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Abstract—Based on constructive proofs of the Quillen-
Suslin theorem, the purpose of this paper is to show that every
flat multidimensional linear system with constant coefficients
is equivalent to a controllable 1-D linear system. This result
looks like the classical result in non-linear control theory
stating that every flat ordinary differential non-linear system
is equivalent to a controllable ordinary differential linear
system. In particular, we prove that every flat differential
time-delay linear system is equivalent to the ordinary dif-
ferential controllable linear system obtained by setting all
the delay amplitudes to 0. This result allows to transfer
synthesis problems onto the equivalent ordinary differential
linear system without delays, which sometimes simplifies
the construction of stabilizing controllers. Finally, using
algorithmic versions of the Quillen-Suslin theorem, we give
a constructive proof of Pommaret’s proof of the Lin-Bose
conjecture and we show how to compute (weakly) doubly
coprime factorizations of rational transfer matrices. All the
results are illustrated on explicit examples and the different
algorithms have been implemented in OREMODULES.

Keywords— Multidimensional linear systems, flatness, dif-
ferential time-delay systems, Lin-Bose conjecture, (weakly)
doubly coprime factorization, Quillen-Suslin theorem, stabi-
lizing controllers, symbolic computation.

I. INTRODUCTION

A non-linear ordinary differential control system defined
by & = f(x,u) is said to be flat if there exist some outputs
y of the form y = h(x,u, 1, ...,u")) such that we have:

{ $:¢(y’y7"'7y(8))’

u=py,g,....y*).

The outputs y is then called flat outputs of the control
system & = f(z,u). See [5], [6] 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 [6]. In particular, we say that
a flat non-linear system is Lie-Bdcklund equivalent to a
controllable linear ordinary differential system. This last
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
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problem was shown to be easily tractable for flat systems
and it was illustrated on several examples in the literature
([5], [6]). 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 in
order to construct controllers which stabilize a flat non-
linear system around a given trajectory (tracking problem)
([5], [6]). See also [24] for applications to optimal control.
Unfortunately, no general algorithm is known for checking
whether or not a non-linear control system is flat and
for the computation of flat outputs despite many effort
devoted to the mathematical and control theory literatures.
We refer the reader to [39] for a historical account of
the main developments of the underlying mathematical
problem called the Monge problem.

We illustrate these definitions on the model of a vertical
take-off and landing aircraft used in [6]

Z(t) = uy(t) sinb(t) — eua(t) cosé(t),
Z(t) = u1(t) cosO(t) + e uz(t) sinf(t) — 1, ()
H(t) = U’Q(t)v

where ¢ is a small parameter. It is proved in [6] that the
smooth solutions of (1) can be parametrized by means of
the following non-linear differential operator
Z=Y2— €= = )
V(§1)? + (f2 +1)?

yl >
Y2
0 = arctan | — al ,
Yo +1

where y; and ys are two arbitrary smooth functions satis-
fying the condition (31 (¢))? + (4j2(t) +1)? # 0. Moreover,
the arbitrary functions y; and y» can be expressed in terms
of the system variables as:

{ Y1 = x + ¢ siné,

Yo = 2z + € cosf.

i
V)2 + (e +1)%
o + 1

r=1Yy — ¢

2

3)

Hence, (y1, y2) is a flat output of the non-linear system (1)
and its knowledge gives a way to generate the trajectories
of (1). Finally, the flat ordinary differential system (1) is
Lie-Bécklund equivalent to the Brunovsky linear system

defined by

y§4) = V1,

4)



under the invertible transformation (7, = u; — £6? and
N2 =)
y1 =x + € sinf,
Y2 =z + € cosb,
vy = 1o sinf + 27729 cos @ + ny ug cosf —m 62 sin 6,
vy = 1j3 cosO — 2126 sinf — ny us sin @ — 11 62 cos .

The study of flat linear ordinary differential time-delay
systems has recently been initiated in [7], [15]. As for non-
linear ordinary differential systems, this class of systems
shares some interesting mathematical properties which can
be used to do some motion planning and tracking as shown
in [15] 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 de-
veloped 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 simi-
lar role as the one played by the linear controllable systems
for flat non-linear systems. To answer this question, we
first need to find the concept of equivalence corresponding
to the Lie-Bicklund equivalence for differential time-
delay linear systems. To our knowledge, these important
questions have not be tackled in the literature till now. This
paper aims at constructively answer these questions.

As the differential time-delay systems is a particular
(but important) 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 ([3], [21], [37]). In
terms of the module-theoretic/behaviour approach recently
developed for multidimensional linear systems ([3], [18],
[16], [37], [38]), it means that the module M intrinsically
associated with the multidimensional linear system is free
over the commutative polynomial ring D of functional
operators, i.e., M admits a basis over D. The bases of the
D-module M are then in a one-to-one correspondence with
flat outputs of the multidimensional linear system. A well-
known constructive test for flatness of multidimensional
linear systems with constant coefficients consists in check-
ing if some minors of the system matrix (Fitting ideals) do
not simultaneously vanish on complex common zeros ([9],
[34]). This result is based on the famous proofs by Quillen
and Suslin of Serre’s conjecture asserting that a projective
module over a commutative polynomial ring with coeffi-
cients in a field is free ([31], [33], [34]). However, there is
no easy way for obtaining the flat outputs of the system,
and thus, we are led to use constructive versions of the
Quillen-Suslin theorem developed in the symbolic algebra
community ([8], [11], [13], [17]) for computing a basis
of the free module intrinsically associated with the flat
multidimensional linear system. We finally refer the reader
to [28], [30] for a constructive algorithm which computes
bases/flat outputs of multidimensional linear systems with

varying coefficients. See also [2] for an implementation.

Closely following some proofs of the Quillen-Suslin the-
orem ([31], [33], [34]), the purpose of this paper is to prove
that flat shift-invariant multidimensional linear system with
constant coefficients is equivalent to a linear controllable
1-D system obtained by setting all but one functional
operator to 0 in the system matrix. Despite the fact that this
result is nothing else than a straightforward consequence
of the Quillen-Suslin theorem, its consequence in terms
of flat multidimensional systems seems to be ignored
and it answers the previous open questions in the theory
of flat systems. In particular, the algebraic equivalence
we use is the natural equivalence developed in module
theory, namely, two multidimensional linear systems are
said to be equivalent if their canonical associated modules
are isomorphic over the underlying commutative ring of
functional operators D. This equivalence is nothing else
than the natural substitute to the Lie-Bicklund equivalence
for multidimensional linear systems. In the case of ordinary
differential linear systems, we already know that Lie-
Bicklund transformations correspond to morphisms of the
underlying modules [6].

Finally, using the Quillen-Suslin theorem, we give con-
structive proofs of Pommaret’s proof of the Lin-Bose
conjecture ([10], [20], [35], [36]) and we show how to
compute (weakly) doubly coprime factorizations of ratio-
nal transfer matrices. These two last results solve open
questions in the literature of multidimensional systems
theory. All the results are illustrated on explicit examples
and the different algorithms have been implemented in the
library OREMODULES ([2]).

II. A MODULE-THEORETIC APPROACH TO SYSTEMS
THEORY

Let D = k[zy,...,x,] be a commutative polynomial
ring over a field k and R € D7*P, We recall that a matrix
R is said to have full row rank if the first syzygy module
of the D-module (D'*? R), namely,

kerp(.R) £ {\ € D'*? | \R = 0},

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

The following definitions of primeness are very classical
in the multidimensional systems theory.

Definition 1 ([16], [34], [38]): Let D = k[xz1,...,x,]
be a commutative polynomial ring over a field k, R €
D?*P a full row rank matrix, J the ideal generated by the
q X q minors of R and 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 Ris 1.

2) R is called weakly zero left-prime if
dim¢ V' (J) <0,

ie., 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
dimc V(J) = -1,

ie.,, the ¢ X g minors of R do not vanish
simultaneously in C".

The previous classification plays an important role in
multidimensional systems theory. See [16], [34], [38] and
the references therein for more details. The purpose of this
section is two fold. We first recall how we can generalize
the previous classification for general multidimensional
linear systems (i.e., not only defined by means of full
row rank matrices). We also explain the duality existing
between the behavioural approach to multidimensional
systems ([18], [16], [37], [38]) and the module-theoretic
one ([21], [22], [23]).

In what follows, D will denote a commutative poly-
nomial 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:

Vf,foeF, Ya,aacD: a fitafreF.

If we define the D-morphism (namely, D-linear map)

R
-—

R:Dxa
A= (A1, Ag)

where D'*P denotes the D-module of row vectors of
length p, then the cokernel of .R is defined by:

D1><p
— AR,

M = DY*? /(D' R).

The D-module M is said to be presented by R or simply
finitely presented ([3], [31]). Moreover, we can also define
the system or behaviour:

kerg(R.)={n € FP | Rn=0}.

As it was noticed by Malgrange in [14], the D-module
M and the system kerxz(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 [31] for more details.

Definition 2: 1) A sequence (d; : M; — M;_1)cz
of morphisms d; : M; — M,;_; between left D-
modules is a complex if we have:

VieZ, imd; Ckerd;_q.

We denote the previous complex by:

di+1 dz‘—l

diq2 d;
it1 —— My — M; 1 —— ... (5)

L
2) The defect of exactness of the complex (5) at M; is:
H(M;) =kerd;/imd; 1.
3) The complex (5) is exact at M; if we have:
H(M;)=0 <= kerd; =imd;y;.
4) The complex (5) is exact if:
VieZ, kerd;=imd;i1.

5) The complex (5) is a split exact sequence if it is
exact and there exist morphisms s; : M;_1 — M;
satisfying the following conditions:

Siy108;, =0
VZZO, 1+1 7 1) ‘
Si Odi + di—l—l O Sit1 = ZdMl..

