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Abstract: The purpose of this paper is to give four new applications of the Quillen-Suslin theorem to
mathematical systems theory. Using a constructive version of the Quillen-Suslin theorem, also known
as Serre’s conjecture, we show how to effectively compute flat outputs and injective parametrizations
of flat multidimensional linear systems. We prove that a flat multidimensional linear system is alge-
braically equivalent to the controllable 1-D dimensional linear systems obtained by setting all but one
functional operator to zero in the polynomial matrix defining the system. In particular, we show that a
flat ordinary differential time-delay linear system is algebraically equivalent to the corresponding ordi-
nary differential system without delay, i.e., the controllable ordinary differential linear system obtained
by setting all the delay amplitudes to zero. We also give a constructive proof of a generalization of
Serre’s conjecture known as Lin-Bose’s conjecture. Moreover, we show how to constructively compute
(weakly) left-/right-/doubly coprime factorizations of rational transfer matrices over a commutative
polynomial ring. The Quillen-Suslin theorem also plays a central part in the so-called decomposition
problem of linear functional systems studied in the literature of symbolic computation. In particular,
we show how the basis computation of certain free modules, coming from projectors of the endomor-
phism ring of the module associated with the system, allows us to obtain unimodular matrices which
transform the system matrix into an equivalent block-triangular or a block-diagonal form. Finally,
we demonstrate the package QUILLENSUSLIN which, to our knowledge, contains the first implemen-
tation of the Quillen-Suslin theorem in a computer algebra system as well as the different algorithms
developed in the paper.

Key-words: Constructive versions of the Quillen-Suslin theorem, Lin-Bose’s conjecture, multidi-
mensional linear systems, flat systems, (weakly) doubly coprime factorizations of rational transfer
matrices, factorization and decomposition of linear functional systems, symbolic computation.
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Applications du théoreme de Quillen-Suslin a la théorie des
systemes multidimensionnels

Résumé : Le but de ce papier est de donner quatre nouvelles applications du théoréeme de Quillen-
Suslin a la théorie mathématique des systemes. A ’aide d’une version constructive du théoreme de
Quillen-Suslin, aussi connu sous le nom de conjecture de Serre, nous montrons comment calculer de
maniere effective les sorties plates et les paramétrisations injectives des systémes linéaires multidimen-
sionnels plats. Nous prouvons que tout systeme linéaire multidimensionnel plat est algébriquement
équivalent aux systémes linéaires 1-D contrélables obtenus par annulation de tous les opérateurs fonc-
tionnels sauf un dans la matrice polynomiale définissant le systéme. En particulier, nous montrons que
tout systéme linéaire différentiel a retard plat est algébriquement équivalent au systeme différentiel
sans retard, c’est-a-dire, au systéme linéaire contrélable d’équations différentielles obtenu en annu-
lant les amplitudes des retards. Nous donnons aussi une preuve constructive d’une généralisation de
la conjecture de Serre appelée conjecture de Lin-Bose. De plus, nous montrons comment calculer
de maniere effective des factorisations (faiblement) copremieres a gauche et a droite de matrices de
transfert rationnelles sur une algebre commutative de polynoémes. Le théoreme de Quillen-Suslin joue
aussi un role important dans I’étude du probleme de décomposition des systémes linéaires fonction-
nels étudié dans la littérature du calcul formel. En particulier, nous montrons comment le calcul
de bases de certains modules libres, provenant de projecteurs de I’anneau des endomorphismes du
module associé au systéme, nous permet de calculer des matrices unimodulaires qui transforment la
matrice du systéme en une matrice équivalente ayant une forme bloc-triangulaire ou bloc-diagonale.
Finalement, nous décrivons le logiciel QUILLENSUSLIN qui, a notre connaissance, contient la premiere
implémentation du théoreme de Quillen-Suslin dans un systeme de calcul formel, ainsi que les différents
algorithmes obtenus dans le papier.

Mots-clés : Versions constructives du théoreme de Quillen-Suslin, conjecture de Lin-Bose, systémes
lindaires multidimensionnels, systémes plats, factorisations doublement (faiblement) copremieres de
matrices de transfert rationnelles, factorisation et décomposition des systeémes linéaires fonctionnels,
calcul formel.
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1 Introduction

In 1784, Monge studied the integration of certain underdetermined non-linear systems of ordinary
differential equations, namely, systems containing more unknown functions than differential indepen-
dent equations ([31]). He showed how the solutions of these systems could be parametrized by means
of a certain number of arbitrary functions of the independent variable. This problem was called the
Monge problem and it was studied by famous mathematicians such as Hadamard, Hilbert, Cartan
and Goursat. In particular, motivated by problems coming from linear elasticity theory, Hadamard
considered the case of linear ordinary differential equations and Goursat investigated underdetermined
systems of partial differential equations. We refer the reader to [3I] for a historical account on the
Monge problem and for the main references.

Within the algebraic analysis approach (2] 211, [30} B5]), the Monge problem was recently studied
for underdetermined systems of linear partial differential equations in [21] [35], [44] [45] [46] and for linear
functional systems in [5, [6] (e.g., differential time-delay systems, discrete systems). Depending on the
algebraic properties of a certain module M defined over a ring D of functional operators and intrinsi-
cally associated with the linear functional system, we can prove or disprove the existence of different
kinds of parametrizations of the system (i.e., minimal or injective parametrizations, non-minimal
parametrizations, chains of successive parametrizations). Constructive algorithms for checking these
algebraic properties (i.e., torsion, existence of torsion elements, torsion-free, reflexive, projective, sta-
bly free, free) and computing the different parametrizations were recently developed in [5, [44] [45], 46],
implemented in the package OREMODULES ([, [6]) and illustrated on numerous examples coming from
mathematical physics and control theory ([, [6]). Finally, we proved in [5, [44] 45] [46] how the Monge
problem gave answers for the search of potentials in mathematical physics and image representations
in control theory ([41] [42] [65, [66]).

The last results show that the Monge problem is constructively solved for certain classes of linear
functional systems up to a last but important point: we can check whether or not a linear functional
system admits injective parametrizations but we are generally not able to compute one even if some
heuristic methods were presented in [5 [44] [45]. Indeed, the existence of injective parametrizations for
a linear functional system was proved to be equivalent to the freeness of the corresponding module
M. In the case of a linear functional system with constant coefficients, the corresponding ring D of
functional operators is a commutative polynomial ring over a field k£ of constants. Using the famous
Quillen-Suslin theorem ([56], [58]), also known as Serre’s conjecture (|24, 25]), we then know that free
D-modules are projective ones. Using Grobner or Janet bases ([5, [11], [44]), we can check whether or
not a module over a commutative polynomial ring is projective. See [3, 11l 20] and the references
therein for introductions to Janet and Grobner bases. Hence, we can constructively prove the existence
of an injective parametrization for a linear functional system. However, we need to use a constructive
version of the Quillen-Suslin theorem ([I5] 19, 23] 27, 29] 37, 611, 62]) to get injective parametrizations
of the corresponding system.

The main purpose of this paper is to recall a general algorithm for computing bases of a free
module over a commutative polynomial ring, give four new applications of the Quillen-Suslin theorem
to mathematical systems theory and demonstrate the implementation of the QUILLENSUSLIN pack-
age ([13]) developed in the computer algebra system MAPLE. To our knowledge, the QUILLENSUSLIN
package is the first package available which performs basis computation of free modules over a commu-
tative polynomial ring with rational and integer coefficients and is dedicated to different applications
coming from mathematical systems theory.

More precisely, the plan of the paper is the following one. In the second section, we recall how the
structural properties of linear functional systems can be constructively studied within the algebraic
analysis approach as well as different results on the Monge problem. A constructive version of the
Quillen-Suslin theorem, which is the main tool we use in the paper, is presented in the third section
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4 A. Fabiariska € A. Quadrat

and the implementation is illustrated on many examples in the Appendix of the paper. We also
describe some heuristic methods that highly simplify the computation of a basis of a free module over
polynomial ring in certain special cases. The constructive version of the Quillen-Suslin theorem and,
in particular the patching procedure, gives us the opportunity to make a new observation concerning
linear functional systems which admit injective parametrizations also called flat multidimensional
systems in mathematical systems theory. In the fourth section, we prove that a flat multidimensional
system is algebraically equivalent to a 1-D flat linear system obtained by setting all but one functional
operator to zero in the system matrix. This result gives an answer to a natural question on flat
multidimensional systems. In particular, we prove that every flat differential time-delay system is
algebraically equivalent to the differential system without delays, namely, the system obtained by
setting to zero all the time-delay amplitudes. In the fifth section, we consider a generalization of
Serre’s conjecture. We recall that Serre’s conjecture conjecture, also known as the Quillen-Suslin
theorem, can be expressed in the language of matrices as follows: every matrix R over a commutative
polynomial ring D = k[xy,...,x,] whose maximal minors generate D (unimodular matriz) can be
completed to a square invertible matrix over D (i.e., its determinant is a non-zero element of the
field k). The generalization, stated by Lin and Bose in [26] and first proved by Pommaret in [43]
by means of algebraic analysis, can be formulated as the possibility of completing a matrix R whose
maximal minors divided by their greatest common divisor d generate D to a square polynomial
matrix whose determinant equals d. Serre’s conjecture is then the special case where d = 1. Using the
Quillen-Suslin theorem, we give a constructive algorithm for computing such a completion. Using the
possibility of computing basis of a free module in our implementation QQUILLENSUSLIN, this algorithm
has been implemented in this package. In the sixth section, we study the existence of (weakly) left-
/right-coprime factorizations of rational transfer matrices using recent results developed in [50]. We
give algorithms for computing such factorizations using the constructive version of the Quillen-Suslin
theorem. These results constructively solve open questions in the literature of multidimensional linear
systems (see [63, 64] and the references therein). Finally, we show that the constructive Quillen-Suslin
theorem also plays an important role in the decomposition problem of linear functional systems studied
in the literature of symbolic computation. See [J] and the references therein for more details. The
main idea is to transform the system matrix into an equivalent block-triangular or a block-diagonal
form (]9, [I0]).

The different algorithms presented in the paper have been implemented in the package QUILLEN-
SUSLIN based on the library INVOLUTIVE ([3]) (an OREMODULES ([6]) version will be soon available).
The Appendix illustrates the main procedures of the QUILLENSUSLIN package on different examples
taken from the literature ([19] 23| 38| [61]). The package QUILLENSUSLIN also contains a completion
algorithm for unimodular matrices over Laurent polynomial rings described in [36, B8]. See also [I] for
a recent algorithm. In [38], Park explains the importance and the meaning of the completion problem
of unimodular matrices over Laurent polynomial rings to signal processing and gives an algorithm
for translating this problem to a polynomial case. Park’s results can also be used for computing flat
outputs of ¢-flat multidimensional linear systems ([32] [33]). See [5] for another constructive algorithm
and [6] for illustrations on different explicit examples.

Notation. In what follows, we shall denote by k a field, D = k[z1, ..., z,] a commutative polynomial
ring with coefficients in k, D'*P the D-module formed by the row vectors of length p with entries
in D and D?*P the set of ¢ X p-matrices with entries in D. F will always denote a D-module. We
denote by RT the transpose of the matrix R and by I, the p x p identity matrix. Finally, the symbol
£ means “by definition”.

INRIA



Applications of the Quillen-Suslin theorem to multidimensional systems theory 5

2 A module-theoretic approach to systems theory

Let D = k[zy,...,x,] be a commutative polynomial ring over a field k and R € D?7*?. We recall that
a matrix R is said to have full row rank if the first syzygy module of the D-module D'*4 R formed by
the D-linear combinations of the rows of R, namely,

kerp(.R) £ {\ € DY? | AR = 0},

is reduced to 0. In other words, A R = 0 implies A = 0, i.e., the rows of R are D-linearly independent.

The following definitions of primeness are classical in systems theory.

Definition 1 ([34] 62} [66]). Let D = R|xy,...,z,] be a commutative polynomial ring, R € D?*P a
full row rank matrix, J the ideal generated by the ¢ x ¢ minors of R and V(J) the algebraic variety
defined by:

V(J)={£eC"| P& =0,VPeJ}

1. R is called minor left-prime if dimc V(J) < n — 2, i.e., the greatest common divisor of the ¢ x ¢
minors of R is 1.

2. R is called weakly zero left-prime if dim¢ V(J) < 0, i.e., the ¢ X ¢ minors of R may only vanish
simultaneously in a finite number of points of C".

3. R is called zero left-prime if dime V(J) = —1, i.e., the ¢ X ¢ minors of R do not vanish simulta-
neously in C".

The previous classification plays an important role in multidimensional systems theory. See [34]
62, [66] and the references therein for more details.

The purpose of this section is twofold. We first recall how we can generalize the previous clas-
sification for general multidimensional linear systems, i.e., systems which are not necessarily defined
by full row rank matrices. We also explain the duality existing between the behavioural approach to
multidimensional systems ([34, [41] [65], [66]) and the module-theoretic one ([44, 45l [40]). See also [65]
for a nice introduction.

In what follows, D will denote a commutative polynomial ring with coefficients in a field k. In
particular, we shall be interested in commutative polynomial rings of functional operators such as
partial differential operators, differential time-delay operators or shift operators. Let us consider a
matrix R € D?P and a D-module F, namely:

Vi, fo€F, Vai,aa€D: a1 fi+axfreF.

If we define the following D-morphism, namely, D-linear map,
R:D™1 B ptxp

A=A ... ) — (R)(N)=AR,
where D'*P denotes the D-module of row vectors of length p with entries in D, then the cokernel of

the D-morphism .R is defined by:
M = D'*?/(D'*1 R).

The D-module M is said to be presented by R or simply finitely presented (|5 [57]). Moreover, we can
also define the system or behaviour as follows:

kerg(R.) = {n€ FP | Rn=0}.

RR n° 6126
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As it was noticed by Malgrange in [30], the D-module M and the system kerz(R.) are closely related.
As this relation will play an important role in what follows, we shall explain it in details. In order to
do that, let us first introduce a few classical definitions of homological algebra. We refer the reader
to [57] for more details.

Definition 2. 1. A sequence (M;,d; : M; — M;_1);cz of D-modules M; and D-morphisms
d; : M; — M;_1 is a complez if we have:

ViGZ, imdigkerdi_l.
We denote the previous complex by:

dit2 diy1 d; di—1
L i+1—)Mi—1)Mi71—)-~- (1)

2. The defect of exactness of the complex at M; is defined by:
H(M;) =kerd;/imd;41.
3. The complex is said to be exact at M; if we have:
H(M;)=0 <= kerd; =imd;;1.
4. The complex is exact if:
VieZ, kerd;=imd;41.

5. The complex (1)) said to be a split exact sequence if is exact and if there exist D-morphisms
s; : M;_1 — M satisfying the following conditions:

. Si4108;, =0
VZEZ, i+ % ) .
S;0d; +dip1 08541 = idpy,.

6. A finite free resolution of a D-module M is an exact sequence of the form

Am, B2 pxe U plae T g, (2)

0 — D¥pPm
where p; € Z, = {0,1,2,...}, R; € DPi*Pi-=1and the D-morphism .R; is defined by:

R; : DYXPi  —  DIXpim1

The next classical result of homological algebra will play a crucial role in what follows.

Theorem 1 ([57]). Let F be a D-module, M a D-module and (9) a finite free resolution of M. Then,
the defects of exactness of the following complex

B e Bo o B e ) (3)
where the D-morphism R;. : FPi-t — FPi s defined by
Ve FPt (Ri)(n) = Rin,
only depend on M and F. Up to an isomorphism, the defects of exactness are denoted by:

exth (M, F) = kerg(Ry.),
GXtiD(JW'7 JT) = keI'j-‘(Ri+1.)/(Ri pr'i), © > 1.

Finally, we have ext®(M,F) = homp(M,F), where homp(M,F) denotes the D-module of D-
morphisms from M to F.

INRIA



Applications of the Quillen-Suslin theorem to multidimensional systems theory 7

We refer the reader to Example [13| for explicit computations of ext®, (N, D), i > 0.

Coming back to the D-module M, we have the following beginning of a finite free resolution of M:

Dlxa N Dixp T, M — 0, )
A — AR

where 7w denotes the D-morphism which sends elements of D'*? to their residue classes in M. If
we “apply the left-exact contravariant functor” homp(-, F) to (see [67] for more details), by
Theorem |1} we obtain the following exact sequence:

Fa Lo «—— homp (M, F) «— 0.
Rn «— 1
This implies the following important isomorphism ([30]):

kery(R.) ={n € F? | Rn =0} =2 homp(M, F). (5)

For more details, see [5, [30] [34] 46, [65] and the references therein. In particular, gives an intrinsic
characterization of the F-solutions of the system kerz(R.). It only depends on two mathematical
objects:

1. The finitely presented D-module M which algebraically represents the linear functional system.

2. The D-module F which represents the “functional space” where we seek the solutions of the
system.

If D is now a ring of functional operators (e.g., differential operators, time-delay operators, dif-
ference operators), then the issue of understanding which F is suitable for a particular linear system
has long been studied in functional analysis and is still nowadays a very active subject of research.
It does not seem that constructive algebra and symbolic computation can propose new methods to
handle this functional analysis problem. However, they are very useful for classifying homp (M, F) by
means of the algebraic properties of the D-module M. Indeed, a large classification of the properties
of modules is developed in module theory and homological algebra. See [57] for more information.
Let us recall a few of them.

Definition 3 ([57]). Let D be a commutative polynomial ring with coefficients in a field k£ and M a
finitely presented D-module. Then, we have:

1. M is said to be free if it is isomorphic to D'*" for a non-negative integer r, i.e.:

M=DY™  reZ,={01,2...}.

2. M is said to be stably free if there exist two non-negative integers r and s such that:

M D D1><s ~ DlXT.

3. M is said to be projective if there exist a D-module P and non-negative integer r such that:

M@ P~ DY,

RR n° 6126
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4. M is said to be reflexive if the canonical map
em : M — homp(homp(M, D), D),

defined by
Vme M,V fe€homp(M,D): ey(m)(f) = f(m),

is an isomorphism, where homp (M, D) denotes the D-module of D-morphisms from M to D.
5. M is said to be torsion-free if the submodule of M defined by
t((M)={meM|30#4£PecD: Pm=0}

is reduced to the zero module. ¢(M) is called the torsion submodule of M and the elements of
t(M) are the torsion elements of M.

6. M is said to be torsion if t(M) = M, i.e., every element of M is a torsion element.

Let K = Q(D) = k(z1,...,x,) be the quotient field of D ([57]) and M a finitely presented D-
module. We call the rank of M over D, denoted by rankp (M), the dimension of the K-vector space
K ®p M obtained by extending the scalars of M from D to K, i.e.:

rankp (M) = dimg (K ®p M).

We can check that if M is a torsion D-module, we then have K ® p M = 0, a fact which implies that
rankp (M) = 0. See [57] for more details.

Let us recall a few results about the notions previously introduced in Definition

Theorem 2 ([57]). Let D = k[z1,...,x,] be a commutative polynomial ring with coefficients in a
field k. We have the following results:

1. We have the implications among the previous concepts:

free = stably free = projective = reflexive =—> torsion-free.

2. If D = k[x4], then D is a principal ideal domain — namely, every ideal of D is principal, i.e.,
it can be generated by one element of D — and every finitely generated torsion-free D-module is
free.

3. (Serre theorem [11l]) Every projective module over D is stably free.

4. (Quillen-Suslin theorem [50, [58]) Every projective module over D is free.

The famous Quillen-Suslin theorem will play an important role in what follows. We refer to [24] [25]
for the best introductions nowadays available on this subject.

The next theorem gives some characterizations of the definitions given in Definition

Theorem 3 ([5, B35, [46]). Let D = k[x1,...,2,] be a commutative polynomial ring over a field k,
R € D?*P and the finitely presented D-modules:

M = D1><p/(D1><q R), N = D1><q/(D1><p RT).

We then have the equivalences between the first two columns of Figure[d]

INRIA



Applications of the Quillen-Suslin theorem to multidimensional systems theory 9

Combining the results of Theorem and the Quillen-Suslin theorem (see 4 of Theorem 7 we then
obtain a way to check whether or not a finitely presented D-module M has some torsion elements or
is torsion-free, reflexive, projective, stably free or free. We point out that the explicit computation
of ext’, (N, D) can always be done using Grébner or Janet bases. See [5, [44] [45] for more details and
for the description of the corresponding algorithms. We also refer the reader to [4l 6] for the library
OREMODULES in which the different algorithms were implemented as well as to the large library of
examples of OREMODULES which illustrates them. Finally, see also [3, 11l [20] and the references
therein for an introduction to Grébner and Janet bases.

Remark 1. The D-module
N — Dqu/(DIXp RT)

is called the transposed module of M = D*? /(D'*4 R) even if N depends on M only up to a projective
equivalence ([47]), namely, if M = D*7/(D1*s R") and N’ = D'*¢/(D**" R'T), then there exist two
projective D-modules P and P’ such that N & P = N’ ¢ P’ ([57]). However, for every D-module
F, we have extl,(N & P, F) = ext),(N,F) @ ext’, (P, F) and, for i > 1, ext’,(P,F) = 0 as P is a
projective D-module ([57]). Hence, we then get ext®, (N, F) = ext’, (N’, F), for i > 1. Hence, the
results of Theorem [3] do not depend on the choice of a presentation of M, i.e., on R. In what follows,
we shall sometimes denote N by T'(M).

In order to explain why the definitions given in Definition [3| extend the concepts of primeness
defined in Definition [I] we first need to introduce some more definitions.

Definition 4 ([2]). 1. If M is a non-zero finitely presented D-module, then the grade jp(M) of
M is defined by: .
Jp(M) =min{i > 0 | ext, (M, D) # 0}.

2. If M is a non-zero finitely presented D-module, the dimension dimp(M) of M is defined by
dimp (M) = Kdim(D/+/annp (M)),
where Kdim denotes the Krull dimension ([57]) and:
annp(M)={ae D|aM =0}, +Jannp(M)={aecD|3l€Z,: o' M =0}
We are now in position to state an important result.

Theorem 4 ([2, B5]). If M is a non-zero finitely presented D = k[x1,...,x,]-module, where k is a
field containing Q, we then have:

Let us suppose that R has full row rank and let us consider the finitely presented D-module
M = D'¥?/(D'*4 R). Using the notations of Definition [l and the fact that

dlmD(N) = dlm«;V(J),

where N = T(M) = D'¥49/(D'*P RT) is then a torsion D-module, i.e., it satisfies ext? (M, D) =
homp (M, D) = 0, by Theorem {4} we then obtain:

jD(N) = n—dlmCV(J) > 1.

Hence, by Theorems [3| and ] we obtain that R is minor left-prime (resp., zero left-prime) iff the
D-module M is torsion-free (resp., projective, i.e., free by the Quillen-Suslin theorem stated in 4 of
Theorem. See [46] for more details and the extension of these results to the case of non-commutative
rings of differential operators.

RR n° 6126



10

A. Fabiariska

& A. Quadrat

Module M ext’, (N, D) dimp(N) Primeness
With torsion | t(M) = ext], (N, D) n—1 0
Torsion-free exth(N,D) =0 n—2 Minor left-prime

Reflexive ext’y (N, D) =0, n—3
i=1,2
ext’, (N, D) = 0, 0 Weakly zero
1<i1<n—-1 left-prime

Projective ext’, (N, D) =0, -1 Zero left-prime

1<i:<n

Figure 1: Classification of some module properties

We finally obtain the table given in Figure[I]which sums up the different results previously obtained.
We note that the last two columns of this table only hold when the matrix R has full row rank.

To finish, we explain what the system interpretations of the definitions given in Definition [3] are.
In particular, these interpretations solve the Monge problem stated in the introduction of the paper.
In order to do that, we also need to introduce a few more definitions.

Definition 5 ([57]). 1. A D-module F is called injective if, for every D-module M, and, for all
i > 1, we have ext’, (M, F) = 0.

2. A D-module F is called cogenerator if, for every D-module M, we have:
homp(M,F)=0 = M =0.

Roughly speaking, an injective cogenerator is a space rich enough for seeking solutions of linear
systems of the form Ry = 0, where R € D?*P is any matrix and y € FP. In particular, using ,
if F is a cogenerator D-module and M # 0, then homp (M, F) # 0, meaning that the corresponding
system kerxz(R.) is not empty. Finally, if F is an injective cogenerator D-module, then we can prove
that any complex of the form is exact at FPi, 7 > 1, if and only if the corresponding complex (2
is exact. See [34] 411 [65] and the references therein for more details.

The following result proves that there always exists an injective cogenerator.
Theorem 5 ([57]). An injective cogenerator D-module F exists for every ring D.

Let us give important examples of injective cogenerator modules.
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Applications of the Quillen-Suslin theorem to multidimensional systems theory 11

Example 1. If Q is an open convex subset of R™, then the space C°(2) (resp., D’(2)) of smooth real
functions (resp., real distributions) on € is an injective cogenerator module over the ring R[dy, . .., O]
of differential operators with coefficients in R, where we have denoted by 9; = 9/0z; ([34, 30, 41]).

Example 2. Let k be a field, F = k%+ be the set of sequences with values in k and D = k[x1, ..., z,]
be the ring of shift operators, namely,

where = (p1,...,pin) € Z7 and p+1; = (g1, - .. pim1, i + 1, flig1, - - - o). Then, F is an injective
D-module ([34], [65]).

We have the following important corollary of Theorem [3] which solves the Monge problem in the
case of linear functional systems with constant coefficients. See [67] and the references therein and
the introduction of the paper.

Corollary 1 ([5, 44]). Let F be an injective cogenerator D = k[x1,...,xy,]-module, R € DT and
M = DY¥?/(D'*4 R). Then, we have the following results:

1. There exists Q1 € D>, where p = q1, such that we have the exact sequence
Fa o Q1 F2
i.e., kerg(R.) = Q1 F2, iff the D-module M is torsion-free.

2. There exist Q1 € D% and Qo € D> sych that we have the exact sequence

Fa Bopa Q1 pax Q2 g

)

i.e., kerg(R.) = Q1 F© and kerz(Q1.) = Q2 F%, iff the D-module M is reflexive.

8. There exists a chain of n successive parametrizations, namely, for i = 1,...,n, there exist
Q; € D%*%+1 gych that we have the following exact sequence

Folt g B Bt g O pon

ie., kerr(R.) = Q1 F%2 and kerg(Q;.) = Qi1 FU4itt, i = 1,...,n — 1, iff the D-module M is
projective.

4. There exist Q € DP*™ and T' € D™*P such that T Q = I, and the sequence
Fo L B, (6)

is exact, i.e., kerp(R.) = QF™, and iff the D-module M is free.

We refer the reader to [5l 44 [45] [46], 53], [54) for the solutions of the Monge problem for different
classes of linear functional systems with variables coefficients such as partial differential, differential
time-delay or difference equations.

