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Summary

Model reduction by balanced truncation for bounded real and positive real input-state-
output systems, known as bounded real balanced truncation and positive real balanced
truncation respectively, is addressed. Results for finite-dimensional systems were es-
tablished in the mid to late 1980s and we consider two extensions of this work. Firstly,
using a more behavioral framework we consider the notion of a finite-dimensional dissi-
pative system, of which bounded real and positive real input-state-output systems are
particular instances. Specifically, we work in a framework where we make no a priori
distinction between inputs and outputs. We derive model reduction by dissipative bal-
anced truncation, where a gap metric error bound is obtained, and demonstrate that
the aforementioned bounded real and positive real balanced truncation can be seen as
special cases.

In the second part we generalise bounded real and positive real balanced truncation
to classes of bounded real and positive real systems respectively that have non-rational
transfer functions, so called infinite-dimensional systems. Here we work in the context
of well-posed linear systems. We derive approximate transfer functions, which we
prove are rational and preserve the relevant dissipativity property. We also obtain error
bounds for the difference of the original transfer function and its reduced order transfer
function, in the H-infinity norm and gap metric for the bounded real and positive real
cases respectively. This extension to bounded real and positive real balanced truncation
requires new results for Lyapunov balanced truncation in the infinite dimensional case,

which we also describe. We conclude by highlighting possible future research.
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List of symbols

N, Np set of natural numbers and set of non-negative integers.

Z,R,C ring of integers, field of real numbers and field of complex numbers.

Ct open right half-plane {s € C: Re s > o}.

C, open left half-plane {s € C: Res < g}.

D complex unit disc {s € C: [s| < 1}.

T complex unit circle {s € C: |s| = 1}.

R* set of non-negative real numbers {x € R: x > 0}.
R~ set of non-positive real numbers {z € R : 2 < 0}.

For 2", % Banach spaces.

B(Z,%) set of bounded linear operators 2~ — Z.
B(Z) set of bounded linear operators 2" — 2.
D(A) domain of the linear operator A.

G(A graph of the linear operator A.
p(A),0(A),0,(A) resolvent set, spectrum and point spectrum of the linear operator A.
o+ (A),0_(A) for A: & — Z self-adjoint and 2 finite-dimensional, the

number of positive and negative eigenvalues of A, counting

multiplicities.

For 1 <p < 0.

(L) space of p-summable sequences N — 2.
LP(I; Z)  Lebesgue spaces of measurable, p-integrable functions R 2 I — 2.
LP (I; 2°) space of locally LP functions R O I — 2.

loc

HP(D; Z") Hardy spaces of functions C 2> D — Z.
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Chapter 1
Introduction

Model reduction for control systems refers to approximating a given model by a simpler
one that is close to the original in some sense. Model reduction is important for
simulation and controller design. There are many model reduction schemes in the
literature, and this thesis focuses on balanced truncation.

Approximation of a transfer function by truncation of a balanced state-space re-
alisation was first suggested for rational functions by Moore in [52]. A (Lyapunov)
balanced realisation is a realisation where the controllability and observability Grami-
ans are equal. The importance of balanced truncation relies on an explicit H*° bound
on the difference of the transfer functions established independently by Enns [23] and
Glover [26],

N
IG = Gnlla= <2 > o (1.1)
k=n+1
In the above inequality o are the singular values of the Hankel operator associated to
G, n is the order of the balanced truncated system with transfer function G,, and N is
the order of the original system.

Many mathematical models incorporate the loss or dissipation of energy in their
design. For example many physical systems such as mass, spring, damper systems or
resistor, inductor, capacitor circuits are dissipative with respect to a certain supply
rate; typically the (quadratic) scattering supply rate or the impedance supply rate,
using the terminology of Willems [99]. Systems which are dissipative with respect to
the former are often called scattering passive, contractive or bounded real. Systems
which are dissipative with respect to the latter are often called impedance passive,
passive or positive real. Although Lyapunov balanced truncation retains stability of
the system, any energy relation that the original system satisfies may not be retained by
the truncated system. This led to the introduction of bounded real balanced truncation
by Opdenacker & Jonckheere in [57], where also an H° error bound is provided. Earlier

positive real balanced truncation was introduced by Desai & Pal [22]. There exist error



bounds in that case too [3], [34] but these seem somewhat less natural than the error
bounds for the other balanced truncation methods (a case in point being that this is
the only balanced truncation method for which there are several different error-bounds
in the literature and a false bound in [14]). These two approximation methods preserve
the relevant energy relation in the sense that the transfer function of the truncated
system is again bounded real (respectively, positive real).

The aim of this thesis is to extend bounded real balanced truncation and positive
real balanced truncation. We do so in two ways. In Part I we extend the concept
of bounded real and positive real input-state-output systems to that of a dissipative
system. That bounded real and positive real input-state-output systems are essentially
the same system looked at in different ways is of course well-known: positive real
systems and bounded real systems are related by a transform which goes by the different
names of Cayley transform, Mobius transform and diagonal transform. However, this
relationship follows in a more natural way by considering these systems in a behavioral
[67] or state/signal [4], [44], [100] framework. In these frameworks no a priori distinction
is made between inputs and outputs. Instead, an external signal is studied which may
be decomposed into an input and an output in various ways.

It is argued by Willems [101] that the choice of inputs and outputs of a given
system is often artificial, and so we apply model reduction by balanced truncation in
the above framework which is free of such constrictions. We derive an error bound for
the distance between a dissipative system and its dissipative balanced truncation in the
gap metric. The gap metric is a behavioral object in the sense that it does not depend
on the input/output decomposition. Bounded real systems and positive real systems
appear when specific input/output decompositions are chosen in the same dissipative
behavioral or state/signal system. By choosing specific input/output decompositions
we recover bounded real and positive real balanced truncation and obtain a new error
bound in the gap metric for positive real balanced truncation

In Part II, we extend bounded real and positive real balanced truncation in a novel
way by generalising the theory to non-rational transfer functions. In this case any
realisation must have an infinite-dimensional state-space. Using the Cayley transform
we obtain results for positive real balanced truncation from their bounded real balanced
truncation counterparts. We demonstrate that under certain assumptions the bounded
real and positive real balanced truncations exist, preserve the respective dissipativity
property and the corresponding finite-dimensional error bounds extend to their infinite-
dimensional counterparts.

In the finite-dimensional case, bounded real balanced truncation can be seen as
Lyapunov balanced truncation of a certain extended system. We mimic this approach
in the infinite-dimensional case. Here the existence of Lyapunov balanced realisations

is non-trivial. A special case was treated in Curtain & Glover [17] and the general



discrete time case was proven by Young [103]. This was subsequently converted to
general continuous-time systems by Ober & Montgomery-Smith [56]. In Glover et
al. [27] balanced truncations and the H* error bound (with N = oo in (1.1)) were
extended to a class of infinite-dimensional systems.

In order to derive bounded real balanced truncation in the infinite-dimensional
case we needed to extend the above existing Lyapunov balanced truncation results to
a larger class of systems. These results are also of independent interest.

This thesis is organised as follows. Part I considers finite-dimensional theory. We
begin in Chapter 2 with a review of model reduction by balanced truncation (in the
finite-dimensional case), recalling Lyapunov, bounded real and positive real balanced
truncation. In Chapter 3 we generalise these notions to that of dissipative systems
and dissipative balanced truncation. We begin Part II by collecting some elementary
infinite-dimensional systems theory and specific functional analysis results that we will
need. Chapters 5, 6 and 7 consider Lyapunov, bounded real and positive real balanced
truncation in the infinite-dimensional case respectively. In Chapter 8 we provide some
easily verifiable sufficient conditions for when the main results from Chapters 6 and 7
are applicable and include an example. The final chapter contains some summarising
remarks and suggestions for future work. Chapters 3 and 5-8 contain most of the new
material in this thesis and these chapters begin with a short outline motivating and
highlighting the results of that chapter. Every chapter concludes with a notes section
that contains more relevant background material, mentions what is novel and what we

have published or submitted for publication.



Part 1

Finite-dimensional theory



Chapter 2

Review of finite-dimensional
model reduction by balanced

truncation

Let % and % denote finite-dimensional Hilbert spaces, which are the input and output
spaces respectively. We recall that a rational function G : (C(')F — B(% ,%) belongs to
H®° if and only if G is proper and every pole of G is in the open left-half complex

plane. Given such a G then it is possible to write
G(s)=D+C(sI - A)™'B, seC{, (2.1)
for some finite-dimensional space 2 and operators
A: X%, B:U—-~%, C:Z =%, D:U—%, (2.2)

with A stable (that is, every eigenvalue has negative real part, also known as Hurwitz).
The quadruple of operators (2.2) (and implicitly the space Z) is called a realisation of
G and is denoted by [é g ] . Moreover, we always choose [é g] such that the associated

input-state-output system

y(t) = Cx(t) + Du(t), (2.3)
z(0) = xo,

is minimal (i.e. controllable and observable). With the above construction G is the
transfer function of [4 B] or (2.3) in the usual way.

Model reduction typically seeks to approximate a transfer function G (or some
other input-output object, such as the input-output map) with a simpler one. For

example, by moment matching (interpolation) of the original transfer function. All



model reduction by balanced truncation schemes acheive this aim by truncating states
from a state-space realisation of G that are unimportant in some sense. Truncation in
the state-space is dependent on the particular realisation which is chosen. Therefore it
is crucial to be able to quantifying importance of states, in a manner that is independent

of the realisation chosen.

2.1 Lyapunov balanced truncation

Lyapunov balanced truncation is a balanced truncation scheme for stable (that is, H*)
transfer functions, based on the combined controllability and observability of states and

as such makes use of the controllability and observability Gramians.

Definition 2.1.1. The controllability Gramian Q and observability Gramian O of a

stable, minimal realisation [é g] are given by

Q:= [ ABB*Atdt, O0:= [ eAMtCrCe? dt, (2.4)
Rt Rt

where e? denotes the matrix exponential of A.

The operators Q and O are both self-adjoint, positive and thus invertible (since the
realisation is minimal), but do depend on the realisation [é g]

It is well-known that the reachable subspace of [é B] is equal to the image of Q.
Similarly, the unobservable subspace of [é g] is equal to the kernel of @. Although we
have excluded this case by assuming our realisations are minimal, if [é B] was not con-
trollable, @ would have a zero eigenvalue. Similarly, if [é g] was not observable then
O would have a zero eigenvalue. One could argue that uncontrollable states are good
candidates to omit in a reduced order system, as they are superfluous, and similarly
for unobservable states. However, the notions of controllability and observability are
independent in the sense that states which are unobservable may not be uncontrollable
and vice versa. Even in the minimal case, heuristically, by continuity it does not seem
unreasonable to expect that small eigenvalues of Q correspond to eigenspaces that are
“nearly” uncontrollable (in some sense). These states again seem a good candidate
to omit in a reduced order system (and similarly for small eigenvalues of O). These

observations motivate the following definition.

Definition 2.1.2. Let Q denote the controllability Gramian and O denote the ob-
servability Gramian of the minimal, stable realisation [é g]. We say that [é B] is

output-normal if

S

=1,

I the identity on 2. We say that [é g] is Lyapunov balanced, or in Lyapunov

(@)



balanced co-ordinates, if
Q=0=1L (2.5)

Balanced in the context of Lyapunov balanced truncation means obtaining a realisa-
tion where “states that are difficult to reach are simultaneously as difficult to observe.”

We expand on this shortly. A crucial result is the following.

Lemma 2.1.3. Given a minimal, stable realisation [é g] there exists an invertible

transformation T such that [T_Cli,é‘T T_DIB] is Lyapunov balanced.
Proof. See Antoulas [3, Lemma 7.3]. O

Remark 2.1.4. Computing Lyapunov balanced realisations involves firstly finding the
controllability Gramian © and observability Gramian O of a stable, minimal realisation
[é g]. As is well-known, Q and O are the unique solutions of the controller and

observer Lyapunov equations

AQ+ QA* + BB* =0,
A O+ OA+C*C =0,

respectively.

It turns out that the important quantities in Lyapunov balanced truncation are
the Lyapunov singular values, which we describe now. The Hankel operator H :
L*(RY; %) — L*(RT; %) of the transfer function (2.1) is given by

(Hf)(t) = | CeFIBf(s)ds = (EBRF)(1),
R+

where R is the reflection in time Rf(t) = f(—t) and (at least formally)
Bu = / AT Bu(s) ds, (€x)(t) = CeMa.

The maps B and € are the input and output map of the well-posed linear system
generated by the realisation [é g]. We recall the notion of a well-posed linear system
in Chapter 4 as we will not make use of them until Part II. The singular values of an
operator are also defined precisely in Chapter 4. For now we assume that they are the

non-negative square roots of the eigenvalues of H*H (see Remark 4.3.3).

Lemma 2.1.5. Let H, Q and O denote the Hankel operator, controllability and ob-
servability Gramians respectively of the transfer function with realisation [é IB)]. Then

H*H and QO have the same non-zero eigenvalues.

Proof. 1t is well-known that for 2 a Hilbert space and S,T : 2 — % bounded



operators, A # 0 satisfies
A€ o(ST) < Xe€o(TS),

(contained in [60, Lemma 3.16] for example). Therefore for A # 0, noting that
QO =PBB" and O =c"¢,

we have that

ANEo(H'H) <= A€ o(B'CECB) <= )\ € o(BB CQ)
< A€o (Q0) < Neo(0Q).

Since 4" is finite-dimensional in this instance the above equivalence can be strengthened
to: for A # 0
A€o,(H'H) < X €0,(09),

as required. O

Definition 2.1.6. The Lyapunov singular values (o%){", of a H®(CJ,B(%,%))
transfer function are the singular values of its Hankel operator. They are always ordered

such that o > op+1 > 0, each with (geometric) multiplicity 7.

Remark 2.1.7. 1. The Lyapunov singular values are sometimes simply called the sin-
gular values or Hankel singular values in the literature (for example in [66] and
[34] respectively). We keep the term the Lyapunov singular value so as to dis-
tinguish them from the bounded real and positive real singular values introduced

later.

2. Since the Lyapunov singular values are independent of the realisation chosen
(because a Hankel operator and hence its singular values depend only on the
transfer function, as will be explained in more detail in Section 5.1), it follows
from Lemma 2.1.5 that the eigenvalues of the product QO are also independent

of the realisation chosen.

3. When [é g] is in Lyapunov balanced co-ordinates it is easy to see that the
Lyapunov singular values are precisely the eigenvalues of II, where II is as in
(2.5).

We seek to outline how Lyapunov balanced realisations give rise to a natural trun-

cation scheme and then describe how truncation (called Lyapunov balanced truncation)
is performed. Suppose that [é g] is in Lyapunov balanced co-ordinates. Since II is

self-adjoint it is diagonalisable and so we can choose an eigenbasis {v1,...,v,} of IT of



2. For each j € {1,2,...,n}, we let p; € {1,2,...,m} denote the integer such that
H’Uj = ap].vj. (26)

Following the discussion on p. 6 and (2.6) we see that in Lyapunov balanced co-
ordinates, states that are nearly uncontrollable are as equally nearly unobservable and
vice versa. The concepts of controllability and observability are balanced. We also see
that small singular values correspond to directions in the state-space that are nearly
uncontrollable and so as equally nearly unobservable. Since the Lyapunov singular
values are independent of the realisation chosen, the above remarks would suggest that
eigenspaces corresponding to smaller singular values are a good candidate to omit in a

reduced order system. Lyapunov balanced truncation is based on this principle.

Definition 2.1.8. Given rational G € H*(CJ; B(%,%)) with Lyapunov singular
values (o), let [é g] denote a minimal Lyapunov balanced realisation of G. For
r < m, let Z, and %, denote the sum of the first r and last m — r eigenspaces of 1I
respectively, with respective orthogonal projections Pg; and Pg. Then with respect
to the orthogonal decomposition 2" = %, & Z,., the operators A, B, C and II split as

Py Tl 0 L 0 B
- P |2, _ | ’ - Pt
0 Pyllls 0 T By
An A
N R C:[C1 Cg].
A21 A22

The dimension of Z; is E;Zl rj, the sum of the geometric multiplicities of the first r
singular values. The truncated system with realisation [“(1}11 %1} is called the reduced
order system obtained by Lyapunov balanced truncation (of order Z;Zl 7;), or simply

the Lyapunov balanced truncation, and its transfer function is denoted by G,.
The main result for Lyapunov balanced truncation is the following.

Theorem 2.1.9. Given rational G € H*®(CJ; B(%,%)), let (o})1, denote the Lya-
punov singular values and for r < m let G, denote the Lyapunov balanced truncation,
then .

IG = Grlla= <2 ) oy (2.7)

j=r+1

If [é g] denotes a minimal, Lyapunov balanced realisation of G then the Lyapunov

balanced truncation [%111 %} is minimal and stable, and G, has MacMillan degree

2;21 E

Proof. For a proof of the error bound see Enns [23] or [26]. The remaining claims of

stability, minimality (and hence degree) are proven in Pernebo and Silverman [66]. [



2.2 Bounded real balanced truncation

In this section we review model reduction by bounded real balanced truncation (for
rational bounded real transfer functions). In the next section we do the same in the
positive real case. As with Lyapunov balanced truncation, the aim is to obtain a
reduced order transfer function by truncating an appropriate (i.e. balanced, in a sense
to be made clear below) realisation, but to do so in such a way that the reduced order
transfer function retains bounded realness or positive realness respectively.

We first recall the definition of bounded real.

Definition 2.2.1. Let % and % denote Banach spaces. A function G € H*(CJ; B(%, %))
is said to be bounded real if
|Gl < 1. (2.8)

We say that G € H®(CJ; B(%,%)) is strictly bounded real if
|G|~ < 1. (2.9)

Remark 2.2.2. 1. We say that an input-state-output system is (strictly) bounded

real if its transfer function is (strictly) bounded real.

2. The term bounded real is more common in the engineering than the mathe-
matical literature, where Schur, contractive or scattering passive might be used
instead. The same is true for positive real functions, which according to Staffans
[79] (and the references therein), are also known as impedance passive functions,
Caratheodory-Nevanlinna functions, Weyl functions or Titchmarsh-Weyl func-
tions. Since we are considering model reduction by balanced truncation, where
the terms bounded real and positive real are more common, we keep this conven-

tion.

3. Note also that there is no realness condition in Definition 2.2.1 (see also the

definition of positive real, Definition 2.3.1).

2.2.1 The Bounded Real Lemma

Bounded real balanced truncation makes use of the well-known Bounded Real Lemma,
see Anderson & Vongpanitlerd [2], which gives a state-space characterisation of bounded

real functions. Since we will make frequent use of this result, we recall it below.

Proposition 2.2.3 (Bounded Real Lemma). Given G € H>®(CJ; B(%,%)), with

[é g] a minimal input-state-output realisation of G, the following are equivalent.

(i) G is bounded real.

10



(i3) For input u € L*(RT; %) and output y € L*(R™; %) with initial condition xo = 0
! 2 2
| I =l as=0. wezo.

(iii) There exists a positive, self-adjoint operator P on 2 such that for input u €
LR %) with output y € L*(RY; %) and initial state xg € X

/0 lu()I% = ly(s)l15 ds = (Pa(t),2(t) 2 — (Pao,w0) 27, V20,

(iv) There ezists a triple of operators (P, K, W) with
P2 -2, KX —>%, W:%—U,

and P positive and self-adjoint satisfying the bounded real Lur’e equations

A*P + PA+ C*C = —K*K, (2.10a)
PB+C*D = —K*W, (2.10b)
I—D*D =W*W. (2.10¢)

The following are equivalent

(i)” G is strictly bounded real,

(i)’ There exists an € > 0 such that for any input v € L*(R*; %) and output y €
LA(R*; %) with initial condition xo = 0

[ 1t

(iv)’ There exists a positive, self-adjoint operator P on Z", a solution of the so-called

7+ lys)lE ds, Ye>o0.

t
%—mww@mzeéuw@

bounded real algebraic Riccati equation
A*P+PA+C*C+ (PB+C*D)(I — D*D)"Y(B*P+D*C) =0, (2.11)
which is stabilising in the sense that

o(A+ B(I — D*D)"(B*P + D*C)) C Cj . (2.12)

If any of (i) — (iv) hold then there are positive self-adjoint solutions Pp,, Py to (2.10)
such that for any positive, self-adjoint solution P of (2.10) we have

0< P <P<Py. (2.13)

11



The extremal operators P,,, Py are the optimal cost operators of the bounded real

optimal control problems, namely:

(Pusvan)y =it [l o)1 ds (2.14a)
z(—00)=0, z(0)=x0

- Pm 9 2 = i f
(Puro.zohy = _int [ Gl
z(0)=zo

—[ly(s)I% ds. (2.14b)

The minimisation problems (2.14) are subject to the minimal input-state-output realisa-

tion (2.3), where x(0) = xg is the final state in (2.14a) and the initial state in (2.14Db).

Similarly, if any of (i),(i1)" or (iv)" holds then there exists positive self-adjoint solutions

P, and Py to (2.11), extremal in the sense of (2.13). Furthermore, Pp, is stabilising
)

in the sense of (2.12) and Py is antistabilising in the sense that
o(A+ B(I — D*D)"(B*Py + D*C)) C C{,

and P,,, Py are the optimal cost operators as in (2.14).

Proof. A proof of the equivalence of (i) and (iv) is given in [2]. The authors assume
that dim % = dim &, but the result is true in general. A short series of calculations
gives the implications (iv) = (i7i) = (i) = (7). A proof of the equivalence of (i)’ and
(i1)" can be found in Zhou et al. [104, Theorem 13.19 and Corollary 13.24]. Another

short series of calculations gives (i) <= (i)’ O

If P = P* > 0is a solution of (2.10), for some K, W then an elementary calculation

shows that P~! > 0 solves the dual bounded real Lur’e equations,

AQ + QA" + BB* = —LL", (2.15a)
QC* + BD* = —LX*, (2.15b)
I -DD* = XX*, (2.15¢)

for some operators L : % — Z', X : % — % . By the Bounded Real Lemma, there are
extremal self-adjoint solutions @,,, Qs to (2.15) such that for any self-adjoint solution
Q to (2.15); 0 < Qm < Q < Q. These observations are another way of expressing
that G is bounded real if and only if the dual transfer function

Cg 2 s Ga(s) = [GG)]",
is bounded real. In particular, it is not difficult to see that

P, =Q;, and Py =Q,' (2.16)
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Remark 2.2.4. Solutions of the bounded real Lur’e equations (2.10) are generally not
unique. Moreover, given solutions (P, K, W) and (Q, L, X) of the bounded real Lur’e
equations (2.10) and dual bounded real Lur’e equations (2.15) respectively, the first
components P and @ do not in general uniquely determine the other two respective
components. We expand on this further, as there are important parallels to the infinite-
dimensional case of Chapter 6. If we fix (P, K,W) and (@, L, X) as above then the
operators K', W' and L', X' defined by

K =UK, W =UW
L'=LV, X =XV,

for U: % — %,V : % — % unitary, are such that (P, K’,W') and (Q, L', X') are
also solutions of (2.10) and (2.15) respectively. If G is strictly bounded real then this
is all the freedom there is. In the non-strict case there is more freedom. If I — D*D
is invertible then we can obtain a special solution by taking W as the non-negative,
invertible, square root of I — D* D, which is unique, and also determines K via (2.10b).
Similarly for X and L.

2.2.2 Bounded real balanced truncation

Bounded real balanced truncation is very similar in principle to Lyapunov balanced
truncation only now the quantities to be balanced are the self-adjoint, positive optimal

cost operators Py; and P, from (2.14).

Definition 2.2.5. We say that the realisation [é g] is bounded real balanced, or in

bounded real balanced co-ordinates, if
P, = P} =1L (2.17)

The non-negative square roots of the eigenvalues of the product PmP]\j[1 are called
the bounded real singular values, which we denote by (oy)j, each with (geometric)
multiplicity ry, (so that Y ;" ry = dimZ2"). The bounded real singular values are
ordered such that o > op11 > 0 for each k.

Remark 2.2.6. 1. From condition (2.13) we see that every bounded real singular
value oy satisfies o € (0,1] for all & € {1,2...,m}. Furthermore, equality
(2.16) implies that the bounded real singular values are the square roots of the
eigenvalues of Pp,@Q.,. In practise it is sometimes easier to compute @Q,, than to

compute Pj\jll.

2. As with the Lyapunov singular values, the bounded real singular values are inde-
pendent of the realisation of the bounded real transfer function chosen. This is

proven in Lemma 6.3.12.
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3. Given a minimal stable realisation of a bounded real transfer function there always
exists a similarity transformation such that the transformed realisation is bounded

real balanced, for the same reasons as in the Lyapunov balanced case.

4. If a realisation is bounded real balanced then the bounded real singular values

are precisely the eigenvalues of II as in (2.17).

We describe the motivation for bounded real balanced truncation. By the Bounded
Real Lemma we see that the right hand side of (2.14a) is a function of the final state
xo and is the minimal energy (with respect to the bounded real supply rate) required
to reach x¢ from zero in infinite time. Similarly, the right hand side of (2.14b) is
a function of the initial state zp and the maximal energy (again with respect to the
bounded real supply rate) we can extract from the state zp in infinite time. We denote
these quantities by Cy, and E,, respectively. Suppose that [é g] is bounded real
balanced, and let {vy,...,v,} denote a basis of 2" of eigenvectors of II. If for each
J€{1,2,...,n}, 0y, denotes the eigenvalue of II corresponding to v; for every j then
from (2.14) and (2.17) we see that

By, = —0,;, C’vj = a/;jl and so E,;, = —Cv_jl.
Here the minus sign reflects the difference of energy flow into or out of the system. We
draw the same conclusions as in the Lyapunov balanced case, namely that if o,, =1
then the energy required to reach the state v; is equal to the energy we can extract from
that state. Additionally, the energy required to reach state v; is inversely proportional
to the energy obtained from v;. Bounded real balanced truncation is therefore based
on truncating according to the size of the bounded real singular values.

Bounded real balanced truncation is performed in an identical manner to Lyapunov
balanced truncation, described in Definition 2.1.8 only now for » < m, Z, and Z; de-
note the sum of the first r and last m — r eigenspaces of II given by (2.17) respectively.
The truncated system with realisation {’?}11 %1} is called the reduced order system
obtained by bounded real balanced truncation (of order Z;Zl rj, the sum of the geo-
metric multiplicities of the first » bounded real singular values), or just the bounded
real balanced truncation. The transfer function of {%111 BB} is called the reduced order
transfer function obtained by bounded real balanced truncation and is denoted by G...

The main result for bounded real balanced truncation for rational transfer functions

is stated below.

Theorem 2.2.7. Given G € H®(CJ; B(%,%)) bounded real, let (o)7L, denote the
bounded real singular values, with multiplicities rj. Forr < m let G, denote the reduced

order transfer obtained by bounded real balanced truncation. Then G, is bounded real
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and the following error bound holds
IG = Grllgoe <2 ) 0 (2.18)
j=r+1

Let [é lB)] denote a minimal, bounded real balanced realisation of G. Then the bounded

real balanced truncation {%111 %1} is stable. If additionally G is strictly bounded real,

then G, has MacMillan degree 22:1 rj and {%111 %1} 1s minimal and bounded real

balanced.

Proof. See Theorem 2 and Section IV of [57]. The assumption there that G is strictly
bounded real is not needed to prove that G, is bounded real, that Ay; is stable and
that the error bound (2.18) holds. The authors also assume throughout that % = %/,

but this isn’t needed and the proof for the general case is essentially the same. O

2.2.3 Relation to Lyapunov balanced truncation

Given a bounded real balanced realisation [é g], which we denote by 3, observe that

from (2.10a), the optimal cost operator IT = P, satisfies the Lyapunov equation
. C
AL+ TIA + [C* K} =0 (2.19)
which in the strict case also follows from the Riccati equation (2.11) by setting

K = (I — D*D)"2(B*IL + C*D).

Similarly from (2.15a), IT = @, satisfies the Lyapunov equation

ATL + TIA* + [B L} E] = 0. (2.20)

Since A is stable it follows that II is the controllability and observability Gramians of

the extended system

Al B L
c|p x|, (2.21)
KW 0

which we denote by Y p. Note that X g itself depends on II through K and L and
also by Remark 2.2.4, ¥ is not uniquely determined by A, B,C, D and II. For every
choice of K, L, X and W, however, X g has input and output spaces [féf] and [Zf;]
respectively, and the same state-space as .

From the Lyapunov equations (2.19) and (2.20) we see that ¥p is Lyapunov bal-
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anced and by Lemma 2.1.5 the bounded real singular values of ¥ are the Lyapunov
singular values of Xp. The Lyapunov balanced truncation of (2.21) (with the same

order as the bounded real balanced truncation) is

A ‘ B, Ly
Cl D X 9
Ki|W 0

from which the bounded real balanced truncation {/10111 gﬂ of [é IB)] is recovered by

omitting the blocks Ly, K1, X, W and zero. This corresponds to restricting to and
projecting onto the original input and output spaces % and % respectively. Therefore
bounded real balanced truncation of ¥ can be seen as Lyapunov balanced truncation
of ¥ and moreover although Y is not unique, the bounded real balanced truncation
is. This relation is used in [57] in proving the bounded real balanced truncation error
bound (2.18) from Theorem 2.2.7.

2.3 Positive real balanced truncation

We recall the definition of positive real.

Definition 2.3.1. An operator valued analytic function J : C& — B(%), where % is

a Hilbert space, is positive real if
J(s)+ [J(s)]* >0, VseC{. (2.22)

We say that the analytic function J : (C(T — B(%) is strictly positive real if there exists
n > 0 such that
J(s) + [J(s)]* >nl, VseCf. (2.23)

Remark 2.3.2. 1. We say that an input-state-output system is (strictly) positive
real if its transfer function is (strictly) positive real. Observe that positive real

systems are “square”, in so much that the input and output spaces are the same.

2. The requirement that J is analytic in Definition 2.3.1 is crucial. When defining
positive real for rational functions it is sometimes omitted (since clearly rational

functions are certainly analytic away from their poles).

3. The term strictly positive real is used for various slightly different concepts in
the literature. Some of these differences are explained in, for example, Wen [98].
The condition (2.23) is equivalent to the concept called extended strictly positive

real, used in for example Sun et al. [82, Definition 2.1].
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4. We do not assume that a positive real function is real on the real axis. There is
no mathematical advantage to making such an assumption, and hence we have

omitted it.

2.3.1 The Positive Real Lemma

Positive real balanced truncation makes use of the Positive Real Lemma, a famous
result from the 1960s, which is often known as the KYP Lemma after the contributions
of Kalman, Yakubovic and Popov, which gives a state-space characterisation of positive
real functions. See [2, p. 218] for more details of the history. As we will make use of

this result we recall it here.

Proposition 2.3.3 (Positive Real Lemma). Given J € H®(C§;B(%)), with [4 5]

a minimal input-state-output realisation of J, the following are equivalent.
(i) J is positive real.

(i4) For inputu € L*(RT; %) and output y € L*(R*; %) with initial condition xo = 0
¢
/ 2Re(u(s),y(s))y ds >0, Vit>0.
0

(iii) There exists a positive, self-adjoint operator P on 2 such that for input u €
L2(RT; %) with output y € L*(RT; %) and initial state xo € X

/0 2Re (u(s),y(s))a ds > (Px(t),x(t)) 2= — (Pxo,z0) 2, Vt=>0.

(iv) There exists a triple of operators (P, K, W) with
P -2 K- Z—-U% W:U—>U,

and P positive and self-adjoint satisfying the positive real Lur’e equations

A*P 4+ PA = —K*K, (2.24a)
PB—C* = —K*W, (2.24D)
D+ D* = W*W. (2.24c)

The following are equivalent.
(i)’ J is strictly positive real.

(iv)’ There exists a positive, self-adjoint operator P on 2" satisfying the positive real
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algebraic Riccati equation
A*P+PA+ (PB—C*)(D+ D*)"Y(B*P - C) =0. (2.25)
which is stabilising in the sense that

o(A+B(D+ D" (B*P - 0)) CC,. (2.26)

If any of (i) — (iv) hold then there are positive, self-adjoint solutions Py,, Py to (2.24)
such that any positive, self-adjoint solution P to (2.24) satisfies

0< P, <P<Py. (2.27)

The extremal operators P,,, Py are the optimal cost operators of the positive real

optimal control problems, namely:

(Pyrao, x0) 27 = inf / 2Re (u(s),y(s))u ds, (2.28a)
wEL?2(R™;%) -
z(—00)=0, z(0)=x9
(Poao,io)y = inf / 2 Re (u(s), y(s)) o ds. (2.28D)
we€L?(RT;%) JrR+
z(0)=z9

The minimisation problems (2.28) are subject to the minimal input-state-output realisa-
tion (2.3), where x(0) = ¢ is the final state in (2.28a) and the initial state in (2.28b).
Similarly, if (i)' or (ii) holds then there exists positive self-adjoint solutions Py, and
Py to (2.25), extremal in the sense of (2.27). Furthermore, Py, is stabilising in the

sense of (2.26) and Py is antistabilising in the sense that
o(A+ B(D+ D" Y(B*Py — C)) C C,

and P,,, Py are the optimal cost operators as in (2.28).

Proof. A proof of the equivalence of (i) and (iv) is given in Section 5.2 of [2]. For the
equivalence of (i) and (i7) see Willems [99, Theorem 1]. A short series of calculations
shows (iv) = (ii1) = (i) = (i). A proof of (i) <= (ii)’ is given in [104, Corollary
13.27]. O

An elementary calculation demonstrates that if P = P* > 0 solves (2.24), for some
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K, W, then P~! solves the dual positive real Lur’e equations

AQ + QA* = —LL*, (2.29a)
QC* — B = —LX*, (2.29b)
D+ D* = XX*, (2.29¢)

for some operators L : % - X, X : U — U .

By the Positive Real Lemma, there are positive self-adjoint solutions Q,, Qi to
(2.29) such that for any self-adjoint solution @ to (2.29) it follows that 0 < Q,, < Q <
Qar. We see that J is positive real if and only if the dual transfer function J; given by

is. Furthermore, it readily follows that

Pn=Q,}, and Py =Q,' (2.30)

2.3.2 Positive real balanced truncation

Positive real balanced truncation is identical in spirit to bounded real balanced trun-

cation and makes use of the optimal cost operators P, and Py from (2.28).

Definition 2.3.4. We say that the realisation [é B] is positive real balanced, or in

positive real balanced co-ordinates, if

P, =P,/ =1L (2.31)

The non-negative square roots of the eigenvalues of the product ]5m]5]\_41 are called
the positive real singular values, which we denote by (oj);-,, each with (geometric)
multiplicity 7, (so that Y ;- ;rr = dim Z"). The positive real singular values are
ordered such that o > o1 > 0 for each k.

The positive real balanced truncation is defined in the same way as the bounded
real balanced truncation. Note from (2.30) that the positive real singular values are the
(non-negative) square roots of the eigenvalues of PQp. The main result for positive

real balanced truncation is stated below.

Theorem 2.3.5. Let J € H*(C{; B(%)) denote a positive real transfer function and
let (Uj)}":l denote the positive real singular values, each with multiplicity r;. Forr < m,
let J, denote the reduced order transfer obtained by positive real balanced truncation.
Then J, € H®(C$; B(%)) and J, is positive real. If [AB] denotes the minimal

positive real balanced realisation of J then the positive real balanced truncation [‘2311 %]
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1s stable. If additionally J is strictly positive real, then J, has MacMillan degree Z;Zl T

and [140111 %} is minimal and positive real balanced.
Proof. See Harshavardhana et al. [40] and the references therein. O
The next result contains error bounds for positive real balanced truncation.

Theorem 2.3.6. Let J € H®(C{; B(%)) denote a strictly positive real transfer func-
tion with minimal realisation [é [B)] and let (0;)72, denote the positive real singular
values, each with multiplicity rj. For r < m, let J, denote the reduced order transfer

obtained by positive real balanced truncation. Then the following bounds hold
(i) [[(D" + )7 = (D + J) 7 e <20(D + D) THIEGL 41 05
(ii) [[(D*+ )T = J)(D* + o) 7| oo < 2D+ D) M 5L, 41 05
(iii) [[(D* + Jo) (T = Jo)|| ypoe < 20(D + D*)HHID* + Tl oo 37,14 0

Proof. See [3, Proposition 7.17] (or [34, Theorem 5]) for a proof of (i). The bound
in (i7) is equivalent to that in (i), see [3, Remark 7.5.2]. For a proof of (iii) see [34,
Lemma 3]. O

Remark 2.3.7. The H* error bound (2.18) for bounded real balanced truncation follows
from the corresponding error bound (2.7) for Lyapunov balanced truncation. Bounded
real balanced truncation can be thought of Lyapunov balanced truncation of a certain
extended system as described in Section 2.2.3. In the positive real case, however,
there is not the same relationship to Lyapunov balanced truncation. This is because
of the different structure of the positive real equations (2.24). The following example
demonstrates that the analogous H error bound does not hold in the positive real
case. Consider
s 1

Cr — J(s)=1 =2 )
02 (S) +54—1 s+1

It is easy to see that J is positive real as

J(s)+ [J(s)]" = 2Re J(s) = 2 [2 " Re <|;++11|2” >0, VseC

and that
A=-1, B=1, C=-1, D=2,

is a (minimal) realisation of J. In this instance as D+ D* is invertible, the positive real
Lur’e equations (2.24) collapse to the positive real algebraic Riccati equation (2.25),

which is a scalar quadratic equation with extremal solutions

Pn=3-2V2, Py=3+2V2

20



The positive real singular value is o = P, Py, = 17 — 12¢/2 = 0.0294. Thus for r = 0
we have J, = D and as
|J(0) — D| =1 > 20,

the H* error bound cannot hold.

In fact in the positive real case an H error bound seems less natural, and in
Corollary 3.6.9 we obtain the following gap metric error bound for positive real balanced
truncation. Namely,

m
0, J;) <2 > o, (2.32)
k=r+1
where oy, are the positive real singular values and § is the gap metric. The gap metric

is described in more detail in Section 3.1.4.

2.3.3 A false error bound in the literature

The error bound for positive real balanced truncation

o e 20 . 20;
1] = Jell oo < 1D+ D% Y m <1+Zl_g‘>, (2.33)
J (2

j=r+1 i=1

claimed in [14, Theorem 2] is false, as the following counter-example demonstrates.
Consider the following continuous time, time invariant single input, single output

linear system on the state-space C* :

(2.34)
y(t) = Hx(t) + Du(?),
where -~
1 1
i 37 0 O -1
1 1 1
o |2t 5 2 0 | °
1 1 1 ’ ’
0 51 § = 0
1 1
100 5 5
4 4 0 0 (2.35)
—8 4
K= CH=1"
0 4 -8
| 0 0 4 -8
D = 0.01.

The physical motivation for studying (2.34) comes from a finite element approximation
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of the heat equation

we(t, x) = Wey(t, x),
w(0, z) = wo(z), t>0, zel0,1], (2.36)
w(t,1) =0,

with input u and output y satisfying

u(t) := wy(t,0),

(2.37)
y(t) := —w(t,0) + Dw,(t,0).
By setting A := M~'K, G = M~'L, we can rewrite (2.34) as
x(t) = Ax(t) + Gu(t),
(6 = Ax(1) + Gul) .
y(t) = Hx(t) + Du(t),
with transfer function
J(s) =D+ H(sI — A)7'G. (2.39)

Observe that the system with transfer function J— D is positive real as P = M = P* >
0, N = vV/—2K and R = 0 satisfy the positive real Lur’e equations (2.24). Therefore
for s € C with Re s > 0,

[(J = D)(s)I" + (J = D)(s) = 0,
= [Z(s))" + Z(s) > 2D > 0,
and so the system (2.38) is strictly positive real (extended strictly positive real in [14]).

It is easy to verify also that (2.39) is a minimal, and hence controllable and observable,

realisation of J. The positive real singular values of 3 are
o1 = 0.6640, oo = 0.2927, o3 = 0.0487, o4 = 0.0036. (2.40)

The first order positive real balanced truncation of ¥ is

. 0.01s + 12.74
J(s) = —2 =17
(5) s+51.97

and the approximation error ||.J — J ||34ec is 0.7648. However, the error bound provided
in [14, Theorem 2] is

20’1‘ 20;
2Dy — |1 J = 0.6509
Z;(l—Ui)Q +Zl_gj ’
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which is smaller than the error. Hence [14, Theorem 2] is false.

Remark 2.3.8. We remark that there is some confusion in the literature regarding the
nomenclature balanced stochastic truncation (the term that was used in [14]). Origi-
nally balanced stochastic truncation of a positive real function J meant a reduced order
triple J,., V., W, with V. and W, left and right spectral factors of J, + J respectively,
which are obtained by balancing the minimal nonnegative definite solutions of the (pri-
mal and dual) positive real equations and truncating. Nowadays ([3, p. 229] or [34])
the term positive real balanced truncation is used for obtaining only J,. in this way,
and the term balanced stochastic truncation is reserved for a generalization of obtain-
ing V,. from a function V' which can be seen as a left spectral factor of J 4+ J*. The
matlab function bstmr (balanced stochastic truncation model reduction) for example
only does the latter. The article [14] however pertains to what is now called positive

real balanced truncation.

The proof of [14, Theorem 2] fails because for our above example the bound (18)
in [14] is false. Using the notation of [14] (note here only one state is truncated from

Y)) it follows that
2

il = 4.0380 > 17602 =23~ - % (2.41)
> =
=1 7

Their proof of bound (18) uses [90, Lemma 5|, which is only proven in [90] under the
assumptions (51) and (53) (using the numbering of [90]). However, the authors state
that [90, Lemma 5] also holds when (51) and (54) are satisfied. The above example
shows that this is false. Letting

S = TIJ P(S) = Q(S) = dlag (01702703) = H7

then equations (51) and (54) from [90] hold with A, B and C replaced by A1, By and
C1 (again, notation from [14]), but the conclusion fails as inequality (2.41) shows. In
this instance,
fl’{f{ + 1A, + C'fél #0,
and so equation (53) of [90] does not hold.
Counter-examples to [90, Theorem 1], which also uses the flawed [90, Lemma 5] in
its proof, can be found in Chen & Zhou [13] and Zhou et al. [104, p. 171]. It is not

pointed out there, however, that a flaw to [90, Theorem 1] occurs in [90, Lemma 5].

2.4 Notes

Lyapunov balanced truncation was introduced by Moore in [52] as a means of model
reduction. The H* error bound (2.7) which justifies this was obtained independently
by Enns [23] and Glover [26]. Lyapunov balanced truncation can only be applied to
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stable systems, the variant LQG-balanced truncation introduced by Verriest [89] and
studied further by among others Jonckheere & Silverman [41] overcomes this problem.
LQG-balanced truncation is equivalent to Lyapunov balanced truncation of normalized
coprime factors [48], [49]. This connection leads to an error bound in the gap metric
which justifies LQG balanced truncation as an approximation method.

As a testimony to its efficacy, there have been many extensions to the original
Lyapunov balanced truncation. For example, as mentioned in the introduction, to
positive real balanced truncation, which was considered first by Desai & Pal in [22], and
has been contributed to by Harshavardhana et al. [39], [40], and also to bounded real
balanced truncation, introduced by Opdenacker & Jonckheere in [57]. Other extensions
include to balanced stochastic truncation in Green [32] and to behavioral systems in
Minh [51].

Almost everything in this chapter is already known, and the survey article by
Gugercin & Antoulas [34], as well as Antoulas [3] include summaries of the mate-
rial. The counter-example to the error-bound (2.33) from [14] is new, and has been
published in [35]. We are grateful to Timo Reis for his suggestions with this matter.
He first suggested that the result of [14] may be false because it relied on [90]. He also

directed our attention to the counter-examples of [90, Theorem 1].
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Chapter 3
Dissipative balanced truncations

In this chapter we seek to generalise and also unify bounded real and positive real bal-
anced truncation described in Chapter 2. We restrict attention to the finite-dimensional
case. It is well known that bounded real and positive real input-state-output systems
are related by the Cayley transform, also known as the diagonal or M6bius transform.
Our approach, however, is to consider dissipative state-space systems, which we re-
call in the chapter and which are a behavioral object in the sense that they make no
distinction between inputs and outputs. Instead, these systems contain an external
signal that incorporates interactions with the surrounding environment and which we
demonstrate can often be decomposed into an input and output so that classical input-
state-output systems are recovered. In such a framework we show that bounded real
and positive real input-state-output systems are particular manifestations of a dissi-
pative state-signal system. Accordingly, we derive dissipative balanced truncation for
dissipative state-signal systems and the main results of this chapter are a gap metric
error bound for dissipative balanced truncation, formulated as Theorem 3.6.8. Also of
interest are a “generalised” KYP Lemma, Theorem 3.5.5, of which the Bounded Real
and Positive Real Lemmas in Chapter 2 can be seen as special cases.

