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Task Description

Problemstellung

Um die numerische Simulation grofier Systeme effizienter zu machen, versucht man mit-
tels Verfahren der Modellreduktion ein reduziertes Modell mit geringerer Ordnung r < n
zu bekommen, das das Ubertragungsverhalten des Originalmodells moglichst gut ap-
proximiert. Fiir lineare Systeme ist die Modellreduktion gut untersucht und etabliert.
Leider sind die meisten praxisbezogenen dynamischen Systemen jedoch nichtlinear oder
polynomial-nichtlinear.

Bilineare Systeme stellen eine polynomial-nichtlineare Systemklasse dar, die eng mit
den linearen Systemen zusammenhéngt. Diese enge Verbindung erlaubt — unter Verwen-
dung der sog. Volterra-Theorie — die Ubertragung vieler systemtheoretischer Konzepte
(z.B. Ubertragungsfunktion, Gramsche, H2-Norm) sowie bestehender linearer Modellre-
duktionsverfahren (z.B. balanciertes Abschneiden, Krylow-Unterraummethoden, Ha-
optimale Reduktion) auf den bilinearen Fall.

Im Rahmen dieser Arbeit sollen, nach einer Einarbeitung in die Thematik, verschiedene
existierenden Verfahren der bilinearen Systemtheorie und Modellreduktion in MATLAB®
entwickelt und untersucht werden. Ziel ist also, moglichst vollstandige und automa-
tisierte Reduktionsalgorithmen fiir bilineare MIMO Systeme in MATLAB® zu implemen-
tieren und diese anschliefend zu validieren, um somit eine MATLAB®-Toolbox fiir bilin-
eare Systeme zu generieren.

Arbeitsprogramm

1. Einarbeitung in die bilineare Modellreduktion, insbesondere in die Krylow-Unter-
raummethoden fiir lineare und bilineare Systeme [2, 6, 10, 11, 20]

2. Systematische Implementierung von Algorithmen zur Reduktion bilinearer MIMO
Systeme. Folgende Schritte wéren sinnvoll:

o Weiterentwicklung der Moment Matching Algorithmen (Volterra Series In-
tepolation): volterraBrk, volterraBarnoldi, b_irka.

o Integration von bilyapchol innerhalb von bnorm zur Berechnung von Ho-
Normen. Verbesserung und Entwicklung weiterer Funktionen.

3. Durchfithrung von Tests anhand von bilinearen Benchmarks (Fokker Plank equa-
tion, bilinear heat transfer model) und Evaluation der Reduktionsergebnisse

4. Dokumentation der Arbeit und der Ergebnisse
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Abstract

Bilinear systems are a special class of nonlinear systems. With the bilinear part in the
state-equation, bilinear systems are more suitable than linear systems for the approxima-
tion of nonlinear systems. However, a series approach connects bilinear systems strongly
to linear systems. This enables the possibility to adapt the system theory and model
reduction methods for linear systems to bilinear systems.

In this sense, we start by investigating the Volterra series representation of bilinear sys-
tems and develop a criterion for convergence. Through this kind of representation we
are able to define transfer functions for bilinear systems.

Subsequent, we discuss system-theoretic concepts of bilinear systems. Thereby, we espe-
cially examine bounded-input bounded-output (BIBO) stability, controllability, observ-
ability and bilinear system norms. This establishes the needed requirements for model
reduction.

Regarding model reduction, we first discuss the basic concepts as well as subsystem
interpolation. Following, we gain in-depth knowledge about Volterra series interpola-
tion. In this context, we discuss different aspects of implementation of this framework.
After that, we extend the multipoint Volterra series interpolation to match higher or-
der moments and upgrade the previously introduced implementations for this. As a last
point of model reduction we discuss an algorithm, which computes an Ho-optimal model.
Concluding, we test the theoretic concepts using bilinear benchmark models.
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Kurzfassung

Bilineare Systeme sind eine spezielle Systemklasse der nichtlinearen Systeme. Durch
den bilinearen Anteil in der Zustandsgleichung eignen sich bilineare Systeme besser als
lineare Systeme zur Approximation von nichtlinearen Systemen. Der Vorteil von bilinea-
ren Systemen ist, dass sie durch einen Reihenansatz stark mit linearen verkniipft sind,
was es ermoglicht Systemtheorie bzw. Modellreduktion fiir lineare Systeme auf bilineare
Systeme zu iibertragen.

In diesem Sinne wird die Reihendarstellung untersucht und ein Konvergenzkriterium
erarbeitet. Mit dieser Reihendarstellung ist es moglich Ubertragungsfunktionen fiir bili-
neare Systeme zu definieren.

Daraufhin werden die systemtheoretischen Konzepte zu bilinearen Systemen besprochen,
wobei besonders auf BIBO Stabilitdt, Steuerbarkeit, Beobachtbarkeit und Systemmnor-
men eingegangen wird. Damit schaffen wir das notige Vorwissen zur Modellreduktion.
Im Bezug auf Modellreduktion werden zuerst Grundkonzepte sowie die Subsysteminter-
polation besprochen. AnschlieBend wird vertieft auf die Volterra Reihen Interpolation
eingegangen. Dabei wird ein tiefgreifendes Verstédndnis geschaffen und verschiedene Im-
plementierungsaspekte werden diskutiert. Im Anschluss daran, wird die Volterra Reihen
Interpolation fir das Abgleichen hoherer Momente erweitert und die zuvor présentier-
ten Implementierungen dafiir angepasst. Als letzter Punkt der Modellreduktion wird ein
Algorithmus besprochen, der ein Hs-optimales, reduziertes Modell findet. Abschlieflend
werden die theoretischen Konzepte an bilinearen Benchmarkmodellen getestet.
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Chapter 1

Introduction

1.1 Motivation

Today’s demand for better and less expensive technology requires the use of high fidelity
dynamical models, in other words, mathematical models which represent a real world
process very well. The mentioned dynamic models are partial differential equations
(PDE), ordinary differential equations (ODE) or differential algebraic equations (DAE),
which allow us to avoid time-consuming and expensive experiments since we are able to
simulate them. To be able to capture all dynamics of the system and in this sense increase
the accuracy of the model, a high model complexity is often induced. Within this context
high complexity means that the number of equations or rather the state-dimension n of
the underlying mathematical model increases significantly. Indeed, one often deals with
so-called large-scale systems of size n ~ 10%. Obviously, it is not possible to simulate
these large-scale systems with conventional computers. Considering the following linear
system of differential equations

(t) = Az(t)

where A € R10°x10°, Storing the matrix A as a double-precision array on a 64-bit op-
erating system requires a total amount of 7450 GB of storage. Assuming that we could
store A, it would take over 5 days on a moderate machine to simulate 10 seconds by use
of Fuler’s method and a step size of 0.01.

This example shows, that there is a drastic need to reduce the complexity of those dy-
namic models to reduce the computational effort or rather at least make it possible to
simulate them. This motivates model reduction, whose goal it is to approximate a dy-
namical model with a much smaller amount of differential equations. Apparently, the
main objective is to reduce the error of the approximation.

Another aspect of the complexity of a dynamic model is that most technical processes
do not follow a linear behavior which means that the differential equations are nonlinear.
Since a linearized nonlinear system is mostly bad in capturing nonlinear dynamics we
consider a special class of nonlinear systems: bilinear systems. They combine the two
major advantages of better capturing nonlinear dynamics as well as the possibility to
apply linear system theory and linear model reduction techniques.
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1.2 Goals

The first goal of this thesis is to obtain in-depth understanding of bilinear systems.
Therefore, we consider different representations of bilinear systems as well as bilinear
system theory.

After that we draw our attention to model reduction of bilinear system. In this sense
we point out different algorithms for Volterra series interpolation. We also want to ex-
tend the existing multipoint Volterra series interpolation framework to multiple-input
multiple-output (MIMO) systems as well as for higher order moments which we conse-
quently call multimoment Volterra series interpolation.

Finally, we want to discuss the bilinear rational Krylov algorithm (BIRKA).

1.3 Outline

We begin this thesis by explaining bilinear systems generally in Chapter 2. Consequently,
we discuss their origin and different forms to represent them. On this occasion we in-
troduce the Volterra series representation and point out convergence criteria. As a last
part of this chapter we deal with transfer functions.

Chapter 3 is completely related to bilinear system theory. Hence, we start with the
pole-residue and the diagonal form of a bilinear system. Following, we discuss BIBO
stability in depth. In addition we obtain criteria for controllability and observability
and in this sense introduce the Gramians. Finally, we show the connection between the
bilinear system norms and the Gramians.

In Chapter 4 we discuss interpolation-based reduction methods for bilinear systems.
Therefore, we start by explaining basic concepts of model reduction. After that, we
briefly explain the subsystem interpolation framework. Following, we introduce multi-
point Volterra series interpolation, explain its connection to Sylvester equations and give
different algorithms which yield the projection matrices. In addition to that, we expand
the framework to be able to match higher order moments which we consequently call
multimoment Volterra series interpolation. In this sense, we also explain different ways
to compute the projection matrices. Then we discuss other special cases of Volterra se-
ries interpolation like block Krylov, Markov Parameters and complex expansion points.
Finally, we introduce BIRKA, an algorithm to obtain an Hs-optimal reduced bilinear
system.

Rounding off this thesis, we provide numerical examples in Chapter 5 corresponding to
the previously introduced algorithms followed by the conclusion in Chapter 6.

Note that for better readability we highlight important equations blue. Since one often
looses sight of the actual goal during a derivation, we highlight the goal red. If the
derivation yields the highlighted goal, we mark the formula green.



Chapter 2

Bilinear Systems

Bilinear systems are a special class of nonlinear systems. In state-space representation
they only differ from linear systems by having an additional bilinear term. A generalized
single-input single-output (SISO) bilinear system ( is given by

Ex(t) = Az(t) + Nx(t)u(t) + bu(t), x(0) = =,
¢: { (2.1)

y(t) = cTx(t),

where E, A € R™" with E being regular, N € R™" b ¢ R™! and ¢' € R*",

Looking at a MIMO bilinear system things often get complicated due to a bilinear term

for every input. In literature, the bilinear term is often written in Kronecker notation

N(I ® z(t))u(t) where N = [N1,..., N,,] € R®™""_ This makes it possible to write

it brief, but it is not intuitive to read. Making things easier to understand, we will use

the equivalent sum notation which means that in the MIMO case Nx(t)u(t) becomes

71 Njz(t)u;(t). Hence, a MIMO bilinear system with m inputs and p outputs results
in

m
) Ex(t) = Az(t) + Y Njz(t)u;(t) + Bu(t), =(0)= =0, 2
: j=1 .

y(t) = Cz(t),

where E, A € R"*" with E regular, N; € R™*", B € R™™ and C € RP*".

As bilinear systems are introduced, we will deal with their origin in the subsequent part.
Consequently, we will illustrate two ways to receive a bilinear system as well as provide
examples.

After that we have to consider a different representation to be able to later apply similar
theories as for linear model reduction. Hence, we introduce ways to gain the so-called
Volterra series representation of a bilinear system.

Finally, we show two possibilities of transfer functions: transfer functions with triangular
kernels and with regular ones.

2.1 Origin

While dealing with bilinear systems, one may ask oneself where they come from. Ba-
sically there are two possible options. First, one could receive a bilinear system by

3
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modeling a technical system which has bilinear properties. Second, it is possible to
obtain a bilinear system out of a nonlinear system by use of the Carleman linearization.

2.1.1 Physical Modelling

Bilinear systems appear in a variety of disciplines. A simple biological example is the
equation which describes the population of a species. Similar to that, the neutron
population in nuclear fission is also described by a bilinear equation. Another physical
example is a mechanical brake, where the approximation of the frictional force has
bilinear characteristics. Although all this processes sound interesting due to their small
order they are not relevant for this thesis as our goal is to apply model reduction which
only makes sense for large-scale systems [16].

However, to provide a relevant example, we take a look at the It6-type linear stochastic
differential equations of the form

dx(t) = Az(t)dt + f: Ax(t) dw;(t) + Bu(t)dt, x(0) = xo,
j=1

y(t) = Cx(t)

where A € R™™", Ag € R™", B € R™™ and C € RP*™ and the dw;(t) are white
noise processes associated with Wiener processes w;(t). One can clearly determine the
bilinear structure. Later on, we will introduce an It6-type equation, the Fokker-Planck
equation, and use it as a benchmark for our model reduction implementations.

2.1.2 Carleman Bilinearization

Another option to derive large-scale bilinear systems is to apply the Carleman lineariza-
tion to a nonlinear system. Replacing the approximation of a nonlinear system with a
bilinear system instead of a linear system improves the accuracy significantly.

Kronecker Product

Initially, we have to define the Kronecker product. Unlike other operators, the applica-
tion of the Kronecker product does not depend on the dimensions of the matrices. Thus,
it is an operation on two matrices of arbitrary size.

Definition 2.1 (Kronecker Product). Let the matrix A be of size m x n and the matrix
B of size p x q. Applying the Kronecker product as follows results in a matrix with
dimensions mp X ngq

A

For later use in this chapter, we also have to define the Kronecker exponential which we
will indicate with round brackets.
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Definition 2.2 (Kronecker Exponential). The k-th Kronecker exponential of a matrix
A results in k Kronecker products of A with itself.

AP = Ax.. . 2A
S ——

k—times
A

Bilinearization
Considering the following state-space formulation of the MIMO nonlinear system

m

Ei(t) = a(x(t)) + > bj(a(t))u;(t),
j=1 (2.3)
y(t) = Cx(t)

where x(t) € R"*! denotes the state vector, w(t) = [u1(t), ..., un(t)]T € R™*! contains

the inputs and y(¢) € RP*! contains the outputs. Our objective is to approximate this
nonlinear system via the Carleman linearization. For better readability we will drop the
time argument. We start by expanding the nonlinear function a(x) at the equilibrium
point xg as a Taylor series

B da(xp) 1 0%a(=xo) @2 1 da(xo) 3)
Ay As As

While setting g = 0 and assuming a(xp) = 0 we can rewrite the Taylor series with
Kronecker notation for x.
z(2) PAG))

a(r)=Aix+ A (z@x)+A3(z@xxT)+...

k=1 k=1

Here A; € R™ ™ is the first partial derivative also called Jacobian of a(x). Generally,
A; € R™™ identifies the i-th partial derivative of a(x) with respect to @ evaluated at
xo. We expand each b;(x) in the same way but now assuming that b;(xg) # 0

bj(z) = Boj+ Bijx+ Byj(x®a)+ B3 j(zx@xz @)+ ...

o) N-—1
Y B ~ Y Beal. (25)
k=0 k=0

Note that By j € R™*! represents b(x) evaluated at xo. As above, B; € R identifies
the i-th partial derivative of b(x) with respect to @ evaluated at xo. Taking (2.4) and
(2.5) into account we can rewrite (2.3) as follows

N m N-—1
Bo =3 A+ 30 Y Bujel,
k=1 j=1 k=0 (2.6)

y=~Czx.
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Basically one could stop right here and use (2.6) to approximate the nonlinear system
(2.3). As our goal is to obtain a bilinear structure as follows

Ei = Az + ) Njzuj + Bu (2.7)
j=1

we have to continue with the bilinearization step. It is possible to write (2.6) with the
structure of (2.7) by defining a new state-vector

e

2(N)

To specify the first N state-equations corresponding to (2.6), we develop a differential
equation for (2 by neglecting the terms of degree higher than N.

d
E@3;? — 4Bz ® Ex) = Bt ® Bz + Ex @ B

m N-—1
ZAk:n k)—l—z Bk]a: ®Ex
7=1 k=0
Ei
N m N-1
+Ex® Z Agx® 4 Z Bka(k)uj (2.8)
k=0 j=1 k=0
Ei
N-1
=Y (Ak®@E+E® Az +
k=1
m N-—2
Z Z (Bkyj QFE+E® Bk,j) .’ZZ(kJrl)uj, $(2)(0) =0
j=1 k=0

As we can see in the last part of (2.8), @ satisfies a differential equation with the
same structure as () = x in (2.6). Therefore, we can generalize the above equation as
follows

N—i+1 m N—i
E(l) i) Z Al kil? (k+i—1) + Z Bz ke, g L k+171)uj7 w(l) (0) =0 (29)
k=1 7j=1k=0

where Ay, = Ay and for ¢ > 1
A=A, QE®R..QE+ EQA,QE®..QE+...+E®...Q E®R A

For the matrices B;j j we use similar notation. Finally, we gain a bilinear system like
(2.7) making use of (2.9)

Ei = Az Z uj + Bu, %(0) = &, 2.10)

y=Cx
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where
E 0 e 0 Al,l ALQ . AI,N
_ |0 E® ... o N 0 Ay ... Ay
E = , A= ' ,
0 o0 EW) 0 0 AN
Bii; Bi2; ... Bin; 0 B, ro
xo
B2707j B2717] M B27N727] O 0 0
Nj=| 0 Bsg; ... Bsgn3; 0|, B=| 0 |, = :
: 0
0
0 0 BN7()7j 0 0 T
C = [C 0 0

According to the bilinear structure of (2.10) we call this procedure Carleman bilin-
earization. Let us not loose sight of the fact that our bilinear approximation in (2.10)
is truncated since we only consider N terms with the Taylor series. Note that each
differential equation of (¥ contains i — 1 Kronecker products which heavily increases
the dimensions 77 = ZkN:1 n* of our new state-vector &. This is the crucial disadvantage
of the bilinearization approach [5] [20].

Ezample 2.1 (Bilinearizing a simple nonlinear system). We can approximate the
system

(1) = a(e(t)) + bu(t),

y(t) = c=() 21D

with the truncated Carleman bilinearization for N = 2. Above formulations yield
the matrices

x(t)

@ (t) =
x(t) @ =(t)

B:m, &= 0],

0 0
bI+I®b 0

Ay Ay
0 ARQI+I®A;

)

Hence, the bilinear approximation of (2.11) results in

(t)
y(t) =

As mentioned, the order of the bilinear system increases significantly with higher
order terms. In this example the nonlinear state representation has the dimension
n whereas the bilinear state representation has size (n + n?). A

Az(t) + Nz(t)u(t) + bu(t),

T5(0) (2.12)

o
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2.2 Volterra Series Representation

To apply linear model reduction concepts to bilinear systems, we need a different repre-
sentation. Thus, we introduce the concepts of Volterra series. Our goal is to describe a
bilinear system ¢ with the following sequence of cascaded linear systems 3

DT Eml(t) = Al‘l(t) + B'u,(t)7 1131(0) =z,
S o Eay(t) = Azg(t) + f:ijk‘—l(t)uj(t)a @, (0) =0 for k> 2 (2.13)
j=1

for which we are able to compute each solution x(t). The solution of the bilinear system
will then be the sum over all solutions x(t) = >"72; i (t).

Figure 2.1: Volterra series representation of a bilinear system ¢

As we can see in (2.13) and Fig. 2.1, each so-called subsystem 3 includes the input
and a unique state-vector xy(t). For k > 1 every subsystem Xj also depends on the
solution xy_1(t) of the previous subsystem ;1. We will discover that the importance
of a subsystem decreases while k increases.

To gain this Volterra series representation, there are two possible approaches. On the one
hand, it exists the variational equation approach, on the other hand one could perform
the Picard iteration.

2.2.1 Variational Equation Approach

The variational equation approach is a straightforward method to obtain the subsystem
representation. Its ansatz inherits the idea of Volterra series. Let us assume that a
MIMO bilinear system

! Ex(t) = Ax(t) + Em: Njx(t)u;(t) + Bu(t), =(0)= o,
. j=1

y(t) = Cx(?),
is forced by an input which looks as follows

u(t) = au(t).
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Hereby « denotes an arbitrary scalar. Let us also suppose that we can rewrite the
state-vector as a sum of state-vectors weighted by powers of «

x(t) = io: oy (t) = amy (t) + o’@a(t) + oBws(t) + ...,
k=1

&(t) = i oFiey(t) = iy (t) + oo (t) + Pas(t) + ... .
k=1

Inserting the ansatz in the state-equation of ¢ results in

E(o@l(t) + 042$2(t) =+ .. ) = A(Oz$1(t) —+ oz2ar:2(t) =+ .. )

+ i Nj(az(t) + oxo(t) + ... )au;(t) + Bau(t). (2.14)

Jj=1

Comparing terms with equal powers of « yields a state-equation for each @y (t) that must
hold for all a. The previous yields [§]

o Eibl(t) = Aml(t) + Bu(t) R wl(()) =Xy,

a? Eig(t) = A:Eg(t) + Z NjiBl(t)Uj(t) , ZBQ(O) =0,
j=1

ol Efvg(t) = Axg(t) + f: Njibg(t)Uj(t) , wg(()) =0,
j=1

which we can generalize. By assuming that a = 1 we obtain the following subsystem
representation of ¢

E.’.i'l(t) = A:cl(t) + B’U,(t) , .’131(0) = Xg,
¢:

Eiy(t) = Axp(t) + f:ijk_l(t) wi(t), xp0)=0, k>2
j=1

which is equal to (2.13). Note that only the first subsystem contains the initial condition
xy. All subsystems for k > 2 will also hold xg since they contain the first subsystem
due to cascading.

2.2.2 Picard Iteration Approach

The variational equation approach does not answer questions concerning convergence
of the Volterra series. Thus, we take a look at the Picard iteration approach. We
will discover criteria for convergence which then allow us to truncate the series. The
truncation is necessary to numerically compute x(¢) via the sum over the subsystems.
To apply the Picard iteration to bilinear systems we discuss the underlying theory first.

Picard Iteration

Generally, the Picard iteration is a fixed point iteration to approximate functions like

2(t) = f(t,2())
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with iterative calculations of the sequence

2 (t) = f(t, zr—1(t)).

To ensure convergence, f(z) needs to be a contraction, which means that there exists a
constant K € [0,1) so that

1f (£ 21(8) = f(t, 22(0))]] < Kl21(2) — z2()]]-

Therefore, a contraction means that the images of two points are closer than the two
points themselves [1].

To apply this theory to our problem, we have to use a modified Picard iteration. The
starting value problem

() = f(t,2(1),  z(to) = 20 (2.16)

can also be written as

z(t) = zp + tf(T,Z(T)) dr.

to

As the Picard-Lindeldf theorem shows, a starting value problem like (2.16) has a unique
solution within ¢ € [0, T if f(¢, z(t)) satisfies a Lipschitz condition for the second variable.
Similar to above, this means there exists a variable L > 0 so that

1f (8 21(t) = f(t, 22(t)[| < Lllza(t) — 22(1)l], with ¢ € [0,T] (2.17)

is fulfilled [25]. If f(¢, z(t)) satisfies (2.17) we can approximate (2.16) with a small enough
€ > 0 by iteratively computing

z0(t) = 2o

¢
zk(t) = 2o +/t f(r, zi—1 (7)) dT, t € [to,to + €]

For infinite iterations the solution zjp_,.(t) converges against the analytic solution z(t)
Picard Iteration Applied To Bilinear Systems

To not loose sight of our actual goal we briefly recapitulate that we try to find a sequence
of cascaded linear systems with which we can represent our bilinear system ¢

DI Eml(t) = Aa:l(t) + Bu(t), 581(0) = Xy,

Sp: Bag(t) = Azp(t) + > Njzp_1(t)u;(t),  @x(0)=0 fork>2.
j=1

Making things more understandable we start applying the Picard iteration to a SISO
bilinear system (

. { Ea(t) = Ax(t) + Na(tu(t) + bu(t), @(to) = 20,

y(t) = e x(t).
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To gain a structure as in (2.16) we need to perform a change in the variable x(t) as
follows [8]

x(t)
x(t)

Applying the transformation to ¢ results in the equivalent representation

eE_lAtZ(t),

eE_lAtZ(t) + EilAeE_lAtz(t).

eEilAtZ(t) +E'A eEilAtz(t) =E'A eEilAtz(t) +EIN eEilAtz(t) u(t) + E7 1 bu(t),

Z(to) = I.

