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Abstract

High-fidelity modeling and simulation has become indispensable across many en-
gineering applications as it provides physically realistic responses to engineered
systems that would otherwise require costly experiments. However, as we rely
more and more on such simulations, we must imbue them with very high lev-
els of fidelity to make decisions with them. The model order reduction (MOR)
technique has garnered attention since it has enabled the feasibility of rapid sim-
ulations, real-time assessment, and control.

This thesis studies reduction in nonlinear dynamical systems via system theo-
retic methods. Notably, we seek to replace large-scale discretized models emerging
from the time-dependent nonlinear partial differential equations (PDEs) with com-
putationally cheaper models crafted to control the loss of fidelity during reduction.
We start by introducing the problem pervasive in large-scale modeling regimes.
We build upon the idea of the existing generalization of moment-matching to
nonlinear systems based on steady-state considerations. A connection between
the linear and nonlinear enhancements of moment-matching allows extracting re-
duced models in a snapshot-free architecture that drastically reduces the complex-
ity bottleneck in nonlinear MOR. Towards this direction, we propose some effi-
cient reduction methods for nonlinear state-space models based on approximate
moment-matching. The resulting schemes are extensively discussed and tested on
various benchmark nonlinear models. We also discuss the application of proposed
frameworks to nonlinear second-order systems.

In the realm of parameterized nonlinear PDEs, where the model parameter
guarantees the existence of several distinct dynamical regimes, we capitalize on
the fact that smooth parametric dependence allows building low-rank approxi-
mation models that capture the true response over a wide range of parameters
via interpolation. This idea is motivated by design-based strategies prevalent in
the industry; the cost associated with constructing ROMs for different parame-
ter values should be amortized by reusing them in the interpolation process. We
demonstrate this idea through several benchmark examples.

Towards the end of the thesis, we focus on adaptive parameter sampling strate-
gies and show how subspace angles could be used to extract meaningful infor-
mation for remeshing the parametric domain of interest. This is again demon-
strated on various examples from circuits and MEMS. We also provide some source
codes/simulation files to promote transparency and reproducibility.
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Chapter 1

Introduction and Rationale of the
study

1.1 Motivation for reduced-order modeling paradigm

Understanding physical and artificial processes is of fundamental interest among
all branches of engineering and contemporary sciences. While the governing phys-
ical laws of such models are mainly described by mathematical equations, the
model complexity remains a central challenge. Among them is the dimension of
the problem. The “large-scale” nature of dynamical systems often leads to the
over-burdening of computational resources and can become impractical at times.
Large scale systems (LSS) arise in various technical systems having a large number
of individual subsystems or components, such as in integrated circuits, VLSI sys-
tems [201] 291} 197], gas and grid networks. Furthermore, large-scale models also
appear as a result of the mathematical treatment of various engineered systems. A
good example is the spatial discretization of partial differential equations (PDEs)
describing the underlying physics. A fine discretization over the 2D /3D geometric
domain via the finite-difference method (FDM), finite element method (FEM), or
the finite-volume method (FVM) can lead to a model of dimension n ~ 10°. This
is a common practice in computational mechanics or fluid mechanics [246]. In
addition, disease modeling, weather predictions, biological models, micro-electro-
mechanical systems (MEMS), chemical processes, computational aerodynamics,
neuroscience, cardiovascular systems, air-quality data assimilation, molecular dy-
namic systems, optimal cooling, etc., represent areas where large-scale models are
pervasive.

During a simulation, one intends to predict or analyze the behavior of a system
under study. As far as large-scale models are concerned, their simulation is not
feasible as thousands or even millions of degrees of freedom are involved. Using
conventional numerical techniques to simulate such systems involves thousands of
core hours which can incur substantial computational costs. Highly accurate so-
lutions demand even more distinguished resolution discretization methods, which
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further compounds the complexity of these models. Furthermore, various engi-
neering applications require repeated simulations for different design parameters
of the system. This can very well become problematic if large-scale models are
involved and hence prevent fast-turnaround designs.

Similar issues occur in optimization and control. In control, one seeks to
modify the system’s behavior to meet certain desired performances specifications.
Such modification involves interconnecting the original model with a “controller”
to meet the control design. Generically, the complexity of the controller is ap-
proximately the same as that of the original plant. If the latter is too complex, it
increases the potential burden on the controller in terms of storage, accuracy (due
to ill-conditioning), and computational speed (due to limited bandwidth) [14].

Uncertainty quantification is another area where similar difficulties occur. Un-
certainties can arise from model inputs, including physical parameters represent-
ing material properties, initial or boundary conditions. Various mathematical
problems are encountered in solving forward or inverse uncertainty quantification
problems involving high-dimensional coupled uncertainties and quickly makes the
task intractable [81].

Apart from the issues mentioned above, a numerical constraint that has been
there for a long time and is still a problem of concern is what is known as the curse
of dimensionality. It refers to the problem wherein the space of possible parameter
value sets grows exponentially with the number of unknown parameters.

All of the these factors have motivated researchers to go for reduced modeling
strategies which have now become a de-facto tool to treat large-scale dynamical
systems. Generally speaking, MOR methods aim to construct lower-order, parsi-
monious models that mimic the behavior of the original models while being com-
putationally tractable to handle. This reduces the computational complexity and
time consumed to solve large-scale engineering models. The sense of “dimension-
reduction” or “complexity-reduction” stems from the idea that complex dynamical
systems are often sparse in a relatively small subset of the whole space. Thus, if
n is the size or dimension of the original problem, the solution space can be ap-
proximated by an r (r << n) dimensional subspace (or slow-manifold) where the
sparse dynamics is embedded [14].

There are different approaches for reduced-order modeling. The first and fore-
most is to simplify the model geometry by representing the original model as a
lumped-parameter model. This is achieved by making certain assumptions about
the system or judiciously neglecting some effects. This technique, though is rela-
tively simple, usually leads to an inaccurate reduced-order model (ROM). A dif-
ferent approach is to reduce the finite-element order (i.e., to use a coarser mesh),
leading to a reduced set of equations by exploiting specific geometrical properties
of the system. However, the speedup achieved is limited by the asymptotic range
of convergence of the discretization method. A third option is to capture all phys-
ical effects of the original system by employing a fine discretization mesh and then
apply MOR methods to full-order models (FOMs). In this thesis, we focus on the
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third reduced modeling strategy.

The advantages of using a reduced model against the full model are appar-
ent. In design optimizations and “what-if” scenarios, reduced models provide a
considerable speedup of the simulation than the original model. This is especially
beneficial in real-time applications such as control, digital twins, or predictive
maintenance. In analog circuits, involving millions of transistors, ROMs can re-
place original sub-circuits to obtain a smaller set of equations and hence reduced
computational effort. Reduced models are also used to estimate higher-level per-
formance matrices of an extensive network. For example, device-level PDE simula-
tions are carried out to capture the nonlinear behavior of transistors for aggressive
memory designs. This often results in a large-scale system of ordinary-differential
equations (ODEs) to solve. MOR techniques are then used to access circuit per-
formances such as a memory cell’s read/write access time. Furthermore, ROMs
also help to better understand nonlinear phenomena. Nonlinear effects such as
bifurcation or chaos can be applied in a low-dimensional framework to provide
practical intuition of how large-scale nonlinear systems behave.

The following points highlight the common goals of reduced-order modeling
techniques:

1. The reduced-model should very well approximate the response of the full-
order model. This means that if the same input is applied to both the sys-
tems, the difference between the actual and approximated output responses
should be small for a physically relevant norm over a wide range of inputs.

2. The cost of obtaining the reduced model should be less than performing the
analysis via the full-order model.

3. Important system properties like stability and passivity should be preserved
in reduced models.

4. Reduced order model should preserve critical system structures of the orig-
inal model. This can include parameter dependence and second-order or
time-delay structures.

5. Reduction schemes should be scalable, i.e., applicable to much larger sys-
tems, and provide an upper bound for the error.

6. Reduced modeling strategies should be robust and largely automatic to allow
applicability in complex settings.

Although it is challenging to meet all the requirements mentioned above, especially
in nonlinear dynamical systems, it is certainly possible to meet some.

1.2 Challenges in nonlinear model reduction

Most of the real-life and practical systems are nonlinear in nature. In electronic
and circuit theory, nonlinearities arise from nonlinear resistors, transistors, diodes,
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or magnetic inductors 19]. The swing dynamics of alternators is nonlinear in
nature. In mechanical applications, thin structures such as beams, plates, and
shells undergoing large amplitude vibrations show geometric nonlinearities be-
cause of their relatively low bending stiffness. In fluid dynamics and heat transfer,
nonlinear behavior is observed due to turbulence, convective acceleration, or radi-
ation. Besides, nonlinear dynamics may arise in many technically relevant systems
via nonlinear boundary conditions (e.g., contact interactions) or material nonlin-
earities (e.g., plasticity, nonlinear piezoelectricity, hyper-elasticity).

Nonlinear systems pose many practical challenges for simulation or reduction,
which are highlighted as follows:

1.

Nonlinear systems usually lack a closed-form solution. This implies that
the input-output relationship cannot be analytically expressed via transfer
functions or via convolution integrals. Moreover, nonlinear systems exhibit
strong and complex behaviors such as bifurcation (e.g., jump phenomenon
[214] [171]), several attractors (e.g., stable/unstable/limit-cycles), chaotic
behavior, and multiple equilibrium points. This makes nonlinear systems
harder to analyze and manipulate than linear systems.

Nonlinear dynamical systems also lack a canonical form structure of the
reduced model. As a result, an efficient representation of the nonlinear
system or its reduced model becomes highly inefficient. This is in contrast
with linear time-invariant (LTT) systems which can be represented by several
matrices A, B, C, and D.

There is a limited guarantee of the behavior of the reduced nonlinear model,
i.e., the reduced model is expressed locally or for a given training data.

Reduction of nonlinear dynamical systems results in the reduction of only the
state-vector dynamics. The nonlinear function still remains in the original
high-dimensional space. This requires different hyper-reduction techniques
“on-top-of 7 dimension reduction methods to effectively approximate the
nonlinear inner-products.

Due to the lack of practical system-theoretic measures and analytical solu-
tions, nonlinear systems are typically reduced in a “simulation-based” frame-
work. Conventional nonlinear MOR methods such as proper orthogonal
decomposition (POD) [306], trajectory piece-wise linear method (TPWL)
[249] 250], empirical grammians [178] or the reduced-basis method
[236] rely on taking expensive temporal measurements of the system
to obtain the orthonormal basis for the reduced system. This imposes an
enormous computational burden, especially when several simulation runs are
required for different system parameters or training inputs.
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1.3 Thesis objectives

This thesis focuses on “simulation-free” or system-theoretic methods for the re-
duction of large-scale nonlinear dynamical systems. MOR for linear systems is
well explored, and several decent algorithms are available at our disposal. Thus,
the goal of this thesis will be to explore the possibility of extending the already
established MOR methods for linear systems to the nonlinear systems, and also
develop novel frameworks that are better suited for a general class of nonlinear
systems. The main objectives of the thesis are enlisted as follows:

1. The first and foremost goal will be to get insight into some famous nonlinear
MOR (NMOR) methods like POD, TPWL, moment-matching, etc. With
this, we will present some of the shortcomings of these methods, and based
upon that, propose some novel NMOR frameworks that improve/enhance
the current state-of-the-art methods. The central aim will be to enhance
the simulation speeds or the large CPU core-hours associated while reduc-
ing large-scale nonlinear systems. For this, we will focus on using system-
theoretic measures to improve both the offline and online CPU times in-
volved. We will demonstrate the proposed frameworks on several nonlinear
benchmark systems.

2. Another aim would be to reduce nonlinear systems in the second-order form.
In this regard, we will focus on developing efficient reduction schemes that
would preserve the structure of the original model. The reduced model, thus
obtained, will be of the same form as that the original model to maintain
the physical interpretation of the state variables. We will demonstrate the
proposed methods on large-scale power system models. Unlike the common
practice of linearizing the external area of the power system, we will focus on
using nonlinear methods directly to effectively capture the nonlinear swing
dynamics of power systems models.

3. Another central subject of concern in this thesis is the reduction of standard
nonlinear systems having parametric dependencies. Since the traditional
NMOR methods are not robust to parametric variation, thus these tech-
niques cannot be applied directly to such models. As such, we will focus on
developing novel parametric MOR (PMOR) methods in this direction.

4. The final objective of the thesis will be to develop efficient parametric sam-
pling strategies for PMOR. This would involve developing system-theoretic
methods in which the information extracted from the governing model will
guide the selection of sampling points in the parametric domains. The result
of adaptive sampling will enhance the approximation qualities of the reduced
models while avoiding oversampling scenarios.
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1.4 Scientific contributions

The main contributions of this thesis are highlighted as follows:

1.

An accurate and low-cost projection framework is developed in Chapter
called the nonlinear moment-matching with discrete empirical interpolation
method (NLMM-DEIM). The framework is used to obtain reduced models
by solving the underlying Sylvester PDE after approximating it to nonlinear
algebraic system using some numerical simplifications. The expensive cost
of evaluating the nonlinear terms is reduced by using DEIM as a hyper-
reduction method. The proposed scheme is implemented on several nonlinear
benchmark models.

. Again in Chapter [4, another reduction framework called NLMM-DMD is

presented, by using NLMM with dynamic mode decomposition (DMD).
The algorithm generates compact ROMs in a non-intrusive fashion. This is
achieved by approximating the nonlinear function using the infinite dimen-
sional Koopman operator by generating low-dimensional spatio-temporal
modes of evolution.

In Chapter |5, the intrusive and non-intrusive MOR scheme based on NLMM-
DMD is used to obtain a simulation-free reduction for power system models.
Unlike the conventional linearization of external area of a power system
model, we consider the nonlinear effective network (EN) and the synchronous
motor (SM) power grid models. The results are substantiated using the
reduced EN and SM models of the IEEE 118 and IEEE 300 bus systems for
realistic fault situations. The numerical simulations are implemented in the
MATLAB environment and the source codes are provided.

In the context of nonlinear models in second-order form, a numerical al-
gorithm is presented in Chapter 5. The algorithm is called second-order
moment-matching with discrete empirical interpolation method (SO-NLMM-
DEIM) and is able to construct ROMs that preserve the second-order struc-
ture of the problem. The MATLAB implementation of SO-NLMM-DEIM is

provided for reusability.

In the context of parametric nonlinear MOR, a numerical scheme is devised
that constructs parametric ROMs by interpolating the neighboring reduced
models obtained at regular intervals in the parameter space. In the scheme,
we employ NLMM-DEIM to generate a pool of reduced coordinates and then
transform each of them on a universal subspace for a meaningful interpo-
lation. The numerical framework is demonstrated on a suite of nonlinear
parametric systems in Chapter 6l

The matrix interpolatory framework for nonlinear systems is further mod-
ified in Chapter [7, and an adaptive sampling scheme is devised that uses
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the information from principal angles of reduced subspaces to find optimal
number of parametric samples for interpolation. The upfront offline cost of
generating the training data is then amortized by the savings achieved by
interpolation in online stage.

1.5 Outline of thesis

This thesis is divided into four parts. Part I discusses the preliminaries for the
thesis and covers Chapters 1, and 2. After the introduction in Chapter (1], we
begin with some mathematical preliminaries in Chapter 2 needed for the rest
of the chapters. Therein, we discuss the projection-based technique to obtain
ROM architecture in linear systems. We also present an overview of various linear
MOR schemes and highlight the similarities and differences among various meth-
ods. Then, we describe the reduction via moment-matching in both time and
frequency domain settings. Towards the end, we discuss some open issues and
recent advancements in linear moment-matching.

Part [IT is dedicated to nonlinear state-space systems and covers Chapters 3} 4]
and 5l In Chapter 3, we begin with the projection-based reduction of a general
class of nonlinear systems. Therein, we discuss the linear and nonlinear Galerkin
projection techniques to obtain nonlinear reduced models. We also provide a
review of some of the famous nonlinear MOR methods. Then, we lay focus on
the notion of nonlinear moment-matching via steady-state response matching. We
describe the general methodology via theorems and diagrams. Finally, we discuss
the hyper-reduction in nonlinear systems along-with some open issues in nonlinear
MOR. In Chapter 4, we discuss the approximated NLMM by describing certain
numerical simplification of the Sylvester PDE to arrive at a practical algorithm
used to extract the basis for reduced subspace. Then, we propose two efficient
reduction frameworks based on NLMM: (i) NLMM-DEIM, and (ii) NLMM-DMD.
The former is inspired by POD-DEIM and avoids the expensive measurements
needed in POD), while the latter is used to replace DEIM in a non-intrusive fashion.
Both the schemes are validated and tested on several benchmark nonlinear systems
and compared with POD and DEIM for reference. In Chapter |5, we discuss
nonlinear state-systems models in second-order form. Therein, we first revisit the
reduction of linear second-order models based on second-order Krylov methods.
Then, we propose another reduction framework, i.e., SO-NLMM-DEIM, which is
used to preserve the second-order structure in the reduced models. The scheme
is then tested on a variety of second-order nonlinear models emerging from power
systems. The results are compared with POD for reference.

Part is devoted to reduction of nonlinear parametric state-space models
and covers Chapters 6/ and 7. We begin with the problem of parametric MOR for
nonlinear systems in Chapter |6, Therein, we present a review of parametric MOR
schemes, and afterward, we propose a nonlinear pMOR reduction framework using
the matrix interpolatory framework, which is an extension of the matrix interpo-
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latory method for linear systems. We then test the scheme on several parametric
nonlinear models. Towards the end, we discuss some aspects of the scheme and
mention some limitations for future research. In Chapter 7, we discuss one of the
most concerning aspects in pMOR. i.e., the adaptive sampling of parametric space.
We start with a general introduction of the topic and provide a review of avail-
able techniques. Then, we describe how subspace angles can be used to extract
meaningful information that helps to resample the parametric domains for better
quality ROMs. The methodology is presented for a two-dimensional parametric
system, and a numerical algorithm is described that performs the adaptive search.
The algorithm is tested on a suite of parametric nonlinear models emerging from
circuit theory and MEMS.

