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Notation glossary

Basics

N

set of nonnegative integer numbers
set of strictly positive integer numbers
set of integer numbers

field of real numbers

field of complex numbers

complex unit, j = /—1
real part of z

complex part of z
complex conjugate of z
modulus of z

if and only if

equal by definition to

Kronecker delta: equals 1 if ¢ = j and zero otherwise
dimension of X

generic inner product

Greatest Common Divisor

p-norm (1 < p < 400)

Euclidean norm (vectors) / spectral norm



vi Notation glossary

Matrix theory

I k X k identity matrix

XT transpose of matrix X

X conjugate transpose of matrix X

T element located at the i*" row and the j** column of X
T, i*" row of the matrix X

T 4" column of the matrix X

Im(X) subspace generated by the columns of X
Ker(X) {r e C™: Az =0}

vec(X) vector formed by stacking the columns of X into one vector
rank(X) rank of matrix X

det X determinant of square matrix X

trace(X) trace of square matrix X

Ak (X) k-th eigenvalue of matrix X

Amin (X) eigenvalue of X of smallest real part

Amax(X) eigenvalue of X of largest real part

A(X) set of eigenvalues of the matrix X

p(X) max; | A; (X)]

Jw,s Jordan matrix of size § with eigenvalue w

Jw, 8.k Block Jordan matrix of size kd with eigenvalue w
Omax(X) maximal singular value of matrix X

Omin (X) minimal singular value of matrix X

® Kronecker product

System Theory

T ;(s) scalar rational function located at the position (4, j) of
T(s)

normal rank (T(s)) maximal rank of T'(s) over C

Zc,a,B(S) system zero matrix of the state space realization
(C. A, B)

Abbreviations and acronyms

SISO Single Input Single Ouptut

MIMO Multiple Input Multiple Output
BT Balanced Truncation

SOBT Second Order Balanced Truncation

ISBT Interconnected System Balanced Truncation



Introduction

These days, the modelling of physical processes gives rise to mathematical
systems of increasing complexity. Good mathematical models have the following
characteristics. On the one hand, they have to reproduce the physical process as
precisely as possible. On the other hand, they have to be used efficiently, i.e. the
computing time and the storage resources needed to simulate the mathematical
model are limited. As a consequence, there must be a tradeoff between accuracy
and computational constraints (speed of computation and storage limitation).

At the present time, one is often faced with systems that have an unaccept-
ably high level of complexity. It is then desirable to approximate such systems
by systems of lower complexity. This is the Model Reduction Problem.

Examples

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 computational
complexity of e.g. analysis and design of Micro-Electro-Mechanical Systems
(MEMS) [67], in simulation of electronic devices [24], in weather prediction
[25] and in control of partial differential equations [55].

We motivate this with a few examples.

VLSI Circuits

At the present time, the chip complexity of high frequency sub-micron VLSI
circuits increases by at least 50 percent each year. In Figure 0.1, one of the
first circuits produced in the sixties is compared to the more recent Pentium
IV processor. Due to the increase in operating frequency and the decrease of
metal width, simulations are required to verify that there is no significant delay
or distortion of the circuit signal. Simulation of such complex interconnected
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systems gives rise to models (obtained by spatial discretization of Maxwell’s
equations) resulting in a system of n ~ 10° equations. In Chapter 6, a more

Fig. 0.1. VLSI Circuits

—

Integrated Circuit, 1960 Pentium 1V, 2001

detailed description of the equations appearing in RLC systems is given. Such
large scale systems are in practice approximated using interpolation techniques
[4, 28, 31, 9].

Weather Forecasting

The following more general problem is solved using ideas similar to the model
reduction techniques presented in this thesis. The problem consists roughly of
approximating large scale dense matrices by low rank ones in order to reduce
the computational complexity.

In order to prevent flooding in the part of the Netherlands below sea level,
one wants to predict rapidly storm surges in the North Sea. The equations
governing the evolution of the wave surge are in this case the shallow water
equations (see Figure 0.2 for a justification of shallow). In the same figure,
the horizontal and vertical axes indicate the number of discretization points,
while the color on the right-hand side indicates the depth of the sea at various
locations of interest. Part of the discretization grid used in this case is shown
in figure 0.3. The problem is to predict the wave surge in the North Sea based
on a few localized measurements. This is achieved by means of a Kalman Filter
which reconstructs the full state using a few noisy observations.

The Finite Element discretization of the shallow water equations yields
roughly 60000 equations, and the resulting computational time is several times
the allowed limit of 6 hours. Therefore reduced order modelling techniques are
needed.
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Fig. 0.2. Depth of the North Sea

depth
3500
160
140 3000
120 2500
100
2000
c
i 1500
en Helder
Lamuiden-ii
i HoekvanHolland 1000
y Viissingen 1
bover
1 500
| 0

20 40 60 80 100 120 140 160 180 200

m

Fig. 0.3. Wave surge prediction problem: discretization grid close to the coast

500

4901

E 470+
=3

460

0%
L 22N
440 55555 PN

203 257557\
R S
RLKISIELS 2
NS eostnts ey
Neototes v L aaN
CRIXIIES
L
Y

4301

4201

The discretized state vector g(t) = [h(t) u(t) v(t)] is composed of three
components: the water level h(t) and the current velocities u(t),v(t). The
generic state space system to be considered is the following;:

q(t) = F(q(t),w(t)),
y(t) = G(q(t), 2(1)),

where the output y(t) is the set of measurements, z(t) is the output noise and
w(t) is the set of (stochastic) inputs. A linearized version of this provides a
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linear time varying system for which the state ¢(t) is evaluated using Kalman
filtering. In order to meet the computational constraints, the covariance matrix
is approximated by a low rank approximation which is adapted at each time
step. This amount essentially to time varying model reduction. This problem
has been studied by Verlaan and Heemink at Delft University in the Nether-
lands; for details see [88]. A recent and more general study of model reduction
techniques for linear time varying systems may be found in [18].

Building Active Damping Control

These days, active damping devices facilitate reducing the vibration of the
structure of large buildings. This is crucial in order to build large structures in
areas of significant seismic activity. Dampers are based on Magneto-Rheological
fluids with viscosity that changes in milliseconds, when exposed to a magnetic
field. The modelling of the vibrating structure of large buildings can lead to
very large systems of equations. In order to control in real time the dampers,
reduced order models are required.

For instance, in Chapter 6, the vibrating structure of a building in Los
Angeles gives rise to a system of n =~ 50000 equations. As we can see in Figure
0.4, this large building is composed of about 10 large floors. This building is

Fig. 0.4. Los Angeles Building

modelled as a set of girders. Each girder is discretized in two points: the top
and the bottom of the girder. This corresponds for the above example to a
state space of dimension n ~ 50000 (see Figure 0.5). The input u(t) is the set
of external forces applied to the system, in this case the force produced by
an earthquake. The data used in this model in Chapter 6 are taken from the
August 17th 1999 earthquake in Turkey.

This is a typical example of second order mechanical system. Indeed, the
equation of position vector ¢(t) of the system is of the form

Mi(t) + Dg(t) + Sq(t) = F'"u(t),

where M, D and S are respectively the mass, damping and stiffness matrices.
The output is chosen as an arbitrary position in the building.
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Fig. 0.5. Modelling of the Building

As we will see, it is possible to approximate efficiently such complex systems
with the Model Reduction techniques studied in this thesis. For more details,
see section 6.5.

Formulation of the Problem

The systems considered in this thesis have the following form :

{x(t) = Ax(t) + Bu(t),
y(t) = Cxlt) + Dult),

where the dimension n of the state vector x(t) is very large. The objective of
the Model Reduction procedure is to approximate such a system by another
system
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{g*c(t) = A#(t) + Bul(t),
g(t) = Ci(t) + Du(t),

where the dimension of the new state vector &(t) is k < n.

Such systems are represented by rational matrix functions T'(s) := C(sI,, —
A)~'B and T(s) := C(sl; — A)~'B linking the input u(t) to the output y(t)
in the Laplace domain.

In this thesis, we choose to model a system with inputs and outputs. This is
sometimes too restrictive. First, in some cases, the distinction between inputs
and output is not a priori clear. Second, it is desirable to be able to treat the
different representations of a given system in a unified way. In the behavioral
setting, the basic variables considered are the external or manifest variables
w(t), which consists of u(t) and y(¢), without distinction between them. The
collection of trajectories describing the evolution of w(t) over time defines a
dynamical system (see [70]). This approach is not considered here.

The construction of the reduced order model typically passes via the deriva-
tion of one or two projective subspaces of the state space in which the original
system is modelled. There are several approaches to find such projective sub-
spaces. Depending on the size of the original system, two classes of model
reduction techniques are competing.

For systems of moderate size, for which O(n?) algorithms can be used,
SVD-techniques are preferred, such a the well known Balanced Truncation al-
gorithm or the Optimal Hankel Norm Approximation algorithm. With these
two gramian based methods, there exists a global a priori error bound between
the original and the reduced order transfer functions.

When only O(n?) or O(n) algorithms are possible, other techniques have
been developed. In this area, interpolation techniques, also called Krylov tech-
niques, are mostly used. These appear to work very well in practice, even if
there exists no global error bound. Even worse, stability of the original system
can be lost. It should be pointed out that if the state space realization at hand
is dense, finite interpolation points are chosen and exact solvers are used, the
complexity of Krylov techniques is also O(n3) but there exist very efficient iter-
ative solvers, and large scale state space realization are mostly sparse, reducing
considerably the computational complexity of such techniques. Another set of
techniques of low complexity that approximate the gramians also exist. These
are the Smith-ADI techniques. We will come back in more details on this in
Chapter 2.

At the present time, active research is under way to find model reduction
techniques that combine the qualities of both techniques, i.e. low complexity
and global error bounds.
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Thesis Outline

The objective of this thesis is twofold, corresponding to two different parts of
the thesis.

First, there is a need for a better understanding of Krylov techniques. The
exact potential of model reduction using interpolation conditions, and more
generally state space projection, is studied in Chapters 3, 4 and 5. The second
part of this thesis, corresponding to Chapters 6 and 7, concerns the study of
structure preserving model reduction techniques.

In Chapter 3, the generality of Krylov techniques for model reduction of
SISO systems is studied in details, giving rise to the following surprising (at
least to us) result: any transfer function can be obtained by matching a set of
interpolation points from any transfer function of larger Mc Millan degree. In
other words, for SISO systems, Krylov approximation technique are universal.
As a side effect, a link between Sylvester equations and Krylov subspaces is
also described. This chapter corresponds to the following published papers :

e K. Gallivan, A. Vandendorpe and P. Van Dooren. Model Reduction via
truncation : an interpolation point of view. Linear Algebra Appl., 375:115-
134, 2003. Preliminary version presented at IFAC World Congress 2002 [37].

e K. Gallivan, A. Vandendorpe and P. Van Dooren. Sylvester equations and
projection-based model reduction. J. Comp. Appl. Math., Special Issues,
162:213-229, 2004.

In Chapter 4, a generalization of existing interpolation techniques for MIMO
systems is developed. Instead of imposing interpolation conditions of the type

TO) =T(\), 1<i<2k,

more general tangential interpolation conditions can be imposed between the
original and the reduced order system:

i T(N) = 2T\, TOurr)yi = TNik)yis 1<i <k,

where the z; and y; are respectively the left and right tangential interpolation
directions. Such interpolation conditions appear naturally for MIMO systems
when projecting via Sylvester equations. The corresponding journal paper is

e K. Gallivan, A. Vandendorpe and P. Van Dooren. Model reduction of MIMO
systems via tangential interpolation. STAM Journal on Matriz Analysis and
Applications, 2004. Accepted. Preliminary version presented at MTNS 2002
[36].

In Chapter 5, the generality of projection techniques for model reduction of
MIMO systems is studied. In contrast with the SISO case, given two m X p
transfer functions, it is not always possible to construct a state space realization
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of the transfer function of smaller Mc Millan degree by a projection of a state
space realization of the transfer function of larger Mc Millan degree. Necessary
and sufficient conditions for the embedding of two transfer functions are given
for the case n = k + 1. As shown by an example and an open problem, this
topic requires further investigation. The following papers are related to this
chapter :

e A. Vandendorpe and P. Van Dooren. Projection of state space realizations.
contribution to the book : ” Unsolved problems in Mathematical Systems and
Control Theory”, by V.D. Blondel and A. Megretski), Princeton University
Press. 2004.

e Y. Genin and A. Vandendorpe. On the embedding of state space realiza-
tions, 2004. In preparation. Preliminary version presented at the STAM
Conference on Applied Linear Algebra [44].

This concludes the first part of this work.

Most large scale systems have a particular structure. They can be modelled
as a set of subsystems that interconnect to each other. It then makes sense to
develop model reduction techniques that preserve the structure of the original
system. This is the objective of the second part of this thesis.

In Chapter 6, second order structure preserving model reduction techniques
are developed. A new Second Order Balanced Truncation algorithm is derived
from second order gramians. Krylov techniques are also developed in order to
preserve the second order structure. These new techniques are then applied in
a numerical example. Two publications are related to this chapter :

e Y. Chahlaoui, D. Lemonnier, A. Vandendorpe and P. Van Dooren. Sec-
ond Order Balanced Truncation. Linear Algebra Appl., Special Issue, 2003.
Accepted. Preliminary version presented at MTNS 2002 [23].

e Y. Chahlaoui, K. Gallivan, A. Vandendorpe and P. Van Dooren. Model
Reduction of Second Order Systems. In Model Reduction of Dynamical Sys-
tems, Eds. P. Benner et al., Springer Verlag, 2004. Submitted. Preliminary
version presented at MTNS 2004 [22].

e A. Vandendorpe and P. Van Dooren. Krylov Techniques for Model Reduc-
tion of Second Order Systems. CESAME, Université catholique de Louvain,
Technical Report 07-2004, 2004.

In Chapter 7, the second order structure preserving techniques are generalized
to interconnected systems. It is shown that several structured model reduction
techniques existing in the literature can be seen as particular case of the Inter-
connected Systems Balanced Truncation technique developed in that chapter.
The following related paper will soon be submitted for publication :

e A. Vandendorpe and P. Van Dooren. Model Reduction of Interconnected
Systems, 2004. In preparation. Preliminary version as conference paper pub-
lished at MTNS 2004 [84].
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For the reader that is not familiar with the Theory of Linear Systems, Chapter
1 introduces the basic concepts, with references to the literature. A survey on
Model Reduction techniques is also given in Chapter 2.

For the interested reader, preliminary version of our publications are avail-
able online at the following webpage: http://www.auto.ucl.ac.be/~vandendorpe/






1

Preliminary Results

In this chapter, the basic theory used throughout this thesis is introduced. For
the sake of conciseness, proofs are omitted and references to the literature are
given for the interested reader.

Section 1.1 reviews basic linear algebra results, with an emphasis on canon-
ical forms of matrices and Section 1.2 introduces the Theory of Linear Systems.

1.1 Linear Algebra

Let us first introduce some notation. Let R denote the real scalar field and C
the complex scalar field. Unless otherwise stated, all the matrices considered
throughout this thesis have coefficients in the field C, or in the polynomial ring
C[s], in which case they are called s —matrices and denoted A(s), B(s),..., i.e.
each element of the matrix is a polynomial in s. The preceding notation stands
also for rational matrices. A rational matrix A(s) is a matrix whose elements
are rational functions, i.e. can be written as a fraction:

Aij(s) = 24(5)

Bij(s)’
where a; ;(s) and j; ;(s) are scalar polynomials. We use A, B, . .. exclusively for
constant matrices. Greek letters a, (3, ... are used for scalars in the field C. For

two scalar polynomials «(s) and ((s), the symbol a(s)|8(s) means that «(s)
divides fS(s), , i.e. there exists a scalar polynomial y(s) such that a(s)y(s) =
B(s). Given a matrix A, a; . is the i'" row, a. ; is the j** column and a; ; is the

element located at the i*" row and the j** column of A.

Linear Subspaces

Let z1,20,...,2;; € C™ A vector of the form ajzy + ... + agry is a lin-
ear combination over C of x1,xs,...,x;. The set of all linear combinations of
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x1,%2,...x € C™ is a subspace called the span of x1,zs,...,z, denoted by
span{zy, za, ...,z } = {r = 121 + s+ ... + apzy : ; € C}.
Let a; denote the i-th column of the matrix A € CP*™. The span of ay, ..., an

is called the image of A and is denoted by
Im(A) :={y=Ax:2€C"}.

A set of vectors z1,xo,...,zr € C™ are said to be linearly dependent over C
if there exist aq,...,ar € C not all zero such that ajz1 + ... + agzp = 0;
otherwise they are said to be linearly independent.

Let S be a subspace of C", then a set of vectors {zi,...,zx} € S
is called a basis for S if x1,29,...,z are linearly independent and S =
span{wxy,Za, ...,z }. The number k is called the dimension of S, denoted by
dim(S). The kernel of a matrix A € CP*™ is defined by

Ker(A) :={z € C™: Az = 0}.
The rank of a matrix A is defined by
rank(A) = dim(Im(A)).

A matrix A € CP*™ is said to have full row rank if p < m and rank(A) = p.
Analogously, A is said to have full column rank if m < p and rank(A4) = m.
A full rank square matrix is called a nonsingular matriz. Nonsingularity and
invertiblility are two different notions. For instance, a polynomial matrix P(s)
such that its determinant is a polynomial of degree strictly larger than 0 is
nonsingular but does not admit a polynomial inverse.

For any matrix A € C"™*P, its conjugate transpose A* € CP*™ is such that
for any integer 7, j such that 1 <i <p, 1 <j <m,

G,*(i,j) = a(],z)

Definition 1.1. A square matriz U € C"*™ whose columns form an orthonor-

mal basis for C™ is called an unitary matriz (or orthogonal matriz for the real
case), and it satisfies U*U = I,, = UU*.

Definition 1.2. A square matriz A € C**™ is hermitian (or symmetric in the
real case) if A* = A. A square hermitian matrizx A = A* is said to be positive
definite (semi definite), denoted by A > 0 (> 0), if * Az > 0 (> 0) for all
x #0.

By extension, given two hermitian matrices A, B € C"*", one write A < B
(< 0) if the hermitian matriz B — A is (semi) positive definite, i.e. B— A >0

(>0).
The following lemma concerns the rank of the product of two matrices.

Lemma 1.3. Let A € C™*" and B € C"**. Then
rank(A) + rank(B) — n < rank(AB) < min{rank(A), rank(B)}.
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Matrix Calculus

The following result, known as the Schur complement, is very useful.

Lemma 1.4. Consider the matriz

e [28]

CD

with A € C™*™ jnvertible, B € C™t*"2 (C € C™*™ D € C"*" agnd with
the additional assumption that

I'=D—-CA'B,
is invertible. Then, the following matriz algebraic relation is well known:

_ A '+ AIBr-1CcA-' —A1B!
M~ = —IlcA-? -1 : (1.1)

Let A € C™*™ and B € CP*4, the Kronecker product of A and B is defined as

anB algB alnB

CLQlB CLQQB agnB

A®B := e CmPxna,

am1B amaB ... amnB

Let X € C™*™ and let vec(X) denote the vector formed by stacking the
columns of X into one long vector:

T
vee(X) := [asn T21 ... Topl T12 T22 - .- Tip - - - xmn]
Then, for any matrices A € C¥*™ B € C"*! and X € C™*", the following

relation holds [57]:
vec(AXB) = (BT @ A)vec(X).

Consequently, if £ = m and [ = n, then
vec(AX + XB) = (BT ® I,, + I,, ® A)vec(X).

Let A€ C"*™ and B € C™*™ and let {\;,i =1,...,n} be the eigenvalues of
Aand {u;,j =1,...,m} be the eigenvalues of B. Then the following properties
hold:

1. The eigenvalues of A ® B are the mn numbers A\;jpuj, ¢ = 1,...,n, j =
1,....,m.

2. The eigenvalues of BT ®1I,,+1,,® A are the mn numbers Aitpg,i=1,...,n,
j=1...,m.
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The following lemma is a consequence of the preceding properties.

Lemma 1.5. Consider the Sylvester equation
AX+XB=C (1.2)

where A € C"*™, B € C™*™ qgnd C € C"*™ are given matrices. There exists
a unique solution X € C™™ if and only if \;(A) +X;(B) #0,Vi=1,...,n
andVj=1,...m.

In particular, if B = A*, (1.2) is called the “Lyapunov Equation” and the
necessary and sufficient condition for the existence of a unique solution is that
/\1(14) + ;\J(A) 7é 0, VZ,_] = 1, ey

The proof consists in rewriting (1.2) as a linear equation in vec(X) by using
Kronecker products and imposing all the eigenvalues to be nonzero.

Canonical Forms

Depending on the set of transformations allowed, several canonical form of
matrices have been developed. As we will see in the sequel, these canonical
forms play a central role in Matrix Theory. For this reason, some of them are
briefly recalled here.

The Eigenvalues and the Jordan Form

Let A € C™*", then the eigenvalues of A are the n roots of its characteristic
polynomial p(s) := det(s] — A). This set of roots is called the spectrum of A
and is denoted by A(A) (not to be confused with singular values defined later).
The maximal modulus of the eigenvalues is called the spectral radius, denoted
by

p(A) = rglfag Al

If A € A(A) then any nonzero vector x € C™ that satisfies
Az = \x

is referred to as a right eigenvector of A. Analogously, a nonzero vector y is
called a left eigenvector of A if

yTA= 7.

It is a well known fact in linear algebra that any complex matrix admits a
Jordan Canonical representation:
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Theorem 1.6. For any square complexr matriz A € C"*", there exists an in-
vertible matriz T such that

A=TJT !
where
J = diag{J1, J2, ..., Ji}; (1.3)
Ji = diag{Ji1, Ji2, ..., Jim, }
A —1
A —1

Jij = € Crina X Mg, (1.5)

A —1

g

with 32, ;ni; =n and with {\; :i=1,...,1} as the distinct eigenvalues of A.

Definition 1.7. When the Jordan form of a matriz is diagonal, we call the
matriz nondefective (or diagonalizable).

It is known that nondefective matrices are dense in C"*™. Another class of
matrices is defined below.

Definition 1.8. A square matrix A € C"*™ is called cyclic if the Jordan canon-
ical form of A has one and only one Jordan block associated with each distinct
eigenvalue.

Another equivalent definition [92] is that a matriz A € C"*™ is cyclic if and
only of there exists a vector v € C™ such that the matriz

[vAv ... A" 1y ] (1.6)

s monsingular.

In other words, a matrix A is cyclic if its Jordan form has m; = 1,i =1,...,,
where the integer m; is defined as the number of Jordan blocks of eigenvalue
i (see (1.4)). It should be pointed out that if a matrix A is cyclic, then almost
any nonzero vector v is such that the matrix in (1.6) is nonsingular [94].

Clearly, a square matrix A with all distinct eigenvalues is cyclic and diago-
nalizable :

A1
A[xl...mn]:[xl...xn] )
An

In this case, each column of the similarity transformation matrix T that diag-

onalize A is a right eigenvector of A, and each row of T~ a left eigenvector of
A.
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Definition 1.9. A matrix A € C™"*™ is called Hurwitz if all its eigenvalues
have a strictly negative real part.

Jordan matrices will play an important role in the sequel and we therefore
introduce the following compact notation.

Definition 1.10. The matriz Jy, 5.1 € CkOxkd s defined to be

wIk —Ik

Jw’gﬁk = ’ ) ’ . (17)
wIk

When k =1, Jy 51 is stimply a Jordan matriz of size d X § at eigenvalue w and
15 written Jy 5.

The Smith Form

Let us first introduce the invariant polynomials and elementary divisors of a
polynomial matrix A(s) [41].

Definition 1.11. Let A(s) be a p x m polynomial matriz of rank r. We
denote by D;(s) the greatest common divisor of all the minors of order j
in A(s) (j = 1,2,...,r). The corresponding quotients will be denoted by

i1(5),i(5), i (5):
Drfl(s)

_ m, 22(8) = m,...,ir(s) = Dl(s). (1.8)

The polynomials i1(s),i2(s), ... ,ir(s) defined by (1.8) are called the invariant
polynomials of the rectangular matriz A(s).

We decompose the invariant polynomials i1 (s),42(s), ..., i.(s) over irreducible
factors over C :

ir(s) = [01(5)] [P2(s)] ... [@e(s)]*,
i2(s) = [¢1()] " [P2()) % .. [de(5)] ™,

ir(s) = [61(5)]" [$2()]"2 - . [d(5)]'". (1.9)

Here ¢1(s), 92($), ..., ¢:(s) are all the distinct factors irreducible over C (and
with highest coefficient 1) that occur in i1(s),i2(s),...,4(s). The polynomi-
als ¢;(s) have all a unique zero that is not equal to the zeros of the other
polynomials ¢;(s), j # i.
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Definition 1.12. All the powers among [¢1(s)]°, ..., [¢:(s)]* in (1.9), as far
as they are distinct from 1, are called the elementary divisors of the matriz
A(s) in C.

The invariant polynomials of the matrix A(s) appear as diagonal elements of
the Smith form of this matrix. Let us introduce the SMith form of a polynomial
matrix.

Definition 1.13. A polynomial matriz U(s) € C"*"[s] is called unimodular if
1t 1s nonsingular and has a polynomial inverse.

A necessary and sufficient condition for a matrix U(s) to be unimodular is that
det U(s) is a nonzero constant.

The definition of the canonical Smith form of a polynomial matrix A(s) is
the following [60],

Theorem 1.14. For any matriz A(s) € C™*"[s], there exists unimodular ma-
trices M(s) € C™*™[s] and N € C"*"[s] that diagonalize A(s) as follows :

M(s)A(s)N(s) = . Opn—r

Om—r,r ‘Om—r,n—r

where
e1(s)lea(s)] ... ler(s).

It is not difficult to prove that ViinN : 1 < i <r, €;(s) = ir—i+1(8).

The Kronecker Form

For a pair of matrices A, B € C™*", the set of vectors z € C" (resp. y € C™)
such that there exists A € C with

Az = ABx (resp. y© A = yT B)), (1.10)

are called generalized right (resp. left) eigenvectors of the pair (A4, B). The set
of scalars A € C such that it is possible to find eigenvectors that satisfy (1.10)
is the set of generalized eigenvalues of (A, B). In contrast with the classical
eigenvalue problem, the set of generalized eigenvalues of (A, B) can be equal
to C. Even infinity can be seen as a generalized eigenvalue (take for instance
B =0 in (1.10)).

The canonical form associated with the generalized eigenvalue problem is
called the Kronecker form and is briefly recalled below [82].
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Theorem 1.15. Let A, B € C™*", There exist invertible matrices S € C™*™
and T € C™*™ such that the pencil S(sB — A)T admits the following form :
S(sB — AT = diag{Oy, g, L1, Lo, LL ..., LL T —sN,sI — J}

17 T
where

1. Ok, &k, is the zero matriz of dimension ki X k;
2. Ly, is the (k+ 1) x k bidiagonal pencil

s
-1 s

Ly = ;
-1 s
-1

3. N s nilpotent, i.e. all its eigenvalues are zero;
4. N and J are in Jordan canonical form.

The elementary divisors of sI — J are called the finite elementary divisors
of sB — A, the elementary divisors of uI — N the infinite elementary divisors
of sB — A, and the index sets {l1,...,ls} and {ry,...,r:} the nontrivial left
and right Kronecker indices of sB — A. A pencil (A, B) is called regular if the
matrices A and B are square and

det (sB—A) #0

for some values of s € C. The Kronecker form of regular matrix pencils is only
composed of blocs of the form sI — J and I — sN, with N, J Jordan matrices.

The Smith-Mc Millan Form

This is a natural extension of the Smith form for rational matrices [60]. Let us
first define the notion of normal rank for rational matrices.

Definition 1.16. Let H(s) be a p x m rational matriz. The normal rank of
H(s) is the mazimal rank of H(s) for s € C. H(s) is said to have full column
(resp. row) normal rank if its normal rank is equal to m (resp. p).

The normal rank of H(s) is obtained for any value of s that excepted for a
finite number of points, namely the transmission zeros and the poles of H(s)
(these are respectively the zeros of the polynomial €;(s) and v;(s) appearing
below, see also Subsection 1.2).
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Lemma 1.17. Given any proper rational matriz H(s) of normal rank r, there
exist unimodular matrices U(s), V(s) such that

U(s)H (s)V (s) = M(s) = d’“g{ei%)/%(s)} °l. (L11)
where the scalar polynomials €; and v;(s) are such that the pairs {€;(s), ¥;(s)}
are coprime (i.e. their greatest common polynomial divisor is 1), 1 =1,...,r
and

c1(s)lea(s)] .- ler(s),  or(8)|tbr-r(s)[ .- [¢h1(s).

The matrix M (s) is uniquely defined and is called the Smith-Mc Millan form
of H(s).

Let d(s) be the monic least common multiple of the denominators of the
entries of H(s). The Smith Mc Millan form M(s) of H(s) can be deduced from
the Smith form of the polynomial matrix d(s)H (s).

1.2 System Theory

Let us consider the following generalized state-space model describing a finite
dimensional continuous linear time invariant system

S {Ea’:(t) = Aux(t) + Bu(t), (1.12)

y(t) = Cax(t) + Du(?),

with input u(t) € C™, state x(t) € C", output y(¢) € CP, and with system ma-
trices A, B, C, D, E that belong to respectively C**", C**™_ CP*" CP*™ and
C™*™, Discrete time systems (where the time variable ¢ belongs to Z instead of
R) are not studied here. The time varying case (with matrices (C(t), A(t), B(t))
evolving in time) is not considered either (see for instance [18] and references
therein for a recent study of model reduction techniques of such systems). The
system (1.12) is related to its transfer function,

T(s):=C(sE—A)"'B+D,

that links the inputs to the outputs in the Laplace domain. The element at the
ith row and the jth column of T'(s) is denoted by T; ;(s). Transfer functions
of linear time invariant systems (also called LTI systems) are rational matrix
functions. A transfer function 7'(s) is called proper if lims_,o, T'(s) < oo and
strictly proper if lims_,o, T'(s) = 0.

When the matrix E is equal to the identity matrix, the model (1.12) is called
a standard state space realization of T'(s) (or simply a state space realization).
For the sake of simplicity, only standard state space realizations are considered
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in this thesis. Nevertheless, it is shown how to extend our results to generalized
state space realizations when necessary.

When a quadruple (a triple) of matrices (C, A, B, D) (or simply (C, A, B))
is such that the (strictly) proper transfer function T'(s) satisfies

T(s)=C(sl, —A)'B+D (T(s)=C(sl,—A)"'B),
one says that the quadruple (or triple) realizes T'(s) and one writes
(C,A,B,D)~T(s) (or simply (C,A,B)~T(s)).

The dimension of the matrix D does not depend on the dimension of the
state vector z(-). Typically, the matrix D of the reduced order system C (sl —
A)‘lé + D is chosen to be equal to D. As a consequence, this matrix is gen-
erally assumed to be equal to zero in the model reduction problem. For this
reason, we mainly consider standard state space realizations of strictly proper
transfer functions, i.e. triples (C, A, B). They correspond thus to a system S of

the following form :
#(t) = Az(t) + Bu(t),
S {y(t) — Ca(t). (1.13)
The order of a state space realization (C, A, B) is defined as the dimension n
of the square matrix A € C™". Clearly, there exist infinitely many state space
realizations corresponding to the same transfer function. The minimal order n
over all the state space realization of a transfer function T'(s) is called the Mc
Millan degree of T'(s).