Making use of N(t) = e E At E-1NeF At p(1) = e~ F At B~ 1p and being aware that
_1
E~'AeF ™ Alz(t) cancels out, we can write

2(t) = N@Oz(tu(t) + b(t)u(t),  z(ty) = xo. (2.18)

Note that we do not apply the transformation to the output equation as we will later
change back to the original variable.
Assuming that z(ty) = 0 as well as the right-hand side of the first equation of (2.18)
fulfills the necessary Lipschitz condition we can apply the Picard iteration. The solution
of (2.18) can then be constructed by

Zo(t) = Z0 = 0
t " t "
Zl(t) = zo + N(Tl)ZO(Tl)u(Tl)dTl+ b(’Tl)u(Tl)dTl
\:6/ T1=to T1=to
=0
t t
2o(t) = zo + N (12)z1(12)u(12) dmo + b(m2)u(r2) d7o
~~ To=to To=to

= : ]V(Tg)/:2 B(Tl)u(Tl)dTlu(Tg)dTg—i— t B(Tg)u(Tg)dTg

T2=to 1=to T2=to

:Zl(TQ)
t T N N t A
_ / t / N(m)b(r)u(r)u(ra) drr da + b(r2)u(rz) A7
To=to JT1=to

To=tg

After we apply the iteration infinite times and make use of the fact that zx_,o(t) = 2(t)
we can write the solution z(¢) of (2.18) as follows

2(t) = ,§ [y [ M) N bn)u(n) - un) dn-dn. (2,19

Obviously it is not possible to iterate infinite times. Thus, we have to truncate the series
in (2.19). Nevertheless, we want to provide error measures and proof that the series in
(2.19) converges so that we can truncate it. Therefore, we follow the idea presented in
[11] and write the first equation in (2.18) in its integrated form [§]

2(t) = /T ;ON(ﬁ)z(n)u(ﬁ)dnJr /T ;O b(r)u(m) dr.
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Clearly, we cannot compute the solution of the first integral as we do not know what
the value of z(71) is. Thus, we use the definition of z(¢) and write

2(r1) = /T ﬁzo N (1) 2(ms)ulrs) drs + /T Tzo b(72)u(r2) drs.

Now we substitute z(71) and obtain the following

/ N (11 (/ N (12)z(72)u(T2) de—i—/ u(Te) dTQ) u(m)dm

=(n1

+ tZOB(ﬁ)u(ﬁ)dﬁ
= t h N(Tl)N(TQ)Z(TQ)U(TQ)U(Tl)d7'2d7’1

71=0 J12=0
t T1 “ “ t .
+ . ; N (m)b(m2)u(r)u(m) drodr + / . b(r)u(m)dmn.
T71=0 J 1= 1=
Since we need z(72) let us define every z(7}) analogously to z(7)
Tk ~ Tk N
z(Tk) = / N (7h+1)2(Th1)u(Thr1) d 71 + b(Th1)u(Th+1) dTp1
Tk:+1:0 Tk+1:0

After N substitutions we acquire

z(t) = /Tj o /T;N:_Ol N(Tl) e N(TN)Z(TN)U(TN) () dry - odm (2.20a)

+ Z Ll 0 . /7_:;_01 N(Tl) A N(Tk—l)B(Tk)U(Tk) .. 'U(Tl) di - dTl. (220b)

As above, it is not possible to compute the first term (2.20a) as it still depends on z(7x).
To be able to drop (2.20a) we have to quantify its importance. As it is shown in [7] we
can assume that N (t), z(t) and u(t) are bounded on ¢ € [0, T] which let us find an upper
limit for each of them

max sup |N ()| < M,
0<t<T

max sup ||z(t)] < Z, (2.21)
0<t<T

max sup |lu(t)]| < U.
0<t<T

If we make use of (2.21) we are able to estimate how much weight (2.20a) adds to the
solution z(t). It follows

| /Tj—o'”/;N_Ol N(r) - N(ry)z(rn)ulry) - u(m) dry - -dry ||

(2.20a)

t TN—-1
SH/ / M---MZU---Udry ---dr||

MNZUNH/ / T - -dm |

N (MUT)N
< N N
MEZUT S = NI

max t=T

(2.22)

Z.
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The last inequality in (2.22) shows that for N — oo (2.20a) disappears as faculties grow
faster than exponentials. Finally, we are able to write the solution

z(t) = g:l/;_o ) .,/T:’:Ol N(r) - N(m_1)b(me)u(ry,) - - u(m) drp - - - dry

which obviously is equal to (2.19). By changing back to the original variables we receive

/ / 1A t— Tl)E—lN L. eEilA(Tk_g—Tk_l)E—lN
r1=0 (2.23)

X eE A(T’“—l_T’“)E_lbu(Tk) () drg - -dn

which apparently yields a Volterra series representation in its integrated form.

Even though the equations for MIMO systems get quite messy we still apply the Picard
iteration resulting in a more general subsystem representation which certainly holds for
SISO systems as well. Therefore, we start with a MIMO system ¢

¢ E x(t) —I—ZN:U t)+ Bu(t), «(0)=x,
y(t) = Cx(t).
We can make use of the same change in the variable as for the SISO systems
z(t) = o Alx(0),
x(t) = eE_lAt,‘z(t) + E_lAeE_lAtz(t).

Defining N (¢ :e*EilAtE_lN eEF Al B(1) = e F AT ET1B yields

)

m A
Z i)+ B@)u(t),  z(to) = zo.
Again, assuming that xy = 0 we can write z(t) as follows

/ ZN 7'1 7'1 'LL] T1 dTl—i-/ Tl)dTl

After N substitutions we receive

z(t) / / le 7’1 N (Tk)z(Tk)Ujk (Tk) Cujy (7—1) dr---dn
J1= 1 Jr=1 1= 0

—l—Z Z /n » /Tk ‘N (1) Njk (Te—1) (2.24a)

k=17j1=1 Jk—1=1
X B(Tk)’u,(’rk)u]'k71 (Th—1) -~ uj, (T1) d7g - - - d7y (2.24Db)

where also kK = 1,..., N for (2.24a). At this point we can make the same assumptions
as in the SISO case to drop (2.24a) and obtain a similar Volterra series representation in
original variables

o m
— Z Z / / 1At Tl)E 1N IA(Tk72*Tk—1)E lN]k )
i 71=0

k=1j1=1

x P A(kal”’“)E’lBU(Tk)ujk_l(TIH) sy (1) A dy (2.25)
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Finally, we want to obtain the state-space equation for each subsystem. Hence, we make
use of x(t) = Y 7o, ®k(t) and try to derive an equation for each xy(t). Since we first
have to solve the innermost integral in (2.25) we treat it as our first subsystem which is
given by

5
z1(t) = / _ A B Bu(r) dr. (2.26)

All the other subsystems are defined for k > 2 by
m t _
() = 3 / EACDEIN o (8w () dr. (2.27)
i—1/7=0

As we know from linear system theory, we can rewrite the formulations of x;(¢) and
x(t) in state-space which yields equal equations to (2.13)

Ei,(t) = Az, (t) + Bu(t), x1(0)=0
Eiy(t) = Axy(t) + f:ijk_l(t)uj(t), 2x(0) =0 for k> 2. (2.28)
j=1

Remark 2.1. As one can see in (2.28), the initial condition for the first subsystem is set
to zero which is different compared to (2.13) where the first subsystem holds the initial
condition xg. Applying the Picard iteration to a bilinear system while considering an
arbitrary initial condition makes the equations more complex and does not contribute
to understanding the process. In addition, it does not affect the convergence of the
Volterra series as long as the eigenvalues of E~!A have negative real part so that the
initial condition disappears with growing ¢. Nevertheless, due to the linear character
of the first subsystem one could easily write a generalized integral formulation for the
solution of x(t) as follows

t B _
x1(t) = /_0 ef 1A(t*T)Eleu(T) dr +ef 1At:co.

2.3 Transfer Functions

Generally, transfer functions describe the input-output-behavior of a system. Due to the
bilinear term in the state-equation (2.2), we are not able to directly derive a transfer
function for bilinear systems. Thus, we have to use the Volterra series representation
that contains only linear systems for which we know how to obtain transfer functions.
We begin with triangular transfer functions in time domain as we derive them through
the Picard iteration. Then we transform them in frequency domain. In this sense we
introduce the multidimensional Laplace transform, since the kernel of the k-th subsystem
is dependent on k different variables. Hereby, the k-th kernel describes the impulse
response, in other words the multi-variable transfer function of the k-th subsystem.
Finally, we take a look at regular transfer functions which are equivalent to triangular
ones by a change of variables. Similar to triangular transfer functions, we start by
discussing the time domain and after that the frequency domain. Note that for later
use, regular transfer functions are of major importance, since we will use them for bilinear
system theory and also for model reduction.
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2.3.1 Triangular Transfer Functions

We obtain triangular transfer functions directly from the Volterra series representation
by integrating the state-equations for each subsystem (which is exactly what we derive
through the Picard iteration).

Time Domain

Our goal is to find a generalized time-domain equation for triangular transfer functions
like follows

gl(cj;z...,jk)(tl’ ) = CeEflAtkElejkeEflA(tk—l*tk)Elejk_l o
x ETIN P A=) plp,
We approach this problem by starting with the outcome of the Picard iteration. There-

fore we briefly recapitulate (2.26) and (2.27) with which we can describe the solution
x(t) = > r—; xx(t) of the state-vector of a MIMO bilinear system

¢ Ex(t)=Az(t)+ i Njx(t)u;(t) + Bu(t), =(0)=xo,
: j=1

y(t) = Cx(t)

as follows
t _ _
x1(t) = / eF 1A(t_T)E_lBu(T) dr + ¥ IAtwo
=0

m ¢ B
zp(t) = 3 j/ EAD BN @ (0 dr for k 22
=1 T=

For more clarity we first consider a SISO (m = 1) system, for which x1(¢) and a(t)
become

t _ _
x1(t) :/ P 1A(t_T)E_lbu(T) dr + eF Aty
=0
t —
xi(t) = / ¥ 1A(K_T)E_lNzck,l(75)u(1§) dr for k> 2.
7=0
We gain the solution for x5(t) by substituting «;(¢) which gives us

ot
2o(t) = / BTG BNy (7 ) (1) Ay

T1

=0
t _ 1 _ _
:/ ef 1A(tﬁ)ElNu(Tl)</ ¥ 1A(TI*TQ)Eflbu(Tg) dry + eF IAleco)dTl
71=0 To=0

:131(’7’1)

t T1 -~ _
:/ / eP 1A(t_ﬁ)E_lNu(ﬁ)eE 1A(T1_T2)E_1bu(7'2)d7'2d7'1
71=0 J712=0

¢
+/ eEflA(t_Tl)E_lNu(Tl)eEilAﬁmo dry.
71=0
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Any xp(t) can be obtained by sequent substitution of all previous solutions. After k
substitutions this results in

t _
:/ /Tk 1eE71A(t_Tl)E_1NU(7—1)"‘
71=0 T =0

% eE_lA(kaszkfl)Eleu(Tk 1) E_IA(kalka)Eflbu(Tk) drg - --dn

/ T T AE N
T71=0 Te_1= 0

—1
A(Tp_o—Tp— I)E lN’UJ(Tk 1) E~1Am,_ 12}0 di 1 dTl-

(2.29)

To make things less confusing and improve readability let A :== E7'A, N := E"'N,
b:= E~'b. Hence, we can rewrite (2.29) as follows

/ / A=) Nu(ry) - ATi—2 =T U Nu(rp_1)e Almi—1- ™ bu(ry,) dry - - - dm
71=0 T =0

Th—2 - y
+ / / A(t— Tl)NU(Tl) A(Tk—z—Tk—l)NU(Tk_l)eATk—lmo dri_q---dm.
71=0 Tk
(2.30)

We are only interested in the input-output behavior. Therefore, we can set g = 0
without loosing general relevance. With this assumption we can drop the second term
n (2.30). The definitions for y(¢) and the Volterra series let us write the output as a
series

y(t) = T a(t) = " (i wk<t>> _ S T = 3 )
k=1 k=1 k=1

Considering (2.30) and xp = 0 yields following equation

/n o / AN u() (2.31)

% eA(kaz Tk—l)Nu(Tk71)eA("'kfl*ﬂc)Eu(Tk> drg---dm

Unlike in [20] we are not defining the kernels directly out of (2.31). Instead, we are
following [9, 8] and perform a change in the integration variables to obtain kernels with-
out reflected arguments —7p,..., —7% in the exponential functions. However, a change
in variables always affects the integration limits. To prevent that, we make use of the
Heaviside step function

1 t>0
o(t) =
0 t<0

which allows us to expand the integration limits to infinity. This results in an equivalent
equation for y(t)

yk}(t) = / e / CT eA(t_Tl)O'(t —_ 7—1) NU(Tl)U(Tl) P eA(Tk72_7—k71)0-(7—k_2 — Tk}—l)

1=—00 k=—"00

—eA(t—71) =u(71)

x Nu(r_1)0 (1) =10 g (1,1 — 7)bu(ry)o (1) dr - - - dry. (2.32)
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We only consider positive times since negative times are generally not relevant for engi-
neering applications. By defining one-sided matrix exponentials e4 := eAU(t), there is
no need to further write (2.32) with Heaviside functions. This results in

yr(t) = / / cTeA(t_Tl)Nu(Tl) : --eA(T’“—TT’“—l)Nu(Tk_l)eA(T’“—l_T’“)Bu(Tk) dry - -

1=—00 k=—00

As a last step we want to get rid of the reflected arguments —7q,...,—7,. Hence, we
perform following change in variables

Tp=t—T1, Te_1=t—To, ..., T =t— 7%, Tl_TQ:‘kal_Tk’
with
71 =1— Tk, To=1—Tk—1s -+, Th=1—"T1, Tl —T, = F1L— T
(2.33)
After that, we redefine 7 as 7k, ..., 71 as 71 which finally yields the suitable expression
o0 o0 A
yk(t):/ / g (T, m)u(t — 1) - u(t — 1) dTg - - d
T1=—00 Tp=—00

with the triangular kernels

TeAt NeAlt1—t) N . ... Ne;‘(tl_tz)i), O<tp<...<ty
g,f(th ...,tk) =< not yet defined, on the surface (2.34)

0, else.
Note that the previously defined A := E~'A, N := E"'N and b := E~'b are still valid.

It is definitely possible to apply all these concepts to MIMO bilinear systems. Since
the derivation would be the same, we only want to review the result. To obtain an
equation for y,(¢) we can simply replace the following in (2.31)

yk(t) = yi(t),

c' = C,
Nu(t) = E"'Nu(t —>ZE LN juy(t ZNJU]
7=1 7j=1
bu(t) = E-tbu(t) — ZE Yot Z
j=1 7j=1

Considering unique indexes ji for each summation over the inputs we obtain

t Tk—1 4 LCRS
:/ / CeAll=m) (Z leujl(ﬁ))
71=0 TkZO 1

Jj1=1

v eA(Tk727Tk:71) ( Z Njk_1ujk_1(7—k—l)) (Th—1—TK) (Z b]ku]k Th ) drg---dn
Jk

Jr=1

m m t Tk—1 ~ ~
=y Z/ 0/ Ce""I N uj, (1) -+

eA(TkiziTkil)Njk—lujkq (Tk*1> Almi1— Tk)b]kujk (Tk) drp -+ -dry.

X

'd7'1.
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To come up with a similar equation as for the SISO case we can define

m m

where

(jl,...,jk)(t) _ ¢ . Th=1 C A(t—n)N, ) ( ) .
Y - 0 e U \T1
1= TR=

A(rh—o—To1) K Al )3
x A2 NG g (1)eA TR Tb g () drg -y,

Modifying the integration limits and applying the same change in variables as in (2.33)
yields

PO = [T [T gl mu (- ) (- ) dre e dry
T1=—00 Tk=—00
(2.35)

and the triangular MIMO kernels

CeAtkNjkeA(tkfl_tk) O<tp<...<ty
o SN . N eAlti—t2)p. ,
g](clewquk)(tl’ t) = Je—1 J2 71
' not yet defined, on the surface
0, else.

(2.36)

Multidimensional Laplace Transform

As one can clearly see, gg Z""j’“)(tl, ..., tx) is dependent on k different variables. To
still be able to transform that in frequency domain, we have to introduce the multidi-
mensional Laplace transform. First, we want to briefly recapitulate the single variable

Laplace transform.

Definition 2.3 (Laplace transform). The Laplace transform of a one-sided, real-valued
function f(t) is given by

F(s) = LU0} = [~ s at

if the integral converges. That is the case if the complex variable s is in the complex
half-plane H, such that

se€ Hy = {s € C| Re(s) >~}.
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With linear systems we usually deal with exponential functions for which the Laplace
transform always exists. Hence, we do not dig into detail with the convergence criterion.
Generalization for multi-variable functions f(t1,...,tx) is straightforward.

Definition 2.4 (Multidimensional Laplace transform). The k-dimensional Laplace trans-
form of a one-sided, real-valued function f(t1,...,%x) is given by

F(Sl, L. ,Sk) = Ek{f<t1, L. ,tk)}<81, . ,Sk)

oo oo
= / .. / f(tl, e ,tk)e_sltl L diy - --dty
t1=0 t=0

if the integrals converge. That is the case if the complex variables s1,..., s, are in the
complex half-space H such that

s=1(s1 ... sk)T €Hy .~ =Hy= {s € (Ck‘ Re(si) > v, 1 = 1,...,k}.
A

Since we are dealing with a sum of linear systems, with which we represent a bilinear
system, we are basically dealing exclusively with exponential functions for which, as
mentioned, the integral of the Laplace transform converges. Therefore, we again do not
bother much about the existence of F'(sq, ..., sk) [20].

Frequency Domain

Now that we have the mathematical tools to apply the Laplace transform to multi-
variable functions, we want to obtain a frequency domain triangular transfer function

Gl (s1,... 56) =C((s1+ ...+ su)l - ETA) 'ETIN, -

_ 1 4\ —1 e 1 4\ =1 e
E'Nj((s1+s)I—-E'A) E'Nj(s1:I1-E'A) E'b;,.
Remembering the definitions of A := E~' A, Nj = Eile, Ej = Eilbj while making
use of (2.36) we can start determining the triangular transfer function in frequency
domain as follows

GI% M (1, ) = Lidgd R (b, ) st se)
> > At N7 JA(tg—1—tr) N N7 AA(tL—t2)
e /t_ OOC’e kNjke k—1 kN "'Nj2€ 1 2bj1
—

Jk—1
t1=—0o0

x e St e Sktth-1o TSk g (1) o (1) dity - dty

Substituting the integration variables

o1 =tp—1 + tk,
ty = fk, tp—1 = t~k71 gy oo, 1= t~1 — 12, with J T2 = Tho + tho1 = Lo + tp_1 + tg,
e =1tk th—1=1tk—1+1tk ..., L1=11+12, :
tir=t1+to=t1+... +tp_1 + 1
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and redefining t;, as t, ..., t1 as t; leads to
G i) ] [e%S) _ ~ ~
Gyt (81,...,sk):/t /t Celte N At N, oo N eAl=t)p,
1=—00 k——0Q

x e sttt tti)gmsaltatotti) Lo mSkth g (1 4 ty) - o(ty,) diy - - - di.

To be able to compute the integrals, we rearrange the exponential functions so that each
ti gets separated

GI(CJ;IA,...:jk)(Sl’ sy =C e(A*(81+..,+sk)I)tk dty Njk ..

tr=0
~ 0 A ~ 0 A ~
x N, / Oe(A*(SﬁS?)I)t? dt2N, Oe(A*SII)“ dt by,.
to= t1=

Evaluating the integrals finally yields the formula for the triangular transfer functions
in frequency domain

G,(CJ,IA’""J'“)(sl, ey Sk)
) - 1= ~ =1z

= C((81 4+ ...+ Sk)I = A)_lN]’k .. 'Nj3((81 -+ 52)1 = A)_ NjQ(SlI — A) bj1'

Remark 2.2 (Triangular Input-Output Behavior). Even tough we claim that we have

derived transfer functions, this is not completely true. Gg 1A""’j'“)(sl, ..., 8k) does not
represent the input-output behavior of a bilinear system since we are not considering

the input terms w;(t — 7). G,E:le’""j’“)(sl, ..., Sk) is rather just the Laplace transformed

kernel. In other words, our definition for G(J % ’J’“)(sl, ..., 8) does not yield Y (s) like
in the linear case Y (s) = G(s)U(s). Followmg [9, 8] we can still provide a formula for
Y (s) by transforming the whole equation (2.35) at once into the frequency domain. This
reveals the actual Laplace transformed input-output behavior

m m
A h!
Yk(sl,...,sk): E E ) 81,...,8k)

Z Z (514 .-+ s — A) "Ny, - Ny (11— A)"'by, Uy, (sw) -+ Uy (s1).

G(Jl vvvvv ]k)(sl, .8 )

2.3.2 Regular Transfer Functions

Regular transfer functions are generally used for model reduction. The multi-variable
sums S1 + ...+ S, within the triangular transfer functions are on the one hand difficult
to handle and on the other hand numerically inefficient. Therefore, we aim to derive the
regular transfer functions with single variable factors such that

G4 (s1,...,50) = C(sil — ETLA)'ETING, -
X BTN, (21— E'A)'E7'N,(s:I- E"'A)'E 7 'b;,.
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Time Domain

As mentioned, the triangular and regular representation are connected by a change in
variables. Looking at (2.35) and (2.36) we can simplify the terms eA(s—17%) with the
following transformation in variables

- - . -~ Thel =Tk + The1 = Tk + Th—1
Tk =Tky Th—1=Tk—1—"Tky ---, T1=T1— T2, . ’

with
Tk =Tk, Th—1=Tk+Th—1, .., TI=T2+ T, n=Ta4+F =Ft...+ 7.
By redefining 73 as 7x,...,71 as 71 we can write (2.35) as
(41 5eedk i k)
Y ) / / ( (1, )Wy, (6 —T8) - ujy (t =7 — ... —71) d7pp - - - d7y
T1=—00 J T, 7—00

with the regular kernels

Ce‘zlt’“NjkeAtk_lekA .. NerAtli)jl, t1,...,t, >0
9;(35 ’]k)(tl, ...,tk) = { not yet defined, on the surface

0, else.

Note that it still holds A := E"'A, N, := E"'N;, bj := E~'b;.

Frequency Domain

Like the triangular transfer functions we can also give a frequency domain represen-
tation of the regular kernels. Therefore, we again make use of the definition of the
multidimensional Laplace transform

G]E:J;E---,jk)(sl,_“’ k) =L {9(317 ’]k)(tl,..-,tk)}<317""3k)

oo o ~ ~ ~
_ Aty N7 Aty 1 N7 T AT
—/ / Ce™*Nj e 1N,  ---N;je b
t tp=—00

1=—00

« e S1t1 ‘efskfltkflefsktko-(tl) ceo(ty) Aty -+ -dty

Here, we can directly resort the terms to be able to compute the integral which yields

. . oo y i~ N & A I
Gl(cj’El...,Jk)@l’ o ,Sk) =C - e(A—skI)tk dty Njk e Nj2 /t 0e<A_81I)t1 dt1 bjl'
k= 1=

Therefore the Laplace transform of the regular kernels is given by
GI?E'"J]C)(Sl, ooy 8k) = C(spI — A)le]‘k <o Nj3 (s2I — A)ilN]‘Q (511 — A)fli)jl.