The final Part completes the thesis with Chapter 8 describing the sum-
mary of work carried and highlighting the conclusions from each chapter along
with an outlook for some future perspectives in the area of nonlinear model order
reduction.



Chapter 2

Fundamentals & Review of Linear
Model Order Reduction

2.1 Mathematical preliminaries

In the following, we describe some important mathematical fundamentals required
for the rest of the thesis.

2.1.1 Projection

Most of the MOR schemes are employed via projection i.e., the dynamics of the
FOM is projected onto a low-dimensional manifold. This enforces the higher-order
dynamics of the FOM to evolve in a subspace which is much lower than the original
model. In the following, we discuss some important key observations regarding

projection from Refs.[204] 254] 152].

Definition 2.1 (Projector) A matrix P € R™*" is called a projector if the linear
mapping from R” to itself is idempotent A

Using this definition, a few properties follow which are:

(a) If P is a projector onto V, then P is the identity operator on V), i.e., Px =
x,VxeV.

(b) If ran(P) =V, then P is said to the projector onto the subspace ran(V) = V.
(c) The complementary projector of P is given as P, =1 —P.

(d) ker(P)=ran(I—P) = W is called the orthogonal complement of ran(W) =
W.

LA matrix P is idempotent if P2 = P

10
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In order to project x € R™ onto the r-dimensional subspace V spanned by the
columns of V. € R™ " the projection is performed along the vector € which is
orthogonal to subspace W spanned by columns of matrix W € R™" (cf. Fig.
. The projected vector xp,,; € V is given by the linear combination of the
basis vectors vy, vo, ..., v,, i.e.,

Xproj = ZVZ‘CZ‘ = VC, (21)
=1

where c is the vector of unknown coefficients. From Fig. 2.1, we observe that

X = Xproj + € = € = X — Xpyoj, (2.2)
and the columns of W are orthogonal to €, i.e., W”e = 0, as such, we have:

Whe=W'x - WTx,,,i = Wix — W'Vc =0, (2.3)
which when solved for c gives:

c=(WTV)'WTx, (2.4)
Finally, substituting in yields the projection xp,,; given as:

Xproj = Ve = V(WTV) "W x = Px. (25)

Figure 2.1: Projection of x onto Xp,,; € V along € € w+t
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Definition 2.2 (Orthogonal Projector) A projection P is called orthogonal,
if null(P)=ran(P)* otherwise obligue. Thus, an orthogonal projector is defined
thorough the following requirements:

PxeV and I-P)x L V. (2.6)
A

For the case of an orthogonal projection, the subspace W =V (cf. Fig .

Remark 2.1 (Orthogonal Projectors) A projector is orthogonal if and only
if it is Hermitian, i.e., P = PH

The following are the properties of orthogonal projectors:
(a) x]; =[Px]f; + @~ P)x[;
(b) [[Px], <[lx]l,
(o) [P, =1
)

(d) Any orthogonal projector has only two eigenvalues: zero or one.

2.1.2 Singular Value Decomposition (SVD)

The singular value decomposition is one of the most critical matrix decomposi-
tion tools of the computational era, providing a foundation for nearly all of the
reduction methods presented in this thesis. The SVD method is guaranteed to
exist and can be used for various purposes. In the context of the MOR, SVD is
used as an underlying algorithm of principal component analysis (PCA) to extract
low-rank approximations from time-displaced snapshot data obtained from mod-
els. SVD will provide a foundation for many MOR frameworks presented in this
thesis. Generally, we are interested in analyzing a large data set X € C**"™s given
as:

X=| X1 X2 -+ X |, (2.7)

where the columns x; € C" can be measurements from an experiment or simu-
lations. The column vectors may also represent the state of a physical system
evolving in time, e.g., fluid velocity, state of a weather simulation, a set of neural
measurements, etc. The columns of X are often known as snapshots, and ng is the
number of snapshots. Typically, n >> m which results in a tall-skinny matrix.

Definition 2.3 (Singular Value Decomposition) Given a matrix X € C"*"s,
the SVD is defined as:

X = UV, (2.8)
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Full SVD
™ by A
X = U Ut ™
0
U by
Economy SVD
\ : o

: L

Figure 2.2: Schematic of matrices in the full and economy SVD

where 3 € C™*"s is a diagonal matrix with real, non-negative diagonal entries,
and U € C™*" 'V € C"*" are unitary matrices  with orthonormal columns. A
When n > ng, the matrix 3 has at most ng non-zero entries on the diagonal,

A

P

and is often written as X = . Thus, an economy version of the SVD can be

obtained as follows:

A

X = USV* = [fj fJi] Xy~ gnve, (2.9)

where IAJ',IAJ'L have r, n — r columns. The columns of Ut span a vector space
which is orthogonal and complementary to that spanned by U. Furthermore, the
columns of U are the left singular vectors of X, and the columns of V are the
right singular vectors. The diagonal entries of 3 are known as the singular values
o; {i =1,..,n} of X, and are ordered from largest to smallest. The schematic for
full and economic version of the SVD method are presented in Fig. 2.2

Remark 2.2 (SVD) These singular values are eigenvectors of XX* and X*X
respectively. It readily follows that

XVZ‘ = o;u; 1= 1, ., n. (210)

2A square matrix U is unitary if U*U =1



2.1. Mathematical preliminaries 14

The SVD has certain important properties, which are stated as follows.
(a) Rank X =r.
(b) The orthogonal projection onto the span of columns of X is UUL.
)

(c) The orthogonal projection onto the kernel of X* is I,, — UU*.

(d) The Frobenius norm of X is HXHF = /ol + .. +02

Perhaps the most important property of SVD is that it gives an optimal low-rank
approximation to a matrix X which is given by the Schmidt-Eckart-Young-Mirsky
theorem as follows:

Theorem 2.1 (Schmidt-Eckart-Young-Mirsky) [98] The optimal rank-r ap-
proximation to X, in a least-square sense, is given:

arg min ||X—)~(||F — UV, (2.11)

X, s.t. rank(X)=r
A

where ¥ contains the leading r x r sub-block of ¥ and fJ,V represent the first
r leading columns of U and V respectively. Since ¥ is diagonal, the rank r» SVD
approximation is written as the dyadic summation of r distinct rank-1 matrices
as follows:

.
X = E , laiuivf = oW V] + 0oUaVy + ... 4+ 0,u, V. (2.12)
1=

Thus, the high-dimensional matrix X can be described by a few dominant patters
given by the columns of U and V. This has the benefit of reducing the size
and dimension of large data sets, yielding a tractable basis for visualization and
analysis. The use of SVD in this thesis can found in Sec. [4.1.2] 4.3.1] and
Sec.

2.1.3 Krylov subspaces

In this thesis, we are mainly concerned with employing projections onto so-called
Krylov subspaces. These are named after the Russian mathematician A. N. Krylov,
who introduced it in 1931 for the computation of characteristic polynomial of a
matrix. Herein we describe the different types of Krylov subspaces:

A. Classical Krylov subspace:

Definition 2.4 (Classical Krylov subspace) Given a matrix A € R™*"
and a starting vector b € R”, the r-order Krylov subspace, denoted as
K.(A,b), is defined as:

K.(A,b) = span{b, Ab, A%b, ..., A""'b}. (2.13)
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If the r vectors are linearly independent, then they form a r-dimensional
basis V = ran(V) C K,.(A,b) with the basis matrix as V. € R"*". In
control system community, the Krylov subspaces are known as reachability
or controllability subspaces. A

In practice, the powers of A are computed iteratively from the previous
ones by setting vo = b,v; = Av;_1,l = 1,2,...r — 1, with a subsequent
orthogonalization at every iteration using a Gram-Schmidt process. The
most common implementations are the Lanczos[180] method and the Arnold:
iteration [22].

B. Rational Krylov subspace:
Proposed by Ruhe [253], the rational Krylov subspaces are used to obtain
shifted versions of the classical Krylov subspaces.

Definition 2.5 (Block rational Krylov subspaces) Given the matrices
E, A € R™" B € R"™™, and the interpolation point o € C (o ¢ A\(E"1A)),
the r-order block rational Krylov subspace K,(A;'E, A;'B) is defined as:

K.(A'E,A;'B) =span{A'B,A;'EA'B, ..., (A,'E)"'A'B}, (2.14)

where A, = (cE — A)~L. A

A key advantage of Krylov subspaces is that an orthonormal basis V can
be constructed that will span the union of several Krylov subspaces. For
instance, the following projection basis V, with:

Ran(V) C span{E'B,...,(E'A)"'E"'B,A 'B, ..., (A"'E)" 'A"'B},
(2.15)

is obtained as the the union of rational Krylov subspaces K,.(E7'A, E~'B)U
K,.(A7'E, A7'B) for ¢ = co and ¢ = 0. This extended version of the Krylov
subspace is referred as Krylov-Plus-Inverted-Krylov (KPIK) .

Another possibility is to obtain different shifts o;,7 = 1, ..., ¢ with respective
multiplicities 7;. As such, the union of Krylov subspaces K, (A'E, AJ'B)U
LUK, (A;{}E7 A;qlB) leads to the block multipoint rational Krylov subspace
given as:

Ran(V) Cspan{A_'B, .., (A, 'E)"'A_'B, ..., A;;B, (A;qlE)qulA;qlB},
(2.16)

where the matrix A,, = (o;E — A).
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C. Tangential Krylov subspace:

A drawback of the block Krylov subspaces is that at every new step, the
basis grows by m. In order to suppress the fast growth of dimension, one
can choose a single tangential direction w € C™ and then apply the vector
Bw. The result will be that the number of new columns per iteration will
be reduced to one. Furthermore, it is also possible to select one tangen-
tial direction {w;}7 , for each shift {o;}{_, leading to tangential multipoint
Krylov subspace given as:

Ran(V) C span{A_'Bwi, A_'Bwy, ..., A;qleq}. (2.17)

The tangential Krylov subspaces constitute a very general representation,
since the choice of w; =1, leads to a block Krylov subspace and for m =1
simplifies to B — b and w; = 1.

Remark 2.3 (Output Krylov subspaces) By replacing A — AT E —
ET and B — C7, the dual counterparts for all stated Krylov subspaces can
be obtained. These are also known as output Krylov subspaces A

Krylov subspaces are extensively used in the linear algebra community for:

(a) [lterative solution of linear system Ax = b: Based on the fact that
the successive approximations of x belong to the Krylov subspace (),
both Arnoldi and Lanczos algorithms are used to iteratively construct
orthonormal basis of these subspaces.

(b) Iterative computation of eigenvalues of A: The simplest approach is by
using the power method whereby, the successive terms A*~'b are com-
puted for a given b. However, due to slow convergence, Krylov subspace
methods are used where at the kth step, the information contained in

b, Ab, ..., A* b is used [184] 275].

(c¢) Approximation of linear systems by moment-matching: This is the
problem of interest in this thesis and is discussed in detail.

2.1.4 Error measures

Throughout this thesis, we will use certain error margins to access the quantitative
comparison of the reduced models with the original model. As such, we describe
herein the quantitative analysis of ROMs in the time-domain, which is mainly
employed in the context of nonlinear dynamical systems. For linear systems, the
error is usually measured in frequency-domain using transfer functions of FOMs
and ROMs. Based on the specific application, the accuracy of ROMs can be
measured in terms of whole state vector x(¢) or through some specific measurement
vector y(t).
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. Norm-wise error measure

For a norm-wiser error evaluation, the simulated data is collected and eval-
uated as matrices, i.e. x € R"™" x,. € R™" and y,y, € RP*". Now,
depending upon the type of norm used, the relative errors for various reduc-
tion methods “red” can be obtained norm-wise as follows:

red
Hx — Vx;

(%) red ||y Yr

red
) €y rel(x) =

xrel(x) —

® (2.18)

where any desired matriz norm (x) € {1,2,00,F} can be used. Additionally,
the norm-wise error can also be measured in time using a desired signal norm

L, € {Ly, Ly, Lo} as follows:

-V red _ red

e;fflel,cp = HX - ”Ep, e;c;gel,ﬁp = Hyy—THﬁpa (2.19)
Il ¥,

where

_ ~red red

e, = 2 e it~ v ol 2200
¥z, y(t)|,
_ ~red \/ ”S_ — yred(¢ 2

et — 3 e VEEWO) 0l
I, vt
_ yred red

e, = Y e, molvit — i), (2200)

o ¥l max|[y (e ||2

B. Point-wise error measure:

Besides the norm-wise error, the error can also be measured as a time-series
data by evaluating the states x(#,) € R",x"(t;) € R" and the outputs
y(tr), y 4 (tx) € RP at every time-step ty. The point-wise wise in this case
will be evaluated as follows:

[x(te) = V() || ored [y (te) = yred ()|l
) yrel( )(tk)

) Q) [y (t H(.)
(2.21)

ey (te) =

for any desired vector norm (.) € {1,2,00,...}.
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2.2 Model order reduction in linear systems

2.2.1 Linear time-invariant systems

Surprisingly, many technical systems can be represented as linear time invariant
(LTT) systems. Though most of the complex systems are intrinsically nonlin-
ear, linear models often help to provide a first approximation of the underlying
dynamics. Furthermore, in many practical situations, linearizing the nonlinear
model around a known equilibrium point provides a reflection of how the original
model evolves which is highly beneficial in control and design.

Let us begin with the state-space representation of a large-scale, continuous-
time, multiple-input, multiple-output LTT system as follows:

5 {Ei{(t) = Ax(t) +Bu(t),  x(0) =xo (2.22)

where x(t) € R” is known as the state-vector in control system parlance. This
represents the vector of unknowns whose entries are called internal variables or
state variables. The order of the state-space model is n i.e., the state vector
x(t) € R™ spans an n-dimensional Euclidean space. Vectors u(t) € R™ and
y(t) € RP are the inputs and outputs of the system, whereas E € R™*" is the (non-
singular) descriptor matrix, A € R™™" is the system matrix, B € R"*"™ is the input
matrix, and C € RP*" is the output matrix respectively. System (2.22)) represents
a multiple-input multiple-output (MIMO) system with m,p << n. However,
for single-input single-output (SISO) systems, m = p = 1, and the matrices B,
C become vectors b and ¢! whereas vectors u and y become scalars u and y
respectively. The LTI system (2.22) is called regular if the matrix E is nonsingular
or descriptor system otherwise. In case of singular E, represents a system of
differential-algebraic equations (DAEs) rather than ordinary differential equations
(ODEs) which are more difficult to solve. So, system essentially represents
a large-scale, initial value problem that we are interested in solving for some
predefined time-span, in the presence of some excitation function u(t).

Throughout this thesis the matrix E is assumed to be regular, i.e, without
any algebraic constraints. The regularity of E theoretically allows us to replace
A — E'A and B — E~!'B in order to obtain an explicit representation with
E = I. Nevertheless, the inverse is usually avoided in practice due to numerical
reasons and only used in theoretical statements. In addition to this, it is assumed
throughout thesis that system is minimal, i.e., the pair (E7'A,E7'B) is
controllable (cf. Def. and the pair (C,E7'A) is observable (cf. Def. 2.8).
It is further assumed that the system X is asymptotically stable (cf. Def.
implying that all the eigenvalues are in the open left-half of the complex plane,
ie, N\ET'TA) CC_.
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Definition 2.6 (Asymptotic Stability) A dynamical system is called stable, if

for every state-trajectory x(¢) it holds ||x(¢)|| < ¢, V¢ for some constant ¢ and

asymptotically stable if additionally, tlim |X(t) | = 0 for an arbitrary norm HH A
—00

Definition 2.7 (Reachability) Given a dynamical system X, a state x € R™ is
called reachable from the zero state if there exists a forcing function u(t) of finite
energy, and a time 1" < oo such that

X =¢(u;0; 7).
The system X is called reachable if the reachability matrix given as

R=|B AB ... A"'B|eR™™ (2.23)

has full row rank, i.e., rank(R) = n.
Alternatively, the linear system X is reachable if the reachability gramian P €
R™"  defined as

P = / CETATETIBETB) T ® AT 47, (2.24)
7=0

is positive definite, i.e., P = PT = 0. A

The concept of reachability is essential for some model reduction methods, such
as balanced truncation, which will be discussed later on. The idea is to figure out
which states are challenging to reach, i.e., states which require a large amount
of energy to be reached. Once identified, those states can be neglected without
influencing the behavior of the system.

Definition 2.8 (Observability) Given a dynamical system X, the pair (C, A)
is called observable, if the observability matrix defined as:

T
O=|CcT ATCT ... AT"_ICT] € R (2.25)

has full column rank, i.e., rank(O) = n.
Alternatively, the linear system X is observable if and only if the observability
Gramian Q € R™ ", defined as

Q= / eETANTCTCe® AT g7, (2.26)
7=0

is positive definite, i.e., @ = QT = 0. A
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2.2.2 Input-output characterization in time domain
It is well known that the solution of the state-equation (2.22) is determined as:

t
x(t) = e® ' Aixg +/ ETATIE T Bu(r) dr. (2.27)
0

Assuming a zero initial condition xg = 0, the so-called impulse response matrix
of the system is given as:

h(t) = Ce® ' A'E'B € RP™, (2.28)

and the output response y;(t) for i = 1,2, ..., p is then given as:

m

t
yi(t) =Y / hae(t — T)ugpdr + cTe® Aixg, (2.29)
k=1 =0

where denotes the (ik)-th entry of the impulse response matrix h(t).

