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GENERALIZED BEZOUTIAN FOR A PERIODIC
COLLECTION OF RATIONAL MATRICES!

CARMEN COLL, RAFAEL BRU AND VICENTE HERNANDEZ

We introduce the concept of periodic generalized Bezoutians associated with discrete-
time linear periodic systems or periodic rational matrices. Given a periodic collection of
rational matrices, we characterize the dimension of minimal periodic realizations by means
of the rank of the associated periodic generalized Bezoutian matrix.

1. INTRODUCTION

The usual Bezoutian matrix involves a pair of scalar polynomials and provides infor-
mation concerning coprimeness and greatest common divisor of polynomials. Helmke
and Fuhrmann [7] surveyed this theory and gave some connections with realization
problems. Anderson and Jury [1] extended the concept of Bezoutian to a quadruple
of polynomial matrices and proved that the rank of the generalized Bezoutian matrix
is equal to the McMillan degree of the transfer matrix. Other authors, Bakri [2],
Wimmer [10], studied the relationships between generalized Bezoutians and Hankel
matrices. Lerer and Tismenetsky [8], gave a natural generalization of the classical
Bezoutian matrix of two polynomials for a family of several matrix polynomials.
Gohberg and Shalom [5] defined the H-Bezoutian and T-Bezoutian, where only two
matrix polynomials are needed. The H-Bezoutian and T-Bezoutian are connected
with Hankel and Toeplitz matrices, respectively. Our goal is to extend some of these
results to discrete-time linear periodic systems.

Section 2 has a preliminary character. In Section 3 we give the notion of periodic
generalized Bezoutian of a periodic collection of rational matrices and we construct
a left (right) matrix fraction description of the rational matrix at time s from a
left (right) matrix fraction description of the rational matrix at time 0. Section 4
contains relations between the periodic Hankel and periodic Bezoutian matrices
associated with a periodic collection of rational matrices and we characterize the
dimension of minimal periodic realizations by means of the rank of the associated
periodic generalized Bezoutian matrix.

1Presented at the IFAC Workshop on System Structure and Control held in Prague on September
3-5, 1992. The research was supported by Spanish DGICYT Grant PB 91-0535.
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2. REALIZATIONS OF PERIODIC RATIONAL MATRICES

Consider the discrete-time linear N-periodic system, N € ZT,

z(k+1) = A(k) z(k) + B(k) u(k) } W

y(k) = C(k) z(k),
with A(k+ N) = A(k) € R**", B(k+N) = B(k) € R**™ and C(k+ N) = C(k) €

RP*" k€ Z. This system is denoted by (C(-), A(:), B(-))n. The invariant system
associated with the periodic system (1) at time s, s € Z, is defined by (see [9]),

zs(k+1) = Aszs(k) + Bsus(k) } @)
ys(k) = Cs x5 (k) + Eg us(k),
with
zs(k) = x(s+kN),
us(k) = collu(s+kN), u(s+kN+1),...,u(s+ kN + N —1)],
ys(k) = colly(s+kN), y(s+ kN +1),...,y(s+ kN + N —1)],
where

As = ¢a(s+ N, s) e R™™,

By = [¢pa(s+N, s+1) B(s), ¢pa(s+N, s+2) B(s+1),..., B(s+N—1)]cR"*™N,
Cs = col[C(s), C(s+1) pa(s+1,5),...,C(s+N—1) pa(s+N—1, 5)] e RPNV,
E, = [B}], E5eRP™ i j=1,..,N,

Ejj =C(s+i—1)¢a(s+i—1,s+5)B(s+j—1), i>j

and ®4(k, ko), k > ko, is the transition matrix of (1). This system will be denoted
by (Cs, As, Bs, Es).

The transfer matrix of the periodic system (1) at time s, s € Z, was defined by
Grasselli and Longhi [6] as

Go(2) = Cs(2I — A)) 7' By + B, € RPNXMN (), (3)

The rational matrix G4(z) is proper with a strictly lower block-triangular poly-
nomial part. All such G4(z) matrices constitute a ring with identity element I.