Remark 2.3 (Efficient Handling Of E~ ) In the large-scale setting it would not be very
efficient to compute E~! to obtain A, N ; IR b], since we have to come up with the inverse
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of E which sometimes is not possible. Writing I = E~'E lets us transform Gg{lm) (s) as
follows

GV (s)=C(sE'E—EA)'E

E~'b;,
= C (B (sE - A))_l E b,
= C(sE— A)"'bj,.
This could be applied to each subsystem which yields the equivalent equation
G5 (s1,... 56) = C(skE — A) "Ny, - Ny (s2E — A) "Ny, (s1E — A) by,

A

Remark 2.4 (Regular Input-Output Behavior). Following the triangular transfer func-
tions G’ o only outlines the Laplace transform of the regular kernels and does not rep-
resent the input-output behavior of a bilinear system. As shown in [9, 8], we can still
provide a formula by transforming the whole output equation which yields the regular
input-output behavior in frequency domain

Y%(Sl,..., Z ZY """ Jk) 81,...,Sk)

815438k
x Uy, (sk — sk—1) -+ - Uj, (82 — 51)Uj, (51).
A

Remark 2.5 (Kronecker Notation For Transfer Functions). Note that in literature usually
the Kronecker notation is used to describe the transfer functions as follows

G (51, ,8%) = C(siE — A)T'N(Ly, @ (s 1 E — A) " )(In @ N) ---
(I @ @1, 3(s2E - A N1, @1, N)
— —_—

k—2 times k—2 times
X(In® 0Ly @(s1E—-A) N1, ®- - ®L,®B)
—— —_—
k—1 times k—1 times

=C(stE—-A)'N(1,® (s 1E - A)"'N)---
(I ®-- 0L, @(s2E — A)"'N)
k—2 times
X (In® -+ @1, ®(s1E — A)"'B) € RPX™*
i
where N = [Ny,...,N,,] € R™""  Hereby, the k-th order transfer function is a

multi-variable matrix function G (s1,...,s;) € RP xm" which holds all combinations for
1, .., jr. With the abbreviation GY := G (s1,...,s;) it follows [8]

o _ (1,...,1) (1,...,m) (m,...,1) (m,...,m)
Ge=als", ..oalym el L el
Including all combinations of ji, ..., ji might result in a more compact way to describe

the transfer functions. But as one can clearly see, the dimensions increase crucially with
every subsystem. Since the sum notation is more enlightening we will continue using it.
Transfer functions with Kronecker notation can be found e.g. in [5] [9]. A



Chapter 3

Bilinear System Theory

In the previous chapter we fundamentally discussed bilinear systems, the Volterra Series
representation and found a way to describe the bilinear system transfer functions. To
extend our knowledge even further, we now take a closer look at the bilinear system
theory. This will provide some more tools which we later need for model reduction.
Carrying on where we ended the last chapter, we discuss the pole-residue formulation of
transfer functions. In this context we show the invariance of a bilinear system against
transformation. Following, we specify the BIBO stability of a bilinear system. Since
we still make use of the Volterra Series, the BIBO stability is strongly connected to the
convergence of the series. To gain information about observability and reachability, we
analyze the Gram matrices for a bilinear system. Concluding, we find formulations for
the Ho—norm and the £o—norm for bilinear systems.

3.1 Pole-Residue Formulation

Similar to linear systems, we are able to obtain a pole-residue formulation for the transfer
functions. This means that it is possible to write the transfer function as a sum of
fractions where the numerators are not dependent on the function variables s, - , sk
and the denominators are polynomials whose roots are called poles. Since the bilinear
transfer function for the k-th subsystem depends on k different variables, each of the
polynomials in one of those variables has n roots. Thus, the pole-residue formulation is
given by [§]

To be able to determine the above expression, we first look at the invariance of a bilinear
system — or rather the corresponding transfer function — against transformation, which
establishes the possibility to diagonalize a bilinear system. With this, we then are able
to easily obtain the pole-residue formulation.

23
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Invariance And Diagonal-Form

Let the following bilinear system
. Ex(t) = Ax(t) + Z Njx(t)u;(t) + Bu(t), «(0)= xo,
. j=1
y(t) = Cx(t)
have the transfer function
G5 (s1,... 50) = C(sy1-E"'A)'E"IN, .- E"'Nj,(s11-E"'A) 'E"'b;,.
By applying a change in the variable
o(t) = T=(1),
x(t) =Tz(t)
we gain a transformed bilinear system
_ | BT:(t) = ATz(t) + > N;Tz(t)u;(t) + Bu(t), z(0) =T,
¢: Jj=1
y(t) = CT=(t).

(J150-:0k)

Looking at the transfer function Gk’D (s1,...,8kK) of the regular system and the
transfer function G,g{ﬁ""ﬂk)(sl, ..., 8k) of the transformed system we can see, while writ-

ing I = T~ 'IT, that the change in variable does not affect the input-output behavior.
Consequently, we write [8]
G5 (s1,.. . s) = CT(syI =T 'E~'AT) ' T'E"'N,, T -
x T'E'N,T(siI-T'E'AT) 'T'E~'b;,
=CT(s;,T 1T - T 'E'AT)'T'E"'N, T---
x T 'E'N,T(s;T 1T -T 'E'AT) 'T'E'b;,
= CTT ! (1~ E~'A) ' BTN, -
xE"'Nj,(s:1— B~ A7) TT E b,
=C(sgI1-E'A)'E"'N;, ---E"'N;,(ssI1-E'A)'E b,
_ GO sy, s,
With this knowledge we are able to diagonalize a bilinear system to later compute the

inverse of (sxI — E_lA) more easily. Since we want the pair E~'A to appear as a
diagonal matrix we use the following link

E'A=XAX'e X 'ETAX =A

where A is a diagonal matrix which holds the eigenvalues \; of E~'A on its diagonal.
The columns of X are the right eigenvectors of E~'A. Choosing T = X and defining

N=X"'E7'NX, b=X"'E™', &' =c'X (3.1)



3.1. Pole-Residue Formulation 25

we obtain the following diagonal bilinear system

2(t) = Az(t) + > Njz(t)u;(t) + Bu(t), 2z(0) =X ',
Cdiag : j=1
y(t) = C=(1)

with the following transfer function

Gggé;gg(sl, csk) =C(spI = A)ING, - Ny (11— A) by, (3.2)

Pole-Residue Formulation

To obtain the pole-residue formulation we make use of (3.2) and write every (s;I—A)~!
explicitly since it is easy to compute the inverse due to its diagonal form. This happens
via exclusively computing the inverse value of each diagonal element, which yields
1 1
s iR 0 prpy vl 0
Gl (s1,..s)=C| . i |Ny-N,| i . i |B
0o ... 0 ... =

SE—An $1—An

Note that we now use B instead of le to rather obtain the inputs to outputs transfer

function matrix G((flzgk%) € RP*™ than an input to outputs transfer function vector

Gg;é'k’jé) € RP*1. To make things easier we start with a diagonal SISO system where
the transfer function is given by

L_ .. 0 L_ .. 0

SEp—A1 S1—A1

GdDiag,k(Sla‘--uSk):éT NN

[w Y

o ... ! o ... 1L

Sk—An S1—An

By evaluating all matrix products one could determine the following structure of the
diagonal transfer function

G[] o _ ©1,...,1 o @n,...n ‘
dlag,kz(sla 7Sk) (81 — )\1) . (Sk; — )\1) + + (51 — )\n) . (Sk; — )\n)

Generally, we can write (3.3) in compact form and obtain

O n n . .
S — § § L TN
Gdiag,k( 17-~-,8k)— IR S A

(3.3)

where the residues are given by
(Pll ,,,,, lk:élk.ﬁlkwlk—l""'ﬁ‘l%ll'bll ll:l?"'an>"'7lk:11'-~7n

and ¢, 7, b describe elements of the transformed system matrices
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Ezxample 3.1 (Pole-Residue Formulation For The First Subsystems). [8] To make
the above more comprehensible, we want to provide some examples. Since the first
transfer function is only dependent on one variable s; and does not contain the
bilinear term, we can give the pole-residue formulation as follows

&, by 1

Gi(s1) =e"(siI—A)"tb = Z prann vt residues ¢y, .
=1 51— h

As can be seen in the following, each additional subsystem yields another factor 7 in
the residues, therefore contains n-times more residues and n-times more poles due
to the additional variable.

n n N A~ 7
O o o Cly "Ny ly - bll 2 .
G5 (s1,82) =+ = § : E r= ) (52 =) n® residues ¢y, 1,

n n n A A A 2
Cly - Ny 1y - Mgty - by 3 .
GD - .. = 3 3,02 2,01 1 d
3 (s1,52,53) Z Z Z (51— M) (52 — Aip) (53— Agy) 7 Iesidues @y, 15,15

A
Applying the same principle to a MIMO system yields similar to (3.3)
(j?v"'mjk) (] 7"'7j )
G(]:Q""’jk)(m cey SE) = a1 4+ 4 P
diag,k,[] (81_)\1)”'(8’6_)\1) (Sl—An)“'(Sk—)\n)
which again could be generally written as [8]
G ) n n (I.l(j%niyjk)
Gl (815 s8) = ) -oe Y b —
b=l L= I (8¢ — Ay,)
(=1
This time the residues are matrices, given by
A R T
B = &y gy Ay by B =1,
where
~T .
bl Mgy 1
C=CX=e,-,¢&,), B =X'E"'B=|:|, N;=X"'E'N,;X =
~T “
bn njn,l

Hence, the pole-residue formulation for a diagonal bilinear system is directly given by
evaluating the formula (3.2) for the transfer function [11].

Remark 3.1 (Pole-Residue Formulation From Transfer Function). It may be interesting
to know that it is also possible to obtain the pole-residue formulation directly through the
transfer functions. Since this method requires more complicated mathematical theorems
and is not as straightforward as the one above we do not review it. If the reader is still
interested we refer to [11]. A

njl,n

njn,n
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3.2 BIBO Stability

In linear system theory one would start by discussing whether a system is asymptotically
stable by checking if the eigenvalues of A are in the left complex half-plane. This is only
possible because we know that the solution of a linear system is a matrix exponential
function which disappears for ¢ — oo if the exponent is less than zero. Since we do not
know the solution of the bilinear system without making use of the Volterra series we
are not able to proof asymptotic stability. Nonetheless, to give some insight on stability
of a bilinear system we check its BIBO stability. We know from (2.21) that the Volterra
series converges for bounded w(t). We want to specify the constraints () has to fulfill
to ensure convergence and consequently BIBO stability. Therefore, we first consider a
finite time interval as we did in (2.21). Finally, we look at an infinite interval to give a
general constraint for the inputs u(t).

Preceding, we recapitulate the integral solutions for each subsystem while assuming
E =1. For any bounded, regular EZ we do not loose general sense. Hence, we can write

t

x1(t) :/ A=) Bu(r) dr + e, (3.4a)
7=0
moot

zi(t) =S / ANyt dr, k2 (3.4D)
=177=

In the following we derive statements for which the state-vector x(t) is bounded but
we do not provide similar conditions for y(t). Hence, one could call it bounded-input
bounded-state stability. Note that as long as C and x(f) are bounded y(t) is also
bounded due to the linear relation y(t) = Cx(t). This would describe the bounded-
state bounded-output stability. Since we assume that C is bounded we still call the
following BIBO stability.

3.2.1 Finite Interval

We begin by examining a finite interval ¢ € [tg, T]. Due to rougher assumptions for the
exponential functions the estimation for x(¢) will be easier to handle. Our goal is to find
a bounded function which is an upper limit for x(t) as follows

lz()]] < “~OPE (¢ — t0)BBK + o) -

Assumptions

Following [21] we make some assumptions. Let K be the upper limit for all inputs

|lu(®)] < mjaxstLEl?HuJ(t)H <K where K < 0. (3.5)
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Similar to that we can find limits «, 3, " for the system matrices

sup|| A|| <a where o < oo,

sup|| B| <p where (3 < oo,

sup|| V|| < where 7, < oo, (3.6)
m

L=> n
j=1

To avoid evaluating the exponential functions we can also assume that

suplled’] <@  where @< oo (3.7)

while expecting all eigenvalues of A to have negative real part which results in e4* — 0
for t — oo.

Condition

To come up with a formulation for w(t) we substitute above assumptions in (3.4a)

t
2@l < [ A0 Bu(r)] dr + At |
T=to

¢
< PLK AT + P||xo]|

T=tg

< (t — t0)BAK + B|zo].

For every subsystem where k > 2 we obtain the following

el < [ At (Z N;-w(r)) 2 (7)) dr
T=to j=1

(3.8)
t
< / OTK |1 (7)] d7.
T=to
Using (3.8) and inserting the estimation for ||z(t)| yields
t
22 (t)]] < t OIK ||y (7)) d7 (3.9a)
T=to
t
< / OTK [(r — t0)BBEK + B||ao]] dr (3.9D)
T=to
1
< 5(75 —10)2®2K2T'B + (t — to) P T K || a0 (3.9¢)

< (t —tg)?®2K°T S + (t — to) P’ K ||| (3.94)
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Note that we write (3.9d) without the factor % to later be able to interpret the sum
over all x(t) as an exponential function. Estimating @3(¢) while also making another
assessment similar to that from (3.9¢) to (3.9d) leads to

les(o)] < [ @rK|es(r)] dr

T=to

< /t TK (;(7’ —10)%(®K)* B + (1 — to)q>2rK||:co||) dr

=to

1
< S (t—t)3 PP K38 + 5= t0)2 P32 K2 |||

N = O =

1
< —(t — )PP K326 + 5t = t0)2®3T2K2 |||

We observe in the last of ||z2(t)|| and the last of ||x3(t)|| that the estimations follow a
certain structure. Generally, it is possible to say that every xj is constrained by

1
k()] < m(t —t0) @I K|z ()|, k>2

where we use the less-than sign on purpose to mark that we make another estimation

by e.g. dropping the % in (3.9d). To gain an expression for x(t) we make use of the

Volterra series and write

le@l < 3l
k=1

< Jlza (@)l + (t = )UK s ()] + 5 (¢ — 1)L K (¢ — t0) 80K ma (1] + ..

lz2(@)l llza ()]l

>, [(t — to)®T K]

s [(Oe)'] (t = to) DBK + |ao]))
=0 lz1 (@)l

< 7O (4 _10)BK + B zol|) -

In the last step we apply the series representation of the exponential function e =
im0 %f. Concluding, we determined that x(¢) is bounded by a bounded function as
long as the input is bounded. This expression only holds for the finite interval ¢ € [to, T']
since the exponential function e(t=%0)®I'K grows to infinity otherwise. In other words: as
long as all system matrices are bounded we can use any bounded input to gain BIBO
stability on ¢ € [to, T

Remark 3.2. Comparing the result for ||x(¢)| in [21] and our result one may notice a
slight difference. This follows from our additional estimation which we make to gain
the exponential series expression. For sake of clarity we provide a brief explanation how
to obtain the structure in [21]. Remembering the expressions for ||x2(t)|| and ||a3(¢)]]
without the additional assessment

1
le2 ()l < 5t ~ t)?@* KT + (t — to) 2°T K || o |

1 1
les (@) < & (= t) @° KT + St to) @ T2 K% | ao|
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we can write the Volterra series of x(t) as

[e.e]
lz(®)] < > _ller(t)
k=1
<l (O + [l + ll2s (@) + - -
1
< (t = t0)PAK + o] + 5(t — t0)?P*KTH + (¢ — to) DT K [lao | +
1 1
st- t0)3 PP K326 + 5t = t0)2 O3 T2 K2 ||o| + . . ..
While resorting the terms we write

1
Z < @||xo|| + (£ —t0)PBK + (t — o) P T'K||xo|| + = (t —t0)"P“K

1 1
+5(t = t0)? P32 K2 ||| + G- t0)2 PP K326 + ...

and make the crucial observation to finally gain the formulation as in [21], again using
the exponential series definition

1
|@@H§@mﬂ+<§+¢mﬂ>u—mﬂTK+(?

< ||| + <6 + B0 ||> Z

< @lmo| + (7 +¢m&)kfﬁ”K 1.

+ <1>|yq,-0||> (t — 19)2B2T2K? +

to <I>FK]

3.2.2 Infinite Interval

Also following [21] we can find an expression which holds for infinite times t € [tg, 00).
This time we try to find a more meaningful expression for u(t). Again, we make some
assumptions and deduce a condition for the input afterwards such that x(t) is bounded
if the following holds

)l < o

Assumptions

Similar to (3.5) and (3.6) we use K, o, 8, I as upper limits for u(t), A, B, e N
The difference this time is, that we use a scalar exponential function to estimate eA(t=7)

as follows
[eAE=T)|| < pealt=T), t>7 (3.10)

where we again expect all eigenvalues of A in the left complex half-plane. Hereby a, b
are finite positive scalars.
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Condition

With above assumptions and (3.10) we can make use of (3.4a) and are able to gain an
estimation for x;(t) similar to above

t
1 (2)]] S/ t A Bu(t)| dr + [l a|
T=to

t
< / be T BK AT + ||| bealtt0)
T=to

BRULS bBK
a

R e il

Following the same procedure as for the finite interval, we can write a formula for the
upper limit for each subsystem where k > 2 as follows

lex@l < [ JeA (ZN uy(r >> zia(7)] dr

= (3.11)
t
< / be K || @y (7)] dr.
T=to
Substituting ||« (¢)|| yields an expression for the second subsystem
t
22 < [ b IrK s ()] dr
T=tg
! K K
§/ be—a(t—T)FK (bﬂ _ &e—a(T—to) + ||a;0||be—a(7-—to)) dr
T=to a a
ll1 (&)l
tOPK?Er ‘ b2 K28T
S/ 7/8 —alt=7) qr 4 <b2KTH oll = B ) a(t—to) 4,
T=tg a T=to
VK2BT [t B2K248T t
< /8 / efa(th) dr + <b2KF’ || _ B ) (tfto)/ 1dr
a T=to T=to
KT VK2AT 2 K287
< ’ 2ﬁ ’ 25 altto) 4 <b2KF|| oll = ’ ﬁ ) alt=to) (¢ — tg)
a a

> K?AT (

< B2KT||zo|[e =10 (¢ — to) + 1= emelt=10) — ge=et=10) (¢ — ) ).

Since the preceding looks quite messy we enlighten the key steps. After substituting
|lz1(t)|| the integral gets split up into two parts. Hereby, it is important to see that
T cancels out in the second integral. Hence, for the second integral we only have to
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integrate one. Rearranging the terms lets us finally exclude the factors b> KT'||zo|| and

b%g&_ We can apply the same concept to gain an estimation for the third subsystem

t
J2a()l < [ be " I0K |ea(r)] dr
T=tp

t
< / be_“(t_T)FK<62KF||ac0He_“(T_t°) (T — to)

=to

2K2pT0
+ % (1 — emalr=to) _ gemalr—to)(; _ to)) ) dr

t
< [ PEIagllen ) (-~ 1) dr
T=1g

3173 2
N /t K 2,81_‘ (e—a(t—T) _ e—a(t—to) o ae—a(t—to)(T _ to)) dr

—ty @

S S0 S o—alt—to)
a3 a3

1B K34T2

- K2F2Hw |emett0) (7 —¢0)% +
_ DPKPpT?
2 Pe galt—to) _ =
CL2 (t tO) 2 a
5 KQFQHw e a(710) (¢ — ¢5)?
3173 2
M (1 _ e—alt—to) _ ae*a(t*to)(t

as

l\D

e—a(t—to) (t o t0)2

l\D

+ — o) — 1a%ia(t*t(ﬂ(lt - t0)2) .

2

Note, it is again crucial that in some exponential functions the integration variable
cancels out. Comparing the last big brackets in the estimation for ||x2(¢)|| and ||x3(t)]|,
one can determine a certain structure of terms. Again, while making use of the Volterra
series we can come up with an upper limit for (¢). To not get completely disorientated
we comment on every crucial step. Let us begin with inserting our previous results for
21(1), @ (t) and a3 (1)

lz@®)] < D llak(t)
k=1

< ||£_L‘1( Ol + llz2 @ + [l (O] + -

< bBK bﬁK a(t— to)—|—b||$8 He a(t—to)
a a
b2K23T
+ B2 KT |zo|le210) (t — t9) + Tﬁ (1= emalt=to) — qemalt=h)(t — 1))

1
+ §b3K2F2HwOHe’“(t’tO) (t —to)?

3K3 F2
_|_bﬁ<1_

1
- ~elt) gm0 (1 1g) — a0 (1 t0)2> I
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From here we resort the terms by similar structure and show the continuing of each
structure with dots. One could easily determine the two schemes in the following

D2EK2T2(t — tg)2
< bl|ag e ) 4 bljag||e TP ETOBKT(t — to) + bl|aol|e 20 (t ~ to) +

2
bKF b2K2F2
! g () gT (1= emalt=to) — gmalt=t0)g ¢ — 1))
b3 K313 2y g2
+ g a3 (1 — emli—to) _ gmalt=to) g _ 1) — ea(tto)a(20)> +

Writing each of the schemes as series yields

0 S m—1 n
< meOHe—a(t—to) Z [(t;)‘bl—‘[( +§ Z (bKF) ( _ o—alt—to) Z (a(t_t()») ‘

/=0 : m=1

The last factor is always less than or equal to one, since we subtract only positive values.
Dropping the last factor by setting it equal to one leads to a much more compact formula.
While also expanding the second series from zero to infinity we can write

< bllaofle ”“Z—t(” JLE] ﬁZ(”“)

< a5 WY 15 (VKT

Finally we make use of definitions of the exponential series e¢ = Y ;2 (é—f as well as of
; .

the geometric series 7, = 32,5 ¢ where [|g|[ <1 to ensure convergence. Keeping the

constraint of the geometric series (Hb[fTFH < 1) in mind we can write

T
,8 bKT

= a

bKT
rp— ==

15} 1
—meOHe a(t— to) (t— to)bFK+7 1_@_1

a

—wa()He (a—bI'K)(t— t0)+

As mentioned the above expression only holds for the condition set by the geometric
series. In addition to that, the exponent of the exponential function yields the same
condition to ensure that the function decreases. Rewriting the inequality (% <1
yields

K _
<bF

and since K is the upper limit for our input the above reveals the requirement for BIBO
stability

()] < -

Summarizing, we obtained a condition for the maximum value of our inputs. As long
as we find a scalar exponential function, which is for all times t € [to, c0) greater than a
norm of eA(=%0) we are able to compute the upper limit for w(t) [21].
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3.3 Controllability And Observability Gramian

Other important system-theoretic properties are controllability and observability of a
system. In simpler words: a system is called controllable if it is possible to reach a
desired state starting from an arbitrary initial state with a finite input in a finite amount
of time whereas a system is called observable if the state vector can be estimated from
the measurement of the outputs. To describe this mathematically we first introduce the
controllability Gramian and then the observability Gramian of a bilinear system. As
we will discover the controllability Gramian can be obtained with the solution P of the
following Lyapunov equation

APE" + EPAT +) N,;PN; =-BB'.
j=1
Similar to that, one could receive the observability Gramian @ by solving
ATQE+E'QA+) N;QN;=-C'C.
j=1

Since we are interested in the solutions P and @ we will discuss how to solve the
Lyapunov equations in the final part of this section.

Controllability

A linear system is called controllable if the matrix Q. = [B, AB, - - - ,A"_lB] has full
rank n. Note that in literature reachability is often used as a synonym for controllability.
Since the bilinear term sometimes causes that the set of controllable states does not form
a subspace of R", we review the less strong span-controllability of a bilinear system. Sim-

ilar to linear systems we can define Py = B and P, = [AP;_y, N1P;_1, ..., N, P;_1]
and ¢ = 1,--- ,n. Then a bilinear system is called span-controllable if P,, has full rank
n [11] [20).

Alternatively, we can follow [14] and review the controllability Gramian. According to
the input-to-state transfer function we define

pl(tl) — eE_lAtlE_lB’
p](ij’m’jk)(tl’ L 7tk) _ eEilAtkEilek . eEflAtQEle]éeEflAtlE*lB‘

With this we can define the controllability Gramian as

oo
P =) P,
k=1

P, = / 0/ . Z Z p](gh’m’]k)(Tla--'ka)p](gmM’]k)(Tla---,Tk)Tdi---dTl,
T1= Tl =

Jj2=1  jr=1

If P exists it is symmetric and positive semi-definite and it could be proven that P
satisfies following bilinear Lyapunov equation

APE" + EPAT +) N;PN] =-BB". (3.12)
j=1
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In addition to this, every P} solves the corresponding linear Lyapunov equation
APE" + EP,A" = —BB",

~Y N;P,_1N] k>2.
j=1

AP.E" + EP,AT

As pointed out in [24], even if all eigenvalues of E~!A have negative real part, it might
happen that the integrals do not exist but the Lyapunov equation still yields a solution for
P. In this case, P does not correspond to the controllability Gramian and consequently
the system is not controllable.