The motivation for such an approach is twofold; firstly, in some instances the dis-
tinction in a mathematical model between inputs and outputs is unclear and model
reduction by balanced truncation in an environment free from those constrictions is
desirable. Secondly, the gap metric error bound, which is not an input-output object,
supports this as a model reduction scheme. As a corollary we also obtain a gap metric

error bound for positive real balanced truncation, Corollary 3.6.9.

3.1 State space systems

In this section we define precisely what we mean by an input-state-output system, a
driving-variable system and an output-nulling system. These are examples of state

space systems as in Willems [100] or state/signal systems as studied in the discrete
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time infinite-dimensional case by Arov & Staffans [4]-[8]. More recently state/signal
systems have been studied in continuous time by Staffans & Kurula [44], [45]. These

objects and the relations between them are a key ingredient of this chapter.

3.1.1 Definitions

We begin with a remark on what we mean by the solution of an ODE.

Remark 3.1.1. Let %, 2" denote finite-dimensional Hilbert spaces and let A, B denote
operators
A2 %, B: % —Z.

For u € L (RT; %) by a solution z of the (formal) ordinary differential equation

i(t) = Az(t) + Bu(t), (3.1)

we mean the continuous function x € C(R™;.2") given by the variation of parameters

formula

¢
RT >t x(t) = Mg + / A=) Bu(s) ds. (3.2)
0

In the above e denotes the matrix exponential of A. In fact, = given by (3.2) belongs
to the Sobolev space VVJ;?(R*; Z") and thus the equation (3.1) holds for almost all
t>0.

Definition 3.1.2. Given %, 2" and ¢ finite-dimensional Hilbert spaces we define an
input-state-output node as an operator
A Z
— : (3.3)
4 /s

with associated formal differential equation

A B
C D

A B
¢ D

a(t)
u(t)

[s’c(t)
y(t)

] ,  x(0) = xo. (3.4)

The spaces %, Z and & are called the input, state and output spaces respectively.
We define the set of trajectories T by

x
— C(RY; 2
T = u | €1, ( +’ q/) :dxg € £ such that (3.4) holds . (3.5)
y Lloc(]R ; [?7/])

The component = of a trajectory is understood as a solution of (3.4) as described in

26



Remark 3.1.1. We define the set of trajectories from 2o € 2", T (x9), by
T (xg) := u | €T :z(0)=wxp, (3.6)

and define the set of externally generated trajectories Teyy by

o {[!] € w8 25 ccom
y

X

such that | « | € 7(0) . (3.7)
)

We call the pair consisting of the node (3.3) and set of trajectories (3.5) an input-state-

3
output system, which we denote by ([é [B)} , T iso-

Definition 3.1.3. Given an input-state-output system with node [é g] and set of
trajectories T we define the transfer function G as the operator valued function of a
complex variable

p(A) > s+ G(s) =D+ C(sI — A)7'B,

where p(A) is the resolvent set of A. We define the input-output map @ : L (R*; %) —
L2 (R, %) as

loc

y=™®u, where u,y are such that [u] € Toxt- (3.8)

Y

Definition 3.1.4. Given an input-state-output system, with set of trajectories 7, we

define the set of stable externally generated trajectories S as
S = Toxs N L*(RT; [@])

We say that the input-state-output system is (input-output) stable if the projection of
S onto L?(R*; %) is all of L2(R*; ).

Proposition 3.1.5. The input-output map D of a stable input-state-output system is
bounded L*(RT; %) — L2(R*;%). If S denotes the set of stable externally generated
trajectories then

S =g(D). (3.9)

Moreover, the externally generated trajectories Tex are characterised by D through (3.8)

and in the stable case (3.9). The input-output map © and transfer function G uniquely
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determine one another via the relationship
G(s)a(s) = Du(s), (3.10)

where f is the Laplace transform of f. Therefore, Text is characterised by G through
(3.8), (3.9) and (3.10).

Proof. This is standard in input-state-output systems theory. O

Definition 3.1.6. Given ¥, 2" and # finite-dimensional Hilbert spaces we define a
driving-variable node as an operator
Z Z
- , (3.11)
4 V4

where D : ¥ — W is assumed injective, with associated formal differential equation

[:L"(t)
w(t)

The spaces ¥, 2 and # are called the driving-variable, state and signal spaces re-

A B
C D

A B
C D

a(t)
v(t)

] ,  x(0) = xo. (3.12)

spectively. We define the set of trajectories 7 by
T { H c
w

The component z of a trajectory is understood as a solution of (3.12) as described in
Remark 3.1.1. We define the set of trajectories from xg € 2", T (x¢), by

T (z0) := { [x] eT : z(0)= xo} , (3.14)

C(R™; Z)
Lipe(R*5 )

loc

]:EIJCOG%,UEL2 (Rt %)

such that (3.12) holds }. (3.13)

and define the set of externally generated trajectories Toyy by

loc

Toxt i= {w e (RT;#):3zc CRT;2) such that [x] € T(O)} : (3.15)
w
We define the set of stable externally generated trajectories S by
S = Texs N LA(RT; #). (3.16)

We call the pair consisting of the node (3.11) and set of trajectories (3.13) a driving-
variable system, which we denote by ([& 8], T )av -
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Remark 3.1.7. Although a driving-variable system looks like a standard input-state-
output system, its interpretation is very different. The external signal w incorporates
all the interaction with the external world (so in the standard input-state-output for-
mulation it would contain both the outputs and the inputs). The driving-variable v is
a latent variable used to mathematically describe the dynamics and may or may not

have any physical meaning (much like a state).

Definition 3.1.8. Given ¥, 2" and # finite-dimensional Hilbert spaces we define an

output-nulling node as an operator

A B
C D

V4 v

‘%] N [%] , (3.17)

where D : # — ¥ is assumed surjective, with associated formal algebraic-differential

()
0

The spaces ¥, 2" and # are called the error, state and signal spaces respectively. We

equation
A B

C D

a(t)
w(t)

] , x(0) = xg. (3.18)

define the set of trajectories T by

RT:; 2
T=11" g( %) : 39 € Z such that (3.18) holds . (3.19)
w L (RT; %)

The component z of a trajectory is understood as a solution of (3.18) as described in
Remark 3.1.1. We define the set of trajectories from zo € 27, T (xo), by

w

T (o) = { H eT : 2(0) = xo} , (3.20)

and define the set of externally generated trajectories Texy by

loc

Toxt = {w e L2 (R™:#):3z e C(RT; Z) such that

x] € T(O)} . (321
w
We define the set of stable externally generated trajectories S by

S = Texs N LA(RT; #). (3.22)

We call the pair consisting of the node (3.17) and the set of trajectories (3.19) an

output-nulling system, which we denote by ([4 B],T)on.

Remark 3.1.9. The surjectivity of D in Definition 3.1.8 implies that for every xg € Z~
the corresponding set of trajectories from g, 7 (x¢), is non-empty. This can be proven

directly, but it also follows as a consequence of Theorem 3.1.18.
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3.1.2 Admissible decompositions

In this section we investigate when given a driving-variable or output-nulling system,
it is possible to decompose the original signal space into an input space % and output
space % such that the signals of the driving-variable or output-nulling system are the
trajectories of an input-state-output system.

Remark 3.1.10. Let % ,% denote a direct sum decomposition of a finite-dimensional
Hilbert space #', which we denote by # = % &% and understand as # = [%/] ® [52]
We identify u € % with [§] € [%], etc. so that w = u+y = [y]. We let 77, (74)
denote the projection of # onto % (#') along % (%) and given an operator

T:%Z >,
for some linear space Z we write
Ty =73T, Ty =niT. (3.23)

Definition 3.1.11. Given a driving-variable system with node [é g], let 2 and &
denote complementary subspaces of the signal space #. We say that the pair %, % is
strongly admissible for %, or simply strongly admissible, if

(D)L — ¥, exists.

A
C

we say that pair %, % of complementary subspaces is E-strongly admissible for #, or

Given an output-nulling system with node [ . g; ] and a surjective operator £ € B(#'),

simply F-strongly admissible, if
(D'Ely)™ ' ¥ = %, exists.

If £ = I, the identity on # ', then we say that the pair %, % is strongly admissible

instead of I-strongly admissible.

Remark 3.1.12. 1. In this chapter we have chosen to work mostly with driving-
variable systems instead of output-nulling systems. We could have defined an
FE-strongly admissible pair for driving-variable systems, where F is now injective,
but have no need for this. We need the notion of an E-strongly admissible pair for
output-nulling systems as defined above for duality, which we address in Section
3.4. We comment that many of the following results are stated and proven from
the point of view of driving-variable systems and the corresponding output-nulling

versions have been omitted.

2. We include the word strongly in strongly admissible so as to contrast the concept

with a weaker version, which we discuss in Section 3.6.3.
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Lemma 3.1.13. The space % = im D and any complementary subspace is always
strongly admissible for a driving-variable system with node [é g]. Similarly, for an
output-nulling system with node [éﬁ gﬁ], the subspace of W denoted by %, that is
naturally isomorphic to the quotient space ¥ [ker D', and any complementary subspace is
always strongly admissible (that is, I-strongly admissible). In particular, for any given
driving-variable or output-nulling system there is always at least one strongly admissible

pair.

Proof. The first claim follows by injectivity of D and the fact that any map surjects onto
its image. The second claim follows from surjectivity of D’ and the First Isomorphism
Theorem. O

Remark 3.1.14. For driving-variable systems the space % := im D is referred to in [4]

as the canonical input-space.

Definition 3.1.15. Given a driving-variable system with node [é g] and a strongly

admissible pair %, % we define the derived (%, %) input-state-output node by

ﬂ R [ﬂ , (3.2)
4 v

A-BD,'Cy  BDJ' |
Cg;/—Dgqu_;C@ DgyDo_le ‘

which we denote by [ég gg] Recall that Cy,Cy, Dy and Dy are as in (3.23).
We call the corresponding input-state-output system the derived (% ,% ) input-state-

output system.

Definition 3.1.16. Given an output-nulling system with node [é g], a surjective

operator F € B(#') and an E-strongly admissible pair %, % , we define the E-derived

input-state-output node by
A Z
: — s
/4 /4

(3.25)
which we denote by [ég gg } We call the corresponding input-state-output system
the E-derived (% ,%) input-state-output system. If £ = I, the identity on %, then
we call the I-derived (%, %) system the derived (% ,%) system instead.

A~ (BE)|#(DE)|,'C (BE)ly — (BE)|»(DE)|,' (DE)|#
(DE)|3'C (DE)|3 (DE)|a

Remark 3.1.17. 1. The terms strongly admissible and derived system have two mean-
ings, one for driving-variable systems and one for output-nulling systems. In what
follows it will be made clear which meaning is being used (though it is also often

clear from the context).

2. A driving-variable or output-nulling system may have many possible derived sys-

tems, but once we fix a strongly admissible pair %,% (and where appropriate
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E € B(#)), then the derived (% ,% ) system is uniquely specified by its node as
in Definition 3.1.15 or 3.1.16 respectively.

The following result is crucial in obtaining input-state-output systems from driving-
variable and output-nulling systems as it states that the trajectories of a strongly

derived input-state-output system are the same as those of the original system.

Theorem 3.1.18. Given a driving-variable system with set of trajectories Tq, and
a strongly admissible pair % , %, let Tiso denote the set of trajectories of the derived
(%, %) input-state-output system. Then the map T : Tiso — Tav given by

, (3.26)

Y

18 an isomorphism.

Given an output-nulling system with set of trajectories Ton, a surjective operator E €
B(#') and an E-strongly admissible pair % , %, let T, denote the set of trajectories of
the E-derived (% ,%) input-state-output system. Then the map T' : T, — Ton given
by

x
- x
T | u | = w il (3.27)
R EIEs

18 an isomorphism.

Remark 3.1.19. Using the notation of Theorem 3.1.18, we see that T3, and Tis, are

isomorphic and that 75, and T

o are isomorphic. In what follows we will say that 7q,

and Tiso are equal, understood in the sense of (3.26), i.e.

X

U e7}so<:>[

x] € Tav-
Yy

[y]

We adopt the corresponding convention for 7o, and 77, so that

180’

T

u eTi;0<:>[ v ]eTon.
B[]
(0

Proof of Theorem 3.1.18: We only prove the driving-variable case (3.26), as the output-
nulling case is similar. Both results essentially follow by construction. Suppose the

driving-variable system has node [é g]. The direct sum decomposition # = % & %

2

(R #) can be written as w = u +y = [y], where u €

implies that every w € L
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LE (RY;%) and y € L (RT;%). As such, if z and [}] are the components of a

loc

trajectory in 7g, then by definition there exists a v € L2 (R*; %) such that

loc
u
Yy

By definition of strongly admissible in the driving-variable case the operator Dy, is

& = Ax + Bw,

; ) 3.28
— it Do — [C’g/a;]_i_[D;/v]. ( )

oy T Doyv

invertible and hence we can eliminate v from (3.28) and obtain

i = (A— BD,'Cy)x + BD}]'u,

. . (3.29)
Yy = (ng - DQ/DUZ/ C@)$ + DQ/DUZ/ Uu,

so that « and [y] are the components of a trajectory in Tis,. Conversely, if x and [y ]

are the components of a trajectory in Tis, then defining

V= D%lu — Dg}ICOZ/x (S L2 (R+, 7/),

loc

and substituting back into (3.29) we recover (3.28). As such, = and [y] are the com-

ponents of a trajectory in Tqy, completing the proof. ]

Corollary 3.1.20. The set of stable externally generated trajectories of a driving-
variable system with signal space # is a closed subspace of L>(RT; #).

Proof. Let ¥ and S denote the driving-variable system and its set of stable externally
generated trajectories respectively. Let © denote the input-output map of the derived
(% ,%) system of X, for some choice of strongly admissible pair %, % (which always
exists by Lemma 3.1.13). A consequence of Theorem 3.1.18 is that

S = { [@u ] cuw€ L*(RT; %) such that ®u e L*(RT; Z’/)} . (3.30)
u
It is well-known from input-state-output theory that the set on the right hand side of

(3.30) is closed and hence so is S. O

It will sometimes be helpful later in this work to obtain a driving-variable system

from an input-state-output system and we describe how we do so in the next lemma.

Lemma 3.1.21. Fvery input-state-output system ([é g] , T )iso with input, state and

output spaces U, X and ¥ respectively gives rise to a driving-variable system with
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V=% and W = [g], driving-variable node

3{] N [‘%] , (3.31)

Q o
O ~| W

and set of trajectories T .

Proof. This is immediate from the definitions, noting that the operator [ ]IJ] 2V =W
is always injective. Note that the set of trajectories of (3.31) is really isomorphic to T,

but we view them as equal (see Remark 3.1.19). O

Lemma 3.1.22. If ([é IB)] , T)iso 1S an input-state-output system, then the pair U, %

is always a strongly admissible pair for the driving-variable system

A
Y= 0 T
C

O ~| W

dv

constructed in Lemma 3.1.21, and the derived (% ,%) system of ¥ is the input-state-
output system ([A B8], T)iso-

Proof. This is immediate from Definition 3.1.15, Theorem 3.1.18 and Lemma 3.1.21.
O

The following lemma characterises strong admissibility of a direct sum decomposi-

tion of the signal space of a driving-variable system and is based on [4, Lemma 5.7].

Lemma 3.1.23. Given a driving-variable system ([é B] s T)av, let U,% denote a

direct sum decomposition of the signal space # . The following are equivalent.
(i) The pair % ,% is strongly admissible.

(i) There exists a map D:% — % such that im D has the graph representation

imD:Q(D):{[Duu] :ue%}.

Given a strongly admissible pair % ,% , any another direct sum decomposition %, %

is strongly admissible if and only if dim % = dim %4.

Proof. (i) = (ii): Supposing that the pair %, % is strongly admissible, let Dp denote
the feedthrough operator of the derived (%, %) system. We prove that

im D = G(Dp), (3.32)
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which is condition (i#7) with Dp = D. To see (3.32) note that by Theorem 3.1.18
the input-output pairs [y] € LZ_(R™;[#]) (with zero initial state) of the derived

system are precisely the externally generated signals of the driving-variable system.

By considering continuous inputs « (and hence continuous outputs y) at time t = 0 we

see that
wo) | _fuo] _
[DDU(O)] = [y(O)] = Dv(0), (3.33)

for some continuous driving-variable v, and thus G(Dp) C im D. By considering con-
tinuous driving-variables v and the corresponding continuous signal [y ] we deduce from
(3.33) that G(Dp) 2 im D, which proves (3.32).

(ii) = (i): Given u € %, by assumption (ii) there is a v € ¥ such that Dv = [ 7|
and so Dy v = u. We infer that Dy, is surjective. For injectivity, if Dy v = 0 then by
(ii), Dv = [Doo] =0 and as D is injective it follows that v = 0. Hence Dy is injective
as well as surjective and thus invertible.

If 94, %, is strongly admissible then the map
(Dan) (Do) - U — %

is a linear isomorphism, and so dim % = dim %;.
Conversely, suppose dim %4 = dim % . Then there is a linear isomorphism F' : # —
W such that Flg, : % — % and Flg, : %1 — % are isomorphisms. As such it follows

that
-1
b cuewy S =F1 Y TUEY = Fu TUEY
Dpu D F~'Dpu

DU
= { NS 02/1} . (3'34)

Since the pair %, % is strongly admissible it follows from the proof of (ii) above that
im D = G(Dp), which when combined with (3.34) implies that

imD:{ 2U1€%1}7

with F~'DpF : 24 — #%,. We conclude from (4ii) that %4, % is a strongly admissible
pair. O

(21
F~'DpFu,

Ui
F~'DpFu;

Remark 3.1.24. In Willems & Trentelman [102, p. 55| the input cardinality m(B)
of a behavior B is defined as the maximal number of unconstrained components of
w € B. It is stated [102, p. 60] that the input cardinality m(8) is equal to the

dimension of the input space of any input-state-output representation of 5. Similarly,
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the output cardinality is defined as w — m(*8), where w € B has w components. Since
all linear differential behaviours 28 admit a driving-variable representation, Lemma
3.1.13 and Lemma 3.1.23 show that the input cardinality of the behavior described
by a driving-variable system is dim(im D). Moreover, by Lemma 3.1.23 if %, % is a

strongly admissible pair then necessarily dim % equals the input cardinality.

3.1.3 Minimality

Definition 3.1.25. A system (input-state-output, driving-variable or output-nulling)
with state space 2~ and set of trajectories T, is said to be minimal if supposing 7 = T~

for another such system with state space 2" it follows that dim .2" < dim 2.

Remark 3.1.26. The above definition in the input-state-output case is consistent with

the usual definition.

Lemma 3.1.27. A driving-variable system is minimal if and only if for every strongly

admissible pair % ,% the derived (% ,%) system is minimal.

Proof. Assume that the driving-variable system Y. = ([é g] , T )av with state space 2
is minimal and let %, % denote a strongly admissible pair. We seek to prove that the
derived (% , %) system, denoted ([AD Bo } , T )iso, 1s minimal. Suppose the input-state-

Cp Dp
45 By T )iso has state space 2. By Lemma 3.1.22, ( Ap B T
C]/:) D]/) ) 180 p . y il ? C]/:) Di:) ) 180

is the derived (%, %) system of the driving-variable system

output system ( [

dv

which also has state space 2”. Minimality of ¥ implies that
dim 2~ < dim 27, (3.35)

and hence the derived (%, % ) input-state-output system is minimal.

Conversely, given the driving-variable system ¥ = ([é S] , T)av with state space
&, assume that the derived (% ,%) system for any strongly admissible pair %, % is
minimal. Suppose the driving-variable node [é; g;] with state space 2~ has the same
set of trajectories T as 3. Denote this system by ¥'. We seek to prove that (3.35)
holds. The result will follow if we can establish that %, % is a strongly admissible pair
for X'.

Since ¥ and Y’ share the same set of trajectories, they therefore also have the
same set of externally generated trajectories Texi. By considering (continuous) signals

belonging to Texy at time ¢ = 0 it follows that im D’ = im D, and as %,% is an
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admissible pair for ¥ it follows from Lemma 3.1.23 (i7) that

imD’:imD:{[gu] : ue%}. (3.36)

for some operator D : % — %. In light of (3.36) and Lemma 3.1.23 (ii) we see that
U, is a strongly admissible pair for ¥/, which completes the proof. O

3.1.4 The gap metric

We recall the definition of the gap metric, see also Kato [43, p.197].

Definition 3.1.28. For .#, .4 non-empty closed subspaces of a Banach space %, the
directed gap § between .# and .4 is given by

A, N)= sup dist(m,.AN),
frl 1

with the conventions
6({0}, 4) =0, &(,{0}) =1, for.# #{0}.

The gap 6 between .# and .4 is then defined as

S(M, N) = max{S(M, N),5(N, M)}

In general § is not a metric on the set of closed subspaces of a Banach space, as it
does not satisfy the triangle inequality. However, when 2 is a Hilbert space it can be
shown that

o(AM, N)=||Py—Pyll, (3.37)
where P 4, Py are the orthogonal projections of 2 onto .# and .4 respectively. In

this instance 4 is a metric. We now define the gap between two driving-variable systems.

Definition 3.1.29. Let ¥; and Y5 denote two driving-variable systems with the same
signal space and sets of stable externally generated trajectories S; and Sa respectively.

We define the gap between X1 and ¥, as
5(21, 22) = 5(51,82).

Remark 3.1.30. The gap between two driving-variable systems is well-defined as the
sets of stable externally generated trajectories are closed subspaces of L2(R*; %) by
Corollary 3.1.20.
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We shall also need the definition of the gap between two closed operators, as in [43,
p. 201].

Definition 3.1.31. For % Hilbert spaces and closed linear operators S, T : 27 — %5,
the gap between S and T is defined as

5(S,T) := 6(G(S),G(T)). (3.38)

The next result is taken from [43] and is an important bound that we shall make

use of later.

Theorem 3.1.32. For Z; Hilbert spaces and bounded linear operators S,T : 27 — 25

we have

~

55, 7)< |S—T]. (3.39)

Proof. See [43, Theorem 2.14]. O

3.2 Finite-dimensional indefinite inner-product spaces

In order to describe what we mean by a dissipative system we shall need the concept
of an indefinite inner-product. In this section we collect some elementary definitions
and results on complex finite-dimensional indefinite inner-product spaces. Three sup-

plementary references for this material are Bognar [10] and Gohberg et al. [30], [31].

Definition 3.2.1. Let # denote a finite-dimensional linear space. A function [-,-] :
W xW — Cis called an indefinite (non-degenerate) inner-product on # if the following

axioms are satisfied:
(1) Linearity in the second argument
[CC, ayl + /ByZ] = Oé[l‘a yl] + ﬂ[xv yQ]

for all x,y1,y2 € # and all «a, 5 € C;

(2) Antisymmetry

[z,y] = [y, 2];

for all z,y € #,
(3) Nondegeneracy; if [x,y] = 0 for all y € #/, then x = 0.

Note that in contrast to a definite inner-product, [z,z] < 0 can occur. We call #
equipped with [-, -] an indefinite inner-product space, and we denote it by (#/,[,:]) or

sometimes just # .
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Lemma 3.2.2. If (#,]-,"]) is a finite-dimensional indefinite inner-product space then
there exists a definite inner-product (-,-) on # and a unique unitary self-adjoint oper-
ator E (with respect to (-,-)) such that

[z,y] = (Ez,y), Va,yeW. (3.40)

We say that (-,-) is the definite inner-product and E is the signature operator induced

by the indefinite inner-product [-,-].

Proof. The proof extends the arguments of [31, p. 8]. Let (-,-) : # x # — C denote
some (definite) inner-product on %', which is always possible to find as # is finite-

dimensional. For fixed € # consider the linear functional
W 3y [x,yl,

which is certainly bounded. By the Riesz Representation Theorem there exists a unique
zz € W such that
[z,y] = (22,9), VyeW. (3.41)

Define H : # — W by Hx = z,, where x and z, are as in (3.41). Since for each x € 7/,
z 18 uniquely determined it follows that H is well-defined and in fact injective. It is
easy to see that H is linear and hence (as # is finite-dimensional) H is an isomorphism.

For z,y € # we have

(Hz,y) = [z,y] = [y, 7] = (Hy,z) = (v, Hy),

and so H is self-adjoint with respect to (-,-). Let H = |H|E denote the polar decompo-
sition of H, where |H| is positive and self-adjoint and E is unitary, both with respect
to (-,-). For this proof let the superscript * denote the adjoint with respect to (-, -).
Define the new inner-product (-,-) : # x # — C by

(z,y) == (|H|z,y), Vo,ye¥. (3.42)
We see from (3.41) and (3.42) that for x,y € #
[z, y] = (Hz,y) = (|H|Ez,y) = (Ez,y),

which is (3.40). It remains to see that E is self-adjoint and unitary with respect to
(-,). Since H = H* in Kato [43, p. 335] it is proven that £ = E* and thus

HE = HE* = |H|EE* = |H]|. (3.43)

39



Therefore, for x,y € #
(Ez,By) = (Ez,|H|Ey) = (Ez,Hy) = (HEz,y) = ([H|z,y) = (2,y), (3.44)

where we have used (3.43). Equality (3.44) proves that E is unitary. For self-adjointness,
let x,y € #

(z, By) = (z,|H|Ey) = (z, Hy) = (Hz,y) = ([H|Ez,y) = (Ex,y), (3.45)

where we have used that H = H* and |H| = |H|*. Equality (3.45) proves that E is
self-adjoint with respect to (-,-). Finally, F is unique from the uniqueness of H and of

the polar decomposition. ]

Remark 3.2.3. In Section 3.3 we shall consider driving-variable systems where # is
an indefinite inner-product space. We remark that in this instance we use the def-
inite inner-product (-,-) (induced by the indefinite inner-product [-,-]) in the theory
of driving-variable systems established in Section 3.1. In particular, L?(RT; %) is a
Hilbert space when # is equipped with (-, ).

Definition 3.2.4. A subspace . of an indefinite inner-product space (#/, [, -]) is called
non-negative (respectively, neutral, non-positive) if [z, z] > 0 ([z, 2] = 0, [z, z] < 0) for
all x € . A non-negative subspace is called maximal if it is not the proper subset
of another non-negative subspace, with similar definitions for maximal neutral and

non-positive subspaces.

Definition 3.2.5. Given an indefinite inner-product space (#/, [-, -]) we say that #, #_
W is a fundamental decomposition of #/, denoted ¥ = W, [+] — #_ if,

(1) #4 equipped with [, -];y, and #_ equipped with —[-,-]|. are Hilbert spaces.
(2) # is a direct sum decomposition of #, and #_, orthogonal with respect to [, -].

Note that if #" = #. [+] — #_ then by (1) #. is non-negative and #_ is non-positive.

Fundamental decompositions are in general not unique.

Definition 3.2.6. For a subspace .# of an indefinite inner-product space (#/, |-, -]) we
denote by .7 the orthogonal companion with respect to [, -], which is defined as

S —fwew : [wv]=0,Vve S}

Note that . N.#H £ {0} in general.

Lemma 3.2.7. If #., #_ is a fundamental decomposition of an indefinite inner-

product space (W ,[-,-]) with signature operator E, then
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(i) & C W is non-negative if and only if & = G(T), for T : Wy O D(T) — #_ a
linear contraction, where D(T') is the domain of T. Additionally . is mazimal
non-negative if and only if D(T) = #4.

(i) . C W is mazimal non-negative if and only if .7 is non-negative and L s

non-positive.

(iii) The dimension of any mazimal non-negative (non-positive) subspace is equal to
the multiplicity of 1 (—1) as an eigenvalue of E. Hence any two maximal non-

negative (non-positive) subspaces are isomorphic.

(iv) The dimensions of the non-negative parts of any two fundamental decompositions

are the same.

Proof. For parts (i) and (i7) see [10], namely Theorem 4.2, Theorem 4.4 and Lemma
4.5 on p. 105-106. For part (iii) see [30, Theorem 1.3, p. 15]. Part (iv) follows

immediately from (ii7). O

Corollary 3.2.8. For a driving-variable system with node [é g}, indefinite inner-

product signal space W and signature operator E, a fundamental decomposition W,

W_ of W is a strongly admissible pair for W if and only if
dim %} = 04 (F) = dim(im D).

Proof. By Lemma 3.1.23, the direct sum decomposition #,., #_ of # is strongly
admissible if and only if dim #; = dim(im D) as by Lemma 3.1.13 the pair im D and
any complementary subspace is always strongly admissible. That dim #, = o(FE)

follows from Lemma 3.2.7 (ii) above. O

3.3 Dissipative systems

We are now in position to define dissipativity for the systems we considered in Section
3.1.1.

Definition 3.3.1. Let ([é g] , T )iso denote an input-state-output system and let

denote an indefinite inner-product on [%] We say that ([é g] , T )iso 1s state-signal

dissipative with respect to [-, -] if there exists a positive, self-adjoint operator P on 2~
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such that

k2 (3.46)
Vi>0Y | w | eT
Yy
We call ([AB],T)iso signal dissipative with respect to [-, ] if
t
u(s) u(s) u
/0 Hy@)}’[ms)” ds 20, Vt=0,Y[y] € Text. (3.47)

Remark 3.3.2. The above definition is similar in effect to equipping an input-state-

output system with a supply rate in the language of [99].

Definition 3.3.3. Let ([4 8], 7T )av denote a driving-variable system with indefinite
inner-product signal space (#, [, ]y). We say that ([4 B],T)ay is state-signal dissi-
pative if there exists a positive, self-adjoint operator P on 2 such that
t
) ws)ly ds = (Pa(e)(0) 5 = (Po(0),2(0)5
0

V>0,V [2]eT.

(3.48)

We call ([4B],T)av signal dissipative if
t
/ w(s), w(s)ly ds >0, VE>0,¥w € To. (3.49)
0
Definition 3.3.4. Let ([é g] , T )on denote an output-nulling system with indefinite

inner-product signal space (#, [+, ]y). We say that ([4 B],T)on is state-signal dissi-

pative if there exists a positive, self-adjoint operator P on 2 such that

/0 (), w(s)]y ds > (Pa(t), 2(t)) o — (P2(0),2(0)) 2

VE>0,V[2]eT.

(3.50)

We call ([é g] , T )on signal dissipative if

t
/ w(s), w(s)ly ds >0, VE>0,¥w € To. (3.51)
0

Remark 3.3.5. Observe that for all three types of systems (input-state-output, driving-
variable and output-nulling) the state z is continuous and so the point evaluations in
(3.46), (3.48) and (3.50) make sense. In the input-state-output case let E’ denote the
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signature operator of the indefinite inner-product on [?@/} and let z and [y ] denote the

components of a trajectory. For ¢ > 0 we have

t ¢
L 1G] [ ]] o < LG 2 [

which by the Holder inequality gives,

[ (9]

< 5z - 1E (5] lz20,

< 18112y < 00 as [E] = L.

Similarly, in both the driving-variable and output nulling cases, if [] € T then for
t > 0 by the Holder inequality we have

t
SAKM$EmwMBSW@m@<m

/m@w@wm
0

where E is the signature operator of the indefinite inner-product [-,:] on #. We

conclude that dissipativity is well-defined.

Remark 3.3.6. From the definitions of dissipativity we see immediately that in all
three cases signal dissipativity is a necessary condition for state-signal dissipativity. In

Theorem 3.5.5 the converse implication is addressed.
The next three results describe the relationships between dissipativity of driving-

variable systems and their derived input-state-output systems.

Proposition 3.3.7. If the input-state-output system ([é B] , T)iso s state-signal or

stgnal dissipative then the driving-variable system

A|B
o\7 |, 7|
C|D o

constructed in Proposition 3.1.21 is dissipative in the same sense, where the indefinite

inner-product on ¥ is that put on [?y/]
Proof. This is immediate from the definitions. O

Proposition 3.3.8. Let ([é g] ,T)av denote a driving-variable system with indefinite
inner-product signal space (W, |-, |y) and assume that the pair % ,% is strongly ad-
missible. If ([é g] ,T)av is state-signal or signal dissipative then the derived (% ,%)

system is dissipative in the same sense, with respect to the indefinite inner-product

[a]”//
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Proof. This again follows from the definitions and the fact that by Theorem 3.1.18
the original driving-variable system and the derived (%,%') system have the same

trajectories. O

Theorem 3.3.9. Let ([4B],T)ay denote a driving-variable system, with indefinite
inner-product signal space (W, [, ly) and let Y, %, denote a fundamental decompo-
sition. If Yy, @y s strongly admissible and ([é f%] , T)av 1s signal dissipative then the
derived (%, %) system is bounded real.

If additionally o (E) = 0_(E) then there exists a strongly admissible pair Upr, %pr
such that the derived (%, %) system is positive real.

Proof. The first claim is an immediate consequence of Proposition 3.3.8 and the Bounded
Real Lemma. In more detail, since %, %, is a fundamental decomposition of the sig-
nal space # it follows that for any w € #', there exists u € %,; and y € %, such that
w =u-+y = [y] and moreover
[w,wly =[u+y,u+tyly =uuly +[yyly, by orthogonality
= <u7u>62/br - <y7y>g/br7 (3.52)
where (-,-)7, . and (-,-)# denote the definite inner-products on %, and %, induced

by [-,-]» respectively. Therefore, by Proposition 3.3.8 and (3.52), for all externally
generated trajectories [y ] of the derived (%, %) system we have

t
/ lu(s)[2 — y(s)|2 ds >0, V> o.
0

From the Bounded Real Lemma we infer that the derived (%, %) system is bounded
real.

With respect to the decomposition # = Z,.[+] — %, the signature operator E has

15, (E) o 1.
0 I, (m

If we additionally assume that o4 (E) = o_(F) then under the transformation

Up| 1 (I —I| |%n
| V2T T (%]

# is the direct sum of %4, and %, and the signature operator £ with respect to this

the block diagonal form

decomposition has the block form
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and dim %y = 04 (F) = dimZ%,. As %, and %, is strongly admissible, Lemma
3.1.23 implies that %, %, is a strongly admissible pair. Moreover, with respect to
this decomposition of # it follows that for w € # there exists u* € %, Y™ € %

such that w =u* +y* = [Zi ] and we obtain the impedance supply rate

[w,wly = [u* +y*,u* +y ]y =2Re(u*,y")y. (3.53)

That the derived (%, %) system is positive real now follows from Proposition 3.3.8,
equality (3.53) and the Positive Real Lemma. O

3.4 Dual systems
Here we describe the duals of the state-space systems introduced in Section 3.1. We
start with the familiar input-state-output case.

Definition 3.4.1. Given an input-state-output node [é g] with input, state and out-

put spaces %, 2 and ¥ respectively, we define the dual input-state-output node as

— [%] ) (3.54)

the operator
A C*
B* D*

Z
4

w

We denote by T* the set of trajectories as in Definition 3.1.2, only now corresponding
to the input-state-output node [gi gi ], and call ([fB‘I g:] , T")iso the dual input-state-

output system.

The dual of a driving-variable node is an output-nulling node and vice versa. In

order to formulate these definition we need some more notation.

Definition 3.4.2. Let (#,[-, ]y ) denote an indefinite inner-product space. We define

(W, ], -]w~) as the linear space # equipped with the indefinite inner-product —[-, -],
and call #* the anti-space of #. Moreover, given Hilbert spaces 2 and ¥ and
operators

C: %X —-WwW, D:V W,
we define

ct.w =2, DV .w* = v,

as the adjoint maps, taken with respect to the Hilbert space inner-products on 2~ (or
7) and the indefinite inner-product on #*. Thus C' and DT are such that

w, Cxly~ = (C’Tw,x)%, Vee X, VweW, (3.55)
[w, Dv]y« = (D'w,v)y, Yve ¥, YweW. (3.56)

—
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Definition 3.4.3. Given a driving-variable node [é g], with indefinite inner-product
signal space (#, [, ]y ), we define the dual output-nulling node by
A —cf Z Z

] S [ ] , 357
—B* Dt

W v

which has error, state and signal spaces ¥, 2 and #* respectively. We denote by
T* the set of trajectories as in Definition 3.1.8, only now corresponding to the output-
nulling node [_A;* _D(’;T } , and call ([_A;* _DC;T} , T*)on the dual output-nulling system.

Definition 3.4.4. Given an output-nulling node [é g], with indefinite inner-product
signal space (#/, [, ]»), we define the dual driving-variable node by

« o [7].[2) .

with driving-variable, state and signal spaces ¥, 2" and #* respectively. We denote by

T* the set of trajectories as in Definition 3.1.6, only now corresponding to the driving-

variable node [gi g }, and call ([g* g” , T*)av the dual driving-variable system.

Proposition 3.4.5. Given a driving-variable (output-nulling) system ([é g] ,T), let

T* denote the set of externally generated trajectories of the dual output-nulling (driving-

variable) system. The following orthogonality relation holds
¢
/ [w(s), ws(t —s)]y ds =0, Vw € Texs, Vws € Teyy, V1> 0.
0

Proof. As both proofs are similar, we prove the case when ([é g] ,T) is a driving-
variable system and 7* denotes the set of trajectories of the dual output-nulling system.

For w € Text, w« € Toyy and t > 0 a calculation shows that

/ w(s), walt — 8)]y ds — / [Ca(s) + Du(s), wa(t — )]y ds

0 0
= [ ). Cluntt = 9}~ (w(s), Dl (e = )y ds
= [t = 5) = At = ) = (0(o), Bt = 5)) s
= /0 (2(8),2x(t — 8)) 9 — (Ax(s) + Bu(s),x«(t — 8)) 2 ds

- _/0 %@(s),x*(t = 5)) o ds = (2(0), 2:(1)) 2 — (@ (t), 24(0))

=0.
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Lemma 3.4.6. Let (#,[-, |y ) denote an indefinite inner-product space with signature

operator E and let Z and ¥V denote Hilbert spaces. For operators
C:-Z—=WwW, D:V W,
the Hilbert space adjoints and indefinite inner-product space adjoints are related by
D' = —D*FE, ct=—-C*E, (3.59)

where CT, DT are as in Definition 3.4.2. Furthermore, if % and % are o direct sum

decomposition for # then

C*la = (Cw)*, C*lo = (Ca)",

. i} . . (3.60)
D¥\y = (D%)*, D¥|lo = (Dy)",

where recall that Cy = 71'%;0, Doy = TrdZ@/D and so forth.
Proof. We prove (3.59) and (3.60) for C' only, as the proof is very similar for D. For

z € 2 and w € # we see that

(C’Tw,:):)ggf = [w, Cx]y+ = —[w,Cx]ly = —(Ew,Cx)y
= —(C*"Ew,z) gy,

which gives (3.59) by the unicity of the adjoint. To prove (3.60) consider for u € %
and x € &

(Caw,u)y = (5 Ca,u)y = (Ca,[§])w = (x,C* [§]) 2

= (2, C*|gu) 2,
and again the result follows. The case for ¢ is similar. O

Remark 3.4.7. We comment that a signature operator I of an indefinite inner-product
space # is unitary and hence surjective. In particular, the operator E is suitable for
considering E-strongly admissible pairs for an output-nulling system with signal space
W, see Definition 3.1.11.

Proposition 3.4.8. Let X = ([é [B)] ,T)av denote a driving-variable system with in-

definite inner-product signal space (W', [-,-|y) and corresponding signature operator E,
and let ¥* = ([fg* qu] , T*)on denote the dual output-nulling system.

(i) If the pair % ,% is a strongly admissible pair for ¥ then %, % is a E-strongly
admissible pair for ¥* = ([_AB** _D(’;T] s T )on-

Now assume that the pair % ,% is strongly admissible for 3.
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Bp Dp
Tiso = T given by

(ii) Let ([%D CD} ,7;50)150 denote the E-deriwved (% ,%) system of ¥*. Then T :

Tk
L
Ty | = ] (3.61)
= e

is an isomorphism.
(iii) Let ([ég gg} , T)iso denote the derived (% ,%) system of 2. The following dia-
gram commutes:
dual * _of «
<[élB)]7T)dV i) ([_AB* DCT:|7T)OH
derivedl lderived

dual Ay CF
(& 8] Thiso 5 ([32 52] 7)o

45057 _ [ o G
sothat [ 32 58 | = |32 50 |

Proof. (i): From Definition 3.1.11 we are required to prove that (DTE)|y : % — ¥ is
invertible. By (3.59) and the fact that E is self-adjoint and unitary we have

(D'E)ly = —(D*E?)

v =—(D")

where the last equality is from (3.60). By Definition 3.1.11, %, % a strongly admissible
pair for ¥ implies that Dy is invertible. Thus from (3.62) we see that that (DTE)|4
is also invertible.

(7i) : The proof is very similar to that of Theorem 3.1.18. Since we did not give the
output-nulling case there we do provide a proof here. The direct sum decomposition
W = U & % and the surjectivity of E implies that any w, € LIQOC(R+;7/*) can be

written as

Wy = —Fu, + By, = F
Y

_“*] : (3.63)

for u, € L (R™;%) and y, € LE (RT;%). We remark that when deriving in-
put/output pairs u,y from the signal w of an output-nulling trajectory we have chosen
to put a minus sign with the component that is the output (which is usually y, compare
with (3.27)). In the dual case the input and output spaces interchange and so in (3.61)

and (3.63) we have put the minus sign on w,.
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Let z, and F [@“*] denote the components of a trajectory in 7, so that

U

i, =A% —-C'E = A%z, + (CTE)|gus — (CTE) |2 y.,

v (3.64)

0=—-B*z,+D'E

Use .
] = —B*z. — (D'E)|yu. + (D'E)|»y.
Y

We have already seen that (DTE)|4 is invertible and hence from (3.64) we can obtain

an input-state-output relation between y, and u,, namely

b= (A"~ (CB) |4 (D' B) BY)a
+(=(CTB)|y + (CTE)|o (D'E) (3 (D'E)|2 )y, (3.65)
us = —(D'E)|},' B*z. + (D'E)|;,} (D'E)|»y..
so that x, and [} ] are the components of a trajectory in 7;%. To see the converse we

reverse the above steps.

(7i7): The bottom route through the diagram gives

A B derived A— B-Dgz_ll Cﬂj/ BDg/_/l
C D Coy — D@D%}C@ D@D@zl
awal, [A* = (Co)* D B (Co)* — (owD%*(Dm,/)*] . (360

D, B* D} (Dy)*

The top route through the diagram has effectively already been considered in (3.64) and
(3.65). All that remains to verify is that the nodes in (3.65) and (3.66) are the same, but
this follows by inspection using (3.59) and (3.60). That the trajectories coincide follows
from the definitions of dual trajectories, Theorem 3.1.18 and the relation (3.61). [

3.5 Jointly dissipative systems

Definition 3.5.1. We say that a driving-variable or output-nulling system is jointly
signal dissipative if it signal dissipative and its dual is signal dissipative. We say that
a driving-variable or output-nulling system is jointly state-signal dissipative if it state-
signal dissipative with respect to a positive, self-adjoint operator P and its dual is

state-signal dissipative with respect to P~1.

Remark 3.5.2. We remark that we could define a notion of jointly dissipative for an
input-state-output system, but do not do so as we shall not require it explicitly. The
key point is that the duals of bounded real and positive real systems are again bounded

real and positive real respectively.
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Lemma 3.5.3. Let ¥ = ([é g] , T)av denote a driving-variable system with indefinite

inner-product signal space W and let ¥* = ([_Al; 751 ,T")on denote the dual system.

(i) If ¥ is signal dissipative then im D is non-negative in # .

