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Résumé

Dans cette these, nous étudions le probleme du calcul de la norme L*> des systemes de
dimension finie, linéaires et invariants dans le temps. Ce probleme est ramené au calcul de
la y-projection maximale des solutions réelles (z, y) d’un systeme d’équations polynomiales
bivariées X :{P =0, g—]; = 0}, ou P € Z[x,y|. Nous utilisons alors des méthodes classiques
de calcul formel pour résoudre ce probleme. En particulier, nous étudions alternativement
une méthode basée sur des représentations univariées rationnelles, une méthode basée sur la
séparation des racines, et enfin une méthode basée sur la variation de signes des coefficients
dominants d’une suite signée de sous-résultants (suite de Sturm-Habicht) et I'identification
d’un intervalle isolant pour la y-projection maximale des solutions réelles de .. Nous calcu-
lons ensuite la complexité binaire dans le pire des cas de chacune des méthodes proposées
et nous comparons leur comportement théorique. Enfin, nous implémentons chacune des
méthodes sous Maple et nous comparons leur comportement pratique (complexité moyenne).
Une généralisation des algorithmes précédents au cas de polynomes P dépendants aussi
de parametres a = [y, ..., a4 € R? est finalement proposée. Pour cela, nous résolvons
le probleme en utilisant la notion de Décomposition Cylindrique Algébrique, classique en

géométrie algébrique.

Mots-clés

Calcul de la norme L, Systemes polynomiaux, Solutions réelles maximales, Calcul sym-

bolique, Calcul de complexité, Implémentation, Théorie du controle.



Computation of the L*-norm of
finite-dimensional linear systems

In this dissertation, we study the computation of the L*°-norm of finite-dimensional
linear time-invariant systems. This problem is first reduced to the computation of the
maximal y-projection of the real solutions (z, y) of a bivariate polynomial equations system
by :{P =0, % = O}, where P € Z[z,y]. Then, we use standard computer algebra methods
to solve this problem. In particular, we alternatively study a method based on rational uni-
variate representations, a method based on root separation, and finally a method first based
on the sign variation of the leading coefficients of a signed subresultant sequence (Sturm-
Habicht) and on the identification of an isolating interval for the maximal y-projection of
the real solutions of ¥. We then compute the worst-case bit complexity of each method and
compare their theoretical behavior. We also implement each method in Maple and compare
their practical behavior (average complexity). A generalization of the above algorithms is
finally proposed to the case where the polynomial P also depends on a set of parameters
a = |ai,..., a4 € R% To do that, we solve the problem using the notion of the Cylindrical

Algebraic Decomposition, well-known in algebraic geometry.

Keywords

L*>-norm computation, Polynomial systems, Maximal real roots, Symbolic computation,

Complexity computation, Implementation, Control theory.
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Introduction

My research program within OURAGAN team (Inria Paris) focuses on the development of
new algorithms for the study of the maximal y-projection of the real solutions of a bivariate
polynomial system describing the critical points of a bivariate polynomial depending or not
on parameters.

Through its various applications in control theory (robust and optimal control) [107,

, 1], robotics [85, 68], and signal processing [75, 71], etc., the study of the real solutions
of a bivariate polynomial system depending on parameters is a classic problem, abundantly
studied in computer algebra (see, e.g., [28, 63, 13, (5] and the references therein).

An example of an application worth mentioning is the recent work carried out by
Guillaume Rance in his PhD thesis [77], in collaboration with the Safran Electronics &
Defense company. The objective of this work was to compute the H* controllers for gyro-
stabilized systems depending on parameters. An important result of this work was to show
that the problem is reduced to that of the study of maximum real solutions of some algebraic
systems. To solve this last problem, the choice was made to use classical techniques of
symbolic computation such as Rational Univariate Representation, discriminant variety or
the cylindrical algebraic decomposition. In few words, the idea is to calculate an algebraic
variety in the parameter space that decomposes the latter into cells. Within the obtained
cells, the branches of the solutions of the system remain regular. This guarantees that the
maximum solution does not change within the same cell which allows, for instance, the

engineers to follow it easily by means of numerical methods.

In the continuation of this work, the problem that interests us is a certified computation

of the L -norm of finite-dimensional linear time-invariant dynamical control systems.

An interesting thing about dynamical systems is that they can be represented by ordi-
nary differential equations. This is due to the property saying that the manner the system
is changing at any given time is a function of its current state. For any dynamical system, if
we take a look at how the energy changes by analyzing the relationship between the states

and their derivatives, we can make conclusion about some physical properties of the sys-

11



12 INTRODUCTION

tem, stability for instance. If the energy is being dissipated over time, then the system is
stable, and the faster the energy is dissipated the more stable the system is. However, if
the energy is growing unbounded over time, then the system is said to be unstable. This
notion of stability is a deep-rooted property of the system due to the connection between
the states of the system and their derivatives. Moreover, the way the system moves can also
be influenced by external forces being added or removed over time. Hence, the evolution of
a dynamical system is a function of the current state as well as any external inputs. With
this being said, a state-space representation |20, ], precisely introduced in the next chap-
ter, is simply a restructure of the high order differential equations into a set of first order
differential equations that focus on the relationship between derivatives, current states, and

external inputs, which makes the system easier to analyze.

State-space representation is based on the state vector x that is the vector of all state
variables. The variation of the state vector is a linear combination of the current state plus
a linear combination of the external inputs. The way that every state changes in terms of
the input of the system can leave us with a set of first order differential equations, which will
be considered here as a system of linear equations, that we can package into a matrix form.
This allows to apply linear algebra methods and have access to some useful and important
mathematical tools for studying dynamical systems (see, e.g., [20, | and the references

therein).

Furthermore, the control theory in control systems engineering deals with the control of
continuously operating dynamical systems engineered processes and machines. This special
characteristic allows the control systems to play an important role in the development
and advancement of modern technology and civilization. The aim is to develop a control
model for controlling dynamical systems using a control action in an optimum manner
ensuring control stability. This criterion was highly studied and many projects aimed its
establishment since 19*" century. In addition, a controller with requisite corrective behaviour

is required along with other aspects such as controllability and observability (see, e.g., [20,
D).

To arrange controllers to achieve these requirements, in modern control theory, H>
methods are used [106, 56, 99, 39, , , 33]. To use these methods, a control designer
expresses the control problem as a mathematical optimization problem and then finds the
controller that solves this optimization. After initiating this theory [106], G. Zames for-
mulated a basic feedback problem as an optimization problem with an operator norm, in
particular, an H*-norm. The H*-norm has become popular in control theory since the

concept of robustness, which plays a fundamental role in control theory, can easily be refor-
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mulated in the frequency domain using this particular norm. But, to apply H* techniques
successfully, an important level of mathematical understanding is needed.

This norm can either be computed numerically via, e.g., bisection algorithms for the
search of imaginary eigenvalues of Hamiltonian matrices [19, 22| or symbolically via, e.g.,
the maximal real root -y of a univariate polynomial n(w, ) depending on parameters w [24]
or as the maximal y-projection of a real curve bounded on the ~-direction as followed in
this dissertation. In this case, if the dynamical system, represented by its transfer matrix
F, depends on a parameter set «, namely, on unfixed values, then the L*-norm of F' is
a function of those parameters a. Hence, the parameter space has to be decomposed into

different “cells” above each an expression of the searched function v can be identified.

0.1 Existing methods

In this section, we discuss the existing numerical and symbolic methods for the computa-
tion of the L*°-norm of finite-dimensional linear time-invariant systems. Then, in the next
section, we briefly introduce the proposed methods that compute the L*°-norm when the
transfer matrix does not depend on parameters. This case is then a stepping stone for

generalising the study to the parametric dependency situation.

0.1.1 Numerical approach

Contrary to the standard L?-norm, no tractable formula is known for the characterization
of the L>-norm of finite-dimensional systems (i.e., systems defined either by linear ordinary
differential equations or by linear recurrence equations) [39, |. Hence, the standard
methods for the L>°-norm computation are numerical (e.g., search for imaginary eigenvalues
computation of Hamiltonian matrices, bisection algorithms).

For instance, in the late 90’s, few algorithms demonstrating fast convergence of iterative
approaches and exploiting the properties of the singular values of the transfer matrices have
been developed.

S. Boyd, V. Balakrishnan and P. Kabamba established in [19] a correspondence between
the singular values of a transfer matrix evaluated along the imaginary axis and the imaginary
eigenvalues of a related Hamiltonian matrix. Their proof, based on a simple linear algebraic
approach, uses a more intuitive explanation based on quadratic optimal control problem.
Their result gave way to a simple bisection algorithm to compute the L*°-norm of a transfer

matrix.
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Similarly, based on the relation between the singular values of the transfer function
matrix and the eigenvalues of a related Hamiltonian matrix, N. A. Bruinsmaa and M. Stein-
bucha developed in [22] a fast algorithm to compute the L>°-norm of a transfer function
matrix with guaranteed accuracy.

Recently, the methods reported in [60] and [3] compute the L*>-norm via localizing the
common roots of two or three polynomials. In their paper [60], M. Kano and M. C. Smith
first reduce the problem to the localization of the real solutions of a bivariate polynomial
and then use Sturm chain tests to guarantee the accuracy of their algorithm.

In [8], using techniques involving structured linearization of the Bezoutian matrices,
M. N. Belur and C. Praagman addressed the computation of the L*-norm by directly
computing the isolated common zeros of two bivariate polynomials. In their paper, using
numerical experiments on random transfer functions, the proposed method to L*°-norm
computation is then compared with that of N. A. Bruinsmaa and M. Steinbucha [22].

In [12], P. Benner, V. Sima and M. Voigt constructed algorithms for the computation of
the L*°-norm of transfer functions related to descriptor systems, both in the continuous and
discrete-time context. This was done by computing the eigenvalues of certain structured
matrix pencils by transforming them to skew-Hamiltonian/Hamiltonian matrix pencils, us-
ing the original data. To increase robustness and efficiency of their method, they further
applied a structure-preserving algorithm to compute the desired eigenvalues.

However, all these methods are numeric and are devoted to linear systems free of
parameters. Putting apart the case of parameters dependency, it is worth mentioning that
with numerical methods, the result is usually obtained within a short time but with a slight
error up to a precise accuracy. In contrast, when using symbolic methods, the result usually

takes more time to be computed but is certified to be exact.

0.1.2 Symbolic-numeric approach

Contrary to numeric algorithms, symbolic algorithms are certified. By certified algorithms,
we mean “guaranteed methods”, that is to say, a method that, for any input, computes a
result without ambiguities after a finite number of steps.

In particular, the algorithms that can structurally enter in an indefinite loop or even
return a false result are excluded from this category of algorithms. However, in the case
where such an algorithm is not able to return a solution of a given problem, it can simply
return an answer explaining this situation.

This does not preclude having algorithms dedicated to certain constraints on the original

problem as long as they are verifiable by at least one other guaranteed algorithm. Methods
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depending on “generic” options, making the algorithm probabilistic, even if the probability
of the error is low, are excluded from this range of algorithms, unless another algorithm can

prior be used to verify the “genericity” of the considered option.

By considering the L*°-norm computation of transfer matrices depending on parame-
ters, we can find few methods based on symbolic computation such as [2, 45, 61]. Symbolic
approaches for solving parametric optimization problems have some advantages over their
numerical counterparts: for instance, using symbolic approaches, non-convex feasible re-
gions would not represent a theoretical concern. On the other hand, symbolic approaches
do not suffer from the size of the feasible parameter regions, even when unbounded. In fact,
the symbolic methods divide the parameter space into connected components according to
singularities, which are a natural measure of the complexity of the solving process. Paper
[38] is an example on the crucial difficulties that approximation methods used in parametric

optimization by the numerical approaches can face.

Following the work done in [60] by M. Kano and M. C. Smith, where they developed a
validated numerical algorithm for the L*°-norm computation, in [241], C. Chen, M. Moreno
Mazza and Y. Xie provided an equivalent study using the theory of border polynomials,
which makes the presentation of their solution simpler. In fact, they reduced the prob-
lem of computing the L*°-norm of finite-dimensional time-invariant linear systems to the
computation of the supremum of the real roots of a univariate polynomial. Then, using
real comprehensive triangular decomposition and cylindrical algebraic decomposition, they
generalised their non-parametric approach to the parametric case, i.e., when the transfer
matrix depends on parameters. This approach decomposes the space of parameter values
into connected open sets, named cells, where the number of real solutions of the system

does not change when the parameters vary within the same cell.

Similarly to the work done in [21] and following the study in [60], we first study the
computation of the L*>-norm of finite-dimensional linear time-invariant systems that do not
depend on parameters. Then, for the cases depending on parameters, we basically extend
our approach using a cylindrical algebraic decomposition. To do that, in the parameter
free case, we first further study the properties of the bivariate polynomial P(x,y) that
characterizes when the maximal singular value of the transfer matrix is larger than or equal
to y. Then, for the study of the L*>-norm, using the properties of this polynomial, we can
propose three different certified symbolic-numeric algorithms that compute the maximal
y-projection of the real solutions (x, y) of the bivariate polynomial zero-dimensional system
Y ={P = 0,% = 0}, where P € Z[z,y]. We then study the efficiency of the three
proposed methods by computing the asymptotic theoretical complexity of each of them. This
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represents the number of binary operations of an algorithm. Note that binary complexity
is different form the arithmetic complexity that only represents the number of arithmetic
operations, i.e., each operation is assumed to have a unit cost whatever the sizes of the
operands are.

It is however worthwhile mentioning that the asymptotic theoretical complexity is usu-
ally an upper bound in the worst case scenario, which therefore does not necessarily measure
the average behavior of the methods, and rarely allows to obtain an objective comparisons
on their effective speed of execution. Thus, for studying the efficiency of the algorithms,
we rely on one more indicator, namely the time of execution of the implemented meth-
ods. Hence, we have implemented the proposed methods using Maple tools, and we have
compared their average behaviours for some random matrices.

In general, another important indicator of efficiency of an implemented algorithm is the
consequent memory occupation. In fact, it is common to see effective methods in terms of
computation or arithmetic, or even binary complexity, but without practical advantages due
to a prohibitive memory occupation. But, in our study, for each algorithm, we shall only
be interested in the first two indicators that are the asymptotic worst case bit complexity

and the practical speed.

0.2 Proposed methods

Based on standard computer algebra concepts, methods and implementations, we aim at
developing new methods for the study the computation of the L*°-norm of finite-dimensional

linear time-invariant systems:

1. When the system does not depend on parameters, then the problem of L°°-norm
computation is reduced to the computation of the maximal y-projection of the real
solutions (z, y) of the zero-dimensional system of bivariate polynomial equations
Y ={P=0, &£ =0}, where P € Z[z,y].

2. When the system depends on a set of parameters a = [ay, ..., a4 € RY, we study
the system ¥ = {P =0, % = 0}, where P € Z[a][z,y]. The problem of L>-norm
computation is then reduced to partitioning the parameters space into cells, where
above each cell, we can represent the maximal y-projections of the real solutions

(z, y) of 3 as a real function of a.

In the next paragraph, we briefly introduce the proposed methods, which will be further

explained in Section 3.1 and Section 3.2.
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0.2.1 Non-parametric case

Given two coprime polynomials P and @ (in our case @ = 22 in Z[z, y] of degrees bounded
by d and of coefficients bitsize bounded by 7, we propose two different approaches for
computing the maximal y-projection of the real solutions of ¥. The first approach computes
a linear separating form and the second uses the real root counting of a univariate polynomial

with algebraic coefficients.

Separating linear form

Two methods used in this dissertation require putting the system in a local generic position,
i.e., require to finding a separating linear form y + a x that defines a shear of the coordinate
system (z, y), i.e., (x, y) —> (z, t — ax), so that no two distinct solutions of the sheared

polynomial equations system (sheared system for short), defined by
Y, ={P(z,t —az) =0, Q(z,t —azx) =0},

are horizontally aligned. This approach has long been used in the computer algebra litera-
ture. For instance, as shown in [16, 17], a separating linear form y+a z with a € {0, ...,2d*}
can be computed. As studied in [17], we can then use a Rational Univariate Representa-
tion (RUR) for the sheared system X, followed by the computation of isolating boxes for
its real solutions. We simply apply this approach (i.e., the so-called RUR method) to the
polynomial system associated with the L*°-norm computation problem and then choose the
maximal y-projection of the real solutions of the system. We mention that this value is
represented by its isolating interval with respect to the univariate polynomial embodying
the y-projection of the system solutions, that is the resultant polynomial Res(P, @, x). The
complexity analysis shows that this algorithm performs Op (dy d3 (df, +d, d, + d, 7')) bit

operations in the worst case, where

d, = max (deg:c(P)7 degr(Q))7 dy = max (degy(P>’degy<Q>)’

and 7 is the maximal coefficient bitsize of the polynomials P and ). We develop this method
in Subsection 3.1.1.

Alternatively, we can also localize the maximal y-projection of the real solutions of the
polynomial equations system Y by only applying a linear separating form on the system ¥

and without computing isolating boxes for the whole system solutions. The linear separating
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form t =y + sz proposed in [25] preserves the order of the solutions of the sheared system
Y= {P(I,,t —sx) =0, Q(z,t —sz) = 0}

with respect to the y-projection of the solutions of the original system ¥. In other words,
with this linear separating form ¢t =y + sx, we obtain:

th=1y1 + 511 < to=Yo + ST2 = Y1 < Yo.

Thus, the projection of the solutions of 5 onto the new separating axis ¢t can be done so that
we can simply choose the y-projection corresponding to the maximal ¢-projection of the real
solutions of >;. The drawback of this method lies on the growth of the size of the coefficients
of the sheared system for the linear separating form ¢t = y + sz due to the large size of s.
The complexity analysis shows that this algorithm performs Op (d? Ay (d2 + dydy + d2))

bit operations in the worst case. This method is developed in Subsection 3.1.2.

Real roots counting

The third method, developed in Subsection 3.1.3, localizes the maximal y-projection of the
system real solutions — denoted by y — by first isolating the real roots of the univariate
resultant polynomial Res(P, %—];,m) and then verifying the existence of at least one real
root of the greatest common divisor ged (P(z, ), %—5(9&,@)) € R[z] of P(z,y) and 2£(x, 7).
However, the polynomial P, corresponding to our modeled problem, defines a plane real
algebraic curve bounded in the y-direction by the value that we are aiming at computing.
Thus, a resulting key point is that the number of real roots of ged (P(x, v), %(x, g)) is equal
to the number of real roots of P(x,y). Hence, we can simply compute the Sturm-Habicht
sequence [53] of P(x,y) for counting the number of its real roots without any consequent
overhead. Since the ged polynomial has a larger size than the polynomial P, then this key
point leads to a better complexity in the worst case. We mention that the Sturm-Habicht
sequence corresponding to P(z,y) € R[x] is a signed subresultant sequence of the polynomials
P(z,y) € R[x] and its derivative with respect to z. Being already computed to obtain
Res(P, %, x), the practical and theoretical complexities are mainly carried by the complexity
of evaluating the leading coefficients with respect to x of the subresultant polynomials (called
the principal subresultant coefficients) over the real value 3. Additionally, if the real plane
algebraic curve P(x,y) = 0 has no real isolated singular points, then the complexity can be
further improved since, in this case, the evaluation is done over a rational number instead

of an algebraic number. It is worthwhile mentioning that this improvement is theoretically
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slight. In fact, for evaluating over an algebraic number, say 3, we are technically evaluating
over two rational numbers, that are mainly the endpoints of the isolating interval of the
algebraic value ¢ as a real root of the resultant polynomial Res(P, %, x). The complexity
analysis shows that the proposed algorithm performs Op (di de/ (dy—i—T)) bit operations in the
worst case and @B(di d; 7), when the plane curve P(z,y) = 0 has no real isolated singular

points.

0.2.2 Parametric case

Given a set of parameters a = [y, ..., ayq] € R? and a well-behaved system
oP
Y=<P=0,—=0
{ Y 81’ } )

where P € Z[a][x,y], we aim at representing the “maximal” y-projection of the real solutions
of ¥ as a function of the parameters a.

In applications, the structure of the solution set is dependent on the parameters varia-
tion, i.e., for a precise parameter values, the system has real solutions, and more generally,
for a precise parameter values, the system has a constant number of real solutions. Thus,
to solve the well-behaved system 3, it is crucial to choose a finite number of representative
“good” parameter values that cover all possible cases. In contrast, the “bad” parameter val-
ues are mainly represented by the so-called discriminant variety — proposed by D. Lazard
and F. Rouillier [63] as a generalization of the well-known discriminant of a univariate
polynomial — which defines the parameters leading to non-generic solutions of the system.

In Section 3.2, we propose an algorithm that, using a cylindrical algebraic decomposition,
decomposes the parameter space, mainly the space of “good” parameter values, into a finite
disjoint union of connected open sets (called cells) such that the system has a constant
number of real solutions and the order of the y-projection of the solutions does not change
when a parameter value varies within the same cell. We are then able to represent the

searched value as a function of the parameters over a given cell.
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INTRODUCTION



Chapter 1

Problem Motivation From Control

Theory

In this chapter, we first present definitions and reminders on finite-dimensional continuous-
time linear time-invariant control systems, i.e., control systems defined by linear differential
equations with constant coefficients [20, 39, , ]. Then, we show that the mazimum
gain of a continuous-time linear time-invariant control system is equal to the L*°-norm of
its transfer matrix [39, , ]. The computation of the L>-norm of a transfer matrix can
be reduced to the study of the critical points of a real plane algebraic curve [60]. Finally,
we give a short overview of robust control theory where the L*>°-norm plays a fundamental

role.

1.1 Definition of a linear time-invariant system

Definition 1.1. A state-space representation of a finite-dimensional linear time-invariant

(LTI) dynamical system is given by

(t) = Az(t) + Bu(t),

y(t) = Cx(t) + Dul(t), (1.1)
I(to) = Xy,
where ©(t) = dfl—(tt) denotes the time derivative of the state vector x with respect to the

continuous-time variable ¢, u is the input, y the output, ty € R is the initial instant and xg
the initial state, A € R"*", B € R™*™ (' € RP*"™ and D € RP*"™,
This state-space representation is referred to as (A4, B,C, D).

21
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A control system with single-input (m = 1) and single-output (p = 1) is called a
single-input and single-output (SISO) system. Otherwise, it is called a multiple-input and
multiple-output (MIMO) system (if m = 1 and p > 1 (resp.,, m > 1 and p = 1), it is
sometimes also called SIMO (resp., MISO)).

Without loss of generality, we can assume that to = 0 and v = 0 for ¢ < 0.

By the standard Cauchy theorem, given a regular vector-valued function w, (1.1) has a
unique regular state x and a unique regular output y. More precisely, integrating (1.1) by

means of the variation of constants method, we obtain:

t
z(t) = ettt g +/ A" Bu(r) dr,
0 . (1.2)
y(t) = Cerlay+ C / eA") Bu(t) dr + Du(t).
0

Through the choice of the input u, the behavior of the state x, and thus of the input y
can be influenced to achieve desired goals (e.g., reaching a given state 7 € R™ at given time
t =T (controllability), design a feedback law between = and u (state feedback) or between y
and u (output feedback) which achieves a certain goal such that stabilizing an unstable system
(stabilization problems), minimizing a given energy integral (optimal control), etc.). The
study of systems of the form (1.1) and their extensions — including differential time-delay,
partial differential equations, recurrence relations, etc. — is at the heart of an engineering
science called automatic control theory and at a mathematical theory called control theory.

See, e.g., [20, 39, , ] and the references therein.

Example 1. To better illustrate the state-space representation, consider the example of a
mass connected to a spring of spring constant k and to a damper of damping coefficient b.
Let f(t) be the external force applied to the mass m on a certain time ¢ > 0, that leads to

a variation in its position z(¢).

k —*z(t)

m — f(t)

Figure 1.1: Spring mass damper system
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Newton’s second law shows that z satisfies the ordinary differential equation:

d?z(t)
dt?

= f(t) - da(t) _ k(). (1.3)

m dt

The state variables z1(t) and x5(t) can be chosen to be the position z(¢) and the velocity

dz(t
2(t) = % of the mass.

By rewriting (1.3) accordingly, we obtain miy(t) = u(t) — bas(t) — kx1(t), where
Z1(t) = xo(t). We can then rearrange equations to obtain the following linear system of

ordinary differential equations:

( = x2(t)’
2 (%) —%xl(t) —Em(t)—i—gu(t),
y(t) = z1(1).

1 (t) = £(t)

Finally, in matrix-vector, we obtain the following linear system:
(
i (t 0 1 ¢ 0
<zIEt§> _ L b (iﬁti) +11 u(t),
2 2 -
1(t)
y(t) = (1 o) .
2(t)

Hence, the state-space representation of this spring mass damper system is defined by
(A, B, C, D), where:

\

0 1 0
A= % |, B=1], G=<1 o), D=0 (1.4)
m om m

Let Z(f) denote the Laplace transform of a real-valued function f with support on
Ry :={t € R|t> 0} defined by

2(f)(s) = / et ey dr,

where s € C (the Laplace variable) is such that Re(s) > «a for a certain abscissa a.. Note that
the Laplace transform is well-defined for f € L'(R), where L'(R,) denotes the Banach

space of all the Lebesgue measurable functions on R, for which the absolute value is Lebesgue
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integrable, i.e.:

+o0
||f||1:=/0 O] dt < oo

More generally, the Laplace transform can be defined for tempered distributions. For in-
stance, if H denotes the Heaviside distribution, i.e., H(t) = 1 for t > 0 and 0 for ¢ < 0,
then we have Z(H) = s, and if § is the Dirac distribution, i.e., § = H in the sense of the
distribution theory, then we have .Z(J) = 1.

Using the standard identity 2 (2)(s) = s.Z(z)(s) — x(0) for regular functions x (ob-
tained by an integration by parts) and assuming that o = x(0) = 0, the relation between

an input vector-valued function u and the corresponding output vector-valued function y
defined by (1.1) takes the form of

where U = Z(u) and Y = Z(y) are the Laplace transforms of u and y, and:
G(s)=C(sl,—A) "B+ D. (1.5)

The matrix G is called the transfer matriz of (1.1). If p =m =1, i.e,, (1.1) is SISO, then
the function G is called the transfer function of (1.1).

For a square matrix M € R[s]|™*", we denote the determinant of M by det(M) and
by adj(M) the adjugate matriz of M defined as the transpose of the cofactor matrix of M.

Hence, we have
1

- det(s 1, — A)
where s I,, — A and adj(s I, — A) both belong to R[s]"*", which shows that:

(sI, — A)! adj(s I, — A), (1.6)

1

G(s) = det(s T, = A) Cadj(sI, — A) B+ D e R(s)P*™. (1.7)

Hence, the entries of the matrix G of (1.1) are real rational functions of s. In the control
theory literature, G is simply called a (real) rational matriz.

Using (1.7) and the fact that the polynomial matrix adj(s/, — A) is defined by the
(n—1) x (n—1)-minors of s I, — A, we can easily check that all the rational function entries
of G are proper in the sense that the degree of their numerator is less than or equal to
the degree of their denominator. Note that the degrees of the denominators of the entries
of G can be strictly less than n due to simplifications occurring in (1.7). Hence, we have

G(00) := limjg 400 G(s) = D. This definition can be extended to general matrices with
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rational function entries.

Definition 1.2. A matrix 7" € R(s)P*™ is proper (resp., strictly proper) if T'(co) is finite,
i.e., there exists T, € RP*™ such that T'(c0) = T (resp., T'(c0) = 0).

Example 2. Let us compute the transfer function G of the linear system defined in Exam-

ple 1. Using the matrices defined in (1.4), we first get

2 os4 = ms?+bs+k —k  ms
m m

S —1 1 b
R [ e — LA

which yields the following transfer function:

1 ms—+b m 0 1
G(s) = ——m—— S
(5) ms2+bs+k (1 O) ( —k ms) l ms2+bs+k
m

G is strictly proper since G(oo) = 0. Finally, if we now observe both x; and xs, i.e., the
displacement and the velocity of the spring, then we have y = C'z, where C = [, and

r = (r; )T, which yields the strictly proper transfer matrix:

1
G/(S): m82—|—5b8—|—]€

ms24+bs+k

1.2 Stability of LTI systems

We first study the asymptotic behavior of the solutions of @(t) = Ax(t), i.e., of (1.1) where
u = 0. Hence, setting u = 0 for t > 0in (1.2), we get that the solution z(t) = e! x4 tends to
0 for t tending to 400, i.e., lim;_, o x(t) = 0, if and only if all the eigenvalues of A € R™*"

have strictly negative real parts. Hence, we can introduce the following definition.

Definition 1.3. A matrix A € R™*" is said to be (asymptotically) stable if all of its eigen-
values have strictly negative real part, i.e., all the eigenvalues of A belong to the open left
half-plane C_ := {s € C | Re(s) < 0}.

Using (1.7), the denominators of the entries of G are factors of the polynomial
det(s I, — A), whose zeros of det(s I, — A) are the eigenvalues of A. Hence, the poles of
the entries of G are included in the eigenvalues of A. In particular, if A is stable, then all

the poles of the entries of G have strictly negative real part.
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Definition 1.4. A matrix 7" € R(s)?*™ is said to be stable if all the entries of T" have poles
in C_:={s e C| Re(s) <0}.

Example 3. We consider again Examples 1 and 2. We can check that det(slo — A) =
s?+bs/m+k/m. When the damping coefficient b > 0 is small, i.e., when the discriminant
A = (b — 4km)/m? of det(sI, — A) is strictly negative, the two complex solutions of

det(s Iy — A) are defined by
—b+di

2m

sS4 = ;

where 6 = V4km —b2. When A = 0, s = —b/2m. When b > 0 is large, i.e., when the
discriminant A = (0> — 4 km)/m? of det(s I, — A) is strictly positive, the two real solutions
of det(s I, — A) are defined by sy = (—b++/A)/2. In this case, i.e., when A > 0, we can
easily check that the real solutions are both strictly negative by noticing the positive sign
of their product k/m. Consequently, in the three cases A < 0, A = 0, and A > 0, the
solutions have strictly negative real parts, i.e., s € C_, for all b > 0. Thus, the linear
system #(t) = Ax(t), where A is defined by (1.4), is asymptotically stable for all b > 0.

We now study the stability of the solutions of the linear system (1.1), i.e., when w is
not reduced to 0. To do that, we first state a few remarks. The transfer matrix G — given
by (1.5) — is the Laplace transform of the input-output operator, which maps an input u to

an output y, defined by:
t
y(t) =C / e ") Bu(r) dr + Du(t). (1.8)
0
If =1 denotes the inverse Laplace transform and if we set
K:=2G)=Ce*BH(t)+ D5, (1.9)

where H (resp., §) is the Heaviside (resp., Dirac) distribution, then we can rewrite the above
input-output operator as the convolution operator y = K * u, namely:
+o0
y(t) = Cer"T BH(t — 7)u(r)dr + D x u(t)
o (1.10)
= / C e Bu(r) dr + D u(t).