The same authors proved the following relation between the transfer matrix of
(1), at consecutive times s and s + 1

Gst1(2) = S1,,(2) Gs(2) Si’r]:n(z)7 (4)

where the matrices S1,,(2), S1,m(2) are

0 Iin-
Sia(z) = [ o Joroe ] '
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Note that the product of two transfer matrices G5(z) Hs(z) and the inverse G !(z)
get transformed by expression (4) in the same way as G5(z).

From the periodicity of the system (1) the invariant systems (2) satisfy
(Cs+n, AstnN, Bsin, Esyn) = (Cs, Ag, Bs, Es), and therefore the transfer matri-
ces satisfy G, n(z) = Gs(2).

Now, we give the definition of a periodic realization of a periodic collection of
rational matrices.

Definition 1. Consider the periodic collection of rational matrices
{Hy(2),s € Z}, Hen(z) = Hy(z) € RPNXMN (), (5)

The periodic system (C(-), A(), B(+))n is a periodic realization of (5) if Hs(z) =
Cs(2I — Ag)™1 B + E. The size of A(-) is called the dimension of the realization.
A periodic realization is called a minimal periodic realization if there exists no other
periodic realization having a lower dimensional state vector.

In [3] we proved the following result.

Theorem 1. The periodic collection of rational matrices given by (5) has a periodic
realization, if and only if,

Hyi1(2) = S1,p(2) H(2) St (2), (6)

1,m

and Hy(z) is proper with strictly lower block-triangular polynomial part.

Remark 1. From (6) if Hy(z) satisfies the above condition then H,(z), s € Z are
also proper rational matrices with strictly lower block-triangular polynomial parts.

3. PERIODIC GENERALIZED BEZOUTIAN

Consider the transfer matrix of the periodic system (1) at time s, given by (3). Let

Gs(2) = D71 (2) Na(2) = Rs(2) P (2), (7)

S S

be a left and right polynomial matrix fraction description of G4(z), where D,(z),
Ny(z), Rs(z) and P,(z) are real polynomial matrices with respectively sizes pN x
pN, pN x mN, pN x mN and mN x mN, with D4(z) and Ps(z) nonsingular. By
(7) it readily follows that Ds(z) Rs(z) — Ns(z) Rs(z) = 0. To define the generalized
Bezoutian, we construct the following nonsquare polynomial matrices

My(z) = [Ds(2), —Ns(2)] € RPVXHmIN 5], (8)
L(z) = { f;((j)) ] € RWw+m) NxmN [ (9)

Let ks and hs be the degrees of M,(z) and L4(z), respectively. Note that
M;(2) Ls(z) = 0 then the matrix Ms(\) Ls(u) /(A — u) is a polynomial matrix
in two different variables, A and p. Now, the definition of generalized Bezoutian
given by Gohberg and Shalom [5], allows us to establish the following definition for
a periodic linear system.
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Definition 2. (i) The polynomial matrix given by

M,(\) L, el
6(M€7 LSa >‘7 .u) = ()\)_'u(’u) = ij A .uj7 (10)

with §; € RPNXmN g called the generalized Bezoutian associated with the periodic
system (1) at time s.

(ii) The generalized Bezoutian matrix associated with the periodic system (1) at
time s, is the block matrix

630 ﬁgl ﬁg,hs—l
b1 By e Bl
B(M,, L) =| . . R (11)
525—1,0 625—1,1 ﬁizs—uzs—l

whose entries are the coefficients of (10).

Remark 2. (i) The generalized Bezoutian of the periodic system (1) at time s is,
by definition, the generalized Bezoutian of the invariant system (Cs, As, Bs, Es).

