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On the Jordan structure of the spectral-zero dynamics
in multivariable analytic interpolation

Mir Shahrouz Takyar and Tryphon T. Georgiou

Abstract— The parametrization of solutions to scalar in-
terpolation problems with a degree constraint relies on the
concept of spectral-zeros —these are the poles of the inverse
of a corresponding spectral factor. In fact, under a certain
degree constraint, the spectral-zeros are free (modulo a stability
requirement) and parameterize all solutions. The subject of
this paper is the multivariable analog of a Nehari-like analytic
interpolation with a degree constraint. Qur main result is based
on Rosenbrock’s pole assignability theorem and addresses the
freedom in assigning the Jordan structure of the spectral-zero
dynamics.

I. INTRODUCTION

complete parametrization of bounded degree solutions

for scalar analytic interpolation problems has been
obtained in terms of the zeros of certain corresponding
spectral factors [1]-[5]. These are referred to as the spectral-
zeros. For scalar problems the dynamics of the inverse
spectral factors are completely determined by the spectral-
zeros. However, in the case of multivariable interpolation
problems nontrivial (i.e., noncyclic) Jordan structures are
possible. The purpose of this work is to study the freedom in
specifying the invariant factors for the inverse spectrum. We
utilize Rosenbrock’s theorem on assignability of dynamics
via linear state feedback to characterize interpolants and their
zero dynamics.

In this paper, we consider analytic interpolation with
m X m matrix-valued, positive-real functions. Very much
as in H..-control the dimension of the interpolants relates
to the complexity of a model, a filter, or a controller.
The complexity of the interpolation is characterized by the
number of interpolation conditions, n. In the multivariable
case where the interpolation conditions are constraints along
different directions, n is the rank of a corresponding Pick
matrix (see [6]), or equivalently of a Hankel operator. While
the standard approach [7], based on linear fractional transfor-
mations, describes the complete solution set as a function-
ball around a central interpolant, it gives no insight as to
possible minimal-degree solutions.

Historically, over the last few decades there has been
effort to describe minimal-degree solutions for analytic
interpolation problems (see e.g., [1], [2], [8], [9]), with
significant developments over the past 10 years [3], [4],
[10]. These studies led to a complete parametrization of
bounded-degree interpolants for the most general Sarason-
type analytic interpolation in the scalar case [5]. Although
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attention to analogous results in matrix-valued interpolation
with bounded McMillan degree has already been drawn more
than 20 years ago in [1], progress has been slow. We mention
some recent nice work by Blomqvist et al. [11].

The main contribution of the current paper is to char-
acterize a family of solutions to multivariable analytic in-
terpolation with degree constraints. This generalizes scalar
results where a parametrization of solutions is given in
terms of admissible spectral-zeros. This is no longer the
case in multivariable problems where the dynamics relate
to noncyclic Jordan structures, in general. Thus, a variety
of solutions may have zero-dynamics that relate to the same
Jordan form. The generically minimal degree of solutions
for multivariable problems is n — m (n being the rank of a
Pick matrix and m x m the size of interpolants). We utilize
a formalism based on a multivariable moment problem in
[12] that describes a class of solutions of degree n —m in a
convenient factored form; the real part of interpolants gives
rise to a matrix-valued spectral density function that solves
the moment problem. We then utilize Rosenbrock’s theorem
on pole assignability by state feedback to specify all Jordan
structures that are possible for the inverse of corresponding
spectral factors. We will discuss a number of questions that
pertain to the complete parametrization of solutions that
remain open.

II. NOTATION AND PRELIMINARIES

We denote by C the set of square matrix-valued functions
which are analytic in DD, the open unit disk of the complex
plane, and have positive Hermitian-part. There is a natural
correspondence between elements in C and the class of
finite Hermitian positive matrix-valued measures on (—, 7]
denoted by M. In fact, analytic interpolation constraints
on functions in C can be cast as moment constraints on
corresponding measures in M [13], [14]. We now make the
connection between the two as our results in this paper draw
heavily on recent developments in the multivariable moment
problem [12].

