N

HAL

open science

parameterizing Intersection of Time-varying Quadrics

Lacramioara Astefanaoei

» To cite this version:

Lacramioara Astefanaoei. parameterizing Intersection of Time-varying Quadrics. [University works]

2006, pp.55. inria-00112571

HAL 1d: inria-00112571
https://inria.hal.science/inria-00112571
Submitted on 9 Nov 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/inria-00112571
https://hal.archives-ouvertes.fr




University Louis Pasteur Strasbourg
Fundamental and Applied Computer Science Research Master

Parameterizing Intersections of
Time-Varying Quadrics

Student: Adyvisors:
Lacramioara Astefanoaei Prof. Laurent Dupont
Prof. Sylvain Petitjean

Vegas Team, Loria, Nancy

Juin 2006



Contents

1 Introduction

2 Quadrics
2.1 Projective Space Preliminaries . . . . ... .. .. ... ...
2.2 Quadrics and Associated Matrices . . . . . .. .. ... ...
2.3 Transformations . . . . . .. .. ... ... ... ...,
2.4 Canonical Form . . . . . . .. .. ... ... ... .. ...,
2.5 Parametrization of a Quadric . . . . . ... ..o L.
2.6 Pencil of Quadrics . . . .. ... ... o
2.7 Topology of the Intersection Curve . . . . . ... .. ... ..
2.7.1 Finding the Roots for the Determinantal Equation . .
2.7.2  Computing the Inertias for the Associated Matrices
2.8 Parametrization of the Intersection Curve . . . . . ... ...

3 Intersection of Time-Varying Quadrics
3.1 Preliminaries . . . . . . . .. .. ... ...
3.2 The Evolution in Time of the Intersection . . . . .. . .. ..
3.3 Computing the Topology . . . . . . . . .. .. .. ... ....
3.4 Parametrization of the Intersection Curve . . . . ... .. ..

4 Case of Study
4.1 Studying the Topology . . . . . . . . . ... ... ... ....
4.2 Computing a parametrization . . . . . . ... ... ... ...

5 Conclusions and Further Work

A Canonical Form for Pencils
A1 Preliminaries . . . . . . . . . . ...
A.2 Jordan Forms . . . . . . . . ...

B Interval Arithmetics

25
25
26
29
35

41
41
45

47

49
49
49

54






Abstract

This report addresses the problem of computing the parametrization
of the intersection of deformable quadratic algebraic surfaces (quadrics) in
projective space. It also presents an automatic method for describing the
evolution in time of the topology of the intersection. The work is based
on the results from [3, 4], which offer an exact parametrization of the in-
tersection of two quadrics with rational coefficients of arbitrary size. This
parametrization is rational when one exists, and its coefficients are almost
as rational as possible [4].



Chapter 1

Introduction

The problem of computing a parametrization for the intersection of two
surfaces can be regarded in an algebraic, or/and in a geometric manner. We
are concerned, in our study, with the algebraic approach which we apply to
quadrics. Computing the parametric expression of the intersection of two
quadrics @ and P is reduced, roughly, to the following three main steps:

e find a parametrization Xq for Q)
e insert X in the equation of P which results in a new equation {2
e substitute in X the solutions of equation 2

Our work is based on the results from [3, 4]. The authors, L. Dupont, D.
Lazard, S. Lazard, S. Petitjean have presented the first exact and efficient
algorithm for computing a parametric representation of the intersection of
two quadrics in three-dimensional real space given by implicit equations
with rational coefficients [4]. Besides, they offer a complete analysis of the
intersection curve, concerning its reducibility, planarity, and singularity.

Our interest is the study of the intersection of quadrics which can deform
in time. Regarding this subject, we approach two problems, namely, the
problem of describing the evolution in time of the topology of the intersec-
tion, and the problem of finding a well-defined parametrization as a function
of time for the intersection in cause. The purpose of describing the topology
is to understand how and when the intersection type changes, where the
exception cases are, when it can be possible to predict the evolution of the
intersection. This is a preliminary step in computing a parametrization. The
main reason for studying the second problem is the advantage it presents:
given a well-defined parametrization depending on time, there is no need
to consider time as a discrete set, and for each of its values to compute a
parametrization.

The methods we have developed work for two deformable quadrics which
intersect in a smooth quartic for all values of time, with the exception of



a finite number of moments. We mention that this is not necessarily a
restriction, since in most situations quadrics intersect in a smooth quartic.
Following the example from [3, 4], we denote this situation as the generic
case. The contributions we bring consist in:

e describing the evolution of the topology of the intersection curve in the
generic case. Formally, we give necessary conditions for the preserva-
tion/transformation of topology. Practically, using the results from
[3, 4] we can detect automatically the type of intersection for any
given instance of time.

e computing a parametrization on intervals of time for the intersection
of two deformable quadrics. We are able to cover the whole axis of
time with intervals for which we can compute the parametrization of
the intersection curve. Our method proves that it is possible to param-
eterize the intersection of two deformable quadrics. The inconvenient
is the fact that we do not have a bound over the number of intervals
which cover the axis of time. The algorithm is sensitive to a choice we
make at depart, in the sense that, sometimes, the number of intervals
can be very large.



Outline

The present report consists of 5 chapters:

Chapter 2 covers the work from [3, 4], concerning the intersection of
two fixed quadrics with rational coefficients. This is the main ingredi-
ent of our work.

It explains our choice for working in projective space and it presents
the algebraic methods which are at the base of our study of quadrics.
After these preliminary notions, in two distinct sections, it details the
way one can refer to the topology and the rational parametrization of
the intersection.

Chapter 3 introduces our main contribution, which consists in adapt-
ing the previous work such that it would offer answers when one ad-
dresses the problem of time.

After translating the previous framework such that it would reflect
the notion of time, we detail, preserving an obvious parallelism, the
two main problems: the topology and the intersection of deformable
quadrics in the generic case.

Chapter 4 illustrates our work through a case of study. We, therefore,
take an example, and we describe the evolution of the topology of the
intersection curbe. We also detail the way in which we can compute a
parametrization for the intersection.

Chapter 5 presents the conclusions and some further work, with pos-
sible applications.



Chapter 2

Quadrics

In this chapter, we present some algebraic basic notions on quadrics. We
describe them in projective space, because of the advantages it has over
working in affine space.

We mention, from the start, that all definitions are normally presented
over an arbitrary field. In the following, we choose this field to be the set of
real numbers, R.

2.1 Projective Space Preliminaries

Projective three-dimensional space P3(R) is the set of affine points of R3
plus the points at infinity.

Definition 2.1.1 Projective three-dimentional space over R is the set of
equivalence classes

P3(R) = {[z1: z2: 23 : 24] | 7 € R, (x1, 22, 23, 24) # (0,0,0,0)},
where (x1,Ta,x3,x4) ~ (Az1, \x2, Ax3, A\xg), VA € R\ {0}.

We call 1, x9, x3, x4 homogeneous coordinates for the point P = [z :
x9 @ x3 : x4]. They are only determined up to a non-zero scalar factor:
[xl X9 X3 x4] = [)\1‘1 : )\xg : )\xg : )\(54].

As it can be seen, there is a bijection (z1, =2, x3, 1) — (x1, 2, x3),
meaning R?® C P3(R). Because (x1, @2, x3, 0) € P2(R) it follows that P3(R)
= R3 U P?(R). P%(R) represents the projective plane (which contains the
points at infinity).

2.2 Quadrics and Associated Matrices

Definition 2.2.1 A quadric Q inP3(R) is the set of points X = (x1, 2, 23,24)
€ P3(R) which satisfy the equation:



24 a;;izir: =0
ij=1%ijTiT; = U,

with aij € R, 2,5 = 1.4.
The associated matriz is

1 1 1
air 5012 ?a13 5014
1
Mg = %CLlZ 1a22 5023 ?Cm
?a13 5023 33 5034
1
5014 35024 5034 Q44

Remarks

e a quadric () is a homogeneous polynomial, namely Zf j=1 @i % =0
is of degree 2 in each of its terms.

e any point X belongs to the quadric Q iff ‘X - Mg - X = 0.

2.3 Transformations

New quadrics can be obtained by applying projective transformations. With
the help of matrices associated to quadrics, we can express this as a matrix
product. Given the associated matrix of a quadric, Mg, and a transforma-
tion T, the resulting quadric has as associated matrix T - Mg - T, where tr
represents the transpose of 7.

Definition 2.3.1 Two matrices, M and M’ are said to be projectively equiv-
alent (or congruent) iff there exists a nonsingular real matriz T' such that

M ='T-M-T

The basic operation on quadratic forms is the change of variables [10]. If
T is a point on a quadric ), and y a new vector related to x through a
nonsingular matrix, x = Cy, then the quadratic form becomes ‘/C - Q - C.
Note that !C'- Q- C is also a real symmetrical matrix, with the same number
of positive (negative) eigenvalues as Q. It results, thus, that changing the
coordinate system is a congruent transformation. The following example
illustrates this operation.

Example

Let @ be a sphere of equation Zg’:l(:ni — c;w)? — r?w? = 0 in projective
space. We can perform a change of coordinates, such that the origin of
the system is translated to the center of the sphere. Namely, we substitute
(z; — cw) — o, = (Q): 2 a? — r?w? = 0.

The associated matrix for (), and the transformation matrix are:

1 0 0 —c 1 0 0 0

B 0 1 0 —co 1o 1 00
Mo = o 0 1 —c3 =109 0 1 0
—C1 —Cy —C3 C% + C% + C% — T2 Cl Cy C3 1



It follows that 'T"- Mg - T is

100 0
010 0
Mo=1001 o
00 0 —r2

which is exactly the associated matrix for Q.

2.4 Canonical Form

The associated matrix, Mg, of a quadric, @, is a real symmetric matrix, and
so it follows that it has only real eigenvalues. Furthermore, there exists a
transformation matrix, 7', which sends Mg into a diagonal form, D, namely,
‘T Mg -T = D, and the elements of D are the eigenvalues of M.

Theorem 2.4.1 For each quadric Q of P3(R) there exists a projective trans-
formation which sends it into a coordinate system where its form is:

D:Y¢  dia? =0,
with d; € R. Such an equation is called the canonical form of the quadric.

Canonical forms make it possible to have a classification of quadrics. We
present, in the following, the notion which we need in order to classify
quadrics in projective space.

Definition 2.4.2 Given a matriz Mg, associated to the quadric Q) let n,
(resp. ny) be the number of positive (resp. negative) eigenvalues. Then the
inertia for a quadric Q is defined as the pair (max{ny,,ny}, min{n,, n,}).

We mention that, in order to classify quadrics in R?, one needs the inertias
for the associated matrices, and, moreover, the inertias for the upper left
submatrices. This is because, in affine space, despite the projective space,
there exist 3 classes of canonical forms, which lead to a classification of 17
types. As Theorem 2.4.1 says, there is only one class of canonical forms for
quadrics in P3. This implies that knowing the inertias is sufficient in order
to classify quadrics, and thus, the inertia replaces the notion of type in affine
space.

It follows that, finding the type (the inertia) of a quadric, @, in P3, is
equivalent to finding the type (the inertia) of its canonical form, D. This
is true because ‘T"- Mg - T = D (where T is the projective transformation
which sends @ into a canonical form, D), which means that Mg and D are
projectively congruent. By “Sylvester’s Law of Inertia”, Mg and D have
the same inertia, and thus, the same type.

Table 2.1, presented in [3, 4], illustrates all possible types for projective
quadrics.



projective canonical affine quadrics and inertia
type equation of the upper left 3 x 3 block
(4,0) arf+bri+cxi+dei=0] (3,00 0
(3,0) ellipsoid
(3,1) az? 4+ bzl +cxd —da?=0| (2,1) hyperboloid of 2 sheets
(2,0) elliptic paraboloid
9 9 9 19 (2,1)  hyperboloid of 1 sheet
(2,2) ay + by — cry — dry =0 (2,0)  hyperbolic paraboloid
3,0 point
(3,0) az? +bxd 4+ cx3 =0 EQ,O; 0
(2,1)  cone
(2,1) az? + bzl — cx3 =0 (2,0) elliptic cylinder
(1,1)  parabolic cylinder
9 9 (2,0) line
(2,0) ax] +bx3 =0 (10) 0
(1,0)  parallel planes
(1,1) az? —br3 =0 (1,1)  secant planes
(0,0)  simple plane
5 (1,0)  double plane
(1,0) axi =0 0.0) 0
| (0,00 | 0=0 | (00) R?

