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Preface

SAGA - ShApes, Geometry and Algebra — was a Marie Curie Initial Training
Network (ITN) organized from 2008 to 2012 and intended to offer researchers in
the first five years of their careers the opportunity to improve their research skills,
join established research teams and enhance their career prospects.

As a common requirement in an ITN, researchers were usually expected to
exhibit transnational mobility, i.e., move from one country to another. In addition to
crossing geographic borders, SAGA offered mobility between the closely related,
but nearly disjoint, scientific communities of Geometric Modeling and Algebraic
Geometry. Projects funded by the European Union have played a central part in
bridging the gap between these communities, with the first steps taken from 2001
to 2005 in the Fifth Framework Future and Emerging Technologies project GAIA
— Intersection Algorithms for Geometry-based IT, which utilized approximate
algebraic methods.

For young and seasoned researchers alike, SAGA has offered an inspiring venue
for exchanging ideas and forming new connections for cooperation. The young
researchers of SAGA have not only established relations with researchers at their
own institutions, but also with researchers at other institutions working in their
field of interest, through the secondments to other partners and participation in the
workshops and events. That being said, the most important aspect for the future
careers of these young researchers is most likely the basis for future cooperation
and research they have established among themselves.

This book provides insights into research conducted in the SAGA ITN and
represents its long-term documentation. It consists of an introduction and 14
chapters, divided into four parts according to the work packages in the SAGA ITN,
and written by a combination of young and established researchers.

The editors are grateful to the reviewers for their reports, which made it possible
to select chapters suitable for publication and to improve them considerably. In
addition, we would like to thank the lead scientists for their continuing devotion to
SAGA. Special thanks go to Ewald Quak, for his central role in the organization of
events and ensuring quality throughout. We would also like to express our gratitude

v



vi Preface

to all external contributors, among whom Tom Grandine deserves special mention
for his excellent talks at the events connecting mathematics to the industry. Finally,
we would like to thank Springer, in particular Martin Peters and Ruth Allewelt,
for the pleasant and smooth cooperation in preparing this volume. The research
leading to these findings was supported by funding from the European Community’s
Seventh Framework Program under grant agreement no. PITN-GA-2008-214584-
SAGA.

Oslo, Norway Tor Dokken
May 2014 Georg Muntingh
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Chapter 1
Introduction to ShApes, Geometry, and Algebra

Tor Dokken and Georg Muntingh

1.1 Motivation

Computer Aided Design and Manufacturing (CAD/CAM) originated nearly half
a century ago and is now a key part of product development and the production
process.

During the last decade, technologies for information processing and data acqui-
sition have made rapid progress. The availability of cheap computing power
on desktop computers, including high-performance graphics capabilities, and the
advent of laser scanners for 3D objects, which are able to digitize even complex geo-
metric models within seconds, pose new challenges for CAD/CAM. The geometric
models have become more complex, and the use of this technology has become far
more widespread, especially among small and medium-sized enterprises.

The technology represented by the STEP standard (ISO 10303, Automation
systems and integration — Product data representation and exchange) is no longer
adequate to address the mathematical problems that arise. In the long term, this
development may prove to be problematic, since it decouples the CAD/CAM
industry from new applications such as mobile telecommunication and the computer
game industry. CAD systems are due for major rework to be able to exploit the
computational performance of multi-core CPUs and data stream accelerators such
as programmable graphics cards. Experiments show that data stream accelerators
outperform CPUs by an order of magnitude for tasks that can be effectively paral-
lelized. Current hardware has three to four orders of magnitude more computational
performance than the hardware standard CAD technology originally targeted. This
presents the opportunity to use more advanced approaches in CAD systems.

T. Dokken ¢ G. Muntingh (P<)
SINTEF ICT, P.O. Box 124 Blindern, N-0314 Oslo, Norway
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Within the numerical analysis community, the use of higher order polynomial
representations (hpFEM and the isogeometric approach) has been conceived as a
new way to break the complexity barrier caused by piecewise linear representations,
and to deal efficiently with free-form geometry. In order to exploit the potential of
these developments, this progress has to be matched by corresponding research and
development in the geometric and CAD/CAM community.

1.2 The SAGA Initial Training Network

To address the above issues, the European Commission funded ShApes, Geometry
and Algebra (SAGA, 2008-2012). As a Marie Curie Actions Initial Training
Network (ITN), its main objective was to recruit and train young researchers,
i.e., researchers with less than 5 years of research experience, in a multi-national
network of academic and industrial research partners. These partners, and their
representatives, wWere:

e Dr. Tor Dokken (Chief Scientist and SAGA coordinator)
SINTEEF, Department of Applied Mathematics, Oslo, Norway;
* Prof. Ragni Piene
University of Oslo, CMA/Department of Mathematics, Norway;
* Prof. Bert Jiittler
Johannes Kepler Universitit, Institute of Applied Geometry, Linz, Austria;
e Dr. Bernard Mourrain
Institut National de Recherche en Informatique et Automatique, INRIA Sophia-
Antipolis Research Center, France;
e Prof. Laureano Gonzalez-Vega
Universidad de Cantabria, Departamento de Matematicas, Estadistica y Com-
putacion, Santander, Spain;
e Prof. Rimvydas Krasauskas
Vilniaus universitetas, Faculty of Mathematics and Informatics, Computer-aided
Geometry Lab, Lithuania;
*  Prof. loannis Emiris
National and Kapodistrian University of Athens, Department of Informatics and
Telecommunications, Greece;
* Dr. Raffaele De Amicis (director of GraphiTech)
Fondazione GraphiTech, Trento, Italy;
*  Mr. Dominique Laffret (vice president Strategic Partnerships)
Missler Software, France;
* Prof. Eigil Samset
Kongsberg SIM, Norway.

SAGA employed 14 Early Stage Researchers (ESRs), i.e., researchers with less
than 4 years of research experience at the time of recruitment. ESRs without a PhD
degree were expected to pursue one, especially the 7 fellows that were granted a
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36 months fellowship. By the summer of 2014, six of these had defended their
PhD, and the remaining fellow will defend her PhD in the autumn of 2014. Of the
remaining ESRs, three used their time to complete their PhD. SAGA also recruited
eight Experienced Researchers (ERs), i.e., Postdoctoral Research Fellows, for a time
period of 3—12 months. In addition the network financed 5 Visiting Scientists for 1
or 2 months.

The researchers were recruited from many different countries, with ESRs from
China, Colombia, Denmark, France, Germany, Greece, India, Lithuania, Niger,
Norway, Portugal, United Kingdom, Vietnam (2x), and ERs from Argentina,
Canada, France, Italy (3x), Norway and Vietnam. The Visiting Scientists came
from Argentina, Czech Republic, Japan, Spain and the United States. However,
the network reached much further, as the SAGA kick-off event, winter and autumn
schools attracted many young and established researchers from outside the network
as well, whose attendance was partly funded by SAGA. There were five such events
[22-24]:

* SAGA kick-off in Castro Urdiales, November 17-21, 2008, Spain,
47 participants from outside SAGA;
¢ Auron Winter School, March 15-19, 2010, France,
30 participants from outside of SAGA;
* Kolympari Autumn School, October 4-8, 2010, Greece,
39 participants from outside of SAGA;
e Vilnius Autumn School, September 27-30, 2011, Lithuania,
34 participants from outside of SAGA;
* SAGA Final Conference in Trento, October 9—11, 2012, Italy,
31 participants from outside of SAGA.

In addition SAGA mini-symposia and special sessions were organized in various
major international conferences, to give the SAGA fellows the opportunity to
present their results as a group as well, for example at

* The SIAM Conference on Applications of Algebraic Geometry, October 812,
2011, in Raleigh, North Carolina, USA;

e The 8th International Conference on Mathematical Methods for Curves and
Surfaces, June 28—July 3, 2012, in Oslo, Norway.

SAGA aimed to promote the relatively new field of Approximate Algebraic
Geometry, which bridges traditional fields like Computer-Aided Geometric
Design, Real Algebraic Geometry, Computer Algebra, Numerical Analysis, and
Approximation Theory. In addition, the project had as a goal to strengthen
interdisciplinary research and development concerning CAD/CAM, by training
a new generation of researchers familiar with both academic and industry
viewpoints, while supporting the cooperation among the partners and with other
interested collaborators in Europe. We briefly mention some research highlights in
SAGA:
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* Refinement and development of an easy to compute non-square matrix-based
implicit representation for parameterized rational planar curves, space curves and
surfaces [6,7,17].

* Development of a new algorithm for isolating the real roots of a system of
multivariate polynomials, given in the monomial basis [18].

* New combinatorial lower and upper bounds for the dimension of spline spaces
over planar T-meshes and triangulated domains [19, 26].

» Exploiting sparsity of the input parametric representation in exact and approx-
imate implicitization with a new method that is oblivious of base points and
reduces to a matrix kernel computation, thus leading to fast methods amenable
to approximate computation [12—-16].

* A novel semi-automatic procedure to model the geometry of wooden elements
[25].

e Improved blends between primitive CAD surfaces, and new results on exact
rational parameterizations for fixed and variable radius rolling ball blends of pairs
of natural quadrics [8, 9].

e An initial understanding was established for the structure of the spline ring
as a generalized Stanley-Reisner ring [26]. In toric geometry, several new
results concerning the characterization of lattice polytopes related to higher
discriminants were obtained [10, 11].

* Hausdorff limits of toric patches and degenerations were studied, resulting in a
new and elementary interpretation of the secondary polytope [21].

* A novel approach to build a bijective parameterization for a contractible domain
in R? with a significant potential for use in isogeometric analysis [20].

» Approximate implicitization has been extended from only using the Bernstein
basis to the use of Jacobi polynomials such as Chebyshev polynomials. The
use of Jacobi polynomials allows for assembling the matrix of approximate
implicitization by using algorithms similar to Fast Fourier Transform that
significantly improve the assembly process. The use of Chebyshev polynomials
significantly increases the accuracy of approximate implicitization [1-5].

The research leading to these results has received funding from the European
Community’s Seventh Framework Programme under grant agreement no. PITN-
GA-2008-214584-SAGA.

1.3 A Preview of This Book

The remainder of this volume is a collection of research results obtained in the
SAGA ITN, written by a combination of young researchers and lead scientists. It
is divided into four parts, each corresponding to a work package in the project. We
proceed with a brief summary of each chapter.
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Part I: Change of Representation

Barrowclough presents an accessible discussion of several approaches to computing
implicitizations numerically, including both exact methods for low degree curves
and approximate methods for higher degree surfaces and envelopes.

Emiris, Kalinka, and Konaxis describe an implicitization algorithm based on
predicting the support of the implicit equation from specialized resultants, whose
implementation is efficient for common instances in geometric modeling.

Luu Ba studies the conversion of parametric curves and surfaces into a matrix-
based implicit representation, in which the ambient space is stratified into points
with multiplicity equal to the corank of the matrix, i.e., points outside the variety,
regular points on the variety, singular points of multiplicity 2 on the variety, etc.

Part II: Geometric Computing: Algebraic Tools

Mantzaris and Mourrain review recent advances for handling isolated singularities
of polynomial ideals, based on computing a basis for the dual space and of the
local quotient ring at a given (approximate) singular point, deflating the system by
augmenting it with new equations derived from the dual basis, and certifying the
singular point and its multiplicity structure for the perturbed system.

Dickenstein, Emiris and Karasoulou present an original formula that relates the
(mixed sparse) discriminant of two bivariate (Laurent) polynomials to the sparse
resultant of these polynomials and their toric Jacobian, which yields as a corollary
the known formula for the bidegree of the discriminant and a novel multiplication
formula for the discriminant when one of the polynomials factors.

Chau and Galligo provide a subdivision algorithm for computing an approxi-
mation of the intersection curve between two parametric surfaces, represented in
4D parameter space, for which the exactness of the topology is certified up to any
specified precision.

Krasauskas and Zubé provide simple, elegant extensions of results about quater-
nion Bézier curves and surfaces to analogous results about Bézier curves and
surfaces in various Clifford algebras, in order to develop an intuitive approach to
defining and manipulating such Bézier curves and surfaces.

Part I11: Algebraic Geometry for CAD Applications

Piene presents recent developments in “algebraic spline geometry”, and provides
two examples that support the Local Spline Ring Conjecture on the geometry
of generalized Stanley-Reisner rings, which are the rings C"(A) of r-smooth
piecewise polynomials on a simplicial complex A C R¢. Roughly, the statement
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is that the affine scheme corresponding to the generalized Stanley-Reisner ring
C"(4Q) is a “twisted” version of a topological embedding of A, in which the
irreducible components intersect with an intersection multiplicity corresponding to
the smoothness r.

Villamizar and Mourrain derive lower and upper bounds for the dimension of
the space of r-smooth piecewise polynomials of degree d defined on triangular
and tetrahedral partitions, using the homological approach initiated by Billera. The
formulas take into account the geometry of the faces surrounding the interior faces
of the partition and make use of Froberg’s conjecture on the dimension of ideals
generated by a generic set of forms in a polynomial ring.

Postinghel presents recent results on a class of polynomial interpolation problems
that amount to determining the dimension of linear systems of homogeneous or
multi-homogeneous polynomials vanishing together with their partial derivatives
at a finite set of general points, employing algebro-geometric techniques such as
blowing-up and degenerations. These results include a proof of a special case of
Froberg’s conjecture, a formula for the dimensions of linear systems with general
points of any multiplicity in P” in a family of cases for which the base locus is
only linear, and a complete classification of the linear systems with double points in
general position in products (P')" of projective lines.

Dahl presents a new method for constructing rational variable radius rolling ball
blends of natural quadrics, based on placing suitable control spheres at strategic
points. The method is illustrated by a detailed example of a composite configuration
with multiple edges and 3-sided corners.

Part 1V: Practical Industrial Problems

Adamou, Fioravanti, Gonzalez-Vega, and Mourrain present new approaches for
computing an exact algebraic parametrization of a planar curve-curve bisector and
two low degree rational surfaces bisector, and an automatic geometric and numerical
characterization of the planar point-curve and curve-curve bisector. In addition, they
describe a new algorithm for computing a Voronoi diagram of a set of parallel half-
lines in three-dimensional space, constrained to a compact domain.

Nguyen presents an algorithm for constructing a bijective parametrization of
a contractible domain in R?® from a triangulation of the boundary using trivariate
tensor-product B-splines. This mapping is defined via a sequence of harmonic maps
and modified by a reparameterization to agree with the boundary parameterization,
and the final spline representation for the domain is constructed by approximating
the inverse of the computed mapping.

Ngrtoft and Dokken extend to Locally Refinable B-splines two well-known
tensor-product flow discretizations, namely the Taylor-Hood and the multigrid
discretizations, and apply these to solve the mixed formulation of the steady-state,
incompressible Navier-Stokes equations in two dimensions using isogeometric
analysis. The chapter ends with a series of numerical investigations of the use of
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Locally Refinable B-splines in isogeometric analysis of flow problems, including
the stability of the discretizations, error convergence during refinement based on a
manufactured solution, and benchmarking based on the lid-driven cavity problem.
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Part I
Change of Representation



Chapter 2
Numerical Methods for Implicitisation
and Their Applications

Oliver J.D. Barrowclough

2.1 Introduction

Mathematical representation of geometric objects plays an important role in fields
such as automotive and aeronautical engineering, architecture, computer graphics,
animation and robotics. Modern CAD systems are based on representations that
encompass a very general set of freeform curves and surfaces. The two main
representations of such objects are the parametric and implicit forms. Of these, the
parametric form is by far the most prevalent. This is mainly due to the ease of
generating points lying on parametric curves and surfaces. The natural geometric
properties of Bézier and B-spline parametric forms have also supported their
dominance. However, implicit forms have several useful properties that complement
those of the parametric representation. For example, deciding whether a given point
lies inside, outside or exactly on a given curve or surface, is simplified if an implicit
representation is available. Implicit representations also naturally support operations
such as intersections, unions, differences and offsets. For these reasons, methods for
change of representation are of great practical importance.

Many of the curves and surfaces used in CAD have very simple forms that also
exhibit simple representations. In 2D, these include lines, ellipses, parabolas and
hyperbolas, all of which come under the common term of conic sections. In 3D,
such surfaces include planes, spheres, cylinders of algebraic degree 2, as well as tori,
which are of degree 4. In both the 2D and 3D cases, these shapes can be represented
both parametrically and implicitly. However, more advanced models, such as those
seen in automobile design, aircraft wings, ship hulls and wind turbines require more
general freeform representations.
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It is well known that any rational parametric curve or surface can be written in
implicit form. The conversion process is known as implicitisation. Since parametric
forms have become the prevalent representation at the design stage of an application,
it is the problem of implicitisation that has received most attention from the
research community. Moreover, the conversion in the opposite direction, known as
parametrisation, is not always possible, since implicit representations encompass a
larger class of shapes.! In this chapter we discuss several methods for implicitisation
including exact methods for low degree curves, and approximate methods for higher
degree curves and surfaces. We also look briefly at the implicitisation of envelope
curves and surfaces. During the discussion we highlight some of the challenges
that are faced in constructing computationally attractive implicitisation algorithms.
The work is motivated both as a continuation of recent research into approximate
algebraic geometry, and a desire to construct methods better suited for numerical
computation on modern architectures. The ever increasing level of parallelism
in commodity computers, both with multicore CPUs and GPUs has removed
the barrier for the implementation of some computationally intensive methods.
Moreover, high quality real-time visualisation methods for implicit surfaces are now
available on modern hardware. It is thus important for computationally efficient
methods of generating implicitly represented geometries to be available.

An in-depth review of exact implicitisation methods using symbolic computation
can be found in [24]. In contrast, this chapter highlights methods that are suitable
for numerical computation, although most of the methods can be implemented
symbolically if exact precision is required. Methods that support implementation
in floating point arithmetic are important for reasons of performance. Moreover,
floating point arithmetic is required for many of the linear algebra based approx-
imation algorithms utilised in the methods presented here. Symbolic and infinite
precision methods will provide exact results, but this comes at the expense of
severely slower performance in almost all cases. Since this chapter is motivated
by applications for implicitisation, we restrict our attention to real affine space as
opposed to the more general complex projective space. Prototype implementations
of the algorithms have been tested using several programming languages including
Python, C++ and CUDA.

Several of the papers that we cite herein were written as part of the EU
research project SAGA. Among the aims of SAGA was to conduct further research
into methods for change of representation and several new results in the field of
implicitisation have emerged as a result of the project. This chapter summarises
some of these results.

This chapter is structured as follows: We begin, in Sect. 2.2, with a description
of specific techniques for implicitisation of low degree rational planar curves.
In Sect.2.3 we present methods, both exact and approximate, for implicitisation
of rational parametric curves, surfaces and hypersurfaces. In Sect. 2.4 we discuss

'Note that we restrict our attention to rational parametrisations in this paper. Other parametrisa-
tions of non-rational algebraic curves are possible.
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briefly how the methods can be extended to implicitisation of envelope curves and
surfaces. We conclude, in Sect.2.5, with some examples of how implicitisation
algorithms can be used in applications.

2.2 Implicitisation Methods for Low Degree Planar Rational
Curves

In this section we begin from the very simplest planar curves, describing rep-
resentations both in the parametric and implicit form. The common parametric
representation we will use is the rational Bézier representation. This is defined for a
sequence of control points (¢, ..., ¢,), with ¢; € R2, and a sequence of associated
weights (wy, ..., wy), with w; € R as

Yi—owici ()it (L -
Ximowi (==t

for t € £2 C R. The region of interest of the curve is defined by the points
corresponding to the parameters ¢ in the domain $2, which is often the unit interval
[0, 1]. Any rational curve in the affine plane can be parametrised in the rational
Bézier form.

Several exact methods for general degree rational planar curve implicitisation
exist; see, for example [8, 10, 21, 34]. In this section we look at alternative
methods that define the implicit polynomial explicitly in terms of the control points
and weights. This has the advantage of giving some geometric intuition to the
construction.

p(t) = (2.1

2.2.1 Lines in the Plane

The simplest non-trivial curves in the plane are lines. Typically, from a designer’s
perspective, a line in the plane will be defined by two distinct points ¢y, ¢; € R2.
The rational Bézier representation of a line between these points can be given as

woco(l — 1) + wieyt
t) = . 2.2
p(®) wo(l —1t) + wit 2.2)

Since the choice of weights wy, w; has no consequence for the design in this case,
they are typically set equal to one. Since the Bernstein basis is a partition of unity,
the denominator then becomes equal to one.

An irreducible implicit representation of a line in the plane is unique up to a scalar
factor. In a Cartesian coordinate system, we can define the implicit polynomial
representing the parametric line (2.2) as
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x y 1
Lij(x,y) = 1Cio Ci1 1. (23)
Cjo0 Cj1 1

By this definition, the norm of the gradient ||[VL;|, is equal to the Euclidean
distance between the two points ¢; and ¢;:

IVLjl2 = llei —¢lla. (2.4)

In general, we may wish to define such linear forms without reference to a
specific coordinate system. It is natural to define the linear form by enforcing
condition (2.4)—that the magnitude of the gradient of the linear form containing
the two defining points is equal to the Euclidean distance between those points.
Making this assumption simplifies the higher degree constructions in the following
sections, and is naturally supported by the Cartesian definition (2.3).

2.2.2 Rational Quadratic Bézier Curves in the Plane

Rational quadratic planar curves encompass the entire set of conic sections,
including parabolas, hyperbolas and ellipses. In Bézier form they are defined by
three control points, and associated weights; that is, with n = 2 in (2.1). The
three control points also conveniently define a triangle, on which we can define
a barycentric coordinate system. By making a judicious choice of basis on this
coordinate system, simple expressions for the implicit polynomial coefficients can
be found.

The implicit representation of any conic section that is defined in Bézier form,
with non-collinear control points, is given by the following equation:

4W%‘L’0‘U2 — W()Wz‘L'l2 = 0,
where 79, 71 and 1, denote the barycentric coordinates defined by the triangle with
vertices ¢, ¢; and ¢, [19]. The equation can also be expressed independently of the
coordinate system, in terms of products of linear forms between the points. In that
case we have?

q = 4W%L01L12 — W()WZL(Z)Z = 0,

where L;; is defined, as in Sect.2.2.1, as a linear form whose gradient norm is
proportional to the distance between the points ¢; and ¢;. The functions Lo L»

2 A proof of this can be seen by expanding the determinant in the implicitisation algorithm given in
[35].
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Fig. 2.1 The construction of an implicit representation of rational quadratic Bézier curves in the
plane. Here, L;; denotes a linear form containing both ¢; and ¢;

and L2, depend on the control points, but provide a basis for all different weight
configurations of a given curve, so we refer to them loosely as ‘basis functions’.

Figure 2.1 shows a diagrammatic representation of the zero sets of the basis
functions used for the implicit representation of rational quadratic Bézier curves.
The number of lines between any two points ¢; and ¢;, reflect the multiplicity with
which L;; appears in the basis function.

2.2.3 Rational Cubic Bézier Curves in the Plane

How best to extend the quadratic method above to cubic and higher degree curves
is an interesting problem. For rational cubic curves, one approach, described by
Floater in [20], is to choose a Bernstein basis over the triangle defined by the points
¢o, ¢3 and the intersection point d, of the lines Ly; and Lj3. In terms of this basis,
the coefficients of the implicit polynomial can be given by explicit formulas. In
particular, four of the ten coefficients are immediately zero; thus, some sparsity in
the implicit polynomial representation is exhibited. Floater’s method suffers from
problems when the tangent lines to the curve at the end points ¢y and ¢3 are parallel,
since in this case the point d is undefined. Also, if either of ¢; or ¢; lie on the line
between ¢y and c3, the coordinate system collapses.

A new approach to computing the implicit representation of rational planar cubic
Bézier curves is presented in [4]. This method requires only four basis functions,
which are pictured in Fig. 2.2, and fails only in the case of collinear control points.
The method also exhibits simple expressions for the coefficients, and moreover,
a great deal of information about the geometry of the curve can be extracted from
those coefficients. For example, very simple methods for identifying when unwanted
self-intersections occur are presented, along with classifications of the type of curve
(i.e., either cuspidal, self-intersecting or exhibiting an acnode). In addition, an
explicit formula for the position of the double point is given in terms of a barycentric
combination of the control points. We refer the reader to [4] for a fuller description
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Fig. 2.2 A diagrammatic ¢ ¢ ¢y c
representation of the zero sets ! 2 e
of the basis functions for
rational planar cubic curves
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of the method and its consequences. Another approach with some similar results is
described by Stone and DeRose in [38].

2.2.4 Rational Bézier Curves of Higher Degree

Explicit methods for implicitisation become more complex as the degree of the
curve increases. In the introduction of [3], a set of functions that appear to support
all rational quartic planar Bézier curves without collinear control points is presented.
These functions are pictured in Fig. 2.3. We make a formal conjecture that this is the
case here.

Conjecture 2.2.1 Suppose we are given a rational quartic Bézier curve in the plane
(i.e., with n = 4 in (2.1)), such that no three of the control points ¢y, ..., cq4 are
collinear. Then the implicit representation can be written as a linear combination of
the following set of nine functions:

{Lo1L12L23Lss, LoiL12L3,, L% LosLas, LoiL3; L3,
LopLg4Las, LoiLyy, LisLaa, L§,L3,, Lg,}.

A formal proof of this conjecture is a subject for further research. To what extent
the interesting properties seen for cubic curves can be replicated for quartic and
higher degrees, also remains to be seen. However, the number of basis functions
required to represent the polynomials increases exponentially with degree. In fact,
the number of functions required for a curve of degree n, is related to the number of
terms in the discriminant of a univariate polynomial of degree n. For higher degrees,
this quickly becomes greater than the dimension of the polynomial space (which is
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Fig. 2.3 A diagrammatic representation of the zero sets of nine basis functions that appear to
support the implicit representation of rational quartic Bézier curves, when no three control points
are collinear

0 (n?)), leading to linear dependencies between the functions and thus the loss of
the basis property. Due to this high level of complexity, it is therefore reasonable
to suspect that the methods for higher degrees will be difficult to analyse. However,
the potential geometric insight that may be possible with such techniques warrants
further investigation.

An often cited drawback of implicit curves and surfaces is that it is difficult
to directly control the geometry by manipulating the coefficients of the defining
polynomial. However, the methods presented in this section show that elegant
geometric structures are also present using implicit representations. Indeed, these
methods can be used directly for design using implicit visualisation methods,
without reference to the parametric representation at all; though, in practice, the
availability of both representations is optimal for design.

Although existing methods for exact implicitisation can be suitable for moder-
ately high degree planar curves, problems begin to arise for surfaces and hypersur-
faces. Moreover, it is often infeasible to compute exact implicitisations in floating
point arithmetic, due to the limited precision available. Some of the issues with exact
implicitisation are highlighted in the following section.
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2.3 Numerical Methods for Implicitisation of Higher Degree
Curves, Surfaces and Hypersurfaces

For the description of rational parametric surfaces and hypersurfaces, we can also
use the rational Bézier representation. This is defined in a similar way to curves,
and can be extended by using either tensor-product or simplex structures. For a
general approach, we will assume that we have a rational parametric description
p(t).t € £ C R?~! of a hypersurface in R?. Any rational hypersurface in R can
be parametrised in the rational Bézier form.

For planar rational curves, the degree of the exact implicit polynomial represen-
tation is equal to that of the parametric representation. However, when it comes
to surfaces, this is no longer true. For rational surfaces of total degree n defined
on a triangular domain, the degree of the implicit polynomial is n%. Further, for
tensor-product parametric surfaces of bi-degree (11, n,), the degree of the implicit
polynomial is 2nn,. For higher dimensional hypersurfaces, the degrees increase
even more rapidly.

Traditional methods for implicitisation of surfaces using the theory of elimination
and resultants have been known as far back as the nineteenth Century [33]. However,
several obstacles have hindered the practical use of these algorithms. Some of
the problems, highlighted in the papers [14, 22, 34] among others, include the
following:

* Additional solutions. It is often the case that the implicit polynomial defined
by resultant computation contains factors that are not part of the implicit
equation of the curve. Thus, polynomial factorisation is required to find the
irreducible polynomial of interest. Factorisation of polynomials is an undesirable
operation in CAGD, especially when using floating point coefficients because
small perturbations in the coefficients of a reducible polynomial, which occur
when approximating with floating point numbers, can render it irreducible.

* Computationally expensive algorithms. Computation of the determinant of a
matrix with symbolic entries entails O(n!) operations, where 7 is the dimension
of the matrix. Thus, the methods are highly dependent on the size of the matrix,
and quickly become slow for high degrees. Often the evaluation times will be
unreasonable for applications.

* Numerical stability. For reasons of performance, it is often desirable to use
floating point numerics. In CAGD, rational parametric curves and surfaces
are mostly given in Bernstein form, whereas the traditional techniques for
implicitisation typically use the monomial basis. The basis transformations
between Bernstein and monomial bases are ill conditioned, and a loss of accuracy
is to be expected.

* High polynomial degrees. As described previously, the exact algebraic degrees
of surfaces can be undesirably high. Sometimes (e.g., if symmetries occur), the
algebraic degree will reduce, but extra factors in the implicit equation will occur.
High degrees also lead to issues with performance and numerical stability.
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* Base points. A base point is defined as a point where the numerator and
denominator of the parametric description disappear simultaneously. In the case
that base points occur, traditional methods for resultant computation will fail
(the implicit polynomial will be identically zero). Moreover, base points are a
common occurrence even in freeform surfaces [34].

e Unwanted branches and self-intersections. Whereas parametric curves and
surfaces are defined in a specific parameter domain, implicit curves require a
2D region of interest to be defined. It is quite possible, and often the case, that
extra branches or self-intersections occur that are not present in the parametric
definition. This is, however, a feature of exact implicitisation, rather than a
problem with any specific method. Further techniques such as approximation
are required in order to remove them.

Some of these challenges have been resolved in the CAGD literature of the
past few decades. For example, Sederberg and Chen introduced the method of
moving curves and surfaces which removed the problem of base points, and in
fact reduced the complexity in such situations, by reducing the algebraic degree
[34]. Other methods, such as those using linear algebra, introduced the ability to
approximate parametric surfaces with implicit surfaces. In this section we focus
mainly on methods for implicitisation (and approximate implicitisation) that utilise
linear algebra. Some approaches to tensor-product implicitization are described in
[6, 13], whereas simplex approaches (specialised to surfaces) are described in [5].
The general formulation is quite simple, but it can be specialised in many different
ways, each of which exhibit different properties. There also exist techniques that
have been developed to improve the performance of the method in certain cases, by
exploiting sparsity (e.g., [17, 18]).

2.3.1 A General Method for Implicitisation and Approximation
Using Linear Algebra

All of the implicitisation techniques described in this section require a choice of
basis. Typical examples include the traditional power or monomial basis, which is
the main basis in the theoretical field of algebraic geometry. More applied methods
tend to use more numerically stable bases, such as the Bernstein basis. These are
generally defined in a barycentric coordinate system which is local to the region of
interest of the curve or surface.

The types of basis function that can be used are conceptually different. We
give the name dynamic basis functions, to bases that change with changes in the
geometry of the curve or surface (e.g., local Bernstein bases). This contrasts with
static basis functions, such as the monomial basis, which do not depend on the curve
or surface in question. Static basis functions can exhibit poor numerical stability if
the hypersurface is far from the origin. Well chosen dynamic basis functions have
better numerical properties and can reduce the complexity of the computation. For
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example, the dynamic basis functions defined previously in Sects.2.2.2-2.2.4 are a
good choice for low degree planar curves.?

In terms of a general function set {qo,...,qr : ¢; : R > R,i =0,..., L} we
write

L
q=">_biq.
i=0

for scalar coefficients b = (b;)’_. The task is then to generate the coefficients
b, which define the function ¢, such that ¢ o p = 0, where p is the parametric
description defined at the beginning of Sect.2.3. Often it is not possible, or
indeed desirable, to achieve this exactly. In such cases, approximations of ¢,
such that ¢ o p &~ 0 within the domain £2 may be preferable. This is done
by attempting to minimise the algebraic error |¢ o p|. Minimising the error in
affine space is a computationally intractable problem. However, the algebraic error
provides a good approximation to the geometric error away from singularities
[13].

By substituting the parametric description into the (unknown) implicit form, we
obtain

g op(t) = a(t)" Db,

where D is a matrix of coefficients and a(t) is a vector of basis functions of the
function g o p in the parameter t. In the exact case, the null space of D will give
the desired coefficients. In the approximate case, taking the right singular vector
corresponding to the smallest singular value in a singular value decomposition
(SVD), will generally give good approximations. A more detailed description
of different approaches to approximate implicitisation using linear algebra is
given in [6]. A short summary of some techniques is provided in the following
sections.

2.3.2 Approximate Implicitisation

The original method for approximate implicitisation was introduced in 1997 in
the doctoral thesis of T. Dokken [13, 14]. This approach allows the degree of the
implicit polynomial to be chosen, and the algorithm proceeds to find an algebraic
approximation. The method, which utilises the beneficial properties of Bézier and
Bernstein representations, was extended to several other polynomial bases in [6].

3Note that it is not necessary that the function set forms a basis for the entire set of multivariate
ary

polynomials of a certain degree in R?, but it is necessary that the function set supports the implicit

representation.
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All of these methods exhibit the same very high convergence rates, justifying
their suitability for approximate approaches to implicitisation. These methods are
designed to provide approximations, but also have the potential to provide exact
implicitisations if the chosen degree is high enough, and exact precision arithmetic
is used.

Dokken’s original approach, using partition of unity bases, finds a polynomial g
that provides an upper bound on the maximum values of the algebraic error in terms
of the smallest singular value oy,;, of the matrix D:

|gop(t)| < omin, forallte 2.

An alternative approach, known as weak approximate implicitisation, which
minimises the least squares error was introduced later [12, 15]:

min / (g o p(t))* dt. (2.5)
Ibl=1 J o

This approach also uses SVD approximation, but is different from the approach
outlined in Sect.2.3.1 in that the matrix coefficients are generated by performing
integrals. This method is very general, and tends to give better approximations than
Dokken’s original approach.

It was shown in [6] that by using orthonormal polynomial bases, the same theo-
retical results as for weighted least squares problems can be achieved, but with much
better numerical stability than the weak approach. In particular, when the parametric
hypersurface is described in tensor-product form, approximate implicitisation in the
Chebyshev basis gives several computational and approximative advantages. For
example, the Chebyshev coefficients can be generated efficiently using Fast Fourier
Transforms. Additionally, the maximum error on the domain of interest was shown
experimentally to be far superior to that of the Bernstein basis. The Bernstein basis
did, however, outperform all other bases with respect to numerical stability, when
implicitising with the correct degree.

Figure 2.4 shows how the values are distributed in the matrices for four different
bases. Note that the distribution of singular values is much more even in the
Bernstein basis than the other bases. For the Chebyshev basis, the values lower
down in the matrix degenerate to the extent that the bottom half of the matrix hardly
contributes to the approximation. This is potentially useful for large problems,
where large areas of the matrix could be discarded prior to SVD in order to improve
performance.

Alternative approaches to approximate implicitisation have also been introduced.
Wurm and Jiittler introduced a method in [23,40] that approximates scattered data
by implicit surfaces. Shen et al. introduced the concept of approximate p-bases,
which led to a different approach to approximate implicitisation [36]. Their work
also has applications to the degree reduction of curves.
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Fig. 2.4 Implicitisation
matrices (left) and their
singular value
decompositions, highlighting
the structures for the various
polynomial bases. The light
blue elements are zero or
close to zero. (a)

Dc = Uc ECV(T; for the
Chebyshev basis. (b)

D, = ULELV{ for the
Lagrange basis. (¢)

Dy = UBEBVE for the
Bernstein basis. (d)

Dy =Uy EMVL for the
monomial basis

2.3.3 Interpolation and Approximation of Point Data

One of the simplest and potentially most powerful approaches to approximate
implicitisation is using point data for interpolation or approximation. The theory
of interpolation with implicit hypersurfaces, has some interesting and non-trivial
features. For simplicity, in this section we consider a rational planar curve given by

_(S@) g@)
p(t) = (m m) (2.6)

for univariate polynomials f, g, h with GCD(f, g, h) = 1. However, the results are
generalisable to higher dimensions. Using Lagrange interpolation as an implicitisa-
tion method can essentially proceed in one of two ways, which we describe below.
The first method, which we say uses on-curve data, looks for a non-trivial poly-
nomial that vanishes at sufficiently many points along the parametric hypersurface.
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0.20@ °0.11

0.20@ 00.35

° ° '
0.00  —0.56 —0.56  0.00

Fig. 2.5 Interpolation using parameter-uniform on-curve data (leff) and uniform off-curve data
(right). The basis for the implicit polynomial is a Bernstein basis over barycentric coordinates of a
bounding triangle

This is described in [6] as implicitisation in the Lagrange basis, and is consistent
with the general framework of Sect.2.3.1. This is pictured, for the case of planar
curves, on the left-hand side of Fig. 2.5. The number of nodes, N, required for exact
implicitisation of a degree n rational curve is given in [6] by

N =n?+1.

When the degree chosen for interpolation is smaller than required for exact
implicitisation, this approach will produce approximations.

The second method, which we say uses off-curve data, is the method described
by Marco and Martinez [27,28]. This is pictured, for the case of planar curves, on
the right-hand side of Fig.2.5. This approach uses a resultant of the following two
polynomials:

xh(t) = f(1), yh(t) — g(1).

The resultant is then evaluated at numerically at sufficiently many sample points
(xi, ¥/ ;',‘]."1:2070 in order to generate enough data to solve a bivariate Lagrange inter-
polation problem. Essentially, the data generated defines the implicit polynomial in
a Lagrange basis and the method proceeds to generate the monomial coefficients by
using a basis transformation matrix (i.e., via a Vandermonde matrix). Computing
the determinant of a numerical matrix is much less computationally intensive than
that of a symbolic matrix. One reason for this is that for numerical matrices, LU-
decomposition is possible, where the matrix is decomposed into the product of a
lower and an upper triangular matrix. The determinant is then given by the product
of the entries on the diagonals of the matrices. Note that the approach of Marco and
Martinez can be used with any type of resultant matrix.
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For a given curve, an example of the two methods is shown in Fig. 2.5. Using the
on-curve method, the interpolation data is all known to be zero (since it lies on the
curve) but we evaluate the parametric curve at nodes in the parameter domain, in
order to find the interpolation nodes in R?. The implicit coefficients are then given
by the solution to a homogeneous linear system. In the off-curve method, the nodes
are predetermined (e.g., on a uniform grid), but we have to evaluate the resultant
in order to generate data for the interpolation. Both methods are also suitable for
implicitising general hypersurfaces, although the off-curve method relies on suitable
multivariate resultants.

For exact implicitisation using the on-curve method, care needs to be taken to
ensure that the interpolation points lie in general position, so that the unique implicit
polynomial can be found. It is well known that any five points in the plane, with no
four collinear, determine a conic. This is because there are five degrees of freedom
in the implicit representation of a conic (in fact, there are six coefficients, but since
implicit representations are unchanged by non-zero scalar multiplication, one degree
of freedom is removed). The equivalent statement for cubics is complicated by the
famous Cayley-Bacharach theorem from algebraic geometry [16]:

Theorem 1 (Cayley-Bacharach theorem) Consider the nine points in which two
implicit planar cubic curves, I, and I,, intersect. Then any cubic curve I3 that
passes through any eight of these points, also passes through the ninth.

When sampling from a rational parametric curve, problems with finding points in
general position can be avoided by a small oversampling [6]. This is the reason we
use ten interpolation points, rather than nine, in the example of Fig.2.5.

Both the on-curve and off-curve methods can also be used for approximate
implicitisation. In general, the on-curve method provides better approximations
than the off-curve method. In fact, the on-curve method, which approximates in the
parameter domain, exhibits the same high convergence rates as the general approach
of Sect.2.3.1. For the off-curve method, the approximation must be made in the
geometric domain, which generally results in greater errors. A discussion of how the
Lebesgue constant from approximation theory is important in judging the quality of
implicit approximations is presented in [6].

Hermite interpolation using implicit surfaces has also been investigated by
several authors; see for example [1,2]. These methods attempt to interpolate both
position and derivative data, in order to obtain C k_continuous curves or surfaces.
Such requirements can also be met using approximate implicitisation, by adding
constraints to the approximation [13]. The constraints can be added before or after
approximation, the former via Lagrangian multipliers, and the latter by merging
combinations of lower order approximations [15,39].

2.3.4 Sparse Implicitisation

The main reason that multivariate polynomials of large total degree are computa-
tionally unattractive, is that any basis for such polynomials will have very large
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dimension. However, there will often exist a basis for the implicit description where
several, or even most of the coefficients are zero. If it is known, a priori, which
of these coefficients are zero, the complexity of the implicitisation problem can be
reduced; in some cases substantially [17, 18].

In [18], techniques are introduced that exploit sparsity in the monomial basis
representation of the implicit equations. For example, assume we want to implicitise
a parabola defined by the control points (—1,1)7, (0,—1)7 and (1, 1)7, with all
weights equal to one. The implicit equation of this curve is simply y — x> = 0,
however, without this knowledge, we would generally proceed to use a basis of
all six monomials of up to total degree 2 {1, x, y, x2, Xy, yz}, forming a matrix of
dimensions 5 x 6. If it is known that only the monomials y and x? are required to
define the implicit equation, the size of the linear system can be reduced to 2 x 2.

In order to predict the support of the implicit function (i.e., the set of monomials
that have non-zero coefficients in the implicit polynomial), the method of Emiris
uses toric elimination theory. The method constructs the Newton polygon directly
from the parametric representation and the support is then taken to include all
monomials in the convex hull of the Newton polygon. Support prediction methods
are also well suited for approximate implicitisation [6, 17]. Whereas in approximate
implicitisation we choose to reduce the total degree, techniques using support
prediction can remove any other monomials from the basis, even those that are not
necessarily of high degree.

One of the main problems with using sparsity in practice is that freeform
hypersurfaces do not, in general, exhibit a high degree of sparsity in the monomial
basis. Also, since current algorithms only work in the monomial basis, basis
transformations are required, which have potentially ill conditioned behaviour. In
a sense, the basis functions described in Sects.2.2.3 and 2.2.4, can be thought of
as a sparse basis for performing implicitisation. However, since they depend on
the control points, they are more complicated to construct than simple monomials.
Further research is required to determine if suitable sparse bases can be defined for
general freeform hypersurfaces.

In applications where exactness is required in order to create watertight models
(such as in isogeometric analysis), sparse methods may prove a valuable tool in
obtaining computationally tractable solutions.

2.4 Implicitisation of Envelope Curves, Surfaces
and Hypersurfaces

In recent years, there has been an increase of interest in implicitisation of envelope
curves and surfaces. This has particular applications in the field of robotics [32]. An
envelope curve is defined as follows: consider a rational family of rational curves
defined by
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p(S Z) — (pl(ss[) pZ(svt)

g(s,1) " g(s,1) ) (5,1) € [s0,51] x [t0, 1a].

Either s or ¢ can be thought of as a time-like parameter and the remaining parameter
(either ¢ or s) parametrises the curves. The envelope is a curve that touches all
members of the family p; two examples are pictured in Fig. 2.8 (p. 34). The envelope
corresponds to the parameter values where the Jacobian becomes singular [32],
and this definition can also be used to define envelopes in higher dimensions. A
polynomial function % (s, ¢), called the envelope function, can be defined in terms of
the coefficients of p whose zero set corresponds exactly to such points. In general,
the envelope does not have a simple parametrisation so the methods described
earlier in this chapter are not directly relevant for envelope implicitisation. However,
recently, Schulz and Jiittler showed that approximate implicitisation can be adapted
to envelope curves in a similar way [32]. They showed that if g is the exact implicit
representation of the envelope, then

gop(s,t) = A(s, t)h(s, 1)?

for some unknown function A. Thus, finding polynomials ¢ and A that approximate
this equation gives methods for approximating the envelope.

A distinctive feature of envelope curves, like surfaces, is the high degrees that
occur. Envelopes are also of interest in higher dimensions, where the problem of
high degrees is exacerbated even further. Approximate implicitisation is therefore a
potentially important tool in working with such manifolds.

In [7] a fast method for implicitising envelope curves, based on the method of
[32] is defined. The method is also easily generalisable to higher dimensions, which
is important for use in applications. For example, the possible positions of a robot
with several connected arms is described by a parametric equation with one variable
for each arm. In this way, high dimensions can easily occur, even with relatively
simple geometries.

2.5 Applications of Methods for Implicitisation

The intention of this section is to highlight applications of (approximate) implici-
tisation algorithms. We consider three main applications: intersection algorithms,
visualisation and robotics. We also discuss some open problems that have arisen by
using the methods in practice.

2.5.1 Intersection Algorithms in Computer Aided Design

Intersection algorithms in CAD were the principal motivation behind the develop-
ment of approximate implicitisation [13]. Whereas transversal intersections can be
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successfully approximated using subdivision schemes, tangential (and near tangen-
tial) intersections pose a more difficult problem [35]. For such cases, approximate
implicitisation can be helpful [13,39]. Algorithms for surface trimming are also
related to intersection algorithms, and can benefit from the explicit implicitisation
method outlined in [4].

2.5.1.1 Self-Intersections

There exist several methods for computing self-intersections of rational curves and
surfaces, including [9, 29, 39]. In this section we mainly focus on the methods in
[39], which are well suited to approximate implicitisation.

For an implicitly defined hypersurface ¢, we refer to points p where

q(p) =0 and Vg(p) =0

as singularities of the hypersurface. All self-intersections of algebraic hypersurfaces
are singularities, but the converse is not necessarily true. For example, planar curves
can also exhibit singularities as cusps or isolated points known as acnodes.

The simplest examples of self-intersections are for low degree curves. Clearly,
in R2, a line will never intersect itself. Conic sections will also never exhibit
singularities unless they can be decomposed into two lines (i.e., the implicit
polynomial is reducible). For rational cubic curves with real coefficients, there
always exists a real singularity, in the form of a self-intersection (crunode), cusp
or acnode. For algebraic curves of degree 3 and higher there also exist non-
singular curves, which do not have rational parametrisations [33]. Such curves
have genus* greater than or equal to one, but these cases are not treated here;
we concentrate on the case of rational curves, with genus zero. In [4] an explicit
formula for the location of the singularity of a planar cubic curve in terms of a
barycentric combination of its control points is presented. Simple conditions for
when the singularity defines a self-intersection, and in particular, an unwanted self-
intersection are also defined. In addition, the parameter values of the singularity can
be computed explicitly as the roots of a special quadratic polynomial.

For most higher degree curves and surfaces, explicit formulas are not generally
available and we often resort to numerical rootfinding. In [39], a method for com-
puting self-intersections using approximate implicitisation is presented. Consider a
given parametric hypersurface p(t), its normal n(t) and its (approximate) implicit
representation q. The roots of the polynomial

Vg o p(t) - n(t), 2.7

are then candidates for self-intersections [39].

“The genus of an algebraic curve is a concept from algebraic geometry that describes the
topological properties of the curve.
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It is normally possible to find exact implicit representations of rational parametric
curves, since the degrees involved are not excessively high. For surfaces, exact
methods are generally too complex, due to the high degrees that appear. Thomassen
proposes using approximate implicitisation for computing self-intersections [39]. In
the case of surfaces, Thomassen’s approach to computing self-intersections gives
excellent numerical results, although some post-processing is required to remove
false positive intersections.

There exist alternative methods for finding self-intersections using resultants,
which work for any degree [9, 11]. However, these methods are better suited to
symbolic computation. Alternative methods for computing surface self-intersections
numerically are presented in [29].

2.5.1.2 Curve and Surface Intersection via Algebraic Substitution

Computing intersections between two general freeform parametric curves or sur-
faces is generally much more complex than computing self-intersections. For
example, whereas a planar cubic curve can only intersect itself once, two cubic
curves can intersect in up to nine points in the plane. This can be generalised to
higher degrees by the classical result known as Bézout’s theorem:

Theorem 2 (Bézout’s theorem) Letq;(x,y) : R? — Rand ¢>(x,y) : R? — R be
irreducible polynomials of total degree m| and m, that define two algebraic curves.
Then the total number of intersections between the curves (including complex
intersections, intersections of higher multiplicity than one, and intersections at
infinity) is given by mim,.

Again, there are many methods for computing general intersections including both
algebraic and subdivision approaches [35]. While subdivision methods perform well
and give stable results for transversal intersections, tangential intersections pose
more of a problem. In such cases, exact or approximate implicit representations can
be useful.

For the sake of generality, in this section we outline the method for hypersur-
face/hypersurface intersections. This method utilises both implicit and parametric
representations for computing intersections [13, 35]. Suppose we have two rational
parametric hypersurfaces p;(s) : 2, — R? and p(t) : £, — R? for 2,2, C
R?~!. Suppose we also have corresponding implicit representations ¢ (x) : RY —
R and ¢»(x) : RY — R. In computing the intersection, we are interested in finding
the parameter values s € 2, and t € £, such that p;(s) = p»(t). We are also
interested in the set

P={xeR?:x=pi(s) =pa(t).s € 2.t 2,).
The s-preimage of the intersection is defined as

S ={se2:q(p(s) =0}
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A subset of the points s € S is normally computed numerically. For each point s;,
thus computed, it must be checked that the t-preimage of the point p;(s;) is in the
domain £2,. Sederberg and Parry suggest using inversion formulas for this purpose
[35]. It is also possible to use the reverse procedure of computing

T ={te 2;:q(p2t) = 0}.

However, this approach may be slower, since each pair of points in the two domains
would need to be compared [39].

It is also possible to use approximate implicit representations in place of ¢; and
¢2, in a direct analogue of the above procedure. This was proposed in Dokken’s
thesis [13].

One aspect of computing intersections, which is not taken into account when
using approximate implicitisation, is that of topological consistency. This is con-
cerned with the intersection results having compatible definitions in the different
domains. According to [37], topological consistency requires that the representa-
tions of the intersection in the two parameter domains and the representation in
R?, should all correspond to the same manifold. In general, the parameter domain
preimage of hypersurface intersections will not be rational. For the case of surfaces,
Song et al. [37] propose a linear perturbation method, whereby the parametric
surfaces are altered slightly in order to force the intersection curve to be rational. In
general, approximate implicit methods will not give topologically consistent results.
However, this would be an interesting direction for future research.

2.5.1.3 Surface Trimming

Although piecewise rational surfaces are the predominant surface representation in
CAD, often an additional operation is used to bound the region in which such a
surface is defined. This process, known as surface trimming, defines regions of the
parameter domain that correspond either to valid or invalid® surface points. The
curves in the parameter domain are often expressed as densely sampled piecewise
linear curves [19]. One reason for using piecewise linear curve data is that the
problem of computing whether the point is considered valid or invalid is simplified,
by counting ray intersections. However, such methods have limited accuracy.

The data for defining trimming curves may be generated, for example, from the
intersection of two surfaces. This may be in the form of points in the parameter
domain, which can be interpolated or approximated, and may also include derivative
data. For example, a common approach is cubic Hermite interpolation, where we
find a cubic curve p, such that

SWe refer to points on the original surface as valid if they also belong to the trimmed surface.
Otherwise the points are invalid.
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p(0) = po. p(1) = p1. p'(0) =my, and p'(1) = my,

for given point and derivative data po, p;, mo and m;. The rational Bézier form
of cubic curves is particularly useful for this task, since interpolation and tangency
constraints at the endpoints are given naturally by the control polygon [19]. In fact,
the control points of such a polynomial cubic curve can be given explicitly as

mo m
€ =Po, &1 =Po+ = =P+ = and ¢3 = pi.
Because the parametric form of cubic curves is not optimal for deciding which
points lie inside or outside a curve, it is not a good choice for trimming curves.
However, since we are given the control points and weights of the curve, the method
of [4] can be used directly (i.e., no computationally expensive implicitisation meth-
ods are necessary). Hence, integration with existing cubic Hermite interpolation
schemes is immediate, and will result in a piecewise implicit cubic representation.
Moreover, it will provide a robust method for deciding whether or not the point lies
within the trimming curve.

For implicitly representing piecewise curves in this way, some post-processing
will be required in order to define the correct domains for each segment. Typically,
restricting each segment to the convex hull of its control polygon will suffice.
However, we must also define what happens outside the union of the convex hulls.
One approach could be to use a Delaunay triangulation, similar to the method used
in [25] for curve rendering.

2.5.2 Rendering Curves and Surfaces

Traditionally, the parametric form of B-spline and Bézier curves and surfaces has
been used for rendering, since it is very easy to evaluate points lying on the
curve or surface. Recently, real-time rendering in the implicit form has generated
increased attention, particularly using ray casting and ray tracing [26, 31]. Such
implementations rely heavily on the efficiency of modern GPU hardware, which
can process per-pixel computations using highly parallel architectures. Since these
methods compute on a per-pixel basis, a major advantage is that the resolution is
independent of the zoom level or the viewpoint. Resolution independent methods
have also been applied to curve rendering [25].

For applications that involve rendering regions bounded by curves, such as font
shading, the implicit form of rational cubic and conic curves can be used. In
[25], conic and cubic curves are evaluated implicitly by projecting one of a set of
canonical curves onto screen space, resulting in highly efficient computations. The
technique used in [30] is to employ the implicitisation method of [20], along with
subdivisions to obtain a simple Bézier arch. In a similar way, the method of [4]
could also be implemented for efficient rendering of cubic curves on the GPU.
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Fig. 2.6 An example of two cubic Bézier curves with control points (0, 0), (bg, b1), (2/3,1) and
(1,0) (left: (bo,b1) = (1/3 + 0.01, 1), right: (bo,b1) = (1/3 — 0.01, 1), represented by hollow
circles). The implicit representation flips orientation, despite only a small perturbation of the
control points

A common technique for visualising implicit curves is to shade regions of
the plane according to the sign of the implicit polynomial in those regions. For
example, we can shade the region W = {(x,y) : ¢q(x,y) < 0} in white, and
G = {(x,y) : q(x,y) > 0} = W€ in grey (e.g., Fig.2.6). However, such a
method has some disadvantages in practice. Figure 2.6 shows two cubic Bézier
curves rendered with such a method. The control points of these curves lie very close
to each other, and yet the curve has flipped orientation. The reason for the change
of orientation is that the curve has ‘passed through’ a conic section (both curves
are strictly cubic, but they lie very close to a conic section).® This is not an artifact
of the specific algorithm; it is in the nature of the implicit representation of cubic
curves. This is necessarily true since it is also possible to transform between the
two curves smoothly, without passing through the conic. This example highlights
the unstable nature of cubic curves near conic sections. In [25], Loop and Blinn
overcome such problems by adding a test to check that the ‘inside’ of the curve
always lies to the right of the curve, in the direction of increasing parameter. We
describe here an alternative technique that also solves other problems with unwanted
self-intersections.

In addition to the implicit polynomial ¢, [4] gives explicit definitions of two
lines, S| and S, that intersect each other at the double point, and intersect the curve
at ¢p and c3 respectively. As opposed to the ‘inside/outside’ approach, we propose
defining the regions as follows:

W = {()C,y) : Sl(x,y)q(x,y) =< 0 OR Sl(x,y)Sg(x,y) > 0}7 G =Ww-.

Using these definitions gives a smooth representation of the implicit curve, with
no unwanted flips near conics. In addition, if an unwanted self-intersection occurs,

The left figure has an acnode at (1, 100), and the right figure has a crunode at (1, —100).
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Fig. 2.7 An example of rendering a given cubic Bézier curve with the inside/outside method (left)
and the proposed method (right). Note that no rootfinding is required. In the image to the right,
it may be desirable to colour the triangle bounded by ¢y, ¢3 and the singularity in grey, but this is
omitted for clarity

this method will automatically visually eliminate it (see Fig.2.7). In previous
algorithms, this has been achieved by subdividing the curves at the parameter values
of the singularity [25, 30].

In a similar vein to the rendering of curves, the presence of the GPU has opened
new doors to surface rendering in the implicit form [26,31]. However, real-time ray
tracing of implicit surfaces is quite severely restricted by the implicit degree and
is currently only feasible for degrees approximately <12. Since a general bicubic
parametric patch has implicit degree 18, the potential for exact methods appears to
be limited.

The methods for approximate implicitisation presented earlier in this chapter
have the potential to be coupled with implicit surface ray tracing methods. This
would give the benefits of both the geometric control by manipulating the control
polygon, and the high quality rendering that ray tracing produces. However, several
challenges would need to be resolved.

An inherent problem with the implicit representation is the presence of extra-
neous branches. These branches define areas of the curve or surface that are not
part of the region of interest. Although approximation has the potential to remove
some extraneous branches, they are also a common occurrence in approximate
implicitisation. One method for removing branches is to form linear combinations
of several good approximations to the surface. When performing the algorithm for
approximate implicitisation for a given degree m, we obtain a matrix (the right
singular matrix of the SVD), that defines a basis for the space of polynomials of total
degree m. The space is partitioned in such a way that the approximations (in the form
of singular vectors), are ordered in quality by their corresponding singular values.
If Vimin and vpin—1 refer to the singular vectors corresponding to the two smallest
singular values, we can explore the linear space {t Vi, + (1 — T)Vmin—1, 7 € R} for
an approximation in which extra branches are not present. If there are more good
approximations, more dimensions can be added to the linear space. In particular,
the orthogonal basis methods introduced in [6] generally exhibit a larger family
of good approximations than the original method [13]. However, since criteria for
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when unwanted branches occur are hard to determine, it is difficult to automate
this process. Moreover, though likely, it is not guaranteed that the linear space will
contain a solution free from extra branches.

Defining suitable boundaries in which to render is another challenge that is more
difficult to overcome for surfaces than curves. For surfaces, a 3D domain must be
chosen for rendering. In certain cases, it may suffice to define the surface to lie
within the 3D box that is limited by the upper and lower bounds of the control
points, in a Cartesian system. However, this is not the case in general; the four
boundary curves of a general bicubic patch can define any cubic space curve.
Moreover, these boundary curves do not always define the silhouette of the surface.
The method in [7] for computing envelopes, is related to the problem of finding
silhouettes. Utilising this for the case of rendering may be a direction for future
research, although performance would be a major obstacle with current hardware
and implementations.

2.5.3 Robotics

In [7] an extension to the method for approximate implicitisation of envelope curves
first published in [32] is proposed. Envelope curves have a variety of applications in
robotics, including defining boundaries, collision detection and gearing. Envelope
implicitisation is also interesting from a theoretical point of view, in giving an
explicit definition to the curve.

In [32] a method for piecewise implicit approximation of envelope curves
is presented along with several examples. One reason for choosing piecewise
approximation is that the method becomes very computationally expensive for all
but the lowest degrees. The new implementation in [7] allows faster approximations,
thus in this section we present examples of higher degree implicitisations, as
opposed to piecewise approximations.

In Fig. 2.8 we show the method applied to two different families of curves, both
of which are implicitised at degree 6. The first, which is a quadratic family of circles
of variable radius, has the homogeneous definition

2

4
p(s, 1) = DY (xy. vy wi) B () B} (1),

i=0 j=0
where

1/3 —1/25 1/9 1/25 1/3
i) 200 = | 1/3 —9/1001/9 9/100 1/3 | .
2/3 =7/50 2/9 7/50 2/3
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ﬂ b
Fig. 2.8 The envelope curves defined by the families of curves given in Sect. 2.5.3 and computed
using the techniques of [7]. The implicit representation has degree 6 in both cases

» 00 4/75 00
000 = 103477501,
0014/7500

101/301
2.4
101/301

The seemingly higher degree in the z-parameter direction is because the degree has
been raised in order to obtain a better parametrisation of the circles. The family
is really biquadratic in nature. For the implicit degree of the envelope curve we
take m = 6. However, envelope implicitisation using this method also requires a
choice of bidegree for the coupling function A, which we denote by (k;, k7). In
order to obtain good results for this example, we require k; = 10 and k, = 16.
This particular choice of bidegree (ki, k»), is discussed in more detail in [7]. The
necessity of using such high degrees makes the algorithm rather slow, but the
example shows that accurate implicitisations of moderately high degree are possible.
Also, notice that the envelope function, A(s,?), has three branches within the
region of interest. Thus, attempting to implicitise the entire envelope with a single
polynomial is a relatively complicated problem. If a piecewise implementation
is used, these branches would normally be considered separately. This example
is generated by a medial axis transform of the type which appear commonly in
robotics. Of course, in this example, a square root parametrisation of the envelope
curve is possible, thus less computationally intensive methods could be used by
generating point data on the curve.
The second example is a quadratic family of parabolas, defined by
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1/3 —1/25 1/9 1/25 1/3
i) 200 = | 1/3 —9/1001/9 9/100 1/3 | .
2/3 =7/50 2/9 7/50 2/3

a 00 4/75 00
U200 = |1034/7501 ]
0014/7500

with the weight function w(s, t) = 1.

Using a single polynomial implicit representation of the envelope rather than

a piecewise approximation can be somewhat advantageous. Since we only need a
single polynomial for the entire region of interest, there are none of the compli-
cations of defining 2D regions for the pieces. In addition, for higher degrees, the
approximation can be expected to be somewhat better, due to the high convergence
rates computed in [7].
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Chapter 3
Sparse Implicitization via Interpolation

Ioannis Z. Emiris, Tatjana Kalinka, and Christos Konaxis

3.1 Introduction

Implicitization is the process of changing the representation of a geometric object
from parametric to algebraic, or implicit. It is an important operation in Algebraic
Geometry with applications in Computer Aided Design (CAD) and Geometric Mod-
eling. There have been numerous approaches, including those based on Grobner
bases [2,6, 19], resultants [4,22], residues [3], moving lines and surfaces [23], and
J-bases [8].

Our approach follows the standard method of interpolating the unknown coef-
ficients of the implicit polynomial given a superset of its monomials. It can be
applied to planar curves, surfaces, or hypersurfaces of any dimension, given by a
polynomial, rational or trigonometric parameterization, including those with base
points. It is well known that base points raise important issues for certain methods.
Our method has its limits: in the case of trigonometric parameterizations they have
to be convertible to rational functions and the support prediction step requires that
geometric objects have to be presented in the monomial basis. On the upside,
we have employed our approach to parameterizations in the Bernstein basis by
converting them to the monomial basis, see Sect. 3.3.2.

The main ingredient of our method is the Newton polytope of the implicit
equation, or implicit polytope.

Definition 3.1 Given a polynomial f = Y ¢, € R[t,....t,], t* =
i/ttt a € N' ¢, € R, its support is the set {a € N" : ¢, # 0}, where
N = {0, 1,...}; its Newton polytope N(f) is the convex hull of its support.
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There are several methods for computing the implicit polytope, such as those
based on tropical geometry, or mixed fiber polytopes, see e.g. [9,16,28]. In this work
the implicit polytope is computed from the Newton polytope of the sparse (or toric)
resultant, or resultant polytope, of polynomials defined by the parametric equations
[11-13]. Under certain genericity assumptions, the implicit polytope coincides with
a projection of the resultant polytope, see [14, 15]. The rest of our approach does
not depend on the method used to compute the implicit polytope. In fact, [28, sec.4]
states that

Knowing the Newton polytopes reduces computing the [implicit] equation to numerical
linear algebra. The numerical mathematics of this problem is interesting and challenging

[..]

The set of lattice points contained in the implicit polytope form a superset of the
support of the implicit equation, or implicit support. This predicted support is used
to build a numeric matrix, whose kernel is, ideally, 1-dimensional, thus yielding (up
to a nonzero scalar multiple) the coefficients corresponding to the predicted implicit
support. This is a standard case of sparse interpolation of the polynomial from its
values. When dealing with hypersurfaces of high dimension, or when the support
contains a large number of lattice points, then exact solving is expensive. Since
the kernel can be computed numerically, our approach also yields an approximate
sparse implicitization method.

The kernel of the numerical matrix may be of high dimension. We address this
situation by presenting techniques that alleviate this phenomenon. More formally,
we relate it to the geometry of the predicted support, which is a superset of the true
implicit support. Another reason for obtaining a high-dimensional kernel is that the
numeric evaluation of the support monomials may not be sufficiently generic.