(ii) By the periodicity of the system (1) it follows that

6(MS+N7 Ls+N7 )‘7 M) = ﬁ(M& L37 )\7 /1')7
B (M5+N7 Ls+N) = B(Msa Ls)

(iii) The generalized Bezoutian and the generalized Bezoutian matrix at time s of
the periodic collection of rational matrices (5), can be defined by analogous form. It
suffices to consider a left and right polynomial matrix fraction description of H(z)

Hy(2) = D71 (2) No(2) = Rs(2) P71(2)

S S
and use the expressions (8)—(11).
In the following result we prove some properties of the polynomial matrices Ss ()

defined for any s € Z and t = p, m as follows

0 Z] I —i
Ssi(2) = A, (8’ )t (12)

where s = jN +14, i = 0,1,...,N — 1. Note that S,(2) is an extension of the
polynomial matrix S; ;(2) introduced in expression (4).

Lemma 1. The polynomial matrices Ss.(z) given by (12) satisfy the following
relations:

i) Ssynit(2) =2854(2), Ss—ni(2) =271 8s4(2), s€ Z,
11) Ssl+S2,t(Z) = Ssl1t(z)? 5527,5(2), S1, 82 € Z.
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Proof. (i)

0 Zj+1l —i 0 Z]I —q
Serni(2) = { e, éN )t } :Z[ g, (Sf )t ] =2 55.4(2),

0 Zj_II i — 0 Z]I —q —
Ss—N,t(Z)|: ST, O(N )t :|Z 1 |: Lt (8’ )t :|Z 155,16(2’).

(ii) Suppose s1 = j1 N +1i1, sg =ja N +ia, 41,92 =0,1,...,N—1, and iy +is =
j3N+i3,j3 2071, i3=0,1,...,N—1. Then S1 + 89 = (]1 +j2+j3)N+l3 By
relation (i)

SSl’t(Z) SSZJ(Z) = Zj1+j2 Sil,t(z) SiQ,t(Z) =

_ Lt | 0 Iv—ie 0 vyt | _
ZIil,t 0 ZIig,t 0

— iitiatis Sz t(2) = Saytep.t(2).
a
Using the relation (4), in the following result we construct a left (right) matrix

fraction description of the transfer matrix at time s from a left( right) matrix fraction
description of the transfer matrix at time 0.

Proposition 1. If Go(z) = Dy '(2) No(2) = Ro(2) Py ' (2) is a left and right poly-
nomial matrix fraction description of the transfer matrix of (1) at time 0, then
Gs(z) = {Do(2) SNfs,p(Z)]il No(2) SN—s,m(2)
= Sup(2) Ro(2) {Ssm(2) Pol2)} "

is a left and right polynomial matrix fraction description of the transfer matrix of
(1) at time s, s € Z where S, ((#) is the polynomial matrix defined in (12).

Proof. Since the transfer matrices of the periodic system (1) satisfies, Gs41(z) =
S1p(2) Gs(2) Sf}n(z), s € Z, and by property (ii) of Lemma 1 we obtain

Gs(2) = 57,(2) Go(2) S (2)
= Sep(2)Go(2) S; L (2), se€Z

From the left and right matrix fraction description of G(z), we deduce
Gs(z) = Sup(2) Dy (2) No(2) Sim(2)
= Ssp(2) Ro(2) By (2) S (2).
By Lemma 1, S, ,(2) Sn—sp(2) = Snp(2) = 280,(2) = 2Ipn, then S ,(2) =
zS;,lfs’p(z). Now we obtain
Gylz) = 28yL.,(2) Dy (2) Nol2) =~ Sn—som(2)
= {Do(2) Sn—sp(2)} " No(2) Sn—sm(2).
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Analogously, we have

)

Gs(2) = 8
Ss.p(2) Ro(2) {Ss,m(2) Po(2)} 1.

S

p(2) Ro(2) Py ' (2) S5 (2)

Remark 3. From these matrix fraction descriptions, we construct the following
nonsquare polynomial matrices:

Mo(z) = [Do(z), —No(2)], } (13)
M(z) = [Do(2) Sn—sp(2), =No(2) Sn—sm(2)], s€ Z
Ro(z)
W=t ) (19
_ | Ssp(z) Ro(2)
Ly(z) = [ Ss,m(z)P%(z) } ,s€Z
Note that
M;(z) = Mo(z) diag (Sn—sp(2), SN—s.m (%)), } (1s)
Ly(z) = diag (Ss,p(2), Ss,m(2)) Lo(2).