The matrices Q; defined in Corollary [1] are called parametrizations ([5, 44l [45] 46]). Indeed, from
1 of Corollary |1} if M is torsion-free, then there exists a matrix of operators Q1 € D% %% which
satisfies kerz(R.) = Q1 F%. This means that any solution 1 € FP satisfying Rn = 0 is of the form
n = Q1 & for a certain £ € F2. In the behaviour approach ([42)]), the parametrization is called an image
representation of kerx(R.) ([41] [65] [66]). We point out that the parametrizations @); are obtained by
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12 A. Fabiariska € A. Quadrat

computing ext’, (N, D) (see Theorem . Hence, checking whether or not a D-module is torsion-free,
reflexive or projective gives the corresponding successive parametrizations. We refer to [5], [44), [45], [46]
for more details, the extension of the previous results to non-commutative algebras of functional
operators and the implementation of the corresponding algorithms in the library OREMODULES.
Finally, the matrix @ defined in 4 of Corollary [1]is called an injective parametrization of kerz(R.) as
every F-solution of kerz(R.) has the form n = Q¢ for a certain £ € F™ and we have

§=(TQ)E§="Tn,

i.e., & is uniquely defined by n € kerz(R.). At this stage, it is important to point out that no general
algorithm has been developed to get injective parametrizations when the D-module M is free. It is
the main purpose of this paper to constructively study this question and to apply the computation of
injective parametrizations to some open questions appearing in mathematical systems theory.

Finally, we point out that, if M is a free D-module, then there always exist € DP*™ and
T € D™*P guch that, for every D-module F, we have the exact sequence @ Indeed, let us recall two
standard arguments of homological algebra.

Proposition 1 ([57]). 1. Let us consider the following short exact sequence:

M Lo 2m o

If M" is a projective D-module, then the previous exact sequence splits (see & of Definition @)

2. Let F be a D-module. The functor homp (-, F) transforms split exact sequences of D-modules
into split exact sequences of D-modules.

By 1 of Proposition we obtain that D¥¢ -% pixp @, pixm g5, splitting exact sequence
and applying the functor homp(+, F) to it, by 2 of Proposition we obtain the splitting exact sequence
@. Hence, the assumption that F is an injective cogenerator D-module is only important for the
converse implication of 6 of Corollary

Explicit examples of computation of parametrizations can be found in [5], 6 44], 45l [46] as well
in the OREMODULES large library of examples ([4]). We refer the reader to these references and to
Section [ for the computation of injective parametrizations. However, let us give a simple example in
order to illustrate the previous results.

Example 3. Let us consider the ring D = Q[d;, 02, 03] of differential operators with rational coeffi-
cients (9; = 9/0x;), the matrix R = (0; 9o 03) defining the so-called divergent operator in R® and the
finitely presented D-module M = D'*3/(D R). Let us check whether or not the D-module M has
some torsion elements or is torsion-free, reflexive or projective, i.e., free by the Quillen-Suslin theorem.
In order to do that, we define the D-module N = D/(D**3 RT). A finite free resolution of N can
easily be computed by means of Grobner or Janet bases. We obtain the following exact sequence

0— DL pixs Lo, pis B p 7, v,

where o denotes the canonical projection onto N and:

0 —03 0O
P2 = 83 0 _61 y Pg =R.
-0, 01 0
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Applications of the Quillen-Suslin theorem to multidimensional systems theory 13

We note that P, corresponds to the so-called curl operator whereas R is the gradient operator. Then,
the defects of exactness of the following complex

T T
0D Py Dix3 -Ps D1X3<£D<—O (7)

are defined by:
= kerp(.R),

N, D)
N,D) = kerp(.P])/(DR),
N, D) = kerp(.PL)/(DY*3 PI),
ext?,(N, D) = D/(D'*3 PI).
Using the fact that R has full row rank, we obtain that ext?, (N, D) 2 kerp(.R) = 0, which is equivalent

to say that N is a torsion D-module. Now computing the syzygy modules kerp(.P4) and kerp(.P{)
by means of Grobner or Janet bases, we obtain that

(
exth(
(
(

kerp(.Py)= DR, kerp(.P{)=D"®Pf,

which shows that extl, (N, D) = ext? (N, D) = 0. Finally, we can easily check that 1 does not belong
to the ideal I = D 0y + D 02 + D 95 of D, and thus, we have:

ext? (N, D)= D/I #0.

Using Theorem [3] we obtain that M is a reflexive but not a projective, i.e., not a free D-module.
This last fact can also be checked as R has full row rank and the dimension dimp(N) is 0 as the
corresponding system is defined by the gradient operator, namely,

31y:0,
32?4207
83y:0a

whose solution is a constant, i.e., the solution of the system only depends on “a function of zero
independent variables”. Hence, by Theorem [4] we obtain that jp(N) = 3, meaning that the first
non-zero ext’, (N, D) has index 3. By Theorem we then get that M is a reflexive D-module but not
a projective one.

Finally, if we consider the D-module F = C*°(2), where € is an open convex subset of R3, using
Example [I] we obtain that F is an injective cogenerator D-module. Hence, if we apply the functor
homp (-, F) to the complex @, we then obtain the following exact sequence:

T T
Flhoplomi r

We find again the classical results in mathematical physics that the smooth solutions on an open convex
subset of R? of the divergence operator are parametrized by the curl operator and the solutions of the
curl operator are parametrized by the gradient operator.

The only point let open is to constructively compute injective parametrizations of linear functional
systems defining free modules over a commutative polynomial ring D. Indeed, checking the vanishing
of the ext’, (N, D), we generally obtain a successive chain of n parametrizations but not an injective
one. In the case of linear systems of partial differential equations with polynomial or rational coef-
ficients, we have recently solved this problem in [53] 54} [55] using a constructive proof of a famous
result in non-commutative algebra due to Stafford. However, the same technique cannot be used if we
want an injective parametrization @ of kerz(R.) to have only constant coefficients. The main purpose
of this paper is to solve this problem using a constructive proof of the Quillen-Suslin theorem and to
show some applications of this result to mathematical systems theory.
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14 A. Fabiariska € A. Quadrat

3 The Quillen-Suslin theorem

Since Quillen and Suslin independently proved Serre’s conjecture stating that projective modules over
commutative polynomial rings with coefficients in a field are free, some algorithmic versions of the
proof have been proposed in the literature in order to constructively compute bases of free modules
([I5, 19, 27, 29, 37, 59, 60, 61, 62]). We refer the interested reader to Lam’s nice books [24] [25]
concerning Serre’s conjecture.

3.1 Projective and stably free modules

In module theory, it is well-known that a finitely presented D = k[x1,...,z,]-module (k is a field)
M = DY™?/(D'*4 R), where R € D9*P  admits a finite free resolution. This is a result is due to
Hilbert ([11]). Moreover, if k is a computable field, we can even construct a finite free resolution of M
using Grébner or Janet basis ([3] 111 20]).

A classical result due to Serre proves that every projective D-module is stably free (a stably
free module always being a projective D-module). See [Tl 24, 25] for more details. In [53, B3],
a constructive proof of this result was given and the corresponding algorithm was implemented in
OREMODULES. Let us recall these useful results.

Proposition 2 ( [53,55]). Let M be a D-module defined by the finite free resolution:

—_—

0 —> DPXPm A, pop B plxee T, (8)

1. If m > 3 and there exists Sy, € DPm—1*Pm such that Ry, Sy = Ip,,, then we have the following
finite free resolution of M

RnL—S
—_—

Ty Ty .
0 pDYXpm—1 Zm=l BIX(Pm-2+pm) Z™m=2, H1XPm-3 M 0, (9)

with the following notations:
Tre1 = (Rm—l Sm) c meflx(pm72+pm)’

Treo = < R”(;*Q > c D(Pm—2FPm)Xpm-—3

2. If m = 2 and there exists So € DP1*P2 sych that Ry So = I,
free resolution of M

then we have the following finite

29

0 — DYxpr I, pix(rotr2) T, pp ), (10)
with the notations Ty = (R1  S3) € Dprx(potp2) gp -

7:7T@O:D1X(p0+172) — M
A=A A2) — 7(N) =7(A).

Remark 2. We note that Proposition [§| holds for every (commutative) ring D.

Let R € D?7P and let us suppose that the D-module M = D'*?P/(D'*4 R) is projective (using the
results summed up in Figure[l} we can constructively check this result). Using 1 of Proposition |1, we
obtain that the exact sequence splits (see 5 of Deﬁnition, and thus, there exists S, € DPm—-1%Pm
such that R, Sy, = I,,,. Repeating inductively the same method with the new finite free resolution
of M, we can assume that we have the finite free resolution of M:

' R, /R .R
0 — DY¥Ps 2, plxpa 22, plxpn 2L, plxpo T, A,
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Applications of the Quillen-Suslin theorem to multidimensional systems theory 15

As M is a projective D-module, by 1 of Proposition [I| the previous exact sequence splits and thus,
there exists a matrix Sy € DP2*Ps satisfying R S5 = I,,. By 1 of Proposition we then get the finite
free resolution of M:

0 —s D1><p/2 (RIQ Sé) D1><(p1+p'3) (R? OT)T D1><p0 L) M — 0.

Let us denote by Ty = (R 07)T. Again, as M is a projective D-module, by 1 of Proposition
the previous exact sequence splits and there exists S, € D@P1+P5)xP2 such that (R, S4) S, = L.
Using 2 of Proposition [2| we obtain the following finite free presentation of the D-module M’ =
DYx(potp2) /(DI (r+ps) (T} S4))

(1 S%)
_

0 — DIX(P1+ps) - Dixmotps) ™ 4 0,

where 7" denotes the standard projection on M’ and 7 : M’ — M is defined by 7(m) = w()\), for
all X = (A1 Ag) € DY*(Potp2) gatisfying m = 7/(\). Moreover, 2 of Proposition |1| says that 7 is an
isomorphism, i.e., M’ = M, a fact that can be also directly checked. We then obtain the following
result.

Corollary 2. Let D = k[x1,...,x,] be a commutative polynomial ring over a field k and R € DI*P. If
the D-module M = D' P /(D'*4 R) is projective, then there exists a full row rank matriz R' € DY 7'
such that:

M = DV /(D™ R'). (11)

We refer to Example [14] for an illustration of Corollary [2| See also [53] 54 [55].
We note that rankp (M) = rankp(M') =p' — ¢'.

Finally, we have the following short exact sequence of the D-module M’
0 — pxd FL poat 7o g

and using the fact that M’ = M and M is a projective D-module, by 1 of Proposition [1} we obtain
that the previous exact sequence splits and we then get ([5l [57])

M EBD1><q' ) D1><p/’
which, by 2 of Definition [3| shows that M = M’ is a stably free D-module.

Corollary 3. (Serre [11), (2], [25] ) Fvery projective D = k[x1, ..., x,]|-module M is stably free.

3.2 Stably free and free modules

Let M be a stably free module over D = k[xz1,...,x,], where k is a field. Using Corollary [2| we can
always suppose that M has the form M = D'*?/(D'X4 R), where R € D?*P admits a right-inverse
S € DP*?. We note that R has then full row rank (AR =0 = XA = ARS = 0). Let us characterize
when M is a free D-module.

In order to do that, we first need to introduce a definition.

Definition 6. Let D be a ring. The general linear group GL,(D) is then defined by:
GL,(D)={U € DP*? |3V e DP*?: UV =V U = I,}.

An element U € GL,(D) is called a unimodular matriz.
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16 A. Fabiariska € A. Quadrat

In the case where D = k[z,...,x,], we note that U € GL,(D) iff the determinant det U of U is
invertible in D, i.e., is a non-zero element of k. The following result holds for every (commutative)
ring D.

Lemma 1. Let R € D9*P be a matriz which admits a right-inverse over D. Then, the D-module

M = DY*? /(DY R) is free if and only if there exists U € GL,(D) such that RU = (I, 0).

Indeed, let us suppose that there exists U € GL,(D) such that RU = (I, 0) and let us denote
by J = (I, 0)€ D9*P. We easily check that D'*?/(D'*4 J) = D1*(P=9) Moreover, using the facts
that RU = J and U € GL,(D), we obtain the following commutative exact diagram

0 0
! !

0—> pDixa B pixp T, M —0
| lu

0—- pixa . pixp A, pix(p—aq) —0,
i) !
0 0

which proves that M = D'*#=9) je. M is a free D-module of rank p — q.

Conversely, let us suppose that M = D'*(?P=9) Combining the isomorphism 1) : M —s D*(#=2)
and the short exact sequence

0— D> B, plxp T pr

)

we then obtain the following exact sequence:
0 — pixa “f, pixp Yo7 pixp—a) __,

If we consider the matrix which corresponds to the D-morphism v o 7 in the canonical bases of D!*P
and D'*(P=9) we then obtain a matrix Q € DP*(P=9 such that:

VYAeDY>P: (om)()\) =A\Q.
By 1 of Proposition [I] the previous exact sequence splits, i.e., we have

0— Dixa B poe @ pixe-a g

.S .T

or, equivalently, there exists a matrix 7 € D®~9*P gyuch that the following Bézout identities hold
(see [Bl [44] 50, 521 [57] for more details):

(ﬂ(s @:(% Ipo_q>, (s Q)(?):zp.

In particular, we obtain that there exists a matrix U = (S Q) € GL,(D) satistying:
RU = (I, 0).

Finally, the family {7(7;)}1<i<p—q forms a basis of the free D-module M, where T; denotes the ‘!
row of T € DP=0xP,

We are now in position to state the famous Quillen-Suslin theorem ([24}, 25| [57]).
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Applications of the Quillen-Suslin theorem to multidimensional systems theory 17

Theorem 6 ([56] 58]). (Quillen-Suslin theorem) Let A be a principal ideal domain (e.g., a field k)
and D = Alxy,...,2,] a polynomial ring with coefficients in A. Moreover, let R € D?*P be a matrix
which admits a right-inverse S € DP*9, j.e., RS = I,. Then, there exists a unimodular U € GL,(D)
satisfying:

RU = (I, 0). (12)

Using Lemmal [I] and Theorem [6] we obtain the following important corollary.

Corollary 4 (|56 58]). (Quillen-Suslin) Let A be a principal ideal domain (e.g., a field k) and
D = Alzxy,...,z,]. Then, every stably free D-module is free.

Moreover, the problem of finding a basis of a free finitely generated D-module M can be reformu-
lated in terms of matrices as follows:

Problem 1. Let R € D7*P be a matrix which admits a right-inverse over D = k[z1,...,z,]. Find a
matrix U € GL,(D) such that RU = (I, 0).

The previous problem is equivalent to completing R to a square invertible matrix:

U-—t= ( ? ) e DP*P,

The Quillen-Suslin theorem states that Problem [I| has always a solution over a polynomial ring
D = Alxy,...,z,] with coefficients in a principal ring A and, in particular, in a field k. In what
follows, an algorithm which computes such a matrix U will be called a @QS-algorithm.

Let us consider a matrix R € D?*P which admits a right-inverse over D and let us denote by R;
the i*® row of R. We note that the row R; € D'*P admits a right-inverse over D. Let us suppose
that we can find a matrix U; € GL,(D) satisfying Ry U = (10 ... 0). Then, we have

1 0
RUl:(* ]%2)7

where Ry € DW= Dx(—1 and x denotes a certain element of D@~D*1 Hence, we restrict our
considerations to the new matrix Ry, which can easily be shown to admit a right-inverse over D,
and reduce Problem [I] to the following one:

Problem 2. Let R € D'*P be a row vector which admits a right-inverse over D. Find a matrix
U € GL,(D) such that RU = (10 ... 0).

The purpose of the next paragraphs is to recall a QS-algorithm solving Problem [2 over a commuta-

tive polynomial ring D = k[z1,. .., x,] over a computable field k (for instance, k = Q). This algorithm
was implemented in the package QUILLENSUSLIN ([I3]). See also the Appendix. We also point out
that a QS-algorithm has also been implemented in QUILLENSUSLIN for the case D = Z[z1,...,%,].

Even though there are some differences in the constructive proofs of the Quillen-Suslin theorem de-
veloped in [I5], 19, 24} 27, 37, 59, 60, [62], we note that our algorithm is based on the same main idea,
i.e., it proceeds by induction on the number of variables z; in D = k[z1,...,z,]. Each inductive step
of the general QS-algorithm reduces the problem to the case with one variable less. A more global
and interesting approach has recently been developed in [29] 6] which needs to be studied with care
in the future.

3.3 Solution of Problem [2| in some special cases

Although the tedious inductive method, which will be explained in the next section, cannot generally
be avoided, there are cases where simpler and faster heuristic methods can be used. We shall first
consider such cases.
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18 A. Fabiariska € A. Quadrat

3.3.1 DMatrices over a principal ideal domain D

We first consider the special case of matrices over a principal ideal domain D (e.g., D = k[z1], k a
field, Z). Let R € D9*P be a matrix which admits a right-inverse over D. Then, computing the Smith
normal form of R ([42]), we obtain two matrices F' € GL4(D) and G € GL,(D) satisfying:

R=F(I, 0)G.

If we denote by r = p — ¢, G = (GT  GI)T, where G; € D¥*P, Gy € D"™*P and G~! = (H; H,),
where H, € DP*4, Hy € DPX" then we get R = F G4, i.e., G1 = F~' R, and thus, we get

(oY e = (5 0) (&) we

S(&)m m (5 s = (&) mes

which solves Problem [1| as we can take U = (H1 F' Hs) € GL,(D) and T' = Go.

3.3.2 (p—1) X p matrices over an arbitrary commutative ring D

Let us consider the case of a matrix R € D®P~1XP which admits a right-inverse over a commutative
ring D. If we denote by m; the (p — 1) x (p — 1) minor of R obtained by removing the i column of
R, then, using the fact R admits right-inverse, we get that the family {m;}1<;<, satisfies a Bézout
identity %, n;m; =1 for certain n; € D and i = 1,...,p. Let us denote by:

( (—1)P+ing ; (—1)2%n, ) € DP*P,

Expand the determinant of V' along the last row, using the Laplace’s formula, we then get det V = 1.
Hence, if we denote by U € DP*P the inverse of the matrix V', we then obtain RU = (I,—; 0), which
solves Problem [Il

V =

3.3.3 1 x p rows over an arbitrary commutative ring D

We now consider Problem [2] i.e., the case of a row vector f = (f1 ... f,) € DY*P which admits a
right-inverse over an arbitrary commutative ring D.

Remark 3 (Special form of the row). 1. We note that if one of the components of f is an invertible
element of D, we can then transform the row f into (10 ... 0) by means of trivial elementary
operations. For instance, if f] 1€ D, then the matrix defined by

(42
0 I,

satisfies detW = f;' € D and fW = (1 fp ... fp). Then, simple elementary operations
transform f W into the vector (10 ... 0).

2. Another simple case is when two components of f generate D. Let us suppose that there exist
hy and he € D such that we have the Bézout identity fihi + foho = 1 and let us define the
following matrix:

hy —f2 0
W=1| hy S 0
0 0 I,
We easily check that detW = 1 and fW = (10 f5 ... fp). Then, we can reduce fW to
(10 ... 0) by means of elementary operations.
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3. If the i*" component of f is 0 or the ideal generated by the elements fi,..., fi—1, fis1s---» fpis
already D, then we can follow an idea analogous to the one developed in [53][65]. Let us suppose
that 4 = 1, i.e., fi is a redundant component in the sense that (fs,..., f,) = D. Then, there
exist ho, ..., h, € D satisfying the Bézout equation Y ?_, f; h; = 1. Then, the matrix

1
(I—=f1)hy 1
W= : )
(1= fi)hy 1

satisfies fW = (1 fo ... f,) and det W = 1. We can now reduce f W to (10 ... 0) by means
of elementary operations.

In particular, this strategy is always successful when the length p of the row f exceeds the stable
range of the ring D. We note that the stable range of D = R|z1,...,2,] is equal to n + 1. We
refer the reader to [53], 55 for more details.

We note that all the conditions given in Remark 3| can be checked using Grébner or Janet bases.

The matrix U can also be easily computed in cases where a right-inverse g of the row f has a
special form.

Remark 4 (Special form of the right-inverse). Let g € DP*! be the right-inverse of the unimodular
row f € DYP ie., fg=1.

1. Let us suppose that one of the entries of a right-inverse g of f, say g1, is invertible in D. Then,
the following matrix

g1
g2 1
W = .
9p 1
satisfies det W = g; and fW = (1 fa ... f,). As g1 is an invertible element of D, then W is a
unimodular matrix and f W can easily be transformed into (10 ... 0) by means of elementary

operations.

2. If two components g1, g2 of g generate the whole ring D, then there exist elements hy,hs € D
such that g; h1 4+ g2 ho = 1. Then, the matrix defined by

g1 —hs
g2 hi
w=| 93 1
9p 1

satisfles det W =1 and fW = (1 x f3 ... fp), where x denotes a certain element of D. We can
then reduce fW to (10 ... 0) by means of elementary operations.

Finally, we also note that if f € D'*P admits a right-inverse g over D for which any of the heuristic
methods explained in Remark [3| may be used for g7, then a unimodular matrix V having g7 as a
first row can be easily computed. Then, the product f VT = (1 x ... x) can be reduced to the first
standard basis vector by elementary column operations.
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For instance, let us illustrate 1 of Remark [d] In some of the illustrating examples, we shall also use
the notation D = k[z1,...,2,] as these examples come from the control theory and signal processing
literatures where z; is commonly used. The independent variables z;, i = 1,...,n, usually denote the
variables appearing in the discrete Laplace transform.

Example 4. Let us consider D = Q[z1, 22, 23] and the following row vector:
R=(2222+1 2iz3+1 2 2523).

We can easily check that R admits the following right-inverse S = (=27 23 1 23)7. As the second
component of S is invertible over D, we can apply 1 of Remark [4]in order to find a unimodular matrix

U over D which satisfies RU = (1 0 0). Let us define the following elementary matrices:
010 1 00
U1 = 1 0 0 s U2 = —Z% z3 1 0
0 01 23 0 1

We then have R (U Uz) = (1 22254+ 1 2123 23). Finally, if we denote by
1 2225 -1 —2222
U3 = 0 1 0 )
0 0 1

we then have RU = (1 0 0), where the unimodular U = U; U Us is defined by:

2223 {2+t 23 22 22
U= 1 —2222-1 —21 23 23 . (13)
23 -2 (2325 +1)  —2125241

3.4 A QS-algorithm for commutative polynomial rings

Over an arbitrary commutative ring A, not every row admitting a right-inverse can be completed to
a unimodular matrix over A. The module-theoretic interpretation of this result is that, over certain
rings, there exist stably free modules which are not free. For instance, using a classical topological
theorem on vector fields on the sphere Sz(R), we can prove that the row vector R = (z1 z2 x3) with
entries in the commutative ring D = R[z1, 22, x3]/(2? + 23 + 23 — 1), which admits the right-inverse
RT cannot be completed to a unimodular matrix over D. For more details, see [25].

However, it is always possible over a polynomial ring with coefficients on a field k£ or a principal
ideal domain A. See Quillen-Suslin Theorem[6] We shortly describe a QS-algorithm which has recently
been implemented in a package called QUILLENSUSLIN ([13]). See the Appendix for more details. In
what follows, we shall only consider a commutative polynomial ring D = k[z1,...,x,] over a field
k even if the extension of the algorithms exists when k is replaced by a principal ideal ring A. For
instance, the case of A = Z has also been implemented in QUILLENSUSLIN. Let f € D'*P be a row
vector which admits a right-inverse g over D. When no method explained in Section [3.3]can be applied
to f, we then need to consider a general algorithm. However, we point out that most of the examples
we know do not require the general algorithm as the previous heuristic methods are generally enough
to get the result.

The QS-algorithm proceeds by induction on the number n of independent variables x; of the ring
D = k[xy,...,x,]. Each inductive step, which simplifies the problem to the case of a polynomial ring
containing one variable less, consists of three main parts:

1. Finding a normalized component in the last variable of the polynomial ring.
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2. Computing finitely many local solutions of Problem [2| over certain local rings (local loop).
3. Patching/glueing the local solutions together in order to obtain a global one.

3.4.1 Normalization Step
The next lemma is essential for Horrocks’ theorem which is used in the local loop.

Lemma 2 ([57, [60]). Let us consider a € k[yi,...,yn] and let us denote by m = deg(a) + 1, where
deg(a) denotes the total degree of a. Using the following invertible transformation

Tn = Yn, N Yn = Tn,
ri=y—y™ , 1<i<n-—1, yi=xi+a™ ', 1<i<n-—1,

we obtain a(y1,...,yn) = rb(x1,...,2,), where 0 £ r € k and b is a monic polynomial in x,, with
coefficients in the ring E = k[xy,...,x,_1], namely, the leading coefficient of b € Elx,] is 1.

In the case where k is an infinite field, we can achieve the same result by using only a linear
transformation whose coefficients are appropriately chosen ([60, 62]). The normalization step can also
be generalized to the case D = A[zy,...,x,], where A is is a principal ideal domain. See [59] for more
details.

3.4.2 Local Loop

In the second step, we need to compute a finite number of local solutions of Problem [2| over a local
ring ring A, namely, a ring A which has only one maximal ideal, i.e., a proper ideal M of A which is
not properly contained in any ideal of A other than A itself. In order to do that, we use the so-called
Horrocks’ theorem. Let us recall it.

Theorem 7 ([57, [60]). Let B be a local ring and f a row vector which admits a right-inverse over
Bly]. If one of the components f; of f is monic, then there exists a unimodular matriz U over Bly]
such that f is the first row of U or, equivalently, such that fU"t = (10 ... 0).

Horrocks’ theorem can easily be implemented using, for instance, the approaches developed in
[27, 57, [62]. In particular, the implementation in QUILLENSUSLIN of this theorem follows [57]. If M
is a maximal ideal of D, we then denote by D the local ring, which is a standard localization of D
with respect to the multiplicative closed subset S = D\M of D, namely, Dyq = {a/b|a € D, b ¢ M}

(B1).

We can now give the first main part of the general algorithm ([27, 62]).

Algorithm 1. e Input: Let D = k[xq,...,2,] and f € D'P a row vector which admits a
right-inverse over D and a monic component in the last variable z,,.

e Output: A finite number of maximal ideals {M;};cr of E = k[x1,...,2,—1] and unimodular
matrices {H,}ier over the ring Eaq,[z,] which satisfy fH; = (1 0 ... 0), and such that the
ideal generated by the denominators of the matrices H;, ¢ € I, generate the ring F.

1. Let M; be an arbitrary maximal ideal of the ring F. Using Horrocks’ theorem, compute a
unimodular matrix Hy over Euq, [x,] which satisfies f Hy = (10 ... 0).

2. Let dy; € FE be the denominator of H; and J the ideal in E generated by dy. Set i = 1.

3. While J # E, do:
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(i) For i := ¢+ 1, compute a maximal ideal M; of F such that J C M;.

(ii) Using Horrocks’ theorem, compute a matrix H; over the ring Eg, [z,] such that det H; is
invertible in Eaq,[zy] and fH; = (10 ... 0).