It is possible to apply our method to a more general problem, namely to comput-
ing the discriminant of a multivariate polynomial, which is an important question
with several geometric applications. The vanishing of the discriminant characterizes
the existence of multiple roots of the given polynomial. This is a hard computation,
since explicit formulas only exist for low-degree univariate polynomials. In general,
one can reduce discriminant computation to computing the resultant of a rather
large system, comprised of the polynomial and its partial derivatives, but this is
inefficient. Instead, we reduce discriminant computation to sparse implicitization,
thus obtaining an output-sensitive algorithm, whose complexity depends on the
size of the discriminant’s Newton polytope, see [15] for details. Moreover, this
technique can be used to compute discriminants of well-constrained systems as well
as resultants because the latter can be viewed as a special case of discriminants.

This chapter is organized as follows: Sect. 3.2 defines basic concepts, overviews
existing work and sketches the framework of sparse implicitization. Section 3.3
presents our implicitization algorithm and its implementation, discusses the case
of higher dimensional kernels and applications to Bézier and Non-uniform rational
B-spline (NURBS) curves. We conclude in section “Conclusion and Future Work”
and provide some directions for future work.
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3.2 Implicitization Reduced to Elimination

In this section we describe how elimination theory, and in particular sparse
elimination theory, can be used in implicitization by providing the implicit polytope,
or a polytope that contains it.

Let us describe the problem of implicitization formally. A parameterization of a
geometric object can be described by a set of parametric functions:

xXo = fo®),..., xy, = fu(t), t:=(t1,t2,...,1t), (3.1

where ¢ is the vector of parameters and f := (fy, ..., fu) is a vector of coordinate
functions (continuous functions, polynomial, rational, or trigonometric, defined on
some product 2 := £2| x --- X £2,,, of one-dimensional intervals £2;, of values
of #1,...,t,. We assume that trigonometric parameterizations may be converted to
rational functions using the standard half-angle transformation

2tan6/2

. _ 1—tan’6/2
1+ tan26/2°

0= ———.
€08 1+ tan26/2

sinf =

The implicitization problem asks for the smallest algebraic variety containing
the closure of the image of the parametric map f : R" — R"t! : ¢ > f(1).
This image is contained in the variety defined by the ideal of all polynomials p s.t.
p(fo@),..., fu()) = 0, forall ¢ in £2. We restrict ourselves to the case when
this is a principal ideal, and we wish to compute its unique (up to scalar multiple)
defining polynomial

p(xo,...,xy) =0, (3.2)

given its Newton polytope, or a polytope that contains it. We can regard the variety
in question as the projection of the graph of the map f to the last n + 1 coordinates.
If f is polynomial, implicitization is reduced to eliminating ¢ from the polynomial
system

F=x— fit) e R[x;D[t], i =0,...,n,

seen as polynomials in # with coefficients which are functions of the x;. This is also
the case for rational parameterizations

_ A0
X; = 7 (0)’ i=0,...,n, 3.3)

which can be represented as polynomials

Fii=xigi() — fi() € R[], i =0,....n, (34
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where we have to take into account that the g;(¢) cannot vanish by adding the
following polynomial to the system F,,1; = 1 — ygo(¢) --- g,(¢), where y is a new
variable. If one omits F;,, the generator of the corresponding (principal) ideal may
be a multiple of the implicit equation. Then the extraneous factor corresponds to the
gi. Eliminating 7, y may be done by taking the resultant of the polynomials in (3.4).

Let A; C Z", i = 0,...,n + 1, be the supports of the polynomials F; and
consider the generic polynomials

Fl.....Fl. Fl,, (3.5)

with the same supports A; and symbolic coefficients c;;.

Definition 3.2 The sparse resultant Res(Fy, ..., F, ) is a polynomial in the c;;
with integer coefficients, namely

REZ[C,‘J' i =0,...,n+1, jzl,...,lAil],

which vanishes if and only if the system Fj = F{ = --- = F, | = Ohasa
common root in a specific variety. This variety is the projective variety P"*! over
the algebraic closure of the coefficient field in the case of projective (or classical)
resultants, or the toric variety defined by the A;’s.

The sparse resultant is unique up to sign.

The theory of the sparse resultant can be used to derive degree bounds for the
implicit equation. For the case where the denominators of the parameterization are
the same we have the following.

Proposition 3.1 Consider the rational parameterization

S, _
X, = ) i=0,....n, t=(,t,....t). (3.6)

Let V. C C"*! be the Zariski closure of the image of the parameterization and
define polynomials F; = x;g(t) — fi(t) € (C[x;]))[t], i =O0,...,n, with supports
A;i. Then, the total degree of the implicit polynomial is bounded by n! times the
volume of the convex hull of Ao U - --U A,,. The degree of the implicit polynomial in
each x;, j €{0,...,n}, is bounded by the mixed volume of the F;, i # j, seen as
polynomials in t.

Proof For simplicity we shall describe our arguments in the affine space instead of
the projective space.

The degree of V' is obtained as the number of points in the intersection of V
with a generic linear subspace of dimension equal to codimension(V) = 1. Let
H;(xo,...,x;) = ajoxo+ -+ ajuxy, +ainy1 =0, =1,...,n, ben generic
affine hyperplanes. Substituting the parametric expressions in (3.6) to the H; and
clearing the denominators, we obtain a system of n non-linear equations in the
parameters ¢:
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aiofo®) + -+ ainfu@®) +ainr12t) =0,i=1,...,n. 3.7

The number of common roots of the system (3.7), hence, the number of intersection
points of V' with a generic linear subspace of dimension 1, is bounded by the mixed
volume [7], of the Newton polytopes of the polynomials in (3.7). The support of
each polynomial in (3.7) is the union of the supports A; of the polynomials F;, i =
0,...,n. Hence, every polynomial has the same Newton polytope and the mixed
volume of the system equals ! times the volume of this Newton polytope.

Similarly, to bound the degree of the implicit equationineach x;, j =0,...,n,
intersect V' with n lines x; = k;, i = 0,...,j — 1,7 + 1,...,n, where k; is a
generic constant. Substituting the parametric expressions in (3.6) to each x;,i # j,
we obtain a system of n equations in the n variables ¢:

Fi=kigt)— fi(1)=0,i=0,....7—1,j+1,....n,

each having support 4;. Then, the mixed volume MV (Ao, ..., A; 1, Aj41,..., An)
of the system bounds the degree of the implicit equation in the variable x;.

Our approach refines the above information since it is based on the Newton
polytope of the implicit equation rather than degree bounds. In order to exploit
sparseness in the implicit polynomial, the problem of computing the Newton
polytope of a rational hypersurface in the framework of sparse elimination theory
was first posed in [27] for generic Laurent polynomial parameterizations.

The implicit equation of the parametric hypersurface defined in (3.4) equals the
resultant Res(Fy, ..., F,+1), provided that the latter does not vanish identically.
Thus, the implicit equation can be obtained from Res(Fy. ..., F, , ) by specializing
the symbolic coefficients of the F/’s to the actual coefficients of the F;’s, provided
that this specialization is generic enough. In this case, the implicit polytope equals
the resultant polytope projected to the space of the implicit variables, i.e. the Newton
polytope of the specialized resultant, up to some translation. When this condition
fails for the given specialization of the ¢;;’s, the support of the specialized resultant
is a superset of the support of the actual implicit polynomial modulo a translation.
This follows from the fact that the method computes the same resultant polytope as
the tropical approach, where the latter is specified in [26], see Proposition 3.2. Note
that there is no exception even in the presence of base points.

Algorithms based on tropical geometry have been offered in [10, 26, 28]. This
method computes the abstract tropical variety of a hypersurface parametrized by
generic Laurent polynomials in any number of variables, thus yielding its implicit
support. For non-generic parameterizations of rational curves, the implicit polygon
is predicted. In [21], the authors describe efficient algorithms implemented in the
GFan library for the computation of Newton polytopes of specialized resultants,
which may then be applied to predict the implicit polytope.

Proposition 3.2 ([26, Prop.5.31) Let fy,..., f, € CltE', ... tE"] be any Laurent
polynomials whose ideal 1 of algebraic relations is principal, say I = (p), and
let P; C R" be the Newton polytope of f;. Then the resultant polytope which is
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constructed combinatorially from Py, ..., P, contains a translate of the Newton
polytope of p.

A direct consequence is that our method produces the precise implicit polytope
when the input is sufficiently generic, otherwise it gives a polytope that contains
the implicit polytope. Our method relies on sparse elimination theory: the implicit
polytope is obtained from the projection of the resultant polytope of the polynomials
in (3.5) defined by the specialization of their symbolic coefficients to those of the
polynomials in (3.4).

In the case of curves, the implicit polytope is directly determined in [11]. In
higher dimensions we use the algorithm developed in [13]. This is an incremental
algorithm to compute the resultant polytope, or its orthogonal projection along a
given direction. By the Cayley Trick [20], there exists a bijection from the set
of regular triangulations of the Cayley pointset C of the Newton polytopes of the
polynomials F7, to the set M of regular tight mixed subdivisions of the Minkowski
sum of these Newton polytopes. In [25] a surjection is established from the set M
to the the vertices of the resultant polytope. Combining these results, one obtains a
surjection from C to the vertices of the resultant polytope. The algorithm exploits
this surjection and computes one triangulation of C per vertex and one per facet of
projection of the resultant polytope. It is implemented in the package ResPol [17].
The algorithm exactly computes vertex- and halfspace-representations of the target
polytope and it is output-sensitive. It is efficient for inputs relevant to implicitization:
it computes the polytope of surface equations within 1 s, assuming there are less than
100 terms in the parametric polynomials, which includes all common instances in
geometric modeling.

3.3 Algorithm and Implementation

In this section we present our implicitization algorithm and its implementation. We
discuss the cases of higher dimensional kernels and the applicability of our method
to Bézier and NURBS curves. We also compare our method against other methods,
such as the Grobner bases method and Maple’s native routines.

The main steps of our algorithm are the following:

Algorithm 1
Input: Polynomial or rational parameterization x; = f;(¢t), i =0,...,n.
Output: Implicit polynomial p(xo, ..., X,) in the monomial basis in N"*1,

Step 1: Determine (a polytope containing) the implicit polytope.

Step 2: Compute all lattice points S € N"*! in the polytope.

Step 3: Repeat > |S| times: Select value t for ¢, evaluate x;(t),i = 0,...,n,
thus evaluating each monomial with exponent in S. This yields a matrix M.
Step 4: Given the matrix M, solve M p = 0 for kernel p.
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Step 5: Compute the greatest common divisor (GCD) of p - m, i =
1,...,corank(M), where m is the vector of monomials with exponent in S
and p; are the kernel vectors of M.

Step 6: Return the primitive part of the computed GCD.

Let us describe in more detail the construction of matrix M in Step 3 assum-

ing that the parameterization is rational. Let S := {si,...,55}; each 5; =

(Sj0,...,8x) is an exponent of a (potential) monomial m; = x% = x(s)j CLxm

of the implicit polynomial, where x; = f;(¢)/g:(¢). We evaluate m; at some

w, k = 1,..., u, avoiding values that make the denominators of the parametric
. Sii

expressions close to 0, and obtain m|;=,, = ]_[l- (%) " Thus, we build an

wx|S|, u>|S|, matrix M with rows indexed by the 7; and columns indexed by
the m;:

ml|t=t1 m‘S‘Il‘=‘L’1

mi |t=tﬂ te m|S| |t=tﬂ

We compute the kernel of the matrix M either symbolically or numerically.
For exact computations we prefer Maple, while for the numerical ones SAGE
using Singular Value Decomposition (SVD). In our Maple implementation the
computation of the lattice points in Step 2 is done, for up to 4 dimensions,
by routines that utilize the Maple package convex [18], whereas our SAGE
implementation uses its built-in functions for the same task. For higher dimensions
we have employed the software package Normaliz.

When the kernel computation in Step 4 is done numerically, we build a
rectangular overconstrained matrix M, by evaluating the monomials in .S at more
than | S| values, in order to increase the numerical stability.

Experiments with curves and surfaces in the monomial basis, as well as in the
Bernstein basis, show that when building the matrix M, it is important to choose t
values that are suitable for the specific instance.

Choosing t for implicitization of classical algebraic curves and surfaces, we
have experimented with random integers in the range —u? ... u?, random rational
numbers, complex p-th roots of unity and random complex numbers modulo 1.
Random integers offer the most numerically stable results, however with large
matrices they result in fast growth of matrix entries. Random rational values have
proved to be unreliable when implicitizing classical algebraic curves and surfaces,
although complex values are numerically stable. The case of curves and surfaces in
the Bernstein basis is treated in Sect. 3.3.2.

By the construction of the matrix M using values t that correspond to points on
the parametric surface, we have the following:

Lemma 3.1 Any polynomial in the basis of monomials indexing M, with coefficient
vector in the kernel of M, is a multiple of the implicit polynomial p.
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3.3.1 Multidimensional Kernel

In this subsection we address the case of high dimensional kernels, we relate this
situation to the geometry of the predicted support and propose techniques that
alleviate this phenomenon.

Let Q, P be the predicted and actual implicit polytopes respectively. When Q is
significantly larger than P, we obtain a matrix M of corank > 1, see Theorem 3.1
below.

Example 3.1 Consider the paraboloid xé + xl2 — xp = 0. If its parameterization is

Xo=u, Xx; =1y, x2=u2+v2,
then we define the polynomials Fy = xo —u, F| = x; —v, F» = x —u? —v?, with
supports AO = {(170)7 (070)}7 Al = {(07 1)7 (070)}7 AZ = {(270)7 (072)7 (0, O)}
The Cayley pointset of these supports is the set

C ={(1,0,0,0), (0,0,0,0),(0,1,1,0),(0,0,1,0),(2,0,0,1),
(0,2,0,1),(0,0,0, 1)}.

The predicted implicit polytope Q has vertices (2,0, 0), (0,2, 0), (0,0, 1) which
are obtained from some triangulations of the pointest C (see end of Sect.3.2).
Then our method yields the actual implicit equation. If its parametrization is
Xo = ucosv, x; = usinv, x, = u?, which can be represented as rational functions

t — 52 2ts

_ _ _ 22
=T 2 NS =0

X0

then we define polynomials Fy = xo(1 + s%) — ¢t + 1%, F; = x;(1 + 5?) —
2ts, F, = x, — t? with supports 49 = {(0,0), (0,2), (1,0), (1,2)}, 4] =
{(0,0), (0,2), (1,1)}, and A, = {(0,0), (2,0)}. Their Cayley pointest is C =
{(0,0,0,0), (0,2,0,0), (1,0,0,0), (1,2,0,0), (0,0,1,0), (0,2,1,0), (1,1,1,0),
(0,0,0,1), (2,0,0,1)}, and Q has vertices (4,0, 0), (0,4,0), (0,0, 2). The matrix
M has corank = 4 and all the polynomials corresponding to the kernel vectors are
multiples of the implicit equation: g = (x2 + x7 — x7)(—x2 + x3 + x7), & =
xox1(—X2 + x5 + x7), g3 = x{(—x2 + X3 + x7), g4 = X2(—x2 + X§ + x7).

The following theorem establishes the relation between the dimension of the
kernel of M and the accuracy of the predicted support. It remains valid even in the
presence of base points. In fact, it also accounts for them, since then P is expected
to be much smaller than Q.

Theorem 3.1 Let P = N(p) be the implicit polytope and Q the predicted
polytope. Then, assuming M has been built using sufficiently generic evaluation
points, the dimension of its kernel equals
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#HmeZ' - m+PCQt=#meZ":Nx"-p) C O}

Proof By Lemma 3.1, the kernel of M consists of the coefficient vectors ¢ of all
polynomials of the form fp, where N (fp) C Q, or, equivalently, N(f)+ N(p) C Q.

Now, assume that there are precisely r elements ay, ..., a, € Z" such that N(x% -
p) € Qandletg; = x%p, i = 1,...,r. Then the coefficient vector ¢; of g; lies in
the kernel of M because g; vanishes on all evaluation points m; (z;), i = 1,...,k,
used for constructing M, since p vanishes on these points. Moreover, the vectors
¢; in the set {¢1,...,¢,} are linearly independent. Every coefficient vector ¢ of a
polynomial of the form fp, where N(fp) C Q, can be written as a linear combination
of the vectors ¢;, hence corank(M) = r. Since P C Q, it follows that r > 1, hence
the nullspace of M has dimension > 1.

Corollary 3.1 Let M be the matrix from Algorithm I, built with sufficiently generic
evaluation points, and suppose the specialization of the corresponding polynomials
to the parametric equations is sufficiently generic. Let {vi,...,vi} be a basis
of the kernel of M and g, ..., gk be the corresponding polynomials (Step 4 of
Algorithm 1). Then the GCD of g1, . .., gk equals the implicit equation.

In practice the actual implicit equation can usually be found among the poly-
nomials corresponding to the kernel vectors, or it can be obtained as the GCD of
< corank(M) (at least two) such polynomials, or via multivariate factoring of one
polynomial corresponding to a kernel vector. Another approach to the problem is
reduction of the predicted Newton polytope by discarding some of its vertices or by
taking offsets. This allows to obtain a matrix of lesser corank or even of corank 1,
and it can also be used for approximating the implicit equation.

3.3.2 Bernstein Basis

Our approach to implicitization relies on the support prediction method that operates
in the monomial basis. However, current CAGD systems widely use parametric
representations in the Bernstein basis where the data is often given as floating point
numbers which prohibits exact computations.

To expand the applicability of our method, we experimented in approximating
the implicit equation of such curves and surfaces. For practical purposes, such an
approximation is expected to be of the lowest possible degree while reasonably close
to the parametric curve or surface in the region of interest of the parameterization.
In the process, the parameterization has to be converted to the monomial basis
which may cause precision loss. To obtain a smaller predicted implicit polytope, we
apply “filtering”, i.e. we remove all monomials whose coefficients’ absolute value
is smaller than a threshold depending on the input by some educated guess (e.g.
<1072). Finally, when building the matrix M we have to ensure that the evaluation
points lie within the region of interest of the parameterization.
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Table 3.1 Implicitization of Bézier and NURBS curves. Runtimes are given in seconds

Curve Degree Exact solving SVD SVD SVD
evaluation rationals rationals Chebyshev roots of
method nodes unity
Bézier curve 4 0.16 0.12 0.13 0.21
Bézier curve 5 0.29 0.16 0.19 0.33
Bézier curve 6 0.47 0.16 0.21 0.53
Bézier curve 8 5.84 0.46 0.49 1.1
NURBS curve 3 - 0.05 0.05 0.09
NURBS curve 4 - 0.09 0.1 0.22
NURBS curve 7 - 0.43 0.36 0.93

Experiments performed on an Intel(©Core2 Duo CPU, 2.20 GHz, 3Gb memory, SAGE 5.4

Table 3.1 contains Bézier curves of various degree which have integer coeffi-
cients when expressed in the monomial basis and NURBS curves from the package
of industrial examples kindly provided by the authors of [24]. The NURBS curves
have floating point coefficients, thus we are restricted to numerical methods.

In these experiments we have used evaluation by rational numbers, random
or uniformly distributed, and complex roots of unity. Rational numbers provided
both numerical stable and fast results. Note that for classical algebraic curves and
surfaces evaluation by rational numbers led to a loss of numerical stability.

We have also tried evaluation with Chebyshev nodes in [0, 1]:

1 1 2i —1 .
T=—+4 =cos n),i=1, ... ,n,
2 2 2n

which allow to minimize the approximation error in numerical computations [1].
Complex roots of unity gave the slowest timings and introduced complex coeffi-
cients into the resulting approximate implicit equation.

3.3.3 Comparisons to Other Methods

We compare our Maple implementation against (a) Maple’s native function
Implicitize() which employs integration over each parameter fi,...,%,, of the
matrix obtained from mm " after substitution of the variables x; by the parametric
expressions [5] (recall that 7, is a vector of monomials whose exponents form
a superset of the support of the implicit equation), and (b) implicitization using
Grobner bases in Maple. Results are shown in Table 3.2. A highly effective
linear solving function implemented in Maple (LinearSolve) results in exact
computations being faster than the numerical ones.
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Table 3.2 Comparison of our method (exact and numerical) to Maple’s function Implicitize()
and Grobner bases. Runtimes are given in seconds

Surface Degree LinearSolve SVD Implicitize() Grobner
Pliicker’s conoid 3 0.016 0.063 46.07 0.031
Pliicker’s conoid 5 0.016 0.063 85.43 0.046
Pliicker’s conoid 7 0.031 0.141 359.49 0.078
Pliicker’s conoid 9 0.046 0.202 695.65 0.078
Pliicker’s conoid 11 0.078 0.375 >2.000 0.141

Experiments performed on an Intel(© Core2 Duo CPU, 2.20 GHz, 3 Gb memory, Maple 14

Fig. 3.1 Pliicker’s conoid surfaces used in Table 3.2. From the left to right: degree 3, 5,7, 9, 11

The input consists of a family of classical algebraic surfaces, the so-called
Pliicker’s conoid (Fig.3.1): xo = ¢, x; = 8, xp = W, where i is the
imaginary unit and a € N. The surfaces have a base point at ¢ = s = 0. By
choosing even values for the parameter a, we obtain rational parameterizations of
the surfaces with the desired total degree.

The implicit polytope has been computed using ResPol. Timings shown in
Table 3.2 concern only the interpolation part of the algorithm.

Of the three methods Implicitize() is the slowest, however the method has fewer
restrictions on the parameterization, accepting non-rational representations. Our
method is faster than Implicitize() and competitive to Grobner bases.

This becomes more apparent as the degree and dimension grow: the ranunculoid
curve (degree 12) was computed in 1.3s by our method and in 7.3s using
Grobner bases. For the standard benchmark of the bicubic surface (degree 18) the
corresponding timings are 42 min and over 4 h, respectively.

Conclusion and Future Work

We have developed an algorithm for computing implicit equations that
combines linear algebra with promising support prediction methods. The
method applies to polynomial, rational and trigonometric parameterizations
of classical algebraic equations of curves and (hyper)surfaces. Moreover, it
can be used for implicitization of geometric objects represented in NURBS
form, after converting them to the monomial basis. The method works even
in the presence of base points.

(continued)
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Its efficiency can be improved on the support prediction level, by taking
offsets of the predicted polytope, which reduces the size of the matrix and
its corank, and on the interpolation level, by taking advantage of the special
structure of the constructed matrices. The method may also be used to attack
the problem of implicitizing space curves, in which case the curve is defined
as the intersection of the surfaces obtained by the kernel vectors. This will
require the development of algorithms that compute the predicted implicit
polytope from the Newton polytope of the Chow form of polynomials defined
from the parameterization.
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Chapter 4

The Intersection Problems of Parametric Curves
and Surfaces by Means of Matrix-Based Implicit
Representations

Thang Luu Ba

4.1 Introduction

Rational algebraic curves and surfaces can be described in different ways, the most
common being the parametric and implicit representations. Parametric represen-
tations describe the geometric object as the closed image of a rational map and
implicit representations describe it as the zero set of polynomial equations. Both
representations have a wide range of applications in Computer Aided Geometric
Design and Geometric Modeling. A parametric representation is much convenient
for drawing a surface but less appropriate for checking if a point lies on a surface
whereas the converse holds for the implicit representation.

The matrix-based implicit representation of parametric curves and parametric
surfaces has been addressed many times in literature (for example [6, 11,21, 23]).
However, it has usually been by writing the implicit equation as the determinant of
a square matrix. The case of planar curves is particularly well known because one
always knows how to find such a simple square matrix. One can read the article
of T. W. Sederberg and S.R. Parry [24] who seemed to introduce this technique to
the problems intersection between plane curves for modeling geometric. The case
of parametric surfaces is especially much more difficult because the geometry of
their parameterizations becomes richer with the inevitable appearance of base points
(these are points where a parameterization is not well defined). In order to find a
square matrix whose determinant is an implicit equation, one must be restricted
to particular classes of parameterizations [6, 11, 16], which turns out to be very
restrictive in practice.
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In this paper, we show how, by releasing the constraint matrix square, we can
easily form an implicit matrix-based representation for a very general class of
parametric surfaces. The matrix in question is no longer square, but still allows
to characterize the surface: the cancellation of a determinant is here replaced here
by a drop in rank. In addition, treatment of intersection problems can be reduced
to linear algebra computations, allowing the use of robust tools and approximate
calculation, such as the singular value decomposition, calculating eigenvalues, and
generalized eigenvectors. Note that these implicit representation matrices can be
seen as a bridge between the parametric representation of a curve, surface and its
implicit representation.

This article covers a series of works [3-5,7, 8, 10], which led to the notion of the
implicit representation matrix of a parametric curve or a parametric surface, together
with the development of applications for intersection problems in geometric model-
ing [8,9,20]. Its content is part of the authour’s PhD thesis [19].

4.2 Matrix Based Implicit Representations of Parametric
Surfaces

4.2.1 Construction of Matrix Representations

Given a parametric rational surface, we briefly recall from [3, 10] how to build a
matrix that represents this surface in a sense that we will make explicit. So suppose
given a parameterization

S =)
(s:t:w)—>(fi: foa: f5: fo)s,t,u)
of a surface S such that ged(f1,..., f1) € R\ {0}. Set d := deg(f;) > 1,i =
1,2,3,4, and denote by x, y,z, w the homogeneous coordinates of the projective
space IP’%. Notice that s, 7, u are the homogeneous parameters of the surface S and
that an affine parameterization of S can be obtained by “inverting” one of these

parameters; for instance, setting s’ = s/u and ¢’ = t/u we get the following affine
parameterization of S:

R? % R3
(S/ l/) s (fl(slstlv 1) fZ(s/vt/s 1) f3(S/,l/, 1))

fa(s' 0, 1) fa(s' 07, 1) fals’ 1, 1)

The implicit equation of S is a homogeneous polynomial S(x,y,z,w) €
R[x, y,z,w] of smallest degree such that S(fi, f2, f3. fa) = 0 (observe that it
is defined up to multiplication by a nonzero element in R). It is well known that
the quantity deg(S) deg(¢) is equal to d?> minus the number of common roots of
fi. fo. f3. fa in PE, that are called base points of the parameterization ¢, counted



4 Intersection Problems of Parametric Curves and Surfaces 55

with suitable multiplicities (see for instance [10, Theorem 2.5] for more details).
The notation deg(S) stands for the degree of the surface S, which is nothing but the
degree of the implicit equation of S.

The notation deg(¢) stands for the degree of the parameterization ¢ (co-restricted
to S) that, roughly speaking, measures the number of times the surface S is drawn by
the parameterization ¢. More precisely, deg(¢) is equal to the number of pre-images
of a general point on S by the parameterization ¢.

For every non-negative integer v, we build a matrix M(¢), as follows. Consider
the set L£(¢), of polynomials of the form

ai(s,t,u)x + ax(s,t,u)y + as(s,t,u)z + as(s, t, u)w

such that

e a;(s,t,u) € R[s,t,u] is homogeneous of degree v fori = 1,...,4,
. ZLI ai(s,t,u) fi(s,t,u) = 0in R]s, 1, u].

The set L£(¢), has a natural structure of R-vector space of finite dimension
because each polynomial a; (s, ¢, ) is homogeneous of degree v and that the set of
homogeneous polynomials of degree v in the variables s, ¢, u is an R-vector space of
dimension ("42'2) with canonical basis the set of monomials {s", sV u’}. So,
denote by LV, ..., L™) a basis of the R-vector space £(¢),; it can be computed
by solving a single linear system whose indeterminates are the coefficients of the
polynomials a; (s,¢,u), i = 1,2,3,4. The matrix M(¢), is then by definition the
matrix of coefficients of L), ..., L") as homogeneous polynomials of degree v
in the variables s, 7, u. In other words, we have the equality of matrices:

[sv sl MV] M(¢), = [L(l) LO ... L(ﬂu)]_

Notice that we have chosen for simplicity the monomial basis for the R-vector space
of homogeneous polynomials of degree v in s, t, u. However, any other choice, for
instance the Bernstein basis, can be made without affecting the result.

For every integer v > 2d — 2, the matrix M(¢), is said to be a representation
matrix of ¢ because it satisfies the following properties under the assumption that
the base points of ¢, if any, form locally a complete intersection, which means that
at each base point, the ideal of polynomials ( f1, f2, f3, f4) can be generated by two
equations (see [10, Definition 4.8] for more details):

* The entries of M(¢), are linear forms in R[x, y, z, w].

* The matrix M(¢), has (”J{z) rows (which is nothing but the dimension of the
R-vector space of homogeneous polynomials of degree v in three variables, here
s,t,u) and possesses at least as many columns as rows.

* The rank of M(¢), is (”J{z) (the rank of M(¢), measures the independency of the
columns (and the rows) as linear combinations with coefficients in R).

» When specializing M(¢), at a given point P € 3, its rank drops if and only if P
belongs to S.
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* The greatest common divisor of the ("42'2) -minors of M(¢), is equal to the implicit
equation of S raised to the power deg(¢).

From a computational point of view, the matrix M(¢), with the smallest possible
value of v has to be chosen. It is rarely a square matrix. Also, notice that the last
property given above is never used for computations; our aim is to keep the matrix
M(¢), as an implicit representation of S in place of its implicit equation.

There are many results that lead to enlarge the above family of matrices and
to make it available in other contexts. Since a detailed overview of these results
is not the main purpose of this paper, we just recall them shortly with appropriate
references to the literature:

» The hypothesis on the base points of ¢ can be relaxed. If the base points are
locally almost a complete intersection, meaning that they are locally given by
three (and not two) equations, then the above family of matrices can still be
constructed and provide a matrix representation of the surface S plus a certain
product of hyperplanes that can be described from the parameterization ¢. In
addition, the lower bound 2d — 2 for the integer v can be decreased. See [3, 10].

* In our setting, ¢ parameterizes what is called a triangular Bézier patch. It turns
out that a similar family of matrices M(¢), can be built for parameterizations
of tensor product surfaces, and even for any parameterization whose parameter
space is a projective toric variety (triangular and tensor product surfaces are
particular cases of parameterizations whose parameter space is a projective toric
variety). We refer the interested reader to [2,7].

* To build the matrices M(¢), we used what is called moving planes, that is to say
syzygies of the parameterization ¢. It is actually possible to build another family
of matrices by taking into account moving quadrics, i.e. syzygies associated to
the square of the ideal generated by the parameterization of ¢. In this way, we get
a family containing smaller matrices whose entries are either linear or quadratic
forms in R[x, y, z, w]. In some sense, they generalize the matrices given in [11]
and [6]. See [4].

Example 4.1 The Steiner surface S of degree 2 parameterized by
G PP P (st iu) > (8P +t2 4+ u? o tuostosu)

admits the matrix representation

y =y 0 w 0 —x—-y 0 O
0O 0w 0O 0 O z 0 —x
M(x,y,z,w) =
(x.y,2,w) 0 00—y 0 z 0 —yy
Ow O O O z 0 0 vy
w 0 0 0 z 0 0 0 vy
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Example 4.2 Let S be the rational surface of degree 3 that is parametrized by
o PP ity (it forfs: fa)
where
A= 41%u fh=52t+1%u =5+, fi = s%u+t’u

Then, a matrix representation of S is

0 0 0 w—y 0 0 Z—x

w 0 0 x w—=y 0 0
xX—y—z 0 0 -z 0 w—y 0

0 w 0 0 X 0 -y

0 X—y—z w 0 —z x y+z—x

0 0 x—y—z 0 0 -z 0

4.2.2 Points on Surface and Inversion Problem

Suppose given a parameterization ¢ of a parametric surface S and a point P in IP3.
Denote by M(¢), a matrix representation of ¢ for some integer v > 2d — 2. Since
its entries are linear forms in the variables x, y, z, w, one can evaluate M(¢),, at P
and get a matrix with coefficients in the ground field R. Then, we have that

rank (M(¢), (P)) < (” er 2) if and only if P € S.

This property answers the point-on curve problem.
If rankM(¢),(P) = rankM(¢), — 1 = ("'2”) — 1 then P has a unique pre-
image (so : o : up) by ¢ and moreover, this pre-image can be recovered from the

computation of a generator, say Wp = (wy, ... ,w(],erz)_l) € R(VJ{Z), of the kernel

of the transpose of M(¢), (P). Indeed, if byo(s, ¢, u), ..., b(u+2)_1 (s,1,u) is the basis
2

of R[s, t, u], that has been chosen to build M(¢),,, then there exists A € R\ {0} such

that
Wp =2A (bo(So, o, uo), Cee b(szrz)_l(So, o, Mo)) .

For instance, suppose that (bo(s,?,u), .. .,b(],+z)_1(s,t,u)) = (sit/u™77,0 <
2
i,j <v,i+j <v)(theusual monomial basis), then (g : 7o : up) = (W2 : wy : wp).
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Obviously, the inversion problems have been translated into compute kernel of
the transpose of M(¢),(P), for which there exits numerically effective algorithms
like the Singular Value Decomposition.

We also point out that the points P € S such that rank M(¢p), (P) = rankM(¢p), —
1= ("'2”) — 1 are precisely the regular points on S. However, the conversion doesn’t
hold.

4.3 Curve/Surface Intersection

Suppose given a parametric surface S represented by a homogeneous and irreducible
implicit equation S(x, y,z,w) = O in ]P’% and a rational space curve C represented
by a parameterization

¢ PL— P (s:t) > (x(s,1) 1 y(s,t) 1 2(s,1) s wis, 1)) 4.1)

where x(s,1), y(s,t),z(s,t),w(s,t) are homogeneous polynomials of the same
degree and without common factor in R[s, ¢].

A standard problem in nonlinear computational geometry is to determine the set
cNnS c IP’%, especially when it is finite. One way to proceed, is to compute the roots
of the homogeneous polynomial

S(x(s, 1), y(s,t),z(s,1),w(s, 1)) 4.2)

because they are in correspondence with C N S through the regular map ¢. Observe
that (4.2) is identically zero if and only if C N S is infinite, equivalently C C S (for
C is irreducible).

Assume that M (x, y, z, w) is a matrix representation of the surface S, meaning a
representation of the polynomial S(x, y, z, w). By replacing the variables x, y, z, w
by the homogeneous polynomials x (s, ¢), y (s, ), z(s, 1), w(s, t) respectively, we get
the matrix

M(s,t) = M(x(s,t), y(s,t),z(s,1), w(s, t)).

Therefore, we have the following easy property: for every point (so : 7o) € PL the
rank of the matrix M (s, y) drops if and only if the point (x(so, %) : y(so,Zo) :
2(80, t0) : w(so, fo)) belongs to the intersection locus C N S.

It follows that points in C N S associated to points (s : ¢) such that s # 0, are in
correspondence with the set of values ¢ € R such that M (1, ¢) drops of rank strictly
less than its row and column dimensions, i.e., the set of generalized eigenvalues of
M (1, 1) that this will be explained in detail in the next section. Now, we present a
technique from linear algebra which allows us to obtain the regular part of the pencil
matrices.
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4.3.1 Linearization of a Polynomial Matrix in the Monomial
Basis

We begin with some notation. Let A and B be two matrices of size m x n with
coefficients in R. We will call a generalized eigenvalue of A and B a value in the
set

A(A, B) :={t € R : rank(A4 — tB) < min{m, n}}.

In the case m = n, the matrices A and B have n generalized eigenvalues if and
only if rank(B) = n. If rank(B) < n, then A(A, B) can be finite, empty or infinite.
Moreover, if B is invertible then A(A, B) = A(AB~', 1) = A(AB™"), which is the
ordinary spectrum of AB™!.

Suppose given an m x n-matrix M(¢) = (a;;(¢)) with polynomial entries
a; j(t) € R[t]. It can be equivalently written as a polynomial in ¢ with coefficients
m x n-matrices with entries in R: if d = max; ;{deg(a; ;(¢))} then

M(t) = Myt + Myt + ...+ M,
where M; € R™*",

The generalized companion matrices A, B of the matrix M(#) are the matrices
with coefficients in R of size ((d — 1)m + n) x dm that are given by

0o I, ...... 0 I, 0 ...... 0
0o 0 I, 0 07,0 0
A=+ B= o
0 0 ...0 I, 0oo0...1,, O
MM M), 00..0-M

where I,, stands for the identity matrix of size m and M/ stands for the transpose of
the matrix M;. These companion matrices allow to linearize the polynomial matrix
M(t) in the sense that there exists two unimodular matrices E(¢) et F(¢), i.e.,
invertible matrices with non-vanishing determinant independent of ¢, with entries
in R[z] and of size dm and (d — 1)m + n respectively, such that

tM
E(t) (A —1B) F(1) = ( (gt) - (‘3_1)). (4.3)

Then, we have
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rank M (t) drops < rank(A — tB) drops.

We also refer the reader to [14,20] for more details. We call ¢ such that rank(A —
tB) drops the generalized eigenvalues of the pencil of matrices A — tB. We thus
transformed the computation of generalized eigenvalues of the matrix polynomial
M (t) into the computation of generalized eigenvalues of a pencil of matrices A —
tB. If the matrices A, B were two square matrices, then we could compute their
generalized eigenvalues by the QZ-algorithm [15]. Therefore, our next task is to
reduce the pencil A — ¢B into a square pencil that keeps the information we are
interested in.

4.3.2 Extracting the Regular Part of a Non-square Pencil
of Matrices

For any couple constant matrices A, B of size p x g such that A — ¢B is full rank,
there exist constant invertible matrices P and Q such that the pencil P(A — tB)Q
is of the block-diagonal form

diag{L;,, ..., L;,, L;l, e L; kyy o §2,, A — 1B}
where A’, B’ are square matrices, B’ is invertible and Ltjl is the transpose of L j, for
! =1,...,u. The dimensions iy, ..., I, ji,..., jusK1,...,k, and the determinant
of A’ —tB’ (up to a scalar) are independent of the representation. Here Ly (¢), $2x (¢)
are the two matrices of size k x (k + 1) and k X k respectively, defined by

1t 0...0 1t 0...0
01 ¢ ...0 01 ¢ ...0
Ley=|: .2 = Do
0...1 ¢t 0 0...... 1 ¢
00 ...11 00...01

This form is called the Kronecker canonical form of a pencil of matrices (see for
instance [13, p. 35-37]). Notice that if the pencil A — ¢B is not full rank then there
is a zero matrix in Kronecker canonical form.

It is interesting to notice that the above decomposition can be computed within
O(p?q) arithmetic operations. We refer the reader to [1] for a proof, as well as for
an analysis of the stability of this decomposition.

Following the ideas developed in [1] and the reduction methods exploited in [22],
we now describe an algorithm that allows to remove the Kronecker blocks Ly, L;{
and £2; from the pencil of matrices A — tB in order to extract the regular pencil
A’ —tB'. We also refer the reader to [20] for more details.
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We start with a pencil A — tB where A, B are constant matrices of size p X
q with coefficients in a field R. Set p = rank B. In the following algorithm, all
computational steps are realized via the classical LU-decomposition.

e Transform B into its column echelon form; that amounts to determining unitary
matrices Py and @y such that

By = PBQy=1[ Bi1 |_0 ]
0 q—p
where B ; is an echelon matrix. Then, compute
A = PAQy =[ A1y | A1z ]
~—— N——
p q—p

e Transform A, into its row echelon form; that amounts to determine unitary
matrices P; and @ such that

A/
PiA1,01 = ( (1)2)

where A} , has full row rank while keeping B ; in echelon form.

1, 0
Put Q' = (-2
© (o 0,

AL A B0
PIAIQ/IZ(AI; 6’2),P131Qi:(31; O)

Thus we obtain a new pencil of matrices, namely A, — tB>.
 Starting from j = 2, repeat the above steps 1 and 2 for the pencil A; —¢B; until
the p; x g; matrix B; has full column rank, that is to say until rank B; = ¢;.
e If B; is not a square matrix, then we repeat the above procedure with the
transposed pencil A’ — 1B

), I, is the identity matrix of size p. Then,

At last, we obtain the regular pencil A’—tB’ where A’, B’ are two square matrices
and B’ is invertible. Moreover, we have the

rank(A4 — tB) drops < rank(A’ — tB') drops.

We are now ready to state our algorithm for solving the curve/surface intersection
problem:
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Algorithm 1: Matrix intersection algorithm

Input: A matrix representation of a surface S and a parametrization (4.1) of a
rational space curve C not contained in S.

Output: The intersection points of S and C.

1. Compute the matrix representation M(t).

2. Compute the generalized companion matrices A and B of M(t).

3. Compute the companion regular matrices A’ and B'.

4. Compute the generalized eigenvalues of (A, B').

5. For each eigenvalue t,, the point

¢(1:t9) = P(x(1,20) : y(1,10) : z(1,10) : w(l,120)) is one of the intersection

points.

Remark that this algorithm returns all the points in C N S except possibly the
point ¢ (1 : 0). This point can be treated independently.

Example 4.3 Let S be the sphere that we suppose given as the image of the
parametrization

o PP P ity (fi:fo: fs:fa)
where
fi=s2+ 24+ ud fr=2su, f3 =2st, fir = s> — 1> —u’.
Let C be the twisted cubic which is parametrized by
x(t) =1,y(1) =t,z2(t) = >, w(t) = 1>

The computation of a matrix representation of the sphere S gives

-y 0 z x+w
0 —y —x4+w —z
Z xXx+w y 0

Now, a point P belongs to the intersection of S and C if and only if P = (1 : ¢ :
t? : t3) and ¢ is one of the generalized eigenvalues of the matrix

-t 0 2 14143
Mit)y=|10 —t -1+ -2
21+ ¢ 0

As before, we compute the generalized eigenvalues and find:

t ~ 0.7373527056, t, ~ —0.7373527056,
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Fig. 4.1 Intersection of the
sphere and the twisted cubic,
the axis Oz

t3 &~ 0.5405361044 + 1.031515287i,t4 ~ —0.5405361044 — 1.0315152871,
ts ~ 0.5405361044 — 1.0315152871, ts ~ —0.5405361044 4 1.031515287i.

All these eigenvalues have multiplicity 1. They all correspond to one intersection
point of S and C which has multiplicity 1. By Bézout Theorem, there are all the
intersection points between these two algebraic varieties (all of them are at finite
distance) (Fig.4.1).

4.4 Surface/Surface Intersection

Computing the intersection between two parametric algebraic surfaces is a funda-
mental task in Computer Aided Geometric Design. Several methods and approaches
have been developed for that purpose. Some of them are based on the use of
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matrix representations of the objects because they allow to transform geometric
operations on the intersection curve into matrix operations. This approach seems
to have been first introduced by J. Canny and D. Manocha in their paper [21].
Roughly speaking, it amounts to representing the implicit equation of one of the two
surfaces as the determinant of a certain matrix, necessarily square. Then, instead of
using this implicit equation, the matrix itself is used as a representation of this first
parametric surface and then a matrix representation of the intersection curve is easily
obtained by replacing the implicit variables by the parameterization of the second
surface. In this section, we extend the approach of Canny and Manocha concerning
surface/surface intersection to the significantly larger class of parameterizations
introduced in Sect. 4.2.

Suppose given two distinct parametric surfaces S; and S,. A standard problem in
nonlinear computational geometry is to determine the set S; N S, which is a curve
in P3. As we explained above, one can build a representation matrix of S that we
will denote by M (x, y,z, w). Let

¢ : ]P’D% — ]P’% (st iu) > (a(s, t,u) b(s,t,u) c(s,t,u) :d(s,t,u)

be a parameterization of S, where a(s, ¢, u), b(s,t,u), c(s,t,u), d(s,t,u) are homo-
geneous polynomials of the same degree and without common factor in R[s, ¢, u]. By
substituting in the matrix M (x, y, z, w) the variables x, y, z, w by the homogeneous
polynomials a(s, ¢, u), b(s,t,u),c(s,t,u), d(s,t, u) respectively, we get the matrix

M(s,t,u):= M(p(s:t:u)) = M(a(s,t,u),b(s,t,u),c(s, t,u),d(s,t,u)).

From the properties of the representation matrix M(x, y,z,w), we know that
M (s, t,u) has maximal rank p (where p is the number of rows of M). Moreover,
for every point (so : 1o : up) € P% we have

(}5(.5‘0 o Mo) eS NS,or

rank (M (so, to, up)) < p if and only if
(so : #o : up) is a base point of ¢.

4.4)

The equivalence (4.4) shows that the spectrum of the matrix M (s, ¢, u), that is to

say the set
{(so Tty up) € ]P’DZQ such that rank M (s, to, up) < ,o},

yields the intersection locus S; N S, plus the base points of the parameterization ¢
of Sz.

In [9] we proved that the spectrum of the matrix M (s, ¢, u) is an algebraic curve
in ]PD%, that is to say is equal to the zero locus of a homogeneous polynomial in
R[s, z, u]. In particular, there are no isolated points in the spectrum of M (s, 1, u).
As a consequence if we use matrix representations to deal with the surface/surface
intersection problem, we will at some point end up with a pencil of bivariate and
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non-square matrices that represents the intersection curve (after dehomogenization).
Therefore, in order to be able to handle this intersection curve, for instance to
determine its exact topology, it is necessary to extract a pencil of bivariate and
square matrices that yields a matrix representation of the intersection curve as
a matrix determinant. For that purpose, we develop an algorithm (called AW -
Decomposition) based on the remarkable work of V. N. Kublanovskaya [17, 18].

We build two companion matrices A(¢) and B(¢) which allow us to linearize
the polynomial matrix M(s,¢,1) such that the spectrum of the matrix M(s,t,1)
coincides the spectrum of the matrix A(t) — sB(¢). Then, we provide an algorithm
that extracts a square matrix whose determinant represents the intersection locus
S1 N'S,. A pencil of polynomial matrices A(¢) — sB(¢) is equivalent to a pencil of
the following form

Mlql(S,l) 0 0
P@)(A@) —sB() Q1) = | Myi(s.t) Mas(s,t) O
M3,1(S, t) M372(S,l) M3,3(S, t)

where P(t), Q(¢) are unimodular matrices and the pencil M;(s,t) is a regular
pencil that corresponds to the intersection locus S; N S,.
Now, we get the following algorithm (for more details see [9]):

Algorithm 2: Matrix representation of an intersection curve

Input: Two parametric algebraic surfaces S; and S such that the parameterization of S| has
local complete intersection base points.

OQutput: The intersection curve S| N S, represented as a matrix determinant.

1. Compute a matrix representation of Sy, say M(x, y, z, w).

2. Replace x,y, z, w by the parameterization of S, in the matrix M to get a matrix M(s,t)

(setu =1).

3. Compute the generalized companion matrices A(s) and B(s) associated to M(s, t).

4. Return the regular pencil of matrices My(s,t) = A;(s) —tB;(s).

In comparison with [21], our algorithm returns a result of the same type:
a determinant matrix representation of the intersection curve, but the class of
parameterizations of surfaces for which step 1 can be performed is here dramatically
extended. We present an illustrative example.

Example 4.4 We start with the Steiner surface S| parameterized by
G PP P i(sitiu) > (822 4+ u? tuostosu)

which admits the matrix representation
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-x 0 -y 0 —yy 0 z O
y =y 0 w 0 —x—-y 0 O
0 0w O O O z 0 —x
M 9 9 bl ::
(x,y.2,w) w 0 0 -y 0 z 0 —-yy
O w 0 0O 0 z 0 0 vy
w 0 0 0 z 0 0 0 y

We want to study the intersection between S and the cubic surface S, parameterized
by

G P2 P (st iu) e (80413 st su? 4 n? ).

As in the previous example, to determine the intersection between S; and S, we will
compute the spectrum of the polynomial matrix

M(s,t,u)
—s3—3 0 —stu O —stu stu 0 su? + tu? 0
stu  —stu 0 0 —s3 =13 —sm 0 0
_ 0 0 u 0 0 0 su*+n® 0 —s*-1
N uw 0 0 —stu 0 su? + ti? 0 —stu stu
0 u’ 0 0 0 su? + ti? 0 0 stu
uw 0 0 0 su?+ t? 0 0 0 stu

By dehomogenizing with respect to the variable u, we consider

3= 0 —st 0 —st st 0 s+1¢ 0
st —st 0 1 0 —s3—13 —st 0 0
M(s.t) = 0 0o 1 0 O 0 s+t 0 —s3—¢3
1 0 0 —st O s+t 0 —st st
0 1 0 0 O s+t 0 0 st
1 0 0 0 s+t 0 0 0 st

Writing M (s, ) as M(s,t) = Mst> 4+ Myt*> + Mt + My, we obtain the generalized
companion matrices of M (s, t):

0 Is O Is 0 O
A(S) = 0 0 I s B(S) = 0ls O
M M! M} 0 0 —M!

Applying the algorithm that extracts a square matrix for the pencil A’(s) — tB'(s),
we obtain its regular part M (s, t) = A1(s) — tB1(s) where
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s01100000000 —521000 —s00s000
00s000000000 2 5510 05052000
s00000000000 0 0s0—-10 100000
100000100000 00000 0000100
100000010000 00000 0000010
Al(s) = 000010000000 Bi(s) = 00000 0000001
000001000000 1 0001 0000000
s00000001000 0 000—-10 010000
010000000000 s 0000 1 000000
000000000100 00000 0000000
000000000010 00000 0000000
000000000001 00000 0000000

Its yields a plane curve of degree 6 whose implicit equation is det(M,(s,?)) =
2 + 2st + 5%t + 25%t3 — st° + s> — ts°. This plane curve parameterizes S; N S,
through the regular map ¢;.

4.5 Matrix-Based Implicit Representations of Parametric
Curves in Space

Let fo, f1, f2, f3 be homogeneous polynomials in R[s, t] of the same degree d > 1
such that their greatest common divisor is a non-zero constant in R. Consider the
regular map of a parametric space curve
¢
Py — P

(s:0)=(fo: fi: fa: [3)(s,1).

4.5.1 Construction of the Representation Matrix

Consider the set of syzygies of f := (fo, fi, f2, f3), that is to say the set

3 3
Syz(f) = (go(s.1),. ., g3(s,0)) = D gi(s,0) fi(s,1) = 0¢ C EPRIs.1].

i=0 i=0

From a classical structure theorem of commutative algebra called the Hilbert-Burch
Theorem (see for instance [12, §20.4]), Syz(f) is known to be a free and graded
R[s, ]-module of rank 3. Moreover, there exists non-negative integers (i, a2, 3
and 3 vectors of polynomials

(io(s, 1), ui1 (s, 1), uin(s, 1), u;3(s, 1)) € Syz(f) C R[s,¢]*, i =1,2,3, (4.5
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such that

* Foreveryi € {1,2,3}, j €{0,1,2,3}, u; j(s,t) is a homogeneous polynomial
in R[s, 7] of degree u; > 0,

¢ The 3 vectors in (4.5) form an R[s, ¢]-basis of Syz(f),

* U1+ M2+ u3 =d whered = deg f;.

e Forevery j € {0,...,3}, the determinant of the matrix obtained by deleting the
column (u; ;)i=1.2,3 from the matrix

uro(s,t) ur1(s,t) ura(s,t) urs(s,t)
M(S, Z) = MQ’()(S,Z) M2,1(S,l) M2,2(S, t) M2,3(S, t) (46)
uzo(s, 1) uz (s, 1) usa(s,t) usz(s,t)

is equal to (—1)/¢ f;(s.t) € R[s, ] where ¢ € R\ {0}.

A collection of vectors as in (4.5) that satisfy the above properties is called a p-basis
of the parameterization ¢. It is important to notice that a p-basis is far from unique,
but the collection of integers (i1, (42, i43) is unique if we order it. Therefore, in the
sequel we will always assume that a p-basis is ordered so that 0 < p; < py < 3.

For every integer i = 1,2,3 and every integer v € N, consider the matrix
Sylv, (u;) that satisfies to the identity

[s" sl s t"] x Sylv, (u;) = [s”_"" wp "M Ty e TRy, t"_’“u,-].

Itisa (v 4+ 1) x (v — w; + 1)-matrix which usually appears as a building block in
well-known Sylvester matrices. It follows that the matrix

Sylv, (u1, uz, u3) := | Sylv,(u1) Sylv, (u2) Sylv, (u3)

It has v + 1 rows and 3(v + 1) — d columns. Its entries are linear forms in
R[x, y,z w]; in particular, it can be evaluated at any point (x : y : z : w) € P}
and yielding a matrix with coefficients in R.

In [8], we proved that for all v > pu3 + po — 1 the matrix M(¢), =
Sylv, (u1, uz, u3) is a matrix-based representation of the curve C, i.e.,

(i) M(¢), is generically full rank, that is to say generically of rank v 4+ 1,
(ii) The rank of M(¢), drops exactly on the curve C.

Of course, in practice the most useful matrix is the smallest one, that is to say
M(¢)M3+Mz—l‘

Example 4.5 Let C be the rational space curve parameterized by

¢
Py — P3
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(s:1) > (s* 5% 522 1Y),

A p-basis of C is given by

p = —Ix—+ sy,
q = —ty + sz,
r = —tzz + 2w,

We have 1y = pup, = 1, w3 = 2 and hence w3 + up — 1 = 2. Therefore, we obtain
the following representation matrix of ¢:

y 0 z 0w
M@y, =|-x»y -y z 0
0 —x 0 —y —2

4.5.2 Points on Curves and Inversion Problems

The same ideas introduced in Sect.4.2.2, we can solve the points on curves and
inversion problems. For instance, suppose given a parameterization ¢ of a rational
curve C and a point P in P?. Denote by M(¢), a matrix representation of ¢ for some
integer v > w3 + (o — 1. Since its entries are linear forms in the variables x, y, z, w,
one can evaluate M(¢p), at P and get a matrix with coefficients in the ground field
R. Then, we have that

rank (M(¢),(P)) <v + lifandonlyif P € C.

This property answers the point-on curve problem.

If rank M(¢),(P) = rankM(¢), — 1 = v then P has a unique pre-image (so :
to) by ¢ and moreover, this pre-image can be recovered from the computation of
a generator, say Wp = (wy,...,w,) € R"*! of the kernel of the transpose of
M(¢),(P). Indeed, if bo(s,?),...,b,(s, ) is the basis which has been chosen to
build M(¢),,, then there exists A € R\ {0} such that

Wp = A (bo(s0, %), - .., by(s0, 1)) .

For instance, suppose that b; (s, ) = sitv=i i = 0,...,v (the usual monomial
basis), then (so : o) = (w; : wy) if wg # 0, otherwise (so : fo) = (1 : 0).

We point out that the points P € C such that rankM(¢p),(P) = rank
M(¢), — 1 = v are precisely the regular points on C, that is to say that all the
points that do not verify this property are singular points on C. We will come back
again to this property and to the treatment of the singular points on C in the next
section.
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Example 4.6 Suppose that the parameterization ¢ is given by

fo(s.1) = 3s*? — 953> — 35%1* + 1257 + 61°,

fi(s, 1) = —3s° + 185t — 27s*% — 125°6% + 3352t + 6s8° — 61°,
fo(s, 1) = s° — 651 + 135*% — 165717 + 95%1* + 14s8° — 61°,
f3(s,1) = =25t + 8533 — 145%t* + 2058 — 61°.

A p-basis for C is

p = (s*=3st+1tH)x + 1y,
q = (s* —st +3t%)y + (3s® — 3st — 3t%)z,
ro= 212z + (s — 25t — 2t%)w.

From deg(p) = deg(q) = deg(r) = 2, we have u3 + u, — 1 = 3 and hence a
matrix representation of C is given by

x+y 0 3y-3z 0 2z—=2w 0
—3x x+y—-y—3z3y—3z 2w 2z-—-2w
x —3x y+3z —y—-3z w —2w
0 X 0 y+3z 0 w

M(¢); =

Let P = (1:1:1:1) € P Evaluating M(¢), at P we find that

200 0 00
32 40 -20
M(9); = 1 =34 —41 =2
01 0 4 0 1

is of rank 4 so that P does not lie on C.
If one evaluates the matrix M(¢); at the point P = (9: 9: 9 : 6) € P* we obtain
the matrix

I8 0 0 O 6 O
—27 18 =36 0 —12 6
9 —27 36 =36 6 —12
0 9 0 36 0 6

M($)3(P) =

which has rank 3. Therefore, P is a smooth point on the curve C. Moreover,
the computation of the kernel of the transpose of M(¢);(P) returns the vector
(1,1,1,1). Thus, we deduce that P = ¢(1 : 1).
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4.5.3 Rank of a Representation Matrix at a Singular Point

Let P be a point on C. There exists at least one point (s; : #;) € P! such that
P = ¢(sy : t1). Now, let H be a plane in IP? passing through P, not containing C
and denote by H(x, y,z,w) an equation (a linear form in R[x, y,z, w]) of H. We
have the following degree d homogeneous polynomial in R][s, ]

d
H(fols.1), fils,0), fo(s. ), fils,0)) = [ [(is = si0) 4.7)

i=1

where the points (s; : ;) € P',i = 1,...,d, are not necessarily distinct. We define
the intersection multiplicity of C with H at the point P, denoted i p(C, H), as the
number of points (s; : #;)j=1.. 4 such that¢(s; : ;) = P.

The multiplicity mp(C) of the point P on C is defined as the minimum of the
intersection multiplicities i p (C, H) where H runs over all the planes not containing
C and passing through the point P € C. This minimum is reached for a sufficiently
generic .

Suppose given a representation matrix M(¢), of the curve C which is built from
the p-basis p,q,r of degree w; < w» =< 3. Its entries are linear forms in
R[x, y,z,w] so that it makes sense to evaluate M(¢), at a point P in P? to get a
matrix M(¢), (P) with entries in R. In [8], we prove the following property: Given
a point P in IP?, for every integer v > s + 3 — 1 we have

rankM(¢),(P) =v + 1 —mp(C),

or equivalently corank M(¢), (P) = mp(C).
This result provides a stratification of the points in P* with respect to the curve
C. Indeed, we have that

o If P is such that rank M(¢) ,(P) = v + 1 then P ¢ C,

o If P is such that rank M(¢),(P) = v then P is aregular point (i.e. of multiplicity
IhonC,

o If P is such that rank M(¢),(P) = v — 1 then P is singular point of multiplicity
2onC,

e and so on.

Moreover, if P is a singular point on C then necessarily
2<mp(C) < pp or mp(C) = 3. (4.8)

One can read more details in [8] for computational singularities aspects of C.
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4.5.4 Curve/Curve Intersection
Suppose given two rational curves, say C; parameterized by

PUIS B (sit) s (foioet £3)(s0) 4.9)
and C, parameterized by the regular map

PP B (s 1) (g0 :e- g3)(s, 1), (4.10)

Let M(¢1), be a representation matrix of C; for a suitable integer v. The substitution
in M(¢1), of the variables x, y,z,w by the homogeneous parameterization of C,
yields the matrix

M(¢1)u (s, 1) == M(P1)v(go(s. 1), ... &3(s,1)).

As a consequence of the properties of a representation matrix, we have the following
property: Let (so : o) € P'. Then rank M(¢1), (s0, fo) < v+ 1 if and only if the point
P2 (s0, to) belongs to the intersection locus C; N C,.

The set C; N C, is in correspondence with the points of P! where the rank of
M(¢1),(s,t) drops. By setting ¢t = 1, the determination of the values of s such
that the rank of M(¢;), (s, 1) drops can be treated at the level of matrices (that is
to say without any symbolic computation and in particular without any determi-
nant computations) by using linearization techniques and generalized eigenvalues
computations. We obtain the algorithm similar to Algorithm 1.

Algorithm 3: Intersection of two parametric curves

Input: Two parametric curves C; and C, given by (4.9) and (4.10).
Output: The intersection points of C; and Cy.

1. Compute the matrix representation M(¢), (¢1) of C for a suitable v.
2. Compute the generalized companion matrices A and B of M(¢), (¢1).
3. Compute the companion regular matrices A" and B’.

4. Compute the generalized eigenvalues of (A', B').

5. For each eigenvalue to, ¢2(ty : 1) is an intersection point.

Remark that this algorithm returns all the points in C; N C, except possibly the
point ¢ (1 : 0). This point can be treated independently.

Conclusion

This paper presents an implicit representation concept of a parametric curve or
a parametric surface. This representation is a matrix whose entries are linear
forms in the coordinates of R. This matrix representation characterizes a

(continued)
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curve or a surface by a rank drop property. It is easily to calculate and in
addition a useful tool for solving intersection problems. Moreover, its main
interest is particularly to transform intersection problems into numerical linear
algebra problems which can be solved using powerful and robust algorithms,
such as the singular value decomposition and the computation of generalized
eigenvalues or eigenvectors. Thus, in the context of ray tracing on a surface
set, this approach could improve the robustness of the existing methods in
particular situations.

All algorithms that we proposed above have been implemented in the
software Maple and the corresponding files are available at http://cgi.di.uoa.
gr/~thanglb/.
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Part I1
Geometric Computing: Algebraic Tools



Chapter 5
Singular Zeros of Polynomial Systems

Angelos Mantzaflaris and Bernard Mourrain

5.1 Introduction

A main challenge in algebraic and geometric computing is singular point iden-
tification and treatment. Such problems naturally occur when computing the
topology of implicit curves or surfaces [1], the intersection of parametric surfaces
in geometric modeling. When algebraic representations are used, this reduces to
solving polynomial systems. Several approaches are available: algebraic techniques
such as Grobner bases or border bases, resultants, subdivision algorithms [16, 19],
homotopies, and so on. At the end of the day, a numerical approximation or a
box of isolation is usually computed to identify every real root of the polynomial
system. But we often need to improve the numerical approximation of the roots.
Numerical methods such as Newton’s iteration can be used to improve the quality of
the approximation, provided that we have a simple root. In the presence of a multiple
root, the difficulties are significantly increasing. The numerical approximation can
be of very bad quality, and the methods used to compute this approximation are
converging slowly (or not converging). The situation in practical problems, as
encountered in CAGD for instance, is even worse, since the coefficients of the
input equations are known with some incertitude. Computing multiple roots and
root multiplicities of approximate polynomial systems is an ill-posed problem, since
changing slightly the coefficients may transform a multiple root into a cluster of
simple roots (or even make it disappear).

For instance Newton’s method converges only linearly to such a point, if it
converges at all [6]. Also, certification tests for the existence of roots on a domain
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do not directly treat these cases. On the other hand, computing the local multiplicity
structure around a singularity breaks down to stable linear algebra methods, which
can be run approximately. One can use this local structure to deflate the root,
and thus restore super-linear convergence of Newton iteration, or use standard
verification techniques to certify a singular root of the original system. In case of
inexact coefficients, known up to a certain tolerance, an exact singular root no longer
exists. Nevertheless, a well chosen symbolic perturbation, combined with deflation,
allows the certification of a nearby system, within a controlled neighborhood of the
original one, which attains a single singular point.

The numerical treatment of singular zeroes is a difficult task, mainly because of
the ill-posedness of the problem. The following strategy can however be adopted.
Find a perturbation of the input system such that the root is a deformation of an exact
multiple root. Certainly, there is not a single multiple system, if the input data is
approximate. But using the knowledge of the dual structure and interval arithmetic,
our method aims at providing a controlled deformation that is compatible with the
input.

In this way, we identify the multiplicity structure and we are able to setup
deflation techniques which restore the quadratic convergence of the Newton system.
The certification of the multiple root is also possible on the symbolically perturbed
system by applying a fixed point theorem, based e.g. on interval arithmetic [22] or
o-theorems ([7] and references therein).

This approach has already been explored in the past. The first algebraic work on
the analysis of singular points may be due to F.S. Macaulay [14], who introduced the
terminology of “inverse system”. His so-called dialytic method has been exploited
in [4, 12, 13] to construct the inverse system of a multiple point.

Another construction of inverse systems is described e.g. in [17], reducing the
size of the intermediate linear systems (and exploited in [23]).

In [18], another approach to construct the dual basis at the singular point which
is based on an integration strategy, has been proposed.

Regarding deflation techniques, in [20], by applying a triangulation preprocess-
ing step on the Jacobian matrix at the approximate root, minors of the Jacobian
matrix are added to the system to reduce the multiplicity.

In [11], a representation of the ideal in a triangular form in a good position and
derivations with respect to the leading variables are used to iteratively reduce the
multiplicity. This process is applied for p-adic lifting with exact computation.

In [12, 13], instead of triangulating the Jacobian matrix, the number of variables
is doubled and new equations are introduced, which are linear in the new variables.
They describe the kernel of the Jacobian matrix at the multiple root. The process is
iterative, yet for some practical applications, the root may already be deflated with
a few iterations.

