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Preface

This book aims at reviewing recent progress in the direction of algebraic and
symbolic computation methods for functional systems—systems of equations
whose unknowns are functions (e.g., systems of ordinary or partial differential
equations, of differential time-delay equations, of difference equations, of integro-
differential equations)—and for their controls.

In the nineties, modern algebraic theories (differential algebra, formal theory of
systems of partial differential equations, D-modules, algebraic analysis, etc.) were
introduced in mathematical systems theory and in control theory. Combined with real
algebraic geometry, which was previously introduced in control theory, the past years
have seen a flourishing development of algebraic methods in control theory. One
of the strengths of algebraic methods lies in their close connections to computations.
The use of the above-mentioned algebraic theories in control theory has been an
important source of motivation to develop effective versions of these theories (when
possible). With the development of computer algebra and computer algebra systems,
symbolic methods for control theory have been developed over the past years.

The goal of this book is to propose a partial state-of-the-art in this direction based
on articles written for the invited sessions Algebraic and Symbolic Methods in
Mathematical Systems Theory of the 5th Symposium on System Structure and
Control, IFAC, Grenoble, France, 2013, and Algebraic Methods and Symbolic-
Numeric Computation in Systems Theory of the 21st International Symposium on
Mathematical Theory of Networks and Systems (MTNS 2014), Groningen, the
Netherlands, 2014, organized by the editors of the book. To make recent results more
easily accessible to a large audience, these articles have been largely extended and
the chapters include materials which survey the main mathematical methods and
results, we hope in an accessible manner, and illustrated with explicit examples. The
combination of pure mathematics, mathematical systems theory, control theory,
computer algebra and implementation is demanding but, we believe, rewarding.

The book is divided into the following chapters:

vii



viii Preface

Part 1. Effective Algebraic Methods for Linear Functional
Systems

The first part of the book focusses on the algebraic analysis approach to linear func-
tional systems and their controls. The first chapter by Thomas Cluzeau, Christoph
Koutschan, Alban Quadrat and Maris Tonso gives a state-of-the-art of this theory and
explains the connections with Willems’ behavioral approach. Both the mathematical
and computer algebra aspects are given and a recent Mathemat ica implementation
of these results is illustrated with examples. Within the algebraic analysis approach,
the second chapter, written by Thomas Cluzeau and Alban Quadrat, studies the
equivalence problem, namely, the problem of recognizing when two linear functional
systems are equivalent in the sense that a one-to-one transformation between the
system solutions exists. Conditions are obtained based on isomorphic modules. They
generalize different standard results of linear systems theory. The last chapter by
Alban Quadrat and Georg Regensburger initiates the effective study of the non-
commutative ring of ordinary integro-differential operators with polynomial coeffi-
cients. Based on the computation of the polynomial solutions of integro-differential
operators, the explicit computation of compatibility conditions of such operators is
shown. This is the first step towards an algebraic analysis approach to linear systems of
integro-differential equations and to their applications in control theory.

Part II. Symbolic Methods for Nonlinear Dynamical Systems
and for Applications to Observation and Estimation Problems

The second part is first dedicated to effective methods for nonlinear systems of
differential equations based on Thomas decomposition technique or differential
algebra methods (differential elimination), and their applications to nonlinear
control theory and particularly to observability. The second part of the chapter is
dedicated to the parameter estimation problem for nonlinear ordinary differential
systems and linear partial differential systems based on integro-differential algebras,
elimination methods and computation of annihilators of polynomials. In the first
chapter, written by Markus Lange-Hegermann and Daniel Robertz, Thomas
decomposition method for algebraic and differential systems is introduced and
illustrated with explicit examples and an implementation in Maple. The authors
then explain how to use Thomas decomposition method to solve (differential)
elimination problems and finally to study classical control problems for nonlinear
differential systems. In the second chapter by Sette Diop, the differential algebraic
approach to polynomially nonlinear systems is first reviewed and then differential
elimination techniques are used to study observation and the sensor selection
problems. The third chapter, written by Frangois Boulier, Frangois Lemaire,
Markus Rosenkranz, Rosane Ushirobira and Nathalie Verdiere, studies the
parameter estimation problem for nonlinear control systems based on integral
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input-output representations, integro-differential equations and the first steps
towards an extension of Ritt-Kolchin differential algebra to integro-differential
algebra. Finally, in the last chapter by Rosane Ushirobira, Anja Korporal and
Wilfrid Perruquetti, the parameter estimation and the numerical differentiation
problems are first reviewed for linear ordinary differential equations. Then, they are
extended to the case of linear partial differential equations based on the computation
of annihilators of multivariate Laurent polynomials over the Weyl algebra of partial
differential operators with polynomial coefficients.

Part III. Algebraic Geometry Methods for Systems and Control
Theory

The third part of the book is concerned with applications of (real) algebraic
geometry methods to multidimensional systems, differential time-delay systems and
nonlinear systems. The first chapter by Yacine Bouzidi and Fabrice Rouillier first
gives an overview on recent computational aspects of real algebraic geometry and
then applies them to the study of the structural stability of multidimensional sys-
tems. The second chapter, written by Islam Boussaada and Silviu-Iulian Niculescu,
reviews recent results on the characterization of the multiplicity of imaginary roots
of quasipolynomials associated with linear differential time-delay systems and on
Birkhoff matrices related to the latter problem. A bound for the multiplicity of a
crossing imaginary root is obtained and compared with the standard Polya-Szegd
generic bound. The third chapter by Christian Schilli, Eva Zerz and Viktor
Levandovskyy fully characterizes when an algebraic variety is controlled and con-
ditioned invariant with respect to a polynomially nonlinear state-space system and a
polynomial feedback. The condition can be effectively checked by means of
Grobner basis techniques. The extension of this result to single output systems with
rational feedback is also solved based on the concept of fractional modules. The
different results are implemented in Singular. Finally, in the last chapter by
Ricardo Pereira and Paula Rocha, controller invariance is first introduced in the
context of nD behaviors and then characterized. The case where the controller is
regular is completely characterized and the controllers achieving invariance are
explicitly obtained. Preliminary results for 1D systems are finally obtained in the
non-regular case.

Paris, France Alban Quadrat
Aachen, Germany Eva Zerz
September 2017
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Chapter 1 ®)
Effective Algebraic Analysis Approach oo
to Linear Systems over Ore Algebras

T. Cluzeau, C. Koutschan, A. Quadrat and M. Tonso

Abstract The purpose of this chapter is to present a survey on the effective alge-
braic analysis approach to linear systems theory with applications to control theory
and mathematical physics. In particular, we show how the combination of effective
methods of computer algebra—based on Grobner basis techniques over a class of
noncommutative polynomial rings of functional operators called Ore algebras—and
constructive aspects of module theory and homological algebra enables the char-
acterization of structural properties of linear functional systems. Algorithms are
given and a dedicated implementation, called OREALGEBRAICANALYSIS, based on
the Mathematica package HOLONOMICFUNCTIONS, is demonstrated.

Keywords Linear systems theory + Control theory - Algebraic analysis -
Computer algebra * Implementation
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1.1 Introduction

To introduce the algebraic analysis approach to linear systems over Ore algebras,
we use explicit examples. The model of a stirred tank studied in [32] on page 7 is
defined by the following mass balance equations

ave [V
Fra k S + F1(t) + F2(1),
dc V) vV

2 —e(k T) + oy Fi(t) + e Fa(o),

where F| and F, denote the flow rates of two incoming flows feeding the tank, ¢; and
¢, two constant concentrations of dissolved materials, ¢ the concentration in the tank,
V the volume, k an experimental constant, and S the constant cross-sectional area.
The algebraic analysis approach can only handle linear systems. See [7] for a first
attempt to extend the algebraic analysis approach to particular classes of nonlinear
systems. We refer to [35] for the use of differential elimination techniques for study-
ing this nonlinear system. If Vj is a constant volume, ¢y a constant concentration,
and

Fip = (c2 —co) ' &’ Fyy = (co—c1) r &’
(c2 —cy) S (c2 —c1) S

V() = Vo+x1(2), c(t) = co + x2(t),

Fi(t) == Fio 4+ u (1), Fy(t) := Fo + ux(2),

then the linearized model around the steady-state equilibrium is defined by

1
xi(t) = ~3 x1(@) +ui () + ux(1),

| B B (1.1)
. Ci Co C Co
X(t) = ~3 X (1) + < v ) uy(t) + ( v ) us (1),

0

with the notation 6 := V,/ F (the holdup time of the tank), where Fy := k /V,/S.
See pages 8-9 of [32]. The linear OD system (1.1) can then be studied by means of
the standard analysis and synthesis techniques developed for linear OD systems.

Now, if a transport delay of amplitude 7 > 0 occurs in the pipe, then we obtain
the following linear differential time-delay (DTD) system:

1
xi(t) = =Y x1() +ui(t) +ux(t),

1 - _
(1) = ~3 x2(t) + (Cl VOC()) w(t —7)+ (cz VOCO> ur(t — 7).

(1.2)




1 Effective Algebraic Analysis Approach to Linear Systems over Ore Algebras 5

For more details, see pages 449—451 of [32]. Then, (1.2) can be studied by means of
methods dedicated to linear DTD systems.

Following [32], if the valve settings are commanded by a process control computer
which can only be changed at discrete instants and remain constant in between, the
following discrete-time model of (1.1) can then be derived

X1+ 1) =e 7 x1(n) +20 (1 — e 30) (uy (n) + uz(n)),

_a O(1—e )
X +1) =7 x0) + ———— ((c1 = co) ur(n) + (c2 = o) uz(m)),

’ (1.3)
where A is the constant length of time intervals. For more details, see page 449 of
[32]. Again, (1.3) can then be studied by means of standard techniques developed
for linear discrete-time systems.

As shown above, a physical system can be modeled by means of different sys-
tems of functional equations, namely, systems whose unknowns are functions (e.g.,
OD systems, DTD systems, discrete-time systems). Moreover, the “same” system
can be defined by means of different representations (e.g., state-space, input-output,
polynomial, behaviors, geometric, systems over a ring, implicit, ... representations).
These representations are defined by different numbers of unknowns and equations.
Linear systems are usually studied by means of dedicated mathematical methods
which usually depend on the representations. The equivalences between different
representations and different formulations of system-theoretic properties (e.g., con-
trollability a la Kalman, controllability for polynomial systems, controllability a la
Willems) are known for certain classes of linear functional systems.

We can wonder whether or not a unique mathematical approach to linear systems
exists which satisfies the following two important requirements:

(a) The approach can handle the standard classes of linear functional systems stud-
ied in control theory by means of common mathematical concepts, methods,
theorems, algorithms, and implementations.

(b) The approach does not depend on particular representations of the linear systems.

The goal of this paper is to show that the algebraic analysis approach satisfies
these two points. Algebraic analysis (also called D-module theory) is a mathematical
theory developed by B. Malgrange, J. Bernstein, M. Sato and his school in the
sixties to study linear systems of partial differential (PD) equations by means of
module theory, homological algebra, and sheaf theory (see [25, 28, 40] and the
references therein). In the nineties, algebraic analysis techniques were introduced
in mathematical systems theory and control theory by U. Oberst, M. Fliess, and
J.-F. Pommaret. For more details, see [21, 23, 43, 45, 46, 57] and the references
therein.

Within the algebraic version of algebraic analysis, a linear system is studied by
means of afinitely presented left module M [52] over aring D of functional operators,
and its F-solutions are defined by the homomorphisms (namely, the left D-linear
maps) from M to F, where F is a left D-module. We recall that a module is an alge-
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braic structure which is defined by the same properties as the ones for a vector space
but its scalars belong to a ring and not a field. Equivalent representations of a linear
system yield isomorphic modules. These isomorphic modules are finitely presented
by the different presentations, i.e., by the different matrices of functional operators
defined by these representations. Hence, up to isomorphism, a linear system defines
uniquely a finitely presented module. Structural (built-in) properties of linear sys-
tems, i.e., properties which do not depend on the representation of the system, then
correspond to module properties (e.g., torsion elements, torsion-freeness, projec-
tiveness, freeness). To study these module properties, we use homological algebra
methods since they depend only on the underlying modules (up to isomorphism)
and not on the presentations of the modules, i.e., not on the representations of the
linear systems. Therefore, we have a way to study structural properties of linear
systems independently of their representations. A second benefit of using homo-
logical algebra techniques is that large classes of linear functional systems can be
studied by means of the same techniques, results, and algorithms since the standard
rings of functional operators share the same properties. Only the “arithmetic” of the
functional operators can be different. Based on Grobner or Janet basis techniques
[1, 33] for classes of noncommutative polynomial rings of functional operators, effec-
tive studies of module theory and homological algebra have recently been developed
(see [9, 12, 47, 51] and the references therein). Dedicated symbolic packages such
as OREMODULES, OREMORPHISMS and CLIPS have been developed [10, 13, 58].

The purpose of this paper is two-fold. We first give a brief overview of the algebraic
analysis approach to linear systems defined over Ore algebras. We then show how
a recent implementation of Grobner bases for large classes of Ore algebras in a
Mathematica package called HOLONOMICFUNCTIONS [29, 30] can be used to
extend the classes of linear functional systems we can effectively study within the
algebraic analysis approach. In particular, using the recent OREALGEBRAICANALYSIS
package, we can now handle generic linearizations of explicit nonlinear functional
systems or linear systems containing transcendental function (e.g., sin, cos, tanh) or
special function coefficients (e.g., Airy or Bessel functions). These classes could not
be studied by the OREMODULES, OREMORPHISMS or CLIP packages.

The paper is organized as follows. In Sect. 1.2, we explain that standard linear
functional systems encountered in control theory can be studied by means of a poly-
nomial approach over Ore algebras of functional operators, i.e., over a certain class
of noncommutative polynomial rings. In Sect. 1.3, we shortly explain the concept
of a Grobner basis for left ideals and left modules over certain Ore algebras, and
give algorithms to compute kernel and left/right inverses of matrices with entries
in these Ore algebras. In Sect. 1.4, we introduce the algebraic analysis approach to
linear systems theory and, using homological algebra techniques, we explain that
this approach is an intrinsic polynomial approach to linear systems theory and we
characterize standard system-theoretic properties in terms of module properties and
homological algebra concepts that are shown to be computable. Finally, in Sect. 1.5,
these results are illustrated on explicit examples which are studied by means of the
OREALGEBRAICANALYSIS package. This package is based on the Mathematica
package HOLONOMICFUNCTIONS which contains Grobner basis techniques for gen-
eral classes of Ore algebras.
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1.2 Linear Systems over Ore Algebras

In this section, we introduce the concept of a skew polynomial ring, an Ore extension
and an Ore algebra [16] which will play important roles in what follows. To motivate
the abstract definitions, let us start with standard examples of functional operators. In
his treatises on differential equations, G. Boole used the idea of representing a linear
OD equation Y ;_,a; y(t) = 0, where @; € R, by means of the operator P :=
Yi_gai 4, where £ y(t) := y (1) = (1) is the first derivative of the function y.
Note that % is the i th composition of the operator %. If the composition of operators

is simply denoted by the standard product, we then have % = (;—t)'. Hence, P can
be rewritten as the polynomial P = Y |_,a; 8 in 0 := % with coefficients in R. It
is important to note that the element a; € R in the expression of P is seen as the
multiplication operator y — a; y, and a; &' stands for the composition of the two
operators a; and 0. As understood by G. Boole, the set of OD operators forms the
commutative polynomial ring R[0]. Algebraic techniques (e.g., Euclidean division)
can then be used to study linear OD equations with constant coefficients.

More generally, if A is a differential ring, namely aring equipped with a derivation
j—t : A — A satisfying the additivity condition and Leibniz’s rule, namely,

d da; dap d da;
v A, — =4+ = Z -
ap, a; € A, 7 (a1 + ap) T + 7 ar (aj ap) T a + a;

da2
dt’

such as, for instance, the ring (resp., field) k[¢] (resp., k(¢)) of polynomials (resp.,
rational functions) in ¢ with coefficients in a field k (e.g., k = Q, R, C) or C*(R),
then we can define the set of all the OD operators of the form ) . _ a; O witha; € A.
This set inherits a ring structure if the composition of OD operators is still an OD
operator, i.e., if we have

m n 1
> b0 (Zaia") => ad, (1.4)
j=0 i=0 k=0

for a certain / and for some ¢; € A. In particular, such an identity should hold for
m = 1and n = 0, i.e., the composition of the two operators b; d and gy has to be an
OD operator. Since operators are understood by their actions on functions, we get

d d da
VyeA, (blaao)y=b13(aoy)=b1E(aoy)=b1 (do—);—i-—oy)

d
(o o))

Hence, on the OD operator level, we have the following commutation rule:
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YVaeA, da=ad+a. (1.5)

It can be shown below that this commutation rule is enough to define a ring structure
on the set of all the OD operators with coefficients in A. Note that the above commu-
tation rule shows that this ring is usually noncommutative apart from the case where
a=0foralla € A, i.e., the case where A is a ring of constants.

If we consider the case of a time-delay operator S defined by S y(¢) = y(t — h),
where h > 0, then to understand S a as an operator, where a is an element of a
difference ring A of functions, namely, a commutative ring A of functions of ¢
equipped with the endomorphism a(¢) € A — a(t — h) € A, we have to apply it
to a function y. We get

Sa@®)y@)=S@@®)y@®) =al —h)yt —h)=(alt —h)S) y@),
i.e., on the operator level, we have the following commutation rule:
Sa(t) =a(@—h)S. (1.6)

We note that in (1.5) and (1.6) the “degree” in 0 or in S is 1 in both sides of the
equalities. More generally, we can consider an operator 0 which satisfies

YVaeA, Oda=0c0+4,

where 0 # o, § € A, so that both sides of the above expression have degree 1 in 0.
Clearly, o and ¢ depend on a, i.e., o(a) and §(a). If we want to define a ring formed
by elements which can uniquely be represented as Y ;_, a; &', we must have

Ya, a €A, 0(a+a)=oc(a+a)0+ dla; + a)
=0a+0a; =0(a)) 0+ d(ay) + o(ay) 0 + §(az)
= (0(a)) + 0(az)) 0 + d(ay) + d(az),

which yields the following identities:
oar +ax) = o(a) +o(a), d(ar+ax) =d(ar) + d(az).
Similarly, using the associativity of operators, we obtain

Yaj,a €A, 0(ayay) =oc(a;ax)d+ §(a;az)
= (Qar) ay = (0(a;) 0+ é(a1) a
=o(ar) (0(a2) 9 + 6(a2)) + 6(a1) az
= o(ar) o(az) 0+ o(ay) 6(ax) + d(ay) az,

which yields the following identities:
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olara) = o(a) o(@), d(a1ar) =o(ar)d(az)+ d(ar) a.
We also have that 9 = 91 = o (1) 9 + §(1), which yields:
o()=1, &(1)=0.

The conditions on o show that o is an endomorphism of the ring A and ¢ is called
a o-derivation (if o = idp, we find again the above definition of a derivation).

The concept of an Ore extension of aring A was introduced by Ore [44] in 1933
to develop a unified mathematical framework to represent linear functional operators
such as differential operators, difference and shift operators, g-shift and ¢g-differential
operators, and many more. Nowadays, this concept is widely used to state results
and algorithms about linear functional operators in a concise and general form. For
applications of this framework, for instance, to the problem of factoring operators or
creative telescoping, see [4, 8] and the references therein.

Definition 1 ([16]) Let A be a ring. An Ore extension O := A[0; o, ] of A is
the noncommutative ring formed by all polynomials of the form Y_;_, a; &', where
n € Nand a; € A, obeying the following commutation rule

YVaecA, da=oc(a)d+6a), (1.7)
where ¢ is an endomorphism of A, namely, o : A —> A satisfies

o(l) =1,
VYa, be A, o(a+b)=0c(a) 4+ o(b),
o(ab) =o(a)o(b),

and 0 is a o-derivation of A, namely, § : A —> A satisfies:

d(a +b) = d(a) + 6(b),
VabeB N b = o) 6b) + 6a)b. (1.8)

The Ore extension A[J; o, 0] is also called a skew polynomial ring.

Let O := A[0; o, §] be a skew polynomial ring, P := Z?:o a; 0" € O, where
a, #0,and Q := Z:"ZO b; 0" € O, where b,, # 0.If A is a domain, i.e., A does not
contain non-trivial zero divisors, then we have

PQ:(ailan+"')(bl116m+"')=an0—n(bm)an+m+"' )

where - - - represents lower degree terms. Moreover, if o is injective, we can define
the degree of P to be n and the degree of Q to be m since we have:

VP, QeO, degy(P Q)=degy(P)+ degy(Q).
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A skew polynomial ring A[0; o, d] has the structure of an A — A-bimodule,
namely, O has a left module structure defined by

Vae, VP:Xr:a,ﬂie(D: aP:Xr:(aai)Bi,

i=0 i=0

and a right A-module structure defined by

r r
VaeA, VP:Zaiaie([): Pa:Zaiaia,
i=0 i=0

and they satisfy the following associativity condition:
Va], ay € [A, VPe (D, (a] P)az = aj (Paz).

Example 1 Let us give a few examples of skew polynomial rings.

(a) If (A, 6) is a differential ring, i.e., A is a ring and ¢ is a derivation of A,
i.e., d satisfies (1.8) with ¢ = idp, then we can define the skew polynomial
ring A[0; idp, §] of OD operators with coefficients in A. Then, (1.7) yields
(1.5). For instance, if we consider again (1.1), then we can define the algebra
O := Q(, co, c1, c2, Vp)[0; ida, 6] of OD operators with coefficients in the
field A := Q(0, co, c1, ¢2, Vo) of rational functions in the system parameters

0, cg, 1, c2, and V, where § 1= % is the trivial derivation of A, i.e., 5(a) =0

foralla € A. Thus, (1.5) implies that a = a O for alla € A, which shows that

O is a commutative polynomial ring. Then, (1.1) can be rewritten as Rn = 0,

where:
1 x1 (1)
_ 0+ oY 0 -1 -1 - _ X (t)
R = 1 e O, n:=
0 a+__C1—CO _6‘2—6‘0 ul(t)

If one of the parameters is now a smooth function of ¢, then ¢ is no more the trivial
derivation of A := C*(R), and thus O is then a noncommutative polynomial
ring in 0 with coefficients in A.

A simple example of a noncommutative polynomial ring of OD operators is given
by O := R[x][0; id, §], where ¢ := % is the standard derivation on IR[x]. The
error function erf(x) := \/%? f(; e~ dt satisfies the following ODE:

(0* +2x0)erf(x) = 0.
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If we consider the algebra A := Q(6, co, c1, ¢2, Vo, A, n) and the endomor-
phism o(a(n)) := a(n + 1) of A, then we can define the skew polynomial ring
O := A[S; o, 0] of forward shift operators, which encodes the commutation rule
Sa(m) =a(n+ 1) S fora € A. Then, (1.3) can be written as R n = 0, where:

ko S—e 3z 0 A—Qe(l—e—ﬁ)—ae(l—e—ﬁ) ot
0 S—e 7 —a(cp—cy) —alca—cp)

(1 —e7)
o= —,

v ni=(x1(n) x2(n) ui(n) ux(n)’.
0

Since no entry of R is a (rational) function of n, we can only consider the algebra
A = Q(b, co, c1,¢2, Vo, A)and o0 = id4. We then get Sa = a S foralla € A,
i.e., the ring of shift operators with constant coefficients is commutative.

A simple example of a noncommutative polynomial ring of shift operators is
QRIn][S; o, 0], where o(a(n)) = a(n + 1) for all a € Q[n]. The Gamma func-
tion I'(z) := f0+°° t*"le " dt for R(z) > O satisfies the following recurrence
relation:

(S—n)'(n) =0.

Similarly as the previous case, if € R~ and A is a difference ring of functions
of t with o(a(t)) = a(t — h) for all a € A as an endomorphism, then we can
define the ring O := A[S; o, 0] of TD operators in S with coefficients in A. We
then have Sa(f) = a(t — h) S, which is exactly (1.6).

If we want to reformulate (1.2) within the language of Ore extensions, we have to
define the ring of DTD operators. To do that, we can first consider a difference-
differential ring (A, o, d) and the skew polynomial ring B := A[0; idp, J]
defined in (a) and then define the Ore extension O := B[S; o, 0] of B, where
o is the endomorphism of B defined by o(a(t)) = a(t — h) for all a € A and
o(d) =dsothat o(Y|_ga;(t) ) = Y i_ya;(t —h)d'. In particular, we have
S0 =0(0)S =098,i.e., the two operators J and S commute. This last identity
encodes the following identity:

@H(y®) =0yt —h)) =y —h) = (SN ®)). (1.9)

Then, (1.2) can be rewritten as R n = 0, where:

1
o+— 0 -1 -1
R := € O
I (c1 —co) (c2 — co) ’
0 o+ - — S — S
e T v Vo

ni=(x1() x0) ui@t) ua@)’.

If we consider the difference (resp., divided difference) operator
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a(t) —a(ty)

a(t) —> a(t+1) —a(r) resp., a(t) — —— )
— 1o

for a fixed #, € R and for all a belonging to a field A of real-valued functions

of ¢, then we can form the skew polynomial ring A[0; o, d] of difference (resp.,

divided difference) operators with coefficients in A by respectively considering:

v A, {U(Q(I)) =a(t+1), o(a(t)) = a(t),

dam)=at+1)—a@), |a®)= W

If A is a (skew) field, then the right Euclidean division can be performed, i.e.,
the algebra O is a right Euclidean domain, and thus a principal left ideal domain,
namely, every left ideal of O is finitely generated (see, e.g., [4, 16]). Finally, if o is
also invertible, i.e., is an automorphism of A, then the left Euclidean division can
also be performed, i.e., O is a left Euclidean domain, and thus a principal right ideal
domain. More details on skew polynomial rings can be found in [16]. A left and right
Euclidean domain is simply called a Euclidean domain.

Theorem 1 ([16]) Let D := A[0; 0, §] be a left skew polynomial ring over a ring
A. Then, we have:

(a) If A is a domain, i.e., A does not have non-trivial zero divisors, and o is an
injective endomorphism of A, then D is a domain.

(b) If A is a left Ore domain, i.e., a domain A which satisfies the left Ore property
which states that for ay, a; € A\ {0}, there exist by, b, € A\ {0} such that
by ay = by ay, and « is injective, then D is a left Ore domain.

(c) If A is a left (resp., right) noetherian ring, i.e., every left (resp., right) ideal of
A is finitely generated, and o is an automorphism of A, then D is a left (right)
noetherian ring. Moreover, if A is a domain, then D is a left Ore domain.

As shown in (d) of Example 1, we can iterate the construction of an Ore extension
to obtain a multivariate noncommutative polynomial ring:

A[al; g1, 61] e [am; Om > 5m] = ( o ((A[al» g1, 51])[82; 02, 52]) e )[am; Om> 5m]

If B:= A[61; 01, 61] e [amfl; Om—1, 6m71], then O := IB[am; Om, §m]s where o,
is an endomorphism of B and §,, is a o,,-derivation of B. In particular, we get:

am 8[ = Um(ai) am + 6m(8i)a

Vi=1,....m—1, VaeA,
8ma=0-m(a)8m+5m(a)'

Similarly, we have:

8,- 6,- = O'j(a,') 8, + 5,(8,)

1.10
0ja=o0;(a)0; +6;(a). ( )

1<i<j<m, VaeA, {
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If we want that 0; commutes with J;, o; and §; must satisfy the conditions:
I1<i<j<m, 0j0)=0;, 6()=0. (1.11)
Moreover, let us assume that o;(A) € A and §;(A) < A. Then, we have:

0; (0;a) = 0j(0i(a) 0; + 6;(a))
=0j(oi(a)0)0; +d;(0i(a) 0;) + (6 (a)) 0; + d;(6; (a))
=0;(0i(a)) 0j(0;) 0j + 0j(0i(a)) §;(0;) + 6;(oi(a)) 0;
+0(6i(a)) 0; + 9,6 (a))

Using (1.11), the above identity reduces to:
0 (0;a) = 0;(0i(a)) 0; 0j + d;(0i(a)) 0; + 7;(6:(a)) 0; + J;(6; (@)).
Since 0;(a) € A and §;(a) € A, we also have:

8,» (8, CZ) = al-(aj(a) 8j + 5j(a))
=0i(0j(a)) 0; 0; + 0;(0j(a)) 0; 4+ 0i(6;(a)) O; + i (;(a)).

If we have 0;(0;(a)) = 0i(0;(a)), d;(0i(a)) = 0;(d;(a)), 0;(6;(a)) = 6;(c;(a)),
and §;(d;(a)) = 6;(6;(a)) foralla € A, then we get d; 0; a = 0; 0ja foralla € A.

Definition 2 Let k be a field. If A is a k-algebra, then an Ore extension of A of
the form A[0y; o1, 611+ [Om; Om, 6wl is called an Ore algebra if o;(A) € A and
0;(A) S Aforj=1,...,m,and:

I<i<j<m, 0;0)=0;, 6;)=0,

(cjo0i)a =(0i00))A,
I<ijj<m, i#j, {j00)a=_(0i0d))a,
(6j00)1a = (0 00))|A.

We then have 0; 0;a = 0; 0jafor1 <i < j < mandforalla € A.
Finally, an Ore algebra A[0;; o1, 1] - [On; O, 6] With A := Kk[xq, ..., x,]
(resp., A := k(xy, ..., x,)) is called a polynomial (resp., rational) Ore algebra.

Remark 1 In Definition 2, the numbers m and n can be different. For instance,
considering again (d) of Example 1, i.e., the Ore algebra O := A[0; idy, ][S; o, 0],
where, for instance, A := k[¢], then we have m =2 andn = 1.

If O := A[0y; 01,01] - [On; Om, 0] is an Ore extension of a ring A, then
P € O can be expressed as P = Zog\mgr p, 07, where r e N, p, € A, v:=
W oo vt €N W i= vy + - + Uy, and ¥ := 0" -+ On.
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Example 2 (a) If A :=XK[x,...,x,] (esp. A :=k(xy,...,x,)), then the Ore
algebra O := A[0y; 01, 1]+ - [On; 04, Onl, where o; :=id and 6; := % for

i =1,...,n,iscalled the polynomial (resp., rational) Weyl algebra of PD 6per-
ators with coefficients in A. It is denoted by A, (k) (resp., B, (k)).

(b) We can combine the two skew polynomial algebras defined in (a) and (b)
of Example 1 to obtain the Ore algebra O := Q(n, 1)[0; id, §][S; o, 0] of
differential-shift operators with coefficients in Q(#, t). The Bessel function of
the first kind J, (¢) satisfies the following functional equation:

d
0 =n 171 T (8) — Jg1 ().

This equation can be rewritten as P J, (t) = 0, where P := 9+ S —nt~! € O.
(c) If A is a k-algebra equipped with the following endomorphisms

VaeA, owali,....in) =aly,....ix+1,....00), k=1,...n,

(e.g., A :=Kl[iy,...,i,], k(iy, ..., i,), or the algebra of real-valued sequences
in(iy,...,i,) € Z"),then A[Sy; 01, 0] - - - [Sy; 0y, 0]is the Ore algebra of multi-
shift operators with coefficients in A.

(d) The ring of differential time-varying delay operators with S y(¢) = y(t — h(t)),
where A is a smooth function satisfying /(#) < ¢ for all ¢ larger than or equal to
acertain T > 0, does not usually form an Ore algebra since we have

OS)(y@) =0yt —h()) = (1 = h(@)) y — h(®) = (1 — h(®)) (SO (1)),

ie., S = (1 —h)S0.Itis an Ore algebra if and only if / is a constant function
and we find then again (1.9). In [50], it is shown that the ring of differential time-
varying delay operators can be defined as an Ore extension and its properties are
studied in terms of the function 4.

For more examples of Ore algebras of functional operators and their uses in
combinatorics and in the study of special functions, see [11] and the references
therein.

Theorem 1 can be used to prove that the Ore algebras defined in Example 2 are
both left and right noetherian domains. We say that they are noetherian domains.

Finally, let us introduce the concept of an involution of a ring which will be used
in Sects. 1.3.2 and 1.4.2.

Definition 3 Let O be an Ore algebra over a base field k. An involution of O is an
anti-automorphism of order two of O, i.e., a k-linear map 6 : O — O satisfying:

VPl, P2 (S (D, 9(P1 Pz) = Q(Pz) Q(Pl), fob = ld@

Let us give a few examples of involutions.
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Example 3 (a) If Oisacommutativering (e.g., O := k[x, ..., x,]),thend = idp
is an involution of O.

(b) Let © := A, (k) the polynomial Weyl algebra over k. Then, an involution of O
is defined by 0(x;) := x; and 0(0;) := —0; fori = 1, ..., n. More generally, if
O := A[0y; id, 81] - - - [0y 1d, 6,,] is a ring of PD operators with coefficients in
the differential ring (A, {J1, ..., 0,}), where §; := 8% fori =1,...,n,thenan
involution # of O is defined by:

YacA, 6@):=a, 000):=-9, i=1,...,n.

(¢) Let O :=k(n)[S; o, 0] be the skew polynomial ring of forward shift operators
considered in (b) of Example 1. Then, an involution of O can be defined by
f(n) := —n and O(S) := —S.

(d) Let O := Kk[t][0; id, §][S; 0, 0] be the Ore algebra of differential time-delay
operators defined by § := %, and o(a(t)) := a(t — 1), where a € Kk[¢]. Then,
an involution of O can be defined by 6(¢) := —t, 8(0) := 0, and 6(S) := S.

1.3 Grobner Basis Techniques

In Sect. 1.2, we explain how standard linear functional systems can be defined by
means of matrices of functional operators, i.e., by means of matrices with entries in
noncommutative polynomial rings such as skew polynomial rings, Ore extensions, or
Ore algebras. The idea of studying linear functional systems by means of the algebraic
properties of their representations is well-developed in the polynomial approach [27].
If the ring of functional operators is a Euclidean domain, then Smith normal forms
[27] can be extended to this noncommutative framework by considering the so-
called Jacobson normal forms. For more details, implementations, and applications
of Jacobson normal forms, see [38] and the references therein. If the ring of functional
operators is not a Euclidean domain (e.g., if the ring is usually defined by more than
one functional operators), then such normal forms do not exist. But the Euclidean
algorithm of multivariate (noncommutative) polynomials can still be used if the set
of monomials appearing in the polynomials can be ordered in a particular way. This
idea yields the concept of a Grobner basis for a set of polynomials (i.e., for an ideal)
or for a matrix (i.e., for a module).

In the next sections, we will state algorithms for the study of built-in properties of
linear functional systems. These algorithms will be based on elimination techniques
such as Grobner basis techniques over noncommutative Ore algebras. Before doing
so, we first motivate their uses by an explicit example.

Example 4 Influid mechanics, Stokes equations, which describe the flow of a viscous
and incompressible fluid at low Reynolds number, are defined by
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—vAu+cu+Vp=0,
V.u=0,

where u € R” is the velocity, p the pressure, v the viscosity, and ¢ the reaction
coefficient. For simplicity reasons, let us consider the special case n = 2, i.e.

Ei = —v(3u +3§M1)+CM1 +0,p=0,
Ey:=—v(Qiuy+ 8 uz) +cuy + 9, p =0, (1.12)
E;:=0,u; +8yu2 =0,

with the standard notations 0, = % and 9, := L

We can wonder if the pressure p satisfies a system of PDEs by itself, i.e., if the
components u; and u, of the speed can be eliminated from the equations of (1.12)
to get PDEs only on p. Differentiating E; (resp., E») with respect to x (resp., y), we
first obtain:

O El = —vo (83.141 —|—8)2,u1)+68xu1 +8§p=0,
Oy Ey = —v 0, (afuz—l—a_suz)-i-cayuz—i-@%p =0.

Similarly, we have:

V(afE3—|—6‘§E3) = v o, (8§u1 +8§u1)+1/3y (8§u2—|—5‘§u2) =0,
—cE3=—c(Ocu1 +0yuz) =0.

Adding all the new differential consequences of the equations of (1.12), we get
OcE\+0yEx+v (0, Es+ 0, Es) —cEs=0; p+ 0} p=0,

i.e., (1.12) yields A p = 0, where A := 9% + 85 is the Laplacian operator. This is
an important result in hydrodynamics: the pressure must satisfy A p = 0.

Grobner basis techniques can be used for automatically eliminating (if possi-
ble) fixed unknowns. To do that, we first have to recast the above computations
within a polynomial framework. Let us first consider the commutative polyno-
mial ring D := Q(v, ¢) [Ox, dy] of PD operators in d; and 9, with coefficients
in Q(v, c¢). The operators 0, and J, commute, i.e., J, 0, = 0, 0, because of
Schwarz’s theorem and (1.12) has only constant coefficients. An element P € D
is of the form P =Y, . . a,0" 9y € D, where r € N, a,, € Q(v, ¢), and
W= (y uy)T € N2, Then, (1.12) can be rewritten as R n = 0, where:

—vA+c 0 Oy u
R = 0 —vA+cOy | € D33, n:=\ u
Oy 0Oy 0 p
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Then, the above computations correspond to the following matrix computations

E, 231
O 0y vA—0o) | Ey :((8)C Oy VA—C)R) u, | =A4p
E;5 P

and using the factthat A p = (0 0 A)n, we obtain:
00 A)=(@0 0 vA—c)Re D" R:={uR|pe D).

We note that the D-submodule D'** R of D' is formed by all the D-linear
combinations of the rows of R. These combinations correspond to all the linear
differential consequences of the equations of (1.12). Within the operator framework,
the fact that the pressure satisfies A p = 0 can be rewrittenas (0 0 A) € D3 R,

If R € D?*?, then the (left) D-submodule L := D'*4 R of D'*” is generated by
the rows of R. If D is a (noncommutative) polynomial ring, then a Grobner basis of
L is another set of generators of L, i.e., we have L = D4 R’ for a certain matrix
R’ € D?*? for which the so-called membership problem can easily be checked. The
membership problem aims at deciding whether or not A € D'*? belongs to D'*¢ R.
If D is a commutative polynomial ring with coefficients in a computable field, then
Buchberger’s algorithm [5] computes a Grobner basis for a fixed monomial order.
This result can be extended for some classes of noncommutative polynomial rings
where the algorithm is proved to terminate. If a Grobner basis R’ of L is known, then
we can reduce any A\ € D'*” with respect to this Grobner basis in a unique way, i.e.,
there exists a unique X € D'*P_called the normal form of A\, such that A = A+ ©w R
for a certain i’ € D'*4", Hence, we obtain that A € L if and only if we have A=0.

In the next sections, we first define the concept of a Grobner basis for a finitely
generated left ideal and then for a finitely generated left module.

1.3.1 Grobner Bases for Ideals over Ore Algebras

We first explain the basics of Grobner bases using the standard commutative setting,
i.e., for the case of a polynomial ring in several commuting variables, and then shortly
explain how the theory can be extended to noncommutative Ore algebras.

Letx := xj, ..., x, be acollection of variables, and let us denote by k[x] the ring
of multivariate polynomials in xy, . . ., x,, with coefficients in the field k. For &« € IN",
we define the monomial x* := x| - - - x¢. Unlike for univariate polynomials, there is

no natural ordering of the monomials x® in a multivariate polynomial } . ¢o X,
This is the reason for introducing the notion of monomial order, that is a total order
< on the set {x® | & € IN"} of x-monomials, namely an order < which is total (i.e.,
we have either x® < x% or x” < x® forall o, 8 € N”, o # [3).
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Definition 4 A monomial order on the set {x® | @ € N} of x-monomials is called
admissible if it satisfies the following conditions:

(@ 1<x“ YaeN'\{O,...,0)},
b)) x*<x? = x*x7 <x%x” Ya, 8, 7eN.

It follows that the set of monomials is well-founded with respect to any admissible
monomial order, i.e., that each strictly decreasing sequence of monomials is finite.
This is a crucial property for proving the termination of Buchberger’s algorithm
which computes a Grobner basis of a polynomial ideal.

Example 5 We identify a monomial x® with the multi-index o« € IN".

(a) The lexicographic order on x-monomials is defined by o <jex 5 whenever the
first nonzero entry of 3 — «is positive. For instance, if we consider Q[x, x2, x3],
then we have:

2 2
1 <lex X3 <lex X3 <lex X2 <lex X2 X3 <lex X3 <lex X1 <lex X1 X3

2
<lex X1 X2 <ex X7-

(b) The total degree order (also called degree reverse lexicographic order or graded
reverse lexicographic order) on x-monomials is defined by o <geg 3 Whenever
|a] < | 8] orif wehave |a| = ||, then the last nonzero entry of § — «is negative.
It is also denoted <gegreviex- For instance, if we consider Q[x1, x, x3], then we

have: s
1 <tdeg X3 <tdeg X2 <tdeg X1 <tdeg X3 <tdeg X2 X3 <tdeg X1 X3
2 2
<tdeg X7 <tdeg X1 X2 <tdeg X{-
(¢) Letx :=x1,...,x,andy := yq, ..., y, betwocollections of variables. Assume

that an admissible monomial order <y (resp., <y) on x-monomials (resp., on
y-monomials) is given. An elimination order is then defined by

Uuv < wt < u<yw or u =w and v <y t,

where u, w (resp., v, t) are x-monomials (resp., y-monomials). An elimination
order serves to eliminate the x;’s. The elimination order, which will be used in
what follows, is the one induced by the total degree orders on x-monomials and
y-monomials. This is a very common order called /exdeg. For instance, if we
consider Q[x1, X2, X3], X = X1, X2, ¥y = X3, <y=<deg ANd <y ==<deg, then we
have:

2
1 <lexdeg X3 <lexdeg X3 <lexdeg X2 <lexdeg X2 X3 <lexdeg X1 <lexdeg X1 X3

2 2
<lexdeg X7 <lexdeg X1 X2 <lexdeg X -

Definition 5 Let P € k[x] \ {0} and < be an admissible monomial order. We can
then define:
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e The leading monomial Im . (P) of P to be the <-maximal monomial that appears
in P with nonzero coefficient.

e The leading coefficient 1c_(P) of P to be the coefficient of Im_ (P).

e The leading term 1t (P) of P to be the product lc_ (P) Im. (P).

When no confusion can arise, we skip the explicit mentioning of the monomial
order in the subscripts. Hence, we can write P = Ic(P)Im(P) + Q = 1t(P) + O,
where all monomials in the expanded expression of Q are strictly smaller (with
respect to the chosen monomial order) than Im(P).

Next, the concept of polynomial reduction is introduced, also called multivariate
polynomial division, as it generalizes Euclidean division of univariate polynomials.
For this purpose, we fix an admissible monomial order < and use it in the following
without any explicit mentioning. For nonzero polynomials P, Q € k[x], one says
that P is reducible by Q if Im(P) is divisible by Im(Q). In other words, one can
reduce P with respect to Q, and the result of the reduction is denoted by

1t(P)

red-(P, Q) =red(P, Q) := P — ) 0.

It is important to notice that red(P, Q) = 0 or Im(red(P, Q)) < Im(P). If G :=
{Gy, ..., G} € k[x]\ {0} is a set of polynomials, then red(P, G) denotes a poly-
nomial obtained by iteratively reducing P with some elements of G until no such
reduction is possible any more, i.e., the result is irreducible with respect to all ele-
ments of G. Note that red(P, G) is usually not uniquely defined since it may depend
on the choice of the polynomial G; that is used in a certain reduction step as demon-
strated in the following example.

Example 6 Let us consider Q[x, x2] endowed with a total degree order (see (b) of
Definition 4). Choosing G := {G1, G2} with G| := x; x, — 1 and Gy := x} + x2 +
1, the monomial xl2 x; can be reduced in two different ways yielding the two different

irreducible polynomials x7 x, — x; G| = xj and x? x, — x G, = —x5 — x2.

Definition 6 Let (G) denote the ideal generated by Gy, ..., G, € k[x], i.e.:
G)=(G1,....Gy):=={PIG i+ + PG, | Pp,..., Py € k[x]}.

Then, G is called a Grobner basis with respect to the admissible monomial order <
if one of the following equivalent statements holds:

(a) P € (G)ifand onlyifred-(P, G) =0.

(b) red< (P, G) is unique for any P € k[x].

(c) If P € (G) \ {0} then there exists G; € G such that Im_(G;) divides Im_ (P).
@ ({lm<(P) | P €(G)\ {0}}) = (Im(G), ..., Im<(Gy)).

Condition (a) highlights one of the most important applications of Grébner bases,
namely the algorithmic decision of the ideal membership problem, i.e., given
P, Gy, ..., Gy € k[x] decide whether P € (G, ..., Gy). Having a Grobner basis
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at hand, this problem is solved by reducing P and checking whether the final reduc-
tion, called the normal form of P, is zero.

Example 7 We consider again Example 6 where we now set G := {G, G2, G3},
where G3 := x% + x1 + x3. Since G3 = x, G, — x1 G, we have (G) = (G, G).
We claim that G is a Grobner basis (see below for an algorithm which computes a
Grobner basis). Now, the monomial x7 x, reduces to x; since the polynomial —x3 —
x2 = red(x? x5, Gy) is now reducible by G3 yielding red(—x3 — x2, G3) = x1. No
further reductions can be done. Hence, we obtain x12 Xy & (G).

Let us now shortly explain the principle of Buchberger’s algorithm for computing
a Grobner basis of a polynomial ideal. Let lcm(m, m;) denote the least common
multiple of the two monomials m, and m,. Buchberger’s algorithm is based on the
computation of the so-called S-polynomials.

Definition 7 Given P, Q € k[x]\ {0} and a monomial order <, we can define the
S-polynomial S(P, Q) by:

lem(Im(P), Im(Q)) _ lem(Im(P), Im(Q))
1t(P) 1t(Q)

S(P, Q) =

Given a finite set { Py, ..., P.} of elements of k[x] and an admissible monomial
order < on x-monomials, Buchberger’s algorithm, which computes a Grobner basis
G:=1{0i,..., Qs of theideal (Py, ..., P.) of k[x], can be sketched as follows:

(a) SetG :={Py,..., P} and let P be the set of pairs of distinct elements of G;
(b) While P # @, do:
e Choose (P;, P;) € P and remove it from P;
e Compute S(P;, P;) and its reduction R;; :=red~(S(P;, P;), G) by G;
o If R;; # 0, then:
— Add Rij to g;
(¢c) Return G.

One can prove that the latter process terminates with a Grobner basis G of the
ideal (Py, ..., P.). For more details, we refer to [1, 5, 17, 24, 26]. While an ideal
admits many different Grobner bases with respect to the same monomial order, one
can achieve uniqueness by means of the following definition.

Definition 8 A Grobner basis G := {G1, ..., Gy} is said to be reduced if it satisfies
the following two conditions:

o lc(Gy))=1fori=1,...,s.

e Each monomial in G; is irreducible with respectto G \ {G;} foralli =1, ..., s.

Example 8 The Grobner basis in Example 7 is a reduced one.
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Remark 2 For an ideal of k[x] defined by a finite set of generators and a given
monomial order <, one can compute a Grobner basis, using, e.g., Buchberger’s
algorithm [5]. Algorithms for computing Grobner bases are implemented in most
of the computer algebra systems such as Maple, Mathematica, and Magma,
or in dedicated computer algebra systems such as Singular and Macaulay?.
However, in practice, such computations can be very costly, and it is still a topic of
ongoing research to design faster algorithms for computing Grobner bases. See the
recent survey article [19] and the references therein.

Let us shortly state a few applications of Grobner bases. Using the concept of a
reduced Grobner basis, we obtain a procedure to test whether or not two ideals of
a commutative polynomial ring over a field, defined by different sets of generators,
are equal: we check whether or not they have the same reduced Grobner basis.

Solving a system of polynomial equations is an important application of Grobner
bases. For this purpose, we use the lexicographic order (see (a) of Example 5) which
leads to a reduced Grobner basis of a special form called “triangular” form. This
means that some of the polynomials of the Grobner basis depend only on certain
variables, which simplifies the process of finding all solutions of the original system.

Example 9 Let Gy, G, € Q[x1, x2] be as in Example 6 but now endowed with the
lexicographic order (see (a) of Example 5). Then, {x3 + x3 + 1, x; + x3 + x5} is
a Grobner basis with respect to this monomial order. Note that this Grobner basis
has a triangular form: the first element depends only on x,. The solutions of the
polynomial system G; = G, = 0 can be obtained by first solving xg + x% +1=0
and then plugging the solutions for x; into x; = —(x7 + x2).

Grobner basis techniques can also be used to develop an elimination theory. Let us
state a standard problem for ideals: if I C Kk[x]is anideal and y is a subset of x, then
compute generators for the ideal 7 N k[y]. To do that, we use the monomial order
defined in (c) of Example 5. As explained in Sect. 1.4, elimination techniques play
an important role in the effective study of module theory and homological algebra.

Example 10 If we consider again Example 9, we can check that we have:
(G1, G2) N Qlxal = (x5 + 3 + 1).

The theory of Grobner bases has been extended to noncommutative polynomial
rings. See the work of Bergman [3] for a very general and theoretic approach. A
more algorithmically oriented but less general approach was presented in [26]. It
only considers the so-called rings of solvable type (see also [31]). However, for our
purposes, the latter suffices as most of the Ore algebras of interest are of solvable
type. In this setting, again Buchberger’s algorithm can be used to compute Grobner
bases, with only slight modifications due to noncommutativity.

Theorem 2 ([11, 31]) Let k be a field, A := Kk[xy, ..., x,] the polynomial ring with
coefficients ink, and O := A[0y; o1, 61] -+ [On; Om, Om] a polynomial Ore algebra
satisfying the following conditions



22 T. Cluzeau et al.

N

oi(xj) =ajjxj +bij, 0i(x;)=c¢;, 1<i<m, 1<j<n,
for certain a;; € k\ {0}, bj; € k, and c;j € A. Let < be an admissible monomial
order on the following set of monomials:

Mon(D) := {x{" -+ x0m 9" -+ O | (s ..., ) € N, (vy,...,15) € N'}

If the <-greatest term u in each non-zero c;; satisfies u < x; 0;, then given a set
of noncommutative polynomials in O, a noncommutative version of Buchberger’s
algorithm terminates for this admissible monomial order and its result is a Grobner
basis with respect to this order.

For more general results, we refer the reader to [26, 31, 37]. In particular, for the
Weyl algebra A, (Q) (see (c) of Example 3), the existence of Grobner bases and the
generalization of Buchberger’s algorithm have been studied, e.g., in [36, 39, 53].

Example 11 Let us consider O := B,(Q) and the following linear PD system:

oty =0,
(1.13)
x10by+xy=0.
Applying 0, to the second equation of (1.13), we getx; 01 o y + 0r y + x2 01y = 0.
Applying again 0; to the equation then yields x; 07,y +291hy + 2P y =
0 and using (1.13), we get 0; &, y = 0, and thus 0, y + x 9; y = 0. Eliminating
0, y from the last equation by means of the second equation of (1.13), we obtain
x1 01y —y = 0. If we now apply 0, to the latter equation and use 9 9, y = 0, we
obtain 0, y = 0, which by substitution in the second equation of (1.13) gives y = 0.
The solution of (1.13) is then y = 0, a fact which is not obvious from (1.13). The
computation of a Grébner basis for the left O-ideal I := O 812 4+ O (x1 95 + xp) for
the total degree order follows the same line and yields / = O.

1.3.2 Grobner Bases for Modules over Ore Algebras

We now explain how we can extend the concept of a Grobner basis from finitely
generated left ideals to finitely generated left modules over an Ore algebra O. Let us
first state again the definition of a module.

Definition 9 Let D be a noncommutative ring. A left D-module M is an abelian
group (M, +) equipped with a scalar multiplication

DxM—M
d, m) —> dm,

which satisfies the following properties
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(@) dy (my +my) =dym +dyms,
(b) (di +do))m; =dym +dymy,
©) (dady)my =dy (dymy),

(d 1m; =my,

forall dy, d, € D and for all m;, m, € M.

Remark 3 The definition of a left D-module is similar to the one of a vector space
but where the scalars belong to a noncommutative ring D and not to a (skew) field
(e.g., Q, R, C) as for vector spaces.

A left D-module M is said to be finitely generated if M admits a finite set of
generators, namely there exists a finite set S := {m;};,—; ., of elements of M such
that for every m € M, there existd; € D fori =1, ..., r such that:

r
m = E di m;.
i=1

S is called a set of generators of M. Similar definitions hold for right D-modules.

In what follows, we consider D to be a polynomial Ore algebra ©. Let Mon(O) be
the set of monomials of O and { f;};=1,.... » the standard basis of the free finitely gen-
erated left O-module O'™7 := {(\; ... Ap) X €O, i=1,..., p}, namely the
k™ component of f ;7 is 1 if k = j and O otherwise. First, we extend the monomial
order < from Mon(O) to the set of monomials of the form u f;, where u € Mon(D)
and j =1,..., p,ie., to Mon(D'*?) := le Mon(O©) f;. This extension is also
denoted by < and it has to satisfy the following two conditions:

@VYweMon(©O): ufi<vfj = wufi<wvf;
b)u<v = ufj<vfjforj=1,...,p.

Without loss of generality, we let f, < f,—1 < --- < fi. There are two natural exten-
sions of a monomial order to Mon(O'*7).

Definition 10 Let < be an admissible monomial order on Mon(O), u, v € Mon(O),
and { fj};=1,..,, the standard basis of the left ©-module Or,

(a) The term over position order on Mon(D'*?) induced by < is defined by:
ufi<vf; &< wu<voru=vand f<f.

(b) The position over term order on Mon(D'*?) induced by < is defined by:
ufi<vf; &< fi<fjor fi=f and u <v.

Remark 4 The term over position order is of more computational value with regard
to efficiency. The position over term order can be used to eliminate components.
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If an admissible monomial order on Mon (O '*?) is fixed, then leading monomials
and leading coefficients in ©'*” are defined similarly as in the case of ideals. Let R €
O7*P and L := O'*9 R be the left O-submodule of O'*”. Buchberger’s algorithm
carries over to L. For more details, we refer, e.g., to [18, 24].

Example 12 We consider again Example 4. Let us compute a Grébner basis of the
O := Qv, ¢) [y, 8y]-submodule L := O3 R of O3, i.e.,

(—vA+0) fi+0 f5, (—vA+0)fr+0y f3, O fi+0y fo,

for the position over term order induced by the monomial order <., (see (b) of
Example 5). The Grobner basis of L is then given by:

O fi + 0y fo, (—V(9§+C)f1 +v0,0, 2+ 0 f3, Afz, (—vA+c) 2+ 0y f.
We find again that the pressure p satisfies A p = 0 as shown in Example 4.

Let us shortly explain how Grobner basis techniques can be used to compute left
kernels (syzygy module computation), left factorizations and left inverses, ... of
matrices with entries in O. For more details, we refer to [9].

Algorithm 1 Computation of the left kernel of R € O?*?,i.e., find S € ©"*? such
thatkero((R) :=={A e O™ [ AR=0} = O S:={uS|pe O™}

e Input: An Ore algebra O satisfying the hypotheses of Theorem 2 and a finitely
generated left ©-submodule L := ©'*7 R of O'*7, where R € Q<.
e Output: A matrix § € ©O"*? such that kerp((R) = O S.

(a) Introduce the indeterminates 7y, ..., 1,, Ci, . .., {; over O and define the set:

p
P = ZR,’]"I]J'—Q|I.=1,...,Q
j=1

(b) Compute a Grobner basis G of P in the free left O-module generated by the ;s
and the ¢;’sfor j=1,...,pand i =1,...,q, namely, @?:1 On;B DL,
O ¢;, with respect to a term order which eliminates the 7;’s (see (c) of
Example 5).

(¢) Compute G N (P!, O¢) ={>i, S G | k=1,...,r} by selecting the ele-
ments of G containing only the (;’s, and return S := (§;;) € O™,

Algorithm 2 Computation of a left factorization: given two matrices R € ©O7*” and
R’ € O, find a matrix R” € O9*9 (if it exists) satisfying R = R” R'.

e Input: An Ore algebra O satisfying the hypotheses of Theorem 2 and two matrices
R € O9*P and R' € D7 *P,
e Output: R” € ©9*7 (if it exists) such that R = R” R" and [ ] otherwise.
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(a) Introduce the indeterminates 71, ..., 7, (1, - . ., ¢ over O and define the set:

p
P=3) Rn—-Gli=1...4q
j=1

(b) Compute a Grobner basis G of P in the free left O-module generated by the
n;’s and the (;’s for j=1,...,pand i =1,...,q’, namely, @?:1 On;P
f’/:, O ¢; with respect to a term order which eliminates the 7n;’s (see (c) of
Example 5).
(c) Define the following set:

p
QZZ ZRkj"]j|k=1w-~aq
j=1

(d) Compute the reduction H; of each element Q; of Q by G.

(e) If one of the H;’s contains 7);, i.e., if the normal form of Q; contains not only
(;’s, then return [ ], else return R” := (lefj) e 0974, where H; = Z‘]I;l Rl”] ¢j
fori=1,...,q.

Algorithm 3 Computation of a left inverse: given a matrix R € O7*7, find (if it
exists) a left inverse S € OF*? of R over O, namely SR = I,,.

e Input: An Ore algebra O satisfying the hypotheses of Theorem 2 and R € ©O9*P.
e Output: A matrix § € OP*9 such that S R = I, if S exists and [ | otherwise.

(a) Introduce the indeterminates 7, ..., 1,, Ci, . . ., {; over O and define the set:

14
P = ZRijT]j—Ci|i=1,...,C]
j=1

(b) Compute a Grobner basis G of P in the free left O-module generated by the

n;’s and the ¢’s for j=1,...,p and i =1,...,q, namely, @’_ O ;P
7, O, with respect to a term order which eliminates the 7;’s (see (c) of

Example 5).

(c) Remove from G the elements which do not contain any 7; and call H this new
set.

(d) Write ‘H in the form Q; (1; ... np)T -0 ... C(,)T, where Q; and Q, are
two matrices with entries in O.

(e) If Q; is invertible over O, then return S := Q1_1 0, € OP*4, elsereturn [ ].

Right analogues of the above algorithms (i.e., computation of right kernels, right
factorizations, and right inverses) can be obtained by considering an involution of
the Ore algebra O (see Definition 3). For instance, the computation of a right inverse
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of a matrix R € ©O?*? over an Ore algebra can be done by applying Algorithm 3 to
the matrix 6(R) := (0(R; j))T € OP*1 (obtained by applying an involution 6 of O
to each entry R;; of R and then transposing the result) and applying the involution
to the left inverse T € O?*? of O(R) to get S := 0(T) € OP*4 which then satisfies:

RS =0*(R)O(T) = (T O(R)) = 0(I,) = 1,.

For an implementation of these algorithms in a computer algebra system, see the
OREMODULES package [10].

1.4 Algebraic Analysis Approach to Linear Systems Theory

1.4.1 Linear Functional Systems and Finitely Presented Left
Modules

As explained in Sect. 1.1, we study linear functional systems of the form Rn =
0, where R € D9*P, D is a noetherian domain (e.g., a noetherian Ore algebra O
of functional operators (see Sect.1.2)), and n is a vector of unknown functions.
More precisely, if F is a left D-module (see Definition 9), then we can consider the
following linear system or behavior:

kerz(R.) :={ne F? | Rn=0}.

See Example 1 for the different models of the stirred tank considered in Sect. 1.1.

Remark 5 In this framework, we can consider the following classes of systems:

e State-space/input-output representation of 1-D linear systems. Considering, e.g.,

Ri=@L,—A —B) e 5=’ un))’ e Fr,
R:=(P©®) - Q) €O n:=xn" un)" e F,

where O := A [8; idy, %] is a ring of OD operators with coefficients in a differ-
ential ring A and P has full row rank (i.e., kerp(.P) = 0), we obtain the linear
systems X (z) = A(t) x(t) + B(t) u(z) and P(0) y(t) = Q(0) u(t). Similarly, we
can consider the Ore algebra O := A[S; o, 0] of shift operators with coefficients
in the difference ring A and S instead of O in the above matrices to get the linear
systems xi4+1 = Ag xx + Brug and P(S) yr = Q(S) ux.

e In the first above example, if we consider the Ore algebra O := A [8; idyu, (%],
where A := B[S; 0,0] and B is a difference ring, then we obtain the system
x(t) = A(t, S) x(t) + B(t, S) u(t), called in the literature a system over ring. Note
that a general linear differential constant time-delay system is defined by Rn = 0,
where R € O9*P, n € FP and, e.g., F = C®(R>y).
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e General linear nD systems can be defined by R 7 = 0, where R € O?*? and O
is, for instance, one of the Ore algebras considered in Example 2. For instance, a
simple discrete Roesser model can be defined by R 7 = 0, where

Ro (St = A=A =BUY  oextnm)
—Ay S, —An —B;

n:i= (th xUT ul)T, x, € F*, x, € F», u € F, and O is the Ore algebra
defined by (c) in Example 2. Continuous or a mixed continuous and discrete
Roesser model can be defined similarly using the other Ore algebras defined in

Example 2.

Linear systems (e.g., a linearization of a nonlinear system around a given solution)
can be studied within the algebraic analysis approach. The next example explains
how the generic linearization of a nonlinear system can also be studied.

Example 13 We consider the nonlinear OD system defined by

x(1) = fx @), u®)), (1.14)
where we first suppose that f = (f; --- f,)T, where f; is a polynomial for i =
1,...,n. Letus denote X := X;,..., X, and U := Uy, ..., U,. Let k be a differ-

ential field (e.g., a field which is a differential ring), k{X, U} the differential ring
formed by polynomials in a finite number of the X;’s, U;’s, and of their derivatives
with coefficients in k, and p the differential ideal defined by the differential polyno-

mials f(,- — fi(X,U) fori =1,...,n,and their derivatives. Then, we can define the
ring A := k{X, U}/p formed by the differential polynomials modulo the ideal p. If
we denote by x; (resp., u ;) the residue class of X; (resp., U;) in A, x 1= xi, ..., Xp,
u:=uy,...,uy,and A = k{x, u}, then these polynomials can be rewritten as poly-

nomials in x;, u;, and the derivatives of the u;’s. Clearly, A is a differential ring
with the derivation § := %. It can be proved that p is a prime ideal, i.e., that A
is an integral domain. Thus, we can define the quotient field IK := Q(A) of A,
i.e., the ring of fractions of A, which is a differential field for the derivation ¢. Let
O := BJ0; ida, ] be the skew polynomial ring of OD operators with coefficients in
B := A or K. The generic linearization of (1.14) is then defined by R n = 0, where

R := (8 I, — g—f( - g—;) e D™ andy := (dx” du”)7T,and can be studied by
means of the finitely presented left ©-module M := O @+ /(D*" R). The cases
of a rational, analytic or meromorphic function f can be studied similarly by con-
sidering the differential ring or field B formed by the rational/analytic/meromorphic

functions which satisfy (1.14).

Within the algebraic analysis approach to linear systems theory [9, 43, 47, 51,
57], the linear system or behaviour is studied by means of the factor left D-module

M := D7 /(D" R)
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formed by the set of the residue classes w()\) of A € D7 modulo the left D-
submodule L := D'*? R of D'*? (i.e., m(\) = w(\) if there exists € D'*4 such
that A = X' 4+ p R) and equipped with the following left D-module structure:

YA\ N eD™ YdeD, 1)) +7\N):=a\+N), dn(\) :=7(d ).

Remark 6 1f D := O is an Ore algebra satisfying the hypotheses of Theorem 2, then
we can check if 7(\) = 7(X\) for A, ' € O'*? since A — X € L := O R if and
only if red(A — X', G) = 0, where G is a Grobner basis of L (see Sect. 1.3).

The left D-module M is said to be finitely presented and R is called a presen-
tation matrix [52]. If { fj}j=1,...p is the standard basis of D'*P and y; = 7(f;) for
Jj=1,...,p,then {y;};—1 . p is a set of generators of the left D-module M (see
Sect. 1.3.2). The generators y;’s of M satisfy non-trivial relations since we have:

p
ZR,‘jijO, lzl,,q
j=1

For the details of these results, see Chap. 2 of this book. Note that the y;’s do not
belong to F but are just elements of M. To speak about F-solutions of R n = 0, we
have to consider the homomorphisms from M to F, namely the maps f : M — F
satisfying the following (left D-linear) condition:

Vdi, dy € D, Vmy, my € M, f(dim+dymy) =d; f(my) +d; f(m3).

We recall that f € homp (M, F) is said to be an isomorphism if f is both injective
and surjective [52]. If an isomorphism exists between M and F, then we say that M
and F are isomorphic, which is denoted by M = F.

A standard result of homological algebra concerning the left exactness of the
contravariant functor homp (-, F) [52] yields the following fundamental result for
the algebraic analysis approach of linear systems theory (also called Malgrange’s
isomorphism).

Theorem 3 We have the following isomorphism of abelian groups (i.e., Z-modules):
kerz(R.) = homp(M, F). (1.15)

For a direct proof of Theorem 3, see Chap. 2 of this book.

Remark 7 If D is not a commutative ring, then neither ker (R.) nor homp (M, F)
are left D-modules. For instance, if we consider D := A (Q), R := 0 + ’;—2’” eD
where ¢, m and o are constants parameters (e.g., transcendental elements over Q)),

2
)2

1—m

and M := D/(D R), then 7 := eJQT € kerr(R.), where F := C*°(R). But
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t—m 1 t—m 1 1
R(3U)=<32+3( 2)—_2)77=3<8+ )n——znz——zn,
ag g g g

0-2
(t —m) t—m
R@m=00+Dnt+t—7—n=1{0+

)77+77=77,

o2

which shows that neither 7 nor ¢ 17 belongs to ker =(R.), i.e., ker (R.) has no left
D-module structure. However they are abelian groups (i.e., the Z-modules) and k-
vector spaces if D is a k-algebra and k is a field included in the center of D:

Z(D):={deD|dD = Dd}.

If 7 := D, then homp (M, D) inherits a right D-module structure [47, 52].

Using the isomorphism (1.15), the linear system ker r(R.) depends only on M
and F. Hence, we can study its built-in properties by means of those of the modules
M and F. Note that the functional space F where the solutions are sought can be
altered and the behaviour of the solutions highly depend on it (in a similar way as
for the F-solutions of x> + 1 = 0 for F := R or C) [43]. In what follows, we will
suppose that F is a rich enough functional space (i.e., is an injective cogenerator left
D-module [52]) so that F plays a similar role as the algebraic closure in algebraic
geometry. Hence, we can study the properties of ker ~(R.) by means of those of M.
For the study of the role of F, we refer to [43, 57] and the references therein.

We also note that hom (M, F) depends only on the isomorphism type of M, i.e.,
if M = M’, then we have homp (M, F) = homp(M’', F).If M (resp., M') is finitely
presented by R € D?%? (resp., R’ € D?*""), then we get

ker7(R.) = ker£(R'.),

i.e., there is a 1-1 correspondence between the solutions of the first system and the
solutions of the second one. For more details and applications of this result to Serre’s
reduction, Stafford’s reduction, the decomposition problem, see [12, 14, 47] and the
references therein. Two different representations R € D7*? and R’ € D?*?" of the
same linear system define two isomorphic modules:

M := D"? /(D" R) = M := D" /(D" R").

Homological algebra methods are developed to study modules up to isomorphism.
In particular, even if a particular representation is used, fundamental theorems in
homological algebra show that the results do not depend on it. For mathematical sys-
tems theory, it is a change of paradigm since systems are usually studied by means
of their particular representations (e.g., state-space or polynomial representations).
The equivalence between the different approaches is studied below. Within the alge-
braic analysis approach, we first define the equivalence of linear systems in terms of
isomorphic left D-modules finitely presented by these representations, and then use
mathematical methods which do only depend on the isomorphism type. For instance,
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if the concept of controllability is a built-in property of the linear system and not of
its representation, then it should be a module property. For standard classes of linear
systems, it has been shown that certain definitions of controllability correspond to the
concept of a forsion-free module (for more details, see Sect. 1.4.3). Let us introduce
basic definitions of module theory [16, 34, 52].

Definition 11 Let D be a noetherian domain and M a finitely generated left D-
module.

(a) M is free if there exists r € N such that M = D' " Then, r is called the rank
of the free left D-module M and is denoted by rank p (M).

(b) M is stably free if there exist r, s € N such that M & D'*s = DX Then,r — s
is called the rank of the stably free left D-module M.

(¢c) M is projective if there exist r € IN and a left D-module N such that

M@®N = D™,

where @ denotes the direct sum of left D-modules.
(d) M is reflexive if the canonical left D-homomorphism

€: M — homp(homp(M, D), D), e(m)(f) = f(m),

for all f € homp(M, D) and all m € M, is an isomorphism.
(e) M is torsion-free if the torsion left D-submodule t (M) of M is 0, where:

t(M):={meM|3deD\{0}: dm =0}

The elements of ¢ (M) are called the torsion elements of M.
() M istorsionift(M) = M, i.e., if every element of M is a torsion element.

Considering s = 0 in (b) (resp., N := D'** in (c)) of Definition 11, a free (resp.,
stably free) module is stably free (resp., projective). A projective module is torsion-
free since it can be embedded into a free, and thus into a torsion-free module. The
converse of these results are not usually true. In some particular cases, they can hold.

Theorem 4 ([16, 34, 49, 52]) We have the following results.

(a) If D is a principal ideal domain, i.e., every left/right ideal of the domain D is
principal (e.g., D := A [3; idy, %], where A :=k, k(t), or k[t][t~'] is the
field of formal Laurent power series, where Kk is a field of characteristic 0, or
A =%k} [t™"] is the field of Laurent power series, where k := R, C), then
every finitely generated torsion-free left/right D-module is free.

(b) If D :=K[xy, ..., x,] is a commutative polynomial ring with coefficients in a
fieldk, then every finitely generated projective D-module is free (Quillen—Suslin
theorem).
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(c) If D is the Weyl algebra A, (k) or B,(k), where k is a field of characteristic
0, then every finitely generated projective left/right D-module is stably free and
every finitely generated stably free left/right D-module of rank at least 2 is free
(Stafford’s theorem).