(iii) Let d; be the denominator of the matrix H; and consider the ideal J = (dy,...,d;).

4. Return {Mi}’iEfv {Hi}ie] and {dz}LEI

The local loop stops when all the denominators d; generate E. As the ring E is noetherian ([57]),
the number of the local solutions, i.e., the cardinal of the set I, is finite.
3.4.3 Patching

To obtain a polynomial solution of Problem [I| we use the following lemma.

Lemma 3 ([27]). Let f € DY*P be a row vector which admits a right-inverse over D = klz1, ..., x,)]
and U a unimodular matriz over k[xy,...,Zn_1]m[zn], where M is a certain mazimal ideal of the
ring E = k[x1,...,2,_1], which satisfies fU = (10 ... 0). Let us denote by d € E the denominator
of U. Then, the matriz defined by

A, 2) = Uy, xn) U @1,y @1, @0 + 2) € (B[, 2])P7P
is such that
VzeD: f(x1,...,20) Az, 2) = f(21,.. ., Tpo1,Tn + 2), (14)

and its denominator is d* with 0 < a < p.

is clear as the identity f(z1,...,2,)U(z1,...,2,) = (1 0 ... 0) implies that we have
flz1,...;xn+2)U(z1,...,2n+2) = (10 ... 0) and then:

f@r, oo +2) = flxy, .. xn) Ulwr, .., 20) Un, .oy m, +2) 7L

Moreover, using the standard formula U~ = (det U) ! adj(U), where adj(U) denotes the adjugate
of U, we can also prove that the common denominator of A(x,,2) is d*, where 0 < a < p.

Let {M;}icr, {H;}icr and {d;};cs be the output of Algorithm where [ is a finite set. Let us set
I ={1,...,1}. The ideal of F = k[x1,...,2,_1] defined by {d;};c; generates E. Hence, there exists
c; € E, i €I, such that the Bézout identity holds:

l
Z C; df =1.
i=1
Let us define the following matrices

Ai(zn,2) = Hi(x, ... x0) H N2y, o T, o +2), i=1,...,1,

K2

and, in order to simplify the notations, we denote by f(:cn) the function f(x1,...,2,). Then, we have:

fan) Ai(@n, (an — zn) er db) = f(an + (an — 20) c1 dF),
f(xn +(an —xp) 1 dY) Do(zp + (an — xp) 1 d, (an, — ) codb) = f (a:n + (an — zp) (23:1 ¢ df)) ,

f (J;n + (an — xp) (Zi;i ci df)) A (Jtn + (an — xp) (Zi: ci df) ,(an —zn) df) = f(an).

INRIA



Applications of the Quillen-Suslin theorem to multidimensional systems theory 23

Finally, we can prove that we have A;(z,,,d? z) € GL,(D), i =1,...,1, ([27]) and:
U, = Al(xna (an - wn) C1 d:lf) A2(1'71 + (an - xn) C1 dﬁ?; (an - xn) C2 dzz))
LY, (acn + (an — zn) (Zi: ci df) (an —x0) df’) € GL,(D).

The previous computations then show that f(x1,...,2,) U1 = f(21,...,Zpn-1,an).
We can now state the main result.

Theorem 8 ([27, 57, [60, 62]). Let f € D'*P be a row vector which admits a right-inverse over the
ring D = k[z1,...,x,]. Then, for every a € k, there exists a matriz U € GL,(D) such that:

f(xlw"?xn) U(.Z']_,...,l‘n) :f(xlw"?l‘nfha)-

We consider a row vector f(x1,...,2,) € D'*P admitting a right-inverse g(x1,...,2,) € DP*L
Applying inductively Theorem [8| to f(x1,...,2,) for the values ag,...,a, € k, we then obtain
Ui,...,U,1 € GLP(D) such that

flxy, ... xn) U = f(x1, .0y T, Gn),

f@y, o iy ity o) Uipr = f(21, 000 Bty Gy -5 0p), 1 <0 <0 — 2.

Hence, we get f(z1,...,2,) (U1 ... Up—1) = f(21,a2,...,a,) and we have simplified Problemto the
case of a row vector f(x1,as,...,a,) over a principal ideal domain k[z;] which admits a right-inverse
g(x1,a2,...,a,) over k[z1]. Using the first result of Section we can find a matrix U,, € GL,(D)
such that:

F@1,am o an) Un(a1) = (10 ... 0) < U (ay) = ( fl@r, 8z, an) )

Hence, Problem [2|is then solved if we take U = U ... U, € GL,(D). We also note that it is generally
simpler to take the particular values as = ... =a,, = 0.

Now, let us find a matrix U’ satisfying f(x1,...,2,)U" = f(ai1,...,a,), where a; € k. Let us
define by U/ (1) = Uy (z1) U, *(a1) € GL,(D). Then, we have:

*

Fer,as, . an) Ulay) = (10 ... 0) ( flar,az, ... an) ) — flar,az, ... ap).

Hence, the matrix U’ = Uy ... U,—1 U}, € GL,(D) satisfies:
f(xlv"'vxn)U/ = f(a17"'7an)'

Let us illustrate the QS-algorithm on a simple example.

Example 5. Let us consider the commutative polynomial ring D = Q[z1,x2] and the row vector
R=(z123+1 3x9/2+ 21 —1 2z129) € D3, We can check that S = (1 0 —z;/2)T isa
right-inverse of R, a fact implying that the D-module M = D'*3/(D R) is projective, and thus, free
by the Quillen-Suslin theorem. Let us compute a matrix U € GL3(D) such that RU = (1 00). As the
first component of S is 1, we can easily find such a matrix U using the heuristic methods explained
in Section [3.3] However, let us illustrate the main algorithm previously described.

We first note that R contains the normalized component 325/2 + z1 — 1 over D = E[z5], where
E = Q[z1]. The second step consists in computing certain local solutions. Let us consider the maximal
ideal M; = (z1) of E. Using an effective version of Horrocks’ theorem, we obtain that

4 —2(3.’L‘1+2.’172—2) 4:1)1(3.’1?1—2)
led—l 2x1 (3w — 229 — 2) 4(xy23+1) —4xy (32220 — 21120 +2) |,
0 0 923 — 1223 +42, +4
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where d; = 923 — 1222 + 421 +4 ¢ M;. We can check that det Hy = 4/dy, i.e., Hy € GL3(Em, [22]),
and R H; = (1 00), showing that H; is a local solution.

The ideal J = (dy) is strictly contained in E. Therefore, we consider another maximal ideal My

such that J C Ms. For instance, we can take My = (923 — 1222 + 421 + 4). Using an effective
version of Horrocks’ theorem, we obtain the matrix

0 0 43’51 (31‘1—2)
81 —8x1 22 —4z; (32329 — 221 72+2) |,
—4 2Bz +229—2) 9a3 — 1222 + 4z +4

1
Hy=
2= 5
where do = 421 (321 —2) ¢ My. We then have det Hy = —1/(x1 (321 —2)), i.e., Hy € GL3(Em,[22])
and RHy = (1 0 0). We can check that the ideal (di,d2) = E as we have the Bézout identity
c1dy +cads =1, where ¢y =1/4 and ¢ = —(3z1 — 2)/16.
The matrix A;(ze, —c1 d1 x2) is defined by:

(9x1/4 - 323 +23) a3+ 323/2 —z1) 22 + 1
—(1821 — 2423 +8a%) x1 23 /8 + (2725 — 542t + 3623 — 2027 + 8x1) 1 23 /8 — 1 22

0
—T2 —271 22
z1a3+ (=323/2 + )z +1 22323 — 2 (Ba1 —2) 22
0 1
We can easily check that we have R(x1,x2)A;(z2,—c1dixe) = R(x1,29 — ¢1dy x2) as well as

A1 (z2,—c1 dy x2) € GL3(D). Moreover, the matrix Ag(zg — ¢1 dy 2, —ca do x2) is defined by:
1 0 0
0 (322/2 — 1) 20 + 1 23 (3x1 — 2) @9
(922 =122 +4) 21 22/8  (=3x1+2)w2/4  (=323/2+x1) 22+ 1

We can easily check that we have R(x1,xo — ¢1dyxe) Ag(xe — ¢1dy 22, —Ccada x2) = R(x1,0) and
Ag(xo — 1 dy k9, —ca do x2) € GL3(D). Defining the matrix

Uy = Ay(x2, —c1 dy x2) Ag(x2 — ¢1dy T2, —ca do x2) € GL3(D),
we then get R(x1,x2) Ui(x1,22) = R(x1,0) = (1 321/2—1 0).
Finally, if we denote by

1 —321/2+1 0
Uy = 0 1 0 EGLd(D),
0 0 1

then, the matrix R(x1,0) is then equivalent to (1 0 0), i.e., R(x1,0) Us = (1 0 0). Hence, if we define
the matrix U = Uy Uz € GL3(D), i.e.,

(323/2 —x1)x2 + 1 (=923/44+ 323 —21 — 1) 22 — 321 /2+1 —2x1 T2
(=323/2 +ad)ad —a120 (921/4 323 +2f+ )23+ B2}/2—21) a2+ 1 222 22 ,

(922 — 1221 +4) z122/8  (—2721/16 +2723/8 — 923 /4 —x1/44+1/2)x2  (=323/24+x1)z2 +1
we finally obtain RU = (10 0).

In the third point of Section we saw that the case of a matrix R € D9*P admitting a right-
inverse over D can be solved by applying ¢ times Theorem [§| on certain row vectors obtained during
the process having smaller and smaller lengths. Hence, we obtain the following corollary.
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Corollary 5 (|27, 57,60, [62]). Let R € D?*? be a matriz which admits a right-inverse over D. Then,
forall ay,...,a, €k, there exists U € GL,(D) such that:

R(z1,...,zn) U(x1,...,2n) = R(ay,...,an).

We note that as the matrix R(aq,...,a,) has full row rank over a field k, there always exists a
right-inverse V' € kP*? such that R(a1,...,a,)V = I;. Hence, we obtain that R(UV) = (I; 0),
which also solves Problem [I| Another possibility is to first obtain a matrix W € GL,(D) such that
R(z1,...,2,) W = R(z1,as,...,a,) and then compute a Smith form of R(z1,as,...,a,) as we did
for the row vector case.

Remark 5. In [38], it was shown how a certain transformation maps a matrix R with entries in

a Laurent polynomial ring D = k[xl, .. xn,xflL. .,z 1], where k is a field, and which admits a
right-inverse over D to a matrix R with entrles in D = k[z1,...,2,] and which admits a right-inverse
over D. Hence, we can use a QS-algorithm to solve Problems [2} I and I over D. See [38] for more details.

See also Section m 3| for explicit examples. Finally, a new algorithm has recently been developed in [1].

3.4.4 Computation of bases of free modules

If R € D?*? is a matrix which admits a right-inverse over D, then, in Section we showed that a
basis of the free D-module M = D'*? /(D'*4 R) is defined by {7 (T;)}1<i<(p—q), Where 7 : DVP — M

denotes the canonical projection on M and Tj is the i*" row of the matrix T' € D®P~9D*? defined by:

Ul = ( " > € QL,(D).

Example 6. Let us consider again Example If we consider d; = 9/0x; instead of x;, namely,
D = Q[dy,ds], R=(d1d3+1 3dy/2+dy—1 2d;dy) € D'*3, denote by x = (1, 22, 23) and choose
F = C*°(R3), we then obtain that the linear system of PDEs

kerp(R.) = {y = (y1 y2 y3)" € F* | di djy1(z)+wn (@Jrg da ya(z)+d1 y2(7) —y2(v)+2 d1 d2 y3(z) = 0}

admits the parametrization (y1 () y2(x) y3(x))T = Q (21(x) 22(x))T, where Q is the matrix of differen-
tial operators formed by the last two columns of the matrix U defined in Example and z = (21  29)7
is any arbitrary element of F2, i.e.:

9 3
yl:(—Zd?+3d?—d1—1)d221—§d121+21—2d1d222,

9 4 3 2 2 3 2 2 72
Y2 = Zd1*3d1+d1+d1 d221+ §d17d1 d221+21+2d1d222,

9
4

27 27 1
y3=<—16dil+8d:1)’— d3 *d1+ >d221+< d%+d1> da 29 + 29.

Finally, if we denote by T' € D?*3 the matrix formed by the last two rows of the matrix U !, namely,
dy da 1 0

1 1 1 1
i (3d2 —2d,)d3 + g(—9d§>+12d§ —4dy)dy Z(3dl —2)dy 5(3d§ —2d,)dy

we then have T'Q) = I, i.e., the parametrization @ of kerz(R.) is injective.
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Now, if M = D'*P/(D'*9 R) is a projective D which is defined by a non full row rank matrix
R € DY %P | then, using Proposition 2], we first compute a full row rank matrix R € D? *P satisfying

M = M/ _ DlXp’/(DIXp’ RI),

and we then apply the previous QS-algorithm to R’ € D>’ to obtain U € GL, (D) such that
R'U=(Iy 0). LetS ¢ Dr'xd ) e pr'xw'=d) 7" ¢ p'=a)%P" he the matrices defined by:

’ ’ - R
v-s Q) vt =( 3 ).

Then, we have the following split exact sequence:

0— pixd B pixp QL pixe'-d) _, |
(15
—— “——

We now need to precisely describe the isomorphism between M and M’ in order to get a basis
of M from one of M’. In order to do that, we take the same notations as the ones used at the end
of Section 3.1} namely, R = R, Ty = (R 0")", R = (Tv S%), po = p, pr = ¢, ¢ = p1 + ph,
p' = po + ph. We first easily check that we have the following commutative exact diagram

Dlxp A pixpe T M 0
T.x T Ipg T ida
pixei+py) T pixpe T, M 0,

where X = (IF 07)". Moreover, we also have the commutative exact diagram

Dixi+py) T D1xpo I M —0

1.z Ty To

Dixitey) B pixwetey) T, ap 0,
where Y = (11 07)T, Z = (IL,  07)" and the isomorphism o is defined by:
vm' =a'(A), A= (A Ag) € DXt o(m!) = 1(Ay).
Combining the two commutative exact diagrams, we then obtain the following one:
Ry

D1xp — D1xpo = M —0

T.(zx) Ty To

Dixmi+ry) B pixotrt) T, A 0.

Hence, if we denote by {fi}1<i<(—q) the standard basis of DY*#'=d) yging , we then obtain
that {o(7'(f;T")) = m(fi (T"Y))}1<i<@—q) is a basis of M, i.e., a basis of M is defined by taking
the residue classes of the rows of (T"Y) € D®'~4)xro,

We can check that the D-morphism o~! : M — M is defined by:
Vm=n(\), AeDVPo o7 m)=a'(\YT).

Then, using 7 we then obtain the following split exact sequence

D1><q i) D1><p .(YT Q" Dlx(p/—q/) . 07
.S (T'Y)
— —
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where S € DP*1 is a generalized inverse of R, i.e., S satisfies RS R = R ([44]). If we denote by
T" = (T7 T;), where T] € D(p/_‘l,)xl’ and Ty € DP=0)*p2 and Q" = ((Q))T (Q4)T)T, where
Q) € D>’ =4) and Q) € DP2*P' =) we then get

Y'Q =@Q), T'Y=T],
i.e., we need to select the first p columns of 7" and the first p rows of Q’.

Remark 6. If the free D-module M = D*P/(D'*4 R) is defined by the finite free resolution ,
where Ry = R, pp = p and p; = ¢, we point out that we only apply once the QS-algorithm to the
matrix R’ in order to obtain a basis of M contrary to the algorithm developed in [27] where the QS-
algorithm is applied m times. Hence, our algorithm is generally more efficient than the one developed
in [27].

If F is a D-module, then applying the functor homp (-, F) to the previous split exact sequence, by
2 of Proposition [1| we then obtain the following split exact sequence:

Fa B D p0-d) .
S ;.
= —_—

The system kerz(R.) admits the injective parametrization @}, namely:
kerr(R.) = Qy FP =) TIQ, = I, _,.

Remark 7. Let us consider R € D?*P and let us suppose that the D-modules imp(.R), kerp(.R)
and coimp(.R) £ D'*/kerp(.R) are free. We now show how to use the previous results to compute
a basis of these free D-modules:

1. A basis of imp(.R) = D'X9 R can be obtained as follows: we first compute the first syzygy
D-module of imp(.R) and we obtain a matrix Ry € D" satisfying kerp(.R) = D'*" Ry. Let
us denote by My = D'*4/(D'*" Ry) =2 D'*4 R. Using the method previously described, we can
compute a basis of the free D-module M,. We get Qo € D?*! and Ty € D'*4 such that we have
the exact split sequence

D1><r R D1><q Q2 D1><l 0,
.Ss Ty

— —

where Sy € D9*" denotes a generalized inverse of Ry. A basis of D'X9 R is then given by the
D-linearly independent rows of the matrix 7o R € D'*P and we have D'*9 R = D'*! (T, R).

2. Using the same notations as before, we have kerp(.R) = D'*" Ry and a basis of the free D-
module kerp(.R) can then be obtained by computing a basis of D'*" Ry as it was shown in the
previous point.

3. Using again the same notations as in the first point, we get
coimp(.R) = D'/ kerp(.R) = D'*9/(D**" Ry),

and a basis of coimp(.R) can be computed using the general method previously described in
this section.

To finish, all the algorithms presented in this section were implemented in the package QQUILLEN-
SusLIN ([13]). See the Appendix for more details and examples.
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4 Flat multidimensional linear systems

4.1 Computation of flat outputs of flat multidimensional systems

Our first motivation to study and implement constructive versions of the Quillen-Suslin theorem was
the computation of flat outputs and injective parametrizations of flat multidimensional linear systems
and, particularly, differential time-delay systems. Let us first recall the main ideas of flat systems and
their applications in control theory.

A non-linear ordinary differential control system defined by & = f(z,u) is said to be flat if there
exist some outputs y of the form y = h(x,u,,. .. ,u(")) such that we have:

T = ¢(y7y7 cee 7y(s))’
u=y, g, ....y).

The outputs y is then called flat outputs of the control system & = f(x,u). See [16, [I7] and the
references therein for more details and references. We can prove that the trajectories of a flat system
are in a one-to-one correspondence with those of a controllable linear ordinary differential system
having an arbitrary state dimension but the same number of inputs, i.e., with those of a Brunovsky
canoncial system ([I7]). We say that a flat non-linear system is Lie-Bdcklund equivalent to a control-
lable linear ordinary differential system ([17]). Controllable linear systems form the simplest class of
systems studied in control theory and a large literature is developed for the analysis and the synthesis
of this class of control systems. This result, as well as the fact that many classes of non-linear control
systems commonly used in the literature were proved to be flat, has popularized this class of systems
in the control theory community. The motion planning problem was shown to be easily tractable for
flat systems and it was illustrated on several examples in the literature ([I6] [I7]). Finally, the fact
that the trajectories of a flat non-linear systems are in a one-to-one correspondence with the ones of a
linear controllable system can be used to construct feedback laws which stabilize a flat non-linear sys-
tem around a given trajectory (tracking problem) ([16] [I7]). See also [48] for applications to optimal
control.

Unfortunately, no general algorithm is known for checking whether or not a non-linear control sys-
tem is flat and for the computation of flat outputs despite many effort of the mathematical and control
theory communities. We refer the reader to [67] for a historical account of the main developments of
the underlying mathematical problem, the Monge problem, which was studied by Hadamard, Hilbert,
Cartan and Goursat.

We illustrate these definitions on the model of a vertical take-off and landing aircraft considered
in [I7], namely,
Z(t) = ui(t) sinf(t) — eua(t) cosb(t),
Z(t) = u1(t) cosO(t) + eua(t) sinf(t) — 1, (16)
6(t) = ua(1),
where ¢ is a small parameter. It is proved in [I7] that the smooth solutions of can be parametrized
by means of the following non-linear differential operator

r=1Y —¢€ = Y - 9
V()% + (2 + 1)?
Y1 _ yQ + 1
— Z=1Ys — € — — , 17
( Y2 ) V(i1)? + (2 + 1)? (a7)
0 = arctan < ” il ) ,
Yo +1
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where y; and ys are two arbitrary smooth functions satisfying the following condition:
VteRy, (§1(1)%+ (G2(t) +1)* #0.

Moreover, the arbitrary functions y; and ys can be expressed in terms of the system variables as
follows:

=x+¢sinb,

{ Y1 (18)

Yo =z + € cosf.

Hence, (y1,y2) is a flat output of the non-linear system and its knowledge gives a way to generate
the trajectories of . Finally, the flat ordinary differential system is Lie-Béacklund equivalent
to the Brunovsky linear system defined by
(4)
=
{ yl 1, (19>

4
yé ) = V2,
under the invertible transformation (n; = u; — €62 and Ny =1n):

y1 = +¢€ siné,
Y2 =z + € cosb,
vy =12 sinf + 2120 cos O + my us cosd — ny 62 sinf,

Vg = 1) 0059—27729 sin @ — ny ug sinf — 02 cosf.

The study of flat linear ordinary differential time-delay systems has recently been initiated in
[18, [32]. As for non-linear ordinary differential systems, this class of systems shares some interesting
mathematical properties which can be used to do motion planning and tracking as shown in [32] and the
references therein on explicit examples. However, the theory of flat linear ordinary differential time-
delay systems is still in its infancy and some concepts developed for non-linear ordinary differential
systems seem to have no counterparts for this second class of systems. In particular, for flat linear
differential time-delay systems, we can wonder which kind of linear systems could play a similar role as
the one played by the linear controllable systems (or Brunovsky systems) for flat non-linear systems.
To answer this question, we first need to understand which kind of equivalence plays a similar role for
differential time-delay linear systems as the one played by the Lie-Backlund equivalence for non-linear
differential systems. To our knowledge, these important questions have not be tackled in the literature
till now. This section aims at constructively answer these two questions.

As the differential time-delay systems is a particular class of multidimensional systems, we can
define the concept of a flat multidimensional linear system in terms of the existence of an injective
parametrization of the trajectories of the system ([5], 44} [65]).

Definition 7. Let D = k[z1,...,2,], R € D?? and F a D-module. Then, the system kerz(R.) is
called flat if there exist @@ € DP*™ and T € D™*P satisfying:

kerr(R.)=QF™, TQ=In.

In terms of the module-theoretic/behaviour approach recently developed for multidimensional
linear systems ([5l, 411 [34] [65] 66]), it means that the module M intrinsically associated with the
multidimensional linear system is free over the commutative polynomial ring D of functional operators
(B, 16, 17, [32, [44]).

Proposition 3 ([5]). Let D = k[x1,...,7,], R € D, M = DY*?P/(D'*4 R) and F be an injective
cogenerator D-module. Then, kerz(R.) is a flat system iff the D-module M 1is free. Moreover, the
bases of the D-module M are then in a one-to-one correspondence with flat outputs of kerx(R.).
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Remark 8. Using the end of the Section [2| we obtain that the condition that M is a free D-module
is a sufficient condition for kerxz(R.) to be a flat system.

Using Proposition and the Quillen-Suslin theorem (see 4 of Theorem, we then get the following
important corollary.

Corollary 6. Let D = k[x1,...,2,], R € D?P, M = DY? /(D4 R) and F be an injective cogen-
erator D-module. Then, kerx(R.) is a flat system iff the D-module M is projective.

When R has a full row rank, then, using Theorem [3] a constructive test for flatness of multidi-
mensional linear systems with constant coefficients consists in checking if the ¢ x ¢ minors of R do
not simultaneously vanish on complex common zeros ([24] [62]). This last result can algorithmically
be checked by computing a Grobner or Janet basis of the ideal I of D generated by the g X ¢ minors
of R and check whether or not 1 € I. We can also check whether or not R admits a right-inverse over
D ([4, 5, 44]).

In the general case, using Theorem [3| the projectiveness of M can constructively be obtained
by verifying the vanishing of ext’;(N,D), for i = 1,...,n, where N is the transposed D-module
N = D™¥4/(D¥*? RT). Other possibilities are to compute the so-called global dimension of M ([57])
by means of Proposition [2| and Corollary [2] as it was shown in [53], check whether or not R admits a
generalized inverse S over D, i.e., check for the existence of a matrix S € DP*? satisfying RS R =R
([44]) or check some straightforward conditions on the so-called Fitting ideals of M as it is explained
in [L1].

However, we point out that, till now, there has been no easy way for obtaining the flat outputs
of the system, i.e., the bases of the free D-module M. Hence, we are led to use constructive versions
of the Quillen-Suslin theorem developed in the symbolic algebra community ([I9, 27, 29, [87]) for
computing a basis of the free D-module M. It was our first main purpose for developing the package
QUILLENSUSLIN ([13]). See the Appendix for more details and examples.

Example 7. Let us consider the following differential time-delay linear system ([32]):

{ 91(t) — yi(t — h) +2y1(t) + 2y2(t) — 2u(t — h) = 0,
Yo

91(t) + 92 (t) — a(t — h) — u(t) = 0. (20)

Let us denote by D = Q [%, 6} the commutative ring of differential time-delay operators with rational
coefficients, where (d/dt) y(t) = y(t) and (y)(t) = y(t — h), h € R4. Let us also denote the matrix of
functional operators defining by:

d

——=0+2 2 -20
R—| d c D2%3.
44 _ds
dt dt dt

Using the algorithms developed in [5] [44] and implemented in the package OREMODULES ([4]), we
obtain that R admits a right-inverse over D defined by

0 0
d
Ll Z542 —26
S=5| a’" )
d
i )
dt

a fact proving that M = D'*3/(D'*2 R) is a projective, and thus, a free D-module by the Quillen-
Suslin theorem (see 4 of Theorem [2)).
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Using a constructive version of the Quillen-Suslin theorem (see also the heuristic methods developed
in [5 [44]), we obtain the following split exact sequence of D-modules

0 — D1><2 i D1><3 & D—>O,
5 T (21)
— —
2
1 dQ(S d62 d 59
where T=(1 0 0)and Q=5 |~z g% " 0T
d d?
al’

Using the split exact sequence , we can check that we have
M = D1><3/(D1><2 R) o~ (D1><3 Q) — D,

i.e., we find again that M is a free D-module of rank 1.

Now, if F is a D-module (e.g., F = C*°(R)), by applying the functor homp (-, F) to the split exact
sequence , we then obtain the following split exact sequence of D-modules (see 2 of Proposition:

0e— F2 o 2 r
s, T

Hence, for any D-module F, we get that the system kerz(R.) defined by is parametrized by the
following injective parametrization:

Ve, | wl)=g (ElE-R)Fh-20) @) bnl - -2n0), ()

1. .
u(t) = 5 (&1t = h) = Z1(2))-

We refer the reader to [53] [55] for a constructive algorithm for the computation of bases, and thus,
of flat outputs of a class of linear systems defined by partial differential equations with polynomial or
rational coefficients. See [b4) [53] for an implementation of this algorithm in the package STAFFORD
of the library OREMODULES.