(i4) If ©* is signal dissipative then ker DT is non-negative in #*.
(iii) For & C W, . is non-positive in # if and only if ./ is non-negative in #'*.
() (im D) = ker DT,

Proof. (i) Let vy € ¥ and z(0) = 0. Define the constant driving-variable v(t) = wvg
for all t > 0, and let [§,] € Text denote the corresponding trajectory. Note that w is

continuous, as v is. The signal dissipativity of ¥ implies that

t t
0< / [w(s),w(s)]y ds= / [Cz(s) + Du(s),Cx(s) + Dv(s)]y ds =: f(t).
0 0
Clearly f(0) = 0 and as f is differentiable, the fundamental theorem of calculus implies

that
(C2(0) + Du(0), Ca(0) + Do(0)ly = f/(0) i= lim LSO

>
h10 h 0

- )

whence [Duvgy, Dugly > 0. As vg € ¥ was arbitrary we conclude that im D is non-
negative in #'.
(ii) Let w® € ker D. We claim that w® = w,(0) for continuous w, € T%,. To see

ext-
this note that as [_AB** _DC;T} is an output-nulling node (in particular DT is surjective)
there exists a subspace % of # such that ker Dt and % is a strongly admissible pair (see
Lemma 3.1.13). Let [ég gg} denote the derived (ker DT, %) input-state-output node.
From the definition of the derived node (3.25) it follows that ker DT C ker Dp. Now
choose a continuous w; taking values in ker Dt with w(0) = w so that by Theorem

w1

3.1.18, the externally generated input/output trajectory [z | satisfying

Ty« = Apxs + Bpwi,

—wy = C’Dx*, (3.67)
is such that w, = [,}] is an externally generated trajectory of ¥*. Moreover, since

wy and z, are continuous, we see from (3.67) that ws is continuous and hence so is
ws. Moreover, wy(0) = 0 and so w4 (0) = w1(0) + wa(0) = w’, which proves the above
claim.

By signal-dissipativity of ¥*

1 t
0<tm |5 [ (o).l ds| =,
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as required.

(747) This is obvious as v € . satisfies
[V,]y >0 <= [v,v]y = —[v,v]y <0.
(iv) A calculation shows that

we (Im D)WY «— [w,Dv]ly =0, Voe¥
— (D'w,v)y =0, Yve¥

«— D'w=0, ie weker DI

O]

Theorem 3.5.4. Given a jointly signal dissipative driving-variable system, any fun-

damental decomposition of W is strongly admissible.

Proof. Let # = Wi [+]—#_ denote a fundamental decomposition of #. From Lemma
3.5.3 (i), im D is non-negative in # and combining parts (7i) — (iv) implies that
(im D) is non-positive in #. From Lemma 3.2.7 (i), we sce that im D is maximal
non-negative. Thus by Lemma 3.2.7 (), there is a linear contraction T : #, — #_
such that

im D =G(T),

and now it follows from Lemma 3.1.23 (with 7' = D) that the pair #4, #_ is strongly
admissible. O

The next result can be seen as a generalisation of the Bounded Real and Positive

Real Lemmas to jointly dissipative driving-variable systems.

Theorem 3.5.5. Given a minimal driving-variable system ¥ = ([é g] T )av, with

indefinite inner-product signal space W, the following are equivalent:
(i) X is jointly signal dissipative.
(ii) X is jointly state-signal dissipative.

(iii) The signature operator E of W satisfies o4 (F) = dim(im D) and there exists a
positive, self-adjoint operator P on & and operators M : X — U, N : V — U
satisfying the indefinite KYP Lur’e equations

A*P+ PA—C*EC = —M*M, (3.68a)
PB— C*ED = —M*N, (3.68b)
D*ED = N*N, (3.68¢)
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where % is the non-negative part of some fundamental decomposition of W .

In addition, if any of the above hold then there exist positive, self-adjoint solutions Py,
Py of (3.68) such that every self-adjoint solution P of (3.68) satisfies 0 < P, < P <
Pyr. The extremal operators P, Py are the optimal cost operators of the indefinite

optimal control problems, namely:

(Pzo,z0)y = inf / w(s), w(s)ly ds, (3.692)
T (x0) R+
weL2(Rt;7)
—(Py/ 0, m0) 27 = inf / (Wi (8), wi(8)]y+ ds. (3.69Db)
T*(xo) R+

wiEL2RT;7*)

The minimisation problems (3.69a) and (3.69b) are subject to the driving-variable node

[AB A* —ct

o D] and dual output-nulling node [_B* Dt } respectively.

Proof. (i) = (uit) : Let % ,% denote a fundamental decomposition of #" which by The-
orem 3.5.4 is a strongly admissible pair. We recall that with respect to the fundamental

decomposition % ,% the signature operator E has the block diagonal form

b 1) 15)

Let ¥p = ([AD BD} , T )iso denote the derived (%, %) system, which by Lemma 3.1.27

Cp Dp
is minimal. From Corollary 3.2.8 it follows that

dim(im D) = dim % = o4+ (F),

and ¥p is bounded real by Theorem 3.3.9. Hence, by the Bounded Real Lemma,
there are linear operators K : & — %, W : %4 — % and self-adjoint positive P on
A satisfying the bounded real Lur’e equations (2.10) (with realisation [ ég gg } ). We
prove that the triple (P, K, W) solving (2.10) gives a solution (P, M, N) of (3.68) where

M:=K+WCy: % %, N=WDgy :V = U. (3.70)

Expanding first equation (2.10c) we obtain

I -D{Dp =1-D,DyDyD,} =W*W (3.71)
= D*ED = D},Dy — DDy = (WDy)*(WDy)
= N*N, (3.72)
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where N is as in (3.70). From equations (2.10b) and (3.71) we obtain

PB — C*ED = PBpDy — ClyDy + Cly Dy
= (PBD + CBDD>D07/ - C;;/W*WD@/
— (K +WCy)*'WDgy = —M*N. (3.73)

Finally, from (2.10a) we infer that

A*P+ PA—C*EC = - K*K + Cj,D,B*P + PBD,,'Cy,
—C3,D,}DiyDyD,'Cy — CyCy
= — (K + WC@)*(K + WC@/) =—-M*M. (3.74)

Equations (3.72), (3.73) and (3.74) are (3.68a), (3.68b) and (3.68¢c) respectively.
(131) = (13) : We can rewrite the equations (3.68) as

Mo A*P+PA—-C*EC PB-C*ED|  |M*M M*N
T B*P — D*EC _D*ED |  |N*M N*N
M*
=- (M N]
N*
<0. (3.75)

2
loc

Given a trajectory [i5] € T, let v € L
variable. For ¢ > 0 from (3.75) we have

t
[ (] [0 <o

which when unravelled and using (3.12) gives

(RT;¥) denote a corresponding driving-

t d t
/0 dg(Pw(s),x(s)M;S/O (Bw(s),w(s)), ds. (3.76)

Inequality (3.76) is equivalent to

(Px(t),z(t)) 2 — (Pxo, o) 2 < /0 [w(s),w(s)]y ds,

proving that 3 is state-signal dissipative.

It remains to prove that the dual output-nulling system >.* is state-signal dissipa-
tive with respect to P~!. By Corollary 3.2.8, o4 (E) = dim(im D) implies that any
fundamental decomposition %, % of # is strongly admissible. The equations (3.68)
collapse to the bounded real Lur’e equations for the derived (%, %) system, which thus
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have a positive, self-adjoint solution P. We infer that Xp is bounded real, and hence
so is the dual input-state-output system Xf,. As stated in the discussion in Section 2.2,
it follows that the dual bounded real Lur’e equations (2.15) have positive, self-adjoint
solution P~1. Hence by part (i7i) of the Bounded Real Lemma applied to ¥}, we see
that for trajectories of ¥f) with state z, € C(RT;.2), input y. € L (RT;%) and
output u, € L2 (R*;%) and for t > 0

loc

(P7la(t), 2() 2 = (P™12:(0), 24(0) 2 < /0 ()15 = Nu()7 ds. (3.77)

However, from Proposition 3.4.8 the trajectories of ¥* and X7, are related by (3.61).

In particular, every signal w, of ¥* (with state z,) can be decomposed as

R IR

where v, u, is an input/output pair for ¥}, also with state z,. Therefore,

E

/0 (Wi (8), w(8)] = ds :/0 — (wy(s), Ewi(s))y ds

LR ). -
0 —ye(s)| [0 ~T] [=%(5)] [
=/0 Iy ()17 = [l (s)115 ds. (3.78)

Combining (3.77) and (3.78) we conclude that ¥* is state-signal dissipative with respect
to P71, as required.

(74) = (4) : This implication is trivial.

Finally, suppose any (hence all) of (7)-(#i7) above hold. Choose a fundamental de-
composition of the signal space. This decomposition is strongly admissible by Theorem
3.5.4 and provides a bounded real derived input-state-output system by Theorem 3.3.9.
From the proof of (i) = (ii) above it follows that there is a one to one correspondence
between triples (P, K, W) solving (2.10) and triples (P, M, N) solving (3.68). By the
Bounded Real Lemma there exist extremal positive self-adjoint operators F,,, Py to
(2.10), which are therefore extremal positive self-adjoint solutions of (3.68). Further-

more from the Bounded Real Lemma we see that for any zg € 2

—(Ppxo,x0) 2 =  inf 2 _ 2 ds,
Puaosan) = _inf [ Jus)I = Iyl ds
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subject to the input-state-output node [éD gD } We can rewrite this as
D D

2~ Ily(s)II3 ds,

—(Pmzo,x0) 20 = inf u(s
(Puaosan) = inf [ s

ue€L?(RT;%)

—  inf / w(s), w(s)ly ds,
T (x0) R+
weLl?2(Rt;7)
since the trajectories from g of 3 and Xp are precisely the same by Theorem 3.1.18.

The dual case is similar, only now starting from the fact that

-1 _ . 2 2
~Pilanay = it @) () ds
subject to the dual input-state-output node [g% g%}. These observations establish
(3.69a) and (3.69b). O

Remark 3.5.6. 1. By Theorem 3.5.5 above the two notions of dissipativity are equiv-
alent for minimal jointly dissipative driving-variable systems. There is therefore

no ambiguity in calling such systems simply jointly dissipative.

2. The assumption that o4 (E) = dim(im D) is essential to prove the implication
(7i1) = (i1). Although existence of a positive, self-adjoint solution P to the
indefinite KYP Lur’e equations (3.68) does imply state-signal dissipativity of the
system, it does not necessarily imply state-signal dissipativity of the dual system.
The assumption that o4 (F) = dim(im D) also features in behavorial theory, and
is a property referred to as liveness (see [102, p.56]). As we have already seen, for
our purposes it ensures that the dual of a system is dissipative when the system

itself is dissipative.

3.6 Dissipative balanced approximations

In this section we define the dissipative balanced truncation of a minimal jointly dis-
sipative driving-variable system. The aim is to derive a gap metric error bound for
dissipative balanced truncation, as well as to generalise bounded real and positive real
balanced truncation (so that we see them as special cases). To do these tasks we make
use of the Indefinite KYP Lemma, Theorem 3.5.5.
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3.6.1 Dissipative balanced truncation

Definition 3.6.1. A minimal, jointly dissipative driving-variable system is called dis-

sipative balanced or in dissipative balanced co-ordinates if
P, = P/ =11, (3.79)

where P, and Py are the extremal solutions of the KYP Lur’e equations (3.68). We
denote by (02)™, the eigenvalues of PmP]\}l, ordered in decreasing magnitude, each

with multiplicity ;. We call ()%, the dissipative characteristic values.

Proposition 3.6.2. Let ([é g] ,T)ay denote a minimal jointly dissipative driving-
variable system. Then there exists an invertible operator T : & — Z  such that the
similarity transformed system ([Tz,lr_’p“T TgB] ,T)av is dissipative balanced. We call

such aT a dissipative balancing transformation.
Proof. This is an application of [3, Lemma 7.3]. O

Definition 3.6.3. Let ([ ég] ,T)av denote a minimal jointly dissipative driving-
variable system in dissipative balanced co-ordinates. Let (0;)/"; denote the dissipative
characteristic values, with multiplicities r;. For » < m let 2, denote the sum of the
first r eigenspaces of II, with corresponding orthogonal projection Pg:. Define the

operators

Iy = Py, 11| 2., Al =Py, A

Zrs BIZP%rBa CIZC

2. (3.80)

Let 7, denote the trajectories corresponding to the driving-variable node [%111 % ] . We

call the driving-variable system ([%111 %1} , Tr)av the dissipative balanced truncation

(of order >0, r;) of ([é B] ;T )av-

Definition 3.6.4. Let ([é LB)} , T )iso denote a minimal input-state-output system that
is signal dissipative with respect to an indefinite inner-product with signature oper-
ator E that satisfies 04 (F) = dim%. We say that the input-state-output system

([é g] , T )iso is dissipative balanced if the jointly dissipative driving-variable system

[ A| B
o1 |, 7] ,
. C|D

dv

is dissipative balanced in the sense of Definition 3.6.1. We call the input-state-output

system corresponding to the node %111 %1 }, where Aj1, By and C} are as in (3.80) the

dissipative balanced truncation (of order °_; 7;) of ([& B, 7 )iso-
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Lemma 3.6.5. Let ([é g] ,T)av denote a driving-variable system with strongly ad-
missible pair % ,% and let T denote an invertible operator on the state space. Letting

([’ég gg} , T)iso denote the derived (% ,%) system the following diagram commutes

transf _ _
([é[B)],T)dv _transiorm, ([TC}?TTDlBLT)dV

derived l l derived
Ap Bp transform T-1AT T-1B
(|:CD DD1| 7T)iso ( CDYI“) DDD 7T)iSO'

If additionally ([é [B)] , T)av s minimal, jointly dissipative and dissipative balanced then

the following diagram commutes

(48] e =5 (|8 5] T

derivedl l derived
([ég gg] T iso _truncate, ([(él]))))lll (%1;)1} T )iso-

As such the derived (% ,%) system of a dissipative balanced truncation driving-variable
system is the same as taking the derived (% ,%) system of the original driving-variable
system and then dissipative balancing and truncating the resulting input-state-output

system.

Proof. Consider the first diagram. The bottom route through the diagram states that

A B derived A - BD;; Cﬂ// BDq_Zl
C D Coy — DgyDa/_/ICog/ D@Dq_/l
transform Tﬁl(A — BD@_;CJ//)T TﬁlBl)gz_/1 (3 81)
(Cy — DyD,'Cy)T DyD,' | '
The top route through the diagram states that
A B transform T_IAT T_IB
C D CcT D
derived T-1AT — TﬁlBD@;l(CT)Q/ TﬁlBD;ll ' (382)
(CT)y — Dy D} (Cy)T Dy Dy}

That (3.81) and (3.82) are the same follows by inspection and the fact that (CT)y =
72, CT = CyT (and similarly for % instead of %).
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We now prove that the second diagram commutes. The bottom route gives

A B| daived | A—BD,'Cy  BD}'
C D Coy — DgyDgZ_ZICa)/ Dgz/D;/I
truncate Pﬁl/r (A - BDﬂ_ylc%) ’3&? P%VTBDﬂ_yl (3 83)
(Coy — Dy D, 'Cy)ls,  Da Dy
The top route through the diagram states that
A B truncate PQ”TAL%T PQ”TB
¢ D Cla, D
derived P%TA|%T - PQ”TBDO}I(C‘%T)“Z/ PJ?”TBDﬂ_yl ) (384)
(Cla,)v — Do D, (Cla,)w  Da Dy}

That (3.83) and (3.84) are the same again follows by inspection, the facts that restric-
tion and projection are linear and that (C|4.)y = 715,C|2, = (C%)|2, (and similarly
for # instead of %). O

Corollary 3.6.6. Let X denote a minimal jointly dissipative driving-variable system,
let %, % denote a strongly admissible pair and let ¥p denote the derived (% ,%)

system.

(i) If ¥p is bounded real (positive real) then the dissipative characteristic values of
Y are precisely the bounded real singular values (positive real singular values) of
3p.-

(ii) If ¥ is dissipative balanced and Yp is bounded real (positive real) then Xp is

bounded real balanced (positive real balanced).

(iii) Let X, denote the dissipative balanced truncation of order Y. _,r; (using the
notation of Definition 3.6.3). If Xp is bounded real (positive real) then the (% , %)
derived system of ¥, is the bounded real balanced truncation (positive real balanced

truncation) of order > ._, ;i of Xp.

Proof. Claims (i) and (ii) follow from the indefinite KYP Lemma and the Bounded
Real Lemma (Positive Real Lemma). Specifically the extremal solutions P, and Pys
of the KYP Lur’e equations (3.68) of ¥ are the extremal solutions of the bounded
real Lur’e equations (2.10) (positive real Lur’e equations (2.24)) of the (%, %) derived
system. Claim (7i7) then follows from claims (i) and (ii) and the commuting diagrams
in Lemma 3.6.5. O

Using the above connections to bounded real and positive real balanced truncation,

it follows that dissipative balanced truncation preserves joint dissipativity.
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Corollary 3.6.7. Let ¥ denote a minimal jointly dissipative driving-variable system.

Then for every r the dissipative balanced truncation X, is jointly dissipative.
Proof. This follows from Theorem 3.5.5 and Corollary 3.6.6. O

We are now in position to state and prove our main result, which is an error bound

in the gap metric for dissipative balanced truncation.

Theorem 3.6.8. Given a minimal jointly dissipative driving-variable system X let
(03)i%, denote the dissipative characteristic values and for r < m let 3, denote the

dissipative balanced truncation of . Then
R m
0, %) <2 ) o (3.85)
1=r+1

Proof. We make use of Theorem 2.2.7, an error bound for bounded real input-state-
output systems. Choose r < m and a fundamental decomposition %, % of the signal
space, which is strongly admissible by Theorem 3.5.4. The derived (% ,%) system is
bounded real by Theorem 3.3.9. Denote the transfer function and input-output map of
this system by G and D¢ respectively. By Corollary 3.6.6 (i) the bounded real singular
values of G are precisely the dissipative characteristic values of X. By Corollary 3.6.6
(#i7) the bounded real balanced truncation, with transfer function G, and input-output
map Dg,, is the derived (%, %) system of ¥,. The error bound (2.18)

m
1G=Gllye <2 3 o
i=r+1

from Theorem 2.2.7 then applies. Let S and S, denote the sets of stable externally
generated trajectories of ¥ and ¥, respectively. Since G is bounded real, it belongs
to H> and hence the input-output map D¢ is bounded L?(R*; %) — L*(R*;%). In

this instance the conclusion of Corollary 3.1.20 can be strengthened to
S =6GDq).

The same relation holds for the dissipative balanced truncation and the bounded real

balanced truncation of the derived system (for the same reasons), namely
Sr=6G(9¢,).

Therefore

0(S,2) = 6(8,8,) = 8(6(Dc). 6(D¢,)) = 6(Da, D, )- (3.86)

59



We also require the well-known equality (see for example [94])
196 = Da, || = G = Gl o - (3.87)

Combining the bounds (2.18) and (3.39) with the equalities (3.86) and (3.87) yields
the desired bound (3.85). O

The above bound holds for any strongly admissible decomposition into inputs and
outputs (since the gap metric is independent of such a splitting), and in particular for
the positive real case. Therefore we obtain a gap metric error bound for stable positive
real balanced truncation and, by using the equivalence between the H* norm and the
gap metric for stable systems, we get an H* error bound for positive real systems.
The gap metric error bound (3.88) has been independently established by Timo Reis
[69].

Corollary 3.6.9. Let J € H®(CJ; B(%)) denote a positive real rational transfer
function with positive real singular values (o;)7", and for r < m let J, denote the

positive real balanced truncation. Then the following bounds hold,

0, J;) <2 ) oy, (3.88)
i=r+1

and
1T = Jell e < 2min {1+ 1T ) 1+ 17 e,

(LA 1| oo ) (1 + HJrH?qoo)} > o (3.89)
i=r+1

In inequality (3.88) we are abusing notation by writing 6(J,J,) = §(D;,D,), where

Dy and D, are the input-output maps corresponding to J and J, respectively.

Remark 3.6.10. The H* error bound (3.89) is not an a priori error bound, as it requires

||J-|| zro<, thus limiting its usefulness in practise.

Proof of Corollary 3.6.9: Let [é g] denote a minimal realisation of .J, from which we
build a driving-variable system ¥ as in Proposition 3.1.21, which is minimal and dissipa-
tive with respect to the indefinite inner-product induced by E := [(} (I)] by Proposition
3.3.7. Since the dual input-state-output system with node [g: gi] is positive real,
by Proposition 3.4.8 we see that X is jointly dissipative. By Corollary 3.6.6 (i) the
dissipative characteristic values of 3 are precisely the positive real singular values of J
and by part (iii) of that result the (%,% ) derived dissipative balanced truncation of
3} is the positive real balanced truncation of J. The gap metric error bound for b} (J,Jr)

now follows from Theorem 3.6.8 and Theorem 3.1.18.
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To prove the H* bound we use the equivalence of the gap metric restricted to
bounded, linear operators and the operator norm. Let ®; and ® ;. denote the input-
output maps for J and its positive real balanced truncation J,. respectively. The input-
output maps are bounded as J, J, € H*®(CJ; B(%)). Let % = I + ©%D, and define
2, similarly so that by Partington [64, p. 32| the orthogonal projection Pg(»,) onto
G(Dy) is given by

Al AlDy

{”@7&7]4 ooy = 0,2 DD

1
PQ(QJ) = @J

Thus

5(9(2.),9(0.,)) = | Pao,) — Poco,,)
Q[_l _ Q[;l Q[_ligj — QL,Tl@f,?
DA DA DATDY - DA DY,

|

ot — 261
DAt =D
We calculate

1D =Dy || = |[[DsATA Dy a7 A < [ ||D,A =D A7 (3.90)
< 20 (oo™ —ou2 | + 05,27 - 2527 )
< IR+ 195,10 || Poto,) = Poo.ry

< (L4 D411+ [94,1)8(6(D), 6(D.1,))- (3.91)

Using the gap metric error bound (3.85) we see that from inequality (3.91)
m
1 = Tl oo < 2001+ | T3 ) (L + [ el goo) D 0 (3.92)
i=k+1

Finally we note that in the above proof we could have started with I = -'2l, instead
of I = A7 in equation (3.90). In this case we get the alternative error bound in
(3.89), namely

1T = Tell oo < 200+ [ o)L+ 10| Froo) D e
i=k+1

O]

Remark 3.6.11. In some circumstances the error bound (3.89) can be made more conser-

vative, with the advantage of not including ||J; || g in the right hand side. Specifically,
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using the notation of Corollary 3.6.9, if » and J are such that

m
201+ (| T[7=) D> o5 <1,
j=r+1

then

L+ 1) (X 1 o) 371 0
1=201+ [ hee) 25801 0
The bound (3.93) follows from (3.92) by setting o = ||J — J;|| g, using

| — Tl < (3.93)

[Trll e < @+ [[ || e,
and turning the resulting expression into a bound for «.

3.6.2 Singular perturbation approximation

So far we have considered model reduction by direct truncation. In this section we
demonstrate that singular perturbation approximation is often another suitable method

for model reduction of a driving-variable system.

Definition 3.6.12. Let ([é g] ,T)av denote a minimal jointly dissipative driving-
variable system in dissipative balanced co-ordinates. Let (0;)/"; denote the dissipative
characteristic values, each with multiplicity r;. For s < m let 25 and Z; denote the
sum of the first s and last m—s eigenspaces of I respectively, with respective orthogonal
projections Py, and Py,. Then with respect to the orthogonal decomposition 2~ =
Zs ® %5, the operators A, B, C' and II split as

Pg 11 0 11 B
o |F2 | 2, _th 0 7 5o | ’
0 Pyllls 0 I By
A A
N R (J:[C1 02].
Ag1 Ao

Assuming that A521 exists define

A= A1y — A1pAy) A1, Bs = By — A19A5) Bs,

B o (3.94)
Cy=C) — ChA3 Ay, Dy=D — CyAy)Bs.

Let 75 denote the trajectories corresponding to the driving-variable node [é: gz ] We
call the driving-variable system ([é: g:] , Ts)av the (dissipative) singular perturbation

approximation (of order Y7 ; 7;) of ([& B8], T )av-

Lemma 3.6.13. Let ([é g] , T)av denote a minimal jointly dissipative driving-variable

system in dissipative balanced co-ordinates with strongly admissible pair % ,% and
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let ([ég g‘;} , T)iso denote the derived (% ,%) system. If the singular perturbation
As Bs

approrimation ([Cs Ds] , Ts)av exists then the following diagram commutes

(&3] Daee —— ([& D

o] Te)av
derivedl lderived
(A2 B2 ] oo~ ([0 (B2 ]

(here spa denotes taking the singular perturbation approximation) provided that the

N
n

muverses
(A2s — BaDy'Cy 2) 71, (3.95)
and [W%(D - CQA2_21B2)]_1, (3.96)

exist, where Cy o = WSZZCQ.

Proof. The proof is a rather long, but elementary, series of calculations which appear
in Appendix A. The requirement that the inverse in (3.95) exists ensures that we can
take the singular perturbation approximation of ([ég g‘;} , T)iso- The existence of the

inverse in (3.96) implies that %, % is a strongly admissible pair for ([é: gz] ,Ts)av- O

Theorem 3.6.14. Given a minimal jointly dissipative driving-variable system 3 let
(0:)", denote the dissipative characteristic values and for s < m assume that the
singular perturbation approzimation Xs exists. If the inverses in (3.95) and (3.96)

exist for % ,% a fundamental decomposition of # then
0, ) <2 ) o (3.97)
i=s+1

Proof. The proof is identical to that of Theorem 3.6.8, only instead appealing to [53,

Theorem 3] for the error bound

m
IG = Gyl <2 ) oy,
1=s+1

where G and Gy are the transfer function of the derived (%, %) system and its singu-
lar perturbation approximation respectively. Lemma 3.6.13 ensures that 5(2, Ys) =

I(Da,D¢.), where Dg and D¢, are the input-output maps of G and Gy respec-
tively. O

Similar adaptations can be made to Corollary 3.6.9, to give the following error
bounds of the difference of the transfer function of a minimal positive real input-state-

output system and its singular perturbation approximation.
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Corollary 3.6.15. Let J € H®(C{;B(%)) denote a positive real rational transfer
function with positive real singular values (0;)", and assume for that for s < m the

singular perturbation approximation Js of J exists. Then the following bound holds,

0T J) <2 ) oy, (3.98)
1=s+1

and

1T = Jell e < 2min { (14 19137 ) 1+ 15l ),

L+ o)L+ 1) b D o (3.99)
i=s+1

Proof. The proof is identical to that of Corollary 3.6.9, only with changing ®, to D,
the input-output map of Js;. We also use the gap metric error bound (3.97) instead of
(3.85). O

3.6.3 Some remarks on improper rational functions

So far in this chapter we have considered dissipative state-signal systems with a view to
deriving classical input-state-output systems, that is input-output relations described
by proper rational transfer functions. We have used the terms strongly admissible pairs
and strongly derived systems to describe such situations. It is possible, however, to
relate the signals of a state-signal system to a wider class of input-output systems by
considering a weaker notion of admissibility. In this section we present a few results in

this direction.

Definition 3.6.16. Let % and % denote finite-dimensional Hilbert spaces. Given
a rational B(% ,% )-valued function G, we define the set of stable trajectories corre-

sponding to G, S¢g, by

5(;:{ Y

Y

] € L*(R*;[%]) : o € R such that j(s) = G(s)a(s), Vs € C} 5.

(3.100)
We call G the transfer function between u and y and the transfer function G together

with trajectories Sg an input-output system.

Ezample 3.6.17. The scalar rational function G(s) = s has corresponding set of stable

Sg = { [u] € Wl,z(Rﬂ@A] u(0)=0, y= u} ,
Y

L*(R*; %)
where W12 is the usual Sobolev space.

trajectories
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Remark 3.6.18. An input-state-output system of Definition 3.1.2 is an input-output
system, with the same transfer function. If & and G denote the set of externally

generated trajectories and transfer function respectively, then S = Sg.

Remark 3.6.19. In this section, for a driving-variable system, we let S denote the set of
stable signals (that is w € L?(RT; %)) such that the corresponding driving-variable v
has a Laplace transform (on some right-half plane). In Definition 3.1.6 we only required
that v € L2 (RT; 7). Certainly if

ve |J Lam®h ),
a>0

then v € L2 (RT; ) and v has a Laplace transform. Here z € L2(R*,#) if and only

loc

if t — e z(t) € LA(RT; V).

Proposition 3.6.20. If G is a rational B(% ,%') valued function then there ezists a
driving-variable system with signal space W = [?j] and set of stable trajectories S such
that

Sa=S. (3.101)

Similarly, there exists an output-nulling system with signal space W = [%] and set of

stable trajectories S’ such that
[y €Se = [4]eS. (3.102)

Remark 3.6.21. The equality in (3.101) and equivalence in (3.102) are really isomor-

phisms, understood in a similar sense to Theorem 3.1.18.

Proof of Proposition 3.6.20: We prove the driving-variable system case first. By Varga
[87], [88], G has a right coprime factorisation G = NM ™1, with M taking values in
B(% ), N taking values in B(% ,%) and both proper rational. By standard realisation
theory, there is an input-state-output node [é g] with input, state and output spaces
%, Z and [?;] respectively, with transfer function [%] Set ¥ =% and W = [?j]
and consider the driving-variable system ([é g] ,T)av. We now claim that (3.101)
holds. Let w € S, with corresponding state z € C(R™;.2") and driving-variable v €
L2 (RT;7) so that (3.11) holds. By construction there exists u € L*(R™;%) and

loc
y € L?>(R*; %) such that
u
w=uty= ;

and thus
& = Ax + Bv,
. D, (3.103)
Yooz Du= |7 4 |70
(0 Cyx Dy
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Taking the Laplace transform of (3.103) (using Remark 3.6.19) we obtain

(s) = (Do + C (s — A)™'B)i(s) = M(s)d(s), R (3.104)
§(s) = (D + Coy(sI — A)"'B)d(s) = N(s)d(s), “

<33

for some « > 0. Using the fact that M is pointwise invertible we recover

§(s) = (Do + Cy (s — A)"'B)(Dy + Coy (sI — A)"'B) ™ Vi(s)
= N(s)M~Y(s)a(s) = G(s)u(s), VseCZ, (3.105)

that is, [y] € Sg. The converse inclusion essentially reverses these steps. Suppose
[y] € Si so that (3.105) holds. Define 4(s) by

o(s) ;== M~ (s)i(s), VseCF,

so that (3.104) holds. We claim that v(s) € L2(RT;#). To see this, we note that since
M and N are right coprime, [20, Lemma A.7.34] there exists X,Y € HZ° such that
M, N, X and Y satisfy the Bezout identity

X(s)M(s)+Y(s)N(s) =1, VseC/.

Therefore

K )] , VseCl.
J(s
Since u € L2(R*; %),y € L2(R*;%) and [x v] induces a bounded operator on L2
we deduce that v € L2(R*; 7). Therefore from (3.104) we recover (3.103) for some
continuous state z and thus [y] € S.

For the output-nulling case, again by Varga, G has a left coprime factorisation
G = K7L, with K taking values in B(%), L taking values in B(%,%) and both
proper rational. By standard realisation theory, there is an input-state-output node
[é g] with input, state and output spaces [;,/ﬂ, Z and % respectively, with transfer
function [L k]. Set ¥ = & and # = [%] and consider the output-nulling system
([é g] ,T)on- The equivalence of trajectories in (3.102) is proven similarly to the

driving-variable case. O

Remark 3.6.22. 1. Given a driving-variable system, we say that a direct sum decom-
position of the signal space is weakly admissible if with respect to this decom-

position the stable signals of the driving-variable system are stable trajectories
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of an input-output system in the sense of Definition 3.6.16. A similar notion of
weak admissibity is available for output-nulling systems. We do not define these

notions precisely as they are not required.

2. It follows from Dai [21, Theorem 2-6.3] that rational functions are precisely the
transfer functions of descriptor systems. Proposition 3.6.20 above shows that the
stable input-output signals of a descriptor system are also the stable signals of a

(finite-dimensional) driving-variable or output-nulling system.

Finally, we seek to derive a gap metric error bound for positive real balanced trun-
cation for improper positive real functions. We restrict our attention to the positive
real case, as bounded real functions necessarily belong to H*(Cd; B(%,%)) and if
rational then must be proper.

Since strongly admissible pairs give rise to input-state-output systems, if we wish to
consider improper rational positive real functions J in the framework of driving-variable
systems then we need to broaden our view to weakly admissible pairs. We would like
to define the positive real singular values for such functions, which, if formulated in
terms of the optimal cost operator of an optimal control problem, will require some
state-space realisation of J. As we have already said, we cannot consider input-state-
output systems and instead we choose to use driving-variable systems. Similar results
in this direction have been established by Reis & Stykel [70], where descriptor systems
are used instead (see Remark 3.6.22).

Let J denote an improper positive real rational function. It follows (see Lemma
7.1.7) that I + J is invertible and therefore M := (I + J)~! is proper rational. Let

[é g] denote a minimal input-state-output node realising M. Note that
J=(I+J-D=T-T+ ) HUI+J)=IT-MM = NM1

is a right coprime factorisation of J, where N := I — M. Therefore [—AC I ?D} is a
minimal input-state-output realisation of N. Arguing as in the proof of Proposition
3.6.20 we see that the stable input-output signals of J are precisely the same as the

stable signals of

A B
Z: C D 77- )
-C|I-D

dv

(in the sense of (3.101)). Observe that the operator [IPD] is always injective and
hence ¥ is a driving-variable system as in Definition 3.1.6.

The signal space of X is # := [%] which we equip with the indefinite inner-product

B2 | O e
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As J is positive real, it follows from S; = S that ¥ is signal dissipative (cf. Proposition
3.3.7).
We can repeat the above construction for the dual positive real transfer function Jy.

Proposition 3.4.8 can be extended to weakly admissible decompositions in the obvious

]
on

way, so that the following commuting diagram holds

(21809, == (5 G

= (3.107a)
. a
derived l J derived
dual %
(J7SJ) —_— (‘]dasj)7

where the trajectories are related as follows

H csy = H cs and H cs; = [0 f] [—] _ [—y] s
(3.107b)
(again, as in Remark 3.1.19 the above sets of trajectories are really isomorphic). In
particular, since J; is positive real it follows that 3* is signal dissipative and hence X is

jointly signal-dissipative. We are now in position to formulate the definition of positive

real singular values in the improper case.

Definition 3.6.23. Let J : Ci — B(%) denote a positive real transfer function and
let [é g] denote a minimal input-state-output realisation of (I+.J)~! with input, state
and output spaces %, 2" and % respectively. Let ¥ denote the driving-variable system

Al B
cl| o |, 7| . (3.108)
—C|I-D

dv

(with driving-variable, state and signal spaces %, 2" and [fﬁj] respectively), which is
jointly dissipative with respect to [-, -] as in (3.106). We define the positive real singular

values of J as the dissipative characteristic values of . Let

A B
a | b |.T| - (3.109)
-Cy|I—-D

dv

denote the dissipative balanced truncation of order r of ¥, with set of stable trajectories
Sy. If J,. given by

JT(S) = (I —D — Cl(SI — All)_lBl)(D + Cl(SI — An)_lBl)_l
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is well-defined and satisfies S, = S, then we call J, the positive real balanced trunca-

tion.

Remark 3.6.24. Using the notation of Definition 3.6.3 we remark that if (%,%) is
strongly admissible for ¥ then it is strongly admissible for ¥, as ¥ and 3, have the
same driving-variable to signal (i.e. “D”) operator. We are not sure whether this is true
in the so-called weakly admissible case. Namely we are not sure whether invertibility
of

D+C(sI — A)7'B,

implies that
D+ C’l(sl — All)_lBl,

is also invertible. As such we are not sure at present whether it is always possible to
find the positive real balanced truncation of an improper positive real transfer function.

In the case when the positive real balanced truncation exists we obtain the same

gap metric error bound as in Corollary 3.6.9.

Theorem 3.6.25. Using the notation of Definition 3.6.23, assume that for r < m the

positive real balanced truncation J, exists. Then

S(J) JT) <2 Z Ok,
k=r+1

where (0;)1" are the positive real singular values of J, as in Definition 3.6.23.

Proof. Let ¥ denote the jointly dissipative driving-variable system as in (3.108), with
set of stable externally generated trajectories S. By definition the positive real singular
values of J are precisely the dissipative characteristic values of 3. From Theorem 3.6.8
the gap metric error bound (3.85) holds. By the commuting diagram (3.107) it follows
that S; = S and similarly for the dissipative balanced truncations S;. = S,. Therefore

O(J. ) = 0(87.83) = 6(8,8,) =0(£,5) <2 ) i,
i=r+1

completing the proof. O

3.7 Notes

State space systems where no distinction is made between inputs and outputs are of
course not new and have been studied in, for example, [4]-[8],[44], [45], [67] and [100]-
[102]. Model reduction for such systems has also been considered in the literature.

Particularly by Weiland [91] where LQG balancing in a behavioral framework was

69



studied. Dissipativity retaining balanced truncation in a behavioral framework has
recently been addressed by Minh [51] and Trentelman [86], [85]. However, the error
bounds that are provided are, as in the input-state-output framework, on the H°°-norm
of the difference of the original and the reduced transfer function. Transfer functions are
however non-behavioral objects since they depend on the input/output decomposition.
The main result of this chapter, Theorem 3.6.8, is new. A version of this chapter has
been submitted for publication as [38].

Model reduction for positive real and bounded real descriptor systems has been
addressed in [70], where H* error bounds are derived. Recall from Remark 3.6.22
that descriptor systems are precisely the realisations of rational transfer functions. We
make a connection between rational transfer functions and weakly derived input-output
systems in Proposition 3.6.20. We admit that our presentation of weak admissibility
and model reduction of improper transfer functions is not as complete as we would
have hoped, as we would like sufficient conditions for knowing that the positive real
balanced truncation always exists. Accordingly, Section 3.6.3 was not included in [38].

Model reduction of bounded real and positive real input-state-output systems by
singular perturbation approximation was considered by Muscato et al. [53]. There
they show that the singular perturbation approximation retains the respective dissi-
pativity property, and that the direct truncation error bounds translate across to the
singular perturbation approximation. In Theorem 3.6.14 we demonstrate that singular
perturbation approximation is often suitable in our framework and as a consequence

we obtain the same gap metric error bound as for dissipative balanced truncation.
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Part 11

Infinite-dimensional theory
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Chapter 4

Preliminaries

Here we gather together some of the material we will require for the second part of this

thesis.

4.1 Well-posed linear systems

We briefly recap well-posed linear systems and realisations. Well-posed linear systems
on L? go back to the work of Salamon [72], [73]. The more recent monograph of
Staffans [81] is dedicated to the study of well-posed linear systems, and we will make
use of many results from this text. Here we collect the notation we use and a few key
results for well-posed linear systems. We remark that there are several different but
equivalent formulations in the literature of a well-posed linear system. Although we
use many results from [97], we have chosen to use the formulation of [81] so as to more
readily apply results from that book. The equivalence between the formulations in [97]
and [81] is shown in [81, Section 2.8].

For precise definitions of the following objects we refer the reader to [81, Section
2.2]. We denote by ¥ = (A,B,¢,D) on (¥, 2, %) (respectively, the output, state and

input spaces) an LP well-posed linear system with state z and output y given by

$(t) = Qltﬁl?() -+ ‘BB’LL,
y = &zo + Dou, t =0, (4.1)
x(0) = xo,

p
loc

for input v € LY (R*;%). We will mostly be using L? well-posed systems, though
we will also need L' well-posed systems. In the above (A');>¢ is a strongly continuous
semigroup on the state-space 27, B} is the input map (with initial time 0 and final
time t), €y the output map and ®( the input-output map (both with initial time 0).

We remark that the finite-dimensional input-state-output system (2.3) has operators
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AL BL ¢y and D given by

t

At =t Bhu —/ A=) Bu(s) ds,

0 . (4.2)

(Coz0)(t) =Celzg, (Dou)(t) =Dult) + C/ eA=%) Bu(s) ds.
0

Remark 4.1.1. As explained in [81, Definition 2.2.6] and [81, Theorem 2.2.14], the
operators B, €y and D¢ can be expressed in terms of the master operators B, € and
® and vice versa. There is no issue, therefore, with using the master operators 2,8, €

and ©. For example, for the finite-dimensional system (2.3), B, € and © are given by

0
Bu = / e % Bu(s) ds, Cx= (RT3t~ Cetla),

—00

t
Du = (R St / CeAt=5)y(s) ds + Du(t)) .

Remark 4.1.2. We assume that the reader is familiar with the generators of a well-
posed linear system. The control operator and observation operator of well-posed
linear systems date back to Weiss, [92] and [93] respectively. We shall also require
the notion of a regular transfer function, as introduced by Weiss [95], and an operator
node, system node, a compatible operator node and an admissible feedback operator.
All of these concepts can be found in [81] and the latter are only drawn upon in some
of the proofs of our later results, and are not needed for understanding the statements

of those results.

Definition 4.1.3. For 1 < p < oo and a Banach space 2 we let 7y and 7m_ denote
the projections from LP(R; Z) onto LP(R*; Z) and LP(R™; Z) respectively (which are
defined as linear operators induced by multiplication with the characteristic functions
on Rt and R~ respectively). Therefore, for u € LP(R; &)

u(t), t>0 u(t), t<0
mu(t) = , mou(t) =
0, t<0 0, t>0.

We let 7 denote both the bilateral shift by ¢ on LP(R; &), i.e. for t,s € R, (7'u)(s) =
u(t + s) and the left shift by ¢t on LP(RT; %), i.e. for t,s € RT, (tTu)(s) = u(t + s).
Which shift is being used will be made clear from the context. When p = 2 the adjoint
of the left shift by ¢ > 0 on RT, 7%, is the right shift which we denote by (7!)* and

satisfies
u(s—1t), s>t

«ﬁy@@):{ s> 0.

0, s<t

We let R denote the reflection in time (about zero), (Rv)(t) = v(—t). The reflection R
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acts on L?(R; Z), and we view elements of L?(R*; 2) or L?(R™; Z) as belonging to
L?*(R; Z) by extending by zero.

Remark 4.1.4. We adopt the convention of Hankel operators mapping forwards time
to forwards time. Therefore it is necessary to include a reflection operator R (as in
Definition 4.1.3) in our definition of Hankel operator of a well-posed linear system when
compared to [81]. Specifically, the Hankel operator induced by a linear, time-invariant

causal operator ® is the map 7, D7_R.

The term realisation of an input-output (linear, time-invariant, causal) map © on
LP refers to an LP well-posed linear system with input-output map D, see [81, Definition
2.6.3] for more details. The transfer function G of an LP well-posed system is defined
as (see [81, Definition 4.6.1]) the analytic B(%,% ) valued function

s (u— D(e™u)(0)), ueX, (4.3)

defined for Re s > wg (the growth bound of (). The transfer function G is usually
understood, however, as the “Laplace transform of the input-output map,” which by
[81, Corollary 4.6.10] is equivalent to the above definition. We refer the reader to [81,
Corollary 4.6] or Weiss [94] for more information.

The transfer function in (4.3) determines ® uniquely and hence by a realisation of
a transfer function we mean a realisation of the input-output map ® related to G by
(4.3).

The following result is well-known and simply states that every H function has a

(stable) L? well-posed realisation, with Hilbert space state-space.

Lemma 4.1.5. Given G € H*®(C§; B(%,%)), there exists an L? well-posed realisa-
tion ¥ = (A,B,&€, D) on (¥, 2,%) with Z a Hilbert space such that the following

stability assumptions hold:

2, A" are strongly stable, (4.4)
B:LXR %) — 2 is bounded, (4.5)
C: 2 — L*RT; %) is bounded, (4.6)
D:LA(R;%) — L*(R; %) is bounded. (4.7)

As such the operator Doy = Dmy : L2(RY; %) — L2 (RT; %) is also bounded. We call
such a system (in particular satisfying (4.4)-(4.7)) a stable L? well-posed linear system.

Proof. This is well-known and follows from, for example, [97, Theorem 4.2]. O
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4.1.1 Shift realisations

We collect an important family of shift realisations that we will make frequent use of

in our balanced truncation work.

Lemma 4.1.6. For a linear, time-invariant, causal operator ® : LP(R; %) — LP(R; %)
with 1 < p < oo and %, % Banach spaces the system

Y = (r,HR,1,9), on (¥, LP(RY;%),%),

1s an LP well-posed linear system. Here 7 and I are the left-shift and identity on
LP(RY; %) respectively, and H = 7, Dn_R is the Hankel operator. We call S"%!
the exactly observable shift realisation on L' of ® and "2 the output-normal shift

realisation on L? of ©.