Thus, from a matrix fraction description of the transfer matrix of (1) at time 0,
we can, by Definition 2, determine the generalized Bezoutian of the periodic system
(1) at time s, s € Z.

Remark 4. All the above results remain valid for the periodic collection of rational
matrices (5), provided that the expression (6) holds.

4. MINIMAL REALIZATIONS. PERIODIC BEZOUTIAN AND HANKEL
MATRICES

Consider the periodic collection of rational matrices given by (5), Hsyn(2) = Hs(z) €
RPN*mN () s € Z. In the following, we assume that this collection satisfies the
conditions of Theorem 1.

To characterize the dimension of the minimal periodic realizations of (5) by means
of the rank of the corresponding generalized periodic Bezoutian matrix, we need the
concept of Hankel matrix associated with a sequence of Markov parameters. The
(a, B)th block Hankel matrix associated with the rational matrix H(z) is defined
by

Hg Hy H; --- Hp,
s s s . s
Hl H2 H3 Hﬁ c RapNXBmN

s
a,B

Ho oy Hy Hopy - Hiypoo
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where H are the Markov parameters of Hy(2) that is
Hi(z) = Z H? 27,
§=0

By the periodicity of (5) we have that HZ%N = H; 5.

It was proved that (see [3]), under the conditions of Theorem 1, the periodic
collection of rational matrices given by (5) admits the following polynomial matrix
fraction descriptions

H,(2) = D71 (2) Ny(2) = Rs(2) P (2), s€Z (16)
where Dy(z) = zdo(2) Ly,  Pu(2) = 2do(2) Inn
Ni(2) = Ds(z) Hs(2),
Rs(z) = Hs(2) Ps(2),
and do(z) = ap 2" + ar_12""' + -+ + ag, a, = 1, is the monic least common

denominator of the elements of the proper rational matrix Hoy(z).

Using the relation between the Hankel and the Bezoutian matrices, associated
with a rational matrix, we establish the following result for a periodic collection of
rational matrices provided that the conditions of Theorem 1 hold.

Proposition 2. The periodic generalized Bezoutian matrix and the periodic (r +
1, 7 4+ 1)th block Hankel matrix associated with the periodic collection of rational
matrices (5) satisfy the following relation

B(MS, Ls) = T(aopr,...,arIpN) HS+17T+1T(CL0]mN,...,aT[mN),

T

where T(ag Lin, . . ., ar Itn) is the matrix defined by

ao iy arLiy -+ ar Ity
arlLiy  axlLiy --- 0
T(aOItNa-"7a“l‘ItN): .
Qr—1 ItN Qr ItN 0
a, Ity 0 e 0

Proof. Given the rational matrix Hs(z) of the collection (5), we know from (16)
that Dg(2) = a, Iyn 2"V + ap_1 Iy 2" + -+ +ag Ipn z and Ps(2) = a Ly 2" +
r—1 Imn 2" + -+ 4+ ag Inn 2. The result is obtained by using the relation between
the Hankel and the Bezoutian matrices associated with a rational matrix, given by
Anderson and Jury [1]. O

From this Proposition and using the characterization of minimal periodic realiz-
ations by the block Hankel matrix associated with an input-output periodic appli-
cation, given in [4], we establish the following result.
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Theorem 2. The rank of the periodic generalized Bezoutian matrix of (5) at time
s is the dimension of the minimal periodic realizations of (5).

