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Abstract

In applications such as very large scale integration chip design models are typically
huge. The same is true in mechanical engineering, especially when the models are
complex finite element discretizations. To speed up simulations the large full order
model is replaced by a smaller reduced order model. This is called model order
reduction. The challenge is to find a reduced order model that closely resembles the
full order model in order not to lose too much accuracy.

Many models depend on parameters. The goal of parametric model order reduc-
tion is to preserve this dependence in the reduced order model to avoid repeatedly
performing time-consuming model order reduction for every new parameter value.
This is particularly interesting for parameter studies.

In this thesis we develop, analyze and test a parametric model order reduction
method for large symmetric linear time-invariant dynamical systems which preserves
stability and is efficient in higher-dimensional parameter spaces. This method is
based on sparse grid interpolation. In a pre-computation step, local reduced order
models are computed at several discrete points in parameter space. Whenever we
need to evaluate the model at an arbitrary point in parameter space, a reduced order
model at that point is obtained by interpolating the system matrices of the local
reduced order models on matrix manifolds.

As a theoretical foundation we introduce appropriate norms for parametric models
and state conditions for the parameter dependence such that these norms are finite.
In our analysis we then derive an upper bound for the interpolation error expressed in
these norms, which shows a good qualitative behavior in computational experiments.

We demonstrate that interpolation on sparse grids is more efficient than inter-
polation on full grids and that interpolation with global polynomial basis functions
is more efficient than interpolation with piece-wise linear basis functions when the
parameter dependence is smooth. Furthermore, we consider a benchmark studied
in a recent parametric model order reduction method comparison survey and show
that parametric model order reduction methods based on matrix interpolation can
be competitive to other methods when exploiting the symmetry of that system.
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Zusammenfassung

In vielen Anwendungen wie dem Entwurf von VLSI-Schaltkreisen treten sehr grofie
Simulationsmodelle auf. Ein weiteres Beispiel sind physikalische Modelle aus dem
Maschinen- oder Fahrzeugbau, die mit finiten Elementen sehr fein diskretisiert wur-
den. Man kann die Simulation solcher Modelle mithilfe von Modellreduktion be-
schleunigen. Dabei ersetzt man das groffe Modell durch ein kleineres, reduziertes
Modell. Die Herausforderung besteht darin, ein passendes reduziertes Modell zu fin-
den. Um moglichst wenig Genauigkeit einzubiiflen, sollten sich das urspriingliche
Modell und das reduzierte Modell moglichst dhnlich verhalten.

Oft sind die Modelle auflerdem parameterabhéingig. Bei parametrischer Modell-
reduktion versucht man, diese Abhingigkeit im reduzierten Modell zu erhalten, um
dadurch das wiederholte Ausfithren der zeitaufwiandigen Modellreduktion fiir jeden
neuen Parameterwert zu vermeiden. Dies ist besonders fiir Parameterstudien von
wesentlicher Bedeutung.

In dieser Dissertation entwickeln, analysieren und testen wir ein stabilitétser-
haltendes parametrisches Modellreduktionsverfahren fiir grofle symmetrische linea-
re zeit-invariante dynamische Systeme, welches aufgrund seiner Effizienz auch fiir
den Einsatz in hoher-dimensionalen Parameterrdumen geeignet ist. Dieses Verfah-
ren basiert auf Diinngitterinterpolation. In einem Vorverarbeitungsschritt werden
lokale reduzierte Modelle an wenigen festen Punkten im Parameterraum erzeugt.
Durch Interpolation der Systemmatrizen der lokalen reduzierten Modelle auf Ma-
trixmannigfaltigkeiten erhédlt man das reduzierte Modell an einem beliebigen Punkt
im Parameterraum.

Als theoretische Grundlage fithren wir passende Normen fiir parametrische Mo-
delle ein und formulieren Bedingungen an die Parameterabhéngigkeit des Modells,
sodass diese Normen endlich sind. In unserer Analyse leiten wir dann eine obere
Schranke fiir den Interpolationsfehler in diesen Normen her. Diese zeigt in numeri-
schen Experimenten ein qualitativ gutes Verhalten.

Wir demonstrieren, dass Interpolation auf diinnen Gittern effizienter ist als Inter-
polation auf vollen Gittern und dass Interpolation mit globalen Polynomen effizienter
ist als Interpolation mit stiickweise linearen Basisfunktionen, vorausgesetzt die Para-
meterabhéngigkeit ist glatt. AuBlerdem zeigen wir anhand eines Benchmarks, welches
in einem aktuellen Vergleichsartikel {iber parametrische Modellreduktionsverfahren
verwendet wird, dass Verfahren, die auf der Interpolation von Systemmatrizen beru-
hen, mit anderen parametrischen Modellreduktionsverfahren konkurrieren kénnen,
wenn man die Symmetrie des Modells ausnutzt.
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LTI
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MIMO
MOR
PMOR
FOM
ROM
ROB
IRKA
SVD

linear time-invariant (system)
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model order reduction
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Notation

Ry
RT
Ry
span(.S)

imaginary unit (2 = /—1)

real part of a complex number z

imaginary part of a complex number z

complex conjugate of a complex number z
derivative with respect to time of a function f(¢)
KRONECKER delta (§;; = 0 for i # j, §; = 1)

ie{l,...,n}

natural numbers (excluding 0)

natural numbers including 0 (Ng = NU {0})

complex numbers

open left half of the complex plane (C~ = {c € C: Re(c) < 0})
open right half of the complex plane (C* = {c € C: Re(c) > 0})
closed left half of the complex plane (C~ = {c € C : Re(c) < 0})
closed right half of the complex plane (CT = {c € C: Re(c) > 0})
real numbers

negative real numbers (R~ = {a € R: a < 0})

negative real numbers including 0 (R~ ={a € R:a < 0})
positive real numbers (RT = {a € R: a > 0})

positive real numbers including 0 (Rt = {a € R:a > 0})

set of linear combinations of elements of a set S

Matrices, Vectors and Their Norms

MT
MH

transpose of a matrix M

conjugate transpose of a matrix M

inverse of a matrix M

spectrum of a matrix M (set of eigenvalues)
eigenvalue of a matrix M (\;(M) € A(M))

largest eigenvalue of a matrix M with real spectrum
smallest eigenvalue of a matrix M with real spectrum
singular value of a matrix M (see
largest singular value of a matrix M

rank of a matrix M

range of a matrix M (span of column vectors)
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Notation

orth(M) orthogonalization of the columns of a matrix M

exp(M), eM matrix exponential of a matrix M (see [Definition 2.5)
log(M) matrix logarithm of a matrix M (see [Theorem 2.6))

0;1;2 vector whose entries are all equal to zero/ one/ two

€; ith unit vector (e; = [ej1, ..., €in] With e;; = 6;5)

0,0, zero matrix (of dimension n x m)

LI, identity matrix (of dimension n X n)

diag(dy,...,d,) diagonal matrix with entries di,...,d, (of dimension n x n)
IvIlp p-norm of a vector v (see

Ivl1; |1 sum norm of a vector v/ multi-index a

[v]|2 EUCLIDEAN norm of a vector v

1V]oo; ||oo maximum norm of a vector v/ multi-index a

IM]| s, SCHATTEN p-norm of a matrix M (see

|IM| F FROBENIUS norm of a matrix M (|M||p = [M[[s,2; see (2.1))
[|IM]]2 spectral norm of a matrix M (||[M]2 = [|[M||g,0; see (2.2)))
M|, p-norm of a matrix M (see (2.3))

kp(M) condition number of a matrix M (k,(M) = ||[M]|, - |M~Y|,)

Function Spaces and Their Norms

Q domain
02  boundary of domain {2
Lo LEBESGUE-BOCHNER space

with norm || |2, := fo ||7(p)1I3 dp (see (Z6))

L+  LEBESGUE-BOCHNER space

with norm || f||z., = esssuppEQ Ilf ()l (see (2.7))

Sf* SoBOLEV space (see 3))
with norm | f[|gp == Z|a|1gR IDfIIZ, (see [2.9))
K SOBOLEV space (see (2.8))
with norm || f[|sr = max|),<r [D%fllz. (see (2-10))
S SOBOLEV space with zero boundary (see (2 )
WE  SoBOLEV space with bounded mixed derlvatlves (see (2.12))

with norm HfHW§ = D lalw<R ||D0Lf”£2 (see @13))
and semi-norm | f|a,2 := | D*f| 2, (see (2.15))

SOBOLEV space with bounded mixed derlvatlves (see (2.12))
with norm || f[lyr = maxq| <r [[D* f||,;oo see ([2.14))

and semi-norm \f\a,oo = |ID*f|l . (see (2.16))

WE  SoBOLEV space with bounded mixed derivatives

and zero boundary (see (2.17))

C%  space of continuous functions
with norm || flleo. := suppe | £(P)lls (see ET5))
CE  space of R-times continuously differentiable functions

with norm || e = maxiaj. <x|D%fllcy. (see [219))
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Ho

Hoo

HARDY space (see (2.21))

with norm [, = sup,o fx [F(@ + )2, dy (see (£20))
HARDY space (see (2.21))

with norm [F .. = supscer [F(2) g0 (sco (220))

Models and Their Norms

(E,) A,B, C system matrices of full order model
(E.,) A, B, C, system matrices of reduced order model
H(s) = C(sE — A)7'B € CI*™ (see (2.27))
transfer function of full order model
H,(s) =C,(sE, — A,)"'B, € CT*™ (see (2:29))
transfer function of reduced order model
[, = (g7 Jiw [H(s) [} ds)'/? (see ([2:33))
1. = Sz | H(5) |2 (see (Z30))
P = [0,1]? (if not stated otherwise)
parameter space
Prest discretization of parameter space
for computation of error
E(p), A(p), B(p), C(p) system matrices of parametric full order model
E.(p), A.(p), B,(p), C,(p) system matrices of parametric reduced order model
A.(p), B.(p), C,(p) system matrices of transformed reduced order model
A, (p), B,(p), C.(p) system matrices of interpolated reduced order model
H(s;p) = C(p)- (sE(p) — A(p))~" - B(p) (sce (3:2))
transfer function of parametric full order model
H,(s;p) = C;(p) - (SEx(p) — Ay(p)) ™" - By(p) (see (3.4))
transfer function of parametric reduced order model
H, (s;p) =C,(p) - (SE/(P) — A(p)) " By (p)
transfer function of interpolated reduced order model
1|y 0 10 = (3= Jp i [HL(s: D)3 ds dp)V/2 (see (7))
¥l ) i 058 SUDpep SDseyi || (55 p) |2 (see ()
Grids
Vi = @iciglen We
full grid space without boundary (see )
v o= Di<ie),—Dr1<n We
sparse grid space without boundary (see )
V) = Bocielcn W
full grid space with boundary (see )
VY= @ocio (s s120 Wes 2(8) = [{d € {1,..., D} : £g =0}

sparse grid space with boundary (see (2.53))
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1 Introduction

In this thesis we develop and analyze an efficient sparse grid based parametric model
order reduction method with stability guarantee for large symmetric linear time-in-
variant dynamical systems with a higher-dimensional parameter space.

Model order reduction (MOR) is important to speed up simulations by reducing
the size of a given model without losing too much accuracy in the quantities of
interest. Typical applications are optimal control, very large scale integration chip
design, and mechanical engineering. Models are for example electrical circuits or
mechanical systems. Often, especially in optimization, they are simulated many
times, for instance with varying input or external forces.

Many models depend on parameters such as material or geometry parameters.
There is a growing interest in preserving this parameter dependence during model
order reduction. This is called parametric model order reduction (PMOR). A para-
metric model of reduced size is useful for example in parameter studies, which might
involve simulation, optimization, and uncertainty quantification.

Most PMOR methods base on a non-parametric MOR method, which is applied
at several discrete points in parameter space. Since the number of points is crucial
for the performance of those PMOR methods, efficient methods should use as few
points as possible for a given accuracy. It is not known so far how to choose these
points in parameter space optimally, despite for very special cases [BBBG11].

The problem of efficiently choosing good sample points in parameter space be-
comes even more substantial when the dimension of the parameter space, that is,
the number of parameters, is higher than 2 or 3. In such settings the so-called
“curse of dimensionality” makes full grids unfeasible. The usage of sparse grids can
significantly lessen the exponential dependence on the dimension.

The only PMOR method that is suitable for dealing with higher-dimensional
parameter spaces and can preserve stability, an important physical system property,
is described in [AF11]. But for a fully automatic PMOR method a concrete MOR
method for generating the reduced order models at the fixed points in parameter
space is needed. Most PMOR papers do not specify how the MOR step should be
done. A common technique in the examples is projection onto a so-called reduced
order basis. However, no strategies how to obtain a suitable and accurate basis are
suggested.

An often used technique to combine the local non-parametric reduced order models
is interpolation over the parameter space. For efficient interpolation it is essential
that a smooth parameter dependence of the full order model is preserved by the
model order reduction method. This is considered a complicated problem [Maz14]
and therefore often one reduced order basis is used for the whole parameter space.
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The main disadvantage of this approach is that it is unlikely that one can find a
reduced order basis that is an appropriate choice for all parameter points simul-
taneously. Hence, a large reduction order is required to achieve a good accuracy.
Furthermore, in many methods that follow this approach the number of points in
parameter space influences the size of the reduced order basis and hence the size of
the reduced order model.

We present a PMOR method with a suitable and efficient MOR method inside and
an intrinsic stability preservation framework for symmetric systems. It overcomes
the aforementioned problems. Our method is called efficient since we minimize the
number of interpolation points in parameter space while keeping almost the same
accuracy. We achieve this by applying sparse grid interpolation with hierarchical
bases. This only works since we compute the local reduced order models of good
accuracy with a MOR strategy that preserves smooth parameter dependence.

The theoretical foundations of PMOR have not been given much attention yet.
Therefore we introduce appropriate norms for parametric models and formulate
general conditions for the parameter dependence of the model such that those norms
can be applied.

For our PMOR method we present also theoretical results. We prove that it pre-
serves stability and fulfills interpolation conditions in the joint space of frequency
and parameters. Moreover, we derive an upper bound for the interpolation error in
parameter space in terms of the transfer function. Furthermore, we prove conver-
gence statements under certain smoothness conditions.

In computational experiments we demonstrate the compelling performance of our
PMOR method and the good qualitative behavior of the theoretical findings. We
also show that for symmetric systems our PMOR method is competitive with other
PMOR methods [BBHT15] even in a one-dimensional parameter space. So PMOR
methods based on matrix interpolation can yield good results if they exploit the
symmetry.

1.1 Related Work

In this section we give a short overview over previous work about (parametric) model
order reduction and sparse grids. We mainly mention methods that are used for or
similar to the parametric model order reduction method in this thesis.

1.1.1 Model Order Reduction

In many applications, e.g., micro-electro-mechanical systems, the models that need
to be reduced are extremely large, especially when they stem from partial differen-
tial equations that are finely discretized in space. Hence, we focus on large-scale
dynamical systems. The size r of the reduced order model should be much smaller
than the size n of the full order model, for example r ~ log(n).

There exist many established methods (see [Ant05]), especially for linear time-
invariant dynamical systems, where the coefficients are not time-dependent. Well-
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known examples that are not simulation-based but act directly on the systems are the
Ho-optimal Iterative Rational KrRyLov Algorithm [GABOS] and low-rank Balanced
Truncation [BBM™06], for which an Hc-error bound exists.

The Iterative Rational KRYLOV Algorithm, an interpolatory MOR method, is an
obvious choice for our PMOR method, in which we interpolate also in parameter
space. For example one can prove that joint interpolation conditions are fulfilled.

1.1.2 Parametric Model Order Reduction

Parametric model order reduction is a quite new and active field of research (see
e.g., [BGWIH] for a survey of PMOR methods or [BBHT15, BBHT16| for a com-
parison of PMOR methods including computational experiments). Several PMOR
methods exist. However, not all of them are compatible with interpolation on sparse
grids or can otherwise be made suitable for a higher-dimensional parameter space.
For example, often the size of the parametric reduced order model depends on the
number of sample points in parameter space or the method requires sampling on a
full grid. Moreover, only a few PMOR methods preserve stability.

PMOR methods which base on interpolation of system matrices are good candi-
dates for PMOR methods which are compatible with interpolation on sparse grids.
Recently two PMOR methods where system matrices are interpolated were pro-
posed. However, while the first method preserves stability, only the second method
can be combined with sparse grids. Our goal is to have the advantages of both.

In [GPWLI4] a stability-preserving PMOR method for arbitrary systems is pre-
sented. System matrices at discrete points in parameter space are reduced, trans-
formed and then interpolated. However, there is a restriction on the interpolation
method which does not allow for interpolation on sparse grids.

In |[GBP™14] another PMOR method for arbitrary systems is proposed. System
matrices at discrete points in parameter space are reduced, transformed and then
interpolated on matrix manifolds |[AF11]. There is no restriction on hte interpo-
lation method, hence interpolation is done on sparse grids. However, stability of
the resulting reduced order model is not guaranteed as this is hard to achieve for
arbitrary systems. For symmetric systems stability can be preserved by the PMOR
method from [AF11] and it is still compatible with interpolation on sparse grids.
This is the core of the PMOR method presented in this thesis.

1.1.3 Sparse Grids

Sparse grids have been introduced in [Zen91] for the solution of partial differential
equations but reach back to [Smo63] about numerical quadrature. They have also
been successfully applied in data analysis, finance and physics [GG13]. See [BG04]
for a survey and [Garl3] for a short overview over sparse grids and interpolation on
sparse grids with piece-wise linear basis functions.

In higher-dimensional spaces, that is dimension up to about 10, interpolation
should be done on sparse grids instead of full grids, since sparse grids have much
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less grid points than full grids, while having comparable interpolation accuracies
when the function belongs to a SOBOLEV space with bounded mixed derivatives
[BGO4].

In [BNROO] interpolation on sparse grids with global polynomial basis functions
is considered. When the function is sufficiently smooth, then the number of inter-
polation points required to reach some prescribed accuracy is even smaller than for
interpolation with piece-wise linear basis functions.

1.2 Contributions of This Thesis

In this thesis we contribute to parametric model order reduction both practically
and theoretically.

We develop a fully automatic parametric model order reduction method suitable
for and efficient in higher-dimensional parameter spaces, which includes collective
model order reduction for a discrete set of parameter points that does not destroy
the smooth parameter dependence of the full order model. The PMOR method
is designed for symmetric systems such that stability is preserved throughout the
method.

In order to achieve a given accuracy we aim at a smallest possible number of
points in parameter space. This influences memory consumption and computation
time positively.

The PMOR method we develop in this thesis consists of two distinct phases. The
first one is the offline or reduction phase, where we perform MOR at discrete points in
the parameter space, which results in a set of local reduced order models. The second
one is the online or interpolation phase, where we interpolate the system matrices
of those reduced order models in the parameter space. The offline phase is for pre-
computation and is executed only once. It can hence be relatively expensive. The
online phase on the other hand is executed many times—each time the parametric
reduced order model is evaluated for a given parameter value—and should hence be
quite cheap.

Our method is based on the PMOR method described in [AF11] and the Ha-
optimal model order reduction method Iterative Rational KRYLOV Algorithm (IRKA)
[GABO§|, which is an interpolatory MOR method. We interpolate over the parame-
ter space on sparse grids with piece-wise linear or global polynomial basis functions
[BG04, BNROO].

We prove that the resulting model fulfills interpolation conditions in a joint fre-
quency and parameter space since we connect two interpolation methods.

Our method is restricted to symmetric stable systems although we present ideas
how to extend it to more general systems in the outlook. We provably preserve the
stability of those systems by using one-sided projection in the reduction phase and
by interpolating on matrix manifolds.

We formulate model requirements for parametric models and prove that the sug-
gested norms for measuring errors are well-defined.



1.3 Sources of Error

Preserving a smooth parameter dependence during the reduction phase is essential
for an efficient interpolation phase. We propose a strategy based on the IRKA at
the center of the parameter space, which preserves the smoothness on the one hand
and yields reduced order models of good accuracy on the other hand.

Moreover, we include an additional step that almost halves the interpolation effort
for generalized systems. In fact we eliminate one of the two square system matrices.

The method’s good performance is presented in several computational experi-
ments. Furthermore, we demonstrate that for symmetric systems PMOR methods
that base on interpolation of system matrices can achieve better results than pre-
sented in the PMOR method comparison [BBH™15].

The overall error of the proposed method consists of the reduction error and the
interpolation error. In this thesis we consider the reduction error as fixed once the
size of the reduced order model is chosen. The interpolation error becomes smaller
when the number of interpolation points in parameter space is increased. It is
important to balance the interpolation error and the reduction error. For this we
derive an upper bound for the interpolation error, measured as the transfer function
error over the parameter space. It relates the transfer function error to the error in
matrices that are interpolated. Although the bound is worse than the actual error
by some orders of magnitude, we demonstrate in computational experiments that
the bound’s qualitative behavior is similar to the error’s behavior. Furthermore, we
use the bound to prove convergence rates of the interpolation error for piece-wise
linear or global polynomial basis functions.

1.3 Sources of Error

Simulation involves various sources of error. In this thesis, we focus on the error
resulting from model order reduction and the error resulting from interpolation in
parameter space. We aim at balancing both errors. Neither do we want the inter-
polation error to marginalize the reduction error nor do we want to put enormous
efforts into the interpolation phase to achieve an interpolation error that is negligible
compared to the reduction error.

The reduction error is considered fixed, given a reduction order r. We focus on
the interpolation error, which is balanced with the reduction error to achieve the
maximal accuracy with a minimal number of interpolation points.

For the sake of completeness, let us mention further sources of errors that can also
be of interest, but that are not considered within this thesis. Errors can stem from

e modeling physical processes,
e linearizing non-linear models,

e discretizing continuous models (in space),

discretizing (in time) and actually solving the model, and

computing in finite-precision arithmetic.



1 Introduction

1.4 Outline

In we provide fundamental definitions, facts and methods. Furthermore,
we introduce model order reduction and interpolation on sparse grids. The subject
of is parametric model order reduction, including error measures and
methods. We present our PMOR method in explaining all decisions. The
is devoted to the derivation of an upper bound for the interpolation error.
In[chapter 6] we prove convergence rates of the interpolation error for piece-wise linear
and global polynomial basis functions. We present the results of our computational
experiments and compare our method with other PMOR methods in
Furthermore, we examine the quality of our theoretical results. In we give
a summary of this thesis, pose open questions and suggest directions for further
research.



2 Fundamentals

In this chapter we state essential definitions and introduce model order reduction as
well as interpolation on sparse grids.

2.1 Basic Definitions

In this section we define several norms and function spaces. Furthermore, we intro-
duce the concept of functions of matrices.

2.1.1 Norms of Vectors and Matrices

In this section we recapitulate some norms for vectors and matrices together with
their properties. These can be found in many textbooks, see for example [GVL&9],
[HJ12].

Definition 2.1. The p-norm of a vector v = [v1,...,v,] € C" is defined by

n
(Z \vi|p)1/p for 1 <p < oo,
i=1

max |v;] for p = occ.
i=1l:n

vy =

The vector 2-norm is unitarily invariant.
Various matriz norms exist. We consider the following class of matrix norms,
which are unitarily invariant.

Definition 2.2. The SCHATTEN p-norm of a matrix M € C™*™ is defined by

min{n,m} 1/p
of (M) for 1 <p < oo,
M5 := Zzzl ' )
Omax (M) for p = oo,
where 0;(M), i = 1,...,min{n,m}, are the singular values of the matrix M (see

Theorem A.10)).

That is, the SCHATTEN p-norm of a matrix is defined as the p-norm applied to
the vector of its singular values.

We focus on SCHATTEN p-norms with p = 2 and p = oo, which are better known
by their alternative definitions: ||[M||sz2 = ||[M||r and |[M]/s 0 = [|M]]2.
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n,m

The FROBENIUS norm of matrix M = [M;;];%2; is defined as

n m 9 1/2
M= (D30 M) (2.1)
i=1 j=1
The spectral norm is the matrix 2-norm
IM|l2 = Amax (MM)V2 =\ (MH M2 (2.2)
and belongs to the matriz p-norms, which are induced by the vector p-norms,

M|,

[IM]|, := sup . (2.3)
" vzo vl
If M is HERMITIAN, then ||[M||2 = |A|max(M).
All norms above satisfy the submultiplicativity property
M| < [|M]] - [[N]. (2.4)

We use this inequality extensively in our analysis without referring to it. For the
FROBENIUS norm and a matrix M € C"™*" which is unitarily diagonalizable we
proved an improvement of this inequality (see |[Lemma 5.18]).

The following inequalities are useful to relate the matrix spectral norm and the
FROBENIUS norm, which are equivalent

[Mlls < [[Ml|F < y/min {n, m} - | M, (2.5)

2.1.2 Multi-indices

In this section we introduce multi-indices based on [BG04] Section 3.1] and [RR93],
Section 2.1.1]. A multi-index is essentially an integer vector with non-negative entries
and some special notational conventions.

For a D-dimensional multi-inder a = [, ..., ap] € NJ we define the norms (cf.
vector p-norms for p =1 and p = 00)

D
’(X|1 = Z aj,
j=1

latoo = jgll%XD a;.

Multi-indices simplify the notation of a partial derivative of a function f defined
on a subset of RP, which can be written as

oled f
Dofi=—— 1
= T oatD
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For multi-indices we define the component-wise arithmetic operations

a-B:=(a1p,...,apBp)
and
2% 1= (2%1,...,2%P)
and the relational operator

a<f <<= q<ffori=1,...,D.

2.1.3 Lebesgue—Bochner Spaces and Sobolev Spaces

LEBESGUE spaces for scalar-valued functions can be found in many analysis text-
books (see, e.g., [Rud74]). We deal with a more general concept, the so-called
LEBESGUE-BOCHNER spaces (see, e.g., [Zaa67]), which are LEBESGUE spaces of

functions whose values lie in a BANACH space.

SOBOLEV spaces for scalar-valued functions can be found in many textbooks about
partial differential equations (see, e.g., [RR93]). We deal with a more general variant

that bases on LEBESGUE-BOCHNER spaces.
In this thesis, the following BANACH spaces B are used:

e scalars: R (with |-|),

e vectors: R™ with |- ||,

e matrices: R™™ with ||- ||, for p € {2,00} (i.e., ||| and |- [|2),

e transfer functions (CT — C9*™): H,, with || ||, for p € {2, c0}.
In this thesis, the domain 2 is one of the following;:

e time: R, Ry or R_ (only for £,),

e parameter: P C R (P =[0,1]P).

We define the LEBESGUE-BOCHNER. spaces
Lo = £2(2,8) = {1 : 2= B| [ /)3 dp < oc}
with |10 = [, 1F0)IE dp

and

Loo = Lo (Q2,B) :={f:Q— B| f essentially bounded}

with || fllz..(o,B) = esssup || f(p)|s-
pPef2

(2.6a)

(2.6b)



2 Fundamentals

For €2 = P we include weak derivatives.

The weak derivative of a vector- or matrix-valued function is the vector or matrix
of weak derivatives of its scalar-valued entry functions, respectively.

For p € {2,00} and R € Ny we define the SOBOLEV spaces

St =8FQ,B) :={f€L,| D*f € L, for ||y < R} (2.8)

with the norms

||f||i~§ = Y DIz, (2.9)
|1 <R

= D« . 2.10

1 fllsz |g|11a§(3” fllza (2.10)

When the functions are zero on the boundary they belong to
0 0
S =8HQ,B) = {f €S| flon =0} (2.11)

In this thesis we mostly consider SOBOLEV spaces with bounded mixed derivatives.
These are SOBOLEV spaces where the usual |a|; < R is replaced by |a|e < R (as
in [BG04]). For p € {2,00} and R € Ny we define the SOBOLEV spaces with bounded
mized derivatives

WE=WIQ,B) = {f € L,| D*f € L, for |a|o < R} (2.12)

with the norms

Hinvg =Y DfIIZ, (2.13)
|l <R
= D“ 2.14
£y = max, [D%flle.. (2.14)
and the semi-norms
|flaz = D[l s (2.15)
| flavoo = 1D fll £ (2.16)

respectively. In this thesis we mostly have R = 2.
When the functions are zero on the boundary they belong to

WE = WR(Q,B) == {f e W | flon =0} . (2.17)

2.1.4 Spaces of Continuous and Continuously Differentiable Functions

In this section we introduce spaces of continuous and continuously differentiable
functions for matrix-valued functions. For this, we generalize the definitions of
[BNROQ] for scalar-valued functions to BANACH-valued functions. A vector- or

10
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matrix-valued function is continuous if all its scalar-valued entry functions are con-
tinuous. The derivative of a vector- or matrix-valued function is the vector or matrix
of derivatives of its scalar-valued entry functions, respectively.

We define the space of continuous functions

CY =C%(Q,B):={f:Q— B| f continuous} (2.18a)
with || fllcg = sup [ f(p)ll5 (2.18D)
peQ

and the space of R-times continuously differentiable functions

CE =CR(Q,B):={f:Q — B| D*f continuous for |a|s < R} (2.19a)
with [l = max, |D%fley. (2.19b)

The oco-symbol in the notation C%, and CZ£ is not necessary, because we do not
consider spaces Cg and C]f for p # oo. But we added it to stress the connection with
the LEBESGUE-BOCHNER and SOBOLEV spaces of p = co.

2.1.5 Hardy Spaces

In this section we introduce HARDY spaces of matrix-valued functions following
[Ant05, Section 5.1.3].

For a matrix-valued function F : C — C9%™, which is analytic on CT, we define
the norm

1/p
<sup/ |F(z + )| dy> for 1 <p < oo,
[F |y, :=§ \»>0/R (2.20)
sup [|[F(s)]lp for p = oo,
seCt

where ||F(sg)]|, is chosen to be the SCHATTEN p-norm (see [Definition 2.2)), and get

the HARDY space
Hp = Hp(CHCP™) = {F : C — CT™ | [|F||p, < o0} . (2.21)

When, in addition, the function F is continuous on C¥, the maximum is attained
on the boundary and the norm definitions (2.20)) for p = 2 and p = oo become

1/2
[Flhe, = ([ [P ds) (2:22)
1R
[Flls., = sup [E(s)]o- (2:23)
s€R

2.1.6 Functions of Matrices

In this section we deal with functions of matrices [Hig08|, meaning generalizations
of scalar functions which map a matrix to a matrix of the same dimensions (but not
entry-wise).

11
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These functions should not be confused with matrix-valued functions, which map
an argument from a space of any dimension to a matrix.

For the ease of definition and handling we restrict ourselves to diagonalizable
matrices and primary matrix functions.

Definition 2.3 (function of a matriz). The function f of a diagonalizable matrix
M € C™*" with X" 'MX = D = diag(\y, ..., \.) is defined by f(M) := X - f(D) -
X1, where f(D) = diag(f(A), -, f(\n)-

We list some properties that are needed later in this thesis.

Theorem 2.4 ([Hig08, Theorem 1.13]). Let M € C"*" and let f be defined on the
spectrum of the matriz M. Then

(a) f(M) commutes with M;
(b) the eigenvalues of f(M) are f()\;), where the \; are the eigenvalues of M.

For example, when we have a scalar rational function f(z) to achieve the cor-
responding matrix function f(M), the scalar variable z is substituted by M, divi-
sion is replaced by matrix inversion and 1 replaced by the identity matrix I, i.e.,
f(z) =1/(s — z) becomes f(M) = (sI — M)~L.

Three matrix functions are of particular interest in this thesis: the matrix expo-
nential, the matrix logarithm and the matrix square root.