(d If D:=A [8; ida, %] where A = K|t] is the ring of formal power series in t
and k is a field of characteristic 0, or A := k{t} is the ring of locally convergent
power series in t, where k := R or C, then every finitely generated projective
left/right D-module is stably free and every finitely generated stably free left/right
D-module of rank at least 2 is free.

In Sect. 1.4.3, we will give a dictionary between properties of a linear functional
system and properties of the finitely presented left module associated with it.

1.4.2 Basic Results of Homological Algebra

In this section, we briefly review how to effectively check whether or not a finitely
presented left D-module M has torsion elements, is torsion-free, reflexive, or projec-
tive (see Definition 11), when D is a noetherian domain with finite global dimension
[52]. To do that, let us introduce a few concepts of homological algebra [52].

Let D be a noetherian domain, R € D?*?, and M := DIXP/(DIX‘J R) the left
D-module finitely presented by R. If .R € homp(D'*9, D'*P) is defined by

.R: D'*4 — plx»r
A— AR,

then we obtain cokerp(.R) = D'*? /imp(.R) = D'*?/(D'*% R) = M.Since Disa
left noetherianring, D 14 is a noetherian left D-module, i.e., every left D-submodule
of D'*4 is finitely generated [52]. In particular, ker p (. R) is a finitely generated left D-
module, i.e., there exists a finite generator set {);};=;,._, of kerp(.R). Then, we have
kerp(.R) = imp(.Ry) = D' R,, with the notation Ry := (AT ... \hT € D4,
Let us introduce a few definitions.

Definition 12 (a) A complex of left D-modules is a sequence of left D-modules
M; and D-homomorphisms d; : M; —> M;_, fori € Z suchthatd; od;11 =0,
i.e.,,imd;y; C kerd; for alli € Z. Such a complex is denoted by:

d; d; d; d;- di-
2 Mo —2 M, M| — M, — . (1.16)

(b) The defect of exactness of (1.16) at M; is the left D-module H(M;) :=
kerd;/imd; ;.

(c) Thecomplex (1.16)is said to be exact at M; it H(M;) = 0,i.e.,kerd; = imd; 4,
and exact if H(M;) =0 foralli € Z.
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(d) An exact sequence of the form

R3 Ry R,

D'xp D!xp D> T oM —=0, (1.17)
where R; € DPi*Pi-1 and .R; € homp(D'*Pi, D'*Pi-1) is defined by ((R)A =

AR, forall A € DY*Pi s called a free resolution of M.

With R; = R, we can easily check that we have the following exact sequence

.R;

0 — = kerp(.Ry) —— DV 2 plxa DxP Ty 0,

where i is the canonical injection and 7 the canonical projection. Repeating for R,
what we did for R and so on, we get a free resolution (1.17) of M. If D := O is an
Ore algebra satisfying the hypotheses of Theorem 2, then Algorithm 1 can be used
to compute a free resolution of M.

Applying the left exact contravariant functor homp (-, F) [52] to the complex

Ry Ry

'4R3>D1sz Dlxp DYp -,

obtained by removing M from (1.17)—called a truncated free resolution of M—and
using homp (D'*?1| F) = FPi we then obtain the following complex

R3. R,. R;.

FP2 d Fh

Fpo 0, (1.18)

where R;. : FPi-! — FPiisdefined by (R;.) n = R; nforall ) € FP-'. The exten-
sion Z-modules extiD (M, F) are then the defects of exactness of (1.18).

Theorem 5 ([52]) The defects of exactness of (1.18) depend only on M and F, i.e.,
they do not depend on the choice of the free resolution (1.17) of M. These abelian
groups are denoted by:

ext), (M, F) = homp(M, F) = ker#(R;.),
extiD(M, F)=kerr(Riy1.)/imze(R;.), i>1.

Theorem 5 is a fundamental result of homological algebra. It shows that the
exth, (M, F)’s do not depend on a particular representation of the linear system.

Remark 8 Letus give an interpretation of the ext’) (M, F)’s. They define the obstruc-
tions of the solvability problem which aims at finding np € F?'-' which satisfies the
inhomogeneous linear system R; n = ( for a fixed ( € F*. Indeed, if such an 7
exists, then we have Ri ;1 ¢ = R; 41 (R; n) = Osincekerp(.R;) = D*Pi+1 R, i.e.,
¢ € kerz(R;41.). This condition is a necessary one for the solvability problem. This
problem is solvable if and only if the residue class of ¢ in ext"D M, F)is 0, ie., if
and only if ¢ € im£(R;.), which means that € F?-' exists such that { = R; 7.
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Remark 9 1If F := D, then the ext’b (M, D)’s inherit a right D-module structure.

The concept of a free resolution of a module can be extended to the concept
of a projective resolution in which projective modules are used instead of (finitely
generated) free left D-modules D'*7i [52]. The length of a projective resolution is
the number of non-zero projective modules defining this resolution. The minimal
length of the projective resolutions of a left D-module M is called the left projective
dimension of M and it is denoted by Ipd , (M). The left global dimension of aring D
is the supremum of Ipd ;, (M) for all left D-modules M and itis denoted by 1gld ,, (M).
For more details, see [52]. Similar definitions can be given for right D-modules. If D
is a noetherian ring, i.e., a left and a right noetherian ring, a result due to Kaplansky
shows that the left and right global dimensions of D coincide [52] and it is then
denoted by gld(D).

Example 14 ([16]) We have the following examples.

(a) If A has finite left global dimension and ¢ is an automorphism of A, then we
have Igld(A) < Igld(A[0; o, 0]) < 1gld(A) + 1. Moreover, if § = 0, then we
have 1gld(A[0; o, §]) = Igld(A) + 1.

(b) If kis afield, then gld(k[xy, ..., x,]) = n.

(c) Ifkis a field of characteristic O (e.g., k := Q, R, C), then gld(A,, (k)) = n and
2ld(B, (k) = n.

Theorem 6 ([9]) Let D be a noetherian ring with finite global dimension gld(D) :=
n, M := D"?/(D'*9 R) the left D-module finitely presented by the matrix R e
D?*P and N := D9/(R DP) the so-called Auslander transpose of M. Then, we
have the following results:

(a) M is a torsion left D-module if and only if homp(M, D) = 0.

(b) t(M) = ext,(N, D).

(c) M is a torsion-free left D-module if and only if ext} (N, D) = 0.

(d) M is a reflexive left D-module if and only if ext}, (N, D) = 0 fori =1, 2.

(e) M is a projective left D-module if and only ifext’b(N, D)=0fori=1,...,n.

(f) If R is a full row rank matrix, i.e., kerp(.R) = 0, then M is a projective left
D-module if and only if N = ext'D(M, D) =0, i.e., if and only if R admits a
right inverse.

Remark 10 If D := Kk[xy, ..., x,], then Theorem 6 and (a) of Example 14 show
that the concepts of torsion-free, reflexive, and projective modules are instances of
a sequence of n module properties characterized by the successive vanishing of the
ext’b(N, D)’sfori =1,...,n.If R has full row rank and k := IR or C, it can be
proved that extiD(N, D) =0fori =0,...,r — 1 and ext), (N, D) # 0, if and only
if the algebraic variety defined by all the ¢ x ¢ minors of R has a strict complex
dimension equal to n — r. This result is a generalization of the different concepts of
coprimeness developed in the literature of multidimensional systems.
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According to Theorem 6, certain module properties are characterized by the van-
ishing of some of the extiD (N, D)’s. We point out that N := D9/(R D?) is a right
D-module, and thus, it does not define a linear system. To compute the extiD (N, D)’s,
we first have to compute a free resolution of right D-modules

0 N<""pn<2" pn_ 2 pe & (1.19)

where Q) := R, qo := g, and q; := p, then dualize it to get the following complex
of left D-modules:

N .0 .03

Dxa Dxa

0— DX

Then, we have ext’b(N, D) =kerp(.Qi+1)/imp(.Q;) for i > 0, where we set
imp(.Qp) = 0. Since D is a left noetherian ring, the left D-module kerp(.Q;41)
is finitely generated, and thus there exists Q) € D%-1%4 such that kerp(.Q;11) =
imp(.Q;) = D1%di-1 Q!, which yields ext}, (N, D) = (D"%4i- Q) /(D™ a-1 Q). If
D := O is an Ore algebra satisfying the hypotheses of Theorem 2, then we can use
Algorithm 1 to compute the matrix Q} and then Algorithm 2 to check whether or not
there exists a matrix Q7 € D%-1%4-1 such that Q; = Q! Q;, i.e., to check whether
or not D!*4i-1 Q; = D41 (9, i.e., whether or not extiD(N, D)isOfori > 1. The
only point that does not seem to be constructive is the use of Algorithm 1 to compute
the free resolution of N since we have to compute right kernel and not left kernel.
Moreover, the computation of Grobner bases is usually not available in computer
algebra systems for right ideals or right modules. To do that, we have to use an invo-
Iution 6 of D (see Definition 3). Indeed, it can be used to turn the right D-module
structure into a left D-module structure as explained in the next lemma.

Lemma 1 Let N be a right D-module and 0 an involution of D. Then, we can define
the left D-module N which is egual to N as a set, endowed with the same addition
as N, and the left D-action on N is defined by:

YdeD, YneN, dn:=ndd).

Let M := O™ /(D'*9 R) be a left O-module finitely presented by the matrix
R € ©O7%? and let 8 be an involution of ©. Then, we can define the matrix
0(R) = (0(R,-j))T € OP*1,i.e., the transpose of the matrix obtained by applying the
involution 6 to the matrix R component-wise. Note that we always have R = 6(R),
i.e., a matrix S can always be written as 6(T) for a certain matrix T := 6(S). We
now consider the left ©O-module finitely presented by 6(R), namely,

N := O™ /(O"? §(R)). (1.20)

It is called the adjoint module of M. Then, one can prove that (b), (¢), (d), and (e)
of Theorem 6 hold where N is substituted by N. Hence, we can use Algorithm 1 to
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compute a free resolution of N

0 N < plxa 0(Q1) 0(02)

pixa Q)

D Ixq
then dualizing it by applying the involution 6 to get the complex of left D-modules:

.0, .02 .03

D1xa

0 > DX D xa

Then, we have ext)(N, D) = (D'*%-1 Q})/D"'*%-1 Q;), where Q/ € D%-1*% is a
matrix defined by kerp (. Q;41) = imp (. Q}). Finally, as above, using Algorithm 2, we
can check whether or not ext’b (N, D) = 0fori > 1. In this way, we can effectively
check the conditions of Theorem 6, and thus whether or not M has torsion elements,
is torsion-free, reflexive, or projective.

Example 15 Let us consider again Stokes equations defined in Example 4. With the
notations of Example 12, using Theorem 6, we can easily prove that the finitely
presented ©O-module M := O'*3/L is torsion. Indeed, since det R # 0, R has full
row rank, i.e., kerp(R.) = 0, and we have the following free resolution of N

0 N3t} 0,
which, by duality, yields the following complex
0 O3 _R_pix3 0

and thus we get (M) = extly (N, O) = ker 0/imp(.R) = O3 /imp(.R) = M. If
u (resp., v, p) denotes the residue class of the first (resp., second, third) element of
the standard basis of ©'*3 in M, then eliminating v and p (resp., u and p, resp., u
and v) from (1.12) as shown in Example 12, we obtain:

AwA—-c)u=0,
AlvA—c)v=0,
Ap=0.

Hence, each generator u, v, p of M satisfies a PDE, i.e., is a torsion element.
Example 16 Let us illustrate Theorem 6 on a simple linear DTD system defined by:

X1(t) = x1(0) +x20 — 1) +u@),

. (1.21)
Xo(t) =x1(t — 1) + x2(2) +u(?).

LetO :=Q [6; idg, j—t] [6; o, 0] be the commutative Ore algebra of DTD operators,
where o is defined by o(a(t)) = a(t — 1) and M := O3 /(D'*? R) the O-module
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finitely presented by the following matrix:
o—1 =6 -1
— e ®2><3.
( -5 0-—1 —1)
Let us introduce the Auslander transpose N := O?/(R O?) of M. We note that
we have N = N := O*2/(O"3 RT) because O is a commutative ring and 6 =
idp. Let us explicitly compute the extglgN , O)’s. Since gld(O) =2 (see (b) of

Example 14), one can prove that extﬁD(N, O) = Ojor i > 3, a fact that we will
check again. Using Algorithm 1, we can check that N admits the free resolution

0<% 0o 0.

.RT

0 N<Z 02

where Q7 := (1 1 9 — 1 — §). Dualizing this exact sequence, we get the complex:

.R .02

0 (Dl><2 (Dl><3 O 0.

Then, we have N
homgp (N, ©O) = kero(.R) =0,

exth, (N, ©) = kerp(.Q2)/imo(.R),
extl, (N, D) = /(D3 0y) =0,
extiD(ﬁ, 0)=0, i >3,

since R has full row rank and 1 € ©O'3 Q,. Using Algorithm 1 again, we get
kerp(.Qs) = O2 R’, where:

R/__1 —1 0
“\0o-1-6-1]"

By (b) of Theorem 6, we get t (M) = (D'*? R)/(D'*? R). It means that the rows of
R’ modulo the system equations define a generating set of the torsion O-submodule
t(M) of M. The first (resp., second) row of R’ yields the torsion element z; :=
x1 — xp (resp., 22 := (@ — 1 — §) xo — u = § z1). Hence, t (M) is generated by z;. If
we consider the following inhomogeneous linear system

X1 — X2 =21,
@—1Dx;—80x—u=0,
@—Dxo—80x1—u=0,

then computing a Grobner basis for a monomial order which eliminates x;, x»,
and u, we obtain (0 4+ J — 1) z; = 0. Let us now study the torsion-free O-module
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M/t(M) := O"3/(©"2 R’). One can show that M/t (M) = O"** 0, = O since
ext%D (N O) = 0(see,e.g.,[9, 47, 51]). By (e) of Theorem 6, the O-module M/t (M)
is projective. Using Algorithm 3, we can check that the following matrix

100
L :=
00 -1
is a left inverse of R'7, and thus S := LT isa right inverse of R’, which shows again
that M/t (M) is a projective ©-module by (f) of Theorem 6. By the Quillen—Suslin

theorem (see (b) of Theorem 4), M/t (M) is then a free ©O-module of rank 1. This
result can be easily checked again by noticing that M /¢ (M) is defined by

yi—y»=0, — 1=y,
@—=1=08)y,—v=0, v=0—-1-08n,

which shows that y, is a basis of M/t (M). Finally, since O is a commutative polyno-
mial ring, we can use Remark 10 to prove again the results obtained above. Indeed,
the ideal Fitty(N) defined by all the 2 x 2 minors of R is defined by the ideal

= (0 4 § — 1). The algebraic variety formed by the zeros of I is9+ 3§ — 1 =0,
which is 1-dimensional. Using Remark 10, we then get ext('D(N , ©) # 0, which
proves again that (M) # 0. Similarly, if N’ := O>*!/(R’ ©**!) is the Auslander
transpose of M/t(M), then we have Fitty(N') = (0 — 1 — 4, 1) = O, which shows
that extb (N', ©) = 0fori = 1, 2, which proves again that M /(M) is a projective
and thus a free ©O-module.

Finally, if R is a full row rank matrix, then (f) of Theorem 6 shows that M is a
projective left D-module if and only if we have N = ext L (M, D) = Oorequivalently
if and only if N = 0. In this case, we do not have to test the vanishing of all the
ext’D(N, D)’sfori =1,...,n as shown in (e) of Theorem 6.

Example 17 Let O := A [9; id,, %] be a ring of OD operators with coefficients in
anoetherian differential ring A, A € A", B € A", and the left O-module M :=
O'x+m /(" R) finitely presentedby R := (0 I, — A — B) € O+ which
defines the linear system x(¢) = A x(t) + B u(t). Since R has full row rank, (f) of
Theorem 6 shows that M is a projective left ©-module if and only if R admits a
right inverse, i.e., using the involution # defined in (b) of Example 3, if and only if
O(R) := (=01, — AT — BT)T ¢ OQ"*+™>" admits a left inverse S. This is equiv-
alent to say that the adjoint system O(R) A = 0, i.e.,

(1.22)

A+ AT\ =0,
BT A =0,

has only the trivial solution A = 0 since S 6(R) = I, yields A = S (O(R) A) = 0.
The above system is not a Grobner basis for the total degree order since if we
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differentiate the zero-order equation, we get BT A+ BT. A=0,ie., using the first-
order equation, we obtain the new zero-order equation (B7 — BT AT) A = 0. We can
repeat the same procedure with this last equation. Hence, if we define the sequence
of matrices B; defined by By := B and B, := B; — B; A” for i > 1, we obtain
that (Bl Bl BI ...)T X = 0.Since A is supposed to be noetherian, the increasing
sequence of A-submodules Oy, := Zf;o A™™ B; of A" stabilizes (see, e.g., [52]),
i.e., there exists » € IN such that O; = O, for all s > r. Then, we get:

A+ AT XA =0,
By

(22) | a=o
B,

Hence, the above system has the only solution A = 0 if and only if the matrix O :=
(BY BT BT ... BI')T admits a left inverse with entries in A or equivalently if
and only if OT admits a right inverse with entries in A. If A is a field, then we can
take r = n — 1 by the Cayley—Hamilton theorem and the condition on the existence
of aright inverse for O then becomes that O has full row rank. Finally, if A := k
is a field of constants, i.e.,a = O foralla € A, as,e.g., A = Q or R, then we get the
standard controllability condition rankyx(B A B ... A" B) = n (see [27, 32]).

1.4.3 Dictionary Between System Properties and Module
Properties

Let us introduce a few more definitions.

Definition 13 ([52]) We have the following definitions:

(a) Aleft D-module F is said to be injective if for every left D-module M, we have
ext’b(M, F)=0fori > 1.

(b) A left D-module F is said to be cogenerator if for every left D-module M and
m € M \ {0}, there exists ¢ € homp (M, F) such that p(m) # 0.

It can be shown that a left D-module F is injective if and only if for every matrix
R € D7*? and ( € F1 satistfying R, ( = 0, where R, € D"*7 is any matrix such that
kerp(.R) = imp(.Ry), there exists n € F7 solving the inhomogeneous linear system
R n = ([52]. A standard result in homological algebra shows that there always exists
an injective cogenerator left module for a ring D [52].

Example 18 1If Q is an open convex subset of R” and F := C*(2) or D'(Q2) (i.e.,
the space of distributions with support in £2), then F is an injective cogenerator D :=

k [81; idy, a%] . [8,,; idy, 6%]—module, where k := IR or C. For more details, see
[43] and the references therein.
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Example 19 If F is the set of real-valued functions on IR which are smooth except
for a finite number of points, then F is an injective cogenerator left B, (IR)-module
[57].

Based on the results of [21-23, 45, 46, 56], we can give the following definitions.

Definition 14 ([9]) Let D be a noetherian domain, R € D?*7, F an injective cogen-
erator left D-module, and the linear system (behaviour) defined by R and F:

kerz(R.) :={n:= @ ... n,)" € F’ | Rn=0}.

(a) An observable is a D-linear combination of the system variables 7).

(b) An observable ¥ (n) is called autonomous if it satisfies a D-linear relation by
itself, i.e., d 1»(n) = 0 for some d € D \ {0}. An observable is said to be free if
it is not autonomous.

(c) The linear system is said to be controllable if every observable is free.

(d) The linear system is said to be parametrizable if there exists a matrix Q € DP*"
such thatker#(R.) = Q F™,i.e., if forevery n € ker(R.), there exists ¢ € "
such that n = Q &. Then, Q is called a parametrization and & a potential.

(e) The linear system is said to be flat if there exists a parametrization Q € DP*™
which admits a left inverse T € D™*?, i.e, T Q = I,. In other words, a flat
system is a parametrizable system such that every component &; of a potential &
is an observable of the system. The potential £ is then called a flat output.

We are now in position to state the correspondence between the properties of a
linear system defined in Definition 14 and the properties of the associated finitely
generated left module defined in Definition 11.

Theorem 7 ([9]) With the hypotheses and notations of Definition 14, we have:

(a) The observables of the linear system are in one-to-one correspondence with the
elements of M.

(b) The autonomous observables of the linear system are in one-to-one correspon-
dence with the torsion elements of M. Consequently, the linear system is con-
trollable iff M is torsion-free.

(c) The linear system is parametrizable iff there exists a matrix Q € DP*™ such
that we have M := D'P /(D9 R) = D'P Q, i.e., iff M is a torsion-free left
D-module. Then, the matrix Q is a parametrization, i.e., kerr(R.) = Q F™.

(d) The linear system is flat iff M is a free left D-module. Then, the bases of M are
in one-to-one correspondence with the flat outputs of the linear system.

Example 20 Let us give the system interpretations of the results obtained in
Example 16. First, we have the autonomous element z; (¢) := x(¢) — x2(¢) of (1.21)
since it satisfies the autonomous DTD equation z;(f) — z;(¢#) —z;(t — 1) = 0. It
is a non controllable element of (1.21) since its trajectory cannot be changed by
means of u. Moreover, the controllable system associated with (1.21) is defined
by M/t(M) := O3 /(D2 R’), which is a free O-module of rank 1. Thus, if
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F is any O-module (e.g., F := C*(Ry)), then the corresponding linear system
R'n =0, wheren :=(y; y» v)T,isflatand y, is a flat output. Finally, the matrix
0, defined in Example 16 is an injective parametrization of ker #(R’.), i.e., we have
R’n = 0 if and only if there exists £ € F such thatn = Q, €. Finally, we can check
that Q, admits a left inverse S, := (0 1 0) (see Algorithm 3), which shows that

5:

Finally, we illustrate Theorems 6 and 7 with standard linear functional systems

(82 Q7)) &€ = S, n is uniquely defined by 7.

coming from control theory and mathematical physics.

Example 21 (a) Let us consider a wind tunnel model studied in [41] and defined

(b)

by the following linear DTD system:

X1(®t) +axi(t) —kax,(t —h) =0,
X2(t) —x3(t) =0, (1.23)
X3(1) + w? xa(t) +2Cwxs (1) —wu(t) =0,

where a, k, w, and ( are constant parameters. Checking that ext}D (N,DO) =0,
(c) of Theorem 6 shows that (1.23) defines a torsion-free module over the ring
of DTD operators, and thus (1.23) is parametrizable by (c) of Theorem 7. The
matrix Q) obtained during the computation of ext('D(N , O) (see (1.19)) is then
a parametrization of (1.23) and we have

x1() =w?kaz(t —h),

X @) =w? i) —aw? z(1),

x3(t) = w230 + w?az(@),

u®) =230+ QCw+a)i(t) + W +2aw)i(t) + awz(r),

(23) =

for all z which belongs to an injective module F over the ring of DTD operators.
Let us consider the first group of Maxwell equations defined by

B

Q—+VAE:Q

ot (1.24)
V.B=0,

where B (resp., E) denotes the magnetic (resp., electric) field. We can prove that
the differential module associated with (1.24) is reflexive (see [9]). In particular,
(1.24) is parametrizable and using the matrix Q; obtained in the computation of
ext(ID (N, O) (see (1.19)), we obtain

E = oA vV
(24) T ot ’ (1.25)

B=V AA,
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where (A, V) is the so-called quadri-potential formed by smooth functions
over R3. The second matrix Q» defining a free resolution of N (see (1.19)) then
defines a parametrization of the inhomogeneous part of (1.25), i.e., we have

_a_A_VVZO, A=VE
ot = 0
VAA=0, V:_E’

where ¢ is an arbitrary smooth function on R? (used, e.g., for the Lorenz gauge).
(c) Similarly as for the first group of Maxwell equations, we can prove that the
equilibrium of the stress tensor defined by

Ooy 0Ty % —0
Ox Oy oz
OTyy  Ooy 0Ty,
.2 A W A L 1.2
Ox + Oy 0z ' (1:26)
01y 071y,  Oo;
z z —o,
Ox + dy + 0z

defines a reflexive differential module (see [47]) and we have the parametrization

I?xs  Pxo  OMY
Oy = + )
0y? 072 0y 0z

Pau 10 (o0, 0 o)

Ty, = - = —

Cdyodz 2 0x Ox Oy 0z
o — Pxi | Pxs | P
.)' - 2 2 9
26) 0z i Ox 0z Ox
em D 10 (00 0% o)
“T9zox 209y \ ox Oy oz )’
; Pxa  Ox1 |, 0%

$T a2 0yr = Ox0y’

oo O 10 (0 O OYs
T 9xdy 20z \ Ox dy oz )’

where the ;s and the x;’s are smooth functions on R3. Finally, if we set ¢, =

1y = Y3 = 0 (resp., x1 = x2 = X3 = 0), then we obtain the so-called Maxwell’s

parametrization (resp., Morera’s parametrization). For more details, see [47].
(d) Let us consider the following time-varying linear OD system:

x1(t) —tu(t) =0,
X2(t) —ur(t) = 0.
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Using Example 17, we can easily check that this system is controllable, i.e.,
defines a stably free left module over O := A;(Q). By (c) of Theorem 4 (i.e.,
by Stafford’s theorem), this module is then free, i.e., the time-varying linear
system is flat by (d) of Theorem 7. The effective computation of an injective
parametrization is usually a difficult task. To do that, following constructive ver-
sions of Stafford’s theorems [48, 49] and their implementations in the STAFFORD
package[48, 49], we obtain the following injective parametrization

x1(t) =2 &) — 1 &) + &),

0O =1@+DEW -+ DED + &,

ur(t) =t &) +26(1) — &),

ur() =1 (t+ DE@ + 2t + D& — (1 + DEW),

where £; and &, are arbitrary functions in a left ©-module F, and:

&) =@+ Dui(t) —uz (1),
(1) =+ 1D xi1(t) — 1 x2(0).

In the language of module theory, we obtain that {£; = (t + 1) u; — up, & =
(t + 1) x; — t x,} is a basis of the free left A;(QQ)-module M, where x;, x5, u;
and u, denote here the generators of the module as explained in Sect.1.4.1.
Finally, we point out that the above injective parametrization does not contain
singularities contrary to

{ ui () = 7' %, (0),

ur (1) = x2(1),

where x| and x; are arbitrary functions, which admits a singularity at r = 0.
If we consider the following linear DTD system

Vi) =yt —h) +2y(t) +2y(t) —2u( — h) =0,
yi(®) + y2(t) —u(t —h) —u(t) =0,

using (e) or (f) of Theorem 6, then we can check that it defines a projective
module over the commutative polynomial ring of DTD operators with constant
coefficients. By the Quillen—Suslin theorem (see (b) of Theorem 4), this module
is free. The computation of bases and injective parametrizations is usually diffi-
cult and requires an effective version of the Quillen—Suslin theorem [20]. Using
the QUILLENSUSLIN package [20], we get the following injective parametrization

() = &),
y2(t) = L (=€t —h) + £t —2h) — €() + &1t — h) — 2£(1)),
u(t) = 5 €@ —h) — @),
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for all ¢ belonging to a module over the ring of DTD operators. Finally, note
that y; defines a basis of the free module defined by the above system.

1.5 Mathematica Packages

1.5.1 The HOLONOMICFUNCTIONS Package

The Mathematica package named HOLONOMICFUNCTIONS has been developed by
the second-named author in the frame of his Ph.D. thesis [29]. It can be down-
loaded for free from the website http://www.risc.jku.at/research/combinat/software/
HolonomicFunctions/, and a complete documentation is given in the manual [30].
We start with a fresh Mathematica session and load the package with the following
command:

1= << RISC‘HolonomicFunctions’

HolonomicFunctions Package version 1.7.1 (09-Oct-2013)

written by Christoph Koutschan

Copyright 2007-2013, Research Institute for Symbolic Computation
(RISO),

Johannes Kepler University, Linz, Austria

—> Type? HolonomicFunctions for help.

In its core, the package provides functionality to construct Ore algebras and to
work with Ore polynomials. First, we demonstrate how this is done using a very
standard application, namely the operator from (b) of Example 2. For this purpose,
we define a multivariate Ore algebra with rational function coefficients, which is
built up of the shift operator S, and the ordinary differential operator D;:

)= alg = OreAlgebra[S[n], Der[#]]
outzl= K(z, n)[S:; S, 01[ D3 1, D]

The symbol K in Out[2] has no particular meaning, and just indicates that the
constant field can be everything that covers the user’s input; for example K could
contain the rational numbers Q as a proper subfield.

We can now convert an input expression to an Ore polynomial that belongs to
this Ore algebra and do some arithmetic (note the usage of the noncommutative
multiplication #*x* in Mathematica):

in@a1= op = ToOrePolynomial[S[n] + Der[¢] — n/¢, alg]

n
ougl S, + Dy — n
ini41= op #% (Der[t] + ¢ n)

n

om[41:S,Dr+D,2+(nt+t)5;,+(n;_?)Dr_,_(n_nz)


http://www.risc.jku.at/research/combinat/software/HolonomicFunctions/
http://www.risc.jku.at/research/combinat/software/HolonomicFunctions/

44 T. Cluzeau et al.

To construct an Ore algebra with polynomial coefficients, we just have to include
the variables n and ¢ in the command. Note that each monomial is displayed according
to the order in which the generators of the ring are given:

)= algl = OreAlgebra[S[n], Der|[t], n, t]
ousl- Kln, 11085 S, 010D 1, Dy]

inel= ChangeOreAlgebra[f #* op, algl]
ouel= S, t + Dt —n—1

The HOLONOMICFUNCTIONS package provides a rather general implementation
of Ore algebras, which is advantageous for the applications in control theory dis-
cussed in Sect. 1.4. For instance, the coefficients of an Ore polynomial ring need
not necessarily be polynomials or rational functions. The software also allows us to
have, for example, elementary functions in the coefficients:

7= alg = OreAlgebra[Der[¢]]

oul- K@) [Dr; 1, D]

ing= op = ToOrePolynomial[Cos[¢] #% Der[¢] ## Sin[#], alg]
outis)= Sin(t) cos(t) Dy + cos? (1)

info):= op + Sin[#]"2

outi9}= sin(t) cos(t) Dy + (sin2 (1) + cos? (t))

Note that the obvious simplification in the last step is not carried out. By default,
HoLONOMICFUNCTIONS keeps the coefficients of Ore polynomials in expanded form,
without further simplifications. But there are options to specify a normal form for
the coefficients and how to add and multiply them:

ini10)= algl = OreAlgebra[Der[¢], CoefficientNormal — Simplify, CoefficientPlus
— (Simplify[#1 + #2]&), CoefficientTimes — (Simplify[#1  #2]&)]

outol= K(#)[Dy; 1, Dy]

ini11= 0pl = ChangeOreAlgebralop, algl]

outf11}= sin(¢) cos(t) D, + cosz(t)

2= opl + Sin[£]"2

out(12}= sin(t) cos(t) Dy + 1

Ideally, these options are chosen in a way that expressions identically zero are
actually simplified to 0. This is, for instance, not the case when dealing with rational
function coefficients in expanded form (as we did above).

Apart from the coefficient domain, HOLONOMICFUNCTIONS provides also a lot of
flexibility concerning Ore extensions. As we have seen already, the most common
operator symbols are predefined, but there is also a way for the user to define own
operator symbols. As an example, we can construct an Ore algebra with a generic
Ore extension:

inpar= OreSigmald] := o;

inp4x= OreDelta[d] := d;
inf1s:= alg = OreAlgebra[d]
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outis= K[d; o, ]
6= ToOrePolynomial[d”2 ## ¢, alg]

outter o (o (t))d* + (5(a (1)) + a(5(1))d + 5(5(1))

Based on the arithmetic of Ore polynomials, an implementation of Buchberger’s
algorithm for computing Grobner bases is part of the HOLONOMICFUNCTIONS pack-
age. In the following, we consider a family of orthogonal polynomials, namely the
Legendre polynomials, which satisfy a second-order differential equation as well
as a three-term recurrence. We represent these equations as operators in a suitable
Ore algebra and show, by means of a Grobner basis computation, that Buchberger’s
product criterion cannot be exploited in noncommutative domains (note that the two
Ore polynomials have leading power products D? and S?, whose ged is 1):

ni7:= ode = (¢°2 — 1) #* D[ f[n, t1, ¢, t]1 + 2x * D[ f[n, t], ] — n(n + 1) % f[n,t]

outi7e (t2 - 1) FODG 1y 421 FOV 1) —n(n+ 1) f(n, 1)

nter=rec = (n+ 1) = fln+1,¢1—¢t2n+1) % fln,t]+n= fln—1,¢]
ouiig=nt f(n —1,8) = 2n+ Dt f(n,t) + (n+1) f(n+1,1)

in19):= ops = ToOrePolynomial[{ode, rec}, f[n, x]]

outisl {(t* = 1) DY + 21 Dy + (—n* —n), (0 +2) §7 + (=2nt =30 8, + (n + 1)}
inzo:= OreGroebnerBasis[ops]

ouor {(—n — 1) §, + (> = 1) D, + (nt + 1), (1> — 1) D? +21 Dy + (—n® — )}

Although this paper is mostly about applications of the above-described methods
in control theory, we want to mention briefly the main application for which the
HOLONOMICFUNCTIONS package has been developed. That is: proving special func-
tion identities, involving integrals and symbolic sums, in the spirit of Zeilberger’s
holonomic systems approach [54]. Once the input functions are represented by their
annihilators (together with initial conditions), one can use Grobner basis techniques
to compute the annihilator of an integral or sum, by employing the method of cre-
ative telescoping [55]. An identity then is established, for example, by observing
that both sides satisfy the same differential equation or recurrence. As an example,
consider the following identity involving the Laguerre polynomials L{(¢) and the
Bessel function J,(t):

+oo B
e"t“/zn!LZ(t)zf e T ], (247 1) dr. (1.27)
0

By using closure properties of holonomic functions, the HOLONOMICFUNCTIONS
package automatically computes the annihilator of the function on the left-hand side
of (1.27). The result is given as a Grobner basis:

in21:= Annihilator[Exp[—¢] # t"(a/2) % n! % LaguerreL[n, a, t], {S[a], S[n], Der[t]}]

oue= {28, — 21D 4+ (—a —2n—2),4> D2 + (412 + 41) D, + (—a®> + 2at +4nt +41),
2082+ Qat+202 420D+ (—a* +at —a+2n1+21))
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For the right-hand side of (1.27), one computes the annihilator of the integrand,
and then applies creative telescoping to it, in the form of Chyzak’s algorithm [8]:
in22:= ann = Annihilator[Exp[—7] % 77(a/2 + n) % BesselJ[a, 2 Sqrt[T ¢]],
{S[al, S[n], Der[t], Der[T]1}]
oupz= {2t Dy — 27D +(a+2n—-271), 5, — 7,7 D7-2 +(—at—2nT7+272+71)D; +
(an—aT—f—n2 —2n7’+7—2+Tt+T),tSa2+(aT+T)DT+(—a2 —an+art—
a—n+T1t+71)}
ine3r= CreativeTelescoping[ann, Der[7]]
outeal= {{—28, +2t D+ (@+2n+2),4 D> + (412 +41) D, + (—a® + 2at +4nt +41),

20+ Qat+22 420D+ (—a® +at —a+2nt + 20}, {=27, =471, =271}}

Note that the first part of Out[23] agrees (up to sign) with Out[21], the annihilator
of the left-hand side. In order to complete the proof of (1.27), one has to investigate
whether the certificate (the second part of Out[23]) contributes an inhomogeneous
part to the computed equations (this is not the case here), and one has to compare
initial values. These steps are currently beyond the capabilities of the package and
have to be done by hand; see the examples in [29] where this is demonstrated in
detail.

1.5.2 The OREALGEBRAICANALYSIS Package

A Mathematica package, called OREALGEBRAICANALYSIS, has been recently
developed by the first, third, and fourth-named authors.' It is freely available with a
library of examples (see [15]).

The OREALGEBRAICANALYSIS package can be used to study (determined/over-
determined/underdetermined) linear functional systems appearing, e.g., in control
theory and in mathematical physics. For instance, structural properties of linear
functional systems can algorithmically be decided (e.g., existence and computation
of autonomous elements, (injective, minimal, chain of) parametrizations, potentials,
flat outputs, decide Willems’ controllability and observability). We point out that the
algorithms implemented in this package are generic in the sense that they do not
depend on the Ore algebras.

To define, manipulate, and compute in Ore algebras of functional operators, we
use the Mathematica package HOLONOMICFUNCTIONS described in the previous
section. The package OREALGEBRAICANALYSIS extends these Grobner basis tech-
niques to finitely presented left modules over the same classes of Ore algebras. It
also contains algorithms for module theory (e.g., test whether or not a module admits
torsion elements, is torsion-free, reflexive, projective, stably free, free) and homolog-
ical algebra (e.g., computation of free resolutions, projective dimension, extension
modules with value in the underlying ring, homological invariants, ...).

I'This work was supported by the PHC PARROT 29586NG between France and Estonia.
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The OREALGEBRAICANALYSIS package includes the main procedures imple-
mented in the Maple packages OREMODULES [10] and OREMORPHISMS [13]. Since
HOLONOMICFUNCTIONS can handle larger classes of Ore algebras than the Maple
package ORE_ALGEBRA,> OREALGEBRAICANALYSIS can study larger classes of lin-
ear functional systems than the Maple packages OREMODULES and OREMOR-
PHISMS. Moreover, the internal design of Mathematica can allow us to consider
classes of systems which could not easily be considered in Map1le such as generic lin-
earizations of nonlinear functional systems defined by explicit equations and systems
containing transcendental functions (e.g., trigonometric functions, special functions).
See the following examples.

We will now shortly illustrate the main functions and applications of the OREAL-
GEBRAICANALYSIS package with explicit examples. For more examples, see [15].

Example 22 Letus consider an example studied in [42]. We startthe Mathematica
session by loading the package
in241= << OreAlgebraicAnalysis’
and then entering the system equations in the form:
mnizs)= eqs = {x[¢] — x1[¢lult] + ult — 2],

x5[t] = ult] +ult - 1],

x3[t] = ult — 11 — ult — 21};

vars = {x1[t], x2[t], x3[], ult]};

Let us now introduce the following Ore algebra A of DTD operators:

in26]= replA = ModelToReplacementRules| eqs, 7 ];
A = OreAlgebraWithRelations[ Der[¢], S[—1][¢], replA ]

outzer K(1)[Dy: 1, D,][(S;l); B/ .1 — 1 — 1&, 0&]

The matrix R of DTD operators which defines the generic linearization of the above
nonlinear system is then given by:
in27= MatrixForm[R = ToOrePolynomialD[ eqs, vars, A ]]

out[27]=

D, —ult] 0 0 — (57 = xilr]
0 D0 —(5)-1
0 0D (5) = (57
Let M = A™4/(A"3 R) be the left A-module finitely presented by the matrix R.
The adjoint of R is then defined by:
inz8= MatrixForm[ Radj = Involution[ R, A ]]

Out[28]=

D, — u[—t] 0 0
0 D, 0
0 0 D;

— () =l = (7)) =1L (S57) = (571)
Let us check whether or not M is a torsion-free left A-module:

Zhttp://algo.inria.fr/chyzak/Mgfun/Sessions/Ore_algebra.html.
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o= {Ann, Rp, Q) = Exti[ Radj, A, 11;

MatrixForm[ Ann ]
100 0
0100
0010
000 Dy
inao:= MatrixForm[ Rp ]
Outsor 0 -D, 0 (571 +1
—D; + ult] 0 —-D, ST + xilr]
0 0 D, (87— (s
0 —(ST) ()~ () —1 0

The matrix Q is a parametrization of the controllable part (it is too large to be printed
here; see [15]). Since Ann is not the identity matrix, we deduce that M admits
nontrivial torsion elements and thus the corresponding system admits autonomous
elements 7, ..., 74, defined by:

in@11= {aut, eqs, rels} = AutonomousElements| R,
{dx1[¢], dxz[¢], dx3[t], du[t]}, T, A, Relations — True];
aut

oustl= {T[1][¢t] = du[—1 +t] + dul[t] — dxé[t],
T[21[7] = du[—1 4 t] + ulrldx;[t] + dult]xi[t] — dx|[t] — dx;[1],
T[31[t] = du[-2 +t] — du[—1 + ] + dxé[t],
T[4][t] — —dxa[-2 + t] +dxo[—1 + 1] — dx3[—1 + 1] — dx3[t] }

In[32]:= €(qS
oupz= { T[1][t] == 0, 7[2][t] == 0, 7[3][t] == 0, 7[4]'[t] == 0}

in33):= rels
ougaal= {—7[2][¢] — 7[31[t] == 0, —7[1][r] == 0, 7[3][t] == 0,

— 7[1[=2+ ]+ 711 +¢] + 7[3][—1 + ¢] + 7[3]1[¢] + 7[4]'[t] == 0}
We note that the first three autonomous elements 7y, 7, 73 are trivial. The only
nontrivial autonomous element is 74 = —dx(f —2) +dx(t — 1) — dxz(t — 1) —
dx3(t), which satisfies 74 = 0.

Example 23 Let us consider the following nonlinear DTD system considered in [6]:

In341= €qS = [xi[t] — x2[t — 1]ult],
x5 (] = x3[t]ult],
x3[t] = ultl);
vars = {x1[t], x2[¢], x3[¢], ult]};
Let us introduce the following Ore algebra A of DTD operators

in3s= replA = ModelToReplacementRules| eqs, 7 ];
A = OreAlgebraWithRelations[ Der[¢], S[—1][¢], replA ]

outasi- K(1)[Dy; 1, D,][(S;l); H/ .1 >t —1&, 0&]

the matrix R of DTD operators which defines the generic linearization of the above
nonlinear system
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inel:= MatrixForm[R = ToOrePolynomialD[eqs, vars, A]]

OB D, —ult] (ST 0 —xoft — 1]
0 D, —ult] —x3[t]
0 0 D, —1
and the left A-module M = A"**/(A"3 R) finitely presented by R. Let us first
compute the adjoint of R:
ina7= MatrixForm[Radj = Involution[R, A]]

out[37]= D, 0 0
—u[l —1] (St_l) D, 0
0 —u[—t] Dy

—xol—1 =] —x[—t] —1
Let us check whether or not M is a torsion-free left A-module:
ingsl= {Ann, Rp, Q} = Simplify[ Exti[ Radj, A, 1]];

MatrixForm[ Ann ]
out[3g)= D, 0 0
01 0

0 Oult]lD; — u'[1]
inaol= MatrixForm[ Rp ]

oEE 0 —1 x3[t] 0

0 0 —D; 1

D, 0 —ult]xs[t — 1] (S;1) —xalt — 1]

The matrix Q is too large to be printed here. For more details, see [15].

iniol= {aut, eqs, rels} = AutonomousElements[ R, {dxq[#], dx;[¢], dx3[¢], du[¢]},
7, A, Relations — True]; aut
outol= {T[1][t] = —dx;[t] + dx3[¢]x3[¢],
7[21[t] — dult] — dxj[z],
T[31[¢]1 = —dultlxz[r — 11 — ultldxalr — 1xs[r — 11+ dx}[#1}

The autonomous elements 71, 72, 73 satisfy the following equations:

In[41]:= €qQS
outtl= {7[1]'[t] == 0,
7[2][1] == 0,

— 7[31[t 1/ [#] + ult17[3]'[t] == 0}

The A-linear relations among the autonomous elements are given by:
in42):= rels
outazs= {u[r]7[1][z — 1]+ 7[3][r] == 0,
— x[31t17[21[1] — T[1)'[t] == 0,
T[2][z] == 0}

Let us now prove that the set of autonomous elements can be generated by 7. Let
us introduce the matrix L defining rels:

inaar= MatrixForm[L = ToOrePolynomialD] rels,
{r[11l¢], 7121121, T[311¢1}, All



50 T. Cluzeau et al.

CHEur](S7) 001
—D;  —x3[t] 0
0 -1 0
Let us consider the following matrix
4= MatrixForm[v = {{1, 0, 0}} ]

Out[44]= ( 10 0)
which corresponds to the position of 7;. To express 7 and 73 in terms of 71, we
first check whether or not the matrix 7, formed by stacking L with -y, admits a left
inverse.

inast= U = LeftInverse[T = Join[L, v], A]

ous- ({0, 0,0, 11, 0,0, 1,0}, {1,0,0, ~ur] (57"))

Hence, if we consider the last column of the left inverse U of T, i.e.
inuel= MatrixForm[V = Take[U, All, —1]]

Out[46]= 1

0
—ulr] (57
then we obtain:
in471= Thread[Table[T[i][¢], {i, 3}] — ApplyMatrix[V, {r[1][¢]1}]]
oupar= {T[11[t] — 7[11[7], T[2][¢] — O, T[3][t] — —ult]r[1][z — 11}

From this point, we will use some procedures which are not freely available (see
[2]). Finally, let us integrate the one-form defined by 7:
inss1= BookForm[sp = SpanK[{ApplyMatrixD[Rp[[1]], vars]}, ¢]]
outsl= SpanK[—dxz[¢] + x3[¢]dx3[¢]]

inel:= IntegrateOneForms[sp]

1
outpa9)= {x2[t] — §x3[f]2}

Thus, x; is an autonomous element of the nonlinear DTD system.
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Chapter 2 ®)
Equivalences of Linear Functional e
Systems

Thomas Cluzeau and Alban Quadrat

Abstract Within the algebraic analysis approach to linear systems theory, we in-
vestigate the equivalence problem of linear functional systems, i.e., the problem of
characterizing when all the solutions of two linear functional systems are in a one-to-
one correspondence. To do that, we first provide a new characterization of isomor-
phic finitely presented modules in terms of inflation of their presentation matrices.
We then prove several isomorphisms which are consequences of the unimodular
completion problem. We then use these isomorphisms to complete and refine exist-
ing results concerning Serre’s reduction problem. Finally, different consequences of
these results are given. All the results obtained here are algorithmic for rings for
which Grobner basis techniques exist and the computations can be performed by
the Maple packages OREMODULES and OREMORPHISMS or the Mathematica
package OreAlgebraicAnalysis.

Keywords Linear systems theory + Equivalence problem + Control theory -
Algebraic analysis - Computer algebra

2.1 Introduction

Mathematical systems which are studied in control theory, mathematical physics,
and engineering sciences can usually be modeled by systems of functional equa-
tions, namely, equations whose unknowns are functions. These functions can depend
on one or more continuous or discrete variables. Standard examples of functional
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equations are ordinary differential (OD) or partial differential (PD) equations, (par-
tial) difference equations, differential time-delay equations, ... Functional systems
can be studied by a large amount of mathematical theories as functional analysis,
numerical analysis, differential geometry, ... In this paper, we focus on linear func-
tional systems, i.e., on the case where the functional equations are linear. In particu-
lar, we use the algebraic analysis approach to linear systems theory to study built-in
properties of linear functional systems. Algebraic analysis has been developed by
Malgrange, Bernstein, Sato, Kashiwara, ... For more details, see [14, 15, 17, 19,
21] and the references therein.

We shall study here linear functional systems which can be written as Rn = 0,
where R is a g x p matrix with entries in a (noncommutative) polynomial ring D of
functional operators (e.g., OD or PD operators, shift operators, difference operators,
OD time-delay operators) and 7 is a vector of unknown functions which belong
to a functional space (e.g., smooth functions, distributions, hyperfunctions). More
precisely, if F is a left D-module (see, e.g., [16, 24]), then we can consider the
following linear system

kerz(R.) :={n e F? | Rn =0},

also called a behavior in control theory (see [19] and the references therein). The
algebraic analysis approach to linear systems theory (see [3, 13, 19, 21, 23] and the
references therein) is based on the fact that the linear system ker = (R.) can be studied
by means of the factor left D-module M := D'*P /(D'*4 R) finitely presented by
the matrix R. Indeed, Malgrange’s isomorphism [17] states that we have

ker=(R.) = homp(M, F),

where homp (M, F) denotes the abelian group (i.e., Z-module) of all the left D-
homomorphisms (i.e., left D-linear maps) from M to F (see Sect.2.2 for more
details). Hence, module properties of M and F are connected to system-theoretical
properties of ker #(R.). Using constructive methods of homological algebra [24] for
Grobner rings D (namely, (noncommutative) polynomial rings for which Grobner
bases can be computed for all admissible term orders by means of Buchberger’s algo-
rithm [5]) [3, 6, 21], we can effectively characterize module properties of M which
are important in control theory (see [3, 13, 19, 21, 23] and references therein).
For more details, see Chap. 1. The corresponding algorithms are implemented in
dedicated packages of computer algebra systems (e.g., OREMODULES [4] and ORE-
MORPHISMS [7] developed in Maple, and OREALGEBRAICANALYSIS [12] developed
in Mathematica).

The purpose of the paper is to use the algebraic analysis framework to consider
the following three important issues in mathematical systems (resp., module) theory:

(a) Equivalence problem: Recognize whether or not two linear systems (resp.,
finitely presented modules) are isomorphic.

(b) Unimodular completion problem: Inflate (if possible) a given (rectangular) ma-
trix into a unimodular, namely, an invertible (square) matrix.
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(c) Serre’s reduction problem: Find an equivalent system defined by fewer equations
and fewer unknowns.

The first contribution of the chapter (see Theorem 1) provides an explicit
characterization of isomorphic finitely presented modules in terms of inflations of
their presentation matrices. This characterization yields a general characterization
of equivalent linear systems which do not necessarily have the same number of un-
knowns and equations. A constructive version of the classical Schanuel’s lemma
(see, e.g., [24]) on the syzygy modules of these modules can then be found again
as a direct application of Theorem 1. If D is a stably finite ring (e.g., a noetherian
ring) (see, e.g., [16]) and one of the presentation matrices has full row rank, then this
result yields a characterization of isomorphic modules in terms of the unimodular
completion problem (which also characterizes Serre’s reduction problem [1]). The
second contribution (see Theorem 2) is to show how the completion problem induces
isomorphisms between the different modules finitely presented by the matrices ap-
pearing in the inflations. This result can be seen as an extension of a result obtained
for Serre’s reduction problem in [1] (extension for non necessarily full row rank ma-
trices). The results are illustrated by explicit examples where all the computations
can be performed using the packages OREMODULES [4] and OREMORPHISMS [7].

The paper is organized as follows. In Sect.2.2, we briefly review the algebraic
analysis approach to linear systems theory. In Sect.2.3, we recall useful results of
[6] on homomorphisms and isomorphisms of finitely presented left D-modules. In
Sect. 2.4, we give an explicit characterization of the inverse of an isomorphism and
a characterization of isomorphic finitely presented modules in terms of inflations of
their presentation matrices. Interesting consequences of this result in linear systems
theory are then given. In Sect.2.5, we give our second main result on the different
isomorphisms induced by a solution to the unimodular completion problem. Finally,
this result is applied to Serre’s reduction problem to refine a result obtained in [1].

2.2 Linear Functional Systems and Finitely Presented Left
Modules

In this section, we show how a linear system defines a finitely presented left D-module
and conversely. This correspondence plays a fundamental role in what follows as
linear systems will be studied by means of the corresponding modules.

Let D be a noetherian ring and R € D?9*? a matrix defining the linear system
kerx(R.) :={n € FP | Rn = 0} foracertain left D-module F (see Sect. 2.1). Using
the matrix R € D?*?, we can define the following multiplication map:

.R: D'*4 —s Dx»r
A— A\R.
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Since D is a (noncommutative) ring and not a (skew) field, D'*¢ and D'*? are
(left/right) D-modules. We recall that a module is an algebraic structure defined by
the same conditions as those for a vector space but where the scalars belong to a ring
and not a (skew) field (see, e.g., [16, 24]). If M| and M, are two left D-modules,
then a homomorphism f from M, to M,, which is denoted by f € homp(M;, M,),
isamap f : M; —> M, satisfying the following condition:

Vdi,dy € D, Vi, mye M : f(dmi+domy) =dy f(m)+dy f(m2).
For all A, A\, € D'*? and for all d,, d, € D, we have
(R)di M +dry ) =di (M R) +dy (M R) =di (R)(N) +da ((R)(N2)),

i.e., .R € homp (D4, D'P). Similarly, we can define homomorphisms for right
D-modules. The image imp(.R) := { R | 1 € D'9} of .R, also simply denoted
by D'*4 R, is the left D-module formed by all the left D-linear combinations of
the rows of the matrix R. The cokernel of .R is defined by the following factor left
D-module:

M := D" /(D' R).

Two vectors A\, A, € D'*? are said to belong to the same residue class, which
is denoted by m()\;) = m(\2), if we have \; — A\, € D'X9 R, i.e., if there exists
W E D4 such that \; = \, + 1 R. The left D-module M is then defined by all the
7(\)’s for A\ € D'*P with the following two binary operations:

VAL MeD™P deD: n\+ X ) :=71\) +7(\), Td ) :=dr(\).

We can check that w(\) 4+ 7w(\;2) and d w(\;) do not depend on the choice of the
representatives A\, A\, of the residues classes w(\;) and 7w(}\;), which shows that
the two above binary operations are well-defined on M and 7 € homp(D'*?, M) is
called the canonical projection onto M.

The left D-module M is said to be finitely presented and R is called a presentation
matrix [16, 24]. Let us explicitly describe M by means of generators and relations. If
{fi}j=1,...p denotes the standard basis of D'*? namely, f ; is the row vector of length
p formed by 1 at the jth position and O elsewhere, and y; := w(f;)forj =1,..., p,
of the form m = m(X) foracertain A := (A ... A\,) = Y_7_ A; f; € D'*7, which
yields m = Zle Aj y; since m € homp(D'P, M). A left/right D-module which
admits a finite set of generators is said to be finitely generated. The y;’s are not left
D-linearly independent since, if R;, denotes the ith row of R, using the fact that
Ris € D' R and 7 € homp(D'*P, M), we then obtain:

p P
Vi=1,....q, Y Ryyj=) Ryn(f)=m(R)=0.  (2I)
j=1

j=1
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Hence, the set of generators {y;} =1, , satisfies the left D-linear relations (2.1). If
wenote y := (y; ... y,) € M7, then (2.1) can be rewritten as Ry = 0.
If F is a left D-module, then we can define the following behavior

kerz(R.) :={n e F? | Ry =0},

i.e., the space of F-solutions of Rn = 0. We claim that there is an isomorphism
(namely, an injective and a surjective homomorphism) between kerr(R.) and
homp (M, F), which is denoted by ker r(R.) = homp (M, F). Let us describe this
isomorphism. If ¢ € homp(M, F), {y;}=1,.., the set of generators of M defined
above, and 7; := ¢(y;) for j =1, ..., p, then, using (2.1), we get

P P p
Vi=1,...,q, ZRijm‘=ZRij¢(yj)=¢ ZRij)’j =¢0) =0,
j=1 j=1

j=1

ie, n:=0p ... n,)" € kerg(R.). Conversely, if n = (n ... n,)" € kerg(R.),
then we can define ¢, : M — F by ¢, (w(\)) := Anforall A € D>P If r(\) =
7(\'), then there exists € D'*7 such that A\ = X' + u R, which yields A\np = X',
since R 7 = 0, which shows that ¢, (7(\)) = ¢,(7(X)), ie., ¢, does not depend
on the representative A of w(A). Clearly, we have ¢, € homp(M, F). Now, if
n € kerr(R.), then we get ¢, (y;) = ¢,(7(f;)) = fj n = n;, which shows that the
additive map
x : kerg(R.) —> homp (M, F)

2.2
77 [ (z)'l]a ( )

is injective. It is also surjective since, for every ¢ € homp(M, F), we can define
n:= () ... p(yp))T € kerx(R.) and we have

P 4
VAeDP, g\ i=An=Y_Nimi=0 [ Y Ny | = @),
j=I

j=1
which shows that ¢ = ¢, = x (1) and finally proves that we have the isomorphism:
kerz(R.) = homp(M, F).

Remark 1 We note that ¢4,(m(\)) = Adn is usually different from d An=4d
@, (m(\)) when D is a noncommutative ring, i.e., X is not a left D-homomorphism. It
is only an abelian group (i.e., a Z-module) homomorphism between abelian groups
(i.e., Z-modules). If D is a k-algebra, where £ is a field, then homp (M, F) inherits
a k-vector space structure and x is then an isomorphism of k-vector spaces.

Hence, the behavior ker ~(R.) is the “dual” of the finitely presented left D-module
M := D7 /(D4 R) [14, 15]. We pass from a finitely presented left D-module M
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(the algebraic side of a linear system) to a behavior ker #(R.) (the analytical side of
a linear system) by applying the contravariant left exact functor homp (-, F) (see,
e.g., [24]). In particular, the algebraic study of M yields information on the behavior
ker z(R.). For more details, see Chap. 1 [3, 6, 13, 19, 21] and the references therein.

In mathematical systems theory and control theory, we usually focus on particular
classes of linear functional systems such as linear OD systems or DTD systems. In
this case, we consider an algebra D of functional operators such as skew polynomial
rings, Ore algebras, Ore extensions, ... For more details, see Chap. 1 [3, 5, 12, 18]
and the references therein. Let us give an explicit example.

Example 1 Let us consider the following linear DTD system
x1(1) = x2(1) + u(t), 23)
%o (t) = x1(t = 3h) +x1(0 = 2h) +u(), '

where h is a non-negative real, i.e., 1 € IR>. Let us consider the differential operator
0 z(t) := z(¢) and the time-delay operator § z(¢) := z(t — h) which satisfy

(080)z(t) =0z(t —h) =z(t —h) = (00) z(¢),

i.e., on the level of operators, we have 00 = ¢ 0, where the product stands for the
composition of operators. Let D := Q[0, d] be the commutative polynomial algebra
formed by the operators in 0 and J with coefficients in Q3. An element d € D is of
the formd = ), i, aij &' 6/, where r € N, a;; € Q, and & z(t) = 2 (1) (resp.,
0" z(t) = z(t — i h)) is the ith composition of & (resp., of §). Then, (2.3) can be
rewritten as Rn = 0, where p := (x; x, u)” and:

R ) -1 -1 s
= S .
2@ +1) 0 -1

We consider the finitely presented D-module M := DV /(D2 R), {f;};=125 is
the standard basis of D3, x| := w(f1), x2 := 7(f>), and u := 7w(f3), where 7 :
D3 — M is the canonical projection. Then, as previously shown, {x|, x», u} is
a set of generators of M which satisfies the following D-linear relations:

Ox1 —xp—u=0,
Oxy =8>+ 1Dx; —u=0.

It is important to note that x;, x,, and u are not functions but only the “abstract”
generators of M. To get functions, i.e., elements of a functional space F having
a D-module structure (e.g., F := C*(R)), we have to consider homp (M, F) =
ker7(R.) = {n = (x; x, u)T € F> | Rn = 0}. Dualizing M with coefficients in F,
the generators of M are then mapped to F functions, i.e., x; —> x(-) € F, xp —>
x2(-) € Fand u —> u(-) € F, satisfying (2.3).
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For more examples, see Chap. 1 [3, 6, 21] and the references therein.

Finally, let us shortly introduce a few basic concepts of homological algebra
(see, e.g., [24]) which will be used thereafter. A sequence of left/right D-modules
{M;};cz and of left/right D-homomorphisms { f; € homp(M;, M;_,)};cz are called
a complex of left/right D-modules if we have f; o f;1; =0 foralli € Z, i.e., if we
have im f;+; C ker f; for i € Z. The complex is then denoted by:

fiva fis1 fi fi-1
e My —= M, M;_,

The above complex is said to be an exact sequence if ker f; = im f;;; for all
i € Z. For instance, using the fact that cokerp (.R) := D'?/imp(.R) = M, we get
the following exact sequence

0 ——=kerp(.R) o pxa Ropoo Ty o 0,

where i is the standard injection and kerp(.R) := {x € D' | 4 R = 0} is the left
D-module, called the second syzygy module of M, generated by all the D-linear
combinations among the rows of R. If the rows of R are D-linearly independent, i.e.,
kerp(.R) = 0, then we say that R has full row rank.

An exact sequence of the form 0 M’ ! MM 0, ie.,

where ¢ is surjective (im g = ker 0 = M"), ker g = im f, and f injective (ker f =
im 0 = 0), is called a short exact sequence. For instance, if R has full row rank, then
we have the following short exact sequence of left D-modules:

R s

0 D1><q D1><p

M 0. (2.4)

Example 2 'We consider again Example 1. Let us check that R has full row rank. We
have i := (1 o) € kerp(.R) if and only if

10— d*(6+1) =0, " p
1= —H2,

i+ 120 =0,

M“jrum_o {Mz(@—l—l):O,

1 2 = ’

which yields p; = 0 since D := Q[0, d] is an integral domain (i.e., D does not
contain nonzero zero-divisors), and thus we get ;. = 0. Hence, we have the short
exact sequence (2.4) with p =3 and g = 2.


http://dx.doi.org/10.1007/978-3-030-38356-5_1
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If D is a Grobner ring, then elimination techniques (e.g., Grobner bases, Janet
bases, ...) can be used to compute kerp(.R) (see Chap. 1 and [3, 21] and the ref-
erences therein). Indeed, a set of generators of kerp(.R) corresponds to a set of
generators of the compatibility conditions y ¢ = 0 of the inhomogeneous linear sys-
tem R n = (. Thus, we have to eliminate 7 from Rn = ( to get a set of generators
for kerp (. R). For more details, see, e.g., [3, 21] and the OREMODULES package [4].

Example 3 We consider again (2.3) with the output y(7) := x;(¢) + x2(¢), i.e.:

o -1 u(t)

G+ (x‘(t)> | u
X (1)

1 1 y(®)

To simplify (for instance, for an observability test), let us suppose that we have
u = 0 and y = 0 so that we get the following linear DTD system:

o -1 t
G+ 9 <x1( )> —o. 2.5)
) ) x2(t)

Let R € D3*? be the above matrix of DTD operators and M := D'*?/(D'*3 R) the
D-module associated with (2.5). Using elimination techniques (see, e.g., [3, 21]) and
their implementations in the OREMODULES package [4], we can check that we have
kerp(.R) = imp(.R;), where:

Ry:=@+8@+1) 0+1 —+80G+1)eD™.

The row vector R, generates the D-module ker p (. R) formed by the D-linear relations
among the rows of R. We can check again that R, ( = 0 generates the compatibility
conditions of R 7 = (. We note that .R, € homp (D, D3)is injective since v R, =
0 yields v (0 + 1) = 0, and thus we get v = 0 since D is an integral domain. Then,
we obtain the following long exact sequence of D-modules

R

0 D D1><3 R

Dl><2 Tr M 0,

called a finite free resolution of the D-module M (see, e.g., [3, 21, 24]).

In Example 3, the D-module ker (.R) is a finitely generated D-module because
kerp(.R) is a D-submodule of the noetherian D-module D'*® (which is a direct
sum of the noetherian ring D := Q[0, 0]). For more details, see, e.g., [16, 24]. In
what follows, we shall assume that D is a noetherian ring, namely, every left/right
ideal of D is finitely generated as a left/right D-module (see, e.g., [16, 24]). Then,
for every matrix R € D?*P, there always exists R, € D"*9 (possibly reduced to 0)
such that kerp(.R) = imp(.R»).
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2.3 Homomorphisms of Behaviors/Finitely Presented Left
Modules

Let R € D9*? and R’ € DY*? be two matrices respectively defining the linear
systems R = 0 and R’ ' = 0. In this section, we review results on transformations
which map the F-solutions of the first system to F-solutions of the second one.

As learned in Sect.2.2, we can define the two finitely presented left D-modules
M := D"™P /(D' R) and M’ := D"*?' /(D4 R’) which are associated with the
above linear systems. Now, composing ¢’ € homp(M’, F) = kerx(R'.) with f €
homp (M, M), we obtain the following commutative diagram

ML

\ l”’
¢of

f

and we get f*(¢) == ¢' o f € homp(M, F) = kerr(R.). If {y; :=7(f)}j=1,..p
(resp., {y; = m(f)}k=1,..,pr) is the set of generators of M (resp., M') defined as in
Sect.2.2, a solution 0’ := (¢'(y}) ... d)’(y;,,))T of R'n’ = 0 is sent to the solution
n:= @) ... ¢F N of Ry = 0. To get an explicit description of 7 in
terms of 7/, we have to explicitly know f € homp(M, M’), i.e., how f sends the
y;’s to the y,i’s, i.e., to know the elements Pj; of D such that:

p
Vi=Ll....p. fG)=Y Piy (2.6)
k=1

Since f is a homomorphism, we have f(0) = 0. Using (2.1), fori =1,..., g, we
get:

/

P P

i

R;; E Pik yi
i=1 k=1
»
k=

p p
f ZRinj :ZRij fj = Z
= j=1 i
P
Z ZR,‘ijk yl/c =0.
1 =1

Using the factthat y, := 7'(f{), where 7’ : D! *P' — M’ is the canonical projection

.....
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P

p p p
T\ 2R Pi - DRy Py | | = 20 | 2o RuP | k=0,
j=1 j=1 j=1

k=1

which shows the existence of row vectors Q; € D! ¢ ji=1,..., g, such that:
p p
Vi:l,...,q, ZRiijl...ZRiij[,/ :QiR,.
j=1 j=1

If we note P := (Pj)i<j<pick<y € DP*P and Q :=(Q] ... 01" € D17,
then we obtain the following identity:

RP=QFR. (2.7)

Hence, we get that f € homp(M, M’) is defined by (2.6) where the Pj;’s satisfy
2.7).

Lemma 1 ([6]) Let M := D'*?/(D'%9 R) (resp., M' := D'*P"/(D'*9" R")) be the
left D-module finitely presented by R € D?<? (resp., R' € D?*" )and : D'*? —>
M (resp., @ : D'*P" —s M) the canonical projection.

(a) Theexistenceof f € homp(M, M) is equivalent to the existence of two matrices
P € DP*P and Q € D?*9 satisfying the following identity:

RP=0QR.

Then, f € homp(M, M) is defined by f(m(\)) = '(\P) for all A € D'*P,
and we have the following commutative exact diagram

Dlxq R Dlxp m M 0
P
pixd K pi T 0.

namely, every square commutes, i.e., .P o .R = .R' o.Q and f om = 7' o .P.
(b) Let R, € D%*4" be such that kerp(.R') = imp(.R}) and let P € DP*?" and
Q € D% be two matrices satisfying R P = Q R'. Then, the following matrices

P:=P+ZR, Q:=Q+RZ+Z,R,,
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where Z € DP 4" and Z, € DI*% are two arbitrary matrices, satisfy the relation
RP = QR and f(r(\) =7'(AP) =7’ (\P) forall \ € D'*P.

For algorithms to compute the matrices P and Q for different classes of linear
functional systems, we refer to [6] and the OREMORPHISMS and OREALGEBRAIC-
ANALYSIS packages [7, 12].

Example 4 We consider again Example 3. Let M’ := D/(D'*? R’) be the D :=
Q[0, §]-module finitely presented by the matrix R’ := (0> — 6> (5 +1) 9+ )T,
which corresponds to the following linear DTD system:

{z(t) —2(t —3h) —z(t —2h) =0, 08

z(t) +z(r) = 0.

Let 7’ : D —> M’ be the canonical projection. A homomorphism f : M —> M'is
defined by f(m(\)) = 7/(\ P) forall A\ € D'*2, where

1 00
= =11
<8>’ Q O ’
01

since we can easily check that we have R P = Q R'.

Coming back to n := (¢/'(f(y1)) ... ¢'(f(yp))7, using (2.6), we get
P P P
n=d O =0 [ D Puyi | =D Pid 50 =Y _ Pk
k=1 k=1 k=1

which shows that  := P17/ € kerz(R.) for all ’ € kerz(R’.).

Corollary 1 With the notations of Lemma 1, if F is a left D-module, then we have:

P.:kerg(R'.)) —> kerg(R.
7 )/ 7 )/ 2.9)
n+—n:=Pn.

The contravariant functor homp (-, F) (see, e.g., [24]) transforms finitely pre-
sented left D-modules (resp., homomorphisms of finitely presented left D-modules)
into F-behaviors (resp., homomorphisms between JF-behaviors in the reverse direc-
tion).

Example 5 We consider again Examples 3 and 4. Using f € homp(M, M), we
have (2.9), where P := (1 0)7, i.e., the additive mapping

x1(0) = 2(0),
2.10
W {xz(t) =0, @10
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sends F-solutions of (2.8) to F-solutions of (2.5), where F is a D := Q[0, ¢]-
module.

Let f : M —> M’ be a homomorphism of left/right D-modules. Then, we can
define the kernel, image, coimage, and cokernel of f as the following left/right
D-modules:

ker f:={meM|fm)=0},imf:={meM|TImeM: m' = f(m)},
coim f := M/ ker f, coker f := M’/im f.

Finally, let us explicitly characterize the latter modules.

Lemma 2 ([6]) Let M := D'*?/(D'*4 R) (resp., M' := D'*P"/(D'*4" R")) be the
left D-module finitely presented by R € D9*P (resp., R' € DY *P'). Moreover, let
f € homp(M, M) be defined by P € DP*? and Q € D71 satisfying (2.7).

(a) Let S € D"*? and T € D" be two matrices such that
kerp(.(PT R™)") =imp((S —T)),

L € D" a matrix satisfying R =L S and a matrix S, € D™*" such that
kerp(.S) = imp(.S,). Then, we have:

kerf — (Dlxr S)/(Dlxq R) o~ Dlxr/ (Dlx(q+r2) (é‘ )) .
2
(b) With the above notations, we have:
coim f = DP /(D" §) Zim f = (D'X“’ﬂ’) ({;)) /(D™ R).

(c) We have coker f = D'/ (DIX(PJF‘J’) (PT R/T)T>. Thus, coker f admits the
following beginning of a finite free resolution:

()

(d) We have the following commutative exact diagram

Dxr (s -D D1><(p+q’) D1><p’ €

coker f —— 0.

@2.11)
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.S K .
D> 2 plxr 5 coim f —= 0

| | p

;R / '
Dlxq Dlxp 7T M/ 0’

where f* : coim f —> M’ is defined by f*(k(\)) = '(\ P) forall \ € D'*P.

We note that M := D'*?/(D'*? R) is the zero module if and only if we have
D4 R = D*P je., ifand only if there exists a matrix T € D?*? suchthat T R =
I,,1.e.,if and only if the presentation matrix R of M admits a left inverse. Using this
result and Lemma 2, we can now characterize when f € homp (M, M’) is the zero
homomorphism, injective, surjective or defines an isomorphism.

