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STRONG LINEARIZATIONS OF RATIONAL MATRICES*

A. AMPARANT, F. M. DOPICO¥, S. MARCAIDAT, AND I. ZABALLAT

Abstract. This paper defines for the first time strong linearizations of arbitrary rational ma-
trices, studies in depth properties and characterizations of such linear matrix pencils, and develops
infinitely many examples of strong linearizations that can be explicitly and easily constructed from a
minimal state-space realization of the strictly proper part of the considered rational matrix and the
coefficients of the polynomial part. As a consequence, the results in this paper establish a rigorous
foundation for the numerical computation of the complete structure of zeros and poles, both finite
and at infinity, of any rational matrix by applying any well known backward stable algorithm for
generalized eigenvalue problems to any of the strong linearizations constructed in this work.

Key words. linearization, minimal polynomial system matrix, nonlinear eigenvalue problem,
rational matrix, strong block minimal bases linearization, strong linearization

AMS subject classifications. 65F15, 15A18, 15A22, 15A54, 93B18, 93B20, 93B60

1. Introduction. Given a nonsingular rational matrix G(\) (i.e., a matrix whose
entries are rational functions) the rational eigenvalue problem (REP) is to find scalars
A and nonzero vectors x satisfying G(A\)z = 0. The scalars A and the vectors x are
called, respectively, eigenvalues and eigenvectors of the rational matrix G(\). The
REP arises in many applications, either directly [30] or as approximation of other
nonlinear eigenvalue problems [18], and several approaches can be used to solve it.
Actually, in [30] a new method for solving numerically the REP is given based on the
fact that any rational matrix G(\) can be uniquely written as the sum of a polynomial
matrix and a strictly proper one. The method consists in applying any well established
algorithm for computing the eigenvalues of a linear pencil [17] to a pencil constructed
out of a linearization of the polynomial part of G(\) and a realization of its strictly
proper part, which preserves the finite zeros of G(X). This method has been formalized
and generalized in [1] where a precise definition of linearization of a square rational
matrix is given.

The linearizations defined in [1] reflect the finite structure of rational matrices
but no evidence is given that they preserve also the infinite structure. The main goal
of the present paper is to provide a new definition of linearization of rational matrices
that both: preserves the finite as well as the infinite poles and zeros of the original
matrix and generalizes in a natural way the notion of strong linearization of matrix
polynomials. We emphasize that this goal will be achieved in the general context of
arbitrary rational matrices, i.e., square or rectangular, regular or singular, in contrast
to the references [1, 30] which only consider square matrices. In addition, infinitely
many of such linearizations will be explicitly constructed.

The definition of strong linearization is based on the following property of the
minimal polynomial system matrices of a rational matrix G(\) established by Rosen-
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brock [28] (see Theorem 2.3): under very mild conditions if

AN B
PO = {—cw D(A)]

is a minimal polynomial system matrix giving rise to G(A) (i.e., G(A\) = D(A) +
C(A)A(N)"1B())) then the finite poles and zeros of G(\), counting with multiplicities,
are the finite zeros of A(\) and P(\), respectively, counting with multiplicities. With
this property in mind, a linear pencil L()\) is said to be a linearization of G(\) if it
is a minimal polynomial system matrix of a rational matrix G(A) such that, for some
nonnegative integers si,ss, Diag(G(\),I,,) and Diag(G(\), I,,) are equivalent via
unimodular polynomial matrices. This is Definition 3.2 which looks very much like the
standard definition of linearization of polynomial matrices [16, 22, 24, 10]. It can be
extended to preserve also the poles and zeros of G()) at infinity leading to the concept
of strong linearization (Definition 3.4). We will see that when G()) is polynomial
Definition 3.4 reduces to the definition of strong linearization of polynomial matrices.

Notions well-established in the theory of linear systems like polynomial system
matrices, realizations, Smith-McMillan forms (finite and at infinity), strict system
equivalence, and transfer function matrices play an important role in this paper.
They will be reviewed in Section 2. In contrast with [1], polynomial system matrices
of least order, or minimal, are relevant in our developments because the eigenvalues
of the REP G(A)x = 0 are the finite zeros of G(\) that are not finite poles, which
leads to look for linearizations that preserve the poles of G(A) (with their partial
multiplicities) but that do not incorporate spurious ones. See item 2 of Remark 3.3.

The definitions of linearization, weak and strong, are formally given in Section 3
where, among other things, it is proved that for polynomial matrices these definitions
reduce to the usual ones. A spectral characterization of strong linearizations in the
spirit of [10, Thm. 4.1] is provided in Subsection 3.1.

In view of the definition of strong linearization, it is important to determine when
two polynomial system matrices give rise to rational matrices that are equivalent via
unimodular matrices and also equivalent at infinity. This motivates to introduce the
concepts of transfer system equivalence and of transfer system equivalence at infinity
in Section 4. For a given rational matrix G(\), these equivalence relations give us
the precise amount of freedom to obtain strong linearizations out of any polynomial
system matrix whose transfer function matrix is G(\). Moreover, these equivalence
relations allow us to obtain the practical characterization of strong linearization in
Corollary 4.12. This corollary is used in Section 5 for constructing explicitly infinitely
many strong linearizations of any rational matrix from any strong block minimal
bases linearization of its polynomial part [12, Def. 3.1] and any minimal state-space
realization of its strictly proper part. There exist infinitely many strong block minimal
bases linearizations of any matrix polynomial, including Frobenius companion forms,
all Fiedler linearizations [13, 6, 9] modulo permutations, and all block Kronecker
linearizations [12, Def. 5.1]. Thus, we construct in this way a very wide class of strong
linearizations of arbitrary rational matrices. Examples are provided in Subsection 5.3.
The main conclusion of this work and possible lines of future research are discussed
in Section 6.

We emphasize that, although the general definition and theory developed in this
work are new to the best of our knowledge, the idea of constructing pencils that contain
the complete finite and infinite structure of poles and zeros of rational matrices, as
well as their minimal indices, has been considered before in the literature. Some



STRONG LINEARIZATIONS OF RATIONAL MATRICES 3

examples can be found, for instance, in the classical reference [32].

2. Preliminaries. In this section we review the basic notions of linear system
theory that we will use in the subsequent sections. Our basic references are [28, 21, 33].

Although for practical purposes the rational matrices of interest are those whose
elements have real or complex coefficients, the results in this paper are of algebraic
nature and apply for matrices with coefficients in arbitrary fields. Thus F will denote
any arbitrary field, F[A] the ring of polynomials with coefficients in F and F(\) the
field of rational functions, i.e., quotients of coprime polynomials of F[A]. A rational
function r(\) = % is said to be proper if deg(n(\)) < deg(d())), where deg(-)
stands for degree. If deg(n())) < deg(d())) then r(X) is called strictly proper. Let
F(A)P*™ be the set of p x m matrices with elements in F(A). Any rational matrix
G(A) € F(A\)P*™ can be written as

(1) G(A) = DY) + C(NAN) B,

for some nonsingular matrix polynomial A(X) € F[A]"*" and matrix polynomials
B(X) € FA™*™, C(A) € F]A]P*™ and D(\) € F[A]P*™ with n > deg(det A(X)) (see
[28]). The matrix polynomial

A(A) - B(A)
(2) P(/\) = {—C()\) D()\)]

is called a polynomial system matriz of (or giving rise to) G(A). Then G(]A) is called
the transfer function matriz of P(\) and deg(det A(\)) is its order. When A(\) is
a monic linear matrix polynomial, say A(A) = AI,, — A, B(A\) = B and C(\) = C
are constant matrices, P(\) is said to be a polynomial system matrix of G(\) in
state-space form.

The integer n or the polynomial matrices of (1) are not uniquely determined
by G(A). It turns out that different polynomial system matrices may exist with
different orders giving rise to the same transfer function matrix. For example, for
any nonsingular polynomial matrix A(A), the rational matrix (1) can be written as

follows:
G =DM +[C() 0] [AE))\) X?A)]l {BE)A)}'

A polynomial system matrix of G()) is said to have least order, or to be minimal,
if its order is the smallest integer for which matrix polynomials A(\) (nonsingular,
with size n x n, n > deg(det A(X))), B(A), C()\) and D(A) satisfying (1) exist. The
least order is uniquely determined by G(\) and is denoted by v(G(\)). It is called
the least order of G(\) (|28, Ch. 3, Sec. 5.1] or [33, Sec. 1.10]). Let us recall two
equivalent conditions that characterize when the polynomial system matrix in (2) has
least order:

(i) A(M\) and B(\) are left coprime and A(A) and C()\) are right coprime.

(ii) (A4, B) is controllable and (A, C') is observable assuming that P()) is in state-

space form.

The meaning of these conditions is well-known in the theory of linear control systems.
Ouly property (i) will be analyzed: Two polynomial matrices A(\) € F[A]P*", B(X) €
F[A]7*™ are called right coprime if their only right common divisors are unimodular
matrices (polynomial matrices with nonzero constant determinant). That is to say,

if there exist A(\) € F[AJPX™, B(\) € F[A9*", X ()\) € F[A]"*" such that A()\) =
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AMNX(N) and B(A) = B(A\)X()\) then X(\) is unimodular. On the other hand,
A(X) € FIN]"*P, B(\) € F[\]"*4 are left coprime if their transposes A(A)T and B(A\)T
are right coprime.

Any rational function matrix G(A) € F(A\)P*™ can be uniquely written as

(3) GA) =D +Gep(N)

where D() is a polynomial matrix and G, () is a strictly proper rational matriz, i.e.,
the entries of G4, () are strictly proper rational functions. Now, it is a well-known fact
that any strictly proper rational matrix admits realizations (see, for example, [28, Ch.
3, Sec. 5.2 or [21, Sec. 6.4]). This means that for some positive integer n there exist
matrices A(X) € FA]"*", B(A) € F[A]"*™ and C(\) € F[A]P*™ such that G,,(\) =
1 A(N)  B())
COVAN)1B()) and [_ & DE N
thermore, any strictly proper rational matrix admits state-space realizations. There-
fore any rational matrix G(A) can be written as G(\) = D()\) +C(A\l,, — A) ™1 B where
D()) is polynomial and C(\I,, — A)~! B is strictly proper. Moreover, the realization
may always be taken of least order (i.e., such that the corresponding polynomial sys-
tem matrix in state-space form is of least order). Such realizations are called minimal.
We will see in Theorem 2.3 that minimal polynomial system matrices convey
precise information about the finite poles and zeros of their transfer function matrices.
Before stating that theorem and analyzing its consequences, we revise some definitions
and related results. Recall (see, for example, [28, Ch. 3, Sec. 4] or [21, Sec. 6.5.2])
that any rational matrix is (finite) equivalent® to its (finite) Smith-McMillan form.
That is to say, if G(\) € F(A)P*™ then there are unimodular matrices U(\) € F[A]P*P
and V(A) € F[A]™*™ such that

} is a polynomial system matrix of G(\). Fur-

o (al) er(A) )
4 M\ =UNGAV(A) =D Oy s
(@) () = VNGO () = Ding (L. 2,
where r = rank G(A), €1(A), ..., & (A), ¥1(N), ..., (X) are nonzero monic polynomi-
als, €;(\),1;(\) are coprime for all ¢ = 1,...,r, and €;(A) | --- | &(X) while ¢,.(A) |
€1 A €p A)

-+ | ¥1(A), where | stands for divisibility. The irreducible fractions TN ERRRRRTN oY
are called the (finite) invariant rational functions of G(\). In addition, v (\) is the
monic least common denominator of the entries in G(A) and so, G(A) is polynomial if
and only if 41 (A) = 1. In this case (i.e., if G(A) is a polynomial matrix), M () is called
the (finite) Smith normal form of G(A) and the monic polynomials €1 (A) | -« - | €-(A)
are called the invariant polynomials of G(X).