In [4], the deflation method is applied iteratively until the root becomes regular,
doubling each time the number of variables.

In [21], a minimization approach is used to reduce the value of the equations and
their derivatives at the approximate root, assuming a basis of the inverse system is
known.
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In [24], the inverse system is constructed via Macaulay’s method; tables of mul-
tiplications are deduced and their eigenvalues are used to improve the approximated
root. They show that the convergence is quadratic at the multiple root.

Verification of multiple roots of (approximate) polynomial equations is a difficult
task. The approach proposed in [22] consists of introducing perturbation parameters
and to certifying the multiple root of nearby system by using a fixed point theorem,
based on interval arithmetic. It applies only to cases where the Jacobian has corank
equal to 1.

The goal of this paper is to review different techniques that can be used to handle
efficiently the following tasks:

(a) Compute a basis for the dual space and of the local quotient ring at a given
(approximate) singular point.

(b) Deflate the system by augmenting it with new equations derived from the dual
basis, introducing adequate perturbation terms.

(c) Certify the singular point and its multiplicity structure for the perturbed
system checking the contraction property of Newton iteration (e.g. via interval
arithmetic).

These tools can be applied to improve the quality of approximation of a multiple
isolated solution of a system of (polynomial) equations, but they can also be used
to solve geometrical problems, such as for instance computing the number of
real branches at a singular point of an algebraic curve. For more details on these
applications, we refer to [15] and references therein.

5.2 Preliminary Considerations

In this section we present some definitions together with the main tools that we shall
need in the sequel.

We denote by R = K[x], x = (x1,...,X,), apolynomial ring over the field K of
characteristic zero. The dual ring R* is the space of linear functionals A : R — K.
It is commonly identified to the space of formal series K[[d]] where d = (91, ..., d,)
are formal variables. Thus we view dual elements as formal series in differential
operators at a point § € K”". To specify that we use the point £, we also denote these
differentials 9,. When applying A(9¢) € K[[d¢]] to a polynomial g(x) € R we will
denote by A%[g] = A%g = A(d¢)[g(x)] the operation

Ao 4l
Al = 3 o g g €, 5.)

a1 o,
et nlodx)' e dx)r

for A(d;) = Z Ao 3"‘ € K[[d;]]. Extending this definition to an ordered set
=(Ay,...,Ay) € K[[a]]“, we shall denote D’ [g] = (Alg, ce Ang). In some
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cases, it is convenient to use normalized differentials instead of 9: for any & € N”,
1
we denote df = — 3; In particular, with the use of this notation we recover the

nice property that, 1f ¢ =0,wehave d{x? = 1 ifa = B and 0 otherwise.

More generally, (d u)aeN" is the dual basis of ((x — £)%)genn, 1.€., @ NON-zero
root implies a linear transformation of the variables, so that the root is translated to
(0,0).

Example 5.1 Consider the integral of a polynomial function g € R over the unit
hypercube. Since this is a linear map, it may be expressed in terms of differentials,
ie.:

g —> g(x)dxy---dx, = Z ca d*[g],
.13 a&sup(g)

1 dlelg
where d%[g] = — 3_(0) and sup(g) stands for the support of g. Indeed, it can
o!

be verified using simple calculations that the (unique) coefficients are given by ¢, =

1
il:[l()éi-i—l'

For A € R* and p € R, let us define the operation p- A : g — A(pq). We
check that

d
(x; = &) - 07 = m(agl (5.2)

and R* obtains the structure of an R—module. This property shall be useful in the
sequel.

5.2.1 Isolated Points and Differentials

LetZ = (fi,..., f;) be an ideal of R and { € K" a root of the polynomial system
f =(fi,--., fs)- We call ¢ an isolated zero of V(Z) if, in a primary decomposition
of Z, the radical of one of the primary components is the maximal ideal m; =
(x1 — &1, ..., x, — ¢,) defining & and no other primary component is contained in
me.

Suppose that ¢ is an isolated root of f, then a minimal primary decomposition
of

I= () 2

Qprim.DT
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contains a primary component Q; such that \/Q; = m; and v/Q' ¢ m; for the
other primary components Q' associated to Z [2].

As /Q;¢ = my, it follows that R/Qy is a finite dimensional vector space. The
multiplicity u¢ of § is defined as the dimension of R/Q;. A point of multiplicity
one is called regular point, or simple root, otherwise we say that ¢ is a singular
isolated point, or multiple root of f'. In the latter case we have J ¢ (§) = 0.

Example 5.2 Consider the ideal Z = (x; — x; + xlz, X1 — X3 + x%), and the root
¢ = (0,0). Then a minimal primary decomposition of Z is

T = (xé’,xl—x2+x§)ﬂ(—2+xz,2+x1).

Among the two factors we find the maximal ideal of { given by the radical ideal

\/(XS,Xl — X2+ x3) = (x1, x2).

We can now define the dual space of an ideal.

Definition 5.1 The dual space of Z is the subspace of elements of K[[0(]] (formal
series of the variables d;), § € V(I), that vanish on all the elements of L. It is also
called the orthogonal of I and is denoted as T+.

The dual space is known to be isomorphic to the quotient R /Z. Consider now the
orthogonal of Qg i.e. the subspace Z; of elements of R* that vanish on members
of Q¢, namely

Qp =% ={A€R*: A[p]=0.Ype Q}.

The following is an essential property that allows extraction of the local structure
P directly from the “global” ideal Z = ( f'), notably by matrix methods that will
be outlined in Sect. 5.3.

Proposition 5.1 ([18, Th. 8]) For any isolated point ¢ € K of f, we have T+ N
K[d¢] = Z;.
In other words, we can identify Z; = Qg— with the space of polynomial differential
operators that vanish at { on every element of Z. Also note that @g— = Q.

The space Z; has dimension ¢, the multiplicity at §. As the variables (x; — ;)
acton R* as derivations (see (5.2)), Z; is a space of differential polynomials in ¢,

which is stable under derivation. This property will be used explicitly in constructing
D, (Sect.5.3).

Definition 5.2 The nilindex of Qg is the maximal integer N € N such that mév 4
Q.

It is directly seen that the maximal order of elements in % is equal to N, also
known as the depth of the space.
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5.2.2 Quotient Ring and Dual Structure

In this section we explore the relation between the dual ring and the quotient R/ Qy,
where Q; is the primary component of the isolated point §. We show how to extract
a basis of this quotient ring from the support of the elements of Z; and how Z; can
be used to reduce any polynomial modulo Q.

It is convenient in terms of notation to make the assumption { = 0. This poses
no constraint, since it implies only a linear change of coordinates.

Let suppZ) be the set of exponents of monomials appearing in %, with a non-
zero coefficient. These are of degree at most N, the nilindex of Q. Since

(YA e Dy, A'pl=0) iff pe Zi- = Qy.

we derive that supp %2y = {y : x¥ ¢ Qp}. In particular, we can find a basis
of R/Qp between the monomials {x¥ : y € supp %}. This is a finite set
of monomials, since their degree is bounded by the nilindex of Qg. Now let
Let x¥/, j = 1,...,s be an enumeration of these monomials. It is clear that
these are finitely many, since Qy is zero-dimensional. Given a monomial basis

(normal form)

i

i=1

of x”J in the basis B, then the dual elements [18, Prop. 13]

S—u
Ai(d) =dPi + ) X;d?i, (5.4)

j=1
fori = 1,..., u form a basis of Z;. We give a proof of this fact in the following

lemma.

Lemma 5.1 The set of elements D = (A;)i=1....,. defined in (5.4) is a basis of D
and the normal form of any g(x) € R with respect to the monomial basis B =
(xﬂi)i=l ..... m is

"
NF(g) =y Af[g]xP:. (5.5)
i=1

Proof First note that the elements of D are linearly independent, since d Bi appears
only in A;(d). Now, by construction,
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n
Z Af[x"‘]xﬁi = NF(x%),

i=1

for all x* ¢ Qg, e.g. NF(xPi) = xPi. Also, for x* € Q,, Vi, Af(x"‘) =0,
since « ¢ suppD. Thus the elements of D compute NF(-) on all monomials
of R, and (5.5) follows by linearity. We deduce that D generates the dual, as in
Definition 5.1. O

It becomes clear that with the knowledge of the dual basis at {, we are able to
compute any g € R modulo Q; by applying the basis elements to the monomials of
g (formal derivation plus evaluation at ). This lemma also shows an isomorphism
between the dual Z; and the quotient ring R/Q;, since it implies a one-to-one
mapping between the primal and dual basis.

Example 5.3 Consider f(x,y) = x* 4+ 2x2y% + y* + 3x%y — y3 and g(x,y) =
18xy?> — 6x3. The common zero ¢ = (0, 0) yields the local dual space
D = (1.dy.dy.d\ . dydy.dy . d,> + L dod)? d*dy +3d,°,
d+1d2d? +dt + 3 d)),
therefore ¢ is a singular zero with multiplicity m = 9.

The primal counterpart is B = (1,x,y,x%, xy, y?, x*,x2y, x*). The relation
between D and B is revealed in the following construction:

1 x y X2 xy y2 x3 x2y .X4 xy2 y3 x2y2 y4
1T 0 0 0 07
d, 1 0O 0 0 0
d, 1 0O 0 0 0
d? 1 0O 0 0 0
dod, 1 0O 0 0 0
d? 1 0O 0 0 0
d? 1 /3 0 0 0
dd, 1 0 3 0 0
d? 10 83 1/3 1 |

(5.6)

The dual monomial of every row couples with a primal monomial in the corre-
sponding column. From the rows we read the coefficients basis elements in D. The
leftmost 9 x 9 block is the identity matrix, implying the duality between D and B.
Then in the last four columns there are some extra monomials; these do not belong
to the basis B, yet appear with a non-zero coefficient in D. These monomials are not
in Qg, but they can be reduced modulo 13: the last four columns yield the normal
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form of these monomials with respect to BB. For example, using column 11 we find
vy =3x%y + §x4 (mod Q).

Using the normal form formula (5.5), we can derive the table of multiplication by
x and y in the quotient algebra represented by B. To do this, it suffices to compute
NF(y x% yBi) and NF(x x% yPi), for all monomials x* y#i € B. This computation
can be done by looking up the normal form of each monomial from the rows of
matrix (5.6). The coefficients of these normal forms fill the i —th rows of the matrices

010000 0 007 001000 0 0 0
000100 0 00 000010 0 0 0
000010 0 00 000001 0 0 0
000000 1 00 000000 0 1 0
M,={000000 0 10| and M,=|0000001/30 0
0000001/300 000000 0 38/3
000000 0 01 000000 0 0 0
000000 0 00 000000 0 01/3
1000000 0 00 1000000 0 0 0 |

Computing the normal form of the border monomials of B via (5.5) also yields the
border basis relations and the operators of multiplication in the quotient R/ Q¢ (see
e.g. [5] for more properties).

If a graded monomial ordering is fixed and B = (x#1);—; _, is the correspond-
ing monomial basis of R/Qy, then d? is the leading term of (5.4) with respect
to the reversed ordering (that is, we reverse the outcome of the comparison of two
monomials, keeping equality unchanged) [13, Th. 3.1].

Conversely, if we are given a basis D of Z; whose coefficient matrix in the dual
monomials basis (d%)a¢g, is D € KM, we can compute a basis of R/Q; by

choosing u independent columns of D, say those indexed by d?, i = 1,..., . If
G € K#*H is the (invertible) matrix formed by these columns, then D’ := G7'D,is

By o B, v o Ve
AT 1 0 A1 o+ Alsp

D'=: : S (5.7)
Ao 1 Xyt o A

i.e. a basis of the form (5.4). Note that an arbitrary basis of & does not have the
above diagonal form, nor does it directly provide a basis for R/ Q. However, a
basis of this form has the desired property

1,if i=j

MlPT= 00

foralli =1,..., pu.
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For t € N, &, denotes the vector space of polynomials of & of degree < ¢. The
Hilbert function 4 : N — N is defined by h(¢) = dim(%;), t > 0, hence h(0) = 1
and h(t) = dim Z for t > N. The integer (1) — 1 = corank J; is known as the
breadth of 9.

5.3 Computing Local Ring Structure

The computation of a local basis, given a system and a point, is done essentially
by matrix-kernel computations, and consequently it can be carried out numerically,
even when the point or even the system is inexact. Throughout the section we
suppose f € R™ and ¢ € K" with f(§) = 0.

Several matrix constructions have been proposed that use different conditions to
identify the dual space as a null-space. They are based on the stability property of
the dual basis:

d
VAe, ﬁAe.@t_l, i=1,...,n. (5.8)

We list existing algorithms that compute dual-space bases:

* As pointed out in (5.2), an equivalent form of (5.8) is
VA€, Algifil=0,VgieR < AlxP.f]=0,VBeN' (59)
Macaulay’s method [14] uses this equivalent characterization to derive the

algorithm that is outlined in Sect. 5.3.1.
* In[17] they exploit (5.8) by forming the matrix D; of the map

d
d_al- . K[a][ — K[a][_l
for all i = 1,...,n and some triangular decomposition of the differential

polynomials in terms of differential variables. This approach was used in [23] to
reduce the row dimension of Macaulay’s matrix, but not the column dimension.
e The closedness subspace method of Zeng [25], uses the same condition to
identify a superset of supp Z,+1 when a basis of &, is computed, and thus reduces
the column dimension of the matrix.
* The integration method in [18] “integrates” elements of a basis of Z;, and obtains
a priori knowledge of the form of elements in degree ¢ + 1 (Sect. 5.3.2).

All methods are incremental, in the sense that they start by setting Dy = (1) and
continue by computing D;, i = 1,..., N, N + 1. When #Dy = #Dy 4, then Dy
is a basis of &, and N is the nilindex of Q.
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We shall review two of these approaches to compute a basis for &, and then
describe an improvement, that allows simultaneous computation of a monomial
basis of the quotient ring, while avoiding redundant computations.

5.3.1 Macaulay’s Dialytic Matrices

This matrix construction is presented in [14, Ch. 4], a modern introduction is
contained in [4], together with an implementation of the method in ApaTools.'
The idea behind the algorithm is the following: An element of Z is of the form

Ad) = ) Aed®

le|<N

under the condition: A evaluates to 0 at any g € (f), that is,
Ag) =4 (Y gifi) =0 = A°GFfy=0,

for all monomials x#, B € N.

If we apply this condition recursively for |e| < N, we get a vector of coefficients
(Ae)ja|<n in the (right) kernel of the matrix with rows indexed by constraints
AxBf.] =0,|B] < N — 1. A basis of Dy is given by the kernel of this matrix
in depth N. The method consists in computing the kernel of these matrices for
N =1,2,...; when N reaches the nilindex of Z, For some value of N, this kernel
stabilizes and the generating vectors form a basis of 2.

Note that the only requirement is to be able to perform derivation of the input
equations and evaluation at { = 0.

Example 5.4 Let fi = x; —xy+ xlz, fh=x1—x+ x%. We also refer the reader to
[4, Ex. 2] for a detailed demonstration of this instance. The matrices in order 1 and
2 are:

1 di d d? didy d?

Ao 1 -1 1 0 0

1 d do H 01 -1 0 0 1
Ao 1 -1 xifiloO 0 0 1 —1 0
5 [0 1 —1}’ xihpl0O 0 0 1 -1 0
xxfil0O 0 0 0 1 -1

x2fh|0 0 0 0 1 -1

Thttp://www.neiu.edu/~zzeng/apatools.htm
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The kernel of the left matrix gives D, = (1, d; + d»). Expanding up to order 2, we
get the matrix on the right, and D, = (1,d; + dp, —d; + d12 + didr + dzz). If we
expand up to depth 3 we get the same null-space, thus D = D;.

5.3.2 Integration Method

This method is presented in [18]. It is an evolution of Macaulay’s method, since
the matrices are not indexed by all differentials, but just by elements based on
knowledge of the previous step. This performs a computation adapted to the given
input and results in smaller matrices.

For A € K[d], we denote by [, A the element @ € K[d] with the property
;’quxa) = A(9) and with no constant term with respect to d.

Theorem 5.3 ([18, Th. 15]) Let {A;, As, ..., Ay} be a basis of Z,—, that is, the
subspace of D of elements of order at most t — 1. An element A € K[d] with no
constant term lies in 9, iff it is of the form:

A@) =D hik [ Ai(@r.....9.0,....0). (5.10)

i=1k=1

for Aix € K, and the following two conditions hold:

(i) Zx,k ~4i(9) - ZA,, ~Ai®) =0 forall L <k <l =n.
(ii) A;[fk] = O,fork = 1,.

Condition (i) is equivalent to da S A € 2y, for all k. Thus the two conditions
express exactly the fact that 2 must be stable under derivation and its members
must vanish on ( f').

This gives the following algorithm to compute the dual basis: Start with
Dy = (1). Given a basis of %,_; we generate the ns candidate elements
fk Ai—1(0q,...,0k,0,...,0). Conditions (i) and (ii) give a linear system with
unknowns A;x. The columns of the corresponding matrix are indexed by the
candidate elements. Then, the kernel of this matrix gives a basis of &, which we
use to generate new candidate elements. If for some t we compute a kernel of the
same dimension as Z;_1, then we have a basis of 2.

Example 5.5 Consider the instance of Example 5.4, fi = x; — x, + xlz, =
X1 — X2 + x3. We have f1(¢) = f2(§) = 0, thus we set Dy = {1}. Equation (5.10)
gives A = A;d; + Ayd,. Condition (i) induces no constraints and (ii) yields the
system
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11707
[1—1“12}_0 5.11)

where the columns are indexed by d;, d>. We get A; = A, = 1 from the kernel of
this matrix, thus D; = {1,d; + d,}.
For the second step, we compute the elements of D,, that must be of the form

A = Mdy + Aady + Azd? + Aa(didy + d3).

Condition (i) yields A3 — A4 = 0, and together with (ii) we form the system

00117
1-110 c | =0, (5.12)
1-10 1 A

with columns indexed by dy, d», d?, d1d> + d3. We get two vectors in the kernel, the
first yielding again d; + d, and a second one for Ay = —1,1;, = 0,43 = A4 = 1,
so we deduce that —d;| + d12 + didy + d22 is a new element of D,.

In the third step we have

A= Mdi + hady + Azd? + Ai(dvdy + d?) + (5.13)
As(di — d}) + Ae(d5 + dvd3 + didy — did>),

condition (i) leads to A3 — A4 + (A5 — A¢)(d] + d») = 0, and together with condition
(i1) we arrive at

0000 1 —17py
1
001-10 0
1-110 =1 0
1-101 0 0 | LA

=0, (5.14)

of size 4 x 6, having two kernel elements that are already in D,. We derive that
9 = (D,) = (Ds) and the algorithm terminates.

Note that for this example Macaulay’s method ends with a matrix of size 12 x 10,
instead of 4 x 6 in this approach.

5.3.3 Computing a Primal-Dual Pair

In this section we provide a process that allows simultaneous computation of a basis
pair (D, B) of Z and R/ Q.
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Computing a basis of & degree by degree involves duplicated computations. The
successive spaces computed are ) C --- C Py = Dn+1. It is more efficient to
produce only new elements A € %, independentin %,/ %,—;, at step t.

Also, once a dual basis is computed, one has to transform it to the form (5.4),
in order to identify a basis of R/Q as well. This transformation can be done a
posteriori, by finding a sub-matrix of full rank and then performing Gauss—Jordan
elimination over this sub-matrix, to reach matrix form (5.7).

We introduce a condition (iii) extending Theorem 5.3, that addresses these two
issues: It allows the computation of a total of u independent elements throughout
execution, and returns a “triangular” basis, e.g. a basis of R/Q is identified.

Lemma 5.2 Let D,—| = (Ay,..., Ag) be a basis of D,—,, whose coefficient matrix
is
B Bi n Vs—k
A I % % % .- *
: 0 * : : : ) (5.15)
Ay 0 0 1 * *

form (5.10), satisfying (i-ii) of Theorem 5.3.
If we impose the additional condition:

(iii) A%[xPi1=0,1<i <k,

then the kernel of the matrix implied by (i-iii) is isomorphic to 9,/ %;—,. Conse-
quently, it extends D,_; to a basis of %;.

Proof Let S be the kernel of the matrix implied by (i-iii), and let A € K[d] be a
non-zero functional in S. We have A € &, and AS[xPi] =0fori =1,... k.

First we show that A ¢ Z,_1. If A € Z,_;, then A = Zﬁ;l A;i A;. Take for iy
the minimal i such that A; # 0. Then Aé[xPi] = Aiy, which contradicts condition
(iii). Therefore, S N Z;_; = {0}, and S can be naturally embedded in &,/ Z;_4, i.e.
dim S <dim %, — dim %, _,.

It remains to show that dim S is exactly dim &, — dim %,_,. This is true, since
with condition (iii) we added k = dim Z,_, equations, thus we excluded from the
initial kernel (equal to Z;) of (i-ii) a subspace of dimension at most k = dim %,_,
so that dim S > dim &, — dim &, _;.

We deduce that S =~ %,/ %,—1, thus a basis of S extends D;_; to a basis of Z;.

O

The above condition is easy to realize; it is equivalent to Vi, d? ¢ supp A,
which implies adding a row (linear constraint) for every i. If we choose the elements
of B with a “reversed” total degree ordering (if a monomial compares total-degree
“less than” another one, then it compares “bigger than” the same monomial in the
reversed order), then in many cases this constraint becomes A;; = 0 for some i, k. In
this case we rather remove the column corresponding to A;; instead of adding a row.
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Hence this lemma allows to shrink the kernel (but also the dimension) of the matrix
and compute only new dual elements, which are reduced modulo the previous basis.
For a detailed size comparison, see Table 5.1.

Let us explore our running example, to demonstrate the essence of this improve-
ment.

Example 5.6 We re-run Example 5.5 using Lemma 5.2. In the initialization step
Dy = (1) is already in triangular form with respect to By = {1}. For the first
step, we demand A[1] = 0, thus the matrix is the same as (5.11), yielding D; =
(1,d; + d). We extend B; = {1, x,}, so that D is triangular with respect to B;.

In the second step we remove from (5.12) the second column, hence we are left
with the 3 x 3 system

01-1 Al
110 A3 | =0,
101 A4

yielding a single solution —d; + d} + did, + d}. We extend B by adding the
monomial x;: B, = {1, xp, x1}.

For the final step, we search an element of the form (5.13) with A[x;] = A[x;] =
0, and together with (i—ii) we get:

We find an empty kernel, thus we recover the triangular basis D = D,, which can
be diagonalized to reach the form:

1 dy di d?* didy, d?
AT 0 0 0 0 0
Ao 1 0 1 1 1
As|0 0 1 -1 -1 -1

This diagonal basis is dual to the basis B = (1, x5, x1) of the quotient ring and also
provides a normal form algorithm (Lemma 5.1) with respect to B. In the final step
we generated a 4 x 4 matrix, of smaller size compared to all previous methods.

Another example is treated in Fig. 5.1, with the aid of pictures.

This technique for computing B can be applied similarly to other matrix methods,
e.g. Macaulay’s dialytic method.

If h(t) — h(t — 1) > 1, i.e. there is more than one element in step 7, then the
choice of monomials to add to B is obtained by extracting a non-zero maximal
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za

1 1
Fig. 5.1 Discovering a primal-dual basis pair for the root { = (0,0) of the bivariate system
{2x1x% + 5x}, 2xx; + 5x3}. (@) £ = (0,0) nullifies the system, so monomial 1 is inserted in
B. (b) In degree 1 we have d; and d,, so x; and x; are added to B. (¢) In degree 2, we add the
dual monomials of d 12 dyd,, and dz2 to B. (d) In degree 3, two dual basis elements appear d 13 df.
(e) In degree 4 we get 2d; — 5d,d3, 2dy — 5did,, and we choose x7. (f) In degree 5, we get
2d? + 2d; — 5d?d} therefore x; is a primal monomial. (g) We find no element of degree 6 and
the algorithm stops: ¢ has multiplicity 11. (h) Different choices at each step lead to different bases;
here is another possible result
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minor from the coefficient matrix in (d*). In practice, we will look first at the
minimum monomials with respect to a fixed term ordering.

5.4 Deflation of a Singular Point

Deflation techniques allow to transform a system of equations defining a singular
solution into a new system where the solution corresponds to a simple point. Usually
this is done by adding new variables and new equations so that a simple isolated
solution of the extended system projects onto the singular solution of the initial
system. We will illustrate different types of deflation.

5.4.1 The Univariate Case

In preparation for the multivariate case, we review an approach for treating
singularities of univariate polynomials.
Let g(x) € K[x] be a polynomial which attains at x = 0 a root of multiplicity

@ > 1. The latter is defined as the positive integer u such that d*g(0) # 0 whereas
k

1d
g(0) = dg(0) = --- = d* 'g(0) = 0. Here we denote by d*g(x) = Fﬁg(x)
! dx
the normalized derivative of order k with respect to x.
We see that 2y = (1.d,...,d"* ') is the maximal space of differentials
which is stable under derivation, that vanish when applied to members of Q,, the

(x)—primary component of (g) at x = 0.

Example 5.7 Let g(x) = (x — 1)* and ¢ = 1. First we check that the space of
differentials that vanish on the solution include all linear combinations of Z; =
(1,de, dg, dg). For instance, we compute d*[g] = 6(x — 1)?|; = 0.

Now d* is not a member of Z; since d*[g] = 1 # 0 does not vanish. Similarly,
for all i > 4, there exists a member of the ideal generated by g which does not
evaluate to zero when we apply the differential d’, namely d'[x'~*g] = 1.

We conclude that the local dual space is exactly 7, and verify that { 4—fold zero

of f.

Consider now the symbolically perturbed equation
filx,e) = g(x) + &1 +e2x + -+ + g 72 (5.16)

and apply every basis element of 7, to arrive at the new system

fee) = (fidfi....d' ™ 1)
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in it — 1 variables. The i —th equation has the form

n—1
C_ gi—l g _ gi—1 k—=1\ 4
fi=d T fi=d g+ ) N B
k=i

i.e linear in &, the last one being f,, = d*~'g(x). This system deflates the root,
since the determinant of its Jacobian matrix at (0, 0) is

4 1 0

detip 0= = | ==,
Edf"“ 0 1l = _parg0) #o.
Efu 0

Now suppose that * is an approximate zero, close to x = ¢. We can still compute
D; by evaluating g(x) and the derivatives up to a threshold relative to the error
present in {*. Then we can form (5.16) and use verification techniques to certify
the root. Checking that the Newton operator is contracting shows the existence and
unicity of a multiple root in a neighborhood of the input data. We are going to extend
this approach, described in [22], to multi-dimensional isolated multiple roots.

5.4.2 Deflation Using the Dialytic Approach

Let us consider a system of equations f = (f1,..., f;), fr € R[x], s > n, which
has an isolated zero &.
If the Jacobian matrix

Oy, 1(x) -+ Oy, f1(x)
Jr(x) = : :
Oy, fs(x) -+ Oy, fo(x)

at the point ¢ is of (maximal) rank n, then the root § is simple. Moreover the iteration
x @t — () 4 Jf (x("))+f(x(”))

converges to ¢ as soon as the initial point x© is close enough to ¢ [9].

When the root is not simple, then the rank of J¢(§) is 1 < n and there are n —r;
linearly independent differentials of order 1 of the form u;d,, + --- + u,0dy, which
satisfy

u10x, £(§) + -+ - + u, 95, £(§) = 0, (5.17)
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or equivalently

e |=o.

Un

To fix a solution of this system, we can choose n — r; random vectors r; =
(roj,71,j,...,7jn) for j =1,...,n —ry and consider the equations

ull‘l'j+"'+Mnl‘j’n+l‘j’():0, j=1,...,n—ry. (5.18)

Extending the initial system of equations f (x) with the new Egs. (5.17) and (5.18),
we obtain a new system of equations denoted f(;j(x[y)) in the variables xj;; =
(X1, s Xp,Up, ..., Uy). This system is called a system deflated from f .

By construction, if § is an isolated root of f (x) = 0 and rank J(§) = ry, there
is a unique u* satisfying Eqgs. (5.17) and (5.18). Thus x;; = (¢, ") is an isolated
solution of the system f'(;;(x 1)) = 0.

If the root x[*l] of this system is simple, then Newton iteration applied on f[;

will converge quadratically to x|, for an initial point x(?) in its neighborhood.

If the root is not simple, the deflation can be applied to the system f ;;(x 1)) = 0
and we obtain a new system f (X)) = 0in 4 variables.

As shown in the next result, the process can be applied inductively until the root
becomes simple:

Theorem 5.4 ([3,12]) If ¢ is an isolated root of the system f (x) = 0, there exists
a number k € N such that f (x)) = 0 has a simple root xi';{] whose projection
on the first n coordinates is €.

It is proved in [12] (or in [3]) that the number k of iterations is at most the depth
of the multiplicity of f at £, that is the maximum degree of a differential polynomial
of the inverse system of f at §.

Notice that the number of variables of the system f;; is n x 2k,

Example 5.8 Consider the system fi(x1,x2) = 2x1x3 + 5x{, fr(x1,x) =
2x?x, + 5x3 and the singular point { = (0,0). Since J;(¢) = 0, we apply a

. . . u
first deflation step, i.e. we compute the equations J (x) ( ! ), and two random
Uy

linear equations:
gixp) = fi =200 +5x% @) = fH=2x"x+5x"
gxp) = (2x22 +20x7)ur + 4x10u
g4(x[1]) = 4 x1xu; + (2)C12 + 20x23) U

gs(xpy) 16u +ury—1,  gelxp) =70u; + 77 uy
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The new Jacobian matrix Jg(§yy;) is rank-defect, with &, = (x.u) =
(0, 0, 11_616’ g—;) is zero, and the multiplicity has dropped from 11 to 4. Therefore
we repeat the procedure for this new system using random equations from the kernel
of Jig) (&) (5.18):

hi(xp) = 2x10° + 5x1%, ha(xp) =2x%0 4+ 5x°

hy(xp) = (2x22 + 20x13) uy + 4 x1xu,

ha(xp)) = 4 x1xu1 + (2)(12 + 20x23) Uy

hs(xp) = 16u; +up — 1, he(xp) = 70u; + 77 u,

hi(xp) = (2xz2+20x13) Vi+4x1X2v2, hs(xpy) = 4x1xv1+ (2x12+20xz3) Vs

ho(xy) = (60 x12uy+4 x2u2) vi+ (4 xu;+4 x1up) vo+ (2 22420 x13) v3+4 X1 X0y
hio(xp) = (4x2u14+4 x1u2) vi+ (4 X1u;+60 xzzuz) vo+4 x1x2v3+ (2 x12420 x23) V4
hii(xp) = 16v3+vs, hia(xp) = 70v3+77 vy

hiz(xp) = 53vi4+12v4+19v34+63v4—1, hia(x[y) = 40v;+90v,4+3v34+49 vy

We obtain a new system which has a regular root at {p; = (x,u,v) =

166" 8371437 429°
the number of (equations and) variables increased exponentially, from 2 to 8, and
the system is no longer square.

11 -5 3 —4
(0 0 —,0, O), so deflation is achieved in two steps. We see that

5.4.3 Deflation Using the Inverse System

We consider again a system of equations f = (f1,..., f5), fx € R[x], which has
an isolated root & of multiplicity u.

In this section, we will also extend the initial system by introducing new variables
so that the extended system has a simple isolated root, which projects onto the
multiple point §. Contrarily to the deflation technique described in Sect. 5.4.2, the
number of new variables will be directly related with the multiplicity u of the point.
Leth = (x = )P, (x —=¢)Pr) be a basis of R/Q¢ and D = (Ay,..., A,)
its dual counterpart, with 81 = (0,...,0), A; = 1.

We introduce a new set of equations starting from f, as follows: add to every fi
the polynomial gy = fx + pr, px = Zf‘;l gix(x—¢)Pi wheree; = (g1, ..., ko)
is a new vector of y variables.

Consider the system
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Dg(x.e) = (M1@)g). . 4,0:)[g])-

where A*[grx] = Ai(dy)[gk] is defined as in (5.1) with ¢ replaced by x, i.e. we
differentiate g but we do not evaluate at §. This is a system of us equations, which
we shall index Dg(x, &) = (g1.1,...,8u,s)- We have

gik(x,€) = A7 [ fx + pi]l = AT [fi] + AT [pi] = A7 [ fi]l + pik(x.€).

Notice that p; ¢ (§,e) = Af[pk] = &;; because D = (Ay,..., A,) is dual to b.

As the first basis element of D is 1 (the evaluation at the root), the first s equations
are g(x,e) = 0.

Note that this system is under-determined, since the number of variables is p s4-n
and the number of equations is ps. We shall provide a systematic way to choose n
variables and purge them (or better, set them equal to zero).

By linearity of the Jacobian matrix we have

Jpg(x.€) = Jpr(x,e)+ Jpp(x,€)
= Ups @) 0]+ 5, (x.0) | Jp,(x.0)].  (5.19)

where Jz, (x,&) (resp. J5 » (x,&)) is the Jacobian matrix of D p with respect to
x (resp. €). By construction the Jacobian matrix Jz, , (x,e) of the system p =
(AF(pj)i<i.j<u is, up to a reordering of the rows and columns, a block diagonal
matrix with s blocks of the form

(A;‘ [bj])lsi,jsu'

As D is dual to the basis b, (Alx [bj](;’o))l<i,j<p. is the identity matrix, the
Jacobian J%p(x,e) evaluated at (§,0) is, up toa reordering of the crows and
columns, the identity matrix of dimension us.

Using decomposition (5.19), we easily deduce the following property:

Lemma 5.3 The us x us Jacobian matrix J,Eg (x,e) is of full rank u s at (¢,0).
Another interesting property is the following [15]:

Lemma 5.4 The ps x n Jacobian matrices Jp, (x,¢&) and Jp s (x, &) are of full
rank n at (¢, 0).

We are going to use these properties to construct sub-systems of Dg with a simple
root “above” §.

The columns of Jp, (x, €) are indexed by the variables (x, €), while the rows
are indexed by the polynomials g;x. We construct the following systems:

(a) Let D f ! be a subsystem of D f s.t. the corresponding n rows of Jpy(§) are
linearly independent (Lemma 5.4 implies that such a subset exists). We denote
by I = {(i1, k1), ..., (in, k,)} their indices.
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(b) Let Dg(x,e) be the square system formed by removing the variables
Ekisys - -+ Ekyiy from Dg(x,e). Therefore the Jacobian Jpjz(x,&) derives
from Jpg (x, ), after purging the columns indexed by &, ;.. .., &k,.i, and it’s
(ij, kj)-th row becomes [V(Af/_g,-j,kj)” 0].

A first consequence is the following result, giving a n x n system deduce from the
initial system f, with a simple root at {:

Theorem 5.5 (Deflation Theorem 1 [15]) Let f (x) be a n—variate polynomial
system with an u—fold isolated zero at x = &. Then the n xn system D f ! (x) = 0,
defined in (a), has a simple root at x = §.

Example 5.9 In our running example, we expand the rectangular Jacobian matrix
of 6 polynomials in (x1, x). Choosing the rows corresponding to f; and (d; —d? —
didy — d})[f1], we find a non-singular minor, hence the resulting system ( f1,2x1)
has a regular root at { = (0, 0).

The deflated system D f/(x) = 0 is a square system in 7 variables. Contrarily
to the deflation approach in [4, 12], we do not introduce new variables and one step
of deflation is provably sufficient. The trade-off is that here we assume that exact
dual elements are pointed at by indices I, so as to be able to compute the original
multiple root with high accuracy.

On the other hand, when the coefficients are machine numbers, an exact multiple
root is unlikely to exist. In the following theorem, we introduce new variables that
will allow us later to derive an approximate deflation method. The need to introduce
new variables comes from the fact that in practice the exact root is not available,
or even worse, the input coefficients contain small error. Therefore, our method
shall seek for a slightly perturbed system with an exact multiple zero within a
controlled neighborhood of the input, that fits as close as possible to the approximate
multiplicity structure of the input system and point.

Theorem 5.6 (Deflation Theorem 2 [15]) Let f (x) be a n—variate polynomial
system with a w—fold isolated root at x = §. The square system Dg(x,&) = 0, as
defined in (b), has a regular isolated root at (x,&) = (£, 0).

Nevertheless, this deflation does differ from the deflation strategy in [4, 12]. There,
new variables are added that correspond to coefficients of differential elements, thus
introducing a perturbation in the dual basis. This is suitable for exact equations, but,
in case of perturbed data, the equations do not actually define a true singular point.

Example 5.10 Consider the system [13] of 3 equations in 2 variables f] = x13 +
x1x3, fo = xi1x3 + x3, f3 = x{x» + x1x3, and the singular point (0,0) of
multiplicity equal to 7.

Suppose that the point is given. Using Theorem 5.3 and Lemma 5.2 we derive
the primal-dual pair

D =(1,d\,dy,d}, dvdy,d5,d3 + d} + didy —dvd3)
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where d23 is underlined to show that it corresponds to xg’ in the primal monomial
basis B = (1, xy, x2, xlz, X1X2, x%, xi”) The biggest matrix used, in depth 4, was of
size 9 x 8, while Macaulay’s method terminates with a matrix of size 30 x 15.

To deflate the root, we construct the augmented system D f of 21 equations. The
21 x 2 Jacobian matrix Jp s (x) is of rank 2 and a full-rank minor consists of the
rows 4 and 5. Therefore, we find the system (d?[ f1], d1d>[ f1]) = (3x1,2x) which
deflates (0, 0). Note that even though both equations of the deflated system derive
from f, the functionals used on f| are computed using all initial equations.

The perturbed equations are then

g1 = fiten+eiax+eaxa+ +81,4X§ + 81,5x§’

&= frt e +e2x1 + 232+ +€2,4X12 + &25X1X2 + 52,6-’5% + 82,736%
g3 = fi+ a1+ Taoxt + Tasxa + +634X7 4 £35X1X0 + £36X7 + £37X3

and the resulting system Dg has a simple root at (¢, 0).

5.5 Approximate Multiple Point

In real-life applications it is common to work with approximate inputs. Also, there is
the need to (numerically) decide if an (approximate) system possesses a single (real)
root in a given domain, notably for use in subdivision-based algorithms, e.g. [16,19].

In the regular case, Smale’s ¢—theory, extending Newton’s method, can be used
to answer this problem, also partially extended to singular cases in [7], using zero
clustering. Another option is to used the following certification test, based on the
verification method of Rump [22, Th. 2.1]:

Theorem 5.7 ([10,22] Krawczyk-Rump Theorem) Ler f € R", R = K][x], be a
polynomial system and &* € R" a real approximate regular isolated point. Given an
interval domain Z € IR" containing £* € R", and an interval matrix M € IR""
whose i —th column M; satisfies

Vi(Z)YCSM; for i=1...,n
then the following holds: If the interval domain

Vi(Z,§") = =Jr @) @)+ U =T €)' M)Z (5.20)

is contained in 2, the interior of Z, then there is a unique § € Z with f(§) = 0
and the Jacobian matrix J ¢ (§) € M is non-singular.

In our implementation we use this latter approach, since it is suitable for inexact
data and suits best with the perturbation which is applied. In particular, it coincides
with the numerical scheme of [22] in the univariate case.
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In the case of an isolated multiple point of a polynomial system, we applied a
deflation to transform it into a regular root of an extended system. The theorem
is applied to the system of Theorem 5.6, using an (approximate) structure D. The
resulting range of the e —parameters encloses a system that attains a single multiple
root of that structure. Hence the domain for e—variables reflects the distance of the
input system from a precise system with local structure D. Therefore, we obtain
a perturbed system in a neighborhood of the input together with a numerically
controlled bound on the perturbation coefficients, with a unique multiple root having
a prescribed multiplicity.

If the multiple point is known approximately, we use implicitly Taylor’s expan-
sion of the polynomials at this approximate point to deduce the dual basis, applying
the algorithm of the previous section. The following computation can be applied:

* Ateach step, the solutions of linear system (5.10, i—iii) are computed via Singular
Value Decomposition. Using a given threshold, we determine the numerical rank
and an orthogonal basis of the solutions from the last singular values and the last
columns of the right factor of the SVD.

* For the computation of the monomials which define the equations (Lemma 5.2,
iii) at the next step, we apply QR decomposition on the transpose of the basis to
extract a non-zero maximal minor. The monomials indexing this minor are used
to determine constraints (5.10, i—iii). A similar numerical technique is employed
in [25], for Macaulay’s method.

Example 5.11 Let fi = x}x;—x1x3, f» = x;—x3. The verification method of [22]
applies a linear perturbation to this system, but fails to certify the root { = (0, 0).

We consider an approximate point {* = (.01, .002) and we compute the
approximate multiplicity structure

D = (Ay,..., Ay) = (1.0, 1.0d5, 1.0d; + 1.0d},1.0d,d> + 1.0d3).

The augmented system g (x) = (A;[f;]) = (fi, 2.0x1x2 — 1.0x7 — 1.0xy, 2.0x; —
2.0xz, 1.0x1 — 1.0x3, f>, —2.0x2, 0.,0.) has a Jacobian matrix:

Jg(C*)T _ |:.00 016 —99 20 1.0 0 O 0i|

.00 —.02 .016 —2.0 —.004 —2.00 0

with a non-zero minor at the third and forth row. Using this information, we apply
the following perturbation to the original system:

2 2
g1 = X{X2 —X1X5 + &11 + &12X2

2
g5 = X1 — X5 + &1 + €0X2 + €23X] + €24X1X2

Thus g(x1, X2, €11, €12, €21, €22, €23, £24), computed as before, is a square system
with additional equations:
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g2 = 1.0x7 — 2.0x1x2 + 1.0g,
g3 = 2.0x1x2 — 1.0x7 — 1.0x;

g4 = 2.0x1 —2.0x,

g6 = —2.0x2 + 1.0e25 + 1.0x1624
1.0&23 + 1.0x2624

&7
gs = 1.0e4

Now take the box Z; = [-.03,.05] x [—.04,.04] x [-.01,.01]°. We apply
Theorem 5.7 on g, i.e. we compute Vg (Z;, ™). For the variable &, the interval
is [-.015,.15] € (—.01,.01), therefore we don’t get an answer.

We shrink a little Z; down to Z, = [—.03,.05] x [-.02,.02] x [-.01,.01]® and
we apply again Theorem 5.7, which results in

[—.004, .004]
[—.004, .004]
[—.001, .001]
ez Gty = | T | <
[—.009, .009]
[—.00045, .00035]
.0, .0]

thus we certify that the input equations admit a perturbation of magnitude of .01, so
that the perturbed system has a unique exact root within the interval [—.03, .05] x
[—.02,.02].

5.6 Experimentation

We have implemented the presented algorithms in MAPLE. It can compute (approxi-
mate) dual bases by means of Macaulay’s method as well as the integration method,
and it can derive the augmented system defined in Theorem 5.6. Then Krawczyk-
Rump’s interval method is used to verify the root.

Example 5.12 Let,asin [11,13],
fi =2x; +2x12+2x2+2x§+x§—1,
fr= (1 +x—x3—1)7° —xj,

f3 = (2x7 +2x3 + 10x3 + 5x3 + 5)* — 1,000x;.
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The point (0, 0, —1) occurs with multiplicity equal to 18, in depth 7. The final matrix
size with our method is 54 x 37, while Macaulay’s method ends with a 360 x 165
matrix.

If the objective is to deflate as efficiently as possible, then one can go step by
step: First compute a basis of &, and stop the process. We get the evaluation 1 and
2 first order functionals, which we apply to f1. We arrive at

A[f1], (da = dD)[fil. (dy + d3)[fi]) = (f1, —4x1 + 4x2,2 + 4x1 + 2x3)

and we check that the Jacobian determinant is 64, thus we have a deflated system
only with a partial local structure. The condition number of the Jacobian matrix is
also very satisfactory, with a value of around 5.55.

The recent paper [8], implementing the dialytic deflation method produces a
deflated system of size 75 x 48 for this instance, with a condition number of order
10°.

Example 5.13 Consider the equations (taken from [4, DZ3]):

fi = 14x1—|—33x2—3\/g(x2+4x1x2+4x2+2)+\/7+x3+6x2x2+12x1x2+8x3,
1 2 1 1 2 2
fh= 41x1—18x2—x/§+8xf—12x12x2+6x1x§—x§+3\/7(4x1x2—4x12—x§—2)

and take an approximate system f with those coefficients rounded to 6 digits. A
5—fold zero of f rounded to 6 digits is £* = (1.50551, .365278).

Starting with the approximate system and with a tolerance of .001, we compute
the basis

D = (1,dy + 33dy,d} + 33d1d> + .11d3,d} + 33d}d, + 11d,d} + .03d;
—1.54d,, d}+.33d} dy+.11d}d} +.03d,d; +.01d,—1.54d,d,—1.03d})

having 4 correct digits, with respect to the initial exact system, and the primal
counterpart B = (l,xl,xlz,x?,xf .

We form the deflated system (b), with I = {(3, 1), (5, 1)}, i.e. the 3rd and 5th
dual element on f; have non-null Jacobian. By adding 8 new variables, the system

is perturbed as:

1= fi e e =) a4l =03,

5
g1 = f+ 282,:'(361 -

i=1

and their derivation with respect to D.
We consider a box Z with center = ¢* and length = .004 at each side. Also, we
allow arange E = [—.004, .004]® for the variables &. Applying Theorem 5.7 we get
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Table 5.1 Benchmark systems from [3], reporting matrix size at the last step of computing a dual
local basis, and overall time for primal-dual computation. The computations are done using Maple.

; . op p—1l+n)\ (p+n).
Observe that Macaulay’s method results in a matrix of size n X , in contrast
p

p—1
. . nn—1) :
to a matrix of size (Tu 4+ n) x p(n — 1) 4 1 for the primal-dual approach

System | u/n | MM’11 Mourrain’97 Macaulay

cmbsl 1173 |27 x23 A8s |27 x 33 95s | 105 x 56 1.55s
cmbs2 8/3 21 x 17 .08s |21 x24 .39s |60 x 35 48s
mth191 | 4/3 10x9 .03s |[10x 12 .07s |30 x20 14s
decker2 | 4/2 5%x5 .02s |5x%x8 .05s [20x 15 .10s
Ojika2 2/3 6%x5 02s |6x6 .03s |12x10 .04s
Ojika3 4/3 12x9 07s |12 x12 27s |60 x35 59s
KSS 16/5 |155x65 |[8.59s |155x80 |40.41s |630x 252 70.03s
Capr. 4/4 |122x13 28s |22x16 47s |60 x 35 2345
Cyclic-9 | 4/9 104 x33 | 1.04s | 104 x 36 547s | 495 x 220 31.40s
DZ1 131/4 |700 x 394 | 14m | 700 x 524 26m | 4,004 x 1,365 | 220m
DZ2 16/3 |43 x 33 .68s |43 x 48 4.38s |360 x 165 25.72s
DZ3 52 |6x6 .04s |6x10 23s |30x21 19s

a verified inclusion V, (Z x E, (¢*,0)) inside Z x E and we deduce that a unique
specialization & € E “fits” the approximate system fto the multiplicity structure D.

Indeed, one iteration of Newton’s method on g (x, &) gives the approximate point
¢ = (1.505535473,.365266196) and corresponding values for &y € E, such that {
is a 9—digit approximation of the multiple root of the perturbed system g (x, &).

In Table 5.1 we run dual basis computation on the benchmark set of [4].
Multiplicity, matrix sizes at termination step and computation time is reported. One
sees that there is at least an order of gain in the running time using the primal-dual
approach.
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Chapter 6
Plane Mixed Discriminants and Toric Jacobians

Alicia Dickenstein, Ioannis Z. Emiris, and Anna Karasoulou

Dedicated to the memory of our friend Andrei Zelevinsky
(1953-2013)

6.1 Introduction

Polynomial algebra offers a standard and powerful approach to handle several
problems in geometric modeling. In particular, the study and solution of systems
of polynomial equations has been a major topic. Discriminants provide a key tool
when examining well-constrained systems, including the case of one univariate
polynomial. Their theoretical study is a thriving and fruitful domain today, but they
are also very useful in a variety of applications.

The best studied discriminant is probably known since high school, where one
studies the discriminant of a quadratic polynomial f(x) = ax*+bx+c = 0(a # 0).
The polynomial f has a double root if and only if its discriminant Ay = b* — 4ac
is equal to zero. Equivalently, this can be defined as the condition for f(x) and its
derivative f'(x) to have a common root:

Ix : f(x)=al +bx+c=f'(x) =2ax+b=0 & A, =0. 6.1)

One can similarly consider the discriminant of a univariate polynomial of any
degree. If we wish to calculate the discriminant As( ) of a polynomial f of degree
five in one variable, we consider the condition that both f and its derivative vanish:

fx)=ad +bx*+ e +dl +ex+ g =0,
F(x) = 5ax* + 4bx> + 3cx? + 2dx + e = 0.
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In this case, elimination theory reduces the computation of A to the computation of
a 9x9 Sylvester determinant, which equals a As( f). If we develop this determinant,
we find out that the number monomials in the discriminant increases rapidly with
the input degree:

As = —2,050a>g>bedc + 356abed*c*g — 80b3ed*cg + 18dc*h*g

e — 746agdcb’e® + 144ab’e*c — 6ab’e’d? — 192a’be*d — 4d*ac

32 + 144d%a*ce® — 4d3b3e? — 4c3e’h? — 80abe’dc* + 18h3%e?

dc + 18d3ache® + d*c?*b*e? — 27b*e* — 128a%e*c? + 16ac’e® — 27
a’d*e® + 256a%e® + 3,125a*g* + 160a’gbe’c + 560agdc*e® + 1,020
a’gbd*e* + 160ag’b’ed + 560ag>d>cb* + 1,020ag*bc?e — 192
b*ecg® + 24ab’ed®g + 24abe’c g + 144b*e?dg — 6b3e’c?g + 14
4dc?’b3g? — 630dac’bg® — 630d3a’ceg — 72d*acbg — T2dac*e

g —4d3c*h?’g — 1,600ag’ch® — 2,500a°g*be — 50a’g*b*e? — 3,750a>
g3de + 2,000a>g3db* + 2,000a>g*ce? + 825a%g>d*c? + 2,250a%g>h
c? +2,250a3g%ed? — 900a’g*bd> — 900a’g*c3e — 36agh’e® — 1,600
a’ge’d + 16d3ac’g —128d%b*g? + 16d*b3g — 27¢*b*g* + 108ac’
g2 4 108a%d°g 4 256b°g>.

In fact, if we compute the resultant of " and x f’ by means of the 10 x 10 Sylvester
determinant, we find the more symmetric output: a g As( f). This formula is very
well known for univariate discriminants (Ch.12, [18]), and we generalize it in
Theorem 3.

One univariate polynomial is the smallest well-constrained system. We are con-
cerned with multivariate systems of sparse polynomials, in other words, polynomials
with fixed support, or set of nonzero terms. Sparse (or toric) elimination theory
concerns the study of resultants and discriminants associated with toric varieties.
This theory has its origin in the work of Gel’fand, Kapranov and Zelevinsky on
multivariate hypergeometric functions. Discriminants arise as singularities of such
functions [17].

Gel’fand, Kapranov and Zelevinsky [18] established a general definition of
sparse discriminant, which gives as special case the following definition of (sparse)
mixed discriminant (see Sect.6.2 for the relation with the discriminant of the
associated Cayley matrix and with the notion of mixed discriminant in [3]). In
case n = 2, the mixed discriminant detects tangencies between families of curves
with fixed supports. In general, the mixed discriminant Ay, . a,(f1,..., fn) of n
polynomials in n variables with fixed supports A4i,..., 4, C Z" is the irreducible
polynomial (with integer coprime coefficients, defined up to sign) in the coefficients
of the f; which vanishes whenever the system f; = --- = f, = 0 has a multiple
root (that is, a root which is not simple) with non-zero coordinates, in case this
discriminantal variety is a hypersurface (and equal to the constant 1 otherwise). The
zero locus of the mixed discriminant is the variety of ill-posed systems [24].

Foreachi = 1,...,n, pick an element a; o € A; and denote by L4,
lattice generated by {a — a;9,a € A;,i = 1,...,n}. We shall work with the
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polynomial defining the discriminant cycle (see Sect. 6.2), which is defined as the

A"';{f”) of the mixed discriminant raised to the index

i(Al,... ,An) = [Zn N L:Al ..... An]’ (62)

which we always assume to be finite. In most situations, this index equals 1 and so
both concepts coincide.

Discriminants have many applications. Besides the classical application in the
realm of differential equations to describe singularities, discriminants occur for
instance in the description of the topology of real algebraic plane curves [19], in
solving systems of polynomial inequalities and zero-dimensional systems [16], in
determining the number of real roots of square systems of sparse polynomials [9],
in studying the stability of numerical solving [6], in the computation of the Voronoi
diagram of curved objects [13], or in the determination of cusp points of parallel
manipulators [20].

Computing (mixed) discriminants is a (difficult) elimination problem. In prin-
ciple, they can be computed with Grobner bases, but this is very inefficient in
general since these polynomials have a rich combinatorial structure [18]. Ad-
hoc computations via complexes (i.e., via tailored homological algebra) are also
possible, but they also turn out to be complicated. The tropical approach to compute
discriminants was initiated in [8] and the tropicalization of mixed planar discrim-
inants was described in [10]. Recently, in [12], the authors focus on computing
the discriminant of a multivariate polynomial via interpolation, based on [11, 23];
the latter essentially offers an algorithm for predicting the discriminant’s Newton
polytope, hence its nonzero terms. This yields a new output-sensitive algorithm
which, however, remains to be juxtaposed in practice to earlier approaches.

We mainly work in the case n = 2, where the results are more transparent and the
basic ideas are already present, but all our results and methods can be generalized to
any number of variables. This will be addressed in a subsequent paper [7]. Consider
for instance a system of two polynomials in two variables and assume that, the first
polynomial factors as fi = f| - f”. Then, the discriminant also factors and we
thus obtain a multiplicativity formula for it, which we make precise in Corollary 7.
This significantly simplifies the discriminant’s computation and generalizes the
formula in [2] for the classical homogeneous case. This multiplicativity formula
is a consequence of our main result (Theorem 3 in dimension 2, see also Theorem 4
in any dimension) relating the mixed discriminant and the resultant of the given
polynomials and their foric Jacobian (see Sect.6.3 for precise definitions and
statements). As another consequence of Theorem 3, we reprove, in Corollary 6,
the bidegree formula for planar mixed discriminants in [3].

The rest of this chapter is organized as follows. The next section overviews
relevant existing work and definitions. In Sect.6.3 we present our main results
relating the mixed discriminant with the sparse resultant of the two polynomials
and their toric Jacobian. In Sect. 6.4 we deduce the general multiplicativity formula
for the mixed discriminant when one polynomial factors.
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6.2 Previous Work and Notation

In this section we give a general description of discriminants and some definitions
and notations that we are going to use in the following sections.

Given aset A C R”, let @ = conv(A) denote the convex hull of A. We say
that A is a lattice configuration if it is contained in Z", whereas a polytope with
integer vertices is called a lattice polytope. We denote by Vol(-) the volume of a
lattice polytope, normalized with respect to the lattice Z", so that a primitive simplex
has normalized volume equal to 1. Normalized volume is obtained by multiplying
Euclidean volume by n!.

Given a non-zero Laurent polynomial

f=2 e,
a

the finite subset A of Z" of those exponents a for which ¢, # 0 is called the support
of f. The Newton polytope N(f) of f is the lattice polytope defined as the convex
hull of A. We will assume that the coefficients ¢, take values in an algebraically
closed field K of characteristic 0.

A (finite) set A is said to be full, if it consists of all the lattice points in its convex
hull. In [3], A4 is called dense in this case, but we prefer to reserve the word dense
to refer to the classical homogeneous case. A subset FF € A is called a face of A,
denoted F' < A, if F is the intersection of A with a face of the polytope conv(A).

As usual Q| + O, denotes the Minkowski sum of sets O and @, in R”. The
mixed volume MV(Q1, ..., Q,) of n convex polytopes Q; in R” is the multilinear
symmetric function with respect to Minkowski sum that generalizes the notion of
volume in the sense that MV (Q, ..., Q) = Vol(Q), when all Q; are equal to a fixed
convex polytope Q.

The following key result is due to Bernstein and Kouchnirenko. The mixed
volume of the Newton polytopes of n Laurent polynomials fi(x),..., f,(x) inn
variables is an integer that bounds the number of isolated common solutions of
filx) = 0,..., fu(x) = 0 in the algebraic torus (K*)", over an algebraically
closed field K of characteristic 0 containing the coefficients. If the coefficients of the
polynomials are generic, then the common solutions are isolated and their number
equals the mixed volume. This bound generalizes Bézout’s classical bound to the
sparse case: for homogeneous polynomials the mixed volume and Bézout’s bound
coincide.

Mixed volume can be defined in terms of Minkowski sum volumes as follows.

n

MV(Qi.....00) =Y (="* Y %Vol(ZQ,-).

k=1 1c{l,..n}|l|=k i€l
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This implies, forn = 2:

2MV(Q1, Q2) = Vol(Q1 + Q2) — Vol(Q1) — Vol(Q>).

Definition 1 A family of finite lattice configurations Ay, ..., Ar in Z" is called
,,,,, 4, equals k — 1, and for all

proper subsets I C {1,...,k} it holds that the dimension of the lattice generated
by{a —a;,a € A;,i € I} is greater or equal than its cardinality |1 |.

Definition/Theorem 1 [18, 25] Fix a family of n + 1 finite lattice configura-
tions Ay,...,Ay+1 Which contains a unique essential subfamily {A;,i € 1I}.
Given Laurent polynomials fi,..., fu+1 in n variables with respective supports
At,.... Aut1, the resultant Resy, . 4, (f1..... fu+1) is the irreducible polyno-
mial with coprime integer coefficients (defined up to sign) in the coefficients of
f1s - s fu+1, that vanishes whenever f1, ..., f,+1 have a common root in the torus
(C*)". In fact, in this case, the resultant only depends on the coefficients of f; with
iel.

If there exist two different essential subfamilies, then the (closure of the) variety
of solvable systems is not a hypersurface and in this case we set:

ResAl ..... A,,Jr](flv‘*-’ﬁl—Fl): 1

In what follows, we consider n (finite) lattice configurations A;,..., A, in Z"
and we denote by Qy,..., @, their respective convex hulls. Let f,..., f, be
Laurent polynomials with coefficients in K and support Ay, ..., A,, respectively:

filx) = Zci,axa, i=1...,n.

aE€A;

In [3] the mixed discriminantal variety, is defined as closure of the locus of
coefficients ¢; o, for which the associated system f; = --- = f, = 0 has a non-
degenerate multiple root x € (K*)". This means that x is an isolated root and the n

gradient vectors
afi afi
(@ i)

8_x1 dax;,

are linearly dependent, but any n — 1 of them are linearly independent.

Definition 2 If the mixed discriminantal variety is a hypersurface, the mixed
discriminant of the previous system is the unique up to sign irreducible polynomial
,,,,, 4, Wwith integer coefficients in the unknowns c; , which defines this hyper-
surface. Otherwise, the family is said to be defective and we set Ay,
The mixed discriminant cycle A ArnA, 1S equal to i(Ay, ..., Ay) times the mixed
discriminant variety, and thus its equation equals Ay, . 4, raised to this integer

(defined by (6.2)).

4, = L
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By [3, Theorem 2.1], when the family A4y, ..., A, is non defective, the mixed
discriminant A 4, 4, coincides with the A-discriminant defined in [18], where 4 is
the Cayley matrix

1 0...0

01...0

A= ... ... ...

0 0...1

Al Az ... Ay
This matrix has 2n rows and m = Y '_, |A;| columns, so 0 = (0,...,0) and 1 =
(1,...,1) denote row vectors of appropriate lengths. We introduce n new variables
V1, ..., Yy in order to encode the system f; = --- = f, = 0in one polynomial with
support in A, via the Cayley trick: ¢ (x,y) = y1 fi(x) + -+ + v, fu(x). Note that
i(Ay,...,A,) equals the index in Z?" of the lattice generated by the columns of the

matrix A.

In what follows, when we refer to resultants or discriminants, we shall refer to
the equations of the corresponding cycles (as in Definition 2), but we will omit the
tildes in our notation. More explicitly, we will follow the convention in the articles
[5] by D’ Andrea and Sombra and [14] by Esterov, which is faithful to intersection
theory. This convention allows us to present cleaner formulas. For instance, when
the family Ay, ..., A,+; is essential, our notion of resultant equals the resultant in
[18,25] raised to the index i(Ay,..., A,+1). In most examples these two lattices
coincide, and so our resultant cycle equals the resultant variety and the associated
resultant polynomial is irreducible.

Remark 6.2 Assume A consists of a single point « and that {1} is the only essential
subfamily of a given family A;,..., A,4+1. Let fi(x) = cx*. Then, for any choice
of Laurent polynomials f;, ..., f,+1 with supports A, ..., A,+1, it holds that (cf.
[5, Example 3.14])

Resa, . ayy (fleeenn fr) = MV, (6.3)

With this convention, the following multiplicativity formula holds:

Theorem 2 [5, Corollary 4.6],[22] Let A, A7, Ai. ..., Ay41 be finite subsets of "
with Ay = A} + A]. Let fi...., fut1 be polynomials with supports contained in
Ay, ..., Auy1 and assume that fi = f| f/" where f| has support A| and f|' has
support AY. Then
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Cattani, Cueto, Dickenstein, Di Rocco and Sturmfels in [3] proved that the
degree of the mixed discriminant A is a piecewise linear function in the Pliicker
coordinates of a mixed Grassmanian. An explicit degree formula for plane curves is
also presented in [3, Corollary 3.15]. In case A, A,, they are two dimensional, full,
and with the same normal fan, then the bidegree of A4, 4, in the coefficients of f)
and f, equals:

(Vol(Q1 + Q2) —area(Q1) — perim(Q2), Vol(Q1 + Q1) —area(Q2) — perim(Q1),

where Q; = conv(A;),i = 1,2, and Q| + Q> is their Minkowski sum. The area
is normalized, so that a primitive triangle has area 1 and the perimeter perim(Q;)
of Q; is the cardinality of dQ; N Z2. We will recover the general formula for this
degree and present it in Corollary 6.

Busé and Jouanolou consider in [2] the following equivalent definition of the
mixed discriminant, in case that fi,..., f, are dense homogeneous polynomials
in (xo,...,x,) of degrees dy, ..., d, respectively, that is, their respective supports
A; = d;o are all the lattice points in the d;-th dilate of the unit simplex o in R”. It
is the non-zero polynomial in the coefficients of f1, ..., f, which equals

Resdla,...,d,,a,&a(fla sy f;’la Jl)
Resdla,...,d,,a,a (ﬁa sy f;’la xi) ’

(6.4)

for all i € {1,...,n}, where J; is the maximal minor of the Jacobian matrix
associated to fi,..., f, obtained by deleting the i-th row and column and §; =
3 i (d; —1). We give a more symmetric and general formula in Corollary 5 below.

The multiplicativity property of the discriminant in the case of dense homoge-
neous polynomials was already known to Sylvester in the multivariate case [26]
and generalized by Busé and Jouanolou in [2], where they develop a formalism for
discriminants for polynomials with coefficients in a ring. In particular A; = d,0 =
(d{+d]")o and f; is equal to the product f; - f;” of two polynomials with respective
degrees d|, d/', the following factorization holds:
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guess would be that the factorization into the three factors in (6.5) above holds for
general supports. We will see in Corollary 7 that other factors may occur, which we
describe explicitly.

This behaviour already occurs in the univariate case:

Example 1 Ler A| = {0,i1,...,im.d1}, AY = {0, j1,..., ji.d>} be the support
sets of f| = ap+ay X'+ +a;, X" +aqx¥, f{' = by+bjx/t +---+bjxI +
ba,x® respectively. Then

A = AU - A - RU K- E,
where E = az)‘_m" b({‘_m” aj‘_i’”_m‘ bjz_j’_m‘, with mg := min{iy, j;} and m| :=
min{d, — i,,,dy — ji}. On the other hand, in the full case iy = j, = 1,i, =
dy—1,j; = dy— 1, thus E = 1 because its exponents are equal to zero.

