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Abstract. In this paper, we address the problem of constructing a reduced order system of
minimal McMillan degree that satisfies a set of tangential interpolation conditions with respect
to the original system under some mild conditions. The resulting reduced order transfer function
appears to be generically unique and we present a simple and efficient technique to construct this
interpolating reduced order system. This is a generalization of the multipoint Padé technique which
is particularly suited to handle multiinput multioutput systems.
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1. Introduction. Model reduction of large-scale dynamical systems has received
a lot of attention during the last decade: it is a crucial tool in reducing the compu-
tational complexity of, e.g., analysis and design of micro-electro-mechanical systems
(MEMS) [13], in simulation of electronic devices [5], in weather prediction [6], and in
control of partial differential equations [12].

The construction of the reduced order model typically passes via the derivation of
one or two projective subspaces of the state space in which the original system is mod-
elled. There are several approaches to find such projective subspaces. In this paper,
we focus on an approach related to tangential interpolation of the rational transfer
function, which therefore only works for linear time invariant systems. Tangential
interpolation of given input/output data has already been treated in the literature
[3], [4]. Here, we address the case where these data are themselves obtained from tan-
gential information of a given (large-scale) transfer function, which to our knowledge
has not been considered.

In this paper, we consider p x m strictly proper transfer functions T'(s), i.e., where
limg— o T(s) = 0. This implies that the point at infinity is a zero of T'(s). For this
reason, a separate treatment of the point at infinity is required.

We begin with some definitions which will allow us to formalize the problem of
tangential interpolation. We say that a rational matrix function R(s) is O(A — s)* in
s with k € Z if its Taylor expansion about the point A can be written as follows:
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+oo
(1.1) R(s) = O\ = s)F <= R(s) = Y _ Ri(A—s)",
i=k

where the coefficients R; are constant matrices. If Ry # 0, then we say that R(s) =
O(XA—s)k. As a consequence, if R(s) = O(\ — s)* and k is strictly negative, then X is
a pole of R(s), and if k is strictly positive, then A is a zero of R(s). Analogously, we
say that R(s) is O(s~1)* if the following condition is satisfied:

+oo
(1.2) R(s) = 0(s H* <= R(s) = Z Ris™,
i=k

where the coefficients R; are constant matrices. It should be stressed that, in general,
R(s) being O(s)™* is not equivalent to R(s) being O(s~1)*.

We must also use the well-established concept of a zero of a system (see, e.g.,
[14]) and the following related definition.

DEFINITION 1.1. Suppose that T'(s) is a px m rational function. The zeros of the
numerator polynomials not equal to zero in the Smith—McMillan form of the transfer
function T(s) are called the zeros of T(s). An m x 1 polynomial vector y(s) is a right
zero direction of order k at \ if y(A) # 0 and

(1.3) T(s)y(s) = O\ — s)*.

Analogously, a 1 x p polynomial vector x(s) is a left zero direction of T'(s) when x*(s)
is a right zero of T*(s). The order of a zero is defined as the mazimum order of the
zero directions at this point.

For MIMO systems, a zero can also be a pole. If A is not a pole of T'(s), only the
k first Taylor coefficients of y(s) about A are important. If A is a pole of T'(s), the
situation is more complicated. Indeed, assume that A is a pole of order p of T'(s) and
that y(s) has an expansion about A; then

—+oo [e'e)
(1.4) T(s)y(s) = | D TiA=s)" | | D_ws(A—s)
i=—p 7=0

We see that the first k 4+ p terms in the Taylor expansion of y(s) are important to
ensure that the product (1.4) has a zero of order k. This case will not be discussed in
this paper, but a few remarks will be made to indicate how it complicates the problem.

We now present the concept of tangential interpolation that will be considered in
this paper. Three concepts are defined, namely left, right, and two-sided tangential
interpolation. Interpolation at the point at infinity is considered as a special case.

Let z be a finite point in the complex plane. Let T(s) and T'(s) be two p x m
strictly proper transfer functions that do not have a pole at s = z.

Left tangential interpolation. Let z(s) be a 1 x p polynomial vector of degree
—1 and not equal to zero at s = z. We say that T'(s) interpolates T'(s) at (z,z(s)) if

(1.5) z(s)(T(s) = T(s)) = O(z — 5)°.

Let z(s) bealxp polynomial vector in s~ 1 of degree B —1 in s~! and not equal to
zero at s = 0o. We say that T'(s) interpolates T'(s) at (oo, x(s)) if

(L6) 2(s)(T(s) — T(s)) = O(s™)*+™.



330 K. GALLIVAN, A. VANDENDORPE, AND P. VAN DOOREN

Right tangential interpolation. Let y(s) be a m x 1 polynomial vector of
degree 6 — 1 and not equal to zero at s = z. We say that T'(s) interpolates T'(s) at

(z,y(s)) if
(L.7) (T(s) = T(s))y(s) = O(z — 5)°.

Let y(s) be a m x 1 polynomial vector in s~ !, of degree § — 1 in s~! and not equal
to zero at s = co. We say that T'(s) interpolates T'(s) at (co,y(s)) if the following
condition is satisfied:

(1.8) (T(s) = T(s))y(s) = O(s~ ).

Two-sided tangential interpolation. Let z(s) be a 1 X p polynomial vector
of degree 3 — 1 and not equal to zero at s = z. Let y(s) be a m x 1 polynomial vector
of degree 6 — 1 and not equal to zero at s = z. We say that T'(s) interpolates T'(s) at
(z,2(s),y(s)) if the following condition is satisfied:

(1.9) w(s)(T(s) = T(s))y(s) = O(z — 5)"*°.

Let z(s) be a 1 x p polynomial vector in s~1, of degree 3 — 1 in s~! and not equal to
zero at s = 0o. Let y(s) be a m x 1 polynomial vector in s~1, of degree 6 —1 in s~! and
not equal to zero at s~' = 0. We say that T'(s) interpolates T(s) at (0o, z(s),y(s)) if
the following condition is satisfied:

(1.10) x(s)(T(s) — T(S))y(s) — O(s~1)pHort,

The objective of this paper is the following. We are given a transfer function 7'(s)
and a set of tangential interpolation conditions of the type (1.5) to (1.10) in a number
of points of the complex plane, and we want to construct the transfer function of
minimal McMillan degree that satisfies these interpolation conditions. In order to
make the problem more precise, we need to introduce the following concepts.

