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SYNTHESIS PROBLEMS: AN ALGEBRAIC ANALYSIS VIEWPOINT
PART I: (WEAKLY) DOUBLY COPRIME FACTORIZATIONS*

A. QUADRATT

Abstract. In this paper, we show how to reformulate the fractional representation approach to
analysis and synthesis problems within an algebraic analysis framework. In terms of modules, we
give necessary and sufficient conditions so that a system admits (weakly) left/right/doubly coprime
factorizations. Moreover, we explicitly characterize the integral domains A such that every plant—
defined by means of a transfer matrix whose entries belong to the quotient field of A—admits (weakly)
doubly coprime factorizations. Finally, we show that this algebraic analysis approach allows us to
recover, on the one hand, the approach developed in [M. C. Smith, IEEE Trans. Automat. Control,
34 (1989), pp. 1005-1007] and, on the other hand, the ones developed in [K. Mori and K. Abe,
SIAM J. Control Optim., 39 (2001), pp. 1952-1973; V. R. Sule, SIAM J. Control Optim., 32 (1994),
pp. 1675-1695 and 36 (1998), pp. 2194-2195; M. Vidyasagar, H. Schneider, and B. A. Francis, IEEE
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Introduction. In the seventies, Vidyasagar and others introduced the idea of
representing a class of transfer functions as the quotient field of a certain integral
domain A of proper and stable transfer functions. Examples of such integral domains
A, usually encountered in the literature, are the Banach algebra H.(C) of bounded
analytic functions in the open right half-plane C; = {s € C|Res > 0} [8], the algebra
RHo = R(s) N Hoo(Cy) of proper stable real rational functions [49], and the Wiener
algebras A, A [3, 8], and [1(Zy) [49]. In the early eighties, this idea naturally led to
the fractional representation approach to synthesis problems, principally developed in
[3,9, 48, 49]. The main outcome of this point of view is a reformulation of various ques-
tions of feedback stabilization of systems in terms of algebraic properties of some ma-
trices whose entries belong to A (e.g., internal/strong/simultaneous/robust/optimal
stabilization, parametrization of all the stabilizing controllers, graph topology, etc.).

Unfortunately, questions seem to remain for some classes of (infinite-dimensional)
systems, in particular, the following:

1. Do necessary and sufficient conditions exist for internal stabilizability?

2. Is it possible to characterize all the integral domains A such that every
plant—defined by means of a transfer matrix whose entries belong to the quotient
field of A—is internally stabilizable?

3. What are the links between internal stabilizability and the existence of a
doubly coprime factorization for the transfer matrix?
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4. TIs it always possible to parametrize all the stabilizing controllers of a stabi-
lizing plant by means of the Youla—Kucera parametrization?

In order to solve certain of these open questions, the authors of [40] tried to
revisit the fractional representation approach to stabilization problems of single-input
single-output (SISO) systems using a more intrinsic framework than the one used in
[3, 9, 48, 49]. A module approach has recently been developed in [44] and continued
in [22]. In the same years as that last work, another approach was developed in
[30, 31, 32] using the ideas of algebraic analysis (see [27, 28, 29] and the references
therein). The purpose of this paper is to present this new mathematical framework
and to explain how certain of the previous open questions can be solved using this
algebraic analysis point of view.

In this paper, we first introduce the concepts of weakly left/right/doubly coprime
factorizations, give necessary and sufficient conditions in terms of modules so that
a transfer matrix admits such factorizations, and characterize all the integral do-
mains A over which every transfer matrix admits weakly doubly coprime factoriza-
tions (namely, coherent Sylvester domains, e.g., Hoo(Cy)). Moreover, we also give
necessary and sufficient conditions so that a transfer matrix admits left /right /doubly
coprime factorizations, and we recover a result of Vidyasagar [49] describing all the
integral domains A over which every transfer matrix admits doubly coprime factor-
izations (namely, Bézout domains). In particular, we recover and generalize some
standard results of [22, 43, 44, 49]. In the second part of the paper [33], we shall use
the same mathematical framework and the previous results to develop necessary and
sufficient conditions for internal stabilizability [9, 48, 49]. Moreover, we shall char-
acterize all the integral domains A over which every plant—defined by means of a
transfer matrix whose entries belong to the quotient field of A—is internally stabi-
lizable (namely, Prifer domains). Hence, the algebraic analysis framework seems to
solve the first three questions listed above. We refer the reader to [34] for a general
answer to the fourth one. Let us note that all these results use the techniques of
module theory and homological algebra, and they seem difficult to obtain using only
a matrix approach.

If we want to develop some general algorithms (i.e., valid for a general integral
domain A) that check the existence of (weakly) left/right/doubly coprime factoriza-
tions and compute them, we then have to overcome the difficulty arising from the
fact that most of the integral domains of SISO stable plants are Banach algebras
(e.g., Ho(Cy), A, A, 11(Z,)). Indeed, a result proves that noetherian Banach al-
gebras are only finite-dimensional [41], and thus, most of the Banach algebras used
in systems theory are not noetherian. Therefore, it seems that we cannot use the
standard techniques of commutative algebra, module theory, and homological algebra
developed for noetherian rings to study general (infinite-dimensional) linear systems.
(Some modules may fail to be finitely generated.) We show that the only possibility
for coping with this difficulty seems to require that the Banach algebras be coherent
rings. This result could explain why coherent Sylvester domains, Priifer and Bézout
domains, which play important roles in the fractional representation approach (see
above), are all coherent. Using the fact that a system is defined by means of a transfer
matrix, we prove that, if A is a coherent domain, then every system defines a coherent
A-module. Now, the (category of) coherent A-modules over a coherent ring A (is) are
invariant under all the elementary algebraic manipulations (e.g., intersection, sum,
quotient, tensor product, duality, etc.). Therefore, we can use homological algebra to
develop general algorithms which check the existence of (weakly) left /right /doubly co-
prime factorizations (or internal stabilizability in [33]) of (infinite-dimensional) linear
systems defined over a coherent domain A.
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Plan. In the first part of this paper (section 1), we describe the framework of
the fractional representation approach to analysis and synthesis problems and explain
why and how it is possible to use module theory. We recall some definitions of module
theory and homological algebra that will be constantly used in the rest of the paper
and in [33]. The second part (section 2) is related to factorization problems. We
first introduce the concept of a weakly doubly coprime factorization and show that
it corresponds to the weakest coprimeness for transfer matrices. We give necessary
and sufficient conditions so that a transfer matrix admits a weakly left/right /doubly
coprime factorization. In the third part (section 3), we introduce the concept of
coherent rings and modules. We prove that every transfer matrix, with entries in the
quotient field of A, admits a weakly doubly coprime factorization iff A is a coherent
Sylvester domain. We show that Ho(C,) is a coherent Sylvester domain. Finally, in
the last part (section 4), we give necessary and sufficient conditions so that a transfer
matrix admits left/right /doubly coprime factorizations.

Notation. In the course of the text, A denotes a commutative integral domain
(ab=0,a# 0= b=0) with a unit, Myx,(A) (resp., M,(A)) the set of ¢ x p (resp.,
p X p) matrices whose entries belong to A, and I, the identity matrix. If R € My, (A),
then RT is the transposed matrix. By convention, every vector with entries in A is
a row vector. The positive integers p, g € Z, will always satisfy p > ¢q. If M and N
are two A-modules, then M = N means that M and N are isomorphic as A-modules,
hom4 (M, N) is the A-module of the A-morphisms (i.e., A-linear maps) from M to
N, and M* = homu (M, A). Finally, (ay,... ,a,) denotes the ideal Aa; + -+ Aay,,
and = means “by definition.”

1. The fractional representation approach to synthesis problems.

1.1. Introduction. Following ideas of Zames [51], a class of transfer functions
needs to have the structure of a ring if we want to connect two systems in cascade
(product) or in parallel (sum). In the fractional representation approach to analysis
and synthesis problems, we start with an integral domain A of SISO stable plants [3, 8,
9, 48, 49]. Classical examples of integral domains of SISO stable plants are the Banach
algebra H(C) of the bounded analytic functions on the open right half-plane C; =
{s € C | Res > 0} [8], the ring RH, of proper stable real rational functions [49], or
the Wiener algebras A, A, 11(Zy) [8, 49]. Then, the class of (unstable) SISO plants
considered is defined by the field of fractions of A:

(1.1) K=Q(A)={n/d|0+d, ne A}

Ezample 1.1. Let us give some examples.

e Let us consider A = RHo, = {p =n/d | degn < degd, d(s) = 0= Res < 0}
the integral domain of proper stable real rational functions. The transfer
function p = 1/(s — 1) (resp., p = s) does not belong to A because p has the
unstable pole 1in Cy (resp., p is not proper) but belongs to K = Q(A) = R(s)
because p can be represented as p = n/d with n = 1/(s + 1) € A and
d=(s—1)/(s+1)€ A (resp.,n=s/(s+1)c Aandd=1/(s+ 1) € A).

e Let us consider the following Wiener algebra [3, 8]:

A= {f(ﬂ +Y a6t —t) | f € Li(Ry), (ai)iz0 € 1(Zy), 0 =19 < t1--~},

=0
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with the two operations + and the convolution x and the Dirac distribution
6 as the unit. Endowed with the topology defined by the norm

lglla=1fllz.@y + Il (@)izo Iz

A becomes a Banach algebra and an integral domain [3, 8, 48, 49]. The same
properties hold for A = {f | f € A} (* is the Laplace transform) with the
norm || f || 4 = |l flla. For instance, an example of a transfer function which
belongs to K = Q(A) is the following:

p=e'Y(t)x6(t—1) = (6(t) =27 'Y () (et Y (t) % 6(t — 1)),

where Y (t) denotes the Heaviside distribution (i.e., 1 for ¢ > 0, and 0 oth-
erwise) and 6(t) — 2e 'Y (¢), e 'Y (t) x 6(t — 1) € A. Equivalently, in the
frequency domain, the same plant is defined by the following transfer func-

tion:

e _ (ﬁ>
P=e1™ (=)

s+1
If P € Myy(p—q)(K), then it is always possible to write it as P = D 'N =
N D=1, where D € M,(A) and D € M, _,(A) are two invertible matrices and N €
Mgy (p—q)(A), N € Mgy (p—q)(A), i.e., all the entries of these four matrices are stable.
For example, we can use D = dI, and N = d P, where 0 # d € A is the product of

the denominators of all the entries of P, and similarly for D = dI,_4 and N = Pd.
Ezample 1.2. Let A = Hy(C4), and let us consider the plant defined by

€Q(A), £ =lcA

(1.2) P= (582 ZF ) e My(K), K =Q(A).

Then, P can be written as P = D! N with

sfi 0 (s—1) e;s (5;1)2
13) D= (sg 3_1> € My(A), N=[ G o € My(A).
s+1 0 S+l

Thus, instead of representing a plant by y = Pu with P € Mgy (,—q) (), the
fractional representation approach studies the following two systems:

o) -o (-3

with R = (D : —N) € Myxp(A) and R = (N7 : DT)T € M, (,—q)(A). Then, using
linear algebra over the ring A, it is possible to study the structural properties of P
by looking at the algebraic properties of the matrices R and R (left /right /doubly
factorizations). See [3, 8, 9, 48, 49] for more information.