A. Analytic Interpolation

We consider the problem of parameterizing all functions
F € C of size m x m which satisfy

F(z) = Fo(2) + Q(2)V(2), (1a)

with known F,(z),V(z), and the parameter Q(z) all be-
ing square matrix-functions. Equation (la) represents an
interpolation condition. Indeed, along directions where V' (2)
vanishes F'(z) — Fy(z) vanishes as well, and thus, F(z)

for z € D,
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interpolates F,,(z). The matrix-function @(z) is required to
be analytic in D, and thereby, without loss of generality, we
can always assume V(z) is inner (all-pass), i.e.,

V(2)*V(2) = V(2)V(2)* =1, forall |z|=1, (lb)

where “*” denotes “conjugate-transpose”. In cases where
V(z) is a scalar multiple of the identity, F'(z) possesses
the same value as F,(z) at the roots of V(z), whereas in
general with an arbitrary inner V' (z), constraint (la) is in
the category of tangential interpolation (see [13]).

We are interested in finite dimensional interpolation prob-
lems where V(z) is a rational function of McMillan degree
n. Therefore, we write

Fy(2)=H(I — zA)"'B, (lc)
V() =D+ Cz(I —2A)"'B, (1d)

where A € R™ ", B full column rank in R™"*™, H €
R™*™ (A, B) is a reachable pair, and the eigenvalues of
A lie in D. Throughout the paper, “I” denotes the identity
matrix of compatible size. Moreover, C' € R™*"™ and D €
R™*™ are suitably chosen so that (C, A) is an observable
pair and V' (z) satisfies (1b). The completion of (A, B) into
an inner matrix-valued function V (z) is well known and is
part of the bounded real lemma, cf. [15].

Equations (1a-d), which are standing assumptions through-
out, form the standard Nehari-type problem with the triplet
of matrices (A, B, H) as the interpolation data. It turns out
that a positive Hermitian-part solution of (la-d) exists if and
only if the Lyapunov equation

R— ARA* = BH + H*B* )

and

has a positive semi-definite solution for R, which is thought
of as the corresponding Pick matrix (see e.g., [6], [16]). In
cases where R is strictly positive definite there exist infinitely
many solutions. Our interest in this paper is to identify the
family of interpolants, F'(z)’s, which satisfy (la-d) and have
low McMillan degree. We now outline the correspondence
between interpolation problem (la-d) and a related moment
problem.

B. Connection with Moment Problem

Consider the linear discrete-time dynamical system

x = Axp_1 + Bug, fork € Z, 3)

where x;, € R", and u; € R™ are the state and the input
vectors, respectively. The input-to-state transfer function of
this system is

G(z):= (I —zA)"'B,

[P

where “z” stands for the transform of the delay operator,
and thus, “stability” of G(z) corresponds to “analyticity in
D”. Let the input u; be a stationary zero-mean random
process with the matrix-valued density function ®,,,(0), 6 €
(—m, w], where ®,,(0)dd € M. Then, the state covariance
matrix of (3) is in the form of the following integral

Bt} = o- / C G0 (O)G() db.
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The classical moment problem amounts to the (inverse)
problem of finding an input spectral density function ®,,,,(6)
which is consistent with a given state covariance matrix
E{zyz;}. It turns out that a non-negative definite matrix
R admits such a representation, i.e.,

s
R— -

o | G(') ..., (0)G ()" db, 4)

and hence qualifies as a state covariance of (3) if and only
if the following equivalent conditions hold (see [6], [16]):

R—- ARA* B
rank [ B 0 } = 2m, (5a)
R satisfies (2) for a choice of H. (5b)

Further, consistent spectral densities, ®,,,,’s, for the moment
problem (4) are in a bijective correspondence with solutions
to the interpolation problem (la-d). More precisely, corre-
sponding to any positive-real matrix-function F'(z) which
satisfies (la-d) for a given triplet of (A, B, H), there exists
a solution to the moment problem (4) with the triplet of data
(A, B, R) such that

T 1
! / (M)%(e)dﬁjc, ©)

F(z)=— .
(2) 27 J_. \1— zel?

where jc is an arbitrary skew-Hermitian constant. This is
the content of Riesz-Herglotz’s theorem [17]. Conversely,
any density function of more general measure that satisfies
(4) originates as the boundary limit of the real part of a
positive-real solution to (la-d), i.e.,

Pyu(0) = 11/rnl Re F(rel?). (7)

We wish to emphasize that H (interpolation data) and R
(moment data) relate to each other via (2).