DEFINITION 1.2. Let z1,. .., 2x,,,, be points in the complex plane, not necessarily
distinct or finite. For each finite z,, a 1 X p polynomial vector x,(s) of degree B, — 1
and not equal to zero at s = z, 1S given:

Ba_l
(1.11) Zo(s) = Z e (zq —s), 20 £o0.

=0

1 1

If zo, = 00, then a 1 X p polynomial vector in s~ and

not equal to zero at s = 00 s given:

, To(s) of degree B, — 1 in s~

Ba—1

(1.12) To(8) = Z als=i 20l £,

j=0
The left interpolation set Iics; is defined as follows:
(1.13) Liejt = {(zl, z1(8)),. .., (Zk?lcft7xkleft (s))} )
The size of Tjcgt, written s(Iiest), is defined as follows:

kiert

(1.14) s(Tieft) = Z Bi-
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Finally, the set of interpolation points of Ijesi, written p(Iies.) is defined as follows:

(1.15) p(Ileft) = {21?"'7Zkleft}'

Analogously, a right tangential interpolation set

(1.16) I’right = {(wla 1 (3)) [ (wkm‘ghuykright (S))} ’

with the points wy, ..., w,,,,, arbitrarily chosen in CUoco and each m x 1 polynomial
vector Yo (s), 1 < a < kpigne of degree 8o — 1 in s if wy is finite (of degree 6o — 1 in
s~ otherwise) defined with the same conventions as above.

Let I; be a left tangential interpolation set. Let I, be a right tangential interpola-
tion set. The set

(1.17) I={L,1I}

is called a tangential interpolation set. The set of interpolation points of I, written
p(I), is defined by

(1.18) p(I) = p(L;) Up(I,).

Let T'(s) be a transfer function, then we say that the tangential interpolation set I is
T'(s)-admissible if T'(s) has m inputs and p outputs and no point belonging to p(I) is
a pole of T(s), i.e., no interpolation point is a pole of T(s).

Let the tangential interpolation set I = {I;,I.} be defined as above. If some
Zo € 1) is equal to some w, € I, say &y = 2o = Wy, then define J;,(lf)(s) to be the
polynomial vector of size 1 X p of degree f obtained by keeping the first f terms in the
Taylor expansion of x(8) about z4, and analogously for ygg)(s):

f—1 g—1
(119)  aD) = Y a5, 00 = 3wy — ),
j=0 =0

Use the same notation if z, or w, is equal to co:

f—1 g—1
(1.20) #(s) = S alls~, 40 (s) = 3 ylils—i.
j=0 j=0

We are now able to define the tangential interpolation problem.
DEFINITION 1.3. Let T(s) and T(s) be two strictly proper p x m. transfer func-
tions. T(s) interpolates T'(s) at I if the three following conditions are satisfied:
1. T(s) interpolates T(s) at any couple (za,xq(s)) belonging to I,
2. T(s) interpolates T(s) at any couple (w.,y,(s)) belonging to I,
3. Finally, for every zo = wy = &4, we tmpose in addition that for all f =
L...,Ba;9=1,...,64, T(s) interpolates T'(s) at (£a,, x((lf)(s), ygg)(s)).

Two remarks are in order. In this paper, we consider only the simple case when
the interpolation set I is T'(s)-admissible and 7'(s)-admissible. Second, the tangential
interpolation problem has been studied in a slightly different form in the literature,
e.g., in [4], and the reader is directed there for general results about the theory of
interpolation of rational matrix functions. At first sight, one could think that our
definition of the two-sided tangential interpolation problem is not the same as the
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one treated in [4]. A lemma showing the equivalence between the two formulations is
proved in the appendix.

The problem solved in this paper can be stated as follows.

PROBLEM 1.1. We are given a strictly proper p x m transfer function T(s) of
McMillan degree N, and a corresponding minimal state space realization (C, A, B),
such that

T(s) =C(sly — A)™'B,

with C € CP*N A € CN*N and B € CNX™. We are also given a T(s)-admissible
tangential interpolation set I. We want to construct a p x m reduced order transfer
function T'(s) of minimal McMillan degree n,

(1.21) T(s)=C(sl, — A)'B

with C € CP*" A € C™", B e C™™ such that I is T(s)-admissible and T'(s)
tangentially interpolates T(s) at I.

The remainder of this paper is organized as follows. In section 2, the tangential
interpolation problem is solved for two simple sets of interpolation conditions. In
section 3, the background necessary to solve the general problem, Problem 1.1, is
introduced. In section 4, the multipoint Padé approximation is constructed and its
main properties are analyzed. Concluding remarks are given in section 5.

2. Preliminary results. In this section, we present the solution of Problem 1.1
for two particular interpolation sets. The general results are given in sections 3 and 4.

2.1. One set of n distinct right interpolation conditions. The first simpler
problem solved in this section is the following.

PROBLEM 2.1. Let T'(s) be a p X m transfer function of McMillan degree N. Let
{1,y An} be n (where n < N ) distinct finite points in the complex plane that are

not poles of T'(s). Let {y1,...,yn} be n. m x 1 nonzero vectors. We want to construct
a p X m transfer function T(s) of McMillan degree n such that for all 1 <1i < n,
(2.1) T(Ny: = T(\)y:.

Let C, A, B be a minimal state space realization of the p x m transfer function T'(s).
In order to solve the problem, we construct the N x n matrix V = [vl .. vn] that
satisfies the following Sylvester equation:

A1
(2.2) A[m...vn]—[vl...vn] —&-B[yl...yn]:O.

Assume that V has full column rank n. Construct Z € CN*" such that
ZTv =1,.
Construct C' € CP*", A € C"*", and B € C"*™ as follows:
C=cv, A=27TAv, B=Z"B.
To verify that the transfer function

T(s) = C(sl, — A)'B
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solves Problem 2.1, first note that for any 1 < ¢ < k the columns of V' can be computed
as follows:

vy = ()\’LIN — A)ilByl

We will also use the following well-known result.
LEMMA 2.1. Let V€ CN*", If the vector v belongs to the column span of the
matriz V. Then, for any matriz W € CN*" such that WTV = I,

v=VWTo.