For linear finite-dimensional systems [49], the fractional representation approach
gives necessary and sufficient conditions for internal stabilizability, existence of doubly
coprime factorizations, or Youla—Kucera parametrizations of all the stabilizing control-
lers, etc. [49]. The possibility of generalizing these results to linear infinite-dimensional
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systems (delay systems, partial differential equations such as the wave/heat/Euler—
Bernoulli equations) has naturally been asked from theoretical and practical points of
view [3, 8, 9, 48, 49]. In this framework, classes of linear infinite-dimensional systems
are generally modelized by means of Banach algebras such as Hoo(Cy), A, I1(Zy).
These rings are algebraically and topologically more complex than the ring RH, used
for finite-dimensional systems. Hence, some questions, such as the ones given in the
introduction, are still open for some classes of infinite-dimensional systems [8, 48, 49].
As we described it in the introduction, the purpose of this paper is to show that we
can solve certain of these problems if we adopt an algebraic analysis framework rather
than a matricial one. Here, we call “algebraic analysis” a mathematical framework
which uses commutative algebra, module theory, and homological algebra combined
with functional analysis (Banach algebras). This idea could seem natural if we notice
that, in order to understand the structural properties of a plant, defined by the
transfer matrix P € Mgy (p—q)(K), we need to study the matrices R € Mgx,(A)
and R € M, (p—q)(A), whose entries belong to a certain algebra of functions (e.g., a
Banach algebra), and linear algebra over a ring is just a part of module theory.

1.2. Definitions. In this section, we give some definitions that we shall need to
characterize intrinsically the structural properties of systems.

Let R € Myxp(A), and let us define the A-morphism (i.e., an A-linear map) .R
by

R: Al — AP,
(ar:---:1aq) — (a1:---:aq)R.

Then, the image im . R is the A-module generated by the A-linear combinations of the
rows of R. This A-module is usually used in control theory [22, 44]. In algebraic anal-
ysis [27, 28, 29], one usually prefers to use the A-module M = coker .R = AP/A?R.
DEFINITION 1.1. We have the following definitions (see [1, 2, 39]):
e A complex is a sequence of A-modules F; and A-morphisms d;, denoted by

s i il) Fz I FZ',1 — ey, such that dl Odi+1 = 0, 1.€.,

im di+1 g ker dl

e The ith A-module of homology of a complex is defined by

ker di

H(F) = .
( ) im di+1

o A sequence is said to be exact at Fy; if H(F;) =0, i.e., kerd; = imd;11, and
exact if we have H(F;) =0 for all i.

Ezample 1.3. For instance, the exact sequence 0 — M’ . M means that fis
injective, whereas the exact sequence M 4, M"” — 0 means that g is surjective.

Let m be the A-morphism which associates to every row vector of AP its class in
the quotient A-module M = AP /A% R. We have the following exact sequence:

(1.4) AT Bqp TN .

Let {e1,... ,e,} be the canonical basis of AP, and {f1,..., f,} that of A7. We define
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z; = 7(e;), i=1,...,p. Then, we have fori =1,... ,q

P

fiR: (Rzl I Rzp) :ZR” €; € AR
(1.5) 5 b

=7(fiR) =) Rym(e;) =) Rijz =0.
j=1 j=1

Hence, M is defined by the equations Rz = 0, where z = (21 : -+ : zp)T, and their
A-linear combinations. Moreover, for all m € M, there exists (aj : --- : a,) € AP such
that

m=n((a1:---:ap)) =7 (Zai ei> = Zaiﬂ(ei) = Zai Zi.
i=1 i=1 i=1

This means that every element m of M is an A-linear combination of the elements
21,...,%p, and the A-module M is said to be finitely generated. In fact, the module is
defined by a finite number of equations (g equations) with a finite number of unknowns
(p unknowns). In this case, we say that M is finitely presented, a fact which is
equivalent to the existence of the exact sequence (1.4).

Ezample 1.4. Let us reconsider Example 1.2. We have A = H(C,), and the
matrix R = (D : —N) € Mayx4(A) is defined by

s—1 0 _(5*1)575 _ (3;1)2

(1.6) R = s+1 (s+1)2 s+1
—1 1
0 §+1 0 T s+l

Then, the A-morphism .R is defined by

A2 — A%
_s 2
@iod) — (o (52) 0 (35) - (S580) 5~ (57) - e ik )

Therefore, the A-module M = A*/A? R is defined by the equations

L 2
(s—1) (s—1)e™* s—1 _
GIn Y1~ TrnT W1 — <s+1) uz =0,
(s=1) 1 _
G %2~ Gy 2 =0

and their A-linear combinations, where y; = 7(e;), u; = w(ejy2), i =1, 2.

DEFINITION 1.2. We have the following definitions (see [1, 39]):
o An A-module M is finitely generated if there exists an A-module of the form
Fy = A", rq € Z,, such that we have the following exact sequence:

(1.7) Fy % M — 0.

e An A-module M is finitely presented if there exist two A-modules F; = A",
r; € Zy,1=0,1, such that we have the following exact sequence:

(1.8) S R —o.
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One of the main interests of associating an A-module with a matrix R € My, (A)
is that we can use the natural classification of the properties of the module to un-
derstand the structural properties of the system Rz = 0. The purpose of the next
sections and [33] is to illustrate how some concepts of modules play interesting roles
in characterizing the existence of a (weakly) left/right/doubly coprime factorization
and internal stabilizability.

DEFINITION 1.3 (see [2, 39]). If M is a finitely generated A-module, then

o M isfree if M 2 A" forr € Z,.
e M is stably free if there exist r,s € Z4 such that M @ A® = A".
e M is projective if there exist an A-module N and r € Z such that

MeN=A"

M is reflexive if the A-morphism € : M — hom 4 (homa (M, A), A)—defined
by e(m)(f) = f(m) for allm € M, for all f € homy (M, A)—is an isomor-
phism.

M s torsion-free if its torsion submodule

t(M)={meM|Jaec A\O: am =0}
is reduced to 0. m € t(M) is a torsion element. We have the exact sequence:

(1.9) 0 —t(M) — M — M/t(M) — 0.

M is a torsion A-module if t(M) = M.
M is a flat A-module if, for every relation Y {_, a;m; =0, a; € A, m; € M,
there exist n; € M and b;; € A such that

r
m; :Zbijnj, 1 S’Léq,
Jj=1

q
Zaibijzo, 1§]§T

i=1

PROPOSITION 1.4 (see [1, 2, 39]). We have the following relations:

1. Free = stably free = projective = reflexive = torsion-free.

2. Projective = flat = torsion-free.

3. A finitely generated flat A-module is projective.

4. If A is a Bézout domain—namely, a domain A such that every finitely gen-
erated ideal I of A has the form I = (a) for a certain a € A—then every
finitely generated torsion-free A-module is free and M = t(M) ® M /t(M).

DEFINITION 1.5. We have the following definitions (see [6, 20]):

e A is a Hermite ring if every finitely generated stably free A-module is free, or,
equivalently, if every unimodular row (a; : - - : a,) € A" —namely a row such
that there exists (by : -+ : b,)T satisfying Y, a;b; = 1—can be completed
to a unimodular matrix, i.e., to a matriz of GL,(A).

e A is a projective-free ring if every finitely generated projective A-module is
free.

In particular, a projective-free ring (e.g., a Bézout domain) is a Hermite ring. A
difficult result, namely, the Quillen—Suslin theorem [20, 39], proves that the ring of
polynomials k[x1, ..., Xxs] in x;, with coefficients in a field k, is projective-free.
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THEOREM 1.6. RH., and k[s], where k is a field, are principal ideal domains
(namely, a domain such that every ideal I of A is principal, i.e., has the form I = (a)
for a certain a € A; see [49]). The domain of entire functions with coefficients in
k=R, C,

—+o0
_ _ n . 1/n _
E(k) = {f(s) 77;0%5 | an €k, lim |an| 0},
and € = E(R) NR(s) [e~®] are Bézout domains (see [18, 21]). Thus, all these rings
are projective-free.

We introduce the concept of localization of modules. In the following sections,
we shall show why this concept is interesting for the study of the links between a
transfer matrix y = Pu, P = D™'N € My (,—q)(K) and the system Dy = N u,
where R = (D : —N) € Myx,(4).

DEFINITION 1.7 (see [1, 39]). We have the following definitions:

e A multiplicative set S of A is a subset of A such that for alla,b€ S = abe S
and1 € S.

o Let M be an A-module. We define an equivalence relation ~ on S x M
by (s,m) ~ (s',m’) if there exists t € S such that t(sm’ — s'm = 0). The
localization of the A-module M with respect to S is the ST'A = {a/s |
(s,a) € S x A}-module

STIM = (S x M)/~ .
If we denote by m/s the equivalence class of (s,m) in S~'M, then we have
S™IM ={(a/s)m | (s,a) €S x A, me M}.

The localization of a module is just a way to extend the scalars of the A-module
M from A to S~'A. Moreover, we have the following canonical A-morphism:

is: M — S7IM,
m — m/l,

from which we obtain kerig ={m € M |30#ac S, am =0}.
DEFINITION 1.8. If S = A\O, then S is a multiplicative set of A, and the field
of fractions of A is defined by S™'A = Q(A) ={a/b|0+#b, a € A}. We have

(1.10) kerig=t(M)={meM|30#a€ A:am =0}

In the course of the paper, we shall denote by K the field of fractions Q(A) of A.
Ezample 1.5. Let us reconsider the A-module M = A*/A% R defined in Exam-

ple 1.4. We can check that the element z = y; —(j;;) Uy — % ug satisfies E:_B z =0,
i.e., z is a torsion element of M. (See Example 3.4 for an explicit computation of the

torsion elements of M.) If S = A\0, then, in the K = Q(A)-module S~! M, we have

1

(s—1) (2>m20 (s+1) (s=1) (i) z 0

. 0

=-= === =-.

(s+1) 1 17 -1) (s+1) =17 sE =g
Moreover, we have the following isomorphism (see [1, 39]):

STIM = STl'A®a M,

(1.11) (a/bym —— a/b@m,
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which shows that the localization corresponds to the tensor product S™1A® 4.
DEFINITION 1.9 (see [1, 39]). The rank of an A-module is defined by

rank 4 (M) = dimg (K ®4 M),

where K @ 4 M is a K-vector space and dimg (K ® 4 M) is its dimension over K.

PROPOSITION 1.10 (see [1, 2, 39]). If S is a multiplicative set of A, then S™1A
is a flat A-module, and, for every exact sequence 0 — M’ — M — M" — 0, we
have the following exact sequence:

0— S 'A®a M — STTA@A M — ST'A®a M" — 0.
Moreover, if M', M, and M" are finitely generated A-modules, then we have
(1.12) rank 4 (M) = rank 4 (M’) + rank 4 (M").

2. Weakly doubly coprime factorizations. Since the work of Rosenbrock [38]
on coprime factorizations of rational matrices, this concept has played an increasing
role in analysis and synthesis problems. This technique has been popularized by the
book of Vidyasagar [49]. However, contrary to finite-dimensional systems, the transfer
matrices of more general systems (delay systems, partial differential equations) do not
generally admit doubly coprime factorizations. Intuitively, this comes from the fact
that the algebraic properties of rings such as Hoo(C4), A, A, and [1(Z,.) are more
complex than the ones of RHy or k[s] (with k a field), which are used for finite-
dimensional systems. In the next section, we shall give a mathematical formulation
of the term “more complex.” In order to achieve this goal, we shall need to introduce
the concept of weakly doubly coprime factorizations of a transfer matrix.