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

A, B plxee Iy o,

(6)
where p; € Z, ={0,1,2,...}, R; € DPi*Pi-1,
(.R;): DY*Pi  —  Dlxpi

0 — D1xpm

The next classical result of homological algebra will
play a crucial role in the rest of the paper.

Theorem 1 ([31]): Let F be a D-module, M a D-
module and (6) a finite free resolution of M. Then, the
defects of exactness of the following complex

'(ﬁifpzﬁi}"plﬁi}—po%oa (7

where (R;.) : FPi-t — FPi is defined by
Vi e Frt (Ri)n = R,

only depend on the D-modules M and F. Up to an
isomorphism, we denote these defects of exactness by:

{ extd) (M, F) = ker#(Ry.),

exth (M, F) 2 kerg(Riq1.)/(R; (FP)), > 1.

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

We refer the reader to Example 9 for explicit
computations of ext’, (N, D).



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

D1lxq i) Dlxp LM — 0, ®)
A — AR

where 7 denotes the D-morphism which sends elements
of D'*P in their residue classes in M. If we “apply the
left-exact functor” homp (-, F) to (8), by Theorem 1, we
obtain the following exact sequence:

Fa L o

Rn «— 17

«— homp(M,F) — 0.

This implies the following important isomorphism [14]:
kerz(R.) ={n € FP| Rn=0} 2homp(M,F). (9

For more details, see [3], [14], [16], [23], [37] and the
references therein. In particular, (9) gives an intrinsic
characterization of the F-solutions of a linear system over
D. It only depends on two objects:

1) The finitely presented D-module M  which
represents the equations of the linear system.

2) The D-module F which is the functional space
where we seek the solutions.

If D is now a ring of functional operators (e.g.,
differential operators, time-delay operators, difference
operators), then the issue of understanding which F is
suitable for a particular linear system has been studied
for a long time in functional analysis and is still a very
active subject. 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 left D-module M.
Indeed, a large classification of the properties of modules
is developed in homological algebra. See [31] for more
information. Let us recall a few of them.

Definition 3 ([31]): Let D be a commutative
polynomial ring with coefficients in a field & and
M a finitely generated left D-module. Then, we have:

1) M is called free if it is isomorphic to D'*" for a
certain non-negative integer 7, i.e., if we have:

M=DY™ rez,={0,1,2...}.

2) M is called stably free if there exist two non-negative
integers r and s such that:

M®D1XS o DlX’r‘.

3) M is called projective if there exist a D-module P
and non-negative integer r such that:

M@ P~ DY,

4) M is called reflexive if the canonical map
epm : M — homp(homp (M, D), D),
defined by
Vm e M, f €homp(M,D), epr(m)(f) = f(m),

is an isomorphism, where homp (M, D) denotes
the D-module of all D-morphisms from M to D.

5) M is torsion-free if the submodule of M defined by
t((M)={meM|30#PecD: Pm=0}

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

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

Let K = Q(D) = k(x1,...,x,) be the quotient field
of D and M a finitely presented D-module. We call the
rank of M, 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., we have:

rankp (M) = dimg (K @p M).

We can check that if M is a torsion D-module, we then
K ®p M =0, and thus, rankp (M) = 0 ([31]).

Let us recall some results about the notions introduced
in Definition 3.

Theorem 2 ([31]): Let D be a commutative polynomial
ring with coefficients in a field k.

1) We have the implications among the concepts:
free = stably free = projective —-
reflexive = torsion-free.
2) If D = k[xy], 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 — then every
finitely generated torsion-free D-module is free.

3) (Quillen-Suslin theorem) Every projective module
over D is free.

The famous Quillen-Suslin theorem will play an
important role in what follows ([9], [31]).

The next theorem gives some characterizations of the
definitions given in Definition 3.

Theorem 3 ([3], [23]): Let D = k[zy,...,x,] be a
commutative polynomial ring over a field k, R € DI*P
and the finitely presented D-modules:

M = Dlxp/(D1><q R), N = Dlxq/(DlprT).



Module M Homological algebra

With torsion | t(M) = ext}, (N, D) #0

Torsion-free exth,(N,D) =0

Reflexive

Projective

Fig. 1.

We then have the equivalences presented in Fig. 1.

Combining the results of Theorem 3 and the Quillen-
Suslin theorem (see 3) of Theorem 2), 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
Grobner or Janet bases. See [3], [21], [22] for more details
and for the description of the corresponding algorithms.
We refer the reader to [2] for the library OREMODULES in
which the different algorithms have been implemented as
well as the large library of examples which illustrate them.

In order to explain why the definitions given in
Definition 3 extend the concepts of primeness defined
in Definition 1, we first need to introduce some more
definitions.

Definition 4 ([1]): 1) If M is a non-zero finitely
generated D-module, then the grade jp(M) of M
is defined by:

jp(M) = min{i > 0| extp, (M, D) # 0}.

2) If M is a non-zero finitely generated D-module, the
dimension dimp (M) of M is defined by

dimp (M) = Kdim(D/+/annp(M)),
where Kdim denotes the Krull dimension and:

Vvamp(M)={ae D |3l €7, :

a' M =0}.

We are now in position to state an important result.

Theorem 4 ([1]): If M is a non-zero finitely generated
D-module, we then have:

jp(M) + dimp (M) = n.

Let us suppose that R has full row rank and let us
consider M = D'*?/(D'*4 R) the D-module presented
by the matrix R. Using the notations of Definition 1 and

dimp(N) = dimeV (J),

where N = D'*4/(D'*?P RT) and N is a torsion D-
module, i.e., it satisfies ext%, (M, D) = homp (M, D) = 0,
by Theorem 4, we then obtain:

jp(N) =n —dimcV(J) > 1.

Hence, by Theorems 3 and 4, we obtain that R is minor
left-prime (resp., zero left-prime) iff the D-module M
is torsion-free (resp., projective, and thus, free by the
Quillen-Suslin theorem stated in 3) of Theorem 2). See
[23] for more details and the extension of these results to
the case of non-commutative rings of differential operators.

We finally obtain the following table given in Fig. 2
summing up some of the results previously stated. We
note that the last two columns of the table only hold when
the matrix R has full row rank.

To finish, we shall explain what the system
interpretations of the definitions given Definition 3
are. In order to do that, we also need to introduce a few
more definitions.

Definition 5 ([31]): 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 is any matrix with entries
in D. In particular, using (9), if F is a cogenerator
D-module and M # 0, then homp (M, F) # 0, meaning
that the corresponding system kerz(R.) is not empty.
Finally, if F is an injective cogenerator D-module,
then we can prove that any complex of the form (7) is
exact if and only if the corresponding complex (6) is exact.

The following result proves that there always exists an
injective cogenerator.



Module M ext’, (N, D) dimp(N) Primeness
With torsion | extl (N, D) = (M) n—1 0
Torsion-free extL(N,D) =0 n—2 | Minor left-prime

Reflexive ext’,(N, D) =0, n—3

i=1,2
ext’h(N, D) =0, 0 Weakly zero
1<i<n-1 left-prime
Projective ext’, (N, D) =0, -1 Zero left-prime
1<i<n
Fig. 2.

Theorem 5 ([31]): An injective cogenerator D-module
F exists for every ring D.

Let us give a few examples of injective cogenerators
modules.

Example 1: If ) is an open convex subset of R”, then
the space C°°(Q) (resp., D'(R?)) of smooth functions
(resp., distributions) on 2 is an injective cogenerator
module over the ring R[0y,...,0,] of differential
operators with coefficients in R, where 9; = 8%1 [16].

We have
Theorem 3.

the following important corollary of

Corollary 1 ([3], [21]): Let D = k[xy,...,2,], F an
injective cogenerator D-module, R € D9%*P and the
D-module M = D ?/(D'*4R). Then, we have the
following results:

1) There exists (1 € D9 %% such that we have the
following exact sequence

Fa oo @1 Fi2,

ie., kerg(R.) = Q1 F2, iff the left D-module M
is torsion-free, where p = q;.

2) There exist Q1 € D7*% and Qo € D% such
that we have the following exact sequence

Foll po Qv pe O pe

iff the left D-module M is reflexive, where p = ¢q;.

3) There exists a chain of n successive parametriza-
tions, namely, there exist Q; € D%*%+1  with
1 =1,...,n, such that we have the following exact
sequence

Q1.

Fi oo Qn-1- Fin Gn- Fan+1,

iff the left D-module M is projective, where p = ¢q;.

4) There exists an injective parametrization, namely,
two matrices Q) € DP*™ and T' € D™*P such that
we have the following exact sequence

Fe g Lo,
and T'Q = I,,, iff M is a free D-module.

The matrices ; defined in Corollary 1 are called
parametrizations ([3], [21], [22], [23]). Indeed, from 1)
of Corollary 1, if M is torsion-free, then there exists
a matrix of operators (Q; € D9*% which satisfies
kerz(R.) = Q1 F%. This means that any solution n € FP
satisfying R = 0 is of the form n = @1, where
¢ € F22. In the behaviour approach, the parametrization
is also called an image representation ([18], [37], [38]).
We point out that the parametrizations (); are obtained
in the computation of the ext’;(N, D) (see Theorem 3).
Hence, checking wether or not a D-module is torsion-free,
reflexive or projective gives the corresponding successive
parametrizations. We refer to [3], [21], [22], [23] for more
details and for the extension of the previous results to



non-commutative of functional operators.

Explicit examples of computation of parametrizations
can be found in [3], [21], [22], [23] as well in the large
library of examples of OREMODULES ([2]). We refer the
reader to these references or to Section IV. However, let
us give a small example in order to illustrate the previous
main results.