Ezample 3.2. [8] In order to enlighten the result above, we want to explicitly write
the equations for the first two subsystems. To simplify things we assume that for
E =1. Hence, the first Gramian is given by

oA T AT
P1:/ € 7-I.BB € TldTl
71=0
and satisfies the linear Lyapunov equation
AP,+P,A" = -BB".
The controllability Gramian of the second subsystem
© [P~ o4 A AT AT
Py = / / > AN e BB e "N et ™ dr dr
71=0 J12=0

[ A oA T AT T AT
=3 [ eAmN; [ eAnBBTeA™ dn N]eA ™ dry

° =0 T1=0

J:l T2 1

Py

satisfies the linear Lyapunov equation

m
AP+ P;AT = - N,;P|N].
j=1

Observability

Since derivations of observability are approached by a dual ansatz, the definition is quite
similar to controllability. Hence, a linear system is called observable if the matrix Q, =
[CT,ATCT,... [ (AT)""1CT|" has full rank n. We are also able to define observability
for bilinear systems. Consequently, a bilinear system is called observable if @, has
full rank n. Hereby Q; = C and Q; = [ATQ] ;, NTQl |, ..., N1 Q] ,]7 where
i=1,---,n [11] [20].

Again we follow [14] to discuss the bilinear observability Gramian. According to the
state-to-output transfer function we define

q (tl) — CeEflAm’

—1 —1 -1
i 7tk) — CeE AtkElejk . eE AtQElejQGE Atl.

e

q;E;h’m’]k)(tl
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This lets us define the observability Gramian as

Q = Zan

o _/ / Z Z a7 () Ta Y () dy - dy

Tk 321 Je=1

Again, if @Q exists, it is symmetric and positive semi-definite and satisfies following
bilinear Lyapunov equation

m
ATQE+E'QA+) N;QN;=-C'C.
j=1
Hereby, every Q. is a solution of the linear Lyapunov equation
ATQE+E'Q,A=-C"C,
m
ATQE+E'QA=-> N;Q, N, k>2
j=1

Similar to the controllability, even if all eigenvalues of E~!A have negative real part, it
might appear that the integrals do not converge due to the bilinear character. In this
case, the Lyapunov equation still yields a solution for @ which does not correspond to
the observability Gramian @Q and consequently the system is not observable [14].

Example 3.3. Comparing in the following @, and Q, with P; and P> one can even
better determine the duality of the observability Gramian and the controllability
Gramian. To again make things easier we assume that £ = I. Following our
definition we can write the first observability Gramian as

* ATH AT A
Q, :/ e C' ' Ce”™ dn
S

=

which satisfies the linear Lyapunov equation
ATQ, +Q,A=-C"C.

The observability Gramian of the second subsystem

T T
Q= / / et 2Nt CTCeA™ N je™ dry dry
T1=0 J 2= O

.
=S / AT NT / AT CTCeA™ dry N jeA™ dry
j=1 To= O 71=0

satisfies the linear Lyapunov equation
m

ATQy + QA = - Z N]TQlN
j=1

A

Remark 3.3 (Minimal Realization). A bilinear system is minimally realized if, and only
if it is span controllable and observable [20]. A
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Solving Lyapunov Equations By Vectorization

Since we are interested in the solution of the preceding Lyapunov equations we somehow
need a way to solve them. To be able to do this we need the definition of the vectorization
operator vec(-) as well as the vectorization of a matrix product.

Definition 3.1 (Vectorization). Let K € R™ ™ be an arbitrary matrix. The vectorized
form is then obtained by writing all columns underneath each other such that

ki oo ki k1
vec(K) = vec e zvec([kl, e k”]) = e R X1,
kni - kon k,
A

Definition 3.2 (Vectorization Of A Matrix Product). Let K € R™*" L e R™*"
and M € R™P be arbitrary matrices multiplied like KLM € R™*P. Vectorizing this
product yields the following link

vee(KLM) = (M" @ K) vee(L) € R"™,

A

This link makes it possible to solve the above Lyapunov equations. Vectorizing (3.12)
yields

vec (APET> + vec (EPAT> + Z vec (NjPNjT> = —vec (BBT) .
j=1
With the above definition of a vectorized matrix product we obtain
(E® A) vec (P) + (A® E) vec(P) + Y (N; ® N;) vec (P) = —vec (BBT) .

Jj=1

Obviously we can exclude vec (P) and solve the equation by inverting the left hand side
such that
" -1
vec (P) = — (E®A+A®E+ZN]-®NJ-) vec (BBT)

J=1

where vec (P) € R"*!. Reshaping vec (P) into a n x n matrix finally yields the solution
P. We can follow the exact same procedure and obtain the solution for @ by solving

-1
vec (Q) = — (ET RAT+ATRET+> Ni® NJT) vec (CTC)
j=1

and reshaping vec (Q) [11].
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Remark 3.4 (Solving Large-Scale Bilinear Lyapunov Equations). [8] Obviously the direct
method using the vectorization as shown above is only suitable for small-scale systems
where the dimension n of the system is small. Due to heavily increasing dimensions
of the vectorized matrices (n? x n?) it is not possible to solve large-scale systems since
commercial computers do not have enough storage. In a large-scale setting one should
consider following options. As mentioned it is possible to gain the Gramians by solving
linear Lyapunov equations and summing those solutions up. Assuming that the Volterra
series converges, we can truncate the series and consider only the first N subsystems.
Hence, one could use existing routines (MATLAB® functions: lyap(), lyapchol()) for
solving those first N linear Lyapunov equations. The other option is to generalize low
rank linear matrix equation solvers to be able to solve bilinear matrix equations which

can be seen in [3]. A

3.4 Bilinear System Norms

The system norms are somehow the most important system theoretic concept for us,
since they later give us the possibility to measure the difference between the output
of two systems. We first discuss the Lo-norm of a bilinear system. In this context
we discover the link between the Lo-norm and the Gramians. Following, we introduce
the Hao-norm for bilinear systems and its connection to the Lo-norm. Finally, we show a
possible procedure to compute the difference between the output of two systems without
having to simulate them.

3.4.1 L,-Norm For Bilinear Systems

We can generalize the definition for the Lo-norm by making use of the Volterra series.
Therefore, we obtain the Ls-norm for a MIMO bilinear system ¢ by evaluating the
following

00 m m
1¢I2, = / NAND z Iy )E dry e d
m1=0 TR=U =1 =

Hereby ||g;/F; (z,.. ’J’“)(Tl, ..., 7k)||r denotes the Frobenius-norm of the k-th order regular

kernel. We can use the link between the Frobenius-norm and the trace of a matrix where
|K||3 = tr(KK") = tr(KTK). Hence, we can also write the Lo-norm of a bilinear
system as follows

2
€117,
= Z/ B / § : g(]2,~~.7jk)(7_1" )gga“’jk)(ﬁv---,Tk)T dry - dry
=

le Jk=1

_\ > > (2,-oit) (toit) T
—Ztr Z Zg (T1,... )ng (T, 7)) drp -+ - drg
k=1 7'1:0 TkZO j2:1

Jrk=1
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Since we defined the controllability Gramian with the state to output transfer function

(32, Jk)( (JE 77’6)(7-1’ . 77'k)T as CP,C

we use that definition to write each 9r, Ty s Th)GJ,

which yields
ICIIZ, =

Z (Z Z/ / gl(ja k) ’7'1,.. ) g](gé ’Jk)(Tla-"aTk)dTl"'di>

=1 Jo=1 71=0

f(C/

+tr< / /
T1= =0 To—=!

+ ...
—tr (CPCT)

—+

AT1 BBTeATTl dTl CT>

T T
ATQNerATlBBTeA TNLet 2 drdn CT>
=0

J2=1

P>

Consequently we can compute the Lo-norm with the controllability Gramian. In addition
to that we can also compute the L£o-norm by evaluating

I¢I2, =t (BTQB)

whose derivation is dual to above. Of course, computing the Lo-norm with use of the
Gramians implies that they exist [11].

Ezample 3.4 (Relation Between Gramians And Kernels). To provide better under-
standing for the equality between computing the Lo-norm through the kernels and
through the Gramians we take a closer look at the first subsystem. Again we assume
that E = 1. The first kernel which holds all inputs is defined by

gl(t) = CeAtB.
Multiplying g, (¢1) with its transposed yields
g.()g, ()T = CeA"BBTeA'CT.

As shown above we need to integrate the product of the kernel with its transposed
to obtain the Ls-norm. Hence, the Lo-norm for the first subsystem 3 is defined by

o0
IZ1]f2, = tr ( / CeA"BBTeA " CT dT> .
7=0

Comparing this with the definition of the controllability Gramian for the first sub-
system

P, = / A"BBTeA ™ dr
7=0
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obviously reveals that we have to multiply P with C and its transposed to obtain
the definition of the L£o-norm through the transfer function

o (CPlcT) — tr <C ( / ATBBTA™ d7’> CT) — ( / CeA"BBTeA " CT d7’> .
T=0 =0

A

3.4.2 Hy-Norm For Bilinear Systems

Following [11] we could define the Ha-norm of a bilinear system ¢ as

o o
6B, =Y s [ [ GRGtimigl dp e dpe (313

k=1 x1>0,...,x,>0

Applying the link between the Frobenius norm and the trace of a matrix (3.13) and the
Phragmen-Lindeldf principle reduces the Ho-norm to

||<:H12=§ (S [T [T e i)

J2=1 Jek=1

> G(J2: ’jk)(—iwl,...,—iWk)T dCU1 .. d(dk)

By applying Plancherel’s theorem to HCH%Q and then the Phragmen-Lindeldf principle
yields the following equality [11, §]

12 = G, o = ICI2,

Hence, as long as the Gramians exists the Ho-norm is equal to the Lo-norm and we are
able to compute the Hs-norm as follows

I¢[%, =t (CPCT) = tr (BTQB) .

3.4.3 Difference Between Two Bilinear Systems

As pointed out previously we want to determine the difference ||y(t) — g}(t)”i2 between

the outputs of two bilinear systems ¢ and ¢. At the same time we want to avoid the
simulation of the two systems, as this can be very time consuming. Therefore, we make
use of the so-called error-system (,,, to measure the error E as follows

E = ”Cerr”i2 = HC - é”iz

Our goal is that the output of the error-system yields the difference between the output
of ¢ and the output of {. Therefore we can define
Yeult) = |C —C]

w(t)]
= Cerr N——
= Zerr(t)
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Hereby @, (t) can be obtained by solving
m
Egy ierr(t) = Aerr $err(t) + Z Nerr,j Lerr (t) Usj (t) + Berr U(t)
j=1
where

A 0
0 A

E 0

Eerr = ~
0 F

N; O B
) err — ) Nerr,j = - ) Berr = |~ |-
0 N; B
Obviously it is only possible to compute the error-system for two systems with an equal
number of inputs as well as an equal number of outputs. By evaluating the error-system’s

Ho-norm as for an usual bilinear system we obtain the difference between the outputs
of both systems. Assuming the Gramians exist, we can write the error as

E= ”Cen”i2 =tr (CerrPerrC;rrr> =tr (BeTererrBerr)

where Pg, and Q
systems [2] [24].

or are obtained by solving the Lyapunov equations for the error-
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Chapter 4

Model Reduction
Of Bilinear Systems

We now draw our attention towards model reduction. As mentioned previously, one
could derive large-scale bilinear systems through the application of finite elements or by
applying the Carleman bilinearization to a nonlinear system. Since a large-scale system,
called full order model (FOM), is not efficiently solvable on a commercial computer, we
try to reduce it to obtain an approximation, the so-called reduced order model (ROM).
The main goals of reduction are:

e Reducing the error F between the original output and the output of the reduced
system such that

and consequently approximating the FOM through the ROM as good as possible.

o Maintaining the system properties such as stability, structure, controllability/ob-
servability and more.

e Making the computation of the ROM numerically efficient, robust and stable.

The task modelreduction could be approached by several methods where none of them
could perfectly achieve the above goals. The two main approaches are balanced-based
model reduction and interpolation-based model reduction. Both are projective methods,
which means that the state-vector gets reduced in size and approximated via a projection.
Within this thesis we focus on interpolation-based methods. Therefore, we start by
discussing the fundamentals like projection, Krylov subspaces, moments and moment
matching. Following, we briefly introduce the subsystem interpolation framework and
point out its huge disadvantage, the combinatoric problem. After that we focus on the
Volterra Series interpolation framework, which we extend to match high-order moments
as well as to support complex expansion points and Markov Parameters. Finally, we
review a method to obtain He-optimal ROMs. In this sense we present BIRKA.

43
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4.1 Fundamentals

To provide better understanding of the following model reduction frameworks, let us
begin by explaining the basic concepts. Since all presented methods yield the ROM
by projection, we first discuss what a projection is and how to apply it to a bilinear
system. After that, we continue with Krylov subspaces and finally introduce moments
and moment matching.

Projection

Generally, a projection is a linear transformation from a vector space V to itself or to a
subspace of V. This happens with use of a projector.

Definition 4.1 (Projector). A matrix P € R"*" is called projector onto the subspace
Y C R™if

P =p?
and im(P) =V, where im(-) denotes the image of a matrix. A

Hence, applying the same projector twice yields the same result. If P = PT holds
then the projector is called orthogonal, otherwise oblique. A projector P = vvT
is also orthogonal if V' = {fvl, e ’Ur] is an orthonormal basis of V. A projector
P=V (WTV>_1 wTis oblique if W = {wl, e wr} is a basis for the subspace
W with the same dimensions as V.

Let us assume that we approximate the state vector x(t) € R™*! of

Ex(t) = Ax(t mNjwtujt Bu(t), x(0)= x,
c: (t) ()Jrjz1 (t)u;(t) + Bu(t), «(0) =0 1)

y(t) = Cx(t),
with a reduced state vector x,(t) € R™! where r < n. Hence, we write
x(t) = Va,(t) + e(t). (4.2)
Hereby e(t) is the error we make in the approximation. Substituting the approximation

for x(t) into (4.1) yields

EVz.(t) = AVx.(t) + i NV, (t)u;(t) + Bu(t) + r(t),
=1 (4.3)

y(t) = CVa,(t),

m
where the residual r(t) = Ae(t) + > Nje(t)u;(t) — Eé(t) holds the errors. Since the
j=1

above representation is overdetermined (n equations for r variables) we project the whole
equation onto the subspace span(EV'). Therefore, we use W € R™*" and assume that

-1
(WTEV) exists. With that expression we are able to formulate the projector

P—=EV (WTEV)A wT.
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Consequently we call V and W projection matrices. Applying the projector to the
state-equation of (4.3) yields

PEVi.(t) = PAVx.(t) + zm: PN;Va,(t)u;(t) + PBu(t) + Pr(t). (4.4)
j=1

With the Petrov-Galerkin condition (r(¢) L W) it follows that

WTr(t) =o0.

-1
Keeping the Petrov-Galerkin condition in mind we factor EV (WTEV) in (4.4) out,
which yields

0=EV (WTEV)A (WTAVwr(t) + i WTN,Va,(t)u;(t) + WTBu(t) — WTEV¢r(t)) .
j=1

-1
Assuming that EV (WTEV) is not a zero matrix, the above could only be fulfilled
if the terms in brackets yield a zero matrix. Consequently, we write the above as follows

WTEV#(t) = WAV (t) + > WIN,;Va,(t)u;(t) + W' Bu(t).
j=1

Hence, we obtain the reduced bilinear system

; B, (t) = Ayae(t) + f: N, ja, (t)uj(t) + Beu(t), @,(0) = (WTEV>_1 W Eay,
. j=1

Y, (t) = Crz, (1)

where E, = WEV, A, =WTAV, N,; =WT'N,V, B, =W'B, C, = CV. Note
that the number of inputs and outputs does not change but y,(t) is an approximation
of y(t) [5] [18] [23)].

Krylov Subspaces

Krylov subspaces or rather Krylov subspace methods were originally developed to solve
eigenvalue problems and linear systems of equation. In our case we try to approximate
the state equation with Krylov subspace model reduction methods which means that
we try to find projection matrices V' and W which generate equality between the FOM
transfer function and the ROM transfer function at certain interpolation points.

Definition 4.2 (Krylov Subspace). The ¢g-th Krylov subspace K, of a matrix A € R"*"
and a vector v € R™*! is defined by

K4 (A,v) = span{v, Av, A?%v, ..., A7 v} = span(V).

Consequently IC; spans a subspace of R with an infinite amount of bases V- € R"*9. A

In simpler words one could describe K, as a subspace constructed by a matrix and a
vector. Since it is possible to use a matrix instead of a vector we also provide the
definition of the block Krylov subspace.
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Definition 4.3 (Block Krylov Subspace). The g-th block Krylov subspace K, of a matrix
A € R™"™ "™ and a matrix B = [bl, e bm} € R™™™ is defined by

K, (A, B) =span{by, ..., by, Aby, ..., Aby, ..., AT 'y, ..., AT 'b,,} = span(V).

Consequently K, spans a subspace of R™ with an infinite amount of bases V' € R™"*4™,
A

Note that the bases this time are in R"*?™ [19] [6].
Very important for us is the input Krylov subspace, defined by

K, (A,B)
where
A: Z Z (SkE—A)ilek'--NjQ(SlE—A)il
Ja=1  jr=1
B: Z Z (SkE—A)_lek”-N]é(SlE—A)_lB

1

1 Jk

.

2

and the output Krylov subspace defined by
K, (AT, éT)
where

= -T -T
oY (1B - A)NL - NT (s:E — A)
1 Jr=1

h
_'
Il

J2

(s1tE—~A)"'NJ---NI (s,E—A)"'C".

Q,

I
-
M

1

Jj2=1 Jk

F AT
Obviously, B is the input-to-state transfer function and C is the transposed of the
state-to-output transfer function.

Moments

Starting from the linear case we can define a moment with a Taylor series expansion
of the Laplace transformed impulse response G(s) = C(sE — A)"'B at a complex
expansion point o, also called shift, such that

G(s) =Y M (o)(s — o).
=0

Hereby, M (;) (o) describes the i-th derivative of G(s) evaluated at o and is also known
as the i-th moment of G(s). Hence, the i-th moment corresponding to the expansion
point ¢ is is given by

M (o) = (~1) C [(0E - A)'B| (oB - 4)"'B
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where the 0-th moment is equal to G(o) [17] [23].
Since the k-th transfer function of a bilinear system depends on k variables one has to
make use of the Neumann expansion to write the k-th order transfer function

G (51, ) = C(sk B~ A) "Ny, Ny (s B~ 4)7'B

as a Taylor series [6] [15]. In addition to that we now expand every variable sj at a
certain shift o4, which results in k& different shifts. This leads to

(J25-+50k) Jz, k) i i
Girg M (51, sk Z Z oo on) (st — o)™ - (s —og)™
i1=0 i=0
where the so-called multi-moments M ](j ?“ J kl) )(01, .-+, 01 of a bilinear system are given

by

M) (o1, op) = (1) C (018 - A7 B]" (01 - )N, -

x Nj, [(0xB — A)'E] " (0B — A)!

It is also possible to choose infinity as an expansion point. In this case the moments are
called Markov Parameters, which are defined differently compared to moments expanded
at finite expansion points. Expanding a transfer function of a linear system at ¢ — 0 in
time domain is equal to expanding the frequency domained transfer function at s — oo
which yields the definition

Moo,(i)zc[( 1A)} E"'B.

Similar to that, one could expand the k-variable transfer function of a bilinear systems

in time domain at t; — 0, ..., tz — 0 and transform this into frequency domain. Con-

(J25--Jk)

sequently, the multi-moment Markov Parameters M " (1o e

) are defined as follows

Mz =c @t BN BTN, (B4 BB

Moment Matching

In the linear case the idea of moment matching is to ensure equality of the first ¢ moments
at a certain shift o between the FOM and the ROM such that

M(i)(‘7> = Mr,(i)(U)

where M., (;y(0) is the i-th moment of the ROM corresponding to o and i = 1,...,q
Applying this to bilinear systems means ensuring equality between the first ¢* multi-

moments of the FOM and the ROM at a certain shift combination o1, ...,o0. for all
variables sq, ..., s, such that
(J25+>7k) (J25-+508)
Mk(il ik)<0'17-.. ) _1\4—101(:(117 Zk)(O'17... 7Uk)
where Ml(f]z’(“’”“) )(017 -+« ,0) is the 41,...,ig-th multi-moment corresponding to the
shift combination o1,...,0p and i1 = 1,...,q --- i = 1,...,q. Of course, one could

also match the FOM and the ROM at different expansion points.

As we will see it is possible to fulfill moment matching conditions by defining the projec-
tion matrices V', W as input or output Krylov subspaces. This feature finds application
in subsystem interpolation as well as in the Volterra series interpolation. Therefore, we
call both methods Krylov subspace model reduction methods.
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4.2 Subsystem Interpolation

Subsystem interpolation is a wide spread interpolation method for bilinear systems. It
was first introduced by [18] for Markov Parameters. The most generalized definition can
be found in [15] where MIMO systems as well as high-order moments are considered.
We do not want to explain subsystem interpolation in every detail since our main fo-
cus lies on the Volterra series interpolation. Hence, we only introduce the multi-point
SISO and MIMO case without considering high-order moments. Finally, we explain the
combinatoric problem which appears within the subsystem interpolation framework.

4.2.1 SISO Subsystem Interpolation

Let us begin by explaining the basic concept of subsystem interpolation for a SISO
bilinear system. The main goal is to match the 0-th multi-moments for the first &
subsystems at certain shift combinations o; as follows

Gl(Ull)EGl,r(Ull)a 11:1,...,7“
G?(Ull,Ulg)EGEr(UZNUlg), ll,l2:1,...,7“
(4.5)
GE(O‘[l,...,O’lk) = GE,r(Ullv"' ,O‘lk), ll,'-- ,lk = 1,...,’/“.

Hereby, the number of different interpolation points as well as the number of considered
subsystems define the order of the ROM. Note, that we write the moment matching
conditions with transfer functions since the 0-th moment is equal to the transfer function.
To be able to determine the difference between input and output subsystem interpolation
we write the moment matching conditions with different expansion points p

Gl(ﬂll) = Gl,r(/«‘ll); ll = ]-a ceey T

Ggl(:ulwuh) EGgr(leru’ll)v hilo=1,...,r
(4.6)

GE(NZku 7/“1) = GE,r(leu"' 7/1’11)7 l17"' 7lk = 1)' <oy T

As mentioned previously, moment matching can be achieved by choosing V and W as
an input and output Krylov subspace. Hence, we choose the projection matrices vk
for each subsystem k as follows

v

N

VC K, (0, B~ A)'E, (0, E — A)7'b) € R
v ck, ((%E —A)'E, (0,E - A)*lNV@)) c R

v C K, (0, B~ A)'E, (01, E — A)T'NVED) e R =3, N
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and the projection matrices W ®*) for each subsystem k are defined by

W(l) cK, ((MhE - A)_TET7 (/”LllE - A)_Tc> € R™"
W@ C K, ((ju, B~ A)TET, (u, B~ A) TNTWW) € R

wW® C K, (B - A)TET, (u, B~ A)TTNTWED) e R k=3, N,

Finally, we can obtain the matrices V and W by concatenating the matrices of each
subsystem

V = |:V(1) 7 . V(k) :| c R XTtot
(@)

W = [W(l)’ e W(k)} € R™*Ttot

where 7ot = chvzl r¥. Note, that every v k) depends on the previous projection matrix
V#=1 and every W) as well on the matrix W* =1 This yields a greater reduced
order with every additionally considered subsystem. It is possible to compute V' with
different expansion points compared to W.