Finally, we say that the D = k[z1,...,z,]-module M = D'*P/(D1*4 R) is 7-free, where 7 € D, if
the D,-module D, ® p M is free, where D, denotes the localization

D,={a/blac D, b=1" icZ.}

of the ring D with respect to the multiplicatively closed subset S, = {1, w, 72, ...} of D ([57]).
By extension, we can define the concept of a m-flat system. See [0l [32, B3] for more details. Given a
finitely presented D = k[x1, ..., 2,]-module M = D'*P/(D'*4 R), constructive algorithms computing
the corresponding polynomials 7 and basis of the free D, -module D, ® p M were given in [5] and
implemented in the OREMODULES package ([4, [6]). However, we can also use Remark [5[ to compute
the corresponding basis in the case where m = x;. We can also follow the simple idea developed in
Section [9.4.3]
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4.2 Equivalences of flat multidimensional systems

Using a QS-algorithm, the purpose of this section is to prove that a flat multidimensional linear system
with constant coefficients is algebraically equivalent to a linear controllable 1-D system obtained by
setting all but one functional operator to 0 in the system matrix. In particular, the algebraic equiv-
alence we use is the natural equivalence developed in module theory, namely, two multidimensional
linear systems are said to be algebraically equivalent if their canonical associated modules are isomor-
phic over the underlying commutative polynomial ring of functional operators D. This equivalence is
nothing else than the natural substitute to the Lie-Béacklund equivalence for multidimensional linear
systems. In the case of ordinary differential linear systems, we already know that Lie-Béacklund trans-
formations correspond to isomorphisms of the underlying modules (see e.g. [I7] and the references
therein). Finally, we prove that a flat differential time-delay linear system is algebraically equivalent
to the controllable ordinary differential system without delays, namely, the system obtained by setting
all the delay amplitudes to 0. This last system plays a similar role as the one played by the Brunovsky
canoncial form in the non-linear case.

We have the following corollary of Theorem

Corollary 7. Let D = klx1,...,2,], R € D¥*? be a full row rank and F an injective cogener-
ator D-module. The flat multidimensional system kerz(R(x1,...,2y).) is then D-isomorphic to a
controllable 1-D linear system obtained by setting any functional operator to 0. For instance, the
system ker 7 (R(z1, ..., xy).) is D-isomorphic to the system ker 7(R(z1,0,...,0).) and the F-solutions
of kerg(R(x1,...,2,).) are in a one-to-one correspondence with the ones of ker (R(x1,0,...,0).).

Proof. Using Proposition [3} we obtain that M = D'*?/(D'*?R) is a free D-module. Using the fact
that R has full row rank, by Theorem 8] there exists a matrix U € GL, (D) such that RU = R, where

R = R(x1,0,...,0). Therefore, we have the following commutative exact diagram

0 0 0
1 1 1

0— Dixa B puxp T a0 g
A Ly

0 — Dlxa i Dixp  _E. Az 0,
1 1 1
0 0 0

where x : D' — M denotes the canonical projection onto M and the D-isomorphism f : M —s M’
is defined by:
Ym=r(\), A€DUP f(m)=r(AU).
Applying the functor homp(-, F) to the previous commutative exact diagram and using the fact

that horizontal exact sequences split because M = M’ is a free D-module, we then obtain the following
commutative exact diagram:

0 0 0
7 T 7

0Oe— Fao 2 kerg(R.) «—0
[ To Tr

0e— Fo & keagr(R) —0
7 T 7
0 0 0

The D-isomorphism f* : kerz(R.) — kerz(R.) defined by:
Vnekerg(R.), f*(n)=Un.
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Hence, f* induces a one-to-one correspondence between the trajectories of ker(R.) and those of
kerz(R.) and (f*)~! is defined by:

V(ekers(R), (f)7H(QO)=U""¢
O

Using Corollary [2] and the end of the Section [3.4] we can always reduce the case of a non full row
rank matrix R to the case of a full row rank matrix R’ and then apply Corollary [7|to R’.

Despite the fact that Corollary [7]is a straightforward consequence of the Quillen-Suslin theorem,
its applications to flat multidimensional systems seem to be ignored. In particular, it shows that the
Lie-Backlund equivalence in the non-linear case needs to be replaced by the isomorphism equivalence
in the multidimensional case. Moreover, the right substitute of the Brunovsky linear system in the
non-linear case becomes the controllable 1-D linear linear system with constant coefficients obtained
by setting all but one functional operator to 0.

Let us illustrate Corollary [7] on two examples.

Example 8. Let us consider again the differential time-delay linear system defined by (20). In
Example|7] we proved that the corresponding D-module M is free. It is well-known that F = C*°(R)
is not an injective D-module but, by Remark 8] the system kerx(R.) is flat as the D-module M is
free. Hence, according to Corollary (7] the flat system is algebraically equivalent to the following
controllable ordinary differential linear system

{ 2(8) + 22 (1) + 2 22(t) = 0,

21 (t) + Zg(t) — U(t) = O’ (23)

i.e., the system obtained by setting § to 0 in the matrix R. Using the constructive QS-algorithm
to R, after a few computations, we obtain an invertible transformation which bijectively maps the
trajectories of to the ones of is defined by:

yi(t) = z1(1), z1(t) =y (t),

at) = 5 (alt = 20) + 216 = ) + 220+ 0lt = 1), ] 2a(0) = =5 (= )+ olt) —ult — ),

1 1
u(t) = iél(t—h)—i-v(t). u(t) = —iyl(t—h)+u(t).
(24)
Applying again Corollary 7| to , we get that the ordinary differential system is equivalent
to the purely algebraic system

(25)

2.131(t) + 2.1‘2(t) =0,
—w(t) =0,

i.e., the system obtained by setting to ¢ and d/dt to 0 in R. Applying a QS-algorithm to R,we obtain
that a transformation which bijectively maps the trajectories of to the ones of is defined by:

21(t) = z1(t), z1(t) = 21 (1),
2at) = aa(t) = 5 620 &3 mt) ==+ 5 4(0) (26)
o(t) = wlt) — L () + a0 +aa(), L () =0l + 20 + 200,

Combining and , we finally obtain a one-to-one correspondence between the solutions of
and .
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We note that the solutions of (resp., (23)) are parametrized by means of (resp., (26)),
where 21, z2 and v (resp., 1, x2 and w) are not arbitrary functions as they must satisfy (resp.,
). However, solving the algebraic system , we obtain that zo = —z; and w = 0. Substituting
these values in and the result into (24)), we find that an injective parametrization of is defined
by .

Finally, we can check that an injective parametrization of is obtained by setting § = 0 in the
matrix of operators defining , ie.

vper, | =0)=-5E0+290),
o(t) = —5 (o).

Similarly, if we set § and d/dt to 0 in the matrix of operators defining , we obtain the following
injective parametrization of :

VoeF, za(t) = —p(t),
w(t) = 0.

These results can be obtained by applying the functor (D/(Dd))®p - (vesp., (D/ (Dé+ D %)) ®p )
to the split exact sequence to get the corresponding split exact sequence of D/(D d¢)-modules
(resp., D/ (D6 + D 4)-modules) ([57]).

We consider another time-delay system appearing in the literature of control theory.
Example 9. Let us consider the differential time-delay system of neutral type studied in [28], where

a denotes a real constant:

{ i1 (t) + a.:l(t) —u(t) =0, (27)

ZL’Q(t) — LEg(t - h) - xl(t) + axg(t) = 0.
We consider the ring D = Q(a) [4, 6], the system matrix of defined by
d

=41 0 .
r=| ¥ L € D273,
1 -~ _Z
a a0

and the D-module M = D'*3/(D'*2 R). R admits a right-inverse defined by
0 -1

S = 0 0 c D2><37
d
-1 —— -1

dt
a fact which proves that M is a projective, and thus, a free D-module by the Quillen-Suslin theorem.
Even if the D-module F = C*°(R) is injective, by Remark |8 the fact that D-module M is free is a
sufficient condition for kerz(R.) to be a flat system. By Corollary is equivalent to the following
ordinary differential system

Zo(t) +aza(t) — 2 (t_) =0, (28)

{ 4(t) + 21(t) —v(t) =0,
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i.e., the system obtained by setting § to 0 in the matrix R, under the corresponding invertible trans-
formations:

lEl(t):Zl(t)fég(tfh), Zl(t)zl‘l(t)+5.€2(t7h),
xg(t) = Zz(t), = ZQ(t) = ‘T2(t)7
u(t) = v(t) — a(t — h) — 2ot — h), () = u(t) + da(t — ) + @a(t — h).

Hence, the smooth solutions of the differential time-delay system are in one-to-one correspondence
with the ones of the ordinary differential system .

Using Corollary 5] we can also set the different functional operators appearing in the system matrix
of a flat multidimensional linear system to any particular value belonging to k. Applying this result to
the class of flat differential time-delay linear systems, we show that a flat differential time-delay linear
system is equivalent to the controllable ordinary differential linear system obtained by setting all the
time-delay amplitudes to 0, i.e., to the corresponding ordinary differential system without delays.

Corollary 8. Let D = k [%,61,...,5,1_1] be the ring of differential incommensurable time-delay

operators, namely, the amplitudes h; € Ry of the time-delay operator
Giy)t) =yt —hy), i=1,....,n—1,

are such that the Q-vector space generated by the positive real numbers hy, ..., hyp_1 is n-dimensional.
Let us consider R € DY*P which admits a right-inverse over D and F an injective cogenerator D-
module. Then, the time-invariant flat differential time-delay linear system ker (R (%, 01yeen,y 5n_1) 2
is D-isomorphic to the controllable ordinary differential linear system kerz(R (%, 0,... ,O) .) obtained
by setting the amplitudes of all the delays to 0, i.e., il is equivalent to the linear system without
delays. In particular, the F-solutions of the system kerz(R ( d 51, .. .,5n_1) .) is in a one-to-one

d a
4.0,...,0).).

Let us illustrate Corollary [8 on two examples.

correspondence with the ones of ker]:(R(

Example 10. Let us consider again the flat differential time-delay linear system defined by .
Applying Corollary [§] on , we obtain th is equivalent to the ordinary differential linear
system obtained by substituting A = 0 into (20)), i.e., by setting § = 1 in the matrix R defined in
Example [7, namely:

Brijov ek g
Using a QS-algorithm, we then obtain that the following transformation
a(t) = ()
(1) = 3 1(0) — a0 — ) F () — a0 — ) +al) +ult) —ult—h), (30)
o(t) = 5 G (8) — 9at — 1)) + u(t),

whose inverse is defined by

ya(t) = —% Galt—h) — 21(t— 2h) + 21 (t — B) — 21 () + 2(t) + v(t — B) — v(2),

u(t) = 3 (16— B) = 2.(0)) +o(0),
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bijectively maps the trajectories of (20) to the ones of . An injective parametrization of can
then be obtained by taking h = 0 in (22)), i.e.:

voer, 1 )= —5 @0 ),

o(t) = 5 (~5(0) + (1),

Example 11. We consider again the differential time-delay system of neutral type defined by .
As we have already proved that is a flat system, by Corollary |8, we know that is equivalent
to the ordinary differential linear system

{ () + 21 (t) —o(t) =0,

—2Zz1 (t) + azz(t) = 0, (31)

obtained by setting A = 0 in . Using a QS-algorithm, we then obtain that the invertible trans-
formation defined by

z1(t) = @1 (t) — 2(t) + @2(t — h),
= 29 (t) = X9 (t),
v(t) = u(t) — Zo(t) + Zo(t — h) — &o(t) + @2(t — h),
bijectively maps the trajectories of to the ones of .

In the previous examples, we note that the invertible transformations can easily be computed
by hand but it is generally not the case for more complicated examples. Hence, we need to use an
implementation of constructive versions of the Quillen-Suslin theorem for computing the invertible
transformations and the injective parametrizations of flat multidimensional linear systems. Such an
implementation has recently been done in the package QUILLENSUSLIN ([I3]) which, with the library
OREMODULES ([4]), allows us to effectively handle these difficult computations.

As for the flat non-linear ordinary differential systems, using the fact that there is a one-to-one
correspondence between the trajectories of the flat differential time-delay systems with those of the
ordinary differential system without delays, we can use stabilizing controllers of the latter in order to
stabilize the former. This approach echoes the Smith predictor method. We illustrate this idea on an
explicit example. More general ones can be handled in a similar way or will be studied in a future
publication.

Example 12. The differential time-delay linear system defined by
(t) + z(t — h) = u(t) (32)

is flat as we have the following injective parametrization of :

(t) = y(t),
u(t) =y(t) +y(t —h).
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We easily check that is algebraically equivalent to the controllable ordinary differential system
obtained by setting A = 0 in , namely,

2(t) + z(t) = v(t) (33)
under the following invertible transformation:
t) = z(t t) =x(t

(1) = 2(0) N ECEEC] -

u(t) = v(t) = (2(t) — z(t — h)), v(t) = u(t) + (z(t) — x(t = h)).
The transfer functions of and are then defined by:

_ 1 _ 1
p1 = (s +ehs)’ p2 = G+l

Let us show how to use the invertible transformation in order to parametrize all the stabilizing
controllers of p; by means of the ones of po. Let us consider the algebra A = RH, of proper and stable
real rational transfer functions and the Hardy algebra B = H.(C.) of bounded analytic functions
in the right half-plane C,. ([7, B0, [52] [5T], 60]). We recall that A is a R-subalgebra of B. As ps € A,
Zames’ parametrization of all stabilizing controllers of py has the form ([51] [60]):

_ q
1+gp2

Now, using the Laplace transform of ([7), we get

B

where £ denotes the Laplace transform of z and similarly for z, u and v. Using the fact that & = ¢2(q) 2,
we obtain the following stabilizing controllers of p;:

Vge A, c(q)

>

x>

)

U+ (1 —e ),

Vge A, a=—(1-e" —cy(q)i.

Let us check that the controller ¢;(q) = —(1 — e~ — ¢3(q)) internally stabilizes p;:

1 B s+ehs (seh) 1
L-pia(g)  s+l-clg)  (s+1) ca(q) '\’
(1_ (s+1)>
D1 _ 1 1 1
l—piailg)  s+1l—c(q) (s+1) ca(q) '\’
(1_ <s+1)>
cl(Q) _ _(S+e—hs) 1 _ e—hs —c
1-pieiq) (s+1) (1_ c2(q) ) S 2(0)
(s+1)

_(S+e—hs) l_e—hs 02(q)

e AC-ws) (o)

Then, using the fact that for all ¢ € A, we have
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as cz(q) internally stabilizes py and (s +e "%)/(s+1), 1 —e~"* € B, we obtain

1 p1 c1(q)
(I1-prei(q) (IT=preiq) (I—=pre(q)

which shows that ¢;(g) internally stabilizes p; for all ¢ € A. For more details, see [7, [0, 52] 5] 60].
Following [51], we can then find the general Q-parametrization of all stabilizing controllers of p;.

Vge A,

€ B,

Taking ¢ = 0, the internal stabilizing controller ¢;(0) = —(1 —e~"%) of py, i.e.,
u(t) = —x(t) + z(t — h), (35)

Ly (R4 ) — Lo(Ry)-stabilizes . See [7] for more details. We note that a similar result holds if we
consider the Wiener algebra A (|7, [51, [60]) instead of B = Ho(C,). Hence, the controller defined by

B5) also Lo (R4 ) — Loo (R )-stabilizes (32).

Finally, using some results of [51] and the fact that ¢1(0) € B, we obtain that p admits the following
coprime factorization p = n/d
P1 (O) 1

n= = € B,

(1 =p1c1(0))  (s+1)

1 —hs

Je _ (s+e %) c B,

(1 =p1c1(0)) (s+1)

as we can easily check that the following Bézout identity holds:

1
(s+1)

(s+ehs)
(s+1)

—(e7"—1) =1.

In particular, the stable controller ¢;(0) = —(1 — e~"*) strongly stabilizes p; ([51 60]).

5 Pommaret’s theorem of Lin-Bose’s conjecture

The purpose of this section is to show how to use a QS-algorithm to constructively solve Pommaret’s
theorem of Lin-Bose’s conjecture ([43]). Let us first recall this conjecture recently developed in the
multidimensional systems theory which generalizes Serre’s conjecture ([26]). Let us state a new prob-
lem.

Problem 3. Let D = k[z1,...,2,] be a commutative polynomial ring with coefficients in a field k,
R € D?*? a full row rank matrix and M = D'*?/(D'*9 R) the D-module finitely presented by R.
We suppose that M/t(M) is a free D-module.

Does it exist a full row rank matrix R’ € DI%P satisfying M/t(M) = DY*?/(D**9 R")? 1If so,
compute such a matrix R'.

If we can solve Problem [3] we then have
t(M) = (D' R') /(D" R),
and using the fact that D'*9 R C Dxd R’ there exists R"” € D?*9 such that:

R=R'R. (36)
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Let us denote by r = p!/((p — ¢)!¢!). The fact that M/t(M) is a projective D-module implies that
there is no common zero in the ¢ x ¢ minors {m}};1<;<, of R', i.e., there exists a family {p; }1<i<, of
elements of D satisfying the following Bézout identity:

Zpi m;, = 1. (37)
=1

Now, using the fact that we have m; = (det R”)m/, for i = 1,...,r, where the m; denote the
q X g-minors of R, we obtain that the following inclusion of ideals of D:

> Dm; C (D (det R")) (ZDm ) = D (det R").
i=1
Multiplying by det R”, we obtain
det R" = Zpi (det R"Ym = Zpi mi,

which shows that D (det R”) C Y7 Dm; and y_;_, Dm; = D (det R"”). Hence, the greatest com-
mon divisor of the ¢ x ¢ minors {m;}1<;<, is then equal to det R".

Hence, solving Problem [3gives us a way to factorize R under the form R = R” R, where R’ € DI*P
admits a right-inverse over D and det R” is the greatest common divisor of the ¢ x ¢ minors of R.
The question of the possibility to achieve this factorization was first asked by Lin and Bose in [20]
and solved by Pommaret in [43]. See also [63]. It was proved in [43] that this factorization problem
is equivalent to Problem [3| The purpose of this paragraph is to give a general constructive algorithm
which solves Problem [3] and thus, performs the corresponding factorization. The algorithm has
recently been implemented in the package QUILLENSUSLIN. See the Appendix.

Based on the Quillen-Suslin theorem, we first prove that a matrix R’ satisfying Problem [3| always
exists. We then show how to effectively compute it.

The fact that R has full row rank implies that we have the following exact sequence:
0 — D> B, plxp T, a1 . (38)

Let N = Dlxq/(Dlxl’ RT) be the transposed D-module of M (see Remark' ), according to Theoreml
there exists Q € D> such that M/t(M) = DIXP/(DIX‘J Q). In particular, using the fact that
(D'*4 R) C (D'*7' @), there then exists a matrix P € D% satisfying R = P Q. We refer the reader
o [M] for the implementation of the corresponding algorithms in the library OREMODULES as well as
the large library of examples which demonstrates these results.

Then, we have the following commutative exact diagram:

0
!
0 #H(M)
! Li
0— Dx¢ B pux» T,y —0
L.p | Lo
pixd % pue T My M) — 0.
! !
0 0
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As, by hypothesis, the D-module M /t(M) is projective, using 1 of Proposition [1} we obtain that the
following exact sequence

0— D™ Q — DYP ™ M/H(M) — 0 (39)

splits and we obtain ,
DYP = M/t(M) ® (DY Q),

which shows that D'*9" Q is a projective D-module. By the Quillen-Suslin theorem, we obtain that
D' () is then a free D-module.

Let us compute the rank of the free D-module Dxd Q. Applying the exact functor K ®p - to the
short exact sequence (B9)), where K = Q(D) denotes the quotient field of D ([57]), we obtain that:

rankp (D9 Q) = p — rankp ((M/t(M)).
See [57] for more details (Euler characteristic). Similarly with the two short exact sequences and
0 — (M) —— M -2 M/t(M) — 0,
and, using the fact that K ®p t(M) = 0 because t(M) is a torsion D-module ([57]), we then get:
rankp (M/t(M)) = rankp(M) =p — q.

Therefore, we obtain rankD(Dlxq/ Q) =p—(p—q) = g, which shows that D%4" () is a free D-module
of rank g, i.e., D7 Q = D4, Computing a basis of this free D-module, we obtain a full row rank
matrix R’ € D?*P satisfying

DquIQ=D1XqR/7 (40)

which implies that M/t(M) = D'*?/(D'*4 R’) and we have the following finite free short resolution
of M/t(M):

0 — DY L p» T /(M) — 0. (41)
We note that if @ has full row rank, we then can take R’ = @ and ¢’ = g.

In order to compute the matrix R’ € D?*P which satisfies , we need to compute a basis of
the free D-module D'*? Q. Hence, we can use the first point of Remark B to compute a basis of the
D-module DX Q.

Algorithm 2. e Input: A commutative polynomial ring D = k[z1,...,x,] over a computable
field k, a full row rank matrix R € D?*P and the finitely presented D-module M = D1*P/(D*4 R)
such that M/t(M) is a free D-module.

e Output: A full row rank matrix R’ € D?*? such that:
M/t(M) = D'*?/(D'*1 R).
1. Transpose the matrix R and define the finitely presented D-module:
N = Dlxq/(Dlxp RT).
2. Compute the D-module ext}, (N, D). We obtain a matrix Q € DY %P such that:

M/t(M) = DV*? /(D7 Q).
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3. Compute the first syzygy module kerp(.Q) of Dxd Q.

4. f kerp(.Q) = 0, then @ has full row rank and exit the algorithm with R’ = Q. Else, denote by
Q2 € D%2%9 3 matrix satisfying kerp(.Q) = D*% Qs.

5. Compute a basis of the free D-module:
L= DX (D% Q).

In particular, we obtain a full row rank matrix B € D9%¢ such that L = m5(D'*49 B), where
9 : D1X9 — [ denotes the canonical projection on L.

6. Return the full row rank matrix R = BQ € DI*P,

Remark 9. The computation of a basis of L gives two matrices P, € D?*4 and B € D% such that
we have the following split exact sequence

0
T
pixe 9% plxd T
| Te
ptxd 2, pixa
.B
£

where ¢ : D'*7 — L denotes the corresponding isomorphism. We can now check that the matrix
R’ = BQ has full row rank. Let A € D'*9 be such that A R’ = 0. Then, we get (A\B)Q = 0, i.e.,
AB € kerp(.Q) = D% ,, and thus, there exists TS D% guch that A\B = 1 Q2. Using the
identity B P> = I;, we then obtain:

We illustrate Algorithm [2| on a simple example.

Example 13. Let us consider the differential time-delay model of a flexible rod with a force applied
on one end developed in [32]:

{ g1(t) — g2t — 1) —u(t) =0, (2)

291(t — 1) — g2(t) — 92(t — 2) = 0.

Let us define the ring D = Q [%, 5] of differential time-delay operators with rational coefficients. The
system matrix of is defined by:

d d
R= p J J e D?*3.
PR PE— 2_ PR
2dt6 dt(S dt 0

Let M = D'*3/(D'*2 R) be the D-module associated with and D-module N = D**2/(D1*3 RT).
Then, N admits the following finite free resolution

T .RY
O<—NLD1X2<LD1X3<—2D<—O,
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where RY = (—52 -1 =26 % 52 — %). The defects of exactness of the complex

O_>D1X2£>D1X3£D_)O
are then defined by:

extd (N, D) = kerp(.R) = 0,

exth (N, D) = kerp(.Rs)/(D'*2 R),

ext?, (N, D) = D/(DY*3 Ry).

Computing the first syzygy module kerp(.Ry) of D'*2 R, we obtain kerp(.Ry) = D**3 Q, where the
matrix @ is defined by:

—26 6°+1 0
d d

d d

Z5 =

dt dt

We get t(M) = (D3 Q)/(D'*? R) and reducing the rows of Q with respect to D'*2? R, we obtain
that the only non-trivial torsion element of M is defined by

m=—26y; + (62 + 1)y,
d

S m=0
at" ’

where y1, 2 and y3 denote the residue classes of the standard basis of D'*3 in M.

Following Algorithm 2} we compute the first syzygy module kerp(.Q) and obtain kerp(.Q) = D Q2,
where:

Qs = <;t —6 1) e D3, (44)

We now have to compute a basis of the free D-module L = D'*3/(D Q5). Using a constructive version
of the Quillen-Suslin theorem, we obtain the split exact sequence

0— D % pwz P op
.SQ .B
Pl <
with the following notations:
-1 0
_ T _ 0 1 (-1 00
So=(0 0 1), Py= p , B—(O 10).

— 6
dt

Computing R’ = B Q, we obtain that the following full row rank matrix

26 —62-1 0
R = d d e D**3
£ 2 1
dt dt
satisfies D'*3 QQ = D'*2 R’. Finally, we have the factorization R = R” R’, where the R" is defined by

0 -1
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and satisfies det R = d/dt, where d/dt is the greatest common divisor of the 2 x 2 minors of R and
is the functional operator which annihilates the torsion element m.

Using the fact that M/¢(M) is a free D-module of rank p — g, i.e., there exists an isomorphism
¢ M/t(M) — D=9,
and the exact sequence ([41)), we then obtain the following exact sequence

0— Dixa B, pixp P pixe-a __ 0, (45)
where P € DP*(P=9) is the matrix defining the morphism 7’ o ¢ in the standard bases of D'*P and

D (=9 Ag the exact sequence (45) ends with a free D-module, by 1 of Proposition it splits, i.e.,
there exist S € DP*? and T € D®P~9*P such that we have the following Bézout identities:

(F)e P>=<Ig Ip°q>=1p, (46)

(S P) ( I;’ ) =1, (47)

R R" R’ R" 0 R’
(r)=("%")=(% 4% ) (%)
and using , we obtain that det((RT T7)T) =1 and:

R . R" 0 R o 1
det<T>—det< 0 Ip_q)det<T>—detR.

Finally, using the fact that we have proved that det R” is the greatest common divisor of the ¢ x ¢
minors of the matrix R, we then have solved the following problem.

Now, we have

Problem 4. Let R € D7*P be a full row rank matrix such that the ideal Y_._; Dm,; of D generated
by the ¢ x ¢ minors {m;}1<;<, of the matrix R satisfies

iDmi :Dd,
i=1

where d denotes the greatest common divisor of the ¢ X ¢ minors of the matrix R.

Find a matrix T € D®=9*? guch that we have:

det(g):d.

To our knowledge, such a problem was first stated by Bose and Lin in [26]. Let us give a constructive
algorithm solving Problem [

Algorithm 3. e Input: A commutative polynomial ring D = k[z1,...,z,] over a computable
field k, a full row rank matrix R € D9*P such that the ideal of D generated by the ¢ x ¢ minors
{m;}1<i<r of R satisfies 22:1 Dm; = Dd, where d denotes the greatest common divisor of the
q X ¢ minors of R.
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e Output: A matrix 7' € DP~9*P guch that det ( ? ) =d.

1. Transpose the matrix R and define the finitely presented D-module:
N = Dlxq/(Dlxp RT).
2. Compute the D-module extl, (N, D). We obtain a matrix Q € DY *P guch that:
M/t(M) = D7 /(D9 Q).