Proof. Because v belongs to the linear span of the columns of V', there exists
a vector & € C" such that v = V. For any W7 satisfying WTV = I,,, we have
© = W7Tv. This in turn implies that v = VW 7Tv. 0

Defining W by

WT = (2T (\Iy — A)V) " ZT(\Iy — A).

clearly yields W'V = I,, and applying the preceding lemma, we obtain the following
equalities:

(2.3) Ty = C(MIn — A" By

(2.4) =CVWT(\Iy — A~ 'By,
(2.5) =CV(MI, — ZTAV) 12T By,
(2.6) = T()\l)yL

This proves that 7(s) solves Problem 2.1.
REMARK 2.1.

1. This reasoning is very similar to the technique used in the SISO case in [7] and
[11] . These papers develop techniques to construct a SISO transfer function
of McMillan degree n that satisfies a set of (scalar) interpolation conditions
with respect to an original transfer function.

2. It should be pointed out that the transfer function T(s) of McMillan degree n
that solves Problem 2.1 is not unique. This is due to the fact that there exist
infinitely many matrices Z € CN*" such that ZTV = I,,, where V satisfies
(2.2) and is generically unique. We will see in what follows that, by imposing
n additional left interpolation conditions, one generically determines a unique
reduced order transfer function T(s) of McMillan degree n.

2.2. One unique two-sided interpolation condition. We next consider the
case where the interpolation set consists of only one finite interpolation point a € C,
i.e., in terms of the parameters of Problem 1.1,

(27) kleft = km’ght = 1? ﬂl =01 = n, z=w =ao.

Moreover, we assume that « is not a pole of T'(s). Deleting the subscripts not required
due to the simpler conditions to clarify the notation allows the problem to be stated
as follows.

PROBLEM 2.2. Given T(s) = C(sIy — A)™'B, a € C, z(s) = E?:_Ol zll(a — )
and y(s) = Z:’;Ol yll(a — s)t, construct a reduced order transfer function T(s) of
McMillan degree n such that

(2:8) z(s)T(s) = :{(S)T(S) +O(a — 5)",
(2.9) T(s)y(s) =T(s)y
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and forall f=1,...;n,9g=1,...,n,
(2.10) x(f)(s)(T(s) - T(s))y(g)(s) =0(a— s)f+g.

In order to solve the problem, we first rewrite (2.8)—(2.10) as matrix equations.
Note that for any « € C is not a pole of T'(s), we can write

(2.11) T(s)=C(sly —A)'B=C((s—a)Iy +al —A)"'B
(2.12) — Claly —A) ' (I = (a—s)(al —A)™)'B
(2.13) = iC(aI—A)_k_lB(a—s)k.

k=0

Let us consider the left interpolation conditions corresponding to equation (2.8). By
imposing the n first coefficients of the Taylor expansion of the product z(s)(T'(s) —
T'(s)) to be zero, we find the following system of equations:

¢ (al — A)'B

(2.14) =20¢C(al — A)~'B
M (al — A7 B+ 2%¢C(al — A) 2B
(2.15) =gMC(al — A)7'B 4+ 2C(al — A)72B

NGl — AT B+ + 2 C(al — ) B
(2.16) =2l U¢(al - A)T' B+ 2PC(al - A)"B.

Defining the matrix X € C™*"™ and the generalized observability matrix Oc¢ 4 €
C*N as follows:

10 Clal — A)~1
(2.17) X = : i Oca= :
=1 gl Clal — A~

and defining matrix Op ;4 € C"*™ analogously by replacing the matrices C' and A

by C and A in (2.17), we are able to state the following lemma.
LEMMA 2.2. A p x m transfer function T(s) = C(sl, — A)"'B satisfies the
interpolation conditions (2.8) if and only if

(2.18) XO¢ 4B =X0Oc aB.

Proof. Equation (2.18) is simply a matrix form of the system (2.14)—(2.16). d
We can transpose the preceding reasoning to the right interpolation condition
(2.9). Defining

(219) Y = .t |; Cap=[(al—A)'B...(al — A)"B]
(0]
)

and following the same reasoning as before, we obtain the following lemma.
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LEMMA 2.3. A p x m transfer function T(s) = C(sI, — A)"'B wverifies the
interpolation conditions (2.9) if and only if

(2.20) CC; zY = CCa RY.
At this point, all that we have done is to rewrite the left and right interpolation
conditions into matrix equations. Next, we define the generalized Loewner matrix as

(2.21) LT(s) = XOQACA’BY.

The matrix ET(S) is defined as Lr(,) by replacing the matrices C, A, and B by C, A,
and B. By rewriting the two-sided interpolation conditions corresponding to (2.10),
we obtain the following lemma. R R R R

LEMMA 2.4. A p x m transfer function T(s) = C(sI, — A)~'B verifies the
interpolation conditions (2.10) if and only if

(2.22) Ly = £1(s)-

The following result can be proven using partial fraction expansion and Lemmas
2.2 to 2.3.

PROPOSITION 2.5. Euvery transfer function T(s) that verifies (2.8), (2.9) and
(2.10) is such that

(223) XOC7AACA7BY = XOC’,AACA,BK

The main result of this section can now be stated as follows.

PROPOSITION 2.6. If the matriz Ly is invertible, then every transfer function
that verifies the interpolation conditions (2.8)~(2.10) has a McMillan degree greater
than or equal to n. Moreover, the transfer function of degree n that satisfies the
equations (2.8)—(2.10) is unique if it exists and it can be constructed by the projection
matrices V and Z that satisfy

(2.24) Im(V) = Im (Cc AY),
(2.25) Ker(Z") = Ker (XOa.5),
(2.26) ZTVv =1,,

if a is not a pole of A.
Sketch of the proof. Suppose that there exists a transfer function of McMillan
degree n such that (2.8)—(2.10) are satisfied. It follows that

(2.27) XOp 4B =X0c 4B,
(2.28) CA'CCAU = CCc,AY,
(2.29) XOp 4AC; 5Y = X0, AACA BY.

