x) gi,—riy1(), 1=-v+1,...,1,
((Lim T80 s,
Jj+m
H (z; — )
k=j—1
C . 1
i = e
T , ifi=7—-1,
IT i =)
k=j
L0, ifi<j—2,
y Jj+m—1 y
e "
T = : + (@jm = 751) Z im0
k=0
IT (zjsm —22) IT (@ — o)
k=j l=j—1
£k

and ly ., (z) the Lagrange basis polynomial of degree m relative to x_,_,, ..., Z_y_s4m, namely

—v—o+m
T — T,
ékm xTr) = J .
wo= I1 3=2
J#k
Analogously, denoting yns as zZs, s = 1,...,m — 1 — 0, the linear system (3.15b) at g can
be written as AZ = b, where
g(]\sf)-l—h,m<TR) + Z CN4hN-1-n—o+k @g\sf)_l_nJrk(TR), ifth<m-1-0—n,
As h — n k=1
Z CNth N-1-n—o+k lel,mrk(m), ifh>m—-1—o0—n,
k=1
s,h=1,....m—1—o,
min(N,N—1—n—o+m) n
bs = DR,s - Z ykggjzn(TR) - TN—l—n—o+k Qg\sf)_l_n_;_k(TR)a
k=N—l-n—c k=1

with

Qi(x) = Ki() gir(v—i)(z), t=N-—-n,....N—1,
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(a) (b) B1 D3C'P2S* (c) B3 D3C?P?S* (d) B2 D3C?P3S% (e) B2 D*C3P*S8

Figure 3.8: Some parametric Br-splines interpolating open sets of unevenly spaced planar data: (a)
all interpolants superimposed, (b)—(e) interpolant and related curvature comb.

(T m — Lj— ep - .
j_:r:—jla if 2 < J +m — 17
IT (i =)
k=j—1
C. SO
i = e
pwo— , ifi=j4m,
IT @i —a)
k=j
0, ifi>j+m+1,
Y Y Y
_ i—1 k
I =  jm—1 ’ + (Zjam — 751) Z Gtm
—
1T @ =) P ek — )
k=3 r=j—1
£k
and ka(x) the Lagrange basis polynomial of degree m relative to xn_1 n_oy---, TN_1-n—otm,

namely
N—-1-n—oc+m

bm(x)= [ =2

Ty — X

j=N—-1-n—o

We conclude this section by showing in Figure 3.8 some examples of open spline interpolants.

3.6 The role of internal knots in Br-spline interpolation

The illustrated construction of Br-splines provides a polynomial interpolant of the form
(3.8), whose peculiarity is being defined on the rth refinement ¢ of the initial sequence 7. The
breakpoints t¢,; := 7; are constrained by the relation between 7 and x (see (3.2a) and (3.2b))
and in particular are required to be distinct. Conversely, the values in £\ 7 (hereinafter referred
to as internal knots) can be chosen arbitrarily, within each interval in 7. In this respect, two
situations are worth considering and are investigated in this section: the former corresponds
to the presence of highly unevenly spaced internal knots, and the latter to the case of internal
knots coinciding one another or with the endpoints of the related interval in 7.

3.6.1 Internal knots as shape parameters

In the former setting, it is interesting to study how the location of internal knots influences
the shape of the spline. We illustrate these effects on parametric interpolants (see Figure 3.9),
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ey

(a) Distinct knots. (b) Moving internal knots w.r.t. (c) Edge tension.
O—|—1—0——1—0 O - @110 O——1-01—10

(d) Point tension. (e) Semi-sharp features. (f) Sharp features.
O——1--@-I-—=0 o ® ©

Figure 3.9: Internal knots as shape parameters for the class B3 D3C2P?S*. The captions show the
configurations of knots related to the various kinds of shape effects.

so that they can be more evident. The considered interpolation data are highly non-uniform
(and thus difficult to interpolate) and the nodes & = 7 are computed through the centripetal
parameterization (thus the set @ is the same for all the following examples).

In general, when we move an internal knot t,,,,, h = 1,...,r — 1, towards one of the
endpoints of the corresponding macro-interval I, :== |14, 7o41) = [tre, tr(e+1)), the spline becomes
tighter to the data polygon in the region surrounding the related interpolation point. An
accumulation of internal knots around the endpoint of a macro-interval boosts the effect, as
illustrated in Figure 3.9(b). These observations suggest that internal knots can be regarded
as shape parameters. Their most effective usage consists in the generation of edge or point
tension effects. To generate tension along an edge (Figure 3.9(c)) it is sufficient to place half of
the internal knots close to one endpoint and the other half close to the other endpoint of the
macro-interval that parameterizes the edge. Tension at an interpolation point (Figure 3.9(d)) is
achieved by moving the internal knots located to the left and the right of the corresponding node
towards the node itself. In the limit this generates semi-sharp and sharp features (Figures 3.9(e)
and 3.9(f) respectively). In particular, semi-sharp features are of great interest in computer-
aided design since they represent the “effective” shape of corners of real objects, nevertheless
they are hardly achievable by most spline- and non-spline-based methods (see, e.g., [KSD13]|).

For all the examples in Figure 3.9, it is worth pointing out that the location of internal knots
does not influence the overall quality of the interpolants, which is good due to the suitable
choice of the nodes through the centripetal parameterization.
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3.6.2 Multiple knots and continuity reduction

Until now we have assumed for simplicity that the values in ¢\ 7 form a strictly increasing
sequence, however it turns out that this restriction is not necessary at all. In fact, the require-
ment that the nodes x be distinct implies, for any r, ¢, that 7, = ¢, < t,(41) = T¢11, Whereas
the internal knots ¢,41p, h =1,...,7r — 1, can be set to any location inside the closed interval
[7¢, Tex1]. So, once the expression of F' in (3.8) has been derived (assuming that all points in ¢
are distinct), we can move one or more of the internal knots to coincident locations and, ac-
cordingly, one or more polynomial pieces of F' disappear. The following discussion establishes
which is the continuity of an interpolant of the form (3.8) in correspondence of multiple knots.

We start by supposing that the knots ¢ are distinct. In this setting, any interpolant (3.8) with
design parameters DIC*P™SY is a piecewise polynomial, with breaks at points ¢, of degree ¢
and continuity k. As such, it can be represented in the B-spline basis of order g + 1 over a
suitable knot partition (see, e.g., [dB02|)

t_Z: {...,ti_l,...,ti_l,ti,...,ti,ti+1,...,ti+1,...},
—_—

g—k terms g—k terms g—k terms

where each knot has the same multiplicity g — k. Figure 3.10(a) illustrates the fundamental
function (converted to B-spline form) corresponding to a class of local interpolating splines of
the form (3.8) and only the B-spline basis functions associated with non-zero coefficients in the
spline representation. Notice that the compact support of the fundamental function implies
that any B-spline basis function whose support does not entirely lie inside the support of the
fundamental function has related zero coefficient.

We are now in the position to make some knots in ¢ coalesce and estimate the continuity of F
by reasoning on the behavior of the B-spline basis functions on . When p knots in t are set to
coincident locations, the corresponding blocks of knots in £ must be set accordingly. Therefore,
the corresponding B-spline basis functions have continuity equal to g — (g — k). Now, recalling
that the interpolants (3.8) are always at least C°-continuous by construction, we can conclude
that the least continuity of F is

max (CO, 0’5“*“(9*’5)) . (3.16)

We remark that for a Br-spline the maximum multiplicity at a knot of ¢ is 2r — 1. This bound
derives from the condition that the breakpoints need to be distinct and is obtained when we
move all the internal knots from the left and the right to the location of a breakpoint. Figures
3.10(b) and 3.10(c) illustrate the reduction of continuity for a fundamental function of the class
B3 D3C?%P?S*, respectively when one and two internal knots per macro-interval coincide with
one of its endpoints.

Usually, (3.16) is the exact continuity of the interpolant F', but, quite obviously, in some
cases the continuity order may also be higher than the least.

This is the case for all F' of the form (3.8) whose related blending functions have support
n+ 1 = 2. We illustrate why by means of an example. Let us recall the general relation
Bin+1 = fi — fix1 and that the continuity of F' depends on the continuity of the blending
functions according to Property 3 in Section 3.2. Figure 3.11 shows the transition functions
and the related blending functions of the class B2 D*C?P*S° in the cases of (a) distinct knots,
(b) tQi = t2i+1, and (C) t2i—1 = tgi = t2i+1. In the case (b), the Continuity of fz (and hence of BZ"Q
and B;_1 2) decreases to CY at ty; = t9;11 (reasoning on the B-spline representation of F', we have
a knot of multiplicity 4 in ). In the case (c), also f;_; becomes C® at ty; | = to; = t9;41: this
affects the continuity of B;_5, but, overall, all the non-vanishing blending functions remain
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e .
(a) t= {_27_%7_%7_17_%7_%107%7%717%7%72} (b) t= {_27_%7_%7_1’_77 3 0, 0’3’1’3’3’2}
—o
(c) t={-2,— -5 -50001,3,3,2}
() ¢t = {-2,— 1,-1.0,0,0,4.1,4 3 92} (e) t={-2,— ,—1,0,0,0,0,0,1, 3, 3,2}

Figure 3.10: Fundamental functions of class B3 D3C?P2S5* with different multiplicities of knots and
having continuity (a) C2, (b) C*, (c) C°, (d) C!, (e) C°. The scale of the axes is 1:1.

fi fit1 fi fit1 fi firr

B;i_» B;_y B; B o B B; B; > By B;

(a) Distinct knots (b) to; = t2i41 (C) t2i—1 = to; = 2441

Figure 3.11: Transition and blending functions for the class B2 D*C? P45,

C? at ty; and thus the continuity of F cannot decrease when passing from double to triple
knots in ¢. Clearly, the example illustrates a behavior that is common to all classes such
that n + 1 = 2: if we define the left (respectively right) multiplicity of ¢,; as the number py,
(respectively pr) such that ¢,,_,, 11 = t,; (respectively t,; = t,i1,5—1), then the continuity of
F at t,; is given by (3.16) with x4 = max(ur, pr). This peculiarity is a consequence of the
constructive approach behind the derivation of the general expression (3.8) which characterizes
the considered family of splines. Figures 3.10(d) and 3.10(e) show two fundamental functions
of the class B3 D3C?P2S* with u;, = pur = 2 and p;, = pr = 3 that, based on the above
discussion, are C! and C° respectively.

3.7 Final remarks

The original idea of Br-splines, that is to interpolate with splines whose knot partition strictly
contains the interpolation nodes, came out in the late Eighties. In the seminal paper [DGMSS]
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it is proved that, theoretically, the Br approach leads to local fundamental spline functions of
degree h with the optimal order of continuity and degree of polynomial reproduction, respec-
tively h— 1 and h. Only for the order-3,4, 5 members of the sub-class of B2-splines in [DGM88|
an explicit expression was found in terms of the corresponding B-spline basis functions and
used for the construction of compactly supported wavelets (see [CDV96]).

In about the same years, practical techniques to design B2- and B3-spline interpolants with
applications in computer-aided geometric design were given in [Woo87, Chu90, KFK94|, which
apply to uniform knot partitions only. The resulting splines, though, showed a very poor shape
quality and noticeable interpolation artifacts. Since this erratic behavior was interpreted as an
intrinsic feature of the Br construction itself, it disqualified the approach, which for long time
was considered of minor interest and mostly forgotten.

Nowadays, it has become common understanding that most of interpolation artifacts do
arise due to a wrong choice of parameterization and do not inherently depend on a specific
interpolation method. To fix the problem, a proper parameterization is usually computed by
some automatic approach (i.e., centripetal or chordal) and results in a non-uniform distribution
of parameter values. Conversely, the uniform parameterization is known to be unsuitable, unless
the data are evenly spaced. In our view, this motivates the renewed interest in investigating
the Br approach, especially in the non-uniform setting.

Besides this, non-uniform locally supported splines of B1 and B2 type have recently shown
their importance in connection with the study of subdivision schemes that arise by sampling
fundamental spline bases [BCR11a, BCR11b, KP13|, because the continuity and polynomial
reproduction properties of the schemes are related to the corresponding properties of the bases.
In the bivariate setting, these subdivision schemes can be generalized to define non-uniform
non-tensor-product interpolation methods [BCR13b|, which have already proven to be effective
in some applications [BFLT10] and have significant potential to gain even more interest, due
to the limited computational cost and the high quality of interpolation.

Overall, the main contribution of the work presented in this chapter is to provide a construc-

tive method for the design of Br-spline interpolants over arbitrary non-uniform knot partitions.
In this respect, we are not aware of any alternative approach (if we except the few and individ-
ual classes of splines considered in the aforementioned work [CDV96]). Moreover, the proposed
method is comprehensive, because it comprises a large family of interpolants having among its
members all the existing uniform and non-uniform B1- and Br-splines. Other two points of
novelty of this approach are the possibility of handling in full generality multiple knots, which
were not considered in previous Br constructions, and open sets of data.
As concerns the potential for future research, we believe that the generalized blending-based ap-
proach pursued in this chapter could be successfully exploited to tackle other relevant problems
in interpolation (like the design of Hermite, shape-preserving, or variable-degree interpolants)
and effectively applied to the multivariate setting as well.

In the next chapter, the families of non-uniform, local, univariate interpolating splines in-
troduced in [BCR13a, ABCl4a| (and reviewed in this chapter) will serve as one building block
in the construction of analytical interpolating surfaces of high quality and regularity starting
from input meshes of arbitrary topology.

Moreover, the idea of using transition functions to define blending functions with desired
continuity properties will be exploited also in Chapter 5 to propose a general approach for
the construction of B-spline bases for generalized splines spaces, whose elements are piecewise
functions with pieces belonging to suitable, possibly non-polynomial, function spaces.






Chapter 4

High-quality local interpolation of
arbitrary-topology meshes and curve
networks by composite parametric
surfaces

In computer-aided geometric design, generating a surface that interpolates a given arbitrary
quadrilateral mesh or curve network is an important and challenging task. The basic require-
ment is to satisfy both criteria of analytical nature (regularity of the surface) and aesthetic
concepts (shape quality). With regard to the aesthetic quality, it is well known that an in-
terpolatory surface may show an excessively oscillating behavior in the intermediate areas in
between the locations of the constraints. In the context of univariate interpolation, it is now
commonly accepted that the use of a non-uniform parameterization can solve, or at least al-
leviate, the problem. Recently, a non-uniform non-tensor-product parameterization has been
also successfully exploited to generate interpolants of regular 3D meshes by means of subdivi-
sion schemes [BCR13b|. In this context, the basic principle is to design a regular network of
high-quality curves interpolating the mesh polylines, where each curve is parameterized inde-
pendently of the others, and to construct a subdivision surface that interpolates the curves.
The work presented in this chapter originated from the same idea, but in order to design ana-
lytical surfaces of high quality and regularity starting from input meshes of arbitrary topology.
In particular, these surfaces are built upon a family of non-uniform, local, univariate interpo-
lating splines [BCR13a| by exploiting an innovative parameterization technique which allows
the parameters to smoothly vary between one mesh face and another.

As an additional benefit, we will show that the proposed approach can be easily generalized in
order to interpolate a given arbitrary network of curves.

The construction detailed in this chapter is also the topic of a recently submitted paper
[ABC14b].

4.1 Introduction

A central topic in computer-aided geometric design is the creation of free-form objects of
arbitrary topology by interpolating an initial control polyhedron (or mesh). While triangular
meshes prevail in the context of reconstructing three-dimensional models from acquired data,
for example by 3D scanning, when modeling free-form objects the control mesh is usually
composed of quadrilateral faces and, if the model has to represent a complex shape, its vertices

99
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Figure 4.1: A cubic spline interpolant of very unevenly-spaced data. The uniform parameterization
(left) fails compared to the non-uniform (here centripetal) one (right).

may have arbitrary connectivity. A second scenario of interest for applications is one where
the interpolation data consist of a network of curves in which, similarly as before, an arbitrary
number of curves can meet at each vertex. Although this chapter is focused on the first context,
namely the interpolation of meshes, we will devise an approach that allows us to address the
second situation basically at the same time, by means of a suitable extension. In both cases, the
basic requirement is to generate models that satisfy both criteria of analytical nature (regularity
of the surface) and aesthetic concepts (shape quality). With regard to the aesthetic quality,
it is well known that when a surface has to satisfy a complex set of interpolation constraints
it may show an oscillating behavior in the intermediate areas in between the locations of the
constraints, quite often giving rise to noticeable interpolation artifacts.

When the data to be interpolated are of discrete nature, the usual approaches rely on patch-
ing techniques, such as Coons-Gregory patches [Far02|, or subdivision schemes [WWO01].

The first family of methods generates a composite surface of smoothness class G or G2, where
each face of the mesh becomes a polynomial patch (usually of bidegree three or five). The
approach relies on blending suitable values and derivatives at the corners [Her96|, so that the
construction is extremely local. Theoretically, the initially assigned derivative values could be
used to optimize the shape of the surface. In practice, however, since these values can be
estimated only heuristically, they can be hardly exploited to ensure a good aesthetic quality
of the interpolant. Indeed, despite the wide literature on how to prescribe initial data for
shape-preserving univariate interpolation, the surface setting is rarely addressed. Moreover, in
the latter case no known estimate for the derivatives guarantees by itself a good quality of the
resulting surfaces.

On the other hand, subdivision schemes recursively refine the control polyhedron by means
of an iterative process that in the limit generates a smooth surface. However, if we confine
ourselves to considering interpolatory schemes, only a version of the famous Catmull-Clark
algorithm is capable of generating exactly evaluable limit surfaces [HKD93, Sta98]. The main
drawback of this method is that it requires the solution of a global linear system to deter-
mine the control points of the surface and a post-processing optimization step to fair its shape.
Some variations of the Catmull-Clark interpolatory scheme [MMNO07, LBWO05, Lin10] propose
to improve computational cost and surface quality by exploiting the so-called progressive iter-
ative approximation or progressive interpolation technique, which consists in constructing the
interpolating surface by sequential approximation of its control polyhedron. These techniques
are still inherently global because, as soon as a vertex changes its location, the entire control
polyhedron must be updated in order to keep the interpolation property.

In the context of interpolation of 2D points, a recent trend is the study of approaches based
on a non-uniform parameterization [DFH09, BCR11b, BCR11a, BCR13a|. The interest is moti-
vated by the observation that, while the uniform parameterization may give rise to unacceptable
artifacts, these undesirable effects may disappear completely by adopting a suitable parame-
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terization (such as the centripetal or the chordal ones) [YSK11, KY06, Lee89, Flo08|. As a
demonstration, see Figure 4.1.

With regard to the construction of free-form objects from arbitrary 3D meshes, the non-uniform
parameterization principle has been a subject of interest especially in the area of approxima-
tion [CADS09, KSD13, MFR*™10, MRF06, SZSS98, Casl0, Casl1|, with a view to establishing
high-quality models compatible with the non-uniform B-spline standard. However, even in the
context of interpolation, its potential usefulness is easily understood. In fact, it is clear that a
high-quality surface must have high-quality section curves. Therefore, intuitively, we can think
of generating a good-quality surface by interpolating a set of good-quality section curves. The
benefits of this approach are outlined in [BCR13b|. That work considers a regular grid of points
(i.e., with four edges incident at each vertex), where each polygonal section is parameterized
independently of the others in a non-uniform way. From this structure, a family of nested curve
networks is constructed by an iterative refinement process, in which each successively generated
network is denser and contains the previous one. In the limit, the process converges to a C*
surface. The curves of the initial network are immersed in this surface and retain their original
parameterization. The approach generates surfaces of higher quality compared to the classical
non-uniform tensor-product splines or subdivision schemes. The downside is that, because the
limit surface is generated by a recursive process, it cannot be described in analytic form or
exactly evaluated at arbitrary points. Besides this, the approach [BCR13b| does not allow
handling meshes with extraordinary vertices.

Motivated by these results, our objective is to provide a method for generating an interpola-
tory surface of high quality and sufficient regularity from a quadrilateral mesh whose vertices
may have an arbitrary number of incident edges (for short, an arbitrary mesh). In general,
we are not given a suitable network of curves to interpolate, where suitable means of good
quality and satisfying G- or G%-compatibility conditions at the intersections. For this reason,
we propose a two-step approach that, given an arbitrary quadrilateral mesh:

1. generates a network of high-quality curves interpolating the mesh vertices;

2. builds a composite surface that interpolates the curves of the network with a 1-1 associ-

ation between mesh faces and surface patches.
In addition, if a suitable network of parametric curves is given, a direct generalization of our
approach allows us to generate a surface that interpolates the network, regardless of the nature
of the curves (polynomial, trigonometric, etc.).

We can outline the two steps of our technique as follows.

First stage — During the construction of the curve network, each curve is independently param-
eterized by the centripetal or chordal parameterization, in such a way to optimize its quality.
The curves are then represented by piecewise-polynomial functions and are defined in a com-
pletely local way exploiting a class of compactly supported fundamental functions [BCR13a),
which turns out to be particularly convenient due to its property of a very limited support
width. In this way, the portion of curve between two mesh vertices depends only on few adja-
cent points belonging to a polygonal section of the mesh (which does not necessarily need to
be planar). In the neighborhood of valence-4 vertices, the network does not have to meet any
particular requirement for compatibility. In the neighborhood of extraordinary vertices (i.e.,
vertices of valence other than 4), we construct the network in order to satisfy compatibility
constraints of G! and G? type, according to the desired smoothness for the final surface.

Second stage — The curve network serves as a skeleton from which we build a smooth surface by
suitably blending the curves. At this stage two innovative ingredients are introduced: the first
is to use as blending functions a class of non-uniform, locally supported fundamental functions
[BCR13a]; the second consists in a suitable strategy of local parameterization. In this way, the
curves become the boundaries of the patches of a composite surface, where each patch, param-
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eterized over the domain [0, 1]?, corresponds to a face of the mesh and depends on only one or
two rings of vertices surrounding the face. Moreover, we introduce a novel parameterization
strategy, called augmented parameterization, which does not require that opposite boundaries
of a face have the same parameterization. As a result, the curves of the network are embedded
in the surface, without being approximated or altered in any way, and retain their original
parameterization and consequently their good shape quality. This is a major difference with
respect to the classical approaches based on tensor-product or Coons-Gordon surfaces, where
averaging the parameterization of parallel section curves is necessary.

As a historical note, it is interesting to remark the similarities between our augmented pa-
rameterization and a technique proposed by Geoff Hayes in 1974 [Hay74| in the context of
fitting samples of a bivariate function through bicubic splines. Hayes observed that a better
interpolation can be obtained if, instead of using the usual rectangular grid of knot intervals,
we use what he called curved knot-lines, where the knot intervals are not forced to form a grid,
but their lengths can be selected in a more flexible way. Thus, Hayes’ technique and ours share
the common idea that the classical tensor-product parameterization, albeit non-uniform, is not
flexible enough to generate surfaces of good quality.

The remainder of the chapter is organized as follows. In Section 4.2 we outline the family of
local non-uniform spline interpolants which is at the basis of the curve network construction
and of the local patching scheme. We also formulate these splines in such a way to better
exploit their local dependence on the parameterization. In Section 4.3 we describe the first
stage of our approach, which consists in the construction of a network of curves with suitable
compatibility conditions at the vertices that will serve as a skeleton for the patching scheme.
Starting from this structure, we describe in Section 4.4 how a local surface patch with augmented
parameterization can be worked out from every quadrilateral face of the mesh that does not
contain extraordinary vertices. In Section 4.5 we propose a construction which applies to faces
with an arbitrary number of extraordinary vertices. We address in particular the definition of
G' and G? surface patches that guarantee the interpolation of the curve network and provide
a smooth connection with the surrounding surface patches, exploiting again the augmented
parameterization. In Section 4.6 we briefly discuss the case in which the data consist in a
network of curves instead of a mesh, thus the first stage of our approach is skipped. In this
situation, a straightforward application of the proposed augmented parameterization gives rise
to an augmented Gordon-Coons scheme with the property of locality. In Section 4.7 we provide
some examples of surfaces obtained with the described method starting from regular meshes
or from meshes containing extraordinary vertices, and we conclude with some final remarks in
Section 4.8.

4.2 Locally supported, non-uniform, fundamental spline
interpolants

In the remainder of this chapter we extensively exploit some families of non-uniform local
interpolatory splines. Given a set of points {p; € R"}, associated with a knot sequence {z; €
R}, we focus on local spline interpolants expressed by the formula

F(z) = Zpi Ui(x), (4.1)
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where the functions 1);, called fundamental functions, satisty the relation v¢;(x;) = 0;;. We
assume that the knots {x;} are computed by a proper automatic data-dependent method, such
as the chordal or centripetal parameterization [ANWG67, Lee89, FS06|. In particular,

Tit1 = T + || Pit1 — szS‘ ) (4.2)

where o = § or v = 1 respectively for the centripetal or chordal parameterization (||-||, denotes
the Euclidean norm).

If the support of each function ; is finite, then the interpolant (4.1) is local, i.e., its value at
a certain location depends on only a limited number of points among the p;’s. In particular,
we say that the function ;(z) has support width equal to w if it is identically zero for any z
outside a compact interval of the form [z;, x4, for some j.