Definition 2.5 ([Hig08, (10.1)]). The matriz exponential of a matrix M € C"*" is
defined by

Y L
eM :ZF

k=0
Theorem 2.6 ([Hig08, Theorem 1.31]). Let M € C™*" have no eigenvalues on Ry .
Then there is a unique logarithm X of M all of whose eigenvalues lie in the strip

{z:—m <Im(z) < w}. We refer to X as the (principal) matrix logarithm of M and
write X = log(M). If M is real then log(M) is real.

Theorem 2.7 ([Hig08, Theorem 1.29]). Let M € C™*" have no eigenvalues on R .
There is a unique square root X of M all of whose eigenvalues lie in the open
right half-plane, and it is a primary matriz function of M. We refer to X as the
(principal) matrix square root of M and write X = MUY2. If M is real then M/2
1s real.

Corollary 2.8 ([Hig08| Corollary 1.30]). A HERMITIAN positive definite matriz has
a unique HERMITIAN positive definite matriz square root.

Corollary 2.9. A symmetric positive definite matrix has a unique symmetric posi-
tive definite matrix square root.

12



2.2 Model Order Reduction

2.2 Model Order Reduction

In this section we present an introduction to (non-parametric) models and model
order reduction. The book of Antoulas [Ant05] provides a thorough treatment of
large linear time-invariant dynamical systems and model order reduction. The sur-
vey [BGW15] deals with parametric model order reduction. However, it also gives
a good overview over model order reduction.

2.2.1 Model

Input—state—output systems model the interaction over time ¢ > 0 between the input

and output via an internal state (see [Figure 2.1J).

input state output
— —
u(t) e R™ x(t) e R" y(t) e RY

Figure 2.1: Input—state—output model.

The vector-valued input function u : RE{ — R™ can be a control or an excitation.
The vector-valued state function z : Rg — R™ is only an internal variable. The
vector-valued output function y : RE{ — R? can be an observation or a measurement.

The interaction of input, state and output is described by the two equations

d
X0 = £(x(t), u(t)),

together with an initial condition x(0) = xg € R".
We assume that the functions f and g are linear with time-invariant coefficients,
so we can write the system as

x(t) = A x(t) + B u(t), (2.24a)
y(t) = C x(1), (2.24Db)
with constant matrices A € R™" B € R™*" and C € R?*". Including an invertible

mass matrix E € R"™" we obtain our model, a so-called linear time-invariant (LTI)
(continuous-time) system in generalized state space form

E x(t) = A x(t) + B u(t), (2.25a)
y(t) = C x(t), (2.25Db)

with constant matrices A, E € R"*"™ B € R"*™ and C € R7*",
Since we require the matrix E to be invertible, the system (2.25|) could actually be
transformed into a system of the standard form (2.24)). However, this is unadvisable

13



2 Fundamentals

for several reasons. First, replacing the matrix A by E"'A might destroy the
sparsity of the matrix A. Second, it might cause unnecessary problems in model
order reduction, when the matrix E is not reduced separately.

The first equation is called the state equation. It is a system of first-
order linear differential equations. The second equation is called the output
equation. It is a system of linear algebraic equations.

In many physical systems the original model is a partial differential equation,
which is first discretized in space to result in a system of ordinary differential equa-
tions. There are also models which are discrete from the beginning, e.g., multi-body
dynamics in mechanical systems simulation and electrical circuit simulation for chip
design [MS05].

The dimension n of the state space is called the order of the system. For very
complex systems, e.g., when the system is a finite element discretization, the order n
is large and the square matrices A and E are sparse.

When m = ¢ = 1, we call a single-input, single-output (SISO) system and
a multi-input, multi-output (MIMO) system otherwise.

We consider systems where the dimensions of the input and output space, m and g,
respectively, are small compared to the large dimension n of the state space. Hence,
the matrix B is tall rectangular and the matrix C is wide rectangular. In the SISO
case, the matrices B and C become a column and a row vector, respectively.

Definition 2.10. A system ([2.25)) is called (asymptotically) stable if all eigenvalues
of E7'A lie in the open left half of the complex plane, i.e., Re(\) < 0 for all
A€ A(ETTA).

Equivalently, a system is asymptotically stable if tlim x(t) = 0 for all solutions x()
— 00

of Ex(t) = Ax(t). In other words, the solution x(¢) of the state equation (2.25al)
tends to zero when there is no input u(t).

Definition 2.11. The eigenvalues of E™' A are called the poles of the system (2.25]).

Applying the LAPLACE transform (see |Definition A.27) to system (2.25) with
initial condition x(0) = xo = 0 we get

E sx(s) = A X(s) + B u(s),
y(s) = C x(s),

where the time ¢ is replaced by the frequency variable s. We eliminate the (LAPLACE
transformed) state vector X(s) and get a linear relation between the (LAPLACE
transformed) input u(s) and the (LAPLACE transformed) output y(s). We have
y(s) = H(s)u(s), where

H(s) = C(sE -~ A)"'B c C™"™ forsc CT (2.27)

is the transfer function of system (2.25)).

14
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The transfer function of a stable system is analytic on C*, bounded and continuous
on C* and hence belongs to the HARDY spaces (see fsubsection 2.1.5)) Ho(C; C¥™)
[HPO5, page 148] and Ho(C; C1*™) [ABG10) page 16].

The values of the transfer function H : C+ — C%*™ for a given s € C*t are
matrices, whose sizes depend on the dimensions of the input and output space, m
and ¢, respectively. In the SISO case, the transfer function is scalar-valued.

When we transform the state vector x(t) € R™ with an invertible matrix T €
R™ " i.e., change coordinates X(t) = Tx(t), the system (2.25)) becomes

TET ! x(t) = TAT ! X(¢) + TB u(t),
y(t) = CT™! x(¢t).

We denote the transformed system matrices EN:NTINE)T”, A= TAT !, B =TB
and C = CT~!. The transformed system (E, A, B, C) is equivalent to the original
system (E, A, B, C), since the transfer functions are the same

H(s)=C(sE—-A)"'B
=CT 'TE-A)'T'TB
= CT !(sTET ! - TAT !)"'TB
=C(sE-A)"'B
=H(s).

2.2.2 Model Order Reduction by Projection

The goal of model order reduction is to replace the full order model (FOM) ([2.25)
with the full order n by a model of smaller order » < n. The so-called reduced order
model (ROM) with the reduction order r is denoted

E. %.(1) = A, x,(t) + B, u(t), (2.28)
YT(t) = Cr Xr (t)7 (2.28b)

with constant matrices A,, E, € R™" B, € R™™ and C, € R?*". The output
error ||y —y|| should be small. We do not care about the state error ||x —x,||, since
we are interested in the input—output behavior of the systems.

The transfer function of the reduced order model (2.28) is
H,(s) = C, (sE, — A,) 'B, € C"™ for s € C+. (2.29)

We obtain the system matrices A, E,, B,, C, of the reduced order model from
the system matrices A, E, B, C of the full order model with the projection
framework.

The idea is to map the state onto a lower-dimensional subspace ¥V C R" of dimen-
sion r, represented by the matrix V € R™*" with rank(V) = r, whose orthonormal

15
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column vectors constitute the reduced order basis (ROB) that spans V. The approx-
imation x(t) & V x,(t) leads to the residual

EV %,(t) — AV x,(t) — B u(t),

which we force to be orthogonal to another subspace W C R™ of dimension r,
represented by the matrix W € R™*" with rank(W) = r,

WT (EV %,(t) — AV x,.(t) — B u(t)) = 0.

So finally we get a reduced order model with the system matrices

E, = WTEV,
A, =WTAV,
(2.30)
B, = W'B and
C,=CV.

If V=W (and hence V = W), then we call it one-sided projection and two-sided
projection otherwise.

When the system matrices A and E are symmetric, one-sided projection ensures
that the reduced system matrices A, and E, are symmetric, too.

2.2.3 Error Measures

We want to examine the input—output behavior of the system and not the state
approximation, so we consider the output error and not the state error.
The output error in the time domain is measured by

0o 1/2
Iy =ollea = ([ vt = 3o @18 ) (2:31)

or
ly = ¥rllee = sup [y (t) = yr(®)llec. (2.32)

We are interested in an error measure that allows us to check the output error not
only for a particular input, but for a range of inputs at once. For this we use the
transfer functions (2.27) and (2.29) of the models (2.25]) and (2.28)). They belong to
the HARDY spaces Ha and H (see [subsection 2.2.1) with the Ha-norm

1 ) 1/2
e = (5 [ B as) (2.33)

where ||| denotes the FROBENIUS norm (see (2.1))), and the Hoo-norm

[ H|[#. == sup [|H(s)]|2. (2.34)
seR
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The transfer function error (in the frequency domain) is measured by the Ho-norm

1 1/2
B H o = (5 [ IBGs) — B () ds) (239
1R
or the H,.-norm
L~ HL, . = sup [H(s) — H ()] (2.30
s€

In the SISO case, we have
IE1(s) — H,(s)15 = [FL(s) — HLo(s)]}2 = [H(s) — HL.(s)] for s € R

For a given input u € L2(RJ; R™), it holds (see [Theorem B.2)
Iy = ¥rllee < [H = Hellw, - [lullz, (2.37)

and

[y = yrllc, < [[H —Hell, - [lullz,. (2.38)

Hence, the transfer function error is an upper bound of the output error for the
whole class of input functions with Lo-norm less than or equal one.

2.2.4 Methods

In this section we introduce an important class of model order reduction methods.

The reduced order model should produce a small output error ||y — y,||.
Since the output error is related to the transfer function error (see (2.37)) and (2.38]))
we aim at minimizing the transfer function error |H — H, ||.

In the Hoo-norm, we can produce a (possibly suboptimal) stable solution with
the model order reduction method Balanced Truncation. For its solution there is
a computable upper bound of the error. So the reduced order r can be chosen
a priori in dependence on a prescribed accuracy. The original method [Moo8]]
involves the solution of two LYAPUNOV equations. This is not tractable for large
system. Fortunately, there are some low-rank versions of Balanced Truncation (e.g.,
[BBM™06]), which can be applied to large (and sparse) systems.

In the Hs-norm, we can produce a locally optimal solution with the model order
reduction method Iterative Rational KryLOV Algorithm |[GABO§|. The method is
suitable for large systems. The necessary optimality conditions are interpolation
conditions for the transfer function. This fits well with the interpolation setting we
will establish over the parameter space as we have interpolation conditions over the
frequency and the parameter space (see [subsection 4.3.3]).

Before we turn to the Ha-optimal Iterative Rational KrRYLOV Algorithm we intro-
duce the more general class of rational KRYLOV methods, which are interpolatory
model order reduction methods. A thorough introduction to interpolatory model
order reduction methods can be found in [ABGI0].

17



2 Fundamentals

Rational Krylov Methods

To construct an approximation H, of H we demand that H, interpolates H (and
some of its derivatives) at some frequency points.

This interpolation in frequency space should not be confused with the interpola-
tion in parameter space later in this thesis. Here we have no parameters, only model
order reduction.

Since transfer functions are in general matrix-valued, we impose tangential inter-
polation conditions of the form

df d¢ df df
e =G ) =< g

where ¢ > 0, with the right interpolation point p and tangent direction b € C™ and
the left interpolation point v and tangent direction ¢ € C?, which need to be chosen
appropriately. In the next section we will see how they can be selected such that
the reduced order model is Ho-optimal. There are other choices which preserve a
specific system property or structure (see [ABGL0| for details).

Interpolation conditions for the transfer function are linked with conditions for
the projection matrices V .and W (cf. [subsection 2.2.2]).

Theorem 2.12 ([ABGI10, Theorem 1.1.]). Let p,v € C be such that sE — A and
sE, — A, are invertible for s = p,v. If b € C™ and c € CY are fized non-zero vectors
then

1. if (LE — A)"'Bb € range(V), then H()b = H,(u)b;
2. if WE — A)"TCTc € range(W), then c’H(v) = ¢c"H,.(v);

3. if both[1] and[g hold, and p = v, then

d
' —H(u) b=cl

H,(u) b.
P ()

d

ds

Similar conditions for higher derivatives are stated in [ABGI10, Theorem 1.2.].

There are many possible combinations of how many derivatives to match at what
interpolation points.

Well-known methods that belong to this class are, e.g., moment matching and
partial realization. However, those methods are mainly for single-input, single-
output systems. In the case of multi-input, multi-output, they involve no tangent
directions, so one interpolation condition results in m or ¢ instead of one column-
conditions for the projection matrices. Another problem is that it is not obvious
how to choose good left and right interpolation points. Mostly, greedy strategies are
used.

In the next section we see that the necessary conditions for Hs-optimality are
HERMITE interpolation conditions at the poles of the reduced order model mirrored
at the imaginary axis and fixed point iteration leads to a suitable algorithm.
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2.2 Model Order Reduction

The Iterative Rational Krylov Algorithm (IRKA)—an #2-optimal Method

We want to select interpolation points and tangent directions such that

H, = argmin [|[H — H,|/3,. (2.39)
H,: stable

Theorem 2.13 ([BBBGI11, Theorem 3.2.]). Suppose that the transfer function
H,(s) = C, (sE, — Ar)_1 B, solves and the associated reduced-order pen-
cil sE,. — A, has distinct eigenvalues \j, © = 1,...,r. Let x; and yZH denote right
and left eigenvectors associated with \; so that A,x; = ME,x;, yZHAr = /\iyiHET
and ylHErxj = 0;5. Define bl-T = yZHBT and ¢; = C,x;.

Then, fori=1,...,r,

H(-X\) b; = H.(=\) by, (2.40a)
c H(-\)  =cl Ho(-\), and (2.40D)
d d
T —H(-\) b;=c] —H,(-\) b;. 2.4
€ 44 (=Xi) b, =c; P (=Xi) b (2.40c)

That is, necessary conditions for Ho-optimality are bi-tangential HERMITE inter-
polation conditions.
If we construct the projection matrices V and W such that

range(V) 2 { (uE — A)"'Bby,..., (1,E — A)"'Bb, |,
range(W) 2 {(juE” - AT)"'CTey,..., (1B — AT)'C7¢, |,

with p; = —\;, biT = yZHBT and ¢; = C,x; for ¢ = 1,...,r, then [Theorem 2.12
implies that we fulfill the interpolation conditions (2.40) of [Theorem 2.13|

The optimal interpolation points are the mirror images of the reduced-order poles.
So when we want to compute V and W, we need knowledge of the reduced order
model, which is the result of the full order model with projection by V.and W. So
we are going round in circles. A remedy is to use an iterative algorithm.

The resulting Iterative Rational KRYLOV Algorithm (IRKA) from [GABO§| was
mainly designed for SISO systems, even if the Hs-optimality conditions for MIMO
systems have also been mentioned (see also [VGAOS, BKVW10]). The more
general IRKA version from [ABG10, BBBG11] includes E # I and is stated for
MIMO systems (see [Algorithm 2.1]).

By z1,..., 2, closed under conjugation we mean that viewed as sets {z1,...,2,} =
{z1,...,Zr}. Since everything is closed under conjugation, it can be shown that V
and W can be chosen real [GABOS, Corollary 2.2].

Convergence of this fixed-point iteration algorithm for a special class of SISO
systems is proven in [FBGI12]. When the number of both inputs and outputs is
large, a residue correction step can improve the convergence of the algorithm (see
[BG12]).
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Algorithm 2.1 Tterative Rational KrRyLOvV Algorithm.

1. Initial r-fold shift selection:
Choose frequencies pi1, . .., iy (with Re(u;) > 0) and initial tangent directions

by,...,b,and cy,...,c, that are closed under conjugation (see.
2. while not converged:
a) Set V= [(mE—A)'Bby,...,(1E~A)" Bb,]
and W = [(mET — AT)"1CTey,..., (1, BT — AT)"1CTc, |,
b) Set A, = WTAV, E,=W'EV, B,=W'B and C,=CV.

c¢) Compute eigenvalues \; and associated right and left eigenvectors x;
and yZH for which A,x; = ME,\x;, yZ-HAT = )\iyZHET and y,LHEij = 0;j.

d) Set p;=-X\i, bl =y¥B, and ¢;=C,x; for i=1,... 7.
e) Set p; < [Re(pi)| + ¢ Im(ps).

The IRKA variant of [ZCL13| guarantees stability of the reduced order model.
The idea is to mirror the p; along the imaginary axis if they have a negative real
part. So in[Algorithm 2.1] we inserted p; < |Re(u;)| 4 2Im(p;) as step

If only the transfer function (TF) but no system matrices are available, a combi-
nation with the LOEWNER-matrix framework leads to the TF-IRKA [BG12].

An alternative to the fixed-point iteration algorithm TRKA is a purely opti-
mization-based descent algorithm: Beattie and Gugercin [BG09] proposed an al-
gorithm for Ho-optimal model order reduction, based on the trust-region approach.
It results in a sequence of reduced order models, whose Hsa-error norms are improv-
ing monotonically. Furthermore, it is globally convergent to a reduced order model
that satisfies the necessary optimality conditions .

Even though the presented method is Ho-optimal the Hoo-error of the resulting
reduced order model is usually also quite small.

2.3 Interpolation on Sparse Grids

In this section we introduce interpolation on sparse grids.

In contrast to full grids, which suffer from the so-called “curse of dimensional-
ity”, sparse grids enable to deal with higher-dimensional spaces because of their
weaker (albeit still exponential) dependence on the grid dimension. Some degree of
smoothness of the function is essential for efficient interpolation on sparse grids.

We apply sparse grid interpolation with two different types of basis functions.
Firstly, we use piece-wise linear basis functions to interpolate functions from the

SOBOLEV space with bounded mixed derivatives for R = 2 (see [section 6.1). Sec-
ondly, we use global polynomial basis functions to interpolate functions from the
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2.3 Interpolation on Sparse Grids

space of continuously differentiable functions for any R > 0 (see [section 6.2)).

The theory in standard sparse grid literature ([BG04, [Gar13, BNROQ]) is for scalar-
valued functions. We deal with matrix-valued functions by treating every entry of
the matrix as a scalar function. Later we will see that those functions can be
interpolated simultaneously (see [subsection 2.3.4)), since we can use the same basis
functions with matrix coefficients instead of scalar coefficients.

2.3.1 Piece-wise Linear Basis Functions

In this section we follow the lines of [BG04, Section 3] for interpolation of scalar-
valued functions on sparse grids without boundary points. For sparse grids with
boundary points in the last part of this section we mainly refer to [Feul0), Section
2] and |Garl3| Section 2].

We consider multi-variate functions f : Q — B for Q = [0,1]” and B = R from the
SOBOLEV space with bounded second mized derivatives Wg([O, 1]P,R) for p € {2, 00}
(cf. definition (2.12))). So in this section the domain €2 is the D-dimensional unit
cube and the BANACH space B is the set of real numbers. The smoothness parameter
is R = 2 since we interpolate with piece-wise linear basis functions.

For simplicity we restrict ourselves to functions which are zero on the boundary,
ie, f e VOVg([O, 1]P R) (cf. definition (2.17)). At the end of this section we treat
non-zero boundary conditions.

The main ingredients for interpolation on sparse grids are the hierarchical basis
and the corresponding multi-level splitting of the subspace we use for interpolation.
Then the choice of the index set for the levels makes the difference between full and
sparse grids.

Hierarchical Multi-level Subspace Splitting

The multi-index € = (¢1,...,¢p) € NP represents the multi-variate level of a grid, a
point or a basis function.

We want to apply piece-wise linear interpolation and hence use a hat function
basis, which is piece-wise D-linear, i.e., piece-wise linear in each dimension.

Firstly, we introduce the grids for the centers of the hat functions.

We consider the set of rectangular grids

{Q0: LN}
on {2 with mesh size
hy = (hey,... hey) =278 = (277, ... 27%D)
and the grid points

L e T . . £
X0 = (Tpy iy - Tbpip) = 1-hg = (ithg, ... iphe,), 0 <i <25,
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where the multi-index i indicates the location of a grid point X, ; in the corresponding
grid Qg.

Secondly, we define the hat function basis, which spans the space of piece-wise
D-linear functions.

The standard one-dimensional hat function

o(z) = {1— lz| for z € [~1,1],

0 otherwise,

is used to construct arbitrary one-dimensional hat functions for dimension d
Td — Tpyi
Btasa(¥a) = 0 (n)
Ly

with support [x¢,;, — he,, Te, i, + he,). Now we tensorize the one-dimensional hat
functions to generate D-dimensional hat functions (see for a two-dimen-

sional example)

D
¢£7i($1, e ,.leD) = H ¢€d,id($d)-
d=1

Figure 2.2: The two-dimensional bi-linear basis function ¢ 1) (1,1) = ®2,1 - ¢1,1-

We first consider functions which are zero on the boundary, arbitrary functions
will be dealt with later. Hence, we only use hat functions that belong to inner grid
points to define the space

Ve := span {Qﬁg,i (i€ I?ll} ,
with the index set

= {ieNP:1<i<2f—1}.
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2.3 Interpolation on Sparse Grids

The set of hat functions {¢g; : i € Z3!} is the so-called nodal basis of the finite-
dimensional space V.
We define the index set

794 = {i e igodd ford=1,... ,D} (2.41)

:{ieND:1gig2e—l,z'doddford:1,...,D}, (2.42)

so the supports of the basis functions {¢g; : i € Igdd} are pair-wise disjoint.
Now, we can split the space

Ve= @ Wk

1<k<¢
into hierarchical difference spaces (also called hierarchical increments)
We := span {gbgﬁ (i€ Igdd} .
The set of hat functions
{¢k,i 1<k<lic Iﬁdd}

is called the hierarchical basis of the finite-dimensional space V.
The one-dimensional nodal and hierarchical basis of level 3 are depicted in
ure 2.0l

(a) Nodal basis of V3. (b) Hierarchical basis of Vs.

Figure 2.3: One-dimensional piece-wise linear bases of level 3

We define the space

V= W

£LeND
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with its hierarchical basis
{qse,i LeNP e Igdd} .
The completion of V with respect to the Si-norm is the standard SOBOLEV space
0.
S1.
0 0 0 0

Any function f € S§ D W34 D W2 and hence any f € Wg with p € {2,000} can be

uniquely split

fx) =" felx), fex) = D vei- dei(x) € Wy, (2.43)

LeND iezgdd
where p; € R are the coefficients of the hierarchical basis representation of f, also
called hierarchical surplus.
Interpolation in Finite-dimensional Spaces

We want to construct a finite-dimensional approximation space U of V. The possi-
bilities differ in the choice of the subspaces, i.e., the choice of the index set for the
levels £ C NP. We define

U:=Pwe (2.44)
el

0
with the corresponding interpolant of a function f € V or f € Wg

Jux) =" folx), fex) = > yei- dei(x) € Wy, (2.45)
LeL iEIEdd
For a given integer n € N we consider level index sets £ C {1, ... ,n}D, which are
finite.
One possible choice of £ leads to the full grid spaces
Vi = P W (2.46)
1< o <n

Their dimension, i.e., the number of inner grid points of the corresponding grid, is

V)| = 0(h,P) = 0(2"P), (2.47)

n

where h,, = 27" is the mesh size in every direction of the corresponding grid. The
interpolation error in dependence on the mesh size is as follows.

Lemma 2.14 ([BG04, Lemma 3.5.]). Let f € )/OVI%([O, 1]P,R) with p € {2,00}. Then
for the interpolant %m) € V,SOO) and q € {2,00} it holds

If = Nz, = O(h7).
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2.3 Interpolation on Sparse Grids

Another choice of £ leads to the sparse grid spaces (introduced by [Zen91] for
D=2)

VW= @ w (2.48)
1<|£]1—D+1<n

= P W (2.49)

1<n(£)<n
where

n(€) := |€); — D+ 1. (2.50)

A NAARAI

= EH

2 . . Figure 2.5: Subspaces belonging to full

Wi W Wis grids without boundary for

§ . T Tl D=2upton=23.
Wis Was Wa3 . .

Figure 2.4: Subspaces belonging . .

to grids  without

boundary for D = 2 .

and n = 3 (dark gray: —

sparse grid;  dark Figure 2.6: Subspaces belonging to sparse
gray&gray: full grid) grids without boundary for
and the boundary D=2upton=23.

( )-

For D = 1 sparse and full grids are exactly the same. For D > 2, however, the
number of sparse grid points is much smaller than that of a full grid with the same
mesh size (see [Figure 2.7 and |[Figure 2.8| for grids with D = 2).

Lemma 2.15 ([BG04, Lemma 3.6.]). It holds
V| = O(h !t - |logy hy[P7Y) = O(2% - nP 7).

However, the interpolation error in dependence on the mesh size is comparably
good.
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i NoBoundary Full Grid . NoBoundary Sparse Grid
eec0cccccccccoe .
eeco0eccccccccoe . . .

03l ®® 00 eeesceeccee 08 .

DI I SN NN NN I ) e o o e o o
eec0ccecccccccee .
e0c0e0ccceccccoe . . .

6 ge000600606000000e0 ® n=4 06 . ® n=4
eeecneceesnecesncoe ::fi eeecsececesessoee ':g
000 eccccccccoe -1 . 1

04l g0o0000000000000 04 0 0 0
eec0cccecccccoe .
eeecnececsnecesnsoe e o o e o o

02feeeeeceeecececeeceocscsoece 0.2 °
e0co0eccccccccoe . . .
eec00cccecccccoe .

00 02 0.4 06 08 1 00 0.2 0.4 0.6 0.8 1

225 Points 49 Points
Figure 2.7: Points of full grids with- Figure 2.8: Points of sparse grids
out boundary for D = 2 without boundary for
up ton =4. D=2upton=4.

Lemma 2.16 ([BG04, Lemma 3.8.]). Let f € VOVI%([O, 1]P,R) with p € {2,00}. Then
for the interpolant ﬂll) € V7(11) and q € {2,00} it holds
1f = FVlle, = Oz, - nP 7).
Later in this thesis complexity is measured by the number of interpolation points.

So we turn to the interpolation errors in dependence on the number of grid points.
For interpolation on full grids we have the following.

Lemma 2.17 . Let V2([0,1)°, R) with 2,00}. Then for the
interpolant f(N)(ﬁg%“)) with ]\{i |))//\j(ijogg(|)’m]zd7q i {2, oo}; zet ifol,ds } !
1F = F™le, < e N72P | flay.

The constant ¢ depends on the dimension D.

For interpolation on sparse grids we have the following.
Lemma 2.18 ([BGO04]). Let V2([0, 1], R) with 2,00}. Then for the
interpolant f(N)(m)with Nf:zeﬂ))/;gf[a;ld] q’E ){2, oo}]zt ioJlid‘; } !

1= 7™, < e N72- (log NY P - | ],

The constant ¢ depends on the dimension D.

We summarize the interpolation errors in dependence on the number of grid points
in [Table 2.7]

The sparse grid space VS) is the standard sparse grid space. It is cost—benefit
(number of points vs. error) optimal in the Lo-norm (and Lo-norm).

Another sparse grid type contained in [BG04] are sparse grids which are optimal
in the so-called energy norm, which is defined as the L2-norm of the gradient. For
the LAPLACIAN this is indeed the energy norm in finite element terminology. Those
grids completely overcome the curse of dimensionality, which might be important
for really high dimensions. We do not consider this type here.
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2.3 Interpolation on Sparse Grids

Table 2.1: Interpolation error of interpolation on full and sparse grids in dependence
on the number of grid points.

0 =
for f € Wi([0,1)7,R), p € {2,00} |If = [Nz, g € {2,00}
full grid V& with [V =N O(N—2/D)
sparse grid V" with |V7(L1)| =N O(N—2-|logy N|>P~D)

Treatment of the Boundary

So far we only considered functions which are zero on the boundary. This simplifi-
cation is often applicable when the function is the solution of a partial differential
equation, but we want to interpolate arbitrary functions.

We define the boundaries of a grid recursively as inner grids of lower dimension,
but with the same resolution.

The full grid space with boundary

V= P We (2.51)

0< €] 0o <n

is defined as before V) (see equation (2.46)), but note that here £ > 0 instead of
£>1.

To include basis functions on the boundary, we allow £ € N and i € N¥, so we
have an extra level ¢ = 0 with indices iq € {0,1}. Hat functions ¢,; belonging to
boundary points are cut off at the boundary (as in . The index sets for
the hierarchical difference spaces W, = span{¢p; : i € Z;°“} become (cf. equation
(2.42)); see [Figure 2.4)

<igg<2fa—1, 4 i
Iﬁdd::{ieNoD' 1<ig<24—1,igodd ifly>0 ford:l’m’D}.

T0<ig<1 ifl;=0
(2.52)
The sparse grid space with boundary
Y .= W, (2.53)

where

n):= > (lg—1)+1 (2.54)
d=1:D
d>0

=4 —(D—=z2(£)+1 (2.55)

is defined very similar as before (see equations (2.49)) and (2.50))), but with an extra
quantity

2(0):=|{de{1,...,D} : tg =0} (2.56)
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that ensures the resolution on the boundary is the same as in the interior. We set
n(0) := 0. (2.57)

In the interior, i.e., £ > 1, we have z(£) = 0 and hence n(£) = n(£), so we re-
cover . On the boundary we recover on the lower dimensional boundary
manifold, i.e., when we remove all dimensions {d : {; = 0} that contribute to z.

So far the interior hierarchical basis was extended by the two nodal basis functions
¢0,0(x) =1—z and ¢g1(x) = = on level £ = 0. To analyze the interpolation error we
need another treatment of the boundary. Now we extend the interior hierarchical
basis by the two hierarchical basis functions ¢_jo(z) = 1 and ¢g1(x) = « on the
levels £ = —1 and ¢ = 0 (see . The level £ = —1 is an artificial level
and ¢_1 ¢ is attached to z_; 9 = 200 = 0. On level £ = 0 the basis function ¢q is
attached to xo; = 1. We have £ € {No U {-1}}".

. . . T Wi, W, Wi,

Figure 2.9: Subspaces belonging

to sparse grids with Figure 2.10: Subspaces belonging to grids

nodal boundary for with hierarchical boundary

D =2upton =3 for D = 2 for n = 3
(dark gray: sparse grid; dark
gray&gray: full grid) and the
boundary ( ).

AAAR

Wia W Wi

= —

Wis Was Ws 3

The definition of the index set for the hierarchical difference spaces is straightfor-
ward (cf. equation ([2.52)))

1<ig<2la—1, i50dd ifl;>0

794 = {ieNP: 1=1iy if¢;=0 ford=1,...,D
0=ig if 0y =—1
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For the definition of n(€) (see equations (2.54)—(2.55)) we now have
2(0)=|{de{1,..., D} : ta € {~1,0}}] (2.58)
and
nl):=0 for £ {-1,0}7 (2.59)
instead of equations and .

With the above definitions the two representations of the boundary lead to the
same grids and spaces.
We define

V= P W,
Le{NoU{-1}}P

The completion of V with respect to the Si-norm is the standard SOBOLEV space
St

Before we can analyze he interpolation error, we need to introduce a dimension-
wise decomposition into the three cases /3 = —1, £4 = 0 and ¢4 > 0 (denoted ¢4 = *)

for d = 1,...,D. We define £ := {d € {1,...,D} : £y = -1}, €0 .= {d ¢
{L....D}:lg=0} and €0 = {d e {1..... D} : £y = +}.