2.1. Weak primeness and torsion-free modules. Let us introduce the con-
cept of a weakly left-prime matrix.

DEFINITION 2.1. Let A be an integral domain and K = Q(A) its field of fractions.
The matriz R € Myx,(A) is weakly left-prime if it satisfies

KR N AP = AR,

namely, if, for every A\ € AP satisfying A = p R for a certain p € K9, there exists
v € A? such that A = v R. The concept of weak right-primeness can be defined
similarly. Let us notice that R is weakly right-prime iff RT is weakly left-prime.

If R € Myxp(A) has full row rank, namely, if the ¢ rows of R are A-linearly
independent, then R is weakly left-prime iff

pne K pRe AP = e A%

Ezample 2.1. Let us consider the full row rank matrix R defined by (1.6). This
matrix R is not weakly left-prime because (5t : 0) ¢ A% and we have

s—1
s—1 0 _(s=1)e® o <3—1)2 s
(so0) (0 0 Ter ) )= (10— i) et
0 5 0 ~5

PROPOSITION 2.2 (see [43]). If A is a greatest common divisor domain (GCDD),
namely, every couple of elements of A has a greatest common divisor, then a full row
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rank matric R € Mgy p,(A) is weakly left-prime iff R is irreducible (or minor left-prime
[27]), namely, 1 is the greatest common divisor of the ¢ X g minors of R.

Let us notice that if A is no longer a GCDD, then the previous result fails to be
true [43]. In particular, it is not known whether or not A4 or A are GCDD.

LEMMA 2.3. Let A be an integral domain, K = Q(A) its field of fractions, and
R € Myxp(A). Then, we have

K1RNAP = A9R,

where ATR = {\ € AP |30 # a € A:a) € AIR} is called the A-closure of the
submodule A? R in AP (see [7]).

Proof. Let A € K9R N AP; then A € AP, and there exists u € K9 such that
A= pnR. Let us write p = d'v with v € A7 and 0 # d € A. Then, we have
dX =vR,ie., A € A1R. Conversely, let A € A9 R; then A\ € AP, and there exists
0 # d € A such that d\ € A? R. Thus, there exists v € A? such that d A = v R; i.e.,
A=(d'v)RE KR, ie, \€ KIRN AP, |

PROPOSITION 2.4. Let A be an integral domain, K = Q(A) its field of fractions,
R € Myx,(A), and M = AP/A1 R. Then, we have

{t(M) = (K9RNAP)JA?R,
M/t(M) = AP /(K9 R AP).

Proof. Let us note that we have A7 R C K9 R N AP. Therefore, we have the
following commutative exact diagram,

0 0
! !

0— AR — AP — M —0
! | !

0— K1RN AP — AP — AP/(KTRNAP) —0
i ! i

(K1RN AP)/AYR 0 0

!
0

from which we deduce the following exact sequence (snake lemma [2, 39]):
(2.1) 0— (K'RNAP)/JA'R — M — AP/(K9 RN AP) — 0.
Using Lemma 2.3, we obtain
(K'RNAP)JATR = AIR/A'"R={m e M|30#a€ A: am =0} =t(M).

Then, we have AP /(K9 RN A?) = M/t(M) (see (1.9)), which proves the proposi-
tion. ]
A direct consequence of Proposition 2.4 is the following corollary, which gives a
module interpretation of the weak left-primeness.
COROLLARY 2.5. Let A be an integral domain and K = Q(A) its field of fractions,
R € Myxp(A), and the A-module M = AP /AT R. Then, we have the equivalences
1. R is weakly left-prime, i.e., AAR = K1 RN AP = A1 R;
2. M is a torsion-free A-module, i.e., t(M) = 0.
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Ezample 2.2. From Example 2.1, we know that the matrix R defined by (1.6) is
not weakly left-prime. By Corollary 2.5, we deduce that the A-module M = A*/A? R
is not torsion-free. A torsion element is obtained by taking the class of the vector

(1:0: —;;1 : —‘Z%) (see Example 2.1) in M to obtain z = y; — ﬁ U — % Ug.
We recover the torsion element z obtained in Example 1.5. It satisfies Ei:; z=0.

Dually, we can prove that R € My (p—q)(A) is weakly right-prime iff the A-module
AP JAP=9 RT is torsion-free.

2.2. Transfer matrices. The following lemma shows that if a transfer matrix
P € Mgy (p—q)(K) is such that P = D! N, then the A-module A9 R depends only
on Pand not on R= (D : —N) € Myx,(A).

LEMMA 2.6. Let A be an integral domain, K = Q(A) its field of fractions, and
P € Myy(p—q)(K) a transfer matriz. If P can be written as P = DNy = Dyt Ny,

where Ry = (D1 : —N1) € Myxp(A) and Ry = (D2 : —Na) € Myxp(A), then we have

AT Ry C A1 Ry,
= A9 R, = A1 Ry,
ARy C A9 Ry,

and thus, A1 R; and M;/t(M;) = AP/ A4 R; depend only on P and not on R;, where
M; = APJATR;. In particular, if AYRy (resp., AYRy) is A-closed, then we have
A9 Ry = AT Ry (resp., ARy = A?Rsy). The same result holds for P = N; ﬁi_l.
Proof. Clearing the denominators of P, we have P = d~' H = Hd ', where
0#dec A and H € Mgy (p—q)(A). Let R=(d1;: —H) € Myxp(A). Then, we have

= i=1,2,
(det D;) H = (D¢ d) N;, (det D;) R = (D¢ d) R,

where Df is the cofactors matrix of D;, i.e., it satisfies Df D, = (det D;)I,. Let
A € A? R;; then there exists u € A? such that A = u R;, and thus,

dA=p(dR;))=pu(D;R)=(uD;))R=X € AR = AR, C A1R.
Conversely, let A € A? R; then there exists p € A? such that A = p R. Thus,
(det D)\ =p((det D;)R) =pu(DydR;) = (uDjd)R; = A€ AR, = AR C A1 R;.

Using the fact that X C Y = X C Y for two submodules X and Y of a free A-module,
we obtain

ATR; C AR C Aqu = AqRi:Aqu, 1,7 =1,2.
Now, if A? R; is A-closed, then
AR, C TR, C AR, = AR, = ATR, — A"R,. O

LEMMA 2.7. If R € Myx,(A) has full row rank and F is a free submodule of

ker .RT of rank p — q, then F =ker .RT, where F is the A-closure of F in AP.
Proof. Let us note N £ coker .R”. We have the following exact sequence:

0<—N%AQ£AT’<—ker.RT<—O.
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The A-module N is defined by the A-linear combinations of the equations R” z = 0,
where z; is the class of the ith vector of the canonical basis of A7in N = A9/AP RT (see
(1.5)). Using the fact that R has full row rank, then there exist ¢ equations of RT z = 0
which are A-linearly independent. If we denote by Rl € M,(A) the full rank matrix
corresponding to these ¢ A-linearly independent equations, then we have RI 2z = 0,
and thus, by multiplying RI by its cofactors matrix, we obtain (det RY) z = 0 with
0 # det RI € A. This equation shows that N is a torsion A-module. Now, let us
notice that we have K ® 4 N = 0 because N is a torsion A-module: for all n € N,
there exists 0 #a € A: an =0, and thus, 1 ® n = (a/a) @ n = (1/a) @ an = 0.
Using the fact that K = Q(A) is a flat A-module (see Proposition 1.10), we have the
following exact sequence:

T
0=K®4Ne—KI& KP «  K®4ker.RT 0.

Here K ®4 ker .RT is a subvector space of KP of dimension p — q. As F is a free
submodule of ker .RT of rank p— ¢, we have K @4 F = K ® 4 ker .RT C KP, and thus,

F=(K®sF)NAP = (K ®4ker .RT) N AP = ker .RT = ker .RT

because ker .RT is an A-closed submodule of AP. Indeed, using the fact that A is an
integral domain, we obtain

AMeker. RT=30#acA: al€ker.RT =a(ART)=0=>ART =0
= Acker.RT. O

PROPOSITION 2.8. Let P € Myx(p—q)(K) be such that P = D"'N = ND™!,
where R= (D : —N) € Myxp(A) and R=(NT : DT)T ¢ My (p—q)(A). If we define
the A-modules M = AP/AY R and M = AP/AP~9 R | then we have

ker .RT = Ar—a RT {M/t(M) =~ AP RT,
ker .R = AIR, M/t(M) = AP R.
Proof. Using the fact that R R =0, we obtain the following two complexes:

0— A9 =B, ap B, gp—a

A1 B 4p BT pp—a

)

Thus, AP~ RT (resp., A9 R) is a free submodule of ker .R” (resp., ker .R) of rank
p — q (resp., ¢). By Lemma 2.7, Proposition 2.4, and Lemma 2.3, we obtain that

ker R" = Av=aRT, ) AP R" = AP/ker R = AP /Av=a RT = M [t(M),
ker .R = A9 R, APR > AP/ ker .R = AP/AYIR = M/t(M). d

Let us notice that Proposition 2.8 is close in its spirit to some results obtained in
[26] for linear multidimensional systems in the behavioral approach.

From Proposition 2.8 and Lemma 2.6, we obtain that the A-modules AP R and
AP RT depend only, up to an isomorphism, on the transfer matrix P. This result was
proved in [22] in a different way (without any references to torsion-free A-modules).
Using the fact that the structural properties of P do not depend on the choice of the
fractional representation of P, we obtain the following corollary.
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COROLLARY 2.9. Let P € Myx(p—q)(K) be such that P = D"'N = ND71,
where R = (D : —N) € Myyp(A) and R = (NT . DT)T ¢ My (p—q)(A). Then, the

structural (intrinsic) properties of P depend only on the A-modules A? R and AP~1 RT
or, up to an isomorphism, on the A-modules AP R and AP RT.

2.3. Weakly doubly coprime factorizations. Let us introduce the concepts
of weakly left /right /doubly coprime factorizations.
DEFINITION 2.10. Let A be an integral domain and K = Q(A).
o A transfer matriz P € My (p—q)(K) admits a weakly left-coprime factoriza-
tion if there exists a weakly left-prime matric R = (D : —N) € Myx,(4),
with det D # 0, such that P = D™! N.
o A transfer matriv P € My (p—q)(K) admits a weakly right-coprime factor-
ization if there exists a weakly right-prime matric R = (NT : DT)T €
M,y (p—q)(A), with det D # 0, such that P = N D~ 1.
o A transfer matrix P admits a weakly doubly coprime factorization if P admits
weakly left- and right-coprime factorizations P = D™' N = N D1
THEOREM 2.11. Let A be an integral domain, K = Q(A) its quotient field, P =
D'N=ND"'e¢ Mgy (p—q)(K) a transfer matriz, R = (D : —N) € Mgxp(A), and
R = (NT : DT)T € Myy(p—q)(A). Then, P = D™'N admits a weakly left-coprime

factorization (resp., weakly right-coprime factorization) iff ATR (resp., AP=4 RT) is
a free A-module of rank q (resp., p — q).