Two well known matrices associated with a state space realization (C, A, B)
of order n of a p x m transfer function T'(s) are the controllability matrix
Contr(A, B) € C"*™™ and the observability matrix Obs(C, A) € CP"*™ defined
by

Contr(A,B) := [B ... A""'B] | Obs(C,A):=[CT ... (AT)»1cT]".

A pair of matrices (A, B) is called controllable if the controllability matrix
Contr(A, B) has full row rank. Analogously, a pair of matrices (C, A) is called
observable if the observability matrix Obs(C, A) has full column rank.

A well known result is the following.

Lemma 1.18. A state space realization (C, A, B) is minimal if and only if
(C, A) is observable and (A, B) is controllable.

It turns out that any strictly proper rational matrix admits a minimal standard
state space realization. The following result is well known [13, 94],

Lemma 1.19. Let (C1, A1, B1) and (Ca, Ag, Bs) be two minimal state space
realizations of the transfer function T(s) of Mc Millan degree n. Then, there
exists an invertible matriz S € C**™ such that

(CQ, AQ,BQ) = (ClS, SilAls, SilBl).
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Note that Lemma 1.19 is not true for nonminimal state space realizations.

The concept of zero

Let us consider a p x m strictly proper transfer function 7'(s). By considering
the Smith-Mc Millan form (1.11) of T'(s), it appears that the rank of T'(s) drops
at points in the complex plane corresponding to the zeros of the polynomials
€;(s). This leads to the concept of transmission zero.

Definition 1.20. The roots of all the polynomials €;(s) in the Smith-Mc Millan
form of T(s) are called the transmission zeros of T(s). A complex number A € C
is called a blocking zero of T(s) if T(A) = 0.

It is clear that a blocking zero is a transmission zero. Moreover, for a scalar
transfer function, the blocking zeros and the transmission zeros are the same.
A general interpretation of transmission zero is given by the following lemma,

Lemma 1.21. Let T'(s) be a p x m proper transfer function with full column
normal rank. Then A € C is a transmission zero of T(s) if and only if there
exists a nonzero vector u € C™ such that T(A)u = 0.

For a simple proof, see for instance [94]. Similarly, we have the following lemma:

Lemma 1.22. Let T(s) be a pxm proper transfer function with full row normal
rank. Then A is a transmission zero of T'(s) if and only if there exists a nonzero
v € CP such that vI'T()\) = 0.

In the case where the transmission zero is not a pole, we can give a useful
alternative characterization of the transmission zeros. The following lemma is
easy to show from the definition of zeros.

Lemma 1.23. Suppose A € C is not a pole of T(s). Then, X is a transmission
zero if and only if
rank T'(A) < normal rank T(s).

Corollary 1.24. Let T(s) be a square m X m proper transfer function and
det T'(s) Z 0. Suppose A € C is not a pole of T(s). Then X is a transmission
zero of T'(s) if and only if det T(\) = 0.

Let us introduce the concept of invariant zero.

Definition 1.25. Let (C, A, B) be a state space realization of the pxm transfer
function T(s). A complex number X € C is called an invariant zero of the
realization (C, A, B) if it satisfies

AM—-AB

rank [ c o

] < normal rank {Sl 4 B} .

c 0
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The matrix A
sl —AB
Z(c,A,B)(8) == { C 0}

is called the system zero matriz of (C, A, B) (see [72] for a more general concept
of system zero matriz).

It is clear that invariant zeros do not change under similarity transformation.
The following lemma is obvious.

Lemma 1.26. Suppose Zc, a,)(s) has full column rank. Then X € C is an
invariant zero of (C, A, B) if and only if there exist 0 # x € C" and u € C™

such that
M, —-—AB||z| _ 0
C 0 |ul
Moreover, if u =0, then X is also an unobservable mode.

Proof. By definition, A is an invariant zero if there is a nonzero vector LJ #0

2]

since Z¢, 4,5(s) has full column rank.
On the other hand, suppose A is an invariant zero, then there is a vector

i # 0 such that
M—-AB| |z —0
C 0f|u|

We claim that z # 0. Otherwise, Bu = 0 or u = 0 since Z¢ 4, 5(s) has full
column rank. Finally, note that if v = 0, then

[/\I,L—A} =0

such that

C

and A is an unobservable mode.
O

Lemma 1.27. T(s) has full column (row) normal rank if and only if Z(c. a p)(s)
has full column (row) normal rank.

Proof. This follows by noting that
sI—-AB| I O||s[—A B
C 0| |CI-A)I 0 T(s)|’

normal rank Zc, a,p)(s) = n + normal rank T(s).

and
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O

Theorem 1.28. Let T'(s) be a rational proper transfer function and let the
quadruple (C, A, B, D) be a corresponding minimal realization. Then a complex
number X\ is a transmission zero of T(s) if and only if it is an invariant zero
of the minimal realization.

Norms

Before defining the system norms that are used here, let us first recall the
definition of vector and matrix norms.

Vector Norm

Let X be a vector space, a real-valued function || - || defined on X is said to be
a nmorm on X if it satisfies the following properties :

L. |lz|| > 0 (positivity)

2. ||z|| = 0 if and only if x = 0 (positive definiteness);
3. ||| = |af||z||, for any scalar o (homogeneity);

4 Jlz+yll < lzll + ] (sriangle inequality);

for any z,y € X.
Let « € C™. The vector p—norm of = are defined as

1

n »
zllp := <Z |xi|p> , for1<p<oo.
=1

Matrix Norm

Let A € C™*", then the matrix norm induced by a vector p—norm is defined

as
Az,

Hxllp .

Another important matrix norm is the Frobenius norm defined as follows :

Al F = /Z la; ;|2 = /trace(A* A) = \/trace(AA*).
0,J

[A]lp := sup
x#0
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The Singular Value Decomposition

A very useful tool in matrix analysis is the Singular Value Decomposition.

Theorem 1.29. For any matrix A € C™*" there exist unitary matrices U €
Cm>™ gnd V € C™™™ such that

A=UXV™ (1.14)
o 0 -
Orx(nfr)
r=|0 or : (1.15)

O(mfr)xr O(mfr)x(nfr)

where the singular values o; are real and non increasing scalars :
o1 >->0,.>0. (1.16)

For a matrix A, o,(A) is defined as the k — th largest singular value of A. This
allows us to write the dyadic expansion

T

*

A= g U005 ,
i=1

where wu; (resp. v;) is the ¢ — th column of U (resp; V) and r is the rank of A.
An important application of the singular value decomposition in approxi-
mation theory is the following theorem.

Theorem 1.30. Let A € C"™*"™ be a rank r matriz. The best approrimation of
A by a matrix B € C™*™ of rank s < r satisfies

min A= Bllo =00 (4).

This minimum is e.g. obtained by taking B = Y_;_, u;o;0}.

System Norms

Let T'(s) be a p x m proper strictly stable (i.e. all its poles lie in the left half
plane) transfer function. The classic Hy and Ho, norm of T'(s) are defined as

T ()|, := \/217r /C: trace(T*(jw)T (jw))dw,
1T ()|l e == SUD Tmag (T(jw)) - (1.17)

Another very important norm that appears in the model reduction framework
is the Hankel norm. For this we introduce the concept of dual of an operator.
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Definition 1.31. Let L be a linear operator acting from a Hilbert space U to
a Hilbert space Y equipped respectively with the inner products < , >y and
<, >y. The dual of L, denoted by L*, is defined as the linear operator acting
fromY to U such that < Lu,y >y = < u,L*y >y forally €Y and allu € U.

A stable transfer function T'(s) := C(sI — A)~!B is also a linear (convolution)
operator mapping square integrable inputs u(.) € Lo[—00, +00] to square in-
tegrable outputs y(.) € La[—00, +00]. It is clear from Definition 1.31 that the
dual of T'(s) is given by T*(s) := B*(sI — A*)~1C*. Indeed, for any input u(.)
and output y(.),

<T()ul-)y() >= / u ()T (jw)y(jw)dw =< u(.), T ()y(.) > .

Two matrices are associated with the linear system (1.13). These are the
“controllability gramian” P and the “observability gramian” Q. If A is Hurwitz,
they are the unique solutions of the following Lyapunov equations :

AP+ PAT +BBT =0 , ATQ+QA+CTC=0. (1.18)

If we apply an input u(.) € La[—00,0] to the system (1.13) for ¢ < 0, the
position of the state at time ¢ = 0 (by assuming the zero initial condition
x(—00) = 0) is equal to

0
z(0) = / e~ M Bu(t)dt := Coul(t).
By assuming that a zero input is applied to the system for ¢ > 0, then for all
t > 0, the output y(.) € L2[0,4+00] of the system (1.13) is equal to

y(t) = Cetz(0) == Opx(0).

The so-called controllability operator C, : L£o[—00,0] — R™ (mapping past in-
puts u(.) to the present state) and observability operator O, : R™ — L5]0, +o0]
(mapping the present state to future outputs y(.)) also have dual operators,
respectively C; and Oj. It can be shown that the controllability and observabil-
ity gramians are related to those via the identities P = C;C, and @ = OO}
([94]).

If the state space coordinates of the system are changed to z := Tz for
some nonsingular T then 2 = TAT 'z + TBu, y = CT~'z. Furthermore,
the controllability and observability gramians become TPT* and T—*QT !,
respectively. This leads us to the following concept.

Definition 1.32. Consider two matrices X,Y € C"*™ related to a particular
state x € C. The pair (X,Y) is said to perform a contragradient transformation
under the state space change of coordinate T := Tx if

X=TXT* and Y =T*YT™L. (1.19)
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The gramians P and Q) depend strongly on the state-space coordinates but their
product performs the contragradient transformation (1.19), implying that

PQ — TPQT* (1.20)

in the transformed coordinates. Therefore the eigenvalues of PQ are invariant
under state-space transformation, and are hence input-output invariant.

Definition 1.33. Let A be Hurwitz. The Hankel singular values of T(s) :=
C(sI — A)~'B are defined as [45]

i (T(s)) = {\(PQ)}/?

where by convention o; (T'(s)) > o441 (T(s)). P and Q are defined in (1.18).
The Hankel norm of the stable strictly proper transfer function T(s) is defined
as the largest Hankel singular value of T(s), i.e. o1 (T(s)).

It should be pointed out that it is always possible to find a minimal state space
realization of T'(s) such that the controllability and observability gramians are
equal and diagonal. This is the so-called balanced realization. The concepts of
gramians and Hankel map play a central role in the model reduction framework,
as we will see in the following chapters.

Notes and References

A classic reference to Matrix Theory is [56]. For a deeper study of the Kronecker
Form, we refer to [42] where a proof of Theorem 1.15 is available. An excellent
reference providing many numerical algorithms to solve linear algebra problems
is [46].

This chapter is certainly not sufficient for the reader that is not familiar
with the theory of linear systems. We refer to [94] for an excellent introduction
to the general framework of System Theory. Most of the results presented here
are given in more details in Chapters 2 and 3 of that book. An earlier reference
to linear systems is [60] where simple derivations of the Smith and Smith-Mc
Millan form are available.
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Model Reduction of Linear Systems

When the system order n of is too large for solving various control problems
within a reasonable computing time, it is natural to consider approximating it
by a reduced order system

- {i(t)/:li(t)JrBu(t),
- La() = Ca),

driven with the same input u(¢) € C™, but having a different output g(t) € CP
and state 2(t) € C*. The matrix A belongs to C***. The order k of the reduced
order system is also assumed to be much smaller than the order n of the original
system: k < n. The objective of the reduced order model is to reduce the
dimension of the state-space (of dimension n) of the system to a lower dimension
k in such a way that the “behavior” of the reduced order model is sufficiently
close to that of the full order system. For a same input u(t), we thus want ()
to be close to y(t). One shows that in the frequency domain, this is equivalent
to imposing conditions on the frequency responses of both systems [94]: one
wants to find a reduced order model such that the transfer functions of both
models, i.e.

(2.1)

T(s)=C(sl, — A)™*B , T(s)=C(sI, — A)~'B, (2.2)

are such that the error

is minimal for a given criterion.

Most popular model reduction techniques for linear systems fit into the
framework of either SVD-based or Krylov subspace-based techniques [4]. Per-
haps the most popular model reduction technique for linear systems is the Bal-
anced Truncation method. This SVD-based technique has many advantages:
the stability of the original system is preserved and there exists an a priori
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global bound on the error between the original and the reduced system. The
main drawback is that the technique cannot be applied to large-scale systems of
order n, i.e., those systems where O(n3) computations is an unacceptably large
cost. On the other hand, Krylov subspace-based techniques that are based on
imposing moment matching conditions between the original and the reduced
transfer function, such as rational /tangential interpolation methods, can be ap-
plied to large-scale systems but do not provide global error bounds and depend
significantly on the choice of certain parameters. Even worse, the stability of
the reduced order system is not guaranteed.

The outline of this chapter is as follows. In Section 2.1, the projection
framework for model reduction of linear systems is presented. In Section 2.2, the
Modal Approximation technique is introduced. Krylov and SVD techniques are
presented in Section 2.3 and 2.4 respectively. Other model reduction techniques
are briefly sketched in Section 2.5.

2.1 Model Reduction by State Space Projection

There exist many ways of constructing a reduced order system, but most of
them construct a projection of the state space into a subspace that contains
the essential dynamics of the system. When a transfer function is constructed
by projecting a state space realization of another transfer function, one says
that the former is embedded into the latter.

Definition 2.1. The state space realization (C’,A,B) of order k, with C e
CP*F gnd B € Ck*m is said to be embedded into the state space realization
(C, A, B) (with C € CP*™ and B € C"*™ ) when there exist projecting matrices
Z,V € C"** such that ZTV = I, and

{A,B,CY = {z7 AV, Z"B,CV}. (2.3)

A transfer function T(s) is said to be embedded into another transfer function
if any minimal state space realization of T(s) is embedded into any minimal
state space realization of T(s).

The notion of embedding does not depend on the choice of the minimal state
space realizations. More precisely,

Lemma 2.2. Let T(s) and T(s) be two p X m strictly proper transfer function
of respective Mc Millan degree n and k. If there exists one minimal state space
realization (C, A, B) of T(s) that is embedded in one minimal state space real-
ization (C, A, B) of T(s), then any minimal state space realization of T(s) is
embedded in any minimal state space realization of T(s).
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Proof. Let us assume that (C, A, B) is embedded into (C, A, B). From Defini-
tion 2.1, there exists Z, V € C"** such that ZTV = I; and (2.3) is satsified. Let
(Cs, Ay, By) and (C’Q,Ag, Bg) be two minimal state space realizations of T'(s)
and T'(s) respectively. From Lemma 1.19, there exists S € C"*" and § € CF**
such that

(C28,87 A58, 871By) = (C, A, B), (Ca, Ay, By) = (CS,S71AS,S71B).

(2.4)
Using (2.3) and (2.4), one finds that
(Ca, Ay, By) = (CS™1,SAS SB)
= (CVS1,82TAvS~! 57T B)
= (0,878 82T 84,57 VS~ §ZTSB,).
By defining . A
Zo=5ST28T, Vo=8"1vst,
clearly ZQTVQ = I and
{A27 BQ; 02} = {ZEA2V27 ZQTB27 02‘/2}
O

If we change the state-space coordinate basis of the system (1.13) by choosing
T = Sz,

with the matrix S € C™*" invertible, the system (1.13) is equivalent to the
system

7= A% + Bu
> 2.
{ y = Cx, (2:5)
where o
{A,B,C} ={SAS™*,SB,CS™'}. (2.6)

It can be shown that the reduced-order system 7'(s) is embedded into T'(s) if
and only if there exists a state-space coordinate basis in which the matrices of
the original system T'(s) are (see for instance [68] for a proof)

_ [ A Are _ | B _
A_|:A21A22:| B_[BJ ¢=[C . 2.7)

and the matrices of the reduced-order model are taken to be

A=A, B=B,, C=0C.

For instance, from equations (2.3) and (2.6), we can choose the projecting
matrices Z7 € C**™ and V € C"** to be respectively the first k rows of S and
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the first & columns of S~!, where S is the coordinate basis change that put the
original system in the form (2.7).

All the model reduction techniques that are introduced in this chapter use
(at least implicitly) this projection of state space in order to construct the
reduced order transfer function. The generality of the projection technique will
be discussed in more details later.

2.2 Modal Approximation

This model reduction technique consists of taking the part of the transfer func-
tion with the poles that are the closest to the imaginary axis and throwing away
the others. This is probably the oldest model reduction technique developed
for linear systems. Due to its simplicity, the Modal Approximation method is
still used for some applications.

For simplicity, let us consider a stable SISO strictly proper transfer function
of Mc Millan degree n,

T(s) = ")

where the degrees of the polynomials d(s) and n(s) are respectively n and n—1,
devoid of common zeros. Let us assume that all the roots of d(s) are distinct:
d(s) :=[I/_,(s — \;) and that the roots are ordered such that 0 > Re(X;) >
Re(A2) > ... > Re(\,) . Using the well known partial fraction expansion
formula, one can rewrite T'(s) as a sum of n transfer functions of Mc Millan

degree one :

T(s) = Ti(s) = 2.8
©=2T0 =3 (28)
where T;(s) := ;25 Intuitively, from the expression (1.17) of the Hs and Heo

norms, closer is A; to the imaginary axis, higher is its contribution to the overall
energy of T'(s). The idea of modal approximation consists in taking Zle T;(s)
as an approximation of Mc Millan degree k of T'(s).

In a state space framework, given a state space realization (C, A, B) of a
transfer function, it is always possible to perform a state space transformation
(C,A,B) = (CS,S71AS,S7!B) such that A is block diagonal :

Ay
_ Ay
A= . ,
A

where the matrices A;, 1 < i < [ have distinct eigenvalues. Rewriting with
appropriate dimensions
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c=[C...c;] , B=[Bl...BI]",
one obtains the following generalized partial fraction expansion [59]

l

i=1

Techniques in order to perform such a block diagonalization of the state
matrix A have been developed in the literature. The objective is to divide the
set of eigenvalues of A, i.e. the poles of T'(s) into two sets: one to be discarded
and the other to be kept in the reduced order system.

The major drawback of Modal Approximation is the lack of guaranteed
bounds for the approximation error and the poor flexibility of this technique.
For these reasons amongst others, Modal Approximation has been replaced by
other techniques that are presented below. Nevertheless, this procedure can be
used in a state space framework as an intermediate step in order to throw away
the unstable part of a reduced order system obtained by another technique (see
for instance [58] and [49]). This method is also useful when the state matrix
A is of very large dimension but sparse, permitting the application of cheap
Modal Approximation techniques in order to obtain an intermediate transfer
function of acceptable degree, which can be reduced once again using other
techniques (see Section 6.5).

When the original transfer function 7'(s) is not proper, one often copies to
polynomial part of T'(s) into the reduced order system. This can also be viewed
as a modal approrimation technique, with a pole at infinity.

The modal approximation technique introduced here is by no way the only
existing scheme. For instance, one does not take into account the value of the
numerator y; in (2.8) in the selection process. Enhanced techniques have been
proposed in the literature. We refer to [86] and references therein for a deeper
study of Modal Approximation.

2.3 Krylov Approximation Techniques

A popular class of model reduction techniques is based on constructing a re-
duced order transfer function that satisfies a set of interpolation conditions
with respect to the transfer function one wants to approximate. These are the
Krylov model reduction techniques.

First, some words about the notation. 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 :

+oo
R(s) = O(A—s5)" <= R(s) = Y _Ri(A—s)’, (2.9)
i=k
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where the coefficients R; are constant matrices. If Ry # 0, then we say that
R(s) = O()\ — s)F. 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
R(s) = O(s™")" <= R(s) = Y Ris™, (2.10)
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~!)*. To
convince yourself, replace A by zero and k by —1 in (2.9) and compare the
expression with (2.10) and k = 1.

Definition 2.3. Given a pair (A, B), the Krylov matriz of order k € Ng, writ-
ten Ki(A, B), is defined as

Ky(A,B) := [B AB A’B ... A¥"'B].

The corresponding Krylov subspace of order k € Ny, written Ki(A, B), is de-
fined as as
Kr(A,B) .= Im (Ky(A,B)).

If kK <0, then we define
Kr(A, B) = {0}.

One can expand the transfer function T'(s) = C(sI — A)~!'B at infinity as

follows :
—+oo oo

T(s) = ZCA’“Bs_k_1 = ZMIEOO)S_]“_I, (2.11)
k=0 k=0
where the coefficients M ,goo) := CA*B are called the Laurent coefficients (also

called Markov parameters) of T'(s). Note that M§® corresponds to the coeffi-
cient of s7! and not s° in (2.11) because T'(s) is strictly proper. If one wants to
find a reduced transfer function, T'(s) := C(sI — A)~'B := >oreo M,ioo)s’k’l,
that approximates as well as possible the original transfer function for large
frequency s — oo, it makes sense to choose T(s) such that for 0 < k < K — 1,

r(0) (00
TS Vet
It is equivalent to say that
T(s) —T(s) = O(s— K+,

This problem is known as the partial realization problem.
In order to obtain a good approximation in the low frequency domain, one
might prefer to construct a transfer function
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T(s)=C(sI — A)7'B =3 MM\ - sk,
k=0
such that
MY =M™ for0<k <K, (2.12)
with
MM = Cc(AI - A)F'B, MY = (AT - A)F1B.

Equation (2.12) can be rewritten more compactly as follows
T(s) —T(s) = O(X — s)K+L.

The transfer function T(s) is called a Padé approximation if it interpolates
T(s) at A =0 and a shifted Padé approximation if A # 0.

A natural generalization of the preceding problems is the following : how
to construct a transfer function 7'(s) that interpolates T'(s) at several points
in the complex plane, up to given successive derivatives? This is the rational
interpolation problem.

The main results concerning this problem are summarized in the following
Theorem (given here for standard state space realizations) :

Theorem 2.4. Let the original system be

T(s):= C(sI — A)"'B, (2.13)
and the reduced system be
T(s) = C(sI — A)'B =CV (27(sI — A)V) ™' Z7B, (2.14)
with the bi-orthogonality constraint
Z'v =1
If
K
U Ko ((0nI = )7, (0xI — A)7'B) € Im(V) (2.15)
k=1
and
K
U Ko ((oxd = A" (0xI — A)7TCT) C Im(Z) (2.16)
k=1

where the interpolation points o are chosen such that the matrices ol — A are
invertible Vk € {1,..., K} then the moments of the systems (2.13) and (2.14)
at the points o satisfy

T(s) — T(s) = O(s — o)+, (2.17)

forAk = 1,2,..., K, provided these moments exist, i.e. provided the matrices
ol — A are invertible.
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For a proof, see for instance [26]. O

Remark 2.5. The preceding Theorem remains valid in the case of generalized
state space realizations where the bi-orthogonality constraint AZTAVA: I'is re-
placed by ZTEV = E, where (C,E,A,B) ~ T(s) and (C,E, A, B) ~ T(s)
[48].

The Krylov subspace-based methods that produce reduced order models based
on rational interpolation can be applied to MIMO systems efficiently as long
as the number of inputs and outputs, m and p, stay suitably moderate in size.
For MIMO systems where m and p are too large, a more general tangential
interpolation problem has recently been considered (see [39]). Given a p x m
strictly proper transfer function T'(s), one shows how to construct a p x m
reduced order transfer function 7'(s) of Mc Millan degree k that satisfies a set
of tangential interpolation conditions of the form

zi(A)T(N) = 2A)TN) . Ty (A) = TA)y5(N),

with chosen left and right polynomial directions vectors z;(s) € C**P[s],y; €
C™*1![s] and interpolation points A;, \; € CU{oo}, 1 <i <k, k+1,<j < 2k.
Such interpolation conditions will correspond to generalized Krylov subspaces.
As with rational interpolation, higher order tangential interpolation conditions
can be imposed at each point to improve the approximation. This topic is
developed in Chapter 4.

Krylov techniques have one major advantage: they can be implemented by
using efficient numerical techniques (related to the Arnoldi [48] and Lanczos
[33] algorithms). All that need to be computed are the Krylov subspaces that
must be contained in the image of the projection matrices Z and V. These
roughly require only sparse matrix-vector products. As a consequence, Krylov
model reduction techniques can be applied to reduce systems of very large order.
That is the reason why Krylov techniques are very popular in circuit simulation
[30]. The major drawback concerning interpolation techniques is that they are
local by nature. For instance, there exists no global error bound between the
original and the reduced order system obtained by a Krylov technique. Even
worse, stability of the original system can be lost in the reduced order sys-
tem. Concerning stability, one remedy consists of using a modal approximation
technique in order to delete the unstable modes of the reduced order system,
as it is done implicitly in [49]. It is also possible to guarantee stability of the
reduced order system by choosing appropriate interpolation points [6], but this
can affect local approximation errors.

The local approximation property means that good approximations can be
achieved in specific regions over a wide dynamic range typically at the cost
of larger global error. This requires however, that the interpolation points and
their corresponding order of matching must be specified. For some applications,
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the user may have such information but for blackbox library software a heuris-
tic automatic selection strategy is needed (see [48]) and the design of such a
strategy is still an open question. The other main drawback is the lack of an
error bound on the global quality of the approximation, e.g., the Hs,-norm
of the difference between original and reduced transfer functions. Recent re-
search has begun to address the evaluation of the H.,-norm given a reduced
order model that may help in selecting points [19]. If the lack of global error
bounds is an important problem for theoretical purposes, this may not be the
main concern for practical purposes, where only selected parts of the frequency
domain are important, advocating for model reduction techniques with local
approximation properties at selected points.

2.4 Gramian-based Techniques

We consider here linear time-invariant systems modelled by the system of equa-
tions (1.13) which therefore have a transfer function T'(s) = C(sI, — A)"'B
that links the inputs to the outputs in the Laplace domain.

The Balanced Truncation method is based on the following physical inter-
pretation of the gramians defined in (1.18). The controllability matrix arises
from the following optimization problem. Let

b

J(o(t),a,b) = / o(t)To(t)dt

a

be the energy of the vector function v(¢) in the interval [a, b]. Then (see [45])

min  J(u(t), —00,0) = zf P~ 1ag, (2.18)
Cou(t)=zo

and, symmetrically, we have the dual property

min J(y(t). ~00,0) = 25 Q" a0, (219)
O y(t)=zo

where Oy is the dual of the operator Oy defined in page 25. This dual operator
corresponds to the controllability operator of the dual of the transfer function
T(s) (seen as an operator mapping the input space to the output space).

Remark 2.6. Another way to define the observability gramian from the observ-
ability operator O, has already been described in page 25. We have chosen to
give here the dual version because it can easily be generailzed for second order
gramians and interconnected systems in Chapters 6 and 7.

Two essential algebraic properties of gramians P and ) are as follows. First, it
has already been pointed out that the gramians enjoy a contragradient property
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when a coordinate transformation x(t) = SZ(t) is applied to the system. This
implies that the eigenvalues of the product PO = S~1PQS depends only on the
transfer function T'(s) and not on a particular choice of state-space realization.
This implies also that there exists a state-space realization (Cpai, Apai, Bbal)
of T(s) such that the corresponding gramians are equal and diagonal P =
Q = X [94]. Secondly, because these gramians appear in the solutions of the
optimization problems (2.18) and (2.19), they say something about the energy
that goes through the system, and more specifically, about the distribution of
this energy among the state variables.

Smaller is x P~1xq is, more “controllable” is the state zg, because it can
be reached with a input of small energy. By duality, smaller is 2 Q~1xo, more
“observable” is the state xo. Thus when both gramians are equal and diagonal,
the order of magnitude of a diagonal value of the product PQ is a good measure
for the influence of the corresponding state variable in the mapping y(.) =
OpCou(.) which maps past inputs u(t) € Lo[—00,0] to future outputs y(t) €
L]0, +00] passing via that particular state at time ¢ = 0.

Given a transfer function T'(s), the popular balanced truncation model re-
duction method consists of finding a state-space realization (Cpar, Apais Bbal)
of T(s) such that the gramians are equal and diagonal (this is the so-called
balanced realization) and then the reduced model is constructed by keeping the
states corresponding to the largest eigenvalues of the product P() in it. In other
words, the widely used balanced truncation technique chooses Z and V such
that ZTV =1, and

PQV =VA,,
{QPZ AL (2.20)

where A4 is a square diagonal matrix containing the largest eigenvalues of
PQ@. Then a state-space realization of the reduced transfer function is given by
(CV, ZT AV, ZT B). The idea of the balanced truncation technique thus consists
of keeping those states that are most controllable and observable according to
the gramians satisfying the optimization problems (2.18) and (2.19).

Remark 2.7. The Hankel operator that maps the past input to the future output
is defined as follows : H := OyC,. Since PQ = C,C;0; Oy and QP = O; OyC,C;,
the dominant eigenspaces V of PQ and Z of QP are linked with the dominant
eigenspaces X of HH* and Y of H*H : indeed it holds that X = O,V and
Y = C} Z. Therefore projecting on the spaces V and Z also approximates the
Hankel map H well.

An important advantage of the Balanced Truncation technique is the following
error bound.

Theorem 2.8. Let T'(s) be a stable strictly proper transfer function of Mc Mil-
lan degree n. Let T'(s) be the strictly proper reduced order transfer function of
Mc Millan degree k of T'(s) obtained by balanced truncation. If the k—th Hankel
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singular value o (T (s)) is strictly larger than o1 (T(s)), then T(s) is stable
and

IT(s) — T(s)llm <2 00 (T(s)).

i=k+1

I
where Z indicates that Hankel singular value of multiplicity larger than one
are only counted once.

The major drawback is that the computational complexity for computing a
reduced order transfer function is O(n?), where n is the Mc Millan degree of the
transfer function to be approximated. Recent work [79] considers this problem
and describes an Approximate Balanced Truncation approach for large-scale
linear systems.

Many model reduction techniques are related to Balanced Truncation. For
instance, the Optimal Hankel norm approximation method provides as a re-
duced order transfer function of order k the generically unique transfer function
Tr(s) that minimizes the Hankel norm of the error :

Ty (s) = arg min 1T (s) = T(s)ll -

S

over all stable strictly proper transfer T(s) of Mc Millan degree k. We refer to
[94], [45] for a deeper study of the balanced truncation and Optimal Hankel
norm approximation techniques. The complexity is also O(n?).

Other SVD-based model reduction techniques are further discussed in [50].

2.5 Other Sparse Model Reduction techniques

At the present time, active research is pursuing model reduction techniques
that benefit from the advantage of Krylov techniques, i.e. low computational
complexity, and SVD-techniques, i.e. existence of a global error bound between
the original and the reduced order system.

Instead of exactly computing the gramians (1.18) that require O(n?) float-
ing point operations for a system of order n, why not computing approzimate
solutions by using iterative solvers? The Smith-ADI iteration tries to perform
a power iteration in order to approximate the gramians as follows.

First, for every scalar p < 0, the solution P of the Lyapunov equation
AP + PA* 4+ BB* = 0 is also the solution of the Stein equation

P — AuPA;"L = B#BZ,
where

Ay = (A—p)(A+p)™ , By=/=2u(A+pl)"'B.
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The gramian can then be rewritten as
oo
P =Y A.,B,B;(Al)".
i=0
If the sum converges quickly,

k
Py =Y AlB,B(A,)" (2.21)

1=0

is a good approximation of P, if k is large enough. Of course, the choice of
the shift u influences the convergence of the iteration. Once the approximate
gramians have been computed, one proceeds as for Balanced Truncation by first
computing the left and right dominant the eigenspaces of the product PpQp
and then projecting.