Lemma 2.19 ([Feul0, Lemma 2.1.13.]). Any function f € S3([0,1]P,R) can be split
uniquely into

flz) = Z iz(x)’ o €W (2.60)
£e{—1,0,+}"
such that each element consists of inner and linear contributions

ie(.%') = fgv* (xe(*)) . H Tq (2.61)

dee©®
Here, the uniquely determined fp . is a ]E(*)|-dz'mensional function satisfying the
homogeneous boundary conditions x4 € {0,1} = fo. (2y) = 0 for any d € o),
Thus, f, does not depend on xq4 for d € Y and it is linear in directions d € £
whereas the dynamics in the remaining directions is governed by fe . : [0, 1]'2(*)‘ — R.

Note again that S3 2 Wi D W2 D W2 on a bounded domain.
For interpolation on sparse grids with boundary we have the following.

Lemma 2.20 ([Feul0, Lemma 2.1.16]). Let f € W2([0,1],R) with p € {2,00} be
given such that

1 Wl]2,q == max - {[fex[2q} <00 (2.62)
e {—1,0,*}

€] >0
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for g € {2,00} and f = Zee{—l 0,47 ie its unique boundary splitting according to
(2-60).
Then for the interpolant f(N) € 21(11) with N = ’27(11)| it holds

If = 7, < e N72- (log NP ]| £ |2q.

The constant ¢ depends on the dimension D.

2.3.2 Global Polynomial Basis Functions

Global (LAGRANGE) polynomials [BNROO] instead of piece-wise linear basis func-
tions (hat functions) are suitable to interpolate smooth functions which are continu-
ously differentiable up to some order R. They give an interpolation error convergence
rate of R (see compared to a rate of 2 (see Lemma 2.20).

We consider multi-variate functions from CZ(Q, B) for the domain Q = [-1,1]"
and the BANACH space B =R (cf. definition (2.19)).

In contrast to piece-wise linear basis functions, the interpolation points in one
dimension are not chosen equidistantly, but as the m extrema of the CHEBYSHEV
polynomials of degree m — 1, which are given as x1 = 0 for m = 1 and

(=1
mi:—cos(ﬂ(z)>, 1=1,...,m,

m—1

for any m > 2.
The choice my = 1 and my = 2671 + 1 for £ > 2 leads to nested sets of points.

Table 2.2: Extrema of CHEBYSHEV polynomials.

£ my T1yeey Ty

1 1 0

2 3 —-1;0; 1

3 5 -1 —72; 0; @; 1

The same tensor product construction as for piece-wise linear sparse grids then
leads to higher-dimensional sparse grids.

Lemma 2.21 ([BNRO0, Theorem 8.]). Let f € CE([~1,1]P,R). Then it holds
1f = FPlleg, < e N7 (log N)FE2EZDFL | flle,

where N is the number of grid points. The constant ¢ depends on the dimension D
and the smoothness R.

2.3.3 Basis Representations

In this section we develop a representation of the interpolant of a function f : P — R
whose coefficients are point evaluations of the function f at the interpolation grid.
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For full grids this is already true for the nodal basis representation. For sparse grids
we need to modify the nodal basis to achieve this goal.

We consider a fixed refinement n. To simplify notation we enumerate the grid
points consecutively, such that the points with indices £ = 1,..., Ng are the sparse
grid points and the points with indices £ = 1,..., Ny are the full grid points. It
holds Ng < Np. Similarly we enumerate the basis functions consecutively such

that the hierarchical basis is {¢(4) | ¢e{1,...,Ng,...,Np}} and the nodal basis is
{¢@ | ¢e{1,...,Np}}. We put the basis functions into vectors &(p) := [§<J'>(p)]§§1
and ¢(p) := [¢p? (p)]fszl Also the values of f at the full grid points, the so-called

nodal values, and the hierarchical coefficients are stored in vectors f := [f(pU ))]N_Fl

and 7y := [y(] f\fl, respectively.
Full Grid Interpolant

The full grid interpolant f (NF) of f fulfills the interpolation conditions
Fp©) = fp¥)  fore=1,...,Np (2.63)

and lies in V™) = span{€W) | j=1,...,Np} =span{¢® |i=1,...,Np}.
The nodal basis representation is therefore

FOP)(p) = £7¢(p Zf U)). €9 (p) (2.64)

since £W) (p(@) = 0.
The hierarchical basis representation is

Np
FE (p) =4Tp(p) = > 7 - 6D (p). (2.65)
=1

The hierarchical coefficients (") are not simply point evaluations of the func-
tion f as the nodal coefficients in the nodal basis representation . But one
can convert the nodal basis and coefficients into the hierarchical basis and coeffi-
cients, respectively, (hierarchization) and the other way round (de-hierarchization)
(see also [Gri98, pages 159-160]). There exists an invertible upper triangular matrix

© = [0;];'7_, [Fenl0] with

o(p) = ©-£&(p). (2.66)

Hence,

7O (2D £7¢ (p)

70 (p)
= (O ") 9 (p),
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i.e., the hierarchical coefficient vector v (cf. (2.65))) is
~=0"Tf (2.67)

We partition ® and @~ ! as follows: the upper left block is of size Ng x Ng and
implies the sizes of the other blocks. We get

o — ©11 O | _ | B Op
©2 O O 0Oy

since © is an upper triangular matrix. Similarly we get

o — O©@Hu O H | | (©®hH (O Hp
T (O (07 )y | e

since ® ! is an upper triangular matrix as well.

We split a vector v € RYF into vg = v(l: Ng) € RMs and vp_g := v(Ng +
1: Np) € RNr=Ns,

Then can be written as

SO

vs = (@7 - fs. (2.68)

Sparse Grid Interpolant

For D = 1 sparse grids are identical to full grids.
The sparse grid interpolant f(Vs) of f is defined in hierarchical basis representation
as

F&)(p) =~ - ¢5(p). (2.69)

We want to represent f(NS) in a basis {E(j) | j= L..., Ng} that does not depend
on the function f and in which the coefficients of f(¥s) are f(p(M),..., f(pt's))

(cf. (2.64)) for full grids).
It holds

FV) (p) B 4T s (p)

" (@, - £5)" - ps(p)
£8 - (© )11 - pg(p)
= f3 - &(p) (2.70)

o
=
5
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with the basis we were looking for

E(p) = (@11 (). (2.711)
Alternatively, we can write
)T (@)1 - ¢5(p)
= [ (©® 0} #(p)
=@ o]0 ¢ (2.72)
It holds
@ o]e=[@©"hy o] [ % on ]

[ O 11 O (07101 }
= |

since ® 1. @ =1, and ® and ® ! are upper triangular matrices.
So we obtain

(
I ()16 } (2.73)

¢(p) © M O } @ -&(p)
B [ I (@ Y10 } -£(p)

=€5(p) +(© 11 - O12-&p_g(P) (2.74)

o (2.72) {

and finally get

7O (p P g7 E(p)
(€s

- €sp) + (OO €rs(p)
= Zf ) - €Y (p) (2.75)
with
é\(j)(p) =§ Z n 11 912]]16 f ( ) for j=1,..., Ng. (2.76)
k= Ns+1

It follows that the sparse grid interpolant fulfills the interpolation conditions

FO) (p®y = f(p®)  for £=1,...,Ng (2.77)
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since for j =1,..., Ng

eV pPY) =eW(p Z 1 O1a)x - € (p)

k= Ns+1

F
=d0ie+ Y. (O )11 Ora)jk - O
k=Ng+1

We have ||£©)||,. =1,¢€{1,...,Np},sofor j =1,...,Ng

1€ 2. < 00, (2.78)

since fA (9) is a finite linear combination of functions &)

Note that the full grid interpolant of a function which has only positive values has
only positive values. This is generally not the case for the sparse grid interpolant of
such a function. So even for scalar-valued functions direct interpolation on sparse
grids does not preserve positivity. As we want to preserve the symmetric positive
(negative) definiteness of the system matrices later in this thesis we will interpolate
them on matrix manifolds.

Further note that equation particularly implies that, if the sparse grid
interpolant of a positive function is negative at some point p in parameter space,
then there exists a basis function {A(j) for which g(j)(p) < 0. Hence, we cannot
combine interpolation on sparse grids with methods that require positive weighting
functions.

2.3.4 Entry-wise Interpolation of Matrix-valued Functions

We treat each entry of a matrix as a scalar and interpolate the matrix-valued function
entry-wise (F™) (p) = 7" (p)]1)).

We perform s1multaneous entry-wise interpolation, which means that we inter-
polate each matrix entry in the same space with the same set of basis functions
independent of the indices ¢ and j. Therefore we can write the sparse grid inter-
polant of the matrix-valued function F as

Fs) (p Z F(p®) . ¥ (p) (2.79)

(cf. ([2.75) for scalar-valued functions) with £*)(p) from the scalar case (2.76)).
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3 Parametric Model Order Reduction

3.1 Parametric Model

The parametric full order model is a multi-input, multi-output linear time-invariant
dynamical system in (generalized) state space form parametrized with D parameters
P= [pla' .. 7pD]T S P - [07 l]D

E(p) -x(t;p) = A(p) - x(t;p) + B(p) - u(t),

y(t;p) = C(p) - x(t; p), (3.1)

where A(p), E(p) € R B(p) € R"*™ and C(p) € R?*".

When the parameter space P is not the unit cube but a cuboid, it can be scaled
and translated to fit the unit cube.

The transfer function of the parametric full order model is

H(s;p) = C(p) - (sE(p) — A(p)) " - B(p). (3.2)

3.1.1 Requirements

We demand the following.
Requirement 3.1. Let A, A=, E and E=! be in Loo(P,R™M).

For symmetric systems we can equivalently say the spectra of A and E should
be bounded over the whole parameter space and stay away from zero (Lemma 4.3)),
which is a reasonable requirement.

Reasonable requirements for the parametric input- and output-map are the fol-
lowing.

Requirement 3.2. Let B € Lo(P,R"™) and C € Loo(P,RT*™).

With the above requirements the norms we introduce in are finite.
Later we will require the following to ensure the stability of the reduced order
models (see [subsection 4.3.1).

Requirement 3.3. Let —A(p) and E(p) be symmetric positive definite for all p in
the parameter space P.
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3 Parametric Model Order Reduction

3.2 Parametric Model Order Reduction
We seek a parametric reduced order model

E.(p) - %-(t;p) = Ar(pP) - X:(t; p) + B (p) - u(?),

(3.3)
yr(t;p) = Cr(p) - x:(t; P),
where A, (p), E;(p) € R™*", B,(p) € R"™*™ and C,(p) € R?*" with r < n.
The transfer function of the parametric reduced order model (3.3)) is
H, (s;p) = C.(p) - (sE(p) — Ar(p)) " - B,(p). (3.4)

The following requirements ensure that the norms we introduce in are
finite and the error measures we introduce in [section 3.9 are well-defined.

Requirement 3.4. Let A, A ', E,. and E; ! be in Loo(P,R™7).
Requirement 3.5. Let B, € Lo(P,R"™"™) and C, € Loo(P,R?").

The method we propose in gives parametric reduced order models of
this class (see [subsection 4.3.2)).

3.3 Error Measures

Firstly, we consider error measures at a fixed parameter point p and are hence in the
case of error measures for non-parametric models (see [subsection 2.2.3)). Secondly,
we consider error measures for the whole parameter space.

To measure the transfer function error (in the frequency domain) for a given
parameter point p we use the Ho-norm

R R 1 R N 1/2
[HC5) ~ BBl = (5 [ IH(s5B) ~ Ho(si B3 ds ) (35)
or the Hoo-norm

IH(;p) — Hr(5P) 7 = sup IH(s; p) — Hy(s;D)]]2- (3.6)

For the whole parameter space we define the norms

1 1/2
Il esipoe = (57 [, [, IBGsip)If ds dp) (3.7
2m Jp Jir
and
IH]| £ (P31 := esssup sup [[H(s; p)l|2. (3.8)
peP seiR
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3.3 Error Measures

So we can measure the transfer function error (in the frequency domain) with

1 1/2
I8~ o leupo = (52 [, [ 1) = Ho(sip) [ ds dp) (3.9)

or

[EL = H e p i) = esssup sup [H(s; p) — H, (s:p) |z (3.10)
pPEP sciR

These two error measures are very similar to the error measures in [BGW15].
However, we write Lo(P, H2) instead of Ho ® Ly introduced by [BBBGI11] (which is
equivalent since Lo and Hy are HILBERT spaces) and Lo (P, Hoo) instead of Heo ®
Lo (which is only a notation) with esssup instead of sup (which should make no
difference in practice).

We now prove that the requirements for the parametric full order model from
[subsection 3.1.1} and the requirements for the parametric reduced order model from
respectively, ensure that the transfer functions are in Lo (P, Hoo) and
L2(P,Hz). So the error measures introduced in this section are well-defined.

Everything is based on the L.-norm of the matrix-valued functions—mnot only for
Loo(P,Hoo), but also for Lo(P,Hz). The Lo-norm is not suitable, since we need to
deal with terms of product structure.

Lemma 3.6. Let A™! € Loo(P,R™"), B € Lo(P,R™™) and C € L (P,RI*").
Then H € Loo(P, Hoo)-

Proof. We can bound the Hoo-norm of the transfer function by the spectral norm
of A1, B and C at any parameter point p. We have

IH(-; p) [l = sup [[H(s; p)ll2

sciR
= sup [C(p) - (sE(p) ~ A(p) ™ B(p)]:
< sup {[[C(p) 2+ | (sB(p) = AP)~"l2- [B(P)]|2}

=[C(p)l2- sup I(sE(p) — A(p))'[l2 - B(p)ll2

= [Cm)]2- |AP) (|2 - IB®@)l2

using for the last equality.
So we can bound the L. (P, Hso)-norm by the Lo-norm of A~ B and C. It
holds

IH| .o (P#00) = esssup [[H(-;p) |2
pPEP

< esssup {|CP)2 - [A®) - B2}

< esssup||C(p)||z - esssup | A(p) ' [|2 - esssup | B(p) |2
pPEP pPEP PEP

= Cllz - IA 2o - 1Bl 2.c.
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3 Parametric Model Order Reduction

Due to the assumptions all factors are finite. O

Lemma 3.7 (cf. [Lemma 3.6). Let A, A~! and E! be in Loo(P,R™ ™). Let
B e Lo(P,R"™™) and C € Loo(P,RY*™). Then H € Lo(P, H2).

Proof. We can bound the Ho-norm of the transfer function by the spectral norms
of A=', A, E7!', B and C at any parameter point p. We have

[H(-5p)3, = % /”R |cm) - (<Ep) - A@)™ .B(P)H; ds
<L [cwz-[cEw) - @) B2 ds
21 iR F

— 5 IC@- ([ [ B - a@)[} ) 1B

< L@ men- IAG) I IA® - [E®) - [BE)I
= 2 ICEE - IA®) 3 1A®D)2 - [EE) 2 B

using submultiplicativity twice for the first inequality and for the last
inequality.

So we can bound the L2(P, H2)-norm by the Lo-norm of A=!, A, E~!, B and C.
To go from FROBENIUS norm to spectral norm we use the matrix norm inequal-

ity (2.5). It holds
2
I,
= [ IHCiplE, dp

< [ {5 1CEIE IA@) B 1Al [EE) 2 1BE)E | dp
= LG IR IAE) B IA®)e - [BE) 0 1BE)3}
n3
=5 L{IC®IB- 1A@) - 1A®) 2 [EE@) 2 [BE)E} dp
3

n _ —
< NI AT Al 1B e [BI - [ 1 dp.

Since P is bounded, it has finite measure. Due to the assumptions the other factors
are finite, too. O

Lemma 3.8. It holds H € Loo(P,Hoo) and H € Lo(P, Ha2).

Proof. We apply [Lemma 3.6| and [Lemma 3.7] using [Requirement 3.1] and [Require-|
ment 3.2 L]

Lemma 3.9. [t holds H, € Loo(P,H) and H, € Lo(P, Ha).

Proof. We apply [Lemma 3.6] and [Lemma 3.7] using [Requirement 3.4] and [Require-|
ment 3.9 O



3.4 Methods

3.4 Methods

In parametric model order reduction, the reduced order model is parameter depen-
dent. The question is how to efficiently deal with this parameter dependence.

We divide a parametric model order reduction method into an offline pre-com-
putation phase and an online phase, which is applied every time the parametric
reduced order model is evaluated at an arbitrary point in parameter space.

One possibility to compute the system matrices of the parametric reduced order
model is by projection

A.(p)=W(p)" - A(p)- V(p),

E.(p) = W(p)" - E(p)  V(p), (3.11)
B,(p) = W(p)" -B(p) and

C.(p) =C(p) - V(p)

Constant (global) projection matrices W(p) = W and V(p) = V are proposed
e.g., in [BBBGI11, BF14]. This approach might lead to a large reduction order r,
especially when the system matrices of the parametric full order model vary sub-
stantially over the parameter space. Only if the parameter dependence of the full
order system matrices is or is made affine, i.e., a linear combination of scalar-valued
functions and constant matrices, the representation can be simplified and all
computations that depend on the full order n can be done in the offline phase of the
method.

In contrast to that, in [AF0§| local reduced order bases and interpolation of the
projection matrices W(-) and V(-) (on a manifold) over the parameter space are
proposed. The resulting reduction order r is smaller than for global reduced order
bases. However, for every evaluation of the parametric reduced order model at
a specific point in parameter space the parametric full order model needs to be
evaluated. That is, the online phase of the method depends on the full order n.
Therefore the method should only be applied when model order reduction at an
arbitrary point in parameter space is far more expensive than the online phase.

This weakness is overcome by computing local reduced order models and interpo-
lating the reduced system matrices A, (), E,(-), B,(-), and C,(-) (on manifolds)
instead [DVWI10, PMELIO0L [AF11l Maz14]. Note that for this approach the repre-
sentation does not hold for arbitrary p, but only for the interpolation points
in parameter space.

In [DVW10l, Maz14] constant (global) reduced order bases are used to compute
the local reduced order models. The method of [AF11] includes an additional step,
where different bases are made consistent, so parameter-dependent (local) reduced
order bases can be used. [PMEL10] also includes a way of making the reduced order
models compatible, but interpolation is not done on manifolds.

Interpolation on matrix manifolds preserves special matrix properties. In [DVW10]
the manifold of invertible matrices is used for the square system matrix. In [AF11]
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3 Parametric Model Order Reduction

also the manifold of symmetric positive definite matrices is used, which is important
for the preservation of stability (see [subsection 4.3.1]).

The order of the resulting reduced order model at an arbitrary point in parameter
space is the same as the order r of the local reduced order models and does not
depend on the number of interpolation points /N in parameter space.

We adopt the method from [AF11] for our special case (—A(p), E(p) symmetric
positive definite, W(p) = V(p) one-sided projection) and describe the details in the
next subsection. In we connect it with interpolation on sparse grids (see
and describe specific choices, extensions and modifications.

Also in |[GBP™14|] the method from [AFTI] is connected with interpolation on
sparse grids. However, stability of the resulting reduced order models is not guar-
anteed. Furthermore, the model order reduction method that is used is not optimal
and not included into the method.

A stability-preserving parametric model order reduction method which does not
involve matrix manifolds is presented in [ECPT11, [GPWL14]. However, non-nega-
tive weighting functions are required, so interpolation on sparse grids is not allowed.

A completely different parametric model order reduction method that involves in-
terpolation, namely the interpolation of the transfer function, is suggested in [BB09].
The main problem of this approach is that when the system poles vary over the pa-
rameter space spurious poles occur. To deal with higher-dimensional parameter
spaces interpolation is done on sparse grids.

In [BBBG11] sparse grids are mentioned, too. However, not in terms of interpo-
lation, but merely for sampling at the grid points. At each point a local reduced
order basis is computed and then all are united to build a big global reduced order
basis.

3.4.1 Interpolation of Local Reduced System Matrices on Manifolds

In this section we describe the method of [AF11].

First, N points in parameter space pi, ..., py and a reduction order r are selected.
Second, for j = 1,..., N a (non-parametric) model order reduction method is applied
to the parametric full order model at the fixed parameter point p; to construct a local
reduced order basis of dimension r spanned by V;. Then the local reduced order
bases are transformed (Step A) such that they fit together. This is the method’s
offline phase.

In the online phase of the method (Step B) we interpolate the system matrices of
the local reduced order models on manifolds.

Step A: Congruence Transformations

The system matrices of the local reduced order models are not unique, as there
exist infinitely many equivalent systems (see [subsection 2.2.1). For a meaningful
interpolation the entries of the system matrices, that is the coordinates, have to
be expressed in the same reduced order basis. Since V(-) and also its span vary
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3.4 Methods

over the parameter space this cannot be achieved exactly. Still, the V(p;) can be
adapted to a reference projection matrix Vet as follows.

So before we apply interpolation we transform each pre-computated reduced order
model into a consistent set of generalized coordinates.

Multiplying a basis matrix V with an orthogonal matrix Q changes the basis, but
not the system itself—the systems are equivalent. We choose

Q; = argmin ||V, -Q— V%,
QERTXT: orth.

where Vit is the representation of the reference basis all other systems are adapted
to.
The solution of this orthogonal Procrustes problem is given by Q; := Uj - ZJT,

where U; - X, - Z? = P; is a singular value decomposition of
P;:=V] Vi (3.12)

The basis changes lead to transformed system matrices of the local reduced order
models at the interpolation points in parameter space
EY « Qj EY-Q
AY Q] -AY - Q;,
BY « Q] -By’, and

CY «+ CY - Q.

(3.13)

Step B: Interpolation on Matrix Manifolds

Instead of interpolating the matrix entries directly, we interpolate the associated
linear operators on their appropriate matrix manifold.

(a) The manifold of symmetric positive definite matrices of size r for —A, and E,.
(b) The manifold of 7 x m real matrices, R"*™ for B,.

(¢) The manifold of ¢ x r real matrices, R?*", for C,.

The interpolation consists of three steps. First, the matrices are mapped from the
manifold onto the tangent space of one fixed matrix X of the manifold (logarithm
mapping). Next, the interpolation process takes place in this linear tangent space.
Last, the resulting matrix is mapped back onto the manifold (exponential mapping).
shows which mapping corresponds to which manifold. exp and log denote

the matrix exponential (see [Definition 2.5 and logarithm (see [Theorem 2.6]).
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3 Parametric Model Order Reduction

Table 3.1: Exponential and logarithm mappings for matrix manifolds of interest.

manifold RM*N  symmetric positive definite matrices
Expx(T) X+T X2 exp(T) - X1/2
Logx(Y) Y -X log(X~1/2.y . X~1/2)
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4 A Stability-preserving Parametric
Model Order Reduction Method

The method we propose in this thesis (see |[section 4.1)) is based on the method from
[AFTI] (see[subsection 3.4.1)). We make some specific choices, extensions and modi-
fications, which we explain in detail in and connect it with interpolation

on sparse grids (see [section 2.3)).

Features of the method are its

e stability guarantee,

e suitability for higher-dimensional parameter spaces,

o flexibility for any interpolation method,

e automatism, so no tuning is necessary,

e accurate reduced order models due to local reduced order bases,

e reusability of old local reduced order models when new interpolation points
are added.

The only drawback of our method is its limitation to symmetric systems.

To run the method one simply needs to choose a reduction order and an interpo-
lation method, i.e., a grid and basis functions. We suggest sparse grids with global
polynomial basis functions.

4.1 Algorithm

The method is summarized in the following two algorithms, which form the two
distinct phases of the method.

The first phase is the offline or reduction phase, where we perform model order
reduction at discrete points in parameter space . The second phase
is the online or interpolation phase, where we interpolate the local reduced order
models in the parameter space .

depicts a flow chart of the method.
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4 A Stability-preserving Parametric Model Order Reduction Method

Algorithm 4.1 PMOR for symmetric LTI systems - Offline phase (reduction).
Compute reduced order models at parameter grid
(orth denotes the orthogonalization of the column vectors.)

1. Perform Iterative Rational KRYLOV Algorithm (see |[Algorithm 2.1)) at center
point of parameter space to compute reference reduced order basis Vi =

V(pcenter)a Mgef = Mi(pcenter) and b§ef =b; (pcenter) fori=1,...,r.

2. Choose sparse grid (see [section 2.3) as parameter grid.

3. For every point p; of parameter grid:

a) Compute reduced order basis
T

-1 .
V; =orth {(,ugef -E(pj) — A(pj)> B(p;) b§ef] . with rank(V;) = r.
1=
b) Adjust reduced order basis:
i. Compute P = VJT - Vier € R,
ii. Compute singular value decomposition P = U -2 - Z” of P.
iii. Compute Q = U -ZT € R"™*" (orthogonal).
iv. Set Vj = Vj : Q
c¢) Project onto reduced order basis
Ay =V Ap;)-V;, BY =V].B(p)),
EY =V E(p)-V;, C =C(p;)-V;
d) Transform system to eliminate E}’ (~ I,.):

Compute CHOLESKY decomposition EYY = RT - R of EYY (triangular).
Set AV =R T.AY.R™!, BV =R 7T.BYY and CFM=CP.RL

Algorithm 4.2 PMOR for symmetric LTI systems - Online phase (interpolation).
Interpolate system matrices of reduced order models on their appropriate manifold
(exp and log denote the matrix exponential and matrix logarithm, respectively.)

1. For every point p; of parameter grid:
Map —AY’ to tangent space of matrix manifold:
P =log(—AF?)

2. Interpolate in linear tangent space:
Interpolate matrices 277, Br? and Cr’ entry-wise (see [subsection 2.3.4) by

interpolation on sparse grid (see [section 2.3)).
a) Set up interpolants 2,, B, and C, (see (12.79)).
b) Evaluate interpolants at P to obtain 2,.(p), B,(p) and C,.(p).

3. Map 2,(p) back to matrix manifold:
AP = —exp (2:(p))
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4.1 Algorithm

E(p) x(t) = A(p) x(t) + B(p) u(t)
y(t) = C(p) x(t)

E(p)) x(t) = A(p;) x(t) + B(p;) u(?)
y(t) = C(pj) x(t)

ég? = V%T - A(p;)
E,’ = Vj ) E(pj)

V;=V;-Q

-V
-V

B’ = V] - B(p;)

CY =C(p)) -V,
EY x,(t) = AY x,.(t) + BY u(t)
yr(t) = Cy x;(t)
E’ =RT-R
Afj —RT. Af] .R1
B7I~)j =R T. B?J
CP — P R-!
%,(t) = AP x,(t) + By u(t)
yr(t) = Ccr x,(t)
Ar’ = log(—AY)
A (p) = )5 % €9 (p)
B, (p) = 3L B £V (p)
C(p) = XL, CF - EW(p)
A.(p) = —exp (,(D))
% (t) = An(P) x,(t) + B.(P) u(t)
yr(t) = Cr(p) xr(t)

Figure 4.1: Flow chart of the method.
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4 A Stability-preserving Parametric Model Order Reduction Method

4.1.1 Performance Improvements

To efficiently implement the method, we would interlace some steps of the algorithm.
Since this makes the succession of steps less clear, we just mention the modifications
for implementation here.

From we would shift mapping to the tangent space (step [1)) and
setting up the interpolant (step , i.e., the coeflicients for the interpolation basis
functions, to [Algorithm 4.1] (offline phase). This just leaves the evaluation of the
interpolant at point p (step @D , i.e., evaluation of the interpolation basis functions,
and mapping back to the manifold (step |3) in (online phase).

A completely different idea to save some memory is to exploit the symmetry of
the system matrices. This nearly halves the number of matrix entries that have to
be interpolated.

4.2 Design Decisions

The parametric model order reduction method from [AF11] is a good method to
base on since it possesses some important properties. The other methods applicable
to linear time-invariant systems (see[section 3.4)) lack at least one of these properties.

1. The online phase is completely independent of the full order n. This is essential
for any efficient method.
In [AF08] basis matrices of size n are interpolated and multiplied with the
system matrices of the full order model.

2. The reduction order r is independent of the number of interpolation points in
parameter space N.

3. Some special matrix properties are preserved, e.g., symmetric positive defi-
niteness, which is essential to preserve stability.
In [PMEL10] the system matrices are interpolated directly and not on mani-
folds. In [GBP™14] the system matrices are interpolated on the manifolds of
regular and real matrices, but not symmetric positive definite.

4. There is no restriction on the interpolation method, e.g., concerning coeffi-
cients, basis functions or interpolation points.
In [ECPT11, [GPWTLI4] only non-negative weighting functions (basis functions
for which the coefficients are the values at the grid points) are allowed. When
we interpolate on sparse grids, the weighting functions can become negative
(see [subsection 2.3.3)).

5. The reduced order basis to compute the reduced order models need not be
constant, but can vary over parameter space. So even reduced order models
with a small reduction order can have good accuracy.

In [BBBG11l, BF14, DVWI10, Maz14] constant (global) reduced order bases

are used.
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4.2 Design Decisions

We do not use the method from [BB09] due to its problems with poles. The second
and the fourth property are the reason why the PMOR method from [AF11] can
efficiently be applied to higher-dimensional parameter spaces when connected with
sparse grids. We make some choices, extensions and modifications to the original
method and deal with them in the following.

Our method is tailored to symmetric systems (see [subsection 4.2.1).

For the offline phase:

e We choose the reference reduced order basis Vi from peenter (S€€
tion 4.2.2)).

e We suggest a model order reduction method (see [subsection 4.2.3)) which pro-
duces guaranteed stable reduced order models by a projection matrix V with
smooth parameter dependence and is nearly optimally.

e We switch the projection and the transformation step (see [subsection 4.2.4)).

e We transform the reduced order models to eliminate E, (see subsection 4.2.5),
which nearly halves interpolation effort in the online phase.

For the online phase:

e We use the tangent space at X = I, (not A, (prer)) (see subsection 4.2.6|) and
at X = O for B, and C,.

4.2.1 System Structure

The method of [ECPT11, [GPWLI4] guarantees stability without any restriction on
the system structure. However, only non-negative weighting functions can be used,
so it is not compatible with interpolation on sparse grids.

Since we want to interpolate on sparse grids to handle higher-dimensional param-
eter spaces, we require a certain system structure, namely symmetry. Concretely,
we require that —A(p) and E(p) are symmetric positive definite (Requirement 3.3)).

4.2.2 Reference Basis

In [AF11] an index ¢y € {1,..., N} is chosen and the reference reduced order basis
is set to Vit = Vy,. We chose ¢ such that py, = Pcenter-

4.2.3 Model Order Reduction Method
Stability Preservation

Even if all local reduced order models are stable an interpolated reduced order model
at an arbitrary parameter point can in general be unstable when no precautions are
taken. Stabilizing an interpolated reduced order model is not preferable since it
might destroy important properties such as a smooth parameter dependence and
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4 A Stability-preserving Parametric Model Order Reduction Method

involves extra computational effort. Hence, we include stability preservation in our
method.

To guarantee that the local reduced order models are stable, we assume that the
matrices —A(p) and E(p) are symmetric positive definite for all p € P (Require-|
[ment 3.3). We use one-sided projection (see [subsection 2.2.2), i.e., W(p) = V(p),
which preserves the symmetric positive definiteness. Furthermore, we interpolate the
system matrices —A,(p) (and E,(p)) on appropriate matrix manifolds as in [AF11]
(see [subsection 3.4.1]), which preserves their symmetric positive definiteness. Thus
the interpolated reduced order model is stable (see [Corollary 4.2|in [subsection 4.3.1]
for a detailed proof).

Preserve Smooth Parameter Dependence

We want to preserve possibly smooth parameter dependence during the reduction
phase to have an efficient interpolation phase, especially when using global polyno-
mials.