A construction for several families of polynomial fundamental functions, defined on non-
uniform knot sequences, is presented in [BCR13a] and extended in Chapter 3. Each such
family is characterized by its polynomial degree, order of continuity, approximation order (or,
equivalently, maximum degree of polynomials that are reproduced), and support width. The
constructive framework allows choosing, within some reasonable restrictions, the most con-
venient balance between these four features according to the needs of a specific application.
For brevity, we indicate a class of splines having Degree g, Continuity order k, Polynomial
reproduction degree m and Support width w by the shorthand DIC¥P™S™. So, for example,
if we fix the support width to 4, we can find the classes D3C°P3S4, D3C'P2S*, DAC? PS4,
D>C?P?S%) ..., and, similarly, many more classes exist having support width 6 (see Tables
1 and 2 in [BCR13a|, and for the generalization to Br-splines of minimum degree see Table
3.2 in the previous chapter). Conversely, if we are interested in a certain continuity or order
of approximation, the approach in [BCR13a| always allows us to construct a class of locally
supported fundamental functions, of suitable support width, having the desired property.

We will focus on fundamental splines that have even support width w and that assume the
value 1 at the central knot of the support. In fact, such condition identifies the most relevant
classes of splines, namely those which preserve symmetries in the initial data (recall Property
5 in Chapter 3). This restriction is not really necessary in what we will see in the following
sections, but we prefer slightly sacrificing generality in favor of a more streamlined notation.
In this way, it holds

wz('x) - 07 xr ¢ [xi—%7xi+%]7
and if we set
di = Tjp1 — Xy, (43)

we can observe that each fundamental function of support width w is a piecewise polynomial
made of w pieces, one per each interval [x;,2;41], j =i—%,...,i+% —1, and it depends on (at
most) the w corresponding knot intervals d;, j = i—%,...,i+%—1 (see Figure 4.2(a)). However,
since in practice we evaluate each polynomial piece in (4.1) at a time, it is more convenient to
reason on a single interval. Focusing on [z, z,,1], we observe that w different kinds of pieces
of the fundamental functions ¢;, j = ¢ — ¢ +1,..., £+ ¥, contribute to the evaluation of (4.1)
(see Figure 4.2(b)) and, overall, the knot intervals involved are d;, j = — 5 +1,... .+ 5 — 1.
This means that not all the knot intervals which constitute the support of a single fundamental
function are involved in the evaluation of (4.1) on an interval. Based on this consideration, to
emphasize the local nature of the spline interpolant, it is convenient to reformulate the piece
of the spline interpolant (4.1) in [z, z4,1] as

F(z)],

T, To+1

= Zﬁi Yow (7 d), (4.4)
i=1
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Figure 4.2: (a) Fundamental function of the class D3C' P2S4; (b) the four pieces of the fundamental
functions of this class on a single interval [z, z,41], and related parameters d; in equation (4.5).

where

b= (pf—%—‘rlv s 7p€+%) )

and

d = (dé—%-i-la ce >d€+%—1) .

It is useful to point out that three classes of splines will be exploited as running examples
in this chapter: besides the so-called Catmull-Rom splines [CR74| (hereinafter indicated by
D3CIP2S%), we will consider other two “unnamed” classes, D3C?P2S* and D*C?P3S6, devel-
oped in [BCR13a|'!. The motivation for our choice is that they represent a good tradeoff between
computational cost (represented by support width and degree) and analytical properties (order
of continuity and approximation order). To make our proposal easily reproducible, in Section
4.2.1 we provide the expressions related to the two classes with support width 4 (we do not
report the expressions for the class with support width 6 because of their excessive length).
Moreover, we remark that in the context of 3D points interpolation it may be interesting to
consider also classes of splines featuring C® continuity. In fact, such splines can achieve torsion
continuity and we expect that this will result in fairer space curves.

Usually, the data sequence {p;} is meant to be periodic, but, for later use, it is useful to
discuss as of now the case in which it is open. In this situation, the interpolant (4.1) can be
defined in the boundary knot interval [z, z;] and on the subsequent ones (and, equivalently,
in the last intervals) by extrapolating ¥ — 1 points across the boundary. This is equivalent to
prescribing the derivatives of F' at zy up to order § — 1, as detailed more formally in Section
3.5. The resulting spline interpolates at xy the prescribed derivatives, to which we will thus
refer as Hermite end conditions.

! According to the terminology introduced in Chapter 3 (precisely, in Definition 3.1), the spline interpolants
associated with these classes are Bl-splines.
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4.2.1 Fundamental functions associated with the considered classes
of spline interpolants
We provide here the expressions of the fundamental functions associated with the two classes
having support width 4 and used as examples in this chapter.

We remark that in the following expressions 1); ; denotes the jth piece of the fundamental
function ;.

4.2.1.1 Class D*C'pP2s*

The general expression of the fundamental function of the class D3C*P?5* (Catmull-Rom
splines [CR74]) on its support [—d;_o — d;_1,d; + d;11], which is illustrated in Figure 4.2(a), is:

(((di—1+2)(di—o+di_1+a)?
: di—Qdi)—(lzdi—z-‘:di—l)) ! —diy —di-1 ST < —dig,
(di—1+$)(di($2—di—1(di—2+di—1))+Z(di—2+di—l)(di—1+$)) d <r<0
w(x) _ d? 1 (dia+di1)d; ! -1 !
! (di*ff)(362(*(diﬂ+d¢+di+1))+wdz‘(di+di+1)+d¢71di(di+di+1))
) di—1dZ(di+diy1) » Osz<d;,
d;—x)(d;+d; 1 1—x
\( didi)Jr(l(diJr;H)) ’ di S @ < dit digy.

Additionally, the expressions of the four pieces of the fundamental functions of the same class
on [zy, xeq1] are:

oralz) = — x(r— d€>2
’ do_1dy (doe—y + dyp)’
¢z,3($)=%($—de) (d 22 +a:(:v—dz) —dg),
7 o+ dpr de—1 (4.5)
1 (de(dpy +2x) — 2%  2(df— )
VerLa(e) = d_zx < de—1 +dg * dos1 ) ’
22 (x — dy)

x) = ,
Vera(w) dedpr (dg + doyr)

These pieces are shown in Figure 4.2(b).

4.2.1.2 Class D°C?*P254

The general expression of the fundamental function of the class D?C?P2S* on its support
[—di—y — di_1,d; + diy1] is:

( ) . . 3(_d. )
_(dz—1+9€)(dzg?zjgzzi1&fzz(+iz:lz)+2dz_1+2fr)’ —d; 5 —di <7 < —d;_4,
(di71+x)((di72+di71+di)(3x3di71+214)+d?_1(di72+di71)(di*$)) d <r<0

Yi(x) = di_y(di—a+di—1)d; ’ im1s ’
i (di—x) (204 —32%d; ) (d; 1 +di+di 11)+d2 (di+dig1) (w+di 1)) < d
difld;l(di"!‘dwrl)g ’ OS2 <d;
z—d;)(—2d;+d;1+2x)(d;+d;+1—x
\_( s did?+1+<di+dz(+1) R di S v < di+ dig.
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Additionally, the expressions of the four pieces of the fundamental functions of the same class
on [zy, xeq1] are:

x(z —dy)® (dy + 22)
do1dd (dp—q + dy)
P a(z) = (de — ) (de—y (=3a3dy + df + didpys + 22°) + @ (di + disa) (dp + 22) (v — dy)?)
o3 do—1d} (dp + dpsa) ’
1 (2222 —3dy) (z —d —523dy + 322dZ + d3 (dp—y + x) + 22*
Vir12(x) = ( ( o= d) ‘ ¢+ i (dos ¥ 7) ) ,
d, dysq dg—1 +dy
23 (22 — 3dy) (x — dy)
) — —
Vo) = e+ der)

@/14—1,4(55) =

4.3 From an arbitrary mesh to a curve network compatible
for continuity

In this section we exploit the considered local spline interpolants to work out a network of
curves, starting from an arbitrary input mesh. As we will see, the local nature of the interpolants
makes the proposed procedure easy and effective. We recall that a network of curves is called
G*-compatible if, in a neighborhood of each node (i.e., any point where two or more curves of
the network intersect), it can be embedded into a C* surface.

Hereinafter we implicitly assume that the starting mesh is manifold (it has no boundary and
each edge is shared by exactly two faces), while the case of non-closed meshes will be briefly
addressed in Section 4.3.3.4. We also call an extraordinary verter a vertex with valence other
than 4. Moreover, we call reqular region a portion of the mesh in which the vertices form a
quadrilateral grid with all vertices having valence 4. To provide a more readable outline, we
split the section into three parts corresponding to the three following stages: first we associate
a non-uniform parameterization to the input mesh (Section 4.3.1), then we compute the curve
segments corresponding to regular regions of the mesh (Section 4.3.2), and finally we compute
the curve segments emanating from the extraordinary vertices (Section 4.3.3).

4.3.1 Non-uniform parameterization of the mesh

A preliminary step towards the construction of the curve network is the computation of a
proper parameterization for its curves. To this aim, we associate with each edge e of the mesh
a knot interval d.. Denoted by p; and py the two endpoints of e, then

de = [lp2 = p1ll3 , (4.6)

where a = % or a = 1 respectively for the centripetal or chordal parameterization. Note that

this definition is equivalent to (4.2)—(4.3).

4.3.2 Regular regions of the mesh

Since a regular region of the mesh has a grid-like structure, we can conveniently denote its
vertices by p; ;. In such a region, the mesh can be seen as a collection of two families of section
polylines, P = {p; ; }; and P; = {p;;};, associated with two independent directions s and ¢.
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(b)

Figure 4.3: Mesh containing several extraordinary vertices in various configurations: isolated, close,
on the same face, adjacent. The regular regions are highlighted in gray, for spline interpolants having
support width (a) 4 and (b) 6. Mesh edges where the regular construction is not possible are thicker.

We construct the curve network in a piecewise manner, by associating with each edge
Dij, Dit1; of the mesh (and likewise for edges p; ;, P;j+1 in the other direction) a curve segment
of an interpolating spline DIC* P™S* defined locally by equation (4.4). The local sequences of
points p and knot intervals d involved in (4.4) are formed by the vertices and knot intervals
of a suitable number (depending on the support width w of the class) of edges of the section
polyline which contains p; j, pit1;, located on both sides of the edge. Note that, as a result,
each section curve in either direction is parameterized independently of the others. Moreover,
if the class of splines has continuity order k, then the resulting network can be embedded in
a C* surface. In fact, at each node, the derivatives up to order k are continuous in the two
independent directions s, t.

4.3.3 Mesh regions with extraordinary vertices and G'/G*-compati-
bility conditions

Due to its local nature, the construction proposed in the previous section can be applied
in all the areas of a mesh that are sufficiently far from extraordinary vertices. Thus in this
section we will only discuss how to define the curve segments whose endpoints belong to the
neighborhood of an extraordinary vertex. As will become clear in the following, the width
of the neighborhood where such a construction is necessary depends on the support of the
underlying fundamental functions. Therefore we proceed as follows: first we illustrate some
notions common to all cases, then we detail the construction for our three running examples,
namely the classes D3C'P2S*, D>C?P?%S*, and D*C?P3 5.

Let V be a vertex of valence n. We denote by e;,7 = 1,...,n, the edges emanating from V'
and by p; the other endpoint of e; (see Figure 4.4). Next, we associate with V' and with each
edge e; a vector Ay ., as follows.

Let
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where d., == ||p; — V'||5 is the knot interval of edge e;. Then we define

Ay, =afi+ (1 —a)f, (4.7)
where
d _ n 2m(j — i) R 27 (j — 1)
ai:dei-FJ’ d:—j;cos (T) dej, f:j;COS (T 1
J#i J#

When n = 4, equation (4.7) reduces to the well-known Bessel estimate for computing an
approximation to the first derivative of a parametric curve [Far02, Sections 9.5 and 9.8]. As a
consequence, for general valence n # 4, we can say that Ay ., represents a heuristic estimate of
the first derivative at V' of the curve segment between V' and p;. In particular, we can observe
that, when n is even and the points have rotational symmetry with respect to V', then Ay .,
estimated by (4.7) corresponds to the Bessel formula applied to the three points pi+z, V., pi,
which are intuitively associated with a curve passing through V.
Other reasonable estimates for Ay ., could be used. For example, in case of even valence and
a rather symmetric configuration of the vertices, we may regard half of the curves that contain
the extraordinary vertex as the continuation of the other half. In case of odd valence, we may
directly complete the information needed for the definition of the curve segment by considering
one (or more) fictitious point located on the other side of the extraordinary vertex. This point
can be simply the centroid of the opposite mesh face or computed as a suitable weighted average
of neighboring vertices.

We exploit the computed vectors Ay ., i = 1,...,n, to generate the first and the second

derivatives, respectively dy ., and 53)51-: of the curve segment associated with the edge e;. These
information is generated to guarantee that the network satisfies the G- or G?-compatibility
conditions at V. To this aim, our strategy is to construct a polynomial P that interpolates
V and approximates in a least-squares sense a suitable set of points g;,7 = 1,...,2n around

V and set dy ., and 59@ as the derivatives of such polynomial along some proper directions.
The approximation points g, are chosen so that the polynomial will have a reasonable shape
(w.r.t. the shape suggested by the input mesh) in a small neighborhood of V. In particular,
for each 7 = 1,...,n, q; and g,; are respectively the values at parameters 9 and % of the
cubic polynomial p such that p(0) = V, p'(0) = Av.,, p(d;) = pi, p'(d;) = Ap, ;- Their
expressions are given explicitly by

Sy

4\ 1
q, =p (Z) = —4 (54V + 10p1 + dz (9AV,e,- - 3Api73i>> ’

=

di
ausi = (5 ) = § 4V + b0 (Av = Ay,

We use bivariate polynomials of total degree 3 or 2 respectively in the case n > 5 or n = 3.
The coefficients of P are determined componentwise by minimizing the expression

2n

> (Plsjity) —q;)°

j=1

In the above equation, the parametric coordinates (s;,t;) associated with the point g; are given
by
(sj,t;) =1 (cosm;,sinn;),
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where

ri=llg = VI,
(the value of « is the same as chosen in (4.6)) and the angles n;,7 = 1,...,n, are obtained by
mapping onto the (s, t)-plane the spatial configuration formed by the angles ¢; = AV,Q/,A\V&. ey
t=1,...,n, namely

27
m=0, m=natlsm—F =2,...,n
Zj:l G
Once computed the polynomial P, we can set dy ., and 63’)61_, 1 =1,...,n, as the first and
the second derivatives of P at V in the direction determined by 7, i.e.
oP oP
5V e — _(07 0) cosn; + _(07 0) sin U
o0’P 0?P 0*P '
g?ei = W(O, 0) cos® n; + 285815 (0,0) cosm; sinn; + W(O’ 0) sin” 7;.

Remark 4.1. If a vertex V has valence 3, and there are three independent tangent lines meeting
at V', then any approximation of the second directional derivatives of the mesh will be compat-
ible with G? continuity, as any three independent curves determine a unique curvature value
at their meeting point. However, also in this case, computing the least-squares polynomial P
may be useful for providing a reasonable estimate of the sought second directional derivatives.

The derivatives obtained with the above steps serve as a starting point for the definition of
the curve segments of the network emanating from an extraordinary vertex, in the sense that
they provide the end conditions. We illustrate the construction of such curve pieces for our
three running examples (classes D3C'P2S5%, D°C?P2S4, D'C? P3S®). Figure 4.4 is a graphical
reference for what we will see in the following: it shows the configuration around isolated or
multiple extraordinary vertices on the same face for classes with support width 4 or 6. In this
figure, the edges which cannot be processed as regular are emphasized in bold.

4.3.3.1 Class D3C'P25*

This class has support width 4 and each curve piece is defined by four successive points and
three parameters (see Equation (4.5)). Thus, the curve network is defined by the regular strat-
egy, described in Section 4.3.2, everywhere except for the first ring around each extraordinary
vertex V' (see Figure 4.3(a)). Note that, being the fundamental functions in the considered
class C' continuous, it would not make much sense to require G?-compatibility at V', thus
we limit ourselves to requiring G'-compatibility. We focus on constructing the piece of curve
between V' and p;, as the same reasoning holds for any + = 1,...,n.

We start by considering the situation in which both p; and ¢; are regular, depicted in Figure
4.4(a). The piece of curve bounded by p; and t; can be computed by (4.5) and belongs to the
class D3C'P2S*. We can thus define the curve segment between V' and p; as the unique cubic
polynomial p(s), s € [0,d,,], such that p(0) =V, p'(0) = dv,, p(de;,) = pi, P'(de;) = Op, i
where v, is given by (4.8) and d,, ., is the first derivative at p; of the curve segment between
p; and t;. We remark that this technique makes so that the whole curve of the network ema-
nating from V belongs to the considered class.

If either p; or t; is extraordinary (Figures 4.4(d) and 4.4(c) respectively), then the piece of
curve between V' and p; is defined analogously, except that d,, ., is given either by (4.7) with
n =4 (i.e., it is set to be equal to the classical Bessel estimate) if ¢; is extraordinary and p; is
regular, or by (4.8) if also p; is extraordinary (where now the least-squares polynomial to be
considered is the one related to p;).
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(a) Isolated extraordinary vertex (support (b) Isolated extraordinary vertex (support width
width 4). 6).

(c) Extraordinary vertices separated by a regular vertex. (d) Adjacent extraordinary vertices.

Figure 4.4: Underlying mesh (dashed line), polylines emanating from an extraordinary vertex (solid
line), mesh edges where the regular construction is not possible (thick line) and the data (values and
derivatives) involved in the definition of the curve piece (in red) containing the extraordinary vertex,
for classes of spline interpolants having support width 4 and 6. Note that the second derivatives 6.(3)
should be computed only if necessary.

4.3.3.2 Class D°C?P?5*

This class has support width 4 and continuity C?, thus we aim to use it in order to construct
a G? curve network. The reasoning is analogous to the previous case, except that in this setting
we will use also information regarding the second derivatives at the endpoints of each curve
segment. Recalling that the functions in the class have degree 5, we construct each piece of
curve between V' and p; as the quintic polynomial p(s), s € [0,d.,], such that p(0) = V,
p’(O) = JV,EN P’l(()) = 5g?ei7 p(dei) = DPi; pl(dei) = Upieis p”(dez‘> = 51()21?61 Same as for the
previous class, the first and the second derivatives at p; may be estimated from the adjacent
curve piece if it exists (see again Figure 4.4(a) for a graphical outline), or, in alternative, they
may be set according to (4.8).

4.3.3.3 Class D*C?pP35s6

In this case, the fundamental functions of the class have support width 6. This means
that around each extraordinary vertex there will be two rings of vertices (or, equivalently,
edges) where the regular construction does not apply, as illustrated in Figures 4.3(b) and
4.4(b). We thus define the curve segment between V' and p; as the quintic polynomial p(s),

s € [0,d,,], interpolating p(0) =V, p'(0) = dy.,, p"(0) = 53@7 p(de,) = pi, P'(de;) = Op, e,
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p'(d.,) = 6,(321.361.. Moreover, denoted by é; the edge p;, t; and by dg, its knot interval, we define
the curve segment between p; and t; as the quintic polynomial p(s), s € [0,dz,], interpolating
p(0) = pi. p/(0) = 8p,ci. p'(0) = 8y, pde) = ti, p/(de) = Bt p"(de) = 8y, Same as for
the previous classes, if allowed by the configuration of the neighboring vertices, d;, z;, and 58)@
are taken as the derivatives of a piece of curve belonging to the class D*C?P3S°. Otherwise,
they are estimated through the construction of a least-squares polynomial around ¢;.

4.3.3.4 Non-closed meshes

The case of non-closed meshes (i.e., meshes with boundary) is addressed in a way similar
to the extraordinary configuration described above. In fact, “regular” vertices located on the
boundary of the mesh (having valence n = 3) or that are also corners (n = 2) are treated like
extraordinary ones, and the curve segments that contain them are constructed by estimating
the derivatives across the mesh boundary and imposing such end conditions in an interpolation
problem.

4.4 Patching regular faces with augmented parameteriza-
tion

Recalling the terminology introduced at the beginning of Section 4.3, we say that a mesh
face (or a surface patch) is regular if it belongs to a region where the mesh (or the composite
surface) has a grid-like structure, whereas it is called extraordinary otherwise. Obviously, a
regular face contains no extraordinary vertices. In Figure 4.3 the regular faces are shaded in
gray, and rings of extraordinary faces clearly surround extraordinary vertices, where the number
of rings depends on the support width of the considered class of local interpolants.

We start by discussing the parameterization principle which lies underneath our construc-
tion focusing on regular faces. As a premise, useful to motivate our approach, we recall the
well-known tensor-product parameterization, which is usually adopted when designing a com-
posite spline surface on a regular mesh. It consists in associating with each mesh edge a knot
interval in such a way that the overall parameter configuration is the cartesian product of a
(possibly non-uniform) sequence of knot intervals d = {d;} in the s-direction of the domain
and an analogous sequence e = {ey,} in the t-direction. Starting from any class of fundamental
functions DIC* P™SY of the form considered in Section 4.2, we can straightforwardly define a
C*-continuous interpolating surface generalizing (4.4) as a collection of tensor-product patches.
By virtue of the local support of the underlying class of univariate fundamental functions, each
patch will depend only on a limited number of vertices and knot intervals.

Unfortunately, the tensor-product parameterization implies that the curves of a network
interpolating the vertices of the mesh share the same parameterization in each direction. Thus
it is not well suited for designing a surface which interpolates a general network of curves, where
each curve may be parameterized independently of the others. On the other hand, since the
quality of each curve depends on its particular parameterization, it is intuitive that changing the
parameterization of the curves compatibly with the tensor product, e.g., assigning to each curve
an average parameterization, would mean losing or altering information that is crucial for the
quality of the interpolant. Indeed, the fact that the strict structure of the tensor product may
compromise the quality of an interpolation method is well known (see, e.g., [FHK02, Section
7.5.1)).

In the following we will design a surface which interpolates a curve network without altering
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Figure 4.5: Configuration and labeling of vertices and knot intervals around a face (in dark gray)
surrounded by a sufficient number of regular vertices. The related surface patch S with augmented
parameterization is defined by (4.9).

the parameterization of the given curves.

We construct a composite surface, where each mesh face gives rise to one surface patch
S parameterized over the domain [0,1]?, whose parameters are denoted by (u,v). Figure
4.5 illustrates the configuration and the labeling of vertices and knot intervals around a face
surrounded by a sufficient number of regular vertices. For any (u,v) € [0,1]?, we compute two
local sequences of knot intervals d and e, each of them being made of w — 1 elements, of the
form

d:ﬂw:<%@Lh:—%+L”w%—Q,

and

e:qm:(%@%h:—%+L“w%—Q,

and we derive a couple of coordinates (s,t) defined as
s = udy(v), t =wveo(u),

such that s € [0,dy(v)] and t € [0, eg(u)].

We set the value at (u,v) of the patch S which interpolates the vertices of the considered
face to be equal to the value at (s,t) of a tensor-product patch T' parameterized over d and e
as follows:

nlg

%
Su,v)=T(s,t)= > Y pi¥(st:de), (4.9)
i=—G+1j=—F+1

where the control points p; ; represent a local grid of mesh vertices, and

U, (s, t;d,e) = (s;d) ,(t; e).

In particular, from the above expression, the bivariate fundamental function W, ; associated
with p; ; is defined as the product of two fundamental functions of the form (4.4), respectively
parameterized over the knot intervals sequences d and e, which are different for each couple
(u,v). We aim to choose the functions d(v) and e(u) so that:
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i) the boundary of the patch, which is described by (4.9) with either u or v equal to 0 or 1,
coincides with segments of curves of the network;

ii) C* continuity of the surface holds.

To prescribe the functions d(v) and e(u) we have pursued the maximum locality of the con-
struction, in such a way that the surface is not affected by data that may not be representative
of the local configuration of interpolation points. In particular, condition i) can be easily
satisfied by interpolating the parameters associated with opposing edges. We will thus set
dp(v), ep(u) € Paoryo (the space of polynomials of order 2k + 2, i.e., of degree at most 2k + 1)
such that

d(0)=d),  dy(1)=d), d70)=d”1)=0 r=1,...k (410
p— O’

en(0)=eh,  en(l)=ep, e (0) =¢)

For each surface patch, we may note that the knot intervals associated with its boundary
need no longer form a rectangle. This parameterization technique, which we call augmented
parameterization, allows the parameters to vary smoothly in between one curve and another,
while interpolating the parameterization of the curves of the network. In this way, the boundary
of each patch coincides exactly with a piece of curve of the network, which means that the curve
network is embedded in the interpolating surface, as proven below.

Proposition 4.1. The composite surface with augmented parameterization interpolates the
curves of the network.

Proof. We consider the boundary of the patch, which is described by (4.9) with either u or v
equal to 0 or 1, and prove that it coincides with segments of curves of the network.

In particular, let us suppose u = 0. Then s = 0 and, observing that ;(0;d(v)) = 1if i =0
and it is zero otherwise, equation (4.9) becomes

S0,0)=TOH) = > > piyi(0:d) v;(t; e(0))
i=— g+l j=—5+1
%
j=—%+1

which is exactly the curve of the network interpolating the sequence of points py ;.
Similarly, when u = 1, then s = dy(v) and ¢;(do(v); d(v)) = 1 if i = 1 and it is zero otherwise;
thus, from (4.9),

S(1,v) = T(do(v),t) = | > D pitildo(v); d(v) vt e(1))

which is exactly the curve of the network interpolating the sequence of points p; ;.
An analogous reasoning holds for the other patch boundaries v = 0, 1. O
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Proposition 4.2. The composite surface with augmented parameterization built upon a class
of C*-continuous fundamental functions is G*-continuous.