3. Compute a basis of the free D-module M/t(M) = D'*?/(D'*4 Q). We obtain a full row rank
matrix T € DP~9*P guch that M/t(M) = 7/(D'*®P=9T), where 7' : D'P — M/t(M)
denotes the canonical projection on M /t(M).

4. Return the matrix U = (RT TT)T which satisfies det U = d.

We illustrate Algorithm [3on an example.

Example 14. We consider again the model of a flexible rod defined in . In Example we have
proved that M/t(M) = D'*3/(D'*3Q), where the matrix @ is defined by (43). Let us compute a
basis of the free D-module M/t(M). The D-module M/t(M) admits the following free resolution

0 — D -9 ptx3 9 p1x3 ™ vy o,

where - is defined by . Using the fact that @2 admits the right-inverse So defined by , we
obtain the following minimal free resolution of M /¢(M)

0 — D13 2, prxa T80 gy g,

where the full row rank matrix @ is defined by Q = (QT ST)T.

Applying a constructive version of the Quillen-Suslin theorem to Q, we then find that a basis of
M/¢(M) is given by (7' @ 0)(T'), where T' denotes the matrix:

— 1
T=(1 -6 0 0).
(350 0)
If we denote by T the matrix defined by the first three entries of T, we then obtain a square matrix
U= (RT TT)T satisfying det U = d/dt.

The explicit computation of the D-module ext}, (N, D) gives a matrix R_; € DPX™ which satisfies
kerp(.R-1) = Dixd Q, i.e., such that we have the following exact sequence:

L R_
D1><q Q D1><p 1 Dle'

A direct way to solve Problem [4] exists when the matrix R_; admits a left-inverse S_; € D™*P,
Then, we have M/t(M) = D*P R_; = D™ and using the fact that rankp(M/t(M)) = p — q, we
get m = p — q. The fact that Dixd @ is a free D-module of rank ¢ implies that there exists a full row
rank matrix R’ € D7%? satisfying D'*9 Q = D'*¢ R’. Combining this result with the previous exact
sequence, we obtain the split exact sequence

,R71
—_—

0 — D'xa RLN pDixp pix—a) 0,

which shows that P = R_; and T' = S_; solve Problem

Let us illustrate this last remark on an example.
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Example 15. Let us consider again the model of a flexible rod defined in and let us compute
T € D'*3 such that the determinant of the matrix (RT  T7)T equals d/dt. In Example we proved
that we have the exact sequence

D1><3 iDlXB Ra D

)

where Ry = (—52 -1 =24 % - %)T. Ry admits a left-inverse T' defined by

1
T=(1 —-=9¢
(20 0)
which proves that M/t(M) is a free D-module of rank 1 as we have the isomorphisms:

M/t(M) = D"?/(D'** Q) = (D'** Ry) = D.

We finally obtain that the matrix defined by

d d
= S ~1
R dt dt(S
v=(5)=] 0y dp d
T 2alt(S dt6 dt 0
1 ~14 0

2
satisfies det U = d/dt, which solves Problem
To finish, let us show how to handle an example given in [64] by means of Algorithms [2| and

Example 16. Let us consider the commutative polynomial ring D = Q[z1, 22, 23] and the following
matrix defined in [64]:

2 2 2
Rz( 2125 23 0 —2725 —1 )EDQX?’.

2,2 3
Zi23+23 —2z3 —2{23— 21

Let us define the D-modules M = D**3/(D'*2 R) and N = D**2/(D*3 RT). Computing ext}, (N, D),
we then get

t(M) = (D™ Q)/(D'** R),

M/t(M) = D>? /(D1 Q),

M/H(M) = (D15 P),

with the notations:

2 2 2
—Z5 23 Z5 23 Z1 Ry — 21 %3 2 o
ziz5+1
—23—2%2’% 23 z1+z323 1oz
1
Q= P=| 22zz+1 |. (48)
2 2,2 ’ 1
—ziz3—1 2z{z5+1 0 5
21 %9 23
0 212525 —2iz—1

Reducing the rows of @ with respect to the rows of R, we obtain that the only torsion element of
M 1is defined by

m=—(fz3+ 1) y1 + (2723 + 1)y,
zzm =0,

where y1, y» and y3 denote the residue classes of the standard basis of D'*3 in M. We refer the reader
to [4] for more details concerning the explicit computations.
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We can easily check that P admits the left-inverse T = (—2723 1 2}), a fact showing that
M/t(M) is a free D-module of rank 2. Then, the matrix U = (RT T7T)T defined by

21 23 23 0 —2222-1

U= zf z§ + 23 —z3 —zf’ z3 — 21
2 3
—2zi 23 1 23

satisfies det U = z3, which solves Problem

Let us solve Problem From the previous result, we know that kerp(.P) = D*4Q is a free
D-module of rank 2. In order to be able to apply a constructive version of the Quillen-Suslin theorem,
we first need to compute the first syzygy module of D'** Q. We obtain that kerp(.Q) = D'*2 Q,,
where the matrix Qo € D?** is defined by:

0 <z%23+1 23— 23 —z3 0)
2 = .

0 1 —Z3 21

Hence, we have D4 Q = [ = D4 /(D'*2 Q). Applying a constructive version of the Quillen-Suslin
theorem to @2, we then obtain L = my(D'*2 B), where the full row rank matrix B is defined by

B 24 0 —22z3+1 0
L0 2P 23(23 — ) 0 1)’

and my : D'*2 — L denotes the canonical projection onto L. Hence, we get that the full row rank
matrix defined by

/
21 21 23

/ / /
11 12 13 2%x3
HBQ( ! ,)eDX,

where
1= —2t 223+ 2822 -1,
lo=2222 —2223+1,
13 = 21 (25 — z3),
b1 = —21 23 (23 — 23) (27 23 + 1),
R Mt T S
g = —2522 — 2822 4 28 2223+ 282322 — 22 25— 1,

satisfies D'*4 @Q = D'*2 R’ and the two independent rows of R’ define a basis of D'*4 Q). Finally, we
obtain that R = R” R’, where the matrix R” is defined by

2

2 3,2.2 1 ,3.,3 ,2.2 .2
R _ —212523 — 2] 2525 + 2125 2125 —zizs+1
—2123—2’3 Al

and det R” = z3, which solves Problem

We note that we can use the fact that P has a full column rank in order to also solve Problem [3l
Indeed, we can use a constructive version of the Quillen-Suslin theorem to compute a basis of kerp (.P).
Indeed, if we transpose the column vector P, we then obtain the row vector defined in Example
Hence, if we take the last two rows of UT, where U is the unimodular matrix defined in 7 we
obtain that the full row rank R/ defined by

2 = 3.2 .2 2 (49)

4,2 2 2,2 30,22

R 1+212523+2723 —2725—1 —27(2725+1)
- )
2] 23 25 —21 25 23 —2t2223+1
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satisfies D'*4Q = D'*2 R}, and we obtain the factorization R = R} R}, where:

2 2.2
z12523 —z{z5—1
Ry = ( , det Ry = z3.

Z3 —Zz1

6 Computation of (weakly) doubly coprime factorizations of
rational transfer matrices

We now turn to another application of the constructive proofs of the Quillen-Suslin theorem in mul-
tidimensional systems theory, namely, the problem of finding (weakly) left-/right-/doubly coprime
factorizations of rational transfer matrices over the commutative polynomial ring k[z1,...,z,] with
coefficients in a field k. The general problem of the existence of (weakly) left-/right-/doubly coprime
factorizations for general linear systems was recently studied and solved in [50} 52].

Let us recall a few definitions.
Definition 8 ([50]). Let D be a commutative integral domain, its quotient field
K ={n/d|0#d,ne D},
and P € K7°" a transfer matrix.
1. A fractional representation of P is a representation of P of the form

P=DpNp' = NpDpt,

where
R=(Dp —Np)e DqX(q+r)7
- N 50
R Y7 ) parnxr, 50
Dp

i.e., the entries of the matrices R and R belong to the ring D.

2. A fractional representation P = D;l Np of P is called a weakly left-coprime factorization of P
if we have:

VAe KX N\Re DYt — )¢ pixa,

3. A fractional representation P = Np 131_31 is called a weakly right-coprime factorization of P if
we have:

YAEK": R\e Datnxl — )\ ¢ prxt

4. A fractional representation P = D;l Np = Np 15131 is called a weakly doubly coprime factor-
ization of P if P = D;l Np is a weakly left-coprime factorization of P and P = Np D;l is a
weakly right-coprime factorization of P.

5. A fractional representation P = D;,l Np of P is called a left-coprime factorization of P if
the matrix R admits a right-inverse over D, i.e., if there exists S = (X7 Y7T)T ¢ Dlatr)xq
satisfying:

RS=DpX —NpY =1,
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6. A fractional representation P = Np D5, b L of P is called a right- copmme factomzatzon of P if the

matrix R admits a left-inverse over D, namely, if there exists a matrix S = (— Y X ) € Drx(a+m)
satisfying: e o o
SR=-YNp+XDp=1,.
7. A fractional representation P = D;l Np = va 15131 is called a doubly coprime factorization

of Pif P = D;l Np is a left-coprime factorization of P and P = Np 151_31 is a right-coprime
factorization of P.

In the case of a polynomial ring D = k[z1,...,x,], a weakly coprime factorization of a rational
transfer matrix is also called a minor left-coprime factorization.

The next definition will play an important role in what follows.

Definition 9 ([50]). Let the matrix R € D?*P have a full row rank. We call D-closure D'*4 R of the
D-submodule D'*¢ R of D'*P the D-module defined by:

DIX¢R={\e€D"P|30#de D: d\ € D' R}.
We have the following characterizations of the closure of a D-submodule of D'*P,

Proposition 4 ([50]). Let R € D?*P be a full row rank matriz and the finitely presented D-module
M = DY*?/(D'*9 R). We then have:

1. D4 R = (K9 R) N DY*P  where K denotes the quotient field of D.

2. The following equalities hold:

t(M) = ((K'*?R) n D'*?)/(D'*? R),
M/t(M) = D'P/((K'%4 R) 0 D'*P).

The next theorem gives necessary and sufficient conditions for the existence of a (weakly) left-

/right-/doubly coprime factorization of a transfer matrix.

Theorem 9 ([50]). Let P € K" and P = Dp' Np = Np D ' be a fractional representation of P,
where the matrices R and R are defined by (@) Then, we have:

1. P admits a weakly left-coprime factorization iff the D-module D1*2 R is free of rank q.

2. P admits a weakly right-coprime factorization iff the D-module D1*" RT s free of rank r.

3. P admits a left-coprime factorization iff D'*4 R is a free D-module of rank q and the D-module
DY (at+7) /(DIX4 R) is stably free of rank r.

4. P admits a right-coprime factorization iff D1x" RT is a free D-module of rank r and the D-
module D**(@+7) /(D1xr ET) is stably free of rank q.

P admits a left-coprime factorization iff DY*@+) /(D% RT) is a free D-module of rank q.

S

6. P admits a right-coprime factorization iff D**(@+7) /(D14 R) is a free D-module of rank r.
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Testing the freeness of modules is a very difficult issue in algebra. Hence, using Theorem [9] we
deduce that it is generally difficult to check whether or not a transfer matrix P € K%*" admits a
(weakly) left- /right-/doubly coprime factorization and if so, to compute them. See [50} [52] for results
for D = H,(C) or the ring of structural stable multidimensional systerms.

However, if we consider the commutative polynomial ring D = k[z1,...,z,] over a field k and
K = k(x1,...,x,) its quotient field, then we can use constructive versions of the Quillen-Suslin the-
orem in order to effectively compute (weakly) left-/right-/doubly coprime factorizations of a rational
transfer matrix. We first note that using Proposition [l and a computation of an extension module,
we can explicitly compute the closure D1*¢ R and then test whether the necessary and sufficient con-
ditions given in Theorem [9] are fulfilled. The next algorithm gives a constructive way to compute the
corresponding factorizations.

Algorithm 4. e Input: A commutative polynomial ring D = k[z1,...,z,] over a computable
field k, a fractional representation P = D;,l Np of a transfer matrix P € K9%" which admits a
weakly left-coprime factorization over D.

e Output: A weakly left-coprime factorization of P.
1. Define the matrix R = (Dp — Np) € D747 and the following D-module:

M = DY (et j(D1xa ).

2. Transpose the matrix R and define the finitely presented D-module:
N = Dqu/(DIX(q+T) RT)
3. Compute the D-module exth (N, D). We obtain a matrix Q € D¢ *(4+7) such that:
M/t(M) = D@ /(DX Q).

4. Compute a basis of the free D-module D1X¢ R = D'*4" Q. We obtain a full row rank matrix
R' € D?*(a+7) guch that D'*¢ Q = D4 R'.

5. Write R' = (D — Np), where D, € D79 and Np, € D?7*". If det D), # 0, then P admits
the weakly left-coprime factorization P = (D)~ Nb.

Up to a transposition, weakly right-coprime factorizations can similarly be obtained.

Let us illustrate Algorithm [4| on an example.

Example 17. Let us consider the commutative polynomial ring D = Q[z1, 22, 23], K = Q(z1, 22, 23)
the quotient field of D and the following rational transfer matrix:

222241
2
21 23 2:
p=| 77 ek (51)
2223+ 1
21 23 23

Let us check whether or not P admits a weakly left-coprime factorization and if so, let us compute one.
We consider the fractional representation P = D;l Np of P obtained by cleaning the denominators
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of P,i.e., Dp and Np € D?*! are defined by:

21722 2 0
DP:< 122 %3 € D?x2,

0 21 zg 23
2,2
Np = ziz +1 c D2x1.
2223+ 1
We denote by R = (Dp — Np) € D**3 and define the finitely presented D-modules:
MZDIXS/(Dlsz), N:D1X2/(D1X3RT).

Computing extl (N, D), we then obtain

t(M) = (D'**Q)/(D'** R),

M/t(M) = DV?/(DV**Q),

where the matrix @ is defined by in Example Using the results obtained in Example E we
get that the full row rank matrix R}, € D?*3 defined by satisfies D'*4 Q = D'*2 R},. Therefore,
if we denote by

2322 22 —21 25 23

30,2 .2
2y (2725 + 1)
NI,D:( 4.2 )

D (1—1—2%2523—1—2%23 —zfz%—l)
L=
(52)

212523 — 1
P = (D)~ N} is then a weakly left-coprime factorization of P.

Finally, by construction, the D-module
M/t(M) — D1><3/(D1><4 Q) — D1><3/(D1><2 R/2)

is torsion-free, and thus, by Theorem [3, we have exth (N’, D) = 0 where N’ = D'*2 /(D3 (R,)T).
Moreover, we can easily check that ext?,(N’, D) = 0 and ext?,(N’, D) = 0, which shows that M /t(M)
is a projective, and thus, a free D-module by the Quillen-Suslin theorem. Hence, by 3 of Theorem ]
we obtain that P = (D})~! N}, is a left-coprime factorization of P. We find that the matrix R}
admits the following right-inverse over D:

1 0
2225 —23
0 1

Therefore, we have the Bézout identity D% X — Np Y = Iy, where:

1 0
223 —2

The next algorithm gives us a way to compute left-coprime factorizations of a transfer matrix. Up
to a transposition, right-coprime factorizations can similarly be obtained.

Algorithm 5. e Input: A commutative polynomial ring D = k[z1,...,z,] over a computable
field k, a fractional representation P = Np D;l of a rational transfer matrix P € K?*" which
admits a left-coprime factorization over D.
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e Output: A left-coprime factorization of P.

1. Define the matrix R = (N5 DL)T € D@+7)%" and define the D-module:
M= D1><(q+r)/(D1><r ET)

2. Define the finitely presented D-module:

]\7 _ Dlxr/(Dlx(q+r) E)

3. Compute extl (N, D). We obtain a matrix QT € D" *(4+") such that:

M/t(ﬁ) _ Dlx(q-i—r)/(Dlxr' @T)

4. Compute a basis of the free D-module M /t(ﬁ ). We obtain a full column rank matrix
LT = (D —Np)T e Dlatrxa,

where D}, € D9%? and Np € D9*", such that we have the following split exact sequence:
0« Dlxd LT pixlat+r) QT D1><'r/.

5. Transpose the matrix L7 to obtain L = (Djp — Np) € D@+ If det D), # 0, then
P = (D)~ N} is a left-coprime factorization of P.

Let us illustrate Algorithm [5] on an example.

Example 18. We consider again Example[17|and the rational transfer matrix P defined by . We
have the fractional representation P = Np D;l of P, where:

woe (G200 o
Dp = 272323 € D.
Let us define the matrix R = (Ng ﬁg)T and the D-modules:
M= D1><(q+r)/(D1><r ET)7 N = Dlxr/(Dlx(qur) E)

The row vector RT is exactly the one defined in Example Hence, using the results obtained in
Example 4] we obtain that the unimodular matrix U defined by satisfies RT U = (100). Hence,
selecting the last two columns of U and transposing the corresponding matrix, we then find again the
matrix R} defined by . Hence, using Example we obtain that P = (D)~ N}, is a left-coprime
factorization of P, where the matrices D}, and N}, are defined by (52).

7 Decomposition of multidimensional linear systems
It was recently shown in [J] that the computation of bases of free modules plays a central role in the

decomposition problem of multidimensional linear systems. We shall recall this problem as well as the
main important results obtained in [9]. Let us first recall a few definitions and notations.
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We shall denote by endp (M) the non-commutative ring of D-endomorphisms of the D-module M,
i.e., the ring formed by the D-morphisms (namely, the D-linear maps) from M to M. Moreover, we
recall that if f is a D-morphism from a D-module M to a D-module N, then coimf is the D-module
defined by coim f = M/ ker f, where ker f = {m € M| f(m) = 0} is the kernel of f.

Let M be a finitely presented D-module, i.e., M is of the form M = D?/(D'X4 R), where
R € D9*P and let us denote by 7 : D'*P — M the canonical projection. We can easily prove that
a D-endomorphism f of M is defined by f(m) = 7(A P), where P € DP*? ig a matrix such that there
exists Q € D% satisfying RP = Q R, and ) is any element of D'*P satisfying m = 7()\). See [9]
for more details and for constructive algorithms which compute the pairs of matrices (P, Q) satisfying
R P = @ R. These algorithms have been implemented in the package MORPHISMS ([I0]) of the library
OREMODULES ([4]).

We have following results.

Theorem 10. ([9]) Let R € D9*?, M = D**? /(D4 R) and f € endp(M) defined by P € DP*P
and Q € D99 j.e., RP =QR. If the D-modules

kerp(.P), coimp(.P), kerp(.Q), coimp(.Q),

are free of rank m, p —m, 1, ¢ — 1, then there exist matrices Uy, € D™*P U, € DWP~")*P YV, ¢ Dixa
and Vo € DW=D%4 gych that

U= (Ui U)TeGLy(D), V=W Vi)' eGLy(D),

and
Vi RWq 0

o i
R=VRU _(walewg

) c _DqXp7

where U=Y = (W1 Wy), Wi € DPX™ and Wy € DP*(=m),

In particular, the full row rank matriz Uy (resp., Ua, V1, Va) defines a basis of the free D-module
kerp(.P) (resp., coimp(.P), kerp(.Q), coimp(.Q)), i.e., we have:

kerD(.P) = D1><m Ul,
coimp (.P) = D>*P=m) 1],
kerp(.Q) = DYV,
coimp(.Q) = Dix(a=D v,

An important point in Theorem [10|is the computation of bases of the free D-modules kerp(.P),
coimp (.P), kerp(.Q) and coimp(.Q)), which can be solved by means of constructive versions of the
Quillen-Suslin theorem and their implementations in computer algebra systems. In order to do that,
we use the package QUILLENSUSLIN described in the Appendix.

Let us illustrate Theorem [I0] by means of an explicit example.

Example 19. Let us consider the system of partial differential equations defined by

a1l 4o
e A+ —-VAVA-—oVV =0, (53)

=

where o and p are two constants. The previous system corresponds to the equations satisfied by the
electromagnetic quadri-potential (A, V) when it is assumed that the term 9; D can be neglected in
the Maxwell equations. See [§] for more details. It seems that Maxwell was led to introduce the term

9, D in his famous equations for purely mathematical reasons. See [§] for more details.
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Let us consider the ring D = Q[d;, 1, 02, 03] of differential operators in 8; = /9t and 9; = 9/dz;
with rational coefficients, the system matrix of defined by

1 1 1
00 — — (93 + 03) — 0y 0y ~ 0103 —0 0
[ I I
1 1y 1
R= 76182 O'at—f(al +83) *8283 _082
I [ I
1 1 1,y
76183 76283 Jat—*(al +62) —0'83
I I f
and the finitely presented D-module M = D'*4/(D'*3 R).
The matrices P and @ defined by
0 0 0 0
| 0 ouo: 0 —0 sy 4x4
P= 0 0 U/lat —0'/1483 eb ’
0 80y 8,05 —(05+093)
0 0 0
Q: —81 82 O'/lat —8% —02 83 S DBXS,

—81 85 —62 83 au@t — 83%

satisfy the relation R P = @ R, and thus, define a D-endomorphism f of M. Moreover, we can check
that kerp(.P), coimp(.P), kerp(.Q) and coimp(.Q) are free D-modules of rank 2, 2, 1 and 2. Hence,
computing bases of these free D-modules by means of a constructive version of the Quillen-Suslin

theorem, we obtain:

1 0 0 0
U1_<0 62 33 (')',LL>7 ‘/1_(1 00)’
g, - L (0100 v2_<8(1)?).
T op\0 0 1 0)°

Defining U = (UL UI)T € GLy(D) and V = (VI V)T € GL3(D), we get that R =V RU ! is
the block-triangular matrix defined by:

1 1
aat—;(a§+a§) ;al 0 0
— 1 1
R= ;alag ;ag o (opdy — (02 + 02 + 02)) 0
1 1
;6183 ;83 0 J(au&g—(af—k@%—ka%))

Now, we recall that a projector f € endp(M) is a D-endomorphism f of M satisfying f? = f.
We can now state another important result of [9] on the decomposition of D-modules for which the

Quillen-Suslin theorem plays a central role.

Theorem 11. ([9]) Let R € D9*P, M = D'*?/(D'*9 R) and f € endp(M) be a projector defined by
two idempotents P € DP*P and Q € D%, namely, they satisfy RP = QR, P2 = P and Q%> = Q.
Then, there exist four matrices Uy € D™*P, Uy € DP=m)%P Y € D4 gnd Vy € DWW=DX9 sych that

U= (U] Uy)" €GLy(D), V=" Vi) €GLy(D),
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and

oD _ -1 _ V1RW1 0 gXxp
R=VRU —( 0 Vo RW, € DI7P,

where U= = (Wi W3), Wy € DPX™ and W, € DPX(v=m).

In particular, the full row rank matriz Uy (resp., Us, V1, Va) defines a basis of the free D-module
kerp(.P), (resp., imp(.P) = kerp(.(I,—P)), kerp(.Q), imp(.Q) = kerp(.(I;—Q))) of rank respectively
m, p—m,l, ¢q—1. In other words, we have:

kerD(.P) = Dlmeh
imp(.P) = D=7 1,
kerp(.Q) = D>V,
imp(.Q) = DY (a=1 v,

Let us illustrate Theorem [L1] by means of an example coming from control theory.

Example 20. Let us consider the differential time-delay system describing the movement of a vibrat-
ing string with an interior mass studied in [33], namely,

P1(t) + 1(t) — da(t) — ¢a(t) = 0

( (t) —
G1(t) + 1 () + 11 D1 (t) — 1 1 (t) — m2 d2(t) + M2 ha(t) = 0 (54)
d1(t —2h1) + 1 (t) —u(t —hy) =0,

(

¢2(t) + Y2(t —2hg) —v(t — hg) =0,

where hy and ho € Ry are such that Qhy + Qhs is a two-dimensional Q-vector space (i.e., there
exists no relation of the form m hy + nhy = 0, where m,n € Z), n; and 7y are two non-zero constant
parameters of the system.

Let us consider the ring of differential time-delay operators D = Q(n,72) [ dt,0'170'2], where
(dy/dt)(t) = y(t) and (o;y)(t) = y(t — h;), for ¢ = 1,2. The condition on h; and hy implies that
the two time-delay operators o1 and oy are incommensurable, i.e., define two independent variables.
Hence, D is a commutative polynomial ring. Let us denote by R the system matrix of , namely,

1 1 -1 -1 0 0
d d
rel % +m ZTm TR M 0 0 € DI*6,
o? 1 0 0 —o1 O
0 0 1 O’% 0 —09

and the finitely presented D-module M = D'*¢/(D*4 R).

Computing projectors of end p (M), we obtain a projector f defined by the following two idempotent
matrices:

1 00 0 0 0 10 1 1
—0% 0 0 0 op 0 d
p_ 0 0 0 —J% 0 o9 Q= 01 7%+TI1 72
O 00 1 0 0 0 0 0 0
0O 00 0 1 0
O 00 0 0 1 0 0 0 0

Moreover, we can check that kerp(.P), imp(.P), kerp(.P) and imp(.P) are free D-modules of rank
2, 4, 2 and 2. Computing bases by means of a constructive version of the QuillenSuslin theorem, we
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then get:
2
o 1%x2 o 01 1 0 0 —01 0

kerD(.P) =D Ul, U1 = ( 0 0 1 0‘% 0 — 0y ,
10 0 0 0O
0 001 0O

: — 1x4 —

1mD(.P) =D UQ, U2 = 00 00 1 0 5
00 0 0 01
0010

kerp(.Q) = DYV, Vi = ( 00 0 1 > )
1 0 -1 1

imp(.Q) = DV*? Vs, Vo= d
O 71 % 71’}1 71’}2

Forming the matrices U = (U U3)T € GLg(D) and V = (V{"  Vy/)" € GL4(D), we obtain that R
is then equivalent to the block-diagonal matrix R = V RU '

10 0 0 0 0
0 1 0 0 0 0
0 0 1—o0? o3 —1 o1 —09

o

d d d
0 of (dt—m> - (dt+771) —n2(03+1) —oy (dt +771) N2 02
Now, considering the second diagonal block, namely,

2 2
1—-o07 o5 —1 o1 —02

=l (l ., (03 +1) i
- = — | = —n2 (O —o1 | = o
01 dt m di m n2 (02 U\ 1 72 02

and the D-module L = D'*%/(D'*2§). Using an algorithm developed in [9], we obtain that a
projector g € endp (L) is defined by the two idempotent matrices:

) Q/ =5 2 )
—no (03 +1) —o03+1

P =

o O OO
O = O

0 1

0 1 o5 +1 — (05 —1)
0

1

O O Q

with the notations:

1 d d
a = Trh (J% <dt - (Th + 7)2)) - % + (712 - Th)) ?
_ o (d
b= 2 (dt (771+772)>-

We can check that the D-modules kerp(.P’), imp(.P") = kerp(.(Iy — P')), kerp(.Q’) and imp(.Q’) =
kerp(.(I — Q') are free and, using a constructive version of the Quillen-Suslin theorem, we obtain
that kerp(.P') = DU{, imp(.P") = DY3 U}, kerp(.Q’) = D V] and imp(.Q’) = D Vy, where:

d d d
U{:(a% (cﬁ—nl—m)—(dtﬁ-m—m) —2m2 —o1 (dt—m—nz> 0),

1 0 0 0
U/ — —01 O 1 0 )
oioa(d—m —m)—oa(d+m—m) 0 —oroa(d—m —m) —2mn

Vi=( 1), Vi=@mi+l) o3-1)
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Defining U’ = (U;T  US)T € GLy(D) and V' = (/T V31T € GLy(D), we get:

1 0 0 0
S=vV'sUu~'= d d
g1 (

0 — —- —
dt+771+772 dt+n2 m) D)

If we denote by diag(A, B) the diagonal matrix formed by A and B and define the new matrices
U" = diag(l2,U’) € GLg(D) and V" = diag(l2, V') € GL4(D), then we get:

R=V"V)RU"U) " = diag(I, S).