C. Solutions to the general moment problem

Reference [12], building on earlier works, e.g., [3]-[5],
characterized all positive solutions to the moment problem
(4) as minimizers of suitably weighted relative entropy
functionals. More specifically, let U(0)df and ®(6)d6 belong
to M and define the relative entropy functional

1 ™
S(VU||®) := %/ trace(¥ log U — U log ®)db.

—T

Then, for a given admissible (A, B, R), i.e., such that (5a-b)
hold, all positive solutions to the moment problem (4) can
be obtained as minimizers of S(¥||®,,,) for a choice of ¥,
i.e., they are of the form

argmin{S(\I/Hq)w) ‘R= QL/ G(7) D (0)G ()" de},
m —T

299
®)
with ¥ a free parameter. Minimizers of this optimization
problem are shown to be in the form of

B, (0) = o(7%) (G(0)"AG(e7)) ™ o (e??)7,

with A, a Hermitian matrix of Lagrange multipliers, and o, a
matrix-valued spectral factor of U, i.e., co* := U. Given o,
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the value of A can be obtained numerically via a continuation
method (see [12]).

For the special choice of o(e’?) = I + Kel9G(el?),
selected so that A — BK is Hurwitz, we obtain a solution of
the form

D (0) = (Gol(e?®) AGo(e?)) ",
Go(e’) = (I —¢?(A— BK)) ™' B,

with (9a)

(9b)

where @,,,,(0) in (9a-b) is a rational spectral density function
of degree at most 2n, and thereby, corresponds (via (6)) to
a positive-real F(e/?) of McMillan degree at most n. This
F is, indeed, the solution of the corresponding interpolation
problem (1a-d) for the triplet of data (A, B, H). In this paper,
we identify and characterize a subclass of an even lower
McMillan degree. In fact, the minimal McMillan degree
which is generically feasible is n — m, and we show that
for a choice of K we can generate a family of solutions of
degree n — m.

III. JORDAN STRUCTURE OF SPECTRAL-ZERO DYNAMICS

In this section, we use Rosenbrock’s theorem [18] to
highlight the freedom in assigning the invariant factors of
the inverse dynamics of interpolants in the multivariable
setting. Earlier results for the scalar case (see e.g., [2]-[4])
suggest that the spectral-zeros can be arbitrarily assigned.
However, the associated Jordan structure of these spectral-
zeros is always cyclic. In the matricial interpolation this is not
the case and the spectral-zero dynamics relate to nontrivial
(i.e., noncyclic) Jordan structures as well.

A. Rosenbrock’s theorem

We first recall the notion of invariant polynomials. Let
II;(z) for t = 1,2,...,r denote the greatest common divisor
of all the minors of order ¢ of zI — A. Then each polynomial
in the series

HT(Z), Hr_l(Z), N ,H1(2)7H0(2) =1
is divisible by the succeeding one and the quotients

IL.(z) I, _1(2) I (2)
o T oP2\R) == Pr(R) =
I, _1(2) 2(2) T, _2(2) (2) Iy (2)
are the invariant polynomials of A (see e.g., [19], [20]).
Next, we need the notion of controllability indices. Let

(A, B) be a controllable pair, assume that B has full column
rank, and consider the ordered set of vectors

L Aby,, A%y, A%y,

pi(z) =

bi,... b, Aby, ..

where b; is the ith column of B. Following Popov ( [21]),
Akbj is an “antecedent” of A*b, if it is listed earlier in
the above ordered list (i.e., if km + j < pm + v). We
denote by k; the smallest positive integer for which A%ib;
is a linear combination of its antecedents. Then, k;’s for
1 € {1,2,...,m} are the controllability indices of the
pair (A, B). They are also known as Kronecker invariants
and their sum is equal to n, the dimension of the system.
These indices are invariant under state feedback, similarity
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transformation, and invertible linear transformation on the
columns of B.