Table 2.1: Projective types for the quadrics, possible corresponding affine
types a,b,c,d € RT\ {0}

As we have at most 4 real non-zero eigenvalues for a symmetric real
matrix, it follows that we have 9 possible projective types for quadrics (the
number of pairs (r,s) with 0 < s <r <4 —s). It can be clearly seen from
Table 2.1 that to one projective type corresponds more affine types. We
illustrate this by taking a particular example.

Example

Let @ be the equation of an ellipsoid in affine space, namely ajz? + o3 +
sz =1, a; > 0 = inertia(Q)=(3,0)

Let P be the equation of an elliptic paraboloid in affine space, namely
a17? + aard = x3, 0y > 0, = inertia(P)=(2,0)

In projective space, both quadrics have the same equation (E): alw% +
73 + azz? — auz? = 0, o > 0, and so, inertia(P) = inertia(Q) = (3,1).

We have seen that with the help of inertia we can classify quadrics in projec-
tive space. The sign of the determinant for the associated matrix of a quadric



is also useful in characterizing a quadric. We make the following observation
concerning the relation between inertia and the sign of the determinant.

Remark

Given a quadric, @, let Mg be the associated matrix (real and symmetric).
Then Mg = 'T - D - T, where D is the diagonal matrix with its elements
e1, €2, €3, eq being the eigenvalues for Mg, = det(Mg) = det( 'T"- D -
T) = det?(T)det(D) = det?(T)eiesezes, and consequently the sign of the
determinant is

e negative only if one eigenvalue is negative and the rest are positive
(inertia(Mg) = (3, 1)).

e positive only if the number of negative eigenvalues is even and there
are no zero eigenvalues (inertia(Mg) € {(4, 0), (2, 2)}).

e zero only if there are zero eigenvalues (inertia(Mg) € {(2, 1), (2, 0),
(1, 1), (1, 0)}).

In function of the sign of the determinant for the associated matrix of a
quadric we can say that if the determinant is 0 then the quadric is singular
(nonsingular otherwise). Furthermore, in P3| if the inertia of a quadric is
different from (3,1), the quadric is a ruled surface. A ruled surface is one
that can be characterized as a collection of straight lines, for example a
cylinder, or a cone. We are interested in ruled surfaces because they are
easily parameterized. Note that because only quadrics with inertia (3,1)
have a negative determinant, we can say also that a quadric is a ruled
surface if the determinant is > 0.

17 ruled
quadric
singular
quadric
o i
non
ruled ~
-11 quadric

Figure 2.1: Determinantal equation

Figure 2.4 represents a given determinant, D(A) = (A — 1)(A — 2)(A —
3)(A —4). It can be seen that when A € {1,2,3,4} the determinant is zero,
and so R()) is a singular quadric. For A € I = (—o0,1) U (2,3) U (4,00)
D(X) > 0, thus the corresponding quadrics are ruled surfaces (their inertia
is either (4,0), either (2,2)). For A € R — I the determinant is negative, or
equivalently, R(\) have inertia (3,1).



We conclude this section by saying that, to this moment we know that if
we work in projective space, we can classify each quadric in one of the nine
possible categories. We know that each quadric can be transformed into an
equivalent quadric which has an associated diagonal matrix. This diagonal
matrix makes it easy to parameterize the quadric. We dedicate the following
section to this subject.

2.5 Parametrization of a Quadric

As we have already mentioned in the introduction, finding a parameteriza-
tion for the intersection curve of two quadrics implies finding a parameteri-
zation for one of the quadrics.

There are many ways in which a quadric can be parameterized. Our
interest concerns optimal parametrizations, in the sense that they are linear
in at least one parameter. This is a condition which we will see in a future
section that is necessary for computing the parametrization of the intersec-
tion. Furthermore, in [3, 4], an optimal parametrization has the minimum
possible number of square roots in its coefficients.

Because it can be proved that quadrics of inertia (3, 1) do not admit a
parametrization linear in its parameters, the interest is focused on ruled sur-
faces. For these, we present the corresponding parametrizations in Table 2.2
as it appears in [3, 4].

inertia canonical equation parametrization X = [z1,29,23,24]
of Mg (a,b,c,d > 0)
(4,0) | ax? + bas + cak +dzi =0 Qis 0
(3,0) azx? +brs + cxi =0 Q@ the point (0,0,0,1)
=b = b
(2,2) | az?+ba3 —ca3 —dai=0 X:[utta(vsai;s b(vt 7;t\/%1j’us\j-mvt]’
u,), (s,t) € P
T 77 2 )
(2,1) az? + bzl — cxd =0 X=[uv,% Zzb” ,“2“;5’: 5],
(u,v,s) € P*
(2,0) azri +brs =0 X=[0,0,u,v], (u,w) € P!
(1,1) az? — bz =0 Xlz[u,@u,v,s], Xo= [u,—@u,v,s],
(u,v,s) € P?
(1,0) ar? =0 X=[0,u,v,s], (u,v,s) € P?

Table 2.2: Parametrization of projective quadrics of inertia different from
(3,1). P*2 represents the 2-dimensional real quasi-projective space, which is
the set of echivalence classes {[z1,x2,x3] | ; € R} \ {0}, where (21, z2, x3)
~ ()\(/Cl, Azg, )\21'3), YAeR \ {0}

The parametrizations presented in Table 2.2 are all linear in at least one



of the parameters. In this sense, they are optimal. They have also, in the
worst case, an optimal number of radicals, meaning that, there are cases
when the number of square roots of the parametrizations of Table 2.2 are
required. Further optimality issues are discussed in detail in [3, 4].

We conclude this section by recalling that we have covered the main
aspects on quadrics taken as individual objects. In the following we proceed
by presenting how they can be characterized together. We therefore pass
to the subject of a family of quadrics, namely, the pencil of quadrics, which
is a preliminary and necessary step for our future sections on topology and
parametrization.

2.6 Pencil of Quadrics

Given two quadrics, () and P, we may construct a family of quadrics that
are linear combinations of () and P. This family is called the pencil of the
two original quadrics.

Definition 2.6.1 Let Q and P be two distinct quadrics. The pencil F(Q,P)
is the set of quadrics

F(Q,P) = { R*(\) | A\Q + P, € RU{x}}

One important property related to the notion of pencil says that the
intersection of () and P is the same with the intersection of any two quadrics
from the pencil F(Q,P).

Theorem 2.6.2 The intersection of two distinct quadrics from the same
pencil is independent of the choice of these quadrics.

Another significant property expresses the fact that in every pencil there
exists a ruled quadric. We have mentioned in the introduction that, in
order to compute the parametrization of the intersection of two quadrics
@ and P, we need to compute the parametrization of () or P. The above
properties allow us to choose a ruled quadric (which is easy to parameterize)
instead of @ or P (if these are not, already, ruled surfaces).

As quadrics, pencils can also be classified. In order to do this, we need
to introduce the notion of determinantal equation.

Definition 2.6.3 Given a pencil of quadrics, R(\) = {\Q + P}, the deter-
minantal equation of the pencil, D(X) is

D(N) = det(R(N))

In function of the multiplicity of the roots one can classify pencils as:

IFor the rest of this report, we make the convention to denote the pencil of quadrics
R(A) = {AQ + P | X € R} by the shortened notation R(\) = {AQ + P}.



Definition 2.6.4 A pencil R()\) is:
o reqular iff the determinantal equation has 4 distinct roots?
o singular iff the determinantal equation has at least one multiple root

e degenerate iff the determinantal equation has an infinite number of
roots (D (X\) is identically null)

The classification of the pencils is in function of the multiplicity of the roots
of the determinantal equation. The following theorem expresses the fact
that the multiplicity of the roots is an invariant for the pencil, and thus, the
classification is well-defined.

Theorem 2.6.5 Given a pencil of quadrics, R(\) = {\Q+ P}, we have that
the nature of the roots of the determinantal equation and their multiplicity
do not depend on the quadrics @, P.

We will see, in the following section, the way in which we can obtain,
knowing the multiplicities of the roots, a more refined classification for pen-
cils. This makes it possible to characterize the all types of intersection, or
equivalently, to describe the topology of the intersection curve.

2.7 Topology of the Intersection Curve

The intersection of the quadrics @ and P is the set of solutions for the
system:

X Mg-X =0
X - Mp-X=0

We are concerned with the characterization (the type) of the intersection
curve of two quadrics. This is motivated by the fact that knowing the
intersection type makes it easier to find a parametrization.

The topology of the intersection curve concerns its reducibility, planarity,
and singularity. Namely, the intersection of two quadrics is a space quartic.
It can be reducible (if it contains some linear, conic, or cubic components,
whose degree sum to 4), otherwise it is irreducible. When the curve is
reducible, the components can be real or imaginary. A reducible curve can
be planar (comprising lines or conics), or nonplanar (for example a line and
a conic). The intersection curve is called singular if it contains a singular
point (namely, a point at which the tangent is not uniquely defined). An
irreducible intersection curve can be singular or nonsingular. If the curve is
singular then the singular point can be of three types: acnode, crunode, or

2From now on, by abuse of notation, a solution of an equation p(x) = 0, where p is a
polynomial, has the same meaning as the root of p



cusp. If the curve is nonsingular then it can have zero, one, or two connected
components [14].

Characterizing the intersection implies determining its type. We have
seen that the intersection is an invariant for the pencil which the input
quadrics engender, thus classifying types of intersection is equivalent to clas-
sifying pencils.

We have presented, in the previous section, a rough classification for
pencils, namely regular, singular and degenerate. For regular pencils the
intersection is a smooth quartic (which can be also reduced to the empty
set) [3, 4]. This is considered to be the generic case. As for the singular and
degenerate pencils, there are more types for the intersection curve. Thus,
the classification for these pencils can be further divided in distinct groups,
each corresponding to a distinct type of intersection.

A classification for pencils defined over P3(C) belongs to Segre. The main
ingredient is the “Segre characteristic” for the determinant of the associated
matrix of a quadric. Informally, this characteristic says whether D()\) has a
multiple root \g, and, moreover, it says the rank, rg, of R()\g). Using “Segre
characteristic” one can make an exhaustive classification for the pencils.

Our study concerns computing the intersection in real space. Thus we
need a classification of pencils over P3(R). As it is proved in [3, 4], such a
classification is possible, by refining Segre’s classification. The refinement is
required because if, for a given Segre characteristic, there is only one type
of interesection in the complex space, in real space there might be more
than one. It is thus compulsory to find additional information to sepa-
rate all cases. This information consists usually in the nature of the roots
(real/complex) of the determinantal equation, and the inertia (sometimes
the rank) for the quadrics corresponding to the roots.

The classification is synthesized in Table 2.7. Its correctness and com-
pleteness are proved in [3, 4]. The proof is based on the existence of the
“Canonical Pair Forms”[11, 12] for pencils, which we detail in the appendix.