6.3 A General Formula

The aim of this section is to present a formula which relates the mixed discriminant
with the resultant of the given polynomials and their toric Jacobian, whose definition
we recall.

Definition 3 Let fi(x1,...,X,),..., fu(x1,...,X,) be n Laurent polynomials in n
variables. The associated toric Jacobian JT equals X1 - -+ X, times the determinant
of the Jacobian matrix of f, or equivalently, the determinant of the matrix:

LA o
laxl "dx,
N
laxl "x,

Note that the Newton polytope of J fT is contained in the sum of the Newton

polytopes of fi,..., fu-

As we remarked before, we will mainly deal in this chapter with the case n = 2.
Also, to avoid excessive notation and make the main results cleaner, we assume
below that A, A, are two finite lattice configurations whose convex hulls satisfy

dim(Q1) = dim(Q,) = 2.

Let f1, f> be polynomials with respective supports A1, A,:

fi)) = ciax®, =12,

aE€A;
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where x = (x1,x;). We denote by X' the set of primitive inner normals 7 € (Z?)*
of the edges of the convex hull of 4| + A,. We call A? the face of A; where the
inner product with 7 is minimized. We call this minimum value v,.”. We also denote
by fi” the subsum of terms in f; with exponents in this face

[ =) cax®, i=1.2,

aeA?

which is n-homogeneous of degree v;". Now, A is either a vertex of 4; (but not of
both A}, A, since two vertices do not give a Minkowski sum edge), or its convex
hull is an edge of A; (with inner normal 1), which we denote by e/'. Note that if the
face of A1 + A, associated to 7 is a vertex, both polynomials f;” are monomials and
their resultant locus has codimension two.

We denote by 1;(n) (i = 1,2) the integer defined by the following difference:

ui(n) = min{(n.m),m € 4; — A7} — v/ (6.6)
and by

w(n) = min{ui(n), n2(n)}, (6.7)

the minimum of these two integers. Note that by our assumption that dim(Q;) = 2,
we have that () > 1.

Without loss of generality, we can translate the support sets A, A; to the origin
and consider the line L” containing them. The resultant (cycle) Res Al Al ( fln, fz”) is

considered as before, with respect to the lattice L7 N 72

Remark 6.3 As in Remark 6.2, if fl'7 is a monomial, the resultant equals the
coefficient of f," raised to the normalized length £(e) of the edge e, of A, (that
is, the number of integer points in the edge, minus 1). If 1 is an inner normal
of edges A] and A}, pick points a, € A].i = 1,2, the resultant we consider
equals the irreducible resultant raised to the index of the lattice generated by
{a —a}y.a € Al,i = 1,2} in L" N Z*. Note that the exponent p(n) = 1 if at
least one of the configurations is full.

The following is our main result. We present a rather complete sketch of the
proof; a full proof requires further technical tools related to the notions in [15],
which will be given for the general case in [7]. We recall our convention that
resultants and discriminants are defined as the irreducible equations raised to the
lattice indices that define the corresponding cycles.
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Theorem 3 Let f1, f» be generic Laurent polynomials with respective supports
A1, Ay. Then, we have the following equality of polynomials up to a nonzero rational
number:

Res 4y ap. 4,44, (1 2. I [) = Anyay (frs f2) - E,

where the factor E equals the finite product:

E = l—[ ResA?Ag(fln, FAO LS

nex

Proof. Let X be the projective toric variety associated to A; + A,. This compact
variety consists of an open dense set Ty isomorphic to the torus (C*)?> plus
one toric Weil divisor D, for each n € X. The Laurent polynomials fi, f>,J
define sections L, Ly, L; of globally generated line bundles on X. The resultant
Resa, 4,.4,+4,(f1, f2, JfT) vanishes if and only if Ly, L,, L ; have a common zero
on X, which could be at Tx or at any of the D;. This indicates the only possible
factors of the resultant.

There is an intersection point at T’y if and only if there is a common zero of fi, f>
and J T in the torus (C*)2. In this case, the discriminant A4, 4,(f1, f2) vanishes.

It follows that Ay, 4,(f1, f2) divides Resa, ay.4,+4,(f1, f2, J T) (the indices [Z? :
EALAZ] and [Z £A1,A2,A1+Az] are equal)

If instead there is a common zero at some D, this translates into the fact that
A £y and (J T)” = J , (with obvious definition) have a common solution. But as

S are n- homogeneous they satisfy the weighted Euler equalities:
9 n n
mxli + Mmx L/ =" i=1,2, (6.8)
8 8x2
from which we deduce that J [, lies in the ideal 7(f", £,') and so, the three polyno-
mials will vanish exactly when there is a nontrivial common zero of fln and fzn. This
implies that all facet resultants ResA;z’Ag (fln, fz”) divide Res 4, 4,.4,+4,(f1, f2, JfT).
Now, we wish to see that the resultant Res AT A (A", ;) raised to the power
(1) occurs as a factor. The following argument would be better written in terms
of the multihomogeneous polynomials in the Cox coordinates of X which represent
Ly, Ly, Ly [4]. Fix a primitive inner normal direction n € X of A; + A, lett be a
new variable and define the following polynomials

Fi(t,x) = Y ciot™ a1 =12, (6.9)

aE€A;

so that

F(l.x)= fi(x), F0,x)=f'(x). i=12,
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and we can write
Fi(t,x) = f1(t.x) + 1" P gi(x) + O (1, x), i =12, (6.10)

where the polynomials g; (x) and %, (¢, x) are defined by these equalities. Note
that our assumption that the convex hulls Q;, O, have dimension two implies that
81,82 # 0.

For each 7, we deduce from the bilinearity of the determinant, that there exists a
polynomial H (¢, x) such that the toric Jacobian of Fj, F, can be written as J ; =
JJT,i + t* H(t, x). But, as we remarked, J)(T.n lies in the ideal 1(f,", f,"). Note that
if for instance 1; # 0, then the power of x1 in each monomial of F; can be obtained
from the power of ¢ and the power of x;, that is, we could use ¢ and x, as “variables”
instead. We will denote by Res” the resultant defined over X [4]. Therefore,

Resu, ay a, +4,(F1. Fo, JE) = Resh 4 4 4 (Fi. Fo 1"V Hy).
Now, it follows from Theorem 2 that

Resﬁl,Az,Al-‘rAz(Fl’ Fo,t"M) = ResA?,Ag (fln, fzn)u(n)_

Setting t = 0 we see that ResAY’Ag(fln, £ s a factor of Resa, 4, ai+4
(fi, fo. J fT )

If we prove that no positive power of ¢ divides H, for generic coefficients,
we get the desired factorization considering all possible n € X. To see this,
first note that up to multiplying each f; by a monomial (that is, after translation
of each A;) we can assume without loss of generality that UI’ = vg = 0. It
follows from (6.8) that JfT. = 0. The polynomials g; in (6.10) are n-homogeneous
of respective degrees (1), n2(n). Assume wu(n) = wpi(n) < p2(n). In case
m1(n) < pa(n), the coefficient of ¢#! in JFT equals the toric Jacobian Jng P of

g1 and f,’, which are n-homogeneous polynomials with different n-degrees (equal

to ui(n) > v, = 0). It is easy to check that Jng o is a nonzero polynomial in the
S5

coefficients of gi, f2’7_ In case w1 = u», we get another term which is the toric
Jacobian J }f,] ¢ of f," and g», which is nonzero by the same arguments and depends
182

on different coefficients than JgT .. Thus, their sum is not the zero polynomial, as
1,

fr
wanted.

Theorem 3 and the proof will be extended to the general n-variate setting in a
forthcoming paper [7]. We only state here the following general version without
proof. Recall that a lattice polytope P of dimension n in R” is said to be smooth if
at each every vertex there are n concurrent facets and their primitive inner normal
directions form a basis of Z". In particular, integer dilates of the unit simplex or the
unit (hyper)cube are smooth.
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Theorem 4 Let P C R" be a smooth lattice polytope of dimension n. Let A; =
d;P)NZ", i =1,...,n,dy,...,d, € Z=y, and f1, ..., fn polynomials with these
supports, respectively. Then, we have the following factorization

Note that all the exponents in E equal 1 and all the lattice indices equal 1.

When the given lattice configurations A4; are the lattice points d;o of the d;-th
dilate of the standard simplex o in R” (that is, in the homogeneous case studied
in [2]), formula (6.4) gives, for any » in our notation:

Resdll‘f ..... dnU,SG(ﬁs---sﬁlsJi):
Ado,..dvo (f1o ooy fu) - Res@oyi . apoy (oo os £

where ey, ..., e, are the canonical basis vectors (or eg = —e; — --- — ¢, if we
consider the corresponding dehomogenized polynomials, by setting xo = 1). Note
that Theorem 4 gives the following more symmetric formula:

Corollary 5 With the previous notation, it holds:

i=0

It is straightforward to deduce from this expression the degree of the homoge-
neous mixed discriminant, obtained independently in [1, 2, 21]. Similar formulas
can be obtained, for instance, in the multihomogeneous case.

We recall the following definition from [3]. If v is a vertex of A;, we define its
mixed multiplicity as

mmg, 4, (v) := MV(Q1, Q2) —MV(C;, Q;), {i,j} ={1.2}, (6.11)

where C; = conv(A; — {v}).

Let X’ C X be the set of inner normals of A, + A, that cut out, or define, edges
ei" inboth O, Q,. The factorization formula in Theorem 3 can be written as follows,
and allows us to recover the bidegree formulas for planar mixed discriminants in [3].

Corollary 6 Let Ay, Ay be two lattice configurations of dimension 2 in the plane,
and let fi, f> be polynomials with these respective supports. Then, the resultant
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of fi, fo and their toric Jacobian, namely Resa, a,.4,+4,(f1, f2. JfT.), factors as
follows: ‘

mmay Ay (V)
Ao ) T ™Y T Resy (A7 D" 6.12)

v vertex of Ay or Aa nex’

The bidegree (81, 8>) of the mixed discriminant A 4, 4,(f1, f2) in the coefficients of
Jfi1 and f, respectively, is then given by the following:

Vol(Q))+2-MV(Q1,Q2)— D _ LD -pm— Y mmy4(),  (6.13)

nex’ v vertex of (A;)

wherei € {1,2},1 # j.
Proof. To prove equality (6.12), we need to show by Theorem 3 that the factor

E = []Res g (S, fLH"

nex

equals the product

l_[ CCVIWIAl.Az(V) . l_[ ResA;’,Ag(fln’ fzﬂ)ﬂ(ﬂ)‘

v vertex of A} or A, nex’

When € X, i.e. n is a common inner normal to edges of both Q and Q,, we get
the same factor on both terms, since that our quantity () coincides with the index
min{u(e;(n), A1), u(ea(n), A2)}, in the notation of [3].

Assume then that 7 is only an inner normal to Q5. So, AY is a vertex v, fl'7 =cx’
is a monomial (with coefficient ¢) and fzn is a polynomial whose support equals
the edge e) of A, orthogonal to 7. In this case, ResAY,Ag LA = ct) by
Remark 6.2. ,

For such a vertex v, denote by £(v) the set of those ¢ X’ for which v + e;
is an edge of O + Q. Note that it follows from the proof of [3, Prop.3.13] (cf. in
particular Figure 1 there), that there exist non negative integers u’(n’) such that

mm(v) = Y L)1 n).

e EW)

Indeed, (') = p'(n').

To compute the bidegree, we use the multilinearity of the mixed volume with
respect to Minkowski sum. Observe that the toric Jacobian has bidegree (1, 1) in
the coefficients of fj, f>, from which we get that the bidegree of the resultant

Resa, ay.4144,(f1, 2, J}) is equal to

(2MV(A;, A3) + Vol(Q2), 2MV(A,, A5) + Vol(Q1)). (6.14)
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Substracting the degree of the other factors and taking into account that the
bidegree of the resultant Res g1 1 ( A £ equals (£(e)), £(e])), we deduce the
formula (6.13), as desired.

6.4 The Multiplicativity of the Mixed Discriminant

This section studies the factorization of the discriminant when one of the poly-
nomials factors. We make the hypothesis that f{, f”, f> have fixed support sets
A Al Ay € 72 So fi = f{ - f/" has support in the Minkowski sum A; :=
A 4+ A7; in fact, its support is generically equal to A;. We will denote by u' (1))
(resp. 1" (n)) the integer defined in (6.7), with A, replaced by A’ (resp. A7).

Corollary 7 Assume A', A and A, are full planar configurations of dimension 2.
"

Let f|. f[", fo be generic polynomials with these supports and let fi = f| - f/".
Then,

AAI’AZ(fl’ f2) = AA;,Az(fl/7 f2) ) AA/I/,Az(fl”v f2) : ResA/l,A;/,Az(fl/’ fl//s f2)2 -E,

where E equals the following product:

l_[ ReS(A{)n,Ag ((fl/)n’ fzﬂ)u (M=) , ReS(Aj’)n,Ag ((fl//)n’ fzﬂ)u (M=) (6.15)
neX

Proof. By Theorem 3, we get that

ResAlsAz.,A1+Az(fla f2a JfT)
[T Res o o (f", folyrm
nex 142

AALAZ(.fl’ f2) = s (616)

and similarly for A, 4,(f{, f2) and Ay 4,(f/", f2). Let us write the numerator
of (6.16) as follows:
ReS g1 7.t 1+ 7+ LI o Ty 1),

T _ 1T n T Corita
;vllllere J A = I 1 + fi J_ p We now apply Theorem 2 to re-write it as
ollows:

T T
Res 1y a4 a0+, N S g )RES yi i aeas (s fon Ty g 1)
T T
= ReSA;,Az,A;+A;’+A2(f1/v fa, f‘l//‘]fl/,fz) ResA;’,Az,A§+A§’+Az(ﬁ/lv S, fl/Jfl”,fz)’

because the resultant of {h,hy + ghy,...} equals the resultant of {hy,hs, ...},
for any choice of polynomials 41, h;, g (with suitable supports). We employ again
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Theorem 2 to finalize the numerator as follows:

T T
ResAq’AZ’Aq +A2(ﬁ/, fz, Jfl/,fz) . ResAY!Az’A/{_’_AZ(fl”, f2, Jfl//sfz) . ResA/l,A;/,Az
’ ” 2
(fl ’ fl ’ f‘z) .

For the denominator of (6.16), we use again Theorem 2 to write:

[ Resan (" LDF - [T Resgpn (A, S0 =

nex’ nex’”

moenn 0y p(n)
l—[ResAQ”+A’{”,AQ(f1f b )N E,
nex

because the products

l_[ Res 0 o (f{". ;)" @ = l_[ Res g (£, /)" =1,

nexX\x’ nexX\x”

since f/", fy (resp. f{'", f,') are both monomials. To conclude the proof, simply
assemble the above equations.

As a consequence, we have deg,, 4, A(f1, f2) =

=degy 4, A(f. o)+ deg,r 4, A, )42+ degyr 47 4, Res(f{. f”. fo)—deg(E).

When all the configurations are full and with the same normal fan, all the
exponents u(n) = u'(n) = u”(n) = 1. Therefore, E = 1 and no extra factor
occurs.

We define /(7). ] (1) as in (6.6). Indeed, we now fix n and will simply write
W, 1y, s o It happens that only one of the factors associated to 7 can occur in E
with non zero coefficient. More explicitly, we have the following corollary, whose
proofis straightforward.

Corollary 8 With the notations of Corollary 7, for any n € X' it holds that:

o Ifp) = uy, then W = p” = w and there is no factor in E “coming from n”.
o Ifp| # i, assume wlog that p, = p'; < p'. There are three subcases:

— If uo < w1, again there is no factor in E “coming from n”.

— Ifp = py < po < Y, then the resultant Res 41y 41 ((f)H", f51) does not
occur, but Res 4y 41 (SN, f31) has nonzero exponent (this resultant could
just be the coefficient of a vertex raised to the mixed multiplicity).

— Ifuy = ) < p < po, the situation is just the opposite than in the previous
case.



120 A. Dickenstein et al.

Conclusion and Future Work
The intent of this book chapter was to present our main results relating
the mixed discriminant of two bivariate Laurent polynomials with fixed
support, with the sparse resultant of two bivariate Laurent polynomials with
fixed support and their toric Jacobian. On our way, we deduced a general
multiplicativity formula for the mixed discriminant when one polynomial
factors as f = f’- f”. This formula occurred as a consequence of our main
result, Theorem 3, and generalized known formulas in the homogeneous case
to the sparse setting. Furthermore, we obtained a new proof of the bidegree
formula for planar mixed discriminants, which appeared in [3].

The generalization of our formulas to any number of variables will allow us
to extend our applications and to develop effective computational techniques
for sparse discriminants based on software for the computation of resultants.
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Chapter 7

Topology of the Intersection of Two
Parameterized Surfaces, Using Computations
in 4D Space

Stéphane Chau and André Galligo

7.1 Introduction

7.1.1 Interest of the Problem

In Computer Aided Geometric Design (CAGD), parameterized surfaces are used
to delimit volumes. The computation of the intersection curve between two such
surfaces is thus crucial for the description of CAGD objects. A simple method to
address this problem consists in using a mesh for each surface, and then proceed
to their intersection via intersection of triangles. But the instability created by
intersecting almost parallel triangles constitutes a drawback. A more stable method
relies on global representations of the surfaces by B-splines; however the usual
CAGD procedures (offsetting, drafting, ...) do not keep this model. In practice, so-
called procedural surfaces (i.e. given by evaluation) are used, in CAGD systems,
to represent sequences of constructions indicated by the user. Then a B-spline
approximation is computed for further developments. So, even if the intersection
method is exact, in its final step, it only provides an approximation of the “real”
intersection curve.

Ideally, approximations of the surfaces should not be separated from the inter-
section process. An intermediate strategy is to approximate the given surfaces by
meshes of algebraic shapes more complex than the triangles; hence the intersection
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locus will be more precise. A good choice is to approximate by Bézier surface
patches of small degree (see Sect. 7.1.2). Then, it is crucial to be able to efficiently
intersect two such polynomial parameterized surfaces.

The present paper aims to contribute to a robust solution of this problem which
avoids some drawbacks such as large intermediate algebraic expressions that appear
in projection methods.

The intersection curve of two such parameterized surfaces is characterized by 3
equations F;(s,t) = G;(u,v),i = 1,2,3 of 4 variables. So, it is the image of a
curve in a four dimensional space. We provide a method to draw this curve with a
guaranteed topology.

Our method depends ultimately on an a priori fixed threshold epsilon, which
controls the approximations. In practice, this value is determined by the engineers
for the targeted applications: in CAD-CAM a precision of 1 | is often required.

7.1.2 An Example of Biquadratic Meshing of a Procedural
Surface

Let & be a general parameterized surface given by evaluations. We consider a
grid of points on S of size (2m + 1,2n + 1). This is used to build a grid of
biquadratic patches of size (m,n). Figure 7.1 (left) illustrates this grid in the 2D
parameter space. Thus, the coefficients are shared between adjacent patches. An
example of this kind of approximation is given in Fig. 7.2. In this example, we have
a shape composed by three B-spline surfaces on the left, then we consider an offset,
which cannot be represented by a B-spline, and we approximate it by a grid of 144

(2n + 1) points = n patches

r-|-—=-—=--=- I

T ]
£ | i pla-2
? : | 9(g—1)
i 2(r-2)
£ m = 24
= 9(p—1)
e

n=2P

Fig. 7.1 Grid of biquadratic patches on the left. Grid of boxes with n = 27 and m = 29 on the
right



7 Topology of 4D Implicit Curve 125

Fig. 7.2 Approximation of an offset by a grid of 144 biquadratic patches

Fig. 7.3 Approximation of an offset by a grid of 144 biquadratic patches (clipped picture)

biquadratic patches (the result is shown on the right). In order to provide a better
view of the offset, a clipped picture is also given (Fig.7.3).

Now, we consider two such grids and hierarchies on S| and S,, the two surfaces
to be intersected. We produce another grid of m x n 3D boxes taking min-max
values of the patch coefficients, each box containing the patch due to the convex hull
property of the Bézier surfaces. Then, we build a quadtree hierarchy covering this
grid. Figure 7.1 (right) illustrates this construction. Using these quadtrees we look
for intersecting boxes and we obtain a set of pairs of intersecting boxes associated
to patches. This process is efficient and, as we will see, provides a good description
of the intersection curve. However, it requires an efficient and robust algorithm for
the intersection of two Bézier surface patches.

In the sequel, we concentrate on the presentation of our subdivision algorithm
for the intersection of polynomial patches.
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7.1.3 Organization of the Paper

In Sect. 7.2, a brief description of previous work on topology computation is given.
We sketch an introduction on the subdivision approach for plane curves. Section 7.3
is devoted to the algorithmic study of the topology of an implicit four dimensional
curve. A complete description of its computation, by a subdivision method, is given
in this case. In fact, this case corresponds to the intersection curve between two
polynomial parameterized patches.

Implementation aspects are addressed in Sect. 7.4 and examples are presented.
The last Sect.7.5 addresses the problem of computing exactly the image of that
curve in R3. The hardness of the problem is demonstrated, then a solution is
outlined.

7.2 Previous Work on Topology Computation of a Curve

The problem of tracing the intersection of two surfaces, also called surface-surface
intersection, is a classical problem in Computer Aided geometric Design, and was
addressed very early in that community, and improved continuously, see e.g. [5, 12,
16,20, 23,27, 28] and the references therein. It was also considered rather early,
together with the estimation of its complexity in the Computer algebra community,
see e.g. [4,7,14,22].

The contributions and the progresses increased in the last decade. One distin-
guishes between 2D and 3D curves, between the cases of implicit or parametric
curves and also between algebraic or subdivision methods which proceed up to a
predefined precision.

7.2.1 Isotopic Curve

The topology of an algebraic curve C in R” (n > 2) can be represented by a list of
line segments whose concatenation forms a curve isotopic to C. In the last decade,
several algorithmic papers started the study of this subject, see e.g. [13, 18,21, 25]
and their bibliography. They use the following basic constructions to make this
mathematical definition effective. Sweeping methods rely on parallel lines or planes
and detect topological events (critical points) such as we will see, tangent points to
the sweeping planes or singularities; we refer to [19,20] for planar curves and [3,18]
for spatial curves. With these algebraic approaches, the precise determination of the
critical points generally requires to compute sub-resultant sequences and is often
time consuming. This and the computation of the complexity has been improved
recently with the works of [1,2,9-11, 15, 24]; several nice complexity results are
now available.



7 Topology of 4D Implicit Curve 127

Subdivision and exclusion techniques, see [25, 26], rely on (simple) criteria to
remove unnecessary domains, then restrict to domains where the situation is tame.
Polynomial representation in Bernstein bases is generally preferred, see [16,27].

7.2.2 Regularity Test and Subdivision Method, the Case
of a Plane Curve

A subdivision approach to compute the topology of the intersection curve between
two algebraic surfaces is given in [25]. It consists in subdividing the domain until
a regularity test is satisfied. Let us briefly recall it. To simplify the presentation, we
consider in this subsection the case of a plane curve.

Let f(x,y) be a polynomial and B = [a,b] x [c,d] C R? a box. Consider the
implicit plane curve associated to f in the box B by the equation f(x,y) = 0.
A regularity test allows to determine uniquely the topology of the curve in the box
from its intersection with the boundary. A collection of segments is provided, which
realizes an isotopy.

Proposition 7.1 Ifd, f(x,y) # 0 forall (x,y) € B = [a,b] x [c,d], then for all
X € |a, b] there exists at most one y € [c,d] such that f(x,y) = 0.

Proof: Let x( be a value in [a, b]. If there were two different values yy < y; in
[c,d] such that f(xo, yo) = f(x0,y1) = O then by Rolle’s theorem, there would
exist y» € [yo, y1] such that d,, f(xo, y2) = 0. W

Remark 7.1 « This criterion considers d, f(x, y) for all values (x, y) in the box
and not only for all points of the curve, so it is rather restrictive.

» To implement this criterion, the polynomial d, f(x, y) is expressed in Bernstein
basis and the coefficients are required to share the same sign.

* A similar statement holds replacing the condition 9, f(x,y) # 0 by

dy f(x,y) # 0 (forall (x,y) € B).

If f satisfies this test, then the topology of the curve {(x,y) € B | f(x,y) = 0}
can be determined by knowing the intersection points between the curve and the
border of B. Hence, a first step is to compute all these intersection points (a point is
repeated if its multiplicity is even) and sort them by their x component to obtain a
list of points py, pa, ..., Pas—1, P2s- Then, in the box, the curve is isotopic to the set
of segments: [p1, pal, - ... [P2s—1, P2s] (see the illustration in Fig. 7.4). The criterion
can be checked recursively by subdividing the initial curve (using De Casteljau’s
algorithm) until a family of boxes is obtained where the test is verified. The approach
is extended (in [25]) to the case of a 3D curve defined implicitly by two equations.
This provides an elegant and efficient solution to the topology computation problem
of an intersection curve between two implicit surfaces.
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Fig. 7.4 Topology via Yy

regularity test in 2D case

/1.

7.2.3 No Loop and Single Component

The results in the present work are part of the PhD thesis of the first author [8].

In our review of the previous works, we point out the interesting recent paper
[6] which approach is close to our method, but developed independently. Paper [6]
is also based on a subdivision method and the use of tests to guaranty that “there
is just one component [of the intersection] over a given domain”, this property is
similar to what we described in the previous subsection and to our generalized
injectivity requirements (see Sect.7.3.2). However the formalisms are different.
Indeed, in that work, the authors rely on (more general) wedge products and
Gaussian hyperspheres; while here all the intermediate constructions are elementary
and the case by case descriptions are simple and adapted to our precise target.
Moreover, [6] does not consider the knot problem that we addressed in the our
section.

7.3 Topology of (Parameterized) Surface/Surface
Intersection

7.3.1 Equations

This is the main technical section, where our setting, our intermediate constructions
and our criteria are presented.
Let F and G be two polynomial surface patches defined by the maps:

(o, 1]2 — R3
F: ( (s,1) —> F(s,t))

G_([0,1]2—>R3 )
“\(w,v) — Gu,v) )’
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We suppose that the intersection F N G is a curve C in R?; it is the image of
C={(s.t.u,v) € [0,1]* | F(s,1) — G(u,v) = 0}.

Our aim is to compute the topology of C by a subdivision method generalizing the
approach described in Sect. 7.2. An injectivity criterion which says that for all sy €
[0, 1], there exists at most one (fy, 4o, vo) € [0, 1]* such that F(so, o) — G(uo, vo) =
0, is needed. So, we fix 5o € [0, 1], and study the map:

. ( [0, 1]3 — R3 )
¢ (t,u,v) —> F(so,1) — G(u,v)

Thereafter, we set ¢ (t, u, v) = F(so,t) — G(u,v) = (¢1, d2, h3).

7.3.2 Topology of a 4 Dimensional Implicit Curve (Regularity
Criterion)

Let us first recall basic facts and definitions.

Consider a differential map f : Ey — E,. Then, f is not injective, if there
exists a “witness” pair x1, x, € Ej such that f(x;) = f(x2). We also say that f is
(resp. is not) locally injective at a point xy, if the jacobian determinant of f at x is
invertible (resp. vanishes)

Computationally, one distinguishes two cases of non injectivity. First, it is a local
behavior, i.e. there exists a point xo € E; such that in any (small) neighborhood
of x¢ there exist such a witness pair x;, x, then, since f is a differential map, this
phenomena can be detected on a linear approximation of f at x¢, by computing
the jacobian determinant of f, hence relying on local non injectivity. Second, the
witness pair (x, xp) of defect of injectivity is such that x; and x, are far apart,
then the defect of injectivity is a priori difficult to control computationally; a usual
strategy is to connect the points x; and x, along a curve, in order to detect another
witness point xo € £ where f is not locally injective.

Construction of the Injectivity Criterion for ¢

A necessary condition of injectivity is the local injectivity of ¢. By the inverse
function theorem, it is satisfied when the jacobian of ¢ is nonzero over [0, 1]*:

Y(t,u,v) €[0,1]°, det (3,9 (t, u,v), 3up (¢, u,v), d,p(t,u,v)) # 0.

Now, we assume local injectivity, and we look for sufficient conditions of (global)
injectivity of ¢.
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If ¢ is not injective, there exist two different points 4 and B in [0, 1]* such that
foralli € {1,2,3}, ¢;(A) = ¢;(B). For our analysis, we fix A and we introduce
the two following subsets of [0, 1]3, which will be useful to connect 4 and B:

Sii= (M € [0.1F | g1(M) = 1(A)} b
Crz:= (M € [0.11° | §1(M) = ¢1(4) and ¢2(M) = ¢a(4)} 72

First case:  Let us rule out the possibility that A and B are on a same connected
component of C;, that we denote by I". Since I" is a connected curve, local
injectivity of ¢, and the inverse function theorem, implies that I" can be
differentiably parameterized. Then, ¢; restricted to I is differentiable and takes
the same value at A and B; by Rolle’s theorem ¢; admits an extremum on C| 5.
This implies that ¢ is not locally injective near the argument of the extremum; a
contradiction with our assumption of local injectivity.

Second case: A and B are on two different connected components of C; , denoted
by C4 and Cg. One of these two curves describes a loop. This is ruled out with
exactly the same reasoning as in the First case.

Third case: A and B are on two different connected components of C , denoted
by C4 and Cp. None of these two curves describes a loop.

Hence, C4 (as well as Cp) intersects twice the border of the cube [0, 1]3. Then,
C1, intersects the border of the cube [0, 1] in four distinct points.Therefore, if we
can rule out this last possibility, we will get a sufficient condition of injectivity.

To prevent the possibility of several intersection points of C;, with the border,
our strategy is to impose sufficient monotony conditions on ¢; and ¢,. We are
guided by the fact that at all these intersection points ¢; and ¢, take the same values,
since they belong to C) ». Later, a subdivision process will monitor these monotony
properties.

Monotony Condition on ¢

First, we impose monotony conditions on ¢, restricted to the edges of [0, 1]*. For
example, we can require that ¢, increases on each edge of [0, 1]* as indicated in
Fig.7.5. So ¢1 — ¢1(A) vanishes at most once on each path going from the vertex O
to the vertex I following the ordered edges. This condition implies that the implicit
surface S; (of equation ¢ (¢,u,v) = ¢1(A4)) is connected. Indeed, if S| admitted
two connected components in the cube, they would intersect the edges at the same
points and contradict differentiability of ¢, hence it does not happen.

We classify all possible configurations by the number of the intersection points
(3, 4, 5 or 6) between S| and the edges, as illustrated in Fig.7.6. Note that since
Ci, C Sy and 3S; C 9]0, 1]%, the equality #(Cy, N 3S1) = #(C1, N [0, 1) holds
(see Fig.7.7).
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Fig. 7.6 Configurations of the surface S in [0, 1]* under the monotony constraint on ¢,
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Fig. 7.7 Example of v
monotony of ¢, along the A
border of S
t=20
3 — Ci2
d > V(Pl

» Variations of ¢y

_>u

Monotony Condition on ¢, Along 95

Now, we study each configuration. We impose monotony conditions on ¢, along the
border of S to force C); to have at most two intersection points with this border.
Hence contradicts the possibility of having four intersection points with the border
of the cube.

The following lemma will be useful:

Lemma 7.1 Let f be a C' real function over an open convex set U C R* and h be
a nonzero vector in R%. If for all u € U we have Vf(u)-h > 0, then f is increasing
in the direction h onU i.e. Yu € U and Ve > 0 such that (u + € h) € U, we have
fu+eh) > f(u).

Proof: Let up € U and € > 0 such that (u + €h) € U. Then f(ug + €h) —
fuo) = fol @(t)dt with ¢(t) = V f (up + teh) - h which is positive. B

* Replacing f by — f, we get similarly that Vf(«) - h < 0 implies f is decreasing
in the direction 7 on U.

¢ Remember that in the plane, for a nonzero vector W= (a, b), the vector WL =

(=b.a) is normal to W and the oriented angle (W, W) is equal to 77/2.

So, in order to ensure monotony of ¢, along the border of S; (see Fig.7.7), we
orient S; by the vector field Vip;. This induces an orientation on the border 9S; of
S1; 087 is the intersection of S| with the faces of the cube. This orientation of the
border of S; in each face is given by WL where W is the projection of Vg, on the
faces. Then, we impose a monotony direction of ¢, restricted to dS; on each face
of the cube. To illustrate this procedure, Fig. 7.8 represents, in the three coordinates
planes, the monotonies shown on Fig. 7.7: the desired monotony in the (u, v)-plane
(pictured in the middle of Fig.7.8) is obtained by projecting the vector Vi; on this
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Fig. 7.8 Traces of S; on the faces of the box with orientations

plane and we have W = (0.91(0,-), 3,¢1(0,-)). Then, we force the decreasing of
(u,v) — ¢(0, u, v) in the direction W-. Applying Lemma 7.1, we require:

2 (0,020, u,v) —3,¢1(0,u,v)
V(MJ)) € [07 1] ’ (avd)Z(Os Lt,V)) ' ( aud)l (Os Lt,V) ) <0

This dot product is a polynomial of bi-degree (3, 3) with respect to the variables
(u, v). Considered also as a polynomial in s (that we fixed at the beginning of this
section) it is of degree 4 in s.

Choice of Monotony Constraints

Here, we present our choice of sufficient condition such that #(C; ,NdS;) < 2. First,
we consider the case when S intersects the six faces of the cube [0, 1]. In the other
cases, we just skip the condition corresponding to missing segments contracted to a
point (see Figs. 7.9 and 7.10).

The border of S| is isotopic to an hexagon {M|, ..., Ms} as shown on Fig. 7.11.

A sufficient monotony condition is given by a choice of an initial point M; and a
final point My among { M, ..., M} with the possible choice M; = M such that
¢, is monotonic on the paths on dS; joining M; to M. This clearly implies that
¢2 — ¢p2(A) vanishes at most twice on 9.S;. Since the four variables {s, ¢, u, v} play
similar roles, we extend our choice of sufficient conditions applying permutations
on these letters.

1. Instead of fixing s, we can fix 7, u or v and consider the corresponding maps.
2. The roles of ¢, ¢, and ¢3 can be exchanged.

All these options will be considered to speed up the implementation.
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Fig. 7.9 Exemple of monotony of ¢, along the border of S; in the case when S; intersects six
faces of the box and the resulting configurations in the other cases
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Fig. 7.10 Traces of S; on the faces of the box (it corresponds to the case represented in Fig. 7.9)
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Fig. 7.11 Traces of S; on the faces of the box (it corresponds to the case represented in Fig. 7.9)

7.4 Algorithms and Data Structures

In this section, we present implementation aspects of our intersection algorithm we
used Axel' an algebraic geometric modeler.

7.4.1 Hextree Data Structure and Topology

A subdivision algorithm on a box in [a;, b] x [a2,bs] X [az, b3] x [as,bs] C R*
explores sub-boxes constructed by considering intermediate values ¢; between a;

ai—+bi. So a box has 16 sub-

boxes. Iterating this construction, an hextree is build; i.e. each node of the tree has
16 children numbered from 0 to 15. In binary expression, this number is written
ajopazay witha; = 0or 1 fori € {1,...,4},if o; = 0, the sub-box is constructed
over [a;,c;] and if o; = 1 it is constructed over [c;, b;]. For example, the twelfth
child is written 1100 and corresponds to the sub-box [c;, b1] X [c2, ba] X [a3, c3] X
[as, ca].

This is called an hextree data structure, it generalizes the quadtrees which are
widely used to represent planar shapes. See e.g. [17] A label which stores the needed
information is associated to each node of the tree. Here, the information will be the
description of the topology of the intersection curve C into the corresponding sub-

and b; fori € {l1,...,4}; here we choose ¢; =

Thttp://axel.inria.fr
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box. More precisely, we require that, at the leaves of the tree, this intersection is
empty or its dimensions are below some threshold or it is isotopic to a collection
of disjoint segments; each segment connects two intersection points of the curve
C with the border of the considered sub-box. Each such segment is represented
by the coordinates of its extremal points. Note that in R*, all the 16 children sub-
boxes of a given box are adjacent. Our injectivity criterion described in Sect. 7.3 is
implemented in a test function (called regular) if it returns false on a sub-box then
the sub-box is subdivided.

7.4.2  Subdivision Algorithm

The following Algorithm 4 describes the subdivision method for the topology
computation. Some other functions that are needed are described in the sequel.

Algorithm 4: Algorithm for topology in 4D: topology(C, B, €)

Input:The curve C, abox B = [ay, b] X [az, b2] X [a3z, b3] X [a4, bs] and a tolerance e.
Output:A list of segments in R* representing the topology.

Create the hextree . Initialize the root of # by B and the intersection points C N dB.
Create a list of nodes £: L <— rootO£f(#H).

While £ # @, Take the first item 7 of £ (and remove it from L)

If regular(C,n), Then n <— regularTopology(C,n)

Else If the current box has a size > ¢, Then £ <— subdivision (C,n).

Else Connect all the border points to the center of the box (this applies when we stop the
subdivision because we arrived below the fixed threshold).

Return(fusion(#)).

Now we describe the other functions called by topology.

Function regular

This function corresponds to the injectivity criterion described in Sect.7.3. In fact
there are four different tests and each of them corresponds to the fixed variable
choice s,t,u or v (see Algorithm 5). If one of them is verified, then we call the
corresponding function regularTopology.

Function regularTopology

If one of the four regularity tests regular is verified, then the topology of
C is known. In the function regularTopology, we just have to connect the
border points in the current node. We also have four different regularTopology
functions corresponding to the fixed variable s,7,u or v. For example, if s is
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Algorithm 5: Injectivity criterion: regular(C, n)

If ¢ is locally injective in 7, Then
If ¢, has the wanted monotony on the edges of n, Then
If ¢, or ¢3 has the wanted monotony on 95,
Then Return (true), Else Return (false),
Else If ¢, has the wanted monotony on the edges of n, Then
If ¢, or ¢3 has the wanted monotony on 955,
Then Return (true), Else Return (false),
Else If ¢; has the wanted monotony on the edges of n, Then
If ¢, or ¢, has the wanted monotony on 353, Then Return (true),
Else Return (false), Else Return (false), Else Return (false).

fixed, then we have, in the current node, a list of even number of border points
P1s D2y -+ P2k—1, P2 (We repeating a point if its multiplicity is even) sorted
by their s component. Then, the topology is described by the list of segments:

[p1, P2l - - [P2k—1, okl

Function subdivision

This function subdivides the current box creating 16 children as described in
Sect.7.4.1. It allocates the inherited intersection points and computes the new
intersection points with the faces of these sub-boxes.

Function fusion

This function is called when the construction of the hextree H is finished. More
precisely, each leaf of H contains the topology in the corresponding sub-box.
fusion provides the topology of C in the initial box B. Its implementation consists
in merging recursively the topology between the children of each node.

7.4.3 Connected Components and Loops

Algorithm 4 allows to identify the connected components easily. Indeed, the resulted
topology of C is a list of segments {[p1, p2], ..., [p2k—1, p2k]}, when k is a positive
integer. If there exists i € {1,...,k — 1}, such that py; # psi+1, then the two
segments [po;i—1, p2i] and [pai+1, pai+2] are on two different connected components
of the topology. A similar simple argument allows to detect the loops (connected)
components. The algorithm is illustrated with some examples, that the reader will
find at the end of Sect. 7.5.
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7.5 Topology in R?

Sections 7.3 and 7.4 presented an algorithm to compute the topology of a curve C
in R* defined by three equations F(s,t) = G(u,v) (with (s,z,u,v) € [0,1]* for
example). Now, we consider the following projections:

( [0,1]4 — R2 )
o (s, t,u,v) —> (s,1)

HZ:( [0,1* — R? )

(s, t,u,v) —> (u,v)

The intersection I” in R? of the two parameterized surface patches F and G is
the image of C by F o 7y (or G o ;). Our algorithm guarantees (up to the tolerance
€) the topology of C, which is isotopic to a collection of segments in [0, 1]*. This
implies that the image by F o m; of a connected component C; of C is connected.
However, if C; is a loop in ]0, 1[* (a closed path) then its image is also a loop in
R3.Moreover, if C admits several connected components which are loops in [0, 1]4,
their images by F o m; in R? may be interlaced (like the Olympic rings). If C;
is determined by a segment discretization which is too coarse, the knot structure
(and the interlacements) can be missed in the image by F o m; of this piecewise
approximation. We may have the situation depicted in Fig. 7.12.

Similarly, the topology of the projection C of C C [0, 1]* on [0, 1] by 7}, may not
be determined by a coarse discretization of C, even if this discretization is sufficient
to determine the topology of C in [0, 1]*, see Fig.7.13: the self-intersection point
is missed. In order to capture these features, the algorithm described in Sects. 7.3
and 7.4 should be extended and the subdivision criteria refined.

As described in Sects. 7.3 and 7.4, we choose a threshold € such that the singular
points of the curve I" will be contained in boxes of a size smaller than €. We aim to
determine the topology of the curve I" up to this indetermination, i.e. two segments
entering a box of a size smaller than € are supposed to intersect and form a singular
point. All other points are considered smooth.

Fig. 7.12 Image of a loop ¢y clo,1)?
with knot structure

intersection curve in R?
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Fig. 7.13 Missing a
self-intersection point by
projection

T

cclo1]* c clo,1)?

Suppose that C has k loops connected components (when & is a positive integer)
denoted respectively by Ci,...,Ci (we can detect them by using the criterion
described in Sect. 7.4.3). We get I; = (F o m1)(C;) foralli € {1,...,k}.

7.5.1 One Curve Box

Recall that each node of the hextree # (described in Sect. 7.4.1) stores a box in R*
and the topology of C in this box. Let n be a node of H, B, be the corresponding box
and B, = Br N Bg, where B (respectively Bg) is the bounding box constructed
with the control points of F (s, t) (respectively G (u, v)) written in the Bernstein basis
with respect to 1 (B,) (respectively m2(1B8,)). Then, by the convex hull property of
the Bézier patches, the bounding box B, contains the part of I" corresponding to B,
i.e. the image of C N B, by F oy (or G o my).

The discretization of C is refined, by subdividing all the leaves of H, such that
each box (in R*) intersecting one of the loops Ci,...,C; contains at most one
segment, i.e. its border intersects C in two points. Note that in the previous section
our algorithm allowed more intersection points. After this step some ambiguities of
the node and interlacement structure of 1" may remain. One can see in Fig. 7.14 two
bounding boxes (in R?) sharing interior points. Joining the pairs of points on the
borders, the red curve segment may (or may not) pass behind the other green curve
segment. So we need to refine the discretization further.

Lemma 7.2 Let y1,y2» C I' be two disjoint segments of curves. After a finite
number of subdivisions of (F o 1)~ (y1) and (F o ;)" (y2), the boxes containing
y1 and the boxes containing y; are disjoint.
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Fig. 7.14 Two boxes sharing interior points

Proof: Indeed by subdivision, the boxes can be made nearer to the curves than
the distance between the two curves. Bl

The subdivision on the leaves of H is refined by using Lemma 7.2. Then,
we rule out potential ambiguity on interlacements between two loops (situation
corresponding the to right picture on Fig.7.12) because we avoid the situation
depicted in Fig.7.14. The ambiguity on a possible node that is not a loop must
still be analyzed.

7.5.2 Node and Discretization

Lemma 7.3 Let y C I be a segment of curve contained in a bounding box
obtained after the subdivision process described in Sect. 7.5.1. Then, the border
of this box has just two points p and p, of y. After a finite number of subdivisions
of (F o 1)~ (y), we have det(Nr, N, p1p5) # O (in the corresponding box) with
Np = 0,F x 90, F and Ng¢ = 0,G x 9,G.

Proof: The condition det(Nr, Ng, p1p2) # 0 means that the tangent vector
of y is never orthogonal to p;|p>. As y is smooth by hypothesis, the lemma is a
consequence of the implicit function theorem. l
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P3

P1

P4 P2

Fig. 7.15 Interlacement situation

Projection

Fig. 7.16 Interlacement with two adjacent segments

If we subdivide the leaves of H by using Lemma 7.3, then we rule out potential
interlacements ambiguities inside each bounding box. However, we still have to
avoid interlacing two adjacent branches.

Proposition 7.2 Let us assume the discretization satisfies Lemmas 7.2 and 7.3
and suppose that det(Np,Ng,pips) # 0, det(Np,Ng.pap3) # 0 and
det(Ng, Ng., p1p3) # O for two adjacent branches [p1, p»] and [p». p3).

If the image (by F oy or G o ;) of a loop connected component of C admits a
node, then it shows up on the discretization i.e. the sequence of segments obtained
by subdivision also describes a node isotopic to that of I.

Proof: Indeed, we will have the situation depicted in Fig.7.15. Since,
det(Nr. Ng. pip2) # 0, det(Nr. Ng. p2p3) # 0 and det(Nr, No. p1p3) # O,
we cannot have a node formed by two adjacent segments (depicted in Fig. 7.16). So,
we just have to investigate the case when we have at least three segments [py, p2],
[p2, p3] and [p3, ps] (depicted in Fig.7.15). Lemma 7.3 ensures that each of these
segments does not interlace. If the three segments are interlacing, then the bounding
boxes containing respectively [p;, p2] and [ps, p4] intersect each other.ll
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7.5.3 Examples

We illustrate the algorithm on some examples. First two intersection situations
of two polynomial patches are shown on Figs.7.17 and 7.18. Another classical
example (the teapot) is considered. Figure 7.19 shows an approximation of the
teapot by 32 biquadratic patches with intersection loci. The resulting topology of
these loci is shown on Fig. 7.20.

Fig. 7.17 Example of intersection between two polynomial patches

Fig. 7.18 Example of intersection between two polynomial patches
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L v,

Intersection loci

Fig. 7.19 Teapot intersection loci

Fig. 7.20 Topology of the teapot intersection

Conclusion

In this paper we have presented a subdivision based algorithm for computing
topology of the intersection of two polynomially parameterized surfaces. The
computations were performed in a 4D space.

A natural extension would be to treat similarly the intersection of two
rationally parameterized surfaces; i.e. introducing a couple of polynomials
Fy(s, ) and Go(u, v) non vanishing on [0, 1] and replacing the initial equations

g) ((Ss’t)) — é’; (&Vv)) All the theoretical developments exposed in this paper
rely on differential geometry; they do not explicitly require that the equations
are polynomials. So they can be generalized. However the speed of our

(continued)
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implementation, which relies on a fast polynomial equations solver, strongly
benefited from the fact that we considered polynomials and not rational
fractions.
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Chapter 8
Rational Bézier Formulas with Quaternion
and Clifford Algebra Weights

Rimvydas Krasauskas and Severinas Zubé

8.1 Introduction

Bézier curves and surfaces are widely used in computer graphics and computer-
aided design. Their formulas are affine invariant and depend on control points that
are visually intuitive and convenient for many applications. On the other hand, there
is an important class of primitive surfaces (spheres, rotational cylinders, rotational
cones, and tori) with specific properties that are not intrinsic to their classical Bézier
representation. For example, one simple reason is the lack of affine invariance.

An alternative theory for curves on a plane was introduced by Sanchez-Reyes
in [20]: complex rational Bézier curves were defined using complex numbers
for control points and weights. This complex Bézier approach has two main
advantages:

* More compact representation: the degree is halved (e.g. circles have linear form);
* Invariance with respect to Mobius transformations.

In order to extend this theory of complex planar curves to surfaces in space we
use quaternions and follow the quaternion representation of circles in space [21].
Here one can hardly expect a theory as complete as in the planar case. Indeed, as
the quaternion algebra H is 4-dimensional, one needs to take extra care to ensure
that resulting surfaces are contained in the 3-dimensional subspace in H which
is identified with R3. Also tools for intuitive shape manipulation are still under
development.

Of course, there is one notable exception: the case of spherical quaternion curves
and surface patches can be reduced to the complex planar case (because a sphere is
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Mobius equivalent to a plane). We only sketch the spherical case in Sect. 8.2.5. and
postpone the details to a separate publication.

The first part of the current chapter (Sects. 8.2-8.3) is devoted to the simplest
non-trivial case of a quaternion surface, namely a bilinear Quaternion—Bézier (QB)
patch. Arbitrary bilinear QB surface patches are characterized as special Darboux
cyclide patches using a recent exposition of the classical theory of Darboux cyclides
in [19]. Actually, the results of the unpublished manuscript [13] are presented here
with extended proofs and more details about Mobius transformations. Note that
these new formulas not only reproduce earlier known biquadratic parametrizations
of principal patches of Dupin cyclides (considered, e.g. in [2, 11]), but also
define totally unknown patches on general Darboux cyclides, which can hardly be
generated using the customary Bézier approach.

The second part of the chapter is targeted to a reader who has certain acquain-
tance with geometric (Clifford) algebras and the isotropic model of Laguerre
geometry. Similar Bézier-like formulas make sense in higher dimensional pseudo-
Euclidean spaces if quaternions are replaced with elements of the corresponding
geometric algebra. Section 8.4 is devoted to general Clifford—Bézier formulas and
recent research: the conformal model of Euclidean space, isotropic geometry and
isotropic cyclides, and applications to PN-surface modeling.

8.2 Quaternionic Bézier Formulas

8.2.1 Quaternions

We will use the algebra of quaternions H with the standard basis 1, i, j, k:
P=P=K=-1, ij=k, jk=i ki=]j.

Reals R and the 3-dimensional space R® will be identified with the real and the
imaginary vector subspaces of H:

R =ReH, rrl, R =1Im H, v v+ nj+ vk

It will be convenient to decompose a quaternion g € H into its scalar (real) part and
its vector (imaginary) part:

q=r+v=rl+vii+wnj+wk, r=Re(g), v=Im(g).
The quaternionic product in this notation has the following compact formula:
qqd =T +VE V)= —v V) + 0V v v xY),

where v -V and v x V' are dot and vector products in R
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If g = r + vthen § = r — v is a conjugate quaternion, |¢| = /qq is its length,
and ¢~' = §/|q|? is the inverse of ¢. In particular, if v € Im H then v = —v and
vl= v/

8.2.2 Mobius Transformations in R

Mobius (M) transformations in space are generated by inversions in R® with respect
to spheres. Alternatively, after identifying R* with the subset ImH of imaginary
quaternions, M-transformations can be generated by four kinds of elementary
transformations: reflections, translations, dilatations, and special inversions (with
unit radius and center in the origin)

R,(x) = —vxv, Ty(x)=x+4+a, S.(x)=rx, inv(x)=—-x"", 8.1)

where v,a € ImH, |v| = 1, r € R4. The composition of an even number of
reflections is a rotation.

M-transformations can be represented as fractional-linear functions @4 associ-
ated with a 2 x 2 matrix A with quaternion entries:

@y(x) = (ax+b)(ex+d)', A= (f 2) (8.2)

Usual multiplication of matrices (multiplication of their elements should be in nat-
ural order!) corresponds to composition of fractional-linear functions. For example,
elementary transformations Eq. (8.1) correspond to the following matrices

(5v)- (1) (1) (%)

From [3, Theorem 11.1] it follows that the map A +— @, defines a surjective
homomorphism of the matrix group

GL(ImH)= { (”C’ z) | Re(aé) = Re(bd) = 0, bc + da € R*} , R*=R\ {0},
to the group of M-transformations of Im H.
For any for points py, ..., p3 € ImH we define a cross-ratio
cr(po. p1. p2. p3) = (po — p1)(p1 — p2) ™ (p2 — p3)(p3 — po) . (3.4)

There is a full analog of the well-known fact that four complex points lie on a
circle only if their cross-ratio is real.
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Proposition 8.1 ([4]) A cross-ratio ct(po, p1, p2, p3) is real if and only if these four
points are on a circle. A real cross-ratio is Mobius invariant.

8.2.3 Properties of Quaternionic Bézier Formulas

A quaternionic Bézier (QB) formula is a fraction of two linear combinations of
control points and weights p;, w; € H with coefficients B;

()

The coefficients B; can be the following Bernstein polynomials:

s Bi(t) = (‘,’.l)(l — 1)t i =0,...,d define OB curves of degree d ;

. Bd1 (s)de(Z) i =0,....d,j =0,...,d, define OB tensor product surfaces
of bldegree (dl, d>);

. Bd = T ])uu'(l s —1)?7"=Js't] withintegersi >0, j > 0,i + j <d,
deﬁne OB triangular surfaces of degree d.

General QB formulas take values in the 4-dimensional space of quaternions
H. The most interesting space for us will be R?, which is identified with Im H.
Therefore, we always need to ensure that the QB curves and surfaces under
consideration are contained in Im H.

Proposition 8.2 A OB formula F = (3_; piw;i B:)(>_, wi B:)™" is invariant with
respect to Mobius transformations: if ® = @4 defined by (8.2) then

O(F)= (Y, piw.B) (X, w,B)™,  pl=®(pi), w,=D(pi,wi) = (cp; +d)w;.

IfF € ImH then ®(F) € ImH.

Proof 1Tt is easy to check this directly using the identities
S(xy™") = (ax+by)(ex+dy)~'. piwi = (p)P(pi.wi) = (ap; + b)w;.

|

This proposition allows us to calculate Mobius transformations of any rational
Bézier curves and surfaces (with real weights) and get a lot of new non-trivial
examples of QB curves and surfaces in Im H.

Remark 8.1 Mobius deformations of 3D models were realized on GPU using
real time evaluations of quaternion formulas in [9] (see Fig.8.1). Since such
transformations are conformal, they may be convenient for deforming organic
shapes including textures.
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LI

Fig. 8.1 Mobius transformation of the Utah Teapot [9]

In general the quaternion representation has half the degree of the customary
rational Bézier case with real weights.

Proposition 8.3 A OB formula F = (Y, piwi B;)(Y_; wi B:)™" of degree d (resp.
bidegree (dy, d2)) defines the same parametrization as the following Bézier formula
of degree 2d (resp. bidegree (2d,,2d,))

F=(ND)DD)™'., N=) pwB. D= pwB.
i i

Proof Note that the new numerator N 1_3 and denominator DD can both be
expanded in the new basis {B; B, } and D D is real. O

8.2.4 Circular Arcs

Here we reformulate some results of [21] about the quaternionic representation of a
circle and give proofs based on Propositions 8.2 and 8.3.

Let po and p; be the two endpoints of a circular arc C in R? = ImH, and let pq,
be some point on the complementary arc of C. We are going to parametrize this arc
rationally in three steps:

» Apply the inversion I : X > poo — (X — pPoo)”! with the center in poo to the
circle C;

e Parametrize the resulting line segment L(t) = I(po)(1 —t) + I(p1)t;

e Apply the same inversion once more C(t) = I(L(t)).

The inversion [ is a composition T,,_, oinv o T_,_ of elementary transformations
(8.1) and has the following matrix representation (see (8.3))

l poo 0-1 l —poo _ Poo_l_pgo

01 10 0 1 1 —pwo '
According to Proposition 8.2, a linear Bézier curve L(¢) with control points 1(py),
I(p1) and unit weights is transformed to a linear QB curve with control points
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I1(I(pi)) = pi, and weights w; = I(p;) — poo = —(pi — poo)_l,i =0,1. So
we finally get the parametrization of the circular arc

C(t) = (powo(1 — 1) + prwit)(wo(1 — 1) +wit) ™", (8.5)

that is contained in Im H by construction.

Remark 8.2 One can divide both weights in (8.5) by wy and get the equivalent pair
of weights wy, = 1 and w| = wywy'. If just one weight is multiplied by a real
number A > 0 then the arc is reparametrized.

Remark 8.3 The parameter ¢ in C(¢) has a simple interpretation as a cross-ratio

= Cr(pOOv 40 POvC(I)) (86)

Indeed, according to Proposition 8.1 it is enough to check the following much
simpler identity cr(oco, I(p1), I(po), L(¢)) = t, where oo = I(pwo) is the infinite
point of Im H.

The customary Bézier representation of C(¢) can be derived using Proposi-
tion 8.3: denote the numerator of the fraction (8.5) by N and the denominator by D,
then rewrite this fraction as C(t) = ND~' = N D(D D)~' with a real denominator,
and expand both N D and D D in the quadratic Bernstein basis B,.2, i=0,1,2:

ND = powowoBj + %(powov'vl + p1wiwg) Bf + pawaia B3,
DD = wywo B + %(wowl + wiiwo) Bf + wainn B3
Hence C(¢), as a quadratic rational Bézier curve, has real weights
Wo = wowy, Wi = %(wov'vl + wiwg) = Re(wowy), Wr = wiwy, 8.7)
and control points
Powowi + piwiwo

Py=po, P = = —., Py=p. (8.8)
Wow1 + wiwg

We can also calculate a tangent vector vo to C(¢) at py as a derivative C’(0) at
¢t = 0. First we differentiate the identity N = CD and get N = C'D + CD’. Then
C'(0) = (N'(0) = C(0)D'(0)) D(0)~" = (p1w1 — powo — po(wi —wo))wy ' and

vo = C'(0) = (p1 — po)wiwy " (8.9)

Therefore, the weights cannot be arbitrary. The following relations between
weights and control points will be useful later.
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Proposition 8.4 If C is a OB curve (8.5) with po, p1 € ImH then:

C C ImH < Re(powow; + piwiwp) =0 (8.10)
C CImH & Im(wiwy") L (p1 — po) (8.11)
Cisaline & wiw,' eR (8.12)

IfC C ImH and u = Im (wywy') # 0 then C is a circle in a plane orthogonal
to u.

Proof The circle C is contained in ImH if and only if its middle control point P;
is there, i.e. Re Py = 0. From its expression in (8.8) condition (8.10) follows. This
is also equivalent to vo € ImH, so (p; — po)wlwal € ImH (see (8.9)) and (8.11)
follows. Similarly (8.12) and the last statement can be derived from (8.9). O

8.2.5 Spherical Quaternionic Bézier Curves and Surface
Patches

In this section we sketch the theory of QB curves and surfaces on a sphere (or plane),
by reducing quaternionic-Bézier formulas to complex-Bézier formulas.

Let us start with the simplest surface example. A spherical triangle with corner
points pg, pi, p» bounded by three circular arcs (such that these three circles
intersect in a point po,) has the parametrization formula with weights: w; =
—(pi — Poo)”', i =0,1,2, (see Fig. 8.2, left)

T(s,t) = (powo(1—s—1)+ prwis+ pawat)(wo(1—s—1)+wis+wat) ™', (8.13)
Indeed this is the Mobius image of a planar linear Bézier triangle (cf. Sect. 8.2.4).
In order to generalize this example we introduce two different inclusions of C

into H (which are compatible with geometric algebra formulas in Sect. 8.4.3)

inf:C—>H, x+yir>x—yk, inp:C—->ImH, x+yir—xi+yj. (8.14)

Fig. 8.2 Spherical QB-patches: linear and quadratic triangle, biquadratic quad patch
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Then any complex-Bézier formula (Y, p;w; B;)(3_, wi B;)™', pi,w; € C, can be
transformed to a QB formula (Y, p/w.B;)(}_, wiB:))™', w, = inj(w;), p| =
iny(p;), on the plane z = 0 or on any sphere in Im H by Mébius invariance according
to Proposition 8.2. Hence the whole theory of complex Bézier curves on a plane
developed in [20] can be translated into QB form and then extended to any sphere.

Even more, it appears that all rational Bézier curves and surface patches on a
sphere can be represented in QB form of halved degree. The following theorem can
be proved using generalized stereographic projection [6] and its interpretation in
terms of complex projective line [10].

Theorem 8.1 Any rational Bézier curve or triangular (resp. rectangular) surface
patch of degree 2d (resp. of bidegree (2d;,2d,)) on a sphere S> C ImH can be
represented in a quaternionic Bézier form of degree d (resp. of bidegree (d,, d>))
with the control net composed of circular arcs lying on S>.

Figure 8.2 (middle and right) illustrates a QB-triangle of degree 2 (which is a
spherical octant) and a biquadratic QB-rectangle.

The quaternionic approach allows us to deal with all spheres in R? in the unique
framework. In a certain sense every sphere carries its own complex structure that is
encoded in global quaternionic structure.

8.3 Bilinear Quaternionic Bézier Patches

We do not know much about general QB curves and surfaces, so we are going to
study important particular cases.

Remark 8.4 Non-spherical QB-curves of degree 2 in Im H are characterized in [22]
as the diagonals P(¢,t) of bilinear QB-surfaces defined by (8.15). Note that the
middle control point of such curves is not contained in Im H.

The simplest cases of QB surfaces are linear triangles and bilinear quadrangles.
The first case will turn out to be spherical, hence we will focus on the latter.

Proposition 8.5 Any linear OB triangle in ImH is spherical.

Proof Consider the formula of a QB triangular patch (8.13), and apply inversion
with center on the boundary circle going through py and p; that transforms this
circle into a line. Using the same notation for control points and weights, one
can assume wy = w; = 1 (see Remark 8.2 and (8.12)). Then it follows from
Proposition 8.4 that Im (w,) is orthogonal to a family of circles with control points
q(s) = po(1 —s) + pis, p» and weights 1, wy, that cover the patch. Hence, this
inversion of the initial triangular patch is planar. O
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8.3.1 Properties of Bilinear QB-Patches

Let us define a bilinear QB-quadrangular patch (call it just a bilinear QB-patch) with
slightly different indexing (the fraction is used in the sense § = ab™):

powo(1 —8)(1 — 1) + prwis(1 — 1) + pawa(1 — )t + p3wsst

P(s,1) = wo(l —5)(1 —1) +wis(1 — 1) + wa(l — 8)t + wast

(8.15)

We consider only the case when the image is contained in Im H = R3.

Lemma 8.1 If two adjacent boundary circles of a bilinear QB-patch P defined by
(8.15) are cospherical then the patch is either spherical or a patch of a double ruled
quadrics (including its Mobius transformations).

Proof Denote by Cj;, ij = 01,02, 13,23, the boundary circles connecting adjacent
points p; and p;. If circles Co; and Co, are cospherical then there are two cases:
(a) they intersect in two points py and ¢ # po; (b) they are tangent in py (a double
point).

In case (a) we apply inversion with a center ¢ and use the same notation for the
transformed patch. Now Cy; and C, are line segments, and one can assume (after
a reparametrization) wg = w; = wy = 1 (see (8.12)). If w3 € R then the patch
P is on a bilinear quadric (or plane). Otherwise Im (w3) # 0, and according to
Proposition 8.4 Im (w3) L(p3— p1) and Im (w3) L(p3— p2). Hence the two boundary
circles C;3 and Cy3 lie on the same plane IT going through three points pi, p», ps3.
All the weights along these circles have the same direction, since they are linear
averages between w3 and 1. Similarly it follows that all other circles on P are on
the same plane I7, and P is planar, i.e. spherical. Case (b) can be treated similarly:
apply an inversion with center py and notice that despite the blown-up corner py the
same arguments are valid. O

Lemma 8.2 Let four circles Cy;, ij = 01,02, 13,23, in ImH be defined by pairs of
control points and weights {(p;, w;), (p;j,w;)}, and suppose that any two adjacent
circles are not cospherical. Then there is a unique non-zero number

_ _ - -l
A = —Re(piwiwz + pawawy)(Re(powows + pawswg)) € R, (8.16)

such that the same control points with weights wy, w1, wa, Aws define a bilinear
OB-patch in Tm H = R3.

Proof Denoting numerator and denominator in formula (8.15) with control points
pi,i =0,...,3, and weights wy, w1, wy, Awsz by N and D, we can modify it to the
form with a real denominator P = ND~' = ND(DD)~'. Then we expand N D in
a biquadratic Bernstein basis and get control points (multiplied by their weights) of
the corresponding rational biquadratic Bézier surface. Boundary control points are
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obviously in ImH, since they represent circular arcs in Im H. The middle control
point multiplied by its weight has the following form:

g1 = (piwiwa + pawawy) + A(powows + p3wswy),

where both expressions in brackets have non-zero real parts (otherwise, adjacent
boundary circles will be cospherical, cf. the proof of Proposition 8.5 and for-
mula (8.10)). Solving the equation Re(q;1) = 0 for A we get exactly (8.16). O

Lemma 8.3 Ler Cy, Co1, Ci3 be circles in R3, and suppose that py = Cpy N Coy
and p1 = Co1 N Ci3 are unique points of their transversal intersection. Then for
any other point p € Cp, pa # po, there exists a unique bilinear QB-patch (up
to trivial reparametrization) with control points p;, i = 0,1,2, and p3 € Cy3 with
three boundary arcs lying on the given three circles.