Lemma 3 ([6]) With the notations of Lemma 2, f € homp(M, M) is:

(a) The zero homomorphism, i.e., f = 0, ifand only if one of the following equivalent
conditions holds:

a. There exists Z € D" suchthat P = Z R. If R, € Dquq’, is a matrix sat-
isfying kerp(.R") = imp(.R)), then there exists Z, € D% such that:
O=RZ+Z,R,.
b. The matrix S admits a left inverse, i.e., there exists X € DP*" such that:
XS=1,
(b) Injective, i.e., ker f = 0, if and only if one of the following equivalent conditions

holds:

a. There exists F € D™ such that S = F R. Then, if p: M — coim f is
the canonical projection onto coim f, then we have f = f%o p, where
f* € homp(coim f, M') is defined in 4 of Lemma 2, and the following com-
mutative exact diagram shows that p is an isomorphism:
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0 0
D]><q R Dl><p T M 0
T
pixr S plxp " coim f 0
0 0

b. The matrix (LT SZT )T admits a left inverse.

(¢) Surjective, i.e., im f = M’, if and only if (PT R'™)T admits a left inverse.
Then, the long exact sequence (2.11) splits (see, e.g., [24]), i.e., there exist four
matrices P’ € DP*P, 7' € DP*4 U € DP*", and V € D?*" such that:

P'P+ZR =1,
PP +US=1,
PZ -UT =0,
R P —VS=0,
RZ+VT=1,.

In this case, we have the following commutative exact diagram:

0

.S K .
DY 25 pxr s coim f ——0

4VT .P'T fﬁ"

/ / !
Dlxq’ LDlxp ™ M 0.

0

(d) An isomorphism, i.e., M = M, if and only if both matrices (LT SZT)T and
(PT R admit a left inverse. The inverse f~' of f is then defined by

VXN eD™ ' @W\) =a\P),

where P’ € DP'*P is a matrix as defined in 3. Moreover, we have the following
commutative exact diagram:
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Dlxq -R Dlxp m M 0
v FT .P’T f*‘T
pixa' Ko pro' T 0.

Algorithms for checking whether or not a homomorphism of finitely presented
left D-modules is injective, surjective, or defines an isomorphism (and if so, compute
its inverse) are implemented in the OREMORPHISMS package [7].

Example 6 Let us check that the homomorphism f defined in Example 4 is an
isomorphism by characterizing ker f and coker f, and then let us explicitly compute
its inverse f~'. Using elimination techniques, we can first check that f is surjective,
ie., coker f =0, since (P’ Z'):=(0 —1 0 1)is a left inverse of the matrix
(PT RT)T.We also have kerp (.(PT R™T)T) =imp(.(S — T)), where:

1 1 0 1
0 O0+1 0 0

S = , T :=
0820 +1)—1 -9 9O —1)
0 0 —-0—-10*>=6*0G+1

Moreover, the identities of 3 of Lemma 3 are satisfied with:

(1000 _(0-9+110
U”‘<0100)’ V"‘(o -1 00)'

Let us now check that f is injective. We have R = L § and kerp(.S) = imp(.S>),
where:

0 100 082@+1D—~1-9-10

L=|-80¢+D 11 = ).
G+ 110, s <0 0 01)
1 000

The matrix (LT ] )" admits the following left inverse defined by

00 1 00
-10 B 00
11826+ —-000]
00 0 01

which shows that ker f = 0 and proves that f is an isomorphism, i.e., M = M'.
Hence, for every D-module F, we get kerz(R.) = ker#(R’.), i.e., there exists a
1-1 correspondence between the F-solutions of (2.5) and the F-solutions of (2.8)
or, in other words, the linear DTD systems (2.5) and (2.8) are equivalent. More
precisely, using 4 of Lemma 3, we obtain that f~!: M’ —s M is defined by
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£ \N)) :=w(\N P’), where P’ := (0 — 1). In terms of behaviors, the follow-
ing homomorphism

P’'. . kerr(R.)) —> kers(R’.)

x2(1)

is the inverse of the homomorphism of behaviors P. defined by (2.10).

2.4 Characterization of Isomorphic Modules

We characterize the existence of a left/right/two sided inverse of a homomorphism.

Lemma 4 With the notations of Lemma 2, we have:

(a) f admits a right inverse g € homp(M', M), i.e., f o g = idyy, or equivalently
we have M = ker f @ M’, if and only if there exist three matrices P' € DP'*?,
Q' € D% and 7' € D”*9 satisfying:

RP=QR, PP+ZR=1I,.

Then, for any matrix R, € D"*4" such that kerp(.R") = imp(.R)), there exists
Z, € D9 satisfying Q' Q + R'Z' + Z5 R, = I,

(b) f admits a left inverse g € homp(M', M), i.e., g o f = idy, or equivalently we
have M' = M & coker f, if and only if there exist three matrices P' € DP*P,
Q' € D% and Z € DP*4 satisfying:

R'PP=QR, PP +ZR=I,.

Then, for any matrix Ry € D"*? such that kerp(.R) = imp(.R,), there exists
Z, € D satisfying Q Q'+ RZ + Z, Ry = I,

(c) f is an isomorphism, and thus M = M’, if and only if there exist 4 matrices
P' e DP*P, Q' € D1*9, Z € DP*4, and Z' € D" *9 satisfying:

R'PP=Q'R, PP+ZR=1, P'P+Z'R =1,. (2.12)

Then, for R, € D" (resp., R, € D" ) such thatkerp(.R) = imp(.R») (resp.,
kerp(.R') = imp(.R})), there exist matrices Z, € D?*", Z, € DI*", Y, €
DP>" Y} € DP*" such that:

QO0'+RZ+Z,Ro=1,, QQ+RZ+Z)R,=1,,

S ) 2 (2.13)
Z'Q —P' Z=YsR, PZ —ZQ=VY,R,
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Proof 1. The existence of g € homp(M’, M) is equivalent to the existence of two
matrices P’ € DP*? and Q' € D?* such that R' P’ = Q' R (see 1 of Lemma 1).
Composing the following two commutative exact diagrams

Dlxq -R Dlxp 77 M 0 D1><q R D1><p 7T M 0
J{.Q J/'P lf T.Q’ T.P’ Ty
pixa' Ko pro Ty 0, D¢ Ko pro Ty 0,

and noting x :=idy — f o g, we get the following commutative exact diagram:

Dlxq/ R’ D]xp’ L M’ 0
T.(Iqer’ Q) T.(I,,r*}” pP) TX
Dlxq’ R’ Dlxp’ L M’ 0.

By l.a of Lemma 3, y = 0 if and only if there exists a matrix Z’' € D”*¢" such
that I, — PP =Z7ZR',ie, PPP+Z' R =1,. According to l.a of Lemma 3,
there then exists a matrix Z, € D" satisfying the relation I, — Q' Q = R’ Z' +
Z, Rb,ie,Q Q+ R Z' + Z, R, = I,,,where R, € D" *¢ issuch thatkerp(.R') =
imp(.R}). Finally, M = ker f @ M’ is well-known to be equivalent to the splitting
of the following short exact sequence

f
0 ker f M_—M ——0,
g

(see, e.g., [24]), i.e., it is equivalent to the existence of a left inverse g of f.

2 can be proved similarly as 1. The first points of 3 are direct consequences of 1
and 2. Finally, let us prove the third and fourth identities of (2.13). Using the identity
Q'R = R’ P’ and (2.12), we have

(Z'Q'-PZ)R=(Z'RYP' =P (ZR)y=U,y —P' P)P' = P' (I, — P P) =0,
which yields imp(.(Z' Q" — P’ Z)) C kerp(.R) = imp(.R;) and shows that there
exists Yo € DP*" suchthat Z’ Q' — P’ Z = Y» R,. Similarly, using Q R" = R P and
(2.12), we have
(PZ ~ZQ)R =P(ZR)—(ZRP=PI,—P P)—(I,—PP)P=0,

which yields imp(.(P Z' — Z Q)) < kerp(.R") = imp(.R}) and shows that there
exists Y5 € DP*" suchthat P Z' — Z Q = Y, R).
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Remark 2 We note that the existence of a right (resp., left) inverse g of f €
homp (M, M') implies that f is surjective (resp., injective) since we then have
m' = f(g(m")) (resp., g(f(m)) = m) for all m" € M’ (resp., m € M).

Example 7 We can check again that the D-module M and M’ defined in Examples 3
and 4 are isomorphic by considering the matrices P and Q defined in Example 4 and
the matrix P’ defined in Example 6. Then, we have:

01 -0*+80+1) 001
f= , Z:= , zZ' = 1.
¢ (10 -0 -100 © D

We can check that wehave Q Q'+ RZ =05, Q0 Q+R' Z =01L,2' Q' — P Z =
0,and PZ' —ZQ=0,ie.,Z,=0,Z,=0,Y,=0,and ¥; = 0.

Let us introduce a few definitions.

Definition 1 (a) We denote the general linear group of degree r over D by:
GL,(D):={UeD™|3VeD>™ .:UV=VU-=1}

(b) Twomatrices R, R’ € D?*” are said to be equivalent if there exist U € GL, (D)
and V € GL,(D) such that:
R =URV.

In module theory, Fitting’s theorem states that two finitely presented modules are
isomorphic if and only if their presentation matrices R and R’ can be inflated by zero
and identity matrices in a way that the new matrices are equivalent. More precisely,
Fitting’s theorem states that M := D'*?/(D'*9 R) = M’ := D'*?' /(D% R') if
and only if the following two matrices

R O

L= 01y L = e DYTPHp+a)x(p+p)
00 | 1, 0 ’
00 0 R

are equivalent. For a constructive version of Fitting’s theorem, see [8].
In this paper, we give another characterization of isomorphic finitely presented
modules in terms of inflations of their presentation matrices.

Theorem 1 Let R € D?%? and R’ € DY > be two matrices with entries in a noethe-

rian ring D. Then, the following assertions are equivalent:

(a) M :=D"P/(D'"*9R)= M := D"V /(D' R").
(b) There exist 12 matrices
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P eDPr', QeD P eDP*P, Q' eDi*, ZeDr4, 7 DI,
Z, € DI, Y, € DX Yy € DP*, Z) € DY, Ry € D'™4, R, e D"*¢

satisfying the following two identities

by o “) (ks 0) = 2.14
p 7 _Q/ R + Y2 ( 2 )— q+p's ( . )
Z P\(R-0 Y L

(-Q, R’) (P’ 7' ) + <Zé> (0 RZ) = Ip+tq's (2.15)

where the matrices R, € D"™*9 and R), € D"*4" gre such that:
kerp(.R) = imp(.Ry), kerp(.R") =imp(.R}).

Proof By3ofLemmad4, M = M’ if and only if there exist P’ € DP'*P, Q' € D94,
Z € DP*4 and Z' € D> satisfying (2.12). Using (2.12) and (2.13), we get

R —Q Z P\ (l,—Z2R, 0
VA ~-Q'R) \ -nhRrR I,
Z,
= lg+p — Y (Ry 0),
z P\(R-Q\ (I, -YR,
-Q'RJ\P 7z ) \O0I, -ZR,

_ Y /
- Ip+q’ - (Z/) © Rz),
2

i.e., (2.14) and (2.15) hold. Conversely, if (2.14) and (2.15) hold, then we have R P =
OQR,RRP =QR, PP +ZR=1,,and P' P+ Z' R’ = I,;, which shows that
M = M’ by 3 of Lemma 4.

Example 8 We consider again Examples 3 and 4. We first can check that we have
kerp(.R) = imp(.R,) and kerp(.R’) = imp(.R}), where:

Ry:=(0+8@+1) 0+1 —P+8@E+1D),
Ry:=(0+1 —0+5@+1D).

Hence, R and R’ are not full row rank matrices. Using Example 7, Theorem 1 yields:
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d —10 0 0 0 1 1

—2G+1D) 9 -1 0 -1 0 d B _,
1 1 0-1]||-9-12-820+n-82c+n | *
0 10 1 10 d o+1

Note that (2.15) is a consequence of the above identity since D is a commutative
ring.

Example 9 We consider the following linear system of PDEs

D%y (x1, x2) _ D%y (x1, x2) _ B Oy(x1, x2) _

Os
a2 T ol 2 on 016
Oy (x1, x2) Py, %) _ ’
8)(18)62 o (9)6% o

which is studied in probability theory [2]. Let D := Q(5)(x1, x2){0;, 02) be the
noncommutative ring of PD operators in 0 := % and 0, := a% with coefficients
in the field Q(3, x1, x,) of rational functions in xy, x,, and 3. The ring D is called the
Weyl algebra in two variables and it is usually denoted by B, (Q((3)). Let us consider
the matrix of PD operators associated with (2.16)

I}
R = 812_3“26%_562 c Dl
25132+X1(9§ ’

and the left D-module M := D/(D'*? R) finitely presented by R. It can be shown
that M is D-finite, namely, M has a Q(f3, x1, x»)-finite dimensional vector space
structure (see, e.g., [5]), and thus it can be written as an integrable connection, i.e.,
we can find a first-order realization of (2.16) (see, e.g., [6]). We can show that (2.16),
i.e., Rn =0, is equivalent to R’ = 0, where

g 0 —1 0
0 81 0 %xl

0 —g 61 —X2
(B+3)x
R = (;) 01 8 8] + 61274):12 c D8X4,
h —
00, 0 —1

0 0 62 %xl
0 0 O 62— 2 346

X1274X2

i.e., we have M = M’ := D'**/(D"*® R’). This first-order realization can be com-
puted by means of the OREMODULES package [4]. Let us compute the matrices ap-
pearing in (2.14) and (2.15). By construction, the isomorphism f € homp(M, M’)
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is defined by f(m()\)) := /(A P), where 7 : D —> M (resp., 7’ : D'** — M)
is the canonical projection, A € D,and P := (1 0 0 O0) satisfies (2.7), where the
matrix Q is defined by:

(01010 -x8,—2 —x00 < p
" \0200x0,4+28, x; 00 ’

Since f is surjective, the matrix (P7 R'T)T admits aleftinverse (P’ Z’), where
P=(1 0, & 8§)T and:

0000 0 O0O0O
/ 00001 000 s
VAR € D™,
—-1000 0 000

0000-0,-100

Moreover, we have R’ P’ = Q' R, where the matrix Q’ is defined by

0 0

1

0 2

1 0
_2x10) 2x04x1 0

Q/ . x12—4x, x12—4x, c D8><2’

0 0

0 0

1

0 2
40, —201+x1 0>

X1274X2 x1274x2

and f~1(7' (X)) :=w(N P') forall \' € D4,
Using (2.12), we can check that P P’ = 1,i.e., Z =0,and Q Q' = DL,i.e.,Z, =0
(see (2.13)). We also have kerp (.R) = imp(.R;) and kerp(.R’) = imp(.R}), where

Ryi=(Qx1 03440100 —202+2x203 + (4 +B) D),

R =

-0 1 0 0 2] 0 —1 0

0 —4X202 —2x1 82 4X2—X12 0 —xlﬁ+4xg01 201 X1 0

0 —2x1 0 —4.0y 0 0 2x101—-2p0 40, —4xy +X12

0 2(8+1D3 0 (@Axa—x12)0+40 26+Dd 0 (x12—4x)d +2x

and, using (2.13), we get:
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0 0 0 0
0 0 0 0
0 0 0 0
_ 2X1(?] _ 1 O O
’ xi2—=dxy  x?—4xy 8x4
VAR D°*7.
2 0 0 0o o€
0 0 0 0
—1 0 0 0
49 1
xlzféllxz 0 x}—4x, 0

Using (2.13) again, we get ¥, = 0 and ¥, = 0, and thus we finally obtain:

R -0 z P\ _ z P\(R-0 0 N
(P/ Z/) (_Qr R/)_Ié’ <_Q/ R/) (P/ Z/)+<Zé> (0 RZ)_I9'

For applications of D-finite multidimensional systems in control theory, see [20].

A consequence of Theorem 1 connects isomorphisms of finitely presented mod-
ules to the unimodular completion problem, and therefore to the so-called Serre’s
reduction problem studied in [1, 9, 11] (see Sects. 2.1 and 2.5).

Corollary 2 With the notations and the assumptions of Theorem 1, let us assume
thatwe have g + p' = p+4’.

(a) Then, we have:

R-0\(z P\_, z P\(R-0\_,
P 7 _Q/ R’ = lgtp _Q/ R p 7 — Ip+q'

(b) If R or R’ have full row rank, then the fact that M = M’ is equivalent to the
existence of matrices P € DP*P' Qe D14 P e DIF*P (Q € D1%4, 7
DP*4 and Z' € D?' >4 such that:

R-0\(z P\_,
P 7 _Q/ R = Yq+p'-

Proof 1 is a consequence of ¢ + p' = p + ¢’ and the fact that D is a noetherian
ring, and thus a stably finite ring, namely, a ring for which U V' = [, for two matrices
U, Ve D" yields VU = I, (see, e.g., [16, 24]). Note that a commutative ring is
stably finite since U V = I, implies that det U is a unit of D.

2 is a direct consequence of 1 and Theorem | with R, =0 or R}, = 0.

Example 10 Let R, R’ € D9*? be two equivalent matrices, i.e., they satisfy
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R =Q7'RP,

for certain P € GL,(D) and Q € GL,(D). If we note M := D7 /(D" R) and
M’ := D"P /(D4 R'), then f € homp(M, M’), defined by f(w(\)) :== 7' (A P)
for all A € D'”, is an isomorphism and f~! € homp(M’, M) is defined by
FH @) :=x(\N P71 for all X € D'¥?, where m: D'*? — M (resp., 7' :
D'*P" — M’) is the canonical projection. This result can be proved again since

R -0 0 P 0 P R -0
Pl 0 _or) Tl \ g r ) \pr g ) T e

(2.17)
and Theorem 1 then yields again the isomorphism M = M’.

Remark 3 If R is a full row rank matrix, then it is known that M is a free left D-
module of rank p — ¢, i.e., M = D'~ _if and only if there exist P’ € DP~D*P,
P € DP*P=9 and Z € DP*4 such that

R
P (Z P)=1,,

i.e., if and only if there exists P’ € D=7 guch that (RT P'")" € GL,(D). For
more details, see [22]. This result corresponds to the extreme case of Corollary 2
where ¢’ = 0 (and thus, p' = p —¢) and M’ = D'*=9 je. to the case of the
following commutative exact diagram:

0 pixa K _por_ T _y 0
| o)
00— s pix(r—a9) L> M —s0.

In particular, we have PP =1,_,, PP'+ZR=1,, and R P =0. We then
get R—RZR=(RP)P' =0, ie, (I; —RZ)R =0 which yields RZ =1,
since R has full row rank. Then, we have P P'Z =72 — Z (R Z) =0, and thus
(P'P)(P'Z)=0,ie., P'Z =0, which shows again that we have the following
split exact sequence (see, e.g., [22, 24]):

Ly R p—
Z P’

Let us consider again Theorem 1 and the following two short exact sequences
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0—>imp(.R) ——=D*P "o p -0,

0—>imp(.R) ——= D>V "oy’ 0,

where i (resp., i") denotes the canonical injection into D'xr (resp., DXy,
In module theory, Schanuel’s lemma (see, e.g., [24]) asserts that M = M’ yields:

imp(.R) ® D’ =Zimp(.R) & D'*P. (2.18)

As a consequence of Theorem 1, we obtain a constructive proof of Schanuel’s
lemma in which the isomorphism (2.18) and its inverse are explicitly described.

Corollary 3 With the notations and the assumptions of Theorem 1, if we note

1, —P 1 IP—PP/ P
U .= , , € GLp+17’(D)v U = ’ ’
P Ipf—P P -P Ip’

then the following homomorphism of left D-modules

u: D1 R@ D™ — D*r @D R

(2.19)
(WR N)+— (uR \)U,
is an isomorphism and its inverse u~" is defined by:
-1 . Dl><p @Dlxq’ R — D]XqR@D]Xp/
" (2.20)

A W RY— (A /RHYU.

Proof Let f € homp(M, M’) be an isomorphism. With the notations of Theorem 1
and P, := @, we then have the following commutative exact diagram:

Dlxr 2 D1xa R Dxp ™ M 0

e

Dl><r’ 2 Dl><q’ R Dl><p’ L M’ 0.
Using R, R = 0, R P=P, R’ yields (R, P,) R’=(Ry R) P=0, i.e.,imp(.(R, P,)) C
kerp(.R") = imp(.R}), and thus there exists P; € D™ such that R, P, = P R;.
Similarly, with the notation P, := Q, there exists P; € D" *" such that R} P; =
P R, and we get the following commutative exact diagram:
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R
pixr 2 _pix¢g _R_pixp ™ _ 4

PgT PZ’T .p/T fIT
R, / ’

] R /
Dlxr’ Dlxq’ Dlxp Ul M 0.

R —P, , Z P
V= , V= )
Pz —P, R

then we have (R, 0)V =—P3(0 Rj) and (0 R}) V' = —P;(R, 0).Hence, if
wenote L := D'*@*+P) /(D' (R, 0))and L' := D'*(P*4) /(D' (0 R})), then
we have the following two commutative exact diagrams

Now, if we note

(Ry 0) {(Ry 0)
—_— —_—

plxr pix@+p) & 1 g plxr pixa+ph % 1

! LR,Z)_ D1x(r+a) é/_ L — >0, pixr’ LRé)_ DIx(p+a) #_ L —=0,
where g € homp(L, L) and h € homp (L', L) are respectively defined by:
g: L — L
(e X)) — K (UR+ NP —puP,+XN2Z)),
h:L — L
KA 1)) — K(AZ =i/ Py AP+ R)).
Then, (2.14) and (2.15) show that h o g =id; and g o h =idy/, i.e., g is an iso-
morphism, & = g_l, and L’ = L. Now, note that we have cokerp(.R;) = imp(.R),

cokerp(.R}) = imp(.R)), L =imp(.R)® D™ and L' = D" @imp(.R'),
where the last two isomorphisms are defined by:

LS imp(R® D™ 1 L prgimp(R)
k(- X)) — (uR X)), KA ) r— (A (/'R

The isomorphisms u := Bogoa~!and u™! = ao h o 37! are then defined by:

imp(.R) ® D7 % D'™P @imp(.R)
(WR N)yr— (uR+ NP (—pPr+XNZ)R,

ul o, ,
DY™? @imp(.R") — imp(.R) @& D'*P
AN WRY+— (AMZ—-p/'P))R AP+ [/ R).
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Using P, R" = R P, (2.12), and P; R = R’ P’, we obtain

(—uP,+NZYR =—(uR)P+ XN, —P'P),
\Z— W/ P))R=X(,—PP)—(/R)P,

which finally yields (2.19) and (2.20).

2.5 The Unimodular Completion Problem

The unimodular completion problem consists in studying the possibility to inflate
amatrix R; € D?* into a unimodular V € GL,1,(D), where g +t > p. The next
theorem shows that a solution to this problem induces different isomorphisms be-
tween the modules finitely presented by the matrices appearing in the inflations.

Theorem 2 Let p, q, s, t € Nsatisfyqg+t=p+sand Ry € DI*P, Ry € DI,
Q1 € DP*', O, € D**', S, € DP*4, S, € D**9, T} € D'*?, and T, € D"™* matri-

ces such that:
Ri R, S1 Oy
= I, 2.21)
T T, $2 0o

cokerp(.Ry) = cokerp(.Q»), kerp(.R;) = kerp(.Q>),

Then, we have:

cokerp(.S) = cokerp(.T»), kerp(.S1) = kerp(.T»), (2.22)
cokerp(.Q1) = cokerp(.Ry), kerp(.Q1) = kerp(.Ry), ’
cokerp(.T7) = cokerp(.5»), kerp(.T1) = kerp(.S,).

Right D-module analogs of (2.22) hold, i.e., we have:
cokerp(R;.) = cokerp(Q,.), kerp(Ry.) Ekerp(03.), ...

Proof By 1 of Corollary 2, the identity (2.21) yields the following identity:

S1 O Ri R,
<S2 Q2> <T1 Tz) =1,y (2.23)

From (2.21), we get R; Q| = — R, O, which yields the commutative exact diagram
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.R] ™

0 ——=kerp(.Ry) D'x4 D> cokerp(.Ry) ——=0

l l.fzez l.g, la,

0 — kerp(.02) pis & pixt " cokerp(.0y) — 0,

where o and o) are respectively defined by:

oy : cokerp(.R;) —> cokerp(.Qz) «of :kerp(.R;) —> kerp(.Q») (2.24)
T (A1) > K2 (A Q1), 1 —> — g Ry. ’

Similarly, from (2.23), we get O, T} = —S, R; which yields the following commu-
tative exact diagram

.02

K2

0 ——=kerp(.0») D'*s D't cokerp(.Qs) —=0

J/a;_ l._sz l‘“ l

0 ——kerp(.R)) pixa B phxp T cokerp(.R;) —= 0,

where o, and o, are respectively defined by:

ay : cokerp(.Qz) —> cokerp(.R;)) o : kerp(.Q2) —> kerp(.Ry) (225)
IQQ(Z/Q) > (1/2 T]), 02 > —92 S2. ’

Using (2.21) and (2.23), we get T1 Q1 =1, =T, Q> and O, T1 =1, — Si Ry,
which yields

(a1 0 @) (k2 (12)) = Ka(1a Tt Q1) = K2 (12) — K2 (12 T2) O2) = K2(12),
(o) (m(A) =m (A Q1 T1) =7 (A1) — 7 (A1 S1) Ry)) = mi(Ay),

and shows that «; is an isomorphism, cokerp(.Q2) = cokerp(.R;), and o, = al_l.
Now, using (2.23)and (2.21),wegetSh Ry = Iy — Qo Thand R, > = 1, — R Sy,
which yields

(0 00))(02) =02 (S2 Ry) =0, — (0, Q2) T = 0,
(a5 o) (1) = p1 (R2 82) = py — (1 Ry) 1 = pua,

for all 6, € kerp(.Q>) and for all p; € kerp(.R;), which shows that o/ is an iso-
morphism, i.e., kerp(.Q,) = kerp(.R)), and o, = o~
In the above arguments, we can exchange the role played by R; (resp., Q») by that

of S (resp., T7) in the identities (2.21) and (2.23) to get the following isomorphisms
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(1 : cokerp(.S1) —> cokerp(.T») ﬂfl : cokerp(.T») —> cokerp(.Sy)

(2.26)
01(¢1) > €2(C1 Ry), €2(&) > 01(& $2),

B :kerp(.S1) — kerp(.T») ﬂi_l ckerp(.T5) — kerp(.S))

2.27)
¥ — =9 Q1 wy — —w 11,

where o) : D'*9 — cokerp(.S)) (resp., g3 : D' — cokerp(.T»)) is the canon-
ical projection, i.e., we have:

cokerp(.S1) = cokerp(.T5), kerp(.S;) = kerp(.15).

Using (2.23), we get QO T = — S| R,, which yields the following commutative
exact diagram

0 ——=kerp(.01) D'xr o pixt " cokerp(.Q;) ——=0

N

0 ——=kerp(.Ry) D'x4 Ko pixs = cokerp(.Ry) — 0,

where 7, and ~y| are respectively defined by:

7 : cokerp(.Q1) —> cokerp(.Ry) 7 : kerp(.Q1) —> kerp(.R») (28)
K1 (V1) V> m(v Ta), 01— —0; 5. ’

Using (2.21), we get R, O» = —R; Q1, which yields the following commutative
exact diagram

0 ——=kerp(.Ry) pixa fo_pixs ™ cokerp(.Ry) ——0

N

0 ——=kerp(.0y) D'xr o pixt " cokerp(.Qy) —= 0,

where 7, and ; are respectively defined by:

72 : cokerp(.Ry) —> cokerp(.Q1) 7, : kerp(.Ry) — kerp( Q1)

(2.29)
m(A2) > K1 (A2 02), po V> —pz Ry.

Using (2.21) and (2.23), we get T, Or =1, — T1 Q) and O, T, = I; — S Ry,
which yields

(2 0y (k1 (1)) = k1 (1 (T2 Q7)) = ki1 (v1) — k1 ((11 Th) Q1) = K1 (V)
(71 0 72)(m2(A2)) = (A2 (Q2 T2)) = m(A2) — m((A2 $2) Ro) = ma(A2),
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and shows that ; is an isomorphism, i.e., cokerp(.Q) = cokerp(.R;), and v, =
-1
Yo
Using (2.23) and (2.21), we get Si Ry =1, — Q11 and R S1 =1, — R» S,
which yields

(o)) =0, (S1R)=0,—(0, Q1) T =0,
(71 0 V) (p2) = pa (R S1) = o — (2 Ry) So = pao,

forall 6, € kerp(.Q)) and for all uy € kerp(.R,), which shows that ] is an isomor-
phism, i.e., kerp(.Q;) = kerp(.Ry), and v} = 'y;*l.

Finally, we can similarly show that we have the following isomorphisms

0y : cokerp(.T)) —> cokerp(.S,) 61_1 : cokerp(.Sy) —> cokerp(.T})

(2.30)
e1(&1) —> o2(&1 S, 02(G2) V> e1(& Ry),
01t kerp(.Ty) —> kerp(.Sy) 5171 :kerp(.S,) — kerp(.Ty)
2.31)
w) —> —w Is, 0 —> —0> 0>,
where g, : D' — cokerp(.T}) (resp., o : D'*9 — cokerp(.S,)) is the canon-
ical projection, i.e., we have:

cokerp(.Ty) = cokerp(.S,), kerp(.T1) = kerp(.S,).

Right D-module analogs of (2.22) can be proved similarly.

Remark4 When s < gandt = p — (¢ —s) > 0, Theorem 2 shows that we have
M = cokerp(.R;) = cokerp(.Q,), where O, € D**', which yields ker#(R;.) =
ker (Q>.) for all left D-modules F, i.e., the linear system R; = 0 is equivalent to
the linear system Q, ¢ = 0 defined by fewer equations and fewer unknowns. Such a
reduction is called Serre’s reduction and is studied in detail in [1, 9, 11]. Theorem 2
is an extension of Theorem 4.1 of [1] for a non necessarily full row rank matrix R;.

Example 11 With the notations R; ;= R, R, .= -0, T\ :=P', 1, :=27',8, =27,
S, :=—0', 0, := P, and Q; := R/, in Example 8, we proved the identity (2.21).
By Theorem 2, we find again that M := cokerp(.R) = M’ := cokerp(.R’), where
R and R’ have not full row rank (see Example 8), and kerp(.R) = kerp(.R’).
We also have cokerp(.Z) = cokerp(.Z’) and kerp(.Z) = kerp(.Z") (see (2.26)
and (2.27)), cokerp(.Q) = cokerp(.P) and kerp(.Q) = kerp(.P) (see (2.28) and
(2.29)), cokerp(.P") = cokerp(.Q’) and kerp(.P") = kerp(.Q’) (see (2.30) and
(2.31)).

Example 12 We consider again Example 10. Theorem 2 then shows that we have
M = cokerp(.R) = M’ := cokerp(.R’), cokerp(.P) = cokerp(.Q) =0 and
kerp(.P) = kerp(.Q) = 0since P € GL,(D) and Q € GL,(D).
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Example 13 We consider again Example 9, where S| ;== Z = (0 0)and 75 := Z'.
We can check that cokerp(.Z’) is a free left D-module of rank 5 and cokerp(.Z) =
D'*? s afree left D-module of rank 2. Hence, the isomorphisms (2.22) of Theorem 2
only hold when we have (2.21) and not when (2.14) and (2.15) hold.

We can give a system-theoretic interpretation of Theorem 2. The hypotheses of
Theorem 2 show that we can inflate the linear system R; 1; = 0 into the larger linear
system R 1 + Ry 1, = 0 which is flat (see [3, 13, 21] and the references therein),
i.e., which is associated with the free left D-module E := cokerp(.(R; R;)) of
rank t = p — g + s (see Remark 3). Then, we know that the flat system admits
an injective parametrization, i.e., we have kerz((R; R»).) = imz((Q7 017,
where 71 Q| + T O, = I,. For more details, see [3, 22]. Hence, we get

m = 01§,

Rm+Rm=0 <

m = 02§,
for a certain £ € F' which is such that £ = T )y + T 1. Now, setting 7, = 0, we
get that for n; € ker z(R;.), there exists a unique £ = Ty 7, € F* such that:

m=01§ 02§£=0.

Within systems theory, we find again the first isomorphisms of (2.24) and (2.25).

For instance, the linear OD system x(t) = A x(¢), with A € R"*", is equivalent to
an ODE with constant coefficients in one unknown if and only if there exists B € IR"
such that the control (inflated) linear system x () = A x(¢) + B u(t) is flat, i.e., if
and only if it is controllable. For more details and extensions, see [9].

Remark 5 We can give another (pictorial) proof of the first point of Theorem 2, i.e.,
of cokerp(.R;) = cokerp(.Q») and kerp(.Ry) = kerp(.Q»). Identities (2.21) and
(2.23) are equivalent to the following split short exact sequence of left D-modules:

(o)
(R Ry \ 0

Dlxa - s DIx(p+s) ——— plxt
S (T T
'<Sz>

For more details, see, e.g., [21, 24]. With the above notations, we then have the
following commutative exact diagram:

0. (2.32)
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0
0 kCI'D(.Rl)
0 DYl ——= D" ———0
(2) (R Ry R
1) (15 oy’
0 Dl><s - > Dl><(p+s) - > Dlxp 0
07 1’ Ay 0)
(T Ty (g;) m
. 2 i
00— kerp(.0,) pixs % pia b M 0
0 0 0
(2.33)
Let us denote

L := cokerp(.Q») = D' /(D"* Q,), M := cokerp(.R)) = D /(D9 Ry),

and kp : D' — L (resp., m : D'*? — M) the canonical projection. Then, us-
ing (2.33), we obtain the following isomorphism:

¢o:L— M

1
ko (1p) —> T <V2 (I 1) (;)) =m @ T),

o' M — L

T\ —> Ky (M (I, 0) (g;)) = 1\ Q).

A chase in the commutative exact diagram (2.33) (see, e.g., [24]) yields the following
isomorphism
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~v:kerp(.02) — kerp(.R)) ~~!:kerp(.R)) — kerp(.Q»)

0 —> 0, S5, 1 —> py Ra,

i.e., we have kerp (.R;) = kerp(.Q>»). Finally, the other isomorphisms (2.22) stated
in Theorem 2 can be proved similarly.

Corollary 4 The following two assertions are equivalent:

(a) The matrices R € D?*? and R’ € D9*? are equivalent, namely, there exist P €
GL,(D) and Q € GL,(D) such that R' = O 'RP.
(b) There exist Q € GL,(D) and U € GL (D) such that:

(R —Q)U=(, 0).

Proof 1 = 2.1f R and R’ are equivalent, then 2 is proved in Example 10 (see (2.17)).
2 = 1. Let us note:

U::( z P), U_1:=<R_Q).
_Q/R/ P 7

In particular, we have RP = QR’,i.e., R' = Q'R P since Q € GL, (D). Now,
(2.22) yields cokerp(.P) = cokerp(.Q) = 0 and kerp(.P) = kerp(.Q) = 0 since
Q € GL, (D), which shows that P € GL,(D) and proves 1. Finally, using P’ P +
Z'R =1, weget (P +Z7Z O 'R)P = I, which shows that we have:

P'=P +Z7Z Q'R

Finally, let us give an application of Theorem 2 for the study of doubly coprime
factorizations (see, e.g., [25]). To keep the standard notations used within the frac-
tional representational approach [25], we now denote the ring D by A.

Corollary 5 Let A be an integral domain, namely, a commutative ring with no
non-zero divisors, K := {5 | 0 # d, n € A} the quotient field of A, P € K>, and
P=D'N=ND"! a doubly coprime factorization of P, namely, D € A1*9, N €
AT D e A" and N € AT*" satisfying the following identity

D —-N\ (XN ;
¥ X y D)

for some matrices X € A?*1,Y € A", X e A" and Y e AT, Then, we have
the following isomorphisms of A-modules:
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coker,(.D) = CokerA(.IN)), kers(.D) = kerA(.ZN)) =0,
cokery (. X) = cokerA(.)?), kers((X) = kerA(.)?),
cokers(.(N) = cokers(.N), ~ | kersa(.N) = ker(.N),
cokers(.Y) EcokerA(Y), ker,(.Y) EkerA(.I?).

Similar results hold for right matrix multiplication, i.e., we also have:

coker,(D.) = cokerA(ﬁ.), kery(D.) = kerA(ﬁ.) =0, ...
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Chapter 3 ®)
Computing Polynomial Solutions and st
Annihilators of Integro-Differential

Operators with Polynomial Coefficients

Alban Quadrat and Georg Regensburger

Abstract In this chapter, we study algorithmic aspects of the algebra of linear or-
dinary integro-differential operators with polynomial coefficients. Even though this
algebra is not Noetherian and has zero divisors, Bavula recently proved that it is
coherent, which allows one to develop an algebraic systems theory over this algebra.
For an algorithmic approach to linear systems of integro-differential equations with
boundary conditions, computing the kernel of matrices with entries in this algebra is
a fundamental task. As a first step, we have to find annihilators of integro-differential
operators, which, in turn, is related to the computation of polynomial solutions of
such operators. For a class of linear operators including integro-differential opera-
tors, we present an algorithmic approach for computing polynomial solutions and
the index. A generating set for right annihilators can be constructed in terms of
such polynomial solutions. For initial value problems, an involution of the algebra
of integro-differential operators then allows us to compute left annihilators, which
can be interpreted as compatibility conditions of integro-differential equations with
boundary conditions. We illustrate our approach using an implementation in the
computer algebra system Maple.
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3.1 Introduction

Rings of functional operators (e.g., rings of ordinary differential (OD) operators,
partial differential (PD) operators, differential time-delay operators, differential dif-
ference operators) were recently introduced in mathematical systems theory. Since
many control linear systems can be defined by means of a matrix with entries in a
skew polynomial ring, in an Ore algebra or in an Ore extension of functional oper-
ators (i.e., classes of univariate or multivariate noncommutative polynomial rings)
[16, 39], the classical polynomial approach to linear systems theory can be gener-
alized yielding a module-theoretic approach to linear functional systems [19, 33,
34, 41, 45, 47]. Symbolic computation techniques (e.g., Grobner basis techniques)
and computer algebra systems can then be used to develop dedicated packages for
algebraic systems theory [17, 29]. For more details, see Chap. 1.

Algebras of ordinary integro-differential (ID) operators have recently been studied
within an algebraic approach in [8—11] and within an algorithmic approach in [22,
40, 42, 43]. The goal of the latter works is to provide an algebraic and algorithmic
framework for studying boundary value problems and Green’s operators.

The ring of ID and time-delay/dilatation operators was introduced in [37] to
develop a purely algorithmic approach to standard Arzstein’s transformation of linear
differential systems with delayed inputs. This work also advocates for the effective
study of the ring of ID time-delay/dilatation operators. The normal forms of elements
of this noncommutative algebra will be studied in a future publication based on the
new effective techniques introduced in [22, 23]. In this paper, we focus on its subring
of ID operators. We also note that effective computations over ID algebras play an
important role in parameter estimation problems as shown in [15].

Even though linear systems of ID equations play an important role in different
domains and applications (e.g., PID controllers), it does not seem that they have
been extensively studied by the mathematical systems community. For boundary
value systems, we refer to [20, 21] and the references therein. The first purpose of
this paper is to introduce concepts, techniques, and results developed in the above
recents works. In particular, we emphasize that the algebraic structure of the ring of
ID operators with polynomial coefficients is much more involved (e.g., zero divisors,
non-Noetherianity) than the one of the ring of OD operators with polynomial coef-
ficients (the so-called Wey! algebra). The fundamental issue of computing left/right
kernel of a matrix of ID operators has to be solved towards developing a system-
theoretic approach to linear ID systems. For more details, see [16, 36].

The second goal of this paper is to study this problem for a single ID operator,
that is, computing its annihilator. Within a representation approach, we show that
this problem is related to the computation of polynomial solutions of ID operators, a
problem that is also studied in detail. To solve this problem, we introduce the concept
of a rational indicial equation for a linear operator acting on the polynomial ring.
This approach allows us to find again and generalize standard results on the indicial
equation classically used in the theory of linear OD equations [2, 3, 5].


http://dx.doi.org/10.1007/978-3-030-38356-5_1
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This chapter is based on the conference paper [38]. It includes a self-contained
introduction to ordinary integro-differential operators with polynomial coefficients
with several evaluations including normal forms (Sects. 3.2-3.4). All other sections
have been revised and extended.

3.2 The Ring of Ordinary Integro-Differential Operators
with Polynomial Coefficients

Before discussing the ring of ID operators with polynomial coefficients, as an in-
troducing example, we first recall two standard constructions of the ring A of OD
operators with polynomial coefficients (also called the Weyl algebra and denoted by
A (k), where k is a field). The first construction is as the subalgebra k(z, 9) of all
linear maps on the polynomial ring &[] and the second is by means of generators
and relations.

In what follows, let k£ denote a fixed field, which contains Q). Let endy (k[¢]) denote
the k-algebra formed by all k-linear maps from the polynomial ring k[#] to itself.
We consider the k-subalgebra & (¢, 3) of endy (k[t]) generated by the following two

k-linear maps

n+1 n—1

t:t"—t and 0:t"— nt

defined on the basis (#"),cn of k[z]. They respectively correspond to the multiplica-
tion operator and the derivation on the polynomial ring k[¢], namely:

t: k[t] — k[¢] 0: k[t] —> k[t]
and

p——>1tp pr— @ G-1)
’ dr

One immediately verifies that we have

APy _ 4P oa+id)(p),

Vpekltl, @ot)(p) = 7 o

where id (also denoted by 1) is the identity map on k[¢]. It shows that the Leibniz
rule

dot=tod+id

holds in the operator algebra k(t, 0).

Using the Leibniz rule, we can define the Weyl algebra also by generators and
relations: let k(T, D) be the free associative k-algebra on the set {T, D}, that is, the
k-vector space with the basis formed by all words over {7, D} and the multiplication
of basis elements defined by concatenation. Let now

J=(DT-TD-1)Ck(T,D)
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denote the two-sided ideal generated by DT — T D — 1 and define the k-algebra:
A=k(T,D)/J.
By definition, the Leibniz rule
DT=TD+1 modJ

holds in A. Using this identity, each element of d € A can uniquely be written as a
finite sum o
dEZaij T' D’ mod J

with coefficients a;; € k.

To see that the two constructions above are equivalent, one can use the fact that
A is a simple ring, that is, its only proper two-sided ideal is the zero ideal (see, for
example, [18]). Hence every ring homomorphism is injective and so the k-algebra
homomorphism A — k(t, 0) mapping

T+J+——>1t and D+J+— 0

is an isomorphism. In other words, each d € A can be identified with the following
corresponding k-linear map

Ly: k[t] — k[t],
p+—d(p),

where d(p) denotes the action of d on p.

In the following, we use a similar approach to introduce and study the algebra
of ID operators with polynomial coefficients. ID operators with polynomial coef-
ficients were studied in [8, 10] as a generalized Weyl algebra [6, T]. See [40] for
the construction of ordinary ID operators with polynomial coefficients as a factor
algebra of a skew polynomial ring (see, e.g., [16, 31] and the references therein). For
the construction of the algebra of ID operators Fo (9, /) defined over an ordinary
ID algebra F and endowed with a set of characters (that is, multiplicative linear
functionals) @, we refer to [42, 43]. This construction is based on a parametrized
noncommutative Grobner basis; see Sect. 3.3 for the case of polynomial coefficients.
For a basis-free construction using a finite reduction system in fensor algebras, we
refer to [22]. In contrast to [8, 10], the last two approaches allows one to have more
than one point evaluation as described in Sect. 3.4, which is crucial for the study of
boundary problems.

Definition 1 The k-algebra of ordinary ID operators with polynomial coefficients
is defined as the k-subalgebra

k(t, 0, [) S endy(k[1]),
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with the operators ¢ and O defined as in (3.1) and

[+ klt] —> k1]
" —s " (0 + 1),

defined on the basis (t"),en of k[f].

The integral operator | corresponds to the usual integral starting at 0:

[ k[t] — klr]
p+— fot p(s)ds.
One can verify directly that the fundamental theorem of calculus
do [=id

holds. Moreover, we see that
E=id — / od

corresponds to the evaluation at 0:

E: k[t] — k[t]
p —> p(0).

Hence, as soon as we have an integral, we also have one evaluation map to the
constants k “for free”, which allows us to define and study initial value problems in
terms of integro-differential operators. Note that the operator E naturally induces the
existence of zero divisors. For instance, we have:

Eot =0.

Based on the basic identities above, we can construct the algebra of integro-
differential operators with polynomial coefficients also by generators and relations.

Definition 2 We define the k-algebra
I=k(T,D,I,E)/J,
where J is the two-sided ideal of relations generated by the following elements:
DT-TD-1, DI-1, ID+E—-1, ET. 3.2)

We note byT=T+J (resp.,5=D+J,7=I+J,F=E+J) the residue
class of T (resp., D, I, E)in .
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3.3 Normal Forms

Since we have now four defining identities for I (see (3.2)) instead of one as for the
Weyl algebra A, it is more involved to obtain the normal form of an element of I, i.e.,
its unique expression as a noncommutative polynomial in the operators 7', D, I and
E modulo the relations (3.2). In this section, we informally discuss the construction
of a noncommutative Grobner basis for the defining ideal following Buchberger’s
algorithm. For background on noncommutative Grobner bases, we refer to [12, 13,
32, 46]. In the noncommutative case, note that Buchberger’s algorithm does not
terminate in general and the property of having a finite Grobner basis is undecid-
able. However, in our case we can “guess” a parametrized Grobner basis from the
corresponding S-polynomial computations.

See [42, 43] for further details on a parametrized Grobner basis for the defining
relations for integro-differential operators over an ordinary ID algebra and the corre-
sponding normal forms. An analogous finite tensor reduction system and the related
S-polynomial computations using the package TenRes can be found in [22, 23].

We denote the S-polynomial between two polynomials of the form

UV—-P and VW -0,
with “leading terms” U V and V W by:
SUV,vwW)y=pPW-U Q.

In the following, we consider a graded partial order with D > T and I > T. We
first compute the S-polynomial between the polynomials

DI—1 and ID+FE —1

and obtain:
S(DI,ID)=1D—-D(1—-—E)=DE.

So we need to add the polynomial
DE

to the generators of our ideal, which corresponds to the evaluation mapping to k. The
S-polynomial between I D + E — 1 and the new polynomial gives:

SID,DE)=(1—E)E.

So we obtain
E’>—E,

which corresponds to the evaluation acting as a projector onto k. Since
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SUD,DI)=(01—-E)I—-11=—-E1,

we also have to add the polynomial
El

to our generators, which corresponds to the integral fol evaluated at O being 0.
The S-polynomial between

ID—1+FE and DT -TD -1
is given by:
SUD,DT)=1-E)YT-1I(TD+1)=T—-ET—-ITD-1.
Using the polynomial E T from the original generators, we see that we need to add
the polynomial:

ITD-T+1.

This gives rise to new S-polynomials with D T — T' D — 1 and one sees inductively
that we need to add the family

Va>1, IT"D—T'+nlIT"!

to our generators, corresponding to integration by parts. Computing the S-polynomials
with this family and D E, we then obtain

IE—-TE,

and
Vn>1, IT"E-T"""/mn+1)E

which corresponds to the k-linearity of the integral.
Finally, the S-polynomial between

ITD—-T+1 and DI —1

is given by:
SUTD,DI)=(T-1HI1-1T.

So we obtain the polynomial
IP—TI+IT,

allowing to reduce an iterated integral to a sum of two single integrals. Again, this
identity gives rise to an infinite family
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Yaux=1, IT"I— T +1T""Y/n+1)

of new generators.

Collecting all the identities above, one can verify that all parametrized S-
polynomials now reduce to zero and we have indeed a Grobner basis for the defining
identities (compare with [42, Proposition 13] and [22, Theorem 5.1]).

Theorem 1 The generators

DT-TD-1, DI—-1, ID+E—1, ET,
DE, E>—E, EI, IE-TE, I*’-TI+IT,

and the parametrized generators

IT'"D—-T'4+nlT !,
VYn>1, IT'"E-T""'/mn+1)E,
IT' I — (T T+ 1T Y/ (n+ 1),

form a noncommutative Grobner basis for the ideal J of 1 (see Definition 2) with
respect to a graded partial order with D > T and I > T.

By the normal form corresponding to the Grébner basis from Theorem 1, using
the notations of Definition 2, each d € I can uniquely be written as a sum

d=d\+d,+ ds,
where
dl :ZGUTIE], dz:ZbUTlTTJ, d3:ZfUTlF5] (33)

are respectively an OD operator, an integral operator, and a boundary operator, with
aij, bij, and f;; € k, and d, d», and d3 contain only finitely nonzero summands.

To see that the definition of integro-differential operators via generators and rela-
tions and Definition 1 are equivalent, we can use the fact that I is “almost” a simple
ring. The only nonzero proper two-sided ideal is the ideal (E) generated by the
“evaluation” E. This was first proved by Bavula in [8]. Here we give an alternative
proof based on the normal forms and direct sum decomposition above, which also
generalizes to the more general setting including several evaluations mentioned in
the next section.

Proposition 1 The only nonzero proper two-sided ideal of 1 is (E).
Proof Letd e T\ (E) withd =dy +d> +ds as in (3.3) and d; + d» # 0 by as-

sumption. Using the identities

DT=TD+1, DI=1, DE=0,
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we can find a k € N such that .
D de A\ {0}

is a nonzero differential operator and the statement follows since A is a simple
ring. (]

Corollary 1 The k-algebra homomorphism x: 1 — k(t, d, [) mapping
T—>t, D— 0, E+—>E, 7}—)[

is an isomorphism.

In other words, we can identify each d € I with the corresponding k-linear map

Ly: k[t] — k[z],

3.4
p— d(p), G

where d(p) denotes the action of d on p.
Finally, using (3.3), up to isomorphism, we have the following direct sum decom-
position
I=A®k[t] [k[t] & (E)

with the two-sided ideal (E) of boundary operators generated by E.

3.4 Several Evaluations

For treating boundary problems, we allow additional point evaluations (characters,
i.e., multiplicative linear forms) in our operator algebra. We denote the evaluation at
o € k by

E,: k[t] — k[t]

p—> pla).
The basic identities for evaluations at «, § € k and the derivation O are
E,ot =aE,, EgoE, =E,, 0oE, =0.

Definition 3 Let @ be a subset of k with 0 € &. Identifying Eg withE =id — [ 0 9,
we define the k-subalgebra k(z, O, f, (Bo)aco) of endy (k[¢]) formed by the ordinary
ID operators with polynomial coefficients with characters (E,)qe-

Clearly, if @ = {0}, then k{¢, O, f, (Bo)aco) = 1. We now construct the algebra
of integro-differential operators with a set of characters (E,).co by generators and
relations.
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Definition 4 We define the k-algebra

Lo =k(T, D, I, (Ea)aca)/Jo,
where Jy is the two-sided ideal generated by:

DT-TD-1, DI—-1, ID+Ey—1,

E,T —aE,, (3.5)
Ya, B, EsE, - E,,
DE,.

WenotebyT: T+ Jo (resp.,ﬁ: D+Jp, I=1+Jp,E,=E,+ Jpfora e
@) the residue class of T (resp., D, I, E,) in [p.

For obtaining a Grobner basis for the ideal of relations Jg, to the defining re-
lations (3.5) and the generators from Theorem 1, we have to add the following
parametrized generators:

Vn>0, aed, IT"E,—T"""/(n+1)E,.

By the corresponding normal forms, every ID operator d € I can be uniquely written
as asum d = dj + dy + d3, with d; and d; as in (3.3) and a boundary operator of

the form o o
d3=2<2ﬁjT E.D' +Y g;T EalT’), (3.6)
acd

where f;; and g;; € k and d3 contains only finitely nonzero summands. Based on the
above decomposition, the proof of Proposition 1 can be generalized.

Proposition 2 The only nonzero proper two-sided ideal of 1o is ({Es}aco), simply
denoted by (E). Moreover, we have (E) = (Ey).

The equality (E) = (Ey) comes from the fact that 0 € @ and, with the notation
of (3.6), from the following identity:

=Y (Y ST EED +Y T BET) e (Ey).

aed

Corollary 2 The k-algebra homomorphism
x:lo —> k(t,0, [, (Ba)aco)
mapping
Tr—>t, D0, E,—E,, forae®, Ir— f

is an isomorphism.
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So we can identify again each d € I with the corresponding k-linear map L, on
the polynomial ring k[¢] as in (3.4). For the rest of the paper, we do this identification
and write 9, [, t, E, for both the linear operators on the polynomial ring k[#] and
the corresponding residue classes in . So the normal form for an ID operators

d=d +dy,+ds €lyp

from Eqgs. (3.3) and (3.6) reads as

dy = ayt'd, dy="y byt [t (3.7

and

d= Y (X it B0 + Yy m [ V). 69

aed

Denoting by ({E, }aco ) the two-sided ideal of [, generated by the E,’s fora € @, we
then have ({E,}.ce) = (E), where (E) denotes the two-sided ideal of I generated
by E, and, up to isomorphism, we have the following direct sum decomposition:

Io = A® k1] [ kl1] @ (B).

In particular, the normal form tells us that the corresponding linear maps on the
polynomial ring are linearly independent. Since we will need it later, we state this
explicitly for the linear functionals in the normal form of boundary operators (3.8).

Lemma 1 The k-linear functionals B, O' and E, f thonk[t] fori e Nand o € k
are k-linearly independent.

3.5 Syzygies and Annihilators

In this section, we discuss some important algebraic properties of the algebra I
concerning finite generating sets of ideals. First, since the integral operator f is
a right but not a left inverse of the derivation 0, it is known that the algebra I is
necessarily non-Noetherian [24].

More explicitly, if [* = [ --- [ denotes the product of i integral operators and

f =1, using Theorem 1, one verifies that the following operators
P ot
eij=["Ed :peklt]l— pP0) —
i!

satisfy
eijez,nzf'EﬁjflE(?m=6]~1eim, (3.9
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where d;; = 1for j = [, and 0 otherwise; see also [24] or [28, Ex. 21.26]. In particular,
I contains infinitely many orthogonal idempotents e;; foralli € N, i.e., ¢;; ej; = 0;;
forall i, j € N. Let us introduce the following operator:

er =ep+en+ - +ex €l

We note that the operator ¢; acts on a polynomial p by
koo i
e(p) = PO -,
i=0

which corresponds to the first k terms of the Taylor series of p att = 0.
Using (3.9), we obtain:

VO<i<k, e;=ee=exe;,

which yields e; e; = e e; = enin,j)- In particular, we have e;_jex =ex e =
ex—1, which shows that Te;_; C ITe; and ex_; I C ¢4 L. Since ¢, is an idempotent
of I, i.e. e,% = ¢, if wehave ¢, € [e;_q,1.e. ¢, = Zi.:é d; e; for certain d; € I, then
we get

k=1 k=1
er_1 =erep_| = E dieiep_| = E die; = ey,
i—0 i—0

which yields a contradiction since ex(t*) =1 and e,_1 (%) = 0, and shows that
Tey_; € Ieg for all k € IN. Similarly, we have e;_; I C e, I. Hence the increasing
sequence ([y = Leg)i>o (resp., (Ix = ex Do) of principal left (resp., right) ideals
of [ is not stationary, which proves I is not a left (resp., a right) Noetherian ring.

Even though [ is non-Noetherian, Bavula proved the following fundamental result
stating that I is a coherent ring.

Theorem 2 ([10]) The ring Lis coherent, i.e., foreveryr > 1,andforalld,, ...,d, €
L, the left (resp., right) I-module

S:!(cl,...,c,)elllxr| > cidi=0

i=1

(resp., S = {(cl, vt eI 3 cie = O}) is finitely generated as a left
(resp., right) I-module.

Linear systems are usually described by means of finite matrices with entries in
a certain ring of functional operators D. As explained in [35], if D is a coherent
ring, an algebraic systems theory can be developed as if D were a Noetherian ring.
Hence, Theorem 2 shows that an algebraic systems theory can be developed over
I In particular, basic module-theoretic operations of finitely presented left/right I-
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modules namely, left/right [-modules defined by matrices, are finitely presented, and
thus, finitely generated. For more details, see, e.g., [28, 44]. It is shown in [11] that
Theorem 2 cannot be generalized for more than one differential operator, i.e., for
the algebra I, of integro-partial differential operators with polynomial coefficients
defined by the operators x;, 0; = a% and fx’ fori=1,...,nandn > 1.

Based on normal forms for generalized Weyl algebras, it is shown in [8] that I
admits the involution 6 defined by

00) =/, 0(/)=0, 0(t)=1*+9=(d+1)0, (3.10)
i.e., 0 is a k-linear anti-automorphism, namely, it satisfies:
Vd,eel, O(de)=0(e)0(d), 6*d) =d.
We note that § [ = 1 and E = 1 — [ 9 yield:
(1) =0()0@) =08 =1, E =6(1)—0@d)0([)=1-[d=E.
With the notations (3.7) and (3.8), we get:
) =Y ay 00 00) = ai; [T (10 +1)0)',
0(dy) =Y b 00) 0() 0t = bij (10 +1)0) (1 0+ 1) 9)',

o) =Y (D 100 0@ 0w’ ) =3 (3 iy [/ B0+ 1)0))

aeP aed

=Z<Zﬁj%g(aa+1)a>i>.

aed

In particular, we have ((E)) C (E) and (k[¢] [ k[z]) € A. Finally, we note that:
()= [@td+1)d=10.

As a consequence, many algebraic properties of left I-modules have a right ana-
logue and conversely. Finally, in [§—10], various algebraic properties of I and impor-
tant results are proven amongst them a classification of simple modules, an analogue
of Stafford’s theorem, and of the first conjecture of Dixmier.

The computation of syzygies, namely, left/right kernel of a matrix with entries
in [ is a central task towards developing an algorithmic approach to linear systems
of ID equations with boundary conditions based on module theory and homological
algebra. See [16, 29, 36] and references therein. However, the the proof of Theorem 2
given in [10] is non-constructive. As a first step for computing syzygies, we discuss in
the following how to find left/right annihilators of elements in I. As we will see, this
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problem leads, in turn, to computing polynomial solutions of ordinary ID equations
with boundary conditions, which we discuss in Sect.3.7.
The left annihilator of d € I is defined by

annp(.d) :=={e €l |ed =0},
and, analogously, the right annihilator is defined by:
annp(d.) :={e €l |de =0}

The left annihilator can be interpreted as compatibility conditions of the inhomoge-
neous ID equation d y(¢) = u(t). Indeed, for e € anny(.d), we have:

eu(t) =edy() =0.

If d is not a zero divisor, then d y = u does not admit compatibility condition of the
form eu = 0, where e € I.

Example 1 We first consider the following trivial example:

[oy(s)ds = u(t).

The compatibility condition «(0) = 0 corresponds to the left annihilator E of [, i.e.,
E [ = 0in. As anontrivial example, we consider the inhomogeneous ID equation:

2 =205+ +2)y(0) — B1/5+2) [y y(s)ds +3/5 [(sv(s)ds = u(r). (3.11)
The left annihilator of the following ID operator
d=1"0" =210+ +2)—(Bt/5+2) [+3/5[tel (3.12)

yields the compatibility conditions of (3.11). The compatibility conditions of d will
be given in Example 9.

The relation between annihilators and polynomial solutions of ordinary ID equa-
tions comes from the fact that we can identify an integro-differential operator d € 1
with the corresponding linear map L, on the polynomial ring k[¢]. Hence, we have
the equivalences:

de=0 & Lyjy=LsoL,=0 & imL, C ker Ly. (3.13)

Suppose that we want to compute the right annihilator of d and assume that L, has
a finite dimensional kernel. Then the image of L, for an e € annj(d.) has to be finite
dimensional and must be contained in ker L,. In other words, we have to compute
the polynomial solutions of L, and then find generators for all ID operators e with
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im L, C ker L,. After discussing some general properties of Fredholm and finite-
rank operators in the next section, we follow this strategy for ID operators including
several evaluations in Sect. 3.8.

3.6 Fredholm and Finite-Rank Operators

Several properties of Fredholm operators can be studied in the purely algebraic
setting of linear maps on infinite-dimensional vector spaces. In [11], such properties
are used to investigate I. It turns out that Fredholm operators are also very useful for
an algorithmic approach to operator algebras. We review some algebraic properties
of Fredholm operators in this section.

Definition S A k-linear map f: V —> W between two k-vector spaces is called
Fredholm if it has finite dimensional kernel and cokernel, where coker f = W/im f.
The index of a Fredholm operator f is defined by:

ind; f = dimg(ker f) — dimy (coker f).

We have the long exact sequence of k-vector spaces [44]

O—>kerf—i>V—f>W—p>cokerf—>O,

i.e., [ is injective, ker f = imi, ker p = im f, and p is surjective, where p(w) is
the residue class of w € W in coker f. Then, dimy(coker f) gives the number of
independent k-linear compatibility conditions g(w) = 0 on w for the solvability
of the inhomogeneous linear system f(v) = w (e.g., f is surjective if and only
if coker f = 0), while dimy (ker f) measures the degrees of freedom in a solution
(v + u is solution for all u € ker f).

Example 2 Viewing the basic operators 1, 7, 0, f € I as k-linear maps on V =
W = k[t], we get:

ker1l =kerr =ker [ =0, kerd =k,
im1l =imd = k[t], imz =im [ = k[r] 1.

Hence, they are also Fredholm with index:
ind 1 =0, indgr=ind; [ =—1, ind;d=1.
If V and W are two finite-dimensional k-vector spaces, then
dimy (coker f) = dimg (W) — dim;(im f)

and the rank-nullity theorem yields dim; V = dim (im f) + dimy (ker f), hence
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il’ldk f = dlmk vV — dlmk VV7 (314)

i.e., ind; f depends only on the dimensions of V and W.
We also recall the index formula for Fredholm operators.

Proposition 3 Let V' Lo v % V7 be k-linear maps between k-vector spaces. If
two of the maps f, g, and g o f are Fredholm, then so is the third, and:

indg(g o f) = indy g + indy f. (3.15)

Proof Considering the following commutative square

V’*>V

l

V/ go /

we obtain the following commutative exact diagram (see, e.g., [44]):

0
0 ker g
0 ker f Vv’ ! 14 coker f ——0
g
0 ——=ker(go f) v’ 90/ %4 coker (g o f) ——=0.
0 coker g
0

A chase in the above commutative exact diagram shows that we have the following
long exact sequence of finite-dimensional k-vector spaces [44]:

0 ker f ker(g o f) ker g

coker f —— coker (g o f) — coker g —— 0.
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Using the Euler-Poincaré characteristic [44], we then get

dimy (ker ) — dimg (ker(g o f)) + dimg (ker g)
— dimg (coker f) 4+ dimg (coker (g o f)) — dimy(coker g) = 0,

which finally proves (3.15).

Definition 6 A k-linear map between two k-vector spaces is called finite-rank if its
image is finite-dimensional.

Example 3 Let us consider E =1 — [ € L. It has an infinite-dimensional kernel
kery E = k[t]¢, but its image im; E = k is one-dimensional. More generally, every
boundary operator d; € I is obviously of finite rank since its image is contained in
the k-vector space of polynomials with degree less than or equal n, where n is the
maximal index i with a nonzero coefficient f;; or g;; in (3.8).

Clearly, composing a finite-rank map with a linear map from either side gives
again finite-rank map and Proposition 3 shows that the composition of two Fredholm
operators is a Fredholm operator.

Proposition 4 Let V be a k-vector space and A a k-subalgebra of endy (V). Then,
Fu={ae A|ais Fredholm}

forms a monoid and
Ca = {c € A| cis finite-rank }

is a two-sided ideal of A.

In particular, we have another interpretation of the only proper two-sided ideal
(E) of boundary operators as finite-rank operators. All other ID operators of I \ (E)
are Fredholm as we will see in Proposition 6. More generally, the notion of (strong)
compact-Fredholm alternative for an arbitrary k-algebra A was introduced in [10].

3.7 Polynomial Solutions of Rational Indicial Maps
and Polynomial Index

Computing polynomial solutions of linear systems of OD is well-studied in symbolic
computation since it appears as a subproblem of many important algorithms. See, for
example, [1-5, 14]. In this section, we discuss an algebraic setting and an algorithmic
approach for the computation of polynomial solutions (kernel), cokernel, and the
“polynomial” index for a general class of linear operators including ID operators.

For computing the kernel and cokernel of a k-linearmap L: V — V' on infinite-
dimensional k-vector spaces V and V', we can use the following simple consequence
of the snake lemma in homological algebra (see, e.g., [44]).
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Lemma2 Let L: V —> V' be a k-linear map and U C V, U’ C V' k-subspaces
such that L(U) C U’. Let

L'=Ly:U—U and L:V/U— V'JU
be the induced k-linear map defined by L(r®)) = 7 (L)) for all v e V, where

w: V. — V/U (resp., 7': V' —> V'/U’) is the canonical projection onto VU
(resp., V' /U’). Then, we have the following commutative exact diagram:

0 U V—">V/U 0 (3.16)
P
0 U V"oV U —0.

If L is an isomorphism, i.e., V/U = V'/U’, then:
ker L’ =ker L, coker L’ = coker L.

Moreover, if U and U’ are two finite-dimensional k-vector spaces, then L is Fredholm
and indk L = dlmk U — dlmk U'.

Proof Since L is an isomorphism, applying the standard the snake lemma (see, e.g.,
[44]) to the following commutative exact diagram of k-vector spaces

0 0
ker L’ ker L 0
0 U 14 T -V/U——=0
L L L
0 U’ V— "y U —0,
coker L’ coker L 0
0 0

we obtain the following long exact sequence of k-vector spaces

0 — kerL’ — ker L — 0 —> coker L’ —> coker L — 0,
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and the statements about the kernel and cokernel follow. If U and U’ are two finite-
dimensional k-vector spaces, then so are ker L’ = ker L and coker L’ = coker L and
ind; L = indy L’ = dimy U — dimy U’ by (3.14). O

Remark 1 In the language of homological algebra, the fact that L defines an isomor-
phism in Lemma 2 means that the following chain complex of k-vector spaces

U Vv
ool
U Vv

/7 I 0

0 0

0

is a quasi-isomorphism, namely the homologies of the horizontal complexes, i.e.,
L

V/U and V'/U’, are isomorphic. Hence, the complex 0 1% Vv’ 0
of infinite-dimensional k-vector spaces, whose homologies are ker L and coker L,
is then reduced to the complex 0 U—Lt-u 0 of finite-dimensional

k-vector spaces, which homologies, ker L and coker L', are then isomorphic to ker L
and coker L.

From an algorithmic point of view, we want to find finite-dimensional k-subspaces
U and U’, and an algorithmic criterion for L being an isomorphism on the remaining
infinite-dimensional parts V/U and V'/U’.

The cokernel of a k-linear map f: V — W between two finite-dimensional k-
vector spaces V and W can be characterized as follows. Choosing bases of V and W,
there exists amatrix C € k" suchthat f(v) = C vforallv € V = k". Computing a
basis of the finite-dimensional k-vector space ker CT and stacking the elements of this
basis into a matrix D € k", we get ker CT = im D' Then, coker f = im D and,
more precisely, if m: W — coker f is the canonical projection onto coker f, then
the k-linear map o : coker f —> im D defined by o(m(w)) = D w for all w € W,
is an isomorphism of k-vector spaces.

Let us now study when the k-linearmap L: V/U — V'/U’ is an isomorphism.
In what follows, we will focus on the polynomial case, namely, V = V' = k[t]. To
do that, let us introduce the degree filtration of k[¢], namely,

kil = |k, Kt = @kﬂ',
j=0

ieN

defined by the finite-dimensional k-vector spaces k[¢]<; formed by the polynomials
of k[t] of degree less than or equal to i (we set k[t]<_; = 0). Note that this filtration
is induced by any basis {p; };cv of k[¢] with deg p; =i forall i € IN.

For motivating the following definition, we recall that we defined the multiplica-
tion operator, derivation, and integral operator in terms of their action on the basis
(t")nen of k[t]; see Eq. (3.1) and Definition 1. More generally, we can easily check
that the action of the summands of an ID operator in the normal form (3.7) is respec-
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tively given by:
GRZDIC = -)'f"_”’? n=j
n— j!
@ oH(" =0, n<j,
. . 1 L
[ tHha™) = tl+j+n+1_
( f )@ n+j+1

So the action on a basis element ¢ for n large enough is given by a rational function
in the exponent n and a shift in the exponent.

Definition 7 A k-linear map L: k[t] —> k[¢t] is called rational indicial if there
exist a nonzero rational function g € k(n), an integer s € Z, s abound M € N, and
nonzero constants ¢, € k* such that

L(t") = ¢, q(n) t"** + lower degree terms,
for all n > M > —s. Then, we call the pair
sym(L) = (s, q)

its rational symbol.

Example 4 The rational symbols of the defining ID operators are:
rsym(1) = (0, 1), sym(t) = (1, 1),

o) = 1. o) = (155

Operators such as shift and dilation operators on &[] are also rational indicial. For
instance, if a € k \ {0} and ¥, is the dilation operator defined by x, (") = (a t)" for
alln > 0, thenwe getc, =a",g=1,s =0,and M = 0.

Example 5 The sum of a rational indicial map and a finite-rank map is also rational
indicial with the same symbol for a large enough bound M. For instance, if we
consider L; = 1 4+ 3 B¢, then we have L;(1) =3+ 1 and L, (t") = ¢" forn > 1,
which shows that M =1, s =0, ¢ = 1, and ¢, = 1 (compare with Ly = 1 which
is such that M =0, s =0, ¢, = 1, and ¢ = 1). Finally, if we consider L, = 1 +
13 Eq 0%, then we have Lo(1) =1, Ly(t) = ¢, Ly(t?) =213 +1¢%, and L,(t") = t"
for n > 3, which shows that M =3,5s =0,g = l,and ¢, = 1.

Let us now state a result for the computation of the kernel and cokernel of rational
indicial maps (compare with Lemma 6.5 of [10]).