Proof. We consider two adjacent patches S and S (see Figure 4.5). Without loss of gener-
ality, we can assume that their common boundary corresponds to u = 0 for S and u = 1
for S, thus S and S share the same knot intervals sequence on the boundary e(0) = é(1) =
(eg% IETEREY 60%_1), while their knot intervals sequences in the transversal direction are respec-

tively d(v) = (d_w 1(v),...,dz_1(v)) and d(v) = (d-w(v),...,de_5(v)).
By Proposition 4.1, it is trivially verified that C* continuity holds along the common boundary.
In the cross-boundary direction u, the rth-order derivative of S is given by

SIS

FES0 = D03 b g (i) v el ()

=—5+lj=—%+1
+i (udo(v); d(v)) 595 (veo(u); e(u))
We observe that iy
0 OY; Oey,
3uw (veo(u Z Oep, Ou’
h=—%41
and thus, recalling that ey(0) = €,
2, weowpie(w)| =0
5, Vi (veo(u); e(u u:O_’

since €}, (0) = 0 by construction (see (4.10)). Again from (4.10), if we iterate the differentiation
process (or, more concisely, use Faa di Bruno’s formula [FdB57, Joh02]), it can be easily verified
that the higher-order derivatives of 1; vanish at « = 0 up to order k. Thus, observing that
%w%(udg(v); d(v))‘uzo =0,forr=1,...k,

I

our

S(u,v)

=0 - _
uw i=—g 41 j=—9+1

w_q w
8T‘ N o \ - .. ar ] . 0.
et = 3 X P gt (1t a@ydw)| s (velie©), (1)
since é(1) = e(0) and £t (ud 4 (v); ci(v))‘ —0,forr=1,....k

The derivative in the u-direction can be related to the derivative with respect to s through
o9 [(0s)

our  9sm \ou) ’

where s = udy(v) for S and s = ud_ (v) for S.

We observe that, by construction, the knot intervals in d and d are equal, except for the first
and the last element respectively of d and of d, which nevertheless do not influence the value
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of (4.11a) and (4.11b). Thus, being the family of fundamental functions v; C*-continuous with
respect to s, it holds

ar

(s d(v))

i(s; d(v))

s=0 ds" s=d_1(v)

which results in C* continuity w.r.t. the variable s across the considered boundary between

patches S and S. Moreover,
_(do(v) \" 0" &
= () s

87“

ou”
which means that G* continuity holds across the boundary w.r.t. the parameters in the (u,v)-
domain. O

S(u,v)

;
u=1

Remark 4.2. A surface patch defined by (4.9) is C'*° in its interior. In fact, it is obtained by
the composition of pieces of v; (or ¢;), which are C*°, with the C* functions d; (or ep).

4.5 Patching of faces containing extraordinary vertices

In this section we address the definition of the surface patches that are associated with faces
containing extraordinary vertices, for which the regular construction described above is not
applicable. In particular, we focus on the definition of G' and G? surface patches that, exploit-
ing again the augmented parameterization, guarantee the interpolation of the curve network,
preserving the original parameterization of each curve, and provide a smooth connection with
the surrounding surface patches.

We point out that the proposed construction applies to faces with an arbitrary number of
extraordinary vertices.

4.5.1 Augmented bicubically blended Coons patch with Gregory cor-
rection
We consider a modified form of the classical bicubically blended Coons patch (see, e.g.,
[Far02, Chapter 22|) that we will call augmented Coons-Gregory patch.
Figure 4.6 shows the quantities needed for the definition of such a patch. For any (u,v) € [0, 1]?,
we determine dy(v) and eg(u) as described in Section 4.4 (more precisely, as in equation (4.10)).

Moreover, we consider as blending functions the cubic Hermite basis functions on [0, 1], arranged
in the vector

H(u) = (—1,2u3 —3u? 4+ 1, —2u® + 3u?,u® — 2u% + u, u® — u2)T

We compute the value of the augmented patch X according to

X (u,v) = —H (u)" M (u,v)H (v),

where the patch matrix is

0 Yo(50) Y2(s2)  eo(u)xo(so) eo(u)xz(s2)
Ys(ts) Po P3 eg7(0) eos(€o)
M (u,v) = Y1 (th) D1 D2 ey1(0) CRACH ; (4.12)
( )x3(ts) do’Yo(O) d0'72(0) Q44
do(v)x1(t1) 0'70( 0) do'YQ(do) b
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X27€2

Figure 4.6: Schematic interpretation of the quantities needed for the definition of an augmented
Coons-Gregory patch (the second-order cross-boundary fields &; are needed only for the biquintically
blended patch).

whose entries are specified as follows:

® Do, D1, P2, P3 are the patch corners, i.e., the four vertices of the mesh face;

® Yo(s0),71(t1),v2(s2),v3(t3) are the boundary curves, which are pieces of the curves of the
curve network, with “local” coordinates

s0 = udy, t = vey, sy = udy, t3 = vey;

e 75(0),45(0), v, (d3), v1(0),~; (ed), ¥4(dd), ¥5(0), v5(€d) are the first derivatives of the bound-
ary curves at the corners;

e xo(s0), x1(t1), x2(s2), x3(t3) are the cross-boundary first derivatives;

e (), is the twist vectors matrix, possibly with Gregory correction for twist-incompatibility,

1.e.:
50 ouX3(0) +vx;(0) g ouxs(en) + (1 —v)x5(0)
T N Y (113
W XA (0) oxp() (e - (o) |
0o (1—u)+wv 0~0 (1—u)+ (1—wv)

To ensure that all the boundary curves and the prescribed derivatives are interpolated, a
suitable scaling factor is associated with the corresponding entries of the patch matrix M. We
observe that such a factor is different at each corner, but constant w.r.t. u, v for the derivatives
along the boundary and for the twist vectors. Conversely, the scaling factor associated with the
cross-boundary derivatives changes for each (u,v). As a consequence, in analogy to the regular
case described in Section 4.4, the definition of the augmented patch changes pointwise.

Since the curve network constructed in Section 4.3 is G'-compatible, the Coons patch defined
above ensures G' continuity at the corners, along and across the boundaries, provided that the
cross-boundary first derivatives are chosen in a proper way, as we detail in the following.

4.5.2 Construction of the cross-boundary tangent fields

We address the problem of suitably prescribing the tangent field x; across «;. Denoted by
S, the surface patch that is adjacent to X and shares with it the curve ~;, we distinguish the
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two situations in which S; is regular or not. If S; is regular, the tangent field x; for X is the
cross-boundary derivative of S;. If S; is not regular, let us suppose that t € [0, ] is the variable
which describes the boundary curve «;. Then we define the cross-boundary tangent field as

xi(t) = a(t)vi(t) + b(t)r(2), (4.14)

with suitable a(t), b(t), r(t) that generate a G' surface. We observe that, if the parameterization
is uniform, in the regular case, the tangent field x; has the same degree g as the chosen class of
fundamental functions. Similarly, also in the extraordinary case we construct x; as a polynomial
of degree at most g. Since 7, has degree g — 1, then a(t) has to be at most linear and, in
analogy, we also choose b(t) of degree 1. As a consequence, 7(t) has degree at most g — 1. In
particular, our numerical tests have shown that satisfactory results can be obtained defining
r by either linear or quadratic interpolation. For the linear case, we interpolate the vectors
ro = v/(0) X ng and r; = ~v/(¢) X ny, where ny and n; are the normal vectors to the curve
network at the endpoints of ;. In the quadratic case, an additional interpolation vector is
estimated as rL= v; (%) xXny, where n1 is the average of the normals to the two faces sharing
the edge associated with =;. To derive a and b we proceed as follows. The values of a and b
at the endpoints of «; are fixed by the requirement that x;(0) and x;(¢) be equal to the first
derivatives of ~;_1 and ;11 at ;(0), v;(¢). Thus a and b are uniquely determined by linear
interpolation of their values at the endpoints.

4.5.3 Augmented biquintically blended Coons patch with Gregory
correction

If G? smoothness is sought, the degree of the blending functions used for the definition of
a Coons patch must be increased. In this case, we exploit as blending functions the quintic
Hermite basis functions, arranged in the vector

H(u) = (—1, —6u’ + 15u* — 10u® + 1, 6u® — 15u* + 10u®, —3u® + 8u' — 6u® + w,

1 3, 3 1,1 1\"
—3u® 4 Tut — 4u®, —§u5 + §u4 - §u3 + §u2, §u5 —ut §u3> :
We compute the value of the augmented patch X according to
X (u,v) = —H (u)" M (u,v)H (v).
The patch matrix is now
(eo(u))?*€o(s0)  (eo(u))*Ea(s2)
0)75(0)  (e9)*3(ep)
- M (u,v) (e0)*¥/(0)  (e)* ¥ (ep)
M(u,v) = O, :
(do(v))*&s(ts)  (dp)*v5(0)  (dg)*v5(0) oy Ono
(do(v))*€1(t1)  (do)*v5(dg)  (do)*¥s (dp) ’ '

where M is given by (4.12) but using the definition for §2; ; provided below, instead of (4.13), and
the remaining entries are specified as follows (refer to Figure 4.6 for a graphical interpretation):

o ¥5(0), 5 (0), 75 (dg), ¥1(0), 71 (eg). ¥3 (d5), v3(0), 5 (eg) are the second derivatives of the
boundary curves at the corners;
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o £0(s0),&1(t1),&2(s2),&5(t3) are the cross-boundary second derivatives;

e the mixed derivatives matrices, possibly with Gregory correction for twist-incompatibility,
are defined as follows:

SO0 () + (1= 00)
Q. 070 u? + v? u2+(1—v)2
D 0w 0) F () (= (e (-0 |
070 (1 —u)?+ 02 070 (1—u)?+(1—wv)?
o 0y2Wx5(0) +v*£4(0) 10 2U2X§(€o) + (1 —v)%&(0)
. do(e) u? +v? do(co) 24+ (1—wv)?
b2 d0(61)2(1 u)*x7(0) + v*&y(dp) d(e )2( )QX’{(eo) + (1 —v)%&(dg) |
010 (1 —u)?+0? (1—u)?2+(1—wv)?
02 0“253( ) +v°x5(0) 1)2 0“253(60) + (1 —v)*x5(0)
0 (dy)“eq w2 102 (dy)eq 2—1—(1—1})2
A (dO)Zel( —u)?£1(0) + v”xq (dp) (dl)zel( —u)*&1 (eg) + (1 — v)*x5(dp) ’
070 (1 —u)?+ 02 070 (1—u)?+(1—wv)?
(doeo)2 u?€5(0) + v?£5(0) (d160)2u2€3(60) + (1 —v)*€5(0)
N 0€0 w2+ 02 00 2+ (1= 0)
22 (d0el)? (1 —u)*€7(0) + v*&; (dp) (d161>2(1 —u)*€(eg) + (1 —v)*&5 (dy)
070 (1 —u)?+2 070 (I —u)?>+ (1 —v)?

4.5.4 Construction of the cross-boundary second-order derivative fields

Now we have to address the problem of suitably prescribing the second-order field &; across
~;. Using the same notation as above, if S; is regular, the tangent field &; for X is the cross-
boundary derivative of S;. If S; is not regular, assuming again ¢ € [0, ] as the variable which
describes the boundary curve ~y;, we define the cross-boundary second-order derivative field as

&it) = a®(t)y] () + c(t)¥i(t) + d(t)r(t) + 2a(t)b(t)r'(t) + b (H)w(t),

with a(t),b(t), r(t) being the same as in (4.14) and c¢(t),d(t), w(t) suitably determined as de-
scribed below. This condition ensures G? continuity across v; (see [Her96, Theorem C]). We
observe that, if the parameterization is uniform, in the regular case, the second-order derivative
field &; has the same degree g as the chosen class of fundamental functions. Thus, since ] has
degree g — 1, then ¢(t) has to be at most linear. In analogy, we also choose d(t) of degree 1.
To keep the number of degrees of freedom as low as possible, we set the degree of w equal to
1. Intuitively, w represents how much the surface deviates from its tangent plane. Thus, to
complete its definition, we specify the value of w at the endpoints of ~; by using the approach
suggested in [Her96, Section 8|, i.e., we set

w(0) = (uPK1 + V2Ko)n,

w(l) = (i*ky + V*Rq) M,
where m, k1, ko are the surface normal and the principal curvatures at +;(0), and n, iy, Ry are
the analogous quantities at «;(¢). The values for (¢, v) and (f, 7) are the coordinates of r(0) and

r(¢) expressed in the local coordinate systems of the principal directions (ki, k) and (ki, k»)
in the tangent planes, i.e.,

r(0) = uk, + vko,
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r(0) = ik, + vk,.

To derive ¢ and d we proceed as follows. The values of ¢ and d at the endpoints of ~; are fixed
by the requirement that &;(0) and &;(¢) be equal to the second derivatives of 7;_1 and ;11 at
~;(0), 4;(¢). Thus ¢ and d are uniquely determined by linear interpolation of their values at
the endpoints.

4.6 Gordon surfaces with augmented parameterization

Gordon surfaces (see, e.g., [Far02, Section 22.7|) are a generalization of Coons patches, in the
sense that they interpolate a prescribed network of curves and not just four boundary curves.
Depending on the univariate interpolation method that is exploited in a Gordon scheme, the
construction has either global or local nature. In fact, if we use blending functions without
local support, typically in the case of Lagrange polynomial or spline interpolation, the scheme
is global because all the given curves influence the surface at any point. On the contrary, if we
use locally supported blending functions, like the fundamental functions introduced in Section
4.2, we can achieve locality in the solution of the network-interpolation problem. Moreover, also
in this case the augmented parameterization strategy can be exploited to construct high-quality
Gordon surfaces, as we briefly describe below.

Let us start by considering the case in which the initial data consist in a regular curve net-

work. In this situation, two families of space curves f;(s;), gi(t;) are given and each curve has
its own parameterization (as we have stressed here by explicitly indicating the related param-
eter). We denote by p;; == f; N g; the vertices of the network, i.e., the intersections between
curves belonging to different families.
We use the same approach described in Section 4.4 and combine the curves and their inter-
sections with local fundamental functions, giving rise to an augmented Gordon scheme with
the property of locality. In particular, following the notation introduced there, we define each
patch of the composite augmented Gordon surface as (cf. (4.9))

[
[

S(u,v) = £;(s5) j(veo(u); e(u)) + gi(t:) Yi(udo(v); d(v))

—_

L w - w
]—_7 1/——?“1‘1

4
2

>

==L 41 j=— Y41

[

Pij Yi(udo(v); d(v)) s (veo(u); e(w)).

If extraordinary vertices are present, the above formulation applies to patches in the regular
regions of the network, while regions surrounding extraordinary vertices are patched by means
of augmented Coons-Gregory patches defined as in Section 4.5.

4.7 Examples

In this section we show some examples of interpolating surfaces obtained with our approach
based on the augmented parameterization, in both regular and extraordinary configurations of
mesh vertices.

Given a mesh with a region of non-evenly spaced vertices to be interpolated, Figures 4.8 and
4.9 compare the surfaces obtained by a classical tensor-product approach and our method. In
Figure 4.8, interpolation artifacts are evident for the tensor product case in the critical region



80 4. Local interpolation of arbitrary-topology meshes and curve networks by composite parametric surfaces

Figure 4.7: Schematic interpretation of a regular network-interpolation problem, where two families
of curves are given. Each curve has its own parameterization, which will be retained in the final surface
thanks to the use of the augmented parameterization strategy.

of the mesh, where the horizontal section polylines have edges of quite different lengths. On
the contrary, they are not present when the augment parameterization strategy is exploited.
In particular, the examples in the last two columns build upon two classes of local interpolants
that have support width 4 and different orders of continuity (C' and C? respectively), thus
giving rise to tangent-continuous and curvature-continuous surfaces. Figure 4.9 features a
mesh that is a modification of the previous one, obtained by shortening some edges also in the
other direction, so that the region becomes even more critical for the classical tensor-product
approach. Yet, the augmented surfaces still behave quite well.

Figure 4.10 shows another batch of examples of composite surfaces with augmented param-
eterization, where classes of local spline interpolants with support width 4 and 6 are used. In
the center column, the curvature of the patch boundaries is visualized by means of the so-called
curvature comb. From that, in the bottom two rows we can actually see that the boundary
curves are univariate curvature-continuous interpolants, and in the right-hand column the sur-
face curvature plots confirm that these augmented surfaces are indeed G2. As a side note, it is
not surprising that the surface obtained by using interpolants with support width 6 exhibits a
fairer distribution of curvature values.

In case of interpolation of arbitrary-topology meshes, we recall that the regular construction
described in Section 4.4 is exploited where possible, while in the regions around extraordi-
nary vertices the patching technique detailed in Section 4.5 is applied. Examples of this kind
can be found in Figures 4.11 and 4.12, where tangent-continuous and curvature-continuous
interpolating surfaces are build, respectively. In particular, for the examples in Figure 4.11,
Catmull-Rom (C") splines are used as univariate local interpolants, and augmented bicubically
blended Coons-Gregory patches as hole-filling method around each extraordinary vertex. For
the example in Figure 4.12, we resort to a class of local interpolants with at least C? continuity
and to augmented biquintically blended Coons-Gregory patches in order to achieve a higher
order of smoothness. In all the cases, the resulting surface quality is good.

4.8 Meshes with non-quadrilateral faces and final remarks

The proposed approach generates high-quality interpolants from meshes with quadrilateral
faces and arbitrary connectivity or analogous curve networks. Discussing the case in which the
mesh includes non-quadrilateral (extraordinary) faces, is beyond the scope of this work. How-
ever, it is worth noting that, if a mesh includes isolated extraordinary faces, the local nature of
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-

(a) Mesh. (b) Tensor-product sur- (c) Augmented G' sur- (d) Augmented G? sur-
face. face (class D3C'P2S%). face (class D°C?P2S%).

Figure 4.8: Comparison of the surfaces obtained by tensor-product interpolation and our method,
on a mesh with a critical region where the horizontal section polylines have edges of quite different
lengths. It is evident that, in both cases of G' and G? smoothness, our construction does not exhibit
any artifact. The top row shows a global view of the mesh and the surfaces, while the middle row
provides a magnification of the critical region. In the bottom row, isophotes visualization highlights
the interpolation artifacts that affect the tensor-product surface.

our method makes it possible to patch all the quadrilateral faces. After this operation, extraor-
dinary faces can be handled via hole-filling techniques, extrapolating the necessary information
from the adjacent patches.
In this context, the works [VRS11, VSR12| propose a method for patching n-sided holes, which
takes into account the individual lengths of the sides of the hole, a reference to the concept of
non-uniform parameterization that is central to our approach. Therefore we suggest that this
technique could effectively complement our method, to patch possible isolated n-sided faces.
Another possible approach for handling extraordinary faces consists in refining the initial
mesh, either globally or adaptively, through an interpolatory subdivision scheme, so as to
split each n-sided face into n new quadrilateral faces. In this regard, as already mentioned,
interpolating subdivision schemes do not admit an analytical representation of the limit surface
or an exact evaluation algorithm. However, recently much research has been devoted to the
study of non-uniform subdivision schemes derived from spline interpolants [BCR11a, BCR11b,
KP13| and their bivariate generalization [BCR13b|. By applying our patching approach starting
from the same classes of splines related to a subdivision scheme, we could therefore approximate
the limit surface, so as to provide a parametric representation. This work lays the foundation
for the study of this relevant topic, which is among our future research objectives.
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(a) Mesh. (b) Tensor-product sur- (c) Augmented G' sur- (d) Augmented G? sur-
face. face (class D3C'P2S%). face (class D?C2P2S%).

Figure 4.9: Additional comparison of the surfaces obtained by tensor-product interpolation and our
method, on a mesh with a more critical configuration of vertices. Also in this case our construction
produces surfaces with a better shape.
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(a) Mesh.

(b) Class D3C*P?5%.

(c) Class D5C? P25,

(d) Class D*C?P3SS.

Figure 4.10: Surfaces with augmented parameterization obtained by using classes of local spline
interpolants with order of continuity 1 and 2, and support width 4 and 6. Center column: comb graph
of the curvature of the patch boundary curves; right-hand column: visualization of mean curvature
values.
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(a) Mesh. (b) Curve network interpolating (c) Augmented G' surface (class
the mesh. D3C'P2S%) and Coons-Gregory
patching.

(d) Mesh. (e) Augmented G* surface (class (f) Isophotes.
D3C'P25%) and Coons-Gregory
patching.

Figure 4.11: Interpolation of meshes with arbitrary topology representing a rocker arm and a hollow
cube. In both cases, Catmull-Rom splines are used as local interpolants, and the augmented bicubi-
cally blended Coons-Gregory patches around extraordinary vertices provides overall G! surfaces with
augmented parameterization.

(a) Mesh. (b) Augmented G? surface (c) Mean curvature.
(class D?C%?P2S5%) and Coons-
Gregory patching.

Figure 4.12: Interpolation of a mesh with arbitrary topology representing a double torus. Local
interpolating splines belonging to the class D°C?P2S* are used, and the augmented biquintically
blended Coons-Gregory patches around extraordinary vertices provides an overall G? surface with
augmented parameterization.



Chapter 5

A constructive approach to generalized
splines

Quasi Extended Chebyshev (QEC) spaces containing constants have been recently acknowl-

edged to be the largest class of spaces suitable for design [Maz08|. In this chapter we consider
spline spaces whose sections may belong to any of these QEC-spaces, including the case in which
different sections may belong to QEC-spaces of different type (i.e., generated by functions of
polynomial, trigonometric, hyperbolic, or mixed type), and where adjacent spline pieces are
connected via parametric continuity. We propose a general approach to construct a basis for
all such spline spaces which is based on the notion of transition function (already recalled in
previous chapters). If a spline space admits an optimal normalized totally positive (ONTP)
basis, then this is precisely the basis yield by our construction. Moreover, we show that a
system of weight functions can be computed in terms of transition functions and, investigating
the connection between the existence of weight functions and the existence of the ONTP basis,
we provide a criterion for determining whether an arbitrary generalized spline space admits the
ONTP basis.
In addition, exploiting the notion of transition function, which is the key tool of the afore-
mentioned constructive approach, we formulate a set of algorithms for efficient computation
in spaces of generalized splines. We also show how the basic operations of knot insertion and
order elevation can be conveniently performed and expressed in terms of the transition func-
tions. Finally, we provide some remarkable examples to illustrate the use of generalized splines
in applications, with particular focus on geometric modeling.

The content of this chapter is also the subject of two recently submitted papers [ABCR14b,
ABCR14a|.

5.1 Introduction

5.1.1 Current interests and recent trends

Generalized splines are a class of piecewisely defined functions that generalize the well-
established piecewise polynomial splines in order to contain not only polynomial sections, but
also sections of trigonometric, hyperbolic, or exponential type, as well as of more outlandish
types. Generalized splines are conveniently applied in modeling free-form curves and surfaces
since they both inherit all the desirable properties of polynomial splines and they allow for rep-
resenting much more various shapes and reproducing fundamental geometric primitives, such
as conic sections and some remarkable transcendental curves. Moreover, generalized splines
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are essential in obtaining shape-preserving approximations, since they offer the possibility of
modifying the tension of a curve in order to follow the shape of the underlying data as close
as possible. Finally, in recent years, the potential of generalized splines has become apparent
also in the context of isogeometric analysis. This is due to the fact that, on the one side,
they possess the capability of exactly representing conic sections, like NURBS do, and, on the
other side, they not only fulfill the appealing features of polynomial B-splines such as knot
insertion and order elevation, but also behave in the same way with respect to integration and
differentiation.

5.1.2 Historical perspectives and state of the art

B-spline bases for generalized spline spaces were first constructed by Schoenberg in [Sch64],
where a space of trigonometric splines was considered. His work motivated the subsequent study
of the more general Chebyshevian splines and of their local bases conducted by Karlin [Kar68|,
Jerome and Schumaker [JS71, JS76|, Lyche, Winter and Koch [LW79, KL89] in the Seventies
and Eighties. Schumaker showed that a generalized spline space, where each piece is spanned by
an Extended Complete Chebyshev system of functions, admits a locally supported normalized
basis that enjoys the property of total positivity. As a consequence, the resulting generalized
spline curves can be represented as a linear combination of B-spline basis functions and the
variation diminishing property holds. There follows that the shape of a parametrically defined
curve mimics the shape of its control polygon and such a B-spline basis can be considered
suitable for design purposes.

An important extension of Chebyshevian splines, piecewise Chebyshevian splines, can be
obtained by considering spline spaces having sections in different Extended Chebyshev spaces
(EC-spaces for short). In this case, the continuity conditions between adjacent spline pieces
are expressed in terms of connection matrices, linking the appropriate number of left and right
generalized derivatives. Depending on the choice of the generalized derivatives and on the
form of the connection matrices, piecewise Chebyshevian splines can be either geometrically
or parametrically continuous. In the latter case, generalized derivatives are simply ordinary
derivatives and the connection matrices are the identity matrix. The works by Barry [Bar96]
and Buchwald and Miihlbach [BMO03| showed that also for these spaces it is possible to construct
the B-spline basis respectively when geometric and parametric continuity conditions are used
at the knots.

In the last two decades, Carnicer and Penia [CP94| proved that, among all normalized totally
positive (NTP) bases of a generalized space, there exists a unique optimal normalized totally
positive (ONTP) one, which they called B-basis, which is the one associated with the control
polygon that resembles with the highest fidelity the shape of the curve, among all the control
polygons of the same curve corresponding to NTP bases. A space that has an ONTP basis
can be considered suitable for design purposes, because any space obtained from it by knot
insertion has an ONTP basis as well. In the case of polynomials and polynomial splines, the
well-known Bernstein and B-spline bases are both ONTP bases. However, in the context of
generalized spline spaces, there may exist bases that enjoy some properties commonly ascribed
to the B-spline basis but that in fact are not ONTP bases. Therefore, in this chapter we prefer
clearly distinguishing the two situations, and thus we will lean on two different definitions for
(generalized) B-spline bases and ONTP bases. More precisely, since an ONTP basis is trivially
a B-spline basis, henceforth by ONTP basis we mean a B-spline basis which is also ONTP.