0
Indeed, Laplace transform maps convolutions to products and ¢ is a unit for the convolution
product, i.e., d xu = u. To simplify the notations, we shall sometimes identify the above

convolution operator with its kernel matrix K.
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Example 4. We consider again Examples 1, 2 and 3. Let us compute the kernel matrix
K of the convolution operator associated to the system defining Example 1. Using (1.9),
we have to compute et!. By Cayley—Hamilton theorem, we have e = co(t) I, + ¢ (t) A.
Using the notations of Example 3, the characteristic polynomial of A is s*> +bs/m +k/m =
(A=54)(A—s_). If P denotes the matrix formed by the eigenvectors respectively associated
)T

with the eigenvalues s, and s_ (i.e., (1 s.)T, resp., (1 s_)T), then we have:

et 0 1 At 1
=P e P=P (C(](t)[Q—FCl(t)A)P

0 et
Sy 0
= C()(t) ]2 +C1(t> ( > .
0

S_

In other words, ¢y and c¢; satisfy the following linear system:

{ et =co(t) + a(t) sy,

est=co(t) + c1(t) s_.
Solving the above linear system, we then obtain:

s_estt — g5, e5-t
Co(t) = + s
S_ — S84

es- t_ €s+t

ci1(t) =
1(2) P—

Hence, we obtain:

K(t)=Cet" BH(t) =

Alternatively, we can write:

Glo) = 1 B 1 1 1 1
° S oms2+bs+k mA—s ) A—s_) m(s.—s.) \s—s_ s—s,
1

_ g (—m e H(t)) |

Since G = Z(K), we find again that K (t) = c¢; H(t)/m

If A is stable, then the entries of the matrix K, defined by (1.9), belong to A :=
L'Ry)@®Ro:={f+Xd| feL'(Ry), N € R} Aisa Banach algebra (Wiener-Laplace
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algebra) for the sum and the convolution %, and for the norm:
I f+ A0 La:= 1 f [l +IAL

For more details, see Section 6.4.1 of [101] and the references therein.
To simplify the account, we first suppose that p = m = 1, i.e., (1.1) is SISO, so that
K € A. If L**(R.) denotes the Banach space formed by the Lebesgue measurable real-valued

functions on R, that are essentially bounded, i.e.,

If lloc := ess.supier, | f(t)] < +o0,

then the input-output operator (1.8) or, equivalently, (1.9) clearly satisfies:

1y lloo < Kl v loo -

See, e.g., Theorem 30 (page 298) of [101]. Hence, if A is stable, then a bounded input u
yields a bounded output y. We then say that (1.9) is bounded input bounded output (BIBO).

Moreover, we get

()
VK oz = sup 8o gy,
0#£u€eL>®(Ry) | [loo

which shows that the norm of the input-output operator for the oco-norm is bounded by
| K ||.4. In fact, the equality can be proved (see, e.g., Point 3 on page 301 of [101]). Hence,
|| K |4 corresponds to the mazimum gain of the input-output operator (1.8) for the oo-
norm, i.e., its “maximum amplification”. It is an important information about the system

(1.1). Its computation requires an integral calculation, which might be difficult.

Example 5. Let us consider the kernel matrix K defined in Example 4. Let us study if K

have

+o0
15 0= [
0

1 [t
:5/0

is Lebesgue integrable when A < 0 (see Example 3). Using the notations of Example 3, we
Oy

—+oco
dt:/o -
# (eo((g) i) o) (2 ) )|
ezm [cos| — )| —¢sin| — | —cos| — | — ¢ sin[ — dt
2m 2m 2m 2m

es_t _ €s+t

m(s- —sy)




1.2. STABILITY OF LTI SYSTEMS 29

since b > 0 ((1.4) is stable by Example 3), which shows that K € A and:

m

1B Mooy STE Ja= I K 1 < 4.

Let us now consider the Hilbert space L?(R.) defined by the Lebesgue measurable

real-valued functions on R, that are bounded for the 2-norm:

+00
| fll2:= \//O | £(t)|? dt.

If A is stable, i.e., K € A, then it can be proved that y = Kxu € L*(R,) for all u € L*(R,).

Hence, an input u with a finite energy yields an output y with a finite energy. Moreover,

we have:
Vue LPRy), Nyl <K lalluls. (1.11)

Note that a similar result holds for the Banach space LP(Ry) for 1 < p < oo (which
shows that LP(Ry) is an A-module for 1 < p < o0). See, e.g., Theorem 30 on page 298 of
[101]. These results yield the following definition.

Definition 1.5. An LTI system (1.2) of state-space representation (A, B,C,D) is
(asymptotically/input-output) stable if A is stable.

Example 6. The poles of G (resp., G') defined in Example 2 are defined by the two zeros of
the polynomial det(s I, — A), whose real parts are strictly negative (see Example 3). Hence,

the control linear system (1.4) is stable.

Since L?*(R,) plays an important role in practice, it is important to compute the oper-

ator norm of the input-output operator (1.9) for the 2-norm, namely:

|yl
0#£ueL2(Ry) || u ||2

| K || ce2,02) := (1.12)

This operator norm corresponds to the mazimum energy gain of (1.9) or, equivalently, of
the linear system (1.2). Note that the identity (1.11) shows that:

| K ez < K [|a- (1.13)

The computation of the norm (1.12) has many applications in control theory, especially

in the so-called robust control theory and more particularly in the H* control [39, , 33].
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The goal of this dissertation to investigate this question for general finite-dimensional linear

time-invariant systems.

Remark 1.1. More general classes of linear control systems (e.g., differential time-delay,
partial differential equations) can be defined by means of more general classes of transfer
matrices G (e.g., non rational transfer matrices) and of convolution kernels K. We shall

only consider here rational transfer matrices.
We state again a standard result of control theory.

Theorem 1.1. Any proper rational matrix 7" € R(s)?*™ can be realized by an LTI system
(1.1), i.e., there exist n > 1 and (A, B, C, D) such that:

T=C(sl,— A" B+D.

Moreover, the state-space representation (A, B, C, D) of T can be chosen to be both con-

trollable and observable, i.e., such that we have respectively:

C

CA
rankg(B AB A?’B ... A" 'B)=mn, rankg . =n.

Cr Anfl

Such a realization is called minimal. For a minimal realization (A, B, C, D) of T, the poles

of the entries of T" are exactly the eigenvalues of the matrix A.

According to Theorem 1.1, any proper rational matrix is the transfer matrix of a certain
linear time-invariant system defined by a state-space representation (1.1). This dissertation
aims at computing the operator norm (1.12) for an LTI system defined by a stable and
proper rational transfer matrix GG. In the next section section, we shall explain how this

computation is related to the L*°-norm computation of the transfer matrix G.

1.3 Maximum energy gain and L*°-norm

We are going to derive a more tractable characterization of the operator norm (1.12). To

do that, we need to introduce a few more functional spaces.
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Let C, := {s € C| Res > 0} be the closed right half-plane, i.e., the complement of
C_ in C. If d € R[s], then complex zero set of d is denoted by:

Ve((d)) := {s € C | d(s) = 0}.

Finally, if p;, py are two univariate polynomials with coefficients in a field, then ged(py, po)
denotes the greatest common divisor of p; and ps (see Section 2.2).
Using Definitions 1.2 and 1.4, we can check again that the set of SISO proper and stable

transfer functions form an algebra over R.

Definition 1.6. Let RH,, be the R-algebra of proper and stable real rational functions,

namely:
RH,. = {g [ n,d €R[s], ged(n, d) = 1, deg, (n) < deg,(d), Ve((d)) NT: =0}

Example 7. For instance, 1/(s + 1), (s —1)/(s+ 1) and (s — 1)/(s + 1)* belong to RH,
but s, s?/(s+ 1), 1/(s — 1) and 1/(s?> + 1) do not belong to RH.

A stable and proper rational transfer matrix G € R(s)P*™ satisfies:
G e RHI™.
An element g of RH, is holomorphic and bounded on C,, i.e.:

19 lloo:= sup [g(s)] < +oc.
s€Cy
Hence, RH, is an R-sub-algebra of the Hardy algebra H*(C,) of bounded holomorphic
functions on C, [33, |. Note that H>(C,) is a Banach algebra, namely, a Banach
space and a C-algebra which satisfies || f ¢ |loo <|| f lloo |l 9 oo (i-€., the multiplication is
continuous) (see, e.g., [33] and the references therein).

In the control theory literature, H°°(C, ) is usually denoted by H..(C.).

Example 8. If 7 > 0, then e77* € H*®(C,), || ¢7° ||o= 1, but e77° ¢ RH.,. Similarly,
e 7%/(s+1) € H*(C,) but it does not belong to RH,,. Note that e"7*/(s+1) corresponds
to the transfer function of the time-invariant infinite-dimensional linear system (differential
time-delay system):

(t) + x(t) = u(t — 7).
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For an introduction to the theory of infinite-dimensional systems (i.e., systems defined by
partial differential equations or by differential time-delay equations) and the H> methods

for this class of systems, see [33] and the references therein.

If g € H>*(C, ), the mazimum modulus principle of complex analysis yields:

19 lloo = ess.sup,er|g(iw)].

If g € RHy, then we can consider its restriction g;r on the imaginary axis iR :=
{iw|w e R}. Clearly, g;r € L>(iR), where L>(i R) denotes the Banach space of essentially
bounded Lebesgue measurable functions on iR. More precisely, g;r belongs to the R-
subalgebra RL., of L>(iR) of the real rational functions on the imaginary axis which are

proper and have no poles on 7R, i.e.,

RL, =

{Zgii | n,d € Rliw], ged(n,d) = 1,deg,(n) < deg,(d), Ve({d)) NiR = @} :

or simply the algebra of real rational functions with no poles on i P}(R), where:
PY(R) := RU {c0o}.

We can now come back to the problem studied in this dissertation, namely, the char-
acterization of the operator norm (1.12) for a stable SISO linear system (1.1), i.e., for
G =Y%(K) € RHy. A standard result on H* asserts that:

| K leanini=  sup 02— @ o= sup |G()] = sup|GrGiw)]. (114)
0£ucL2(Ry) || Uu ||2 seCy weR
Hence, the maximum energy gain of the convolution operator (1.10), i.e., of (1.8), is exactly
the maximum of the modulus of the Laplace transform G of its kernel K, i.e., of G = Z(K),
or equivalently, the mazimum peak of its continuous restriction G;r over all the frequencies
iw with w € PY(R), i.e.:

Guir(iw)| = G = G(2)], |G .
Swp |Gr(iw)| =, max | [G(2)] = max{max |G(2)], |G oo)[}

In control theory literature, the graph of the function w € R — |G(iw)| is called Bode
magnitude plot and the oo-norm is then the peak value of this graph.

More generally, if G € RL, then, as explained above, || G ||« is the supremum of the
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continuous function w € P}(R) := RU {00} — |G(iw)]|, and thus, we have

IG o= max IG(W)I

pl

o || G |loo= max {|G(i 00)|, Ymax }, Where:
Ymax ‘= meaé<|G(iw)| =max{y>0€R|IweR:y*=|G(iw)’}.

Hence, v > || G ||« if and only if v > |G(ic0)| and @, (iw) := 7* — |G(iw)[* # 0 for all
w € R. This result will be generalized to the matrix case in Proposition 1.1.
Using |G(iw)]? = G(—iw) G(iw) € R(w?), a first method for computing || G || consists

d\G(zw

in first computing the zeros of the numerator of , then evaluating |G (iw)| on these

zeros and finally choosing the maximal occurring Value, that to say 7, and (iil) || G ||=
max{|G/(io0)|,7}.

More explicitly, if we write G as G = a/b, where a,b € R[s] are two coprime polynomials,
namely, ged(a,b) = 1, ¢ = deg,(a) < r = deg,(b), and b does not vanish on iR, then
G(ioco) = 0if ¢ < r (i.e., if G is strictly proper) or G(ioo) = a,/b, if ¢ = r (i.e., if G is
proper), where a, = Lcg(a) (resp., b, = Lcg(b)) is the leading coefficient of the polynomial
a (resp., b) in s. Moreover, we can write |G(iw)|? = |a(iw)|?/|b(iw)|* = N(w)/D(w), where
N, D € R[w?] are coprime, i.e., gcd(D, N) = 1. Since b(i w) has not real roots, D(w) # 0 for
all w € R. If we note Z := {w € R| N'(w) D(w) — N(w) D'(w) = 0}, then we get:

| G o= max{|G(io0)|, 7}, 7 := max { (N(w)/D(w))"*}.
Remark 1.2. If ZNVR((D'(w))) = VR({N'(w) D(w), D'(w))) = 0, note that:
7 = max { (N'(w)/D'(w))*}.

Example 9. If G = (2s+1)/(s + 1), then N(w) = 4w? + 1, D(w) = w? + 1, Z = {0},
7 = (N(0)/D(0))"/? =1, |G(ic0)| = 2, and thus, || G ||s= max{2,7} = 2.

Example 10. If G = (s +1)/(s — 1), then G € RL,, but G ¢ RH, since G has a pole at
1 € Cy. We have |G(iw)]? = |1 +iw|?/|]1 —iw|> =1, and thus, N =1, D =1, Z =R,
7 =1 and |G(ioc0)| = 1, which finally shows that || G ||,.= 1.

Finally, let us give an example which depends on parameters.
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Example 11. In Example 5, we obtained an upper bound for || K ||z(pe=,r=), where K
is the convolution kernel defined in Example 4 of the system defined in Example 1. Now,
according to (1.14) and using G = Z(K), we have:

o

1
K | = |—5———|| =
K ez ) ‘ HOO ek |m (w2 +biw + k

ms2+bs+k weR

. -1

= su = | inf \/(k — mw?)? + bw2> :
ek /(E—mw)2 § (bw)? (weR Vi Jr ()

Hence, N =1, D = (k—mw?)*+(bw)? and Z = {w € R| D'(w) = 0}. Hence, computing the

extrema of D, we get that D'(w) = 2w (2m? w? — 2mk + b?), which implies that D'(w) = 0

. . 1 [2km — b .
if and only if wg =0 or wy =+ — — if 0 <b<+v2km, and thus:
m

bVAkm — 02 b6

D)=k, Dlws) = ~———— =

If 0 < b < v2km, we have the following variations of the function D

w —00 W 0 Wy +00
D/(w) T
Py | b P
2m 2m
which yields:
2m
I K (o2 = [ G lloe = (1.15)

bvAkm — b2
If b = v2km, then D'(w) = 4m?w?, which yields wy = wy = 0 and:
1
| K leerey =11 G o = T
If vV2km < b, then w4 are complex numbers, which yields:
1
| K leerey =11 G o = T

Using closed-form expression (1.15) for || G ||« with respect to the system parameters
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m, k and 0 < b < v2km, we can notice that

m 1
G |leo = —b_1+—b+(’)b3,
G llo= ([T 07+ e O0)

which shows the behaviour of the operator gain || K ||z(z2,2) with respect to a small

damping coefficient b. This result is coherent with the fact for b = 0, the transfer function

k

Gy = 1/(ms* + k) has then two poles £4/ —i on the imaginary axis, showing that the
m

system (1.4) is then unstable, || G ||[co= +00 and Gy ¢ RL.,. Finally, we can check that

this gain becomes singular on the algebraic set A = b*> —4mk = 0 in the parameter space
{m, k,b}.

A rich interplay between mathematical system theory, operator theory and complex
analysis has provided a more tractable characterization of the maximum energy gain of a
stable SISO linear system (1.1) in terms of the maximum modulus on the imaginary axis of
the proper and stable transfer function G(s) = C' (s I, — A)"' B+ D of (1.1). This result
advocates for the study of the computation of the oco-norm of a rational functions with no
poles on i P1(R).

Example 12. Let us consider the following linear time-invariant system

(1.16)
y(t) = x(t) + u(t),

{aw:—mw—wm

ie, A=—-1,B=—-1,C =1and D = 1. Clearly, A is stable, and thus, so is (1.16).
Let X = Z(z) (resp., U = Z(u), Y = Z(y)) be the Laplace transform of x (resp., u,
y). Then, the transfer function of (1.16) is defined by Y'(s) = X(s) + U(s), where X (s) =
~U(s)/(s+ 1), ie., G =s/(s+1) € RHy. We have || G ||o= sup,cg |w|/V1+w? = 1.
The convolution kernel K of (1.16) is defined by K(t) = —e " H(t) + §, which satisfies
| K [|4a=|e " H(t) || +1 = 2. Hence, this example shows that the inequality (1.13) can be
strict, i.e.:

I K ez = 1 G llee < [ K fla-

To extend the above results to MIMO systems, we generalize the different functional

spaces to consider matrices. We first state a few standard notations.
Definition 1.7. Let M € C™*" be a m X n matrix with complex entries.

1. The complex conjugate transpose/Hermitian transpose of M is the matrix M* € C"*™
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obtained by transposing of the complex conjugate M, i.e.:

M* =M.

2. The largest singular value of M, denoted by @(M), is the square root of the largest

eigenvalue of the positive semi-definite matrix M*M € C™*".

If £ € C" and || z ||o= Va*x = />, |z:[% then we state again that:

M

. 1.17
oS T T (1.17)

We extend the Banach spaces L?, L and H* for matrix-valued functions.

Definition 1.8. 1. Let L?*(R;) be the Hilbert space of Lebesgue measurable matrix-

valued functions defined on R, bounded for the 2-norm, namely,

| F lls:i= \//0 T (1) F() dt,

where Tr denotes the standard trace of the corresponding matrix.

2. Let L>*(iR) be the Banach space of Lebesgue measurable matrix-valued functions

defined on R essentially bounded, namely:

| F' ||oc = ess.sup,,eg 0(F(iw)).

3. Let H*(C,) be the Hardy algebra of holomorphic functions defined on C, bounded
for the co-norm:
| F [loo = sup a(F(s)).

seCy
Now, if we consider a stable MIMO linear system (1.1) defining a transfer matrix
G € RHPX™ then G € H*(C,), where H*(C, ) is defined in Definition 1.8, and || G ||«
= SUpsec, 0(G(s)). Again, the restriction G;r of G to the imaginary axis iR belongs to
L>*(iRy) defined in Definition 1.8, and || Gir [|oc = ess.sup,cg 0(Gpir(iw)). Similarly, a
standard result shows that:
G lloo =1 Glir [loo -

Considering the input-output operator (1.8) or, equivalently, the convolution operator
(1.10), where the kernel K = Z71(G) € AP*™ is defined by (1.9), then a standard result
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on H* shows that

K \|pir2 12 = su Iy -
| L(L2,L2) b
0#£ueL2(Ry) | w |2

= G lloo= 1 Glir [lc0s (1.18)

where, by Definition 1.8, we have:

400 M +o0 P
o= / S w2, |y = / S w2 dt.
=1 =1

See, e.g., Theorem 4.4 of [107]. Hence, the computation of the maximum energy gain of a
stable MIMO linear system (1.1) is equivalent to computing the L*>*-norm of its proper and
stable transfer matrix G, i.e., of G € RHZX™.

1.4 A real algebraic geometric reformulation

Using computer algebra methods (symbolic-numeric methods), in this dissertation, we study
the problem of the (certified) computation of the norm || G;r ||o for G € RHZ™, or, more
generally, the computation of || F' || for F' € RLEX™. This last problem can be reduced to
the study of the extremal real zeros of a certain polynomial system. To see that, we use the

following characterization of || F' |-
Proposition 1.1 ([107, 60]). Let F' € RLEX™ ~ > 0 and:
P (iw) =71, — F'(—iw) F(iw).
Then, v > || F ||« if and only if v > & (F(i00)) and:
VweR, det(®,(iw)) #0.
The sketch of the proof of Proposition 1.1 is the following: using (1.17), || F' || < 7 if

and only if

| Fliw)x ||
|z 2
S VYweR Vel | Fliw)z|a< 72 ||z 2
S VYweR VoelCm v FT(—iw)Fliw)r <~*2*x
& VweR, Vel o* (v 1, — FT(—iw) F(iw)) = > 0,

SUPyer SUPgecm
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e., if and only if @, (iw) = y* I, — F'(—iw) F(iw) > 0 for all w € R, namely, the
square hermitian matrix ®.(iw) is positive definite. Using the continuity of the function
w € PY(R) — F(iw), and thus, the continuity of the function w € P}(R) — @, (iw),
we obtain that ®,(iw) > 0 for all w € P}(R) if and only if ®,(icc) > 0 and ®,(iw) is
non-singular for all w € R, i.e., if and only if 7 (F(ioc0)) < v and det(®,(iw)) # 0 for all
w € R, which proves the result.

Since F'is a proper rational matrix, F'(i00) is a constant matrix and & (F(i c0)) can

be computed by standard linear algebra methods.

Example 13. If F(s) = C(sI, — A)™' B+ D, then F(ico) = D. Hence, the condition
®.,(i00) > 0 amounts to saying that v*I,, — DT D > 0, i.e., (D) < 7.

Hence, to compute the maximal singular value of F(iw), we have to compute the
maximal real value 7 satisfying that a real value w exists such that det(®,(iw)) vanishes.
Since det(®,(iw)) is a real rational function of w and 7 (in fact a real rational function of
w? and 7? by the parity of ®,), we can write det(®,(iw)) = n(w,v)/d(w), where n(w,v) €
R[v,w] and d(w) € R[w] are coprime. Since F' has no poles on the imaginary axis, d(w) does
not vanish on R. Hence, to compute the L*-norm of F, it suffices to compute the maximal
real value v such that there exists at least one real value w for which n(w,~) vanishes.
Hence, we are led to studying the y-extremal points (and thus, the critical points) of the

following real plane algebraic curve:
€= {(w, 7) € R? | n(w,7) = 0}. (1.19)

This problem belongs to the realm of real algebraic geometry.

Let us now state important properties on C. Using F(iw) € RLPX™ and the definition
of RL.,, we can check that FT(—iw) € RL™*P. In other words, RL, is a R-sub-algebra of
the von Neumann algebra L*°(i R) which is equipped with the involution f — f* defined by
f*iw) = f(—iw) for all f € RLs. Therefore, we get that &, € RL*™. Now, a standard
result of module theory on the determinant of matrices with entries in a commutative ring
asserts that det @, = ™ + ZZL_Ol asr v2*, where ag, € RLs for k = 0,...,m —1. The
coefficients agy are real proper rational functions without poles on the imaginary axis i R.
Writing agr, = nog/dak, where doi, no,, € R[w] are coprime, then dyx have no real roots and

deg doy. < degnoy for Kk =0,...,m — 1. Hence, we have:

det ®, =
[175 dar(w) ¥*™ + [Ticy do(w) nogn—1)(w) ¥~ 1)+~--+Hkm:_11d2k(w)n0(w),
(w)

deQk
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Let us note:
m—1 m—2 m—1
Ao = H d%(w)7 AZ(m—l) = H d2k(w) n2(m—1)<w)7 o Ag = H ko(w) no(w).
k=0 k=0 k=1

Since the dy;’s have no real roots, then det ®, = 0 is equivalent to the bivariate polynomial
equation Y ", Aor(w)y?* = 0. Let g € Rlw| be the greatest common divisor of the Ag’s
and set Ay := Agp/g € Rlw] for k= 0,...,m. Then, we get:

n(w,7) =Y An(w)r®,  dw) = Agm(w).

Since the Ay;’s has no common factor, the above polynomial n cannot be divided by a pure
polynomial of w. Hence, the real plane algebraic curve C does not contain vertical lines
w = w, € R. Moreover, the leading coefficient of n(w,v) seen as polynomial in v is Ay, (w),
whose roots are among those of A, (w). Since A, has no real roots so has A,,,. Hence,
the real plane algebraic curve C has no vertical asymptotes.

Using the fact that degdor < degng, for £ = 0,...,m, deg Ao < deg Ay, for k =
0,...,m — 1, and thus, deg Ay, < degAs, for K = 0,...,m — 1. Let J be the set
formed by the indices j’s such that deg Ay; is equal to deg As,,, that is to say, J = {j €
[0,...,m] | degAs; = deg Ay, }. Then, the leading coefficient of the polynomial n(w, )
seen as a polynomial in wis ieg O2j 7% where Cy; is the leading coefficient of Ay;. Hence,
n(w,vy) = (Zje] Cly; 72j> w? + r(y,w), where 21 = deg A, and the terms in r(v,w) have
degrees in w strictly less than 2[. Thus, C has horizontal asymptotes for the real solutions
of the polynomial:

> Cy¥ =0 (1.20)

jed
In particular, we note that C is bounded in the direction of v, i.e., no real branch in y(w) of
C goes to infinity when w tends to infinity. This shows again that || ' ||« is bounded, i.e.,
finite. Moreover, the real plane algebraic curve C is then unbounded in the direction of w for
the real 7 satisfying (1.20) since the degree in w of the polynomial n(w,~y) then drops. Since
by construction, w can tend to oo, (1.20) has then at least one real root. Using det @, (w) =0
for all w € R, we get lim,_, o det @, (w) = 0, i.e., det(2 I, — FT (i 00) F(ic0)) = 0, which
shows that the horizontal asymptotes in the direction of 7 are the singular values of F'(i 00).
For instance, if F' € RL,, is strictly proper, then F'(i c0) = 0 and v = 0 is the only horizontal

asymptote of the real plane algebraic curve C.
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Figure 1.2: Plot of C for m = 3, k = 2 and b = 3/2, where w/~ is in the horizontal /vertical
axis.

Example 14. Let us consider again Examples 1 and 2. We have:

. 2 1 !
02 0w) =Y = o T b (i) T k) m el T b(iw) T F)
((k=mw?)’ + (bw)*)* ~ 1
(k —mw?)?2 + (bw)?

Hence, we have Ay = (k —mw?)? + (bw)?, A4y = —1, g =1, Ay = Ay, Ay = Ay, which shows
that n(w,v) = ((k — mw?)? + (bw)*)1? — 1 =0 7*w* +.... Since G =1/(ms*+bs+ k)
has no poles on the imaginary axis, deg, n(w,v) = 2 for all w € R and deg, n(w,v) = 4 if
v # 0 and b # 0, and deg, n(w,vy) = 0 if 7 = 0. Hence, for all numeric values b # 0, m # 0
and k # 0, the real algebraic curve C = {(w, 7) € R?* | ((k — mw?)? + (bw)?)7* =1 = 0}
is bounded in the direction of v and unbounded in the direction of w with a horizontal
asymptote at G(ioc) = 0. In Figure 1.2, we can visualize the curve C for the particular

numerical values m =3, k =2 and b = 3/2.
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Example 15. Let us consider the following transfer matrix:

10s
F=| st | ernze

s+1

We can easily check that:

n(w,y) = (v* = 12692 + 2500) w* 4 (291 — 12792 w? + 4 — %

10 1
F(ioo)z( 0 5),

whose singular values are the positive real v satisfying v* — 12642 4+ 2500 = 0, namely,

(V226 + v/26) /2 and (v/226 — \/36) /2.

A reformulation of Proposition 1.1 for F' € RL is the following result.

We have

Corollary 1.1. Let F = a/b € RL.,, where a, b € R[iw] are coprime polynomials, i.e.,
ged(a, b) = 1, Ay = [b(iw)[*, Ao = |a(iw)[?, g = ged(Az, Ao), A2 = As/g, Ay = Ao/g
and n(w,vy) = As(w)y? — Ap(w). If Ley(n) denotes the leading coefficient of n seen as a

polynomial in w,

(5o )) = { ) € R nfea) =0, 2527 o},

and 7., : R* — R the projection onto the v-axis, i.e., m,(w, 7) = 7, then:

| F ||oo= max {m, (VR (<n Z—Z>)) U Tk ((Lcw(n)>)} . (1.21)

As explained above, the computation of || F' ||« is connected to the study of the critical
points of the real algebraic curve C = {(w, 7) € R? | n(w,v) = 0} (namely, the common
zeros of the polynomial system formed by n(w,v) = 0 and dn(w,7)/0w = 0), where the

bivariate polynomial n satisfies the properties:

L n(w, ) = Ao (w) V2™ + Ag(n—1y(w) 2™V 4 .. 4 Ay(w), where the greatest common
divisor of the Ag’s is 1, deg(A;) < deg(Ay,,), i =0,...,2(m—1) and Ay, has no real
roots w. The real plane algebraic curve C has no vertical lines nor vertical asymptotes

and is bounded in the direction 7.
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2. n(w,7y) = Bay(y) w? + Byg_1)(7) w?=Y + ... + By(7), where the roots of By are the
singular values of the real matrix F'(i co) and their opposite. The real plane algebraic

curve C is unbounded in the direction w.

Remark 1.3. Note that [ can be reduced to 0 in the above Point 2. For instance, if we
consider the all-pass system defined by F(s) = (1 —as)/(1 + as), where a € R, then we
have @, (iw) =~% — F(—iw) F(iw) =v* — 1, which yields [ = 0.

Remark 1.4. Note that the bivariate polynomial n does not need to be square-free, namely,
divisors of n can be a square of a non-constant polynomial. For instance, if we consider the

following transfer matrix

1
0
F=| st | ernz?
0
s+1

then we can easily show that n(w,v) = (—(w? + 1)7? + 1)%. The study of the real plane
algebraic curve C can then be done by means of the square-free part n of n, namely, n =
—(w?+1)7y* + 1.

Remark 1.4 shows that it is advantageous to study the critical points of the real plane
algebraic curve C by considering the square-free part n of n.

To finish this section, we give an equivalent formulation of the above characterization
of the L*>-norm of LTI systems. This equivalent formulation is intensively used in control
theory and for the numerical computation of L*>*-norm as we shall explain in Section 1.5.

Let G € R(s)P*™ be such that G;r € RLE ™. Moreover, let us consider ®,(s) =
v I, — G (—s) G(s). Above, we showed that || G ||« < 7 if and only if @, (ic0) > 0 and
®., (iw) is non-singular for all w € R. Let us now suppose that G(s) = C (s, — A)"' B+ D
and set R = %1, — DT D, where v > 0 is not a singular value of D. Now, by elementary

algebraic calculations, it can be proved that
S (s)'=C" (sl — H,) ' B + D,

where:

A+BR'DTC BR' BT
H, = s . D=R1,
~CT (I, + DRT'DT)C —(A+BR'DTCT)

BR™!
B = , ¢'=(R'D"C R'BT).
—CTDR™
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For more details, see [22]. Instead of studying the real zeros of ®,(iw), we can study the
real poles of the matrix @, (iw)™' = C' (iw Iy, — H,) ™' B'+ D’. Using the identity (1.7), the
poles of @, (iw)~! are among the imaginary eigenvalues of H.,. If no pole-zero cancellations
occur in the entries of the matrix ®,(iw)~', then the poles of ®,(iw)~! are exactly the
imaginary eigenvalues of H,. It can easily be proved that no such pole-zero cancellations
can happen (i.e., if iw is an eigenvalue of H,, then {w is not an uncontrollable mode, as

-1

well as not an unobservable mode) [19, 22]. Hence, the poles of ®,(iw)~" are exactly the

eigenvalue 1w of H,. In other words, the curve C defined by (1.19) can simply be defined
as the characteristic polynomial of the above matrix H.,.

We get the following characterization of an upper bound of the L. -norm.

Theorem 1.2 ([19, 22, 107]). Let G = C (s I, — A)™' B+ D be a transfer matrix, where
A has no eigenvalues on the imaginary axis, i.e., such that G € RLEX™. Let v > 0 and

R =121, — DT D. Then, the following assertions are equivalent:
LG lleo< 7,
2. 5(D) < ~ and the matrix H, has no imaginary eigenvalues.