Proposition 5 Let L: k[t] —> k[t] be a k-linear map. Let

—1<N,=(N+1)<s, U=kltlen, U =kltl<n4s
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besuchthat L(U) CU'.LetL' = Liy: U —> U’ be the inducedmap. Ifdeg L(t") =
n+sforalln > N + 1, then:

ker L' = ker L, coker L' = coker L.

Moreover, L is a Fredholm operator with ind; L = —s.

Proof Let V=V’ =k[t]and 7 : V —> V/U (resp., 7’ : V' —> V'/U’) be the
canonical projection onto V/U (resp., V'/U’). Then, L(7 (")) = «'(L(t")) for all
n € N.

Let us note 7, = w(¢") and S,, = «'(¢") for all n > 0. Then, we get:

V/U =kl kidey = €D kT VU =kI1)/kltlenss = €D kSi
i>N+1 i>N+s+1

Moreover, if p = Z,N:J;vrﬂ Di t' € k[t], where pi € k, then we have

N+r N+r N+r
Lip)y= Y piLt)= > pilciqi)t™ +..0= > piciqgi)t™ +...,
i=N+1 i=N+1 i=N+1

where . . . denotes lower degree terms. Note that we have 7(p) = ng\f 41 pi T and
7' (L(p)) = Z?S;H pici q(i) Sies + ..., which shows that L corresponds to the

following linear operator:
L:V/U=@ oy kT — V'/U = PBisyissr k Si
S pi T N piciq () Sigs .

Considering the coefficients of the elements of V /U (resp., V'/U’) in the basis
{Ti}i=n+1 (resp., {S;}j>n+s+1), up to isomorphism of k-vector spaces, we obtain:

L: @izNH k —> @izN+s+1 k
(PN+1’ PN+2, ~-~va+r70’ ) > (pN+1 CN+1‘](N+ 1) + ceey
ves PN4rCNer q(N +7) +...,0,...).

We note that L is defined by an upper triangular infinite matrix which determinant
is ]—LN: o 416 q(@) # 0. Hence, the linear operator L is invertible, and thus defines an
isomorphism of k-vector spaces, i.e. V/U = V'/U’.

Finally, the result follows from Lemma 2 after noting that:

dimkU—dimkU/ZN—f-1—(N—|—l—|—s):—s,
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Example 6 Let us consider the Fredholm operator L =17 [ + [¢. Then, we get
L") = (ﬁ + ﬁ) t"*2 for all n >0, which shows that rsym(L)=

(2, %) Hence, if we consider N =0,s =2,V =V’ =k[t],U =k, U’ =

k[tl<z, and L' = Ly, i.e., L'(u) =3ut*/2 for all u € k, then ker L' = 0 and
coker L' = k[t]<o/(t?) =k + kt. Let us note T; = w(t') and S; = 7'(t') for all
i e N.If p=Y"_, pit' €klt], then using that ¢(i) # O for all i € N, we obtain
the following isomorphism of k-vector spaces

L:V/U=k[tl/k =@ kT, — V'/U =k[t]/k[t]<2 = D,k Si
m(p) =Y i pi T —> 7' (L(p)) = X_i) pi q(i) Sisa,

which, up to isomorphism, corresponds to the isomorphism of k-vector spaces:

Pty P 0,00 ) — (p1gl), ..., prq(),0,...).

By Proposition 5, we obtain ker L = ker L’ = 0 and coker L = coker L' =k + kt.
Similarly, we let the reader compute the polynomial solutions of L = % tf— [t

Given a rational indicial operator with rational symbol (s, ¢) and bound M, we
obtain a bound N for Proposition 5 by computing the largest nonnegative integer
root [ of ¢ and taking N = max(/, M). Hence computing the kernel and cokernel of
L: k[t] — k[t]reduces to the same problem for the k-linearmap L' = Ly : U —
U’ between two finite-dimensional k-vector spaces, which can be solved using basic
linear algebra techniques. We have implemented in Map1 e the computation of kernel
and cokernel of rational indicial maps.

Corollary 3 A rational indicial operator with rational symbol (s, q) is Fredholm
with index —s and its kernel and cokernel can be effectively computed.

We can explicitly compute the rational symbol (s, g) ford ¢ (E) from its normal
form. For computing the index of OD equations with analytic coefficients, we have
the Komatsu—Malgrange index theorem [25, 30]. The following proposition is a
purely algebraic version of an index theorem. Compare with [10, Proposition 6.1].

Proposition 6 Let d = Za,-j 1o/ 4+ Zbij 1l ftj +d; € g be an ID operator,
where ds € (B), such that d ¢ (E). Then, the k-linear map

Ly: k[t] — k[¢],
p+—d(p),

is rational indicial with rational symbol (s, q) given by
s:—indkdzmax({i—j |a,-j #O}U{l‘i‘]‘i‘l |bij 750}),

and:
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n! 1
= i bt—
o Za’(n—j)!Jr 2 "ntj+1

i—j=s i+j+l=s

3.8 Polynomial Solutions and Annihilators

In his proof of Theorem 2, stating that [ is a coherent ring, Bavula [10] uses that the left
and right annihilators are finitely generated I-modules, for which a non-constructive
argument is given.

Theorem 3 ([10]) Let d € L. Then, the left (resp., right) annihilator anny(.d) (resp.,
anny(d.)) of d is a finitely generated left (resp., right) I-module.

In this section, we generalize this result to right annihilators of Fredholm operators
d € Iy with several evaluations using a constructive approach. As outlined at the end
of Sect. 3.5, our approach is based on the fact that we can identify integro-differential
operators with the corresponding linear map on the polynomial ring (see Corollary
2). To characterize the right annihilator anny, (d.), we use the equivalences (3.13). If
d is Fredholm, i.e., d € I \ (E), then ker L, is a finite-dimensional k-vector space,
and thus, e has to be finite-rank and hence must be a boundary operator e € (E).
Thus, we have to compute polynomial solutions of the Fredholm operator d, i.e.,
ker L4, and then find generators for all the e’s satisfying im L, < ker L.

We first describe the image of a finite-rank operator L, for a boundary operator
e € (E). By (3.8), e is a finite k[¢]-linear combination of terms of the form E, 0’ and
E, [t with @ € @, namely

1 m
e=) ( PoiBa® + ) GaiBa ft"> : (3.17)
0

acd i=0

where p..i, ga.i € k[t]. With Lemma 1, we can now apply the following general
fact for linear functionals on arbitrary vector spaces; see, e.g., [27, pp. 71-72].

Lemma 3 Let V be a k-vector space and \y, ..., N\, € V* k-linear functionals.
Then, the \; are k-linearly independent iff there exist vy, ..., v, € V such that:

Vi,j:l,...,n, )\,’(Uj)Z(Sij.
Proposition 7 Let e € (E) be as in (3.17). Then, we have:
1 m
imLe=3 > kpai+) D Kdai
aed i=0 aed i=0

Proof The inclusion C is obvious since E, ¢’ and E,, [ ' are functionals. Let E, &'
or E, f t' be a linear functional corresponding to a nonzero summand in (3.17).
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Since these linear functional forms are k-linearly independent by Lemma 1, using
Lemma 3 with V = k[¢], there exists a polynomial p € k[¢t] such that (E, &')(p) = 1
(resp., (B, [1)(p) = 1) and (B3 0/)(p) = O (resp., (Es [ 1/)(p) = 0) for all other
functionals corresponding to nonzero summands of (3.17). Then, we get L.(p) =
e(p) = pa.i or L,(p) = e(p) = qa.i, which proves the reverse inclusion. O

Theorem 4 Let @ be a subset of k with O € @. Let d € 1y be Fredholm with

n
ker L; = Zkr,-,
i=1

where r; € k[t]. Then, we have:

anng, (d) =Y _ (E)lo.

i=1
In particular, anny, (d.) is a finitely generated right 1o -module.

Proof Sinceim L,,g = kr; C ker L, the inclusion D follows by (3.13). Conversely,
lete € Iy asin (3.17) with d e = 0. Then, by (3.13) and Proposition 7, we have:

imL, = Zkam +Zqum gkerLd_Zkr,

aed i=0 aed i=0

Hence, every nonzero p,; and g, ; can be written as a k-linear combination of the
. h n .

ri’s,1.e., Pai = ijl Uqijrjandq,; = ijl Vq,i,j rj forcertainu, ; j, vaj € k.

Using (3.17) and EE, = E,, we then get

I
e_zz<zu0”1r Ella +Zvazjr Eaft)

aed j=1 \i=0

_ZZ(iua”rjEE 8’+Zva,jrjEE ft)

aed j=1 \i=0
1

= erE (Z Z Um,"anai +ZZ”‘”JE“fti> € Z(VjE)]Lp,
=1 acd i=0 aed i=0 =1

which proves the reverse inclusion € and thus the result. O

Example 7 1fd = 0%, then we haveker Ly = k + k t, which shows thatanny, (6%.) =
Elp + t Elp. We can check again that 9> (tE) = (1 0> +29)E = 0.

Lemma 4 (Corollary 3.2 of [10]) If d € 1 is Fredholm, then so is 6(d).
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Proof Letd € I be Fredholm, i.e.,d € I\ (E). Suppose that §(d) € (E). At the end
of Sect.3.5, we show that ((E)) C (E). Thus, d = #(0(d)) € (E), which is a con-
tradiction and proves that 8(d) € I\ (E), i.e., (d) is Fredohlm.

The following corollary of Theorem 4 gives a way to compute a set of generators
of the left annihilator anny(.d).

Corollary 4 Let @ be a subset of k with 0 € @. Let d € g be Fredholm with
ker Loy = Y i, kri, where r; € k[t]. Then, we have

anng, (d) =Y ToEr((t0+1)0) =Y I EF(D),
i=1

i=1
where the polynomial 7; is defined by substituting t' by i! 0 into r;.

Proof By Theorem 4, we have anny, (0(d).) = > i, (r; E) I4. Applying 0 to r; E,
we get O(r; E) = O(E) 0(r;) = Er;(t 0+ 1)0). Wehave 0(r; E)d = 0(0(d) r; E) =
0(0) = 0, which proves the inclusion D. Conversely, if e € anng, (.d), i.e., ed =
0, then 6(d)0(e) =0, and thus f(e) =, r; Ed; for certain d; € Iy, which
yields e = 6?(e) = Y_/_, 6(d;) EO(r;), which proves the inclusion C and the first
equality. Finally, we note that EQ(t)) = E(t 0+ 1)90)/ = j!EO/ for j € N, and
thus E Y _os;0(t)) =E Y j_ys;j! 0/, where s; € k, which proves the second
equality. (]

Example 8 Ifd' = [ 2, then(d’) = &* and using Example 7, we obtain anng, (0%.) =
Ely +tElp, which shows that anng, (fz.) =l E4+IsE¢I+1)0=1p
E + [ E 0. We can check again that E (1 0 + 1)8[2 =E@Id+1)[=EB@+[)=
0. Finally, according to the comments above Example 1, we obtain that the com-
patibility conditions of the inhomogeneous equation fot (fy y(x)dx) dT = u(),
where u is a fixed enough regular function, are generated by u(0) = 0 and (¢ ii(t) +
1(1))(0) = u(0) = 0.
Similarly, we let the reader check that we have anng, (.( 0 — 1) §*) = E0.

All necessary steps for computing right and left annihilators have been imple-
mented based on the Maple package IntDiffOp [26] for ID operators and boundary
problems.

Example 9 Let us compute the compatibility conditions of (3.11). Note that
rsym(0(d)) = (0, n> —3n +2),

where:
0d)=t>+1-3/50*—Qt+1)0d+2.

The largest nonnegative integer root of g is 2. With this bound N for Proposition 5,
we get for the following kernel:
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ker Loy =k (12 +3/5) + k (t + 1/2).

By Theorem 4, we obtain:

annp(0(d).) = ((t* +3/5)E) I+ ((t + 1/2) E) L.

Computing the involution of these generators yield the left annihilator

annp(.d) =1 QEO* +3/5E) +[(EO + 1/2E)

for (3.11), which correspond to the following compatibility conditions:

2ii(0) +3/5u(0) =0, #(0)+ 1/2u(0) = 0.
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Part 11

Symbolic Methods for Nonlinear
Dynamical Systems and for Applications to
Observation and Estimation Problems



Chapter 4 ®)
Thomas Decomposition and Nonlinear oo
Control Systems

Markus Lange-Hegermann and Daniel Robertz

Abstract This paper applies the Thomas decomposition technique to nonlinear con-
trol systems, in particular to the study of the dependence of the system behavior on
parameters. Thomas’ algorithm is a symbolic method which splits a given system of
nonlinear partial differential equations into a finite family of so-called simple systems
which are formally integrable and define a partition of the solution set of the original
differential system. Different simple systems of a Thomas decomposition describe
different structural behavior of the control system in general. The paper gives an
introduction to the Thomas decomposition method and shows how notions such as
invertibility, observability and flat outputs can be studied. A Maple implementation
of Thomas’ algorithm is used to illustrate the techniques on explicit examples.

Keywords Thomas decomposition * Differential elimination - Nonlinear control
systems - Flatness - Observability + Invertibility - Parameters in nonlinear control
system

4.1 Introduction

This paper gives an introduction to the Thomas decomposition method and presents
first steps in applying it to the structural study of nonlinear control systems. It extends
and refines our earlier work [28].

Symbolic computation allows to study many structural aspects of control sys-
tems, e.g., controllability, observability, input-output behavior, etc. In contrast to a
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numerical treatment, the dependence of the results on parameters occurring in the
system is accessible to symbolic methods.

An algebraic approach for treating nonlinear control systems has been developed
during the last decades, e.g., by M. Fliess and coworkers, J.-F. Pommaret and others,
cf.,e.g.,[13, 20, 37], and the references therein. In particular, the notion of flatness has
been studied extensively and has been applied to many interesting control problems
(cf., e.g., [2, 14, 31]). The approach of Diop [10, 11] builds on the characteristic
set method (cf. [24, 47]). The Rosenfeld-Grobner algorithm (cf. [7]) can be used to
perform the relevant computations effectively; implementations of related techniques
are available, e.g., as Maple packages DifferentialAlgebra (by F. Boulier
and E. S. Cheb-Terrab), formerly diffalg (by F. Boulier and E. Hubert), and
RegularChains (by F. Lemaire, M. Moreno Maza, and Y. Xie) [29]; cf. also
[46] for alternative approaches. As an example of an application of the Rosenfeld-
Grobner algorithm we refer to [34], where it is demonstrated how to compute a block
feedforward form and a generalized controller form for a nonlinear control system.

So far the dependence of nonlinear control systems on parameters has not been
studied by a rigorous method such as Thomas decomposition. This paper demon-
strates how the Thomas decomposition method can be applied in this context. In
particular, Thomas’ algorithm can detect certain structural properties of control sys-
tems by performing elimination and it can separate singular cases of behavior in
control systems from the generic case due to splitting into disjoint solution sets. We
also consider the Thomas decomposition method as a preprocessing technique for
the study of a linearization of a nonlinear system (cf. [42, Sect.5.5]), an aspect that
we do not pursue here.

Dependence of control systems on parameters has been examined, in particular,
by J.-F. Pommaret and A. Quadrat in [37, 38]. For linear systems, stratifications of
the space of parameter values have been studied using Grobner bases in [30].

In the 1930s the American mathematician J. M. Thomas designed an algorithm
which decomposes a polynomially nonlinear system of partial differential equations
into so-called simple systems. The algorithm uses, in contrast to the characteristic
set method, inequations to provide a disjoint decomposition of the solution set (cf.
[44]). It precedes work by E. R. Kolchin [24] and A. Seidenberg [43], who followed
J. F. Ritt [40]. Recently a new algorithmic approach to the Thomas decomposition
method has been developed (cf. [4, 17, 41]), building also on ideas of the French
mathematicians C. Riquier [39] and M. Janet [23]. Implementations as Maple pack-
ages of the algebraic and differential parts of Thomas’ algorithm are available due
to work by T. Béchler and M. Lange-Hegermann [5]. The implementation of the
differential part is available in the Computer Physics Communications library [19]
and has also been incorporated into Maple’s standard library since Maple 2018. An
earlier implementation of the algebraic part was given by D. Wang [45].

Section4.2 introduces the Thomas decomposition method for algebraic and dif-
ferential systems and discusses the main properties of its output. The algorithm
for the differential case builds on the algebraic part. Section4.3 explains how the
Thomas decomposition technique can be used to solve elimination problems that oc-
cur in our study of nonlinear control systems. Finally, Sect. 4.4 addresses concepts of
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nonlinear control theory, such as invertibility, observability, and flat outputs, possibly
depending on parameters of the control system, and gives examples using a Maple
implementation of Thomas’ algorithm.

4.2 Thomas Decomposition

This section gives an introduction to the Thomas decomposition method for algebraic
and differential systems. The case of differential systems, discussed in Sect.4.2.2,
builds on the case of algebraic systems which is dealt with in the first subsection. For
more details on Thomas’ algorithm, we refer to [3, 4, 17, 26, 35], and [41, Sect.2.2].

4.2.1 Algebraic Systems

Let K be a field of characteristic zeroand R = K|[x, . . ., x,] the polynomial algebra
with indeterminates x1, ..., x,, over K. We denote by K an algebraic closure of K.

Definition 1 An algebraic system S, defined over R, is given by finitely many
equations and inequations

plzo, p2207 ey pS=07 q17507 q2750, e %7501 (4'])
where py, ..., ps, q1, --., q: € Rand s, t € Z>¢. The solution set of S in K'is
Solx(S) = {a eK" | pi(a)=0and g (a) #Oforalll <i <s,1<j =<t}

We fix a total ordering > on the set {xi, ..., x,} allowing us to consider every
non-constant element p of R as a univariate polynomial in the greatest variable with
respect to > which occurs in p, with coefficients which are themselves univariate
polynomials in lower ranked variables, etc. Without loss of generality we may assume
that x; > x, > --- > x,. The choice of > corresponds to a choice of projections

—n —n—1
7T]:K — K :(a17a27"'7al‘l)'_)(a27037a47'~~9an)?

—n —n—2
m: K — K i(a,a,...,a,)— (a3, 44,...,0,),
nn_l:fn — K: (ai,az, ..., a,) —> a,.

Thus, the recursive representation of polynomials is motivated by considering each
r—1(Solx(S)) as fibered over 7y (Solx(S)), fork =1, ..., n — 1, where 7y := idg»
(cf. also [35]). The purpose of a Thomas decomposition of Solx(S), to be defined
below, is to clarify this fibration structure. The solution set Solx(S) is partitioned
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into subsets Solz(S1), ..., Solg(S,) in such a way that, for eachi =1, ..., r and
k=1, ...,n — 1, the fiber cardinality |7rk_1 ({a })| does not depend on the choice of
a € mp(Solx(S;)). In terms of the defining equations and inequations in (4.1), the
fundamental obstructions to this uniform behavior are zeros of the leading coefficients
of p; or g; and zeros of p; or g; of multiplicity greater than one.

Definition 2 Let p € R\ K.

(a) The greatest variable with respect to > which occurs in p is referred to as the
leader of p and is denoted by 1d(p).

(b) For v =1d(p) we denote by deg, (p) the degree of p in v.

(c) The coefficient of the highest power of 1d(p) occurring in p is called the initial
of p and is denoted by init(p).

(d) The discriminant of p is defined as

bl
disc(p) := (=141 res <P, Wl()p)’ 1d(P)> /iit(p),  d = degy, (p),

where res(p, ¢, v) is the resultant of p and g with respect to the variable v. (Note
that disc(p) is a polynomial because init(p) divides res(p, dp/d1d(p), 1d(p)),
since the Sylvester matrix, whose determinant is res(p, dp/d 1d(p), 1d(p)), has
a column all of whose entries are divisible by init(p).)

Both init(p) and disc(p) are elements of the polynomial algebra K[x | x <
1d(p)]. The zeros of a univariate polynomial which have multiplicity greater than one
are the common zeros of the polynomial and its derivative. The solutions of disc(p) =

. —n—k
0in K" , where 1d(p) = x, are therefore those tuples (ag+1, Gx+2, - - ., a,) for
which the substitution x| = dgy1, X412 = ka2, ..., X = d, in p results in a uni-
variate polynomial with a zero of multiplicity greater than one.

Definition 3 An algebraic system S, defined over R, as in (4.1) is said to be simple
(with respect to >) if the following three conditions hold.

(@) Foralli =1,...,sand j=1,...,t wehave p; ¢ K andg; ¢ K.

(b) The leaders of the left hand sides of the equations and inequations in S are
pairwise different, i.e., [{1d(p1), ..., 1d(ps), 1d(q1), ..., 1d(g) }| = s + 1.

(c) For every r € {p1,..., Ps,q1,---,q:}, if 1d(r) = x;, then neither of the
equations init(r) = 0 and disc(r) = 0 has a solution (ayi, dg42,...,a,) in
i (Solx(S)).

Subsets of non-constant polynomials in R with pairwise different leaders (i.e.,
satisfying (a) and (b)) are also referred to as triangular sets (cf., e.g., [1, 21, 46]).

Remark 1 A simple algebraic system S admits the following solution procedure,
which also shows that its solution setis not empty. Let S_; be the subset of S consisting
of the equations p = 0 and inequations g # 0 with 1d(p) < x; and 1d(q) < xi. The
fibration structure implied by (c) ensures that, for every k = 1, ..., n — 1, every
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solution (@41, Ak+2, - - -, ay) of T (Solx(S)) = i (Solx(S<k)) can be extended to a
solution (ag, dk+1, - - ., ay) of mx—1(Solx(S)). If S contains an equation p = 0 with
leader xy, then there exist exactly deg,, (p) suchelements a; € K (because zeros with
multiplicity greater than one are excluded by the non-vanishing discriminant). If S
contains an inequation ¢ # 0 with leader x;, all a; € K except deg,, (q) elements
define a tuple (ay, ax+1, - - . , a,) as above. If no equation and no inequation in S has
leader xi, then a; € K can be chosen arbitrarily.

Definition 4 Let S be an algebraic system, defined over R. A Thomas decomposition
of S (or of Sol&(S)) with respect to > is a collection of finitely many simple algebraic
systems Si, ..., S,, defined over R, such that Solz(S) is the disjoint union of the
solution sets Solx(S1), ..., Solx(S,).

We outline Thomas’ algorithm for computing a Thomas decomposition of alge-
braic systems.

Remark 2 Given S as in (4.1) and a total ordering > on {xi, ..., x,}, a Thomas
decomposition of S with respect to > can be constructed by combining Euclid’s
algorithm with a splitting strategy.

First of all, if S contains an equation ¢ = 0 with 0 # ¢ € K or the inequation
0 # 0, then S is discarded because it has no solutions. Moreover, from now on the
equation 0 = 0 and inequations ¢ # 0 with O # ¢ € K are supposed to be removed
from S.

An elementary step of the algorithm applies a pseudo-division to a pair p;, p, of
non-constant polynomials in R with the same leader x; and deg,, (p1) > deg, (p2).
The result is a pseudo-remainder

r=cy-p1—cpa, 4.2)

where ¢, ¢, € R and r is constant or has leader less than x; or has leader x; and
deg,, (r) < deg, (p1). Since the coefficients of p; and p, are polynomials in lower
ranked variables, multiplication of p; by a non-constant polynomial ¢; may be nec-
essary in general to perform the reduction in R (and not in its field of fractions). The
choice of ¢; as a suitable power of init(p;) always achieves this.

In order to turn § into a triangular set, the algorithm deals with three kinds of
subsets of S of cardinality two. Firstly, each pair of equations p; =0, po =0in S
with 1d(p;) = 1d(p») is replaced with the single equation r = 0, where r is the result
of applying Euclid’s algorithm to p; and p,, considered as univariate polynomials in
their leader, using the above pseudo-division. (If this computation was stable under
substitution of values for lower ranked variables in p; and p,, then » would be the
greatest common divisor of the specialized polynomials.)

The solution set of the system is supposed not to change, when the equation
p1 = 0 is replaced with the equation » = 0 given by the pseudo-reduction (4.2).
Therefore, we assume that the polynomial ¢y, and hence init(p,), does not vanish on
the solution set of the system. In order to ensure this condition, a preparatory step
splits the system into two, if necessary, and adds the inequation init(p;) # 0 to one
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of them and the equation init(p,) = O to the other. The algorithm then deals with
both systems separately. These case distinctions also allow to arrange for the part of
condition (c) in Definition 3 which concerns initials.

Secondly, let p =0, ¢ #0 be in § with ld(p) =1d(g) = x;. If deg, (p) <
deg,, (q), then g # 0 is replaced with r # 0, where r is the result of applying the
pseudo-division (4.2) to g and p. Otherwise, Euclid’s algorithm is applied to p and
q, keeping track of the coefficients used for the reductions as in (4.2). Given the
result r, the system is then split into two, adding the conditions r # 0 and r = 0,
respectively. The inequation g # 0 is removed from the first new system, because
p = 0and g # 0 have no common solution in that case. The assumption r = 0 and
the bookkeeping allows to divide p by the common factor of p and ¢ (modulo left
hand sides of equations with smaller leader). The left hand side of p = 0 is replaced
with that quotient in the second new system. Not all of these cases need a closer
inspection. For instance, if p divides g, then the solution set of S is empty and S is
discarded.

Thirdly, for a pair ¢; # 0, g2 # 0in S with1d(g;) = 1d(g2), Euclid’s algorithm is
applied to ¢; and ¢, in the same way as above. Keeping track of the coefficients used
in intermediate steps allows to determine the least common multiple m of g; and
q>, which again depends on distinguishing the cases whether the result of Euclid’s
algorithm vanishes or not. The pair g; # 0, g» # 0 is then replaced with m # 0.

The part of condition (c) in Definition 3 regarding discriminants is taken care of by
applying Euclid’s algorithm as above to p and dp/d 1d(p), where p is the left hand
side of an equation or inequation. Bookkeeping allows to determine the square-free
part of p, which depends again on case distinctions.

Expressions tend to grow very quickly when performing these reductions, so that
an appropriate strategy is essential for dealing with non-trivial systems. Apart from
dividing by the content (in K) of polynomials, in intermediate steps of Euclid’s
algorithm the coefficients should be reduced modulo equations in the system with
lower ranked leaders. In practice, subresultant computations (cf., e.g., [32]) allow to
diminish the growth of coefficients significantly.

Termination of the procedure sketched above depends on the organization of its
steps. One possible strategy is to maintain an intermediate triangular set, reduce
new equations and inequations modulo the equations in the triangular set, and select
among these results the one with smallest leader and least degree, preferably an
equation, for insertion into the triangular set. If the set already contains an equation
or inequation with the same leader, then the pair is treated as discussed above. Since
equations are replaced with equations of smaller degree and inequations are replaced
with equations if possible or with the least common multiple of inequations, this
strategy terminates after finitely many steps.

For more details on the algebraic part of Thomas’ algorithm, we refer to [3, 4],
and [41, Subsect. 2.2.1].

An implementation of Thomas’ algorithm for algebraic systems has been devel-
oped by T. Béchler as Maple package AlgebraicThomas [5].
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In what follows, variables are underlined to emphasize that they are leaders of
polynomials with respect to the fixed total ordering >.

Example 1 Let us compute a Thomas decomposition of the algebraic system
xP4y2—1=0

consisting of one equation, defined over R = Q[x, y], with respect to x > y. We set
p1 := x%> 4+ y?> — 1. Then we have 1d(p;) = x and init(p;) = 1 and

disc(p)) = —4y* + 4.

We distinguish the cases whether or not p; = 0 has a solution which is also a zero of
disc(p;), or equivalently, of y> — 1. In other words, we replace the original algebraic
system with two algebraic systems which are obtained by adding the inequation
y? — 1 # 0 or the equation y2> — 1 = 0. The first system is readily seen to be simple,
whereas the second one is transformed into a simple system by taking the difference
of the two equations and computing a square-free part. Clearly, the solution sets of
the two resulting simple systems form a partition of the solution set of p; = 0. We
obtain the Thomas decomposition

x> 4+y2-1=0 0

22—17&0 f—l

In this example, all points of Solx({ p; = 0}) for which the projection 77 onto the y-
axis has fibers of an exceptional cardinality have real coordinates, and the significance
of the above case distinction can be confirmed graphically.

As a further illustration let us augment the original system by the equation which
expresses the coordinate ¢ of the point of intersection of the line through the two
points (0, 1) and (x, y) on the circle with the x-axis (stereographic projection):

I=
Il

0

x24y2—-1=0
1—-—y)t—x=0

A Thomas decomposition with respect to x > y > ¢ is obtained as follows. We set
p2:=x +ty—t. Since ld(p;) = 1d(p2), we apply polynomial division:

pr—G—ty+np =0+ =20y +7 = 1= - DA+ y—r*+1).

Replacing p; with the remainder of this division does not alter the solution set of
the algebraic system. It is convenient (but not necessary) to split the system into two
systems according to the factorization of the remainder:

x+ty—t=0 x+ty—t=0
(I+)y—-4+1=0
y—1%#0 y—1=0
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Another polynomial division reveals that the equation and the inequation with leader
y in the first system have no common solutions. Therefore, the inequation can be
omitted from that system. The initial of the equation has to be investigated. In fact,
the assumption 1 + 7> = 0 leads to a contradiction. Finally, the equation with leader
y can be used to eliminate y in the equation with leader x:

A+ @+ty—nD—t((+)y—r>+ 1) =1+1)x -2t

A similar simplification can be applied to the second system above. We obtain the
Thomas decomposition

(1+tHx—-2t=0

1=
|

oS O

(I1+)y—1+1=0
24+1#0

<

|
—_

Il

from which a rational parametrization of the circle can be read off.

Remark 3 A Thomas decomposition of an algebraic system is not uniquely deter-
mined. It depends on the chosen total ordering >, the order in which intermediate
systems are dealt with and other choices, such as whether factorizations of left hand
sides of equations are taken into account or not.

According to Hilbert’s Nullstellensatz (cf., e.g., [12]), the solution sets V of sys-
tems of polynomial equations in xy, ..., x, in K ”, defined over R, are in one-to-one
correspondence with their vanishing ideals in R

Ir(V):={peR|pla) =0foralla € V},
and these are the radical ideals of R, i.e., the ideals I of R which equal their radicals
VI:={peR|p elforsomereZ).

The solution sets V can then be considered as the closed subsets of K with respect
to the Zariski topology.

The fibration structure of a simple algebraic system S allows to deduce that the
polynomials in R which vanish on Solg(S) are precisely those polynomials in R
whose pseudo-remainders modulo py, ..., p; are zero, where p; =0, ..., p; = 0 are
the equations in S. If E is the ideal of R generated by p;, ..., ps and ¢ the product
of all init(p;), then these polynomials form the saturation ideal

E:q®:={peR|q -peEforsomer € Zs}.

In particular, simple algebraic systems admit an effective way to decide membership
of a polynomial to the associated radical ideal (cf. also Proposition 3 below).
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Proposition 1 ([41], Prop. 2.2.7) Let S be a simple algebraic system as in (4.1), E
the ideal of R generated by p,, ..., ps, and q the product of all init(p;). Then E : g*°
consists of all polynomials in R which vanish on Solg(S). In particular, E : g™ is a
radical ideal. Given p € R, we have p € E : g™ if and only if the pseudo-remainder
of p modulo py, ..., p;s is zero.

4.2.2 Differential Systems

Definition 5 A differential field K with commuting derivations 8y, ..., §, is a field
K endowed with maps §;: K — K, satisfying

i (k1 + ko) = 8; (k1) +8;(k2), 8;(ky ko) = 8; (k1) ko + k1 8;(kp) forallky, kp € K,

i=1,..,nandd0d; =800 foralll <i,j<n.

In what follows, let K be the differential field of (complex) meromorphic func-
tions on an open and connected subset §2 of C". The derivations on K are given
by the partial differential operators 6, ..., 8, with respect to the coordinates of
C". Moreover, let R = K{uy, ..., u,} be the differential polynomial ring in the
differential indeterminates uy, ..., u,. These indeterminates give rise to symbols
(ux) s, where J = (ji, ..., ju) € (Z>0)", which represent the partial derivatives of
m infinitely differentiable functions. More precisely, R is the polynomial algebra
Kl(up) s |1 <k <m, J € (Z>p)"] over K in infinitely many indeterminates (uy) s,
endowed with commuting derivations 9, ..., d, such that

0; ((we)y) = i) yv1;,  9jlk =96; forall j=1,...,n,

where 1; is the jth standard basis vector of Z". For k € {1, ..., m}, we identify
(Ur),...0) and ux. We set A := {9, ..., 9, }, and for any subset { 9;, ..., 9; }of A
we define the free commutative monoid of all monomials in 0;,, ..., 9;,

Mon({ 9;,,...,0; }) = {E)fll Bf | e € (Zso) }.

Definition 6 A differential system S, defined over R = K{uy, ..., u,}, is given by
finitely many equations and inequations

p1=0, pp=0, ..., p,=0, ¢1#0, ¢#0, ..., ¢ #0, 43

where pi, ..., ps, q1, -..,q: € Rand s, t € Zs¢. The solution set of S is

Solp(S) :={f=(f1,---, fm) | fr: 2 — Canalytic, k=1,...,m,
pi(f)=0,q;()#0,i=1,....5, j=1,...,t}
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Remark 4 Since each component f; of a solution of (4.3) is assumed to be analytic,
the equations p; = 0 and inequations ¢; # 0 (and their consequences) can be trans-
lated into algebraic conditions on the Taylor coefficients of power series expansions
of fi, ..., fu (around a point in £2). An inequation g # 0 then turns into a disjunction
of algebraic inequations for all coefficients which result from substitution of power
series expansions for uy, ..., u,, in g. (This approach leads to the definition of the
differential counting polynomial, a fine invariant of a differential system [27].)

An appropriate choice of £2 C C” can often only be made after the formal treat-
ment of a given differential system by Thomas’ algorithm (as, e.g., singularities of
coefficients in differential consequences will only be detected during that process).
In general, we assume that £2 is chosen in such a way that the given systems have
analytic solutions on £2.

Clearly, by neglecting the derivations on R = K{uy, ..., u,}, a differential sys-
tem can be considered as an algebraic system in the finitely many variables (u;),
which occur in the equations and inequations. The same recursive representation of
polynomials as in the algebraic case is employed, but the total ordering on the set of
variables (u;); is supposed to respect the action of the derivations.

Definition 7 A ranking > on R = K{u,, ..., u,} is a total ordering on the set
Mon(A)u :={(ux)s |1 <k <m, J € (Z>0)"}

such that forall j € {1,...,n}, k, ki, kr € {1,...,m}, J1, J» € (Z>0)" we have
(a) 9jux > uy and
(b) (ui,)s, > (ur,)y, implies 9; (ug,) s, > 9; (ug,) ;-

Remark 5 Every ranking > on R is a well-ordering (cf., e.g., [24, Ch. 0, Sect. 17,
Lemma 15]), i.e., every descending sequence of elements of Mon(A) u terminates.

Example 2 On K{u} (i.e., m = 1) with commuting derivations 9y, ..., d, the degree-
reverse lexicographical ranking (with 0y u > dyu > --- > 9, u) is defined for u,,
uyjr, J = (jla -”7,].}1)’ J/ = (.]1/7 7.];1/) € (Zzo)n,by

]1++.}n>]1/++],; or
Uy >uy = (f+-+jn=ji+--+j, and J#J' and
Ji<ji for i=max{l<k<n|ji#j})

For instance, ifn = 3, we have U121 > U1,2,00 > U2,0,1)-
In what follows, we assume that a ranking > on R = K{uy, ..., u,} is fixed.

Remark 6 Let pi, p» € R be two non-constant differential polynomials. If p; and p,
have the same leader (u;); and the degree of p; in (uy) is greater than or equal to the
degree of p, in (u;)y, then the same pseudo-division as in (4.2) yields a remainder
which is either zero, or has leader less than (u;);, or has leader (1), and smaller
degree in (u;); than p;.
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More generally, if 1d(p;) = 6 1d(p,) for some & € Mon(A), then this pseudo-di-
vision can be applied with p, replaced with 6 p,. Note that, by condition (b) of the
definition of a ranking, we have 1d(6 p,) = 6 1d(p»), and that, if 6 # 1, the degree
of 6 p, in 61d(p,) is one, so that the reduction can be applied without assumption
on the degree of p, in 1d(p,). Then ¢ in (4.2) is again chosen as a suitable power of
init(6 py). In case 6 # 1 we have

init(8 p,) = =: sep(p2),

P2
d1d(p2)
and this differential polynomial is referred to as the separant of p,.

In order not to change the solution set of a differential system, when p; = 0 is
replaced with r = 0, where r is the result of a reduction of p; modulo p, or 6 p; as
above, it is assumed that init(p;) and sep(p;) do not vanish on the solution set of
the system. By definition of the separant and the discriminant (cf. Definition 2 (d)),
non-vanishing of sep(p,) follows from non-vanishing of disc(p,), as ensured by the
algebraic part of Thomas’ algorithm (cf. Remark 2).

We assume now that the given differential system is simple as an algebraic system;
it could be one of the systems resulting from the algebraic part of Thomas’ algorithm.

Remark 7 The symmetry of the second derivatives 0; 9; uy = 9d; 9; ux (and similarly
for higher order derivatives) imposes necessary conditions on the solvability of a
system of partial differential equations. Taking identities like these into account and
forming linear combinations of (derivatives of) the given equations may produce
differential consequences with lower ranked leaders. In order to obtain a complete
set of algebraic conditions on the Taylor coefficients of an analytic solution, the
system has to be augmented by these integrability conditions in general. If a system
of partial differential equations admits a translation into algebraic conditions on the
Taylor coefficients such that no further integrability conditions have to be taken into
account, then it is said to be formally integrable.

A simple differential system, to be defined in Definition 11, will be assumed to
be formally integrable. The construction of simple differential systems, and there-
fore, the computation of a Thomas decomposition, as presented in [4, 41], employs
techniques which can be traced back to C. Riquier [39] and M. Janet [23]. The main
idea is to turn the search for new differential consequences (i.e., integrability con-
ditions) into a systematic procedure by singling out for each differential equation
those derivations (called “non-admissible” here) which need to be applied to it in
this investigation. The notion of Janet division, as discussed next, establishes a sense
of direction in combining the given equations and deriving consequences. It is a
particular case of an involutive division on sets of monomials, a concept developed
by V. P. Gerdt and Y. A. Blinkov and others (cf., e.g., [18]).

Definition 8 Given a finite subset M of Mon(A), Janet division associates with each
0 € M a subset of admissible derivations (0, M) of A = {9, ..., d,} as follows.
Letf = Bi' e 3,’1 Then 9, € u(0, M) if and only if
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i =max{jk | 31" -~~8,{" [S MWithj1 =101, o =102,y Jke1 = i1 }.

The subset w(6, M) := A\ u(@, M) consists of the non-admissible derivations for
the element 6 of M.

Example 3 Let A ={09,9,,0;}and M = {812 07, 812 03, 822 03, 02 832 }. Then Janet
division associates the sets u (6, M) of admissible derivations to the elements 8 € M
as indicated in the following table, where we replace non-admissible derivations in
the set A with the symbol “x’.

92 3, {91, 92, 03}
0t 93, {01, *, 03}
8303, {*, 02, 03}
32332, {x, %, 03}

Definition 9 A finite subset M of Mon(A) is said to be Janet complete if

U Mon(u (6, M)) 6 = U Mon(A) 6,
O0eM 0eM

i.e., if every monomial which is divisible by some monomial in M is obtained by
multiplying a certain & € M by admissible derivations for € only. (Recall that the
left hand side of the above equation is a disjoint union.)

Example 4 The set M in Example 3 is not Janet complete because, e.g., the monomial
01 822 03 is not obtained as a multiple of any & € M when multiplication is restricted
to admissible derivations for 8. By adding this monomial and the monomial d; 9, 832
to M, we obtain the following Janet complete superset of M in Mon(A).

3% 2, {01, 92, 03}
31233, {31, * 33}
3103 33, {*, 0, 33}
8132832,{*,*,33}
82283, {*,82,33}
32832,{*,*,33}

Remark 8 Every finite subset M of Mon(A) can be augmented to a Janet complete
finite set by adding certain monomials which are products of some 8 € M and a
monomial which is divisible by at least one non-admissible derivation for 6.

For more details on Janet division, we refer to, e.g., [4, 18, 41].

Each equation p; = 0 in a differential system is assigned the set of admissible
derivations w(6;, My), where 1d(p;) = 6; u; and

M := {6 e Mon(A) | O u, € {1d(p1), ..., 1d(ps) }} 4.4)
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is the set of all monomials which define leaders of the equations p; =0, ..., p, =0
in the system involving the same differential indeterminate u;. We refer to d p; for
d € Mon(u(6;, My)) as the admissible derivatives of p;.

Formal integrability of a differential system is then decided by applying to each
equation p; = 0 every of its non-admissible derivations d € x(6;, M;) and comput-
ing the pseudo-remainder of d p; modulo py, ..., ps and their admissible derivatives.
The restriction of the pseudo-division to admissible derivatives requires Mj to be
Janet complete. If one of these pseudo-remainders is non-zero, then it is added as
a new equation to the system, and the augmented system has to be treated by the
algebraic part of Thomas’ algorithm again.

Definition 10 A system of partial differential equations { p; =0, ..., p, =0},
where pj, ..., p; € R\ K, is said to be passive if the following two conditions
hold for 1d(p1) = 61 ux,, ..., 1d(ps) = 5 uy,, where 6, € Mon(A), k; € {1, ..., m}.

(a) Forallk € {1, ..., m}, the set M} defined in (4.4) is Janet complete.
(b) Foralli € {1,...,s}andalld € @(6;, My,), the pseudo-remainder of d p; mod-
ulo pq, ..., ps and their admissible derivatives is zero.

Definition 11 A differential system S, defined over R, as in (4.3) is said to be simple
(with respect to >) if the following three conditions hold.

(a) The system S is simple as an algebraic system (in the finitely many variables
(u;)y which occur in the equations and inequations of S, totally ordered by >).

(b) The system { p; =0, ..., p; = 0} is passive.

(c) The left hand sides of the inequations g, # 0, ..., g; # 0 equal their pseudo-re-
mainders modulo py, ..., py and their derivatives.

Definition 12 Let S be a differential system, defined over R. A Thomas decompo-
sition of S (or of Solg (S)) with respect to > is a collection of finitely many simple
differential systems S, ..., S,, defined over R, such that Sol, (S) is the disjoint union
of the solution sets Solp (S1), ..., Solo (S,).

Remark 9 Given S as in (4.3) and a ranking on R, a Thomas decomposition of §
with respect to > can be computed by interweaving the algebraic part discussed in
Sect.4.2.1 and differential reduction and completion with respect to Janet division.

First of all, a Thomas decomposition of S, considered as an algebraic system, is
computed. Each of the resulting simple algebraic systems is then treated as follows.
Differential pseudo-division is applied to pairs of distinct equations with leaders 6 uy
and 6, u;, such that 8; | 6, until either a non-zero pseudo-remainder is obtained or no
such further reductions are possible. Non-zero pseudo-remainders are added to the
system, the algebraic part of Thomas’ algorithm is applied again, and the process is
repeated. Once the system is auto-reduced in this sense, then it is possibly augmented
with certain derivatives of equations so that the sets M; defined in (4.4) are Janet
complete. Then it is checked whether the system is passive. If a non-zero remainder is
obtained by a pseudo-division of a non-admissible derivative modulo the equations
and their admissible derivatives, then the algebraic part of Thomas’ algorithm is
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applied again to the augmented system. Otherwise, the system is passive. Finally, the
left hand side of each inequation is replaced with its pseudo-remainder modulo the
equations and their derivatives, in order to ensure condition (c) of Definition 11. The
main reason why this procedure terminates is Dickson’s Lemma, which shows that the
ascending sequence of ideals of the semigroup Mon(A) formed by the monomials 6
defining leaders of equations (for each differential indeterminate) becomes stationary
after finitely many steps.

For more details on the differential part of Thomas’ algorithm, we refer to [4, 26],
and [41, Subsect. 2.2.2].

An implementation of Thomas’ algorithm for differential systems has been de-
veloped by M. Lange-Hegermann as Maple package DifferentialThomas [5].

We also use a simpler notation for the indeterminates (u;), of the differential
polynomial ring. In case m = 1 we use the symbol u as a synonym for u . In addition,
if the derivations d;, d,, 03 represent the partial differential operators with respect to
X, y, Z, respectively, then we write

instead of u; j x).
When displaying a simple differential system we indicate next to each equation
its set of admissible derivations.

Example 5 Let us consider the ordinary differential equation (which is discussed in
[22, Example in Sect.4.7])

u\> ou 2
— ) —4xulx) — +8u(x)*=0.
0x 0x

The left hand side is represented by the element p := u — 4x uu, + 8u® of the
differential polynomial ring R = K {u} with one derivation 9,, where K = Q(x) is
the field of rational functions in x, endowed with differentiation with respect to x.

The initial of p is constant, the separant of p is 3 uf — 4 x u. The algebraic part
of Thomas’ algorithm only distinguishes the cases whether the discriminant of p
vanishes or not. We have

disc(p) = —res(p, sep(p), uy) = —64u> 27Tu — 4 x°).

This case distinction leads to the Thomas decomposition

u_x3—4xuu_x+8u2 =0, {0}
Q7u—4x*)u #0 QTu—4x*)u=0, {0,}
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Since both systems contain only one equation, no differential reductions are neces-
sary. The second simple system could be splitinto two with equations 27 u — 4 x> = 0
and u = 0, respectively. The solutions of the first simple system are given by
u(x) = ¢ (x — c)?, where c is an arbitrary non-zero constant. The solutions u(x) = 0
andu(x) = 24—7 x3 of the second simple system are called singular solutions, the latter
one being an envelope of the general solution.

Example 6 Let us compute a Thomas decomposition of the system of (nonlinear)
partial differential equations

for one unknown function u(x, y). The left hand sides are expressed as elements
Pii=uyx—Uyyand pr i=u, — u? of the differential polynomial ring R = Q{u}
with commuting derivations d,, d,. We choose the degree-reverse lexicographical
ranking > on R with 9, u > 9, u (cf. Example2).

Since the monomial 9, defining the leader of p, divides the monomial 32 defining
the leader of p;, differential pseudo-division is applied and p; is replaced with

Pyi=pi— e pr—2upy=—uy,+2u.

Janet division associates the sets of admissible derivations to the equations of the
resulting system as follows:

M_x_MZZOa {0y, 0y}
m—2u3=0, {*,0,}

The set of monomials { 9, 8)2, } defining the leaders u, and u, , is Janet complete.
The check whether the above system is passive involves the following reduction:

axp3+8§p2—6u2p2—2up3=—2(&+u2)(u_y—u2).

This non-zero remainder is a differential consequence which is added as an equation
to the system. In fact, the system can be split into two systems according to the given
factorization. For both systems a differential reduction of p3 modulo the chosen factor
is applied because the monomial 9, defining the new leader divides the monomial 9, ,
defining 1d(p3). In both cases the remainder is zero, the sets of monomials defining
leaders are Janet complete, and the passivity check confirms formal integrability. We
obtain the Thomas decomposition
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M_X—MZZO, {ax» a)} u_x_uz =0, {8)(7 3y}
uy+u2=0,{*,8_\,} uy—u2=0,{>|<,8y}
u#0.

If the above factorization is ignored, then the discriminant of p4 := ui — u®* needs to

be considered, which implies vanishing or non-vanishing of the separant 2 u,. This
case distinction leads to a different Thomas decomposition.

A Thomas decomposition of a differential system is not uniquely determined, as
the previous example shows (cf. also Remark 3 for the algebraic case). In the special
case of a system S of linear partial differential equations no case distinctions are
necessary, and the single simple system in any Thomas decomposition of S is a Janet
basis for S (cf., e.g., [18, 23, 36, 41]). Pseudo-reduction of a differential polynomial
modulo the equations of a simple differential system and their derivatives decides
membership to the corresponding saturation ideal (cf. also Proposition 1).

Proposition 2 ([41], Prop. 2.2.50) Let S be a simple differential system, defined
over R, with equations p; =0, ..., p; = 0. Moreover, let E be the differential ideal
of R generated by p;, ..., ps and define the product q of the initials and separants
of all py, ..., ps. Then E : g* is a radical differential ideal. Given p € R, we have
p € E : g™ if and only if the pseudo-remainder of p modulo p, ..., ps and their
derivatives is zero.

Similarly to the algebraic case, the Nullstellensatz for analytic functions (due to
J. E. Ritt and H. W. Raudenbush, cf. [40, Sects. II.7-11, IX.27]) establishes a one-to-
one correspondence of solution sets V := Sol (S) of systems of partial differential
equations S = { p; =0, ..., p, = 0} for m unknown functions, defined over R, and
their vanishing ideals in R = K{uy, ..., Uy}

Ir(V):={peR|p(f)=0forall feV}

These are the radical differential ideals of R. The Nullstellensatz implies that, with
the notation of Proposition?2, we have Zg(Sol (S)) = E : ¢*°.

The following proposition allows to decide whether a given differential equation
p = Oisaconsequence of a (not necessarily simple) differential system $ by applying
pseudo-division to p modulo each of the simple systems in a Thomas decomposition
of S. It follows from the previous proposition and the Nullstellensatz and it also
applies to algebraic systems by ignoring the separants.

Proposition 3 ([41], Prop. 2.2.72) Let S be a (not necessarily simple) differential
system as in (4.3) and Sy, ..., S, a Thomas decomposition of S with respect to any
ranking on R. Moreover, let E be the differential ideal of R generated by p;, ..., ps
and define the product q of q, ..., q,. Fori € {1,...,r}, let E® be the differential
ideal of R generated by the equations in S; and define the product ¢V of the initials
and separants of all these equations. Then we have
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VE:q® =(EV: @) n---n(ET: @")®).

4.3 Elimination

Thomas’ algorithm can be used to solve various differential elimination problems.
This section presents results on certain rankings on the differential polynomial ring
R = K{uy, ..., u,} which allow to compute all differential consequences of a given
differential system involving only a specified subset of the differential indeterminates
ui,..., Uy Inother words, this technique allows to determine all differential equations
which are satisfied by certain components of the solution tuples. We adopt the notation
from the previous section.

Definition 13 Let /,, I, ..., I; form a partition of {1,2, ..., m} such that i; € I},

ip € I},, iy <ip implies j; < jo. Let B; :=={u; |i € I;}, j =1, ..., k. Moreover,
fix some degree-reverse lexicographical ordering > on Mon(A). Then the block
ranking on R with blocks By, ..., By (Withuy > up > - -+ > u,,) is defined for 6, u;,,

0> u;, € Mon(A) u, where u;, € Bj, u;, € Bj,, by

ji < jo» or (j1=j2 and (6; >0, or

O1u;, > bu;, =
(6 =6, and i) <iy)) )

Such a ranking is said to satisfy By > B, > --- > Bx.

Example 7 With respect to the block ranking on K{u;, us, u3} with blocks {u;},
{uz, us} (and wu; > up > u3) we have (up)o,n > ur > W2)a,2 > W32 >
(2)0.1)-

In the situation of the previous definition, for every i € {1, ..., k}, we consider
K{B;,..., Bt} = K{u | u € B; U---U By} as adifferential subring of R, endowed
with the restrictions of the derivations dy, ..., d, to K{B;, ..., Bi}.

For any algebraic or differential system S we denote by S= (resp. S7) the set of
the left hand sides of all equations (resp. inequations) in S.

Proposition 4 ([41], Prop. 3.1.36) Let S be a simple differential system, defined over
R, with respect to a block ranking with blocks By, ..., Br. Moreover, let E be the
differential ideal of R generated by S~ and q the product of the initials and separants
of all elements of S=. For every i € {1,...,k}, let E; be the differential ideal of

K{B;, ..., By} generated by P; := S~ N K{B;, ..., By} and let q; be the product of
the initials and separants of all elements of P;. Then, for everyi € {1, ...k}, we
have

(E:q®)NK{B;,...,Bt}=E;:q>.

In other words, the differential equations implied by S which involve only the
differential indeterminates in B; U --- U By are precisely those whose pseudo-re-
mainders modulo the elements of S= N K{B;, ..., By} and their derivatives are zero.



134 M. Lange-Hegermann and D. Robertz

Example 8§ The Cauchy—Riemann equations for a complex functionof z =x +i y
with real part u and imaginary part v are

du dv
ax dy
ou n v 0
dy  ax
The left hand sides are represented by the elements p; := u, — vy and p; := u, + v,

of the differential polynomial ring R = Q{u, v} with derivations 9, and 9,. Choosing
a block ranking on R satisfying {u} > {v}, the passivity check yields the equation

Oy p2 — 0y p1 = Vg x + 0y, =0.

Similarly, the choice of a block ranking on R satisfying {v} >> {u} yields the con-
sequence uy , + u, , = 0. These computations confirm that the real and imaginary
parts of a holomorphic function are harmonic functions.

Corollary 1 ([41], Cor. 3.1.37) Let S be a (not necessarily simple) differential sys-
tem, defined over R, and S1, ..., S, a Thomas decomposition of S with respect to
a block ranking with blocks By, ..., Br. Moreover, let E be the differential ideal of
R generated by S~ and q the product of all elements of S*. Leti € {1, ..., k} be
fixed. For every j € {1,...,r}, let EY) be the differential ideal of K{B;, ..., Bi}
generated by P := ST N K{B;,..., B} and let g be the product of the initials
and separants of all elements of P;. Then we have

E:qg® NK{Bi,...,Bi}=(E1:¢q7°) N ... N (E, : ¢>°).

4.4 Control-Theoretic Applications

In order to apply the Thomas decomposition method to nonlinear control systems,
we assume that the control system is given by differential equations and inequations
whose left hand sides are polynomials. Structural information about certain configu-
rations of the control system is obtained from each simple system of a Thomas decom-
position of the given differential equations and inequations. The choice of ranking on
the differential polynomial ring depends on the question at hand, although a Thomas
decomposition with respect to any ranking, e.g., the degree-reverse lexicographical
ranking, may give hints on how to adapt the ranking for further investigations in a
certain direction.

Let R = K{U} be the differential polynomial ring in the differential indeter-
minates U := {uy, ..., u,} over a differential field K of (complex) meromorphic
functions on an open and connected subset §2 of C" (cf. Sect.4.2.2). (No distinction
is made a priori between state variables, input, output, etc.)
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We assume that S is a simple differential system, defined over R, with respect
to some ranking >. Let E be the differential ideal of R generated by the set S~ of
the left hand sides of the equations in S and define the product g of the initials and
separants of all elements of S=.

Definition 14 Let x € U and Y C U \ {x}. Then x is said to be observable with
respect to Y if there exists p € (E : ¢g*°) \ {0} such that p is a polynomial in x (not
involving any proper derivative of x) with coefficients in K {Y'} and such that neither
its leading coefficient nor dp/dx is an element of E : g°.

Remark 10 Let p be a polynomial as in the previous definition. Then the implicit
function theorem allows to solve p = 0 locally for x in the sense that the component
of (fi, ..., fm) € Solp(S) corresponding to x can locally be expressed as an analytic
function of the components corresponding to the differential indeterminates in Y.

If > satisfies U \ (Y U {x}) > {x} > {Y}, then by Proposition4, there exists a
polynomial p in (E : ¢*°) \ {0} as above if and only if there exists such a polynomial
in §= N K{Y U {x}}. For a not necessarily simple differential system S, a Thomas
decomposition with respect to a ranking as above allows to decide the existence of
such a polynomial among the left hand sides of the differential consequences of §
by inspecting each simple system (cf. Corollary 1).

Definition 15 A subset Y of U is called a flat output of S if (E : ¢*°) N K{Y} = {0}
and every x € U \ Y is observable with respect to Y.

Remark 11 Let > satisfy U \ Y > Y. Then Proposition4 allows to decide whether
the conditions in Definition 15 are satisfied by checking that S~ N K{Y} = ¥ holds
and that for every x € U \ Y there exists a polynomial p € S~ N K{Y U {x}} satis-
fying the conditions in Definition 14.

If the differential ideal I := E : ¢* is prime, then the field of fractions Quot(R/I)
can be considered as a differential extension field of K. Let us assume that Y is a
flat output of S and let L be the differential subfield of Quot(R/I) which is gen-
erated by {y + 1 | y € Y }. Then, by Definition 15, L/K 1is a purely differentially
transcendental extension of differential fields, and for every x € U \ Y, the element
x + I of Quot(R/I) is algebraic over L. Hence, {y 4+ 1 | y € Y } is a differential
transcendence basis of Quot(R/I)/K, and the system is flat in the sense of [14,
Sect.3.2].

Remark 12 Following [14], a system which is defined by a differential field extension
is called flat if it is equivalent by endogenous feedback to a system which is defined by
a purely differentially transcendental extension of differential fields. As opposed to
checking whether Y is a flat output of S using the method described above, deciding
whether S is flat is a difficult problem in general.

As a first illustration of how differential elimination methods can be applied to
nonlinear control systems, we consider inversion, i.e., the problem of expressing the
input variables in terms of the output variables (and their derivatives).
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Remark 13 Using the same notation as above, we assume that disjoint subsets Y and
Z of U are specified, where the differential indeterminates in ¥ and Z are interpreted
as input and output variables of the system, respectively. We achieve an inversion of
the system S if and only if we can exhibit foreachz € Za p € (E : ¢g*) \ {0} such
that p is a polynomial in z (not involving any proper derivative of z) with coefficients
in K{Y} and such that neither its leading coefficient nor dp/dz is an element of
E :qg®™.

If > satisfies U \ (Y U {z}) > {z} > Y, then by Proposition4, there exists such
a polynomial p in (E : ¢*°) \ {0} if and only if there exists such a polynomial in
S= N K{Y U{z}}. Ablock ranking U \ (Y U Z) > Z > Y may allow to find such
polynomials p for all z € Z by computing only one Thomas decomposition (cf. the
following example), for instance, if all these polynomials p have degree one.

For displaying simple differential systems resulting from Thomas decompositions
in a concise way, we use the following command Print, which makes use of both
the Maple packages Janet [6] and DifferentialThomas [5], where ivar
and dvar are the lists of independent and dependent variables, respectively.

> with(Janet) :

> Print := S->Diff2Ind(

> PrettyPrintDifferentialSystem(S), ivar, dvar):

The sets of admissible derivations for the equations in a simple system are not
reproduced here. Note that the implementation uses factorization and may, for con-
venience, return simple systems containing several inequations with the same leader
(thus, not strictly complying with Condition (b) of Definition 3).

Example 9 The following system of ordinary differential equations models a unicy-
cle as described in [9, Examples 3.20, 4.18, 5.10] (cf. also, e.g., [33, Example 2.35]).

X1 = cos(x3) uy,
Xy = sin(x3) uy,
)'C3 = uj.

Here x;, x;, x3 are considered as state variables, where (x;, x;) is the position of the
middle of the axis in the plane and x3; the angle of its rotation, and the velocities u,
u, are considered as inputs. Moreover, the following outputs y;, y, are given:

{ yi =X,
Y2 = X2.
The task is to try to invert the system, i.e., to express u1, u, in terms of y;, y, and
their derivatives.

In order to translate the given equations into differential polynomials, we represent
cos(x3) and sin(x3) by differential indeterminates cx3 and sx3 and add the generating

relations
cx3? 4 sx3% =1, cx3; = —sx3 (x3);,  sx3; = cx3 (x3);
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to the system. More precisely speaking, we adjoin to the differential polynomial ring
Q{x1, x2, x3, uy, Uz, y1, y2} with derivation 9, the differential indeterminates cx3 and
sx3 and define the differential ideal E of the resulting differential polynomial ring
which is generated by (x;); — ex3uy, (x2), — sx3uy, (x3); — ua, cx3? + sx3% — 1,
cx3, + sx3 (x3), and sx3, — cx3 (x3),. We then apply elimination properties of the
differential Thomas decomposition method to ~/E (see Proposition3 and Corol-
lary 1).

(Alternatively, if one accepts neglecting the particular case of movement of the
unicycle in the direction of the x,-coordinate axis without rotation, one could assume
that cos(x3) is not the zero function, multiply both sides of the equation x3 = u, by
cos(x3), read the resulting left hand side, using the chain rule, as the derivative
of sin(x3), and obtain the equation sx3; = cx3 u. This would allow to dispose of
the differential indeterminate x3 and the computation of the Thomas decomposition
below would essentially yield the first five of the seven simple systems below.)

In the following computations concerning the model of a unicycle the differential
polynomial ring is Q{x, x5, cx3, sx3, x3, uy, uz, y1, y2} with one derivation 0;.

> with(DifferentialThomas) :
> divar := [t]:

> dvar := [x1,x2,cx3,sx3,x3,ul,u2,yl,y2]:

We specify the block ranking > satisfying {xi, xo, cx3, sx3, x3} > {uy, us} >
{v1, y2}aswell as x; > x3 > cx3 > sx3 > x3and u; > up and y; > y,.

> ComputeRanking (ivar,
> [[x1,x2,cx3,8x3,x3], [ul,u2], [yl,y2]]):

If the left hand sides of the system are written in jet notation, then a conversion into
the format expected by the package DifferentialThomas is accomplished by
the following sequence of commands.

> L := [x1[t]-cx3*ul, x2[t]-sx3*ul, x3[t]-u2,
> yl-x1, y2-x2, cx372+sx372-1, cx3[t]+sx3*x3[t],
> sx3[t]l-cx3*x3[t]];

> LL := Diff2JetList(Ind2Diff (L, ivar, dvar));
LL := [(x1)1 —cx39 (u1)o, (x2)1 —sx39 (u1)o, (x3)1 — (m2)o, (¥1)o — (x1)o,
(7)o — (x2)o,  ex30” +sx30> — 1, cx3y 4 sx39 (x3)1, %31 — ex3 (x3)1]

We compute a Thomas decomposition with respect to > of the given system of
ordinary differential equations.

> TD := DifferentialThomasDecomposition(LL, []);

TD := [DifferentialSystem, DifferentialSystem, DifferentialSystem,
DifferentialSystem, DifferentialSystem, DifferentialSystem, DifferentialSystem]
The first simple differential system is given as follows.

> Print (TDI[1]);
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[xi=y1=0, 2=y =0, wcx3I— ) =0, wursx3— (y2) =0,
(yl);z@ + ()’2);2 (x3) — (1) (yz)t,t + (y2): (yl)t,t =0,
> — ()7 — 027 =0, ()fua + ()7 ua — )i e + (2)e )i =0,
) 0, 0 #0, G2+ 02D #0, (32 s — 1)r () # 0]
> collect(%[7], u2, factor);

(ODF + 027 a2 — G0 2)es + (32 Gy =0

Thus, the equations with leader u; and u, in TD[1] allow to express u#; and u; in
terms of y; and y,. (Up to solving these equations for u#; and u, explicitly, it is the
same result as in [9, Example 5.12].)

The remaining six simple differential systems describe particular configurations,
which exhibit obstructions to invertibility.

> Print (TDI[2]) ;

(xi—=y1=0, o=»=0, wyex3—O1) =0, uysx3—(y), =0, (x3) =0,
ﬂz - (}’1)12 - ()’2)12 =0, u = 0, () (YI)z,z — (s ()’2)1,1 =0,
) 0, G #0, G)* + () # 0]

The vanishing of the Wronskian determinant of (y;), and (y,), expresses that one
of the velocities x; and x; is a constant multiple of the other. Hence, no rotation is
allowed, which forces the input u, to be the zero function. Due to the inequations,
the vector (X1, X) is non-zero and not parallel to any of the x; - or x;-coordinate axes.

> Print (TDI[3]);
[xi—=y»1 =0, xx—y»=0, ax3+1=0, sx3=0, (x3), =0,
w4 GDi=0, uz=0, (1) =0, () #0]
> Print (TD[4]) ;
[xi—=y»1 =0, xx—y=0, x3—-1=0, sx3=0, (x3), =0,
w— ) =0, uz=0, (3)=0, () #0]

The previous two simple systems describe cases in which only movement in any of
the two directions defined by the x;-coordinate axis is allowed and no rotation.

> Print (TD[5]) ;

[ﬂ—ylzo, Q—y2=0, @2+sx32—1=0, sx3; —upcex3 =0,
(x3); —ur2 =0, w3 =0, =0, (3):=0, sx3+1#0, sx3—1#0]

The fifth simple system describes configurations which only allow rotation, and the
input u; is forced to be the zero function. (Similarly to Example 1, the inequation
sx3% — 1 # 0Ois introduced here to ensure that cx3% 4+ sx3> — 1 has no multiple roots
as polynomial in c¢x3. It is included in the simple system in factorized form.)

> Print (TD[6]) ;

[xi=y1=0, —=y»=0, ax3=0, sx3+1=0, (x3) =0,
up+ () =0, up =0, (y), =0]
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> Print (TDI[7]);
[X_I_YIZO, Q—YZZO, @ZO’ @_1207 (x3)t:0’
uy— () =0, up=0, (y)=0]

The last two simple systems cover the cases of movement in any of the two directions
defined by the x,-coordinate axis and no rotation.

Next we consider the detection of flat outputs.

Example 10 A model of a 2-D crane is given by the following system of ordinary
differential equations (cf. [14, Sect.4.1] and the references therein), where x () and
z(t) are the coordinates of the load of mass m, 6(¢) is the angle between the rope
and the z-axis, d(¢) the trolley position, 7 (¢) the tension of the rope, R(¢) the rope
length, and g the gravitational constant.

mX = —T sin0,
mzZ=—Tcos6+mg,
x = R sin6 +d,
7z = R cosf.

The task is to decide whether {x, z} is a flat output of the system.

Similarly to the previous example, we represent cos 6 and sin @ by differential
indeterminates ¢ and s and add the generating relation c? 4+ s> = 1 to the system. In
this example the given equations depend on 8 only through cos 6 and sin 6. Therefore,
we do not include 6 as a differential indeterminate and do not need to add the relations
¢ = —s0; and s, = c6, to the system. (Note that, if I is the differential ideal of
Q{6, ¢, s} with derivation 3, which is generated by ¢> 4+ s> — 1 and ¢, + s 6, and
s; — ¢ 6;,then I N Q{c, s} is the differential ideal which is generated by ¢ + s — 1.)

> with(DifferentialThomas) :
> dvar := [t]:

> dvar := [T,c,s,d,R,x,z]:

We set up the block ranking > which satisfies {7, c, s, d, R} > {x, z} as well as
T>c>s>d>Randx > z.

> ComputeRanking(ivar, [[T,c,s,d,R], [x,z]]1):

We compute a Thomas decomposition with respect to >. (As is customary in Maple,
the symbols m and g are treated here as algebraically independent over Q. More
precisely, the ground field for the following computation is the differential field
Q(m, g) with trivial derivation.)

TD := DifferentialThomasDecomposition (
[m*x[2]+T[0]*s[0], m*z[2]+T[0]*c[0]-m*g,
x[0]-R[0]*s[0]-d[0], z[0]-RI[O]*c[O],
cl[0]172+s[0]172-11, [1);

vV V. V V
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TD := [DifferentialSystem, DifferentialSystem, DifferentialSystem,
DifferentialSystem, DifferentialSystem, DifferentialSystem,
DifferentialSystem]

The second simple differential system is given as follows.

> Print (TD[2]) ;

[zT+mz,;, R—mgR=0, Rc—z=0, z,,Rs—gRs—2zx,,=0,
Zt,tgl—ggH-th,t—xzt,t+gx=0,
2R =283, R*+ g R* —22x}, — 2222, +2g2% 2, — 822 =0,
2#0, 2z, —8#0, X, #0, x4z =282, +8 #0]

> collect(%[5], R, factor);

(Zt,t - 8)2 R —7° (xz,12 + Zz,12 28z + 82) =0

We observe that this simple system S contains no equation involving derivatives of
x and z only. Moreover, the equations in S show that T, ¢, s, d, R are observable
with respect to {x, z}. Hence, {x, z} is a flat output of S.

The remaining six simple differential systems describe particular configurations
for which {x, z} is not a flat output. In fact, the movement of the load is restricted
by some constraint in these cases (e.g., x;; = 0 or z = 0, one reason being, e.g.,
that vanishing rope tension implies constant acceleration of the load, another being
a constant rope length of zero allowing no vertical movement of the load). We do not
consider the system to be controllable under these conditions.

> Print (TDI[1]);
[T =0, Rc—z=0, Rs+d—x=0, d*—2xd+x>*—R*+72=0
> Print(TDI[3]);
T —-mz,;,+mg=0, c+1=0, s
X1y =0, 2 #0)
> Print (TD[4]) ;

0, d—x=0, R+z=0,

0, s

[T +mz,—mg=0, c—1 0, d-—x=0, R-2z=0,
X =0, z#0]

> Print(TD[5]);

[sT+mx;; =0, xrc+gs=0, 82£2+xt2,z§2_xt2,t=0’ d-x=0, R=0,

2=0, xi0 #0, x> +g> #0]

> Print (TD[6]);

[T+mg=0, ¢c+1=0, s=0, d—x=0, R=0, m:O, z=0]
> Print (TDI[7]);
[T—mg=0, ¢c—1=0, s=0, d—x=0, R=0, ﬂ:O, z =0]



4 Thomas Decomposition and Nonlinear Control Systems 141

We give two examples which demonstrate how the Thomas decomposition tech-
nique can be used to study the dependence of structural properties of a nonlinear
control system on parameters.

Example 11 A model of a continuous stirred-tank reactor (cf. [25, Example 1.2]) is
given by the differential system

V() = Fi(1) + F2 (1) —k VD),
cH)V(E)=cr Fi(t) + co Fo(t) —c(t) k/V(2).

A dissolved material has concentration c(¢) in the tank and it is fed through two inputs
with constant concentrations c¢; and ¢, and flow rates F;(¢) and F(¢), respectively.
There exists an outward flow with a flow rate proportional to the square root of the
volume V (¢) of liquid in the tank. Moreover, k is an experimental constant.

In order to eliminate the square root of the volume in the given equations, we
represent 4/ V (¢) as a differential indeterminate sV and substitute other occurrences
of V (¢) by s V2. We investigate the dependence of the behavior on parameter config-
urations by considering c; and c; as differential indeterminates as well and adding
the conditions ¢; = 0 and ¢, = 0.