At the state of the art, much work has been devoted to the study of necessary and sufficient
conditions to guarantee that an EC-space admits the Bernstein basis [CMP03, BM12| and
therefore can be considered suitable for the design purposes. In particular, in this context
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the notion of critical length for design has been introduced to characterize the largest possible
interval on which the existence of the Bernstein basis for the considered space is guaranteed. For
spline spaces, similar conditions are hardly derivable and indeed have been established only for
particular families of spaces [MP10, BM14]. These results in the spline context are derived from
the well-known theory of systems of (piecewise) weight functions and corresponding generalized
derivatives.

Besides these studies, another avenue of research [Cos00, CM06, KS99] showed the existence

of other interesting generalized spline spaces whose segments do not belong to EC-spaces and
that result computationally more efficient in handling shape-preserving approximations.
To include also these families of splines in a comprehensive framework, the class of spaces
of sufficiently regular functions which can be considered suitable for design shall be extended
to a superset of EC-spaces, called Quasi Extended Chebyshev spaces (QEC-spaces for short),
consisting of all spaces that permit Hermite interpolation, Taylor interpolation excepted. In
particular, Mazure [Maz08| identified the largest class of spaces suitable for design as the class
of all spaces containing constants and such that the spaces obtained by differentiation are QEC-
spaces. By means of the blossoming formalism, she proved that this is the class of all spaces
that always admit the Bernstein basis.

This novelty has attracted interest in the study of quasi Chebyshevian splines and piecewise
quasi Chebyshevian splines. The former name refers to splines having all sections in the same
QEC-space; the latter one to splines whose sections belong to QEC-spaces that may differ for
the number and/or for the type of their generators.

In analogy to the aforementioned characterization of QEC-spaces, we can say that any piece-
wise quasi Chebyshevian spline space is suitable for design when it contains constants and has
the ONTP basis.

In particular, it is also significant to consider spaces featured by non-uniform knot partitions,
including multiple knots, and spline spaces where different segments may belong to different
QEC-spaces containing shape parameters.

In this regard, a recent work by Mazure [Maz11b| has characterized the existence of the ONTP
basis for spline spaces where each segment is spanned by a different QEC-system of the type
{1,z,..., 2™ 3 u;(x),v;(x)}. In that paper, for the special case of QEC-spaces where the func-
tions u;(x) and v;(x) are of polynomial, trigonometric or hyperbolic type, explicit necessary and
sufficient conditions for the existence of the ONTP basis are provided in terms of the maximum
allowable width of a certain number of consecutive knot intervals.

If we now turn to consider the constructive aspects of the ONTP basis for spaces of para-
metrically continuous piecewise (quasi) Chebyshevian splines, the first available approach of
general kind is based on a suitable generalization of the notion of divided differences [BMO03,
Miih06]. A computationally more efficient strategy, which is adopted in many recent papers
[WF08, MP10, SW10, Mazl1al, is based on a generalization of the well-known integral re-
currence formula used to compute the B-spline basis of polynomial spline spaces [BP97|. The
method starts from a given ONTP basis, which must therefore be known a priori, and by means
of successive integrations it allows for generating an analogous basis for a space that contains
higher-order polynomials. This approach can be generalized by introducing sequences of (non-
constant) weight functions and exploiting them in the integral procedure, in order to obtain
spaces that contain functions of types other than polynomial. However, this way is hardly fea-
sible in practice, because it requires that a proper sequence of weight functions be available so
that the integral recurrence formula produces the ONTP basis of the desired space. Besides the
aforementioned more general constructions, there are also methods tailored to specific classes of
spaces, such as the geometric approach proposed in [Cos00, CM06] for generalized cubic splines
from QEC-spaces of the form {1, z, u;(x), v;(x)}, or the construction of the so-called GB-splines
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[KS99).

5.1.3 Motivations and contributions of this work

As previously mentioned, all spaces useful for design can be characterized as QEC-spaces
containing constants and whose derivative space is also a QEC-space. Therefore, spaces of
generalized splines with sections belonging to any of these QEC-spaces are of great interest for
design provided that they admit an ONTP basis. Despite the wealth of proposals for construct-
ing ONTP bases for spaces of generalized polynomials (i.e., Bernstein bases) the problem of
deriving analogous bases for spline spaces has been addressed only in particular cases, namely
for specific classes of spaces and/or uniform knot partitions.

The main result of the present work consists in providing a general and effective approach
to construct the ONTP basis for any arbitrary space of parametrically continuous piecewise
quasi Chebyshevian splines, without limitations on the type of the underlying QEC-spaces or
on the location of knots. Moreover, we show that the same construction yields a set of weight
functions that can be conveniently exploited to assess the existence of the ONTP basis, if this
is not known a priori.

The proposed construction is based on a generalization of the notion of transition function,

which has long been known in the classical literature, even if never used in the context of the
present work.
Oversimplifying, a transition function is a piecewise function having proper continuity and that
takes respectively the values 0 and 1 at the endpoints of a certain real interval. To the best of our
knowledge, this terminology was introduced by Schumaker [Sch07, p. 141|, although a similar
concept was already used by Bézier, who, precisely in terms of these types of functions, described
the curves that now bear his name (see [Rab02] or the more recent monograph on Bernstein
polynomials [Far12|). As recalled in Chapter 3, transition functions have been recently used
for the construction of local polynomial interpolants from unevenly spaced interpolation nodes
[BCR13a, ABC14a|.

Given a generalized spline space, we show that there exists a unique set of transition functions
forming a basis for the space and that each of these functions can be simply determined as the
solution of a suitable system of linear equations. We also show that if a space admits an ONTP
basis, then the elements of this basis are nothing but a linear combination of the transition
functions associated to the space. Moreover, we illustrate how to construct a set of piecewise
weight functions, which can be simply formalized in terms of transition functions. Investigating
the relationship between such weight functions and the existence of the ONTP basis, we are
able to provide a criterion for determining whether a given spline space admits the ONTP basis,
and we show how this result can be translated into a general methodology for the verification
of the existence of such a basis.

For its generality and its conceptual simplicity, the approach has both a theoretical value
and a direct computational interest. The construction proposed for the transition functions
applies with full generality to spline spaces in which the QEC-spaces on each interval may be
different and contain many functions of non-polynomial type and shape parameters, and to the
case where the knot partition is non-uniform and includes multiple knots.

Moreover, since we do not construct the ONTP basis by means of an integral recurrence formula,
the presented method does not require the knowledge of a system of weight functions and a basis
to be used as a starting point for the integral formulation. In addition, the proposed approach
readily translates into numerical procedures, which is the inevitable way of proceeding in the
very general setting that allows non-uniform knot partitions and the presence of spaces that
differ in type and parameters. On the contrary, since in the literature only particular situations
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have been addressed so far, there is the reasonable doubt that the spline bases determined in
such cases have been computed symbolically and thus do not straightforwardly lend themselves
to more general settings.

Besides illustrating the theoretical aspects of the framework, namely those related to the con-
struction and study of the existence of the B-spline basis, as of now we would like to emphasize
that the intention of this work is also to provide all the tools needed to improve computation in
generalized spline spaces. In fact, the transition functions turn out to be extremely convenient
to formulate computational algorithms as well as to perform knot insertion, order elevation
and, more generally, any other essential operation in the contexts of modeling and design.

Hereinafter it is assumed that different spline segments are spanned by QEC-spaces having
the same dimension and join with parametric continuity. However, we would like to point out
that these restrictions are merely dictated by the attempt to maintain the theoretical frame-
work as streamlined as possible. A slight generalization of the approach allows for handling the
cases where the QEC-spaces may differ in dimension and geometric continuity conditions are
required at the knots.

The remainder of the chapter is organized as follows. After recalling some preliminary notions
in Section 5.2, in Section 5.3 we introduce the definition of transition function and we devise
a general method to construct a basis for any arbitrary space of piecewise quasi Chebyshevian
splines. Successively, in Section 5.4 we exploit the transition functions to derive a criterion
for establishing whether a given space possesses the ONTP basis. In particular, this criterion
translates into a numerical test, as detailed in Section 5.4.2. Moreover, Section 5.4.3 briefly
focuses on the particular case of an empty knot partition, in which the ONTP basis is the
Bernstein basis. Additionally, some numerical examples on the existence of the ONTP basis are
presented in Section 5.5. Section 5.6 deals with computational and modeling aspects that may
be of interest from the point of view of applications. In fact, knot insertion and order elevation
algorithms for generalized splines are provided in Sections 5.6.1 and 5.6.2 respectively, and the
explicit expressions of the ONTP bases for some spaces and stable corner cutting evaluation
algorithms are collected in Section 5.6.3. Section 5.6.4 discusses some connections between
knot insertion and subdivision schemes in generalized spline spaces. Then, in Section 5.6.5 we
summarize in an algorithmic form the main computational tools that can be drawn from the
theoretical results in the preceding sections, and finally we illustrate some application examples
in Section 5.6.6.

5.2 QEC-spaces and piecewise Chebyshevian spline spaces

Before delving into the details of our construction, we outline some basic notions on QEC-
spaces and generalized spline spaces.

5.2.1 Preliminary notions on QEC-spaces

Let us recall that an m-dimensional function space U,,, defined on a closed interval I C R is
a subspace of C*(I) if every function in U,, is k-times continuously differentiable. Then we can
introduce the following definitions.

Definition 5.1 (Chebyshev space). An m-dimensional space U,, contained in C°(I) is a Cheby-
shev space (C-space for short) on [ if any Lagrange interpolation problem in m data has a unique
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solution in U,,. In terms of zeros, this means that any nonzero element of U,, vanishes at most
m — 1 times in /, not including possible multiplicities.

Definition 5.2 (Extended Chebyshev space). An m-dimensional space U,, contained in C™~1(I)
is an Fztended Chebyshev space (EC-space for short) on [ if any nonzero element of U,, vanishes
at most m — 1 times in I, counting multiplicities as far as possible for C™~! functions (that is,
up to m), or, equivalently, if any Hermite interpolation problem in m data in I has a unique
solution in U,,.

A superset of EC-spaces, originally introduced by Mazure [Maz08, Maz11c]|, is defined as follows.

Definition 5.3 (Quasi Extended Chebyshev space). An m-dimensional space U,, contained
in C™2(I), m > 2, is a Quasi Extended Chebyshev space (QEC-space for short) on I if any
Hermite interpolation problem in m data in I, with at least two distinct points, has a unique
solution in U,,. Equivalently, for m > 2, U,,, is a QEC-space if any nonzero element of U,, with
at least two distinct zeros vanishes at most m — 1 times in I counting multiplicities.

From the two above definitions it follows that QEC-spaces differ from EC-spaces in that they
do not permit Taylor interpolation. Moreover, if U,, is a QEC-space on I, then it is a QEC-
space on any subinterval [a,b] C I, with a < b. Hereinafter we refer to the basis functions
spanning a QEC-space as a QFEC-system. It is well known that spaces obtained by integrating
the functions of a QEC-system or by multiplying them by positive functions are in turn QEC-
spaces. In contrast, there is no guarantee that by differentiating a QEC-system we will get a
QEC-space. However, we recall from [Mazllc, third item of Remark 2.1] that a 2-dimensional
space Uy C CY(I) is a QEC-space on I if and only if it is a C-space on I, or, equivalently, if
and only if for any subinterval [a,b] C I, with a < b, Us possesses a basis of Lagrange type.

Definition 5.4 (Bernstein basis). Let I C R be a closed bounded interval. Given a,b € I,
with @ < b, and By, ..., Bu_1.m € C™ (1), we say that {Bom,..., Bm_1m} is a Bernstein
basis relative to [a, b] if it meets the following requirements:

i) zero property:

— Bom, - -+, Bm—1,, are nonvanishing in (a, b);

By m(a) # 0 and By, vanishes m — 1 times at b;
— By—1.m(b) # 0 and B,,,—1,, vanishes m — 1 times at a;
— for 1 <@ < m—2, B,;,, vanishes exactly 7 times at a and exactly m — 1 — ¢ times at
b;
ii) positivity property: for 0 < i < m — 1, B;,, is positive in (a, b);

iii) normalization property: {Bom,- .., Bm-1m} is normalized, i.e., 22161 Bim(z) =1,Vz €
[a, b].

Definition 5.5 (Bernstein-like basis). If requirement iii) in Definition 5.4 is not fulfilled, then
{Boms -+, Bm-1.m} is called a Bernstein-like basis.

Remark 5.1. In the particular case in which the space U,, is an EC-space, then requirement i)
in Definition 5.4 can be replaced by:

i") zero property: for 0 < i < m—1, B;,, vanishes exactly ¢ times at a and exactly m —1—i
times at b, and nowhere else in (a,b).
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In this work we are interested in spaces of piecewise quasi Chebyshevian splines where each
section belongs to an m-dimensional QEC-space suitable for design and where adjacent spline
pieces are connected via the standard parametric continuity. For such spaces, a basis will be
derived in Section 5.3.

5.2.2 General notions on splines

Let [a,b] be a bounded and closed interval, and A = {z;,i = 1,...,k} a set of points such
that a = 29 < 21 < ... < x < x4 = b. Let us consider the partition of [a, b] induced by the
set A into the subintervals I; := [z;,2;11), i =0,...,k — 1, and I} = |2y, T41]-

Moreover, let m be a positive integer, and M := (my,...,my) a vector of positive integers such
that 1 < m; < m for every i = 1,..., k. We denote by U,,, = {Upm, ..., Uxm} an ordered set
of spaces of dimension m such that every U; ,,, is a QEC-space on the interval I; for i =0, ... k.

Definition 5.6 (Generalized splines). We define the set of generalized splines of order m with
knots x1, ...,z of multiplicities mq, ..., m; as

SUp, M, A) = {s ‘ there exist s; € U, 0 =0,..., k, such that:
i) s(x) =s;(x) forz € I;,i=0,...,k;
i) D"s;—1(x;) = D"si(x;) forr =0,....m—m; — 1,1 = 1,...7/{}.

For conciseness, in the following we only prove results that cannot be found as a generalization
of classical spline theory. As for the others, which can be obtained by following the same outline
of their classical counterpart, we confine ourselves to providing a convenient reference.

Proposition 5.1. The set S(U,,, M, A) of generalized splines with multiple knots is a function
space of dimension m + K with
k
K = Z my;.
i=1

Proof. The assertion can be proved following the same outline as for [Sch07, Theorem 4.4]. In
particular, for a spline in S(U,,, M, A), it can be observed that the block diagonal matrix
that represents the continuity conditions at the knots has full rank, because each U ,, is a
QEC-space on I;. n

Definition 5.7 (Extended partition). The set A* = {t;,;i=1,...,2m+ K}, with K =
S my, is called an extended partition associated with S(U,,, M, A) if and only if:

1) t1<t2<~--<t2m+K;

i) t,, =aand ty k1 = b

111) {tm+17--'atm+K} = {xl,...,xl,...,xk,...,azk}.
———
m1 times my times

Let us denote by x;, with ¢ < 0 and ¢+ > k + 1, the distinct external knots, and by m, their
multiplicities, i.e.

{...,17_1,...,1'_17170,...,1‘0} E{tl,...7tm},
~~ - - -
m_1 times mo times
{\l’k_}rl, . ,l’k.}.lj, Lh42, - - - ,$k+%, .. } = {tm+K+1, e 7t2m+K}'

Vv TV
mp1 times mp42 times
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For every external interval [x;, z;41], with i@ < —1 and ¢ > k + 1, let us assign an additional
QEC-space U; ,,, of dimension m.

Definition 5.8 (B-spline basis). A sequence {N; ,,i = 1,...,m+K} of elements of S(U,,,, M, A)
is said to be a B-spline basis for S(U,,, M, A) if it meets the following requirements:

i) support property: for each i € {1,...,m+ K}, N;,,(z) =0 for z & [t;, tirml:
ii) positivity property: for each i € {1,...,m+ K}, N;,,(x) > 0 for z € (t;,titm);

iii) endpoint property: for each i € {1,...,m+ K},

D Nim(t) =0 for 0<r<m—2-—m), and DTﬁl*m%{Niﬁm(ti) # 0,

7

L m—1—ml

D" N; p(tizm) =0 for 0 <r<m—2-my,,, and D_ Ny (tigm) # 0,

where m} := max{p > 0 such that ¢,_, = t;} and m§ := max{p > 0 such that ¢;,, = t;};

iv) normalization property: Z Nim(z) =1, Vx € [a,b].

Definition 5.9. If requirement iv) in Definition 5.8 is not fulfilled, then {N; ,,,i = 1,... ,m+K}
is called a B-spline-like basis for S(U,,, M, A).

The following result on ONTP bases as been proved by Mazure (see, e.g., [Maz12, Theorem
2.4]).

Proposition 5.2. We say that a spline space S(U,,, M, A) has the ONTP basis when it has
a B-spline basis and so does any space obtained from S(U.,,, M, A) by knot insertion.

5.3 Basis functions for generalized spline spaces

In this section we illustrate a general method, based on the concept of transition function,
to construct a basis for any arbitrary space of piecewise quasi Chebyshevian spline functions.
The proposed approach applies to spaces with non-uniform knot partition, possibly multiple
knots, and where each spline piece may belong to a different m-dimensional QEC-space. In
Section 5.4 we will prove that, if the generalized spline space admits the ONTP basis, then it
is precisely the basis yield by the proposed approach.

Working in the generalized spline space S(U,,, M, A), the following definition restates in a
more general way the notion of transition function already introduced in Chapter 3.

Definition 5.10 (Transition functions). Let S(U.,,, M, A) be a generalized spline space of
dimension m+ K with A = {x;,i = 1,...,k} a partition of [a,b] and A* = {t;;i=1,...,2m+
K} the associated extended partition, such that each QEC-space U; ,,, of U,,, contains constants.
We call transition functions the piecewise functions f; ., ¢ = 1,...,m+ K, having the following
properties:

a)
fhm(x‘) _ {O, T <t

U(ZE), X 2 ti-i—m—l?

where u(zx) is a positive function belonging to S(U,,, M, A);
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b) if t; < tiym-1, denoted by {z;;,j = 1,...,p} the knots of A such that
{iz:il,...,:vil,...,f:ip,.. a:zp}_{tz,... itm—1}
mi,i;rtimes miyi;?lmes
and by m;,, ..., m;;, their multiplicities, it holds
Drf[l] (l’“) = 0, T = 0, Ce 7ki,i17
D?“f[] 1(l'zj> Drfq,[?r]n(x%% TZO?"'7ki,ij7 j:27"'7p_17 (51)
r plp—1] r _
D fb N (ws,) = Du(xs,), r=0,..., ki,
where k;;, == m —m;;;, — 1 and fﬁn, j=1,...,p—1, are the different pieces of f;,, on

the intervals [z;,, 7, ,).

Remark 5.2. It is easy to check that, when restricted to [a, ], the transition functions { f;.}
in Definition 5.10 are piecewise functions belonging to S(U,,, M, A).

For any spline space identified by Definition 5.6, the following proposition guarantees that
there always exists a unique set of transition functions satisfying the properties in Definition
5.10. The proof is constructive and also illustrates how the transition functions can be simply
computed as the solution of a proper system of linear equations.

Proposition 5.3 (Existence and uniqueness of the transition functions). The transition func-
tions of Definition 5.10 exist and are uniquely determined.

Proof. 1f we express each piece fz[]r]n, Jj=1,...,p—1,on [, in the associated QEC-system
{ui]‘,17 uij,Q? A 7uij,m}
with coefficients b; ;, 7 = 1,...,m(p — 1), then the linear system of equations arising from the

continuity conditions (5.1) can be written in the form
Ab = c, (5.2)

with
A (i)
Ai(zi,) —As(w,)
As(wi5)  —As(wiy)

b = (bi,ly s 7b’i7m(p—1))T7
c:=(0,...,0,1,0,...,0)7,
N—_——

k:

iip times

where Aj(x;,), h = j,j + 1, is a matrix of dimensions (k;;, + 1) x m whose rth row, r =
1,...,ki;, + 1, has the form

(DT_IUA;L,I (ZL’) ‘:v:%:h? R Dr_luihﬁm(x) ‘mzxih> .
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Therefore, the matrix A;(z;,) has full rank, and precisely equal to k;;, + 1. In fact, since
ki, +1 < m, the matrix A;(z;,) is a submatrix of the m x m Hermite interpolation matrix
relative to the two points x;; and w;,,,, which is always nonsingular in a QEC-space. From
this formulation, we can infer that the number of degrees of freedom for the definition of
the pieces Ul that is m(p — 1), equals the number of the required continuity conditions

given by Zf:l(kll] + 1). In fact, recalling that by construction Z?:l m;i; = m, we have
?Zl(ki,i]. +1) = ?Zl(m —m;;,) =mp—m=m(p—1). Hence, A is square and nonsingular
and thus the transition functions {f;,,} are uniquely determined. ]

Exploiting the properties of QEC-spaces, it is also easy to show that a spline in S(U,,,, M, A)
cannot be nonzero on m — 1 (or less) consecutive knot intervals and zero everywhere else.

Proposition 5.4. Let s € S(U,,, M,A) and A* = {t;;i = 1,...,2m + K} be the extended
partition associated to the spline space. If for anyi € {1,..., m+ K}, re{l,...,m— 1},

s(z) =0, x € (=00, ;] U [tiyr, +00),
then s = 0.

Proof. Suppose that we want to determine a function in the spline space by requiring that
it equals 0 together with its derivatives at ¢; and also at t;,., r € {1,...,m — 1}. For r €
{1,...,m—2}, this necessarily leads to the zero constant function, because for a nonzero spline
the total number of continuity conditions to be imposed at the knots would exceed the number
of degrees of freedom. Now, let » = m — 1 and suppose that there exists a spline which does not
vanish in (¢;,%i4m—1) = (2i,, ®;,). The m(p — 1) coefficients of the spline can be determined by
solving a homogeneous linear system whose coefficients matrix is the matrix A exploited in the
proof of Proposition 5.3. Being such a matrix nonsingular, the unique solution of the system is
the zero vector. O]

Since our aim is to provide an approach for the construction of a B-spline basis and, ul-
timately, the ONTP basis for a spline space (if it admits one), we observe that a necessary
condition for the existence of such a basis is that each space U;,, contains constants, so that
the normalization property iv) in Definition 5.8 is satisfied. This entails that the function u that
appears in the definition of the transition functions is chosen to be u = 1. Moreover, recalling

that each U, is spanned by the functions {u;1,...,u;m}, it is convenient to set u;; = 1 for
all 7.
In view of this, the transition functions introduced in Definition 5.10 can be exploited to
define a set of functions {N; ,,,i =1,...,m + K} as follows:
Ni,m = fi,m _fi+1’m’ = 1,,m—i—K— 1, (53)

Nm—l—K,m = fm+K,m~

Proposition 5.5. The functions {N;,,i =1,...,m+ K} defined as above enjoy by construc-
tion the properties i), i), and i) of Definition 5.8.

Proof. These properties readily follow from the definition of transition functions.

i) By construction, f;,, is zero for x < t; and is equal to u = 1 for © > t;,,,—1. Analogously,
fit1,m 18 0 for z < t;41 and 1 for @ > t;4,,. Therefore, N;,, = fim — fiz1,m is zero for
x < t; and for x > t;,,,, proving that the support property holds true.



5.3. Basis functions for generalized spline spaces 95

0 0 0

0 Ya V2 1 0 Ya V2 1 0 Ya V2 1
() (b) (c)

Figure 5.1: Transition functions (left) and B-spline basis (center) for the spline space

S(MUe, M, A) with extended partition A* = {0,0,0,0,0,0,%,%,3,1,1,1,1,1,1} and U =

span{l, z, cos x, sin z, cosh z,sinh z} for all i. The figure on the right shows a single B-spline basis
function and the two transition functions involved in its definition.

iii) By construction, f;,, satisfies conditions (5.1), where now u = 1 implies D"u(x;,) = 6,0,
r=0,...,ki;,. Since Ny = fim — fiz1,m has at ; a zero of the same multiplicity as f;,
and at t;4,, a zero of the same multiplicity as fi+1,, it fulfills the endpoint property.

iv) We have to verify that the normalization property is satisfied, i.e., that ZZ{K Nim =1

Substituting each 1V; ,,, with the difference of the related transition functions, we get

m+K

Z (fz,m - fi—l—l,m) - fl,m - f2,m + f2,m - f3,m +... = fm—l—K,m + fm—l—K,m - 17

i=1
since fi,, = 1 and subsequent terms cancel each other in the sum.

]

Proposition 5.6. Let S(U,,, M, A) be a spline space that has the B-spline basis. Then the
transition functions { fim.i =1,...,m+ K} for such space, which satisfy Definition 5.10 with
u =1, form a basis for S(U,, M,A) and f;.(x) € [0,1], for all x € [a,b].

Proof. Let fi,m = Z;”;;K N, where {N;,,,7 = 1,...,m + K} is the B-spline basis of
S(U,,, M,A). Tt can be easily checked that f;,, satisfies Definition 5.10 with u = 1. From
the uniqueness of the transition functions (see Proposition 5.3) follows that f;,, = fi, for all

t =1,...,m+ K. Moreover, from the linear independence, nonnegativity, and partition of
unity properties of the B-spline basis we obtain that the functions {f; ,,i =1,...,m+ K} are
linearly independent and that 0 < f;,,,(z) < 1,foralli=1,....m+ K, x € [a,]. O

Corollary 5.7. If SU,,, M, A) admits a B-spline basis in the sense of Definition 5.8, then
such a basis is precisely given by the functions defined in (5.3).