HBE?\)O f t])ng\l(;f t]}g()i;;f ‘UYI;\G; of s real type of intersection
1 double root (3,0) real point
1 double root (2,1) real - nodal quartic; isolated node
1 double root (2,1) real + nodal quartic; convex sing.
1 double root rank 3 complex nodal quartic;concave sing.
1 double root (2,0) real + 0
1 double root (2,0) real - two points
1 double root (1,1) (2,1) real two non-secant conics
1 double root (1,1) (3,0) real 0
1 double root (1,1) real two secant conics; convex sing.
1 double root rank 2 complex conic
1 double root rank 2 complex two secant conics; concave sing.




r(BEi\)O f ty};\ez of real type of intersection

triple root cuspidal quartic

triple root double point

triple root two tangent conics

triple root double conic

triple root 0
quadruple root cubic and tangent line
quadruple root ) conic

conic and two lines crossing

quadruple root ) on the conic
quadruple root (2,0) double line
quadruple root (1,1) + | two single lines & a double line
quadruple root rank 1 - point
quadruple root rank 1 + two secant double lines
quadruple root rank 0 any smooth quadric of the pencil
2 double roots rank 3 rank 3 real cubic and secant line
2 double roots rank 3 rank 3 | complex cubic and non-secant line
2 double roots (3,0) rank 2 real point
2 double roots (2,1) rank 2 real +| conic and two intersecting lines
2 double roots (2,1) rank 3 real - conic and a point
2 double roots (2,0) (2,0) real 0
2 double roots (2,0) (1,1) real two points
2 double roots (1,1) (2,0) real two points
2 double roots (1,1) (1,1) real four skew lines
2 double roots rank 2 rank 2 | complex two secant lines

Table 2.3: Classification of pencils in the case when D()) has a multiple root A;.
A2 denotes another root. the “type” is the inertia (or the rank) of the matrix. s is
an invariant, the sign for the determinant.

For the sake of clarity, we take an example from [4], namely, the Segre
characteristic is [1(21)] and we detail the information from Table 2.7. [1(21)]
says that the determinant, D(\), has one triple root, A;, and a simple one,
A2. The group (21) says also that the rank for the associated matrix of the
quadric corresponding to the triple root, R(A;) is 2. We mention that for
this characteristic, [1(21)], the complex type is “two tangent conics”. In the
real space, there are two possible types for the intersection. More precisely,
we mention that there exists a projective transformation which sends si-
multaneously the quadrics R(\1), R(A2) in “Normal Canonical Forms” (see
appendix for details). In the case of the characteristic [1(21)] they have the
expressions:

R'(\): 2?+axi=0,
R/(/\Q) o xr + a3 =0,

where a = +1. We note that R’()\y) represents the equation of a real cone,
since its inertia is (2, 1). R'()\1) is the equation of a pair of planes which




is imaginary when a = 1 (the inertia is (2,0)), and real when a = -1 (the
inertia is (1,1)). Thus there are 2 cases:

e when a = 1 the intersection is reduced to the real double point (0, 1,

0, 0)

e when a = -1 the intersection consists in two conics which have a com-

mon point (0, 1, 0, 0). This situation is illustrated in Figure 2.23

Figure 2.2: The intersection between a real projective cone and a real pro-
jective pair of planes

Table 2.7 says that, in order to compute the topology, it is necessary to
find the multiplicity of the roots for the determinantal equation. There are
6 possible cases:

1.

2.

4 simple, distinct roots
one double, and 2 simple ones

2 double roots

. a triple root, and a simple one

a quadruple root

an infinite number of roots (the determinantal equation is identically
Z€ero)

3The images in this report are realized with “Surf”, a free software for visualizing
surfaces and curves [6]



We do not detail the last case. Specific and complete information can be
found in [3, 4].

The first situation (4 distinct, simple roots), as we have already seen,
represents the generic case. We mention that, in this situation, the intersec-
tion curve is a smooth quartic (complete proof appears in [3]). Furthermore,
because we are concerned with the topology, we present the following theo-
rem (which is proved in [3, 4]), giving information on whether the smooth
quartic has one (two) finite (infinite) component(s).

Theorem 2.7.1 Given 2 quadrics, QQ and P in the generic case, the inter-
section curve (a smooth quartic) C' can be classified as:

e if D(N\) has 4 real roots, then C has either two real affinely finite
connected components, either is empty

e if D(A) has 2 real roots and 2 complex roots, then C has one affinely
finite connected component

e if D(\) has 4 complex roots, then C' has two affinely infinite connected
components.

The cases 2-5 (when the determinantal equation has multiple roots) corre-
spond to singular pencils. As we can see in Table 2.7, in order to determine
the type of intersection in a singular pencil, we have to compute the inertias
for the quadrics corresponding to the A roots, sometimes the rank and the
sign of the determinant, and we also have to determine, in some cases, the
nature of the roots (whether they are real or complex). We dedicate the
following two sections to the problem of finding the roots (and their mul-
tiplicity) for the determinantal equation, and to the problem of computing
inertias (without being necessary to compute the eigenvalues).

2.7.1 Finding the Roots for the Determinantal Equation

Let a polynomial p(z) have a root zy with multiplicity mg >1. It follows
that

p(z) = (x —z0)™q(z),
with degree(q) = degree(p) - mo (because g(zo) # 0). Then
p'(x) = mo(z —x0)™ q(x) + (x — 20)™¢ (x) = (v — 20)™ 'r(z),
where r(z) = (moq(x) + (x — 20)q'(x)). It results that
ymo=1

ged(p, p')=(x — xg and degree(ged)+1 = my.



Algorithm 1 Compute the multiplicity of roots

Require: A univariate polynomial (in our case, the determinant, D()))
Ensure: the multiplicity of the roots of D(\)
compute the derivative of D()), let it be D’(\)
gcd «+— the greatest common divisor of D(A) and D'())
if degree(ged)=3 then
print “D has a quadruple root”
else if degree(ged)=2 then
discrim « discriminant(ged)
if discrim = 0 then
print “D has a triple root”
else
print “D has two double roots”
end if
else if degree(ged)=1 then
print “D has one double root”
end if

In conclusion, we can find out the multiplicity of the roots of a polynomial,
by computing the greatest common divisor between the polynomial and its
derivative.

Based on the above observation, we describe what is done in practice:
Thus we are able to compute the multiplicities for the roots of the determi-
nantal equation. It rests the problem of finding the exact form of the roots.
We make the following observation:

Remark
By solving ged(D, D) = 0 we find the value of the multiple root. The other
roots of D()) are obtained by solving D/ged(D, D’) = 0.

We present all possible cases in Algorithm 2.
In Algorithm 2 ¢t denotes a constant.

2.7.2 Computing the Inertias for the Associated Matrices

Knowing the solution for the determinantal equation, and the multiplicities,
depending on each case, we have to compute the inertias for the matrices
corresponding to the roots. We recall that the inertia is the pair of posi-
tive /negative eigenvalues. We make the remark that the exact computation
of the eigenvalues is unnecessary when one needs to know only the signs
of the roots. In this sense, “Descartes Rule of Signs” represents a solution.
This method offers a bound on the number of positive roots of a polynomial,
by counting the change of signs in the coefficients of the polynomial.



Algorithm 2 Compute the exact form of roots

Require: An univariate polynomial D()\) (in our case the determinant)
Ensure: The exact form of the roots
ged(N) — ged(D(N),D'(N))
D(N)
rem(A) «— Ged\)
if degree(ged) = 3 then
print D()\) = ct(\ - X\g)*, ged(\) = (A - A\g)?
print rem(\) = ct(\ - \g), a polynomial of degree 1 in A
the quadruple root Ay «<— the solution of rem(\) = 0
end if
if degree(ged) = 2 then
discrim «— discriminant(ged)
if discrim = 0 then
print D()\) = ct(\ - Xg)3(A - A1), ged(N\) = (X - Ao)?
print rem(X) = ct(\ - A\g)(\ - A1), a polynomial of degree 2 in A
the triple root and the simple root Ag, A\; «— the solutions rem(\)=0
else
print D()\) = ct(A — Xg)?(A — A\1)?
print ged(A\) = (A - Ao)(A - A1), a polynomial of degree 2
the double roots A\, A1 «— the solutions of ged(\)=0
end if
end if
if degree(ged) = 1 then
pI‘iIlt D()\) = Ct(/\ - )\0)2 ()\ - )\1)(/\ - )\2)
print ged(A) = (A - )\g), a polynomial of degree 1 in A
the double root A\g «— is the solution of ged(A)=0
print rem(\) = ct(A - A\1)(A - A\2), a polynomial of degree 2 in A
the simple roots Aj, Ag «— are the solutions of rem(\) = 0
end if




Definition 2.7.2 The sign of a real number a, sign(a) is defined as

0, ifa=0
sign(a) = 1, ifa>0
-1, ifa<0

The number of changes of sign in a list of real numbers, a = (a1, as, ...,ax),
is denoted by V(a) and is recurrently defined by:

V(ay,...,ax—1) + 1, if sign(ag_1ax) = —1

V(a1) =0, V(a,...,ax) = { V(ay,...,ap—1), otherwise

After the above convention of notation we present “Descartes Rule of Signs”.
More details and proofs can be found in [2, 8].

Theorem 2.7.3 (Descartes Rule of Signs) Let p(z) = > i ja;x’ a poly-
nomial in Rlz]. Let V(p(zx)) be the number of changes of sign in the list
(ag, ..., an), and pos(p(x)) the number of positive roots of p. Then pos(p(x)) <

V(p(x)) and V(p(x)) — pos(p(x)) is even.

Corollary 2.7.4
Let neg(p(x)) be the number of negative roots. Then neg(p(z)) = pos(p(—x)).

We recall that our problem consists in finding the number of positive (neg-
ative) eigenvalues for the associated matrix of a quadric. This is equivalent
to finding the number of positive (negative) roots for the characteristical
polynomial of the associated matrix. Given a quadric, ), the associated
matrix Mg is in Symax4(R). Let p be its characteristical polynomial, which
is of degree 4:

p(z) = agz* + azz® + agx? + ayx + ag

Proposition 2.7.5 Given the characteristical polynomial, p(x) = Z?:o a;x;,
of the associated matriz, Mg, for the quadric, ), we have that pos(p(z)) =

V(p(z)) and neg(p(z)) = V(p(—x)).

Proof
Because Mg real and symmetric, it follows that p(x) has 4 real roots, and
thus

pos(p(x)) + neg(p(x)) +no(p(x)) =4 (%),
where ng(p(z)) is the number of roots of p which are equal to 0.
p(z) = aszt + azz® + azx® + a1x + ag, and thus V(p(z)) is the number of
negative elements from the list [y = (a4as, asaz, asay, ajagp).
Similarly, p(—x) = a4z? - az2® + agx? - ayz + ap, and thus V(p(—=z)) is the
number of negative elements from the list Iy = (a4(—a3), (—as3)az, as(—ay),
(—a1)ap), which is, in fact, —I;.
It is clear that for each negative number in [ it corresponds a positive one
in lg.
We have two cases, in function of whether p(x) has 0 coefficients.



I. p(z) does not have any 0 coefficients
In this case we have that mng(p(z)) =0 (1) and [; has no 0 ele-
ments. This means that the total number of negative elements from
l1 Uls is 4. Thus

Vip(z)) +V(ip(=z)) =4 (2)

From “Descartes Rules of Signs” it follows that V(p(z)) > pos(p(z))

and V(p(—x)) = neg(p(z)).
Assume V(p(z)) > pos(p(z)) or V(p(—x)) > neg(p(x)). This implies

V(p(x)) — pos(p(z)) + V(p(—x)) — neg(p(x)) >0 (3)

From (*), (1) we have pos(p(x)) + neg(p(z)) = 4. Substituting in
(3) this equality and (2) we have 0 > 0, which is absurd. Thus our
assumtions are false.

II. p(z) has any 0 coefficients

1. ng >0
It follows that p(x) = 2™p;(x), where degree(p;) = 4 - ng. We
have that
pos(p(x)) = pos(pi(x)) neg(p(x)) = neg(p(x))

Vp(x)) =Vpi(x))  Vip(=2)) = V(pi(-2))

V(pi(x)) + V(p1(—x)) = pos(p1(z)) + neg(p1(z)) =4 —ng

We apply the reasoning from I. to p; and obtain the same con-
tradiction 0 > 0, when assuming that V(p(x)) # pos(p(z)) or
V(p(—z)) # neg(p(z))

2. ng = 0
In this case pos(p(z)) + neg(pos(z)) = 4 (1), and ag # 0
Let a; = 0, where ¢ is between 1 and 4.
We reconstruct the lists [1, lo in the following manner: we elimi-
nate from both lists a;,_1a;, a;a;+1 and we add a;—1a;+1. In this
moment, the list /; contains 2 elements aja;,1 for which it cor-
responds a —ajaj41 in Iz, and an element a;_ja;+1 which is also
common to ls. We can have at most 4 negative elements in [y Ul
(this happens when the 2 elements ajaj+q1 and a;—ja;+1 are neg-
ative). This implies that V(p(z)) + V(p(—z)) < 4 (2). Assuming
V(p(z)) # pos(p(z)) or V(p(—z)) # neg(p(x)) and considering
(1), (2), it follows

4 = pos(p(z)) + neg(p(x)) < V(p(z)) + V(p(—x)) < 4

which is a contradiction, thus our assumptions are false.