Example 2: Let us consider the ring D = Q[01, 02, 03]
of differential operators with rational coefficients, where
0; = B%f’ the matrix R = (0; 02 0s) defining the so-
called divergent operator in R® and the finitely presented
D-module M = D'3/(DR). 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 be easily computed by means of Grobner or Janet
bases. We obtain the following exact sequence

0— DB, pixs P2y pixs B o N g

where o denotes the canonical projection and:

0 =05 Oy
P, = 03 0 -0 |, P;=R.
—0y O 0

We note that P, corresponds to the so-called curl oper-
ator whereas Ps is the gradient operator. The defect of
exactness of the following complex

0— D% L pixs P pixs B EDpe—0 0
are defined by:
ext, (N, D) 2 kerp(.R),
exth(N, D) = kerD( P{)/(DR),
ext} (N, D) = kerp(.P5)/(DV® PY),
ext}, (N, D) = D/(D'3 PI).

Using the fact that R has full row rank, we obtain that
ext%, (N, D) = 0, which is equivalent to say that N is
a torsion D-module. Now computing the syzygy modules
kerp(.P]) and kerp(.P]) by means of Grobner or Janet
bases, we obtain that

kerp(.Py) = (DR), kerp(.Pi)= (D3 P]),

which shows that exth(N,D) = extL(N,D) = 0.
Finally, we can easily check that 1 does not belong to
the ideal I = D 01 + D 95 + D 03, and thus, we have:

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

Hence, using Theorem 3, we obtain that M is a reflexive
but not a projective, and thus, not a free D-module. This
last fact can also be checked as R has full row rank and

the dimension dimp (V) is O as the corresponding system
is defined by the gradient operator

81y:07
829207
6331:07

whose solution only depends on constant, i.e., on non in-
dependent 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 3, we then get that M is a
reflexive D-module.

Finally, if we consider the D-module F = C*(Q),
where (2 is an open convex subset of R3, using Example 1,
we obtain that F is an injective cogenerator D-module.
Hence, if we apply the functor homp (-, F) to the complex
(10), we then obtain the following exact sequence:

T T
Fhop o hop L,

We find again the classical result in mathematical physics
that the smooth solutions on a open convex subset of
R3 of the divergence operator are parametrized by the
curl operator and the solutions of the curl operator are
parametrized by the gradient operator.

We note that the problem of recognizing whether or
not an under-determined systems of partial differential
equations is parametrizable is called the Monge problem
([39]). Hence, we see that Corollary 1 mainly solves this
problem in the case of linear systems of partial differential
equations with constant coefficients. We refer the reader
to [3] for the solutions of the Monge problem for different
classes of functional systems with variables coefficients
such as differential time-delay systems or difference
systems. The only point let opened is to constructively
compute the injective parametrization in the case of a
free D-module. 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 coefficients, we have recently
solved this problem in [28], [29], [30] 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 the injective parametrization @) of kerz(R.) to
have only constant coefficients. The main purpose of this
paper is to solve this problem using constructive proof of
the Quillen-Suslin theorem and to show some applications
of this result or techniques in control theory. Finally, we
point out that a multidimensional linear system which
admits an injective parametrization was called flar in the
control theory litterature. See [3], [5], [6], [15], [21] and
the references therein. As it was shown in [5], [6], [15]
this class of control systems have natural applications in
the motion and tracking problems. Hence, the constructive
computation of the injective parametrizations of flat
multidimensional linear systems and, in particular, of



differential time-delay linear systems is an open and
interesting issue in control theory. We shall solve this
problem in the paper as well as some related ones already
discussed in the introduction. We point out that the
different algorithms developed here have been recently
implemented in OREMODULES.

To finish this section, we recall two classical results of
homological algebra which will be useful in what follows.

Proposition 1 ([31]): 1) Let us consider the follow-
ing short exact sequence of D-modules:

0— M LM -4 M — 0.

If M" is a projective D-module, then the previous
exact sequence splits (see 4) of Definition 2).

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

III. THE QUILLEN-SUSLIN THEOREM

Since Quillen and Suslin independently proved in 1976
the Serre’s Conjecture stating that projective modules over
polynomial rings are free, some algorithmic versions of
the proof have been proposed in the literature in order to
constructively compute bases of free modules ([8], [11],
[13], [17], [32], [33], [34]). We refer the interested reader
to Lam’s nice book [9] concerning Serre’s conjecture.

A. Projective and stably free modules

In module theory, it is well-known that if k£ is a
computable field, D = k[zy,...,x,] is a commutative
polynomial ring and R € D?*P, then we can always
compute a finite free resolution of the D-module
M = DY*?/(D'*4 R). See [3] and the references therein.
A result due to Serre then proves that any projective D-
module is stably free (a stably free module being always
a projective D-module). In [28], [30] a constructive proof
of this result was given and the corresponding algorithm
was implemented in OREMODULES.

Let us recall this useful result. We refer the reader to
[28], [30] for a proof.

Proposition 2 ( [28], [30]): Let us consider a finite free
resolution of a left D-module M of the form:

R

OHDlxp"L 'A"_n’_>... ;El_)DlXpo L}M*)O. (11)

1) If m > 3 and there exists S,, € DPm-1*Pm guch
that R,, S;n = Ip,,, then we have the finite free
resolution of M

0 — DIXPm—1 T2l DIX(pmatpm) Tmzz,
Dlxpm—s 'Rm—S T
e N AN V)

12)

with the following notations:
Tmfl = (Rmfla Sm)7 Tm72 = ( R"é_2 ) .

2) If m = 2 and there exists Sy € DP1*P2 guch that
Ry S5 = I,,,, then we have the finite free resolution

0 — pixer T pix(pote2) T, 0,
(13)

with the notations 77 = (R; S2) and:

— M
—  T(A) =m(A).

T = ﬂ'@o : Dlx(p0+p2)
A=A A2)

Let R € D?*P and let us suppose that the D-module
M = DY?/(D'4R) is projective (using the results
presented in the previous section, we can always check
this result). Combining 1) of Propositions 1 and 2, we
obtain that we can always compute a full row rank matrix
R’ € D7*?" such that:

M =~ D™? /(D™ R). (14)

Corollary 2: Let D = k[xy,...,2,] iS a commutative
polynomial ring over a computable field k£ and R € D*P,
If the D-module M = D'*P/(D1*4 R) is projective, then
there exists a full row rank matrix R’ € D9 %7’ satisfying
the isomorphism (14).

We refer to Example 10 for an illustration of
Proposition 2. See also [28], [29], [30] for more examples.

Finally, the D-module L = D**?'/(D'*¢" R') is stably
free as we have the following short exact sequence
0 — Dxd FL pa’ =g

and using the fact that L = M and M is a projective D-
module, by 1) of Proposition 1, we obtain that the previous
exact sequence splits and then, we get

L@Dlxq’ o~ D1><p,

([3], [31]), which by 2) of Definition 3, shows that L is a
stably free D-module.

B. Stably free and free modules

Using Proposition 2, we consider the problem of
finding a basis for a free module defined as a cokernel
of a full rank matrix. Let us suppose that R € D?*P has
full row rank and M = D'XP/(D'*4 R) is the D-module
presented by R.

Definition 6: The general linear group GL,(D) is de-
fined by by:

GL,(D)={U € D"*? |3V € D7 UV =V U =L}

A matrix U € GL,(D) is called unimodular.



If D = Eklzy,...,2,], we then easily check that
U € GL,(D) iff the determinant detU is a non-zero
element of k. We are now in position to state the famous
Quillen-Suslin theorem.

Theorem 6 ([9], [31]): (Quillen Suslin theorem) Let A
be a principal ideal domain and D = Alzy,...,x,)
a polynomial ring with coefficients in A. Moreover, let
R € D7%P be a full row rank matrix which admits a right-
inverse S € DP*9, namely, RS = I,. Then, there exists a
U € GL,(D) satisfying:

RU = (I, 0). 15)

Let us denote by J = (I, 0). We easily check that
DY?/(D'*4 J) = D' (=49 Hence, using the same
notations as previously, Theorem 6 shows that we have
the following commutative exact diagram

0 0
1 !

0— Dixa B pow T, M —0
I Lw

0— D¢ L, pbx» 7, plx-a)
1 !
0 0

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

Conversely, if we have M = DY*(P=9) then combining
the isomorphism 1 : M — D'*(P=9) and the short exact
sequence

0— DX B pxe T oar L
we then obtain the following exact sequence:
0 —s D1><q _R> Dlxp Yo DlX(p—q) —0.

If we consider the matrix which corresponds to the D-
morphism 1) o 7 in the canonical bases of D'*P and
D*(P=9) we obtain a matrix Q€ DP*(®=9)  Moreover,
by 1) of Proposition 1, the previous exact sequence splits

0— Dxa B pow 9 pixe-o
-5 T

i.e., there exists a matrix T' € D®~D*P guch that we have
the following two Bézout identities:

() a-(1 ")

s Q(F)-1

See [3], [21], [25], [26], [31] for more details. In particular,
we obtain that there exists U = (S Q) € GL,(D)
satisfying:

RU = (I; 0).

In particular, we obtain that {7 (T;)}i=1,.. p—q, Where T}
denotes the i™ row of T, forms a basis of the D-module M.

Hence, the problem of finding a basis of a projective
finitely generated D-module M can be formulated as a
problem of computing a matrix U € GL,(D) satisfying
(15) or, equivalently, as the problem of completing the
matrix R to a square invertible matrix:

R —_77-1 D XP
(5)=v-epme,

We note that, even if there are some differences in
the constructive proofs of the Quillen-Suslin theorem
developed in [8], [9], [11], [17], [32], [33], [34], the main
idea remains the same and they proceed by induction
on the number of variables x;. Each inductive step of
the algorithm reduces the problem to the case with one
variable less. However, a more global and interesting
approach has recently been developed in [13], which
needs to be studied with care in the future.