As an example, Figure 5.1 shows the transition functions and the related B-spline basis in
the case of a generalized spline space defined on mixed polynomial/trigonometric/hyperbolic
QEC-spaces U; ¢ = span{1l, z, cos z, sin z, cosh x, sinh z }.
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5.3.1 Generalized spline spaces that admit the ONTP basis

In this section, we investigate some properties that the transition functions constructed by
the proposed approach enjoy if the generalized spline space S(U,,, M, A) admits the ONTP
basis.

Preliminarily, we point out that Mazure [Maz08, Mazllc| has recently characterized the
largest class of spaces of sufficient regularity which are suitable for design as the one of QEC-
spaces containing constants and such that the associated space of derivatives is also a QEC-
space. In fact, she proved that under these assumptions a space admits the Bernstein basis, as
we recall below together with the related definition of space of derivatives.

Definition 5.11 (Space of derivatives). Given an m-dimensional function space U, contain-
ing constants and spanned by the functions {1, us, ..., u,}, we define DU, as the (m — 1)-
dimensional space spanned by the functions {Dus, ..., Du,,}.

Proposition 5.8. LetU,, C C™ 2(I) be an m-dimensional space. Then the following properties
are equivalent:

i) Uy, is a QEC-space on I ;
i) Uy, possesses a Bernstein-like basis relative to any [a,b] C I, a <b.

Proposition 5.9. Let U, C C™2(I) be an m-dimensional space that contains constants. Then
the following properties are equivalent:

i) the space DU, is an (m — 1)-dimensional QEC-space on I;
it) Uy, possesses a Bernstein basis relative to any [a,b] C I, a < b.

In view of the above results, we remark that a necessary condition for the existence of
the ONTP basis for a generalized spline space S(U.,, M,A) is that each space DU;,, is a
QEC-space. In fact, if S(U,,, M, A) has the ONTP basis, then also any space obtained from
S(U,,, M, A) by knot insertion has the ONTP basis. This includes the space obtained when
the multiplicity of each knot is equal to m, where each piece is represented in the Bernstein
basis. For this reason, we assume hereinafter to work with QEC-spaces {;,,} that contain
constants and such that also {DU; ,, } are QEC-spaces on the related knot interval. This means
that on the interval I; the space U; ,,, possesses the Bernstein basis.

Before proceeding to discuss some relevant properties enjoyed by the transition functions
in the case of existence of the ONTP basis, we introduce the spline space whose sections are
spanned by the derivatives of the QEC-systems associated to the spaces U ,,.

Definition 5.12 (Spline space of derivatives). Let each DU, ,, be a QEC-space on the related
interval I;, i = 0,...,k, and denote DU, = {DUym, - .., DUy m}. Then the spline space of
derivatives is the spline space DS(U,,, M,A) = S(DU,,,, M, A), where the vector of multi-

plicities M := (my, ..., my) is such that m; = min(m;,m — 1), 1 =1,... k.
Proposition 5.10. Let S(U,,, M, A) be a generalized spline space that has an ONTP basis.
Then, each transition function f;., is positive and monotonically increasing in (v;,,x;,) =

(tistitm—1) and the set of functions {Df;m,i = 2,...,m + K} is a B-spline-like basis for
DS(U,,, M, A).
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Proof. Let us denote by {N; ,,i =1,...,m + K} the ONTP basis of S(U,,, M,A). By (5.3)
and the proof of Proposition 5.6, we get that in this basis the transition functions have the
expression

m+K
fim(@) =Y Njm(x), Vo€ [ab], (5.4)

j=i
for any ¢ =1,...,m+ K. Since by equation (5.4) the coefficients of f;,, w.r.t. the ONTP basis
{Nim} form a non-decreasing nonnegative sequence, namely 0,...,0,1,...,1, from the varia-

tion diminishing property of the ONTP basis it follows that f; ., is positive and monotonically
non-decreasing, in particular monotonically increasing, in (¢;, ;i m—1).

As a consequence, each D f;,, is nonnegative, locally supported, and enjoys the endpoint prop-
erty of Definition 5.8. Hence, {Df;,,} form a B-spline-like basis for DS(U,,,, M, A). O

Proposition 5.11. Let S(U,,, M, A) be a generalized spline space that as a B-spline basis,
and let {fim,i = 1,...,m + K} be the transition functions. Then, f; has at x; a zero of
multiplicity exactly m —m;, — 1 if m;;, > 1 and at least m — m;;, — 1 if m;, = 1.

Proof. Since the spline space admits a B-spline basis, from Proposition 5.6 it follows that the
transition functions are linearly independent. In particular, the restrictions of the m transition
functions fj.,, j = i —m + 1,...,4, to the knot interval [t;,t;11] = [z4, xe41] are linearly
independent.

Recalling that the knot x, has multiplicity m,, then the transition functions f;_m,+1m,-- -, fim
are constructed by imposing that at x, they have a zero of multiplicity m —m, —1,...,m — 2
respectively. We have to prove that f; ., j =i—my+1,...,i—1, has at x, a zero of multiplicity
not greater than the imposed one.

Under our assumptions, i.e., being Uy, a QEC-space on [z, xp41], we know that there exists a
canonical basis with origin at x,, which we denote by (u1,...,u,). As a canonical basis, it is
such that u; has at z, a zero of multiplicity exactly j — 2 for j = 1,...,m — 1, while u,, has
there a zero of multiplicity at least m — 2.

Proceeding by reductio ad absurdum, let us suppose that one of the functions f;_, with 1 —m,+
1 <i—k <1i—1, has at x; a zero of multiplicity greater than the one imposed by construction.

In this way, now the functions f;_;, 7 = k,...,0, all have at x, a zero of multiplicity greater
than m — 2 — k. In terms of canonical basis functions, the functions f;_; for j = k,...,0 must
be represented only by the u; with j =m —k, ..., m —1, because they are the only ones having

at z; a zero of multiplicity greater than m — 2 — k. Now, the number of u; functions involved
in such a representation is k, while the transition functions to be represented are k£ + 1. From
this follows that f;_;, 7 = k,...,0, cannot be linearly independent, which conflicts with what
stated above. O

Proposition 5.12. Let A* = {t;,i = ,2m + K} be an extended partition. By inserting a
new knot t in At < t < toy1, we obtam a new knot partition A = {tl, i=1,...,2m+K+1}.
If the associated spline spaces are such that S(U.,, M,A) C S(L{m, M, A), cmd {Nim} and

{sz} are the B-spline functions on the knot partitions A* and A* respectively, there exist
coefficients 0 < a; < 1,1=1,...,m+ K, such that

fim :ai,mfi,m+(1_ai,m>fi+l,ma i=1,...,m+ K. (5.5)
Proof. In general, it holds

fi,m = ai,mfi,m + ﬁi,mfi-i—l,ma 1= 1a cee, M + K7 (56)
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i.e., fim is a combination of the two functions ﬁm and J?z'+17m only. This follows from expressing
fim as a combination of the new basis functions { f, m} and differentiating: since {Df; .} and
are {D fz m } B-spline-like functions (see Proposition 5. 10) and thus have compact support, the
contribution in the combination can come only from fZ m and le m-

Under the assumptions of this proposition, the transition functions are positive and take
values from 0 to 1. Thus, each f;,, is monotonically increasing in a right neighborhood of z;,
and in a left neighborhood of z;,, and coefficients «; ,, and ;,, are positive since they are given
by the following expressions:

1, 1< l—m+1,
211
Qo = f’m( 1), C—m+2<i<l—r+1, (5.7)
”1 fzm( )
O, i=>l0—r+2
and
0, 1 <l—m+1,
D fim(s,)
Bim = — DR —m+2<i<l—1r+1,
D:Zp fz—&—lm(mzp)
1, 120 —r+2,

*
Z’L

1
where k;"z is the smallest integer such that D, /7 fim(a:ij) > 0, and 1 < r < m is the

multiplicity of ¢ in A~
Now we want to show that 5;,, = 1 — a; . Evaluating (5.6) at ¢ > t;1,,—1, we get

1= fi,m = fi,m = fiJrl,m’

and it follows that 1 = o ., + Bim.
As a consequence of the fact that «;,, and f;,, are positive and sum to 1, we get 0 < o, <
1. O

Corollary 5.13. Under the assumptions of the above proposition, by considering the B-spline
functions {N; .} defined as in (5.3), we can obtain the well-known knot-insertion relation with
nonnegative coefficients

A A

Ni,m - ai,mNi,m + (]- - ai+1,m)Ni+1,m~
Proof. In fact,
m = fim — fitrm = Gmfim + (1 — Qim) fivrm — Gittmficim — (1 — Qiv1.m) firam

= @ (fim — fixim) + fivim — fivom — Qigrm(fivrm — fivom)

= i mNim + (1 — it1.m) Nit1,m-

5.4 On the existence of the ONTP basis

It is well known that not all spaces of piecewise quasi Chebyshevian splines possess an ONTP
basis and thus not all such spaces are suitable for design. In particular, as we shall recall in the
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following, such a problem is closely related to the existence of a system of (piecewise) weight
functions that satisfy the properties of being positive and having prescribed continuity at the
knots.

In this section we exploit the transition functions in order to derive a system of weight
functions for any spline space that admits an ONTP basis. The main relevance of this result
lies in the fact that we do not need to know a priori whether the ONTP basis exists or not.
In particular, we show that, as soon as one of the computed functions fails to be positive, we
can conclude that there does not exist any proper system of weight functions for the considered
spline space, or, in other words, that the space is not suitable for design. This provides a
criterion to establish whether a given space possesses the ONTP basis.

Besides this, it is interesting to remark that, prior to the present work, knowing the weight
functions was the only viable way for computing the B-spline basis of an arbitrary generalized
spline space, that is, for applying the generalized integral recurrence relation [Mazlla|. In
this view, the lack of a general method for deriving the weight functions associated with the
target space made the integral approach a merely theoretical tool. Thus the weight functions
constructed in the following sections also allow us to exploit the integral recurrence relation
for practical computation of the B-spline basis. In this respect, however, it should be noted
that transition functions are easier to handle and computationally simpler than the integral
approach.

In the remainder of this section, we first recall some basic definitions and results from the
theory of weight functions and spline spaces. Successively, we illustrate the construction of a
system of weight functions for a generalized spline space by exploiting the transition functions
(Section 5.4.1), and then in Section 5.4.2 we propose and justify a numerical test to establish
whether a generalized spline space has the ONTP basis. Finally, in Section 5.4.3 we focus on
the particular case of an empty knot partition A = (), where a single QEC-space is considered
on the whole domain and the ONTP basis is the Bernstein one.

We start with proving that all generalized spline spaces based on 2-dimensional QEC-spaces
{U; 2} containing constants have the ONTP basis.

Proposition 5.14. All generalized spline spaces S(Uz, M, A) (i.e., with m = 2) such that
each U; o contains constants possess the ONTP basis.

Proof. The idea is to exploit the transition functions to construct a B-spline basis and prove
that it actually is the ONTP basis, which corresponds to a piecewise Langrage-type basis.

If ¢; # t; 11, the transition function f;, has a unique zero at ¢;, takes values from 0 to 1, and it
cannot vanish in (¢;,¢;11) since U, o is a QEC-space. Therefore, {N; o = fi2— fit12} form a basis
that fulfills all the properties i)-iv) in Definition 5.8. Moreover, for any other knot partition A
obtained from A by knot insertion, we can perform an analogous construction that results in
a B-spline basis. Then, in view of Proposition 5.2, S(Uy, M, A) admits the ONTP basis. [

Definition 5.13 (Piecewise weight functions). A sequence of piecewise functions {wy, ..., wm_o}
is a system of piecewise weight functions on a partition A = {x;,7 = 1,...,k} of [a, ] if, for
any 7 =0,...,m—2:

i) wj is positive on [a, bl;

.. . . il ; . .
ii) forall i =0,...,k, w; is C™ 7™ 1 at x;, where m] := min(m;, m — j).
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Given a system of piecewise weight functions, we may define the associated piecewise differ-
ential operators (or generalized derivatives) on A as

1 .
Lofzzi7 Lif =—DL;f, j=1...,m=2,

Wo Wy
where f € S(U,,, M,A) and D denotes ordinary differentiation.
Accordingly, we denote by L,;S(U,,, M,A) = S(L;U,,, M;, A) the generalized spline space
having sections in the spaces L;|,U; , obtained by generalized differentiation through the weight
functions wjl;, 1 = 0,..., k, and where M, := (m{, . ,m{;).

Remark 5.3. From the above definitions, it straightforwardly follows that w; € DL;_1S(U,,, M, A).
Remark 5.4. Note that if dim/; ,,, = m, then dim L;|,U; ., = m — j.

Proposition 5.15. Let S(U,,, M, A) be a generalized spline space containing constants. The
space S(U,, M, A) admits the ONTP basis if and only if it is possible to find a system of
piecewise weight functions on A and a spline space T = S(Ly,_olth p, Mo, A) of dimension
24+ K,,_o, with K,,_o = Zle m;”_z and m{ as in Definition 5.13, that contains constants and
such that

SUpm, M, A) = {s € C" ™ at x;| Ly_ss € T}.

Proof. 1f S(U,,, M, A) admits the ONTP basis, which means a B-spline basis and knot in-
sertion, the proof consists in showing that the construction of a system of piecewise weight
functions is always feasible, and that the generalized spline spaces L;S(U,,, M, A) obtained
by general differentiation are normalized and still admit the ONTP basis, up to the space
Ly—2SUp,, M, A) which has the ONTP basis by Proposition 5.14. We will provide a proof
of this kind later in Section 5.4.1, based on the explicit construction of a sequence of functions
{w,;} that will be described there.

Conversely, if a spline space T" of dimension 2+ K, s and a system of piecewise weight functions
are given, then starting from the ONTP basis of T (which exists, as proven in Proposition 5.14)
the integration procedure generates the ONTP basis for the space S(U,,, M, A). O

Corollary 5.16. Let a generalized spline space S(U,,, M, A) containing constants be given,
together with the sequence of piecewise weight functions {w;,j = 0,...,m — 2}, with wy = 1.
L;SU., M, A), with j € {0,...,m —2}, has the ONTP basis if and only if L;S(U,,, M, A),
foralli=0,...,m —2, have the ONTP basis.

5.4.1 Construction of weight functions for proving the existence of
the ONTP basis

Given a generalized spline space S(U,,, M, A) and the related transition functions, in this
section we intend to show that they can be exploited to define a particular sequence of functions
{w;} that is meaningful for two main reasons:

o if SU,,, M,A) admits the ONTP basis, then wy = 1 and w;, j = 1,...,m —2, represent
a system of piecewise weight functions for that spline space;

e if there is at least one r € {1,...,m—2} such that w, is not positive, then we can conclude
that S(U,,, M, A) has no ONTP basis.

The two above facts are proved respectively in Proposition 5.15 and Proposition 5.17, based on
the procedure of generation of the functions {w;} given below.
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Remark 5.5. Note that, unlike the approach that is usually undertaken in the literature, the
piecewise functions {w;} that we will define in the following will trivially met the condi-
tion on the continuity at knots in Definition 5.13 because they will belong to spline spaces
DL;SU.,,, M, A). Hence, we will only have to check their positivity in order to label them as
a system of piecewise weight functions.

In Algorithm 1, in the subsequent description, and in the proof of Proposition 5.15, we adopt
the shorthand notation S in place of S(U,,, M, A) to denote the initial spline space, and
recalling Definition 5.13 we set K, = Zle mj.

Algorithm 1 (Construction of the sequence {w;,j =0,...,m — 2}). Let wy = 1.
e Step 0:
(N) In the space LyS = w%, compute f;m,, ¢ =1,...,m+ K, by solving (5.2);
(D) In the space DLyS, set Njpp_1 = Dfisim,i=1,...,m+ K — 1%,

(S) Still in DLyS, compute ﬁm,l = Z‘tKl ! Ngm Li=1,....m+ K; —1, and set

wy = fl,mfl;

e Stepj,j=1,...,m—3:

(N) In the space L;S = wijDLj_lS, compute f;,—; = M, i=1,....m—j+ Kj

wj

(D) In the space DL;S, set Ni,mqu =Dfiiim—j,i=1,....m—j+ K; — 1%

(S) Stillin DL;S, compute ]Fi,m—j—l = anﬁK 1l Ngm et =1, ., m—j+ K11,

and set wji1 = fim—j_1-

Remark 5.6. Note that, if A includes knots with multiplicity greater than 1, C° functions
occur in the above construction. In this case, differentiation has to be intended as for piecewise
functions, i.e., working separately on the knot intervals.

Each step of the above procedure can be split in three successive stages, referred to as
normalization (N), differentiation (D) and summation (S) stage. At step 0, having taken
wo = 1, the normalization stage gives back the spline space S(U,,, M, A) and for such space
the related transition functions {f;,,} can be computed as the solution of the linear system
(5.1). Note that, since all the m-dimensional QEC-spaces U, ,,, contain constants, the spline
space DLyS obtained by ordinary differentiation is spanned by (m — 1)-dimensional QEC-
spaces. Moreover, since fi,, = 1, the differentiation stage consists in computing m + K — 1
functions, namely ]\Nfi,m,l = Dfivim, 1 = 1,...,m+ K — 1. Finally, during the summation
stage we compute a new sequence ﬁ mel = ZH;KI ! Ngm ,t=1,...,m+ K;—1. Note that
{ fl m—1} matches the properties of Definition 5.10, with u = f1 m—1- Based on this observation,
we shall choose w; = f1,m_1 to proceed to the successive step.

For any subsequent step j = 1,...,m — 3, during the normalization stage we generate the
space L;S by dividing the computed functions fim_j by the current function w;, which is
the one computed at the summation stage of step j — 1. In this way, we obtain a set of
transition functions for L;S by a simple update of the previous ones. Because w; is nothing
but flm —;, there follows that fim—; = 1 and the space L;S contains the unit function. The

For any j = 0,...,m—3, taking into account that some of the functions D fi11 m—j, i = 1,...,m—j+K;—1,
may be 1dentlcally zero, the sequence {Nl m—j—1} can be re-indexed as Nl m—j—1,1=1,. —J+ K
where m — j + K1 — 1 is precisely the dimension of the spline space of derivatives DL S
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latter property ensures that, proceeding to the differentiation stage, the space DL;S generated
by the derivatives of such transition functions has segments belonging to (m—j—1)-dimensional
QEC-spaces and accordingly the space DL; has dimension m — j+ K11 —1. Finally, during the
summation stage, we generate a new sequence { fz‘,m—j—l}7 whose first element is the function
Wiy = fl,m_j_l, which we shall exploit at the successive iteration.

By means of transition functions and the construction of the sequence {w;} described above,
it is possible to verify that the spaces L;S(U.,,, M,A) have the ONTP basis. In fact, we
are now able to provide a constructive proof of the implication in Proposition 5.15 postponed
earlier. It consists in showing that the functions {w;} obtained through the procedure outlined
in Algorithm 1 are indeed piecewise weight functions.

Proof of Proposition 5.15. As already observed in Remark 5.5, the functions {w;} trivially
satisfy the continuity requirements of Definition 5.13 at the knots by construction, therefore
we shall prove that they are positive. To this aim, we proceed by induction on j.

At the Oth step the statement holds, since wg = 1 and we are assuming that S := S(U,,,, M, A)
contains constants and has the ONTP basis.

For the inductive step, let the statement hold true at the (j — 1)th step, which means that
wj; is positive and the space L;S admits a B-spline basis and knot insertion. We have to prove
that w;; is positive and that also the space L;;1S admits a B-spline basis and knot insertion.
According to the construction in Algorithm 1, recalling that K; denotes the dimension of the
space L;S, at step j we get

m—j+K;—1

Wj+1 = Z D for1,m—j, (5.8)
=1

which is a positive function because, by Proposition 5.10, the transition functions are mono-
tonically increasing and thus their derivatives are positive.

From Proposition 5.12 it follows that, in order to verify that the space L;;;S admits knot
insertion, it is sufficient to verify that the spaces L;;1S and LjHS' , obtained by inserting a
node £ € [ty t,41), both possess B-spline bases, respectively Nim—j—1 and Ni,m—j—l- To this
aim, exploiting the relation (5.5) between functions {fi,,_;} and functions {f;_;}, formula
(5.7), and (5.8), we can write:

—m+j f—r+1 m—j+Kj;
Wit = Z D fim—j + Z Qim—j D fim—j + (1 = Qim—j) D fiz1m—j + Z D fit1m—;
i=1 i=f—m4j+1 i=f—r+2
= Z @i;m—j D fi,m—j,
i=1
with )
1, 1=1,....l—m+7+1,
ai,m—j7 z:f—m+]+2,
Ajm—j = Oéi,m—j‘i‘(l_ai—l,m—j); Zzﬁ—m—{—j—i—B,,E—r—i—l,
1_041‘,m7j7 ZZZ—T—FQ,
(1, i=0—7r+3,....m—j+K;+1

From the above expression and Proposition 5.12, the coefficients a; ,,,—; are positive.
This allows us to define a B-spline-like basis for DL;S by scaling the functions {Df;,,_;} by
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coeflicients {a; ,,—;}, more precisely:

~

Ni,m—j—l = ai—l—l,m—iji—‘rl,m—ja 1= 1, e, — 7 + KJ

In this way, at the summation stage of step j it results that ;1 = w;1, and at the successive
normalization stage of step j + 1 the two spaces Lj+15’ and L;1S turn out to be related by
the insertion of the knot . In fact, the division by w;41 just provides the normalization, thus
proving that both spaces possess a B-spline basis.

At the last step we get the spline space L,,,_».S, which by construction has dimension 2+ K,,,_»
and has a B-spline basis. By Proposition 5.14, it admits the ONTP basis. O]

Proposition 5.17. If the construction outlined in Algorithm 1 does not provide a complete
sequence of functions {w;} that are all positive, then there is no sequence of piecewise weight
functions that verify Proposition 5.15. Hence, in this case the considered generalized spline
space does not admit an ONTP basts.

Proof. The proof is by reductio ad absurdum. Let us suppose that the ONTP basis {N;,,}
for S(U,,, M, A) exists, despite one function provided by our construction is nonpositive, say
w,. Then, we can define the transition functions f;,, = ZZZK Ny, and proceed with steps
j=0,...,7—1, up to generating the function w,. But from the existence of the ONTP basis
and in view of Corollary 5.16, it would follow that this function is positive, contradicting what
supposed. O

5.4.2 A numerical approach for checking the existence of the ONTP
basis

In this section, we present a practical numerical test to establish whether the ONTP basis
for a given generalized spline space S(U,,, M, A) containing constants exists. As we will see,
this procedure exploits the construction provided in Algorithm 1 and requires verifying the
positivity of each function w; generated at step j. In particular, it checks the existence of a B-
spline-like basis in spaces DL;S(U,,, M, A) by inspecting the positivity and the monotonicity
of the transition functions.

Before detailing the numerical approach, we present some results that will be used to justify
our way of proceeding. Specifically, we show that a monotonically increasing spline function
must have a monotonically increasing sequence of coefficients when represented in the B-spline
basis, but also in any other basis obtained from it by knot insertion, and in particular in the
piecewise Bernstein basis.

Proposition 5.18. Let S(U,,, M,A) be a generalized spline space with ONTP basis. s €
S(Um, M, A) has non-decreasing and nonnegative coefficients in the B-spline basis {Njm} if
and only if Ds has nonnegative coefficients in the B-spline-like basis {Nj,—1}.

Proof. Let s € S(U,,, M, A) such that s = Z;’:&K ¢;Njm with ¢; > 0 and ¢j11 —¢; > 0. Then,
recalling (5.3),

m+K m+K m+K
Ds=DY ¢;Njm=D> ¢;(fim— Fivim) = Y (D fim—Dfjs1m)
j=1 j=1 j=1
m+K m+K m+K m+K—1

= E ;D fim — E ¢ D fitim = E:Cij—Lm—l— E: ¢ilNjm-1
j=1 =1 =2 j=1
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m+K—1

m+K—1
= E (i1 — ¢)Njmo1 = E djNjm-1,
j=1 j=1

where d; = ¢;41 — ¢;. Hence, {¢;} are non-decreasing and nonnegative if and only if {d;} are
nonnegative. O

Proposition 5.19. Let S(U,,, M,A) be a generalized spline space with ONTP basis. s €
SU,,, M, A) has non-decreasing coefficients in the B-spline basis {N;,} if and only if s has
nonnegative coefficients in any other basis of a space S'(Z:{m, M, A) obtained from S(U,,, M, A)
by knot insertion.

Proof. Let s € S(U,,, M,A) C S(l;{m, M, A) Since S(U,,, M, A) possesses the ONTP
basis, then it admits a B-spline basis and knot insertion with nonnegative coefficients. For
this reason, if s has non-decreasing coefficients in the B-spline basis of S(U,,, M, A), by knot
insertion the new coefficients are still non-decreasing because they are a convex combination of
the old ones. O]

Corollary 5.20. In particular, s must have non-decreasing coefficients in the B-spline basis
Nj . obtained by inserting each node of A up to multiplicity m — 1. In such a basis, s has on
any knot interval the same coefficients that it would have in the associated Bernstein basis.

Proof. Let s € S(U,,, M,A) be expressed in the B-spline basis as s = Z;’:EK ¢jN;m with
c; =2 0 and ¢jy1 —¢; = 0. Then on any knot interval, s, expressed in the Bernstein basis, has
nonnegative and non-decreasing coefficients:

S

L= chﬂ Bg]m with ! >0 and o, — el >0.
=1

]

Now, we describe the numerical approach for checking whether a given spline space S(U,,, M, A)
admits the ONTP basis, under the assumptions that the space satisfies the necessary condi-
tions previously mentioned in Section 5.3, namely that each U ,, is a QEC-space containing
constants and DU, ,, is a QEC-space as well.