We conclude by saying that we have presented the way in which one
can compute efficiently the multiplicity and the exact form of the roots of
the determinantal equation for a given pencil, and the inertias for the as-
sociated matrices of the quadrics from the pencil. Knowing these values,
one can determine the type of the intersection curve of two quadrics simply
by looking in Table 2.7 the corresponding line. We are now able to deter-
mine the topology of the intersection curve, and therefore we proceed to the
next main issue which concerns the way in which one can parameterize this
intersection.

2.8 Parametrization of the Intersection Curve

This section is concerned with the issue of finding an efficient and optimal
(in the number of square roots) parametrization for the intersection of two
quadrics.

We have seen, in the section concerning the study of the topology, that
there is one generic case, where the intersection is a smooth quadric, and
47 singular cases. In the following, we are concerned with the generic case,
which we present first, but for the sake of completeness, we will present, in
the end, the main idea for the singular ones.

We describe in the following the basic idea for finding a parametrization
of the intersection curve. We have mentioned in a previous section that for
a given ruled quadric, there exists a parametrization linear in at least one
of its parameters. Thus, by inserting this parametrization in the equation
of the second quadric we obtain an equation of degree 2 at least in one of
its parameters. Namely, given @, a ruled quadric and P, a second quadric,
we let T' be the transformation that sends () in the canonical form, and
X its corresponding parametrization, then Q : Y(TX) - P - (TX) = 0 is the
parametric equation of degree 2 in at least one of the parameters. By solving
it for this parameter in function of the others and by substituing it in TX,we
can compute the parametrization for the intersection curve.

More formally, the method of parameterizing the intersection curve in the
generic case is described in algorithm 3.

In order to prove the correctness of the algorithm, we state the necessary
theorems, without presenting their proofs. Complete information is found
in [3, 4].

First of all, Step 1. consists in finding a ruled quadric in the generic
case. We have already mentioned this issue in the section dedicated to the
pencils of quadrics. We present it more formally in the following theorem.

Theorem 2.8.1 In a pencil generated by 2 distinct quadrics, the set of ruled
quadrics is not empty.

For the case when the inertia is (4, 0) the intersection is empty. This is
because the quadric does not have any real points, given that its canonical



Algorithm 3 Computing the parameterization of the intersection for a
pencil in the generic case
Require: A pencil R()\) in the generic case (D () has 4 distinct roots)
Ensure: The parametrization of the intersection
Find a ruled quadric R(\g) {inertia(R(\g)) is (4, 0), (2, 2)}
if R(\o)is (4, 0) then
return empty intersection
else
{inertia(R(A\o)) is (2,2)}
let p be a real point on R(\g), and p’ its rational approximation
find a quadric R(A1) of inertia (2, 2) with p’ on it
let T a transformation such that ‘T"- R(\;)-T is 22 4+ 32 - 22 - dw? = 0
let the parameterization of *T"- R(A\;) - T' be X
insert the parametrization TX in the equation of the second quadric
solve the new equation, which is of degree 2
X0 < substitute the solutions in TX
return X,
end if

equation is az? + by? + cz® + dw? = 0, with a, b, ¢, d > 0. This result is
known as a consequence of the theorem of Finsler:

Theorem 2.8.2 The intersection curve of a pencil in P"(R) is reduced to
empty set iff there exists at least one quadric of inertia (n+1,0) in the pencil.

For the case when the quadric R()\g) has inertia (2,2), it is known that
the canonical form is az? + bx3 — cw% — dx?, where a,b,c,d € Q*. The
corresponding parametrization contains 2 square roots in its coefficients (if

vac, Vbd ¢ Q):

X — [ut—l;avs7 us;bvt7 ut—avs7 us—l—bvt]
vae 7 Vbd
In [3, 4] the authors have found a condition for which there exists a projective
transformation which sends a quadric of inertia (2, 2) in the diagonal form
(1,1,1,0), 6 = Vabed. This condition refers to the existence of rational point
on the quadric of inertia (2,2). In this case, the number of two square
roots from the above parametrization is reduced to one (or even to zero, if

Vabed € Q):

us—i—vt]
NG

Thus, for the sake of optimality in the number of square roots one might
want not only to find a quadric of inertia (2,2) in the pencil, but moreover, to
find a quadric of inertia (2,2) which contains a rational point. We reproduce
the solution presented in [3, 4] with respect to the definitions from this

X = [ut + vs, us — vt, ut — vs,



section. The solution consists in picking up a real point p on R(\g) by
intersecting the quadric with a line, for example, and consider p’ as the
rational approximation of p. By solving 'p’ - R(\) - p' = 0, we can choose
from the solutions a particular A\; such that R(\;) is of inertia (2,2). Such
a value exists, as the following theorem proves it.

Theorem 2.8.3 If a pencil contains a quadric of inertia (2, 2), then it
contains a very close quadric of the same inertia with a rational point on it.

Thus we are able to find a quadric (2, 2), R()\1), with a rational point on
it, p’. The authors in [3, 4] prove that, in this situation, there exists a
transformation matrix 7" which sends the quadric into the canonical form:
22 + 9% — 22 — jw? = 0. Finding this transformation T consists in:

e finding a second rational point on R()\1), p”
e finding a transformation T which sends p’ and p” in [1, £1, 0, 0]

e apply Gauss reduction to Ty - R(\1) - Ty, with the canonical form
2?2 — % + az? + Pw? = 0 as result. Let G be the transformation
matrix.

e apply the transformation matrix 1T

l+a 0 1—a 0
1[1-a 0 14a 0
2 0 2 0 0

0 0 0 2a

to !G -t Ty- R(A1) - Ty - G which transforms it in 22 + 32 - 22 - dw? = 0.

Then T = T - G - Ty, and the parametrization, X, obtained for !T"- R(A\) - T
contains only one square root, v/8, in the coefficient for the last term.

By inserting TX in the equation of the second quadric, it results that the
parametric equation €2 is biquadratic in the variables 7 = (s, t), & = (u, v).
We can find (s, t) in function of (u, v), by computing the discriminant, A(u,
v), which is a polynomial of degree 4 in u, v. Thus the parametrization is in
Q(V9)[¢,VA], with A € Q(v/9)[£]. We illustrate this by taking an example.

Example
Let the equations of two quadrics Q and P be:

Q: 22 +y?—22—uw?=0
P 22+ yw—22 =0

For the sake of clarity, we have considered one of the quadrics to be already
in the diagonal form (1,1,1,9), with § = 1.

X = [ut + vs, us — vt, ut — vs, us + vt] is an optimal parametrization
for (). By inserting it in the equation of P we obtain



Q : u?s? + duvst — 0?2 = 0.
Its discriminant with respect to the variable (s, t) is:
A 1(u,v) = 20u?0?
It follows that

(s, 1) = (duv £+ /Ag 1 (u,v),2u?) = (uv(2 £ V/5),2u?)

It rests to substitute (s, t) in the expression X in order to obtain a parametriza-
tion for the intersection curve. Because A is positive, it follows that the
intersection curve has 2 components, one is parameterized by

X1 = [(2+ V5)(—2u? + u*V5 + v?),vu(1 + V5), — (2 + V5)(2u® — u?V/5 +
v?), vu(3 + V/5)]

and the other one by

Xy = [(2 — V5)(—2u? — u?V5 +v?),vu(l — v/5), —(2 — V5)(2u? + u*V/5 +
v?), vu(3 — V/5)]

We have presented the way in which one can optimally parameterize the
intersection curve in the generic case.

As for the singular cases, we give some ideas why the algorithm from
the generic case is not optimal. For the case when the quadric is singular,
in the generic case, the parametrization of the intersection is in Q(v/4)[¢,
VA, where € is a variable of degree 2 in Q, and A is the discriminant for
Q. Nevertheless, it has been proved that sometimes v/A can be avoided.
Namely, when the intersection curve is singular, it can be parameterized
by rational functions. In order to minimize the number of square roots, or
equivalently to find a rational parametrization (when the number of square
roots is 0), there have been searched some other algorithms (for each of the
47 singular cases). Complete reference and proofs can be found in [3, 4].

We have, in the previous sections, described the main work which is fun-
damental for presenting our contribution. We have motivated, after some
preliminary notions on quadrics, the choice of working in projective space,
which is mainly the existence of a reduced diagonal form for the quadrics.
We have explained why it is better to work with pencils of quadrics than
with quadrics by their own. We have mentioned that there exists a trans-
formation which sends simultaneously quadrics in a block diagonal matrix.
The advantages that come with this transformation consist in theoretical
results refering the complete classification of types for the intersection curve
(1 generic case and 47 singular ones). We have shown how these theoretical
results are used in practice, and also we have given some details regarding



the implementation. After presenting the way in which we can charac-
terize the topology of the intersection, we have proceed with the descrip-
tion of the method which parameterizes the intersection in the generic case.
This parametrization is efficient, robust, and near-optimal in the number of
square roots. We recall that more information, complete proofs and exam-
ples can be found in [3, 4], which consitute our start point and foundation
basis.



Chapter 3

Intersection of Time-Varying
Quadrics

Our contribution consists in adapting the work from [3, 4] such that it
would offer satisfactory answers when one asks the question of time. In such
a dynamic framework, the quadrics are in a continuous deformation. Our
main interest concerns the evolution of the topology of the intersection curve
and the possibility of obtaining a parametrization depending on time for it.

3.1 Preliminaries

We add, in the general framework of quadrics in projective space, the notion
of time. In this sense, the equation of a quadric is rewritten as:

(Q0)): Xt =y fij(O)wimy =0,

with f;; polynomials € R[f] i,j = 1..4.
With the above considerations, the associated matrix changes to the
following form:

1f11((9)) %f12((9)) %f1359§ %f14§9§
| 5f1200)  fo2(0)  5f23(0) 5fou(0
Mo(0) = | 1 13(0) 1 fa3[0) 2f33 0) §f34(9)

5£14(0)  5f24(0) 5f34(0)  faa(6)

where f;; are polynomials in R[6].
Given Q(#) and P(#), two quadrics depending on time, the pencil which
engenders these quadrics is:

F(Q,P)#) ={ RN O) =XQ(0)+P) | e RU{oo},0 € R}

We denote F(€) the “time pencil”. We also make the convention of denoting
by “static pencil” F(0fizeq), namely a pencil for a given value of time. The
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connection between these notions is that a time pencil is a family of static
pencils. As time goes on, one static pencil F(6;) evolves to another F(6s),
and so does the intersection curve.

The determinant changes from a univariate polynomial in A to a bivariate
one, in A, 0

D(\, 0) = det(R(\,0)),
of degree 4 in A, which we consider as
FUON + f2(0)N° + f3(0)N° + fa(O)X + f5(6).
where f;(0) are functions of time.
After performing these necessary translations from a static framework

to a dynamic one, we proceed to the next section, which is concerned with
the study of the evolution in time of the topology for the intersection curve.

3.2 The Evolution in Time of the Intersection

Our interest is to determine the exact value of time for which the topology
changes, and the intervals of time where the topology is preserved. We give
necessary and sufficient conditions for the existence of these two situations.
In this sense we consider the discriminant of the determinantal equation
with respect to the A variable as §(D(\, 6)), a univariate polynomial in 6.