Proof Our goal is to construct a closed contour of circular quaternionic arcs and
then fill the contour using Lemma 8.2.

We choose any point ¢ € Cy3, ¢ # p1, and apply inversion with center ¢. Using
the same notation, we see that Cy3 is a line, and we can find unique (up to real
multiplier) weights w; = 1, wy and w,, that allows us to parametrize the circles Cy;,
Coz. The point p, and weight w, determine a plane IT where a circle C,3 should be
(see Proposition 8.4). So we can find a point p3 as an intersection [7 N Cy3 with a
weight w3 = 1. An exceptional case when [T is parallel to the line C;3 can happen
only when the initial point g (before inversion) can be chosen as ps. O

8.3.2 Implicitization

We are going to find the implicit equation of the patch (8.15) as an algebraic surface
in R3.
Let us consider a formal equation with a quaternion X = u + xi + yj 4+ zk on
the left side and with a bilinear quaternionic patch on the right side:
X = N(s,t)D(s,1)"", (8.17)

where N(s,t) and D(s,t) are the numerator and the denominator of the fraction in
(8.15). Let us multiply both sides of (8.17) by D(s, t) and move all terms to the left
side

XD(s,t) — N(s,t) = 0.

We treat this quaternionic equation as a system of 4 real linear equations with 4
unknowns

(1—s)1—1), s(1—1), (1—s), st
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The 4 x 4 matrix M of this system has 4 columns filled with components of
quaternions (X — p;)w;,i = 0, ..., 3. Hence the entries of the matrix M are linear
forms in u, x, v, z, and the polynomial

F(u,x,y,z) = det[(X — po)wo., (X — p)wi, (X — p2)wa. (X — p3)ws]  (8.18)

must vanish on every point X of the patch P(s,t). Therefore, F(u,x,y,z) = 0
defines at most a quartic equation in the variables u, x, y, z.

Theorem 8.2 Let P(s,t) be the bilinear parametrization of the patch 8.15 in
Im H = R3. Then an implicit equation of the corresponding parameterized surface
is a factor of the polynomial F (0, x, y, z) defined by (8.18) and has at most degree 4.

Example 8.1 A bilinear QB-patch P (s, ¢) with the following points [po, ..., p3] =
[—i, 1, —i+j, i+j] and weights [wo, ..., w3] = [1,], 1, ]] generates the equation of the
cylinder x% +2z%> —1 = 0. The same points as above with the weights (wo, ..., w3) =
(1,j,k, 1) generate the equation of the torus

2
1\’ 3
<x2+(y—§) +zz+z> —4(x*+2)=0.

All these examples can be classified as Darboux cyclide patches. Darboux
cyclides are quartic surfaces with a double conic x>+ y2+z> = 0 at infinity and their
Mbobius transformations: non-spherical quadrics and cubics with the same double
conic. We consider only irreducible cases: for example, a union of two spheres is
excluded.

Corollary 8.1 Any non-spherical bilinear QB-patch is a Darboux cyclide patch.

Proof According to Theorem 8.2 a bilinear QB-patch has at most degree 4. Since

it is Mobius invariant, its arbitrary inversion is also a bilinear QB-patch. These are

sufficient conditions for the patch to be on a Darboux cyclide (see details in [15]).
0

8.3.3 Bilinear Quaternionic Bézier Patches on Darboux
Cyclides

It is known from the theory of Darboux cyclides (see the exposition in [19]) that
they can contain at most 6 real families of circles, that are grouped in pairs. Two
circles from distinct families intersect in a unique point if these families are from
different pairs, otherwise the circles are cospherical [19, Propositions 4, 5]. Any
bilinear QB-patch defines a Darboux cyclide by Corollary 8.1 and generates two
families of isoparametric circles on it.

Theorem 8.3 Any two families of circles from different pairs on a given Darboux
cyclide are generated by a bilinear QB-patch. Two families of circles from the same
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Fig. 8.3 A Darboux cyclide
with six circles representing
six distinct families

pair can be generated only by a QB-patch defined by rulings of a double ruled
quadric (or its Mobius equivalent).

Proof Take two circles Cyy, Cy3 from one family and one Cy; from another family
that is not in the same pair. Then pairs of circles C,, Cy; and Cy;, C3 intersect in
the unique points py and p;. Hence we are in the situation of Lemma 8.3 that allows
us to construct a bilinear QB-patch bounded by these three circles. So it is enough
to prove the uniqueness of a Darboux cyclide going through these circles. Here we
can follow [19] and employ the conformal model by lifting the whole construction
to a 3-sphere S 3 in the space R*. Now the circles Cyy, C;3 are contained in two 2-
planes which intersect in the apex of the quadratic 3-dimensional cone, which cuts
our Darboux cyclide in S3. Let us cut the cone by any hyperplane IT (not containing
the apex) and project all circles from the apex to I71. Their images will be two skew
lines L, L3 and a conic C(;l intersecting them. Therefore the uniqueness problem
is reduced to the following simple one: prove the uniqueness of a quadric surface
in R? going through a given pair of skew lines and one conic. The second part of
the theorem follows from Lemma 8.1, since circles from the paired families are
cospherical. O

In Fig. 8.3 below we can see an example of a symmetric Darboux cyclide with
six paired families of circles (i.e. there are three pairs).

Corollary 8.2 There are exactly 12 different bilinear QB-patches on a Darboux
cyclide with 6 real families of circles.

Proof Apply Theorem 8.3 and count cases: three choices of two pairs of circle
families times four choices of two families from these two distinct pairs. O

8.3.4 Principal Dupin Cyclide Patches

For a definition of a Dupin cyclide see e.g. [5] and references therein. This is a
particular case of a Darboux cyclide containing two self-paired families of circles
(i.e. both families in a pair coincide, see previous Sect.8.3.3). A principle Dupin
cyclide patch is a quadrangular patch bounded by circles from these families (see
Fig.8.3), which can be characterized by the following properties:

» All angles are right angles and corner points py, ..., p3 are on a circle;
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Fig. 8.4 Principal patches on: cilinder, torus, general Dupin cyclide

» Tangent vectors at the end points of the opposite boundary arcs in the adjacent
corners are symmetric with respect to a vector joining these points; e.g. let v;; be
a tangent vector at p; pointing to p; then vo3 = —(p2 — po)vor(p2 — po) .

Theorem 8.4 A principal Dupin cyclide patch with corners in four points
po, ..., p3 on a circle and two orthogonal tangent vectors vy, and vy at py can be
parametrized by a bilinear QB-patch with these control points and the following

weights (where g; = (pi — p;)/|pi — pjl):
wo =1, wi=qovor, W2=qnvoa, wi=|p2— pillps— pol” q13w1qa0w2.

The proof of this theorem and other important quaternionic formulas related to
principal Dupin cyclide patches can be found in [14] (Fig. 8.4).

8.4 Clifford-Bézier Formulas

In this section we collect several extensions of the quaternionic approach, showing
that they can be unified in the framework of geometric algebra (associated with the
most general case of pseudo-Euclidean spaces). Sections 8.4.1-8.4.4 require basic
knowledge of geometric algebra (e.g. [7,8,16]). Preliminaries for Sect. 8.4.5 include
elements of Laguerre geometry and Pythagorean-normal surfaces [12,17, 18].

8.4.1 Pseudo-Euclidean Space and Its Geometric Algebra

A pseudo-Euclidean space is a vector space R, with a scalar (interior) product

having signature 0 = (ny,n—_,ng), n = ny + n— + ny, i.e. with an orthonormal
basis {e1, ..., e}, such that

1, ifi<ng,
eirei=9—1, ifny+1<i<ny+n_, e-e =01#] (8.19)
0, ifi>ny+n_,
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An abbreviated notation for signature will be used 0 = (n) = (n,0,0) and 0 =
(ny,n_) = my,n_,0).

Define a geometric algebra G, = G(R!) as a Clifford algebra generated by
the pseudo-Euclidean space R? with a signature ¢ = (n4,n_,ng). The geometric
product is defined to be associative and distributive with respect to addition, with
the extra relation for vectors v-v = v? € R. If v,u € R? then the geometric product
is a sum of interior and exterior (see below) products

vu=v-u+vAu. (8.20)
The algebra G, has the same underlying vector space as the usual exterior algebra

A[RL), namely it is a vector space of dimension 2", that can be decomposed as a
direct sum Ey b E| & --- @ E, of subspaces with the following bases

1y Aden...,end, Hlejli<j), lewli<j<k},... {I=-en.nl
(8.21)
where ¢;; = e;e; ---e;. The vector spaces Ey, ..., E, are scalars, vectors, bi-

vectors, etc. respectively. The basis of E, has only one element [ = eje;:--¢e,,
which is called a pseudoscalar. A dual of x € G, is x* = I x. For any x € Gy, its
k-grade component (x) is the projection to the subspace Ej of grade k.

A reversion operation in the algebra G, is defined as follows (see [7, 8, 16] for
details). If x is a product of vectors x = vv,---v,—1v,, then its reversion is X =
VpVn—1 - +-vovy. If all v; are non-zero, then xX = (v, - vy)---(v2 - v2) (v - v1) € R.
Hence it is easy to calculate the inverse element x ! = ¥ /(xX).

8.4.2 Mobius Transformations in R},

A group of Mobius transformations M6b(R?) of a pseudo-Euclidean space R is
generated by: pseudo-Euclidean reflections, translations, dilatations, and special
inversions

R,(x) = —vxv, Ty(x)=x4+a, S, (x)=rx, inv(x)=x"", (8.22)

where v,a € R?, |[v| = 1, r € R4. Note the different sign in the inversion formula
compared with the quaternionic case (8.1).

Similar to Sect.8.2.2 M-transformations of R” can be represented by 2 x 2
matrices A (with entries in G,) and corresponding fractional-linear functions @4,
see (8.2).

We define Clifford—Bézier surfaces (CB-surfaces) by the same rational Bézier
formulas treating them as formulas in G,, i.e. with control points p; € R7 and
weights w; € G,.
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Proposition 8.6 CB formulas (Y, piw: B;)(Y_, wi B;)™! with control points p; €
R? and weights w; € G, (with certain kind of Bernstein polynomials B;) are
mapped by an M-transformation ®(x) = (ax + b)(cx + d)~" to the same formulas
with new control points p! = @(p;) and new weights w;, = D (piiwi) =
(ep; + d)w;.

8.4.3 C and H as Subalgebras of Geometric Algebras

Complex numbers C are identified with an even subalgebra of G:
ing : C = (G)evens z2=Xx+ yit>x + ye,. (8.23)
Multiplying by e; from the right, one can get the standard map from C to R?:
inc:C—>R?* z=x4yir ejinc(z) = xe; + ye,.
Hence any complex Bézier formula can be mapped to a Clifford—Bézier one
ering (X, piwi B)(X; wi Bi)™") = (X; piw B (X, wiBi) ™", (8.24)

where p! = ejinc(p;), and w; = inc(w;).
Quaternions H are identified with an even subalgebra of Gj:

ing :H — (G3)evens. g =r+xi+yj+zk—>r—xexn+ye;—zenn. (8.25)

Using duality X* = 7X, one can get the standard map from imaginary quaternions
Im H to R3:

xXi+yj+zk Iing(q) = xe; + ye, + zes.

Hence any Quaternionic-Bézier formula can be mapped to a Clifford—Bézier one

1 inH((Zi piwi Bi)(D_; wi Bi)_l) = (X piwi B (X, w B, (8.26)

where p! = Iing(p;), and w, = ing(w;).

Therefore all the results from Sects. 8.2 and 8.3 about QB curves and surfaces
are valid for the corresponding CB curves and surfaces in the algebra G; generated
by the Euclidean space R? with signature (3,0, 0).

There are just a couple differences in the formulas:

¢ Conjugation g + ¢ in H should be changed to reversion x — X in G3,
+ The inversion g — —¢ ! in Im H should be changed to x > x~!in R?® C Ga.
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8.4.4 Conformal Model of Euclidean Space

We are going to demonstrate how our methods can be applied to representing the
usual rational Bézier curves and surfaces in the conformal model.

Consider a pseudo-Euclidean space Rfm and its generated geometric algebra
G41. The standard basis {ej,...,es5}, ¢, -¢; = 1,0 # 5, e5-e5 = —1, will be
changed to the following one

{eo.e1,ex,e3, 600}, €)= (—e4+es5)/2, eoo =e4+es.

Define an embedding of Euclidean space R? to Ri’l:
conf(x) = x + 1x%e + €o (8.27)
to a quadric of null-vectors
X-X=0, XeRj,. (8.28)
If we expand X in the standard basis X = )", x;e; then X - X = x% +--- +x§ —xg.
Hence the quadric (8.28) defines a 3-sphere S in the affine part x5 # 0 of the
associated projective space RP* = P(Ri,l)- Actually conf : R? — §3 is the
inverse of stereographic projection.
Let us apply the machinery we developed. Using the identities xes, + €cox = 0

and ego = 0, one can modify formula (8.27) as the composition of two fractional-
linear functions

conf(x) = x(3%e00 + 1) + €0 = X (Fec0x + 1)1 + €.

Hence, the map conf : R? — RZJ is the restriction of a Mdbius transformation
@c € MOb(R; ) given by the matrix:

1
o (1 +12€0€oo e()) _ (1 60) (11 O)
Eeoo 1 01 Eeoo 1
Therefore, according to Proposition 8.6 one can ‘lift’ any CB-curve or surface
(including the usual rational Bézier curves and surfaces with real weights) to the

conformal model. Indeed new control points P; and weights W; are related to the
old ones p; and w; as follows:

P =conf(p;), Wi = (3pieco + Dw;. (8.29)
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The main advantage of this conformal model (i.e. R3 embedded into Ril) is in
the possibility to represent important geometric objects and transformations in R* as
formulas in the algebra G4 1 (see e.g. [7,8,16]). For example, the conformal image of
acircle C C R3 going through three points p;, i = 0, 2, 3, is the intersection of S 3.
X - X = 0 with a2-plane IT A X = 0, where IT = conf(py) A conf(p;) A conf(p,)
is a 3-vector. We treat the 3-vector [T € Gj as a 2-plane and say that it is associated
with the circle C.

Let us demonstrate how this technique can help us to find a quadratic cone con-
taining the conformal image conf( P (s, ¢)) of a bilinear CB-patch (cf. Sect. 8.3.3).
Using formulas (8.29) we lift the control points p; and weights w; given by
(8.15) to the corresponding control points P; and weights W; in the conformal
model. We also compute tangent vectors V; = (P; — P)W; W' (see (8.9)).
Then the 3-vectors Ily; = Py A Py A Vo1, Iz = P, A P3 A Va3 represent
2-planes associated with the opposite boundary circles Cy; and Cp; from the
same family (in the notation of Lemma 8.3). The family of 2-planes associated
with the paired family of circles can be obtained using the classical Steiner
construction by intersecting two pencils of hyperplanes defined by the 2-planes
I1y; and I1,3. We have two obvious corresponding pairs of hyperplanes in these
pencils: ITo; A Voo, Iy A Py and Txs A Py, IT, A Vyo. Hence the implicit equation
of the quadric cone we are looking for should be the determinant of these four
hyperplanes:

IToy AV A X))oz AVag A X) — (ot A P AX)TT3 A Po A X) = 0.

Of course in order to fix a correct projective correspondence between the pencils
one needs three corresponding hyperplanes on these pencils. So in general a
certain additional coefficient will be needed in the above equation. In our case the
coefficient is 1 by the magic of geometric algebra.

8.4.5 CB-Surfaces in Isotropic Space and PN-Surfaces

In this Section we survey results of [15] on CB-surfaces based on the geometric
algebra G, o1 generated by an isotropic space R%,O,l‘

The signature 0 = (2,0,1) means that x - x = x? + x? in coordinates
of the standard basis (see (8.19)). Therefore, distances in isotropic geometry are
measured as Euclidean distances in the projection to the first two coordinates, which
is called a top view. Isotropic Mobius (i-M) transformations are elements of the
group MGb(R?Z’O’ 1)) as defined in Sect. 8.4.2. The distinguished vertical direction
separates all planes into two classes: vertical (isotropic) and non-vertical planes.
Images of these two classes of planes under i-M transformations generate two
types of isotropic spheres (i-spheres): paraboloids of revolution with a vertical axis
(parabolic type) and cylinders with top view circles (cylindrical type). An isotropic
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circle (i-circle) is the intersection between an i-sphere of parabolic type and a
plane: it is either an ellipse with a circle as top view or a parabola with a vertical
axis.

It appears that the theory of QB-surfaces developed in Sects.8.2 and 8.3
(and initially introduced in [13]) can be successfully developed in the case of
CB-surfaces in isotropic space. In general one just needs to add everywhere
‘isotropic’, e.g. circles and M-transformations should be changed to i-circles and
i-M-transformations. The counterpart of a Dupin cyclide is an isotropic cyclide: a
quartic surface in R3 ;| with a double conic x{ + x3 = 0 at infinity or its i-M-
transformations.

In [15] bilinear CB-patches in R3 | are studied in much detail: their implicitiza-
tion formula is derived, they are characterized as patches on isotropic cyclides and
the uniqueness of patches with three given boundary isotropic circles is proved.

The motivation for these studies is in the following theorem due to Pottmann and
Peternell [17, 18]:

Theorem 8.5 The duality (8.30) defines a 1-1 correspondence between non-
developable PN-surfaces in the Euclidean space R and rational surfaces in the
isotropic space R;,O,l'

We recall here PN-surfaces and the construction of duality. Pythagorean-normal
(PN) surfaces are rational surfaces in the Euclidean space R? together with a
field of rational unit normals. PN-surfaces are important in geometric modeling
applications, since they are rational surfaces with rational offsets. Following [17,18]
(see also survey in [12]), we map oriented planes in R? to points of the isotropic
space

nixy +nyxy +n3x3+h =0

— l(nl,ng,h) eR,,. (8.30)

Treating a surface in R? as the set of its oriented tangent planes, then applying the
map (8.30) we get a dual surface in R |
We end this exposition with one PN-surface modeling example.

Example 8.2 Consider a corner defined by three orthogonal planes, where three
edges are blended using cylinders of radii i < r, < r3. The goal is to find a
quadrangular PN-patch that will blend smoothly the given three cylinders and the
top horizontal plane as shown in Fig. 8.5. The idea is to apply duality (8.30): the
cylinders go to i-circular arcs and the top plane goes to a point in the isotropic
space. Using the isotropic analog of Lemma 8.3 (see [15, Theorem 1]), one can fill
the triangular contour shown in Fig. 8.5 (left) with a bilinear CB-patch and go back
using duality. The resulting PN-surface patch can be represented as a Bézier surface
of bidegree (3, 4), Fig. 8.5 (right).
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Fig. 8.5 A CB-patch (with a top view) and its dual PN-surface patch

Conclusions
We introduced quaternionic Bézier curves and surfaces in Euclidean space R*
with two main advantages compared to the customary rational Bézier case:
more compact representation (the degree is halved) and Mobius invariance.
Disadvantages include absence of affine invariance and complicated condi-
tions on control points and weights that keep quaternionic Bézier curves and
surfaces in R3.

The simplest non-trivial case of bilinear quaternionic Bézier patches was
studied:

* The implicitization formula is presented;

* They are characterized as Darboux cyclide patches;

* All such patches on a given Darboux cyclide are classified;

* Principal patches on Dupin cyclides are presented in this form.

We also have shown that complex or quaternionic Bézier formulas can be
translated to more general geometric algebra settings. This approach is useful
for representing usual rational Bézier curves and surfaces in the conformal
model, and for understanding bilinear Clifford—Bézier patches in isotropic
space, which have potential applications to rational offset surface modeling.

Acknowledgements The authors would like to thank Helmut Pottmann for pointing out that
general bilinear quaternionic patches may represent Darboux cyclides and providing access to the
preliminary version of [19]. The majority of the numerical experiments and symbolic computations
were made for this paper using the software package CLUCalc/CLU Viz described in [16] and the
MAPLE package Clifford [1].
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Chapter 9
Algebraic Spline Geometry: Some Remarks

Ragni Piene

9.1 Algebraic Geometry and Geometric Modeling

Applications of algebraic geometry to Computer Aided Geometric Design often rely
on mathematical foundations based on the use of complex numbers and projective
geometry. However, all the considered practical questions are presented over the
real numbers and in an affine setting. This obvious remark implies that one needs
to focus on the study of real algebraic geometry and consider curves, surfaces and
solids as semi-algebraic sets (i.e., sets defined by means of polynomial equalities
and inequalities).

Certain aspects of the foundations of algebraic geometry, with special emphasis
on classical projective geometry of curves and surfaces, need to be extended and
developed for the real, affine, bounded — and in particular polyhedral — cases,
having in mind applications to CAGD. Particular issues that could be considered are
singularity theory: existence and description of real surface singularities; the theory
of polar and dual varieties in order to relate the description of real polar varieties to
Sturm—Habicht methods for determining the topology of real surfaces, and to find
efficient ways of computing points on the components of real varieties [5, 6]; the
theory of moduli spaces of varieties and of parameterized varieties and the study
of the semi-algebraic stratification of these moduli spaces; the design of parametric
catalogues of surfaces (parametric or not) that can be used in CAGD.

When modeling curves and surfaces algebraically, using just one interpolating
polynomial does not necessarily give a good approximation, due to Runge’s
phenomenon, even if the polynomial has high degree. It is preferable to use
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piecewise polynomials to approximate larger regions of a CAGD-model. By using
more polynomials, one can keep the polynomial degree low and still get better
approximations. An algebraic spline function is simply a piecewise polynomial
function on a polyhedral subdivision of a region in R¢.

By replacing affine, real algebraic varieties in R? by simplicial complexes A
embedded in RY, and polynomial functions by algebraic spline functions, one
gets a theory that we can call algebraic spline geometry. The purpose of such a
theory is to establish a better basis for the application of multivariate algebraic
splines to problems in geometric modeling. To bring real algebraic geometry and
spline surface representation in CAGD closer together, we should also develop and
understand certain aspects of the “classical” semi-algebraic real geometry so that it
can extend to the theory of multivariate algebraic splines.

A simplicial complex in R can be thought of as a union of semi-algebraic sets,
each determined by linear equations and linear inequalities, fitting together in a
prescribed way. One can generalize this approach by using polynomials of arbitrary
degree, as is done in [9], and to a certain extent in [12]. Still another point of view is
the following (cf. [11]): replace ordinary algebraic sets in R¢ (defined as zero sets of
polynomials) by “piecewise” algebraic sets defined as zero sets of algebraic splines
on some given domain in R?.

9.2 Algebraic Spline Spaces

Consider a (pure) d -dimensional simplicial complex A in R?. We let C"(A) denote
the set of piecewise polynomials (algebraic splines) on A of smoothness r. This
set is a ring under the usual pointwise addition and multiplication. The (global)
polynomial functions R[xy,...,x,] are of course r-smooth for any r, and hence
can be considered as a subring of every C”(A). These functions will be called the
trivial splines.

The subsets C[(A) C C’"(A) consisting of splines of degree < k are R-
vector spaces, called algebraic spline spaces, and a major problem is to determine
their dimension. In addition, one would like to find explicit bases for these
spaces.

In the context of the SAGA project, Mourrain and Villamizar addressed
the first problem in the case of d = 2 [7] and d = 3 [10, Ch. 3]. Using
the homological approach introduced by Billera [1] and further developed by
Billera—Rose [2, 3], they gave upper and lower bounds for the dimension of the
vector spaces C; (A).

Yuzvinsky [13] considered C"(A) as the global sections of a sheaf F” on the
poset associated to A. He was, like Billera and Rose, interested in the structure of
C7(A) as a module over the ring of trivial splines, for example finding conditions
for it to be a free module or a Cohen—Macaulay module, and conditions for the sheaf
F" to be flasque.
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9.3 Generalized Stanley—Reisner Rings

Let A be a simplicial complex in RY, with vertices {vi,...,vn}. The face ring, or
Stanley—Reisner ring of A, is the ring Ax := R[Y},...,Y,]/ 1, where I, is the
monomial ideal generated by the products Y;, ---Y; : such that {v;,,...,v; j} isnota

face of A. Itis known [4] that if two simplicial complexes have isomorphic Stanley—
Reisner rings, then they are themselves isomorphic.

By identifying Y; with the Courant function Y;(v;) = §; extended by linearity,
we would have Y, Y; = 1, and the ring A»/(3_Y; — 1) can be viewed as the
ring C°(A) of (continuous) splines on A. This ring is sometimes referred to as
the affine Stanley—Reisner ring of A. The points of Spec(C°(A)) are the points on
Spec(44) C R” that lie on the hyperplane ) ; ¥; = 1, and those points that have
non-negative coordinates, give a model of A.

As observed by Billera and Rose [3], one can “homogenize” the Stanley—Reisner
ring by replacing A by the (d + 1)-dimensional simplicial complex A obtained by
embedding A in the hyperplane xo = 1 in R?*! and taking its cone with vertex at
the origin vy = (0, ...,0). Then

CUA) =R, Vi, )/ U+ Q_ Vi = 1) = 43/ QY —1) = Ay,
i=0 i=0

where the variables I?, represent the Courant functions of A (see [8]). Since I4 is a
homogeneous ideal, this ring is graded, and Proj C 0(AA) also “describes” A.

For r > 0, consider the subalgebras C"(A) € C%A) = A,/(>_Y: — 1) and
C ’(AA) ccC 0(AA) = A, consisting of splines of smoothness r. We call these rings
generalized Stanley—Reisner rings. As observed by Billera [1], the space of splines
on A of smoothness r and degree < k correspond to the space of splines on A of
smoothness r and degree exactly k, in particular the dimensions of these two vector
spaces are equal.

Here we concentrate on the “affine” generalized Stanley—Reisner rings C"(A).
In the following, we compute these rings and explain their geometric realization
Spec(C"(A)) only in two particularly simple cases. Nevertheless, we think that even
these two examples support our conjecture, namely that the part of Spec(C”(A))
with non-negative coordinates (with respect to a certain embedding into an affine
space) models a twisted version of the simplicial complex A.

Example 1: 4 = 1. Let A be a one-dimensional simplicial complex with three
vertices vy, vp, vz € R, and assume v; < v, < v3 (Fig.9.1).

Ul ’UQ ’US

Fig. 9.1 The one-dimensional simplicial complex of Example 1
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Since only {V, V3} is not a face, we have

3
CoUA) = Aa/Q_Yi=1) =R[Y1, V2, Y3/ (Y1 Y3, Y1 + Y2 + Y3 — 1).

i=1

Then Spec(C°(A)) C R? is the union of the lines ¥; = Y, + Y3 — 1 = 0 and
Y; =Y, + Y, — 1 = 0. The segments of these two lines contained in the positive
octant mimic the two 1-faces of A, and they intersect transversally. Set

H :=vY| + Y, + viYs.

Then H(x) = x for any point x € |A|. So R[H] is the subring of trivial splines,
and R[H] € C"(A), for any r > 0.

By performing the (affine) computations similar to what is done in [8], one sees
that H, Y1r+l, and Yy *1 generate the subring C”(A) of C°(A). Note that, since

YIH = (Vl — VZ)YIZ +wY and Y3 H = (V3 — Vz)Y32 + 1nY;

in C%(A), all powers of Y; and Y3 higher than r + 1 are in the subring generated by
(the images of) H, Y{H, and Y3’+1. Now consider the homomorphism

R[xs Y, Z] - IR[Yls Y25 Y3]/(Y1Y3v Yl + Y2 + Y3 - 1)

that sends x to H —vy, y to (vi —v2)" 1Y ™! and z to (v3—v2) F'¥; !, The image
of this map is C"(A) and the kernel is the ideal (yz, y + z — x"*'). Hence

C"(4) = Rlx.y.2/(z.y +z—x""),
and Spec(C"(A)) is the union of the plane curves y = z — x"*! = 0 and z =
y — x"t1 = 0. For r > 1, these two curves both have the x-axis as tangent at
their point of intersection (the origin), and the tangent intersects each curve with
multiplicity » + 1 (Fig.9.2).

Fig. 9.2 Spec(C"(A)) forr =0,1,2
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Uy
U3
Uy
)

Fig. 9.3 The two-dimensional simplicial complex of Example 2

Example 2: d = 2. Consider a two-dimensional simplicial complex A, with

four vertices v, ..., vs € R2, no three on a line, and {v1,v3} as the only non-face.
Write v; = (vi1, vi2) (Fig.9.3).
Then

C'(A) =R[Y, Y2, Y3, Yl /(N1 Y3, Y1 + Yo + Y3 + Yo — 1),

where the variables Y; represent the Courant functions. The trivial splines in this
case are

Hj = Vlel + szYz +V3jY3 + V4jY4, for j =1,2.
As in the previous example, we observe that Y, 1"+1 and Y3’+1 are in C"(A).

Moreover, we deduce the following linear relation (assuming for simplicity that
none of the denominators are zero):

Hy—vy  Hy—vyn  vii—va V12—V22) (V31—V21 V32—V22)

Yi +
Val— V2l v —Vn V4l — V2l Var — V22 V4l — Vol Var — V2

Y.

Multiplying this relation by powers of Y| and of Y3, we see that the subring of
C7"(A) generated by the images of H;, H, Y1’+1, Y3’+1 contain all powers of Y| and
Y3 higher than r + 1. Hence we get that C"(A) is the image of the homomorphism

Rlx1,x2, .2l = R[Y1, Y2, Y3, Ya] /(1 Y3, Y1+ Yo+ Y3+ Ya— 1),

; Hi—vy Hy—vy vii—val _ vip=vy "ty r41 V3 —Vvai
sendin to to to — Y and z to (=3 —
gx var—va1’ X2 var—v22’ y (V41 —V21 v42—v22) 1 ’ < (V41 —V21
V32—V )"H

yp—— Y 3r+1. The kernel of this homomorphism is generated by yz and y + z —
(x1 — x2)" ™!, so that

Cr(A) = R[xl » X2, Vs Z]/(st y+z— (-xl - -x2)r+l)'
Hence Spec(C’(A)) is the union of the surfaces y = z — (x; — x2)"*! = 0 and

7=y — (x] — x2)"T! = 0. The intersection of these surfaces is the line y = z =
x1 —x2 = 0. The plane y = z = 0 is the tangent plane to both surfaces at all points
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of their line of intersection. The intersection of this tangent plane and each surface
is the line, with multiplicity r + 1.

If we instead consider the “homogeneous” Stanley—Reisner ring C 0(AA) = Ag,
we set Hy := Y| + Y> + Y3 4 Y4 and define the homomorphism

Rlxo, x1,x2, ¥, 2] = R[Y1, Y2, Y3, Ys]/(Y1Y3),

Hi—vo
V41—V

Hj;izvz;:" , and y and z as before. We then

by sending x, to Hyp, X to
get

Hy t
(0]
21 9 ‘x2

C"(A) = Rlxo, x1, %2, .2/ (vz, y + 2= (x1 — x2)" ).

This is a graded ring, where the x; have weight 1 and y and z have weight r + 1.
Hence Conjecture 3.1 of [10, Ch. 3], stated only for r = 1 and with a different
choice of variables, holds for all r. Note that Spec(C” (AA)) is an affine cone, and
that we can view Spec(C"(A)) as the intersection of this cone with the hyperplane
X0 = 1.

We see that, as a module over the ring of trivial splines R[x;, x2], C"(A4) is
isomorphic to R[xy, x2] & yR[x;, x3] (note that the isomorphism depends on r).
Moreover, the r-splines of degree < k are of the form f(x,x2) + yg(x1,x2),
where f is a polynomial of degree < k and g is of degree < k — (r + 1). Hence

dim Cr () = (k;z) . (k+2—2(r+1))7

in accordance with [7, Thm. 13, p. 572], since there are no interior vertices in A.

It is natural to conjecture that the situation of these examples is the general one,
namely that Spec(C"(A)) represents a twisted version of A, in which the varieties
corresponding to the d-faces are curved and intersect along varieties corresponding
to the (d — 1)-faces “with multiplicity » + 1” as described above. More precisely,
based on the above two examples, we conjecture the following “local” description
of Spec(C”(4)).

Local Spline Ring Conjecture Let A be a d-dimensional simplicial complex
consisting of two d -simplices intersecting in a (d — 1)-simplex. Then we can realize
Spec(C”(A)) C R¥*2 as the union of two smooth d -dimensional varieties Vi and
Vs intersecting along a linear (d — 1)-dimensional space L, such that V| and V,
have the same d-dimensional linear space T as tangent space at each point of L
and such that V; and T have order of contact r + 1 at each point of L.

In [10, Ch. 4], Villamizar considered several examples of simplicial complexes
A in the special case d = 2, r = 1, and gave conjectural generators for C 1(AA)
as a R-subalgebra of C 0(AA). The computations performed there for splines of low
degree, using again the method of [8], support the above conjecture.
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Chapter 10
On the Dimension of Spline Spaces
on Triangulations

Nelly Villamizar and Bernard Mourrain

10.1 Introduction

For a polyhedral partition A embedded in R?, a polynomial spline is a piecewise
polynomial function defined on A with a specified order of global smoothness.

It is commonly accepted that the first mathematical reference to splines is
in the article from 1946 by Schoenberg [26], which is probably the first place
where the word “spline" is used in connection with smooth, piecewise polynomial
approximation. However, the idea that polynomials were the most convenient
functions for approximation and interpolation has its roots in the aircraft and
shipbuilding industries. On an irregular domain, such as an airplane or a human
skull, the approximation functions are needed to be defined and adaptable to satisfy
boundary conditions on domains of any reasonable shape. This idea developed into
what is now one of the most powerful tools to solve partial differential equations, the
finite element method [11]. Splines are nowadays important not only in numerical
analysis and approximation theory, they are very useful for modeling surfaces of
arbitrary topology and are a widely recognized tool in isogeometric analysis [9],
image analysis and free-form representation in Computer Aided Design (CAD) and
Computer Aided Geometric Design (CAGD) [10].
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To be useful in computations, the space of spline functions must have a basis, and
it in turn makes essential to study the dimension of these spaces. For the space of
piecewise polynomials on a given triangulation, or on a simplicial partition in R,
the problem of finding the dimension and a suitable basis for it was first formally
formulated by Strang [29, 30]. He conjectured a formula for the dimension of the
spline space on a general triangulation [29]. However, serious difficulties already
begin to arise in the planar case, and the actual lower bound on the dimension of
the space is usually larger than the formula in the conjecture depending on the
embedding of the triangulation in R? (Morgan and Scott, The dimension of the space
of C! piecewise polynomials. Unpublished manuscript. http://citeseerx.ist.psu.edu/
viewdoc/summary? doi:10.1.1.42.4635, 1975; [19, 27]). The methods to compute
the dimension include the construction of nodal bases and the Bernstein—Bézier
approach, see [16] and the references therein.

In 1988, Billera introduced the use of homological algebra and some algebraic
machinery to study the spaces of splines on triangulations in any dimension [4].
By means of this approach, complicated linear algebra can be presented in a more
organized way, and he was able to find the dimension for the space of C' bivariate
splines for triangulations whose edges are in sufficiently general position, for any
fixed polynomial degree. See also [5, 7] for more results concerning the algebraic
structure of the spline space.

The homological construction was continued by Schenck and Stillman in [25],
and studied in [13,23-25]. We start the next section by recalling this construction,
which we latter use to prove a formula for an upper bound on the dimension of
bivariate spline spaces, and new lower and upper bounds for trivariate spline spaces.

These bounds improve previous results [16, 27] and the approach leads to
connections of the dimension problem on spline spaces and classical problems in
algebraic geometry.

The formula for the upper bound in the bivariate case applies to any ordering
established on the interior vertices of the partition. Having no restriction on the
ordering makes it possible to obtain accurate approximations to the dimension
and even exact values in many cases, for instance it leads to a simple proof for a
dimension formula of the C” spline space when the degree of the polynomials is at
least 4r + 1 [20].

The results for the trivariate case in the literature do not take into account the
exact geometry of faces in the partition [1, 2, 17]. The bounds we prove include
terms that take into account the geometry of the faces surrounding the interior edges
and vertices of the partition. For our results we explore connections between spline
functions and ideals generated by powers of linear forms, ideals of fat points, the
Froberg’s conjecture and the weak Lefschetz property, giving so an insight into ways
of improving these bounds by using results from algebraic geometry [21].

The structure of this chapter is as follows. In Sect. 10.2 we present in detail
the construction of the chain complex introduced by Schenck and Stillman [25]
in general settings i.e., for any finite d—dimensional simplicial complex. We recall
some properties of the homology modules, which leads to a formula for the
dimension with terms corresponding to the dimension of low homology modules.
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By bounding these terms we get lower and upper bounds for two dimensional
simplicial complexes in Sect. 10.3, and the three dimensional case is considered
in Sect. 10.4. At the end of each section we present some examples and some final
remarks.

10.2 Construction of the Chain Complex

We introduce the notation and some definitions from [23] that will be used
throughout this chapter.

We denote by A a connected, finite d -dimensional simplicial complex, supported
on |A| C R?, such that A and all its links are pseudomanifolds [4]. We could think
of A as the triangulation of a (topological) d -ball.

For integers r and k, with r > 0, k > r, denote by C[(A) the space
of polynomial splines defined on A, of degree at most k, and continuously
differentiable of order r.

The problem of finding the dimension of C; (A) can be reduced to the case in
which each maximal face of A contains the origin in R?, in the following way [6].
We embed A in the hyperplane {x;+1 = 1} C R4*! and form the cone A with
vertex at the origin. Let C” (A) be the set of splines defined on A and continuously
differentiable of order r. For a fixed k, let C” (A)k denote the subset of splines on
A of degree exactly k. The elements of C” (A)k are precisely the homogenization
of the elements of C/(A), and

C"(A) = Cl(A)
as R-vector spaces [6]; in particular
dim C/ (A) = dim C" (A);. (10.1)

Thus, we turn the problem of finding dim C/ (A) (for different values of k) into the
problem of finding the Hilbert function of a graded algebra, namely C "(A), and we
may apply the tools of commutative and homological algebra to solve the problem.

Let us denote by A the set of interior faces of A. Fori = 0,...,d — 1 let A?
be the set of i -dimensional interior faces of A whose support is not contained in the
boundary dA of |A[, and let AY be the set of all maximal d-faces of A. We denote
by fio the cardinality of these sets, fori =0,...,d.

Let us denote by R := R[xy, ..., xs+1] the polynomial ring in d + 1 variables.
Let R be the constant (chain) complex on A i.e., R(8) = R for every B € A°.
Fori =0,...,d wehave R;, = R, The maps d; in the complex R are induced
by the usual simplicial boundary maps d; used to compute the relative homology
of (A, dA) with coefficients in R (see [4] and [22] for more general details about
relative homology).
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For t € Ag_l, let £, be the linear form that vanishes on T (it is just the
homogenization of the linear polynomial vanishing on t). For every interior face
B € A define

T (B) = (T )z

Let us denote by J the complex of ideals defined in this way, with the restriction of
the maps 0; defined on R; to J; := @ﬁer J(B), fori =0,...,d.
We consider the chain complex R/J defined as the quotient of R by J:

a _
0L PR P RITO S o P RITG) 0
oenl el BeAd

where 9; are the induced relative (module dA) simplicial boundary maps.
In [4] it was proved that C”(A) is isomorphic to the top homology module of
R/T,ie.,

Hy(R/J) = ker(d;) = C"(A).
This together with (10.1) and the Euler characteristic equation [28, p. 172]
XHR/T)) = x(R/T).
implies that, for any fixed k > 1

d d
dimCf(A) =) (=)' Y dimR/T(B) — Y (=)' dim Hy—i(R/T ).
i=0 penl_, i=1
(10.2)

The subindex k indicates that we are considering the k-the part of the graded
module.

The aim is to determine a formula for all the modules in the latter equation in
terms of known information about A.

One first thing that we can use is the short exact sequence

0—J —>R—>R/T—0.
It gives rise to the long exact sequence of homology modules

> Hi11(R/J)— Hi(J) = H(R) > H(R/T) — Hi-1((T) - -
(10.3)
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When A is supported on a topological d-ball (as is the case for our simplicial
complexes), then H;(R) = O for every i # d and H;(R) = R [22, p. 181].
Then from the long exact sequence (10.3) it follows that Hy(R/J) = 0, and for
alli <d —1

Hi(R/J) = Hi1(J). (10.4)
In particular, we get the short sequence

0— Hy(R) — Ha(R/TJ) — Hi-1(J) — 0,

and it follows

C'(A) = R & Hi-1(T), (10.5)
therefore, the study of the spline space reduces to the study of the homology module

Hy—1(T).
Let us recall that by definition, fori =0,...,d

H;(J) :=ker(9;)/Imd; 4, (10.6)
and we have

D T(B) = kerd; ® Imd;, (10.7)

BeA?

where 0; are the maps in the chain complex J.

The previous construction is valid in any dimension d, in particular for d = 2
and d = 3 that are the cases we want to explore here. The importance of the study
of ideals of powers of linear forms is easily detectable.

Since J (B) = 0 for all maximal faces  of A, then

@R/J(ﬁ)kz @Rk and hence dim@Rk:ff-(kj;d).

BeA! BeA! BeAy
(10.8)

Also by definition J () = (E%“), the ideal generated by the power r + 1 of the

linear form that vanishes on ,é ,forall 8 € Ag_l, thus

BeA]_,
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Here and throughout the chapter, we adopt the convention that for m,u € Z the
binomial coefficient (') = 0if m < u.

Let us consider B € A? for some 0 < i < d — 1. Observe that for a specific face
B, we may make an affine change of coordinates and assume that the linear forms
in J (B) involve only the variables xi, ..., xys—;. Hence

R/TB) = Rlxgt+1—is---»Xa+1] Or Rlx1, ..., x4—]/ T (B).

Then in order to obtain the dimension of a spline space we need to analyze ideals
generated by powers of linear forms in two, three,. . . and d -variables.

For instance, for a triangulation of a region in the plane, the ideals associated
to the vertices (B € A, d = 2) are generated by linear forms in two variables;
similarly the ideals corresponding to edges in a 3-dimensional partition (8 € A9,
d =3).

Schenck and Stillman [25] proved the following free resolution of ideals in two
variables generated by powers of homogeneous linear forms (in [13] Geramita and
Schenck extended this result by using inverse systems of fat points, they gave a
completely characterization of the possible free resolutions for these kind of ideals
allowing mixed powers).

Let J(B) be an ideal generated by ¢!, ... ¢/t where £, for j = 1,...,t are
linearly independent homogeneous linear forms in R[x;, x,]. A free resolution of

R /T (B) is given by

0> R(-2-1)BR(2) - & _ R(~r —1)>R - R/T(B) > 0
(10.10)

where £2 — 1 is the socle degree of R/ J (B); §2 and the multiplicities a and b are
given by

szt_rljﬁ, a=tr+D)+(0-0)R, b=t—1—a.  (10.11)

Thus, for a fixed polynomial degree k:

GmR T B = (k;d)_l<k+d—d(r+l))

k+d-—$2 k+d—-(£2+1)
+b +a .
d d
(10.12)
Considering each face f at a the time, the dimension of R/J (8)« is given by

the previous formula. Summing them up we get the a dimension formula for the
corresponding module in (10.2).
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For ideals generated by powers of linear forms in three or more variables there is
no resolution known. There is a formula conjectured by Froberg [ 12] on the expected
Hilbert series of an ideal generated by a generic set of forms (not necessarily powers
of linear forms) in a polynomials ring in n-variables. Froberg’s conjecture has been
proved true in some cases, for instance for n = 2, that is the generic situation of the
module in (10.12), for n = 3 [3]. For other values of , it has been proved for some
particular cases that depend on the number of generators, see [15] for a detailed list.
By using Froberg’s conjecture and its equivalent form known as the maximal rank
property, one might find approximations for the dimension of the spline space, see
the discussion in [21] where the case of tetrahedral partitions in R3 is studied. In
Sect. 10.4 below, with n = 3, we use a special case for which Froberg’s sequence
gives the exact dimension of the ideal and prove a lower bound on the dimension of
the spline space C/ (A).

As the dimension of the simplicial complexes increases, the homology modules
become quite complicated. In Sect. 10.3 we consider splines spaces defined on
triangulations embedded in R? (d = 2), and in Sect. 10.4 spline spaces on simplicial
complexes embedded in R* (d = 3). We find lower and upper bounds for the
homology modules and manipulating the formula (10.2) we deduce lower and upper
bounds for the dimension of the spline space C; (A).

10.3 Dimension of Bivariate Triangular Spline Spaces

Let A be a connected, finite two-dimensional simplicial complex supported on
|A] € R? which is homotopy equivalent to a disk. Applying (10.4), the fomula
in (10.2) reduces to

2
dimCJ(A) =Y (=1)" Y dimR/T (B) + dim Ho(T k. (10.13)

i=0 peAy_

i

Let us recall that in this setting the ring R is the polynomial ring in three variables
R = R[x, x2, x3], corresponding to the homogenization A of A.

Theorem 10.1 The dimension of C[(A) is bounded below by

dim C/(A) > (kgz) + 0 (k +21 _r)

0
f°[ (k+1—r) (k+2—!2i) <k+1—9i)}
—Zli —bi — 4 ,
2 2 2

i=1
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where t; is the number of different slopes of the edges containing the vertex y;, and

tir
Qi:\‘t‘—lJ—i_l’ a,-zt,-(r—i—l)—i—(l—t,-)[?,-, b=t —1—a.
Proof Since dim Hy(J )r > 0, and (10.8), (10.9) and (10.12) give us formulas for
the remaining terms of (10.13), we get the lower bound given in the theorem.

In contrast with the formula of the lower bound, the theorem below provides an
upper bound on dim C; (A). The ordering on the vertices plays an important role
in the formula. Different orderings can give different upper bounds, and since the
theorem can be applied to any ordering on the vertices in Ag, it leads to find the
exact dimension in many cases [20], see Example 10.1 below.

Letyi,...,y 70 be an ordering on AJ. For each vertex y;, denote by N(y;) the set
of edges that contain y;, and define ; as the number of different slopes of the edges
connecting y; to a vertex on the boundary or to one of the first i — 1 vertices in the
list.

Theorem 10.2 The dimension of C(A) is bounded above by

SmCI(A) < (k—2|-2)+flo<k+21—r)

-0 ~ ~
—fif kti=r) o (k+2-2)\ __ (k+1-%,
I 2 ’ 2 l 2

with t; as we have defined above and

~ Lr L. L~ - B
QiZ\j‘I_lJ-i-l, ai =6+ D)+0-06)2, b =t;—1-a.

Iff; = 10r0, thend; = b; = £; = 0.
Proof In the case d = 2, the isomorphism in (10.5) gives
dim C/ (A) = dim Ry + dim H, (T )k

We know that H;(J) = kerd, by (10.6), and @‘L’EA? J(r) = ker(d;) @ Im (0,)
by (10.7). Hence we can write

dim C/(A) = dim R, + Y _ dim J (1) — dim(Im dy);.

‘L'EA?
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where 0, is the map in the chain complex J . Therefore, to find an upper bound on
dim C} (A) it is enough to find a lower bound on the dimension of Im d; in degree
k. We define the maps 6, ¢ and 7 by R-linear extensions as follows.

Let us consider

5. P TR~ D RE

= (yy’)EAO yEAO TEN(Y)

such that §([z]) = [t]y] — [t]y’] for T = (y.y’) € AY, and the map

o: P P Rizlvl— P R

yeA) TEN(Y) yEA]
defined by
[V] if y € Aj,
o([zlyD =
if y & AS.

Then, we have d; = ¢ o §. We consider now the map

@ @ Rivl- D P Ry

yeA) TEN(Y) yea) teN(y)

such that 7 ([r|y]) = 0 if y is the end point of biggest index of 7, and 7 ([z|y]) =
[t]y] otherwise. Denote by d; = ¢ o 0 6.

For every y € Ag, let us define N (y) as the set of interior edges t connecting y
to another vertex which is not of bigger index. Let us consider the ideal

Jy)= Y R <TW).

teﬁ(y)

By construction, we have

md, = P T [y]

yEA

and dim(Im d; ) > dim(Im 9 ).
Since for each edge 7 € A(l) its correspondent linear form £, appears among the
generators of the ideal J (y) for (only) one interior vertex, then

2 5 (D
dimIm 3, = Z[L <k+2 2(r+1)) i (k+22 9,)_5” (k+2 (252,+1))}

i=1
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Fig. 10.1 Effect of the numbering on the upper bound

N

Fig. 10.2 Triangulation with two no connected interior vertices

with 7; = [N (y;)| and £2;, ;. b; as defined in (10.11). This gives a lower bound on
dim Im d; and proves the theorem.

Example 10.1 Effect of the ordering of the vertices on the upper bound.
Let A be the triangulated polygon in Fig.10.1, and consider three different
numberings of the interior vertices as shown in (1)—(3).

By Theorem 10.1, dim C21 (A) > 9. By Theorem 10.2 for the numbering (1), the
upper bound on dim C, (A) is 11, for the numbering (2) the upper bound is 10, and
in fact there is a numbering that give us 9 as upper bound, namely the one shown
in (3). Thus, we can compute the exact dimension by combining these two bounds,
dimC, (A) = 9.

Example 10.2 Let us consider the triangulation in Fig. 10.2. It is easy to see that the
lower bound on dim C;(A) always equals the upper bound, for any k and r.

Thus, the dimension of the spline space is given by the formula

dim C/ (A) = (k;rz) 4 (k +21 _r) +2<kgl).
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10.4 Dimension of Trivariate Splines

Let A be a connected, finite 3-dimensional simplicial complex, supported on |A| C
IR3, such that |A| is homotopy equivalent to a 3-dimensional ball.
In this setting the formula in (10.2) takes the form

3

dimCJ(A) =Y (=1)" > dimR/T (B + dim Hy (T ) — dim Ho(T )i

i=0 peny
(10.14)
and by the equalities (10.6) and (10.7)
= dim R + dim @ J (o)« — dimIm (). (10.15)
0EA,
where 0, is the corresponding map in the chain complex J:
3 3

0—>PIo)=>PIo—>PI@) —0 (10.16)

aeAg reA? yeAg

The ring R is in this case the polynomial ring in four variables R = R[x, x2, x3, X4],
corresponding to the homogenization A of A.

From (10.8) and (10.9), we have explicit formulas for the first two terms
in (10.15), and thus, in order to find an upper bound on dim C; (A) we need to find
a lower bound on the dimension of Im (d,) in degree k. We proceed in an analogous
way as in the proof of Theorem 10.2 in the previous section.

To find an upper bound, let us consider a numbering on the interior edges t;
of A, say 1y,..., Tso- Foreachi = 1,..., flo, let 5; be the number of different
linear forms defining the hyperplanes incident to t;, and define §; as the number of
different linear forms defining the hyperplanes incident to t;, which correspond to
triangles whose other two edges are either on dA, or have index smaller than i. See
Example 10.3.

Example 10.3 Numbering on the interior edges.

Let A be the Clough—Tocher split consisting of a tetrahedron which has been
split about an interior point into four subtetrahedra, see Fig. 10.3.

Let us consider the numbering on the edges as in the figure. In this case, three
different planes meet at each interior edges of the partition, then s; = 3 fori =
1,...,4.On the other hand, following the counting and the definition above, 57 = 0,
55 =1,53 =2, and 53 = 3.

For each 7; € AY, denote by J (1) the ideal generated by the r + 1 powers of
the linear forms defining the §; hyperplanes.
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Fig. 10.3 Clough-Tocher
split

Let us notice that by construction, for the edges 7; € AY of each triangle o in
AY, the linear form £, is among the generators of J (z;) for only one 7;, namely that
with highest index.

Theorem 10.3 The dimension of C(A) is bounded above by

dim CJ (A) < (k ;“ 3) + f;)(k +32_r)

-0 ~ ~

A (k+2-r PR3-\ (k+2-4
- Si —0i —ai

£ 3 3 ¢ 3

with §; as we have defined above and

~ Sir - o ~ .
Q,:\‘gl_lj"i‘l, aizs,-(r+1)+(1—si)[2,-, bi:si—l—ai.

If5i =1 orOthend; = b; = £2; = 0.

Proof We define the maps 8, ¢ and 7w by R-linear extensions as follows. Let § be
the map

5: @ TJolbl-> P P Rlolul

o=(7,7/,7") IieA[l) g€N(7)

where, for each i, N(t;) denotes the set of triangles that contain the edge t;. The
map § is induced by the boundary map 9,. Thus, §([o]) = [o|t] — [o]|7] + [o]7"]
foro = (r,7/,7") € AY, see Fig. 10.4.
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Fig. 10.4 Orientation of a
triangle 0 € A

da]0]

(7] = [7 ]+ [7"]

Let
v: P P Rloln] > P Rlul
IiGA[l) 0EN(%;) IiGA[l)
with
[‘L'i] if r; € AY
¢((olu)) = , !
0 it ; ¢ AL

Then 9, = ¢ o §. We consider the map

=@ P Rolkl- P P Rolul

€AY 0EN(T) €AY 0EN(T)

defined by n([o|z]) = [o]7], #([o]|z']) = n([o|"]) = 0if o = (z,7',7”) and
either ’ or 7" are on the boundary of A or the index assigned to them is bigger than
the assigned to t. Denote by d, = ¢ o 0 §.

For 7; € AY, let N(t;) be the set of triangles o € AJ that contain 7 as an edge
and whose other two edges do not have bigger index than the index of t. Then we
have,

J@)= Y, RS T@).

UGN('L',')
By construction,
Imd, = P J(@)lu]

IiGA[l)

and dimIm (d;)x > dimIm (éz)k. Thus, from the formula for dim C/(A) given
in (10.15), it follows

dim C/ (A) < dim Ry, 4 dim @ T () — dimIm (9,).

TEA)

By an affine change of coordinates we may assume the edge t; to be along one of
the coordinate edges, and thus the linear forms in J (z;) only involve two variables.
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Then dim Im (3,) is given by (10.12) with d = 3,5 = |N(%;)], and £2;, @ and
b; as given by the formulas (10.11) with §; instead of ¢;. This together with (10.8)
and (10.9) proves the theorem.

Our aim now is to provide a lower bound on the dimension of C[(A) to
complement the upper bound in Theorem 10.3.

Let us take zero as a lower bound for dim H;(J ), then from (10.14), for any
k>0:

2
dimC/(A) = dim R, + Y (=1)'dim € F(B)x +dimIm(@)c  (10.17)
i=1 peny,

Since we have explicit formulas for all the terms in (10.17) except for the last
one. We can establish a lower bound on dim C; (A) by finding a lower bound on
dimIm (d,).

We proceed analogously as before. This time we give an ordering to the vertices
in the interior of A. For each vertex y;, we denote by M (y;) the set of edges t in
A(l) that contain the vertex y;, and by M (y:) be the set of interior edges connecting
y;i to one of the first i — 1 vertices in the list, or to a vertex in the boundary.

For each y; € A, let #; be defined as before, the number of generators of J (y;).
Define the ideal J (yi) as

T = (s forte M(y),

and let 7; be the number of generators of J (). An analogous argument to the one
we used in the proofs above leads to the following lemma.

Lemma 10.1 For a three dimensional simplicial complex A, the dimension of the
spline space C[(A) is bounded by

2 1
dim C/(A) > dim R + Y (1)’ dim @ T (B + dim P T (7).
i=1 peal, i=l1

(10.18)
Proof Follows from (10.17), and the argument as before.

We have explicit formulas for the terms in (10.18), except for dim @lf i ! J Wik
This term involves ideals generated by powers of linear forms in three variables,
which correspond to equations of planes going through a common point.

As we mentioned above, there is a formula F(¢,r 4+ 1,n) conjectured by
Froberg [12] concerning the dimension of ideals generated by a generic set of
forms (not necessarily powers of linear forms) in a polynomial ring in n variables.
This conjecture, in particular, was proved for the case n = 3 of forms in three
variables [3]. But since the conjectured dimension is not true in general when the
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generators are powers of linear forms [21], such formula only gives us a lower bound
on the dimension of R/J (y)« for every vertex y, namely

k

dmR/T (V) = Y F(t.r +1.3);, (10.19)
j=0

where ¢ is the number of linear forms that corresponds to the different planes that
contain the vertex y in A. Equality holds in (10.19) when # < 3 for each vertex
y € Ad[15].

The formula F (¢, r+1, n) associated to the Hilbert function of an ideal generated
by ¢ forms of degree r 4 1 in a polynomial ring of n = 3 variables over R (or any
field of characteristic zero) is be defined as follows, for j > 0

F'(t,r +1,3);, if F'(t,r +1,3), >0 forallu < j,

F(t,r + 1,3)j =
otherwise;
(10.20)
where F'(t,r + 1,3); is given by
’ t
F’(t,r + 1,3)j = diij + Z(—l)v diij—(r+1)v< )
v=1 v
It is a particular case of [15, Theorem 1.6].
Theorem 10.4 The dimension dim C/(A) is bounded below by
) k+3 k+2—
dim CJ (A) > ( ;F ) + [fzo( +3 r) (10.21)
f()
— Z Si — b,’ —da;
P 3 3 3
foo k
k+3
0
- F(;, 1,3);
+f0< ! ) ;(;0 Gre13,)|

with {; = min(3, %), s; as defined above, and

Q= LS"FIJ Y1, a=sir+D+0—s)2 bi=s—1—a.
—

Proof 1tis clear from Lemma 10.1 and the previous remarks. Since the dimension of
the spline space is at least the number of polynomials in tree variables of degree less
than or equal to k, then we take the positive part of the additional terms in (10.21).
See [21] for the detailed proof.
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Fig. 10.5 Regular
octahedron

Remark 10.1 The lower bound on C;(A) in the previous theorem can be improved
if the linear forms defining the ideals J (y;) are generic, or if the Hilbert function
of ideals generated by powers of 7; > 4 linear forms in three variables is known,
in which case one might avoid the step of taking {; = min(3, ;). In consequence,
the results in algebraic geometry about the Hilbert function of ideals of powers of
linear forms and the related ideal of fat points would significantly improve results
concerning the dimension of spline spaces.

For the central configurations that we will consider in this section, it is easy to
see that Hy(J) is always zero, see [21] for more details.

Example 10.4 Let A be a octahedron subdivided into eight tetrahedra by placing a
symmetric central vertex, see Fig. 10.5.

Computations show that H;(J) is zero for all non-generic octahedra [23]. Since
in this partition, there are exactly three different planes through the central vertex,
then the Froberg sequence gives us an explicit formula for the dimension of the ideal
associated to the (unique) interior vertex. Hence the dimension dim C}/ (A) can be
directly computed using (10.14) as follows,

dika,(A):<k;r3)+12<k+3—3(r+1))

—Z_;[ <k+3—(r+l)) (k+3—3(2r+2))}

k
+(k+3) Y F@3.r+1.3);.

j=0
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Fig. 10.6 Generic
octahedron

From the definition of Froberg’s sequence (10.20),

42 - ) —3r—1
F(3,r+1,3),=(’2 )—3(’ , r)+3(’2r)—<’ 2r )

It is easy to check that F/(3,7 +1,3); > O forevery 0 < j < 3r 4 3, and equal to
zero otherwise. Hence, we can write

k

k k+2— k-2 1 k —
ZF(3,I‘+1,3)J: +3 _3 + r +3 r + _ 37’
= 3 3 3 3

(10.22)

and thus, the formula for the dimension of the spline space on the regular octahedron
in Fig. 10.5 is given by the expression

k+3 k+2- k+1-2 k-3
dimC{(A):( ;r )+3< +3 r)+3( +3 r)+( X r).

Example 10.5 Let us consider the generic case of an octahedron subdivided into
tetrahedra, where no set of four vertices of the octahedron is coplanar, Fig. 10.6. As
we mentioned above, we have Hy(J) equal to zero. But in contrast to the regular
case, H,(J) is equal to zero when r = 1 but not for any other value of r [23].

For this partition A, we have t = 12 different planes corresponding to the
triangles meeting at the central vertex. Then { = min(3,7) = 3, and using the
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formula (10.22) from the previous example for the sum of the F(3,r + 1, 3); for
r = 1, Theorem 10.4 gives us the following lower bound

dim G () > (k ] 3) + [12(k 3 1) ‘6[3(k ; 1) _z(i)}

k+3) &
) Lrean)]

(L)) () ()L

In order to find an upper bound, we apply Theorem 10.3 for some ordering on the
interior edges of the partition. For instance, with the numbering on the edges as in
Fig. 10.6, we have 5| = 0,5, = 1,53 = §4 = 2, §5 = 3, and 5¢ = 4, and so for any

degree k:
k+3 k+1 k k—1
dim C{(A) < 4 2 .

Example 10.6 Let A be the Clough—Tocher split consisting of a tetrahedron which
has been split about an interior point into four subtetrahedra, Fig. 10.3.

We consider r = 1 and r = 2. In these two cases the homology module H,(J) is
zZero.

(i) Forr =1, as in the previous example, we have
k
k+3 k+1 k—1 k-3
, 3 3 3 3
j=0
Then, the lower bound on the spline space proved in Theorem 10.4 is given by

i ()5 1),

The upper bound we obtained in this example, by applying Theorem 10.3 with
the numbering of the edges as in Fig. 10.3 is the following:

dim C}(A) < (k;r3) + (kgl) +2<§).
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(ii)

k

Lower bound [1]
Lower bound
Upper bound

Since for r = 1 the homology module H,(J) = 0, then we can
apply (10.14) and the bound (10.19) with + = 6 in the sequence (10.20) for
the (unique) interior vertex in A. This leads to the following upper bound

fork =0

1
27 —6(“1") +8(5) —4 fork > 1.

dimCl(A) < (10.23)

The formula (10.23) coincides with the generic dimension formula computed
in [2] for this partition A. Although the formula in [2] holds only for k > 8
(and r = 1), it in turn coincides with the lower bound formula proved in [1]
in every degree k > 0. In fact, in general, the dimension of the spline space
of any nongeneric decomposition is always greater than or equal to the generic
dimension, it is the smallest dimension encountered as one moves the vertices
of the complex. Thus, since the lower bound formula proved in [1] coincides
with the upper bound we proved above (10.23), we deduce the following result:
the exact dimension of the C" spline space over the Clough-Tocher split is

1 fork =0

27 —6(*T) +8(5) -4 fork = 1.

dim C/l(A) =

Let us consider the case r = 2.
A lower bound is given by the formula

dim CA(A)> (k;ﬁ) + [—3 (ﬁ) +4(k;1) +4(k;2) -3 (kj) * (kf)L

Using that H;(J) = 0, and (10.14), (10.19) and (10.20) as before, the
following is an upper bound for k > 3:

dim C2(A) < 2(k;r3) —6(l§) +4<k;1) +4<k;2) —14

The values of the previous bounds on dim C kz(A) for k < 9 are given in the
following table. The first row shows the values obtained using the lower bound
formula from [1].

10 20 35 56 84 120 179 261
10 20 35 56 84 123 187 282
10 20 36 58 90 136 200 286

I NG YNy
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Remark 10.2 The examples above illustrate the improvement that our lower and
upper bounds provide with respect to previous results in the literature. Furthermore,
as we showed in the last example, the formulas we presented here might be
combined with results obtained by using different techniques leading thus to sharper
bounds, and in many cases to the exact dimension of the space.

Remark 10.3 The approaches we use in this work differ from the ones used before
to find bounds on the dimension of a spline space defined on a simplicial complex,
see [16] and the references therein. The results and examples we presented give an
insight into ways of improving the bounds and finding the exact dimension formula
under certain conditions. In [21] and [31], the reader can find a more extended
discussion on the relationship between splines and fat points, and the connection
of that theory with the Weak Lefschetz Property [14, 18], Hilbert series of ideals
of powers of generic linear forms, and Froberg’s conjecture and its most recent
versions [8].
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Chapter 11
Polynomial Interpolation Problems in Projective
Spaces and Products of Projective Lines

Elisa Postinghel

11.1 Introduction

The classical polynomial interpolation theory of functions arises in numerical
analysis and statistics and is based on the fact that a univariate polynomial of fixed
positive degree d is uniquely determined by its values at d + 1 distinct points on
the affine line, due to the non-singularity of the Vandermonde matrix. One can ask
not only for the value of the polynomial but also of its derivatives, up to some
given order, at a finite number of distinct points. The corresponding homogeneous
problem, consisting of asking that the assigned distinct points are multiple roots of
the polynomial, is a full-rank linear problem in the vector space of polynomials of
degree d and has non-trivial solutions provided that the sum of all multiplicities
equals at most the degree.