In order to enhance the convergence of the algorithm, multiple shifts strate-
gies have been developed in [69]. Low-Rank and low-rank square root versions
have been further studied in [61] and [52].

If the truncation parameter k in (2.21) is large enough, Py ~ P and Smith-
ADI model reduction techniques become equivalent to the classic Balanced
Truncation Technique. For a small value of k&, Smith-ADI techniques are simi-
lar to Krylov techniques (see for instance [61], Section 10.1, where a connection
between moment matching methods and an ADI technique is given for sym-
metric systems).

Another SVD-technique that approximates Balanced Truncation is based
on iteratively computing the cross gramian. The cross gramian X for square
systems m = p, is defined as the solution of the Sylvester equation

AX + XA+ BC =0.

A restarting algorithm based on solving projected Sylvester equations can be
found in [79].

Another set of model reduction techniques for linear systems has not been
introduced yet. These are the structure preserving model reduction techniques.
Large scale systems are often composed of subsystems that interconnect to each
other and it can be important to preserve the structure of the interconnections
in the reduced order systems. Examples of interconnected systems are second
order systems, plants with controller (controller reduction), weighted systems,
etc. This topic will be studied in Chapters 6 and 7.

All the model reduction methods introduced so far are explicit projection
techniques, in the sense of Section 3.3 (except Optimal Hankel Norm Approxi-
mation). Another method that does not perform a classic projection is the sin-
gular perturbation technique (see [68] and references therein). This last model
reduction method is not considered here.
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Notes and References

Many papers have been written in the area of model reduction of linear systems.
A recent and rather complete study of this topic with an emphasis on Krylov
and SVD-Krylov techniques can be found in [3, 8]. The excellent work [94]
gives a more detailed study of the Balanced Truncation and Optimal Hankel
Norm approximation methods (see also [45]). It should be pointed out that
the list of model reduction techniques presented here is by no way exhaustive.
Rather than giving a detailed study of a limited number of model reduction
technique, our choice was to present a broader class of methods and to refer to
the literature for a deeper study.
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Model Reduction by Moment Matching, the
SISO case

In this chapter, we focus our attention on scalar transferj functions, i.e. with one
input and one output (SISO LTI systems). General results concerning Krylov
subspaces are developed in Section 3.1. Using these results, a new proof of
Theorem 2.4 is constructed in Section 3.2. Earlier proofs of this theorem have
appeared in the literature [34, 26], but our derivation of the theorem yields
new insights into the problem. As a consequence, it is shown in Section 3.3
that for any SISO strictly proper transfer function T'(s) of Mc Millan degree n
and any strictly proper SISO transfer function T(s) of Mc Millan degree k < n,
T(s) can always be constructed via truncation of the system 7T'(s). Finally, a
link between Sylvester equations, Krylov subspaces and projection matrices is
drawn in Section 3.4. This chapter is based mainly on [38] and [40]. Parts of
the theory developed in this chapter are more deeply studied in the general
MIMO case in Chapter 4. For this reason, some details are omitted and some
proofs are shortened.

3.1 Some facts about Krylov subspaces

To begin, let us develop some preliminary results concerning Krylov subspaces.
The main objective of this section is to prove that the image of the control-
lability and observability spaces can be reconstructed using Krylov subspaces
and eigenspaces. This is obtained in Lemma 3.11.

It should be pointed out that results similar to Lemma 3.9 also appear in
[62], Chapter 6 and [1].

Lemma 3.1. Consider an arbitrary pair of matrices (A, B) with A € C"*"
and B € C™*1. Consider n polynomials of degree at most n — 1,

n—1
b;(z) = Zai,jwi, I<j<n,
=0
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an define the matriz M € R™ ™ such that
M(i,j) = ay—15, 1<i,j<n.
If M is invertible (i.e. if the polynomials are independent), then
Im ([¢1(A)B ... ¢n(A)B]) = K, (4, B).

Proof. Because the functions ¢;(z) are polynomial and of finite degree, they
are analytic in a neighborhood of the spectrum of A and the functions ¢;(A) are
well defined. The proof of the lemma now follows from the following equation

[¢1(A)B ... ¢o(A)B] = [B ... A""'B| M

and the fact that M is invertible.
O

Remark 3.2. By the Cayley-Hamilton Theorem and by considering the Jordan
canonical form of the matrix A € C"*", it is well known that any function
¢(+) analytic in a neighborhood of the spectrum of A, denoted by A(A), can be
written as a polynomial function of A of degree n — 1. Hence, the functions ¢;
can be more general than polynomials.

This leads to the following definition.

Definition 3.3. Let A be a square matriz of dimension n, let ¢(-) be a function
analytic in a neighborhood of the spectrum of A, the polynomial function of
minimal degree, r(-) (obtained via Cayley-Hamilton), such that the matrices
r(A) and ¢(A) are equal, is called the interpolating polynomial of ¢(-) with
respect to the matriz A € C"*™.

Lemma 3.4. Consider an arbitrary pair of matrices (A, B) with A € C**"
and B € C"™ 1. Let ¢(-) be any function such that the matriz ¢(A) € C™*" is
invertible. Then

(b(A)ICn(A’ B) = K:n(A’ B)'

Proof. By Cayley-Hamilton,
P(A)Kn(A, B) = r(A)Kn(A, B) € K (A, B),
where 7(A) is the interpolating polynomial of ¢(A). By invertibility of ¢(A),
dim(p(A)K, (A, B)) = dim(K,, (4, B)).

Equality of the 2 subspaces follows.
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Definition 3.5. An interpolation set I

I = {(Slaml)a B (ST,mT)}V

is defined as a set of pairs (s;,m;) where the points s; € CUoo are distinct and
the indices m; € Ng. The size of the interpolation set I, denoted by size(l) is
defined as

T
size(I) := Z m;.
i=1

An interpolation set I is called a T(s)-admissible interpolation set when
no interpolation point s; is a pole of T(s). A minimal T(s)-admissible in-
terpolation set is a T(s)-admissible interpolation set of size n, where n is the
Mec Millan degree of T(s).

Definition 3.6. A couple of T'(s)-admissible interpolation sets (I1,I5), denoted
by
I ={(z1,1)s - (e i)} L2 ={(wr,v1)5 o (g, vy 1

1s called a separation of I if the set of points of I is the union of those of
I, and Iy and if their corresponding indices add up. By that, we mean that for
each couple (s, my) € I belonging to I and Iy we have

Zi = Wj = Sk = Mi + Vj = My,

and for each couple (sg, my) € I belonging to only one set Iy or Iy, we have
(e.g. for Iy)
Zi = Sk = Wi = M.

As a consequence, we have
size(I1) + size(Iz) = size(I).
A separation (I1,I5) is called symmetric when size(Iy) = size(I3).
The quantities occurring in Contr(A, B) and Obs(C, A)
Tap(oo,k):= A" 1B Ac a(oo, k) :== CAF! (3.1)

can be seen as “moments” of (sI — A)"1B and C(sI — A)~! about infinity.
Similarly, we define the moments about a finite expansion point A € C

Lap(\k):=(—A)"B, Aca(\k):=C\ —A)~F (3.2)

Definition 3.7. Let I be a T(s)-admissible interpolation set. For any state-
space realization (C, A, B) of T(s), we define the generalized controllability ma-
triz Ca,p by the following equations
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CA’B(SZ',mi) = [FA,B(5i71) FA,B(Si,Q) FA,B(si,mi)] 5 (33)
CA7B(I) = [C’A,B(sl,ml) CA’B(SQ,mQ) e CA$B(ST,mr)j| 3 (34)

and generalized observability matriz to be
OC,A(8i7 ml) = [AC,A(Si, l)T AQA(Si, 2)T . AQA(S“ mi)T]T , (3.5)
OC’A(I) = [OC7A(S1, ml)T OQA(SQ, mg)T . OC,A(ST, mT)T]T (3.6)

Let us introduce a final notation. Let (A, B) be a pair of matrices with A €
C™™ and B € C™!. If 5; # oo is not an eigenvalue of A, then define the
matrix A; € C"*" by

AZ‘ = (SzI - A)_l7 Bi = (SzI — A)_IB.

If s; = oo, then define
A, =A, B;=B.

The following lemma is a straightforward consequence of the partial fraction
expansion of a rational matrix. It will prove to be useful in the sequel.

Lemma 3.8. Consider an arbitrary pair of matrices (A, B) with A € C™*"
and B € C"*1. Let i and j be two non negative integers such that i +j > 1.

1. If 81 # 00, 89 # 00 and s1 # Sa, then
Im(ALALB) C Ki(A1, By) + Kj(Az, B). (3.7)
2. If s1 # 00 and s; = 00, then
Im(ALA)B) C Ki(Ay, By) + Kj_iv1(As, By). (3.8)
3. a) If s1 = so # o0 then,
Im(ALALB) C Kiyj (A1, By). (3.9)
b) If s1 = so = oo then,
Im(ASA]B) C Kitj11(A, B). (3.10)

Proof. The third part of the Lemma is obvious. Let us prove the two first parts.
First, we suppose that s; # so and that s; and so are both different from
o0o. We obtain by partial fraction expansion the identity

1
+ (SQI — A)_l

S2 — 81 S1 — S2

(51] — A)_l(SQI — A)_l = (51] — A)_l

. (3.11)

By recursively applying this equation, we find that
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(511 — A) (sl — A)™7

1 . .
— _ —1i _ —j+1
—— (511 — A)"(sod — A)
+ (59 — A) (5ol — A)™I (3.12)
S1 — S2
i J
=Y ar(sil = A)TF+ D Bilsol — A7, (3.13)
k=1 =1

where the last equation is obtained by recursively applying equation (3.12).
The coefficients «; and 3; are not explicitly given here. The important point
is that they depend only on the points s; and s;, i.e. they are the same for
any matrix A. Moreover, it is clear that the coefficients related to the highest
moments of the partial fraction expansion of (s11 — A) % (sol — A)77, ie.
and f;, are different from zero. Multiply both sides of equation (3.13) by B,
and equation (3.7) is satisfied.
Secondly, suppose that so = co. Then,

(510 — A PA = —T +51(s:0 — AL (3.14)

By recursively applying this equation to (s;1 — A)~*A’ and following the same
reasoning as before, we find that
Im ((s1] — A)'"A’B) C Ki(A1,By) if i>j, (3.15)
Im ((s11 — A)"A’B) C Ki(A1,B1) + Kj_iy1(A,B) if i <j. (3.16)

Hence, equation (3.8) is satisfied.

Another proof of the following lemma may be found in [1].

Lemma 3.9. Let T(s) be a strictly proper SISO LTI transfer function of Mc
Millan degree n with a state space realization T(s) = C(sI — A)"1B. Let

I = {(817m1)a ey (STamT)}7
be a minimal T'(s)-admissible interpolation set. Then

1. Im(Ca,(I)) = Im (Contr(A, B)).
2. Ker (Oc,a(I)) = Ker (Obs(C, A)).

Proof. In the sequel, we drop the subscripts C, A, B. We prove only the first
statement, the second one follows by transposition. For simplicity, we suppose
that there is no point at infinity. This case can be treated similarly but requires
more tedious notation. The proof consists of showing that the condition of
Lemma 3.1 is satisfied.
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From the set I, define Vi: 1 <i<m;
I(1,4) == I'(sy,1),

where I'(\, k) is defined in equations (3.2) and (3.1).
DefineVi: 2<i<r,Vk: 1<k<m;,

G k) = | [TAT | I'(sir k).

Define the matrix

C(I)=[r@1),r@,2),...,(r,m,)].
As a consequence of Lemma 3.8, we obtain
Im (é([)) = Im(C(I)).

Now, we use Lemmata 3.1 and 3.4. The matrix

satisfies the condition of Lemma 3.1 because every column is a polynomial
function of A of a different order, with degree smaller than n. Hence, Im(N) =
Im(Contr(A, B)). By Lemma 3.4, Im(N) = Im(C(I)). This concludes the
proof.

0

Lemma 3.10. Consider an arbitrary pair of matrices (A, B) with A € C"*"
and B € C™*1. Let X be a right invariant subspace of A. If

Im(A'B) CK;(A,B) + X, (3.17)

then, V k € N, _
Im(A™™*B) C K;(A,B) + X.

Proof. Let us prove it for k = 1.

Im(A™B) = AIm(A'B)
C AK;(A,B) + AX
C Ki(A,B)+Im(A'B) + X
= Ki(A,B) + X.

An easy induction completes the proof.
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O

Lemma 3.11. Let T'(s) be a strictly proper SISO transfer function of Mc Mil-
lan degree n. Let X (resp. V) be a right (resp. left) invariant subspace of A of
dimension K . Let the columns of the matriz X € C**X (resp. Y € CEX") be a
basis of X (resp. V). Let I be a T(s)-admissible interpolation set of sizen— K,
denoted again by

I=A{(s1,m1),...,(sr,my)}.
Let the triple (C, A, B) be a minimal realization of T(s). Then
1. rank ([X CA,B(I)]) =n.

srant ([0, 0 ]) =

Proof. Only the first part of the Lemma will be proved; the second one follows
by transposition. As a consequence of Lemma 3.9,

rank (Ca.g(I)) =n— K.

Indeed, the T'(s)-admissible interpolation set I may be seen as a subset of a min-
imal T'(s)-admissible interpolation set of T'(s). Hence, the columns of C4 g (1)
must be linearly independent. Let us consider the first column of C4 g(I). The
matrices A; and B; associated with the point s; are defined as usual. Suppose
that

dim (X + K (A1, B1) 4+ ...+ K (A, B)=¢< K+mi+ ...+ m,. =n.
Then, necessarily, I3p: 1 <p <r and k, : 0 <k, <m, — 1 such that

Im(AlrB,) C X + Ky (A1, By) + .+ Koy (Ap1, Bp1) + Ki, (A, By).
(3.18)
Some care must be taken when s, = oo. Firstly, suppose that s, = oo and
k, = 0. Then, multiply both sides of equation (3.18) by A. From Lemmata 3.8
and 3.10, and equations (3.15) to (3.16), we obtain the following relations :

Im(AB) g AX —|— A’le (Al, Bl) —|— e —|— A’Cmp—l (Ap_l, Bp—l)
g X + K:ml (Al, Bl) + ...+ K:mpfl(Apflv Bpfl) + Im(B)
=X+ K (A1, Br) + .o+ Koy (Ap1, Bp1),
where the last equation comes from equation (3.18) with s, = oo and k, = 0.

But this implies that
dim (K,(A,B)) < g <n.

This contradicts the fact that the pair (A, B) is controllable.
If s, = 0o and &, > 0, then
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Im(A**1B) C AX + AK,, (A1, By) + ...
+AKm,_ (Ap—1, Bp—1) + AKy, (A, B)
CX+Km (AL, B) + ...+ Ky, (Ap—1, Bp1)
+Kk, (Ap, By) + Im(A*» B)
=X+ K, (A1, B) + ...
o, 1 (Ap—1, Bp—1) + Kk, (Ap, Bp),

and again, the transfer function T'(s) is not of Mc Millan degree n.
Suppose now that Vi: 1 <14 < p,s; # oo, and multiply again both sides of
equation (3.18) by A,. From Lemmata 3.8 and 3.10, we find that

Im(A T B,) C X 4 Ky (A, Br) + oo 4 Koy (Ap—1, Bp1) + Ki, (A, By).
(3.19)
This implies that
dim (K,,(Ap, Bp)) < ¢ < n.

But Lemma 3.9 implies dim (K,,(Ap, Bp)) = n and this is impossible. Finally,
suppose that 3 1 < ¢ < p such that s; = oco. From our previous discussion,
1 < p. For simplicity, suppose that s; = co. In such a case, by following the
same reasoning as before,

Im(ATB,) € ApX + Ky (A, B) + ApKpn, (A2, Ba) + ...
+Amep71 (Ap—lv Bp—l) + Kkp (Apa Bp) + Im(AI;po)
CX+Kmy (A, B)+ Ky (A2, Bg) + ...
+mp—1 (Ap-1, Bp—1) + Ki, (Ap, By).

This is again a contradiction with the controllability of the pair (A, B).

3.2 Model Reduction via Rational Interpolation

In this section, the general problem of constructing a transfer function T(s)
of Mc Millan degree k that satisfies a set of 2k interpolation conditions with
respect to a transfer function T'(s) of Mc Millan degree n is solved using Krylov
subspaces. T(s) and T'(s) are both assumed to be SISO strictly proper transfer
functions. Let us begin with a definition.

Definition 3.12. Let T'(s) and T(s) be two strictly proper SISO transfer func-
tions of respective Mc Millan degree n and k. Let I be a T(s)-admissible inter-
polation set of size 2k, denoted by

I={(s1,m1),...,(Sr,my)}.
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We say that T(s) interpolates T(s) at I when the following conditions are
satisfied :

1.Vi: 1< <7 such that s; # oo ,

T(s)—T(s) =0(s —s;)™. (3.20)
2. If 0o is a point of I, say sy = oo, then
T(s) —T(s) = O(s~1)ms+1, (3.21)

Remark 3.13. Because [ is T'(s)-admissible, the interpolation points s; are not
poles of T'(s). As a consequence, if T'(s) interpolates T'(s) at I, then the inter-
polation points are not poles of T'(s), i.e. I is T'(s)-admissible as well.

Let us consider a minimal realization (C, A, B) of T'(s) and a minimal realiza-
tion (C, A, B) of a transfer function 7'(s) that interpolates T'(s) at an inter-
polation set I. Writing equation (3.20) is equivalent to imposing the m; first

coefficients of the Taylor expansions of T'(s) and T'(s) about s; to be equal, i.e.
CA'(siIk — /Al)kae =C(s;I, — A)7FB, Vk: 1<k<m,.

Equation (3.21) is equivalent to imposing the my, first Markov parameters of
both transfer functions to be equal, i.e.

CA'B=CA'B, Vi: 0<i<my—1.

Lemma 3.14. Let T(s) = C(sl,, — A)~1B be any strictly proper SISO transfer
function and let I be a T(s)-admissible interpolation set. Let T(s) = C(slj, —
A)"B be any strictly proper SISO transfer function. Then T(s) interpolates
T(s) at I if and only if either of the following two equivalent conditions hold :

CCap(I)=CCs 5(I) , Ocall)B=0¢ ;(I)B. (3.22)

Proof. Tt is simply another way to write down the interpolation conditions of
Definition 3.12.
0

Lemma 3.15. Let T(s) = C(sl, — A)™'B be a strictly proper SISO transfer
function. Let T be a T(s)-admissible interpolation set and (I, 1I2) be a sym-
metric separation of I. If the strictly proper SISO transfer function T(s) =
C(sI, — A)~1B interpolates T(s) at I, then

Oc,a(11)Ca,B(I2) = Op 4(11)C; 5(12). (3.23)
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Proof. Define A; and B; as usual, and consider one element of the matrix
equality (3.23). We have to prove that

CAj AR B = CAl*AB. (3.24)

From Lemma 3.8, we can rewrite this equation by partial fraction expansion as
a linear combination of equation (3.22). This completes the proof of the lemma.
O

For an arbitrary interpolation set I = {I;, I} of size 2k, the k x k matrix
appearing in (3.23),

Lry(I) == Oc,a(l1)Ca (), (3.25)

is the key to solving the interpolation problem. This matrix that does not de-
pend on the choice of the particular state space realization (C, A, B) of T'(s) but
only on the value of T'(s) at the interpolation points of I is called a Loewner
matrix. Generically, this square matrix is nonsingular. In such a case, there
exists generically only one transfer function of Mc Millan degree k that inter-
polates T'(s) at I, and there is no interpolating transfer function of Mc Millan
degree smaller than k. Let us prove this last assertion. From Lemma 3.15, if
T(s) := C(sI — A)~B interpolates T'(s) at I, then

Ly (I) = Og 4(1)C 4 (Ir). (3.26)

Because Lp(,)(I) is nonsingular, the rank of Op 4(/;) and the rank of C 4 5(I;)
must be at least equal to k, and this is only possible if the Mc Millan degree
of T'(s) is larger than k. Uniqueness will be proved in Theorem 3.17.

Lemma 3.16. Let T'(s) = C(sI,, — A)™1B be a strictly proper SISO transfer
function of Mc Millan degree n. Let I be a T(s)-admissible interpolation set
of size 2k and (I1,12) be a symmetric separation of I. Suppose that T(s) =
C’(s[k — A)_IB is a strictly proper SISO transfer function of Mc Millan degree
k, which interpolates T'(s) at I. Then

OC,AACA,B = OC’,AACA,B' (3.27)

Proof. Define A; and B; as usual, and consider again one element of the matrix
equality (3.27). We have to prove that

CAj'AAB = CAj*AARB. (3.28)

The idea is that using partial fraction expansion it is possible to rewrite equa-
tion (3.28) as a linear combination of equations (3.22) and (3.23).

The point at infinity requires more care. We show it for instance when
A; = A. From Definition 3.7, this implies that one of the points of I, say s11
is equal to oco. Then,
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CA* B = C’A“_lé, Vu: 1<u<mg;.
If A; = A, then the point oo is also a point of I, say s2,1 = oo. Then,
CA""'B = éAv_lé, Vo: 1<v<my;.

Clearly, the point co must be a point of I, say s; = co. Because (I1,13) is a
separation of I, my 1 +mg1 = m, and

CA"'B=CA"'B, Yw: 1<w<my. (3.29)

Now, k1 + 14 ks <mjy1+mge1—1=my—1, and equality (3.28) follows from
equation (3.29). This concludes the proof for the case A; = A; = A. Suppose
now that A; = (s;1 — A)~! and A; = A. Then,

CA'B=CAYB, Yv: 1<v<my,.
From partial fraction expansion, it follows then that
CAMAARB = —CAM AR 7'B 4 5,04 A B

Now, equation (3.28) follows from Lemmas 3.15 and 3.14. This completes the
proof for A; = A. The case A; # A is shown by using similar arguments and is
omitted here.

0

This leads to the main result of this section.

Theorem 3.17. Let T'(s) = C(sI,, — A)~'B be a strictly proper SISO transfer
function of Mc Millan degree n. Let I be a T(s)-admissible interpolation set of
size 2k and let (I, 1) be a symmetric separation of I. Suppose that T(s) =
C’(s[k — /Al)lee is a strictly proper SISO transfer function of Mc Millan degree
k, which interpolates T(s) at I. Then T(s) can be obtained by truncation of
T(s) with

ZT = 0¢ 4(I) ' Oca(ly) , V =Cap(l2)Cy 5(12)~" (3.30)

Moreover, T(s) is the unique transfer function of minimal Mc Millan degree k
that interpolates T'(s) at I.

Proof. I; and Iy are a both minimal T(s)—admissible interpolation sets. From
Lemma 3.9, the matrices O 4(I1) and Cj4 z(I2) are invertible. From Lemmas
3.14 to 3.16, it is easy to check that conditions (2.3) of Definition 2.1 are
satisfied with Z and V' defined in equation (3.30).

Let us prove the uniqueness assertion. Assume that Ti(s) := Cy(sly —
A1)7IBy and Ty(s) := Cy(sl), — A2) "1 By are two transfer functions of degree k
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that interpolate T'(s) at I. From the preceding discussion, there exist two pairs
(Z1,V1) and (Z3, V3) such that

Im(Vy) =Im(Va) =Im (Ca (L)), Im(Zi)=1Im(Zy)=1Im ((’)AB(L«)T ,
with the biorthogonality constraint

ZiVi = Z3 Vi = I, (3.32)
that satisfy the following properties :

(ClyAlvBl) = (C‘/laleA‘/laZ]TB% (027‘42532) = (C‘/Q’Z2TA‘/2’Z2TB)

From (3.31), there exist k x k invertible matrices L and R such that (339
zl =Lzr, Vi =WR.
From (3.32), L = R~! and from (3.33),
(C1,A1,By) = (C2R, R"'A3R, R7'By).
This clearly implies that T3 (s) = Ta(s).
0

Remark 3.18. Theorem 3.17 provides a practical way to construct a transfer
function of minimal Mc Millan degree that interpolates a SISO transfer function
T(s) := C(sI,—A)"'B of degree n at an interpolation set I of size 2k as follows.

1. First, compute the n x k Krylov matrices ZT = Oc a(I}), V = Ca p(I;)
where {I;, I} is a symmetric separation of I.

2. If ZTV is invertible, compute the SVD decomposition ZZV = UXVT and
the projecting matrices Z = ZUX-Y/2, VvV = vV E-1/2,

3. Compute the reduced order state space realization

(Cyp. Arip, Bup) == (CV,ZT AV, Z"B).

If the transfer function Tarp(s) := Carp(sly — Anp) ' Barp, called the
Multipoint Pade transfer function, has no pole at the interpolation points
belonging to I, then Thsp(s) is the unique transfer function of Mc Millan
degree k that interpolates T'(s) at I.

Remark 3.19. The preceding theorem shows that if there exists a transfer func-
tion T(s) of Mc Millan degree k that interpolates a transfer function T'(s) of
larger Mc Millan degree at a interpolation set I of size 2k, then T(s) is the
unique interpolating transfer function of degree k, there exist no interpolating
transfer function of smaller Mc Millan degree and T(s) can be constructed by
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a projection using Krylov subspaces corresponding to the interpolation condi-
tions. But it does not say what are the necessary and sufficient conditions for
the existence of a unique interpolating transfer function of Mc Millan degree
k. First, from equation (3.26) and the discussion following it, there exists no
interpolating transfer function of Mc Millan degree smaller than the rank of
Lps)(I). So, a necessary condition for the existence and uniqueness of an in-
terpolating transfer function of Mc Millan degree k is that the Loewner matrix
Lpsy(I) € CF*k is invertible. A necessary and sufficient condition for the exis-
tence and uniqueness of an interpolating transfer function of Mc Millan degree
k is that the interpolation points are not poles of the Multipoint Pade transfer
function Thsp(s). This is verified if for every interpolation point s; € I, the
matrix Oc a(l;)(s;I — A)C4 p(I,) is nonsingular (see [26, 48] for a proof). A
generalization of the preceding discussion related to the system zero pencil is
given in the next chapter. For the case where Lp(4) (1) is singular, we refer to
[5].

As a consequence, if the SISO strictly proper transfer function T(s) of Mc
Millan degree k interpolates the SISO strictly proper transfer function T'(s)
of degree n > k at an interpolation set of size 2k, then T(s) can be obtained
from T'(s) by a projection using Krylov subspaces. The special case where the
interpolation set between T'(s) and T'(s) is of size less than 2k (i.e. when the
Mec Millan degree of T(s) — T'(s) is less than or equal to 2k) is treated in the
next section.

3.3 Model Reduction via Truncation

The following lemma is well-known in the literature (see for instance [92] and
references therein for a proof).

Lemma 3.20. Let the pair of matrices A € C"*" and C € C**™ be observable.
Let X be a right invariant subspace of A of dimension K and let the matriz
X € CK be full rank with X = Im(X). Define the matrices A € CK*K qnd
C e CYK by the following equations :

AX=XA, Ccx=C.
Then, the pair (C, A) is observable and
A (A) C A(A). (3.34)

Remark 3.21. Since changing the basis X to XS results in a transformed pair
(S7LAS,S71C), it is always possible to choose the basis X of the invariant
subspace X such that the pair (;1, C‘) is in observable canonical form (see for
instance [94]).
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Theorem 3.22. Choose T(s) = C(sl, — A)"'B, an arbitrary strictly proper
SISO transfer function of Mc Millan degree n. Choose T(s) = C(sI — A)~1B,
an arbitrary strictly proper SISO transfer function of Mc Millan degree k < n.
Then T(s) can be constructed from T(s) via truncation.

Proof. By a recursive argument, it is not difficult to see that this theorem is
true for every n > k if and only if it is true for n = k + 1. We therefore prove
it for n = k + 1 only. The proof is constructive : we construct Z and V such
that the conditions of Definition 2.1 are satisfied. Define

where d(s) and d(s) are monic polynomials of degree k + 1 and k, and where
degree (n(s)) < k + 1 and degree (7(s)) < k. Because the Mc Millan degree of
T(s) is k+ 1 and that of T(s) is k, the polynomials n(s) and d(s) are coprime,
and 7(s) and d(s) are coprime as well. Define the error transfer function E(s)
to be R
E(S) — T(S) _ T(S) _ n(s)d(s) —A’I?L(S)d(s) — TLE(S),
d(s)d(s) dg(s)

with

K = degree (gcd (d(s), J(s)))
degree (dgp(s)) =2k +1—- K
degree (np(s)) <2k+1- K.

We can write

ged (d(s), d(s)) = (s = By)"* -+ (s = B,)",

Without loss of generality we can also write
d(s) = (s = P1)" -+ (s = Bg)"
d(s) = (5= B1)™ -+ (5 = Bg)™%;

where, Vi: 1 <i <p,

ﬁi = ﬁiy min(ni, ﬁl) = V;.

Clearly, E(s) has 2k — K + 1 zeros, with at least one zero at oo. Those zeros
are the points where T'(s) interpolates T'(s). More precisely, we can write
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ne(s) = k(s —a)’ (s — a,)’,

z
d o =2%k+1-K—o0.41,
=1

where 0,11 € Ny is the multiplicity of the zero at oo of E(s). Indeed, it is not
difficult to check from our definitions that

Slino1O T(s)s7*+ = k,
where « € C is the gain of the transfer function E(s). Moreover, T'(s) and T'(s)
have K poles in common. If K = 0, then T'(s) can be constructed from trun-
cation of T'(s) via rational interpolation (see Theorem 3.17). We now suppose
that K > 0.
Clearly, K < k and from Lemma 3.20, it is always possible to find a full
rank matrix X; € C*+TD*K guch that the following relations hold :

AX, = XA, CX, =C,

where
—Qaq 10...0
—ag 01 0
C=1[1,0..,0] , A= S (3.35)
—aK_1 00 1
—ag 00 0
and

SK+a18K_1+-~-+aK: (8 =B1)" (s = Bp)™.