Proof. = If P admits a weakly left-coprime factorization, then there exists a
weakly left-prime matrix R’ = (D' : —N') € Myx,(A), with det D’ # 0, such that
we have P = D'"' N'. Using Lemma 2.6, we deduce that A9 R = AY R’. Moreover,
A? R’ = A? because R’ has full row rank, and thus, A9 R = A9.

< If A7 R is a finitely generated free A-module of rank ¢, then, choosing a basis
for A9 R, we obtain a full row rank matrix R’ € M;x,(A) such that AR = AR/,
and thus, R’ is weakly left-prime. If R; is the ith row of R, then R; € A9 R = AR’
because R; € A?R C A% R. Therefore, there exists R} € A? such that R; = R} R/,
and then, there exists R” € M,(A) such that R = R” R’. Using the fact that R has
full row rank, we deduce that R” also has full row rank. Finally, let R’ = (D’ : N’),
where R’ € My ,(A); then we have D = R” D’ and N = R” N’, and thus, det D’ # 0.
This proves the result because we have P = D' N = (R" D')~' (R’ N') = D'"' N'.

The result for weak right-coprime factorizations can be proved similarly. 1]

COROLLARY 2.12. A transfer matric P = D' N = N D' admits a weakly

doubly coprime factorization iff the A-modules AR and AP—1 RT are two free A-
modules of rank, respectively, ¢ and p — q.

Let us notice that, from Corollary 2.9, Corollary 2.5, and the fact that a coprime
factorization is an intrinsic property of the transfer matrix, we deduce that weakly
left /right /coprime factorizations are the weakest possible coprime factorizations.

3. Coherent rings and modules.

3.1. Introduction. Any mathematical model of a plant is only an approxima-
tion of the real system. Thus, the algebra of SISO stable plants needs to be endowed
with a norm in order to take into account some errors in the modelization. For tech-
nical reasons, we usually prefer to ask this normed algebra to be complete. Therefore,
we generally require an algebra of SISO stable systems to be a Banach algebra [16, 49]

(e.g Hoo(CL), A, A, 11(Z4) [3, 8, 9, 48, 49]).
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However, it is known that all noetherian k-Banach algebras (k = R, C)—namely,
Banach algebras such that every ideal is finitely generated—are k-finite-dimensional
[41]. Hence, for instance, Hoo(Cy), A, L1(Ry) + R&, I1(Zy) are not noetherian
rings, and thus, an ideal I of these algebras A generally does not have the form
I =3",Aq; for a finite set {ai,... ,a,} of elements of A. A direct consequence
is that most of the algebraic objects (kernel, image, quotient, sum, intersection, etc.)
are generally not finitely generated. Hence, we cannot study the algebraic properties
of systems, defined by matrices whose entries belong to Banach algebras, by means
of the concepts and techniques developed for noetherian rings (i.e., the main part of
commutative algebra).

The concept of a coherent ring was first introduced in 1960 by Chase [5], and
the definition of a coherent module appeared in [1] in 1964 (see [17] for more details).
Coherent rings form a general class of rings including noetherian rings, Boolean rings,
Bézout domains, semihereditary rings, ete. [17, 39]. This concept is closely related to
the one of a coherent sheaf introduced by Cartan [4] and Serre [42] in the study of
analytic and algebraic geometries.

In this section, we show that one possible way to cope with the fact that most of
the integral domains of SISO stable plants are not noetherian is to require that these
domains be coherent rings. In particular, for coherent rings, we give algorithms which
compute the A-closure A4 R of an A-module of the form A? R (see Theorem 2.11) and
which check whether or not a finitely generated A-module is torsion-free, reflexive,
or projective. Finally, we shall characterize explicitly the class of integral domains A
such that every transfer matrix, with entries in K = Q(A), admits a weakly doubly
coprime factorization.

3.2. Definitions and results.
DEFINITION 3.1 (see [2, 15, 39]). We have the following definitions:
o An A-module M is coherent if M is a finitely generated A-module and every
finitely generated submodule of M is finitely presented.
e A ring A is coherent if it is coherent as an A-module.
Hence, A is a coherent ring iff every finitely generated ideal I = """ | Aa; of A
is finitely presented, i.e., the module of relations of I (or syzygy of I), defined by

(3.1) 5(1)={r=(r1:~-~:rn)eA" | Zmaizo},

is finitely generated. In terms of equations, A is a coherent ring iff for every n € Z,
and a = (aj : -+ : a,)T € A" there exist m € Zy and R € M,,«,(A) such that

Vr=(ri:-irp)€A”: ra=0&3b=(by: - :by)€A™: r=>bR.

Ezample 3.1. Any noetherian ring, namely a ring where any ideal I is finitely
generated, i.e., has the form I = )" | Aa; for a finite number of a; € A, is coherent
[1, 39]. In particular, RHs and k[s], with k a field, are coherent domains. An
example of a coherent ring which is not noetherian is given by the ring k[y;, ¢ € N] of
polynomials in infinitely many variables x; with coefficients in a field k (see [39]).

We give a few definitions which are related to the extension of (1.4) on the left.

DEFINITION 3.2. We have the following definitions (see [1, 14, 24, 39]):

e A projective (resp., free, flat) resolution of an A-module M is an exact se-
quence of the form

(3.2) LNy SNy LI NN )
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where F; is a projective (resp., free, flat) A-module and d; is an A-morphism.
e A finite free resolution of an A-module M is an exact sequence of the form
(3.2), where F; is a finite free A-module, i.e., F; =2 A" r; € Zy, fori > 0.
e The projective (resp., flat) dimension pd 4 (M) (resp., w.dims(M)) of an A-
module M is the minimum n € Z; U{4o00} such that there exists a projective
(resp., flat) resolution of M of length n, i.e., of the form

dn, dpn— d d
0—F, ™F,_,=...25Fn 5 F—M-—D0.

e The global dimension and weak global dimension of A are defined by

gl.dim(A) = sup {pd4 (M) | A—module M} € Z, U {+co},
w.gl.dim(A) = sup {w.dim (M) | A — module M} € Z, U {+occ}.

For a general ring A, we have the inequality w.gl.dim(A) < gl.dim(A4). If A is a
noetherian ring, then the equality holds [2, 39].

Remark 3.1. Using the canonical basis of the free A-module F; = A™ every finite
free resolution of an A-module M has the form

(3.3) --~'l‘ﬁ>A“'li>AT°—>M—>O7

where R; is an (r; X r;_1)-matrix whose entries belong to A, and .R; : A™ — A"i-1 is
defined by letting operate a row vector of length r; on the left of R; to obtain a row
vector of length r;_1. Moreover, M is defined by the system R; z = 0, where z; is the
class of e; in M and {e1,... e, } is the canonical basis of A™ (see (1.5)).

DEFINITION 3.3. We have the following definitions (see [1, 39]):

e A ring A is semihereditary if every finitely generated ideal of A is a projective
A-module.
A semihereditary integral domain is called a Prifer domain.
A ring A is a Bézout domain if every finitely generated ideal of A is a principal
ideal, i.e., generated by a single element of A.
A ring A is hereditary if every ideal of A is a projective A-module.
A hereditary integral domain is called a Dedekind domain.
A ring A is a principal ideal domain if every ideal of A is generated by a
single element of A.

We shall give in [33] some examples of Priifer and Dedekind domains, as they
will play an important role in internal stabilizability. Coherent rings with small weak
global dimensions have been studied and classified largely in algebra [17, 39, 47].

THEOREM 3.4 (see [2, 39]). We have the following results:

1. Semihereditary rings and Prifer domains are coherent rings.
2. Hereditary rings and Dedekind domains are noetherian and, thus, coherent
TiNgs.
3. If A is an integral domain, then w.gl.dim(A) < 1< A is a Prifer domain.
4. If A is an integral domain, then gl.dim(A) <1< A is a Dedekind domain.
We have the following inclusions of rings:

Noetherian rings: Principal ideal domains C  Dedekind domains
N N N
Coherent rings: Bézout domains - Priifer domains

Ezample 3.2. The integral domains FE(k), k =R, C, and £ = E(R) N R(s)[e™?],
defined in Theorem 1.6, are Bézout domains and, thus, two coherent rings.
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PROPOSITION 3.5 (see [15, 47]). An integral domain with gl.dim(A) < 2 is
coherent.

General rings with w.gl.dim(A) = 2 are less understood [14, 17, 24, 47].

PROPOSITION 3.6 (see [1, 39]). If A is a coherent ring, then an A-module M is
coherent iff M is a finitely presented A-module.

DEFINITION 3.7. We call an A-system a system of the form Rz =0, where z is
a set of formal variables and R is a finite matriz whose entries belong to A.

From Proposition 3.6, we have the following corollary.

COROLLARY 3.8. If A is a coherent ring, then there is a one-to-one correspon-
dence between coherent A-modules and A-systems.

Proof. = Let 27 1Rij 2z =0, Rjj € A, i =1,...,q, be an A-system and
R = (R;j) € Myxp(A). Let us define the following A- morphlsm

R=A17 — AP
(@ :---:1ay) — (a1:---:aq)R.

If we note M = coker .R = AP/A? R, then we have the following exact sequence,
(3.4) A1 =B qr T,

and, by Proposition 3.6, M is a coherent A-module because A is a coherent ring.

< Let M be a coherent A-module. Using the fact that A is a coherent ring, by
Proposition 3.6, M is a finitely presented A-module, there exists an exact sequence
of the form (3.4), and, thus, M is defined by means of a system of equations of the
form Rz = 0. ]

3.3. Elementary algebraic operations. The next proposition shows that the
class (category) of finitely presented A-modules over a coherent ring A, i.e., coherent
modules, is invariant under elementary algebraic operations. First, let us notice that
any finitely generated submodule of a coherent module is also coherent.

PROPOSITION 3.9 (see [1, 39]). If two terms in the eract sequence

0— M —M-—M"—0

are coherent A-modules, so is the third one.

COROLLARY 3.10 (see [1, 39]). Let M, N, M' C M, M" C M be coherent A-
modules, ¢ : M — N an A-morphism, I a coherent ideal, and S a multiplicative set
of A. Then, we have the following:

M/M' M & N, M NM" M + M" are coherent A-modules.
ker ¢, im ¢, coker ¢, and coim ¢ are coherent A-modules.

M ®a N and homy (M, N) are coherent A-modules.

S~1 A is a coherent A-module.

IM ={3"_a;m;|a; €I, m; €I} is a coherent A-module.
anm(M)={a€A|aM = O} is a coherent ideal of A.

COROLLARY 3.11. Let A be a coherent ring and M a finitely presented A-module.
Then there exists a finite free resolution of M of the form (3.3).

Proof. Using Proposition 3.9, we prove by induction that every finite power A"
of A is a coherent A-module (take M = A", M’ = A"~1 M"” = A). The kernel of a
homomorphism d; between two coherent A-modules is a coherent A-module and, by
Proposition 3.6, is a finitely presented A-module. Then, the module of relations of R;
is finitely presented, and thus, M has a finite free resolution. 0

DEFINITION 3.12. Let M be an A-module with a projective resolution of the form
(3.2) and N another A-module. Then we have the following definitions:

S U W



282 A. QUADRAT

o The defects of exactness of

(3.5) - <Z homu(Fy, N) <2 homu(Fi, N) <2 hom(Fp, N) «—— 0,

where df is defined by d7 (f) = fod; for all f € homy(F;_1, N), depend only
on M and N and not on (3.2) and are called ext’, (M, N) (see [2, 29, 39]).
In particular, we have

eXt%(M7N) = kerd’l( = hOHlA(M, N)7
ext’y(M,N) = kerd;, /imd, i > 1.

o The defects of exactness of

(3.6) LW N g, By YER N, By YD N gy By — 0,

where idy ® d; is defined by (idy ® d;)(n ® m) = n ® d;(m) for alln € N,
for all m € F;, depend only on M and N and not on (3.2) and are called
tor (M, N) (see [2, 29, 39]). In particular, we have

tor(j‘(M, N) = coker (idy ® d1) = N ®4 M,
tor (M, N) = ker(idy ® d;) /im(idy ® di11), i > 1.