Example 16. Consider again Example 1. Then, D = 0, R = ¥? and:

0 1 0 0

k b 1
—— —— 0 2 ~2

A B~~2BT m m m=ry

H., = = k
! —cTC  —AT -1 0 0 =
m

b

0 0 -1 —

m

Thus, the characteristic polynomial of H, is given by:

(A AT+ (2km —0%) 3 A + (ky)* — 1)

p(/\77> = (m,y)g

Finally, if we set A = 7w into p and consider the numerator n of the corresponding result,
then we obtain n(w,v) = ((k — mw)* 4+ (bw)?*)¥* — 1 and we find again the real plane

algebraic curve C defined in Example 14.

Remark 1.5. In the literature, we can also see Theorem 1.2 with the matrix

, A-BR'DTC ~yBR ™' BT
H = )7 (1.22)

vots~'c - (A-BR'DTCT
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instead of H,, where R" = D' D — 4?1, and S" = D DT —~%1,. See, e.g., [19, 22]. To
explain the equivalence, we first note that R = —R’. Then, that all U € C7*" and V' € C"*,

we have
(Iq+U(Ir—VU)_1V) (Iq—UV):Iq—UV—i—U(IT—VU)_l(I,,—VU)V:Iq,

which proves the standard identity (I, —U V)™ ' =1,4+U (I, -V U) ' V. Setting U = D /v
and V = D7 /v, we then get I, — DR DT = —~2 5", Finally, we can easily check that

H is similar to H, for the following invertible transform:

I, 0
T = .
0 ~1I,
The matrix H! is called a Hamiltonian matriz since it satisfies the identity
-1 o T
J H; J= —H; ,

where J is the standard matrix defined by:

J_< 0 In>'
I, 0

According to Theorem 1.2, the search for || G || can be reduced to the problem of
finding the maximal v > 0 for which the characteristic polynomial of the matrix H, or,
equivalently, of the Hamiltonian matrix H’, has no imaginary eigenvalues.  Since
det(iw Iy, — Hy) = det(iwlgn — H;) = 0 is equivalent to n(w,7y) = 0, we are also led to
the study of extremal points, for the projection onto the v-axis, of the real plane algebraic

curve C defined by (1.19).

1.5 Existing computational methods

Until the end of the eighties, it does not seem that much attention has been paid to the
problem of computing the L*>-norm for LTI systems. For SISO systems, as explained in
Section 1.3, this problem corresponds to the peak value of the function w € R — |G(iw)|,
i.e., the peak value of the so-called Bode magnitude plot. Equivalently, this norm corresponds
to the farthest point from the origin (for the distance defined by the modulus) of the complex
implicit rational curve w € R — G(iw) = Re(G(iw))+i Im(G(iw)) € C, called the Nyquist
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plot. The maximum of |G(iw)| can also be computed by means of studying the real roots of
the univariate polynomial d|G(iw)|?/dw = 0 as shown in Example 11. Graphical methods
were mainly used to get an approximation of || G |-

For MIMO systems, || G |« was usually studied by searching the maximum of
{7(G(iwk)) tk=1,. n, where {wg}r=1, ~ is a fine grid for the frequency axis. The graph of
{(wi, 7(G(iwk))) br=1.. .~ is usually referred to as a singular-value (SV) plot. The main

drawbacks of this method are the following:

e determining the range and the spacing of the frequencies to be checked (especially,
when A has eigenvalues with small real part, such as for lightly damped mechanical

structures (see Example 11)),
e the computation of many singular values of matrices (one at each frequency point wy),
e no accuracy bound was obtained,
e no certification of the result was given, etc.

At the end of the eighties, alternative numerical methods for the computation of the
L>-norm of LTT systems were developed in [19, 81] based on Theorem 1.2 and Remark 1.5,
i.e., based on the search for imaginary eigenvalues of the Hamiltonian matrix H’ defined by
(1.22). To achieve that, bisection algorithms for determining v were developed. The original
bisection method, developed in [19], consists in finding an upper bound ~, and a lower bound
v for || G ||oo (using, e.g., Hankel singular values), then setting v = (v, + v)/2, testing if
| G |lo < v by checking the existence of imaginary eigenvalues of H, or H! (using, e.g., a
direct computation or Sturm/Routh test), and setting v, = + if such imaginary eigenvalues
exist, or vy, = 7y else. The algorithm stops when (v, — )/ is less than a specified level e
and returns:

Yu TN

G |loo = )
|Gl 2

The error | || G ||oo —(7u + 7)/2| is then less than or equal to € || G ||, i-€., the result is

guaranteed within a relative accuracy of €. As stated in [16], numerical problems can occur

in the bisection method

1. for transfer matrices G (resp., state-space system (A, B, C, D)) with imaginary poles

(resp., imaginary eigenvalues of A) of multiple multiplicity (see, e.g., Remark 1.4),

2. due to a poor scaling or balancing state-space realization (A, B, C, D) of the transfer

matrix G,
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3. to an ill-conditioned eigenvalue problem for the associated Hamiltonian matrix H,
4. for all-pass or high-pass response systems, etc.

Different important improvements of the original bisection method have been developed
in [18, 22, 46, 9]. In particular, the quadratic convergence of this method was proved in
[18]. Variants of this method were implemented in different Matlab toolboxes such as
the normhinf function of Robust Control Toolbox, the hinfnorm function of u-Analysis
and Synthesis Toolbozx, and the norminf function of the LMI Control Toolbox, in Scilab
(hinfnorm command), or in the Maple library DynamicSystems (NormHinf command).

Numerical algorithms based on Linear Matriz Inequalities (LMI) were also developed
in [57] for transfer matrices defined by left or right coprime factorizations. In particular,
no state-space representation of the transfer matrix is needed. The results obtained in [57]
were implemented in the hinfnorm command of the Matlab toolbox Polynomial Toolbox.

The computation of the L>°-norm of descriptor LTI systems, namely

{ Ei(t) = Az(t) + Bu(t),
y(t) = Ca(t) + Du(t),

where 2 € R™" is a singular matrix, or equivalently to the class of transfer matrices of the
form G(s) = C(Es — A)~! B+ D, has been developed in [11, 10, 48, 95]. In particular,
numerical improvements in the computation of L>-norm of LT systems were obtained. The
algorithms developed in [10] are implemented in the library SLICOT [5, 9] based on the BLAS
and LAPACK libraries (Fortran 77).

The L*>*-norm computation of LTI systems depending affinely on a set of free parameters
was studied in [100] using an equivalent semi-infinite convex optimization reformulation that
can be numerically studied by a relaxation approach over a finite set of frequency values
and semi-definite programming methods.

To our knowledge, the first symbolic-numeric study of the computation of L*-norm for
LTI systems was developed in [60]. The real plane algebraic curve C defined by (1.19) and
its study appear in [60]. A validated numerical computation of the L°-norm is proposed
based on the study of C and Sturm test. Moreover, a complexity analysis of the proposed
algorithm is given. The study of C was continued in [3]. A purely numerical algorithm,
implemented in Matlab, was developed based on Bezoutian matrices. In [21], the problem
of the L>*-norm computation is explicitly stated as the problem of finding the supremum
v > 0 such that there exists a real w satisfying n(w,v) = 0, i.e., as the problem of finding

the y-extremal point of C. Using border polynomials and triangular decomposition methods,
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the computation of the L*>-norm is then studied for a polynomial n which depends on free
parameters (e.g., the system parameters m, k and b in Example 11). The results of [24]

were implemented in Maple using the RegularChains library.

1.6 Robust control theory in a nutshell

Let us briefly explain why the L*°-norm computation plays a fundamental role in control

theory. A mathematical model of a linear system describing a physical phenomenon is in-

complete in the sense that it can only be a rough approximation of the original phenomenon.

Indeed, some dynamics have been (intentionally or unintentionally) neglected, some system

parameters are not well-known or not well-estimated, etc. For more details, see, e.g., [39,
, 107, 33].

To handle this important issue in the control theory, robust control theory has been
developed in the eighties based on the ideas that a mathematical model should be close
to the real system for a certain topology, the properties of a system should be as ro-
bust as possible to small perturbations (robust margins), and the design of stabilizing
controllers should be robust to certain families of perturbations of the system (e.g., addi-
tive/multiplicative/inverse additive/inverse multiplicative perturbations). Since the robust-
ness competes with the performance, a compromise between these two opposite objectives
has to be chosen wisely while designing a stabilizing controller, namely, designing a linear
system — called controller — which stabilizes the new system obtained by adding the con-
troller to the system in a feedback loop (see the stability definitions given in Section 1.2).
A stabilizing controller is said to robustly stabilizes the system if not only it stabilizes the
system but all the systems in a neighborhood of the system for a certain topology. In
H.-control theory — the most popular approach in robust control theory — the norm for
measuring the distance is the L>*-norm. The computation of the maximal radius of the “ball
of systems”, centered at the system, that are stabilized by the controller is an important
issue [39, 107, 33].

To be more precise, let us briefly mathematically state the different problems introduced
above. Let P € R(s)?*" be a proper rational transfer matrix defining an approximation of a
real system. Then, the controller defined by a proper rational transfer matrix C' € R(s)"*4

is said to stabilize P if:

(I,-PC)™'  —(I,—PC)'P

€ RHHx(a+m), (1.23)
c(I,-pPC)y —C(,—PC)'P

II(P,C) := (
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To understand the definition of stabilizability, we first note that P is not necessarily an
element of RHZ*", which means that the operator u — y = K x u, where K = £Z(P)™,
is not necessarily L? — L2-stable (i.e., u € L?*(R,)" does not necessarily yield y € L?(R)?)
since || K ||z(z2,02) = || P |« is not necessarily bounded (see (1.14)). We also note that P €
R(s)?*" and C' € R(s)™* yields II(P, C) € R(s)@+")x(a+7)  Ag above, if II(P, C) is considered
as the transfer matrix of a new system defined by (u;  u2)” — (e;  11)7 = K*(u1  us)7,

where K = Z(II(P,C))~}, then this system is L? — L%stable if and only if II(P,C) €
RHETH) 1y particular, || TI(P, C) || < +00 is a necessary condition for the L? — L2-
stability. Finally, if we consider the closed-loop system, defined in Figure 1.3, obtained by
adding the controller C' in feedback to the system P, then, at the two interconnections, we

have the following equations

er1 =ur +y2 = uy + Pey, o [w) _ I, —-P el
€y = Uz + Y1 = Uz + 061, U2 -C IT €9 ’

which yields

where:

I, —P>1:<(Q—P@1 (I~ PC)'P )

H(P7O): —1 —1
—C I C(,—PC)? I,+C(I,—PC)'P

Using (1.23) and Figure 1.3, we can then easily check that:

meer () -( )= (0)

Hence, if C' stabilizes P, then the operator which maps (u; wus)? to (e; )T is L? — L2-
stable and || TI(P, C') || is its maximum energy gain. More generally, we can check that all
the transfer matrices between two signals appearing in Figure 1.3 can be formed by means
of the four block matrices defined in II(P, C'), which shows that all the operators relating
two signals appearing in Figure 1.3 are then L? — L?-stable and their maximum energy gains
are equal to the L*>-norm of their corresponding transfer matrices. These results show the

importance of the computation of L*-norm in control theory and robust control.

As explained above, the transfer matrix P is only a mathematical model of a physical

system, and thus, it is a rough approximation. To take into account this uncertainty on the
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u;  + €1 Y
)
- C
Y2 P €2 T + U2
Y

Figure 1.3: Closed-loop system

model, the H.,-control theory aims at determining a controller C' that not only stabilizes P
but also all the systems defined by transfer matrices in a neighborhood of P. More precisely,

if we consider the system defined by the following transfer matrix
P =1, +A) (P+Ay) = (P+As) (I +A)71, (1.24)

where the matrices A;’s are the following matrices

and the matrices V' and W are given by

ViV, Wy W
V _ 11 12 : W _ 11 12 7
‘/21 ‘/22 W21 W22
Vi1 € RHI¥9, Viy € RHET, Vi € RH™XY, Viy € RH™X,
Wi € RHI¥9, Wy, € RHYT, Wy, € RH'X1, Wy € RHTX,

o0

then we obtain the following general model of perturbations of P

P = (Iq + Vi — P‘/m)_l (P (Ln -+ VQQ) — ‘/12) = ((Iq —+ WH) P+ le) (Ir + Woe + Woy P)_l,
(1.25)

where the matrices A;’s are considered to be arbitrary [76]. In particular, we can find again
) ) ] :

1. If Vig = 0, Voy = 0 and Voy = 0, then P’ = (I, + Vi1) ' P is an inverse additive
perturbation of P.

the following standard perturbation models at once [39,

2. If Vi1 =0, Vo; =0 and Vay = 0, then P’ = P — V), is an additive perturbation of P.
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3. I Vi; =0, Vig = 0 and Vay = 0, then P’ = (I, — P Va1)~! P is an inverse multiplicative
perturbation of P.

4. If Vi3 =0, Vi =0 and Vo =0, then P’ = P (I, + Vay) is a multiplicative perturbation
of P.

Coprime perturbations [107, , 33] can also be covered by the class of perturbations defined
by (1.24) or (1.25). For more details, see [70].
The robust stabilization problem then aims at determining a controller C' € R(s)"*4

that stabilizes the larger class of systems P’. Let us suppose that C' stabilizes P. If we note

e = (= CP7C P(L—CPJT ) RH )@,
(I, —CP)"'C (I, — CP)! >

then we can first easily check again that II(P,C) and II'(P,C) are two complementary

Flatrx(at)

idempotents of the non-commutative ring R , namely:

I(P,C)? =11(P,C), T'(P,C)?=1(PC), TI(P,C)+1I'(P,C)= I,

Moreover, it can be proved that C' stabilizes P’ defined by (1.24) or, equivalently, by (1.25),
for all V€ RHT*UT) and W € REET* (@) satisfying:

IV oo <[l TI(P, C) W oo <[ TF(P,C)

[ s -

For more details, see [70, | and the references therein. Hence, the computation of the
L*>-norm of the two idempotents II( P, C') and IT'( P, C') (it can be shown that || II(P,C) ||«
=||II'(P,C) || [102]) yields the maximum radius of the “ball” of linear systems

Bo(P) :={P = (I, + M) (P+Ay) = (P+ As) (I, + Ay) 7" |
(A —Ay)=(, —-P)V, (AT ADT=w(PT 17T
[V oo < || TI(P, C) | W oo < TI(P,C) I}

[

that are stabilized by the stabilizing controller C'. If we denote by Stab(P) the set of all
the stabilizing controllers of P, then the robust stabilization problem aims at determin-
ing the stabilizing controllers which minimize the L>®-norm || II(P,C) ||, i.e., it aims at
determining:

argmingcsian(r) || (P C) oo (1.26)

These controllers thus maximize the above radius of robustness. The set Stab(P) can be
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explicitly parametrized by means of the so-called Youla-Kucera parametrization, which is
affine in an arbitrary matrix parameter Q € RH 9. For instance, see [39, |. Hence,
the nonlinear optimization problem (1.26) can be transformed into an affine optimization
problem in (), and thus, into a conver optimization problem. But, since ) € RH.X? and
RH’X?is an infinite-dimensional R-vector space, the optimization problem (1.26) is infinite-
dimensional, which makes nontrivial the search for its solution. Nevertheless, using the
so-called Nehari theorem — which characterizes the distance of f € L>(iR) from H*(C,)

in L>(iR), namely, dist(f, H*) := infycpge(c,) || f =9 ||« — the mazimum stability margin

-1
bo(P) = (_int | ITHP.C) 1)
can be characterized as the operator norm of a certain Hankel operator, i.e., as a Hankel norm
(see, e.g., [33, 107]). For finite-dimensional LTI systems, bop(P) can nicely be characterized
as follows: Let (A, B, C, D) be a controllable and observable realization of the transfer matrix
P (see Theorem 1.1) and let X (resp., Y) be the unique positive definite solution of the
Riccati equation X A+AT X—X B BT X+CT C =0 (resp., Y AT+AY-Y CTCY+B BT =

0), then we have

bopt (P) = V1 + Amax (Y X), (1.27)

where A\.x denotes the maximal eigenvalue. The problem of explicitly characterizing the
robust controllers achieving this bound is more involved. Hence, in the robust control
theory, the following problem is usually preferred [102, , 33]: Given bop(P) > b > 1, find

a stabilizing controller C' of P which satisfies:

| TI(P, C) [|oo < . (1.28)
This problem receives a tractable solution [51, ]. Finally, let us state the explicit
characterization of a particular solution. See [51] for the general solution. Let X and

Y be the unique definite positive solutions of the above Riccati equations, then Cy(s) =
Cy (s I, — Ay) ™! By stabilizes P and satisfies (1.28), where:

Zy= (I, + (XY =02 1,))7,
Ay=A-BBTX +1*2,YCTC,
By = -1 Z,Y C7T,

Cy, = BT X,

(1.29)

Example 17. We consider again Example 1 and the corresponding transfer function P =
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co/(s*+ay s +ag), where ¢ = 1/m, a; = b/m and ayg = k/m. Using new algebraic methods

developed in [78, 77], we can check again that
X — Bo B —arao o — ao 7
Bo — ao b —a

where [y and f; satisfy the following system of polynomial equations

85 = ag + ¢,
5% :2/60_{_&%_20'07

satisfies the Riccati equation X A+ AT X — X BBT X + CT C = 0, where the matrices A,
B and C' are defined by:

() (M) e

Using a result of [78, 77], X is the unique positive definite solution of the above Riccati

equation if and only if:

Bo =/ad + ¢, 51:\/2\/a(2]+c%+a%—2a0. (1.30)

Moreover, we can check that Y = @ X @, where @ is defined by
1 0 1
c \1 —a

Y—l ( Bi—a 5o—a131+a%—a0 >’
Bo

-2
& —a1 b1+ ai —ayg Bobr—2a0fo+aif—ai+agan

namely,

satisfies the Riccati equation Y AT + AY — Y CTCY + BBT = 0. For more details,
see [78, 77]. Moreover, Y is the unique positive definite solution of the above Riccati
equation if and only if (S, 81) satisfies (1.30) [78, 77]. Then, using (1.27), we obtain
bopt (P) = /1 + Amax (Y X), where A\pax(Y X) is the maximal real eigenvalue of Y X. To
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simplify the notations, if we note
211 %
7V X nosz
z21  ~22
then the characteristic polynomial of Z is defined by

pz(A) = A\ — trace(Z) A+ det(Z) = 2\ — (211 + 222) A + (211 202 — 212 221),

and the maximal real eigenvalue of 7 is defined by:

Amax (Y X) = % (trace(Z) + \/trace(Z)? — 4 det(Z)).

We then obtain the following formula for b, (P)

bopt (P) = \/1 + % (trace(Z) + /trace(Z)? — 4 det(2)),

which, using (1.30), can be made explicit in terms of ¢y, ag and ay. It can be shown that
bopt(P) depends only on the two parameters P(0) = co/ag = 1/k and p = a1/\/ag = b/Vkm.
Hence, bopi(P) can be plotted as a function of k and b/vkm. For more details, see [79,

|. Finally, for 1 < b < byt (P), we can then use (1.29) to obtain an explicit stabilizing
controller C' of P satisfying (1.28).

For more explicit examples with system parameters, see [78, 79, 80, 77].
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Chapter 2

Prerequisite in Computer Algebra

2.1 Notations

We introduce some notations that are used in the rest of this dissertation.

We denote by D an integral domain (namely, a commutative ring with no non-trivial
zero-divisors), typically Z[z|, Z[x,y] or Z, and by Fp its fraction field (namely, Fp =
{di/dy | 0 # do, dy € D}). We also denote by K an arbitrary field, typically Q or R.
We recall that any field K; containing K is an extension field of K. An element z of K; is
said to be algebraic over K if there exists a polynomial P with coefficients in K such that
P(z) = 0. An extension field K; of K is said to be algebraic if all of its elements are alge-
braic over K. A field K is said to be algebraically closed if it does not have any non-trivial
algebraic extension. K is an algebraic closure of K if K is an algebraic extension of K which
is algebraically closed. In the sequel, we denote by K the algebraic closure of kK [94, 83].
Finally, let C; := {s € C| Re(s) > 0} be the open right-half plane of C.

Let P € K[z,y] and v € {z,y}. Then, Le,(P) is the leading coefficient of P with
respect to the variable v and deg,(P) denotes the degree of P in v. Hence, we can write
P = Lc,(P) vdees(P) 1 Efi%”(]j)_l a; v', where Lc,(P) and the a;’s are univariate polynomials
in the variable v € {z,y}\{v}. We also denote by deg(P) the total degree of P, namely,
if P= Zogignl,ogg‘gng a;j x'y?, where a;; € K and a;; # 0 for at least one pair (i, j) such
that i + j = ny + ny, then deg(P) = ny + ny. Moreover, let 7, : R — R be the projection
map from the real plane R? onto the z-axis, i.e., m,(z,y) = z for all (z,y) € R?. For
P, Q € K[z,y], let (P, Q) be the ideal of K[z, y] generated by P and . Let I be an ideal
of K[z, y], the notation Vi (I) refers to the affine algebraic set over K associated with I, i.e.,
V() :=={(z,y) e KE|VReI: R(x,y) = 0}. For k = C, we simply denote Vik(I) by
V(I).

95
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Bitsize The bitsize of an integer n is the number of bits needed to represent it, that is
|log,n| + 1 (the notation log, refers to the logarithm in base 2 and |m| stands for the
greatest integer less than or equal to m). If p is a rational number, then its bitsize is given
as the maximum bitsize of its numerator and denominator. The bitsize of a polynomial with
integer or rational coefficients is the maximum bitsize of its coefficients. We refer to 7, as
the bitsize of a polynomial, a rational or a integer a. For a polynomial P € Dlz], we define
the size of P, denoted by size(P), to be the pair (deg,(P), Tp).

Complexity We use the classical O for denoting asymptotic bounds. Recall that f(n) =
O(g(n)) for n — o0 if there exist two positive constants N and C' such that |f(n)| <
C'lg(n)| for all n > N. When D = Z, to obtain a more relevant measure of complexity,
we consider the growth of the coefficients in the cost of the operations by considering the
bit complezity of the algorithm, that is the number of bit operations performed by the
algorithm. We denote the bit complexity by @p. Finally, we denote by O the complexities
where polylogarithmic factors are omitted. More precisely, f(n) = O(g(n)) means that
there exists k > 0 such that f(n) = O(g(n) logh(max(|g(n)|,2))). Note that, unless specified
otherwise, the stated complexities are worst-case bit complexities.

We give an example of the bit complexities of some basic operations over polynomials,
such as adding, multiplying, and dividing two univariate polynomials f, g € Z[z|. For more
details on the corresponding algorithms, along with a proof of complexity, the reader is

referred to [103].

Example 18. We consider two univariate polynomials f, g € Z[z], with degrees bounded
by d and coefficients of bitsize bounded by 7. Then, the sum f + ¢ can be computed
in @B(d 7) bit operations and has coefficients of bitsize at most 7 + 1. The product fg
can be computed in Op(dT) bit operations and has coefficients of bitsize in O(7 + log d).
Finally, for the Fuclidean Division, the computation of ¢, r € Z[z] such that f = qg + r
with deg(r) < deg(g) can be done using Op(d? ) bit operations. The polynomials ¢ and r
have degrees at most d and coefficients of bitsize bounded by O(d 7).

Sign variation Let D be an ordered domain, namely, an integral domain with a total

order < satisfying the following two properties:
L] d1 S dg y161dS d1 + dg S dg + d3 all dl, dg, dg eD

e 0 <dj and 0 < dy imply 0 < d; dy for all dy, dy € D.
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Let R be a real closed field containing D, namely, an ordered field that has the in-
termediate value property: if a polynomial P € R[x] changes sign on an interval, i.e.,
P(a) < 0 < P(b) for some a, b € R, then P has a zero in the interval, i.e., P(c) = 0
for some a < ¢ < b. More properties about real closed fields can be found in [6]. The
prototypical example of a real closed field is the field of real numbers R.

Most of the discussions and methods presented in the following sections aim at studying
the notion of variations of signs in a sequence of scalars, particularly in the sequence of

polynomial coefficients. We thus state the following definition.

Definition 2.1. We define the sign sign(d) of an element d € R as follows:

0 if d=0,
sign(d) =< 1 if d#40,d>0,
1 if d#£0, —d >0,

Let d = (dy,ds, ..., d,) be a finite sequence of non zero elements in R. The number of sign

variations in d, denoted by V(d), is defined by induction over an integer k by:

V(di) = 0,
dy,) { V(dy,...,dg—1)+1 if sign(dy_1 di) = —1,
s Wk —

Vidy,. ..
(@ V(dy,. .., dp 1) else.

We can generalise Definition 2.1 to any finite sequence of real numbers, where at least
one element is not equal to 0, by eliminating the zeros occurring in the set. Let (d, ..., d,)
be a finite sequence of real numbers. We write V(dy, .. ., d,) for the number of sign variations
in the set. In contrast, let P(dy, . ..,d,) be the number of sign permanences in the sequence

(do, . ..,d,), namely, the number of consecutive signs {+,+} or {—, —}.

Example 19. If we consider a = (1,—-1,2,0,0, 3,4, —5,—2,0, 3), then we get:

V(CL) = V(L 07 07 _27 37 47 07 _27 _3> = V(la _27 37 47 _27 _3) 37
P(a) = P(].,0,0,—2,3,4,0,—2,—3) = P(la_2a374a_27_3) =

Definition 2.2. Let P = Y""  a;z' € R[z], then we set V(P) = V(ay,...,a,).

Critical points Let C be a plane curve defined by a polynomial P(z,y), i.e., C = {(z, y) €

T
C?| P(z,y) =0}, and t, = (88—1;, —%) denotes the tangent vector of C at p. Then, the

point p € C is called:
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1. An z-critical point if t, (1, 0)T = 81;;’7) = 0.

2. A y-critical point if t, (0, 1)T = _81;_3(:)) —0.

‘ s . 9P opP
3. A singular point if t, = (0, 0)T, ie., (%(Ep) = 8q(;p) =0.

4. A singular point ¢ is called isolated if there is a real neighborhood of ¢ that does not
contain other points on the curve. Equivalently, no real tangents of the curve exists

at the singular point. If p is a singular point, then it is isolated if:

9°P(p) 9°P(p) 9°P(p)

oz Oy:  Oxdy > 0.

For instance, the curve defined by y? — 2% +42% = 0 (or ¥® + y? + 22 = 0) has an
isolated singular point at (0, 0).

For more details, see, e.g., [14, 89].
A critical point possessing real coordinates is called a real critical point. Finally, we
shall simply call a real point any point on the curve possessing a real coordinate (x, y). All

four types of real critical points are shown in Figure 2.1.

Figure 2.1: Blue dots represent y-critical points, red dots represent x-critical points, the
black dot represents a singular point, and the green dot represents an isolated singular
point.

2.2 Greatest common divisor

We recall the definition of the greatest common divisor (ged) of two univariate polynomials

and give some of its important properties that are used throughout this work. We also give
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complexity results on the size and the computation of the ged of two univariate polynomials

with integer coefficients.

Definition 2.3. Let P and @ be two polynomials in D[z]. A greatest common divisor of P
and @, denoted by ged(P, @), is a polynomial that divides both P and @ and is a multiple

of every common divisor of P and Q).

Note that a ged of two polynomials P and () is unique up to an invertible element in

When Dlz] is an Fuclidean ring, a greatest common divisor of P and @) can be computed
by applying successive Euclidean divisions. We recall that an Fuclidean ring A is an integral
domain where there exists an Fuclidean division, i.e., an Euclidean function over A, defined

as a map v from A\{0} to N, exists and verifies the following properties:

1. Forall a € A, b € A\ {0}, there exist ¢, r € A such that a = bg+r, where either r = 0
or v(r) < v(b).

2. For all a, b € A\ {0}, v(b) < v(ab).

Some examples of Euclidean domains include any field K where v can be defined by v(z) = 1
for all « € k\{0}, the ring of integers Z where v can be defined by v(n) = |n| for all n € Z,
and the ring K[z] of polynomials in = over a field k where for each nonzero polynomial P,
v(P) is defined by the degree of P.

In the rest of this section, we suppose that D[z] is an Euclidean domain.

Following the notation stated above, we denote r by aremb. With this notation, we
recall a classic algorithm, known as the Fuclidean Algorithm, which computes the ged of
two polynomials f and g # 0 in D[x].

In other words, the resultant sequence {ro,...,7;} of remainders in the Euclidean
Algorithm — called the Fuclidean remainder sequence of P and () — is such that the last
non-vanishing element 7, of the sequence is the ged of P and @ in D[z]| up to multiplication
by a non-zero element in D. The proof of exactness of this algorithm is mainly based on the

following equalities:

ged(P, Q) = ged(rg, Q) = ged(r3, 1) = -+ = ged(r-1,74). (2.1)

More details can be found in [31].
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Algorithm 1 Classical Euclidean Algorithm

Input: Two univariate polynomials P and @) in D[z]
Output: A greatest common divisor of P and @) in D[z]

1. rg := P, r; == Q;
2. while r; # 0 do

(a) 7y = T Temry;
(b) 7 := i+ 1;

3. return r;_1;

Example 20. Let P = rg = 2 — 1 and Q = r; = 2% — 1 in R[z]. Applying Euclidean
Algorithm yields:

=1 = 0(2%—1)+2*-1,

25 —-1 = 22(2* - 1)+ 2% -1,

=1 = (@*+1)(2*—-1)+0.

Following (2.1), we have

ged(a? — 1, 2° — 1) = ged(2® — 1, 2* — 1) = ged(2® — 1, 2 — 1) = ged(2? — 1, 0)

=12 -1,
which is the last non-vanishing remainder in the Euclidean remainder sequence:
{o* —1,2° -1, 2 — 1, 2% — 1, 0}.

Theorem 2.1 (Bézout’s identity). [7]. Let P, @ € D[X], where deg(P) = p and deg(Q) =
q. Let G = ged(P, Q). If deg(G) = g, then there exist U, V' € Dz] with deg(U) < ¢ — ¢
and deg(V) < p — g such that UP + V@ = G.

Lemma 2.1. Let P, Q € D[X], where deg(P) = p and deg(Q) = ¢, and G = ged(P, Q).
Then, deg(G) > 1, i.e., G ¢ D, if and only if there exist U, V' € D such that deg(U) < p,
deg(V) <qand UP+VQ = 0.

Having stated again the notion of the greatest common divisor, the ged-free part of a
polynomial P with respect to @ is defined as P/ ged(P, Q). In particular, when Q) = %, the

ged-free part of P with respect to Q is the square-free part of P, denoted by P, that is the

divisor of P of maximum degree that has no square factors, provided that the characteristic



2.3. RESULTANT OF TWO POLYNOMIALS 61
of the coefficients ring is zero or sufficiently large (e.g., larger than the degree of P).

Theorem 2.2. [7, Corollary 10.12 & Remark 10.19] Let P, @ € Z[z], where
max (deg(P),deg(Q)) < d and max (7p,7q) < 7. Let G = ged(P, Q) € Z[z]. Then, G can
be computed in @B(d2 7) bit operations and its coefficients are of bitsize bounded by
O(d 4+ 7). The same bounds hold for the computation of the gcd-free part of P with
respect to () along with its bitsize.

The following corollary is a refinement of Theorem 2.2 in the case of two polynomials

with different degrees and bitsizes.