This is indeed the observer canonical form associated with the common spec-
trum of T(s) and 7'(s). Similarly, there exists a matrix X; € C¥*X such that
the following relations hold :

AX, = XA, CX,=C. (3.36)

Now, we focus our attention on the 2k — K + 1 interpolation conditions. If
0.+1 = 1, we define the interpolation set I to be

I={(a1,01),...,(z,0)}.
Otherwise, 0,41 > 1, and we then define I to be
I = {(041,0'1)7 cety (QZ7UZ)5 (Oo7az+1 - 1)}

Clearly, I is a T'(s)-admissible set of size 2k — K. We separate this set into two
T'(s)-admissible sets. The first one, Iy, is of size k and the second one, I5, is of
size k — K. Define
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Y = OC,A(Il)a Y = OA,C'(Il)7 X2 = CA’B(I2)7 Xz = CA’B(IQ). (337)

From Lemma 3.11, the matrices Y and

X = [Xh Xg]
are invertible. Finally, define
X =[X, X5].
Now, we check that
CX=CX, YB=YB, YX=YX, YAX =YAX. (3.38)

To verify the first part of equation (3.38),
CX = [CXy,CXs] = [CX,, CX,] =CX,

where the last equation follows from the construction of X; and X, and Lemma
3.14. The second part of equation (3.38) follows from Lemma 3.14. Finally,

YX = [YXh YXQ] .
Let ¢(A) be a polynomial function of A, then
Co(A) X1 = CX16(A) = CX16(A) = C(A) Xy,

where the matrix A € CK*¥ is defined in (3.35). Hence, Y X; = Y X, and the
third part of equation (3.38) follows from Lemma 3.15. For the same reasons,
YAX;, = YAX;, and the fourth part of equation (3.38) follows from Lemma
3.16. Choose then

Vi=XX"1 zT.=v7ly, (3.39)

which implies that equations (2.3) of Definition 2.1 are satisfied. Hence, 7'(s)
can be constructed by truncation of T'(s).
0

3.4 Sylvester Equations, Krylov Subspaces and Projection

In the preceding section, it was shown that any SISO strictly proper transfer
function can be obtained by a projection of any SISO strictly proper transfer
function of larger Mc Millan degree. Moreover, by looking at the proof of The-
orem 3.22, the projecting matrices can be chosen such that their image is a
sum of Krylov subspaces and eigenspaces (see (3.37)). In this section, it will
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be shown that such projecting matrices can always be constructed by solving
Sylvester equations of the following form

AVR, =VRy+ BY =0, L[,ZTA—-L,Z" + XC =0, (3.40)

where (C, A, B) is a minimal state space realization of T'(s).
First assume that V € C"** is a Krylov matrix at a finite point A\ € C,
then

AV =(A=X+X)[(M—A)'B...(\ - A)""B] (3.41)
=VJor+AV-=B[10...0] =VJyp—B[10...0], (342)
i.e. equation (3.40) is satisfied with
(R1,R2) = (I, Jag), Y =[10...0].

Note that the pair (Y, Ry) is observable.
Let us assume that V is a Krylov matrix with an infinite interpolation point.
Then,
—AVJor+B[10...0]=[B... A*'B] =V, (3.43)

i.e. equation (3.40) is satisfied with
(R1,R2) = (—Jag, Ix), Y =[10...0].

Note that the pair (Y, Ry) is observable. Finally, if V is an eigenspace of A,
then clearly there exists a matrix R € C*** whose eigenvalues are a subset of
the eigenvalues of A such that

AV —VR =0,
i.e. equation (3.40) is satisfied with
(Ri,Ry) = (I,R), Y =[0...0].

Note that the pairs (Y, R;) and (Y, Ry) are unobservable. The preceding dis-
cussion leads to the following result.

Theorem 3.23. Let T(s) := C(sl, — A)"'B and T(s) := C(sIy — A)"'B be
two SISO strictly proper transfer function of respective Mc Millan degree n and

k < n. There always exist reqular matriz pencils (L1, Ls) and (Ryi, R2) and
vectors X andY such that

(C,A,B)=(CV,zZT AV, ZTB),

with projecting matrices Z'V = I, satisfying the following Sylvester equations
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AVR, —VRy+BYT =0, L1 ZTA-1L,Z" + XC =0, (3.44)

Finally, the generalized eigenvalues of the pairs (R1, R2) and (V1,V2) are ei-
ther interpolation points between T(s) and T(s) or the inverse of common poles
between T'(s) and T(s), depending on whether they are associated with the con-
trollable and observable part of the pairs (Y, R;) and (L;, X) or not.

Proof. First, it is worth mentioning that if (3.40) is valid for Z and V, then
for any invertible matrix S, it remains valid for the pair (SZ7,VS~! by re-
placing the pairs (L1, Lo) and (Ry, Re) with (L1.S™1, LaS™1) and (SR1, SRy).
From Theorem 3.22, equations (3.36), (3.37) and (3.39), it is always possible
to choose projecting matrices Z and V such that their images are a sum of
Krylov subspaces of the pair (A, B) and eigenspaces of A. This can be proved
by decomposing each of these subspaces, using equations (3.41), (3.43) and
the properties of eigenspaces, and looking at the particular structures of the
matrices L;, R; and vectors X and Y appearing in these equations.

O

Conversely, if a reduced order transfer function T(s) := C(sl, — A)"'B =
CV(sly — ZTAV)~'ZT B is constructed from projecting matrices satisfying
Sylvester equations of the form (3.40) (with (C, A, B) a minimal state space
realization of T'(s)), then the generalized eigenvalues of the pairs (L1, Ls) and
(R, I2) yield a subset of interpolation points and common poles between T'(s)
and T'(s).

Remark 8.24. If one wants T'(s) to interpolate T(s) at a point  that tends to be
equal to a pole of T'(s) (i.e. an eigenvalue of A), it seems reasonable that in the
limit, T(S) would also have a pole at A. It is possible to implement algorithms
that perform this automatically, but some care must be taken. Indeed, a naive
implementation of Multipoint Padé would be to compute the Krylov subspaces
directly, giving rise to obvious numerical problems when trying to compute
(M — A)v = b with AT — A close to singularity. The key to overcome this is
again to look at the Sylvester equations. One can for instance normalize the
Sylvester equations (3.44) in such a way that the norm of the first column of
V, call it vy, is equal to one:

(A — )\[)’Ul = byl.

As a consequence, the closer A is from the spectrum of A, the smaller y; is. In
the limit, if A is an eigenvalue of A, y; is put to zero and vy is an eigenvector
of A corresponding to the eigenvalue \. If v; € Im(V), X is also an eigenvalue
of A= ZT AV and T(s) admits a pole at s = \.
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3.5 Concluding Remarks

Generically, two SISO transfer functions T'(s) and T'(s), of order n + 1 and n
respectively, do not have common poles. Hence, almost every strictly proper
SISO transfer function of Mc Millan degree k can be obtained from any strictly
proper SISO transfer function of Mc Millan degree n > k via Multipoint Padé
interpolation. This implies that a reduced order transfer function constructed
using Krylov subspaces may yield an error of arbitrarily large norm. As a
consequence, the interpolation points must be chosen with care when trying to
construct a reduced order transfer function via Multipoint Padé techniques.

Another important result developed in this chapter is the link between
Sylvester equations, Krylov subspaces and interpolation.

There are many open questions. Given a strictly proper SISO transfer func-
tion T'(s) of Mc Millan degree n, and a strictly proper SISO transfer function
T(s) of Mc Millan degree k < n, we have constructed one set of projecting
matrices Z and V such that 7'(s) can be obtained from truncation of T(s). The
solution set for the matrices V' and Z is much larger. For instance, when there
are more than 2k interpolation points we can choose any subset of 2k zeros to
construct a pair of projectors V' and Z. Partial answers to these questions are
given in Chapter 5.

A more practical question about Multipoint Padé approximation is how
to find interpolation conditions that ensure to have a global error bound be-
tween the original and the reduced order transfer functions? For instance, is it
possible to find an easy characterization of the interpolation points between a
transfer function and a reduced order system obtained by balanced truncation
or optimal Hankel norm approrimation technique? How to choose interpolation
points such that the reduced order transfer function is stable, is also not yet
completely answered, despite the fact that particular choices of interpolation
points guarantee stability [4].

In order to simplify the proofs, another approach has been investigated
related to the Chinese Remainder Theorem. Unfortunately, it has not been
possible yet to simplify all the results using such an approach.

Generalizations of the preceding results in the MIMO case are developed
in the next chapters. More precisely, the link between Sylvester equations,
generalized Krylov subspaces and the problem of tangential interpolation is
treated in Chapter 4. The generality of the embedding of state space realization
in the MIMO case is studied in more details in Chapter 5.

3.6 Notes and References

This Chapter is based on the recent papers [40, 38] and is the result of a
collaborative work with Kyle Gallivan and Paul Van Dooren.
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Padé techniques for model reduction in linear system theory probably ap-
pear in the sixties (see [16] for a survey). Rational interpolation of SISO transfer
functions in a state space context appears in [5]. A study of the partial real-
ization problem is available in [47]. In 1987, de Villemagne and Skelton [26]
where the first who proposed to construct reduced order systems by imposing
a set of interpolation conditions, but they did not realize the generality of this
approach. In his PhD thesis, Grimme [48, 34] studied in more details Krylov
techniques for model reduction in a generalized state space context and made
connections with the Lanczos and Arnoldi algorithms. Since then, many au-
thors have studied Krylov techniques for model reduction, see for instance the
work of Freund [11], Bai [9] and Jaimoukha [58] to cite only a few.



4

Model Reduction by Moment Matching, the
MIMO case

In this chapter, we address the problem of constructing a reduced order transfer
function of minimal Mc Millan degree that satisfies a set of tangential interpola-
tion conditions with respect to another transfer function. The resulting reduced
order transfer function appears to be generically unique and we present a sim-
ple 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 multi-input multi-output systems.

4.1 Introduction

Tangential interpolation of given input/output data has already been treated in
the literature [7, 13]. Here, we address the case where these data are themselves
obtained from tangential information of a given (large-scale) transfer function,
which to our knowledge has not been considered.

In this chapter, we consider p x m strictly proper transfer functions T'(s),
i.e. where lims_, 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 must use the well-established concept of zero of a system (see e.g. [72])
and the following related definition (in this chapter, the term zero corresponds
to the term transmission zero of Definition 1.20).

Definition 4.1. Suppose that T(s) is a p X m rational function. A m x 1 poly-
nomial vector y(s) is a right zero direction of order k at the zero \ if y(A) # 0
and

T(s)y(s) = O\ — s)*. (4.1)
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. A zero X\ is called a blocking zero of

T(s) if T()) = 0.
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Note that for SISO systems, any zero is a blocking zero. Generically, MIMO
transfer functions do not have blocking zeros. It then makes sense to develop
Krylov techniques for MIMO systems that do not impose the error T'(s) —1'(s)
to have blocking zeros but rather chosen left and right zero directions. This is
the purpose of this chapter.

Remark 4.2. 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 oo
T(s)y(s) = D TA=9)" | [ DA —s) |- (4.2)
i=—p 7=0

We see that the first k£ + p terms in the Taylor expansion of y(s) are important
to ensure that the product (4.2) has a zero of order k. This case will not be
discussed here, 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 chapter. 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 xm
strictly proper transfer functions that do not have a pole at s = z.

Left Tangential Interpolation

Let x(s) be a 1 X p polynomial vector of degree 8 — 1 and not equal to zero
at s = z. We say that T'(s) interpolates T(s) at (z,z(s)) if

2(s) (T(s) - T(s)) — 0@z — ). (4.3)

Let z(s) be a 1 x p polynomial vector in 571 of degree 3 — 1 in s~! and not
equal to zero at s = co. We say that T'(s) interpolates T'(s) at (oo, z(s)) if

2(s) (T(s) - T(s)) = O(s~1)PH. (4.4)

Right Tangential Interpolation
Let y(s) be am x 1 polynomial vector of degree § — 1 and not equal to zero
at s = z. We say that T'(s) interpolates T'(s) at (z,y(s)) if

(T(s) - T(s)) y(s) = O(z — s)°. (4.5)

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 (oo, y(s)) if the
following condition is satisfied :
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(T(s) = T(5)) w(s) = O(s~1)"+. (4.6)

Two Sided Tangential Interpolation

Let x(s) be a 1 X p polynomial vector of degree § — 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,z(s),y(s)) if the
following condition is satisfied :

2(s) (T(s) - T(s)) y(s) = O(z — s)+3. (4.7)

Let z(s) be a 1 x p polynomial vector in s~!, 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 —1in s~! and not equal to zero at s—! = 0. We say that 7'(s) interpolates
T(s) at (00, x(s),y(s)) if the following condition is satisfied :

w(s) (T(s) = T(s)) yls) = O(s~ )9+, (4.8)

The objective of this chapter is the following. We are given a transfer function
T(s) and a set of tangential interpolation conditions of the type (4.3) to (4.8)
at a number of points of the complex plane, and we want to construct the
transfer function of minimal Mc Millan degree that satisfies these interpolation
conditions. In order to make the problem more precise, we need to introduce
the following concepts.

Definition 4.3. Let 21,..., 2k, be points in the extended complex plane, not
necessarily distinct or finite. For each finite zo, a 1 X p polynomial vector x4/(s)
of degree B, — 1 and not equal to zero at s = z, s given :

Ba—1
ZTa(s) = Z a2z —5)7, 2l #£0. (4.9)

Jj=0

If 2z, = o0, then a 1 X p polynomial vector in s

s~! and not equal to zero at s = 0o is given :

, To(s) of degree Bo — 1 in

Ba—1
Za(s) = Z xls=i 20l £, (4.10)
§=0
The left interpolation set Ijcy, is defined as follows
Diege = {(21,21(5)) s - -5 (Zhyesos Throye (8)) } - (4.11)

The size of Iicft, written size(Ijeft), is defined as follows :
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Kieft

size(Ljegy) - Z/BZ (4.12)

Finally, the set of interpolation points of Iy, written p(Iiest) is defined as
follows :

p(Ileft) = {21""’Zkleft}' (413)

Analogously, a right tangential interpolation set
Inight == {(wlv yl(s)) IRE) (wkright7yk77'ight (s))} ) (4'14)
with the points ws,. .., Wk,,,,, arbitrarily chosen in C U oo and each m x 1

polynomial vector Yo (s), 1 < a < kyigns of degree 6o — 1 in s if wy is finite (of
degree 5o — 1 in s~1 otherwise) defined with the same conventions as above.
Let I} be a left tangential interpolation set. Let I. be a right tangential
interpolation set. The set
I={n,1.} (4.15)

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

p(1) := p(L;) Up(L,). (4.16)

Let T(s) be a transfer function, then we say that the tangential interpolation set
T 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
2o € I} is equal to some wy € I, say &n y = 2o = W, then define x(f)( ) 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 x4 (s) about z,, and analogously for y(g)( ) :

2D (s me a8 L y9s Zym — s (4.17)

Use the same notation if zo or wy is equal to oo :

f-1
z$ (s) :=ng]sfj ) (9) Zy s, (4.18)
=0

We are now able to define the tangential interpolation problem.

Definition 4.4. Let T(s) and T(s) be two strictly proper pxm 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,q(s)) belonging to I,
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2. T(s) interpolates T(s) at any couple (w,y,(s)) belonging to I,
3. Finally, for every zo = wy := &y, we tmpose that for all f =1,...,08;
g=1,...,8,, T(s) interpolates T(s) at (€., mgf)(s), yf,g)(s)),

Remark 4.5. There is a notable difference of notation between the definition
of the tangential interpolation problem in the SISO and in the MIMO case.
In Definition 4.4, the derivative order of the the interpolation conditions at an
interpolation point is implicitly given by the polynomial degree of the tangential
interpolation direction vectors x;(s), y,(s) and not explicitly given as for the
SISO interpolation sets of Definition 3.5. Adding new tangential interpolation
vectors z;(s) at the same interpolation point A does not necessarily result in
imposing higher order interpolation conditions at this point but more generally
interpolation conditions at other directions. This clearly only makes sense in
the MIMO setting.

Two other remarks are in order. In this chapter, we consider only the sim-
ple case when the interpolation set I is T'(s)-admissible and 7'(s)-admissible.
Secondly, the tangential interpolation problem has been studied in a slightly
different form in the literature, e.g., in [13], 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 one treated in [13]. A lemma
showing the equivalence between the two formulations is proved in Section 4.6.
The problem solved in this chapter can be stated as follows:

Problem 4.6. We are given a strictly proper p x m transfer function T'(s)
of Mc Millan degree n, and a corresponding minimal state space realization
(C, A, B), such that

T(s) = C(sI, — A)"'B,
with C' € CP*", A € C"*™ and B € C"*™. We are also given a T'(s)-admissible
tangential interpolation set I. We want to construct a p x m reduced order
transfer function 7°(s) of minimal Mc Millan degree k,

T(s) = C(sl — A)™'B, (4.19)

with C' e 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 chapter is organized as follows. In Section 4.2, the tan-
gential interpolation problem is solved for two simple sets of interpolation con-
ditions. In Section 4.3, the background necessary to solve the general problem
4.6 is introduced. In Section 4.4, the Multipoint Padé approximation is con-
structed and its main properties are analyzed. An extension of the preceding
results for generalized state space realizations is given in Section 4.5. In Section
4.6, another formulation of the Tangential Interpolation Problem is presented.
Concluding remarks are given in Section 4.7.
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4.2 Preliminary results

In this section, we present the solution of Problem 4.6 for two particular inter-
polation sets. The general results are given in Sections 4.3 and 4.4.

One set of n distinct right interpolation conditions

The first simpler problem solved in this section is the following :

Problem 4.7. Let T'(s) be a p x m transfer function of Mc Millan degree n.
Let {A1,...,Ax} be k (where k < n) distinct finite points in the complex plane
that are not poles of T'(s). Let {y1,...,yx} be k m x 1 nonzero vectors. We
want to construct a p x m transfer function T'(s) of Mc Millan degree k such
that for all 1 < <k, .
T(Ni)yi = T(N)yi- (4.20)
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 k matrix
V= [1}1 e vk] that satisfies the following Sylvester equation :

A
A[vl...vk]—[vl...vk] —|—B[y1...yk}:0. (4.21)
Ak

In the SISO case, it follows from Lemma 3.9 that for any set of nonzero scalars
Y1, -, Yk, V that solves (4.21) must be a full rank matrix if the pair (A, B) is
controllable. In the MIMO case, the situation is more complicated. Even if the
vectors ¥yi,...,y, are linearly independent, V' may not be of full rank, even if
the pair (4, B) is controllable. This is related to the controllability indices of
the pair (A4, B) (see for instance [60], Section 6.4.6).

Let us assume that V' has full column rank k. Construct Z € C™** such
that

Z'V = I.

Construct C' € CP** A € CF** and B € CF*™ ags follows :

C.=cv , A=27TAv , B:=Z"B.
Define the transfer function
T(s) := C(sl, — A)~'B.

Let us prove that if the interpolation points A; are not poles of T(s)7 then T(s)
solves Problem 4.7. First note that for any 1 <14 < k the columns of V' can be
computed as follows :

V; = ()\ZIn — A)_lByi.

We will also use the following well known result.
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Lemma 4.8. Let V € C***. If the vector v belongs to the column span of the
matriz V. Then, for any matriz W € C** 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 = V9. For any W7 satisfying W7V = I, we have
© = WTv. This in turn implies that v = VW7o,

O

Let us consider an arbitrary interpolation point, say A;. Defining W by
W7 = (2" (ML, — AV) " 2T (I, — A) (4.22)

clearly yields W7V = I, and applying the preceding lemma, we obtain the
following equalities :

T(A)y1 = C(Ml, — A)~' By (4.23)

= CVWT(\I, — A)7 By (4.24)

= OV, — ZVAV) 1 ZT By, (4.25)

=T(M)y1. (4.26)

Following the same reasoning with Ag,..., Ak (corresponding A; by another

interpolation point in (4.22)), this proves that 7°(s) solves Problem 4.7.

Remark 4.9. 1. This reasoning is very similar to the technique used in the
SISO case in [26] and [48] . These papers develop techniques to construct a
SISO transfer function of Mc Millan degree k 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 7'(s) of Mc Millan
degree k that solves Problem 4.7 is not unique. This is due to the fact
that there exist infinitely many matrices Z € C"** such that Z7V = I,
where V satisfies (4.21) and is generically unique. We will see in the sequel
that, by imposing k additional left interpolation conditions, one generically
determines a unique reduced order transfer function T(s) of Mc Millan
degree k.

3. The condition that no interpolation point A; is a pole of T(s) implicitly
appears in (4.22) where it is assumed that the matrix Z7 (A1, — A)V =
M1 — A is invertible.

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 4.6,
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Kiept = krigne =1, fr=01=k , z1=w =q. (4.27)

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 4.10. Given T'(s) = C(sI,—A)"'B, a € C, x(s) := Y.\ alil (a—s)

and y(s) := Zf;ol ylil(oa— 5)?, construct a reduced order transfer function 7'(s)
of Mc Millan degree k such that

x(s)T(s) = xA(s)T(s) + O(a — s)k, (4.28)
T(s)y(s) = T(s)y(s) + O(a — s)*, (4.29)

and forall f=1,....k;g=1,...,k,
a:(f)(s)(T(s) - T(s))y(g)(s) = O(a — s)79. (4.30)

In order to solve the problem, we first rewrite equations (4.28) to (4.30) as
matrix equations. Note that for any « € C that is not a pole of T'(s), we can
write

T(s) = C(sl, —A)'B=C((s—a)l, +al,—A)"'B (4.31)

=Clal, —A) ' (I, — (a—s)(al, —A)"') B (4.32)
= i C(al, — A) " 1B(a - s)*. (4.33)
k=0

Let us consider the left interpolation conditions corresponding to equation
(4.28). By imposing the k first coefficients of the Taylor expansion of the prod-
uct 2(s)(T(s) — T(s)) to be zero, we find the following system of equations :

20C(al — A)7'B

= 20l — A)7'B (4.34)
2MC(al — A)™'B +2%C(al — A)7?B
= ¢ (al — A1 B + 290l — A)2B (4.35)

e* U0l — A)'B+ ... +20C(al — A)FB
= P (ol — A)'B + 2C(al — A)~FB (4.36)
Defining the matrix X € CF**P and the generalized observability matrix
Oc.a € Ckr*n a5 follows :
10 Clal —A)?
X = i Ocoa = (4.37)
zlb=1 L glo] Clal — A)~F
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and defining matrix OC‘, i€ Ckr*k analogously by replacing the matrices C'
and A by C and A in (4.37), we are able to state the following lemma.

Lemma 4.11. A p x m transfer function T(s) = C(sI; — A)~'B satisfies the
interpolation conditions (4.28) if and only if
XOp 4B =X0Oc 4B (4.38)

Proof. Equation (4.38) is simply a matrix form of the system (4.34)-(4.36).
O

We can transpose the preceding reasoning to the right interpolation condition
(4.29). Defining

ylol . ylk1l
Y = TR i Cap=|[(al—A)7'B...(al —A)"*B] (4.39)
yl0l
and following the same reasoning as before, we obtain the lemma.

Lemma 4.12. A p x m transfer function T(s) = C(sI; — A)~'B satisfies the
interpolation conditions (4.29) if and only if

CC4 Y = CCa BY. (4.40)

At this point, all that we have done is to rewrite the left and right interpola-
tion conditions into matrix equations. Next, we define the generalized Loewner
matrix as

ET(s) = XOC,ACABY. (4.41)
The matrix ET(S) is defined as Lp(,) by replacing the matrices C, A and B by
C , A and B. By rewriting the two-sided interpolation conditions corresponding
to (4.30), we obtain the following lemma.

Lemma 4.13. A p x m transfer function T(s) = C(sI, — A)"'B satisfies the
interpolation conditions (4.30) if and only if

‘C'f(s) = ET(s)- (4.42)

The following result can be proven using partial fraction expansion and Lemmas
4.11 to 4.12.

Proposition 4.14. Fvery transfer function T(s) that satisfies the equations
(4.28),(4-29) and (4.30) is such that

X0 aACABY = XO¢, AAC 48Y- (4.43)
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The main result of this section can now be stated as the follows:

Proposition 4.15. If the matriz Ly is invertible, then every transfer func-
tion that satisfies the interpolation conditions (4.28)-(4.30) has a Mc Millan
degree greater than or equal to k. Moreover, the transfer function of degree k
that satisfies the equations (4.28)-(4.30) is unique if it exists and it can be
constructed by the projection matrices V. and Z that satisfy :

Im(V) = Im (Cc,aY) (4.44)
Ker(Z') = Ker (XO4.5) (4.45)
Z'V = I, (4.46)

if a is mot a pole of A.

Sketch of the proof :
Suppose that there exists a transfer function of Mc Millan degree k such
that equations (4.28) to (4.30) are satisfied. It follows that

XO¢ 4B = X0c 4B (4.47)
CCq 4U = CCc,aY (4.48)
X0p 4AC; 3Y = XOc,aACa,BY. (4.49)

Because of the invertibility of Lr(,), the matrices XOp 4 € CF** and C4 3Y €

CF*k are invertible. If we define

—1
M = (Xoé, A) (4.50)
-1
N = (c;5Y) (4.51)
ZT = MXOc,a (4.52)
V =CapYN, (4.53)

it is straightforward to show that
A=27TAv, B=2"B, C=cVv, Z'V=1,. (4.54)

Because the image of Z,V is uniquely defined by the interpolation conditions,
the uniqueness of an interpolating transfer function of Mc Millan degree k
follows. Finally, there cannot exist interpolating transfer functions of Mc Millan
degree smaller than k. Indeed, if 7(s) := C(sI, — A)~'B, of Mc Millan degree
r < k, satisfies the interpolation conditions, the rank of O 4 and Cj g are both

smaller or equal to 7, contradicting the fact that Lp) € CF*k is nonsingular.
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4.3 Auxiliary results

In this section, we define a generalized Loewner matrix that will allow us to
construct explicitly the solution of the interpolation problem (4.6) under some
mild conditions. This generalized Loewner matrix is inspired by the discussion
in [5]. For the SISO case previous results based on [1], [35], and [40] may be
found in [38].

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 4.1. 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 T'(s)) and T'(s) tangentially interpolates T'(s) at I.

We define first matrices that will be used in the development. Consider the
set I; and associate with the pair (z4,z4(s)) € I; defined in (4.9) - (4.10) the
matrix X, € CPaxrha

9

Xo=| =+ - . (4.55)

x[f‘ﬁl] .. xg”

and define the matrix X (I;) € Csze()xp size(li) by
X(I) = diag{Xo}oh'. (4.56)

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

T
Y, = U (4.57)
uw
and define
Y (1) = diag{Ya } 5" (4.58)

To simplify the notation, we do not write explicitly that the matrices X, and
Y, are related to respectively the left and the right interpolation sets I, and
1.

Using Definition 1.10, we easily obtain the following lemma.

Lemma 4.16.

Jw,(S,mYa = YaJw,é 5 JT,ﬁon = Xa‘]ujjﬁm (459)

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 5m = wl + Jo s.m since we add
the same term on both sides of the equation (4.59).

O

We use the same notation as in Chapter 3. More precisely, by extension to
the SISO case, we define the generalized observability and controllability ma-
trices associated with respectively the left interpolation set I; and the right
interpolation set I, (defined in Definition 4.3) as follows :

Oc,a(lh) == Oc,a({(21,61); -, (Zhieser Briese) 1) (4.60)

CA,B(IT) = CA,B({(wlv 51)7 R (wkri,ght7 5kmgh,t)})7 (4’61)
where the generalized observability and controllability matrices on the right
hand side of (4.60) and (4.61) satisfy Definition 3.7.

We associate with the tangential interpolation set I the generalized Loewner
matrix Ly (1) € Csizell)xsizellr) defined by

Lpy(I) = X(1)Oc,a(L;)Ca,5(I1)Y (1), (4.62)

where (C, A, B) is a minimal realization of T'(s).

It is straightforward to verify then that Lp(4) (/) does not depend on the
particular state space realization of T'(s) but only of the value of T'(s) at the
interpolation points and directions belonging to the set I. Next we derive a
series of lemmas that are needed for our main result in Theorem 4.23.

Lemma 4.17. If z, # w, and both interpolation points are finite,

OC,A(ZDM /Ba)CA,B(w'ya 57)
1

= ——0¢.4(2a:8) ([BO ... 0] = Ca,5(wy,8y)J0,5,,m)
Wy — Za
o
1 0 T
+— . _Joﬁa,pOC,A(Zmﬂa) CA,B(w’y»(S'y)~ (4.63)
Zo T Wy :
0

If zo # wy and z, is infinite, then

Oc,4(2a;s Ba)Ca,B(wy, 0y)
C

0
- . CA,B(Zaa(sa) - Jg:ﬁaOC,A(Zaa6&)CA,B(w'y>5'y)JO,5,y,m (464)

0
—wJg 5Oc, (2, Ba)Ca,5(Wy,8,) + Jg 5. Oca(Za, Ba) [BO ... 0]
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Proof. We first prove (4.63). Recall that if a # 8 € C, then
1

A1 -1 1 A1 -1
(al — A)Y(BI — A)~ ! = 5 ~(al = A) 4 — ﬁ(ﬂf At (4.65)
This permits us to write that
Oc,A(2a; Ba)Ca, B (W, 04)
C(zol — A)7L
= : [(wyl —A)7'B ... (wyl — A)~* B] (4.66)
C(zod — A)Pa
. [ C(zoI — A)7L
S : (B ... (wy I —A)"%FIB] + (4.67)
7T Czad — A) P
X I C
— : [(wyI = A)'B ... (wyI—A)~B].
T | Ozl — A) Pt

This last equation is equal to (4.63). This concludes the proof for the finite
case.
Next, consider the case z, = co. The proof is similar but uses the following
equality
AN = A) =T+ XM - A~ (4.68)

This permits us to write that

OC,A(ZON ﬁa)CA,B(w’w 6’}/)

[ C
= : [(wy I —A)"'B ... (wyI— A~ B] (4.69)
OAﬁw_l
doh
0
=1 Ca,B(wy, 6y)
L 0 -
—Jgjga Oc,a(%a; Ba)(A = wyl +wyI)Ca p(wy, 04) (4.70)
Hoh
0 T
= . CA,B(w'y7 67) - w'yJO’ﬁa OC,A(Z&7 6a)CA,B(wA/7 67)
0

+J5 5, 0c,4(20,Ba) ([BO ... 0] = Ca,p(wy,8,)Jos) - (4.71)
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This last term is equal to the right-hand side of equation (4.64).

0
To prove Theorem 4.23, we need the important result that the matrix ET(S)(I )

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

Lemma 4.18. 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 left interpolation set that is
T(s)- and T(s)-admissible. Then, T(s) interpolates T(s) at I} if and only if

X(1)O¢ 4(I)B = X(1)Oc,A(1) B. (4.72)

Proof. Because of the diagonal structure of X, if we prove (4.72) for one diag-
onal block of X, say for instance X, we prove it for the entire equation (4.72).
So we consider the block associated with X,, and we drop a and I; from
za(s), Xa,Oc,a(l1), Op 4(I1) to make the notation simpler. In other words, we
consider the case where there is only one vector z(s) of degree 5 — 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 (4.3) is satisfied if and only if

X0, 1B =XOcAB. (4.73)
We can write that
+o00 ) . R +o0 R ~ ) R )
T(s) =S C(I— A Bz —s)i , T(s) =Y Gzl - A7 Bz - s)".
i=0 i=0
(4.74)

Equation (4.3) says that z(s) is a left zero of T'(s) — T'(s). This means that
the first 8 Taylor coefficients of x(s)(T(s) — T'(s)) at s = z are zero. In other
words, for all 1 <14 < 3, the following equation must be satisfied :

i—1 i—1
> aMC(zr - Ay~FB =" aMC(2r - A)*B, (4.75)
k=0 k=0

and this equation turns out to be exactly the ith row of equation (4.73).
0

Analogously, for the right interpolation conditions, we have the following
lemma :
Lemma 4.19. 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

CA'CA)BY = CCy,BY. (4.76)
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The proof is similar to the proof of Lemma 4.18.

Lemma 4.20. 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;, I} be an interpolation set
that is T(s)- and T(s)-admissible. If T(s) interpolates T(s) at I then, for every
pair of indices a,y such that zo = wy =& (where £ is finite),

XQOCA,’AA(ZQ, ﬂa)cﬁ,é(w“ﬂ 57)}@ = XOCOC’A(ZQ, 60‘)CA,B(w’Y’ 5W)YA{; (4.77)
and for every pair of indices o,y such that zo = wy = & (where £ = o),
XaOp 420, Ba) AC4 5wy, 6,)Yy = X000, a(2a: Ba) ACa B (W, 0,)Yy. (4.78)

Proof. We consider the finite case. To simplify the notation, we drop the sub-
scripts «, 7. Let us choose two integers f,g such that 1 < f < fand 1< g <.