2.2.3 Input-output characterization in frequency-domain

In order to derive an explicit input-output relation of system (2.22) in frequency-
domain, we proceed by taking Laplace transform of equations (2.22)

sEX(s) — X(0) =AX(s) + BU(s), (2.30a)
Y (s) =CX(s). (2.30Db)
Solving for state equation and substituting the result in output equation yields:
Y(s) = C(sE — A)"'BU(s) + C(sE — A)~'X(0), (2.31)
a(s)

where G(s) = C(sE—A)~'B € RP*™ is the rational transfer function matrix. For
SISO systems, the transfer function is a rational function of degree n. A useful
representation of the transfer function G(s) known as the pole-residue expression
is obtained for a diagonal A, which given as follows:

G(s) =) - ]—%ix,-’ (2.32)

where

R; = lim G(s)(s — \), (2.33)
S—))\i
and A\;,7 = 1,...,n represent the eigenvalues of A. Kindly note that minimal
assumption of system 3 implies that no pole-zero cancellation occurs. This will
otherwise result in a system with less dimensions.
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2.2.4 Reduction using projection

As previously discussed in Section 2.1.1, model order reduction of dynamical sys-
tems is often performed using projection technique, i.e., the high-order dynamics
are projected onto a subspace of lower dimension. In what follows, we explain the
projective MOR scheme for LTT systems.

The idea is based on the premise that the state-trajectory x(¢) mainly evolves
in a r-dimensional subspace V of the state-space R". Let V € R™*", which is full
column rank matrix, be the basis of V, then the state-vector x(t) € R" can be
expressed in terms of reduced state-vector x,.(t) € R" as follows:

x(t) = Vx,(t) + e(t), (2.34)

where e(t) is the error due to approximation. Using (2.34) into the state-equation
(2.22) yields an over-determined system of equations given as:

EV%,(t) = AVX,(t) + Bu(t) + Ae(t) — Eé(t). (2.35)

J/

-

r(t)

Now, in order to make this a well-posed problem, the system is projected
orthogonally to another subspace W = ran(W) where the matrix W € R™*" is
a basis of W and is selected such that WTEV is non-singular. This yields the
desired projector onto the subspace U = ran(EV), and is given as:

P=EV(W'EV)'W7, (2.36)
Multiplying (2.35) from the left with the projector (2.36) yields:
P(EVx,(t) — AVx,(t) — Bu(t) —r(t)) = 0. (2.37)

T(Vx,(t)),u(t)

Now, enforcing a so-called Petro-Galerkin condition, i.e., WTr(t) = 0 eliminates
the residual term leading to the final reduced model of dimension r as follows:

. E,x,.(t) = A,x,(t) + B,u(t), x,(0) = x;.0, (2.38)
Y- (t) - CT‘XT’ (t),
where
E.,=W'EV A, =WTAV B, = W!B,C, = CV, (2.39)

and x, 0 = (WTEV)'WTEXx,. It still remains open how to choose the projection
matrices V and W such that e(t) = Hy — yTH is minimized. This is where the
different reduction methods vary, and is explained next.
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2.2.5 Overview of linear reduction methods

A. Methods based on balancing

Balanced truncation and the related methods are the methods of choice for
model reduction techniques for LTI systems as it preserves the asymptotic
stability in the reduced model. The idea was first introduced by Mullis
and Roberts in 1976 [212], and was later formalized by Moore [210]. The
idea is to transform the system into a realization where the states that are
difficult to control are simultaneously hard to observe. This is achieved by
simultaneously diagonalizing the reachability and observability gramians P
and Q which are the solutions of the Lyapunov equations given as:

APE” + EPAT + BB” =0, (2.40a)
ATQE +E'QA +C'C =0, (2.40b)

where Q = ET_IQEA.

Definition 2.9 (Lyapunov balancing) The reachable, observable and sta
ble system X is called Lyapunov balanced if

P = Q =diag(o1,...,0), (2.41)

where o1 > 09 > ... > 0, > 0, and 0; = \/\;(PQ) are called Hankel sinular
values. The systems with equal and diagonal Gramians are called balanced
realizations. A

To be more precise, the smallest amount of energy required to reach a state
x, from zero initial state x, is given by

E, = xP 'x,, (2.42)

while the largest observation energy produced by the state x; with no exci-
tation function is given by (Chapter 4,[14])

E, = x;9x%,. (2.43)

Thus, if a system X satisfies the relation (2.41), then the states that require
a huge amount of energy to reach yield only a small amount of energy if
they are observed. This yields the conclusion that, these states do not
contribute much to the input-output behavior of the system, and hence can
be neglected.

In general, there are two steps to obtain a reduced model via balanced
truncation. The first step is to transform the system to be reduced into a
balanced realization, where each state is equally controllable and observable,
i.e., the controllable and observable Gramians become equal and diagonal.
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Then, the next step is performed by truncating the state variables that
correspond to smallest singular values 0; << 0,9 =1,...,r,j=7r+1,...,n.
This is achieved numerically by, e.g., the square root balancing method
which is summarized in Algorithm 1.

Algorithm 1 Generalized Square Root (GSR) Method

Input: A realization ¥ = {E, A, B, C}
Output: {E, A, B,,C,}

1:

Compute the cholesky factors R, and L, of the Gramians P and Q that satisty
P = RpRg and Q = LPLZ.
Obtain the SVD of LER,, = USV" and partition:

S, 4
LIER, = [U; U] [ Sz] [V;T] ,

where U; € R™", VI € R"™" are orthogonal, and S; = diag(ay, ...,0,) € R™".

Select V = R, V1S, /% € R™" and W' = S; /*UTL! € R™" and projection
matrices T = W and T~! = V.
Compute the reduced-order system:

{E,,A,,B,,C,} = {TET !, TAT ', TB,CT '}.

In order to reduce the order of descriptor system (2.22), we have to compute
the Cholesky factors of the reachability and observability Gramians that sat-
isfy the Lyapunov equation (2.40). These factors can be determined by the
generalized Schur-Hammarling method [281] without having to compute
the solution of Lyapunov equations explicitly. Lyanupov balancing can be
applied efficiently for small and moderate size systems, however, in large-
scale settings, exact balancing becomes highly expensive as it requires dense
matrix factorizations resulting in a computational complexity of O(n?) and
storage of O(n?). Towards this direction, approximate balanced reduction
methods were proposed, see, e.g., Penzel [230], Antoulas and Sorensen [277],
Gugercin et al. [144].

Besides the Lyapunov balancing, there exist other types of balancing meth-
ods such as stochastic balancing [92], positive real balancing, bounded real
balancing [221], frequency weighted balancing [102], and LQG balancing
methods [161]. Furthermore, balanced truncation methods have also been
extended to differential-algebraic equations 202}, [56], time-varying sys-
tems 258 [181], nonlinear systems 50], second-order systems [206],
76} 247], and parametric systems [274].
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One of the main advantage of balanced truncation methods is that it gener-
ally preserves the asymptotic stability in the reduced model with a rigorous
a-priori error bound given as:

|G -G, |l,_ <2 o (2.44)

1=r+1

where G, (s) = C,(sE, — A,)7!'B, is the reduced transfer function model.
However, the global error bound holds only when the Lyapunov equa-
tions are solved in exact arithmetic. When using an approximate solution of
the Lyapunov equation, the bound is expected to hold only approximately
[38,[143]. Despite these issues, balanced truncation still remains the popular
MOR choice for LTI systems.

B. Methods based on Krylov subspaces
Another class of model reduction for LTI systems is based on Krylov sub-
spaces. These are also known in MOR literature as moment-matching meth-
ods 19, [16] [18]. These methods produce a reduced-order model that in-
terpolates the full-order system’s response at some predefined interpolation
points. The main reason these methods are so successful is their numerical

stability and that these methods involve less dense matrix transformations.
Some excellent reviews can be found in Refs.[40} 31, (116, (109, [120] [117].

For LTI systems considered here, the transfer function G(s) can also be
written as:

G(s)=-C(I-sA'E)'A'B. (2.45)

Using the Neumann expansion, we can rewrite the above expression as:

I-sA'E)' = i(A—lEs)i, (2.46)

i=0
which can be further expanded via Taylor series as

G(s)=—CA'B—-CA'EA 'Bs — ...

i A 11 (2.47)
—C(ATE)A"' Bs' — ...

Definition 2.10 (Moments of an LTI system) The moments of the

LTI system (2.22) about the expansion point s = 0 are the negative coeffi-

cients of the Taylor series expression (2.47) expanded about s = 0, and are

given as

n,=C(A'E))A™'B  i=0,1,.. (2.48)
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The moments of system (2.22) at the point s = 0, are also the successive
derivatives of the transfer function G(s) i.e.,
o 1d'G(s)
n =—-- i
v ds

(2.49)

s=0

If the expansion is performed at some other point s = ¢, then the moments
of (2.22) are computed by replacing the matrix A with (A — oE) in (2.48)

n? = C((A — 0E)'E)i(A — ¢E)'B, (2.50)

for i = 0,1, ... and where it is assumed that the matrix pencil (A — oE) is
nonsingular. A

Definition 2.11 (Markov parameters) The coefficients of the Tay-
lor series of transfer function G(s) about s = o for 0 — o0, are defined as
the Markov parameters of the LTI system (2.22) and are defined as:

M, =CE'A)E'B i=0,1,.. (2.51)

Furthermore, the i-th Markov parameter is equal to i-th derivative of the
impulse response of system (2.22) at ¢ =0 i.e,

d'h(t
M,; = J (2.52)
at |,_,
This implies that the first Markov parameter M, is the system’s impulse
response at t = 0. A

2.2.6 Moment-matching in frequency domain

Model reduction via moment matching implies that a reduced-order model is to
be obtained whose moments match the the full-order model moments at certain
frequencies of interest. If the moments are matched about s = 0, the reduced-
order model is called the Padé approximant, and the problem is known as Padé’s
approzimation. If the moments are matched at some other point s = o, the
problem is known as shifted Padé’s approximation, and when the Markov param-
eters are matched, the problem is termed as partial realization. It is often desired
to match moments at more than one expansion point i.e., at specific frequency
intervals, then we talk about the multipoint Padé or the rational interpolation
problem. Thus, model reduction via moment matching is to construct a reduced
model such that the moments of G(s) match the reduced system’s moments
having transfer function G,(s). Now, this begs the questions on how to select the

expansion points and, as such, obtain the projection matrices V. and W. This is
explained next for both SISO and MIMO case.



2.2. Model order reduction in linear systems 26

SISO case
For SISO systems, (2.22)) simplifies to

) Ex(t) = Ax(t) + bu(t),
SIS0 { y(t) = Tx(t), (2.53)

and its ROM via projection is given as:

E,x,(t) = A,x,(t) + b,u(t),

v, (t) = clx. (1), (2.54)

where
E., =W'EV,A, = WTAV,b, = Wb, ¢, =c’V, (2.55)
and Wb, cT'V € R".

Theorem 2.2 (One-sided Padé approximation) 1119, In order to
match v moments between the full-order system and reduced model
at the expansion point s = 0, it is required that the columns of projection matrix V
used in form a basis for the Krylov subspace K,(A™'E, A='b). Furthermore
the matriz W s selected such that the matriz A, is nonsingular. A

The subspace K, (A7'E, A~'b) is known as input Krylov subspace and the reduced
scheme is known as the one-sided Krylov subspace method. A typical choice of one-
sided Krylov subspace method is W = V. This has an advantage of preserving
stability and passivity of reduced model for some specific large-scale models.

Theorem 2.3 (Two-sided Padé approximation) 119, In order to
match 2r moments between the full-order system and reduced model
at the expansion point s = 0, it is required that the columns of projection ma-
trices Vand W used in @ form the basis for the Krylov subspaces given as
K. (A7'E,A"'b) and K,(A"TET, A=Tc) respectively, where A and A, are as-
sumed to be invertible. A

This reduction scheme is known as two-sided Krylov subspace method, and this cor-
responds to matching double the number of moments than the one-sided method.

Theorem 2.4 (Shifted Padé approximation) [14,[119,137] In order to match
2r moments between the full-order system and reduced model at
the expansion point s = o, it is required that the columns of projection matri-
ces Vand W wused in form the basis for the Krylov subspaces given as
K.((A — cE)'E, (A — ¢E)™'b) and K,((A — cE)"TE” (A — ¢E) T¢) respec-

tively, where A and A, are assumed to be invertible. A
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Remark 2.4 (Shifted approximation) This is achieved by substituting the
matrix A by (A — ¢E) in the respective Krylov subspaces as explained earlier.

Sometimes, one is interested in capturing the high-speed dynamics of the
system at hand, which is achieved by matching moments at higher frequencies
(s — 00) i.e, matching some of the Markov parameters.

Theorem 2.5 (One-sided Padé and Markov approximation) Let m; € Z
and 0 < my < r, then by selecting the matriz 'V used in as a basis for
Krylov subspace given as KC,(A7'E, (E7*A)™ A~'b) matches the first m; Markov

parameters and the first r —my moments of systems and resp. A

Similarly, the matrix W is chosen such that A, and E, are non-singular. It
immediately follows that the number of moments, in this case, can be doubled by
selecting the suitable input and output Krylov subspaces.

Theorem 2.6 (Two-sided Padé and Markov approximation) Letm,, my €
Z where 0 < mq,myo < 1, then by selecting the matrices V. and W, used in
, as the basis for Krylov subspaces given as K,.(A7'E, (E"'A)™ A~1b) and
K. (A-TET (E"TA)™ A~Tc) respectively, matches the first my +my Markov pa-
rameters and the first 2r — my — mo moments of system and respec-
tively. A

Now, if the aim is to match moments at multiple expansion points: o1, 0o, ..., 0,
then £ different Krylov subspaces are to be constructed. In this case, the projec-
tion matrix is obtained by the union of all the respective Krylov subspaces such
that a universal basis is found.

Theorem 2.7 (Rational Interpolation) The first r; moments about o; are matched

between systems and respectively, by selecting the matriz 'V, used in
, as follows:

UK. (A= 0E)"'E, (A - 0;E)"'b) C colspan(V), (2.56)

i=1

where its assumed that (A — o;E) and (A, — o;E,) are both nonsingular and W
1s an arbitrary full rank matrix. A

Similar to previous cases, a two-sided method can provide double the number of
moments about each point o;. All the theorems mentioned above are summed up
in Table 2.1!
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Table 2.1: Various examples of MOR by moment matching in SISO systems

Name of reduced Expansion point T}tpo .Of Choice of Krylov subspace Moments matched
order system used projection

i —1 —1
Padé[T1] s—0 one-sided K. (A7'E, A 'b) r

K.(A'E,A"'b),
K.(ATET, A~Tc)
Partial realization/ o one-sided K.(E7'A,E"'b) r

two-sided 2r

Padé at co/Markov §= vosided K,(E'A,E'b), )
wo-sidec K,(ATE-T, cT) r
e _ —1 _ 1
Shifted Padé[T4] R one-sided K.((A—-cE)'E,(A—-0cE)'b) r
o K.((A —cE)E, (A — ¢E)"'b),
two-sided K, (A — 0E)TET, (A — 0E)"c) 2r
. -1 —1 mi A —1 . P
Padé and Markow s—0and s — oo one-sided K.(A'E,(E"'A)™A~'b) my at oo, r —my at 0
twosided K.(A7'E,(E7'A)™ A~'b), my + my at oo,
wosided K(ATET (ETTA)™ A Tc) 2r —my —my at 0
Rational/ . — oo - one-sided U, K.((A — 0,E)"'E, (A — 0,E)"'b) r; about o;
ToaThin s s 8i = 01,02, ..., 0k
Multipoint Padé Uf:1 K. (A — 0,E)'E, (A — 0:E)'b), N
two-sided i 2r; about o;
U, K, (A = o;E)TET, (A — 0,E)Tc)

So far, it is not clear how to numerically obtain the projection matrices V
and W. An early attempt at this was the Asymptotic Waveform Evaluation
(AWE) method in which the moments were explicitly calculated rather than
computing the matrices V and W. The method became prominent due to its
capability to reduce RC interconnect models containing thousands of variables.
Later on, a multi-point version of the method was proposed by Chiprout and
Nakhla [84]. AWE-based methods, however, had a numerical instability that the
vectors become linearly dependent and converge to an eigenvector of A. This
shortcoming was first pointed out by Gallivan et al. and later by Feldman
and Freund [107]. Consequently, this led to the development of implicit-based
moment-matching methods, and the first significant contribution came via the
Arnoldi method [22] [117]. This method employs a one-sided projection to iter-
atively construct a set of normalized vectors satisfying VI'V = I. Within every
iteration, a new vector is generated, which is orthogonal to all the previous ones.
This results in an upper Hessenberg structure of the matrix A, and the vector b,
becomes a multiple of the first unit vector. However, this algorithm also generates
a linearly dependent set of basis vectors for a relatively large value of r. This
is normally avoided by deflating the redundant columns of V to retain reduced
models with a certain degree of accuracy [89]. This has been demonstrated by B.
Salimbahrami [256] where a modified Gram-Schmidt orthogonalization scheme is
employed.

Another key contribution towards implicit moment matching was the two-sided
Lanczos method [107, [180], also known as the Padé via Lanczos (PVL) method.
This method constructs two sequences of basis vectors which span the respective
input and output Krylov subspaces satisfying W7V = I, resulting in an upper
triangular structure of the matrix A,. Apart from matching moments, this method
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was initially proposed for obtaining reduced models based on the computation of
eigenvalues [219]. Further work in this direction led to the development of partial
realization via Lanczos method by Gragg and Lindquist [132]. The method was
also extended to MIMO systems by Aliaga et al. (also see Refs. [167] 168]).
Boley addressed the issue regarding the loss of biorthogonalization in the
classical Lanczos method. Later-on, new results also appeared in the areas of
stability retention [138], error analysis and in control literature [59] 292].
However, these studies didn’t present any new structure in projection technique
for rational interpolation.

To retain passivity among the reduced models, the passive reduced-order in-
terconnect macromodelling algorithm (PRIMA) was proposed by Odabasioglu et
al. [220]. The idea was demonstrated in linear RLC systems. In order to match
moments at multiple expansion points, the rational Lanczos method and the dual
Arnoldi method were proposed by Grimme et al. [137]. Furthermore, the issue
of unstable partial realizations in classical Krylov methods was addressed by the
restarting techniques proposed by Grimme et al.[138], and the implicitly restarted
dual Arnoldi method by Jaimoukha and Kasemally [160].