Because of the invertibility of Lr,), the matrices XOp 4 € C"*™ and C4 zY € C**"
are invertible. If we define

(2.30) M =(XO0g 3)7",
(2.31) N=(CspY)"",
(2.32) Z" = MXOc,a,
(2.33) V =CapYN,

it is straightforward to show that
(2.34) A=27"Av, B=2z"B, C=cVv, Z'V=1I,.
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3. Auxiliary results. In this section, we define a generalized Loewner matrix
that will allow us to construct explicitly the solution of the interpolation problem
(1.1) under some mild conditions. This generalized Loewner matrix is inspired by the
discussion in [2]. For the SISO case previous results based on [1], [8], and [10] may be
found in [9].

In this section, we are given a strictly proper transfer function T'(s) and a T'(s)-
admissible interpolation set I = {I;, I} as defined in section 1. The objective of this
section is to find a way to characterize the set of strictly proper transfer functions
T'(s) such that I is 7'(s)-admissible (the interpolation points are not poles of 7'(s))
and T'(s) tangentially interpolates T'(s) at I.

We define first several matrices that will be used in the development. Consider
the set I; and associate with the pair (zq,xq(s)) € I defined in (1.11)—(1.12) the
matrix X, € CPaxPBa

A
i )

and define the matrix X (I;) € C5()xps(h) 1y

(3.2) X(I) = diag{ X, } =1,

Analogously, with the pair (wa,ya(s)) € I, we associate the matrix

SO gl
(3.3) Yo = :
W
and define
(3.4) Y (1) = diag{Va }ary"

related to, respectively, the left and right interpolation sets I; and I,..

The Jordan matrices will play an important role in this paper, and we therefore
introduce the following compact notation.

DEFINITION 3.1. The matriz Jy s € Ckoxké s defined to be

’LUIk —Ik

(3.5) w5k =
—1I;
wIk

When k =1, Jy.61 is simply a Jordan matriz of size 6 x 6 at eigenvalue w and is
written Jy 5.

With this definition, we easily obtain the following lemma.

LEMMA 3.2.
(36) Jwﬁ,mYa = YaJw,57 JT,,BXQ = XD&JZ:.ﬂ,p'

w
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Proof. The case w = 0 is nothing but the shift invariance property of block
Toeplitz matrices. It then also follows for Jy, §m = wl + Jo 5,m since we add the same
term on both sides of (3.6). ad

Two matrices associated to the p x m transfer function T'(s) = C(sly — A)"'B
with A € CN*¥N are the controllability matrix Contr(A, B) € CPN*N and the ob-
servability matrix Obs(C, A) € CV>*™N defined by

C
(3.7) Contr(A,B) = [B...AN-1B],  Obs(C, A) = :
AN
The quantities occurring in Contr(A, B) and Obs(C, A),
(3.8) pa (oo, k) =AF1B v a(co, k) = CAFY

can be seen as “moments” of (sI — A)~!B and C(sI — A)~! about infinity. Similarly,
from the dyadic expansion about a point A ¢ A(A)

“+oo

(3.9) (sI— A" = (A=A (A =9k,
k=0

we define the moments about a finite expansion point A € C

(3.10) panNEk) = —A) B, voa(\k)=CO — A~k

DEFINITION 3.3. Let I be a T'(s)-admissible interpolation set. For any state-space
realization (A, B,C) of T(s), we associate with the right tangential interpolation set
I, the generalized controllability matriz Ca g(I,) by the following equations:

(3.11) Ca,8(%a, Ba) = [1(2as 1) - (20, Ba)]
(3.12) Cap(I,) = [CA,B(Zl,ﬁl) .. 'CA,B(ZklefMﬂk‘l,eft)] .

Similarly, we define a generalized observability matrix Oc 4 with the left tangential
interpolation set I;:

V(Wa, 1) Oc,a(w1,61)
(3.13) Oc.a(Wa,ba) = : ;Oc,a(li) = :

V(U}a,éa) OC,A(wkrigh,w 6kright)

We associate with the tangential interpolation set I the generalized Loewner matriz
Ly (I) € C3UD*sU) defined by

(3.14) Lrs)(I) = X(11)Oc,a(i)Ca,p(1r)Y (Ir),

where (A, B,C) is a minimal realization of T(s).

It is straightforward to verify then that Lp(4) (1) does not depend on the particular
state space realization of T'(s). Next, we derive a series of lemmas that are needed
for our main result in Theorem 3.10.
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LEMMA 3.4. If zo # w~ and both interpolation points are finite,

Oc,4(2as Ba)Ca,B(wy, by)
1
= Oc,a(2as8a) ([B0...0] = Ca,p(wy,6,)J0,6,,m)

Wy — Za

C

(3.15) + — J5 5o pOc.a(2ar Ba) | Ca,(wy, by).

Zo — Wy :
0
If 2o, # wy and zo is infinite, then

Oc,A(2a; Ba)Ca,B (W, 6y)
C

0
(3.16) = | . | Can(2a:8a) = Jo 5. 0c,a (20, Ba)Ca,n(wy: ) o5, m

0
—wVJOTQOC,A(za,ﬁa)CA,B(wW,év) + Jg:BQOC,A<ZmBa> [B O...O} .

Proof. We first prove (3.15). Recall that if a # 8 € C, then

-1 a1 -1 1 -1
(3.17) (al —A) " (BI—-A)" = ﬁ—a(al AT+ a_ﬂ(ﬂl A)7.
This permits us to write that
Oc,A(2a, Ba)Ca,B (W, 65)
C(zol — A)7L
(3.18) = : [(wyl —A)B.. . (wy I — A" B}
C(zod — A)=Pa
C(zol — A)7L
(319)  =- iz : [(B...(w,] — A)~5+1B]
T Clzal — A) e
) C
+Zoﬁw7 [(wyl —A)"'B...(wyl — A~ B].