Condition 3 of Definition 4.4 applied to x(s) = x,(lf)(s) and y(s) = y»(,g) (s) says
that the f + g first derivatives of (/) (s) (T(s) - T(S)) y9(s) at s = & are

zero. The condition corresponding to the derivative of highest order is

1 al ot { (T (9) —
(f +g—1)dsito—1 \* ($T()y ()} _ =
f-1g-1
=Y altloEr — AFt=Imopyll (4.79)
k=0 1=0
f—1g—1
=3 (x“ﬂC(gI - A)k‘f) (51 - A)l—gBu[”) (4.80)
k=0 1=0
= (XOc.4CaBY),, (4.81)

Thus, (4.77) is a consequence of the interpolation conditions. The proof is
similar for the infinite interpolation point.
m|

Equations (4.73), (4.40), (4.77) and (4.78) are just a matrix version of
the interpolation conditions of Definition 4.4. We now proceed to prove that
(4.73) and (4.40) imply as well that XOC‘,ACA,BY = XOc,aCa,pY and
XOG,AACA,BY = XOc AAC4, BY, provided the two-sided interpolation con-
dition 3 of Definition 4.4 is added for every pair z, = w,. This may seem
surprising but it is a simple consequence of Lemma 4.20 when z4,,, and fol-
lows from the two-sided condition when z, = w,.

Lemma 4.21. If the strictly proper transfer function T(s) = C(sI — A)~'B
interpolates T'(s) at I = {I;, 1.} (where the interpolation set I is T(s)- and
T'(s)-admissible), then

XO¢ 4C4 Y = XOc,aCa, pY- (4.82)
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Proof. The proof will be done block by block. If z, = wy = &,y and &, - is
finite, the proof follows from Lemma 4.20. Let us consider the case &, - infinite.

XaOC.,A (ZOU ﬂa)CA,B (w'Y7 6’Y)Y’Y

[0] 5y—1
Yy - Yy

= XaOC,A(Z(xaﬂa) [B Aavil] (483)

[0]

Y

_ [0] 5,—1
= XaOc, (20, Ba)B [y7 Yy } (4.84)
_XaOC,A(zou ﬁa)ACAJg(w,y7 57)}/7]0,5 (4.85)
= XQOC',A(ZM ﬂa)CA,B(w% 07)Y. (4.86)
Secondly, we suppose that

Zo F Wey. (4.87)

We assume that 2z, and w, are finite. The idea is to recursively use equation
(4.63). We want to show that

XaO¢ i(2a:Ba) B = XaO0,(2a; Ba) B (4.88)

and
CCA,B (w’h (;W)Y’y = C’CA,B (w'ya 57)Y’y (489)

imply
Xaoé,A(Zaa ﬂa)CAf;’ (w’ya 67)Y’y = XQOC,A(Zav 6&)CA,B(w'yv 57)Y"/' (490)

We drop again «, 7, (2a, fa), (W, 0) to simplify the notation.

XOc,aCa,BY
1
= w—ZXOC’A ([B 0... 0] —CA,BJ0,57m)Y
C
' x ! —Ji5,0 CagY (4.91)
> —w 0,8,pYC,A A,B .
0
CCa,BY
1 1 0
Zi[XOCYABO...O]Y—l— X .
w—z z—w :
0
1 1
————X0Oc,aCa,BY Jo5 — Jo,sXOc, aCa,BY . (4.92)
w—z Z—w
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From Lemmas 4.18 and 4.19 we deduce,

1 - 1 R
X0~ ;:;B0...0|1Y = X0~ ;:;B0...0|Y, 4.93
w—z c,4 w—z ¢4 > )
CCa Y CChpY

1 0 1 0
X , - X _ . (4.94)

Z—w : z—w :

0 0

By using a recursive argument, it can be shown that
X0O0c,aCa,BY Jos = XOp 4C; pY Jo,s (4.95)
Jo,sXOc, aCaBY = J(),,@XOCA,’ACA’BY. (4.96)

Finally, we have to consider the case with one infinite interpolation point, say
for instance z, = 0o and the other point w,, finite. This can be treated similarly
by using recursively equation (4.64).

0

Lemma 4.22. If the strictly proper transfer function T(s) = C’(sI — /1)’13
interpolates T(s) at I = {I;, I} and I is T(s)- and T(s)-admissible, then

XOC‘,AACA,BY = XOc ,4AC4,BY. (4.97)
Proof. We recall that
ACA’BY = [ACAB(’UM, (51)Y1 . ACA,B(U}S, 55)}/5} (4.98)

The proof will again be done block by block. Let us prove it for the block of
C; 5(I)Y corresponding to w,. Two cases must be considered.
Assuming that w, is finite yields

ACo,a(wy, 05)Y

= (A —wyI + wyI)Co a(wy,0,)Y, (4.99)
=—[B... (wyl, — A" TB]Y, + w,Cca(wy,6,)Y,  (4.100)
=—B [yl ...y~ + Coa(wy,65)YTw, 5. - (4.101)

This allows us to write that
XOC,AACA,B(“’% 67)Yy
= XOp 4 (~BWY . 4 Cy )Y ) (4102)

= XOc.a (_B[y[aw—u 0] +CA’B(w7,6V)YVwa5V) (4.103)
= XOQAACA,B(U},W(S,\/)Y,Y, (4.104)
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where the first part of (4.103) is a consequence of Lemma 4.18 and the second
part of (4.103) is a consequence of Lemma 4.20.

Secondly, 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 4.20.

O

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

Theorem 4.23. Let (C1, A1, B1) be a minimal state space realization of the
strictly proper transfer function Ty (s) and (Ca, A2, Ba) be a minimal state space
realization of the strictly proper transfer function Ta(s). Let the interpolation
set I ={I;, 1.} be Ty(s) and To(s)—admissible (i.e. the interpolation points are
neither poles of Ti(s) nor Ta(s)). Then, Ti(s) interpolates To(s) at I if and
only if the following equations are satisfied :

C1Ca, B, (I;)Y (1) = C2Ca, B, (I)Y (1) (4.105)
X(I)Oc¢, 4, (I1)B1 = X(1;)Oc,, 4, (1}) Ba (4.106)
X(1)Ocy,a,(1)Ca,,B, (I;)Y (1) = X(11)Ocy, 45 (11)Ca, B, (1r) Y (1,(4.107)
X(1)Oc¢y A, (IN)ArCa, B, (I)Y (1) = X (11)Ocy, A, (11) A2Ca,, B, (1) Y(4,108)

Y (I

T

Proof. Follows from the preceding results.

4.4 The Multipoint Padé Reduced Order Transfer
Function

In this section, we give a practical way of constructing a minimal state space
realization of the transfer function of minimal Mc Millan degree that interpo-
lates T'(s) at the interpolation set I when the corresponding Loewner matrix
Lps)(I) is invertible. The interpolating transfer function of minimal Mc Mil-
lan degree will be called the Multipoint Padé reduced order transfer function
TMP(S). A minimal state space realization (éMp, Anp, BMP) of TMp(s) will
be obtained by a projection technique. More precisely, the state space real-
ization (CMP,AMP,BMP) will be constructed by projecting a minimal state
space realization (C, A, B) of T(s) with two projecting matrices Z,V € C"**
as follows :

Cup=CV , Aup=2TAV , Bup=2"B ., Z'V=1I,.

It will be shown that the projecting matrices Z,V can be obtained by solving
Sylvester equations.
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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 (4.11). For any

integer a such that 1 < o < kjc¢¢, define the matrices (L,(ll)7 Lg)) as follows :

1. If the interpolation point z, is finite, then take

LY =15, , LI :=Jr (4.109)

ZasBat

2. If the interpolation point z, is infinite, then define
LY :=—Jis . LY :=1Is,. (4.110)
Moreover, define the matrix X, as follows :

0

Xo=1| : |. (4.111)
xf“fl]

Finally, define the matrices L) (1;), L") (I}) and X(I;) as follows
LO(L) == diag{LPYaey . LO(L) o= diag{L{ Yoy, (4.112)
X
X)) = : : (4.113)
Xk?left

Let us consider the right tangential interpolation set I, defined in (4.14). For

any integer o such that 1 < o < Kpjgne, define the matrices (R((Jf),R,(J)) as
follows :

1. If the interpolation point w, is finite, then take
RV =15, , R :=J,. .. (4.114)

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

RV = —Jos. , RV :=1I;. (4.115)
Moreover, define
Yai= [yl yle1]. (4.116)

Finally, define the matrices R (I,.), R(")(I,.) and Y(I,) as follows

RO(L,) := diag{RPY,29" , ROU(L,) = diag{R{ Y24 (4.117)
VUI) = [Vo - Vevign: | - (4.118)
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As a consequence of these definitions we have
LOLT — (O , RORM — R RO (4.119)

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

Lemma 4.24. Let (C, A, B) be a state space realization of the transfer function
T(s). Let us consider a T(s)—admissible interpolation set I = {I;,1.}. Then,

N =Cap(L)Y (I,
M = X(I,)Oc (I

) <= ANRW(I,) — NR™(I,) + BY(I,) = 0,(4.120)
) = LOI)MA-LYM+XC =0 (4.121)
Proof. Let us prove equation (4.120) for only one interpolation condition I, =
{(w,y(s))} at a finite point w.

ANRY(I,) = NR™(I,) + BY(I,) = 0
— A [nl nk} — [nl nk] Jw,k

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

(wI — A)ny = Byl% (4.123)

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 = C4 g(I,)Y (I,)
for one finite interpolation condition I, = {(w, y(s))}.

Let us prove equation (4.120) for only one interpolation condition I, =
{(w,y(s))} at an infinite point w = oco.

ANRW(I,) — NR™(I,) + BY(I,) = 0

0 1 0 ... 0]
@A[nlnk] 0
: 1
0 ... 0]

—[n1...one] + B[y .. y-U] =0 (4.125)

Again, by solving this equation column by column we find that N = Ca g(I;)Y ({,)
for one interpolation condition I, = {(c0, y(s))}. If the interpolation set I,. con-
tains more than one pair, say k, pairs, because of the block diagonal structure of



4.4 The Multipoint Padé Reduced Order Transfer Function 81

RW 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 ... Ny ]

= [CA,B (w1,y1(8)) Y (w1, 91(5)) - - Ca.B (wk7-7ykr(8))y(wkr7yk7-(s))]
= Cap(I)Y(I,). (4.126)
O

The main result of this chapter can now be formalized.

Theorem 4.25. Consider a transfer function T(s) and a T(s)-admissible tan-
gential interpolation set I := {I;,I,} and assume that the corresponding
Loewner matriz L1 5)(I) € C*** is invertible. Define then two invertible ma-
trices M, N € C*** such that

‘CT(S) = X(IZ)OC7A(IZ)CA7B(IT‘)Y(IT) = MN, (4127)

and define the “Multipoint Padé” reduced order transfer function TMp(s) via
its state space realization {Apyrp, Byp, Crrp} given by the equations :

CypN = CCa BY, (4.128)
MByp = XOc 4B, (4.129)
MAppN = XOc 4 ACA BY. (4.130)

If the interpolation points are not poles ofTMp(s), i.e. if the interpolation set I
is Thrp(s)—admissible, then Th;p(s) interpolates T(s) at I. Moreover, Thrp(s)
is the unique transfer function of Mc Millan degree size(I}) = size(I,.) that
interpolates T'(s) at I and there exists no such transfer function of lower Mc
Millan degree.

Proof. First, note that it is always possible to find a couple of invertible matri-
ces M, N that satisfy (4.127) because of the invertibility of Lp(4)(I). Second,
it can be verified that Ty p(s) is uniquely defined and does not depend on the
particular choice of matrices M, N satisfying (4.127).

The proof consists of showing that M = X(I,)Og, , 4,,,(l1) and that
N =Cj4,,, Byp L)Y (I;). From the preceding results, it is equivalent to show
that M and N are solutions of the Sylvester equations of Lemma 4.24. First,
from equations (4.127) to (4.130) and Lemma 4.24, we have

AypNRY — NR™ 4 By pY
= M~'XOc.a (ACABYR(” —CapYR" + By) =0.  (4.131)
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This implies also from Lemma 4.24 that N =C4 5 (I+)Y(I;). Analogously,
M = X(11)Og,, . 4, (11). The proof follows now from Proposition 4.23. In-
deed, (4.128) is equivalent to saying that the right tangential interpolation
conditions are satisfied, (4.129) corresponds to the left tangential equations
and equations (4.127) and (4.130) are equivalent to the two-sided interpolation
conditions. Hence, Thsp(s) interpolates T'(s) at I.

We have still to prove that ny p(s) is the unique transfer function of Mc
Millan degree k that satisfies the interpolation conditions with respect to T'(s),
and that there exist no transfer function of Mc Millan degree smaller than k
that satisfies the interpolation conditions. To do this, first assume that there
exists T (s) of Mc Millan degree k < k that satisfies the interpolation conditions.
Let (C, A, B) be a minimal state space realization of 7'(s). Clearly,

rank C4 5(I)Y (I;) < rank Cj4 p(I,) = rank Contr(A,B) =k < k. (4.132)

From the interpolation conditions, we must have that Lo (s) (1) = L4 (1). This
implies that .
k=rank Ly)(I) = rank Lz, (1) < k. (4.133)

This proves that it is not possible to find an interpolating transfer function of
Mc Millan degree smaller than k.

If we assume that there exists another interpolating transfer function 7'(s)
of Mc Millan degree k, it is not difficult to verify that the procedure given for
constructing a minimal state space realization (C’ LA, B) of T (s) will produce a
state space realization that is similar to (C’Mp, AMp, BMP). This implies that
T(s) = Tarp(s) and concludes the proof.

O

By inverting the matrices M and N into the equations (4.127) to (4.130), if we
define
ZV=M"1'X0Oca , V=CagYN* (4.134)

we see that
ZW=I, , CV=Cup , Z'TB=Byp , ZTAV =Ayp. (4.135)

As in the SISO case, projecting with Sylvester equations is equivalent to solving
an interpolation problem and, possibly, performing Modal Approximation. Here
is a MIMO version of Theorem 3.23.

Theorem 4.26. Let T(s) := C(sIy — A)"'B be a p x m transfer function of
Mc Millan degree k and T(s) := C(sl,, — A)"'B be a p x m transfer function
of Mc Millan degree n. There exist full rank matrices Z,V € C™*F (with ZTV
nonsingular) satisfying Sylvester equations of the form

AVRY — VR 4 By =0, LOZTA-LMZT + xC =0, (4.136)
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with regular pencils sSRY — R and sLW — L) if and only if T(s) solves a
tangential interpolation problem with respect to T(s) (with possible additional
modal approximation properties).

Sketch of the Proof :
The idea is essentially the same as for Theorem 3.23. Let us consider the image
of V. We have to prove that V satisfies (4.136) if and only if its image is a sum
of generalized Krylov subspaces of the pair (A, B) and eigensubspaces of A.
The ”if” part is a consequence of Lemma 4.24. To prove the ”only if part”,
consider the Kronecker form of the regular pencil sR® — R(") and then decom-
pose the image of V' with respect to the diagonal blocks of this Kronecker form.
By solving the Sylvester equation (4.136) block by block, one can decompose
the image of V' as a sum of generalized Krylov subspaces.
Modal approximation appears when the pair (R(l), Y) is unobservable.

Remark 4.27. The main difference between Theorem 4.26 and Theorem 3.23
is that projecting with Sylvester equations is not universal anymore, i.e. there

exist pairs of transfer functions (T (s), T(s)) such that the transfer function of

smaller Mc Millan degree cannot be obtained via Sylvester equations from the
transfer function of larger Mc Millan degree.

4.5 Extension to Generalized State Space Realizations

Krylov techniques can easily be extended to generalized state space systems,
also called descriptor systems. Let us briefly sketch how to handle this case.

Assume that (C, E, A, B) is a minimal generalized state space realization
of the MIMO transfer function T'(s). Assume also that the pencil sE — A is
regular. Similarly to the standard case (see equations (3.1) to (3.5)), define the
following moment matrices:

Tpap(\k) = (AE—A)'E)" " (\E-4)" (4.137)
I'p,a,p(00,k) = (BE-'A)*1ET!B, (4.138)
Acpa(\ k) = COAE — A" (EOE — A1), (4.139)
Ac.p.a(oo, k) == CE~Y(AE~1)k! (4.140)

From these definitions, the generalized controllability and observability matri-
ces are defined as usual.

Definition 4.28. Let (C,E, A, B) be a generalized state space realization of
the SISO transfer function T(s) (with sE — A a regular pencil). Let I be a
T(s)-admissible interpolation set (see Definition 3.5). We define the generalized
controllability matriz Cg 4, g(I) by the following equations
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Cp,a,B(si;m;) == [I's.aB(si,1) ... I'gap(sim;)], (4.141)
CE,A,B(I) = [CE,A,B(sl,ml) CE,A,B(S’I"umT‘)] 3 (4142)

and generalized observability matriz Oc g a(I) to be
T
Oc,E,A(si,mi) = [Ac,E)A(Si,l)T Ac)E7A(8i,mi)T] , (4.143)
T
OQE)A(I) = [OC,E,A(Slyml)T OC,E’A(ST,mﬁT] . (4.144)

If T(s) is a MIMO transfer function and {Ijest, Iright} s a T(s)-admissible
tangential interpolation set, define

OC,E,A(Il) = OC,E,A({(ZL ﬁl)a RN} (Zk)lefﬁﬁkleft)})a (4145)
Ce,a,B(Iy) = Cpas({(w1,61); -, (Wkyignes Okrigne ) })s (4.146)
ﬁT(s) I) = X(IZ)OC,E,A(IZ)CE,A,B(IT)Y(IT) (4147)

With the preceding extensions, a generalization of Proposition 4.25 for gener-
alized state space realizations is the following.

Theorem 4.29. Consider a transfer function T (s) with generalized state space
realization (C,E, A, B) (with a regular pencil sE — A) and a T(s)-admissible
tangential interpolation set I := {I;,I,}. Assume that the corresponding
Loewner matriz Ly (1) € CF*k s invertible. Construct two projecting ma-
trices Z,V € C"** such that there exists invertible matrices M, N € Ckxk
with

VM =Cg ap(I)Y(I,), (4.148)
NZT = X(I))Oc.p.a(L)). (4.149)

Define the “Multipoint Padé” reduced order transfer function TMp(s) via its
state space realization {Cprp, Enip, Arvip, Bup} given by the equations :

Cup =CV, (4.150)
Bup =Z7B, (4.151)
Ayp = 2T AV, (4.152)
Eyp=ZTEV. (4.153)

If the interpolation points are not poles ofTMp(s), i.e. if the interpolation set T
is Thrp(s)—admissible, then Thrp(s) interpolates T(s) at I. Moreover, Thrp(s)
is the unique transfer function of Mc Millan degree size(I;) = size(I,) = k that
interpolates T(s) at I and there exists no such transfer function of lower Mc
Millan degree.
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Remark 4.30. The proof of Theorem 4.29 is not given here because it is similar
to the proof of Theorem 4.25, but with more tedious notation. A simple way
to understand the preceding results consists in assuming that the matrix F is
invertible. Thus, if (C, E, A, B) realizes T'(s), so does the standard state space
realization (C, E~'A, E~1B). Then, it remains to observe that the transfer
function Tasp(s) given by Theorem 4.29 is the same as the transfer function
Trp(s) given in 4.25. The main advantage of using generalized state space
realizations is that the state space realization of the original transfer function
T(s) is often available directly in generalized form. So, it makes sense to use
model reduction techniques that can be applied directly to the generalized state
space realization. We refer to [40] for other results in this direction.

It should be also pointed out that the bi-orthogonality condition ZTV = I,
is implicitly replaced in Theorem 4.29 by the equation Eup=Z2TEV.

4.6 Second Formulation of the Tangential Interpolation
Problem

The Tangential Interpolation Problem has been studied in details in [13]. Let
us show here that their formulation of the tangential interpolation problem is
the same as ours.

Lemma 4.31. Let T(s) and T(s) be two strictly proper p x m transfer func-
tions. T'(s) tangentially interpolates T(s) at I with respect to Definition 4.4 if
and only if the three following conditions are satisfied :

for all finite 2,1 < a<r, for any 1 <i < fq:

dz’—l
dsi—1

{xa(s) (T(s) - T(s)) }‘ -0 (4.154)

o

forall zo, =0, 1 <a<r,
Tals) (T(s) - T(s)) = O(s~1)Part (4.155)

for all finite wy, 1 < a <s, for any 1 <i <,

% {(T(s) - T<s)) ya(s)} =0 (4.156)
for all wy, = 00,1 < a <s,
(T(s) - T(s)) Ya(s) = O(s 1)+ (4.157)

for all finite { y, for all f =1,...,84; 9=1,...,0,,
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f+g—1
d { ( =0 (4.158)

A {0 (1) - 7)) ()}

s=€a,~y

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

+oo
#0(5) (1) =T ) (s) = 3 els™ (4.159)
k=1

is zero, where f =1,...,84;9=1,...,0,.

Proof. Tt is easy to see that the left tangential interpolation conditions (4.154)-
(4.155) and condition 1 of Definition 4.4 are equivalent. For the same reasons,
the right tangential interpolation conditions (4.156)-(4.157) and conditions 2
of Definition 4.4 are equivalent. Moreover, it is not difficult to see that the two-
sided tangential interpolation condition 3 of Definition 4.4 implies conditions
(4.158) and (4.159). The proof will be completed by showing that conditions
(4.154) through (4.159) imply the conditions 1, 2 and 3 of Definition 4.4.

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 é — 1 such
that

~

x(s) (T(s —T
(T(s) . T(s))

and forall 1 < f<p,1<g<d

(3)) =0(s—2)% () £0 (4.160)

y(s) =0(s —2)°, y(2) #0 (4.161)
f+g—1 .

s {06) (765) - 7)) 99 (5)}

We want to prove that this implies for all 1 < f < 3,1 < g <9,

=0 (4.162)

S=z

2 (s) (T(s) - T(s)) g9 (s) = O(s — 2)7+9. (4.163)
By using Lemma 4.20, equation (4.163) is equivalent to the equation
XOc,aCaBY = XOC’,ACA,BY (4.164)

The proof will be completed if we show that for all 1 < f < 3,1 < g <4, for
all integer k such that 1 < k < f + g — 1, the derivative

dftrg—k—1

dsfro—F—1 {N)(s) (T(S) - T(s)) y(‘”(S)} =0. (4.165)

S=z
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Let us first verify (4.165) for k = 1. First, straightforward calculation gives
dfte—2

dsft9—2 {x(f)(S)T(S)y(g)(s)} o
f—1g—1
= aM Oz — A)eHi=I=9+1 gyl (4.166)
k=0 1=0
f—1g—1
= Z ( Oz — Ak f) (2] — A) (zI - A)l—gBy[”) (4.167)
k=0 1=0
= (XOc¢,a(zI — A)CA7BY)f,g. (4.168)
From Lemmas 4.20 and 4.22,
(XOg,a(2] — A)CapY) = (XOd A1 - A, BY) . (4.169)
This concludes the proof for the case &k = 1. Now, we assume that for all
1<f<pfand1<g<4,and for all 0 <r < min(k, f+g—1),

dftg—r—1

= {20 (T = 1(9) ) ¥ (9)}

and we want to prove that (4.170) is still true for r = min(k+1, f +g—1). So,
we choose 1 < f < fand 1 < g <4 such that f+¢g—1 > k+ 1. We obtain the
following equations

dfr9—k=2

=0, (4.170)

S=z

dsf+9—k—2 {fﬂ(f)(s) (T(S) - T(S)) y(g)(s)} s
df—1tg—k-1 .
-+ - .51 (9)
— e {26 (169 - 19) 9 ()} (4171)
df—1+g9—k-1 ) R
eI —ire—h—1 {(z—s b= ]( ~T(s ) Yy (s )} _ 4am2)
By the recursive argument,
df*l‘i’g*kfl B R
i {2V (16) - T(9) 0 (9) )| =o. (4.173)
Moreover, we know from (4.156) that
(T(s) = T(5)) 49 (5) = O(= = 5. (4.174)
This implies that
df+g—k—2 R
) {Jf(f)(S) (T(S) - T(s)) y(g)(s)} =0 (4.175)

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

An interesting property of Multipoint Padé approximation that is worth men-
tioning is the following. Assume that one has constructed a reduced order
transfer function 7} (s) that interpolates the original transfer function T'(s) at
the interpolation set I; with the projecting matrices Z; and V;. If one wants to
add new interpolation conditions, say Io, 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 Zs, Vo that contain respectively the
column span of Z; and Vi and the new respectively left and right generalized
Krylov subspaces.

Another important result that can easily be derived is that we only need the
projecting matrices Z, V to contain some subspaces, but they can contain other
subspaces as well! For instance, Theorem 4.25 can be generalized as follows :

Theorem 4.32. 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 (Ca,p(I)Y (1)) C Colsp(V),
Colsp (0% 4(I)XT (L)) C Colsp(Z™).

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

Again, it is possible to rewrite Theorem 4.32 for generalized state space real-
izations by replacing the condition Z7V = I, by ZTEV = E and by replacing
the generalized observability matrices Oc 4 and C4 g with respectively Oc g a
and CE,A7B-

In Theorem 4.25 and 4.29, it is always assumed that there is the same num-
ber of left and right tangential interpolation conditions. Indeed, the Loewner
matrix Lps) (/) is assumed to be square. This ensures to define uniquely the
interpolating transfer function of minimal Mc Millan degree. Let us discuss
how to handle the nonsymmetric case. Assume that there are k left tangential
interpolation conditions and k£ — r right interpolation conditions. From these
conditions, construct Z € C™*¥ and V; € C"*( ") gsuch that their images
are equal to the corresponding generalized Krylov subspaces. Then, choose
V5 € C™*" such that

27 [V Vo] = I,

and project using (Z, V). From 4.32, the interpolation conditions are satisfied.
Because there is a degree of freedom in choosing V3, the interpolating transfer
function of minimal Mc Millan degree is not unique.

Finally, we have shown that the projecting matrices Z,V yielding a state
space realization of ny p(s) are solutions of Sylvester equations. Moreover, we
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have shown that generically, constructing a reduced order transfer function with
projecting matrices that are solutions of a Sylvester equation with respect to a
state space realization of the original transfer function is equivalent to solving
a particular tangential interpolation problem (plus possible Modal Approxima-
tion properties). In Chapter 5, another interpretation of the Sylvester equations
appearing naturally in the Multipoint Padé approximation framework will be
given.

If the transfer function is not strictly proper, its polynomial part is often
copied in the reduced order transfer function. Assume that T'(s) := C(sE —
A)7!B+ D has a polynomial part. This implies that E is singular with a kernel
Voo of a particular dimension k. By imposing Im(Vs) C Im(V) (where
V is the right projecting matrix), the reduced order system will have an E
matrix with a kernel of the same dimension and hence will retain these algebraic
equations [35].

4.8 Notes and References

This chapter is based on [39]. A simpler version is available in [36]. This is the
result of a collaborative work with Kyle Gallivan and Paul Van Dooren.

As already pointed out, we refer to the book [13] for an extensive study of the
general problem of interpolation of rational matrix functions, in a more abstract
mathematical setting. Related work focusing on the tangential interpolation
problem is available in [14, 7].






5

On the Embedding of State Space Realizations

In this chapter, the generality of the particular model reduction method, known
as the projection of state space realization, is investigated. Given two transfer
functions, one wants to find the necessary and sufficient conditions for the
embedding of a state space realization of the transfer function of smaller Mc
Millan degree into a state space realization of the transfer function of larger Mc
Millan degree. Two approaches are considered, both in the MIMO case. First,
when the difference of Mc Millan degree between the transfer functions is equal
to one and there is no common pole, necessary and sufficient conditions are
provided. Then, the generic case is considered using a pencil approach related to
Krylov subspaces. A conjecture concerning the generality of Krylov techniques
is also given. Finally, it is shown that the condition of embedding, related to
the eigenstructure of a pencil, is related to the tangential interpolation problem
discussed in the preceding chapter.

5.1 Introduction

We consider two p x m strictly proper transfer functions
T(s) = C(slppp — A)'B, T(s)=C(sl, — A)~'B, (5.1)

of respective Mc Millan degrees n + k£ and k. We want to characterize the set
of projecting matrices Z,V € C(*t*)*k guch that

C=cv, A=277Av, B=27"B, Z"V =1I,. (5.2)

Somewhat surprisingly, if the model reduction problem for linear systems has
been widely studied for more than fifty years, the exact potential of the projec-
tion technique for model reduction has received prior to this date little attention
only. In this chapter, we state this problem in the following terms (the notion
of embedding for transfer functions is introduced in Definition 2.1).
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Problem 5.1. Given two p x m strictly proper transfer functions : 7'(s) of Mc
Millan degree n + k and 7'(s) of Mc Millan degree n, what are the necessary
and sufficient conditions in order to ensure that T'(s) is embedded in T'(s).

We will need some additional notation. Any transfer function T'(s) can be
decomposed into its strictly proper part |T'(s)| and its polynomial part [T'(s)]:

T(s) = [T(s)] + [T(s)]-

The formal degree of a polynomial matrix F(s) is defined as the highest degree
in s of F(s). Let us recall that the normal rank of a p x m rational function
R(s) is the maximal rank of R(s) for s € C.

In the SISO case, it has been proved in Chapter 3, Theorem 3.22 that for
any pair of strictly proper transfer functions, the transfer function of smaller
Mc Millan degree is embedded in the transfer function of larger Mc Millan
degree. This result has been proved with the help of Krylov techniques related
to interpolation theory. As shown in the sequel, it appears that the question is
significantly more complex in the MIMO case.

The outline of this chapter is as follows. A necessary rank condition for
the embedding is given in section 5.2. Necessary and sufficient conditions for
the embedding when T'(s) and T(s) do not have common poles are derived in
section 5.3. Another approach, based on the Kronecker form of some pencils
and an open problem are formulated in section 5.4. A connection between
Krylov Subspaces and the Pencil Approach of Halevi is given in Subsection
5.5. Concluding remarks are given in section 5.6.

Because we consider in this chapter mainly transfer functions 7'(s) and 7'(s)
that differ only by one in terms of Mc Millan degree, we have chosen for ease
of notation to write that the Mc Millan degree of T'(s) is n and the Mc Millan
degree of T'(s) is n+k, with most of the time k = 1. This is in contrast with the
notation adopted in the other chapters where the Mc Millan degrees of T'(s)
and T(s) are respectively equal to n and k.

5.2 A necessary rank condition
Let us first investigate a straightforward consequence of the embedding of one
transfer function into another.

Proposition 5.2. Let T(s) and T(s) be pxm strictly proper transfer functions
of Mc Millan degree n +k and n respectively. If T'(s) is embedded in T'(s), the
error E(s) :=T(s) —T(s) can be factorized as follows :

E(s) = L(s)C(s)R(s), where (5.3)

1. L(s) is a p X k proper transfer function of Mc Millan degree less than or
equal to n;
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2. C(s) is a k x k transfer function;
3. R(s) is a k x m proper transfer function of Mc Millan degree less than or
equal to n.