Although the tedious inductive method cannot generally
be avoided, there are cases where simpler and faster
heuristic methods can be used. The purpose of the next
paragraphs is to give a short introduction to the problem,
present a version of the algorithm for the general case
and show some other strategies for particular cases.

C. A few simple cases

1) Modules over principal ideal domains: We first
consider the special case of matrices over a principal ideal
domain D (e.g., D = k[z1]). Let R € D?*P be a matrix
which admits a right-inverse over D. Then, computing the
Smith normal form ([19]) of R, we obtain two matrices
F € GLy(D) and G € GL,(D) such that:

R=F(, 0)G.
If we denote by r = p — ¢ and
G=(GT GDT, G, eD™P, Gye D,
G '=(F F,)eDr*r, Fye€DP*, F,e DP*",

then we have R = F G4, i.e., G = F~! R, and thus,
:>(F;2R)(F1 ) =1,
;»(Fo_l f) <§2 ) (Fi Fy)=1,
(&)mm(E 2

R
= ( Gy ) (FlF Fg):Ip,

which solves the problem as we can take T' = Ga.



2) (p — 1) X p matrices: We consider the case of a
matrix R € D®P~1*P which admits a right-inverse. If we
denote by m; the (p—1) X (p— 1) minor of R obtained by
removing the i column of R, by the last row of Fig. 2,
we obtain that the ideal of D generated by {m;}i=1,.p
satisfying a Bézout identity, namely, there exists a family
{ni}i=1,...p of elements of D such that:

P
E n; m; = 1.
i=1

If we denote by

V= ( (1P (1P,

using the Cauchy-Binet formula, we have det(V) = 1, and
thus, if we denote by U the inverse of V', we finally obtain

RU = (Ipfl 0)7

R ) € DP*P,

which solves the problem.

3) g X p matrices: Let us consider a matrix R € DI*P
which admits a right-inverse and let us denote by R; the
i row of R, ie., R= (R ... R)T. If we can compute
a matrix Uy € GLg(D) satisfying

RU =1 0 ... 0),

1 0
no- (1 0)

Hence, we are reduced to consider the new matrix
Ry € Da=1)x(®=1) which can be easily shown to admit
a right-invers. Hence, we are always able to reduce the
problem of a matrix to the one of a row.

then we have:

4) 1 x p rows: Let us consider a single row vector
= fp) € D'*? which admits a right-inverse.

First of all, we consider some particular cases where
the matrix U can be easily computed.

a) easyf: We note that if one of the component of
f is invertible over k, then we can transform the row
finto (1 O 0) by means of trivial elementary
transformations. For instance, if we have f; e k, then
the matrix defined by

wo i 0
0 I

satisfies det(W) = f; ! € k and:
fW=@Q fo fo)-

Then, simple elementary operations transforms f W into
the first vector (1 0 0) of the canonical basis of
D>,

Another simple case is when two components of f
generate D. Let us suppose that there exist ~; and hy € D
such that we have the following Bézout identity

fih1 + fahe =1,

and let us define the following matrix:

hi —fo 0
W=| hy fi 0
0 0 I,

We easily check that det W = 1 and:

fW=@ 0 fs .o f)

Then, we can reduce fW to (1 0
of elementary operations.

0) by means

b) easysr: If the i™ component of f is 0 or the
ideal generated by the elements f1,..., fi—1, fix1,..-, fp
generates D, then, following [28], [30], we can easily
construct U € GL,(D) satisfying R U = (I, 0). We
refer the reader to [28], [30] for more details.

c) easyg: Let us suppose that one of the entries of
a right inverse g of f is invertible over k£ and let suppose
that it is g;. Then, the following matrix

9
g2 1
W = ,
9p 1
satisfies det(T) = g1 and fW = (1 fo ... fp).

Example 3: Let us consider the commutative polyno-
mial ring D = QJz1, 22, 23] and the row vector:
R= (22722 +1

2 2
2123+ 1 21 25 23).

We can check that R admits the following right-inverse S:

S = (=27 23 HT,

1 27
As the second component of .S is invertible over D, we can
apply the previous remark 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 0 0
U1 = 1 0 0 s U2 = —Z% z3 1 0
0 0 1 23 0 1
We then have R(UjUs) = (1 2723 + 1 21 2323).
Finally, if we denote by
1 —2222-1 —z1232

0 0 1



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

2 4.2 2 3.2.2
—2723 272523 +z2i23+1 zy 25 23
U= 1 —2222-1 —21 22 23
3 3(,2 .2 4.2
23 —27 (2725 + 1) —z7 25 24 1

(16)

Another easy case is when two components of g satisfies
a Bézout identity. Let us suppose that there exist h; and
ho € D satisfying g1h1 + goho = 1. Then, the matrix

g1 —hs
g2 h
w=| 93 1 ’
9p 1
satisfies det W =1and fW =(1 * f3 ... fp).

D. The general algorithm

Let D = k[z1,...,2,] be a polynomial ring with
coefficients in a field k and f € D'*P a row vector which
admits a right-inverse.

The general algorithm proceeds by induction on the
number n of variables x;. Each inductive step, which
simplifies the problem to the case of one variable less,
consists of three main parts:

1) Finding a component normalized in the last variable.

2) Computing finitely many local solutions over local
rings (local loop).

3) Patching (“glueing”) local solutions together in
order to obtain a global one.

1) Normalisation Step: The next lemma is useful for
Horrocks’ theorem.

Lemma 1 ([31], [33]): Let us consider a polynomial
a € D and let us set m = deg(a) + 1, where deg(a)
denotes the total degree of a. Using the following trans-

formation
Yn = Tn,
_ mnt
Yi =Ty — Ty )

we then obtain a(z1,...,z,) = rbly1,...,yn), Where
0 # r € k and b is a monic polynomial in y, with
coefficients in the ring k[yi,...,yn—1], namely, the
leading coefficient of b is 1.

In the case when k is an infinite field, we can achieve
the same result by using only a linear change of variables.
The normalisation step can be also generalised to the
case D = Alzy,...,x,), where A is is a principal ideal

domain ([32]).

2) Local Loop: In the second step, we compute a finite
number of local solutions using the so-called Horrocks’
theorem.

Theorem 7 ([33]): Let B be a local ring, namely, a
ring with only one maximal ideal, and f a row vector
which admits a rigt-inverse over B[y]. If f; is monic, then
f is the first row of a unimodular matrix over B[y].

Horrocks’ theorem can be easily implemented using,
for instance, the approaches developed in [11], [31], [34].
If M is a maximal ideal of D, we denote by D, the
standard localization of the ring D with respect to the
multiplicative set D\ M. We can now give the first main
part of general algorithm.

Algorithm 1: o Input: Let f € k[zy,...,7,]*P be
a row vector which admits a right-inverse and with a
monic component in the last variable z,,.

o Output: A finite number of maximal ideals { M, };cr
and unimodular matrices {U;};cr over the ring
(k[z1,. .. Tn—1]m,)[xn] Which satisfy

fu, =1 0 ... 0),
and such that the ideal of the denominators of the U;

generate the ring k[zq,...,2,1].

1) Take an arbitrary maximal ideal M; of the

ring k[z1,...,%,—1] and using Horrocks’ the-
orem, compute a unimodular matrix U; over
(k[z1,...,Tn-1]mMm,)[xxn] such that:

fur=(1 0 ... 0).

2) Let d; € k[z1,...,2n—1]M, be the denominator of
U, and J the ideal in k[x1,...,2,_1] generated by

dp. Set i = 1.
3) While J # k[x1,...,2Zn-1], do:
a) 1:=1+ 1.
b) Compute a maximal ideal M; of

klx1,...,2n—1] such that J C M.

¢) Using Horrocks’ theorem, compute a matrix
U; over the ring (k[z1,...,Zp—1]m,)[Tn]

such that det(U;) is invertible in
klx1,...,Tn_1]m,[n] and such that:
fU=(1 0 ... 0).

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



The local loop stops when all the denominators d;
generate k[z1,...,T,_1]. As the ring k[z1,...,2,_1] is
noetherian, the number of the local solutions is finite.

3) Patching: We have the following lemma.

Lemma 2 ([11]): Let f be a row vector which admits
a right-inverse over D = k[z,y] and U a unimodular over
(k[z]am)]y], for some maximal ideal M of k[x], which
satisfies fU = (1 0 0). Let d be the denominator
of U. Then, there exists a matrix A such that

VzeD: f(z,y) Ay, z2) = flz,y+ 2),

where the common denominator of A is d* and 0 < a < p.
We can now state the main result ([11], [31], [33], [34]).

Theorem 8: Let f € D'XP be a row vector which
admits a right-inverse over the ring D = k[zq,...,z,].
Then, for every a € k, there exists a matrix U € GL,(D)
such that:

flxy,...,2n) U= f(x1,...,Tpn_1,0).

Applying Theorem 8, we then find a matrix
U € GL,(D) such that fU = (1 0 ... 0),
which solves the problem and allows us to compute bases
of free D-modules. All the previous algorithms have been
implemented in OREMODULES [2].

IV. APPLICATIONS TO FLAT MULTIDIMENSIONAL
LINEAR SYSTEMS

We obtain the following corollary Theorem 8.

Corollary 3: A flat multidimensional linear system
with constant coefficients is algebraically equivalent to a
controllable 1-D linear system with constant coefficients
obtained by setting all but one functional operators to O.

Let us illustrate Corollary 3 on two examples.