By reducing the system matrices of the FOM as shown in the fundamentals (E, =
WTEV, A, =WTAV , N, =W NV, b.=W'b, ¢] =c"V) we ensure the desired
moment matching conditions from (4.5) and (4.6) [2].

Ezample 4.1 (Projection Matrix V' For SISO Subsystem Interpolation). [8] Since
we wrote above very general formulas, let us consider an example where we want to
match the first and the second subsystem at two expansion points o1 and o3. Hence,
the moment matching conditions are

Gi(o1) = G1(01), G1(02) = G1,(02),
GS(o1,01) = Ggr(al,al), G5 (03,01) = Ggr(Jg,Jl),
o |
2

G5 (01,02) = Ggr(al,ag), G5 (02,02) = Gy (02, 02).

The conditions for the first subsystem are fulfilled if we construct the first projection
matrix as follows

VO = [(01E — A)7'b, (02B — A)'b).
The conditions for the second subsystem are fulfilled by constructing V@ as
V® = [(01E — A)'N(01E — A)~'b,(01E — A)"'N(02E — A)~'b,
(028 — A)"'N(01E — A)~'b, (02 E — A) "' N(02B — A)"'b|.
Concatenating V") and V' finally yields the projection matrix

V= [V<1>, V(2>} € R™*S,
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4.2.2 MIMO Subsystem Interpolation

As mentioned, it is possible to expand this framework to reduce MIMO bilinear systems.
To prohibit a large increase of the dimensions of the ROM, we match the moments along
so-called tangential directions and along a sum over all input combinations. Since we
match the moments via the input Krylov subspace as well as via the output Krylov
subspace we need right tangential directions as well as left tangential directions. This
yields the moment matching conditions for the input subspace [§]

Gl(all)rll EGlr(O'll)T‘ll, l1 :1,...,T‘
" GUE)(
Z GQD 0'1170'12 ’I“l1 = Z GQrEI 0'[1,0'[2)1"11, ll,lg = 1,...,?”
Jo=1 J2=1

> - Z GIZ I (g oy )y, = Doy G (o1, o )T,
je=1 jx=1 j

as well as the moment matching conditions for the output subspace

U, Gl(ull)ElZ Gir(y), h=1,...,r
lel QD :u’lzhull lel 2r[| /'l/lQ’Mll) llal2:17"'7r
J2=1 Jo=1

m m | ud m
3 S TG ) = 35 55 G )

These conditions hold if we construct the projection matrix with the input and output
Krylov subspace but this time also considering the tangential direction r; and llT. Hence,
it yields [§]

v K, (o, B~ A)'E, (0, E ~ A)'Br),) € R

v@ ck, ((%E A)'E, Z (0,E — A)7IN,; v >) e R
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and

WO CK, ((u, B~ A)TET, (B~ A)TCTY,) e RV

w®ck, ((uz2E ~A)TET> (u, E - A)_TNJTW(I)) e R
j=1

W(k) C K, ((MlkE - A)_TET7 Z(:U'lkE - A)_TN;!—W(IC_D) € Rnxrk’ k=3,..,N.
j=1

Similar to the SISO case we can construct V and W as

V=[v®, ..., v®]eRrm
. W(k)} € RMXTiet

where again ryx = Zivzl r*. The above moment matching conditions are once more
fulfilled if we construct V and W as shown and apply them to the FOM to obtain
the ROM whose system matrices are defined by E, = WTEV, A, = WTAV, N, ;=
WTIN,;V,B,=W'B,C,=C"V [§][11] [15] .

Ezample 4.2 (Projection Matrix V' For MIMO Subsystem Interpolation). [8] Let us
consider a MIMO bilinear system with two inputs. We want to match the FOM
and the ROM at two shifts o1 and o9 and along the tangential directions 71 and 7.
Hence, we can give the interpolation conditions as follows

Gi(o1)r1 = G1r(01)7°1, Gi(o2)2 = G1 w(02)r2,
2 2
3 Gé]z) (o1, 01)r1 = Z G N(o1,00)r1, > Ggp) (09,01)r1 = Z G (09, 01)r1,
jo=1 j2=1 j2=1 g2=1
2 " = G
Z G2J2 (01,0079 = Z G 01702 ro, Z GQJ"’ (02,09)rs = Z G 02,0’2
ja=1 j2=1 j2=1 =

We can fulfill these conditions by constructing V®*) for each subsystem as follows

VO = [(01E— A)'Br1,(02E — A)"'Bry

V® = [(01E - A)'N1\(01E — A)'Bri + (01E — A)"'Ns(01E — A)~'Bry,
(01E — A)"'Ni(0oE — A) " 'Bry+ (01E — A) "' Ny(0wE — A) "' Br,
(09F — A)"'Ny(01E — A)"'B7ry + (02E — A) "' Ny(01E — A)"'Bry,
(02E — A)"'N1(02E — A) " 'Bry + (02E — A) " 'Ny(0oE — A)~ 1Br2}

and obtain the projection matrix V by concatenating V) and V@ such that

V= [V(l), V(2>} € R™*S,
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Remark 4.1 (Block Krylov Subsystem Interpolation). [8] Note, that it is also possible
to match the transfer functions without tangential directions r and 7. This could be
achieved in this framework by choosing the tangential vectors as identity matrices such
that r = I, and 1T = I,. In this case we call it block Krylov subsystem interpolation and
the reduced order riot = Zé\le mrF or rather 7oy = Z,]gvzl pr¥ gets greater by a factor
m or p. Hence, in the block Krylov case one obtains a greater dimension for the ROM
with the same amount of interpolation points compared to the tangential subsystem
interpolation. A

Remark 4.2 (Different Approach For MIMO Subsystem Interpolation). [8] In the above
approach we used Krylov subspaces where we sum up over all inputs or rather outputs.
According to our definition of the regular transfer function G,(g g k)(sl, ..., 8k) it would

be more straightforward to use the following Krylov subspaces

kypk—1

vV C K, (0, E~ A)'E. (0, B~ A)'N(ITe VF)) e R,

k—1

w® K. ((u,E— A)TE, (u,E - AN 1o wkl)) e grerte

where N = [N1,...,N,,] and N' = [NT,...,N]]. With this Krylov subspaces we
fulfill the following stronger moment matching conditions for input tangential subsystem
interpolation

Gi(oy)ry, = Grp(oy) Ty, Lh=1,...,r
(j2) — 2)
GQ,D (Ull ) 012) T, = G27r7|j(0'll ) Ulz) Ty, lla 12 = 17 < T
G(j%---yjk) — G(j27"'1jk) l L. =1
kO (Jlla'--aalk)rh— k,r,0] (Ul1>"'70lk)rl17 1, g =1L1,...,T

and output tangential subsystem interpolation

l;; Gl(:ull) El;; GLY(Mh)? h=1..r
l;; ng’Q[])(:ulza,ull) = l;[; Gg{i)g(ﬂlwlill)a llu l2 = 17 s T

T (2,0 _ T ~G2ed
lh Gl(c],2EI jk)(:“*lkv ) = ll1 Gl(c],iD Jk)(lu'lm co )y e g =100
These moment matching conditions are stronger because we match every combination of
(j2,-..,Jx) independently. The dimensions 7. of the ROM within this framework are
growing even faster with each additional considered subsystem since ryo; = Zé\;l rkmbk-1,
A

Remark 4.3 (Higher Order Moments). Similar to the linear case it is also possible to
match high-order moments as well as to combine this with Markov Parameters and
shifts which are only matched at the 0-th moment. For more insight we refer to [15]. A

4.2.3 Combinatoric Problem

Throughout the provided examples it is quite obvious that on the one hand the order
of the ROM grows by the power of considered subsystems and on the other hand that
we have to fulfill even more combinations of shifts if we consider more subsystems. We
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illustrate the mentioned problem with a SISO system (. Assume that we want to obtain
a reduced bilinear system (; corresponding to ¢ by interpolating the 0-th moment at
r = 2 shifts oy and o3. Hence, for the first subsystem, we have to match two moments

Gl(dl) = Gl,r(al), Gl(o‘g) = Gl’r(dg).
For the second subsystem we have to match four moments

GS(oy,00) = Ggr(al,al), G5 (09,01) = Ggr(ag,al),

d
2
G5 (o1, 00) = Ggr(al,@), G5 (09, 00) = Ggr(ag,ag)

and for the third subsystem eight moments

G3D(0'1,0'1,0'1) = G?’r(al,al,al), G?(O’Q,O’l,Ul) = Ggr(ag,al,ol),
GS(01,09,01) = Ggr(al,ag,al) G (09, 09,01) = G:Er(O'Q,O'Q,Ul),
G?(al, 01,09) = G?’r(al,ol, 092), G?(ag, 01,09) = Ggr(ag,al,og),
GS(01,09,00) = G5 (01,00,00)  G3(02,09,09) = G5.(09, 09, 09)

Consequently, we have to match r* moments for the k-th subsystem which obviously
is more complicated to handle the more subsystems being considered. In addition to
that, the total reduced order ryo = Z{f:l r* is growing by the power of k. This makes
it inefficient to increase the accuracy of the ROM by considering more subsystems.
Considering one more subsystem means matching 7* more moments and increasing the
order of the ROM by r* in addition to the existing order.

Remark 4.4 (Workarounds For The Combinatoric Problem). [8] As mentioned, it is quite
complicated and inefficient to compute all multi-moments for additional subsystems.
Hence, we want to provide some ideas how to reduce the complexity.

e The most straightforward way is to simply use one interpolation point which com-
pletely eliminates the combinatoric problem. Of course this approach leads to less
global accuracy of the ROM.

e As the importance of the subsystem decreases with greater k one could choose less
matched moments for higher subsystems such that the reduced order of additional
subsystems decreases.

It is possible to find a lot more workarounds [8] as the subsystem interpolation framework
is highly customizable. A

4.3 Volterra Series Interpolation

The Volterra series interpolation framework was first introduced by Flagg and Gugercin
in [10]. It turned out that the method was implicitly used by [24] and [2] for an Ho-
optimal model reduction algorithm called BIRKA. As one can tell from the name, this
reduction method employs the underlying Volterra series representation. The basic idea
is to match the previously introduced multi-moments at certain shift combinations along
weighted sums, in other words: to match the whole Volterra series at once. With this
summation feature the combinatoric problem gets eliminated [8]. We discover that it
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is also possible to gain the projection matrices V' and W through solving Sylvester
equations.

Let us begin by introducing the framework in its original form: for multiple interpolation
points. In this sense we explore the Sylvester equations and different ways to compute
the projection matrices, which we illustrate in algorithms. After that, we extend the
Volterra series interpolation to match high-order moments and show which constraints
the interpolation data has to fulfill to obtain again a Sylvester equations representation.
We also provide algorithms to construct the projection matrices for higher moments.
Lastly, we discuss other special cases of this framework like the block Krylov case, Markov
Parameters and complex expansion points.

4.3.1 Multipoint Volterra Series Interpolation

As mentioned, this method matches the whole Volterra series along weighted sums.
While only considering the 0-th moment of each subsystem we can define the interpola-
tion conditions for a SISO system as follows

o T T
Z Z e Z Myl GE(UZN ce 3Oy, 04)

k=1hL=1 l_;=1
_ (4.8)

Z Z anlv le—1,1 Gkr(alla" yOlp_15 0 )

k 1l1 1 lk 1= =1

where each 7 denotes a weight for a certain shift combination and where Gt r ) is the k-th
transfer function of the reduced system. Note that we will later specify the weights 7
through entries of a matrix U, which requires those indexes. For now, we assume that
each n;, 5, . is arbitrary. We again write the moments as the transfer functions, since
the 0-th moment of the k-th subsystem is equal to the k-th transfer function. Note that
we hold o; throughout all sums. A necessary condition to be able to make use of the
Volterra series interpolation is obviously the convergence of the series.

Ezample 4.3 (Volterra Series Interpolation Conditions). To enlighten the interpola-
tion conditions a little more let us consider a simple example. Assuming that we
want to match the FOM and the ROM at two (r = 2) interpolation points o1 and
09, we write the interpolation condition for the first shift o; as

Z Z Z Mo l— 1,1 Gk (Ulla" yOli_1> 1) —

h=1l=1 Iy =1
G1(o1) + m1G5 (o1, 01) +121G5 (02, 01) +m.1.1G5 (01, 01,01) + ...

Z Z Z My,elp_1,1 Gkr(Uzl,.. Ol s 1) =

k=1l1=1 lp_;=1

Gi,(0o1) + T]l,lGQD,r(Ula o1) + 772,1G2D,r(02, o1) + nl,l,ngr(Ula 01,01) + ... .
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Similar to that, we write the interpolation condition for the second shift o9 as

oo 2 2
Z Z e Z nllv""lk7172 GE((J-Zl? s 70-1197170-2) =

h=llh=1 1 =1
G1(02) +m2G5(01,02) + 12.2G5 (09, 02) + 11.12G5 (01, 01,02) + . ..

2

oo 2
Z Z T Z Myyelp—1,2 G%l,r(alw 0009 @l @) =

k=1li=1 ;=1
Gir(02) + 7]172G2|]7r(01, o2) + nz,gGgr(og, o9) + 7]1,172G§r(01, 01,02) + ... .
As one can clearly see, we combine all interpolation points with the current inter-

polation point. Since we sum these combinations up, we receive r = 2 interpolation
conditions. A

Again it is also possible to match the moments with a projection matrix constructed
through the output Krylov subspace. Therefore, we use different interpolation points u
and weights 1. Hence we write the output interpolation conditions as follows

o T T
Z Z o Zﬂl1,~~,lk71,i GE(/“? Hlj_ys - - 7/“1)

k=1l=1 l_1=1
_ (4.9)

[e¢] T T
Z Z e Zﬁll,mylk—l:i GE,r(Niz Kl _qs - v“h)'

k=1l=1 ly_;=1

The conditions (4.8) and(4.9) hold if we reduce the FOM with the projection matrix V'
corresponding to the following input Krylov subspace

V CK, ((O’ZE — A)flE’vi) c R™XT

where

o0 r T
vi=> > o > My i(0iE—A)'N(oy, E—A)'N---N(o,E—A)"'b
k=1li=1 =1

(4.10)
and the projection matrix W corresponding to the following output Krylov subspaces

W C K, ((uE — A) TET w;) € R

I8
> e i(wE— ANy, E— A TNT--NT(uy, E— A) "e.
k=1li=1  ly_=1

(4.11)

Different to subsystem interpolation we obtain projection matrices in R™*", which means
that our reduced order is equal to the number of shifts r. As one might have noticed,



56 Chapter 4. Model Reduction Of Bilinear Systems

the first sum ) ;2 corresponds to the previously introduced Volterra series. Assuming
that we interpolate at r shifts oy,...,0, where o1 # ... # o, we obtain the projection
matrices by computing each column v, corresponding to (4.10) and analogously for r

shifts pq, ..., u, where puy # ... # p, by computing each column w, corresponding to
(4.11). This results in

o, e o] R

|4
W = [wl, wr} e R™".

)

Ezample 4.4 (Computing A Column Of V). [8] Let us assume that we want to
reduce a SISO bilinear system to order » = 2. Therefore, we use the interpolation

points o1 and o9. We want to illustrate how the first column of V' is computed.
From above we know that

00 2 2
vi=> > > .1 E-A)"'N(y, E-A)'N---N(o,E—A)"b.

k=1l=1 Iy _1=1

To make things easier, we make use of the Volterra series and write v; as follows
— (k 1 2 3 4
121221}5)zvg)—i-vg)—i-vg)%-vg)—i—---
k=1

(k)

where v, denotes the first column of v corresponding to the subsystem k. Hence,
vgl) is given by
o\ = (1E — A)"'b.
(2)

Accordingly, we can compute v;"’ for the second subsystem

2
ng) = Z nll,l(alE = A)N(O‘llE = A)_lb
=1

=m(1E - A)N(E—A) 'b+n1(01E— A)N(02E — A)~'b
and vg?)) for the third subsystem

2 2
o) =3 Y i pa(1BE- A)N(o,BE - A)7'N (o, E— A)7'b
l1=112=1

Continuing for all subsystems finally yields v; via summation over all subsystems.
A

Finally, we obtain the ROM analogously to the subsystem interpolation by applying
the projection matrices to the system matrices as shown in the fundamentals (E, =
WTEV, A, =WTAV, N, =WTINV,b.=W'b, ¢] =c"V) [10].
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It is also possible to apply this method to MIMO bilinear systems. Hereby, the moment
matching conditions for an input Krylov subspace are given by

Z Z Z Z Z 77]27 Iik 158 GkJEJk (0l17 sy Ulk_l ) Ui) T,
k=1j2=1 jr=1011=1 lk_1=1

(4.12)

T s

[o.¢] m m
Z Z Z Z Z 77]27 zik 100 (]?D 7]k)(alu oo0og O-Zkfl’o—i) ry-
k=1jo=1 =1

l1=1 lg—1=1

with additional sums over all inputs. Similar to that, we can give the moment matching
conditions for the output case

Z Z Z Z Z 19J2, Zik“l;l'G(sz Jk)(,lﬁi,ﬂlkfl"“”ull)

k:1j2:1 ]kzlllil lk 1= 1
= (4.13)

o0 m m T T
Z Z Z Z Z 19]27 Zikll ;rG’E:Jiva]k)(Mi7ﬂlk717”‘7/”1)'

k:]: :lll lk11

Again, we use tangential directions 7 and IT. Note that we still assume that the weights
”zjf.’,.,’,fkl ~and 19312’ ik | are arbitrary while keeping in mind that we need the indexes
to later define them through matrices U, ; and U,, ;. The MIMO moment matching
conditions hold if we build the projection matrix V' with use of the following input Krylov

subspace
VK, (0B~ A E,v;) € R

where
(o) m m T T
vl:zzz anjl% Tk ~(UiE_A)_1Njk
k:]-jQ:l ]kzl ll=l lkz—lzl

x (Ulk—lE - A)_lek "IN, (UllE - A)_lB ry

PR

and the projection matrix W corresponding to the following output Krylov subspaces

W C K, (B - A)TET,w;) e R™

4_00 .- - 19]2, Tk E— A TNT
W= 3 Y Y 2 (B — A) TN,

k=1jo=1  jr=1l1=1 lp_1=1
X (p, E—A)TN] ...Nj(u,E-A)"TC"L.

Jk—1

If the ROM gets constructed by E, = W'EV, A, = WTAV N,;=W'N,V, B, =
WTB, C.=C7V and V and W as shown above then the moment matching conditions
n (4.12) and (4.13) hold [10)].

Remark 4.5 (Computing Only One Projection Matrix). It is possible to compute only
one projection matrix either for the input Krylov subspace or for the output Krylov
subspace. In this case, one could simply choose W = V and vice versa to obtain the
ROM. A
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Sylvester Equations

Our goal now is to show that it is possible to obtain the projection matrix V' by solving
the following bilinear Sylvester equation

T _
EVSU—AV—ZleVUw._BR
J:

where S, = diag(o1,...,0,) € C™*" | U, ; = { (a, b)} e C"*" and R = [ry,...,1,] €
C™>", And accordingly, we want to show that we can obtain the projection matrix W
by solving

T T T T T AT
E'WS, - A W—Z:Nj WU, =C"L
]:
where S, = diag(p1,...,pr) € C*7, Uy = {ufjj])} e C" and L = [ly,...,1,] €
CP*". Hereby u( Y denotes the entry in the a-th row and the b-th column of U, ; and
( )

mentioned, it is necessary to define the weights 7]32’ sk . and 1932 Jk . through entries
—15%

analogously u,,”” denotes the entry in the a-th row and the b-th column of U, ;. As

of the matrices U, ; and U, ;. Hence, we give the deﬁmtlon for the Welghts as follows

J25eJk — (ivlkfl) (lkfg,lk73) o (l2’ll)

77ll 1 Yo i, V. Jk—1 Uy o for k> 2
J25Jk — (ivlk—l) (lk_g,lk_3) o (l27l1)

'l9l1,.“,lk_1,i - uw7jk W,Jk—1 uw7j2 fOr k 2 2.

As this is not very enlightening, let us try to focus on every subsystem independently.
Therefore, we make use of the Volterra series and write the projection matrix V as

V= ZV Div@pve® pyv® 4

Starting with the first subsystem, the i-th column 'vz(l) of VI ig defined as

v = (0,E — A)"'Br (4.14)
where ¢ = 1,...,r. While recalling Definition 3.2 and writing VD vectorized
-1
vgl) 0'1E — A B T1
vec (V(l)) = | = :
v7(~1) o, E— A B |r,

—(STeE-L®A) (I oB)vec(R)

it is quite obvious that V(! is the solution of the following linear Sylvester equation

EvWs, —Av) =BR. (4.15)
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For the second subsystem the i-th column ’UZ(-Q) of V) is defined as

Z Z 77]2 UZE A) ]2 (011E - A)_lBrh

Jje=1l=1 —o
!
S (i.11) 1)
27 _1
=>. > Uy, (0i — A)T N0
Jj2=11l1=1
where i = 1,...,r. As we can see, ’U(2) depends on the previously computed columns

( ). While again writing V@ in its vectorized form

-1
o?]  [mE-A TN e W8N e
1
'U7("2) O'TE - A ’ US:;UNJ s uq(:;r)Nj ’U1(ﬂk)

= (STeE-LaA) i U, ® N;)vee (VD)

and remembering Definition 3.2 one can clearly see that V® solves

2 2) 1 T
EV®Ss,—Av® _ZNj vyl ..

We can continue this until the k-th subsystem where each column vgk) of V¥ depends
on the columns of the previous projection matrix. Hence, we can write [§]

=Y N X g (B AN,

jo=1 Jr=1101=1 lg_1=1

X (Ulk—lE - A)_lekfl e 'Nj2(0l1E - A)_lBrll

1,0 — k—1
— Z Z w1 (0 B — A) TN oY, (4.16)
Jk=1l1=1
Thus, V*) solves the following linear Sylvester equation
EVH S, —AVvH =N"N,vEDul for k> 2. (4.17)
j=1

By combining (4.15) and (4.17) and letting £ — oo we find a bilinear Sylvester equation
whose solution is V

EVS,—-AV-> N;VU},=BR.

j=1

With an analog approach we can show that every W®*) solves the following linear
Sylvester equations

ETwW sl _ATwl) =T

ETWWsT - ATwWH =S"NTwh-Dyl - for k> 2.
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These linear Sylvester equations can also be combined to

E'TWS,-ATW-Y NJWU,,;=C"L.
j=1

Remark 4.6 (Solution Of Bilinear Sylvester Equation). Note, that the bilinear Sylvester
equations yield also solutions if the Volterra series does not converge. In this case,
the solution of the bilinear Sylvester equation does not correspond to the sum over the
solutions of linear the Sylvester equations of each subsystem such that V' # 372, v &),
While recalling the definition of the moment matching conditions and the definition of
the regular transfer functions, one can interpret the tangential directions and weights as
the inputs of the bilinear system. Hence, the convergence of the Sylvester equations is
strongly connected to BIBO stability conditions. A

Remark 4.7 (Invariance Of Sylvester Equations). It may be interesting to transform the
solutions V' and W to e.g. obtain orthonormal matrices. This problem can be ap-
proached by multiplying a specific transformation matrix T, and receive V = V'T,,. To
let V be the solution of the same Sylvester equations we should adjust the interpolation
data as follows

S, =1,'s,T,, U,;=T,U,;T,", R=RT,.