Proof. The proof is based on a simple Schur complement argument. Since AT@)
is embedded in T(s), there exists a minimal state space realization (C, A, B)
of T'(s) and a minimal state space realization (C, A, B) of T'(s) such that

() A[A‘ii;j , B[éz]. (5.4)

C

Setting A(s) := (sl — Agp) — Agi(sI,, — A) "1 Ajg,, A= (sI, — A), B := — Ay,
C := —Ajs and D := sl — Ags, one deduces from (1.1) by straightforward
algebraic manipulations that the difference between T'(s) and T'(s) can be ex-
pressed as

T(s) —T(s)

= (é(s[n — 121)_11412 + Cg) A(S)_l (A21 (SIn - A)_lé + Bg) . (55)

This completes the proof of Proposition 5.2.
O

As a first consequence of this result, it appears that the normal rank of the
error F(s) must be smaller than or equal to k. This rank condition on the error
transfer function is not sufficient to guarantee the existence of an embedding
solution, as shown later.

5.3 Necessary and sufficient conditions

Let us first investigate the state space realization properties of transfer func-
tions related by unimodular transformations. We begin with a simple, but
rather surprising result.

Lemma 5.3. Let T(s) be a p x m strictly proper transfer function. Let Ul(s),
V(s) be two unimodular polynomial matrices of appropriate dimension. Then,

LU= (s) LU T()V(s)] VT H(s)| = T(s), (5.6)
Proof. Let us define
Ti(s) == [U(s)T(s)V(s)], Ta(s) :=]U(s)T(s)V (s)[.

We then use the fact that T3 (s) is a polynomial matrix, that the inverse of a
unimodular matrix is a polynomial matrix and that the product of two poly-
nomials is a polynomial and T'(s) is strictly proper to obtain
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O

Lemma 5.4. Let U(s) := Zfﬁo U;st, V(s) = Z?LOVjsj be two unimodular
polynomial matrices of appropriate dimension. Let (C, A, B) be a minimal state
space realization of the strictly proper transfer function T(s). Then the Mc
Millan degree of [U(s)T(s)V (s)] is equal to the Mc Millan degree of T(s) and

ka ko
Y UCA, A AIBV; | ~ [U(s)T(s)V (s)] . (5.7)
i=0 j=0

Proof. The proof is straightforward from the equality

U(s)C(sl, — A)T'B =Y UiC(A+ (sl — A))' (s], — A)"'B
i
which yields directly

|U(s)C(sl,, — A)"'B| = (Z UiCAi> (sI, — A)"'B.

The full proof is then achieved by applying the same argument on the right.
This result implies that the Mc Millan degree of |U(s)T'(s)V (s)] is less than or
equal to the Mc Millan degree of T'(s). From the relation (5.6), one deduces by
duality that the Mc Millan degree of T'(s) is smaller than or equal to the Mc
Millan degree of |U(s)T(s)V(s)|. Therefore, the transfer functions T'(s) and
U (s)T(s)V(s)] do have the same Mc Millan degree.

O

In order to find the necessary and sufficient conditions for the embedding prob-
lem of state space realizations in the MIMO case, we focus on the case where
T(s) := C(sl,4+1 — A)~ B has Mc Millan degree n+1, T'(s) := C(sl, — A)~'B
has Mc Millan degree n and T'(s) and 7'(s) do not have common poles. Without
this assumption, the problem appears to be considerably more complex. Define

d(s) := det(slyiq1 — A), d(s) := det(s, — A).

Conformably with Proposition 5.2, the normal rank of the difference E(s) =
T(s) — T'(s) will be assumed to be equal to one. Because T'(s) and T'(s) are
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devoid of common poles, the Mc Millan degree of E(s) is clearly equal to 2n+1.
As a result, there exist two unimodular matrices Ug(s) and Vg(s) such that

d(s)d(s) 0
E(s) = Ug(s) . Ve(s).

0
As E(s) is strictly proper (E(s) is the difference between two strictly proper
transfer functions, implying that it is also a strictly proper transfer function)
and since the polynomial matrices Ug(s) and Vg(s) are unimodular, the ra-
ng(s)

tional function 3(e)d(s) is strictly proper. Indeed, if the scalar transfer function

had a polynomial part, then E(s) would also have a polynomial part, contra-
dicting the fact that E(s) is strictly proper. Moreover, E(s) can be rewritten
by partial fraction expansion as follows :

ne(s)  ni(s)  na(s)

d(s)yd(s)  d(s)  d(s)

)

with n1(s)/d(s) and ny(s)/d(s) both strictly proper. As a result, one has the
expressions:

ni(s) na(s)

a(s) d(s)

and, consequently, the following lemma.

Lemma 5.5. If T1(s) and Tx(s) are two strictly proper transfer functions with
no common poles such that the normal rank of E(s) := T1(s) — Ta(s) is equal
to 1, then the normal rank of T1(s) and the normal rank of T(s) are both equal
to one. Moreover, the same unimodular matrices can put T1(s), Ta(s) and E(s)
into their canonical Smith-Mc Millan form.

Under the stated assumptions, the following result can then be proved.

Theorem 5.6. Let T(s) and T(s) be p x m strictly proper transfer functions,
devoid of common poles and of Mc Millan degree n+1 and n respectively. Then,
T(s) is embedded in T(s) if and only if there exist two polynomial vectors of
degree less or equal to n, denoted by l(s) and r(s) such that

E(s) = Ue)r'(s) (5.8)
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Proof. In view of section 5.2, these conditions are necessary. Let us prove that
they are also sufficient. From Lemma 5.5, there exist two unimodular matrices
U(s) and V(s) that put the three rational matrices T(s), T(s) and E(s) into
their canonical Smith-Mc Millan form so that one can write

ni(s) na(s)
d(s) d(s)

U (s)T(s)V ™' (s) = N U= (s)T(s)V " (s) =

ne(s)
d(s)d(s)

0
If u(s) stands for the first column of U(s) and v(s)” for the the first row of
Vi(s),

K, ky
u(s) := Zuisz, vl (s) 1= vasj,
i=0 3=0

then there clearly exist two scalar polynomials of formal degree less than or
equal to n, ¢(s) and ¥(s), such that I(s) = u(s)p(s) and r7(s) = vT (s)1(s).
If (¢, A,b) is a minimal state space realization of ny(s)/d(s), it appears that
vector a, and scalar v must also exist such that

. -1 G
é(sl, —A) " Car+v= i) (5.9)

Indeed, from the canonical observability form of the pair (¢, fl), one can verify
that it is always possible to construct a SISO proper transfer function such
that its poles are a subset of the zeroes of ci(s) with a state space realization
of the form (5.9) by an appropriate choice of a, and . By duality, there also
exist a; and § such that

a(sl, — A"+ = wA(s)
d(s)
Setting
ko kv
Ci=> wicA | B:=>» Alb], (5.10)
=0 =0

one then deduces from Lemma 5.4 that (C',A,B) is a minimal state space
realization of T'(s) and, moreover, that one has
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o~

) Gty - AN by s ) —aifsl, — A) LB+ ol

(s) d(s)

Defining s — a as the polynomial quotient of the division of d(s) by d(s) and

T(s) as the transfer function of state space realization

(tew [ a] L))

one can define the expression

Y

where N(s) is a p x m matrix of formal degree less than or equal to n and
where

N sl, — A —a,
d(s) := det [ Lar S—a] .

Defining

one obtains

N \ N
T(s) = 2 gy = N
d(S) d(s)
Applying the same argument as in the proof of (5.5), one then obtains the

polynomial expression
N(s)d(s) — N(s)d(s) = I(s)rT (s). (5.11)

Since T'(s) = N(s)/d(s), it follows that (5.11) is satisfied as well for N(s) and
d(s) substituted for N(s) and d(s) respectively.

Actually, T(s) and T(s) must be the same transfer function. Indeed, let us
assume that N(s),d(s),(s),7(s) and o are given and characterize the set of
polynomials d*(s) of degree equal to n + 1 and of polynomial matrices N*(s)
of formal degree less than or equal to n such that equation (5.11) is satisfied
and with the additional condition that s — « is the polynomial quotient of the
division of d*(s) by d(s). As T(s) is a rank one transfer function, N(s) and d(s)
cannot have common zeros for otherwise the Mc Millan degree of T(s) would
be less than n. At each of the n zeros s; of d(s), it thus appears from (5.11)
that one has the relation —N (s;)d*(s;) = I(s;)rT (s;) and this clearly imposes
n interpolation constraints on the polynomial d*(s) (if d(s) admits multiple
zeros, then successive derivatives of d*(s) at each multiple zero of d(s) can be
found recursively). Finally, the condition relative to the division of d*(s) by
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d(s) is seen to determine d*(s) in a unique manner. Once d*(s) is fixed, one
deduces N*(s) from (5.11):

V(s)d* (s s)rf(s
N*(S):N( )d (C)g(;l() (s)

This implies the equality T(s) = T'(s), which completes the proof of the theo-
rem.
O

We conclude this section by giving an example showing that the rank con-
dition is not sufficient to ensure the embedding.

Let T(s) := C(slpy1 — A)"'B and T(s) := C(sI,, — A)~'B be defined as
follows

1 2 3 1 3
B — E— + R N = 2
T(s) = | G-D° ~ G-I s—l] . T(s) = [ N } . (5.12)

s—1

Clearly T'(s) and T(s) are two strictly proper transfer functions of Mc Millan
degree respectively equal to 3 and 2, having no common pole such that the
error,

. s$)rT(s
E(s):=T(s) —T(s) := M,

has rank one, where
d(s) :=det(sls — A) = (s — 1)3,  d(s) := det(sly — A) = s%.

It appears that 7'(s) is not embeddable into T'(s) for there exists no factorization
of 1(s)rT (s) as a product of two polynomial matrices of formal degree less than
2. To see this, consider minimal state space realizations (C, A, B) and (C’, A, E)
of T(s) and T'(s) respectively. The error

)

~ $)rT(s 2(s—1)3 ! 3
E(s) :==T(s) = T(s) := l;(i)d((s)) = l %

has rank one but E(s)d(s)d(s) cannot be factorized into the product of two
polynomial matrices of formal degree less than 2. Indeed, one has :

B = 76 = | (e,

so that the only possible factorization is
1 1
19 =1 | o r=a

where « is any nonzero complex number. Therefore, T(s) cannot be obtained
by truncation from T'(s).
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5.4 The Pencil Approach

The objective of this section is to find generic conditions by studying the Kro-
necker form of particular matrix pencils. This section is based on ideas devel-
oped in [85, 53].

From now on, assume that T'(s) = C(sl,4+x — A)71B is a p x m transfer
function of Mc Millan degree n + k and that T'(s) = C(sI, — A)"'B is a
p x m transfer function of Mc Millan degree n, i.e. the state space realizations
(C,A,B) and (C, A, B) are both minimal. Let us also assume that B and C
are full rank matrices. This is equivalent to impose that there is no zero block
in the Kronecker form of T'(s).

The Approach of Halevi

Let us first briefly review some general results. If 7(s) is embedded in T'(s),
conditions (5.2) must be satisfied, which yield a quadratic system of 2n? +
n(m + p) scalar equations in the 2n(n + k) entries of the unknown projections
matrices Z,V € C™+o)xn_ Therefore, the number of degrees of freedom is
larger, equal or smaller than the number of problem constraints depending on
whether 2k > m +p, 2k =m+por 2k <m + p.

Define Bt € C™*("+k) g bhe a left inverse of B and B, € C(vtk—m)x(n+k)
to be the left kernel of B. Analogously, define C+ € C»+F)*P o be a right
inverse of C' and C'; € C(»+F)x(n+k=p) to be the right kernel of C,

Brip_| I clet o] =110 1. (5.13)
B Ontk—m)yxm |’ P Upx(nth=p) |- '
If we rewrite

ZzT = BBT + XB,, (5.14)
V=CctC+0CY, (5.15)
with X and Y arbitrary matrices of dimensions nx (n+k—m) and (n+k—p)xn

respectively, then conditions on C and B of (5.2) are automatically satisfied.
In order to satisfy the two other conditions, we must have

ZTAV = A 5.16)
= (BBY*+ XB)A(CTC+C.Y)=A (5.17)
BLACL BLAC"—CA' Y
X1, A X L = 1
= [XI]| ppiac, BB+AC+C—A] [In] 0 (5.18)

By rewriting the biorthogonality constraint with the same technique, we obtain
the following equivalent notation :
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Z'v =1, (5.19)
B,C, B, CtC Y
= [X 1] - . . = 0. 2
[ ] BBtC, BB+C+C—IJ {IJ 0 (5.20)

Equations (5.18) and (5.20) can be rewritten in more condensed form as follows :

ZTAV = A Y
{ZTV T | X I, ] (Au — Bus) [IJ =0, (5.21)
by defining

[ B, AC, BLACTC }
AH = 9 H -

B,.C, B,.CTC
BBTAC, BBTACTC - A

BB*C, BB*CtC -1, |
(5.22)
The following result follows from the preceding discussion [54].

Lemma 5.7. With the preceding notation, T'(s) is embedded in T(s) if and only
if there exists Z; € Cn*(ntk=—m) yq ¢ Cvth=p)xn - gnd invertible matrices
Vo, Zy € C™*™ such that

Z(.AH - BHS)V = [Zl ZQ] (.AH — BHS) [é] =0. (523)

By studying the Generic Kronecker Form of the pencil Ay —Bgs, Halevi found
generic conditions for the embedding between two p x m transfer functions 7'(s)
and T(s) of Mc Millan degree n + k and n depending on m,p,n and k. The
idea consists in finding the generic conditions for the existence of a zero block
of dimension n x n in the Kronecker Form of Ay — Bys.

Unfortunately there is no interpretation concerning the pencil Ay — Bgys in
terms of quantities related to the embedding problem. An answer to this last
question will be given in Subsection 5.5.

A Tangential Interpolation Approach

Define the following state space realization

(Cp, Ag, Bg) ::{[oé],{A /J : {g” (5.24)

Clearly, (Cg, A, Bg) is a state space realization (not necessarily minimal) of
E(s) :=T(s) —T(s). Let us consider its corresponding system zero matrix,
s&r— Aj = 0 sl,—AB]|. (5.25)
C - 0

Q>
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From Definition 1.25, the zeros of this pencil are invariant zeros of the state
space realization (Cg, Ag, Bg). If T(s) and T(s) do not have common poles,
the generalized eigenvalues of s&€; — Aj are also transmission zeros of E(s) be-
cause the state space realization (Cg, A, Bg) is then a minimal state space
realization of E(s) together with (C, A, B) and (C, A, B) minimal by assump-
tion. This would contradict our hypothesis. As we will see, the Kronecker form
of this pencil is another key tool to study the problem of embedding.

Let us consider here only the square case m = p. Let us further assume that
the pencil s€; — Ay is regular, i.e. its rank is equal to 2n + k + m. Then, there
exist invertible matrices Z,)V that put the pencil s€; — A; into the following
Kronecker Form [42]:

SIZnJrkfm -J 0

0 Loy, = s& — Aj, (5.26)

Z(Sg[ — .A])V =

with J a block Jordan matrix (generically diagonal) with diagonal elements
J(i,4) := A;. If the eigenvalues A; are not equal to poles of T'(s) or T'(s) [39],
there exists a non zero vector v; such that

T\)vy=TN)vi, 1<i<2n+k—m.
Because the matrices flI and € 7 commute, and Z,) are nonsingular,

{ZAIV — Ap, ZEV = 5,} — {Afvs} — EVA;, E1ZA; = Alzs,} .

(5.27)
Let us decompose the matrices Z and V as follows:
(n+k) (n) (m)
z.— (QTL—I-k—m) Zlf ng ng — Zf
©(2m) Zyi  Zei Zsi| T | Zi]]
2n+k—m) (2m)
(n + k) Vig Vii
V= (n) ‘/Qf VZi = [Vf VZ} . (528)
(m) Vg Vsi
From (5.27),
Viy O Vig Vii | Yf Z;’} ZL )
A | Vag 0| = | Vap Vai | Ar, AT | Z qf = ;23 | AT (5.29)
Vas 0 0 0 0 0

One deduces that Vi, Vo, Z1; and Zy; are equal to zero. Let us look at the
finite part of the spectrum:
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A 0-B7 [wy, Vi, A 0-B1" Z 7
0 A-B| |Vog | =|Vor | J, 0 A-B Z%f =23 | "
—CcC 0 Vay 0 —-cC 0 z, 0
One deduces that ) A
CVig =CVay, Z1yB = —ZyB. (5.30)

Moreover, from (5.26)
Zf(sé} - A[)Vf = SI2n+k7m —J.

Let us consider a set of n rows of Zy, [Zl Zo Zg], and n columns of Vi,
(VT Vi V] such that

Wi
[Zl Z2 Z3} (Sg[ - A[) ‘/2 =0. (531)
Vs

If £ > m, it is always possible to find such matrices. For instance, the last n
columns of V; and the first n rows of Z; would satisfy (5.31), but other choices
are possible, depending on the structure of J. If J is diagonal, just take rows of
Z¢ and columns of V¢ of different indices. If the square matrices V3 and Z5 are
invertible (generically, this is the case), then T'(s) is embedded in T'(s). Indeed,
from (5.30) and (5.31),

Z1AV, = —Zy AV,  Z)Vi = —Z5Va, Z\B=—Z:B, CVi=CVs.

By defining Z7 := —Z;'Z; and V := ViV, !, conditions (5.2) are satisfied
and T'(s) is embedded in T(s). To conclude, if k > m, then T'(s) is generically
embedded in T(s). If k < m, then T(s) is generically not embedded in T'(s),
because given two arbitrary m x m transfer functions T(s) and T'(s) of Mc
Millan degree n + k and n, the rank of the difference T'(s) — T'(s) is generically
equal to m instead of k as it should be if T'(s) were embedded in T'(s), as
shown in Proposition 5.2. It can be shown that in the special case m = k, there
exists only a finite number of projecting matrices and these come from rows
and columns of Z and V.
In general, the following conjecture [85] has been proposed.

Congecture 5.8. A minimal state space realization of the strictly proper transfer
function T(s) of Mc Millan degree n is embedded in the strictly proper transfer
function T'(s) of Mc Millan degree n + k if and only if there exist two regular
pencils, R — sR® and L") — sL(") such that the matrices M, M, R, R, X and
Y of the following equations

A—sl,,, 0 B] [NROD N
0 A—sl, B| |INRO| = |N| (R" —srW), (5.32)
C -C 0 y 0
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A—sl,yy 0O B

(LOM —LOM X] 0 A—sI, —B
C c 0
= (L") —sLWY[M —M 0], (5.33)
satisfy the following conditions :
NR®
L [LOM|-LON|X] (s€ — Ar) [NRD | =0,
Yy

2. dim (Im(NR(l))) = dim (Jm(MTLU)T)) =n.

The conditions given by Conjecture 5.8 are at least sufficient. Indeed, from
equations (5.33), (5.32) and the regularity assumption of R — sR®) and

L(T)T — sL(l)T, it follows that

CNRYW =CNRY | LOMB=LOMB. (5.34)
Then, from condition 1,
LOMNRY = LOMNRY | LOMANRY = LOMANRY.  (5.35)

Finally, conditions 1 and 2 imply that the matrices NR® and M TrOT are
right invertible. Defining Z,V € C"tF*™ by

zT = (@Onm)~'LOMm, v =NRO(NRW)™", (5.36)

we can easily verify equations (5.1) and (5.2).
Equations (5.32) and (5.33) give us the following Sylvester equations :

ANRY —NR" 4+ By =0 , LYWMA-L"M+xC=0. (5.37)

These Sylvester equations correspond to generalized left and right eigenspaces
of the system zero matrix (5.25) (see Lemma 4.24). The choice of matrices
L0 LW R RGO X and Y correspond to respectively left and right tangen-
tial interpolation conditions at the eigenvalues o; of (M, — sN,) and 7, of
(M; — sN;), that are satisfied between T'(s) and T'(s) (see Chapter 4). These
eigenspaces correspond to disjoint parts of the spectrum of M — Ns such that
the product LOMNR® = LONNN, is invertible.

Conjecture 5.8 states that any projected reduced-order transfer function
can be obtained by imposing some interpolation conditions or some modal
approximation conditions with respect to the original transfer function. In other
words, if a transfer function is embedded into another then it must be possible
to construct the projecting matrices from Sylvester equations.
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5.5 Link between the Pencil of Halevi and Tangential
Interpolation

In Chapters 3 and 4, interpolation techniques for model reduction have been
studied in details. At first sight, there seems to be no common points between
the problem of embedding of two transfer functions and the problem of interpo-
lation. It turns out that these two problems are closely related. In this section,
it is shown that the pencil of Halevi is a subpencil of the system zero matrix
of the error. Let us state this formally.

Lemma 5.9. The zeros of the pencil Ay —Brs (defined in (5.22) ) are invariant
zeros of the state space realization (Cg, Ag, Bg) (defined in (5.24)).

Proof. The pencil s — A; defined in (5.25) is strictly equivalent to the new
pencil A; — By s defined by

Bt
{ } e
B
(s&r — Aj) I,
I, Im
BY(A—s)Ct* BY(A—-sD)C,. 0 I,
_ Bl(Afsf)CJr BL(Af.SI)CL 0 0 5.38
a 0 0 A—sl, B (5.38)
I, 0 -C 0
= A, — Bs. (5.39)
This pencil, in turn, is strictly equivalent to the pencil Ay — By defined by
Iy, I, C
In+k—m o In+k:7p
B g, | B I,
1, L,
[ Bt (A - SI7L+k)C+ B+(A - SI’rH-k:)CL B+(A - SIn+k)C+é I,
_ BJ_(A_SITL+]€)C+ BJ_(A—SIn+]€)CJ_ BJ_(A—SIn+k>C+C 0
BBt (A = sI,,,1,)CT BBT(A - sI,,11)C1 —A+ sl + BBT(A - sI,,.)CtC 0
L 1, 0 0 0
= ./42 — BQS (540)
[ * I,
= x Ay — Bgs (541)
_Ip

This concludes the proof.

From (5.41), it is clear that the invariant zeros of Cg, Ag, Bg are the zeros of
Apg — Bys plus p + m zeros at infinity. We think that this lemma can help to
prove Conjecture 5.8.
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5.6 Concluding remarks

Concerning the two pencil approaches, namely the approach of Halevi and
the tangential interpolation approach, one cannot exclude the possibility that
for any choice of matrices Z and V satisfying (5.23) or (5.31), one of the
submatrices Zs or V5 is singular. This is the reason why we say that the results
of that section are only generic.

The main results of this chapter are the following. On the one hand, neces-
sary and sufficient conditions for the problem of embedding have been found in
the particular case where the difference of Mc Millan degree between transfer
functions devoid of common poles is equal to one. In such a case, the embed-
ding of T(s) into T'(s) turns out to be equivalent to a factorization property of
T(s)—T'(s). On the other hand, more general results are obtained by studying
the structure of well chosen system zero pencils, namely the pencil of Halevi
and the system zero matrix. An open problem states that if a transfer function
is embedded into another, then it is possible to construct the projecting matri-
ces from Sylvester equations. Finally, it is shown that the pencil of Halevi (that
appears in the problem of embedding) is a submatrix of the system zero pencil
of the error (that appears in the tangential interpolation problem). This links
the problem of embedding of this chapter with the tangential interpolation
problem of Chapter 4.

Another reasonable conjecture in view of the preceding results is the fol-
lowing.

Conjecture 5.10. If the following condition holds:
n—k>m,

then any regular m x m transfer function 7'(s) of Mc Millan degree k is em-
bedded in any m x m regular transfer function T'(s).

In other words, for practical model reduction problems of regular systems, the
projection technique is conjectured to be universal.

5.7 Notes and References

The existence of projecting matrices Z, V satisfying (5.1,5.2) is therefore related
to the above sub-matrix problem. A square matrix A is said to be embedded
in a square matrix A when there exists a change of coordinates S such that
A — sl is a sub-matrix of S~1(A — s1I,,)S. Necessary and sufficient conditions
for the embedding of such monic pencils are given in [81, 65].

As for monic pencils, we say that the pencil M — Ns is embedded in the
pencil M — Ns when there exist invertible matrices Le, Ri such that M —Ns is
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a sub-matrix of Le(M — Ns)Ri. Finding necessary and sufficient conditions for
the embedding of such general pencils is still an open problem [64]. Nevertheless,
one obtains from [81, 65, 64] necessary conditions on (C, A, B) and (C, A, B)
for Z¢ 4 5(s) to be embedded in Zc a,p(s). These obviously give necessary
conditions for the existence of projecting matrices Z,V satisfying (5.1,5.2).

This chapter is the result of a collaboration with Yves Genin [43]. We would
like to thank Yoram Halevi for helpful discussions around this topic.
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Model Reduction of Second Order Systems

6.1 Introduction

In this chapter, the problem of constructing a reduced order system while pre-
serving the second order structure of the original system is discussed. After a
brief introduction on second order systems, two classes of second order struc-
ture preserving model reduction techniques — Krylov subspace-based and SVD-
based — are presented. For the Krylov techniques, conditions on the projectors
that guarantee the reduced second order system tangentially interpolates the
original system at given frequencies are derived and an algorithm is described.
For SVD-based techniques, a Second Order Balanced Truncation method is
derived from second order gramians.
Let us first discuss two areas where second order systems appear.

Mechanical Systems

Second order systems arise naturally in many areas of engineering (see, for
example, [71, 73, 90]) with the following form :

y(t) = Fot q(t). (61)

We assume that u(t) € R™, y(t) € RP, ¢q(t) € R", Fin ¢ RM*m pout ¢
RP*" and M,D,S € R™ "™ with M invertible. For mechanical systems the
matrices M, D and S represent, respectively, the mass (or inertia), damping
and stiffness matrices, u(t) corresponds to the vector of external forces, F™ is
the input distribution matrix, y(-) is the output measurement vector, F°4¢ is
the output measurement matrix, and ¢(¢) to the vector of internal generalized
coordinates.

{ Mi(t) + Dq(t) + Sq(t) = F™ u(t),
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General RLC Circuits

Another area where (generalized) second order systems naturally appear is in
Circuit Theory. Let us consider this in more details, following the description
in [28].

The connectivity of a circuit can be captured using a directional graph. The
nodes of the graph correspond to the nodes of the circuits, and the edges of the
graph correspond to each circuit element. By convention, a direction is assigned
to graph edges in order to distinguish between the source and destination nodes.
The adjacency matrix, A, of the directional graph describes the connectivity of
a circuit. Each row of the matrix corresponds to a graph edge and, therefore,
to a circuit element. Each column of the matrix corresponds to a graph or
circuit node. The column corresponding to the datum (ground) node of the
circuit is omitted in order to remove redundancy. By convention, a row of
the connectivity matrix will contain +1 in the column corresponding to the
source node, —1 in the columns corresponding to the destination node, and 0
everywhere else. It is easy to see that Kirchhoff’s laws, which depend only on
connectivity can be expressed using the adjacency matrix

Kirchhof f's Current Law : ATiy =0,
Kirchhoff's Voltage Law : Av, = vy, (6.2)

where i, and v, are the vectors of branch currents and voltages, respectively,
and v, is the vector of the non-datum node voltages.

We are interested in analysing RLC circuits and for simplicity we assume
that the circuit is excited just by current sources. In this case the adjacency ma-
trix and the branch current and voltage vectors can be partitioned accordingly
to circuit-element types as follows:

A; Vi i

A v i

_ 9 _ | Ve s _ |1y
A= A y Vb= v y  Ip = i
C C C

A, A, i

Here, the subscripts 4, g, c and [ stand for branches containing current sources,
resistors, capacitors, and inductors, respectively.

The set of circuit equations is completed by adding the so-called branch
constitutive relationships (BCR’s), which describe the physical behavior of the
circuit elements. In the case of RLC circuits, the BCR’s are as follows:

. . . . d d.
1, = —lt(t)7 1. = gV97 1. = C%Va V= ‘Cﬁll- (63)

Here, i;(t) is the vector of current-source values, G and C are appropriately-sized
diagonal matrices whose diagonal entries are the conductance and capacitance
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values of each element. It is clear that these values are positive for any physical
circuit. The matrix £ is also diagonal in the absence of inductive coupling.
Inductive coupling introduces off-diagonal terms in the inductance matrix, but
L remains symmetric and positive definite.

The modified nodal formulation (MNA) of the circuit equations is obtained
by combining the Kirchhoff equations (6.2) with the BCRs (6.3), and eliminat-
ing as many current unknows as possible. For the case of RLC circuits only
inductor currents need to be left as unknowns. The resulting MNA equations
are as follows:

d
AlGA v, + ACTCAc%vn + AT = ATi (1), (6.4)
d
A, —L—i; = 0. 6.5
v i (6.5)

In matrix form, we obtain
ATGA, AT [v ATCA. 0 | d [v AT
el g ‘M n c c _ no{ __ 7 s
At [R5 e

G T C T B

B

Assume for simplicity that the matrix A; is left invertible, and denote Al_left its
left inverse. By injecting (6.5) into (6.4), one obtains the second order equation

“teft o d . Ctept 42, . .
ATGA A" ftﬁall +ATCA A" ftﬁﬁll + ATy, = ATi(t).
The input is chosen as the vector of current source values z(t) := i(¢) and

the output is chosen as the vector of voltages across the excitation sources,
y(t) := v;(t) = Ay, = BTz(t). In the Laplace domain, this gives rise to the
following transfer function

y(s) = BT (G + sC) "' Bx(s).

This is not strictly speaking a second order system. Nevertheless, by choosing
i; as the output, one retrieves the second order form. The important point here
is that the matrices B, G and C' describing the system are structured, and it
makes to preserve such a structure in the reduced order system.

Description of the Problem

Let us adopt the notation corresponding to a mechanical system. The transfer
function associated with the system (6.1) is

T(s) := Fo“'P(s)"1F™™, (6.6)
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where
P(s):=Ms*+ Ds+ S (6.7)

is the characteristic polynomial matriz. The zeros of det P(s) are also known
as the characteristic frequencies of the system and play an important role in
model reduction, e.g., the system is stable if these zeros lie in the left half plane.

Often, the original system is too large to allow the efficient solution of var-
ious control or simulation tasks. In order to address this problem, techniques
that produce a reduced system of size k < n that possesses the essential prop-
erties of the full order model have been developed. Such a reduced model can
then be used effectively, e.g., in real-time, for controlling or simulating the phe-
nomena described by the original system. If the original system has a second
order form, it makes sense to construct a reduced order system that preserves
this second order form. We therefore need to build a reduced model,

(t) = Finu(t)

M(t) + Di(t) + Sg
{ i(t) = Fo() o5

where §(t) € R¥, M, D, § € RExk | [in ¢ Rkxm  pout ¢ Rpxk guch that its
transfer function is “close” to the original transfer function.

Another important property that one often wants to preserve is the sym-
metry. If the matrices M, D, S are symmetric, and F°% = Fi"T, the transfer
function T'(s) is symmetric. There also exist Model Reduction techniques for
second order systems that preserve this symmetry for the reduced order system
[23, 66]. This point is not treated here.

Second order systems can be seen as a particular class of linear systems.
Indeed, by rewriting the system (6.1) as follows

i(t) = [S‘M BM} x(t) + [ F% u(t)

y(t) = [Fii" 0] a(t)

(6.9)

where the state z(t) is [q(t)" ¢(t)" ]T, and where we have chosen a coordinate
system in which the mass matrix M is the identity (for simplicity, the mass
matrix M is assumed to be invertible, and one can write for example: Sy, =
M='S, Dy = M7'D, Fit = M~1F™m Fout = Fou) one recovers the form
(1.13) of a linear system. We can thus rewrite the transfer function defined in
(6.6) as

T(s) = C(sl, — A)"'B (6.10)

by defining

—— 0 ITL R O R out
A'_[—SM—DM} , B:= {Fﬁ} , C:=[Fgto]. (6.11)
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Note that if the dimension of the state g(t) of the original second order sys-
tem (6.1) is equal to n, the order of its corresponding linearized state space
realization (6.11) (also called the Mc Millan degree of T'(s) if the (C, A, B) is
minimal) is equal to 2n.