Proof. That *"3¥P is an LP well-posed linear system follows from [81, Example 2.6.5 (ii)]
(noting our convention in Remark 4.1.4 for Hankel operators). Note that the left-shift
7 is a strongly continuous semigroup on LP(R*; %) by [81, Example 2.3.2 (ii)]. O

Lemma 4.1.7. Let 7 denote the strongly continuous left-shift semigroup on LP(R*; &),

where 1 < p < 0o and Z is a Banach space. The generator of T is

A:D() (R 2), A= L. DIA) = WR2),

where WP is the usual Sobolev space. When p = 2 the adjoint of T, the right-shift

operator T* is also a strongly continuous semigroup and has generator

AT DAY IPRY 2), A= D(AY) = WiR(RY 2),

where W&’Z(RJF; Z) ={w e WH2(R*; Z) : w(0) = 0}.

Proof. See [81, Example 3.2.3 (ii)] for the generator of the left shift and the generator
of the right shift can be inferred from [81, Example 3.2.3 (iii)]. O

4.2 Dual systems

For bounded real and positive real balanced truncation given an H transfer function
with L? well-posed realisation we will need the following notion of a dual transfer

function and dual well-posed realisation.

Definition 4.2.1. Given Hilbert spaces % and % and transfer function G € H*(C{; B(%, %)),
the dual transfer function Gy € H*(C§; B(%, %)) is defined as

CF 35 Gy(s) = [GE). (4.8)
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Given an L? well-posed linear system ¥ = (2,8, ¢, D) on (%, 2 ,% ) (Hilbert spaces)
we call the L? well-posed linear system ¥, given by

S = (%1, %8, %, 9D) = (A*,¢* R, RB*, RD*R),

on (%,%Z ,%) the (causal) dual of ¥. Here R is the reflection in time from Definition
4.1.3. Given an input yq € L (R*; %), the state x4 and output ug of £y are defined
by
zq(t) = (A z + “Blyq,
ug = Cxo + d”DOyd, t>0, (4.9)
zq(0) = xo.
Remark 4.2.2. In [81, Theorem 6.2.3] it is proven that 4 is an L? well-posed linear

system .

The following result describes some properties of dual systems, notably that the

dual system realises the dual transfer function, and is again taken from [81].

Lemma 4.2.3. Let ¥ = (U, B, €, D) denote an L? well-posed linear system on (%, X, U )
and let (A, B,C) and G denote the generators and transfer function of ¥ respectively.
The dual system Y4 has generators (A*,C*, B*) and transfer function Gq. If 3 is
stable, then so is ¥4.

Proof. The claims regarding the generators and transfer function of ¥, follow from
[81, Theorem 6.2.13]. That X, is stable follows from the definition of the operators
o, 48 d¢ and D and the stability of X. O

4.3 Singular values, nuclear operators and Schmidt pairs

Definition 4.3.1. For a bounded linear operator T' : 27 — 25 between Banach spaces,

the it" singular value s; (also called s-value or approximation number) is defined as
si:=1inf {||T— S| : rank S <i—1}.
The operator T' is nuclear if its singular values (s;);en are summable, that is

D si < o0, (4.10)

€N

For a nuclear operator T, we call the series in (4.10) the nuclear norm of T', which we
denote by ||T||n-

If T: % — % is nuclear with singular values (s;);en then necessarily
si =0, as 1@ — o0.
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In particular for each i € N there exists a bounded operator S(i) of rank < ¢ — 1 such
that .
T —S@)|| <si+—-—0, as i—o0.
i

We see that a nuclear operator T is the uniform limit of finite rank operators and hence

is compact.

Definition 4.3.2. For 2, 25 Banach spaces the Schatten class S,(%7, 22) is the set
of operators whose singular values form an P sequence. In particular, S1(27, 22) is

the class of nuclear operators.

Remark 4.3.3. Some authors use the term trace instead of nuclear, and define nuclear
operators as compact operators with summable singular values, possibly also defining
the singular values as the positive square roots of the eigenvalues of T*T when 2, %5
are Hilbert spaces, for example, Lax [47, p. 330]. This definition of singular value is
equivalent to that above by Gohberg et al. [29, Theorem VI. 1.5].

Remark 4.3.4. In this work we use the term singular value in a non-standard manner.
Given Definition 4.3.1 above, we call ¢; the i** singular value of T, but counted with
multiplicities, so that if sy = s9 = --- =55, and s,, > sp, 41, for some p; € N then we
set

Ol =81=8y=""=28p, 02=25p41=-..,

and so on. As such, our i

singular value o; has multiplicity p; € N and satisfies
0; > 0i+1, however note that o; need not necessarily be the distance of T from rank

i — 1 operators. Using this convention the operator T is nuclear if

Zpiai < Q.

1€N

We remark that if all the singular values are simple (i.e. all have multiplicity one),

then our convention and the usual convention coincide.

Definition 4.3.5. For a compact linear operator T : 27 — 25 between Hilbert spaces,
let (ok)ken denote the singular values of T' (which are precisely the non-negative square
roots of the countably many eigenvalues of T*T'), each with multiplicity p; € N. The
Schmidt pairs (v; , w; i) of T' are eigenvectors of T*T" and TT™* respectively correspond-

ing to the eigenvalue 01-2. The Schmidt pairs can be chosen to satisfy

wik € 22,  Tvip = owig ,
7 " ’ VZGNalﬁkSPi;
vik € 21, T wip = 00k,

and are always chosen orthonormal.
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4.4 Notes

Well-posed linear systems as presented here are based on the work of Salamon [72],
[73], and have subsequently been contributed to by many authors. We refer the reader
to [81, Section 2.9] for a more thorough history of the development of the field. As
Staffans in [81, p.78] says, however, “the class of LP well-posed linear systems which we
present . ..is by no means the only possible setting for an infinite-dimensional systems
theory.” More general infinite-dimensional systems include system and operator nodes,
introduced by Smuljan [75], and distributional linear systems as introduced by Opmeer
[59]. The class of LP well-posed linear systems is sufficiently general for our needs
and (as Lemma 4.1.5 demonstrates) a suitable environment for realising H* transfer
functions. Since, broadly speaking, in Part II of this thesis we are looking to develop
model reduction by balanced truncation for transfer functions belonging to H*°, we
stick to this framework. In fact, key results from the literature that we use in deriving
bounded real and positive real balanced truncation are presented for well-posed linear
Systems.

The material in Section 4.3 of this chapter is of course well-known and can be found
in many textbooks. We particularly used Gohberg et al. [29], Lax [47] and Swartz [83].
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Chapter 5
Lyapunov balanced truncation

In this chapter we describe some extensions of Lyapunov balanced truncation, described
for finite-dimensional systems in Section 2.1, to the infinite-dimensional case. Specif-
ically, for G € H OO((CJ s B(%,%)), no longer necessarily rational, we seek a rational
Gn € H*®(C§; B(%,%)) such that

IG = Gulla= <2 ) o (5.1)
k>n+1

where o}, are the Lyapunov singular values'. Here % and % are finite-dimensional

Hilbert spaces. In Glover et al. [27] balanced truncations and the H* error bound
(5.1) were extended to a class of infinite-dimensional systems.

The error bound (5.1) obviously holds when the right-hand side is infinite, and so
there is only something to prove for systems such that ) ... 110k < +00 (for some or
equivalently for all n), i.e. systems that have a nuclear HanEel operator. In proving the
error bound (5.1), the authors of [27] made further assumptions that are unnecessarily

restrictive. Specifically, their assumptions are

(i) The Hankel operator H : L>(R*; %) — L*(R™; %) is of the form
(Hﬁ@y:/ih@+@ﬂ$d& FeXRY%), aat>0, (5.2)
R+

with kernel h € LY(R*; B(%,%)).
(ii) h e L2XRY; B(%,%)).

(iii) The kernel h is real, or if h is complex then h exists and h is the kernel of a

bounded Hankel operator.

(iv) The singular values of the Hankel operator are assumed to be simple.

!That is, the singular values of the Hankel operator, see Remark 2.1.7.
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(v) The Hankel operator H is also assumed to be nuclear.

We give an example of a physical system where assumption (ii) fails.

Example 5.0.1. Consider the following heat equation in 1D on the unit interval
wi(t, ) = wee(t,x), t>0, z€[0,1]. (5.3a)
We impose Neumann control and Dirichlet observation at the left end, i.e. for t > 0

u(t) := —w,(t,0), (5.3b)
y(t) == w(t,0), (5.3¢)

(so that the input and output spaces are one-dimensional) and a Dirichlet boundary
condition at the right end
w(t,1) =0, Vt>0. (5.3d)

It follows as in Opmeer [61, Section 3, Theorem 3| that the system (5.3) has Schatten
class S, Hankel operator for all p > 0 and thus in particular the Hankel operator is
nuclear.

To find the transfer function G we take the Laplace transform of (5.3a) and solve
the resulting ODE (with zero initial temperature profile w(0, x) = 0, Yz € [0,1]), which
can be justified by Curtain & Zwart [20, Examples 4.3.11, 4.3.12]. Some elementary

calculations give

J(s) = \}g tanh(y/s), Res >0, (5.4)

where we take the (unique) square root /s with argument in (=7, 7), so that Re/s > 0.
We claim that J ¢ H?(C{) and hence the impulse response h ¢ L?(RT). To see

this, note that along the line {¢(1+1) : ¢ > 0} we have

|tanh(t(1 +1))|* = 1 ast— oo. (5.5)
Therefore
e = [ | o] o= [ L famnvan o
= — tan w1 W = — (tan w1 W,
1 R | Vwi R |w]
1 . 2
> [ = Aoy i ’
> /R+ - tanh (\/a( s+ 2)) dw,
1
> —d .
> [ g e (56)

by (5.5), for some C' > 0 sufficiently large. The integral (5.6) is infinite and hence
J & H?. Tt follows that the results of [27] therefore do not apply to this example.

We extend bounded real (and hence positive real) balanced truncation to the
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infinite-dimensional case by relating it to Lyapunov balanced truncation, as described
for the finite-dimensional case in Section 2.2.3. However, the results of [27] require
assumptions that are too strong (and as the above example demonstrates aren’t always
fulfilled in practice). Therefore, in this chapter we consider realisation and approxi-
mation of transfer functions with a nuclear Hankel operator and contrary to [27], we
impose no further restrictions. In doing so we also carefully describe where the assump-
tions (i) -(v) are used in [27]. As mentioned, we use these results in deriving bounded
real and positive balanced truncation in the infinite-dimensional case, but are also of
independent interest.

The main results of this chapter are the following two theorems.

Theorem 5.0.2. If H is a nuclear Hankel operator with transfer function G € H*(Cl; B(%, %)),

where % and ¥ are finite-dimensional, then for any positive integer n

IG = Glla= <2 ) oy, (5.7)
k=n-+1

where o are the singular values of H and G, is the reduced order transfer function

obtained by Lyapunov balanced truncation from Definition 5.3.5.
Proof. Theorem 5.0.2 is proven in Section 5.4. O

Definition 5.3.5 does not provide a constructive method of finding G,,, as G, is
defined as the transfer function of a realisation that depends on the Schmidt vectors
of the Hankel operator H, which cannot usually be found in practice. Our second
result demonstrates that for the class of systems with Hankel operators given by (5.2)
(which by Corollary 5.1.18 includes nuclear Hankel operators), G,, is the H* limit of

a sequence of computable transfer functions.

Theorem 5.0.3. Suppose H is a Hankel operator given by (5.2) with L' kernel h,
transfer function G, and reduced order transfer function G, obtained by Lyapunov

balanced truncation. Suppose (hm)men is such that
hpmp — h, as m — oo,

and let (G™)nen denote the corresponding sequence of transfer functions. If (GI')men
denotes the sequence of reduced order transfer functions obtained from G™ by Lyapunov

balanced truncation, then there exists a subsequence (T(s))sen such that
G ELN Gn, as §— 0. (5.8)

Proof. See Proposition 5.3.9. O
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Remark 5.0.4. If the singular values of H are all simple then the conclusion of Theorem
5.0.3 can be replaced by
GZ‘&GH, as  m — oo.

In other words, the convergence in (5.8) does not require a subsequence when all the

singular values are simple.

Remark 5.0.5. We remark that the assumptions of Theorem 5.0.2 are almost optimal,
but not quite. This is because the singular values of the Hankel operator are not
repeated according to multiplicity in the error bound (5.7). According to Ober, Treil’
[55], [84] any sequence of non-negative real numbers forms the sequence of singular
values of a Hankel operator. In particular, consider the Hankel operator with singular

values o, = k—lz, each with multiplicity k, for every k € N. This operator is not nuclear

1 1
D k=) =00

keN keN

1
D

keN

as

but the error bound

is finite. We do not know what happens in such instances, and hope that such operators

do not occur in physically motivated systems.

5.1 Hankel operators between L?(R"; Z) spaces

There is a large literature on Hankel operators, see for example [54], [62], [63] and
[65], with unfortunately several different conventions. The purpose of this section is to
first translate some of these known results into the convention used here and then to
use those results to show that a nuclear Hankel operator L?(R™; %) — L*(R™; %) is
necessarily an integral operator with L' kernel (Corollary 5.1.18).

We start by recalling the definition of a Hankel operator in an abstract Hilbert
space setting based on shift operators. The next definition is taken from Rosenblum &
Rovnyak [71, p. 1].

Definition 5.1.1. Let % denote a Hilbert space. An operator S € B(4) is a shift on
A if S is an isometry and (S*)™ converges strongly to zero as n tends to infinity. We

define a (bounded) S-Hankel operator H on . as a bounded operator which satisfies
S*H = HS. (5.9)
We can also define Hankel operators between two different spaces. If . is another

Hilbert space, the operator H € B(J,.%) is (S1, S2)-Hankel if there exist shift oper-
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ators S1 € B(J¢), S € B(.Z) such that
S;H = HS,. (5.10)

We seek to collect results for Hankel operators from L?*(R*; 27) to L?(R*; 25),
where 27, %5 are arbitrary Hilbert spaces, corresponding to the left-shift semigroup 7
from Definition 4.1.3. For clarity we denote by 7; the left-shift on L?(R*; ;).

Definition 5.1.2. For 27, 25 Hilbert spaces the bounded operator H : L?*(R*; 27) —
L*(R*; 25) is (11, T2)-Hankel if it is ((7§)*, (74)*)-Hankel for every ¢t > 0, i.e.

mhH = H(t))*, Vt>0.

We demonstrate in the next lemma how we can associate a (usually operator valued)
Hankel matrix with an (71, 7)-Hankel operator. From now on all bounded Hankel

operators will be (71, 72)-Hankel and so we shall omit the (71, 72)-.

Lemma 5.1.3. Let H denote a bounded Hankel operator L*(R*; 27) — L?*(R*; 25)
for 24,25 Hilbert spaces and let A} denote the generator of the right-shift semigroups
(:)* from Lemma 4.1.7. Define the cogenerators (with parameter 5) T; of A} by

T, = (A7 + 3D)(A7 - 317, (5.11)

which are well defined and bounded on L?(Rt; 25). Let (u;)?lzni 2 denote an orthonor-
mal basis for Z; and define for k € Ny

, , .
ey = Tz‘k(eoué% where eo(t) =e 2, t>0,

i i\dim Z;
By = (exus)j1 ken,-

Then B and B3 are orthonormal bases for L*(RY; 27) and L*(R™; 2%) respectively.

Moreover, define the bounded linear operators
hij :Pej%H’ei% Zei% —>€j%, Vi,jENQ,

where P, #, denotes the orthogonal projection of L*(R*; 25) onto ejZ5. Then hij =
hiyj and with respect to the bases (Bg, Bg) the operator H has the Hankel matriz rep-

resentation

Hegul = Y hpak(enu)), VE €Ny, 1 <r<dimZ.
n€Ng

Proof. The cogenerators T; are well defined and bounded as
T; = —(Af + 51)Ras (3),
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where R+ is the resolvent of (7;)*, which is defined (and bounded) at s = 5. The
remaining claims follow as in Adamjan et al. [1, p.64-65]. A direct calculation also
shows that T; = S;, the Laguerre shift and Bé is the Laguerre basis on L?(RT; 2;)
see, for example, Rosenblum & Rovnyak [71, p. 17] for details of the scalar case. The

vectorial case is similar. O

Remark 5.1.4. Note that presently h,, defined in the proof of Lemma 5.1.3 are operators
eiZ1 — e;Z5, but these are isomorphic to operators hy : 2 — 2% (which we may
view as matrices with respect to the bases (u;)jlzn}z
hp, with hy,.

The next result describes how a Hankel operator from L?(R*; 27) to L?(RT; 23) is
unitarily equivalent to a linear operator from H? (C(')F; Z1) to H 2(@6F ; Z%) induced by

). In what follows we will identify

multiplication.

Lemma 5.1.5. Let H denote a bounded Hankel operator L*(R*; 27) — L?(R*t; 25)
for 24, % Hilbert spaces. Then there exists a function ¢ € L>®(iR; B(Z7, %2)) such
that the operator

Hy: H*(C; 27) — H*(CJ; 25), Hy=Py+MgRc, (5.12)

satisfies
LHL = Hy, (5.13)

where we use L to denote both (unilateral) Laplace transforms L*(R*; 25) — H?(CJ; 25).
Furthermore Py denotes the orthogonal projections of L*(iR; 2;) onto H*(CJ; 27), M,

18 the linear operator induced by multiplication with ¢ and Rc is reflection

(Rey)(s) = 1(=s).

Proof. We require the following Mobius transform M defined by

T — iR,
M(z) = 5(1-2) which maps D — C (5.14)
1 4z ’ p 2 0> .
C\D—-Cj.
The inverse is given by
. iR — T,
MY(s) =2 :LS, which maps CI — D, (5.15)
27178 —
Cy — C\D.

We also need the operators Vy,, V#, mapping the Hardy spaces of the disc to the Hardy
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spaces of the right half-plane. These functions are given by

Vo« HA(D; %) — HACL %), (Vo f)(s) = i F(MN(s), seCt,
5 S
with inverse
—1 2 + 2 —1 1
Vil HACH 2 - D5 2), (V3IF)(E) = 1 F(M(2), z€D.

As described by Partington [63, p. 23-25], Vg are linear isomorphisms, which are up
to a multiplicative constant isometric.

The Hankel matrix Hys = (hj4;);; from Lemma 5.1.3, which by that Lemma rep-
resents H with respect to the basis (85,88). By Nehari’s Theorem in the vectorial
case (contained in Peller [65, Theorem 2.2.1] for instance) Hjy, considered as a linear
operator £2(Ng; 27) — £2(No; 23) by multiplication, is a bounded operator if and only
if there exists g € L*°(T; B(Z1, £2)) such that

9()="an2", and ay,=h,, VYneN. (5.16)
nez

Recall that

{Zb—>z"u§- :neZ, 1<j<dimZ} and {sz"ué :n €Ny, 1 <j<dimZ},

are orthogonal bases for L*(T; 2;) and H?(D; Z;) respectively. We denote the above
bases for H?(D; 27) and H?(D; 25) by Bi and B? respectively. Standard techniques
show that

Y= {Vgﬂl(z"ué) :neNp, 1<j<dim%,}, (5.17)

are orthogonal bases for H2(Cy; Z;) (see for example Partington [63, p. 23-25]). Let

Rp denote the discrete time reflection
Rpz"=2"", neNp.
From [63, Theorem 3.1] and (5.17) we see that

Hy : H* (D, 27) — H*(D, 25), H, := Py MyRp,
Hy: H*(CS, 2q) — H*(C{, 23), Hy :=VyH\V,",

have matrix representation Hjs with respect to the bases (Bf, B?) and (B3, B3) respec-

tively. A calculation shows that

Hy := Vg, H\V," =V Py MyRpV, ' = P MyRe,
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where 1(s)

M~ (s

S) = M_l S 9

$() = g (M ()= -
and My = Vi, MgM: V! L*(iR; 27) — L*(iR; 25).

Setting Hy := Hj gives (5.12). Finally using

(% -s)"

R
a calculation shows that

eqty = (=1)"L(Va2"uf), VY j,n € No.

Therefore the operator
Hs: L*(RT;27) — L*(R™; 25), Hiz:= L 'HyL,

has the matrix representation Hj; with respect to the bases (Bé, Bg ) and hence Hs = H
which proves (5.13). O

5.1.1 Symbols and transfer functions

Definition 5.1.6. Using the notation of Lemma 5.1.5, a function v satisfying (5.12),
LHL™ = Hy =Py MyRc,

is called a symbol for the Hankel operator H. By Lemma 5.1.5, a bounded Hankel
operator H always has a symbol ¢ € L*(iR; B(Z£7, 23)).

We seek to relate a symbol of a bounded Hankel operator to its transfer function
(what we mean by transfer function in this context is stated precisely in Definition

5.1.10). In order to do so we need two lemmas.

Lemma 5.1.7. Let 2 denote a Banach space. Any function ¢ € L*(iR; Z) has a

decomposition

¢ = o1+ P2,

where ¢1 can be extended analytically to the right half-plane and ¢o can be extended
analytically to the left-half plane. The components ¢1 and ¢o are unique up to an
additive constant. We refer to ¢1 as the analytic part of ¢ in (Car.

Proof. Choose ¢ € L™ (iR; %) and define f := ¢poM : T — £, where M is the Mobius
transform from the proof of Lemma 5.1.5. Then f € L*°(T; %) and as

L>(T, %) C L*(T, %),
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it follows that f has a unique decomposition

f(z)= Z anz" + Z a_pnz ",

neNg neN
=: fi(2) + fo(2), =z€T. (5.19)

The series defining f; can be extended analytically to all of D, and fo can be extended

analytically to C \ D. We can decompose ¢ now as follows

$(s) = f(M7(s)) = fr(M ™ (s)) + fo(MH(s)),
=: ¢1(s) + ¢2(s), s €iR. (5.20)

Since the Mobius transform and its inverse are analytic, the claims of the analyticity
of ¢1 and ¢9 follow. Note that in the decomposition (5.19) the constant term ay was
included in the definition of f;. We could have included ag in fo, but that is the
only freedom in the decomposition. Thus ¢; and ¢o are unique up to an additive

constant. O

Lemma 5.1.8. Using the notation of Lemma 5.1.5, let ¢ € L>®(iR; B(21, %2)) denote
a symbol of H. Then the analytic part of ¢ in Car (see Lemma 5.1.7) is also a symbol

for H, which is determined completely by H up to an additive constant operator.

Remark 5.1.9. Note that the analytic part of a symbol ¢ in Cg need not necessarily
belong to L*(iR; B(Z1, £3)).

Proof of Lemma 5.1.8: Choose a L>*(iR; B(Z1, %2)) symbol for H, denoted by ¢, and
let ¢ denote the analytic part of ¢ in (Car from Lemma 5.1.7. That ¢ is a symbol of

H follows from
Hy =Py My, +¢,Rc = Py My Rc + Py My, Rc = P+ Mgy, R,

i.e. the analytic part of ¢ in Cj, ¢, plays no role in (5.12). From (5.18) a symbol ¢
of the Hankel operator H is given by

é(s) = QZ , s€iR, z=M"Y(s) €T,
where g € L*°(T) satisfies (5.16). Therefore a calculation shows that

$1(s) = Z gn%z", s€C, z=M(s)eD,
n€eNg

which is completely determined by H (as g, = h, for all n € Ny) apart from the
constant term g_; € B(Z, 23), as required. O
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Definition 5.1.10. Using the notation of Lemma 5.1.5, we define a transfer function
corresponding to the Hankel operator H as the analytic part of a symbol in (CaL of H,

plus an arbitrary constant operator. The set of transfer functions for H is given by
{¢1+D|DeB(#, %)},

where ¢1 denotes the analytic part of a symbol ¢ in (Car of H (see the decomposition
(5.20)).

Remark 5.1.11. We remark that transfer functions have now been introduced four times
in this thesis, notably on p. 5, Definition 3.1.3, p. 74 and in Definition 5.1.10 above.
Each definition has arisen from a slightly different point of view, hence its inclusion,

but all are equivalent.

Now that we have defined a transfer function in terms of the Hankel operator, we
describe some of the relationships already known in the literature between a Hankel
operator and its transfer function(s). For the next result we need to collect various

function spaces.
Definition 5.1.12. Let 2 denote a Banach space.

BMO(R; Z): The space BMO(iR; &) is the space of functions from iR to 2 of
bounded mean oscillation, see [25, Section VI| or [65, p. 728]. Specifically, for
f e Ll (iR;Z) and J C R a (finite) interval, the mean oscillation of f over J is

loc

,}, /J 1) — £ deo,

where f; is the mean of f on J

1 .
fr= /J Fw) de,

and |J| is the Lebesgue measure of J. The space BMO contains those f with

uniformly bounded mean oscillation, i.e.
1 .
sup o [ 15() = ] do < o
7 s

BMOA(C]; Z): Is the set of BMO functions that have an analytic extension to Cg.

VMO(R; ) The space of functions of vanishing mean oscillation (V M O) is the closed
subspace of BMO with the additional property that for J an interval of R

. 1 :
lim |:S1Ll]p|!]/JHf(1LO)—f]’ dw| = 0.

|J|—0
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VMOA(CZ; Z): Is the set of VMO functions that have an analytic extension to C .

AP(CS; Z), APT(CJ; Z) : For p > 0 the Bergman space AP is the space of analytic
functions f : Car — % such that

/ / 1f (@ + i) |? dy do < oo
z€RT JyeR

The weighted Bergman space AP" for r > —% comprises the analytic functions
f:C§ — Z such that

/ t/ 1 (@ + i) [P (2 + iy, 7 + iy) " dy dz < oo,
zeR+ JyeR

where K is the Bergman kernel (of the right-half plane) given by

1

K(z,w):m.

Bp((Cg ; Z): The analytic Besov space B, (with p > 0) consists of those analytic func-
tions f : (Cg — 2 which satisfy

7 e AT ),

for some (and hence any) n € N (where f(™ denotes the n'* derivative).
RH>(C{; Z): The space RH™ consists of rational H> functions.

Theorem 5.1.13. For Hilbert spaces 24 and %5 let H : L*(R*; 27) — L?*(R*t; 25)
and G denote a Hankel operator and a member of the set of transfer functions for H

respectively. Then
(i) H is bounded if and only if G € BMOA.
(i) H is compact if and only if G € VMOA.
Assume additionally that 27 and Z5 are finite dimensional. Then
(iii) H € S, (the Schatten class, see Definition 4.3.2) if and only if G € By,.
(iv) H is finite rank if and only if G € RH.

Proof. Note that the additive constant operator in the definition of a transfer function
does not matter, so long as it is bounded, see Definition 5.1.10. Part (i) follows from
[25, Corollary 6.1.3], which proves that BM O(T) is transformed into BMO(iR) under
the Mobius transform M (and vice versa under M 1), and [65, Theorem 1.1.2].
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Similarly, part (i7) follows from [65, Theorem 1.5.8] and the same (standard) tech-
niques mapping BMO(T) into BMO(iR).

Part (ii7) is based on Peller [65, Theorem 6.1.1] for the scalar case, 2 = C. The
general Hilbert space case is considered in [65, Corollary 6.9.4]. The author treats
Hankel operators on the unit disc, but as with (i) and (i7), standard techniques allow
the result to be converted to the half-plane case. The author proves that H € S, <=
G € B,(CJ; 8,(24, 25)). However, B(2,, %) = S,(21, 25) when either 2 or 25 is
finite dimensional.

Part (iv) is Kronecker’s Theorem for the half-plane, see [63, Corollary 4.9] or [65,
Theorem 1.3.2]. O

By Theorem 5.1.13 (éi4) transfer functions of a nuclear Hankel operator necessarily
belong to the Besov space and hence have atomic decompositions given by Coifman
& Rochberg [15]. The following result which uses these decompositions is taken from
Partington [63, Corollary 7.9].

Corollary 5.1.14. A Hankel operator H : L?>(R*; 27) — L*(R*;2%), where both
2 and Z5 are finite dimensional, is nuclear if and only if the corresponding transfer

function is of the form

Rea,

G(s)=>_ An— o (5.21)
neN

for sequences (An)nen € €H(B(21, 23)) and (ap)nen C Cy . The following bound on the

2t norm of (A\p)nen holds

Z [A\allB(#,2) < CllH|[n, C a constant, (5.22)
neN

recalling that | H||n denotes the nuclear norm of H, see Definition 4.3.1. The series
(5.21) converges uniformly on Res > 0. Furthermore, let GP denote the p'" partial sum
of (5.21) with corresponding Hankel operator HP. Then HP converges to H in nuclear

norm as p — oQ.

Remark 5.1.15. Remember that the transfer function G of a Hankel operator is only
determined by the Hankel operator up to the addition of a constant operator. For the
transfer function in (5.21) that constant is fixed by the condition

lim G(s) = 0.

seR
S—00

We see that the transfer function is regular with zero feedthrough.

Remark 5.1.16. Our main result for Lyapunov balanced truncation Theorem 5.0.2 as-
sumes that the input and output spaces are finite-dimensional. We make this as-

sumption so that we can apply Theorem 5.1.13 (i7i) and Corollary 5.1.14 above. The
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decompositions of [15] are only proven in the case when 27 and 2% (as in Corollary

5.1.14) are finite-dimensional.

Lemma 5.1.17. Using the assumptions and notation of Corollary 5.1.14 the function

h(t) ==Y An(Reayp)e™, t>0, (5.23)
neN

satisfies h € LY(RT; B(21, 23)), Lh =G, G € H*®(Cd, B(Z21,25)) and G is regular.

Proof. Tt is clear from (5.22) that (5.23) converges absolutely and uniformly on ¢ >
0. Moreover, h is continuous for ¢ > 0. That h € L' follows from the Monotone

Convergence Theorem applied to the partial sums

M
t— Z [AnRe ane®™?t|| € L.

n=1

To evaluate Lh let h,, denote the m*" partial sum of h. Formally we have for s € (Cg

(Lh)(s) = /R e () dr

= / lim e *'h,,(t) dt = lim e 5t hy, (t) dt (5.24)
R

+ M—00 m—ro0 R+

m

Rea

= lim E An " . by taking the Laplace transform,
m—00 — S — ap

= G(s), from (5.21).

It remains to verify the interchanging of the limit and the integral in (5.24) and for
this we use the Dominated Convergence Theorem. Observe that for every m € N and
s with Res > 0

e ()]} < 3 [AuRe ane™.
neN

From the proof of h € L', it follows that

t— Y [ AReane™| € L',
neN

and hence by Dominated Convergence we infer equality (5.24). Finally, the inequalities

IG(s)]| < suple™™| - |h]lx <[],
t>0

shows us that G € H*°. That G is regular can be proven directly from the series (5.21)
or follows from [81, Theorem 5.6.7]. O
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Corollary 5.1.18. Assume that the Hankel operator H : L*(R*;%) — L*(R*; %)
is nuclear and both % and % are finite dimensional. Then H is an integral operator

given by
(HF)(t) = /OO ht+s)f(s)ds, VfeI2RY:%), aat>0,  (5.25)
0

where h is defined in (5.23) and in particular belongs to L*(R™; B(%,%)).

Proof. Let Hj, denote the integral operator in (5.25), where h is given by (5.23). We
show that H = Hj. From Lemma 5.1.17 the function h satisfies Lh = G, with G given
by (5.21) and G a transfer function for H. From [63, Lemma 4.3, Corollary 4.4] it
follows that

LH L' =P . MgRc = Hg.

We have already seen from Lemma 5.1.5 that
LHL™' = Hg,

and so we deduce the result. O

Remark 5.1.19. In [27, Theorem 2.1] the following bound is proven
1Al < 2[[H][w, (5.26)

for a nuclear Hankel operator H given by (5.2). The inequality (5.26) would appear
to imply the result of Lemma 5.1.17 is redundant. However, the proof of (5.26) in [27]
uses the fact that h € L', which is an assumption we wanted to avoid (and rather show

that it is a consequence of H being nuclear).

Remark 5.1.20. The converse of Corollary 5.1.18 is not true in the sense that the
impulse response belonging to L' does not imply that the Hankel operator is nuclear.

The integral kernel h given by
[0,00) Dt h(t) := e_tX[LJFOO) (1),

where Y7 is the indicator (also called the characteristic) function on J C R*, clearly
belongs to L'. However, the example of Glover, Lam & Partington [28, Example 2.3

shows that the integral Hankel operator with kernel h is not nuclear.
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5.2 Convergence of the Schmidt pairs of integral Hankel

operators

In this section we describe some of the properties of the Schmidt pairs of a Hankel
operator given by (5.2) with L! kernel, which by Corollary 5.1.18 includes nuclear
Hankel operators. We describe as well some convergence results of the Schmidt pairs

when the kernel is approximated in L!. The key assumption of this section is:

A H is a Hankel? operator L2(R*; %) — L?*(R*; %) given by (5.2) with kernel h €
LY(R*; B(%,%)). The input space %, and output space % are finite dimensional
Hilbert spaces.

The next lemma is crucial and we will make frequent use of it.

Lemma 5.2.1. Let H denote a Hankel operator satisfying A. Then for 1 < p < oo,
H is a bounded operator
LP(RY, %) — LP(RT; %).

We abuse notation and use the symbol H to represent any of these maps. If ||H||,
denotes the Hankel (operator) norm of a Hankel operator H satisfying A considered as
an operator on LP then

[H]lp < [[A]]1- (5.27)
Furthermore, if p is finite then H is compact LP(R™; %) — LP(RT; %).
Proof. This is proven in [27, Appendix 1, p. 895]. O

From Lemma 5.2.1 and Remark 4.3.3 it follows that for a Hankel operator H sat-
isfying assumption A the singular values of H (viewed as an operator L?(RT; %) —
L3(R*; %)) are precisely the square roots of the countably many eigenvalues of H*H,
which we always order in decreasing magnitude, counted with multiplicities (as in Re-
mark 4.3.4).

Theorem 5.2.2. Let H denote an operator satisfying assumption A and let (of)ken
denote the singular values of H ordered such that o > o1 > 0 and each with multi-
plicity pr, € N. Let (hm)men denote a sequence of kernels approximating h in the sense
that

Ll
hpm — h, as m — oo.

Define (Hyp,)men as the sequence of Hankel operators L2(RY; %) — L*(RT; %) given

by the integral operators

(Hpnf)(t) := /000 ho(t +8)f(s)ds, VfeL*R"%), aa.t>0. (5.28)

2more precisely (71, 72)-Hankel with % = 27 and % = 25 in the terminology of Section 5.1.
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Let (Ufm))ieN denote the singular values of H,,, also ordered in decreasing magnitude,
each with multiplicity p(m). Then for all k € N there exists I, € N such that with lg :== 0

%

(m)

o, —op forie{ly_1+1,... 1}

L as m — 00. 5.29
and Z pgm) — Dks (5.29)
i=lp_1+1

(m) w(m)), wherer € {1,2,... ,pgm)}.

wnro 0

Choose orthonormal Schmidt pairs of Hy, denoted by (v
Then the Schmidt pairs satisfy

o e W ERS %), w e 2nWHRN ), VimeN Vr.

Moreover, there exists a subsequence (mj);en along which for each k € N, all of the py,
Schmidt pairs (ngj),ngj)), i€ {ly_1+1,...,11}, have a L? and W' limit denoted
(Vkq> Whyq), for g € {1,2,...,pi} (note g = q(r) depends on ). Specifically,
UZ(Tj) — Vkg, N L? and Wt
(;n') as j — oo. (5.30)
w; " = Whg, N L? and Wh!

7,7

. . , <q<
Moreover, the (vg 4, Wy q) are Schmidt pairs for H corresponding to oy, and (whq)ig%—p’“

form an orthonormal basis of eigenvectors in L* for HH* and (vk’q)}ég;p’“ for H*H.

Remark 5.2.3. The statement of Theorem 5.2.2 is notation heavy in order to account
for the multiplicities of both the singular values (o%)ren of H and (U,gm))keN of H,,.
The easiest case to understand is when for every k,m € N the singular values o, and
U](gm) are simple, which is the case restricted to by Glover et al. in [27]. The non-simple
case is conceptually similar, and we treat it for full generality, although the proofs
become more complicated. Intuitively, what is important is that there is a subsequence
(m;)jen along which every sequence (vgzj )) jen and (w,(;:j )) jen has an L? limit (which
is also a limit in W'1!), and we get “enough” limits, in the sense that the limits of
(vgzj ))jeN and (w,(::j))jeN form an orthonormal basis of eigenvectors for H*H and

H H* respectively.

Remark 5.2.4. Under the assumptions of Theorem 5.2.2, if additionally all the singular
values of H are simple, then the convergence of Schmidt pairs in Theorem 5.2.2 does
not require a subsequence. We do not give all the details, but this follows from [27,
Appendix 2, p.896] and Lemma 5.2.7 below combined with [12, Exercise 5.5].

Remark 5.2.5. Note that for this section we do not need to assume that our original
Hankel operator H is nuclear, instead only that it is an integral operator of the form
(5.2) with h € L. Certainly, by Corollary 5.1.18, nuclearity of H would imply this.
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5.2.1 Proof of Theorem 5.2.2

Here we put together the proof of Theorem 5.2.2. We firstly collect some technical
results from Lax [46] and Chatelin [12].

Lemma 5.2.6. Let Z denote a Banach space on which is defined a continuous sesquilin-
ear linear form (-,-), which induces a new norm under which the completion of Z is a

Hilbert space 7. Suppose that T is a bounded operator on & such that
(Tz,y) =(2,Ty), Va,yeZ.

Then
(i) T extends by continuity to an operator in B(F).
(ii) The spectrum of T over H is a subset of the spectrum of T over & .

(iii) The point spectrum of T over % is contained in the point spectrum of T over
and the eigenspace of T over 9B with respect to an eigenvalue X\ is the same as

the eigenspace of T over € with respect to the same eigenvalue.
Proof. See Lax [46]. O

We will make use of a convergence result which is based on [12, Theorem 5.10],

which we formulate as the following lemma.

Lemma 5.2.7. Suppose T, T,, : & — % are compact operators on a Banach space %
such that
Ty — T, uniformly as m — oo.

Let X denote an eigenvalue of T and let (Ap)men denote a sequence of eigenvalues of

(Tm)mGN' ]f
Am — A, as m — 00,

and (Vm)men s a uniformly bounded sequence of eigenvectors corresponding to Ap,, then
there exists a subsequence (v, )jen that converges to an eigenvector of T' corresponding
to \.

Proof. The result is a consequence of [12, Theorem 5.10] and [12, Table 5.1]. O

Lemma 5.2.8. Let % denote a Banach space continuously embedded into a Hilbert
space I, & — I, so that

[vlle < Cllvllz, VveZ, (5.31)
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for some constant C > 0. Let T,T,, denote compact operators on Z such that
T — T, wuniformly on Z as m — oo. (5.32)

Fiz an eigenvalue \ of T with corresponding eigenvector v. Suppose that there exists a

sequence (Am)menN, where Ay, is an eigenvalue of T,,, such that
Am = A, as m — 0. (5.33)

And suppose also there exist eigenvectors o™ which are orthonormal in H, of Ty

corresponding to Ay, converging to v in the sense that

m) 2, v, as m — oo. (5.34)

o
Then it follows that along a subsequence

p(mi) Z, v, as j— o0. (5.35)

Proof. Fix A and v some eigenvalue and eigenvector of T'. By assumption there exists
a sequence (U, )men of (orthonormal in J#) eigenvectors of T, such that (5.34) holds.

We seek to prove that the convergence in (5.35) holds as well. To that end we define

my _ lvllzot™
(m) . e, ™€ N, (5.36)
which have
120l = ||lv]l# < 00, ¥m eN. (5.37)

Therefore, as all the hypotheses of Lemma 5.2.7 are satisfied, there exists a subsequence

(not relabelled) along which
2 2 asm — o0, (5.38)
with ¢ an eigenvector of T. Now the norm equation (5.37) implies that
[¥llz = lvllz, (5.39)
and from the continuous embedding (5.31), convergence in (5.38) gives
2m) 2, Y, asm — oo. (5.40)

We want to compare the convergence in (5.34) and (5.40), using the definition of z("™)
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in (5.36). Suppose that [|v(™)]| # is unbounded. Then by (5.34) and (5.36) we see that
2m) 2 0, asm — oo, (5.41)

and so ¥ = 0 in JZ by uniqueness of limits. Using the injectivity of the inclusion map

% s 77 we obtain the contradiction

Oz #¢ =0z.

Therefore |[v(™)]|# is bounded and so has a convergent subsequence (not relabelled)
with limit B > 0 given by

B:= lim [0/ 4.
m—00

From the continuous embedding (5.31)

(m)||, 1

it follows that B > % > 0.
So by definition of 2("™ in (5.36) combined with the algebra of limits and the

convergence (5.34) we obtain

Jm) A, ||ULEZFU7

as m — oo,

which when compared with (5.40) yields

) = H”’gf“, in . (5.42)

Again by the injectivity of the inclusion 2 < 7, from equality (5.42) we infer

) = ”ULW, in 7. (5.43)

Taking 2 norms in (5.43) and using (5.39) gives
im0z = B = [Jo] > (5.44)

which when substituted back into (5.43) gives ¢ = v. Finally from (5.36), (5.38), (5.44)

and the algebra of limits we obtain

Rl PR

—>¢:71,

(m

vl 2

as required O
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We now consider in more detail some of the properties of a Hankel operator satis-
fying A, seeking to apply the abstract convergence in established in Lemma 5.2.8 to
the Schmidt pairs of H and H,,.

Lemma 5.2.9. Let H denote a Hankel operator satisfying A. Then H is a compact
operator WHL(R*; %) — WHL(RY; #). The Hilbert space adjoint operator H* satisfies
A with h(t) replaced by h*(t) and % and % interchanged. Thus Lemma 5.2.1 applies
to H* and moreover H* is a compact operator WHL(RY: %) — WLYRY;%). On
LP(RY; %) for 1 < p < oo and on WHL(RT; ) the operator H* is given by

f— <R+ 9t~—>(H*f)(t):/ R*(t+ s)f(s) ds> . (5.45)
R+
Proof. It follows from Lemma 5.2.1 that H satisfying A is a compact operator
L'RT %) - L'RY; %), L*RT;%) — L*(RT;2).

We now prove that H is a bounded operator W' (R*; %) — WHY(RT; %) and for
this we need the following formula for the derivative of the Hankel operator given by
(5.2)

d

S (H])==hf(0) = Hf, ¥[eWR"%). (5.46)

Observe that W1 continuously embeds into the Banach space of continuous functions
on [0, 00) with the supremum norm, and so we can always understand point evaluations
(such as f(0) in (5.46)) by choosing a continuous representative. The derivation of
(5.46) is given in [27, Appendix 1]. To prove H : W1 — Wl is bounded we consider

d
I = e+ | | (5.47)
1
The first term on the right hand side of (5.47) is clearly bounded by

I - (11 < DAl 1l (5.48)

where we have used the bound (5.27). We now estimate the second term on the right
hand side of (5.47). From the formula for the derivative (5.46) we see

d .
|G| < imersn, + e
1
< Wnll - 17OVl + 1 -1
< 2[|Afl - [ 1,1, (5.49)
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where we have used (5.27) and

1£O) 2 < [Ifllo < IIfll < N1f Il (5.50)

Inserting (5.48) and (5.49) into (5.47) we obtain

IH flla < 3[Rl 1[f 11 (5.51)

and so H defined by (5.2) is well-defined, linear and bounded Wit — Wl To prove
compactness let (f,)neny € W' be a bounded sequence, i.e. there exists a constant
M > 0 such that

an”l,l <M, VneN.

As such (f,)nen is a bounded sequence in L! and as H : L' — L' is compact, there
exists a convergent and so Cauchy (in L') subsequence (H f,, (n))neN S L'. The se-
quence (fn(n))nEN is bounded in L' and so by the same argument, (Hle(n))neN has a
convergent and hence Cauchy subsequence denoted (H sz(n))neN.