> with(DifferentialThomas) :
> ivar := [t]:
> dvar := [Fl,F2,sV,c,cl,c2]:
We define R = Q{F}, F»,sV, ¢, c1, ¢z} and choose the block ranking > on R with

blocks {F1, F2}, {sV, c}, {c1, 2}, i.e., satisfying {F2, F2} > {sV, ¢} > {c1, c2} and
Fi > FbandsV > cand ¢; > c,.

> ComputeRanking(ivar, [[F1,F2],[sV,c],[cl,c2]]):
> L := [2*sV[t]*sV-F1-F2+k*gV,

> c[t]*sV"2-c2*F2+c*k*sV-cl*F1+2*c*sV[t]*sV,

> cl[t], c2[t]]:

> LL := Diff2JetList(Ind2Diff (L, ivar, dvar));

LL = [2SV1 SV() — (Fl)() - (F2)0 + kSV(),
c15Vo? — (c2)o (F2)o + cok sVo — (c1)o (Fi)o +2cosVisVo, (c1)1,  (ca)i]

We compute a Thomas decomposition with respect to > of the given system of
ordinary differential equations, to which we add the inequations ~/V # 0, ¢; # 0,
¢y # 0 to exclude trivial cases.

> TD := DifferentialThomasDecomposition (LL,
> [sV[0],cl1[0],c2[0]11]);

TD := [DifferentialSystem, DifferentialSystem, DifferentialSystem]
The first simple differential system is given as follows.

> Print (TDI[1]);
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[c2 Fi —c1 Fi+2csVsV, —2crsVsV, +o sVE4+cksV—crksV=0,
B, —cFR+2csVsV, —2csVsV, +o sVP4+cksV—c ksV=0,

(=0, (i =0, c2#0, c1#0, ci—c2#0, sV#0)
> collect(%[1], F1l);

(cz—cl)F1+2csVsV,—2cstth+C,sV2+cksV—czksV:O
> collect(%%[2], F2);

(c1—c)Fro+2csVsV, —2c1sVsV, + ¢, sV2+cksV—clksV=0

The first two equations in the first simple system S show that F; and F, are ob-
servable with respect to {c, s V'}. (Although c; and ¢, are represented by differential
indeterminates here, we consider these still as parameters.) Let E be the differential
ideal of R generated by S~ and ¢ the product of the initials (and separants) of all
elements of S~. Due to the choice of the block ranking, we conclude that we have
(E : g™®)NQsV, c} = {0} (cf. Proposition4). Hence, {c, sV} is a flat output of S.
The remaining two simple systems describe configurations of the system in which
the two concentrations ¢; and ¢, are equal. Since both input feeds are identical and
constant, this condition precludes control of the concentration in the tank. These
particular systems do not admit {c, sV} as a flat output. In fact, by inspecting the
equations of these systems, we observe that we have (E : ¢*™°) N Q{sV, ¢} # {0}.

> Print (TD[2]) ;
[cFi—caF+ch —c B4 sV =0,
2¢sVi=2csVitasV+ck —0k=0, cg—c2=0, (c2):=0,
2 #0, c—aa#0, sV#0]
> Print (TDI[3]);
[Fi1+F,—2sVsV, —ksV=0, c—c2=0, ¢;—c2=0, () =0,
c#0. sV#£0]
Example 12 Let us consider the following system of linear partial differential

equations for functions &, &, & of x = (x1, x, x3) involving a parametric func-
tion a(x,)

—a(xy)

1
W | B6E (ia@z)) £:00 + 3 al) (V- £60) =0,

0x1 dx 0Xx>
—a(xz)aél(x) n 0&3(x) _o,
T W
—a(xy) 81 + 222 (VE(x) =0,
X3 GX3 2

which describe infinitesimal transformations associated to a certain Pfaffian system
[38, Example 4]. In order to study the influence of the parametric function a on
the system using the package DifferentialThomas, a is included in the list of
dependent variables and its dependence on merely x; is taken into account by adding
the following two equations to the system:
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0 d
—a(x;, x2,x3) =0, —a(x, x2,x3) =0.
8x1 a)h

Let R be the differential polynomial ring Q{&1, &, &3, a}, endowed with the partial
differential operators 9;, d,, d3 with respect to xj, xp, x3.

> with(DifferentialThomas) :
> ivar := [x1,x2,x3]:

> dvar := [xil,xi2,xi3,al:
We choose a block ranking > on R with blocks {&;, &, &3}, {a}.

ComputeRanking (ivar, [[xil,xi2,xi3]1,[a]l]l):

L := [-a*xil[x1]+xi3[x1l]-a[x2]*xi2

+(1/2)*a* (xil[x1]+xi2[x2]+x13[x3]),
—a*xil[x2]+xi3[x2], -a*xil[x3]+x13[x3]
-(1/2)*(xil[x1]+x12 [x2]1+x13[x3]), alxl], alx3]1]:

LL := Diff2JetList (Ind2Diff (L, ivar, dvar));
LL := [—a00 (ED1.00 + E3)1.00 + 3 40,00 (ED 100 + E2)o.1.0 + (§3)0.0.1)

—ao,1,0 (62)0,0,0,  —a0,0,0 (§1)0.1,0 + (63)0,1,0,
1 I 1
—ao,0,0 (§1)0,0,1 T 3 (63)0.0,1 — 53 61)1.00 — 53 (62)0.1,0, a1,00, @0,0.1]

vV V.V V V

\

We compute a Thomas decomposition with respect to > of the given system of partial
differential equations.

> TD := DifferentialThomasDecomposition(LL, []);
TD := [DifferentialSystem, DifferentialSystem, DifferentialSystem]

The resulting three simple differential systems are given as follows.

> Print (TDI[1]);

la Dy, — (E3)x, =0, @ (E1)x, + (53)y, =0, £ =0,
a(E)x —2(83)x, —a(83)x; =0, ay, =0, ay, =0, a#0]
> Print (TD[2]);

[CZ (él)xz - (E3)x2 = 07 Cl2 (gl)xg +a (52))(2 — dx, 52 + (%-3)):] - 0’
a (Sl)xl —a (sZ)xz + 2a}(2 '§2 - 2 (53)/{1 —a (€3)X3 = 07 ai == 01
y,x, =0, ay, =0, ay, = 0, a#0, f;‘_z # 0]
> Print (TDI[3]);

[(gl)xl,xl + (€2)x1,xz = O, (fl)xl,xz + (EZ)xz,xz = 07 (53)):] = O, (%-3))(2 = 09
(E1)x, + E2)x, — (63)x; =0, a=0]

With regard to the parametric function a, the first simple system is the most generic
one, in the sense that a = a(x,) is only assumed to be non-zero, whereas in the
second and third simple systems a is subject to further equations. In particular, the
additional condition a,, ,, = 0 derived in [38] to ensure formal integrability of the
system is exhibited in the second simple system of the Thomas decomposition.




144 M. Lange-Hegermann and D. Robertz

4.5 Conclusion

In this paper the Thomas decomposition technique for systems of nonlinear partial
differential equations and inequations has been applied to nonlinear control systems.
The method splits a given differential system into a finite family of simple differential
systems which are formally integrable and define a partition of the solution set of
the original differential system. This symbolic approach allows to deal with both
differential equations and inequations, which may involve parameters.

Using elimination properties of the Thomas decomposition technique, structural
properties of nonlinear control systems have been investigated. In particular, notions
such as invertibility, observability and flat outputs can be studied. In the presence of
parameters, different simple systems of a Thomas decomposition in general repre-
sent different structural behavior of the control system. A Maple implementation of
Thomas’ algorithm has been used to illustrate the techniques on explicit examples.

At the time of this writing it is unclear how to adapt or generalize the techniques
to nonlinear differential time-delay systems or even systems of nonlinear difference
equations in full generality. An analog of the notion of Thomas decomposition is not
known for systems of nonlinear difference equations. However, note that, generaliz-
ing work of J. F. Ritt [40] and R. M. Cohn [8] and others, characteristic set methods
have been developed for ordinary difference polynomial systems and differential-
difference polynomial systems (cf., e.g., [15, 16]).
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Chapter 5 ®)
Some Control Observation Problems Gouck ko
and Their Differential Algebraic Partial
Solutions

Sette Diop

Abstract Observation problems in control systems literature generally refer to prob-
lems of estimation of state variables (or identification of model parameters) from two
sources of information: dynamic models of systems consisting in first order differ-
ential equations relating all system quantities, and online measurements of some of
these quantities. For nonlinear systems the classical approach stems from the work of
R. E. Kalman on the distinguishability of state space points given the knowledge of
time histories of the output and input. In the differential algebraic approach observ-
ability is rather viewed as the ability to recover trajectories. This approach turns out
to be a particularly suitable language to describe observability and related questions
as structural properties of control systems. The present paper is an update on the
latter approach initiated in the late eighties and early nineties by J. F. Pommaret,
M. Fliess, S. T. Glad and the author.

Keywords Control observation problems - State estimation - Differential
algebraic decision methods + Differential algebraic geometry

5.1 Introduction

Observation problems in control systems literature generally refer to problems of
estimation of state variables x from two sources of information: online measurements
of external variables u and y, and first order dynamic models

x = f(t,u,x),
{y = h(t,u,x), G-Iy

relating x to u and y. See for instance [1, 2].
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By using tools from differential algebraic geometry

e dynamic models are allowed to be implicit and of arbitrary order but restricted to
be polynomial in variables and their derivatives,

e and may be considered more general situations of estimating one subset of system
variables with respect to another subset of the system variables.

Specifically, given a dynamic system described by algebraic differential equations

P(w,z,() =0 (=12,...),

5.2
Qw,z,0) #0, 2

one observation problem consists of the online estimation of z(t) € R” from the
knowledge of the P;’s and Q and time histories ([#y, ] > 7 —> w(T) € R*) of
w. Here the P;’s and Q are differential polynomials in w, z and (, and v, p are
natural integers. This problem is under investigation since the pioneering work of
R. E. Kalman in the late fifties addressing its linear context. A complete nonlinear
answer is still lacking. A general approach consists of a two part theory: one of
observability, that is, derivation of conditions on the P;’s and Q guaranteeing the
ability to some how estimate z from the supposedly known data, and the other part
of the theory, the observer design, searches algorithms for such an estimation of z.

Though central the previous observation problem (observability and observer
design) is not the only one. For instance, closely related to it, are two problems of
robustness with respect to model and measurements uncertainties. Another observa-
tion problem with important practical application consists of determining subsets w
of systems variables which make a given subset z observable.

Starting from the mid eighties (see [3-6]) differential algebra and differential
algebraic decision methods have been shown to provide a quite consistent language
to describe some of these observation problems along with some of their solutions.

An account of this is proposed here. Some of the many open problems will be
described.

Reviewers of the present paper suggested appending to it materials of differential
algebra which are invoked throughout. Such an account has been done already in
[6] and would double the space of the present paper. These are the reasons why
we prefer referring the reader to the appendix of [6] instead of duplicating here
those materials of differential algebra, differential algebraic geometry and differential
algebraic decision methods.

5.2 The Differential Algebraic Approach

A thorough introduction to the differential algebraic approach is available in [6]. For
the sake of completeness the following definition is recalled from there.

A (differential) (algebraic) system X with s variables, and with coefficients in
a differential field k is a proper differential quasi-affine variety X C K’ defined
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over k where k is a differential closure of k. In observation problems, the system
variable is partitioned into the data, or observations, w = wy, ..., w,, the variable
being observed (or estimated) z = zy, . .., z, and the remaining variables, (. In the
classical observation problem, the data consist exclusively of (i, y), the control u
and the measurements y. When the variable ¢ is present, the projection X, ; of X
along the variable ( is considered. It is the set of elements (w, 7) € K" x K" such
that there is at least Z such that (w, z, Z) e X.
In terms of equations, previously defined systems are those described by

P(w,z,{) =0, i=1,2,...,

{Q(w,z, 0 £0, ©-3)

where the P;’s and Q are finitely many polynomials in w, z, ¢ and their derivatives.

For a system X the variable z is said to be (algebraically) observable with respect
to w if the projection map 7: &, ; — &), (sending every trajectory (w, z) of &, .
onto the corresponding observation w) is generically finite. If 7 is observable with
respect to w then the degree of 7 is called the observability degree of z with respect
to w, and is denoted by d3,z. The variable z is said to be rationally observable with
respect to w if it is observable with respect to w with observability degree one. State
systems of the form (5.1) are said to be observable if x is observable with respect to
(u, y).

It was first proved in [5] (see [6] for more details) that the previous definition
has a differential algebraic translation, namely: z is observable with respect to w iff
z is algebraic over k(w), that is, for each component, z; of z there is a polynomial
equation

H; (zi,w,w,...)=0 5.4)

in z;, and finitely many time derivatives of the data w, with coefficients in k.
The reader is referred to [6] for more details on differential algebraic geometry
terms or notations used here without explanations.

5.3 How Does It Compare to the Classical Theory?

Formal definitions of observability can be found in [1, 2] for instance.
For linear state systems
{x:Fx—l—Gu, (5.5)

y=Hx+Eu,

the answer to the question is that algebraical observability of x with respect to (u, y)
is equivalent to the classical Kalman definition of observability of system (5.5). The
proof of this is as follows.

As is well known system (5.5) is observable in the classical sense iff
rtkrO(F, H) = n, where n is the number of components of the state, x, and where
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H
HF
O(F,H) =
H},;n—l
Now the following equalities
Hx=y—FEu =20,
HFx=2z0—HGu =7,
HF2x=21—HFGu =72, (5.6)

HF 'x=2%2,,—HF"2Gu=z,,

result from the equations of system (5.5). The reader will notice that they are written
such that only supposedly differentiable quantities are differentiated. They may be
rewritten as

OF,Hyx=| * . (5.7)

Zn—1

Therefore if system (5.5) is observable in the classical sense then it is so in the
algebraic sense. The converse follows from Corollary 1 below.

The equivalence between the algebraic and the classical definitions of observabil-
ity for the class of systems (5.5) was first mentioned in Sect. 5.1.2 of [7] but without
a complete proof.

It is worth emphasizing the fact that the algebraic definition of systems applies
without any change to so-called implicit or descriptor linear systems

Mx=Fx+Gu,
y=Hx+Eu,

where the matrix M is singular. Compare to [8] and references therein.
The largest class of systems where algebraic and classical observability may be
compared is the class of rational state systems

b= Py
i
yi=1""—"0<j<p),

gi(u, x)
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where u stands for uy, u,, ..., u,, and p;, g;, f; and g; are differential polynomials
of order zero in x with coefficients in k = R, the algebraic observability (of x with
respect to (u, y)) is equivalent to the generic local observability of the system as
defined in [1]. This was first obtained in [9].

5.4 Partial Answers to Some Observation Problems

Among all benefits of the differential algebraic approach to observation problems,
application of decision methods is perhaps the most appealing.

5.4.1 Computing

One of the most used estimation algorithms, the Kalman filter (or its extended form),
is often applied in practice without prior asserting the validity of its conditions. The
reason of this is that there is no systematic method for such a verification.
The differential algebraic theory of observability is constructive in principle.
Most of the decision methods which may be used are already described in [6].
This is the case for general polynomial systems

Pi(w,z,() =0, i=12,... (5.9)

with constant coefficients. For rational state systems (5.8) the observability test is
formally similar to the Jacobian rank condition which is found in [1].

For polynomial state systems with nonconstant coefficients let k be an ordinary
differential field (not necessarily of constants). Let X’ be

X = filu,x) (1 <i=<n),
(5.10)
yj=nhjw,x) (1 =j=<p),

where the f;’s and h;’s are (nondifferential) polynomials in their arguments with
coefficients in k. Let

PU, X, Y)=X" ~ fi(U,X) (1<i<n);
Poyj(U, X, Y)=h;(U,X)-Y; (1<j<p)

be the differential polynomials defining X. Let o : k {U, Y} — k {u, y} be the sub-
stitution map which sends U to u and Y to y, where k {u, y} is the differential
k-subalgebra of k {u, x, y} generated over k by u and y. Let P be in k{U, X, Y}
and P? denote the element of k {u, y} {X} obtained by regarding P as a differential
polynomial in X with coefficients in k {U, Y} and by applying o to each of these
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coefficients, and let I (X)7 stand for the differential ideal of k {u, y} {X} consisting
of P? (P € I(X)). The ideal of definition, a, of k(u, y)(x) over k(u, y) is equal to
L(X)7 (M k(u, yY[(Xi)1<i<,]- Note that the set A consisting of the P; (1 <i < n)
form an autoreduced set with respect to any ranking of K {U, X, Y} such that U, Y
and their derivatives all are lower than X.

Let us now inductively define some polynomials which will turn out to be gener-
ators of the ideal I (X)? (N k(u, y)[(Xi)lfifn] of k(u, )’>[(Xi)15ign]-

Starting with

iU, X,Y)= P, (U, X, Y) (1 =i=p),

then let Q ,4; be the remainder of the derivative of Q; (1 < j < n) with respect to
the previously mentioned autoreduced set, .A. The polynomial Q ,; is merely the
derivative of Q; in which X;l) is eliminated by substituting P; + f; for X.(I-l) 1<
J =< n) (The linear combination of P; (1 < j < n) which appears reduces to zero
when the remainder is taken, so that it can be ignored.) Explicitly, Q ,; is as follows

a, 00;
Qpii = Q U 2 By, 90 ¥4 0 A =i=p),

lsjsm 1<J<"

where the notations
P, =Py, Po, ... 5.11)

for a differential polynomial P stand for the differential polynomials obtained by
replacing the coefficients of P by their respective derivatives respectively at order 1,
2, etc.

Note that this formula is nothing but a counterpart of Lie derivatives: Authors
usually consider the functions % ; as free of u and the functions f; and 4 ; as with
constant coefficients so that in the left hand side of the latter equation the first sum
as well as the last term are absent.

This construction of Q,; from Q; is iterated in order to get Q0,4 (1 <i < p)
as the remainder of the derivative of Q,1; (1 <i < p). And so on.

By their definition,

07 e 1) (kiu, y)[(x_,.)lsjgn] (i eN).

Conversely, let P

P e I(X)Uﬂk(”»y>|:(xj)1gi§n] ’

As an element of I (X), P may easily be written in the form
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P= > A;P7+) B0
1<i<n, jeN ieN

where B; (i € N) are in

I1(X) ﬂk{U, Y}[(Xi)lgign] .

Since the differential ideal of k {U, X, Y} generatedby P; (1 < i < n)hasnononzero
element in common with I (X) Nk {U, Y}[ (X;)

degree argument), the first sum in the previous equality must be zero.
This ends the proof that Q7 (i € N) form a basis of a.

n] (this results from an obvious

I<i<

Lemma 1 A set of generators of the ideal of definition of k{(u, y)(x) over k(u, y) is
given by

Ql(ua X, y)1 QZ(M? X, y)v R Qp(uv X, )’),

OQpv1u, X, ¥), Qpia(u, X, y), ..., Q2pu, X, y),

In addition, it comes from the Hilbert basis theorem that only finitely many Q; suffice
to generate the ideal a. That is, there is some p in N such that the first |1 rows of
the previous list of Q;(u, X, y) generate the ideal of definition of k(u, y)(x) over
k(u, y). According to Theorem 16 of [6], the observability of X is equivalent to the
fact that the K(u, y)(x)-matrix

[% (u, x, y)i|l§i§/1,p
0X; 1<j<n
is of rank n.
Now it is a basic fact that the above rank is equal to the rank of the first n p rows.

Corollary 1 If X possesses a state description as above, then X is observable if,
and only if, the following k(u, y)(x)-matrix

00 ol
— U, y, x <i<n
an Y lgjgnp

(which is formally the counterpart of the matrix of Lie derivatives which appears in
the Hermann—Krener observability Jacobian rank condition) is of rank n.

The main difference between this rank condition and the one in [1] is that the rank
is not over k (which is usually R) but over a much bigger field (and, here the rank
condition is a necessary and sufficient condition).
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For arbitrary systems, observability tests resort on decision methods such as char-
acteristic set of the defining differential ideal of X'. See [6] for more details. Very
promising, Thomas decomposition was also proposed as decision methods for the
same tests, see [10, 11].

5.5 Regular Observability

The notion of regular observability refers to the classical one of universal inputs as
thoroughly treated in [12]. Bad inputs (as opposed to universal ones) are supposed
to occlude the functioning of online estimation schemes when they happened to be
applied to a system. The present differential algebraic approach has brought a new
light to this notion of singularity of the observability property. Here is an abstract of
the result which may be found in [6] in more details.

Let X' be a system with variables w, z, and (, and with coefficients in k. It is a matter
of fact that, when z is observable with respect to w then for special observations w,
7~!(w) may contain infinitely many elements, leading to a singularity of the generic
notion of observability. Here  is the projection map of Sect.5.2. An example of such
situations is the following

x| =x1x2,
Xo=u—+x;, (5.12)
y=Xx.

x is observable with respect to u, y since
x; =y and xzzz.

But in practice, in any time interval where y is identically zero (or, merely, small),
the observability of x; is singular in the sense that it is lost.

An observation w € X, is said to be singular for the observation of z with respect
to w if 7~ (W) is infinite. Observations w € X,, which are not singular are called
regular. The variable z is said to be regularly observable with respect to w if there
is no singular observation for its observability with respect to w.

The best result obtained in this approach reads as follows.

Theorem 1 Let X be a system with variables w, z, and (, and with coefficients in K.
The variable z is regularly observable with respect to w if 7 is primitive over K{w}.

Recall that an element & of k {w, z} is said to be primitive over k {w} if it is a zero
of a polynomial
ag& +ag 1 &7+ +ag=0

such that
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(a) the g;’s are in k {w},
(b) the perfect differential ideal {a;(w), az—1(w), ..., ap(w)} of k {w} is the unit
ideal.

5.5.1 Sensor Selection

Given a dynamic system with differential field extension
Kk(u, z)

with input # and latent variable z the sensor selection problem consists of the selection
of sensors which endow the system with some properties. Among all such desirable
properties is the basic one of observability. In this section partial answers to the
following questions will be provided.

(a) What is the minimal number of sensors that make the dynamics observable?

(b) When the sensors are bound to measure state components, what is their minimum
number?

(c) How may the observability margin be improved by selecting the sensors?

Let y denote an arbitrary output of the system. By definition, an output, y, is
componentwise algebraic over k(u, z). An output makes the dynamics observable if

g e K, ¥) =0,

that is, if each component of z is algebraic over k(u, y). Clearly, y = z is an output
which makes the system observable. Let n denote the number of components of z,
and

I={peN:3y,ym, ....yp k2, Ay ki, y) = 0}

The set I is the one of integers p such that there exists an output y with p components
which makes the system observable.

Itis anonempty (since n € I) subset of N. Therefore, I contains a smallest element
which is precisely the minimal number of sensors which make the system observable.

The sensor selection problem characterizing this minimum number, p, of sensors
is an open problem.

Later in this section it is shown that the minimum number of sensors is 1 for
rational state systems, providing a partial answer to Question 1 above.

Next, about Question 2, what if the output y is chosen as a subset of the components
of z, instead of vector rational function of « and z? A complete but trivial, inelegant,
and computationally costly answer consists of performing the 2" — 1 observability
tests!

Up to the knowledge of the author there is no partial contribution to Question 3.
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Back to Question 1, here is the surprising answer for the class of rational state
systems.

Theorem 2 Let the state of a system X be given by
X = f(u,x) (5.13)

with a vector rational function f of input u, state x, and with coefficients in a
differential field k. Let m and n be the respective numbers of components of u and
x. Let K be a differential extension field of k. If K contains nonconstants then there
always is a scalar output

Y=Y aix (5.14)
i=1

withay, ag, . .., o, in K, which makes x observable with respect to (u, y). Moreover,
for y as in (5.14) to make X observable it is sufficient that the associated o’s be
linearly independent over the subfield of constants of K.

Proof Let y! denote the vector

y
[n] _ Y

y .
y(n.—l)

By Corollary 1, for the output (5.14) to make x observable with respect to (u, y) it
is necessary, and sufficient, that the Jacobian matrix of y!"! with respect to x

9y O % Y

ox' oxy Oxs ox,

o5 | | @ o
oy _ ox’ _ Ox1 Oxs Ox,,
ox' - .

ay(n—l) ay(n—l) ay(n—l) ay(n—l)

ax’ ox,  Ox,  Ox,

be of rank n over K(u, y)(x) where the complete system is considered as with
coefficients in K D k.
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Now y may be written as

where
ap

o
The first row of Ay /0x’ is merely

dy ,
— = .
ox'

The second row of the same matrix is

Q_d/_i_a/af(u?x)'

ox’ ox’

Therefore,

yln 9y
fkk<u,y>(x>w = Kk, | Ox'

Hyn="
ox’

by substituting the linear combination

0y _ Oy ofan _

ox'  oOx'  Ox'

over k(u, y)(x) of the first two rows for the second row of dy"!/9x’.
More generally, by the Leibniz formula,

i .
: N l ey .
Y =a®x 43 < .)ao—n X0
- J
Jj=1

and by the fact that x) is in k(u)(x) for all j > 1, it is clear that

157
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[0
1y
Q
oy Ry
—_ Q
fkk<u.,y><x>—ax, = Kk, y)x)
oD

by an immediate induction on the row’s index of the Jacobian matrix.
Now note that the matrix

a(n.— 1)

is square, and of order n, and does not involve neither u# nor x. Therefore it is of rank
n over K(u, y)(x) if, and only, its determinant is nonzero.

Next note that the determinant of WW(«) is simply a differential polynomial in
aip, ag, .. ., a, with coefficients in the field of constants of K. Then the following
theorem is used.

Theorem 3 If G is a nonzero differential polynomial in n indeterminates with coef-
ficients in a differential field containing nonconstant elements then G possesses a
zero (21, ..., 2,) over K.

For a proof see [13—-16] for instance.

This terminates the proof of the first assertion in the theorem.

The second assertion follows from the following. The n elements «;y, ay, ..., a,
of K are said to be linear dependent over constants if there is a nontrivial relation

coay+cay+---+c,a, =0

with constant coefficients. It is a classical result that

Theorem 4 oy, ay, ..., o, are linearly dependent over constants if, and only if, the
Wronskian matrix VWW(«) is singular.

For a proof see the same references [13—16] for instance. This ends the proof of the
theorem.

5.6 Some of the Questions Without Partial Answers

The following is no way an exhaustive list of open problems. It is simply believed that
the reader may be inspired to contribute to their solution. One of the most challenging
open question is actually of a foundation level.



5 Some Control Observation Problems ... 159

5.6.1 A Foundation Problem

Observation problems are basically encountered in engineering practices where real
problems often refer to real valued parameters and variables. But as the reader has
already noticed the present differential algebraic geometry approach has recourse
to so-called differential closures of ground fields. Basically such fields are complex
ones. For more details the reader may refer to Sect.5.1 of [6].

5.6.2 Robustness

Keeping in mind that engineering observation problems deal with systems which
may be inaccurately known. The most favorable lack of information is actually that
of true values of parameters or coefficients: in other words, the form and orders and
dimensions of the equations are exactly known, only actual parameter values are
uncertain.

The question is then how observability and other observation problems assertions
behave in the presence of parameter uncertainties?

For linear systems (5.5) a notion of observability margin may be defined char-
acterizing the distance of a given system to unobservable ones. This generally uses
matrix tools such as singular values.

For general systems the question is clearly related to the so-called field of decisions
methods for approximate systems as tacked in [17, 18] and many other papers.

5.6.3 Decision Methods Problems

Among decision methods capable of dealing with real examples such as those one
may find in biotechnology are also wanted. In this vein, there is a question with
practical importance: Given an observable variable z with respect to w, what is the
minimal order of derivatives of w involved in the observability of z with respect
to w?
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Chapter 6 ®)
On Symbolic Approaches to ez
Integro-Differential Equations

Francois Boulier, Francois Lemaire, Markus Rosenkranz, Rosane Ushirobira
and Nathalie Verdiere

Abstract Recent progress in computer algebra has opened new opportunities
for the parameter estimation problem in nonlinear control theory, by means of
integro-differential input—output equations. This paper recalls the origin of integro-
differential equations. It presents new opportunities in nonlinear control theory.
Finally, it reviews related recent theoretical approaches on integro-differential alge-
bras, illustrating what an integro-differential elimination method might be and what
benefits the parameter estimation problem would gain from it.

Keywords Parameter estimation - Symbolic methods + Integro-differential
equations + Integro-differential algebras

6.1 Introduction

Under the impulse of the founding papers of Fliess [25], a school of researchers
developed an approach of nonlinear control theory formulated within the frame-
work of Ritt and Kolchin differential algebra [34, 48]. This approach led to various
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constructive methods which were implemented on computer algebra software dedi-
cated for differential algebra [10, 11]. In this context, the present paper is concerned
with a parameter estimation method, which is connected to an algorithmic structural
identifiability test, based on the computation of the so-called input—output equation
of the parametric nonlinear dynamical system under investigation [20, 41]. Since
numerical integration is often much less sensitive to noisy data than numerical dif-
ferentiation, the parameter estimation step of this method provides more reliable
estimates of parameters, by first transforming the input—output equation into an
integro-differential equation. This idea has been tested on a range of examples [21,
22, 26, 40, 58, 59]. This important transformation of nonlinear differential equations
to integro-differential ones, which so far has required some human skill, can now be
achieved algorithmically [8, 13].

Integral equations have other advantages as compared to differential ones. First,
they permit to handle non smooth functions, in particular, piecewise constant inputs
[21, 22, 26]. Second, they may naturally depend on initial conditions: a feature
which may be important for the parameter estimation problem. In both cases, it
may be interesting to bypass differential elimination in order to compute the desired
equation.

These results and this research were at least partially motivated by purely theo-
retical studies of the algebraic properties of integro-differential algebras and their
operator rings [3-5, 27, 29, 45, 52]. In turn, they raise the fascinating and difficult
task of extending the Ritt-Kolchin theory known as differential algebra to the broader
theory integro-differential algebra since integral or integro-differential equations are
not allowed within the framework of differential algebra. One important goal would
be an elimination theory for integro-differential algebra. It would allow the compu-
tation of integro-differential input—output equations using a wider set of operations
than in differential algebra, hence possibly faster computations as well as a greater
variety of formulations for the input—output equations.

This paper is structured as follows. Section6.2 recalls the origin of integro-
differential equations. Here, the term “origin” carries two meanings: what are the
first historic examples of integro-differential models? and what kind of modelling
processes lead to such models? This section will prove interesting for readers who
discover integro-differential equations and for algebraists who are not aware of the
needs of modellers. Section 6.3 sketches the application to parameter estimation for
nonlinear dynamical systems that motivated this new interest for integro-differential
equations. This section will be interesting for applied researchers who are not aware
of some key properties of Ritt and Kolchin differential algebra: properties that need
not generalize to the integro-differential framework. Last, Sect. 6.4 reviews some
attempts to design algebraic theories of integro-differential equations and some of
the many issues that need to be addressed. It illustrates also, via two examples, what
an integro-differential elimination method could be and what would be the benefit
to the parameter estimation problem.
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6.2 Origin of Integro-Differential Models

One of the simplest nonlinear integro-differential models studied in the literature is
the Volterra-Kostitzin model [35, pp. 66—69], which may be used for describing the
evolution of a population, in a closed environment, intoxicated by its own metabolic
products (other applications of the same model are considered in Kostitzin’s book).
It is an integro-differential equation since the unknown function y(¢) appears both
differentiated and under some integral sign.

4 = ky(1)? "k d
E(t)_sy(t)— y@®) —cy@) - (t—71)y(r)dr.

The independent variable ¢ is time. The dependent variable y(¢) is the population,
varying with time. The symbols ¢, k, ¢ and T denote parameters. The kernel (or
nucleus) K (t, 7) = K (¢t — 7) is the residual action function. For instance, it could
be very similar to a “survival function” in population dynamics [31, p. 3]: adecreasing
function, starting at K (0) = 1, equal to 0 outside the interval [0, T']. Then K (¢ — 7)
would represent the “toxicity factor” of metabolic products which are the most toxic
when produced, att = 7, become less toxic with the time, and have a negligible toxic
effectattimer =7+ T.

As we shall see later, nontrivial kernels introduce difficulties in the symbolic
treatment of integro-differential equations. It is thus interesting to remark that a
simplified version of the Volterra-Kostitzin model, with a trivial kernel K (¢, 7) =
1, was studied by Kostitzin himself (the model is then equivalent to a differential
equation of order two). It was more recently reconsidered in [17] and [43, Chap. 4]
and fitted against experimental data, in order to validate its pertinence.

6.2.1 Hereditary Theories

In integral or integro-differential models, integral terms depend on kernels of the
very special form K (¢, 7) = K (¢t — 7). Such kernels permit to express “hereditary”,
“historical” or “plastic” effects, i.e. the idea that the evolution of the current state
of the system being modelled, depends not only on the current state but also on its
past. The original qualifier is “hereditary”. The qualifier “historical” was suggested
by Volterra [62, p. 300] to avoid any confusion with biological notions. The qualifier
“plastic” (by opposition to “elastic”) is used in structural mechanics [38, p. 59].

6.2.1.1 Historical Origin

It is interesting to remark that biology is one of the first scientific domains where
hereditary modelling was considered to be promising. In [60, p. 295], Volterra claims



164 F. Boulier et al.

to have coined the expression “integro-differential equation”. A few lines further, he
refers to an article by Picard [44], which contains the following paragraph (p. 194),
translated from French:

But heredity plays especially a major role in life sciences and we do not know if we will
ever be able to use the mathematical tool for the intimate study of biological phenomena,
and if we will not always need to restrict ourselves to rough averages and frequency curves.
We should not, however, reduce in advance our mathematical conception of the world, and
we can dream of functional equations more complicated than the former [differential] ones
because they will involve, in addition, integrals taken between a very distant past and the
present time, integrals which will bring their part of heredity.

The study of hereditary models is strongly connected with the theory of functionals,
i.e. functions z that depend on all the values that some other function y(#) may
take over some range a < t < b. This was investigated in detail by Volterra [63],
who sketched hereditary formulations of magnetism, electricity, elasticity, ... It is
intimately related to the theory of the convolution product, which arises in distribution
theory [24], and whose algebraic properties were much studied by Volterra, as a
special case of the “composition” of two functions. See [63] for the theory and [16,
pp- 293-294] for more on the history.

6.2.2 Some Classical Integro-Differential Models

6.2.2.1 A Predator-Prey Model

The following integro-differential system [62, pp. 328—-329] models two populations:
one of them feeds on the other. It enhances a classical Volterra model of population
dynamics. Volterra models here the fact that the increase of population does not
depend only on the current amount of food available but also on the food which was
available in the past.

d 1
%(r) = yi(0) (el — () — / filt =) ya(7) dr) ,
0 . ©6.1)

d
f(r) = () (-62 ) + fo =)y d7> .

6.2.2.2 Elastic Torsion of a Wire

This example is borrowed from [63, Chap. V, pp. 147-149]. To a first approximation
the connection between the moment m of the torsional couple and the corresponding
angle of torsion w is given, in the case of static equilibrium, by the linear relation
w = k m where k is a constant depending on the characteristics of the wire. Let m (7)
denote the torsional moment acting on the wire at time 7. In order to find the angle of
torsion w(t) at time ¢ we must add to the right-hand side of w(¢) = k m(¢) a corrective
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term depending on all the values of m(7) for 7 prior to ¢, and therefore a functional
of m(7). Assume the hereditary effects modelled by this functional is linear. One
then obtains the following relation between w(¢) and m(t):

w(t) =km(t) + / f@, mym(r)dr. (6.2)

Solving this Volterra integral equation [63, Chap. II, P. 44] with respect to m(z),
denoting the reciprocal kernel of % f(t, 7) by ¢(t, 7) and assuming the hereditary
effects prior to t = 0 are negligible, we get

m(t) = %w(t) + / pt, ) w(r)dr. (6.3)
0

Let us pass now from the static to the dynamic case and try to study the oscillations
of the wire. For this, suppose that the angular velocity and acceleration are no longer
negligible. The equation of motion of the wire is obtained from (6.3) by means of
d’ Alembert’s principle, by substituting

d’w
m(t) — p m(t) (e constant)

for m(t). We then get an integro-differential equation giving w(#) in terms of m(z):

dw !
m(t) — u F(t) =hw(t) +/0 o(t, T w(r)dr. (6.4)

6.2.2.3 Propagation of a Nervous Impulse

This model is borrowed from [46, Chap. XXXV, Eq. (32), p. 426]. See also [31, Chap.
1, p. 5]. This nonpolynomial integral model is interesting because it has a trivial kernel
and is equivalent to a polynomial system of integro-differential equations.

It is currently widely admitted that nervous impulses are propagated as follows
in neurons: differences of ionic concentrations between the inside and the outside
of axons make their membranes polarized. The occurrence of an electric current in
the neighborhood of some region of interest opens ionic channels, causing changes
of ionic concentrations, hence an electric current in the region itself. The nervous
influx is obtained by repeating this phenomenon along the whole axon. The details
of the ionic activities, at a fixed position of the axon, are described by the famous
Hodgkin—Huxley nonlinear differential model [33, Chap. 5, pp. 205-206].

The following model is probably older than the Hodgkin—Huxley model [30]. It
is built on quite similar biological hypotheses and is concerned by the distance u(¢)
traveled by an influx along a nerve (an axon, possibly). The parameter I represents
an electric current suddenly established in the neighborhood region at + = 0. The
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parameter 4 is a concentration threshold above which a nerve excitation is triggered
[46, Eq. (6), p. 379]. Itis assumed that the ionic concentration and the electric current
satisfy a linear differential equation of first order, depending on two parameters K
and k [46, Eq. (18), p. 423]. The time ¢#; at which the region of interest releases an
influx is then a function of k, K, 4 and I. The parameter « is a constant depending on
physical properties of the nerve: radius, specific resistances of the core of the nerve
and its surrounding sheaths [46, Eq. (10), p. 421]. The integral term of the model
comes here from the fact that the distance is an integral of the speed [46, Eq. (21), p.
424]. Since it is not motivated by any hereditary consideration, the absence of any
nontrivial kernel is not surprising:

hK1I d
h ou(t)+kt - K If au(r)+kT dr. 6.5
¢ KT—kn 1) ¢ ! (©3)
Let now v(¢) be the exponential. The nonpolynomial integral equation (6.5) can be
encoded by the following polynomial integro-differential system:

d—v(t) — (a d—”(t) + k) (1)
dr dr ’ 6.6)

hKI !
hv(l):m+K1 v(T)dr.
151

Of course, the Eq. (6.5) can also easily be transformed to differential form, by simple
differentiations. However, this is no longer true when considering a time-varying
(possibly non-smooth) current 7 (¢).

6.3 Integro-Differential Equations for Parameter
Estimation

In this section, we present the application to parameters estimation for nonlin-
ear dynamical systems that motivated our interest for integro-differential algebra.
Together with the application, we introduce key concepts of differential algebra. In
the next section, we will discuss issues raised by their generalization to integro-
differential algebra.

6.3.1 Statement of the Estimation Problem

The academic two-compartment model depicted in Fig. 6.1 is a close variant of [59,
(1), p. 517] endowed with an input u(¢). Compartment 1 represents the blood sys-
tem and compartment 2 represents some organ. Both compartments are supposed
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Fig. 6.1 A k1o
two-compartment model o
featuring three parameters. v
¢
\_/
k21

to have unit volumes. The function u(¢), which has the dimension of a flow, repre-
sents a medical drug, injected in compartment 1. The drug diffuses between the two
compartments, following linear laws: the proportionality constants are named ki,
and ky;. The drug exits compartment 1, following a law of Michaelis-Menten type.
Such a law indicates a hidden enzymatic reaction. In general, it depends on two
constants V, and k.. For the sake of simplicity, it is assumed that k, = 1. The state
variables in this system are x| (¢) and x, (¢). They represent the concentrations of drug
in each compartment. This information is sufficient to write the two first equations
of the mathematical model (6.7). The last equation of (6.7) states that the output,
denoted y(¢), is equal to x; (). This means that only x; (¢) is observed: some numer-
ical data are available for x| (#) but not for x,(¢). The problem addressed here then
consists in estimating the three parameters kj,, k»; and V, from these data and the
knowledge of u(t).

Ve xl(t)

X1(t) = —kipx1(t) + koy x2(8) — Trx00 +u(t),
X2(t) = ki x1 (1) — ka1 x2(2) (6.7)
y(@) = x1(2).

6.3.2 The Algebraic Setting

6.3.2.1 On the Solutions

Ritt and Kolchin differential algebra provides an algebraic framework for polynomial
differential systems. Differential systems involving rational fractions, such as (6.7),
are easily handled. Other kinds of nonlinearities are not directly covered by the theory
but many nonpolynomial systems can be transformed into polynomial ones, using
techniques similar to the one we used for the propagation model of nervous impulses.
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Differential algebra imposes, however, another restriction, which is more important
to us, since it reduces its applicability to control theory: the solutions of the systems
under study are supposed to belong to integral domains (e.g. an equation such as
u(t) v(tr) = 0 would imply that u(t) = 0 or v(t) = 0) and must be differentiable
infinitely many times. The input u#(#) of (6.7) must then be smooth. One cannot
study the case of a piecewise constant function u(¢) without leaving the realm of
differential algebra.

6.3.2.2 Differential Polynomial Ideal

Subtract right-hand sides from left-hand sides of (6.7). Multiply the first equation
by its denominator and state that this latter is nonzero. One obtains a system of three
differential polynomial equations and one inequation:

pr=p2=p3=0, 1+x #0. (6.8)
The left-hand sides of (6.8) belong to the differential polynomial ring

Z = Qkia, kat, Vo)lu, y, x1, x2} .

The three symbols y, x1, x; are differential indeterminates. To this system, one asso-
ciates a differential ideal

2= [p1, p2, p3l + (1 + x1).

Technically, the ideal 2 is defined as the ideal of # generated by the three differential
polynomials and their derivatives up to any order, saturated by the multiplicative
family generated by 1 + x;. This means that if any differential polynomial of the
form (1 4 x;) g belongs to 2, then g itself belongs to 2. It can be proved that 2l is a
prime (hence radical) differential ideal.

6.3.2.3 Theorem of Zeros

As already pointed out, in differential algebra, solutions are sought in differential
rings that are free of zero-divisors. This restriction has some drawbacks for applica-
tions in control theory. Algebraically, it has a big advantage: the differential ideal 2
is then the set of all differential polynomials that annihilate over the whole solution
set of (6.7). In particular, a Theorem of Zeros [48, Chap. I, 16] holds in differential
algebra:

Theorem 1 A differential polynomial g annihilates over all the solutions of a system
of differential polynomial equations fi = f, = --- = f, = 0if, and only if, a power
of g belongs to the differential ideal generated by fi, f>, ..., fu.
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The formulation above is not completely precise since the algebraic structure .
which is supposed to contain the solutions is not given. Many precise variants could
be given: . could be some differential field, an algebra of formal power series, a
field of meromorphic functions ... See [9] for more details on this question.

6.3.2.4 Elimination Theory

An elimination theory has been available in differential algebra from its very begin-
ning [48, 57]. Some algorithms such as [39, diffgrob], [14, 15, RosenfeldGroebner],
[47, rif], [2, 36, 49, Thomas algorithm] are implemented in computer algebra sys-
tems. In the sequel, we concentrate on RosenfeldGroebner and its most recent imple-
mentation in the MAPLE package [10, Differential Algebra]. The first argument of
such an algorithm is a system of differential polynomial equations and inequations.
The second argument is a ranking, i.e. a total ordering on the set

{kia, ko1, V.Y U {w™ | r > 0, w differential indeterminate} .
For an example such as (6.8), the output of the software is a regular differential
chain—a notion slightly more general than Ritt’s characteristic set [7, Definition
3.1]—of the differential ideal 2 w.r.t. the ranking. Regular differential chains are
finite sets of differential polynomials. By choosing a suitable ranking such as
(the derivatives of x, xp) > (the derivatives of y, u) > (the parameters)
one can directly read in the output of the software the differential polynomial of 2
which has the lowest rank w.r.t. the ranking. This differential polynomial is the

so-called differential input—output equation of (6.7). It depends only on y, u, their
derivatives, and the parameters to be estimated.

6.3.3 The Input—Output Equation of the Problem

A pretty-printed form of the differential input—output equation of (6.7) is:

~ () 4 (o )
O+ 02 yo+1 % Cg y® +1 (6.9)
03 () =00 0.

where the 6; stand for the following blocks of parameters:

0=k, Oh=knV.,, s=kin+ku, Os=kio+ku+V,. (6.10)
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6.3.3.1 Structural Identifiability Study

The structural identifiability study is a preliminary study of the input—output equation.
It can be viewed as a theoretical parameter estimation process, where the observed
function y(¢), the input u(¢), and their derivatives up to any order are supposed to be
as “generic” as possible and perfectly known.

A huge amount of literature is devoted to this question. See [1, 23, 37, 41, 42,
56, 59] and the references therein.

In our example, the structural identifiability study leads in a straightforward way
to the desired conclusion of the global structural identifiability for this model. The
essential argument is as follows:

(a) Evaluating (6.9) at (at least) four different values of ¢, it is possible to build an
invertible linear system whose unknowns are the blocks of parameters 6;.

(b) Knowing the blocks of parameters 6;, it is easy to recover the values of the model
parameters k|, k21, Ve, by solving the polynomial system (6.10).

It is worth noticing that step 1 of this argument eventually relies on the assumption
that (6.9) is the equation of minimal order and degree constraining y(¢), u(¢) and
the parameters to be estimated. Ultimately, this argument relies on the Theorem of
Zeros.

Indeed, on some other example, a non-minimal input—output equation could be
artificially obtained by adding a polynomial of the form 6 m (6 any parameter block,
m belonging to the differential ideal 2l) to the minimal equation. At step 1, such a
polynomial m would always evaluate to zero, yielding a linear system that would
always be singular. The whole argument would then collapse.

6.3.3.2 Integro-Differential Form of the Input-Output Equation

A parameter estimation method can be designed by implementing “numerically”
the steps 1 and 2 above, using the available numerical data for the observed func-
tion y(¢) and the input u(¢). If the data is noisy (but not only then), a straightforward
implementation is however very likely to produce useless results since the second
derivative of y(¢) then needs to be estimated numerically. In order to obtain more
accurate results, it is desirable to convert the differential input—output equation (6.9)
to integral form since numerical integration is less sensitive to noise than numerical
differentiation. There are different ways to do it. Some methods are given in [12].
One possibility consists in applying twice the integration operator on (6.9). On our
example, the result is the nonlinear Volterra integral equation (6.11). This formula
still involves a derivative of the output, but evaluated at t = a. Viewing this derivative
as an extra parameter 0s, to be estimated, Eq. (6.11) does not involve any derivative
of the output:
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t Tl
—6‘1/ / u(m) dmp dn

[a T]a
o [ [ dnan
C)? y(a)?
" (f YO+ TS T “)>

(t— a))

— 04 dr —
a Y™ +1 y(a)+1

—y(@ (- a)t
= / u(t)dr —u(a) (t —a) —y@) + y(a).
‘ (6.11)
In general, the resulting formula is an integro-differential equation. The method
outlined here always produces formulas with trivial kernels. It can be completely
automated, thanks to recent progresses in computer algebra [8, 12, 13].

6.3.3.3 Actual Parameter Estimation

An integro-differential input—output equation such as (6.11) is used to build an
overdetermined' linear system, whose unknowns are the parameter blocks 6;. Its
solutions, obtained by linear least squares, may be used as a first guess for nonlinear
least squares such as the Levenberg—Marquardt method or Linear Matrix Inequalities.
See [19, 20, 41, 59].

Recovering the initial model parameters from refined estimates of the parameter
blocks 6; is usually a difficult problem for which no satisfactory general solution
is known. An important difficulty is raised by possible algebraic relations between
blocks of parameters. In our example, we have such a relation:

0103 —04) +60,=0. (6.12)
6.3.4 Algorithmic Transformation to Integro-Differential
Form
Transforming (6.9) into the integral equation (6.11) is very easy because the former

equation has the special form
d
0 — Fi,
Z dt

where the 6; are constant expressions (their derivatives are zero) and the F; are
order zero fractions. However, the input—output equations returned by differential

1A square linear system is sufficient for the identifiability study, which is of theoretical nature. On
real, possibly noisy, data, it is preferable to evaluate the input—output equations at much more values
of ¢, and thereby obtain an overdetermined linear system.
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elimination algorithms do not always have this shape. Instead, they have the form of
polynomials in the derivatives of the differential indeterminates, which implies that
the % F; expressions are expanded. A first algorithm for converting this raw form
into (6.9) is published in [8], with a flaw fixed in [12]. An enhanced version, with a
canonical output, is published in [13].

6.4 Towards Algebraic Theories

The systematic treatment of integral operators in algebra—usually under the name of
Rota-Baxter operators—has been inaugurated with Glen Baxter’s seminal paper [6].
While originally viewed in a probability context, Rota-Baxter operators have soon
found interest in broader areas of algebra, especially through Gian-Carlo Rota’s well-
known papers [54, 55]. For a modern survey on Rota-Baxter algebra we refer to the
monograph [28].

The notion of Rota-Baxter operator was combined with differential algebra struc-
tures in [50, 53] for creating an algebraic framework that allows a constructive
treatment of boundary problems for linear ordinary differential equations. In partic-
ular, the Green’s operator (resolvent operator), which maps the forcing function to
the solution of the boundary problem, is expressed as a Fredholm integral operator
that belongs to a suitable operator ring.

Let us explain this in some more detail. We start from an integro-differential
algebra (F, 0, f), meaning an algebra over some field K with two K-linear oper-
ators 9, [: F — F that are supposed to capture differentiation and integration in
an algebraic context. Hence the derivation 0 is required to satisfy the Leibniz axiom
(= product rule for differentiation) while f must satisfy the Rota-Baxter axiom (=
integration by parts); moreover we stipulate d o | = 1 for tying the two notions
together, just as the fundamental theorem of calculus does in the case F = C*°(R);
note that this is a special case of the generalized Leibniz integral rule (6.14). It
turns out that the other composition is not quite the identity but [0 d = 17 — E,
where E: F — F is a multiplicative linear map that may be thought as the evalua-
tion at the initialization point of the integral operator . Indeed, this is what happens
in the most important example F = C*°(IR) where 0 f(x) = df/dx and f fx) =
fz f (&) d¢ for some initialization point a € IR; consequently, here £ : F — R is the
evaluation f(x) — f(a).Of course C*°(IR) contains many other integro-differential
algebras, for example the polynomials R[x] or the analytic functions C* (IR), and var-
ious intermediate algebras like the exponential polynomials (real or complex linear
combinations of x¥e™ for any k € N and A € R).

Each integro-differential algebra (F, 0, f) now gives rise to an operator ring
[0, [1that contains both differential operators such as a(x) & + b(x) 0 + c(x) for
coefficient functions a(x), b(x), c(x) € F and integral operators such as xzexfe_2x,
as well as evaluation operators E, for various points a € R. Note that the integral
operator xze"fe‘z" is here understood as a non-commutative operator composition,
acting as f(x) > [Tx%e* % f(£). We refer to F[0, [] as the integro-differential
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operator ring over F. One can prove that every boundary problem over F has
a Green’s operator G € F[0, [], which can be determined algorithmically if one
has a fundamental system of solutions for the underlying homogeneous differential
equation [53, Thm. 26].

The treatment of linear partial differential equations is considerably more diffi-
cult. Of course one will replace (F, 8, [) by astructure (F, Oy, 8y, [, [*), where F
is an algebraic structure describing multivariate (for simplicity here: bivariate) func-
tions with two derivations J;, d, and two Rota-Baxter operators fx, fy . However,
this would not lead us very far since even very simple examples like u, —u, = f
cannot be solved in terms of these basic building blocks. One crucial missing piece
is a structure for substitutions. For treating linear partial differential equations, it
is sufficient to allow only linear substitutions like u(x, y) +— u(ax + by, cx + dy)
fora, b, c,d € R. The resulting algebraic structure, a so-called Rota-Baxter hierar-
chy, is surprisingly complex and has been described in [51]. In fact, the current setup
omits the derivations d,, 0, for keeping the complications to a minimum (derivations
are comparatively easy to add since their algebraic relations are far less complex than
those connected with the Rota-Baxter operators).

Similar to the case of plain integro-differential algebras, every Rota-Baxter hier-
archy comes with a multivariate operator ring that we could provisionally denote
by FI[*, ["1orby F[0,, dy, [*, [1if the derivations are added in. The main inno-
vation from the ordinary case is that substitution operators M* = (fg )*, acting as
described above for a matrix M € R?*2, are also part of the basic building blocks.
Their interaction with the Rota-Baxter operators is complicated, but normal forms
have been deduced [51, Thm 4.10], for the case of arbitrarily many variables.

Describing the nature of those operator relations would lead us too far afield for
the present paper. It will suffice to mention just one special case of Axiom (7) of [51,

Def. 2.3], namely
[ = = e,

where M € R**? is the substitution matrix with a =c =1,b =d =0, acting
by u(x, y) — u(x, x). Written in the usual notation, this is exactly Dirichlet’s rule
to be mentioned in Sect.6.4.1.3. However, the great advantage of the operator-ring
framework is that there is a normal form (namely the right-hand side). In fact, we are
confident that these normal forms are in fact canonical (meaning every simplification
can only lead to a single normal form), which is equivalent to the algebraic state-
ment that the chosen identities are a non-commutative Grobner basis for the ideal of
operator relations. This is work in progress, more than half of the proof is completed
but there the derivations are very long.

Up to now we have spoken about linear differential and integral equations, both
ordinary and partial (of course this includes also the mixed integro-differential cases).
For passing to nonlinear equations, one can pass to the ring of integro-differential
polynomials. In the univariate case, this has been introduced in [52]. Essentially the
same structure—but extended to the partial case as well as differential fractions—
was subsequently treated in [8, 13]. The basic idea in all case is that nested integrals
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like [w?u” [u'u" [u”(u")> or [u" [u” fuu"*, or linear combinations of these, are in
canonical form only if the highest derivative of u appears nonlinearly in each of the
nested integrands. Hence the first example above is canonical, but the second is not.

While the algebraic investigation of the linear case (univariate and multivariate
integro-differential operator rings) are now gradually maturing to some extent, the
nonlinear case of integro-differential polynomials/fractions is wide open. In the last
two sections we will only address two prominent issues that appear to pose con-
siderable difficulties and, by the same token, a highly interesting arena of algebraic
research.

6.4.1 Computational Issues

6.4.1.1 The Generalized Leibniz Integral Rule

Though there does exist applications of integro-differential equations which only
need trivial kernels, this is certainly not the case of equations arising from hereditary
modelling, which have the form:

/IK(I,T)f(T)dT.

a

Over such expressions, the formula
d t
T / = the identity operator (6.13)

does not hold anymore. Instead, one must apply the general form of Leibniz integral
rule, which gives:

d [? "dK
af K, 1) f(T)dT:/ E(z‘,r) f(mdr+K(t,t) f(z). (6.14)

However, this formula raises a computational problem, in the case of singular kernels.
Let us quote Volterra [63, Chap. II, p. 54]:

It is rather curious to note that it was precisely these singular cases that were the first in order
of time to arise; the first integral equation considered goes back to Abel and is as follows:

V28 = / 20 g (6.15)

0 (l—T)%

1 s
and the kernel (r — 7) 2 becomes infinite at 7 = ¢.
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Differentiating (6.15) causes a division by zero. In particular, we see that, contrarily
to what happens in differential algebra, differentiation of integro-differential expres-
sions is not always defined.

6.4.1.2 Integration by Change of Variable

The change of variable formula is:
b dy o)
f F(p(t)) —(t)dt =/ F(t)dr.
a dr pla)
Kostitzin applies it [35, p. 68] for studying the Volterra-Kostitzin model in the case
of a trivial kernel. Having proven that

Y= Foe
E()_ @),

he deduces that

y(1) 1
t:/ dr
yoy F(1)

This identity shows that, in an integro-differential algebra theory in which integration
operators with general bounds would be allowed, the equality test between two
expressions might be a difficult problem.

6.4.1.3 Dirichlet’s Rule

Volterra attributes this formula to Dirichlet in [61, p. 36] and often uses it:

t T t t
/ / F(m, 1)dnndr = / / F(m,7)drdm.
a a a T2

In the parameter estimation problem described in Sect. 6.3, this formula could have
been used in order to produce another form of the integral equation (6.11), which
would have involved a non trivial kernel. Indeed:

//TF(Tz)dTQdTI/(Z—T)F(T)dT.

This formula illustrates another difficulty that arises when testing equality between
two integro-differential expressions. Recent progresses on this issue are givenin [51].
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6.4.2 On Generalizations of the Theorem of Zeros

As pointed out in Sect. 6.3, the Theorem of Zeros is implicitly used in the structural
identifiability test based on the input—output equation. This section shows that it might
not generalize in the integro-differential framework. Observe a similar difficulty
occurs in other theories such as difference algebra [18].

Let us define an integro-differential ring % = Q{u} as the smallest ring containing
the integro-differential indeterminate u, the rational numbers, stable under derivation
and integration. For simplicity, let us restrict ourselves to the case of a derivation §
being the left inverse of the integration f , 1.e. an abstract form of (6.13). Let us
denote x = [ 1.

Given any p € Z, let us define the integro-differential ideal generated by p as the
smallest ideal of the ring Z, containing p, stable under derivation and integration.
Let us denote it [ p]. Consider now

p=u—/u, (6.16)

which is meant to be an abstract form of the left-hand side of the integral equation

u(t) —/ u(t)ydr =0.
0

This equation admits u#(¢) = O for unique solution. However, we prove below that
u™ ¢ [p] for any non-negative integer m, i.e. that, in the algebraic framework
sketched above, the Theorem of Zeros does not hold.

Proposition 1 Take p € Z. Then, any element q of [p] can be written as q =
Zle a; M; where a; € @ and each M; has the form

M; Zmi,()fmi,l/"'/mi,k—l/mi,k(ébip)/mi,ld—l/"'[mi,11a (6.17)

where b; is a non-negative integer, the m; ; are monomials in x, and u and its
derivatives.

Proof Admitted.

Let us denote by w(M;) the weight in u of any M; of the form of (6.17), with
wM) =1+ Zt}:o deg(m; j, [u, ou, ...]), wheredeg(m; ;, [u, Ou, ...]) denotes the
total degree of m; ; in the variables u, du, ...

Lemmal Take p =u — f u and consider some M; in the form of (6.17). Then
replacing u by ocu in M; yields ™) M;, for any o € Q. Moreover, replacing u by
e* in M; yields 0ifb; > 0, or a polynomial in x and e* whose degree in e is at most
w(M;) — 1 otherwise.
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Proof Immediate.
Proposition 2 Take p = u — [u. Then u™ ¢ [p] for any non-negative integer m.

Proof Assumethatu™ € [p]forsome m.Letus prove that this yields a contradiction.
By Proposition 1, we have u™ = Zle a; M; where the a; are in () and the M; have the
form of (6.17). The monomial #™ is homogeneous of degree m. By an homogeneity
argument and by Lemma 1, all M; have the same weights w(M;) = m in u.
Substituting u = e* in u™ yields ¢”*. However, substituting u = e* in any M;
either yields O if b; > 0, or a polynomial in x and e¢* whose degree in e* is at most
m — 1 by Lemma 1. This yields a contradiction since e*, €%, ..., ¢"* are linearly

independent over Q[x]

6.4.3 On Derivation-Free Elimination

The most challenging theoretical issue would consist in developing an elimination
theory for integro-differential equations that would permit to bypass differential
algebra methods. To our knowledge, such a derivation-free elimination theory has
not been considered yet. To illustrate what it could ideally do, we show that Eq. (6.11)
can be obtained from Eq. (6.7) without performing any differentiation. Let us slightly
rewrite Eq.(6.7) as

Fi) = =) — iz y(6) + ke x2() — lf )( S ),

fo(t) == =X () + k12 y () — ka1 x2(2) .

Since fi(¢) and f>(¢) are identically zero, we obtain the equation

0=k / / Fim) + folr) drydr + / firdr .

Simplifying the previous equation yields

kZI//u(Tz)dTQdT—k21Vf/ lJyr(;z()Tz)der

—(k21+k12)/ yydr -V, / Y 2 LT+ (@) + (@) (= @)
=y(t)—y<a>—f u(r)dr.
From f;(a) = 0, one has
ko x2(@) = (@) + k12 y(@) + Vo —2 9 _u(a).

1+ y(a)
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Replace k;; x»(a) by its value in the last equation. Simple computations show that

koi (/ / u(m)dm dT+y(a) (t —a) —/ y(7) dT>

—kle/f y(TZ) dsz—V(/t—y(T) dT_—y(a) )
1+ y(m) ‘No 1+y(0) 1+ y(a)

+ k12 <)’(a) (t—a) —/ Y(T)dT) +y(a) (t —a)
=y(t) — y(a) —/ u(r)ydr +ua) (t —a).

This last equation is equivalent (up to the sign) to (6.11), by using the properties
V/(A+y)y=y—1+1/(I+y)and1/(y+1) =1-y/(y+1).

6.4.4 On Alternative Input-Qutput Equations

A structural identifiability study, based on the differential input—output equation, was
sketched in Sect. 6.3.3.1. Since this equation is computed in the strict framework of
differential algebra, it does not feature any initial value of any non-observed variable.
In some cases, however, the initial conditions of some non-observed variables are
known, and their knowledge is necessary to prove the structural identifiability of the
model. A first approach to overcome this difficulty is presented in [21, 22]: the inte-
gration of the input—output equations followed by some further manipulations yields
expressions involving the initial conditions of the non-observed variables, permitting
to prove the structural identifiability. We show in this section that integro-differential
elimination offers another approach since it permits to compute integral input—output
equations featuring naturally these important initial values. The system X under study
is inspired from [32]:

X1(t) =01 x2() +u(?), (6.18)
Xp(t) = Oy x1 (1) x2(t) + O3 x2(2) +u(2), (6.19)

together with the assumptions

e x1(0) = xy9 is known,
e x,(t) and u(t) are observed on some interval [0, 7],
e x(t) is not observed on ]0, #y].

The parameters to be estimated are 6;, 6, and 5. Differential elimination methods
permit to compute the following differential input—output equation:

X2(8) x2(t) — X5 (1) + %o () ut) — x2(6) ti(t) — 01 02 %3 (1) — Or u(t) x5 (1) .
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The structural identifiability study sketched in Sect.6.3.3.1 would conclude to the
non-identifiability of X' since #3 does not even appear in this equation. Converting
this equation to integro-differential form would obviously not change this conclusion.
Now, it is interesting to observe that one can obtain an expression depending on 6;
by evaluating (6.19) at = 0, provided that x,(0) # 0. Another expression can be
obtained if x,(0) = 0 and x,(0) # 0: differentiating (6.19) and rewriting the term
X1(t) using (6.18) yields

#2(1) = 02 (013200 + 4(®) x20) + 11D 820 + 0320 + (). (6.20)

Evaluating this expression at = O provides an expression for #3 as a function of
x1(0), x2(0), x2(0), X2(0), u(0), 1(0), 6, and 6,. More generally, a formula can be
obtained provided that some derivative of x,(¢) does not vanish at ¢ = 0.

Let us now compute an integral input—output equation, using the integration oper-
ator from the beginning. First put ¥ in an integral form:

x1 (1) =x10+/ 01 x(1) + u(r)dr, (6.21)
0

xo(1) =X20+/ 0 x1(7) x2(7) + O3 x2(7) + u(7)dr. (6.22)
0

Using (6.21) for replacing x; (¢) by its value in (6.22) yields

t

xo(1) =x20+/ 0> <x10+/ 91X2(T2)+M(72)d72) x2(7)
| | (6.23)
+ 03 x2(7) +u(r)dr.

Expanding (6.23) yields
x2(t) = Ip(t) + (x10 02 + 03) I1(t) + 05 L (t) + 6, 6, I3(t) (6.24)
with
Io(t)zxzo+/01u(7')d7, L) =f0tx2(7)d7,
L) =/le2(7) /OTu(Tz)dedT, (1) =/:x2(7') /Osz(Tz)dedT.

Let us now follow the structural identifiability study sketched in Sect.6.3.3.1
on (6.24). The linear system considered at step 1 is invertible since the three terms
I,(t), I,(t) and I5(t) are linearly independent.” Thus the structural identifiability

2Indeed, if the three terms were linearly dependent, there would exist three constants A, B, C
such that A I1(¢) + B I>(t) + C I3(¢t) = 0 modulo the prime differential ideal 2( generated by X.
Differentiate this equation. Divide it by x, (¢). Differentiate again. One gets B u(t) + C x(t) = 0.
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study would infer the global structural identifiability of X'. The input—output equa-
tion obtained by integro-differential elimination is therefore not equivalent to the one
obtained by plain differential elimination.
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Chapter 7 ®)
Algebraic Estimation in Partial ez
Derivatives Systems: Parameters

and Differentiation Problems

Rosane Ushirobira, Anja Korporal and Wilfrid Perruquetti

Abstract Two goals are sought in this paper: namely, to provide a succinct overview
on algebraic techniques for numerical differentiation and parameter estimation for
linear systems and to present novel algebraic methods in the case of several variables.
The state-of-art in the introduction is followed by a brief description of the method-
ology in the subsequent sections. Our new algebraic methods are illustrated by two
examples in the multidimensional case. Some algebraic preliminaries are given in
the appendix.

Keywords Parameter estimation - Numerical differentiation - Partial derivatives
systems - Algebraic methods

7.1 Introduction

Many challenging questions in signal processing and control involve the estimation
of derivatives of measured time signals, usually in noisy environment. This important
issue is known as a numerical differentiation. Several approaches were proposed on
this subject, based on different frameworks in applied mathematics and engineer-
ing. In control theory, designing a differentiator is an important problem, with many
applications [2, 6, 17]. Some classical solutions are based on the least-squares poly-
nomial interpolation and provide good offline results for this matter, see for example
[15]. On another groundwork, just to mention a few works, numerical differentiators

R. Ushirobira (<)) - A. Korporal
Inria, Non-A team, 40 avenue Halley, 59650 Villeneuve d’ Ascq, France
e-mail: Rosane.Ushirobira@inria.fr

A. Korporal
e-mail: Anja.Korporal @inria.fr

W. Perruquetti

Ecole Centrale de Lille & CRIStAL (UMR CNRS 9189) & Université Lille
Nord de France & Non-A, Inria, Villeneuve d’Ascq, France

e-mail: Wilfrid.Perruquetti @inria.fr

© Springer Nature Switzerland AG 2020 183
A. Quadrat and E. Zerz (eds.), Algebraic and Symbolic Computation Methods

in Dynamical Systems, Advances in Delays and Dynamics 9,
https://doi.org/10.1007/978-3-030-38356-5_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-38356-5_7&domain=pdf
mailto:Rosane.Ushirobira@inria.fr
mailto:Anja.Korporal@inria.fr
mailto:Wilfrid.Perruquetti@inria.fr
https://doi.org/10.1007/978-3-030-38356-5_7

184 R. Ushirobira et al.

defined on an observer design basis were proposed in [4, 6, 13, 14, 41] and digital
filter processing techniques used in [1, 3, 32, 37]. A high-order sliding mode based
differentiator is designed in [8] by developing the results from [16] and it provides
very satisfactory estimations despite some chattering in the response. We may also
remark that the homogeneous finite-time-differentiator defined in [29] presents no
chattering, but it is more sensitive to the signal amplitude.

The problem of estimating parameters in linear systems appears in the mathe-
matical modeling of a physical phenomena. Differential equations in the considered
model may contain parameters that are simply difficult to determine through data
collecting, perhaps due to noisy measurements. This essential problem has attracted
the attention of researchers in many fields. For instance, parameter estimation is
a central subject in statics inference and several procedures can be applied to this
problem, such as the maximum likelihood. Also, parameter estimation problems are
also often related to optimization techniques.

There are countless works on numerical differentiation and parameter estimation.
Among the recent advances on these issues, a promising solution is provided by dif-
ferential algebra and operational calculus tools. This algebraic branch was initiated
in the works by Fliess and Sira-Ramirez [10]. A clear description of the procedure,
containing many useful explanations, can be found in [9, 19]. In despite of the inno-
vative character of this framework, this algebraic approach remains quite underused.
Nevertheless, some works do apply these ideas, see for instance [22, 42, 43] and
for more practical developments, see for example [24, 27, 50]. For more details, the
reader may refer to a quite extensive survey recently published in [39].

Algebraic methods within the numerical differentiation context were first applied
to the univariable numerical differentiation by Mboup et al. in [20] where the authors
use Jacobi projections to construct estimators for the derivatives. As described by
the authors, the key idea of the method in this latter is to consider the nth-derivative
of a smooth signal at a point 7 as a single parameter to be estimated from a noisy
observation of the signal. From that, a pointwise derivative can be estimated by
varying 7. A truncated Taylor series expansion of the signal is the starting point in
this technique, and the computations are then made in the operational domain. A
slight drawback in the approximation by a truncated Taylor polynomial model may
be its ephemeral character. To reduce this fast transient behavior, an improvement of
the technique was proposed in [33]. A through study of these algebraic estimators,
with emphasis on the error analysis, can be found in [18]. In that work, estimators
based on fractional derivatives were introduced. An interesting computer architecture
to accelerate the computation of the aforesaid algebraic derivative estimator was
implemented in [28] using reconfigurable logic and implemented in an FPGA (field-
programmable gate array).

In the multidimensional case, the estimation of derivatives of a noisy signal con-
cern also many problems in engineering. For instance, in economy issues, in addition
to the fields of signal processing or control. To tackle this numerical differential prob-
lem, most likely more problematic than the unidimensional case, several techniques
were developed. The most commonly used is the finite differences method. The insta-
bility of possible solutions to these problems arise from the presence of noise due to
the differentiation.
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The use of algebraic tools for multidimensional numerical differentiation was
addressed by Riachy et al. in [34-36]. Their inspiration comes from the original
ideas in [10] and from the solutions proposed by [20].