A reduced model for the second order system (6.1) could be produced by
applying standard linear model reduction techniques to (C, A, B) in (6.11) to
yield a small linear system (é , 121, B) Unfortunately, there is no guarantee that
the matrices defining the reduced system (C’ A, B) have the nonzero structure
necessary to preserve the second order form of the original system. Such a
guarantee requires the development of second order structure preserving model
reduction techniques. Other reasons advocating for second order structure pre-
serving model reduction methods are given in the concluding remarks of this
chapter.

This chapter is organized as follows. In Section 6.2, a simple sufficient con-
dition for constructing reduced order systems that preserve the second order
structure is developed. Generalizations of Balanced Truncation and Krylov
subspace-based methods that enforce this sufficient condition for second or-
der systems are presented in Sections 6.3 and and 6.4 respectively. After some
numerical experiments in Section 6.5, concluding remarks are made in Sec-
tion 6.6.

6.2 Second order structure preserving model reduction

In this section, a simple sufficient condition for obtaining a second order reduced
system from a second order system is presented. The following result can be
found in a slightly different form in [21].

Lemma 6.1. Let (C, A, B) be the state space realization defined in (6.11). If
one projects such a state space realization with 2n x 2k bloc diagonal matrices

1210 o Ty,
e [80] v [90). 2y

where Z1, Vi, Zo, Vo € Rk then the reduced transfer function
T(s) = CV (27 (sl — A)V) " Z7B
is a second order transfer function, provided the matriz Zi Vs is invertible.

Proof. First, notice that the transfer function does not change under any sim-
ilarity transformation of the system matrices. Let us consider the similarity
transformation W € R?*2k guch that

we= %y ]
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with X,Y € R¥** verifying
XY ZIvy)Y = I.
From the preceding results,

T(s) := CVW (W27 (5], — AAYW) W27 B
= FQUVIX (82D + sY ' ZE DY + Y 1 20 SyiX) T Y T ZE i,

This is clearly a second order transfer function. 0O

6.3 Second order Balanced Truncation

The earliest balanced truncation technique for second order systems known to
the authors is described in [66]. Based on this work, an alternative technique
was developed in [21]. In this section an overview of the latter method, called
SOBT (Second Order Balanced Truncation), is given.

The first step in the development of SOBT, based on a balance and truncate
process similar to that discussed in Section 2.4, involves the definition of two
pairs of n x n gramians (“second order gramians”) that change according to
contragradient transformations, and that have some energetic interpretation.
The first pair (Ppos, Qpos) corresponds to an energy optimization problem de-
pending only on the positions ¢(t) and not on the velocities ¢(t). Reciprocally,
the second pair (Pyer, Quer) correspond to an optimization problem depending
only on the velocities ¢(¢) and not the on the positions ¢(¢). By analogy to the
first order case, the gramians Q,,s; and Q,¢; are defined from the dual systems.
Given the gramians, a balancing step in the method is defined by transform-
ing to a coordinate system in which the second order gramians are equal and
diagonal : 75190S = ons = Ypos) Poet = Quet = Zer. Their diagonal values
enable us to identify the important positions and the important velocities, i.e.
those with (hopefully) large effect on the I/O map. Once identified the re-
duced second order model follows by truncation of all variables not identified
as important.

In order to define a pair of second order gramians measuring the contribu-
tion of the position coordinates (independently of the velocities) with respect
to the I/O map, consider an optimization problem naturally associated with
the second order system (see [66]) of the form

i min J(u(t). —00.0 6.12
i iy T, =200, o

subject to
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i(t) + Dard(t) + Sarq(t) = Fiju(t), q(0) = qo.

One easily sees that the optimum is gf’ P11 qo, where Pyq is the n x n left
upper block of P, where P is the controllability gramian satisfying equation
(1.18) with (C, A, B) given in (6.11). Starting with (2.18) we must solve

: . _ T T -1 (490
q{)rgﬂgn JQO(qO) - [qO 40 ]P |:q0:|

Partitioning P~1 as follows

_ Ry R
Pl =

and annihilating the gradient of Jy, (do) gives the relation ¢o = —R3 'RTqo. The
value of J,, at this point is ¢} (Ry — RaR3 ' R3)qo. This is simply the Schur
complement of Rz which is Pk Similarly, the solution of the dual problem
corresponds to gt Q11 Yqo , where Qq; is the n x n left upper block of Q (1.18).

Note that the transfer function is seen as a linear operator acting between
two Hilbert spaces. The dual of such an operator is defined in Definition 1.31. It
follows that the dual of a second order transfer function might not be a second
order transfer function. This has no consequences here since only the energy
transfer interpretation between the inputs, the outputs, the initial positions and
velocities is important. Under the change of coordinates ¢(t) = T'q(t), it is easy
to verify that this pair of gramians undergo a contragradient transformation :

(P11, O11) = (TP T~ 1, 7701, T).

This implies that there exists a new coordinate system such that both P;; and
011 are equal and diagonal. Their energetic interpretation is seen by considering
the underlying optimization problem. In (6.12), the energy necessary to reach
the given position gy over all past inputs and initial velocities is minimized.
Hence, these gramians describe the distribution of the I/O energy among the
positions.

A pair of second order gramians that give the contribution of the veloci-
ties with respect to the I/O map can be defined analogously. The associated
optimization problem is

in min J(u(t), —o0,0 6.13
nin min (u(t), —00,0) (6.13)

subject to
G(t) + Darg(t) + Sma(t) = Fiju(t), d(0) = do.

Following the same reasoning as before for the optimization problem (6.12), one
can show that the solution of (6.13) is g P2~ *do, where Pag is the n x n right
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lower block of P. The solution of the dual problem is ¢ Q2071 , where Qoo
is the n x n right lower block of Q. As before, under the change of coordinates
q(t) = Tq(t) one can check that this pair of gramians undergo a contragradient
transformation and the energetic interpretation is given by considering the
underlying optimization problem. In (6.13), the energy necessary to reach the
given velocity ¢o over all past inputs and initial positions is minimized. Hence,
these gramians describe the distribution of the I/O energy among the velocities.

Given the interpretation above these second order gramians are good can-
didates for balancing and truncation. Therefore, we choose :

(Pp057 ons) - (P117 Qll) and (Pvela Q'uel) - (P227 Q22) . (614)

It is not possible to balance both pairs of second order gramians at the same
time with a single change of coordinates of the type ¢(t) = T'q(t). A change of
coordinates is required for both positions and velocities (unlike the approach
in [66]). Therefore, we work in a state-space context, starting with the system
(6.11). The SOBT method, therefore, first computes both pairs of second order
gramians, (Ppos, Qpos) and (Puer, Quer). Given the gramians, the contragra-
dient transformations that make Ppos = Qpos = Apos and Pyer = Qyer = Ayes
where Ay, and A,¢; are positive definite diagonal matrices, are computed. Fi-
nally, truncate the positions corresponding to the smallest eigenvalues of A
and the velocities corresponding to the smallest eigenvalues of A,.;.

At present, there exists no a priori global error bound for SOBT and the
stability of the reduced system is not guaranteed. Nevertheless, SOBT yields
good numerical results, providing reduced transfer functions with approxima-
tion error comparable with the traditional Balanced Truncation technique.

6.4 Second Order Structure Preserving Krylov
Techniques

The Krylov subspace-based methods discussed in Chapters 3 and 4 do not
preserve second order structure when applied to the linear system (6.11). It
is possible to modify them to satisfy the constraint presented in Section 6.2
and thereby produce a second order reduced system. Section 6.4 summarizes
the earliest Krylov subspace-based method for second order systems [80]. The
simple technique constructs, via projection, a second order reduced transfer
function that matches the Markov parameters (A = co) of the original transfer
function. The limitation of the technique when applied to an arbitrary complex
interpolation point is also discussed. Section 6.4, addresses this limitation us-
ing a generalization that allows multipoint rational interpolation. Finally, the
problem of second order structure preserving tangential interpolation is solved
in 6.4.
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A particular case : Matching the Markov parameters

Su and Craig proposed a Krylov subspace-based projection method that pre-
serves second order structure while matching the Markov parameters of the
original transfer function [80]. The method is based on the observation that
the right Krylov subspaces corresponding to interpolation at A = oo for the
system (6.11) has the form

0 Fj ~DuFf
2 = . M UM pp .
0 Quo Qua---
- T o) : 6.16
[QU,O Qv,l ng :| ( )

and that if we write

it follows that
Im(Vh) C Im(Va).

So by projecting the state space realization (6.11) with

Va0 _1Z0
(58], 2= (24

such that Z7V;, = I}, we obtain an interpolating second order transfer function
of the form

T(s) = F§'Vy (Z7(s*1,, + sDar + Sar) Vo) ZTFif. (6.17)

Hence, a second order system with the same k first Markov parameters
as the original second order system can be constructed by projecting with
Z,V € R"F such that Z7V = I; and the image of V contains the image of
Qu05--+,Qui—1. Since Ki(A4,B) C V, it follows from Theorem 2.4 that the
first k Markov parameters of T'(s) and T'(s) are equal.

If we apply the construction for any interpolation points A € R, the corre-
sponding right Krylov space is such that

Kx((M = 4)~L, (A = 4)71B) = m |

with A and B defined in (6.11) and
Im(Vi) € Im(Va). (6.18)

Let us prove this. First, using the Schur Complement formula (1.1), let us
compute the inverse of \I — A:
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[ N - }1 _ [A—I(In e )\‘1]“‘1} 7 (6.19)

Sy M+ Dy —F‘lSM/\_l -t

with I := M, + Dy + Sy AL
Let us first compute z; := I'"'B. It is clear that

(M — A)~'B = [A;lzl] .

Let us define the vectors yi, zx € R™ as follows,

{y’f} = (M — A)"*B.
2k
From (6.19),
Uk = A" (Yk1 — 21)
This implies (6.18).

Unfortunately, a similar statement can not be made for the left Krylov
subspaces Ki((A — A)~T, (A — A)~TCT). This implies that when the second
order Krylov technique is extended to interpolation at arbitrary points in the
complex plane by projecting as in (6.17), only k interpolation conditions can
be imposed for a reduced second order system of Mc Millan degree 2k.

Second Order Rational Interpolation

The projection technique of Su and Craig has been generalized independently
in [32] and [83] to solve the rational interpolation problem that produces a
second order transfer function of order k, i.e., of Mc Millan degree 2k, T(s)7
that interpolates T'(s) at 2k points in the complex plane. (See also the references
in the end of this chapter.) The conditions that determine the projections are
given in Theorem 6.2 and the associated algorithm is presented.

By combining the results of Theorem 2.4 and Section 6.2, the following
Theorem can be proven.

Theorem 6.2. Let T(s) := F{*(s?I, + Dys+ Sy) " Fit = C(slan, — A) !B,
with

— 0 I”l — 0 e out
A._{SMDM}, B = {Fﬁ} C = [Fg o],

be a second order transfer function of Mc Millan degree 2n, i.e. Sy, Dy €
R™¥"). Let Z,V € R*™** be defined as

_|h — |4
v |t 2= |2

with Vi, Va, Z1 and Zy € R™ * such that
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ZiVy = 23V, = I.

Let us define the 2n x 2k projecting matrices

L V10 L Z10
v.[OVJ , z.[ozz]

Define the second order transfer function T(s) of order k (and of Mc Millan
degree 2k) by

T(s) := CV (27 (sIh, — A)V) " 27B

= C(sly, — A)7'B. (6.20)
If
K
U Ko, (NiTon = A) 7", (il — A) 7' B) € Im(V) (6.21)
and )
K
UKo, (Nilon = A7, (Nl — A)TCT) C Im(2) (6.22)

where the interpolation points \; are chosen such that the matrices \jlop, — A
are invertible Vi € {1,..., K} then, if the matriz Z1 Vy is invertible,

T(s) = T(s) = O(s — \;) v e (6.23)

for the finite points \;, provided these moments exist, i.e. provided the matrices
N Lo, — A are invertible and

T(s) —T(s) = O(s™ 1) it e (6.24)
Zf )\i = 0OQ0.

Proof. Clearly, ZTV = I;,. The second order structure of 7'(s) follows from
Lemma 6.1. It is clear that

The interpolation conditions are then satisfied because of Theorem 2.4. O

The form of the projectors allows the development of an algorithm similar
to the Rational Krylov family of algorithms for first order systems [48]. The
algorithm, shown below, finds a second order transfer function of order k, i.e.
of Mc Millan degree 2k, T(s), that interpolates T'(s) at 2k interpolation points
A1 up to g, i.e.,
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T(s)—T(s) =0\ —s)  forl<i<2k, (6.25)

We assume for simplicity that the interpolation points are finite, distinct and
not poles of T(s). The algorithm is easily modified to impose higher order
conditions at the interpolation points.

Algorithm 6.4.1 1. Construct Z and V such that

V = [()\Jzn —A)*lB oo Melop _A)—lB} _ [“2]
CAky1lon — A)7F
ZT — . = I:Zl,T ZQ,T:I ,

C()\legn — A)_l

where Vi, Vo € R™ ¥ qre the first n rows and the last n rows of V' re-
spectively and Zy,Zy € R™* are the first n rows and the last n rows
of Z respectively. Choose the matrices My, My, N1, Ny € RF*F such that
NEZIviMy, = NI ZT VoM, = I,

2. Construct

V=

|:V1M1 z._

_ [Z1N1

VzMz} ’ ZzNJ ’

3. Construct the matrices
C=cv , A=2TAv , B:=2"B.
and define the reduced transfer function
T(s) := C(slo, — A)7'B.

From Theorem 6.2, T(s) is a second order transfer function of order k that
satisfies the interpolation conditions (6.25). The algorithm above has all of
the freedom in the method of forming the bases and selecting interpolation
points and their associated orders found in the Rational Krylov family of al-
gorithms [48]. As a result, the second order rational interpolation problem can
be solved while exploiting the sparsity of the matrices and parallelism of the
computing platform in a similar fashion.

Second order Structure Preserving Tangential Interpolation

It is possible to generalize the earlier results for MIMO systems to perform tan-
gential interpolation and preserve second order structure. This is accomplished
by replacing Krylov subspaces at each interpolation point, \;, with generalized
Krylov subspaces as done in [39]. The spaces are defined as follows:
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Definition 6.3. Let M € R™*" X € R™™ ylil e R™ i =0,....k—1 and
define Y € RFm>k g5
y[o] . y[k_l]
Y = :
n

A generalized Krylov subspace of order k, denoted Ki(M,X,Y), is the image
of the matriz [ X MX ... M*1X Y.

For example, by using Algorithm 6.4.2 below to compute bases for gen-
eralized Krylov subspaces and forming the appropriate projections, one can
construct a second order transfer function T(s) of order n that satisfies the
following interpolation conditions with respect to the second order transfer
function T'(s) of order n:

x%ﬂﬁ—f@)zﬂ&—$ ,(ﬂg—ﬂgyﬂﬂ:mMM—@,m%)

where x1,...,7, € R™P and z,41,..., 7, € R™*L

Algorithm 6.4.2 1. Construct Z and V such that

v
V= [()\n+112” - A)_leThLl ()\2n12n - A)_1B$2n] - |:‘/;]
xlC(Al-[Qn 714)71
7= ' =21 2],

2,C(A\pIoy — A)71

where Z1,Z2,Vi,Va € R™*. Choose the matrices My, My, N1, Ny € R**"
such that N ZI'ViMy, = N} ZIVoMy = 1,.
2. Construct

Z =

V= {VlMl

[ZlNl

VQMJ ’ ZQNJ .

3. Construct the matrices

C:=cv , A=zT4av , B:=Z"B.

and define the reduced transfer function

T(s) :== C(sl, — A)7'B.

It can be shown that T(s) is a second order transfer function of order n that
satisfies the interpolation conditions (6.26) (see [39]).
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It is also possible to impose higher order conditions while preserving the
structure of the algorithm and the reduced order system. Consider, for instance,
right tangential interpolation conditions of higher order (similar results hold for
left tangential interpolation). Let the polynomial vector z(s) := Zi:ol zlil(s —
A)*. To impose the tangential interpolation condition

(T(s) - T(s)) 2(s) = O(s — M)F,

we construct T(s) as in Algorithm 6.4.2 using the generalized Krylov subspace
K((AM—A)~ (\[—A)"'B, X) where X is formed from the z[!), i =0, ... k-1,

ie.,

zl0 gl
Im{ [(A\[—A)"'B...(\] - A)7"B] :
210

We refer to [39] for more details on this topic.

Real Transfer functions and Complex interpolation
First, we recall that for any pair of real matrices Ry, Ro, if
(R1 + Raj)(S1 + Sa2j) = 1,

with S1, S5 real matrices, then S; — S5 is the inverse of the matrix Ry — Roj.

The second order transfer function that will be studied in the next section
6.5 is real, i.e. the matrices F°%* F M, D and S are real. This implies that
for any complex number A,

T\) = C(A\Ip, — A" 'B=C(\ — A)"1B =T(\). (6.27)

Because the original transfer function is real, it makes sense to impose the
reduced order transfer function T(s) to be real as well. In order to guarantee the
matrices ﬁ"’“t, Fin, ]\;L D and S to be real, it is sufficient to use real projecting
matrices Z,V to construct them.

It is not difficult to see that the gramians of a real transfer function are
real. This implies that if one applies the Second Order Balanced Truncation
technique to a real second order transfer function, the projecting matrices will
automatically be real as well, resulting in a real reduced order transfer function.

Some care must be taken concerning Krylov techniques. Indeed, if A, B
are real matrices and A € C, the matrix Kj, (A\I — A)™',(A\] — A)7'B) is in
general complex.
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Assume that T(s) and T'(s) are real transfer function. It follows that the
error transfer function E(s) is also real. From (6.27), if A € C is an interpolation
point between T'(s) and T(s), then X is also a zero of E(s).

From the preceding discussion, it can recursively be proved that if A and
B are real matrices of compatible dimension, then, for any complex number A,

K (M =A™ (M — A)7'B) = K (M — A)~1, (M — A)~1B).

To conclude, if one wants to construct a real transfer function T(s) that
interpolates another real transfer function 7(s) = C(sI — A)~!B at a complex
number X, 7'(s) must also interpolate T(s) at X. This can be done using only
real projecting matrices as follows.

1. First compute the Krylov matrix
Vi+Vaj =Ky (M —A)"",(\[-A)'B),

with V7 and V5 real matrices.
2. Project with a right projecting matrix V such that

Im [Vi Vo] CV.

This ensures that K (A — A)~%, (A — A)"*B) and K, (A — A)~*, (A — A)~'B)
are both subspaces of V.

6.5 Numerical Experiments

In this section, model reduction techniques are applied to a large scale second
order system representing the vibrating structure of a building. The objective
is to compare the performance of second order structure preserving model re-
duction techniques, namely the SOBT technique introduced in Section 6.3 and
the Second Order Krylov technique introduced in Section 6.4, with respect to
the standard first order techniques, namely the Balanced Truncation and the
Multipoint Padé techniques.

The characteristics of the second order system to be reduced are the follow-
ing. The stiffness and mass matrix S and M are of dimension n = 26394. The
mass matrix M is diagonal and the stiffness matrix S is symmetric and sparse
(S contains approximately 2 x 10° non zero elements). The input vector is the
transpose of the output vector:

et = pnt = [1...1].

The damping matrix is proportional, meaning it is a linear combination of the
mass matrix M and the stiffness matrix S:
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D :=aM + 3S.

The second order transfer function of Mc Millan degree 2n = 52788 to be
reduced is

T(s) := Fo(s*M + sD + S) ' F'™ = F“'(s* M + s(aM + 3S) + S) " F™.

Given the structure of M we normalize by transforming the equation so that
the mass matrix is the identity as follows :

-1 )
T(s) = Fout jy—1/2 (821+ s(aI+BM_1/2SM_1/2) +M—1/2SM—0.5) M-L2pin

So, we redefine § = M~Y/28M~1/2 and Fin = M—1/2Fin = fout”

One intermediate system and five reduced order systems will be constructed
from T'(s).

Three reasons led us to construct an intermediate transfer function. First,
concerning the SVD techniques, it is not possible to apply the Balanced Trunca-
tion or the Second Order Balanced Truncation methods directly to the transfer
function T'(s) because its Mc Millan degree 2n is too large for applying O(n?3)
algorithms. Second, the intermediate transfer function, assumed very close to
T'(s), will also be used to approximate of the error bound between the different
reduced transfer functions and the original transfer function T'(s). Finally, the
intermediate transfer function will also be used in order to choose interpolation
points for the Krylov techniques.

For these reasons, an intermediate second order transfer function of order
200 (i.e. of Mc Millan degree 400), called T5go(s), is first constructed from T'(s)
using Modal Approximation as follows. Thgo(s) is constructed by projecting S
onto its eigenspace corresponding to its 200 eigenvalues of smallest magnitude.
This corresponds to keeping the 400 eigenvalues of s2I + s(al + 3S) + S the
closest to the imaginary axis. Let Viggo € R20364%200 he the projection matrix
corresponding to the 200 eigenvalues of S the closest to the imaginary axis
(with V'V, = I500) (V200 is computed with the Matlab function eigs). The
intermediate transfer function is

Too0(s)
~ ~ N\ —1 ..
— Fout (82.[200 + sD + S) an _ FoutM71/2Vp

—1 .
(321 +s(al + BV M V2SM Y2V, + V,,TM—WSM—WV,,) VMR

By checking the difference between T'(s) and Txoo(s) at different points in the
complex plane, it has been verified that both transfer functions are very close
to each other. The Hankel singular values of Thgo(s) are shown in Figure 6.1.
Let us construct the reduced order transfer functions.
First, from T5go(s), we compute the reduced transfer function of Mc Millan
degree 20 obtained by using balanced truncation (with the sysred Matlab func-
tion of the SLICOT library [15]), called Tpy:(s). Note that Tp:(s) is no longer in
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Fig. 6.1. Hankel singular values of Thoo(s)

second order form. Another second order transfer function of order 20 (and Mc
Millan degree 40), called Tsopt(s), is constructed from Tooo(s) using the SOBT
algorithm [21].

Concerning the Krylov techniques, the reduced order transfer functions are
computed directly from the original transfer function T'(s). Three reduced order
systems are compared. The first one is constructed using the standard first order
Krylov procedure. The two other reduced systems (corresponding to different
choices of interpolation points) are constructed using a second order Krylov
technique.

In order to apply Krylov techniques, a first important step consists in choos-
ing the interpolation points. Indeed, the quality of the reduced order system is
very sensitive to the choice of interpolation points.

An interesting fact is that there are 42 interpolation points between Togo($)
and Tp(s) that have a positive real part (among the 420 zeros of Thoo(s) —
Ty (s)). From a dozen experiments, it has been observed that when using the
standard Balanced Truncation technique, the number of interpolation points in
the right-half plane between the original and the reduced transfer function is
roughly equal to twice the Mc Millan degree of the reduced transfer function.
The interpolation points in the right-half plane have the advantage that they
are neither close to the poles of the system to be reduced nor to the poles of
the Balanced Truncation reduced system because both transfer functions are
stable. This implies that both transfer functions do not vary too much there
and this is preferable in order to avoid numerical instability.
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Because the Mc Millan degree of Ty (s) is equal to 20, it is well known
that 40 points are sufficient in order to describe Ty (s). In other words, the
only transfer function of Mc Millan degree smaller than 20 that interpolates
Ty (s) at 40 points in the complex plane is Ty (s) itself [38]. So, we take the 40
interpolation points between Thoo(s) and Ty (s) with largest real part as our
choice for computing the transfer function of Mc Millan degree 20, denoted
Trryi(s), that interpolates the original transfer function 7'(s) at these points.
The poles and interpolation points are shown in Figure 6.2. Because Thgo($)
is very close to T'(s), Tkry(s) should be close to Ty (s). Using the second

. x  Poles of Rzoo(s)
60+ Poles of R (s)
Interpolation Points
301
[¢]
[¢]
ok
[¢]
]
_30 |
-60|
8"

-10 -5 0 4

Fig. 6.2. Poles and interpolation points for T>0o(s) and Ty (s)

order Krylov technique, a reduced second order transfer function Tsokryl(s)
of Mc Millan degree 28 is also constructed. Its Mc Millan degree was first
chosen to be 20 but the resulting reduced transfer function was not stable. For
this reason, additional interpolation conditions were added until the reduced
transfer function was stable, resulting in a Mc Millan degree equal to 28. The
transfer function Tsokryl(s) interpolates T'(s) at the 28 rightmost interpolation
points between Thgo(s) and Tp¢(s). These 28 interpolation points are 14 pairs
of complex conjugated numbers. The Krylov subspaces are computed for only
one half of interpolation points, say those with positive complex part and the
real projecting matrices are obtained by taking both the real and complex part
of the Krylov subspaces, following the scheme explained in Subsection 6.4.
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For comparison purposes a set of interpolation points randomly generated
(with symmetry with respect to the real axis in order to obtain a real interpo-
lating transfer function) in a rectangle delimited by the extreme zeros in the left
half plane of Togo(s) — Tpe(s) is also used in the second order Krylov method
to generate Trqndsokryi(s). These two sets of interpolation points are shown
in Figure 6.3. The transfer functions Thoo(s), Tp:(s), Tsovt(s), Trandsokryi($),

Fig. 6.3.
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Interpolation points for Ty (s), Tsokryi(s) and Trandsokryi (S)

Thryi(s) and Tsorryi(s) are plotted in Figure 6.4. Recall, that Thoo(s) is used
here as computationally tractable approximation of T'(s). More can be learned
by considering the the Ho.-norm errors relative to ||T200(s)|/cc shown in Ta-
ble 6.1. As a first observation, it looks as if the six transfer functions are

Table 6.1. Relative errors for reduced order models

Reduced Transfer Model Reduction Mc Millan ”T200<T‘)T;f[;'<e;>““°;d(s)“""
function technique degree

Tyt (s) Balanced Truncation 20 431074

Tsovt () Second Order Balanced Truncation 40 2.6 107*

Thoryi () Krylov 20 8.3107*

Tisokryt (8) Second Order Krylov 28 5.8 1072

Trandsokryl (5)

Random Second Order Krylov 20 71072

close to each other, especially for frequencies smaller than 10 rad/sec (where
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Bode Magnitude Diagram
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Fig. 6.4. The six transfer functions

the bode magnitude diagrams are undistinguishable, see Figure 6.4). This is a
good news because they should all approximate well the same transfer function
T(s).

One observes from Table 6.1 that the SVD techniques perform better than
the Krylov techniques. Two remarks are in order. First, it should be kept in
mind that only the Krylov reduced transfer functions are directly computed
from the original data of T'(s). Second, concerning the Krylov techniques, the
quality of the approximation depends strongly on the choice of the interpolation
points. Because for SISO systems, any transfer function can be constructed
from Krylov subspaces from any transfer function of larger Mc Millan degree,
there should exist interpolation conditions that produce reduced order transfer
functions with smaller error bound than what can be obtained with balanced
techniques, but of course, it is not easy to find such interpolation conditions.

A surprising fact concerning SVD techniques is that the best approximation
is obtained with Tyup:(s) and not Ty:(s). Nevertheless, one should not forget
that the Mc Millan degree of Tsopt(s) is twice as large as the Mc Millan degree
of Tpe(s).

In contrast with SVD techniques, the error obtained with the first order
transfer function Tkryl(s) is 100 times smaller than for the second order trans-
fer functions Tsokryi($) and Tyandsokryi (). This tends to indicate that Second
Order Krylov techniques perform quite poorly compared to the first order tech-



6.6 Concluding Remarks 127

niques, perhaps indicating that a more sophisticated algorithm for choosing the
interpolation points for these methods is needed.

Finally, by choosing random interpolation points, the error remains roughly
the same than by taking the balanced truncation interpolation points: 0.058 for
Tsokryi(s) and 0.07 for Tranasokryi(s). This is probably due to the fact that
the area chosen to generate the interpolation points for Trqndsokryi(s) contains
good information about the original transfer function.

6.6 Concluding Remarks

Concerning the second order Krylov technique, the following observation is
worth mentioning. For SISO systems, it has been shown in [17] and [66] that
for every first order system (c, A,b) of pair Mc Millan degree such that ¢b = 0,
there exists a state space transformation that puts it into a second order form.
In other words, every SISO system (with first Markov parameter equal to zero)
can be rewritten as a second order system. This implies that in the SISO case,
it is possible to impose 4n — 1 interpolation conditions for a reduced second
order system of Mc Millan degree 2n by first using the classic Multipoint Padé
technique of Theorem 3.1 and then reconstructing a second order form with an
appropriate state space coordinate transformation. Currently, no proof is avail-
able for the MIMO case. If it is sufficient to impose the first Markov parameter
to be zero in order to ensure the second order property, one can wonder if the
second order structure preserving schemes presented here are useful. Here are
some reasons why we still believe that our approach is interesting.

1. First, it appears that some of our second order model reduction techniques
are as good as, or even better than existing standard techniques. For in-
stance, in Table 6.1, the smallest error bound is obtained for the reduced
order system obtained using the SOBT algorithm, and not the standard
Balanced Truncation algorithm. If the Mc Millan degree of Tspt(s) is twice
larger than the Mc Millan degree of Ty:(s), its complexity is roughly the
same, due to its preserved second order structure.

2. As we will see in the next chapter, the second order structure preserv-
ing techniques presented have been extended to more general structured
systems, permitting to unify several structure preserving model reduction
methods existing in the literature.

3. From a practical point of view, several softwares in mechanical engineering
need a system written in second order form. It is then simpler to provide a
system directly in second order form.

4. Another important point that has not been discussed yet is that other
important characteristics of the original system, such as symmetry and
passivity, can be maintained by projecting with block diagonal matrices
(by projecting with equal left and right projecting matrices).
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As for generalized state space realizations of first order systems, it is also pos-
sible to apply Krylov technique to second order systems without requiring the
mass matrix M to be equal to the identity. Concerning the SOBT technique,
special care must taken in deriving the second order gramians.

For second order balanced truncation, numerical results are very encourag-
ing, but many important questions remain open. For instance, does there exist
an a priori global error bound with SOBT, as for Balanced Truncation? Even
simpler, is stability of the reduced system always guaranteed? If the answer to
the preceding questions is negative, does there exist a better choice of second
order gramians? Also, the development of an approximate version applicable
to large scale systems is needed.

As we will see in Chapter 7, there is a natural extension of the second
order structure preserving techniques presented in this chapter for the general
framework of interconnected systems.

6.7 Notes and References

This chapter is a resume of three papers.

The first paper [21] (see also [22]) is the result of a team work with Y.
Chahlaoui, D. Lemonnier and Paul Van Dooren. We would like also to than
Karl Meerbergen for a preliminary version of that work [23].

The second-order preserving Krylov techniques have been studied in [83].

A more recent work involving Y. Chahlaoui, K. Gallivan and P. Van Dooren
is the survey paper [20].

It should be pointed out that several authors have recently considered the
problem of using Krylov techniques while preserving the second order form.
See for instance the work of Bai [10, 9, 12], Freund [11, 32] and others [74].