Rosenbrock’s theorem on pole assignment: Consider the
controllable pair (A, B) (as before) with controllability
indices k;’s in decreasing order for i = 1,2,...,m. Let
{pi(2); i =1,2,...,m} be any set of polynomials which
satisfy

Pz(z) | pifl(z)a
i.e., p; divides p;_1, and >_1", degp;(z) = n. Then the

conditions
j j
Z deg p;(2) > Z Ki
=1 =1
for j = 1,2,...,m are necessary and sufficient for the

existence of linear map K : R™ — R™ such that {p;(2)}
is the set of invariant polynomials of A — BK.

This theorem was proven in [18, page 190] (see also
[22] and [23], and an elegant constructive proof based on
a geometric argument by Flamm in [24]).

B. Spectral-zero dynamics assignability in multivariable in-
terpolation

The (generically) minimal-degree solutions for scalar in-
terpolation have been fully parameterized (see e.g., [2]-[5])
by an arbitrary choice of ‘“spectral-zeros”. These spectral-
zeros are in fact the zeros of a meromorphic extension of
the real part of the interpolating function. Naturally, in the
matricial case, there are more degrees of freedom. Herein,
we use the notion of “spectral-zero dynamics” which helps
draw analogous results in multivariable interpolation. For any
F(z) € C, denote by W, the outer spectral factor of the
inverse of the real part of F, i.e.,

(Re F(e7)) ™ = Wo(e?) W, (), (10)
with W, (z) =: Dy + Coz (I — zA,) ™" B,, a minimal real-
ization of W,(z). We call A, the spectral-zero dynamics of
F(z) as it determines the pole-structure of (Re F' (ejo))fl.
Theorem 1, below, characterizes a family of minimal-degree
solutions to multivariable interpolation that correspond to
choices of spectral-zero dynamics.

Theorem 1: Consider data (A, B, H) for multivariable
interpolation problem defined by (1a-d) and assume that
(2) admits a positive definite solution R, i.e., that the
problem is solvable. Let x;’s for i = 1,2,...,m denote
the controllability indices of (A, B) in decreasing order.
Then, corresponding to any 4, € R™~™)*(»=m) which
is Hurwitz and whose invariant polynomials {p;(z); i =
1,2,...,m} satisfy

J J

> deg pi(z)+i= > ki, forj=1,....m, (11
i=1 i=1

there exists an interpolant F(z) of McMillan degree

at most n — m whose spectral-zero dynamics has the

Jordan structure as A,.
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Corollary 1: Consider the interpolation problem (1a-
d) with a corresponding R = 0 and let A, be a Hurwitx
matrix. If any of the following conditions holds:

1) A, is cyclic,
2) m divides n and all the controllability indices of
(A,B)areequal,ie, k1 =...=kyp =2

3) m does not divide n and the controllablllty indices
of (A, B) are as follows

_JlE]+1forj=1,...,mod(n,m)
Ky = |2 ] for j = mod(n,m) +1,...,m ’

where |- | stands for “the integer part of -, and
“mod(n, m)” gives the remainder of division n/m,

there exists an interpolant F(z) of McMillan degree
at most n — m whose spectral-zero dynamics has the

Jordan structure as A,.

The first condition implies that deg p;(z) = n—m, while
p2 = ... = pm,m = 1 and thus Theorem 1 applies. The other
two can be argued in a similar way. An example where the
second condition holds is that of the trigonometric moment
problem in which

OO0 --00 I
I0---00 o

A= , B= ; (12)
o0 10 o

with I and O the identity and the zero matrices of size mxm,
Aan (I4+1)x (I4+1) and B an (I + 1) x 1 block matrices,
respectively. The size of each block is m x m, and hence, the
actual size of A, B are n xn and n x m, with n = (I4+1)m
These correspond to a block-Topeltiz matrix

Ry Ry - R
Ry Ry - R
R=| . . s (13)
Ry Riy1 -+ Ro
where the size of each R; is mm x m and
F(z) = %RO + Riz+ -+ Rzt + o(2h).
For this case of (A, B) all the controllability indices are equal
to -~ =1+ 1. Section V discusses further the trigonometric
moment problem.