The congruence transformations of the reduced order bases (see or
step make the reduced order models more consistent by changing
the basis representations V; of the local subspaces. However, we need to ensure
that the local subspaces fit well together in the first place.

The methods from [AF11, PMELIO] allow for varying reduced order bases, but
they do not suggest a specific method to generate them. In one of the examples
the authors use a rational KRYLOV method called moment matching that bases
on the interpolation of the transfer function in frequency space (see .
However, the interpolation points are not chosen optimally. We suggest a strategy
for automatically choosing good, nearly optimal frequency interpolation points.

A small reduction error can be achieved by running the Hs-optimal Iterative
Rational KrRyLov Algorithm at every interpolation point in pa-
rameter space p;. However, the computed Ha-optimal interpolation points p;(p)
in frequency space generally do not have a smooth parameter dependence, even if
there is a smooth parameter dependence in the parametric full order model and even
when using the same initial values for the p;.

We assume that the Hs-optimal frequency interpolation points p; at some ref-
erence point p.r € P are good, nearly Hs-optimal frequency interpolation points
for the whole parameter space P. Therefore we propose to do non-optimal ratio-
nal KRyYLOV interpolation for all p; with the Hs-optimal frequency interpolation
points and tangent directions of prer and choose pref = Pcenter- INOte that the ra-
tional KRYLOV method corresponds to one IRKA-loop, i.e., the Iterative Rational
KRrRyLOvV Algorithm without iteration, and hence needs no extra implementation
effort.

Since the proposed model order reduction method is interpolatory we have trans-
fer function interpolation properties at every point p; (see [Theorem 4.13|in [subsec-|

for details).
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IRKA

Figure 4.2: Parameter dependence of reduced order basis.

Unfortunately we could not prove the preservation of smooth parameter depen-
dence so far. However, intuition suggests that our method preserves the smooth
parameter dependence of the full order model. The orthogonalization might destroy
the smoothness, but the PROCRUSTES step should repair this. The computational

experiments in support this conjecture.

Let us note that in [BG15] a similar method for model order reduction at differ-
ent points in parameter space is proposed. In contrast to our method, the transfer
function is not only interpolated at some points in frequency space, but also ap-
proximated at some other points in frequency space. The frequency interpolation
points are chosen as the Hs-optimal frequency interpolation points of one particular
parameter point and the frequency approximation points are chosen logarithmically
spaced over the frequency range of interest. This method is computationally more
expensive, but gives reduced order models of better accuracy than pure interpola-
tion. However, stability of the reduced order models is not guaranteed.

4.2.4 Switch Projection and Reduced Order Basis Transformation

Instead of projecting
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4 A Stability-preserving Parametric Model Order Reduction Method

(cf. (3.11) with W =V at p;) and then transforming the system matrices

EY «+ Q] -EY - Q;,
Pj T | 2]

A'r]<_Qj . 'I“]’Qj7

BTI?j <_Qf 71“)j7

Cr’ «+ CY - Qy,
(cf. (3.13)) we include Q; in V
V;+V;-Q;
and then project

P =V -E(p;) V;,
BY = VI B(p,),
AP =V Alp)- V.
CY =C(p)) - V;

(see steps and in [Algorithm 4.1)). This way the actual reduced order bases

become visible.

4.2.5 Additional Reduced Order Basis Transformation to Simplify
System

Additionally to step [3b|in |Algorithm 4.1| (corresponding to Step A in [section 3.4.1))

we perform another transformation of the reduced order basis (step before we
interpolate corresponding to Step B in . Our goal is to
achieve E, = I, on the one hand and to preserve the symmetric negative definiteness
of A, on the other hand.

The simple transformation A, ~» E~ L. A, and E, ~ I, does preserve the sym-
metry only if A, and E, commute, which is generally not the case.

We propose to use the CHOLESKY factors of E, = RTR (Theorem A.15). Then
we can transform A, ~ R™T - A, -R~! and E, ~ I,. Of course, B, and C, need
to be transformed as well: B, ~ R~7.B, and C, ~ C, - R, so we achieve an
equivalent system.

We could also use the matrix square root instead of the CHOLESKY factors to
eliminate the matrix E,. However, this is computationally more expensive since
the computation of the matrix square root for symmetric positive definite matrices
involves the CHOLESKY decomposition anyway [Hig08, Algorithm 6.21].

Eliminating the full order model system matrix E before performing model order
reduction is not advisable as it might destroy the sparsity of the matrix A and
can lead to problems in model order reduction. However, for the interpolation of
the reduced order models we experienced no significant changes in the error in our
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computational experiments (see subsection 7.2.2)). If it would be a problem for other
benchmarks, this step can simply be skipped.

The elimination of E, seems to have no negative effects, but is has several advan-
tages. Since the number of matrix entries is nearly halved, we need less memory to
store the local reduced order models at the interpolation points in parameter space
and we need less time to interpolate the local reduced order models. Additionally,
the analysis of the interpolation error is much simpler.

4.2.6 Reference Point for Tangent Space

As the reference point for the manifold’s tangent space we choose X = O for ar-
bitrary rectangular matrices and X = I, for symmetric positive definite matrices
instead of X = —A} for some index jo € {1,..., N} as in [AF1I]. That way, the
mappings between a manifold and its tangent space are simplified to the identity
and the common matrix exponential and matrix logarithm, respectively.

The theoretical background for this choice is given in [AFPAQ7]. Obviously, the
mapping is cheaper to compute and we do not need to speculate or test which pj,
would be best. Practical experience (cf. [Mazl4]) give evidence that this simplifi-
cation yields similar results and suffers from less numerical stability problems. Our
experiments (see also indicate that this is an appropriate choice for the

reference point.

4.3 Properties

4.3.1 Stability Preservation

A system with matrices A and E is stable if Re(\) < 0 for all A € A(E7!A)
(Definition 2.10|). Due to it is sufficient that A is symmetric negative
definite and E is symmetric positive definite.

Theorem 4.1. The system matriz of the interpolated reduced order model AT(IA))
computed with [Algorithm 4.1| and [Algorithm 4.4 is symmetric negative definite for
every p € P.

Proof. In the following we show that all square system matrices which appear in our
method are symmetric negative definite and symmetric positive definite, respectively.
We demand A(p) to be symmetric negative definite and E(p) to be symmetric
positive definite at every point p in the parameter space P (Requirement 3.3).
Hence, the parametric full order model is stable in the whole parameter space.

We obtain the system matrices of the reduced order model by projection. Due
to [Theorem A.16|and |Corollary A.17|the matrices A, (p) and E,(p) are symmetric
negative definite are symmetric positive definite at every point p € P, respectively.
Hence, the parametric reduced order model is stable in the whole parameter space P.

After the elimination of E,(p), the matrices A, (p) are symmetric negative definite
at every point p € P due to
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4 A Stability-preserving Parametric Model Order Reduction Method

We obtain the system matrix Ar(f)) of the interpolated reduced order model
by interpolation of —A,(p) on the matrix manifold of symmetric positive definite
matrices. So the matrix A, (p) is symmetric negative definite for every point p in

the parameter space P. O

Corollary 4.2. The interpolated reduced order model (A, (p), B, (
puted with [Algorithm /.1 and[Algorithm 4.9 is stable for every p €

p). C.(P)) com-
P.

4.3.2 Preservation of Model Requirements for Well-defined Error
Measures

In this section we prove that the requirements for the parametric full order model
from subsection 3.1.1| (Requirement 3.1HRequirement 3.3 ensure that the interpo-
lated reduced order model from our method fulfills [Requirement 3.4] and [Require-|
Recall that this implies that the transfer function of the parametric re-
duced order model is in Lo (P, Hoo) and Lo(P, H2) (see|Lemma 3.6/and [Lemma 3.7)).

Table 4.1: Overview of preservation of requirements for well-defined error measures.

model/ matrices H requirement,/ lemma

full order model |Requirement 3.1| |Requirement 3.2

A E B, C A AV E E! B € Lo(P,R™™)
€ Loo(P,R™™™) C e Loo(P,RT*™)

reduced order model Lemma 4.4 M

A, E,. B, C, A A TE, E! B, € Loo(P,R™™)
€ Loo(P,R™T) C, € Loo(P,R?*T)

transformed reduced order model

A, B, C, A A B, € Lo(P,R™*™)
€ Loo(P,R™T) C, € Loo(P,RT*T)

in tangent space Lemma 4.8

A A € Loo(P,R™7)

interpolated in tangent space Lemma 4.10

2A, A, € Loo(P,R™¥T)

interpolated reduced order model M M

A, B, C, A AT B, € Loo(P,R™*™)
c Eoo(P,RTXT) ér c EOO(P7R(]><T)
|Requirement 3.4| |Requirement 3.5|

According to [subsection 4.3.1] all models that appear in our method are stable.
The transfer function of a stable system is in Hoo [Ant05, Theorem 5.18] and in Hs
[ABGI0]. Thus, everything is fine for a fixed parameter point and we just have to
deal with the norms over the parameter space and prove that they are finite.
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4.3 Properties

Full Order Model

For the parametric full order model we state requirements in We have
an equivalent characterization of [Requirement 3.1 when —A and E are symmetric
positive definite (Requirement 3.3]).

Lemma 4.3. When —A(p) and E(p) are symmetric positive definite at every
point p in the parameter space P, then A, A~V E,E~! € L (P, R™") is equiv-
alent to

—o0 < essinf A\pin(A(P)), ess sup Amax(A(p)) < 0,
peP pEP
0 < essinf Apin(E(p)), ess sup Amax (E(p)) < o0o.
peP peEP
Proof.
|Allz.. = esssup [|A(p)]2
PEP
= esssup (—Amin (A(P)))
PEP
= — i f>\min A
essin (A(p))

1A e = esssup 1A ()" |2

= esssup (_/\maX(A(p))_l)
pEP
= — eise%lf ()\maX(A(p))_l)
= —(esssup Amax(A(p))) !
peP

I|E| 2., = esssup |E(p)]2
PEP

— esssup Amax(E(p))
pEP

IE~"|z.. = esssup [E(p) [l
pEP

= esssup (Amin(E(p)) 1)
peP

= (essinf Amin (E(p))) ™" O

93



4 A Stability-preserving Parametric Model Order Reduction Method

Reduced Order Model

Since we compute the reduced system matrices A, and E, by one-sided projection,
we can show the following.

Lemma 4.4. It holds A,, A7 E, E-!1 € L (P,R"™7).

Proof. We have E,(p) = V(p)" - E(p) - V(p) and A,(p) = V(p)" - A(p) - V(p).
Applying [Corollary A.19| we get

)\min(A(p)) S )\min(Ar(p))v )\maX(Ar(p)) S )\max(A(p)),
)\min(E(p)) S )\min(Er(p))ﬂ )\max(Er(p)) S )\max(E(p))
Hence, it holds
HAr(p)HQ )\min(Ar(p)) < _)\mm(A(p)) = ||A(p)H2,
1A+ (P) 7 2 = ~Amax(Ar(P) ™' < —Amax(A(P)) ™ = [A(D) 2,
HET(p)_1H2 = /\min(Er(p))_l < )‘min(E(P))_l = ”E(P)_1H2a
IEr(®)ll2 = Amax(Ex(P) < Amax(E(P)) = [|E(P) -

Now we apply the essential supremum over the parameter space to bound the L£.o-
norms, which are finite due to |[Requirement 3.1 and the equivalent characterization

together with [Requirement 3.3 O

For the parametric input- and output-map of the reduced order model we can
show the following.

Lemma 4.5. It holds B, € Loo(P,R™™) and C, € Lo(P,RI*T).

Proof. We have

IB:(p)ll2 = [V(p)" B(p)|-
<[V l2- IB(P)ll
= [B(®)l2

since V(p) has orthonormal columns. The inequality ||C,(p)|l2 < [|C(p)]|2 follows
analogously. We apply the essential supremum over the parameter space to bound
the L .-norms, which are finite due to |Requirement 3.2 O

Transformed Reduced Order Model
Lemma 4.6. It holds A, A1 € Lo (P,R™7).

Proof. By definition of R it holds E,.(p) = RTR. Hence, it holds E,(p)~! =
R'R~7. Note that R™! is an upper triangular matrix with positive diagonal
entries, too.
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We have
|A-(P)ll2 =R - A(p) - R7'|2
< Ar(p)llz- RT3
= A (p)l2 - [IEr(p) "2
and

IA-(P) "Iz = IR - Ar(p)™" - R[>
< 1A (p) "Iz - 1IR3
= [|Ar(P) Iz - [1Ex (p)]|2,
due to for M = E,(p)~! and M = E,(p), respectively.

We apply the essential supremum over the parameter space to bound the L.-
norms, which are finite due to ]

Lemma 4.7. It holds B, € Loo(P,R™™) and C, € Loo(P,RIXT).

Proof. By definition of R it holds E,(p) = RTR. Hence, it holds E,(p)~! =
R 'R7. Note that R™! is an upper triangular matrix with positive diagonal
entries, too.

We have
IB,(P)ll2 = IR™" - B,(p)|>
<R T2 |B(p)]2
= |E(®) "1 1B, (D)2
and
IC(@)]2 = |Cr(p) - R 72
C,(p)ll2- IRz

|
<
— G (P)]12 - 1B (p) 15

due to for M = E,(p)~ "

We apply the essential supremum over the parameter space to bound the Loo-
norms, which are finite due to [Lemma 4.4] and [Lemma 4.5] ]

Lemma 4.8. It holds A, € Loo(P,R™7).

Proof. We have —||A;(p)[|2 = Amin(Ar(P)) < Amax(Ar(P)) = _HAT(P)71H2_1> 80

1A ()7 2" < 1A (P)]l2. (4.1)
1A P)IIz" < A7 (p)"l2,
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4 A Stability-preserving Parametric Model Order Reduction Method

To rewrite the norm of the matrix logarithm as the logarithm of the matrix norm

we use [Lemma B.9 So it holds

124 (p) ]2
= [[log(—=A+(p))l2

{og(II-A(p >|rz>\,|log<|r—Ar<p>*1||2>\}
=max{|1og | A (@), llog 1A (p) " ]l2)|}
{
{

I

=

o

"

=}
PR
{I>

~log([| A (p)ll2). log (| A+ (p) " |2). — Log(| A, (p) ~'[12) }
= max {log(| A+(p) ). loa(| A+ (p) 3), loa(| A+ (p) " I2). los ([ A+ (0) I3 }

ax {log(llA (P)ll2), 10g(||Ar(p)||51)710g(||Aq~(p)_1Hz)7log(llAr(p)llz)}

< max {log(| A+ (p) ). log (| A+ (p) " l2). log (| Ar(p) " l2). log([| Ar (p) 2) |
= max {Log(|| A, (p) 2), log (| A+ (P) " l2)}

IN
=

We apply the essential supremum over the parameter space to bound the £..-norm.
The norm

12| 2o = esssup[|2(p)|l2
peP

< esssupmax {log(|| A, (p)|2); log (| A, (p) ' l2) }
PEP

:maX{esses;plog(HA (P)ll2); esssuplog(HA (P)~ 1H2)}

= max {log(ess sup || A (p)|l2), log(ess sup ||A7«(p)*1 Hg)}
PEP PEP

= max {log(||Ar[|..), log([| A7 c.) }

is finite due to [Lemma 4.6 O

Interpolated Reduced Order Model

Lemma 4.9. Let F € Loo(P,R™™). Then FN) € Lo (P,R™™) for N € {Ng, Np}.
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Proof. We have
||F(N)||Loo = esssup ||F(N)(p)||2

PEP
(2.79) N ; ;
= esssup || > F(p?) - £¥)(p)
peP j=1 9

N
< esssupz IF(Y)]2 - Hg])(P)‘b

peP i

N
< Y esssup [F(p)|z - esssup €Y (p) 2
j:1 pEP pEP

N .
= > IFllew - €9 20

=1
< N.|F . £(J)
<N-[F|co jgllé}ﬁ\\ﬁ [

< 00

since max;j—_i. y 1€D]| £ < oo (see inequality (2.78) in lsubsection 2.3.3). O

Lemma 4.10. It holds 2, € Loo(P,R™*7).
Proof. Apply [Lemma 4.8 and [Lemma 4.9|for F = 2,.. O

The next two lemmas show that our method produces reduced order models which
fulfill Requirement 3.4] and |[Requirement 3.5l

Lemma 4.11. It holds A, A;' € Loo(P,R™7).
Proof. We have

1A (p)* [l2 = [|— exp (£, (p)) 12
= [lexp(£2(p)) 2
exp([[+2,(p) )

= exp([[2: (p)]|2)

applying for the inequality. Now we get

1A e = esssup A (D)5
pPEP

< esssup exp(|!§lr(P)H2)
pPEP

= exp(eSS sup Hﬂr (p) HQ)
pEeP

= exp([[%|...),
which is finite due to [Lemma 4.10 ]

IN
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4 A Stability-preserving Parametric Model Order Reduction Method

Lemma 4.12. It holds B, € Loo(P,R™™) and C, € Loo(P,RI*T).

Proof. Apply|Lemma 4.5|and [Lemma 4.9|with F = B, and F = C,, respectively. [

4.3.3 Transfer Function Interpolation Property

Theorem 4.13. The transfer functions of the full order model and the interpo-
lated reduced order model, H and H,, respectively, fulfill the one-sided tangential
interpolation condition

H(u;; pj) b = H (4 p;) b
fori=1,...,randj=1,...,N.

Proof. We compute the local reduced order models with

V; = orth | (4 E(p;) - Ap;)) " B(p,) b

i=1:r

so due to part [1| of [Theorem 2.12it holds
H (3 py) b = H, (41 pj) i

forte=1,...,rand j = 1,..., N. We interpolate the reduced system matrices in
parameter space, so at the parameter interpolation points it holds

H,(s;pj) = H,(s; pj)
forseCtandj=1,...,N. O

Since we use one-sided projection those properties are only right-tangential inter-
polation properties for the transfer function and not for its derivatives.

In the special case of C(p)T = B(p) we have bi-tangential interpolation properties
for the transfer function and its first derivative with respect to the frequency.

Theorem 4.14. If C(p)” = B(p) for all p € P, then the transfer functions of the
full order model and the interpolated reduced order model, H and H,, respectively,
fulfill the two-sided tangential HERMITE interpolation conditions

H(;5 pj) bl = H, (15 pj) bt
refl’ r ref! 3 r
o H(u N py) =t B (1 p,)), and
d d ~
i ——H (i py) b = e —H (4] py) BT
S S

fori=1,...,randj=1,...,N.
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Proof. We compute the local reduced order models with

Vj = orth [(Mgef -E(pj) — A(pj)) B(p;) b’gef}

i=1:7r

= orth [(lﬁef -E(p;) — A(pj))_T C(pj)T c?f] i=1: 7

so due to [Theorem 2.12] it holds
H(1i pj) bl = H, (1 p;) bt
T T
e H(utipy) = H,(iip,).  and

d d
i —H(uip;) b = ¢ —H, (1 p;) bi!
S S

forte=1,...,7rand j = 1,...,N. We interpolate the reduced system matrices in
parameter space, so at the parameter interpolation points it holds

H,(s;p;) = H,(s;pj), and

d d ~

EHT(S;pj) = EHT(S;pj)

for s € Ct and j =1,...,N. In fact, all derivatives of H, and fIT are equal. ]
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5 Interpolation Error Bounds

In this chapter we investigate the error of our proposed parametric model order
reduction method. We focus on the analysis of the error which originates from
interpolation of the reduced order models to relate it with the model order reduction
error. First, we split the error into a model order reduction and an interpolation
part. Then we derive bounds for the interpolation error.

Error Splitting

We consider the transfer functions of the original full order model, the reduced
order model and the interpolated reduced order model, denoted by H, H, and H,,
respectively. We split the transfer function error into a model order reduction and

an interpolation part using triangle inequalities (see [Lemma B.10|) as follows:

IH = H, |20 (p7000) < IH = Holl 2 2100) + ITHr = Hell 2o (2. 700);

model order reduction interpolation

H — Hyl|2,p3) < [H = He || £,p30) + [Hr — Hel| £,0p 210,) -

model order reduction interpolation

Interpolation Error Bounds

The interpolation algorithm which is used in our parametric model order reduc-
tion method acts on the matrices in tangent space. However, we want to quantify
the interpolation error in terms of the transfer function, which is defined via the
system matrices. Therefore, we derive upper bounds for the interpolation error in
the transfer function which depend on the error in the tangent space matrices we
interpolate.

We consider two transfer function norms: the L (P, Hoo)-norm (which contains
the matrix spectral norm; see gection 5.3]) and the L£o(P, Hz)-norm (which contains
the matrix FROBENIUS norm; see [section 5.4). Before we deal with the whole pa-
rameter space we bound the H,,-norm and the Ho-norm at a fixed parameter point
(see [section 5.1 and [section 5.2)).

The system matrices B,.(p) and C,.(p) are interpolated directly. Instead of A, (p),
we interpolate 2, (p) = log (—A,(p)), where “log” denotes the matrix logarithm (see
. Hence, the interpolation error bound for the transfer function should
depend on the matrix interpolation errors ||B,(p) — B, ()|, ||C.(p) — C.(p)|| and
Hmr(p) - er(p)H
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5 Interpolation Error Bounds

—A, (pj) _Ar (IA))
log exp
interpolation ~
A (p;j) - 2,.(P)

Figure 5.1: Interpolation scheme for system matrix A, (p).

Before we start, we need some notation. In the following we omit the index r
most of the time for the sake of simplicity. All considered quantities belong to
the reduced system or the interpolated reduced system, marked with “”. The
symbol A in front of a quantity x denotes the difference between the reduced and
the interpolated reduced quantity Az = z — 2. We also leave out the dependence
on the parameter p, as we consider everything at an arbitrary, but fixed parameter
point p.

The definitions of the Ho.-norm and the Ho-norm involve the frequency variable s
of the transfer function only on the imaginary axis, so s € «R throughout.

The system matrix A is always required to be symmetric negative definite. Hence,
the magnitude of its largest eigenvalue |Apmax(A)| equals |A|min(A), the magnitude
of the eigenvalue with the smallest magnitude. To avoid confusion, we stick to the
first notation. Consequently, [|A~1|s = |Amax(A)] 1.

With the definition 20 = log(—A) it is easy to verify that A = —exp(2) and
A~ = —exp(—2), where “exp” denotes the matrix exponential.

The interpolated system matrix A is always assumed to be symmetric negative

definite, too, as this is guaranteed by our algorithm (see|Theorem 4.1)), and we define

2A =log(—A).

Technical lemmas are deferred to the end of this chapter (see in order
to focus on the core ideas in the following.

The first step of deriving our bound is to separate the three parts stemming
from A, B and C, respectively.

Lemma 5.1. Let M = M(s) = (s — A)~! and M = M(s) = (sI — A)~L. Then

IEL(s) — H(s)|| < [|C- AM(s) - B|| + [|C- M(s)] - [AB] + | M(s) - B| - HA(EII |
5.1

for any submultiplicative matrix norm.

Proof. We introduce some helpful zeros, use the triangle inequality of the matrix
norm, submultiplicativity and yield

|H - H|| = |CMB — CMB||
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< ||CMB — CMB|| + ||[CMB — CMB|| + ||[CMB — CMB]|
=||C-M-(B-B)|[+|C-M-M) B|+|(C-C)-M-B]|
<[[C-M—-M)-B|+|C-M|-[B-B|+[M:B-||[C-C|. O

In the following we treat the Ho.-norm and the Hs-norm case separately.

5.1 Bound for H..-norm at Fixed Point

In this section we derive an upper bound for the interpolation error in the H,,-norm
at a fixed point p in parameter space. Recall that

IH,(-;p) — Ho(-3p)[lne, = sup ||HL,(s; p) — Hi(s: p)|l2
SE

In we will use this bound to derive an upper bound for the interpolation
error in the Loo(P, Hoo)-norm. Recall that

1, — Hyll oo (p i) = esssup [H(-;p) H, (D)l ee -
pE

5.1.1 Final Theorem

We prove an upper bound for the interpolation error of the transfer function in the
Hoo-norm in dependence on the error of the interpolated matrices in the spectral
norm.

Theorem 5.2. Let A, (p) andNAr(p) be symmetric negative definite matrices. De-
fine A(p) = log(—A,(p)) and A(p) = log(—A,(p)). Then

”Hr( ; p) - ﬁr( 5 p)”?—[oo
<a(p) - (elA*®l2 —1) + 3(p) - |AB, ()2 + 7(p) - [AC, (D)2
for

a(p) = |A+(@) Iz IBr(®) 12 - [Cr(p)]l2
B(p) = ICr(p) - Ar(p) ' ll2 < [A+(®) Iz Cr(P) 24
7(@) = 1A+(P) " - Br(p)ll2 < [|A+(D) Iz - I B ()2

Proof. We apply for the spectral norm ||- || and get

IH,(-;p) — Hy(p)llno = sup [Hy(s:p) ~ H(s:p)ll2
< sup {||C.(p) - AM(s) - B, (p)]2

sciR
+Cr(p) - M(s)]l2 - [|ABr(p)ll2
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5 Interpolation Error Bounds

+[IM(s) - B, (p) ]2 - [AC,(p)»}

< sup IC(p) - AM(s) - B,.(p)||2
S€E

+sup { G (p) - M(s)]l2- | AB:(p) -

+ sup {INL(s) - By (p)] - [AC. (P2}
s€R

= sup [[C,(p) - AM(s) B (p)l2

M(P)
+s§%\|0 r(p ) M(s)[l2 - [ABr(p)|l2

=:fB(P)

+§;p IM(s) - B (p)2 - [AC(D)]|2 -

=:fc(p)

Finally, we use [Proposition 5.7|to bound fy(p) and [Proposition 5.8 to bound fg(p)
and fc(p)- O

In [subsection 7.3.1} we perform some numerical experiments to see how the bound

from behaves in practice.

Since the bound still contains the unknown quantities A, (p) and B, (p), we replace
them in the following corollary.

Corollary 5.3. Let A,.(p) anglvjir(p) be symmetric negative definite matrices. De-
fine A(p) = log(—A,(p)) and A(p) = log(—A,(p)). Then

JEL () — FL (1 p) e
< 1A, () Iz - {a(p) - (12Xl 1) 4 5(p) - [|AB,(p)l2 + +(p) - |AC,()]|2}
(

~ 1A (p) - {alp) - 1A ()2 + B(P) - IAB, (B2 + () - |AC,(p)2}
for small || A, (p)||2,

for

a(p) := (IBr(p)ll2 + [|AB:(p)l2) - [|Cr(P)ll2,
A(p) = [ICr(p)ll2,
7(p) = elA% Pz (B, (p) |2 + | AB.(p)]2).

Proof. The claim follows from and the inequalities

IB:(p)l2 < [1B-(p)]l2 + |AB(p)2
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5.1 Bound for Hso-norm at Fixed Point

and
1A (0) " 2 < A (p) |2 - %@z,
The second inequality stems from =

First, we deal with the first term of the right hand side of bound (j5.1]) in
which belongs to M, and hence to A. Later, we deal with the other two terms be-

longing to B and C, respectively.

5.1.2 The AM-term

We analyze ||C - AM(s) - B|| and use three different approaches to derive an upper
bound.

The first is a quite naive approach. It involves a locality restriction and leads to a
rather bad bound. For the second approach we assume that A and A commute. This
leads to an exact expression and results in a better bound. In the third approach
we derive the same bound without the strong assumption that A and A commute.

Motivated by the common denominator approach for scalar fractions, we obtain
the following generalization for matrices:

Xt-yl=x"1(vy-Xx)- YL (5.2)

In the following, this trick is used several times.

Approach (1): Perturbation of the Inverse

In this first approach we use a theorem from perturbation theory of the matrix
inverse.

Proposition 5.4. Let [|[(sI — A)™1- AA|]2 < 1/2. Then

sup |C - {(sT— &)~ — (sT— &)1} - Bl

sciR

<2 Allz- A3 Bl [Cllz - (12 — 1),
Proof. We have

sup G- {(sT— A)~ — (s1 - A)~'} - B,

seR

< sup {||C|lo - |(sT - A) ™' = (sT = A) |2 - | B»}
seR

= |Gz sup (5T = &)~ = (sT = &)~ - [ B2

<|[Cll2-2- sup I(sT— A) 3 - [AAl2 - [|Bll2

using [Corollary A.22|with M = sI — A and F = AA and |[(sI—A)"!-AAly < 1/2
for the last inequality.
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5 Interpolation Error Bounds

By equation (5.9) from [Lemma 5.17| with Z = I we yield
A)HEAAl = AT -

sup||(sI —
s€R

< [lAH3

with the inequality (5.5)) from [Lemma 5.15

The prerequisite ||(sI — A)™1 - AAJ]s < 1/2 is a strong locality restriction, which
we want to eliminate. Furthermore, the factor |Allz - [|A7Y|2 = ka(A) - |A7Y|2 is

rather big.

Approach (I1): Assumption: A and A commute

This approach is based on the assumption that A and A commute, which leads to
a significantly better bound. This assumption implies that 2 and 2l commute.

5

[AA]l

Al - (elA%lz —

)

In the following lemma we manipulate C - AM(s) - B to introduce A%,

Lemma 5.5. If A and A commute, then

C-{(sT-A)'—

Proof. We have

(sI—A)~

sA_1 —

)—1

(sT—A)"L—(sT—A)!

B (1 A) T (T A) — (sT—A)} - (sST— A)!
=(sI-A) ' (A—A) (sI—A)"!
=(I-A)(AATT—T) A (sT—A)E
=(sI-A)' (A-AT-T) - (sAT! — )—1

= (sT—A)™" - {(— exp(2)) (*exp A) — 1} (
= (sT— A)7- {exp(A) -exp(—A) — T} - (sA™L T
= (sT—A)7L - {exp(A—A) — T} - (sA~L—T)7*

N.B=C-(sT-A)1. (A -1)- (sA™'—=T1)"* . B.

It

using the requirement that 2 and 2 commute only in the last equality.

Using submultiplicativity, we can eliminate the need for taking the supremum

over R.

Proposition 5.6. If A and A commute, then

sup [[C - {(sT — A)™! -

selR
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5.1 Bound for Hso-norm at Fixed Point

Proof. First, we apply and yield

sup [|C - {(sI— A)~! = (sL— A)"'} - Bl
seR

=sup |[C-(sT—A) - (2¥ 1) (sA7' —1)"L . B,
s€iR

< sup {[|C- (sT— A) o ¥ ~ T2 - [|(sA™ = D)7 B2
seR

< sup [|(sT = A)~"- CTly - [|e** =Tl - sup [|(sA™" = T)~" - Bl|2.
s€iR se€R

Using equation (5.9) and (5.8)) from [Lemma 5.17| with Z = CT and with Z = B,

respectively, and making use of the symmetry of A we obtain

sup IC-{(sI = A)™" — (sI - A)"'} - Bl < [ATICT||z - ¥ T2 - | B2
sct

= [|CA™ 2 - [|e** ~T[|2 - | B2
< [CATYlz - (el 22 —1) - B2

with [Corollary A.24] O

Compared to Approach (I) with perturbation of the inverse (see [Proposition 5.4)),
we essentially gain a factor of xa(A) = ||All2 - |[A7!|l2. Instead of the locality
condition ||(sI — A)~!- AA|| < 1/2 we need the commutativity of A and A.

The assumption that A and A commute is rather strong and our interpolation
framework cannot guarantee it. In the next part we show that it is possible to derive
essentially the same bound as in [Proposition 5.6| without this assumption.