The last result proves that the system defined by with 6 unknowns and 4 equations is in fact
equivalent to the following simple equation:

él(t) + (7}1 + 772) Zl(t) + Zz(t — hl) + (772 — 771) Zg(t — hl) — Zg(t - hg) =0. (55)

Using the results summed up in Figure |1} the D-module defined by

d d
M’ =D"™3/ (D (dt+771+772 o1 <dt+772—771> 02)> =M,

is reflexive but not projective, i.e., not free, as we have

d
J = annp(ext?,(T(M'), D)) = (01,02, T +m —l—nz) ,
and dimcV(J) = 0. As we have 01,02 € J, we obtain that the Q(n1,72) [%,al,ag,afl]—module

Q(n1,m2) , 01,09, 01_1] QpM’ is free, i.e., 1) is o1-free ([6,[32]). Computing an injective parametriza-
ik

tion of (55)), we obtain

d
Z1 =0102Y1 + 01 <dt+772—771> Y2,

d 56
Z2=—02y1—<d+771+772) Y2, (56)
t
Z3 = _2771 Y1,
and a basis of Q(n1,72) [%, 01,09, ofl]-module Q(n1,1m2) [%, o1, 02,0{1] ®p M’ is then defined by:
1, 1,
Y1 = —2771 oy Z3, Y2 = —2771 (07" 21 + 22).

Using and the transformation (¢1, 1, ¢, 2, u,v)T = (U"U)71 (21, 22, 23)T, we get an injective
parametrization of if we also use the advance operator o7 L

Finally, the Q(n1,72) [%,01,02,02_1]-m0du1e Q(n1,m2) [%’01702702_1} ®p M’ is free and, from
, we obtain that
23(t) = 21(t + ho) + (1 + n2) 21(t + ha) + Zo(t — hy + h) + (92 — m1) 22(t — h1 + hy),

a0 a,al,ag,oz_l] ®p M’ admits the basis
{z1,29}. Using the transformation defined by (U” U)~!, we get an injective parametrization of
if we also use the advance operator o *.

showing that the Q(n1,n2) [ d 1,09, 02_1]—rnodule Q(n1,m2) [ d

Generalizations of Theorems[10]and [11| hold for some classes of non-commutative polynomial rings
of functional operators. See [9] for more details. However, we need to be able to compute bases of free
modules over the corresponding rings. A general algorithm has recently been developed in [53], [55] for
the ring of differential operators with polynomial or rational coefficients (the so-called Weyl algebras).
See [54] for an implementation of this algorithm and a library of examples which illustrates it.
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8 Conclusion

In this paper, we have shown new applications of constructive versions of the Quillen-Suslin theorem
to mathematical systems theory. In particular, we explained that the construction of bases of a free
module over a commutative polynomial ring D gives us a way to obtain flat outputs of the correspond-
ing flat multidimensional linear system as well as injective parametrizations of all of its solutions over
a D-module F. We have also shown that a flat multidimensional system was algebraically equivalent
to the 1-D controllable linear systems obtained by setting all but one functional operator to particular
values in the system matrix. This last result gives an answer to a natural question arising in the
study of flat multidimensional linear systems and particularly in the study of differential time-delay
systems. Moreover, we gave constructive algorithms for two well-known problems stated by Lin and
Bose in the literature of multidimensional systems. These problems are generalizations of Serre’s con-
jecture. We also show that the computation of (weakly) left- /right-coprime factorizations of rational
transfer matrices can constructively be solved by means of the Quillen-Suslin theorem. The need for
the computation of bases of free D-modules recently appeared as an important issue in the study of
the decomposition problems of multidimensional linear systems. Finally, we have demonstrated the
different algorithms by means of the recent implementation of the Quillen-Suslin theorem in the pack-
age QUILLENSUSLIN. To our knowledge, this is the first implementation of the Quillen-Suslin theorem
in a computer algebra system which is nowadays freely available and dedicated to applications of the
Quillen-Suslin theorem and, in particular, to mathematical systems theory and control theory.

New applications of the Quillen-Suslin theorem and of the package QUILLENSUSLIN will be studied
in the future (e.g., algebraic geometry, signal processing). Moreover, an interesting but difficult prob-
lem is to constructively recognize when a finitely presented D = A[z]-module M = D'*?/(D*4 R),
where R € D?*P and A is a commutative ring, is extended, namely, when there exists S € A4 <P
such that M = D ®4 P, where P = AP /(A% 8). See [57] for more details. It is well-known that
the Quillen-Suslin theorem is a particular case of this problem when M is a projective D-module
(124, 25, 56|, 57]). If we can effectively solve this problem for particular classes of D-modules, then, for
every D-module F, we obtain kerz(R.) = ker(S.), which shows that the integration of the system
kerz(R.) is algebraically equivalent to the integration of the system kerz(S.) which contains one func-
tional operator less. Such a result may simplify the explicit integration of these classes of functional
systems. Finally, another interesting problem is the computation of a minimal set of generators of a
finitely presented D = A[x]-module M = D'*P/(D'*4 R), where R € D9%P. The results recently ob-
tained in [9] [I0] were able to explicitly answer these last two questions on particular examples coming
from mathematical physics and control theory. However, the general case seems to be far from being
solved.

Finally, more heuristic methods need to be developed and implemented in QUILLENSUSLIN in
order to avoid as much as we can the use of the general algorithm for solving Problem [2] Different
QS-algorithms need also to be implemented in QUILLENQUILLEN and particularly the one recently
developed in [29] [61].

9 Appendix: QUILLENSUSLIN, a package for computing bases
of free modules over commutative polynomial rings

9.1 Description of the package QUILLENSUSLIN

The package QuillenSuslin is an implementation of a constructive version of the Quillen-Suslin The-
orem. The main idea of the algorithm was inspired by the article of Logar and Sturmfels [27].
Nevertheless, many important changes were introduced. We have roughly described the implemented
algorithm in Section [3.4]

RR n° 6126



58 A. Fabiariska € A. Quadrat

The general algorithm proceeds by induction on the number n of independent variables z; in
the polynomial ring D = k[xy,...,2,] and each inductive step, that reduces the problem by one
independent variable, consists of the following three main parts:

1. Finding a normalized component in a polynomial vector by means of a change of coordinates
(NormalizationStep).

2. Computing a finite number of local solutions (local loop) using Horrocks’ theorem (Horrocks).

3. Patching local solutions of Problem [2| together to get a global one (Patch).

This general method is generally quite involved. The package consists of procedures completing
a unimodular polynomial row which admits a right-inverse to a square invertible matrix over a given
commutative polynomial ring with coefficients in Q or Z. The implementation was improved by many
heuristic methods which are used as soon as it is possible. It allows us to avoid the inductive step and
leads to simpler outputs (smaller coefficients and lower degrees).

QUILLENSUSLIN uses the library INVOLUTIVE ([3]) for computing Janet bases over commutative
polynomial rings.

> with(Involutive):
> with(QuillenSuslin);

[BasisOfCokernelModule, Cofactors, CompleteMatriz, DenomOf, Heuristic, Horrocks,
InjectiveParametrization, InvertibleIn, IsInS, IsMonic, IsParkNormalized, IsRegular,
IsUnimod, LC, LCFactorization, LM, Laurent2Pol, LaurentNormalization, LinBosel,
LinBose2, LowestDegree, MaxMinors, MazimalFF, MazimalQQ, MazimalZZ
NormalizationStep, OneLocalSol, OneStepEY , OneStep@S, ParkAlgorithm,
ParkMatrixNormalization, Patch, QSAlgorithm, ReduceBasisDegree, ReduceDeg,
RightInverse, RightInverseFast, SHeuristic, SetLastVariableA, SuslinLemma,
WLCFactorization, WRCFactorization)

9.1.1 The main functions of the package QUILLENSUSLIN

QSAlgorithm Compute a unimodular matrix U which transforms a row vector admit-
ting a right-inverse into a matrix of the form (I 0)

CompleteMatrix Complete a matrix admitting a right-inverse to a unimodular matrix

HEURISTIC Test whether or not a heuristic method can be applied for the given row
vector

BasisOfCokernelModule | Compute a basis of a free module finitely presented by the given matrix

INRIA



Applications of the Quillen-Suslin theorem to multidimensional systems theory

99

9.1.2 Important functions of the package QUILLENSUSLIN

Horrocks Implementation of Horrock’s theorem which computes a solution of Prob-
lem [T over a given local ring

IsMonic Test whether or not a polynomial row vector has a monic component

IsRegular Test whether or not a polynomial row vector forms a regular sequence

IsUnimod Test whether or not a matrix admits a right-inverse

MaximalFF Find a maximal ideal over a given one in a polynomial ring with coeffi-
cient in a finite field

MaximalQQ Find a maximal ideal over a given one in a polynomial ring with rational
coefficients

MaximalZZ Find a maximal ideal over a given one in a polynomial ring with integer
coefficients

NormalisationStep Compute an invertible transformation and a change of variables such
that the last component of the transformed row becomes monic in the
last new variable

OneLocalSol Compute a matrix which is unimodular over some localization of the

polynomial ring and transforms the given matrix to (I 0)

OneStepEY OneStepQS

One inductive step of the general algorithm: return a unimodular matrix
which transforms the given matrix into a matrix where the last variable
equals 0

Patch

Patching procedure: patch local solutions together

SuslinLemma

Implementation of Suslin’s Lemma which computes a polynomial A in
the ideal generated by polynomials p and ¢ such that deg(h) = deg(p)—1
and its leading coefficient is a coefficient of the polynomial ¢

9.1.3 Low level functions of the package QUILLENSUSLIN

Cofactors Compute cofactors of a (p — 1) X p-matrix

DenomOf Compute the common denominator of entries of a rational
matrix

LM Return the leading monomial of a polynomial with respect
to the given variable

LC Return the leading coefficient of a polynomial with respect
to the given variable

MaxMinors Return the maximal minors of a given matrix

ReduceDeg Reduce degrees of the components of a polynomial row vec-

tor with respect to given variable

RightInverse, RightInverseFast

Compute a right-inverse of a row vector

ReduceBasisDegree

Reduce degrees of the elements of basis of a free module
over a commutative polynomial ring
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9.1.4 Functions of QUILLENSUSLIN for mathematical systems theory

InjectiveParametrization

Compute an injective parametrization of a flat multidimensional
linear system

LCFactorization Compute a left-coprime factorization of a rational transfer matrix
when it exists

LinBosel Compute a solution of Problem [3| when it exists

LinBose2 Compute a solution of Problem 4| when it exists

RCFactorization Compute a right-coprime factorization of a rational transfer matrix
when it exists

SetLastVariableA Compute a unimodular matrix which transforms the given matrix
into a matrix where the last variable is set to a given constant A

WLCFactorization Compute a weakly left-coprime factorization of a rational transfer
matrix when it exists

WRCFactorization Compute a weakly right-coprime factorization of a rational transfer

matrix when it exists

9.1.5 Functions of QUILLENSUSLIN for Laurent polynomial rings

IsParkNormalized Test whether or not a Laurent polynomial is normalized, i.e., whether

or not all its coefficients are Laurent monomials

Laurent2Pol Compute a transformation which maps a row vector over a Laurent poly-

nomial ring into a row vector over a polynomial ring

LaurentNormalization | Return a change of variables which normalizes a Laurent polynomial

LowestDegree Return the lowest degree of a Laurent polynomial with respect to the

given variable

ParkAlgorithm Return a unimodular matrix over the Laurent polynomial ring which

transforms the given matrix into a matrix of the form (I 0)

9.1.6 Functions of QUILLENSUSLIN for localizations

InvertiblelIn | Find an element in the intersection of an ideal and a multiplicative closed subset

of the polynomial ring

IsInS Test whether or not a polynomial belogns to a given multiplicative subset of the

polynomial ring

SHeuristic Test whether or not a heuristic method can be used over a localization of the

polynomial ring

To our knowledge, the QUILLENSUSLIN package is the only package dedicated to the implemen-
tation of the Quillen-Suslin theorem (see [I2] for a partial one) and its applications to mathematical
physics, control theory and signal processing. An OREMODULES version of QUILLENSUSLIN will soon
be available on the OREMODULES web site [4] which will extend [I2]. Applications of the Quillen-
Suslin theorem to algebraic geometry will be studied in the future.

9.2 Classical examples

We first want to illustrate the QUILLENSUSLIN package on some classical examples appearing in the
literature and, in particular, in [61], 19, 23] [38].
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9.2.1 Example taken from [19]
We consider the row vector R over the polynomial ring D = Z[z] given in [19)].

In the QUILLENSUSLINS package, all the computations are performed for a commutative polynomial
ring with rational coefficients if the last parameter is set to true and with integer coefficients if the
last parameter is set to false.

We first declare the independent variables « of the polynomial ring by setting

> var:=[x];
var := [z]
and then the row vector R:

> R:=[13, x"2-1, 2%x-5];
R:=[13, 2% - 1,22 — 5]
Let us check whether or not R admits a right-inverse over the ring D.
> RightInverse(R, var, false);
[55 — 36z + 622, —6, 144 — 36 2]
Applying the QSAlgorithm procedure to the row vector R, we then obtain:
> U:=QSAlgorithm(R, var, false);
U:=[55—36x+6x2, 6481 — 85322 + 417522 — 900 2% + 72 2%,

—(55—36z + 622) (22 — 5)][-6, =707 + 468 x — 7222, —30 + 12 7]
[144 — 362, —72(x —4) (59 — 392 + 6 2%), 721 — 468 x + 72 2?]

The matrix U is unimodular over D and RU = (1 0 0) as we have:

> Determinant (U);

> simplify(Matrix(R).U);
[1 0 0]

We note that the QSAlgorithm procedure uses a heuristic method as the first two components of the
right-inverse of R generate the ring D. Hence, the general algorithm can be avoided in this example:

> Heuristic(R, var, false);
[55 — 36z + 622, 6481 — 85322 + 417522 — 900 2 + 72 2%,
—(55 — 362 + 622%) (22 — 5)]
[~6, —707 + 468 2 — 7222, —30 + 12 2]
[144 — 36z, —72(z —4) (59 — 39z + 6 22) , 721 — 468 x + 72 2?]
We can check that R is the first row of the inverse U~ of U:

> U_inv:=CompleteMatrix(R,var, false);

13 2 -1 2x—5
U_inv := 6 55 —36x + 622 0
—144+ 362 11882 — 36022 + 3623 — 1296 1
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The residue classes of the last two rows of the matrix U~! define a basis of the finitely presented
D-module M = D**3/(D R).

> BasisOfCokernelModule(R, var, false);

6 55 — 36 x + 6 22 0
—144+ 362 11882 — 36022 +362° — 1296 1

We can reduce the degree of the components of the rows defining the basis:

> BasisOfCokernelModule(R, var, false, reduced);

0 24—-6x 1
72 83 —244+ 12z

The injective parametrization of the system defined by R is then defined by:

> InjectiveParametrization(Matrix(R), var, false);
6481 — 8532z + 417522 — 900 2> + 722* —(55 — 36 + 622) (22 — 5)
—707 + 468 & — T2 22 30+ 12z
—72(z —4) (59 — 39z + 6 2?) 721 — 468 x + T2 22
9.2.2 Example taken from [23]
We consider the vector vector R with entries in the ring D = QJz, y] defined by:
> var:=[x,y];
var := [z, y|
> R = [x72%y+l, x+y-2, 2xx*yl;
R:=[2?y+1,v+y—2, 229
We can check that ideal generated by the entries of R generates D as we have:

> IsUnimod(R, var);
true

Therefore, the row vector R admits a right-inverse over D and then defines a projective D-module
M = D'*2/(D R), i.e., free by the Quillen-Suslin theorem.

As the first and the last components of R generate the ring D, we know that we can use a heuristic
method for computing a basis of the D-module M. This last result can be checked as follows once
we note that we are working over the field Q and then need to set the last parameter to ¢rue in the
procedures:

> U:=Heuristic(R, var, true);

1 2—y—=x —2zy
0 1 0
U:=
r x(x+y—2)
- 1
5 5 ey +

We can check that the entries of the inverse Uj,,,, of the matrix U belong to D, i.e., U € GL3(D), and
its first row is R:

> U_inv:=CompleteMatrix(R, var, true);
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P?y+1 z+y—2 22y
1 0

0 1

U_inv := 0
x
2

The residue classes of the last two rows of Uy, in M form a basis of M. This result can directly be
obtained as follows:

> BasisOfCokernelModule (Matrix(R), var, true);
l 0 1 0
T
- 0 1
2

The injective parametrization of the system defined by R is given by the last two columns of U, a fact
that can directly be obtained by:

> InjectiveParametrization(Matrix(R), var, true);

2—y—=x —2zy
1 0
-2
:v(:c+2y ) 22y

9.2.3 Example taken from [61]
We consider the row vector R with entries in the polynomial ring D = Q[z,y] ([61]):
> var:=[x,y]:
> Ri=[x-4*y+2,xxy+x,x+4*y 2-2%y+1] ;
Ri=[z—4y+2,zy+ax, z+4y>—2y+1]
We can check that ideal generated by the entries of R defines D as we have:

> IsUnimod(R, var, true);
true

Hence, R admits a right-inverse over D defined by:
> RightInverse(R, var, true);
[y7 _17 1]

Hence, the D-module M = D'*3/(D R) is projective, i.e., free by the Quillen-Suslin theorem. Let us
compute a basis of M. We can first try to check if a basis can be obtained by means of a heuristic
method implemented in QUILLENSUSLIN:

> U:=Heuristic(R, var, true);
y —2y+4y?—zy+1 —yx+4y?—-2y+1)
U:=1] -1 rz—4y+2 z+4y? -2y +1
1 —x+4y—2 —r—4y®+2y
We then can check that U solved Problem [2] as we have:

> Determinant (U);

> simplify(Matrix(R).U);
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[1 0 0]
As the command QSAlgorithm first tries the heuristic methods which have been implemented before
using the general algorithm, its output is the same as the one obtain by the command Heuristic:
> QSAlgorithm(R, var, true);

y —2y+4y’—zy+1 —yx+4y?-2y+1)
-1 x—4y+2 r+4y?—2y+1
1 —x+4y—2 —r—4y*+2y

We can check that the first row of the inverse U;,, of U is exactly the row vector R:

> U_inv:=CompleteMatrix(R, var, true);

r—4y+2 vyt r+4y?-2y+1
U_nv = 1 Y 0
0 1 1

The residue classes of the last two rows of U;,, in M form a basis of M. This result can directly be
obtained by doing;:

> BasisOfCokernelModule (Matrix(R), var, true);
1 y O
0 1 1
Finally, the injective parametrization of the system defined by R is given by the last two columns of
the matrix U, namely:

> InjectiveParametrization(Matrix(R), var, false);

2y+4y?—zy+1 —y(x+4y*-2y+1)
r—4y+2 z+4y?—2y+1
—z+4y—2 —x—4y*+2y

9.2.4 Example taken from [38]

We now consider the row vector R over a polynomial ring D = Z[z, y, z] defined in [38]. Let us first
introduce the independent variables x, y and z:

> var:=[x,y,z];

var := [z, y, 2]
We then define the 4 components of the row vector R:

£1:=1-xxy-2%zZ-4*x*z-X"2%Z-2%Xky*kZ+2*X " 2%y " 2%Z—-2%x*Z"2
—2%x*Z " 2-2%X T 2%Z 7 2+ 2% k27 2+ 2%x T 2% y*z "2

£2:=2+4%x+X "2+ 2% Xk y—2%X T 2%y T2+ 2% Xk Z+2%X " 2% Z-2%X T 2%y *Z
£3:=142%x+xky—X " 2%y " 24X *Z+X " 2% Z-X " 2%y *Z:
f4:=2+x+y-x*y " 2+z-x*y*Z:

vV V.V VYV

The row vector R is then defined by:
> R:= [f1, f2, £3, f4];

Ri=[1-2y—2z—4dxz—2%2—-2xyz+22%y? 2 — 2222 — 22222 + 222y 22,
244+ 22 +22y—2229y> + 202 +22%22 - 222y 2,
1+2z+ay -2y’ +aoz+a?2—22y2, 24+ 0+y—ay’+2—2y2

INRIA



Applications of the Quillen-Suslin theorem to multidimensional systems theory 65

Let us test whether or not the ideal generated by the entries of R defines D:

> IsUnimod(R, var, false);
true

Hence, the row vector R admits a right-inverse over D and the D-module M = D'*4/(DR) is
projective, i.e., free by the Quillen-Suslin theorem. Let us compute a basis of the D-module M. We
can first check that the second and the third components of R generate the whole ring D, so a heuristic
method can be used in this example. This result can directly be checked by doing:

> U:=Heuristic(R, var, false);
U .=
[0,1,0,0]
d+3z+4y—2xy?> —ayz+2x2+22+3yz—2xy’ 2z —ayz® +a22 +29y%* — 2y,
(—4—3z—dy+2xy’+ayz—222—22-3yz+2xy’2+ay2? —222-2y° + 29’
(1l—2y—2z—4daz—2%2—-2xyz+22%y? 2 — 2222 — 22222 + 222y 2?),
—1-2z—ay+2®y? —zz—a?2+2%yz,—(—4—-32z—-4dy+2zxy’ +oyz—2x2
—22-3yz+2xy’rtayt a2 -2y +ayd)(2—-r—y+ay?:—z+ay2)]
(%1,
~%1(1—zy—22z—4wz—222—-2xyz+2229y? 2 — 2222 — 22222 + 222y 2?),
244+ +2xy—222y2 + 222 +22%22 - 222y 2,
%1(—2—x—y+ay®—2z+ay2)]
(0,0,0,1]
%l:=—-7—62z2—8y—2x—brz+dxy’?+2xyz—222—6yz—2zx2°2+4zxy’2
+2xyz? -4y’ —zy+22y°

We can check that the matrix U is a solution of Problem [2] as we have:

> Determinant (U);
-1

> simplify(Matrix(R).U);
[1 00 0]

As the general procedure QSAlgorithm first tries to use heuristic methods described in Section (3.3
before applying the general algorithm, it returns the same output as the one obtaind with Heuristic.
We also know that the first row of the inverse of U is R, a fact that can be checked using the procedure
CompleteMatrix:

> B:=CompleteMatrix(R, var, false);
B :=
l—zy—2z—4dxz—222-2xyz+22%y? 2 — 2222 — 22222 + 222y 22,
244z +22+ 20y —22%2 9y +2x2+22% 2 —22%y 2,
1+20+ay—2?y’+oz+a?z2—2%yz, 24+a+y—vie+z—ay2]
[1,0,0,0]
0,7+62+8y+2x+brz—4y’xr —2zyz+2224+6yz+2x22 -4y’ zz
—2xy2 44yt +axy—2xy3,4+3z2+4y+222—-29y°x —zyz+ 22 +3yz2
+a2?-2y*rz—ay2? +29y* -2y, 0]
[0,0,0,1]
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A basis of the D-module M can be obtained by:
> BasisOfCokernelModule(Matrix(R), var, false);
[1,0,0,0]
0,7+62z+8y+2x+brz—4y’xr —2xyz+222+6yz+2x22—4y*z2
—2xy2 44y’ +axy—2xy3,4+3z2+4y+222—29y°x —zyz+ 22 +3yz2
+x2?2 -29y%xz—2y22+29% — x93, 0
[0,0,0, 1]

We can try to reduce the degree of the generators of the basis previously computed using the option
reduce:

> BasisOfCokernelModule(Matrix(R), var, false, reduce);

[1,0,0,0]
0,74+62+8y+2z+bxz—4y’r—2zxyz+222+6yz+2x22—4y’z2
—2zy22+4y’ +aoy—2xy3,4+32+4y+222—-2y°r—zyz+22+3yz
+a22-29y*xz—ay2?+29y* —2y3, 0]

[0,0,0, 1]

In this case, we cannot reduce the degree of the generators of the previous basis of M.