The first generalization is the multivariate polynomial interpolation problem:
one can ask for the dimension of the vector space of homogeneous (or multi-
homogeneous) polynomials of fixed degree (resp. multi-degree) that vanish,
together with their partial derivatives up to fixed order, at a finite number of
assigned distinct points. This interpolation problem does not depend on the choice
of coordinates and it is referred to as Hermite interpolation. Unlike the one-variable
case, where the points are only required to be distinct, in the case of more variables
the dimension of such a vector space depends on the position of the points; it
reaches its minimum value when the points are in general position. In spite of its
easy formulation, surprisingly enough there is no complete answer to this problem
so far.
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Hermite interpolation problems for homogeneous or multi-homogeneous poly-
nomials lend themselves to being stated in the setting of linear systems and points
in projective spaces or products of projective spaces. The main question we address
is the so called dimensionality problem for linear systems which is: given a linear
system of hypersurfaces of a variety X and a general set of points of X, what is
the dimension of the linear subsystem formed by those elements having at least
the assigned multiplicity at the given points? In Sect. 11.2 we give a more precise
statement of the problem.

In Sects. 11.3 and 11.4 we consider the case where X = P". In Sect. 11.3 we
discuss the state of the art introducing the main results and conjectures.

In Sect. 11.4 we describe our main contribution [8] in this direction and explain
the techniques used. We also give a brief account on interesting applications of our
results in the commutative algebra setting of Froberg-Iarrobino Conjectures on the
Hilbert series of the ideals generated by powers of general linear forms.

In Sects. 11.5 and 11.6 we consider the case where X = P"! x --- x P". In
Sect. 11.5 we relate it to the study of secant varieties of Segre-Veronese varieties,
the Waring problems and the rank of partially symmetric tensors.

In Sect. 11.6 we present our contribution [26] which is the complete classification
of linear systems with double points on the product P! x - -- x P!, Our approach to
the problem employs toric degenerations of Segre-Veronese varieties (Sect. 11.6.2).

11.2 Linear Systems with Multiple Base Points

Let X be a smooth, irreducible, complex projective variety of dimension n. Let Lx
denote the linear system of hyperplane sections of X. Fix py, ..., p, distinct points
on X in general position, i.e. in a Zariski open set (which means outside the zero
locus of a polynomial), and fix m,...,m, positive integers. We will denote by
L = Lx(my,...,my) the linear subsystem of Ly formed by all elements in Ly
having multiplicity at least m; at p;,i = 1,...,s.

If xo,...,x, are local coordinates centred at p; and f(xo,...,x,) = 0 is the
equation of a divisor of Ly, then such a divisor belongs to Ly (m;) if all monomials
of degree at most m; — 1 appearing in the Taylor expansion of f(xo, ..., X,) vanish
at p;,fori = 1,...,s. This imposes (”+’Z" _1) linear conditions to the coefficients of
f(xo,...,x,). Accordingly, the virtual dimension of Lx (my,...,my) is defined as

n

vdim(£) = dim(£x) — Y (” s 1) -1,

i=1
and the expected dimension as

edim(£) := max (vdim(L), —1),
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using the convention that the empty set has dimension —1. The dimension of L is
upper semi-continuous in the position of the points in X; it achieves its minimum
value when they are in general position. Whereas the inequality dim(L) > edim(L)
is always satisfied, the actual dimension of L is strictly greater than the expected one
if the conditions imposed by the assigned points are not linearly independent: in that
case we say that L is special. Otherwise, if the actual and the expected dimension
coincide, we say that £ is non-special.

One naturally expects that most systems are non-special, at least for low
multiplicities. This immediately turns out to be false. Consider for instance the linear
system of plane conics and impose two distinct double points p; and p;. Since each
of them imposes three conditions to a curve in the projective plane, with a count
of parameters one expects that the system is empty. But if /(xg, x1, x2) = 0 is the
linear equation defining the line through p; and p,, then [(xo, x1,x;)?> = Ois a
conic which is singular at p; and p,, therefore such a linear system does not have
the expected dimension.

The so called dimensionality problem for linear systems with base points in
general position is: classify all special systems.

One may also ask more refined questions about linear systems such as: describe
their base locus, namely the locus along which all elements of the linear systems
vanish. Notice that in the example of conic curves through two double points
described above, the unique element of the linear system, namely /(xo, X1, X2)2 =0,
is singular along the whole line. The same geometric argument applies to the system
of quadrics of IP* with two double points: all hypersurfaces in the system are singular
along the line joining p; and p,, therefore the line is contained with multiplicity (at
least) two in the base locus of the linear system. Imposing a third base point to the
system, say ps, one is implicitly imposing that both lines spanned by p;, p3 and by
D2, p3 are base lines. A similar phenomenon occurs with plane quartics with five
double points. Indeed one expects to have none of them. On the contrary, as there
exists a plane conic through five general points, say f(xo,x1,x2) = 0, then the
quartic f(xo,x1, x2)> = 0 belongs to the system and is contained in its base locus.

In spite of their easy formulation, these problems are very hard and challenging.
Very little is known, although many efforts have been made in the last century. In
the next sections we will discuss previously known results and conjectures and we
will present our contributions to these kinds of problems. In Sect. 11.4 a detailed
description of the linear components of the base locus of a linear system in X = P”
is given and, the dimensionality problem for linear systems with bounded number of
points or multiplicities is answered. In Sect. 11.6 a complete classification of special
linear systems in the case where X is the Segre-Veronese embedding of (P')" and
m; = --- = m; = 21is established.
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11.3 Prescribing Multiple Points in P"

The study of linear systems of hypersurfaces in complex projective spaces with
finitely many assigned base points of given multiplicities is a fundamental problem
in algebraic geometry, related to the Waring problem for polynomials and to the
classification of defective higher secant varieties to projective varieties.

Let L = L, 4(my,...,ms) be the linear system of hypersurfaces of degree
d in P" passing through a general union of s points py, ..., ps with multiplicity
respectively my, ..., my; < d. The virtual dimension of L is

i=1

and the expected dimension of L is edim(L£) = max(vdim(L),—1). The linear
system L is said to be special if dim(L) > edim(L) and non-special if dim(L) =
edim(L). The speciality of L is defined to be the difference dim(L) — edim(L).

Remark 11.1 A geometric interpretation of the notion of speciality for a linear
system is the following. Let X be the blow-up X of P" at the points p;’s and let
us denote by H the pull-back of the class of a hyperplane of P" and by E;’s the
classes of the exceptional divisors of the points p;’s, so that the Picard group of X
isPic(X) = (H,E; :i = 1,...,s). The proper transform D of an element in L is
linearly equivalent to the divisor

dH - " m;E; € Pic(X).

i=1

By abuse of notation we will use the same letter £ to denote the linear system in X
associated to D, when no confusion arises. The following equalities hold

. dim(L) = 1°(X, Ox(D)) — 1,
« vdim(£) = y(Ox(D)) — 1 = h°(X, Ox(D)) — h'(X, Ox (D)) — 1,

where h’ denotes the dimension of the i-th cohomology group and y denotes the
Euler characteristic of a sheaf. Indeed, set D(j, k) to be the divisor

j—1
dH = " m;E; —kE; € Pic(X),
i=1

with1 < j <sand 1 < k < m;. From the long exact sequences in cohomology
associated with the short exact sequences

0— D(j.k) = D(j.k) + E; = (D(j.k) + Ej)|g; = 0,
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obtained by following the lexicographic order on the set of indices {(j, k) : 1 < j <
5,1 <k < mj}, one obtains h'(X,D(j, k)) = 0,i> 2. Hence L is non-special if
and only if

h’(X, Ox(D)) - h'(X, Ox (D)) = 0.

Remark 11.2 The multiplicity conditions give a homogeneous ideal in the homoge-
neous coordinate ring of the projective space; the graded pieces of such an ideal,
as we vary d, correspond to the linear systems L. In this way determining the
dimension of L, for different values of d, is equivalent to computing the Hilbert
function of the graded ideal of the points, providing an algebraic presentation of the
notion of speciality for linear systems.

The problem of determining the speciality of linear systems of hypersurfaces of
P" with fixed degree and prescribed multiplicities at a given collection of points
attracted the attention of many researchers in the last century. What is known is
essentially concentrated in the case of double base points, namely m; = -.- =
my = 2. A complete classification of special linear systems with double base points
in general position was proved by Alexander and Hirschowitz [3] by means of the so
called Horace’s method. Recent and simplified proofs can be found in [9] and [29].
The theorem states that a linear system in P” with only double points is special,
besides four exceptional cases, only if the degree is 2 and the number of points is
2 < s < n. The case of quadrics is easily understood. Indeed on the one hand
the linear system £ = L£,,(2) = L£,(2,...,2) satisfies vdim(£) = ("1?) —
s(n + 1) — 1; on the other hand it is easy to see that any hypersurface in L is a
quadric cone with vertex the linear subspace P*~! spanned by the s points, hence
dim(£) = ("_;H) — 1, which is the dimension of the complete linear system of
quadric hypersurfaces in P"~*. One can now check that dim(£) > edim(L) for
2 < s < n. The quartics of P2 with five double points, that we already discussed
in Sect. 11.2, are special and, for the same reason, so are the quartics of P3 and
P* with respectively 9 and 14 double points. Finally, the cubics of P* with seven
double points fall into the list of special cases, see for instance [29] for a detailed
description of these exceptional cases.

The problem becomes more and more complicated for higher multiplicities and
is open so far. It is related for n > 2 to the Froberg-Iarrobino conjecture, which
gives a predicted value for the Hilbert series of an ideal generated by s general d -
powers of linear forms in the polynomial ring with n 4 1 variables. Indeed such an
ideal can be related to the ideal of a collection of fat points, therefore it is possible
to give a geometric interpretation of the conjecture in terms of linear systems with
assigned multiple points. See Sect. 11.4.2 for details.

As one expects, when the multiplicities are big enough with respect to the degree,
the conditions imposed by the multiple points are not linearly independent, as in
the case of quadrics through double points. The above discussion in fact can be
extended for instance to any linear system with degree d and points of multiplicity
d: it is clear that any linear subspace P" spanned by r + 1 among the s base points
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is contained in the base locus of £ with multiplicity d and gives a contribution to
the speciality of £ that depends on d and r.

In general it is challenging to compute the dimension of the linear systems. The
issue is that the multiplicities of the points could force £ to contain in the base
locus, besides the multiple points, also higher dimensional cycles, the presence of
which may generate speciality, as predicted in the Conjectures by Segre, Harbourne,
Gimigliano and Hirschowitz for P? [21,22,25,32] (see also [12, 14, 15,23]) and by
Laface and Ugaglia for P? [27].

In order to state the conjectures, we introduce the following notation. Given two
planar linear systems £ = Ly 4(mi,...,mg) and L' = L, 4(m}, ..., m}) with
the same s base points, we define their intersection product to be the intersection
product of their strict transforms on the blow-up of P? at the s points, namely the
following number:

s
L.L :=dd =Y mm].

i=1

If £ = L34(my,...,my) is a linear system in P? and L is the line spanned
by the points p; and p;, then the intersection product of £ and L is set to be the
intersection product of their strict transforms in the blown-up of IP* at the points:

L.L =d—m,~—mj.

Conjecture 11.1 (Segre, Harbourne, Gimigliano, Hirschowitz) Fix n = 2. In the
above notation, the linear system £ = L, 4(my,...,my) is special if and only if
there exists a rational curve in some linear system £ = L5 4/(m/,...,m}) such
that £'.L' = —1land £.L < 2.

In spite of many partial results (see e.g. [12, 13] and references therein) —for
instance it was proved to be true if s < 9 or s = k? with equal multiplicities
[16,20,31] and for m; < 12 and any number of points [14]— the conjecture is still
open in general.

Assuming that Conjecture 11.1 holds for ten points in general position in P2,
Laface and Ugaglia [27] formulated the following conjecture in the case n = 3, that
has been proved to be true for s < 8 in [18].

Conjecture 11.2 (Laface, Ugaglia) Assume that 2d >m;, +m;, +m;, +m;,, for any
{i1,i2,03,04}C{1,...,s}. Then L is special if and only if one of the following
holds:

1. Thereexistsaline L = (p;, p;),forsomei, j € {1,...,s}suchthat L.L < —2;
2. There exists a quadric through 9 points Q = £3,(1°) such that Q.(L— Q).(L—
K) < 0, where K is the canonical divisor.

Remark 11.3 The arithmetic condition on the degree and the multiplicities in Con-
jecture 11.2 implies that £ can not be reduced via some birational transformation
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of IP? — precisely via a cubo-cubic Cremona transformation — to a non-special linear
system, see [27] for more details.

11.4 A Notion of Speciality for Linear Systems in P"

This section is devoted to the results obtained in [8].

In the direction of extending the existing conjectures forn < 3 to the case n > 4,
and possibly to other projective varieties, a very natural and general question to
address is the following.

Question 11.1 In the notation of Sect. 11.3, consider any non-empty linear system
L =L, (my,...,mg)in P" and denote by D the corresponding divisor on the
blow-up X of P" at the s base points in general position. Let D be the strict
transform of D in the blow-up X of X along the base locus of L. Is D non-special,
namely, does h' (X, 05 (D)) vanish for all i > 1?

To answer this question one has to tackle two problems: the first one is to describe
the base locus of L, the second one is to understand the contribution given by
each cycle (curve, surface, etc.) in the base locus to the speciality of £, namely
to h' (X, Ox(D)).

In the above notation, assume that £ is a non-empty linear system. Let /(r) €
{1,...,s} be any multi-index consisting of r + 1 distinct indices, for 0 < r <
min(n, s) — 1 and denote by L) = IP" the unique linear r-cycle through the points
in general position p;, for i € I(r). Define the number

k() := max Z m; —rd,0
iel(r)

The following result is easy to prove:

Lemma 11.1 (Linear Base Locus Lemma [8]) Let £ := L, 4(m,...,ms) be a
non-empty linear system. In the above notation, assume that 0 < r < n — 1 and
ki) > 0. Then L contains in its base locus the cycle L () with multiplicity at least

k](r).

The proof is by induction on r. The case r = 1 of the statement is an easy
consequence of Bézout’s theorem.

The analysis of the linear part of the base locus yields a new definition of
expected dimension [8, Definition 3.2]:

Definition 11.1 The linear virtual dimension of L is the number

min(n—1,s—1)
n-+d 1 n+k1(,)—r—1
( . ) + ) > }(—1) ( ) —-1. (LD

r=0 I(r)C{l,....s
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The linear expected dimension of L, denoted by ldim(L), is the maximum of the
linear virtual dimension of £ and —1. A linear system L is said to be linearly special
if dim(L) # 1dim(L), linearly non-special otherwise.

If £ is not empty, we have dim(£) > ldim(£) > edim(L), namely ldim(L)
provides a better lower bound to the dimension of L.

In (11.1), the number (—1)"+1("+k1‘2_r ~') computes the contribution of the
linear cycle L) spanned by the points p;, j € I(r), which is contained in the base
locus of £ with multiplicity at least k(.. For instance, in the case £ = L, »(2%)
discussed in Sect. 11.3, we have k) = 2, for all multi-indices /(r) € {1,...,s},
r > 1. The contribution of each linear r-cycle L is (—1)’+1("_2+1) and
the speciality of £ is completely described by the sum of these contributions:
dim(L£) — edim(L) = ZI(I,)JZI(—I)’H("_;H). Therefore £ is linearly non-
special.

We address the following question:

Question 11.2 Classify the linearly special linear systems.

11.4.1 Classification Results

In what follows we give a complete answer to Question 11.2 and a partial answer
to Question 11.1 for s < n + 2. Moreover, for an arbitrary number of points s >
n+3, we provide a sufficient condition for a linear system to be linearly non-special,
partially answering Question 11.2. This summarizes the main results obtained in [8].

Cases <n+2

In [8, Section 4] a detailed description of the cohomologies of the strict transform
D of D with respect to the blow-up X of P* along the linear base locus is given.
The results can be summarized as follows.

Denote by 71(”0) : X(”O) — P”" the blow-up of P" at py,..., ps, with Ey, ..., E
exceptional divisors. Consider the following sequence of blow-ups:

(n 1) ("‘) (2) (1)
X1y = - —> X — X(hy — X(o)»

where X (”) N x (r—1y denotes the blow-up of X _,, along the union of the pull-
backs of the linear subspaces L) C P", via 7,_j) o --- o mg,. Let Ej() be the
corresponding exceptional divisors. We will denote, abusing notation, by H the
pull-back in X} of the hyperplane class of P* and by E(,), for0 < p <r — 1, the
pull-backs in X (”) of the exceptional divisors of X' () respectively. The Picard group

of X, is therefore Pic(X(})) = (H, Ej : p = p =1).
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The strict transform of D = D) € Pic(X, ("0)) via the composed map 7y o --- o
Jr(”o) is the following divisor

Dyy=dH— Y kipEiq €Pic(X(.)
I(p), 0=p=r

Abusing notation, we will abbreviate with D, the sheaf O X7 (D@y).

Theorem 11.1 (Brambilla, Dumitrescu, Postinghel [8]) In the notation above,
foreveryr suchthat 1 <r <n — 1, then

P il P F ki) —p—1
WD) = > (- P( v )

n
I(p), r+1<p<min{s—1,n—1}

and h' (D)) = 0,i # 0,r + 1. In particular dim(L) = 1dim(L) and the speciality
of L is given by

1 _ -1 n+k1(r)—r—1
(L) = > (1) ( ) )

I1(r), 1<r<min{s—1,n—1}

In the first part of Theorem 11.1 it is proved that an r-dimensional linear cycle
Ly for which kyp > 1 gives a contribution, that is (—1)"+!("**0~"~1)  a¢
the level of the r-th cohomology group of the strict transform D(_y of D, after
blowing-up all cycles of dimension at most r — 1. The second part furnishes a partial
answer to Question 11.1.

A consequence of this result is that any non-empty linear system L, 4
(my,...,my) in P" is always linearly non-special if s < n 4 2. In particular
this gives a positive answer to Question 11.1 and it shows that the Laface-Ugaglia
Conjecture for linear systems of P* holds in this range.

The proofis by induction on r and n and is based on the computation of the Euler
characteristic, denoted simply by y (D)), of the sheaves OX(”r)(D(r)), for0<r <
min{s — 1,n — 1}. We discussed above the equality y(D)) — 1 = vdim(L), which
is the expected value for the dimension of £, namely the number of polynomials
of degree d minus the number of linear conditions imposed by the multiple points,
see Sect. 11.3. For r = 1 the Euler characteristic also detects the linear obstructions
to the non-speciality of £ given by the presence of multiple lines in the base locus
of £, thatis y(Dq)) = x(D)) + >0 ("+k’n“’_2). For r = 2 also the presence

of planes is detected, namely x(D)) = (D)) — X0 ("**®73), and so on.
The Euler characteristic of D) encodes the (alternating) sum of all contributions
to the speciality of £ given by linear cycles, in particular y (D)) — 1 equals the
number (11.1) introduced in Definition 11.1. The interested reader can find details
in [8, Section 4.3].
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Cases >n+3

For the case s > n + 3, in [8] a sufficient condition for a linear system with
an arbitrary number of general points to be linearly non-special is given. More
precisely, we prove that if the sum of the multiplicities of an arbitrary number
s > n + 3 of points is bounded with respect to the degree d, then the speciality
of L is completely described by the linear obstructions, namely by the linear cycles
Ly = P spanned by the base points which are contained at least doubly in the
base locus and the dimension of L is therefore computed.

Let s(d) > 0 be the number of points of multiplicity d, set (L) := min{n —
s(d),s —n — 2} and consider the inequality

Zmi <nd+ b(L). (11.2)

i=1

Theorem 11.2 (Brambilla, Dumitrescu, Postinghel [8]) In the notation above,
assume that L satisfies condition (11.2). Then dim(L) = 1dim(L).

In particular this proves that the Laface-Ugaglia Conjecture holds if n = 3 and
the linear system satisfies (11.2).

The proof is based on an adaptation of the degeneration technique introduced
by Hirschowitz [24], la méthode d’Horace, which consists in making iterated
specializations of as many points as convenient on a fixed hyperplane H and then
applying induction on n# and d. One gets the so called Castelnuovo exact sequence:

0— L — L— Ly —0,

where the kernel £ is a linear system of hypersurfaces of degree d — 1 and s
points with lower multiplicities, while the restricted system Ly is a linear system
of degree-d hypersurfaces with multiple points in P*~!. Thus, arguing by induction,
if the two external systems are linearly non-special and non-empty, then the system
L is linearly non-special too, because dim(£) = dim(L) + dim(Ljy) + 1 and
1dim(£) = Idim(£) + Idim(L ) + 1.

11.4.2 Final Remarks

The linear expected dimension ldim(£) is meant to be a refined version of the
expected dimension edim(L). Indeed, in the notation introduced above, edim(L) =
max(y(D)),0) — 1 and ldim(£) = max(x(D¢)),0) — 1, and the difference of
these numbers encodes the contributions of the linear obstructions to the speciality
of L.
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Nevertheless, not only linear cycles contained with multiplicity in the base locus
of a linear system generate speciality. For instance the existence in the base locus of
multiple rational normal curves, plays an important role. We remark that when the
points are s > n + 3, the assumption (11.2) is, in particular, a sufficient condition for
the base locus to contain no multiple rational normal curves through n + 3 points. In
fact, we expect that when multiple rational normal curves appear in the base locus,
they give a contribution to the speciality of the system.

On the other hand, as already noticed by Laface and Ugaglia for the case n = 3,
also the existence of quadric surfaces passing through nine general points in the base
locus can give contribution to the speciality of a linear system. In this case it does
not seem very clear how to quantify such contributions.

It would be interesting to extend the definition of linear expected dimension of
a linear system on P” taking into account also the contribution of the non-linear
positive dimensional cycles contained with multiplicity in the base locus. This may
lead to a natural generalization to the case n > 4 of Conjecture 11.1 for P> and
Conjecture 11.2 for P,

Connection to the Froberg-Iarrobino Conjecture

The dimensionality problem for linear systems with assigned multiple points is
related to the Froberg-Iarrobino Conjecture, which gives a predicted value for the
Hilbert series of an ideal generated by s general d-powers of linear forms in the
polynomial ring with n + 1 variables. In terms of our Definition 11.1 the conjecture
can be stated as follows: a linear system is always linearly non-special but in a finite
list of exceptions, see [8, Sect. 6.1] for more details.

In [11, Proposition 9.1] Chandler proves that the Froberg-Iarrobino Conjecture
is true if either s <n + 1 or Zf:l m; < dn + 1. Theorems 11.1 and 11.2 improve
Chandler’s result and show that the Froberg-Iarrobino conjecture holds if either s <
n + 2 or condition (11.2) is satisfied.

11.5 Secant Varieties and Linear Systems with Double Points

Let X be a non-degenerate complex projective variety of dimension n embedded
in PV, The s-secant variety Secy(X) of X is defined to be the Zariski closure of
the union of the linear spans in PV of s-tuples of independent points of X. By a
parameter computation one gets that

dim(Sec;(X)) < edim(Sec;(X)) := min{sn + s — 1, N},

where the integer on the right hand side is called the expected dimension of Secg(X).
The variety X is said to be s-defective if dim(Sec;(X)) < edim(Secy(X)).
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The d-th Veronese embedding X, 4 of the projective space P is the map v, 4 :
P — P("T)~1 given by

[xo :x1 - i xy] > [xg :xg_lxl :-~~:xf].

The Segre embedding of the product P"! x P2 is the map Seg : P"' x P"2 —
Pen+De2+D=1 defined as

([xo s x1 s === s xu s [vo s y1 it yup) B> [X0Y0 X0y 2+ 2 Xy Yy ]-

Combining the two maps one obtains the so called Segre-Veronese embeddings of
products of projective spaces as follows. Fix integers r > 1, ny,...,n, > 1 and
di,....d: = 1.Set N :==T[_, ("I")=1n=(n1.....n,) andd = (dy.....d,).
The multi-degree-d Segre-Veronese embedding of P" := P"! x - x P’ is the map
Vna : P* — PV defined as follows:

([xl,o:---:xl,nl],...,[xr.o:---:x,..n,])»—>[---:l—[l—l[xf"ji" Do,

i=1j=0

with Z’;’;O dij =d;j,i =1,...,r. Denote by Xpq C PN the Zariski closure of
the image of v, g that we will call Segre-Veronese variety. Notice that the map vy 1
is the Segre embedding of P".

Secant varieties of Segre-Veronese varieties are not well-understood so far.
The problem of determining the dimension of the s-secant varieties of the
Segre-Veronese varieties Xy q is very hard and is open in general. Several partial
results are known for Segre-Veronese varieties of small dimension [1,5,7, 10], and
in any dimension for Veronese varieties by the Alexander-Hirschowitz Theorem
[3,9,29] (cf. Sect.11.3). A conjectural classification of secant defective Segre
varieties is given in [2, Question 6.6]. This conjecture was proved to be true for
n = (1,...,1)in [6] and for s < 6 in [2], but it is still open in general.

Tensor Decomposition and the Waring Problems

Secant varieties of Segre-Veronese varieties are of particular interest because of
their connection to tensor decomposition problems. Tensors play a wider and
wider role in numerous applications including signal processing [17], the study
of entanglement in quantum physics [19], phylogenetics [4] and many others. For
secant varieties there is a variant of the notion of rank of a tensor, namely the
border rank, that turns out to be extremely useful in applications as one is often
more interested in the limiting rank of a tensor rather than in its exact rank.

For a non-degenerate projective variety X C PV, the X -rank of a point p € PV,
Ry (p), is the smallest integer s such that p belongs to the linear span of s points
of X. The X-border rank of p € PN, R, (p), is the smallest s such that p belongs
to the limit of linear spans of s points of X, namely if p € Sec,(X). If X is a
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Segre-Veronese variety, the X-rank and X -border rank agree with the notions of
rank and border rank of partially symmetric tensors. See [28].

The classical problem of determining the X -rank of a point in a specific situation
is often referred to as the generalized Waring problem in tribute to Waring who
asked in the eighteenth century about the presentation of an integer as a sum of
powers: Given positive integers d and s, may we write any positive integer as
a sum of s non-negative d-th powers? The Waring problem for polynomials is:
Given positive integers d, s, n, what is the minimal s = s(d, n) such that a general
homogeneous polynomial f(xo, ..., x,) of degree d can be expressed as a sum of s
d-th powers of linear forms /; (xg, ..., x,),i = 1,...,s? The image X, 4 of the d-
Veronese embedding of P is the set of (projectivized) d-th powers of linear forms
and Sec; (X, 4) is the Zariski closure of the set of homogeneous polynomials that
can be written as the sum of s d-th powers of linear forms. Therefore the Waring
problem for polynomials can be restated in the following way: What is the smallest s
such that Sec, (X, 4) = PV ? The solution to the problem is given in the Alexander-
Hirschowitz Theorem, that we previously discussed. Indeed one can rephrase the
problem of determining the dimension of the s-secant varieties of the Veronese
embeddings in terms of linear systems of P” with imposed double points. We explain
this correspondence in the more general case of Segre-Veronese embeddings in the
next section.

Rephrasing in Terms of Prescribing Double Points

Computing the dimension of the s-secant variety of a Segre-Veronese variety is
equivalent to calculating the dimension of the linear systems Ly q4(2°) of multi-
degree d hypersurfaces of P" that are singular at s points in general position. This is
a consequence of a classical result, known as Terracini’s Lemma.

Lemma 11.2 (Terracini’s Lemma) Ler X C PV be an irreducible, non-

degenerate, projective variety. Let pi,...,ps be general points of X, with
s < N + 1. Then the tangent space to Secs(X) at a general point q € (p1,..., ps)
equals the linear span of the tangent spaces to X at py,..., ps:

Tsec,(x).q = (TX,pl ) TX,m)-

A multi-degree d hypersurface S of P" corresponds, via the Segre-Veronese
embedding vy g, to a hyperplane section H of X, 4 € PV. Moreover S has a double
point at p if and only if H is tangent to Xy g at vy q(p). Now, fix py,..., ps general
points in P* and consider the linear system £y, 4(2%) of multi-degree d hypersurfaces
which are singular at py, ..., p,. It is in correspondence with the linear system of
hyperplane sections in PV tangent to Xnq at vaa(p1), ..., vna(ps), namely with
the intersection ()} ; (T, q.vna(pi)) " Of the orthogonal spaces to the tangent spaces.
Furthermore, since

(TXn_d,vn,d(pl))J- n---nN (TXn.dsVn.d(P.\'))J_ = (TXn.dsVn,d(Pl)’ B TXl'l.dvvl'l.d(pA)>J_

’
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then by Lemma 11.2 one gets
dim(Secs (Xnd)) = dim(TSecx(Xn,d),q) =N — d1m(£nd(2‘)),

where ¢ is a general point of the secant variety Secs(Xpnd)-

11.6 Classification of Special Linear Systems with Double
Points in (P!)"

This section is devoted to the results obtained in [26].

A natural approach to the dimensionality problem of linear systems is via
degenerations. Degenerations allow one to move the multiple base points of a
linear system in special position, using a semi-continuity argument. Ciliberto and
Miranda in [14] and [15] exploited a degeneration of the plane, originally proposed
by Ran [30] to study higher multiplicity interpolation problems for planar linear
systems with general multiple base points. This approach consists in degenerating
the plane to a reducible surface, with two components intersecting along a line,
and simultaneously degenerating the linear system to a limit linear system which
is somewhat easier than the original one. In particular this degeneration argument
allows to use induction either on the degree or on the number of imposed multiple
points. This method was generalized in [29] to the case of P" to study linear
systems of degree d hypersurfaces with a general collection of double points and
provide a short and simplified proof of the Alexander-Hirschowitz Theorem. A
further generalization is used in [26] to classify linear systems of multi-degree d
hypersurfaces of P! x --- x P! with assigned general double points.

11.6.1 Classification Results

Let £4(2°) be the linear system of multi-degree d hypersurfaces of (P')" = P! x
-.-xP! with s prescribed general nodes. In [26] the following complete classification
result is proved.

Theorem 11.3 (Laface, Postinghel [26]) The linear system L4(2°) of (P')" is non-
special except in the following cases.

n degrees N edim(L) dim(L)
2 (2,2a) 2a +1 —1 0
3 (1,1,2a) 2a + 1 —1 0
3 (2,2,2) 7 —1 0
4 (1,1,1,1) 3 0 1
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The proof, by induction on the number of factors n and on the multi-degree d,
exploits a degeneration of (P')" and of L£4(2*) as described in Sect. 11.6.2. A basic
step for the induction is represented in the fundamental paper [6], where the authors
show that, if all the d; = 1, then L(;,_)(2*) has always but in one case (n = 4) the
expected dimension.

This theorem’s reformulation in terms of secant varieties provides a complete
classification of all defective secant varieties of Segre-Veronese embeddings Xgq C
PN, N =[]/_,(d;i + 1) — 1, of products of projective lines.

Theorem 11.4 (Laface, Postinghel [26]) The s-secant variety of Xqa < PV is non-
defective with the list of exceptions of Theorem 11.3.

11.6.2 Degeneration Techniques

The toric degeneration of the Segre-Veronese embedding Xg4 of (P')" employed in
[26] is the following.

Degeneration of the Variety

Let P = P4 be the convex lattice polytope [0, d;] x --- x [0,d,] € R". Its integer
points define the toric map which is the Segre-Veronese embedding vq : (P!)" —
Xgq € PV. Fix an integer k such that 1 < k < d, — 1 and consider the function
¢ : P NZ" — Z defined by

ifv, <k,
p0) = v, —k ifv, > k.

It defines a regular subdivision of P in the following way. The convex hull of
the half lines {(v,t) € P x Rso : t > ¢(v)} is an unbounded polyhedron
with two lower faces. By projecting these faces onto P one obtains the regular
subdivision { P!, P?} of P, where P! = P((,;1 dyrdy—k)s P> = Pla,...a,_, k) and
P'N P2 = Py a4 = [0,d]x-x]0, d,, 1]. We show the conﬁguratlon of
this toric degeneration in Fig. 11.1 for n=3.

The regular subdivision defines a 1-dimensional embedded degeneration, i.e. a 1-
parameter family { X, },cc of varieties, whose general fiber X;, t # 0, is isomorphic
to X4 and whose central fiber X is isomorphic to the union X' U X2, where X! is
the Segre-Veronese embedding X4, .a,_,.d,—k) < ]P’N of (P')" and, similarly, X
is the Segre-Veronese embedding X(dl ik € PV, where N! := ]_[l_l(d +
1)(dy —k +1)—1and N2 := []'Z|(d; + 1)(k + 1) — 1. The intersection X -2 :

X1 N X2 is the Segre-Veronese embedding X 4, ) € PV of (P! where
N2 = ]_[l_l(d +1)—1.

----- dy—1
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d

|
|

dy / I /
|

Fig. 11.1 A regular subdivision of P4, 4, 45)

Degenerating the Linear System

We consider the linear system L, := £ = L4(2°) with s assigned general double
points pi;,..., pss, t # 0. A linear system on Xy is given by two linear systems,
respectively on X! and on X2, which agree on the intersection X 2.

Fix a non-negative integer s' < s and specialize s' points generically on X!
and the other s> := s — s' points generically on X2, i.e. take a flat family
{Pis--, Pst)rec such that pro,...,pao € X' and pgyig,..., pso € X% The
limiting linear system Ly on X, is formed by the flat limits of the elements of
multi-degree d on the general fiber X; which are singular at p; o, ..., pso. Consider
the following linear systems:

L= Liydrdi—2), L2 = Ly 027,

) (11.3)
L= Liy.oodyordn—i—1(2°)s L2 1= Lay..drrk—1(2%),

where £/, £ are defined on X' and £ is the kernel of the restriction map of £’ to
X'2,i = 1,2. This is given by the exact sequence:
0— L — 0 —> £i|X1,z — 0.
We have
Lo:=L" xp2 L2 L= LN L 500

and, by upper semi-continuity, that dim(Ly) > dim(L;).

Lemma 11.3 In the above notation, if dim(Ly) = edim(L), then the linear system
L has the expected dimension, i.e. it is non-special.

By choosing suitable integers s!, s> and k we prove Theorem 11.3.
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Chapter 12
Rational Parametrizations of Edge and Corner
Blends for Isogeometric Analysis

Heidi E.I. Dahl

12.1 Introduction

One of the major bottlenecks in the traditional computer aided design-analysis-
redesign cycle is the transition between design and analysis models: the tools used
in Computer Aided Design (CAD) and those used in Finite Element Analysis (FEA)
have been developed independently, and their model representations have been
chosen based on different needs and priorities. Isogeometric Analysis (IGA) seeks
to address this by using the same geometric model throughout, from which both
analysis models and design models can be extracted (see, e.g., [4]).

When developing geometric models for IGA we need to reconcile the different
requirements of CAD and FEA. For example, though shape accuracy is important in
CAD, gaps between adjacent elements are allowed within fine tolerances. In FEA,
however, adjacent elements are required to match exactly. The introduction of IGA
has therefore led to a renewed interest in exact representations of curve, surface and
volume elements.

In CAD, and in particular in the design of mechanical parts, complex shapes
are to a large extent constructed from planes, the natural quadrics (spheres, and
right circular cylinders and cones), and rolling ball blends between them. When the
rolling ball blends are rational, these are all Pythagorean Normal (PN) surfaces:
rational surfaces with rational unit normal vector fields. By extending the surface
parametrizations along the unit normal vectors, we can construct thick surfaces,
a relatively simple class of rational volume parametrizations. Furthermore, if the
unit normal vector fields of two adjacent surface patches match along the common
boundary curve, the two volume elements will match exactly along the resulting
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boundary surface. These volume parametrizations are therefore well-suited for FEA,
and thus for IGA.

In previous papers [5, 6] we have described algorithms for minimal bi-degree
rational parametrizations of fixed and variable radius rolling ball blends of the
natural quadrics. In this paper we will outline several strategies for constructing
variable radius blends between two primitive surfaces, and show how such blends
can be combined to blend a given configuration of edges and corners. We will also
specify the level of continuity between the individual blending surface patches. For
simplicity we will focus on corners with three faces. However, some of our results
can be generalized to n-sided corners.

The chapter is structured as follows: Sect.12.2 outlines the motivation for
investigating variable radius rolling ball blends, and Sect. 12.3 introduces the key
concepts from Laguerre geometry used in our constructions. Section 12.4 presents
our methods for constructing variable radius edge and corner blends, and Sect. 12.5
shows how they are applied to blend a composite corner example. Section 12.6
outlines how our approach may be generalized to PN surfaces, before we summarize
our results in the “Conclusions” section

12.2 Beyond Fixed Radius Blends

The primitive surfaces most commonly used in CAD, i.e., planes and the natural
quadrics, are PN surfaces. This gives us several desirous properties when creating
surface and volume parametrizations. But although planes and natural quadrics are
rational surfaces, this is not always the case for rolling ball blends between them.

Rolling ball blends are patches on canal surfaces, which are the envelopes of
one-parameter families of spheres. The curve traced by the centres of the spheres
is called its spine curve, and the varying radius is described by its radius function.
It has been shown that a canal surface with rational spine and radius function has a
rational parametrization [11], and an algorithm for minimal bi-degree (1, 2) rational
parametrizations of patches on canal surfaces was described in [7].

In [6] we specified the configurations of natural quadrics which admit rational
fixed radius rolling ball blends for any radius R (for ease of notation we write cone
for right circular cone and/or cylinder):

* A plane and a cone.

* Two cones with two points of oriented contact (see definition in Sect. 12.3).
* Two cones with one point of oriented contact.

* A sphere and a cone with one point of oriented contact.

We also presented closed expressions for their minimal bi-degree parametrizations.

The major restriction of fixed radius blends, apart from the limited range of
configurations where such rational blends exist, is the limited flexibility inherent
in their construction: their only degree of freedom is the radius of the blend. For the
plane/cone blend in Fig. 12.1, this results in an uneven blend, where the width of
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Fig. 12.1 Fixed radius rolling ball blend of a plane and a cone, with a local self-intersection on
the right

Fig. 12.2 A plane and a cone with two control spheres (left), and the resulting variable radius
rolling ball blend (right)

the blend is much wider on the right than on the left. There is also an upper limit on
the radius of the blend if we want to avoid local self-intersections in the blending
surface, such as on the right hand side of the blend in Fig. 12.1.

When we compose several patches of blending surfaces to create a composite
blend of a network of edges and corners, as is typically the case in the model
of a physical object, the fixed radius is too severe a restriction when we want to
ensure at least G! continuity between adjacent patches. By constructing variable
radius rolling ball blends, we give designers added flexibility to adjust the blend for
aesthetic and functional reasons.

In current CAD systems, the rolling ball blends that are implemented analytically,
i.e., without approximation, are those that can be constructed from patches on
spheres, cylinders and tori. Otherwise, the blend is typically created by specifying
a curve in each surface and constructing a surface patch between them with a given
level of continuity with the original surfaces.

We propose a more intuitive approach to the construction of variable radius
rolling ball blends, using control spheres tangent to the original surfaces to specify
the radius of the blend at certain key points. A simple illustration is given in
Fig.12.2, where two control spheres specify the radius of the blend above and
below the cone, their centres contained in the plane of symmetry of the plane/cone



220 H.E.I. Dahl

|

[

Fig. 12.3 Example of a composite corner. Left: A corner detail, consisting of a patch on a cone
limited by four planes. Right: The composite blend, constructed in Sect. 12.5

configuration. If we require the blend to maintain the plane of symmetry, the two
control spheres uniquely define a variable radius rolling ball blend with quadratic
spine and radius function, shown on the right in the figure.

We will use the example corner in Fig. 12.3 to demonstrate how the control
spheres are used to construct a patchwork of edge and corner blends with at least
G' continuity between adjacent patches. The example corner consists of a patch on
the cone

2o (z—26)
Tyt
d 43

and four limiting planes z = 0 (bottom), z = 10 (top), 20y + z = 0 (left),
and 20x + z = 0 (right). Such a corner detail may occur, e.g., when designing
models for pressure molded plastic: in order to ensure that the component is easily
removable from the mold, vertical surfaces are slightly tilted. This transforms a
vertical cylindrical housing for a screw into a cone, and tilts the vertical planes
slightly outwards. As the vertical planes no longer contain the axis of the cone, the
cone/plane intersection cannot be blended by a cylindrical patch.

We will continue the example in Sect. 12.5. In the next section we will outline
some of the theoretical background for our constructions in a brief introduction

(12.1)
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to Laguerre geometry, limiting the technical details to what we will need in the
following sections. For further details about the subject see, e.g., [3,5,6,9], or
Peternell and Pottmann’s paper [12]. Please note that the approach to Laguerre
geometry in the last paper is slightly different than the one we are using, which
is described in [5, 6, 9].

12.3 1It’s All Spheres: A Short Introduction to Laguerre
Geometry

A fixed radius rolling ball blend of two surfaces is constructed by tracing the path
of a sphere around their intersection in such a way that at any point the sphere is
tangent to both surfaces. If we let the radius of the sphere vary as it moves along
the two surfaces, this results in a variable radius rolling ball blend. By construction,
rolling ball blends are G' continuous with the original surfaces.

Right circular cones and cylinders are linear canal surfaces: they are envelopes
of families of spheres whose spine and radius functions are linear. Thus, when we
consider rolling ball blends of the natural quadrics, all our objects can be expressed
in terms of families of spheres.

In the description of rolling ball blends above, there is an element of ambiguity:
in general, there is a choice of four placements of the rolling ball blend along an
intersection of two surfaces. In order to have an unambiguous definition of the blend
we assign each surface an orientation, given by the direction of its unit normal vector
field. For a sphere, this is defined by the sign of its radius: if the radius is positive
the unit normal vectors point towards its centre, if it is negative they point outwards.
As envelope surfaces, canal surfaces inherit their orientation from their family of
spheres. For a cone, this implies that the orientation of the two half cones on either
side of its apex is opposite: the radius function is linear and passes through zero at
the apex.

We say that two surfaces are in oriented contact at a point if they are tangent and
their unit normal vectors coincide. By considering oriented surfaces, we can now
define a rolling ball blend without the original ambiguity: it is the surface traced by
an oriented sphere around the intersection of two oriented surfaces, in such a way
that at any point the sphere is in oriented contact with both the original surfaces.
The placement of the blend is then uniquely defined.

12.3.1 Minkowski Space

Since all our objects are defined by oriented spheres, we are interested in measuring
the distance between two oriented spheres. Given two oriented spheres with centres
So and §1, and radii ry and r|, we represent them by the four-dimensional points
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Po = (So;ro) and py = (5;r1). The distance between py and p is given by the
Minkowski metric

|71 — Bo| = \/(131 — Po. 1 — Do) (12.2)
where

(_M',{;) =uvy + vy + uzvs —ugvs, w4 = (ur,uz uziug), V= (vi,v2,v3;v4),
(12.3)

is the Minkowski scalar product. When (p1 — po, pi — Po) = 0, this is the tangential
distance between the two spheres (see, e.g., [3], Fig. 3.6). Oriented contact between
Do and p; then corresponds to ||ﬁ1 — Do || =0.

The 4-dimensional space equipped with this scalar product is called Minkowski
space, written R*»!, and can be interpreted as the space of all oriented spheres.
A canal surface can then be represented as a curve in R*!. The converse is not
necessarily well-defined: in order to ensure that the envelope surface of the family

of spheres is real, we require that the curve f(t) = (5(2):r(r)) € R*! satisfies

I f (1)|I> > 0. While cones, as linear canal surfaces, satisfy this condition, it is worth
noting that this is not the case for all lines in R*!. Consider the line interpolating
two points Py and p; corresponding to two spheres such that one is completely
contained within the other. The derivative of this curve is proportional to p; — po,
we have H P1— Do ||2 < 0, and the linear family of spheres does not have a real
envelope.

In general we have three types of lines in R*! (see, e.g., [9]):

* Hyperbolic lines, corresponding to cones, where | p1 — po ||2 > 0;
e Parabolic lines, where H P1— Po H2 =0;
* Elliptic lines, where || p1 — po H2 <0.

Minkowski space is also used to represent the 4-dimensional space-time in which
Einstein’s theory of special relativity is formulated, so in the literature the types of
lines are also sometimes called space-like, light-like and time-like, respectively.

A linear family of spheres corresponding to a line in R*! is called a pencil of
spheres. Parabolic lines and the corresponding parabolic pencils of spheres are a
useful tool in the construction of rolling ball blends. They are generated by two
spheres in oriented contact, thus all spheres in the pencil are in oriented contact at
this point. The point of oriented contact corresponds to the sphere with zero radius,
and can thus be found by solving a linear equation. By considering the parabolic
pencils generated by a sphere and a rolling ball, this gives us the touching curve on
the sphere, i.e., the curve traced by the rolling ball along the sphere.

In order to determine the touching curve on a cone, we note that if the rolling
ball is in oriented contact with the cone, then it is in oriented contact with exactly
one sphere in the family associated with the cone. Thus the quadratic equation we
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get from the expression for the Minkowski metric in Eq. 12.2 is reduced to a linear
equation for determining the sphere at zero distance from the rolling ball, i.e., we
find the touching curve on a cone by solving two linear equations.

12.3.2 Curves in the Bisector in R3!

When constructing a rolling ball blend, we want to determine a one-parameter
family of spheres such that any sphere is in oriented contact with both surfaces. By
construction, the spine curve of the corresponding canal surface lies in their bisector
surface, so one approach to variable radius rolling ball blends is to consider rational
curves in the bisector surface in R3. However, if our interest is in rational blend
parametrizations, we need not only the spine curve but also the radius function to be
rational. And in general, the distance of a rational curve from a cone is not rational.

Consider the family of all spheres in oriented contact with a given surface.
This corresponds to a hypersurface in R>!, called its isotropic hypersurface. By
intersecting two isotropic hypersurfaces, we get the 2-dimensional surface in R>!
corresponding to all spheres in oriented contact with both original surfaces. This
is called their bisector surface in R>!. Any rational curve in this bisector surface
corresponds to a canal surface with rational spine curve and radius function, and
thus to a rational rolling ball blend of the two original surfaces.

Given an oriented plane 7 in R3:

IT:Axi+Bx, +Cx3+ D=0, A>+B>+C?>=1, (12.4)

with unit normal vector (4, B, C )T, the spheres in oriented contact with IT define a
hyperplane T, in R>!:

IT, : Ax; + Bx, + Cx3 — x4 + D = 0. (12.5)

The isotropic hypersurface of a cone is its isotropic quadric (see [6]):
(% = Po, 1 — po)’ = | % = po|” | 71 — ol (12.6)

where py and p; are two distinct points on the hyperbolic line corresponding to the
cone, and X = (X1, X2, X3; X4).

In general, the problem of constructing a rational rolling ball blend between two
surfaces can be reduced to the problem of constructing a rational curve in their
bisector surface in R*!, then applying the algorithms in [5,6]. When considering two
natural quadrics, their bisector surface has a rational parametrization. We can thus
generate rational curves in the bisector from rational planar curves in the parameter
domain. However, the parametrization degree of these curves is necessarily high.
For the purpose of parametrizing rolling ball blends, we want relatively low-degree
curves in R*!, in order to keep the bi-degree of the resulting surface parametrization
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as low as possible. We are thus primarily interested in constructing rational curves
of low degree in the bisector surface in R!.

If an approximate parametrization of the blending surface is sufficient, we can
apply the results in [8] to construct a spline curve in the bisector surface, giving
us a large degree of flexibility in the construction. For exact parametrizations we
need to consider rational curves in 2-dimensional surfaces in R*!. A first approach
is to consider hyperplane sections of the bisector surface in R*!. This is a direct
generalization of the construction of blends of fixed radius R, where the curve is
determined by the intersection with the hyperplane x4 = R. However, even when
a bisector surface is rational, this is not necessarily the case for its hyperplane
sections. There are only two types of surfaces where any hyperplane section is
rational: rational ruled surfaces and the quartic Steiner surface [10]. This gives us
the configurations with rational fixed radius blends at the beginning of Sect. 12.2:

* A plane and a cone.

* Two cones with two points of oriented contact.

* Two cones with one point of oriented contact.

* A sphere and a cone with one point of oriented contact.

In the first two cases the bisector surface in R*! is a rational ruled quadric, in
the last two it is a quartic Steiner surface. The hyperplane sections of the bisector
surfaces in R>! are then one or two conics (first and second case), or a singular
quartic curve (third and fourth case). Note that though the curve in R*! is contained
in a hyperplane section, the spine curve of the corresponding canal surface is not
necessarily planar (see Fig. 12.5, left); it only means that its radius function depends
linearly on the coordinates of the spine curve.

To summarize, planes, natural quadrics, and rolling ball blends between them
can all be represented as hyperplanes, points, and curves in R*!. By parametrizing
rational curves in the bisector surface in R*!, we can construct rational variable
radius rolling ball blends of the original surfaces.

In the next section we will outline how a composite corner blend can be
constructed using mainly hyperplane sections of individual edge blends, while
maintaining at least G' continuity between adjacent patches. We will then apply
this to construct a blend of the composite corner in Fig. 12.3.

12.4 Variable Radius Rolling Ball Blends

We propose using a set of carefully chosen control spheres to construct variable
radius rolling ball blends of composite corners. The placement of the control spheres
is guided by the intended sequence of construction of the blends, and by the level of
continuity required between adjacent patches. From the control spheres we construct
curve segments in R*! corresponding to variable rolling ball blends of edges and
corners. Using the parametrization algorithm in [5], we can then construct the
rational parametrizations of the individual blending patches.
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Before we outline the algorithm for the construction of composite blends, we
need to describe how individual edge and corner blend patches are constructed.

12.4.1 Edge Blends

In Sect. 12.3 we described how a canal surface can be represented as a curve in R>!.
A segment of a canal surface containing an edge blend can therefore be constructed
by specifying the two end spheres and a curve segment connecting them, in the
bisector surface in R*!. In this paper we use two approaches for constructing such
curve segments: (rational) Bézier curves in planar bisector surfaces, and hyperplane
sections of non-planar bisector surfaces. In general, any technique for constructing
rational curves between two points in a 2-dimensional surface can be applied, taking
into account the restrictions on tangent directions at the joins of two adjacent curve
segments.

The bisector surface in R*! of two oriented planes in R? is a 2-dimensional plane
in R*!, and any rational curve in this plane corresponds to a rational blend of the two
planes in R®. Representing the curve in Bézier form, its control points correspond
to control spheres in oriented contact with both the original planes. This is shown
on the right in Fig. 12.4.

When the bisector surface is non-planar, we can construct the curve segment
by taking the intersection of the bisector surface with a hyperplane containing the
points corresponding to the two end spheres. In general we need four points to define
a hyperplane in R*!, but when intersecting the bisector in R*! of a cone and a plane
IT the intersection of a hyperplane with IT,, is a 2-dimensional plane. The implicit
equation for I1,, express x4 in terms of the other variables (its coefficient is non-
zero), thus we may eliminate x4 from the expression of the intersecting hyperplane

<

Fig. 12.4 Curves in the bisector surface in R3>!, projected to their first three coordinates, i.e.,
the spine curve of the corresponding canal surface in the bisector surface in R3 (green). Left:
Intersection with a 2-dimensional plane (yellow). Right: A Bézier curve in the bisector plane
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reducing it to a linear equation in three variables. It is therefore sufficient to choose
three points in the bisector surface in R*! to uniquely define the intersection with
the isotropic quadric of the cone. Given the two end spheres, this leaves us one
degree of freedom in the choice of the hyperplane section.

In this case we can visualize the hyperplane section directly in R®. The centres of
the three control spheres are points on the bisector surface of the cone and the plane
IT in R, and they define a plane intersecting the bisector surface in the quadratic
spine curve of the blend. As the distance from a rational curve to a plane is rational,
we can thus do the construction directly in R? in this case. This approach is shown
on the left in Fig. 12.4. The spine curves shown in this figure correspond to the
blends of the left plane with the cone, and the top plane with the left plane, in the
example composite corner in Fig. 12.3. The parametrized blends are shown on the
right in Fig. 12.3.

When constructing variable radius blends of two cones, however, a hyperplane
section in R3! cannot be reduced to the construction of a 2-dimensional plane, and
thus its visualization in R3 is not as straightforward as in the plane/cone case. The
hyperplane gives us a linear relation

Axi +Bxs + Cxs + Exs+ D =0 (12.7)

which can be interpreted as assigning a radius x, to each point (x, x»,x3) € R
We can visualize this by considering the plane Ax; + Bx; + Cx3 + D = 0 in R?
where the assigned radius is zero. As we move away from this plane in the normal
direction, the radii increase linearly at a rate of change of E/(A4% + B? + C?).

The choice of a hyperplane can thus be visualized as the choice of a unit vector
(A, B, C) giving the direction of the maximum rate of change in radius, the rate of
change E of the radius in this direction, and the distance D of the zero-radius plane
from the origin. This is illustrated in Fig. 12.5, where we construct a variable radius
blend of two perpendicular cylinders in oriented contact at one point, with radius
1 and 2 respectively (recall that we need at least one point of oriented contact to
ensure that any hyperplane section is rational). We choose as (A4, B, C) the common
unit normal vector at the point of oriented contact, so that the symmetry of the
configuration of the two cylinders is maintained in the blend. The blending radius
below the smallest cylinder is fixed by placing a control sphere, thus determining
D. By varying E we obtain a series of hyperplane sections of the bisector surface in
R*!, illustrated on the left of Fig. 12.5. Note that all the spine curves pass through
a common point below the smaller cylinder, at the centre of the control sphere. On
the right of the figure, we show the narrowest of the blends, and the limiting curves
of the blends as E changes.

12.4.2 Corner Blends

We distinguish between two types of three-sided corners: homogeneous corners
where all the adjoining edges are convex/concave, such as the central top corner and
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Fig. 12.5 Symmetric variable radius rolling ball blends of two cylinders with one point of oriented
contact. Left: The spine curves in the bisector in R?, projected from hyperplane sections of the
bisector in R*!. Right: A variable radius blend of the two cylinders, and the limiting curves of the
blends corresponding to the spine curves on the left

the two bottom corners in Fig. 12.3, and heterogeneous corners where one of the
edges differs from the two others, such as the corners at the ends of the intersection
of the cone with the top plane.

At homogeneous corners we can connect the edge blends by simply requiring
that they all end at a sphere tangent to all three faces. Two adjacent edge blends will
then meet in the touching point of the sphere with their common face. The corner
patch is a patch on the sphere, limited by three circular arcs, and is by construction
G' continuous with the edge blends. By considering the edge blends as Bézier
curves of spheres, we can also specify the necessary conditions for achieving G2
continuity with the corner sphere: it has to correspond to a double control point (see
[5], Rem. 11). This approach can be generalized to n-sided corners, as long as there
exists a sphere tangent to all faces, which is equivalent to requiring that the corner
circumscribes a right circular cone.

In order to ensure at least G' continuity, we must make sure that adjacent edge
blends do not overlap, i.e., that two adjacent arcs of circles limiting the spherical
patch only intersect at the touching point. For a three-sided corner, this condition is
described in Fig. 9 of [5]: in the control polygon of the spine curve, the next to last
control point must avoid the triangle defined by the vertex of the corner, the centre
of the corner sphere, and the point on the edge 2R distant from the vertex, where
R is the radius of the corner sphere. A similar condition can be derived for n-sided
corners.

At heterogeneous corners we cannot find a sphere tangent to all faces, so we need
an alternative approach. When the face opposite the single convex/concave edge is
planar, we can use a patch on a Dupin cyclide to blend the corner. This approach is
also valid for homogeneous corners.
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Fig. 12.6 A cone with a parabolic pencil of spheres (left), and the Dupin cyclide containing the
blend with the plane (right). The cone, plane and blend are shown on the right in Fig. 12.2

The construction makes use of the following theorem:

Theorem 12.1 Given an oriented canal surface and an oriented plane, for each
characteristic circle on the canal surface there exists a unique oriented Dupin
cyclide containing a patch blending the canal surface with the plane along the
characteristic circle.

Proof The canal surface is in oriented contact with one of the spheres in its one-
parameter family along a characteristic circle. We will prove the theorem by
showing that given a plane IT and a circle on a sphere X', the one-parameter family
of spheres in oriented contact with both the sphere along the circle, and the plane,
corresponds to a pseudo-Euclidean (PE) circle in R31, ie., its envelope is a Dupin
cyclide (Fig. 12.6, right).

A point p(t) on the circle is identified with the zero radius sphere (p(¢);0),
which together with X generate a parabolic line in R*!. The union of the parabolic
lines through points on the circle is a quadratic cone, whose infinite points are all
contained in the absolute quadric §2:

R:x=0 xI+x3+x3-x2=0. (12.8)

Here (xo, X1, X2, x3;x4) € P* is a point in projective space corresponding to the

1 X1 X2 X3. X4 3.1

affine point (%, e x_o) e R>.
The intersection of the cone with the hyperplane I7,, i.e., the sphere in each
parabolic pencil in oriented contact with I7, is therefore a conic with two infinite

points on §2, which is one definition of a PE circle. This proves the theorem. O

Remark 12.1 The Dupin cyclide blend of a cone and a plane can also be found in
[1,2,13].

In a composite corner, a heterogeneous corner blend can be constructed by first
blending the single concave/convex edge. This determines the characteristic circle
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on the end sphere of this edge blend. Applying the procedure described in the proof
above, i.e., intersecting the quadratic cone with the hyperplane, gives a rational
parametrization of the PE circle corresponding to the cyclide blend of the end
sphere, and thus the edge blend, with the plane.

At either end of the cyclide blend, the tangent lines of the PE circle determine
the tangent cones of the adjacent edge blends. Similarly, we can specify one of the
end spheres of the cyclide corner blend and its tangent cone, to uniquely determine
the end spheres and tangent cones of the two remaining edge blends adjacent to the
corner. Dupin cyclide corner blends therefore have one primary edge, whose blend
is constructed before the two others. As opposed to spherical corner blends they
influence the order in which the individual blending patches are constructed.

12.4.3 Constructing Composite Variable Radius Rolling Ball
Blends

In the case of a single edge blend, the only restriction on our choice of control
spheres is that they should be in oriented contact with both surfaces, i.e., that the
corresponding points R*! lie in the bisector surface. When constructing a composite
blend of a network of edges and corners, we also need to consider the continuity
between adjacent blending patches. In [5] we give the conditions for when the
join of two canal surfaces is G' and G? continuous: it is equivalent to G' and G>
continuity of the join between the corresponding curves in R*!. The G? condition is
too strict to expect to be able to construct a composite blending patch with internal
G? continuity using mainly hyperplane sections of the bisector surface in R*!, so in
the following we will focus on the construction of a composite blend with internal
G! continuity.

The condition for G' continuity means that the curve segments in R*! corre-
sponding to two adjacent blending patches are joined in a point where their tangent
lines coincide. The envelope in R® of the tangent line of a curve in R>! is called
the tangent cone of the canal surface, and is by construction G! continuous with the
canal surface along the characteristic circle.

In the sequential construction of a composite blend, one end sphere and tangent
cone is given by the preceding blending patch. A hyperplane is then defined by the
choice of the second end sphere, and if there are sufficient degrees of freedom, a
final control point or tangent cone. In general, any curve in the bisector surface in
R*! connecting the two endpoints with the required initial tangent line will produce
an edge blend of G' continuity with the preceding blending patch.

Remark 12.2 At the end of a curve segment, when we use its tangent line to
construct the hyperplane section for the adjacent curve, we ensure that the two
curves are G! continuous at the join. However, as we are considering only a segment
of the second curve, the resulting composite curve may have a singularity at the join
(Fig. 12.7, left, where the second end sphere lies on the left hand segment of the
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Fig. 12.7 Left: The spine curve (red) of the blend of the cone with the left plane, is the intersection
of a plane (yellow) with the bisector surface (green). The intersection curve is tangent to the spine
curve (blue) of the adjacent corner blend, but the join of the left red segment with the top blue
segment is singular. Right: The spine curve and blending surface of a non-singular G' join

intersection curve). When we make sure that the join is non-singular, both the join
of the curve segments in R*! and the join of the blending surfaces in R* are G!
(Fig. 12.7, right).

We start the construction of the composite blend by identifying the heterogeneous
corners, checking that the face opposite the single concave/convex edge is planar.
We then choose which of the homogeneous corners will also be blended with Dupin
cyclide patches. These cyclide corner blends will determine the order in which the
individual blending patches of the composite corner will be constructed. Care must
be taken with edges where the corner blends at both ends are cyclide patches, to
ensure that there are enough degrees of freedom to construct the edge blend. Such
edges are therefore natural starting points in the sequence of blend constructions.

After choosing the primary edge for each cyclide corner blend, we choose the
order in which the blending patches will be constructed, making sure that in each
case the primary edge is blended first. We then place the control spheres and tangent
cones which will determine the hyperplane sections and thus the curve segments in
R*! corresponding to the blending patches.

We start by placing control spheres, tangent to all three faces, at the homogeneous
corners which will be blended by spherical patches. In addition to specifying the
blending radii at the end of the adjacent edge blends, these control spheres contain
the spherical corner blends.

We then place a control sphere in oriented contact with the two faces of the
primary edge of each Dupin cyclide corner, specifying the blending radius at the end
of the primary edge blend. This control sphere uniquely determines two secondary
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control spheres at the end of the two remaining edge blends adjacent to the corner:
they are in oriented contact with the control sphere at its points of oriented contact
with the two faces, and with the face opposite the primary edge. The tangent cone
at the end of the primary edge blend then uniquely determines the Dupin cyclide
corner blend. At the two secondary control spheres, the cyclide patch determines
the tangent cones of the adjacent edge blends.

These control spheres define the blending radii at the corners of the composite
blend. It remains to place additional control spheres where needed in order to define
the curve segments corresponding to edge blends, either for hyperplane sections of
the bisector surface in R*!, or as control points of a Bézier curve in a planar bisector
surface. Note that this last type of control spheres are slightly different from the
others: apart from the endpoints they do not lie on the curve segment in R>!.

After completing the placement of the control spheres we follow the methods
outlined above, and sequentially construct curve segments in R*! corresponding to
blends of the edges and corners of the composite corner. Using the parametrization
algorithm in [5], we then construct the rational parametrization of the blends.

The following algorithm summarises the above construction:

Algorithm 12.1 A rational variable radius rolling ball blend of a composite corner
can be constructed with the following algorithm as long as four conditions are
satisfied:

» All faces are patches on planes or on natural quadrics.

* Two quadric patches meeting along an edge are patches on two oriented quadrics
with one or two points of oriented contact.

o All corners have three adjoining edges.

e At all heterogeneous corners, the face opposing the single convex/concave edge
is planar.

The blend is then constructed by completing the following steps:

1. For each heterogeneous corner, verify that the face opposite the single con-
vex/concave edge is planar. These corners will all be blended by patches on
Dupin cyclides.

2. Choose which homogeneous corners will be blended by spherical patches, and
which by Dupin cyclide patches.

3. For each Dupin cyclide corner choose the primary edge, making sure that the

opposite face is planar.

Determine the sequence in which the individual blending patches will be

constructed, respecting the order imposed by the Dupin cyclide corners.

Place a control sphere at each spherical corner, tangent to all three faces.

Place a control sphere at the primary edge of each Dupin cyclide corner.

Derive the secondary control spheres at each Dupin cyclide corner.

Determine the control spheres where a tangent cone will be determined by the

adjacent blending patch.

9. Place additional control spheres and/or tangent cones as needed for the edge
blends, to properly define hyperplanes and/or control points for Bézier curves.

A
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10. Sequentially parametrize the curve segments in R*!.
11. Parametrize the blending patches by applying Alg. 2 of [5].