The (finite) poles of G(\) are the roots in F (the algebraic closure of F) of 11 ()
and its (finite) zeros are the roots in F of €.(\). If \g € F is a zero of G()\) then,
fori = 1,...,r, we can write €;(\) = (A — Aog)™€;(\) with €(Xg) # 0 and m; > 0.
The nonzero elements in (mq,...,m,) are called the partial multiplicities of Ao as
a zero of G(A). The partial multiplicities of the poles of G(X\) are defined similarly.
Notice that although €;(A) and ;(\) are coprime polynomials for all ¢ = 1,...,r,
G()\) may have zeros and poles at the same points. When G(\) € FAP*™ is a
polynomial matrix then ¢;(\) = 1 for ¢ = 1,...,r and the polynomials (A — Ag)™i

'In this manuscript, two rational matrices G1()\) and G2()\) are said to be equivalent if there
exist two unimodular polynomial matrices U(X) and V' (A) such that G1(A) = U(X\)G2(A)V(X). Other
types of equivalence relations are often used in this paper, but in those cases the corresponding type
of equivalence will be always explicitly mentioned.
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with m; # 0 are the finite elementary divisors of G(\) with respect to, or associated
to, Ag. For computing the partial multiplicities of the poles and zeros of G(\) only the
numerators and denominators different from 1 in the Smith-McMillan form of G(\)
must be taken into account. They will be called nontrivial invariant numerators and
denominators of G(X), respectively. Similarly the nontrivial invariant polynomials of
a matrix polynomial are those different from 1.

For matrix polynomials, it is clear that the nontrivial invariant polynomials of
P(X) and Diag(P()), I,) are the same. However, this fact is not true for the invari-
ant rational functions of a rational matrix G(A) and Diag(G()), Is). In view of the
proposed definitions of linearization and strong linearization of a rational matrix (Sec-
tion 3), it is important to determine how the invariant rational functions of G(\) and
Diag(G(A), Is) are related. We answer this question in the following lemma.

LEMMA 2.1. Let G(N\) € F(A)P*™ be a rational matriz with Smith—McMillan form

fal) e o
Pias <w1(A) T wr(A)’O”"’m") eF@A.

Then the Smith-McMillan form of Diag(G()\), I5) is

5 Dia, gl(A)7...,§“(A),oprmr>
) g(wm D)

where
@A) = =€\ ): €sriA) =€ (N), i=1,...,m
Vi(A) = 1/%( )y i=1.r YN = =1 (A) = 1
Proof. Observe that if s = 0 then there is nothing to prove. Moreover, if s > 0,
we only need to prove the result for s = 1 because the result for s > 1 follows from
the result for s = 1 applied to Diag(G(\),Is—1) instead of G(\). Note also that
from the divisibility relations of the Smith-McMillan form of G(\) it follows that
€;(A) and v (\) are coprime if ¢ < j and, so, (5) indeed defines a Smith-McMillan
form, i.e., the fractions in (5) are irreducible. Obvious unimodular transformations
allow to see that Diag(G(A), 1) is equivalent to Diag ( ald) ) g 0p— mn_r) =

P1(A)? > apr (X))
2 with Q(\) = Diag (q(A),eQ(A) S e N Y1 (), Op ) - Thus if
()*wli‘)forzfl ,7 then

Q(A) = Diag (e1(A), 2(M)aza(A), - .., €r(A)ar(A), 91(A), Op—rim—r) -
Note that €1(A) | ea(N)az(A) | -+ |e-(A)a,(N) and

ng (Gj(/\)()éj ()\), ’(/)1 (/\)) = ng(Gj(/\)Oéj()\), ’(/)J(/\)Oé]()\)) = Qj ()\)7 j = 2, cea, Ty,
where gcd stands for greatest common divisor. This implies that if for j = 2,...,r
D;(X) is the determinantal divisor of order j (i.e., the greatest common divisor of
all j x j minors) of Q(X), then D;(\) = ged(e1(A)ea(N)aa(N) -+ - €5_1(N) a1 (N1 (N),
61()\)62()\)0[2()\) s Q()\)O@()\)) Thus
DY) = aeaaz(h)- - e-1(Nay1(3) ged@1(V), &;(Naz(A)
= aWeM)az(X) - g1(Maj-1(MNaz(A),

as already seen above. In addition D;(\) = ged(er(A),41(A)) = 1. Hence the in-
variant polynomials of Q(\) are 1, €1(X) (2283) yens€r1(A) (gigi;) , er(N) Y1 (V).
The result follows by dividing these polynomials by 11 (A) . d
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EXAMPLE 2.2, Take G(X) = Diag (== yop ) which is in Smith-McMillan

form. According to Lemma 2.1, the Smith-McMillan form of Diag(G(X),1) is the

diagonal matrix Diag (Wl()\%)’ ﬁ, A2). This can also be easily computed via the

Smith normal form of the polynomial (A — 1)(A — 2) Diag(G(A), 1).

In general, if two rational matrices of the same size have exactly the same non-
trivial numerators and denominators in their invariant rational functions, they are
not equivalent unless they have the same rank. In this sense, the null-spaces of these
matrices will play an important role. Let us denote MVy(G(N)) and N,.(G())) the left
and right null-spaces over F(X) of G(\), respectively, i.e., if G(\) € F(A)P*™,

N(G(N)) = {z(N) e FA)P*! 1 2(N)TG(A) = 0},
NAGN) = {z(X) e F)™: G\ (N) = 0}

These sets are vector subspaces over the field of rational functions of F(A)? and
F(X)™, respectively. Recall the rank-nullity theorem: dim N;(G(N)) = p — rank G())
and dim N, (G(X)) = m — rank G(A\). Notice that for G(A) € F(A)P*™ and T'(\) €
F(\)PHs)x(m+s) s > 0, rank T(\) = s + rank G()\) if and only if dimN,.(G(\)) =
dim N, (T(X)). Moreover, rank T'(A) = s + rank G(A) if and only if dim AN (G()\)) =
dim Ny (T'(N)). In the sequel we will bear in mind that dim NV,.(G(\)) = dim N,.(T'(\))
and dim My (G()\)) = dim N (T'()\)) are equivalent and, so, exchangeable conditions.

As announced, the finite poles and zeros of any rational matrix can be found
through any of its polynomial system matrices of least order. This follows from the
following result by Rosenbrock ([28, Ch. 3, Thm. 4.1]).

THEOREM 2.3. Let G(\) € F(A)P*™ be a rational matriz of rank r and let

(6) P(\) = {—AC(*?))\) 15;83] € F|A|(ntp)x (ntm)

be a polynomial system matriz of least order whose transfer function matriz is G(\)
such that n > r = rank G(X). Let the Smith—McMillan form of G(\) be the matriz
M(X) in (4). Then, the invariant polynomials of A(N) are 1| -1 (A)] - |1 (N)
with at least n — r invariant polynomials equal to 1, and the invariant polynomials of
P(X) are 1] ---|1ler(N)| - - - |er(N) with at least n invariant polynomials equal to 1.

A consequence of Theorem 2.3 is that the order of any polynomial system matrix
of least order giving rise to G(A) is the degree of the polynomial (X)) = 11 (A) - - - - (N)
(see [28, Ch. 3, Sec. 5.1]). Hence v(G(X)) = deg(¢»(\)). Moreover,

(7) dim N, (G(N)) = dim N, (P(\)).

Also, the finite poles of G(\) are the finite zeros of A(\) and the finite zeros of G(\) are
the finite zeros of P(\) (counting in all cases the corresponding partial multiplicities).
In particular, if P(\) is a minimal polynomial system matrix in state-space form and
D()) is a linear polynomial, then P()\) is a linear pencil, its finite zeros are the finite
zeros of G(A) and the finite zeros of A(A\) = AI — A are the finite poles of G(\).
G(\) may also have poles and zeros at infinity, which are the poles and zeros at
A =00f G(1/X) (see [21]). Let Fp,.(\) denote the ring of proper rational functions. Its
units are called biproper rational functions, that is, rational functions having the same
degree of numerator and denominator. F,,.(A)?*™ denotes the set of p x m proper
matrices, i.e., matrices with entries in Fp,.(\). A biproper matriz is a square proper
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matrix whose determinant is a biproper rational function. Two rational matrices
G1(N),Ga(N) € F(AN)PX™ are equivalent at infinity if there exist biproper matrices
B1(A) € Fpr(A)P*P, By(A) € Fpppe (A)™*™ such that Go(A) = B1(A)G1(A)Ba()). Every
rational matrix G(\) € F(A)P*™ is equivalent at infinity to its Smith—-McMillan form
at infinity

Diag ()}n’ e %, OPT’m,,> e F(\)P*™

where r = rank G(\) and ¢ < --- < g, are integers (see [4] or [33]). The rational
functions )\%1, cee /\% are called the invariant rational functions at infinity of G(X).
The integers ¢q1, . . . , g are called the invariant orders at infinity of G(X\). The invariant
orders at infinity form a complete system of invariants for the equivalence at infinity
in F(A)P*™ and they determine the zeros and poles at infinity of G(\) (see [4, Prop.

6.11]). Namely, if g1 < -+ < @t <0 =@qgs1 = " = qu-1 < @u < -+ < g, are the
invariant orders at infinity of G(A) then G(X) has r —u+1 zeros at infinity each one of
order ¢y, - .., g, and k poles at infinity each one of order —¢i, ..., —qx. The invariant

orders at infinity different from zero will be called nontrivial.

Notice that G(X) is proper if and only if ¢1, ..., ¢, are nonnegative integers, that
is, proper matrices do not have poles at infinity (they are analytic at oo when F = C).
However, non-constant polynomial matrices always have poles at infinity (they are
never analytic at oo when F = C) and they may have zeros at infinity as well. Moreover
for any non strictly proper rational matrix —q; is the degree of the polynomial part
of the matrix in the expression (3) ([4, 33]). The degree of a polynomial matrix is the
degree of the entries of highest degree.

In addition to finite elementary divisors, matrix polynomials may have elementary
divisors at infinity as well [16, p. 185]. The elementary divisors at infinity or infinite
elementary divisors of a matrix polynomial P()\) are defined as follows: Consider
the reversal of P(X), i.e., the matrix polynomial rev P(A) := AP (}) where d =
deg(P(N)). This matrix polynomial may or may not have 0 as an eigenvalue. If
it has 0 as an eigenvalue then P()) is said to have co as an eigenvalue or to have
eigenvalues at infinity. The infinite elementary divisors of P()) are the elementary
divisors associated to the eigenvalue 0 of the reversal of P(\). Let ¢,...,q, be the
invariant orders at infinity of the polynomial matrix P(\) of degree d and rank r and
let A°1, ..., A°" be its infinite elementary divisors (including possible exponents equal
to zero). Then (see [4]) d = deg(P()\)) = —¢; and

(8) ei=¢—q=d+q, t1=1,...,r

Similarly to the finite case, the zeros and poles at infinity of a rational matrix
G(A) can be determined by its polynomial system matrices (2). However, while for
the finite case the minimality of the polynomial system matrix is required (Theorem
2.3), for the infinite case the matrices A(A\)~!B()\) and C(X\)A(A)~! must both be
proper.

m A n n-rm

LEMMA 2.4. Let G(A) € FQ)P™ and let P(\) = [ ¢, P} € Bt x(nm)
be a polynomial system matriz of G(\) such that both A(A\)"1B()\) and C(\)A(N)~!
are proper rational matrices. Then P(X) is equivalent at infinity to Diag(A(X), G(N)).

Proof. The desired result is obtained by pre and post multiplying P(\) by the

-1
biproper matrices [C(A)A(I;),l IZ] and [16‘ —AQ) ImB()‘)]. 0

COROLLARY 2.5. Under the conditions of the previous lemma, if ¢, ..., %4 and

q,...,q% are the invariant orders at infinity of A(N) and G(\) respectively then
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the invariant orders at infinity of P(\) are qf,....qY,, where (qf_w, qf) =

In words, the invariant orders at infinity of P(\) are the ordered reunion of the
invariant orders at infinity of A(\) and of G(A). This means that the invariant orders
at infinity of G(\) are determined by those of P(A) and A(X). Therefore, the infinite
poles of G(A) are determined by the infinite poles of P(\) and A(A) while the infinite
zeros of G(A) are determined by the infinite zeros of P()\) and A(A).