Inserting the transformed interpolation data and the transformed projection matrix in
the Sylvester equation yields

m
EVT,T,'S,T,— AVT,-> N,;VT,T,'U] ,T,=BRT,.
j=1

One can see T, T, ! cancels itself which yields

EVS,T,—AVT,-> N;VU],T,=BRT,.
j=1

By simply multiplying with T, ! from the right we obtain the original Sylvester equation.
The same principle could be applied to the linear Sylvester equations for each subsystem
as well as to the output Sylvester equation. If one transforms the output projection
matrix such that W = WT,, one has to transform the interpolation data as follows

Sy=TyS,Ty,", Uy; =T U,;T,", L=LT,

to solve the same Sylvester equation. A

Computing Projection Matrices

At this point we know the basics about multipoint Volterra series interpolation. Hence,
we want to find algorithms which allow us to compute the projection matrices. Therefore,
we start by giving an Arnoldi algorithm to compute each column of V' explicitly. After
that we concentrate on solving linear Sylvester equations and finally we discuss whether
it is possible to obtain a projection matrix V' which considers all subsystems by solving
the bilinear Sylvester equation. Note, that we write all algorithms only for the input case
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as one can easily obtain the output projection matrix by a dual call of the algorithms
(see Remark 4.10).

Obviously, it is not possible to compute each column of V' by considering an infinite
sum [8]. As we have shown above, it is possible to compute the projection matrix for
each subsystem independently and obtain the final projection matrix via summation.
We also know that the importance of each additional subsystem decreases. Hence, we
truncate the sum over all subsystems and mark the number of considered subsystems
with the truncation index N. It follows that

N
V ~ Z vk
k=1

Applying this to the formula for each column v; of V yields

’UZ(-l) = (O'Z'E = A)ilB’Pi

m T a 4.18
vl(k) = ZZug]l)(azE = A)*levl(k 1 for k > 2. ( )
j=11=1

With this we can give the so-called Arnoldi algorithm 4.1 to compute an approximation
of V. Note that all following algorithms are written with MATLAB® syntax. Especially

Algorithm 4.1 : Efficient Arnoldi Algorithm For Computing Projection Matrices
Data : bilinear system ¢, interpolation points o1, ..., 0, interpolation weights U,

tangential directions R, truncation index N
Result : approximated projection matrix V'

1 fori=1:rdo

2 [L;,U;] = lu(o, E — A) ; > Compute LU factors for each shift
3 | V(i) =U,\ (L;\ (BR(:,1))) ; > Compute V()
4V =V,q;
5 for k=2 : N do
6 fori=1:rdo
7 Vtemp = 0;
8 for!=1:rdo
9 for j=1:mdo

_ : L _xm @0 (k—1)
10 L Vtemp = Vtemp + Uw,j(4, )N Voa(:,1) ; > Vtemp = Zj:l u, ;' N jv,
1 Voew(5,9) = Ui\ (Li\Vtomp) ; > Compute V>V
12 Vold = Vncw;
13 V=V+Viw;

for large-scale systems we recommend a computation of LU-factors since we have to
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solve N-times for each (0; E — A). Also crucially for performance is evaluating the sums
before solving the systems of equations as seen in Algorithm 4.1 Line 10. Otherwise one
would solve the system of equations ijl-times instead of i-times.

Another option to approximate V' is via using existing routines for solving matrix equa-
tions to solve the linear Sylvester equations for each subsystem. Recalling the truncation
of the Volterra series yields

N
Vadyvw
k=1

where
vV is the solution of EVD §, — AV1) = B R,

V%) is the solution of EV®) §, — AVH) = Z N; v (k=1 UIJ for k > 2.
j=1

In Algorithm 4.2 we use the MATLAB® function sylvester (A, B, C) which computes
the solution X of the Sylvester equation AX + XB — C = 0. Unfortunately this
function does not support our type of Sylvester equation. Hence, we have to resolve
E by inverting it, which might not be possible especially for large systems. Compared

Algorithm 4.2 : Computing Projection Matrices With Sylvester Equation Solver

Data : bilinear system ¢, interpolation points o1, ..., 0, interpolation weights U ,,,
tangential directions R, truncation index N
Result : approximated projection matrix V

1 forj=1:mdo

2 L N; :E_le; > Resolve E
3 A= E_IA;

+B=E"'B ; > Resolve E
5 fori =1 :rdo

6 t Voal(:,i) = sylvester(—A, S,, BR) ; > Compute V)
7 V=V

8 for k=2: N do

9 Vold, sum — 0;

10 for j=1:mdo
11 L Vold, sum — NjVOIdU;I;ﬁ > Vold, sum — Z;n:1 Nj V(kil) UI,j
12 Vew = sylvester(—A, Sy, Void, sum) ; > Compute v (k>1)

13 Vold = Vncw;
14 | V=V4+ Ve

to the computation of each column independently, solving linear Sylvester equations
does not require the diagonal structure of S, or rather S,,. Consequently, it is possible
to apply transformations to the projection matrices after every iteration step or rather
before using the algorithm.

The only way to consider all subsystems is by vectorizing the whole bilinear Sylvester
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equation as seen for the Lyapunov equations and solve the system of equations. Hence,
we could compute V' by solving

-1
vec (V) = (SI@E—L@A—ZUW-@NJ-) vec (BR)
j=1

and reshaping vec (V) € R™*! into V' € R™ ". Similar can be applied to the output
Sylvester equation and we obtain W by solving

—1
vec (W) = (Sw OET-LoAT -y U,;® N]T) vee (CTL)

j=1

and reshaping vec (W) € R™*! into W € R™". As mentioned, this approach is only
suitable for small-scale systems since we have to solve a system of equations in R™*"",
The biggest upside of this approach is that it is the only way which does not require a
truncation and it therefore matches the whole Volterra series.

Remark 4.8 (Solving Bilinear Sylvester Equations). [8] Sometimes it might not be possi-
ble to solve the vectorized bilinear Sylvester equations due to the increasing dimensions
caused by the vectorization and Kronecker products. Hence, one should consider gen-
eralizing low rank solvers for linear Sylvester equations to bilinear Sylvester equations.
For more insight we refer to [3]. A

Remark 4.9 (Hermite Volterra Series Interpolation). Using equal shifts and weights to
compute the input and the output projection matrix is called Hermite interpolation. For
linear subsystem interpolation (which is included in the Volterra series framework if one
only considers the first subsystem) this yields a special feature. Constructing V' and W
to match

G(oi)r; = G.(0i)r,
U G(o7) = 1] Gi(0y)
accordingly also matches
1IG' (0;)r; = 1] GL(0;)7;.
Similar applies for bilinear systems. Hence, Hermite interpolation yields stronger mo-

ment matching conditions. A

Remark 4.10 (Computing Output Projection Matrix). As mentioned, it is possible to
compute the output projection matrix with a dual call of the presented algorithms.
Hence, we briefly discuss what the dual inputs look like. To compute the projection
matrix W we have to use

ET for E, AT for A, C' for B, N]T for Ny,
Uy; for U,;, L for R, Sl for S,.

A

Remark 4.11 (Increase Stability Of Arnoldi Algorithm). Algorithm 4.1 computes the
projection matrices of each subsystem by use of the projection matrix of the previous
subsystem. This dependency potentially yields big projection matrices for a badly con-
ditioned bilinear system. To prevent that, one should consider an abort criterion which
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prevents the projection matrices grow above a certain threshold. Note, that this thresh-
old has to be less than your operating systems working precision.

In case of equal shifts for input and output interpolation, one might want to increase
the efficiency of the algorithm by reusing the LU-factors for computation of the output
projection matrices by transposing them. Our experiences have shown that this yields
a small error. Since we solve the linear system of equations N times, we make this error
N times and consequently it could grow significantly. With our benchmarks we were
not able to achieve plausible results by reusing the LU-factors for computation of the
output projection matrix. A

4.3.2 Multimoment Volterra Series Interpolation

Our goal is to extend the multipoint Volterra series interpolation to be able to match mul-
tiple high-order moments. Consequently, we call this framework multimoment Volterra
series interpolation. For the sake of understanding we first discuss only the input case.
Note that the following requires complicated indexes which we sometimes define through
functions. This is motivated by later finding a Sylvester equation representation. Within
this method we want to fulfill the following moment matching condition

- ns =lme —
- LN 1 Sl ng, —1

M8
lm
]

m m
Jj2=1  jr=1

=il li=1  lp_1=1 i1=0 th_1=0 ix=0  i1,ig_1
additional sums
for multimoments
o m m 7 (3 nf’hfl P p " By =1
.. J2seesJk (G2 ~ = )
DD DD L D D m MG (Gl G 00 T
k=1jo=1 gjr=ll1=1 Ix_1=1 i1=0 ih_1=0 =0  i1..ig_1

additional sums
for multimoments

for each ¢ = 1,...,r where
-1
reol(l) =1+ Zn&q.
q=1

Hereby a tilde-shift 6; denotes the i-th unique shift, every ns, denotes the multiplicity of
a certain shift 6; and 7 denotes the number of unique shifts. Let us assume for now that
the weights are arbitrary. We define them later again through entries of a matrix U,, ;.
Since finding a Sylvester equation requires U, ; and R to have a certain structure, we
are forced to define the weights with the indexes i1, ...,7;_1 as well as the corresponding
tangential directions with the function 7 (1).

Ezxample 4.5 (Indexes Of Multimoment Volterra Series Interpolation). Let us assume
that we want to interpolate with the following r = 5 shifts 01 = g9 # 03 = g4 = 5.
Since 01 = 09 and 03 = 04 = 05 we have 7 = 2 unique shifts 67 and &2. Hence, the
multiplicity of the first shift &; is ns, = 2 and the multiplicity of the second shift
02 is ng, = 3. Consequently, we have to match the 0-th and the 1-st moment for 7,
and the 0-th, the 1-st and the 2-nd moment for &». A

E § § J25--Jk (J2y-0k) (= ~ )
n11=--->’k71vi Mk?’(’h,'“ ,ik)(all gES Sy O—l""—“Jl) Treor(ln)
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To enlighten the moment matching condition even more we write all moments with
corresponding tangential directions of the first subsystem explicitly

né'i_l TLa-i—l ;
Z Ml,(il)(ai) ;= Z (*1)i1 & [(Uz’E - A)_IE} ' (o, E — A)_IB’I“;.
11=0 i1=0

Note that we later define  in (4.19), again corresponding to the required structure of R.
One can clearly determine that we obtain all moments from the 0-th to the (ns, — 1)-th
for a multiplicity ns, of the shift ;. Let us also write explicitly all moments for the
second subsystem

L M 1TLU -1

Z Z Z Z nljl2’2 ’Jk 2 (’L)l 12)<6l170i) Trcol(ll) =

jo=111=1 41=0 i2=0 i1

m T nhll -1 ns; -1 i
- le lzl 12 12:0 nlllz -yree [(UiE B A)_IE}
2=10L=1 41=0 2 i

_ - _ i _
X (UZ‘E — A) 1Nj2 [(O’llE — A) 1E} (UllE — A) 1BTT‘c01(ll)'
By resorting the terms we can see that we combine all moments of the first subsystem
with all additional moments of the second subsystem

m Né&; —1 .
= Z )2 C [(0;E— A)'E|” (B — A)7!
Jj2=1 i2=0
~ ngll -1

Z ~ - il ~ -
<SS vk 0t [GuE - 4B (64B - ) Br, 0,
l1 1 21=0 i1

weighted combinations of moments of the first subsystem

Since the moment matching condition is different form the multipoint Volterra series
interpolation framework, we have to construct the projection matrix V' with a slightly
different Krylov subspace

V CK, (0B~ A)E.v) € R

where

o m m 7 i gl B
=22 - Z Z Z Z ' Z n . (o — A)TING,
k=1jo=1  jr=1l1=1 _
% |:(6-lk—1E - A)ilE} . (&lk—lE - A)ilek—l
Tcol(ll)'

x Nj, [(6,E — A)7'E|" (5, E— A)'Br

Taking a closer look at the definition of the above Krylov subspace reveals that it is the
generalization of the multipoint Krylov subspace. The projection matrix V for

(o1=02=...= Unal) Foon o F (Ul+ngi+---+ng,~.,1 == 0n51+---+n5T)

&1 with multiplicity ng, &7 with multiplicity ns
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is given by

_ _1 ] ng, —1
V=|vi, (mE-A)"'Evy, -, [(on,, BE=A)TE|"" vy,

=
"y Vldng ++ns._ oo (02+n&f+m44m;_113“f4) Evoin;, +tns. ;>

51
-1 N&x
o ¢ |:(0_n51+~~-+n5FE = A) E:| Ung, +++ns, e R™*"

where r = ng, + -+ + ng;.

FEzample 4.6 (Multimoment Projection Matrix). Let us assume that we want to
reduce a SISO bilinear system with r = 3 shifts 01 = o9 # 03. With our choice of
shifts we get ¥ = 2 unique shifts &; with multiplicity ns, = 2 and 2 with multiplicity
ng, = 1. Let us consider N = 2 subsystems. Hence, we have to construct the first
column of the projection matrix V as follows

n(}ll —1

2 2 ]
) 7 ~ _ i1, _
vi=> 3 > 9 (nE-A)'N|(6,E- A)'E|" (6,E - A)'Br, )
k=1l=1 #1=0 &

=1 for k=1
= (01E — A)le Treoi(1)

1 .
_ ~ _ o _
+ Y 0. (1 E— AN [(E - A)'E|]" (1B - A)'Br,
11=0 "1

+ 772,1 (UIE - A)ilN(&QE - A)ilB Irrcol(Q)'
0

Since the second column of V' corresponds to the second interpolation point oy which
is equal to the shift corresponding to the previous column, we have to construct vo
with a high-order moment such that

n&ll -1

2 2
va=(E—A)T'EY Y > 175‘122 (02E — A)7IN
N———— — ’

high-order moment ==l =0 a

X |:(6—11E - A)_]-Ei| 1 (6—l1E - A)_lBrrcol(ll)
= (02E — A)'E(02E — A)"'Br,

1

+(2E~A)'EY 0, (02E— A)'N
i1=0 "1
x @B - A)'E|]" (5:E- A)'Br,

I (UzE - A)_1E772,2 (52E - A)_lN(52E - A)_lBTTcol(Q)‘

0
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Finally, we can compute the third column corresponding to o3 = &5 as follows

ns, —1
51, ;
V3 = Z Z Z 77 UgE — A)le [(ale — A)flE} ' (&llE — A)le Treoi(l1)
k=11l1=1 ©1=0 il
= (O’3E—A) lBrr o1(2)

ng; —1 .
_ - _ i
+ Z 771‘,3 (G3E — A) lN {(O-IE - A) IE] (O'lE — A) 1B rTcol( )
11=0 ’1

+ 1,5 (03E — A)"'N(62E — A)"'Br,,_ ()
0

A

For sake of completeness we introduce the interpolation condition with output tangential
directions

np =1l =
Ny, = -1 Al ng; —1

oo m m P 7
DD Z Yoo > Y e UM (e s

k=1 j2=1 Jr=111=1 ly_1=1 41=0 1—1=0 1 =0 Z1 ----- th—1

additional sums
for multimoments

o ng -1 —
Ny, — -1 Al _y ng;, —1

PR NI B DELEED DD DEELEIND D s Uy MU i,y

k=1 j2=1 Jr=11l1=1 lp—1=1 41=0 1k—1=0 =0 71 Sik—1

additional sums
for multimoments

which we can fulfill if we build the projection matrix W with the following output
Krylov subspace

W C K, (mE — A)TETw;) € R

where
o m m 7 7o gyl nﬂlk—l_l
wi=>3Y Y3y o Y 9P (wE— AN
k:1j2:1 jk:111:1 lk,1=1 11=0 ik,1=0 ’Ll ,,,,, ij—1
B _ lg—1 , _
X [(Mlqu_A) TET} (leﬂE_A) TN; 1

- _ o, _
x N, [(i, B~ A)TET|" (i, B~ A)7TCT

The complete projection matrix W for

Tcol(ll) :

(m=p2=...= Nnui) Foe o F (M1+nﬂi+~-~+nu;_1 == ,U«ngl-i-“--i-nw)
pi with multiplicity Mg wr with multiplicity nj-
is given by
g =1L
W=|wi, (E-A)"'Bws, -, [(tns, B~ A)E]" wy,,

-1
Wity oty (B24nsy +tnp,_ B — A) T EWorns 4oy

fi

Rz =1L
- [(,U/ngl-i-“'-f—nﬂ;E = A)ilE] Wn, ++ng, e R™*"

where r = ng, + -+ +ng..

7/211)

s iy) -
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Sylvester Equations

We now want to derive the projection matrix V' by solving the following bilinear Sylvester
equation

EVS,-AV-> N;VU,,=BR,
j=1

where U, ; = {uiajb)} € C™". And to show accordingly that we can obtain the projec-

tion matrix W by solving

ETWS,-ATW-> NJWU,,;=C"L
j=1

where Uy ; = {UEZ ’f)} € C™". As mentioned, we have to determine the structure of
S, e C*" U, ;and R € C"™*" (as well as of S, € C"™*", U, ; and L € C"™*") to be able
to represent the multimoment Volterra series framework as a Sylvester equation. Again
ui‘?j’-b) denotes the entry in the a-th row and the b-th column of U, ; and analogously u&l ’;-7)
denotes the entry in the a-th row and the b-th column of U,, ;. As for the multipoint
framework, it is necessary to define the weights with entries of the matrices U, ; and
Uy,;. In the following we will discover that U, ; and U, ; have to have a certain

structure. Hence, the definitions of the weights get more complex

2o _ (;tucol(lk—lyik—l)) (wrow (lk—2) Ucol (le—3,ik—3)) (trow(l2),tcor(l1,i1))
7711,‘“,1,6_1,1' = Uy jy, V,Jk—1 Uy, ja for k> 1
Wi
oredr — o (bticot(lk—1,ik-1)) | (urow (le—2),ucol (lk—3,ik—3))  (urow(l2),ucol(l1,i1))
19[1’”47%7171, = Uy jy Uy i Uy 5 for k£ > 1.
i1eerif_1
with
i=1 if 1 < Ngy,
1=14+ns, if ng, <t < Ng;, + Ngy,

i=1+ns +...+ns if N ...t ns, <i<ng +...+ns,

-1 (4.19)
Urow(l) =1+ Zn&q7
q=1
-1
Ueot(l,) =i+ 1+ > ng,.
q=1

Note that the definition of 7 also holds throughout the whole chapter. Let us again try
to find a linear Sylvester equation for each subsystem. Therefore, we once more write
V as a series

V= iv“ﬂ —vOLy@ L y® Ly@
k=1
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Starting with the first subsystem, the ¢-th column vgl) of V) is defined as

o) = [(0:E - A)'E|" (0:E - A)'Br; (4.20)
where ¢ = 1,...,r. i1 = 0 if the previous column was computed with a different shift
and i1 = ¢ if the ¢ previous columns where computed with the same shift. Let us write
the matrix V(1) in vectorized form while using the abbreviation A,, := (0;E — A)~

T _ - —1 _
'ug ) Az, 1
—-E A;, 0
—FE Aj 0
Ac}f- Tl4ng, ++ns,
—E As;, 0
_'U7("1)_ i —F A&F_ i 0

~(STeE-1LoA) (I ®B)vec(R).

Under the constraint that every column of v corresponding to a high-order moment
has null-vectors as tangential directions we are able to determine v by solving the
following linear Sylvester equation

EvWsS, —AvW) =BR o
where
—51 -1 1
01
—1
01
S, = |
or —1 (4.22)
07
-1
L a7 |
R:_m 0 - 0 -+ Tign; 4otn,. O === O
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For the second subsystem the i-th column 'vz(g) of V) is defined as

Mﬁ,

o = [(E - A)E]" Y

Jje=1l

91
Z ]2 (0B — At

1

x (61, E - A)‘lE] "(G,E-A)'Br, )
2 4,0
a3 S A
Jjo=111=1

wherei = 1,...,r. Note, that the sum with index [; changes its upper limit if we compute
vl(?) by using the columns of the the projection matrix of the previous subsystem. Again,
o = 0 if the previous column was computed with a different shift and is = ¢ if the ¢
previous columns where computed with the same shift. It is only possible to write v
as a solution of a linear Sylvester equation if all rows of each U, ; which correspond to a
higher moment are zero-rows. While keeping this constraint in mind we can write v

in its vectorized form still using the abbreviation A,, := (0;E — A)™1

'UgQ) A5'1
—-E A;,
—-E A;,
As,
—-FE As;.
o E 4,
[ 1’1 17 1 [ 1 T
uSING o dlONG | e
0 0
0 0
m
XD
=1 ) .
J ug/«;ndyl)Nj .. . uf}lf;nd,r) N]
0 0
0 0 'vﬁl)




4.3. Volterra Series Interpolation 71

where ujng =1+ ng, + -+ ns._,. Hence, V(@ solves

2 2 S 1 T
EVvAs,-AvO =3N"N;vDU].
j=1

only, if S, and each U, ; have following structure

5 -1 [ @1
! Uy j

D)

U7]

Qe
il
|

—

(4.23)

We can continue this until the k-th subsystem where each column 'ul(k) of V(%) is defined
as follows

m m T T
----- —1n7.
XD D X > Pl (oiE—A)TING,
Jo=1 Jk=110;=1 lg_1=1 41=0 ip_1=0 i1seeif—1
- _ -1, _ _
X |:(O—lk 1E A) 1E} (Ulk 1E A) 1Njk—1

= [0:E - ) B]" 3 3wl (0:E - 4N (4.24)

Uv.jk
Jk=1lg—1
Thus, V*) solves the following linear Sylvester equation
EVv® S, —AV® =N N, vEDUT - for k> 2 (4.25)
j=1

if S, and U, ; have the structure given in (4.23). While combining (4.21) and (4.25),
letting & — oo and complying structures for S, U, j, R as shown in (4.22), (4.23) we
can find a bilinear Sylvester equation

.
EVS,-AV-Y N;VU,;=BR
j=1
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whose solution is V. With an analog approach we can show that every W) solves the
following linear Sylvester equations

ETwW sl _ATwl =CTL

ETWWsl - ATw® =S"NTwEDyl - fork>2
=1

where S, U, ;, L have to fulfill following structures

jin
-1 0

-1 i 0

I
—
=

il
en)

-1 jr 0

L=|;, 0 --- 0 --- Uinptotng 0 -+ 0 }
(4.26)

where uing = 14+np, +---+ngr—1. If (4.26) holds one could combine the linear Sylvester
equations to

m
E'TWS,-ATW - NJWU,,;=C"L.
j=1
Concluding, we can obtain a multimoment projection matrix by solving a Sylvester
equation if:
+ S, or rather S} have Jordan blocks for equal shifts,

e U, or rather U, have null-rows for rows which correspond to a high-order column
of V or rather W,

e R or rather L have null-columns for columns which correspond to a high-order
column of V' or rather W.

Ezxample 4.7 (Multi-Moment SISO Sylvester Equation). Let us reduce a SISO bi-
linear system (. Therefore, we use r = 2 shifts o1 = 09, the tangential directions
r1 = 1,79 = 0 and the weight matrix

LD,
U, = .
0 0
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Hence, we can obtain the projection matrix V' by solving

(1D
— AV - NV[(12) O]:b[1 0],

EVS,— AV - NVU, =br".

Ezample 4.8 (Multi-Moment And Multipoint SISO Sylvester Equation). Let us re-
duce a SISO bilinear system (. Therefore, we use r = 3 shifts o1 = o9 # o3, the
"tangential directions" r; = 1,79 = 0,73 = 1 and the weights matrix

ug}l,l) u’gl,Q) ug}l,B)

U, = 0 0 0
ug}S,l) ug}S,Q) u$)3,3)

Hence, we can obtain the projection matrix V' by solving

o -1 0 T R
BV |0 o 0|-AV-NV [ 0 «?|=b[1 0 1],
0 0 o3 uq(jl’g) 0 uq(,g’g)

EVS,— AV —NVU, =br".

Computing Projection Matrices

Let us extend the previously introduced Arnoldi algorithm (Algorithm 4.1) to be able to
compute projection matrices for high-order moments. Note that solving linear Sylvester
equations as well as solving the bilinear Sylvester equation is similar to the multipoint
Volterra series interpolation as long as the conditions for S, U, and R hold.

While recalling that we can truncate the Volterra series and consequently write V' as

N
Vvay v (4.27)
k=1

we can find a formula for each column of each V%)
o) = [(0:B ~ A)—lE]“ (0:E — A)"'Br;

v(k):[(ng A)” } Z Z u”k 1 (o;E — A)~ 1N v(k 1) for k > 2.