9.2.5 Example given by A. van den Essen

The following example was given to us by A. van den Essen (Radboud University Nijmegen). We
are grateful to him for letting us using it for illustrating the package QQUILLENSUSLIN. We consider
the polynomial ring D = Q[t, z,y, 2]

> var:=[t,x,y,z];
var :=[t, x, y, 2]
and we consider the row vector R defined by:
> R:=[2%txx*z+t*xy~2+1, 2%t*kxxy+t~2, t*x"2];
R:=[2txz+ty>+1,2tzy+1t2 ta?
We check that the ideal of D generated by the entries of R defines the whole ring D:

> IsUnimod(R, var, true);
true

Hence, the row vector R admits a right-inverse over D, and thus, the finitely presented D-module
M = DY3/(DR) is projective, i.e., free by the Quillen-Suslin theorem. Let us solve Problem
and compute a basis of the D-module M. In order to do that, we can first check that none of the
heuristic methods described in Section [3.3] and implemented in QUILLENSUSLIN can be used to solve
the problem:

> infolevel [QSAlgorithm] :=3;
infblevel QSAlgorithm =3
> U:=QSAlgorithm(R,var, true);

QuillenSuslin/RowQS: RowQS [2xtxx*z+txy~2+1, 2xt*x*y+t~2, t*x"2], [t, x, y, z]
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QuillenSuslin/RowQS: Compute RightInverse

A right-inverse of the row vector R is defined by:

QuillenSuslin/RowQS: RightInverse

[2%t 7 2%y~ 2kxkz—2%Lkx*kZ+L " 2ky "4-tky " 2+1, 8kx" 3%z 2ky " 3+8%x"2%z*ky 5-4kx 2%z 2kt*y 2
—4xtxy T AkxkZ+A*X " 2%Z T 2+ 2%y T TRX-Tky T 6+2%y T 2xx*z, —16%y 4*xX"2%z72-16%y " 6xx*xz-8*y*x*z"2
4%y~ 8-4xy~3%z]

QuillenSuslin/RowQS: RowQS Test heuristic methods. For more information set
infolevel [Heuristic] :=3

QuillenSuslin/RowQS: Not easy - no heuristic methods work

We obtain that none of the heuristic methods implemented in QUILLENSUSLIN can be applied to R.
Hence, we need to use the general algorithm presented in Section The first step of this algorithm
is to compute a transformation which maps R to a row vector with a monic component in the last
variable z. We obtain that the permutation of variables ¢ — z,x +— t,y — =z, z — y normalizes R:

normalization over Q@

QuillenSuslin/RowQS: The row after normalization
[2%z_*t_*y_+z_*x_"2+1, 2*z_*xt_*x_+z_"2, z_*t_"2]

Let us call the new row vector R. We can now test whether or not any of heuristic methods can be
applied to R:

QuillenSuslin/RowQS: Test heuristic methods for the normalized row
[2%z_*t_*y_+z_*x_"2+1, 2xz_xt_xx_+z_"2, z_*t_"2]

QuillenSuslin/RowQS: No heuristic methods work for the
normalized row

No heuristic method can be applied to R. We can then check if it is possible to reduce the degree of
the components of R using its monic component 22 + 2 z ¢ x:

QuillenSuslin/RowQS: No reduction - the rows is already reduced
[2%z_*t_*y_+z_xx_"2+1, 2*z_¥t_*x_+z_"2, z_*t_"2]

No simplification can be done. Now, we enter the general algorithm:

QuillenSuslin/RowQS: OneStep - Enter the inductive procedure and reduce one variable:
QuillenSuslin/RowQS: OneStep - Compute local solutions and patch them together!
QuillenSuslin/RowQS: OneStep - For more information set infolevel[OneStepMore] :=3
After one inductive step, we obtain a matrix U € GL3(D) such that
R(t,z,y,2)U = R(t,x,y,0) = (10 0),
which directly solves Problem

QuillenSuslin/RowQS: After one step: [1, 0, O]
QuillenSuslin/RowQS: Now repeat the computation for fm [1, O, 0]

QuillenSuslin/RowQS:  RowQS [1, 0, 0, [t_, x_, y_]
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QuillenSuslin/RowQS: Compute RightInverse
QuillenSuslin/RowQS: RightInverse [1, 0, O]

QuillenSuslin/RowQS: RowQS Test heuristic methods. For more information set
infolevel [Heuristic] :=3

Hence, we obtain that the solution of Problem [2]is given by matrix U defined by:

U .=
[
1—ty?+422222 —2taz+t2y* +42 9222+ 2y " o t> + 823 2293 2 + 822 22 2,
4ySt2 a2 + 83 212yt — 2ty — 2 +4yza®t?,
221223 + 12922 —ta? + 42 2% 29 + 290 12 27
[-823ta3 —tyS —6ty*az—122222ty? — 1623 2% ty® — 2495 2223t — 1297 2% 2t — 2ty x,
14+ty? —4atyBa? —16tat 22yt —16ta3 2y® + 2tz —4ty3 222 — 823 22 yt,
4220t —2y" a3t — 8220ty —8zatySt — 4ty za® — yta?t
[
32t 23yt + 48t 222290 + 1622 Bty + 24ty 2z + 16ty 22w +4y° 2t + 4t y'O,
—A4tyS 162222 ty? +32¢° 2223t + 32y 2?2t —4tyz+8tya,
1+4ty®2? +16ta* 22yt + 16123 298 + 4t y3 2 2% + 823 22 yt]
> infolevel [QSAlgorithm] :=0;
infolevel osaigorithm = 0

We can show that the matrix U is a unimodular matrix satisfying RU = (1 0 0):

> LinearAlgebra[Determinant] (U);

> simplify(Matrix(R).U);
[1 0 0]

Hence, the first row of the inverse of U is the row R, a fact which can directly be checked using the
command CompleteMatrix:

> B:=LinearAlgebra[MatrixInverse] (U);
B =
Rtrxz+ty?+1,2tzy+1t2, ta?]
Btytaz+tys +2ty°x +24y° 2223t + 1297 2% 2t + 1622 2ty + 1222 22 £ 92
+ 823t 14+ 16ta* 22y + 16t 2 290 + 823 22yt + 4ty za? + 41222 2
+t2yt — 2t +4tyBa? + 4222212 12y w1 + 823 22 Y3 12 + 822 2Pt — Ly,
8225ty +aty?zad +422a t + 2y a3t + 8z at S t + yt a2t
[—4tyl® — 162223ty —32ta3 23yt — 48t 222290 — 24ty 22 — 16t y3 2% 2
— 4P 2t, 1612yt 2222 — 1690 212w+ 4tyS — 493 212 — Sy 22 +4tyz
—8ty?x —4t2y8 —329° 2223t — 32y 222t — 1622 22 ty?,
1—16ta*22y* —16ta3 28 — 822 22yt — 4ty 22 — 4t y8 22

The residue classes of the last two rows of the matrix B in M form a basis of the D-module M.
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> BasisOfCokernelModule(Matrix(R), var, true);

normalization over Q@
6tytaz+tyS +2ty° 0+ 24952223t + 12y 2% 2t + 1623 2t ty3 + 1222 22 142
+823ta3 14+ 16ta* 22 y* + 16t 23 290 + 823 22yt + 4ty za® + 4122z 2
+t2yt —2tx 44ty + 422222 2y T t? + 823 223 2 + 822 2y 12 — P,
822a%ty? +4aty?zad +4222%t +2y" 23t + 8zt Yo t 4+ yt 22 ]
[—4tyl® — 162222ty —32ta3 23 y* — 48t 222290 — 24t yB 22 — 16ty3 222
— 4y zt, 1612y 2222 — 169y 22w + 4t yS — 493 212 — Sy 22 t2 +4tyz
— 8ty —4t2y® — 3295 2223t — 32y 2% 2t — 1622 22 ty?,
1—16ta* 22yt —16ta3 298 —8a® 22yt — 4ty 222 — 4ty8 22
We can try to reduce the degree of the basis elements using the option reduce:
> BasisOfCokernelModule (Matrix(R), var,true, reduce);
normalization over QQ
(8232293 —8a229° — 2y x —y* — 4y’ w2z — 4222
2ty x — 4ty za? —ty? —2txz+1, 0]
[16y* 2222 + 169502+ 4y +4y> 2 +8yx2?, 4tyS + 8ty z +4tyz, 1]

Let us now detail the local step of the algorithm, i.e., compute and patch the local solutions to get
the unimodular matrix U:

> var,;
t, z, y, 2]
> R;
Rtxz+ty>+1,2tzy + 12, t2?
> 1IsMonic(R, var[-1]);

false
>

IsMonic(R, var, p);

true, [2tzy + 12, t], 2, 1]

None of the components of R is monic in the last variable z. But, the second component is already

monic in the first variable t. Hence, by a simple change of variables, i.e., a permutation of variables,
we obtain a normalized component in the last variable.

> var:=[x,y,z,t];

var := [z, y, z, t]
> varc:=var([1l..-2];

vare = [z, y, 2]
>

IsMonic(R, var[-1]);

true
Let us take an arbitrary maximal ideal M; of Q[z,y, z]:

> Id:=[var[1]];

Id = [x]
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> Max[1] :=MaximalQQ(Id, varc);
Mazx; := [z, y, ]

We compute a local solution of Problem [2 over the localization Q[z,y, 2] am, [t] of the polynomial ring
D = Q[z,y, z,t], where M is the maximal ideal defined by Max[1]:

> H[1] :=Horrocks(R, Max[1], var, true);

H; =
—1—2?+422yz+22y3 + 2tz +ty?
| % ,
t(—4z3y+8y?zad+4yta? —2zxy—ta? +42%ytz+2xy3t —1t)
a %1 (1 + a2) ’
(2% +422yz+2trz+22y° +ty?)t
%1

2 2)2
[ %%),(—1—2x2+4x2yz+2xy3 —at -2t 2+ 823 22yt + 8ty 2 2?
0

—2txz—ty?a? + 2ty —ty?) /(%1 (1 + 2?)), ( %
0

2z z + 1> 23y —tax?+4x%ytz+2xy3t—t 2tz z+ty’ +1
%1 ’ (1+22) %1 ’ %1
%1 :=—-1—a22+422yz+22y°

2tz +ty? +1) (2xz+y2)]

Let us denote by d; the denominator of Hy. As d; is not invertible in the polynomial ring D, we

compute a new local solution in the localization of D with respect to a maximal ideal My containing
dli

> d[1] :=DenomOf (H[1]);
di = (-1—2?+42%yz+22y%) (1 +2?)
We find a maximal ideal My of Q[z,y, 2] containing d; as follows:

> Max[2] :=MaximalQQ([d[1]], varc);
Mazs == [z, y, v 2, Ty, 1 + 22

We can then compute a local solution of Problem [2| over the localization Q[z,y, 2], [t] of D with
respect to the maximal ideal My of Q[z, vy, z], where M, is defined by Max[2]:

> H[2] :=Horrocks(R, Max[2], var, true);

1 0 —t
o 0 1 0
Hy = 2 2
20z+y 2¢y+t 2txz+ty*+1

a2 g2 x2
The denominator of Hs is then:
> d[2] :=DenomOf (H[2]);

dg = ZC2

The ideal defined by the denominators d; and dy generates Qx,y, z] as we have:

> IsUnimod([d[1],d[2]], varc, true);
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true

We can now patch the local solutions H; and Hs together as follows:
> V:=Patch(var[-1], varc, [H[1], H[2]], true);

V.=
[
1—ty?+4222282 —2taz+ 2y  +42 2 w2+ 2y x> + 83 22 3 t2 + 822 292 2,
4958222 + 823 22yt — 2ty — 2 + 4y 2z t?,
221223 + 129222 —ta? + 42 2t 23 + 290 12 28]
[-823ta3 —tyS —6ty*zz— 122222 ty? — 16232 ty® — 2495 2223t — 129" 2% 2t — 2ty %z,
14+ty? —4tyBa? —16tat229y* — 16t 298 + 2tx 2 —4ty3 2% — 823 22 yt,
—42220 —2yT 2Pt — 82220ty — 8zttt —dty?zad — yta? ]
[
32t Byt + 481222290 + 1622 23ty + 24ty 2 + 16t y3 22w+ 4yd 2t + 4ty
—4tyS + 1622 22ty? +329° 2223t + 329" 22 2t —4tyz + 8ty x,
1+4ty8a? + 16t 22yt +16t23 290 + 4ty 2 2% + 823 22 y ]

The matrix V € D3*3 satisfies that R(z,y, z,t)V = R(x,y, 2,0):

> simplify(Matrix(R).V);
[1 0 0]
Moreover, we can check that V' is a unimodular matrix, i.e., V € GL3(D), as:

> LinearAlgebra[MatrixInverse] (V);

Rtrxz+ty?+1,2tzy+1t2, ta?]
823tax® +tyS + 12y 222t + 24452223t + 1623 2t t 3 + 6tyt w2 + 1222 22 ¢ 42
Yy Yy Yy Yy Yy Yy

+2ty 1 —2txz—ty? + 4y zta® +16txt 22y + 16t 2> 290 + 823 22ty
+ 2yt 42y w2 422 222 483 2P P+ 82 2P 2+ Aty + 4t yS 2,
8x5z2ty3+4zx3y2t+y4x2t+8x4zy5t+2y7x3t+4x4z2t]
[—16x2z3yt—4y5zt—4ty10—32tz3x3y4—48t22:v2y6—24tyszx
—16ty3 22w, dtys —4y3 2t — 8y 22t — 4298 + 4ty — 3297 22 2t

Yy Yy Yy Yy Yy Yy Yy
—32y522x3t—16t2y422x2—16y6zt2x—16x222ty2—8ty9x,
1—4y3ztx2—16tx422y4—16ta:3zy6—8x322ty—4ty8x2]

We can check again that R(z,y,2,0) = (10 0) as we have:

> RI[0] :=subs(var[-1]=0, R);
Ry :=11,0, 0]

As Ry already has the form (1 0 0), we finally get that the unimodular matrix V' over the polynomial
ring D satisfies RV = (10 0).

Finally, the last two colums of the matrix V define an injective parametrization of the system
defined by R:

> 1InjectiveParametrization(Matrix(R), var, true);
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[AySt2 a2 +8ad 22yt — 2twy — 12 +4yz2?t?,
221223 + 129222 —ta? + 422t 2P + 290 12 27
+tyc —4ty° x* — x*z — 16tz zy° +2tx 2 — zxt —8x°z°yt,
1 y? —4ty®a? —16tzt 22yt — 16t 23 2 y0 + 2t 4ty za? —8x3 22y
4220t —2y" a3t — 8220ty —8zatySt — 4ty zad — yta? e
[—4tyS + 162222 ty? + 32952223t + 32y 2% 2t —4ty2 + 8ty x,
1+4ty8a?+16tat 22yt +16t2 290 + 4ty 22?2 + 823 22 yt]
9.2.6 Example over Z[z, 23]
To finish, let us consider a non trivial example over the ring D = Z[z1, 22].
> wvar:=[z[1],z[2]];
var := [z1, 2]
We consider the row vector R defined by:
> R:=[z[1]1"2, 3*z[2]+1,z[1]+z[1]*z[2]+z[2]"2];
R:= 22320+ 1, 21 + 21 20 + 25°]
The row vector R admits a right-inverse over D as we have:
> S:=RightInverse(R, var, false);
S =036, =92 +182;2 +182; 20 — 322 + 1, =54 2; + 9|
We check that we have RS = 1:

> simplify(Matrix(R).Matrix(<S>));
[ 1]
Hence, we obtain that the D-module M = D'*3/(D R) is projective, i.e., free by the Quillen-Suslin
theorem. Let us compute a unimodular matrix U satisfying Problem [2] and a basis of the D-module

M. We can first try to use the heuristic methods implemented in QUILLENSUSLIN (we recall that we
need to set the parameter to false as the coefficients of D belong to Z and not Q):

> Heuristic(R, var, false);
false

None of the heuristic methods implemented in QUILLENSUSLIN is successful for this example. Hence,
we have use a general algorithm to solve Problem 2] We detail all the intermediate computations:

> infolevel [OneStepMore] :=3;
> infolevel [QSAlgorithm] :=3;

infolevel o,cstepmore = 3

infolevel gsaigorithm = 3
> U:=QSAlgorithm(R, var, false);
QuillenSuslin/RowQS: RowQS [z[1]1°2, 3*z[2]+1, z[1]+z[1]*z[2]+=z[2]"2], [z[1], z[2]]
QuillenSuslin/RowQS: Compute RightInverse

QuillenSuslin/RowQS: RightInverse [36,-9*z[1]+18*z[1] "2+18*z [1]*z[2] -3*z[2] +1,
-54xz[1]+9]
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QuillenSuslin/RowQS: RowQS Test heuristic methods. For more information set
infolevel [Heuristic] :=3

QuillenSuslin/RowQS: Not easy - no heuristic method works

QuillenSuslin/RowQS: The row after normalization
[z[1]1°2, 3*z[2]+1, z[1]+z[1]*z[2]+z[2] 2]

QuillenSuslin/RowQS: Test heuristic methods for the normalized row
[z[1]1"2, 3*z[2]+1, z[1]+z[1]*z[2]+z[2]"2]

QuillenSuslin/RowQS: No heuristic method works for the normalized row

QuillenSuslin/RowQS: No reduction - The row is already reduced
[z[1]"2, 3*z[2]+1,z[1]+z[1]*z[2]+=z[2] 2]

QuillenSuslin/RowQS: OneStep - Enter the inductive procedure and reduce one variable:
QuillenSuslin/RowQS: OneStep - Compute local solutions and patch them together!
QuillenSuslin/RowQS: OneStep - For more information set infolevel[OneStepMore] :=3

QuillenSuslin/OneStepMore: OneStepMore  [z[1]1°2, 3#*z[2]+1,z[1]+z[1]*z[2]+z[2] 2]
[z[1], z[2]] false

QuillenSuslin/OneStepMore: MAX, r, det [2, z[1]] [6xz[1]+1] 3/(6*xz[1]+1)
QuillenSuslin/OneStepMore: MAX, r, det [z[1]+1, 5] [6xz[1]+1, z[1]1"2] 1/z[1]"2
QuillenSuslin/RowQS: After one step: [z[1]1"2, 1, =z[1]]

QuillenSuslin/RowQS: Now repeat the computation for fm [z[1]72, 1, z[1]]
QuillenSuslin/RowQS: RowQS [z[1]1"2, 1, =z[11]1, [=z[1]]

QuillenSuslin/RowQS: Compute RightInverse

QuillenSuslin/RowQS: RightInverse [0, 1, 0]

QuillenSuslin/RowQS: RowQS Test heuristic methods. For more
information set infolevel[Heuristic]:=3

U .=

[~108 20, 1+ 108 22 212, 72 21 2o — 1296 252 2,2

(5420 212+ 2721 20 — D54 222 21 — 320 + 1+ 9292,

(5420 212 — 2721 20 + 54222 21 + 320 — 1 —9252) 2,2,

3620 21% — 21 20 — 21 +324 202 2;% — 648 292 2, — 648 213 29° — 252 + 108 253 z12]
2720 (627 — 1), =27 22 (627 — 1) 2,2 ,1 — 108 20 272 + 1944 222 2,3 — 324 252 2,2 + 3 25

> infolevel [OneStepMore] :=0;
> infolevel[QSAlgorithm]:=0;

infolevel o esiepmore =
infolevel g a1gorithm = 0
The matrix U solves Problem [2{as RU = (10 0)
>  simplify(Matrix(R).U);
[1 0 0]
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and U~! € D33 ie., U € GL3(D) as we have:
> U_inv:=LinearAlgebra[MatrixInverse] (U);

U_anv :=

(212,320 +1, 21 + 21 22 + 222]

[1, 108 25 + 324 202 — 1944 202 2; ,

324 252 27 + 36 21 20 + 108 253 — 648 252 2,2 — 648 253 1]

[0, 1622 20 + 2T 20, =54 20 212 + 27 21 20 — D4 20% 21 — 320 + 1 + 9 27

In particular, we check that the first row of the inverse of the matrix U is R. The residue classes of
the last two rows of U;,, in M form a basis of the D-module M.

Let us detail the different steps of the general algorithm on this example and compute the matrix
U step by step:

> var;
[21, 2]
> R;
(212, 320 + 1, 21 + 21 22 + 22°]
> IsMonic(R, var,p);
true, [[z12, z1], 1, 1], [[21 + 21 22 + 222, 22], 3, 2]

The third component of R is already monic in the last variable z3, so we can enter the local loop. Let
us take an arbitrary maximal ideal M; of Z[z]:

> wvarc:=var[1..-2];

vare = [z4]
> Max:=[2,z1];
Max = [2, 2]
> Max[1] :=MaximalZZ(Max, varc);
Maz; = [z;, 2]

We obtain M; = (z1,2). We now compute a local solution over the localization Z[z1]a, [22] of the
polynomial ring D, where M; denotes the maximal ideal Max [1]:

> H[1] :=Horrocks(R, Maxl, var, false);

1 0 0
(Bze +32; — 1) 212 3(21 + 21 22 + 222) 320 +32 —1
H, = 627 + 1 627 +1 62+ 1
92,2 3(322 4+ 1) 9
62+ 1 62 +1 62 +1

We denote by d; the denominator of Hy. As d; = 6z; + 1 ¢ M, is not invertible in D, we need to
compute a new local solution over a localization of the ring D with respect to a maximal ideal My of
Z[z1] containing dy:

> d[1] :=Denom0f (H[1]);
d; =627 +1
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> Max[2] :=MaximalZZ([d[1]], varc);
Mazg = [z; + 1, 5]
We then get the maximal ideal My = (21 + 1,5) of Z[z1]. Let us compute a local solution in a
localization Z[z1) m, [22], where My is the maximal ideal Max [2]:
> H[2] :=Horrocks(R, Max[2], var, false);

1 322+1 21 + 21 Zg+222
L2 2 N 2

2
Hy = | 4 21 z1
0 1 0
0 0 1
The denominator ds of Hs is then:
> d[2] :=Denom0f (H[2]);
dg = 212

We check that dy = z% ¢ M and the ideal defined by the d; and dy generates Z[z;] as we have:

> IsUnimod([d[1],d[2]], var, false);
true

We can now patch the local solutions H; and Hs together to get a global solution Uy:
> U[1] :=Patch(var[-1], varc, [H[1], H[2]], false);

U; :=

[1, —108 22, —36 22 z; (1 + 36 21 22)]

[0, =54 20 2,2+ 2721 20 — 54 202 21 — 320 + 1+ 922,

—20 (627 —1) (108202 2,2 + 32,2 + 108 20 213 + 321 20 — 421 — 20 — 36 25 21 2)]
(0,27 25 (627 — 1), 1944 252 2,3 + 54 20 212 — 324 202 2,2 — 2T 21 25 + 3 20 + 1]

The matrix U; is unimodular, i.e., Uy € GL3(D), as we have:

> LinearAlgebra[Determinant] (U[1]);
1

Moreover, the matrix Uy satisfies that R(z1,22) U3 = R(21,0):
> simplify(Matrix(R).U[11);
[ 22 1 2z ]
which can be compared with:

> R[0] :=subs(z[2]=0, R);

RU = [z127 1u Z]}
Now, we need to reduce Ry to (1 0 0) by means of elementary column operations:

> U[2] :=Heuristic(R[0], var, false);

0 1 0
UQ = 1 —212 —Z21
0 0 1

Finaly, we obtain that the matrix V' = U; Us defined by

RR n° 6126



76 A. Fabiariska € A. Quadrat

> V:=simplify(U[1].U[2]);

V.=

[~108 20, 1+ 108 22 212, 72 21 2o — 1296 252 2,2

(5420 212+ 2725 20 — D54 202 21 — 322 + 1+ 9222,

(5420 212 — 2721 20 + 54222 21 + 320 — 1 — 9 252%) 2,2,

3620 21% — 27 20 — 21 + 324 202 2,2 — 648 292 2% — 648 2,3 255 — 252 + 108 2,3 212]
2720 (627 — 1), =27 22 (627 — 1) 2,2, 1 — 108 2 272 + 1944 252 2,3 — 324 252 2,2 + 3 25]

satisfies RV = (100)
> simplify(Matrix(R).V);
[1 0 0]
and V' is unimodular over D, i.e., V € GL3(D), as we have:

> LinearAlgebra[Determinant] (V);
-1

Hence, the matrix V is a solution of Problem
To finish, let us denote by D’ = Q[z1, 22] and compute a basis of the D’-module M’ = D'**3 /(D' R):

> BasisOfCokernelModule (Matrix(R), var, true);

1 NEDRNS L D
—— 21 %+ -2+ =2 — 217 — —
g Ty T T 9 g
3Z1 1
°4 - 0 1
2 4

We can try to reduce the degrees of the basis elements:

> BasisOfCokernelModule (Matrix(R), var,true, reduce);

1 2z 21
1 —— 422,42

0 9+3+3
321 1

L2 1
2 4

The residue classes of the rows of the previous matrix in M’ define a basis of the free D’-module M’.

9.3 Laurent polynomial rings & Park’s Algorithm

As it was described in [38], the problem of completing a matrix R which admits a right-inverse over
the Laurent polynomial ring D = k[z1,...,2n, 27", ..., 2, '] (k is a field) to a square unimodular
matrix over D can be transformed into Problem [I] by means of a certain transformation what we shall
call Park’s transformation in what follows. Then, we can use a QS algorithm for the corresponding
polynomial matrix and use the inverse transformation to get a solution over the Laurent polynomial
ring D. We refer the reader to [38] for more details. The corresponding algorithms have been

implemented in QUILLENSUSLIN as we are going to demonstrate it now.
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9.3.1 Example taken from [39]

Let us consider the Laurent Polynomial ring D = Q[z, 2~ '] and the following row vector R:

> var:=[z];

var := [z]
> R:=[1/z+1+z, 2/z"2+1,1-z];
1 2
Ri=[-+1+2 5 +1,1-2]
z z

The row vector R is unimodular over D if the polynomial row vector R obtained by means of Park’s
transformation admits a right-inverse over Q[Z]. Let us compute Park’s transformation for R:

> nvar:=[Z];

nvar = [Z]
> R_bar, T, su, isu:=Laurent2Pol(R, var, nvar);

R_bar, T, su, isu :=

N+2Z+22% —22-2% -27— 77,

> IsUnimod(R_bar, nvar);
true

Hence, the row vector R = (1+Z+ 2?2 —27Z — Z? —2 7 — Z?) admits a right-inverse over D = Q[Z],
and thus, we obtain that R admits a right-inverse over D. Hence, the D-module M = D'*3/(D R)
is a projective D-module. It is constructively proved in [30] [38] that every projective module over a
Laurent polynomial ring is free. Therefore, the D-module M is free. In order to compute a basis of
M, following [38], we first compute a basis of the free D-module N = D /(D R) and then use Park’s
transformation to get one of the free D-module M. In other words, we first compute U € GL3(D)
satisfying RU = (1 0 0) and then obtain a matrix U € GL3(D) satisfying RU = (1 0 0). We can
directly obtain U by calling the procedure ParkAlgorithm as follows:

> U:=ParkAlgorithm(Matrix(R), var);
2(z—2) 2+ 27 2?2 +8

322 22 3z
U:= 24z  14+z+22 (2+2)?

3z z 3

0 0 1

We can check that RU = (1 0 0) as we have

> simplify(Matrix(R).U);
[1 0 0]

and U € GL3(D) as detU =1
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> LinearAlgebra[Determinant] (U);
1

Finally, a basis of the free D-module M is given by the residue classes of the two last rows of the
inverse U~! of U defined by:

> LinearAlgebra[MatrixInverse] (U);

142422 2 4 22

p, P 1—2z
24z 2(z—2) 24z

3z 3223
0 0 1

9.3.2 Example taken from [36]

Let us consider D = Q[z, 27 !] and the matrix R with entries in D defined by:

> var:=[z];
var = [z]
> R:=Matrix([[3/z-2-2*%z+2*z"2, 3/z-2%z,2*xz],
>  [6/z+25-23*%z-16%z"2+20%z"3, 6/2z+29-4*z-20%z"2, 2+4*xz+20%z"2]]);

§7272z+222 §722 2z

R = z z
B 6
—4+25—-232—16224+2023 —4+29—42—-2022 244242022
z z

We can check that the D-module M = D'*3/(D'*2 R) is projective, and thus, free by the constructive
result obtained by Park in [36, B8]. Let us compute a unimodular U over D such that RU = (I; 0):

> U:=ParkAlgorithm(Matrix(R), var);

—6—292+42>+2023 —3 4227 2(—3+ 2?)
z B z B z
U:=| 64+252—232%—162° 4 202* 3-22-222422° 2(3—-22—22+2°%)
z B z B z
0 0 —1

We check that we have RU = (I 0):

> simplify(Matrix(R).U);
10 0
010
Finally, we check that U is a unimodular matrix, i.e., U € GL3(D):

> LinearAlgebra[Determinant] (U);
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9.4 Equivalences of flat multidimensional linear systems

9.4.1 Examples [7}, [§] and

We consider the differential time-delay linear system defined by ([32]). The matrix R associated
with is defined by

> R:=Matrix([[d-delta+2, 2,-2*deltal],[d,d,-d*delta-1]1]);

d—0+2 2 -2

R:= d d —ds—1

where d denotes the time-derivative operator and J the time-delay operator. Hence, we need to consider

the commutative polynomial ring D = Q[d, §] and the D-module defined by M = D'*3/(D1*2 R).