The algebraic method developed in this paper is motivated by the parameter esti-
mation methods elaborated in [45—47]. In those works, Weyl algebra based tools
grant the estimation of amplitudes, signal and frequencies of a sinusoidal signal,
providing faster estimates than known methods [5, 12, 48] (simulated examples in
[12] provide fast estimates, however in more than a fraction of the period). The main
advantage of our method is to give closed formulas for derivatives and parameter
estimates. Furthermore, algebraic estimation techniques strongly rely on differential
elimination. So, a number of different estimators (i.e. appropriate differential opera-
tors providing estimates) can be devised for a given estimation problem (this is well
illustrated through a change-point detection problem in [21]). Hence, it appears that
the quality of an estimator varies markedly with the order of the selected differen-
tial operators used in the elimination. The Weyl Algebra point of view introduced
here within the algebraic context allows to characterize and to select the minimal
order operators associated to any given estimation problem. Finally, let us stress that
all algebraic approaches mentioned above in this Introduction share a very useful
characteristic: obtained estimates are integrals of the noisy measured signal, so these
integrals act as time varying filters.

Section 7.2 starts with a general introduction of the procedure of algebraic estima-
tion, followed by the presentation of two estimation problems: numerical differentia-
tion and parameter identification. In Sect. 7.4, the algebraic estimation of derivatives
is illustrated through a significant example. To expose our method on a multidimen-
sional parameter estimation problem, a particular partial differential equation was
examined. It is the example of the heat conduction on a thin rod that is discussed and
treated by algebraic estimations (this type of equation was considered in [38], also
based on algebraic techniques). Proposed solutions to this problem in the algebraic
framework are given in Sect.7.5. The Appendix contains generalities on algebraic
structures, as well as useful properties for the algebraic methods.

7.2 Problem Formulation

As mentioned in the Introduction, numerous engineering problems concern the esti-
mation of state variables or parameters. In this section, we describe briefly how
algebraic methods proceed, in general, to this estimation.

Most of the time, the mathematical modeling of physical phenomena provide a
description of the aforementioned practical problems through a differential equa-
tions framework. States or parameters to be identified appear in the terms of these
differential equations.

Roughly speaking, for such a given differential equations system, algebraic meth-
ods observe typically the following sequence of steps:
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(a) Passage to the operational domain through the Laplace transform or by using
Mikusinski operational calculus [25, 26, 49]: thanks to this step, differential
equations are converted into algebraic ones, consequently allowing algebraic
concepts to be applied. The resulting algebraic expressions depend on the Laplace
variable s.

(b) Computations with the algebraic equations using structural properties: in this
part, the aim is to apply algebraic tools on the equations in order to find expres-
sions and closed formulas for the parameters or derivatives estimations.

(c) Return to the time domain and identification: the algebraic expressions in the
Laplace variable s found in the previous step are converted into the time domain
through the inverse Laplace transform. Possibly a time dependent system on the
parameters must be solved.

It is notably in Step 2. That the advantages among different algebraic approaches
can be seen. Indeed, in the differential elimination necessary in this process, struc-
tural properties of differential algebra are useful. Most of these procedures result in
estimates given by integrals (rather than derivatives) of the noisy measured signal
and these integrals will then provide noise attenuation. Thanks to special forms for
the annihilators (differential operators involved in the differential elimination) devel-
oped in the appendix, the identification process presented in this paper will result
in faster and less noise sensitive estimates. Therefore, these particular annihilators
allow a better choice of suitable differential operators allowing the elimination of
problematic parameters, or yield a more convenient matrix representation that will
ease the solution of a system.

7.2.1 Derivative Estimation Problem

Throughout this paper, IK denotes a field of characteristic zero (usually R or C in
many applications). Letx = (x, ..., x,;) be an element in K" (m € N). An m-tuple
N e N will be written as N = (Ny, ..., Ny). We consider the partial order < on
N definedby N < M if N; < M;,forall1 <i <m.

Let f:U Cc R"™ — R be a multivariate signal where U is some neighbor-

hood of 0. For a given I = (i1, ...,i,) € N", we denote |I|:=1i;+ -+ in,
s . I _ i i, o o gim
I''=i! i, x =x' .. xp and P —6){;1 R

In practical problems, the available signal f is usually corrupted by a noise.
Denote by f the noisy multivariate signal

Jf=(X) = f(X) +=(x),

where w(x) is an additive noise. Assume that f admits a Taylor series expansion at

0 and write: ,

fx) = Z %x’, where a; = a—f(O).

1
JeN™ 8X
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For N = (Ny, ..., N,,) € N, the truncated Taylor series fy at order N is given by:
=S Uy 7.1
fr) =) x (7.1)
I<N

The multivariate Laplace transform of a function g : R” — IR is given by:

6= 206 = [ g d, (7.2)
RY
where s = (s1, ..., s,) is the Laplace (multi)variable and "t denotes the transpose

of t € R™. That implies, for instance:

x! 1
f(z—s):sﬁ

where s’ = si‘ ...sinTo realize fy(x) in the operational domain, we apply the
Laplace transform (7.2) on (7.1). It results:
a
Fn(s) = e (7.3)
I<N

For x, t € IK™, we use the notation:

X X1 Xm
/ g(t)dt:/ / g(ty, ..., ty)dty...dty,.
0 0 0

Recall that for a multivariate function g and its Laplace transform G, the inverse
Laplace transform satisfies

10'G 1 x
-1 — N1 T
“ (S—, ds’ ) V) /0 x—=m) (=1) g(ndr (74)
where g = (71, ..., 7y)and1 = (1, ..., 1) € IK™. For the sake of simplicity, we set:
vy = vy = &= (=1’ (7.5)

and a shorter notation can be used:

4 {10G 1 X
7! (s_l Os’ ) = 7= /0 vi-1,(T)g(r)dT. (7.6)

As we have seen in the introduction, a remarkable work on numerical differ-
entiation by algebraic methods was written by Mboup et al. [20]. To illustrate
their approach, we consider an example in the one-dimensional case. Consider the
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approximating polynomial function of degree N of areal-valued signal f (¢), analytic

on some time interval:
N

fo=>%" %t (1.7)

i=0
originated from its Taylor series expansion, hence
ai = fP(0), VO<i < N.

The goal is to estimate the derivatives of the signal f(¢), that means, the coefficients
a; in (7.7). Often, f(¢t) will be assumed to be the measured signal from a signal
x(t) with some negligible noise, so we may consider only f(¢). For example, the
estimation of the first derivative of f(¢) can be obtained in the following way: from
the degree one polynomial

f@®) =ag+ait,

we obtain the operational domain expression given by the action of the Laplace
transform. That yields:

a a
Y(s) = — + .
S S

In [20], a minimal annihilator I7 is proposed to eliminate the term ay. It consists of
a suitable differential operator, in this case:

1 d
II=——s.
s%ds
(meaning that the expression is multiplied by s, then taking the derivative with respect
to s and finally multiplying by Siz). The term ay is eliminated after the action of I7.
The time domain representation obtained thanks to the inverse Laplace transform

provides an estimate f (1) of the first derivative a; = f (0):

-~ 6 T
fo == fo (T —27) f(t - )dr.

(in practice, f is replaced by its measure). The idea presented here is to individually
estimate each derivative a; for J/ < N. To formalize our procedure, we consider the
following sets:

® ={a; | I X N}, Oy = {a;} and Ogi = O\ Oy

The definition of @, Oy and O is clear: @ contains all the parameters, @,y contains
the parameters to be estimated and @ the remaining ones. The relation (%) below
follows from (7.3):

Z:P(S)Fy(s)+ Q(s)+ Q(s) =0 (7.8)
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where
N N—J—1 1
P(s) =s", Q(s) = —ays S H{@CSI s, — | and
! S

0(s) = — Z alsN_I_lelK% [s, 1] (7.9)

I<N.I#J §

By K, and ]K(F, we denote respectively the algebraic extensions Kg,, =
K(Oey) and IK()— 1K(()est)

Based on the relatlon Z (1.8), three polynomials P, Q and Q are defined taking
into account the coefficients to be identified: P is the polynomial multiplying Fy (s),
Q contains the coefficient to be estimated, while Q is formed by all the remaining
terms. To obtain an equation containing only known terms and a;, the polynomial
‘0 must be eliminated. That will provide a formula for the estimate of a;.

To annihilate Q, some particular differential operators must be chosen to act on
(Z). These operators are called annihilators. Such algebraic estimators for a; will
be constructed by using structural properties of the Weyl algebra (see the Appendix).

Let us stress that if I7 is an annihilator estimating a;,, the partial derivative of f
at any other point p € K" can be obtained by computing I7 (£ (f(x + p))).

7.2.2 Parameter Estimation

An example of parametric identification was given in the seminal paper by Fliess
and Sira-Ramirez [10] and it concerns a first order input-output system:

y(@) = ay(@) + u(?) + o

where a is a parameter to be identified and vy is a constant perturbation. In the
operational domain, thanks to the Laplace transform, the above equation becomes:

Y (s) — y(0) = a¥(s) + U(s) + %

where s is the Laplace variable, Y (s) and U (s) denote the Laplace transform of
2

y(¢) and u(t) respectively. The action of the differential operator — 7 s on this
s ds
expression yields:
1d 2 d? d? 4d 2
R O R (D) B (O R (ORI (O

1 d> 2.d
( SUG )+——U<s>)
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Operational calculus rules yield the following estimation for a:

fol((2V2—3V+l)l/tu(ty)+(—6l/2+6y— 1)y (tv)) dv
tfoly (212 =3v+1) y@v)dv

a =

The parameter identification for a partial differential equation can be thought in a
similar way. To illustrate this, a simple example of the one-dimensional heat equation
is studied in the sequel. A similar algebraic approach was studied, for instance, in
[38] for this same problem and in [11] for the parameter identification of a linear
model of the planar motion of a heavy rope. The unidimensional Laplace transform
was used in both these examples providing operational functions a as the solutions of
an initial value problem. In this work, the Laplace transform in two variables is used
to convert the partial differential equation into the operational domain representation.

7.3 Annihilators via the Weyl Algebra

In the previous section, we have indicated that our aim is to annihilate the polynomial
Q in the relation Z (7.8), containing undesired parameters, see (7.9). That will be
done by the action of annihilators: these are differential operators (or polynomials in
the variables %) with polynomial coefficients (or rational functions) in the Laplace
variables sy, ..., s,. A practical realization of differential operators acting on poly-
nomial variables is the Weyl algebra. So, this algebra appears naturally in this context
and its structural properties will be quite useful in the choice of the annihilators.

This algebraic viewpoint is inspired by the work of Fliess et al. [9, 10, 19]. Details
about the algebraic notions defined in the sequel can be found in the appendix and
in [23, 31] as well.

Next, we keep the notation defined in the appendix (see Sect.7.7) to define the
differential operators annihilators. They will help to construct algebraic estimators,
either of derivatives or partial derivatives, or also of parameters.

Recall that A,, denotes the Weyl algebra A,, = K[s] [5—1] and B,, = K (s) [(‘)—)s],
respectively the polynomial rings in a% with coefficients in the polynomial ring K[s]
and in the fraction field K (s).

Definition 1 Let R € Ko__ [s. 1]. A R-annihilator with respect to B,, is an element
of Anng, (R) = {F € B,, | F (R) = 0}.

Consider m > 2. Let us remark that Anng, (R) is a left ideal of B,,. Therefore, by
Stafford’s theorem (Theorem 1, Appendix), Anng,, (R) is generated by two generators
IT, and IT, € B,,:

Anng, (R) = B,, [T, + B, I1>.

We call the annihilators IT, and IT, minimal R-annihilators with respect to B,,.
The attribute minimal comes from the order of the differential operators. Notice that



7 Algebraic Estimation in Partial Derivatives Systems: Parameters ... 191

Anng  (R) contains annihilators in finite integral form, i.e. operators with coefficients
inK[1].

Let us stress that thanks to the above Stafford’s theorem, only two generators for
the ideal are needed for a given m > 2.
Lemma 1 Consider R (s) = as” = as{'...s" N = (ny,...,n,) € Z" witha €

LS,
]K(“)E' A minimal R-annihilator is given by

si— —n;, Y1 <i <m.

8s,»

Recall that the degree of a monomial s’ € K [s, 1] is |1]. The rotal degree of a
polynomial in s is the maximum degree of its monomials.

Remark 1 Consider R € IK(.)a [s, é] with a monomial s’ of maximal degree. So R

has total degree |/]. Letiy = max{i; | j =1,...,m}.If|I| > 0, then ;‘k—;l, is clearly
S

an R-annihilator. '

Now, recall that the polynomial to be annihilated in this differentiation problem
is (see (7.9)):

Arey N—I-1 l
0(s) = Z ars € ]K@a |:s, s] .

I<N.I#J

By the previous remark, it results immediately:

Lemma 2 The differential operators % are Q-annihilators, for all 1 < k < m.
k

To construct an alternative annihilator, an algorithm is sketched below:

Algorithm 4
Input: A polynomial R = 2%1{1 iEteZmb;sl in ]K@a [s, %] of total degree d € N

QOutput: An R-annihilator

(a) SetIT =1¢€ D.

(b) Choose a monomial of degree d in R, say b;s’ with J = (ji, ..., ju) (so |J]| =
d).

(¢) Choose jy =min{j, >0|£=1,...,m}.

(d) Apply m = Ska% — jx (see Lemmal) on R.

(e) (a) If 7 (R) =0, then return 7 and stop the algorithm.
(b) If m (R) # 0, then set IT = m o IT and return to step (2) with R <— 7(R).

Example 1 Consider m =2 and the polynomial R(si, s2)=doos7s2 + ao1s? +
aps152 + axpss elK@a [s1,52]. A R-annihilator constructed with the above

algorithm is (SI% — 2) o (SZO% — 1>.
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The concept of an estimator must be defined in order to take into account the
remaining terms in the relation (£), after the action of an annihilator. Notice that the
parameters to be estimated might appear in the set of coefficients of both polynomials
Q and P, but they might as well be present exclusively in one of the two. Therefore
a E—annihilator must not eliminate all terms in @, as formalized in the definition
below:

Definition 2 An estimator = € B is a Q-annihilator satisfying
coeffs (m(#)) N Ko, # 9,

where coeffs (R) denotes the set of coefficients of a polynomial R € Ky [s, é]

It is implied by this definition that the criterion on the coefficients must be con-
sidered in the choice of annihilators in the Algorithm 4.

It is important to stress that in some cases, it may be interesting to adopt another
way of proceeding. For instance, several different annihilators can be constructed for
each Q. Then, Stafford’s theorem can be applied to provide two minimal generators
by using the package Stafford [30, 31]. The final step is to observe the criterion
in Definition 2 in these generators to obtain an estimator.

7.4 Derivative Estimation

To illustrate the algebraic method for numerical differentiation, we present here
the estimation for a derivative in the two-dimensional case. Hence, the Eq.(7.1) is
considered form = 2. For this example, we assume that the parameter to be estimated
is ay| = % (0, 0). Based on (7.1), a truncated Taylor series at N = (2, 1) will
then be used:

S (1, x2) = ago + ajox) + ap1x2 + Clzoxl2 +anxix + aglxlzxz.
The coefficient to be estimated is a,; in the truncated_ Taylor series above, so we
may distinguish the following polynomials P, Q and Q € K [s, i] in the relation
(%) (see (7.8)):

2
P(s1, 52) = 5752,
1
—1 -1
0(s1,82) = —azsy s, € Ko, [s, §:| and
17 -
Q(s1,8) = — Z aijs; sy’ € Ko, |:s, §:| .

@, )=N
(@, )#(2,1)
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The first step of the estimation is to determine minimal E-annihilators To begin,
Lemma 1 helps to find two Q-annihilators (?—Y? ( g + 1) and -2 75 ( 25, + 1) How-
ever, they are not estimators since they clearly eliminate Q as well and Q is the only
term in % with coefficients in IKo_ (see Definition2).

We then follow the Algorithm 4 to determine an alternative Q-annihilator that
may also be a estimator. In the case of a,;, we obtain:

- 1 92 ( 0 )
525y 012 s,
Let us remark that for other coefficients a;,, some annihilators are proposed in
[36] and in [44] as well. Using Remark 4 in the Appendix, it can be shown that the
annihilator IT is a minimal annihilator.

The action of IT on the relation % with P, Q and a defined above, provides the
following expression:

F (s1, $2) A %F(Shsz) Lo F (s1, 52) 44 3%0?] F(S1,S2) 2;2F(S1752)

2
513522 S]2S22 S13S2 S]2S2 S1522
&voas F(S],S2) aj |
+ 604
5182 $1782

Isolating the term with a,; and applying the inverse Laplace transform (7.6) pro-
vides the consequent estimate:

360 (132
== [ (21,00 + v0,1,2,0 — 4v1,1,0,0 — 4v1,0,0,1 + v2,0,0,1 + v0,0.2.1) f(T)dT,
142 /0

where we use the notation (7.5):
vrg = (0 =1 o =) (=1 (=~

forall I = (i1, i2), J = (j1, jo) € N2

7.5 Parameter Estimation

In the previous section, we examined the case of numerical differentiation where
annihilators were used to eliminate the undesired terms of the truncated Taylor series
seen in the operational domain. Moreover, as we have seen in the introduction, a
similar procedure may provide estimates for parameters in an ordinary differential
equation.

In this section, we present a parameter identification problem for a two-dimensional
partial differential equation. The following classical example was studied in [38, 44],
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for instance. Consider the problem of the heat conduction in a thin rod of length 1.
Let w: (z,1) — w(z, t) be the function representing the temperature at position z
at time 7. The partial differential equation describing this problem is given by:

2

aa—zzw(z,t)—ﬂgw(z,t) —ow(z,t) =0 (7.10)

The rod is assumed to be perfectly isolated at z = 0, so 8%w(O, t) = 0. The con-
dition at z = 1 is not of interest to us and we assume that the initial temperature is
0. In addition, we suppose that the temperature w(z, ¢) at any time ¢ and position
z at the rod can be measured and used in the parameter estimation. To simplify the
notation, we write go : t — w(0,¢) and f : t — w(z, 0).

The goal is to identify the parameters « and (3. The algebraic method used in
the previous subsection is applied here. Using the notation r : t > (%w(O, t), the
Laplace transform (7.2) is employed to realize the partial differential equation (7.10)
as an algebraic equation in the Laplace variable s = (sy, s2) (s; corresponds to z and
s corresponds to 7):

(sf — Bs2 — @) W(s1, 82) + BF (s1) — 51Qo(s2) — R(s2) =0, (7.11)
where W (s), F(s1), Qo(s2) and R(s;) denote the Laplace transforms of w(z, ¢) with

respect to z and ¢, of f(z) with respect to z, and of go(¢) and r(¢) with respect to ¢
respectively. Since by hypothesis, R = 0 and F = 0, the Eq.(7.11) leads to:

(=Bs2+ 51> — ) W(s1,5) — 5100 (52) = 0. (7.12)
Here the set of parameters g to be estimated is
Ot = {0, /6}7

while ®z; = . Following the procedure described at the beginning of Sect.7.2, a
system on the indeterminates « and (3 will be determined by acting suitable annihila-
tors on (7.12). So a two-steps procedure will be applied. In the first step, we rewrite
(7.12) in the form of a Z-relation (see (7.8)):

R : P(S)W(s)+ Q(s) + O(s) =0, (7.13)

where
P(s) =51 — Bs; — o, Q(s) = —s10 (s2) and Q(s) = 0. (7.14)
As mentioned before, the problem of annihilating Q is tackled by finding suitable

@—annihilators that will lead to a system in .g. Notice in this example that the
parameters to be estimated also appear in the coefficients of the polynomial P.
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Here, the polynomial E to be annihilated in (7.14) is 0, so we may consider the
above Eq. (7.14). In order to apply the inverse Laplace transform (7.4), we divide this
equation by s3s2. Using the notation v; ; = (z — 7)"* (t — 1) (—=7)%' (—n)’2, for all
I = (i1, i2), J = (ji1, j») € N2, we obtain in the spatial domain:

Ajja+ ApB =B

where

(z,1)
v2,1,00 w (7, 1) drdn,

1 (z,1)
Ap = —5/ V20,00 w (7, ) drdn,
0

(z,1)
By = —/ vo,1,0,0 (W (T, M) — gqo () d7 dn.
0

In the second step, we will try to eliminate the term with the polynomial Qp: in
this case, the polynomial Q to be annihilated in (7.14) is Q(s) = —s; Qo (s2) while
Q(s) = (B F (s;). We propose the Q-annihilator 7 = % Applying 7 on the relation
(7.13) gives:

82 d2 32 82 8
—a—W —F —5H—W I W44 —W42W=0.
Oéaslz +<ds12 (s1) Szasl2 >5+Sl B5.2 + SlaS1 +

(7.15)

After dividing the above equation by a suitable monomial in s, namely s7s3, we
obtain:

1 (z,1)
Ay = —5/ V2102w (7, n) drdny
0

1 (z.0)
Ay = —5/ v2,0,02W (7, 1) d7dn,
0

(z.1)
By = / (401,100 — V21,00 — Vo,1.2,0) W (7, 1) d7 dn.
0

A system on @ results from the actions of ‘O-annihilators:

(i a2) (5)=(5)
Axi Apn) \B)  \By)’
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Solving the system provides the estimates of « and 3.

Remark 2 In [44], other annihilators were proposed since the statement of the prob-
lem and its initial and boundary conditions were different. Again, recall that a very
special property of the two-dimensional Weyl algebra is Stafford’s theorem (see
Theorem 1). This important result allows the computation of two minimal annihila-
tors. Moreover the package Stafford [30, 31] uses a highly efficient algorithm to
calculate these differential operators.

7.6 Conclusion

In this paper, we provided a short preview on algebraic estimation for derivatives
and for parameters in linear systems. Advantages and possible drawbacks of this
algebraic framework were evoked in a brief state-of-art. More detailed problem state-
ments were given in the subsequent sections, followed by proposed solutions within
the algebraic context. The algebraic properties in the appendix, notably concerning
the Weyl algebra, support these solutions. Furthermore, we illustrate our algebraic
method with two typical examples: in the case of two-dimensional numerical differ-
entiation, while in the case of parameter estimation for partial derivatives systems,
the thin rod example is studied. An essential point deserves to be emphasized: the
algebraically obtained estimated are based on integrals of measured signals. These
particular integrals play the role of time-varying filters. Furthermore, closed formu-
las for derivatives and parameters estimates that obtained with our method, via the
Weyl algebra tools, are presented in this paper.

7.7 Appendix

We recall below some basic definitions and properties of the Weyl algebra.

Definition 3 Let m € N \ {0}. The Weyl algebra A,,(IK) (or A,,) is the [K-algebra
with generators py, qi, ..., Pm, gm and relations

[pi,qjl=0dij, [pi»Pjl=149i,9;1=0,Y1<i,j<m
where [-, -] is the commutator defined by [u, v] := uv — vu, for all u, v € A, (K).

The Weyl algebra A,, can be realized as the algebra of A polynomial differential
operators on the polynomial ring IK[s] by setting:

pi=—and ¢ =s5;x-,Y1 <i<m,

- 8S,’
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where x denotes the multiplication map. That implies that A,, can be written as
A, = K[q][p] = K[s] [%] The algebra of differential operators B, (KK) (or B,,)
on K[s] with coefficients in the rational functions field IK(s) is naturally related to

A,,(K). In this case, we can write B,, := K(q)[p] = K(s) [%]

A K-basis for A, is given by {q’p’ | I, J € N"} where q = ql'...qin and
p= pi' ... pin. An operator F € A,, can be written in a canonical form,

F = Z)\Iqupl with )\11 e K.
1,J

Similarly, an element F € B,, can be written as

al
F= Zg,(s)ﬁ, where g;(s) € K(s).
1

The order of F is defined as ord(F) = max{[I| | g;(s) # 0}. This definition holds
for the Weyl algebra A, as well, since A,, C B,,. Some useful properties of A,, and
B,, are given by the following propositions (see for instance [7]):

Proposition 1 The algebra A, is a domain. Moreover, A,, is a simple algebra (i.e.
it contains no nontrivial ideals) and also a left Noetherian ring (i.e. every left ideal
is finitely generated).

These properties are shared by B,,. In addition, A,, is neither a principal right domain,
nor a principal left domain. Nevertheless this is true for By:

Proposition 2 B, admits a left division algorithm, that is, if F, G € By, then there
exists Q, R € By such that F = QG + R and ord(R) < ord(G). Consequently, B,
is a principal left domain.

Alas, this proposition does not hold for B, for m > 2. But an important theorem by
T. Stafford (see [40]) provides an remarkable property on the number of generators
of a left ideal in the Weyl algebra. Namely, Stafford proved that every left ideal of
D (D = B,, or B,)) can be generated by two elements in D:

Theorem 1 (Stafford) Let a be a left ideal of D generated by three elements Fy, F,
and F3 € D. Then, there exist Gy and G, € D such that
a=D(F|+ G F3)+ D(F, + G, F3).

An effective implementation in Maple, named Stafford, of this important
theorem can be found in the work of Quadrat and Robertz [30].

Remark 3 Tt is important to notice that the principality of B, was largely used in
the initial works on algebraic methods applied to univariate numerical differentia-
tion, such as [20] or parameter estimation in ordinary differential equations, see for
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instance [47]. In the multivariate case, the principality holds no longer, therefore the
importance of Stafford’s theorem.

To close this part, we remark a useful identity:

Remark 4 For arbitrary N, M € IN", we have

oN 1 N o MNT
e = 2 < )(—1)'N N T 57
sV s oyalt J S Os

J r

where (N) =(")... (’;*), MY = m"...m" and m]" denotes the rising factorial

J

(m = m;(m; +1)...(m; +n; — ).
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Chapter 8 ®)
Symbolic Methods for Solving Algebraic ez
Systems of Equations and Applications

for Testing the Structural Stability

Yacine Bouzidi and Fabrice Rouillier

Abstract In this work, we provide an overview of the classical symbolic techniques
for solving algebraic systems of equations and show the interest of such techniques in
the study of some problems in dynamical system theory, namely testing the structural
stability of multidimensional systems.

Keywords Algebraic systems - Real solving + Symbolic methods - Certified
computations * Structural stability + Multidimensional systems
8.1 Introduction

In this work, we address the problem of solving algebraic system of equations of the
form

fl(-xla "'7xn) :Oa
S, x) =0,
. (8.1)
fsxr, oo x,) =0,
where f1, f>, ..., fy are polynomials in the variables x, . .., x,, with coefficients in

the field of rational numbers @Q.

Before going further, a first and important question that shall be asked is: what does
solving algebraic systems mean? Actually, answering to this question clearly and in
all generality is not an easy task. The answer depends often on various parameters
among which the nature of the solutions, the context of the computations as well as
the field of applications for which the computations are performed.

Y. Bouzidi ()
Inria, Lille-Nord Europe, Villeneuve-d’Ascq, France
e-mail: Yacine.bouzidi @inria.fr

F. Rouillier
Inria, Paris, France
e-mail: Fabrice.rouillier @inria.fr

© Springer Nature Switzerland AG 2020 203
A. Quadrat and E. Zerz (eds.), Algebraic and Symbolic Computation Methods

in Dynamical Systems, Advances in Delays and Dynamics 9,
https://doi.org/10.1007/978-3-030-38356-5_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-38356-5_8&domain=pdf
mailto:Yacine.bouzidi@inria.fr
mailto:Fabrice.rouillier@inria.fr
https://doi.org/10.1007/978-3-030-38356-5_8

204 Y. Bouzidi and F. Rouillier

In the case of univariate polynomial equations, i.e. equations of the form f(x) = 0
where f is a polynomial with arbitrary coefficients, since the work of Abel in the
19th century, it is known that there is no general algebraic formulas for the solutions
(solutions in radicals) when the degree of f is higher than four. An usual way to
obtain a representation of the solutions is then via numerical approximations. Sev-
eral methods exist for getting such approximations. One can mention for example the
classical Newton—Raphson method for approximating a root (see [1] and references
therein), or the bisection methods based on inclusion/exclusion criteria (Sturm’s
theorem, Descartes’ rule of sign...) for approximating all the roots (see [2] and ref-
erences therein). In addition, in many applications, one would like to perform exact
computations with the resulting roots, e.g., checking the vanishing of an algebraic
expression, computing it sign, etc. A suitable representation that allows such kind
of computations consists in a polynomial that vanishes on the root and an isolating
interval that contains this root and no other roots of the polynomial. Such an interval
can then be refined to obtain an approximation of the root up to an arbitrary precision.

When it comes to systems of polynomial equations in several variables, an impor-
tant aspect that governs the study of the solutions concerns their nature. More pre-
cisely, two type of systems can be distinguished. Those which admit a finite number
of solutions in the algebraic closure of R, i.e. C, and those admitting an infinite
number of solutions in C.

For systems that admit a finite number of solutions, similarly as for univariate
polynomial equations, one generally aims at finding numerical approximations of
all the solutions which now are given as vectors of intervals. Two family of methods
emerge, those which start from the initial polynomial system and compute numerical
approximations of the solutions using for example multivariate variants of Newton—
Raphson methods, interval evaluation, inclusion/exclusion criteria, homotopy con-
tinuation, etc. (see [3, 4] and references therein), and those which first focus on the
computation of a formal expression of the solutions such as a univariate parametriza-
tion, a Grobner basis or triangular sets and then compute numerical approximations
of the solutions from these expressions. Such formal expressions ease in general the
computation of numerical approximation of the solutions by reducing the problem to
that of computing approximations of the roots of a univariate polynomial. It is worth
mentioning that while the former methods (purely numerical methods) search for
the solutions locally (in a given region of the solutions’ space) and require regularity
assumption on the input system in order to return an exact result (e.g., the system
need to be squarefree, i.e., devoid from multiple solution), the methods based on the
computation of formal expressions of the solutions provide a description for all the
solutions of the system and do not made any assumption on the input.

Finally, for systems with an infinite number of solutions, the question of solving
becomes rather vague and the specification of the output difficult to establish. In many
applications, a frequently asked question concerns the existence of real solutions of
a given system. More generally, a central problem for systems with infinite number
of solutions is the computation of one real point in each connected component.

In this chapter we review some classical techniques for solving systems of poly-
nomial equations focusing our attention on the exact symbolic methods, that is,
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methods providing an exact and complete description of the solutions. In addition,
in order to motivate the use of such methods in the context of dynamical systems
theory, we present an application of the latter to the problem of testing the stability
of multidimensional systems (e.g. [5]) which we give the general statement below.

Structural stability of multidimensional systems. Let consider a single-input
single-output (SISO) multidimensional discrete linear system, described within the
frequency domain by a transfer function

N(zi, ..., 20)
Gzl n) = —0, (3.2)
D(Zl,-~-,Zn)
where N and D are polynomials in the complex variables zj, ..., z, with rational

coefficients with gcd(N, D) = 1. This system is said to be structurally stable if the
denominator of its transfer function is devoid from zeros in the complex unit polydisc
D" := [];_{zk € Cllzx| < 1}, or in other words:

D(zi,....zn) #0for |z = 1, ... fza| < 1. (8.3)

In order to check the above condition, a first step consists in rewriting it under
algebraic form (conditions that involve only algebraic systems of equations). The
resulting conditions are then processed by means of solving systems algorithms. As
we will see further in the text, depending on the dimension of the multidimensional
system, the resulting algebraic systems admits, either a finite number of zeros (for
one or two dimensional systems) or an infinite number of zeros (for n-dimensional
systems with n > 3). In each case, dedicated solving algorithms are used for testing
the resulting conditions.

The chapter is organized as follow. We first recall in Sect. 8.2 the basic mathe-
matical material behind the problem of solving symbolically systems of polynomial
equations. In Sect. 8.3, we present some basic results about the roots of univariate
polynomials. In Sect.8.4 we provide a short introduction to Grobner basis, a key
tool in the study of systems of polynomial equations. Section 8.5 is devoted to the
problem of solving systems with finitely many solutions called zero-dimensional
systems. Finally, we address in Sect. 8.6 the problem of solving algebraic systems
with an infinite number of solutions. At the end of each Section, we illustrate the
use of the presented techniques on the problem of testing the structural stability of
multidimensional systems.

8.2 Preliminaries

In the sequel, we will borrow some elements from algebraic geometry and com-
mutative algebra to address problem (8.1). This problem consists in studying the
zero-sets of polynomial systems. Geometrically, such sets correspond to algebraic
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varieties such as curves, surfaces or object of higher dimension. The good algebraic
framework to study these kind of object is the theory of polynomial ideals. After
defining the concepts of ideal and variety, we recall a classical result about the cor-
respondence between them which is at the core of the solving systems theory. This
correspondence allows one to translate any question about the zeros of a system into
a question about ideals, so that it can be answered using symbolic algorithms.

Given a set of polynomials fi, ..., f; in K[xy, ..., x,], one can construct other
polynomials as linear polynomial combinations of the latter. This leads to the fol-
lowing definition.

Definition 1 (Ideal) The set of polynomials of the form ) ._, g; f;, with g; €
Klxi, ..., x,], is called the ideal generated by fi, ..., f; and denoted {f1, ..., f;)

The ideal (f1, ..., f;) contains fi,..., f; and is a stable subset under addition
and multiplication by elements in K[x, ..., x,]. Actually, it is the smallest subset
of K[xy, ..., x,] that satisfies this property. Another important property is that every
ideal in K[xy, ..., x,] is generated by a finite number of polynomials. This property
stems from the fact that K[xy, . . ., x,] is noetherian. Another important consequence
of the noetherianity of K[x, ..., x,] is that every ascending chain of ideals I} C
I C--- Iy ©---in K[xy, ..., x,] stabilizes. From the computation point of view,
this last property is crucial since it guarantees the termination of algorithms involving
polynomial ideals in K[x, ..., x,].

The geometrical objects we are going to study are defined as the zero-sets of
systems of polynomial equations called algebraic varieties. In Sect. 8.6.1, we further
introduce the notion of semi-algebraic set that consists in the points of an algebraic
variety which satisfy certain inequalities.

Definition 2 (Algebraic variety) Let fi, ..., f; be polynomials in K[xy, ..., x,].
Then, the set

V(fi,oooo f) = {1, ...,a) € K"| filar,...,a,) =0, Vi€ {l,...,s})

is called the algebraic variety defined by f, ..., f;.

Hence, the algebraic variety defined by a set of polynomials fi, ..., f; is the
subset of the affine space IK" that forms the zeros of the polynomial system { f; =
.-+ = fy = 0}. This variety is also defined as the zero set of the the ideal ( f1, . . ., fi).
In the sequel, we often consider IK = @Q and study two kind of varieties: the complex
variety Vg, i.e., the set of complex zeros of a given ideal, and the real variety Vg,
i.e., the set of its real zeros.

Example 1 Consider the polynomial f(x, y) = x* — x> + y? € Q[x, y]. The vari-
ety VR (f) corresponds to the points of IR? that satisfy the equation f(x, y) = 0 (see
Fig.8.1).

There exists an important correspondence between the algebraic concept of ideal
and the geometric concept of variety. To understand this correspondence let start
with the following definition.
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Fig. 8.1 The real variety
associated to x* — x2 4 y2
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Definition 3 Let V be an algebraic variety of IK". Define the set:
ZWV)={f e K[x,...,x,] | flar,...,ay) : (ar1,...,a,) € V}.

The set Z(V) is an ideal of K[x, ..., x,]. It is called the ideal of V.

Given an algebraic variety V', we can easily notice that the variety corresponding to
theideal of V is V itself, i.e., V(Z(V)) = V.However, the reciprocal,i.e., Z(V(I)) =
I is not always true as illustrated by the following example.

Example 2 Let consider the ideal ((x — y)?) C C[x, y]. Vo (I) is the complex
line given by the equation x = y whose the corresponding ideal is (x — y), i.e.,

IVe((x =) # ((x = ¥)7)

In fact, the previous example shows that the correspondence between ideals and
varieties is in general not one-to-one, different ideals can lead to the same variety.
However, when K is an algebraically closed field, a fundamental result establishes
a bijection between the set of varieties and the set of the so-called radical ideals.

Theorem 1 ([6,Sect.4.1]) If K isalgebraically closed, thenforany I C Kl[x, ..., x,]
V() =1,

where /I = {g e K[x1...,x,]|3e € N, g° € I} is called the radical of 1.

The previous theorem, known as the Hilbert’s Nullstellensatz theorem, is the
analogous of the fundamental theorem of algebra that relates a univariate polynomial
to the set of its roots. It is at the core of the theory of solving algebraic systems of
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polynomials with coefficients in an algebraically closed field. In particular, it allows
to translate any question about the solutions of an algebraic system of equations to
a question about the radical ideal generated by this system.

Finally, when manipulating systems of algebraic equations, we are often interested
in describing the nature of the corresponding zero-sets (algebraic varieties). For
instance, the latter can consist in a finite number of points (e.g. the roots of a univariate
polynomial), or an infinite number of points (e.g. the circle defined by the ideal
(x2+y2 = D)). Intuitively, a convenient way to describe the nature of an algebraic
variety is to consider the degree of freedom of an arbitrary point moving on it. In the
case of a finite number of points, there is no way to move from a point to another
point while remaining on the variety, the degree of freedom is thus zero. In the
case of the variety defined by (x> 4+ y> — 1), one can only move along the circle
x? 4 y? — 1 =0, the degree of freedom is equal to one. This notion of degree of
freedom bears the name of dimension of an algebraic variety. It may be defined in
various equivalent ways. The following definition gives an intuitive description of it.
For more details on the dimension of an algebraic variety and how the latter can be
computed, the reader may refer to [6, Sect.9].

Definition 4 (Dimension) Let V C K" be an algebraic variety. The dimension of V
is the largest positive integer d such that there exists an algebraic variety W C K¢
so that the projection

Ccr— e
(XI, .. ’xn) = (xila .. ’xid)’
where {i|, ...,i4}is a subset of {1, ..., n}, is surjective onto C¢/W.

8.3 The Univariate Case

In this section, we start by recalling some classical tools and algorithms for the
study of the roots of univariate polynomials. Beside the fact that such a material is
a basic building block in solving systems problems, which are generally reduced to
univariate ones (see Sect. 8.5.2), some of the presented results play also an important
role in many algorithms that compute with multivariate polynomials considered as
univariate polynomials with coefficients in polynomial rings (see Sect. 8.6.1).

8.3.1 GCD, Resultant, Subresultants

Definition 5 (Generalized remainder sequence) Let ID be a domain, I its frac-
tion field and f, g € D[x] with degree(f) > degree(g). Consider the sequence
(pis Fis Gis iy t1)i=0..0 With p; € F*, r;, q;, s;, 1; € IF[x] such that:

e poro=fso=py to=0, and piri=gs1 =01 =pi,
e fori > 1,ri_y = q;r; + pi+17i+1, degree(riy;) < degree(r;),
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o/ GN,V] #0/\7'1_;,_] ZO,

® Sit1 = (Si—1 — qisi)/pi+1s tiv1 = (i1 — qili)/pis1-

It is important to point out that /, as well as the degree sequence does not depend on
the choice of the p;. In addition, we have:

e When py = ... = p; =1, (r;);=0..; is the classical remainder sequence.

e Whenpp =1, p1 =1, p; = (=1)'*!, (#;)i—0., is the so called signed Euclidean
remainder sequence which corresponds for g = f’to the famous Sturm sequence
(see Proposition 5).

e When the p;’s are recursively set as p; = lc(g;r; — ri—1), where Ic(.) denotes the
leading coefficient, the (7;);—¢..; is the so called monic remainder sequence.

In all these cases, r;isa GCD of f,gand Vi =0...1,r; =s; f + t;9.

Animportant remark is that when f, g are in D[x], the polynomials r; appearing in
the above remainder sequences belong to IF[x]. In particular, if D = K[y, ..., yu]
(i.e., the coefficients of f and g are polynomialsin yy, ..., y,), then the sequence of ;
will have coefficients in K(yy, ..., y,) (i.e., rational fractionin yy, . .., y,). This fact
prevents the remainders r; from being specialized at any values of yi, ..., y,. More
precisely, there exist «j, ..., o, such that the i-th remainder of f(«y,..., a,, x)
and g(aq, ..., a,, x) is not equal to the specialization of the ith remainder of
fOi, oo, Yo, x)and g(y1, ..., Y, x). Such “bad” specializations correspond to the
values of yy, ..., y, that cancel the denominators of some coefficients appearing in
the computation of r;.

One way to overcome this specialization issue is to keep computations in the
polynomial ring of coefficients. This can be done using the notion of subresultant
sequence, which we define now.

Let f =Y 7 qaix' and g =) /- b;x' with the convention that f; = g; = 0 if
i < 0 and denote by (r;);—..; the monic remainder sequence of f and g as defined
above. We introduce the following (n + m — 2 k)(n + m — k) matrix formed by the
coefficients of f and g

day dp—1 ao
ap  dp—1 ao
A, Ap—1 «vo oo v ap
Sk = ,
By b1 ... bo
bm bmfl bO
by b1 oo oL bo

and we set o, = det(Sy). Note that Sy is the well known Sylvester matrix.
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Foreachi = 0...1[, we denote by r; the i-th monic remainder of f and g of degree
d; and we denote by s;, t; € D[x] of degree respectively strictly less thanm — d; — 1
and n — d; — 1, the unique solution of the system of linear equations

Sg (i t)" =(0,...,0, )7,

and thus, it turns outthat oy r; = oy, f + 04,t;g whenr; # Ois anon-zeroremainder
in the monic remainder sequence and o, = 0 otherwise.

Definition 6 (Subresultants)Let f, geID[x] withdegree(f) = n > m = degree(g).

e The sequence (0;);—o...» is called the principal subresultant sequence associated
to the couple (f, g)-

e The sequence (Sres;(f, g) = 0ir4,)i=0..m 1s called the polynomial subresultant
sequence associated to ( f, g). Sres; is the polynomial subresultant of degree i.

e The polynomial subresultant of degree 0, Sres is called the resultant of f and g,
it belongs to the ideal generated by f and g.

The subresultant sequence has properties that are comparable to those of the
classical remainder sequences.

Proposition 1 Let f,ge D[x], f=ao+---+ax",g=bo+---+ b,x™ and

denote by IF the fraction field of D. The following properties are equivalent:

e f, g have a common root in F, the algebraic closure of F, or a, = b,, = 0.

e f, g have anon constant commonfactorinF[x], ora,, = b, = 0.If f, g have anon
constant common factor, then their gcd is proportional to the non-zero polynomial
subresultant of minimal index.

e ds,t € F[x] with degree(s) < m and degree(t) < n such that sf +tg = 0.

e 0y = Resultant(f, g, x) = 0.

In addition, as mentioned above, the subresultant sequence is well specialized.

Proposition 2 Let D and D' be unique factorization domains and ¢ : D — D’ be
a morphism. Let f, g € D[x] and suppose that deg(¢(f)) = deg(f) > deg(g) =

deg(¢(9))- Then ¢(Sresi(f, 9)) = Sresi(¢(f), $(9)), Vi = 0...deg(g).

8.3.2 Real Roots of Univariate Polynomials with Real
Coefficients

Let P =) _,a;x' € R[x] be a polynomial with real coefficients. We can easily
bound the module of its (complex) roots as well as the distance between two roots.

Proposition 3 [7, Prop. 10.9],[8, Thm. 1] If « is a complex root of P and if a,, = 1,
then |af < 1 4 max}_,(la;|).
If P has no multiple roots and if sep(P) denotes the distance between two roots

3 1 : _ d 2
of P, then sep(P) > |/ - TR with ||P|l, = /> i_y4a;.
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The above bounds give a straightforward exact algorithm to isolate the real roots
of P € Q[x].

Naive univariate isolation:

compute P := the squarefree-part of P by Euclid’s algorithm;

P
Ged(P.OP/0x)°
compute M = 1 + maxj_, (|5 ]);

/ 3 1 .
Compute any m < o I W,
2

compute the sign sequence sign (F) (—M +km),0<i < %, and return the
intervals in the form (—M + km, —M + (k + 1)m) such that

sign (F) (—M + km)sign (F) (=M + (k + 1)m) < 0 as well as the rational
numbers —M + k m such that sign (F) (—M +km) =0.

However, such a simple algorithm would have an exponential behavior with
respect to the degree n and the computation time would explode very quickly when
increasing this degree. Alternatively, modern algorithms (and implementations) avoid
the brutal partitioning of the interval (—M, M) and use the so-called bisection strate-
gies. The latter consist in iteratively subdividing the initial interval until getting iso-
lating intervals around the roots. At each step, an interval of the form /1, ;= (2%, ”;—kl)
with 0<c<2¥ is “visited”, and some oracle is used to determine whether the poly-
nomial has 0, 1 or more than one root in /. ; with respect to the following general
principle:

General bisection strategy:
List = (0, 1);
while List # () do
Remove (2‘7, ‘zikl) from List;
If P has one root in (2%, %1) add (2%, #) to the result;

If P has more than one root in (2%, %), add (2%%, %) and (22‘,11’1] , 22‘,(—1”12)
to List;
end

Hence, given an oracle for counting the number of real roots inside an interval
(or at least deciding if there is 0, 1 or more than 1 real root), the above bisection
strategy yields an algorithm for isolating the real roots of a univariate polynomial.
A well known Oracle for that purpose is based on the so-called Sturm sequence.

Definition 7 Let P € R[x]. A Sturm sequence associated with P on a given interval
(a,b) € Risasequence fy(x), ... f;(x) € R[x] such that:

o fo=P;

e f; has no real root in (a, b);

e for0 <i < s,if a € (a, b) is such that f;(a) = 0, then f;_;(a) fi11() < 0;
e if @ € [a, b] is such that fy(a) = 0, then we have

{fofl(a—e) <0,
fofila+e) >0,

for any e sufficiently small.
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Proposition 4 Let P € R[x]and fyo(x), ... fs(x) a Sturm sequence for P on (a, b).
Vai,...,ay) denotes the number of sign changes in the sequence a, . . ., a; dafter
removing zeros and Vi, (P(c)) = V(fo(c), ..., fi(c)), then

Vstu(P(b)) - Vsz‘u(P(a))

equals the number of real roots of P in (a, b).

A key point is that computing a Sturm sequence for a polynomial amounts essen-
tially to computing a remainder sequence of this polynomial and its derivative.

Proposition 5 [7, Thm. 2.50] Using Definition 5, the remainder sequence (r;)io....;
obtained when taking py=1,p1 =1, p; = (=T, f =P, g= P’ is a Sturm
sequence for P on any interval (a, b).

As for the classical remainder sequence, note that the Sturm sequence does not
behave well under specialization, but, as for the classical remainder sequence, it
suffices to multiply all the polynomials by the corresponding subresultants in order
to solve the problem of specialization: if (Stu;);—o, .. ; is the Sturm sequence, then
(04, Stu;)i=o,..; specializes well. Note that this new sequence, known as Sturm—
Habicht sequence or signed subresultant sequence (see [7]), is not formally a Sturm
sequence anymore but Proposition 4 can be adapted to get a well suited sign change
counting for computing the roots of P in (@, b) using Sturm—Habicht sequences (see
[7D.

The currently fastest implementations for the isolation of the real roots of univari-
ate polynomials are not using Sturm (or Sturm—Habicht) sequences anymore but an
Oracle based on Descartes’ rule of signs:

Proposition 6 [7, Thm.2.33]Let P =Y ; ,a,x" € Rlx]be a squarefree poly-
nomial. The number of strictly positive real roots of P is dominated by Var(P) =
Vao, ..., a,) and equals Var(P) modulo 2.

In particular, if Var(P) = 0, P has no positive roots, and if Var(P) = 1, then P
has exactly one positive root. This result can be adapted for inspecting the number
of roots in an interval of the form (2% ”;—kl)

Corollary 1 Let P =Y ! ja;x' € R[x]be a squarefree polynomial and define
the polynomials Py . = 2kn p ("2#), R(Py . (x)) = x" Pk,c(%) and:

T\ (R(Py,c)) = R(Pyc(x + 1)).
The number of strictly positive real roots of P in (2‘7, ‘zik') is dominated by
Var(T\(R(Py..))) and equals Var(T,(R(Py,))) modulo 2.

The formula in Corollary 1 is nowadays used in the general bisection algorithm

in order to decide if a polynomial has 0, 1 or more than one root in ( 3 ‘zik') Unlike

the Sturm-based strategy, Descartes rule of signs does not provide the exact number
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of roots but only a bound. However, the resulting algorithm still works since it has
been shown (see [9]) that when the intervals (2%, czikl) are sufficiently small, then

Descartes’ rule of signs always return O or 1 and so allows to conclude.

8.4 Grobner Bases

Computing modulo ideals in the univariate ring Q[x] reduces to a simple Euclidean
division. Indeed, given an ideal I = (fi, ..., f,) C Q[x] and a polynomial p €
Q[x], computing the reduction of p modulo 7 amounts to compute the remainder of
the Euclidean division of p by the greatest common divisor of { f1, ..., f,}. When
it comes to the multivariate polynomial ring Q[x1, ..., x,], computing the reduc-
tion of p € Q[x1, ..., x,] modulo an ideal I C Q[xy, ..., x,] consists in obtaining
a canonical representation of p in M A Grobner basis of an ideal [ is a
computable set of generators of / that allows to perform this operation.

In order to define Grobner bases, a first step is to extend the usual Euclidean divi-
sion, from polynomials in Q[x], to polynomials in Q[xy, ..., x,]. To do so, as for the
Euclidean division in Q[x], one has to associate to each polynomial in Q[x, . .., x,]
a leading term with respect to which the reduction is made. This requires the intro-
duction of the notion of admissible ordering on monomials in Q[xy, ..., x,]. In the
following, we denote by x“ the monomial xi” - xpm where (o = (aq, ..., ap)).

Definition 8 An admissible monomial ordering in Q[x1, ..., x,] is a binary relation
< defined on the set of monomials x® or equivalently on the set of o € Z%,, such
that:

e < is a total ordering relation.
e Forany a,fandy € Z%,, a < f= a+y <P+
e Forany o, § € Z”)O,a <a+pf.

These conditions imply Noetherianity, which means that every strictly decreasing
sequence of monomials is finite.

In the following, we will mainly use the two following orderings and some others
which we will define later.

e Lexicographic order (Lex):

xlal .. .x;;ﬂ <Lex _xlﬂl . .x’?"
. o =0, fori=1,...,ip—1 8.4)
@3105”, 1 ﬁl? ’ s L0 ’
Oéi0<ﬁi0.

e Degree reverse lexicographic order (DRL):
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x?l...x’?n <DRLxll...xfj”
ZZ o < ZZ ﬁk (85)
& or
—ay - —0n -3
o= Brandx; M X, <pex XX

We also need the following notation.

Definition 9 Letp = > a,x® € Q[x, ..., x,] and let < be a monomial ordering.
Then, we have:

The multidegree of p is multideg(p) = max_(a € Z’;O ta, #0).
The leading coefficient of p is LC.(p) = amutiideg(p) € R-

The leading monomial of p is LM_(p) = x™ultidee(p),

The leading term of p is LT_(p) = LC(p) LM(p).

Given any admissible monomial ordering <, one can easily extend the classical
Euclidean division to reduce apolynomial p € Q[xy, ..., x,] by aset of polynomials
F, performing the reduction with respect to each polynomial of F until getting an
expression which cannot be further reduced (see [6] for details). This yields the
following result.

Theorem 2 Let F = {fi, ..., fu} be a set of polynomials in Q[x; ..., x,]. For any
p € Qlxy, ..., x,], there exists qy, ..., qn, v € Q[x1, ..., x,] such that

p=qifi+ - +q,futr,

and none of the monomials of r is divisible by a leading term of fi, ..., fu.

The above reduction is denoted by Reduce(p, F, <) (reduction of the poly-
nomial p with respect to F). The polynomial r is the output of the function
Reduce(p, F, <) and is called the remainder of the reduction of p by F. Unlike
the univariate case, this remainder polynomial now depends on the order in which
the reductions by the polynomials of F' are performed, and thus, the reduction is
not canonical. In order to remedy this situation, the notion of Grobner basis of an
ideal has been introduced by Buchberger. Roughly speaking, a Grobner basis G of
an ideal [ is a set of polynomials that generates the ideal and for which the func-
tion Reduce(p, G, <) is canonical. In that case, the aforementioned remainder is
referred to as the normal form of p with respect to G. The following definition of
Grobner basis is purely mathematical.

Definition 10 A set of polynomials G is a Grobner basis of an ideal / with respect to
a monomial ordering < if for all f € [ there exists g € G such that LM_ (g) divides
LM_(f).

Theorem 3 [6, Sect.2.6] Let I be an ideal in Q[x1, ..., x,] and G a Grobner basis
of 1 with respect to a fixed monomial ordering <. Then, for any p € Q[xy, ..., x,],
the reduction of f modulo G is uniquely determined. In particular, p € I iff this
reduction is zero, i.e., Reduce(p, F, <) = 0.
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Classical algorithms for computing Grébner bases of ideals start from a set of
generators and construct iteratively new sets of generators until obtaining a Grobner
basis. The most popular algorithm for computing Grobner bases is Buchberger’s
algorithm [10]. It is implemented in most of computer algebra software such as
Maple and Mathematica. This algorithm has several variants and modern ones
[11] make a large use of dedicated sparse linear algebra techniques and can be found
in some general computer algebra systems such as Magma or Maple as well as in
some dedicated systems like FGb.

8.4.1 Applications of Grobner Bases

Grobner bases are key objects for performing computations with polynomial ideals.
As an illustration, we present in the following three important problems that can be
solved through Grobner bases computation.

The emptiness of the zero set. In several applications, a frequently asked question
concerns the consistency of an algebraic system of equations, that is, the existence of
common zeros in the algebraic closure K of the coefficients field IK. Given an ideal
I={(fi,..., fs) CQIxy,...,x,], this problem translates into testing if the variety
associated to the ideal 7, thatis, V(I) = {a € C" |Vf € I, f(a) =0} is empty.
According to the Nullstellensatz theorem, V(I) is empty if and only if 1 € I. Given
a Grobner basis G of I, this condition is equivalent to the existence of an element of
G that belongs to Q).

The ideal membership problem. Given I = (fi, ..., fi) C Q[xo, ..., x,] and
a polynomial p € Q[xy, ..., x,], an important question consists in testing whether
the polynomial p belongs to the ideal 7. In particular this implies that the polynomial
vanishes at the zero-set corresponding to the ideal /. If G denotes the Grobner basis
associated to I, then according to Theorem 3, this can be done by computing the
normal form of p modulo G and checking that the latter is zero.

An important question that stems from the membership problem is the represen-
tation of p. Indeed, if p € I, then by definition, there exist polynomials ¢, ..., g
in Q[xy, ..., x,]suchthat P = g fi + - -- + ¢, f5. An interesting problem is then
to determine effectively the polynomials ¢y, . . ., ¢;. One natural approach is to com-
pute the reduction of p modulo the polynomials of the Grébner basis gy, . . ., g;, and
then express each g; as a polynomial combination of fi, ..., f; using the calcula-
tions performed during the construction of the Grébner basis. In such a computation,
we are interested in polynomials g, . . ., g¢; with the minimum degree. It was proved
(see for instance [12]) that, in general, the degree of such ¢y, ..., g5 is bounded by
a value that is doubly exponential in the number of variables 7, i.e. of the form d*'
where d is the maximum degree of p, fi, ..., f;.

The elimination problem. If 7 C Q[xy, ..., x,] and i is an integer satisfying
1 <i <n.Theideal I; = I N K[x;41, ..., x,], consisting of the elements of I that
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do not depend on the variables xi, ..., x;, is called the i-th elimination ideal of I.
These ideals play an important role in the computation with polynomial ideals and,
in particular, for solving algebraic system of equations. Algorithmically, obtaining
such ideals can be done by eliminating variables. A convenient way to do that is to
compute Grobner bases with respect to an appropriate ordering called elimination
ordering.

Definition 11 A monomial ordering < in Q[x1, ..., Xy, X;41, ..., X,] is an elim-
ination ordering with respect to the block [xy, ..., x,] if for any polynomial p €
Qlx1, -5 Xy Xrt1s - - -, X ], then we have:

LT<(P) € Q[errl’ R 7xn] = pE€ Q[errla B 7xn]~

Then, a fundamental result gives a description of elimination ideals using the
Grobner bases computed with respect to a given elimination ordering.

Theorem 4 [6, Sect.3.1] (Elimination theorem) Let I be an ideal of Q[x1, . .., x,]
andi € {1, ...,n}. If G is a Grobner basis for an elimination ordering with respect
to the block [xy, ..., x;_1], then G; = G N Q[x;, ..., x,] is a Grébner basis of the
elimination ideal I, = I N Q[x;, ..., x,].

A well known elimination ordering is the lexicographic ordering described above.
The above theorem shows in particular that a Grobner basis computed with respect to
the lexicographic ordering eliminates not only the first variable but also the first two
variables, the first three variables and so on. In the context of solving algebraic system
of equations, this provides a way to obtain a triangular description of the solutions. In
the case of system with finitely many solutions, such a method yields a generalization
of the classical Gaussian elimination for solving algebraic systems of equations.
Computing the solutions then consists in solving inductively the obtained equations.
Starting from the isolation of the roots of the polynomial in the last variable, then
the resulting intervals are substituted in the next polynomial, and the isolation is
performed again and so on.

Two important operations that stem from the elimination orderings are the projec-
tion and the localization, which are summarized in Propositions 7 and 8. To facilitate
their illustrations, the following notation is needed. Given any subset V of C" (d is
an arbitrary positive integer), we denote by V its Zariski closure, that is, the smallest
algebraic variety of C" containing V. If V is a constructible set (i.e., defined by
equations and inequations), then V is also the closure for the usual topology.

Proposition 7 [6, Sect.3.2] Let I C Q[x1,...,x,] be an ideal and denote by
V(I) C C" the corresponding algebraic variety. Consider the following projection
map:
Hi (DN (Dn—i
(ar,...,a,) e V) — (ozH_], o0 € I;(Ve).
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Then, we have

V) =TL(V),
where I; denotes the i-th elimination ideal of I.

Proposition 8 [0, Sect.3.2] Let I C Q[xy,...,x,], f € Q[x1,...,x,], andt be a
new indeterminate, then V(I)\ V(f) = V(I + {tf — 1)) N Q[xy, ..., x,]). More-
over, if G' C Qt, x1, ..., x,] is a Grobner basis of I + (tf — 1) for an elimination
ordering w.rt. to [t], then G' N\ Q[xy, ..., x,] is a Grobner basis of:

I: =+ {f—-1)N Qlxq,...,x,].

The variety V(1) \ V(f) and the ideal I : f*° are usually called the localization of
V) and I by f.

8.5 Certified Solutions of Zero-Dimensional Systems

In this section, we study the case of zero-dimensional systems, that is, systems with
finitely many solutions in the algebraic closure of the coefficient field. For such
systems, we will see that the quotient algebra of the corresponding ideal is a finite
dimensional vector space. This fundamental property allows one to translate most
of the questions about zero-dimensional systems into linear algebra questions in the
corresponding quotient algebra. These questions can then be answered using classical
linear algebra algorithms. Hence, starting from a system of polynomial equations,
we can obtain many information about its solutions, e.g., counting their number,
computing their symbolic representation or determining their multiplicities.

8.5.1 The Case of One Variable

To give a first idea of the link between zero-dimensional systems and the corre-
sponding quotient algebras, let us start by considering the simple case of univariate
polynomials and let us recall a classical result about the computation of the roots of
such polynomials.

Given a polynomial in Q[x], P(x) = Zi o0 @i X" with ap # 0, the quotient alge-
bra %ﬁ;l is a Q-vector space of dimension D, in which one can define the endomor-
phism of the multiplication by x

. QIx]
T (P) (P)

= XU,
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which sends any « in QI 6 the remainder of the Euclidean division of x u by P.

(P)
We denote by C(P) its matrix in the monomial basis {1, x, ..., xP7'}, i.e.:
000... —&
ap
100... -4
ap
000... —=

This matrix is known as the Frobenius companion matrix of P and its characteristic
polynomial is the polynomial P itself.

Theorem 5 The eigenvalues of C(P) are exactly the roots of P(x) with the same
multiplicities.

Consequently, one can compute the roots of a univariate polynomial P(x) by
simply computing the eigenvalues of its Frobenius companion matrix. This example
exhibits the role of multiplication endomorphisms for the characterization of the roots
of aunivariate polynomial. In fact, this approach can be generalized for characterizing
the solutions of a zero-dimensional system defined by an ideal I in Q[xy, ..., x,].
As for the case of one univariate polynomial, the quotient algebra corresponding to
I,ie., M is a finite dimensional @QQ-vector space, and a basis of it is given
by the monomials that are irreducible modulo the ideal / [6]. The dimension of this
vector space is the number of solutions of / counted with multiplicities, which we
denote by D in the following.

The following result is a generalization of Theorem 5 for the case of ideals in

QIx1, ..., x,]. The notation P denotes the normal form of P with respect to 1.
Theorem 6 [7] Leth € Q[xy, ..., x,] and my, be the multiplication endomorphism
by h
m QIM,I»..,X”] N Q[myu,xnl
u >  hu

The eigenvalues of my, are h(c), where o € V (1), with multiplicity p(c).

According to Theorem 6, providing a basis B of M and the matrices of
the multiplication m,, by the variables x;,i =1, ..., n, one can compute all the
coordinates of all the solutions o € V(I). From the computation point of view,
when I C Q[xy, ..., x,], one way to compute 3 as well as the matrices m,, is to use

Grobner bases.

Theorem 7 [6]Let] C Q[xy, ..., x,]beazero-dimensionalideal and G a Grébner
basis of 1 with respect to any monomial ordering <. Then, we have:

e foralli =1,...,n, there exists a polynomial g; € G and a positive integer n
such that x?/ =LM_(g;).
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o B:= {t=xf1'~-x§"|(el,...,en)e]N" and e; < n;} ={wy,...,wp} is a basis

of M as a Q-vector space;

Hence, given a Grobner basis of a system, simply by looking at the leading terms
of the basis, we are able to check if the system is zero-dimensional and, in the latter
case, to deduce a basis of the corresponding quotient algebra. However, knowing
all the coordinates of all the solutions of V (I) is not sufficient since one needs to
combine them suitably in order to get the actual solutions of V (I), which is not an
easy task. Alternatively, the usual approach, which we describe in the next section,
is to compute a parametrization of the solutions.

Before going further, let mention the following important result which is a multi-
variate generalization of Hermite’s theorem for counting the number of distinct roots
of univariate polynomials [7].

Theorem 8 Let h € Q[xy, ..., x,] and Her, be Hermite’s quadratic form:

f > Trace (m 2),) .

Then, we have:

e rank(Hery) = t{x € V(I) | h(x) # 0}.
e signature(Hery) = i{x € V(I) NR" | h(x) > 0}
—t{x e V) NR"| h(x) < 0},

where 4 denotes the cardinality of a set.

When & = 1, Theorem 8 yields an algorithm for counting the number of solutions
in V(I) as well as the number of solutions in V (I) N R". This algorithm first con-
structs the matrix associated to Her; (the entries of this matrix are the Trace(11,,,)
where wy, is an element of B) and then compute its rank (resp. signature) to get the
number of solutions in V (/) (resp. the number of solutions in V(1) N R").

8.5.2 Univariate Representations of the Solutions

Suppose that f)‘] is a Q-vector space of dimension D and consider the vectors
1,x,....,x° ~!in this vector space. If the latters are (Q-linearly independent, then
they form a basis, and we can express x]D L X2, ..., X, In M as a Q-linear
combination of them which yields the following parametrization:

fx) =0,

X2 = g2(x1), 8.6)

Xn = gn(-xl)~



220 Y. Bouzidi and F. Rouillier

The polynomial { f, x, — ¢2, ..., x, — g,} forms a Grobner basis of I for the lexico-
graphic monomial ordering <jex With x| <jex ... <jex X [6].
Up to an eventual permutation of the variable’s index (considering the vectors

1,x,..., x_iD -1 ), the case (8.6) is known as the Shape position case.

On the other hand, one can consider a polynomial & € Q[xy, ..., x,], a new
independent variable ¢, and define the ideal I;, :== I + (¢t — h) C Q[¢, x1, ..., X,] SO
that V(1) = {(a, h()) | @« € V(I)} (one can easily remark that V (I;,) and V()
are in one-to-one correspondence). If 1, 7, . hD7 are Q-linearly independent in
M, then, we can also express xi, .. ., X, in Q[x‘,—hx] as a linear combination
of 1,h, ... ,EDil, which yields the following parameterization:

f(@)=0,
xp = g,(1),

) (8.7)
xXp =g,(1).

However, in some cases (see the above example), one cannot get parametrizations
of the forms (8.6) or (8.7).

Example 3 Consider theideal I := (xf, X1 X2, x%), which is already a Grobner basis.
According to Theorem 7, a basis of M isthen 5., := {1, x;,x}and D =B =
3 (the unique zero is (0, 0) and has multiplicity 3).

As x% e I (resp. x% € ), then 1, xl,xl2 (resp. 1, x7, x%) are trivially Q-linearly
dependent in M !

<lex

and thus neither 1, xq, ...,xlD* nor 1, x,, .. .,xé)*l are lin-
early independant in M The ideal is not in Shape position. Let now take any
he w The general expression of such an element is & = ax; + bx; + ¢, with
a, b, ¢ € Q,anditimmediately turns out that 12 — 2ch — ¢?> = Oin w Thus, for
any h € B2l 1 p o hP~!are Q-linearly dependent in £1x22]
that the ideal I, cannot be written under the form (8.7).

which implies

Mathematically, the two above situations ((8.6) and (8.7)) correspond to the case
where the quotient algebra QIX‘ """ %] js cyclic, that is, when it is generated by the
successive powers of an element of M Such an element is called a primitive
element of Q[X‘ """ 4l When Q[X‘ """ 4 js known to be cyclic, finding a primitive
element is equlvalent to finding What is called a separating element for the set of
points defined by the variety V (I).

Definition 12 Let 4 be a polynomial in Q[x1, ..., x,]. Then, & is a separating ele-
ment for V(I) if and only if x € V(1) — h(x) is injective.

In addition a separating element can be found among a finite set of linear forms
so as stated in the following theorem.
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Theorem 9 Suppose that 4V (I) = d. Then, the set
. 1. did—-1)
Sep; =3x1+ixa+---+i x,,,l:O,...,nT s

contains at least one separating element for V (I).

The computation of such a primitive element can be done by computing for

each h € Sep,, the minimal integer dj, such that 1, h, ..., Edh are linearly depen-
dent, and then selecting an & for which d, = D — 1. The computation of the
parametrization (8.7) then resumes to the computation of the coordinates of the
vectors xp, Xz, ..., X, in the basis 1,74, ..., hD=T, Note that another methods for
obtaining such a parametrization is to compute a Grobner basis of I + (t — h) with
respect to the lexicographic monomial ordering <jex With # < X1 <jex « .. <lex Xn-
As mentioned before, the above strategy for computing a parametrization works
only when a primitive element exists (i.e., Blven] cyclic). This is the case for
example when the considered ideal is radical (all the solutions have multiplicity one).
When M is not cyclic, one can still compute a parametrization of the
solutions using the so-called Rational Univariate Representation (RUR) [13].

Definition 13 Given any & € Q[x1, ..., x,], we define:

o fi(®) = [acvin (t = h(@),
¢ 91D = Yoy 1@ Tlaevi piat —h(B),
4 gh,v(t) = Z(MEV([) N’(Oé) U(O[) HHEV(I),B#(!(I - h(ﬁ)) fOr Ve {xlv st xn}-

If h separates V (/), then the univariate polynomials {f;(f), gn.1(f), ..., g, ()}
define the so called Rational Univariate Representation of I associated to .

The Rational Univariate Representation of I bears important properties which we
summarize below.

o fu(t), gni1(t), ..., gnx,(t) are polynomials in Q[¢].
e The application

on: VU) — V(fi)
x > h(x),

defines a bijection between V(1) and V (f;,), whose reciprocal is given by:

ot V() — V(I)
RN (gh,x.(x) gh,m(x))_

gna(x)’ > gha(x)

e ¢ preserves the multiplicities : pu(h(x)) = pu(x).
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. Univariate polynomial

() I=(P,Q)
V({I1}) - V(fy)
P (x,¥) — h(x,y)
14 hx(t) ghy(t)
(i:..ﬂtw:l.i[t)) ~ t

one-to-one mapping {
-

T

Fig. 8.2 A rational univariate representation of a zero-dimensional bivariate system / = (P, Q)

The Rational Univariate Representation of an ideal / is a one-to-one mapping
between the solutions of V (I) and the roots of a univariate polynomial f;,(¢) (see
Fig.8.2). This representation is uniquely defined up to a separating element. More-
over, unlike classical parametrizations, such a representation preserves the multi-
plicities of the solutions, in the sense that the multiplicity of a solution in 7 is the
multiplicity of the corresponding root in the polynomial f},(¢). The latter property is
critical in many problems where the information about the multiplicities is needed.

To compute a RUR, one has to solve the following two problems:

e Find a separating element 4.
e Given any polynomial i, compute a RUR-Candidate fj, gi.1, gn.x,» - - - » Gh.x, Such
that if /2 is a separating element, then the RUR-Candidate is a RUR.

According to [13], a RUR-Candidate can be explicitly computed when we know a
suitable representation of Q[x, ..., x,]/I, which can be summarized as follows:

o fr= Zl’; o' is the characteristic polynomial of mj. Let us denote by i its
square-free part.

e Forany v € Q[Xy, ..., Xy, gho = gno () = S Trace(myp ) Hy—i—1 (1), d =
deg(f) and H;(T) = Y, a;it' /.

In [13], a strategy is proposed to compute a RUR for any system defined by a Grobner
basis for any ordering.

8.5.2.1 Applications of the Rational Univariate Representation

From Formal to Numerical Solutions. Computing a RUR reduces the resolution

of a zero-dimensional system to solving a polynomial f;, with one variable and to
Gn.x; (1)

evaluating » rational fractions ( ROR

i = 1...n)attheroots of f;. The goal is thus
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to compute all the real roots of f; providing a numerical approximation with an
arbitrary precision of the coordinates.