The proposed approach consists in performing the steps of the construction outlined in Al-
gorithm 1, starting from the transition functions determined by solving (5.2). Then, at each
step j = 0,...,m — 4, it must be checked that the function w;;, is positive or, equivalently,
that the space DL;S(U,,, M, A) admits a B-spline-like basis. Finally, by Proposition 5.14 the
procedure reaches its completion at the normalization stage of step m — 2, by verifying the
existence of the B-spline basis for the space Ly, 2S(U,,, M, A).

In particular, at each step the transition functions are computed using as QEC-systems on the
knot intervals the related generalized Bernstein bases. Basically, this means that the transition
functions are represented on a Bernstein basis on any interval.

As we have seen in Proposition 5.18 under the assumptions that the ONTP basis exists, the
transition functions must have non-decreasing and nonnegative coefficients when expressed in
the B-spline basis, and so they must do when expressed in any other basis obtained from it by
knot insertion (Proposition 5.19 and Corollary 5.20). Since transition functions are represented
in Bernstein bases for this numerical approach, their positivity and monotonicity can be checked
by performing a simple test on the coefficients in any interval.
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Ultimately, the numerical test consists in checking whether, at each step 7 = 0,...,m — 2,
the coefficients ¢,., r = 1,...,m — j, in the Bernstein basis representation of each transition
function f;,,—; in each knot interval I, form a non-decreasing sequence with values in [0, 1],
namely

Cry1—Cp =0 and 0<e <1 (5.9)

Remark 5.7. If the above test on the coefficients passes at each step of the procedure, then it
means that the transition functions are monotonically increasing, their derivatives are positive,
and their sums, i.e., the functions {w,}, are also positive and thus they form a system of
piecewise weight functions. By Proposition 5.15, we can conclude that the spline space admits
the ONTP basis.

Conversely, if the test fails at any step, that is, there exists at least one coefficient that does
not satisfy conditions (5.9), then one of the functions {w;} is not positive, and by Proposition
5.17 we can assert that the ONTP basis does not exist.

In the case of generalized spline spaces with m = 3, if the requirements for the application of
the numerical procedure are fulfilled, namely if {U; ,,,} and {DU, ,,,} are QEC-spaces and {U; , }
contain constants, then the following proposition guarantees that the spline space admits the
ONTP basis and no checking is needed.

Proposition 5.21. All generalized spline spaces S(Us, M, A) (i.e., with m = 3), containing
constants and such that {DU; 3} are QEC-spaces, admit ONTP bases.

Proof. Each transition function f; 3 has in general a nontrivial expression on two knot intervals.
Being all the {DU; 5} QEC-spaces by assumptions, each D f; 3 cannot have any zero in the inte-
rior of its support. Hence, f; 3 is either monotonically increasing or monotonically decreasing.
Since by construction f; 3 takes values from 0 to 1, it is increasing and Df; 3 is positive in the
interior of its support.

Now, let us consider N;3 = f;35 — fit13, for any i = 1,...,m + K. By construction, {N;3}
satisfy properties i), iii),iv) of Definition 5.8. We prove that any N; 3 does not vanish in the
interior of its support, and that in particular it is positive, so that it enjoys also property ii). To
this aim, we show that IV, 3 can have only one extremum in its support [¢;, t;13], or equivalently,
that DN, 3 has only one zero in (t;,t;43). In fact, if DN;3 is nonzero on three consecutive
knot intervals, it has a zero at ¢;, another zero at ¢;,3, and, since all DU, 3 are QEC-spaces, it
can have at most one zero in (t;41,t;12). If DN;3 is nonzero on one or two knot intervals, by
analogous arguments it follows that it can have at most one zero in the interior of its support.
Thus N; 3 has only one maximum or minimum.

Positivity of IV; 3 can be proved by analyzing its behavior at the left endpoint of its support,
t;. Both transition functions involved in the definition of N;3 = f; 3 — fi+1,3 are monotonically
increasing and have at t; zeros of different multiplicities. For these reasons, their difference
is positive in a right neighborhood of ¢;, and therefore we can conclude that N;3 > 0 in

(ti,tivs). O

5.4.3 The particular case of an empty knot partition

In the previous sections, while addressing the problem of determining whether a given gen-
eralized spline space S(U,,, M, A) admits the ONTP basis, we assumed that each space U, ,
contains constants and DU ,, is a QEC-space. For known results already recalled, this means
that each U; ,, has the Bernstein (ONTP) basis on the related interval, and the numerical ap-
proach described in the previous section heavily relies on this fact. Hence, knowing the largest
interval on which a QEC-space possesses the Bernstein basis is a crucial information, and as
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we have mentioned in the historical overview at the beginning of this chapter, much work has
been devoted to the study of necessary and sufficient conditions to guarantee the existence of
the Bernstein basis.

In particular, in this context the following notions of critical length and critical length for design
have been introduced. We conveniently precede them with the definition of a W-space.

Definition 5.14 (W-space). An m-dimensional space U, contained in C™~(I) is a W-space
on I if the Wronskian? of any basis of U,,, does not vanish on I.

Remark 5.8. Any EC-space on [ is a W-space on [.

Definition 5.15 (Critical length). The critical length of a given W-space U, on R is the
supremum ¢ € [0, +oco| of all positive h such that U, is a QEC-space on any interval [a,b],
a < b, such that b — a < h.

Definition 5.16 (Critical length for design). The critical length for design of a given W-space
U,, on R which contain constants is the supremum ¢ € [0, +o0] of all positive h such that U,
admits the Bernstein basis on any interval [a, b], a < b, such that b — a < h.

Corollary 5.22 (|[CMPO03, Corollary 4.1]). Let U, be an m-dimensional subset of C"™2([a, b])
with constants which is invariant under translations. Let { and ¢ be the critical lengths of U,,
and DU,,, respectively. Then:

i) U< (;
ii) the space Uy, is QEC with a normalized TP basis on [a,b] if and only if b—a < {'.

To our knowledge, the value of the critical length for design has been investigated, exactly
determined or estimated, for generalized polynomial spaces of the form span{l,z,..., 2™ 3
u(x),v(x)} with suitable conditions on u(z) and v(z), and also span{1,x, ..., 2™ > uy(z), us(x),
us(x), uq(z)} [CMPO3, BM12|. These results provides us with the initial information required
to use and justify our approach. However, in all the other cases, the problem of determining the
critical length for design is still an open issue. For this reason, a numerical method to estimate
its value may be useful. To this aim, our approach based on the construction of transition
functions can be also exploited as a method for estimating the value of the critical length for
design of a given space, if it is not known. This particular application is motivated by the

following observation, based on the results recalled above and known in the literature.

Remark 5.9. Let U,, be an m-dimensional QEC-space on [a, b] containing constants, and let
us consider a generic Bernstein-like basis {V;,,,7 = 1,...,m} (which exists by Proposition
5.8). Moreover, let {V;,,} be the functions obtained via scaling the basis functions {V;,,} by
coefficients {¢;} such that >, ¢;V;,,, = 1. We call such {Vlm} a signed normalized Bernstein-
like basis.

If we consider the family of all bases of this type obtained as the length of the interval [a, b]
varies, we can observe that, on intervals for which the Bernstein basis exists, the {f/zm} are all
positive. Instead, on intervals for which the Bernstein basis does not exist, some of the {\N/Zm}
are positive and others are negative. Since the functions of this family vary with continuity as
the length of [a, b] varies, for at least one index i we have that f/lm passes from being positive
to being negative, and f/,-m = ( represents the critical situation corresponding to the critical
length for design ¢'. In this case, we remark that a signed normalized Bernstein-like basis does
not exist.

2The Wronskian of m functions ui, ..., u,, € C™ (I) is a function on I defined as the determinant of the
matrix constructed by placing the (r — 1)th derivative of the functions in the rth row, r = 1,...,m.
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In view of the above observation, a possible approach for computing the critical length for
design ¢ of a given space relies on determining the critical value for which our constructive
method does not provide a basis for the space, since at least one of the generated functions
is zero. This criterion can be reformulated in terms of the transition functions, based on the
following result.

Proposition 5.23. Let U,, be an m-dimensional QEC-space on [a,b]. U, has the Bernstein
basis {B;m} if and only if all transition functions fim,, i = 1,...,m, are monotonically non-
decreasing in [a, b].

Proof. Let us express the transition functions in terms of the Bernstein basis functions as f; ,, =
Z;n:z Bjm, for i =1,...,m. Trivially, {fi,,} take values in [0, 1] and f;,, > fit1,m. From the
variation diminishing property of the Bernstein representation, each f; ., is monotonically non-
decreasing because its coefficients in the Bernstein basis form a monotonically non-decreasing
sequence 0,...,0,1,... 1.

Conversely, let the transition functions {f;,} be determined, and define the functions B;, =
fim — fixim, fori =1,...,m —1, and B,,,, = fmm. Since each f;,, is monotonically non-
decreasing and takes values from 0 to 1, then {Df;,,} form a Bernstein-like basis of DlU,,.
Hence, by Proposition 5.8, DU,, is a QEC-space and, by Proposition 5.9, { B; ,,, } is the Bernstein
basis. O

Remark 5.10. According to the above results, we can distinguish the following situation de-
pending on the length of the parametric interval.

e On [0,0), fim > fiz1m for i =1,...,m, and the transition functions are monotonically
increasing;

e on [0, /], at least two transition functions coincide;
e on [0, (), there exists an index i such that f;,, < fit1m;
e on [0, /], the linear system (5.2) arising from conditions (5.1) is singular.

Ultimately, the numerical approach for estimating the value of the critical length for design of
a given m-dimensional QEC-space U,, on [a, b] that contains constants consists in the following
steps:

1. Determine the transition functions {f;,,} by imposing conditions (5.1);

2. Foralli =1,...,m — 1, check whether f;,, > fit1m:
if two consecutive transition functions coincide, then the related signed normalized Bernstein-
like (basis) function is zero, and the length of the interval [a, b] gives the value of the critical
length for design ¢'.

Remark 5.11. This test must be performed on each knot interval also during the numerical
procedure proposed in Section 5.4.2 for checking the existence of the ONTP basis in generalized
spline spaces, in order to verify the existence of the Bernstein basis on each knot interval.

Remark 5.12. If U,, is invariant under translations and reflections, the transition functions are
symmetric with respect to the line through (a,0) and (b, 1). For this reason, it is sufficient to
check only f; . and fi11,, with i > 3.
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Besides the results on critical lengths, also many explicit formulations of Bernstein bases for
specific generalized spaces have been proposed during the years. We can exploit this fact to
improve the performance of the proposed approach for the construction of the ONTP basis
of a generalized spline space. In fact, if the explicit expression of a Bernstein basis is already
available for a certain space, we can choose such a basis as the QEC-system for the computation
of transition functions. This entails an improvement of the numerical stability because of the
well-known properties of the Bernstein basis.

As we have recalled above, in the case of an empty knot partition, the problem of determining
the largest interval on which a given space admits the Bernstein basis has been addressed by
introducing the notion of critical length for design and devising methods for the computation
of its exact or approximated value. In this context, the approach based on the theory of weight
functions is of little use, unlike what happens in the spline case.

However, it may be interesting to see an application of the construction of weight functions
outlined in Algorithm 1 in the case of generalized polynomials, in order to explicitly derive the
expression of the canonical basis of an EC-space.

Remark 5.13. (Canonical basis) The system of weight functions constructed as in Algorithm 1
can be exploited to provide the expression of the canonical basis of a given EC-space on |a, b]
in terms of transition functions:

m@ o) [Cwten [T [ et dte

:Zm:C_Q)fm() r=2,. . m—1,

i=r+1

where in particular ¥,,—1 = fim.

5.5 Numerical examples

This section presents some examples in which the existence of the ONTP basis is tested
through the procedure described in Section 5.4.2. We remark that, although for completeness
the figures will show also the transition functions together with the generated bases, in general
the existence of the ONTP basis cannot be proved by a simple inspection of the transition
functions. In fact, in order to produce an answer regarding the existence of the ONTP basis,
the above procedure must be performed. However, in the case in which the transition functions
are not monotonically increasing we can readily conclude that the considered space does not

admit an ONTP basis.

Example 5.1. Let us consider the generalized spline space S(Us, M, A) on a uniform knot
partition with intervals of length h, and where the EC-spaces have dimension m = 5 and are
U; 5 = span{1, cos(6;z) cosh(¢;x), cos(#;x) sinh(¢p;x), sin(;z) cosh(¢p;x), sin(h;z) sinh(¢p;x) }, with
0; =1 and ¢; = ¢ > 0 for all 7.
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Letting h vary, the procedure presented earlier allows us to verify numerically that such a spline
space admits the ONTP basis if h < m, as illustrated in Figure 5.2. This result agrees with the
conditions presented in [BM14|, where the considered space is labeled as “Case 9”.

If we consider the more general setting of a non-uniform knot partition and also allow the
parameters 60;, ¢; to be possibly different on each interval, no closed-form conditions for the
existence of the ONTP basis of the spline space are available. This lack of theoretical results
reinforce the importance of the proposed numerical test as a way for checking whether the
ONTP basis exists for a given spline space with specific sets of parameters and interval lengths.
Figure 5.3 shows the transition functions in two cases that differ only in the lengths of two
knot intervals. In one case, the test affirms that the ONTP basis exists, while in the other the
transition functions are not monotonically increasing, the test fails to pass and allows us to
conclude that the ONTP does not exist.

Example 5.2. In this example we consider on each knot interval I; the space U; ¢ = span{l,t,
(1 = 8)", ", cos(Bpx), sin(6;x) }, with @ € [z;,w51], ¢t == 7=~ € [0,1], and n > 3, which is a
QEC-space proper.
In the case of a uniform knot partition, fixing §; = 1 for all 4, the pass/fail machinery of the
numerical test allows us to estimate the largest width for the intervals that, for any value of
the exponent n, guarantees the existence of the ONTP basis of the spline space. In particular,
the length of each interval must be smaller than 7 (see Figure 5.4).

As in the previous example, in the more general cases in which different interval lengths
and/or parameters ¢; are allowed, the test provides us with either a positive or a negative
answer regarding the existence of the ONTP basis in each specific situation.

Example 5.3. Recalling Definition 5.8 and Proposition 5.2, this example exhibits a peculiar
case showing that the requirements for the existence of an ONTP basis are indeed stronger
than the ones for having a B-spline basis.

In particular, in Figure 5.5 we consider a spline space that does not admit the ONTP basis, as
the numerical procedure correctly determine, although the basis constructed by our approach
(showed in Figure 5.5(a)) satisfies properties i)-iv) in Definition 5.8. On a closer inspection,
one of the functions {w;} constructed as in Algorithm 1 is in fact found to be nonpositive, as
we can see from Figure 5.5(h), thus the ONTP basis does not exist.

An illuminating way to explain this behavior is to consider knot insertion. In particular,
Figure 5.5(i) shows the situation after the insertion of a knot in one of the intervals. It is now
evident that the basis obtained in this case is no longer a B-spline basis, thus the initial basis
does not meet all the conditions of Proposition 5.2 and is not ONTP.

Example 5.4. We consider the space Us = span{l,cosz,sinz}, = € [0,h]. It is a QEC-
space on [0,27), and the space obtained by differentiating its generators, namely DUs =
span{cos z,sinz}, is a QEC-space on [0, 7). Therefore, by Proposition 5.9, Us possesses the
Bernstein basis on any interval [0, h] with A < 7, and, recalling the definitions in Section 5.4.3,
the values 27 and 7 are respectively the critical length and the critical length for design for
this space.
As we have seen, the Bernstein basis can be constructed by exploiting the proposed approach,
and it is showed in Figures 5.6(a) and 5.6(b). Moreover, if h € (7, 27), the space does not admit
the Bernstein basis and the proposed construction produces instead a Bernstein-like basis, up
to a sign inversion of the functions that are negative (Figure 5.6(c)). For h > 27, Us is not a
QEC-space and the generated set of functions is not even a Bernstein-like basis (Figure 5.6(d)).
In the spline setting, illustrated in Figure 5.7, on a uniform partition with intervals of length
h < 7 we obtain the ONTP basis, as expected. On the contrary, for larger intervals the spline
space does not possess the ONTP basis.
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Figure 5.2: Top row: bases generated by our approach for the spline space S(Us5, M,A) on a
uniform partition with interval length h, where U; 5 = span{1, cos(#;x) cosh(¢;x), cos(6;x) sinh(¢;x),
sin(f;x) cosh(¢piz), sin(f;x) sinh(¢p;z)} with 6; = 1, ¢; = 0.5 for all 7. In particular, (a), (b) for h <7
the spline space admits the ONTP basis, while (c) for larger values of h the set of generated functions
has no meaningful properties. Bottom row: related transition functions.

5.6 Computation and modeling in spaces of generalized
splines

In this section we discuss some computational and modeling aspects that may be of interest
from the point of view of applications. In particular, we make some remarks about knot inser-
tion, we provide order elevation algorithms for generalized splines and corner cutting evaluation
algorithms for generalized polynomials. Moreover, we summarize in an algorithmic form the
main computational tools that can be drawn from the constructive approach, and finally we
illustrate some application examples.

In the following, we will refer to the representation of a spline s € S(U,,, M,A) in the
B-spline basis {N;m,i =1,...,m+ K} of S(U,,, M, A), namely

m+K

s(@)= Y ¢ Nim(z),  x€lab]. (5.10)

=1

5.6.1 Knot insertion in generalized spline spaces

In this section we give further insights concerning knot insertion in spaces of generalized
splines. In particular, after some remarks on the knot insertion formula (5.7) presented in
Section 5.3.1, we discuss some aspects to take into account when performing knot insertion in
generalized spline spaces, and we illustrate them with the help of some examples.

Remark 5.14. In (5.7) oy, is determined by computing the ratio of the derivatives of the
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Figure 5.3: Top row: bases generated by our approach for the spline space S(Us, M,A) on

non-uniform knot partitions (a) A* = {0,0,0,0,0,2,3.5,5.5,8.5,8.5,8.5,8.5,8.5} and (b) A*

{0,0,0,0,0,1,,3.5,5.5,8.5,8.5,8.5,8.5,8.5}, where for all i U;5 is as for Figure 5.2. In case (a) the
spline space admits the ONTP basis and it is the one showed. Conversely, in case (b) such a basis does
not exist. In particular, in this case the basis obtained by the proposed construction is a B-spline-like
basis, provided that the sign of the negative function is inverted. Bottom row: related transition

functions.
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IO KN #

0 6 8 % 3 6 9 2, 3.2 6.4 9.6 12.8
1 1
1
// // 0
% 2 4 6 g % 3 6 9 12 0 3.2 6.4 96 128
(a) h=2 (b) h =3 (c) h =32

Figure 5.4: Top row: bases generated by our approach for the spline space S(Ug, M,A) on a
uniform partition with interval length h, where U; ¢ = span{1,t, (1 — t)",t", cos(#;x),sin(6;z)}, with
= % € [0,1], n =8, and #; = 1 for all i. In particular, (a), (b) for h < 7 the spline space admits
the ONTP basis, while (c¢) for larger values of h the set of generated functions either is a B-spline-like
basis (up to signs) or has no meaningful properties. Bottom row: related transition functions.
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XXX

(@) {Nim} € LoS=S (b) {fim} € LoS =S (€) {Nim_1} € DLyS

1t 1 1

—
0 R o : :
(d) {fim-1} € DLyS (e) wy € DLyS (f) {fim—1} € L1S
1 1
@W o
0 . . N\ . , ‘ ‘ ‘ ‘ ‘ ‘ ‘
(8) {Nim-1} € 1S (h) ws € DLyS

() {Nim}

Figure 5.5: Example of a B-spline basis that is not ONTP. We consider the spline space
S = S(Us,M,A) on a periodic uniform knot partition with intervals of length 3.5, and U;5 =
span{l,z, 22 cosz,sinx} for all i. Referring to Algorithm 1 for the notation, (a)—(g) illustrate the
first steps of the procedure for the construction of the sequence of functions {w;}, exploited to check
the existence of the ONTP basis in the given spline space. Since one of these functions, namely ws,
is found to be nonpositive (see (L)), we can conclude that the space does not admit an ONTP basis.
Thus, the basis generated by our construction and showed in (a) is not ONTP, but only a B-spline
basis. The fact that the space does not possess an ONTP basis can be inferred also by performing
knot insertion in one interval (e.g., the central one) and observing that the basis generated on the finer
partition is not a B-spline basis (see (i)), thus violating the requirements in Proposition 5.2.
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1
b
0
00 2 00 3 0 4 0 7
1 1
1
b
0
GO 2 00 3 0 4 0 7
(a) h=2 (b) h=3 (c) h=4 d) h=1

Figure 5.6: Top row: bases generated by our approach for the space Us = span{1, cosz,sinz}, with
x € [0, h], in correspondence of different values of h. In particular, (a), (b) for h < 7 the construction
produces the Bernstein basis, while (¢) for h € (7, 27) it generates a Bernstein-like basis, provided that
the sign of the negative function is inverted. (d) For h > 2, the set of functions has no meaningful
properties. Bottom row: related transition functions.

—_

X

0 2 4 6 8 0 3 6 9 12 ¢ 4 8 12 16
1 1
]
0
% 2 4 6 s % 3 6 9 12 0 4 8 12 16
(a) h =2 (b) h=3 (c) h=4

Figure 5.7: Top row: bases generated by our approach for the spline space S(Us3, M, A), with
U; 3 = span{l,cosx,sinx} for all ¢, and uniform knot partition, in correspondence of different values of
the length h of the intervals. In particular, (a), (b) for A < 7 the spline space admits the ONTP basis,
while (c¢) for larger values of h the set of generated functions has no meaningful properties. Bottom
row: related transition functions.
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transition functions of the appropriate order k7, + 1 such that they are not zero at x;,. Note

that f; ,, and fim have at z;, the same order of continuity. The need for the right-hand derivative
is explained by the fact that the considered order of differentiation is greater than the order of
continuity of the transition functions.

Remark 5.15. Formula (5.7) provides a way for computing the coefficients «; ,,, for all i. Note
that, in the case of an EC-space, k], is equal to k;;,, so it can be determined easily from the
multiplicity of z;,. On the contrary, in the case of a QEC-space proper, k}; > ki, and its
exact value depends on the specific space that is used.

Proposition 5.24. Let

m+K m+K+1
s(@) =Y iNim(z)= Y &Nip(x)
=1 =1

be a spline in S(U,,, M, A) C S(Z;lm, M, A), being the setting the same as in Proposition 5.12.
Then, from Corollary 5.13 we easily obtain

Ci, Z<€—m+1,
¢ = ai,mcz-—i—(l—ozi,m) Cic1, {—m+2<i<l—r+1, (511)
Ci—l) Z>€_T+2,

With iy, 1 =0—m~+2,...,0—r+1, as in (5.7), and where r is the multiplicity of the inserted
knot in A*.

The given definition of a generalized spline space allows for a different QEC-space U; ,,, to be
present in each interval of the knot partition. Inserting a knot in a certain interval I; entails
redefining the QEC-systems that span each of the subintervals into which the original interval
is split in such a way that the new spline space with the additional knot contains the initial
spline space. One way to guarantee this inclusion for any kind of space consists in choosing the
new QEC-systems to be equal to the parent one (i.e., the generators will be still defined on the
coarser interval).

However, we observe that there exist interesting generalized spline spaces where this choice
is not the only viable strategy for inserting a knot. This is the case of some splines in which
the underlying QEC-spaces differ for a parameter only, such as, for example, the trigonomet-
ric splines [MP10], where the QEC-space associated with an interval [z;, z;,1] is spanned by

{1, cos(6;t),sin(6;t)}, with t = x—z; and 6; € (O, x,Jﬂv). In such cases, depending on whether
the functions in the QEC-space are invariant under scaling, two possibilities exist for choosing
the QEC-spaces on the two subintervals, while guaranteeing that the initial spline space is

contained in the new one:

1. we still use the QEC-space defined on the original interval, simply restricting it to either
subinterval,

2. we define two new QEC-spaces and related QEC-systems, each of which is associated with
a subinterval and such that they can reproduce the functions in the original QEC-system,
thus guaranteeing the inclusion between the spline spaces.

The difference between the two ways of proceeding is substantial. In fact, in the first way
the QEC-systems on the refined intervals will be equal to those of the parent coarse interval.
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On the contrary, in the second way the new QEC-systems will be peculiar to the refined knot
intervals. We remark that the latter way of proceeding is not always feasible, but when it is, it
generates the same system of transition functions obtained through the former one.

Our distinction between the two kinds of knot insertion is motivated by the usual association
of the notion of knot insertion with refinable spline spaces only. Nevertheless, this association
is not mandatory, since there exist generalized spline spaces that, although not refinable, admit
the knot insertion according to the first above strategy. Some examples of such spaces are

ny 4n : (1-1)3 3 :
span{1,t, (1—¢)" t"2} with ny,ny > 3, and span < 1,1, T B0 5D with p, v > 3,
where t = "’il—m [0, 1]. Conversely, examples of generalized spline spaces where refinability

holds are all those of mixed algebraic/trigonometric/hyperbolic splines.
The following example illustrates how to choose suitable QEC-spaces to perform knot inser-
tion according to equation (5.7).