Remark 3.2. If M has a finite free resolution of the form (3.3), then (3.5) is
defined by --- &2 N2 F2o Ny Bl Nmo o () where Ry, : N7t — N™ is defined
by letting operate a column vector of length r;_;, whose entries belong to N on the
right of R;, to obtain a column vector of length r;, whose entries belong to N. We
have

ethA(M, N) = kerN(RHl.)/imN(Ri.) Vi Z 1.
Similarly, (3.6) becomes the complex - - - L VERL- VSR LN VRN 0, where
R; : N"" — NT"i-1 is defined by letting operate a row vector of length r;, whose

entries belong to N on the right of R;, to obtain a row vector of length r;_;, whose
entries belong to N and

tOI‘;»A(M, N) = kerN Rl/lmNRH_l Vi Z 1.

PROPOSITION 3.13 (see [2, 39]). We have the following results:
e extly (M,N)=0Vi>1, VN A—module < M is a projective A-module.
e tory(M,N)=0Vi>1,VN A—module < M is a flat A-module.
COROLLARY 3.14. If A is a coherent ring, and M and N are two coherent A-
modules, then exty (M, N) and tor?*(M, N) are coherent A-modules for i > 0. More-
over, ext'y (M, A) is a torsion A-module fori > 1.
Proof. Using the fact that exty(M, N) (resp., tor{(M, N)) does not depend on
the projective resolution of M, by Proposition 3.6 and Corollary 3.11, we choose a
finite free resolution (3.3) for M. By Proposition 3.9, hom 4 (F;, N) (resp., N ®4 F;) is
a coherent A-module, and thus, ker df and im df (resp., ker(idy ®d;) and im(id y ®d;))
are coherent A-modules. Finally, exty (M, N) (resp., tor? (M, N)) is also a coherent
A-module for i > 0 as a quotient of two coherent A-modules. The proof of the fact
that ext?y (M, A) is a torsion A-module is the same as that of Lemma 1 in [28]. 0
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DEFINITION 3.15. Let M be an A-module defined by a finite presentation:
FY%E M0

We call the transposed module! of M, the A-module T(M) = coker d} defined by

0 T(M) — Fr & gz,

Hence, if M = AP /A9 R, then the transposed module is T(M) = A9/R AP, where
the vectors of A? and AP are now column ones (duality). Using the fact that A is
commutative, we finally have T'(M) = A9/AP RT | where we use only row vectors.

If A is a coherent ring and M a coherent A-module, i.e., finitely presented A-
module, then T'(M) is also a coherent A-module because it is finitely presented.

Remark 3.3. We commit a little abuse of notation in denoting the transposed
A-module of M by T(M): coker d} depends on the particular choice of dy, i.e., on the
particular form of the system of equations chosen to represent the module. However,
we have (see [29]):

1. If R has full row rank, then T'(M) depends only on M and not on R.

2. If R does not have full rank, i.e., ker .R # 0, then coker d7 depends only on M
up to a projective equivalence [39], a fact which shows that ext’, (T'(M), N)
depends only on M and N for i > 1.

The next theorem shows how to characterize the module properties in terms of
the extension and torsion functors.

THEOREM 3.16. Let A be a coherent ring with w.gl.dim(A4) < n, M a finitely
presented A-module, and T (M) its transposed A-module. Then, we have

1. t(M) = ext! (T(M), A),

2. t(M) = tor{ (K /A, M),

3. M is torsion-free iff exty (T(M), A) =0,

4. M is reflezive iff ext’y (T(M),A) =0, i = 1,2,

5. M is projective iff exty (T'(M),A)=0,i=1,...,n.

Proof. The proofs of 1, 3, 4, 5 are the same as those given in [27, 28] for noetherian
rings: we just need to change finitely generated modules (resp., noetherian rings) into
finitely presented (resp., coherent) ones. See also the proof of Proposition 3.4 of [33].
For a proof of 2, see [39]. 0

Using Proposition 2.4, Lemma 2.3, and Theorem 3.16, we obtain an algorithm
which computes the closure A9 R of an A-module of the form A? R.

ALGORITHM. Input: A coherent ring A and R € Myx,(A). Output: R’ €
M,wp(A) such that A7R = A" R'.

1. Start with R € Mgy, (A).

2. Transpose R to obtain RT € M,y (A).

3. Find a family of generators of ker .RT = {\ € AP | ART = 0}. If {\1,..., A}
is a family of generators of ker.R”, then denote by R, € M,,x,(A) the
matrix whose ith row is ;.

4. Transpose RT, to obtain R_j € Mpx(A).

5. Find a family of generators of ker.R_; = {n € A? | nR_; = 0}. If
{n,...,n-} is a family of generators of ker.R_;, then denote by R’ €
M,»(A) the matrix whose ith row is 7;. We have A7 R = A" R, AP/A4R =
APR_;.

Do not confuse the notation of the transposed module T'(M) of an A-module M with the torsion
submodule t(M) of M.
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If R’ has full row rank, then A9 R = A" R’ is a free A-module. (See Example 3.4
for the explicit computations of the A-closure A% R of a certain A-module A? R.) To
finish, let us note that we can use the previous algorithm to check whether a transfer
matrix admits a weakly left/right/doubly coprime factorization (see Theorem 2.11).
Indeed, the previous algorithm allows us to have a precise description of the A-closure
of an A-module of the form A? R. However, checking whether such an A-closure is
free can be a very difficult algebraic problem (see, e.g., the proof of the Quillen—Suslin
theorem in [39]).

3.4. Coherent Sylvester domains.

DEFINITION 3.17 (see [6, 10]). A projective-free coherent domain with
w.gl.dim(A4) <2

is called a coherent Sylvester domain.

Ezample 3.3. A Bézout domain (e.g., E(k), £ by Theorem 1.6) and thus, a
principal ideal domain (e.g., RHo, by Theorem 1.6, k[s], with k a field) are coherent
Sylvester domains. More generally, A = B[z] is a coherent Sylvester domain iff B is a
Bézout domain [11] (e.g., A = Z[x], A = k[s][z] = k[s, z], with k a field, or A = BJz],
where B is the ring of all algebraic integers, i.e., the integral closure of Z in C; see
[39]).

DEFINITION 3.18. A ring A is regular if every finitely generated ideal of A has a
finite projective dimension.

THEOREM 3.19 (see [50]). A coherent regular domain A is a GCDD—every a
and b of A have a greatest common divisor [a, b|—iff every finitely generated projective
ideal of A is principal.

COROLLARY 3.202 A coherent Sylvester domain is a GCDD.

Proof. A coherent Sylvester domain is a projective-free coherent domain with
w.gl.dim(A) < 2 and, thus, a regular ring which satisfies that every finitely generated
projective ideal is free, i.e., is principal, because A is an integral domain. Then, the
result follows directly from Theorem 3.19. |

PROPOSITION 3.21. If A is a coherent Sylvester domain, then, for every A-module
M defined by a finite free resolution,

FY%E M0,

there exist a free A-module F| and two A-morphisms dy : F|{ — Fy and df : Fy — F]
such that di = d} o d and we have the following exact sequences:

(3.7) 0— F % By — MJHM) — 0,
(3.8) 0 — kerd;, — Fy 2 F — (M) — 0.

2We would like to thank Prof. W. Dicks for pointing out to us that this result is already contained
in Lemma 4.1 of [11].



(WEAKLY) DOUBLY COPRIME FACTORIZATIONS 285

Proof. We have the following commutative exact diagram:

0 0
! !
ker dY 0 t(M)
! ! !
0—kerdy— F % B & M —0
Lay I L
0— ket ¢ — Fy -2 M/HM) — 0,
! ! !
coker df 0 0
!
0

where ¢ = 7’om and df : F; — ker ¢ is induced by the identity homomorphism from Fy
to Fpand ' : M — M /t(M). An easy chase in the diagram shows that ker df = ker d;
and coker df = t(M). Now, let us prove that ker ¢ is a finite free A-module. M /¢(M)
is a coherent A-module over a coherent ring A [15] and, in particular, M/t(M) is a
finitely generated A-module. It is well known that M/t(M) can be imbedded into a
finitely generated free A-module F_; (see, e.g., [39] or [15]), and we have the following
exact sequence:

0— M/t(M) — F_1 — F_1/(M/t(M)) — 0.

Hence, we have the following exact sequence:

0 — ker ¢ —s Fy —25 F_y — Fy/(M/t(M)) — 0.

Using the fact that w.gl.dim(A) = 2, we then have pd 4 (Fy/(M/t(M))) < 2, and thus,
pd 4 (ker ¢) = 0 [2, 39], i.e., ker ¢ is a projective A-module, and thus, a free A-module
because A is a projective-free ring. ker ¢ is a finitely generated A-module because ker ¢
is a coherent A-module. (ker ¢ is the kernel of an A-morphism between two finite free
A-modules.) Thus, ker ¢ = F| = A" r € Z,, which gives (3.7) and (3.8). d

In the next corollary, we reformulate Proposition 3.21 in terms of weakly doubly
coprime factorizations. It generalizes to coherent Sylvester domains a result obtained
by Smith in [43] for H,(C,) (see section 3.5).

COROLLARY 3.22. If A is a coherent Sylvester domain, then every matriz P,
whose entries belong to K = Q(A), admits a weakly doubly coprime factorization.

Proof. If P € Mgy (p—q)(K), then we can define R = (dI; : —H) € Mgxp(A),
where d is the product of the denominators of the entries of P and H = dP €
Mgy (p—q)(A). By Proposition 3.21, there exist a full rank matrix R” € M,(A) and
a weakly left-prime full row rank matrix R = (D : —N) € Myxp(A) such that
R = R"R'. Thus, we have (dI, : —H) = R” (D : —N) and det R” # 0. Then, we
have

_ 2
{‘”q_R D =detD#0, = P=(dl,)""H=(R'D)""(R'N)=D""N.

H=R"N,

Dually, we have P = G (d1,_,)~', and thus, there exists a weakly right-prime ma-
trix R = (NT : DT)T such that B = (GT : (dI,_,)T)" = (NT : DT)T R
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Therefore, P = G (d1,_4)~' = (N R")(DR")~! = N D~! is a weakly right-coprime
factorization. O

To prove the next theorem, we shall need the next proposition due to Dicks.

PROPOSITION 3.23 (based on [12]). Let A be an integral domain. If, for every
finitely generated free A-module Fy and every finitely generated free A-submodule Fy
of Fy, the A-closure of Fy in Fy is a finitely generated free A-module, then A is a
coherent Sylvester domain.