It should be noted that in general there may not exist
solutions F'(z) of degree less than n — m. In fact, very
much as in the scalar case where m = 1, both the data
set of admissible triplets (A, B, R) for which a solution of
degree less than n—m is possible, as well as the complement
where n—m is the minimal degree, have a nonempty interior,
i.e., they are both generic conditions (see e.g. [1, pages 50,
& 80-83]). This is due to the semi-algebraic nature of the
underlying problem.

Note also that the set of conditions (11) are only sufficient
for the existence of degree n —m solutions corresponding to
the Jordan structure of a given A,. This will be taken up in
the next section. The proof of Theorem 1 requires a couple
of preceding steps, given as two separate lemmas.

TuB11.1

Lemma 1: Let F(z) be a rational function of McMillan
degree n — m, which is strictly positive-real with Re F(2)
uniformly bounded in . Then, there exists F'(z) which
is also strictly positive-real and of McMillan degree n—m
such that Re F(ei?) = (Re F(eje))_1
Proof: The function F in the lemma is the analytic part of
(Re F)~1. The McMillan degree of F' is the same as F' and
this follows by comparing the degrees of the corresponding
spectral factors of their real parts. O

The above fact sets a bijection F' F' between functions
in this class.

Lemma 2: Let A, B,G,(z) be asin (9b), let A(K,\) :=
GIAG, for A € R™*™, and let K satisfy:

(i) A — BK is Hurwitz,

(ii) rank(A — BK) =n —m.
Then, there exists a rational matrix-valued function £'(z)
of degree n — m such that A(K, \) = Re F.
Proof: We write A(K, \) as the two-sided series:

B*(I—2"Y (A= BK)*) ' A(I—2(A— BK)) "' B =
2 2B*A*2AB + 2 'B*A*AB + B*AB +
2B*AA,B + 2°B*AA2B + - - -, (14)
with A, := A — BK and A the solution of the Lyapunov

equation A — ASAA, = A. It readily follows from (14) that
A(K, \) = Re F with

F(z) = %B*ABJrB*AAOz(IszO)*l (15)

Since rank(A,) = n — m, the rank of the observability
matrix of ﬁ‘(z) cannot exceed n — m, hence neither can the
McMillan degree of F(z). o

Remark 1: The two lemmas establish a mapping
(K,\) — F + F. Therefore, the construction of
interpolants begins with a choice of K that satisfies the
conditions in Lemma 2. We then solve the optimization
problem (8) which gives rise to the desired A, and hence
A. This A via (15) generates the matrix-valued function F.
Finally, the interpolant F' is the analytic part of (Re )~

Proof of Theorem I: For any spectral-zero dynamics A,
with invariant polynomials {p;(z); ¢ = 1,2,...,m} that
satisfy (11), the sequence of polynomials z‘p;(z) satisfies
the condition of Rosenbrock’s theorem for the pair (4, B).
Thus there exists a K such that A — BK has {z'p;(2); i =
1,2,...,m} as its invariant polynomials, and hence

similar | 4, 0
Ao [4:9],

with Y as a matrix of compatible size. This choice of K
gives rise to a matricial power spectral density @, () as in
(9a-b). Then, from Lemma 2 we conclude that there exists
a rational function F'(z) of McMillan degree n — mn such
that ®,,,(0)~! = Re F(e??). Positivity of its Hermitian part
on the circle ensures that F (z) is a positive-real function.
Finally, application of Lemma 1 implies that there exists a
positive-real function F'(z) of McMillan degree n — m such
that ®,,,(0) = Re F(e??). Indeed, this F(2) is a solution to
multivariable interpolation (la-d) and this proves the claim
of the theorem. O

(16)
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IV. ALTERNATIVE SOLUTIONS OF DEGREEn — m