Example 4: Let us consider the following differential
time-delay linear system [15].:

yl(t) — yl(t — h) -+ 2y1(t) + 2y2(t) - ZU(t - h) = 0,
y1(t) + 92(t) — a(t — h) — u(t) = 0.
a7
Let us define the ring D = Q [ 4, 6] of differential time-
delay operators with constant coefficients and the matrix
of operators which defines (17):

4_5+2 2
R:<dt J P J €D2><3.

dt

Using the algorithms developed in [3], [21], we can easily
check that R admits a right-inverse defined by
0 0
(£5+1) =5 |,
1
5 -1

S:

N

d

dt

a fact which proves that M = DY3/(D1*2R) is a
projective D-module, and thus, free.

By Corollary 3, we know that the flat differential time-

delay system (17) is algebraically equivalent to the con-
trollable ordinary differential linear system defined by

21(t) +221(t) + 2 22(t) = 0,
{ 51(8) + 2o(t) —v(t) =0, (18)

obtained by setting § to O in the matrix R. A few
computations show that an invertible transformation which
bijectively maps the trajectories of (17) onto the ones of
(18) is defined by:

yi(t) = z1(t),

ya(t) = 5 (21(t — 2h) + z1(t — b)) + 22(t) (19
+o(t — h),
u(t) = 1 z4(t—h)+ot).
z1(t) = y1 (1),
S 9 z2(t) = =5 yi(t —h) +y2(t) — u(t = h),

o(t) = =2 g1 (t — h) +u(?),

The ordinary differential system (18) is now equivalent
to the following purely algebraic system

{ 221 (t) + 222(t) = 0,

—w(t) =0, 0

obtained by setting to § and % to 0 in R. We can check
that an invertible transformation which bijectively maps
the trajectories of (18) onto the ones of (20) is defined by:

z1 (t) = .”L’l(t),

Zg(t) = J?Q(t) — %i‘l(t),
v(t) = w(t) — 531 (t) + @1(t) + d2(t),

21

=4 l’g(t) = Zg(t) + %Zl(t)7
w(t) =v(t) + z1(t) + 22(t),

Combining (19) and (21), we obtain a one-to-one corre-
spondence between the solutions of (17) and (20).

We note that the solutions of (17) (resp., (18)) are
parametrized by means of (19) (resp., (21)), where z1, 22
and v (resp., 1, 2 and w) are not arbitrary functions
as they must satisfy (18) (resp., (20)). However, solving
the algebraic system (20), we obtain that zo = —z; and
w = 0. Substituting these values in (21) and substituting



the result into (19), we finally find the following injective
parametrization of (17):

yi(t) = x1(1),
yo(t) = 3 (&1 (t = h) + @1 (t — 2h) — @ (t)
+xz1(t — h) —221(t)),
u(t) = g (@1t —h) = @1(t)).
The previous results prove that we have the following
split exact sequence of D-modules

(22)

R

0_» pix2 B pix3 Q. D_—50
S T 23)
— —
with the notations:
2
Q=3 dt25+d52——+6—2 € D>,
d
70— dt2
T=(1 0 O)ED1X3.

From (23), we easily check that we have

M = D1><3/(D1><2 R) ~ (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)) and if we
apply the functor homp (-, F) to the split exact sequence

(23), we then obtain the following split exact sequence of
D-modules [31]:

0e— 72 LB 2 Fo
5, z,

Hence, for any D-module F (e.g., F = C*(R))), we get
that all F-solutions of (17) are parametrized by means of
the injective parametrization (22), where z; € F.

We can check that an injective parametrization of (18)
is obtained by setting § = 0 in the matrix of operators
defining (22), i.e.:

2(t) = -1 () +29(t), VyeF.
o(t) = —51(t),

Similarly, if we set § and A

2; to 0 in the matrix of
operators defining (22), we obtain the following injective

parametrization

z2(t) = —p(t), VeeF.
w(t) =0,

These last results can be easily explained by applying the
functor (D/(D§)) @p - (resp., (D/ (Dé+D L)) ®p )
to the split exact sequence (23).

Finally, we note that transformations (19) and (21)
respectively define the following isomorphisms:

M = D1><3/ (DIXQR(dt’(S))
~ D1><3/ (D1X2R(dt7 ))
~ D1X3/(D'%2 R(0,0)).

Let us consider another differential time-delay example.

Example 5: Let us consider the differential time-delay
system of neutral type studied in [12] (a is a real constant):

a1 (t) + 1 (t) — u(t) =0,
j?g(t) — i‘g(t — h) — Z‘l(t) + a$2(t) =0.

Let us consider the ring D = Q(a) [%,6], the system
matrix of operators which defines (24)

d

&+l 0 -1
R:(dt L >6D2X3,

-1 4-45t+a 0

and the D-module M = D'*3/(D'*2 R). We can check
that R admits a right-inverse defined by

(24)

0 -1

S = 0 0 € D¥*3

a fact which proves that M is a projective, and thus, a free
D-module. By Corollary 4, we know that (24) is equivalent
to the following ordinary differential system
z1(t) + z1(t) —v(t) =0,
2(0) +21(1) () o5)
Zo(t) + aza(t) — 21(t) =0,
obtained by setting 4 to O in the matrix R, under the
corresponding invertible transformations:

z1(t) = 21(t) — 22(t — h),
Ta(t) = 22(t),
u(t) = v(t) — Z2(t — h) — 22(t — h),

)=
21(t) = @1 (1) + &2t — h),
2(t) = w2(1),

v(t) = u(t) + Z2(t — h) + @o(t — h).

Hence, the smooth solutions of the differential time-delay
system (24) are in one-to-one correspondence with the
one of the ordinary differential system (25).

We can see that we can also set the different functional
operators appearing in the system matrix of a flat
multidimensional linear system to any particular values.
Applying this particular result to the class of flat
differential time-delay linear systems, we show that any
flat differential time-delay linear system is equivalent
to the controllable ordinary differential linear system
obtained by setting all the time-delay amplitudes to O, i.e.,
to the corresponding ordinary differential system without
delays.

Corollary 4: A time-invariant flat differential time-
delay linear system is equivalent to the controllable
ordinary differential linear system obtained by setting the
amplitudes of all the delays to O, i.e., it is equivalent to



the linear system without delays.
Let us illustrate Corollary 4.

Example 6: Let us consider again the flat differential
time-delay linear system defined by (17). Applying Corol-
lary 4 on (17), we obtain that (17) is equivalent to the
ordinary differential linear system obtained by substituting
h = 0 into (17), i.e., by setting 6 = 1 in the matrix Q)
defined in Example 4, namely:

Z21(t) + z1(t) + 2 22(t) — 2v(t) = 0,
{ 21(t) + Z22(t) — o(t) —v(t) = 0. (26)
We check that the invertible transformation defined by
z1(t) yi(t),
2(t) = 5@) =it —h) +yi(t) = yi(t — b))
+ya2(t) + u(t) —u(t — h),

v(t) = 53—t —h)) +ult),

yi(t) = =l(t),

ya(t) = % (21(t = h) = 21(t — 2h)
= z1(t —h) —z1(t)) + 22(t) 27

+v(t h) —o(t),
ut) = 3 (at—h)— () +o),

bijectively maps the trajectories of (17) onto the ones of
(26). An injective parametrization of (26) can then be
obtained by taking h = 0 in (22), i.e.:
z1(t) = P(b),
22(t) = —5 (1) +¥(1)),
u(t) =3 (—¥(t) + ¥(t),

Example 7: We consider again the differential time-
delay system of neutral type defined by (24). As we have
already proved that (24) is a flat system, by Corollary 4,
we know that (24) is equivalent to the following ordinary
differential linear system

21(t) + z1(t) — vw(t) =0,
—21(t) +az(t) =0,

Ve F.

obtained by setting h = 0 in (24) . A few computations
lead to the corresponding invertible transformations:

3?1(t> = Zl<t) + 22<t) — Zz(t — h),
l‘g(t) = Zg(t),

u(t) = v(t) + Z2(t) — Z2(t — h) + 22(¢t) — 22(t — h),
=

Zl(t) = xl(t) — Ig(t) + l’z(t — h),

2’2<t) —xz(t)

0(t) = u(t) — &a(t) + Eo(t — h) — do(t) + da(t — h).

In the previous examples, the invertible transformations
were easily 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.
A such an implementation has recently been done in
Maple which, coupled with the library OREMODULES [2],
allows us to effectively handle these difficult computations.

As for the non-linear ordinary differential systems,
using the fact that there is a one-to-one correspondence
between the trajectories of both systems, we can use
stabilizing controllers of the controllable linear ordinary
differential system without delays in order to stabilize the
flat differential time-delay linear system. This approach
echoes of the Smith predictor method. Let us illustrate
the main idea on an explicit example (more general ones
can be handled in a similar way).

Example 8: The differential time-delay system
(t) + z(t — h) = u(t)
is flat as we have the injective parametrization of (28):
{ x(t) = y(t),
u(t) = y(t) +y(t —h).