Proof. Let K = Q(A), p, q € Z4, Fy = AP, and R be any matrix belonging to

Mpyxq(A). We have the exact sequence A9 BAP — ker.R — 0. Applying the
tensor product K® 4 to the previous exact sequence, we obtain the exact sequence (K

is a flat A-module) K1 LIy ¢ - K®aker .R «— 0. Therefore, K ® g ker .R is a K-
subvector space of K7, and thus, there exists a finite basis {e1, ... ,en,} of K@ sker .R,
where m = dimg (K ®4 ker.R) < p. Let us note e¢; = f;/d;, with f; € AP and
0+#d; € A, and let F} be the A-submodule of KP generated by {f1,..., fm}. Then,
F) is a free A-submodule of ker .R. Thus, F; C ker .R = ker .R, because ker .R is an A-
closed submodule of A?. Moreover, for every A € ker .R, we have A = 3" | a; e;, with
a; € K, and clearing the denominators of a; and e; = f;/d;, there exists 0 # a € A
such that a X € Fy, ie., A € Fy, and thus F; = ker.R C AP = F,. Then, by
hypothesis, ker . R is a finitely generated free A-module. Using the implication (v) =
(i) of Theorem 10 of [10] (namely, the annihilator of every matrix is free = A is a
coherent Sylvester domain), we obtain that A is a coherent Sylvester domain. ]

The next theorem characterizes the integral domains over which every transfer
matrix admits a weakly doubly coprime factorization.

THEOREM 3.24. We have the following equivalences:

1. Every multi-input multi-output (MIMO) plant admits a weakly doubly coprime
factorization.
2. A is a coherent Sylvester domain.

Proof. 1 = 2. Let Fy be any finitely generated free A-module, and suppose
that Fy = AP for a certain positive integer p. Let F} be any finitely generated free
A-submodule of Fj, and suppose that F} has rank gq. Taking a basis for Fj, then
there exists a full row rank matrix R € Mgxp,(A) such that we have F; = A7 R. We
can always suppose that R can be written as R = (D : —N), where D is a full rank
matrix. Then, by hypothesis, P = D~! N has a weakly doubly coprime factorization,
i.e., there exists a weakly left-prime matrix R’ = (D' : —N') € Myx,(A) such that
det D’ # 0 and P = D'"' N’. Then, by Lemma 2.6 and Theorem 2.11, we have
A? R = A? R’ and, using the fact that A7 R’ is a free A-module of rank ¢, we obtain
that F; = A4 R is a finite free A-submodule of Fy. From Proposition 3.23, it follows
that A is a coherent Sylvester domain.

2 = 1 was already proved in Corollary 3.22. O

3.5. An example: Ho(C,).

THEOREM 3.25 (see [23, 37]). If D is a finitely connected domain of C, then
H (D) is a coherent domain. In particular, if we denote the open right half-plane
by C+ = {s € C| Res > 0} and the open unit disc by D = {2z € C | |z| < 1}, then
Hoo(Cy) and Hy (D) are two coherent integral domains.

In the rest of this paper, we shall consider only the case D = D and, by extension,
D = C4. The proof of the coherence of Ho (D) is based on the following theorem,
which is a weak-* version of the Beurling-Lax theorem [25]. The condition on m is
given by point 2 of the lemma on the local rank (p. 44) and Remark (p. 45) of [25].
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THEOREM 3.26. Let R € Myy,(Hoo(D)), and let us define the Hoo (D)-morphism:

R: H.(D)» — Hy (D)1,
(ar:-:a,)7 — R(ar: - :ap)T.
Then, there exists R_1 € Mpyxm(Hoo(D)) such that
(3.9) ker R = R_y Hoo(D)™,
(3.10) (R_1(e!!)* R_1(e'%) = I, for almost every 6 € [0, 27),
(3.11) m =p —rank R,

where rank R is the number of Ho(D)-linearly independent rows of R.
COROLLARY 3.27. Let A= H (D). If M is a finitely presented A-module, then

pdy (M) < 2.

Proof. Let A = Hoo(D) and A? ~B, AP — M — 0 be a finite presentation of
M. Using Theorem 3.26, up to a transposition, there exists an r X g-matrix R; whose
entries belong to A such that we have the following exact sequence:

(3.12) 00— ker.Ry — A" I g0 B qv a0
From the exactness of (3.12), we obtain (see Definition 1.9 and Proposition 1.10)
rank (ker .Ry) 4+ rank M =r+p —q.

From the exact sequence 0 — im.R — AP — M — 0, we obtain rank M =
p — rank R. From (3.11), we have r = ¢ — rank R, and thus, rank (ker.R;) = 0,
i.e., ker.R; is a torsion A-module. However, ker.R; is a submodule of the free A-
module A%, and thus, ker.R; = 0 because a free module is torsion-free. Hence, every
finitely presented A-module M has a finite free resolution of length at most 2, i.e.,
pdy(M)<2. O

COROLLARY 3.28. Ho (D) has a weak global dimension 2, i.e.,

(3.13) w.gl.dim(H (D)) = 2.

Proof. Let A = Hy (D). Using Corollary 3.27 and the fact that every finitely
presented flat module is projective (see 3 of Proposition 1.4), then every finitely pre-
sented A-module M has a finite flat resolution of length at most 2, i.e., w.dim4 (M) =
pd 4 (M) < 2. Moreover, w.gl.dim(A) is attained by taking the supremum of the weak
dimension of finitely presented modules [14, 24], and thus, w.gl.dim(4) < 2. In
Example 4.3, we shall give a finitely presented torsion-free Ho,(C4 )-module which
is not projective (similar examples can be exhibited for D = D). Thus, we have
w.gl.dim(A) = 2. d

The next corollary follows directly from the fact that w.gl.dim(H (D)) = 2.

COROLLARY 3.29. H (D) is a reqular ring.

The following corollary was first proved in [46] for full row rank matrices.

COROLLARY 3.30. H. (D) is a projective-free integral domain.

Proof. Let A = Hy (D). Every finitely generated projective module is finitely
presented [2]. Hence, let us suppose that M is a finitely presented projective A-module

defined by a finite free resolution F 4, Fy — M — 0. Then, T(M) is a coherent
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A-module and, by Theorem 3.26, T'(M) has a finite free resolution of length 2 of the

form 0 «— T(M) «— Fy nl Ey & F*, «— 0. The fact that M is a projective
A-module implies that exty (T(M),A) = 0, i > 1 (see Theorem 3.16), and thus,
Fy 4, Fy Gz, F_; — 0 is an exact sequence; i.e., M = cokerd; = imdy; = F_; is a
free A-module. a

COROLLARY 3.31. Hy (D) is a coherent Sylvester domain and, thus, a GCDD.

The fact that Ho (D) is a GCDD was first proved in [36] (see also [43]).

Corollary 3.28 shows that, for any finitely presented A = Ho,(D)-module M,
we have ext%, (T'(M),A) = 0 for all i > 3. Hence, by Theorem 3.16, every finitely
presented A-module M satisfies only one of the three following possibilities: M has a
nontrivial torsion submodule, M is torsion-free but not free, or M is free.

FEzxample 3.4. In Example 2.1, we proved that the factorization P = D1 N,
defined by (1.3), of the transfer matrix (1.2) was not weakly left-coprime. Let us
notice that R = (D : —N) was obtained by clearing the denominators of P once all
its entries were written as quotients of (stable) elements of A = H(C,). Hence,
clearing the denominators of P does not generally lead to weakly doubly coprime
factorizations. In general, we need to use the algorithm developed at the end of
section 3.3 to compute a weakly doubly coprime factorization of a transfer matrix.
Let us compute a weakly left-coprime factorization of the transfer matrix (1.2).

1. Let us reconsider the A-module M = A*/A? R defined in Example 1.4. The
matrix R € May4(A) has full row rank, and thus, we have the finite free presentation

0— A2 a4t 0.
2. The transposed A-module T'(M) is defined by the exact sequence
0 — T(M) — A2 &2 4% ker BT — 0.
3. Let A= (A1: Aa: A3: M\g)T € ker .RT; then we have

oy, &)\3— (ﬁf =0,

(314) (s+1) S+1)
s—1
(é+1§ Az — (é+1) Ar=
By Corollary 3.31, A is a GCDD. The greatest common factor of and s+1 is 1;
thus, from the second equation of (3.14), we have
)\2 P M1,
{ (5+B 1 € A
M=)
Substituting A4 in the first equation of (3.14), we obtain
(s—1) A A3 s—1 2 =0 A by 2
(S+1) 1 — §+1) - (m) M1 - = A1 = (Q—‘rl) 3 + ( ) H1
because A is an integral domain and A;, u; € A. Finally, we have
s—1 2 e’
)\1 = (sl+1) p1+ (s+1) M2, (871)2 1 0 a1
Ao = D M A Aot Azt M) = (ur: o) se—tls s+1 X s+1 )
Az = pa2, st1 0 0

)\4 = §§+B M1,
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If we call the matrix in the second member RT, then we have the following exact
sequence:

(3.15) 0 T(M) — A2 & TR 0.

Moreover, if we note = (uy : p2), then, from A = pu RT, we have

=57 £

{ M1:2)\2+>\47 : RT15T1:IQ:>S_1R_1:IQ.

M2 = )‘37

— o NN O
O = O O

4. Dualizing (3.15), we obtain the following complex:
0— A2 B gt il g2 g,
Therefore, we have

ext! (T(M),A) =ker.R_1 /AR,
ext? (T(M),A) = A2/A* R_;.

From S_; R_; = I, we deduce that for all £ € A2, the element n = £S_; € A is
such that £ =nR_1, i.e., A* R_; = A? and thus, ext? (T (M), A) = A2/JA*R_, = 0.
5. Ifn=(n1: n2: n3: ng) € ker .R_1, then we have

(3.16)
s—1 1 (571) o — _i ,
(ﬁ) m + ) 2 + (5¥1D) N4 =0, N 3 (s+1) Uit
(s—1) (s—1) _ 1
oM+ =0, (s+1) ((sﬂ) ot ’74) = TG 2
Using the fact that the greatest common factor of 275 and p +1 is 1, we then have:
o =1, (1 €4,
N3 = —15 m,
W D ny = 2;1 G, G2 € A, ,
(316)@ 7]22 (s+1) <23 CQEA <~ @UZCRa
(s—1) 3 = *@ (1,
D M+ =~y G _ (=)

Na = (s+1) Cl s+1) CQ’

where ¢ = ({1 : (o) and the matrix R’ € Myx4(A) is defined by

e * s—1

(3.17) R = < b0 T e )
0 =1 _ 1
s+1 s+1

Thus, we have A2 R = A2 R’, and R’ has full row rank. Hence, A2 R is a free A-module
of rank 2, and, by Theorem 2.11, the transfer matrix P defined by (1.2) admits the
following weakly left-coprime factorization:

e ® s—1 -1 e ® s—1
. 1 .
0 sil 0 s+1 0 sil
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Moreover, using the fact that R’ has full row rank, we have the exact sequence
(3.19) 0 A2 B gt g2 g

and

t(M) = ext! (T(M), A) = A2R'JA% R
{ M/t(M) = A*/A2 R' = A*R_; = A2

From t(M) = A2 R'/A% R, we obtain that the class of (1 : 0) R’ in t(M) is the
torsion element z; = y; — ﬁ Uy Es +1; us, which satisfies §5+ 1; z; = 0. Similarly,
the class zy of (O 1) R in t(M) is the trivial torsion element 0 because we have
29 = % Yo — (s+1) ug = 0. Thus, M is not a torsion-free A-module and M/¢(M) is
a free A-module of rank 2. Finally, we have

s—1 0 (s—1)e™* s—1 2 s—1 0 1 0 e~ ?® _s—1

s+1 T (s¥1)? - (s+1> — < s+1 > 1 (s+1) lerl .