Corollary 2.1. [67, Corollary 5.2] Let P and @ be two polynomials in Z[z] with size(P) =
(p, 7) and size(Q)) = (¢, 7). Then, a ged of P and @ of bitsize (’)(min(p +7p, ¢ + TQ))
can be computed in @B(max(p, q)(pro + qu)) bit operations. A gcd-free part of P with
respect to @, of bitsize O(p + 7p), can be computed in the same bit complexity.

2.3 Resultant of two polynomials

Let p, ¢ be two positive integers and P = a,a? + --- 4+ ag, @ = bya? + --- + by be two
polynomials of D[z] of degrees p and ¢ respectively. Suppose for instance that 0 < p < g,

then the following matrix is called the Sylvester matriz of P and () with respect to z.

\

4 @1 -
@ ap1 - ap
q
L =
ap QAp—1 -+ Qo )
by by bo
by by bo p
by byt bo

Vs

Note that L is a (p + ¢q) X (p + ¢)-matrix. Its determinant is called the (Sylvester)
resultant of P and @) with respect to z, denoted by Res(P, @, ). The resultant Res(P, @, z)
of P and @ is an integer polynomial in the coefficients of P and Q. See, e.g., [32, Chapter
3.

Let D[z]<; be the ring of polynomials in D[z] of degrees strictly less than i. The above
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matrix L is the transpose of the matrix associated to the linear map

Dlz]<y X D[z]<p, —>  Dlz]<piq

(U,V) — UP + VQ,

...............

D[z]<, (resp., of D[x]<p, D[x]<piq)-

Theorem 2.3 (Common factor property). [32, Chapter 3] If P, @ € D[z], then P and

() have a non-trivial common factor in D[z] if and only if Res(P, @, z) = 0.

Proof. According to Lemma 2.1, P and @ have a non-trivial common factor in D[z] if and
only if there exist two polynomials U, V' € Dlz|, with deg(U) < ¢ and deg(V') < p, such
that UP 4+ V@ = 0. Thus, the proof follows from the definition of the resultant as the

determinant of the Sylvester matrix L. [

Theorem 2.4 (Elimination property). [32, Chapter 3| If P, Q € D|x], then there exist
polynomials A, B € D[z] such that A P+ BQ = Res(P, @, ). The coefficients of A and B

are integer polynomials in the coefficients of P and Q.

Example 21. We consider the polynomials P = 2* — 1 and Q = 2% — 1 of Example 20.

Then, we have:

1000 -1 0 0 0 0 O
o100 0 -1 0 0 0 O
coo1o0o 0 O -1 0 0 O
coo1 0 O O -1 0 0
Res(z* — 1,2° — 1,2) = det 0U o0 o o0 = 0.

0000 0 1 0 -1
1000 0 0 -1 0 0
o100 0 0 0 -1 0

0010 0 0 O -1

0cooo0o1 0 0 O 0 -1

According to Theorem 2.3, P and @ have a non-trivial common factor in R[z].
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Example 22. Let P =23+ 2 — 1, and Q = 222 + 32 + 7. Then, we have:

1 01 -1 0

010 1 -1
Res(353+:v—1,23:2+3x+7,x):det 237 0 0| =15

023 7

002 3

By Theorem 2.3, P, Q € R[x] have no non-trivial common factor in R[z].

In particular, let us consider P and () to be two bivariate polynomials with integer
coefficients, i.e., P, @ € Z[z,y|. In this case, for instance, one can see these polynomials
as univariate polynomials in « with coefficients in Z[y]. Set deg,(P) = p and deg,(Q) = q.
Thus, we have L € Z[y|P+9*#+0) and Res(P,Q,z) = det(L) € Z[y]. In this case, we say
that Res(P, @, z) is the resultant polynomial of P and @) with respect to the variable x.
The following proposition shows that the resultant polynomial of P and ) with respect to
a variable, to say z, denoted by Res(P, @, x), can embody the y-coordinates of the solutions
of the bivariate polynomial system {P = 0, @ = 0}.

Proposition 2.1. Let P and @ be two polynomials in Z[z,y| and Res(P,Q,v) be their
resultant with respect to the variable v € {z,y}. Let Lc,(P) = a, and Lc,(Q) = b,, where
ap, by, € Z[u], u € {x,y}\ {v}. Moreover, let o € C. Then, the following two statements are

equivalent:
1. Res(P,Q,v)(a) = 0.
2. ay() = by(r) = 0 or there exists 3 € C such that (o, 3) € V((P, Q)).

Example 23. We consider the polynomials P = zy — 1 and Q = 22 + 3* — 4. In this
situation, the polynomials depend on two variables, but if we regard P and () as univariate
polynomials in x whose coefficients are polynomials in y, then we can compute the resultant

with respect to x to obtain:

y —1 0
Res(xy—l,x2+y2—4,x):det 0 wy -1 =yt =4y 41
1 0 y?*—4

By Theorem 2.4, there are polynomials A, B € R[z, y| satisfying:

AP+BQ=y"—4y* +1.
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This means that the polynomial y*—4 y?+1 vanishes at any common solution of { P = 0, Q =
0}. Furthermore, while considering the y-projection of the solutions of {P = 0,Q = 0}, we
see that Le,(P) = y and Lec,(Q) = 1 do not both vanish at any real root of y* — 4y? + 1.
Hence, Proposition 2.1 implies that the solutions of the polynomial y* — 4y?> +1 = 0

correspond to the y-projection of the solutions of the bivariate polynomial system {P =

0, Q =0}.

Example 24. If we consider P =xy — 1 and Q = 22y — 2, then we have:

y —1 0
Res(xy—l,ny—Q,a:):det 0y —-1|=-y2y-—-1).
y 0 =2

In this case, Res(P, @, z) vanishes for y = 0 and y = 1/2. However, y = 0 cannot be a
y-projection of a solution of {P = 0, @ = 0} since P(z,0) = —1 and Q(z,0) = —2. But we
can see that y = 0 is a common zero of Lc,(P) = y and Le,(Q) = y. Whilst y = 1/2 is a
y-coordinate of a solution of the polynomial system {P =0, Q =0} = {(2, 1/2)}.

Finally, let us introduce the concept of discriminant of a polynomial.

Definition 2.4. [6] Let P = a,2” +---+ag € D{z]. Then, the discriminant of P is defined
by:
discrim(P) = (—1)%& Le,(P)™! Res(P, P, ).

Hence, up to a sign and the leading coefficient of P, the discriminant of P is equal
to Res(P, P',x). Using Theorem 2.3, we get that P and P’ has a common factor if and
only if discrim(P) = 0. Hence, P has a multiple factor, namely, P is divisible by Q* where
deg,(Q) > 0, if and only if discrim(P) = 0.

In the next section, we shall generalise the concept of resultant to the so-called subre-

sultant sequence.

2.4 Subresultant sequence

In this section, we introduce the concept of the subresultant sequence of two univariate
polynomials P and () in the variable x with coefficients in D. Up to a factor in D, each sub-
resultant is a polynomial in D[z] equal to a remainder of a variant of the classical Euclidean

algorithm associated with P and (). Such factors are mainly determinants of structured
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sub-matrices of the Sylvester matriz of P and (). The least non-vanishing subresultant of
P and (@ is their resultant which is, by structure, closely related to ged(P, Q).

Again, let P = a, 2P+ - -+ag, Q = byx?+- - -+by be two polynomials of D[z] of degrees
p and ¢ respectively and let A = min(p, ¢). For any 0 < i < A, let L; be the sub-matrix of
L formed by removing the bottom 7 rows that include the coefficients of P and the bottom
i rows that include the coefficients of (). Note that L; is a (p+q —21) X (p+ ¢) matrix. For
Jj=0,...,% let L; ; be the submatrix of L; consisting of the first p + ¢ — 247 — 1 columns
and the (p + ¢ — 24 + 7)™ columns. The following polynomial is called the i*® subresultant
of P and Q:

Sres; (P, Q, ) = Z det(L; ;) z' 7.
=0

Example 25. Let P = 2% + 222+ 1 and Q = 2* + 2 + 1. Hence, p = deg(P) = 3 and
q = deg(Q) = 4, and thus, A = min(3,4) = 3. The Sylvester matrix of P and () with respect
to z is then defined by:

1201000
0120100
0012010
L=10001201
1001100
0100110
001 0O0T11
Moreover, we have
1201000
0120100
Ly={0012010]|,
1001100
0100110
and thus:
12010 12010
01200 01201
detLi;=det|0 01 2 1|=-8 detLig=det|0 0 1 2 0] =-12.
10010 100 11
01001 01001
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We also have

1201000
Ly=10 12 010 0],
1001100
which yields
1 20 1 21
deth:det 01 1 :3, detLngdet 01 0 :07
1 01 1 01
and:
1 20
detLg,ozdet 01 2 =4
1 00

Hence, we have:
o Sresy(P,Q,x) = Res(P, @, x) = det(L) = 43,
o Sres)(P,Q,z) =det Lygx +det L1y = —122 — 8§,
e Sresy(P,Q, ) = det Lyga® + det Loz + det Loy = 427 + 3.

Let the principal subresultant coefficient of Sres; be defined by:
sres; (P, Q, x) = Le, (Sresi(P, Q, x))

Note that for i = 0, L; coincides with L and thus Sresy = sresy = Res(P, @, ).

We extend the definition of subresultants and principal subresultant coefficients as

follows.

e If p > ¢, then we set:
SI'GS)\JFI(P, Qa .T) = P7

Sresy (P, Q,x) = Q,
Sres/\-l-l(Pa va) = Qp,
sresy(P, Q, x) = b,.
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o If p < ¢, then we set:

Sresyy1(P, Q,7) = @,
Sresy (P, Q,x) = P,
sresy+1(P, Q, ) = by,
sresy (P, Q, x) = ay.

The following theorem explains the specialization property of subresultants sequence.
This property is very useful for our proposed methods for the computation of the L*-norm.
Let ¢ : D — D’ be a ring homomorphism (namely, ¢(1) = 1, ¢(dy + da) = ¢(dy) + ¢(do)
and ¢(d; d2) = ¢(dy) ¢(dy) for all dy, dy € D) that induces a ring homomorphism from Dlz]
to D'[z] defined by mapping d € D to ¢(d) and x to z, also simply denoted by ¢.

Theorem 2.5. Let P and @) be two polynomials of D[z]. If ¢(Lc,(P)) # 0 and ¢(Lc,(Q)) #

0, then we have:

¢(Sresj (P,Q, x)) = Sres; (¢(P), »(Q), x) )

Proof. The proof immediately follows from the following identity

gb(det (Sresk(P, Q, a:))) = det (Sresk ((b(P), »(Q), :L'))

which comes from Leibniz formula for determinants (i.e., the standard formula
det((ai,j)lgi’jgn) = D ges, €(0) 12, @io@), where e(o) denotes the signature of the
permutation o which belongs to the symmetric group S,) and the definition of ring
homomorphisms. The conditions ¢(Lc,(P)) # 0 and ¢(Lc,(Q)) # 0 are used to ensure

that the matrix dimensions do not change. O]

Example 26. We consider the following bivariate polynomials

Plz,y) =2 —(y+2)2* + 2y + 1) 2* - (y +2)x+ 2y € Z[z,9]
and Q(z,y) = &Z’y) and the ring homomorphism ¢ : Z[z,y] — Z[z,y| defined by
o(P(z,y)) = P(x,a), where o € Q. Then, we have:

e Sresy(o(P), d(Q), x) = Sreso(P, Q, z)(z,a) = —100 (o — 2)% (a? + 1),

o Sresi(¢(P), d(Q), x) = Sresy (P, Q, x)(x, )
=(—2a'+400® - 740® +40a +128)x — 4 (a + 2) (4a® — 13a* + 24 — 3),

o Sresy(d(P), p(Q), x) = Sreso(P, Q, x)(x, )
=(-3a*+4a—4)2*+2(a+2)(2a—-5)x —a*+28a — 4,
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e Sres3(¢(P), p(Q), x) = Sresz(P, Q, z)(x, o) = Q(z, @)
=42° —Ba+6)r*+ (da+2)z —a—2,

e Sresy(¢(P), d(Q), z) = Sresy (P, Q, z)(x, ) = P(x, @)
=zt —(a+2)2* +2a+1)2* — (a+2)z+2a.

Hereafter, when there is no ambiguity, we simply denote Sres; (P, (), z) and sres; (P, @, )

by Sres; and sres; respectively. Moreover, we set
sres; ; = L, (Sres;)

in the sense that sres; ; is the coefficient of the Sres; for the power .

Corollary 2.2. [7] Let P and @ be two polynomials of D[z]. If r;_; and r; are two
consecutive polynomials in the Euclidean remainder sequence of P and @) of degree d;_;
and degree d; respectively, then Sresq, , _1(P,Q,z) and Sresy, (P, Q, ) are proportional to
T’j.

In particular, one can determine the degree of ged(P, Q) by recognizing the vanishing

principle subresultants.

Proposition 2.2. [7, 11] Let P and @ be two polynomials of D[x] where D is an integral

domain, then

e if the polynomials P and @ have a common divisor of degree k, then sres;(P,Q,x) =0

fori=0,...,k—1,

o if sres;(P,Q,z) =0fori=0,...,k—1 and sresy # 0, then ged(P, Q) = Sresy(P, Q, x)

over Fp.

Example 27. We consider again Example 20. By doing the computation of the subresultant

sequence of P and () with respect to x, we obtain:
e Sresy(P,Q,z) =0,
e Sres; (P,Q,z) =0,
o Sresy(P,Q,x) = 2% — 1,
e Sres3(P,Q,z) = —x* + 1.

By Proposition 2.2 we see again that ged(P, Q) = Sresy(P, Q,z) = 2* — 1.
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To sum up, up to multiplicative factors in D, the subresultants of P and () are either
null or equal to polynomials figuring in the Euclidean remainder sequence of P and Q).

We finally state a useful property of subresultants that is a consequence of the special-
ization property. We consider two positive integers p > ¢ and two bivariate polynomials
with integer coefficients P, Q € Z[z,y] with deg, (P) = p and deg,(Q) = ¢q. As discussed
in Proposition 2.1, the resultant polynomial sresy(P, Q,y) = Res(P,Q,y) embodies the z-
coordinates of the solutions of the polynomial system {P, Q} or points where their leading
coefficients vanish.

Following the definition of the subresultants sequence and taking advantage of the
specialization property, we can compute the ged polynomial of P and () over these x-

coordinates for which the leading coefficients of P and () do not both vanish.

Theorem 2.6. [11] Let P, € Z[z,y] and let us note a, = Lc,(P) and b, = Lc,(Q),
where a,,b, € Z[z|. For any z; € R such that a,(z;) # 0 and b,(z;) # 0, we can consider
the polynomials P, = P(x;,y) and @; = Q(z;,y) in R[y|]. Then, the least non-vanishing
Sresi(P;, Q;,y) for k increasing is equal to ged(P;, @;), up to a non-zero element in the
fraction field Z(z;) of Z[z;].

For more details about the subresultant sequence, see [11].

Based on the above results, it is possible to efficiently compute the subresultant polyno-
mials using a variant of the classical Euclidean algorithm [7, Algorithm 8.21]. This algorithm
performs successive divisions and returns the sequence of the intermediate remainders. The
next proposition gives bit complexity results concerning the size and the computation of the
subresultant polynomials — with respect to one precise variable — of two polynomials with

polynomial coefficients over Z.

Proposition 2.3. [7, Proposition 8.46]. Let P, QQ € Z[xy,...,x,][y] be two polynomials
with a maximum coefficient bitsize 7, their degrees in y bounded by d, and their degrees in
the other variables z;, i € {1,...,n}, bounded by d. Then, we have:

e The coefficients of Sres;(P, @, ) have coefficients bitsize O(d,, 7).
e The degree in x; of Sres;(P, (), y) is at most 2d (d, — 7).

e Any subresultant Sres;(P,Q, %) can be computed in O(d" d’y“rl) arithmetic operations

and in Op(d" 32 7) bit operations.

In the next section, we define the Sturm-Habicht sequence which is equal to the subre-

sultant sequence up to a sign. This sequence sometimes called signed subresultant sequence.
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This sequence plays in important role in Chapter 3.1.3 as a powerful tool for the real root
counting due to its stability under specializations and its controlled coefficients growth.
Finally, it is worth mentioning that the relation between the Sturm-Habicht sequence and
the subresultant sequence is similar to the relation between the Sturm sequence and the

Euclidean remainder sequence.

2.5 Sturm-Habicht Sequence

Let D be an ordered domain and R a real closed field containing D. We first introduce the
real root counting problem:

Given P € Dlz|, compute the number of roots of P in R.

In [53], the authors studied an algorithm for the following problem:
Given P, Q € Dl[z|, compute:

card({a € R| P(a) =0, Q(a) > 0}) —card({a € R| P(a) =0, Q(a) <0}).  (2.2)

Thus, when @ = 1, a solution of (2.2) gives a solution to the real root counting problem.

The first known algorithm solving the real root counting problem is due to C. Sturm
[97], where he obtained the number of real roots in terms of the Sturm sequence, which is
the Euclidean remainder sequence for P and its derivative up to sign changes. Then, in
[98], Sylvester generalized Sturm’s method to problem (2.2). Finally, in [58], C. Hermite
developed a general theory giving the number of real roots as the signature of a Hankel
matriz. However, many drawbacks are present in using Sturm sequence for computing (2.2).
First of all, the computation of the Sturm sequence has bad numerical behaviours. Indeed,
using exact arithmetic for a polynomial with integer coefficients, the polynomials in the
Sturm sequence have rational coefficients whose size grows exponentially in the degree of the
polynomials. Moreover, when the polynomial depends on parameters, the computation has
no good specialization properties. Contrary to the polynomials in the Euclidean remainder
sequence, the subresultants are stable under specialization and the size of their coefficients
is well-controlled. Thus, by taking care of the signs, subresultants were found to be an
advantageous tool for real root counting problem.

The technique defined below, used in Chapter 3.1.3, was developed in [53]. Tt is based
on the Sturm-Habicht sequence introduced by W. Habicht in [55].

Definition 2.5. [53] Let P, Q € Dlz], p = deg(P), q = deg(Q), v = p+ g — 1 and
k(k+1)

Or = (—1)" 2z for all k € N. Then, the Sturm-Habicht sequence associated to P and @ is
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defined by the list of polynomials {StHaj(P, Q)}j:O el where:

StHa, (P, Q) = P,
dP
StHav(P7 Q) - % Q7

StHa;(P, Q) = d,_; Sres; <P, (fl_i Q, x) ,j€40,...,0—1}
The principal 7 Sturm-Habicht coefficient is then defined by:
stha; (P, Q) = Le, (StHa; (P, Q)), j € {0,...,v — 1}.
Example 28. We consider the univariate polynomial
P=2a% 324+ 72" —152° + 1427 — 122 + 8 € Z[7]

and @ = 1. Then, v = 6 — 1 = 5 and the Sturm-Habicht sequence {StHa;(P,Q)}
associated to P and (@ is defined by:

1. StHag(P,1) = P =25 —32° + Ta* — 1523 + 142% — 122 + 8,
e sthag(P, 1) =1,

2. StHas(P,1) = %€ = 62° — 152" 4+ 28 2% — 4522 + 282 — 12,
e sthas(P, 1) =6,

3. StHay(P,1) = 0 Sresq (P, %2 ) = (—1)(392* — 186 2% + 2012 — 276 =
+ 252),

o sthay(P,1) = —39,

4. StHag(P, 1) = 05 Sresy (P, %E, z) = (—1)(2620 2® — 3072 2% + 3616 = — 4224),
o sthas(P, 1) = —2620,

5. StHap(P, 1) = 03 Sresy (P, 95, 2) = (+1)( — 78064 2% — 88128 2 + 116672),
o sthay(P, 1) = —78064,

6. StHa; (P, 1) = 0, Sresy (P, %C ) = (+1)(12729600 2 — 11750400),

o stha; (P, 1) = 12729600,

=0

71
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7. StHag(P,1) = sthao(P, 1) = &5 sresy (P, 42, ) = 829440000.

Example 29. We consider the bivariate polynomial
Pl,y)=2*—(y+2)2* + Qy+1)2° — (y +2)x +2y € Z[z, ]

studied in Example 26 and the constant polynomial () = 1. Then, v =4 — 1 = 3 and the
Sturm-Habicht sequence {StHaj(P, Q)} , associated to P and @ is defined by:

=0,
1. StHay(P,1) =P =2 —(y+2)2* + Qy+ 1) 2> — (y + 2) v + 2,
e sthay(P,1) =1,
2. StHag(P,1) =€ =423 — 3y +6)2? + (dy+2)z —y — 2,
e sthag(P, 1) =4,

3. StHay(P,1) = &; Sresy(P, 22 ) = (—1)((-3y* + 4y —4) 2 +2(y +2) 2y — 5) x —
Y2+ 28y —4),

e sthay(P, 1) =3y* — 4y +4,

4. StHay (P, 1) = 05 Sres; (P, 28 z) = (—1)((—2y* +40y® — T4y* + 40y + 128) x — 4 (y +

2) (4y® — 13y* + 24y — 3)),
o stha; (P, 1) =2y* —40y3 + T4y* — 40y — 128,

5. StHag(P, 1) = sthag(P, 1) = b5 sreso(P, 22, ) = —100 (y — 2) (y* + 1)

2.5.1 Sturm-Habicht sequence and real roots of polynomials

Let D be an ordered domain and R its real closure. To establish the relation between the
number of real zeros (zeros in R) of a polynomial P € D|z] and the polynomials in the
Sturm-Habicht sequence of P and @, where Q € DJ[z], for every € € {—1,0,+1}, we first

introduce the following integer:

c(P,Q) =card({a € R | P(a) =0, sign(Q(a)) =¢€}).

We now study how to compute the integer ¢, (P, Q) — ¢_(P, @) knowing only the
principal Sturm-Habicht coefficients associated to P and (). For doing so, we define a sign

variation function, called SignVar, applied on a finite sequence of elements in R. Such
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function computes the difference between the sign permanences and sign variations of that

sequence, while taking into consideration the zeros occurring in that sequence.

Definition 2.6. [73] Let ag, a1, ..., a, be elements in R, where ay # 0, with the following

distribution of zeros

k1 k2
——
{ag,al,...,an} = {ao,...,ail,O,O,...,O,ai1+k1+1,...,aiQ,O,O,...,O,
k3 k¢
Qjotko+1y - - - ,CLZ'S,O,O7 e ,O,ait71+kt71+1, . ,CI/Z'“O,O, Ce ,0},

where all the q;’s that have been written are not 0. Let i and kg be such that ig+kg+1 =0

and note
t
S = E (P (ai571+ksf1+1’ s 7ais) - V(aisfl+k571+17 s ’ais)) )
s=1

where P and V are defined in Section 2.1. Then, we can define SignVar by

t—1
SignVar(ao, ap, ... ,an) =S+ Z €iys
s=1

where:

0 if ky is odd,

Gis = '
(—1)%5 sign(—als thtl

) if kg is even.

a;

s

Theorem 2.7. [53] If P and @ are polynomials in D[z] with p = deg(P), then:

SignVar (sthap(P, Q), .. .,sthay(P, Q)) =ci(P,Q) —c_(P,Q).

In particular, SignVar(sthap(P, 1),...,sthag(P, 1)) = ¢, (P,1) gives the number of real

zeros of P.

Remark 2.1. In sign variation functions such as P, V or SignVar, the number occurring in
the given sequence can be simply represented by its sign. For instance, V(130, —199, 0, 6) =
V(1, —1,0, 1) = 2 and thus, instead of writing V (130, —199, 0, 6), we can simply write
V(1, -1,0, 1).

Remark 2.2. When 0 does not belong to a finite sequence a, then SignVar(a) is simply
equal to P(a) — V(a) as it will be illustrated in Example 30.
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Example 30. We consider again the univariate polynomial
P=2a%—32°4+ 72" —152° + 1427 — 122 + 8 € Z[7]

studied in Example 28. We aim at computing the number of its real roots by applying
Theorem 2.7 to P and ( = 1. In this case, the number of real roots of P is given by
SignVar (sthaﬁ(P, 1),...,sthag(P, 1)) which is, by the Definition 2.5 and based on the com-

putation done in Example 28, equal to:

SignVar (sresG(P, P’ x), ... 05sreso(P, P, a:))
= SignVar(1, 6, —39, —2620, —78064, 12729600, 829440000)
= P(1,1,-1,-1,-1,1,1) = V(1,1, -1, -1, -1, 1, 1) =4 -2 =2.

Hence, P admits only 2 real roots.

Example 31. We consider the following bivariate polynomial
P=x'—(y+2)2° + 2y+1)2* — (y+2) v+ 2y € Z[z,9]

studied in Example 29. We can use the specialization property of the subresultant sequence
regarding to the ring homomorphism ¢ : Z[z,y] — Z[x,y] defined by ¢(P(z,y)) = P(x, a),
where a € Q, and compute the number of real solutions of { P(z,y) = 0,y — a = 0} for any

a € Q by computing Sres(P, %P ,x). By Definition 2.5 and using the computations done in

Examples 26 and 29, we have:

(stha4 ), 1),...,sthag(P(z, ), 1))
- (Sres4 ), P'(z,0),2),. .,538reso(P(:v,a),P’(:B,a),x))
<Sres4 )(z,0), ..., 0y sreso(P, 22, )(a:,a))

= (1,4,30 —4a+4, 20" =400 + 74a® — 40 — 128,
—100 (o — 2)* (@ + 1)?).

For instance, if a = 2, then we get

(sthas(P(z,2), 1),...,sthay(P(z,2), 1)) = (1,4,8,-200,0)
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Figure 2.2: Real curve of P(z,y) =2* — (y+2) 2>+ 2y + 1) 2> — (y +2) z + 2y

and thus, the number of real roots of P(z,2) is equal to:

SignVar(1,4,8,—200,0) = 1.

We can see that Res(P, op x) admits only one real root y = 2. By noticing that

oz’
Le,(P) = Leg(22) = 1, we can say that P(xz,2) and 22(z,2) has a non-trivial ged in Q[z],
which means that 2 is a real y-coordinate of a y-critical point of the curve defined by P(z,y).

Now, if we consider a = 3, then we get
(sthay(P(z,3), 1),...,sthag(P(z,3), 1)) = (1,4, 19, —500, —1000)
and thus, the number of real roots of P(z,3) is equal to:
SignVar(1,4, 19, —500, —1000) = 2.

This means that a real point with a y-coordinate equal to 3 (> 2) belongs to the curve defined
by P(z,y). Thus, in this particular case, since y = 2 is the maximal real y-projection of the
y-critical points of the curve, we can simply conclude that the curve P(z,y) = 0 cannot be

bounded in the y-direction. We can see the curve of P(z,y) = 0 in Figure 2.2.
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2.6 Univariate polynomials and Root isolation

Given a square-free polynomial P € Q[z] (see Section 2.2) and an interval containing only
one of the real roots of P, the polynomial have opposite signs when evaluated over the

interval end-points.

Remark 2.3. If P is not square-free, then the above remark is not true. For instance,
if we consider P = 22 and the interval [—1, 1] which contains the only real root 0 of P,
then P(—1) = 1 and P(1) = 1 have a constant sign. But the square-free part P of P, i.e.,
P = P/ged(P, P') = z, satisfies that P(—1) = —1 and P(1) = 1 have opposite signs.

One of the oldest algorithms for root-finding, due to L. Kronecker, is mainly based on

the following basic method:
1. Define an interval [a, b] which contains all the real roots of P € Q|x].

2. Compute the minimal distance between two real roots of P, say u, and split the

interval [a, b] into two intervals of length less than .

3. Compute the sign of P at each end-point of the obtained intervals (we consider P to

be square-free) to detect the existence of one real root.

Such a procedure is called a binary search. It is a root-finding algorithm that yield a
simple and robust method for producing real roots. However, in general, it cannot certify
having found all real roots and, theoretically, its complexity is exponential with respect to
the polynomial degree.

Assuming that the real roots of the polynomial can be bounded, the root isolation algo-
rithm can start with a well-defined interval containing all real roots of the given polynomial.
Then, by providing a procedure for counting the real roots of a polynomial in an interval,
without having to compute them, the root-finding algorithm can be extended into efficient
algorithms for isolating all real roots of a polynomial.

We recall bounds on univariate polynomial roots and their separation that can both be

computed directly by means of the polynomial coefficients.

Proposition 2.4. Let P = Y7 ja; 2" € Q[z] be a monic, namely, a, = 1, and let suppose

that ag # 0. If v is a complex root of P, then we have:

la| < 1+ max |a.
i=0,...,n
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Proof. Set A = max |a;|. Then, for all z € R verifying |z| > A + 1, we get:

7777 n

!
P@)] > fa]" = A(j2]" + ...+ 1) = [a]" _A_<||9;\| - 1>

Since |z| > A+ 1, then we get 1 > A/(|z| — 1), and thus, |z|* > A|z|"/(|z| — 1), which
implies |P(x)| > A/(|z| —1) > 0. O

It is worthwhile mentioning that there exist many other bounds for the complex/real
roots of a polynomial. For more details, see, e.g., [70].

The other important bound is the root separation of a polynomial.

Definition 2.7. The root separation of a polynomial P € Z[x], denoted by sep(P), is the
minimal distance between two distinct roots, i.e., it is the minimum of the absolute values

of the difference of two distinct roots of P.

It constitutes an inevitable measure for the real root-finding algorithms. It is also an
important measure for guaranteeing the convergence of root isolation algorithms. In fact,
it allows bounding the number of interval divisions that are needed for isolating all the real

roots.

Proposition 2.5. [09, 86] Let P ="  a; 2" € Q[z] be a square-free polynomial such that
a, = 1 and ag # 0. We denote its roots by ay,...,a,, where o; # 0 for all 0 < i < n. Let
sep(P) be the root separation of P. Then, we have

3 1
P) > 4/
sep(P) 2\ s X wpy

where M(P) = |a,| [[;_, max(1,|ax|) is called the Mahler measure of P.

Nevertheless, the bound for the root separation given in Proposition 2.5 is not simply
computed in general. We can however compute a lower bound provided in the following

corollary.

Corollary 2.3. [0, 80] Let P = Y7 ja; 2" € Q[z] be a square-free polynomial such that
a, = 1 and ag # 0. We denote its roots by a,...,a,, where o; £ 0 for all 0 < i < n. Let
sep(P) be the root separation of P. Then, we have

3 1
sep(P) > X ,
S T T

where || P [la= /> i aZ.
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2.6.1 Subdivision-based algorithms for root isolation

An important procedure in computer algebra is the root isolation of univariate polynomials.

Such an algorithm takes as an input a univariate polynomial
n
P = Zaix’ € Rlz], a, #0, n > 2,
i=0

and returns as an output a sequence of pairwise disjoint intervals ([y, ..., 1I,) such that r
is the number of distinct real roots of P and each interval I;, 1 < ¢ < r, contains exactly
one real root of P. This procedure is called real root isolation and the intervals Iy,..., I,
are called isolating intervals for the real roots of P. The most well-known and frequently
used algorithms are the subdivision algorithms, either based on Sturm sequences or on
Descartes’ rule of signs, differing by their ways of counting real roots in a given interval.
These algorithms can fix the exponential complexity problem occurring in the original binary
search algorithm. In fact, considering a univariate polynomial P in x that is square-free
(if it’s not the case,then we replace P by P = P/ged(P, P'), where P’ = 4£) " subdivision-
based algorithms start with computing a bound on the absolute value of the real roots of
the polynomial, say A, then execute the bisection process after performing the change of
variable x — Az in P. This approach allows one to start with the interval [0, 1] containing
all the real roots, and reduces the exponential theoretical complexity with respect to the

polynomial degree into a polynomial complexity.