This algorithm can easily be extended to include homogeneous corners that
circumscribe cones, but for the sake of clarity we chose to formulate Algorithm 12.1
for three-sided corners only. The second condition of the algorithm can be relaxed if
we construct the edge blends directly from rational curves in the bisector in R>!: if
there is no oriented contact this surface is still rational, though we cannot guarantee
the rationality of its hyperplane sections.

The fourth condition is sufficient to guarantee that we can construct a Dupin
cyclide corner blend at the end of the edge blend. This may still be possible if the
face opposing the single convex/concave edge is a patch on a cone. In fact, this is
possible if and only if the cone and the tangent cone at the end of the opposite edge
blend inscribe a common sphere, i.e., are in oriented contact at two points. In that
case the two corresponding lines in R>! intersect, spanning a 2-dimensional plane.
A PE circle is uniquely defined by three finite points on it (see [9], Rem. 8), thus
these two lines, and the point corresponding to the end sphere at the tangent cone,
define a PE circle and thus a Dupin cyclide blend.

Finally, the approach in Algorithm 12.1 can be extended to other types of
surfaces, and PN surfaces in general: see Sect. 12.6.

12.5 Blending the Example Corner

To demonstrate Algorithm 12.1, we apply it to the construction of a blend of the
composite corner in Fig. 12.3. The example has been constructed to satisfy the four
conditions for applying the algorithm.

1. Heterogeneous corners: The composite corner has two heterogeneous corners,
one at each end of the intersection of the cone with the top plane (the top arc).
In each case, the opposite face is planar: the left and right plane.

2. Homogeneous corners: For this example, we choose to blend all the homoge-
neous corners with spherical patches.

3. Primary edges: For the two heterogeneous corners, the primary edge is the top
arc.

4. Sequence of construction: As recommended above, we start the blending
construction at the top arc, to ensure that we have enough degrees of freedom
to construct the hyperplane section. We then blend the heterogeneous corners
at each end of the top arc, before we blend the left and right plane/cone
intersections (the vertical blends), and the intersections of the top plane with the
left and right plane (the top blends). The remaining edges can be constructed in
any order, e.g., starting with the intersection of the cone with the bottom plane
(the bottom arc) before blending the remaining plane/plane intersections.



12 Rational Parametrizations of Edge and Corner Blends for Isogeometric Analysis 233
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Fig. 12.8 The control spheres of the composite blend (S, and S;3 have been omitted on the left).
The graph on the right shows the centres of the control spheres, and the segments of spine curves
we construct between them

5. Spherical corners: We place control spheres at the spherical corners, Sy, S3,
and S7 in Fig. 12.8.

6. Dupin cyclide corners: At the Dupin cyclide corners, we place the control
spheres S; and S as the end spheres of the blend of the top arc.

7. Secondary control spheres: The placement of these spheres determine the
secondary control spheres Sg, Sy, S19, and Sy;.

8. Tangent cones: The blend of the top arc determines the tangent cones at each
end, and the Dupin cyclide blends at each end of the top arc determine the
tangent cones at the top of the vertical blends, and at one end of each top blend.

9. Remaining control spheres/tangent cones: For the top arc we need an additional
control sphere to uniquely define the 2-dimensional plane in R*!, so we choose
S5 at its midpoint. This is also the case for the bottom arc, so we choose S,
at its midpoint. The vertical blends are completely defined by two end spheres
and one tangent cone each. The top blends will be constructed as Bézier curves
in the bisector plane in R>!. Their end spheres are already defined, and the
tangent direction at the heterogeneous corners given. We choose a middle
control sphere for each blend, S;, and S)3, along these tangent directions. In
addition, we choose that the continuity with the spherical blend at S7 should be
G?, and so this control sphere should be a double control point for both Bézier
curves. The remaining plane/plane blends will be patches on cylinders, so no
further control spheres/tangent cones are needed.
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Fig. 12.9 Blending the intersection of the cone with the top plane: The one-parameter family of
spheres and the blending patch

10. Curve segments in R>!:

11.

The three control spheres S4, S5, and S¢ define a 2-dimensional plane in
R3!. Its intersection with the isotropic quadric of the cone is a conic. The
corresponding one-parameter family of spheres and the resulting blending
patch are shown in Fig. 12.9.

The tangent lines at each side of this conic determine the PE circles
corresponding to the two Dupin cyclide blends of the heterogeneous corners,
which in turn determine the tangent lines at the secondary control spheres
Ss, S9, S10, and ;. The left cyclide blend, with its one-parameter family of
spheres, and two tangent cones, is shown in Fig. 12.10.

For the vertical blends, S|, Ss, and the tangent line at Ss, and S3, S}o, and the
tangent line at Sy, define 2-dimensional planes in R3!, whose intersections
with the isotropic quadric of the cone are conics. The spine curve of the left
vertical blend is shown on the left in Fig. 12.4.

For the bottom arc, the three control spheres Sj, S, and S; define a 2-
dimensional plane in R*!, whose intersection with the isotropic quadric of
the cone is a conic.

For the top blends, the control spheres {S9, S1», S7, S7} and {S11, S13, S7, S7}
define the control polygons of cubic Bézier curves with the required
continuity at each end. The spine curve and control polygon of the top left
blend is shown on the right in Fig. 12.4.

As patches on cylinders, the remaining plane/plane blends are parametrized
as line segments in R>!.

Finally, we parametrize the individual blending patches by applying Alg.2 of
[5]. The complete composite blending surface is shown on the right in Fig. 12.3.

This completes the composite blend, which has internal G' continuity at all joins,
except for the internal joins at S7, which are G? continuous.
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Fig. 12.10 Blending the left non-convex corner. Left: The one-parameter family of spheres in
oriented contact with both the left plane and the blend of the top arc. Right: The cyclide corner
blend with its tangent cones

In this construction, the control spheres are chosen with different degrees of
freedom. At the spherical corners, the choice of radius determines the control
spheres, so S;, S3, and S; are chosen with one degree of freedom. At the Dupin
cyclide corners, any point in the bisector surface of the cone and the top plane can
be used as endpoints, so S, and S are chosen with two degrees of freedom. In
practice, however, we want to use them to specify the radius of the blend at each
end of the top arc, so their placement is restricted to the areas close to the Dupin
cyclide corners. The secondary control spheres Sg, S9, S0, and Sj; are determined
by the choice of S4 and S, and as such contribute no degrees of freedom to the
construction. At the midpoints of the two arcs, S, and S5 are chosen with one degree
of freedom, as the radius here determines the 2-dimensional plane used to construct
the curve segment. As Sy, and S;3 are chosen along the tangent lines of the left and
right PE circle respectively, they are also chosen with one degree of freedom.

All in all, we have seven control spheres with one degree of freedom (S, S»,
S3, S5, S7, S12, and Sy3), two with two degrees of freedom (Ss and Sg), and four
with none (Ss, So, S0, and Sy1). These control spheres completely determine the
composite blend, and give us a total of 11 degrees of freedom for this composite
corner.

Remark 12.3 This is, however, not the only way to construct the blend. We chose
the order in which the blends are constructed, and chose to use cubic Bézier curves.

For the blends in the figures, we have chosen r; = 0.75, r, = 0.9, r3 = 0.75,
ry = —0.6,r; = —0.5,r¢ = —0.6, and r; = 0.4. At S4 and S, we also choose
y4 = 0 and x¢ = 0, respectively. We choose S, = (0.80,0.11, 10.64;0.64)T and
S13 = (0.11,0.80, 10.64; O.64)T along the tangent lines at Sy and S;;. Note that the
signs of the radii determine whether the control spheres are in front of or behind
the surface patches: Sy, S5, and Sy all have negative radii, and are therefore placed
behind the blend of the top arc.
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If Algorithm 12.1 were to be implemented in, e.g., a commercial CAD system,
we envision that the system would present an initial composite blend with a limited
variation in blend radius. The control spheres could then be displayed and directly
manipulated to adjust the blend, both in terms of the variation in radius and the level
of continuity with the spherical patches.

12.6 Generalizing the Approach to Blends of PN Surfaces

The isotropic quadric of a cone can be generalized to oriented surfaces with a well

defined unit normal vector field. Consider a surface parametrized by f (s, ), with
unit normal vector field 7i(s, 1). A point on the surface can be considered as a sphere
with zero radius, and the sphere F(r s,t) = (f(s t) + rii(s,t);r) is in oriented
contact with the surface at f (s, t) In fact, F (r,s,t) € R¥isa parametrlzatlon
of the isotropic hypersurface of f (s, t). For a PN surface, where both f (s,t) and
7i(s, t) are rational, the isotropic hypersurface is rational as well.

To parametrize variable radius rolling ball blends between two PN surfaces, we
then need to consider curves in the intersection of two such isotropic hypersurfaces.
In general, the intersection of two such hypersurfaces is not necessarily rational,
and even when it is, there may not be many families of rational curves of relatively
low degree on it. A starting point for further research would be to investigate
rational variable radius rolling ball blends of PN surfaces, i.e., rational curves in
certain 2-dimensional surfaces in R*>!. Blending a plane and a PN surface may be a
natural starting point: the intersection of each parabolic pencil with the hyperplane
is rational, which gives us a rational parametrization of the bisector surface in R>!.

Conclusions

We have outlined an algorithm for constructing variable radius rolling ball
blends of composite corners, with internal G' continuity between adjacent
blending patches. The basis for the algorithm is the use of control spheres to
specify the blending radius at certain key points. The approach was illustrated
by applying the algorithm to the example corner in Fig. 12.3.

When the composite blend is rational, it is a PN surface, with an immediate
extension to rational parametrizations of thick surfaces. As relatively simple,
yet versatile volume parametrizations, we expect this class of rational volume
representations to be useful in [sogeometric Analysis.

There are several possible avenues of future research:

» The construction of rational curves in 2-dimensional surfaces in R*!, in
order to extend the class of rational variable radius rolling ball blends.

(continued)
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* More general blending surfaces, to extend the configurations of natural

quadrics with rational blends.

* Construction of blends between a larger class of primitive surfaces, such

as PN surfaces.
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Chapter 13
Bisectors and Voronoi Diagram of a Family
of Parallel Half-Lines

I. Adamou, M. Fioravanti, L. Gonzalez-Vega, and B. Mourrain

13.1 Introduction

Computer aided design (CAD) technology is currently facing limitations mainly due
to conflicts between the underlying mathematical background and the capabilities
expected by various application areas. The incorporation and integration of results
from other mathematical disciplines than numerical analysis is expected, not only
to improve the fundamentals, but also to lead to new and more intuitive design tools
and methodologies.

The most common representation for curves and surfaces in CAD is the rational
parametric representation, and often, the implicit algebraic representation for some
specific operations. However, only the implicit algebraic curves and surfaces are
closed under some basic geometric operations (such as offsetting or bisecting),
while rational parametric representations are not conserved. The computation of
their exact algebraic implicit representation is very complicated or impractical, since
it often involves the representation and manipulation of the solution set of a system
of nonlinear equations of high degree. The exact description for certain geometric
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primitives, like offsets and bisectors, is very scarce, and therefore their use in CAD
is still based on approximate methods, which might not be accurate enough. In this
work, we present new methods for solving the following three problems:

1. Compute an exact parametrization of the bisector of two rational plane curves.

2. Compute exact parameterizations of the bisector of two rational surfaces.

3. Compute the topology of the Voronoi diagram of a finite family of parallel half-
lines.

Bisector of Two Planar Curves

Consider two geometric objects O; and O, (points, parametric curves, parametric
surfaces) in the space R?, d € {2, 3}, with respective parameterizations O (), u €
I; and Oy(v), v € I, where I; and I, are intervals or rectangles (eventually reduced
to a point).

Their (true) bisector B(O;, O;) is defined as the equidistant set of points from
the two objects, i.e.:

B(0,,0,) = {BeR": inf || B —O1(u)|| = inf |B — O] - (13.1)
uel] vel

The computation of an algebraic representation for the bisector is not an obvious
task from the definition (13.1). Indeed, even if the parametric object is given with a
regular and proper parametrization, it should be noted that the distance function

d : (B.0) > inf | B - O, (13.2)
ue

is not always differentiable with respect to the point B, and a minimum of the
distance function could be achieved at more than one parameter value. To overcome
these difficulties, the following notion of untrimmed bisector is introduced (see
[24,36,51]).

Definition 13.1 The untrimmed bisector of O; and O, is defined as the set of
centres of spheres/circles which are tangent to O; and O, simultaneously.

This definition does not imply the same minimum distances measured from the two
objects, in the presence of critical shapes on the objects (singular point, inflection
point, self-intersection point). There are some extraneous parts that should be
trimmed in order to achieve the true bisector. The trimming process (identifying
and eliminating extraneous parts), which is the second challenge of the topic, is
more convenient and effective from the untrimmed bisector parametrization when it
is available.
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There are several pairs of objects possessing a rational bisector, but in general it
is very difficult to have a criterion for the rationality of the bisector, and very few
generic configurations of objects with rational bisector are known. The planar curve-
point bisector is rational, and an algorithmic method for the trimming is introduced
by Farouki and Johnstone in [24]. However, the bisector of two coplanar curves is
not rational in general (see [25]). On the other hand, it is expected the rationality of
the bisector of two curves with a parametrization for which the norm of the speed
vector is rational, called PH-curves (for Pythagorean Hodograph-curves) (see [53]
and [45]). The bisector of a circle or a straight line and a PH-curve is rational
(see [51]). The curve-curve bisector is an algebraic curve which, very often, is
of very high degree (see [15]) so that the trimming becomes highly problematic,
and impracticable. Thus, many ways of approximation have been proposed by
researchers for the representation of the bisector curve (see [26] and [15]). Related to
the bisector of two plane curves, we present in this paper the following methods:

1. A new algorithmic approach for computing the algebraic parametrization (ratio-
nal or not rational) for the untrimmed bisector of two planar curves by using
Cramer’s rule and an elimination step. We analyze in detail the application of the
algorithm to determine a parametrization of the bisector of two curves when one
of them is a circle or a straight line.

2. A new automatic approach for geometric and numerical characterization of
planar point-curve and curve-curve true bisector by using dynamic color in
GeoGebra,' a dynamic mathematics software. The approach consists in scanning
and displaying, in a specific chosen color, the geometric locus of the true bisector.
Like the algorithmic method introduced by Shou et al. [59] for computing the
bisector of a point and a plane algebraic curve, this approach does not need a
trimming process. Furthermore, this approach allows to collect the coordinates
of many points on the true bisector, up to a tiny error.

Bisector of Two Surfaces

In the case of two rational surfaces, most of the known methods for computing the
exact description of the bisector are devised only for those bisectors possessing
rational parametrizations. Various approaches are appropriately used for very
special cases to determine a rational representation for the bisector (see for example
[13]). In other cases, symmetry considerations reduce the bisector computation to
the following cases: point-line, point-surface, or curve-surface [16, 17], where the
bisector is a rational surface. Similarly to the case of curves, if the considered
surfaces are PN-surfaces (for Pythagorean Normal-surfaces), i.e., surfaces with a
parametrization such that the norm of the normal vector is rational (see [53] and
[46]), the bisector is expected to be rational. Using Laguerre geometry, Martin

Thttp://geogebra.org
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Peternell [51,52] has shown the rationality of the bisector between: plane and PN-
surfaces, two PN-developable surfaces, two canal surfaces and some other cases.

In the case of non-rationality of the bisector, the exact description is scarce, the
implicit representation is of very high degree, and often, it is impractical to compute
it. Thus, B-spline and other kinds of approximation have been proposed (see for
instance [18]).

Our contribution for this case is a new approach, generalizing the method used in
the two planar curves case. It uses the so-called generalized Cramer’s rule (see [12]
and [11]) and suitable elimination steps, for computing an algebraic parametrization
(rational or non-rational) for the bisector surface of two low degree rational surfaces.
Some of the obtained results coincide with those mentioned above in the rational
case. The method is well-suited for approximation purposes, which is of special
interest in the non-rational case.

The new introduced approach allows to easily obtain parametrizations of
the plane-quadric, plane-torus, circular cylinder-quadric, circular cylinder-torus,
cylinder-cylinder, cylinder-cone and cone-cone bisectors, which are rational in
most cases. In the remaining cases, the parametrization involves square roots.

For the case of plane and quadric, or plane and torus, the implicit equation of
the (untrimmed) bisector can be easily computed, either from the equations defining
the bisector, or from the computed parametrization. The results we obtained for the
parametrization, as well as for the implicit equation, assuming that the quadric is
provided with its PN-parameterization (if possible), are summarized in Table 13.1.
They coincide with those proved, using a different approach, by Peternell [51]. Note
that the degree of the implicit equation of the untrimmed bisector is usually bigger
than the degree of the true bisector.

Table 13.1 The algebraic

. Max. degree of
representation of

. Plane-quadric/torus Parametrization | implicit eqn.

plane-quadric and plane-torus - - -

untrimmed bisectors Parabolic cylinder Rational 6
Circular cylinder Rational 4
Elliptic cylinder Non rational 8
Hyperbolic cylinder Non rational 8
Circular cone Rational 4
Elliptic cone Non rational 8
Sphere Rational 4
Ellipsoid Rational 12
Elliptic paraboloid Rational 10
Hyperbolic paraboloid Rational 10
Hyperboloid one-sheet Rational 12
Hyperboloid two-sheets | Rational 12

Torus Rational 8
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Voronoi Diagram of a Family of Parallel Half-Lines

The Voronoi diagram (VD) is a fundamental data structure in computational
geometry with many and very diverse applications in theoretical and practical areas,
such as proximity queries, high-clearance placements, motion planning problems,
classification problems, and many more (see [4, 27, 50] and [38]). For a given
discrete set of geometric objects (called sites) & = {s,...,s,} in a metric
space (£, d), the VD subdivides £ in regions (called cells), where each region
associated to one site s; consists of the points closer to the site s; than to any other
site in S, for the distance d. Generally, the VD can be defined as the Minimization
Diagram (MD) (a projection of the lower envelope) of a finite set of continuous
functions { f1, ..., fu}, where each function f; is defined as the distance function to
asite s; (see [8]). Different types of sites and distance functions have been proposed
for different kinds of applications, according to the context.

In the space R? the VD has been studied extensively, and its structure is
nowadays thoroughly well understood. Many robust and efficient algorithms have
been proposed by several authors such as [19, 20, 23, 34, 56]. However, in three
and higher dimension spaces, the VD has been much less studied, and many basic
problems are still wide open. Some recent works for linear, quadrics, and semi-
algebraic sites have been developed (see [4,7,31,37,38,40,42,50] and [22]).

In this paper, we consider the VD of a set of n parallel half-lines, {d;,...,d,},
oriented to the positive x—direction, i.e.:

di=0+ty,z2),t=0i=1...n, (13.3)

where x; # xi, and (y;,z1) # (Vk, %), VI # k, constrained to a compact domain
D, C R3 of the form:

Dy = [a1,, b1,] X [azy, bay] X [azy, b3, (13.4)

with respect to the Euclidean distance.

The VD of this new kind of sites, could be used to provide useful solu-
tions to some theoretical and practical problems in the drilling industry (mining,
offshore drilling, hydraulic, etc.), in particular for exploring drilling-deepwater
closest ground, well collision and identifying unplanned ground avoidance (see
[5,29,32,60-62] and [41]).

Two general classes of algorithms are available for computing VD: exact and
approximate. Some of the exact algorithms require the manipulation of an exact
representation of VD boundaries, dealing with high-degree curves and surfaces, and
their intersections, which lead very often to complex and very hard to implement
algorithms (see [57]). In order to overcome these difficulties, approximate algo-
rithms have been used often (see, for instance, [7]). We present a new approximate
algorithm to determine a meshing for the VD of the kind of sites we consider.
The method has three main parts. First, the subdivision of the initial domain D
into sub-domains (boxes) until the topology of the boundary of the VD in each



246 1. Adamou et al.

sub-domain is fully determined from its intersection with the boundary of the
box, or the size of the sub-domain is smaller than a constant threshold ¢ initially
fixed. Second, the meshing of the cell boundaries contained in each sub-domain.
Finally, the reconstruction of the VD cells. Thus, the correct topology of the result
is certified, with the possible exception of certain boxes of size smaller than ¢.
The representation of the output from the method for a family of four half-lines
is represented in the Figs. 13.11-13.15. The implementation of the method has not
been completed yet. The testing of the implemented subroutines produce accurate
results with good timing.

The rest of the paper is organized in three sections, where we explain the details
of the methods, state some general results, and give examples of the application
of the algorithms. Section 13.2 is on the parametrization of the bisector of two
curves, and the bisector of two surfaces. In Sect. 13.3 we describe the algorithm
for computing the Voronoi diagram of a family of parallel half-lines, and the last
section is devoted to conclusions.

13.2 Bisectors

This section is divided in three parts. First, we present the equations that characterize
the untrimmed bisector of two curves in the plane, and the method to solve them.
Second, we present the method for the graphical visualization and numerical data
computation of the true bisector of two planar curves, using GeoGebra. In the
last subsection, we present the algorithm for the parametrization of the untrimmed
bisector of two surfaces.

13.2.1 Parametrization of Curve-Curve and Point-Curve
Bisectors

Consider two plane rational curves (or a point and a curve). Starting from the
equations of the untrimmed bisector of the curves (see Definition 13.1), we will
present a method for computing its parametrization. We will analyze the special
cases in which one of the curves is either a straight line or a circle.

Equations of the Untrimmed Bisector Curve
Let s and r be two regular rational curves, and s(#) and r(¢) their parametrizations,

respectively. A point B = (X, Y) € R? is in the untrimmed bisector of the curves s
and r if it satisfies the following system of equations (see [36]):
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¢ The point B is in the normal lines of s and r, at s(x) and r(z), respectively:

((X.Y) —su).s'(w) = 0,

((X.¥) ~£(0). (1)) = 0. (13
where " and 1’ denote derivatives.
¢ The point B is at equal distance from s(u) and r(¢):
(X, Y),2(x(1) =) + [s@)]* = [[r(@)]* = 0. (13.6)
Equations (13.5) can be written in matrix form as follows
ABT =V, (13.7)

where

_ 5w s, V:[<s(u),s'(u)>}
v ©0) | r@). ) |

The Algorithm for Computing a Parametrization of the Untrimmed
Bisector

Our goal is to compute a parametrization of the untrimmed bisector of the curves s
and r in terms of one parameter, either u or ¢. Our approach consists in:

* First, solve the system (13.7) for B in terms of u,#, using Cramer’s rule, and
substitute B(u, ) in (13.6), to obtain the equation:

F(u,t) = (B(u, 1),2(r(t) — sw)) + [s@)|* — [r(®)]> = 0. (13.8)

e Then, if possible, express one of the parameters, say u in terms of 7, from

Eq. (13.8). More precisely, if F(u,t) is a product of linear expressions in #, one

can easily express u in terms of 7. Since there might be more than one solution
according to the degree of F(u,t) with respect to u, we get

u; =I/l,'(l), i=1,...,m.

¢ Finally, substitute u by u;(¢) in B(u,t), for each solution, and obtain the
parametrization of the untrimmed bisector of the form:

bi (1) = B(u; (1), 1) = [xi (1), yi (O],

where x; (¢), y; () are in general non-rational.
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Remark 13.1 Although the parametrization we obtain is not rational in general, we
may apply the trimming method of Farouki and Johnstone [24], which is based
in finding critical points (self-intersections, cusps, etc.) of the untrimmed bisector,
and identifying the intervals that must be trimmed. From the parametrization of
the bisector obtained with our method, we can compute the critical points for this
purpose.

We apply our algorithm, to parametrize the bisector of two rational curves, in the
particular cases where one of the curves is either a line or a circle.

1. Line-curve bisector: Assume s is a line and r is a regular rational curve, with
the respective parametrizations

s() = (@ru+ P, ou+pz) and r@) = (a(r), b()). (13.9)

Applying the algorithm to this particular case we get the following
result. The theorem follows from straightforward computation. Moreover,
we obtain a closed form expression of the parametrizations in terms of
a1, B1, a2, B2,a(t),b(t),a’(t), and b'(¢). For full details see [1], Section 2.2.3.

Theorem 13.1 Let s and r be as in (13.9), and let o(t) = +/d'(1)* + V' ()* be

the norm of the speed vector of the curve r.

(a) The equation F(u,t) = 0 is quadratic in u, and its discriminant with respect
to u is non-negative. Therefore there exist two components by and by for the
untrimmed bisector parametrization, which might contain a square root of a
non-negative polynomial expression (originating from o).

(b) If the curve r is a PH-curve, the untrimmed bisector parametrization is
rational. Furthermore, if the norm of the speed vector of the line s,

Is' @l = y/ai + a3

is not a rational number, then the parametrizations by, by of the
untrimmed bisector are rational expressions with coefficients in the field

@[m}-

2. Circle-curve bisector: Assume s is a circle of radius d, and r is a regular rational
curve, with the respective parametrizations

S(u) = ( 2du  d(—u)

T+ 1+2 ) and r(t) = (a(r). b(1)). (13.10)

If we apply the method to this case, Eq. 13.8 takes the form

F(u,1) = (1+12)° Fo(u,1) =0,
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where

Fo(u,t) = —du®b'(t) + a(t)*b' (t)u® — 24’ (t)a(t)du® — 2 b (1)b(t)d u®
—b'()b(t)*u® —2d' (t)a(t)b(t)u* — 2 b(t)*ud (t)
+2ud ()a(t)? + 2d%ud (t) + 4ub' (t)b(t)a(t) + d*b'(t)
=2b'(0)b(t)d + 24’ (t)a(®)b(t) —2a’ (t)a(t)d
—a(t)’b'(t) + b’ (1)b(1)’,

is quadratic in u. Therefore, we get the following result.

Theorem 13.2 Let s be a circle and r a rational plane curve, with the

parametrizations (13.10). Let o (t) = 4/ d' (t)* + b/ (1), be the norm of the speed

vector of 1.

(a) The discriminant of the equation F(u,t) = 0, with respect to u is non-
negative. Therefore, there exist two components by and by of the untrimmed
bisector parametrization, which might contain a square root of a non-
negative polynomial expression (originating from o).

(b) If the curve r is a PH-curve, the untrimmed bisector parametrization is
rational.

Proof The theorem follows directly by completing the computations, and a
closed form expression of the parametrizations is obtained. See [1], Section 2.2.4,
for full details.

Remark 13.2 The definition of untrimmed bisector is invariant under Mdbius
transformations. If we have a bisector parametrization B of two objects Oy, O, and
a Mobius transformation M, then M (B) will be a parametrization of the bisector
of M(O;) and M(O,). This implies, in particular, that Theorem 13.2 follows
from Theorem 13.1, because given a circle and a straight line, there is a Mobius
transformation that maps the circle onto the line. This provides an alternative
method for producing certain parametrizations.

A similar reasoning can be applied in tridimensional space to relate, using
Mbobius transformations, sphere-surface bisectors with plane-surface bisectors.

Example 13.2.1 Let

s(u) 2u 1= 0\ ) = (20 -2, 21 (2 1)
u) = an = — RN — s
1+ 1+ "33

be the parametrizations of a circle and a PH-cubic, respectively. The norms of the
respective speed vectors of s and r are given by:

os(u) = uzi-l and o(t) = 2f(1+3t)
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Applying the algorithm to s(u) and r(t) we have:

4u(—2«/§+6«/§t2+51—2t3—3t5)
B(u,t) = V3 —=3/312 — 3u? + 3 /3122 — 12 tu i
20 (—24u+5-20> =31 =50 + 201 4+ 3u’1%)
V3 =3312 — V3u? + 331202 — 12 1u

F(u,t) = —? (> +1)° Fo(u, 1) =0,

where
Fo(u,1) = (6t4u + 4/383u — 133/3tu + 3u + 61 — 4/383 — 1131 — 21)
(—6r*u+ 4~/3%u + 533m + 15u+ 61* + 4+/3* = 1931 +9)..
The two expressions of u in terms of t are given by:

61*+ 43> —193t +9
—614+ 433 +5/3t +15°
—61* + 4313 + 11 /3t +21
614 +4+/33-13/3t +3

u(t) = —

uy(t) =

and the untrimmed bisector parametrization is given by:

bi(1) = B(ui (1), 1), ba(r) = B(uz(t). 7).

The true bisector has two branches, one is given by the restriction of the
component by to the interval [—0.8331, —0.0697] and the other by the restriction
of the component b, to the interval [1.16838,3.1916).

The two curves, the untrimmed and the trimmed bisectors are shown in the
Figs. 13.1 and 13.2.

13.2.2 Geometric and Numerical Characterization
Jor the Bisector using GeoGebra Dynamic Color

GeoGebra is a free software program (http://www.geogebra.org), that combines
Dynamic Geometry with the algebraic equations of the geometric objects (points,
lines, conics, etc.) represented. It gives simultaneously three representations of
the same mathematical object: geometric (graphical), algebraic and as cell of a
spreadsheet; any change in one of the representations produces, in a dynamic
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Fig. 13.1 The curves (green
and red) and the untrimmed
bisector (blue) of

Example 13.2.1

-4 4

Fig. 13.2 The curves (green %
and red) and the trimmed

bisector (blue) of

Example 13.2.1 64

way, the corresponding change in the other representations. Using color models
[30,49], the GeoGebra automatic scanning method for an unknown geometric locus
is applied for solving the problem of the true bisector of two planar geometric
objects (curve, point) O; and O,. Furthermore, the method allows the numerical
collection of coordinates of a sample of true bisector points, up to a very small fixed
error €. The work of this subsection has been done by the first author in collaboration
with R. Losada.

A color model (for example, RGB) is a specification of a three dimensional
coordinate system where each color is represented by a single point. The scanner
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consists in a sweeping vertical line, with a dense sample of n points on each
vertical line. The scanner line is automatically animated at the touch of a button,
proceeding in a horizontal pixel displacement and sweeping a domain containing
the two geometric objects. As a result of the process, each sampled point in the
screen will acquire a different color, depending on its coordinates. A good example
of application of color to the study of a geometric problem is presented in [44].

1. Geometric characterization of the true bisector curve
In order to use the scanning process, it is sufficient to know the condition that
each point B of the bisector locus must obey, i.e:

D(B) = d(B, 01) — d(B, 0). (13.11)

For the distances from each scanner point to O; and O, the GeoGebra command
used is:

Distance [< point >, < object >],

which computes the minimal distance from a point to an object, as required in
the bisector definition (13.1).

Using the RGB model, the three dynamic color fields (Red, Green, Blue)
associated to each point B will be given the value

exp(=|D(B)]).,

which normalizes any value of (13.11) to the interval (0, 1], such that, if D(B) is
0, the resulting RGB value will be (1, 1, 1) (i.e., white color), wherein the closer
of the pure white for the lower absolute value of D(B). Thus, the true bisector
curve is geometrically characterized in white color.

Example 13.2.2 (a) Let
Ci(t) = (1% 1°) and Cy(t) = (1> +5.1),

be the respective parametrizations of a cubic and a parabola curves. Forn =
290 the geometric characterization of their true bisector curve is presented
in Fig. 13.3.

(b) Let

Ci(n) = (u3 + 5, uz) and P = (10, —1),

be respectively the parametrization of a cubic curve and a fixed point. For
n = 290 the geometric characterization of their true bisector curve is
presented in Fig. 13.4.

2. Numerical characterization of the true bisector curve
Let O, and O, be two planar geometric objects, and let ¢ be a small enough
fixed constant. During the scanning process of the true bisector locus of O; and
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Fig. 13.3 The geometric
characterization of the true
bisector from

Example 13.2.2(a) in white
color

Fig. 13.4 The geometric
characterization of the true
bisector from

Example 13.2.2(b) in white
color

0,, the coordinates of each scanned point B; verifying

d(B;, 01) —d(B;, 0y)| <, (13.12)

are stored in a list and their traces are plotted. When the error is very little, we
obtain a small list of the coordinates of the scanned points (see the example
below).

Example 13.2.3 Let

21—t 2t )

1
Cl(t)=(ztz—5,t) and Cz(t)=( 1+22 1122

be respectively the parametrizations of a parabola and an ellipse. As a result of
the scanning process with GeoGebra, we get the following:

(a) For n = 400 and ¢ = 0.005, we obtain a list of the coordinates of 134
points, whose traces are plotted in Fig. 13.5,
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Fig. 13.5 The trace of the
true bisector points in black
for n = 400 and ¢ = 0.005

Fig. 13.6 The trace of the
true bisector points in black
for n = 400 and ¢ = 0.0025

(b) For n = 400 and ¢ = 0.0025, we obtain a list of the coordinates of 71
points, whose traces are plotted in Fig. 13.6,

(c¢) Forn = 400 and ¢ = 0.0005 we obtain a list of the coordinates of 38 points,
whose traces are plotted in Fig. 13.7.

13.2.3 The Bisector Surface of Two Low Degree Rational
Surfaces

Generalizing the method of Sect. 13.2.1 we present an algorithm to compute the
untrimmed bisector surface of two rational surfaces (see Definition 13.1). We start
by giving the equations which characterize the bisector.
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Fig. 13.7 The trace of the
true bisector points in black
for n = 400 and ¢ = 0.0005

Equations of the Untrimmed Bisector Surface

Let S| and S, be two regular rational surfaces, and S;(s,?) and S,(u,v) their
parametrizations, respectively. A point B = (X Y, Z ) € R? is in the bisector of
the surfaces S| and S, if it satisfies the following system of equations (see [36]):

e The point B is in the normal lines of S; and S, at S;(s,¢) and Sy(u,v),
respectively:

(X,Y,Z) —Si(s,1),0,S1(s, 1))
((X’ Y’ Z) - S](S,t), atsl(s’t))
)
)

)

0
0

’ 13.13
0 ( )
0

((X,Y,Z)—S2(u,v), 0,5:(u, v)
((Xv Ys Z) - Sz(l/t, V)v avSZ(uv V)

’

* The point B is at equal distance from S; (s, #) and S,(u, v):
(XY, Z),2(82(u,v) = Si(s,1))) + [S1(s, )] = [S2(, v)[|> = 0. (13.14)

Equations (13.13) can be written in matrix form as follows

AB” =R, (13.15)
where
asslx assly asslz (Sl’ assl)
A= 8tslx 8tsly atslz R = (Sl, atsl)
auSZX auSZy auSZZ ’ (SZ, auSZ)
avSZX avSZy avSZz (SZ, avSZ)
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The Algorithm for Computing the Bisector Parametrization

Our goal is to compute a parametrization of the bisector of S} and S, in terms of two
parameters chosen from u, v, s and ¢. If for some values of the parameters u, v, s, t,
the linear system (13.15) of unknown B admits a solution, then rank(|A,R|) < 3,
and thus det(|A, R|) = 0.

Our approach consists in:

* First solve the system (13.15) for B in terms of u, v, 5,7, by using the Moore-
Penrose generalized inverse of A, AT (see [11]):

AT = —a 'AT [AATY !+ a (AAT 2 + L @i 1]
where a; and k are such that
det(wl, — AAT) = aow" + aw" ' + ...+ a,_ 1w+ a,.

with ¢y = 1; (k # 0 is the largest index such that ay # 0) or (k = 0 and
A = 0). Thus

BT (u,v,s,1) = A'R.
Substituting B(u, v, s, t) in (13.14) we obtain the equation:
F(u,v,5,1) = (B,2(S2(u,v) =Si(5, 1)) +IS1 (5, DIP = [S2(, »)IP. (13.16)
* Then, eliminate two of the four parameters u, v, s and ¢ from
Gu,v,s,t) =det(|A,R]) =0, F(u,v,s,t) =0, (13.17)

as follows:

— First, if possible, express one of the parameters, say ¢, in terms of u, v and s
from

G(u,v,s,t) =0.
More precisely, if G(u, v, s,t) is a polynomial linear (or a factor of k linear
expressions) in 7, one can easily express ¢ in terms of u, v and s, namely t =
t(u,v,s) (ort; =t(u,v,s),j =1,...,k), and substitute in

F(u,v,s,t) =0

to obtain

Fo(u,v,s) = F(u,v,t(u,v,s)) =0,
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— Then, in the same way, if possible, express s in terms of «# and v from
Fo(u,v,s) =0.

There might be more than one solution for s according to the degree of
Fo(u,v,s) in s, we get

si =si(u,v),i =1,...,m;

* Finally, substitute successively ¢ by 7 (u, v, ), and for each solution, s by s; (u, v),
in B(u, v, s, t). We obtain the untrimmed bisector parametrization of the form:

x; (u,v)
B;(u,v) = B’ v, si(u,v), t(u,v,si(m,v)) = | yvi(u,v) |,
Zi (“v V)

where x; (u,v), y; (u,v), z; (4, v) are in general non-rational.

Using this algorithm, we can deal with the specific cases of plane-quadric, plane-
torus, circular cylinder-non developable quadric, circular cylinder-torus, cylinder-
cylinder, cylinder-cone and cone-cone bisectors.

Remark 13.3 In general, the rationality of the bisector parameterizations B; (u, v)
depend on the rationality of the norm of the normal vectors of the two surfaces,
o1(s,t) = ||0,S1 x 9, 81| and 02(u, v) = [|0,S2 X 9,,S2||. Since o7 and o, could be
rational functions with non-rational coefficients, i.e.

361,80, € Q, 01 € Q[81](s, 1), 02 € Q[82](u, v),

then the bisector parameterizations B; (i, v) could also be rational with non rational
coefficients. More precisely if o1 € Q[8;](s,¢) and 0, € Q[62](u,v), then B; €
QI[81 - 2] (u, v).

We apply the method to compute the bisector of a plane and a quadric, or a plane
and a torus.

1. Plane and quadric/torus

Let
s+ Bt +n Sx(u,v)
P(s,t) = | aos + B2t +y> | and S(u,v) = | S,(u,v) |, (13.18)
a3 s + ,331 + 3 S, (u,v)

be the respective parametrizations of a plane and a quadric or a torus. Since A
does not depend on s and 7, and R is linear in s and ¢, then G(u, v, s, t) is linear
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in s and ¢, and F(u,v,s,t) is quadratic in s and ¢. Applying the algorithm, we
have the following theorem.

Theorem 13.3 Consider a plane and a quadric surface or a torus, with the
parametrizations (13.18). Let o, = ||0,P x 0,P| and o, (u,v) = ||0,S x 9,8]].

(a) There exist two components of the parametrization for the untrimmed
bisector B;(u,v),i = 1,2, that might contain a square root of a non-
negative expression (originating from o).

(b) If os(u,v) is rational, then the untrimmed bisector parametrizations
B;(u,v),i = 1,2, are rational. Furthermore, if o, € Q and o, € Q[8](u,v),
then Bi € Qo + 8](u, v) (see Example 13.2.4).

Proof From G(u,v,s,t) = 0 we get s = s(u, v, t) and substitute in the equation
F(u,v,s,t) = 0to get

Fo(u,v,t) = F(u,v,s(u,v,t),t) = a)otz +wit +w, =0, (13.19)

where wy, w1, w; depend on «;, B; y; 9,S, 9,8, S. After some computations,
the discriminant of Eq. (13.19) is

A = 4[((T, (3;P x 3, P))) . (9P x (0, x 3, P)). (3,8 x ,8))]”
cri asz(u, v) =0

where

Sx_yl
I = [Sy _V2i|v op = [|0;P x 9,P| and o5(u,v) = [|0,S x 3,S]].
S:—vs

Thus Eq. (13.19) has two solutions:
w; — VA —w1 4+ VA

t(u,v) = — o , bu,v) = o
with
VA=2 [({(I, (3s P <0, P))).{(3; P x (05 P x 0, P)), (3,8 x3,8))|| 0 0 (u, V).

Substitute first s by s(u, v, ), and then ¢ by #;(u,v) and #;(u, v), in B(u, v, s, t).
Thus, the two components of the parametrization of the bisector are

Bi(u,v) = B(u,v,s(u,v,t1),t) and By(u,v) = B(u,v,s(u,v, 1), 12).
Since

|({I". (35 > 0, P))) ({(3; P x (35 x 9,P)), (8,8 % 0,8)))|
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is a rational expression, and the norm of the normal vector 5, = ||0,Px d,P| is a
constant, then the parametrization of the bisector is rational if o, (u, v) is rational.
In addition, if the constant 0, ¢ Q and if o, (u, v) € Q[§](u, v), for a certain § &
Q, then the parametrization of the bisector is rational, i.e., B; € Q[o,.8](u, v).

O

Since all quadric surfaces are PN, except the non-circular cylinder or cone, we
deduce the following corollary.

Corollary 13.1 The bisector of a plane and a PN-surface is rational. In
particular the bisectors of a plane and all quadric surfaces, except non-circular-
cylinders and non-circular-cones, and the bisector of a plane and a torus, are
rational.

Example 13.2.4 Consider a plane and a circular cone, respectively
parametrized by

2uyv
s 14+ u?
P(s,t) = t and S(u,v)= |V (1 - Mz)
Tt +s) ur+1
v

Note that the cone axis is oblique to the plane. The norms of the normal vectors
are

o, = @ ZQ and o, = ;—ﬁ € QV2)(u, v).

Applying the algorithm we obtain the two components of the untrimmed bisector
parametrization:

2uv(2 fu —5u? —/22u+6 u+/2. +l) ]
+12u2+9ut—4u3—8u
B (M V) _ v(2«/7u4—5u4—\/ u +6u3—«/ u2+6u2+\/ 2u—6u—a/2. —1)
e 121740 4w 8y
v(Z«/ 22u* +13u* — /2203 =213 +3/220% 4+ 200% — /22u—10u+T7++/22)

3+12u24+9ut—4ud—8u -

2uv(2 /221245 u?— N/ 22u—6 u++/22—1) 7]
3+12u2+9u4—4u3—8u
Bz(u V)= —v(2fu4+5u4—«/7u —6u —fu —6u? +fu+6u—«/ +l)
’ +1212+9ul— 47 —8u
—v(2+/22u*—13u —fu +2 13 +34/220> 200 — /22u~+10u— 7+@

341202 +9u* —4u3 —8u

The two surfaces and the bisector are shown in Fig. 13.8.
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Fig. 13.8 Bisector of cone
and oblique plane

2. Circular cylinder and non developable quadric/torus

Let
2rs
1 +52 S (u,v)
C(s.t)=| r(1—=s°) | and S(u,v) = Sy(u,v) |,
1+ 52 S.(u,v)
t

be the respective parametrizations of a circular cylinder and a quadric or a torus.
Note that in this case

G(u,v,s,t) =det(|A,R]) =0
is linear in ¢ and quadratic in s. More precisely
G@u,v,s,t) = Oy(t) (s> = 1)+ O1(t) s = 0, (13.20)
where

Oo(t) = —2a(3,Sy 3,S- — 0,S: 0,8,)1 — 2a(3,S, S- 9,S- — 0,Sy Sy 3,
—3,S, S, 3,S. + 0,5, S, 0,Sy),

O1(1) = —2a(—2 0,8, 3,S: + 2 3,S. 0,81 — 2a(2 0,8y Sy 3,5,
—20,8, Sy 9uSy + 2 0,8, S 0,5 — 28,5 5. 9,,5-).

We distinguish two cases:

(a) The surface S is a surface of revolution, sharing the same axis with the
cylinder C.
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(b) The surface S is not of revolution or it does not share the same axis with the
cylinder C.

The Surface S Is a Surface of Revolution, Sharing the Same Axis with
the Cylinder C

If we parametrize the surface of revolution by

AW) 175
S(u,v) = ,4(u)livv2 , A, B € R(u),

B(u)

we get, using G(u, v, s,t) =0,

14+v
1—v’

1—v
Sl(V) = m, SZ(V) = —

In both cases F; (u,v,t) = F(u,v, s;(v), t) is quadratic in ¢. Therefore we obtain
the following result. The complete proof can be found in [1], Section 3.4.

Theorem 13.4 Consider a cylinder C and a surface of revolution S sharing the
same axis with C. Let os(u,v) = |0,S x 0,S|| be the norm of the normal vector
of S.

(a) There exist four components of the parameterization for the untrimmed
bisector B; (u,v),i = 1,2,3,4, that might contain a square root of a non-
negative expression (originating from o).

(b) If oy is rational, then the bisector parametrizations B; (u,v),i = 1,2,3,4
are rational. Furthermore, if o; € Q[8](u,Vv), then B; € Q[b8](u,v),i =
1,2,3,4.

Since the norm of the normal vector of all quadrics of revolution and tori is
rational, we have:

Corollary 13.2 The bisector of a circular-cylinder and a quadric of revolution
or a torus sharing the same axis is rational.

The Surface S Is Not of Revolution or It Is Not Sharing the Same Axis
with the Cylinder C

In this case, after finding ¢ = #(u, v, s) from Eq. (13.20), it can be inferred, after
some cumbersome calculations, that

F(u,v,s,t(u,v,s)) = fi(u,v,o5,s) fr(u,v,0y,s)
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where fi(u,v,0y,s) and f>(u,v, oy, s) are quadratic in s.

Theorem 13.5 Let C be a circular cylinder and S a torus or a quadric which
is not of revolution, or it does not have the same axis of revolution as C. Let
os(u,v) = |0, x 0,S|| be the norm of the normal vector of S. Then, there are
Sfour components of the parameterization for the untrimmed bisector B; (u,v),i =
1,2,3, 4, that in general contain a square root.

The proof of this theorem may be found in [1], Section 3.4.
Example 13.2.5 Let

2s 2u
m+4 1+u‘%+v2
C(s,t) = t and S(u,v) = T+ 212
- 21— u? —V?)
N Trast

be a circular cylinder and an ellipsoid, respectively. Note that the ellipsoid is not

of revolution.
The four components of the bisector parametrization are given by:

-2 u(4 (si (1+u2+v2))2—4+3 5 (u2—1+v2))
(142 4v?) (52 =2 us; > 4+2 u+s;v>—s; )

V(51 (1612=6u+1612+16)) 1415 5; (12~14+) )
(1+u2+v2) (s,' u?—2us;242 u+s,~v2—s,')
((si (P=142)) 1) (2043 u+2+4212)
(1+u2+v2) (s,' u?—2us;242 u+s,~v2—s,')

Bi(u,v) =

1 =1,2,3,4, where

s _art+bio+n s __az+bzcr+r1 s a3+ bo+n
e 16¢ P 16¢ P 16¢ ’
as + bso + 1,
4= e rn=va+pio, rn=you+po,

0= Vit + 1412 + 2122 + 6212 + 1 + 14,

and a;, b;, c,u;, B; € Rlu,v, o] are of very large size.
The good component of the bisector (the set of points at equal distance from
C and S) is shown in Fig. 13.9.
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Fig. 13.9 Bisector of
cylinder and ellipsoid

‘—

We will now show the results of applying the algorithm to parametrize the
bisector of cylinders and cones.

Cylinder-Cylinder, Cylinder-Cone, or Cone-Cone Bisector

A cylindrical surface (or simply, cylinder) has a parametrization of the form

fi (S)+k]t
C(s,t)= | fo(s)+ kot |,
f3(s) + kst

where f1, f>, f3, are rational functions, and k1, k», k3, are real constants. A conical
surface (or simply, cone) has a parametrization of the form

. vgr(u)
Clu,v) = | vz (u)
v g3 (u)

where g1, g2, g3, are rational functions.
Applying the algorithm to compute the bisector of a cylinder and a cone, we get

G@,v,s,t) =vGy(u,v,s,t),
where Go(u,v,s,t) is linear in the parameters ¢ and v. We obtain the following

result, whose proof can be found in [1], Section 3.5.

Theorem 13.6 Suppose S| and S, are respectively a cylinder and a cone. Let
o1(s,t) = 0,81 x 9;S1]| and o2(u,v) = 0,82 x 9,85, be the norms of the
respective normal vector of S| and S,. Then

1. There exist two components of the parametrization for the untrimmed bisector
B;(s,u),i = 1,2, that might contain a square root of a non-negative expression
(originating from o and 0,).
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2. If o1 and 0, are rational, then the parametrization B; (s, u),i = 1,2, is rational.

Furthermore if o1 € Q[81](s, 1), 02 € Q[62](u, v), then B; € Q[&; - 62](s, u).
Example 13.2.6 Let

u
242 u2+%
Ci(s,t) = t and Cy(u,v)=| 1—u
Ky Lt2+1

1%

be a parabolic cylinder and an elliptic cylinder, respectively. The norms of the
respective normal vectors are

VIEZ + 1+
01(s,t) = V1 +4s% and or(u,v) = (Lg;l)ju
u- +

The two components of the untrimmed bisector parametrization are given by:
B u(=16u(12+1) (1+45?) (s2+2) +1412+1+u*+4R)
(u2 +8su— 1) —u?+8su+ 1) (u2+ 1)
(12—1) (—4u(u?41) (1+45%) (s24+2) =20 (= 142452 ) +u* 4+ 1+ R)
- (u2+8su—l)(—u2+8su+l)(u2+l) ’
s(=(24+1) (@ +1) (54252 +9u?(6—45%) ) +2u(141>+1+u*) +8uR)
- (u2+8m—1)(—u2+8su+l)(u2+l)

Bl(u,s) =

u(16u(i?+1) (1+452) (s2+2) +u*—14u>—~1+4 R)
N w2 +8su—1) (=2 +8 su+1) (12 +1
(2=1) (4u(2+1) (1+45%) (s2+2) =2 u?+48 52> —u*—1+R)
(u2+8 Su—l)(—u2+8m+l)(u2+l) ’
s(@241) (2u*s2+5u* +32 5212 +54u>—32 52 +5) +8 uR
(u2+8 su—l) (—M2+8 su+ 1)(u2+ 1)

BZ(“v S) =

with R = (s?u® + 5% + 2u> + 2 —u) /(1412 + 1 + u*) (1 + 452). See Fig. 13.10
for a plot of one component of the bisector.

Remark 13.4 This approach can be applied in the same way to deal with the case
of two cylinders or two cones.

13.3 Voronoi Diagram of Parallel Half-Lines Constrained
to Compact Domain D, c R3

Let {d,...,d,} be a family of n parallel half-lines and D, a compact domain of
R3, defined, respectively, by (13.3) and (13.4). We are interested in computing the
Voronoi diagram of {d}, ..., d,} constrained to Dy, with respect to the Euclidean
distance.
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Fig. 13.10 Bisector of elliptic and parabolic cylinder

The Euclidean distance between a point Q = (x, y,z) of R and a site d; is given
by:

d s Vi) s Vis<i .f iy
8i(x,y,7) = { 4@ 2D (a3 z)) ifx < (13.21)
d((yaZ)a(J’hZi)) lfxle‘,

where d(-,-) denotes the Euclidean distance. The VD of {di,...,d,} may be
obtained as a minimization diagram (see [8, 14] and [58]), namely

VD(d,...,dy) = MD(8,...,8), (13.22)
and the Voronoi cell associated to a site d; is
Vor(di) = {Q € Dy : &(0) <§,(0).j = 1...n}.
Furthermore, since d(Q,d;) < d(Q, d) if and only if d*(Q,d;) < d*(Q, dy),
VD(d,,...,d,) = MD(g1,...,g).
where

d ((x,y,2), (xi, i,z if x < x;,
0i(x, y.2) = ((x,»,2), (xi, yi,2)) (13.23)

dz((y,z),(J’i,Zi)) ifx?xi,

Note that g; is a piecewise polynomial expression in x, y, and z.
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13.3.1 Bisectors, Trisectors and Quadrisectors of Sites

Let us present an algebraic description of the boundary components of a VD cell.

1. Bisector of two sites: Let d; and d;, x; < x; be two sites with their respective
associated distance functions g; and g;. Let A; = (x;, yi,2z:), A; = (x;,¥;,2)),
and ¢;, £; be their respective endpoints and supporting lines.

The bisector surface of d; and d, is the equidistant surface from the two sites.
It determines, locally, a VD face and it is defined by

bij={(x,y,2) € R3: bij(x,y,z) =0},
where

bij(x,y.2) = gi(x,y,2) —gj(x,y.2). (13.24)

The possible ambiguity in the notation will be clarified from the context.
Expanding Eq. (13.24), we obtain:

pij(x)+4i (v, 2) ifx <ux,
bij(x,y.2) = 1qi;(x) +4i;(y.2) ifx <x<xj, (13.25)
G (y,2) ifx = x;.

where

pij(x) = 2x(x; —x;) +x7 —sz», (13.26)

gi.j (x) = (x — x;)7, (13.27)
Gi(r2) =2y, —yi)+yit =yt +2z2z —z) + 7t —z;% (13.28)

Thus, the bisector surface consists of three connected pieces of surfaces:

* One half plane (for x < x;): contained in the bisector-plane of the two
endpoints A; and A4;;

* One half parabolic-cylinder piece (for x; < x < x;): supported by the
bisector-surface of the endpoint A ; and the supporting line ¢; (since x; < x;);

* One half plane (for x = x;): contained in the bisector-plane of the two
supporting lines £; and ¢;.

2. Trisector of three sites: Let d;, d; and di, x; < x; < x, be three sites with
their respective distance functions g;, g; and gi. Let A; = (x;,y:,2), A; =
(xj.¥j.2j)s Ak = (Xk, Yr.zx), and ¢;, £;, £, be their respective endpoints and
supporting lines.

The trisector of the three sites d;,d; and dj is the equidistant curve from
the three sites. It determines, locally, a VD edge and it is given by the common
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intersection of the three (3 = (3)) bisectors spanned by three sites (2 by 2):

Tk =1(x, 9,20 €R 1 b j(x,9,2) = b (x,9,2) = b x(x,y,2) = O}
(13.29)

Any equidistant portion of curve from more than three sites will be called
a degenerate edge portion. This can happen, for example, if there are more
than three neighbouring parallel half-lines which intersect a circle in the plane
Oyz (see Figs. 13.16 and 13.17). The trisector 7; ; x consists of four connected
components of planar rational curves, and it is parametrized as follows:

T
[x ap1tai1x 1121+a3,1x:|

, if x < x;,
4] [&0]

agataiaxtarpx?  azptagsx+asox? .
X, — 0,2 1i0 22 , 32 4.@() 5,2 1fxi§x<xj,

7;,j,k (x) =

o , o if x; <x < xg,

[x ap3+aizx+az3x? u3.3+a4.3x+u5.3x2:|T

x, o4 ‘”“] if x = xx,

’ o co

(13.30)

where: cp,a; s are constant expressions depending on X;, y;,zi, Y;,2j.%),
Xk Yk, Zk- The four components of the trisector are:

* One half-line (for x < x;) supported by the trisector line (the intersection of
three bisector-planes) of the corresponding endpoints 4;, A; and A,

* A piece of half-parabola (for x; < x < x;) supported by the intersection
of the bisector-plane of the endpoints A; and Ay, a parabolic-cylinder (the
bisector of A; and ¢;) and a parabolic-cylinder (the bisector of A, and ¢;),

* A piece of half-parabola (for x; < x < x;) supported by the intersection of
the bisector-plane of £; and {;, a parabolic-cylinder (the bisector of A; and
{;) and a parabolic-cylinder (the bisector of A and £),

* One half-line parallel to the x—direction (for x = x;) supported by the tri-
sector line (the intersection of the three bisector-planes) of the corresponding
lines £;, £; and .

Note that although each piece is a planar curve, they are not contained in the
same plane.

3. Quadrisector of four sites: The quadrisector is the equidistant point from four
sites d;, d;j,dy, and d,. It determines the VD vertex and it is defined by the

common point of four (4 = (;1)) trisectors spanned by the four sites (3 by 3):
Qijkt = Tiju VT ju O Tigwe 0Tk (13.31)

Any equidistant point from more than four sites is called a degenerate vertex.

Let us introduce some definitions and the regularity criteria for the topology of
algebraic curves and surfaces introduced by L. Alberti and B. Mourrain [2] and
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Liang et al. [43], which can be applied to compute the topology of the trisector
curves and the bisector surfaces in a compact domain.

Definition 13.2 Let {g;,...,g,} be a family of distance functions associated to
a family of sites {dj,...,d,} and a compact domain D = [a;, b;] X [az, by] X
las, b3].

1. A distance g;, is said to be active in D if it contributes, locally, to the lower
envelope of the family of distance functions {g;, ..., g,},

i.e. :min(g;, ) < min{max(g; ),i =1...,n},

and the site dj, is said to be act ive in the domain D.
2. For a domain D C R3, we call d-list a list of distance functions restricted to D,
denoted by B(D) = {g1/p»---+Epp}» 50 | B(D)| = p.

Definition 13.3 ([2,43]) An algebraic curve C (or surface 8S) is said to be z-regular
in a compact domain D if its topology is uniquely determined from its intersection
with the boundary of D.

A domain D is said to be z-regular if the bisectors and trisectors within it are
t-regular.

Definition 13.4 A d-list B(D) is said to be b-regular if the corresponding bisectors
and trisectors are ¢-regular in D.

Since in our context we are interested in computing the topology of VD faces
(bisectors), edges (trisectors) and vertices (quadrisectors) in a domain D, any d -
list with more than four distance functions is not b-regular, whence the b-regularity
will be effectively checked for a d-list containing at most four distance functions as
follows:

1. A d-list B(D) with one active distance function g;,,, (D does not contain a VD
cell,i.e. D C Vor(d;)) is trivially b-regular.

2. A d-list B(D) with two active distance functions g;,, and g;_ (D might
intersect one bisector surface) is b-regular if the bisector b; ; is t -regular
in the domain D.

3. A d-list B(D) with three active distance functions g; ., g, and gx ,, (D might
intersect three bisectors and one trisector) is b-regular if:

(a) Each one of the three bisectors b; ;, b; x and b x, separately, is t -regular
in D;
(b) The trisector curve 7; jx is t -regularin D.
4. A d-list B(D) with four active distance functions g;,,, &j,5, & and g,
(thus, D might intersect six bisectors, four trisectors and one quadrisector) is
b-regular if:

(a) Each one of the six bisectors b,,,, m < n € {i, j, k,l}, separately, is
t-regularin D,
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(b) Each one of the four trisectors 7, ,, m < n < p € {i, j, k, [}, separately,
is t-regular in D, and
(c) The corresponding quadrisector point Q; ; «; is contained in D.

In the next section, we describe the main steps of the algorithm for computing
the VD.

13.3.2 The Algorithm

The approach consists of two main parts: the subdivision phase of the initial domain
Dy, and the reconstruction phase of polyhedra isotopic to the VD cells constrained
to Dy:

¢ During the subdivision phase, the initial domain D, will be subdivided into sub-
domains which are ¢-regular or have size smaller than €. If Dy is not ¢-regular,
it is divided in two sub-domains by a mediator plane which is perpendicular to
one of the directions of the coordinate system. This process is repeated with
each sub-domain, and so on, following a kd-tree structure (see [6]), until all
sub-domains are ¢-regular or have size smaller than €. The sub-domains that
intersect VD cells will be identified and connected following an adjacency graph.
In the subdivision phase, floating-point computations are done using interval
arithmetic, a well known technique to reduce accumulated rounding errors (see
[3,9,47]). In interval arithmetic the real numbers are represented by intervals
whose endpoints are floating-point numbers. Interval arithmetic has been used
often in Computational Geometry and CAGD to design robust algorithms (see
[48, 54]). For example, a combination of a subdivision method and interval
arithmetic has been applied in [33] to the computation of arrangements.

* The reconstitution phase consists in traversing the adjacency graph using a depth-
first search (DFS) algorithm (see [10,21,28,39,55] and [35]), while meshing all
bisector surfaces and trisector curves in each traversed sub-domain.

Subdivision Phase
Let Dy = [ay, b1] X [az, by] X [asz, b3] be the initial domain, the n sites dy, ... d,,
and a threshold ¢ > 0.

1. The process begin by computing the initial d -list
B(Dy) := {gllvo, . .,gnlvo}

carrying the distance functions associated to the 7 sites.
2. Then we initialize:

* A stack P by the d-list B(Dy) and
* The adjacency graph G by the empty graph.
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3. The principal step starts with a loop by taking a d-list B(D) from the stack P.
Using interval arithmetic, the distance functions are bounded on the sub-domain
D,ie.,

mp < g, < ML,i=1,...,|B(D)|.

All distance functions which are not active in D are filtered out, i.e., all distances
8ig,, verifying

mi = min{M5,i =1,...,|B(D)|},
will be eliminated from the d-list B(D):

B(D) := B(D)\{&iy,, }-

The resulting d-list, which contains only the active distances, will be tested for
regularity:

o Ifthe d-list B(D) is b-regular or if the threshold size on the sub-domain is
reached (i.e.: |D| = max;<;<3(|b; —a;|) < ¢), then a list of the corresponding
bisectors and trisectors will be computed:

Bbi‘Y(D) = 7;’1"]( = bi,j ﬂbi’k ﬂbj’k,b,',j,l' < ] <ke {1,..., |B(D)|} s

and it will be placed in the graph G.

* FElse, the domain D will be subdivided in two sub-domains D; and D, by a
mediator plane which is perpendicular to the direction of the longest edge of
D. The adjacency graph G will be updated by replacing the d-list B(D) by
the two new corresponding d -lists B(D;) and B(D;), by adding an adjacency
edge between them, and connecting them with their neighbour d -lists. Finally,
they are stored in the stack P.

The process continues until the stack P is empty.

However, the d-lists encountered when the threshold size is reached might span
degenerate VD edges and/or degenerate VD vertices. Indeed, this could happen if all
involved bisectors (and/or trisector) have some common intersection curve portion
(resp. and/or point) in the corresponding sub-domain.

At the end of the process, we obtain an adjacency graph in which the d-lists of
bisectors and trisectors are the nodes (or vertices) and the adjacencies (between lists)
are the edges. These nodes (lists BY*(D)) could span: (1) one bisector, (2) three
bisectors and one trisector, (3) six bisectors, four trisectors and one quadrisector, or
eventually (4) degenerate VD edges and degenerate VD vertices, in the domain D.
The adjacency graph will serve for the traversal path during the next phase.



13 Bisectors and Voronoi Diagram of a Family of Parallel Half-Lines 271

Reconstruction Phase

This part of the method consists in the reconstruction of the VD cells, by traversing
and meshing all lists B”(D) sorted in the adjacency graph G.

e The traversal of the lists will be realized by applying a DFS algorithm (see [28]
and [35]). The DFS algorithm is a way of traversing a graph or tree G, starting
at one specific node and going through all nodes exactly once. The algorithm is
successively applied to each sub-graph G, i of the adjacency graph G, where G,
is the sub-graph of all lists containing the bisector b; x:

Gix ={B"(D) € G: by € B"(D)}.

¢ The meshing process of a list consists in constructing a polyhedron whose
topology is isotopic to the parts of the bisectors and trisectors that compose
the VD faces and VD edges, respectively, in the corresponding domain. Their
topology is determined from their intersection points with the boundary of the
domain (see the Figs. 13.11-13.15).

We introduce the following definition.

Definition 13.5 A site d,, is said to be involved in alist BY*(D), if there exists
g €{1,...,|B(D)|} such that b, , € B"*(D).

An approximation of the boundary of the VD cell associated to a site d;, VD][i], will
be reconstructed by traversing and meshing all lists in which the site is involved. All
open VD cells will be completed by a piece of the boundary 9D, such that the
reconstruction will be constrained to Dy.

The process of the reconstruction starts from a list B”*(D) (a node) of G, which
has not been traversed. The boundary of VDJi], will be obtained as follows:

Fig. 13.11 Cell associated to d;
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Fig. 13.12 Cell associated to d;

AAd

Fig. 13.13 Cell associated to d

1. For all sites d; involved in BYS(D), j # i, follow the sub-graph G; ; of all lists
that contain the bisector b; , starting from BY*(D) by DFS(G; ;, BY*(D)), and
mesh the bisectors and trisectors of all traversed lists.

2. If, during the traversal, we reach a list B”*(D); that contains a VD edge T; ;
then the site d; will be substituted by a site d;,, ji 7 i and continue the traversal
with the sub-graph G; ;, C G, of all lists that contain the bisector b; j, starting
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Fig. 13.14 Cell associated to d4

Fig. 13.15 VD cell four site d;, d,, d; and d,4

from BY*(D), by: DFS(G; j,, B"*(D);), and mesh the bisectors and trisectors
of all traversed lists, as before.
3. The process continues until reaching the initial list B”** (D) for the second time.