S R L RAL R

Remark 3.4. For the sake of simplicity, we have treated here just a simple ex-
ample. Simple computations, which do not require the algorithm developed in sec-
tion 3.3, can easily give the weakly left-prime matrix (3.17) and, thus, the weakly
left-coprime factorization (3.18) of (1.2). However, for more general systems (see,
eg., P = (ﬁ : (:’ 1) -)T [32, 35]), it becomes more difficult to guess a weakly
left-coprime factorization, and thus, we really need the algorithm to obtain weakly
left /right /doubly coprime factorizations.

4. Doubly coprime factorizations.

4.1. Left-coprime factorizations and stably free modules. Let us intro-
duce the concept of a splitting exact sequence.

DEFINITION 4.1 (see [2, 39]). An exact sequence 0 — M’ LM M — 0
is a splitting exact sequence if one of the following equivalent assertions is satisfied:
e there exists an A-morphism h: M" — M such that go h = id,
e there exists an A-morphism k : M — M’ such that ko f = idM/

o there exist¢:(§):M—>M'€BM” and ) = (f : h): oM — M
such that ¢ o = idypgur and Y o ¢ = idyr, where 1dM( ) = m, for all
m € M.

PROPOSITION 4.2. We have the following results:
1. (see [2,39]) Let R € Myxp(A) be a full row rank matriz. Then, the A-module
M = AP /A R is stably free iff the exact sequence

(4.1) 0— AL 4 —0
is a splitting exact sequence, i.e., iff there exists S € Mpyq(A) such that
(4.2) RS =1,

2. (see [19]) Let R € Myx,(A) be a full row rank matriz and M = AP JA? R the
corresponding A-module. Then, M is stably-free iff

T(M) = A1/A? RT = 0.
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Ezample 4.1. Let us consider the full row rank matrix R’ € Mayx4(A) defined
by (3.17) and A = H.(C,). By point 1 of Proposition 4.2, R’ admits a right-
inverse S’ € Myxa(A) iff the A-module M’ = A*/A% R’ is stably free, i.e., iff the
A-module T(M') = A2/A*R'" = 0 by point 2 of Proposition 4.2. The A-module
T(M') = A%2/A* R'" is defined by the following equations:

)\1 = 03
(1) A\, =0
s 2 =Y,
(4.3) e
G
(s—1) 1 _
M T e A2 =0

If we put a second member g = (1 : po : p3 @ pa)’ in (4.3), then we have

)‘1 = M1,
No = =2 &5 i + 2 — 2,

which proves that, from (4.3), we can deduce that \y = A2 =0, i.e., T(M') = 0 and
M’ is a stably free A-module. A right-inverse S’ of R/, i.e., R’ S’ = I, is defined by

(s—1)
1 28

(4.4) 5= 8 (1) € Myys(A).
0 -2

Let us give the definition of the fitting ideals of a finitely presented A-module M.
DEFINITION 4.3 (see [13]). Letd : Fy — Fy be an A-morphism between two finite
free A-modules Fy and Fy. If we choose bases for Fy and Fy (Fy & AP, Fy} = A1),
then d is defined by a matriz R € Mgy, (A).
o We denote by I;(R) the ideal of A defined by
— all the i X i minors of R if 1 < i < min{p,q, },
— Li(R) =0 if i > min{p, q},
— L(R)=Aifi<0.
o Let us define the A-module M = cokerd, i.e., M = AP /A% R. The ith fitting
ideal Fitt;(M) is the ideal of A defined by I,,_;(R). Fitt;(M) does not depend
on the choice of the finite free presentation of M.
e We denote by I(M) the first nonzero fitting ideal Fitt;(M) of M.
PROPOSITION 4.4 (see [13]). Let M be a finitely presented A-module. Then, we
have the following:
o M is a projective A-module of rank r iff Fitt,. (M) = A and Fitt,_1(M) = 0.
e M is a projective A-module of a certain rank iff I(M) = A.
Ezxample 4.2. Let us reconsider Example 4.1. We have

FittQ(M/) _ Fittl(M/) -0, Fittg(M’) _ (3 -1 1 e (S - 1) e )

s+17s+1"(s+1)2" (s+1)2

We can check that 1 = ‘;_ﬂ + s_%l € Fitta(M'), and thus, Fitte(M') = A; ie., M’ is
a projective A-module of rank 2 by Proposition 4.4.
The next proposition characterizes the projective modules over Banach algebras.
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ProrosITION 4.5. If A is a Banach algebra which is an integral domain without
radical, i.e., VA ={a € A|lim, .| ||a"||114/n =0} =0, then a full row rank matriz
R € Myx,(A) defines a projective A-module M = AP /A9 R iff rk(R(x)) is a constant
function on the maximal ideal space X(A) of A (see [16, 49]), where R denotes the
Gelfand transform of R (see [16, 49]), or, equivalently, iff

inf Ri(x)| > 6> 0,
XGX“‘MGZI' 9]

where (Ri)iel is the family of the g x ¢ minors of R.

Proof. Using the fact that the maximal ideal space X (A) of a Banach algebra is a
Hausdorff compact set and A has only two idempotent elements 1 and 0, then, by the
Shilov theorem [16], X (A) is a connected space. By the Swan theorem [45], any vector
bundle over X (A) is in one-to-one correspondence to a projective module over the ring
of continuous functions C'(X(A)) on X (A). The fact that X (A) is a connected space
implies that the rank of any vector bundle over X (A) is globally constant. Finally,
using the fact that A is without radical, by the Gelfand transform [16], any matrix
whose entries belong to A can be seen as a matrix whose entries belong to C'(X(A)).
Hence, we find that M is a projective A-module iff rk(R(x)) is a constant function
on X (A). |

Ezample 4.3. Ho(C4) and A are two integral domains which are Banach algebras
without radical. We can use Proposition 4.5 to check whether or not an A-module
is projective. For A = H.,(C), we can use the fact that C, is dense in X (A) (by
the Corona theorem; see [25]) in order to take y only in C. instead of the whole
X(A). Similarly, for A = A, we can restrict the evaluation of infyexca) D icr |R;(x)]
to x € Cy, where C; = {s € C| Res > 0} (see [3, 8]).

s

o Let A = H(Cy). Let R = (:_} : Se:rl) € Mix2(A) and the A-module

M = A?2/AR. Then, M is a projective A-module (i.e., free because A4 is a
coherent Sylvester domain) because we have
)=o.

inf
seCq

We can check that we have the following Bézout identity:

s—1 1—e (=D e s
142 | —— 2 =1
(8+1><+ ( s—1 )>+ e(s—i—l)

e Let A= H,(C,). The matrix R = (54%1 : e %) € Myx2(A) does not define

a projective A-module M = A%/A R because we have

1
inf( ‘+68|)0.
seCq S+1

Indeed, if (2, )nez, is a sequence of strictly positive real numbers tending to
+00, we check that lim, ., | | =0 and lim,,—, 1o |e"®"| = 0. However,

—S

e
s+ 1

s—1
s+ 1

1
Tn+1
the greatest common divisor of ﬁ and e™* is 1, and thus, R is a weakly left-

prime matrix by Proposition 2.2 and Corollary 3.31; i.e., M is a torsion-free
(see Corollary 2.5) but not free A-module.
DEFINITION 4.6. Let A be an integral domain and K = Q(A) its field of fractions.
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o A transfer matriv P € Mgy (p—q)(K) admits a left-coprime factorization if
there exists a matrix R = (D : —N) € Myxp(A), with det D # 0, such that
P =D7'N and R has a right-inverse S = (X7 : YT)T' € My, (A), i.e.,

RS=DX-NY =1,

o A transfer matriz P € Mgy p—q)(K) admits a right-coprime factorization if
there exists a matriz R = (NT : DT)T ¢ M,y (p—q)(A), with det D # 0, such

that P = N D~' and R has a left-inverse S = (=Y : X) € Mp—qyxp(A),
i.€e.,

SR——VN+XD=1,,

PROPOSITION 4.7. Let P = D"'N = ND™! ¢ Mgy (p—q)(K) be a transfer
matriz, where R= (D : —N) € Myx,(A) and R= (NT : DT)T' € M,y (p—g)(A). Let
us define the A-modules M = AP JAY R and M = A?JAP=1 RT. Then, we have

1. P admits a left-coprime factorization iff A9 R is a free A-module of rank q
and M/t(M) = AP/A9 R is a stably free A-module.

2. P admits a right-coprime factorization iff Ap=4 RT is a free A-module of rank
p—q and M/t(M) = AP JAp=a RT is a stably free A-module.

Proof. 1. = Let us suppose that P admits a left-coprime factorization of the
form P = D'~" N’, where the matrix R’ = (D' : —N’) € M ,(A) has right-inverse
S = (X’T : Y’T)T € Mpxq(A). In particular, R’ is weakly left-prime and, by
Lemma 2.6, we have A? R = A? R’. Moreover, R’ is a full row rank matrix, and thus,
AYR' = A1 R is a free A-module of rank q. We have the exact sequence

(4.5) 0— A7 B AP M/t (M) = APJATR — 0.

Using the fact that R’ has a right-inverse S’, we obtain that (4.5) splits, and thus, we
have AP = A1 & M /t(M); i.e., M/t(M) is a stably free A-module.

< Let P = D™' N be such that A9 R is a free A-module of rank ¢ and the A-
module M/t(M) = AP /A4 R is stably free. Using the fact that A9 R is a free A-module
of rank ¢, there then exists a weakly left-prime matrix R’ = (D' : —N') € Myx,(A)
such that A7R = AR’ and P = D'~ N’. Then, we have the exact sequence (4.5),
which splits because M/t(M) = AP/A? R’ is a stably free A-module, and thus, there
exists §” = (X' . V') € My y(A) such that D' X' —=N'Y' = I, i.e., P=D'"' N’
is a left-coprime factorization of P. Part 2 can be proved similarly. |

Ezample 4.4. In Example 3.4, we proved that A2 R = A? R’, where R (resp.,
R’) is defined by (1.6) (resp., (3.17)), is a free A-module of rank 2. Moreover, in
Example 4.1, we proved that M/t(M) = A*/A% R’ is a stably free A-module. Hence,
from point 1 of Proposition 4.7, we deduce that (3.18) is a left-coprime factorization
of the transfer matrix (1.2). Finally, using S” obtained in Example 4.1, we obtain

e * s—1 -1 e s—1
P = ( s+1 s+1 ) — ( 1 0 ) ( s+1 s+1 )
1 s—1 1 ’
0 s—1 0 s+1 0 s+1
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Ezample 4.5. Let us consider the example defined in [49, p. 349]. Let us consider
the integral domain A = Rtg, t1,t2]/(t3 417 +t3—1) of polynomials on the unit sphere
of R3. Let x; be the class of ¢; in A. We have A = R[xg, 1, 72] with the relation
23 + 22 + 23 = 1. Tt is shown in [20, p. 32] that A is a unique factorization domain
(UFD) [39], and thus, A is a GCDD.