Proof. By Proposition 2, the (r + 1, 7 + 1)th block Hankel matrix H;; .
and the periodic Bezoutian matrix at time s, are related by antidiagonal block-
triangular matrices with nonsingular antidiagonal blocks. Futher, the rank of the
block Hankel matrix is the dimension of the minimal periodic realization of the
input-output periodic application defined by the Markov parameters. Then this
property is translated to the periodic generalized Bezoutian matrix. O

Using the relation given in [9] for the periodic block Hankel matrix at times s
and s+ 1

Hrsjrrll r+1 A?ﬂ(mN) =A 1 (pN)H oy, SE€EZ (17)
with
S1,4(0) T14+(0) O¢n e O¢n O¢v
O¢n S1.4(0) T ,(0) - O¢n O¢v
Ara(tN)= : : : : :
O¢n Osnv O¢n e S1,:(0) T1,+(0)
Oy —apT14(0) —a1T1,4(0) -+ —ap—2T1:(0) Sii(—ar_1)
and

0 I 0 Iin_
S1.4(2) = { .1, ( Ol)t }7 Ty 4(2) = { 1 z (1\6 1)t }7

where the q;’s are the coefficients of the monic least common denominator of the
elements of the proper rational matrix Hy(z), do(z)=a, z"+a,_1 2" ag, ar =1,
we obtain the following result.

Proposition 3. There exists a left and a right polynomial matrix fraction de-
scription of (5) such that the associated periodic generalized Bezoutian matrix at
consecutive times s and s + 1 satisfies the following relation

AB (pN) B(My, Ly) = B(Myy1, Loy1) {AZ(mN)}", (18)

where AZ_|(tN) is the matrix whose column (row) blocks are the row (column)
blocks of A,41(tN).

Proof. Consider the decompositions (16) and let H; 5 be the (a,3)th block
Hankel matrix and B(Mj, Ls) be the generalized Bezoutian matrix associated with
the rational matrix H,(z). By Proposition 2, we have

B(MS,LS) = T(ao IpN, ey Qp IpN) HS+1,7~+1T (ao ImN7 ey Qp ImN) s

T

and

B(Mss1, Loy1) =T (a0 Lpn - - -y ar In) HiTL 0 T (a0, I -+ -5 @ Ion) -
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From (17) we obtain

T (ao Iy, - -y ar Ipn) Ary1(pN) T (ao Iy, - - - ar Ipn) B (Mg, L) =
= B (Ms+17 Ls+1) T (ao I, .- ar ImN) AE+1(mN) T (aO Imn, ... ar ImN) .

To obtain the relation (18) it remains to show that
T (ag, Ipns-- -+ ar Ipn) Arp1(pN) = AB (pN) T (ag Ipn s - - -y ar Ipn) (19)
and
T B T
A (mN)T (ap Imns -+ -y ar i) = T (ag Linns - - -5 @ I;py) {A,.+1(mN)} . (20)
Note that

T(ao Itn, - - ar Itn) Arpa(EN) =

aoS1,4(0) a151,+(0) o apo1T1 4 (0) + ap S (—ar—1)
ai, Sl,t(o) allet(O) —+ GQSLt(O) cee arTl,t (0)
ar—1514(0) ar—1T14(0) +a,S1,.(0) --- 0¢v

a,-S1.+(0) a, Ty +(0) e Ot

and

AB L (tN)T (ao Iin, - - -, ar Iin) =

aoS1,.(0) a151,4(0) -+ a,S1,4(0)

(11517,5(0) CL1T17t(O) + CLQSLt (O) cee arTLt(O)
ar—151,4(0)  ar—1T14(0) + a,S1,(0) --- O¢v

arsl,t(o) Cerl,t(O) ce Oy

But a,—171,(0) + a»S1,:(—ar—1) = a, S1,(0). Then expression (20)
T (ao, Ipns-- -y ar Ien) Arp1(EN) = AP (EN) T (a0 Iin, - - -, ar Itn)

holds.
From this expression we obtain

AT (EN)Y{T (a0 Tins - 0y )} T = {T (a0 Iiw, - - ar Tn)} T {AB (tN)} T

and by the symmetry of the matrix T'(ag iy, . . ., ar Itn) we deduce expression (21).
O

(Received March 5, 1993.)
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