MIMO case

For the case of MIMO systems, (given in (2.22)), the block Krylov subspaces are
defined as:

K.(A,B) = span(B,AB, ..., A" 'B). (2.57)

The block subspace for m starting vectors/columns of B can be considered as
a union of m Krylov subspaces for each starting vector [256]. Thus, by using
the block Krylov subspaces, all the above mentioned theorems for matching the
moments/Markov parameters can be generalized for MIMO systems. For instance,
one has to use the block versions, i.e, C,(A™'E, A™'B) and K,(A~TE" A-TCT)
that generalizes Theorem . Consequently, -~ moments are matched in one-sided
method and - + IfJ in the two-sided method.

Tangential Interpolation problem

The notion of interpolation for MIMO systems implies that the interpolating
matrix-valued rational function G, (s) matches the origin function G(s) with re-
spect to some predefined error. This would, in effect, require p x m interpolation
conditions for each interpolation point. As such, this will result in large size of
reduced-order model r for even a moderate size of input and output dimensions
m and p. Thus, for MIMO systems, it’s desired that the interpolating function
matches the original function along certain specific directions or tangent direc-
tions. Consequently, this involves selecting interpolation points as well as the
interpolation directions.
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Tangential interpolation based moment matching for MIMO systems has been
presented in many studies such as in Ref’s. [14] [17] 223, 107, [119] [124]. It is
the extension of rational Krylov methods to MIMO systems when all tangent di-
rections are the same. The tangential interpolation problem for descriptor systems
was also proposed by Gugercin et al. [145] and for index one descriptor system
by Antoulas et al. [17]. In the following, we brief the tangential interpolation
problem.

Definition 2.12 (Right-tangent interpolant) Let w; € C™ be the (non-trivial)
right tangent direction, we define G,.(s) to be the right tangent interpolant of G(s)
at s = o; along w; if

G(o)w; = G, (0;)w;. (2.58)

A
Similarly, the left tangential interpolant is defined as:

Definition 2.13 (Left-tangent interpolant) Let v; € C? be the (non-trivial)
left tangent direction, then we define G, (s) to be the left tangent interpolant of
G(s) at s = u; along v; if

vi G(ui) = v{ G (). (2.59)
A

Thus, given a set of r left interpolation points {u;}7_,, r left tangential direc-
tions {v;}7_,, r right interpolation points {o;}/_,, and r right tangential directions
{w;}I_,, we can formulate the model reduction problem via tangential interpola-
tion as finding a degree-r reduced transfer function G,(s) such that and

hold fori =1,2,..,r.

Definition 2.14 (Bitangential Hermite interpolant) Given a set of r left and
r right tangential directions as v; and w; respectively, we define G,(s) to be a
bitangential Hermite interpolant of G(s), if G, (s) satisfies both (2.58) and (2.59).
In addition to this, it is required that
+dG(s) TdGT(s)

V. W, =V

o ds ! ' ds

s=0; s=0;

holds for : = 1,2, ...,r. A

Theorem 2.8 (Tangential interpolation) [125] If the columns of matrices V
and W used in are selected as:

(cE — A)"'Bw € Ran(V), (2.61a)
(vI'C(uE — A)™HT € Ran(W), (2.61Db)
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then the following tangential interpolation conditions are satisfied

G(o)w = G, (0)w, (2.62a)
vIG(p) = vIG,(p), (2.62b)

with the assumption that (cE — A) and (uE — A) are invertible. Furthermore, if
hold with o = p then the bitangential Hermite condition, i.e,

dG(s) dG,(s)

T _ oy

vi—- S:ow =vi— SZUW, (2.63)
is satisfied as well. A

Theorem 2.8 demonstrates a left or right interpolation condition without the need
to explicitly calculate the values that are interpolated. The idea can be easily
extended to the case of r interpolation points i.e., given a set of r left interpola-
tion points {u;}i_,, r right interpolation points {o;};_,, r left tangent directions
{v;}/_, and r right tangent directions {v;}i_; respectively, we can construct the
matrices V and W, that satisfy the Lagrange tangential interpolation conditions
in and also the bitangential Hermite interpolation condition in (2.60)
for o; = p;, given as follows:

[(0iE — A)"'Bwy, ..., (0,E— A)"'Bw,] =V, (2.64)
and
(mE—A)TCTvy, ..., (i, E—-A)TCv,] = W. (2.65)

The scheme can also be used for higher-order Hermite interpolation given as fol-
lows:

Theorem 2.9 (Higher-order Hermite interpolation) [125] Given the inter-
polation points o, € C and the (nontrivial) tangent directions v € CP and
w € C™, let the matriz pencils (cE — A) and (WE — A) be invertible, then if
the columns of matriz V used in are constructed as

((cE — A)7'E)* Y (0E — A)"'Bw € Ran(V), (2.66)
fork=1,..,N, then

d'G(s) @G, (s) .
To SZUW =g w  forj=0,..,N—1, (2.67)

S§=0

and if the columns of matrix W used in are constructed as

(LE — A)"TENY" ' (uE — A)""C"v € Ran(W), (2.68)
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fork=1,..,M, then

J J
T&(,S) :vT&T.(S) 5=0,..,M—1, (2.69)
ds’ | _ ds’ _
S=u S=/
and if both and hold with o = p then
d’'G(s) G, (s)
T _ T r
— _ =v To SZUW, (2.70)
forj=0,... N+ M — 1. A

The main benefit of interpolatory model reduction methods is that it avoids solv-
ing large-scale Lyapunov or Riccati equations, making it a convenient reduction
platform for large-scale systems. However, the main cost among these methods is
solving the shifted linear systems that are sparse in most cases and can be solved
using direct methods (e.g., Gaussian elimination). Also, one can prefer iterative
solution methods for obtaining the reduction basis V and W when dealing with
systems with millions of degrees of freedom.

2.2.7 Moment-matching in time-domain

So far, we have discussed the frequency domain notion of moment matching for
LTT systems for both SISO and MIMO systems. We saw that the reduced model
obtained using Krylov subspaces results in a local approximation of frequency
response. However, this cannot guarantee a good overall approximation of impulse
response. Gunupudi and Nakhla [146], were among the first to present a scheme
to match the first derivatives of time-response of full order model with that of
the reduced one. Later on, Wang et al. presented a passive model order
reduction method based on Chebyshev’s expansion of the impulse response to
match the transient responses of the full model and the reduced-order model.
The Laguerre polynomial expansion-based reduction framework was presented by
Chen et al. [83]. This was later extended and further developed by Rudy [100].
However, the major contribution in this direction came from Astolfi who also
extended the idea further to nonlinear systems [25] 27]. In the following, we
describe the time-domain notion of moment matching based on Refs. [24] 25| [26].

Definition 2.15 (Time-domain moments of LTI systems) The moments 77;(0)
of the impulse response h(¢) around a point s = o is given by the weighted integrals
over the time function and satisfy

(o) = / 7'e”7Th(t)dr, (2.71a)
0

= / 7iCe® AT E 1 Bdr (2.71b)
0

=il C((cE—A)'E)'(cE — A)"'B. (2.71c)

A
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Remark 2.5 Thus, the time-domain moments 7;(c) and the frequency-domain
moments 7; (o) only differ by a factor:

mi(0) = = mi(0). (2.72)
This result is used to develop the notion of moments in terms of steady-state
response of system (2.22) interconnected with a linear signal generator. A

Definition 2.16 (Moment in time-domain) [23] The 0-th moment of system
(2.22) at s = o can also be defined as

no(c) = CV, (2.73)
where V € R™ " uniquely solves the linear Sylvester equation given as:

AV + B =0EV. (2.74)

A

Thus, the moments of system (2.22), ny(c),n,(0),...,n;(c) can be uniquely de-
termined by the elements of matrix CV i.e., there exists a one-to-one relation
between the moments of system and the elements of matrix CV, where V
being the unique solution of the following Sylvester equation

EVE — AV = BV, (2.75)

where 2 € R™" is any non-derogatory matrix, and it is assumed that the pair

(W, E) is observable.

Now, consider the following exogenous linear system (also known as signal gener-

ator):

¢(t)
(

u(t)

2C(t),  €(0) =G #0, (2.76a)
w((t), (2.76h)
with ¢(t) € R", A(E"'A)NA(E) = () and the triple (£, ¥, ¢(0)) to be minimal i.e.,
the pair (¥, E) is observable and (E, {(0)) is controllable such that the generated
input signal u(t) is persistently exciting [29] [188].

Theorem 2.10 (Steady-state matching via moments) [25,(26] Consider sys-
tem (2.22), o € C. Assume N(E"TA)NAE) = 0. Let V satisfies the Sylvester
equation (2. ’7;5) and W such that det(WTEV # 0). Consider the interconnection

of exogenous system with system as follows:
Ex(t) = Ax(t) + B¥(e=¢(0)), (2.77a)
y(t) = Cx(t), (2.77b)

where the pair (U, E) is observable. Then, the (well-defined) steady-state of the
output of the said interconnection can be uniquely determined by the respective

moments 1g(0), 11 (), ..., M (). A
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Thus, connecting a linear signal generator with the full order system (2.22) is
similar to providing exponential inputs to the system given as u(t) = ¥(e=¢(0)).
The (well-defined) steady-state of interconnected system is given as:

y(t) = Ce® A0 (x(0) - V¢(0)) + CVL (1) (2.78)
y;?t) ’ yr(t)

where yy, () represents the steady-state response of the system and for an asymp-
totically stable system, considered here, the transient response, represented by
yp(t) decays to zero at t — oo.

Exogenous System/ Signal Generator

u(t) = W(e=¢(0)| {(t) = E¢(t) | ult) = ¥(e=¢(0))

u(t) = w¢(t)
FOM ROM

E, X, (t) = A;x.(t) + Byu(t)
y(t) = Cx(t) yr(t) = Crxc(t)

o
ik
I
>
Jal
+
W
£

Moments < Steady-State Moments < Steady-State

—» CV = | GV, [&——
EVE - AV = BvY E, V.2 -A,V,=B,¥

Figure 2.3: Time-domain illustration of linear moment-matching in terms of
steady-state response matching

Using Theorem 2.10 the reduced-order model via moment-matching can be
obtained as follows:

Theorem 2.11 (Moment-matching in time domain) [26/ Consider the full-
order model and the system described in . Fiz W and =2 such that

the pair (¥,E) is observable. Also assume that \(E"*A)NA(E) =0 . Then, the
reduced model matches moments with system at (2,¥,¢(0)) if
CV =C,V,, (2.79)
where V. is the unique solution of the Sylvester equation given as:
E,V,.E - A,V,=B,"¥. (2.80)

A
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Thus, moment-matching in the time-domain implies matching the full order model’s
steady-state response with the reduced model when both are excited by appro-
priate inputs from the signal generator. However, the steady-state response is
interpolated for inputs other than those generated from the signal generator.

The time-domain illustration of moment-matching in terms of interpolation of
steady-state response is depicted in Fig. 2.3l This kind of notion of moment-
matching in terms of steady-state response is particularly useful in the sense that
as it permits one to define moments even for those systems which don’t have a
transfer function representation, such as the time-varying systems.

2.2.8 Issues and recent advancements in linear moment-matching

Model order reduction using Krylov subspace methods provides an indispensable
platform for reducing large-scale problems; however, there are many issues related
to the automatic generation of the reduced model. Although various algorithms
have been developed in the past, these apply only to some specific class of problems
or under some specific conditions. Next, we highlight some major relevant issues
and overview some of the significant achievements in this direction.

A. Choice of expansion point(s)
The choice and number of interpolation points or shifts in Krylov subspace
methods is an important factor in dictating the quality of the approxima-
tion.To address this issue, a lot of work has been carried out over the past
years. In order for the reduced system to minimize the Hs-norm error,
various optimality conditions have been formulated either in terms of ra-
tional interpolation conditions 43| 1411 [66], (1401 [141] (172} 203} 293] or
in terms of Sylvester and Lyapunov equations [55] [148] 278] (310} [314]. For
SISO systems, the interpolation conditions were first proposed by Meier and
Luenberger [203]. Gugercin et al. proposed the iterative rational Krylov
algorithm (IRKA) [142], which produces reduced models satisfying the
first-order necessary conditions for H, optimality by selecting the interpola-
tion points as the mirror images of the poles of the reduced system. The idea
was later extended to MIMO systems in Refs. [66] 141} [293]. Van Dooren et
al. derived the optimality conditions for the case of repeated poles of G, (s)
[293]. Generally speaking, IRKA has been a significant success in obtaining
optimal reduced models, and, as such, finds applications in psychophysiology
165], optimal cooling of steel profiles and many others. Recently, this
method was also extended for the reduction of bilinear systems by Benner
and Breiten [46]. The convergence of IRKA is guaranteed a priori in some
situations [114], albeit fails in some cases [114] [141]. However, the choice of

initial starting values remains an open question.

Druskin and Simoncini proposed an adaptive computation of interpo-
lation points for the rational Krylov methods. Though this method is less
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accurate than IRKA, it has a low computational cost. This was later fol-
lowed by the SPARK algorithm by Panzer et al. in which the choice
of interpolation point(s), as well as the order of reduced model, is adap-
tively selected. Similar work was also presented in Ref. [110]. Based on the
binary search principle, Bollhéfer and Bodendiek presented adaptive
rules for selecting the shifts. They showed a general scheme for determining
both the shifts and the moments by combining the adaptive shift selection
scheme with the adaptive moment selecting method as presented earlier in
Ref. [182]. However, the choice of selecting the reduced-order dimension
remains unknown.

Besides the appropriate choice of interpolation point, it is often required in
certain applications that the interpolation is carried out in specific frequency
regions of interest. This involves weighting certain frequencies more than
others. To allow frequency weighting, the weighted Hs model reduction was
first proposed by Halevi [148], as the solution of Riccati and Lyapunov
equations. However, a more efficient version of this scheme was introduced
in SISO systems by Ani¢ et al. and for MIMO systems by Breiten et al.
63].

All the above methods described demand more or less heuristics, as the user
has to manually pick and try several interpolation points and decide what
works satisfactorily for their application. This is because of the absence of
global error bounds for Krylov subspace methods, which will be discussed
next. However, a general scheme that one can follow (as given in Ref. [100])
is that by selecting s = 0, the steady-state accuracy is improved as the DC
gain of both the full-order and reduced-order model is matched. By selecting
s — o0, the resulting reduced system better approximates the transient re-
sponse of the full-order system. Also, selecting multiple interpolation points
across the frequency spectrum leads to a better approximation on a broader
frequency band.

B. Global error indicator
Another major open issue in Krylov-based reduction is the lack of a global
error bound between the full-order system and the reduced one. Earlier
results in this direction led to the development of local error bounds for
the transfer function only for a certain frequency range [34] 137]. Later,
some heuristic error indicators were presented in Refs. 137). It was
proposed that the error between the full-order model and the reduced model
is approximately equal to one between two successive reduced-order models.
However, no proof was provided. A deductible error estimator was presented

first by Konkel et al. [169].

A posterior error indicator was presented by Feng, and Benner [108], whereby
a greedy algorithm determines the next interpolation point based on the
largest error. However, the method is applicable only to some special class
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of LTT systems where the matrix E in is symmetric positive definite.
A similar requirement is mandated in the method presented by Panzer et al.
226] whereby global Hs and H., error bounds are derived. Furthermore,
it is also required that A + AT > 0. Another study by Wolf et al. [309
proposed a gramian-based output error bound. However, the method is not
computationally practical for large-scale systems as it involves the explicit
computation of observability gramian.

Thus, we conclude that the calculation of an exact global error bound in
Krylov-based reduction methods requires the involvement of the full-order
system, and this would become practically challenging for large-scale set-
tings. As such, this remains an open area of research.

C. Preserving Stability and Passivity
One of the most fundamental requirements in any reduction scheme is that
the property of stability and passivity remains preserved in the reduced
model to make sense of surrogate modeling. It is well-known that Krylov
subspace-based reduced-order modeling techniques do not preserve stabil-
ity or passivity in general. However, there are some appreciable efforts
in this direction. Methods proposed in Refs. [118] offer guaranteed
stability and passivity of the reduced models if the original system is pas-
sive. Another set of methods were presented in Refs.[32] 160]. These
methods are based on post-processing schemes, in which the unstable poles
of the reduced system are removed using explicitly restarted Lanczos and
Arnoldi methods. Inspired by the relation between Lowner and Pick matri-
ces, the interpolation-based passivity preserving methods were proposed in

Refs.[15], [276].

Similar to the previous discussion, these methods are confined to a special
class of LTI systems and extend only to one-sided Krylov methods. The
interpolation-based methods are numerically costly than classical Krylov-
based MOR. As far as the restarted algorithms are considered, these apply
to SISO systems only. Furthermore, after removing the unstable poles, these
methods do not preserve moment matching property and, as such, do not
always guarantee to obtain a stable a reduced model with a finite number
of restarts, thus making this an open problem to be addressed.

2.3 Chapter summary

In this chapter, we have reviewed some of the mathematical fundamentals involved
in MOR. We first discussed some tools from linear algebra that form the basis of
this thesis. Then, we formally introduced the MOR in linear systems via projec-
tion. We presented an overview of the most popular reduction approaches for LTI
systems and pointed out the differences and similarities among various methods.
Then, we described the problem of MOR via the moment-matching perspective.
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We explained the different Krylov subspaces used to obtain the reduced mod-
els for SISO systems. We have also examined the tangential interpolation-based
moment-matching methods for MIMO systems. Both frequency and time-domain
notions of the moment-matching technique were discussed. Several open problems
were also highlighted. In the next chapter, we will extend these system-theoretic
concepts to nonlinear systems.
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Chapter 3

Model Order Reduction in Nonlinear
Systems

In this part of the thesis, we focus on MOR for a general class of nonlinear state-
space systems. First, we will discuss the two classes of projection techniques
involved in the reduction of nonlinear systems. Afterward, we will present an
overview of some well-established nonlinear MOR routines and highlight the sim-
ilarities and differences among them. Then, we will discuss the nonlinear en-
hancement of the moment-matching technique in terms of steady-state response
matching. At the end of this chapter, we will also discuss the hyper-reduction
method for nonlinear systems.