Approach (111): No Assumption

The common denominator trick yields

(sT—A) = (sT— A)™ = (sT— &) - {(sT— A) - (sT— A)} - (sT— A) !
=(sI-A) ' (A—A) (sI—A)"L (5.3)

If we would apply submultiplicativity for bounding ||(sT — A)™! — (sI — A)_IH,
particularly for s = 0, then we would obtain

AT =AY = (sT—A)" = (sT— A)Y|
= [[(sI-A)" - (A=A)- (sI- &)
< A7 A - All- A7,

s=0

This looks unfavorable and indeed, for the Ho-norm case (see [Proposition B.16))
we would lose a factor of ||A|ls - [|[A™Y|2 & k2(A) compared to [Proposition 5.6 as
with the perturbation of the inverse approach. Hence, we aim to achieve a formula
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5 Interpolation Error Bounds

expressed in terms of A~! — A~! on the right hand side, which finally leads us to
the desired bound.

This motivates the following remark: If A is not symmetric negative definite (and
hence we cannot interpolate in the tangent space of a matrix manifold), then the
interpolation of A~! might be preferable to the interpolation of A. However, the
occurrence of instable interpolated reduced order models makes this study quite
impossible.

To introduce A=*— A~ on the right hand side, we apply the common denominator
trick to equation a second time for X = A~ and Y = A~!. This yields

(SI—A) ' —(sI—A) ' =(I-A)' (A—A) (sI—A)"!
=(I-A)L A (ATT—ATH) A (sI-A)!
AT D (AT AT (sAT =D)L (5.4)

For the H,-norm case we can show:

Proposition 5.7. It holds

sup [IC- {(sX = A)™! — (sI = &)™} Bllo < [A7 o+ B - [Clls - (/%2 ~ 1),

Proof. Plugging in equation (5.4)), we get

sup [|C - { (s~ A)~ — (sT - A) "'} - B|5
s€iR

<sup ||C-(sA™ =D)L (AT — AT (sAT =D)L By
s€R

< sup (IO (sA™ =D 72+ AT = A7l (sAT = D)7 Bl2)

<sup (sAT =17 CTp- [ATF = A7 p - sup [[(sAT = T) 7" Blfo.
s€R s€R

Using equation (5.8)) from [Lemma 5.17| with Z = CT and with Z = B, respectively,

we obtain

sup

sup |- {(sT = 4)7! = (sT— &)~} B, < G2+ A7 = A7 B2

=|Cllz- AT = A7 2 - [|B|2

< [Cllz- |AT 2 - (2 —1) - B2

with inequality (5.6]) from [Lemma 5.15 O

Comparing [Proposition 5.6| and [Proposition 5.7, we see they give essentially the
same result. But in [Proposition 5.7| we do not need the strong assumption that A
and A commute.
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5.2 Bound for Ho-norm at Fixed Point

5.1.3 The AB- and the AC-term

To finish the proof of [Theorem 5.2 it remains to bound sup,cg||C - (sI — A)7![|
and sup,c,r|/(sI — A)~1 - B||a. We show the following.

Proposition 5.8. It holds

sup ||C - (sI — A)_1H2 =|C- A_ng and

seR

sup [|(sT— A)"" - Bllg = [|A™"- Blf2.

seR
Proof. Apply equation (5.9) from [Lemma 5.17| with Z = C7 and with Z = ]§,
respectively. O

5.2 Bound for H,-norm at Fixed Point

In this section we derive an upper bound for the interpolation error in the Ho-norm
at a fixed point p in parameter space. Recall that

I 0) — i Cipls = (5 [ 1FL (i)~ (i) d5>”2.

In[section 5.4 we will use this bound to derive an upper bound for the interpolation
error in the L2(P,Hz)-norm. Recall that

_ . 1/2
I8~ B ey = ( [ IB0C) - LCip)lBy dp)

5.2.1 Final Theorem

We prove an upper bound for the interpolation error of the transfer function in the
‘Ho-norm in dependence on the error of the interpolated matrices in the FROBENIUS
norm and the spectral norm.

The analysis is very similar to the Hoo-norm case (see [section 5.1)). However,
the treatment of the integral is more involved. At some points, the analysis of the

FROBENIUS norm requires to switch to the spectral norm via matrix norm inequal-
ities ([2.5)).

Theorem 5.9 (cf. [Theorem 5.2). Let A,(p) and A,(p) be symmetric negative
definite matrices. Define 2,(p) = log(—A,(p)) and 2,(p) = log(—A,(p)). Then

||H7‘( ;p) - ﬁr( ;p)||7-l2
< a(p) - (Pl —1) + 3(p) - | AB,(p)|r +7(p) - [|AC, ()| F

= \\/f; V1A @) - A @) 2 1Br(@)F - 1Cr ()£,
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5 Interpolation Error Bounds

7 IC(p) - (~Ar(p))~ 1/2||F<— 1A ()12 - 1C ()1 -
wp)::ji-\(—&«( )-Y2. B HF<— VIA(0) - 1B, () |-

Proof. We apply for the FROBENIUS norm and yield

IH,(-;p) — Hy(-; D)3, = ( / [H, (5: p) L (s: )2 ds>1/2

< (5 [ {Ic.®) aM(s) - B o)
+1C,(p) - M(s) | - | AB, (B) |

. ~ 9 1/2
+ IM(s) By )+ [AC P} ds)

< (& [ 10:0) AMGs) B o)l as)

+ (57 [LICn®) - M)+ 8B )] ds)m
t (o [ 19G) B G )1 ds)
(zF/ ICx (p) - AM(s) - B, (p) |17 ds)m
=:fm(p)
# (o [ 10 M ds) B o))
=:fB(P)
< (57 [ 96) - Bewl as) 1Al
=fc(p)

Then we use [Proposition 5.11{to bound fym(p) and [Proposition 5.12to bound fg(p)
and fc(p). This gives the desired result with a(p), 8(p) and Y(p).

The upper bounds for 3(p) and ¥(p) follow from [Lemma 5.18 O
Corollary 5.10 (cf. |Corollary 5.3). Let A, (p) and A, (p) be symmetric negative
definite matrices. Define A, (p) = log(—A,(p)) and A, (p) = log(—A,(p)). Then

||A7;(g)1|2 ‘ {a(p) (el A @)l _ 1)

B(p) - |AB.(p)|lF
() - [AC, ()| |

||HT( ; p) - ﬁr( ;p)HHQ <

+
+
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5.2 Bound for Ho-norm at Fixed Point

”Ar(fl;)”‘z {olp) 142 (@)

+6(p) - [AB(p)llF

+v(p) - HACr(p)HF}
for small ||A2L.(p)]|2,

~
~

a(p) == V- \/ra(A,(p)) - (IB: ()7 + |AB, (B)IIF) - [Cr(P)]|

B(p) := [IC.(p >HF,
A(p) i= VelA%®)lz - (|[B,(p) |+ + | AB, (p)] -

Proof. The claim follows from and the inequalities
IBr(p)llr < IBr(p)llF + [[AB-(p)||

and
1A, (P) "2 < | A (p)~ Yo - el P2

using [Lemma 5.16 O

5.2.2 The AM-term

To prove [Theorem 5.9 we first bound [ [[C - AM(s) - B||% ds.

Proposition 5.11 (cf. [Proposition 5.7). It holds

1 -1 AN—1 |2 1/2
or [ IC (T A) = (T - B)7'} BJ ds
™ JaR
1 _ ~
< 5 V1AL |A7 - [Ble- O] - (1% 1)

Proof. First, we bound the integrand
IC-{(sT-A)" = (sT-A)"'} Bx

|- (sA™ —1)"- <A—1 ~AT) (AT T Bp

<lC (AT D (AT AT (AT - D7 Bl
<lc- (sa™ -1)7 1||F |A7t = Ao (A" - >*1 Bllr
< C ;&_1 1 E
e e o | | 1B
1 1 _ N
= . - . A—l_A—l . C B
S/ Amin — 1‘ S/ Amin — 1 | l2-IICllF - |B||F

71



5 Interpolation Error Bounds

using for the second inequality and for f(M) = (s-M~1 —
I)"! with M = A, N = Cand M = A, N = B respectively, for the third
inequality. The last equality holds since s € 1R.

Next, we bound the whole integral

[ IC {51 = A)t = (s1— &)} B} ds

2 2

1 1 - ~
</ . — 'A_l_A_lz'CQ'BQdS
~ JiR |8/ Amin — 1 $/Amin — 1 I 2 ICll% - Bl

1 2 1 2
= = ds-[|[A~ = A7Y2.|C|% - B2

/zR $/Amin — 1 5/ Amin — 1 | 12 - [ICll7 - IBll%
| Amin| - Xmin ~ B _
:”"~'!A A3 (Il - IBIE
‘)\min‘ + ’)‘min’
Ain | [ Ao . B
‘)‘min‘ + ’)‘min’

< unin| - [ATH3 - (M7 —1)2 |l - B

= Allz- ATV (M — 1) C)F - 1B

using equation (5.12)) in [Lemma 5.20| for the first equation and inequality (5.6 in
Lemma 5.19| for the second inequality. O

The bound from |[Proposition 5.11|is a factor \/k2(A) worse than the bound we
would achieve with the assumption that A and A commute (see |Proposition B.18I).
However, it is by a factor of \/k2(A) better than the approach via A — A (see
Proposition B.19)). The latter is as bad as the perturbation of the matrix inverse

approach (see [Proposition B.17)).

5.2.3 The AB- and the AC-term

To finish the proof of [Theorem 5.9 it remains to bound [ ||C - (sI — A% ds
and [ [|[(sI — A)~!-B||% ds. We show the following.

Proposition 5.12 (cf. [Proposition 5.8)). It holds

1 B 1/2 1 )
(27T/R||C.(51—A) 1||% ds> ZE'HC‘(—A) 1/2HF and

1 -1 B2 Yo A-1/2 B
(37 [ I6T-A)" B ds) I(~A) 2Bl

Proof. We have
1 1,9 1 —1 ~T)2
or [ IC (T A Fds = o [ 61— A)7 T as
27T IR 27r 1R
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5.3 Bound for L (P, Hoeo)-norm

1 _
=oAL CT

1 _
=5l (A2

evaluating the integral by applying equation (5.14) from [Lemma 5.21| with Z = CT.
Applying equation (5.14) from [Lemma 5.21| with Z = B we similarly yield the

second result. O

5.3 Bound for L(P,Ho)-norm

In we derived an upper bound for the interpolation error at a fixed point
in parameter space. Now we bound the interpolation error over the whole parameter
space.

From the final theorem for the interpolation error at a fixed parameter point in
the Hoo-norm (see[subsection 5.1.1)) we deduce an upper bound for the interpolation
error over the parameter space in the Lo (P, Hoo)-norm. Note that the Lo (P, Hoo)-

norm of the transfer functions is well-defined (see [section 3.3]).
Theorem 5.13. It holds

1B, — H, |2 (o)
<A e - {a (ellA¥lleee — 1) 4 8- ||AB, |2 + - HACrllcoo}

B:=Crll e
v = elBle (B, o + |AB, .-

Proof. Applying we get

H, — He 2P

=esssup |H,(-;p) — ﬁr( i P) 7o
peP

< esssup (| A-(p) 2+ {(IB+(P)ll2 + [AB-(P)]2) - [Cr(p)2 - (€12 P2 1)
+ 1Cr (0|2 - | AB(p)]|2
+ I8l (B, (p)|2 + [AB,(p)]2) - [AC, (D)2} )

<A ew - { (Bl + 1AByle) - ICs 1z, - (14 e — 1)
+ Crlle.. - 1AB ...
+ 8l (B, |2, + | AB,|2.) - [ACH 2. } O
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5 Interpolation Error Bounds

5.4 Bound for L(P, H2)-norm

In we derived an upper bound for the interpolation error at a fixed point
in parameter space. Now we bound the interpolation error over the whole parameter

space.

From the final theorem for the interpolation error at a fixed parameter point in the
Ho-norm (see[subsection 5.2.1) we deduce an upper bound for the interpolation error
over the parameter space in the Lo(P,H2)-norm. Note that the L£o(P, Ha)-norm of

the transfer functions is well-defined (see [section 3.3)).
Theorem 5.14. It holds

‘ 1/2
_ r-/mq _
|H, — HTHLQ(P,HQ) < \\;27 V| Ar 1”500 . (/79 1 dp)

- ( A¥lew —1) 4+ 8- |AB, | + 7+ [AC |2 |

a=/r- \/HArHLOo AT s - (IBrllzw + 1AB2) - [Crll e
B:=Crlle
v = VelAUlew - (B, ||z, + |ABy|z..).
Proof. Applying we get for an arbitrary p € P
IH(-5p) — He (-5 ) 32

1
= A (p)~ |2

{\f \/7 (IB, ()|l r + |AB(P)||F) - [|Cr(p)] - (A% @2

+ G (P)lIF - |AB(p)lIF
A% @)z . (|[B,(p)||r + [|AB(p)|| ) - |AC,(p)|r}

< \2 1A @)1

AVr-\r2(Ar(p)) - Vrm - (IBr(p)l2 + IAB(P)12) - vrg - [[Cr(p)l2

(A )

+7q - |Co(P)llz - Vrm - | AB,(p) 2
elA%-®)llz . /rm - (I|By(p)|l2 + [|AB(D)2) - 74 - |AC,(p)]|2}

- “”’Tq 1A @)

{f \/H p)ll2 - [Ar(P)~ 2 - (IBr(p)ll2 + [AB:(P)ll2) - [Cr(P)]l2
(e | A% (p )||2 -1)
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5.5 Technical Lemmas

+Cr(p)ll2 - |1AB:(p)l2
ela-®l - (B (p)[2 + [|AB-(p)[l2) - [AC,(p)ll2}

r-\/mq _
<=/ VA s

AV V1A e AT e - (Bl + 1AB2) - [Crlle
(elA¥rlee — 1)

HIClzw - [AB, |l 2p + VeltMlew - (IBy o, + 1ABy |l2..) - IAC 2.0 }

re\/m
RV . VIA Iy - {o- (el A% leee — 1) 4+ B |AB, 2, + 7 1AC, | 2,0}

for

o= \/HArHcoo A e - (IBrll2o + 1ABr2o) - 1Crll o
B = Crlltw,
v = VelA%leo . (|By| £, + |AB, | £o)-

This yields
IH, — ItI?“HﬁzU’ﬂ'b)

_ 1/2
= (/ IH,(-5p) — He(-5p) I3, dp)
P
RRAL —1 ?
< ([ {=F iarie)
{a- (@ lex 1) 45 A |le 7+ |IAC, 2.} dp)
= 1A e

1/2
o (1A% len —1>+B-||ABT||cm+v-||Acr||,;m}'( L1 dp) . O

5.5 Technical Lemmas

We state some lemmas, which are needed before in this chapter.

The matrices A and A are always required to be symmetric negative definite and
we define 2 = log(—A) and A = log(—A) as before.

The transfer function and hence the transfer function error is expressed in A and
not in 2. Thus we need an upper bound involving A2(, which depends on A.

Lemma 5.15. It holds

1A = All2 < [|A]2 - (el A2 — 1), (5.5)
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5 Interpolation Error Bounds

[A7 = Ay < A7 - (I3 — 1), (56)
IA = Al < V7 AL - (2% - 1),

Proof. We begin with proving the first two inequalities (for the spectral norm) si-
multaneously. It holds

AT — AT = —oxp(£2) + exp(+2A)
—exp (£ (A — (A —A))) — exp(+A).

Since A and A are symmetric, so are 2 and 2. Now we apply [Theorem A.23| with

the symmetric and hence normal matrices M = 2 and F = (20 — 2[) and obtain
IAT! — A2 = [lexp(M + F) — exp(M) |2
< Jexp(M)l|z - (¥l —1)
= llexp(2) - (el 1)
= |-AF g (e — 1),

The inequality for the FROBENIUS norm follows directly from inequality (5.5 for
the spectral norm and the matrix norm inequalities ([2.5]) for the matrix dimension r

of the reduced system matrices.
O

Now, an upper bound for [|A~!||y can easily be deduced.
Lemma 5.16. It holds
IAT 2 < AT - el A%,

Proof. The proof follows directly from the triangle inequality and inequality (5.6))
from [Lemma 5.75]

IA™ 2 < A7 2+ AT = A7z
< [|A 2 + AT |2 - (el22e — 1)
= [|[A7Y |y - el A2, ]
For the Hoo-norm case we need the following lemma.

Lemma 5.17. Let Z € R"™*™ be an arbitrary real matriz. Then

SU%II(SA‘1 —0)7' - Zl|z = ||Z))2, (5.8)
SEL
su%H(sI—A)*l-ZHg = |A7- Z.. (5.9)
s€E

states that in both cases the supremum is attained at s = 0.
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Proof of[Lemma 5.17. First, we prove equation (5.8]).

The matrix A is symmetric (and negative definite) and hence orthogonally diag-
onalizable. Let A1,..., A, be its eigenvalues. We have

QTAQ = diag(\i, ..., \)
with A\; € R™. Then for s € :R

QT(sA™! = D)7'Q = diag ((s/M — )71, (s/A = 1))

It holds
sup [(sA™" = 1)z = sup||Q” (sA™! =)' Q|2
seiR se€iR
= sup ’diag ((s/)\l D7 (s A — 1)_1)H2
sciR
= sup max |(s/\; — 1)_1‘
saR=1T

so with submultiplicativity
sup|(sA™H = 1) - Z]lz < sup|[(sA™ = D)2 - [|Z]Jo
seR seR
= 1Z|2.
On the other hand,

sup|[(sA™! = D)7H - Z[2 > [|(0- AT - )71 Z

s€iR
= || Z]]2.
This proves equation (5.8)).
Equation (5.9) follows from equation (5.8) with A~!-Z instead of Z. O

The next lemma yields an improvement to submultiplicativity for the FROBENIUS
norm.

Lemma 5.18. Let M € C™*" be unitarily diagonalizable and N € C™*%. Then
max {||M - N||p, [NT - Mg} < [[M]2 - [N] .

Proof. We only prove the inequality for |[M - N||g. The inequality for |[NT - M| g
follows because [NT - M = M7 - N|[p < M [z - |N|l = |M]z - [N p.

First, we show the claim for the diagonal matrix D = diag(dy,...,d,) instead
of M. Let N = [n;;]. It holds

ID-N|F =" |d; - nij|?

1]
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5 Interpolation Error Bounds

2
< o 3
Z’j
= DI - IN|%
We yield
ID-Njr <Dl [IN]#. (5.10)

Now we prove the inequality for an arbitrary unitarily diagonalizable matrix M =
UDUX. We have

IMN||7 = |[U"MUU"N]||
= |DU"N]|F
< |DJ2- [U"N]|p
= |[UDU"||; - |[U"N]F
= [Mll2 - [N

using inequality ((5.10)). O

Lemma 5.19. Let M € C"™*" be unitarily diagonalizable with eigenvalues A1, ..., Ay

and let f be a function of a matriz (see|Definition 2.5. Let N € C"™F. Then
mas {|F(M) - N[ [N - (M) [} < mas |£()] - [N]

The same inequality holds for the spectral norm. There it follows immediately
from submultiplicativity. For the FROBENIUS norm, however, we would get a bound

that is worse than the bound claimed by [Lemma 5.19| by a factor up to /7.

Proof of[Lemma 5.19. We only prove the inequality for || f(M)-N||p. The inequality
for |[NT - f(M)| F can be derived analogously.

Let M = UDUY. Then we have

If(M) - N|p = [|U - diag(f(\1), ..., f(A) - U™ - NJ|p
< ||U - diag(f(A1), ..., f(A) - U2+ IN| ¢
= [|diag(f(A1), ..., f(Ar))ll2 - [IN[|p
= max [f(X)]- N

where the inequality is due to|Lemma 5.18, The claim follows from this and |N||p =
[U* - N p = |IN|[p. O

For the Hs-norm case we need the following lemmas.
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5.5 Technical Lemmas

Lemma 5.20. Let ), X ER. Then

2

1
2 ~
/ L som. AAL (5.12)
RIS/A=1] |s/A—1 Al + |

Proof. Firstly, we prove equation (5.11f) by

/. Caes [ S
w \1T°

{)\] arctan(wﬂ

()

=m-|AL

L
s/A—1

Now we prove equation (5.12) for the case || = |}[, i.e.,

/. 4 dsz/ﬂ«(<w/|x|1>2+1>2 dw

)\|‘;.<(('u/‘~”)\/|))2‘|+arctan<|)\|>>

(o 2y - o (D))

1
s/A—1

+o0

A
2
N
AT+

Finally, we prove equation (5.12) for |A| # |A| by
2
/ ds
1R
7/ 1 1
R (W/A)2+1 (w/[A)2+1
1 A” A2
= —= / 3 — ~ 3 dw
N2 = A2 R \(W/IAD2+1 (w/|A))2+1
S l| 2.7 arctan( > ZIA[2- (3 - arctan <°3>]
A2 = [A]? Al A

~ +o0
Al A
= % [\)\\ arctan ( ) |A| - arctan ( )1
A2 =[] Al Al

1 2

s/A—1

1
s/A—1

+o0

—0o0

79



5 Interpolation Error Bounds

B (o 3} () ()
:W.M‘(m—w)

A - A

=7 = - (1X = 1A
(A1 A1) - (1A= 1A]) ( )
B
_ g PN O
X+ A
Lemma 5.21 (cf. [Lemma 5.17)). Let Z € R"™™"™ be an arbitrary real matriz. Then
JIsAT =17 2 ds = x [ (-A) 2 2 (513
[T )7z ds = (-A) 2 2z (5.14)
1R

Proof. We start proving equation ([5.13]).
First, we show the claim for the diagonal matrix D = diag(A,...,\,) instead

of A. Recall that Aq,..., A\, < 0. Let Z = [zzj]:]m:l We have
-1 1 1
D !-1 -Z2d:/ di ( )-z
/1RH<S ) HF S ‘R 128 S/)\l—l’ ,3/)\7'_1

/ZR{Z s/ A —1’ Zij}Z} "
s//\ -1

zds}
:ii m}

SRR 519
- o (i) 2

= 7+ |diag (VA VA ZH;
— (D) 2l (5.16)

using equation ((5.11)) from [Lemma 5.20| for evaluating the integral.
Now we show the claim for an arbitrary symmetric negative definite matrix A. The

matrix A is symmetric (and negative definite) and hence orthogonally diagonalizable

2
ds

F

QTAQ = diag(\1,...,\,) =D
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5.5 Technical Lemmas

with eigenvalues \; € R™. Then for s € 1R

Q" (s ~1) 'Q=(sD"' -1
and
Q" (-A)? Q= (-D)".
With Q”'Z instead of Z it follows
/ I(sT— A)~" - 2|2 ds :/ |@ 1-D)" Q72 as
1R R F
[ ot @ e
P |orear g,

=@ (D) @ z)
= (-A) - 2|}

Equation (5.14) follows from equation (5.13) with A~!- Z instead of Z. O
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6 Error Convergence Rates for
Interpolation on Sparse Grids

We develop two convergence rate statements for the interpolation error (in the
Loo(P, Hoo)-norm) in terms of the number of sparse grid interpolation points in

parameter space, one for piece-wise linear (see [section 6.1]) and one for global poly-
nomial (see [section 6.2)) basis functions.

Both sections are structured as follows.

In the first subsection we repeat the result from sparse grid interpolation. In the
second subsection we generalize this for the entry-wise interpolation of matrices. In
the third subsection we apply this to the system matrices and plug it into the bound

from

To relate a matrix-valued function to its scalar-valued entry functions in the third
subsections, we need the following result for a constant matrix and its entries.

Lemma 6.1. Let M € R"™. For the matriz norm ||-|| = ||-||r or [|-|| = |- ||2 i
holds

n m
max | M[* < [M> <3 | M)
b i=1j=1
Proof. For the FROBENIUS norm
n m
IMIfE =D > M5 > max | M,
i=1j=1 J
and for the spectral norm
n m
HZl&;X\sz\Z < M3 < IMIIE =D 1Myl
: i=1j=1

where the left inequality is from [GVL89, (2.3.8)]. O

6.1 Interpolation with Piece-wise Linear Basis Functions

We consider functions from the SOBOLEV space with bounded mixed second deriva-
tives (see [subsection 2.1.3) on P and interpolate on sparse grids with piece-wise
linear basis functions (see [subsection 2.3.1)).
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6 Error Convergence Rates for Interpolation on Sparse Grids

6.1.1 Interpolation of Scalar-valued Functions

From [Lemma 2.20| we have for f € WZ(P,R) with p € {2, oo} and ¢ € {2,000}
1f = F™Mle, < e N72- (log N)* P70 - ]| £][[2,4,

where N is the number of grid points and the constant ¢ depends on the dimension D.

6.1.2 Entry-wise Interpolation of Matrix-valued Functions

We deduce from the scalar case. Therefore we relate the matrix-valued function F
to its scalar-valued entry functions f;; to obtain three results similar to the constant
matrix case in The first lemma is for the seminorms |- |op. The second
lemma is for the norms |- ||W§- The third lemma is for ||| |||a,p-

Lemma 6.2. Let D*f;; € L,(P,R) fori =1,....n and j =1,...,m and p €
{2,00}. Let F = [fi;]{2,. Then D®F € Ly(P,R"*™) and it holds

maXIfm 2 SIFR, < ZZ | fisl 2

i=1j=1

Proof. Firstly, we consider p = co. Applying the first inequality of we
have

|2, oo = esssup || D*F(p)||3
pPEP

> esssup max |Dafz‘j (P)‘2

peP WJ

= maxesssup |D®f;;(p)|?

»l peP
= max | f;j |2
7/"]

and applying the second inequality of we have

P[00 = es8 sup IDF(p)l3
pPE

< ess supzz | D fi;(p

peP =1 7=1

< ZZesssup|D fij(p )]

1,—1] 1 P€

:Zz‘fijaoo

i=1j=1

Now we consider p = 2. Applying the first inequality of we have

Flaz= [ ID°F@)I} dp
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6.1 Interpolation with Piece-wise Linear Basis Functions

> [ max| Dy () dp
P ]
> max [ 1D°£;(p)? dp
ij Jp
= max| fij|z.2
l’j
and applying the second inequality of we have

P2z = [ ID°F (@)} dp

/ ZZ!DO‘f” |2 dp

11]1

Z/ |D* f;;(p)|* dp
1j=1
Z\fz’j 22 O

1 Mz 1 M3

Lemma 6.3. Let f;; GWf(P,R) fori=1,....nandj=1,...,m with R >0 and

p€{2,00}. Let F = [fij]{2,. Then F € WE(P,R™™) and it holds

maXHfz]HwR < ”FHWR < ZZ Hfl]HWR

=1 j=1

Proof. Firstly, we consider p = co. Applying the first inequality of we
have

[Py = o [P

> max max |fi;

|aloo<R i\j “"’O"

= max max ‘fzj‘aoo
1, |¢1|o<>

= max | £ [3yz

and applying the second inequality of we have

IIFIIWR = P‘ﬂjXRIF!aoo

max ZZ ‘fljlaoo

I o <R i=1j=1

< ZZ max ‘fU’aoo

i=1j= 1| loo<
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6 Error Convergence Rates for Interpolation on Sparse Grids

n m
=S WilBye-
i=1j=1

Now we consider p = 2. Applying the first inequality of we have

Flie = ¥ PR,
laloo <R
> > max|fiylds
lo| o <R ’

EHZJ&,X Z | fij

7 lelwo<R

2
a2
= max|| fij [}z
iy W,
and applying the second inequality of we have

IFI2e = > FPs
loloo <R

< > iiﬁz‘j

ol <R i=1 j=1

) i > Ui

i=1 j=1|a|o<R

> ”fij”)%\;é%- O

i=1 j=1

2
o,2

2
o,2

Il
M=

.
Il

Lemma 6.4. Let fi; € WIH(P,R) and ||| fijlllap < 0o fori=1,...,n and j =
L...,m with R > 0 and p € {2,00} and |al < R. Let F = [fi];{"2,. Then
F € WEHP,R™™) and |||F|]

a,p < 00 and it holds
n m
2 2
o,p < ZZ |Hf7a]||‘a,p
i=1j=1
Proof. Applying the first inequality of we have

F|||%, = max Fy
F[lap e B b {[Feulap}
[e*)| >0

H;E;XIHfin!i,p < [[[¥]|

v

max {Hgf;x |(fij)ex

a?p
£e{-1,0,%}" }
[e*)| >0

= max max {I(fij)exlapt
Wi e {-1,0,%}"

e >0

— ]2
= max |||,
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6.1 Interpolation with Piece-wise Linear Basis Functions

and applying the second inequality of we have

F||[2. = max Fy
F[|ap e 5 b {IFeslap}
e >0
n m
< max SN I fij)eslay
€] >0

m

SZZZ max {‘(fij)e,*’?l,p}

14=1 Le {71707*}
£ >0

n m
= > Ifi5lllA,- O
i=1j=1

Lemma 6.5 (cf. [Lemma 6.10). Let F € W2(P,R"™™) and |||F|||2, < co with
p € {2,00}. Then it holds

[P —F e, < N7 (log N)* P /o - [[Fz,,

where N is the number of grid points. The constant ¢ depends on the dimension D.

Proof. Since F € W}([0,1]7, R™™) and |||F||2, < oo we have f; € W}([0,1]”,R)
and ||| fijll|l2p <oofori=1,...,nand j=1,...,m.
Applying the second inequality of and then with p = ¢

for scalar-valued functions we get

P —FNZ, = |F ~ FY5,,

M:
NE

1Fig = 75 Iy

.
Il

-
<.
Il

-

N
1fis — S

I
M=
NE

-
Il

—
<.
Il

—

2
(c-N’2-(10gN) DYl

IA
M=
NE

W
I
—

1y
(c- N2 Qog NP*D) 3 S i,

i=1j=1

2
< ((:'N*2 . (logN)?"(d*l)) “n-m - |HF|H%p

with finally applying the first inequality of n - m times. O

6.1.3 Transfer Function

We require the following of the matrices we interpolate.
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6 Error Convergence Rates for Interpolation on Sparse Grids

Requirement 6.6 (smoothness). Let 2, € W2 (P,R™*") and |||2,]]2,00 < 00, B, €
W2 (P, R™™) and ||| B,|||2,00 < 00, and C, € W2 (P,RT*") and |[|Cy|||2,00 < o0.

We get the following convergence rate for the interpolation error of those matrices.

Lemma 6.7 (cf. [Lemma 6.12)). Under |Requirement 6.0, it holds

12, =AM, <c- N2 <1ogN>3'<D—1>- 1A llyye s
IB, = BM |z, <c- N2 (log N)* PV \/rm - || B,z
IC, = CM |z, < - N72- (log N> P /g [|Cy |z

where N is the number of grid points. The constant ¢ depends on the dimension D.

Proof. Apply for p = oc. O

Now we prove a convergence rate for the interpolation error of the transfer func-
tion.

Theorem 6.8 (cf. [Theorem 6.14). Under|Requirement 6.6 it holds

IH, = BN o pag) < 00 N72- (log NP0 AT
A4 Bullee - [1Crllea - 12wz,
+vrm - IC e - [Brlhwe,
+2¢ 77 [Brllzw - [Crllvz, }

when the number of grid points N is sufficiently large. The constant ¢ depends on
the dimension D.