Real root counting with Sturm sequence

The Sturm sequence of a univariate polynomial P € R[x] is defined as the sequence of
polynomials { fo, ..., fs} defined by

dP )
fO = P7 fl = %7 fi—i—l = _rem(fi—la f2)7 1> 17

where rem(P;_1, P;) denotes the remainder of the Euclidean division of P, ; by F;,. The

length of the Sturm sequence is at most deg(P) [0]. Sturm sequences have been generalised
as follows.
Definition 2.8 (Sturm Sequence). [0, 80] Let P € Q[z] and [a, b] be an interval of R. A

Sturm Sequence of P over [a, ] is defined as a set of univariate polynomials over Q, denoted
by {fo,..., fs}, such that:

o fo=P.
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e f, has no real roots in [a, b].
e For 0 <i<s, if for a € [a, D], fi(a) =0, then f;_1(a) fiz1(a) <O.

o If for o € [a, b], we have fo(a) = 0, then

(fofi)(a—€) <0,
(fofi)la+e€) >0,

for all e sufficiently small real number.

Proposition 2.6. [07] Let P € Q[z] and {f, ..., fs} be its Sturm sequence over an interval

[a, b]. Then, the number of real roots of P in |a, b] is equal to:

V(f(](a)a s 7fs<a)) - V(fO(b)7 ce 7fs(b))

The above result can be extended to unbounded intervals by defining the sign at +oo
(resp., —o0) of a polynomial as the sign of its leading coefficient (resp., as the sign of its
leading coefficient when the polynomial is of even degree and the opposite sign of its leading

coefficient when it is of odd degree).

Corollary 2.4. [6] Let P € Q[z] and {fo, ..., fs} be its Sturm sequence over R. Then, the

number of real roots of P in R is equal to:

V(fo(=00),..., fs(=00)) — V(fo(+00),..., fs(+00)).

Example 32. We consider the univariate polynomial
P=2a%—-32°4+ 72" —152° + 142% — 1220 + 8 € Z[7]

studied in Examples 28 and 30 and we compute again the number of real roots of P using
Sturm sequence. In this case, fo = P, fi = % and
13 31 . 67 , 23

[ ) fgz—rem(fo,fl):—ﬁx4+ 6 X —El' +§ZE—7,

10480 12288 14464 16896
o fa=—ren(fy, fo) = — 0t + e 2t - e r e

824551 , 232713 L 308087
— x° — x
1716100 429025 429025’

o fi=—rem(fy, f3) =
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6177960000 74135520000
18203549 236646137
82369
429025

o f5= —l”em(f?nf4) =

o fo=—rem(fy, f5) =

Hence, we have:

V (fo(=00),..., fo(—=0)) — V(fo(+00),..., fo(+0))
= V(+— =+ ——+) = V(++ - — =+ +)
= 4-2=2

Thus, we find again that P admits only 2 real roots.

Real root counting with Descartes’ rule of signs

Theorem 2.8 (Descartes’ rule of signs). [0, 31] Let P ="  a; 2" € R[z] with exactly

p positive real roots counted with their multiplicities. Let v = V(P). Then, we have:
v>p, v=p(mod2).

If all roots of P are real, then we have v = p.

In particular, if V(P) = 0 then P has no positive real root, and if V(P) = 1, then P

has exactly one positive real root.

Example 33. Considering again P = 25 — 32% + 72* — 1523 + 14 2% — 122 + 8 studied
in Example 28, we see that V(P) = V(+,—,+,—,+,—,+) = 6, which means that P has
at most 6 positive real roots and that the number of positive real roots is even. To find
the number of negative roots, we change the signs of the coefficients of the terms with
odd exponents, i.e., apply Descartes’ rule of signs to the polynomial P(—zx), to obtain the

following polynomial:
P(—z)=2%+32° + 72" + 152° + 142° + 122 + 8.

In this case, V(P(—~r)) = V(+,+,+,+,+,+,+) = 0. This means that P(—z) has no

positive real roots, and thus, P has no negative real roots.

Note that the proof of Descartes’ rule of signs uses Rolle’s Theorem in an inductive
process [104].
Descartes’ rule of signs, as stated above, is concerned with the number of roots in

the open interval [0, +00]. The discussion can be generalized to arbitrary open intervals.
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This generalization is mainly employed to bound the number of real roots of a univariate

polynomial P in a given open interval [0].

On the complexity of root isolation

Theorem 2.9. [7, 105] Let P € R[z], with size(P) = (d, 7), and « be a root of P. Then,

we have that max(1, |a|) is in the order 297, and [Tocv(py max(l, [a]) is in the order 2007,

For a complex root z of a polynomial P € Z[z], we can define the separation of z with
respect to P, denoted sep(z, P), to be the minimal distance between z and any distinct root
2" of P. The separation of P (see Definition 2.7) can thus be defined as:

sep(P) = min  sep(z, P).
p( ) {zeC| P(z)=0} p( )
Lemma 2.2. [91] Let P € Z[z] be a square-free polynomial with size(P) = (d, 7). Then,

the size of

H min (1, sep(z, P))

{zeC| P(z)=0}

is in the order of 2-0@7),

Theorem 2.10 (real roots isolation). [73] Let P € Z[z] be such that size(P) = (d, 7).
Then, we can compute isolating intervals of all the real roots of P and refine them up to a

width less than 27 with a worst case bit complexity in:

Op(d® + d* 1+ dL).

2.7 Solving bivariate algebraic systems

In some contexts, solving a system refers to obtaining a formal representation of its solutions
that allows to concluding some useful information on these solutions. Such a representation
can be, for instance, a Grébner basis, a univariate parameterization [87, 81, 50, 1] or a
triangular representation [1, 62, 52, 66, 26, 66, 64].

Let I be an ideal of K[z1, ..., x,] with a monomial order < (namely, < is a total order
on the set of monomials {z% = z7"...2%" | @ = (a1,...,a,) € N}, simply identified
with N”, i.e., all the elements of N” are comparable to each other, < is compatible with
multiplication of Klxy,... z,], i.e, if @« < 5, then a + v <+« for all o, 8,7 € N", and

< is a well-ordering, i.e, any nonempty subset of N™ has a smaller element for <) [51]. We
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recall that a Gébner basis of I is a finite set of polynomials G = {Q, ..., @} generating [
with the property that for every nonzero P € I, Lt(P) is divisible by Lt(Q;) for some i,
where Lt(P) denotes the leading monomial of P with respect to < [10].

If K is an algebraically closed field of characteristic 0, then information on the affine
algebraic set V(I) = {x € K" |V P € I : P(x) = 0} can be read on a Grobner basis of [

for certain monomial orders (e.g., the dimension of Vk([)).

In some other contexts, the main focus is about the computation of numerical approx-
imations of the solutions. These numerical approximations are usually given as a set of
isolating axis-parallel boxes such that every real solution of the system lies in a unique box.
Isolating boxes for the solutions can be computed directly from the input system using nu-
merical approximation methods, such as Newton’s method, or they can be obtained from a
formal representation of the solutions. However, considering the theoretical complexity, it
is not shown that computing a Grobner basis or a triangular system of a system can always
simplify the numerical isolation of its solutions. This observation also explains why it is
not an easy task to precisely define what a formal solution of a system is. However, we can
compute or represent the real solutions of a bivariate polynomial system in Z[z,y] through
various methods. These methods are split into two categories: numerical and symbolic
methods, where we note that most of the symbolic methods are able to solve only generic

systems.

Numerical methods consider the polynomials as real-valued functions. They are usu-
ally based on local computation such as the famous Newton (-Raphson) method [32]. The
undoubted advantage of numerical methods lies in their practical efficiency due essentially
to the use of approximate computation. However, the major drawback of such methods
manifests in the absence of convenient assumptions on the input system or additional al-
gebraic computations, where these methods fail to guarantee correctness and convergence.
For instance, Newton techniques cannot be applied in the case of systems with singular so-
lutions (solutions with multiplicities). One important representative of this set of methods
is the subdivision-based methods [71, 17, 93] that follow the same techniques as Section 2.6,
up to an adaptation to isolating boxes instead of intervals. In fact, they usually start with
a precise box, then split it recursively into width-smaller boxes, eliminating the ones that
do not contain a zero of the system, and ending up with a union of boxes that contains
all solutions of the system and surely contained in the given precise box. In the numerical
methods, the verification for the existence and the uniqueness of a solution in a given box is
done using numerical predicates based on interval computation techniques such as interval

evaluation, Newton interval method, Krawzcyk operator [90], etc.
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Symbolic approaches include the classical elimination-based methods such as
resultant computation and isolation, triangular decomposition, or rational univariate
representation-based methods.  Contrary to numerical methods, these methods are
complete and exact. However, a major drawback for symbolic methods lies in their high
cost. In fact, as soon as the degree and/or the number of variables of a polynomial system
increases, these methods become slow and impractical. Nevertheless, they still constitute a
suitable choice for solving bivariate polynomial systems since many studies were driven in
order to reduce as much as possible the impact of such drawback, providing improvements
in the theoretical and practical complexities [17, 16, 64]. Symbolic methods, which can be
viewed as generalizations of the classical Gauss elimination method, usually consist in the

following two steps:

1. A symbolic step, called a projection step, computes a formal representation of the

system solutions using algebraic properties and polynomial combinations.

2. A numerical step, called the lifting step, computes numerical approximations of the

system solutions based on the knowledge of its formal representation.

Finally, many types of algebraic methods for solving bivariate polynomial systems dif-
fer by their symbolic step. The formal representation can be given as, e.g., a resultant
representation [92, 25, 35, 13] or as a univariate representation.

In brief, the methods based on the resultant representation first project the solutions
along several directions by only computing different resultant polynomials. This allows
one to obtain a set of candidate solutions. Then, they identify the winning candidates to
be the system solutions. The best known complexity for such methods is proved to be
@B(d8 + d’T) bit operations, where d and 7 respectively denote the bound on the degrees
and the coefficient bitsizes of the input polynomials. This complexity refers to the algorithm
proposed by Berberich et al. [13] provided in [12].

Another way to obtain a symbolic representation of the system solutions is a triangular
representation [52, 17]. In the case of bivariate polynomial system with integer coefficients,
a triangular representation of the system is of the form {(U;(x), Vi(z,y)) }iEI’ where the
U;’s and V;’s are polynomial systems with integrer coefficients, and the sets of solutions
the (UZ’<£L'), V;(:c,y))’s are disjoint and are exactly those of the polynomial system. Many
complexity bounds were obtained in the case of bivariate polynomial systems with integer
coefficients. The best-known complexity Op(d® + d°7) was recently obtained in [17], where
d and 7 are respectively a bound for the degrees and for coefficient bitsize of the input

polynomials.
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As for the univariate representation of the solutions, it is a one-to-one correspondence
between the system solutions and the roots of a univariate polynomial. The computation
of any univariate representation consists of two major steps. The first one consists in
computing a separating polynomial for the solutions, namely, a polynomial taking different
values when evaluated at the distinct (complex) solutions of the system. A second step
consists in computing the polynomials defining the univariate representation of the system.
There exist many of algorithms for computing univariate representations but the one that
has the best-known worst-case bit complexity, namely, as @B(d6 + d°7) bit operations, is
represented in [17].

The main advantage of the univariate representation of the solutions is that it can easily
turn many queries on the system into queries on univariate polynomials. Solving a system
through this representation mainly consists in isolating the resulting univariate polynomial
and then evaluating the image of the obtained isolating intervals through the maps of the
rational representation. In the next section, we give more details about this approach, and

apply it to one of our proposed methods for the L*>°-norm computation in Section 3.1.1.

2.7.1 Rational Univariate Representation — RUR

As explained in the above section, one important approach for solving a system of polynomi-
als with a finite number of complex solutions is to compute a rational parametrization of its
solutions [37, 88, 16, 17]. One particular type of rational parameterization called Rational
Univariate Representation, RUR for short, was first studied in [37] and then improved in
[17] for bivariate polynomial systems. Its constituting parts are mainly the computation
of a separating linear form, a triangular decomposition, rational univariate representations
and finally of isolating bozes of the solutions.

It has been recently proved in [17] that all of the constituting steps for solving a bivariate
polynomial system {P,Q} C Z[z,y] are computed in a worst-case bit complexity Op(d +
d>7), where P and @ are of degrees bounded by d and have coefficients of bitsize bounded
by 7.

We briefly give details about each step.

Separating linear form

A separating linear form of bivariate polynomial systems in Z[x, y] is a linear combination of
the variables x and y that takes different values when evaluated at distinct complex solutions

of the system. In other words, a separating linear form defines a shear of the coordinate
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system {x, y} that puts the algebraic system in a generic position, where no two distinct
solutions are vertically aligned.

We mention that the computation of such linear forms is at the core of most algorithms
that solve algebraic systems by computing rational parameterizations of the solutions.

Let P and @ be two coprime polynomials in Z[z,y] of degree bounded by d and of
bitsize bounded by 7. The best known worst-case bit complexity for computing a separating
linear form z + ay for the bivariate system {P, Q} is Op(d® + d°7), achieved in [17], where
a € {0,...,2d"}. This separating linear form is based on the one presented in [15] but by
improving its worst-case bit complexity by a factor d. This improvement is achieved by
taking advantage of the fact that computing a separating linear form for a system {P, Q}
is essentially equivalent (in terms of asymptotic bit complexity) to computing a separating

linear form for the critical points of a curve.

Triangular decomposition

For computing a triangular decomposition of a bivariate polynomial system { P, Q} € Z[z,y],
a classical algorithm, using subresultant sequences, was first given by L. Gonzalez-Vega
and M. El Kahoui in the context of the computation of the topology of curves [52]. This
result is a direct consequence of the specialization property of subresultants and of the
so-called gap structure theorem. Hence, with the same hypotheses of Theorem 2.6, the gap
structure theorem induces a decomposition of the system {P, @} into triangular subsystems
{Ui(x), Sres;(P, Q,y)(x, y) bier, where the product of the U;’s is the (square-free part of the)
resultant of P and () with respect to y.

For a bivariate polynomial system of total polynomial degrees bounded by d and of
coefficients of bitsize bounded by 7, the worst-case bit complexity for the computation of
a triangular decomposition has been improved from Opg(d'® 4 d** 72) [52] to Og(d® + d° 1)
obtained recently in [17]. This improvement is due to the amortized bounds on the degrees
and of the bitsizes of the resultant polynomial factors and is the best-known worst-case bit

complexity for the computation of a triangular decomposition.

Rational Univariate Representation

Definition 2.9. [32] Let Q denote the algebraic closure of Q and I an ideal of Q[x,y]. To
each zero (a, ) € V5(I), we can define the local ring (Q[z,y]/I) (o) OPtained by localizing

the ring Q[z,y]/I at the mazimal ideal (x — o, y — B) of Q[x,y]/I, namely:

(Qwl/1) gy = {5 10 € Qayl/1, dler ) £ 0}
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When this local ring is finite dimensional as Q-vector space, then we say that («, ) is an

isolated zero of I and its dimension is called the multiplicity of (a, B) as a zero of I.

Definition 2.10. [87, Definition 3.3] Let I C Q[z,y| be a zero-dimensional ideal, namely,

Qlx,y]/I is a finite-dimensional Q-vector space,
Ve(I)={c€C?*|VPecI: P(s) =0}

its associated affine algebraic set, and (z, y) — = + sy a linear form where s in Q. The
RUR-candidate of I associated to x + sy (or simply, to s), denoted RUR; , is the following

set of four univariate polynomials in C[t]

frs@®) =TI (t—ax(0) —ay(o))@

O'GVC(I)

frsot) = 22 plo)vle) II  (E==2(A) —sy(N), ve{l,zy}
oeVe(I) {Aeve(l) [ Ao}
where pi7(0) denotes the multiplicity of o in I for all o in V(/), namely, the dimension of
the local ring (Q[z,y]/I) . If (x, y) — = + sy is injective on V¢(I), then we say that the
linear form = + sy separates Vo(I) (or is separating for I) and RUR; ; is called a rational

univariate representation (RUR) (of I associated to s).

The following proposition states the fundamental properties of RURs, which are all
straightforward from the definition except for the fact that the RUR polynomials have

rational coefficients [387, Theorem 3.1].

Proposition 2.7. [87, Theorem 3.1]. If I C Q[z, y] is a zero-dimensional ideal and s in Q, the
four polynomials of the RUR-candidate RUR; ; have rational coeficients. Furthermore, if 2+
sy separates Vc(I), the following mapping between Ve (1) and Ve(frs) = {y € C| f1s(7) =

0}
Ve(l) — Vel/fis)

(o, B) — a+s0,

fI,s,x fI,S,y )
(f[,s,l (7)7 fI,s,l (,y) — 7

is a bijection which preserves the real roots and the multiplicities.

In the sequel, we shall simply note f; for frs1, fu for frsa, fy for frs,, and f; for fi.
We now give the definition of a RUR decomposition of an ideal [17].
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Definition 2.11. Let I C Q[z,y| be a zero-dimensional ideal, its associated affine algebraic
set Ve(I) ={c € C?*|VPel: P(o) =0} and (z,y) — x + sy a linear form where s
in Q. A RUR-candidate decomposition of I is a sequence of RUR~candidates, associated to
x+ sy, of ideals I; D I such that V([I) is the disjoint union of the varieties Vo ([;). lf 2+ sy
separates Vg ([;) for all i, then the RUR-candidate decomposition is a R decomposition of
the ideal I.

In [17, Algorithm 6], the authors compute a RUR decomposition of a zero-dimensional
bivariate system {P, @} by first computing a separating linear form = + sy. They use this
separating form to shear the system in generic position and then compute the radical of
a triangular decomposition of this system. Finally, using a multimodular approach, they
compute a RUR of each of the resulting radical systems and return these RURs after a
shear back. This computation is proved to be done with @ B(d® + d°7) bit operations in the
worst-case, where the degrees of P and () are bounded by d and their coefficients are of

bitsize bounded by 7 [17, Proposition 42].

Isolating boxes

A RUR is naturally designed to compute isolating boxes of polynomial system solutions

using univariate isolation and interval evaluation. For defining such boxes, let L be an

arbitrary positive integer. Then, £ € Q + ¢Q is defined to be an L-bit approximation of

x if 7 is of the form & = (a +1ib)27%72 where a, b € Z, and |z — &| < 27L. An L-bit

approximation & = (a +ib) 27172 of some point z € C naturally defines the following box
a—4,a+4]  [b—4,b+4]

- |
B(z) = oL+2 RV ccC

that contains z of width 275+,

In [16, §5.1 & Proposition 35], an algorithm of worst-case bit complexity Op(d® + d77)
isolates the real solutions of a system { P, @} of two bivariate polynomials of degrees bounded
by d and of bitsize bounded by 7. In [17, §7.2], the authors presented a modified algorithm
that isolates all the complex solutions. Using several amortized bounds for the roots of
polynomials, they developed an algorithm that, applied to a RUR decomposition of a system
{P, Q}, isolates all the complex solutions in Og(d® + d°7) [17, Theorem 59].

Example 34. We consider again P = 2* — (y +2) 23+ 2y + 1) 2* — (y + 2) 2+ 2y studied
in Examples 29 and 31 and the system X = {P =0, %—1; = 0} defining the y-critical points

of the curve defined by P(x,y) = 0 (see Section 2.1). The rational univariate representation
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of ¥ is then given by:
T =1,
2(t* —t+3)
(Bt—1)(t—1)
fi=@—22t+1)>2

Hence, the real solutions (z, y) of ¥ are obtained by evaluating the rational univariate
functions =z and y at the real roots of the univariate polynomial f;. We can easily notice
that t = 2 is the only real root of f;. Thus, the only real solution of ¥ is defined by
(z,y) = (2, 2), and thus, the curve defined by P(z,y) = 0 admits only one real y-critical
point of coordinates (2, 2).

Example 35. Let P = 2?y? =2, Q =z +y+2and ¥ = {P =0,Q = 0}. The rational

univariate representation of X is then given by:

B +4t2+4t+2
o t(2+3t+2)

3 4+212 -2
YT e 3ttt 2)
fi=t"+4t3 4442 -2

Hence, the real solutions (z, y) of X are obtained by evaluating the rational univariate
functions x and y at the real roots of the univariate polynomial f;. In this case, f; admits

2 real roots t; and ty given by isolating intervals:

[ 6029928309892131977397  12059856619784263954767

! _'{“’2361183241434822606848’_'4722366482869645213696 }’
_ [311747032886141 1246988131544591

2 [562949953421312’2251799813685248}'

The isolating boxes of the real solutions (x1,y;) and (x9,ys) of the system ¥ are then given

by
[xl = la1, a2], y1 = [bhbﬂ}a {@ = [c1,ca), o = [dladﬂ},
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where:
( 311747032886133  155873516443073
N 562949953421312° 2 T 281474976710656
y _  BIOALITBANI00 | SOS520337I04T
140737488355328 35184372088832
179705867466097  179705867466095
T 0368744177664 7 2 T 70368744177664
_ 311747032886143 | 155873516443073
L Y7 562049953421312° T 281474976710656°

2.8 Systems depending on parameters

Many problems in natural sciences and engineering sciences can be reduced to solving a

parametric polynomial system of the form

(

pr(ug, .. ug, 1, x,) = 0,
Pn(Uy, .. Ug, 1, ..y Ty) = 0,
(2.3)
filug, ... ug, 1, . z,) > 0,
\ falur, ... ug, x1,. .., x,) > 0,
where p;, fi € Qluy, ..., ug, x1,..., 2, fori=1,....n, U ={uy,...,uq} is a set of parame-
ters, and X = {x1,...,z,} is a set of indeterminates.

In this section and hereafter, we shall only consider systems that are so-called well-
behaved systems. They are systems which contain as many equations as indeterminates, are
generically zero-dimensional, i.e., for almost all complex parameter values at most finitely
many complex solutions exist, and generically radical, i.e., for almost all complex parameter
values, there are no solutions of multiplicity greater than 1 (in particular, the input equations
are square-free).

In applications, questions that often arise concern the structure of the solution space
in terms of the parameters, such as, e.g., determining the parameter values for which real
solutions exist or, more generally, determining the parameter values for which the system
have a given number of real solutions.

For naturally answering such questions, an idea would be to randomly pick real val-
ues for the parameters and then solve the corresponding non-parametric system. Such a
procedure is simple and can be repeated as often as wished for. Yet, there is no guarantee

that parameter values with the desired properties can be found (even if they exist). There-
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fore, to solve the well-behaved system (2.3), it is significant to choose a finite number of

representative “good” parameter values that cover all possible cases.

A remarkable idea was proposed by D. Lazard and F. Rouillier [03] and is based on
the concept of discriminant variety. This method can be outlined as follows. First, the
set of solutions of the system, considered as equations in both the parameters and the
indeterminates, is projected onto the parameter space. Then, the topological closure S
of the resulting projection, which will usually be equal to the whole parameter space R,
is divided into two parts: the discriminant variety W and its complement S\W. The
discriminant variety W of the system can be understood as the set of “bad” parameter
values leading to non-generic solutions of the system, for instance, infinitely many solutions,
solutions at infinity, or solutions of multiplicity greater than 1. It is a generalization of the
well-known discriminant of a univariate polynomial. The complement of W, S\W, can be
expressed as a finite disjoint union of connected open sets, usually called cells, such that
the number of the system real solutions does not change when the parameters vary within
the same cell. For a well-behaved system, the discriminant variety is of dimension less that
d, and it characterizes the boundaries between these cells. Hence, the number of solutions
of the system only changes on the boundary or when crossing a boundary. For each open
cell in the parameter space, we can choose a sample point, evaluate the original system
at the sample point, and then solve the resulting non-parametric system. In this way, we
can, for instance, determine the number of real solutions of the system that is constant for

parameter values chosen from the same open cell.

Since the geometry of the connected open cells in the complement of the discriminant
variety may be quite complicated, it is required to further subdivide them by the so-called

Cylindrical Algebraic Decomposition or CAD for short.

2.8.1 Discriminant variety

Let us consider the basic semi-algebraic set defined by

S={zeR"|pi(x)=0,...,ps(x) =0, fi(x) >0,..., fs(x) >0}

and the basic constructible set defined by

C={zeC|p(2)=0,...,ps(x) =0, f(x) #0,.... fs(x) # O},



2.8. SYSTEMS DEPENDING ON PARAMETERS 91

where p;, f; are polynomials with rational coefficients for ¢ = 1,...,s. Moreover,
let [U,X] = [ug,...,UqTgs1,.--,%,] be the set of unknowns or variables, while
U = [ug,...,uq] is the set of parameters and X = [zg441,...,2,] the set of the

indeterminate. We denote by Il : C* — C? the canonical projection onto the parameter
space (Ug,...,Udy Tt .-, L) —> (ug,...,uq). Finally, for any set ¥V C C", we shall
denote by V the C-Zariski closure of V, namely, the smallest affine algebraic set containing

V.

Definition 2.12 (Covering space, covering map). [63] Given a connected open set U C C*,
a covering space of U is a topological space C' together with a continuous surjective map
IT: C' — U such that there exist open sets C; C C, i € {1,...,m}, satisfying:

o 'Y (U)=C1U...UC,,
e Ilj¢, : C; — U is a homeomorphism,
e C;NC;=0foralli je{l,...,m}.
Then, II is called the covering map and (C,II) is an analytic covering of U.

Definition 2.13. [63] Let E be a subset of the parameters space. A parametric system S
defining a constructible set C is said to be geometrically reqular over E if for all open sets
UCE, (II;'(U)NC, M) is an analytic covering of U.

We can now introduce the concept of discriminant variety.

Definition 2.14. [63] A discriminant variety of the parametric system C with respect to

I is a variety W in the parameters space such that C is geometrically regular over C*\W.

Definition 2.15. [63] The minimal discriminant variety of C with respect to IIy is the

intersection of all the discriminant varieties of C with respect to II.

Example 36. Consider the semi-algebraic system
C:{ax2+b—1:(), bz4+y=0,cz+y=0,¢c > O},

where {a, b, ¢} is the set of parameters and {z, y, z} is the set of indeterminates. Then,

the discriminant variety is defined by:

D={(a,b,c)|a=00rb=1orb=corc=0}.
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In fact, the case a = 0 corresponds to a vanishing leading coefficient of the first equation
which can be interpreted as “solution at co”. If b = 1, then the first equation has a real
root x = 0 of multiplicity 2. If b = ¢, the second and third equations coincide and therefore
the system C becomes underdetermined and has infinitely many solutions. Finally, the case
¢ = 0 corresponds to a boundary case for the inequality ¢ > 0. Thus, for every choice of
the parameter values outside the discriminant variety D, the system C has finitely many

solutions, all of multiplicity 1.

A Maple package for solving parametric polynomial systems was introduced in [19]
under the name Parametric, and is mainly based on techniques such as Grobner bases,
polynomial real root finding, and cylindrical algebraic decomposition. In particular, the
command DiscriminantVariety of this package computes the discriminant variety of a

polynomial system depending on parameters and verifying the required conditions.

2.8.2 Cylindrical Algebraic Decomposition

In this paragraph, we briefly explain the concept of an open Cylindrical Algebraic Decom-
position or a generic CAD [37]. Tt is a well-known concept in computational real algebraic
geometry, first proposed by G. E. Collins [27]. It has been followed by many substantial
improvements including adjacency and clustering techniques [3], improved projection meth-
ods [59, 72, 23, 21], partially built CADs [29], improved stack construction [30], efficient
projection orders [30], etc.

A CAD of R? is a representation of R? as a finite union of disjoint cells in a “cylindrical
fashion” such that the canonical projection onto the first d — 1 coordinates is a CAD of
R4=1. A CAD of R = R! is just a representation of R as a finite disjoint union of points and
open intervals.

Finally, for a finite set F of polynomials in d variables, a CAD of R? is said to be
F-invariant if each of the polynomials in /' has a constant sign on each cell of the decom-
position.

Let W be the discriminant variety of the parametric system C with respect to II. A
CAD allows us to obtain a practical description of the connected components of
[I(S) \ (W NR%). This CAD is mainly a cylindrical decomposition of R? associated to a
family of polynomials P of R[zg;1,...,z,]. This cylindrical decomposition decomposes R?
into cells over which all of the polynomials of P are of a constant sign. These cells can be
defined by a sample point and a semi-algebraic function, namely, a function f : T} — T,

where ) € R” and T} € R are two semi-algebraic sets (see Section 2.8.1), such that its



2.8. SYSTEMS DEPENDING ON PARAMETERS 93

Figure 2.3: Plot of the 4 regions of the parameter space for which the univariate equation
P = 2%+ ax + b has exactly two solutions in the pink (regions 2 and 4) and cyan (region 1)
cells below the parabola, and no solution in the yellow cell (region 3) above the parabola.

graph Graph(f) is a semi-algebraic subset of R*** [6].

Example 37. We consider the univariate polynomial P = 22 + ax + b whose coefficients
depend on the parameters set {a,b}. The discriminant variety is thus the curve a*> —4b = 0.
Using CAD, the parameter space can then be decomposed into 4 cells (see Figure 2.3) in
which P has a constant number of solutions that can be computed using a sample point

from each cell.

Example 38. In this example, we present a cylindrical algebraic decomposition of R?
adapted to the unit sphere, illustrated in Figure 2.4. Note that the projection of the sphere
on the (z, y) plane is the unit disk. The intersection of the sphere and the cylinder above the
open unit disk consists of two hemispheres. The intersection of the sphere and the cylinder
above the unit circle consists of a circle. The intersection of the sphere and the cylinder
above the complement of the unit disk is empty. Note also that the projection of the unit

circle on the line is the interval [—1, 1].

The decomposition of R consists of five cells, called cells of level 1, corresponding to
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the points —1 and 1 and the three intervals they define, namely:

(S, =]— o0, —1],
Sy = {—1},
§ S3=]—-1,1],
Sy ={1},
[ S5 =1, +o0]

Above §; for i = 1,5, there are no semi-algebraic functions and only one cell S;; =
Si x R.
Above S;, for i = 2,4, there is only one semi-algebraic function associating to —1 and

1, the constant value 0, and there are three cells:

Siq = S x| — 00, 0],
S@g = SZ X {0},
5@3 = Sz X ]O, +OO[

Above Ss, there are two semi-algebraic functions f3; and fs, associating to x € S3 defined

by f3i1(z) = —v1 —2a? and f52(z) = v/1 — 2. There are 5 cells above S, the graphs of f3
and f39 and the bands they define, namely:

(S, = {(:r;,y)] —l<z<ly< ng(.T)},
So={(z,9)| —1<a<1,y=fa(v)},
Sy = {(x,y)] —l<z<l, fau(zx)<y< f372(l’)},
Sy = {(:c,y)] —l<z<ly= f3,2(37)}7

L S5 ={(z,y)| —1<z<1, fya(x) <y}

Above S;; for (1, j) € {(1, 1), (2, 1), (2, 3), (3, 1), (3, 5), (4, 1), (4,3), (5,1)}, there are no

semi-algebraic functions, and only one cell:
Sija =9 X R.