The isolation of the real roots of fj, can be done using the algorithm proposed in
[9]. The output will be a list /4, of intervals with rational bounds such that for each
real root o of fj,, there exists a unique interval in /5, which contains «. The second
step consists in refining each interval in order to ensure that it does not contain any
real root of g; ;. Since f;, and g ; are coprime, this computation is easy. Then, we
can ensure that the rational functions can be evaluated by using interval arithmetics
without any cancelation of the denominator. The last evaluation is performed by using
multi-precision arithmetics (MPFI package—[14]). Moreover, the rational functions
defined by the RUR are stable under numerical evaluation even if their coefficients
are huge rational numbers. Thus, the isolation of the real roots does not involve huge
compaction burden. To increase the precision of the result, it is only necessary to
decrease the length of the intervals in [, which can be easily done by bisection or
using a certified Newton’s algorithm. It is in particular quite simple to certify the
sign of the coordinates.

Signs of Polynomials at the Roots of a System. Due to the presence of inequalities
in semi-algebraic system, it is important to develop a method for computing the
sign (+, —, # or 0) of given multivariate polynomials at the real roots of a zero-
dimensional system. Having a RUR { fy, gn.1, Gn.x,> - - - » Gn.x, } Of I, One can translate
the problem of computing the sign of a multivariate polynomial into a problem of
computing the sign of a univariate polynomial. Indeed, let P € Q[xy, ..., x,] be the
polynomial to be evaluated at the real solution o = (o, ..., ) € V(I) (« is the

image of a root vy of fj(¢) by the RUR mapping). One can define the polynomial

P;(t) roughly as the numerator of the rational fraction P ‘q{]’;—*l‘ el %) , that is the

rational fraction obtained after substituting in P each variable x; by qy’h‘l . Then the
following result holds. '

Theorem 10 The sign of P(xy, ..., Xx,) at the real solution o = (o, ..., ) €
V(1) is equal to the sign of P;(t) at the corresponding root 7y of fi,(t) via the RUR

mapping.

Accordingly, the problem of computing the sign of P(xy, ..., x,) at a solution
of V(I) is reduced to the problem of computing the sign of P;(¢) at a real root of
fn(t). To solve the latter problem, a naive algorithm consists in isolating the real
root of f}(t), so that the interval is also isolating for the product P, (¢) f(¢) and then
evaluating the sign of P;(¢) at the endpoints of this interval.

Consequently, in order to compute the sign of the polynomial P(xy, ..., x,) at
a solution of V (1), it is sufficient to compute the sign of the polynomial P;(¢) at a
given root of f;(¢).

Instead of straightforwardly plugging the formal coordinates provided by the RUR
into P, we better extend the RUR by computing rational functions which coincide
with the values of P at the roots of /. This can be done by using the general for-
mula g, p = ZiD:_Ol Trace(mp i) Hp_;—1(¢) given in [13]. One can directly compute
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the Trace(Pt') by reusing the computations already done if the RUR has already
been computed. Hence, it is not more costly to compute the extended RUR than the
classical one.

8.5.3 Testing Structural Stability: The Zero-Dimensional
Case

In the following, we are going to show how Rational Univariate Representations
can be used in order to solve the stability test problem mentioned in the introduc-
tion. For one or two dimensional systems, the test of the structural stability can be
reduced to the study of algebraic zero-dimensional systems. Indeed, in the case of
one dimensional system the stability condition translates into

D(z) #0for|z] <1,

or equivalently, the subset of C defined by E:={z€ C | D(z) =0, |z| <1} is
empty. The set E can be viewed as a semi-algebraic set of R?. Indeed, if we note
z = Xx + iy, where x (resp., y) is the real part (resp., the imaginary part) of z and i the
imaginary unit, then the polynomial D(z) can be rewritten as D(x, y) = R(x, y) +
i Z(x,y), where R, T € Q[x, y], and the inequality |z| < 1 as x> + y*> < 1, which
shows that:

E~{(x,y) e R®MR(x,y) =0, Z(x,y) =0, x> +y> < 1}.

Then, the problem of testing the stability reduces to that of testing that the above
semi-algebraic set does not have real solutions. Without loss of generality the system
S:={R(x,y) =0, Z(x, y) = 0} can be assumed to be zero-dimensional (i.e., has
a finite number of complex solutions). In that case, the problem resumes to compute
the sign of the real solutions of S at the polynomial x> + y? — 1.

Example 4 We consider the polynomial D(z)=%z5 — %24 + 52—713 + %zz - %z + %
We first compute the zero-dimensional system S whose real solutions are in bijection
with the complex roots of D(z):

R(x,y) = 3x° — 1523y 4+ Byt — T x4 81x2y? — Tyt + I
5= —ryt 3 = 3 = x s =0,
Tz =y - gy - 15a2)7 4 207 54yt - Ty 4 Ty

—54x3y + Bxty = 0.

The system § is zero-dimensional and we can compute a Rational Univariate
Representation of its solutions using the formulas given in Sect. 8.5.2 which yields:
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f(t) = 559872125 — 25194240 1% + 544195584123 — 7493513472122 + 73628346816 12!
—547311691584120 4+ 3183535332864¢1° — 14780593319616¢'8 + 55362880574208¢ 17
—167896649845440 110 + 411029639424576 115 — 804050295433200 ¢4
+1232226241447500 113 — 1428873627636324 112 + 1177034305128192 ¢!
—603440918202276 110 + 126187803250443 1% + 22809165295113 18
—11098557635568 7 + 17376699104892 15 — 9925212685221 > + 2611676368585 1
—821059361472 13 4 2625365374202 — 42350188473 1 + 2455046453,

g1(t) = 1399680012 — 604661760123 + 1251649843212 — 164857296384 12!
+1546195283136120 — 109462338316801!° + 60487171324416¢18
—266050679753088 17 + 941168969761536 110 — 2686346397527040¢15
+6165444591368640 1'% — 11256704136064800¢'3 + 16018941138817500¢!2
—17146483531635888 ¢! + 1294737735641011210 — 6034409182022760 1°
+1135690229253987 13 + 182473322360904 17 — 77689903448976 10
+104260194629352 15 — 49626063426105 1* + 10446705474340 13
—2463178084416 1% + 525073074840 1 — 42350188473,

gx(t) = 2519424012 — 1050879744 123 + 20976724224 %2 — 265852699776 2!
+2391835843008 120 — 1617558952377611° + 84921114868416+18
—3523401873567361'7 + 1164594239224128 11 — 3065803125993360 7
+6371804589628464 114 — 10251200537235576 113 + 12302401061993148 12
—10249204642846020 111 + 4995304129178172¢10 — 576047210865300 1°
—590896493514297 18 + 232387793555778 1 — 215336160313290 1°
+124704312574422 15 — 32799357684699 1* + 9758271572934 13
—3373050489686 12 + 598205563056 1 — 37550186449,

gy(t) = —375114241 + 1503816192 1?2 — 28660687488 12! + 3447226149120
—29256224734081¢1° + 185430383688961!8 — 90562857236928 117
+346475609384832 116 — 1044493268252400¢ 15 + 2472748660136736 114
—4535514360134424 113 4+ 6272956097279064 112 — 6229275628948668 111
+4056309643855968 110 — 1442957641141788 1 + 203140683497376 13
—3261375611555417 — 114821122679658 % + 73799941129998 15
—22045846055586 t* + 8305034379450 13 — 2665289870974 12 + 418198960296 ¢
—23825974876.

Isolatin'g numerically the.real roots of f () and substituting in % and % yields
the following five real solutions:

[x = —0.45367372, y = 0], [x = 0.14614706, y = 0], [x = 0.25639717, y = 0],
[x =3.59132461, y = 0], [x = 5.45980486, y = 0].

and we can easily remark (without further symbolic computations) that the three first
solutions correspond to the roots of D(z) that are inside the unit disk while the two
last solutions correspond to the roots of D(z) that are outside the unit disk, which
implies that the system is not stable.

In the case of two dimensional systems, according to DeCarlo et al. [15], the
structural stability condition, i.e.

D(z1,z2) #0for |z1] < 1, ]z2] =1,
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is equivalent to:
D(z1, 1) # O0for |z1] < 1,
D(1, zp) # O for [z5] < 1,
D(z1,22) # Ofor |z1] = |22 = L.

The two first conditions can easily be tested using classical stability tests (see
for instance [16]), or the method presented above. For the last condition, if we note
Zj = xj +1 y; testing the latter resumes to test that the following system

R(x1, y1, X2, ¥2) =0,
Z(x1, y1, x2,¥) =0,
x4y —1=0,
x5 +y;—1=0,

where D(x1, y1, X2, ¥2) = R(x1, y1, X2, ¥2) + 1 Z(x1, y1, X2, ¥2), does not have real
solutions. The system S consists of four polynomials in four variables and is generi-
cally zero-dimensional. One can thus compute the corresponding Rational Univariate
Representation and use it to check the existence of real solutions.

Example 5 We consider the polynomial D(zy, z2)=(12 + 10z; + 2z%) + (64 5z1 +
z3)z2 which is shown to be devoid from complex zero in D? [17]. This polynomial
yields the following zero-dimensional system

R(x1, Y1, X2, ¥2) = X{xp — 2X1 Y12 — YiXa 4+ 2 x7 + Sx1xp — 2y}
—Syiy2+10x; +6x, +12 =0,

C(x1, Y1, %2, y2) = Xiy2 +2X1y1%2 — yiys +4x1y1 + 55172

S = +5y1XQ + 10y1 +6y2 = 0,
xl2—|—y12—1 =0,
x%—i—y%—l =0,

whose solutions are encoded by the following Rational Univariate Representation:

f(t) =144t 433712 + 144, g1(t) = 115213 + 1348 1,
gx, (1) = —1680 13 — 18201, gy, (t) = —1348¢> — 1152,
g, (1) = —144013 — 1685, gy, (t) = 90012 + 900.

Performing numerical isolation on the polynomial f(¢), we obtain that it does not
admit real roots, which implies that the system S does not have real solutions, and
thus that the initial system is stable.

Note finally that one can avoid doubling the number of variables by opting for
special transformations such as Mobius transformation (see [18] for details).
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8.6 Real Roots of Positive Dimensional Systems

In this section, we review the principal approaches for studying systems of poly-
nomials equations that admit an infinite number of complex zeros. As mentioned
in the introduction, various questions can be asked about the zero set of such sys-
tems: deciding the emptiness, computing points in each connected component of the
variety, etc.

We distinguish between two general strategies. The first one, which is described
in the next section, is based on the classical Cylindrical Algebraic Decomposition
(CAD) algorithm [19]. This algorithm, based on variable elimination, one after the
other, provides a partition of the real space into cells in which the given polynomials
keep their sign constant. It allows one to answer to more general questions such
as deciding the truth of a first order formula, quantifier elimination, etc. However,
its complexity, which is doubly exponential in the number of variable turns out to
be its Achilles’ heel, and prevents it from being used for system with more than
two variables. The second strategy, described briefly in Sect.8.6.2, is based on the
determination of a function that reaches its extremum (at a finite number of points),
on each connected component of the studied set. Putting in equation these extremum
then allows one to reduce the problem to the study of zero-dimensional systems.
These methods are referred as the critical point methods and lead to algorithms that
have a single exponential complexity in the number of variables.

8.6.1 Cylindrical Algebraic Decomposition

Let start with some definitions that are used in the sequel.

A semi-algebraic set of R" is a set of R” that satisfies a logical combination
of polynomial equations and inequalities with real coefficients. The set of semi-
algebraic sets forms the smallest class S.A, of sets in R” such that:

o If P € R[xy,...,x,], then{x e R" | P(x) =0} € SA,.
eIfAcSA,and Be SA,,then AUB,ANBand R"\ A arein SA,.

Proposition 9 Any semi-algebraic set of R" is the union of a finite number of semi-
algebraic sets of the form {x € R"| P(x) =0, Q1(x) >0, ..., Q;(x) > 0}, where
leN,and P, Q1,...,Q0; € Rlxy, ..., x,]

Definition 14 A function from A C R to B C R” is semi-algebraic if the corre-
sponding graph is semi-algebraic.

One knows that semi-algebraic sets of R decompose into an union of a finite
number of points and open intervals. More generally, semi-algebraic sets of R”
decompose into a disjoint union of cells that are isomorphic to open hypercubes of
different dimensions.
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The demonstration of this property can be done by exhibiting an algorithm which,
given a set of polynomials, decomposes IR" in cells where the sign of these polyno-
mials is invariant.

The resulting decomposition allows one to answer several questions about the
zero of the system among which for example: Does the system admit real solutions?

Definition 15 A Cylindrical Algebraic Decomposition of R" is a sequence Cy, . . .,
C, such that each C; is a partition of R in a finite number of semi-algebraic sets
satisfying:

(a) Each cell C of C; is either a point or an open interval.

(b) Forany 1 <k < n and any C € Cy, there exists a finite number of continuous
semi-algebraic functions W¢ | < ... < W¢;.: C — IR such that the cylinder
C x R is the disjoint union of cells in Cy that are:

e cither the graph of one the function W¢ . :
Ac,j ={(x', x¢11) € C X R| x40 = We,j (xN)},
o or the section of the cylinder bounded by the functions W¢ ; et W¢, j41:
Bej ={(x", x111) € Cx R [ W, ;j(x') < xpq1 < W jp1(x)}.

Proposition 10 Every cell of a Cylindrical Algebraic Decomposition of R" is semi-
algebraically homeomorphic to an open hypercube of the form (0, 1)k

Given a set of polynomials F, a subset S of R” is said to be F-invariant if the
sign of each polynomial in F is constant inside S. In the following, we are going
to show how to compute a Cylindrical Algebraic Decomposition adapted to a set
of polynomial F, that is a decomposition of IR” into cells that are F-invariant. The
resulting Cylindrical Algebraic Decomposition is then said to be F-invariant.

Example 6 Consider the polynomial f = x — y> — 1. We provide a Cylindrical
Algebraic Decomposition adapted to £, that is, a partition of IR? into cells that are
f-invariant (see Fig. 8.3).

The latter is given by the sequence C, C, where:

e () is the partition of R that consists of | — oo, 1[, {1}, ]1, +o0l.
e C, is the partition of IR? that consists of the following semi-algebraic set:

- Cy1 ={(x,y) e R*|x < 1},

Cor={(x,y) e R*x =1,y <0},

— Cpp={x,y) eR*x=1,y =0},

Crz={(x,y) e R*lx =1,y > 0},

Cra={(x,y) e R?x > 1,x2—y2—1>0,y < 0},
Crs={(x,y) eRx > 1,x2—y2—1=0,y <0},
Cro={(x,y) € R2lx > 1,22 —y>—1 <0},
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Fig. 8.3 Decomposition of R? in (x — y*> — 1)-invariant cells

~C={x,y) eR¥x>1,x2—y>—1=0,y >0},
- Cz,g:{(x,y)elR2|x> l,xz—y2—1>0,y>0},

and eachcell Cy; fori =1,...,9is f-invariant.

If we have a look to the interval ]1, +oo[, the corresponding cylinder, that s, C :=
11, +00[ xR, is decomposed by means of the following semi-algebraic functions:

o Ve :l,+oo[ - R
Yy —/x —1,
o We, ]I, 4oo[ - R

Yy A/x — 1.

More generally, we have the following result.

Proposition 11 Let P(xy, ..., x,)€R[xy, ..., x,], C C R"™! be a connected semi-

algebraic setandk < d apositive integer such that for eachpointa = (aq, ..., Q1)
€ C, the polynomial P(c, x,,) has degree d and admits exactly k complex roots. Then,

there exist | < k continuous semi-algebraic functions ¥; < --- < ¥; : C — R,

such thatfor each a.€ C, the set of real roots of P («, x,,) is exactly (¥ («), ..., ¥ ()}
Moreover, fori = 1...1, the multiplicity of the roots V;(«) is constant for o € C.

Let now consider a set of polynomials. We need to obtain results about the relative
positions of their zeros. A basic result is the following.

Proposition 12 Let P and Q be two polynomials in R[xy, ..., x,] and C a con-
nected component of a semi-algebraic set of R"~'. Let suppose that the degree and
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the number of distinct complex roots of P and Q are constant above C and so that
for their gcd (finite number of common solutions). Let €, ¢ : C — R be two continu-
ous semi-algebraic functions such that P(a, £(a)) = 0and Q(a, ((a)) = 0 for all
a € C. If there exists 3 € C such that £(8) = (), then £(a) = ((«) forall o € C.

The two above propositions allow us to construct semi-algebraic functions that
have the same properties as the functions used in a CAD of R". These functions are
actually the roots of P and Q with respect to the last variable. Hence, we almost
reach the initial objective since outside these semi-algebraic functions, and under the
hypotheses of the above propositions, the sign of P and Q is constant. It remains
thenceforth to address the cases where the hypotheses of the propositions are not
satisfied, that is:

e The components where the degree of P and Q varies, i.e., where the leading term
vanishes; In that case, we need to perform the same operation on P (resp. Q)
deprived from its leading term.

e The components where the degree of the gcd of P and Q varies, i.e., where the
resultant of these polynomials vanishes.

Definition 16 Let Py, ..., P. be polynomials in R[xy,...,x,]. We denote by
PROJ(Py, ..., P,) the minimal set of polynomials in R[xy, ..., x,] that satisfies
the following conditions:

o Ifdeg, (P;) =d <2,PROJ(Py, ..., P,)contains all the non constant polynomials
among the principal subresultants (Definition 6), o;(P;, g_f,',)’ j=0,...,d—1
(variations of the number of roots of P;).

o If 1 <d =min(deg, (P:),deg, (P)), PROJ(P, ..., P;) contains all the non
constant polynomials among the principal subresultants o;(P;, Py), j =0,...,d
(variation of the number of common roots of two polynomials).

o Ifdeg, (P;) > 1 andlcy, (P;) is not constant, PROJ(P, ..., P,) contains Icy, (P;)
and the set PROJ(P;, ..., P., Trunc(P;))! (case of non constant polynomials in
X, whose the leading term vanishes).

o If degy (P;) =0 and P; non constant, PROJ(P), ..., P;) contains P; (constant

polynomials in x;,).
A direct consequence of the propositions stated above is the following theorem.

Theorem 11 Let {Py, ..., P.} be a set of polynomials in R[xy, ..., x,] and C a
connected semi-algebraic set (Py, ..., P,)-invariant. Then, there exist continuous
semi-algebraic functions V) < --- <\, : C — R such that for any o € C, the
set of (Vi (av), ..., Yi(a)} is the set of roots of non-identically zero polynomials in
{Pi, ..., P.}). The graph of each V; and the sections of the cylinder C x R bounded
by the graphs of V; and V11, i = 1,...,1 — 1 are connected semi-algebraic sets,
homeomorphic to C or C x (0, 1) respectively, and (Py, ..., P,)-invariants.

ITrunc(P;) refers to the polynomial obtained after reducing all the coefficients of P; modulo
Iey, (P).
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Having constructed a CAD of R*! adapted to { Py, ..., P}, the above theorem
allows us to extend the latter to a CAD of R" adapted to { P, ..., P,}. By iteratively
constructing the set PROJ(.) from Py, ..., P, (i.e. PROJ(PROIJ(...))), one ends up,
after n — 1 steps, with a finite set of polynomials in x;. The final step then consists
in computing a CAD for these univariate polynomials. The real roots of these poly-
nomials decompose the real axis into a finite number of points and open intervals.
This algorithmic construction proves the following general result.

Theorem 12 For any set of polynomials { Py, ..., P,} in R[xy, ..., x,], there exists
a CAD of R" adapted to { P, ..., P.}.

Cylindrical Algebraic decomposition is implemented in most computer algebraic
softwares such as Maple (in the package RegularChains[SemiAlgebraicSetTools])
or Mathematica.

8.6.1.1 CAD for Testing Structural Stability

Let us go back to the problem of testing the structural stability of multidimensional
system and show how Cylindrical Algebraic Decomposition can be used in this con-
text. Checking the structural stability of atwo dimensional systems, i.e. D(zy, z2) # 0
for |z1] <1, |z2] < 1, can be reduced, via the transformations z; = x; + i y;, to test-
ing that the following semi-algebraic set is empty.

R(x1, y1, x2, ¥2) =0,
Z(x1,y1,%2, %) =0,
xi+yf <1,
Gty <L

This can be done by computing a Cylindrical Algebraic Decomposition of R* adapted
to the polynomials R, Z and x? + y? — 1 fori = 1, 2, and then check if this decom-
position contain cells satisfying the sign conditions of S.

Example 7 We consider the polynomial D(z;, zo) = 6 + 5z; + z». After transfor-
mation, the latter yields the following semi-algebraic set:

Rx1, y1, %2, y2) =5x1 +x2 +6=0,
Z(x1,y1,%2,¥2) =5y1 +y2 =0,
x4y <1,

G4y <1

Computing a CAD adaptedto Z, R, xl2 + )’12 -1, x% + y% — 1 returns (after 2/3 min
of computations) 1717 cells. Among these cells, 177 satisfy the above conditions
which correspond to the real zeros of the system S. This implies that the input
system is not stable.
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If we consider the polynomial D(z1, z2) = 2 — z; 22, the CAD associated with the
polynomials of the corresponding system S returns (after 30 min of computations)
31655 cells and outputs 3687 real points satisfying the condition of S. Again the
system is not stable.

In practice, we can observe that when the polynomial D is bivariate with total
degree larger than 2 or has more than 2 variables (which yields semi-algebraic systems
with atleast six variables), the previous CAD-based approach fails to return an answer
in a reasonable time. This is mainly due to the size of the output (the number of cells)
which is doubly exponential in the number of variables. However, when we are
only interested in deciding the emptiness of a real semi-algebraic set, this doubly
exponential behavior can be overcome by opting for alternative methods, which we
will describe in the next section.

8.6.2 Critical Point Methods

When we are only interested in deciding if a system of positive complex dimension
has (or not) real roots, the Cylindrical Algebraic Decomposition might answer but
this algorithm has a prohibitive complexity while it computes too much information.
Alternatively, the so-called critical point methods allow one to compute at least one
point in each semi-algebraically connected component of the studied semi-algebraic
set and turn out to be, in general, much more efficient in practice.

Critical point methods are essentially based on the determination of a function
that reaches its extrema (at a finite number of points), on each connected component
of the studied set. Putting in equations these extremum then allow one to reduce
the problem to the study of zero-dimensional systems which can be done using the
algorithms described in Sect.8.5 (which are known to be in a complexity that is
single exponential in the number of variables). For a sake of simplicity, in the sequel,
we will only consider the case of algebraic sets even if such methods can easily be
extended to the case of semi-algebraic sets.

Let us start with some definitions needed in the sequel.

Definition 17 Let V C C” be an algebraic variety and denote by Z(V') the corre-
sponding radical ideal (the set of polynomials that vanish on V).

e If f is a polynomial in Q[xy,...,x,], the differential of f at a point o =
(a1, ..., ap), denoted by d, (f), is defined by:

0 0
d(y(f):af(xl_al)+"'+ f(xn_an)'
X1 Oxp,

e The tangent space of V at a point p, denoted by 7, (V), is the points of C" on
which the differential d,,(f) vanishes for all f € Z(V).
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Definition 18 Let V C C" be an algebraic variety, and ¢, ..., ¢, polynomials in
QI[x1, ..., x,]. Define the following polynomial application:
p:V— C"

a — (p1(a), ..., on().

e The set of critical points of ¢ restricted to V is the set of points of V such that the
differential map d,(p) : T,(V) — C™ is not surjective, or in other words, such
that the rank of d,, (@) is strictly smaller than m.

A fundamental result concerns the critical points of an application restricted to a
compact® algebraic variety.

Theorem 13 [7] Let V C C" be a compact algebraic variety and ¢ : V —> C"
a polynomial application. Then the set of the critical points of  restricted to V
intersect V. N IR" in each of its connected components.

In some simple cases, one can easily derive an algebraic characterization of the set
of critical points of an application restricted to a variety. Indeed, given an algebraic
variety V C C" whose the corresponding radical ideal Z(V) is generated by a finite
number of polynomials fi, ..., f;. The tangent space at each point p € V, T,(V),
is defined as the kernel of the linear application defined by the following matrix,
which corresponds to the evaluation at « of the Jacobian matrix associated with the
polynomials fi, ..., f;, namely:

@) - @
Jac(fi, . fa=| 1 1
ngj(a) g—ﬁ(a)

On the other hand, given a polynomial application ¢ : V — C™, the differential

of ¢ at a point « € V is the linear application which associates to each vector v =

(1, ..., vy) € To(V), the vector (d,(¢1)(V), ..., dy(¢n)(v)), and whose matrix is
defined by:
) - G2 ()
JaC(QO] 3 ooy (Pm)a' = . .

. o
G (@) -+ G ()

A point « is said to be critical for ¢ if the rank of the above matrix is strictly
smaller than m or in other words if its kernel has dimension larger or equal than one.
Consequently, « is a critical point if there exists (vy, ..., v,) # (0, ..., 0) such that

2Here, the term compact is used for subsets of the Euclidean space R”, which are closed and
bounded regarding to the classical Euclidean topology.
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@ v+ + G (), =0,

00 L O
%en (@) vy + -+ 222 (a)v, = 0,

under the following conditions that:

@yvi+-+ Gy, =0,

@+ + FE (@, = 0.
When the algebraic variety V is smooth and equidimensional of dimension d,’ the
rank of the Jacobian matrix of f, ..., f; has dimension n — d, and a point o« € V
is a critical point of ¢ if we have

Rank(Jac(fi, ..., fs)a) + Rank(Jac(py, ..., ¥m)a) <n —d +m,

that is, the rank of the following matrix

) %)
TQ(Q) ...... oh ){] (@)
0 f, 0 fy
:9){1 (@) +vvvee Z%J; : (a)
0x1 o1 (q) e Zm %1 (@)
Dom b
aﬁl (a) ...... in (@)

is strictly smaller than n — d + m, or equivalently, if allits (n —d +m,n — d + m)
minors vanish on p. This yields the following theorem which gives a characteri-
zation of the critical points of a polynomial application restricted to a smooth and
equidimensional variety.

Theorem 14 Let V C C" be a smooth and equidimensional variety of dimension d
that is defined as the zero set of the radical ideal (f, ..., f;) and p: o« € C" —>
(p1(@), ..., pn(a)) € C" a polynomial application. The set of critical points of p
restricted to 'V is the zero-set of the algebraic system that consists of:

(a) The equations f =---= f,, =0.
(b) The(n —d — m,n —d — m) minors of the matrix Jac(fi, ..., fs, ©1s -y POm)-

Moreover, the above system is zero-dimensional, i.e., admits a finite number of zeros
in C".

3 An algebraic variety is said to be equidimensional if all it irreducible components have the same
dimension.
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As an example, given an algebraic variety defined by a unique equation

V() ={ar,....an) e C"| flay,...,an) =0},

which we suppose smooth and compact, and considering the projection function
I, : (x1,...,x,) € C" — x; € C, the set of critical points of IT,, restricted to
V(f) is finite and intersect each connected component of V ( f) N R". According to
Theorem 14, this set of critical points can be defined as the zero-set of the system
defined by f = 0 and the vanishing of (2, 2) minors of the following matrix

of or ... 9f
8X1 8){2 e an s
1 0---0

thatis, 2L =0,..., 2L — .

> Oxp > Ox,

Example 8 Consider the sphere S defined by the equation x? + y% + (z — 1)> —
1 = 0 and the projection I1, : (x, y,z) € 3 — x. According to Theorem 14, the
critical points of I, restricted to S are the solutions of the following system

24y 4+@z-1D*=1=0,
2y =0,
2z —2=0,

that is, the two real points (1, 0, 1) and (—1, 0, 1) of S (see Fig.8.4).

Fig. 8.4 Critical points of IT, restricted to the variety x2+y2 + (z —1)2—1=0
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Changing the function sometimes allows one to get rid of some assumptions. For
example, to avoid the compactness assumption, one can consider the extrema of the
distance function to some point A. When the point A is chosen generic enough and
the set V (f) is smooth, this allows one to reduce the problem to the resolution of a
zero-dimensional. More precisely, the set of critical points of the distance function
with respect to A is defined by

Ve@) = {p e | f(p)=0Agmd,(f)//Ap}.

where grad ,(f) is the gradient vector of f at the point p = (p1, ..., p»). The points
of V(C(A)) are the zeros of the ideal generated by C(A) = {f, fi.a, ..., fr.a} Where
the f; 4 are the 2 x 2 minors of the following matrix:

or ... 9
Oxy Ixp .
Xy —day - Xy —Aay

The main algorithmic problem when using such a general strategy is that the
assumptions made on the system cannot easily be checked (compactness, smoothness
and equidimensionality) and/or bypassed, and the situation becomes more involved

when dealing with systems of equations of the form { f; = 0, ..., f; = 0} rather than
a unique one.
In [7] for instance, the authors first replace the system {f; =0, ...., f; =0}

by the unique equation f = ) fiz, then add an infinitesimal €2 and a new variable to
switch to a bounded variety fo = f2 + (x12 + -4+ x,f + xﬁH — (é)z) and then add
asecond infinitesimal € to get a smooth and bounded variety defined by a unique equa-

tion fo.=(—efo+e (xf“’l*” N AL ISP LI ¢ 1)2<d1+1>).
The algorithm then becomes rather simple since it “suffices” to study the system
{fﬂ,e =0, Uoc _q . Yo _ O} and then take the limits (when 2, € — 0) of

’ Oxo > Oxpil
the solutions. However, such a strategy turns out to be quite inefficient in practice,
mainly because of the costly computations induced by the infinitesimal deformations
as well as the degree increase produced by the sum of squares.

In [20], the authors avoid computing sum of squares as well as infinitesimal
deformations by considering the distance function and recursively computing the
critical points of the singular locus (which is another algebraic variety of smaller
dimension).

The current state of the art algorithms and implementations (see [21, 22]) use
extended notions of critical points/values (generalized critical values) to avoid the
compactness assumption and prevent as much as possible either recursive call and/or
costly decompositions.
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Chapter 9 ®
A Review on Multiple Purely Imaginary oo
Spectral Values of Time-Delay Systems

Islam Boussaada and Silviu-Iulian Niculescu

Abstract A standard framework in analyzing time-delay systems consists first, in
identifying the associated crossing roots and secondly, then, in characterizing the
local bifurcations of such roots with respect to small variations of the system param-
eters. Moreover, the dynamics of such spectral values are strongly related to their
multiplicities (algebraic/geometric). This chapter review some new results by the
authors from Boussaada and Niculescu (IEEE Trans Autom Control 61:1601-1606,
[1]), Boussaada and Niculescu (Acta Applicande Mathematice 145(1):47-88, [2]),
Boussaada and Niculescu (Proceeding of the 21st International Symposium on Math-
ematical Theory of Networks and Systems, pp. 1-8, [3]) allowing one to characterize
the algebraic multiplicity of a quasipolynomial’s crossing imaginary roots. First, we
emphasize the link between the multiplicity characterization and functional Birkhoff
matrices. Secondly, we elaborate a constructive bound for the multiplicity of a given
crossing imaginary root. It is shown that Pélya-Szegd generic bound is never reached
when the crossing frequency is different from zero.

Keywords Time-delay systems - Non-hyperbolic singular points - Local
bifurcations + Multiple Hopf points - Bogdanov—Takens singularity

9.1 Introduction

The study of symmetries has became an important topic in the field of nonlin-
ear dynamical systems since a wide range of applications displays equivariance
conditions. This is essentially due to domains with geometrical symmetries aris-
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ing in fluid mechanics, structural mechanics, reaction-diffusion problems. Typical
example for problems with symmetries are networks consisting in identical n-agents
reaction problems with diffusion between neighboring agents. For instance, in [4]
a network composed from four identical Brusselator chemical reactors is consid-
ered, through which it is observed that the existence of multi-dimensional irre-
ducible representations of the symmetry group may force a spectral value to be
multiple. In particular, it is emphasized that such underlying symmetries often induce
multiple Hopf bifurcation points." As another example where multiple Hopf points
occur is reported in [5], where the loss of stability of the down hanging equilibrium
position of tubes covering fluid is studied. Due to symmetries, it is shown that Cross-
ing Imaginary Roots (CIR) (associated with a Multiple Hopf point) are necessarily
double. In time-delay systems context, the paper [6] provides a characterization of
the 1:1 resonant Hopf points (double Hopf points with the same frequency w) in
a 6-agents Bidirectional Associative Memory (BAM) neural network. Furthermore,
multiple zero spectral value may occur in applications. The simplest case is known as
the Bogdanov—Takens singularity which is characterized by an algebraic multiplicity
two and a geometric multiplicity one. Cases with higher order multiplicities of the
zero spectral value are known to us as generalized Bogdanov—Takens singularities.
Those types of configurations are not only theoretical since they arise in concrete
applications. Indeed, the Bogdanov—-Takens singularity is identified in [7], where
the case of two coupled scalar delay equations modeling a physiological control
problem is studied. In [8] and [9], this type of singularity is also encountered in the
study of coupled axial-torsional vibrations of some oilwell rotary drilling system.
Moreover, the paper [10] is devoted to the analysis of such type of singularities
where codimension two and three are studied, and the associated center manifolds
are explicitly computed. It is commonly accepted that the time-delay induces desyn-
chronizing and/or destabilizing effects on the dynamics. However, new theoretical
developments in control of finite-dimensional dynamical systems suggest the use of
delays in the control laws for stabilization purposes. For instance, [11] is concerned
by the stabilization of the inverted pendulum by delayed control laws and provide
concrete situations where the codimension of the zero spectral value exceeds the
number of the coupled scalar equations modeling the inverted pendulum on cart.

In this chapter, we review results developed by the authors in [1, 3] about the char-
acterization of multiple imaginary crossing roots for time-delay systems, see also [2]
as an expended version of [3]. The remaining chapter is organized as follows: Sect. 9.2
is dedicated to formulate the problem and to recall some useful notions. Section 9.3
provides some results from [2] on LU-factorization of a class of functional Birkhoff
matrices. Section 9.4 concerns the zero singularity. It includes some important results
from [2, 3] allowing one to recover the generic Pélya-Szegd bound fipg. A resulting
constructive framework is presented. Section 9.5 extends the last results to multiple

1 An equilibrium point is called a Hopf point if the Jacobian at that point has a conjugate pair of
purely imaginary spectral values +iw, w > 0. If there are two such pairs +iw;, iwy then it is
called a double Hopf point. If additionally, w; = w then it is called a 1:1 resonant double Hopf
point.
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CIRs with non zero frequencies. Under some sparsity conditions, a control oriented
illustrative example is provided in Sect. 9.6. Some concluding remarks end the paper.

9.2 Problem Statement and Prerequisites

Consider the following infinite-dimensional system with N constant delays:

N
=) Awx(t —7) 9.1)

k=0
where x = (xy, ..., x,) € R” denotes the state-vector, under appropriate initial con-
ditions belonging to the Banach space of continous functions C([—7y, 0], R"). Here
7j, j =1,..., N are strictly increasing positive constant delays with 7o = 0 and
0<7m <7 <--+ <7y, the matrices A; € M,(R) for j =0,...,N. It is well

known that the asymptotic behavior of the solutions is determined by the roots of
the characteristic equation [12, 13], that is a transcendental equation in the Laplace
variable X\ in which appear exponential terms induced by delays. More precisely,
system (9.1) has a characteristic function A : C x Rﬁ — C of the form:

N
AN, T) = det ()\ I—A)— Z Ay e_“"\> 9.2)

k=1

or shorter, denoted A(\), which gives

AN = PN+ Y PV e

MkESNv”
N (9.3)
=PoN) + ) Papr(N) e
k=1
where oy = —M* 7T, 7= (7, ..., Ty) is the delays vector and Sy, is the set
of all the possible row vectors M* = (M¥, ..., M;‘V) belonging to NV such that

1< M{‘ + -4 Mjlﬁ, < nand IQN,H = #(Sn.n)- For instance,

S32=1{(1,0,0), (0,1,0), (0,0,1), (2,0,0), (1,1,0),
(1,0,1), (0,2,0), (0,1, 1), (0,0,2)},

is first ordered by increasing sums (vaz I Mik ) and then by lexicographical order, in
this case, one has: _
M?=(0,1,0) and N3, =09.
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Without any lost of generality, assume that P, is a monic polynomial of degree
n in A and the polynomials Py« are such that deg(Pyx) = n — Zivzl Mf <(mn-1

VMK € Sy.,. Let D, denote the degree of the quasipolynomial Z,ivz“’l Py, One can
prove that the quasipolynomial function (9.3) admits an infinite number of zeros,
see [13, 14]. The study of zeros of entire function [15] in the form (9.3) plays a
crucial role in the analysis of the asymptotic stability of the zero solution of given
system (9.1). Indeed, the zero solution is asymptotically stable if all the zeros of
(9.3) are in the open left-half complex plane [16]. Accordingly to this observation,
the parameter space which is spanned by the coefficients of the polynomials P;,
can be split into stability and instability domains (Nothing else than the so-called
D-decomposition, see for instance [16] and references therein). These two domains
are separated by a boundary, called the critical boundary, corresponding to the spec-
tra consisting in roots with zero real parts. When the intersection of the spectrum
with such a boundary is nonempty then the equilibrium point is said to be nonhyper-
bolic; which is the context of the present study. Furthermore, the local behavior at a
nonhyperbolic singularity is described by the versal deformation of the singularity;
that is, replacing the original vector field f(.) by a perturbation-dependent vector
field g(., €) such that when the vector parameter vanish € = (¢j, ..., ) = 0, one
has f(.) = g(., €)|e=o. This deformation g is said to be versal if any other deforma-
tion occurs as a deformation induced from g and the number of its parameters k is
minimal. The codimension of such a singularity is nothing else than the integer k.
The notion of codimension is the tool allowing one to classify singularities for the
Bifurcation theory. Recall that, the algebraic multiplicity of the zero spectral value
is nothing else than the corresponding codimension, it represents a bound for the
codimension when dealing with a CIR with non zero frequency.

Although the algebraic multiplicity of each spectral value of a time-delay system
is finite (a direct consequence of Rouché Theorem, see [17]), to the best of the
authors’ knowledge, the estimation of the upper bound of such a multiplicity for a
given CIR did not receive a complete characterization especially when the physical
parameters of a given time-delay model are subject to algebraic constraints. It is
worth mentioning that the root at the origin is invariant with respect to the delay
parameters. However, its multiplicity is strongly dependent on the existing links
between the delays and the other parameters of the system.

This chapter is devoted to review some new results of [1, 3] to give an answer to
the question above. This work is motivated by the fact that the knowledge of such
piece of information is crucial. First, in the linear analysis for time-delay systems, for
instance, the analysis of sensitivity as well as the study local bifurcation. Secondly,
when dealing with a nonlinear analysis and the computations of the center manifold
are involved, see for instance [18-20].

The following result of [17] gives some valuable information allowing one to have
a first estimation of such a bound for the multiplicity. proposition

Proposition 1 (Pdlya-Szego, [17], pp. 144) Let 71, ..., Tn denote real numbers
such that
n<nmn<...<T17n,
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and dy, ..., dy positive integers satisfying
dizl,d21...dyv21, d+dr+---+dv=D+N.

Let f; j(s) stands for the function f; j(s) = si7Vems for1 < j < diand1 <i < N.
Let 4 be the number of zeros of the function

f&= > cjfii

1IN, I<<d;

that are contained in the horizontal strip o < Z(z) < (.

Assuming that
Yol >0, D7 lensl >0,

1<k<d) 1<k<dy
then ;
(v —m)(B - ) _Dil<i< (v —m(B - YD4+N—L
27 2w

See also [21] for a modern formulation of the mentioned result. The proof of Pélya-
Szegd result is mainly based on Rouché Theorem. It can be generically exploited
to establish a bound for the multiplicity of the zero spectral value that we denote
by fps. Indeed, setting o = 8 = O yields fps < D + N — 1 where D stands for the
sum of degrees of the involved polynomials corresponding to the quasipolynomial
function f and N designates the associated number of polynomials. This gives a
sharp bound in the case of complete polynomials i.e. polynomials having all their
terms ordered from the greatest degree up to the constant term. Nevertheless, it is
obvious that the P6lya-Szegd bound remains unchanged when certain coefficients ¢; ;
vanish without affecting the degree of the quasipolynomial function. Such a remark
allows us to claim that P6lya-Szeg6 bound does not take into account the algebraic
constraints on the parameters. However, such constraints are commonly encountered
in control problems due to models structures: explicit situations will be given in
the next section concerned by motivating examples. Moreover, when one needs the
explicit conditions on the system’s parameters insuring a given multiplicity (bounded
by ips), then computations of the successive differentiations of the quasipolynomial
have to be made.

In the present chapter, we emphasize a systematic approach allowing us to a
sharper bound for CIR’s multiplicity. Indeed, the proposed approach does not only
take into account the algebraic constraints on the coefficients ¢; ; but it also furnishes
appropriate conditions guaranteeing such a multiplicity. Furthermore, the symbolic
approach we adopt in this study underlines the connexion between the codimension
of the zero singularity problem and incidence matrices of the so-called Confluent
Vandermonde Matrix as well as the Birkhoff Matrix, see for instance [2, 22-25]. To
the best of the authors’ knowledge, the first time the Vandermonde matrix appears in a
control problem is reported in [26], where the controllability of a finite dimensional
dynamical system is guaranteed by the invertibility of such a matrix, see [26, p.
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121]. Next, in the context of time-delay systems, the use of Vandermonde matrix
properties was proposed by [16, 27] when controlling one chain of integrators by
delay blocks. Here we further exploit the algebraic properties of such matrices in a
different context.

Initially, Birkhoff and Vandermonde matrices are derived from the problem of
polynomial interpolation of an unknown function g, that can be presented in a gen-
eral way by describing the interpolation conditions in terms of Birkhoff incidence
matrices, see for instance [28]. For a given integers n > 1 and r > 0, the matrix

€n0 ---€Enr

is called an incidence matrix if e; ; € {0, 1} for every i and j. Such a matrix
contains the data providing the known information about the function g. Let
x = (x1,...,x,) € R" be such that x; < --- < x,, the problem of determining a
polynomial P € R[x] with degree less or equal to r that interpolates g at (x, £), i.e.
which satisfies the conditions:

PO () = g (xi)

is known as the Birkhoff interpolation problem. An incidence matrix £ is said to be
poised if such a polynomial Pis unique. This amounts to saying that the coefficients
of the interpolating polynomial P are solutions of a linear square system with an
associated square matrix Y¢ that we call in the sequel by Birkhoff matrix. This
matrix is parametrized in x and is shaped by £. It turns out that the incidence matrix
& is poised if and only if the Birkhoff matrix 7¢ is non singular for all x such that
X1} < -+ < x,. The characterization of poised incidence matrices is solved for the
interpolation problem for low degrees. For instance, the problem is still unsolved for
any degree n > 6, see for instance [25, 29]. As an illustration of the above notions,
let consider the reduced example from [29] with the incidence matrix

1100
E=|o0010], 94
0100

for which we associate the Birkhoff matrix

1 x; xlz xf
0 1 2x; 3x}
00 2 6x
0 1 2x3 3x2

i =

The interpolation problem is solvable if and only if
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2 2
12x3% 4+ 6x7 — 12x0x1 — 6x3

does not vanish for all values of x such that x; < x, < x3. For the sake of the space
limit, in the sequel, one can afford to replace the incidence matrix £ by an appropriate
vector Vg reproducing exactly the same information, for instance, in the case of (9.4),
one has Vg = (x1, X1, *, x, X2, %, X3). We point out that when no stars appear in V¢
and no any variable is repeated in the sequence defining V¢ then we are dealing with
the classical Vandermonde matrix, otherwise (there are at least a repeated variable
in Vg¢) the matrix Yg¢ is the so called Confluent Vandermonde matrix.

In the sequel, we associate to each given positive integer s > 0 and a given inci-
dence matrix &£ (or equivalently Ve) a functional Birkhoff matrix which is the square
matrix 77 defined by:

D =[P D, ... Dyl € M;;(R),
®; =[f(0;) fV0:) ... f94 V(o] (9.5)
fo) =g(o).[1 ..o, for 1<i< M,

for a sufficiently regular function g € C*(RR), see [30]. In the sequel, we are par-
ticularly interested in square matrices where it is assumed that Zf‘il d=6=11f
g(x) = 1 then we are dealing with the so-called confluent Vandermonde matrix, see
[30]. If, additionally, d; = 1 fori =1, ..., N, then, we recover the classical Van-
dermonde matrix and in this case M = § since @ is assumed to be a square matrix,
see [31].

The explicit development of numeric/symbolic algorithms for LU-factorization
and inversion of the Vandermonde and confluent Vandermonde matrices [32, 33] is
still an attracting topic due to their specific structure and their implications in various
applications, see for instance [26, 34] and references therein. The authors propose in
[2] an explicit recursive formula for the LU-factorization for three configurations of
the functional Birkhoff matrix defined by (9.5). To the best of the authors’ knowledge,
such an explicit formulas seems to be unavailable in the mathematical literature and
linear algebra textbooks, see for instance [25]. The Birkhoff matrix configurations
we consider are: the first one, the regular case (no stars in V), that is the functional
confluent Vandermonde matrix. The second configuration is when the polynomials
associated with the delays in the quasipolynomial are sparse, that is, V¢ contains
stars. For instance, it is the case for the variable blocks x, and x3 in the example
9.4).

Furthermore, as a byproduct of the approach, we will first present a different proof
for the Pélya-Szegd bound £ p s of the origin multiplicity deduced from Proposition 1,
then we will establish a sharper bound for such a multiplicity under the hypothesis
of the nondegeneracy of an appropriate Birkhoff matrix.

The following notations are adopted. Let ¢ stand for the vector composed from
x; counting with their repetition d; through columns of 7", that is
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§=()C],...,xl,...,XM,...,XM).
e —’ e
d] dM

For instance, one has & = x| and &4,44,+1 = €4+dy+d; = X3. According to the
above notations and under the setting dy = 0, without any loss of generality:
& = Edpttdita = fzfquﬁ%(k), for0<r<M-—1 and a <d,, where po(k)
denotes the index of component of x associated with &, that is x,x) = &, and by
(k) the order of & in the sequence of £ composed only by x ). Obviously, we have
ok) =r 4+ 1 and »#(k) = a.

9.3 Functional Birkhoff Matrices

We start this section by defining some results on functional confluent Vandermonde
matrices that will be useful for the remaining paper. For the sake of simplicity, since
we are concerned by the regular case, 1z will be denoted 7.

It is well known that Vandermonde and confluent Vandermonde matrices V can
be factorized into a lower triangular matrix L and an upper triangular matrix U
where V = LU, see for instance [35, 36]. In what follows, we show that the same
applies for the functional confluent Vandermonde matrix (9.5) by establishing explicit
formulas for L and U where " = LU. The factorization is unique if no row or column
interchanges are made and if it is specified that the diagonal elements of L are unity.
The following theorem concerning (9.5) with s = n 4 1 will be used in the sequel
but, by the same way, it can be easily adapted for any positive integer s. The following
result is proved in [2] using a 2D recurrence.

Theorem 1 ([2]) Given the functional confluent Vandermonde matrix (9.5) with
incidence vector Vg wanting stars, the unique LU-factorization with unitary diagonal

elements L;; = 1 is given by the formulae:
Liy=x"" for 1<i<é,
Uij =" for 1< <0,
Lij=Li_1j1+Li—1;& for 2<j<i, 9.6)

Ui,j =(¢(j) = D Uizt jo1 + Ui—rj (%00 — &i-1)
for 2 <i <.

The explicit computation determinant of the functional confluent Vandermonde
matrix 7 follows directly from (9.6) as explained in the next corollary:

Corollary 1 ([2]) The determinant of the functional confluent Vandermonde matrix

T is given by:
5

den(7) =[] (U;).

j=1
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where for 1 < j < 0, U; ; are defined by:

Uy =xpt,
Ujj=Uj1j (Xp(jy —&j—1) when j > 1and »(j) =1,
Ujj=0Ge(j) =D Uj_1,j—1 otherwise.

Moreover, the diagonal elements of the matrix U associated with the functional
confluent Vandermonde matrix T are obtained as follows:

U1,1_X?+1,
k
Uj,j:x,’jill H(xkﬂ—x,)dl when j=1+4d; for 1 <k<M-—1,
I=1
Ujj=(—-1—=dUj_1j-1 when dy+1 < j<diy for 1<k<M-—1.

Moreover, the functional confluent Vandermonde matrix T is invertible if and only
ifwe have x; # Oand x; #x; V1 <i # j <6.

9.4 The Multiple Zero Singularity

9.4.1 Recovering Polya-Sego Generic Bound

In this section we focus on the regular case, that is when all the polynomials of the
delayed part of the studied quasipolynomial are complete. However, the comple-
mentary configuration, when the polynomials of the delayed part are sparse, that is,
when the incidence vector Vg contains a star or a sequence of successive stars will
be considered in the next section.

In view of the obtained results on functional confluent Vandermonde matrix we
are now able to prove the following proposition. Let us define a; ; the coefficient of
the monomial M/ for the polynomial Py for 1 < N N » and note Py0 = Py. Thus,
wehaveay, = landa;y =0Vk > d; =n — ZY | M;, where d; — 1isnothing else
than the degree of Pyyi.

Proposition 2 ([2]) The multiplicity of the zero root for the generic quasipolyno-
mial function (9.3) cannot be larger than §ps = D + NN,m where D is the sum of
degrees of the involved polynomials and Ny, + 1 the number of the corresponding
polynomials. Moreover, such a bound is reached if and only if the parameters of (9.3)
satisfy simultaneously for 0 < k < fips — 1:

apr = — Z (a, r+ Z &, 10'1 ) 9.7)

ieSnn



248 1. Boussaada and S.-1. Niculescu

Remark 1 In the generic case, the Pélya-Szegd bound fps is completely recovered.
The proof of Proposition 2 gives an alternative method for identifying such a bound.

Remark 2 When the coefficients of a given time-delay system (9.1) are fixed, we
can similarly consider the generic case accompanied with an appropriate algebraic
constraint additionally to an inequality constraint due to dealing with positive delays.
When written in terms of the coefficients of the associated quasipolynomial (9.3),
the algebraic constraint becomes €(a) = 0 additionally to the inequality constraint
e > 0.

Remark 3 The above claim can be interpreted as follows. Under the hypothesis:
Alw)=0=>w=0 (H)

that is all the imaginary roots are located at the origin, then the dimension of the
projected state on the center manifold associated with zero singularity for Eq. (9.3)
is less or equal to its number of nonzero coefficients minus one. Indeed, under (H),
the codimension of the zero spectral value is equal to the dimension of the state on
the center manifold since in general the state’s dimension on the center manifold is
nothing else than the sum of the dimensions of the generalized eigenspaces associated
with the spectral values having a zero real part.

We first need to introduce some notations. Let denote by A®)()\) the k-th derivative
of A()\) with respect to the variable A\. We say that zero is an eigenvalue of algebraic
multiplicity m > 1 for (9.1) if A(0) = A®(©0)=0forallk=1,...,m —1 and
A (0) # 0. In what follows, we assume that o # oy for any k # k' where k, k' €
Sn.n. Indeed, when for some value of the delay vector 7, there exists some k # k' such
that oy, = oy then, the number of auxiliary delays and the number of polynomials is
reduced by considering a new family of polynomials P suchthat Py = Py + Py

Since we are dealing only with the values of A;(0), we suggest to translate the
problem into the parameter space (the space of the coefficients of the P;), this will be
more appropriate and we will consider parametrization by o. In the following lemma
we introduce an m-set of multivariate algebraic functions (polynomials) vanishing at
zero when the multiplicity of the zero root of the transcendental equation A(\) =0
is equal to m. The following lemma allows one to establish an m-set of multivariate
algebraic equations (polynomials) vanishing at zero when the multiplicity of the zero
root of the transcendental equation A(\) = 0 is equal to m.

Lemma 1 ([2]) Zero is a root of AN (\) for k > 0 if and only if the coefficients of
Py for0 < j < N N.n satisfy the following assertion

apk = — Z |:a,k + Z Cz;clill)':|
i€SN.n

Proof (Proof of Proposition 2:) The condition (9.7) follows directly from Lemma 1.
In what follows, we recover the bound #ips by using explicitly the Vandermonde
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matrices. Then, when assuming that some coefficients of the quasipolynomial vanish
without affecting its degree, we show that a sharper bound can be related to the number
of nonzero parameters rather than the degree.

Let define
N dk
Vi(\) = Z AR
k-1 N
I+k k=1
+ ((—1> ( ) Z ﬁ” (A))

1=0 i=1
Elementary computations show that AK0) =0=V, fork = , ps. We shall
consider the variety associated with the vanishing of the polynomlals Vi, that is
Vo) =---=V,_1(0) =0 and V,,(0) # 0 and we aim to find the maximal m

(codimension of the zero singularity).
Let us exhibit the first elements of the family V;

NN,n

Vo(0) = ) as0=0,

Ny Ny
Vl (0) = E as | + E as 005 = O,
-0 s=1
Ny Ny

v2(0) —2Zavz+22av 105 + Zama =0.

If we consider a; ; and the oy’s as variables, the obtained algebraic system is
nonlinear and solving it in all generality (without attributing values for n and
N) becomes a very difficult task. Indeed, even by using Grobner basis methods
[37], this task is unsolvable since the set of variables depends on N and n. How-
ever, considering g; ; as variables and the oy’s as parameters gives the problem
a linear aspect as it can be seen from (9.7). Let adopt the following notation:
ap = (ao,, o1, - .., don—1)" anda; = (a;0, i1, - .., ig—1)" forl <i < Ny,
Next, denote by o = (01, 02, ..., oy, )and a = (a1, ay, ..., a,;,N.”)T. Consider
now the ideal /| generated by the n polynomials

I =< Vp(0), Vi(0), ..., V,_1(0) > .
As it can be seen from (9.7) and Lemma 1, the variety V) associated with the ideal I;
has the following linear representation ap = 77 a such that 1 € M, Dy+Ny (R[o]D

where D, is the degree of Y0 Py, and D, = D —n (D the degree of the
quasipolynomial (9.3)). In some sense, in this variety there are no any restriction
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on the components of a if ay is left free. Since ay = O for all k > n, the remain-
ing equations consist in an algebraic system only in a and parametrized by 0. Now
consider the ideal I, generated by the D, + Ny , polynomials defined by

=< V,110), Vo200, ..., Vo, (0) > .

It can be observed that the variety V, associated with I, can be written as 7, a = 0,
which is nothing else that an homogeneous linear system with 1, € M Dy+Ny.n MR[aD).
More precisely, 717 is nothing else than the functional confluent Vandermonde matrix
(9.5), with x = 0, s =n, M = Ny, and § = D, + Ny, which is associated with
some incidence vector:

Ve = (OMls ooy OMIy sy O piys ooy O ypi,)- (9.8)
—

N
n—3 " M}

Now, using Corollary 1 and the assumption that o;’s are distinct non zero auxiliary
delays we can conclude that the determinant of 73 cannot vanish. Thus the only
solution for this subsystem is the zero solution, that is a = 0.

Finally, consider the polynomial defined by V,,(0), by Lemma 1

NNn n—1

V,0) =0 1= ZZ‘:HZ)'

i=1 s=0

Substituting the unique solution of V; into the last equality leads to an incompatibility

result. In conclusion, the maximal codimension of the zero singularity is less or equal

to D, + Ny, + n, which is exactly Pélya-Szegd bound ips = D, + (n + 1).
—_— —

D+Ny.,

Remark 4 Ttis noteworthy that the codimension of the zero singularity may decrease
if the vector parameter ay is not left free. Indeed, if some parameter component ay
is fixed for O < k < n — 1, then the variety associated with the first ideal /; may
impose additional restrictions on the vector parameter a.

9.4.2 On Beyond of Polya-Szegdé Bound

Polynomials in nature (e.g. from applications) are not necessarily generic. They
often have some additional structures which we would like to take into account in
the multiplicity bound.

Proposition 3 ([2]) Consider a quasipolynomial function (9.3) containing one or
several incomplete polynomials, for which an incidence vector Vz is associated—
which is nothing than (9.8)—such that the vanishing coefficients are replaced by stars.
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When the associated functional Birkhoff matrix Y is nonsingular then the multi-
plicity of the zero root for the quasipolynomial function (9.3) cannot be larger than
n plus the number of nonzero coefficients of the polynomial family (Pyr) pies,, -

Proof (Proof of Proposition 3) Similarly as in the proof of Proposition 2: when z
coefficients from the polynomial family (Pp)pres,, vanish without affecting the

¢ and thus the matrix 75 of
(R[o]). This proves that the

maximal codimension of the zero singularity is less orequal to D, + Nyn—z+n<
gps.

degree of the quasipolynomial, then a’ € RPs+Nx.

the proof of Proposition 2 becomes Yz € Mp, 5, .

Remark 5 Obviously, the number of non-zero coefficients of a given quasipolyno-
mial function is bounded by the corresponding degree. Thus, the bound elaborated
in Proposition 3 is sharper than fipg, even in the generic case, that is when all the
parameters of the quasipolynomial are left free, these two bounds are equal. Indeed,
in the generic case, that is when the number of the left free parameters is opti-
mal, the P6lya-Szeg6 bound which is equal to fps = D + NN n=n+ Dy + NN "
which is nothing else than n plus the number of parameters of the polynom1al family
(Pye) mresy,, -

9.5 Multiple Crossing Imaginary Roots with Non Zero
Frequency

In this section we consider generic quasipolynomials and we aim at characterizing
their crossing imaginary roots A = jw, w # 0. Let us set ¢, = cos(oyw) and s; =
sin(oxw) and, for a given real positive number x, we denote by |x] the integer part
of x or equivalently the floor function at x.

Lemma 2 ([1]) An imaginary complex number 7 = j w is a root of 3;‘A(z, 7)=0
for k > 0 if and only if the coefficients of P; for 0 < i < N satisfy
o + dx =0 and B + B = 0, (9.9)

where

n n
=Y (—=Dfag; and By =Y (=1l ag,,
ot pay
ileven iodd

o = —0,0k—1 and B = 0,041 Yk = 1,

N & 61 cla,
:ZZ =

i=1 1=0 i i

!
8 s,U,

N 4
=1 =0

i

The proof of Lemma 2 can be found in [1].
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Let us set 7 = (o + ax)> + (B + Bk)z and, for a given positive integer m, let
o™, (™ stand for the vectors:

Vm(a07 w) = - (Oé(), M) Cym—])—r ’

9.10
Wm(ClOsw) = _(ﬁ()s ey ﬁWL71)T' ( )

Letpo = Z,N: , d; and define the functional confluent matrices A,, and B,, belonging
to M,, ,(R) and characterized by the incidence vector

E=(01,...,01, ..., 05, ..., 0F)
— —— —_—
di dﬁ

as well as the respective functions g (x) = cos(wx) and gp(x) = sin(wx). As a
direct consequence of the above Lemma 2, one has:

Proposition 4 ([1]) An imaginary crossing root 7 = j w for (9.3) is of multiplicity
m if and only if one of the following equivalent assertions holds:

(a) The variety V,, is non empty and p+1 # 0, where

n+d+1 N
v {(w,ao,o,...,a,;,ydﬁ,al,...,a,;,)eIR x Ry,

" Y =0fork=0,...,m—1

(b) The frequency w satisfies the following linear system:

{Amw, 0).p = Viu(ag, ), O11)

Bm(wa U)P = Wm(a()v w)~

Proof Both assertions of the above proposition are direct consequences of Lemma 2.
They follow by considering two ideals consisting in the real part oy + &y, (respec-
tively the imaginary part 3 + f3) of the successive derivatives of the quasipoly-
nomial function. A careful inspection of the coefficients &, and By from Lemma 2
allows to construct the linear system (9.11), where A,, and B,, are functional con-
fluent Vandermonde matrices.

Corollary 2 ([1]) If the square matrices A, and B, are non degenerate then the
multiplicity of any imaginary crossing root 7 = j wy for (9.3) is bounded by p.

Proof For m = p+ 1, the inconsistency of (9.11) follows from the Kronecker-
Rouché-Capelli Theorem, see [38]. Indeed, the rows of the functional confluent
Vandermonde matrix A,y (respectively B,.) are functionally dependent but lin-



9 A Review on Multiple Purely Imaginary Spectral Values of Time-Delay Systems 253

early independent provided that A, (respectively B,) is non degenerate. Thus, the
rank of the augmented matrix A,y : Vyqq, (resp. Byyi : Wyy1), which is equal to
0+ 1, is greater than the rank of the matrix A, i, (resp. By11).

Corollary 3 ([1]) The functional confluent Vandermonde matrix A, respectively B,,
is non degenerate if and only if V1 <i # j < N, wo; # 7/2 + kr and o; # Oj,
respectively wo; # km and o; # 0.

9.6 Illustration on Inverted Pendulum: An Effective
Approach versus Pélya-Szegé Bound

A natural consequence of Propositions 2-3 is to explore the situation when the
codimension of zero singularity reaches its upper bound. Starting the section by a
generic example, we show the convenience of the proposed approach even in the
case of coupling delays. Then the obtained symbolic results are applied to identify
an effective sharp bound in the case of concrete physical system (with constraints
on the coefficients), namely, the stabilization of an inverted pendulum on cart via a
multi-delayed feedback.

We associate to the general planar time-delay system with two positive delays
T1 # T the quasipolynomial function:

AN =N 4 ap01 A+ ag00 + (a100 + a1 A) e

+ (ao,1,0 + ag,111) e 9.12)

+ 2,006 + ay 1,067 + ag,0et 702

Generically, the multiplicity of the zero singularity is bounded by f{ ps = 9. However,
in what follows, we present two configurations where such a bound cannot be reached.
The first corresponds to the case when o; = o fori # j and the second, when some
components vector vanish:

T
a = (ai,0,0, 41,0,1, @0,1,0» 40,1,1, 42,0,0, @1,1,0» 40,2,0)" -

Formula (9.7) allows us to explicitly compute the confluent Vandermonde matrices
71 and 7, and the expression of V;,(0) from the proof of Proposition 2 such that
Tia = ap, V2(0) = 0and 73 a = 0 where ay = (ap,0.0, ao,g,l)T:
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A_[1o1ro1 11
"o logs Loag o ooa |’

V2(0) -2 =
[010% 2010 00.1% 200,1 02,07 0117 0027 | @
T, =

3 2 3 2 3 3 _ 3
01,0° 301,0° 00,1° 300,17 02,0° 01,1° 00,2

4 3 4 3 4 4 _ 4
o0 4010° 00,17 400,1° 020" 01,17 002

4

5 5 4 __ 5 5 5
o1,0° 501,0" 00,1 500,17 02,0° 01,17 002

6 5 6 5 6. 6_ 6
o1,0” 601,0° 00,1° 600,1° 02,0° 01,1° 002

6

7 6 _ 7 7 7 7
o0’ 701,0° 001" T00,1° 020" 01,1 00,2

8 7 8 7 8 8 8
o1,0° 801,0" 00,1° 800,1" 720° 01,1° 002

9 8§ 9 § 9 9 9
L o10° 9010° 001" 9001° 020" 01,1 002

As shown in the proof of Proposition 2, 7> is a singular matrix when o; = o; for
i # j.Forinstance, when 0, o = 0y thatis 27; = 7, then the bound of multiplicity
of the zero singularity decreases since the polynomials P, o and Py will be collected
Py = Py + Pro.

Consider now a system of two coupled equations with two delays modeling a
friction free inverted pendulum on cart. The adopted model is studied in [11, 39—
41] and in the sequel we keep the same notations. In the dimensionless form, the
dynamics of the inverted pendulum on a cart in Fig. 9.1 is governed by the following
second-order differential equation:

<1 - %ooﬁ(@)) g+ %92 sin(260) — sin(@) + U cos() = 0, (9.13)

Fig. 9.1 Inverted pendulum
on a cart

////’//////////9////////9/)/////////////
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where ¢ = m/(m + M), M is the mass of the cart and m is the mass of the pendulum
and D represents the control law that is the horizontal driving force. A general-
ized Bogdanov—Takens singularity with codimension three is identified in [40] by
usingU =af(t —71)+b é(t — 7). Motivated by the technological constraints, it is
suggested in [11] to avoid the use of the derivative gain that requires the estima-
tion of the angular velocity that can induce harmful errors for real-time simulations
and a multi-delayed-proportional controller U = a; ¢ 0(t — 1) + a0 0(t — 1) is
proposed. This choice is argued by the accessibility of the delayed state by some
simpler sensor. By this last controller choice and by setting € = %, the associated
quasipolynomial function A becomes:

16  16a; _ 16ay _
A A — /\2 _ - /\T1 = /\7'2

N 7 + 7 e + 7 e
A zero singularity with codimension three is identified in [11]. Moreover, it is shown
that the upper bound of the codimension for the zero singularity for (9.13) is three
(can be easily checked by (9.7)) and this configuration is obtained when the gains
and delays satisfy simultaneously the following conditions:

7 8’7‘12

7
_—7+87’1’ 2.0 = —7-{-87’12’ 7—2_8_7'1'

aro =
However, using P6lya-Szeg6result,onehasips =D —-1=3+2+2)—-1=6
which exceeds the effective bound which is three. This is a further justification for the
algebraic constraints on the parameters imposed by the physical model, for instance
the vanishing of ag ;.
Let now consider the sparse case associated with the control law

U=a o0t —1)+ay 0t — 7).

The quasipolynomial function A becomes:

16
AN = 2\ — 7 + Cl17067)\7—] + Xaz e 7,
Using Pélya-Szeg6 result, one has ipgs = D — 1= (3424 3) — 1 = 7. However,
using the Proposition 3, one knows that the zero multiplicity cannot be larger than

4. Indeed, the multiplicity 4 is reached only when a = '7—6, b= 4—V42;r28ﬁ, T =
S = b (42428 «/3)3/2 — i85

T 2= 3% g
Remark 6 The developed framework can be useful in the analysis of a wide range of
applications modeled by time-delay systems. For instance, the analysis of a double-
inverted pendulum is given in [42] and a biological model describing a vector disease
is given in [2].
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9.7 Concluding Remarks

This chapter addressed the problem of identifying the maximal dimension of the
eigenspace associated with a zero/multiple CIR singularity for time-delay systems as
well as the explicit conditions guaranteeing such a configuration. Under the assump-
tion that all the imaginary roots are located at the origin or respectively (at any other
crossing frequency) our result gives the relation between d the maximal dimension of
the projected state on the center manifold associated with the generalized Bogdanov—
Takens singularities (multiple Hopf singularity) from one side and N the number of
the delays and n the degree of the polynomial P, from the other side. It is shown
that the bound deduced from Polya-Segd result [17] is never reached when the cross-
ing frequency is different from zero. Finally, the effective method elaborated in this
paper emphasizes the connexions between the multiple roots of quasipolynomials
and incidence matrices of a some functional Birkhoff matrices.

Acknowledgements The authors would like to thank the anonymous reviewers for their valuable
comments and suggestions to improve the quality of the paper.
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Chapter 10 ®)
Controlled and Conditioned Invariance st
for Polynomial and Rational Feedback

Systems

Christian Schilli, Eva Zerz and Viktor Levandovskyy

Abstract We consider polynomially nonlinear state-space systems and given alge-
braic varieties. A variety V is said to be controlled invariant w.r.t. a given system
if we can find a polynomial state feedback law that causes the closed loop system
to have V as an invariant set. If this task can be achieved by a polynomial output
feedback law, V is called controlled and conditioned invariant. This concept leads
to the problem of determining the intersection of a certain (affine) submodule of a
free module over a polynomial ring with a free module over a subalgebra of this
ring. Moreover, we expand the set of feedbacks, which can be chosen to make V
invariant, to rational ones. We show how to decide whether a variety is controlled
invariant for a given system with rational feedback and, in the single output case, if a
feedback law can be chosen which just depends on the output. The key point of this
consideration will be the intersection of a “fractional” (affine) module with a vector
space over the subfield generated by the output and we give a method to do so.
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10.1 Introduction

Let us first define some objects which are frequently used throughout this paper.
Let K € {R, C} be a field and n € IN. Then we call R = K[xy, ..., x,] = K[x] the
polynomial ring in n variables. Further let / € R be an ideal of R. We intend to
study the variety V = V(1) € K", the common zero set of all polynomials in /, and
control systems of the form

X(1) = fx@®) +gx()u@), feR", geR™ (10.1)
y(t) = h(x(1)), h € R”

withm, p € IN.Here x (¢) is called the state of the control system at time ¢, whereas y ()
istheoutputand u () theinputattimet. We wish todetermine aninputfunctionu (-) such
that V becomes invariant for (10.1). Let S = K[hy, ..., h,] € R be the subalgebra

of R generated by the components h; of h, T = K[y1, ..., yp] = K[y] be another
polynomialringin p variablesand Ry = K|[xy, ..., X,, y1, ..., ¥p] = K[x, X].Ifk,l
are natural numbers, m, ..., my € R’1 and R, C R is asubring, we write
k
(my,...,mg)g, == {Zaimi |a; € Rz}

i=1
for the R,-module generated by m, ..., my. Further, for any ring D appearing in
this chapter, we denote the ith standard basis vector of DX by e; and we write (v);
for the ith component of a vector v € D¥ wherei € {1, ..., k).

This chapter is organized as follows: In Sect. 10.2, we will recall some definitions
and known results concerning invariant varieties, which have been investigated in
[11]. Further, we give a new result which allows us to compute the variety V, if
all vector fields, for which V is invariant, are given. In the following Sect. 10.3, we
consider controlled invariant varieties, on the one hand with polynomial, on the other
hand with rational feedback laws. Section 10.4 deals with controlled and conditioned
varieties, based on a definition given in [5]. We will see that this notion leads to
the problem of intersecting affine submodules of R™ with §” in the polynomial
feedback case and of intersecting affine fractional R-modules of Quot(R)™ with
Quot(S)™ in the rational feedback case. Here, Quot(D) denotes the quotient field
of the commutative domain D. Some solutions will be presented as well as some
examples to illustrate these methods.

10.2 Invariant Varieties of Autonomous Systems

For the moment, we will consider autonomous systems of the form
x(1) = F(x@), x(0)=xo, (10.2)

where F € R" and xy € K".
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Definition 1 Let ¢(z, xo) be the solution of (10.2) at time ¢, where ¢ € J(x), the
maximal existence interval of ¢ (-, xo). We say that V C K" is an invariant set with
respect to F if xg € V implies (¢, xg) € V forall r € J (xg).