3.1 Nonlinear time-invariant systems

Consider a large-scale, exponentially stable, time-invariant, MIMO, nonlinear sys-
tem in state-space form as follows:

S {E)’((t) — f(x(t),u(t)),  x(0) = xo 1)

with non-singular descriptor matrix E € R™*", the vectors x(t) € R",u € R",y(¢) €
RP, and two nonlinear, vector valued functions f(x,u) : R” x R™ — R" g(x) :
R™ — RP such that £(0,0) = 0 and g(0) = 0. We assume that the zero equilib-
rium, (calculated from 0 = f(x,0)), is locally exponentially stable.

Unlike in linear systems, the input-output relationship in a nonlinear system
cannot be analytically expressed in terms of transfer functions, convolutional inte-
grals, or state-transition matrix. This is possible only for some special polynomial
nonlinear systems such as bilinear or quadratic-bilinear systems via the Volterra
series representations [252] (62].

40
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3.2 Reduction using projection

Similar to LTI systems, the reduction of the nonlinear state-space model (3.1)
is also carried using projection technique. However, for nonlinear systems, we
distinguish between the linear and nonlinear Petrov-Galerkin projection.

3.2.1 Nonlinear Petrov-Galerkin projection

One promising way to obtain a reduced-order model of a nonlinear system is by
applying a nonlinear Petrov-Galerkin projection, whereby the approximation used
is as follows:

x(t) = p(x.(t)) + e(?), (3.2)

where gp(x,) : R" — R" is a nonlinear smooth mapping, and e(t) is the approxi-
mation error. The derivative of (3.2) yields

X(t) = VX,.(t) + é(t), (3.3)
where

\7- _ a@(xr(t)) c Rnxr

s (3.4)

is the Jacobian matrix. Substituting the approximation ansatz (3.2), and its
derivative (3.3) in (3.1) results in an over-determined system of equations given
as:

BV, %, (t) - £(p(x, (1), u(t)) — x(t) = 0. (3.5)

with r(t) € R™ as the residual term. The resulting system is then projected onto
the subspace U = ran(EVy, ) to obtain a square ROM. The projection is performed
along the orthogonal complement wi = ran(W )t where

W)I{’T — 8Q0((AJ(X, U)) c Rrxn’

- (3.6)

x=p(xr)

w1th the mapping p(w(x,u)) : R® — R". Multiplying the overdetermined system
) from the left with the projector P = EV, (WL EV, )"'"WZI gives:
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o

(3.7)

Finally, enforcing a Petrov-Galerkin condition W;frr(t) = 0, vanishes the residual
leading to the final ROM of dimension r given as:
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f(p(xr<t>7 u(t)))7 XT(()) = Xr,0,

(3.8)

where E, = WETEVXT and the reduced nonlinear function f,.(x,(t),u(t)) =
W1 £(p(x,(1)), u(t)).

3.2.2 Linear Petrov-Galerkin projection

Another successful and established approach to reduced nonlinear systems is to
apply the classical Petrov-Galerkin projection as discussed for linear systems in
Section . Substituting the linear approximation ansatz in the FOM
and premultiplying the overdetermined system with the projector P given

in yields:

P(EVX.(1) ~ f(Vx, (1) u(t)) ~r(1)) = 0. (3.9)

L(Vxe(t))u(t)

And enforcing the Petrov-Galerkin condition yields the desired ROM

E,.x,.(t) = WTf(Vx,(t),u(t)), x,(0) = X,

y2(t) = (V. (1), (3.10)

where E, = WTEV and %, = (WTEV)'"W7Ex(0).

3.3 Overview of nonlinear reduction methods

Since most practical, real-life dynamical systems are inherently nonlinear, this has
led to many research efforts from the past decades to reduce large-scale nonlin-
ear systems. Special classes of large-scale systems such as bilinear systems, DAE
systems, and Hamiltonian systems have been successfully reduced, see, e.g., Lall
et al. [177], Soberg et al. [272], Al-Baiyat et al. and Fujimoto [121]. Polyno-
mial approximation of weakly nonlinear systems has been carried by Chen [82],
Rewienski and White 250], and Benner [45]. Later on, the idea of reducing
certain nonlinear systems by transforming them into quadratic bilinear form has
also been proposed by Benner and Breiten Gu [139], and Antoulas et al. [16].
Methods based on variational analysis were also proposed [47, 232]. Besides
this, Krylov subspace methods for special nonlinear system classes have also been

studied in Refs. [62] 131].
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3.3.1 Quadratic Method

Proposed by Chen [82], this method approximates the nonlinear function f(.) in
(3.1) as a kronecker product formulation of x, which is given as:

f(x(t),u(t)) =£(0) + A1x(t) + Az(x(t) ® x(1))

+ As(x(t) @ x(t) ® x(1)) + ... + Bu(t) (3.11)

where the matrices A; € R™™" denote i-th partial derivative of f at x = 0. The
quadratic system thus obtained is given as:

%
Ko

=
I

£(0) + Aux(t) + As(x(t) ® x(1)) + Bu(t), (3.12)

The projection matrix V, in this method, is obtained as the basis of the Krylov
subspace given as:
colspan(V) = K. (A, A['B), (3.13)

and the reduced quadratic model is obtained by using the one-sided approximation
ansatz x &~ Vx, in (3.12) given as:

E,.x.(t) = VIA VX, (t) + VI Ay (Vx,(t) ® Vx,(t)) + VI Bu(t),
y(t) = g(Vx.(t)).

It is assumed that f(0) = 0 otherwise is taken as a part of input signal.

(3.14)

3.3.2 Bilinearization Method

Based on Carleman linearization of nonlinear systems , the bilinear form was
proposed by Bai et al. and Phillips [231]. This involves the use of first two
terms of the series in (3.11), so as to approximate the nonlinear function as:

f(x(t),u(t)) = £(0) + A1x(t) + A2(x(t) @ x(t)) + Bu(t). (3.15)

As such the bilinear, input-affine system is obtained as follows (with E = I):

k@(t) = A®X® + N@X@U(t) + B®u(t), (316&)
y(t) = Coxg, (3.16b)
where
x X(t) A o A1 A2
® X(t)@X(t) ’ ® 0 A1®I—|—I®A1 ’

(3.17)
0 0

Ng = BoI+I®B 0

By = [B O}T,CT@)_ [CT o]T.
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After transforming the nonlinear system to bilinear form , there are several
choices of calculating the projection basis. One particular choice was proposed
by Philips and Joel [231]. It was shown that after constructing a series of Krylov
subspaces for given ry, s, ..., 7k, as follows:

colspace(V1) = K,, (A3', Bg), (3.18)
and
colspace(Vy,) = K, (AZ', NgVi_1), (3.19)

for 1 < k < K, the matrix V is calculated by taking the union of all the subspaces
spanned by columns of Vi, i.e.,

colspan(V) = U{Vk}. (3.20)

Another choice of transformation matrix V was proposed by Bai and Skoogh [33],
which matches as many multimoments as the reduced model, and is given as:

colspace(V1) = K., (Ag', Ag'Bg), (3.21)
and for k£ > 1,
colspace(Vy) = K., (Az', AZ'Ng V1), (3.22)

and the final transformation matrix V is constructed in a similar fashion, i.e.,

colspan(V) = U {V}. (3.23)

After constructing the matrix V, the reduced bilinear system is then obtained by
using the approximation x5 = VXg in system (3.16)) given as:

Xeo(t) = Agke + Ngkgu(t) + Byu(t), (3.24a)
y(t) = Caka, (3.24b)

where
Xg = V&g, Ag = (VIALV), Ny = VINgV, By = VIBg and Cy = CV,.

Another way of reducing bilinear systems is by using the Balanced Truncation
(BT) method for bilinear system method which was originally developed by Achar
and Nakhla [2], redeveloped by Condon and Ivanov [200], and also by Benner et
al.[49]. This method is similar to standard BT method for linear systems. Al-
though, this method outperforms moment-matching methods in terms of approx-
imating quality, it involves solving the generalized Lyapunov equation which is
computationally demanding.
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3.3.3 Trajectory Piecewise Linear Approximation (TPWL)

TPWL method replaces the polynomial approximation of the nonlinear system
with a piece-wise approximation. This method offers more robustness when deal-
ing with strong nonlinearities. The idea is to linearize the nonlinear function f(.)
at a number of linearization points x;(i = 0,1, ...,1) in response to some training
input. The nonlinear function f(.) is then approximated by the weighted sum of
these linear models i.e., f(x(t)) =~ S_, w; (£(x;) + A;(x(t) — x;)), and the original
system is represented as:

(3.25)

where w;,7 = 0,1, ..., 1 is a vector of weights and A; is the Jacobian matrix of f(.)
at x;. The projection matrix V, in this case, is obtained as orthonormal basis of
the following Krylov subspace which spans the reduced state-space.

colspan(V) = span{A;'B, ..., A; " VB}. (3.26)

The reduction is then performed by using the approximation ansatz x(t) = Vx, ()
in (3.25).

y(t) = g(Vx:(1)).

Here, the weights @ depend on x, and can be computed using the information
about the distances ||XT — X, || of the (projected) linearization points VIx; from
the current state x,. An error bound for TPWL was proposed in Ref. along-
with some discussion on stability and passivity preservation. A down-side of this
method, however, is the choice of an appropriate training input. The reduced
model loses accuracy if the training inputs are chosen far away from the actual
inputs. This happens because the computed trajectory departs from the actual
behavior of the state vector x(t).

In continuation with this, a polynomial piece-wise approximation was proposed
by Dong and Roychowdhury instead of a linear piece-wise approximation for
each piece. Similar ideas later emerged in various studies such as presented by
Vasilyev et al. [297]. A more detailed review on piece-wise linearzation based

reduction methods can be found in Ref. [151].
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3.3.4 Proper Orthogonal Decomposition (POD)

One of the most successful nonlinear model order reduction method is the Proper
Orthogonal Decomposition (POD) also known as Karhunen-Loéve Trans-
form (KLT') or Principal Component Analysis (PCA). This method can be consid-
ered a general application of the SVD to the approximation of dynamical systems.

Let x(t1),x(t2), ..., x(t,,) denote the snapshots of takenat ¢;,j € {1,...,ns}
in the interval [0,7]. Suppose X represents the ensemble consisting the snapshots

{x(t)}jz Le.,
N = span{x(t1), ..., x(tn,) }- (3.27)

Then, POD aims at finding an orthonormal basis {v;}/_; for X that satisfies the
minimization problem given as:

: (3.28)

Ns
min
{vitiy j=1

x(t;) — Z (x(t;),vi) Vi

2

subject to <Vi,Vj> = 0;;. In practice, is solved by taking the SVD of the
snapshot matrix X € R™*" (whose columns are the time displaced solutions of the
system) i.e, X = UXV7 and first » << min(n, n,) columns of U are then utilized
to construct the orthonormal project matrix Vpop. The procedure is summed up

in Algorithm 2|

Algorithm 2 Proper Orthogonal Decomposition (POD)
Input: Snapshot matrix X = [x(t1) x(t2)... x(t,,)], tolerance parameter e.
Output: POD basis: Vpop
1 [U, X, VT = svd(X), 2 =diag(ay, 09, ..., 0v, ).
2 Vpop = U(:,1:7), 78, D0 0/ D 0%, 0 < €, 1 is the number of non-zero
singular values of matrix 3.

Note that, for the most MOR settings, the dimensions of the snapshot matrix
X € R™"™s with n > ng, i.e., the number of dimension of system is much greater
that than the number of snapshots, resulting in a “tall-and-skinny” matrix X.
Therefore, it is preferred to use a economy version of the SVD resulting in the
dimension of U € R™" 3 € R™*" and V € R¥*" (cf. Fig.

Given its conceptual simplicity, POD is a straightforward data-driven approach
and performs satisfactorily well for a number of nonlinear systems. Also, the re-
duced model of size r can be selected according to the decay of singular values
for a given tolerance e. However, there are some drawbacks associated with this
method. Firstly, the low-rank approximation via POD relies on expensive mea-
surements of the full-sized model for some training inputs Wi, (¢). This leads
to substantial offline computational costs, especially when the FOM is repeatedly
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solved for varying design parameters, initial or boundary conditions. Secondly, the
quality of ROM depends on the training inputs used while obtaining the snapshot
ensemble. If the latter doesn’t capture the system’s dynamics at all operating
points, then the performance of ROM degrades for scenarios for which it was not
trained.

Besides the classical POD technique, there exist several other methods which
are related to the POD method. Examples include balanced-POD proposed by
Willcox and Peraire [306], Kunisch and Volkwein [174], Hinze and Volkwein [150],
Kunisch and Volkwein [175], Grepl et al. and Astrid et al. [28], Reduced
Basis methods by Quarteroni et al. [236, [149], empirical Gramians [179], the
shifted POD (sPOD) method by Reiss et al.[248] for advection-dominated PDEs,
and methods based on deep/manifold learning [227] [285] [183]. Also, POD has
been widely employed within the spatial least-square Petrov-Galerkin (LSPG)
framework [69] [70], and the recently developed space-time LSPG method
involving the higher-order singular value decomposition (HOSVD).

3.3.5 Nonlinear balancing

The concept of balancing for nonlinear systems was first proposed by Scherpen
267] which is an extension of balancing for linear systems in the sense that it
is based on input-output energy of the nonlinear system. This involves solving
two Hamilton-Jacobi-Bellman (HJB) PDEs representing nonlinear counterparts
of linear Lyapunov equations (2.40). However, for problems of large-scale nature,
the solution of HJB PDEs becomes highly expensive due to the curse of dimen-
stonality. Hence, state-dependent Lyapunov equations have been developed to
avoid this issue. These include differential balancing based on variational systems
and contraction theory by Kawano et al. [164], and dynamic balancing based on
dynamic controllability and observability extensions presented by Sassano et al.
[2591 260]. This further encouraged the development of energy-based methods and
the notion of Hankel operator, see e.g., Gray and Mesko [133], Scherpen and Gray
[266], Scherpen and Van-der-Schaft and Fujimoto and Scherpen [122] [123].

3.4 Moment-matching in nonlinear systems

The relation between moments and Sylvester equation was first proposed by Gal-
livan et al. [126] 127]. Based on this, the notion of nonlinear moments was
firstly presented by Astolfi [23]. Since then, methods on linear moment match-
ing and, especially, nonlinear moment-matching (NLMM) have been developed
in many publications 25] 26] 27, 29]. A class of (nonlinear) parameterized
ROMs achieving moment matching was defined in Ref. [154]. A two-sided, non-
linear moment matching theory was developed by Ionescu and Astolfi [155] [156].
The problem of MOR via moment-matching for linear and nonlinear differential
time-delay systems with discrete and distributed-delays was studied by Scarciotti
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and Astolfi [263]. In addition to this, the online estimation of moments of lin-
ear and nonlinear systems from input/output measurements has been proposed
in Ref. [264, 265]. The study presented new algorithms to construct ROM’s
that asymptotically match the moments of an unknown nonlinear system to be
reduced by solving a recursive, moving window, least-square estimation problem
using input/output snapshot measurements. In reference to this, Maria et al.
developed a practical simulation-free, NLMM algorithm in which certain numer-
ical simplifications were proposed that avoid the expensive solution of Sylvester
PDE. Recently, a nonlinear MOR framework based on NLMM with dynamic mode
decomposition (DMD) has been proposed in Ref. [241]. The framework involves
the computation of the offline projection matrix V by the application of NLMM,
whereas the underlying nonlinearity is approximated via DMD modes. Also, a
parametric nonlinear MOR method based on NLMM has been proposed in Ref.
240] (see also [239, 237, 238 242]). Faedo et al. recently extended this idea
to wave energy systems. Furthermore, an optimal Hs-norm based MOR method
using time-domain moment-matching was proposed by Ion Necoara and Ionescu
216].

Similar to the notion of moments defined for linear systems in Section|2.2.7, we
describe the nonlinear enhancement of moment-matching for large-scale systems.
The idea is based on the concepts emerging from output regulation of nonlinear
systems [173], the center manifold theory [72], and the steady-state response of
nonlinear-systems 67, [158]. We refer the reader to Ref. for an excellent
review.

Consider the following nonlinear exogenous (signal-generator) system:

() == (¢(t))  €(0),=¢, #0, (3.29a)
u(t) = e(¢(t)), (3.29b)

where ¢ € R", w0 ({) € R" — R" and p(¢) € R” — R™ are smooth mapping such
that zo(0) = 0 and @(0) = 0. It is hereby assumed that the exogenous system
(3.29) is observable (g, o, (o), i.e., the output trajectories corresponding to any
initial conditions do not coincide. Also, its is assumed that the point (g is a stable
equilibrium (in ordinary sense of Lyapunov) such that inputs generated by such
a system remain bounded. Furthermore, the input signal u(t¢) is assumed to be
persistently exciting in time [157]. This implies that every point (¢ is Poisson
stable, such that no trajectory can decay to zero as t — co. When both the above
conditions are met, we define the signal generator to be “neutrally stable”
i.e., if the output signal of such a signal generator is fed to the input of nonlinear
system , the steady-state of output of such an interconnection is guaranteed
to be well-defined. The signal generator thus essentially captures the requirement
that one is interested in studying the the behavior of system only in specific
circumstances. The interconnection of exogenous system with nonlinear




3.4. Moment-matching in nonlinear systems 49

system (3.1) is given as:

B0 fx(r). elc)). (3.300)
y(t) = g(x(1)). (3.30b)

The steady-state of such an interconnection is given as:

y(t) =g7(x0 — ©(Co)) +8p(C (1)), (3.31)
yo(t) Yn(t)

where y,(t) is the transient component of the solution with nonlinear transient
mapping given by 7(xg), and yy () corresponds to the steady-state component of
the solution where the mapping () is a local mapping defined in the neighbor-
hood of ¢ = 0. Since the nonlinear system is assumed to be exponentially
stable, therefore the transient solution decays exponentially, i.e., tliglo yn(t) = 0,

and yss(t) = g(p(€(1))) is the steady-state response of the interconnected system.
Thus, interconnecting the nonlinear system (3.1) with the signal generator
corresponds to exciting the nonlinear system with user-defined inputs. Now, to
provide a generalized notion of moments for nonlinear systems, the following as-
sumption is required (as provided in Ref.[26])

Assumption: The unique mapping g(¢) solves the nonlinear Sylvester equation
given as:

Op(¢(1))
B2 o ¢(1)) = Flp(c(0). 0(¢(1). (3.32)
¢(t)
By the center manifold theory, the interconnected system (3.30) possesses a locally
well-defined invariant manifold at (Xeq,(eq = (0,0)), given as M = {(x,() €

R™" :x = (¢(t))} where p({(t)) solves .