We easily check that (28) is equivalent to the controllable
ordinary differential system obtained by setting A = 0

(28)

2(t) + 2(t) = v(t) (29)
under the following invertible transformation:
{ (t) = z(t),
u(t) = v(t) = (2(t) = 2(t = h)),
z(t) = =(t),
< { o(t) = u(t) + (@(t) —a(t—h)). OO

The transfer functions of (28) and (29) are defined by:

1
(s +ehs)’
Let us show how to use the unimodular transformation (30)
in order to parametrize all the stabilizing controllers of p;
by means of the ones of ps. Let us we consider the algebra
A = RH of the proper and stable real rational transfer
functions and the Hardy algebra B = H,(C,.) in the right
half plane. See [4], [25], [26], [27], [33] for more details.
We recall that A is a R-sub-algebra of B. As ps € A,
Zames’ parametrization of all stabilizing controllers of po
then has the form [27], [33]:
q
1+4qp2

Now, taking the Laplace transforms of (30), we get:

{

p1 = p2=1/(s+1).

ca(q) = , g€ RH

0>
Il
>

)

6+ (1— e*hs)z%,

<>
Il



Using the fact that & = co(q) 2, we finally obtain the
following stabilizing controllers of pj:

=—(1—e"*—¢y(q) 2, gqeA.
Let us prove that the controller

ci(q) = —(1=e™"* — ea(q))

internally stabilizes p;. We can check that we have

1 s+ e hs
1—p1ci(q) s+1—c2(q)
_ (s+ehe) 1
- +1 ca(a) )’
(- )
D1 _ 1 1 1
1—prei(q)  s+1—caq) (s+1) (1 C2+(ql)))7
and:
calg) (s+e ™) 1
1— N 1 c2(q)
mal@ G0 (1-29)
(I—e™"s —cy(q)),
__(5—|—e’hs) 1—ehs R 10))
s+1 c2(q) c2(q)
( ) (1 - (52+1)> (1 - (:+1))
Then, using the fact that for all ¢ € A, we have
1 ca(q)
b e 'A’
_ () (g
(s+1) (s+1)

as co(q) internally stabilizes po and the facts that

(S—l—e_hs)
(s+1) ~’

we finally obtain

1—e " e B,

1 P1 c1(q)
(I-pialq) (A-prale) (A-pialg)

which shows ¢;(q) internally stabilizes p; for all ¢ € A.
For more details, see [4], [25], [26], [27], [33]. We note
that following [27], we can then find the general Q-
parametrization of all stabilizing controllers of p;.

Now, if we take ¢ = 0, then the particular internal
stabilizing controller ¢;(0) = —(1 — e %) of py, i.e.,

€ B,

u(t) = —x(t) + z(t — h), 31

Lo (R4 ) — Lo (R )-stabilizes system (28). See [4] for more
details. We note that a similar result holds if we consider
the Wiener algebra A of bounded input bounded output
transfer functions [4], [27], [33] instead of B = H,(C;.).
Hence, we also get that the controller defined by (31)
Lo (Ry;) — Loo (R4 )-stabilizes system (28).

Finally, using some results of [27] and the fact that
¢1(0) € B, we obtain that p admits the following coprime
factorization p = n/d:

. Pl(o) o 1
T na® G <Y

B 1 _(s—i—e‘“”)
U a0 s+ °F

We easily check that we have the Bézout identity:

—hs 1
(s+e7™) )—(e_hs—l) =1
(s+1) (s+1)
We find that the stable controller ¢;(0) = —(1 — e™"9)

strongly stabilizes p; [27], [33].

V. POMMARET’S THEOREM OF THE LIN-BOSE
CONJECTURE

Let D = k[zy,...,z,) be a commutative polynomial
ring with coefficients in a field, R € D9*P a full row
rank and M = DY?/(D'X4 R) the D-module finitely
presented by R. Let us suppose that M/t(M) is a free
D-module.

Problem 1: Does it exist a full row rank matrix
R' € D?*? satisfying M/t(M) = D**?/(D'*9 R")? If
so0, compute such matrices R’.

If we can solve Problem 1, we then have
t(M) = (D" R') /(D' R),

and using the fact that (D'¥9R) C (D% R'), there
exists a matrix R € D%*4? such that:

R=R'R. (32)

Let us denote by » = p!/((p — q)!q!). The fact that
M/t(M) is a projective D-module implies that the greatest
common divisor of the ¢x ¢ minors {m}};—1, ., of R is 1,
and thus, there exists a family {p;},=1 ., of D satisfying:

I
Zpi m;, = 1.
i=1

Now, using the fact that we have m; = (det R"”)m/, for
i1 =1,...,r, where the m; denote the g x g-minors of R,
we obtain that the following inclusion of ideals of D:

(33)

> Dm; C D(det R).
i=1
Multiplying relation (33) by det R”, we obtain
det R" = Zpi (det R")ym), = Zpi mi,
i=1 i=1

which shows that D (det R”) C >""_, Dm; and:

> Dm; = D (det R).
=1



The greatest common divisor of the ¢ X ¢ minors m; is
then equal to det R".

Hence, solving Problem 1 gives a way to factorize R
under the form R = R"” R’, where R’ € D9%%P has full
row rank and det R” is the greatest common divisor of
the ¢ x ¢ minors of . The question of the possibility to
achieve this factorization was first asked by Lin and Bose
in [10] and solved by Pommaret in [20]. See also [35] for
another proof. It was proved in [20] that this factorization
problem is equivalent to Problem 1. The purpose of this
paragraph is to give a general constructive algorithm which
solves Problem 1, and thus, performs the corresponding
factorization. The corresponding algorithm has recently
been implemented in OREMODULES.

Based on the Quillen-Suslin theorem, we first prove that
a matrix R’ satisfying Problem 1 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 pxp T oar g (34)

Using the constructive algorithm based on the extension
Sfunctor developed in [3], [21], [22], there exists a matrix
Q € DY*? such that M/t(M) = D?/(D'*? Q). In
particular, using the fact that (D'*?R) C (D'*7 Q),
there exists a matrix P € D?*¢ satisfying R = P Q.
We refer the reader to [2] for the implementation of the
corresponding algorithms in the library OREMODULES as
well as the large library of examples which demonstrates
these results.

We then have the following commutative exact diagram:

0
!
0 t(M)
! Li
0— Dxe B pu» T,y —0
l.p | Lo
pixd 29 pue Ty M) —— 0.
! !
0 0

As, by hypothesis the D-module M /t(M) is projective,
we obtain that the following exact sequence

0 — (D7 Q) — DP ™ M/t(M) — 0 (35)
splits and we obtain
DY = M/t(M) ® (D**7 Q),

which shows that (D% Q) is a projective D-module. By
the Quillen-Suslin theorem, we obtain that (D9 Q) is
then a free D-module.

Let us compute the rank of the free D-module
(D**4" Q). Applying the exact functor K ®p - to the
short exact sequence (35), where K = Q(D) denotes the
quotient field of D, we obtain (Euler characteristic) that:

rankp (D' Q) = p — rankp ((M/t(M)).

See [31] for more details. Similarly with the two short
exact sequences (34) and
0 — t(M) - M -5 M/t(M) — 0,
and, using the fact that K ®p ¢(M) = 0 because t(M) is
a torsion D-module [31], we get:
rankp (M) = p — g,
rankp (M /t(M)) = rankp (M).

Therefore, we obtain

rankp (D7 Q) =p— (p—q) =g,

which shows that (D% Q) is a free D-module of rank
q, i.e., (Dlxq/ Q) = Dxq Computing a basis of this free
D-module, we obtain a full row rank matrix R’ € DI%P
satisfying )

(Dqu Q) — (Dl)(q R/>7 (36)
which implies that M/t(M) = D'*?/(D'*4 R') and we
have the following finite free short resolution of M /t(M):

0 — Dxa F pixe ™ vy —— 0. (37)

We note that if () has full row rank, we then have ¢’ = ¢
and we can take R’ = Q.

In order to compute the matrix R’ € D?*P which
satisfies (36), we need to compute a basis of the free D-
module (D'*9" Q). If we denote by Qy € D%*?" a matrix
satisfying kerp (.Q) = (D% @), we then obtain

(D0 Q) = DV /(D% Q)
and we have the following exact sequence:
pixas 92, pixd’ @ ple T (M) 0. (38)

Hence, we are now in position to use the previous results
in order to compute a basis of the cokernel D-module
L = DY*9 /(D'¥%2 (,), and thus, a basis of (DX Q).

Algorithm 2:  « Input: A commutative polynomial
ring D = k[z1,...,x,] over a computable field %, a
full row rank matrix R € D9*P and the D-module
M = DY*P/(D**4 R) such that M/t(M) is a free
D-module.

o Output: A full row rank matrix R’ € D?*P such that:

M/t(M) = D"*? /(D4 R).
1) Transpose the matrix R and define the D-module:
N = Dlxq/(Dlxp RT).

2) Compute the D-module exth (N, D). We obtain a
matrix Q € D?*? such that:

M/t(M) = D™? /(D Q).

3) Compute the first syzygy module kerp(.Q)) of
(D10 Q).



4) If kerp(.Q) = 0, then @ has full row rank and exit
the algorithm with R’ = Q and ¢’ = q.

5) Denote by Q5 € D4%*4" 3 matrix satisfying:
kerp(.Q) = (D' Qa).

6) Compute a basis of the free D-module
L =DY4 /(D% Q,).

In particular, we obtain a full row rank matrix
B € D9 sguch that L = mo(D'*?B), where
my : D'X9 — [ denotes the canonical projection.

7) Return the full row rank matrix R’ = B @Q € D?*P,
Remark 1: The computation of a basis of L gives two

matrices P, € D9 %9 and B € D9%% guch that we have
the following split exact sequence

0
T
Dlxa -Qa pixd T2, L —50
| To
D1><q’ AP2_> Dlxa —0,
.B
£
0

where ¢ : D'*% — [ denotes the corresponding isomor-
phism. We can now check that the matrix R’ = B @ has
full row rank. Let A € D'*4 be such that A R’ = 0. Then,
we get (AB)Q =0, ie., AB € kerp(.Q) = (D'*% Q,),
and thus, there exists 4 € D'*% such that A\ B = 1 Q5.
Using the identity B P> = I, we then obtain:

A=(AB) P2 = pu(Q2P) =0.