We recall that the discriminant of a polynomial is defined as the product
of the squares of the differences of the polynomial roots up to a constant
(ITi<ic; (Vi = Aj)?, where \;, \; are roots, and n is the degree of the poly-
nomial, and consequently, the number of roots). We can see, from this
definition, that a multiple root, A; is also a root for the discriminant. The
discriminant can also be defined (up to a constant) as the resultant of the
polynomial and its derivative. We recall that a resultant gives the common
roots of two polynomials. In the case of a polynomial and its derivative, it
is clear that the common roots are represented by the multiple roots. Thus
it results even from this second definition that multiple roots are zeros for
the discriminant.

We denote the discriminant of the determinant D(A,f) in a shorter form
as 0(0). We let 6(f) = 0 be the “time equation”, and we will see that the
preservation/change of topology is correlated with the roots of this equation.

We mention that the generic case in this dynamic framework means that
for all values of time (except a finite set) the determinantal equation has 4
distinct roots in A, or equivalently, that the intersection curve is a smooth
quartic. This is the same to the fact that the discriminant is not identically
null.

Proposition 3.2.1 Given a time pencil R(\, ), if the discriminant for the
determinantal equation 6(0) is not identically null, then the intersection
curve is a smooth quartic for all values of the time, except a finite set.



Proof

§(#) is a continuous function (a polynomial in #) and is not identically null.
This implies that 0(6) has a finite number of roots, and that on each interval
I of consecutive roots §(0) is either positive or negative Thus D(A, ;) has 4
distinct, non-zero roots (complex or/and real), V0; € I, and so, the pencil is
in the generic case, where the intersection is a smooth quartic, for all time,
except a finite number of values, which are the roots of the discriminant. M

Formally, we treat the preservation/change of topology in two propositions.
The first one presents the condition for which the topology does not change.

Proposition 3.2.2 For any value of time between 2 consecutive roots 6y,
01 of (), the topology of the intersection is preserved.

Proof

We are in the generic case and thus there is a 6’ € (g, 61) such that D(A,
') has 4 distinct roots. In order to prove that the topology is preserved, we
need to prove that for V0 € (6p,61) D(0) has 4 distinct roots, and that the
nature of the roots does not change (see Theorem 2.7.1).

(L) Assume there exists a 8” € (6p, 61) such that D(\, ”) has a multiple
root, N, with multiplicity m’, m’ > 1. We have mentioned that a
multiple root for a polynomial is a root for the discriminant of the
polynomial. It follows §(¢) = 0, which contradicts the fact that 6y, 6,
are consecutive roots.

We thus have proved that the multiplicity of the roots is invariant on
(0o, 01). Namely, for any value of time between 2 consecutive roots for
the discriminant, the time equation has 4 distinct roots. Equivalently,
for the interval of 2 consecutive roots, the pencil rests regular.

(IT). We now prove by contradiction that the nature of the A roots cannot
change between two consecutive time roots, g, 6.

Assume there exists ',0" € [0y, 61] such that D(\, 6’) has 4 real roots
and D(A, 6”) has also 2 complex roots and 2 real roots = §(6’) > 0 and
0(8") < 0. This is a contradiction because the sign of the discriminant
for the interval of 2 consecutive roots is constant.

Now assume there exists a 6',0” € [0y, 01] such that D(\, 0') has 4
complex roots and D(), 6”) has also 2 complex roots and 2 real roots
= 0(0") > 0 and §(0"”) < 0. It is the same contradiction as in the
previous case.

The last possible case is when there exists a 6',6” € [0y, 61] such that
D(\, 0') has 4 real roots and D (A, 6”) has 4 complex roots = 6(6’) > 0
and §(0”) > 0. We can write D(\, 6) as the product of two polynomials
of degree 2 in A. Let them be p; (A, ), p2(A, 0). It follows that either



p1, or ps have 2 real roots when evaluated in ¢’ and similarly they
have complex roots when evaluated in 6”. Thus we obtain again a
contradiction, because on [fy, 61] the discriminant of either p;, either
po changes signs (positive in 0, negative in 6”)

In consequence, the nature of the roots is preserved. This means that
the intersection curve either has one finite (resp. infinite) component,
either has 2 finite (resp. infinite) components. It is not possible that
the intersection has different types or numbers of components for dis-
tinct values of time belonging to an interval of cosecutive roots. W

Symmetrically, the following proposition presents the condition for which
the topology changes.

Proposition 3.2.3 Given an instance of time, 6y, the topology of the in-
tersection changes at 6y iff 5(6y) = 0.

Proof

We are in the generic case, meaning that for a given value of time 65, D(, 0;)
has 4 distinct A roots. It follows that its discriminant is different from 0 and
that the intersection is a quartic with no singularities. If, for 6y, 6(6y)=0
= JdNg,mo > 1, such that (A — A\g)™ divides D(A, 6p), and so, Ag is a
multiple root and so, we are in the case of a singular pencil. Thus the
intersection cannot be a quartic with no singularities. W

For a better intuition of the evolution of the topology, we present and
explain Figure 3.1. The horizontal axis represents the time line. For each
fixed value of time, 6y, we have marked (in blue) the A roots of the deter-
minantal equation D(A, €¢). The determinant is of degree 4 in A, and so it
can have either 4 real roots, either 2 real and 2 complex roots, or 4 complex
roots. It follows that at each moment of time, ¢, we can plot 4 or 2 points.
The t;, i = 0..3 represent the roots of the time equation, meaning d6(¢;) = 0.
For each of them we have drawn a green vertical line, in order to make it
obvious that for these values the topology changes.

We say that a change in the topology is equivalent with a change of
the type of intersection, which, at its own, is equivalent with a change of
the multiplicity, nature (complex/real) of the A roots for the determinantal
equation. Thus Figure 3.1 describes indeed the evolution of the topology.

For example, if we compute the roots of the determinant D(\, 6f), where
6 is any value in the interval [-00, ty), then we obtain 2 real roots and 2
complex (on the graphic we can only see the real roots). It follows we are
in the generic case. In 6y we see that the 2 complex roots appear in the real
space, and represent a double real root. We are, at this particular moment,
in a singular case (the Segre characteristic is [112] or [11(11)]). For 6 €
(to, t1) the determinantal equation has 4 real roots, and so, we are again in
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Figure 3.1: An Example for the Evolution of the Topology for the Intersec-
tion Curve

the generic case. In ¢t; we have 2 double real roots, and again we are in a
singular case. For 6 € (¢, t3) each pair of the double root disappears (it
becomes complex), and thus we are in the generic case (2 real roots and 2
complex). And so on.

3.3 Computing the Topology

As we have already seen, given an instance of time, )y, two scenarios are
possible.

If 6 is not a root for the time equation, consider 6, 6 as two consecutive
roots for the time equation such that 6y € (s, 7). Let this interval be Iy, .
We know from Proposition 3.2.2 that the topology is preserved on I,, and
so, we rest in the generic case. We are thus able to say that the intersection
is a smooth quartic, furthermore, in function of the nature of the roots, real
or complex, we can say if the intersection consists in one (or two) finite
(infinite) component(s).

If 6y is a root of the time equation, then we know that D(\, ) has a
multiple root in A, and thus we are in the case of a singular pencil. We recall
the algorithm for computing the topology in the case of singular pencils.

The problem we have to confront with, is the algebraic nature of the



Algorithm 4 Compute the topology for a pencil of quadrics, R(\, 6p)
Require: A pencil R(\,6p)
Ensure: The type of intersection
compute ged := ged(D(A, 6p), D' (), 6y)), where D' = % .
if degree(ged)=3 then
print “ D has a quadruple root, \' ”
compute the inertia for R(\,6y), and for another nonsingular quadric
from the pencil, plus some invariants in two cases
return type from Table 2.7
else if degree(ged)=2 then
if discriminant(ged) = 0 then
print “ D has a triple root, X, and a simple one, \”
compute the inertia for R(N, 6y), R(\",00).
return type from Table 2.7
else
print “ D has two double roots, X', \”
compute the inertia for R(N,6), R(\’,0), and some invariants.
return type from Table 2.7
end if
else if degree(ged)=1 then
print “ D has one double root, X, and two simple roots, A", X" ¢
compute the inertia for R(N,6y), R(\’,0y), R(\",0p), and for another
nonsingular quadric in some cases
return type from Table 2.7
end if




roots for the time equation. Thus, the above 6 is, in most cases, irrational.
In consequence, we have to adapt the algorithms described in [3, 4] in or-
der to be able to describe the topology of the intersection of two quadrics
with irrational coefficients. In particular, we have as input quadrics in an
algebraic field and we should find methods which solve the problems of com-
puting multiplicities of roots, greatest common divisors, and inertias for the
refered quadrics. Our solution consists in using interval arithmetics as a
filter and, afterwards, we perform exact computation.

Interval arithmetics is not a novelty, but it makes sense applying it to our
problem, as far as it offers answers. We dedicate a section in the appendix to
a short description of interval arithmetics. Here, the important thing that
we have to mention is that we represent an algebraic number x as a pair,
(I,p), where I is an interval which bounds the value of z, x € I, and p is a
polynomial for which z is a solution, p(z) = 0.

We recall that we are interested in computing the topology of the inter-
section curve. In order to do this, Algorithm 4 requires the computation
of the multiplicities for the roots of the determinantal equation, and the
computation of inertias for different matrices. We describe the way in which
we can solve algorithmically these two problems.

A. Finding the multiplicities for the ) roots of the determinant

As we have presented in a previous section, finding the multiplicity of a
root for the determinantal equation D(A, 6p), means computing the greatest
common divisor between D and its derivative with respect to the A\ variable,
which we denote by D’. We consider the case when 6 is an algebraic number.

We recall that the determinant is a bivariate polynomial in A and 6,
which we can regard as a polynomial of degree 4 in A\ with polynomials in
as coefficients:

D(X, 0) = fi(0)X* + f2(0)X3 + f3(0)X* + f4(O)X + f5(6).

It follows that its derivative with respect to A is a polynomial of degree 3 in
A, with polynomials in 6 as coefficients:

DA(A, 0) = 4f1(0)X% + 3f2(0)N* + 2f3(0)A + fa(0).

We are interested in finding out, if, for a given instance of time 6y, D(A,
6p) and D) (A, ) have a common divisor. We make the remark that it is
possible that the 2 polynomials do not have a proper (# 1) common divisor
for all #, but they can have for particular values for 6.

The algorithm is an adaptation of the Euclid algorithm. We recall it for
the sake of clarity. In our case, D, D’ are bivariate polynomials, and so,
the last non-zero remainder, r,, from the sequence of Euclidean divisions,
is also bivariate. The main idea in our approach is that if r, has 6y as a
root, then the precedent remainder which is not 0 when evaluated in 6y is
the greatest common divisor for D and D’.



Algorithm 5 Euclid Algorithm
Require: Two polynomials p and ¢
Ensure: gcd(p,q)
ro < p mod q
17— 0
while r; # 0 do
i—1i+1
pP<—4q
q<—T

r; +— p mod ¢
end while
return r;,_{

Algorithm 6 Compute the multiplicity of the roots for D(\, )
Require: D(\,6), 0y as a pair (Ip,,p), where Ip, is the isolation interval,
and §(0) for which 6y is a root
Ensure: The multiplicity of the roots for D(X, )
p<— D(A,0)
q < D\ (X, 0)
rg < p mod q
10
while r; # 0 do
i—1i+1
pP<—4q
q<—rT

r; +— p mod ¢
end while
if 6y is a root for r;_; then

je—i—2

while 6 is a root for r; do

Je—Jj—1

end while

return degree(r;,\)
else

return degree(r;_1,\)
end if




In order to prove the correctness of Algorithm 6, we state the follow-
ing proposition, which is, in fact, a generalization of our case (where the
polynomials are of degree 4 in the \ variable).

Proposition 3.3.1 Given a bivariate polynomial, p(x,y), and yo € R, with
xo a root of p(x,yo) of multiplicity mg > 1. Let 1, be the last remainder
(obtained by the Euclidian division of p(z,y) by p'(z,y), its derivative) dif-
ferent from 0. Let r, be the first previous remainder which is not 0 when
evaluated in yo. Then rn(x0,y0) = 0 and my = degree(ry (x,yo)) + 1.