3. Strong linearizations of rational matrices. Our aim in this section is to
provide a definition of strong linearization for any rational matrix. We want it to be
a natural extension of the usual definition for matrix polynomials (see [22, 24, 10]).
We will rely primarily on that of [22] although we use a different notation. Let Fy(\)
be the local ring of F[A] at A, that is, the ring of rational functions with denominators

prime with \: Fy(\) = {% eF(A):q(0) # 0}. A square matrix U()) is invertible

in Fy (M) if all its entries are in Fx(\) and both the numerator and denominator of its
determinant are prime with A.

A strong linearization of a matrix polynomial P(X\) € F[A]JP*™ is any linear ma-
trix polynomial L(A) € F[A]2*" such that there are integers sy, sy > 0, unimodular
matrices U(X\) € F[A]P+s0)x(pts) y()\) € F[\](mFs1)x(m+s1) and invertible matri-
ces in Fx(N), E(\) € Fy(\)Prs)x@+s1) and F()\) € Fy(\)(mHs1)x(m+s1) quch that
$1—Sya=q—p=7r—m and

9) U(A) Diag(P(X), I5,)V(A) = Diag(L(X), Is, ),
(10) E(X\) Diag(rev P(\), I, )F(\) = Diag(rev L(A), I, ).

When only condition (9) is fulfilled L()) is a linearization of P(\).

REMARK 3.1. Note that, assuming that (9) holds, condition (10) is equivalent to
U(\) Diag(rev P(), I,, )V (\) = Diag(rev L(A), I,,) where U()) and V()) are unimod-
ular matrices. This is a condition often used in the definition of strong linearizations of
matrix polynomials [10, 24]. We emphasize that such condition includes a high level of
redundancy while (10) does not, because unimodular matrices are very particular in-
stances of matrices invertible in F(\). The equivalence of these two conditions when
(9) holds is a consequence of the effect of Mobius transformations on the elementary
divisors of polynomial matrices [4, 25, 31].

Linearizations of matrix polynomials preserve the finite elementary divisors and
strong linearizations preserve both the finite and infinite elementary divisors. Our
definitions of linearization and strong linearization of a rational matrix follow a similar
pattern.

DEFINITION 3.2. Let G(A) € F(A\)P*™. A linearization of G(X) is a linear pencil

AiA+A0  Bid+ By n+q)x (n4r
(11) L)) = _(C'A+Co) DiA+ Do € F[A|(mrox(nin),
with n > 0, such that the following conditions hold:
(a) if n >0 then det(A1\ + Ap) # 0, and
(b) if G(A) = (DX + Do) + (ChA + Co) (A1 A + Ag)"H(BiA + By) then:
(i) L(\) is a minimal polynomial system matriz of G(\), and
(i) there are nonnegative integers s1,ss and unimodular matrices U(X) €
R\ PFs)x®ts) gnd V(\) € FNHs0x(mts) sych that s; — sy =

~

qg—p=r—m and U(X) Diag(G(X), Is, )V(A\) = Diag(G(\), Is,).
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REMARK 3.3. 1. Definition 3.2 extends the usual definition of linearization
of matrix polynomials. In order to check this, assume for simplicity that
g > pand r > m. Let P(\) € F]AJP*™ with €1(\),...,e.(\) as invariant
polynomials and let

L()\) — Al)\+AO Bl)\+BO e F[/\}("+(P+S))><(n+(m+s))

- —(Cl)\ + Co) DX+ Dy

be a linearization of P(\) in the sense of Definition 3.2. Let G(\) = (DA +
D()) + (Cl)\ + Co)(Al)\ + A())il(Bl)\ + B()). Then

e Since ¥(P(\)) = 0, n > deg(det(A1 A + Ap)) = 0. This implies n = 0
(i.e., L(A) = G(A\) = DiA+ Dy) or AjA+ Ay is a unimodular matrix. In
both cases, (A}()\) is a matrix polynomial.

e From Definition 3.2 (ii) and Lemma 2.1 the invariant polynomials of
G\ are1,...,1,e1(A), ..., er(N) (with at least s invariant polynomials
equal to 1).

e From Definition 3.2 (i) and Theorem 2.3 the invariant polynomials of
L(A)arel,...,1,e1(N),..., () (with at least n+s invariant polynomi-
als equal to 1). Thus, there are U()\) € F[\]("+P+s)x(n+p+s) and V()) €
R\ (ntmts)x(ntm+s) - hoth unimodular, such that U(A)L(A)V(\) =
Dlag(P()‘)a In+s)'

2. The linearizations of Definition 5.3 of [1] are linearizations in the sense of
Definition 3.2 above if the linear polynomial system matrix in [1] is required
to be of least order (see [5]). One advantage of Definition 3.2 is that it can be
extended to preserve the invariant orders at infinity of the rational matrix.
This is our next task.

Recall (see Section 2) that the first invariant order at infinity of a rational matrix
is minus the degree of its polynomial part, if such part is not zero. Thus, if the matrix
is polynomial its first invariant order at infinity is minus its degree. Let L(\) be a
strong linearization of a matrix polynomial P()A). Let ¢; and g; be the first invariant
orders at infinity of P(\) and L(\) respectively. Condition (10) can be written as

(12) E()\) Diag </\"11P (i) 1) F()\) = Diag (A—@L (i) I) .

This condition is equivalent, by [4, Lem. 6.9 and Prop. 6.10], to
(13) B1(\) Diag (A" P (), I, ) Bo()\) = Diag (/\‘71L (\) I)

where Bi()\) = E (§) and B3(A\) = F (5) are biproper matrices. Taking into account
these considerations, our definition for strong linearization of a rational matrix is the

following.

DEFINITION 3.4. Let G(\) € F(ANP*™. Let g1 be its first invariant order at infin-
ity and g = min(0,q1). Let n = v(G(N)). A strong linearization of G(X\) is a linear
polynomial matrix

(14) L) = A+ Ag B+ By

(n+q) X (n+r)
= | (@A +Co) DA+ Dy| ST

such that the following conditions hold:
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(a) if n >0 then det(A1 A+ Ag) # 0, and
(b) if G(N) = (DiX+ Do) + (CyA + Co)(A1 A+ Ao)"H(BiA + Bo), G is its first
invariant order at infinity and g = min(0,qy) then:
(i) there are nonnegative integers s1,se and unimodular matrices Ui () €
R\ (PHs0)x(PFs1) gnd Uy(N) € B[N Hs0)x(mEs1) g0 that s1—s9 = q—p =
r—m and

~

Ui (\) Diag(G(\), I, )Us(\) = Diag(G(\), I,), and

(ii) there are biproper matrices By(\) € Fp,.(\)PHs)x®+s) and By()) €
Fpr(N) s x(m+s1) gych that

B1(\) Diag(\?G()), I,,) Ba(\) = Diag(\?G(\), I,).

The integer ¢ = min(0,¢;) in this definition can be interpreted as follows: g¢
is equal to 0 if and only if G(X) is proper; otherwise g is minus the degree of the
polynomial part of G()).

REMARK 3.5. 1. Strong linearizations of polynomial matrices are often de-
fined as those linearizations which also satisfy condition (10) (or its redundant
version via unimodular matrices). However, Definition 3.4 does not follow
that pattern because L(\) is not explicitly required to be a linearization of
G(A). This is however a consequence of that definition. In fact, since we
require n = v(G())), by Definition 3.4 (i) and Lemma 2.1, n = v(G(\)).
Therefore, L()) is a minimal polynomial system matrix of G(A) and so L(\)
is a linearization of G(A). In summary, we can equivalently define a strong
linearization of a rational matrix as a linearization with n = v(G())) that
satisfies in addition condition (%i) in Definition 3.4. In our opinion, the self-
contained Definition 3.4 is more convenient.

2. Comparing Definitions 3.2 and 3.4 the requirement n = v(G(\)) might seem
rather restrictive. It has however the following explanation: If n = 0 then
G(A) is a polynomial matrix and L(A) = G(\) = D1A + Dy. Thus, from
Definition 3.4 (i), L()) is a linearization of G()) in the classical sense of
matrix polynomials. Also, according to the first item of Remark 3.3, L()\)
is a linearization of G()) in the sense of Definition 3.2. If, in addition, L(\)
also satisfies condition (i) then it is a strong linearization of G(A) in the
usual sense of matrix polynomials. In fact, g = ¢ = —deg(G(N)), g =q1 =
—deg(G(N)), G(A) = L(A\) and condition (ii) becomes (compare with (13))
B1(\) Diag(A% G()), I, ) Bo()\) = Diag(A L(\), I,,). On the other hand, if
n > 0 then L(\) is a minimal polynomial system matrix of @()\) Therefore
n = deg(det(4A1\ + Ap)), which implies that Ay is invertible, and (41 +
Ag)~H(B1A+Bo) and (C1A+Cp) (A1 \+Ag) ! are proper rational matrices. By
Corollary 2.5, the invariant orders at infinity of L(\) are the ordered reunion
of those of Aj A+ Ag and of G()\). Since A; is invertible, B(A) = A; + A1 A4,
is a biproper matrix and (A; A+ A4¢)B(A\)~! = AI,, meaning that the invariant
orders at infinity of A1 A+ Ag are all equal to —1. This property and Definition
3.4 allows us to easily relate the invariant orders at infinity of G(\) and the
infinite elementary divisors of its strong linearizations (see Theorem 3.10 and
its consequences).

3. As in the polynomial case (see (12) and (13)) condition (%) of Definition 3.4
is equivalent to (][4, Sect. 6]):
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(ii’) there are invertible matrices in Fy(X), Ui(A) € Fy(A)@Fs0)x@+s1) and
Us(N) € Fy(X)(mts0x(mts1) o that Uy (A) Diag (355G (1), I, ) U2(\) =
Diag (G (3) . L..).
Notice that both £ G (1) and %CA}’ (5) are matrices with elements in Fx(A).
4. The transfer function matrix G(A) of L(\) in (14) can be written as G(\) =
(D1 +C’1A1_181))\+épr(/\), where C:‘pr()\) is proper. Thus, D;+C1 A7 By # 0
if and only if g = —1, and Dy + C1 A7 By = 0 if and only if § = 0.

Since strong linearizations of matrix polynomials have been extensively and deeply
analyzed, we will mainly focus on the case n = v(G(A)) > 0.

3.1. Spectral characterization of strong linearizations. In this section we
present a spectral characterization of strong linearizations of rational matrices. We
will see that such linear pencils preserve not only the finite but also the infinite
structure of the associated rational matrix.

In the definitions of linearization or strong linearization we can always take s; = 0
or so = 0 according as p > ¢ and m > r or ¢ > p and r > m, respectively. In the rest
of the paper we will assume s := s; > 0 and s; = 0.

LEMMA 3.6. Let G(\) € F(\)P*™. Let q1 be its first invariant order at infinity,
g =min(0,q1) and n =v(G(N)). Let

Al)\+A0 Bl)\+BO n s)) X (n+(m-+s

(15) L= | e bt € [\ ()X (4 (m+)
be a polynomial system matriz of CAY'()\), q1 be the first invariant order at infinity of
G(\) and § = min(0,41). Then L()\) is a strong linearization of G(\) if and only if
the following three conditions hold:

(a) dimA;(G(Y) = dim A (G(V)),

(b) G(\) and G(\) have the same nontrivial numerators and the same nontrivial

denominators in their (finite) Smith—-McMillan forms, and
(¢) MG(N) and NG()N) have the same nontrivial invariant orders at infinity.