If V is any variety in K", then we define the vanishing ideal of V
JWV)={peR|pw)=0forallve V}.

We recall the following result from [11]:

Theorem 1 Let a variety V. = V(1) be given, where the ideal I is generated by
elements py, ..., px € R.

(a) If we have
Oip)Fi+ -+ (Oupi)Fn €1 (10.3)

foralli € {1,...,k}, thenV is invariant w.rt. F.
(b) If V is invariant w.r.t. F, then

(81Pi)F1 +--- 4+ (8npi)Fn € j(V)

foralli e {1,..., k}.

Thus, if J(V) = I holds, then condition (10.3) for all 1 <i < k is necessary and
sufficient for V being invariant w.r.t. F.

Now let p1, ..., pr € Rand I, V be as in the theorem above. For alli € {1, ..., k}
we define

Ni =ker(1pis .-, Oupis P1s---» pr) S R

and set M; := w(N;), where 7 denotes the projection on the first n components.
Finally, let

k
M= ﬂM,- C R". (10.4)

i=1
Again, the next result can be found in [11].
Theorem 2 We have
M ={F € R" | F satisfies (10.3) forall 1 <i < k}.
Now assume that 7 (V) = J(V(I)) = I. Then Theorem 2 says that V is invariant

w.rt. F € R" if and only if F € M. For this reason, we call M the module of
admissible vector fields of V.
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Because of
Z(azpi) . ZCIjej = Z(azpi) q el
=1 j=1 ;1=
foralli =1,...,kand g; € I, we always have

MDI-R" (10.5)

Suppose now that the module M of admissible vector fields of a variety V is given.
A natural question arising is whether we may compute the ideal I (or the variety V,
resp.) just by the knowledge of M. The next theorem gives an answer to this question
under some kind of “smoothness” assumption:

Theorem 3 Let J = (O;p; |i=1,....,n, j=1,...,k). If I and J satisfy
I=J8VW)and VI)NV]) =0,

then we can compute I just by the knowledge of M in the following way:
Fori=1,...,nlet

I; I={q€R|q€,‘€M}.

Then

Proof First note that the I; defined in the assertion are ideals in R, since M is an
R-module. Because of (10.5) we have I € (i_, I;.

For the other inclusion let ¢ € ():_, /;, which means that ge; € M for all
i =1,...,n. This yields

> @ipj)-(qe =q-Oipjelforalli=1,....n j=1...k
I=1

and thus
qg(x)-0pj(x)=0foralli=1,...,n, j=1...,kandx € V(I).

If g(x) #0 for one element x € V(I), then O;p;(x) =0foralli =1,...,n,
j=1...,k,sox € V(J)NV(), which contradicts the assumption. We conclude
q(x) =0forall x € V(I), hence g € J(V(I)) = I, which completes the proof. ll
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Remark 1 For an arbitrary R-module A/ € R" we define the ideal
ann(R"/N) :={q € R| q[x] = [0] for all x € R"},
called the annihilator of R™ /N . With the notations of Theorem 3 we get
ann(R" /M) ={g € R|g[x]=[0]forallx € R"} ={g € R| gx € M forall x € R"}
={g€R|qge; e Mforalli =1,...,n}= ﬁl,-
i=1

(note that the second to last equality stays true, since R is commutative). Thus, under
the assumptions of Theorem 3, we may conclude that

I = ann(R"/ M).

Example 1 Consider R = R[x, y, z], p1 =xy —z and p, = xz — y, which gen-
erate the ideal I = (p;, p») € R. We claim that the vanishing set V = V(I) =
V(p1) N V(p») is, as the intersection of two hypersurfaces defined by p; and p,
a variety with dimension 1, which is nonsmooth.

The Jacobian matrix of / with respect to p;, p; is given by

Jac = (y o _l> .
z—1 x
The generic rank of Jac is 2 and thus
dim(V) =3 —rankg(Jac) =3 -2 = 1.
Further the ideal generated by the 2 x 2 minors of Jac is given by
L=(—y+xz,xy+z,x>—1)

and V(L) = {(1,0,0), (—1,0,0)} is exactly the set of singular points of V (i.e. the
points p in which rank g (Jac(p)) < rankg(Jac)). Thus V(I) is not smooth, but the
ideal J generated by all partial derivatives of p; and p,is J = (1) = R|[x, y, z], thus
V() NV(J) = @ and the assumption of Theorem 3 is satisfied.

We use SINGULAR to do some computations:

ring R=0, (x,vy,z),dp;

LIB "matrix.lib";

poly pl=xy-z;

poly p2=xz-y;

matrix k1[1][5]1=diff(pl,x),diff(pl,y),diff(pl,z),pl,p2;
module nl=syz(kl);
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module ml=submat(nl,1..3,1..ncols(nl));

matrix k2[1][5]=diff(p2,x),diff(p2,y),diff(p2,2z),pl,p2;
module n2=syz(k2) ;

module m2=submat(n2,1..3,1..ncols(n2));

module M=intersect (ml,m2) ;

SINGULAR returns the following module of admissible vector fields of V:

0 0 xXz—y 0 0 yz—z2 Xy —2z x2 -1
M—< vz} 0 Axzl 1 2 ) 0 . 0o 1. 0 >
z y 0 z Xz 0 0 0

Now we can compute the ideals /; defined in Theorem 3:

module el=[1,0,0];

module inl=intersect (M, el);

ideal Il=submat(inl,1,1..ncols(inl));
module e2=[0,1,0];

module in2=intersect (M, e2);

ideal I2=submat (in2,2,1..ncols(in2));
module e3=[0,0,1];

module in3=intersect (M, e3);

ideal I3=submat(in3,3,1..ncols(in3));

This yields
L=(xz—yy —2,xy—2), h=(xz—y,y =", xy —2),
L=(xz—y,y -2, xy—zx —1).
Finally, the intersection of these three ideals may be derived by

ideal I=intersect(Il,I2,I3);
which gives the expected result

3
(Nli=Gz=yy -Zxy-2=1
—

o
! P1—yp2

10.3 Controlled Invariant Varieties

Let us now look at the original system (10.1). For the input u(-), we use a state
feedback law, that is, u(t) = a(x(¢)) for an o € R™. Plugging this into (10.1) yields
the closed loop system
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x(@t) = fx(0) + gx(@))ax (1)) = (f + ga) (x(1)).

Definition 2 If V C K" is a variety, we call it controlled invariant w.r.t. system
(10.1) if there is an o € R™ such that V is invariant w.r.t. F' := f + ga.

This definition as well as Theorems 1 and 2 immediately yield the following:

Corollary 1 Provided that 7 (V) = I holds, V is controlled invariant w.r.t. system
(10.1) if and only if there is an o € R™ with f + ga € M, which is equivalent to
f € M+im(g).

If we assume that the given ideal I fulfills the assumption of Corollary 1, a state
feedback law making V invariant can be obtained as follows: Because R is a noethe-
rian ring, there is a finite system of generators for the R-module M. Collecting these
generators in a matrix M, we can test whether V is controlled invariant by answering
the following question: Can we write f as an R-linear combination of the columns
of M and g? If the answer is yes, we can find « € R™ and (§ with entries in R and of
appropriate size such that

f=Mp—ga,

and thus f + ga € M, that is, « is a feedback law that makes V invariant w.r.t.
(10.1).

Definition 3 If there exists & € R™ satisfying f + ga € M, then we call o admis-
sible feedback law for V w.r.t. (10.1).

10.3.1 Nonuniqueness of Admissible Feedback Laws

Letus determine the nonuniqueness of admissible feedback laws o for V w.r.t. (10.1).
For this, let ay, ap € R™ fulfill f + gay € M and f 4 ga, € M. Then there are
081, B> with entries in R having appropriate sizes such that f 4+ ga; = M3, and
f 4+ gay = M (3. Subtraction yields

0= M3 — o) — glas — ax) = (M, —g) (/B‘ B 52) .

o) — ap

We conclude that the set of all state feedback laws making V an invariant variety is
given by

a+ wker(M, —g)), (10.6)

where @ € R" is aparticular solution, i.e. f + ga € M, and 7 denotes the projection
on the last m components.
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Example 2 Let R = R[x, y, z] and the variety V = V(I) be defined by the ideal
I = (2x> 4+ 2y* — 1, 27> — 1). Further consider control system (10.1) with

Z x 0
f=|yleRandg=|0y| e R
X z 0

In the same way as in Example 1 we compute M = im(M) to find

—y 2xy 222—-1 0 0 2x2+2y*—1 0
M= x 2y>-1 0 222—-1 0 0 0
0 0 0 0 222-1 0 2x2 4+ 2y? — 1

If we want to decide whether V is controlled invariant for the system, we check
whether f € M + im(g):

module L=M, -g;
NF (f,std(L));

SINGULAR returns 0, which means that f € £ = M + im(g). Now we compute an
admissible feedback law:

matrix coeff=1ift (L, f);
matrix alpha=submat (coeff,8..9,1);

The 1ift command computes a representation of f as a linear combination of the
generators of £. The last 2 components of this result are the coefficients of g and

—2xz
—2xz —
feedbacks. For this we compute

equal o = 1). Finally we want to find the nonuniqueness of admissible

matrix s=syz (L) ;

matrix P=submat(s,8..9,1..ncols(s));

Let P = im(P). Then the set of admissible state feedbacks is given by o + P

—2xz 222 -1\ (262 4+2y2 -1 0 0
= + , ) 2 ) 2 2 ’
—2xz —1 0 0 277 -1 2x° + 2y —1

which also can be written as a + I - R2.

In the last example, the nonuniqueness of admissible feedback laws is just determined
by the module 7/ - R™. We want to give some characterisation whether this is the case
in terms of g and 1.
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For this we consider a slightly generalised framework: Let / € R be an ideal
and M C R" be an R-module such that M D I - R". Further let ' C R" be an
R-module, and M € R"™!, N € R™™ be matrices over R with im(M) = M and
im(N) = N. Now we define another R-module P := w(ker(M, —N)), where 7 is
the projection onto the last m components.

Lemma 1 We always have
MNONDI - NandP 2D 1-R".

Proof Since NN D I-NandM D I-R" D I - N thefirstinclusion is clear. For the
second let p; € I be arbitrary. Then

N(Zpiei) =Y pi(Ne)el - NCI-R'SM,
i=1 i=1

so there is y € R' with N(}_I", pie;) = My. Thus we have

)

which means ) /", pie; € w(ker(M, —N)) = P. |

Theorem 4 The following statements are equivalent:

(a) P=1-R".

(b) ker(N) CI-R"and MNN =1-N.

Proof 1. = 2.. If y € ker(N), then (M, —N) (S) =0,so0yeP=1-R". Now

f e MNN implies f = Mx = Ny for some x € R/, y € R™. This means y €
P =1-R", sowecanwritey = ., p;e;, where p; € I. But then

f=Ny=) piNe)el-N.

i=1

2. = 1.:If y € P, then there exists x € R! with0 = (M, —N) <§>, so we have
Mx=Nye MNN=1-N
Letp; € Iandy; € R™suchthat Ny = >/, p;(Ny;) = N(}_._, piy:)- Thismeans

Ny-=Yi_,piy)=0, so y—>.:_pyicker(N)CI-R" and finally
yel-R™ m



268 C. Schilli et al.

To come back to our original setting we just put M as defined in (10.4), N' = im(g)
and P = w(ker(M, —g)) to obtain the following result:

Corollary 2 We have P =1 - R" iff M Nim(g) = I - im(g) andker(g) € I - R™.

Example 3 For the data in Example 2, we derive M Nim(g) =

x(2z2 = 1) 0 x(2x2+2y2 1) 0
( 0 N ye2?2-1]. 0 A yex24+2y2—1)|) =1 -im(g).
2222 - 1) 0 22x2 +2y2 — 1) 0

Further we have ker(g) = 0. Using Corollary 2, this shows P = I - R? as already
seen in Example 2, but derived with different methods.

Now we keep g from the system of Example 2, but consider the ideal I = (py, p»),
where p; = xy — z, p» = xz — y (c.f. Example 1). Then we have

xp1 0 xp2 0 x(xz—l) 0
Mnim@=( 0 |. {1 ].| O |. |yr2]. 0 Aya2-n )
1 0 90 0 22— 1) 0
=1-im(g) + (x2 = 1) -im(g) 2 I - im(g)

and thus P # I - R2. In fact, one may derive

P=1-R*+(x*-1R%.

10.3.2 Rational Feedback

In this section we want to answer the question whether there are some new admissible
feedbacks, when we not just allow them to be polynomial, but also rational functions
in the state x(¢). In order to do this, we refine some of our notations: Let

0 := Quot(R) := {g |p.g€R.q 7&0}
be the quotient field of R. For a matrix A € R**™ and S € {R, Q} we write
img(-A) = {xA | x € "} and kerg(-A) = {x € $"" | xA = 0}
for the left image (or left kernel, resp.) of A over S and
img(A-) = {Ax | x € §"} and kerg(A-) = {x € §" | Ax = 0}

for the right image (or right kernel, resp.) of A over S.
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Lemma2 Let A € RV be given. Consider matrices B € R?*" and A € R
satisfying

img(-B) = kerg(-A) and kerg(B-) = img(A-).

Then the following hold:

(a) There exists X € R™" with A = AX.
(b) There exists Y € Q™" with A = AY.

Proof 1. 1f we have
img(A-) C img(A-), (10.7)

then each column a; of A can be written as a; = Ax,- for some x; € R”, and

putting X = (x1,...,x,) € R™*™ yields 1. But (10.7) is true, since forall y = Ax €

img(A-) the assumption implies By = BAx = Oandthus y € kerg(B-) = imR(A-).
2. First we prove that we already have

imy(-B) = kerg(-A). (10.8)

The relation BA = 0 gives us img(-B) € kerp(-A). Now let y = :'1 € kerp(-A)
for some y € R"", 0 #d € R. Then 0 = yA = % - A implies yA = 0, and thus
y € kerg(-A) = img(-B). So there is ¥ € R'*? with y = ¥B and we set x := § to

obtain the desired result y = }l )3‘ - B = xB € imy(-B). Similarly one can show

kerp(B-) = img(A.), (10.9)

and completely analogous to (10.7) we get img(A-) C imQ(A-). Since Q is a field

we can use dimension formulas for linear maps, and the fact that row and column

rank of matrices coincide. This gives us
dim(imy(A-)) = rank(4) "ZY »

12 rank(A) = dim(img(A-)).

— rank(B)

We may conclude
img(A-) = img(A-)
and now the same arguments as in the proof of 1. yield assertion 2. |

Remark 2 The results of Lemma 2 can also be obtained by using exact sequences,
extension modules, and the fact that Q is a flat R-module. The definition of extension
modules and methods to compute them can be found e.g. in [3] or [10].
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With this preparation we can give a method to find admissible feedback laws in 9™,
just by doing computations over R.

Lemma3 Letk € R?*", g € R"™" be matrices satisfying
img(-k) = kerg(-g) and kerg(k-) = img(g-).

Then the following are equivalent:

(a) There exists « € R" such that f + ga € M.
(b) There exists & € Q™ such that f + go € M.

Proof Using Lemma 2 we can find matrices X over R and Y over Q satisfying
g=g¢X and g = gY.
Now, if f + ga € M, where @ € R”, then & := Ya € Q™ satisfies
M>s f+ga=f+gY¥a=f+ga.

This shows 1. = 2. For the converse let @ € Q™ with f + ga € M and o € R™,
0 # d € R such that & = <. There exists m € M with

which implies
d(f —m) = —gag € img(g-).
Then
kd(f —m) = —kgap = 0 and thus k(f —m) = 0.

This shows f —m € kerg(k-) = img(g-), so there is o« € R” such that f —m =
—ga or reformulated

f+gaeM,

which completes the proof. ]

Similarly as in the polynomial case, we want to find out how nonunique a rational
admissible feedback law « can be. If a;, ap € Q™ are such that f 4+ ga; € M
and f + gan € M, then g(a; — ap) € M. Thus the set of all rational admissible
feedback laws has the form

a+{ae Q" |gae M),
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where & € Q™ is one particular rational feedback law making V invariant. Since M
is just an R-module and we are looking for elements & € Q™, we get some mixup
of structures:

Lemmad4 Let M =img(M-) C R" be an R-module and g € R"™"™. Consider k €
R and g € R™" constructed in Lemma 3 aswellas Y € Q™" with g = gY. Then
we have

{a e Q" | ga € M} =kerg(g) + Ym(kergr((M, —9)-)),
where T denotes the projection onto the last r components.

Proof If & = B+, where 3 € kerp(g-) and v = Y, 7 € w(kerg((M, —g)-)),
then there is 7y, such that 0 = (M, —g) <z2> = M~, — g7;. This shows
1

ga= gb +gy=g9¥Yn=gn =My eM.
——
=0

This gives us “2”.

For the other inclusion let & € Q™ with ga = Mx for some x. Then kga =
0, which implies ga € img(g-), so there is X satisfying gx = g¥Yx = ga. Thus
& —Yx e kerp(g-) and because of g — Mx = gx — g =0 we may conclude
x € w(kergr((M, —g)-)). Finally

a e kerg(g-) + Ym(kerg(M, —g)-))
which we wanted to show. |
Definition 4 If Y € Q™% and N’ C R’ is an R-module, we can write

g g 1
YN = (ﬂ,...,c—k)Rz—-(cl,...,ck)Rforsomeci,f,- e R",d;,d € R.
d, di d

Then we call YN a fractional R-module.

Remark 3 Definition 4 is based on the notion of “fractional ideals”, see e.g. [2, Chap.
VII] or [7, Chap. 11] for an introduction. This concept has turned out to be useful in
system theoretic applications before, cf. [9] or [8] and the references therein.

Example 4 Let R, I, V, M be as in Example 1 and the control system be defined by

—y 0 z
x=fx)+gxu=x |+|—-2z 0 |u.
z y —x
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First we check whether f € M + img(g-) :

matrix £[3][1l]l=-y.x,2z;
matrix g[3][2]1=0,z,-2z,0,y,-x;
module pol=M, -g;

NF (£, std(pol));

SINGULAR returns a nonzero result, which means that f ¢ M + img(g-). So we try
to find rational feedbacks, which make V invariant w.r.t. f and compute the matrices
k, g from Lemma 3:

matrix k=transpose(syz (transpose(g)));

matrix gt=syz(k);

This yields
0 —y—z
k:(xyz) and g=|—z x O
y 0 x

We want to find out if f € M + img(g-):

module rat=M, -gt;
NF (f,std(rat));

Now the result is 0 and we may conclude that there indeed exists a rational admissible
feedback law &, which we may obtain in the following way:

matrix coeff=1ift(rat,f);
matrix alpha=submat (coeff,ncols(M)+1..ncols(M)+ncols(gt),
1);

The outcome

0 0
a = %z 1_ 1| satisfies f + ga = l%xz e M.
-3y —3Xy +z

To get & we have to find a transformation matrix ¥ € Q**3 with § = g¥:

ring Q=(0,x%x,vy,z),w,dp;
matrix g=imap(r,qg);
matrix gt=imap(r,gt);
matrix Y=1ift(g,gt);
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This yields

1 — 1 /-1
Y:—-(Z xo)andthusd:Ya:—-( 2xz+x).
z \0—y —z z y

Now this & fulfills f + ga € M.
In order to derive the nonuniqueness of rational admissible feedbacks we compute
the R-module N = w(kerg((M, —3)-)):

setring R;

matrix s=syz(rat);

module N=submat (s,ncols(M)+1..ncols(M)+ncols(gt),1..
ncols(s));

Sinceker(g-) = Otheset{@ € Q3| g& € M}, which determines the nonuniqueness
of rational admissible feedback laws, is equal to

1 Xy —z xz2 —yz 0
YN—;~<<y2_Z2)a< O ) xZZ_yZ )
y2z =73 0 0 x2z—z )
0 Y- ) \xyz =22 ) 0 :

10.4 Controlled and Conditioned Invariant Varieties

Let us now come back to the polynomial setting and the notation used in Sects. 10.1
and 10.2. So far, we have seen how to find a state feedback function « such that V is
invariant for (10.1) with u(¢) = «(x(t)), if this is possible at all. However, in general
it is restrictive to assume that the full state is available for the feedback. Instead, we
would like to use only the output y(#) = h(x(z)) of (10.1) for the feedback. In view
of this, we ask the following question: Is it possible to choose an output feedback
law u(t) = B(y(t)) = B(h(x(¢))) making V invariant?

Definition 5 Given a variety V, we call it conditioned and controlled invariant w.r.t.
system (10.1) if there is a polynomial state feedback law oo € R™ as in Definition 2
which additionally takes the form o = B(hy, ..., h,) forsome 3 € T", i.e.

aeS" =Klhy,...,hp]". (10.10)
If we wish to decide whether a variety V satisfies Definition 5, we have to determine
the set (10.6) and check whether one of its elements lies in S”'. More generally, we

intend to compute the set

Ww+P)NKT[hy,...,hp]" (10.11)
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for a given R-module P € R™,v € R™,and hy, ..., h, € R. The main goal of this
section is to analyse the structure of this set and to give algorithms for its computation.
The algebraic methods we present are not limited to K € {R, C}, so let K be an
arbitrary field.

10.4.1 Intersection of an Ideal and a Subalgebra

Our first step will be to give a method to compute (10.11) in the special case v =0
(or v € P). For this, we define two K -algebra homomorphisms

¢:T— R, yj—hj, j=1,...,p, and
YR —> R, xi—>x;,, i=1,...,n,
yir>hj, j=1,...,p.
The next theorem gives some properties of these maps:
Theorem 5 Let ¢ and i) be defined as above.

(a) We have im(¢) =im(¢|7) = S. Hence we may write ¢ : T — S and thus
d(o~ (1)) = I N S for all subsets I < R.
(b) Y|r =1dg, Y|r = ¢, so we have the following commutative diagram:

Ry R

I, ]

T —S

(c) If I C R is an ideal, then

o ") =y +DNT andp~"(I) = J, + 1, where (10.12)
Jo=(y; =01 j=1.... P& (10.13)

Proof 1. and 2. can be verified easily and 3. follows from [6], Theorem 3.2.1. W

Since an algorithm for the elimination of variables needed in (10.12) is well known
(see e.g. [4, Chap. 1]), we can use Theorem 5 to find an algorithmic method to
compute the S-module / N S for any ideal / C R.

For arbitrary m € IN, we define the extension maps to free modules 7™ (resp. R")
induced by ¢ (resp. ¥), also denoted by ¢ (resp. 1):
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¢:T" — R", Za,e, > Z¢(a,)e,, (10.14)

¥ R" — R", Za,-e,- — Zz/)(ai)e,-.
i=l i=1

Here a; € T (resp. a; € R,) are arbitrary polynomials.
After a short computation, we get

¢ (Zam) = @)d@), seN, a; €T, 1; € T", (10.15)
i=1 i=1
W (Z bl-r,-) =Y (b)), s €N, b; € Ry, r; € R}
i=1 i=1
If my,..., mg € R{" and R, is a subring of Ry, then (10.15) yields
Ymy, .. mp)Ry) = (p(ma), ..o P mE)) p(ry)- (10.16)

Analogously to Theorem 5, we obtain the following corollary by considering the
individual components of the elements of 7™ (resp. R{"):

Corollary 3 The extension maps ¢ and 1\ have the following properties:

(a) im(¢) = im@)|pn) = S™, hence p(¢~(P)) = P N ™ for all subsets P < R™.

(b) ’(/}|R’” == idRm, ’(/)|T”, = (b
(c) If P € R™ is an R-module, then

¢TN(P) = (JI' +P)NT" and v~ (P) = JI' + P, where
Jo = —o(y) el j=1,....p,i=1,...,mp,
With this result, we are able to compute the intersection of an R-module P € R™

with S™ for a finitely generated subalgebra S of R. It will be the basic and frequently
used tool for the determination of (10.11).

10.4.2 Intersection of an Affine Ideal and a Subalgebra

Assume there exists g € (v+ P) N S". Theng = v+ p € §™ for some p € P and
for every other ¢’ € (v + P) N §™, there is p’ € P with ¢’ = v + p’. We conclude

g —g=v+p —-v—p=p —pePns”,
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i.e.¢' € ¢ +P N S™. On the other hand, if ¢’ € ¢ + P N S, we see
g =qg+p =v+p+p ev+P.
Thus
w+P)NS"=g+PnNS". (10.17)

So our objective is to determine one particular element g of (v + P) N S and then
we’ll get the whole set using (10.17) and Corollary 3. In the following we will use
some methods from the theory of Grobner bases (for an introduction see e.g. [1,
Chaps. 1 and 3]): Let < be an elimination order (see [1, 2.3.1]) on the monomials
of R; = K|[x, y] with

v < x” forall v € IN" \ {0}, u € IN? (10.18)

(for example the lexicographical order ([1, 1.4.2]) with x; > -+ > x, > y; > ---
>y, will do the task). We define the order <top formonomials ge;, re; € RY', q,r €
Rl by

q <el
qe; <toprej & Jorifg=r

i<]1\1j.

It is easy to see that this is indeed a term order on RY', defined in [1,3.5.1]. If Gisa
Grobner basis of P [1, 3.5.13] and w € RY, then we abbreviate the normal form of
w w.r.t. G [1, p. 155] by NF(w, G). Further the leading monomial of w [1, p. 143]
is denoted by Im(w).

The next result treats the computation of (10.17) in the special case S =T =

Kyl

Lemma$ Let v € R" and P be a submodule of K|x, yI". Moreover let G be a
Grobner basis of P w.r.t. <rop. Then the following statements are equivalent:

(a) W+P)NT™ #0@.

(b) NF(v,G) e T™.

Proof 2. = 1.:1f w = NF(v, G) € T"™, then there is p € P with w = v + p. This
shows

we@W+P)NT™.
l.=2.:Letw=v+ p e T™, where p € P.If w =0, then NF(v, G) = 0 and we

are finished. Otherwise there is © € IN? and k € {1, ..., m} with y"e; = Im(w) and
we have
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w := NF(v, G) = NF(v + p, G) = NF(w, G).
Assume w ¢ T™. Wecanfind j € {I,...,n}andi € {1,..., m} satisfying
xje; <top Im(W) <top Im(w) = y'e;.

This implies y* >,; x;, which is a contradiction to (10.18). [ |

For the general case (i.e. T = K[X]’ S = K[hy, ..., h,]) we define the K[x, X]'
module

Pri=y ' (P)=P+J}
(c.f. Corollary 3).
Theorem 6 Let G be a Grobner basis of Py w.r.t. <top. We have
W+P)NS" =¢((v+PyNT").

This and Lemma 5 imply the equivalence of the following statements:

(a) NF(v,G) € T".
(b) w+P)NT™ # .
(c) W+P)NS" £,

Proof First,lett € (v+ P;) N T™. Corollary 3, part (a) yields ¥ (t) € S and there
is an element w € P; = ¢~ (P) with t = v + w. This gives us

Y(r) = P(_0_) + Yw) = v+yw) € v+ P.

ER™ eP

For the inclusion C letg € (v +P) N ™, i.e.
g=v+w=1()forsomew e P, t € T".
Since v, w € R™ we have ¥(v) = v and ¥(w) = w, hence
Pt —v—w)y=qg—v—w=0.
Using 3. of Corollary 3 we may conclude

t—v—w=:jeker(y) =y (0) = J}.
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This yields
t=v+ w+j e@@+P)NT",
——
eP+II=P
and thus
g =v@) ePp((v+P)NT"),
which proves the assertion. ]

We give a short summary of the last results and a procedure to decide if a variety V
is controlled and conditioned invariant: Given f, g, h and I described in the intro-
duction, we compute « and P € R™ as mentioned in Sect. 10.3. If there is no «
such that f 4 ga is admissible for V, then we are done and V is not controlled and
conditioned invariant. Otherwise we use the results from Sect. 10.4 to compute

(a+P)ns™,

where S := K[hy,...,h,]. For this we define J;' C K|[x, X]’" as described in
Corollary 3 and compute a Grobner basis G of J g‘ + P w.r.t. <top defined above.
Then the elements of (G N K[y]™) generate P N S™. Now compute t = NF(c, G).
If ¢ does not just depend on y, we may conclude (o +P) N S” = @ and V is not
controlled and conditioned invariant. Otherwise set o* := () to get

(a+P)NS"=a*+PNS",

the set of admissible output feedbacks for V.

Example 5 LetI = (x1x; — x3, x1x3 — x2) € R[x1, x2, x3] =: R and the following
[/O-system on the variety V = V(I) be given:

X1X2X3 0 —x3
i= )+ gou = 2x123 o ( ')

—x%x2x3 — 2x1x§ —X7 X1

() (xix
=)= ()
Similarly as in Example 2 one may check that f + ga € M, where M = imz(M-)
is the module of admissible vector fields of 7 and

1.2 3
—=XTX3 — 2X1X
o = 271 2212 .
X
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The nonuniqueness of admissible feedback laws can be derived as
P =m(kerr(M, —g)-) = I - R* + ((x* = Dey).

Now our goal is to decide if V is controlled and conditioned invariant. To achieve this
we compute the intersection of the set of admissible feedbacks and the subalgebra
generated by the output of the system:

123
(@+P)NKlhy, hal = (( 2R 2x1x2> +1-R 4 (- 1)e1>> N Klx1x, x31.
2

Atfirstwederive P N K[hy, h,]. For this we define thering R} = R[xy, x2, x3, 1, ¥2]
equipped with the <top-order from above and the subalgebra generated by #:

int m=2;
ring R1=0, (x(1..3),y(1..2)),1p;
ideal h=x(1)*x(2),x(3)"2;

Now we build the module J (;” from Corollary 3 and compute a Grobner basis of
Jiy+P:
module Jphim=(y(1l)-h[1l])*freemodule(m), (y(2)-h[2])
*freemodule (m); module pre=Jdphim, P;

std(pre) ;

SINGULAR computes 13 generators for this Grobner basis, from which the first two
elements just depend on y;, y, and we map these elements with 1):

subst (std(pre) [1],y (1) h[1l],y(2),hl2]);
subst (std(pre) [2],y (1) ,h[1],y(2),h[2]);

The resulting module is given by
PN Kk, hol = (x{x; — x))K[hy, ho]*.
Finally we compute

matrix t=NF (alpha,std(pre));

()
»

which yields

and



280 C. Schilli et al.

subst (t,y(1),h[1],y(2),h);
gives us

of = (1) = <_2;‘21x2) € (a+P)NK[hy, hal*

3

Thus V is controlled and conditioned invariant and the whole set of admissible output
feedbacks is given by

-2
(@+P)NKlhy hol? = a* + PO K[y bl = ( ;2"‘2) + (xfx3 — ) KThi. hoT.
3

10.4.3 Rational Output Feedback

After the considerations in Sect. 10.3.2 it seems natural to investigate controlled
and conditioned invariance in the rational case. In the last part of this chapter, we
will again use the notations from Sect. 10.3.2 and restrict to the MISO case (multi
input, single output), i.e. p = 1, thus S = K[k] for a polynomial 2 € R \ K and
T = K[y] for a variable y. Let K (k) be the subfield of O = Quot(R) generated by
h, which means K () = Quot(S). Further we assume without loss of generality that
in control system (10.1), the given matrix g € R™*™ has full column rank over Q,
i.e. kerp(g-) = 0. Otherwise, let r := rank (g). We may rearrange the columns of
g such that g = (g1, g2), where g; € R"*" and rank(g;) = r. Then g, = g,V fora
matrix V with entries in Q and thus

gu = (g1, 92) (”1> = qiur + gauz = gi(uy + Vuo).
us \q,ﬂ_z
Instead of (10.1) we may consider the system
x(1) = f(x@) + g (x@)u(r), y) = h(x(1)),

where ¢; has full column rank.
Suppose now that the set A of rational admissible feedback laws is not empty.
Using this assumption and Lemma 4, we may write A as

A=a+ YN,

where o € A, N C RY is an R-module and Y € Q™4 Similarly as in the polyno-
mial case, we wish to determine the set
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O=ANKMW)" =@+ YN)NKHK)" =+ YNNKH)"),
where a* is one particular element of O.

For this, let us first state some properties of the subalgebra K[1]:

Lemma 6 (a) K|[h]isa PID.

(b) If p,q € K[y]\ {0} with deg(p) < deg(q) then deg(p o h) < deg(q o h).
(c) If pqg € K[h], where p € R,0 # q € K[h], then p € K[h].

Proof 1. The map

K[yl — K[h], p(y)+— p(h)

is a ring isomorphism, so K[y] = K[h] and since K[y] is a PID, K[h] is as well.
2. Let m = deg(p),n =deg(q) and ay,...,au,b1,...,b, € K,a, #0,b, #0
with p =Y ga;y',q =Y iy b;iy'. Then

deg(p o h) = deg (Z aihi) =m -deg(h) < n - deg(h) = deg (Z bihi) = deg(q o h).
(=0

i=0

3. Let r € K[h] satisfy r = pg. Then there are ¢, 7 € K[y] with ¢ = g(h) and
r = r(h). We wish to show that g/ = 7 for some / € K[y], which yields

pg =r =r(h) =q(h)l(h) = ql(h)

and thus p =1I(h) € K[h]. Since K[y] is a Euclidean domain, we may write
7 =gl + s forsomel, s € K[y] withs = 0 (which shows the assertion) or deg(s) <
deg(q). We have

r=r(h) =qh)lh) + sth) = ql(h) + s(h).
Now g|r implies g|s (k) and thus
deg(q o h) = deg(q(h)) = deg(q) < deg(s(h)) = deg(s o h),

which contradicts part 2. ]

Let us first take care of the case, where A/ is anideal of R,i.e.g = 1. Then P := YN
is a fractional ideal of R and we have

by by i Ck 1

2% — el )R C O,
4 a )R (¢ c)r €0

P=< E,...,z d

for some b;,d; € R\ {0},i =1,...,kandd =lem(dy, ...,dy) #0,¢; = % - b;.
In a first step we wish to compute generators for P N K (k). In order to do this,

consider the following construction: Let ¢ € R be a divisor of d. Since K[h] is a
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principal ideal domain, the ideal (e) g N K[h] is generated by one element s, € K [A].
Now s, € (e)g, so there is r, € R with s, = r,e. Further we define C, as the ideal
quotient of {(cy, ..., ck)g by (§>R~ Summarized:

d

(e)r NK[h] = (Se)kiny =€ (re)kmny and C, :=(c1, ..., C)r : <e>R-

Again, the ideal (r.C.) N K[h] is generated by one element k, € K[h] and k, = r.l,
for some/, € R, i.e.

(reCe) N K[h] = (ko) kiny = Telle) kin-

Finally let

0 ifr,=0
L, := ]
(leYkmy ifre # 0.

This construction yields the following result:

Lemma 7 We have

PNKGh) =Z[§|p eﬁe} = (lf leld Ykin-
eld

Proof The second equality is clear, we just prove the first one.

“2”: Since P N K (h) is closed under addition, it suffices to show {g |pel,}C
P N K (h) for every divisor e of d. Let e € R withe|d and 0 = p € L, (if L, =0
the assertion is clear). Then r, # 0 and r.L, C r.C, is equivalent to £, < C,, since
R is a domain. Thus p € C,, which implies

LYEN

= .e_ p d,...,d

u )k =P.
e

I

Now r.p € ro.L, € K[h] and r.e = s, € K[h] yield

.
P_TP o k.
e ree

“C”: Let0 # 3—1 Zle bic; € PN K(h), b; € R. Then there are n, r € R \ {0} satis-
fying

k
Z3 bic; € Klhland = -d € K[hl.
n n

i=1



10 Controlled and Conditioned Invariance for Polynomial ... 283

Let g = ged(n, r),n, 7 € R\ {0} with r = g7, n = gn. This yields

k

k
Zb,-c[ = %Zb,‘(‘,’ € K[l’l] and

i=l1 i=1

S| W
S| W

d=".deK[h.
n
Thus 7| Zf: , bic; and nn|d and we may define

e =

S| X

k
€ R\ {0} and p := %Zbici € R\ {0}.
i=1

Obviously e|d and

-k -
1 r rp p
sz ) bici=— =—.
.d ﬁZ ¢ re e

1 k
E;bici =

==

It remains to show p € £.. We have %~p =np € {cl,...,Ck)r, 50 p € C, and
. Foo 7
O#re=—=-ne=—=-de ey NK[h] = e(re)kn
n n

implies r, # 0 and 7 = ar, for some a € K[h]\ {0}. Further ar.p =7p € K[h].
Using Lemma 6, part (c), we may conclude r,p € K[h] and thus r.p € (r.C,) N
K[h] = r.L,., which shows p € L,. [ |

Theorem 7 In the situation above, assume P N K (h) # 0 and let
D :={ee R|eldand L, # 0}.
By Lemma 7, D # ) and we may define E := lcm(e, e € D) # 0. Then we have

1 lg
NKh) =—- = (— .
P (h) z Lg (E)K[h]

In particular, P N K (h) is a principal ideal over K [h].

Proof First note that, by the definition of the least common multiple, we have E|d.
Then the inclusion “2” follows from Lemma 7, so it is enough to prove “C”. We
start by showing (E)g N K[h] # 0. There exists 0 # r € R with ]_[eeD e =rFE and
for each e € D there is 0 # r, satisfying r.e € K[h] (otherwise L, would be zero
and thus e ¢ D). Then p =[], re # O fulfills
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prE =p[Je=]]recKin\ {0},

eeD eeD
which implies
E(re)kp = (E)r N K[h] 2 (prE) g # 0.

We conclude rg # 0. Now let 0 £ g € P N K (h) bem? (If | e € D)kpny- We write

l a .E.l
qzzae'fzz%v leEEegce
eeD eeD
for some a, € K[h]. If p:=) ,.par-£ -1, € Ly, theng =2 € L - Ly and we
are done.
Since%-le € {cy,...,cr)g forall e € D, we have
d d E d
E’pzf'zae’z'lcf:Zae';'lee (cl""rck>R’
eeD eeD

thus p € Cg. Now 0 # g € K (h) implies the existence of z,n € K[h] \ {0} with

P _TED
E rgE’

Using Lemma 6.3 and nrgp = zrg E € K[h], we conclude rgp € K[h]. This shows
rep € (I’ECE)OK[]’Z]I}’ELE and ﬁnallyp GﬁE. |
Example 6 For P = % - I, whered = xzyz3, I =(y,z)rand h = xz2, we look for
the intersection P N K (h).

ring R=0, (x,vy,2z),dp;
ideal I=y,z;

poly d=x2yz3;

ideal h=xz2;

Using Lemma 7, we consider some divisors of d. At first let e; = y. We use the
library ncdecomp.lib of SINGULAR:

LIB "ncdecomp.lib";
poly el=y;
IntersectWithSub(el,h);
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This yields (e;)r N K[h] = (y)r N K[h] = 0 and thus £, = 0. Now we take care
of ey = x2:

poly e2=x2;
IntersectWithSub(e2,h) ;
ideal Ce2=quotient(I,d/e2);

SINGULAR gives C,, = (1)g and (e2)g N K[h] = (x*2*) k) = x> (z*) k> thus we
put ., = z* and compute

IntersectWithSub(z4,h) ;

to get (7.,C.,) N K[h] = (x2z4)K[h] = z4(x2)1<[h], which finally yields £,, =
(x2)kn)- Analogous computations give L., = (z>)gp. In particular, this shows
P N K (h) # 0, so we may use Theorem 7 and set E = Icm(e,, e3) = x273. Going
through the same procedure as with e;, e3, we get the final result

1 1 1
PmK(h)chEzm()CZ)K[h]:x—ZzK[h]

Now we come back to the more general setting, where N is an R-submodule of RY.
Again, we may write

1
YNZE'<Cla-~-’Ck>R§Qm,

for some ¢; € R™ and d € R. Let P = (cy, ..., cx) € R™*. The next lemma
describes a way to compute (YN) N K (h)" = (5 -img(P-)) N K(h)™.

Lemma 8 For

Pt - Pk
Pml -+ Pmk

consider

1 l;
Pi .= {pit, ..., pik)r and (3 'Pi> NKh) = (Z)K[h],

1

where the elements e; are chosen such that e; divides d. Further define
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I
Li
tir=d-—€Rand T := € R™™.
€
Im

Then we have

1 1
YN)YNKHK)™" = (a -imR(P-)> NKHh)" = 7 T - (w(kerg((T, P))) N K[h]™),

where T denotes the projection onto the first m components.

Proof The first equality is clear, we will prove the second.
“c If% - Py € (% -img(P-)) N K(h)", we havefori =1,...,m

1 1 1 1
E'(PY)i=<E'P )'=E'(P51,---7Pik)'y€(3'731‘)01(01)

1

Thus, we can write

li
(Py)i=d-—-a; = tia,

1

for an element a; € K[h]. Stacking the g; in a vector a = (ay, ..., a,)" € K[h]"
yields
ha; 151 aj
Py = = | ¢ | =Taeimg(P-),
LG 173 am

and thus a € w(kerg((T, P)-)) N K[h]™. This finally shows

1 1 1
—Py=—=-Tae - -T-(wkerg((T, P)))NK[h]"),
d d d
which implies “C”.
“D”: Let a=(ay,...,a,)" € wkerg((T, P)-)) N K[h]",a; € K[h]. Then
Ta € img(P-) and thus }i -Ta € 5 -img(P-). Further we have

tia; =d - — -a; € dK(h),

l
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which yields
ha
! T ! : e K(h)"
— . Ta=—. : .
d d :
bnlm
Putting things together, we showed that 5 -Ta e (% -img(P-)) N K (h)™. |

For a characterisation of controlled and conditioned invariance in the rational
feedback case, let us shortly recapitulate some definitions made earlier in this
chapter: Let the R-module M = imgz(M-) € R" contain all admissible vector
fields and g € R"*" be such that kerg(k-) = img(g), where k satisfies img(-k) =
kerg(-g). Then there is Y € Q™*" with g = gY (see Lemma 2) and we defined
N = 7w(kerg(M, —3)-)). We wish to find a* € O = (Yo + YN) N K (h)™, where
«a € R" is such that @ = Ya € Q™ is admissible for (10.1).

Example 7 Let & = Y425 with r € R\ (y) arbitrary, d = x?yz’, h = xz* and

YN = 5 -{y, 2)r (see Example 6, YN = P). We claim & ¢ K (h): If & = 5 for

some p, q € K[h], then rx?z%>q = y(pz — q). Since y { r, we must have y | ¢ and
thus g ¢ K[h], which is a contradiction. But we have

i z o y+ra’?—rx?2 1
a—xzyz3~rx = Ty —x2Z4—h—2€K(h)ﬂ(Oz+YN).
————
eYN
Thus, we may choose a* = X21Z4 to get
6 1 1
O=@+YN)NKHh) =a* +YNNKHh) = —— + — - K[h].
X2z Xz

The following notations and constructions will be useful to find * in any situation:

(a) Let N = (ny,...,n)g C R".
(b) We may write Y = % -U forsomed € R, U € R™*".
(c) Use Lemma 8 to compute

1 1
(Yayp + YN)NKM)™ = (E ((Ua)g +U./\f)> NKMh™ = . (s I kms

where I; € R™, e € R with e|d. Further define
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d d
SQZI UO[,Unl,...,UI’lk,—'l],...,—-ll
e e

and S, := kerg(S,).

Theorem 8 The following statements are equivalent:

(a) There exists & € K (h)™ with f + ga € M.

(b) Thereis o € R" with f +ga e Mand® # (Yo +YN) N K(h)™.
1

(c) Thereisa € R" with f + ga € Manda € R* b e K[h] suchthat | a | € S,.
b

Proof 1. = 2.:Leta € K(h)" with f 4+ g& € M. Using Lemma 3, thereis € R"
satisfying f + ga € M. Then we have

M> f+ga—f—ga=ga—g¥a=g@a-—"Ya),
and since ker (g-) is assumed to be zero, Lemma 4 implies
a—Yae{ae Q" |ghe M) =YN.

This shows & € (Ya + YN) N K (h)™.

2. = 3. If
deYa+YN)NKH)" = (é Ua+ é : UN) N KHh)"
1 o1
c (g((UOC)R +U/\f)> NKMm™ = o (- Ik

then there are a; € R, b; € K[h] with

k t
~ 1 1 1
a=5~UOZ+E'UE ainizzizglbili.

i=1
Setting a := (ay, ...,ar), b := (b1, ..., b), this is equivalent to

k ' 1
d

OZUOJ—FUE aii’l,‘——g bil; =8,1al,
e

i=1 i=1 b
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1
and thus | a | € kerg(S,-) = Sa.
b
3.= 1.:Leta € R" with f 4+ ga € M. Fora € R*, b; € K[h] such that

1 k t
d
0=S,|a|=Ua+U) ami+=> b, (10.19)
b i=1 S
we define
1 1 k
a::E-Ua+2~UlZ_1:a,-ni.

Then (10.19) implies

1< o1 1 a
K(h)mB—Eig;bilizazE-Ua+E~UZainieYa+YN.

i=1

It remains to show f 4+ ga € M. Since Zle ain; € N = m(kerg((M, —3)-)) there
is x with entries in R such that

k
~ X ~
OZ(Ma_g) <Zk a )ZMX—g§ an;,
i=1

i=1Gili

and thus § Zle a;n; € M. This yields

k

k
~ 1 1
f+ga:f+g-E-Ua+g-g~U§a,-n,-:f—}-gYa—i—gYi;ain,-
k
=f+§a+gYZa,-n,- eM,
' i=I
eM . ,
eM

which finishes the proof. ]

Finally, we describe a way how to find elements in S, satisfying condition 3. in
Theorem 8 (if this is possible at all).
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Consider an R-module
q
S = imR Al- ,
B

where g € Rk A € R"**, B € R"*. We wish to find the set

1
T:=3|a]leS|aecR beK[h]
b

We use the following construction to do the task:

@) If {u € R* | qu = 1} = ¥, then T = @ (see Lemma 9 below).
Otherwise, letu* € R* withqu* = 1and C € R**" satisfyimg(C-) = kerg(q-).
Then

{u € R¥| qu = 1} = u* + img(C-). (10.20)
Proof If u = u* + Cx,thenqu = qu*+qCx =14+0=1.

For the other inclusion let u € R* with qu =1 = qu*. Then g(u —u*) =0
implies u — u* € kerg(g-) = img(C-) and thus g € u* + img(C"). [ |
(b) Let

O := (Bu* +img(BC-)) N K[h]".

If O = @, then7 = { (see Lemma 9 below). Otherwise let b* = Bu* + BCx™* €
O for some x* € R". Then we have

O = b* + (img(BC-) N K[h]") = b* + imgp (H-), (10.21)

for some H € K[h]™*". There exists D € R"*" with H = BCD.
(¢c) Let E € R"™** with img(E-) = kerg(BC").
Lemma 9 The following statements are equivalent:

(a) T £ 0.
(b) There exist u* € R* with qu* = 1 and b* € O and
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1 0 0
T =|Au*+ ACx* —i—imK[h] ACD | - | +impg ACE
b* H 0

Proof 2. = 1.: We have

q qu* 4+ qCx* 1
S |A| W +Cx*) = | Au*+ ACx* | = | Au* + ACx* | € T.
B Bu* + BCx* b*
1 q
.= 2:Let lal|=|A]|xe7. Then gx =1, so u* exists and according to
b B
(10.20)

B #{ueR|qu=1)=u*+img(C-) > x,
ie.x =u* 4 Cy for some y € R". Now b € K[h] implies
b= Bw*+ Cy) = Bu*+ BCy € K[h] N (Bu* +img(BC-)) = O # @,

and thus b* = Bu* + BCx* € O exists, where x* € R". From (10.21) above we
conclude b € O = b* + img ) (H ), so there is z € K[h]" with

Bx = Bu*+ BCy=b=0b*+ Hz = Bu*+ BCx* 4+ BCDz.
This yields 0 = BC(y — x* + Dz), so
y € x*+ kerg(BC-) + imK[h](D~) =x*+ img(E-) + imK[h](D~).

We may write y = x* + Ew — Dz for some w € R®. Finally, we obtain

1 q q qu* +qC(x* 4+ Ew — Dz)
al=1A]lx=|A]| W +Cy)=| Au*+ ACx*+ ACEw — ACDz
b B B Bu*+ BCx*+ BCEw — BCDz
1 0 0
= | Au*+ ACx*| — | ACD | z+ | ACE | w.
b* H 0

This shows “C”.
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For the other inclusion let x € K[k]" and y € R®. We have

1 0 0 1
Au* + ACx* | + |ACD | x+ | ACE | y = | Au* + ACx™ + ACDx + ACEy
b* H 0 b* + Hx
q
=|A] W+ Cx*+CDx+CEy) €S,
B

and thus, since b* + Hx € K[h], the term above is also in 7. |

Concluding Remarks

Given a variety V and a polynomial control system, the methods in this chapter allow
us to decide whether V is controlled invariant for the system with polynomial and
rational feedback laws. The controlled and conditioned invariance is fully charac-
terised in the polynomial feedback case, but only for single output systems in the
rational setting. The general case with arbitrary many outputs is, up to now, an open
problem. Nevertheless, we expect the algebraic tools of intersecting an affine ideal
with a subalgebra (or an affine fractional ideal with a subfield with one generator,
resp.) to be useful in other algebraic disciplines as well. Further, the investigation of
invariant varieties for rational vector fields is another topic for future research.
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Chapter 11 ®)
A Note on Controlled Invariance R
for Behavioral nD Systems

Ricardo Pereira and Paula Rocha

Abstract In this chapter we extend the notion of invariance of nD behaviors intro-
duced in Pereira and Rocha (European Control Conference 2013, ECC’13. ETH
Zurich, Switzerland, pp. 301-305, 2013) [4], Rocha and Wood (Int. J. Appl. Math.
Comput. Sci. 7(4):869-879, 1997) [7] to the controlsetting. More concretely, we
introduce a notion which is the behavioral counterpart of classical controlled invari-
ance, using the framework of partial interconnections. In such interconnections, the
variables are divided into two sets: the variables to-be-controlled and the variables
on which it is allowed to enforce restrictions (called control variables). In particu-
lar we focus on regular partial interconnection, i.e., interconnections in which the
restrictions of the controller do not overlap with the ones already implied by the
laws of the original behavior. For some particular cases, complete characterizations
of controlled invariance and controller construction procedures are derived for both
1D and nD behaviors.

Keywords Autonomous behavior - Controllable - Controlled-invariant -
Implementable - Invariant - Minimal left annihilator - Partial interconnection

11.1 Introduction

In this chapter we deal with the concept of controlled invariance. Similar to what
happens for state space systems, controlled invariance means “invariance after con-
trol”. In the behavioral approach, control is nothing but interconnecting (intersect-
ing) a given behavior with a suitable controller behavior in order to obtain a desired
controlled behavior. This can be done essentially in two ways, namely by full inter-
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connection (where all the system variables are available for control) or by partial
interconnection (where the variables are divided into to-be-controlled variables and
control variables, [2, 12]). Here we only consider the case of control by partial
interconnection.

In particular, we are interested in regular controllers which are characterized
by imposing restrictions on the control variables that do not overlap with the ones
already implied by the laws of the original behavior.

Invariance in the behavioral context was introduced in [4]. Here we use a sightly
different definition which is equivalent to the original one in the 1D case. Roughly
speaking, a sub-behavior V of a behavior B is said to be B-invariant if the freedom
of the trajectories of B is “captured” by V. Here we extend this notion of invariance
to the control setting.

The chapter is organized as follows: in Sect. 11.2 we introduce the relevant pre-
liminaries on behaviors, and the problem of control by partial interconnection is
addressed in Sect. 11.3. Finally, in Sect. 11.4, we define and characterize the con-
trolled invariance of a given behavior.

11.2 Preliminaries

In the behavioral approach [11] a dynamical system is defined as a quadruple ¥ =
(T, W, U, B), where T is the time axis, WV is the signal space, and the behavior BB
is a subset of a universe Y ¢ WT = {f : T — W). The elements of B are called
trajectories.

In this chapter we will consider nD behaviors B defined over the continuous nD
domain R” that can be described by a set of linear partial differential equations, i.e.,

B =ker H()) := {z EZ/{:H(Q)z=0},

whereld = C*® (R", RY),forsomeqg € IN,d = (9, ..., 0,), the J; s are the elemen-
tary partial differential operators and H (s), with s = (sq, ..., $,), is an nD polyno-
mial matrix, i.e, H (s) belongs to the set R**9[s] of ¢ x g matrices with entries in the
ring R[s] of nD polynomials. Such matrix is known as a (kernel) representation of
B. We shall refer to these behaviors as kernel behaviors or simply as behaviors. For
short, whenever the context is clear we omit the indeterminate s and the operator 0.

Note that different representations may give rise to the same behavior. In particular
ker H = ker UH for any unimodular nD polynomial matrix U. Moreover, B; =
ker Hy C B, = ker H, if and only if there exists an nD polynomial matrix H such
that H, = HH;.

Instead of characterizing B by means of a representation matrix H, it is also
possible to characterize it by means of its orthogonal module Mod (BB), which consists
of all the nD polynomial rows r such that B C ker r, and can be shown to coincide
with the polynomial module generated by the rows of H, i.e., Mod(8) = RM(H),
where RM stands for row module, see [13] for details.
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In this paper, the notion of autonomy plays an important role. Although there are
several (equivalent) ways of defining this property, here we simply define autonomy
as the absence of free variables. Given a behavior 3 in the universe ./ = C* (R", R%)
and trajectories w with components w;, i € {1, ..., g}, w; is said to be a free variable
of B if

Yw! € C* (IR”,IR), Jw € Bs.t.w; = w;.

Definition 1 An nD behavior B with a kernel representation is called autonomous
if B has no free variables.

The next proposition provides a characterization of autonomy in terms of kernel
representations. This was proven in [7, 15] for the discrete domain case, but the
proofs are also valid in the case of continuous domains.

Proposition 1 Given an nD behavior B = ker H, then B is autonomous if and only
if the nD polynomial matrix H has full column rank.

The following notion introduced in [16] is helpful to characterize the property of
controllability for behaviors.

Definition 2 An nD polynomial matrix H (s) is called generalized factor left prime
(GFLP), if the existence of a factorization H = D H; (D not necessarily square) with
rank(H) = rank(H;) implies the existence of an nD polynomial matrix E such that
H =EH.

Roughly speaking, a system over R” is controllable if its trajectories can be indepen-
dently specified on any two open subsets of the domain R" with disjoint closures [5,
8]. In the 1D case, this corresponds to the possibility of linking any known past tra-
jectory to any desired future trajectory [11]. In [16], controllability was characterized
as stated next.

Proposition 2 Consider an nD behavior B = ker H. Then, B is controllable if and
only if H is GFLP

Another important concept introduced in [16] is the one of left-coprime factorization.

Definition 3 Two nD polynomial matrices D and N with the same number of rows
are said to be left-coprime if the block matrix X = [N —D] is GFLP.

Definition 4 A pair of nD polynomial matrices (D, N) is a left-coprime factoriza-
tion of the nD rational matrix G if DG = N, D has full column rank and D and N
are left-coprime.

Minimal left annihilators will be relevant in the sequel and are defined as follows [16].

Definition 5 Let H € R9*9[s]. Then X € R™*Y[s] is called a minimal left annihi-
lator (MLA) of H if the following conditions hold:

(a) X is aleft annihilator of H,i.e., XH = 0.
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(b) If X1H =0, with X; € R?*9[s], then X; = M X, for some nD polynomial
matrix M.

It is shown in [16, Theorem 9] that.

Theorem 1 Given an nD polynomial matrix M = [%1] with My square and non-
2

singular, (D, N) is a left-coprime factorization of G = Mszl if and only if
X =[N —D] isan MLA of M.

In [3], Oberst showed that the quotient of two behaviors admits the structure of a
behavior (see also [13, 14]). Indeed, if B and B’ are behaviors such that 5’ C B,
choosing a kernel representation H’ of B’ the following isomorphism holds:

B/B = H'(B).

The kernel representation of the quotient of two behaviors can be related with the
kernel representations of the latter as stated in the following result, [8].

Proposition 3 Let B C B be two nD behaviors, where B =ker H' and B =
ker EH', for some nD polynomial matrices H and E. Let C be an MLA of H’',

and set
E
=[]

Then B/B' = ker L. In the case where H' has full row rank, B/B = ker E.

The sum of two behaviors B, and B, is defined as
B+ By :={z: 3z; € By,3z, € B, : z = 21 + 22},

and is clearly the smallest behavior containing both B; and B;. A kernel representa-
tion of the sum of two behaviors was derived in [8], (see also [10]).

Proposition 4 Let B = ker H and B = ker H be two nD behaviors and [C C| be
H — _
an MLA of [ﬁ] Then CH = —C H is a kernel representation of B + B.

11.3 Control by Partial Interconnection

In the behavioral approach, to control a behavior we should impose suitable restric-
tions to its variables in order to obtain a new desired behavior. This is achieved by
interconnecting (intersecting) the given behavior with another behavior called con-
troller. Two situations can be considered, namely full interconnection (where all the
system variables are available for control) and partial interconnection (where the
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variables are divided into fo-be-controlled variables and control variables, [2, 12]).
Here we only consider the case of control by partial interconnection.

In the sequel we denote the to-be-controlled variables by w and the control vari-
ables by c. We assume that the joint behavior of these variables, i.e., the (w, c)-
behavior, is given as:

Bw.ey = {(w,c) e U x U | R@)w = M)}, (11.1)

where, forg € IN, U< := C*(R", R?) and R(s) € RY*"[s], M (s) € R9*[s] are nD
polynomial matrices.

The w-behavior induced by B, ), i.e, By = my (B(w,c)), where 7, denotes the
projection into U", is obtained by eliminating ¢ from the equation R(Q)w = M (9)c,
which is achieved by applying to both sides of the equation a minimal left annihilator
L(0) of M (). This yields B,, = ker(LR).

The control action then consists in restricting the behavior of the control vari-
ables ¢ in order to obtain a desired effect on w, this is, given a behavior to be
controlled B, ) C U™ x U and a desired behavior D,, C U", a controller behav-
ior C. C U° (givenby C. = {c e U° : C(Q)c = 0} = ker C, for some adequate nD
polynomial matrix C(s)) has to be determined such that

Dy = T (Baw.oy NClipy) - (11.2)
where C(,, , stands for the lifted behavior
Clw.ey = {(w,c) eU” x U | wis free and ¢ € C,}.

If (11.2) holds, we say that D,, is implementable by partial interconnection from
B(w,c)-

Regular controllers play an important role in this context. They are characterized
by imposing restrictions on the control variables that do not overlap with the ones
already implied by the laws of the original behavior B, ).

Partial interconnection with a regular controller is called regular partial intercon-
nection. In terms of the nD polynomial matrices R(s), M (s) and C(s) that describe
the to-be-controlled behavior B, . and the controller C., the regularity of the cor-
responding partial interconnection is equivalent to the following condition:

R(s) M(s)

rank|: 0 Cls)

} = rank [R(s) M(s)] + rank [0 C(s)].
In terms of modules, the previous equation is equivalent to
Mod(Bw,¢)) N Mod(C(, ) = {0}.

Thus, every controller C. = ker C is regular if the nD polynomial matrix R(s) has
full row rank. In turn, this condition means that all the control variables are free in
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the to-be-controlled behavior By, .. The case where R(s) is not full row rank will
also be treated, but leads to more cumbersome computations.

It is not difficult to see that only sub-behaviors D,, of B, are implementable
from B, ) by partial interconnection. Moreover, the smallest sub-behavior of 5,
implementable by partial interconnection is clearly obtained by setting all the control
variables to be zero. This gives rise to the behavior

Nw = {w e’ | (w, O) € B(w,c)} s

whose kernel representation is \V,, = ker R, known as hidden behavior, [12]. As the
following result shows, A, plays an important role in the characterization of (the
possibility of) implementation by partial interconnection (see [2, 6, 8, 9] for details).

Proposition 5

(a) An nD behavior D, is implementable from By, ., by partial interconnection if
and only if Ny, C Dy, C By.

(b) A 1D behavior D,, is implementable from B, ¢, by regular partial interconnec-
tion if and only if

N, € D, C By, and B, /D, is controllable.

11.4 Behavioral Controlled-Invariance

Before introducing the notion of behavioral controlled-invariance, following [4, 7]
we adopt the next definition for behavioral invariance.

Definition 6 Given an nD behavior ,,, a sub-behavior V,, of B, is said to be 3,,-
invariant if the quotient behavior B,, /), is autonomous.

Since autonomy is the absence of free variables, this intuitively means that all the
freedom of the trajectories of B, is captured by V.
By Propositions 1 and 3 the following corollary is immediate.

Corollary 1 Let V,, C B, be two nD behaviors, where V, =kerV and
B, =ker EV, for some nD polynomial matrices V and E, with V full row rank.
Then Vy, is By, -invariant if and only if E is full column rank.

Example 1 Consider the 2D behaviors B,, = ker R and V,, = ker V with

R=[1-sfs—s1] and V=|:1+S1 S2i|.

0 51

Note that R = EV, with E = [1 —s; 52 — 1], and s0 V,, C B,,. Since E is not fer,
by Corollary 1, V,, is not B,,-invariant.
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Example 2 Consider the 2D behaviors B,, = ker R and V,, = ker V with

[ t=st d=s0 4 _
R_[(1+s1)(l—sz) 1= 2 and V =[1+s1 1+5)].
1—S1

We have that V,, C B, because R = EV with E = [1 .
— 5

]. Since E is fcr, by

Corollary 1, V,, is B, -invariant.
In the previous setting, controlled-invariance is defined as follows.

Definition 7 Let B, ) C U x U be an nD behavior. A sub-behavior V,, of the
induced w-behavior B,, C U" is said to be By, ¢)-controlled-invariant if there exists
a behavior D,, implementable by partial interconnection from B, ¢), such that V,, C
D,, and V), is D,,-invariant.

As expected, not every sub-behavior of 5, is controlled-invariant. Indeed, if D, is
implementable by partial interconnection from B, ), then, by Proposition 5, D,,
must contain N,,.

Now, if in particular V,, C NV, C B,, is a sub-behavior which is not NV, -invariant,
then V,,/V,, is not autonomous, and hence neither is D,, /V,,, as it contains Ny, /V,,.
Therefore, by Definition 6, the following result holds.

Proposition 6 Ler B, ) CU" x US be an nD behavior. Then, if V,, C Ny:
Vi is Bw.c)-controlled-invariant < V,, is Nyy-invariant.

The general case, i.e., when V), is not necessarily a subset of \V,,, will be treated in
the sequel by considering two distinct cases.

11.4.1 The Case Where R Is Full Row Rank

In this section we assume that the matrix R(s) of the (w, c)-behavior descrip-
tion (11.1) is a full row rank polynomial matrix. Recall that, in this case, every
partial controller is regular and hence implementability by partial regular intercon-
nection simply reduces to implementability by partial interconnection. The following
characterization of controlled invariance then holds for nD behaviors.

Proposition 7 Let B,y C U™ x U be an nD behavior and V,, C B,,. Then:
Vy is By,c)-controlled-invariant < B, /Vy is autonomous,

where By, := N,y + V.
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Remark I Note that B,, := N,, + V, is the smallest implementable behavior by
partial interconnection from 5, ., containing V,,. Thus, in this case, V,, is By ¢)-
controlled-invariant if and only if V,, is invariant with respect to the smallest imple-
mentable behavior that contains it.

Proof of Proposition 7. “«<” Assume that B, /V, is autonomous. Then, by
Definition 6, V,, is By,-invariant. On the other hand, since N,, C By, := N, + V.,
B,, is implementable from Bw.¢) by partial interconnection. By Definition 7 this
means that V,, is B, ¢)-controlled-invariant.

“=" Assume that V,, is B, -controlled-invariant. This implies, by definition,
that there exists a behavior D,, D V), which is implementable by partial intercon-
nection from B, ) and such that V,, is D, -invariant. So, by Definition 6, D,,/V,,
is autonomous. Moreover, the achievability of D,, implies that N, C D,,. Thus
By =N, +V, C D, and B, /Vw C Dy /Vy. Since D,,/V,, is autonomous then
the same applies to B,/ V. (]

Given an nD behavior By,), the following procedure shows how to construct a
controller C. that implements B,, by partial interconnection from By, ). Let B, ) be
given by (11.1) and C. = ker C such that B,, = 7, (B(w,@ N CE“w,C)>. Let also V,, =
ker V, N, = ker R. Note that, since B, =N, +V, =ker R +ker V, it follows
from Proposition 4 that B,, = ker F with F = AR = BV and [—A B] an MLA of

)

We show next that C = AM yields the desired controller, i.e., that Ew is the

w-behavior described by
R M
|:O:|w:|:AM]C' (11.3)

It is not difficult to see that [g _OI], where L is an MLA of M, is an MLA of

|: AA14V11| and so the w-behavior corresponding to (11.3) is

L 0 R LR —= —
ker|:A _Ij| I:Oj| :ker|:AR:| =ker LRNker AR = B, N B, = By,

since B, C B,,.

The next results provide a characterization of controlled invariance in terms of
the matrix representations associated with the relevant behaviors, in the case where,
besides R, also the representation matrix V of V,, has full row rank.

Proposition 8 Consider the nD behaviors V,, = ker V, N, =ker R, with R and V
full row rank, and B,, = N,y + V,,. Then
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rank |:‘1§i| =rank R < B,,/V, is autonomous.

Proof As noticed before, B,, = ker F with F = AR = BV and [-A B] an MLA

of |:‘1§:| Moreover, by Proposition 3, B,,/V,, ~ ker B.

“«” Assume that B,,/V, is autonomous. Since, by hypothesis, R has full row
rank, there exists a square nonsingular nD rational matrix U such that RU = [Rl O],
with R square and non singular. Thus

HESIEAL

for a suitable partition of VU. Since [-A B]is an MLA of |:V

the fact that B3, /V,, is autonomous implies that B is full column rank and so V, = 0.
Hence, taking into account that R; is square and nonsingular

i| then BV, =0. But

rank RI_ rank Rl _ rank Ry = rank [R; 0] = rank RU = rank R.
1% Vi

“="" Assume now that rank [5] = rank R. Then if U is a square nonsingular nD

rational matrix such that RU = [Rl O] with R; square and nonsingular, VU must be
oftheform VU = [Vl O]. Moreover, it is possible to define U in such a way that both

R 0

R and V) are polynomial matrices. Now, rank |:§i| = rank [V 0
1

i| and obviously

R,

[-A B]isanMLA of |:‘I§i| if and only if it is an MLA of |:V
1

} . Now, it follows from

Theorem 1 that [A —B] is an MLA of [51] if and only if the pair (A, B) is a left
1

coprime factorization of G; = ViR 1_1 which in turn implies that B has full column
rank. Finally, since B,,/V,, > ker B we conclude that B,,/V,, is autonomous. O

The following corollary is an immediate consequence of the previous results.

Corollary 2 Consider the nD behavior B, ¢, described by Rw = Mc, let B,, =
Tw (B(w,c)) and V,, = ker V C B,,. Moreover assume that R and V have full row
rank. Then

Vi C By, is By, c)-controlled-invariant <> rank |:V

R:| =rank R.
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11.4.2 The Case Where R Is Not Full Row Rank

When the matrix R(s) of the (w, ¢)-behavior description (11.1) is not full row rank,
a characterization of controlled-invariance for general nD systems is still a subject
under investigation. However, in the 1D case it is possible to obtain some results
taking advantage of Proposition 5(b), which allows to convert the problem of imple-
mentability by regular partial interconnection, involving the variables w and c, to a
problem stated only in terms of w-behaviors.

Proposition 9 Let B, be a 1D behavior described by Rw = Mc, B, =
Tw (B(w,c)) and V,, =kerV C B,,. Then

Vo is By, c)-controlled-invariant < 3D, C B, such that:

o N, w+ Vi C Dy
e B,,/D, controllable;
e D,,/V, autonomous.

Proof “«” The existence of D,, C B,, such that N}, +V,, C D,, and B,,/D,, con-
trollable implies, by Proposition 5(b), that D,, is implementable from B, . by
regular partial interconnection. Moreover, by hypothesis, D,,/),, autonomous and
so, by Definition 6, V,, is D,,-invariant. Hence, V), is B, ¢)-controlled-invariant by
definition.

“=" The proof is analogous. O

Note that when w is observable from c (i.e., if ¢ = 0 implies w = 0), N, = {0}
and the conditions of the previous proposition amounts to the existence of an “inter-
mediate” behavior D,,, with V,, € D,, C B, such that 3,,/D,, is controllable and
D, /Vy is autonomous.

Example 3 Consider the state space system

X = Ax + Bu
{y:Cx
with
1-11 00
A=|023|,B=[10]and C=[100],
104 01

and let By, ) be described by Rw = Mc, where

d
LI —A BO u

R=]a ,w=x, M= and ¢ = .
[ ¢ } [01} M
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It is easy to check that
B, =ker[4£ —11-1] and N, = {0}.

Let V, C B, be described by V,, = ker V with

10 0
V:[01—1]'

Is follows that V), is By, .)-controlled-invariant. Indeed, considering the behavior

d d
£ —-11 -1 £ —-100

— dt — ar
Dw_ker|: 0 —1 1]_ker|: 0 _11:|,

clearly V,, ¢ D,, C B, and moreover
B, /D, = ker [1 O] is controllable

and
d

Dy /Vw = ker |:E 0_ ! }] is autonomous.

Recall that in the classical state-space setting [1] a subspace V of the state space
X is said to be (A, B)-controlled invariant if

AV CV+im B.

Considering the matrices A, B and V of the previous example, straightforward cal-
culations show that V = ker V is also (A, B)-controlled invariant as a subspace of
the state space X = R?.

11.5 Conclusions and Future Work

In this chapter, controlled invariance in the context of nD behavioral systems has
been introduced and characterized. The case where every controller is regular was
completely characterized, including the construction of the controllers that achieve
invariance, while in the case where the controllers are not necessarily regular only
preliminary results for 1D systems were given. The overall problem of behavioral
control invariance for nD systems is under current investigation. In this case the
situation is considerably more involved, as the regularity of the partial interconnection
cannot in general be assumed without loss of generality.
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