Example 9: Let us consider the differential time-delay
model of a flexible rod with a torque developed in [15]:

91 (t) —go(t —1) —u(t) =0,
2091(t = 1) — g2(t) — 92(t — 2) = 0.
Let us define the Ore algebra D = Q [%, 5] of differential

time-delay operators with rational constant coefficients and
the matrix of operators which defines the system (39):

d d
d d d '
Let M = D'*3/(D'*2 R) be the left D-module associ-

ated with (39) and N = D'*2 /(D3 RT). We can check
that N admits the following finite free resolution

(39)

T .RY
O{_NLD1><2<LD1><3<_2D<_O7

where R} = (—62—1 —26 4452 4) The defects
of exactness of the following complex

0—>D1X2i>D1X3£>D—>O

are then given by:

ext) (N, D) = kerp(.R) = 0,
exth(N, D) = kerp(.Ra)/(D'*? R),
ext?, (N, D) = D/(D¥*3 Ry).
Computing the first syzygy module kerp(.Rs) of

(D'*2 R), we obtain kerp(.Ry) = (D'*3Q), where the
matrix () is defined by:

28 624+1 0
Q= -4 45 1 |eD¥ (40)
45 4

We get t(M) = (D*3Q)/(D'*? R) and reducing the
rows of () with respect to (D'*2 R), we obtain that the
only non-trivial torsion element of M is defined by

m=—26y; + (62 + 1) ya,
% m =0,

where y1, y2 and ys; 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:

d

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

(41)

0— D % pwxz op
.Sa B
—= —
where:

Computing R' = B (), we obtain that the full row rank

matrix
» <25 52 -1 0)
= d d

satisfies (D'*3Q) = (D'*2 R’). Finally, we have the
factorization R = R"” R', where the R” is defined by

0 -1
RH = ( d > )
% 0
and satisfies det(R") = %, where % is the greatest

common divisor of the 2 x 2 minors of R (or is the
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
Y M/t(M) — D=0
and the exact sequence (37), we then obtain the following
exact sequence

R/
-—

P
-

0— Dlxdq Dlxp Dlx(pfq) . 0’

(42)
where P € DP*(P=9) is the matrix defining the morphism
7/ 0 1) in the standard bases of D**? and D'*(P~9)_ The
exact sequence (42) ends with a free D-module, and thus,
it splits, i.e., there exist S € DP*? and T € DP=a)xp
such that we have the following two Bézout identities:

R B 1, 0
(F)e P)—( : 1> @)
R/

s (] (@)

N———

— 1,

Now, we have

(r)=("%")=(% 4% ) (%)

and using (43), we obtain that det((R'T T7)T) =1 and:

R B R'R B .
det(T)—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.

Problem 2: Let R € D7%P be a full row rank matrix
such that the ideal Y _;_, D m; of D generated by the ¢ x ¢
minors {m;};=1,.. ., of the matrix R satisfies

zr:Dmi :Dd,
i=1

where d denotes the greatest common divisor of the ¢ X ¢
minors of the matrix R. Find a matrix 7' € D(®~9*P such

that we have:
det( ? ) =d.

Such a problem was proved to be equivalent to
Problem 1. See [10] for more details.

Algorithm 3: « Input: A commutative polynomial
ring D = k[z1,...,x,] over a computable field %, a
full row rank matrix R € D9*P such that the ideal
of D generated by the ¢ x ¢ minors {m;};=1._
of R satisfies Z;zl Dm; = Dd, where d denotes
the greatest common divisor of the ¢ x ¢ minors of R.

o Output: A matrix 7' € D®~9*P such that:

det(?)d.

1) Transpose the matrix R and define the D-module:
N = Dqu/(Dlxp RT)

2) Compute the D-module ext},(N, D). We obtain a
matrix Q € D? *P such that:

M/t(M) = D"™? /(D™ Q).

3) Compute a basis of the free D-module
M/t(M) DY? /(D4 Q). In particular,
we obtain a full row rank matrix 7 € DP~9)*p
such that M/t(M) = /(D=9 T), where
7' . DY*P — M/t(M) denotes the canonical
projection.

4) Return the matrix U = (RT

det(U) = d.

TT)T which satisfies:

Example 10: We consider again the model of a flexible
rod with a torque defined in (39). In Example 9, we
have proved that M /t(M) = D'*3/(D'*3 Q), where the
matrix ) is defined by (40). 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 -2, pix3 -9 pix3 T vr(M) — 0,

where ()2 is defined by (41). Using the fact that ()2 admits
the right-inverse .S; defined by (9), we obtain the following
minimal free resolution of M /t(M)

0 — D3 9, pixd MO0y g,
where the full row rank matrix @ is defined by:
Q=@" s
Applying a constructive version of the Quillen-Suslin the-

orem to (), we then find that a basis of M/t(M) is given
by (7' @ 0)(T'), where T denotes the matrix:

= 1
T(l 55 0 0>.

If we denote by T the matrix defined by the three
first entries of T, we then obtain a square matrix
U= (RT TT)T satisfying det(U) = 4.

Finally, the computation of exth (N, D) gives a matrix
R_1 € DP*™ which satisfies kerp(.R_1) = (D7 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 2 exists when the matrix
R_; admits a left-inverse S_; € D™*P. Then, we have
M/t(M) = (DY R_;) = D'™ and using the fact
that rankp(M/t(M)) = p — ¢, we get m = p — q.
Moreover, from the fact that (DX Q) is a free D-
module of rank ¢, there exists R € D9*P satisfying



(D4 Q) = (D' R'). Combining this result with the
previous exact sequence, we obtain the split exact sequence

/
0 pDlxa -R pDLxp Ry

which shows that P = R_; and T = S_; solve Problem 2.

pix—9) __, 0,

Example 11: Let us consider again the model of a
flexible rod with a torque defined in (39) and let us
compute T' € D'*3 such that the determinant of the matrix
(RT TT)T equals 4. In Example 9, we proved that we
have the following exact sequence

pDix3 ~Q pixs R D,

—26 42— i)T. The matrix

where Ry = (—6% — 1 .

Ro admits a left-inverse T' defined by

1
(i Lo o)

which proves that M /t(M) is a free D-module of rank 1
as we have the following isomorphisms:

M/t(M) = D"?/(D'** Q) = (D"® Ry) = D.
We finally obtain that the matrix defined by

d d
— — d d d
1 —30 0

satisfies det U = %.

Example 12: Let us consider the commutative polyno-
mial ring D = Q[z1, 22,23] and the following matrix
defined in [36]:

0 —2222-1

R= ( 5 ) € D?*3,
—Z1R3 — X1

Let us define the D-modules M = D'*3/(D'*2? R) and
N = DY*2/(D'*3 RT). Computing extl, (N, D), we get
t(M) = (D™ Q)/(D'** R),
M/t(M) = D**? /(DY Q),
M/t(M) = (D*? P),

with the notations:

zZ1 Z% z3 2

z% z% +z3 —23

2 2 2
—Z5 23 25 23 21 %5 — 2173
0 —2z3 — zf z§ z3 21+ zi” z3
22231 222241 0 ’
0 21 z% 23 —z% z3—1
(45)
222241
P=| 22z +1
21 Z% zZ3

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

m=—(2f 23+ 1)y1 + (27 23 + 1) o,
zzm = 0,

where w1, y2 and ys denote the residue classes of the

standard basis of D'*3 in M. We refer the reader to [2]

for more details concerning the explicit computations.
We easily check that P admits the left-inverse

T:(—z%z;; 1 zi”),

which shows that M /t(M) is a free D-module of rank 2.
We obtain that the matrix U = (RT  T7T)T defined by

21 23 23 0 —2222-1

U= z% z% + 23 —z3 —z:f z3 — 21
2 3
—27 23 1 23

satisfies det U = z3, which solves Problem 2.

Let us solve Problem 1. From the previous result, we
know that kerp(.P) = (D'**(Q) 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 Q5), where the matrix Qo € D?**

is defined by:
a3+l z3—25 —22 0
—z 21 )

(51
(D1><4 Q) ~ I = D1><4/(D1><2 Q2)

Hence, we have:

Apply a constructive version of the Quillen-Suslin theo-
rem, we obtain L = mo(D'*2 B), where the full row rank
matrix B is defined by

24 0 —2223+1 0
B= 3 2
0 2{23(25— 23) 0 1

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

) c D2><3

/ / /

11 12 Ris
R/ = B Q = / / /
21 21 23

where

4.2 4.2
=222tz -1,

r_ 2.2 2
1o = 21 25 — 21 23 + 1,

/13 = Z? (Z% - 23)7

I .3.,2(,2 2
91 = —21 25 (23 — 23) (31 23 + 1),
:—zi’z§+z§’z§+zlz523,

4,2 2,2 2

- 6,2 4,2 6
03 = TR1 23 — X1 X3 T 212523+ 2] 2525 — 21 23 —

satisfies (D'** 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

< —z 2823 — 232322 + 2323 222 -2+ 1 >

2,2
_Zl Z3 — Z3 z1

/
21

and det(R") = z3, which solves Problem 1.
Finally, we note that we can use the fact that P has a
full column rank in order to also solve Problem 1. Indeed,

L,



we can use a constructive version of the Quillen-Suslin
theorem to compute a basis of kerp(.P). If we transpose
the column vector P, we then obtain the row vector defined
in Example 3. Hence, if we take the last two rows of
UT, where U is the unimodular matrix defined in (16),
we obtain that a full row rank R defined by

1+2f22234+2223 —2222—1 —23(2322+1)
23 —2t 222341
(46)
satisfies (D'*4Q) = (D'*2 R}). Finally, we obtain the
factorization R = R} R}, where:

2.2 2
Z3 Z2 —ZzZ1 22 z3

z3.

2 2,2
"o R1 2323 TR Ry —
-

<3 —Z1

1
) , det(Ry)

Finally, we point out that similar results as the ones
developed in this section hold if we replace the (com-
putable) field £ by a (computable) integral domain A.
This straightforward generalization is let to the interested
readers.