Observe that the trace map
T WY RN %) = %, Tu=u(0),

is bounded and finite rank, so compact. Therefore there exists a subsequence of
(Tfrym) = fran)(0))nen, denoted by (T fr,m))nen that is convergent in % and so
Cauchy in . We now compute for m,n € N

I H fryn) — H frymyllig = [1H frym) — H frymy 11

d
+ H(Hng(n) - HfT3(m))

dt X
<|H frytny = H Frgomy It + 1H fryny = H frgomy 11
+1Al1 - [ fry ) (0) = frymy (0) |, (5.52)

where we have used the formula (5.46) for the derivative of H f,. By construction the
right hand side of (5.52) converges to zero and so the sequence (H fr, ) )nen is Cauchy
in WH! and so convergent. This concludes the proof that H : W11 — W is compact.

We now focus our attention on the (Hilbert space) adjoint map H*. Firstly note
that h* € L'(RY; B(%, %)) as

[Ioaift =/ 1A= ()| B ) dt:/ I1h(t) | Bz @) dt = ||h]|1. (5.53)
R+ R+
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A short calculation shows that
H*:L*R", %) » L*RT; %),

is indeed given by (5.45) and so H* certainly satisfies A with % and % interchanged
and h replaced by h*. The remaining claims for H* follow for the reasons as they do
for H. O

Lemma 5.2.10. Let H denote a Hankel operator satisfying A and define the Banach

spaces

Xy =L NWH(RY2), |-

2y =2+l -1, Be{#% &} (554
Then the operators
H*H:Qp@—)g%, HH*:Qp@—)%y,

defined by the composition of (5.2) with (5.45) are compact and every Schmidt pair
(v,w) of H satisfies

ve PNWH RN %), we Ll>nWhH (R 2).

Since WHL(RT) < C(RY), i.e. WHL is continuously embedded in the space of contin-

uous functions on [0,00), we will always assume (v, w) are continuous representatives.

Proof. We restrict our attention to 29 and H*H. The proofs for 2% and HH* are
similar. It is straightforward to see that %% is a Banach space. By Lemma 5.2.9
(particularly equations (5.27) and (5.51)) the operators H and H*

H: %2y — Zy, H*:%J%Q@/‘/,

and are bounded. Thus the composition H*H is a bounded operator on %% . For

compactness, we prove that
H: Qp% — QP@/,

is compact so that H*H is compact as the composition of a bounded and compact
operator.

To that end choose a sequence (fy,)nen bounded in 2% . Then (f,,)nen is a bounded
sequence in L? and as H is compact on L? there is a subsequence ( fri(n))nen such that
(H fry(n))nen is Cauchy in L2, Additionally, (fr,())nen is bounded in W' and so as

H is compact on W1, there is another subsequence, denoted ( fra(n))nen, such that
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(H fry(n))nen is convergent and so Cauchy in Whl, Thus

HHfTQ(’n) - Hng(l)”f’f@/ = ||Hf7'2(n) - Hng(l)”Q + ||Hf7-2(n) - Hng(l)Hl,l

—0, as n,l— oo,

so that (H fr,(n))nen is Cauchy and therefore convergent in the Banach space 2.
Hence H : 29, — %% is compact.

The claims about the Schmidt pairs now follow from Lemma 5.2.6, with & = 2%,
H = L? and T = H*H. Here we use that the closure of 2% in L% is L?, i.e. 29 is
dense in L?. ]

Lemma 5.2.11. Let H denote a Hankel operator satisfying A and choose (hp)men
such that
1
B 2 h, as m — oc. (5.55)

Define the operators H,, by (5.28) so that H,, satisfy A with h replaced by h,, and
the conclusions of Lemmas 5.2.9 and 5.2.10 hold for Hy,, H} and the Schmidt pairs
of Hy,. Letting 2%, and Z% denote the Banach spaces from Lemma 5.2.10, there exist
constants Cy,Cy > 0 such that

|H*H — Hy Hy | p(2,) < Cillh = hanll1, (5.56)
|HH* — HinHy || p(2y) < Callh = Il (5.57)

Thus H} Hy, and H,,H}, converge uniformly to H*H and HH* respectively as m tends
to infinity.

Proof. By definition the operator H,, given by (5.28) with h,, € L! satisfies A with h
replaced by h,,. We now prove the estimate (5.56); the proof of (5.57) is similar. Let
v € %4 and consider

I(H*H — Hyy Hin )l 2, = |(H*H — Hy, Hi)vll2 + [ (H*H — Hyy H vl (5.58)
The first term on the right hand side of (5.58) is bounded by

1H |2 |H = Hunll2 - [[oll2 + [[H = Hpll2 - [|Himll2 - [[0]l2
< (1H N2 + Vhmll1) - |H = Hpll2 - [|v]l2, (5.59)

where we have used the bound (5.27) for H,,, as H,, satisfies A. Then for m € N
sufficiently large invoking (5.27), (5.54) and (5.55) in (5.59) gives

H 2+ hmlly) - [[H = Hpllz - [[ollz < 3[Rl - [1h = hanll1 - 0]l 2, - (5.60)
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To bound the second term on the right hand side of (5.58) we use (5.51) and its version
for H*, namely
[H [0 < 3[Rl [ o < 3[IA% 1 = 3][Rl1

Applying these bounds gives,
[ 11 1H = Hinllvy - ol + 1 = Hy - [ Hmll - ol

<32l + 1R ll) - [1h = Al - [[v]| 24
<3(|Rllx + 2||R 1) - [|A = ]t - |v]|2,,, m sufficiently large. (5.61)

Combining (5.60) and (5.61) in (5.58) and collecting gives (5.56). O
We now have all the ingredients to prove Theorem 5.2.2.

Proof of Theorem 5.2.2: The operators H, H,, are compact L?(R*; %) — L*(R*; %)
by Lemma 5.2.1. Applying the estimate (5.27) it follows that

I1H = Hpll2 < [ = humll1,

and so H,, converges uniformly to H as m — oo. Therefore the singular values U]im)

of H,, with corresponding multiplicities p,gm) converge as in (5.29) from [60, Lemma
10.19]. Furthermore, from [60, Lemma 10.21], we can choose orthonormal Schmidt
pairs of H,, that converge in L? to orthonormal Schmidt pairs of H as claimed. It
remains to see the Wh! convergence.

The results of Lemmas 5.2.10 and 5.2.11 imply all the hypotheses of Lemma 5.2.8
hold with # = L? and 2 = %2 (or Z2%). Therefore we obtain convergence of a
subsequence of the Schmidt pairs in 2%, (or 2% ), which in particular implies conver-
gence in Wh! as required. We use an induction and diagonal sequence argument to
obtain the existence of a single subsequence along which every Schmidt vector con-
verges. Specifically, using the above argument we find a subsequence (71(m))mnen along
which

,U’qu : /UI’T7 .
() AW Vie{l,2,....,1,},Vq,r.
7;7q wl,T‘

Using the above argument again we obtain a subsequence of (71(m))men, denoted

(12(m))men, such that

oM (m) L2wht

1 V2,1,
1,9 ) .
Vie{li+1,2,...,l10},Vq,r.
(ra(m)) L2W! th 2}V
w; , — > wa,

By repeating this process we obtain a sequence of subsequences indexed by 7,(m), and
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taking the diagonal sequence (7;,(m))men gives the desired result. O

5.2.2 Relation to earlier work

We briefly explore what consequences the extra assumptions of [27] have on a Hankel
operator H satisfying assumption A, and its Schmidt pairs. The key difference is
whether h € L? or not. Remember we have already seen in Example 5.0.1 a system
where this is not the case. The following lemma describes some implications of the

assumption h € L?.

Lemma 5.2.12. Let H denote a Hankel operator satisfying A. The following are

equivalent

(i) h € L*(RY; B(%,%)).

(ii) H : WLY2(RY; %) — WH2(RY; %) is compact.
If either (i) or (ii) above hold then

(iii) every Schmidt pair (v,w) of H satisfies
ve WHRT, %), weWWRY;Z).

Finally if additionally the vectors (v@k(O))fN’;Spi span % then (iii) implies (i).

Remark 5.2.13. The assumption (vzk(O))fg’]€ <Pi span % is always the case if % is one-
dimensional, as for every i € N there always exists k such that v;;(0) # 0. See [17,
Lemma 4.3] for a proof of this assertion when the singular values are simple and [1,

Theorem 7.2] for the general case.

Proof of Lemma 5.2.12: (i) = (ii): This is similar to the proof from Lemma 5.2.9 that
H is compact on W1 only now taking L? norms instead of L' norms. Note that the
same formula (5.46) holds for the derivative of Hf, for f € W12

(ii) = (i): Rearranging the derivative formula (5.46) gives

d .
() f(0) = =2 (HP)(t) = (Hf)(®), VfeW (R %). (5.62)
The right hand side of (5.62) is in L?, and hence so is the left hand side. Since % is
finite dimensional, it follows that h € L?.
() or (23) = (423): This is analogous to Lemma 5.2.10 and follows in the same way
from Lemma 5.2.6.

Now we assume that (vi7k(0))}§§§pi span % .

103



(i4i) = (i): That h € L?* follows readily from the derivative formula for Hv;,

namely

(E)03(0) = — (o) (1) + (Ho ) (1) = —oi (0) — Hs (1)

The right hand side is L? and thus so is the left hand side. Since this holds on a basis
for % we conclude that h € L? as required. O

The significance of the Schmidt vectors belonging to W12 is that by Lemma 4.1.7,
W12 is the domain of the generator of the semigroup of the output-normal realisation
s7%2 from Lemma 4.1.6. This property is used in the balanced truncation of [27] and
expanded more upon in Section 5.3.

As we might expect, when h € L? and is approximated by h,, in both L' and L?, we
also get convergence of the Schmidt pairs in W12 which is described in the following

corollary.

Corollary 5.2.14. Let H denote a Hankel operator satisfying A and suppose addi-
tionally that h € L?. If (hpm)men are chosen such that
L', 12
hpm —— h, as m — oo, (5.63)
and H,, are given by (5.28) then all the conclusions of Theorem 5.2.2 hold. Moreover,

the choice of Schmidt pairs of Hy, in Theorem 5.2.2 converge to the Schmidt pairs of
H in W12 as well as the senses already established in (5.30).

Proof. The proof is very similar to that of Theorem 5.2.2. We introduce the Banach

spaces
Ly = WHAWHRYS ), - llzy =1 2+, Be{Z, 2} (564)

Again we restrict out attention to 27, and H*H. Arguing as in Lemma 5.2.10, and also
using Lemma 5.2.12, H*H and H,,, H,, are compact on 27,. Furthermore, a calculation

shows that there exists constants C3, Cy > 0 such that
|H*H — Hy Hy | g2,y < Csllh — hanl1 + Cal[h — han [|2-

By our assumption (5.63) it follows that H H,, converges uniformly to H*H on %,
as m tends to infinity.
The WH! and W2 convergence now follows from Lemma 5.2.8 with % = L? and

% = 7}, (as convergence in Z, implies convergence in Wb and W? via (5.64)). O

Remark 5.2.15. In [27] the authors choose sequences of partial sums of the Coifman &

Rochberg decompositions, see Proposition 5.1.14, as approximations of h and G. This
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guarantees nuclear convergence of the Hankel operators, and so L' convergence of the
kernels and H* convergence of the transfer functions (see the inequalities (5.125) for
a proof of these assertions). In [27, Lemma 4.2], the authors tweak the approximating
sequence G™ by setting
F™(s) := Gmi(s)’ m € N,
14+ ems

for some sequence of positive numbers (g,,)men converging to zero. The sequence
(F™),men converges to G in the above senses, but also in H2. Therefore the impulse
responses converge in L' and L?2. We remark in Section 5.3.3 how L? convergence of
the impulse responses is used in [27]. We remark here though that in light of Corollary
5.2.14, it follows that the Schmidt pairs of the Hankel operators corresponding to Fj,

converge in W2 to those of the Hankel operator corresponding to G.

Remark 5.2.16. In [27] the space of absolutely continuous, uniformly bounded functions
with distributional derivatives in L' is used and denoted by C'. This space C is also

used by Adamjan et al. in [1]. Here C! is equipped with the norm

£l == 11 lloo + £l

A short calculation shows Wl < C1, ie. Wh! is continuously embedded into C1. As
such we recover from Lemma 5.2.10 that the Schmidt pairs belong to C'. Additionally,
under the assumptions of Theorem 5.2.2, from that result we see that the Schmidt pairs
of H,, converge in C' to Schmidt pairs of H.

We have chosen to use Wh! instead of C'! because of Lemma 4.1.7, which gives that
W1 is the domain of the generator of the semigroup of the exactly observable shift
realisation *"¥! from Lemma 4.1.6. This will become important for defining truncated

Systems.

5.3 Realisations and truncated realisations of integral Han-

kel operators

In this section we define the reduced order system obtained by Lyapunov balanced
truncation of a system with bounded Hankel satisfying assumption A from Section 5.2.
For this we first need a realisation of such a Hankel operator. As described in Chapter
4, the term realisation is usually understood as a realisation of an input-output map
on LP (equivalently of a transfer function). However, by [81, Theorem 5.6.7] a system
with impulse response h € L' (RT; B(% ;%)) has a transfer function which is regular in
the uniform topology with zero feedthrough. Recall from Section 5.1 that the transfer
function is only determined by the Hankel operator up to an additive constant, the
feedthrough. By ensuring h € L' we have fixed zero feedthrough and so the Hankel

operator completely determines the transfer function. Therefore for the class of systems
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we consider, a realisation of the transfer function is equivalent to a realisation of the
Hankel operator.

The aim of this section is to prove Theorem 5.0.3 and also provide the ingredients
to prove Theorem 5.0.2. We prove Theorem 5.0.3 by finding a realisation of G} that
converges to a realisation of G,. We have a similar strategy to Glover & Curtain
[17] and Glover et al. [27], in that we seek realisations that we can describe in terms
of the Schmidt pairs of the Hankel operators. Our novel approach is then to use
the Wb convergence of the Schmidt pairs established in Section 5.2. Propositions
5.3.9 and 5.3.11 are the main results of this section; the former is a more detailed
version of Theorem 5.0.3 and describes convergence properties of approximate balanced
truncations to the exact balanced truncation. The latter describes some properties of
the reduced order system.

We remind the reader that a version of Theorem 5.0.3 has been proven for a specific
approximation in [27] under the stronger assumptions listed on p. 79. We are only
assuming that the Hankel operator satisfies A from Section 5.2 and seek to derive
convergence in H*> of any approximate sequence of reduced order transfer functions
G, satistying hp, L—1> h, to the exact reduced order transfer function G,,.

We realise a bounded Hankel operator H satisfying assumption A via the exactly
observable shift realisation *"¥! from Lemma 4.1.6. In the next lemma we describe the

generators of this realisation.

Lemma 5.3.1. Let H denote a Hankel operator satisfying A, with transfer function
G. Then for 1 < p < oo the shift realisation *"XP of G from Lemma 4.1.6 is an LP

well-posed linear realisation of H and has generators A, B and C given by

A:D(A) = LP(RT; %), A= %, D(A) = WHP(RT; %), (5.65)
B:U — W BWRT, %), (Bu)(t) = h(t)u, p>1, (5.66)
C:D(A) —-¥% Cz = z(0). (5.67)

where W—LP(RT; %) is the dual of W()l’p(R+; %). When p =1 the control operator B
is bounded and is defined by

B:% — L'R"; %), (Bu)(t) = h(t)u, (5.68)

Proof. The main operator A was described in Lemma 4.1.7. By [81, Example 4.4.6] the
operator C' in (5.67) is the observation operator of *"¥P. To find the control operator
we consider first the case p > 1. Note that since 2" := LP is reflexive for p > 1 it
follows as in [81, Remark 3.6.1] that (LP)_; = 2_1 = D(A*) = (Wol’p)' = Ww-bep,
where the subscript —1 denotes the usual rigged space. We now claim that the map B
in (5.66) is well-defined. Observe that Bu € L'(R*;%). We claim that every element
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of L' gives rise to an element of WP, For f € L' define

WP 5 ¢ o Ty[g] = /0 " (F(5), 8(5))a ds,

which is certainly linear and complex valued. It remains to see that T is bounded.
Let C*7(R) denote the Holder space, with norm || - || k., see, for example, Evans [24,
p.241]. For ¢ € WP (Rt; %) we have for v := 1 — % €(0,1)

[6lloc < ll¢llco.e < Clidl1p, (5.69)

for some constant C' > 0 (depending only on p), where the second inequality is Morrey’s
inequality, viewing elements of VVO1 P(RT; %) as belonging to WHP(R, #) by extending
by zero. Therefore combining the Holder inequality with (5.69) gives

Tl < 1f 1l - [[8lloo < ClIfI1 - NIl

and hence Ty € WP, So now the input map of the system with generators (4, B) is
given by

/ 7 Buls) ds,

which we can either prove is well-defined directly, or by using that B maps into 21,
which was established above. Using the formula (5.66) we see that for ¢ > 0 the above

input map satisfies

/ Tt h(tu(s) ds = /R A+ syu(—s) ds = (HRu)(0),

i.e. the above input map is equal to the reflected Hankel operator H R, which is the
input map of *"¥!. By the uniqueness of a control operator in B(%, (LP(R*;%))_1),
B defined by (5.66) must be the control operator for %1,

The proof of the case p = 1 is simpler, as now B maps into 2 instead of 2~ 1, and

just repeats the last part of the above proof. O

Remark 5.3.2. The exactly observable shift realisation *"3! is generally not approx-
imately controllable, and so not minimal. However, by [81, Theorem 9.1.9 (i)] we
can obtain a minimal realisation from *"Y! by changing (reducing) the state space to
im HR, the reachable subspace, instead. That *"¥! is not necessarily controllable is
not an issue, as we will see in Section 5.3.1 that the truncation method gives rise to a

minimal finite-dimensional system.

We need the following “adjoint” operators to those of Lemma 5.3.1.

Lemma 5.3.3. Let H denote a Hankel operator satisfying A and let A, B denote the
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generating operators from Lemma 5.5.1 with p = 1. Then the operators defined by

d
A*: D(A") = LY R, %), A*=—_—, DA =WI'RY %),

(A7) ( ) o (A7) =Wy ( ) (5.70)
B*: D(A) - %, B*z = (H*)(0),

are adjoint to A and B in the sense that

<A$7y>L2 = (l‘aA*y>L2a Vo € D(A)v Vy € D(A*)7

(5.71)
(Bu,x)r2 = (u, B*x)9y, Vue€¥,VxeD(A).

The above L? inner products are understood as the duality pairing of L' and L™ (the
latter containing W'1). Recall here that D(A) = WL (RT; ).

Proof. For the adjoint property (5.71) between A and A* the key calculation is
(Az,y)p2 = (&,y)r2 = [(z(t), y(O)a ] — (@, 9) 12,
where we have integrated by parts. Now using that € W1
(Az,y) 12 = —(2(0),¥(0))o — (z,9) 2,
= —(z,9) 12 = (x, A"Y) 2,

when y € D(A*) = I/VO1 1(RT; #). We now consider B*, which is certainly well-defined

on its domain as for x € D(A)
1B xllz = [[(H2)(0)[l2 < [[H 2]loo < [|B7]l1 - l[#[loc < [[R]l1 - [J]l11,

where we have used the bound (5.27) for H*. To see the adjoint property (5.71) observe
that

(Bu,z) s = /R (h(s)u.2(5)) o ds = <u /R I (s)a(s) ds>

= (u, (H*z)(0))7 = (u, B*z)% .

4

5.3.1 Truncations of the exactly observable shift realisation

The Lyapunov balanced truncation is defined in Definition 5.3.5 below. Before that we

need the following technical result.

Lemma 5.3.4. Let (wivk)g\lfgpi denote an orthonormal basis of Schmidt vectors of a
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Hankel operator satisfying A. Then for n € N define
P = (wip |1 <i<n, 1<k <p), (5.72)

which is a closed subspace of L', Wl and L?. We use the notation %!, %nl’l, and
22 to denote 2, considered as a subspace of L', WY and L? respectively. Then there

exist complementary subspaces Z,}, Qpnl’l, and Z? such that
LRY %) =2, ® 2,
WH(RN2) = M e 21,
LR =270 22,

and these decompositions are all orthogonal with respect to the L? inner product or

duality product as appropriate. There also exist continuous projections

P, : L*(RT; %) — 272, Qn:=1-P,: L*(R") - 22,
P, WHWY(RT ) — 211 Qn:=1-P,: WHY(R") - 2Ll
Pn: L'RT; %) —» 2}, Qn:=1I1-P,: LYR") - 2L

P, is a restriction of P, and P, is the continuous extension of P,. Fach projection

P,, P, and P, is given by

n. pi
T Z Z(wi,ka ) [2W; & (5.73)

i=1 k=1

on its domain. The projections Py, On, P and Q,, satisfy

<$,Pny>L2 = <an7y>L27} vx’y c LI(R+,@)7 (574_)
(a:, Qny>L2 = <an7y>L2

Pn 2 = Pn ’ 2,
(z, Poy) 1, (Poz,y) 1, } Va,ye WHH(RT; #). (5.75)
(, Quy)r2 = (Qnz,y) 12

Equation (5.74) is understood as the duality-pairing.

Proof. The proof is reasonably long, but elementary, and does not particularly con-
tribute to the understanding of the material presented in this chapter. As such we

have placed the proof in Appendix B. O

Definition 5.3.5. Let (A, B, C) denote the generating operators from Lemma 5.3.1 of
the L' well-posed linear system 3! realising a Hankel operator satisfying assumption

A. Using the decompositions and projections of Lemma 5.3.4 for n € N define the
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operators
A, = PnA|%1,1, B, =P,B, C,:= C|%1,1. (5.76)

The operators in (5.76) generate a finite-dimensional linear system on (%, Z,, %),
called the reduced order system obtained by Lyapunov balanced truncation, or just the

Lyapunov balanced truncation, which we denote by [éz BO" ] The function
Gn(s) := Cy(sI — A,) B, (5.77)

defined and analytic on some right-half plane, is the called the reduced order transfer

function obtained by Lyapunov balanced truncation.

Remark 5.3.6. 1. For the operators defined in (5.76) to make sense it is crucial that
Zn € D(A) and that B is bounded, which was established in Lemmas 5.2.10 and
5.3.1 respectively.

2. In Lemma 5.3.4 we define 2, as the direct sum of eigenspaces of H*H corre-
sponding to the first n eigenvalues, which throughout this work are the n largest
eigenvalues. Recall the square roots of the eigenvalues of H*H are the singular
values of H. Keeping the largest singular values in the truncated system, and
omitting the rest, is essential for a tighter error bound in (5.7). In principle,
however, we could define a truncated system as in Definition 5.3.5 by restricting
and projecting onto any sum of eigenspaces.

Remark 5.3.7. We now drop the distinction 2}, %nl’l, Z.? and simply consider 4, as

an operator

Ay A — Za,

where 2, is still given by (5.72) and is equipped with the L? inner product, so that
(Zns |l - ||2) is a finite-dimensional Hilbert space.
That A,, is bounded on %, follows from norm equivalence of norms on a finite

dimensional space, although it can also be proved directly.

Remark 5.3.8. Let u:=dim % and y := dim % and choose orthonormal bases (y;)!_,,

(wlk)}éffff and (u;)¥_, for &', Z;, and % respectively. Then the operators (A, By, Cy,)

in (5.76) have (block) matrix representations with respect to the above bases:

A(n) == (Aiy)ijmr, Aig € CPPPI0 (A = (wik, Wig) 2,
B(n) = (Bi)iz1, B; € CP>" (B = (070 x(0), ur) 7, (5.78)
C(n) = (Ci)i1, CeC P (Cidi = (Y win(0))w-

5.3.2 Properties of the balanced truncation and Lyapunov equations

We now have the ingredients to state and prove the two main results of this section,

Proposition 5.3.9 and Proposition 5.3.11. Both of these results are used in the proof of
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the error bound of Theorem 5.0.2. Proposition 5.3.9 is a more detailed version of The-
orem 5.0.3 and describes convergence properties of approximate balanced truncations

to the exact balanced truncation.

Proposition 5.3.9. Let H denote a Hankel operator satisfying assumption A with
transfer function G. Choose orthonormal bases (y;)¥_; and (w;)¥_, for ¥ and U re-
spectively, where y = dim% and v = dim% . Let (hy)men denote any sequence of
kernels in LY(RY; B(%; %)), chosen such that

Define the sequence of transfer functions (G™ := Lhuy)men. Let (A™, B™ C™) denote
the generators from Lemma 5.3.1 of the exactly observable shift realisation on L' of
G™. Forn € N let (A", B, C}"") denote the Lyapunov balanced truncation of G™ from
Definition 5.83.5 on (%, 2", % ). If the Schmidt vectors defining Z,)" are chosen as

in Theorem 5.2.2 then there exists a subsequence (7(s))sen, such that

(i) the matrix representations of AZL(S), B:L(S) and C;(S) with respect to the bases

( <T<s>>)1£ksP§“S”

(vi)i_1, Wik "~ h<i<l, and (u;)i—y for &, %nT(S) and U

converge element wise to matrix representations of Ay, By, and C, with respect to

the bases

k<p;
W)y (wiphSiEr and (w)iy for &, 25 and %.
The operators Ay, Bn, and C,, are truncated operators from Definition 5.3.5 of the

ezactly observable shift realisation on L' of H.

(i)

Garls) 2 Ga, as s — oo, (5.79)

where G;(S) and Gy, are the reduced order transfer functions obtained by Lyapunov

balanced truncation from G™®) and G respectively.

Remark 5.3.10. Under the assumptions Proposition 5.3.9, if additionally the singular
values of H are simple then all the convergence in Proposition 5.3.9 holds without

needing a subsequence.

Proof of Proposition 5.3.9: From Theorem 5.2.2 there exists a subsequence along which
every Schmidt vector of H™ converges in L? and W' to a Schmidt vector of H. For
notational convenience within this proof, we denote the terms of the subsequence by

m. Using the notation of Theorem 5.2.2, we describe the convergence as V k € N,
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Vie{lg—1+1,.... 0k}

(m) Wit
vi,’f' Uk7q7

(m) Wil as m — o0, q € {1727 cee )pk} (580)

wi,r Wk,q5

Furthermore, from Theorem 5.2.2 forn € Nand 1 <k <n, 1 < i < pj, the w; , form an
orthonormal (in L?) basis for 2;, given by (5.72). Define matrices (A(n), B(n),C(n))
by (5.78) in Remark 5.3.8, with entries in terms of the above W' limits. Since these
WHL limits are Schmidt pairs of H, it follows that (A(n),B(n),C(n)) are the matrix
representations (with respect to the bases (y;)I_;, (wzk)}éffrf’ and (u;)%,) of Ay, By
and C), respectively. o

We let (A™(n),B™(n),C™(n)) denote the matrix representations of the truncation
(Am, B™, C™) with respect to the bases (y;)]_;, (wgz))iiffli’(m) and (u;)i,. These
matrices are given by o

A™(n) = (AR B"(n) = (B, C™(n) = (C])iLy, (5.81)

J74,j=1

where A7, B and C[" are as in (5.78) (with entries in terms of the Schmidt vectors of
H,,). We use this notation to accommodate for the multiplicities of the singular values
(m)

o, . We prove the following convergence for every i,j € {1,2,...,n}

AlT?—1+1,lj—1+1 T AZL—l‘i‘lalj

Aij = 77}1_1}100 : : ; (5.82)

Al”;li_ﬁl .A}le
817771—1—1
m—0o0
| B
ci=lm [ep o0 (5.84)

where the convergence is considered component wise. Equations (5.82)-(5.84) imply
that the convergence in (7) holds. So we seek to verify (5.82)-(5.84) and to that end
note that for m sufficiently large we have
l; I
pi= > pM, pi= > pM,

H:li_1+1 Hzlj_l—l-l

by (5.29) in Theorem 5.2.2. Thus the matrices on either side of the equality (5.82) are

the same size as each other, and similarly for (5.83)-(5.84). To see the component wise
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convergence, fix
peflin+1,...,1}, aefl,... p™

. (5.85)
qE{lj_1+1,...,lj}, bE{l,...,j }.
We prove (5.82) first. With p, g, a,b as in (5.85) we have
my m) - (m)
(Apaas = (wlim i) . (5.86)

is an entry of the matrix on the right hand side of (5.82), say the (a,3)"*. By con-

struction

<wi,7“u7 wj,Tb>L27 (587)

is the («, B)!" entry of A;;. To prove (5.82) we prove that (5.86) converges to (5.87) as

m — 0o. We have

. m) . (m)
<'UJ7;,7-a, wjva>L2 B <w1(77a) ’ w(Lb >L2

< Nwirg lloolltrgry, — W11 + sy, — 0 oo 031,

by the triangle and Holder inequalities. Thus

<wi77"a’ wjy"'b>L2 - <wZ(IZ) ) /wl(]t?;) >L2
< w07,y — w083 s + llwsry — S s 0§

— 0, asm — oo, by (5.80).

Proving (5.83) next, for p,a as in (5.85) and u € % we have

(BTu)q = (0i™0(™)(0), 1)

p b,a

which is the a'®, say, component of the vector obtained by applying the matrix on the
right hand side of (5.83) to u. By the convergence of the singular values in (5.29) and

Wh! convergence of the Schmidt vectors as in (5.80) we see that

(@™ol (0), u)gr — (070ir, (0),u)z =t (Biu)a, as m — oo,

by construction of B;. We conclude (5.83) holds. The proof of (5.84) is similar.
The second claim; the convergence in (5.79), follows from (i) as in the proof of [27,
Lemma 4.4]. O

Our second main result of this section describes some of the properties of the trun-

cated system.

Proposition 5.3.11. Let H denote a Hankel operator satisfying assumption A with
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transfer function G and let G, denote the transfer function obtained by Lyapunov
balanced truncation of G. The realisation [éz %”] on (¥, Zn, %) of Gy, from Defini-
tion 5.3.5 is stable (that is, Ay is asymptotically stable), minimal and output-normal.
Moreover, the Hankel singular values of the Lyapunov balanced truncation are the first

n singular values of H, with the same multiplicities.

The proof of Proposition 5.3.11 is conceptually very similar to that of Pernebo
& Silverman [66] for Lyapunov balanced truncation for finite-dimensional systems.
A proof for the finite-dimensional case can also be found, for example, in Green &
Limebeer [33, Lemma 9.4.1]. The broad idea is to derive some Lyapunov equations

that the truncated operators A,,, By, C,, and their “adjoints” (in senses we make precise
An Bn

cn o] s
minimal and output-normal follows from standard finite-dimensional arguments. Since

later) satisfy. From here we prove A, is stable and then the claims that [

the operators to be truncated A, B and C are defined on Banach spaces with some
inherited Hilbert space structure, we argue carefully and need to collect some technical
results beforehand. The proof of Proposition 5.3.11 begins on p. 121.

We make a remark first on the notation we will use from now on. Recall also the
interpretation of 2;, from Remark 5.3.7 as a Hilbert space equipped with the L? inner
product.

Remark 5.3.12. Given a Hankel operator satisfying A let A, B, C denote the operators
from Lemma 5.3.1, and recall the decompositions and projections of Lemma 5.3.4. We

define the decompositions

[ Pudla, PuA| . Ay A
| QnAlz;,  QnAlya A9 A
P, B B
=B B (5.89)
0.B| " |B:
C=[Cls Clya| =0 @, (5.90)

so that for n € N the Lyapunov balanced truncation [éz BO”] from Definition 5.3.5
satisfies A,, = A11, B, = By and C), = C1.

Lemma 5.3.13. Given the operators and decompositions of Lemmas 5.5.1 and 5.3.4
and the notation of Remark 5.3.12, let 2A}, + 25 — 25 denote the (Hilbert space)
adjoint of A11 so that

(x, A1) 2 = CAY @, y) 2, Yo,y 2. (5.91)
The operator A%, is an extension of
tAz, = PnA*|%nl,1mD(A*) c ZnND(AY) = T,
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where A* is the (adjoint) operator from Lemma 5.3.3. Therefore
1A>{1 - 2ATI7

which are equal on 2, N D(A*), and for simplicity we denote both of these operators
by A7, on 2, N D(A*). Define also the restrictions

Bf ::B*|3{n s T = U,
B3 := B*| 11 : b .

Then the Hilbert space adjoint of B} is By = Pp,B : U — %y as
(x,Biu)r2 = (Biz,u)gy, VYu €U, Vx e L. (5.92)
Proof. For z,y € 2,

(z, Ay) 2 = (P, Al2,,y) 12 = (2, PnAl|2,,y) 2, by (5.74),
= (2, Any) 2. (5.93)

If additionally x € D(A*) then by the adjoint property (5.71)

(z,Ay) 2 = (A"z,y) 12 = (A% 2,,nD(a") T, Pny) 12,
= (PuA*| 2,nD(a*)7, y) 12, by (5.74),
=: ("Af 12, y) 12 (5.94)

Comparing (5.93) and (5.94) we obtain
(x, Any)e = (PA5 2, y) 2, Vo€ Z,ND(AY), Vye 2. (5.95)

The Hilbert space adjoint 2A%; satisfies (5.91) by definition, and so the claims of the
lemma follow from (5.95) and the unicity of the Hilbert space adjoint.
To prove the claims for Bj it suffices to prove (5.92). Let u € %, x € %, so that

(Bix,u)yy = (B*x,u)9y = (x, Bu)g,, by (5.71),
= (Pnx, Bu)gy = (x, P,Bu)y, by (5.74),

= <$, Blu>”2/a

and so the result follows by the unicity of the Hilbert space adjoint of B. O

Definition 5.3.14. Given the operators of Lemma 5.3.1 and decompositions of Lemma
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5.3.4, recall the operator Ao from Remark 5.3.12, given by
A12 = 'PnA‘QA,l : 2{;11,1 — ,%fn.
We denote by AJ, the operator

On A 2,AD(A%)-
Remark 5.3.15. It can be proven that A}, from Definition 5.3.14 satisfies
(x, Aray) 2 = (Alo2,y) 2, VYo e Z,ND(A"), Vy e D(A), (5.96)

which explains the notation. We do not need this fact for our argument and so omit

the proof.
In the next lemma we collect several Lyapunov equations which the operators

HH*, A, B,C, A* and B* and their truncations satisfy.

Lemma 5.3.16. Let H denote a Hankel operator satisfying A and let L := HH*,
which recall 1s a compact operator

L'RT; %) - LYRT; @),

L*RT; %) — L*(RT; %),

WL R, %) - WHHRT; ).

Then L satisfies

(x,Ly)r2 = (Lx,y) 2, Vo e WH(RN; %), Vye LR 2), (5.97)

and
QuLl, = 0. (5.98)
Pul 1 = 0. (5.99)

Define the decomposition

PoLly. PoL Ly 0
= |2, 2| | B . (5.100)

Let A, B,C, A*, B* denote the operators from Lemmas 5.3.1 and 5.3.3. Then the fol-
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lowing equations hold on D(A*)

A*+ A =0, (5.101)
AL + LA* + BB* =0, (5.102)

and we have their related inner-product versions

(Av,w) 2 + (v, Aw) 2 + (Cv,Cw)yy =0, Yov,we D(A), (5.103)
(ALv,w)r2 + (v, ALw) 2 + (B*v, B*w)y =0, VYov,w € Z,. (5.104)

The L? inner products in the above two equations are understood as the duality pairing
of L' and L™ (the latter containing W'1). The following truncated equations hold

(Anz,y)r2 + (x, Any) 2 + (Crx, Cry)ay =0, Vz,y € Zn, (5.105)
<A11L11‘,y>L2 + <.’L’, A11L1y>L2 + <Bik.’L', BT:I./)@ =0, Vuz, Y € g{/rn, (5106)

where A11, By, B, Cy are the operators from Remark 5.3.12 and Lemma 5.5.13. The
following truncated operator equations hold on %, N D(A*)

ATZ + Ao =0, (5107)
A1 Ly + LlA){l + BIBT =0, (5108)
Ao Ly + LQAT2 + BQBi< = 0. (5109)

Moreover, the following truncated operator equations hold on Z,

A} + An +°CiCy =0, (5.110)
L12AT1 + ALy + BIBT =0. (5111)

The above operators are given by Remark 5.5.12, Lemma 5.3.13, Definition 5.3.14 and
207 . W — %, is the Hilbert space adjoint of Cy.
Proof. Both sides of (5.97) make sense and are finite as

zewht = Leewh!

yel'! = Lyell

and so both sides of (5.97) are the pairing of an element of W' and an element of L.
To prove (5.97) let z € W't and y € L'. Then as Wh! is dense in L! there exists a

sequence (Y, )men such that

Ll
Ym —> Y, as m — 0.
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Then z and y,, are elements of L? and as L : L? — L? is self-adjoint on L?

(x,Ly)r2 = lUm (x, Lym)r2 = lm (Lx,ym) 12
m—0o0 m—0o0
= <L1"a y>L27
where we have used the continuity of L on L' and of the duality product.
We now prove (5.98) and (5.99). Observe that 2, is the sum of the eigenspaces of

L corresponding to the first n eigenvalues, so is L-invariant and thus (5.98) holds.
To prove (5.99) consider x € 2, and y € 2}, so that Q,y = y and thus

(Lx,y)r2 = (L 2,7, Quy) 12 = (QnL|2,2,y) 12, by (5.74),
0, by (5.98).

Furthermore, by the self-adjointness of L in equation (5.97),
0= (La,y)r2 = (x, Ly)r2 = (Pnw, Ll g1y) 12 = (x, PnL|g1y) 12, by (5.74).
Therefore P, L| 71y € %, and from the above is orthogonal to Z;,. We infer that
Pullz1y =0, Vye zl

and so (5.99) holds.

We now prove the Lyapunov equations in order. Equation (5.101) is established
trivially given the definition of A* in Lemma 5.3.3. For the second equation (5.102)
let z € D(A*) = Wol’l7 so that from the derivative formula (5.46) for H*x and Hx we

compute

(AL + LA*)x(t) = % (HHz)(t) — H(H"&)(t)
= —h(t)(H*z)(0) — H(%H*m + H"i)(t)
—

——h()a(0)
= —h(t)(H*z)(0), asx(0) =0,
= —(BB*x)(t).

We now prove (5.103). Let v,w € D(A) and t > 0. Then

(0(1), w(t))y + (), w(t)s = —(v(t), w(t))s .

Integrating both sides over Rt and using the Fundamental Theorem of Calculus (com-
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bined with v,w € W) gives
<A’U,’LU>L2 + <U7Aw>L2 = _<U(O)7 w(0)><@/ = —<C'l), Cw>5’3/7

which we can rearrange to give (5.103). Equation (5.104) is proved by first considering

for w; ., w;, € £ which are eigenvectors of L

<ALwi7k, ij)Lz + <wi,k, Aij,l>L2 = <O’1~27i)2-,k, wj7l>L2 + <wi,k, U?wjﬁLz

= O'io'j(<vi,k77.}j,l>L2 + <1'7i,k7vj,l>L2) (5.112)

where we need to establish the equality (5.112). A calculation shows

1 1
Lo — A iy = —(wi . — Huv:
<wz,k7w],l>L2 7; <wz,k70jwj,l>L2 7; (wz,ka dt Uj,l>L2
1 )
= (ws (), Hoja () a ]y — (g, Hujg) 12)
j
1 .
= (—(w; x(0), Hvj (0))o — (H™; 1, vj1) 12)
j
1 N ..
= (= (" ()w; k(0),v50) 2 — (H Wik, vj1) 12)
j
1 * *
= *<—h ()wzk(o) —H wi,k,UjJ)p
o
J
1 d
= ;<aH*wi,kvvj,l>L2a (5.113)
J

where we have used in (5.113) the derivative formula for H*, which is given by (5.46)
with h and H replaced by h* and H* respectively. Now equation (5.113) becomes
9i

(Wi g, i)z = P

(Vi Vj1) L2- (5.114)

A calculation very similar to the one above gives

. gj5 .
(wj 1, Wi k)2 = ﬁ(vj,la Vi) L2
3

which when combined with (5.114) yields (5.112). We proceed to rewrite (5.112) as

d

(ALw; o, w; ) 2 + (Wi g, ALw; )2 = /+ %<Jivi,k(t)>gjvj,l(t)>% dt
R

= *<0'iUi,k:(O)’ UJ'UJ'J(O»%’
(w0 (0), (Hw;)(0))
= —<B*wi’k, B*wj,l>%' (5.115)
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Equation (5.104) now follows by noting that any = € 2;, can be expressed as a linear
combination of finitely many w; j, and that (5.115) is sesquilinear.
To prove (5.105) we start from (5.103), considered for z,y € 2, C D(A)

0= (Az,y)r2 + (z, Ay) 12 + (Cz,Cy) o
= (Al 2,2, Pny) 2 + (Pnx, Al 2,y) 12 + (Cl 2,2, Cl 2, y) o
= (PuAl2,7,y) 2 + (2, PuAl2,y) 12 + (Cl2, 2, Cl2,y)w, by (5.74),

which is (5.105). The proof of (5.106) is similar to that above, starting from (5.104).
To prove (5.107) we apply 9O, to (5.101), and consider for z € D := 2;, N D(A*)

where we have used the Definition 5.3.14 for Aj,. Next for x € D applying P, to
(5.102) gives

0="Pn(AL+ LA* + BB*)x = P,AL|g,x + Pn,LA*|px + B1Bjx. (5.116)
We consider the first two terms on the right hand side of (5.116) separately. Firstly

PnLA*|p = PoL(Pn + Qn)A*|D = PpLl|2;, PaA*|D + Pnl| 11 QnA*|D
\ / “<n
=L =0, by (5.99)
= L 'AY, = LA}, (5.117)

Secondly,

e QnL| 2, (5.118)

where in (5.118) we have used that L maps Wh! into Wh! so that the compositions

PnLL%’m QnL|5&”na

make sense. Now P,L|g;, and L; are equal on 2, as P, and P,, are equal on Z,, =
LZ,. Additionally, Q,L| 4, is equal to Q,L|2;, on Z,, which is the zero map, and so
QnL| 2, is also zero. Therefore (5.118) becomes

PnALl g, = PnAl2, PuLl2;, = AuLy. (5.119)

Combining (5.116), (5.117) and (5.119) gives (5.108).
The proof of (5.109) is very similar to that of (5.108), only instead now we multiply
(5.102) by Q,, instead of P,,. The Lyapunov equations (5.110)-(5.111) follow immedi-
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ately from the inner product versions (5.105) and (5.106) respectively, where in the

second equation we have used the adjoint property of B} in equation (5.92). ]

Proof of Proposition 5.3.11: We recap that we need to prove that the system [éz Eé" } is
stable, minimal and output-normal. These claims will follow in light of (5.110)-(5.111)
(where A,, = A1, B, = Bi, C, = C1) by standard arguments once we establish the
asymptotic stability of Aq;. In particular, assuming stability of Ajq, from (5.111) we
see that Lp is the controllability Gramian of the reduced order system, which with

. <k<p; . .
respect to the orthonormal basis (wiyk)}zfgf;z for 2, has matrix representation

diag {011, ..,021,,}, I, identity matrix on C?,

which is positive and diagonal. Thus the singular values of the reduced order system
are the first n singular values of H.

We therefore concentrate on proving the stability of A1;. The argument that Aqq is
stable is based on the argument from Pernebo & Silverman [66] for finite-dimensional
Lyapunov balanced truncation.

A short calculation using (5.105) demonstrates that every eigenvalue of A;; has non-
positive real part. To prove A1; is asymptotically stable we argue by contradiction. In
light of the previous comment we assume that A1 has a purely imaginary eigenvalue \.
Let Z C 2, denote the eigenspace of Aq; corresponding to A. We observe immediately
from (5.105) that for z € Z

(Cyz,Ciz)y = —2Re (Apz, x) 2 = —2||z||3 (Re \) = 0,

= (Ciz=0,
or equivalently, C' restricted to Z is zero. Since C'z = z(0) we infer that
2€Z = Cz=20)=0, = ZCDA")=W,"R"%), (5.120)

in particular, Z C 2, N D(A*) # {0}. Considering (5.105) again for z € Z and y € Z,,

and using (5.120) we observe

0= (Anz,y)rz + (v, Any) e = Az, y) 2 + (CAL 2, y) 12
= (M + A1)z, ) 12

As y € X, was arbitrary we conclude that
At = -z =Xz, Vzel

Since Z C %, N D(A*), from Lemma 5.3.13 we see that A%, and A%, are equal on Z
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and so
Ajx =A% e =2A}x = -\, VzeZ (5.121)

For z € Z, by using the adjoint A}, property in the Lyapunov equation (5.106) we
obtain
<L1.CL‘, Ailx>L2 + <A>{1.’L',L1.’E>L2 + <Bik$7 Bikx>“// =0,

which when we rearrange and use (5.121) yields
(Biz, Biz)y = —((Lnw, Ajy2) 2 + (Aqy @, L) 12)

= —2(Re N\)(Liz,z)r2 =0,

= Bjz=0.