Proof
We have two possible situations:
L Tn(x7y0) =0

Because 7,/(z,y) is the first remainder such that r,(z,yp) is not identically
null it follows that r,/(x,y) = ged(p(x,yo),p' (x,y0)). o is a multiple root,
and thus, it is also a root for the ged. This implies 7,/ (zg, y0) = 0. Obviously,
being that r, is the greatest common divisor between p and its derivative,
it follows that its degree is the multiplicity of myq - 1.

IL rp(x,y0) # 0

In this case r, is not identically null, and n’ = n. It follows that ged(p, p')=rp,.
xo is a multiple root for p(z,y), and thus ged(zg,yo) = 0, and mg =
degree(ry (x,y0)) +1. W

B. Computing the inertia for matrices with algebraic coefficients

As for the second problem which needs to be solved in order to make Algo-
rithm 6 work is the computation of the inertia. We recall that the inertia
of a matrix is the pair of positive and negative eigenvalues. As we have
mentioned in a previous section, we can apply “Descartes’ rule of signs”
to the characteristical polynomial, p. We have seen that, in our case, the
number of changes of sign for p(x) gives the number of positive eigenvalues,
and similarly, the changes of sign in p(—z).

In our framework, p has algebraic coefficients. We recall our problem
is to compute inertia of deformable quadrics, for given irrational values of
time, namely, the roots of the time equation. We thus pose the following
problem to which we describe the solution:

Problem

Given a quadric from the pencil, R()\g,0y), where 6y is a solution for the
time equation, find the inertia of R(Ag, 6o).

Solution

The idea is to take advantage of the representation for fy as the pair (Iy,,
9).Let p be the characteristic polynomial for R(\g,#), which we recall is a



4 x 4 matrix. Thus p is a polynomial of degree 4, and its coefficients are
polyinomials in 8, p(u) = pa(8)u* + p3(0)p® + pa(B)p* + pr(O)p' + po(6);

6y is represented by the pair (Iy,, 6(6)). Let Iy, be [a,b].

We need to count the changes of sign for p(Ip,) and this implies that we
have to compute the signs for p;(Ip,) = [c,d]. If ¢ > 0, then p; is positive. If
d < 0, then p; is negative. It remains the case when 0 € [c, d], meaning that
0o is an hypothetical root for p;. As 6y is a solution for the time equation,
we have to check if degree(ged(p;,6(6))) > 0. If yes, and if 6y is a root for
the ged, then p;(0p) is 0, and thus the number of zero roots increments. If
the degree is 0 or if p is not a root for the ged, then we refine Iy,, because
we are sure to reach an answer.

Before counting the changes of sign, we need to find the number of zero
roots, ng. Note that ng is the number of consecutive coefficients (starting
from the last one) equal to 0, namely p;(6p) = 0, i = 0..ng.

After determining ng, we can simply apply Descartes rule of signs, as

normally, to p(u)/p™.
We formalize the above in the following algorithm.

Algorithm 7 Compute the inertia for a quadric with algebraic coefficients

Require: R(\g,6), 6y an algebraic number
Ensure: Inertia for R()\g,0o)
p(p) < CharacteristicPoly(R()o,0)) < pa(0)p* + p3(0)p + pa(0)p? +
p1(0)p + po(0)
i < 0; ng < 0 {ng is the number of zero roots for p}
[c, d] — pi(6o)
while 0 € [¢, d] do
if 0y is a common root for p; and §(6p) then
pi(0) < 0; ng < ng + 1
i+ i+1; [e, d| « pi(o)
else
refine [c, d]
end if
end while
p(p) < p(p)/p"
for i = 0 to degree(p,u) do
[C, d] — pi(eo)
if ¢ > 0 then
pi(fo) < 1
else if d < 0 then
pi(fo) — —1
end if
end for
return Descartes(p(u))




3.4 Parametrization of the Intersection Curve

The previous section was dedicated to the study of the topology for the
intersection of two quadrics which evolve in time. Knowing the type of the
intersection, we are concerned with finding a parametrization depending on
time. This presents the advantage of avoiding computing a parametrization
for each instance (discrete value) of time. In this sense, given that the
topology of the intersection does not change between 2 consecutive roots for
the discriminant of the time equation, we intend to prove that for some
intervals of time we can find a near-optimal, valid parametrization for the
intersection.

As we have seen in the section dedicated to the static quadrics, the
basic idea in obtaining a parametrization for the intersection curve is to
parametrize one quadric and insert its parametrization in the equation of
the second quadric. This results in solving an equation of degree 2 in its
parameters, £, 7, with A being its discriminant. As only ruled surfaces admit
parametrizations which are linear in at least one parameter, it follows that,
in order to optimally parameterize the intersection, it is needed to find a
quadric with positive determinant. Because we have placed ourselves in the
generic case, which means that the determinant has 4 distinct, simple roots,
the inertia for this quadric is either (4, 0), either (2, 2). We have said that if
the inertia is (4, 0) there is no sense in finding a parametrization, since the
quadric does not have any real points and thus the intersection is empty.
In consequence, it rests the case when the quadric has inertia (2, 2). We
have seen that a quadric (2, 2) has two square roots in the parametrization.
We have said that, if it is possible to find a rational point on it (or another
quadric of inertia (2, 2) with a rational point on it), then we can reduce one
square root in the parametrization, and thus, the parametrization for the
intersection curve is in Q(v/4)[¢, V/A], which is optimal.

In the case of a dynamic framework, we pose the same problems. Our
intention is to find an interval of time for which we can be sure that the
quadrics are of inertia (2, 2) and that they contain a rational point. For
these intervals we prove that a parametrization depending on time is feasible.
Further, we are concerned with the possibility of being able to cover the
whole axis of time with such intervals. In this sense, we will prove that we
can find an interval of time, I, for which R(},0) is of inertia (2,2), V0 € I.
It follows that it is possible to find a worst-case optimal parametrization for
the intersection curve on I. We present an algorithm that describes how
to cover the whole axis of time with such intervals. This algorithm has
two drawbacks. The first one is represented by the fact we do not have a
bound for the number of intervals (which can be very large). The second
one consists in the fact there are situations when the number of square roots
can be reduced. Namely, we prove that if we can find a rational point on
a quadric (2,2) then we can reduce the number of square roots from the



parametrization of the intersection curve up to one. This will be the goal of
the first theorem. Then we will prove that covering the time axis with such
intervals is possible, though it is not always optimal. This is formalized in
our second theorem.

We start by proving that, given a pair (Ao, #p) such that D(\g, 0y) is
positive, then we can find an interval of time, I, with 6y € I, and for which
there exists a set of quadrics, R(A(),0) of inertia (2, 2) depending on time,
with a rational point, P(\(#)) on each of them.

We know that in a static pencil there exist ruled surfaces (Theorem 2.8.1).
As a time pencil is a family of static pencils, it follows that for each instance
of time, 6;, there exists a ruled quadric R(\, ;). Furthermore, we are in the
generic case, thus the ruled quadrics are of inertia (4,0) or (2,2). When the
inertia is (4,0) the intersection is empty and thus this case does not present
any challenge. Given \g, 6y such that R()\g,0) is a quadric (2,2) we have
an interval I, for which R(\o, @) remains (2,2), V0 € 1.

Lemma 3.4.1 Given a time pencil R(\,0), Ao, 0y such that the static
quadric R(\g, 0o) is of inertia (2,2), then there exists an interval of time,
I, such that R(\o, ) has inertia (2,2), V6 € I.

Proof

R(No, 6p) is of inertia (2,2) = D(X\g,6p) > 0.

Let 6, be the first root of D(Ag,0) such that 6y < 6. Then D()\g,0) does
not change sign for I = [y, 61), and thus it remains positive. It follows that
R(No, 0) is of inertia (2,2). MW

Thus it is possible to parametrize R(\g, 6) on the interval I and to obtain
a worst-case optimal (in the number of square roots) for the intersection
curve. More precisely, R(\g, #) can be written in the canonical form as

[1(0)2? + f2(0)y* — f3(0)2% — fa(0)w? = 0.
Accordingly, it admits the parametrization

[ wttfi(@)vs  us—fa(O)vt ut—f1(0)vs us+ f2(0)vt
XR(G)_[ [ £200) VO 30)7  \/f20)f4(0)

In a similar manner as for static quadrics, the insertion of the parametriza-
tion XR(#) in the equation of the second quadric leads to an equation of
degree 2 in its variables, and with coefficients as polynomials of 8. We find
one variable in function of the other, insert it in XR(#) thus obtaining a
parametrization defined on I for the intersection quadric.

Given that it is possible to find a parametrization of the intersection for
an interval of time, we pose the problem of covering the whole axis of time
with such intervals. In this sense, we propose Algorithm 8 which outputs a
non-optimal paramterization for the intersection curve, defined on the whole
axis of time.




Algorithm 8 A parametrization depending on time for the intersection
curve
Require: a time pencil, R(A,0), and a pair (Ao, 6p) such that D(\g, ) is
positive
Ensure: A parametrization for the intersection curve
1. Start with Ao, fy such that the corresponding quadric is (2,2)
2: 1«0
3: while D(\;, 0) has real roots greater than 6; do
4:  Let 011 be the smallest root of D()\;,#) such that 6; < 6;11. Then
I; = [0;,0141) and X;(f) is a non optimal parameterization for the
intersection, 0 € I;
5. Ai+1 is chosen such that D(X\j+1,0;41) is (2,2)
6: 1+ 1+1
7: end while
8 return X

Algorithm 8 offers a parametrization for a given moment of time, with
no need in effectively computing it. Moreover, as time covers the whole
axis of real numbers, it is clear that we are in the position of determining
a parametrization for the intersection of two quadrics with algebraic coeffi-
cients. This is important, as far as we are not aware of methods which can
find an exact parametrization for the intersection of surfaces with irrational
coefficients.

Nevertheless, Algorithm 8 has two drawbacks. The first consists in the
fact that there is no bound on the number of intervals I;. The second
concerns the number of square roots which can be reduced if rational points
are found.

Regarding the first drawback we say that we do not know yet how to
find the minimal number of intervals. We consider Figure 3.2. For the sake
of consistency, it is the same graphic as in the previous section. We have
only added some red '+’ signs, which represent the regions where D(A, 6) >
0, and some -’ signs, for the regions where the determinant is negative. We
recall that the blue lines represent the pairs (A, #) for which the determinant
is 0. It follows that for -’ regions the inertia of the corresponding quadrics
is (3,1) and for the '+’ regions the inertias are either (4,0), either (2,2).

In Step 1 our algorithm has to make a choice, namely, it has to pick up
a A such that, for a given value of time, the inertia is (2,2) and thus the
determinant is positive. If we consider the graphic 3.2 it can be clearly seen
that taking as starting pair P2 we can obtain a parametrization defined on
only one interval which covers the axis of time. Instead, if we take P1 as
the starting pair, then we obtain 3 intervals. Thus the number of intervals
is sensitive to the choice of the \; such that D(\;,6;) > 0.

We can improve the algorithm, by considering the following heuristic:
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Figure 3.2: Covering the axis of time with intervals

“Whenever it is possible, choose A; in the largest interval.”

More precisely, we recall that, given 6; a value for the time variable, we
search for a \; such that D();, 6;) > 0. Solving D(], 6;) gives us at most
4 X roots. For each interval of consecutive A roots, the determinant has a
constant sign. We choose a A; in an interval for which the determinant is
positive. Our heuristic says that it is better to choose A; in a larger interval.
Applying it to our graphic, we notice that the decision taken at P3 would
luckily choose the green line and not the blue dotted one.

As for the second drawback, we present in the following the way in which
we can reduce the number of square roots up till one.

Lemma 3.4.2 Given a time pencil, R(\, 0), with a static quadric R(A\o, 6o)
of inertia (2, 2), then there exists a rational point which belongs to all
quadrics R(f(0),0), where f(0) is a polynomial in time, f:€ R I, where
VO € I R(f(0),0) is of inertia (2,2).