VI. (WEAKLY) DOUBLY COPRIME FACTORIZATIONS

We now turn out to another application of the
constructive proofs of the Quillen-Suslin theorem in
multidimensional systems theory, namely, the problem of
finding (weakly) left-/right-/doubly coprime factorizations
of rational transfer matrices over the commutative
polynomial ring k[z1,...,x,] with coefficients in a field
k. The general problem of the existence of (weakly) left-
/right-/doubly coprime factorizations for linear systems
was recently studied with care in [25], [26]. Let us recall
a few definitions.

Definition 7 ([25]): Let D be a commutative integral
domain, K = Q(D) = {n/d| 0 # d, n € D} the quotient
field of D and P € K9*" a transfer matrix.

1) A fractional representation of P is any representa-
tion of P of the form

P=DpNp' = NpDpt,
where
R=(Dp

.

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

— Np) € Dax(at7),
Np (47)

c l)(qur)Xr7
Dp

2) A fractional representation P = D;l Np of P is

called a weakly left-coprime factorization of P if:
VAe K™ NRe DXt = X\ e ptxa,

A fractional representation P = Np ﬁ;l is called a
weakly right-coprime factorization of P if we have:

YACK": R\e DUt = \ec D",

3)

4) A fractional representation
P = D3 Np = Np Dt
is called a weakly doubly coprime factorization
of P if P = Dp' Np is a weakly left-coprime

factorization of P and P = Np Dp' is a weakly
right-coprime factorization of P.

5) A fractional representation P = Dp' Np of P is
called a left-coprime factorization of P if R admits
a right-inverse over D, i.e., if there exists a matrix

S =(XT yTT ¢ Dlatm)xa guch that:
RS=DpX —NpY =1,

6) A fractional representation P = N P 15;1 of P is

called a right-coprime factorization of P if R admits
a left-in\Lerse over D, namely, if there exists a matrix

S =(-Y X)e& D" such that:
SR=-Y Np+XDp=1,.

7) A fractional representation

P=Dp' Np = Np D}

is called a doubly coprime factorization of P if
P = D;l Np is a left-coprime factorization of P
and P = Np D;l is a right-coprime factorization
of P.

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

Definition 8 ([25]): Let R € D9*P be a full row rank

matrix. We call D-closure (D'*9 R) of the D-module
(D' R) in D**? the D-module defined by:

(D'X4R) = {A € D7 |
J0#deD: d\e (D™ R)}.

We have the following important results.

Proposition 3 ([25]): Let R € D?*P be a full row rank
matrix and M = D'*P/(D'*9 R) the D-module finitely
presented by R. We then have:

1) (D'*4R) = (K™ R) N D'¥P, where K denotes
the quotient field of D.

2) The following equalities hold:
t(M) = (K'*?R) 0 D*P)/(D'*1R),
M/t(M) = D**?P/((K'*9 R) n 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 ([25]): Let P € Kax(@+r)  apd
P =D3' Np = Np Dp' be any fractional representation

of P, where the matrices R and R are defined by (47).

1) P admits a weakly left-coprime factorization iff the
D-module (D'*4 R) is free of rank q.

2) P admits a weakly right-coprime factorization iff
the D-module (D!*™ RT) is free of rank r.

3) P admits a left-coprime factorization iff
(D™4R) is a free D-module of rank ¢ and
D'x(@+7) /(D4 R)) is a stably free D-module of

rank r.

4) P admits a right-coprime factorization iff
(D™ RT) is a free D-module of rank r and
DY (a+7) /((D1xr RT)) is a stably free D-module

of rank q.

5) P admits a left-coprime factorization iff
DY (a+7) /((D1xr RT)) is a free D-module of
rank q.

6) P admits a right-coprime factorization iff

DY (a+7) /((D1xa R)) is a free D-module of
rank 7.

Testing freeness of modules is a very difficult issue in
(non-commutative) 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 [25], [26] for results for D = H,(C.) or the ring of
structural stable multidimensional systems.

However, if we consider the commutative polynomial
ring D = kf[z1,...,z,] over a field k and
K = k(z1,...,z,) its quotient field, then we can
use constructive versions of the Quillen-Suslin theorem in
order to effectively compute (weakly) left-/right-/doubly
coprime factorizations of a rational transfer matrix. We
first note that using Proposition 3 and the computation
of extension functors, we can test whether the necessary
and sufficient conditions of Theorem 9 are fulfilled. The
next algorithm gives a constructive way to compute the
corresponding factorizations.

Algorithm 4:  « Input: A commutative polynomial
ring D = k[xy,...,2,] over a computable field
k, a fractional representation P = D3' Np of a
transfer matrix P € K9*P which admits a weakly
left-coprime factorization.

o Output: A weakly left-coprime factorization of P.

1) Define the matrix R = (Dp — Np) € DI*(a+7)

and the D-module:
M = D1><(q+’r‘)/(D1><q R)
2) Transpose the matrix R and define the D-module:
N = Dlxq/(Dlx(q+r) RT)

3) Compute the D-module exth(N, D). We obtain a
matrix Q € D?*(@+7) guch that:

M/t(M) = DY) /(DY Q).
4) Compute a basis of the free D-module:
(D4 R) = (D7 Q).
We obtain a full row rank matrix R’ € D9*(a+r)

such that (D9 Q) = (D4 R).

5) Write R’ = (D — Np) where D), € D99 and
Nj € D" If det Ds # 0, then P = (D})™' N},
is a weakly left-coprime factorization of P.

Weakly right-coprime factorizations can be similarly
obtained by transposition. Let us illustrate Algorithm 4
by means of an example.

Example 13: Let us consider the commutative polyno-
mial ring D = k[z1, 22, 23], K = k(z1, 22, z3) the quotient
field of D and the following rational transfer matrix:

2 2
2] z?-&-l
2123 23

P= € K2, (48)

2
z] z3+1
zZ1 Z% z3

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 = Dp' Np of P
obtained by cleaning the denominators of P, where the
matrices Dp and Np € D? are defined by:

2
21 25 23 0
Dp = 2 ) € D**2,
0 2125 23

22241
Np< . € D2

We denote by R = (Dp — Np) € D**3 and define the
finitely presented D-modules:

M=D1X3/(D1X2R), N:D1X2/(D1X3RT).
Computing ext}, (N, D), we then obtain:

t(M) = (D1 Q)/(DV* R),
M/t(M) = DV¥/(DV*Q),

where the matrix () is defined by (45) in Example 12.
Using the results obtained in Example 12, we obtain that



the full row rank matrix R, € D?*3 defined by (46)
satisfies (D'*4 Q) = (D'*2 RY). Thus, if we denote by

D - 1+2f2223+2223 —2222-1
P 3,2 .2 2 ’
Z]. 2322 —2122 z3
30,2 .2
N 27 (21 25 +1)
P — 9

232323 —1
(49)
P = (D%)™! N} is then a weakly left-coprime factoriza-
tion of P.
Finally, by construction, the D-module

M/t(M) — D1><3/(D1><4 Q) — D1><3/(D1><2 Ré)

is torsion-free. We can easily check that ext?,(N’, D) = 0
and ext?,(N’, D) = 0, where N’ = D**2 /(D3 (R,)T),
which shows that M/t(M) is a projective, and thus, a
free D-module. Hence, by 3 of Theorem 9, we obtain that
P = (D)~ N} is a left-coprime factorization of P. We
find that the matrix R/, admits the right-inverse:

1 0
zf 23 —zf
0 1
Therefore, we have D X — NY = I, where:
1 0
X = 9 s | Y=(0 1)
Zl Z3 —Zl

The next algorithm gives a way to compute left-
coprime factorization of a transfer matrix. Right-coprime
factorizations can be similarly obtained by transposition.

Algorithm 5:  « Input: A commutative polynomial
ring D = k[zy,...,x,] over a computable field k, a
fractional representation P = Np D;l of a transfer
matrix P € K% which admits a left-coprime
factorization.

o Output: A left-coprime factorization of P.
1) Define the matrix R = (N5 DEL)T e Datr)xr
and define the D-module:
M _ Dlx(q+r)/(D1><r ET)
2) Define the D-module:
]'\7 — Dlxr/(Dlx(q+r) é)

3) Compute the D-module ext}j(]v ,D). We obtain a
matrix Q7 € D™ *(4+7) such that:

M/t(ﬁ) _ D1><(Q+r)/(D1><r/ éT)

4) Compute a basis of the free D-module M / t(M). We
obtain a full column rank matrix

L" = (D —Np)T e Dlatnxa,

where D, € D?7%? and N, € D7*", such that we
have the following split exact sequence:

0<_D1><q L DlX(q-’rT‘) 'QT Dl><'r‘,-

5) Transpose the matrix LT to obtain:

L=(Dp —Np)e D@t
If det D}, # 0, then P = (Dp)" ' Np is a left-
coprime factorization of P.

Let us illustrate Algorithm 5 by means of an example.

Example 14: We consider again Example 13 and the
rational transfer matrix P defined by (48). We have the
following trivial fractional P = Np D;l of P, where:

2.2

~ ziz5+1

NP:< 122 >€D2><2’
ziz3+1

Dp =2%2323 € D.

Let us define the matrix R = (N5 D%)T and the D-
modules:

M:Dlx(q+r)/(D1xr ]A:ET), N:Dlxr/(Dlx(qur) E)

The row vector BT is exactly the one defined in Example 3.
Hence, using the results obtained in Example 3, we obtain
that the unimodular matrix U defined by (16) satisfies
RTU = (1 0 0). Hence, selecting the last two columns
of U and transposing the corresponding matrix, we then
find again the matrix R/, defined by (46). Hence, using
Example 13, we obtain that P = (D%)~! N}, is a weakly

left-coprime factorization of P, where the matrices D'»
and Np, are defined by (49).

Finally, we point out that similar results as the ones
developed in this section hold if we replace the (com-
putable) field £ by a (computable) integral domain A.
This straightforward generalization is let to the interested
readers.
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