In this part, we show that for a given triplet of data
(A, B, H) in the multivariable interpolation where m > 1,
there may exist interpolants of McMillan degree n —m with
spectral-zero dynamics which do not satisfy inequalities (11).
Indeed, the condition rank(A — BK) = n — m that played
a central role in the earlier section is only sufficient and not
necessary in order to obtain solutions of McMillan degree
n —m. In other words, such a rank condition, and hence the
drop of the degree, originate from the rank deficiency of the
observability matrix of F'(z) (see the proof of Lemma 2).
In cases where the rank of this observability matrix equals
n —m and rank(A — BK) > n — m, there may be more
degrees of freedom in assigning spectral-zero dynamics of
the interpolants so that instead of (16) we have
A, 0 }

Y, Yy a7

/1—-B[(S€$9r[
Here, Y; and Y, are free matrices of compatible size, Y5
is unobservable dynamics, and A,, whose invariant polyno-
mials do not need to satisfy (11), is the only block which
contributes in spectral-zero dynamics of the solution. We
illustrate this point with an example (see [25], [26] for
details).

Example 1: Consider the interpolation data

3100 00
{0310 _|oo
A= 00%0’3* 10|”
000 3 01
0.0012 —0.3351 0.2507 0
A=1" 0 0 o02s07) U9

where n = 4,m = 2. It is shown that for this triplet of
(A, B, H), there exists a solution F'(z) of McMillan degree
n —m = 2 corresponding to a zero dynamics which does
not fall in the class specified by Theorem 1 (i.e., does not
satisfy (11)).

We solve the problem by following the path described in
Remark 1. In particular, we take K = 0 and this choice

results in
. 10 T~ 0

T
1—5z

Although in this example rank(A — BK) = 4 # n —m, the
resulting F'(z) is of McMillan degree 2 with the minimal
realization

1
AF:{(Q) (ﬂ, By =Cp=Dg =1 (19)
Hence, F(z) is of McMillan degree 2 as well.

We now show that the resulting Ay does not satisfy the
set of conditions (11) in Theorem 1. Note that the invariant
polynomials of the desired spectral-zero dynamics, Ay in
(19), are p1 = p2 = 2 — % On the other hand, controllability
indices of the given (A, B), are easily obtained as k1 =
3 and ko = 1. Clearly, this set of {p1,p2,K1,K2} violates
the inequalities in (11). In fact, application of Rosenbrock’s
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theorem (in which the set of conditions is both necessary
and sufficient) implies that there is no value for K such that
similarity in (16) holds for any choice of Y. Therefore, given
the set of interpolation data (18), interpolants with spectral-
zero dynamics similar to Az in (19) cannot be obtained via
Theorem 1. O

To sum up, the first conclusion to be drawn in multivari-
able interpolation is that corresponding to any spectral-zero
dynamics whose invariant polynomials satisfy (11), there
exists a solution of McMillan degree n — m. Remark 1
summarizes the construction of this class of interpolants.
Further, there may exist solutions of degree n — m whose
spectral-zero dynamics do not satisfy the set of inequalities in
(11). The existence of such solutions depends on a particular
H in interpolation data (e.g., as in Example 1). Therefore in
general, there is no systematic way to find solutions whose
spectral-zero dynamics do not fall in the class specified by
Theorem 1.

V. INTERPOLANTS AND THEIR JORDAN STRUCTURE

Contrary to the scalar case [4], [5], the Jordan structure
of the spectral-zero dynamics is not sufficient to specify an
interpolant uniquely. This is to be expected since the same
zero dynamics may be contributed by different channels.
However, if the interpolation is sought in a fractional form
as in [1], then the choice of the “numerator” of the spectral
factor in a likewise factorized form may be sufficient to en-
sure uniqueness (modulo multiplication by a unitary matrix).
The next example demonstrates the first point, followed by a
discussion of uniqueness in the context of the trigonometric
moment problem in the spirit of [1].