C(zol — A)Patl
This last equation is equal to (3.15). This concludes the proof for the finite case.
Next, consider the case z, = oo. The proof is similar but uses the following

equality:

(3.20) AN — A =T+ XM - A~
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This permits us to write that

OC,A(zou Ba)CfLB(w’yv 6’}’)

C
(3.21) = : [(wyl —A)7'B...(wy] — A)~% B]
C ABa—1
F o
0 T
(3.22) = : Ca,B(wy,65) — Jo,6. Oc,A(2a, Ba)(A —wyI +wyI)Ca B(wy, b)
- 0 -
0 T
(3.23) = . CA7B(w7,67) - w'yJ07ﬁaOC,A(Z(xaﬂa)CA,B(w'w(s'y)
L O -
+J3 5, 00,4(%0, Ba) ([B0...0] = Ca,p(wy,8,)Jos).
This last term is equal to the right-hand side of (3.16). o

To prove Theorem 3.10, we need the important result that the matrix LT(S)([ ) is

invariant for any matrix 7(s) interpolating T'(s) at I (for which I is 7'(s)-admissible).
However, to show this result, we need the following lemmas.

LEMMA 3.5. Let T(s) = C(sI — A)"'B and T'(s) = C(sI — A)"1B be two p x m
strictly proper transfer functions. Let I} be a left interpolation set that is T(s)- and
T'(s)-admissible. Then, T(s) interpolates T(s) at I; if and only if

(3.24) X(1)O¢, 4(I)B = X(1)Oc.a(I1) B.

Proof. Because of the diagonal structure of X, if we prove (3.24) for one diagonal
block of X, say for instance X, we prove it for the entire equation (3.24). So we con-
sider the block associated with X, and we drop I; from z,(s), Xa, Oc,a (1), OO,A([l)
to make the notation simpler. In other words, we consider the case where there is
only one vector z(s) of degree § — 1 associated with one interpolation point z in the
left interpolation set I;. We assume that z is finite (appropriate change must be made
for the case z = 00). We have to show that (1.5) is satisfied if and only if

(3.25) XO¢ 4B = XOc aB.
We can write that
+oo ) ) R +o0 R R ) ) _
(3.26) T(s)=>» C(zI—A)"'B(z—s)", T(s)=)»_ C(zI —A)"'B(z—s)".
1=0 =0

Equation (1.5) says that x(s) is a left zero of T'(s) — 7'(s). This means that the first
0 Taylor coefficients of x(s)(T'(s) — T'(s)) at s = z are zero. In other words, for all
1 < i < 3, the following equation must be satisfied:

i1 i—1
(3.27) Z M C (2 — AY~FB = Z 2F1C (21 — A~ B,
k=0 k=0

and this equation turns out to be exactly the ith row of (3.25). a
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Analogously, for the right interpolation conditions, we have the following lemma.

LEMMA 3.6. Let T(s) = C(sI — A)"'B and T(s) = C(sI — A)~'B be two p x m
strictly proper transfer functions. Let I, be a right interpolation set that is T'(s)- and
T'(s)-admissible. Then, T'(s) interpolates T(s) at I, if and only if

(3.28) CC4 Y = CCa BY.

The proof is similar to the proof of Lemma 3.5.

LEMMA 3.7. Let T(s) = C(sI — A)"'B and T'(s) = C(sI — A)~'B be two p x m
strictly proper transfer functions. Let I = {I;, 1.} be an interpolation set that is T(s)-
and T(s)-admissible. If T(s) interpolates T'(s) at I and then, for every pair of indices
o,y such that zo = wy =&, (where £ is finite),

(329) onoéyA(Zou BQ)CAB(U)W, 6V)Y’Y = XQOC7A(ZO‘, ﬂa)CAB(w,y, 57)Y'Y;
and for every pair of indices o,y such that zo = w, =&, (where { = ),
(3.30)  XaOp i(2a:Ba)ACy g(wy,6,)Yy = XaO0, (%0, Ba) ACA B (W, b)Y,

Proof. We consider the finite case. To simplify the notation, we drop the sub-
scripts a,y. Let us choose two integers f,g such that 1 < f < fand 1 < g < 6.
Condition 3 of Definition 1.3 applied to z(s) = x,(lf)( )and y(s) = ygg)( ) says that the
f + g first derivatives of 2/ (s)(T'(s) — T'(s))y@ (s) at s = £ are zero. The condition
corresponding to the derivative of highest order is

f+g—1 R
T et T )

f-1g—1

(3.31) = Z Z 2Flo(er — A)kti=I-9 gyl

k=0 1=0

s=¢

\

—1g—1
(3.32) =3 Y @MoEr — A (1 - A Bul)

k=0 =0

(3.33) = (XOc.4Ca5Y),,

Thus, (3.29) is a consequence of the interpolation conditions. The proof is similar for
the infinite interpolation point. ]

Equations (3.25), (2.20), (3.29), and (3.30) are just a matrix version of the in-
terpolation conditions of Definition 1.3. We now proceed to prove that (3 25) and
(2.20) imply as well that XOC ACA Y = XOc aCy pY and X(’)C AACA Y =
XOc,aAC4, Y, provided the two-sided interpolation condition 3 of Definition 1.3
is added for every pair z, = w,. This may seem surprising but it is a simple con-
sequence of Lemma 3.7 when z4,,, and follows from the two-sided condition when
Zo = Wg-

LEMMA 3.8. If the strictly proper transfer function T(s) C(
lates T(s) at I = {I;, I} (where the interpolation set I is T'(s)- a
then

)1 B interpo-

I-A
nd T'(s)-admissible),

(3.34) XOC’,ACA7BY = XOC’ACA)BYV.
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Proof. The proof will be done block by block. If z, = wy = £, and &, is finite,
the proof follows from Lemma 3.7. Let us consider the case &, infinite.

XaOC,A(Za7 ﬁa)CA,B(w'w 5’7)Y'y

[0] 6y—1
Yy e Yy
(335) = XaOC,A(ZOM ﬂa) [B te Aéwil] .
[0]
Yy
(3.36) = XaOc,a(2a: Bo) B .45 7]
(3.37) —XaOC,A(Za, ﬁa)ACA,B(w,y, 67)Y—YJ0,5
(338) - XQOC)A(za7/8a)CA7B(w’Y76’Y)Y'Y'
Second, we suppose that
(3.39) Za 7 Wy

We assume that z, and w, are finite. The idea is to recursively use (3.15). We want
to show that

(3.40) XoOg (%0 Ba) B = XaOc,4(2a: Ba) B

and

(3.41) CC 4 p(wy, 8,)Yy = OCa,p(wy,6,)Y,

imply

(3.42) XaO¢ i(2a;a)C i p(wy, 69)Yy = XaOc a(za; fa)Ca,B(wy, 61)Y.