> var:=[d, deltal;
var := [d, ¢]

Let us check whether or not the matrix R admits a right-inverse over D:

> IsUnimod(R, var);
true

As the matrix R admits a right-inverse over D, we then obtain that the D-module M is projective,
ie., free by the Quillen-Suslin theorem. Let us solve Problem [T}

> U:=QSAlgorithm(R, var);

0 0 -2
do 1
— 4+ = =5 d*6+d—dé*—5+2
U:= 2 + 2 + *
d
= -1 d?—dé
2
We can check that U gives a solution of Problem [l| as we have RU = (I; 0)
> simplify(R.U);
1 00
010

and U is a unimodular matrix over D, i.e., U € GL3(D):

> LinearAlgebra[MatrixInverse] (U);
d—d+2 2 —-29
d d —dd-—1
~1/2 0 0

The residue class of the last row of the matrix U1 in M defines a basis of M. Moreover, the system
defined by R admits the following injective parametrization

> Q:=InjectiveParametrization(R, var, true);

-2
Q:=| d?5+d—-dé*>—-5+2
d*>—dé
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i.e., for every D-module F (e.g., C*°(R)), every F-solution of the system kerz(R.) has the form

> simplify(Matrix(Q).Matrix([[xi]1]1));
—2¢
—(=d*6—d+dé*+0—2)¢
—d(—d+0)¢&

for a certain £ € F. As the system kerz(R.) is flat, by Corollary [8| we know that kerz(R(d,0).)
is algebraically equivalent to the controllable ordinary differential system without time-delay, i.e., to
kerz(R(d, 1).). We can compute an invertible transformation which maps F-solutions of ker z(R(d, 1).)
to F-solutions kerz(R(d, d).):

> U[1] :=SetLastVariableA(R, var, 1, true);

1 0 ©
1, 1 1.1
U, = §d5 —§d5+§5—§ 1 6-1
d(d—-1)
_— 1
5 0
We can check that R(d,d) Uy = R(d,1):
> R[1]:=simplify(R.U[1]);
o ld+1 2 =2
Bi=1"4 a4 -1-4

The inverse transformation, i.e., the transformation sending F-solutions of kerz(R(d,0d).) to F-
solutions of kerz(R(d,1).), is then defined by the matrix U; *:

> LinearAlgebra[MatrixInverse] (U[1]);
1 0 0

1 1 1 1
A —1)
- 0 1
2

As the E = Q[d]-module N = E'3/(E'2Ry) is also free, we can find Uy € GL3(FE) such that
Ry Uy = (I 0). For instance, we get:

> U[2]:=QSAlgorithm(R[1], var);

0 0 -2
1 d
e PN
U= | 373 +
d
e
2

Similarly, we can prove that the system kerz(R(d,J).) is algebraically equivalent to the system
kerz(R(d,0).), namely,

> R[0] :=subs(delta=0, R);

[d+2 2 o0
RO"[ d d —1}

by means of the following invertible transformation:
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> V[1] :=SetlLastVariableA(R, var, 0, true);

1 0 0
1, 1
= 51
Ve | 3d0PH50 10
dé
5 0 1

The inverse transformation, i.e., the transformation sending F-solutions of kerz(R(d,d).) to F-
solutions of kerz(R(d,0).), is defined by the matrix V; '

> LinearAlgebra[MatrixInverse] (V[1]);

1 0 0
5

-5 1 =3
do

—— 1
5 0

As the E = Q[d]-module P = E'*3/(E1*2 Ry) is also free, we can find Vo € GL3(E) such that
Ry Vo = (Is 0). In particular, we have:

> V[2]:=QSAlgorithm(R[0], var);

0 0 -2

1

— d+2
V2 = 2 0 +

d

- -1

2

9.4.2 Examples [9] and

We consider the differential time-delay linear system studied in [28]. The matrix R of functional
operators associated with has the form
> R:=Matrix([[d+1, 0, -11,[-1, d-d*delta+a, 0]1);

d+1 0 -1

B=\"_1 4—ds+a 0

where a denotes a real constant, d the time-derivative operator and ¢ the time-delay operator. Let us
consider the D = Q(a)[d, §]-module M = D'*3/(D1*2 R).
> var:=[d, deltal;
var :=[d, ¢
Let us check that R admits a right-inverse over D:

> IsUnimod(R, var);
true

Hence, the D-module M = D'*3/(D'*2 R) is projective, i.e., free by the Quillen-Suslin theorem. Let
us compute U € GL3(D) such that RU = (I, 0):

> U:=MatrixQS(R, var);

0 -1 d—dd+a
U:= 0 0 1
1 —d—1 (d+1)(d—dé+a)
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We can check that detU =1 and RU = (I 0) as we have:

1 0 0
0 1 0

The system defined by R admits the following injective parametrization

> simplify(R.U);

> Q:=InjectiveParametrization(R, var, true);

d—dd+a
Q= 1
(d+1)(d=dd+a)

i.e., for every D-module F (e.g., C*°(R)), every F-solution of the system kerz(R.) has the form

> simplify(Matrix(Q) .Matrix([[xil]));

(d—ds+a)€
3
(d+1)(d—ds+a)€

for a certain £ € F. As the system kerz(R.) is flat, by Corollary |8, we know that the system
kerz(R(d,d).) is algebraically equivalent to the controllable ordinary differential system without time-

delay, i.e., to ker#(R(d,1).). Let us compute an invertible transformation which sends F-solutions of
kerz(R(d, ¢).) to F-solutions of kerx(R(d,1).):

> U[1] :=SetLastVariableA(R, var, 1, true);

1 —d(6—1) 0
U =10 1 0
0 —dd>+d?>—ds+d 1

> R[1]:=simplify(R.U[1]);

C[d+1 0 -1
RJ'_{ -1 a 0]

The invertible transformation, i.e., the transformation sending F-solutions of kerz(R(d,0d).) to F-
solutions of kerz(R(d,1).), is defined by the matrix U; *:

> LinearAlgebra[MatrixInverse] (U[1]);

1 d(s—1) 0
0 1 0
0 6d?—d*+dé—d 1

The E = Q(a)[d]-module P = E'*3/(E1*2 R;) is also free. Hence, there exists Uy € GL3(E) such
that Ry Uy = (I 0), which can be computed by:

> U[2]:=QSAlgorithm(R[1], var);
0
Uy := 0
-1 0 (d+1)a

a

1

Q| —~O

Similarly, by Corollary (7} for every D-module F, the system kerz(R(d, d).) is algebraically equivalent
to the system kerx(R(d,0).), where R(d,0) is defined by:
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> R[0] :=subs(delta=0, R);

d+1 0 -1

Ro=1"1 4+a 0

The invertible transformation which maps F-solutions of the system kerz(R(d,0).) to F-solutions of
kerz(R(d,d).) is defined by:

> V[1] :=SetLastVariableA(R, var, 0, true);

1 —dd 0
Vi=10 1 0
0 —6d?>—dé 1

The inverse transformation which sends F-solutions of kerrz(R(d,d).) to F-solutions of the system
kerz(R(d,0).) is then defined by V;!:

> LinearAlgebra[MatrixInverse] (V[1]);

1 dé 0
0 1 0
0 6d*+ds 1

Finally, as the E = Q(a)[d]-module P = E**3/(E1*2 Ry) is also free, there exists Vo € GL3(E) such
that Ro Vo = (I2  0), where V5 can be chosen as follows:

> V[2]:=QSAlgorithm(R[0],var, true);

0 -1 d+a
Vo = 0 0 1
-1 —d—-1 (d+1)(d+a)

9.4.3 Example of a /-flat differential time-delay system taken from [22]

We now consider the stirred tank model described on pages 450-451 of [22]. Let us first consider
the commutative polynomial ring D = Q(6, co, c1, 2, Vp)[d, 8], where d denotes the time-derivative
operator and § the time-delay operator.

> var:=[d, delta];
var := [d, ¢]

The system is defined by the following matrix R of functional operators:

> R := Matrix([[d+1/(2%theta),0,-1,-1],[0,d+1/theta,-(c1-c0)*delta/VO,
> -(c2-cl)*delta/V0]]);

1
- 1 1
. d+5: 0
' 0 d—l—l (el —c0)d  (e2—cl)d
0 Vo Vo

Let us check whether or not the D-module M = D'**/(D*2 R) is free:

> IsUnimod(R, var);

false

As the full row rank matrix R does not admit a right-inverse over D, the D-module M is then not
free. We can prove that we have exth (N, D) = 0 but ext% (N, D) # 0, where N = D*2/(D1x4 RT)
and annp(ext% (N, D)) = (fd+1,5). See the library of OREMODULES examples ([4]) for more details.
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Hence, using Figure[I] we obtain that M is a torsion-free but not a projective D-module. In particular,
M is not a free D-module, and thus, for every injective cogenerator D-module F, the corresponding
system kerz(R.) is not flat.

However, the fact that § € annp (ext% (N, D)) proves that the Ds-module Ds @ p M is free, where
Ds ={a/b|a € D, b= 46" i€ Z,} is the localization of the ring with respect to the multiplicative
closed subset S = {1, 4, §%,...} of D (|5, 49]). In a system-theoretic language, it means that, for
every Ds-module F (e.g., F = C*(R)), the system kerz(R.) is flat when we also use the time-
advance operator 6~ 1. In this case, the first system is said to be d-flat ([5, [32]). Many examples of
time-delay systems were proved to be d-flat (e.g., transport equations, wave equations). For more
details and examples, see [4] Bl 6 B2, B3] and the references therein.

Let us compute a basis of the free Dg-module Ds ®p M by declaring § to be an invertible element,
i.e., by considering the principal ideal domain A = Q(6, co, 1, 2, Vo, 0)[d]:

> var2:=[d];
var? := [d]
We can check that the A-module P = A'**/(A'*2 R) is projective, i.e. free by 4 of Theorem

> IsUnimod(R, var2);

true
Let us compute a basis:
> U:=QSAlgorithm(R, var2, true);

U:=

[0,0,1,0]

[0,0,0,1]

B —c2 +cl B Vo (2d0+1)(—c2+ cl) VO (d6+1)
—c2+4+2cl—c0’ §(—c2+2cl—c0)” 20(—c2+2cl—c0) 5(—c2+2cl—c0)0

B cl —c0 Vo (¢l —c0)(2d60+1) Vo (do+1)
—c2+2cl —cO0’ 6(—c2+2cl —c0) 2(=c2+2cl —c0)0’ 5(—c2+2cl—c0)0

Let us compute the determinant of the matrix U:

> LinearAlgebra[Determinant] (U);
Vo
0(—=c2+2cl —c0)
Hence, if ¢y + co — 2 ¢1 # 0, which will be assumed in what follows, then the determinant det U of U

is invertible over A. See [4] for the other cases. Therefore, if we also use the advance operator 61,
an injective parametrization of the system is then defined by:

> Q:=InjectiveParametrization(R, var2,true) ;

1 0
0 1
(2d0+1) (—c2 + cl) VO (40 + 1)
T 20(=c2+2¢1 —c0) S(—c2+2cl—c0)0
(¢l —c0)(2d0+1) VO (d6+1)

2(—=c2+2cl —c0)0 0(—c2+2cl —c0)0

Hence, we get that every F-solution 7 of the system kerz(R.) defined by R, where F is a Ds-module
(e.g., F = C*°(R)), is of the form n = Q¢ for a certain £ € F2. Finally, a d-flat output of the system
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kerz(R.) is defined by & = T'n, where T denotes the last row of the unimodular matrix U. Another
o-flat output of kerz(R.) is then

> BasisOfCokernelModule(R, var2, true);
1 0 0 O
01 0 0
i.e., is defined by {91, 2} with the notation n = (11, ...,n4).

9.5 Pommaret’s theorem of the Lin-Bose conjecture

9.5.1 Examples and

Let us consider the differential time-delay model of a flexible rod with a forced applied on one end
defined in Example [13| ([32]). The system matrix R with entries in the polynomial ring D = QId, 4],
where d denotes the time-derivative operator and § the time-delay operator, is defined by
> var:=[d, delta];
var :=[d, 9]

> R:=Matrix([[d,-d*delta,-1], [2*xdelta*d,-d*delta"2-d,0]]);

d —dd -1

R:=1 945 —as2—d 0

Let us check whether or not the D-module M = D*3/(D1*2 R) is projective, i.e., free by the Quillen-
Suslin theorem:

> IsUnimod(R, var);
false

We obtain that R does not admit a right-inverse over D and the D-module M is not free. In particular,
there does not exist a matrix U € GL3(D) such that RU = (I 0) or, equivalently, R cannot be
completed to a unimodular matrix over D. Let us compute the set of all maximal minors of R:

> m:=MaxMinors(R);
m = [d?* 6% — d?, 2d6, —d % — d]
The ideal I of D defined by the maximal minors is generated by

> Involutive[InvolutiveBasis] (m, var);
[d]

ie,, I = (d), and thus, d is a greatest common divisor of the maximal minors of R. In particular,
using Figure |1} we obtain that the torsion D-submodule ¢(M) of M is not reduced to 0. Using
OREMODULES ([4, [f]), let us compute exth (N, D), where N = D'*2/(D1*3 RT). We first need to
define the commutative polynomial ring D = Q[d, ] in OREMODULES in the following way:

> Alg:=0OreModules[DefineOreAlgebra] (diff=[d,t],dual_shift=[delta,s],
> polynom=[t,s]):

We then obtain

> Ext:=0reModules[Exti] (Involution(convert(R,array),Alg) ,Alg,1);
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d 0 0 28 14462 0 14 42
Ext .= 01 01|, —d dd 11, 246
0 0 1 dé —-d & —dé? +d
i.e., if we denote by
> Q:=Ext[2];
—25 1+46%2 0
Q:= —d dd 1
dd —d 9

then, we have exth (N, D) = (D'*3 Q)/(D'*? R), which is not reduced to 0 as the first matrix of Ext
shows that the residue class of the first row of Q in ext}, (N, D) defines the element

z = —26y1+(1+52)y2

which satisfies dz = 0. As the residue classes of the second and third rows of @ in ext}, (N, D) are
reduced to 0, we deduce that ¢(M) is only generated by z.

We also know that R can be factorized by @, i.e., there exists P € D?*3 satisfying R = P Q. The
matrix P can be computed as follows:

> P:=0reModules[Factorize] (R,Q,Alg);

0 —1 0
P'—{o -5 1}

We note that P is not a square matrix. Let us compute kerp(.Q):
> Q[2] :=0reModules [SyzygyModule] (Q,Alg) ;
QQ = [ d =6 1 ]

Hence, we obtain that @ has not full row rank, i.e., the D-module D'*3 @ is not free. However, the
D-module M/t(M) is projective, i.e., free by the Quillen-Suslin theorem as @ admits a generalized
inverse X over D defined by

> X:=0reModules[GeneralizedInverse] (Q,Alg) ;

5
-~ 00
2
X=1 1 00
_ds
2

i.e., we have Q X Q = Q. Another way to prove this result is to check that @ trivially admits a
right-inverse over D, a fact that shows that L = D'*3/(D Q9) = D'*3(Q is a projective, and thus,
a free D-module by the Quillen-Suslin theorem. Hence, following Algorithm [2| we can constructively
solved Problem (3] We first solve Problem [1| for the full row rank matrix Qs:

> U:=QSAlgorithm(convert(Q[2],Matrix) ,var,true);

0 0 1
U=]01 0
1 6 —d

We can check that U is a unimodular matrix over D as we have:

> U_inv:=linalg[inverse] (U);
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-0
U_inv :=

— O Q.
O O =

1
0
If we denote by B the matrix formed by the last two rows of U ™!, namely,

> B:=linalg[submatrix] (U_inv,2..3,1..3);

010
B'[1 0 o}

we know that a matrix R’ € D?*3 solving Problem [3|is then defined by R’ = B Q

> Rp:=simplify(evalm(B&*Q)) ;

—d ds 1
Rp'{—w 1+ 62 0]

where R’ was denoted by Rp. Hence, we have D'*3Q = D'*2 R’ and R = R"” R', where R" € D?*?
is defined by

> Rpp:=0reModules[Factorize] (R,Rp,Alg) ;
-1 0
Rpp := [ 0 —d ]
where R” was denoted by Rpp, and R” satisfies det R” = d:

> linalgldet] (Rpp);
d

We can check again that M /t(M) = D**3/(D'*2 R') is a projective, i.e., a free D-module as the ideal
of D defined by the set of maximal minors of R’, namely,

> maxminors:=MaxMinors(convert (Rp,Matrix) ,var);
mazminors := [d6? — d, 25, —1 — §?]
generates D:

> Involutive[InvolutiveBasis] (maxminors,var);
[1]
Equivalently, we can check that the matrix R’ admits a right-inverse of D defined by:

> OreModules[RightInverse] (Rp,Alg) ;

1)
0 3
0o 1
L

2

Of course, a solution of Problem [3] can directly be obtained by calling the QUILLENSUSLIN procedure
LinBosel as follows:

> F:=LinBosel(R, var);

-1 0 -d dé 1
F'_[[ 0 —d}’[—za 241 0
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The second matrix of the previous output corresponds to the matrix R’ solving Problem [3] whereas
the first one corresponds to the matrix R” satisfying R = R” R’ and det R” = d, where d denotes
the greatest common divisor of the maximal minors of R (which is, by the way, the time-derivative
operator d in this particular case!).

Let us now solve Problem [l We first need to solve Problem [ for the full row rank matrix R’
using the procedure QSAlgorithm:

> V:=QSAlgorithm(convert (Rp,Matrix) ,var,true);
1)

—  —1-4
0 2
V=10 1 —26
dé
1 —— dé*—d
We can check that V' € GL3(D) as we have
> V_inv:=LinearAlgebra[MatrixInverse] (V);
—d do 1
2
V_inv = —20 1;5 0
1 -
5 0

and we can check that the matrix formed by the first two rows of V;,,,, is exactly R',i.e., R’V = (I5 0).
Let us denote by T' the matrix formed by the last row of V;,,,

> T:=LinearAlgebra[SubMatrix] (V_inv,3..3,1..3);
)
T=|-1 - 0
15 0]
and let us denote by W = (RT  TT)T € D3*3  namely:

> W:=Matrix([[R],[T11);

d  —ds -1

W | 2d6 —d&—d 0

a2
2

We can finally check that W is a solution of Problem [] as its determinant is exactly d:

> LinearAlgebra[Determinant] (W) ;
d

We can directly obtain a solution of Problem [4] by using the procedure LinBose2:

> C:=LinBose2(R, var);

d —ds -1
2

o | 2d6 —d%——d 0
-1 e

5 0
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9.5.2 Example

Let us consider the commutative polynomial ring D = Q[z1, 22, 23] and the polynomial matrix defined
in Example [I6] namely:
> var:=[z[1],z[2],z[3]];

var == [z1, 22, 23]

> R:=Matrix([[z[1]*z[2] "2*z[3],0, -z[1]"2*z[2]"2-1],
>  [z[1]"2%z[3]"2+z[3],-z[3],-z[1]"3*z[3]-z[1]1]11);

L 21 222 z3 0 —212222—1
R:= 2, 2 _ _ 5.3 _
21% 23" + 23 —zg —21" 23 — 21

The set of the maximal minors of the full row rank matrix R is defined by:

> m:=MaxMinors(R);
m o= [—z1 20 2%, 21% 237 + 23, (—21% 227 — 1) 23]
Let us compute a Janet basis of the ideal of D formed by the maximal minors of R:

> Involutive[InvolutiveBasis] (m, var);
[25]

As the ideal defined by the maximal minors of R is equal to the principal ideal of D generated by z3,
we then deduce that z3 is a greatest common divisor of the maximal minors. Hence, the D-module
M = D'*3/(D'*2 R) is not projective, and thus, not free and there exists no matrix U € GL3(D)
satisfying RU = (I 0).

However, if we divide the maximal minors of R by z3 then the ideal generated by these new
elements, i.e., (—z1 25 23, 27 23 + 1, —27 23 — 1), exactly generates D, a fact which is equivalent to the
fact that M/t(M) is a projective D-module, i.e., free by the Quillen-Suslin theorem. Hence, we can
solve Problems [3] and [4t

> F:=LinBosel(R, var);

F—[ Z1322423 721222272142322271
T 214232222—2’3-’-21222223 —221323 —215232—2’1 ’
—z1%25—1 2%z +zmtas e+l —28 — 2% 2 |
—21 Z2223 Z1322423 —21423 222+1

If we denote by R” the first matrix appearing in the previous output and by R’ the second one, we
can check that we then have the factorization R = R” R’

> simplify(F[1].F[2]);
21 222 28 0 —z12222-1
212282+ 23 —28 —21%28 — 21

and the determinant of R” is —z3 i.e., z3 up to a unit of D (we recall that a greatest common divisor
is always defined up to a unit of the ring D):

> LinearAlgebra[Determinant] (F[1]);

—23

Hence, we get that M/t(M) = D**3/(D'*2 R’). Let us complete the matrix R to a square matrix
over D whose determinant is zs:
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> C:=LinBose2(R, var);

21 222 23 0 —21225%2 -1
C:=| 2225%+ 24 —23 —213 29 — 24
-1 212222 —213

> LinearAlgebra[Determinant] (C);
z3

9.6 (Weakly) coprime factorizations of rational transfer matrices

Let us consider the commutative polynomial ring D = Q[z1, 22, 23]:

> var:=[z[1],z[2],z[3]];
var = [z1, 22, 23]
We consider the rational transfer matrix defined in Example namely:
> P:=Matrix(<(z[1]"2*z[2]"2+1)/(z[1]*z[2] 2%z [3]),
> (z[1172%z[3]1+1)/(z[1]1*z[2] "2*z[3]) >);
212202+ 1
Z1 222 z3
212 z2s + 1

21 292 23

P .=

Cleaning the denominators of P, we obtain the fractional representation P = D;l Np of P, where
the matrices Dp € D?*2 and Np € D?>*! are defined by:

> D_P:=LinearAlgebral[ScalarMatrix] (DenomOf (P),2,2);

2
| 21297 28 0
D.P:= [ 0 Z1 222 z3 :|

> N_P:=simplify(D_P.P);

2 2
NP::{zlzzg +1}
Z1 Zg+1

Let us define the matrix Q = (Dp — Np) € D?*3, namely:

> Q:=Matrix([D_P, -N_P]);

21 292 23 0 —212252 -1 }

Q:[ 0 21 29229 —21%2293—1
The set of the maximal minors of @ is defined by:

> ml:=MaxMinors(Q);

2

mi1 =212 208 232, 21 202 23 (—212 23 — 1), —(—212 2% — 1) 21 222 23]

The greatest common divisor of the maximal minors of @ is:
> d:={gcd(m1[1],m1[2]),gcd(m1[1],m1[3]),gcd(m1[2],m1[3])};
d:={z; 25% 23}

Hence, P = D;l Np is not a weakly left-coprime factorization of P. Let us check whether or not the
rational transfer matrix P admits a weakly left-coprime factorization and, if so, compute one:
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> WLCF:=WLCFactorization(P,var);

—21229—1 z12222+zz4z3z,92+1} [ 2% 29 + 243 ]]
b

3 21t 29202 — 1

WLCF = [ —Z1 22223 Z1 Z24Z3

We obtain that P admits the weakly left-coprime factorization defined by P = (D%)~! N}, where
D’ € D?**2 is the first matrix given in the previous output and Nj € D?*! is the second one. In
particular, we can check that (D)™ N} is equal to P:

> LinearAlgebra[MatrixInverse] (WLCF[1]) .WLCF[2]);

212222 +1
21 292 23
212 23 + 1
Z1 Z22Z3
Moreover, if we define the matrix R = (D, — Nj) € D**3, namely,
> R:=Matrix([WLCF[1],-WLCF[2]]);
R —z1%25—1 2%z + 2t 292+ 1 —2% 25 — 23
T —21 22223 21322423 —21423 222+1

then, the set of the maximal minors of R is defined by
> m2:=MaxMinors(R);
m2 = (21 222 23, —212 253 — 1, 212 202 + 1]
and the greatest common divisor of the maximal minors of R is then equal to 1 as

> {gcd@2[1],m2[2]),gcd (@2[1],m2[3]),gcd(m2[2],m2[3])};
{1}

and thus, P = (D)~ N} is a weakly left-coprime factorization of P. Let us check whether or not
the transfer matrix P admits a left-coprime factorization:

> LCF:=LCFactorization(P,var);

LCF—[ 21223*1 721423Z22+Z12222+1 213(2122371) ]
’ —2Z1 22223 21322423 ’ —21423 222 —1

P = (D)"' N} is a left-coprime factorization of P and R = (D} — Nj) admits the following
right-inverse over D:

> Involutive[PolRightInverse] (R,var);

212222 213
1 0
0 1

A weakly right-coprime factorization of P can be obtained in a similar way:

> WRC:=WRCFactorization(P, var);

2 2
21° 29 +1
WRC::[{ S } [ 21 20% 25 ]

Hence, if we denote by Dp € D2*1 the first matrix of the previous output and Np € D the second
one, then we can check that we have P = Np D;l:
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>  simplify(WRC[1] .MatrixInverse(WRC[2]));
212 222 +1

21 222 23
21229+ 1

21 222 23
Moreover, if we denote by R= (]V}; ﬁg)T, namely,
> Rtilde:=Matrix([[WRC[1][1,1]]1, [WRC[1][2,1]], [WRC[2][1,11]11);
212252+ 1
21229 + 1

Z1 Z22Z3
the maximal minors of R are then defined by

> m3:=MaxMinors(Rtilde);

2

(212202 + 1, 21225 + 1, 21 22° 23]

and their greatest common divisor is:
> {gcdm3[1],m3[2]),gcd(m3[1],m3[3]),gcd(m3[2],m3[3])};
{1}

Therefore, P = N P ﬁ;l is a weakly right-coprime factorization of P. Let us check whether or not P
admits a right-coprime factorization:

> RC:=RCFactorization(P, var);
2,2
L Z1° Z2 + ]. 2
ro=( B I | Lamta )
Hence, P admits a right-coprime factorization of P. We can finally check that last point as follows:

> Matrix(<op(RC)>);
> IsUnimod(%, var);
> Involutive[PolLeftInverse] (%%, var);

212 222 +1

Z1223 +1

Z1 222 z3
true

[ 1 7212222 213 ]

9.7 Decomposition of multidimensional linear systems

We refer the reader to [9, [I0] for numerous examples of decomposition of classical systems of partial
differential equations and of differential time-delay equations appearing in mathematical physics and
control theory and for a description of the package MORPHISMS ([9}[10]) as well as a library of examples.
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