Proof. Notice that, by the rank-nullity theorem, condition (a) is equivalent to
rank G(A) = s + rank G(A). The necessity follows from the definition of strong lin-

earization and Lemma 2.1. For the sufficiency, let 1211(8\)) ey ;((i‘\)) be the invariant ra-

tional functions of G(A) where r = rank G(\). Assume that e,y1(A)|ep2(A)] - - er(N)
and ¥y (AN)|Yg—1(A)| - -+ [¥1(A) are the nontrivial invariant numerators and denomina-
tors, respectively, of G(\). By hypothesis these polynomials are also the nontrivial
invariant numerators and denominators of @()\) Then, the Smith-McMillan form

. e al Erys(N) ~ = _
of this matrix is Diag (%(}\) s %45(/\)’0”7“”%) Wherfr a(\\) = is()\) 1,
Eri(A) =e(N), i=1...,m i(A) = hi(A), i = 1or, Y (A) = -+ = rgs(A) =

1. It follows from Lemma 2.1 that é()\) and Diag(G(\), Is) are equivalent. And
condition (b) of Definition 3.4 follows from (a) and (c). This completes the proof. O

el . . .
From now on we use symbol ~ for equivalence at infinity.

LEMMA 3.7. Let G(A) € F(A\)P*™ let g1 be its first invariant order at infinity,
g =min(0,q1) and n = v(G(N)). Let L(A\) as in (15) be a strong linearization of G(\).
If Dy + C1AT By # 0 then L(\) is equivalent at infinity to Diag(A,4 s, NTIG(N));
otherwise, L(\) is equivalent at infinity to Diag(Al,, Is, \9G())).
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Proof. Let G(X) be the transfer function matrix of L(A). By Remark 3.5.2,
(16) L& Diag(ML,, G(N)).

Moreover, condition (ii) of Definition 3.4 is equivalent to )ﬁ@()\)% Diag(NMG(N), I).
Now, if Dy + C1 A7 ' By # 0 then, by Remark 3.5.4, § = —1 and so

Diag(Ay, G(A)% Diag(M s, A T1G(N)).
However, if Dy + ClAlel = 0 then, by Remark 3.5.4, g = 0 and so
Diag(A,, G(A)< Diag(Ay,, Is, AYG(N)).

Hence, by (16), in the first case L()\) is equivalent at infinity to Diag(Al,, s, N T1G(N)),
while in the second case, L(\) is equivalent at infinity to Diag(Al,, I;, AYG(X)). O

The following definitions are introduced with the purpose of stating concisely the
spectral characterization of strong linearizations proved in Theorem 3.10.

DEFINITION 3.8. Let G(\) € F(A)PX™ and let L(\) € T[] HEt+s)x(nt(m+s) pe
a linear polynomial system matriz as in (15). We will say that L(\) preserves the finite
structure of poles and zeros of G(\) if the following condition holds true: For all Ay €
F, (A\=Xo)¥, withw > 0, appears in the prime factorization of exactly k denominators
(respectively numerators) ;(X) (respectively €;(X)) in the (finite) Smith—McMillan
form of G(\) if and only if Ay A+ Ay (respectively L(\)) has exactly k finite elementary

divisors equal to (A — Xg)™.

DEFINITION 3.9. Let G(XA) € F(A\)P*™ with q1 as first invariant order at infinity
and g = min(0,q). Let L(\) € B[\t ®Fs)x(nt(m+9)) pe g linear polynomial system
matriz as in (15). We will say that L(\) preserves the infinite structure of poles and
zeros of G(\) if the following condition holds true: Aj is invertible if n > 0 and
for any monzero integer u, u is an invariant order at infinity with multiplicity k of
ALL(N) if and only if u is an invariant order at infinity with multiplicity k of AN9G(\)
if Dy + C1 AT By # 0 or of Diag(A\~1I,, A9~ 1G())) otherwise.

Observe that the matrices A"*L()\), \MYG(\) and Diag(A~1I;, A971G(N)) are all
proper and, in consequence, they do not have poles at infinity.

Definitions 3.8 and 3.9 can be stated together equivalently as: L(\) preserves the
finite and infinite structures of poles and zeros of G(A) if (and only if) the finite poles
of G(\) are the finite zeros of A1\ + Ag, with the same partial multiplicities, in both
matrices, the finite zeros of G(A) are the finite zeros of L(\), with the same partial
multiplicities, and the number and orders of the infinite zeros of A\™!L()) are the same
as the number and orders of the infinite zeros of MG (A) if D + ClAlel # 0 or of
Diag(A™1, AM971G())) otherwise.

THEOREM 3.10 (Spectral characterization of strong linearizations). Let G(\) €
F(AP>*™ and n = v(G(X)). Let

LV Ad+ 4o Bid+ Bo| gy o) et (meta))

- *(Cl)\ + Co) D)X+ Dy

be a minimal polynomial system matriz. Then L(\) is a strong linearization of G(\)
if and only if the following conditions hold:
(I) dimN,-(G(N)) = dim N,.(L(N)),
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(IT) L(\) preserves the finite structure of poles and zeros of G(X), and
(III) L(A) preserves the infinite structure of poles and zeros of G(\).

Proof. Let G(A) be the transfer function matrix of L()). By using Theorem 2.3,
dim N, (G(N)) = dimN,.(L())) (see (7)) and L()) preserves the finite structure of
poles and zeros of G(A). If L(A) is a strong linearization of G()), then conditions (I)
and (II) follow from Lemma 3.6. Condition (III) is a direct consequence of Lemma
3.7. Conversely, conditions (I) and (II) and the minimality of L(A) imply, by Theorem
2.3, conditions (a) and (b) of Lemma 3.6. Moreover, it follows from Remark 3.5.2
that L()) is equivalent at infinity to Diag(AL,, G(\)). Therefore,

(17) ALV Diag (I, A G(N)).

Now, conditions (I) and (IIT) imply (recall that (I) is equivalent to rank L(A) =
n+ s+ rank G(\))

-1 et Diag([n+s, )\gG(()\))7 if D1 + ClAl_lBl ;é 0
(18) ALY { Diag(I,,, A\~ I, N9"'G(\)), if D; +C1A;*B; =0

Recall (Remark 3.5.4) that if D; + Cy A7 B # 0 then § = —1 and § = 0 otherwise.
Thus, by (17) and (18),

A1 Diag(Is, NG(\)), if Dy +C1AT B, #0
Diag(A\~'I,, \M9"'G(\)), if D1+ C1A'B; =0

In any case condition (¢) of Lemma 3.6 holds. By this lemma the result follows. 0O

REMARK 3.11. From the proof of Lemma 3.6, it can be seen that a matrix pencil
L(\) as in (15) is a linearization of a rational matrix G(\) if and only if conditions
(a) and (b) of that lemma hold. As a consequence, if L(\) is minimal then a spectral
characterization for linearizations of rational matrices consists of conditions (I) and
(IT) of the previous theorem.

REMARK 3.12. As explained in Section 2 condition (I) in Theorem 3.10 is equiv-
alent to dimNy(G(X)) = dim Np(L(A)). Therefore condition (I) can be equivalently
stated as “G(\) and L(\) have the same number of left and the same number of right
minimal indices”, as it was done in [10, Thm. 4.1] for linearizations of polynomial
matrices. Analogously, condition (a) of Lemma 3.6 can be equivalently stated as
“G(A) and G()) have the same number of left and the same number of right minimal
indices”.

Theorem 3.10 allows us to obtain the infinite structure of a rational matrix from
the elementary divisors at infinity of any of its strong linearizations in a very simple
form. Namely, let G(\) be a p x m rational matrix of rank r, let ¢ < --- < ¢,
be its invariant orders at infinity and let L(\) be a strong linearization of G(\).
Define ¢ = min(0,¢;). By (I), rank L(A) = n 4+ s+ r. Let A, ... A°r+=+r be the
infinite elementary divisors (including possible exponents equal to zero) of L(A). Thus,
0<e < <eppsir. We want to get the invariant orders at infinity of G(\) out
of e1,...,entstr. Recall that the degree of the polynomial part of G(\) (if present)
is —q1. Suppose that the degree of L(\) is d (d can only be equal to 1 or 0). By (8),
the invariant orders at infinity of L(\) are e; —d, i = 1,...,n+ s+ r. We consider
three cases:
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e n>0and Dy + ClAl_lBl # 0. In this case d = 1 and, by Lemma 3.7, ¢; =0
fori=1,...,n+sand e,ys11—1,...,€n1str — 1 are the invariant orders at
infinity of A9"1G(\). Thus, ¢; = epysri +9, 1 <i <7

e n>0and D+ ClAlel = 0. Then d = 1 and, by Lemma 3.7, ¢; = 0 for
1=1,...,n,ep;=1fori=1,...,s, and epq541 — 1, ..., Enqstr — 1 are the
invariant orders at infinity of AYG(XA). Thus, ¢; = eptsti +9g—1, 1 <i <.

e n=0and D; = 0. In this case G()\) is a matrix polynomial, L(A) = G(\) =
Dy, Diag(G(N), I) is equivalent to Dq (i.e., all its invariant factors are equal
to 1) and Diag(AT" G (), I5) is equivalent at infinity to Dg. Since the invariant
orders at infinity of Dy are 0, ¢; = ¢ fori=1,...,7.

4. Transfer system equivalence. We analyze deeper the relationship between
rational matrices and linearizations. Let us recall at this point the notion of strict
system equivalence (see [28, Ch. 2, Sec. 3.1]): Two polynomial system matrices

a0 = [ B o= [0 B0

(A;(N) € F[A]™*"™ nonsingular, deg(det A;(\)) < n, B;(A) € F[A]"*™, C;(\) € F\JP*"
and D;(A) € FA\JP*™, i = 1,2) are said to be strictly system equivalent if there exist
unimodular matrices U(\), V/(A) € F[A]"*™ and polynomial matrices X (\) € F[A]P*"™,
Y (X) € F[A]™*™ such that

I R T B e i

An important feature of strict system equivalence is that any two strictly system
equivalent polynomial system matrices have the same order and give rise to the same
transfer function matrix ([28, Ch. 2, Thm. 3.1]). Bearing in mind Definition 3.2, we
are interested in characterizing when two polynomial system matrices have equivalent
transfer function matrices. This will give us the exact amount of freedom that we have
to construct new linearizations out of previous given ones. We extend the definition
of strict system equivalence in an obvious way to reach this goal.

DEFINITION 4.1. Two polynomial system matrices Pi(\) and Py(X) as in (19)
both of size (n+p) X (n+m) will be said to be transfer system equivalent if there exist
unimodular matrices U(N),V(X) € F[A]™*™, W(X) € FA\P*P, T(A) € F]A"™ ™ and
polynomial matrices X (X\) € F[A]P*™, Y(X) € F[A]"*™ such that

Uy o Vo) Y]
@ N LI SR X

THEOREM 4.2. Let Pi(\) and Pa(X\) be two (n+ p) X (n+m) polynomial system
matrices of least order. Then Pi(\) and Pa(\) are transfer system equivalent if and
only if their transfer function matrices are equivalent.