Example 5.5. Given a spline space S(U,,, M, A), we want to insert a knot , 2, <1 < zp41,
to generate the space S (I;{m, M , A) According to Proposition 5.12, we need that the space
SUm, M, A) be included in S (Z;{m, M, A) This can be accomplished by suitably choosing
the spaces Z/Alh,m and Z/A{h+17m, and setting LA{WL = U, for any 7 < h and Z]Zm = U1, for any
i >h+1.

a) We start by analyzing the case where Uy, ,, = span{1,¢, (1—¢)"t» "1} with ny p, 19 > 3,

t = z::—f’;’ and x € [z, 2p.1). The only feasible way to perform knot insertion in this

situation requires to set:
° Z/A{;Lm = span{1,t, (1 — t)"r t"2n) with o € [z, 1), t = J:l—ff;h,

o Upi1m =span{l,t, (1 —t)"r 720} with 2 € [f, 2p4q), t = —Z—2—

Tht1—Th’

and thus ny j, noj, are the same as for Uy, ,,. In fact this is the only choice that guarantees

that the generators of U, ,,, can be represented by the generators of L{hm and Uh+1 m Ol
the two intervals [z, ) and [f, 2;,,1) respectively.

b) Consider now the case where Uy, ,,, = span{l,t, cos(0xt), sin(0,t)}, with ), € (0, th—xh)’
t =x —xp, and © € [z, 2p41). For this space we could proceed analogously as above, but
since in this case the space is invariant under translation and scaling, we can also choose:

o Uy, = span{1,t,cos(0t), sin(Opt)}, with = € [z4,1), t = x — x4,
o Upi1m = span{l,t,cos(O,t),sin(0,t)}, with z € [, zp11), t = 2 — L.

In particular, for a space where refinability holds, the two kinds of knot insertion lead to
the same result.

5.6.2 Order elevation in generalized spline spaces

Let SUpm, M, A) and S(U,pin, M, A), n > 1, be two spline spaces such that S(U,,,, M, A)
C S(U s, M, A). Then we will show that there exists an order elevation algorithm in the
sense that the B-spline basis {N;,} of S(U,,, M, A) can be expressed as a linear combination
of the elements of the B-spline basis { N; ysn} of S pin, M, A), where M and A are obtained
from M and A by simply increasing by n the multiplicity of each knot. In particular, the basic
steps of the order elevation algorithm are:

1. subdivide the spline into pieces expressed in terms of the Bernstein basis;
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2. apply the order elevation to each piece in the Bernstein basis;
3. remove the redundant knots.

The above steps can be applied repeatedly starting from a space of dimension m up to a space
of dimension m + n. As regards the implementation of step 1, we only need to recall that,
for any generalized spline, the Bernstein-type representation can be achieved by performing a
suitable number of knot insertions to obtain a partition with knots of multiplicity m. Thus,
in the following, we will focus on the second step of the algorithm, which requires providing a
relation between the Bernstein bases of order m and order m+n. In this regard, n = 1,2 are the
essential cases to consider. In particular, several reasons motivate the need for a direct formula
to accomplish elevation by two orders at once. In fact, not only there exist Bernstein bases
of QEC-spaces of dimension m that cannot be expressed via convex combinations of elements
of Bernstein bases for QEC-spaces of dimension m + 1 [CMSR98]|, but also 2-order elevation
turns out to be useful when working with spaces containing trigonometric (and/or hyperbolic)
functions, because such functions are coupled as elements of the null space of differential op-
erators. In the latter spaces, besides being computationally less efficient, proceeding through
1-order elevations could also raise some issues, as illustrated by the following example.

Example 5.6. We want to order-elevate the EC-space span{1,t} to span{1, ¢, cos(6t),sin(6t)},
where ¢ € [0,1] and ¢ has a fixed value in (0, 7). We shall observe that, for values of § > 7,
the strategy of performing two successive elevations by one order is not feasible if we start
by elevating span{l,t} to span{l,t,sin(6t)}, because the latter space is an EC-space in the
range 0 € (0,%) only. Conversely, the strategy of elevating to span{l,t,cos(ft)} first, and
successively to the target space span{l,t,cos(0t),sin(6t)} is feasible. This example illustrates
that proceeding through successive elevations by one order is potentially troublesome when the

target space contains an additional couple of trigonometric functions (or hyperbolic likewise).

The following result holds in the case n = 1, where we denote by U, an m-dimensional

QEC-space.

Proposition 5.25. Let {B;,,,i = 1,...,m} and {B;m41,7 = 1,...,m+ 1} be the Bernstein
bases in [a,b] for the generalized spaces Uy, and Uy,+1 with Uy, C Upmy1. Then there exist the
coefficients vi,. .., Yma1, with 0 < v, <1,i=1,...,m+ 1, such that

Bz,m(l') =Y Bi,m-‘,—l(x) + (]_ — ’7i+1) Bi—l—l,m-‘,—l(x); 7 = 1, cee,m, T E [(l, b] (512)
In particular,
1, i1,
Diilfim(a)
i = ——————, 1=2,...,m, 5.13
! D=1 fi my1(a) ( )
0, 1=m+1,

where f;m and f;mi1 are the transition functions that define respectively the {B;,,} and the
{Bim+1}-

Proof. From the conditions (5.1) that define the transition functions, the generalized Bernstein
basis functions B; ,,, ¢ = 1, ..., m, have zeros at the endpoints a and b with multiplicities i — 1
and m — i respectively (as is well known in the polynomial case). Hence, the relation between
the bases of orders m and m + 1 must have the form

Bim(z) = i Bim41(x) + 6i11 Big1,mt1(2), x € [a,b)].
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In fact, if B;,, were a combination of additional basis functions, it could not have a and b as
zeros of the above-mentioned multiplicities.

By construction we know that at a By, and By 41 are 1 while By, 41 is 0, thus v; = 1. A
similar reasoning at b leads to d,,,1 = 1.

In addition, we know that the bases are positive for all = € (a,b) and that D' B ,,(a) > 0
for i = 2,...,m, therefore ~;, ;11 > 0. Since

m m m—+1
1= Z B;m(x) = Z (% Bim+1(z) 4+ 031 Biy1ms1(2)) = Z Bim+1(x),
i=1 i=1 i=1
for all x € [a,b], we have v; = 6,41 = 1 and 7; + 6; = 1 for ¢ = 2, ..., m, proving that
1; Z — 17
DiilBZ‘ m(a)
T = A ’ 5 = 2, ey 5
7 Di=1B; yi1(a) ! "
0, i=m41,
from which (5.13) immediately follows. O

m m+1
Corollary 5.26. Let p(z) = Zci Bim(x) = Z ¢ Bim+1(2), © € [a,b]. Then from equation
i=1 i=1

(5.12) we easily obtain

017 7/:1,
¢ = ’%‘Ci“i_(]-_’%)ci—la i:27"'7m7 (514)
Cm7 Z:m+1’

with v;, 1 =2,...,m, as in (5.13).
Elevation by two orders can be performed as stated in the following proposition.

Proposition 5.27. Let {B;,,,i = 1,...,m} and {B; 42,7 = 1,...,m + 2} be the Bernstein
bases in [a,b] for the generalized spaces Uy, and Uy,yo with Uy, C Upio. Then there exist the
coefficients Yi,...,Yma2 and da, ..., 0mia, with 0 < v < 1, i =1,....m+2, 0 < 9; < 1,
i=2,...,m+2, such that for all x € [a, ]

Bzm<x) =7 Bz‘,m+2(I) +5i+1 Bz‘+1,m+2($) + (1 —Yi+2 — 5z‘+2) Bi+2,m+2(m>7 t=1,...,m. (5-15)

In particular,

1, i=1,
v; = %, i=2,...,m, (5.16a)
0, 1=m+1,m+ 2,
1=, | | i=1,
Siv1 = %—%H+LW“g%;ZZ£¢“®,i:z“wm, (5.16b)
0, t=m-+1,

where fim and f;mio are the transition functions that define respectively the {B;,,} and the
{Bim+2}-
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Proof. From the conditions that define the transition functions, the generalized Bernstein basis
functions B, ,,, ¢ = 1,...,m, are zero at the endpoints a and b with multiplicities ¢ — 1 and
m — i respectively (as is well known in the polynomial case). Hence, the relation between the
bases of orders m and m + 2 must have the form

B; (%) = i Bim12(%) + 0it1 Bit1,m+2(%) + €42 Biyomro(2), z € [a,b].

In fact, if B;,, were a combination of additional basis functions, it could not have a and b as
zeros of the above-mentioned multiplicities.

By construction we know that at a By ,, and Bj ;42 are 1 while By ,,42 and Bj 42 are 0,
thus 77 = 1. A similar reasoning at b leads to €,,,o = 1.

In addition, we know that the bases are positive for all z € (a,b) and that D' B, ,,(a) > 0
for i = 2,...,m, therefore ~;,d;11, €40 = 0. Since

m—+2

1= Z Bim(x) = Z (i Bimt2(2) 4 0541 Biv1,m+2(x) + €42 Biyomia(x)) = Z Bimi2(),
i=1

i=1 i=1

m

for all x € [a,b], we have v; = €pio =1, %o+ 92 =1, Opps1 + €1 = 1, and v, + 5; + ¢, = 1, for
t=3,...,m, proving that

1, i=1,
Di_lBi m(a)
i = ; : 5 = 27 sy 1y
7 Di=1B; 42(a) ' "
0, t1=m+1,m+ 2,
I 25 L= 17
52'-1—1 - : (a) gk , +2(a>7 L= 27 -, M,
DiBiy 1 mi2(a)
0, 1=m+1,
from which (5.16a) and (5.16b) follow. O
m m—+2
Corollary 5.28. Let p(z) = Zci B;m(x) = Z ¢i Bimia(x), x € [a,b]. Then from equation
i=1 =1
(5.15) we easily obtain
(¢, i=1,
’}/202+<1—’}/2)C1, 222,
51' = %-ci—i—éz-ci_l—i—(l —’)/1—61) Ci—2, i:3,...,m, (518)
Om+1Cm + (1 — Sm1) Cn1, i=m+1,
Crm,s t=m+ 2,

with ~v;, 1 =2,...,m, as in (5.16a) and §;, i = 3,...,m+ 1, as in (5.16Db).

5.6.3 Explicit formulae of basis functions and corner cutting algo-
rithms

As we have already anticipated, in Section 5.6.5 we will see that our approach can be simply
translated into numerical procedures for the computation in spaces of generalized splines. As
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an alternative, it is interesting to exploit the proposed approach to work out through symbolic
computation the explicit expressions of the basis functions and corner cutting algorithms for
stable evaluation and splitting of generalized spline curves. Although our discussion is confined
here to some relevant examples, we believe that this aspect of our approach is of general interest,
because it provides a starting point for both studying many other particular cases and tackling
the wider problem of devising general formulae for whole classes of spaces.

In this section, by direct application of the constructive method presented in Section 5.3,
we will easily derive the symbolic expression of the Bernstein and B-spline (ONTP) bases for
spaces that are among the most useful for design and widely considered in the literature.
Moreover, we will investigate the existence of corner cutting algorithms via repeated knot
insertion. Such algorithms perform a finite number of iterations, where each step consists of a
convex combinations of control points. This feature guarantees stability of the algorithm and
also offers an interesting geometric interpretation. In fact, while evaluating a curve at a given
parametric value, these algorithms generate as a by-product the splitting of the curve at that
parameter, by providing the control polygons of the two parts. The most famous examples
of corner cutting algorithms are those by de Casteljau and the de Boor, which respectively
provide a stable evaluation procedure for polynomials expressed in the Bernstein basis and
polynomial B-splines. We will thus refer also to the analogous methods for generalized splines
as de Casteljau and de Boor algorithms.

5.6.3.1 Bernstein bases

Proposition 5.29. Let us consider the space Us = span {1, cos(6t),sin(0t)} with t € [0,1] and
0 € (0,m). The Bernstein basis functions for this space are:

1= cos(8(1— 1)) _ sin? (41— 1)
1 —cosf sin® (9) ’

_pc0s(5) L (0 (8
Bys(t) = 2Sin2 (g) sin (5(1 — t)) sin (§t> ,
_ 1—cos(ft) sin® (t)
Baalt) = 1—cosf  sin? (5)

or, expressed in an alternative, more compact form.:

By 5(t) 0 1 0 1
Bos(t) ] =11 -1 -1 Bs33(1 —1t)
Bs5(t) 0 0 1 Bs3(t)

Proposition 5.30. Let us consider the following spaces of the form Uy = span {1,t, u(t),v(t)}
with t € [0,1]:

A) u(t) = cos(0t) and v(t) = sin(0t), with 6 € (0, 27);
B) u(t) = (1 —1t)" and v(t) = t", withn > 3;
C) u(t) =

The Bernstein basis functions for the considered spaces are respectively:

—(1 Y and v(t) =

3D with h >

3
T+ (h—3)(1—0)t’
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A)
0= 01— sincos(6t) + cos fsin(6)
6 — sind ’
Bou(t) = Baa(1—1)
= 771~ 080) (Beon0 —sin0 + (1 — cos)i + (sn — Ocos ) cos()
(1 — cos — O sin ) sin(01))
Baa(t) = ﬁu — c0s8) (0 — sin — 0(1 — cos O)t — (0 — sin 0) cos(6t)
(1 = cos ) sin(81))
_ %)(1 — cos8) (8 — sin6)(1 — cos(88)) — (1 — cos 6) (8¢ — sin(6t))),
) =555
with F(t) = (0 — sin 0)(2(1 — cos ) — Osin )
B)
Bua(t) = Bua(1—1t) = (1— )",
By y(t) = Bsy4(1—1t) = %2 (—14+n(1—t)—(n—1)(1—=t)"+1t")
= (=)A= =t (= D)1= 1) 1),
Bya(t) = ﬁ (—14nt+ (1= 8" — (n— 1))
= (A (= D (=0 — (- D),
Bua(t) =t
C)
Bt = Bl = = gy
h(l—t)%

h(1 —t)t?
14 (h=3)(1—t)t’
t3
1+ (h—=3)(1—1t)t

T1t(h-3)(1 -0

B374(t> ==

B4’4(t) =

Alternatively, these Bernstein basis functions can be expressed in the following compact form:

Bl74(t) 0 0 o+71 0 1—1¢
B274(t) . 1 o T —0 —T t

B3’4(t) o o+717 | T O —T —0 B4,4<1 — t) ’
B474(t) 0 0 0 o+T B474(t)
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where o, T, and By4 are given by:

A) o =0cosf —sinf, T =0 —sinb, and By4(t) = 9?5;?52”?

B) o =n—1,7=—1, and By(t) = t™;

C)o=h—1,7=—1, and Bu(t) = S5

Proposition 5.31. Let us consider the space Us = span {1,t,t?, cos(0t),sin(0t)} with t € [0, 1]
and 6 € (0,27). The Bernstein basis functions for this space are:

Bi5(t) = Bs5(1 —t),
B275(t) B4 5(1 — t)
0 (—sinf —O(1 —t)t(1 — cos @) + sin(0t) + sin(6(1 — t)))

Bss(t) = ,
(9(:08 ( ) — 2sin (g))
1 —cosf) (2 — 0%t?) + 2((0t — sin tsin @) 4 cos(6(1 — t)) — cos(Ot
Bus(t) = ( ) ( ) +2(6( 6( t) — )2 (0(1—1)) (01)) L Bas(t),
(Qcos (5) — 2sin ( ))
2(1 — cos(At)) — 0°t>
B:5(t) =
s5(t) 2(1 —cosf) — 0%
or, expressed in a more compact form:
By 5(t) (1—t)?
By 5(t) 2(1 —t)t
B3s(t) | =C t? ,
By 5(t) Bs5(1—1)
Bs 5(t) Bs 5(t)
) L 0(6—sin 0) - (9—sin0)((2—02)cos0+2esin0—2) . __ tan?d
where, setting A = Toos6 T 10smd’ O = 2sin0(9cos(8)—25in(2))° Ti=0+ A and v = 52,
the matrix C is
0 0 0 1 0
o v T —0 —T
o= |- 12 r(3-2) —r(-) 7(t-2)
T v o —7 —0
0 0 0 0 1

5.6.3.2 De Casteljau algorithms

For any given Bernstein basis of an m-dimensional QEC-space U,, we can provide a de
Casteljau algorithm for the stable evaluation of the associated Bézier representation. This

algorithm can be sketched in the following form, where ¢;, i = 1, ..., m, denote the coefficients
of the Bézier representation in the Bernstein basis of U, and ¢ € [0,1] is the evaluation
parameter. The additional quantities oJ ,0=1,. —1,5=1,...,m—/{, that appear in the

expressions depend on the value ¢ and are obtamed by considering suitable ratios of transition
functions defined on the different knot partitions that underlie each step of the algorithm:

k41
o DY fim(xy)

Wi = 3% 11 -
DI fim(j,)

Y

J
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where {f; .} are the transition functions defined on the extended partition obtained after the
(th insertion of ¢, and £, is determined as for (5.7).

Algorithm 2 (de Casteljau algorithm).

Input: ¢ € [0,1];
A .:C“Z—l LM
W S .
wj, =1, ,m—l,j—l,...,m—f,
for ¢/ =1,. —1

forjzl,...,m 12

0 _ £y -1 ¢ -1

c;=(1—-wj)e; +wjcii; i
Output: ¢!, the value of the Bézier representation at t.

Let us observe that the above algorithm can be compactly expressed in the following matrix
form:

C1
Ca
Qm—l Qm—? e Ql : )
Cm
where , ,
1—w]  wy .
Q, = l—wy wy € ROm—0x(m—t+1)

1= Wiy Wiy
In the following, we provide the explicit expressions of the coefficients wf for some QEC-
spaces:

e span {1, cos(6t),sin(0t)} with 6 € (0, 7);

e span{l,t,u(t),v(t)}, where either u(t) = cos(6t),v(t) = sin(ft) with 6 € (0,27), or u,v
as in [Cos00] or as in [DG85|.

In all cases, we will denote by {B;,} the Bernstein basis of the considered space and deal with
functions p(t) = Y"1, ¢; B;m(t) expressed in such a basis with coefficients {¢;,i =1,...,m}.

Figure 5.8 shows some examples of the application of de Casteljau algorithms for the evalua-
tion of generalized Bézier curves built on the above-mentioned spaces and in space span{1, ¢, {2,
cos(6t),sin(6t)} with 6 € (0, 27).

Proposition 5.32. Let us consider the space span {1, cos(0t),sin(0t)} with 6§ € (0,7) and
t €[0,1). Then, for anyt € [0,1],

1—wl Wl 0 ‘1
p(a:(l_‘”% W%)( 0 ! ! 1 1> Ca |,

1 —wy; ws o
where
. cos &sin (42) 2sin (4(1 —17))
e sin £ cos (&1) =1 sinf cos (4(1 — %)) + (1 — cosf) sin (4(1 — 7))’
ol = 2sin (41)

~ sinf cos (41) 4+ (1 — cos ) sin (£¢)’
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in (27 81 —1 h B ¢ h
wf = — (27 C(?S (92( }) = sin (gt) sin <Qt) + C?Sg CoS (Qt> .
sin 5 2 2 sin 5 2

Proposition 5.33. Let us consider the space span{1,t,cos(6t),sin(0t)} with 6 € (0,27) and
t € [0,1). Then, for anyt € [0,1],

1—wl Wl 0 0 “1
2 2 1 1
p=(-ut W) (P L )0 e w0 ) e
2 2 0 0 1-w; wj Ci
where
(,ul . 65—8111(91?) ojl . 6(0'2—1?)4-0'0 (,ul . ‘9(0'14-(1—{))—0'()
t (9—Sin9)0'2’ 2_9(0'2—0'1—1)4-20'0’ 5 ((9-81119)0’1
2:9(0'1"‘0'2—1)2?4‘20'0 w2: 9(0’12?—0'2(1—1?))4‘0'0
! 0(0’2—{)4‘00 ’ 2 9(0’14‘(1—{))—00 ’
3 (0t — sin(6t))oy
L 0(0’1{— 0'2(]_ — f)) + 0'0’
with
sin(6(1 —t)) + sin(6t) — sin O 1 —cos(6(1 —1)) 1 — cos(6t)
og ‘= s o1 = — s Og i =m ———.
1 —cosf 1 —cosf 1 —cosf

Proposition 5.34. Let us consider the space span{1,t,(1 —¢)",t"} withn > 3 and t € [0, 1].
Then, for any t € [0,1],

1—wi  wi 0 0 “
1—w? w? 0 ! ! c
(E) (1 B wl w{)) ( 0 ! 1 _1w2 WQ) 0 1 - w% w% 0 C2 )
2 0 0 1-— wé w% 3
C4
where
1 ( 2)(1 — )"~ °t 17 1_(”‘2)1?”72(1_5
w; =1-— TR wy =1, Wz = [z ,
. G-0-10-p L G-r
' (n—2)t ’ L n-2)1-1)
=t
Proposition 5.35. Let us consider the space span {1,25, 1+(}51_5§zi_t)t, 1+(h_§)(1_t)t} with h > 3
and t € [0,1]. Then, for any t € [0,1],
l—wl  w 0 0 “
o (1 —w? w? 0 ! ! c
p(t) = (1 —wy Wf) ( 0 ! 1 —1w2 w2) 0 l-wy  wy 0 02 ,
2 0 0 1—wl wi 3
Cy
where
ht 3(1—1) _ 3t
1 1 1
fd — — = t
R TR 31— +ht 2T BT Eiin(I—)
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, hi B (31 —1) +ht) (1~ 1)
AT R -3 0P+ h1- (-0
o hl=B _ @Eirh1-D)i

h—(h—3)2 3B+ h(l—£)
5 t(h—(h=3)P)
T3A+ (h-3) (1 -0

In addition to these explicit formulae, the quantities {wf} can be evaluated in a recursive and
efficient way by applying the following procedure.

Algorithm 3 (Coefficients for de Casteljau algorithm in span {1, t, 1+(}El_g§zi_t)t, 1+(h—t;)(1—t)t })
Input: ¢ € [0, 1];
Initialize: d{ =3, d} = h, d} = h, d} = 3;
for/=1,...,3
for j=1,....,4—/
0 -1 (—17.

' qe-1 -1

— j . _J+1l4.

wj=1—=(1—1) = 5t
J J

Output: coefficients wf.

It is interesting to remark that this algorithm has a form similar to Algorithm 5.1 in [MP99).

Figure 5.8 shows examples of the application of the de Casteljau algorithms in some gener-
alized spaces.

Remark 5.16. In particular, Figures 5.8(a), 5.8(b), 5.8(c) illustrate the comparison between
the corner cutting algorithms in Propositions 5.33, 5.34, 5.35, and the de Casteljau algorithm
proposed in [CMO6]. In fact, these algorithms are in general different, though they produce
of course the same final value. The algorithm obtained by means of our approach is a proper
corner cutting procedure in the sense that the points computed in the intermediate steps are
all obtained by convex combinations of the points of the previous step, thus they are all placed
on the control polygon of the curve. On the contrary, the first step of the algorithm in [CMO6]
proceeds in a substantially different way, which entails that the first and last points are not
computed as convex combinations of the initial ones. However, for the space considered in
Proposition 5.34, we observe that the points computed at the first step lie on the edges of the
control polygon computed at the first step by the algorithm proposed here (see Figure 5.8(b)),
and in the successive steps both algorithms produce the same points.

Remark 5.17. Referring to Figure 5.8(d) for an illustrative example, if we consider the space
span {1, cos(6t), sin(t), cos(26t),sin(26t)} with 6 € (0, 27) and ¢ € [0,1], then the de Casteljau
algorithm that derives from our procedure of knot insertion coincides at each step with the
so-called B-algorithm proposed in [MP99].

Remark 5.18. If we consider the space span{1,t,cos(6t),sin(6t), cos(26t),sin(26t)} with 0 €
(0, %’/T) and t € [0,1], then the de Casteljau algorithm that derives from our procedure of
knot insertion is an alternative to the algorithm proposed in [RSA14| (we do not report the
expressions for the quantities {wf} because of their excessive length). In particular, we observe
that both proposals are corner cutting algorithms in the proper sense and at each step both
place the points on the control polygon of the previous iteration, but in different locations (see
Figure 5.8(e)). However, since our procedure is based on the (unique) ONTP basis and knot
insertion, it provides at each step control points that are naturally associated with the ONTP
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(a) (b) (c)

(d) (e)

Figure 5.8: Examples of generalized Bézier curves and corner cutting algorithms in some QEC-

spaces: (a) span{l,t,cos(6t),sin(6t)} with 6 = 5, (b) span{l,t,(1—1¢)",t"} with n = 4, (c)

span{l,t, 1+(f£17;>§2?1)7t)t’ 1+(h7§)(17t)t} with A = 6, (d) span{l,t,tQ,cos(Gt),sin(Qt)} with 6 = 7,
(e) span{1,t,cos(0t),sin(0t), cos(20t),sin(20t)} with 6 = 7. In all cases, the evaluation parameter

is £ = 3. (a)-(c) Comparisons between the corner cutting algorithm that derives from our proce-
dure of knot insertion (dots, solid line) and the algorithm proposed in [CMO06| for spaces of the form
span{l,t,u(t),v(t)} (small circles, dashed line). (d) Steps of the corner cutting algorithm that derives
from our procedure of knot insertion. (e) Comparison between the corner cutting algorithm that de-
rives from our procedure of knot insertion (dots, solid line) and the algorithm proposed in [RSA14]
(small circles, dashed line).

basis of the spline space obtained at any intermediate step, and this representation enjoys the
variation diminishing property.

We conclude this section by emphasizing that a de Casteljau algorithm in the proper sense
provides as a by-product a splitting of the given curve, as the points computed during the steps
of the algorithm form the control polygons of the two segments in which the curve is split.

5.6.3.3 B-spline bases

In this section, we give the explicit expressions of the ONTP basis functions for some spaces
S(U,,, M, A) built on either a uniform or a non-uniform knot partition and such that all spaces
{U; m} are equal to the one specified in each case.
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Uniform knot partition. We start by considering the case of the uniform knot partition

Proposition 5.36. Let us consider 4-dimensional QEC-spaces of the form U; 4 = span{l,t,
u(t),v(t)} with t € [0,1] for all i, where u(t) and v(t) are as follows:

A) u(t) = cos(0t) and v(t) = sin(60t), with 6 € (0, 27);
B) u(t) = (1 —1t)" and v(t) = t", withn > 3;
1—¢)3 3 .