Proof. For sufficiently large N we have

1a2, M., <1, (6.1)

N N
SO e”AQlT( )”lloo —1 S 2. ‘|AQ{T(N)H£(>O and e”AQ{T( )Hﬁoo S e, and

With [Theorem 5.13] we get
IH, — HN 2 p )
- (N)
<A e - {(Brlloe + IABM [ 20) - [Creae - (1A% W llee — 1)
+11C e - 1AB) .
A% Wl (1B, .. + [ABM||c..) - [ACM 2}

)
A e {2 (Brlew + 1ABM[le) - [1Crlea, - 122N .,
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6.2 Interpolation with Global Polynomial Basis Functions

+1|Crllce - IABIM .,
+ e (IBrllcw + 1ABM2,) - [ACN| 2, }
IA e - {22 IBrllea - ICr e - 1182,
+1|Crllee - IABM .,
+2-e Byl - [ACH 2. }
< 1A lew - e N72 (log N)* D {a B,y - [[Crlleee - 7 121y
+ 1CHll e - Vrm - [Brllye,
+2¢ Byl V7 [ Crllvz, }

applying O

6.2 Interpolation with Global Polynomial Basis Functions

We consider functions which are continuously differentiable up to some order R (see
lsubsection 2.1.4) on P = [—1,1]” (as in|subsection 2.3.2)) and interpolate on CHEBY-
SHEV sparse grids with global polynomial basis functions (see [subsection 2.3.2)).

6.2.1 Interpolation of Scalar-valued Functions

From we have for f € CE(P,R)
1f = e, < e N7+ (log N)EFEDH | fler,

where N is the number of grid points and the constant ¢ depends on the dimension D
of the parameter space and the smoothness R.

6.2.2 Entry-wise Interpolation of Matrix-valued Functions

We want to deduce from the scalar case. Therefore we relate the matrix-valued
function F to its scalar-valued entry functions f;; to obtain a result similar to the

constant matrix case in [Lemma 6.11

Lemma 6.9 (cf. [Lemma 6.3). Let f;j € CE(P,R) fori=1,....nandj=1,...,m

with R>0. Let ¥ = [fy;];{"2,. Then F € CE (P, R™™) and it holds

n m
T%%Xﬂfz'jﬂggg <|Flze <> > Ifijlzn-
’ i=1j—=1

Proof. Applying the first inequality of we have

F|2: = max sup |[D*F(p)|3
IFlcr m‘};;‘R;;E” (p)l2
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6 Error Convergence Rates for Interpolation on Sparse Grids

> max_sup max|D®f;;(p )’2
|| <R pep i

= max max_sup |D® 2
s masx sup (D5 (p)

= Hgajt.XIIfincg

’,

and applying the second inequality of we have

2 2
Pl = mas, sup [D°F (o)l

< max supZZ|D fij(p

|a|00<R peP i=1j=1

IN

ZZ max_sup [ D f;;(p)|”

s 1 ‘0‘|oo<Rp€'P

SO il .

i=1j=

nom

—_

Lemma 6.10 (cf. [Lemma 6.5). Let F € CQ(P,R“W). Then it holds
IF—FM g < - N7F- (log N)FHDE=DH/nm - |[F|len

where N is the number of grid points. The constant ¢ depends on the dimension D
of the parameter space and the smoothness R.

Proof. Since F € CE(P,R™™) we have f;; € CE(P,R) for i = 1,...,n, j =
1,...,m.

Applying the second inequality of for R = 0 and then for

scalar-valued functions we get

N
wa A3,

M=

IF—FMgg <

2
(c NR (log )RG5 2

IA
M- ©
INgERNNGE

W
Il
—

1j

(c'N (logN)(R+2 Y(d—1) +1) f:f:”quCR

=1 j=1

2
< (c "N~ (log N)(R+2)(d*1)+1) ‘nem- ”FHE'R

with finally applying the first inequality of n - m times. O

6.2.3 Transfer Function

We require the following of the matrices we interpolate.
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6.2 Interpolation with Global Polynomial Basis Functions

Requirement 6.11 (smoothness). Let 2, € CE(P,R"™"), B, € CE(P,R™™) and
C, € CE(P,Ro*").

We get the following convergence rate for the interpolation error of those matrices.

Lemma 6.12 (cf. [Lemma 6.7)). Under|Requirement 6.11| it holds

2, — AN ||eo < - N7 (log N)FF2D=DF 90, o,
IB, = BM|lco < e N~F. (log N)FHDP-DH /iy - |B, e,
IC, = CMlgo. < - N™F - (log N)FHDP-DH /g |Gy lex,

where N 1is the number of grid points. The constant ¢ depends on the dimension D
of the parameter space and the smoothness R.

Proof. Apply u

For continuous functions the C).-norm and the £,.-norm coincide.

Corollary 6.13. Under|Requirement 6.11] it holds

126 =AMz < e N7 (log N)IEFDP=DH it o
IBr =Bz, < e N7H- (log N)FH2O=DH /- |B, g
IC, = CMlz.. < e N7F - (log N)FHDP=DH /g |y s

where N 1is the number of grid points. The constant ¢ depends on the dimension D
of the parameter space and the smoothness R.

Now we prove a convergence rate for the interpolation error of the transfer func-
tion.

Theorem 6.14 (cf. [Theorem 6.8). Under|Requirement 6.11| it holds

I, BN o ppi) < ¢ N7 (log N)FEOTDH AT
A4 IBylles - 1C low - 12 llcr
+ Vi [Crlee, - 1Bz
+2¢ - /iq Byl - 1C; les }

when the number of grid points N is sufficiently large. The constant ¢ depends on
the dimension D of the parameter space and the smoothness R.

Proof. For sufficiently large N we have
1AM <1, (6.3)

o0 eld%Mlee 1 <9, | AN, and ella, Mz, < e, and

IABM £, < IBy (6.4)
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6 Error Convergence Rates for Interpolation on Sparse Grids

With |Theorem 5.13| we get
IH, — BN 2 p )
_ (N)
<A e { (1Bl + 1ABM[[2) - [Crlen, - (elA% M e — 1)
+ [1Crllen - 1ABM| .,
+ el A% Vlews (1B, |2 + |ABN|L) - 1ACY) 2., }

)
< A e {2 (IBrllew + 1ABM2) - [Crle - 142 £,

+HC e - 1ABMI2.
¢ (IBrllea + 1ABM2,) - [ACH| .. }

)
< A cn {2 2 [Byllee - [1Crll e - 142,

+ [Crlles - [ABM .
+2-¢- Bz - |ACKY uﬁw}
<A w0 N7 (log N) AP0 Ja 1B, |2 - [Crllns - 7 120l
+ ICrllew - Vrm - By ez
+2¢+ |Byllea. - v7alICrllen } -

applying
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7 Computational Experiments

In this section we perform computational experiments to analyze our method and
theoretical results.

We consider error per number of interpolation points. These are the two quan-
tities that are important to us, since the number of interpolation points directly
influences the memory consumption and computation time of the local reduced or-
der models and the interpolation. In [subsection 7.2.6 we also plot the error over
the parameter space, which is one-dimensional there. We do not give times, except
in [subsection 7.2.6] since the implementation is not time-optimal and also involves
e.g., expensive error computations.

7.1 Settings
7.1.1 Benchmarks

There are two major benchmark collections for model order reduction. The first
one is the Oberwolfach Model Reduction Benchmark Collection |Obe]. The second
one is part of the Model Order Reduction Wiki [MC]. Besides benchmarks the
wiki contains pages explaining model order reduction methods and lists model order
reduction software.

We choose two benchmarks which have symmetric system matrices and depend
on more than one parameter.

Thermal Model

The benchmark is from [Obe] and available at http://portal.uni-freiburg.de/
imteksimulation/downloads/benchmark/ThermalModel (38865) under the name
“Boundary Condition Independent Thermal Model (38865)”.

The mathematical model is a heat transfer equation with convection (ROBIN)
boundary conditions. The film coefficients hiop, hside; Pbottom are the parameters
that describe the heat exchange at the interfaces.

The parameter dependence is affine in

Ap)=A—p1-Ai—p2-Ay—p3-Ag

with P1 = htopap2 = hsideyp3 = hbottom eP = [100,104] X [100,104] X [103,104]a
so D = 3. The matrices E, B and C are not parameter-dependent. The state
dimension of the full order model is n = 4257. The input dimension is m = 1 and
the output dimension is ¢ = 7. In the default setting we make the model SISO by
summing up the columns in the matrix C.
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7 Computational Experiments

This is the default benchmark. When we use this benchmark with less than 3
parameters, we set the remaining parameters to 10*. The default dimension of the
parameter space is 2.

Silicon Nitride Membrane

The benchmark is from [MC] and available at http://morwiki.mpi-magdeburg.
mpg.de/morwiki/index.php/Silicon_nitride_membrane.

The mathematical model is a heat transfer equation with a homogeneous heat gen-
eration rate, DIRICHLET boundary condition at the bottom and convection (ROBIN)
boundary condition at the top.

The parameter dependence is affine in

AP)=A+pi-Ai+pr- Ay and
E(p) =E+p3-ps-E;

with
pL=K € [2,5] thermal conductivity,
py=nh € [10,12] heat transfer coefficient,
P3 =c¢p € [400, 750] specific heat capacity and
pa=p € [3000, 3200] density.

So we have D = 4. The state dimension of the full order model is n = 60,020. The
input dimension is m = 1 and the output dimension is ¢ = 2.

7.1.2 Model Order Reduction

We choose r = 14 as the default reduction order. At the center of the param-

eter space we run the Iterative Rational KrRyLOV Algorithm (see [Algorithm 2.1))
with a symmetric initialization strategy (see [Algorithm 7.1). We perform one-sided

projection such that the square system matrices stay symmetric.

Algorithm 7.1 Symmetric initialization of Iterative Rational KRYLOV Algorithm.

Compute r largest magnitude eigenvalues A; and associated right eigenvec-
tors x; for which Ax; = \;Ex;. Then:
a) Set V =[x1,...,x,] and W =V.
b) Set A, =WTAV, E,=WTEV, B, =W'B and C,=CV.
c¢) Compute eigenvalues \; and associated right and left eigenvectors x;
and yZH for which A,x; = E, x;, yiHAT = )\iyZHET and y,LHE,an = 0.
d) Set p;=-X\;, bl =y¥B, and ¢;=C,x; for i=1,...,r.
e) Set p; < |Re(wi)| + o Im(p;).
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7.1 Settings

7.1.3 Discrete Error Measures

The error measures from are continuous. To compute an approximation
of them, we discretize the frequency space and the parameter space.

For the frequency space we choose the finite interval [1073, 10°] and measure at 100
logarithmically spaced points. We call this grid Riest.

So we can approximate the H..-norm by

IH(-; P) It = sup [[H(s; p)l|2
seR

~ H(w; .
Jmax [|H(w; p)l2

We discretize the parameter space P with a grid Pyest, which is chosen as a fine
full grid with base 3.

We compute an approximation of the Lo (P, Hoo)-norm and not the Lo(P, Ha)-
norm, as it is easier to compute. For the overall error we have the absolute norm

IH —H |2 (p3) = esssup [H(3p) = He(5p) |
peP

R H(-:p)—H,(;
max [H(-;p) — Hr (5 P10

and the relative norm

[ — ||y (P retttos) = €555up [[H(-3 p) = Hy (- P)lrete

pEP
H(-:p) — FL.(-
oo )~ FLC i)
H(-:p) — FL.(.:
iy THC:P) = He(5p)lle
peptest HH( ? p)HHOO

The reduction errors |H —H, ||z (p3..) and [[H—H,|[z_ (P re1p..) and the inter-
polation errors ||H, — H,|| Loo(PHo) and [[H, — H, | Loo(PorelHo,) @€ approximated
analogously.

7.1.4 Sparse Grid Interpolation Toolbox

Klimke developed a sparse grid interpolation toolbox for MATLAB®) [KW05, K1i07],
which is available from http://www.ians.uni-stuttgart.de/spinterp. The tool-
box is well documented and has several nice features we make use of. Besides “Piece-
wise linear basis functions” [KIi07, Section 1.4]) it includes also “Polynomial basis
functions” [KIi07, Section 1.5]. Furthermore, it can deal with “Multiple output vari-
ables” [Kli07, Section 2.2] at once, what we need to interpolate all matrix entries
simultaneously.
We use version v5.1.1 in all computations.
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7.1.5 Types of Sparse Grids

We consider the following sparse grid types from the Sparse Grid Interpolation
Toolbox (see [subsection 7.1.4)).

The sparse grids with boundary and piece-wise linear basis functions from
are implemented as the sparse grid type “Maximum”. For the sparse
grid with boundary type called “CLENSHAW—CURTIS”, the resolution on the bound-
ary is not equal, but smaller than in the interior (see |[Figure 7.1| and |[Figure 7.2| for
two-dimensional grids up to n = 5). This results in a smaller number of grid points

(see [Table 7.1J).

The name of the sparse grid type “Maximum” is due to the L,.-norm optimality
of the grid. The name of the sparse grid type “CLENSHAW-CURTIS” stems from a
grid that originally was made of CHEBYSHEV-distributed and not equidistant nodes.

Maximum S;&arse Grid Clenshaw-Curtis Sparse Grid
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Figure 7.1: Sparse grid with bound- Figure 7.2: Sparse grid with bound-
ary “Maximum” for D = ary “CLENSHAW—
2. CurTIS” for D = 2.

Table 7.1: Number of grid points for sparse grids with different boundary resolution.
D=2 interior
“Maximum” 1/5/17/49/129
“CLENSHAW-CURTIS” 1/5/13/33/ 81

overall
9/21/49/113/257
5/13/29/ 65/145

boundary
8/16/32/ 64/128
4/ 8/16/ 32/ 64

The sparse grids with boundary and global polynomial basis functions from

section 2.3.2] are implemented as the sparse grid type “CHEBYSHEV”, where the
number of interpolation points coincides with the sparse grid type “CLENSHAW-

CURTIS”—just the location of the points is different (see [Figure 7.5/ and [Figure 7.6)).

We do not consider energy-norm optimal sparse grids since we do not interpolate
solutions of partial differential equations and so this norm has no theoretical back-
ground for us. Furthermore, the parameter space dimensions of our benchmarks are
moderate, so there is no need for the more complicated grid type so far.
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7.2 Tests

7.2.1 Full Grids and Different Types of Sparse Grids

We compare interpolation on full grids and different types of sparse grids (see
in terms of error per number of interpolation points (in parameter
space).

The left plot in depicts the overall error (between the interpolated
reduced order models and the parametric full order model). The black horizontal
line represents the reduction error (between the directly reduced order models and
the parametric full order model). As expected, the overall error levels off when it
reaches the reduction error (for the CHEBYSHEV sparse grid).

The right plot in m depicts the interpolation error (between the inter-
polated reduced order models and the directly reduced order models). The curves
are the same as for the overall error until the reduction error is reached (for the
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7 Computational Experiments

CHEBYSHEV sparse grid). So from now on we will only plot the overall error.

Interpolation on any sparse grid needs less interpolation points than interpolation
on a full grid to achieve the same error. The CLENSHAW-CURTIS sparse grid is
like the usual Maximum sparse grid, but with fewer boundary points. Interpolation
on the CLENSHAW—CURTIS sparse grid is slightly more efficient for this benchmark.
Interpolation on sparse grids with global polynomial basis functions (CHEBYSHEV)
is more efficient than with piece-wise linear basis functions (Maximum, CLENSHAW—
CURTIS) if the parameter dependence is smooth.

To sum up, in this two-dimensional benchmark the number of interpolation points
can be decreased from about 16,000 (full grid) down to about 700 (sparse grid) or
even 150 (sparse grid with global polynomial basis functions).

L (P,elH ) L (P,elH )
0 o o 0 o o
10 10
S
5 5
g S
3 g
o o
> . e
5 107 T 107 R
kS 5
10° 10° 10° 10°
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—k— Full —k— Full
— % — Sparse - Maximum — % — Sparse - Maximum
Sparse - Clenshaw-Curtis Sparse - Clenshaw-Curtis
— © — Sparse - Chebyshev — © — Sparse - Chebyshev
reduction error reduction error

Figure 7.7: The overall (left) and interpolation (right) error for interpolation on full
grids and different types of sparse grids.

7.2.2 Influence of Additional Reduced Order Basis Transformation

We analyze the impact of step [3d|in
When we do not eliminate E, by a basis transformation to I, (i.e., skip step|3d|in

Algorithm 4.1]), we need to interpolate it the same way as —A, (in|Algorithm 4.2]).

That is, the number of matrix entries that are interpolated approximately doubles
and the matrix exponential is applied twice. However, the results are very similar—

at least for this benchmark (see [Figure 7.8]).
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Figure 7.8: The overall error for without (left) and with (right) elimination of E,.

7.2.3 Reduction Order

We analyze the dependence on the reduction order, i.e., the size of the reduced order
models. When we increase the reduction order r, the reduction error decreases (see

Figure 7.9)).
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Figure 7.9: Reduction error for different reduction order r.
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In the curves are the same for all three values of the reduction order
until the reduction error is reached (for the CHEBYSHEV sparse grid). That is, the
reduction order just influences the smallest reachable error.

L _(PrelH ) L_(PrelH ) L_(PrelH )

2 102 g 102 2 102
o @ 5}
= w w
S . 4 S .4 S, 4
3 10 2 10 z 10

10° o 5 10°® 10°

10 10 10° 10° 10° 10°

number of interpolation points number of interpolation points number of interpolation points

—k— Full —k—Full —F—Full

— % — Sparse - Maximum
Sparse - Clenshaw-Curtis
— © — Sparse - Chebyshev

—*— Sparse - Maximum
Sparse - Clenshaw-Curtis
—O— Sparse - Chebyshev

—>— Sparse - Maximum
Sparse - Clenshaw-Curtis
—O— Sparse - Chebyshev

reduction error reduction error reduction error

14. 22. 30.

(a) 7 (c) r

Figure 7.10: The overall error for different reduction orders.

= (b) r

7.2.4 Multi-input, Multi-output and Single-input, Single-output Systems

We compare the results for multi-input, multi-output and single-input, single-output
systems. The reduction errors differ, but the curves of the overall error are very

similar (see |[Figure 7.11)) for all the different grid types (until the reduction error is
reached).
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(a) Multi-input, multi-output system.  (b) Single-input, single-output system.

Figure 7.11: The overall error for MIMO (left) and SISO (right) systems.
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7.2.5 Dimension of Parameter Space

We vary the dimension of the parameter space from 1 to 3.
In the one-dimensional case, interpolation on full grids and sparse grids with
piece-wise linear basis functions (Maximum, CLENSHAW-CURTIS) is the same (see

Figure 7.12a)). Again, sparse grid interpolation with global polynomial basis func-
tions (CHEBYSHEV) is more efficient.
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Figure 7.12: The overall error for different dimensions of the parameter space.

7.2.6 Performance of Matrix Interpolation PMOR Methods

In [BBH™15] the performance of several state-of-the-art PMOR methods is compared
in terms of accuracy and run-time. One of the methods is “MatrInt” [PMELI0L
GPWL14], a stability-preserving PMOR method that bases on interpolation of sys-
tem matrices. The second benchmark in [BBHT15| is named “microthruster” and
is the one-dimensional variant of the “Thermal Model” benchmark from [subsec]
with p=p; €[10°,10%] and ps = p3 = 10*.

All PMOR methods that are included in this comparison, except “MatrInt”, use a
global reduced order basis. This in general leads to larger reduction orders, especially
when the parametric full order model varies substantially over the parameter space.
Furthermore, the online phase of those methods is only independent of the full order
if the parameter dependence is affine.

For the “microthruster” benchmark these methods have reduction order r» = 100,
whereas “MatrInt” has reduction order » = 10. In this slightly unfair setting “Ma-
trInt” achieves the worst accuracy (in the Lo (P, relH o )-norm) of all methods under
consideration. However, the large overall error is not due to the reduction error but
due to the interpolation error, so this casts an unfavorable light on PMOR methods
that base on interpolation of system matrices.
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It should be mentioned that “MatrInt” can be applied to arbitrary stable systems
and does not exploit the special benchmark structure as the other methods (affine
parameter dependence) and our method (symmetry of the system) do.

In this section we demonstrate that, for the aforementioned benchmark, we can
achieve much better accuracy with interpolation of system matrices when taking
advantage of the special structure. We do this by comparing our method, which
is tailored to symmetric systems, with “MatrInt”. Moreover, our offline phase is
much faster because in “MatrInt” several complete runs of the Iterative Rational
KRryLOV Algorithm are performed and, for stability preservation, several LYAPUNOV
equations are solved.

A new version of [BBH'15| is to appear as [BBH™16].

The authors of [BBH™16] kindly provided their PMOR method comparison code
including the implementation of “MatrInt”, which is a combination of the methods
from [PMELI0, (GPWL14] and written by Heiko Panzer, Matthias Geuss and Maria
Cruz Varona.

Let us note that “MatrInt” guarantees stability only if the basis functions of the
interpolation are non-negative, which does allow piece-wise linear interpolation on
full grids. Neither sparse grids nor global polynomials can be used, which is why
“MatrInt” is not suited for higher-dimensional parameter spaces.

Recall that in one-dimensional spaces, as it is the case for the “microthruster”
benchmark, full grids and sparse grids coincide. We interpolate with piece-wise
linear basis functions and N = 10 grid points. We measure the error at 577 (and
not at 100 [BBH™15]) points. In contrast to [BBHT15], the online phase here only
consists of establishing the reduced order model at an arbitrary point in parameter
space without any simulation.

In this section we compute with MATLAB® R2015b 32-bit on an Acer Aspire
XC-780 desktop pc with an x64-based Intel® Core™ i5-6400 (CPU @ 2.70GHz
2.71GHz) processor, 8.00GB RAM and 64-bit Windows® 10 operating system.

Our PMOR method yields a better accuracy than “MatrInt” (see [Figure 7.13)).
The overall error of our method is smaller even though our reduction error (spiky
valleys) is much larger. This is because our interpolation error (round hills) is
significantly smaller.

At the interpolation points our method yields local reduced order models whose
error is much larger than that of the local reduced order models of “MatrInt”. This
is due to the fact that, for the sake of stability, we perform one-sided instead of
two-sided projection and do not use the optimal frequency interpolation points from
the Iterative Rational KrRyLOV Algorithm at that specific point, but the ones from
the center of the parameter space.

Using the optimal frequency interpolation points from the Iterative Rational
KRryLOV Algorithm at every interpolation point in parameter space, as is done in
“MatrInt”, can cause jumps in the reduction error of the local reduced order mod-
els as well as in the interpolation and overall errors in-between (see at
5500 < p < 6500).
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Figure 7.13: The overall error over the parameter space—comparison with [PMELT0,
for D = 1.

For the symmetric “microthruster” (“Thermal Model”) system our PMOR method
yields a smaller overall error for the same number of interpolation points than “Ma-
trInt”, while it has an offline phase of about 1/30 length and the online phase is

shorter, too (see|Table 7.2).

Table 7.2: Loo(P,relHoo)-error and offline phase and online phase computing
times—comparison with [PMELI10, GPWL14] for D = 1.
Loo(P,relH) offline phase online phase (mean)
Our PMOR method 4.79e-2 3.6 s 0.00062 s
“MatrInt” 2.42e-1 115.4 s 0.00206 s

Now we vary the reduction order r and the number N of interpolation points in
our PMOR method to demonstrate the influence of those two quantities on the error.
We show that a matrix interpolation PMOR method can achieve similar results as
other PMOR methods in [BBHT15] when we properly chose the reduction order
and the number N of interpolation points.

As also mentioned in [BBH™15], comparing the accuracy of PMOR methods with
reduction order r = 100 with the accuracy of PMOR methods with reduction or-
der r = 10 is slightly unfair. It seems natural to increase the reduction order of our
method to be more competitive with the other methods considered in [BBH15].
However, since the overall error is dominated by the interpolation error (see
, increasing the number N of interpolation points (from N = 10 to N = 37)
is a better strategy for decreasing the overall error. This leads to an increased offline
computation time (see . The overall error cannot be made arbitrarily small
by increasing the number N of interpolation points, since the overall error cannot
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Figure 7.14: The overall error over the parameter space for different numbers of
interpolation points and reduction orders.

get below the reduction error of the local reduced order models at the interpolation
points. Hence, if we want to achieve better accuracies, then we need to increase the
reduction order r (from r = 10 to r = 20) next. This leads to increased offline and
online computation times (see . Even though the reduction error of the
local reduced order models at the interpolation points decreases, the overall error

stays about the same (see [Figure 7.14). When we now further increase the num-
ber N of interpolation points (from N = 37 to N = 73), then we again get a smaller

overall error (see [Figure 7.14)).

Table 7.3: Lo (P, relH o )-error and offline phase and online phase computing times
for different number of interpolation points and reduction orders.

r N Lo(P,relHs) offline phase online phase (mean)

10 10 4.79e-2 3.6 s 0.00062 s
10 37 5.34e-3 82s 0.00066 s
20 37 5.02e-3 24.0s 0.00135 s
20 73 1.41e-3 389 s 0.00157 s

The experiments demonstrate that it is important to choose the reduction order
and the number of interpolation points carefully to balance interpolation and re-
duction error and to get an overall error of certain accuracy with shortest possible
run-time.

Although our PMOR method is suitable for higher-dimensional parameter spaces
it performs well also in this one-dimensional setting and shows that matrix interpo-
lation can yield similar results as the other PMOR methods considered in [BBH*15]
while the reduction order r is smaller than 100 (compare [Table 7.3|and [Table 7.4)).
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Table 7.4: Loo(P,relH oo )-error and offline phase computing time of methods in
IBBH™15| from [BBH™15, Table 2] and [BBHT15, Table 5.

Loo(P,relHs) offline phase

“POD” 2.9e-3 7.83 s
“POD-Greedy” 1.3e-3 45.48 s
“TransFnclInt” 9.2e-3 39.06 s

“PWH2TanInt” 3.3e-6 120.39 s
“MultiPMomMtch” 2.9e-2 4.06 s
“emWX” 1.5e-2 11.73 s
“MatrInt” 1.1e-1 110.60 s

7.2.7 Silicon Nitride Membrane Benchmark

Now we consider a benchmark with a four-dimensional parameter space. The full
order model is of order n = 60,020 and we reduce it to models of order r = 10.

Unlike in the default benchmark, we do not use a full grid as the parameter space
test grid Piest since it is too expensive in four dimensions. Random points are
cheaper, but they do not spread evenly and tend to cluster. A point set with low
discrepancy is more suitable. Hence, we choose 100 points of a so-called HALTON
sequence [KW97], which we scale to fit the parameter space, as the test grid. Ad-
ditionally, we set the test grid to 100 other points of the same HALTON sequence to
verify that those points are representative. As can be seen in the errors
measured on those two test grids differ only slightly.

Like in the other benchmark, the overall error goes down until the reduction error
is met. Again, interpolation with global polynomial basis functions turns out to be
more efficient than interpolation with piece-wise linear basis functions.
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Figure 7.15: The overall error for the SIN Membrane benchmark.
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7.3 Comparison with Theoretical Results

We compare the computed absolute (not relative) interpolation error with the the-
oretical results from [chapter 5| and [chapter 6|in the default benchmark setting for
different types of grids.

7.3.1 Interpolation Error Bound

We compare the computed interpolation error with the error bound from

frem 5.T3]

”Hr - ﬁr||£m(P,Hm)
<A e {(IBrllco + 1ABy ) - 1€l - (€421 — 1)

+1Ccs. - IAB, .,
+ el e (B, 2. + | AByllc.) - [AC |2n } -

The error bound is some magnitudes larger than the actual interpolation error
(see |[Figure 7.16a)), but when we multiply the bound with a constant factor, the
shapes match well (see [Figure 7.16b)).
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Figure 7.16: The interpolation error and the (scaled) interpolation error bound from

for different types of grids.
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The first summand belonging to A%l dominates the other two belonging to AB,.

and AC, (see [Figure 7.17)).
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Figure 7.17: The interpolation error, the interpolation error bound from
and the bound’s three summands belonging to Al., AB,

and AC,, respectively.

Now we analyze where the large gap between the bound from and
the interpolation error stems from. The first summand of the bound belonging
to A%, is based on the inequality

sup [|C; - {(sI, — A= (8L - Ar)il} : ETH2

s€iR

< |A 2 [1Bl2 - [Crl2 - (el —1)

from [Proposition 5.7| for fixed A,, B, and C,, i.e., at a discrete point in parameter

space.

Let us remark that we can derive the bound of [Proposition 5.7| for arbitrary
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rectangular matrices B, and C, from IProposition 5.7] for B, =C, =L:

sup IC, - {(sI, — A,) ™t = (s, — A) 7L} By |2
S€E

< Crllz - sup [[(sIr = Ap) ™" = (sI — Ap) 2 - |Brl2

seiR
- B A,
< HA'r 1”2 : ||B7“||2 : ||Cr”2 : (6” l2 1)

We consider the one-dimensional setting to empirically evaluate the loss we incur by
applying these inequalities. The first and the second bound differ by a factor of up

to 11.5 (right plot of [Figure 7.18)), so we lose about one magnitude by applying the
second inequality. The second bound is larger than the supremum on the left-hand

side by a factor of up to 2.8e3 (left plot of . Hence, by using submul-
tiplicativity to obtain the first inequality we lose about two orders of magnitude.
This emphasizes the influence of the directions of B, and C,., which are ignored by
[Proposition 5.7 These directions should be taken into account both when trying to
derive a better interpolation error bound for the algorithm presented in this thesis
and when trying to improve the algorithm itself.
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Figure 7.18: Both sides of the inequality from [Proposition 5.7| for the _one-
dimensional setting (left) and the one-dimensional setting with B, =
C, =1, (right).

7.3.2 Interpolation Error Convergence Rates

We compare the computed error with the convergence rates from
When the number of grid points N is sufficiently large (i.e., ANz <1
and [|[ABM™)||;_ < ||B,||z..) we have for piece-wise linear basis functions under
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[Requirement 6.6{ (24, € W2 (P,R™"), B, € W2 (P,R"*™) and C, € W2 (P,R%*"))

(see [Theorem 6.8)

IH, — BN pay <c

N2 (log N)* (P AT .

A4 1Byllew - 1C 2w - 128 lle,
+v/rm - [Crllw - I1Brllwz,
+2¢ 7 [Brllzw - [Crllwa, }

and for global polynomial basis functions under [Requirement 6.11{(2(, € CZ (P, R™"),
B, € CE(P,R™™) and C, € CZ(P,R7*")) (see Theorem 6.14))

I, = B o p ) < ¢ N7H- (log N)FEFEZDFL AT
A4 1Byllew - 1C s - 128 lle
+ vrm-[Crlly - [Brller
+2¢+v/7q [ Byllea - [Crllen } -
For this benchmark, the requirements ||A2. (M|, < 1 and [|[ABM|,. <
IIBr||z., is already fulfilled for the N of the smallest level.
We cannot prove that the model of the benchmark fulfills [Requirement 6.6] or

[Requirement 6.11] but [Figure 7.19| indicates that [Iheorem 6.8 and [Theorem 6.14
(for R = 4) are applicable.
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(a) For piece-wise linear basis functions (b) For global polynomial basis functions

(see [Theorem 6.8]). (see [Theorem 6.14)).

Figure 7.19: Interpolation error and convergence rates.
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8 Conclusions and Outlook

8.1 Conclusions

We proposed a fully-automatic parametric model order reduction method with
stability guarantee for symmetric linear time-invariant dynamical systems with a
higher-dimensional parameter space.

We proved that the transfer functions of the full order model and the interpo-
lated reduced order model fulfill one-sided tangential interpolation conditions at all
combinations of frequency and parameter space interpolation points.