Above S;; for (i, j) € {(2, 2), (3, 2), (3, 4), (4, 2)}, there is only one semi-algebraic func-

tion, the constant function 0, and three cells:

Si,j,l = Si,j X ] — 00, O[,
SZ‘J"Q = Sz‘,j X {0},
Sij3 = Siy x 0, +o0l.
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Figure 2.4: A cylindrical decomposition adapted to the sphere in R3

Above S; 3, there are two semi-algebraic functions fs5 31 and f3 32 associating to (x, y) € Ss3

defined by

and five cells defined by:

(

S331 = {(I’ Y,
S3390 = {(33', Y,
53,33 = {(5177 Y,
53,34 = {(x, Y,
S335 = {(x, Y,

f3,3,1(Iay) =—y1- r? — 2,
f3,3,2(x7y> =V 1 - 113'2 - y27

)| (x, y) € Ss3, 2 < faza(z,y)}
) (z,y) € S33, 2= f3,3,1($,3/)}7
2) | (w, y) € Ss3, faga(z,y) <z < f3,3,2($,y)}7
)| (z,y) € S33, 2 = f3,3,2(w7y)},
) (z,y) € S33, f332(z,y) <z}

If we want to characterize the cells of II(S) \ (W NR?) obtained with a CAD, a naive

method is proposed in |

,§ 5.6.7].

In the case of well-behaved systems, we have II;;(C) = C?. In this case, the useful cells

of a CAD are those of a higher dimension. In Collins’ algorithm |

| or any of its variants,

the construction of cells of lower dimension, such as those represented by a sample point

and a semi-algebraic function, requires the resolution of univariate polynomial equations

with algebraic coefficients. This is not the case for the cells of higher dimension where all

the polynomials we are dealing with are of rational coefficients (mainly, the polynomials
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figuring in the projection and lifting phases explained below).

The algorithm of a CAD is then decomposed into two steps: A projection phase followed
by a recovery phase. In the k™ step of the projection, we suppose that we have a set
Pr. C Qluy, . .., uq]. The (k+1)™ step of projection consists in constructing Py, 1 = Proj(Py)
which is the smallest subset of Q[ug1,. .., ug] such that:

e For p € Py, deg,, (p) = d > 2, Proj(F;) contains discrim(p) (p seen as univariate in

uk)a
e For p, g € Py, Proj(Py) contains Res(p, ¢, ug),

e For p € Py such that deg,, (p) > 1 and Lc,, (p) is non constant, then Proj(F;) contains
Leu, (p),

e For p € P, such that deg, (p) = 0 and p is non constant, then Proj(F;) contains p.

The recovery step in the CAD is also recursive starting with P, = Py:

e [solate and sort all the real roots of the polynomials in Py, consisting in univariate

polynomials in u;, with rational coefficients.
e Choose a point in every interval between two real roots of polynomials in the set P,

e Substitute u, with the chosen point in the previous step in the set Pr_q,...,P; and

then recover Pj_; with the same lifting steps.

For more details about the Cylindrical Algebraic Decomposition, see [0] and the refer-

ences therein.



Chapter 3
L°°-norm Computation

Based on the standard computer algebra concepts and methods — stated again in Chapter 2
— in this chapter, we shall explain our proposed methods for the computation of the L°°-
norm of LTT systems (see Chapter 1) based on the problem modeling given in Section 1.4.
We shall consider two different cases. The first case (the non-parametric case) is when
the LTI system does not depend on parameters, i.e., when all the entries of a state-space
representation (A, B, C, D) of the control system or, equivalently, when all the coefficients
of the rational function entries of its transfer matrix G, are fixed to numerical values,
supposed thereafter to be rational. As explained in Section 1.4, the problem of L*°-norm
computation is then reduced to the computation of the maximal z-projection of the real
solutions (z, y) of a bivariate polynomial equations system ¥ = {P =0, % = 0} for a
certain polynomial P € Z[z,y|. The second case (the parametric case) is when the control
system depends on a set of parameters a = (ay,...,aq4) € R? (e.g., an unfixed mass,
spring constant or damping coefficient), in which case we have to study the polynomial
system X = {P =0, % = O} for a certain polynomial P € Z[a][x,y]. In this case, for
computing the L*°-norm of the corresponding transfer matrix G, the parameters space has
to be partitioned into cells in such a way that, above each, we can represent the maximal

x-projections of the real solutions (z, y) of ¥ as a real function of the parameters o.

3.1 Non-parametric case problem

Let F' € RLZX™ and @, (iw) = +* I, — F'(—iw) F(iw) for w € R. Let n(w,v) and d(w) be

two coprime polynomials over R[w, 7], i.e., ged(n,d) = 1, satisfying:

det(®, (iw)) = nw,7) (3.1)

97
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Let us also note n the square-free part of n. Then, according to the results developed in
Chapter 1 (see Proposition 1.1 and the results after), the problem of computing || F' ||«
can be reduced to the computation of the maximal v-projection of the real solutions of the

system of bivariate polynomial equations:

Y= {n(w,’y) =0, W = 0} : (3.2)

Without loss of generality, we shall suppose that n is square-free in Z]w, | and, in the

sequel, we simply denote n by n.

In the next sections, using standard computer algebra methods (see Chapter 2), three
different symbolic-numeric algorithms for the computation of the maximal ~-projection of
the real solutions of > will be proposed. We alternatively study a method based on rational
univariate representation, a method based on root separation, and finally, a method based
on real root counting. The latter is based on the sign variation of the leading coefficients
of the signed subresultant sequence. These three algorithms identify an isolating interval
of the maximal v-projection of the real solutions of . These three different methods then
give us three different methods to compute the L>-norm of F' € RLEX™. The worst case
bit complexity of each algorithm is analyzed and their theoretical complexities are finally

compared to their practical complexities.

3.1.1 RUR method

In this section, we state a straightforward algorithm which computes the maximal ~-
projection of the real solutions of (3.2) based on a Rational Univariate Representation
method defined in Subsection 2.7.1. This algorithm consists in first computing a ratio-
nal parametrization (RUR) of the solutions of (3.2), then isolating the roots of a univariate
polynomial p defining the associated field extension, and finally using the intervals obtained
to compute isolating boxes for the solutions of (3.2). After performing interval refinements,

we can then select the solution of (3.2) with the maximal ~-projection.

We recall that if P, @ € Q[z,y] are two coprime polynomials, i.e., ged(P, Q) = 1, then
the computation of the RUR of Vk((P, Q)), where K =R, C, consists in finding s € N such
that t := x + sy separates the K-zeros of {P, @} and four polynomials fy, f., fy, fi € Q[T
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which define the following 1-1 correspondence between Vi ((P, Q)) and Vi ({f)):

(P, Q) — Wk((fe)
(x,y) — t=x+ sy,

'(fd@)’fd(t)) 1

Using the RUR of Vk((P, Q)), we can transform the study of problems on Vk((P, Q))
into corresponding problems on Vi ((f;)). See Subsection 2.7.1.

Given two coprime polynomials P, Q € Z[x,y] of degree bounded by d and coefficient
bitsize bounded by 7, we recall that an algorithm for computing a linear separating form, a
RUR decomposition and isolating boxes of the system solutions can be obtained in the worst
case bit complexity Op(d® + d°7) (see Subsection 2.7.1). The solutions of the polynomial
system {P = 0, @ = 0} are then represented by isolating boxes.

For the L*™-norm computation, the polynomials in Z[w, ] defining (3.2) are coprime.
Hence, to compute || F' ||, we first use the RUR method to obtain isolating boxes for the
real solutions (w, ) of ¥, choose the maximal y-projection 7, then compute an isolating
interval 7, for the maximal real root of the univariate polynomial Lc,(n), and finally get
| F' ||oo= max{7y1,72}. We sum up the different steps of the corresponding algorithm in
Algorithm 2.

Algorithm 2 RUR method
Input: A zero-dimensional polynomial system {n, 22} C Z[w, 7].

Output: An isolating interval of max {m, (V& ({n, $2))) U V& (Lcy,(n))}.

1. Apply the RUR function (Isolate) for solving ¥ ={n = 0,2 = 0} and denote
[a;, b;] X [¢;, d;] the isolating boxes of the obtained real solutions.

2. For w € [a;, b;] > 0, if 34, j such that [¢;, d;] N [¢;, d;] # 0,

on

e compute the root separation of R, := Res (n, B>

lary 2.3), and denote it L,

w) (using for instance Corol-
e isolate the RUR polynomials and compute the isolating boxes of the solutions of
Y>> up to the precision L,

3. let 7, be the maximal y-projection of the real solutions of ¥ and v, be the maximal
real root of Lc,(n).

4. return the isolating interval of max {7y, 72}
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In Step 1 of Algorithm 2, we obtain isolating boxes [a;, b;] X [¢;, d;] of the real solutions
(wi, vi) of ¥. To compare the real values v € [¢;, d;], we need to make sure that when
two intervals [¢;, d;] and [c;, d;] intersect, they both contain only 1, and the same, real -
projection of the system’s real solutions. For doing so, in Step 2, we apply a straightforward
strategy consisting in computing isolating boxes in a way that each interval [¢;, d;] is included
in, or intersects at most, one isolating interval of the roots of R, since I, is a polynomial
embodying the y-projection of the system’s solutions. We mention that we can simply look
only at the solutions of positive w-projection since ¥ is symmetric with respect to the y-axis.
In the next paragraph, we further discuss this important step of Algorithm 2.

For a zero-dimensional polynomial system {P = 0, = 0}, in [17, Section 7], Bouzidi
et al. provide a fine algorithm for computing disjoint isolating boxes for the solutions
o € C% In this algorithm for the RUR decomposition of {P,Q}, a RUR decomposition
RUR; of an ideal T; — coming from the triangular decomposition {7} };c7 of the ideal (P, Q)
— verifying certain conditions, is used. Then, for a given L, they first compute L-bit
approximations &; ; = (Z;;, i;) of the solutions o, ; = (z;, ¥i;), 1 < j < d; = deg(fi.), of
each factor RUR; = (fi4, fids fix, fiy) in the RUR decomposition (RUR;);ez of {P, Q}. The
computation of isolating boxes of the system {P = 0, @ = 0} solutions is achieved by first
computing sufficiently small isolating disks for the roots o ; of the univariate polynomial
iz and Jf:Z at the roots «; ; to an absolute
error less than 2%, From the corresponding L-bit approximations Z; ; and ¢; ;, they derive
boxes (as defined in Paragraph 2.7.1) B;; = B(d,;) = B(%;;) x B(g;;) C C* of width
271+ containing all the solutions of RUR,. If for all ¢ and j, the boxes B;; do not overlap,
then they are already isolating for the solutions of {P =0, @ = 0}. Otherwise, L must be
increased until the boxes do not overlap.

We recall that R, = Res(P,Q,y) (resp., R, = Res(P, @, x)) embodies the z-projection

(resp., y-projection) of the system {P = 0, ) = 0} solutions. Thus, having non-overlapping

fit in RUR,; and then evaluating the fractions

isolating boxes of the system solutions means that for all 6, = (&, gx), corresponding to
L-bit approximations of the system solutions oy = (x, yx), either B(Zy,) and B(Zy,) or
B(k,) and B(gx,) do not overlap.

Thus, to further guarantee that each B(Zy) contains only one z-projection of the system
{P =0, @ = 0} solutions, we consider L = sep(R,) where sep(R,) denotes the separation
bound of R,.

Lemma 3.1. [|7, Lemma 57] Let g = ‘ﬂ, with g1, g2 € Z[z] polynomials of degree at most
92
d, = O(d) with coefficients of bitsize at most 7,. Suppose that g, does not vanish at any of

the roots aq, ..., aq of f where size(f) = (d, 7). Then, for any given positive integer L, we
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can compute L-bit approximations of all values y; = g(a;) using a number of bit operations
bounded by
Op(d® + d*(r + 7,) + dL).

For the complexity analysis of the computation of the L*°-norm of the matrix F' €
RLPX™ we first need to obtain bounds on the degrees the polynomial n, defining > (see

(3.2)), as well as its coefficient bitsize in terms of F.

P ;
Lemma 3.2. Let ' € RLEX™, where F, j := —=, P, ;, Q); ; € Z]iw] are coprime polynomials

forl1 <i<mand1l < j <p, and let 75 be the maximal coefficient bitsize of P;; and
Qi ;. Moreover, let n € Z[w, 7] be the numerator of det(®,(w)) where @, (w) = > I, —
F'(—iw) F(iw) and d, := deg.(n) = 2m, d, := deg,(n), and 7, the coefficients bitsize of

n. If we note
then we have:
Proof. We have:

Fliw) = (CIZ%ZD” = (aij)ig, F'(~iw)= <L_Zi))” = (bij)i-

Then, we get:

F(—iw) Fliw) = (Z bi i ak,j) (Z C];;Z k](éc:)))) = ()i

Since F' is a proper matrix, then max (deg,(P;)) < N = max (deg,(Q;;)). Thus,
deg,, (Pri(—iw) Py ;(iw)) < deg, (Qri(—iw)Qr (iw)) < 2N. Now, we denote the ma-
trix @, (w) :=~? I, — F'(—iw) F(iw) by (A;;);j, where:

B Pp.i( Pm( Pri( P (iw)
“ 7 ZQICZ i (2 Zka (2 )

k:,z(l kJ (7’ w

Thus, by the Leibniz formula for the determinant, we can write

det HA“+ Z H oL

oeS,\Id i=1
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where S, denotes the set of permutations o of the set {1, 2,...,m} and € is the signature
of a permutation. Then, it is clear that degree of the numerator n(vy,w) of det (¥, (w)) is
in the order of O(2m) = O(«) with respect to the variable 7.

To compute the degree of n(,w) with respect to w, we first compute the denominator

of
i Pk i —Z w Pk o(i )( )
i=1 i=1 k=1 il ()
for ¢ € S, In fact, by multiplying all denominators, we obtain the

denominator  [[" [[7_; @Qri(—tw) Qrow(iw) that can be simply written as
E T Qem(—iw) Qrm(iw) by changing of index, since o is a permutation over the

index i. Hence, n(v,w) can be written as

HHka —lw ka ZW 2m+ZC2Z )

k=1m=1

such that Cy; € Z[w?], and deg,(Cs;) < 2mpN for i € {0,...,m — 1}. Hence, we can
conclude that the degree of n(y,w) in w is 2mpN = O(a? N) and its bitsize is 7, =
O(mptr) = O(a®p). O

Theorem 3.1. With the notations of Lemma 3.2, the complexity of Algorithm 2 for the
computation of || F' ||o, where F' € RLPX™, is given by:

Op(d, d? (&2 +dydy+d,7,)) = Op(a” N* (a+7,)).

Proof. According to [17] and as explained in Subsection 2.7.1, the complexity of the res-
olution of a zero-dimensional bivariate polynomial system using the RUR method comes

from:

1. The computation of the triangular decomposition of the system obtained after shearing

the original system using a separating linear form ¢t = v + sw.

2. The root isolation of the univariate polynomial in ¢ defining the associated field ex-

tension.
3. The computation of isolating boxes for the solutions of the system.

In the present case, the degrees in w and y are not of the same order (see Lemma 3.2).

Hence, the results of [17] must be adapted.
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First, we determine the size and the degree of the sheared system up to the method

used in [17] with respect to the separating linear form ¢ = v + sw: with the notations of

Lemma 3.2, the degree with respect to the variable w of the sheared system is O(d, + d,,)

and d, with respect to the variable ¢ = v + sw. Moreover, the size of the sheared system is

O(r, + dy).

Then, from [64], the complexity of the computation of a triangular decomposition of a

polynomial system {P = 0, @ = 0} over Z[z,y|, where

d, := max (deg,(P), deg,(Q)), d, := max (deg,(P), deg,(Q)),

and the polynomials are of coefficient bitsize bounded by 7, costs:
Op(dd d3 + (d3 &2 + dy dy) 7).

The triangular decomposition of the sheared system can be computed by considering P =
n(w,t) and Q@ = 2%(w,t). Thus, the complexity of the computation of the triangular de-

composition of the sheared system in Z[t,w] is given by:

Op((dy + du)* @ + ((dy + du)* & + (dy + du)* d,) (7 + dy))
= Op((dy + d.)* dy (& + dydy + du 7o + dy 7)) ).

Now, using Lemma 3.2, we have d, = O(«), d, = O(a? N), which shows that we can assume
that d,, is larger than d,. Hence, we obtain @B((d,y + dw)3) = @B (di) and @B (dw Tn +
d, Tn) = Op (dw T,), which shows that:

Op((dy + du)? dy (d2 + dydy + do T + dy 7)) = Op(d2 dy (&2 + dy doy + doy 7))
Moreover, using again d, = O(«a) and d,, = O(a? N) by Lemma 3.2, we obtain:

Op(ddd, (d2 +d,d, +du7,)) = Op(a" N*(a® + a* N + o’ N 1,))
@B(ag NY(a+T,)).

Now, using [17], the RUR decomposition corresponding to this triangular decomposition

yields the RUR polynomials (f;, fa4, fa, f,) of degrees

O((dy + dy) d,) = O(a® N),
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with coefficients of bitsize O((d, +d.,) (d+7,)) = O(a? N (a+7,)). Then the computation

of isolating intervals of the roots of f; can be done in
(’53((043 NP’ + (&’ N> (&® N (a+7,))) = Op (@® N? (a+7,))

bit operations, using Theorem 2.10.
Now, let R, = Res (n, g—z,w) where size(R,) = (dy d , dy, 7,,) using Lemma 2.3. Thus,

sep(R,) = O(d, d>,) using Lemma 2.2 and denote L = sep(R,). Hence, according to

Lemma 3.1 and Lemma 3.2, we can compute L-bit approximations of f—m and % at the real
d d

roots of f; with a worst case bit complexity

@B((a?’ NP4+ (> N)?* (&> N (a+ 1)) + (@® N) (o® N2)Tn)
:@B(QSN?’ (+ 7).

Then, based on the discussion of the previous paragraph and up to a permutation of the
roles of z and y, we obtain isolating boxes of the form [a;, b;] X [¢;, d;] of length in the order
O(L) and thus each interval [¢;, d;] contains only 1 real ~-projection of the real solutions
of the system since R, encodes the y-projection of the system’s solution. Thus, we can
compare the real values ; € [¢;, d;].

Finally, the overall worst case bit complexity of Algorithm 2 is then:
Op(dydd (&2 +dydy + du7,)) = Op(a® N* (a +7,)).
O

We illustrate Algorithm 2 with two examples using the Maple commands for the com-
putation of the RUR decomposition and root isolation. It is worthwhile to mention that the
RUR decomposition used in these examples is not the same as the RUR decomposition used
for the complexity analysis which is not implemented in Maple yet but is under construction.
The one existing already in Maple is implemented in C for general zero dimensional systems

and is mainly based on Grobner basis computation.

Example 39. We consider the following transfer matrix:

1 1
G: 8+1 8—|1—1 ERHg;Q.
0
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r

S

\e

Figure 3.1: Plot of n(w, 7v) = 0, where w/~ is in the horizontal /vertical axis.

Let ®.,(s) = v I, — GT(—s)G(s) and det(P,(iw)) = "g(”w;) We have to study the real

solutions of ¥ = {n =0, g—z = 0}, where the polynomial n is defined by

nw, ) =7 +27 =3+ (P +y -1 =7 -1

and the corresponding curve C is shown in Figure 3.1.

We first have that Vkr(Lc,(n)) = {0}. Then, applying the RUR method to ¥ =

{n(w, v) =0, W = O}, we obtain the following RUR of X:

p=E+t-1){ —t—-1),
32 —2

t(212 —3)

w=20.

’y:

The real solutions (w, ) of ¥ are then defined by:

(55 (257 (05) (05)
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(]
o

Figure 3.2: Plot of n(w, 7v) = 0, where w/~ is in the horizontal /vertical axis.

V541
2 )

We can then pick their maximal y-projection to obtain which yields:

2 2

1G o= max{o,ﬁ“} _ V5l

Example 40. We consider the transfer function defined in Example 46 with the particular

numerical values wy = 2, w; = 1, and £ = 3/4, i.e.:

s2+3s+4
2(2s>+3s+2)

We first have G(i 00) = 1/4. Doing the computations, we then obtain
n(w, 7) = @Ay =DMEr+ 1w + (27 = D2y + 1w +16 (y = 1)(y +1),
where the curve of C is shown in Figure 3.2.

We can check again that G(i c0) = 1/4 is the maximal real root of Lc,(n). By applying
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the RUR method to ¥ = {n(w, v) =0, W = 0}, we obtain the following RUR of X
(p=(-D(t+1)p,

39424 18 4+ 2874688 1% 4 54625488 t* — 118479684 t> + 69632373
T t (627208 4 3856384 ¢6 + 51759648 t* — 106855392 t2 + 59868929)°
=64 (t— 1) (£ + 1) (1568015 4 599760 ¢4 — 1051140 {2 + 839423)
\ v t (6272018 + 3856384 ¢6 + 51759648 t* — 106855392 t2 + 59868929)

where p, = 12544 % + 976640 ° + 18229856 t* — 35197840 t* 4 24671089.
The real roots of p are then {t = —1, t = 1}. Thus, the real solutions (w, ) of X are

defined by:
(o, _1), <0, 1).

Picking the maximal ~-projection and comparing it with |G (i 00)|, we finally get:

1
G o= Sl =
16 I = max{ 3.1}

3.1.2 Root separation method

In this section, we localize the maximal y-projection of the real solutions of the system > =

{n(w, v) =0, a”g:”) = 0} by only shearing the system > using a special linear separating

used in [25]. Using this special linear separating form ¢ = v+ sw, for two solutions (wy, 71)

and (ws, 72) of X, we then have:
hh=m+tsw <tla=7n+sw = 71 < 7. (3.3)

The problem of computing the maximal ~-projection of the real solutions of ¥ is then
reduced to the computation of the maximal real solution of a univariate polynomial in .
Let P,Q € Z[z,y] be two coprime polynomials, ie., ged(P,Q) = 1, and
R, = Res(P,Q,z) € Z[y] their resultant with respect to . Let y; < ... < y,, be the real
roots of R, with their isolating intervals [c1, di], ..., [¢m, din]. Moreover, let us define the

real numbers §, M and s as follows:

0 < gmini—y,m—1(Yir1 — i),
M > max{z | (z, y) € VR((P, Q))}, (3.4)

)
0 < —.
< s 7
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Remark 3.1. Using Proposition 2.4, M can be taken as M = 1 + max |a;|, where the a;’s
are the coefficients of the univariate polynomial R, = Res(P,Q,y) since R, embodies the
x-projection of the solutions of {P = 0, @ = 0}. 24§ can be chosen as the root separation
bound of R, (defined in Proposition 2.5 and Corollary 2.3).

We can use general root bounds for zero-dimensional systems to estimate § and M.

See, e.g., [105].
Note that 0 can simply be considered to be equal to:

) min {Ci—i-l — dl} .
m—1

For M, note that the computation of the resultant R, can be avoided by using the
concept of sleeve functions studied in [26] and [25, Lemma 3.3].

With the notations (3.4), let us consider an invertible linear map (a shear) defined by:

T, : R2 — R?
(z,y) +— (x,t)=(z,y+sx).

Let us also note
U, (P)=P(z,t —sx), Vs(Q) =Q(x,t —sx), Ry = Res(V4(P),V(Q),x),

and let t; < ... <t,y = tmax be the real roots of R;.

If (x4, y) is a solution of {P(x,y) = 0, Q(z,y) = 0}, then (z,, y, + sz,) is a solution
of {U(P)(x,t) =0, Vs(Q)(x,t) = 0}. See Figure 3.3.

To get a one-to-one correspondence between the zeros of {P, @} and the roots of Ry,
Le, (Vs(P)) and Le, (W4 (Q)) must not both vanish (since the values where both Le, (¥4(P))
and Lec, (V4(Q)) vanish represent the common horizontal asymptotes of the curves defined
by W,(P) and ¥4 (Q)). It is always possible to choose s such that this condition is satisfied

as shown in [25]. In what follows, we shall consider that s always satisfies this condition.

Proposition 3.1. With the above notations, let y,, be a real root of R, with an isolating
interval [c,,, d,,] and t,.x the maximal real root of Ry. If tax € [¢n — 0, dpn + 6], then the

maximal y-projection of VR({P, @)) is equal to yp,.

Proof. For each real root y; of R, with an isolating interval [¢;, d;], let us denote by P, ; =
(xij, yi) the real solutions of {P =0, @) = 0}. Then, we have

\I’s(Pm‘) = (ﬂfi,j, Yi + Sﬂfi,j)’
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y/t
S

‘ S
Ys + ° + ° +

‘ S

| . ¢ } d
Y2 ° + ® ® +

‘ 9

i L
yl &+ ® -+ ®

xr
M

Figure 3.3: The blue dots represent the real solutions of ¥ = {P = 0, Q = 0} and the
blue crosses are the complex ones; the red dots are the solutions of the system W (X) :=
{U,(P) =0, ¥s(Q) = 0}; the orange dots on the vertical axis are the roots of the univariate
polynomial R;.
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where y;+s x; ; is the second coordinate of a real solution of the polynomial system {U,(P) =
0,¥s(Q) = 0}. Note that y; + sz, j = y; + sx;y yields x;; = z; ;. Hence, for a fixed i, the

t-projection of the W (P;;)’s are different. Furthermore, we have |y; +sx; ; —yi| = |sz; ;| <
J

2 M =5, which yields:

i which yields

Uy (P,;) € 1 :=[—M, M| x [y; — 6, y; + 0].

Hence, for a fixed 4, the t-projection of the W (P;;)’s belong to the same interval [;. In
addition, since § < %(?ﬁﬂ — ¥;), the I;’s are disjoint for different i. Thus, the linear form
(x, y) — (z, y+ sz) is separating and verifies Property (3.3). Hence, the system {¥4(P) =
0, ¥4(Q) = 0} is in a generic position in the sense that no two solutions are horizontally
aligned.

Moreover, a real solution (z, y) of {P = 0, Q = 0} is mapped by U; to (x, ), where
n € [y—9, y+4]. Finally, since y; € [c;, d;], the real roots of R, associated with y; are in the
interval [¢; — 9, d; + ¢] and since the above separating form is a one-to-one mapping between
the real solutions of ¥ and the real roots of Ry, if tyax € [¢n — 9, dyy + 9], then the maximal

y-projection of the real roots of ¥ has then the isolating interval [c,,, d,,]. O

Algorithm 3 Root separation method

Input: A zero-dimensional polynomial system {P, Q} C Z[z,y|, where Q = %—5.
Output: An isolating interval of max {m, (Vs ((P, @))) U Vr((Lc.(P))) }

1. Isolate R, = Res(P, @, x) and let {[cl, di], ..., [cm, dm]} be the isolating intervals of
the real roots {yl, e ,ym} of R,.

3. Expand {¥,(P), ¥,(Q)} and compute R, = Res (V,(P), ¥4(Q),z).

4. Isolate R; up to an accuracy less than § and set [p;, ¢;] to be the isolating interval of
its maximal real root ¢, ..

5. For j from 1 to m do:
o if [p, ] C [c; — 9, d; + §], then Y} = y;.
6. Let Y3 be the maximal real root of Le,(P).

7. Return the isolating interval of max {Yl, YQ}
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Lemma 3.3. Let P € Z[v,y|, d, = deg,(P), d, = deg,(P) and 7 be the maximal coefficient
bitsize of P. The sheared polynomial P(z, t — sx) then satisfies

deg, (P(x, t— 537)) =d, +d,, deg, (P(a:, t— Sx)) = dy,

and it can be expanded in Op (dy 2 (T+d, (1+ TS)) bit operations. The maximal bitsize of
the coefficients of P(x, t — sx) is equal to (7)(7' +d, (1+7,)), where 7, denotes the bitsize

of s.

Proof. The proof is a direct consequence of [16, Lemma 7| by taking into account the
bitsize 7, of s. Let us write P = ZZ 0 a; x* where a; = Z?io bij y?. The expansion of the
substitution of y by t — sx in P needs the computation of the successive powers (t — sx)’
for j € {1,...,d,}. The binomial formula

U

Yy
t—sx Z( )sa:dy I

J=

first yields:
deg, (P(x,t — 33;)) =d, + d,, deg, (P(x,t — sx)) = d,.

It also shows that each polynomial (t —sz)’ is the sum of j + 1 monomials with coefficients
of bitsize in O(j log j +d, 75). Using the recursion formula (t —sx)? = (t —sz)i ™! (t — s ),
given the polynomial (t—sx)’~!, the computation of (t —s )7 requires 2 j multiplications of
coefficients having coefficient bitsize in O(j log j+d, 75), which can be done in Op(52 log j+
j dy 7s) bit operations. The worst case bit complexity for the computation of all the powers
(t — sx)’’s is then in:

Op (&2 (log dy, + 7).

The second step is to multiply x* by (t — sz)’ for i € {1,...,d,}. Each polynomial
multiplication can be done with O(d, d,) multiplications of integers of bitsize in O(7) or
O(jlogj + d, 7). Thus, this operation can be done in Op(d,d, (7 + d, (1 + 7))) bit
operations and yields polynomials of coefficients bitsize @(7’ +d,(1+ Ts)). After operating

d, multiplications, the overall worst case bit complexity is then in:

Op(d2d, (1 +d, (1+7,))).
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Theorem 3.2. Let us consider a zero-dimensional system {P, Q} C Z[z,y], where d, =
max(deg,(P),deg,(Q)), d, = max(deg,(P),deg,(Q)) and 7 the maximal coefficient bit-
size of P and (). Then, using Algorithm 3, we can compute an isolating interval for the
maximal y-projection of the real solutions of the polynomial system {P = 0, Q@ = 0} in
Op(d3d:7 (&2 + d, d, + d2)) bit operations.

Proof. Based on Proposition 3.1, Algorithm 3 outputs an isolating interval for the maximal

y-projection of the real solutions of {P, Q}.
As for the complexity computation, note d = deg(R,) = d, d,. Using Proposition 2.3,

let 7 = O(d, ) be the coefficients bitsize of R,. Then, according to Theorem 2.10, Step 1
of Algorithm 3 is of worst case bit complexity:
Op(d* + d*7) = Op(d. d2 (d, + 7)).

In Step 2, using Lemma 2.2, we get § = 9-0(dy ), Moreover, using Theorem 2.9 for
R, = Res(P,Q,y) of size(R,) = (d, dy, d, 7) (by Proposition 2.3), using Remark 3.1, we then
obtain that M = 297 Hence, the bitsize of s is then equal to @(dy d? 7). Consequently,
as shown in Lemma 3.3, deg,(V¥s(P)) = d, +d,, deg,(V,(Q)) = d, and the maximal bitsize
of the sheared system is @(dz d?>7) and the worst case bit complexity of Step 3 is then
Op(dy (dy + d,)? &> 2 1) = Op(d d2 (d, + d,)* 7) by Proposition 2.3.