We conclude that B* restricted to Z is zero. Therefore from the truncated equation
(5.108) we obtain for x € Z

(AHLl + L1A>1k1)x =0, (5122)
Inserting (5.121) into (5.122) gives
AH(LL%') = )\(le),

and so we infer that Z is Li-invariant. Now the truncated equation (5.107) yields for
<A

122 = —Anz,
which when substituted into (5.109)
Aoy Lz + L2A>{2$ + By Bikl' =0,
=0

gives
ALy = LAy (5.123)

Since Z is Li-invariant we can restrict L to an operator
LY: 7 — Z,

and we remark that the spectrum of L7 is contained within the spectrum of L;. So
choose an eigenvalue p of LY, with corresponding eigenvector v. From (5.123) we note
that

Ly(A21v) = Ag1 Liv = p(Agv).

As L7 and Ly have disjoint spectra, we conclude that Agjv = 0.
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Therefore, the operator A has eigenvector v € Z, corresponding to the eigenvalue
A as
Av=Alg,v=P,A

X,V + QnA|5{nv = Aj1v + Ag1v = M.

As such the semigroup 7t has eigenvector v with eigenvalue e’. Recall that the output

map of %! is the identity, and so using (5.120) we obtain the contradiction
v(t) = (Iv)(t) = Cttv = MCuv = 0.

We conclude that A,, = Ay is asymptotically stable and the rest of the proof follows
as outlined on p. 121. O

5.3.3 Relation to earlier work

We remark on some of the connections of the results of this section with [27, Section 3].
As explained in Section 5.2.2, the assumption h € L? implies that the Schmidt pairs
belong to W2, which is the domain of the generator of the semigroup of the output-
normal realisation *"¥2. Therefore the authors of [27] construct an output-normal (L?
well-posed) realisation of a Hankel operator satisfying their assumptions. The balanced
truncation in [27] is obtained from this realisation.

Since we have removed the assumption h € L?, by Lemma 5.2.12 the Schmidt pairs
do not belong to W12, Instead, by Lemma 5.2.10, h € L' implies the Schmidt pairs
belong to W1!. As we seek realisations where we can naturally describe the truncations
in terms of the Schmidt vectors we are forced to consider a well-posed realisation of H
on L'. The exactly observable shift realisation *"X!, which we truncate, is the natural
Banach space equivalent of the Hilbert space output-normal realisation.

And, as it turns out, our definition of reduced order system obtained by Lyapunov
balanced truncation agrees with that of Glover et al. [27, Section 4], in the sense
that they define their truncation in terms of the matrices given by (5.78) (once ad-
justed for multiplicities of the singular values). Proposition 5.3.11 demonstrates that
the Lyapunov balanced truncation is stable, output-normal and minimal. Moreover,
from Theorem 5.0.2 we see that using this truncation method we obtain the infinite-
dimensional version of the Lyapunov balanced truncation error bound (2.7).

The conclusion (i7) of Proposition 5.3.9 is the same as one of the conclusions of [27,
Lemma 4.4], but crucially does not use the additional assumptions in [27]. Specifically,
if h € L? then the sequence (A, )men chosen so that

hm ﬁ) h, as m — oo,
(see Remark 5.2.15) is used in [27, Lemma 4.3, (iii)] to prove convergence of the Schmidt

pairs in L* and so also at zero. Convergence at zero gives component wise convergence
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of the matrices B, C;*. The assumption that A is real or h exists and is the kernel
of a bounded Hankel operator is used in [27, Lemma 4.4] to prove component wise
convergence of the AZL This assumption is unnecessary, and is avoided by establishing
WL convergence of the Schmidt pairs in Theorem 5.2.2.

Throughout Section 5.3 we did not need to assume that H is nuclear, only that

assumption A holds.

5.4 Proof of the Lyapunov balanced truncation error bound

The proof is similar to that of [27, Theorem 5.1], only the technical results of [27]
have been replaced with ours to accommodate our weaker assumptions. Specifically
[27, Lemma 4.4] has been replaced by Proposition 5.3.9. We have also taken into

consideration the multiplicities of the singular values.

Proof of Theorem 5.0.2: We apply Proposition 5.3.9 to the partial sums of the Coifman

& Rochberg decompositions from Corollary 5.1.14 and Lemma 5.1.17. That is, for

m € N define
m

h(1) =Y Aj(Reaj)e™!, >0, G™(s)=Y \j—=, Res>0, (5.124)
j=1 j=1

so that by Corollary 5.1.14 the sequence (H,,)men given by (5.28) converges in nuclear

norm to H. The following chain of inequalities holds
|G = G [l < ||h = hmlly < 2| H = Hp||n, (5.125)

where the second is proven in [27, Theorem 2.1]. Therefore the impulse responses h,,
converge to h in L' and so the conditions of Proposition 5.3.9 are satisfied. We first
prove that

|G — Gpllgee — 0, as n — oo. (5.126)

Let € > 0 be given. For n,m € N, the triangle inequality yields
|G = Gullr> < |G = G"[[g~ + [|G™ = G|l + |G — Ghll - (5.127)

Our aim is to show that each of the summands on the right-hand side of (5.127) can
be made smaller than (a fraction of) €. Choose M; € N such that for m > M;

9
|~ H" |y < o, (5.128)
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so that by (5.125) for m > M,

3

IG =G~ < g

(5.129)

Secondly, by Proposition 5.3.9 for each n € N there exists My € N (which depends on
n) such that m € N and 7(m) > m > Mas(n) implies that

G — Gl < % (5.130)
where 7(m) denotes the m!® term of the subsequence from Proposition 5.3.9. Recall
the sequence of increasing integers I; from Theorem 5.2.2. For each n € N let ¢ € Ny
be such that

lg <n <lgga. (5.131)

Choose N € N such that n > N implies that
Y ok < — (5.132)
12’

which is possible by the nuclearity of H and the choice of ¢ in (5.131). Now for n > N
choose M3 (which depends on n) such that m > Ms(n) implies that

m) (m 15
>op" o™ =3 pios| < 45 (5.133)

which is possible by our choice of I, in (5.131) and the convergence in (5.29). Note that
as G, is rational for each m € N, its Hankel operator H™ is finite rank. Therefore
for each m € N the sequence of singular values (a](.m)) jen contains only finitely many
non-zero terms. We let A/(m) denote the number of non-zero (and therefore distinct)
singular values of H™. For n > N choose m € N such that m > max{M;, My, M3} and
N(m) > n+ 1. The Lyapunov balanced truncation error bound for rational transfer

functions, Theorem 2.1.9, applies to second term of (5.127) to give

IG™ — G e <2 Y oM <2 N o, (5.134)
k=n+1 k=n+1

We proceed to show that for our choice of n and m the right-hand side of (5.134) is
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(arbitrarily) small. We have

220— <22pkak)<22pkak

k=n+1 k=n+1 k=lg+1
=2 Z pol" Z PrOk | +2 Z PkOFk
k=lg+1 k=q+1 k=q+1
_z(zpk o zpkak) 23 pe
keN keN k=q+1

+2 Zpk ok Zpkak

Therefore, by the triangle inequality

R

<2 Zpk ak Zpkak +2 Z DiOk
k=n+1 keN keN k=q+1
+2 Zpk ol Zpkak (5.135)
<2HH—HmHN+6+6, (5.136)

where we have bounded the second and third terms in (5.135) by (5.132) and (5.133)
respectively. Now using the bound (5.128) in (5.136) and combining with (5.134) we

obtain for n, m as above

g £ e 9
oo < o 1
<6+6+6<3 (5.137)

> o

k=n+1

1G™ = Gyl <2

Putting the bounds (5.129), (5.130) and (5.137) together now, we see that there exists
N € N such that for n > N and m € N such that 7(m) > m > max{M;, Mz, M3} and
N(r(m)) > N(m) > n+1 we have

IG = Gulla= < IG = G g + G = GO
G — Gl

n

€ € €
<+ 5 +5<¢g

6 3 3
proving (5.126). To prove the error bound we use Theorem 2.1.9 again to obtain that
forj >n
J 00
G = Gulla= <2 > ok <2 > oy (5.138)
k=n+1 k=n+1
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For the above we have used that the output-normal realisation [éz Eé”} of G,, is the

balanced truncation of the output-normal realisation {éﬁ %j } of G, which follows from
Proposition 5.3.11. To obtain the error bound (5.7), let € > 0 be given and so by (5.126)
we can choose j € N, j > n such that

(o]
IG = Gulla= < |G = Gjlla= + |Gj = Gnlla= <e+2 ) ox,
k=n+1

where we have used (5.138) to bound the second term above. Since € > 0 was arbitrary,

we conclude that the error bound holds. O

Remark 5.4.1. Note the o are not repeated in the error bound according to multiplicity

(which is also the case for the finite-dimensional bound).

5.5 Applications of Lyapunov balanced truncation

5.5.1 Optimal Hankel-norm approximations

We comment briefly on the optimal Hankel norm approximations of Glover et al. [27,
Section 6]. The following result is based on [27, Theorem 6.4] and demonstrates how
the key assumption is nuclearity of the Hankel operator. We refer the reader to that
article for the full details.

Theorem 5.5.1. Suppose G is the transfer function corresponding to a nuclear Hankel
operator with singular values (op)nen and fiz an integer k. Then there exists a transfer
function G of MacMillan degree k such that

|G — G|l = ops1,

where ||F|| g denotes the Hankel norm of the Hankel operator corresponding to the trans-
fer function F'. Thus G is an optimal-Hankel norm approzimant for G. Moreover,

there exists a constant matrix Dy such that
o0
IG — G™ = Dollu= < Y o
n=k+1
Proof. The proof is the same as in [27, Theorem 6.4], only with [27, Theorem 5.1]
replaced by Theorem 5.0.2. O
5.5.2 Application to numerical algorithms

Theorem 5.0.3, with a very particular choice of the sequence h,,, is used in the proof of

Theorem 5.0.2. However it is also of independent interest in connection to numerical

127



algorithms for approximating balanced truncations.

In this case the sequence h,, is obtained as the impulse response of a finite-
dimensional state space system (A, By, Cp,). Usually h is the impulse response of
a controlled partial differential equation and (A,,, By, Cy,) is obtained from a semi-
discretization of this partial differential equation. The convergence h,, L—1> h assumed
in Theorem 5.0.3 is typical in such situations.

A different approach to model reduction using approximations of Schmidt vectors
of Hankel operators is taken by [74]. We recall some key ideas of that approach here
to compare it to the situation of Theorem 5.0.3.

The starting point in [74] is a linear system with generators (A, B, C). It is assumed
that A : X D D(A) — X generates an exponentially stable semigroup and X is an
(infinite dimensional) Hilbert space with (real) inner product (-,-)x. The input and
output spaces are R™ and R? respectively. Let {e1,... e} and {eq,...,e,} denote
the standard orthonormal bases for R™ and RP respectively. The operators B and C

are assumed finite rank and bounded, and so can be formulated

Uy

m m
Bu = g brug, where wu = E uger = | | ,up € R,
k=1 k=1

p

Cx =Y (a,z)xer
=1
Define z; and w; as the solutions of the initial value problems
Zi(t) = A*Zi(t), ZZ'(()) =c¢ € X, (5.139)
’(bj(t) = ij'(t), wj(O) = bj € X, (5.140)

where i € {1,2,...,p} and j € {1,2,...,m}.
Under the above assumptions the Hankel operator H of the system generated by
(A, B,C) is nuclear and is given by the integral operator (5.2) with kernel h € L!.

With respect to the above bases for R™ and RP, h has the matrix representation
hij (t 4 5) = (e h(t + s)es)zn = (ai(t) wy(s))x, Vts >0, (5.141)
and all 7 € {1,2,...,p} and 7 € {1,2,...,m}.
A sequence of approximations is obtained by approximating the data z;,w; by

zN, wjv in L?(R*; X) and defining ky by

(kn)ij(t,s) := (2N (), w) (s))x, Vt,s>0. (5.142)

128



Z»N and wév are obtained by a semi-discretization, then in fact

kn(t,s) = hny(t + s) with hy the impulse response of the semi-discretization. In this

If the approximations z

case, the assumption that

ZN — Zi,

]\Zf in L>(R*; X) for all 4,7 as N — oo, (5.143)
j

w —>w]~,

together with equations (5.141) and (5.142) implies that
Ll
hy — h, as N — oo.

Therefore the assumptions (5.143) from [74] imply that the hypotheses of Theorem 5.0.3
hold in case that the approximations are obtained by semi-discretization (the latter is
however not the approach suggested in [74] to approximate the solutions of (5.139) and
(5.140). Moreover, in [74] instead also a discretization in time is suggested).

Another difference is that in [74] no balanced truncation of hy is performed. Instead
a snapshot and a quadrature approach are suggested to approximate the Schmidt pairs
of the Hankel operator H. Those approximations are then used to define a reduced order
system. This alternative approach necessitates making stronger convergence assump-
tions than (5.143). However, these alternative approaches avoid having to compute
balanced truncations of a large-scale system and are therefore computationally more

attractive.

5.6 Notes

The contents of this chapter have been submitted for publication as [36]. In that article
the model reduction process was called balanced truncation, as opposed to Lyapunov
balanced truncation, as we have not truncated an output-normal, let alone a Lyapunov
balanced, realisation. We have subsequently changed the naming convention for this
thesis for two reasons. Firstly, because the process gives rise to the same reduced
transfer function and secondly, so as to distinguish it from bounded real and positive
real balanced truncation, described in Chapters 6 and 7 respectively.

As we mentioned in the introduction and the start of this chapter, the results
presented here can largely be viewed as an extension of [27]. These extensions were
necessary because in deriving (our primary goal of) bounded real and positive real
balanced truncation we required the results of that article, but their assumptions were
too restrictive. We also feel the results are of independent interest. We have tried to
highlight within the chapter where the differences and novelties arise, see especially
Sections 5.2.2 and 5.3.3. The only assumption in Theorem 5.0.2 is that the Hankel

operator is nuclear. The question of which systems have nuclear Hankel operators has
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been addressed in, for example, Curtain & Sasane [19] and Opmeer [61].

The material on Hankel operators is known, but we had difficulty finding it in the
literature precisely in the form presented here, hence its inclusion. The material of that
section was based largely on [54], [62], [63] and [65].

As mentioned in the introduction, the existence of balanced realisations of non-
rational transfer functions is non-trivial. Existence of balanced realisations was proven
in the discrete time case by Young [103] and converted to general continuous-time
systems by Ober & Montgomery-Smith [56]. For systems satisfying the assumptions of
[27], balanced and output-normal realisations are considered in Curtain & Glover [17]
and [27, Section 3] respectively. More recently, output-normal and balanced realisations

have been described for L? well-posed linear systems in Staffans [81, Chapter 9].
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Chapter 6

Bounded real balanced

truncation

In this chapter we extend bounded real balanced truncation to a class of infinite-
dimensional systems. The main result of this chapter is Theorem 6.3.15 which states
that for strictly bounded real G with summable bounded real singular values (o )ren
for each n € N there exists a rational bounded real transfer function G, € H* such

that the error bound N

HG_GnHoo <2 Z Ok,
k=n+1

holds. Many infinite-dimensional systems, such as controlled time dependent partial
differential equations, incorporate energy dissipation and hence are often either positive
real or bounded real. There are many model reduction schemes that can be employed to
compute numerical solutions of such PDEs, for example the spatial discretisation finite-
element or finite-difference methods. These methods give rise to finite-dimensional
approximations of the original system. If a finite-element approximation is based on
the physically motivated energy norm (usually a conservation law) of the original PDE,
also energy notions (i.e. bounded realness or positive realness of the transfer function)
are approximated correctly.

However, approximation of controlled partial differential equations by such numeri-
cal methods often gives results that are far from optimal [58]. A rigorous verification of
this observation depends on two things: 1) an error analysis of these standard numerical
methods and 2) determining what the optimal approximation results (approximately)

are. The above error bound, combined with the trivial lower bound
Ont1 < HG - Gn”ooa

which holds for any reduced order system of dimension n demonstrates that the bounded

real balanced truncation is indeed close to optimal. In Chapter 8 we provide an analysis
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of the bounded real singular values which shows that in many of the above applica-
tions these singular values converge to zero at a rate faster than any polynomial rate
(whether the rate is in fact exponential is —for partial differential equation examples— an
open problem) [58, 61]. This implies that bounded real balanced truncations in these
applications converge at a very fast rate. Standard numerical methods such as finite-
elements do not converge as quickly in these applications which motivates bounded
real balanced truncation as an effective model reduction scheme. We give an example

highlighting these varying convergence rates in Chapter 8.

6.1 Approach for the infinite-dimensional case

Existence of bounded real balanced realisations in the infinite-dimensional case is shown
in [81, Theorem 11.8.14], however bounded real balanced truncation is not addressed
there. Deriving bounded real balanced truncation in the infinite-dimensional case by
repeating the entire construction in Section 2.2 is technically much more involved.
This is, loosely speaking, because the Bounded Real Lemma doesn’t exist as concisely
in the infinite-dimensional case. Results in that direction do exist in for example,
[97] and Arov & Staffans [5], but still it is harder to write down the relationship
between the optimal cost operators P, and Pp; (the latter of which is unbounded
in interesting cases) and the extremal solutions of (2.10). Furthermore, and unlike
the finite-dimensional case, here the difference between non-strict and strict is much
greater. For instance, the example of Weiss & Zwart [96] demonstrates that even in
the strictly bounded real case the bounded real algebraic Riccati equation (2.11) does
not hold in its current form.

Therefore, in the infinite-dimensional case we construct the bounded real balanced
truncation by relating it to the Lyapunov balanced truncation of a certain extended
system, as outlined (for the finite-dimensional case) in Section 2.2.3. To that end we
draw on the material developed in Chapter 5 on Lyapunov balanced truncation.

Many of the results in (finite-dimensional) positive real balanced truncation follow
from the corresponding results in bounded real balanced truncation and vice versa
via the Cayley transform. Although historically positive real balanced truncation was
derived first, it seems more natural for us in infinite-dimensions to consider the bounded
real case first and then treat the positive real case using the Cayley transform. There
are two reasons for this. Firstly, because bounded real systems are more general (they
need not be square, i.e. Z # % is permitted) and secondly, because of the connections
we’ve described to (the known) Lyapunov balanced truncation, which as described in

Remark 2.3.7, do not hold for positive real balanced truncation.
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6.2 Extended systems

Our starting point is a strictly bounded real transfer function G € H*(C§; B(%, %)),
where % and % are the input and output spaces respectively, which as always are
assumed to be finite-dimensional Hilbert spaces. In contrast to Section 2.2, we are not
assuming that G is rational and at present we make no regularity assumptions on G.
We are required to assume to that G is strictly bounded real, in the first instance in
order to apply the optimal control results [97]. We assume that % and % are finite-
dimensional so that the Lyapunov balanced truncation results of Chapter 5 apply. See
in particular Remark 5.1.16.

For bounded real balanced truncation we need a state-space realisation of G. Since
G € H*®(C{; B(%,%)), by Lemma 4.1.5 there exist stable L? well-posed realisations
of G. Bounded real balanced truncation makes use of the unique optimal cost operator
of the optimal control problem below. The following result is taken from [97], but can
also be found in Staffans [77].

Lemma 6.2.1. Let ¥ = (A,B,¢,D) denote a stable L? well-posed linear system and
assume that % has strictly bounded real transfer function G € H>®(C3; B(%,¥)).

Then the optimal control problem: for xo € &~ minimise

J (0, u) = /]R+ lu(s)1% — ()% ds, (6.1)
over allu € L*(R™; %) subject to (4.1), has a solution in the sense that for any xo € 2

ueLQi(rﬁé.%) J (20, u) = T (20, Uopt) = —(PmTo, T0) 2 - (6.2)

The optimal control is uniquely given by
Ugpt = (I — T4 D*D7y) "L D*Carp, (6.3)
and Py, : & — 2 is bounded and satisfies P, = Py, > 0 and
P, =¢C+ 0 (I — .90y ) Lm0 (6.4)

Proof. See [97, Proposition 7.2]. Note that the assumption that G is strictly bounded
real is equivalent to
I— 7T+@*©7T+ > 5[,

see [97, Section 7] and hence I — 7, ©*O7 is boundedly invertible. Therefore the
optimal control ue,; and optimal cost operator P, in (6.3) and (6.4) respectively are
well-defined. Furthermore, in [97] it is assumed that G is weakly regular (with zero
feedthrough), but that is not needed for this proof. O
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The dual optimal control problem is now formulated and solved as before. It is easy
to see from Definition 4.2.1 of the dual transfer function that G € H®(CJ; B(%, %))
is (strictly) bounded real if and only if G4 is.

Lemma 6.2.2. Given a stable L? well-posed linear system X with strictly bounded
real transfer function G € H™(C{; B(%,%)), let X4 denote the dual system from

Definition 4.2.1. Then the dual optimal control problem: for each xq € Z minimise

2, ds, (6.5)

Tulav) = | Il = lats)

over all yg € L*(RT;%) subject to (4.9), has a solution in the sense that for any
o € X

inf - oot) = —(Omi0, 70) - 6.6
ydeLg(lRJr;?])jd(wO’yd) Ta(0, Yd,opt) (Qmzo, x0) 27 (6.6)

The optimal control is uniquely given by
Yaopt = (I = 74 (1D)* ("D)my) ' (D) €, (6.7)
and Qu, : X — X is bounded and satisfies Qm, = Qr, > 0 and
Qm = (") + (&) Dr (I — w1 ("D)* " Dry) 'my (D). (6.8)

We seek to extend the original transfer function G to a “larger” system with Hankel
operator that has the same singular values as the product @,,P,,. To that end we
draw on the results on spectral factorisations and particularly spectral factor systems
developed in [97]. This is the second instance of where we require strict bounded
realness of G.

We proceed in stages; firstly in Lemmas 6.2.4 and 6.2.5 below we construct two fam-
ilies of intermediate extended systems which we combine in Lemma 6.3.7 and Definition
6.3.8.

Lemma 6.2.3. If G € H*®(C{; B(%,%)) is a strictly bounded real transfer function,
then there exist functions 0 satisfying 0,0~ € H®(C§; B(%)) and £ satisfying £,671 €
H>®(C&; B(%)) such that

I — [G(iw)]"G(iw) = [A(iw)]"0(iw), for almost all w € R, (6.9)
and

I — G(iw)[G(iw)]* = &(iw)[{(iw)]*,  for almost all w € R. (6.10)

The functions 0 and & are uniquely determined up to multiplication by a unitary operator
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in B(%) and B(%') respectively. Specifically, if 6y satisfies (6.9) and &y satisfies (6.10)
then the sets of all spectral factors satisfying (6.9) and (6.10) are given by

{Uby : U e B(%), U unitary} and {&V 2V e B(%), V ounitary}, (6.11)

respectively.

Proof. The assumption that G is strictly bounded real implies that
I — [G(iw)]*"G(iw) > eI, for almost all w € R.

The existence of the spectral factor 6 satisfying 6,0~! € H OO(C(')F ; B(%)), the equality
(6.9) and unique up to unitary transformation follows from Rosenblum & Rovnyak [71,

Theorem 3.7]. The claims regarding & follow from the above and duality. O

Lemma 6.2.4. Let G € H®(C{; B(%,%)) denote a strictly bounded real transfer
function with ¥ = (A,B, €, D) a stable L? well-posed realisation. Let§ € H*(CJ; B(%))
denote a spectral factor from Lemma 6.2.3 satisfying (6.9) with input-output map Dy.
Define

¢
Cp = LJ 2 = L* (RY[7]), (6.12)
° 2 2 %
Dp, = o LA(R; %) — L (R;[%]), (6.13)
0
where
Cp = —m D, D¢ X — L*RY;%). (6.14)

In the above D,* = (D, 1)*. Then € is bounded and S, = (A, B,Cp,Dp,) is a
stable L? well-posed linear system on ([%} XU ), with transfer function

o= [0 e (s (o 2]). o

and observability Gramian P,, given by (6.2), i.e. the optimal cost operator of the

optimal control problem (6.1).

Proof. By [81, Theorem 10.3.5] (alternatively [94, Theorem 1.3]), to the H*® function

f we can associate a time invariant, causal, bounded operator
Dy : L*(R; %) — L*(R; ).

The operator Dy is boundedly invertible since §~1 exists and 61 € H*(C§; B(%)),
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2‘39_1 is causal and
I-9"D = @;@9, = I- 7T+:D*©7T+ = 7T+©Z©97T+, (616)

which follows from [97, Section 11] (see particularly (11.5) in the numbering of [97]).
The arguments that follow are based on [97, Theorem 11.1] and [97, Theorem 11.3],
only adjusted for our notation. For convenience, we give the arguments. Firstly, for a

time invariant, causal bounded operator
D:LAR; %) — LA(R; %),

we claim that
Crow = —T4D*C,

is an output map for 2 (equivalently, an extended output map in the language of [97]).
To see this we need to check that for every x € 2" and all t > 0

CpowWlx = T 7' Cpew . (6.17)
We have

Crewlz = -1, DA = -1, D1, 7iCx = -1, D (I — 7_)7'¢Cx

= —m D% ¢x,

where we have used that € is an output map for 2 and also that ©* is anticausal, i.e.

T, D*r_ = (1_D7,)* = 0. Now using the time invariance of D gives
CrewWlz = —m, 710" Ca = —my 7l (my + 7_)D*Cr = —my Tin, D Cx
= 1 7' Chew, since myoTim_ =0, for t > 0,

as required. Next note that the product of time invariant, causal, bounded operators
is a time invariant, causal, bounded operator. Therefore we apply the above result to
D= ’D”D(,_l to infer that € given by (6.14) is an output map for 2. We now claim
that (A, B, ¢y, Dy) is an L? well-posed realisation of § on (%, 2" ,%). It remains to
check condition (iv) in [81, Definition 2.2.1], namely whether

Ty Dgm_ = C*B. (6.18)

From (6.16) we see that
Dy + 90,00 = (D, 1)*. (6.19)

The right hand side of (6.19) is an anticausal operator, hence so is the left hand side
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and so

T (Do + D, " D*D)m_ =0
= 1 Dgn_ = -1 D, D" D7_
= -0, D% (. + 7o )Dm_
=m0, "D, D, as D, D" is anticausal,

— —71, D, DB,

which is (6.18). Here we have used the well-posedness of ¥, i.e. that 7, D71 = €B.
Note that by our stability assumption (4.6) and the boundedness of ©,™ it follows from
(6.14) that € and €y are both bounded, and hence so is €. Thus by construction the
extended output system Y g, = (2,B, €, Dp,) is a stable L? well-posed linear system.
The observability Gramian of ¥ g, is given by

¢pey = [ g 9

¢
] — ¢ + €58y

= '+ CDD, 111 D, D*¢,  from (6.14),
= ¢+ CD(my +7)D, A D, (my + 7o )DFE
= ¢+ DD, 0D, DR,

since D, Lis causal and D, " is anticausal. Now an elementary calculation shows that
(Dpmy) "t =D, 'y and thus (Dpmy )~ = 7D, *. Therefore

Chep = C*C + CDry (Dgmy ) Doy ) *m, D*C
=+ TDT Doy ) (D )] I D€
= ¢+ CD7y [ DDy ] m D C
= P,,, from (6.4) and (6.16).

O]

Lemma 6.2.5. Let G € H®(C{; B(%,%)) denote a strictly bounded real transfer
function with ¥ = (2,8, €, D) a stable L* well-posed realisation. Let & € H®(Cd; B(%))
denote a spectral factor from Lemma 6.2.3 satisfying (6.10) with input-output map D¢.
Define

Bi= B Be| L2 (R5[%]) > 2, (6.20)
Dp, = [0 D AR [4]) = LR ), (6.21)
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where

Be = —BO*D "w_: LP(R ;%) - 2. (6.22)
Then B is bounded and Y, := (A, B, €, Dg,) is a stable L? well-posed linear system
on (%, X, %) with transfer function

Gr,=|c €| en>(ci:B([%4].2)), (6.23)

and controllability Gramian Q,, given by (6.8), which is the optimal cost operator of

the dual optimal control problem (6.5).

Proof. This result essentially follows from Lemma 6.2.4 applied to the dual transfer
function and duality. We proceed to give the details. Since the dual transfer function
(4 is strictly bounded real, as in Lemma 6.2.3, there exists a spectral factor 7, such
that n,n~1 € H®(C{; B(#)) and

I — [G4(iw)]*"Gy(iw) = n(iw)]* n(iw), for almost all w € R.

Let (2A*, 4B, 9¢, %D) denote the stable L? well-posed realisation of Gy from Definition
4.2.1 and let
D, : LA(R; %) — L*(R; %),

denote the time invariant, causal, bounded, shift-invariant operator corresponding to
the transfer function n (again by [81, Theorem 10.3.5]), which is boundedly invertible

and satisfies
I—("0)""D =9/, (6.24)

It now follows from the arguments in the proof of Lemma 6.2.4 that (A*, %8, ¢, D,)

is a stable L? well-posed linear system realising 7, where
¢, = -1 D (D)l 2
) = —mD, " ("D) e, (6.25)

Passing to the dual using Definition 4.2.1, we have that (2, &} R, €, d@,]) is a stable L2
well-posed realisation of £ = ng, where ¢ is as in Lemma 6.2.3. We define B¢ := & R
so that

Be = ;R = (-9, (D))" R = (—749,*(RD*R)*RB*)*R
= —BD*RD,'7 R = —BD*RD, 'Rr_ = —BD*D "r_,

which is as in (6.22). Here we have used that R is unitary, 7, R = Rm_ and that

D¢ =Dy, = D, = RO;R.
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That B g is bounded follows from the boundedness of the operators in (6.22). Therefore
by construction the extended input system Xg, = (A, B, €, Dg,) is L? well-posed with
input map B and input-output map D g, defined by (6.20) and (6.21) respectively.
By Lemma 6.2.4, the observability Gramian of

d
o, i, | ¢ ,
Q:n

is the optimal cost operator @Q,, of the dual optimal control problem, which by duality,

ey
Dy

i

is the controllability Gramian of the dual system (which by construction is) ¥g,. O

Remark 6.2.6. For a fixed strictly bounded real transfer function G and stable L?
well-posed realisation ¥ of G there are many extended output systems ¥, and many
extended input systems X, owing to the non-uniqueness of the spectral factors 6 and
¢ from Lemma 6.2.3. However, given any X g, , every other extended output system is
determined by X, and a unitary operator U € B(%). As such we say that from G
and Y we obtain a family of extended output systems, parameterised by U. Similarly

for ¥ p,, now parameterised by unitary V € B(%).

6.3 Bounded real balanced truncation

Given a strictly bounded real transfer function G and stable L? well-posed realisation
of G we now seek to combine an extended output system ¥ g, and an extended input

system Y g, into one (jointly) extended system with transfer function of the form

G ¢

G p—
E 0

)

where Y is yet to be determined. We overcome the difficulty of defining x by making
use of an (extended) output map €g and (extended) input map B g from Lemmas 6.2.4
and 6.2.5 above respectively to define a new operator. This operator will turn out to
be the Hankel operator corresponding to G, which from Definition 5.1.10 determines
G and hence y uniquely up to an additive constant. From our putative definition of
G and Remark 6.2.6 we see that for a given G we will obtain not one, but a family of
extended systems, parameterised by two unitary operators. Compare this construction

with that in the finite-dimensional case, described in Remark 2.2.4 and Section 2.2.3.

Lemma 6.3.1. Let G € H®(C{; B(%,%)) denote a strictly bounded real transfer
function with stable L? well-posed realisation X. Let 0,& denote spectral factors as in

Lemma 6.2.3 and let € and Bg denote the output map and input map from Lemma
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6.2.4 and 6.2.5 respectively. Define the bounded operator Hg by

%D — L? <R+; @D , (6.26)
s w

where R is the reflection from Definition 4.2.1. Then Hg is a Hankel operator. The

operator Hg is independent of the choice of realisation ¥ of G and depends on the

Hp :=€pBpR: L? <]R+;

spectral factors chosen as follows. If Hg(0o,&y) is the Hankel operator for the choice
of spectral factors 0y,& and Hg(0,€) is the Hankel operator for spectral factors 6,&
related to 0y, & by (6.11), then the Hankel operators are related by

I 0

vl (6.27)

HEg(0,§) = lé 3] HEg(0o,%)

Remark 6.3.2. In equation (6.27), [6 ‘9] is understood as an operator

AR [4]) > IR [4)),
acting by (pointwise) multiplication. The same is true for [(I) 8], only now acting on
L*R*; [Z]).

Proof of Lemma 6.3.1: For notational convenience let 27 := [%] and %5 := [%] Let
v € L2(R*; Z7) and t > 0. Tt follows from the definition of well-posed linear systems
that

BpR(mH)*v = A'BERv. (6.28)

Also, for x € &
CpAle = ri¢pa. (6.29)

Combining (6.28) and (6.29) gives
Hp(m)* = CgBpR(t))* = CpUA'BpR = 7¢pBER = 1 HE,
demonstrating that Hg is Hankel. A calculation shows that
¢ &8 &8
B | R = ¢\ R,
[ B Q:g‘Bg

and using the formulae (6.12) for €y and (6.22) for B¢ gives that this equals

Hp =CgBpR =

TLOm_ T Dem_

— kv B (6.30)
T Qg T Dy D T DT DD Tw

By inspection of (6.30), for given spectral factors § and £, Hr depends only on the
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terms D, Dy, D¢ and their adjoints and inverses where applicable. We recall that an
input-output map is completely determined by its transfer function (and vice versa).
Therefore, (6.30) depends only on G and the spectral factors § and £. By their con-
struction in Lemma 6.2.3 the spectral factors are certainly independent of the stable
L? well-posed realisation of G and hence so is H.

Equation (6.27) follows from (6.30) and the (easily established) relations

@9 = @UQO = U@go and @5 = @gov = Q&,V.

Again U and V are here understood as operators acting on L?(R*; %) and L?(R*; %)

by pointwise multiplication, and certainly commute with 74, 7— and R. O

Definition 6.3.3. Let G € H*(CJ; B(%,%)) denote a strictly bounded real transfer
function and for a choice of spectral factors 6y, & as in Lemma 6.2.3 let H% denote the

corresponding Hankel operator from Lemma 6.3.1. The set of Hankel operators given

N

is called the family of extended Hankel operators of G.

I 0
0 U

I 0
0V

0
E

: U € B(%) unitary, V € B(%) unitary.} , (6.31)

Remark 6.3.4. It follows from the above definition and the relationships (6.11) and
(6.27) that there is a one-to-one correspondence between pairs of spectral factors of G

and members of the family of extended Hankel operators of G.

Lemma 6.3.5. Let G € H®(C{; B(%,%)) denote a strictly bounded real transfer
function. Then any two members of the family of extended Hankel operators of G from
Definition 6.3.3 have the same singular values. In particular, if one member of this

family is nuclear, then all are.

Proof. Let H% and Hpg denote two members of the family of extended Hankel operators
of G which by definition are related by (6.27) for some unitary operators U € B(%)
and V € B(#). For notational convenience set U := [§ 9] and V := [£ 9], so that
(6.27) becomes

Hp=UHYLV.

The operators U and V are unitary and from this an easy calculation shows that for
bounded T': L2(R*; [4]) — L2 (R*; [7])

|HY —T|| = |UHLV — UTV| = |Hg — UTV||.
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It is also easy to see that for any n € N the map
T — UTV,
is a bijection of rank n operators to rank n operators. Therefore for n € N

sn(HY) =inf {|Hy — T| : rank T < n}
= inf{HHE —UTV| : rank T < n} = sn(HEg).

By counting with multiplicities it follows that o (H%) = o1 (H) for every k € N, which
completes the proof. O

Definition 6.3.6. Let G € H*(CJ; B(%,%)) denote a strictly bounded real transfer
function. We say that G has a nuclear family of extended Hankel operators if some

member of the family of extended Hankel operators of G from Definition 6.3.3 is nuclear.

We are now able to construct our desired extended transfer function. As expected,
for a fixed original strictly bounded real transfer function we obtain a family of (ex-

tended) transfer functions, which we describe in Definition 6.3.8.

Lemma 6.3.7. Let G € H®(C{; B(%,%)) denote a strictly bounded real transfer
function and assume that G has a nuclear family of extended Hankel operators. Let

Hpg denote a member of this family corresponding to the spectral factors 60,£. Then
there exists x € H®(C$; B(%, %)) such that

§
X

Gg =

] e H=(c:B ([%].[2]). 632

1s reqular and is a transfer function of Hg. The feedthrough of x can without loss of

generality be taken equal to zero. Therefore we let

[p b 7] [#
- [2 2.9 2] .

denote the bounded operator such that

Sgﬂ_l’loo GE(S) = DE.
sERT

The components D, Dy and D¢ of Dg are the feedthroughs of G, 0 and £ respectively.
By always fixing the feedthrough of x as zero, the Hankel operator Hg and transfer

function Gg determine one another uniquely.

Proof. The existence of x and the regularity of Gg (and hence G and the spectral
factors 6 and &) follows from Corollary 5.1.14. By that result the Hankel operator Hg
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determines Gi uniquely up to an additive constant, which we have fixed by demanding
that x has feedthrough zero. O

Definition 6.3.8. Let G € H®(CJ; B(%,%)) denote a strictly bounded real transfer
function with nuclear family of extended Hankel operators. By Lemma 6.3.7, each
member of this family has a unique transfer function G given by (6.32). We call the

set of transfer functions G'g the family of extended transfer functions of G.

From its construction, we see that the original transfer function G and the spectral
factors 6 and € are components of the extended transfer function Gg. The next lemma
describes how we can obtain LP well-posed realisations of G and 0 from LP well-posed

realisations of G g, which we shall need later in this work.

Lemma 6.3.9. Given strictly bounded real G € H®(CJ; B(% , %)) with nuclear family
of extended Hankel operators, let Gg denote a member of the family of extended transfer
functions of G. If (A,B,&,D) is an LP well-posed realisation on ([;{] , X, [Og]) of
Gg with 1 < p < o0, then

(A, Bz, PyC,PyD|y), (A, Bly,PyC PyD|y), (6.34)

are LP well-posed realisations of G and 0 respectively. Here Py denotes the orthogonal
projection of [%] onto % and Pay denotes the orthogonal projection of [fg] onto
%. If A,B,C and D denote the generators of (A,B,E€, D), then A, Bly,PyC and
PyD|y and A, B|y, Py C and Py D|y are the generators of the above realisations of
G and 0 respectively. Furthermore, if (A,B,€,D) is a stable L? well-posed realisation
of G then the realisations in (6.34) are stable L? well-posed realisations of G and 0

respectively.

Proof. Tt is routine to verify that the two systems in (6.34) satisfy the conditions of
[81, Definition 2.2.1], and hence are LP well-posed. Since the generators are unique, a
short calculation demonstrates that the formulae given are indeed the generators. The
final claim is immediate from the definition of a stable L? well-posed realisation since

restriction and projection are bounded operations. O

We are now in position to define the bounded real singular values and bounded real
balanced truncation of a strictly bounded real G € H®(C{; B(%,%)). The latter, as
outlined in Section 6.1, is based on the Lyapunov balanced truncation of a member
of the family of extended transfer functions of Definition 6.3.8. As Lemma 6.3.14
demonstrates, however, every member of this family gives rise to the same reduced

order transfer function obtained by bounded real balanced truncation.

Definition 6.3.10. Let G € H*(C{; B(%, %)) denote a strictly bounded real transfer

function. We define the bounded real singular values of G as the singular values (using
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the convention of Remark 4.3.4) of some member of the family of extended Hankel

operators of G from Definition 6.3.3.

Remark 6.3.11. 1. By Lemma 6.3.5 all members of the family of extended Hankel
operators of G have the same singular values, so the bounded real singular values

depend only on G.

2. By definition, the bounded real singular values are the Lyapunov singular values

of any (and hence every) member of the family of extended transfer functions of

G.

3. Our next result shows that the above definition is consistent with Definition 2.2.5
of bounded real singular values in the finite-dimensional case. Recall that there
the bounded real singular values were defined as the non-negative square roots
of the eigenvalues of the product of the bounded real optimal cost operators. An
analogous approach in the infinite-dimensional case is trickier because although
the product of the optimal cost operators is bounded, it is not a priori clear
why it should have (non-negative, real) eigenvalues. However, we prove that
when the bounded real singular values are summable (which is always true in the

finite-dimensional case) then the definitions coincide.

Lemma 6.3.12. Let G € H*®(C{; B(%,%)) denote a strictly bounded real transfer
function and let Py, and Q., denote the optimal cost operators of the optimal control
problems (6.1) and (6.5) corresponding to a given stable L? well-posed realisation of G.
Then the bounded real singular values are summable if and only if Pp,Qpn is compact
and the square roots of its eigenvalues are summable. If these conditions hold then
apart from possibly zero the bounded real singular values are precisely the square roots

of the eigenvalues of PpQu, (which therefore depend only on G).

Proof. Choose a stable L? well-posed realisation of G so that P, and @, are given by
(6.4) and (6.8) respectively. For some choice of spectral factors as in Lemma 6.2.3, let
¢r and B denote the extended output operator and extended input operator from
Lemmas 6.2.4 and 6.2.5 respectively. By those results it follows that P,, = ¢3L,¢g and
Qm = BB}, Let Hi denote the Hankel operator given by (6.26), which is a member
of the family of extended Hankel operators of G. By Definition 6.3.10 the bounded real
singular values are the singular values of Hg.

We recall that if Hg is compact then its singular values are precisely the (non-
negative) square roots of the eigenvalues of Hj,Hg. We prove that Hg is compact if

and only if P, Q. is. Assume firstly that Hg is compact, and hence so is

PoQm = CoCpB Bt = ¢ HpRBY,
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as €, B% and R are bounded. Conversely, assume that P, Q,, is compact. The
operator
RBLP,QmCy = RBLELEC BB Ly, = HyHpHy,,

is then compact as R, B and €g are bounded and thus
HypHpHLHp = (HpHg)"HpHg, is compact. (6.35)

Recall (from, for example, Swartz [83, p. 468]) that the bounded linear operator
T : 74 — % (o Hilbert spaces) is compact if and only if T*T is compact. Invoking
this result twice we conclude from (6.35) that Hg is compact. A similar argument
shows that Q,, P, is compact if and only if Hy, is. Since Hg is compact if and only if
Hj}, is (see, for example, Kantorovich & Akilov [42, Theorem IX. 3.3]), we deduce that
P, Q. is compact if and only if Q,, P, is.

We now prove that when Hp is compact (equivalently when P,,,Q, or QP is
compact) that Hy,Hg and @, P, have the same non-zero eigenvalues with the same

multiplicities. If p # 0,v # 0 are an eigenvalue, eigenvector pair for H;, Hp, i.e.
HpHpv = RBLCLECEBrRy = pv, then @QnPnBrRv = puBgRu.

Since BrRv # 0, (else H,Hpv = 0) it follows that u € 0,(QmPn). Conversely, a
similar calculation shows that if v # 0 is an eigenvalue of Q,, P, with eigenvector w then
R®B}w # 0 is an eigenvector of Hj, Hg corresponding to v and hence v € o,(Hj,HE).

We now prove that the geometric multiplicities of 1 # 0 as an eigenvalue of H, Hp
and @, P, are the same. Suppose that the multiplicities with respect to HyHg and
QmP, are p and q respectively. Choose (v;)}_; linearly independent eigenvectors of
HjHp corresponding to p. We claim that (BgRuv;)?_; (which are eigenvectors of
QmPp) are linearly independent. If there exist constants ¢; € C such that

p
Z Ci%ERUZ‘ = 0,
i=1

then

P p P
12 (Z Cz‘”i) = HEHE (Z civi> = HEQ:E (Z Ci%ERUi> = 0.
i=1 i=1 i=1
As p # 0 and the v; are linearly independent, it follows that ¢; = 0 for each 4, which
proves the claim and therefore ¢ > p. Repeating the above argument starting with ¢
linearly independent eigenvectors (w;)?_; of QP and proving that (RB5w;)l; are
linearly independent eigenvectors of Hy, Hp, we infer that p > ¢ and hence p = q.