Example 2: Consider

0000 10
0000 01 2020

A=11000|° 2= |00 *H_[0202y
0100 00

and let the desired Jordan structure for spectral-zero dynam-
ics of solutions be

Azz{m 0 } 20)

0 -1/3
which falls in the class specified by Corollary 1. It can be
shown that there exist more than one K that give rise to
interpolants with Jordan structure (20) as their spectral-zero
dynamics. To see this, we follow the construction in Remark
1 with two choices of K as

12 0 00 _[1/3 0 00
Kl[o usoJ’KQ{o U200}

These lead to Fl and F2 with minimal realizations
0 10 -034 O 0.28 0
~1rlo1]’| 0o -025|'| 0 024"
2, . 10 10] [-025 0 0.24 0
2 0 —% 101 0 —-034('| 0 028]|(”
respectively. Therefore, the spectral-zero dynamics of the
corresponding interpolants [ and F5 share the same Jordan
structure. O

:lj>
—N
—

o |
(SIS
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Theorem 1 provides a rather clear picture of the inter-
polants of degree n —m for the special case of trigonometric
moment problem. The relevant statement is given below
while the proof can be found in [26].

Corollary 2: Consider the trigonometric moment
problem with data (A, B,R) as in (12) and (13) and
R > 0. Then, every interpolant F' of McMillan degree
n —m can be obtained (as described in Remark 1) for a
unique choice of K which satisfies

(i) A — BK is Hurwitz,
(ii) rank(A — BK) =n — m,

and determines the spectral-zero dynamics of F(z).

Further, any K as in Corollary 2 gives rise to an interpolant
of McMillan degree less than or equal to n — m. Although
in the multivariable setting, the solution corresponding to
a given Jordan structure as spectral-zero dynamics is not
unique, in the case of trigonometric matrix functions we can
establish a bijective correspondence between solutions and
the parameter K. This implies that corresponding to any K
which satisfies the conditions in Corollary 2, there exists a
unique interpolant of McMillan degree n — m.

Remark 2: Interpolation of trigonometric matrix functions
with a degree constraint has been studied long ago in [1],
as the rational covariance extension problem. Because of
the uniformly distribution of controllability indices in this
problem, solutions are fully parameterized via Theorem 1.
Our results herein are compatible with earlier results in [1].
Further, we showed that there is no bijective correspondence
between interpolants and Jordan structure of spectral-zero
dynamics. However, if we fix the spectral factor of the
solution with a specific K in (9), there exists a corresponding
unique interpolant.

VI. CONCLUDING REMARKS

Analytic interpolation with degree constraint is motivated
by control and signal processing applications. Earlier studies
for scalar interpolation led to a parametrization of solutions
in terms of the so-called spectral zeros. Our contribution in
this paper is to study the spectral-zero dynamics for analytic
interpolation with m X m matrix-valued functions and to
characterize corresponding invariant subspaces and Jordan
structures that are permissible for (generically minimal)
McMillan degree n — m interpolants (n being the size and
rank of the corresponding Pick matrix). While interpolants
of McMillan degree lower than n — m may be possible,
depending on the data, the class of solutions of McMillan
degree n — m is always non-empty and represents a natural
generic family of interpolants of low complexity. An obstruc-
tion in assigning invariant subspaces for the spectral zero
dynamics is related to the type of obstruction in assigning
poles via state feedback, as characterized by the celebrated
Rosenbrock’s theorem.

[1]

[5]

[6]

[7]
[8]
[9]
[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

976

TuB11.1

REFERENCES

T. T. Georgiou, “Partial realization of covariance sequences,’
Ph.D. dissertation, Department of Electrical Engineering, Center
for Mathematical Systems Theory, University of Florida, 1983,
http://www.ece.umn.edu/users/georgiou/files/reports.html.

——, “A topological approach to Nevanlinna-Pick interpolation,”
SIAM J. on Mathematical Analysis, vol. 18, no. 5, pp. 1248-1260,
Sept. 1987.

C. I. Byrnes, S. V. Gusev, and A. Lindquist, “A convex optimization
approach to the rational covariance extension problem,” SIAM J. on
Control and Optimization, vol. 37, no. 1, pp. 211-229, 1999.

C. I. Byrnes, T. T. Georgiou, and A. Lindquist, “A generalized entropy
criterion for Nevanlinna-Pick interpolation: A convex optimization
approach to certain problems in systems and control,” IEEE Trans.
on Automatic Control, vol. 45, no. 6, pp. 822-839, Jun. 2001.

C. L. Byrnes, T. T. Georgiou, A. Lindquist, and A. Megretski, “Gen-
eralized interpolation in H°° with a complexity constraint,” Trans. of
the American Math. Society, vol. 358, no. 3, pp. 965-987, 2004.