1 V,Jk
Je=1lg_1=1

Each 7;, = 0 if the previous column was computed with another shift and ¢;, = ¢ if the ¢
previous columns were computed with the same shift. With this we can give a modified
Arnoldi algorithm 4.3 which inherits the following constraints:
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e U, has null-rows for rows which correspond to a high-order column of V,

¢ R has null-columns for columns which correspond to a high-order column of V.

Note, that it is very important to compute the LU-factors for each shift only once as done
in Algorithm 4.3 Line 2. The index [; means that we choose the LU-factors corresponding
to the current shift o;.

Remark 4.12 (Multimoment Volterra Series Interpolation With Arbitrary Weights). We
do not recommend using arbitrary weights. One should recall the definition of the
moments. The g-th moment is the ¢-th derivative of the transfer function defined by a
Taylor expansion. Thus, for each subsystem we actually match a weighted Taylor series
for a certain combination of interpolation points. If one chooses arbitrary weights and
tangential directions such that corresponding multimoments are not weighted the same,
one chooses terms from different weighted Taylor series. In other words: this would not
weight the terms of the Taylor series equally. Since a Taylor series increases its accuracy
with more considered terms, it is quite obvious that it is important to consider the whole
series in order to increase accuracy. A
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Algorithm 4.3 : Efficient Arnoldi Algorithm For Computing Projection Matrices

Modification For Multimoments

Data : bilinear system ¢, sorted interpolation points oy, ..., o,, unique interpolation
points o3, ..., 0, number of unique interpolation points 7, interpolation weights
U,, tangential directions R, truncation index N
Result : approximated projection matrix V'
1 fori=1:7do

t [L;,U;] =1u(6E— A) ; > Compute LU factors for unique shifts

(M)

s fori=1:rdo
4 if i >1&& ai#ai,1 then

5 | V(i) = U\ (Ii,\ (BR(, 1)) ; > Compute V()
6 else

7 | V(i) = Ui\ (L \ (BV (i — 1) ; > high-order moment
8 V=V

9 for k=2: N do

10 fori=1:rdo

11 if i > 1 && 0; # 0,1 then

12 Viemp = 0;

13 for/ =1:rdo

14 for j =1:mdo

15 | temp = Veemp + Ui (i, )N Va (s, 1;

16 Vinew(5:2) = Uy, \ (L1, \Vtemp) ; > Compute v (+>1)
17 else

18 L Vaew(:51) = U\ (L, \ (EV pew (5,1 — 1)) ; > high-order moment
19 Void = Views

20 V=V 4+ View;
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4.3.3 Other Special Cases

To complete the Volterra series interpolation framework we discuss certain special cases.
First we take a closer look at the Block Krylov case. After that, we show how we
can obtain projection matrices for Markov Parameters. Finally, we determine which
constraints the interpolation data has to fulfill to obtain real projection matrices while
using complex expansion points.

Block Krylov

As mentioned in the fundamentals, it is possible to build a Krylov subspace with two
matrices which is called block Krylov. Applied to the Volterra series interpolation this
means not to consider tangential directions. Hence, the input block Krylov subspace for
multipoint and multimoment Volterra series interpolation is defined as follows

V C K, ((O’z‘E — A)_1E7 VZ> c RXTm

where

X {(@HE - A)—lE} “ (6, E - A)IN;,

x Ny, |(6,E—~ A)'B|" (5,B - A)™!

As we can see the projection matrix V' is now € R™ ™. Since we do not want to
introduce a new framework for block Krylov we try to derive a way to integrate block
Krylov in the existing one. Therefore, we assume that we only consider one subsystem.

With this assumption we can compute each part-matrix V; of V' = [Vl, cae ,VT} as
follows

Vi=[(E-A)'E]" (B - 4)"

wherei =1,...,7. iy = 0if the previous matrix V;_; was computed with a different shift
and ¢; = ¢ if the ¢ previous matrices were computed with the same shift. Consequently,
each column v; ; of V/; is defined as

v = {(UZE — A)_lE} " (UiE — A)_lbj

where b; denotes the j-th column of B. To somehow apply this to our existing frame-
works we can multiply the formula for V; with R; = I,,, from the left which yields

Vi=|(0:E - A)'E|" (iE - A)'BR;.
where 4 is defined in (4.19). Hence, we can compute each column of V; with
vij = |(0:E— A)"'B|" (0;E — A)'Br;; = [(0:E — A)"'E|" (0;E — A)™'b;

where 7; ; denotes the j-th column of R;. To obtain a Sylvester equation representation
we have to use one shift o; m-times in the interpolation point matrix S, without using
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Jordan blocks. We also have to set R; to zero if it corresponds to a high-order moment
V;. Finally, we have to enlarge each U, ; such that each weight gets repeated m-times in
row direction and m-times in column direction such that the enlarged U, ; is in R™*"™,
To preserve the Jordan structure of S, one could change the order of columns of V since
this does not change the basis of V. The following examples illustrate the enlargement
of the matrices.

Ezample 4.9 (Multipoint Block Krylov). Let us assume we want to reduce a MIMO
bilinear system with m = 3 inputs with r» = 2 shifts o1 # 05. Therefore, we use the
weight matrices

1,1 1,2

ol
U s — 5J »J

0. (2,1 (2,2)
Uyj Uy

and no tangential directions. As mentioned we can use a unit matrix for each
tangential direction such that

A= (. )

where

R =Ry = 1
1
To get the correct block Krylov projection matrix we have to match each shift m = 3

times and extend the weights accordingly which results in the following S, and U, ;
matrices

r 7 ro(1,1) (1,1) (1,1) (1,2) (1,2) (1,2)7
@1 Uy, j v Yo Yo Uy v,j
Ly @y @y (12 12 (1,2
w1 Upg Yoy Ui Uyt Uy Uy
Ly @y @y (12 1,2 (1,2)
S — UL U. .= |Yi Yi Y Yy Yoy Uy
v o el 42D @D @D @22) 22 (22
2 J v.j v,j v,j v,j v.j
(2,1) (2,1) (2,1) (2,2) (2,2) (2,2)
i Uy o U Uy Uy ™ Uy Uy
21 e 21 (22 (22 (22
L 02 [Up 5" Ung v,j v Yo  Uuyo

Ezample 4.10 (Multipoint And Multimoment Block Krylov). Let us assume we want
to reduce a MIMO bilinear system with m = 2 inputs with r» = 3 shifts oy = g9 # 03.
Therefore, we use the weight matrices

ups?) gy
U,; = 0 0 0
Uy Uy Uy
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and no tangential directions. As mentioned we can use a unit matrix for each
tangential direction such that

R= |:Rla R2a R3
where
1
Rl = R3 y R2 =0.
1
To get the correct block Krylov projection matrix we have to match each shift m = 2

times and extend the weights accordingly. Hence, it follows that

i : LD D A a2 (13) (13)]

@ -1 v,j v,j v,j v,j v,j v,j
(1,1) (1,1) (1,2) (1,2) (1,3) (1,3)
o1 -1 Up i ' Upj o Uygo Uy Uy Uy
o 0 0 0 0 0 0
0= Vos=1 0 0 0 0 0
(op)]
21 (21 (22 (22 (23  (23)
93 Upg o Yoy Uyt Uy ' Uy Uy ;
21 (21 (22 (22 (23 | (23)
L 93] LUy, 5 v,j v Yo v Yool

With the above we obtain a projection matrix
V= [Ub vy, w3, vi, vs5, ve| R (4.28)
To preserve the Jordan structure of S, we could also use

100 01 O
001 001

and
o1 -1 ' [ueg? wig? wy? W w? W]
D) 0 0 0 0 0 0
o - o -l O, = [T e e g w w
o2 ’ 0 0 0 0 0 0
7s g Uy e Uep) Ul U
(2,1) (21 (22 (22 (23 (2.3)
L 03] _’u’v,j v,J v,j uv,j ’u’v,j v,j 4
to compute V. V and V are related by a change in columns such that
V:[’Ul, V3, V3, V4, V5, Vg ER”X6. (429)
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Markov Parameters

As mentioned, the k-th Markov Parameter is the k-th transfer function expanded by
a Taylor series at the expansion point s — co. Let us recall the definition of the k-th
Markov Parameter
(J15e+:3%) _ -1 -1 E-IN, —1 —1
MkOO(ZL 7k)_C{( A)” } Nij, - Ny, [( A)” ] B.
Since the above formula does not consider choosing infinity together with finite expan-
sions points we want to give a more general formula

M o1, 01) = C (018 = A B] " (0B — A) N, -

if 01 =00 then
:[(EilA)flrl E—1

x Ny, [(0xE - A)7'B] * (B - A

if o, =00 then

:[<E71A)71]ikE71

As one can see it is not possible to write the above in a consistent mathematical manner.
Therefore, we waive defining the corresponding Krylov subspace as well as the interpo-
lation conditions and continue with a heuristic approach to modify Algorithm 4.3 for
Markov Parameters. In this sense we want to generalize the formulas for each column
of VU or rather V*) which yields

o) = [(0;E ~ A)'E|" (0:E ~ A)"' B,

if o0;=00 then

:[(E—IA)—I}H E-1

v]k
Jk=11k 1

= > Sl (0B - A) B (0B - A N ok

if 0;=0c0 then
=[(E-1A)~1]*kE—1

Hereby, i, = 0 if the previous column 'viil was computed with a different shift and
i, = q if the ¢ previous columns were computed with the same shift. This allows us to
give the generalized Arnoldi Algorithm 4.4 which is able to compute high-order moments
as well as Markov Parameters and high-order Markov Parameters. This algorithm uses
the same conditions for the interpolation data for multimoment Markov Parameters as
for finite multimoments.
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Algorithm 4.4 : Efficient Arnoldi Algorithm For Computing Projection Matrices

Modification For Multimoments Including Markov Parameters

N

w

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Data :

bilinear system ¢, sorted (o1, ...,0,) and unique &1, ..., J, interpolation points,

amount distinct shifts 7, weights U, tangential directions R, truncation index N

Result : approximated projection matrix V'
for{=1:7do

L [L;, U] =1u(5E— A); > Compute LU factors for unique shifts
if any(o; == o0) then
[Loo,Uso] = 1u(E) ; > Compute LU factors for Markov Parameters
if n,__ > 1 then
| [Loc highers Unc higher) = 10U\ (Loc\A));
fori=1:rdo
if i > 1 && o0; # 0,1 then
if 0; == oo then
‘ Voud(:,1) = U\ (Lo \ (BR(:,1))) ; > Compute Markov Parameter
else
| Vaal(ni) = U\ (L (BR(:, 1)) ; > Compute V()
else
if 0, == oo then
‘ Void(:, %) = U higher \ (Loo higher \ (Vola(:;4—1))) ;> high-order Markov
else
t Vaa(:9) = U\ (L, \ (EVoa(:, i — 1)) ; > high-order moment
V =Vaa;
for k=2: N do
fori=1:rdo
if i > 1 && o0; # 0,1 then
Vtemp = 0
for ! =1:rdo
for j=1:mdo
| temp = Veewmp + Ui ()N Va (s, 1;
if 0; == oo then
‘ View (5, 1) = Uso\ (Loo \Vtemp) ; > Compute V>V for Markov
else
L View (s, 7) = U, \ (L1, \Wtemp) ; > Compute V>V
else
if 0; == oo then
| View(:) = Usoypigher\ (oo igher | (Vinew (-,i—1))); & high-order Markov
else
t View(:, 1) = U\ (L, \ (EV pew (5,7 — 1)) 5 > high-order moment
Vold = Vnew;

V = V+Vnew;
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Complex Expansion Points

As it turns out, it is important to consider complex expansion points e.g. for BIRKA.
Using complex expansion points results in a complex projection matrix which then results
in a reduced system with complex matrices. To avoid that, we try to find a transforma-
tion for V or rather W which allows us to obtain a real projection matrix V. = VT,
or rather W = WT,,. With the invariance of Sylvester equations we know that trans-
forming the projection matrices comes with a transformation of the interpolation data.
Hence, we address the problem of finding transformation matrices T, and T, by trying
to make the shift matrices S, and S\, real. If it then is possible to obtain real inter-
polation data by application of the transformation matrix, we can conclude that the
transformed projection matrices also have to be real. Hence, if we find a transformation
matrix, we can compute the projection matrix with the imaginary interpolation data
and after that transform it to real numbers. Let us recall the transformed Sylvester
equations and the corresponding interpolation data

EVS,-AV-Y N;VU,,=BR,
j=1

Tvig T T o~ T v T TW
E'WS, —~ATW-> NJWU,;=C'W

j=1

where
S, =1,'s,T,, U,;=T,U,;T,", R=RT,,
S, =T.8,T,", Uy;=T U, ;T,", L=LT,.

The first step is to find a transformation matrix which eliminates the imaginary part in
S, or rather S, so that S, and S,, are real matrices. It is possible to show that the
following transformation matrix

i 1 1

[T I

—51 —1 1

N[

i -1 i

NI—= N[
N =

makes S, and S, real if both have only complex conjugated pairs on their diagonal such
that

01

Or

Opr

M1

K1

fir

fir,

Hereby ¢ denotes the complex conjugated of . Note that it is important that the first
shift of a complex conjugated pair is always the one which has the negative imaginary
part.



82 Chapter 4. Model Reduction Of Bilinear Systems

FEzample 4.11 (Making Shift Matrix Real). Let us assume we use o1 = 1 — i and
o2 = 1 +1 to reduce a bilinear system. Hence, the shift matrix S, is given by

1-1i
Sy =
141

The above implies that it is possible to obtain a real S, = T, 1§, T, if we use the
following transformation matrix

i I
1.1° TU - R
—51 —1 1

Applying this to S, yields

[N

Wy =

N—= N~

_ 1 1] |1-1 - A4
S,=T,'8,T, = f 21
[ 101 1. 1, 1:
_ 1 1 5—51 5‘}‘51 (430)
. 1, 1: 1 _ 1 ’
=1 1] |33l 53!
_1 1_
-1 1
A

As one might want to simultaneously use complex conjugated paired expansion points
and real expansion points we can generalize the transformation matrix. Let the shift
matrix have following structure

01

Op.
S, = fimag (4.31)

O"’"imag

o-rimag+1

Oy
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where o1, -+, Opyp,,, € C with the corresponding complex conjugated pairs o1, -+« , 0y, €
C and oy, 11, - ,0r € R. To obtain a real S, = T,'8,T, we have to use following
projection matrix
(1 1. | [ 1
2 2! L
1 1. o
3 gl b
11
T — 5 b) 1 T_l _ 1 1
L1y ’ i
2 2
1 1
1 1

Obviously, one could use the same projection matrices to obtain a real S,, = TI}SWT;T
where S, has a similar structure as S, shown in (4.31).

The second step is to check if it is possible to make the other interpolation data real
with the above transformation matrix. It is possible to derive conditions concerning
the structure of the tangential directions and weights to obtain real interpolation data.
Since it is complicated to generalize these conditions to cover all cases (multipoint, mul-
timoment), we use a more heuristic and straightforward approach: we simply transform
the tangential directions and weights and check if the transformed data is real. If this is
the case we can compute the projection matrices with the imaginary interpolation data
and after that make them real as follows

Vreal = VTU7

4.32
Wreal = WTw . ( )

Hereby, T, is the transformation matrix corresponding to the structure of S, and T,
is the transformation matrix corresponding to the structure of S,,. Note that it is not
possible to compute the projection matrix with transformed interpolation data by use
ot the presented Arnoldi algorithms as we loose the diagonal structure of S, which is
crucial for computing each column independently.

Remark 4.13 (Efficient Computing Of Columns Corresponding To Complex Conjugated
Pairs). Looking at the transformation matrix we can see that the columns corresponding
to complex conjugated interpolation points also have to be complex conjugated if it is
possible to make the projection matrix real. Hence, it is possible to compute only
one column of the projection matrix corresponding to two shifts which are complex
conjugated. The other column could then simply be obtained by conjugating the previous
column which is significantly faster than solving an additional system of equations. A

4.4 H-,-Optimal Reduction

To complete this chapter, we want to discuss Hs-optimal model reduction. Hereby, our
goal is to reduce a bilinear system ¢ such that the reduced model ¢, minimizes the
following quality criterion

E=¢~-¢ll3,
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To compute ¢, we first have to define the necessary conditions which ¢, has to fulfill
for Hs-optimality. After that we show that it is possible to obtain an Ho-optimal ROM
by using the Volterra series interpolation. Finally, we derive an iterative method which,
assuming it converges, yields an Hs-optimal ROM.

Error System And Quality Criterion

To minimize our quality criterion E we first have to find a meaningful expression for F.
Therefore, we briefly recapitulate the error system and after that derive an equation for
F which depends on A, B, C and N r,j» the system matrices of the diagonalized ROM.
As mentioned, it is possible to write

E=I¢ = ¢l = [Cal3, = tr (ConPenCL,)

Assuming that we can diagonalize the reduced system we write E-1A, = X, A, X - !
where X, holds the right eigenvectors of the pair E;'A, and A, the corresponding
distinct eigenvalues. With this we can transform ¢, in diagonal form and the matrices
of the error system are given by

E 0 A 0 N; 0 N, 0
Eey = ) err — ) Nerr,j = I = A
0 I 0 A 0 X 'E/'N, X, 0 N,
B B .
Berr - - ~ 5 Cerr - |:C —CrXr} - [C —Cr} .
X, 'E;'B, B,

While assuming that ... is controllable Pg,, follows by solving

m
AP Bl + Ect P AL, + > NewjPN,, ; = —Ben B,

err,j —
=1

with vectorization such that
—1
m
vec (Perr) = - (Eerr ® Aerr + Aerr @ Eoyr + Z Nerr,j ® Nerr,j) vec (Berng—rr) .
=1

To obtain an expression for F which contains the result for vec (Pey) we follow [5] and
use the following properties of the trace of a matrix

tr (ABC) =tr (CAB) = tr (BCA),
T
tr (AC) = vec (AT) vec (C) .
Hence, we write

E = [Cll2, = tr (CenPerCl,) = tr (CLClrt Py ) -

err

With the second property we obtain

E=tr (C;rCerrPerr) = vec ((C;rCerr)T)T vec (Peyy) = vec (C;rCerr)T vec (Peyy) .
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In the next step we substitute vec(Peyy) and consequently FE is given by

-1
m
FE = vec (CeTrrCerr)T <_Eerr & Aerr — Aerr X Eerr — Z Nerr,j & Nerr,j) vec (BerrB;rrr) .
j=1

With Definition 3.2 it is possible to exclude Ce;y and By, from the vectorization operator
such that

T T
vec (CT Cerr) = vec (C’err I Cerr) ((C’eTrr ® C;r) vec(Ip)) =vec(I,) " (Cexr ® Corr)
vee (BanBl;) = vee (Bon InBl,) = (Ber ® Bew) vee(Ly)
with which we can rewrite E as follows
. -1
E= VeC(Ip)T (Cerr & Cerr) (_Eerr ® Aerr — Aerr @ Eopr — Z Nerr,j ® Nerr,j)

j=1
X (Berr b2y Berr) VeC(Im)

E 0 A 0 A 0 E 0
= ITC—C’r®C—C’r< ®
vee(®y) ([ } [ D 0 L 0 A, 0 A, 0 L
3§ N0l [Noo D ( Bl |B )Vec(lm)'
j:l O erj 0 Nr,j Br Br
(4.33)

With (4.33) we have determined an expression for E' which in fact depends on A, B,
C and N, ; and makes it possible to obtain the necessary optimality conditions [5].

First Order Necessary Conditions

Since we try to find the minimum of F it is obvious that we have to derive F with
respect to the optimization parameters A,, B, C and N r,j- We do not want to show the
derivation as it is illustrated in [5, Lemma 4.3.1] starting from (4.33). As a result ¢, has
to fulfill following four conditions to ensure Hz-optimal reduction. The first condition

follows by % = 0 where (Nj'i”l) denotes the entry in the ¢-th row and #i-th column
of C;. Note, that in the following equations we use e; which is a unit vector with one in

the i-th position. To keep the notation simpler we suppose that the size of the vectors
is clear by the context. Hence, the first condition is given by

-1
Vec(Ip)T (eie;l; ® C’) (—Ar QF -1, A— Z Nr,j ® Nj) (Br ® B) vec(L,)
j=1

-1
vec(I,)" (eie; ® Cr) (—Ar AL -LeA-> N j® Nr,j) (Br ® Br) vee(Ly,).
j=1
(4.34)
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oF

We obtain the second condition by SB0T =0

T

-1
Vec(Ip)T (Cr ® C) (—Ar QF -1, ® A— Z erj ® Nj> (eie; ® B) vec(I,,)
j=1

-1
) (eie;-; ® Br) vec(Ly,).

j=1
(4.35)

vee(I,)T (€, 0 C,) (—Ar oL -LoA Y NyjoN,

The third condition is the result of aa/\—i = 0 where \;; denotes the eigenvalues of A,

-1
vec(I,) " (ér ® C) (—Ar RE-L®A-Y N.;® Nj)
j=1

-1
m
xeieiT@E(—AY®E—IY®A—ZNM'®N]-) (Br®B)Vec(Im)
=1

=1

-1
vee(I,)T (€ 2 C,) (—Ar AL -LoA-Y Ny® N])

—1
m
x eje] @1, (—Ar AL -LoA - Nuj® Nr,j> (Br ® Br> vee(Iy).
j=1
(4.36)

Finally, the fourth condition is derived from % =
r,j

j=1

-1
vec(L,)T (C’r ® C) (—Ar RE-L®A-Y N, ;® Nj)

-1
m

x eie) @ N (—Ar OE-L®A-Y N, Nj) (B: ® B) vec(Ly)
j=1

-1
m
vec(I,) T (C’r ® Cr> (—Ar QL —L®A; — Z N,;® Nr,j)
j=1

-1
) (Br ® Br) vec(Ly,).

X eie;@NrJ (_Ar®Ir_Ir®Ar _ZNI‘,j®NI‘,j
(4.37)

j=1

Concluding, if a reduced bilinear system ¢, fulfills the conditions (4.34), (4.35), (4.36)

and (4.37) then ¢, locally minimizes E and vice versa.
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Constructing An H,-Optimal Reduced System

From the structure of the optimality conditions one might notice a link with the Volterra
series interpolation framework. To clarify this link we expand the left-hand-side of (4.34)

as a Neumann series. In addition to that we write (Br ® B) vec(I,,) as BB:— which
yields

-1
vec(I,)" (eieg ® C) (—Ar QE-1,® A— Z N.;® Nj) (Br ® B) vec(I,,)
j=1

7=1

k
:ZVeC(Ip)T(eie;(@C) (( ARE-T,®A) ZN”®N)
k=0
-1 ~ T
X (A, QE -1, ® A)

T
If we define R = B and write the matrices explicitly

N (—ME— A)! [N
= Z vec(I,)" (eieg ® C) Z :
k=0 = e
(—\E— A)~! Al N

(—)qE—A)il Brq

(-\E - A)~'| |Br,

we can determine the well-known structure from the vectorized Sylvester equations.
In addition to that, if we look at each ¢ — ii-combination and apply the vectorization
backwards it follows that the above is equal to

Z Z Z Z ’ Z 771{2.7;..,.;1261,1 GI(CJ,E Jk)( )‘l17 cey _)\lk—l’ _)‘Z) Ty
k=1 j2=1

]k 1;=1 lk,1=1

which apparently is a weighted series over all transfer functions of the FOM evaluated at
—\; for i = 1,...,r and multiplied by the corresponding tangential vectors. Hereby the
weights are defined by U, ; = N r,j and the tangential directions by R = BrT We follow
the same procedure for the right hand side in (4.34) and since the transfer function of

a diagonalized system is equal to the regular transfer function (G((fl;g ;C’JE)(Sh ceey Sk) =
G,(gjé""j’“)(sl, ..., 8k)) we can conclude that (4.34) yields the following Volterra series

interpolation moment matching condition

Z Z Z Z Z 77]27 l’,zk 150 Gl(cj,gﬂk)(_)\ll? DRI _)‘lk_la _)\l) Tll

= (4.38)

o0 m m
Z Z B Z Z 77 lik 15 (]j:D Jk)(_)‘ll’ s AL —Ai) T

Al Ny

.