We drop again «, 7, (24, Ba), (W, 6y) to simplify the notation.

1
XOC”ACA’BYz EXOC’A ([B OO] _CA’BJO’(S’m)Y

C
(3.43) ' x e JL 5,0 CapY
. > —w 0,8,p~ C,A A,B
0
CCa,BY
1 1 0
=——[XO¢aB 0...0]Y + —X .
w— 2z zZ—w :
0
1 1
(3.44) ———X0O0c,4Ca,BY Jo,5 — Jo,sXOc,aCa,BY .
w—Zz zZ—w
From Lemmas 3.5 and 3.6 we deduce
1 . 1 .
3.45 XOs ;B0...0|Y = XOs ;B0...0]Y,
045 [X0a4B0. 0y = L [x0. B0 ]y,
CCa,BY CA’CA’BY
1 0 1 0
(3.46) X = X ]
zZ—w : Z—w
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By using a recursive argument, it can be shown that

(3.47) XOC’ACA’BYJOJS = XOC‘,ACA,BYJOJS?
(3.48) J0,5X007ACA7BY = JO,BXOC',ACA,BY'

Finally, we have to consider the case with one infinite interpolation point, say for
instance z, = oo and the other point w., finite. This can be treated similarly by
recursively using (3.16). a

LEMMA 3.9. If the strictly proper transfer function T(s) = C(sI — A)~'B inter-
polates T(s) at I = {I;, 1.} and I is T(s)- and T(s)-admissible, then

(3.49) X0 LAC 1.5Y = XOc aAC BY.
Proof. We recall that
(350) ACA,BY [ACA B(wl,él) ACA B(’LUS,5 )Y] .

The proof will again be done block by block. Let us prove it for the block of C 4 4(I,)Y
corresponding to w,. Two cases must be considered.
Assuming that w, is finite yields

ACo,A(wy, 61)Y

(3.51) = (A —wyI +wyI)Co a(wy, 65)Y,
(3.52) = — [B R (w,./IN — A)_é'Y_HB} Y,\/ + w'yCC,A(w'ya (SA/)Y,Y
(3.53) =B [yl .y 4+ Co a(wy, 6)Yy w5,

This allows us to write that

XOp 4AC 4 5 (wy, 8,)Yy

(3.54) = XO0e 4(=BWY ... g 4 ¢y p(wy, 60)Yy T s,)
(3.55) = XOQA(— [y[§771] ... y[O]] + CA7B(’LU7, 5«,)Y7me§w)
(3.56) = )('OQAACA’B(’Ll),y,(SW)YV,Y7

where the first part of (3.55) is a consequence of Lemma 3.5 and the second part of
3.55) is a consequence of Lemma 3.7.

Second, assume that w, = co. Two cases must be considered. If z, is finite, then
the proof is done by transposing the preceding results. If £, , = oo, then this follows
from Lemma 3.7. ]

Putting together the preceding results, we obtain the following theorem that gives
the main result of the section.

THEOREM 3.10. Let (C1,A1,B1) be a minimal state space realization of the
strictly proper transfer function Ti(s) and (Ca, Ag, Ba) be a minimal state space
realization of the strictly proper transfer function Ts(s). Let the interpolation set
I =AI, 1.} be Ti(s)- and Ta(s)-admissible (i.e., the interpolation points are neither
poles of T1(s) nor Ta(s)). Then, Ti(s) interpolates To(s) at I if and only if the fol-
lowing equations are satisfied:

(3.57) C1Ca, B, (1;)Y (I;) = CoCa, B, (1-)Y (L),

(3.58) X(Il)OCl,Al(Il)BI X(Il)(’)cz, 2([l)BQ’

(3.59) X(1)Oc¢y,a,(11)Cay,B, (Ir)Y (Ir) = X(11)Ocy, 4, (11)C a5, B, (1) Y (1),
(3.60) X(I;)Oc¢, a,(I1)A1Ca, B, (I})Y (1) = X(I1)Oc,, 4, (1) A2Cay B, (1) Y (I;).

r
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Proof. The proof follows from the preceding results. ]

4. The multipoint Padé reduced order transfer function. In this section,
we give a practical way of constructing a minimal state space realization of the trans-
fer function of minimal McMillan degree that interpolates T'(s) at the interpolation
set I when the corresponding Loewner matrix Ly (I) is invertible. The interpo-
lating transfer function of minimal McMillan degree will be called the multipoint
Padé reduced order transfer function Ty p(s). A minimal state space realization
(CA'MP7 AMp7 BMP) of TMp(s) will be obtained by a projection technique. More pre-
cisely, the state space realization (C'Mp, Anp, BMP) will be constructed by project-
ing a minimal state space realization (C, A, B) of T(s) with two projecting matrices
Z,V € CN*" as follows:

Cup=CV, Ayp=2TAV, Byp=2"B, Z'V=1I,.

It will be shown that the projecting matrices Z, V' can be obtained by solving Sylvester
equations.

In order to prove these facts, we first introduce two new pairs of matrices. Let
us consider the left tangential interpolation set I; defined in (1.13). For any integer

a such that 1 < a < ki, define the matrices (Lg), L,(;)) as follows:
1. If the interpolation point z, is finite, then take

(4.1) L0 =15, LY =T

ZasBat

2. If the interpolation point z, is infinite, then define

«

(4.2) LY =—Jis . LU =1Is,.
Moreover, define the matrix X, as follows:
"
(4.3) X, = :
x[f"_l]

Finally, define the matrices L()(1}), L) (I}), and X(I) as follows:

(4.4) LOn) = diag{ LY} LO(1) = diag{ L) 1ok,
X1
(4.5) X(I) = :
Xkleft

Let us consider the right tangential interpolation set I, defined in (1.16). For any

integer  such that 1 < a < ky;gp¢, define the matrices ( ((xl), (([)) as follows:

1. If the interpolation point w, is finite, then take
(4.6) RO =1I5,, Ry =Ju,s..
2. If the interpolation point w,, is infinite, then define

(4.7) RV = —Jys., R =1Is. .
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Moreover, define

(4.8) Vo = [yl ylee—1].