Proof. Let Pi(\) and Py(A\) be as in (19) and let G1(A\) and Ga(\) be their
transfer functions matrices. A straightforward computation shows that if (21) holds
then Go(\) = W(A)G(M)T(N) and As(A) = UAN)A1(A)V(X). Assume now that
G2(A) = W(AN)G1(A)T' (M) for some unimodular matrices W(A) and T'(A). Then

Da(A) + Co(A)A2(A) 7' Bo(A) = W(A)(D1(A) + C1(M)A1(A) "' Bi(N)T(N)
— WD NT) + W)C A A1 ()~ B (NT().
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We recall (see Section 2) that Pj()) is of least order if and only if A;(\) and
By (X) are left coprime and A;(A) and Cy(\) are right coprime. Now since A; () and
C1 () are right coprime, A;(A\) and W(A)C1(A) are also right coprime. In fact, if
X (M) is a common right factor of Ay(A) and W(A)C1(A) then A;(A) = A;(A)X(N)
and W(A)C1(A) = C1(A)X(A), with A;(\) and Cy(A) both matrix polynomials. But
since W () is unimodular, C1(A) = W(A)~1C1(A\) X (A). Hence A;()) and C;()\) have
also X () as a right common factor. It must be a unimodular matrix because A;(\)
and C1(A) are right coprime. The proof that A;(\) and By (A\)T()) are left coprime is
similar. Now, we have two minimal polynomial system matrices of Ga(A): P2()A) and

2 _ A1 (V) B1(N)T(A) i
P\ = [—W(A)Cl(/\) W()\)Dl()\)T(/\)]‘ By ([28, Ch. 2, Thm. 3.1]) these two polynomial

system matrices are strictly system equivalent, that is, [gg; IO ]131()\) [V(é‘) YI(’\)] =
P5(\) for some unimodular matrices U(A) and V() and matrix polynomials X ())
and Y (A). Therefore [283 W&)]Pl(/\) [V(é‘) g&;] = P5(\), and this means that Py ()\)
and Py(\) are transfer system equivalent, as desired. a0

Theorem 4.2 allows us to obtain linearizations of rational matrices out of their
minimal polynomial system matrices by means of elementary operations. This will be

a consequence of Theorem 4.4 below. We will need the following technical result.

LEMMA 4.3. Let Py()\), Py(A) € FIA|(F2)x(+m) be polynomial system matrices.
If Pi(\) and Pa2(\) are transfer system equivalent then Py(\) is of least order if and
only if Pa(\) is of least order.

Proof. Let P;(X\) and Py(X) be as in (19). According to [28, Thm. 6.1, Ch. 2] two
matrix polynomials R(\) € F[A]"*™ and S(\) € F[A]"*? are left coprime if and only
if the Smith normal form of [R(X\) S(N)] is [[,, 0]. It is easy to prove (see [28, p.
55]) that if P1(\) and P»()\) are transfer system equivalent then [A;(X) Bi(\)] and
[A2(X)  B2())] have the same Smith normal form. Thus A;(\) and B;(A) are left
coprime if and only if A5(\) and Ba(A) are left coprime.

It can be proved in a similar way that A;(A) and C;(\) are right coprime if and
only if A2(A) and Ca(\) are right coprime. 0

THEOREM 4.4. Let G(A) € F(A\)P*™ and let

AN BN

P(\) = [—C’()\) D()\)} c F[)\](q+p)><(q+m)

be a polynomial system matriz of least order of G(\). Let

| AN+ A B+ B (n+(p+8)) X (n+(m+s))
L(A) = {—(CM +Co) DA+ Do] € FRA

such that n,s > 0. Define P(\) = Diag(Ip—q, P(N),I,) and L(\) = L(\) or P(\) =
Diag(P (M), Is) and L(X) = Diag(ly—n, L())) according as n > q or ¢ > n. Then L(\)
is a linearization of G(\) if and only if P(\) and L(\) are transfer system equivalent.

Proof. Let us assume ¢ > n. The proof in the other case is similar. Put E()\) =
[B(\) 0] € FAJoxm+9) C(\) = [9Q)] € F]\]#+9)%¢ and D(X) = Diag(D(\), ;) €
)X (m+-s . = AAL+A B.+B . ~ .
]F/‘\[/\](p+ )x(m+5) - Notice also tliat LX) :AL(Aéll—:é;) i‘giig;\] with Ay = [I 0 AOO],
Ay =[5 2], and fori=0,1, B; = [ ],Ci = [0 Ci]. So P(\) = Diag(P()), I,) =
[ A B()

A ﬁ(/\)] is a polynomial system matrix of least order with Diag(G(\),I;) as
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transfer function matrix and L(\) and L()\) have the same transfer function matrix,
G()) say.

Assume that L(\) is a linearization of G(A). This means that L(\) is a minimal
polynomial system matrix of G()\) and this matrix is equivalent to Diag(G(\), I,).
Since det(AA; + Ag) = det()uzl\l + ;1\0), E()\) is also a minimal polynomial system
matrix of @(A) Thus we have two minimal polynomial system matrices of the same
size, L(\) and ﬁ()\), of least order with equivalent transfer functions matrices. By
Theorem 4.2 they are transfer system equivalent.

Conversely, assume that P(\) and L()) are transfer system equivalent and let
G()) be the transfer function matrix of L(A) (and L())). As P()) is of least order,
it follows from Lemma 4.3 that L()) (and so L(\)) are of least order. By Theorem
4.2, G()\) and Diag(G(\), I,) are equivalent. In conclusion, L()) is a minimal poly-
nomial system matrix of G(\) and this matrix and Diag(G()), Is) are equivalent. By
definition, L(\) is a linearization of G(\). |

4.1. Transfer system equivalence at infinity. In order to extend the notion
of transfer system equivalence to the infinity, it is more convenient for us to work with
rational matrices of the following form:

(BN RO _ [ EB2(N) BN
e mw= | 58 2R m me= 50 20

with E;(A) € F(A\)™*"™ nonsingular, F;(A) € F(A\)™*™, J;(A) € F(NP*", K;(\) €
FA)P*™ 4 =1,2. Ri(\) and Ry(\) are said to be in rational form in [28].

DEFINITION 4.5. Rq(A) and Ra(N) as in (22) are said to be strictly system equiv-
alent at infinity if there exist biproper matrices B1(X), Ba(X) € Fpr(A)™*™ and proper
matrices W(A) € Fp.(N)P*™, Z(X) € Fpr (A)™"*™ such that

(23) {ﬁ}((i)) I(; ] Ri(\) {Bzé” Zf(,j)] = Ry(\).

This is an equivalence relation since the inverse and product of the block trian-
gular biproper matrices in (23) are biproper matrices with the same block triangular
structures (including the identity blocks). Moreover, if two matrices are strictly sys-
tem equivalent at infinity then they are equivalent at infinity.

Let G;(A\) = K;(\) + J;(A\) E;(\)"LF;(\) be the transfer function matrix of R;(\),
1 =1,2. The next result can be proved straightforwardly.

PROPOSITION 4.6. If R1(\) and Ra(X) as in (22) are strictly system equivalent
at infinity then they give rise to the same transfer function matriz. Moreover, E1(\)
and E5(\) are equivalent at infinity.

DEFINITION 4.7. R1(A) and Ra(\) as in (22) will be said to be transfer sys-
tem equivalent at infinity if there exist biproper matrices By(A), Ba(A) € Fp.(A)"*",
Bs(A\) € Fpr(A)P*P, By(A) € Fp.(A)™*™ and proper matrices W(A) € Fp.(A)P*",
Z(\) € Fp. ()™ such that

Bi(A) 0 By(A) Z(A)
24 Ry(A = Rao(N).
(24) [W(A) sy T [ FO =
This is again an equivalence relation. Furthermore, if two matrices are transfer
system equivalent at infinity then they are equivalent at infinity as well.
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PROPOSITION 4.8. If Ri(A) and Ra(X) as in (22) are transfer system equivalent
at infinity then their transfer function matrices are equivalent at infinity. Moreover,
E1(N\) and E3(X\) are equivalent at infinity.

PTOOf. If (24) hOldS7 EQ()\) = B1(>\)E1(/\)Bg()\) and GQ()\) = B3(>\)G1(/\)B4()\)D

The converse of this result is not true in general, i.e., two matrices of the form (22)
that give rise to equivalent transfer function matrices at infinity are not necessarily
transfer system equivalent at infinity. However, it does hold true when J;(\)E;(\)~*
and E;(\)~1F;(\) are proper for i = 1,2.

The proof of the following lemma is the same as that of Lemma 2.4.

Lemma 4.9. Let R(\) = [ 50 €3] with J()EXN) ™! and E(A)"'F() proper.
Let GAA) = K(\) + J(AN)E(XN)"YF()\). Then R()\) and Diag(E(X), G()\)) are strictly

system equivalent at infinity.

THEOREM 4.10. Let R;(A) and G;(\) be both as in the previous lemma with
Ji(NE;(N) 7Y and E;(A\)TLE;(X\) proper, i = 1,2.
1. R1(A) and Ra(\) are strictly system equivalent at infinity if and only if Eq(\)
and E2(\) are equivalent at infinity and G1(\) = Ga2(A).
2. Ry1(\) and Ra(\) are transfer system equivalent at infinity if and only if E1(X\)
and E5(\) are equivalent at infinity and G1(\) and Ga(\) are equivalent at
infinity.

Proof. The necessity follows from Propositions 4.6 and 4.8. Suppose that E7(A)
and E»()\) are equivalent at infinity and G1(A\) = G2(\). Then there exist biproper
matrices By (A), Ba(A) € Fp,.(A)™*™ such that

Diag(B1(A), I) Diag(E1(A), G1(A)) Diag(Bz(A), Im) = Diag(E2(A), Ga(X))-

This means that Diag(E1(A\), G1(\)) and Diag(E2(X), G2(\)) are strictly system equiv-
alent at infinity. By Lemma 4.9, R;(\) and Ro(\) are strictly system equivalent at in-
finity. Analogously, if E;(\) and E5(\) are equivalent at infinity and G1(\) and Ga(\)
are equivalent at infinity, there exist biproper matrices Bi(A), Ba(A) € Fp(A)™*™,
Bg()\) S Fpr()\)poa B4(A) S FPT(/\)me such that

Diag(B1 (), Bs()) Diag(Ey (X), G1(A)) Diag(B(A), Ba(A)) = Diag(Ea(A), Ga(A)).

Then Diag(E1(A), G1(N)) and Diag(FE2(A), G2(A)) are transfer system equivalent at
infinity. By Lemma 4.9, since strictly implies transfer system equivalence at infinity,
R1(X\) and Ra(A) are transfer system equivalent at infinity. 0

If Ay, Asy € F™*™ are invertible and Aig, Asg € F™*™ then A11 A+ A9 and Ao A+
Asgg are equivalent at infinity (see Remark 3.5.2). The next result is a straightforward
consequence of Theorem 4.10.

COROLLARY 4.11. Let Ry(\) = [A3Fde B0 with Ay € Fm™" invertible,
Ajp € T Fi(N) € FO)™ ™, J;(A) € F(A\)P*", K;(A) € F(A\)P*™ such that
Ji(N) (A X + Ajo)~t and (Aa ) + Aio)tF;(\) are proper matrices, i = 1,2. Let
Gz(/\) = Kl(/\) + JZ(/\)(AM/\ + Aio)_lFi(/\), 1=1,2.

1. Ri(A) and Ra(\) are strictly system equivalent at infinity if and only if
G1(A) = G2(N).

2. R1(\) and Ro(X) are transfer system equivalent at infinity if and only if G1(\)

and Go(\) are equivalent at infinity.
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The next corollary provides means to obtain strong linearizations of rational ma-
trices from their minimal polynomial system matrices by performing elementary trans-
formations that preserve both the transfer system equivalence and the transfer system
equivalence at infinity.

COROLLARY 4.12. Let G(A) € F(A)P*™, let g1 be its first invariant order at in-
finity, g = min(0,q1) and n = v(G(X)). Let

PO) = [T Do) € FAee

be a polynomial system matriz of least order giving rise to G(\). Let

Loy {Al/\+A0 Bi)+ By

F )\ (nt(p+8)) X (n+(m+s)) >
—(CyA + Cp) Dl/\+DJ € F[A (52 0)
with Ay invertible if n > 0. Let § = —1 if D1 + C1 A7 By # 0 and § = 0 otherwise.
(a) If CIN)(Api A+ Apg) ™t and N (Ap1 A+ Apo) " B(\) are proper then L(\) is
a strong linearization of G(\) if and only if
(i) Diag(P()\), Is) and L(\) are transfer system equivalent, and

g ~
i APiACX)‘PO | igggg D[ ANt Ag  N(BA+B)
~(CiA+Co) NI(DiA+ Dy)

0 0 I
are transfer system equivalent at infinity.
(b) If NCN)(Api A+ Apog) ™t and (Api A+ Apo) 1 B()\) are proper then L(\) is
a strong linearization of G(\) if and only if
(i) Diag(P()\), Is) and L(\) are transfer system equivalent, and

Apl)\—FAPO‘ B\ 0 A+ A BiX+ By }

(ii) —)\900()\) )\913()\) [0 and |:—>\§(C1>\+Co) N(DiA + Dy)

are transfer system equivalent at infinity.