We heavily reduced the number of interpolation points in parameter space required
to reach a certain accuracy by interpolating on sparse grids instead of full grids.
When the parameter dependence is very smooth, then we can further reduce the
number of interpolation points by using global polynomial instead of piece-wise
linear basis functions. Hence our method is more efficient in higher-dimensional
parameter spaces than other stability-preserving PMOR methods.

We showed that even in a one-dimensional parameter space our method gives bet-
ter results for symmetric systems than another stability-preserving PMOR method
that includes interpolation of the system matrices, but is not suited for higher-
dimensional parameter spaces and is mentioned in the PMOR method comparison
[BBH™15] but performs not so well. This indicates that interpolation of the system
matrices is competitive to the other methods mentioned in [BBH'15] and should be
explored further as is has several advantages over the other methods which all use
a global reduced order basis. For example, the reduction order is smaller and the
parameter dependence can be arbitrary and need not be affine.

While deriving the interpolation error bound we pursued different approaches to
relate the transfer function error to the error in the matrices that are interpolated.
It turns out that our approach is much better than when using the standard theorem
about perturbation of the inverse. The constant is smaller and we have no locality
restriction.

Still, the upper bound for the interpolation error is some orders of magnitude
too large, since submultiplicativity is too pessimistic. Nevertheless the shape of
the bound is good—bound and error essentially differ by a multiplicative constant.
So the course of the bound might be used together with error computations of
interpolation on a coarse grid to determine the optimal number of grid points, where
the interpolation error approximately equals the reduction error.
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8 Conclusions and Outlook

8.2 Outlook on Future Work

In the rest of this section we give directions for further investigation and mention
open problems.

8.2.1 Model

Our method can simply be extended from first-order to second-order systems with
symmetric positive definite system matrices. Since the standard Iterative Rational
KRryLOV Algorithm is not applicable to second-order systems, another interpolatory
model order reduction method which provides a good choice of interpolation points
in frequency space is needed (see e.g., [Wyal2]).

It would be nice to test our method on other benchmarks and applications, espe-
cially with a larger number of parameters. However, the symmetry requirement is a
strong restriction for a system. We only found benchmarks with at most 4 parame-
ters, except an example with 7 parameters in [BB15], which is not open source, but
property of the Robert Bosch GmbH. Nevertheless, our method is also suitable for
higher dimensions.

For non-symmetric systems it is not clear so far how to preserve stability in higher-
dimensional parameter spaces. In [GPWLI4] a stability-preserving PMOR method
for general systems is presented. The idea is to transform the local stable reduced
order models such that the symmetric part of the matrix A, becomes symmet-
ric negative definite. Such systems are called contractive. However, non-negative
weighting functions are required to ensure that the symmetric part of the interpo-
lated matrix A, is symmetric negative definite, too. So one cannot interpolate on
sparse grids to deal with higher-dimensional parameter spaces.

A possible remedy to avoid the requirement of non-negative weighting functions
might be as follows. First, we split A, = M + N into a symmetric part M := (A, +
AT)/2 and a skew-symmetric part N := (A,.—AT)/2. Then we interpolate M and N
separately: the matrix —M on the manifold of symmetric positive definite matrices
(as A, in this thesis) and the matrix N by direct matrix interpolation. So the
interpolated matrices M and N are symmetric negative definite and skew-symmetric,
respectively. The interpolant of the matrix A, is then defined as AT .= M+N. Note
that the symmetric part of A, is (A, +AT)/2 = (M+M7T)/2+ (N +N7T)/2 =

It feels a bit unnatural to interpolate the two parts with two different concepts,
but it might be worth a try. Note that the local reduced order models need to be
stable, so use e.g., Balanced Truncation, and a mass matrix E, # I, needs to be
inverted to the other side, i.e., A, ~ E;l -A, and E, ~ I,.

8.2.2 Model Order Reduction

To construct the local reduced order bases we use the Ha-optimal frequency inter-
polation points of the center of the parameter space, which we compute with the
Iterative Rational KrRYLOV Algorithm, for the whole parameter space.
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8.2 Outlook on Future Work

A combination of interpolation and approximation in frequency space might give
reduced order models of a better accuracy over the whole parameter space [BG15].
But to include it into our stability-preserving parametric model order reduction
method we would need a symmetric variant of the method proposed in [BG15] and
ideally an extension for multi-input, multi-output systems.

To make the local reduced order models compatible, a reference basis is chosen.
We take the reduced order basis at the center of the parameter space, i.e., Vief = Vy,
with ¢y such that ps, = Pcenter- Another possibility inspired by [PMEL10, BBBG11]
is to define V. as the first r singular vectors of V; = [V1,..., V]. Since V) can
become quite large, one should not use the final N that is used for interpolation,
but a smaller one that belongs to a coarse grid.

8.2.3 Interpolation

The proposed parametric model order reduction method is not restricted to inter-
polation on sparse grids. Any interpolation or even approximation method can be
used, but it should be suitable for higher-dimensional spaces. The preservation of
stability is not affected.

For very high dimensional parameter spaces energy-norm based sparse grids might
be advantageous. One can also think of inventing a completely different sparse grid.
However, it is not obvious which norm to take for the cost—benefit optimization.

Currently we treat all entries of the matrices which are interpolated equally and
interpolate the matrix A, regardless of the matrices B, and C,. However, mini-
mizing the error in the transfer function is not equivalent to minimizing || A, — A, ||
or ||A;1 — A1, Tt is an intriguing question whether it is possible to consider the
matrices B, and C, when interpolating the matrix A,..

One possibility could be to interpolate log(—M7” A,.M) instead of log(—A,.) for
an invertible matrix M. This might yield better results if the matrix M is chosen
carefully, depending on B, and C,.

When the dimensions have different importance, the number of interpolation
points needed to reach a certain interpolation error could be made smaller by di-
mension adaptivity [GGO03], i.e., using different refinement levels in each dimension.
Before dimension adaptivity can be applied successfully a suitable error estimator
that correctly portrays the interplay of the error in the different matrix entries of
the three system matrices needs to be constructed.

Spacial adaptivity is only needed if the parameter dependence is very non-smooth
in some regions of the parameter space. An error estimator for it might be con-
structed from an error estimator for dimension adaptivity.
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A Definitions and Theorems from
Literature

A.1 Matrix Basics

In this section we recapitulate some definitions and facts about matrices. These can
be found in many textbooks, see for example [GVL&9, Lan69, [Ste98].

A.1.1 Properties
Definition A.1. A matrix M = [M;;]?,_; € C™" is
o diagonal if M;; =0 for ¢ # j,
o upper triangular if M;; = 0 for i > j,
e lower triangular if M;; = 0 for i < j.
Definition A.2. A matrix M € C"*" is
o symmetric if M = M7,
o skew-symmetric if M = —MT |
e HERMITIAN if M = M#
e unitary if MHAM =1,
e normal if M¥M = MM,

Every real symmetric matrix is HERMITIAN.
Every HERMITIAN matrix and, hence, every real symmetric matrix, is normal.

Definition A.3. A matrix M € R"*" is orthogonal if MTM = I,,.
Every real unitary matrix is orthogonal.
Definition A.4. A matrix M € R™™ has orthonormal columns if MTM = 1,,,.
Definition A.5. A HERMITIAN matrix M € C"*" is
e positive definite if its eigenvalues are positive, i.e., A(M) C R™,

e negative definite if its eigenvalues are negative, i.e., A(M) C R™.
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A Definitions and Theorems from Literature

A.1.2 Transformations

Definition A.6. Let M € C"*" and let S € C™*" be invertible. Then N = S~!MS
is called a similarity transformation of M. The matrices M and N are said to be
similar.

Theorem A.7 (|[Lan69, Theorem 2.4.1]). Similar matrices have the same eigenval-
ues.

Definition A.8. Let M € R™ " be symmetric and S € R"*™ be invertible. Then
N = STMS is called a congruence transformation of M. The matrices M and N
are said to be congruent.

Theorem A.9 (SYLVESTER’s law of inertia [GVL89, Theorem 8.1.12]). Congruent
matrices have the same number of negative, zero and positive eigenvalues, respec-
tively.

A.1.3 Decompositions

Theorem A.10 (singular value decomposition [Ste98, Theorem 4.27 in Chapter 1]).
Let M € C™*™. Let k := min{n,m}. Then there exist unitary matrices U € C"*"
and Z € C™*™ such that

U’ MZ = 2] forn>m

O
or
UMz = [ ® O} forn <m,
where ¥ = diag(oy, 09, ...,0%) € R¥** with oy > 09 > --- > 03, > 0.
This decomposition is called singular value decomposition of the matriz M. The
real numbers o;, 1 = 1,...,k, are called the singular values of the matriz M.

Theorem A.11 (spectral decomposition [Ste98, Theorem 4.33 in Chapter 1]). Let
M € C™*"™ be HERMITIAN. Then there exists a unitary matriz U such that

UAMU = diag(\1, ..., \n),

where Aj € R and \y > --- > Ay,

This decomposition is called the spectral decomposition of the matrix M. The
numbers \; are the eigenvalues of the matrizx M, since they fulfill Mu; = Aju;
where u; is the jth column of the matriz U.

Definition A.12. A matrix M € C"*" is diagonalizable if there exists an invertible
matrix X € C™*" such that X 'MX = diag(\1, ..., \n).

Theorem A.13 (|[GVL89, Corollary 7.1.4]). A matric M € C™*" is normal if and
only if there exists a unitary matriz U € C™*" such that UYMU = diag(\1, ..., \n).
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Theorem A.14 ([GVL89, Theorem 8.1.1]). Let M € R™ ™ be symmetric. Then
there exists an orthogonal matriz Q € R™ "™ such that

QTMQ = diag(A1, ..., \n).

Theorem A.15 (CHOLESKY decomposition [Ste98, Theorem 2.7 in Chapter 3]). A
positive definite matriz M € C™ ™ can be factored uniquely in the form M = R¥R,
where the matriz R is upper triangular with positive diagonal entries.

This decomposition is called the CHOLESKY decomposition of the matriz M.

A.1.4 Projections

Theorem A.16 ([Ste98, Theorem 2.2 in Chapter 3]). Let M € C™*" be positive
definite and let V.€ C" . Then N = VHMYV s positive definite if and only if
rank(V) =r.

Corollary A.17. Let M € C™ " be negative definite and let V.€ C"*". Then
N = VMYV is negative definite if and only if rank(V) = r.

Proof. Apply with M = —M. O

Theorem A.18 (CAUCHY interlacing theorem [Ste98, Theorem 4.34. 5. in Chapter
1]). Let M € R™™ be symmetric and let V € R™ =1 have orthonormal columns.
Then for N = VIMYV it holds

AL(M) > A (IN) > Aa(M) > Ap(N) > -+ > Ay 1 (N) > A (M).

Corollary A.19. Let M € R™ ™ be symmetric and let V. € R™™" have orthonormal
columns. Then for N = VIMV it holds

(M) > Ay (N) and A(N) > A, (M),
Proof. Apply [Theorem A.1§| recursively. O

A.1.5 Bounds for Matrix Exponential and Matrix Logarithm

The next lemma is needed to bound the norm of the matrix exponential by the
exponential of the matrix norm.

Lemma A.20 ([HJ91) (6.5.25)]). Let M € C"*". Then
HeMH < eIMIl,

For the matrix logarithm of a symmetric positive definite matrix and the spectral

norm we prove a similar expression ourselves (see [Lemma B.9)), which is not only a
bound, but even an equality:

[10g(M)]|2 = max { | log(M]|2)]. | log(IM~[12)]}

117
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A.2 Perturbation Theory

A.2.1 Matrix Inverse

Theorem A.21 ([GVL89, Theorem 2.3.4]). Let M,F € R™ " with M invertible
and ||M~IF|| = 6 < 1, where |- || is a submultiplicative matriz norm. Then M + F
s tnvertible and

M= (M4 F) 7 < M E)/ (L - 0).

Corollary A.22. Let M,F € R™" with M invertible and |M~1F|| < 1/2, where
II-1| s a submultiplicative matriz norm. Then M + F is invertible and

M~ = (M+F) 7 <2 M7 [|F].

A.2.2 Matrix Exponential

Theorem A.23 ([HJ91, Theorem 6.5.29]). Let M, F € C"*™ with M normal. Then
[MHF — Mjl; < (elPll — 1) . My,

Corollary A.24. Let F € C"*", Then

[eF — 1|y < ellFllz — 1.

Proof. Apply with M = O. O

A.3 Miscellaneous

A.3.1 Holder’s Inequalities

Theorem A.25 (discrete HOLDER’s inequality [BSMMOS8|, (1.120a)]). Let p,q > 1
with 1/p+1/q=1. Let x1,...,%n,y1,---,Yyn € R{. Then

n n 1/p n 1/q
Z Y < (Z I‘f) (Z yf) .
=1 =1 =1

Theorem A.26 (continuous HOLDER’s inequality [Rou05, (1.19)]). Let p,q > 1
with 1/p+1/q=1. Let f € L,(Q,R") and g € Ly(Q,RT). Then

| f@gle) s < ( | sy ds)l/p ( [ st ds)l/ ’

A.3.2 Laplace Transform
Definition A.27. [RR93| (5.145)] Let f be a vector-valued function. If it exists,

F(s) = (Lf)(s) = /OOO f(t) et dt, seC,
is called the LAPLACE transform of f.
It holds (Lf)(s) = sF(s) — f(0) [BSMMOS, (15.13)].
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A.3.3 Integration Formula

We have [BSMMOS, bottom of page 490]

1 1 z
———— dr = = . Al
/ R dz 5 <x2 1 +arctanx> (A.1)
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B Proofs

B.1 Proofs for
B.1.1 Proofs for lsubsection 2.2.3

Before we can prove the actual theorem we need the following lemma.

Lemma B.1. Let M € C"™™, b € C™ and x := Mb € C". Then ||x[sx <
IM]|p - [[b]l2

Proof. For a vector x we have ||x[|c < ||x[]2 [GVL89) (2.2.6)]. Since x and b are
vectors, we have ||x||2 = ||x||r and ||b||r = ||b|l2. Furthermore, we have ||x||r =
IMb||r < ||M]F - ||b||r [Ste9d8, Theorem 4.11. in Chapter 1]. O

Theorem B.2. For u € Lo(RT;R™) it holds

Iy = yrlle, < [H = Hella - |[ulle,  and
[y = ¥rlleo < IH = Hell3, - [lullz,

Proof. We essentially follow [ABGI0, Section 2.4]. Let u € £2(R7; R™). We have

Y(s) = ¥r(s) = [H(s) — Hy(s)] - U(s). (B.1)
Applying [Lemma B.T] we get
19(s) = ¥r(s)lloo < IH(s) — Hr(s)[| 7 - [[6(5)]]2. (B2)

With the PARSEVAL relation [W1o82 Satz 1.24] we yield

Iy =yeliz, = [ Iy =y (013 at
1 ~ ~
= 57 [ I9(5) = 9:(s) 3 ds

o [ IF() —~ Fu(s)] - ()3 ds

% /ﬂR IHL(s) — H,(s)|[3 - [6(s)[5 ds

IN

< sup [H(s) = HL(3)13 (57 [ 1815 as)
= sup () ~F ()13 ([ (o) at)
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= |H-H, |3, - [[ulZ,
and

Iy = ¥rllce =sup [y (t) = yr(t)]leo
t>0

1 /R 5~ 5(s))e” ds

= sup
t>0 oo
< QW / I9(5) = F+(3)l ds
L) - Bl 5

< (27r /ZRHH(S) Bl as) (o [

2
2

)

- (= /ZRHH(S)— pas) ([ e szt> "

= [H = Hy [, - [[al

using with p = ¢ = 2 for the last inequality.

B.1.2 Proofs for lsubsection 2.3.1]

Proof of[Lemma 2.17. The number of inner grid points in a grid of resolution n is

given by [BG04, (3.31)]

N=@2"-1P

(B.3)

0
For the interpolation error of a function f € W2([0,1]”,R) we have the following

upper bound [BG04, Lemma 3.5.]:

If = F Mz, <c[flag 27,

where ¢ = ¢(D) := D/6P.
Due to equation (B.3) we have N < 2"P. Hence, it holds

2~ < N~U/D,

We now obtain

- (B.4)
1= FpB oy 2
B3)

< 2,q° N72/D‘

(B.4)

This is in agreement with [BG04, Lemma 3.12.], which states that ¢,(N) =

O(N—2/P).
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Proof of[Lemma 2.18 The number of inner grid points in a grid of resolution n is
given by [BG04, Lemma 3.6.]

n—1 ; D—-1
. D -1 +1 n D—2
N=Y2. —on [ . B.
; ( D-1 ) <(D—1)!+O(" )> (B-6)
For the interpolation error of a function f € VOVI? ([0,1]P,R) we have the following
upper bound [BG04, Theorem 3.8.]:
1= F e, < co- |flaqg-27" - A(D,m), (B.7)

where ¢y = ¢o(D) and

D-1 n _ nb-1
k=0 ’

Due to equation we have N < ¢ - 2" - nP~! with ¢; = ¢1(D) := 1/(D — 1).
Hence, it holds

27" < ¢ - N“LopPoL (B.9)
Similarly, due to equation (B.8]) we have
A(D,n) < ¢ -nP7h (B.10)

Taking the term for ¢ = n — 1 of the sum in the definition of IV in equation ,
we obtain N > 2"~1 > 27/2 for n > 2. Hence, log N/log2 > n/2 and so

n<logN-2/log2=cy-log N (B.11)

with ¢y := 2/log 2.
We now obtain

~ B.7]
1f = F™e, < co-|flag- 272" A(D,n)

(12K2) _ (D—
< o |flag - N2 P7U L A(Dn)

B.10
S CO.‘f‘27q.c%.N72.n2'(D71).Cl.anfl

N-2.p3(D-1)

=

:CO’czf"f‘lq'
B

< e} |flag N72 - (cg - log NP7

=cp-|flag- N2 (log N)>(P-D

for cp = ep(D) = ¢o(D) - ex(D)?* - 5 7.
This is in agreement with [BG04, Lemma 3.13.], which states that

gg(N) = O(N72. (logy N)>PP~D), O
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Proof of |Lemma 2.20]. The number of grid points in a grid of resolution n is bounded
by [Feul0, Lemma 2.1.2]

n—1 . D-1

. (D1

N<3D.§:2’.< D_YZ>:3D.2”-<(3_1)'+O(nD‘2)>. (B.12)
=0 ’

For the interpolation error of a function f € W2([0,1]”,R) we have the following
upper bound [Feul0, Lemma 2.1.16]:

1f = F ™z, < eo- lllflllzg - 27" - A(D, ), (B.13)

where ¢y = ¢o(D) and

D—-1 n _ nD—l
k=0 ’

Due to equation (B.12)) we have N < ¢1-2"-nP~! with ¢; = ¢1(D) := 37 /(D —1)..
Hence, it holds

27" < - NHopPh (B.15)
Similarly, due to equation (B.14]) we have
A(D,n) < ¢ -nP7L (B.16)

Taking the term for i = n— 1 of the sum in the definition of N in equation (B.12)),
we obtain N > 2"~ > 2%/2 for n > 2. Hence, log N/log2 > n/2 and so

n<logN -2/log2=cy-log N (B.17)

with ¢ := 2/log 2.
We now obtain

I

Z(N) (B.15 —2n
1f = ey < co- Mllflll2g - 277" - AD, )

co |1 flll2q- 3 - N72-n>P=0 - A(D, n)
" o W lllag - 3 N2 20D oy P
=co & [[[flllzg- N2 0¥ P
co 3 [||flll2q - N2 (c2-log N)* (P~ 1
=cp - ||| flll24- N72- (log N)* (P~
for cp = ep(D) = co(D) - c1(D)3 - &PV, O
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B.2 Proofs for

Before we can prove the actual lemmas we need the following lemma.

Lemma B.3. Let A € R™"™ be symmetric negative definite and let E € R™"™ be
symmetric positive definite. Then E~Y2AE"Y2 is symmetric negative definite.

Proof. The matrix E"Y2AE~Y/2 is symmetric, and negative definite due to
rem A9 O

Lemma B.4. Let A|E € R™" be symmetric negative definite and symmetric posi-
tive definite, respectively. Then

sup [|(sE — A) 7'z = [|A7 2.
se€R

Hence, the supremum is attained at s = 0.

Proof. Define N = —A, so N is symmetric positive definite.

Due to[Corollary 2.9|the matrix N has a unique symmetric positive definite matrix
square root N/2.

We write

(sE—-A)"'=(sE+N)!
N2 N2, (sE + N)—l CNV2 L N-L/2
= N7V2 (NTV2(E + N)N*W)_l SN2
N2, (SN_l/zEN_1/2 n I)*l N2
= -_N2. (sM—-1)"' . N1/2

for M = —N~Y2EN~Y2. The matrix M is negative definite due to
with E =N and A = —E. So we have

sup [|(sE — A) 7l = sup [-N"V2- (sM— 1)1 N2,

sciR sciR

< sup {[N"2]5 - [[(sM - 1)7H N2}
seR
= |[IN"Y2||o - sup [|(sM = T)"" - NTV2
se€iR
B e _
[NV N2
— N2
= N7
=AY
using [Lemma 5.17 with A = M~ and Z = N—1/2,
For s = 0 we have (sE — A)™!' = A=! and so ||(sE — A) 7! = |A7 2. O

125



B Proofs

Lemma B.5. Let A,E € R™" be symmetric negative definite and symmetric posi-
tive definite, respectively. Then

[ sB=a) ) ds<mr AT AL B

Proof. Define N = —A, so N is symmetric positive definite. Similarly to the proof
of we write

(SE—A)'=-N12.(sM-1)"! .N"1/2

—-1/2

for the symmetric negative definite matrix M = —N—1/2EN . So we get

/ZR |sE-a)| as= /zR |12 MmN s

< [ {INTEB M- D N2 as
1R
= N2 [ M =D N2 ds

= IN“a- [ M =D N2 ds
(2
B N M) N2
SINTH o - J(=M) V23 - INTV2 R
=7 AT 2 M2 - INTV2)E
using [Lemma 5.18| for the inequalities and equation (5.13) from [Lemma 5.21| with
A=M"1and Z=N"Y2 We have
Ml = [[(-N"ZENTY2) 7
_ ||]_\11/2]_3—11\11/2||2
<INy BT 2 - INY2
= [IN'2)3- B2
= [Nl - [E7Y
= Az [[E7H2

Plugging this in, we achieve

2
| s = a7 ds<m AT o AL B N2
1.

(2.9)
< m ATz Al ET 2 - (INTY2)3

= [|JAT o Al BT |2 -7 N7
=7 [|AT 2 Al [E7H |2 -7 - [JATH2. 0

B
(S
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B.3.1 Proofs for [subsection 4.3.1|

Lemma B.6. Let A € R™™ be symmetric negative definite. Let E € R™ ™ be
symmetric positive definite and E = RTR its CHOLESKY decomposition

. Then (RT)"'AR™! is symmetric negative definite.

Proof. The matrix (RT)"'!AR™! = (R™)TAR ™! is symmetric, and negative defi-
nite due to [Theorem A9l [
Lemma B.7. Let A € R™"™ be symmetric negative definite and let E € R™ ™ be

symmetric positive definite. Then A(E~'A) C R™.
However, E~YA is symmetric if and only if A and E commute.

Proof. Let E = R'R be the CHOLESKY decomposition of E. Then (RT)"'AR™!
is symmetric negative definite due to We have

E~'A=R"'R)'A
=R7'(R")'A
=R'R")'ART'R

So A(E7'A) = A(R")"'AR!) due to O
B.3.2 Proofs for [subsection 4.3.2|

In the next lemma we state a relation between the spectral norms of a symmetric
positive definite matrix and its CHOLESKY factor.

Lemma B.8. Let M be a symmetric positive definite matriz with the decomposition
M = RTR, where R is a triangular matriz with positive diagonal entries. Then
IM]l2 = [R]3.

Proof. The matrix R can be split into a diagonal matrix D with positive entries and
a triangular matrix N with ones on the diagonal: R = DN with || N|2 = 1.
We have M = RTR = (DN)?(DN) = N”D?N, so D? = N-"MN~!. It holds

IR|Z =D - N3
< D3 - [IN]3
= |DJ3
= [IN"TMN"!
< Mz - N3
= [|M][2

since the inverse of N is a triangular matrix with ones on the diagonal, too.
Furthermore, it holds | M|z = |[RTR|2 < |R|)3. O

127



B Proofs

The following lemma is needed to rewrite the norm of the matrix logarithm as the
logarithm of the matrix norm.

Lemma B.9. Let M € R™™"™ be symmetric positive definite. Then

b

Proof. Since M is symmetric, it is diagonalizable due to So we have

log(M)|l2 = max {| log([M]|)], | log (M)

Ai(log(M)) = log(\:(M)) (B.15)
due to [Theorem 2.4p| Since log(M) is also symmetric, it holds

[log(M) ][z = max |Ai(log(M))|

"= ma [log(\(M))|

= max {108 (Amin(M))], 0g(Amax(M)) }

= max { flog(|[M~[31)], flog(|[M]|2)| }

= max {|— log([M~[l»)], log(|[M]|2)|}

= max { [log(|M~"l2)|, [log(||M]2)|} . O

B.4 Proofs for

The matrices A and A are always required to be symmetric negative definite and
we define 2 = log(—A) and A = log(—A) as before.
We show the triangle inequality for the two parametric model norms.

Lemma B.10. It holds

HH — HTHLQ(PyHZ) < HH - Hr”[ﬁz(P,Hz) + HHT - HT”L2(P7H2)'

Proof. The first inequality follows with the triangle inequality of the Ho,-norm by

H — Hell £ (P
—esssup||H( ip) — H, (3P 1o

PEP

< esssup {||H(-;p) = Hy(-; D) 3o + [|H (-3 P) = H (-5 P) | 4as }
PEP

<esssup [[H(-;p) — H;(-; P)[l7c +esssup [[Hy(-;p) — He(-5P) |2
peEP pPEP

= [H ~ H,llzp o) + IHr — Bl o (p )
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The second inequality follows with the triangle inequality of the Ho-norm and the
triangle inequality of the Ls-norm by

IH — H, | £,p 21)
B , 1/2
= </7> IH(-;p) — He (-5 )3, dp)

< ([ {IBCip) ~ H(p) o + B Cp) ~ L Csplb ) dp)” 2

< ([ 1) - B G ap) ([ ICw) Rl ap)

= |H — H, || 2,p ) + Hr — | £y 210)- O

In the rest of the section we prove the additional non-optimal interpolation error
bounds.

B.4.1 Technical Lemmas

Lemma B.11. Leta >b >0 and z1,...,2, > 0. Then

<Z zf’) < pl/b=1/a (Z Z;z)
i=1 =1

Proof. We set p := a/b > 1 and ¢ := a/(a —b) > 1, so we have 1/p+ 1/q = 1.

Applying HOLDER’s inequality (Theorem A.25|) with z; = zf’ and y; = 1 for ¢ =

1/a

1,...,n, we get
n 1/p n 1/q
=1 =1 =1
n b/a
= (Z zf) .pla=b)/a
i=1
So

n 1/b n 1/a
(Z Zg) < <Z z) . pla=b)/(ab)

n 1/a
_ <Z Z;z) . nl/b—l/a' O

The next lemma helps to simplify the FROBENIUS norm of the matrix square root.
Lemma B.12. Let E € R™*" be symmetric positive definite. Let p € [0,1]. Then

1P| < P2
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Proof. For p = 0 the claim is true, since ||E°||% = ||I||% = 7. For p = 1 it is trivially
true. So now let p € (0,1). Let A1,..., A\, be the eigenvalues of E. Then

IEP|[% = |ldiag(As, ..., An)P I

— Zr: \ZP
=1
r 1/(2p)) 2P
1)
=1
. 1/2
< {rwzp)l/z (Z A?) }
=1

= Tl_p ’ Hdlag(Alv SRR )\T)H%I‘)

- 2
=10 B!
using with @ = 2 and b = 2p < a for the inequality. O
Corollary B.13. It holds

2p

[(=A) V2| < P4 A3

Proof. The claim follows from [Lemma B.12| with E = —A~! and p = 1/2. O

For the Hoo-norm case we need the following lemmas.

Lemma B.14. Let A\, A € R—. Then

1 |2 1 2 1 1
/ : _| ds=m- _ . S (B.19)
RIS =AMl s —A AL IAL AL+ (A
2 2 £y
/ L . som. M1 (B.20)
RIS =M |s/A=1 RYREPYESPY

Proof. Using the integration formula (5.12)) from [Lemma 5.20| we have

2

2 2

/ 1 1|2 doo 1L / 1 1
RIS =M s— X AZ- A2 Jrls/A=1] |s/x—1
B S I
AZ-IAZ AL+ A
1 1
= — - —.
AL IAL AT+ (A
Using the integration formula (5.12)) from [Lemma 5.20[ we have
/ (I N / R S T b
. — § = — - . —
RIS — A S/)\—l |)\|2 1R 3/)\_1 8/)\—1
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_ 1 R
AP AL+ A
P 1 0
SRP YRV
Lemma B.15. It holds
J T =) ds < T r? AT,

Proof. The matrix A is symmetric (and negative definite) and hence orthogonally
diagonalizable

QTAQ = diag(\i, ..., \)

with eigenvalues A\; € R™. Then for s € 1R

1 1
T(T_ AV1lO — di
Q (sI—-A)"Q d1ag<s_)\l,...,s_)\r>

with (s — \;)~! € C*. We have

4

1 1
/H (sI— A ||Fds—/ HQ d1ag< _Al,...,s_)\r>-QTFds
1 4
d d
1ag<8_)\1 8—)\7»> F ’

1
= d
zR(iZI S_)\Z> °
2
T I8 1 2 1
- XY ds
R\ =1 =1 §—Ai 5= A
T 1 2] o1 )
= . ds |.
z:ljz_:l /ﬁR S—/\i 8—)\]'

Now we apply equation (B.19)) from [Lemma B.14with A = A; and A= Aj and obtain

1
(sI— A ds = '
/|| sT—A) 7k ds = z;]z:lw .Aj| YESEY
< 7.
=7 2")\max‘ ZZ’/\‘

i=17=1

r 2
™ 1 1
"2 Do (Z w)
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— T A |~ —172||*
= 5 - IAT - ||~ ding (v, A0) 7
T a1 AT —1/2]|4
=517 - [[(-QTAQ) 2

7T — —11,1/2\4
<5 AT - (V- 1QTAQ) )

s _ _
=5 AT - AT,

where the last inequality is due to |[Corollary B.13l The claim now follows with
[AHE <7 AT O

B.4.2 Bound for H.-norm at Fixed Point
Approach (llla): No Assumption via A — A

Proposition B.16 (cf. [Proposition 5.7)). It holds

sup |C - {(sT—A)L — (sT— A)"1} - B,
S€E

< [|Allz- [A Y2 - JA Y2 - |Bll2 - ||Clla - (4212 — 1),
Proof. Plugging in equation (5.3), we obtain
sup [|C - {(sT — A)™t — (sT— A)"'} - B,

sciR
—sup ||[C-(sI—A)"'-(A—A)-(sI—A)""- B,
seiR
<sup (|C- (sT= A)M|> - A — A2+ [|(sT - A)™" - BJl2)
sciR
< sup [[(sI—A)7H-CTl2- A — Az sup [[(sT — A)~! - Blf2.
seiR seR
Using equation ([5.9) from with Z = CTand with Z = B, respectively,
we get

sup [|C - {(sT— A)~! — (sL— A)~'} - Bl
seR

=A™ CTl2 |A~ A2+ [|A" - Bl
<IC-A o [|Afl2 - (52 —1) - AT Bl
<[Cllz- AT 2 - [A]l2 - (el52 —1) - AT - [|B]|2

using inequality (5.5)) from [Lemma 5.15|for the first inequality. O

B.4.3 Bound for H»-norm at Fixed Point

Approach (1): Perturbation of the Inverse

Proposition B.17 (cf. [Proposition 5.4). Let ||(sI — A)~!- AA|r < 1/2. Then

(o [1C (T~ A)" (o1 - &)Y} B as)
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—113/2 s
<32 (Al AT Bl - Cllp - (4% 1),
Proof. It holds
[ {1 = A = (51— B) 1} B ds
~ 2 ~
< [ICI - 1= A)7 = 1= &)~ - B ds

= ICl- [ 1= A)" = (1= &)1 ds- B

Using [Corollary A.22|with M = sT— A and F = AA and [|(sI—-A)"1-AAy < 1/2

we have

J:

(s~ A) — (sT— A)*Hi ds < /1R4 T )7 aAlE ds

4
F.
:4./
1R
™

<4-oert JATHS - AAE

(- )7 as- |aal}

<4 Tort AT AR (o - 12

(CRIER Y

using the integral bound from for the second inequality and inequal-
ity (5.7)) from [Lemma 5.15|for the last inequality. O

Approach (11): Assumption: A and A commute

Proposition B.18 (cf. |Pr0position 5.6[). If A and A commute, then

1 _ . 1/2
(3 [ IC- {1 A)" — (1= &)} - B as)
2w Jir
1 ~
< 5 VI Bl Ol (1% — 1),
Proof. Using [Lemma 5.5 we have
JlIC (T = )7 — (sT- &)1} B ds
AN
~ ~ 112
:/ |o G1-a)" (-1 A -7 B[ ds
1R
~ ~ 2
< [ (Ic (1= A) (@~ Dp- [GAT =D Blle) ds

1R
~ ~ 2
< [ (e (1= A) - e = 1) - (A7 =D - Bl) ds

1R
1 2
</ (HC||F~max ~||B||F> s
R i=1l:7|S8 —
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=HQ%Mﬁ%WWm—W3/%< )

using |Lemma 5.18|for the second inequality andeor f(M) = (s:-I-M)~!
with M = A, N” = C and for f(M) = (s -M ! —I)"! with M = A, N =B
respectively, for the last inequality.