Finally, define the matrices R (I,.), R(")(I,.), and Y(I,) as follows:
(4.9) RO(1,) = diag{RY )24, RU(L) = diag{RY oy
(4.10) V)= [Vo - Vkyigne] -

As a consequence of these definitions we have
(4.11) LWL = gmrp® - gORE) = g RM

and we can now derive the following lemma that introduces the related Sylvester
equations.

LEMMA 4.1. Let (A, B,C) be a state-space realization of the transfer function
T(s). Let us consider a T(s)-admissible interpolation set I = {I;,I.}. Then,

(412) N =Cap(I,)Y(I,) < ANRY(I,) — NR™(I,) + BY(I,) = 0,
(413) M = X(I,)Oc.a(l}) <= LY(I)MA - LM 4+ XC = 0.

Proof. Let us prove (4.12) for only one interpolation condition I, = {(w,y(s))}
at a finite point w.

ANRY(I,) = NR™(I,) + BY(I,) = 0
— A [nlnk] — [nl...nk] wak
(4.14) +B [yl .. ylk-1] = 0.

Let us solve this linear equation for N column by column from n; up to ng. We find
recursively that

(4.15) (wI — A)ny = Byl"
(4.16) (wl — Ay = Byl + n,.

Moreover, the matrix wl — A is invertible because we always assume here that the
interpolation set I is T'(s)-admissible. This proves that N = Ca p(I,)Y (I,) for one
finite interpolation condition I, = {(w, y(s))}.

Let us prove (4.12) for only one interpolation condition I, = {(w,y(s))} at an
infinite point w = oco.

ANRW(I,) = NR"(I1,) + BY(I,) = 0

0 1 0O ... 0

: o1

L0 . . 0]

(417) - [nl...nk] +B [y[o]._.y[k—l]] =0
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Again, by solving this equation column by column we find that N = Ca (L)Y (L)
for one interpolation condition I, = {(oo, y(s))}. If the interpolation set I, contains
more than one pair, say k, pairs, because of the block diagonal structure of R, R(")
and Y (I), and the block structure of Y(I,.), we can split the columns of N into k.
blocks and prove the result for each pair (w,,y~(s)) € I, in order to prove that

N=[N.. . Ng]

= [CaB (w1,41(5)) Y (w1,91(5)) - .. Ca, (Wi, , Yk, (5)) Y (wp,, yk, (5))]
(418) = CA,B(IT)Y(IT)' O

The main result of this paper can now be formalized.

THEOREM 4.2. Consider a transfer function T(s) and a T(s)-admissible tangen-
tial interpolation set I and assume that the corresponding Loewner matriz Lps)(I) €
C™*"™ js invertible. Define then two invertible matrices M, N € C"*™ such that

(4.19) Lr(s) = XOc,aCa Y = MN,

and define the “multipoint Padé” reduced order transfer function TMP(S) via its state
space realization {Apyrp, Byp, Cup} given by the equations

(4.20) CypN = CCa BY,
(4.21) MByp = XOc.aB,
(4.22) MApypN = XOp 4 ACa Y.

If the interpolation points are not poles of TMp(s), i.e., if the interpolation set I
is Tarp(s)-admissible, then Thyp(s) interpolates T(s) at I. Moreover, Thyp(s) is the
unique transfer function of McMillan degree s(I;) = s(I;) that interpolates T(s) at I
and there exists no such transfer function of lower McMillan degree.

Proof. First, note that it is always possible to find a couple of invertible matrices
M, N that satisfy (4.19) because of the invertibility of Ly (I). Second, it can be
verified that Thp(s) is uniquely defined and does not depend on the particular choice
of matrices M, N satisfying (4.19).

The proof consists of showing that M = X([;)O¢, , 4,,,([1) and that N =
Ciavp.BapLr)Y (Ir). From the preceding results, it is equivalent to show that M and
N are solutions of the Sylvester equations of Lemma 4.1. First, from (4.19)—(4.22)
and Lemma 4.1, we have

AppNRY — NR™ 4 Bypy
(4.23) = M7 XOc A(ACsgY RY —C4 gY R™) + BY) = 0.

This implies also from Lemma 4.1 that N =Cj4 _ 5 (L)Y (I;). Analogously, M =
X(1)O¢,,, Ay i) The proof follows now from Proposition 3.10. Indeed, (4.20) is
equivalent to saying that the right tangential interpolation conditions are satisfied,
(4.21) corresponds to the left tangential equations and (4.19) and (4.22) are equivalent
to the two-sided interpolation conditions. Hence, Tysp(s) interpolates T'(s) at 1.

We have still to prove that ny p(s) is the unique transfer function of McMillan
degree n that satisfies the interpolation conditions with respect to T'(s), and that
there exist no transfer function of McMillan degree smaller than n that satisfies the
interpolation conditions. To do this, first assume that there exists T(s) of McMillan
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degree k < n that satisfies the interpolation conditions. Let (C’,fl, B’) be a minimal
state space realization of T'(s). Clearly,

(4.24) rank C 5(I.)Y (I,) < rankCy 5(I,.) = rank Contr(A, B) = k < n.

From the interpolation conditions, we must have that Lr()(I) = L (1). This
implies that

(4.25) n = rank Lr(s)(I) = rank L4 (I) < k.

This proves that it is not possible to find an interpolating transfer function of McMillan
degree smaller than n.

If we assume that there exists another interpolating transfer function T'(s) of
McMillan degree n, it is not difficult to verify that the procedure given for construct-
ing a minimal state space realization (C', A, B) of T(s) will produce a state space
realization that is similar to (C’MP,AMP,EMP). This implies that T(s) = TMP(S)
and concludes the proof. 0

By inverting the matrices M and N into (4.19)—(4.22), if we define

(4.26) Z' =M"'X0Oc 4, V=CapYN*,
we see that
(4.27) ZTV =1, CV=Cyp, Z'B=Byp, ZTAV = Ayp.