Let us consider P = —(z1/xo : x2/x0) € Mix2(K) with K = R(zg, z1,22). We
have P = —x5' (z1 : x2) and, if we define R = (zg : @1 : x3) € A%, then we have
RRT = 1. Thus, AR = AR is a free A-submodule of rank 1, and M = A3/AR
is a stably free A-module, which proves that P admits a (normalized) left-coprime

factorization. Moreover, we have P = —(z1 : x3) (v5"' I2). Let us define the matrix
- —T1 —T2
R = X0 0 S M3><2(A)
0 i)

and the corresponding A-module M = A3/A? RT. We easily check that Fitto (M) = 0
and Fitt (M) = (xox1, 2022, 23). Thus, z¢ is a greatest common factor of all the
2 x 2 minors, which, by Proposition 2.2, proves that R” is not weakly left-prime, i.e.,
the A-module M, defined by the equations

—x1yo + Toy1 =0,
—T2%Yo +Toy2 =0,

has a nonzero torsion submodule. We easily check that z = —x3 y; + 71 y2, satisfying
20z = 0, defines the torsion submodule of M. Therefore, A2 RT is not A-closed, and

we have M /t(M) = A3 /A3 ]:E’T7 where B is defined by

5 —x1 Zo 0
R = —T9 0 Zo S Md(A)

0 —T2 X1

We have Fitto(M /t(M)) = 0 and 23,23, 23 € Fitt, (M /t(M)) = 1 € Fitty (M /t(M)),
and thus, by Proposition 4.4, M/t(M) is a projective A-module of rank 1. However,
a projective module of rank 1 over a UFD is free (see [20, 45]), and thus, M /t(M) is
a free A-module of rank 1: w = zgyg + T1y1 + T2 Y2 is a basis of M/t(M) because
we have y; = z;u for i = 1,...,3. Thus, we obtain that M /t(M) = A3 RT = A.
Moreover, by Proposition 2.8, we know that ker .RT = A2 RT = A3R/ T. However,
it is well known that ker.R” is a stably free but not a free A-module [20, 49]. By
Proposition 4.7, P does not admit a right-coprime factorization.

COROLLARY 4.8. Let P=D"'N=ND"'¢ Mgy (p—q)(K) be a transfer matriz,
where R = (D : —N) € Myxp(A) and R = (NT . DT)T ¢ My (p—q)(A). Let us
define the A-modules M = AP /AY R and M = AP /AP=% RT. Then, we have

1. P admits a left-coprime factorization iff M /t(M) = AP/AP=4 RT is a free
A-module of rank q.

2. P admits a right-coprime factorization iff M/t(M) = AP/AI R is a free A-
module of rank p — q.

Proof. 1. = Let us suppose that P admits the left-coprime factorization P =
D'"' N’ where R’ = (D' : —N’) € Myx,(A) has a right-inverse S’. Then, A9 R =
A% R’ is a free A-module of rank ¢, and thus, M/t(M) = A?/A? R/, i.e., we have the
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following exact sequence:
0— A7 & 4p — M/t(M) — 0.

By Proposition 4.2, this exact sequence splits, and thus, AP R’ T pa, Finally, by
Proposition 2.8, we now have M /t(M) = APR'" = A4,

<« Let us suppose that the A-module M /t(M) is a free A-module of rank q. t(M)
is a torsion A-module, and thus, we have (t(M))* = 0. Hence, dualizing the exact
sequence 0 — t(M) — M — M /t(M) — 0, we obtain M* = (M /t(M))* = A,
By Proposition 2.8, we know that M* = ker.R = A9 R, and thus, A9 R is a free A-
module of rank ¢. Moreover, by Proposition 1.9 of [33], A R is a projective A-module
because so is M /t(M). Thus, the exact sequence 0 — ker .R — AP — AP R — 0
splits, and we obtain that AP 22 AP R & ker .R. However, by Proposition 2.8, AP R =
M/t(M). Thus, we have AP = M /t(M) & A%; i.e., M/t(M) is a stably-free A-module.
Then, by Proposition 4.7, P admits a left-coprime factorization. Point 2 can be proved
similarly. ]

Ezxample 4.6. Let us reconsider the system defined in Example 4.5. We proved
that the A-module M /t(M) is a free A-module of rank 1, and thus, by Corollary 4.8,
P admits a left-coprime factorization. Moreover, it is known that M/t(M) = M is
a stably free but not a free A-module [20, 45], i.e., P does not admit right-coprime
factorizations.

4.2. Doubly coprime factorizations and free modules. The following re-
sult characterizes generalized Bézout identities in terms of free A-modules.

PROPOSITION 4.9. Let M = AP /A9 R be an A-module defined by a full row rank
matriz R € Myxp(A), i.e., by the following finite free resolution:

(4.6) 0— A7 -5 4r — M — 0.

Then, M is a free A-module iff there exist three matrices R_1,S_1, and S such that
we have the following splitting exact sequence,

R R

0— A9 — AP — APT1 — (),
(4.7) 5 1
- —

or equivalently, iff we have the following generalized Bézout identities:
. R
0 (S R1) (51 )zfp,
. R _(1; O _
o ()05 w5 )

Proof. = The A-module M is free, and thus, there exists a p x (p — ¢) matrix
R_; with entries in A such that the exact sequence (4.6) has the form

0 — A9 =B, gp Bl pp—a
This exact sequence finishes by the free A-module AP~9, and thus, by Proposition 4.2,

it splits; i.e., there exists a (p — ¢) x p matrix S_; such that R_; S_1 = I,_4. By the
equivalences of Definition 4.1, we have the Bézout identities (i) and (ii).
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< If we have the splitting exact sequence (4.7) or, equivalently, the Bézout iden-
tities (i) and (ii), then M = AP R_; = AP~9 ie., M is a free A-module of rank
p—gq O

DEFINITION 4.10. A transfer matriz P € Mgy (p—q)(K) admits a doubly coprime
factorization if there exist (D : —N) € My, (A), (NT : DT)T ¢ My (p—q)(A),
(X7 YT)T € Mysq(A), and (=Y : X) € M,_g)xp(A) such that

e P=D'N=ND,
® (fDYi)éV) (if(g) =1,
c (X5 (B =1, N o

THEOREM 4.11. Let P=D'N=ND"', R=(D: —N), R=(NT: D),
and the A-modules M = AP /A" R and M = AP /AP~9 RT. Then, P admits a doubly
coprime factorization iff M/t(M) and M /t(M) are free A-modules of rank p — q
and q.

Proof. = If P admits a doubly coprime factorization, then P admits left and
right-coprime factorizations, and thus, by Proposition 4.8, the A-modules M /t(M)
and M /t(M) are free A-modules of rank, respectively, p — ¢ and q.

< By Proposition 4.8, there exist a left and a right-coprime factorization of P:

o lay it Dlg(jNIE/:NLP
P=D N =N'D" | {—Y’N’—FX’D’:Ip_q.

From P=D'"'N' = 1\7’15’_1, we deduce that (D’ : —N’)(g:) = 0. If we take

X' =X+NX¥'X-X'Y),
Y=Y +D (Y'X -X'Y),

_ ~ =1
we can easily check that P = D’ 'N'=N'D'"isa doubly coprime factorization:

D' —N\ (X' N X" N\ (D -N
<_f/ X/ ) (Y/ D') = I:D’ <Y/ ﬁ/) (_}7/ X/ > = IP' a

Using Proposition 2.8, we obtain the following corollary of Theorem 4.11.

COROLLARY 4.12. Let P = D"'N = ND ! ¢ Myx(p—q)(A) be a transfer
matriz, R= (D : —N) € Myx,(A), and R = (NT: DT)T ¢ My (p—q)(A). Then, P
admits a doubly coprime factorization iff the A-modules AP R and AP RT are two free
A-modules of rank, respectively, p —q and q.

This corollary was first proved in [44]. We have the following corollary of Propo-
sition 4.12, which was first obtained in [49].

COROLLARY 4.13. A SISO plant, defined by p = n/d (0 # d, n € A), admits a
coprime factorization iff the ideal I = (n, d) of A is principal.

Proof. By Proposition 4.12, p = n/d has a coprime factorization iff the A-module
I = A%2RT = (d, n) is free of rank 1, where R = (d : —n) € Mix2(A). Using the fact
that A is an integral domain, I is a free A-module iff [ is a principal ideal. ]

The next corollary of Proposition 4.7 was first proved in [49].

COROLLARY 4.14. If A is a Hermite ring, then every transfer matriz P with
a left-coprime (resp., right-coprime) factorization admits a doubly coprime factoriza-
tion.

Proof. Let P = D™!' N be a left-coprime factorization of the transfer matrix P,
where R = (D : —N) € Myx,(A). By Proposition 4.7, the A-module M = AP/AIR
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is stably free. Using the fact that A is a Hermite ring, then M is free, and the result
follows directly from Corollary 4.8, and similarly for right-coprime factorizations. O

Example 4.7. In Example 4.4, we proved that the transfer matrix P defined
by (1.2) admits a left-coprime factorization. Using the fact that A = H.(Cy) is
a coherent Sylvester domain and, in particular, a Hermite ring, by Corollary 4.14,
we know that P admits a doubly coprime factorization. In fact, we have already
done all the computations to obtain a right-coprime factorization of P. Indeed, we
proved that (3.19) is an exact sequence, and thus it splits. Hence, using the matrices
R, = (NT : DT)T S M4><2(A) and S_; = (—Y/ : X) € M2X4(A>, defined in
Example 3.4, we obtain the following right-coprime factorization of P:

. (‘H)Q ( 0 1)1
P:ND_1: s+1 s+1 ,

s—1
L0 sr1 0
1 2 —
0 —2 (511) pm <0 1)(0 1>
- ° ° + s—1 = Ia.
(0 0 ) 1 0 10 o1
s+1

THEOREM 4.15 (see [49]). The following assertions are equivalent:
1. every MIMO plant admits doubly coprime factorizations,
2. every SISO plant admits coprime factorizations,
3. A is a Bézout domain.

Proof. 1 = 2 is trivial. 2 = 3 is given by Lemma 4.13.

3 = 1. If Ais a Bézout domain, then every A-module M = AP/A? R, defined
by a full row rank matrix R = (D : —N) € Myx,(A), is such that M/t(M) is a free
A-module. Moreover, a Bézout domain A is a coherent Sylvester domain, and thus, by
Proposition 3.21, there exists a full row rank matrix R’ = (D’ : —N') € Myx,(A) such
that M/t(M) = A?/AY R’ and P = D' N = D'~ N’. Finally, using Proposition 4.9,
we obtain that P admits a doubly coprime factorization. 0

Conclusion. We hope we have convinced the reader that the reformulation of the
fractional representation approach to analysis problems within the algebraic analysis
framework allows us to obtain some new results. These results will be used in the
second part of this work [33] to obtain necessary and sufficient conditions for internal
stabilizability and to determine the class of rings A over which every plant is internally
stabilizable. For the sake of simplicity, we have treated only the case of integral
domains, but all the results are still valid for general rings: we need only to slightly
change some definitions (e.g., K = Q(A4) = {a/b|a € A, be A\ Z(A)}, where Z(A)
is the set of the nonzero divisors of A, t(M)={m € M |Ja € A\ Z(A) : am = 0},
etc.).
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