Proof. We prove item (a). Ttem (b) is proved analogously. By Theorem 4.4, L(\)
is a linearization of G()) if and only if condition (i) of (a) is satisfied. Let G()) be the
transfer function matrix of L(\). We prove now that A9G()) and Diag(AYG(A), I,)
are equivalent at infinity if and only if condition (i) of (a) holds true. Notice that
Diag(AYG()), I,) and A9G(\) are the transfer function matrices of

Api\+ Apg ‘ )\gB(/\) 0
—C0) MDY 0
0 0 I

A+ Ag A§(31)\+BO)

| (CiA+ Co) MDA+ Dy))

@

respectively. The result follows from Corollary 4.11, by taking into account that Apq
is invertible, since P(A) is of least order and n = v(G(})), and that (C1A+Co)(A1A+
Ag)~tand N (AN + Ag)~H(BiA + By) are proper, since A; is invertible. d

5. Construction of strong linearizations of rational matrices. We show
in this section that strong linearizations always exist for every rational matrix by
constructing explicitly infinitely many examples. These examples are obtained from
Algorithm 5.1 and the formal proof that they are indeed strong linearizations relies
on Corollary 4.12. Algorithm 5.1 is based on Corollary 5.1, whose proof is omitted
since it is an immediate consequence of Theorem 4.4 for ¢ = n.
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COROLLARY 5.1. Let G(A) € F(A)P*™ and let

_ |ApiA+Apg  Bp (n+p)x (n+m)
(25) P = { “op D()\)} e F[)
be a minimal polynomial system matriz of G(\) with Ap1 nonsingular if n > 0. Let
_ [AmA £+ Aro By (n+(p+5)) X (n+(m+s))
(26) L\ = [ e D)+ Do € F[A]

be a pencil with Ar1 nonsingular if n > 0. If there exist constant nonsingular
matrices T,S € F"*" and unimodular matrices U(X) € F\|PT)xt+s) Y ()) ¢
R\ (mto)x(mts) sych that

R

then L()) is a linearization of G(\).
Note that equation (27) is equivalent to the four equations

T(ApiA+ ALo) S = (ApiA + Apo),  U(A) (D1A+ Do) V(A) = Diag(D(A), L),

(27)

U CL S = {OCP } TBLV(N) = [Br Ouxsl
sXn

which reveal that if (27) holds, then D;\ + Dy is a linearization of the polynomial

matrix D(A) in the usual sense of matrix polynomials [24, 22, 10]. Thus, Corollary

5.1 suggests the symbolic Algorithm 5.1 for constructing linearizations in (essentially)

state-space form of G(A).

Algorithm 5.1 Construct a linearization of a rational matrix

Given a minimal polynomial system matrix P()) in state-space form as in (25) of a
rational matrix G(X), this algorithm constructs a linearization of G()) in state-space
form, when it ends.

Step 1. Choose any linearization Di\+ Dy of the polynomial matrix D()) together
with unimodular matrices U(X), V(A) such that U(X) (DiA + Do) V(A) =
Diag(D(X), Is). We emphasize that there are infinitely many choices available
in the literature for constructing linearizations of polynomial matrices (see,
for instance, [2, 6, 7, 8, 9, 12, 19, 24, 26] and the references therein).

Offn] and [Bp  Opxs| V(X)) and check whether these
matrices are constant matrices. If true, continue; if false, stop.

Step 3. Choose any pair of n X n constant nonsingular matrices 7, S and define

Step 2. Construct U(A)~! [

(Apid+ Aro) =T (Ap1A + Apg)S™H,
Cp

Os><n

Cr=UWN""! [ } Shand By :=T"" [Bp Onxs] V(N

Step 4. The pencil L()\) constructed as in (26) with all the pencils specified in Steps
1 and 3 is a linearization of G(\) by Corollary 5.1.

The new class of strong linearizations of rational matrices constructed in this
section contains, as very particular cases, the Fiedler-like linearizations (modulo per-
mutations) introduced in [1] only for square rational matrices, and so the extension
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to rational matrices of the Frobenius companion pencils ([1, Prop. 3.7] and [30]). We
emphasize that the strong linearizations introduced in this section are much more
general than those in [1] from several important points of view: (1) they are strong
linearizations, while [1] does not guarantee that the structure at infinity of the original
rational matrix is preserved; (2) they are valid for rational matrices of arbitrary sizes,
while [1] only considers square rational matrices, as it also happens in [30]; and (3)
the class of linearizations presented here is much wider.

Algorithm 5.1 needs two ingredients: a minimal polynomial system matrix in
state-space form of the rational matrix G(\) and a linearization of its polynomial
part D(\) (see (3)) when deg(D(X)) > 1, together with the unimodular matrices
that transform the linearization of D()) into Diag(D(A),Is). As linearizations of
polynomial matrices, we use the recently introduced strong block minimal bases pencils
[12, Section 3], which include Fiedler-type linearizations, among many others, and
have already been used in some applications [23, 27]. Strong block minimal bases
linearizations of matrix polynomials and the related unimodular transformations are
revised in Section 5.1. Next, we focus on the construction of the starting minimal
polynomial system matrix in state-space form via the following two-step approach.

Let G(A) € F(A\)P*™ be any rational matrix.

1. Compute the unique decomposition G(A) = D(A)+Gsp(A) with D(A) polyno-
mial and G, () strictly proper. In many applications [30], this decomposition
can be obtained (or guessed) without any computational effort.

2. Compute a least order state-space realization (A, B,C) of Gsp(A), that is,
Gsp(N) = C(AMI,, — A)7'B where n = v(G(\)) = v(Gsp(N)). A summary of
stable algorithms for constructing minimal state-space realizations for G4p(A)
can be found in [29]. In addition, in many applications [30], this realization
can be obtained (or guessed) without any computational effort.

The fact that (A, B,C) is a minimal realization is equivalent to the facts that
(A, B) is controllable and that (A, C) is observable [28]. That is to say:

rank [B AB .- A" 'B] =n, rank[CT (CA)T ... (CAnil)T]T =n.

Under these conditions

o=t )

is a polynomial system matrix in state-space form of least order n whose transfer
function matrix is G(A). A key observation on (28) is that if D(A) = 0 or deg(D())) <
1, then P(A) is itself a strong linearization of G(\) according to Definition 3.4, since
@()\) = G(A) in that definition. Therefore, in Section 5.2 we assume deg(D())) > 1.

5.1. Strong block minimal bases linearizations of polynomial matrices.
In this section we briefly review strong block minimal bases linearizations of poly-
nomial matrices and related unimodular transformations. More information can be
found in [12, Secs. 3, 4, 5] (we refer in this paper to the extended version of [12]
available as MIMS EPrint 2016.34). In addition, some results from [12] are refined
in order to use strong block minimal bases linearizations of polynomial matrices in
the construction of strong linearizations of rational matrices in Section 5.2. Classical
concepts on minimal bases of rational vector spaces are often used in this section.
For brevity, we do not review such concepts and refer the reader to the original pa-
per [14] or to [21, Ch. 6]. The summaries in [11, Sec. 2] and [12, Sec. 2] may be
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of interest since they use the nomenclature employed here. Briefly, we say that a
polynomial matrix with more columns than rows is a minimal basis when its rows
are a minimal basis of the rational subspace they span. Moreover, a minimal ba-
sis N(\) € F[A™*(m+™M) is dual to another minimal basis K (\) € F[\J™*(m+m) jf
K(A)N(A)T = 0. The Kronecker product of two matrices, denoted A ® B, is used in
this section [20, Ch. 4].

The polynomial matrices (note that the zero entries of a matrix are often omitted)

-1 A
-1 A

(29) Li(\) = N c F[ka(k-u)’ and
RSS!
(30) AN = [)\k el A 1] c F[)\}lx(k+1)

are important in this section. Note that Lj(\) and Agx(\)T are a pair of dual minimal
bases, as well as Ly(\) ® I; and Ax(A\)T ® I; [12, Ex. 2.6]. With these matrices and
the last column of Iy, denoted by ej41, we define the unimodular matrix

Li(N)
(31) Vk()\) =7 IF[)\](kJrl)x(de)7
Ck+1
whose inverse is
[ —1 —X —A2 ... )1 aE
-1 =X . Akl
(32) Vk(>\)71 — —1 T —)\2 c F[A](k+1)><(k+1)'
-\ /\2
-1 A
1

Note that the last column of V()1 is Ag(N).
The next definition is taken from [12, Def. 3.1 and Thm. 3.3].

DEFINITION 5.2. Let D(X\) € F[A]P*™ be a polynomial matriz. A strong block
minimal bases pencil associated to D(X) is a linear polynomial matriz with the follow-
ing structure

M\) KN } 4
(33) 0 }m

—— N——

m+m D
where K1(\) € FIN™*m+7) (respectively Ko(X) € FAP*®PHP) ) s a minimal basis
with all its row degrees equal to 1 and with the row degrees of a minimal basis Ni(X) €
FIN™* () (respectively Na(X) € FINP*PFP)) dual to K1()\) (respectively Ko()))
all equal, and such that

(34) D(A) = Na(A)MA)N:(N)T.

If, in addition, deg(D(X)) = deg(Na(N)) + deg(N1(N)) + 1 then L(N) is said to be a
strong block minimal bases pencil associated to D(\) with sharp degree.
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The most important property of any strong block minimal bases pencil associated
to D(A) with sharp degree is that it is a strong linearization of D(A) [12, Thm. 3.3].

The sizes of the submatrices in (33) are related to the degrees of the dual minimal
bases N1(A) and No(\) via [14, Cor. p. 503] as follows. Set

(35) g:=deg(Ni(N)) and n:=deg(Na2(N)).

Since the row degrees of Nj(\) (respectively No(\)) are all equal, they must be all
equal to € (respectively n) and [14, Cor. p. 503] implies

3

(36) =me and p=pmn.

Definition 5.2 includes the “degenerate” cases m = 0, when the second block
row in (33) is not present, or p = 0, when the second block column in (33) is not
present. If m = 0 (respectively p = 0) then Ni()\) (respectively No())) is taken to
be a nonsingular constant matrix of size m x m (respectively p x p) and the simplest
choice is just Ni(\) = I, (respectively No(X) = I,).

A remark on Definition 5.2 is that in [12, Thm. 3.3] the condition deg(D(\)) =
deg(Ny(N))+deg(Ny(N))+1 defining the strong block minimal bases pencils with sharp
degree is not mentioned at all. The reason is that the reversal of D(\) is defined in
[12] with respect to the “grade” deg(N2(A)) 4+ deg(N1(A)) + 1, while here reversals of
polynomial matrices are defined in an intrinsic way with respect to the degree (recall
Section 2). We emphasize that deg(D(\)) = deg(N2(A)) + deg(N1(A)) + 1 is used in
the proof of Theorem 5.11 and that this condition and (34) implies deg(M (\)) = 1.

Strong block minimal bases linearizations of polynomial matrices are a very wide
set of linearizations which include different types of linearizations (see [12, Secs. 4 and
5], [23], [27]). In Example 5.3, we present a particular class of strong block minimal
bases linearizations introduced in [12, Sec. 5], which were called block Kronecker
linearizations. They correspond to particular choices of K7 () and Ka(A) in (33).