Definition 3.1 (Steady-state notion of nonlinear moments) [25,(26] The mo-
ment of system at () is defined by function g(g(¢)) under the afore-
said assumptions. Furthermore, the 0-th nonlinear moment of system at
(o (C(t))), 0(¢(t)), o) is related to the (locally well-defined) steady-state response
Vss(t) = g(p(¢(t))) where the mapping g(¢) solves the nonlinear Sylvester equa-
tion (3.32). A

Based on Definition 3.1, the notion of nonlinear moment-matching in terms of
steady-state response matching can be formulated as follows:

Theorem 3.1 (Nonlinear moment-matching) [25, (26] The moments of the
nonlinear system at (zo(€), 0(¢€), o) coincide with the (well-defined) steady-
state response of the output of the interconnected system when the aforesaid
assumptions hold. A
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Exogenous System/ Nonlinear-Signal Generator

¢(t) =w(((1)
u(t) = e(¢(t))
FOM ROM
Ex(t) = £(x(t), u(t)) B, (1) = $23f(p(x.(t), u(t)))
y(t) = g(x(t)) y:(t) = glp(x:(1)))
Moments < Steady-State Moments < Steady-State
—>12pQ))] T |& (e () e——
522 0) (0l 5,22 (¢) - £(6,(¢). £(0)

Figure 3.1: Time-domain illustration of nonlinear moment-matching in terms of
steady-state response matching between FOM and ROM

Thus, similar to linear systems, a nonlinear reduced model can be defined that
achieves moment-matching with original system (3.1) at (z=(¢), 2(€), €o)-

Definition 3.2 (Nonlinear ROM via moment-matching) [25,[26] A reduced-
order model of the form (3.8)), given as:

o Qe ult) ) u), x(0) = x
Er T(t) aX(t) (= (8)) f(p( 7“<t)7 (ﬂ))’ 7"<O) 7,05 (333)

y-(t) = g(p(x.(t))),

of dimension r (r << n) matches moments with the full-order system (3.1) at
(wo(€), 0(€), €o), if the reduced nonlinear Sylvester equation given as:

B, 2 (0) = .(6,(6). £(0)), (3.3)

is uniquely solved by (g, (¢)) such that
g(p(€)) = & (r(C)). (3.35)
A

Thus, moment-matching for nonlinear systems can be interpreted as the exact
matching of the steady-state response of the FOM and ROM (cf. Fig. when
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both systems are excited from the inputs from non-linear signal generator (3.29).
For other inputs, the steady state is interpolated. Note here that the Sylvester
equation unlike in the linear case, is state dependent, non-linear partial differential
equation of dimension (n x 1).

The projection-based technique to obtain a reduced-order model achieving
moment-matching is given by with g(x,(t)) as the solution Sylvester PDE
(3.32). However, a non-projective approach consists of parametrizing the family
of ROMs achieving moment-matching with FOM at (= (), 0(¢), o) w.r.t
the reduced input matrix function d(x,(¢)) : R™ — R yielding a ROM in
input-affine representation as follows:

X, (1) =7 (x,(t)) — 0(x:(1)) 0% () + 6(x,(¢))u(t), (3.36a)
y:(t) =g(p(x(1))), (3.36b)

where the free mapping &(x,) can be used to impose e.g. asymptotic stability,
passivity, a prescribed relative degree and zero dynamics.

3.5 Hyper-reduction in nonlinear systems

The nonlinear reduction methods reduce the number of equation from n to r
yielding the ROM structure or depending upon the type of projection
technique used. This results in a drastic reduction in the computational cost
associated with solving the linear system of equations via any time-integration
scheme. However, the complexity of evaluating the nonlinear term f(x,,u) still
remains as that of the original problem. For this, consider the nonlinear term of

the ROM :

\\N/T/ f(Vx, (1)) = (£(Vx,(1)), V). (3.37)

XN nx1

This inner product is solved by first expanding the variable x,.(t) € R" to n-
dimensional vector Vx,(t) € R" which requires 2nr flops. Then, the nonlinearity
f(Vx,) is evaluated. Finally, the projection with the reduction basis W is solved to
obtain WTf(Vx,(t)). Thus, 4nr flops are required as a result of two matrix-vector
products required to form the argument of f, and then to form the projection. As
a result, solving the reduced system might still be costly as solving the full system.
Similar inefficiency occurs when solving the reduced model for steady
nonlinear PDEs by Newton iteration. During each iteration, the Jacobian ma-
trix J(x) = 0f(x)/0x is solved besides the nonlinear function f, and the cost of
computation still depends on full-dimension n:
3(x) = WEI(Vx,) V. (3.38)
——

rXn nxr

nxn

i.e., the Jacobian function is first expanded in the high-dimension settings, and
then projected to obtain the reduced form. The computational complexity for
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computing the Jacobian is roughly O(2n?r+2nr?+2nr) for a dense J and 2n?r for
a sparse J. Hence, these numerical complexities renders the dimension reduction
techniques inefficient.

To address these challenges, various hyper-reduction scheme have been pro-
posed. The idea is to find a low-rank representation of the nonlinear function
and its Jacobian for an efficient reduction of the overall problem. These methods
are usually employed after the dimensionality reduction of state-space have been
performed. Next, we discuss some of the prominent hyper-reduction methods:

3.5.1 Polynomial system representation

One possibility is to express the nonlinear function analytically through polyno-
mial tensors to avoid evaluating the nonlinear terms on the element level within
the FE code. This is achieved by representing the nonlinear function f(x,u) as
a polynomial system using a Taylor series expansion (3.11) or a quadratic form
(3.12). Once a polynomial system representation is obtained, the dimensional re-
duction can be carried out using either a linear or nonlinear projection. Although
the full-order tensors are primarily sparse, their storage becomes prohibitive for
large n. This is especially true if the nonlinear function is represented by higher-
order polynomials like cubic or quartic. To illustrate the idea, consider a cubic
representation of a nonlinear function f as follows:

f(x) = Ax+B(x®x) + C(x ® x ® X). (3.39)

One way to obtain the reduced approximation of f is by using linear bases V, W &
R"™*" for projection. The reduced model is then given as:

f.(x,) = Ax,. +B.(x, ® x,) + C,(x, ® X, ® X,), (3.40)
where the reduced matrices
A, =WTAV. B, =W'B(V®V), and C, = W/IC(VeV®V),

of dimensions A € R™" B, € R and C € R"™*™. The smaller costs of eval-
uating the reduced polynomial function f,. gives considerable saving than solving

WTf(Vx,).

3.5.2 Piecewise linear approximation

Another possibility is to represent the nonlinear function by a piecewise linear
approximation (PWL), as follows:

l

f(x,)=WT Zwi(xr(t))f(xi)—|—Zwi(xr(t))Ai(Vx(t) —x;)) | . (3.41)

1=0

The nonlinearity is approximated as a weighted interpolation of reduced linearized
matrices, obtained via linearizations at different given points {x;}!_,.
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3.5.3 Classical hyper-reduction methods

Unlike the above mentioned methods, the classical hyper-reduction methods like
the Discrete Empirical Interpolation (DEIM) by Chaturantabut and Sorensen
or the Energy-Conserving Sampling and Weighting (ECSW) [106] method by
Farhat et al. employ a different approach. The idea is to compute the nonlin-
ear function only at certain grid points of the mesh.

3.5.4 Discrete Empirical Interpolation Method (DEIM)

The core ideas of DEIM emerge from empirical interpolation method(EIM) by
Barrault et al., Gappy POD [103], and the missing point estimation method
by Astrid et al.

In DEIM, the non-linear function f(x) is projecting onto an approximate sub-
space spanned by a basis of dimension my << n, i.e.,

f(7) ~ Uqc(7), (3.42)

where for nonlinear time dependent PDEs 7 = t, Ugq = [uy, ..., u,,,| € R™™4 and
c(7) as the coefficient vector. Next, consider a boolean matrix P with:

P=le,,.e,, | € RV, (3.43)

where e,; = [0,...,0,1,0,...,0]7 € R™ is the p;th column of the identity matrix
I, € R for ¢ =1,..,my, then

PTf(1) = (PTUq)c(7), (3.44)
and approximation (3.42) becomes:
f(7) = Ugce(r) = Ug(PTUL) 'PTf(7), (3.45)

where PTUj is nonsingular. The DEIM algorithm to obtain = [p1, ..., pm,|” is
as follows:

Algorithm 3 Discrete Empirical Interpolation Method (DEIM)[]0]
INPUT: {w},"4 C R" linearly independent
OUTPUT: p = [py, ...,pmd]T

bi

L [[pl, p1] = maz{|ui|}.

2 Ug = [wy], P=le,], 7= [p]

3: for [ =2 to my do

4: Solve (PTUq4)c = PTy, for c

5 r=u; — Ugqc

6:  [lpl, 1] = maz{r[}

7. Ug+ [Ug ul, P[P e, 7+ H .

8: end for
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From the DEIM Algorithm, a set of indices are constructed inductively on the
input basis. The input basis matrix u; is obtained by sampling the nonlinear
function f at certain time-instances t = 1,2, ...,¢,.. Thus, similar to the snapshot
matrix X = [x(t1) x(t2)... X(t,,)] € R™™ obtained for POD, the nonlinear func-
tion snapshots F = [f(x(t1)) f(x(t2))... £f(x(tn,))] € R"*™ are gathered from the
FOM for some training signal U.in(t). After that, the SVD of the matrix F yields
the columns of matrix u;, where the order of the input basis my is chosen according
to the dominant singular values of the nonlinear function snapshot matrix. The
DEIM approximation of the nonlinear term f() then reads:

W (Vx,(t) = WIU(PTUL) ' PTF(Vx,(1)), (3.46)

and in case the nonlinear function f is evaluated component-wise at its input

vector, we can write (3.46) as:

WTE(Vx, (1) = W Ua(P"Ua) " £(PTVx, (1)) (3.47)

precomputed: 7Xmg mgXx1

Since the term WTUq4(PTU)™! is independent of ¢, it can be precomputed by
solving the system of ODEs. Furthermore, PTVx,(t) € R™ can be obtained by
extracting the rows pi,ps,...,pm, of V, and then multiplying against x, which
incurs 2rmg cost. Here the indices {pi,pa, ..., pm,} are obtained via Algorithm
(3). Thus, the overall cost of evaluating the nonlinear term f, via DEIM, becomes
roughly O(4rm,) which is is independent of n.

Similarly the reduced Jacobian J,(x,) can be approximated via DEIM as:

Jr(Xr) - WTUd(PTUd)_ig(PTVXT(t»J (348)

precomputed: rXmg mgXmg

P’V
S—~—

magXr

DEIM is a straightforward approach and can be applied immediately after any
projection based model reduction technique. An error bound of the approximation
is also available which is given as:

|f — foend|| <[|(PTUQ) 7, E.(F), (3.49)

where &,(f) = H ||2 is the minimum 2-norm error of f. There is good motivation of
using DEIM especially with POD), as the time snapshots required for the DEIM
are already obtaining while training POD. Thus, POD-DEIM is considered as a
benchmark nonlinear MOR reduction technique for reducing both the state as well
as the nonlinear function.

Besides the classical DEIM approach, there also exists different variants and
extension of this method. For instance, the QDEIM by Drmac and Gugercin is
even more efficient that the classical DEIM approach. Similarly, the unassembled
DEIM (UDEIM) technique proposed by Paolo and Daniel extends the regular
DEIM to FE applications. A symmetrized version of DEIM has been proposed for
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nonlinear port-Hamiltonian systems [79]. The matrix version of DEIM (MDEIM)
proposed by Wirtz et al. for matrix-DEIM approximation of nonlinearity
Jacobians.

Furthermore, the Gauss-Newton with Approximated Tensors (GNAT') method
by Carlberg et al. is another famous DEIM-related hyper-reduction technique
which has also been recently extended to structural dynamics [71].

3.6 Issues in nonlinear MOR

Although nonlinear MOR methods have seen a prominent success, there are still
some unresolved queries/issues, which are enlisted as follows:

1. A common issue among all nonlinear reduction methods is the lack of prac-
tical global error bounds for the reduced-order model.

2. Nonlinear moment-matching based MOR method presented in Refs.[24] 25]
26, involves the a priori solution of the nonlinear, state-dependent, Sylvester-
like PDE (3.32) which is computationally expensive.

3. There is no apriori knowledge of acceptable training inputs and linearization
points in the TPWL method.

4. An optimal choice for the number of multi-moments in the bilinearization
methods is not known apriori.

3.7 Chapter summary

In summary, we have discussed the model order reduction problem in nonlinear dy-
namical systems. We have explained the use of linear and nonlinear Petro-Galerkin
projection frameworks in nonlinear systems. Then, we presented an overview of
some of the most widely used MOR. approaches for nonlinear models. We have
also described the moment-matching in nonlinear systems, which is an extension of
the linear systems. Finally, we have addressed the issue of reducing the nonlinear
function, and in this regard, discussed various hyper-reduction procedures.



Chapter 4

Efficient Frameworks for Nonlinear
Model Order Reduction

In the previous chapter, we explained the nonlinear model order reduction via
linear and nonlinear projection methods. However, we can also classify the re-
duction methods based on their fundamental methodology. The first group is the
simulation-based methods. These methods rely on taking the expensive measure-
ments of the full order model to form the reduced manifold. Examples include
Proper Orthogonal Decomposition (POD), Trajectory Piecewise Linear Method
(TPWL), empirical Gramians, balanced POD, and the Reduced Basis (RB) method.

On the other hand, there exist another group of methods that are based on
simulation-free approaches. These methods extract the most dominant nonlinear
dynamics by system-theoretic measures rather than from simulated data. These
include modal derivatives, nonlinear balanced truncation, Krylov subspace meth-
ods for polynomial systems, and the nonlinear moment-matching method. The
latter method represents a promising approach from a system-theoretic perspec-
tive, as it avoids the expensive measurements of the full system to obtain the
reduced model. Thus, in the following, we will focus on this method for reducing
general nonlinear systems.

In this chapter, we will use some numerical simplifications for the underlying
Sylvester nonlinear PDE to arrive at a system of nonlinear algebraic equations
in a step-by-step manner. Then, we will propose some efficient reduction frame-
works for nonlinear systems. These are (i) Nonlinear Moment-Matching (NLMM)
with Discrete Empirical Interpolation Method (DEIM), (ii) Nonlinear Moment-
Matching (NLMM) with Dynamic Mode Decomposition (DMD), and (iii) Second-
Order Nonlinear Moment-Matching with DEIM (SONLMM-DEIM) (discussed in
Chapter . We will extensively discuss each reduction framework and provide nu-
merical algorithms for their implementation. Finally, we will illustrate the appli-
cation of these algorithms on different nonlinear systems and present a qualitative
and quantitative comparison of reduced models obtained with POD-DEIM.

56



4.1. Approximated nonlinear moment matching Y

4.1 Approximated nonlinear moment matching

The nonlinear model reduction via moment-matching described in Section 3.4 re-
quires the solution of the nonlinear, state-dependent Sylvester PDE (3.32) which
is computationally demanding. It’s solution either requires symbolic computa-
tions or numerical solutions. The latter involves solving a system of nonlinear
ODEs after the reduced spatial discretization of the PDE. As we intend to reduce
large-scale nonlinear systems, only numerical methods come into consideration,
which ideally should avoid any costly simulation. As such, certain numerical sim-
plifications are proposed by Maria et al. [296] to reduce the computational
costs involved in solving the Sylvester PDE. These simplifications are motivated
by POD method, which uses a linear projection and time-snapshots to reduce
the nonlinear system. The result is that the nonlinear PDE is converted into a
system of nonlinear algebraic equations, and a numerically feasible algorithm is
obtained for the dimension reduction. Note that these simplification are related to
asymptotic expansion (Poincaré /naive expansion) [213] or the variational
approach for approximating the solution of nonlinear differential equations.

4.1.1 Simplifications

The numerical simplifications to solve the Sylvester PDE (3.32)are three-fold (i)
using a linear projection, (ii) to consider the column-wise operation of the equa-
tion, and (iii) to collect time-snapshots for discrete samples in time. Now, depend-
ing on the type of signal generator involved, we distinguish between the following
cases:

Nonlinear Signal Generator

1. Linear projection: Instead of using a non-linear projection, x(t) = ¢@({(t))
in we use a linear projection x(t) = V(t). This is motivated by the fact
that the linear projections are successfully utilized even in nonlinear model
reduction. As a result of this, PDE (3.32) becomes:

f(V(C®), e(¢(t)) —EVm(((t) = 0. (4.1)
where zo({(t)) and o({(t)) are user-defined, and V € R™" is the desired
solution.