Proof

Let P be the rational point on R()\g,0p).

By solving {P - R(\,6) - P = 0, we obtain a \ as a function of 6, such that
VO 3f(0) with tP - R(f(0),0) - P = 0.

If D(f(0),0) = 0 does not have any solution, then I = R. Otherwise, let



01 be the smallest root such that 8y < 6;. Then I = [6y,0;) and VO € I
R(f(0),0) is of inertia (2,2). ®

This lemma means that if P is a rational point on a quadric R(Ag, 6p), then
there exists an interval, I, for which P is a common point for the set of
quadrics (2,2) R(f(6),6), 6 € I. Furthermore, for each particular 6 we can
also find a second rational point on each R(f(0y),0r).

Lemma 3.4.3 Given a time pencil, R(\,0), and a rational point, Py, be-
longing to the time pencil, 3P5(0) such that Py, P»(0) € R(f(0),0).

Proof

Let R(f(0),60) be the quadrics to which P; is common. Let L be a line which
contains Py. Then by solving 'L - R(f(0),0) - L = 0, we obtain P,(6) as the
second intersection point of the line L with each quadric R(f(6),0y), where
0 is a fixed value of time. W

Proposition 3.4.4 Given a time pencil, R(\,0), with a static quadric R(\g, 0o)
of inertia (2, 2), and Py a rational point on it, there exists an interval I and

a polynomial f : R — I such that Py is a common point to all quadrics
(2,2) R(f(0),0), which have an optimal parameterization (in the number of
square roots) depending on time.

Proof

The above lemmas prove the existence of the polynomial f : R — [ such
that R(f(6),0) have P as a common rational point, and each R(f(6y),0¢)
has another rational point P (fy). We prove that, in these conditions, the
parametrization has at most one square root in its parameters.

Recall the parametrization for quadrics (2,2) is:

X — ut+f1(0)vs us— f2(0)vt ut—f1(0)vs us+ fa(0)vt ]
L AO RO AOs6) VR6)10)

We remark the fact that if f1(6) = f2(f) = 1, then the parametrization is
in Q[v/&] and is linear in all u, v, s,t, and by all means, it is optimal.

It follows that we look for a transformation which sends a quadric of (2,2)
in a canonical form with f1(6) = f1(0) = 1.

Let T'P(0) be the projective transformation that sends Py, P>(6) in [1,+1,0,0]
Then apply Gauss reduction on ‘T'P(6) - R(\(0),0) - TP(0). Let TG(#) be
the correspondent transformation matrix.

Prove that 'TG(0) -t TP(0) - R(\(0),0) - TP() - TG(0) is of the form:

1 0 0 0
0 -1 0 0

0 0 a6 0 |
0 0 0 B0



where «(6)5(60) < 0, V8 € I.
Consider the transformation matrix 77°(9):

1+a) 0 1—a(d) 0

1| 1—a(@) 0 14a) 0

2 0 2 0 0
0 0 0 20(6)

After performing the calculations, we can see that ‘T'T'(9) ! TG(9) - TP(9) -
R(X\(),0)-TP(9)-TG(0)-TT(0) is in the form we are looking for:

100 0
010 0
001 o0 |
00 0 ~(6)

where v(0) = -a(0)5(8), thus v(0) > 0.
Thus, there exists a transformation 7'(0) = T P(0) - TG(0) - TT(0) such that
the corresponding equation for ‘T'() - R(A(6),0) - T'(0) is
22 +y? — 22 —y(0)w? = 0.
Thus R(\(0),0) can be parameterized by:

us+uvt ]

VA0)

which is valid, because v(0) > 0, for § € I, and optimal. B

X = [ut + vs,us — vt,ut — vs,

Consequently, algorithm 8 changes to:

Algorithm 9 A parametrization depending on time for the intersection

Require: a time pencil, R(A, ), a pair (Ao, 6p) such that D(\g, 6p) is pos-
itive, a rational point P; on R(\g, 6p)
Ensure: A parametrization for the intersection curve which has at most
one square root in its parameters
f < solve (*P; - R(\,6p) - P, = 0)
10
while D(f(6;),6) has real roots greater than 6; do
Let 0,11 be the smallest root of D();,0) such that 6; < 6;11. Then
I; = [0;,0141) and X;(#) is a non optimal parameterization for the
intersection, 6 € I;
Ait1 is chosen such that D(\;j11,0;41) is (2,2)
t—1i1+1
end while
return X




Chapter 4

Case of Study

In order to illustrate our results we take the case of the following two time-
varying quadrics’:

P: 22420 —4)rw+y% + 22 — 22w +w?(0? — 80 +8) =0
Q: 2?2 — 60zw + 9y? — 22 + (96% — 250)w? =0
We mention that P represents a sphere of center (x,y0,20)=(4,0,1) and

radius 7p=3 which is translated on the (Ox axis by applying the transfor-
mation 7"

1 00 6
0100
= 0010
0 0 01

4.1 Studying the Topology

We can describe the evolution of the topology of the intersection curve with
the help of the determinantal equation D(\, ) and the time equation §(9).
In our case,

D(),0) = —9\* + (1602 — 576 — 66)\3 + (12802 — 4810 + 127)A\? +
(—14462 4 3130 — 72)\ + 2250

and its discriminant, §(#), is a univariate polynomial of degree 12 in 6:

§(0) = (655360° — 113868807 + 738022405 — 2154771260° + 265014760* —
920370063 — 903327602 + 1450446 — 4032)(1800% — 6100 + 981)2

We have already proved that the topology is preserved on the open interval
of two consecutive time roots of §(f), and that it changes only for 6; such
that (5(9,) = 0.

'For simplicity, we abuse the notation, and denote by a quadric Q the set of quadrics

Q(0)
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We can see that the discriminant is a product of two polynomials, one of
degree 8 and the other of degree 4, which does not have any real solutions.
Thus the roots of the discriminant are the roots of the polynomial of degree
8, which is irreductible. The best we can do, in order to have an information
of the roots, is to isolate them. After performing computations, it follows
that the discriminant has 4 real roots, which are represented by the intervals

. <[—77 —153} [709 355:| [1051 2103] [4489 2245])
0 = ) ) )

512 1024 1024° 512 512 71024 |’ |1024° 512

We mention that these intervals can be refined, if needed. Figure 4.1 plots
the determinantal equation and in addition the approximate values for the
roots.

2

|
A

7

=
=

I S

:‘)
—_——r T —

—

E:I
g
|
|
|
I
|
|
|
|
A
I
|

—+
—

t
b
-B

g

I
I
|
1
I
1
I
i
1
|
1
|
I
|
1
I
|
1
|
t3
I
|
1
I
|
1
|
I
|
I
|
1
I
|
:
|
I
I

——— e e

|
|
|
|
|
|
H
|
|
|
|
|
F
|
i
|
J

-10
Figure 4.1: The Determinantal Equation and the Time Roots

The solutions of the time equation, in our case the roots of a polynomial
of degree 8, are usually algebraic numbers. We recall that we represent
an algebraic number x as a pair consisting in a isolation interval and a
polynomial for which z is a root.

We also recall that the solutions of the time equation correspond to mul-
tiple A roots of the determinantal equation, thus to singular static pencils.



When 6 € (rg[i], 79[i +1]) we know that the intersection is a smooth quartic,
and furthermore, in function of the nature of the roots we can say whether it
has one/two, affinely finite/infinite connected components (Theorem 2.7.1).
For example, when 6 = 5, R(\,5) has 4 positive eigenvalues, VA € R, and
thus the intersection is empty. In fact, V8 € (ry[3], 00) there cannot be any
collision detection between ) and P. Furthermore, we have the following
cases:

o if 0 € (—o0,79[0])U(rg[1],79[2]), then D(A,0) has 4 real roots, thus the
intersection is a smooth quartic with two affinely finite components

o if 0 € (19[0], rg[1])U(rg[2],79[3]), then D(A,#) has 2 real and 2 complex
roots, thus the intersection is a smooth quartic with one affinely finite
component

At this moment, we know the type of intersection between consecutive
roots rg[i]. We are interested, in what it follows, to exactly determine the
type of intersection when time is equal to rg. We perform computations as
we have described in a previous section, and we find out, as it can also be seen
in Figure 4.1 that for all time roots there corresponds a double and 2 simple
A roots for the determinantal equation. Furthermore, we compute some
invariants and looking in (Table 2.7) we can find out the type of intersection
for

e O = ry[0] the inertia for the double root is (3,0), thus the intersection
type is a “point”

e O = ry[1] the inertia for the double root is (2,1) and the simple roots
are real, thus the intersection type is “nodal quartic without singular
points”

e O = ry[2] the inertia of the double root is (1,1) and the inertia of one
of the simple roots is (3,0), thus the intersection is empty

e 0 = rp[3] the inertia for the double root is (3,0), thus the intersection
type is a “point”

We can assemble all the information from above in a complete description
of the evolution of the topology of the intersection curve. (Q and P intersect
in a quartic with 2 components until they become tangent, at 79[0]. While
the value of time is smaller than ry[1] the intersection is a smooth quartic
with one finite component. At rg[1] the smooth quartic becomes a nodal
quartic, which after this moment is a smooth quartic with one component
until time reaches ry[2]. This component becomes smaller and smaller until
it dissapears. This happens at 79[2] when the intersection is empty. As soon
as time goes on towards ry[3] the intersection is again a smooth quartic with
two components until () and P are tangent again. As time goes at oo the
two quadrics do not intersect anymore.



Figure 4.2: The intersections when 6 € {—2,—1,0,1} in order, from left
to right: when 6 € {—1,—2,1} the intersection is a smooth quartic with 2
components, and when 6 = 0 the intersection is a smooth quartic with one
component



4.2 Computing a parametrization

Our problem is to find a parameterization depending on time for the inter-
section curve of P and (). In order to do this, as we have already mentioned,
we need to parameterize a quadric from the pencil R(\,6)=\ P + @ and
insert its parametrization in the equation of another quadric. We look in
the pencil for a ruled quadric in order to be easy to parameterize. Because
P is not a ruled quadric (it is a sphere, and spheres have inertia (3,1)), its
parameterization is not linear in at least one of its parameters, and thus it
does not present any interest in our case.

Nevertheless, if we look carefully to the quadric (), we can see its expres-
sion can be rewritten as:

(x — 30w)? + 9y? - 22 - 250w? = 0.

Thus by applying a change of coordinates, we can transform () into a pro-
jectively equivalent quadric of inertia (2,2). We let T" be the transformation
matrix which sends the quadric? @ into Q'

1 0 0 30 10 0 0

101 0 0 p 09 0 0

= 00 -1 0 @ = 00 -1 0
00 0 1 0 0 0 —250

Q' is a quadric (2,2) as long as the time is positive (§ > 0). Moreover,
[0,1,1,0], [0,1,-1,0] € Q', and so Q' is a quadric of inertia (2,2)% and it has ra-
tional points on it. We know that a quadric (2,2) admits a parameterization

X
ut + avs us — bvt ut — avs us + but

X’ - ) ) b
a b yvac v bd
where a, b, c,d are the elements from the diagonal of Q.
Thus, after computing, we say that the quadric Q admits the parametriza-

tion

X1 (u,v,s,t) + VOXa(u,v,s,t),

where

9ut)0 Svt
Xa(uv,s,t) = |20 .0, 220 2

Xo(u,v,s,t) = [ut + vs, % — vt, —ut + vs, 0]

By plugging X in P we obtain an equation € of degree 2 in (u,v) and
(s,t). We solve Q for (u,v) in function of (s,t) and inserting the solutions
in X gives us a parametrization for the intersection:

2We make the convention of denoting by the same symbol the quadric and its associated
matrix
3From now on we consider time as a positive variable, # € R™



Xl(s, t) + \/EXQ(S, t),

with
45(18s%(6% — 460 + 2) + 9t2(180% — 3410 — 36))
Xy (s.1) —36t(8s%(20 — 460 + 1) + 225¢) N
WS 24(52(14462 — 2636 4 72) + £2(129662 + 12336 + 648))
—18s(s2(40 — 5) — 9t2(46 — 3))

and

36 0
Xy (s, t) = 60t0(s* + 81t2) 8 + /5 8 VA

1 1/3

where

A = —8100(6(1446? — 1660)s* + 81(1446% — 3100 + 63)t* + 180(17662 +
986 + 151)s2t2 + v/0(4800(50 — 4)s3t + 43200(56 — 6)st3))



Chapter 5

Conclusions and Further
Work

In this report we have focused on two main problems regarding time-varying
quadrics. Namely, we have presented methods which make it possible to
study the evolution of the type of the intersection of time-varying quadrics.
Furthermore, we have proved that it is possible to parameterize the inter-
section curve in function of time.