EXAMPLE 5.3. Consider D(A) = DAY + Dy A7 + .- + Do € FIAJP*™, with
g > 1 and Dy # 0, and the matrices in (29) and (30). Then, a block Kronecker
linearization of D(A) is a pencil

o) = |- MO L NT8 L | e
(37) LE(/\) ® I, ‘ 0 }Em 7
(e4+1)m np

such that D(\) = (A,(\)? @ I,) M(\) (A:(\) ® I,,). Theorem 5.4 in [12] explains
how to construct all possible M(\) that satisfy the previous equation (there are
infinitely many). Observe that in the notation of Definition 5.2, we are taking
Ni(A) = A:(N)T ® I, and Na(\) = A,(A\)T ® I,. Particular examples of block
Kronecker linearizations of D(\) are the first Frobenius companion form, which cor-
responds to M(A) = [DgA+ Dg—1 Dq_g -+ Dg],e=¢q—1andn=0, and the
second Frobenius companion form, with M(\) = [DIX+ DI, DI, ... D(ﬂT,
n =¢q—1and € = 0. The block Kronecker linearizations corresponding to the re-
maining (permuted) Fiedler pencils are extremely easy to construct as is discussed in
[12, Thm. 4.5]. An interesting block Kronecker linearization for polynomial matrices
with odd degrees ¢ = 2k + 1 is constructed by taking L.(\) = L,(\) = Lg()\) and
M(X) = Diag(Dag4+1A + Dok, Dag—1 A+ Dag—2, ..., D1A + Dy). Such linearization
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is very simple and is symmetric or Hermitian if D()\) is symmetric or Hermitian.
The condition D, # 0 guarantees that (37) is a strong block minimal bases pencil
associated to D(X) with sharp degree [12, Thm. 5.4].

Lemma 5.5 refines [12, Thm. 2.10] for dual minimal bases as those appearing in
Definition 5.2. The refinement comes from the fact that & 1 and IA(Q in Lemma 5.5 are
constant matrices, a property not guaranteed in [12] and that is essential in Section
5.2. In order to prove Lemma 5.5 we need to prove first Lemma 5.4.

LEMMA 5.4. Fori=1,2, let K;(\) be a linear pencil as in Definition 5.2 and let
N;(X) be a minimal basis dual to K;(X). If Q;(\) is another minimal basis dual to
K;()\), then there exists a nonsingular constant matriz H; such that Q;(\) = H; N;(A).

Proof. The columns of @Q;(\)7 form a basis of the right null-space N,.(K;()\))
over F()\) defined in Section 2 and the columns of N;(A)T form another basis of
N, (K;(X\)). Therefore, there exists a nonsingular rational matrix H;(\) such that
Qi(N\) = H;(\) N;(A\). Since N;(\) and @Q;(\) are both minimal bases, the row degrees
of N;()\) are all equal, the row degrees of @Q;(\) are all equal, and the row degrees of
N;(\) are equal to those of Q;()\), we get that H;(\) must be a constant matrix [14].0

LEMMA 5.5. Let K1()\) € F[\™*(Mm+™) be q linear pencil as in Definition 5.2 and
Ni(\) € FIN™ ) be any of its minimal dual bases. Then there exist Ni()\) €
FA™*(m+7) and a constant matriz K; € F™*M+™) sych that

Ki(A _ _
(a) U1(\) = [ IL(( )] € F[Nmtm)x(m+m) s o unimodular polynomial matrit,
1
and

(b) D) = [T M) ] € FAJmsmx(em),

An analogous result holds for Ko(X) € FIAP*®P*P) s in Definition 5.2 just by replac-
ing 1 by 2, m by p, and m by p.

Proof. We only prove the result for K7 (\). In the proof, the matrices in (29), (30),
(31) and (32) are frequently used. In addition, Vj(A)~! is partitioned as Vi (\)~! =
[We(A)  Ar(XN)]. We take e = deg(N1())) as in (35) and so m = me as in (36). Since
all the row degrees of K1(\) = /\Kfl) + Kfo) are equal to 1 and K7 (\) is a minimal
basis, K%l) has full row rank. This fact and [11, Thm. 2.4] implies that K;(\) has
neither infinite nor finite eigenvalues and has no left minimal indices. Therefore the
Kronecker canonical form [15, Ch. XII] of K7()) has only right singular blocks of
size € X (¢ + 1) (because the row degrees of Ni()\) are all equal to €), i.e., there
exist nonsingular constant matrices R € Fe*™¢ and § € Fm(et)xm(e+1) guch that
Ki(\) = R7Y (I, ® L.(\)) S~!. Let e.y1 be the last column of I ;. Define the

constant matrix K1 := (I,, ® eZ ;) S~! and the linear polynomial matrix

oo [0 2]

Observe that U1 (A) is unimodular because via an obvious row permutation IT we get

I @ L(N)] _ L:(N)| _
H[Im®ez+1] = In® [ezﬂ = @V,

whose determinant is (det(V.(\)))™ and so it is constant. Observe also that Q1(\) =
(I, ® Ac(M)T)ST is a minimal basis dual to K;()\) because it is a minimal basis by
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[11, Thm. 2.4] and K;(\)Q1(A\)T = 0. From Lemma 5.4, we know that Nj(\) =
Hi TQl()\) for some nonsingular constant matrix H;. With this matrix, we finally
define

NN

which is unimodular since Uy (\) is. Note that Uy(\) ™! =[S(L,, ® W-(A\))R N1(N)T],
since a direct multiplication proves that Uy (A) Uy () ™! = I,,(11), taking into account
(31) and the partition Vy(A\)™t = [Wi(X)  Ar(N)]. 0

EXAMPLE 5.6. In the case of block Kronecker linearizations as in (37) (which
include the standard Frobenius companion forms), if we take Nij(\) = A.(A\)T ® I,,,
and No(\) = A,;(A\)T ® I,,, then the constant matrices K and K, in Lemma 5.5 can
be taken to be K = el , ® 1, and K, = el 1 ® I,. This follows from (31) and (32).

Following the discussion of degenerate cases, if m = 0 (respectively p = 0) in
Lemma 5.5, then Uj(A) = K, = Ni(A\)~T € Fm*™ (respectively Us(\) = K, =
Ny(A)~T € FP*P) is any nonsingular constant matrix and the simplest choice is just
I?l = I,,, (respectively IA(Q =1,).

Lemma 5.5 allows us to construct in Theorem 5.7 unimodular matrices U(\)
and V() that will be used in Section 5.2 to develop strong linearizations of rational
matrices. The proof of Theorem 5.7 is ommitted, since it is very similar to [12, Proofs
of Thm. 3.3 and Lem. 2.14] and proceeds via a direct matrix block product.

THEOREM 5.7. Let L(A) as in (33) be a strong block minimal bases pencil as-
sociated to D(X\) € FAJPX™ let Ni(\) € FA™*(m+™) and Ny(\) € FIAP*PHP) pe
minimal bases dual to K1(\) and Ko(\), respectively, and for i = 1,2, let

Vi) = [Kfék)]

be unimodular matrices with K; a constant matriz and ]/\71()\) as in Lemma 5.5. There
are matrices X (X\) € F[A]P*™ Y(X) € F[A]P*™ and Z(\) € FIN\P*™ such that

~ 0 I O
T T m
V(A = [Nl(OA) M) ?A] In 0 0],
PLI-X(N) 0 Ip
0 I, —Y(\N] [Na()) 0
UN:={0 0 In | |N() o0
Is 0 —Z(\) 0 I
are unimodular matrices and
(38) U(N) £(\) V(A) = Diag(D(A), I 7).

REMARK 5.8. Note that Theorem 5.7 does not assume that £(\) is a strong block
minimal bases pencil with sharp degree, which is important to obtain Corollary 5.9.

The goal of the rest of this subsection is to construct certain biproper matrices
related to strong block minimal bases pencils with sharp degree that will be used in
Section 5.2. We revise first some properties of the reversal of a strong block minimal
bases pencil associated to D(A) with sharp degree as in Definition 5.2. This pencil is

rev M(\)  rev Ko(\)T

rev L) = ey Ky (V) 0 :
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since deg(M (X)) = 1 by the condition deg(D())) = deg(N2(N))+deg(N1(A))+1. From
[12, Thm. 2.7 and Proof of Thm. 3.3], rev £(A) is a strong block minimal bases pencil
associated to rev D(\) = (rev No(\)) (rev M())) (rev N1(A)T), but it is not guaranteed
that it has sharp degree. It is proved in [12, Thm. 2.7], that for i = 1,2, rev N;(\) is
a minimal basis dual to rev K;(\) with deg(rev N;(\)) = deg(NV;())), which allows us
to apply Theorem 5.7 to rev £L(A) and rev D(A) and to obtain Corollary 5.9.

COROLLARY 5.9. Let L(X) be a strong block minimal bases pencil associated to
D(X) € FAJPX™ with sharp degree as in Definition 5.2 and let N1(\) € F[\]™*(m+m)
and No()\) € FINP*PFP) be minimal bases dual to K1(\) and Ko()), respectively.
Then there exist Ni(\) € F[N*(m+™m) N, (A) e FAP*X®+D) | X()\) e FAP*™,

Y (\) € FINP*™ and Z(\) € FAJPX™ such that

(39) ‘7()\) — Nl()\)T I'GVNl()\)T 0 . I(;)ﬁ 8 |
0 0 Is —X()\) 0 I
. 0 I, —Y(\ No(M) 0
(40) UN:=1]0 0 I rev No(A) 0

are unimodular matrices and U(X) (rev £(X)) V(X) = Diag(rev D(N), Itp). In addi-
tion, each of the factors defining V(X)) and U(X) is unimodular.

Combining Corollary 5.9 and [3, Lem. 4.1] we obtain the last result of this section.

COROLLARY 5.10. With the same assumptions and notation as in Corollary 5.9,
let V(\) € F[NMmFARAR)x(m+mtD) gng U(N\) € FIA|PTRFP)X®+m48) be the unimodu-
lar matrices introduced in Corollary 5.9 and define from them the biproper matrices
V(1/)) and U(1/X). Then

(41) T(1/2) (A1 L) V(1/A) = Diag(A"“D(N), It5),

where ¢ = deg(D(X)). Moreover, each of the factors defining V(1/X) and U(1/\)
according to (39) and (40) is biproper and any submatriz of these factors is proper.

Proof. The properties of U(1/)), V(1/A), their factors, and their submatrices
follow from [3, Lem. 4.1]. The equality (41) follows from the previous corollary by
replacing A by 1/X and taking into account that deg(L£())) = 1 since deg(M (X)) = 1.0

5.2. Strong block minimal bases linearizations of rational matrices. The
goal of this section is to state and prove Theorem 5.11, which is the main theorem of
this paper on the existence and explicit construction of strong linearizations of any
rational matrix G(A). The constructed strong linearizations are presented in equation
(42) and the proof relies on Corollary 4.12. We emphasize that such linearizations
have been constructed via Algorithm 5.1 with input the minimal polynomial system
matrix of G(A) in (28) and choosing in Step 1 any strong block minimal bases pencil
L(A) as (33) associated to the polynomial part D(A) of G()), the unimodular matrices
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U(M) and V(A) in Theorem 5.7, and taking s = m + p. To check this, note that
)

p
_ Z0) Iy
T T p
ooyt = [T K 0y o],
0 O Gallo 1, o

which in Step 2 in Algorithm 5.1 yields

C T
UMY [ 0mixn _B{jﬂ, (B Onxm Onxp) V(A)*lz[BKl onxﬁ].
Oﬁxn mxn

Since these matrices are constant, Algorithm 5.1 does not stop. Then taking arbitrary
nonsingular matrices 7' and S in Step 3, the linearization in (42) is the output of
Algorithm 5.1, where X and Y in (42) are T~! and S~! respectively. These lineariza-
tions are called strong block minimal bases linearizations of rational matrices.