The VD cell VDJi] is therefore covered. We repeat the same process for all sites.
At the end we obtain a polyhedral approximation of each VD cell, which is isotopic
to the VD cell in the domain D,.



274 1. Adamou et al.

Remark 13.5 (a) The approximate VD computed is topologically equivalent to the
exact VD on each sub-domain D such that |D| = &, or when |D| < ¢ and the
corresponding list B? (D) contains only one VD edge or only one VD vertex.
In other cases the topology is unknown.

(b) The same process for computing the topology of VD faces and VD edges in the
regular case can be used in the case of degenerate VD edges and degenerate VD
vertices.

The implementation of the algorithm is being developed, but has not been completed
yet. Some subroutines has been tested with satisfactory results. To illustrate the
approach, we present a prototype example with four sites, using Maple software
and GeoGebra 3D.

Example 13.3.1 Letd, = (—5+1,3,-2), d, = (-3+¢t,—4,4),d; = (3+1,4,3)
and dy = (t,0,0) be four half-lines and the domain Dy = [—10, 10] x [-6, 6] x
[—6, 10].

The example requires the computation of about 45 intersection points (bisector
surface and trisector curve with the border of sub-domains), and building and
connecting about 65 triangles. The meshed VD cells of {d,, d», ds, d,} constrained
to Dy are separately shown in the Figs. 13.11-13.14, and the four VD cells are
simultaneously presented in Fig. 13.15.

Remark 13.6 Suppose we have five parallel half-lines, which intersect a circle C in
the plane (Oyz). Then we obtain a portion of degenerate VD edge as announced
in the trisector definition 2. More precisely, using the notation in Eq. 13.3, let
di, d», ds, d4, ds be parallel half-lines, which intersect C, such that x; < x; < x3 <
X4 < xs. In this situation, we obtain a portion of degenerate VD edge: a half-line
with endpoint A, whose first coordinate is equal to x5, parallel to the given d;, and
passing through the center of C (see Fig. 13.16). For x < x5 the edge bifurcates in
five branches of curve, all starting from A. Each branch consists of two pieces of

Ay

k Ay
i
Ay
]

Fig. 13.16 The portion of degenerate edge (equidistant from the five half-lines) in green
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Fig. 13.17 The five branches of VD edge (for x < xs) started at end point A of the portion of
degenerate VD edge (for x = xs)

half-parabola and one half-line (see Fig. 13.17). The algorithm we present can deal
easily with this case.

Conclusion

We presented new approaches for computing an exact algebraic parametri-
zation of a planar curve-curve bisector and two low degree rational surfaces
bisector, and an automatic geometric and numerical characterization of the
planar point-curve and curve-curve bisector. In addition, we presented a new
algorithm for computing a Voronoi diagram of a set of parallel half-lines in
tri-dimensional space, constrained to a compact domain.

1. For the algebraic parametrization of bisectors, in most cases involving two
low degree planar rational curves or rational surfaces, the new methods
proposed produce, efficiently, an exact parametrization of the bisector. This
includes line-conic/cubic, circle-conic/cubic, circle-curve, plane-quadric,
plane-torus, circular cylinder-quadric, circular cylinder-torus, cylinder-
cylinder, cylinder-cone, and cone-cone bisectors.

(continued)
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Even if the parameterization obtained is not rational in general, we get a
representation that can be used easily for approximation purposes and for
the trimming process in the planar case.

2. For an automatic geometric and numerical characterization for the planar
point-curve and curve-curve true bisector, using color model RGB in
GeoGebra, the true bisector points are scanned and displayed in white
color. Although the method does not provide an algebraic representation,
it allows the collection of the coordinates of a dense set of bisector points,
up to a fixed small error, that can be used to compute the approximate
representation of the bisector. It should be noted that the approach is similar
to that introduced by Shou et al. [59], but much more advantageous by
obtaining an effective list of coordinates points of the true bisector, not
only for the point-curve case, but also for the curve-curve case.

3. For the VD, based on subdivision process and meshing algebraic curve and
surface in a compact domain, we presented a new algorithmic approach
for computing an approximative VD of new kind of sites, the parallel half-
lines, constrained to a compact domain Dy C R3, and with respect to the
Euclidean distance. Unlike some approximative algorithms, the algorithm
we presented computes an approximation of the VD, which is topologi-
cally equivalent to the exact one, for all sub-domains D with |D| = ¢, and
when |D| < ¢ and the corresponding list B%*(D) contains only one VD
edge or only one VD vertex. In other cases, an advanced method have to
be developed for guarantying correct topology of the VD. The approach
could be applied for a compact domain of any metric space, in which, the
distance function is transformable in a polynomial expression. We plan
to implement our algorithm in a programming language for an effective
analysis of the approach. In the future, we plan to extend the approach to
the case of non-Euclidean distance and non parallel half-lines, which could
be a more complicated problem.

Acknowledgements The authors want to thank the reviewers for the appropriate suggestions that
have helped to improve the paper.
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Chapter 14
Generating an Approximate Trivariate Spline
Representation for Contractible Domains

Thien T. Nguyen

14.1 Introduction

A volume parameterization is a vector function that maps points in a three dimen-
sional domain (physical domain) to points in a suitable domain (parameter domain),
usually a cube, cylinder, sphere or PolyCube [21], a solid formed by joining
several cubes face-to-face. Conversely, a parametric solid model is represented by
a mapping from a parameter domain to the physical space. Therefore, once we
know the parameterization mapping, we can construct the parametric model by
approximating the inverse of the parameterization mapping. In order to build a
valid (non-self-overlapping) model, the parametric mapping must be one-to-one.
The parameterization mapping must therefore also be bijective on its image.

In this paper, we describe an algorithm to convert a contractible domain in R3,
defined by its closed triangular mesh boundary, to a valid parametric trivariate B-
spline model. The main goal is an application in isogeometric analysis, the new
numerical scheme that provides the possibility of integrating finite element analysis
into conventional NURBS-based CAD design tools [11]. So, our work is motivated
by the fact that isogeometric analysis requires solid models represented by trivariate
splines, while CAD systems usually only provide information on the boundary, i.e.,
mappings from the parametric domains to the boundary of the models [2].
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14.1.1 Related Work

Surface parameterization is mainly related to the problem of parameterizing trian-
gulated surfaces. It has gained a lot of research interest in the past decades due to
the advent of laser range scan technology which provided high-resolution models of
physical objects with millions to billions of sample points. Basically, a good surface
parameterization usually minimizes distortion in either angles or areas in some
sense. An excellent review of many important methods as well as the fundamental
theory is presented in the tutorial by Hormann et al. [10].

While many successes are achieved in the field of surface parameterization,
there are only few works on volume parameterization and its theoretical guarantee
for bijectivity is far from adequate. Several key limitations have been pointed out
in [13] which prevent existing methods from being used in real applications. We
mention here some of them which are related to the theoretical background of this
paper. Martin et al. [17] proposed a parameterization method for a generalized
cylinder-type volume defined by a tetrahedral mesh. This method is based on
discrete harmonic functions and can be used for generating trivariate B-spline
models for isogeometric analysis. Because the parameter domain is a cylinder,
the parametrization is singular along the axis or the axis-like curve. The authors
improved their algorithm in [16] to deal with this drawback. Aigner et al. [1] used
least squares with several penalty terms corresponding to particular features of the
shape to build a spline approximation for swept volumes. Such volumes include
many free-form shapes in CAD system, like blades or propellers. Li et al. [13, 14]
solved harmonic equations by the fundamental solution method to find a mapping
between volumes with the same topology. This method is a bit slow and the results
seem to depend on the fine-tuning of certain parameters and source points. In our
method, we also use a meshless method to find a mapping, but based on the web-
splines method [9]. Xia et al. [23] presented an idea to parameterize objects with
handles to polycubes. In this method, two harmonic fields are first computed for
both a 3-dimensional object and a corresponding polycube. Then by tracing integral
curves generated by the harmonic fields, a parameterization is constructed. The
authors proved the bijectivity of the mapping by its construction.

Volume parameterization is also an attractive approach for all-hex meshing where
a volumetric mapping is exploited to transfer hex-mesh from a parameter domain
to the input model. Gregson et al. present a method to compute PolyCube maps in
[8]. CubeCover is another method for computing a volumetric map using a guiding
frame-field [19]. Recently, Zhang and her co-authors have published a method to
generate volumetric T-spline based on solving a harmonic field and PolyCube maps
[15,22].
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14.1.2 Overview of Our Framework

Our framework consists of four steps.

- Step 1 (Surface segmentation and parameterization). The (triangular mesh)
boundary 942 is subdivided into six patches I;,i = 0,...,5, with the connec-
tivity of the facets of the unit cube. Then each patch is parameterized in order to
obtain data for the next steps. Each two incident patches are C° matched at their
sharing edge.

- Step 2. We find a mapping

f: 2-][0,1p
pe f() = (fi(p). @), /()"

by minimizing a sequence of harmonic mappings, i.e., we find f}, then use f; to
find £, and so on.

- Step 3. We modify the mapping f such that it is compatible to the surface
parameterization found in Step 1. The modified mapping keeps all important
properties from f, i.e., it is bijective.

- Step 4. Find the B-spline mapping x : [0,1]> — R such that x ~ f~! by
least-squares approximation.

Step 3 is the main new contribution in addition to the preliminary conference
version [18]. In the next sections, we describe our framework step by step in detail.

14.2 Surface Segmentation and Parameterization

For a domain §2 defined as the interior of a closed triangular mesh, we would like
to subdivide the boundary 052 into six patches I;,i = 0,...,5, as illustrated in
Fig. 14.1. We use the method from [3]. In this method, users are allowed to choose
some triangles as seeds for each patch. We use the L>! metric as in the paper. Each
triangle is associated to a cost to a particular seed. We construct a queue and use
a region growing technique to obtain a segmentation result. The segmentation is
topologically equivalent to the unit cube, i.e., each face has exactly four incident
faces. After a segmentation of the boundary is generated, we parameterize each
patch to obtain the mapping from the boundary of £2 to the boundary of the
unit cube. We use the mean value coordinate method by Floater [7] for mesh
parameterization. Then we may approximate each patch by its spline representation
and consider these parametric surfaces as the boundary of §2. In order to make
C° continuity between each two adjacent patches, the control points on the shared
edge are made coincident. Figure 14.1 shows six parametric patches in the spline
approximation of the boundary mesh patches. We use the configuration of the
boundary surfaces as illustrated in Fig.14.2. For i = 0,...,5, we denote by
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a b c d
Fig. 14.1 Surface segmentation and parameterization. (a) Surface segmentation. (b) I, I'}. (c)

[, I5.(d) Iy, Is
v I /
7. //

=

I

Fig. 14.2 Parameterization configuration of the boundary surfaces

vi : I} — [0, 1]? the parameterization mapping of the patch I'; and x; : [0, 1]*> — I}
the parametric representation for each boundary surface, which is an approximation
of L.

14.3 Mapping Defined by Sequences of Harmonic Maps

Once we obtain the suitable partition of the boundary into six patches and
parameterization mappings, we proceed to Step 2. As described above, we are going
to find the coordinate functions successively, i.e., we first find fi, then use f; to find
f> and finally find f3 by using information from fj and f,. In the following, we
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denote by Aaq and Vo the Laplace-Beltrami operator and the tangential gradient
operator on a particular manifold M C R3.

14.3.1 The First Coordinate Function f;

The function f; is designed as a critical point of the following harmonic energy

Ei(f) =/ IV f1l]*dvol’ (£2), (14.1)
2
subject to the boundary conditions

Sil, =0, filn, =1

and

Si=i)aonl;,i=2,345.

Figure 14.3aillustrates the boundary conditions that f; must satisfy. So, the value
of f} is O on the bottom surface, 1 on the top surface and increases gradually from
0 to 1 following the parametric curves on the remaining surface patches. Once f] is
found, its level sets could be considered foliage layers piled up from the bottom to
the top of the object, as shown in Fig. 14.3b. We denote by

Fig. 14.3 The first coordinate function. (a) Boundary conditions. (b) The resulting level sets
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Li(z) =1{p: fi(p) = u},z1 €[0,1],

the zi-level set of f;. Because f| is a harmonic map from §2 to [0, 1], we see that
L(z1) is contractible for each z; € [0, 1] by the maximum principle.

14.3.2 The Second Coordinate Function f;

Once f; is found, we consider a single level set L;(z1) for a particular z; € [0, 1].
We find f; as a critical point of the following harmonic energy

ExGi. f3) = / 11900 fol PAvol2(Ly (21)). (142)

Li(z1)

subject to the boundary conditions

f2|FzﬂL1(Zl) =0, f2|F3ﬂL1(21) =1

and

fo=(ron i NLiGzy).i =4.5.

Figure 14.4 illustrates the problem of f, in more detail. So, we see in this figure,
the tangential gradient of f; on the level set L;(z;) at a certain point is the projection
of the gradient of f, onto the tangent plane at that point of L;(z1). On L;(z1), the
value f> is 0 at the blue boundary curve, 1 at the red boundary curve and increases
from O to 1 on the two remaining curves. Once the problem (14.2) is solved, an

Vfi

Fig. 14.4 The second
coordinate function
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intersection of a level set of f, and the surface L(z;) is a single arc, as depicted on
Fig. 14.4. Indeed, if we denote by

Lio(z1.22) = {p: fi(p) = z1. o(p) = 22}. (z1.22) € [0, 1]

the z,-level set of f; on Li(z;), then Li>(z1,22) is contractible for each (z1,z3) €
[0, 1]? by the maximum principle because f; is a harmonic map from the manifold
Li(z;) to [0, 1].

14.3.3 The Third Coordinate Function f3

Following the same strategy, we consider a single level set L,(z;, z») for a particular
(z1.22) € [0, 1]? and find ;3 as a critical point of the following harmonic energy

Es(zi, 22, f3) = / IV L1z S3lPdvol (L2 (21, 22)) (14.3)

Liz(z1.22)

subject to the boundary conditions

f3|F4ﬂL12(z1,zz) = 07 f3|FsﬂL12(Z1,Zz) =1.

Figure 14.5 illustrates the problem of f3 in more detail. So, we see in this figure,
the tangential gradient of f3 on the level set Li»(z;1,22) at a certain point is the
projection of the gradient of f3 onto the tangent line at that point of L3(z;,22)- A
tangent vector at that point can be calculated by the cross product of the gradient
of f} and the gradient of f>,1i.e. V fi X V f,. On Li5(z1, z2), the value of f3is 0 at
the blue point and 1 at the red point. Because f3 is a harmonic mapping from the

Fig. 14.5 The third
coordinate function
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manifold (in this case, it is a curve) L13(z1, 22) to [0, 1], f3 is an increasing function
on this curve. Thus, if we denote by

Lin(zi.22.23) = {p: fi(P) =21, o(p) = 22. /5(P) = 3}, (21. 22, 23) € [0, 1]

the z3-level set of f3 in Li2(z1,22), then Li»3(z1,22,23) is contractible for each
(z1,22,73) € [0, 1]3 by the maximum principle. Therefore L53(z1, z2,23) contains
only a single point, i.e., f = (fi. f2, f3)T is bijective. The following theorem
summarizes the discussion above.

Theorem 14.1 If f1, f> and f; are the solutions of (14.1)—~(14.3), respectively, then
the mapping f = (f1, fo, /3)T from 2 to [0, 1]? is bijective.

Now we turn our attention to the boundary conditions of (14.1)-(14.3). There is
nothing special in (14.1) where the boundary conditions are applied to every point on
the boundary of £2. But in (14.2), if we can solve every problem for each z; € [0, 1],
then the boundary conditions are applied only to four patches which are I, I3, I';
and I5. There are no boundary conditions on two patches Iy and I7. In fact, we
create a new parameterization for I and Iy because L(0) = Iy and Li(1) = I7.
If Iy and I} have their own parameterizations yy and yy, then f; = (y;)1,i = 1,2,
if and only if (y;); is also a critical point of the harmonic energy E»(z;, f2). This
is due to the uniqueness property of harmonic mappings. Fortunately, because we
use the mean value coordinate method to compute the parameterization of I and
I, the parameterizations satisfy Laplace’s equations. Therefore, the function f; is
compatible with the parameterization of the boundary of the domain 2.

A similar observation happens in the problem (14.3). There are no boundary
conditions on the four patches Iy = L12(0,22), I'1 = L12(1,22), I3 = L12(z1,0)
and I3 = Li»(1, z2). We create new parameterizations on these patches. Basically,
f3 is an arc-length parameterization scaled to [0, 1] with respect to each curve
L12(z1.22). (z1.22) € [0,1]*. The function (y;), on each patch I},i = 0,...,3
is equal to f3 if and only if (y;), is also a critical point of the harmonic energy
E5(z1, 22, f3) on the iso-parametric curves in the v-direction of that patch where the
parameterization function (y;); must be identical to the coordinate function f,.

To overcome the drawbacks as discussed above, we use a reparameterization
technique to modify the function f3 such that the modified function is compatible
with the parameterization mapping on each boundary patch. We discuss in the next
section more details of these modifications.

14.3.4 Numerical Implementation

To solve the problems (14.1)-(14.3), we use a method similar to the web-splines
method [9]. More precisely, we find an approximate solution f ~ f =
(f1, f>. f3)T in the finite dimensional space spanned by B-splines. For finding an
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approximate solution f;, we write

fi= Y Nix(@Ny()Nez@c 40 =1.2.3
(i.j.k)eT

Biji (x.y.2)
where cf’ ik are real coefficients for [ = 1,2, 3. The basis functions N;, N ; and
Ny are B-splines of degree dj, d, and d3 with respect to knot sequences X, Y
and Z which are determined by the projections of the axis-aligned bounding box
B of §2 to the corresponding axis. In our implementation, we use uniform knot
vectors in the x, y and z-direction and consider only those tensor-product basis
functions whose supports overlap the domain. In order to determine the relevant
basis functions, we compute a characteristic function y of the domain £2 by an
approximate implicitization algorithm, such as [12] or [5]. So, the boundary of the
domain 2 is represented by the zero level set of an auxiliary function ¢.

Now with the penalty method to enforce the boundary conditions, the prob-
lem (14.1) is written as

MG o+ [ I AIP - min

Cijk

where A is a large weight, e.g., 103 and fip is the function defined by Dirichlet
boundary conditions of f on the boundary of £2. The above minimization problem is
quadratic with respect to cl.lj «» SO it leads to solving a linear system. We transform the
integral over domain £2 to the integral over the whole space by using the computed
characteristic function as follows

/IIVf1II2=/ AV AP
2 R3

In order to avoid a linear system with high condition number when the supports of
basis functions have only a small intersections with the domain, we set the value of
1 to 1 on £2 where the value of ¢ is negative and to a small value, e.g. 1073, outside
§2 where the value of ¢ is positive. We evaluate the integral by Gauss quadrature.
The boundary integral term is evaluated by taking a weighted sum of finitely many
points.

Once fl is obtained, we proceed to solve the problem for f;. It is much more
difficult because f; is the critical point of harmonic energy on every level set of f].
By means of minimizing simultaneously the harmonic energy for all level sets of f;
contained in §2, we integrate from O to 1 and use the co-area formula [6] to obtain

1
[ (/ ||VL1<Zl)fz||2)dzl=/ V000 £IPIV Al
0 Li(z1) Q2
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The intrinsic gradient Vi, () f> is nothing else but the projection of the usual
gradient onto the tangent space, see Fig. 14.4. We have

Vfi-Vh

VL1(11)f2 = PVflva =Vf— VH-VAh

VA

Then by using the similar technique to the problem of finding fl, we arrive to the
quadratic minimization problem with respect to the coefficients c,z ik Solving a
sparse linear system gives us the solution.

Once fl and fz are obtained, we proceed to solve the problem for f3. Analogous
to the problem of finding f;, we minimize the harmonic energy of f3 on every
manifold which is the intersection of a level set of f; and a level set of f,. This
means that we integrate the harmonic energy on [0, 1]* and use the co-area formula.
This yields

/ (/ ||VL12(Zl,zz)f3||2) dzidzy = / ||VL12(11,zz)f3||2”Vf1 x sz”
[0,112 \J L12(z1.22) $2

The intrinsic gradient V; ,(, -,) f3. see Fig. 14.5, is calculated by

Vicaa s =Pvixvp V= (Vi-dt
where the tangential vector is computed by

Vlesz

t= ——-——.
[IVAix VAfll

Finally, similar to the problem of finding fl and f;, we have to solve a quadratic
minimization problem to obtain the coefficients c? ik

14.4 Boundary Parameterizations Preserving
by Reparameterization

First, we explain what is a reparameterization mapping for a parametric surface by
the following definition:

Definition 14.1 Let S := {s(.v) € R’ : (u,v) € D C R} be an
arbitrary parametric surface. The mapping R : D — D,D C R? is called a
reparameterization mapping if it satisfies

* R is bijective. . .
* R maps the boundary of D to the boundary of D or R(dD) = dD.
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After we obtain two coordinate functions f; and f;, we see that the parameter-
izations of Iy and [ are preserved. Moreover, the function f; also reproduces
the (y;)2 of I; with i = 2,3, and the function f, reproduces the (y;), of I;
with i = 0, 1. Then we have to modify f; by reparameterization functions in
order to preserve the parameterizations of I;,i = O0,...,3. For instance, we
know that (f3, f2) produces a parameterization for Iy and we want to have a
reparameterization R : [0, 1]> — [0, 1] such that R( f3, f>) matches the original
parameterization yy of the boundary patch Iy. More precisely, if p € Iy, we
have R(f3(p). o) = (ro(/3(P). £2()). f2(p)). Here the second coordinate of
R is f> because f, reproduces the (yg), on I, and we only have to compute the
reparameterization function ry.

14.4.1 Designing Reparameterization Functions

We prove that the mapping f with modified f; is still bijective. In the proof, we
use another criterion of the bijectivity of a smooth mapping which is stated in the
following theorem

Theorem 14.2 ([24]) Suppose that f is a C' volumetric mapping from a compact
domain 2 C R" with a connected boundary to a topologically equivalent parameter
domain in R". If f is bijective on the boundary 082 and its Jacobian J ; = det|V f|
does not vanish on $2, then f is bijective.

The next theorem describes our reparameterization technique.

Theorem 14.3 Suppose that f = (f1, f>. )T solves the Egs. (14.1)~(14.3) and
J3 is modified in two steps as follows

ST =ro(fs YA = f1) + 1 fs ) fi (14.4)
LT =m0 = h) +r(f /) A (14.5)
where r; : [0, 1] — [0, 1] are the reparameterization functions on I';,i = 0, ..., 3.

Then the modified mapping f = (fi, fas f3++)T is bijective and preserves the
boundary parameterizations.

Proof 1t is easy to see that the mapping f = (f1. f>. f3) is bijective by the same
arguments as in the previous section. Without loss of generality, we assume that the
Jacobian of f is positive. Now we prove that ( f1, f>, f3++) actually preserves the
parameterizations of boundary surfaces.

First, it is observed that f3+ = ro(f3, f2) on Iy where fi = 0 and ]’3Jr =
ri(f3, f2) on Iy where fi = 1. Also, f3+Jr = rz(f3+,f2) on I, where f, = 0
and f3+Jr = ri3( f3+, f2) on I3 where f, = 1. Thus, ]’3Jr is compatible with the
parameterizations of Iy and I} and f3+Jr is compatible with the parameterizations
of I, and I'3. We show f3+Jr = ]’3Jr on [ and I7. Considering p € Iy N I3, we
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have fi(p) = 0, f;7(p) = (y2)2(p) and r2(f5" (p), /1(p)) = (y2)2(p). This means
that rp(u#,0) = u, Vu € [0, 1]. Analogously, we have r,(u, 1) = u, r3(u#,0) = u and
r3(u, 1) = u for all u € [0, 1]. Then, on [y i.e. f; = 0, we have rz(f3+, f1) = f3+
and r3(f57, fi) = f;1. Therefore, by (14.5) £;7+ = £F on I,. Similarly, £;7 =
fiFon 1.

It remains to be shown that ( f1, f2, f3++)T is bijective. That is, we will show the
Jacobian of ( f1, f2, 3++)T calculated by the triple product

VANVAVE T =(Vfix V) VAT

is larger than zero. To do this, we calculate the gradient of f3+ by

VA=V Ao U= f) +dni(f. f) 1)
+ VA0S )0 = ) + Do o)1)
+ VAr(fs. ) —ro( 3, f2)

Then we have

VA VLY L =V L.V f]

(Buro e ) = ) + 0uri (o ) 1) (14.6)
On I}, we know f; = 0 and [Vﬁ,sz,Vf3+] > 0, because (ﬁ,fz,f3+)T
produces exactly the parameterization of I and that parameterization is regular.
One deduces from (14.6) with J; = [V fi,V £,V f3] > 0 that d,ro(,v) >

0,V (u,v) € [0, 1]%. By similar arguments on I}, we have 9,71 (u,v) > 0,V (u,v) €
[0, 1. By (14.6), this yields

V£,V £, V£ >0, on .

Now, we calculate the gradient of f3++ and obtain, using similar arguments, the
following:

VAVA VA =IVAVAVET ] >0, ong2.
——
>0
14.4.2 Numerical Implementation

We describe here how to compute the reparameterization functions ro(u, v), r1(u, v)
in (14.4) and ry(u,v),r3(u,v) in (14.5). We use the well-known least squares



14  Generating an Approximate Trivariate Spline Representation for. . . 293

fitting methods. First, the reparameterization function r; is represented as a linear
combination of basis functions defined on [0, 1], i.e.

ri(u,v) = Za;B;‘.(u,v), i=0,....3

Jj=1

Next, we consider the problem of finding ry. By its definition, if we have a point
p € I, we wish ro( f3(p), /2(p)) = (¥0)1(p). For this reason, we formulate the
following least squares problem

n

Z (ro(]%(pk)’ S (Pi)) — (Vo)l(Pk))z + regularization terms — min

0

k=1 J

where the regularization terms can be defined as

1 1
W /0 [0 [(r0)2, + 200)2, + (ro)2,Jdudy

with a small weight w. The least squares problem leads to solving a linear system
to find a solution. The reparameterization function r; is found in the similar way.
Once ry and r; are found, we can compute f3+ by the formula (14.4). Then, we
apply again the least squares fitting techniques to find the next reparameterization
function r,. More precisely, we solve the following minimization problem

n 2
> (U5 00, 1) = (201 (0w)) + regularization terms — min
k=1 «j

with the sample points p; € I';. Solving a linear system gives us a solution. Finally,
the last reparameterization function r3 is found by the same techniques.

14.5 Spline Approximation

This is the last step in our framework, once we obtain a boundary-parameterization-
preserving mapping. So, we are going to find the mapping x ~ f~! in the tensor
product B-spline form as

ny ny n3

X v.w) =Y Y S NE@NY,0NY )d;

i=0 j=0k=0

= B(u,v,w) - D, (u,v,w) € [0, 1]3,
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where D = (d;;i)ijx is the vector of control points and B(u,v,w) =
(Bi jx(u,v,w));jr 1is the vector of basis functions. Here we denote by
Bijxu,v,w) = Ni%(u)Nx](v)N,Zy(w) the tensor product B-splines of degree
p.q and r defined on three given knot vectors U,V and W. Here, we have two
options. We can either use arbitrary basis functions as we want (usually defined
on uniform knot vector) or approximate boundary surface patches first by bivariate
B-splines then keep the boundary control points fixed during volume fitting process.
In the later case, the knot vectors of boundary surfaces should be compatible with
each other, if not we can use the knot insertion algorithm to make them compatible.
Now we formulate the problem of finding x as the following least squares problem

[ lixe £)@) = plFap + R~ min (147
Q
where Ry is the fairness term

Ry =w; / (X2 + x2 + x?)dudvdw + w2/ 2, +
(0.1 .11

X2, + X2+ 2x2 +2x%, 4 2x2, )dudvdw
and w; and w, are weights. For the later case described above, the boundary control
points are known and are identical to the control points of the boundary surfaces.
So, we only have to compute the inner control points. The characteristic function
x for £2 is used again to transform the integral over £ to the integral over R3. We
already computed y in the approximate implicitization step but now it is set to 0
outside §2. We have

/ X0 £)(p) — pl[dp = / lIxo £)() — plPx(P)dp
2 R3

We evaluate the integral by numerical quadrature, taking uniform grid of points on
the bounding box B of £2.

The least squares problem is a quadratic minimization problem with respect to
the unknowns (which are the inner control points for the latter case). Therefore, it is
relatively simple to find the solution by solving a sparse linear system.

14.6 Results

We summarize the implementation of our framework step by step. Then we show
results from our method applied to several models, including a screw driver, a
molecule and a femur.
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14.6.1 Putting Things Together

First, a contractible domain defined by its closed triangular mesh boundary is given.
Next, we have to do segmentation and parameterization to make the boundary 02
topology equivalent to [0, 1]>. Then, we find the bounding box of £2. It is the domain
for the web-splines method for computing the parameterization mapping. Next, we
generate the characteristic function for §2 by an approximate implicitization method.
Finally, the three variational problems for coordinate functions, reparameterization
and spline approximation as described above, are performed.

14.6.2 Examples

Our method is implemented in C++ and uses Gotools [20] for B-splines manipula-
tions. In addition, for solving the various arising sparse linear systems, we employ
the umfpack routine [4]. The results in this paper are visualized using Coin 3D
and Qr.

Example 1 The first model we use to test our method is the base of a screw driver
given in triangular mesh. Figure 14.6 summarizes our method step by step. In this
example, we approximate six boundary patches by uniform tensor-product quadratic
B-splines with 32 x 32 control points. So, the resulting trivariate splines are uniform
and quadratic with 32 x 32 x 32 control points. We use the same configuration in
the next two examples. In Fig. 14.6d, we see that the discrete Coons patch method
gives us a solution with self-overlapping. If we do the boundary parameterization
preserving step before finding x, we will get a result with preserving boundary like
Fig. 14.6f, otherwise we will get the object with a jagged boundary like Fig. 14.6e.
We observe that both results in (e) and (f) have non-self-overlapping grids inside the
object.

Example 2 Figure 14.7 shows the results from our method applied to a molecule
model. The boundary of this model is smooth. Therefore, vanishing Jacobians
are expected to happen around the common edges of boundary surfaces. Like the
previous example, boundary parameterization preserving give us a better result.

Example 3 The last example we want to show is the femur model as shown in
Fig. 14.8. This model is rather more complicated than those of the previous two
examples. It seems that if we work directly on the mesh model, i.e. the former case
in the spline approximation section, instead of using approximate bivariate spline
boundary patches, we will get a result with better approximation for the true model.
However, the grid inside seems to be more jagged.
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Fig. 14.6 The base of a screw driver model. (a) Triangular mesh. (b) Mesh segmentation.
(c) Surface parameterization and approximation. (d) Discrete Coons patch. (e) Non boundary
conforming. (f) Boundary conforming

a b

Fig. 14.7 The molecule model. (a) Triangular mesh. (b) Non boundary conforming. (¢) Boundary
conforming
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Fig. 14.8 The femur model. (a) Triangular mesh. (b) Directly on the mesh. (¢) Boundary
conforming

Conclusion

In this paper, we proposed a framework to compute a bijective mapping from a
domain defined by its boundary to the unit cube in R?. This mapping is defined
via a sequence of harmonic maps and modified by a reparameterization to
conform with the boundary parameterization. The final spline representation
for the domain was constructed as an approximation of the inverse of the
computed mapping. We also demonstrated that our method works efficiently
for some complicated domains.

In the future, we wish to improve the feature-aligned boundary segmenta-
tion. We also want to pull back the framework to a parameter space so that the
numerical computation could be performed more efficient. Last but not least,
we would like to develop a method for objects with handles.
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Chapter 15
Isogeometric Analysis of Navier-Stokes Flow
Using Locally Refinable B-Splines

Peter Nortoft and Tor Dokken

15.1 Introduction

In recent years, isogeometric analysis (IGA) has gained increasing interest as a
numerical method for solving engineering problems within fluid mechanics [7, 15].
This popularity may be attributed to its ability to model complex geometries exactly,
to approximate the flow fields with arbitrarily high degree of smoothness, and to
couple the geometric modeling and the flow analysis into one single framework.
At the very heart of the isogeometric paradigm is the unification of finite element
analysis (FEA) for solving the governing flow equations, and computer-aided design
(CAD) for modeling the geometry of the flow domain.

One of the early challenges of the isogeometric paradigm was the concept of
local refinement. To resolve the flow around some obstacle, say, a fine approximation
of the field is often required in the boundary layer close to the obstacle, whereas a
coarse approximation suffices in the far-field away from the obstacle. Here, efficient
local refinement is of paramount importance: a coarse representation of the entire
flow domain leaves the boundary layer unresolved, and the results are useless; a
fine representation of the entire flow domain yields a fatal blow-up in the number
of degrees of freedom, rendering the approach useless. This is sketched in Fig. 15.1.
Although well-established within FEA, efficient local refinement was initially
prohibited in IGA, primarily owing to the tensor-product structures inherited from
CAD, that only allowed for global refinements, or a “poor man’s” local refinement
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Fig. 15.1 Difference

between global (b) and local
(c) refinement of a region of
interest (Rol) inside a flow (Rol)

domain (a) —_

through patching. Several ways to achieve local refinement in an isogeometric
setting have been proposed since the birth of IGA, including in particular T-splines
[2,9,18], and hierarchical splines [14, 19].

In this work, we study a novel approach to local refinement in the context of fluid
mechanics, namely through the recently proposed locally refinable (LR) B-splines
[4,8,16]. We investigate two families of locally refined B-spline discretizations of
the flow variables for solving the mixed formulation of the stationary, incompress-
ible Navier-Stokes equations in 2 dimensions using IGA. These two LR B-spline
discretizations are motivated by recent results for ordinary tensor-product B-spline
discretizations of the flow variables [3, 5, 17]. Our focus here is primarily on how
to refine the flow discretizations, as dictated by a refinement strategy, and not on
whether or where to refine, as dictated by some error estimator. In the context of a
full-blown adaptive mesh refinement setup, of course, one needs to address all of
these issues.

The outline of the rest of the work is as follows. We start by introducing the
governing Navier-Stokes equation in Sect. 15.2, after which we introduce the LR B-
splines as refinable building blocks for solving it in Sect. 15.3. Then, in Sect. 15.4,
we briefly outline the general isogeometric framework, and in Sect.15.5 we
present the two flow discretizations. Numerical examples are presented in Sect. 15.6
with focus on the numerical stability, error convergence during refinements, and
benchmarking. Finally, we summarize our findings and outline future work.

15.2 Navier-Stokes Equation

We start by introducing the steady-state, incompressible Navier-Stokes equation.
This is the equation that governs the motion of fluids under sufficiently simple
conditions.
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Fig. 15.2 A fluid contained
in a flow domain

u velocity
p pressure

Re Reynolds number
f force

Q

We consider a fluid in a 2-dimensional domain §2 as depicted in Fig. 15.2. We
assume the fluid is isothermal, i.e., at constant temperature, incompressible, i.e., the
density is constant, and Newtonian, i.e., the stress and the strain rate are linearly
related through the viscosity, which is also assumed to be constant. Finally, we
assume that the flow is stationary, i.e., time-independent. The state of the fluid is
then given by the velocity and the pressure, and these are governed by the Navier-
Stokes and mass-continuity equations:

1
(u-V)u+Vp—§Au+f:0, (15.1a)
V.u=0. (15.1b)

Here u = (u, v) is the velocity, p is the pressure, and f are additional body forces
acting on the fluid, all in dimensionless form, while Re := pUL/u is the Reynolds
number, where p is the density, p is the viscosity, and U and L are characteristic
velocity and length scales of the problem, respectively. In somewhat loose terms,
Re is a measure of the degree of nonlinearity, and hence complexity, of the flow
problem. We will consider primarily laminar flows with Re < 2,000, as opposed to
turbulent flows with Re = 2,000.

These equations govern the flow in the interior of the domain §2, and they must
be augmented by suitable boundary conditions. Here, we consider so-called full
Dirichlet boundary conditions, along with a condition on the average pressure:

u=g on d52, (15.2a)

/ pdx = po. (15.2b)
2

15.3 Locally Refinable B-Splines

We now proceed to give a brief introduction to Locally Refinable (LR) B-splines.
First, the underlying B-splines are introduced, after which their LR extensions
are described in 2 dimensions. The intention is to give the reader an intuitive
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understanding of LR B-splines, and thereby pave the road for using them to solve
the Navier-Stokes equation in the next sections. For a more rigorous introduction to
LR B-splines, we refer to [8].

15.3.1 B-Splines

We start by recalling the definition of univariate B-splines. Given a polynomial
degree d > 0 and a non-decreasing sequence of d + 2 knots § = {n1,..., 0442}, a
univariate B-spline B[] : R — R is defined recursively through:

BIn(&) = f‘—’“B[m,...,ndH]@) LTS e esl®).

d+1—Mm Nd+2— N2
(15.3a)
starting with
1if g, <&E<m
Blni,ni+1)(§) = M =< (15.3b)
0 otherwise
fori = 1,...,d + 1, and where terms with zero denominator are defined to be

zero. A univariate B-spline is thus a piecewise polynomial function of degree d . Its
support is the interval [1)1, 74+2], and the continuity across a knot n; is d —m, where
m denotes the multiplicity of the knot »;.

Multivariate B-splines can be formed quite naturally through tensor-product
structures based on multiple univariate B-splines. In two parametric dimensions
we have the following: Given two polynomial degrees d; and two non-decreasing
sequences of d; + 2 knots ; = {n;1,...,Niq+2} fori = 1,2, a bivariate tensor-
product B-spline B[y;, ,] : R — R is given by:

Blny, n,](61,6) = B 1(61) Bn,](&). (15.4)

The support of a tensor-product B-spline is the rectangle [ni1,n1.4,+2] X
[72.1, M2.4,+2]. Figure 15.3 illustrates the construction of a bivariate tensor-
product B-spline from two univariate B-splines. In the example shown, the two
univariate B-splines that form the bivariate bi-quadratic tensor-product B-spline are
constructed from the polynomial degrees d; = d» = 2, and the knot vectors 5, =
{0,1/3,2/3,1} and , = {0,0,1/3,2/3}. The knot vectors #, and 5, are extracted
from two identical global knot vectors 7, = 3, = {0,0,0,1/3,2/3,1,1, 1}. Each
of these gives rise to 5 univariate B-splines, resulting in a total of 25 bivariate
B-splines.
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Fig. 15.3 Construction of a
bi-quadratic tensor-product
B-spline (grayscale surface)
from two univariate quadratic
B-splines (lines in bold) with
given knot vectors (colored
triangles)

15.3.2 LR Mesh

Locally refinable B-splines rest naturally on B-splines. They include the tensor-
product B-splines introduced above as a special case, but in addition provide a much
more “local” framework for multivariate B-splines. Before understanding the notion
of an LR B-spline, we must, however, understand the notion of an LR mesh.

Just like any tensor-product B-spline is formed on a tensor-product mesh, as
sketched in Fig. 15.3, any LR B-spline is formed on an LR mesh. A mesh holds
information about essentially two things: the location and the multiplicity of all
knots. For tensor-product B-splines, as defined in (15.4), the mesh is specified
simply through the two global knot vectors ; and 7,. As the LR mesh cannot
be defined by global knot vectors, it has to be defined by its N,, knotline segments
and their multiplicities. Each knotline segment is defined by a start point and an end
point. When the multiplicities of all knotline segments in a given mesh are all set to
1, we will refer to it as the grid.

An LR mesh is a special kind of a mesh. The life of an LR mesh has two different
stages:

1. The initial tensor-product construction
2. The subsequent local refinements

From the beginning, the LR mesh is constructed simply as a standard tensor-
product mesh. An example is shown in Fig. 15.4a. The global knot vectors are
n, =1, =1{0,0,0,1/52/5,3/5,4/5,1, 1, 1}. Using this tensor-product mesh as a
starting point, the mesh is then refined by subsequently inserting knotline segments
into it, such that the mesh remains a box-partition, i.e., consists of a collection of
quadrilaterals throughout each refinement. Let us assume that we want to refine the
highlighted box in Fig. 15.4a. First, Fig. 15.4b shows the result of a usual tensor-
product refinement, i.e., when inserting one vertical and one horizontal knotline



304 P. Ngrtoft and T. Dokken

Fig. 15.4 Three different meshes: the initial tensor-product mesh (a), a globally refined tensor-
product mesh (b), and a locally refined mesh (c¢). Multiplicities are three on the boundary and one
elsewhere

segments through the box of interest and letting these extend all the way to the
boundaries. This clearly identifies the problem with the tensor-product approach;
along with the actual box of interest, all boxes towards the boundaries are also
refined. The LR mesh, however, allows for much more local refinements. An
example is shown in Fig. 15.4c. Here, we have inserted two short knotline segments,
one vertical and one horizontal. As we shall see below, the knotline segments must
be specified in such a way that each of them splits an LR B-spline. This is part
of the reason why the knotline segments extend outside the highlighted box, and
why the neighboring boxes are still refined. For consistency with the notation in
different dimensions and settings, we usually refer to the knotline segments as mesh-
rectangles and to the boxes as elements. These are central ingredients of an LR
mesh.

15.3.3 LR B-Splines

With the LR mesh introduced, we now turn to the LR B-splines. An LR mesh
gives rise to a number of LR B-splines, just like a tensor-product mesh gives rise
to a number of tensor-product B-splines, cf. Fig. 15.3. By inserting local mesh-
rectangles into an LR mesh, we enrich the space of B-splines living on it, and this in
a much more local sense than by inserting global knots into a tensor-product mesh.

To illustrate this, let us return to the example from above, and assume that the
polynomial degrees are d; = d, = 2. Figure 15.5a sketches the B-splines on the
initial tensor-product mesh in Fig. 15.4a. To be more precise, the plot shows the
Greville abscissae of the B-splines, which for any B-spline is just the average of
the d; central knots {n;2,...,ni4+1} in each parameter direction i = 1,2, and
thus a condensed way of visualizing the functions. By making the tensor-product
refinements as in Fig. 15.4b, we end up with the B-splines sketched in Fig. 15.5b.
The global nature of the refinement is again evident, as B-splines appear also
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Fig. 15.5 Greville abscissae of all bi-quadratic B-splines on three different meshes: the initial
tensor-product mesh (a), a globally refined tensor-product mesh (b), and a locally refined mesh
(c). Multiplicities are three on the boundary and one elsewhere

away from the element of interest. On the other hand, by inserting the local mesh
rectangles as in Fig. 15.4c, we obtain the LR B-splines shown in Fig. 15.5¢. All
new LR B-splines appear in close proximity of the element of interest. We mention
in passing that, as the tensor-product meshes in Fig. 15.4a, b are indeed also LR
meshes, the tensor-product B-splines in Fig. 15.5a, b are also LR B-splines.

But how do the new LR B-splines in Fig. 15.5c actually come about from the LR
mesh in Fig. 15.4c? To answer this question, we consider Fig. 15.6. We first consider
the insertion of the vertical mesh-rectangle. Remembering that all the tensor-product
B-splines have support over 3 x 3 knot spans, we easily see that there are exactly
three B-splines for which the mesh-rectangle traverses their entire support in the
vertical direction, as indicated in Fig. 15.6a (left). These are the coarse functions
that are to be refined. The resulting functions after this first refinement are shown
in Fig. 15.6a (right). Note that each of the new LR B-splines has exactly the same
underlying knot structure as a standard tensor-product B-spline. Next, we consider
the insertion of the horizontal mesh-rectangle. Now, there are four LR B-splines
for which the mesh-rectangle traverses its entire support in the vertical direction,
as indicated in Fig. 15.6b (left). These are now the coarse functions that are to be
refined. The resulting functions after this second refinement are shown in Fig. 15.6b
(right). The order of insertion turns out to play no role. Thus, we may as well insert
the horizontal mesh-rectangle first, and then vertical afterward; the final outcome
will be the same.

LR B-splines possess many of the properties that standard tensor-product B-
splines do. They are piecewise polynomial functions, they have compact support,
and they form a partition of unity, i.e., they sum to one in all points, a property
ensured through a simple scaling of each of the functions. Linear independence of
a set of LR B-splines is not guaranteed per se. This is crucial when using them to
solve equations like the Navier-Stokes equation. To ensure linear independence, the
functions either have to be established through refinement schemes known a priori
to result in linear independent LR B-splines, or they must be tested a posteriori
through, e.g., a so-called peeling algorithm [8]. In Sect. 15.5 below, we shall return
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Fig. 15.6 B-splines before (left) and after (right) insertion of the vertical mesh rectangle (a)
and the horizontal mesh rectangle (b). LR B-splines with Greville abscissae shown in blue are
unaffected by the insertion, whereas LR B-splines with Greville abscissae shown in yellow are
removed or inserted as a result of the insertion

to the construction of LR B-splines in the context of approximation of flow pressure
and velocities for solving the Navier-Stokes equations.

15.4 Isogeometric Analysis

In this section, we outline the fundamentals of how to solve the Navier-Stokes and
continuity equations (15.1) in an isogeometric framework based on LR B-splines.
This essentially involves three ingredients: a parametrization of the geometry, a
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Fig. 15.7 A parametrization
of the flow domain £2

[0,1]%

n y

= L.

discretization of the flow variables for the Galerkin projection, and the weak form
of governing equations.

First, we construct a parametrization of the flow domain £2, as sketched in
Fig. 15.7. We take the parameter domain 2 as the unit square and use bivariate
LR B-splines as basis functions. The parametrization x : [0, 1]> — R? reads:

Ng
x(E.6) =) xPl(E.&) (15.5)

i=1

where x; are the control points, ’P,-g are the LR B-splines, N is the number of LR
B-splines and control points, and the superscript g indicates that the functions refer
to the geometry parametrization.

Next, we seek approximations of the velocity u;, : [0,1]> — R? and pressure
pr 2 [0,1> — R as linear combinations of LR B-splines, just like the geometry
representation in Eq. (15.5) above:

Ny Np
w(.6) =) wPELE),  pELE) =) pPlE.E). (156

i=1 i=1

Here, P! and P/ denote the LR B-spline basis functions for the velocity and
pressure, N, and N, are the number of velocity and pressure B-splines, while u
and p are the unknown control variables for the velocity and pressure, respectively.
For simplicity, we discretize the two components of the velocity identically. The
approximations in Egs. (15.6) are defined in parameter space, whereas the governing
equations (15.1) are posed in physical space. To evaluate the pressure in physical
space p : 2 — R, we use the inverse of the geometry parametrization as p o x .
To evaluate the velocity in physical space u : 2 — R2, we simply map each
component as a scalar Tu o x~', where I is the identity map. Note here that,
with abuse of notation, we use p and u to denote the pressure and the velocity,
respectively, both over the physical space and over the parameter space. In Sect. 15.5
below, we describe in greater detail how to construct the LR B-spline discretizations
of the pressure and velocity fields.
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Finally, we cast the governing equations (15.1) and (15.2) into their weak form,
which reads: find (u, p) withu = g on 952 and fQ p dx = 0 such that

1
0=/Q<(§V"k+"k")'vuk_(l7vvk+ka)-ek)dx, k=12,
(15.7a)

0=/ q (V-u) dx (15.7b)
2

for all (v,q) with v = 0 on 92, where we have used integration by parts in the
derivation. Here, (e, ;) are the standard Cartesian basis vectors, and the functions
p and ¢ must be square-integrable, while u and v as well as all their first-order
derivatives must be square-integrable.

By using the LR B-splines approximations (15.6) as test and weight functions in
the weak equations (15.7), and pulling the integrals back to the parameter domain
based on the parametrization (15.5), a non-linear system of equations of the form
M (U)U = F may be obtained:

oK+ Cw 0 -G |u F,
0 +K+Cw-GJ ||u, |=|F,|. (15.8)
G, G, 0 £ 0
where
K, = / VIipr gt I VP det(J) dg, (15.9a)
.12
Cii(u)= / Piul JT VP det (J) dg, (15.9b)
.12
Gy, = / Plej JT VP det(J)dE, k=12 (15.9¢)
.12
Fyi, = / Plel f det(J)dé, k=12 (15.9d)
.12

where J; ; := 0x; /0§, is the Jacobian matrix of the parametrization (15.5).

To solve the governing partial differential equations (15.1) using LR B-spline
based isogeometric analysis, we thus need to solve the system of algebraic equations
(15.8). To do this, we evaluate the integrals in (15.9) using Gaussian quadrature, and
use an iterative Newton-Raphson solver. The Dirichlet boundary conditions (15.2a)
on the velocity are enforced strongly, perhaps only in an approximative sense, while
the additional condition (15.2b) on the mean pressure is imposed weakly through a
least-square approach.
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15.5 Flow Discretizations

We now proceed to introduce two families of discretizations of the pressure and
velocity fields based on LR B-splines, thus substantiating the flow approximations
(15.6) introduced above. We refer to these as the Taylor-Hood and multigrid
families.

As indicated in Sect. 15.3, LR B-splines are characterized by a high degree of
flexibility. In loose terms, we can play around with the two polynomial degrees, the
two vectors of unique, global knots, and the multiplicities of each of the small mesh-
rectangles along each of the global knots. When discretizing the flow variables,
however, we narrow the scope slightly. As explained below, we choose to character-
ize the LR B-spline flow discretizations simply through one polynomial degree d,
from which we then specify the polynomial degrees, regularities (smoothnesses) «,
and levels of refinement r of both the pressure and the velocity fields.

The construction of both the Taylor-Hood and the multigrid flow discretizations
comprises the same two stages as outlined in Sect. 15.3:

1. The tensor-product initialization
2. The subsequent local refinements

For now, we assume that a tensor-product spline representation x of the geometry
is provided to us as input. We shall relax this assumption later.

In the initialization of both the Taylor-Hood and the multigrid discretization, we
construct tensor-product spline representations of the velocity u; and the pressure
pn in the usual fashion [5,17]. For both u;, and p;,, we take the global knot vectors 7;
to be open, i.e., the multiplicity of the first and last knots are d; + 1, and we take all
interior knots to have the same multiplicity m; < d; for the parametric dimensions
i = 1, 2. Furthermore, in order to limit the number of parameters, and thus simplify
the notation in the following, we assume for both u; and p; that the degree and
the regularity are the same in both parametric dimensions, i.e., d; = dy = d and
o) = oy = «o, although these assumptions are not strictly required.

From the given tensor-product spline representation x of the geometry, we now
choose a degree d and construct the tensor-product spline discretization pj, of the
pressure using the same grid as for the geometry x, with the degree d? = d, full
regularity «” = d —1, and no refinements r” = 0. The assumption of full regularity
is not strictly required, but again it limits the number of parameters.

Next, we construct the discretization u;, of the velocity from p;, through one of
two approaches: In the Taylor-Hood approach, we increase the polynomial degree
d" = d? +1, fix the regularity o = a? = d —1 by increasing the knot multiplicity,
and keep the refinement level r* = 0. In the multigrid approach, we increase both
the polynomial degree d* = d? + 1, the regularity ¢ = o + 1 = d, and the
refinement level through insertion of, say, one additional knot in each regular knot
span, such that r* = 1. These tensor-product initializations are illustrated in the top
of Fig. 15.8 for both the Taylor-Hood and multigrid discretization.

With the tensor-product initialization in place, we turn to the subsequent local
refinements. For both the Taylor-Hood and the multigrid discretizations, we base
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Fig. 15.8 Illustration of the tensor-product initialization (fop) and subsequent local refinements
(bottom) following the Taylor-Hood (left) and multigrid (right) approaches for degree d = 2

these on the structured mesh approach [16] with constant multiplicities m/ =
d’ — af for both fields f € {u, p}. The idea, when refining according to the
structured mesh approach, is to reason in terms of basis functions. First we choose
a set of LR B-splines to refine, and then we insert new mesh-rectangles with the
same multiplicity as the existing ones, in such a way that each regular span of mesh-
rectangles whose two mesh-rectangles are both contained in the same LR B-spline
within the specified set is split uniformly into n new spans of mesh-rectangles. Here,
we will for simplicity use n = 2.

Now, when refining the flow discretization according to the structured mesh
approach, we have both the LR B-splines of the velocity discretization and the LR
B-splines of the pressure discretization to take into consideration. We choose to
specify refinements for both the pressure and the velocity through a set of pressure
LR B-splines. For both the pressure and the velocity discretization, we follow the
structured mesh approach and base the insertions of mesh-rectangles on the support



15 TIsogeometric Analysis of Navier-Stokes Flow Using Locally Refinable B-Splines 311

Table 15.1 Characteristics of the two families of LR B-spline discretizations of the flow fields for
given degree d

Pressure Velocity
Discretization Degree Regularity Refinement Degree Regularity Refinement
Taylor-Hood d d—1 0 d+1 d—1 0
Multigrid d d—1 0 d+1 d 1

of a specified collection of pressure LR B-splines. This gives us two collections
of mesh-rectangles; one collection is inserted in the pressure mesh, and one in the
velocity mesh. These two collections of mesh-rectangles either differ in the number
of mesh-rectangles or in the multiplicity of the mesh-rectangles, depending on the
discretization in question. The number of pressure and velocity mesh-rectangles
is dictated by the refinement level (e.g., N for both fields for the Taylor-Hood,
and N and n(N + 1) — 1 for the pressure and velocity field, respectively, for the
multigrid). The multiplicity of the pressure and velocity mesh-rectangles is given
by the regularity (1 and 2, respectively, for the pressure and velocity fields for
the Taylor-Hood, and 1 for both fields for the multigrid). These local refinements
procedures are illustrated in the bottom of Fig. 15.8 for both the Taylor-Hood and
the multigrid discretization, and their characteristics are summarized in Table 15.1.

It should be emphasized that the number of velocity elements for the multigrid
discretization is larger than the number of velocity elements for the Taylor-
Hood discretization by a factor of (r + 1)2. Since integrals in the matrices in
Eq. (15.9) are evaluated based on elements, this makes the multigrid discretization
computationally more expensive than the Taylor-Hood discretization.

We conclude by noting that the assumption of the geometry being discretized by a
tensor-product spline can easily be relaxed. One obvious way to achieve this, while
still ensuring that the geometry grid is contained within the velocity and pressure
grids, is by assuming instead that the geometry is represented by an LR spline, that
was initialized as a tensor-product spline of some degree based on open knot vectors
with single interior knots, and whose subsequent refinements were all obtained
using the structured mesh approach. In this case, we may construct the Taylor-
Hood and multigrid flow discretization as before, except we must first set the initial
tensor-product pressure discretization equal to the initial tensor-product geometry
discretization, construct the tensor-product velocity discretization as before, and
then go through the exact same steps of local refinements of the flow discretizations
as for the final geometry discretization.

15.6 Numerical Examples

In this section, we test the LR B-spline flow discretizations introduced above in
different numerical examples. Through these, we investigate the stability of the
discretizations, we study their ability to reproduce an analytical solution, and we
examine their performance on a standard benchmark problem.
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15.6.1 Wall-Driven Annular Cavity: Stability

In the first example, we investigate the stability of the discretizations. We consider
the problem outlined in Fig. 15.9a, in which a fluid is contained in an annular cavity,
approximated by cubic B-splines. We are interested in the flow problem in the limit
of small Reynolds numbers. Hence, we neglect the nonlinear term in the Navier-
Stokes equation (15.1a), which then reduces to the Stokes equation. The sliding
movement of the lower circular part of the boundary induces a rotating flow in the
interior, while singularities in the pressure field form in the two lower corners, as
indicated in Fig. 15.9b. Unstable discretizations manifest themselves qualitatively
through spurious oscillations in the pressure field. Quantitatively, they violate the
so-called inf—sup condition:

V-u,dx
inf sup —fQ Pi "

>8>0, (15.10)
L VA PR A

where the constant f is independent of the mesh resolution /.

In the following, we perform a series of numerical tests of whether the discretiza-
tions fulfill the inf—sup condition (15.10), i.e., whether they are stable or not, based
on the rather degenerate problem sketched in Fig. 15.9. For each discretization, we
refine a coarse mesh repeatedly, and estimate the value of § in each step [1,6]. We
follow two different schemes for choosing which LR B-splines to refine: by the first
scheme, we refine the LR B-splines with support in one of the two lower corners,
where the pressure singularities occur. By the second scheme, we refine a number of
randomly chosen LR B-splines. Examples of the pressure grids produced by these
two schemes are shown in Fig. 15.9¢, d, respectively.
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Fig. 15.9 Wall-driven annular cavity: problem setup (a), streamlines and pressure field (b), and
pressure grid examples (¢ and d)
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Fig. 15.10 Wall-driven annular cavity: Numerical estimates of the inf-sup “constant” f as a
function of total number of analysis degrees of freedom N for different discretizations (7-H:
Taylor-Hood and M-G multigrid) based on corner function refinements (a) and random function
refinements (b)

The estimated values of B for the Taylor-Hood and multigrid discretizations
based on polynomial degrees 35, corresponding to degrees 3—5 for the pressure and
4-6 for the velocity, respectively, are shown in Fig. 15.10. A given discretization is
said to pass the inf—sup test, if the estimated value of B does not tend to zero as
the number of degrees of freedom is increased; if the value does tend to zero, the
discretization fails the test. From these results, we are led to conclude that all the
investigated discretizations among both the Taylor-Hood and the multigrid families
pass the test. We emphasize that these conclusions are drawn on a (large but) finite
number of numerical tests, and not on mathematical proofs. Furthermore, in addition
to the Taylor-Hood and multigrid discretizations shown here, a discretization known
to be unstable, based on a bi-quadratic pressure approximation and a bi-quartic
velocity approximation, both fields having full regularity, was also tested and failed
the test as expected.

15.6.2 Forced Wedge-Shaped Cavity: Manufactured Solution
and Error Convergence

In this example, we study the ability of the discretizations to reproduce an analytical
solution. Motivated by examples in [11,20], we consider the problem outlined in
Fig. 15.11a. A fluid is contained in the wedge-shaped region 2 = {(x, y) € R?|0 <
x <2,0 <y <1+ x?/4}. We represent the domain exactly using quadratic B-
splines. As target solution, we use the following velocity and pressure fields:

5
u* =Ee""x2(x—2)2y(4—4y+x2)

x(16 —56 y + 8 x* + 40 y? — 14yx* + x*%), (15.11a)
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Fig. 15.11 Forced wedge-shaped cavity: problem setup (a) and velocity and pressure field (b)

*

5

v =2?66:"36@—2)y2(4—4y+xz)2
x(16 —8x —16 y+12x*+8xy — 8 x> +4yx* —x*),  (15.11b)
11

p* =+ tanh (zoo (x —1/2)% 4+ 200 (y — 3/8)> — 4)

_'_% e_(5/2 V2x—5/2 4/2y—5/2)" =(25 V/2x+25 v/2y—250/3) ’ (15.11c)

as sketched in Fig.15.11b. The velocity field is incompressible and fulfills the
boundary conditions. By deriving the body force f* through direct insertion into
the Navier-Stokes equation, Eq.(15.11) is a manufactured analytical solution to
the governing equations (15.1) and (15.2). As is evident from Fig. 15.11b, both

the velocity and pressure fields exhibit phenomena that clearly call for local
refinement.

To select which B-splines to refine, we follow two different approaches: a global
approach and a local approach. By the global approach, we refine all functions,

i.e., we are back in the tensor-product setting. By the local approach, we base the
selection on the strong residual of the governing equations (15.1):

(uh : V)”h + %L: - LAuh + fx

Re

Ry=| -V + P —av+ /| (15.12)

V-uh
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Fig. 15.12 Forced wedge-shaped cavity: Error convergence for the pressure (a) and velocity (b),
and examples of the pressure grids produced by the global (¢) and local refinement schemes for the
Taylor-Hood (d) and the multigrid discretization (e) for degree d = 4

As error indicator, we use the L2-norm of the residual vector R ;. We integrate this
on each element in the mesh, and for each (pressure) LR B-spline, we sum the
errors from each of the elements in their support. Ordering the LR B-splines in a
decreasing order according to their sum of errors, we refine the smallest number of
LR B-splines that account for at least, say, 25 % of the total error. This may be seen
as a Dorfler marking of LR B-splines.

In the following, we study how the global integrals of the L?-norms of the errors
on the pressure and the velocity fields behave as we refine the two discretization
families based on each of the two refinement schemes. The results are shown in
Fig. 15.12a, b for the pressure and the velocity fields, respectively, using polynomial
degrees of 3 and 4. For any given number of degrees of freedom, the local refinement
scheme is seen to yield significantly lower errors than the global refinement scheme,
when comparing corresponding discretizations and degrees. For any given tolerance
on the errors, hence, local refinement reduces the required number of degrees of
freedom by up to an order of magnitude compared to global refinement. Comparing
the Taylor-Hood and the multigrid discretizations for any given refinement strategy
and polynomial degree, the two discretizations are seen to perform remarkably
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alike. As expected, we observe that higher polynomial degrees are associated with
smaller errors. Also shown in Fig. 15.12c—e are examples of the pressure grids
produced through global and local refinement of the Taylor-Hood and the multigrid
discretizations, respectively, for degree d = 4. Although the globally refined grids
in Fig. 15.12c have around four times as many degrees of freedom as the locally
refined grids in Fig. 15.12d, e, all four produce results with similar errors. The local
refinement scheme is seen to yield refinements in regions of strong gradients in the
target pressure field, cf. Fig. 15.11b.

We mention at last that the quantitative aspects of these results of course depend
on the specific problem, the error estimator, the refinement scheme, etc. We believe,
however, that their qualitative aspects often will be the same.

15.6.3 Lid-Driven Square Cavity: Benchmark

In the last example, we examine the performance of the discretizations on a standard
benchmark flow problem: the lid-driven square cavity. As outlined in Fig. 15.13a,
the fluid in the square container is set in motion by the sliding movement of
the lid of the container. The problem resembles the one in Sect. 15.6.1 above.
However, although the geometry is simpler, the flow is now (weakly) turbulent with
Re = 5,000. This introduces new challenges that we can test the LR B-spline flow
discretizations against.

We solve the problem based on the LR Taylor-Hood and multigrid flow dis-
cretizations of degree d = 3 using the pressure grids shown in Fig. 15.13b, yielding
a total of 22,515 and 22,785 degrees of freedom, respectively. The results of the
computations are shown in Fig. 15.14. In Fig. 15.14a, the computed streamlines
using the Taylor-Hood discretization clearly capture the counter-rotating eddies that
are known to form in the NW, SE, and SW corners [10, 13]. The streamline pattern

a Jul =1 b

~

(]
Il

f=0
Re = 5,000

0=

0

Jull =0

Fig. 15.13 The lid-driven square cavity: problem formulation (a) and pressure grids (b)
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Fig. 15.14 The lid-driven square cavity: computed streamlines using the Taylor-Hood dis-
cretization (a) and normal velocity profiles through the two cavity center lines using both the
Taylor-Hood (T-H) and multigrid (M-G) discretization (b)

looks the same for the multigrid discretization. In Fig. 15.14b, the normal velocity
profiles through the cavity center lines computed using both the Taylor-Hood and
the multigrid discretizations are seen to match very well with each other and with
literature data [13].

Conclusions
The ability to achieve local refinement is crucial in all computer methods
for flow problems. Locally Refinable B-splines represent a novel approach to
local refinement within the context of isogeometric analysis. In this study, we
have proposed two families of LR B-spline discretizations of the pressure
and velocity fields for solving the mixed formulation of the steady-state,
incompressible Navier-Stokes equations in two dimensions using isogeo-
metric analysis. These LR flow discretizations represent direct extensions
of well-known tensor-product flow discretizations, namely the Taylor-Hood
and the multigrid discretizations. Through representative examples, we have
performed a series of numerical investigations of the use of LR B-splines
in isogeometric analysis of flow problems, including the stability of the
discretizations, error convergence during refinement based on a manufactured
solution, and benchmarking based on the lid-driven cavity problem.

Future investigations will hopefully reveal more insight into the prop-
erties of the flow discretizations. Their straightforward extensions to three
dimensions should be studied. Extending the very promising but slightly more

(continued)
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complicated Raviart-Thomas discretization to support local refinement is also
of extreme interest, since this element satisfies the incompressibility condi-
tion exactly [11, 12]. Furthermore, efficient error estimators and refinement
schemes should be studied to allow for efficient adaptive mesh refinement.
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