This is in contrast with second order balanced truncation techniques that,
to our knowledge, have only been considered in [66]. See also [78].
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Model Reduction of Interconnected Systems

Large scale linear systems have often a particular structure. In this chapter,
we consider a particular class of structured systems that can be modelled as
a set of input/output subsystems that interconnect to each other, in the sense
that outputs of some subsystems are inputs of other subsystems. Sometimes, it
is important to preserve this structure into the reduced order system. Instead
of reducing the entire system as a black box, it makes sense to reduce each
subsystem (or a few of them) by taking into account its interconnection with
the other subsystems in order to approximate the entire system. The purpose of
this chapter is to present model reduction techniques that preserve the structure
of the interconnections. With our approach, several structured model reduction
techniques existing in the literature appear as special cases of our methods,
permitting to unify the theory.

7.1 Introduction

A preliminary remark is worth mentioning. As for the rest of this thesis, we
only consider here systems as input/output systems. This is not always the
best choice for representing systems, especially in the context of complex inter-
connected systems. Indeed, inputs and outputs do not always naturally appear
in the description of a system, and it is not always possible to model a struc-
tured system as it is suggested in this chapter. A more general definition of
interconnected systems appears in the behavioral approach [70]. Nevertheless,
very interesting examples of structured systems can be modelled as proposed
here.

Well known input/output structured model reduction problems are the
problems of weighted model reduction, controller reduction and second order
model reduction. For each of these structured problems, specialized model re-
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duction techniques have been developed. It turns out that all these structured
problems can be modelled as examples of interconnected systems defined below.

Here is the description of the interconnected system considered in this chap-
ter. Let us call this large scale linear system G(s). This system is composed of
an interconnection of k sub-systems T;(s). Each subsystem is assumed to be a
linear MIMO transfer function. Subsystem T (s) has «; inputs denoted by the
vector a; and 3; outputs denoted by the vector b; :

bi(s) = Ti(s)ai(s). (7.1)

Define o := Zle a; and B = Z?Zl B;. The inputs of each subsystem are
either outputs of other subsystems or external input that do not depend on the
other subsystems.

One can rewrite a transfer function from its subsystems via the use of an
“interconnection matrix”

ai(s) = u;(s) + ZKi,jbj(S)- (7.2)

Sometimes it is preferable to define the external output u;(s) as a linear com-
bination of a global external output u(s). This is written as u;(s) = H;u(s),
where H; € R**™_ The output of G(s), denoted by y(s) is a linear function of
the outputs of the subsystems:

k
y(s) = Z E;bi(s),

with F; € RP*P: Define

a(s) = [a1(s)T ... ak(s)T]T, b(s) = [bi(s)T ... bk(s)T]T,
Tl(s) Hl
T(s) := JH:=| ! |, F=[F .. F].

Ti(s) Hy,

and finally the connectivity matrix K as follows

Kl,l . Kl,k‘

K = Do (7.3)
ch,l A K;%k

The Mc Millan degree of T;(s) is n; and (4;, B;, C;, D;) is a minimal state space
realization of T;(s). From these definitions, T'(s) = C(sI — A)~'B + D with
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Ch Ay
C .= , A= ,
Cr | Ay
B1 T Dl
B = T . s D = ..
Bk_ Dk
The preceding equations can be rewritten as follows :
a(s) = Hu(s) + Kb(s), b(s) =T(s)a(s), y(s)= Fb(s). (7.4)
From this,
y(s) = F(I —T(s)K) "T(s)Hu(s). (7.5)

In others words, G(s) = F(I — T(s)K) T (s)H, with FF € RP*A. Hence, a
state space realization of G(s) is given by (Ag, Bg, Ca, D¢) defined by (see for
instance [94], pg 66)

Cq:=F(I -DK)'C,Aq¢:=A+BK( - DK)'C,
Bg:=B(I-KD)'H 6 Dg:=FD(I—-KD) 'H. (7.6)

If all the transfer functions are strictly proper, i.e. D = 0, the state space
realization (7.6) of G(s) is simpler :

Cog=FC, Ag=A+BKC, Bg=BH, Dg=0.

Let us finally remark that if all systems are in parallel, i.e. K = 0, then G(s) =
FT(s)H.

Figure 7.1 gives an example of an interconnected system G(s) composed
of three subsystems. The problem of interconnected systems model reduction
proposed here consists in reducing the subsystems T;(s) in order to approximate
the global mapping from u(s) to y(s) and not the internal mappings from a;(s)
to bi (S)

This chapter is organized as follows. After some preliminary results, a Bal-
anced Truncation framework for interconnected systems is derived in Section
7.2. Krylov model reduction techniques for interconnected systems are pre-
sented in Section 7.3. In Section 7.4, several connections with existing model
reduction techniques for structured systems are given. Concluding remarks are
made in Section 7.5.

7.2 Interconnected Systems Balanced Truncation

This section is an extension of Section 6.3. For an introduction on Balanced
Truncation, see Section 2.4 (see also [66, 21]).
Let us start with some basic lemmas.
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Fig. 7.1. Example of interconnected system
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Lemma 7.1. Let x; € R™ and M, ; € R">*"™ for 1 <i < k. Define
T Ml,l A Ml,k:

xi=| , M= S
Tk Mk,l Mk,k

Assume that the matrixz M is positive definite. Let us consider the product
J(x, M) = 2" M 'z,
Then, for any fized x; € R™>™i

min J(x, M) = ] M, 'z;.
T, jFi ’

Proof. Without loss of generality, let us assume that ¢ = 1. For ease of notation,

T Ni1 Nig 1 e sm
define y := [xQT xf] and {Nng N272] = M~ with Ny ; € R"*™. We

obtain the following expression
J(w, M) = x{ Ny 121 + 221 N1 oy +y" Naoy. (7.7)

Because M is positive definite, IV is also positive definite. This implies that Ny ;
and Ny 5 are positive definite. J(x, M) is a quadratic form and the Hessian of
J(x, M) with respect to y is equal to Na 5. This implies that the minimum is
obtained by annihilating the gradient :
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oJ(x, M
(7) = 2N1TQ.1'1 + 2N2,2y.
oy '
The minimum is obtained for y* = —szlef’;Qxl, which yields the optimal

value

. T T —1 T T -1
min J(x, M) = 1 N1az1 — 27 N12Ny o Ny ow1 = 27 My j 271,

where the last equality was obtained by using the Schur complement.
m|

Another optimization result is often used in the context of weighted model
reduction. Instead of finding the minimum of J with respect to the other vari-
ables, one might be interested in finding the value of J by putting the other
states equal to zero. This gives rise to the following result :

Lemma 7.2. Let x; € R™ and M; ; € R™*™ for 1 <i < 2. Define

x1 M My
T = , M= ’ .
{3?2] [le M2,2]

Assume that the matriz M is positive definite. Let us consider the product
J(x, M) := 2" Mz,

Then, for any fived x; € R™i*"i

_ —1
I (@, M) g0 jzi = ] (Mg — MM [ M;;) ;.

Proof. The proof consists in rewriting the inverse of M by using the Schur
Complement Formula (1.1).

O
The generalization to k different states is obvious.
Let us consider the controllability and observability gramians of G(s) :
AcPg + PcAL + BoBE =0, ALQo + QaAc + CECa = 0. (7.8)

Let us decompose

Piq... Py Qi1 .- Qi
Pk,l - Pk,k Qk,l oo Qk,k

)

where P;; € R"*" . If we perform a state space transformation @; to the
state Z;(t) = §;2;(t) of each interconnected transfer function T;(s), we actually
perform a state space transformation
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]
P = .
Dy,
to the realization (4, B, C, D) = (PAP~!,#B,CP~', D) of T(s). This, in turn
implies that (Ag, Bg,Cq, Dg) = (PAcP 1, 8Bg,Cq® !, Dg). From this,

(Pe, Q) = (PPcd", 07T Qed™),

i.e. they also perform a contragradient transformation. This implies that
(PH,Q“) = (@iPi7i¢f7d5;TQi’id5;1), which is a contra-gradient transforma-
tion that only depends on the state space transformation on z;, i.e. on the
state space associated to T;(s).

Let us recall (see (2.18)) that the minimal past energy necessary to reach
x;(0) = x; for each 1 < ¢ < k with the pair (Ag, Bg) is given by the expression

x1

Tk
The following result is a consequence of Lemma 7.1.

Lemma 7.3. With the preceding notation, the minimal past input energy

J = / Y )Tty

to apply to the interconnected transfer function G(s) in order that for subsystem
i at time t =0, 2;(0) = &; over all initial input condition x;(0),j # i, is

T —1-
Z; Pi,i ZT;.

Moreover, the minimal input energy necessary in order that for subsystem i at
time t =0, z;(0) = Z; and that for all the other subsystems, x;(0) = 0,5 # 1,
18

i (Pg )i,
where (Pél)m 18 the 1,4 block of the inverse of Pg, and this block is equal to
the inverse of the Schur Complement of P; ;.

Finally,
0< P <(PgY)is (7.9)

Proof. The two first results are direct consequences of Lemma 7.1. The inequal-
ity (7.9) follows from the Schur complement but a more intuitive alternative
proof is the following. For any nonzero vector Z;, the energy necessary for sub-
system ¢ at time t = 0 to reach z;(0) = Z; over all initial input condition
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x;(0),j # i, cannot be larger than by imposing x;(0) = 0,j # ¢. This implies
that for any nonzero vector z,

z7 ((Pgl)i,i — P-_-l) x> 0.
O

Similar energy interpretations hold for the diagonal blocks of the observability
matrix Q¢ and of its inverse.

From Lemma 7.3, it makes sense to truncate the part of the state x; of
each subsystem T;(s) corresponding to the smallest eigenvalues of the product
P, ;Q;; (other choices of gramians are possible, depending on the chosen energy
optimization problem). We can thus perform a bloc diagonal transformation in
order to make the gramians P;; and @;; both equal and diagonal :P;; =
Q;; = ;. Then, we can truncate each subsystem T;(s) by deleting the states
corresponding to the smallest eigenvalues of X;.

To resume, our Interconnected Systems Balanced Truncation (in short
ISBT) algorithm, proceeds as follows.

Algorithm 7.2.1 Let (Cq, Ag, Bg, Da) ~ G(s), where G(s) is an intercon-
nection of k subsystems (C;, A;, Bi, D;) ~ T;(s) of order n;. In order to con-
struct a reduced order system é(s) while preserving the interconnections, per-
form as follows.

1. Compute the gramians Pg and Q¢ satisfying (7.8).

2. For each subsystem T;(s), perform the contragradient transformation @; in
order to make the gramians P;; and Q;; equal and diagonal.

3. For each subsystem (C;, A;, B;, D;), keep only the state corresponding to
the largest eigenvalues of P;; = Q;; = X;, giving the reduced subsystems
TZ(S)

4. Define

G(s)=F(I —T(s)K)"'T(s)H, with T(s):= diag{T;(s)}.

Remark 7.4. A variant of Algorithm 7.2.1 consists in performing a balance and
truncate procedure for each subsystem T;(s) with respect to the Schur comple-
ments of P; ; and @); ; instead of P; ; and Q; ;. From Lemma 7.3, this corresponds
to sorting the state-space of each system C;, A;, B; with respect to the opti-
mization problem min, || u(¢) ||* such that z;(0) = zo and x; = 0 for j # i.
Mixed strategies are also possible.

7.3 Krylov techniques for interconnected systems

Krylov techniques have already been considered in the literature for particular
cases of structured systems. See for instance [77] in the controller reduction
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framework, or [80] in the second-order model reduction framework. This last
case has been revisited recently in [32] and [83] (cf. Section 6.4). But, to our
knowledge, it is the first time they are studied in the general framework of
Interconnected Systems.

The problem is the following. If one projects the state-space realizations
(Ci, Ai, B;) of the interconnected transfer functions T;(s) with projecting ma-
trices Z;, V; containing Krylov subspaces, giving rise to reduced-order transfer
functions 7 ;(s) that satisfy interpolation conditions with respect to T;(s), what
are the resulting relations between G(s) and G(s)?

If one imposes the same interpolation conditions for every pair of subsystems
T;(s) and Tj(s), then the same interpolation conditions hold between the block
diagonal transfer functions T'(s) and T(s) as well. Let us investigate what this
implies for G(s) and G(s). Let us assume that

(C,A,B) = (CV,zT AV, Z" B)
such that ZTV = I and
K (M —A)" (AT = A)7'B) C Im(V).

From Theorem 2.4, T(s) := C(sI — A)~'B interpolates T(s) at s = A up
to the k first derivatives. Concerning G(s), the matrices F, K, D and H are
unchanged. One obtains

G(s)=CaV (sl — ZTAgV) ' Z"Ba + Dg.
At first sight, there seem to be no reason why V' should contain the subspace
Ki (M — Ag)™", (M — Ag)"'Bg),

except for the case of interpolation at infinity. Indeed, it can easily be proven
recursively that

Kr (A+BK(I - DK)'C,B(I-KD) 'H) C K (A,B).

It turns out that the preceding result holds for arbitrary points in the complex
plane, as shown in the following lemma.

Lemma 7.5. Let A € C be a point that is neither a pole of A nor a pole of
Ac (defined in (7.6)). Then

Ky (M = Ag)™', (M = Ag) ™' Ba)
C K (M —A)" (M -A)'B), (7.10)
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Ki (M —Ag)™ ", (M - Ag)~"CE)

C Ky (M —A)T, (A —4)~TcT). (7.11)
Proof. Only (7.10) will be proven. An analog proof can be given for (7.11).
First, let us prove that the image of (Al — Ag) !B is included in the image
of (\I — A)~'B. In order to simplify the notation, let us define the matrix
X := K(I — DK)~'C. From the preceding definitions,

(M — Ag)"'Bg
=(M—-A-BX)'B(I-KD)'H
= (I—(\[—A)"'BX) "' (\I—A)"'B(I-KD)"'H

Z A — A)"'BX) (\[— A)"'B(I— KD)'H

— (M —A)'B(I-X(\ —A)"'B)”" (I-KD)'H.

This clearly implies that the image of (A\] — Ag) ™! Bg is included in the image
of (A\I — A)7!B. Let us assume that

K1 (M = Ag)™" (M — Ag) " "'Ba) € K1 (M — A)™', (AT — A)7'B),
and prove that this implies that
Ki (M —=Ag)™', (M — Ag)'Bg) CKi (M —A)~', (M — A)"'B).
Because (A — Ag) ¥+ Bg belongs to K1 (AT — A)~1, (AT — A)_lB),(‘Z}i}z
exists a matrix Y such that
(M - Ag) "'Be = Kj_1 (M - A)~',(\[ - A)'B)Y.
One obtains then that

()\I - Ag)_kBG
= (M — Ag) *(\M — Ag) "1 Bg

i (AT = A)"'BX)" (AT — A" K,y (A — A)~}, (AT — A)"'B) Y.

Note that
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(M —A) 'Ky (M= A7 (M — A)'B)

0

1
=Kp (M —A)~", (M - A4)7'B)

Moreover, for any natural number ¢ > 0, it is clear that
(M —A4)"'BX)" € ki (M —A) ", (M —A4)"'B).

This proves that (7.12) is satisfied.
O

Thanks to the preceding lemma, there are at least two ways to project the
subsystems T;(s) in order to satisfy a set of interpolation conditions using
Krylov subspaces as follows.

Lemma 7.6. Let A € C be neither a pole of T(s) nor a pole of G(s). Define

vecwr = [V .. VT,
such that V; € C™*", Assume that either
Ki (M = Ag)™, (M — Ag) "' Bg) € Im(V). (7.13)
or
K (M — A", (AT = A)~'B) C Im(V). (7.14)

Construct left projecting matrices Z; € C"*" such that ZI'V; = I.. Project
each subsystem as follows :

(ézaAmBz) = (CiVi»ZiTAz‘Vi,ZiTBJ
Then, G(s) interpolates G(s) at X up to the first k derivatives.

Proof. As a consequence of Lemma 7.5, first note that (7.14) implies (7.13).
Let us assume that (7.13) is satisfied. The preceding operation corresponds to
projecting Cq, Ag, Bg with
Al Vi
Z = , V= .
Zy Vi

This implies that ZTV = I and Im(V) C Im(V). This concludes the proof.
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O

In some contexts, such as controller reduction or in the presence of weight-
ing functions, one does not construct a reduced order transfer function é(s)
by projecting the state spaces of all the subsystems (C;, 4;, B;) but one only
project some of one subsystem. Let us consider this last possibility.

Corollary 7.7. Define

vecr.=[vl.. . vI]"

)

such that V; € C™*", Assume that either
K (M — A", (AT = A)7'B) C Im(V),

Ki (M —Ag)™, (M — Ag) ™' Bg) € Im(V).

Construct a reduced order transfer function G(s) by only projecting one subsys-
tem, say (Cy, A;, B;), as follows. Let Z; € C™*" such that ZI'V; = I,.. Project
subsystem (C;, A;, B;) as follows :

(Ci, Ay, B) == (CiV;, ZF A Vi, ZT By, (7.15)

and keep all the other subsystems unchanged. Then, G(s) interpolates G(s) at
A up to the first k derivatives.

Proof. Again, note that (7.14) implies (7.13). Let us assume that (7.13) is
satisfied. The operation (7.15) corresponds to projecting Cq, Ag, Bg with

277; nj
Z = Zi 9
L IZ ?:i«{»l nj
127:1 nj
V= Vi
L [Z ";:i«{»l nj

This implies that ZTV = I and Im(V) C Im(V). This concludes the proof.
O

Remark 7.8. Tt is also possible to project the subsystems T;(s) in such a way
that the reduced interconnected transfer function G (s) satisfies a set of tangen-
tial interpolation conditions with respect to the original interconnected transfer
function G(s), but special care must be taken.
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Indeed, Lemma 7.5 is generically not true anymore for generalized Krylov
subspaces corresponding to tangential interpolation conditions. In other words,
the column space of the matrix

Ki (M — Ag) 'Bg, (A — Ag)™Y) =
Yo -+ Yr—1
[()\I —Ag) 'Bg ... (M — Ag)_kBG] :
Yo
is in general not contained in the column space of the matrix
Ki (M —A)™'B,(\M[—A)7"Y) =

Yo - - Yr—1
[()\I—A)*lB (AI—A)*’“B] :
Yo
In such a case, interchanging matrices Cg, Ag, B¢ by C, A, B, as done in
Lemma 7.6 and Corollary 7.7 is not always permitted. Nevertheless, Lemma 7.6
and Corollary 7.7 can be extended to the tangential interpolation framework
by projecting the state space realizations (C;, A;, B;) with generalized Krylov
subspaces of the form K ((/\I — Ag) 'Bg, (M — Ag)_l,Y) and not of the
form Ky, (M — A)7'B, (A — A)7LY).

7.4 Examples of Structured Model Reduction Problems

As we will see in this section, many structured systems can be modelled as
interconnected systems. Three well known structured systems are presented,
namely weighted systems, second-order systems and controlled systems. For
each of these specific cases one recovers well-known formulas. It turns out that
several existing model reduction techniques for structured systems are partic-
ular cases of our ISBT algorithm.

The preceding list is by no means exhaustive. For instance, because linear
fractional transforms correspond to making a constant feedback to a part of the
state, this can also be described by an interconnected system. Periodic systems
are also a typical example of interconnected system that is not considered
below.

Weighted Model Reduction
As a first example, let us consider the following weighted transfer function :

Y(8) = Wout ()T () Win(s)u(s) := G(s)u(s).
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Let (Cy,, Ao, Bo, Do), (C, A, B, D) and (C;, A;, B;, D;) be the state space real-
izations of respectively Wo,+(s), T'(s) and W, (s), of respective order n,, n and
n;. A state space realization (Cq, Ag, Bg, Dg) of G(s) is given by

A, B,C B,DC;|B,DD;

Ag|Be] |0 A BC, | BD;
{JW DG] =10 0 A 5 |- (7.16)

Co D,C D,DC;|D,DD,

The transfer function G(s) corresponds to the interconnected system S with

S - {bl(s) = Wy(s)ai(s), ba(s) =T(s)az(s), bs(s) = Wi(s)as(s)
' y(s) = bi(s), ai(s) =ba(s), aa(s)=0bs(s), az=u(s)

and
0 010
H=|0| , K=|o00I| , F=[I00].
I 000

A frequency weighted balanced reduction method was first introduced by Enns
[27, 94]. Its strategy is the following. Note that Enns assumes that D = 0
(otherwise D can be added to T'(s)).

Algorithm 7.4.1 1. Compute the gramians Pg and Q¢ satisfying (7.8) with
Cg, Ag, BG, DG deﬁned m (7.16).

2. Perform a state space transformation on C, A, B in order to obtain P =
Q = X diagonal, where P and Q are the diagonal blocs of Pg and Qg
corresponding to the T(s):

Ono,n O'flo,n
P = [On,no In On,nl] PG In 5 Q = [On,no In On,m] QG In
0ni7n Onln

3. Truncate (C, A, B) by keeping only the part of the state space corresponding
to the largest eigenvalues of X..

It is clear the algorithm of Enns is exactly the same as the ISBT Algorithm
applied to weighted systems. As for the ISBT Algorithm 7.2.1, there is generally
no known a priori error bound for the approximation error and the reduced
order model is not guaranteed to be stable either.

There exists other weighted model reduction techniques. See for instance
[89] where an elegant error bound is derived.

A generalization of weighted systems are cascaded systems. If we assume
that the interconnected systems are such that the output of T;(s) is the input of
T;+1(s), we obtain a structure similar than for the weighted case. For instance,
the matrix K has the form
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g, 0
Second-Order systems

Second-Order systems 6.1 (the mass matrix M is assumed equal to the identity
matrix) can be seen as an interconnection of two subsystems as follows.
Define T3 (s) and Tx(s) corresponding to the following system :

@1(t) = =Dy (t) — Sya(t) + Finu(?) Fa(t) = Oza(t) + 1 (£)
{ yi(t) = l‘l(t)l ’ ; { yz(t) _ l‘g?ﬁ) ! (7.17)

From this, y1(s) := Ti(s)ai(s) = (sI,+ D) ta;(s) with a1 (s) := uy(t) — Sy2(s)
(with the convention uq(t) = Fy,u(t)) and ya(s) = Fous taa(s) := Ta(s)az
with as(s) = y1(s). Matrices F, H, K are given by

F:=[0Fu], H:= H) } K := {90‘9].

From the preceding definitions, one obtains
10 -DO 10
e=los] =[] - [ol]
-D -K F;
CG_[OFOUt:IvAG_[I 0:|’BG_|:O:|

The matrices Cg, Ag, Bg are clearly a state space realization of F,(s%I, +
Ds+ S)~1F};,. At this point, it is not difficult to verify that the Second-Order
Balanced Truncation technique proposed in [21] is exactly the same as our In-
terconnected Balanced Truncation technique applied to Ti(s) and Tx(s) (see
Section 6.3). In general, systems of order k can be rewritten as an interconnec-
tion of k subsystems by generalizing the preceding ideas.

Controller Order Reduction

The Controller Reduction problem introduced by Anderson and Liu [2] is the
following. Most high-order linear plants T'(s) are controlled with a high order
linear system K(s). In order to model such structured systems by satisfying
the computational constraints, it is sometimes needed to approximate either
the plant, or the controller, or both systems by reduced order systems, denoted
respectively by T'(s) and K(s).
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Fig. 7.2. Controller Order Reduction
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The objective of Controller Order Reduction is to find 7'(s) and/or K (s)
that minimize the structured error

IG(s) = G(s)ll,  with

G(s) = (I —=T(s)K(s))"'T(s), G(s):= (I —T(s)K(s)) " T(s).

Balanced Truncation model reduction techniques have also been developed for
this problem. Again, most of these techniques are very similar to the ISBT
Algorithm. See for instance [87] for recent results. Depending on the choice of
the pair of gramians, it is possible to develop balancing strategies that ensure
the stability of the reduced system, under certain assumptions [63].

7.5 Concluding Remarks

In this chapter, several model reduction techniques have been developed in
order to perform model reduction of interconnected systems, either by SVD or
by Krylov techniques. For instance, the ISBT Algorithm is a very generic tool
for performing structured preserving balanced truncation.

As we have seen, our approach permits to unify several existing structured
model reduction techniques in the same framework.

It should be pointed out that our approach, as any other input/output
model reduction technique, cannot be apply to every interconnected systems
but only a subset of it.

e First, only input/output systems (and subsystems) are studied. As pointed
out in the beginning of this chapter, this is not always the best choice of
representing a system since interconnections do not always correspond to a
causal relation where outputs of one system are inputs to another system.

e Second, the techniques explained here can only be applied to systems com-
posed of a small number of large scale linear systems that are connected
to each other. If the interconnected system to be reduced is composed of a
large number of small subsystems, then other model reduction techniques



144 7 Model Reduction of Interconnected Systems

should be used. Assume for instance that a system G(s) is composed of 1000
subsystems T;(s) of small Mc Millan degree, say for instance 10 so that the
Mc Millan degree of G(s) is 10000. Assume that you want to approximate
G(s) by a transfer function of degree 100. Then you cannot keep 1000 sub-
systems, i.e. you need another strategy. This example can seem artificial
but this is exactly what happens in Circuit Simulation where one is facing
systems of Mc Millan degree larger than 10° that are actually composed of
a very large set of small subsystems.

7.6 Notes and References

A preliminary version of this chapter is available in [84]. This is the result of a
collaborative work with Paul Van Dooren.

Interconnected systems, also called aggregated systems, have been studied
in the eighties [29] in the model reduction framework, but received recently only
little attention [76]. This is in contrast with controller and weighted SVD-based
model reduction techniques that have been widely studied in the literature
[75, 2, 27]. Controller reduction Krylov techniques have also been considered
recently in [51].
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The two major contributions of this thesis are the development of new inter-
polation techniques for model reduction, and structure preserving schemes for
reducing interconnected systems.

The common point between these two contributions is that they both en-
large the set of available model reduction procedures in a unified framework,
permitting to develop more flexible model reduction techniques.

Interpolation and Model Reduction

In the SISO case, the following points have been proved. Let (C, A, B) be a
state space realization of a SISO transfer function T'(s).

e Given two transfer functions, it is always possible to construct a state space
realization of the transfer function of smallest Mc Milan degree by projecting
a state space realization of the transfer function of largest Mc Millan degree
using Krylov subspaces and/or eigenspaces.

e The image of the matrix V is a sum of Krylov subspaces of the pair A, B
and of eigensubspaces of the matrix A if and only if it is a solution of a
Sylvester equation of the form

AVRy —VRy+ BY =0. (7.18)

In other words, projecting with Sylvester equations is a universal model reduc-
tion framework for SISO systems.

The generalization of the preceding results for the MIMO case is the fol-
lowing. Let (C, A, B) be a state space realization of a p x m transfer function
T(s).

e V is asum of generalized Krylov subspaces of the pair (A, B) and/or eigen-
subspaces of A if and only if it is a solution of a Sylvester equation of the
form (7.18).
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e Projecting (C, A, B) with generalized Krylov subspaces results in solving a
tangential interpolation problem.

e Concerning the problem of embedding in the MIMO case, necessary and
sufficient conditions have been found when the transfer functions differ only
by one degree and do not have common poles. Moreover, generic solutions
to the problem corresponding to some matrix pencils have been sketched.
Finally, a connection between the pencil of Halevi and the system zero pencil
is made.

Model Reduction of Structured Systems

Some large scale systems G(s) are structured in the sense that they can be
modelled as a set of subsystems T;(s) that interconnect to each other. SVD as
well as Krylov techniques have been developed in order to preserve the structure
of the original system.

e Concerning SVD-techniques, new pairs of interconnected gramians have
been defined for each subsystem T;(s). These pairs of gramians are related
to an energy-based optimization problem with respect to the overall system
G(s). From these gramians, the ISBT algorithm is derived. This algorithm
turns out to be a generalization of existing controller and weighted balanced
truncation techniques.

e Both interpolation and tangential interpolation techniques that preserve the
structure of the original system have been developed.

e These techniques have been compared in a real-life application: the con-
struction of reduced order models of the vibrating structure of a building.
It turns out that the SOBT Algorithm performs very well in that example.
Concerning Krylov technique, second order structure preserving techniques
performed poorly compared to SVD techniques. This can be due to a bad
selection of interpolation points.

Open Questions and Future Work

Many questions have appeared during the elaboration of this thesis. Amongst
them, the following are of particular interest.

e Concerning Krylov techniques, a central question is "What interpolation
conditions should we impose in order to obtain good reduced order sys-
tems?”. This remains an important open problem for practical applica-
tions. A more precise question is "What are the interpolation conditions
that correspond to Balanced Truncation?”. In several numerical examples,
one observes that interpolation points are the mirror images with respect
to the imaginary axis of the poles of the original transfer function nearest
to the imaginary axis. As a consequence, the error tends to behave as an
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all-pass transfer function in the imaginary axis. This phenomenon has also
been observed by other researchers (see recent work of T. Antoulas and D.
Sorensen) and requires further investigation.

e As we have seen, the problem of embedding in the MIMO case is more
complex and certainly not completely understood. A generalization of this
problem would be to consider the embedding of generalized state space re-
alizations of not necessarily proper transfer functions. More generally, there
exist several open problems concerning the embedding of matrix polyno-
mials that are under active investigation (see for instance [93] for recent
results).

e The open problem 5.8 concerning the generality of Krylov techniques in the
MIMO case [85] is still under investigation. It is now clear that the existence
of projecting matrices is related to the eigenstructure of the system zero
pencil of T(s) — T'(s). Krylov subspaces appear then as generic subspaces
for model reduction. There is a hope for unifying all the existing model
reduction methods in the setting of Krylov subspaces.

e Concerning the ISBT technique of Chapter 7, does there exist another choice
of gramians that provides an a priori global error bound? A more general
question concerns the problem of approximating systems that are composed
of a large number of small subsystems.

The preceding list is by no way exhaustive. Here are some more general con-
siderations concerning the limitation of the results developed in this thesis.

A first limitation of the model reduction techniques studied here is that only
linear time invariant systems have been considered. It turns out that many large
scale systems have a nonlinear behavior that cannot be neglected. At present
time, the study of Model Reduction techniques for nonlinear systems is not as
well developed as the linear case. This is certainly a topic of central importance
for practical applications.

Another limitation is that we only consider input/output systems repre-
sented by a state space realization. As already pointed out, this is not the
only possible choice. We refer to [70] and references therein for another ap-
proach, namely the behavioral approach. Several results concerning the prob-
lem of model order reduction have been developed recently. For instance, al-
gorithms have been derived that pass directly from the differential equations
describing the behavior of a finite-dimensional linear system to a balanced state
space representation have been derived in [91]. The study of model reduction
of interconnected systems in this framework is an interesting way for future
research.

All the model reduction methods developed for MIMO linear systems as-
sume that the number of inputs m and outputs p is small compared to the
dimension of the state space n. In many cases, the whole state needs to be ap-
proximated, and input or outputs do not always have a sense. Let us consider
for instance the building problem discussed in Chapter 6. The state represents
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a spatial discretization of the vibrating structure of a building. What is im-
portant in the active damping problem is to be able to attenuate the overall
vibration of the structure and not some specific places, or an average position.
To our knowledge, the problem of reducing large scale systems such that all
the state is an input and/or an output has not received enough attention in
the literature.

Clearly, numerous challenging problems need still to be solved in this area.
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