5. Concluding remarks. An important result that has not been considered
in this paper is the following. Assume that a reduced order transfer function Tl(s)
has been constructed that interpolates the original transfer function T'(s) at the in-
terpolation set I; with the projecting matrices Z; and V. If one wants to add new
interpolation conditions, say I, all that we have to do is to compute the generalized
Krylov subspaces corresponding to the new interpolation set I and to construct new
projecting matrices Zo, V5 that contain, respectively, the column span of Z; and V;
and the new, respectively, left and right generalized Krylov subspaces.

Another important result that can easily be derived is that we only need the pro-
jecting matrices Z, V' to contain some subspaces, but they can contain other subspaces
as welll For instance, Theorem 4.2 can be generalized as follows.

THEOREM 5.1. Consider a transfer function T(s) = C(sI — A)™'B and a T(s)-
admissible tangential interpolation set I = {I},I.}. Let us assume that the projecting
matrices Z,V (such that ZTV = I,,) are such that

Colsp(V) 2 Colsp (Ca,p(1)Y (1)),
Colsp(ZT) D Colsp (OgvA(Il)XT(Il)) .

Then, if the interpolation point of I are not poles of T(s) =CV(sl,—ZTAV)"1ZTB,
the transfer function T(s) interpolates T(s) at I.

It should also be pointed out that this Krylov technique can easily be extended
to generalized state space systems, also called descriptor systems.

Finally, we have shown that the projecting matrices Z, V', constructed in order
to compute a state space realization of Tu p(s), are solutions of Sylvester equations.
Actually, it can be shown that, generically, constructing a reduced order transfer
function with projecting matrices that are solutions of a Sylvester equation with
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respect to a state space realization of the original transfer function is equivalent to
solving a particular tangential interpolation problem. We refer to [10] for results in
this direction.

Appendix.

LEMMA A.1. Let T(s) and T(s) be two strictly proper p x m transfer functions.
T(s) tangentially interpolates T(s) at I with respect to Definition 1.3 if and only if
the three following conditions are satisfied:
for all finite zo, 1 < a <7, for any 1 < i < (y:

difl R
(A1) T (2@ ~ 1) | =0
forall zo, = 00,1 <a<r,
(A-2) Ta(8)(T(s) = T(s)) = O(s ™) *;
for all finite wy, 1 < a <s, for any 1 <i < 4,,

di—l R
(A3) G (T = T@wal)f| =0
for all wy, = 00,1 < a < s,
(A.4) (T(s) = T(s))yals) = O(s™ )+
for all finite &, for all f=1,...,84, 9=1,...,0,,

dfto—1 R

(A.5) ot PP E@E) - TG} =0

for all infinite &, the coefficient elf+al of s=F=9 of the product

+o00
(A.6) 2 (s)(T(s) = T(s))yl (s) = elFls*

k=1

is zero, where f =1,...,8a;9=1,...,05.

Proof of Lemma A.1. It is easy to see that the left tangential interpolation con-
ditions (A.1)-(A.2) and condition 1 of Definition 1.3 are equivalent. For the same
reasons, the right tangential interpolation conditions (A.3)—(A.4) and conditions 2 of
Definition 1.3 are equivalent. Moreover, it is not difficult to see that the two-sided
tangential interpolation condition 3 of Definition 1.3 implies conditions (A.5)—(A.6).
The proof will be completed by showing that conditions (A.1)—(A.6) imply conditions
1, 2, and 3 of Definition 1.3.

Let us first consider the case with a finite left and right interpolation point z € C.
As usual, we assume that this point is admissible for T'(s) and T(s); i.e., it is neither
a pole of T'(s) nor a pole of T(s) So, we assume that we are given two polynomial
vectors z(s) and y(s) of respective degree § — 1 and 6 — 1 such that

(A.7) x(s)(T(s)A —T(s))=0(s —2)°, x(2) #0,
(A.8) (T(s) = T(s))y(s) = O(s — 2)°,  y(2) #0,
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and forall 1 < f <3, 1<g <6,

% {aD()(T(s) = Ts))y @ (5))

We want to prove that this implies for all 1 < f < 3,1 < g <,

(A.10) 2D (s)(T(s) = T(s))y')(s) = O(s — 2)' .

(A.9) = 0.

s=z

By using Lemma 3.7, (A.10) is equivalent to the equation
(A].].) XOC7ACA7BY :XOC‘,ACA BY'

The proof will be completed if we show that for all 1 < f < 3,1 < g < §, for all
integer k such that 1 <k < f + g — 1, the derivative
dft9—k—1

e {2V T () = D)y (s)}

Let us first verify (A.12) for k = 1. First, straightforward calculation gives

(A.12) = 0.

sS=z

dft9—2

FNETE) {x(f)(3>T(3)y(g)(5)} .
f—1lg—1
(A.13) = ZZm C(zI — A)k+i=I=g+1 gyl
k=0 [=0
f—1lg—1
(A.14) =3 ) (@Ml — AT (2T — A)((2 — A9 By")
k=0 [=0
(A.15) = (XOca(zI = A)Ca BY),,
From Lemmas 3.7 and 3.9,
(A.16) (XOc,a(2I = A)Ca,pY) = (XOp 4(2I = A)C4 5Y).

This concludes the proof for the case £k = 1. Now, we assume that for all 1 < f < g3
and 1 < g <6, and for all 0 < r < min(k, f+¢g — 1),
dftrg—r—1

e {2V (@)~ 1)y (s) }

and we want to prove that (A.17) is still true for r = min(k + 1, f + g — 1). So, we
choose 1 < f < B and 1< g < suchthat f+9g—1>k+1. We obtain the following
equations:

(A.17)

:O7

s=z

dft9—k—2 R
i {2V T - Ty ()
df—1+g—k-1 B )
(A18) = e {2V ~ T (9|
df—1+g—k-1 B B )
(A19) Aoy {9 T T T )y ()
By the recursive argument,
df—1+g9—k-1 3 R
(A.20) def—1Hg—k—1 {x(f 1)(5)(T(3) - T(S))y(g)(s)} o =0.
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Moreover, we know from (A.3) that
(A.21) (T(s) = Ts)y@(s) = Oz — ).
This implies that

dft9—k—2

(A.22) 7 (2P EOT) - Ty ()} =o.

S=z

The case at infinity can be treated in a similar way.
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