Al N

T7J
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fori=1,...,r.
We can apply this analogously to (4.35) and receive the following output Volterra series
interpolation moment matching condition

)ID LD D DEED DR LN RIS YN

k=1j2=1 Je=11;=1 lp—1=1

= (4.39)
oo m m s ( i )
geeey, T J25--5]
Yy Yy O U GREE (A A =),
k=1jo=1  jr=1lli=1  l_1=1
Hereby, i = 1,...,r, the interpolation points are the same reflected eigenvalues as for

(4.38), L = C, and the weights are defined by Uy = NL As we know from the

Volterra series interpolation, we can fulfill (4.38) and (4.39) by projecting the FOM
with the projection matrices V' and W. This projection matrices could be computed by
solving following Sylvester equations

m

EV (—A Z - BB
= (4.40)
ETW (-A,) —ATW — ZN}WNm =C"C..
j=1
To ensure Hz-optimality we have to prove that the construction of the ROM with V'
and W additionally fulfills (4.36) and (4.37). Therefore, we write (4.36) as

-1
vec(L,)T (Cr ® C) (—Ar RE-L®A-Y N, ;j® Nj>
j=1

=vec(W)T

-1
x eie] @ F (—Ar RE-L®A-Y N, ;® Nj) (Br ® B) vec(Ly,)
j=1

=vec(V)

—1
vee(I,)T (€ 2 C,) (—Ar L -LoA - N j® Nr,j)

J=1

:VeC(Wr)T

o
~——
<
@
Q
—
-
~—

—1
m
x eje] @1, (—Ar AL -LRA-Y Ni;® Nm-) (Br ®
j=1

—vec(Vy)
= vec(W)T (eieiT ® E) vec (V) = vec (W) T (eieiT ® Ir> vec (V1)
where we can see that the following link must hold to fulfill the equation
vec (V) = (L @ VX)vec(V,), (4.41)
vee (W) = (Lo WE;TX;T) vec (W,). (4.42)
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Let us write the equations for vec (V) and vec (V') without inverting the terms in the
brackets

(Br ® Br> vec(Ly,),  (4.43)

m
(_Ar L —L A, — Z Nr,j 02y Nr,j) vec (Vr)
j=1

(—Ar OE-LoA-Y N, Nj) vee (V) = (B, ® B) vec(L,).  (4.44)
j=1

Assuming that (4.41) holds, we substitute vec (V') in (4.44) which yields

(—Ar OE-L®A-Y N, Nj) (L. ® VX)vec (Vy) = (B: ® B) vee(Ly).
j=1

Multiplying the above from the left with I, @ X "' E71W T indeed yields (4.43) as shown
in the following

(Le X 'E-'WT) ( ~AE-L®A

- Z Nr,j ® Nj> (I @ V)vec(V,) = (Br ® B) vec(L,)
j=1

;s< ~-ARXET'WTEV — Lo X 'E-'WTAV
-> N.,;® Xr1E1WTNjV> vee (V) = (B, @ X, 'E'WTB) vec(L,)
j=1

= (—Ar oL -LoA Y N;® Nr,j) vee (V) = (B, @ B vee(L).
j=1

Consequently, (4.41) holds. We could write the equations for vec (W) and vec (W)
without the inverse

m
(—AI ol ~LeAl -Y. N, NL) vee (W) = (€
j=1

(—AI 9E -LoAT-Y N, @ N}) vec (W) = (éf @ CT) vec(I,).
j=1

Substituting vec (W) and multiplying the resulting equation from the left with X vt
shows that (4.42) holds. Concluding, the computation of the projection matrices by
(4.40) fulfills the necessary condition (4.36). Analogously to that, we could proof that
(4.37) is fulfilled.

Iterative Algorithm To Obtain An H,-Optimal Reduced System

Finally, we come up with an algorithm which yields the Ho-optimal ROM. As pointed
out in [12] it is possible to interpret the search for the optimal ROM as a search for roots
of
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such that g(o) = 0. Hereby, o = {o1,...,0,} is a set of interpolation points and A(o) =
{A1, ..., A} contains the eigenvalues of the resulting ROM constructed with o for an
input and output Volterra series interpolation such that all four He-optimality conditions
are fulfilled. We approach this root finding problem by using Newton’s method. Thus
we formulate

o) — 0 (1, 1 ) (U(k) + )\(U(k'))> (4.45)

where J denotes the Jacobian of A(e) with respect to o. As proposed in [12] we set
J = 0 with the argumentation that the Jacobian is reasonably small in regions around
optimal shifts . Consequently, (4.45) results in

o,(k+1) — —)\(O'(k))

The simplified iteration yields the BIRKA algorithm. After making an initial guess we
compute the projection matrices V and W such that the Ho-optimality conditions are
satisfied. Afterwards we construct the new ROM and compute its eigenvalues. Then
we take the reflected eigenvalues as new interpolation points, use the eigenvectors of the
corresponding ROM to compute the new interpolation data and with that we compute
new projection matrices V and W.

Algorithm 4.5 : BIRKA

Data : bilinear system ¢, reduced order r
Result : Hq-optimal ¢,

1 S, =8, = zeros(r); > initial guess for interpolation data

2 U,; =U, ; = ones(r);
3 R = ones(m,r);
a L = ones(p,r);

5 while not converged do

6 Solve > compute projection matrices
7 EVS,—AV-Y" N;VU,;,=BR,
8 ETWS,, —ATW-Y" N/WU,,=C"L

9 with proposed methods (vectorization, Algorithm 4.1, Algorithm 4.2).

10 E. = WTEV; > applying projection — new reduced system
11 A =WTAV,

12 N, ;= WTNjV;

13 B, =W'B:;

14 | C,=C"V;

15 E'A, = X A XY > eigenvalue decomposition
16 S, =8y = —Ay; > new interpolation data
17 | Uy, =U,; =X E'N. ;X"

18 | R'=X,'E;'B,;

19 L=CX,;

Remark 4.14 (Truncated BIRKA). Note that in literature most of the times BIRKA gets
presented together with the truncated bilinear rational Krylov algorithm (TBIRKA).
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This algorithm uses methods to compute the projection matrices which do not consider
the whole Volterra series. Consequently, we should call Algorithm 4.5 TBIRKA if we
do not solve the bilinear Sylvester equations and in this sense do not consider the whole
Volterra series. A

Remark 4.15 (Convergence Criterion For BIRKA). As for every iterative algorithm we
also need a convergence criterion for BIRKA. An obvious choice would be to check if
FE is smaller than a certain tolerance. This requires solving a Lyapunov equation in
R+ wwhich is not possible (or at least not useful) in the large-scale setting due to
lack of storage. Hence, we want to propose alternatives. One could compute the relative
‘Ho-error of the previous ROM and the current ROM and check if it is lower than a
certain tolerance. Similar to that, one could compute the relative difference between the
current interpolation points and the previous ones. A

Remark 4.16 (Initial Starting Point For BIRKA). Another important question to answer
is the question about the initial guess since the convergence of a Newton’s method highly
depends on the starting point. Hence, we want to present some ideas proposed in [12]
for the linear case. As we might expect the eigenvalues of A, close to the eigenvalues
of A we could choose values in the reflected range of the eigenvalues of A. Another
approach would be to choose those eigenvalues of A which correspond to the largest
residues. Both approaches require a modal decomposition of the FOM which is a tough
task in the large-scale domain. It turned out that an initial guess which is not to big
most of the times yields convergence. Hence, in the implementation, we use zero as our
initial shifts. A
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Chapter 5

Numerical Examples

Within this chapter we test the previously discussed algorithms. Therefore, we first
introduce our benchmark models: the Fokker Plank equation and a heat transfer model.
After that, we show the results of our numerical tests. In this regard, we start by compar-
ing multipoint and multimoment Volterra series interpolation. Following, we compare
Volterra series interpolation with different truncation indexes. Finally, we investigate
initial points of Hs-optimal reduction and compare BIRKA and truncated BIRKA.

5.1 Benchmark Models

Let us introduce our benchmark models which we will use for all our tests. Taking up the
Ito-type linear stochastic differential equations from Chapter 2, we present the Fokker
Plank equation. After that, we outline a standard bilinear benchmark: a heat transfer
model of a steel profile.

Fokker Plank

The Fokker Plank equation generally describes the chronological sequence of a proba-
bility density function under the influence of drag. Let us briefly recapitulate on [13]
where it is visualized how to obtain such equation. Considering a Brownian particle on
the real line assuming states x € R which is restricted by a double-well potential

W(z) = (2% — 1)

Supposing, we want to drag the Brownian particle from one well to the other well which
e.g. in atomic force microscopy is done by an optical tweezer. Then, the motion of the
Brownian particle could be described by the following stochastic differential equation

dX; = —VV (X, t)dt + V20 dW,
where V(z,t) = W(z) = —uz, 0 < 0 < 1 and X; denotes the position of the particle
at time t. The movement could equivalently be described by the particle’s probability
density function

p(z,t)de = P[X; € [,z + dx)]
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which is defined by the Fokker Plank equation

0

P AP+ V- (pVV).

ot

Spatial discretization of this parabolic problem directly yields a bilinear system. Follow-
ing [b] we use a finite element discretization which results in a SISO bilinear system of
size n = 500. Since it is difficult to realize the whole probability distribution, we use the

probability of the particle being in one specific well as an output.

Heat Transfer

In [4] a boundary controlled heat transfer system is introduced. The dynamics are
described by the heat equation subject to Dirichlet and Robin boundary conditions
which could mathematically be expressed as follows

xe = Az in (0,1) x (0,1)
n-Vr=0.75- U1,273(ZE — 1)A$ on Fl, FQ, Fg,
T = Uy on I'y,

where I'1,I'2,I'3,I'y denote the boundaries of (2. The heat transfer coefficients 1234
can be interpreted, e.g. as spraying-intensities of a cooling-fluid on the corresponding
boundaries. The boundary conditions and a finite discretization of the Poisson equation
using k grid points yields a bilinear system of dimension n = k? with four inputs and
one output. We implemented the system with & = 40 grid points, resulting in system
dimensions n = 1600, to prove that the algorithms also work in the larger-scale domain.

5.2 Examples

In the following we present the results of our benchmarks. First, we compare multimo-
ment and multipoint Volterra series interpolation in terms of interpolation quality and
duration. After that, we vary the amount of considered subsystems to illustrate the
subsystem’s influence. Lastly, we compare BIRKA to truncated BIRKA and investigate
different starting point strategies.

5.2.1 Multipoint And Multimoment Volterra Series Interpolation

For our first test we start by reducing both benchmark models to order = 20. Therefore,
we perform multimoment, mixed (multimoment and multipoint) and multipoint input
Volterra series interpolation. For both models we use the following interpolation points
S0

e multimoment: sg = 10 * ones(1,20),

e mixed:

so=1[1,1,1,1,1, 10, 10, 10, 10, 10,
100, 100, 100, 100, 100, 1000, 1000, 1000, 1000, 1000],
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o multipoint:

so =11, 2,4, 6,8, 10, 20, 40, 60, 80,
100, 200, 400, 600, 800, 1000, 2000, 4000, 6000, 8000).

For the Fokker Plank model we use the following weight matrix, only containing ones
U, = ones(20).

Since the heat transfer model is a system with four inputs we have to use four weight
matrices and additionally tangential directions which we choose also as ones

U,1,..4 = ones(20),
R = ones (4, 20).

Note, that in case of higher order moments, we set the corresponding columns and rows
to zero. For the Fokker Plank equation we choose a Heaviside step function (u(t) = o(t))
as an input and for all four inputs of the heat transfer model u; . 4(t) = sin(2t).

In Fig. 5.1 we can observe that the multimoment and mixed Volterra series interpolated
models yield similar results compared to the FOM. The multipoint Volterra series ROM
could not capture the right dynamics. Let us give a brief explanation for this phenomena.
The multipoint Volterra series framework depends far more on the right interpolation
data compared to matching higher order moments which causes zero rows in the weight
matrices. The importance of the right interpolation data is shown by the result of the
‘Ho-optimal model. It captures the right dynamics and yields the smallest relative error.

Simulation
12 ﬁ —
10 |-
—~ 8
= 6L --- FOM
— MULTIMOMENT
4l —— MIXED
MULTIPOINT
21 —— H2-OPTIMAL
Il Il Il Il Il Il Il Il Il Il I I I I J

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time [s]

Relative Errors

10! | AR E— .

. 107t iy
£
E 1073 [ )
Qo /
2 10-5 LA V §
= 10 [N # —— MULTIMOMENT
Ry U —— MIXED |
MULTIPOINT
10-9 1 —— Hy-OPTIMAL i}

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time [s]

Figure 5.1: Multimoment compared to multipoint Volterra series interpolation of Fokker
Plank with reduced order 20
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In case of the heat transfer model, we can see in Fig. 5.2 that all frameworks yield a
good approximation. All reduced systems could capture the dynamics and the mixture
of multipoint and multimoment Volterra series interpolation performs slightly better
than the other ones.

Simulation
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= 20| =
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— MULTIMOMENT /
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| | | | | | | | | | T T T T E|

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time [s]
Figure 5.2: Multimoment compared to multipoint Volterra series interpolation of heat

transfer model with reduced order 20

Upcoming, we reduce both systems to order r = 40. Therefore, we use the following
interpolation points sg for both benchmark models:

o multimoment: sy = 10 * ones(1,40),
e mixed:

so=1[1,1,1,1,1,5,5,5,5,5, 10, 10, 10, 10, 10,
50, 50, 50, 50, 50, 100, 100, 100, 100, 100, 500, 500, 500, 500, 500,
1000, 1000, 1000, 1000, 1000, 10000, 10000, 10000, 10000, 10000],

o multipoint:

so=11,23,4,56,7, 8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100,
2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 10000, 10100, 10200].

To reduce the Fokker Plank model we choose a matrix containing ones as weights

U, = ones (40).
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For the heat transfer model we use ones as weights and tangential directions. Hence,

the matrices are given by

U,1..4=ones(40),

slyeeny

R — ones (4, 40).

Again, we set the columns and rows in R and U, corresponding to higher order moments
to zero. We choose the same inputs as for the reduction to order r = 20.

In Fig. 5.3 we can see the results for the Fokker Plank equation. The multipoint Volterra
series interpolation could not capture the right dynamics. This time, the mixture of both
frameworks performs slightly better than multimoment Volterra series interpolation.

Relative Error

Simulation
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MULTIPOINT
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1071y 2
1073
1075
10-7 — MULTIMOMENT | |
— MIXED
10—9 MULTIPOINT -

5 6 7 8 9 10 11 12 13 14 15
Time [s]

Figure 5.3: Multimoment compared to multipoint Volterra series interpolation of Fokker

Plank with reduced order 40

The results for the heat transfer model are shown in Fig. 5.4. As expected, the accuracy
of all frameworks increased due to the higher order of the ROM.
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Figure 5.4: Multimoment compared to multipoint Volterra series interpolation
transfer model with reduced order 40
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5.2.2 Truncated Volterra Series Interpolation

In the following we present the importance of the amount of considered subsystems.
Therefore, we reduce both benchmark models to order » = 20 using the same interpo-
lation data as above for the mixed reduction. Consequently, we simulated the reduced
system with the same inputs and computed the relative error of each reduced system.
The results for the Fokker Plank model shown in Fig. 5.5 demonstrate that the accu-
racy of the reduced system increases significantly with a higher amount of considered
subsystems.

Relative Error Of Truncated Volterra Series Interpolation

-1
10 i

1072 ¢

1073 ¢

Relative Error

10—5 | | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11 12

Truncation Index

Figure 5.5: Truncated Volterra series interpolation of Fokker Plank with reduced order
20 and different amounts of considered subsystems

The results for the heat transfer system shown in Fig. 5.6 yield a different outcome.
Considering more than two subsystems does not result in much better performance.
This is owed to the small bilinear character (all IN; matrices have entries only on their
diagonals) of this model. Concluding, it depends on the bilinear system how many sub-
systems are necessary to obtain the wished accuracy, but in general, the error decreases
with a higher amount of considered subsystems.
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Relative Error Of Truncated Volterra Series Interpolation
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11}
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11}
11}
11}
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11}
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Truncation Index

Figure 5.6: Truncated Volterra series interpolation of heat transfer model with reduced
order 20 and different amount of considered subsystems

5.2.3 H,-Optimal Reduced Model

Finally, we want to investigate Hs-optimal reduction. Therefore, we begin by comparing
BIRKA to TBIRKA. After that, we discuss different initialization strategies.

BIRKA Compared To TBIRKA

We start by showing the difference between the quality of Ho-optimal models gained
with BIRKA and TBIRKA. In this sense, we reduce the Fokker Plank equation with
BIRKA, TBIRKA considering N = 5 subsystems and TBIRKA considering N = 15
subsystems. As one can see in Fig. 5.7 BIRKA and TBIRKA considering 15 subsystems
yield the same results. TBIRKA considering 5 subsystems yields even better results.
Hereby, we do not want to forget that we look at relative errors. In this case the relative
errors might differ a lot but the absolute errors do not.
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Difference Between 73-Optimal Models
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Figure 5.7: BIRKA compared to TBIRKA results for Fokker Plank
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Figure 5.8: TBIRKA results compared for heat transfer model

For the heat transfer model we used BIRKA, TBIRKA considering N = 2 subsystems
and TBIRKA considering N = 5 subsystems. BIRKA suffered crucially from conver-
gence and could not yield a stable reduced model. This is due to the fact which we
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discussed in Remark 4.6. As we can see in Fig. 5.8, it does not make a big difference
weather we consider N = 2 or N = 5 subsystems. This coincides with the results in
Fig. 5.6.

Initialization Strategies

Finally, we want to investigate initialization strategies for BIRKA or rather TBIRKA.
In this sense, we compare choosing arbitrary interpolation data, zeros as initial shifts
and ones as weights or rather tangential directions and choosing interpolation data which
corresponds to the FOM. We realize the last strategy by choosing the interpolation data
as follows

[X, D] =eigs(A, E, r), sp = —diag(D).’,
1
U,; = mnorm(Nj) ones(r), Uy; =U,;,
1
R = norn(E) norn(X) norm(B)ones(m, r), L =norm(X)norm(C)ones(p, 7).

Note, that eigs(A, E, r) computes the first r eigenvalues and corresponding eigen-
vectors of A and E. In the following we reduce both benchmark models to an order
r = 16.

For the Fokker Plank model we use BIRKA to obtain the Hs-optimal model. As we can
see in Table 5.1, the results for choosing arbitrary initial interpolation data and ones
and zeros are similar. Since choosing random interpolation data is non-deterministic,
the outcomes vary a lot and the results should not get over interpreted. Choosing
interpolation data which is related to the FOM did not yield any stable results.

Table 5.1: Different initialization strategies compared using the Fokker Plank system

Strategies Tterations Relative Error
Random Interpolation Data 52 1.4295e-4
Zeros And Ones 55 1.4294e-4
Similar To FOM no convergence -

For the heat transfer system we used TBIRKA considering two subsystems. Hereby,
it was also possible to obtain a reduced order model by choosing random interpolation
data. Setting all initial shifts to zero did not yield any convergence. Due to the properties
of the system matrices and the fact that we match higher order moments in the first
TBIRKA iteration the projection matrices in this step had hardly full rank at working
precision. This resulted in close to singular system matrices of the first ROM. Hence,
the eigenvalues have not been complex pairs anymore and the algorithm canceled the
computation. Fortunately, it was possible to obtain a reduced order model with initial
interpolation data, which is related to the FOM.
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Table 5.2: Different initialization strategies compared using the heat transfer system

Strategies Iterations Relative Error
Random Interpolation Data 13 4.5653e-2
Zeros And Ones no convergence -

Similar To FOM 21 3.4475e-2

Summarizing, it crucially depends on system properties of the FOM which initialization
yields good results. Concerning Table 5.1 and Table 5.2, one might think that it is always
possible to obtain a ROM while using random initial interpolation data. As mentioned,
the results for this approach varied a lot and sometimes did not result in a stable ROM,
in other words BIRKA or rather TBIRKA did not converge.
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Chapter 6

Conclusions And Outlook

6.1 Summary And Conclusions

The main contributions of this thesis are in-depth understanding of bilinear systems,
insight in the implementation of the Volterra series framework and the extension of the
Volterra series framework to MIMO systems as well as to match higher order moments.

While dealing with different representations of bilinear systems in Chapter 2 and the
system theory of bilinear systems in Chapter 3 we discovered that convergence of the
Volterra series and BIBO stability are strongly connected. In this context we found a
specific constraint which the input has to fulfill to ensure convergence.

To improve the comprehensibility of the Volterra series framework, we illustrated the
theory with many examples. With Algorithm 4.4 we proposed an implementation of the
Volterra series framework which covers all special cases.

The multimoment Volterra series interpolation framework turned out to be very challeng-
ing to represent mathematically. Due to the obtained constraints for the interpolation
data, a general formulation of the moment matching conditions was only possible with
complex indexes. Nevertheless, this framework still is easy to implement as shown in
Algorithm 4.4 since one only has to add another condition which captures higher or-
der moments. Obviously, the multimoment framework requires less LU-decomposition
which decreases computational effort. As the numerical examples have shown, a mix-
ture of multipoint and multimoment Volterra series interpolation yields the the best
results as one considers all globally relevant dynamics as well as local dynamics more
precisely. Finally, multimoment Volterra series interpolation reduces the importance of
the tangential directions and weights since columns and rows of the interpolation data
corresponding with higher order moments are zero. This is, especially for unknown sys-
tem properties, of major advantage.

105
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6.2 Future Work

Within the toolbox, we implemented the proposed Arnoldi algorithm (Algorithm 4.4)
and the vectorization of the bilinear Sylvester equations. As mentioned, one could
customize low rank solvers for linear Sylvester equations to be able to solve bilinear
Sylvester equations. Since Algorithm 4.4 tends to be unstable for badly conditioned
problems, one should consider an implementation of a low rank solver which probably
yields a more stable result.

As mentioned, we implemented BIRKA rather heuristically without computing the Ja-
cobian. To improve convergence, one could generalize BIRKA to Newton-BIRKA as
proposed for linear systems in [12]. Therefore, a way to compute the Jacobian has to be
found.

We only considered the implementation of Volterra series interpolation and BIRKA. As
mentioned there exist several other model reduction frameworks. Consequently, an im-
plementation of subsystem interpolation and the Gramian-based approaches as balanced
truncation are missing. Especially, for the Gramian-based approach one should use the
existing solvers for bilinear Lyapunov equations as the dimensions grow crucially and
the vectorization approach is not suitable due to the lack of storage.



Appendix A

Notation

A.1 Special operators and symbols

Trace of a Matrix

The trace of a matrix A € R™*™ is defined as the sum over all diagonal entries a;; which
yields

tr(A) = Za” (Al)
=1

A.2 List of symbols

Typographical symbols

B end of a proof
A end of a remark or example

A end of a definition

Mathematical symbols

i imaginary unit

I, identity matrix in R™*"

0 zero matrix

T transformation matrix

A matrix with eigenvalues on its diagonal
X matrix with right eigenvectors

A(A) eigenvalue of A

H, Hardy p-norm

L, Lebesgue p-norm

x multiplication
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Appendix A. Notation

A.3 Abbreviations and acronyms

BIBO bounded-input bounded-output
BIRKA bilinear rational Krylov algorithm
DAE differential algebraic equations
FOM full order model

MIMOQO multiple-input multiple-output
ODE ordinary differential equations

PDE partial differential equations

ROM reduced order model

SISO single-input single-output

TBIRKA truncated bilinear rational Krylov algorithm
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