The B-spline basis functions of the associated spline spaces on uniform knots are respectively:

A)
g, feacity
i) sn(O( 20— (1D cosb 2=t 4 ] € < 42,
Niy(z) = G(xf(i+2))fsin(6’(xf(i+2%)9)(;30cgis+£fm) cos 6+2 sin(e(z'Jr:’HL«))7 i+2<z<i+3,
Aird g snBlaa)), i13< e <itd,
L0, otherwise;
B) .
e, i<z<itl
(o) e (D) | (j41), i+1<z<i+2,
Nig(z) = ¢ @208 4 13 0 i 42<a<i+3,
(Ee ol i+3< e <i+4,
\ 0, otherwise;
C) ( |
(z—0)° i<z <i+l,

2h(Lt(h=3)(i+1—a)(z—10))’

(i+2—z)3—2(z—(i+1))3 . . .
WG ey T UL, ik s e i
_ r—(1+ —2(1+3—x . . .
Nia(z) = -3 3—o] (o= 2) tit+d -, I+ 2< T <it s,
i+4—x . .
2h(1+(h—3)(i+4—=)(z—(i+3)))’ 1+3<x<i+4,
0, otherwise.

\

Non-uniform knot partition. Now we consider the same QEC-spaces as above, but we give
the explicit expressions of the B-spline basis functions for spline spaces on non-uniform knot
partitions.

Proposition 5.37. Being the setting as in Proposition 5.36, each B-spline basis function N; 4
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has support [t;, t;+4] and is of the form:

(1 d?
EWF(H), li < x <y,
i 4y i+1
1 1 d2+1
e : F(7i41)
H, H, ) diy1+ d;
1 i i 2 2 tiy1 <o < tiga,
T (Giﬂ(x) - #F(l - Ti+1)) )
7 1 1+
A= (ﬁ 7 ) TP =)
21 i+1 1+1 7,42122 ti+2 < T < tz’+3>
- Gioa(z) — — 52 p(r, ) |
X HZ:Z_QI ( +2(7) diya + diy3 (Tis2)
Hoor dons Z_:Sd 3F(1 — Tits), tivs < T <tita,
1+ 1 1+
L0, otherwise;
where d; =t 1—1;, T, = t_‘:ft_, and in the considered cases the other quantities are respectively

defined as follows:

A)
F(t) = 0t —sin(0t),
Gz(l‘) = (9 — sin 6)(dl - di—l) - 0(1 — COS 6)) (ZL’ — tz) s
H; = (0 —sin0) (d; + dix1 + dir2) + (3sinf — 0(2 + cos 0))d;1;
B)
F(t) =",
H; = (d; + diy1 + diz2) + (n — 3)d;11;
C)

43
FO=rn—sa o
H; = (d; + diy1 + dig2) + (h — 3)diq1.

5.6.4 Subdivision schemes in generalized spline spaces

In this section we discuss some connections between knot insertion in generalized spline spaces
and subdivision schemes. In particular, performing repeated knot insertion in a given spline
space and thus passing from a coarser knot partition to a refined one, we work out the mask of
a related subdivision scheme.

Based on the observations in Section 5.6.1, if the spline space admits refinability, then the
subdivision scheme provides limit functions that belong to the same space. Conversely, if re-
finability does not hold, the limit functions of the scheme do not belong to the considered space.
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Given a generalized spline space on a (bi-infinite) knot partition A = {z;} with distinct
knots, let {N;,,} be the related B-spline basis, and let {N2i+j,m} be the B-spline basis on a
knot partition A = {Z;} such that To; = x;, Toip1 = %(mz + 2;41). If the associated spline
spaces are such that the inclusion holds true, we can express one basis function on the coarser
partition as a linear combination of the basis functions on the refined partition as

sz(ﬂi) = ZXN N2¢+j,m(13)7 r € R, (5~19)
=0

where the coefficients y;; are given by
X0,i = fi,m(if'2i+1>7 X1, = 1, X2, = 1— fi+1,m(552i+3),
if m = 2, and for m > 2 they can be determined explicitly by the recurrence relation

G (5.20)

Xo,i = -
f2z‘,m($2z'+1) 7

1 . R
Xji = % - fz‘,m(l’2z'+j+1) - fi+1,m(l‘2i+j+1)
Joitjm(Zoitit1)
j—1
o Z Xk,i (f2i+k,m(j2i+j+1) - f2i+k+1,m(f2i+j+1)>]
k=j—m-+2
1 . R
= Xj-1i 1+ = N fi,m(I2i+j+1) - fi+1,m(I22‘+j+1) = Xj—m+2,i
2i+j,m(l'2i+j+1)
j—1
+ Z (Xk—1, — Xk,i)fzi+k,m(i2i+j+1)] :
k=j—m+3
for j =1,...,m, where we set x;, =01if j <0or j >m.

To work out relation (5.20), we write the m x m linear system which arises by requiring that
(5.19) holds at each knot Zy, k = 2i+1,...,2i+m+ 1. The system matrix is a banded matrix
with bandwidth m — 1. From this property, and recalling the definition (5.3) of the B-spline
basis functions in terms of the transition functions, (5.20) can be easily determined.

Remark 5.19. In general, expression (5.20) can provide the coefficients of a non-uniform non-
stationary subdivision scheme.

As an application, we exploit the above relations to work out the refinement masks associated
with some subdivision schemes, either in the situation where refinability holds or in the opposite
one. In all cases, we shall consider a uniform knot partition A.

Remark 5.20. In the context of spline bases that admit nonstationary refinement, the knot in-

sertion procedure gives rise to nonstationary subdivision schemes, as we see in the two examples
below, which involve trigonometric functions.

Example 5.7. Let us consider the mixed algebraic/trigonometric space span{l,t,cos(6t),
sin(6t)}, with ¢ € [0,1] and 0 € (0,7). In this space refinability holds, and the refinement
by repeated knot insertion (i.e., placing a new knot at the midpoint of each knot interval)
produces a nonstationary subdivision scheme (see [WWO01, Section 4.4.3|) whose mask is

N O 11 1 0
_ — — O .= COS | —
A1+0,)2  2(0+0x) 240 +0n)]’ g 2k )
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where the “tension” parameters satisfy the recurrence o}, = 4/ HC’% starting with o¢ € (—1,1),
which is determined by the value of 6.

As showed in [WWO01], this formula is valid also in the purely polynomial case span{1, ¢, %, ¢3)}
(corresponding to the limit # = 0, thus o, = 1 Vk), and in the algebraic/hyperbolic (exponen-
tial) case span{1,t, cosh(6¢),sinh(6¢)} with 6 > 0 (where now oy, := cosh (%) > 1).

In all three cases, the resulting limit curve is a C? spline.

Example 5.8. Now we consider the mixed algebraic/trigonometric space span{1,¢,t?, cos(6t),
sin(0t)}, with ¢ € [0,1] and 6 € (0,27). Also this space admits refinability, and the refinement
produces a nonstationary subdivision scheme whose mask is

1 1 1 1 1
7_+ s T 1T - N0 4 7_+ ) )
S1+o0)'4 8(I+on)' 4 4l+op)d 4(1+op) 4 8(1+op) 8(1—1—0@}

' 0
O ‘= COS o |

where the “tension” parameters satisfy the recurrence o, = 4/ HU% starting with og € (—1, 1),
which is determined by the value of 6.

Similarly to the previous example, this formula is valid also in the purely polynomial case
span{1,t,t2 t3,t)} if = 0, and in the algebraic/hyperbolic case span{1, ¢, t? cosh(6t), sinh(6t)}
with 6 > 0.

The resulting limit curve is a C? spline.

Example 5.9. Let us focus on the space of variable-degree polynomial splines [Cos00| span{1, ¢,
(1 —t)™, "} with t € [0,1] and degrees ny = ny = h > 3. This space does not possess the
refinability property. However, we can still perform knot insertion according to the first strategy
described in Section 5.6.1, and after one step of refinement the coefficients that we obtain turn
out to be the coefficients that form the mask of the stationary subdivision scheme studied in

[GPOO]:
11 1 11
o1l = h>3.
[2h’2’ 2h—1’2’2h}’ k

By the eigenanalysis of the local subdivision matrix, it can be proved that this scheme converges
to a C! spline.

P 14+ (p—3)(1-t)t’ 1+(w—3)(1—¢)t
“tension” parameters y = v = h > 3, studied in [DG85], does not admit refinability. However,
proceeding by the same knot insertion strategy recalled in the previous example, we obtain the
mask:

Example 5.10. Also the rational space span {1,75 (-0 £ } with ¢ € [0, 1] and

h > 3.

3 1 - 3 1 3

2h(h+1)" 2’ h(h+1) 2" 2h(h+1)]’
To our knowledge, this scheme has never appeared in the literature, and, by the eigenanalysis
of the local subdivision matrix, the convergence to a C* spline can be proved.

5.6.5 Computational methods

One of the main arguments in support of generalized splines is that, in some applications,
they may be more powerful than the well-established polynomial and rational splines. In this
view, their effective use requires that simple and efficient tools for computation be available.
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An advantage of the proposed constructive approach is that it straightforwardly translates into
procedures for computing with generalized splines. Based on this observation, the following
list of algorithms outlines the main computational tools that can be drawn from the previous
sections, including methods for evaluating a generalized B-spline with non-uniform and also
multiple knots (and, analogously, its derivatives and integral), and for computing the spline
coefficients of the representations associated either with a refined knot partition or with a raised
order.

Algorithm 4 (Construction of transition functions). Let S(U,,, M, A) be a given generalized
spline space and A* an extended partition. To determine the coefficients of the transition
functions f;,,, 1 =2,...,m+ K, w.r.t. the QEC-systems {1,u;2,...,ujn}, 7=0,... k:

1. solve the linear system (5.2) for each f;,,, 1 =2,...,m + K;

2. assemble the matrix B = (b; ;) of dimensions (m + K) x m(m — 1) that in each row ¢
stores the solution of the ith linear system, i.e., the coefficients that define the transition
function f;,, w.r.t. to the QEC-systems {1, u;, 2,. .., Ui, m}, j=1,...,p— 1.

Remark 5.21. Since fi ,, = 1, the first row of the matrix B above is given by (1,0,...,0,...,1,0,
.,0). However, note that they are not needed in the following algorithms.

Algorithm 5 (Evaluation of transition functions). To evaluate at Z € [ty, tg11] = [zh, Thy1] the
(nontrivial) transition functions fy_mt2m,-- -, fom:

1. r < m(m—1);
2. fori=0—m+2,....(
L rr—m;
i fim(T) Zb’ v+ Up;(Z), where the {b;;} are the entries of the matrix B con-

structed by Algorlthm 4.

Algorithm 6 (Evaluation of a generalized spline). Given Z € [a,b], to evaluate the spline
(5.10) at z:

1. determine ¢ such that z € [ty tps1);

2. use Algorithm 5 to evaluate the transition functions fr_miom,--., fim at Z;

3. Nf—m—l—l,m(j) «—1- fﬂ—m+2,m(j7);
Nim(Z) = fim(Z) — fizim(@) fori=0—m+2,...,0—1,
Ng,m(.@) — fgﬂn(ﬂ?).

4. compute s(Z) as the linear combination (5.10).

Remark 5.22 (Derivatives and integral of a generalized spline). By linearity, evaluating the
derivatives and integral amounts to differentiating and integrating the transition functions and
ultimately the functions {u; ;} of the QEC-systems. Thus this computation follows the same
outline of Algorithms 5 and 6.

Algorithm 7 (Knot insertion). Let S(U,,, M, A) be a given generalized spline space, A* an
extended partition, and s a spline function of the form (5.10). Given t € [a,b], to determine
the coefficients ¢;, i = 1,...,m + K + 1, obtained by inserting ¢ in A* once:
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1. determine £ such that £ € [t;, te1);
2. compute the coefficients a;, i =€ —m+2,..., £ —r + 1 through (5.7);
3. use (5.11) to compute the coefficients ¢;, i = 1,...,m + K + 1.

Algorithm 8 (Order elevation). Let S(U,,, M, A) be a given generalized spline space, A*
an extended partition, and s a spline function of the form (5.10). To represent s in the space
S(Upsn, M, A) of order elevated by n = 1,2:

1. repeatedly apply Algorithm 7 to the space S(U,,, M, A) until all the knots have multi-
plicity m — 1;

2. on each non-degenerate knot interval [t, ,41], determine the m transition functions f;,,
related to the generalized Bernstein basis for U ,,, and evaluate at ¢, the derivative of
order i — 1 if n = 1, and also of order i if n = 2;

3. on each non-degenerate knot interval [ty, t,41], determine the m + n transition functions
fim+n related to the generalized Bernstein basis for Uy ,,,1r, and evaluate at ¢, the deriva-
tive of order ¢ — 1 if n = 1, and also of order 7 if n = 2;

4. if n = 1, determine the coefficients 7;, i = 2, ..., m, through (5.13), or, if n = 2, determine
the coefficients v;, i = 2,..., m, through (5.16a) and the coefficients §;, i = 2,...,m + 1,
through (5.16b);

5. determine the coefficients ¢;, ¢ = 1,...,m + n, either through (5.14) if n = 1 or through
(5.18) if n = 2;

6. apply a knot removal algorithm to the spline space S(U,1n, M ,A), in which all the
knots have multiplicity m, until multiplicity m; + n, where m; is the initial multiplicity
of each knot in S(U,,, M, A).

5.6.6 Application examples

This section presents an instructive example on the proposed constructive approach and some
numerical examples requiring the combined use of several algorithms proposed above.

Example 5.11 (Construction of a B-spline basis function). In this example we will show the
construction of a single B-spline basis function, defined on a given sequence of QEC-spaces. In
particular, we consider the three spaces

ui,3 = Span{]-?ta t2}7 = t(l‘) =T — Ty, U -[i7
Ui 13 = span{1, cos(0t),sin(6t)}, t=t(x) =2 — 21, € I,
Uito,3 = span{1, cosh(¢t), sinh(¢t)}, t=t(x) =x —mire, x € [y,

and, assuming for simplicity an extended partition A* = {¢;} with distinct knots ¢; < 41,
we derive the expression of the B-spline basis function N;y33 = fitr3 — fira whose support is
[tits, tive] = [2i, Tiya)-

We observe that, while DU, 3 and DU, 3 are EC-spaces on R, for DU, 3 to be an EC-space
on the related interval I;,; we need to require that d; == z;10 — x;11 € (0,7) and 6 € (0, 1).
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We can now express each piece of the transition functions f;3, j = ¢ + 3,7 + 4, in the QEC-
system {up 1, un2, up 3} that generates the corresponding Uy, 3, h = i,i+ 1,7 + 2, on the related

knot interval as )

0, x <ty

3
D bisuisr(t(x), <z <t
fiz(x) = ¢3!
D bikstya(t(r), i <@ <t
k=1

1

\ 7’

T 2 tita,

and compute the coefficients {b;;} of the transition function f;3, j = ¢ + 3,7 + 4, by solving
the 6 x 6 linear system of the form (5.2) that arises from the continuity conditions

fia(wj—s) =0, ij[,l:i(ﬂfjf?)) =0,
fia(@ie) = fil(xjo0),  DfY(xjo0) = D (x50),
f%(%‘—l) =1, fog},(l‘j—l) =0.

For fit33, this gives

1

bi = bl = 07 b’L = )

+3,1 +3,2 +3,3 2+ 2% tan (%d,01)

1

bitsa =1+ , birss = (1 = biysa) cos(0diy1),

o cos(0d; 1) — Sd;sin(0d;41) — 1 +35 = ( +3.4) cos(0di 1)

1

bivse = ,

0 [
2d; + tan ($d;41)
while, for fii43,

1

1 — cos(0d;yq) + %sin(@diﬂ) tanh (%durz)
1

cosh(¢pd;io) + %tan (8d;41) sinh(pd; o) — 1

bitas = (1 — biya4) cosh(pd;is), bivag =

bivaq = —bijap = ; bivaz =0,

bivaa =1+

Y

1
Zan (2 + tanh (30572)

Recalling Proposition 5.21, when the dimension of the QEC-spaces is 3, like in this case, the
spline space always admits the ONTP basis. For this reason, it turns out that the transition
functions are always positive and monotonically increasing and that the difference between two
of them is always positive as well. Based on all the results in the previous sections, we can thus
conclude that the function N; 33 = fit33 — fitas is a member of the B-spline (ONTP) basis.

Example 5.12 (Explicit formulae for B-spline bases in the case m = 3). If we consider spaces
with a relatively simple structure (i.e., with low dimension m and basic expressions for the
generators of QEC-systems), the theoretical framework presented in Section 5.3 also allows
for computing symbolically explicit expressions of the basis functions. As an example, we
have computed the generic expression of a transition function in a generalized spline space
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S(Us5, M, A) with U; 3 = span{l, u;(x), v;(z)} for all i

;

0, T <,
Gi(x) t<r<t

———, t; <z <ty

. _ ) Hi(tiy2) i

fz,3<x> = Hi(x

—_—, tivn <o <o,
H;(tiy2) s i
17 X 2 ti+27

where

Ci = wj(tip1)vi(ts) — wi(ti)vi(tiga),
Fi(x,y) = (vi(ts) — vi(2))ui(y) — (ui(ts) — wi(2))vi(y),
Gi(z) = Cip1 Fi(z, ), Hi(x) = CiFiy1 (%, tive) — Cipr Fi(tiya, ta),

and the B-spline basis functions are defined as N; 3(z) = fis(x) — fit13(x).

Example 5.13 (Tools for Isogeometric Analysis). In this example we discuss how the B-
spline basis functions defined by our approach can be conveniently exploited in the context of
[sogeometric Analysis.

A first advantageous aspect is related to the fact that the fundamental operations of dif-
ferentiation and integration can be performed straightforwardly, by following the outline of
Algorithms 5 and 6, which only require to know the derivatives and primitive functions of the
functions {u; ;}. These, in turn, take a simple form since for spaces of generalized splines use-
ful for design the QEC-systems consist of basic trigonometric, polynomial, or simple rational
functions.

Moreover, the tools of knot insertion and order elevation provided in Sections 5.6.1 and 5.6.2
can be combined to perform the so-called k-refinement [HCBO05, Section 2.6]. Such a refinement
approach results in a lower number of basis functions and higher continuity with respect to the
h-p-refinement, as illustrated by Figure 5.9, which is the counterpart of Figure 10 in [HCBO05],
exploiting a space of generalized splines instead of polynomial splines.

Example 5.14 (2-order elevation). As discussed in Section 5.6.2, when the target space con-
tains an additional couple of trigonometric or hyperbolic functions, it has to be reached by
elevating by two orders at once. Figure 5.10 shows two examples of 2-order elevations for both
generalized Bézier and B-spline curves built on spaces of mixed type.

Example 5.15 (Modeling with generalized B-splines). This example illustrates two essential
tools for geometric modeling and design. The first is the progressive refinement of a parametric
curve, which is shown in Figures 5.11(a) and 5.11(b). The second is the procedure of conversion
into standard representation (i.e., with clamped knot partition) of a closed generalized spline
curve with a periodic non-uniform knot partition. It has been obtained by exploiting the knot
insertion formula (5.7) at the left and the right endpoint of the knot partition. The standard
representation is shown in Figure 5.11(c).

5.7 Concluding remarks

To summarize, in this chapter we proposed a general approach that allows us to construct
the optimal normalized totally positive basis for a generalized spline space, if it admits one.
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Figure 5.9: k-refinement takes advantage of the fact that knot insertion and order elevation do not
commute. (a) Base case of one element in the EC-space span {1, cos(0t),sin(6t)} with # = 2 and the
specified extended partition. The EC-space is to be order-elevated to span {1, ¢, cos(0t),sin(6¢)}. (b)
h-p-refinement: knot insertion followed by order elevation results in six basis functions that are C*!
at internal knots. (c) k-refinement: order elevation followed by knot insertion results in five basis

functions that are C? at internal knots.
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Figure 5.10: Elevation by two orders on generalized Bézier (top) and B-spline (bottom) curves
for different spaces: from span {1, cos(6;t),sin(6;t)} to span{1,cos(;t), sin(6;t), cosh(¢;t), sinh(¢p;t)}
with t € [0,3.14] and 0; = 0.5, ¢; = 1, Vi (left), and from span {1, ¢, cos(6;t), sin(6;t)} to span{1,¢,
cos(0;t), sin(6;t), tcos(0;t), tsin(0;t)} with ¢t € [0,6.28] and 0; = 0.5, Vi (right). For the B-spline
curves in the bottom left and right figures, the knot partitions are {0,0,0, 3.14,6.28,9.42,9.42,9.42}
and {0,0,0,0,3.14, 6.28,9.42, 12.56, 12.56, 12.56, 12.56} respectively.

\ AN W,

(a) (b) (c)

Figure 5.11: Example of a closed spline curve with periodic non-uniform knot partition. All the

underlying QEC-spaces are span {1, t,q +(h(A1:3t))(31_ N 1 +(h__t§) =0 t}, where the tension parameter h; is

o
.

8 for one space and 4 for all others. Left: curve and control polygon corresponding to the knot par-
tition {—0.55,—0.45, —0.35,0,0.35,0.45,0.55,0.65, 1, 1.35,1.45,1.55}; center: one step of refinement,
obtained by inserting the midpoint of each knot interval; right: standard representation.
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Moreover, based on this method, we provided a practical criterion for determining whether a
given spline space possesses the ONTP basis, and we showed how this result can be translated
into a general numerical methodology for the verification of the existence of such a basis. In
addition, the idea of transition functions, which is the key ingredient of the proposed construc-
tion, proved to be extremely convenient also to formulate computational algorithms and express
essential operations which are commonly used in the context of geometric modeling.

Although we presented the framework in the setting of QEC-spaces all having the same di-
mension and parametric continuity conditions at the knots, the approach lends itself to the
generalization to the cases where the QEC-spaces may differ in dimension and geometric con-
tinuity conditions are required.






Chapter 6

Conclusion

In this dissertation we have addressed several problems that are of interest in the context
of geometric modeling, both theoretical and practical. In particular, the contributions of our
work cover some intimately connected topics, namely subdivision schemes, non-uniform local
interpolation with curves and surfaces, and generalized splines.

In Chapter 2 we have presented an effective way of integrating subdivision surfaces in CAD
systems, making them available as a very intuitive modeling tool that at the same time meets the
requirements needed in a CAD framework. We remark that the proposed strategy for such an
integration was acknowledged as innovative at the time of its realization. The implementation
was heavily tested on real-world cases and then included as a stable part of a CAD software on
the market. According to the users that have exploited it in industrial design projects, it has
produced very good results.

Besides Chapter 2, also all the other constructions proposed throughout the dissertation bear
in mind the importance of application and implementation. In fact, alongside discussing the
theoretical aspects of the undertaken work, a relevant amount of space has been committed to
providing algorithms drawn from the presented methods that can be translated into numerical
procedures and successfully implemented.

In Chapter 3 we have considered the definition of locally supported piecewise polynomial
interpolants on non-uniform knot partitions that feature prescribed design properties (support
width, degree, orders of continuity and approximation). The proposed approach represents an
advancement with respect to the existing literature in that it extends a preceding construction
by allowing us to both increasing the flexibility of the considered spline interpolants and re-
ducing their computational cost by minimizing their degree. Moreover, pursuing the intent of
providing the reader with as many tools as possible from a design viewpoint, in Chapter 3 we
have devoted sections to addressing the often neglected issue of endpoint corrections for open
data sets, as well as to offering examples of how to exploit the increased flexibility in order to
achieve particular shape effects.

Local spline interpolants of the above kind have been exploited in Chapter 4 to work out a
network of curves interpolating a given mesh of points, which is one of the main ingredients of
the framework introduced there for the construction of smooth composite interpolation surfaces
with a good shape quality. The other point of novelty in the approach presented in Chapter 4 is
the use of a peculiar parameterization strategy for the surface that at the same time guarantees
the interpolation of the curves of the network (each of which with its own parameterization)
and allows the surface to achieve good aesthetic properties.

Moreover, the idea behind the definition of the blending functions exploited in Chapter 3
is the concept of transition function. The same notion has been transferred to the more gen-
eral setting of generalized spline spaces suitable for design purposes as the key tool for the

139
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construction of optimal normalized totally positive bases, as discussed in detail in Chapter 5.
Additionally, a large variety of the algorithms presented for computation and modeling with
generalized splines take advantage of the formulation by means of transition functions.

In view of the results presented in this dissertation, a natural development consists in the
actual integration of methods for generalized splines in CAD systems. In fact, such classes
of splines would generously enrich the batch of representable entities, since they would allow
users to achieve particular tension effects or an exact representation of relevant shapes. As
an example, we may be interested in reproducing conics and quadrics, which are essential for
modeling mechanical parts and objects with rotational symmetry, as well as surfaces of revo-
lution. Working with the suitable trigonometric (or mixed polynomial/trigonometric) spaces,
we would be able to obtain this kind of shapes without resorting to NURBS and their inherent
rational nature.

Furthermore, motivated by the positive experience reported in Chapter 2, another interesting
advancement would be the integration in CAD systems of univariate and bivariate subdivision
schemes based on generalized splines, for the same reasons as above.

Also the proposed construction of local interpolating surfaces with augmented parameteriza-
tion described in Chapter 4 would provide benefits in the context of arbitrary-topology CAD
modeling, and compete with (if not outclass) the existing interpolatory methods in terms of
shape quality.
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