We yield the claimed inequality with |[e®® — I||3 < (el2¥l2 — 1)? from

lary A.24|and, using the integration formula (B.20]) from [Lemma B.14{with A = Apax
and A\ = A\pin,

1

5 — Amax

' S/Xmm -

2 ~
/ 1 1 ds — ‘)\min‘ 1
. — S fr— ’7'[' . . —
1R s — )\max S/Amin -1 |>\max| ‘)\max| + ‘)\min‘
S - ‘Xmin‘ . 1 _
|>\max| ‘)\max| + ‘)\min‘
< 1
T
- |>\max|
— - | A7 . =

Approach (llla): No Assumption via A — A

Proposition B.19 (cf. [Proposition B.16). It holds

1 - L 1/2
(55 [LIC{6T-A)" = (- &)1} B ds)
1 pe B _
< 5 1Al V1A o 1A 2 [Blle - [ - (€13 ).

Proof. First, we bound the integrand. Using equation ([5.3) we yield

o f1— Ayt - A B,

“le- A A A) 1A B,
<o art - &), or- &) B,
<o s1-a)t - Ia- Al Jos1-A) B

[IBl|r

< 1cTp - A = Al
<ICHp - max |- 2+ max )

1

5 — Amax

1

[|A = Alz-[Cllr - |Bllr

S — Amax

applying m Lemma 5.18) for the second inequality and using m Lemma 5.19| for f(M

(sT— M)~ L with M = A and N7 = C and with M = A and N = B, respectlvely,
for the last inequality.
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Next, we bound the whole integral. We have

I {1 = A) ! = (51— B) 1} - B ds

2
1 2 1 ~ -
< - A= A|3-||C|% - |IB|% ds
< o] | 1A Al ICIE 1B
12 1P
:A—A2~CQ-]~32~/‘ - ds
A= &IBICIE - IBIE- [ || |
A2 2 12 1 1
=A—-Alz-[Cl% - Bz - — _
|)\maX’ : |)\max| |>\max| + |>\max|
2A ~ 1 1
< A3 - (el — 1) | F - B - - — _
|)\max’ : |)\max| |)\max| + |)\max|
2A ~ 1 1
< [JA[f3 - (el* 2 — 1) C|F - B - - —
’)\max’ . |)\max’ ‘)\max‘

= |AT |z AT 1A - (M — 1) Ol - B

using the integration formula (B.19)) from|Lemma B.14|and, for the second inequality,

inequality ([5.5)) from [Lemma 5.15] O

135



136



List of Algorithms

[2.1 TIterative Rational KrRyLOv Algorithm.| . . . . . . .. ... ... ... 20
4.1 PMOR for symmetric LTI systems - Offline phase (reduction).| . . . 44
4.2 PMOR for symmetric LTI systems - Online phase (interpolation).|. . 44
[7.1  Symmetric initialization of Iterative Rational KRyLov Algorithm. . 94

137



138



List of Figures

2.1 Input—state-output model.|. . . . . . . .. ..o 13
2.2 The two-dimensional bi-linear basis function ¢ 1y (1,1) = 21 ¢11] . 22
2.3 One-dimensional piece-wise linear bases of level 3 with boundary.,| . . 23

[2.4  Subspaces belonging to grids without boundary for D =2 and n =3.| 25
[2.5  Subspaces belonging to full grids without boundary for D = 2 up to |

D=0, ] « o o o e e e e e e e e e e e e e e 25
[2.6  Subspaces belonging to sparse grids without boundary for D = 2 up |

ton=3.1. . . . . e e e e e 25
[2.7  Points of full grids without boundary tor D =2upton=4.]. ... 26
[2.8  Points of sparse grids without boundary for D =2upton=4|.. . 26
[2.9  Subspaces belonging to sparse grids with nodal boundary for D = 2 |

upton=ao.| . . .. 28
[2.10 Subspaces belonging to grids with hierarchical boundary for D = 2 |

and n=23l. . . . ... 28
4.1 Flow chart of the methodl . . . . . . . . ... ... ... ... ... 45
|4.2  Parameter dependence of reduced order basis.|. . . . . ... ... .. 49
[5.1 Interpolation scheme for system matrix A,(p).| . . . ... ... ... 62
[7.1 Sparse grid with boundary “Maximum” for D=2 . . ... ... .. 96
[7.2  Sparse grid with boundary “CLENSHAW-CURTIS” for D =2 . ... 96
[7.3  Sparse grid with boundary “Maximum” for D =3.| . ... ... .. 97
7.4 Sparse grid with boundary “CLENSHAW-CURTIS” for D =3.|. ... 97
[7.5 Sparse grid with boundary “CLENSHAW-CURTIS” for D =2.|. ... 97
[7.6  Sparse grid with boundary “CHEBYSHEV” for D=2.| . . .. .. .. 97
[7.7  'The overall and interpolation error for interpolation on full grids and |

different types of sparse grids.|. . . . . .. ... ... L. 98
7.8 The overall error for without and with elimmation of E,..| . . . . .. 99
[.9 Reduction error for different reduction order .l . . . . . . .. .. .. 99
[(7.10 The overall error for different reduction orders. . . . . . . ... ... 100
[7.11 The overall error for MIMO and SISO systems.| . . . . .. ... ... 100
[7.12 The overall error for different dimensions of the parameter space.| . . 101

[7.13 The overall error over the parameter space—comparison with [PMEL10, |

GPWLI4[ for D =1]. . . . . .. . e 103

[7.14 The overall error over the parameter space for different numbers ot |

interpolation points and reduction orders.| . . . . . . ... ... ... 104

[.15 The overall error for the SiN Membrane benchmark, . . . . . . . .. 105

139



List of Figures

[7.16 The interpolation error and the (scaled) interpolation error bound for |

| different types of grids.|. . . . . . . .. ... oL 106
[7.17 'The interpolation error, the interpolation error bound and the bound’s |
[ three summands) . . . . . . . ... 107
[7.18 Both sides of the inequality from|Proposition 5.7[tor the one-dimensional |
| setting and the one-dimensional setting with B, =C, =1,.| . . . .. 108
[7.19 Interpolation error and convergence rates.| . . . . . . .. . ... ... 109

140



List of Tables

[2.1 Interpolation error of interpolation on full and sparse grids in depen- |

dence on the number of grid points.| . . . ... ... ... ...... 26

2.2 Extrema of CHEBYSHEV polynomials.| . . . . ... ... ... .... 30

[3.1  Exponential and logarithm mappings for matrix manifolds of interest.| 42

4.1 Overview of preservation of requirements for well-defined error mea- |

7.1 Number of grid points for sparse grids with different boundary reso- |

lution . . . . . 96

(7.2 Lo (P,relH )-error and offline phase and online phase computing |

times—comparison with [PMELI0, GPWLI4[ for D=1]. . . . ... 103

[7.3 Lo (P,relH )-error and offline phase and online phase computing |

times for different number of interpolation points and reduction orders.[104

[7.4 Lo (P,relH )-error and offline phase computing time of methods in |

IBBH™15] from [BBHT15, Table 2] and [BBH"15, Table 5].| . . . . . 105

141



142



Bibliography

[ABG10]

[AF08]

[AF11]

[AFPAO7]

[Ant05]

[BB09)

[BB15]

[BBBG11]

[BBH*15]

Athanasios C. Antoulas, Christopher A. Beattie, and Serkan Gugercin.
Interpolatory Model Reduction of Large-Scale Dynamical Systems. In
Javad Mohammadpour and Karolos M. Grigoriadis, editors, Efficient
Modeling and Control of Large-Scale Systems, pages 3-58. Springer US,

2010. [T5} [17} [I8} [19} 52 [121]

David Amsallem and Charbel Farhat. Interpolation Method for Adapt-
ing Reduced-Order Models and Application to Aeroelasticity. AIAA
Journal, 46(7):1803-1813, 2008.

David Amsallem and Charbel Farhat. An Online Method for Inter-
polating Linear Parametric Reduced-Order Models. SIAM Journal on
Scientific Computing, 33(5):2169-2198, 2011.
B8, B1]

Vincent Arsigny, Pierre Fillard, Xavier Pennec, and Nicholas Ayache.
Geometric Means in a Novel Vector Space Structure on Symmetric
Positive-Definite Matrices. SIAM Journal on Matrixz Analysis and Ap-
plications, 29(1):328-347, 2007.

Athanasios C. Antoulas. Approzimation of Large-Scale Dynamical Sys-
tems. Society for Industrial and Applied Mathematics, Philadelphia,

PA, 2005. B [T} [3, 2

Ulrike Baur and Peter Benner. Modellreduktion fiir parametrisierte
Probleme durch balanciertes Abschneiden und Interpolation. at - Auto-
matisierungstechnik, 57(8):411-419, 2009.

Angelika Bruns and Peter Benner. Parametric model order reduction
of thermal models using the bilinear interpolatory rational Krylov algo-
rithm. Mathematical and Computer Modelling of Dynamical Systems,
21(2):103-129, 2015.

Ulrike Baur, Christopher A. Beattie, Peter Benner, and Serkan
Gugercin. Interpolatory Projection Methods for Parameterized Model
Reduction. SIAM Journal on Scientific Computing, 33(5):2489-2518,

2011. [T} [19} 87, B9}, [40 (6} [L13]

Ulrike Baur, Peter Benner, Bernard Haasdonk, Christian Himpe, Im-
manuel Maier, and Mario Ohlberger. Comparison of methods for

143



Bibliography

[BBH*16]

[BBM06]

[BF14]

[BGO4]

[BG09)

[BG12]

[BG15]

[BGW15]

[BKVW10]

144

parametric model order reduction of instationary problems. Preprint
MPIMD/15-01, Max Planck Institute Magdeburg, February 2015.
Available from http://www.mpi-magdeburg.mpg.de/preprints/\

Bl [ [L0T}, [L02} [I03|, 104}, [T08}, [T11], [T41]

Ulrike Baur, Peter Benner, Bernard Haasdonk, Christian Himpe, Im-
manuel Martini, and Mario Ohlberger. Comparison of methods for para-
metric model order reduction of instationary problems. In Peter Benner,
Albert Cohen, Mario Ohlberger, and Karen Willcox, editors, Model Re-
duction and Approximation: Theory and Algorithms. STAM, 2016. To

appear. [3] [I02]

José M. Badia, Peter Benner, Rafael Mayo, Enrique S. Quintana-
Orti, Gregorio Quintana-Orti, and Afredo Remén. Balanced Trunca-
tion Model Reduction of Large and Sparse Generalized Linear Systems.
Chemnitz Scientific Computing Preprints 06-04, Fakultat fiir Mathe-
matik, TU Chemnitz, November 2006.

Peter Benner and Lihong Feng. A robust algorithm for parametric model
order reduction based on implicit moment matching. In Alfio Quarteroni
and Gianluigi Rozza, editors, Reduced Order Methods for Modeling and
Computational Reduction, volume 9 of MSEA - Modeling, Simulation
and Applications, chapter 6, pages 159-186. Springer, 2014. [46]

Hans-Joachim Bungartz and Michael Griebel. Sparse grids. Acta Nu-

merica, 13:147-269, 2004. [3, [ [8, [I0} 20}, 21}, 24} 25, 26} 122, 23]

Christopher A. Beattie and Serkan Gugercin. A trust region method for
optimal Hs model reduction. In Proceedings of the 48th IEEE Confer-
ence on Decision and Control, pages 5370-5375, December 2009.

Christopher A. Beattie and Serkan Gugercin. Realization-independent
Ho-approximation. In Proceedings of the 51st IEEE Conference on De-
cision and Control, pages 4953-4958, December 2012.

Peter Benner and Sara Grundel. Model order reduction for a family of
linear systems with applications in parametric and uncertain systems.

Applied Mathematics Letters, 39:1-6, 2015.

Peter Benner, Serkan Gugercin, and Karen Willcox. A Survey of
Projection-Based Model Reduction Methods for Parametric Dynamical

Systems. SIAM Review, 57(4):483-531, 2015.

Angelika Bunse-Gerstner, Dorota Kubaliska, Georg Vossen, and Daniel
Wilczek. ho-norm optimal model reduction for large scale discrete dy-
namical MIMO systems. Journal of Computational and Applied Math-
ematics, 233(5):1202-1216, 2010.


http://www.mpi-magdeburg.mpg.de/preprints/

[BNROO]

[BSMMOS]

[DVW10]

[ECP+11]

[FBG12]

[Feul0]

[GABOS]

[Garl3]

[GBP*14]

[GGO3]

Bibliography

Volker Barthelmann, Erich Novak, and Klaus Ritter. High dimensional
polynomial interpolation on sparse grids. Advances in Computational

Mathematics, 12(4):273-288, 2000.

Ilja N. Bronstein, Konstantin A. Semendjajew, Gerhard Musiol, and
Heiner Miihlig. Taschenbuch der Mathematik. Harri Deutsch, Tth edi-

tion, 2008. [I18] [119

Joris Degroote, Jan Vierendeels, and Karen Willcox. Interpolation
among reduced-order matrices to obtain parameterized models for de-
sign, optimization and probabilistic analysis. International Journal for
Numerical Methods in Fluids, 63(2):207-230, 2010.

Rudy Eid, Rosa Castané-Selga, Heiko Panzer, Thomas Wolf, and Boris
Lohmann. Stability-preserving parametric model reduction by matrix
interpolation. Mathematical and Computer Modelling of Dynamical Sys-

tems, 17(4):319-335, 2011.

Garret Flagg, Christopher A. Beattie, and Serkan Gugercin. Conver-
gence of the Iterative Rational Krylov Algorithm. Systems € Control
Letters, 61(6):688-691, 2012.

Christian Feuersdnger. Sparse Grid Methods for Higher Dimensional
Approzimation. Dissertation, Institut fiir Numerische Simulation, Uni-

versitdt Bonn, September 2010.

Serkan Gugercin, Athanasios C. Antoulas, and Christopher A. Beattie.
Ho model reduction for large-scale linear dynamical systems. SIAM
Journal on Matriz Analysis and Applications, 30(2):609-638, 2008.

B 17 M9

Jochen Garcke. Sparse Grids in a Nutshell. In Jochen
Garcke and Michael Griebel, editors, Sparse Grids and Appli-
cations, volume 88 of Lecture Notes in Computational Science
and Engineering, pages 57-80. Springer, 2013. extended version
with python code http://garcke.ins.uni-bonn.de/research/pub/
sparse_grids_nutshell_code.pdf. [3 20} 2]]

Matthias Geuss, Daniel Butnaru, Benjamin Peherstorfer, Hans-Joachim
Bungartz, and Boris Lohmann. Parametric model order reduction by
sparse-grid-based interpolation on matrix manifolds for multidimen-
sional parameter spaces. In Proceedings of the 13th European Control
Conference, pages 2727-2732, June 2014. [3] [40] [46]

Thomas Gerstner and Michael Griebel. Dimension-adaptive tensor-
product quadrature. Computing, 71:65-87, 2003. Archives for Scientific
Computing. [113

145


http://garcke.ins.uni-bonn.de/research/pub/sparse_grids_nutshell_code.pdf
http://garcke.ins.uni-bonn.de/research/pub/sparse_grids_nutshell_code.pdf

Bibliography

(GG13]

[GPWL14]

[Gri9g]

[GVLSY]

[Hig08]

[HJ91]

[HJ12]

[HPO5]

[K1i07]

[KW97]

[KWO05]

[Lan69]

[Maz14]

146

Jochen Garcke and Michael Griebel, editors. Sparse Grids and Ap-
plications, volume 88 of Lecture Notes in Computational Science and
Engineering. Springer, 1st edition, 2013.

Matthias Geuss, Heiko Panzer, Thomas Wolf, and Boris Lohmann. Sta-
bility preservation for parametric model order reduction by matrix in-
terpolation. In Proceedings of the 13th European Control Conference,

pages 1098-1103, June 2014. [3} [0} [46}, {7} [T01] [T02} 103}, [[T2} [139} [T4]]

Michael Griebel. Adaptive sparse grid multilevel methods for elliptic
PDESs based on finite differences. Computing, 61:151-179, 1998.

Gene H. Golub and Charles F. Van Loan. Matriz Computations. The
Johns Hopkins University Press, Baltimore, MD, USA, 2nd edition,

1989. [7} [83), [115} [TT6} [LT7, [T18] [T21]

Nicholas J. Higham. Functions of Matrices: Theory and Computa-
tion. Society for Industrial and Applied Mathematics, Philadelphia,

PA, USA, 2008. [TT} (2}, (0]

Roger A. Horn and Charles R. Johnson. Topics in Matriz Analysis.
Cambridge University Press, 1991.

Roger A. Horn and Charles R. Johnson. Matriz Analysis. Cambridge
University Press, 2nd edition, 2012.

Diederich Hinrichsen and Anthony J. Pritchard. Mathematical Systems
Theory I. Modelling, State Space Analysis, Stability and Robustness,
volume 48 of Texts in Applied Mathematics. Berlin: Springer, 2005.

Andreas Klimke. Sparse Grid Interpolation Toolbox — user’s guide.
Technical Report IANS report 2007/017, University of Stuttgart, 2007.

95} B8

Ladislav Kocis and William J. Whiten. Computational investigations of
low-discrepancy sequences. ACM Transactions on Mathematical Soft-

ware, 23(2):266-294, June 1997.

Andreas Klimke and Barbara Wohlmuth. Computing expensive multi-
variate functions of fuzzy numbers using sparse grids. Fuzzy Sets and

Systems, 154(3):432-453, 2005.
Peter Lancaster. Theory of Matrices. Academic Press, 1969.

Marco Mazzucco. A reduced-order matrices fitting scheme with Log-
Euclidean metrics for fast approximation of dynamic response of para-
metric structural systems . Computer Methods in Applied Mechanics

and Engineering, 269:1-19, 2014. [46],



[MC]

[Moo81]

[MS05]

[Obe]

[PMEL10]

[Rou05]

[RR93]

[Rud74]

[Smo63]

[Ste98]

[VGAOS]

[Wlo82]

Bibliography

MORwiki-Community. MOR Wiki - Model Order Reduction Wiki.
http://www.modelreduction.org. P4

Bruce C. Moore. Principal component analysis in linear systems: Con-
trollability, observability, and model reduction. IEEE Transactions on
Automatic Control, 26(1):17-32, February 1981.

Volker Mehrmann and Tatjana Stykel. Balanced Truncation Model Re-
duction for Large-Scale Systems in Descriptor Form. In Peter Benner,
Danny C. Sorensen, and Volker Mehrmann, editors, Dimension Reduc-
tion of Large-Scale Systems, volume 45 of Lecture Notes in Computa-
tional Science and Engineering, pages 83-115. Springer Berlin Heidel-

berg, 2005.

Oberwolfach Model Reduction Benchmark Collection.  Available
at http://portal.uni-freiburg.de/imteksimulation/downloads/
benchmark/

Heiko Panzer, Jan Mohring, Rudy Eid, and Boris Lohmann. Parametric
Model Order Reduction by Matrix Interpolation. at - Automatisierungs-
technik, 58(8):475-484, 2010. [101], [102] [103] [113] [139] [141]

Tomas Roubicek. Nonlinear Partial Differential Equations with Appli-
cations, volume 153 of International Series of Numerical Mathematics.

Birkhiuser Basel, 2005.

Michael Renardy and Robert C. Rogers. An Introduction to Partial
Differential Equations, volume 13 of Texts in Applied Mathematics.

Springer, 1993. [8, 9]

Walter Rudin. Real and Complex Analysis. McGraw-Hill series in higher
mathematics. McGraw-Hill, 2nd edition, 1974. [9]

Sergey A. Smolyak. Quadrature and interpolation formulas for tensor
products of certain classes of functions. Doklady Akademii Nauk SSSR,
148:1042-1045, 1963 [Russian]; English translation in: Soviet Mathe-
matics Doklady, 4:240-243, 1963. [3]

Gilbert W. Stewart. Matriz Algorithms. Society for Industrial and
Applied Mathematics, 1998. [115] [116], [117], [121]

Paul Van Dooren, Kyle A. Gallivan, and Pierre-Antoine Absil. Ho-
optimal model reduction of MIMO systems. Applied Mathematics Let-
ters, 21(12):1267-1273, 2008.

Joseph Wloka.  Partielle Differentialgleichungen.  Mathematische
Leitfaden. B. G. Teubner, 1982.

147


http://www.modelreduction.org
http://portal.uni-freiburg.de/imteksimulation/downloads/benchmark/
http://portal.uni-freiburg.de/imteksimulation/downloads/benchmark/

Bibliography

[Wyal2]

[Zaab7]

[ZCL13]

[Zen91]

148

Sarah Wyatt. Issues in Interpolatory Model Reduction: Inexact Solves,
Second-order Systems and DAFEs. PhD thesis, Virginia Polytechnic In-
stitute and State University, 2012.

Adriaan Cornelis Zaanen. [Integration. North-Holland, Amsterdam,
completely revised edition of ”An Introduction to the Theory of In-
tegration”, 2nd edition, 1967. [9]

Taishan Zeng, Jian Chen, and Chunyuan Lu. A Tangential Interpolation
Algorithm for Optimal H2 Model Reduction with Stability Guarantee.
In Proceedings of the 5th International Conference on Computational
and Information Sciences, pages 955958, June 2013.

Christoph Zenger. Sparse Grids. In Wolfgang Hackbusch, editor, Par-
allel Algorithms for Partial Differential Equations, volume 31 of Notes
on Numerical Fluid Mechanics, pages 241-251, 1991.



Index

affine parameter dependence,
(asymptotically) stable,

Balanced Truncation,

basis
hierarchical,
nodal,

CHOLESKY decomposition, 4]
closed under conjugation,
columns

orthonormal,
congruence transformation,
congruent matrices, @

de-hierarchization,
decomposition
CHOLESKY, [44]
singular value, [116]
spectral,
diagonal matrix, [115
diagonalizable matrix,

dimension

of a grid space,

efficient,

eigenvalues,

equivalent systems, [15] [40]

extrema of the CHEBYSHEV polynomi-
als,

FOM, see full order model
FROBENIUS norm,
full grid spaces,

full order,
full order model,

parametric, [35]
function of a matrix,

Ho-norm, [36]

H o-norm,

HALTON sequence, [105]
HARDY space, [17]

hat function,
HERMITIAN matrix,
hierarchical basis,
hierarchical difference spaces,
hierarchical increments,
hierarchical surplus,
hierarchization,
higher-dimensional,

IRKA, see Iterative Rational KRYLOV
Algorithm
Iterative Rational KRYLOV Algorithm,

L7 19

Lo(P,H2)-norm,

Loo(P, Hoo)-norm,

LAPLACE transform,

LEBESGUE-BOCHNER spaces, [9]

linear time-invariant (LTI) (continu-
ous-time) system,

lower triangular matrix, [L15

LTI, see linear time-invariant

matrices

congruent, [116]

similar, [116]
matrix

diagonal,

diagonalizable,

149



Index

HERMITIAN, [115
lower triangular, [115]
negative definite, [115]
normal,
orthogonal,

p-norm of a,
positive definite, [115

skew-symmetric, [115
symmetric,
unitary, [I15|

upper triangular, [115]
matrix p-norms,
matrix exponential,
matrix logarithm
principal,
matrix norm, [7]
matrix square root
principal,
MIMO, see multi-input, multi-output
Model Order Reduction Wiki,
moment matching, [I§]
multi-index,
multi-input, multi-output (MIMO) sys-

tem, 1]

negative definite matrix,

nodal basis,

norm
FROBENIUS,
Ha, @
..., 6 B3
Lo(P,Ha),
Loo(P, Hoo),
p-norm of a matrix,
p-norm of a vector, [7]
SCHATTEN p-norm, [7]
spectral,

normal matrix, [115

Oberwolfach Model Reduction Bench-
mark Collection,

one-sided projection,

order,

orthogonal matrix, [115

150

orthogonal Procrustes problem,
orthonormal columns,

output equation,

p-norm of a matrix,
p-norm of a vector, [7]
parameter dependence

affine,
parametric full order model,
parametric reduced order model,
poles,
positive definite matrix, [115
(principal) matrix logarithm,
(principal) matrix square root,
projection

one-sided,

two-sided,
projection framework,

reduced order basis,

reduced order model,
parametric,

reduction order,

ROB, see reduced order basis

ROM, see reduced order model

SCHATTEN p-norm, [7]
similar matrices,
similarity transformation,
single-input, single-output (SISO) sys-
tem, [14]
singular value decomposition,
singular values,
SISO, see single-input, single-output
skew-symmetric matrix, [115
SOBOLEV spaces,
SOBOLEV spaces with bounded mixed
derivatives,
space of continuous functions,
space of R-times continuously differen-
tiable functions,
spaces
full grid,
sparse grid,
sparse grid spaces,



Index

spectral decomposition, [116|
spectral norm,
stable
asymptotically,
state equation, [14]
submultiplicativity,
symmetric matrix, [I15]
System
linear time-invariant (LTI) (con-
tinuous-time),
multi-input, multi-output (MIMO),
14l
single-input, single-output (SISO),
14

systems

equivalent,

transfer function,
of the parametric full order model,
39
of the parametric reduced order

model,
of the reduced order model,

trust-region, 20]
two-sided projection,

unitary matrix,
upper triangular matrix, [115

vector
p-norm of a, [7]

151



	Abstract
	Zusammenfassung
	Acknowledgments
	Contents
	Abbreviations
	Notation
	Introduction
	Related Work
	Model Order Reduction
	Parametric Model Order Reduction
	Sparse Grids

	Contributions of This Thesis
	Sources of Error
	Outline

	Fundamentals
	Basic Definitions
	Norms of Vectors and Matrices
	Multi-indices
	Lebesgue–Bochner Spaces and Sobolev Spaces
	Spaces of Continuous and Continuously Differentiable Functions
	Hardy Spaces
	Functions of Matrices

	Model Order Reduction
	Model
	Model Order Reduction by Projection
	Error Measures
	Methods

	Interpolation on Sparse Grids
	Piece-wise Linear Basis Functions
	Global Polynomial Basis Functions
	Basis Representations
	Entry-wise Interpolation of Matrix-valued Functions


	Parametric Model Order Reduction
	Parametric Model
	Requirements

	Parametric Model Order Reduction
	Error Measures
	Methods
	Interpolation of Local Reduced System Matrices on Manifolds


	A Stability-preserving Parametric Model Order Reduction Method
	Algorithm
	Performance Improvements

	Design Decisions
	System Structure
	Reference Basis
	Model Order Reduction Method
	Switch Projection and Reduced Order Basis Transformation
	Additional Reduced Order Basis Transformation to Simplify System
	Reference Point for Tangent Space

	Properties
	Stability Preservation
	Preservation of Model Requirements for Well-defined Error Measures
	Transfer Function Interpolation Property


	Interpolation Error Bounds
	Bound for Hinf-norm at Fixed Point
	Final Theorem
	The DeltaM-term
	The DeltaB- and the DeltaC-term

	Bound for H2-norm at Fixed Point
	Final Theorem
	The DeltaM-term
	The DeltaB- and the DeltaC-term

	Bound for Linf(P,Hinf)-norm
	Bound for L2(P,H2)-norm
	Technical Lemmas

	Error Convergence Rates for Interpolation on Sparse Grids
	Interpolation with Piece-wise Linear Basis Functions
	Interpolation of Scalar-valued Functions
	Entry-wise Interpolation of Matrix-valued Functions
	Transfer Function

	Interpolation with Global Polynomial Basis Functions
	Interpolation of Scalar-valued Functions
	Entry-wise Interpolation of Matrix-valued Functions
	Transfer Function


	Computational Experiments
	Settings
	Benchmarks
	Model Order Reduction
	Discrete Error Measures
	Sparse Grid Interpolation Toolbox
	Types of Sparse Grids

	Tests
	Full Grids and Different Types of Sparse Grids
	Influence of Additional Reduced Order Basis Transformation
	Reduction Order
	Multi-input, Multi-output and Single-input, Single-output Systems
	Dimension of Parameter Space
	Performance of Matrix Interpolation PMOR Methods
	Silicon Nitride Membrane Benchmark

	Comparison with Theoretical Results
	Interpolation Error Bound
	Interpolation Error Convergence Rates


	Conclusions and Outlook
	Conclusions
	Outlook on Future Work
	Model
	Model Order Reduction
	Interpolation


	Definitions and Theorems from Literature
	Matrix Basics
	Properties
	Transformations
	Decompositions
	Projections
	Bounds for Matrix Exponential and Matrix Logarithm

	Perturbation Theory
	Matrix Inverse
	Matrix Exponential

	Miscellaneous
	Hölder's Inequalities
	Laplace Transform
	Integration Formula


	Proofs
	Proofs for chapter 2
	Proofs for subsection 2.2.3
	Proofs for subsection 2.3.1

	Proofs for chapter 3
	Proofs for chapter 4
	Proofs for subsection 4.3.1
	Proofs for subsection 4.3.2

	Proofs for chapter 5
	Technical Lemmas
	Bound for Hinf-norm at Fixed Point
	Bound for Htwo-norm at Fixed Point


	List of Algorithms
	List of Figures
	List of Tables
	Bibliography
	Index