More precisely, we have analyzed the preservation/transformation of the
topology for the intersection curve of two quadrics. We have presented
necessary and sufficient conditions for conserving the topology and, similarly,
we have detected when exactly the topology changes.

Being that we can detect for any value of time the type of intersection
automatically, we have posed the problem of obtaining a parameterization
depending on time for the changing intersection curve. In a first phase
we have proved that, given a particular point, we can find an interval of
time on which the parameterization is possible. Being able to accomplish
this step, we have proceeded to determine if we can cover the whole axis
of time with such intervals. We have presented an algorithm which proves
that this is possible. The drawback of our method is that depending on
a initial choice we make, the number of intervals which cover the axis of
time can vary significantly. Nevertheless, our method presents advantages.
One advantage is clearly represented by the fact that we do not need to
compute a parametrization for each value of time, and especially for those
values that are algebraic. The second one is significant because it permits us
to have an exact parametrization for the intersection curve of two quadrics
with algebraic coefficients.

As future work we mention that the most important problem is to find a
way to control the number of intervals on which we parameterize the intersec-
tion curve. Another direction in which it is required to bring improvements
is the computation of the canonical form of a quadric. One simple solution

47



(not necessarily an efficient one) is Gauss reduction, which we have used.
Nevertheless, computing the canonical form by a Gauss transformation can
strongly augment the degree of the time variable which appears in the coef-
ficients of a quadric. This implies that the expressions we work with become
complicated and that the computation time increases. In this sense, one way
to start would be the method presented in [9].

As possible directions of application of our results, we mention that
we are interested in problems like continuous collision detection (CCD).
There are some recent results regarding CCD for bounding boxes, articulated
models, moving ellipsoids. One interesting paper is [13], which the authors
renewed it recently, namely, they can detect collisions for moving ellipsoids
under affine deformation in real time. We think that our framework would
produce good results not only for affine transformations, and not only for
particular types of surfaces.

Useless to mention that quadrics, as the simplest implicit surfaces, con-
stitute the base of more complicated structures. Managing to control the
objects which represent the foundation, is one step forward. Thus, we can
imagine applications in each domain where implicit surfaces are an impor-
tant ingredient: protein modelling, character animation, motion analysis.



Appendix A

Canonical Form for Pencils

A.1 Preliminaries

The notion of pencil, R()), is defined as a family of quadrics, {A\P+@Q | P, Q
quadrics}. Quadrics have associated real symmetric matrices, and so, the
pencil of quadrics can be thought of as a pencil of symmetric matrices,
{AMp + Mg | Mp, Mg € Symaxs(R)}. We have mentioned that for sym-
metric real matrices there exists a transformation which can make them
diagonal, with their eigenvalues as elements. This diagonal form represents,
in fact, the canonical form for a quadric.

We now pose the problem of finding a canonical form for the pencil of
two quadrics. If finding the canonical form for a quadric boils down to
finding the eigenvalues for the associated matrix (the standard eigenvalue
problem), finding the canonical form for a pencil is strongly connected to the
generalized eigenvalue problem. Under one condition, this problem can be
translated to the standard eigenvalue problem, namely, if Mp is nonsingular,
it follows that AMp+ Mg = Mp(Mpz' Mg+ ). Finding the eigenvalues for
Mp 1MQ, we can obtain a canonical form for R(\), which is not necessarily
diagonal, taking in consideration that M, 1MQ is not symmetric.

It has been proved that there exists a matrix that sends simultaneously
both quadrics engendered by a pencil in an almost diagonal matrix. More
precisely, with the help of Jordan Forms, these quadrics become projectively
equivalent to block diagonal matrices.

A.2 Jordan Forms

Though the notions we are about to present are defined for the n-dimensional
case, for the sake of simplicity, we will introduce them for our given frame-
work, namely the family of quadrics, thus square matrices of dimension 4.
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Given a pencil R(A\)= {\P+ Q}, we are interested in finding a canonical
form for it, namely a transformation that sends simultaneously both quadrics
which engender the pencil, in a simplified form. We recall that this is related
to the generalized eigenvalue problem, and that it is reduced to finding
eigenvalues for M 1MQ. This is not a symmetric matrix, so a diagonal form
does not always exists. Instead, as the next theorem states, there exists a
transformation which can send it into a block diagonal matrix, which is
called “real Jordan normal form”.

Theorem A.2.1 FEvery real square matrix A is similar to a block diagonal
matriz diag(Jy, .., Jx), called real Jordan form of A, in which each J; is a
Jordan block associated with an eigenvalue of A.

Given A a real eigenvalue for A, with multiplicity m, we associate a number
of “real” blocks with it. The number of these blocks is exactly the number of
eigenvectors corresponding to A\. This number is at most m, and it depends
on the rank of the matrix. The form of a block associated with a real
eigenvalue is one of the following;:

Al 0

(N
o1
0 A

If A is complex, A = a+ i3, the sum of all blocks associated with A is
always twice the multiplicity (because the conjugate is also a root), and the
form of one of these blocks is:

a —f 1 0 0
6 o 0 1
<g_aﬁ> 10
0 1
a
0 0 «

Having the Jordan form of a matrix we can compute the “Segre charac-
teristic”, which is a sequence of numbers (or group of numbers) associated
to each eigenvalue. Namely, if for an eigenvalue A\, we have, in the Jordan
form, only one block associated, which must be of dimension m, where m
is the multiplicity for A, then in the sequence it appears m as the number
corresponding to \. If for A there are associated 2 blocks, one of dimension
m and the other of dimension n, then we can conclude that the multiplicity



of A is m + n, and that this eigenvalue is put in correspondence with the
group (mn) in the Segre characteristic.
For example, if the Jordan form of a matrix looks like

a 1
«

[«]

=

= =~

then there are 4 eigenvalues, «, 3,6 of multiplicity 3, and ~ of multiplicity
1. The Segre characteristic is [(21)31(21)], as there are 2 blocks associated
with «, one of dimension 2 and the other of dimension 1, for ( there is
associated only one block of dimension 3, for v a block of dimension 1, and
finally, for §, there are 2 blocks associated, one of dimension 2 and the other
of dimension 1.

The Segre characteristic is a useful notion which makes it possible to
exhaustively classify quadrics in P3(C).

In our case, the matrix M, 1MQ is 4x4, and so it has 4 eigenvalues, with
multiplicity at most 4, if the eigenvalue is real, or at most 2, if the eigenvalue
is complex. We illustrate the above, by taking 2 examples:

Example

L det(Mp'Mg — M) = (A= 20)(A = A)(A - (@ +1B))(\ - (a - iB)) =
Mp 1MQ has 2 simple real eigenvalues, and one which is complex, and
it can be reduced to the following block diagonal matrix:

N 0O 0 O
0 M O O
0 0 o -0
0 0 0 «

2. det(Mp'Mg — M) = (A — X0)3(\ - \1) = Mp'Mg has 1 simple real
eigenvalue, and one triple, and it can be reduced to one of the follow-
ing forms, depending on the rang of MElMQ:



XM 0 0 0 A1 0 0 A1 0 0

0 X 0 O 0 X O O 0 X 1 O
0 0 X O 0 0 X O 0 0 X O
0 0 0 XN\ 0 0 0 X\ 0 0 0 N\

so for the triple eigenvalue we might have 3 blocks of size 1 (rank=1),
one block of size 2 and one of size 1 (rank=2), or just one block of size
3 (rank=3).

After seeing how the block diagonal matrix looks like, we proceed and
present the main theorem which refers the simultaneous reducing of the pair
of quadrics engendered by a given pencil.

Theorem A.2.2 Canonical Pair Form. Let Mg and Mp be two real
symmetric matrices, with Mp nonsingular. Let Mp 1MQ have real Jordan
normal form diag(Jy,..,Ji,Jks1,--sJdm), where J;, i= 1..k, are real Jordan
blocks corresponding to real eigenvalues of MISIMQ, and J;, i = k+ 1..m
are complex Jordan blocks corresponding to complex eigenvalues of MISIMQ.
Then Mp and Mg are simultaneously congruent by a real congruence trans-
formation to

diag(e1 B, ..,€, Epy Eryq, .. Epy)
and
diag(e1 FrJ1, .., 6, Epdyry Bri1drg1, ooy Emdim),
respectively, where ¢, = + 1 and F; denotes the square matriz

0 1

of the same size as J;.
We illustrate the above written by completing the previous examples.
Example

1. Mp 1MQ has 2 simple real eigenvalues, and one which is complex =

A 0 0 0
iy, |0 A0 0
MplMo=| o 'y o g
0 0 O «

and Mp, respectively Mg can be reduced to the following block diag-
onal matrices:



1000 Mo 0 0 0
o100 o X o0 0
Me=1 4919 01 MQ_OOﬂa
0010 0 0 a -8

2. Mp 1MQ has 1 simple real eigenvalue, and one triple, and it can be re-
duced to one of the following forms, depending on the rang of M, 1MQ:

A 0 0 0 A1 0 0 A1 0 0
0 X O O 0 X O O 0 X 1 O
0 0 X O 0 0 X O 0 0 X O
0 0 0 X\ 0 0 0 X\ 0 0 0 N\

and Mp, respectively Mg can be reduced to the following block diag
onal matrices, for each of the three cases:

1 0 0 0 A 0 0 0

iy [0 100 [ 0 X 0 o0
rang(MP MQ)—l : Mp = 00 1 0 MQ = 0 0 /\0 0
0 0 01 0 0 0 X\

0100 0 X 0 O

e | 1000 | A 1 0 0
rang(MP MQ)—2 : Mp = 00 1 0 MQ = 0 0 )\0 0
0 0 01 0 0 0 X\

0010 0 0 X O

- 01 00 0 X 1 0
rang(MleQ):ZS: Mp = 100 0 Mg = Ao 10 0 0
00 0 1 0 0 0 X\

The existence of the above block diagonal matrices makes it easier to
compute the type of intersection between quadrics. We do not detail this
issue here, as complete information can be found in [3, 4].




Appendix B

Interval Arithmetics

Interval arithmetics is an extension of the usual arithmetics on numbers to
intervals. We mention, as it appears in [1] that an interval is a closed, convex
set of a totally ordered field, in our case R. An interval is denoted by the
notation [x] = [z, ], where x represents the lower bound, and Z, the upper
bound. The main operations from exact arithmetics are extended by the
inclusion property: f([z]) = [f(z)] = {f(z) | = € [z]}. Precisely, given 2
intervals [x] = [z,Z], [y] = [y, 7], we have:

(2] + ] =z +y. T+ 7]
@] -] =[2-7,7 + y
[z] x [y] = [min{zy,27, Ty,77}, max{zy,2y, Ty, 77}
[] / [y] =[x] - 1/, 1/y], if 0 & [y]
Remark
x - [x]#0
x /[ [x]#1

In order to develop our study, we need to add to the above basic opera-
tions, the possibility of comparing two intervals and the power operator:

] <[yliffz <yandT <7
[2]" = 2" 7"], r € Q.

Remark We do not need unbounded intervals, and for the sake of simplic-
ity, we do not present them here. Nethertheless, more information can be
found in [1, 5].

Applications of interval arithmetics in computational geometry are de-
scribed in [7]. As an informative title, we add that interval arithmetics is
used as a formal foundation for proofs by approximation [|, in the com-
putation of the predicates, where there is no time for spending on exact
arithmetics.
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