In step 4, we isolate the resultant R; of the sheared system. Considering the size and
the degree of the sheared polynomials given above, the size and degree of the resultant
of the sheared system are O(d2d3 ) and O(d, (d, + d,)) respectively. Then, knowing the
complexity of the isolation from Theorem 2.10, we can say that the worst case bit complexity

of Step 4 is equal to:
Os ((dy (do +d,))" + (d, (d: +d,))" (3 7) > =05 (di dy 7 (d + di dy + di))-

Finally, in Step 5, we simply compare two rational numbers. The maximal coefficient
bitsize of these rationals is in @(dz d3 (d, + d,) 7) and the computation in this step is done
in Op(d3 d} (d. + dy) 7) bit operations. Hence, the overall bit complexity of Algorithm 3 is
given by Op(d3dir (4 + d, d, + d2)). O

Corollary 3.1. With the notations of Lemma 3.2 and considering d, = d,, and d,, = d.,, the

worst case bit complexity for the computation of || F' || with the root separation method
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(Algorithm 3) applied on ¥ = {n(w, v) =0, W = 0} is given by:

@B (dz dff Tn) = @B (a14 N°? Tn).

Example 41. We again consider the transfer matrix defined in Example 39 and we follow
the root separation method that consists in directly focusing on the maximal ~-projection
of the real solutions of the system. In this case, we first compute Res (n, g_Z’ w) and denote
by R=~(v*+~v—1)(7* —v—1) € Z]5] its square-free part. Then, the maximal real root

of R has the following isolating interval:

a, 0 56929509912547 113859019825121
a, bl = .
’ 35184372088832 7 70368744177664

Following the root separation method, we obtain:

~ 12060328540887
T OR1474976710656°
43490275647441
~ 140737488355328

We have R; = Res (Uy(n), U,(22) ,w) = a(t* +t — 1)(t> — t — 1), where « is a rational of

Ow
size around 3000 bits. We denote by t,,., the maximal real root of R;. An isolating interval

of tnax is then given by:

~ [ 113859019825095 56929509912561

e d] = 70368744177664 ’ 35184372088832 | -

In this case, [¢, d] C [a — 0, b+ 0], which, after comparing [a, b] with the isolating interval
of the maximal real root of Lc,(n), shows that || G ||« is equal to the maximal real root of

R has the isolating interval [a, b].

Example 42. We consider again the transfer matrix defined in Example 40. Similarly to

the previous example, we start by computing Res(n, g—z, w) and then its square-free part:

R=(y—=1)4y+1)(dy—=1)(v+1)(1124* = 1207* +7) € Z[4].

R has 8 distinct real roots. But, since n € Z[w? 7%, ¥ = {n = 0, 2% = 0} is symmetric
with respect to the v-axis and the w-axis. Hence, to compute an isolating interval for the
maximal «y-projection of the real solutions of ¥, it suffices to look at the set of the isolating

intervals of the 4 largest (positive) real roots of R. This latter set, denoted by Lg, is ordered
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as follows
L= { [ah bl]» [az, 52], [@3, 53]7 [a4, 54] },

where [a4, by] refers to the isolating interval of the maximal real root of R.

The maximal real root of R has the following isolating interval:

593098324447812476929 1186196648895625602425
590295810358705651712 1180591620717411303424 |

g, by] =

Moreover, by following the root separation method, we obtain

B 1635646176562937524072128919417175
* 7 4980610507814138795424615819973140283520749775070691328

_ 85121814626263

 144115188075855872’

and

0
R; = Res (\I/s(n), 0, (%) ,w) =t -1+ 1) (a1 t®+ aot® + azt! + agt? + as),

where «; are integers of size bounded by 1500 bits. We denote by t,.x the maximal real

root of R;. An isolating interval of t,,,, is then given by:
e, d] = [1, 1].

In this case, [c, d| & [as — 0, by + 0], which shows that || G ||« is not equal to the maximal
real root of R of isolating interval [a4, by]. Hence, we pass to [as, bs] = [1, 1]. For this
isolating interval, it is clear that [c, d] C [a3 — 6, b3 + 6], which, after comparing v = 1 with
v = 1/4, shows that || G || is equal to the real root of R with the isolating interval [as, bs],
thatisy=1=| G |-

From the results obtained in this section, we can conclude that trying to only concen-
trate on the solution with the maximal y-projection, after putting the system in a generic
position, costs much more than simply computing isolating boxes for all the real solutions
(see Section 3.1.1), due to the large size of the separating bound that must be used. Hence,
in the next section, using a different strategy than shearing the system, we shall try to find
the maximal y-projection of the solutions of ¥ without computing isolating boxes for all of

its real solutions.
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3.1.3 Sturm-Habicht method
In this section, as in Section 3.1.2, we shall concentrate only on the maximal -projection
~ of the real solutions of the following polynomial system:

E:{n(w,y):QW:O}.

But instead of shearing the system X, we shall verify the existence of a real root of ¥ over
7, i.e., for v = 7, by studying the sign variation of the leading coefficients of subresulant
polynomials over 7 (see Sections 2.4 and 2.5).

As stated in Chapter 1, we aim at computing

7= max{m (Ve (0. 55)) ) Uta reato .

where n is the square-free part of the numerator of det (v I,, — F(—iw) F(iw)). Hence,
7 is either the maximal real root of Lc,(n) or an algebraic value over which the polynomial

ged(n(w, ), 22 (w, 7)) in w has at least one real root. We recall that ged (n(w, %), 2%(w, %)) is
on
) B

not identically vanish for v = 74 (see Theorem 2.6). If 74 is not a real root of Lc,(n), then

proportional to the first subresultant polynomial Sres; (n w) (for 7 increasing) that does
we can compute the Sturm-Habicht sequence of the univariate polynomial n(w,¥) € R[w] to
check the existence of a real root for ged(n(w,¥), 9% (w,7)).

In what follows, we shall need the next results.

The first lemma provides a bound on the complexity for the evaluation of a univariate

polynomial at a given rational point.

Lemma 3.4 (Lemma 6 of [10] ). Let a be a rational of bitsize 7,. The evaluation at a of
a univariate polynomial P of degree d and rational coefficients of bitsize 7 can be done in
Op (d (7 + 74)) bit operations and P(a) has bitsize in O(1 + d 7).

Lemma 3.5. Let P € Z[z,y] and § be a real root of Res (P,%—J;,x). Moreover, let us
note G = ged(P(z,y), 22(x, 7)) € R[z]. If the y-projection of the points of the real plane
algebraic curve {(z, y) € R? | P(z,y) = 0} is bounded by ¥, then we have Vr({P(x,7))) =

Ve((9(x, )))-

Proof. VR({G(x))) is clearly a subset of Vr({P(z, 3))). Now, if we have Vr({G(z))) C
VR((P(z, 9))), then there exists zp € R such that P(zg, y) = 0 and G(zo) # 0. This is
equivalent to saying that P(xg, y) = 0 and %—5(1‘0, y) # 0. Hence, based on the implicit

function theorem, there exists a real function ¢ of class C? (p > 0), defined on an open
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interval V' C R, containing 7, and an open neighborhood Q of (zg, ) in R? such that
{(z, y) € Q| P(z,y) =0} is equivalent to {y € V |z = ¢(y)}. This cannot be true since
the y-projection of the points of the curve {(x, y) € R* | P(z,y) = 0} is bounded by ,
and thus, an open interval containing y, such as V', does not exist. Consequently, we obtain
VR((P(z, 9))) = VR({G(2))).

O

Algorithm 4 Sturm-Habicht method

Input: A bivariate polynomial P € Z[z,y|] — seen as univariate in x — such that the
{(z, y) € R®?| P(x,y) = 0} is bounded in the y-direction.
Output: Isolating interval of max {m, (Vg ((P,%£))) U V& ((Lc,(P)))}.

2. Compute y; < ... < y,, the real roots of sresy.
3. For ¢ from 1 to m do:

o if y1_;1m € Vr({Lc,(P))) then return the isolating interval of yq_; ;

e elif SignVar({sign(sthag, (y1—i+m)), - - .,sign(stha; (y1-i+m))}) > 0, then return
the isolating interval of y1_; 4.

Lemma 3.6. Let P € Z[x,y|, d, = deg,(P), d, = deg,(P) and 7 be the maximal coefficients

-----

root of sreso(P, 22, ). Then, {sign(sthay(y;)) }k:dm , can be computed in Op (d2 d (dy +

Y Q) TR WO \N PRI Y ) ) k=d,,...,

7)) bit operations.

or or
ox’ oz’

Zly]. We first recall that stha;(y;) = da,—1-;sres;(y;). See Definition 2.5. Based on Propo-

sition 2.3, sres; is of degree d, d, and of coefficient bitsize d, 7. Thus, the square-free part

Proof. We denote by sresy (resp., sres;) sres (P, :p) (resp., sresz»(P, x)), where sres; €

of sres is of coefficient bitsize O(dx (dy, + 7')) and, based on Theorem 2.2, can be computed
in @B(dz d3 7). Hereafter in the proof, we consider sresy to be square-free and we denote
its degree by D and its coefficient bitsize by 7. Similarly, the degree of sres; is denoted
by D’ and its coefficient bitsize by 7'. Let h; = ged(sresg, sres;). We can compute h; in
Op(D?T) bit operations, where h; is of degree O(D) and of coefficient bitsize O(D’ + T7)
based on Theorem 2.2. The roots of the polynomial S; = sresgsres; are the roots of sresg

and sres;. Thus, its separation bound provides a bound on how close are the (non-common)
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roots of sresy and the roots of sres;. The isolating intervals of the real roots of S; are iso-
lating intervals for the real roots of sresy, for the real roots of sres; and for the real roots
h;. Such interval has endpoints of bitsize s;. Moreover, by the aggregate version of the sep-
aration bound [J6, Corollary 3], we have 3. s; = O(D T). If we refine an isolating interval
I; = [aj, bj] of a real root y; of the polynomial sresy, up to the accuracy O(DT), then we
are sure that no other real root of sresy or sres; or h; exists in the obtained refined interval.
In other words, we are certain that y; is the only root of sresy and sres; that is contained in
the obtained refined interval. Based on Theorem 2.10, this can be done in Op(D? + D?T).
Next, we evaluate h; at the endpoint of the refined interval. By Lemma 3.4, each evalua-
tion costs Op(D (D' + T’ + DT)) bit operations. Then, we get two cases for the value of
sres; at y;: If y; is a root of h;, and thus a common root of sresy and sres;, then the two
evaluations will have different signs and sres;(y;) = 0. If y; is not a root of h;, and thus
not a root of sres;, then the two evaluations have the same sign. Since there is no root
of sres; in the refined interval [a;, b;], sres; has a constant sign at this interval. Hence, it
suffices to evaluate sres; at one of the endpoints to obtain the sign (Sresi(yj)). Finally, to
obtain the list {sign(sthag,(y;)),...,sign(stha;(y;))}, we proceed the evaluation of sres;
over an endpoint of the refined interval of y; for ¢ € {1,...,d,}. Each evaluation costs
Op (D’ (T"+ D’T)), where D T is the bit size of the isolating interval endpoints. Therefore,
the d, evaluations over all the principle subresultants cost Op (ds D' (T" + DT)). Thus,
the overall cost for obtaining the list {sign(sthag, (y;)),...,sign(sthai(y;))} is in the order
Op(d2dl (d, +7)). O

Theorem 3.3. Let P € Z[z,y] be such that d, = deg,(P), d, = deg,(P) and of maximal
coefficient bitsize 7. Then, we can compute an isolating interval of the maximal y-projection
of the real solutions of {P = 0,22 = 0} (Algorithm 4) in Op(d2d? (d, + 7)) bit operations

in the worst case.

Proof. The maximal y-projection of the real solutions of {P =0, % = 0} is the maximal

oP
9y
real root. If the y-projection of the points of P is bounded by w,,, then, by Lemma 3.5,

the real roots of ged(P(z,ym), %(m, Ym)) are the real roots of P(z,y,,). Consequently, we

real root of sres (P, g—f,x), say Ym, such that gcd(P(:c,ym) (:L’,ym)) has at least one

can compute an isolating interval of 1, using Algorithm 4. According to Proposition 2.3,
we can compute the set of principal subresultants in @B(dy d3 ) bit operations and each
subresultant polynomial is of degree O(d,, d,) and of coefficient bt size O(d, 7). Thus, Step 2
of Algorithm 4, which performs real root isolation of sresg, is of complexity @((dm dy)® +
(dy dy)*d, 7) by Theorem 2.10. Using Lemma 3.6, Step 3 of Algorithm 4 can be done in
Op (d2d} (d, 4 7)) operations since its first step is of complexity @B(dz +d2 7). Hence, the
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overall complexity of this algorithm is:
Op(d2di (d, +1)).
O

Considering the notations of Lemma 3.2, the following result is an immediate conse-
quence of the fact that the curve {(w, 7) € R? | n(w, v) = 0} is bounded in the direction of
7 (see Section 1.4) and Theorem 3.3.

Corollary 3.2. Based on Theorem 3.3, with the notations of Lemma 3.2, and by considering
d, = d,, d, = d,, the worst case bit complexity for the computation of || F ||, with the
Sturm-Habicht method (Algorithm 4) applied to the polynomial n(w, ) defined by (3.1) is
given by:

Op(dyd (dy+ 7)) = Op(a' N* (e + 7).

In Algorithm 5, we suppose that there are no real isolated singular points, and thus,
we replace the computation of signs of polynomials at real algebraic numbers by signs of
polynomials at rational numbers. Syntactically, these are small modifications but the effect
on the computations is consequent in practice, as well as in theory, since the evaluation of
signs of polynomials at real algebraic numbers carries the theoretical worst case complexity
of Algorithm 4.

Algorithm 5 Sturm-Habicht method — equidimensional

Input: A bivariate polynomial P € Z[z,y|] — seen as univariate in x — such that the
algebraic plane curve {(z, y) € R* | P(x,y) = 0} is bounded in the y-direction and has not
real isolated singular points.

Output: An isolating interval of max {m, (Vk ((P,%5))) U V& ((Lc.(P))) }

-----

2. Let y; < ... < ym, be the real roots of sresy.
3. for ¢ from 1 to m do:

e if y1_;1m € Vr(Lcy), then return the isolating interval of yq_; ,;
e else let Y/ € Q such that y,, ; <Y’ < y1_irm;

— if SignVar ({ sign(sthag, (Y”)), ..., sign(stha;(Y’)) }) > 0, then return the
isolating interval of y1_;y;
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Theorem 3.4. Let P € Z[z,y| be a bivariate polynomial of maximal coefficient bitsize 7
and let d, = deg,(P) and d, = deg,(P). Moreover, let us suppose that Vr((P)) has no
isolated singular points. Using Algorithm 5, an isolating interval of the maximal y-projection
of the real solutions of {P = 0, ‘?9—1; = 0} can be computed in the worst case bit complexity
Op(d2di).

Proof. As mentioned in the proof of Theorem 3.3, we can compute the set of principal
subresultants in Op (d, d2 ) bit operations and, by Proposition 2.3, each subresultant poly-
nomial is of degree O(d, d,) and of coefficient bitsize O(d, 7). Thus, Step 2 of Algorithm 5,
which performs the real root isolation of sresy, is of complexity @((dw dy)? + (dy dy)* d, 7)
by Theorem 2.10. Steps 3 and 4 are of same bit complexity: in these steps, we perform
O(d,) evaluations of the principal subresultant polynomials over a rational number which is
between two real roots of sresg. This rational number is of worst possible coefficient bitsize
Op(d? d, ), which is equal to the separating bound of sress. According to Lemma 3.4, the
d, evaluations are done in O (d, (d, dy (dy 7 + d, d27))) = Op(d>d: 7). Hence, the overall
cost is given by Op(d?d? 7). O

Corollary 3.3. Based on Theorem 3.4, | F' ||« can be computed by the Sturm-Habicht
method (Algorithm 5) in the worst case bit complexity Op(a!® N*7,).

From the above complexity analysis, we can conclude that RUR method and the Sturm-
Habicht method have comparable theoretical complexities since, we usually have o < N.

The next proposition proves that the curve C = {(w, 7) € R? | n(w,~) = 0}, associated
with the L>°-norm computation of an element F' € RL., (e.g., stable SISO systems), has
no (isolated) singularities. Hence, Corollary 3.3 holds for F' € RL,, and || F' ||~ can be
computed by Algorithm 5.

Proposition 3.2. The curve C = {(w, 7) € R? | n(w,v) = 0}, associated with the L>*-norm

computation of an element F' € RL, has no (isolated) singularities.

Proof. Let F € RL, i.e., FF = a/b, where a, b € R[s], ged(a,b) = 1, ¢ = deg,(a) < r =
deg,(b), and b does not vanish on i R. See Section 1.3. In this case, F(ioco) =01if ¢ < r, (i.e.,
if F' is strictly proper) or F(io0) = a, /b, if ¢ = r (i.e., if F' is proper), where a, = Lcg(a)

and b, = Lcg(b). Moreover, we have:
¢, (iw) =" = F(—iw) Fiw) = 7" = [F(iw)[*.

Writing |F(iw)]? = |a(iw)|?/|b(iw)|* = N(w)/D(w), where N and D are coprime polyno-
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mials of R[w?], we then have:

Hence, we get n(w, v) = D(w)v* — N(w). Let us define the polynomial system defining the
set of singular points of the curve C = {(w, 7) € R? | n(w,v) = 0}:

on on

s = {n) =0, ) =0, Fwn) =0}

More precisely, we have:

n(w, 7) = D(w)y* = N(w) =0,

Oy, 7) = D)2 — N'(w) =0,

' Oow
on

(w,7) =2D(w)vy =0,

L 9y
Hence, D(w) # 0 for all w € R implies that (w, v) € ¥’ if and only if v = 0 and N'(w) =

N(w) = 0. Consequently, for all ' € RL,, such that F' # 0, n(w, ) has no real (isolated)
singular points, and the proof holds. n

Example 43. Let us consider the transfer function defined in Example 46 for the particular

numerical values wy = 2, w; = 1 and £ = 1/2, i.e.

s2+2s+14

G:4(s2+s+1)'

Then, we obtain the polynomial
n(w, 7)) =@y =)@y +Dw' =42y -1 27+ 1)* +16(y - 1) (v + 1),

which defines the real plane algebraic curve plotted in Figure 3.4.

We can check that G(ioco) = 1/4. This value can be again found as the maximal real
root of Ley,(n), and thus, as a real root of R, = Res(n, 9%, w).

Let us consider ¥ = {n = 0, g—z = 0}. To obtain the -projection of the real solutions

of ¥, we compute the square-free part R of R:

R=(y-1)(+1)@y+1) 4y -1) (167" =207 +1) € Z[5].
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[
I

Figure 3.4: Plot of n(w, ) = 0, where w/~ is in the horizontal /vertical axis.

Then, the maximal real root of R has the following isolating interval:

330777375898726576606529 82694343974681644152665

2, 8] = 302231454903657293676544 " 75557863725914323419136 | -

Following Algorithm 5, it suffices to verify the existence of a real root for the univariate
polynomial n(w,a) € Q[w]. This can be easily verified through many ways, but using

Algorithm 5, we compute L = [stha;(n, 1)];=1,.. deg_(n)=

L=[-242y+1)(2y—1)(164* —207* +1) (47— 1)* 4y + 1)%,2(2y + 1)
27 =1 @y =14y +1)% 44y = 1) (47 +1), (47 = Dy +1)].
After substituting v = a in L, we obtain the list of signs L; = [0, +, 4+, +]. Then, we have
SignVar(L;) = 2 and we conclude that n(w, [a,b]) admits two real roots. Comparing a

with the maximal real root of Lc,(n), we can then say that || G ||« is equal to the maximal

real root of R having an isolating interval [a, b].

Example 44. We consider again the transfer matrix defined in Example 39. As done in
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on

Example 41, we compute R, = Res(n, 3", w) and its square-free part:

R=y(+7y-1) (" =v-1) €zl
Then, the maximal real root of R has the following isolating interval:

56929509912547 113859019825121

o, 8] = 35184372088832 7 70368744177664 |

We now have to check the existence of a real root for the univariate polynomial n(w, [a, b]).

To do that, we first compute
L = [sthai(n, D=1, deg, =1 = [-57" (27* = 3), =27'° (27° = 3),47",7"].

Then, we compute the list of signs of the elements of L over [a, b]. We obtain the list
Ly = [-,—,+,+]. Hence, SignVar(L;) = 1 and we can conclude that n(w, [a, b]) admits
one real root. Hence, after comparing [a, b] with the isolating interval of the maximal real
root of Lc,(n), we can say that | G || is equal to the maximal real root of R having an

isolating interval [a, b].

Example 45. We consider again the transfer matrix of Example 40. We start by com-
puting the square-free part R of R, = Res(n, g—z, w) and then isolating intervals for its real
roots. Since G € RL,, n(w,7) has no real (isolated) singular points and thus, we can use

Algorithm 5 to compute || G ||o. Let us consider L = [stha;(n, 1)]i—1, .. deg, (n)=4, Where:

.....

L=[92v+1)(2y—1)(1124* = 1207*+7) (47— 1)* (47 + 1)}, —2(2v + 1)
2y =1 @Ay =12 @Ay +1)% 44y - 1) 4y + 1), 4y = 1) (47 +1)].

With the notations used in Example 42, we substitute v = a4 in L for verifying the existence
of a real root for the univariate polynomial n(w, as) € Q[w] and we obtain Ly = [0, —, 4+, +].
Hence, we have SignVar(Ls) = 0 and we can conclude that n(w, [a4, bs]) admits no real
roots. Next, we substitute v = a3 in L and we obtain the list of signs Ly = [—, —, +, +]
and SignVar(L,) = 2. Hence, we can say that n(w, [as, b3]) admits two real roots. After
comparing v = 1 with the isolating interval [as, bs] with the maximal real root v = 1/4 of

Ley(n), we conclude that || G ||« is equal to v = 1.

In the next section, we shall generalise the methods developed in Section 3.1 for the
computation of L*-norm of F' € RLEX™ to the case where F' also depends on parameters

a. The searched value v will then be represented as a real function of a. For a precise
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parameter value ay, we know that the system X has a constant number of real solutions.
Thus, to solve our problem in presence of parameters, we shall choose a finite number of
representative parameter values that cover the conditions we are searching for. This can be
done by using the well-known concept in computer algebra so-called Cylindrical Algebraic
Decomposition (CAD) (see Section 2.8.2).

3.2 Parametric case

In this section, we consider the case of a matrix which coefficients depend on a set of

parameters o = (ay,...,qq). Adapting the previous definitions, we obtain the following
proposition.
Corollary 3.4. Let a = (ay, ..., aq) be a set of unknown parameters. Let F' € RLZ™ and

n € Za][w, v] be defined by (3.1). We consider:

Y= {(w, 7,0) e R [n(w,y,a) =0, (w,7,a) = 0},
Zoo:{(% a) € R | Ley(n _0}

Thus, we have:

VaeRY || F|s= max (7@(2) U Eoo>.

In other words, the norm that we aim at computing is in this case is a function of the
parameters. By substituting the parameters with random rational values, we can simply
compute the L>*-norm of a transfer matrix by applying one of the proposed methods in
Section 3.1. Yet, there is no guarantee that parameter values with the desired properties
can be found even if they exist. Therefore, to compute the L*-norm based on the stated
definitions, it is essential to choose a finite number of representative “good” parameter
values that cover all possible cases. This set of “good” parameter values can be expressed
as a finite disjoint union of connected open sets. Within the same set, the number of the
system real solutions does not change when the parameters vary, and moreover, the position
of the curves representing the y-projection of the system’s solutions does not change. This

last detail is crucial since we are mainly interested in the maximality of ~.
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Example 46. We compute the L>*-norm of the following transfer function

depending on three parameters &, wg, w; € Rsg, wy # wi, where 0 < & < 1. Hence,
|| G || is a function on these parameters. This norm is explicitly computed in the following

Proposition 3.3.

Proposition 3.3. Let wy, w; € Rug, wy # wy, 0 <& < 1 and:

Set r = wy /wy, p=4&*(& —1)(£+1) and let ¢ be the maximal real root of:
M = py' 4 ((r* = 1) = 2p7r®) > + prt € R[],

Then, the L>*-norm of G is given by:

max{1,r?} if £ > =+,
1Glo= 4 _ vz (3.5)

Before proving Proposition 3.3, we first give two useful lemmas.

Lemma 3.7. Let us consider &, wy, w1 € Rsg, wop # wi, 0 < £ < 1, r = w;/wp, and
p=4&(£—1)(£+1). Then, the following polynomial

My =pX?+ ((r*=1)> =2pr*) X + pr* € RIX]

has two positive real roots X; and X, verifying 0 < X; < 1 < X, and X5 > rt.

Proof. The discriminant of M; is A = (r+1)? (r —1)? ((r* = 1)> =4 pur?). Since 0 < { < 1,
we get —p < 0, and thus, A > 0, which shows that M; has two distinct real solutions,
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denoted by X; and X, with the assumption that X; < X5. Moreover, we have

(r*—1)2 =2 pur?
—p

X1 Xo=r*>0, X;+X,=

> 0,

which yields X;>0 and X, = r4/X1 > 0. Now, if we let x := X — 1, then we get
My(X) = My(x + 1) = m(z), where:

m(z) = pa®+ ((F = 1) =862 (1 =€) (¥ + 1) v + (267 = 1)* (r = 1) (r + 1)*

Clearly, the two roots of m are X; — 1 and X5 — 1, and we have

(262 —1)2(r—1)%2(r + 1)

(Xi—1)(Xp—1) = p

< 0,

which shows that X; < 1 and X, > 1 since X; < X,. Finally, X; < 1 yields X, = r?/X; >

r*, which proves the result. O

Lemma 3.8. Let wy, wy € Rug, wo #wi, 0 <& <1, € #1/V2, 71 =wi/wyand =2 —1.
Then, the following polynomial

L=BY*+wi(r*+1)Y + Br°w; € R[Y]

has two positive real roots if and only if 0 < £ < 1/v/2.

Proof. The discriminant of L is § = wg (r* + 287+ 1) (r* —28r +1). We have 5% — 1 =
4€ (€ —1) <0, and thus, the discriminant 4 (32 — 1) of the two polynomials r? + 2 87 + 1
and r?2 — 2 87 + 1 is negative, which yields § > 0 and thus, L has two distinct real roots.
The product of these roots is r?wg > 0 and their sum is w2 (r> + 1)/(—f). Since 8 < 0 if
and only if 0 < € < 1/4/2, we obtain that the sum is positive if and only if 0 < & < 1/v/2,
which then implies that L has two positive real roots only when 0 < £ < 1/ V2. O

We can tate the proof of Proposition 3.3 based on Lemmas 3.7 and 3.8.

Proof. Let N and D be two polynomials such that:

~—

G(—iw)Giw) = %
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Let n(y, w) = D(w)y* = N(w), a = [r,wo, ] € R* and consider

E:{w7€R2 n(w,v) =0, 2(w, v) =0},
= {7 €R, Ley(n) =0}.

Doing the computation, we obtain
= (7 =)t +20%wg B (7 = r?)w? + ey (P = 1),
where 8 =2¢? — 1. The resultant R of n(w,v) and 2%(w, v) with respect to w is then:
R =256 wg?r? (42 — 1) (v* — r*)? M?,
where M = py* + ((r? — 1) = 2ur?)y? + prt, ie., M(y) = M;(v*) with M; defined in
Lemma 3.7. By assumptions on the parameters, M;(X) has two positive real solutions, X;

and X, and thus, M has the four real roots ++/X;, v/ X5. Thus, based on the properties

of the resultant polynomial, we have:

| G = max{{lr \/T\/E} ( D)UD >}

1. For v =7r% Ley(n) = (72 —1r1) =0, ie, r? € By

2. For v =1, we get:
{ n(w, 1) = (r* = 1) w? fi, { =0+ D)w?+2r203 (282 -1),

qw, 1) =4(? =D wfo, for=(*+ D w?+r7wi (282 -1).

Hence, Res(f1, f2, w) = (wor? (£2+1) (7’2—1—1))2 does not vanish. Thus, ged(fi, fo) =1
which yields ged (n(w, 1), q(w, 1)) = (r? — 1) w and proves:

(w,7)=(0,1) € %.
3. For ~ real root of M: The point is to verify that v € m,(X). For doing so, we start

by computing F' = Res(n(w, ), g—Z(w,’y),’y). We recall that based on the properties
of resultants, m,(X) C V(F), where F' € Rlw]:
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Fy = Buw + w2 (r? + 1) w? + r’wj B,

F =cuw?F?,
! { c=16w@ r®(r* —1)%

We notice that the roots of F; € Rw|, are the w-coordinates of
(wij, %) € Vaxc((n, §%)), where 7 € Vk(M): In fact, we have seen that

T <V( (n(w, £1), 9%(w, £1) ))> = 0. By taking into consideration the power and

degree of the factor w in F and the power and degree of the factor v — 1 in R, and
by following the properties of the resultant concerning root multiplicity (see, e.g.,

[32, Chapter 4]), we can say that
(w,7)€X, y=%1 < w=0.

With this being said, let L € R[Y] be the polynomial obtained after substituting w?

by Y in Fi. Based on Lemma 3.8, L has two positive real roots if and only if £ < ‘/75

Thus we can conclude two cases:

e For £ < ‘/75, F) € R[w] has four real roots. Thus,
Vv € VR(M), Fw;; € Vr(F1), such that (w;;, 1) € X.
Consequently, based on Lemma 3.7 where we proved that
X1 <1<Xy, Xo>r1t
we can say that § = /X5 > r? and we conclude that | G ||.= 0.

e For ¢ > \/75, F1 has no real roots in w. In this case, none of the real roots of M

is a good candidate, and we conclude that:

| G |l = max {1,7%}.

S

2

4. For £ = %

, M =c(y?—1)(y*—r"), where ¢ € R. In this case, we have:

| G |loo = max{l,rz}.
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5. Similarly, for € =1, M = ¢y (v* — 1) (v* — ') where ¢ € R. Then, we have:

| G |l = max {1,7%}.

]

A way for obtaining such decomposition is by computing a Cylindrical Algebraic De-
composition (CAD) of R¥*? adapted to {n(w, 7) = 0, 2%(w, ) = 0} and a semi-algebraic
set .S, containing the inequalities verified by the parameters. But it may give us a result
very huge and difficult to analyse in practice, and with lots of cells we are not interested in.
In fact, we are just interested in the cells where the curves representing the y-projection of
the system solutions, when they exist, are continuous and do not intersect.

In the first step in order to obtain a decomposition easier to manipulate, we shall
compute the discriminant variety R of {n(w, v) = 0} with respect to II, ., where n(w, )
is seen as a univariate polynomial in w. We recall that this discriminant variety is the set
of parameter values leading to non-generic solutions of the system, for example, infinitely
many solutions, solutions at infinity, or solutions of multiplicity greater than 1. It is simply
the resultant polynomial of the polynomial n(w, v) and its derivative with respect to the
, 9% (w,7),w) € Qa][y]. In this case, R = 0 is a

sub-variety of R4 and the complement of R = 0, R®!\{R = 0}, can be expressed as a

main variable w, i.e., R = Res (n(w,fy)

finite disjoint union of cells, which are connected open sets, such that the number of the
system real solutions w does not change when the parameters vary within the same cell.