2. Column-wise consideration: Using a linear projection V makes the system
under-determined since n equations are to be solved for n x r unknowns
in V. € R™". This problem is avoided by considering the equation
column-wise for each v, € R"i =1, ...,r, given as:

f (Vi(cz‘(t)> Qz(C1<t))) — Ev,@m,(¢;(t)) =0, (4.2)
where ¢,;(t) €e R" and V = [vq, ..., v,].
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Kindly note that the column-wise consideration has the limitation that
is generally not fulfilled, since the couplings in V{(t), Voo ({(t)) and o({(t))
are not being considered. Hence, the column-wise consideration constitutes
a further simplification/approximation step, which is naturally restricting
the universality of the original nonlinear moment matching framework of

:

3. Time discretization: Unlike the linear case, where the Sylvester equation
(cf. turns out to be a constant linear matrix equation, the nonlinear
Sylvester equation (cf. [3.32) is a state-dependent equation, i.e., the state-
vector ¢(t) cannot be factored out. Hence, a time-discretized version of
is solved instead with time snapshots [tx],k = 1, .., K, similar as in POD.
Consequently, using a time-discrete version of the nonlinear signal generator

(z@i(Ci(tk)), @:(€i(tk)), Cosi) becomes:
£ (vie(Cilte), @i(Ci(tk))) — Evami(C(te)) = 0. (4.3)
Note that the discrete solution of {,(¢) of the nonlinear signal generator

ODE must be given or computed via simulation before solving (4.3).

Linear Signal Generator

One can also try to interconnect the non-linear system (3.1) with a linear sig-
nal generator (2.76), where zo({(t)) = Z((f) and o(¢(t)) = ¥((t) with E =
CTXT‘7 W c Cmxr,

1. Linear projection: Using a linear projection (4.1) becomes:
F(V(C@), w(((1)) — EVEC() = 0, (4.4)

where the triple (E({(t)), ¥({(t), {,) is user defined. Note that connecting a
linear signal generator (2.76) with a nonlinear system corresponds to exciting
the nonlinear system with exponential inputs given as: u(t) = ¥e=(p.

2. Column-wise consideration: A column-wise consideration of 4.4 yields:
f (Vicz'(t)a ‘I’Z(Cz(t))) — Ev;E;(;(t) = 0. (4.5)

3. Time discretization: Using the time-discrete signal generator 2;¢; (%), ¥, (tx)
in (4.5) we have:

f (Vik<ci(tk)a ‘I’Z(Cz(tk))) — Ev;.2(;(tx) = 0. (4.6)

Again note that the discrete solution of ¢,(tx) of the linear signal generator
ODE is analytically given by exponential functions with exponents E; to
simulate the linear signal generator.
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Zero Signal Generator

Finally, one can also use a zero signal generator defined as:
&(t) = w(C(t) = o, (4.7a)
u(t) = o(Co)- (4.7b)

This is a special case where {(t) = (o and u(t) = constant. Connecting such
a signal generator to a nonlinear system corresponding to exciting the nonlinear
system with constant input functions.

1. Linear projection: For this case, (4.1) becomes
f (VC07 Q(Co)) =0. (4.8)

2. Column-wise consideration: This operation yields

f (ViCOia Qz‘(COi)) =0, (4.9)
with ¢;(t) = 0,u;(t) = 0,(Co;) = constant, and ¢;(t) = Co; = constant for
1=1,.,7

3. Time discretization: Since (4.9) represents a state-independent equation,
hence no time-discretization is needed for this case.

Now using these simplification for the nonlinear Sylvester PDE (3.32)), the algo-
rithm to obtain the orthonormal basis via nonlinear moment-matching is presented
below [296]:

4.1.2 Algorithm for Nonlinear Moment Matching

Algorithm 4 Nonlinear Moment Matching (NLMM): For offline basis generation
INPUT: f(x,u),J(x,u),=;(¢;(tx)), 0,(C;(tk)), C; (L), initial guess v 4, reduced
rank order r

OUTPUT: Orthogonal basis: Vyrvm

1: fori=1:r do

2. fork=1:K do

3 fun =Q(v) f(v* {4, 0/(Cin) — BV xwi(¢, ) > residual

4 Jfun = Q(v) J(v*C;p, 0i(Ci))Cin — Ewi(¢,; ) > Jacobian of residual
5: v;r, = NewtonRaphson( fun, vo i, J fun)

6 Vi (G (1= 1) « K+ k) < vig

7 Vv = GramSchmidt (v, V) > optional

8: end for

9: end for

10: [U, 27 N] = SVD(VNLMM), Vaivm = U(I, 1: 7’)
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The above algorithm is used to generate the basis Vyraw for the reduced
subspace. Note that we have presented the most general form of the algorithm,
whereby a nonlinear signal generator has been employed. One can use a suitable
linear or zero signal generator as well. Consequently, lines 3 and 4 of Algorithm
will change. The algorithm employs two nested for loops to simulate each signal
generator ¢ = 1,..,r at each collocation time shift k = 1,.., K. Jfun denotes the
analytical Jacobian of the nonlinear function fun, which is provided to speed up
the process.

NLMM is “simulation-free” in the sense that it does not require the numerical
integration of the large-scale nonlinear system (3.1). However, it involves the
solution of (at most) r.K nonlinear systems of equations (NLSE) of full order
dimension n. These are solved using an implicit Newton Raphson scheme (cf.
line 5, Algorithm |4) to generate the columns of Vyrav. Finally, the redundant
columns of Vyi,mum are truncated via the SVD scheme. This is in contrast with the
POD method whereby to simulate the FOM, an NLSE has to be solved implicitly
at each time step which results in increased computational costs.

4.2 NLMM-DEIM

Now, we are ready to introduce the first practical reduction framework for non-
linear systems, i.e., the nonlinear moment-matching with discrete empirical inter-
polation method (NLMM-DEIM). While NLMM avoids the expensive simulation
of the underlying nonlinear Sylvester PDE , as illustrated in the previous
section, the DEIM (Algorithm 3) further reduces the online cost of evaluation of
nonlinear terms. This substantially reduces the overall computational costs to ob-
tain the orthonormal projection basis. The numerical algorithm for this framework
is as follows:

Algorithm 5 NLMM-DEIM

Input: FOM &(t), Signal Generator é’(t)7 r : approximating rank for NLMM,
and my number of DEIM modes.

1: Compute Vypmu following Algorithm > orthogonal basis

2: Obtain function snapshots F = [f(x(¢1)) f(x(2))... f(x(tn,))]

3: Calculate [u;, ¥4, ] = SVD(F) > nonlinear snapshots

4: Obtain Ug, P and p from Algorithm > call DEIM

5: Construct the reduced model (3.10) with the reduced nonlinear function ob-
tained from

6: Integrate

7: Project back full solution
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4.2.1 Case studies

We will now demonstrate the performance of the proposed NLMM-DEIM frame-
work. For that, we consider the two nonlinear benchmark models: the nonlinear
viscous Burgers’ equation and the FitzHugh-Nagumo model. Before we proceed
with the numerical validation, we enlist some details concerning all the numerical
models presented in this thesis:

1. All the numerical simulations are performed in-silico on MATLAB® R2019a,
version 9.6.0 running on Intel Core” i7-4790 CPU @3.60GHz with 12GB
RAM.

2. All ROMs (except the interpolated ones) are obtained via the one-sided
Galerkin projection with W = V and the local basis are made orthogonal,
ie. VIV =1

3. All the FOMs and ROMs are integrated using the implicit Euler’s scheme
within the Newton Raphson method having a relative tolerance of 1073,

Nonlinear viscous Burgers’ equation

Burgers’ equation is studied under various areas of applied mathematics such as
gas dynamics, fluid mechanics, traffic low, non-linear acoustics, theory of shock
waves, and in continuous stochastic processes. Due to the presence of viscosity
and convection terms, it’s structure roughly matches with Navier-Stokes equation.

The one-dimensional, parabolic, quasi-linear, viscous Burgers’ equation is given
as:

ou ou 1 [ 0%*u
E(x, t)+ u(x,t)a—x(x, t) = T (Q(x, t)) x € (0,L),t €[0,7T], (4.10)

subject to the following initial and boundary conditions:

u(x,0) = 0.1, (4.11a)
d
u(0,4) = r(t); 2X(L,1) =0, (4.11b)
dx
where Re represents the Reynold’s number and influences the effect of diffusion.
For our evaluations, we selected Re = 100 and the length of spatial domain L = 1.
After a semi-discretization using finite-difference scheme with n grid points, we
obtained the following quadratic-bilinear structure of the state-space model:

x(t) = Ax(t) + H (x(t) ® x(t)) + (Nx(t) + B)r(?), (4.12)

where x(t) € R” and (x ® x) is the Kronecker product. The matrices A, H, and
N can be seen in Appendix (A.1). A single control input was applied at a time
on the left boundary, and the FOM was solved using the implicit Euler’s method.
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To proceed with the ROM via NLMM-DEIM, Algorithm 5| was employed.
Another ROM was obtained via POD for the sake of comparison. Note that
NLMM was trained offline for the inputs generated by the chosen signal generator.
However, in the online evaluation of the ROM, two different test inputs were used
r(t), and ro(t). In the case of POD, the training and the test inputs were kept
the same. This deliberate choice of inputs was made to test the true potential
of NLMM-DEIM. The various parameters used for this test case are presented in
Table 4.1l

The output response and the error plot of the full and the ROMs obtained
via NLMM-DEIM are presented in Fig. for the two test signals. As can be
seen, the ROMs faithfully capture the dynamics of the original system for both the
test cases. Quantitatively, the comparison of computational times for the offline
and online phase are presented in Table along with the approximating errors
in Table The comparison shows that NLMM requires considerably less time
than POD to compute the projection basis for both the test cases and for different
choices of reduced dimensions. As far as the online evaluations of the ROMs
are considered, the DEIM has further reduced the simulation times by efficiently
evaluating the underlying nonlinear terms for both cases.

Table 4.1: Burgers’ equation: Parameters of the selected scenarios

Method ‘ Parameters

Full model | n =500,L = 1,t € [0,30s], Re = 100, h = 0.01s
NLMM r = (10,20), {(t) = tanh(t) + 5e~*i = 1, K = 51
DEIM ma = (10,20), ns = 250

POD r = (10,20)

Test Inputs | r1(¢) = 0.5(cos(27/10)t), ro(t) = sign(t)

Table 4.2: Burgers’ equation: Computational times for both test cases

othod  size offline time (s) online time (s) offline time (s) online time (s)
m 1 (test 1) (test 1) (test 2) (test 2)
FOM 500 - 559.69 - 208.57
POD 10 543.89 (300 NLSE) 7.931 209.81 5.323
POD 20 543.92 (300 NLSE) 13.65 209.81 8.549
NLMM-= 0 80346 (51 NLSE 2.452 3.345 1.312
DEIM : ( ) : : :
NLMM=0 0 331 (51 NLSE) 4.633 5.358 1.531

DEIM
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u(z,t)

Figure 4.1: Burgers’ equation: Top row: input r(t) = 0.5(cos(27/10)t), bottom
row: input r(¢) = sign(t), (left) full order model, (middle) NLMM-DEIM ROM,
(right) point-wise relative error of ROM

Table 4.3: Burgers’ equation: Approximation errors for both test cases

. POD NLMM-DEIM
mmput norm
r =10 r =20 r=10 r =20
Ly 1.04e7% 1.87e ' 9.20e™® 8.60e7
ri(t) Ly 8137 1.37e712 7.24e7% 6.91e7®
Loo 24T7e7 11 1.73e713 9.9e77  8.74e7°
Ly 764  88e*  1.58¢7? b5.75¢°
ro(t) Ly  5.75e70 5.68¢° 1.21e710 3.70e77
Lo 43471t 3.69¢7¢ 9.31le7'? 241e8

Fitz-Hugh Nagumo model

The FitzHugh-Nagumo (FHN) model is a simplified version of the Hodgkin-Huxley
model. The FHN model is used to describe the activation and deactivation dy-
namics of a spiking neuron. This model has been extensively used in literature
for POD and quadratic-bilinear MOR [62] 131]. The underlying dynamics are
governed by a coupled PDE-ODE system given as:

(9_V ( 0*v
“ot
Ow

0x2

X, t) = E——(x,1) + f(v(x,1))

%(x, t) = Rv(x,t) — yw(x,t) + g,

- CU(X, t) +9,

(4.13a)

(4.13b)
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where the nonlinear function f(v) = v(v — 0.1)(1 — v) with the initial and
boundary condition defined as:

v(x,0) =0, w(x,0) =0, x € [0, L], (4.14a)
ov . dv
E(O’t) = —ip(t), d—X(L,t) =0, t €0,7). (4.14Db)

A spatial discretization of the underlying coupled nonlinear PDE into [ elements
yields an input-affine state-space model of n = 2[ degrees of freedom. The model
equation is given by:

Ex(t) = Ax(t) + f(x(t)) + Bu(t), (4.15)

where the state variables x = [vT w?] represent the voltage and recovery voltage
at each spatial element. The control input u(t) = [io(t), 1]7 is applied on the left
boundary (x = 0), and the desired output was measured on the right boundary
(x = L). Depending upon the amplitude of the input source iy(t), different neu-
ronal behaviors can occur. For example when the stimulus iy(t) exceeds a certain
threshold, a resting behavior (limit-cycle oscillations) can be observed. Similarly,
a saturated behavior is recorded for higher currents. Depending upon the nature
of the system, the various parameters of the FOM, POD and NLMM selected are
enlisted in Table [4.4.

For the application of NLMM, a single signal generator was selected by pre-
analyzing the value range that the signal {(¢) covers in the time span t; € [0, 5s].
For DEIM, 500 snapshots of the nonlinear terms were captured, and the reduced
basis for the nonlinear function f() was constructed. The numerical results are
presented in Figs. and whereas the approximation errors and simulation
times are enlisted in Tables 4.5 and [4.6| respectively.

As expected, NLMM required lesser computational times to obtain the reduc-
tion basis than POD. This is because of the lower number of NLSEs that need to
be solved in NLMM. On the other hand, POD produced more accurate solutions
than NLMM due to extensive information captured via snapshots during the train-
ing phase. However, POD needed several different training simulations to capture
other neuron behaviors like resting, spiking, and blocking, which NLMM selec-
tively captured without the expensive offline simulations. Regarding the online
phase, the speed-up gained through dimension reduction was further enhanced via
DEIM.
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Table 4.4: FHN model: Parameters of the selected scenarios

Method ‘ Parameters

Full model | n =2000,L = 1,t € [0,15s],¢ = 0.015, R = 0.5,y = 2,9 = 0.05
NLMM r=(22,33),{(t) = ¢(t) +0.3,i =1, K = 41

DEIM mq = (25),ns = 500

POD r=(22,33)

Test Inputs | io(t) = 5.10% 3¢5

==FOM == POD = :NLMM-DEIM

100

1050 #i

y1(t), y2(t)
e(t)

10—10 ' ;

t t

Figure 4.2: FHN model: Comparison of the output responses (left) output re-
sponses (right) point-wise relative error

—FOM « POD =« NLMM-DEIM|

0.2
0.15¢+
s
I 0.1t
N
: 0.05¢+
0 - ‘ |
0 0.5 1
v(z =0,t)

Figure 4.3: FHN model: spiking: (left) phase portrait, (right) limit cycle behavior
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Table 4.5: FHN model: approximation errors

POD NLMM-DEIM
r =22 r=233 r=22 r=233

L4 58e¢ % 6.28¢79 3.20e 6 2.13e77
y1(t) Lo  4.26e7® 4.66e710 224e7® 1.30e8
L 1.45e7° 2.15e 19 3.3e7 2.28¢7Y

Ly 1.16e® 1.78¢° 7.3e¢% 3.36e7°
ya(t) Lo 4327 7397 23e¢%  1.35e70
Lo 6467 1.06e77 1.4e3 1.4le””

output norm

Table 4.6: FHN model: computational times

method size offline time (s) online time (s)
FOM 2000 - 551.21
POD 22 543.45 (500 NLSE) 51.45
POD 33 543.45 (500 NLSE) 57.19

NLMM-DEIM 22 21.20 (41 NLSE) 5.65
NLMM-DEIM 33 24.01 (41 NLSE) 7.30

4.3 NLMM-DMD

The NLMM-DEIM framework described in previous section works satisfactorily
for a variety of nonlinear systems [237], 242, 238] 239]. However, the scheme can be
considered as a semi non-intrusive MOR approach. This means that it requires
the solution of the nonlinear function f(x,u) and the Jacobian function A(x,u)
within the Newton Raphson scheme to obtain the orthonormal basis vectors with-
out the need for an analytical expression of the governing equations (3.1). These
can rather can be evaluated within any commercial FE software package and hence
obtain Vypvm. However, for the evaluation of the ROM via projection, the gov-
erning equations are needed, making the scheme semi non-intrusive. Presently,
the research community has increased interest in developing non-intrusive-based
reduction methods that aim to learn the reduced models from data. This en-
ables the application of MOR techniques where the operators of high-dimensional
systems are unavailable. In what follows, we describe how dynamic mode decom-
position can be used as a complete non-intrusive method to reduce the underlying
nonlinear functions.
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4.3.1 Dynamic Mode Decomposition

Dynamic mode decomposition (DMD) stems from the works of Bernard Koopman
170] in 1931, which was later revived in the studies presented by Mezic et al. [207),
208, 209]. This method was originally used to decompose complex flows into simple
spatial-temporal coherent structures. Schmid first defined the DMD
algorithm, and demonstrated its applications to high-dimensional fluid data. This
method is used to find the best-fit linear operator (aka Koopman operator) that
progresses high-dimension measurements forward in time [288]. More specifically,
DMD estimates the modes of Koopman operator which is an infinite-dimensional
linear operator that represents the flow of a nonlinear dynamical system on the
Hilbert space of measurement functions of states. DMD can be defined as:

Definition 4.1 (Dynamic Mode Decomposition)
Given a dynamical system
x(t) = f(x(t)), (4.16)

with two sets of data:

and X, = x(t1) x(t2) --- x(tp)],

where f is a nonlinear flow map, and x(t1),x(t2)...,x(tx) represent the snapshots
measurements at t = {1,2, ..., k}. DMD computes the leading eigendecomposition
of the best-fit linear operator A relating the data Xo ~ AX;, with:

A =X, X, (4.17)

and where 1 denotes the Moore-Penrose pseudoinverse. A
This best-fit linear operator characterizes a linear dynamical system that advances
snapshot measurements forward in time i.e;

x(k+1) = Axy, (4.18)
Also, A can mathematically be defined as:
A= argmin||X2 — AX1||F = )(2)(1]L (419)
A

Usually, the operator A is ill-conditioned for large-scale systems and in practice,
DMD computes the eigendecomposition of A by a reduced rank representation A.