Putting all the above together, if Hg is nuclear, then it is compact and thus so is
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QmPp,. Moreover, the non-zero bounded real singular values are the square roots of
the non-zero eigenvalues of Q,, P, with the same multiplicities, which are therefore
summable. Note that Q,, P, and P,,Q,, have the same eigenvalues (again, apart from
possibly zero), with the same multiplicities.

Conversely, assume that P, Q. is compact with the square roots of its eigenvalues
forming a summable sequence. Then Hg is compact and Hy, Hg has summable eigen-
values which are, apart from possibly zero, the eigenvalues of P,,Q,,. Hence Hp is
nuclear and the bounded real singular values are summable.

Finally, from Lemma 6.3.1 it follows that Hp is independent of the stable L? well-
posed realisation of G chosen, hence so are its singular values and thus when the
bounded real singular values are summable, we see that the non-zero eigenvalues of
P,,@Q, also depend only on G. O

Definition 6.3.13. Let G € H*(Cd; B(%Z, %)) denote a strictly bounded real trans-
fer function with summable bounded real singular values and let Gg denote a mem-
ber of the family of extended transfer functions of GG from Definition 6.3.8. Let
(Ag, Bg,Cpg, Dg) denote the generators from Lemma 5.3.1 of the exactly observable
shift realisation ”E}E of Gg and for n € N, let Z,, and P,, denote the space and pro-
jection from Lemma 5.3.4 respectively (defined in terms of the Schimdt vectors of the
member of the family of extended Hankel operators corresponding to Gg). Define the

operators

(A)n = PnAly, : Xy — X, (Bp)? .= P.Bgly : % — 2,

(6.36)
(Cp)? = PyCrly, - 2, = ¥.

Here Py is the orthogonal projection of [;]/] onto %. We call the finite-dimensional

system on (%, Z,,, % ) generated by [ ((é‘E)); (B;;)) a } the reduced order system obtained
E)n

by bounded real balanced truncation (determined by Gg), where D = Py Dgly, is the

feedthrough of G. The function G,, defined by

Gu(s) == (Cp)y (s = (Ap)n)~"(Br)Y + D, (6.37)
is called the reduced order transfer function obtained from G by bounded real balanced
truncation.

Note that the bounded real balanced truncation depends on the choice of extended
transfer function Gg. The next lemma shows that different choices of G give rise to
bounded real balanced truncations of G that are unitarily equivalent to one another.

In particular, they all give rise to the same reduced order transfer function in (6.37).

Lemma 6.3.14. Let G € H®(C{;B(%,%)) denote a strictly bounded real trans-

fer function with summable bounded real singular values. Then the bounded real bal-
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anced truncation is unique up to a unitary transformation, determined by the choice
of extended transfer function Gg. Fvery bounded real balanced truncation gives rise to
the same reduced order transfer function obtained by bounded real balanced truncation,

which is therefore independent of the choice of Gg.

Proof. For the choice of spectral factors 6y and &, let G% denote the resulting member
of the family of extended transfer functions of G. If the spectral factors 6 and £ are
related to 6y and & by (6.11) and Gg is the corresponding extended transfer function,
then G%, and G are related by

I 0
0 U

I 0
0V

0

Gg = E , (6.38)

where U € B(% ), V € B(%/) are unitary. The relation (6.38) readily follows from the
version for the corresponding extended Hankel operators (6.27) and our definition of
the feedthrough Dg of Gg in (6.33).

Let (A%, BY, C%, DY) denote the generators of the exactly observable shift realisa-

tion on L' of G%. It is readily seen that
(Ap, Bp,Cp, D) = (A, [ §] By [0 V] Ch: [ 0] Dr [6 9],

generate the exactly observable shift realisation on L' of Gg. A simple calculation

shows that if (ng, w2 ,) are Schmidt pairs of HY then

-1
(i i) = ([§ 0] ol [§9] )., (6.39)
are Schmidt pairs for Hg. Therefore for n € N
L= (wip | 1<i<n, 1<k<p)=[§5] 27,

and in fact [J9] : 2,) — 2 is an isomorphism. Furthermore if PJ denotes the
projection of L'(R™; [Z]) onto 2,0, defined analogously to P, in (5.73) then

P8 8] =[80]Pn (6.40)

With these observations we are able to describe how the bounded real balanced trun-
cations of G4 and Gg are related. By definition of the projections P, P2 and the
operators Ag and A% we see that for 1 <i<nand 1<k <p;

n Pj

(Ap)nwin = PnAglo,wig = Y > (wjs, hig) p2w;,, (6.41)

j=1r=1
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and

=D > e [§8) dindrz [§ 5] wfe (6.42)

The Schmidt pair relations (6.39) and the fact that [{) 8] is unitary imply that the
expressions in (6.41) and (6.42) are equal. Since this equality holds on a basis for 25,

we infer that
-1
(Ap)n = [0 0] AR)n [ 5] - (6.43)
Similarly, using the projection relation (6.40) yields
PaBs=Pa 48] B3 1§ 0] = (101 PR [§0].
which implies that

(Be)w = PuBela = [§ 5] PaBEla = [§ 5] (B (6.44)
As with A% and Ag, the operators C’% and Cg are the same and we see that

(CE)? = PyCYla, = PyClla, [E8][50] 7 = PuCllao [§9]7

j -1
= [§0] - (6.45)
Finally,
PyDY |y =Py [L0]De[L0]|% = D = PyDgly. (6.46)

We see from (6.43)-(6.46) that the bounded real balanced truncations of G%’V and Gp
are similar, with unitary similarity transformation [é 8] In particular, they both give

rise to the same transfer function G,,. O

Our main result of this chapter is the following theorem which describes properties
of the reduced order transfer function obtained by bounded real balanced truncation

and contains an H° error bound.

Theorem 6.3.15. Let G € H®(CJ; B(%,%)) denote a strictly bounded real transfer
function with summable bounded real singular values and where % and % are finite
dimensional. Then for each integer n, the reduced order transfer function G, obtained

by bounded real balanced truncation from Definition 6.3.13 is bounded real, rational,
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belongs to H*(Cd; B(% ,%)) and satisfies the bound

IG = Gallu= <2 " o (6.47)

k>n+1
where o, are the bounded real singular values.

In order to prove Theorem 6.3.15 we require a lemma which describes some of the
properties of reduced order systems obtained by bounded real balanced truncation. It

is the key ingredient in the proof of Theorem 6.3.15, which begins on p. 155.

Lemma 6.3.16. Let G € H>®(C{; B(%,%)) denote a strictly bounded real transfer
function with summable bounded real singular values and for n € N let G,, denote the
reduced order transfer function obtained by bounded real balanced truncation. Then Gy,
is rational, bounded real and for every choice of extended transfer function the resulting

bounded real balanced truncation from Definition 6.5.13 is a stable realisation of G,.

Proof. By Lemma 6.3.14 the bounded real balanced truncations are all unitarily equiv-
alent to one another. Since the stability of A of the realisation [é g] is invariant under
unitary transformation, it does not matter which bounded real balanced truncation we
pick. Therefore, for this proof we pick a member G of the family of extended trans-

fer functions arbitrarily and for notational convenience we denote the bounded real

U
balanced truncation (depending on Gg) by [ C“; B[") }
ﬂl "
That G, is rational is clear, as [é‘; BB is a realisation on a finite-dimensional

state-space. The stability of A,, follows from Proposition 5.3.11 since by construction
the Lyapunov balanced truncation of Gg and the bounded real balanced truncation of
G have the same main operator A,,.

It remains to see that GG, is bounded real. For this we use the Bounded Real Lemma.
We seek a solution of (P, K, W), with P : Z,, — 2, self-adjoint and positive, of the

bounded real Lur’e equations (2.10) (subject to the realisation [é‘; Bgl } ). Noting that
Py C cr Y
Cpn=Cly, =7 2| _ P2 — , (6.48)
Py Cly, Cr 4
we claim that
P=1:2,— 2, K=C/:2,—-%, W=Dy:U— U,

solve (2.10). The Lyapunov equation (5.110) (considered as an equation on .Z;, equipped

with the L? inner product) from Lemma 5.3.16 can be rewritten using (6.48) as

A+ A, + (C7YC? = —(C¥y ¥, (6.49)

n
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which is (2.10a). We now prove that the second equation (2.10b) of the bounded real

Lur’e equations holds, i.e.
BY +(CZ)*D = —(C¥)*D. (6.50)

Given stable L? well-posed realisations of G' and 6, with generators (A4, B,C, D) and
(A, B, Cy, Dy) respectively, it is proven in [97, Theorem 12.4] that

Cop = =D, *(B\Pmn + D*C), on D(A), (6.51)
where P, is the optimal cost operator (6.4), and also that
P, : D(A) — D(B}). (6.52)
The operator B} in (6.51) is the A-extension of B*, given by

Biz = lim B*a(al — A*) 'z,
a——+00
aeRt

with domain consisting of the x € 2" such that the above limit exists. We consider
equality (6.51) and the condition (6.52) for the generators of the (stable L? well-posed)
realisations of G and # obtained using Lemma 6.3.9 from the output-normal realisation
s'%2 of Gp. The observability Gramian of *"¥% is the identity. Therefore, by Lemma
6.2.4, P, also equals the identity. We let (Ag, Bg,Cg, Dg) denote the generators of
sr332,, which are given by Lemma 5.3.1. We note from that result that the operator
B does not map into L?, as hr may not belong to L? necessarily. From Lemma 6.3.9
it follows that (Ag,Bg|#,P»Cr, Pw Dg|y) and (Ag, Bela, P»Cr, Py Dg|s), which
for notational convenience we denote by (A, By ,C?, D) and (A, B%,CZ/ ,Dp), are the
generators of stable L? well-posed realisations of GG and @ respectively. Rewriting (6.51)

in terms of these above generators yields
—(D*C” + DyC¥) = (By)a - I = (Biy)a, on D(A)=Wh2 (6.53)
The condition (6.52) implies that
D(A) = WY2(RY; [2]) € D((B3)a).
We prove first of all that

(B )az = Py (Hiz)(0), Va e D(A). (6.54)
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To that end, consider for # € D(A) and u € % (which is understood as [§] € |

D

Y

(Bi,uhy = ( lim Ba(al — A)'z,u)y
a€RT

= lim (z,o(al — A7 Bu) 2. (6.55)

a€RT
By [81, Example 4.2.6 (ii)] for « € R* and u € %
alal — A7 Bu = Hp(ae_qu), (6.56)

t

where (ae_qu)(t) = ae™*u, and so combining (6.55) and (6.56) gives

(Baw,u)g = lim (z, Hp(ae_qu))r2. (6.57)
acRT

Now consider
(x, Hp(ae_qu))r2 = (Hpz,ae_qu) g2,
which we integrate by parts to give

— [((Hpa) (), e u)z ], + <5t<ng>, u>

= ((Hpx)(0),u)q — (hpz(0),e_qu) 2
— (Hbi,e_att)gs . (6.58)

L2

We investigate the limiting behaviour as a — oo of the second and third term on the
right-hand side of (6.58) separately. We have

(ipa(0)eatis = [ (W(02(0).e™"),, di
< || ||z (0)]| /R+ |h5 () |le”*t dt — 0, as o — oo, (6.59)
by the Dominated Convergence Theorem, since
RT >t hj(t) € L', and ali)rfoo A5 () le”* =0, a.a.t>0.

Observe that Hr and H7, satisfy the assumption A from Section 5.2 and so the bound
(5.27) from Lemma 5.2.1 holds. Therefore, by the Cauchy-Schwarz inequality on L2

(Hpi,e—au)z < |[Hpi|2 - le-aull2

< |Ihglli - 1Zll2 - |le—aull2 — 0, as «a — oo, (6.60)
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where we have used (5.27) and the fact that
2 2 —2at 1 2
lle—aullz = ||ull% e dt = 5 llul|7, =0, as o — occ.
R+ (67

By substituting (6.59) and (6.60) into (6.58) and taking the limit @ — oo, we infer
from (6.57) that

(BAz [6 1) o = (Hp)(0), [§ D) x5

and as u € % was arbitrary, we conclude that (6.54) holds.
Next observe that the left-hand side of (6.53) can be written as

P, 0 = —Py,DiCp, 6.61
[z 2 (2] - o

where Cg is given by (5.67). Combining (6.53), (6.54) and (6.61) gives
—PyDyCpx = Py (Hpx)(0), Yze WHRY[Z]). (6.62)

Equality (6.62) is a relationship the generators of STE% satisfy. We seek to prove that
the corresponding generators of the realisation STE}E satisfy the same relationship. We
do this by proving that (6.62) can be extended to an equality on W', To that end
restrict (6.62) to WhinWh2 C W2 je.

—Py DiCry = Py (Hyy)(0), VyeWHnWw2®Y;[7]). (6.63)

and observe that W11 N W12 is dense in W11 (since the set of test functions with
compact support on R* is contained in W! N W2 and is dense in W'!). As both
sides of (6.63) are continuous on W' we can extend (6.63) by density and continuity
to

—Py Dyy(0) = Py (Hgy)(0), Vye W (RS [7]). (6.64)

Since w;, € WH1 from equation (6.64) we see that

—Py Dyw; (0) = Py (Hpw;)(0), V1<i<n, V1I<k<p,
= —P,DyC,=(B%)*, on Z,. (6.65)

n

In the above we have used that

C?!/

n

K4
Cn

PyCg
Py Cg

BZ/ = P%;L(BE”O// U — %n, Cn =

7%
PR ,

where Bg and Cg are generators of the realisation STE}E. Note that they act in the same

way as the operators in (5.68) an (5.67), but have different domains and codomains.
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In (6.65) we have also used Lemma 5.3.3 to infer that
(BY) : Zn = U, (BY)*wiy, = Py (Hpw;p)(0).
Inserting D = | 2 2¢| into equation (6.65) gives
E Dy 0 q . g

(BY)* + D*C? = —D;C%

n

as an operator equation from 25, to % (both finite-dimensional), which when adjointed
gives (6.50), as required.
It remains to prove that the third equation (2.10c) of the bounded real Lur’e equa-

tions holds, i.e.
I — D*D = DDy, (6.66)

In Staffans [78, Corollary 7.2] (see also [97, Remark 12.9]) the following formula is given
relating the feedthroughs of the original transfer function G and the spectral factor 6

(both of which are regular by Lemma 6.3.7):

D;Dg =1—-D*D+ sll}rgo B;(\Pm(sf — A)_lB. (6.67)
s€ERT

Equality (6.67) holds for any stable (Hilbert space state-space) realisation of G and 6.
We consider the stable L? well-posed realisation of G with generators (A, By ,C?, D)
(i.e. the realisation obtained from the output-normal realisation of Gg by Lemma

6.3.9). Proving that equality (6.66) holds is equivalent to proving that
. * -1 T . * x\—1 -1
Jim (B )a(sl —A)" By = lim lim By a(al =A%) (sl — A)" By
seRT s€ERT aeRT
= 0. (6.68)
We consider for u,v € % (again really [§],[¢] € [4]) and a, s € R sufficiently large

(B*a(ad — A*) 7Y (sI — A) ™' Bu,v)y = ((sI — A) 7' Bu, a(ad — A~ Bv) 2

and recall (6.56) which gives that (s —.A)~!Bu = Hg(e_su), where (e_su)(t) = e~ *tu.
Thus

|(B*a(ad — A*) M (sT — A)7'Bu,v)y | = |[{Hg(e_su), Hp(ae_av)) 2|
< [[He(e—su)|loo | HE(0e—qu)l[1,  (6.69)
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by the Holder inequality. Note that for a € RT
ae_quc L' as |ae_qulr = ||ullz,

and so

[Hp(ae—aqu)lr < [|hpll - lae—aully = [|hell - lull, (6.70)

where we have used (5.27). We now prove that
|He(e—su)||oo — 0, as s — oo. (6.71)
Recall the expression for the kernel hg from (5.23) of the nuclear Hankel operator Hg

he(t) =Y An(Re an)e™ , 7> 0.
n€eNg

Observe that for t,7 >0

et + )T < Y [Aull(=Re ap)e™™ 7e™" = f(r)e™*T,

n€eNp
where
T f(r) ==Y [[Aall(-Re an)e®e o7 € L,
n€Ng
Therefore

HHE(e_Su)(t)H:/ h(t+ )| dTg/ F(F)e " dr -0, as s oo,
R+ Rt

by the Dominated Convergence Theorem. Since t > 0 was arbitrary it follows that
(6.71) holds as required. Inserting (6.70) and (6.71) into (6.69) and taking the limits

a — oo then s — 0o, we conclude that

sERT

<SIL@O<B;/>A<31 - A)lzs%u,v> 0.
w

As u,v € % were arbitrary we deduce (6.68) holds and hence equality (6.66) is estab-
lished. Therefore we have proven
A+ An + ()G == (C)CY,
By +(C))'D =—(C) Dy,
I — D*D = DyDy,

which states that the identity I : 2, — 2, is a (self-adjoint, positive) solution of the

bounded real Lur’e equations and hence G,, is bounded real. ]
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Remark 6.3.17. When the limit in (6.68) is zero has been considered for different types
of systems in the PhD thesis of Mikkola [50]. That the limit is zero in our case is
known and is contained in [50, Theorem 9.1.15], but we have given a proof here for

convenience.

We now have all the ingredients to prove Theorem 6.3.15.

Proof of Theorem 6.3.15: That the reduced order transfer function obtained by bounded
real balanced truncation G,, is rational and bounded real follows from Lemma 6.3.16.
It remains to prove the error bound (6.47). By Lemma 6.3.5, every Hankel operator
Hpg of an extended system g with transfer function Gg, is nuclear. So Theorem 5.0.2
applied to Gg yields .

IGE = (Gp)allm= <2 > o, (6.72)

k=n+1
where (Gg), is the Lyapunov balanced truncation of Gg (not the bounded real bal-
anced truncation), and oy, are the Lyapunov singular values of G and so are also the
bounded real singular values of G, by Definition 6.3.10. By construction of G in (6.32)
we have that
G(s) = PyGg(s)|u-

Moreover, by construction of the bounded real balanced truncation and Lyapunov
balanced truncation (see equations (6.37) and (5.77) from Definitions 6.3.13 and 5.3.5
respectively)

Gn(s) = P (Gp)n(s)|u-

Together these yield

|G — Gunlla~ = [Py (GE — (GE)n)

#|lgoe < |GE = (GE)nl . (6.73)

Combining (6.72) and (6.73) gives the result. O

6.4 Notes

The aim of this chapter is to extend model reduction by bounded real balanced trun-
cation to infinite-dimensional systems. The main result of this chapter is Theorem
6.3.15, which is new. A version of this chapter, together with material from the next
two chapters, has been submitted for publication as [37]. As outlined in Section 6.1
our approach has been to view bounded real balanced truncation as Lyapunov bal-
anced truncation of a certain extended system. The key ingredients in construction of
the extended system are the optimal control results of [97] and [77] and the extended
(spectral factor) systems of [97]. Lyapunov balanced truncation has been described in

Chapter 5. We comment on some possible extensions and future work in Chapter 9.
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Chapter 7
Positive real balanced truncation

In this chapter we extend positive real balanced truncation to a class of infinite-
dimensional systems. The main result of this chapter is Theorem 7.2.12 which states
that for strictly positive real J with summable positive real singular values (o )ken for
each n € N there exists a rational positive real transfer function J,, such that the error
bound
N
0T, Jn) <2 Y o,
k=n+1

holds. The results of this chapter are largely proven by applying the Cayley transform,
described below in Section 7.1, to the bounded real balanced truncation of Chapter
6. The motivation for extending positive real balanced truncation is also the same as
in bounded real case- because of the (often) very rapid rates of decay of the positive
real singular values, resulting in much faster convergence of the positive real balanced
truncation compared to other numerical schemes. We give an example highlighting

these varying convergence rates in Chapter 8.

7.1 The Cayley transform

As is well-known, bounded real and positive real systems are related by the Cayley
transform (also known as the diagonal transform or Md&bius transform). Here we col-
lect the material we will need in order to be able to convert bounded real balanced
truncation to positive real balanced truncation. We start by recalling some known

definitions.

Definition 7.1.1. For % a Hilbert space define the set

D(Sy):={T € B(Z) : —1€ p(T)}.
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The map Sy : D(S#) — D(S#) given by
D(S»)3T—8Sy(T):=I-T)I+T)"' € B(2),

is the Cayley transform. It is self-inverse.

Remark 7.1.2. For notational convenience we define for % a Hilbert space
S=8y, S8=S8pw+u)
Definition 7.1.3. For % a Hilbert space define the set
D(S):={G:Cy - B(%) : —1€p(G(s)), VseCT}.
We also call the map S : D(S) — D(S) defined by

D(S) > G (cg 5 s [S(G)](s) == S(G(s))) :

the Cayley transform. It is also self-inverse.

Remark 7.1.4. The term Cayley transform (often, with parameter o € C) is sometimes

used in the literature to denote the transform

GHGz(DBZHG’(z)zG(ilz)). (7.1)

Since the function s — %% is a bijection between D and (Car , the transformation in

(7.1) can be considered as a mapping from a continuous time system (often a system
node) to a discrete time system. See for example Staffans [80, Section 7]. We remark

that this is not our interpretation here.

Ezample 7.1.5. We note that functions in D(S) need not belong to H®(C{; B(%)),

for example the positive real, rational function J
Cgosm J(s):=s, (7.2)

certainly satisfies J € D(S), but J is unbounded and so J ¢ H>®(C{). We infer that
D(S) € H*(C{; B(%))
Ezample 7.1.6. Not every bounded real function belongs to D(S); the function

G(s) = -1,

is bounded real, but G ¢ D(S).

In order to carefully describe how the Cayley transform maps bounded real functions

to positive real functions (and vice versa) we need the following lemma.
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Lemma 7.1.7. Let % denote a finite-dimensional Hilbert space. If G € H®(C3; B(%))

1s strictly bounded real then there exist positive constants c1 and Cq such that

cllullz < (I +G(s))ullz < Cillu

v, VseC§, Yue. (7.3)

Therefore (I + G(s))™! exists for all s € C§ and there exists constants co and Cs such
that

2 < ||(I+G(s)  u w, VseC!, Vuew. (7.4)

o < Collu

collu

If J : CF — B(%) is positive real then (I + J(s))™1 exists for all s € C§ and the
following bounds hold for all s € (C(")F and all w € U

lull <L+ J(s))ulla, (7.5)
I+ J(s) Ml < llulla- (7.6)

If additionally J € H>®(CJ) then there exist constants c3, Cs such that

lullze < 1T+ J(s))ullz < Csllu

esllullz < I+ J(s) tulla < |lu

2, (7.7)
uw, (7.8)

for all s € (Car and all uw € % . All of the above inequalities also hold for almost all
s €iR and allu € % .

Proof. An application of the triangle inequality and the reverse triangle inequality using

(2.9) for strictly bounded real G readily gives
ellullz <II(I+G(s)ullz < (2—e)|ullu,

which is (7.3). The lower bound in (7.3) implies that I + G(s) is injective, and thus
invertible (both uniformly in s) as %/ is finite-dimensional. The inequalities in (7.4)
now follow from those in (7.3).

Now suppose J is positive real. For s € C§ and u € % we have that

1T+ T (s)ully = (I + T (s))u, (I + J(s)u)a
= (u, wya + (J(s)u, J(s)u)a + ((J(s) + (J(5))")u, u)

>0 >0

> |lull%,

where we have used the positive realness of J. We conclude that (7.5) holds, implying
that (I + J(s))™! exists (for the same reasons as in the bounded real case) and is
bounded (uniformly in s), which is (7.6).

Now assume additionally that J € H®(C{; B(%)), then by the triangle inequality
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forsE(Car and u € %
(I + J(s)ullz < lullz + | T(s)ullzr < X+ ([Tl mee)|[ulle,

which when combined with (7.5) gives (7.7). Finally, (7.8) follows from (7.7). The

versions of the inequalities on the imaginary axis hold by taking limits. O

Lemma 7.1.8. Given the Cayley transform S of Definition 7.1.3, and % a finite-
dimensional Hilbert space, let BR, PR, SBR and SPR denote the sets of functions
(CO+ — B(%) that are bounded real, positive real, strictly bounded real or strictly positive

real respectively. Then

(i) BR ¢ D(S).

(ii)) PR C D(S).

(iii)) SBR C D(S).
(iv) S: SBR — H>®(CJ; B(%)).
(v) S: BRND(S) — PR is a bijection.
(vi) S : SBR — SPR.
(vii) S : SPRN H> — SBR is a bijection.

Proof. Claim (i) follows from Example 7.1.5.

Observe that if (I + G(s))™! exists for all s € C§ and is uniformly bounded in
s, then G € D(S). Claims (i) and (iii) follow from inequalities (7.6) and (7.4) from
Lemma 7.1.7 respectively and the previous remark.

Claim (iv) follows from the fact that S clearly preserves analyticity and the in-

equalities

IS@G)(s)ullz = I(T = G(s))(I + G(5)) " ull < CL(1+ |Gl ) ullz

where we have used (7.4), which demonstrate that S(G) is bounded on the open right-
half plane.

The claims (v) — (vii) describe how the Cayley transform maps bounded real func-
tions into positive real and vice versa. These results are known and are similar to the
arguments in, for example, in Belevitch [9, p.160, 189).

We need the following characterisations of bounded realness and strictly bounded
realness. It is easy to see from the definition of bounded real that a function G €
H>®(Cd; B(%,%)) is bounded real if and only if for all s € C§

I—[G(s)]*G(s) = 0. (7.9)



Similarly, G is strictly bounded real if and only if there exists an € > 0 such that for
all s € C§
I—[G(s)]"G(s) > el. (7.10)

The above inequalities (7.9) and (7.10) also hold for almost all s € iR when G is

bounded real or strictly bounded real, respectively.

(v): Suppose G € BRN D(S) and let J := S(G). We calculate

J+ T =I+G)*I-G)+I-G)I+aG)!
I+ [I-VIT+O)+T+G)T-OIT+G)!
=2(I+G)*[I - G*G|I+G) L.

Therefore for s € (C(J)r and u € %

(u, (J(s) + [J(s)]")w)
2((1 +G(s))"'u, (I = (G(5))*G(s) I + G(s) " u)a (7.11)
0,

v

by the inequality (7.9). We conclude that J € PR. Conversely, if J € PR C D(S)
then setting G := S(J) gives
I-GG=1-I+)*T-I)*I-DHI+I)!
=(I+I) T+ T+T)— T =D —-TD)]T+J)"
=21+ ) *[J+ T (I +J) .

Hence for s € (Car and u €
= 2((I+ J(s)) ", (J()* + T () + () ) (7.12)

as J € PR. The characterisation (7.9) above of bounded realness implies that G € BR
and as S : D(S) — D(S) we infer that G € BRN D(S). We have proven that

and S(PR) C BRN D(S),

and since S is its own inverse on D(S) we conclude that (v) holds.
(vi): Choose G € SBR C D(S) (by (ii)) then from (7.11) for J := S(G) we see
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that

(u, (J(s) + J*(s)uhar = 2((I + G(s)) " u, (I = (G()"G())I + G(3)) " u)ar
> ell(I+G(s)  ulle > ecallulla,

by (7.10) and (7.4). Thus J = S(G) € SPR, which is (vi).
(vii): For J € SPRN H™® and G := S(J), inserting (2.23) and (7.8) into (7.12)
yields for s € CJ and u € %

(u, (I = [G()]*G(8))u)yar = 2((I + J(5)) ", ((J(5))* + J(s)) (I + J(5)) " )
> (L4 J(s) "ulle > neallullw,  ca,n > 0.

We conclude that G € SBR C H*°. Summarising, we have proven that

S(SBR) C SPR, S(SBR) C H® = S(SBR)C SPRNH%
and S(SPRNH*)C SBR,

and since S is its own inverse on D(S), we infer that (vii) holds completing the proof.
O

Remark 7.1.9. Note that
S : BR — PR,

is not bijective (it isn’t even well-defined) as Example 7.1.5 demonstrates that there

exist BR functions which do not belong to D(S). Secondly,
S:SBR — SPR,

is also not bijective as the image under S of every SBR function belongs to H™
(part (iv) above), but there are functions in SPR that are not in H*, for example
J(s)=s+d,deR,d>0. Claim (vii) above could be rephrased as

S:SBRNH® — SPRNH>,

is bijective, but that SBR C H*.

Corollary 7.1.10. For % finite-dimensional let G € H®(CJ; B(%)) be strictly bounded
real. Then G is reqular if and only if S(G) is.

Proof. Since S is self-inverse it suffices to prove just one direction. Assume that G is

regular with feedthrough D which satisfies

D=1lim G(s) = I+ D= lim I+ G(s).
55— 00 S§—00
seRT seRT
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By Lemma 7.1.7, I + G(s) is boundedly invertible, uniformly in s € C{, and hence so

is the above limit. We conclude that
s (I+G(s)™!,
is also regular. Therefore the product
s (1= G(s)I +G()™H = S(G)(s),

is regular by the algebra of limits. O

The next result is contained within [79, Theorem 5.2], although the formulae (7.14)
are not given there, and demonstrates that given a well-posed realisation of a strictly
bounded real function G, we can obtain a well-posed realisation of (the strictly positive

real function) S(G) with the same state.

Lemma 7.1.11. Let G € H®(C{; B(%)) be strictly bounded real. IfY¢ = (A, B, €, D)
on (U, Z,%) is an LP (1 < p < o0) well-posed realisation of G and

u—+y u—1y
_ 7 — 7 7.13
v 7 w 7 (7.13)
then
A-—B(I+D)" ¢ V2B +D)!

—V2(I+9)7'¢ (I-9)I+9)"*
A-B(I+D)'¢ V2B +D) !
—V2(I + D)7 '¢ S(D)

)

is an LP well-posed realisation of S(G) on (%, 2 ,%). Moreover the state trajectories
of X with input u and output y and ZS(G) with input v and output w are the same.

Proof. See [79, Theorem 5.2]. As mentioned in the proof of that result, the relationship

:u+y = u:\@v—y,

V2
can be seen as (negative identity) static output feedback with external control v. The
relationship
w=2"Y = w=uv—12
V2 ’

corresponds to adding an extra feedthrough term. From these observations and the

formulae for the closed loop well-posed linear system from [81, Theorem 7.1.2] the
formulae in (7.14) follow. O

162



Remark 7.1.12. The above result also has a natural converse. Given an LP (1 <
p < o0) well-posed realisation (2(,8,¢, D) on (%, 2 ,%) of a strictly positive real
J € H®(CJ; B(%)) then the realisation in (7.14) is a LP well-posed realisation of
S(J). The proof is exactly the same.

7.2 Positive real balanced truncation

In this section we define the positive real balanced truncation of a strictly positive real
transfer function with summable positive real singular values and prove a gap metric
error bound, formulated as Theorem 7.2.12. To do so we make use of the material
gathered in Section 7.1.

We are now considering a strictly positive real function J € H>®(CJ; B(%)), as
in Definition 2.3.1. Our first aim is to define the positive real singular values. Since
J € H®(C{; B(%)), by Lemma 4.1.5 there exist stable L? well-posed realisations of .J.
The positive real optimal control problem is formulated and solved as in the bounded

real case.

Lemma 7.2.1. Let ¥ = (A,B,¢,D) denote a stable L? well-posed linear system and
assume that ¥ has strictly positive real transfer function J € H®(CJ; B(%)). Then

the optimal control problem: for xqg € 2 minimise

L(xg,u) = /R+ 2Re (u(s), y(s))# ds, (7.15)

over allu € L*(RT; %) subject to (4.1), has a solution in the sense that for any o € 2

ueL2i{g+;%) L(zo,u) = L(20, Uopt) = —(PmTo, o) 2 - (7.16)

The optimal control is uniquely given by
Topt = — (D4 + 1, D*) 71 g, (7.17)
and Py, : X — X is bounded and satisfies Py, = P} >0 and
P, = ¢*(Dn, + 1,.0%)71¢. (7.18)

Proof. See [97, Proposition 7.2]. Note that the assumption that J is strictly positive
real is equivalent to
Dy +71.0% > el

see [97, Section 7] and hence (D74 + m4D*) is boundedly invertible. Therefore the

optimal control @i,y and optimal cost operator Py, in (7.17) and (7.18) respectively are
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well-defined. Furthermore, in [97] it is assumed that J is weakly regular (with zero
feedthrough), but that is not needed for this proof. O

For J € H®(CJ; B()) a strictly positive real transfer function, we let J¢ denote
the dual transfer function as in Definition 4.2.1. Again it is easy to see that J is
(strictly) positive real if and only J; is. Given a stable L? well-posed realisation of
J, we let Q,, : 2 — 2 denote the self-adjoint, non-negative optimal cost operator
for the dual positive real optimal control problem, formulated analogously to the dual
bounded real optimal control problem in Lemma 6.2.2.

The next result is crucial for linking positive real balanced truncation to bounded

real balanced truncation.

Lemma 7.2.2. Let ¥ denote a stable L? well-posed linear system and assume that X s
has strictly positive real transfer function J € H®(Cy; B(%)). Let Py, and Qp, denote
the optimal cost operators of the positive real optimal control problem (7.15) and the
dual problem subject to ¥ respectively. Let ES(J) denote the L? well-posed realisation
given by (7.14). Then the optimal cost operators of the bounded real optimal control
problem (6.1) and the dual problem (6.5) subject to Y5 are P,, and Q,, respectively.

Proof. Let ¥; = (A,B,¢,D) so that by equation (7.14) the output map and input-
output map of ¥ §(s) are given by

Cop = —V2I+D)7'¢, (@)= -D)(I+9)7, (7.19)

respectively. Let P, denote the optimal cost of bounded real optimal control problem
(6.1) subject to the realisation % 30) A long, but elementary, calculation using (7.19)
shows that

Py = € (D +m,9%)) 7', from (7.18),
= €5y Ca) + Ty S@m(I = m . S(D)"S(D)my) 'my S(D) gy )
=P, from (6.4),

as required. The dual argument is exactly the same, using instead the dual L? well-

posed linear systems, which are also related by Lemma 7.1.11. ]

Definition 7.2.3. Let J € H®(CJ; B(%,%)) denote a strictly positive real transfer
function. We define the positive real singular values of J as the bounded real singular
values of the strictly bounded real function G := S(J).

The next result shows that the above definition of positive real singular values is
consistent with the definition of positive real singular values in the finite-dimensional

case, described in Section 2.3.2. We prove that when the positive real singular values are
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summable (with their multiplicities) then they are the square roots of the eigenvalues of
the product of the optimal cost operators for the positive real optimal control problems,

independently of the realisation chosen.

Lemma 7.2.4. Let J € H®(CJ; B(U)) be strictly positive real and let ¥ = (A, B, €, D)
denote a stable L? well-posed linear system realising J. Let P, and Qm denote the
optimal cost operators of the positive real optimal control problem (7.15) and the dual
positive real optimal control problem subject to Y respectively. Then the positive real
singular values are summable if and only if PpQm is compact and the square roots of
its eigenvalues are summable. If these conditions hold then apart from possibly zero the
positive real singular values are precisely the square roots of the eigenvalues of PrQum
(which depend only on J and as such are independent of the stable L? well-posed linear

system realising J ).

Proof. This follows immediately from the definition of positive real singular values,
Lemma 6.3.12 and Lemma 7.2.2. O

Corollary 7.2.5. If J € H®(C{; B(%)) is strictly positive real with summable positive

real singular values, then J is regular.

Proof. Set G := 8 (J), which by Lemma 7.1.8 is strictly bounded real and has summable
bounded real singular values by Definition 7.2.3. From Lemma 6.3.7 it follows that G
is regular, and hence so is J by Corollary 7.1.10. O

The next lemma prepares the positive real balanced truncation of strictly positive
real functions with summable positive real singular values. We obtain a family of
L' well-posed realisations of J, using the Cayley transform, that we will truncate in

Definition 7.2.8 to give a family of positive real balanced truncations.

Lemma 7.2.6. Given J € H®(CJ; B(%)) a strictly positive real transfer function with
summable positive real singular values, set G := S(J), which is strictly bounded real
and has summable bounded real singular values. Let G denote a member of the family
of extended transfer functions of G and let (Ag, Bg,CE, Dg) denote the generators of
the exactly observable shift realisation on L' of Gg. Let A,B,C and D denote the
generators of the L' well-posed realisation of G obtained from (Ag, Bg,Cg,Dg) by
Lemma 6.3.9. The operators

A=A-B(I+D)'C:DA) - 2,
C=-—V2(I+D)"'C:DA) —» %,

=\V2B(I+D) V- %,

(7.20)
I-DYI+D) ' ':% — %,

B
D

are well-defined and are the generators of an L' well-posed realisation for J. In par-
ticular,
J(s)=D+C(sI —A)™'B, seC{. (7.21)
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Proof. The function G is strictly bounded real by Lemma 7.1.8, and has summable
bounded real singular values by Definition 7.2.3. Therefore, we can choose an extended
transfer function Gz, exactly observable shift realisation on L' of G and the resulting
generators of an L' well-posed realisation of G according to the statement of the lemma.

We transform the L' well-posed realisation of G generated by A, B,C and D as
in Lemma 7.1.11, to give an L' well-posed realisation of J. The generators A, B,C
and D of this realisation are given by [81, Theorem 7.5.1 (ii)] and [81, Lemma 5.1.2
(ii)], where we have used the boundedness of B to infer that A, B,C and D generate a
compatible system node with W = D(A). Note that there are changes from our (7.14)
and [81, (7.1.5)] because we combined a feedback with an extra feedthrough term. As
such the generators have also changed accordingly. The formula (7.21) follows from
[81, Theorem 4.6.3 (ii)]. O

Remark 7.2.7. The result of Lemma 7.2.6 is an infinite-dimensional version of [57,
Lemma 3]. We remark, however, that the transformation (15) in [57] is not the same
transformation as (7.1.3). As such the formulae in (7.20) are slightly different to those

in [57, Lemma 3]; namely there is a difference in signs.

Definition 7.2.8. Let J € H>®(CJ; B(%)) denote a strictly positive real transfer
function with summable positive real singular values, and let Gg denote a member
of the family of extended transfer functions of G := S(.J). Let (4, B,C, D) denote
the generators of the L' well-posed realisation of J from Lemma 7.2.6. We define the

operators /Nln, Bn and é’n by

=Py Ay, X — X, Bn:=PyB:U — 2y,

. (7.22)
Cla, : 20— %,

A,
Chp :

where 2, is the truncation space (5.72). The input-state-output system generated by

Ap By
&%
tion (determined by Gg). We call J,, given by

} is called the reduced order system obtained by positive real balanced trunca-

Jn(s) = Cy(sI — A,)"'B, + D,

defined on some right half-plane, the reduced order transfer function obtained by pos-

itive real balanced truncation.

The next lemma demonstrates that the positive real balanced truncation is deter-
mined by J up to a unitary transformation and thus that the reduced order transfer

function J, is uniquely determined by J.

Lemma 7.2.9. Let J € H*®(C§; B(%)) denote a strictly positive real transfer function

with summable positive real singular values, and let G denote a member of the family
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of extended transfer functions of G := S(J). Forn € N let [éz %"] and [’g" BD"]
denote the bounded real and positive real balanced truncations (determined by Gg) of

G and J respectively, with respective transfer functions G,, and J,. Then

(i) We have the following relations between the positive real and bounded real balanced

truncations

= A, — B,(I+D)"'C,, =V2B,(I+ D)7},

= —V2(I+D)~'Cy, D= (I-D)I+D)L (7.23)

A,
o
(ii) Jp is proper rational and positive real.

(iii) Different choices of Gg gives rise to positive real balanced truncations that are
unitarily equivalent, so that every choice of Gg gives rise to the same J, and the

following commutative diagram holds

J —— S(J)

brbt J{

RN

%)

prbt

<—

S

As such, G, € D(S) and J, = S(Gy,).

Proof. That (7.23) holds follows from the definition of [é‘Z Ba1 in Definition 6.3.13,
that of [‘g: BDTL] in Definition 7.2.8 and the fact that restriction and projection are
linear operations. That different choices of G give rise to unitarily equivalent positive
real balanced truncations now follows from the relations (7.23) and Lemma 6.3.14. In
particular, every choice of Gg gives rise to the same reduced order transfer function J,
obtained by positive real balanced truncation.

An elementary, but tedious, calculation demonstrates that if (P, K, W) solve the
bounded real Lur’e equations (2.10) subject to the realisation [é{: %"] then (P, K',W’)

An Bp

solve the positive real Lur’e equations (2.24) subject to [ a5 } where

K'=K-W({I+D)™'c,, W =v2W({+D)™L

From the Positive Real Lemma it follows that J, is positive real and it is clearly
rational since it has a realisation with finite-dimensional state-space. Therefore by
Lemma 7.1.8 (i), J, € D(S) and another elementary calculation using (7.23) shows
that S(Jn) = G,,. Therefore by Lemma 7.1.8 (v), G,, € D(S) and S(Gn) =J,.

We note that the commutative diagram is well defined in the sense that it is inde-
pendent of Gg. Furthermore, the above observations have demonstrated that it does

indeed commute. O
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We now gather some lemmas required to prove our main result of the chapter; a
gap metric error bound for positive real balanced truncation which is formulated as
Theorem 7.2.12 below. The gap between closed operators was recalled in Definition
3.1.28.

Lemma 7.2.10. For % a finite-dimensional Hilbert space let F' denote the map

! f] G o

V2T —T

LX(RY %)
LR %)

L®RY2)| L
LR %)]

which is an isometric isomorphism mapping pairs [y] to [4], where u,y,v, w satisfy
(7.13). Given the Cayley transform S of Remark 7.1.2 and © € D(S), it follows that

FG(D) = G(S(D)),
where G(D) denotes the graph of ©.

Proof. The simple proof is left to the reader. O

The following elementary lemma shows that the gap metric is invariant under isome-

tries.

Lemma 7.2.11. For #, N C % closed subspaces of a Hilbert space & and T : & —
Z an isometry we have

S(TMTN)=0(M, N).

Proof.
S(TH, TN)= sup inf |m—n| = sup inf ||Tm'—Tn'|.
meT(//nETJV m/e'% n'eN
[m|=1 lTm/||=1

Now using that 7" is an isometry

ST A, TN)= sup iniy”m’—n'”zé(.///,ﬂ).
€.

The same argument applies for 6(T A", T.#) and hence

S(T M, TN) =max[§(T M, TN),8(TN , TM)
= max[0(M, N),5(N, M) = (M, N),

as required. O
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Theorem 7.2.12. Let J € H®(C{;B(%)) denote a strictly positive real transfer
function with summable positive real singular values (o )ren and where % is finite-
dimensional. Then for each integer n, the reduced order transfer function J, obtained
by positive real balanced truncation from Definition 7.2.8 is positive real, proper rational

and satisfies the bound
0T, Jn) <2 ) o (7.25)
k>n+1
In inequality (7.25) we are abusing notation by writing 6(J,J,) = §(D;,D,), where
Dy and Dy, are the input-output maps corresponding to J and J, respectively.

Proof. Since J is strictly positive real with summable bounded real singular values, the
hypotheses of Lemma 7.2.6 are satisfied and thus the positive real balanced truncation
Jp, of Definition 7.2.8 is well-defined. That J, is proper rational and positive real now
follows from Lemma 7.2.9 (ii). It remains to prove the error bound (7.25). From
Lemmas 7.1.8 and 7.2.4 the transfer function G := S(J) is strictly bounded real with
summable bounded real singular values. Therefore all the assumptions of Theorem
6.3.15 are satisfied and so the error bound (6.47) holds for G and its bounded real
balanced truncation G,,.