T. T. Georgiou, “The structure of state covariances and its relation to
the power spectrum of the input,” IEEE Trans. on Automatic Control,
vol. 47, no. 7, pp. 1056-1066, Jul. 2002.

B. A. Francis, A course in Ho-control theory, ser. Lecture Notes in
Control and Information Sciences. Springer-Verlag, 1987, vol. 88.
D. C. Youla and M. Saito, “Interpolation with positive-real functions,”
Franklin Institute, vol. 284, no. 2, pp. 77-108, 1967.

R. E. Kalman, “Realization of covariance sequences,” in Proc. Toeplitz
Memorial conference, Tel Aviv, Israel, 1981.

C. 1. Byrnes, A. Lindquist, S. V. Gusev, and A. S. Matveev, “A
complete parametrization of all positive rational extensions of a
covariance sequence,” I[EEE Trans. on Automatic Control, vol. 40,
no. 11, pp. 1841-1857, Nov. 1995.

A. Blomgqvist, A. Lindquist, and R. Nagamune, “Matrix-valued
Nevalina-Pick interpolation with complexity constraint: an optimiza-
tion approach,” IEEE Trans. on Automatic Control, vol. 48, no. 12,
pp. 2172-2190, Dec. 2003.

T. T. Georgiou, “Relative entropy and the multivariable multidimen-
sional moment problem,” IEEE Trans. on Information Theory, vol. 52,
no. 3, pp. 1052-1066, Mar. 2006.

D. Z. Arov, “The generalized bitangent Carathéodory-Nevanlinna-Pick
problem, and (j, Jo)-inner matrix-valued functions,” Russian Acad.
Sci. Izv. Math., vol. 42, no. 1, pp. 1-26, 1994.

M. G. Krein and A. A. Nudel’man, The Markov moment problem
and extermal problems, ser. Translations of Mathematical Monographs.
Providence, RI: American Mathematical Society, 1977, vol. 50.

B. D. O. Anderson and S. Vongpanitlerd, Network analysis and
synthesis. Englewood Cliffs, NJ: Prentice-Hall Inc., 1973.

T. T. Georgiou, “The Carathéodory-Fejér-Pisarenko decomposition and
its multivariable counterpart,” IEEE Trans. on Automatic Control,
vol. 52, no. 2, pp. 212-228, Feb. 2007.

P. Delsarte, Y. Genin, and Y. Kamp, “Orthogonal polynomial matrices
on the unit circle,” IEEE Trans. on Circuits and Systems, vol. CAS-25,
no. 3, pp. 149-160, Mar. 1978.

H. H. Rosenbrock, state-space and multivariable theory.
& Sons, Inc., 1970.

F. R. Gantmacher, The theory of matrices.
Publishing Company, 1959, vol. 1.

I. Gohberg, P. Lancaster, and L. Rodman, Matrix polynomials, ser.
Computer Sience and Applied Mathematics. New York, NY: Aca-
demic Press, 1982.

V. M. Popov, “Invariant description of linear time-invariant control-
lable systems,” SIAM J. on Control, vol. 10, pp. 252-264, May 1972.
B. W. Dickinson, “On the fundamental theorem of linear state variable
feedback,” IEEE Trans. on Automatic Control, vol. 19, no. 5, pp. 577-
579, Oct. 1974.

R. E. Kalman, “Kronecker invariants and feedback,” in Proc. on
Ordinary Differential Equations, L. Weiss, Ed. New York: Academic
Press, 1972, pp. 459-471.

D. S. Flamm, “A new proof of Rosenbrock’s theorem on pole
assignment,” IEEE Trans. on Automatic Control, vol. 25, no. 6, pp.
1128-1133, Dec. 1980.

M. S. Takyar and T. T. Georgiou, “Multivariable analytic interpolation
with a degree constraint,” IEEE Trans. on Automatic Control, 2008,
submitted.

M. S. Takyar, “Control and optimization with dimensinalty con-
straints,” Ph.D. dissertation, University of Minnesota, October 2008.

John Wiley

New York, NY: Chelsea