In the second step, we shall consider the variable v as the main variable in the poly-
nomial R € Q[wa, 7| for it is the polynomial embodying the y-projection of the system
{n(w,~) =0, g—Z(w, v) = 0}. In this case, the y-projection of the system solutions is
considered as a real function of a such that the position of the curves representing v(«) = 0
changes after each intersection of at least two curves in R?. We shall thus decompose R? into
cells where no changes in the position of the curves of v(«) occur in order to be able to locate
the maximal value v over a given cell. For doing so, we can naturally propose to eliminate
from the parameter space the set of “bad” parameter values leading to non-generic solutions
of R =0, i.e., the discriminant variety of {(«,7) € R™ | R =0} U S, with respect to II,,
that we denote Ry. We recall that in this case, Ry is simply the curve of the discriminant
of R with respect to the variable +, multiplied by the leading coefficient of R with respect
to 7, i.e., Res (R, ?9_5’ 7) € Z[a], up to some curves related to the inequalities of S,,.

Then, using a CAD, we can decompose C' = R?\ R, into connected cells, above each

cell, the variable « is represented as real valued functions depending continuously on the
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parameters, whose graphs are disjoint.

We represent the algorithm describing our proposed method.

The proposed algorithm Let {C’l, cee Cl} be the partition of C, and let sample; be a

sample point in C;. We consider index; to be the index of

s = max (Ve ({52 )) ) Ut (Lea() )

in the sorted set of the real roots of R. Thus, we can represent the searched value over a
cell C; by the couple [C;, index;].

We denote non _parametric one of the proposed methods for computing v« in the
non-parametric case. Thus, we state Algorithm 6 that, given as input a bivariate polynomial
system X = {n, g—z of unknowns [w, 7] and depending on the parameters set o = [y, . . ., ag]
that verifies certain conditions, outputs a list of couples [C};, index;], for i € {1,...,l},

defined in the previous paragraph.

Algorithm 6 Parametric case

Input: A zero-dimensional polynomial system ¥ = {n(w, 7), 3%(w, )} C Z[a][w, 7] and a
semi-algebraic set .S,
Output: A list of couples {[Ci, index i), i =1,...,1 }

1. Compute R = Res(n, 2%, w),

2. Compute Ry, the discriminant variety of {R = 0,.S,} with respect to Il,,

3. Using a CAD, compute the partition {Cy,...,C;} of C = R¥\Ry, along with sample
points sample; € Cj,

4. Apply non_parametric on subs(sample;, L) and get index_i,

5. return {[Ci, index i|,i=1,...,1 }

Example 47. We consider the transfer function studied in Example 46

for S, = {wp > 0, w1 >0, wy # wy, 0 <& < 1}. We apply Algorithm 6 to the corresponding
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polynomial equation system X = {n(w, v) =0, 0” 2w, y) = O} and S, in order to represent
the L>-norm of G.
Let R = Res(n ,6 ,

in Example 46. In this case, by doing the computation using Maple functions

L w) € Zla,y], where n(w,y) and R are already computed

such as DiscriminantVariety and CellDecomposition of the package
RootFinding[Parametric], the discriminant variety R, is given by the union of the

curves defined by the following polynomials:
{nwmgr—Lr+Lg—L§+L28—1,4w?+ﬁ+2w+Lmﬁ+w?—m+1}

By computing a CAD of C' = R¥\ Ry, we get the partition {C}, ..., C,} where

cn:{0<§<x@m}m{0<r<1}m{m>o}

:{O<§<vrﬁ}ﬂ{r>1} {m>o}
{¢22<§<1}m{0<r<1} {m>0}

ca:{¢®2<g<1}m{r>1} {m>o}

and the sample points

Cs

25476206690102465
samples = |¢ = oS oi03007036" | /2w =1
25476206690102465

sample; = [€ = —onsmraq0aoar036" |~ w0 = 1
30752501854533959

samples = [§ = Seosroroisoeaoes’| /2«0 = 1
30752501854533959

sample, = [£ = ,wo = 1].

360287970189639687T -
After substituting o by sample; in n(w, ), we obtain

1)(7+i)w + (ay? + b)w? + —

y FCERICRS))

n(w, v) = (v - T

where
1947111321950592219128255965533823

© 5192296858534827628530496329220096
1947111321950592219128255965533823

 20769187434139310514121985316830384
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In this case, by using one of the proposed methods in Section 3.1, we obtain the isolating

interval of Yax
6100687164736347533 24402748658945394263

4611686018427387904 " 18446744073709551616 |’

which is the isolating interval of the element of index 8 in the sorted set of the real
roots of R = Res(n, 2%, w) € Z[y]. Finally we get [Cy,index; = 8] as an element
returned in the output list. In order to match this result with Example 46 and by
considering the same notations, we can see that the real roots of R are ordered as
{—VXs, =1, =12, —/X;, VX1, %, 1, vV X3} over C; and the element of index 8 is indeed
the Lo,-norm of G as proven in Example 46, Proposition 3.4.

Similarly, after substituting o by sample, in n(w, ), we see that yma.x is of isolating

interval
6100687164736347533 24402748658945394263

1152921504606846976° 4611686018427387904 |’

which is also the isolating interval of the element of index 8 in the sorted set of the real roots
of R = Res(n, 2%,w) € Z[y]. Thus the second element of the output list of Algorithm 6
is [Cy,indexy = 8]. With the notations of Example 46, the real roots of R are ordered
as {—vXao, =12, —1, —/X1, VX1, 1, 7%, v/X5} over (s, and we can see that the result
matches with Proposition 3.4.

By following the same approach and substituting « by sample; in n(w, v), we ob-
tain that yy,.. is of isolating interval [1, 1], which is the isolating interval of the element
of index 7 in the sorted set of the real roots of R. The third element of the output
list of Algorithm 6 is thus [C3,indexs = 7]. Moreover, with the notations of Exam-
ple 46, we can verify the result of Proposition 3.4 where the real roots of R are ordered
as {—vXa, —1, =1, =/ X1, VX1, 7%, 1, VX5 } over Cs.

Finally, by substituting « by sample, in n(w, 7), we obtain that 7. is of isolat-
ing interval [4,4] which is the isolating interval of the element of index 7 in the sorted
set of the real roots of R. The fourth element of the output list of Algorithm 6 is thus
[Cy4, indexy = 7]. With the notations of Example 46, the real roots of R are ordered over
Cyas {—vXo, =12, =1, —/X1, VX1, 1, 7%, /X3 }, and we can see that the result matches
with Proposition 3.4.
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Chapter 4

Application

4.1 Implementation and experiments

The three proposed methods for the non-parametric case can be implemented in a few
lines of Maple but we then have to use implementations at different levels that do not give
valuable information about the intrinsic efficiency. For instance, the RUR is implemented in
C but for general zero dimensional polynomial systems: a variant for bivariate polynomials,
the one used for the complexity analysis, is not part of Maple and is much more efficient for
bivariate systems.

In order to have fair comparisons, we extract the dominating operations and com-
pare them using exactly the same implementations. Namely, resultant computations of
sheared /non sheared systems and Root Isolation carry the largest percentage of the com-
putation time. For instance, Algorithm 5 saves time on the resultant computation since it
does not perform any shear while it loses time on the root isolation.

For the three methods, the principle subresultant sequence is computed using the rou-
tine SubResultantChain of the Maple package RegularChain.

Isolating the real roots of univariate polynomials is another common basic block shared
between the three algorithms for which we use Isolate provided by the Maple routine
package RootFinding.

In Table 4.1, we list the main steps of the three algorithms. The check marks mean
that the step makes part of the method and the double check marks indicate that this step
is the bottleneck of the method. Note that Res! stands for the resultant of the original
system and Res2 for the resultant of the sheared system. Moreover, Hinf RUR stands for
the RUR method, Hinf Sep stands for the separation method and Hinf Sres stands for the
Sturm-Habicht method. Keep in mind that the shear done in Hinf RUR is different from the

133
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Resl + Iso | Res2 + Iso | List of signs
Hinf RUR v VE'4
Hinf Srep v v
Hinf Sres v v

o N || Hinf RUR | Hinf Sep | Hinf Sres
2 0.2 3 0.2
3 0.5 7 0.5
4 2.5 25 2
5 10 83 6
2 6 37 96 10
7 50 186 47.5
8 133.5 353 59
9 236 394 130

one done in Hinf Sep. Finally, Iso means Isolate.

CHAPTER 4

Table 4.1: Main steps considered in the implementation of the proposed method.

Table 4.2: Timings for L*°-norm for random matrices valued functions with 74 = 2.

In Table 4.2, we report the average running time in CPU seconds of the marked steps

listed in Table 4.1 for the three proposed algorithms ran on square matrices of size «, with

entries given by random proper rational functions of degree N (degree of the denominators)?.

These random matrices are of a fixed input coefficient bitsize 7 = 2, i.e., the rational

functions constituting the entries of the matrices F' have coefficients of magnitude O(27).

We finally mention that with these experiments, our goal is not to illustrate the theo-

retical complexity but, on the contrary, to show that on practical examples, the results are

different from theory. In theory, the RUR algorithm might asymptotically be the fastest

while in practice the Sturm-Habicht method performs better.

!The experiments were conducted on Intel(R) Core(TM) i7-7500U CPU @ 2.70GHz 2.90 GHz, Installed
RAM 8.00 GB under a Windows platform
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4.2 Some numerical method drawbacks

Error in [77, Proposition 5.2]: In Example 46 we have computed the L>-norm of the

following transfer function

which depends on three parameters &, wy, w1 € Rsg, wo # wy; and 0 < £ < 1. This
computation was done manually by using Maple tools and we obtained in Proposition 3.3

that the L*°-norm of G is given by:

max{1,r*} if £> \/Li’

|G lloe= TV
) lf£<7§,

where r = w; Jwg, =48 (£ —1)(£+ 1) and § is the maximal real root of:

M = py* + ((r* = 1) =2u7) 7 + pr* € Rl

Then, we verified this result by applying Algorithm 6 in Example 47.

This norm was already computed in [77, Proposition 5.2}, where the author has obtained
a result with an error. In this mentioned proposition, with the notation A = (r? + 1)? —
47r%(2€% — 1)%, the L°°-norm of G was given by:

(1 it ¢€> X r<1,
r? iféz\%,r>l,
_ 1—1? A
re—1+

r2 — 14+
T —_—
| 1—r2 4+

if£<\/L§,r>1.

The error of this result can be checked by considering the numerical values:

wo =1, w; =50, & =001 (4.2)
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By substituting the values of (4.2) into (4.1), we obtain:
| G ||oo = 124975.0075.

However, by substituting the values of (4.2) into (3.5) of Proposition 3.3, we get || G ||
= 124956.2680. We can notice the difference between the results. Using one of the Maple
implemented methods of the algorithms proposed in Section 3.1, i.e., either Hinf RUR or
Hinf Sep or Hinf Sres, we then get

| G lls € [124956.2680, 124956.2680],

that refers to the isolating interval of the searched value. We can clearly see that the result
matches with the one of Proposition 3.3 and thus make sure of the error occurring in [77,

Proposition 5.2].

Moreover, we can also check this result using the standard numerical method for the
L*>-norm computation based on the bisection algorithm and eigenvalue computation of
Hamiltonian matrices (see Section 1.4 and Setion 1.5). This numerical method is imple-
mented in Maple under the name NormHinf of the package DynamicSystems. However, the

obtained result is

| G |loo = 124950.134953011.

We can also clearly notice the inaccuracy of this numerical method for the computation of

the L*°-norm.

Another drawback of the above numerical method is the instability whenever we chose
parameter values that are very close to the discriminant variety of the polynomial system

corresponding to the transfer function. For instance, consider again the transfer function

and let o = [r, wp, ] € R3. The corresponding polynomial system is given by ¥ =
{n(w, 7), 8w (w, 7)} C Z[a]w, 7], which has been already defined in Proposition 3.3. Fol-

lowing Example 47, the discriminant variety of the system is the union of the curves defined



4.2. SOME NUMERICAL METHOD DRAWBACKS 137

by the following polynomials:
{r, wo, &, r—1,r+1,6—1,6+1,28 -1, —4r& +r° +2r+ 1, 4r52+r2—27~+1}.
Thus, if we consider the following numerical values

wo=1, w =2, ¢&=10", (4.3)

then we get the transfer function:

100000000000s? + 25 + 100000000000
2500000000082 + s 4+ 100000000000

Using the Maple NormHinf function for the system corresponding to this transfer function
G, the execution is then interrupted on the step of bisection and returns an error (see

Figure 4.1) since the system is considered to be unstable and of norm equals to infinity.

>
> sys:=TransferFunction (G):
> NormHinf (sys) ;

Error, (in DynamicSystems:-NormHinf) Hinf norm is infinite. 'sys' eigenvalues on imaginary axis:
{-0.2000000000e-10-2,.*T, -0.2000000000e-1042.*T}
>

Figure 4.1

But by substituting the values of (4.3) into (3.5) of Proposition 3.3, we get:
| G |lc = 1.500000000 10*.
Using one of the algorithms proposed in Section 3.1 and implemented in Maple, we obtain
| G |l € [1.500000000 10, 1.500000000 10'°],

that refers to the isolating interval of the searched value. The results match.
In fact, by simplifying the expression of the transfer function G, we get:

s+ 2wpés + wi

G =’ .
2 4+ 2rwpés + r2wk

Thus, the poles of the transfer function G' are the complex roots of the denominator [ :=
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s + 2rwyés + r*w? € R[s]. The discriminant of [ is:
A= Ar2uE (- 1) (E+1)

Hence, A < 0 if and only if £ < 1. In the case where A < 0, the two complex solutions of [
are defined by l4 = —rwy& £, where § = rwy \/(1 — &) (14 ¢&). Hence, when ¢ tends to

0, the poles of G become close to the imaginary axis and the system tends to be unstable,

which represents a problem to the numerical method.

4.3 Practical examples

Spring mass damper system: We aim in this paragraph at computing the H.,-norm
of the transfer function G computed in Example 2 that represents the spring mass damper

system discussed in Example 1. Let

1
C ms2+bs+k’

where m, b, k € Rsg. We apply Algorithm 6 on the corresponding polynomial system
{nw ’y,%w fy}for

n(w,y) = —y¥*m?w* + (=0 + 2km) Y w? — k> + 1,

by taking into consideration the inequalities m > 0, b > 0, £ > 0. In this case, we get the

output
{ C1, 5], [Co, 4], [Cs, 3] } (4.4)
where
Clz{m>0}ﬂ{k>0}ﬂ{0<b<m},
C2z{m>0}ﬂ{k>0}ﬂ{\/W<b<2\/W},

03:{m>0}ﬂ{k>0}ﬂ{b>2m},

and the numbers 5, 4 and 3 refer to the index of the searched value || G ||« in the sorted

set of the real roots of the polynomial R = Res(n w) € R[y], whenever the parameters

’(%J’

take values in the corresponding cell.
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For a better visualization of this result, we consider a sample point in each cell C;. For
instance, let sample; = [b =1,k = 1,m = 1] € (4. In this case, by evaluating the values of

sample; in GG, we obtain

1 2 4 2,2 2
Gi=g.7p mN=-7e +97 0 -9 +1]

and the sorted set of the isolating intervals of the real roots of Res(n, %,w) using the

command Isolate on Maple is given by
{[—a, —bl, [-1,-1], [0,0], [1,1], [c,d]}, (4.5)
such that when converted from rational to float, the values
a~br~ca~d=~1.154700538.

Now based on (4.4), we can say that || G ||«€ [c,d], which is the 5 element of (4.5).
We visualise the curve of nj(w, 7) in order to see the critical points and their maximal

~v-projection in Figure 4.2.

Figure 4.2: Plot of n;(w, 7v) = 0, where w/+ is in the horizontal /vertical axis
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We can also visualize in Figure 4.3 the Bode magnitude plot of G; where | G ||

equals the peak value.

1% 10"

5% 1071

1% 101

-2
S.x= 10777

-2
1. 1077

Wagnitude

5.5 10771

1% 1074

5. 107

T LI | T T T T T T T rn T T T
1.x10t  1.x10°  1.x10'  1.x 107

T
1.x 1077 1.= 107
Freq [rad/'s]

Figure 4.3: Bode plot of G,

Let
30752501854533959

le, = [b=
samples = |b = o 208509481084

In this case, by evaluating the values of sample, in G, we obtain

k:zl,mzl]GCg.

1
G2 B0TROISEISEN
13014398509481984
and
na(w, 7) = =70t +ay’ Wt = 9741,
for
 206679262996261134024893043061169

& T 324518553658426726783156020576256
The sorted set of the isolating intervals of the real roots of Res(na, %%, w) using the command

Isolate on Maple is given by

{[—a, —bl, [-1,-1], [0,0], [1,1], [c,d]}, (4.6)
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such that when converted from rational to float, the values
ax~br~cx~d=~1.124338551.

Now based on (4.4), we can say that || Gy ||€ [1,1], which is the 4" element of (4.6).
We visualise the curve of ny(w, v) in order to see the critical points and their maximal

~v-projection in Figure 4.4.

0.5

(I

-1

Figure 4.4: Plot of na(w, v) = 0, where w/7 is in the horizontal/vertical axis

We can also visualize in Figure 4.5 the Bode magnitude plot of G5 where || Gy ||

equals the peak value.
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005+

001+

Magnitude

00054

0001

.10 1.x10°" 1.x 10" 1= 10" 1.x 10°
Freq [rad/s]

Figure 4.5: Bode plot of Gs

Similarly, let
sample; = [b=3,k=1,m =1] € Cs.

In this case, by evaluating the values of sample; in G, we obtain

1

Gy3= — ——
5T 2 43s5+1°

and
ng(w,v) = = w' =77 — P+ 1
The sorted set of the isolating intervals of the real roots of Res(ns, %, w) using the command

Isolate on Maple is given by

{[—1,—1], [0,0], [1, 1]}, (4.7)

Based on (4.4), we can say that | G; ||€ [1,1], which is the 3™ element of (4.7). We

visualise the curve of ns(w, ) in order to see the critical points and their maximal -

projection in Figure 4.6.
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Figure 4.6: Plot of ng(w, v) = 0, where w/+ is in the horizontal /vertical axis

We can also visualize in Figure 4.7 the Bode magnitude plot of G5 where || G3 ||

equals the peak value.

0.5

005+

001+

Magnitude

00054

00014

L S S S B R S B T e
1.=10 1. =10 1. =10 1.=10 1.= 10
Freq [rad/s]

Figure 4.7: Bode plot of G
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Example with more parameters In this example, we consider the servo-control of a
mechanical axis of a sight, characterized by an inertia J. This axis is driven by a motor. R
designates the resistance of the motor, L its inductance, and k, its electrical constant. The
motor current is measured along with the speed of the line of sight. This latter is measured

using a gyro-meter. The transfer function of the system is given by

G(s) = % K. E(s) M(s)
E(s)

where E(s) is the electric transfer function and is given by

B 1
" R+1Ls’

E(s)

and M (s) is the transfer function of a mechanical mode of resonance pulsation wy (of anti-

2
1+2§ni+(i>

resonance wy,) given by

wn n
M(s) :== ; Nk
ra e (2)
wWq Wy

After simplifying the expression of G(s) and substituting K./J by the parameter a, we
get
as (s + 25w, & + wl) W)
(L s—i—R) (82 + 2swg &y + wg) w?
1
Ls+ R

G(s) =

We can apply Algorithm 6 for computing or representing the L*°-norm of the transfer
matrix G as a function in the parameter set {a, wy,, &, wa, &, L, R} C Rsg. However,
this example is considered to be a huge one and exhausting to the implemented function for
executing it in the presence of all the seven parameters. Nevertheless, for some simplified
models that remain interesting in practice, it is possible for the algorithm to execute with up
to five parameters in some cases. For instance, we consider in the first place the substitution
L = 0 in the transfer matrix G. In this case, Algorithm 6 has successfully executed with

the following substitutions in the matrix G-

{L:O7 gd:O}v {L:Oa gd:1}7 {LZO, wdzl}a
(L=0, & =1} and {L=0, &, = 0},
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where the transfer matrix G is left with five parameters. Whereas the cases that failed to

execute with five parameters are the cases with the following parameter substitutions

{L=0, R=1}, {L=0,w, =1} and {L =0, = 1}. (4.8)

Thus, for the failed cases in (4.8), we try to execute with four parameters, by substi-

tuting one more parameter with a numerical value such as
R=lora=1loré(=0oré;=1lorwg=1lorw,=1or¢&, =0or¢&,=1.
All the cases were executed successfully except for the substitutions
{L=0, R=1, w,=1}, {L=0, R=1, a=1}and {L =0, a =1, w, = 1}.

For these cases, we again substitute one more parameter with a numerical value in order
to obtain a system depending on three parameters. After this substitution, Algorithm 6

executed successfully except for the case
{L=0, a=1, w, =1, R=1},

i.e., when the system is left with the parameters &, &, and wy. This last case can however
be executed by substituting one more parameter and being left with a transfer matrix

depending on two parameters only.

With this said, we consider for instance the example

as (2 + 25w, & + W) wl
R (s + w?) w?
1

R

depending on the five parameters {«, wy, &,, wg, R} C Rsp, which is obtained after

the substitution {L = 0, { = 0} in G. The corresponding polynomial system

{n5(w, ), %(w, 7)} C Q[R, a,wp, &n, wal[w, 7] is such that

2 4 6_ 2¢ 4 2 4 2
ns(w, v) = a’wy w° —w; f5 W + g5 Wi W, w* — hs,
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where
fs=R*w2~*—2wi (252—1) a? — w?,
gs =2 R? v* + a? w2 — 2,

hs = (Rv—l) (R7—|—1) wi wi

deg(ns) = 14 and deg,(n;) = 6.

ons

In this case, the output of Algorithm 6 applied to {n5 w, ), 52 (w,
{a >0, w, >0, &,>0, wg>0, R> 0} using Maple functions is

7)} along with

{ [Clv 7]? [027 5]7 [037 3] [047 3]7 [057 5]? [067 7] [077 5]’

[087 3] [097 3]7 [0107 7]’ [Oll’ 5]7 [0127 3] [0137 6]7 [0147 4} }7

such that {Cy,...,C4} is the corresponding cell decomposition of the parameter space.

We tackle another example where the transfer matrix should depend on four parameters

and we consider the substitution {L =0, w, =1, £, = 0} in G. In this case, we obtain the

transfer matrix
s (s*+1) w3

R (82 + 2wy §ds+w§)
1

R

depending on five parameters {«, wy, &, R} C Rsg. The corresponding polynomial system

Gy =

{m(w, 7), L4 (w, 7)} C Q[R, a,wq, &4][w, 7] is such that

n4(w, 7)—CY2W3W —f4w — 94 wd 2—h4>

where
fa= 2+2wia?—1,

g4:(4£d—2) R?*~y? —« w§—4§§—|—2,
hi=(Ry—1) (Ry+1) wlh

deg(ny) = 12 and deg,(n4) = 6.

In this case, the output of Algorithm 6 applied to {n4(w, v), %’L“ (w, 'y)} along with
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{a >0,& >0, wg>0, R> 0} using Maple functions is

{ Cy, 8], (o 6, [Co, 4] [Co, 4], [Cs, 8], [Co, 8] [Cr, 6.

[087 4] [097 4]7 [ClOv 8]7 [0117 6]7 [0127 4] [0137 8]7 [0147 6} }7

such that {C,...,C4} is the corresponding cell decomposition of the parameter space.

We tackle an example where the transfer matrix needs to be depending on three pa-

rameters only and we consider the substitution
{L=0, w,=1, R=1, £ =1}

in GG. In this case, we obtain the transfer matrix

as(2+2& s+1) w)
Gy = $2 + 2wy s+ w?

1

depending on three parameters {wy, a, £,} C Rsg. The corresponding polynomial system

{ns(wﬂ), %(w,v)} C Qlwg, a, &,][w, ] is such that

n3(w, 7) = o?wj Wb — f3 w? — g3 W3 wW? — h,

where
fs=7—4(8 - 1) wja®—1,
g3 =27"—0a?wj—2,
hs = (7—1) (7+1) wh
deg(ns) = 12 and deg,(n3) = 6.

ons

In this case, the output of Algorithm 6 applied to {ng(w, 7), 52 (w, 'y)} along with
{a >0, wg >0, &, > O} using Maple functions is

{ [Ch 8]7 [027 6]7 [037 8] [047 6]7 [C57 4]7 [067 2] [077 8]7 [087 6]7 {Cﬁ% 4]7
[Cro, 2], [Cu1, 8], [Ch2, 6] [Cus, 4], [Cua, 2] [Chs, 8], [Chs, 4], [Chr, 4]
[0187 2]7 [0197 8]7 [0207 6}7 [0217 4] [0227 2]7 [0237 8]7 [0247 6] [0257 4]}7



148 CHAPTER 4

such that {C,...,C} is the corresponding cell decomposition of the parameter space.
We study finally an example where the transfer matrix needs to be depending on two

parameters only and we consider the substitution
{L=0, w,=1, R=1, a=1,§, =1}

in GG. In this case, we obtain the transfer matrix

s (s?+2s5+1) wj
Gy= |8+ 2wy &y s+ w?

1

depending on three parameters {wy, &} C Rso. The corresponding polynomial system
{20,520, )} € QLo il 2] s such that
na(w, 7) = wj Wb — f3 w* — g3 W3 W? — hs,

where

f3:72_2w§_1a

g3 = (46 —2) V¥ —wi— (46 -2),

b= (v = 1) (7+1)
deg(ng) = 10 and deg,(ns2) = 6.

In this case, the output of Algorithm 6 applied to {ng(w, v), %(w, 7)} along with
{wd >0, & > 0} using Maple functions is

{ [Clv 8]7 [02’ 8]7 [037 8] [047 8]> [057 4]7 [06’ 8] [077 4]’ [087 4]7
[Cy, 8], [Cho, 4], [Ch1, 2], [Cra, 4] [Cis, 4], [Cua, 8] [Cis, 6], [Cls, 2],
(Curo 41, [Cus. 41, [Caos 81, [Coon 41, [Cr, 4] [Ca. 2], [Cos, 6], [Con 6]},

such that {C,...,Cy} is the corresponding cell decomposition of the parameter space.



Chapter 5
Conclusion

In this dissertation, we were interested in computing the L°-norm of finite-dimensional
linear time-invariant systems represented by their transfer matrix. After defining this norm
and studying its properties, we have modeled this problem to a problem of computing
the maximal y-projection of the real solutions (x, y) of a bivariate polynomial system
¥ ={P, %28} with P € R[z,y]. Two cases then arose. The first one was when the system

does not depend on parameters, i.e., when P € Z[x,y].

In this case, for computing the maximal y-projection of the system real solutions, we
have proposed three different symbolic-numeric algorithms. The first one is called the RUR
method, named after the famous Rational Univariate Representation algorithm for solving
bivariate polynomial systems, and it mainly consists in first computing a separating linear
form ¢t = y 4+ sx to shear the original system into a generic one, using the shearing map
(x,y) — (z, t —sx), so that no two solutions are horizontally aligned. Then, by computing
a rational univariate representation, it represents the variables x, y as rational functions in
one variable ¢. Using a one-to-one correspondence between the real roots of a univariate
polynomial f € Q[t] and the real solutions of the polynomial system, the problem is reduced
to isolating the univariate polynomial f. After some interval evaluation, this approach leads

to obtaining isolating boxes of the real solutions of the system.

We applied this algorithm to our polynomial system and then managed to choose the
isolating interval of the maximal y-projection of the system real solutions, after refining
the y-intervals up to the separation bound of a particular polynomial. More precisely,
this polynomial is univariate in y such that it embodies the y-projection of the system
solutions, called the resultant polynomial of P and % with respect to the variable z,
written as Res (P, g—f, :c) € Q[y]. We have computed the worst-case bit complexity of this
algorithm in terms of the degrees of P with respect to both variables x and y, to obtain

149
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Op (dy d3 (dfl +d,dy,+d, T)) bit operations in the worst-case, and then implemented it using
Maple tools.

This RUR method is systematic, meaning that whenever it is called, it returns the
whole system solutions in which we have to pick the isolating interval of the maximal y-
projection. In the second proposed method, the Roots Separation method, we focused only
on the maximal y-projection of the system solutions. This was done by first projecting the
system solutions to the y-axis, simply by computing the real roots, represented by their
isolating intervals, of the univariate resultant polynomial Res(P, g—i,x) € Q[y]. The next
step was to verify between the y-projections which one is the best candidate to be searched
value. For this purpose, we used a special separating linear map that puts the system in
a generic position. What made this linear map special was that it enables us to locate
the searched value simply by localizing the maximal y-projection of the real solutions of
the sheared system. This was also computed by isolating the resultant polynomial of the
sheared polynomials with respect to the variable x. However, this method came with a
high cost since the slope of the chosen shearing linear map was of a very large size and led
to a large coefficient bitsize of the sheared polynomials. This high coefficient bitsize was
carried along in the computation of the resultant polynomial of the sheared polynomials
with respect to x and in isolating its real roots. This isolation was the bottleneck of this

algorithm and was of worst-case bit complexity Op(d5 d} 7).

We finally proposed a third method named Sturm-Habicht method that also focused
only on the y-projections of the system solutions in order to locate the maximal one that
corresponds to a real solution. Differently from the previous methods, this method did not
use any shear and used instead the real root counting principle. This was done to verify the
existence of a real root for the ged polynomial of the system polynomials over the maximal
y-projection y € R. Then, to reduce the cost of counting the number of real roots of the
gcd polynomial, we took advantage of the fact that the curve P = 0 is bounded on the
y-direction by the searched value. Thus, the problem of real root counting was then applied
to the polynomial P over the algebraic value . For this purpose, we used the Sturm-Habiht
sequence corresponding to the polynomial P seen as a univariate polynomial in x, which is
a signed subresultant sequence of P € Z[y][x] and its derivative. The reason for using this
sequence was mainly the fact that it is stable under specialization. This property allowed
us to count the number of real roots of the univariate polynomial P(z, ) by evaluating the
sequence of principle subresultants over  and studying the signs sequence. This evaluation

was the bottleneck of this algorithm and was of worst-case bit complexity O (d2 d; (dy+7)).

Additionally, we saw that when the real curve P = 0 does not show any isolated



151

singular point, the evaluation can be done over a rational value between the largest algebraic
y-projections. This has slightly reduced the worst-case bit complexity to O p(d! dz 7).

We then implemented the three methods using Maple tools to compare their practical
complexity. We have concluded that since the Stum-Habicht method is adaptive, it has the
best average complexity, as seen in the experiments.

Finally, we generalised the proposed approach to the case where P € Z[a|[z, y] depends
on a parameters set o = [aq,...,qq4] € R?. In this case, we have seen that structure of
the system solutions depends on the parameters. Moreover, the y-projection of the system
solutions were represented by continuous functions in the parameters, where the position of
their curves also varies with respect to the parameters values.

Thus, in our proposed algorithm, we have excluded from the parameters space the
“bad” parameter values where any two curves of the functions representing the y-projection
of the solutions “collapse”. Then, using a cylindrical algebraic decomposition, we have
decomposed the space of “good” parameter values into connected open sets, named cells,
where the y-curves are well positioned. This allowed us to choose a rational sample point
in each cell, then apply an algorithm from the non-parametric approach to obtain the index
index; of the searched value in the ordered set of the real roots of Res(P, %,x) € Qlyl.
Hence, above each cell, we could assure that the searched value is represented by the index; "

y-curve.
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