THEOREM 5.11. Let G(A) € F(A)P*™ be a rational matriz, let G(A\) = D(X\) +
Gsp(N) be its unique decomposition into its polynomial part D(X) € F[AP*™ and
its strictly proper part Gsp(X) € F(A)P*™, and let Gsp(\) = C(A\IL, — A)"'B be a
minimal state-space realization of Ggp(N), where n = v(G(X)) = v(Gsp(X)). Assume
that deg(D(X)) > 1 and let

m-+m

0
—— \ﬁ:_/
p

be a strong block miAmmal bases pencil associafed to D(X\) with sharp degree, with
Ni(\) € FIN™> 0+ gnd Ny(X) € FIANPX®PHP) minimal bases dual to Ki(\) and
Ks(\), respectively, such that D(X) = Na(A)M AN (M. Let K; € Fmx(m+m) gnd
Ky € FP*(0+P) be constant matrices such that, for i = 1,2, the matrices
K;(A ~
v = "2V ana vt = (R wer

are unimodular. Then, for any nonsingular constant matrices X,Y € F"*" the linear
polynomial matrix

X(\, - A)Y | XBEK, 0
(42) L)) = — KTcy M) Ky(\)T
0 Ki()) 0

is a strong linearization of G(X).

REMARK 5.12. If £(\) in Theorem 5.11 is a block Kronecker linearization of D(\)
as in (37), Example 5.6 implies that X BK; = eZ,; @ XB = [0pxm -+ Onxm XB]
and IA(gC'Y = ey+1 ®CY. Recall alio that in the degenerate case m = 0 (respectively
p = 0) Ky € F™*™ (respectively Ko € FP*P) can be any nonsingular matrix with
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I,, (respectively I,) as the simplest choice. There are infinitely many strong block
minimal bases pencils £(\) associated to D(A) with sharp degree and, so, infinitely
many strong linearizations of G()\) inside the framework of Theorem 5.11. A subset of
these infinitely many can be constructed very easily in the case we restrict ourselves
to block Kronecker linearizations £(A) of D()).

Proof of Theorem 5.11. The proof is based on Corollary 4.12. In this proof, we
adopt the notation in (35) for the degrees of Nq(\) and Ny(\) and ¢ := deg(D(N)) > 1.
Therefore, ¢ = € + n + 1 according to Definition 5.2. Note that this condition and
(34) imply that deg(M(N\)) = 1, therefore g in Corollary 4.12 is in this case g = —1
for L(A) in (42), since in the notation of that corollary Dy # 0, C; =0, and By = 0.
In addition, g in Corollary 4.12 is ¢ = —q here. A key ingredient in this proof is
the minimal polynomial system matrix in state-space form P()) in (28) giving rise to
G()). Obviously, for this P(A\) the matrices C(\I,, — A)~! and A=4(\I,, — A)~!B are
both proper, and we are in the scenario of Corollary 4.12 in this respect.

According to Corollary 4.12, Theorem 5.11 is proved if

M, —A | BK, 0
(43) L) =| —KIc | M(\) Ky\)T
0 Ki(\) 0

is a strong linearization of G(A). The reason is that
Dlag(X, Ip+7’ﬁ+1’)\) L(A) Dlag(}/7 Im_‘_,,’ﬁ_;’_ﬁ) = L(}\),
which means that L(A) and L()\) are transfer system equivalent, and that

Diag(X, Iy m1p) (L(A) Diag(ln, A Iyt p)) Diag(Y, Lnsimtp)
= L()‘) Diag(ln; A_1]m+m+ﬁ),

which means that L(\)Diag(Zn, ALy 4m45) and L(X\)Diag(l,, A,y 175) are trans-
fer system equivalent at infinity. Thus, in the rest of the proof we focus only on L(\).

We prove first that IL(\) is transfer system equivalent to Diag(P(X), In4p), i-e.,
we prove first (i) of (a) in Corollary 4.12. To this purpose, the unimodular matrices
U(A) and V(A) in Theorem 5.7 and (38) are used to prove that the transfer system
equivalence Diag(I,,, U(\)) L(A\) Diag(,, V(X)) = Diag(P(\), Is+p5) holds. This fol-
lows from a direct matrix multiplication taking into account that I?lﬁl(A)T =0,
KiNi(N)T = I, KaNo(W)T =0, KoNoy(W)T =1,

Next, we prove that (i) of (a) in Corollary 4.12 holds for L(A) in (43) and P()\)
in (28). The proof has two steps. The first one uses the biproper matrices U(1/))
and V(1/X) in Corollary 5.10 and the submatrices of their factors to define the proper
matrices

(AT =1)1,
W()\) = Ofﬁxp C()\In - A)_17
No(1/A) K3
ZO) = A AL = AT B[ - AL, Ry N1/ O]

We have first that (41) holds, K; rev Ny (1/X)T = A=<1,,, and rev Ny (1/A\) KT = A~"1,,.
With this and ¢ = € + 71 + 1, one can prove, after somewhat long but direct algebraic
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manipulations, the following transfer system equivalence transformation at infinity

M, —A | \'BK, 0
iy ]| —REC | M0 TR | 5 g
0 )\_1K1(/\) 0
M, —A| A B 0 0
_ —C | AT9D(A\) Ha(\) 0 | _
- 0 0 ;’@ o | = FO
0 Hip(\)  His(\) Iy

where Hya(A) = AT Ny(1/XN) KT Gop(N), Haz(N) = A=) G (A K Ny (1/0)7,
and Hyz(\) = 27! NQ(I/A)I?QTGSP(A)IA(lﬁl(1/)\)T are strictly proper rational ma-
trices. The second step of our proof of (i) of (a) in Corollary 4.12 consists of the
following transfer system equivalence transformation at infinity

I, |0 0 0 (L] 0 0 0 ]
0| I, —Hy(\) 0 0 I, 0 0
010 I 0 F()) 0 0 I 0
010 0 I | 0 | —Hype(N) —Huz(N) I |
[ A, — A ‘ A\"9B 0 0]
_ -C ATID(A) 0 O
o 0 0 I, 0 |’
| 0 0 0 Iz |
which completes the proof of Theorem 5.11. 0

5.3. Examples of strong linearizations of symmetric rational matrices.
In the following two examples we implement the schemes developed in this paper to
obtain strong linearizations for two symmetric rational matrices discussed in [30, Sec.
4.3 and 4.4] and that appear in applications. In addition, the corresponding strong
linearizations will preserve the symmetric structure of the problems.

EXAMPLE 5.13. Vibration of a fluid-solid structure. Let G(A) = A — AB +
Zle /\%mEi, with A and B n X n real nonzero symmetric positive semidefinite ma-
trices, o; > 0, and E; = C;CT, C; € R"*" and rank C; = 1, i = 1,..., k. First, we
separate the polynomial and strictly proper parts of G(\): G(\) = A+ 2?21 c;,cl —
AB + Ggp(N), where Gyp(N) = Zle p—— C;CT. The realization of G,(\) proposed
in [30] is Gsp(\) = C(A\IL, — X)7'ECT where ¥ = Diag(o11,,,021,,...,011,),
C = [C’l Cy --- C’k] and r = 71 + -+ - + . Without further assumptions on
the matrices C;, we cannot conclude that this realization is minimal and so, some o;
may not be poles of G(\). Henceforth the result about the number of eigenvalues of
G(\) in a given interval (a, ) given at the end of Section 4.3 of [30] may not be cor-
rect. It turns out, however, that under very mild conditions the realization of G, ()
is controllable and observable. If, for example, rank C = r and we put H = XC7T
then (X, H) is controllable, (2, C) is observable and Gg,(A) = C(AI, — £)7'H is a
minimal realization of Gg,()). Hence, if rank C' = r,

A, —% zCcT

LN=1""c" atcor-ap
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is a strong linearization of G(\), according to the paragraph below (28). Moreover, if

L(\) = {_%1 I(ﬂ Lin= [_m;‘+ " s +_(§i CCT)]

then L; () and L(\) are strictly system equivalent. Also,

M, -3 Atect AL+ T, -Atet

{ —C A4+ cCT - /\B)] and [ —C A L(=AB+ (A + ccT))]
are strictly system equivalent at infinity. Thus, by Corollary 4.12, L() is also a strong
linearization of G(X). L()) is a symmetric positive semidefinite (see Proposition 4.1
of [30]) strong linearization of G(A). The eigenvalues (finite and at infinity) of G(\)
can be computed via the generalized eigenvalue problem L(\)z = 0.

EXAMPLE 5.14. Damped vibration of a structure. Let G(\) = \>M + K —
Zle ﬁAGi where M and K are n x n real symmetric positive definite matrices,
b; > 0 and AG; = LiLiT with L; € R™ " and rankL; = r;, ¢ = 1,...,k. The
goal of this example is to use Theorem 5.11 to construct a strong linearization of
G(\) that preserves the symmetric structure of the problem. Let us define o; = bi
Then, the decomposition of G(A) into its polynomial and strictly proper parts is
G(X) = N2M + K + G4 (N), where Gyp(A) = — 3% | 5% L;LT. Let us denote L =
[L1 Ly --- Lk}, Y = Diag(o1l,,,02I,,...,0¢l, ), and assume that rank L =
r=r1+re+---+7rg Again, if C = —L and B = XL” then G4,(\) = C(A,+%)"'B
is a minimal state-space realization of Gy,()\). In addition, £L(\) = [ X ] is a
strong block minimal bases pencil associated to the polynomial part D(\) = A\>M +
K with sharp degree. To check this, note that in the notation of Definition 5.2,
M) = [K )\M], Ki(\) = [)\M fM], which is a minimal basis by [11, Thm.
2.4], N1(\) = [In Al] is a minimal bases dual to Ki()) with all its row degrees
equal to 1, and p = 0, which allows us to take No(\) = I,,. So, D(A) = M(A\)N;(\)T
and deg(D(\)) = deg(N2(N)) + deg(N1(A)) + 1. Now, the use of Theorem 5.11 to
construct strong linearizations of G(\) requires to know K 1, since IA(QT can be taken to
be any nonsingular matrix, and in particular I,,. To this purpose, note that U (\) =

[’\I]\j _g/l] and Uy(\)~1 = [7M0,1 )\II’;] are unimodular, which means that we can

choose I?l = [In 0]. With this information, we take X = ¥~! and Y = I,. in (42)
to obtain, by Theorem 5.11, that

AS"L41, LT 0
Ly(\) = L K AM
0 AM —M

is a strong linearization of G(A). In addition, Lo(X) preserves the symmetry of G(A).

The linearizations constructed in this subsection preserve the finite and infinite
poles and zeros of the original rational matrices and also their symmetry. Preserving
the symmetry is not always possible, since [10, Sec. 7] shows that there exist real
symmetric polynomial matrices with even degree which do not have symmetric strong
linearizations. It remains as an open problem to determine whether non-polynomial
symmetric rational matrices have always symmetric strong linearizations or not.

6. Conclusions and future work. This paper presents for the first time a
definition and a theory of strong linearizations of arbitrary rational matrices, which
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generalize the existing ones of polynomial matrices. This theory includes a spectral
characterization of strong linearizations that shows that these pencils satisfy the ex-
pected properties. The concepts of transfer system equivalence and transfer system
equivalence at infinity are introduced and used to fully characterize the transforma-
tions that allow us to construct strong linearizations of rational matrices. With these
transformations, infinitely many explicit examples of strong linearizations of rational
matrices are obtained, which can be used to compute the whole set of finite and infinite
poles and zeros of any rational matrix via standard algorithms for linear pencils.

In the last years, many researchers have studied strong linearizations of polyno-
mial matrices since they are essential in the numerical solution of polynomial eigen-
value problems. Therefore, we expect that this paper will foster further research on
strong linearizations of rational matrices as, for instance, the study of the preservation
of structures, the comparison of the conditioning of the zeros in the linearizations and
in the rational matrix, the analysis of the backward errors introduced in the original
problem by a backward stable eigenvalue algorithm applied on the linearization, the
recovery of minimal indices and bases and eigenvectors, etc.
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