Let ®¢ and D¢, denote the input-output maps of G and G, respectively. From
the commuting diagram in Lemma 7.2.9 it follows that S(Dg, ) = D ,. Therefore we

compute

~

0(9(9.1),9(9.,))

0(G(S(D¢)), 6(S(Da,)))
5(FG(Dq), FG(Dg,)), by Lemma 7.2.10,
5(6(D¢),6(D¢,)), by Lemma 7.2.11. (7.26)

The bound (3.39) from Theorem 3.1.32 gives

A~

6(G(96),9(9a,)) < 19¢ —Dal; (7.27)
and it is well-known that
196 = Da, | = |G = Gnll g (7.28)
(see for example [94]). Combining (7.26), (7.27), (7.28) and (6.47) yields

3(G(D1),6(®,,)) = 6(6(D6),6(Dg,)) < |Dc — D, ||

= |G~ Gullge <2 ) on,
k>n+1

which is (7.25). Finally we note that (oj)ren are the bounded real singular values of
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G which by definition are the positive real singular values of J. O

7.3 Notes

The aim of this chapter is to extend model reduction by positive real balanced trun-
cation to infinite-dimensional systems. The main result of this chapter is Theorem
7.2.12, which is new. A version of this chapter, together with material from Chapters 6
and 8, has been submitted for publication as [37]. As with the finite-dimensional case,
positive real balanced truncation can be derived from bounded real balanced trunca-
tion via the Cayley transform, which has been our approach here. The material on the
Cayley transform is not new and is a common tool in network analysis, for example as
in [2] as a transform from an impedance matrix to a scattering matrix. We could not
find explicit statements of results such as Lemma 7.1.8 in the literature, although the

conclusions of that lemma must be known.
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Chapter 8

Remarks on applications and an

example

Our main results for infinite-dimensional balanced truncation, Theorems 6.3.15 and
7.2.12, each have two key assumptions. We require that the transfer function is strictly
bounded real (respectively strictly positive real) and has summable bounded real sin-
gular values (respectively summable positive real singular values). In this penultimate
chapter we comment on these assumptions and provide an example. Recall from Chap-
ter 6 that one of our motivations for extending model reduction by balanced truncation
to the infinite-dimensional case (especially when compared to existing model reduction
schemes) was the much faster rate of convergence of the truncations. In Section 8.1
we consider a class of bounded real and positive real systems where the corresponding
singular values decay very rapidly (and in particular are summable). In Section 8.2 we
consider an example of a controlled partial differential equation and demonstrate the

results of a numerical calculation of approximate positive real balanced truncations.

8.1 Asymptotic behavior of bounded real and positive

real singular values

Theorem 6.3.15 requires that the transfer function G has summable bounded real sin-
gular values. As we have seen in Lemma 6.3.12, the bounded real singular values are
summable precisely when the Hankel singular values of a (equivalently every) member
of the family of extended Hankel operators of G are summable. Therefore, we seek
conditions which ensure that a Hankel operator is nuclear. The next result is taken
from [61]. In what follows 2, denote interpolation spaces, see for example, [81, Section
3.9] and S, is the Schatten class from Definition 4.3.2.

Theorem 8.1.1. Assume that A generates an exponentially stable analytic semigroup,
BeB(%,%Z3), C € B(Zo, %) and D € B(%,%), with « — 3 < 1 and that at least
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one of % and % is finite-dimensional. Then the Hankel operator of this system is in
Sy for all p > 0.

Given a stable L? well-posed realisation of the strictly bounded real transfer function
G with generators (A, B, C, D), and choice of spectral factors # and £ as in Lemma 6.2.3
it follows from Lemma 6.3.7 that (A, Bg,Cg, Dg) generate a stable L? well-posed

realisation of the extended transfer function Gg. Here

C
Chy

)

Bp=|B B|. Cp=

are the generators of Bp and €g from (6.20) and (6.12) respectively and Dpg is as
in (6.33). It is not a priori clear how unbounded Cg and Bp are because it is not
presently clear how unbounded the components Cy and B¢ are. However, under the
assumption of strict bounded realness, we are able to formulate the next result which
provides checkable conditions for the summability of the bounded real singular values

and in fact in this case ensures a rapid decay rate.

Proposition 8.1.2. Let G € H*(C{; B(%,%)) denote a strictly bounded real transfer
function and assume that G is generated by (A, B, C, D) where A generates an exponen-
tially stable analytic semigroup, B € B(%,Z3), C € B(Zo, %) and D € B(%,¥%),
with a — B < 1 and that both % and % are finite-dimensional. Then the bounded real
singular values of G belong to P for every p > 0. In particular, they are summable and

moreover decay faster than any polynomial rate, that is for any p > 0
nfo, -0, as n— oo.

Proof. In Staffans [76, Theorem 1] it is proven that under our assumptions the operator
Cy from (6.51) is bounded Z, — % . Hence Cf is bounded 2, — [g] Repeating the
argument in the dual case (so where G is replaced by Gy, which is strictly bounded real,

with realisation [4. §.]) we deduce that the generator C, of €, from (6.25) satisfies
Cy € B(Z7) -5, %),

where (27*), denote the interpolation spaces corresponding to A*. By construction the
generator Bg of B¢ in (6.22) is equal to C} Since 2" is a Hilbert space, in the above
we can identify (2™), with 2_, and hence

Be=Ci € B(#,(2%)_5) = B, Z5).

We conclude that Bg is bounded [Z/j] — Z3. Therefore from Theorem 8.1.1, the
Hankel operator of the extended system belongs to S, and hence the bounded real

singular values belong to ¢P. O
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The next result is a corresponding version of the above for positive real systems.

Corollary 8.1.3. Let J € H*(C{; B(%)) denote a strictly positive real transfer func-
tion, with % finite-dimensional. Assume that J is generated by (A, B,C, D) where
A generates an exponentially stable analytic semigroup on 2, B € B(%,%Z3), C €
B(Zw, %) and D € B(%,%), with o € [0,1] and o — B < 1. Then the positive real
singular values of J belong to £P for every p > 0. In particular, they are summable and

moreover decay faster than any polynomial rate, that is for any p > 0
nfo, -0, as n— oo.

Proof. From Lemma 7.1.8, the function G := S(J) is strictly bounded real and from
Lemma 7.2.4 the bounded real singular values of G are the positive real singular values
of J. We seek therefore to apply Proposition 8.1.2, and in order to do so we require
a state-space realisation of G. As argued in the proof of Lemma 7.2.6, the Cayley

transform of operators

A=Ay, —BI+D)'C: 2y — Xy, B=V2BI+D) % — 25,
C=—-V200+D)C: 2, —>%, D=I-DYI+D) % %,

is well-defined and é g is a realisation of G. This follows again from [81, Theorem
7.5.1 (ii)], here using that W = 2, is a compatible extension of 27 (see also [81,
Lemma 5.1.2 (iii)]). From Curtain et al. [18, Proposition 4.5] the operator A (where
—B(I+D)~'C = A in the notation of [18]) generates an analytic semigroup on 2~ and
the interpolation spaces Zj and s corresponding to A and A respectively are equal
forall § € [ — 1,8+ 1].

Thus
BeBU,X5)=BU,X5), and C € B(Lo,U)=B( X, %),

since trivially a, 8 € [ — 1, 8+ 1]. It remains to see that A generates an exponentially
stable semigroup. By the same results from [81] above we can “go back again”, and

recover the realisation for J from that of G, namely

Alg, =A-BI+D)'C: Xy — Xo-1, B=V2BI+D)': % — 25,
C=—V20+D)C:2,—%, D=(I-DYI+D) % —>%.

We now see that A is exponentially stabilisable and detectable since
Alg, =A+BF, F=—(I+D)!

A|fa:A+FQC~1a F2:_B(I+D)_7

@}

9

—_
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and A is exponentially stable. The system with generators ([1, B.,C, D) is input-output
stable, since the transfer function G € H>®(CJ; B(%)), and so by Rebarber [68, Corol-
lary 1.8], A generates an exponentially stable semigroup.

All the hypotheses of Proposition 8.1.2 are satisfied for the realisation [é g] of
G, and thus the bounded real singular values of G are in ¢P for all p > 0. Since the
bounded real singular values of G and the positive real singular values of J are the

same, this completes the proof. ]

8.2 Strictly positive real and strictly bounded real sys-

tems: an example

Recall the heat equation system in 1D on the unit interval, formulated as (5.3) in
Example 5.0.1. The transfer function J is given by (5.4) which is bounded and analytic
in the open right-half plane and so J € H*(C{).

From [61] it follows that (5.3) can be written in the form (2.3), with A generating
an analytic, exponentially stable semigroup on 2 = L?(0,1). Here C is the trace
operator, which is bounded Z, — C for all o > %. Furthermore, B = C*, and hence
B is bounded C — Zj for all 8 < —i. Therefore the conditions on the operators in
Corollary 8.1.3 are satisfied and it remains to check the strict positive realness of (5.3).

An elementary calculation with
1
Bw®) = [ o) ds>0. t>0
0

gives for smooth solutions w of (5.3)

2Re (u(t),y(t)) = iE(w(t)) + 2/1 |we||? dz
?y - dt 0 xX )
>0
= /0 2Re (u(7),y(7)) dr > E(w(71)) — E(w(0)), Vt¢>0. (8.1)

Equation (8.1) shows that (5.3) is positive real. However, the system (5.3) is not strictly
positive real as J(s) — 0 as s — +oo along the real axis and so the condition (2.23)
cannot hold.

We can create a strictly positive real transfer function, however, by adding a positive
feedthrough to J. Specifically, the system (5.3a)-(5.3d), with (5.3c) replaced by

y(t) = w(t,0) + Du(t), D >0, (5.3e)

denoted by (5.3)" is strictly positive real and thus all the hypotheses of Corollary 8.1.3
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are satisfied. Hence (5.3)" has summable positive real singular values (belonging to ¢
for all p > 0, in fact) and positive real balanced truncation is applicable here. Note
that the positive real singular values of (5.3) and (5.3)" are not necessarily the same,
but both sequences are summable. Note also that in obtaining a strictly positive real
transfer function we have changed the boundary conditions of our original PDE.

For illustrative purposes, we also consider the above example in bounded real co-
ordinates. Consider the PDE (5.3a), with boundary condition (5.3d), but now with
input u and output y given by

u(t) = 12(w(t, 0) — wy (£, 0)), (5.3f)

y(t) = ———(w(t,0) + wy (t,0)). (5.3g)

V2

The system (5.3a), (5.3d), (5.3f) and (5.3g) is bounded real, with transfer function

_1- J(s) _ Vs — tanh(y/s)
1+ J(s) +/s+tanh(y/s)’

The bounded real singular values of G (are the positive real singular values of J and

G:Cf—C, Gs)

so) are summable. Since G(0) = 1, it follows that |G|z~ = 1, and so G is not strictly
bounded real. We can alter the system to create a strictly bounded real system by

introducing a filter F' in series with G as in Fig. 8-1. If the filter F' is chosen with

U
F G Y

Figure 8-1: Addition of filter F’

the property that || F||ge < 1, then the series connection with transfer function GF is
strictly bounded real. However, we need to choose F' in such a way that the bounded
real singular values are still summable. Let ©g and ® ¢ denote the input-output maps
of G and F respectively. The Hankel operator of GF is 11 0o® pr_ R, where R is the

reflection operator. A calculation shows that

TGO rT_R = 7r+©G(7r+ + 7T_)©F7T_R
=141V Dpr_ R+ 14 Dern_Dpr_R
= (m4:Damy) (74D pm_R) + (1:Dan_R)(Rr_Dpm_R), (8.3)

where we have used that R? = I. The operators 7. ®pm_R and 7, Dgm_R are the
Hankel operators of F' and G respectively, and the operators 74 Ogmy and Rm_Opm_R
are bounded. If we choose F' such that its Hankel operator belongs to .S, then from
(8.3) we conclude that the Hankel operator of GF' belongs to .Sy, as the Schatten classes

are ideals in the space of bounded operators (see e.g. Bottcher & Silbermann [11, p.
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14]). As such the bounded real singular values of GF belong to S, for every p > 0 (and
so are summable).

There are a variety of ways we can ensure that the Hankel operator of F' belongs
to Sp. For example, by Theorem 5.1.13, F is rational if and only if its Hankel operator

is finite-rank, and in this instance belongs to S, for every p > 0.

Remark 8.2.1. We remark that it seems to us that there are many infinite-dimensional,
physically motivated systems that are bounded real (positive real), but that most are
not strictly bounded real (positive real). We have tried to demonstrate, using the above
example, that it is usually possible to tweak a bounded real (positive real) system to

obtain a strictly bounded real (positive real) system.

We have approximated the heat equation (5.3)" (with D = 1) using several stan-
dard numerical approximation schemes. Unfortunately, computing the distance in the
gap metric between these discretisations and the infinite-dimensional system is in-
tractable. Consequently we have replaced the infinite-dimensional system with a linear
finite-element approximation with N = 50 degrees of freedom, and have computed the
corresponding gap metric distances using the MATLAB function gapmetric. The log
of the gap metric error versus the order of the numerical discretisation is plotted in
Figure 8-2.

Computing the positive real balanced truncation of the infinite-dimensional system
is also intractable. Therefore we again take the linear finite-element approximation
with NV = 50 degrees of freedom as a substitute for the infinite-dimensional system and
compute the positive real balanced truncation of this system. We note that this is the
usual procedure for approximating balanced truncations of PDEs. Again, Figure 8-2
contains the log of the gap metric error between the positive real balanced truncation
and the linear finite-element approximation with N = 50 versus the number of degrees
of freedom in the positive real balanced truncation.

Figure 8-2 also contains the gap metric error bound for the positive real balanced
truncation based on the positive real singular values of the linear finite-element ap-
proximation with NV = 50 degrees of freedom. We see that the positive real balanced
truncation converges much faster than the other schemes and that the error bound is
very tight. Moreover, for n > 8 the error in the gap metric is larger than the error
bound. This is consistent with the MATLAB function gapmetric, however, which is
only accurate to 10~°, which is the size of the errors. This suggests that for this ex-
ample our gap metric error bound for n > 8 is in fact a better approximation of the

actual error than the error computed by the gapmetric function in MATLAB.
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Figure 8-2: Approzimation of heat equation (5.3)'. Both figures contain the positive real
balanced truncation () and the gap metric error bound (¢). Figure 8-2(a) in addition contains
finite element approximations using linear (+), quadratic (x) and cubic (o) elements. Figure
8-2(b) in addition contains finite difference approzimations of order two (+) and four (*) and
the Chebyshev collocation method (o).
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8.3 Notes

The contents of this short chapter have been submitted (together with material from
the previous two chapters) as [37]. The heat equation example and the core analysis

from that example is borrowed from [61].
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Chapter 9

Conclusions and future work

As mentioned in the introduction, the aim of this thesis was to extend bounded real
and positive real balanced truncation in two different directions. In Part I we consid-
ered a more general concept of a dissipative system. We worked in the framework of
dissipative driving-variable systems, and initially didn’t differentiate between inputs
and outputs. We did so for two reasons. Firstly so as to derive model reduction by bal-
anced truncation in a framework free from the constrictions of input-output relations.
We remark that although balanced truncation has been studied for behavioral systems
(see the Notes section of Chapter 3), the gap metric error bound of Theorem 3.6.8 is
new. Secondly, we sought to see bounded real and positive real balanced truncation
of input-state-output systems as special cases of dissipative balanced truncation. As
a corollary to the above gap metric error bound, we obtained the corresponding error
bound for positive real balanced truncation, which is also new (as well as the less useful
H® error bound). The gap metric bound has been independently established by Timo
Reis.

An obvious extension would be to consider infinite-dimensional versions of those
results. The work on balanced truncation of improper positive real rational functions,
started in Section 3.6.3, could also be developed further. Sufficient conditions for when
the positive real balanced truncation exists in this instance are desirable.

In Part II we considered infinite-dimensional bounded real and positive real input-
state-output systems. The picture here is nearly complete, in so much as we nearly
have an analogous theory to that of Chapter 2. The main goals, we believe, were
firstly to obtain rational approximants which preserved bounded realness or positive
realness respectively. Secondly, to establish error bounds analogous to those in the
finite-dimensional case, namely (2.18) and (2.32) for bounded real and positive real
balanced truncation respectively, which we have achieved. We have also demonstrated
that for some classes of infinite-dimensional systems, the positive real and bounded real
balanced truncations converge mush faster than existing numerical schemes, justifying

their use in model reduction of infinite-dimensional systems. The main unresolved issue
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is that we are forced to consider strictly bounded real and strictly positive real systems.
It is sufficient in the finite-dimensional case that G (J) is bounded (positive) real for
the error bound (2.18) ((2.32)) to hold; there we do not need to assume that G (J) is
strictly bounded (positive) real. The example of Chapter 8 indicates to us that many
bounded real and positive real systems that occur in physical situations are not strictly
bounded real or strictly positive real respectively.

We have used the strictness assumption in construction of our extended systems,
i.e. so that we can draw on the material of [97]. In the non-strict some results have
been established by Curtain [16], and to what extent the results of [16] can be used as
a substitute for [97] is to be investigated.

We would also like to build up some more examples of bounded real or positive
real infinite-dimensional systems which our theory can be applied to, as lack of time
has prohibited this so far. We have seen that parabolic PDEs with not too unbounded
control and observation are often suitable.

Another important extension would be to address the issue of how to actually
compute the bounded real and positive real balanced truncations. At the moment our
results do not give a constructive method for this as the spectral factors cannot be
found in general. It seems to us presently that for our theory to be applicable, some
numerical approximation and convergence results are required. Theorem 5.0.3 is a
result in this direction for Lyapunov balanced truncation and the discussion in Section
5.5.2 also considers this issue. The methods of [74] (and the references therein) seem a

good starting point for further investigation.
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Appendix

A

Proof of Lemma 3.6.13: The bottom route through the diagram gives

A B derived A—BD;Z/lC% BD;; _ AD Bp
C D Cy — Dy D,'Cy DyD,} Cp Dpl|

Taking the spa we have

(Ap)s = (A — BD,}Cy)11 — (A— BD,*Cy)12(A— BD,,'Cy )5 (A— BD,'Cy)a1,
(Bp)s = BiD,! — (A— BD,})Cy)12(A— BD,,'Cy )5 BaD},
(Cp)s = (Cy 1 — Dy D, Oy 1)
—(Cy 2 — DyD,'Cy2)(A—BD,'Cy)3 (A~ BD,'Cy)a,
(Dp)s = Dy D} — (Cy 2 — Dy D' Cy 2)(A — BD,'Cy)33 B2D}}.

The top route through the diagram gives

As B
CYS D S

A B
C D

Ay — App Ay Agr By — A12A5) By
Cl — CQA2_21A21 D — C2A2—2132

spa .

Taking the derived (%, %) system we have

(As)p = (A1 — ApAs) Agy)

— (B1 — A12A5) B2)(Dyy — Coyy 2A5y B2) H(Coyp 1 — Coyp 2 A5y Asn),
(Bs)p = (B1 — A12A5 By)(Dyy — Cy 2 A5 Ba) ™Y,
(Cs)p = (Coy 1 — Coy A5 Any)

— (Dy — Coy 2A3) Bo)(Dyy — Coy 2 A% Ba) " (Crp — Cr 2435 A,
(Ds)p = (Do — Coy 2A59 Bo)(Doy — Cyy 2 A5y Ba) L.
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Note that both of these procedures are well-defined by our invertibility assumptions.

It remains to show that

(AS)D = (AD)S7 (BS)D = (BD)57 (CS)D = (CD)sa (DS)D = (DD)s-

Set
L:= Ay —BsD,'Cyso and K :=Dy —CysAs Bo,

which by assumption are both invertible. It is easy to see that
(Ao — B2D;/IC%72)A2_2132 = BQD;/I(D% — Oy 245 Bs),

and hence
Ay BoK ™t =L7'ByD} (9.1)
We will also need that

K '=D,'+ D,'Cy 2(Ass — BoD,'Cyy 5) ' B2D}}!
=D, + D,/'Cy 2L 'ByD}}". (9.2)

It now remains to calculate

(As)p = (A11 — A12Ay Ag1) — (B1 — A12Ayy Bo) K (Coyp 1 — Coyp 2 Ay Asy),
= Ay — A1gAy Aoy — BiK 'Cyq + A1p Ay BoK1Cyp o
+ BlK_IC%’QAQ_QIAgl — A12A2_21B2K_1CO]/’2A2_21A21.

Using (9.1) in the fourth and sixth terms gives

(As)p = A1 — A12A5) Asy — BiK 'Cy 1 + A1aL ™ BoD Coyp 1
+ Bi1K 'Oy 2 A5 Aot — A1oL ' BoD} Oy 2 Asy A
= A11 — A1eL Y (Ay1 — BoD'Cy 1) — BIK 'Cy g + BiK 'Oy 2455 Aoy
= (A—BD}'Cy)11 — (A— BD,'Cy)12L (A — BD,'Cy ), (9.3)
= (Ap)s,

where in (9.3) we have used (9.2) to compute that

~B1 K 'Cy 1+ BiK 'Oy A5 Aoy = —B1D},'Cy 1
+ Bng;ZICOZ/’QLi]-(AQl — BQDGZ_/ICQZ’I).
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The other calculations are similar. Using (9.2) we have

(Bs)p = (B1 — A19A55 Bo) K = (By — A12A3 Bo)(D,,' + D! Cy oL~ ' B2D}})
=DB1D}! + B1D,'Cy oL ' BoD,' — A19A55 [I + BaD,)'Cyy o L7 1| BoD)}!
= B\D,}' + B1D,'Cy L™ 'ByD,}' — A12L7'ByD}}!
= DB1D}! — (A—BD,'Cy)12L™'BsD}}

= (Bp)s-

(Cs)p = (Coy — Coy 9 Ays A1) — (Do — Coy 9 Ay Bo) K~ H(Cy 1 — Coyp 2A55 Agy)
=Cy1— CysAyy Aot — Dy K 'Cy 1 + CynAsy BoK 'Oy s
+ Dy K1 Cy 9 Ay Aoy — Coyy 9 A5y BoK 1 Coy 0 Ay Ay

Using (9.1) in the fourth and sixth terms gives

(Cs)p =Cw 1 — CynAzy Aot — Dy K 'Coy 1 + Co s L™ ' BoD} Oy 1
+ Dy K~ 0y 2 A5 Aot — Oy 2L ' Bo D}, Oy 0 Asy A
= Cy, — Cy oL (Ao1 — BaDy)'Cy i) — Dy K™ '[Coy 1 — Coyp 2455 A
=Cy1—DyD,'Cy1— (Coo— DyD,'Cy o)L (A~ BD,'Cy)a,
= (Cp)s.

Finally, using (9.1) and (9.2) again we have

(Ds)p = (Dy — Cy 2A5y Bo) K = Dy K ' — Cy 9 Ay ByK ™!
= DyD,' + DyD,}Cy 2L BoD,} — Cy o L7 Bo D}
=Dy D, — (Cy o — DyD,'Cy 2)L ' ByD}
= (Dp)s,

which completes the proof. O

B

Proof of Lemma 5.3.4: Since (wi’k)}g\lfgp * is an orthonormal basis of L*(RT;%), for
any f € L?(R*; %) we have the decomposition

pi
F=Y0 (wig, 2w g

€N k=1
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For n € N we obtain the orthogonal decomposition
L*RY% %)= 2720 22, (9.4)

where 2,2 is as stated in the lemma and 22 = (2,2)*. We obtain orthogonal projec-
tions

P,: L*(RY %) — 22, Qu:=I1-P,: L*R"%) — %2
in the usual way so that

n - pi

Pof =Y > (wik, f)r2wik (9.5)

1=1 k=1

Since %, C Wt C L? it follows that [P, restricts to a projection
P, WHRT, ) - 2,
which by (9.5), the triangle inequality and the inequalities

ze W wig, 2) 2| < wiklloo - 2]l < Jlwi]

11 |7l < oo,

is a bounded operator on W1(R*; %) given by (5.73). Moreover, the range of P, is

all of Z,,. Therefore Q,, restricts to a bounded projection
Qn:=1-P, on W' (R"#).
Define 2" := QW (RT; %) C WLL(RT; %) so that
Qu: WHRG2) —» 20, 200 C 27

and
WH(RY ) = 2,0 e 20

We see that 3&’”171 and ,@”nl’l are orthogonal in the L? sense because %nl’l and Qi? are.

The projection P, defined by (5.73) on Wh! extends to a bounded projection
P L'RT %) — 2.2,

given by (5.73) where again the L? inner product is the duality product between L

and L', because

ve Ll [(wik )2l < lwiklloo - Il < fwiglly - [l2]lx < co.
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Since W' is dense in L! it follows that P, defined by (5.73) must be the unique

continuous extension of P, to L'. We can now extend Q,, to a bounded projection
Qn:=I1—-P,, onL'RT;%).
Define 27! := Q,L*(RT; %) so that
o, : L%Rﬂ@) — ,@?nl, anl’l - ,,@Fnl,

and

L'RY2) =2t o 2z

We claim that 2, and 2! are orthogonal with respect to the duality-product. So we

seek to prove
(x,y);2 =0, VaeZ!, VyeZl (9.6)

Let x € 22 and let y € Z!. Then y is the L' limit of a sequence (yx)reny € W1
Note that as Q,, is bounded
Ll
Qnyk — Qny =,

and as 9, extends @,
Qunyk = Quyx € Z1t

Therefore y is the L' limit of a sequence in 21t We have already seen that
(x,9)2 =0, Yo, Vyczhl,
which implies that
@,y e2] = [, y) 2 = (& Quuk) 12 | = [(2,y = @nyk) 2] < l|2llo - ly — @nylly
T

<|lzlh1-ly — Qunykll1 = 0, as k — oo.

We conclude that (9.6) holds. It remains to prove the self-adjoint properties in (5.74)
and (5.75). Both sides of the first equation in (5.74) are well-defined as

Pnzx, Pry € Eﬁ’nl c wht c .
We have for z,y € L'

(@, Pay) 2 = (P, Pry) 12 + (I — Pn)z, Poy) 12
= (Pnz, Pny) 12 + (Qnw, Pry) 12
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As Qux € Z} and P,y € 2}, the orthogonality of 2;} and Z;! established above
implies that (Q,z, Pny)r2 = 0. Thus

<$, P’ny>L2 = <an7 Pny>L27

which is symmetric in  and y. We conclude that (5.74) holds. The proof of the
second equation in (5.74) (involving Q,) is identical to that above with P, and Q,

interchanged. To see (5.75) is true, we argue similarly. For z,y € Wh!

(z, Pny>L2 = <ana Pny>L2 + <<I - Pz, Pny>L2
= (Puz, Poy) 12 + (Qn, Poy) 2.

AsQ,x € f)ﬁll 1 and Py € 3@’”73 ’1, the orthogonality of %nl’l and ffnl 1 established above
implies that (Qnz, P,y)r2 = 0. Thus

<a:,Pny>L2 = <ana Pny>L27

which again is symmetric in z and y and so we infer (5.75) as before. The proof for @,

follows similarly (by interchanging @,, and P,). O

187






Bibliography

1]

Vadym M. Adamjan, Damir Z. Arov, and Mark G. Krein. Analytic properties of
the Schmidt pairs of a Hankel operator and the generalized Schur-Takagi problem.
Mat. Sb. (N.S.), 86(128):34-75, 1971.

Brian D.O. Anderson and Sumeth Vongpanitlerd. Network analysis and synthesis:
a modern systems theory approach. Prentice Hall, 1973.

Athanasios C. Antoulas. Approximation of large-scale dynamical systems, vol-
ume 6 of Advances in Design and Control. Society for Industrial and Applied
Mathematics (STAM), Philadelphia, PA, 2005.

Damir Z. Arov and Olof J. Staffans. State/signal linear time-invariant systems
theory. I. Discrete time systems. In The state space method generalizations and
applications, volume 161 of Oper. Theory Adv. Appl., pages 115-177. Birkhauser,
Basel, 2006.

Damir Z. Arov and Olof J. Staffans. The infinite-dimensional continuous time
Kalman-Yakubovich-Popov inequality. In The extended field of operator theory,
volume 171 of Oper. Theory Adv. Appl., pages 37-72. Birkh&user, Basel, 2007.

Damir Z. Arov and Olof J. Staffans. State/signal linear time-invariant systems
theory. II. Passive discrete time systems. Internat. J. Robust Nonlinear Control,
17(5-6):497-548, 2007.

Damir Z. Arov and Olof J. Staffans. State/signal linear time-invariant systems
theory. II1. Transmission and impedance representations of discrete time systems.
In Operator theory, structured matrices, and dilations, volume 7 of Theta Ser.
Adv. Math., pages 29-68. Theta, Bucharest, 2007.

Damir Z. Arov and Olof J. Staffans. State/signal linear time-invariant systems
theory. IV. Affine and generalized transfer functions of discrete time systems.
Complex Anal. Oper. Theory, 1(4):457-521, 2007.

Vitold Belevitch. Classical network theory. Holden-Day, San Francisco, Calif.,
1968.

189



[10]

[15]

Janos Bognar. Indefinite inner product spaces. Springer-Verlag, New York, 1974.
Ergebnisse der Mathematik und ihrer Grenzgebiete, Band 78.

Albrecht Bottcher and Bernd Silbermann.  Analysis of Toeplitz operators.
Springer-Verlag, Berlin, 1990.

Frangoise Chatelin. Spectral approximation of linear operators. Computer Sci-
ence and Applied Mathematics. Academic Press Inc. [Harcourt Brace Jovanovich
Publishers], New York, 1983.

Xiang Chen and Kemin Zhou. On the relative and multiplicative model reduc-
tions. In Proceedings of the 27th Southeastern Symposium on System Theory
(SSST’95), page 57. IEEE Computer Society, 1995.

Xin Chen and John T. Wen. Positive realness preserving model reduction with
H®> norm error bounds. IEEE Trans. Circuits Systems I Fund. Theory Appl.,
42(1):23-29, 1995.

Ronald R. Coifman and Richard Rochberg. Representation theorems for holo-
morphic and harmonic functions in LP. In Representation theorems for Hardy

spaces, volume 77 of Astérisque, pages 11-66. Soc. Math. France, Paris, 1980.

Ruth F. Curtain. Linear operator inequalities for strongly stable weakly regular
linear systems. Math. Control Signals Systems, 14(4):299-337, 2001.

Ruth F. Curtain and Keith Glover. Balanced realisations for infinite-dimensional
systems. In Operator theory and systems (Amsterdam, 1985), volume 19 of Oper.
Theory Adv. Appl., pages 87-104. Birkh&user, Basel, 1986.

Ruth F. Curtain, Kalle Mikkola, and Amol J. Sasane. The Hilbert-Schmidt
property of feedback operators. J. Math. Anal. Appl., 329(2):1145-1160, 2007.

Ruth F. Curtain and Amol J. Sasane. Compactness and nuclearity of the Han-
kel operator and internal stability of infinite-dimensional state linear systems.
Internat. J. Control, 74(12):1260-1270, 2001.

Ruth F. Curtain and Hans Zwart. An introduction to infinite-dimensional linear
systems theory, volume 21 of Texts in Applied Mathematics. Springer-Verlag,
New York, 1995.

Liyi Dai. Singular control systems, volume 118 of Lecture Notes in Control and

Information Sciences. Springer-Verlag, Berlin, 1989.

Uday B. Desai and Debajyoti Pal. A transformation approach to stochastic model
reduction. IEEE Trans. Automat. Control, 29(12):1097-1100, 1984.

190



[23]

[24]

[28]

[30]

Dale F. Enns. Model reduction with balanced realizations: An error bound and
a frequency weighted generalization. In Proc. CDC, pages 127-132, 1984. doi:
10.1109/CDC.1984.272286.

Lawrence C. Evans. Partial differential equations, volume 19 of Graduate Studies
in Mathematics. American Mathematical Society, Providence, RI, second edition,
2010.

John B. Garnett. Bounded analytic functions, volume 236 of Graduate Texts in
Mathematics. Springer, New York, first edition, 2007.

Keith Glover. All optimal Hankel-norm approximations of linear multivariable
systems and their L*°-error bounds. Internat. J. Control, 39(6):1115-1193, 1984.

Keith Glover, Ruth F. Curtain, and Jonathan R. Partington. Realisation and
approximation of linear infinite-dimensional systems with error bounds. SIAM
J. Control Optim., 26(4):863-898, 1988.

Keith Glover, James Lam, and Jonathan R. Partington. Rational approximation
of a class of infinite-dimensional systems. 1. Singular values of Hankel operators.
Math. Control Signals Systems, 3(4):325-344, 1990.

Israel Gohberg, Seymour Goldberg, and Marinus A. Kaashoek. Classes of linear
operators. Vol. I, volume 49 of Operator Theory: Advances and Applications.
Birkh&auser Verlag, Basel, 1990.

Israel Gohberg, Peter Lancaster, and Leiba Rodman. Matrices and indefi-
nite scalar products, volume 8 of Operator Theory: Advances and Applications.
Birkh&user Verlag, Basel, 1983.

Israel Gohberg, Peter Lancaster, and Leiba Rodman. Indefinite linear algebra

and applications. Birkhéuser Verlag, Basel, 2005.

Michael Green. A relative error bound for balanced stochastic truncation. IEEE
Trans. Automat. Control, 33(10):961-965, 1988.

Michael Green and David J. N. Limebeer. Linear robust control. Prentice-Hall,
Inc., Upper Saddle River, NJ, USA, 1995.

Serkan Gugercin and Athanasios C. Antoulas. A survey of model reduction by
balanced truncation and some new results. Internat. J. Control, 77(8):748-766,
2004.

Chris Guiver and Mark R. Opmeer. A counter-example to “positive realness
preserving model reduction with H, norm error bounds”. Circuits and Systems
I: Regular Papers, IEEE Transactions on, 58(6):1410-1411, June 2011.

191



[36]

[41]

[43]

[44]

[45]

Chris Guiver and Mark R. Opmeer. Model reduction by balanced truncation for

systems with nuclear Hankel operators. Submitted, 2011.

Chris Guiver and Mark R. Opmeer. Bounded real and positive real balanced

truncation for infinite-dimensional systems. Submitted, 2012.

Chris Guiver and Mark R. Opmeer. An error bound in the gap metric for dissi-

pative balanced approximations. Submitted, 2012.

P. Harshavardhana. Model Reduction methods in control and signal processing.
PhD thesis, Univ. South. Calif. EE Dept, Los Angeles, CA, 1984.

P. Harshavardhana, Edmond A. Jonckheere, and Leonard M. Silverman. Stochas-
tic balancing and approximation-stability and minimality. IEEFE Trans. Automat.
Control, 29(8):744-746, 1984.

Edmond A. Jonckheere and Leonard M. Silverman. A new set of invariants for
linear systems—application to reduced order compensator design. IEFEE Trans.
Automat. Control, 28(10):953-964, 1983.

Leonid V. Kantorovich and Gleb P. Akilov. Functional analysis. Pergamon Press,
Oxford, second edition, 1982. Translated from the Russian by Howard L. Silcock.

Tosio Kato. Perturbation theory for linear operators. Classics in Mathematics.
Springer-Verlag, Berlin, 1995. Reprint of the 1980 edition.

Mikael Kurula and Olof J. Staffans. Well-posed state/signal systems in continuous
time. Complex Anal. Oper. Theory, 4(2):319-390, 2010.

Mikael Kurula and Olof J. Staffans. Connections between classical and generalised
trajectories of a state/signal system. Complex Anal. Oper. Theory, 5(2):403-422,
2011.

Peter D. Lax. Symmetrizable linear transformations. Comm. Pure Appl. Math.,
7:633—-647, 1954.

Peter D. Lax. Functional analysis. Pure and Applied Mathematics (New York).
Wiley-Interscience [John Wiley & Sons], New York, 2002.

Yi Liu and Brian D. O. Anderson. Controller reduction via stable factorization
and balancing. Internat. J. Control, 44(2):507-531, 1986.

David G. Meyer. Fractional balanced reduction: model reduction via fractional
representation. IEEE Trans. Automat. Control, 35(12):1341-1345, 1990.

192



[50]

[57]

Kalle Mikkola. Infinite-dimensional Linear Systems, Optimal Control and Alge-
braic Riccati Equations. Research reports / Helsinki University of Technology,

Institute of Mathematics. Helsinki University of Technology, 2002.

Ha Binh Minh. Model Reduction in a Behavioral Framework. PhD thesis, Gronin-
gen, 2009.

Bruce C. Moore. Principal component analysis in linear systems: controllability,
observability, and model reduction. IEEE Trans. Automat. Control, 26(1):17-32,
1981.

Giovanni Muscato, G. Nunnari, and Luigi Fortuna. Singular perturbation approx-
imation of bounded real balanced and stochastically balanced transfer matrices.
Internat. J. Control, 66(2):253-269, 1997.

Nikolai K. Nikolski. Operators, functions, and systems: an easy reading. Vol. 1,
volume 92 of Mathematical Surveys and Monographs. American Mathematical
Society, Providence, RI, 2002. Hardy, Hankel, and Toeplitz, Translated from the

French by Andreas Hartmann.

Raimund J. Ober. A note on a system theoretic approach to a conjecture by
Peller-Khrushchev. Systems Control Lett., 8(4):303-306, 1987.

Raimund J. Ober and Stephen Montgomery-Smith. Bilinear transformation of
infinite-dimensional state-space systems and balanced realizations of nonrational
transfer functions. SIAM J. Control Optim., 28(2):438-465, 1990.

Philippe C. Opdenacker and Edmond A. Jonckheere. A contraction mapping
preserving balanced reduction scheme and its infinity norm error bounds. IFEE
Trans. Circuits and Systems, 35(2):184-189, 1988.

Mark R. Opmeer. Model reduction for distributed parameter systems: a func-

tional analytic view. Accepted, American Control Conference, 2012.

Mark R. Opmeer. Infinite-dimensional linear systems: a distributional approach.
Proc. London Math. Soc. (3), 91(3):738-760, 2005.

Mark R. Opmeer. Model reduction for controller design for infinite-dimensional
systems. PhD thesis, Groningen, 2006.

Mark R. Opmeer. Decay of Hankel singular values of analytic control systems.
Systems Control Lett., 59(10):635-638, 2010.

Lavon B. Page. Bounded and compact vectorial Hankel operators. Trans. Amer.
Math. Soc., 150:529-539, 1970.

193



[63]

[64]

[71]

[72]

Jonathan R. Partington. An introduction to Hankel operators, volume 13 of
London Mathematical Society Student Texts. Cambridge University Press, Cam-
bridge, 1988.

Jonathan R. Partington. Linear operators and linear systems. An analytical
approach to control theory, volume 60 of London Mathematical Society Student

Texts. Cambridge University Press, Cambridge, 2004.

Vladimir V. Peller. Hankel operators and their applications. Springer Monographs
in Mathematics. Springer-Verlag, New York, 2003.

Lars Pernebo and Leonard M. Silverman. Model reduction via balanced state
space representations. IEEFE Trans. Automat. Control, 27(2):382-387, 1982.

Jan Willem Polderman and Jan C. Willems. Introduction to mathematical systems
theory, volume 26 of Texts in Applied Mathematics. Springer-Verlag, New York,
1998. A behavioral approach.

Richard Rebarber. Conditions for the equivalence of internal and external stabil-
ity for distributed parameter systems. IEEE Trans. Automat. Control, 38(6):994—
998, 1993.

Timo Reis. Private correspondence, 2011.

Timo Reis and Tatjana Stykel. Positive real and bounded real balancing for model
reduction of descriptor systems. International Journal of Control, 83(1):74-88,
2010.

Marvin Rosenblum and James Rovnyak. Hardy classes and operator theory. Dover
Publications Inc., Mineola, NY, 1997. Corrected reprint of the 1985 original.

Dietmar Salamon. Infinite-dimensional linear systems with unbounded control
and observation: a functional analytic approach. Trans. Amer. Math. Soc.,
300(2):383-431, 1987.

Dietmar Salamon. Realization theory in Hilbert space. Math. Systems Theory,
21(3):147-164, 1989.

John R. Singler. Snapshot algorithm for balanced model reduction of linear

parabolic systems: convergence theory. Submitted for publication, 2009.

Y.L. Smuljan. Invariant subspaces of semigroups and the lax-phillips scheme.
Deposited in VINITI, (8009-B86), 1986.

Olof J. Staffans. Quadratic optimal control of regular well-posed linear systems,

with applications to parabolic equations, 1997.

194



[77]

[78]

[79]

[30]

[87]

Olof J. Staffans. Quadratic optimal control of stable well-posed linear systems.
Trans. Amer. Math. Soc., 349(9):3679-3715, 1997.

Olof J. Staffans. Quadratic optimal control of well-posed linear systems. STAM
J. Control Optim., 37(1):131-164 (electronic), 1999.

Olof J. Staffans. Passive and conservative continuous-time impedance and scat-
tering systems. I. Well-posed systems. Math. Control Signals Systems, 15(4):291—
315, 2002.

Olof J. Staffans. Passive and conservative infinite-dimensional impedance and
scattering systems (from a personal point of view). In Mathematical systems
theory in biology, communications, computation, and finance (Notre Dame, IN,
2002), volume 134 of IMA Vol. Math. Appl., pages 375-413. Springer, New York,
2003.

Olof J. Staffans. Well-posed linear systems, volume 103 of Encyclopedia of Math-
ematics and its Applications. Cambridge University Press, Cambridge, 2005.

Weigian Sun, Pramod P. Khargonekar, and Duksun Shim. Solution to the positive
real control problem for linear time-invariant systems. IEEE Trans. Automat.
Control, 39(10):2034-2046, 1994.

Charles Swartz. An introduction to functional analysis, volume 157 of Monographs
and Textbooks in Pure and Applied Mathematics. Marcel Dekker Inc., New York,
1992.

Sergei R. Treil’. An inverse spectral problem for the modulus of the Hankel
operator, and balanced realizations. Algebra i Analiz, 2(2):158-182, 1990.

Harry L. Trentelman. Bounded real and positive real balanced truncation using
Sigma-normalised coprime factors. Systems Control Lett., 58(12):871 — 879, 2009.

Harry L. Trentelman. A behavioral characterization of the positive real and
bounded real characteristic values in balancing. Systems Control Lett., 60(1):7—
14, 2011.

Andras Varga. Computation of coprime factorizations of rational matrices. In
Decision and Control, 1997., Proceedings of the 36th IEEE Conference on, vol-
ume 5, pages 4830 —4835 vol.5, dec 1997.

Andras Varga. Computation of normalized coprime factorizations of rational
matrices. Systems Control Lett., 33(1):37-45, 1998.

Erik I. Verriest. Low sensitivity design and optimal order reduction for the LQG-
problem. In Proc. 24th Midwest Symp. Circuits Syst., pages 365-369, 1981.

195



[90]

[91]

[96]

[97]

[101]

[102]

[103]

[104]

Weizheng Wang and Michael G. Safonov. A tighter relative-error bound for
balanced stochastic truncation. Systems Control Lett., 14(4):307-317, 1990.

Siep Weiland. A behavioral approach to balanced representations of dynamical
systems. Linear Algebra Appl., 205/206:1227-1252, 1994.

George Weiss. Admissibility of unbounded control operators. SIAM J. Control
Optim., 27(3):527-545, 1989.

George Weiss. Admissible observation operators for linear semigroups. Israel J.
Math., 65(1):17-43, 1989.

George Weiss. Representation of shift-invariant operators on L? by H* transfer
functions: an elementary proof, a generalization to L?, and a counterexample for
L*>°. Math. Control Signals Systems, 4(2):193-203, 1991.

George Weiss. Transfer functions of regular linear systems. I. Characterizations
of regularity. Trans. Amer. Math. Soc., 342(2):827-854, 1994.

George Weiss and Hans Zwart. An example in linear quadratic optimal control.
Systems Control Lett., 33(5):339-349, 1998.

Martin Weiss and George Weiss. Optimal control of stable weakly regular linear
systems. Math. Control Signals Systems, 10(4):287-330, 1997.

John T. Wen. Time domain and frequency domain conditions for strict positive
realness. IEEE Trans. Automat. Control, 33(10):988-992, 1988.

Jan C. Willems. Dissipative dynamical systems. II. Linear systems with quadratic
supply rates. Arch. Rational Mech. Anal., 45:352-393, 1972.

Jan C. Willems. Input-output and state-space representations of finite-
dimensional linear time-invariant systems. Linear Algebra Appl., 50:581-608,
1983.

Jan C. Willems. The behavioral approach to open and interconnected systems:
modeling by tearing, zooming, and linking. IEEE Control Syst. Mag., 27(6):46—
99, 2007.

Jan C. Willems and Harry L. Trentelman. Synthesis of dissipative systems using
quadratic differential forms. I. IEEE Trans. Automat. Control, 47(1):53-69, 2002.

Nicholas J. Young. Balanced realizations in infinite dimensions. Operator Theory:
Advances and Applications, 19:449-471, 1986.

Kemin Zhou, John C. Doyle, and Keith Glover. Robust and optimal control.
Prentice Hall Englewood Cliffs, NJ, 1996.

196