As a result, the following proxy for (4.16) is established:
X(t) = Ax(), (4.20)
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whose solution is given as
x(t) =) bW, (4.21)
i=1

where mp is the reduced DMD rank, ¥; w; are the eigenfunctions of A and b;
are the initial conditions. The procedure is described as follows [288]:

1. Obtain the SVD of X4
X; =~ UXV*,
with U e Cv*mp 33 e Cmoxmp Ve Chxmop (mp < k) and * represents the
conjugate transpose operation.
2. Now compute the full matrix A according to (4.17)
A =X,V 0"
and consequently, A can be obtained by projecting A onto the left singular
vectors U

A=TAU=UX, VS
3. Next, evaluate the spectral decomposition of A as
AY = TA,

where the DMD eigenvalues are the diagonal entries of A which also cor-
respond to eigenvalues of A, and the eigenvectors of A are the columns of

Y.

4. Finally, the high-dimensional DMD modes Vpyp are obtained using the
eigenvectors Y and time-displaced snapshot matrix X, given as:

Viup = XoVEIY.

The pseudo-code summarizing the DMD procedure is given in Algorithm

(6).

Algorithm 6 DMD Mode Extraction
Input: Snapshots {x(to),x(t1), .., x(tx) }
Output: Projection Matrix Vpyp
1: SAet AXlA: [x(t0), -y X(tr—1)], Xo = [x(t1), ..., x(tx)]
2: U, 3, V*=SVD(X,)
3: Define A = U*X, V3!
4
5

: Solve the eigenvalue problem: [Y, A] = eig(A)
: Vpup = X2V2_1T

DMD can also be used as a Galerkin projection framework (see [5]). However,
this may additionally require the orthogonalization of the DMD modes using a
Gram-Schmidt procedure.
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4.3.2 Application of DMD in dimensionality reduction

In the following, we will demonstrate how DMD can can be used to obtain low-rank
approximations of the nonlinear function as a substitute over DEIM. Consider the
nonlinear snapshots {f(x(t)), f(x(t1)), .., f(x(tx))} taken from (3.1). Then, the
DMD approximation of the nonlinear function f(x(¢)) via Algorithm (6) reads:

fomp (x(t)) = Z b; ¥, ~ Vpypdiag(e“"!)b, (4.22)

=1

where b = (Vpup)'f(x(ty)) € R™ Now using this approximation in (3.10) we
obtain the NLMM-DMD reduced model given as:

).(r(t) = VNLMMTVDMDdiag(ewDMDt)b + VNLMMTBu(t),

yr(t) = (Ve (1)), (4.23)

where (Vyriavv)? Voup € R™™P and diag(e*pypt) € R™D.

As we can see that the size of this new ROM is independent of the
full model as in the case of DEIM. Note that the nonlinear snapshots required
for initializing DMD are needed only once. After the DMD approximation (4.22)
is obtained, no further evaluation of the nonlinear term is required in the online
stage yielding a significant speedup in the evaluation of the reduced model. This
is also verified by the flop count requirements of the NLMM-DMD procedure as
compared to POD-DEIM as presented in Table (4.7).

Table 4.7: Comparison of the computational complexity between POD-DEIM and
NLMM-DMD

Procedure Complexity

FULL O(2n2 + n)
POD-DEIM  O(2r2 + 4mgr + r)
NLMM-DMD  O(2r2 + 1)

Furthermore note that the efficiency of DEIM is related to nonlinear term
f and the DEIM approximation (cf 3.46) may not always hold, especially when
the nonlinear components are not linearly independent. As we will show next,
NLMM coupled with DMD gives an added computational savings than POD-
DEIM while being a complete non-intrusive MOR, approach. The overall scheme
can be summed up in Algorithm (7).
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Algorithm 7 NLMM-DMD

Input: FOM x(t), Signal Generator ¢(t), r number of NLMM modes and mp
number of DMD modes.

Compute Vypmm following Algorithm (4) > orthogonal basis (NLMM)
Obtain function snapshots {f(x(ty)), ..., f(x(tx))}

Set X1 = [f(x(to)), f(x(t1)), .., £(x(tr_1))]

Set Xy = [f(x(t1)), ..., f(x(tr))]

Compute DMD modes from Algorithm (6) > call DMD

Integrate (4.23)

Project back full solution

4.3.3 Case studies

To present the numerical validation of NLMM-DMD framework, we use two bench-
mark problems: Chafee-Infante equation and the nonlinear circuit example.

Chaffee-Infante model

First, we consider the one-dimensional Chafee-Infante also known as Allen-Cahn
equation. This model has a cubic nonlinearity and models the reaction-diffusion
in a variety of applications like chemical processes [87], fluid dynamics [74], and
biological sciences [255]. The governing PDE is given as:

09 9% 3
o () = 55 001) = AP (x. 1) — 0(x.1)). (4.24)

with initial condition and boundary conditions as:

¥(x,0) = 1 —sin(rx/L), x € (0,L),
9¥(0,t) = u(t), g—i(L,t) =0, te(0,7),

where A being the diffusion coefficient, adjusts the relative balance between the
diffusion term and the nonlinear term. For our evaluations, we used A = 1 and
length of the spatial domain L = 1. A finite difference method with [ grid points
yielded a system of form f(x,u) = Ax+f(x+bu), (E =1I) of dimensionn =1[. A
single control input u(t) was applied on the left boundary x = 0, and the output
of interest was measured on the right boundary x = L. The various parameters of
FOM, NLMM, DMD, POD, and DEIM used for this model are enlisted in Table
4.8l
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Table 4.8: Chafee-Infante model: Parameters used

Method ‘ Parameters

Full model | n =1000,L = 1,\ = 1,t € [0, 2s]
NLMM | r=10,¢(t) = 0.5sin(xt),i = 1, K = 61,1, € [0, 10s]

DMD mp = 10,k = 200
POD r =10, n, = 200
DEIM mq = 10, n, = 200

Test Input | u(t) = 0.5(cos(27t) + 1)

First, we constructed the POD-DEIM approximation for the sake of compari-
son. For that, the POD basis was obtained using 200 snapshots of the FD model
of the Chafee-Infante PDE (4.24)). Then, hyper-reduction using DEIM was carried
with mg4 = 10 interpolation indices via Algorithm 3. To obtain the projection basis
via NLMM, a single signal generator ¢ (t) was solved and used in the offline stage
using Algorithm . For online evaluation, the DMD method was used (Algorithm
@ with 200 snapshots of the nonlinear term, that were already available from the
DEIM. Note that for the NLMM-DMD framework, different inputs were used for
training and testing (as explained earlier), whereas, for POD-DEIM, the training

and test inputs were kept the same.
>< ‘H
= 0.5 x 3
= @ =0 @ = @

Figure 4.4: Chafee-Infante: Solution (left) full order (middle) POD-DEIM ROM
(right) NLMM-DMD ROM
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Figure 4.5: Chafee-Infante: Comparison of (left) output response, (middle) point-
wise realtive error, (right) CPU times
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Table 4.9: Chafee-Infante: Numerical results

Method offline time (s) online time (s) Ly Loy Lo
FOM - 103.04 -

POD-DEIM 103.09 (200 NLSE) 1.66 1.67¢7® 3.7e77 6.3¢7°
NLMM-DMD  44.70 (61 NLSE) 0.23 2.23¢7* 3.1e78 3.3¢7®

The numerical results are presented in Figs. and [4.5. Moreover, the ap-
proximation errors and the CPU times are enlisted in Table 4.9 From the result,
we can observe that POD-DEIM yields good approximation than NLMM-DMD.
However, the latter yields a significant speed-up both in offline as well as online
simulation times. Moreover, as seen from Fig. 4.5 the simulation time of DMD is
always lesser as compared to DEIM for varying approximation ranks of the non-
linear function. This trend is expected since DMD avoids evaluating the nonlinear
terms in the online stage, wheres DEIM requires the solution of reduced nonlinear
inner products.

Nonlinear transmission-line model

Finally, we consider the nonlinear transmission line network model. This model is
used extensively in MOR literature [249] 54], and has become a benchmark
problem in MOR. The model includes a chain of resistors and capacitors (cf. Fig.
4.6). A quadratic nonlinearity is introduced at each node by adding nonlinear
resistors to the ground given as: i,(x) = p.sgn(x)x? where sgn(x) = 1 if x > 0
and sgn(x) = —1 if x < 0. As such, the nonlinear function f becomes:

f(x) = Ax — n(x),

where
-2 1 sgn(xq)x?
1 -2 1 som (Xy ) X2
A= . . 1|’ n(x): g(.2) ? )
1 =2 sgn(x, )x2

where n is the number of nodes in the circuit. For simplicity, we assume that
p = C = R = 1. The input to the system is a current source which excites the
system, and the output is taken at the first node. The various parameters of the

model and reduction are mentioned in Table 4.10).
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Figure 4.6: Nonlinear transmission line model

Table 4.10: Nonlinear Transmission Line: Parameters used

Method ‘ Parameters
Full model | n = 1500, R = C =p = 1,t € [0, 20s]

NLMM r=25,¢(t) = 300 cos(300t),i = 1, K = 101, t; € [0, 10s]

DMD mp = 25
POD r =10,ns = 300
DEIM mg = 25

Test Input | u(t) = 15e~*

—_—FOM POD-DEIM == NLMM-DMD
3 10°
° 10! oo,
‘.
2 g 102 1073 oo,
= = \_'j/ ‘0...“ .
-5 .y
> 1 E 1 01 “.*._‘,‘ .,.“’vo © 10 “q\,oi
Q Seov0e®e 107
0 10() T.‘ '
0 10 20 10 20 30 10 20 30
t Rank Rank

Figure 4.7: Nonlinear Transmission Line: (left) output response, (middle) CPU
time (right) relative £y norm error

For the application of NLMM, the signal generator used is given as C (t) =
300 cos(300t) with K = 101 time-snapshots. Simulation results are depicted in
Fig. 4.7, As expected, the CPU time of NLMM-DMD is less than POD-DEIM.
Since the meaning of rank for DMD and DEIM is different, we also show the error
by varying the rank my and mp for a fixed number of POD/NLMM basis functions
in Fig. (4.7). We observe that NLMM-DMD always has a monotone decay as we
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increase the DMD rank. Finally, Table summarizes the comparison of the
offline time, online time, and the various error norms for the RC-ladder network.
In this case, the application of NLMM-DMD produced around 14 fold reduction
in offline time and =~ 3 fold reduction in online computation time. Thus, a total
of 91% savings in overall CPU time was achieved.

Table 4.11: Nonlinear Transmission Line: Numerical results

Method offline time (s) online time (s) £ Lo Lo
FOM - 293.21 -

POD-DEIM  295.68 (300 NLSE) 11.57 2.2¢7% Te T 3.3e7®
NLMM-DMD  21.44 (101 NLSE) 3.5 2.7e7 6e7 7 2.9¢7°

4.4 Chapter Summary

This chapter discussed two numerical frameworks for the efficient reduction of non-
linear state-space models based on nonlinear moment-matching; NLMM-DEIM
and NLMM-DMD. While the former presents a robust MOR approach for ob-
taining compact ROMs with high accuracy, the latter offers added computational
savings in a non-intrusive setup. We presented several numerical simulations to
test both the schemes, and the results thus obtained are in compliance with the
theoretical observations. In the next chapter, we will extend the application of
NLMM for nonlinear models in second-order form.



Chapter 5

Second-Order State-Space Systems

While modeling electrical or mechanical systems, one has to deal with models in
second-order form. These include models emerging from structural dynamics, vi-
broacoustics, MEMS, electrical power systems, and circuits. Furthermore, these
models often exhibit material nonlinearities, geometrical nonlinearities (e.g., large
deformations), nonlinear boundary conditions, etc. A common approach of reduc-
ing such systems is to first transform the second-order structure to the first order
and then proceed with the general reduction. However, this results in the loss of
the physical meanings of the state variables. Thus, MOR methods that aim to
construct reduced models that preserve the second-order structure are strongly
aimed 1190, [191], 256, 284].

In this chapter, we will focus on reducing a general class of nonlinear second-
order state-space models. We will first revisit the reduction for second-order linear
systems via moment-matching and the associated approaches. Then, we will dis-
cuss the problem in nonlinear settings whereby we will propose another reduction
framework based on the second-order NLMM with DEIM (SONLMM-DEIM).
Finally, we will discuss the applicability of this framework on some nonlinear,
second-order power-system models.

5.1 Moment-matching in linear second-order systems

To define the generalized notion of moments, consider a large-scale, MIMO, linear,
second-order state-space model given as:

MX(t) + DX(t) + Kx(t) = Bu(t),
y(t) = Cx(t), (51)

where the matrices M, D, K € R™" represent the mass, damping and stiffness
matrices respectively. Vector x(¢) € R™ represents the displacement vector with
x(0) = x0,%(0) = %Xp, and X(0) = X,. Since the mass, stiffness, and damping

75
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matrices in most of the practical systems are symmetric and positive definite, it
is often recommended to represent the system (5.1) as a transformed state-space
model given as follows:

[ 0 M] [X(t)] :[ -K —D] [ x(t) TIB u(t), (5.2a)
yiy =] c o [ iggl (5.2b)
C ——

As a result, the symmetry and definiteness of matrix E is taken care of by matrices
M and K, and the symmetry of matrix A is maintained by matrices K and D
respectively.

Definition 5.1 (0-th moment of second-order system) The i-th moment of

system (5.1) around expansion point s = 0 is defined as:
=] 0 —CK‘l][ 0 ~ME 1|9

B (5.3)

I —DK!

A

It is hereby assumed that the matrix K is invertible to ensure that the matrix A
remains nonsingular.

Definition 5.2 (Markov parameter of second-order system) The Markov pa-
rameter of system (5.1) is defined as:

pM—* 1|
~-KM! o0

B

ol (5.4)

Mi—| 0 CM‘l][

with the condition that matrix M is invertible. A

Definition 5.3 (Second-Order Krylov subspace) Given two matrices
X; and X5 € R™"™ and another matrix H; € R™™ whose columns represent the
starting vectors, the second-order Krylov subspace is defined as:

’Cr(XI; XQ, H1> = COZSpCL’I’L{Q(), Qh ceny Q'I‘—l}7 (55)

where

{Qozﬂl, Q= X:Qo 5.6

Q =X1Q;1 +X0Q,9, 1=2,3, ..
A



5.1. Moment-matching in linear second-order systems 7

Now, depending upon the type of damping involved, we distinguish between the
following second-order input and output Krylov subspaces.

Definition 5.4 (Second-order input and output Krylov subspace)

e For zero or proportional damping, the columns of V and W are chosen as
the basis of the following Krylov subspaces given as:

KA(K'M, K 'B) C colspan(V), (5.7a)
KK TMT, K, "CT) C colspan(W). (5.7b)

e For a general damping (D # 0), the columns of V and W form a basis of
the following second-order Krylov subspaces

KK 'D,, K;'M,K,'B) C colspan(V), (5.8a)
KK TDI K "MT K. TCT) C colspan(W), (5.8b)
where K, = K+ 0D + ¢?M and D, = D + 20M A

Similar to first-order systems, the reduction techniques employing only one second-
order Krylov subspace are known as the one-sided Krylov subspace method, and
the reduction techniques involving both the second-order Krylov subspaces are
known as the two-sided Krylov subspace methods.

Now consider the approximation ansatz given as x(t) = Vx,(t),V € R™".
Substituting this approximation in and pre-multiplying by W7 € R™ " yields
a second-order reduced model of dimension r given as:

M, %, (t) + D, %,(t) + K,x,(t) = B,u(?),

y.(t) = Crx, (1), (59)

where
M, = W'MV, D, = W'DV K, = W/KV,B, = W/'B,C, = CV. (5.10)
Using the formulation in (5.2), the second-order reduced model (5.9) is expressed

in a transformed state-space given as:

(
~WTKV 0 % (t)]
i 0 WIMV| |%.(8)|
0 ~WTKV| | x.(t) 0
~WTKV —-WIDV| | x.(t)| |W”B (5.11)
~ —~ N —~ ——
Ay Xr B:
r(t)
=] CV 0 ,
o) = | ][ w0
Cr
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where the projection matrices are defined as:

V:[X\O/.], W:[ng(:f]' (5.12)

This formulation preserves the structure of the original model. To obtain the
projection basis to match any desired moments, all the previously mentioned the-
orems in Chapter 2/ can be generalized for the second-order system in a similar
fashion.

Theorem 5.1 (Moment-matching in linear second-order systems) In
order to match the first r1 + ro moments between the original second-order model
and the reduced second-order model (5.9), it is required that the columns
of projection matrices V. and W used in form the basis for the input and

output second-order Krylov subspaces and respectively. Also, it is

assumed that the matrices K and K, are invertible. A
Similarly the rational interpolation can achieved as follows:

Theorem 5.2 (Rational interpolation in second-order systems) [257,(250]
In order to match first r; moments about o;,i = 1, .., ko of the original and reduced

models, it 1s assumed that matrices V. and W, used in , are chosen as fol-

lows:

span(V) =

k1

UK (—(K + 5D + siM) /(D + 25,M),
=1

— (K4 5D + s2M)"'M, —(K + 5,D + s?M)"'B),
and

span(W) =

ko
U Kn(—(K+sD+siM)™" (D +25M)",
i=k1+1
— (K4 5D + M) "M”, —(K + ;D + s2M)C").

A

The first successful attempt in reducing second-order models came from Meyer and
Srinivasan [206] which involved the evaluation of the free-velocity and the zero-
velocity gramians. This was later followed by the much improved second-order
balancing truncation method by Chahlaoui et al. [75]. However, balancing for
second-order systems is not recommended from a numerical perspective. Instead,
faster iterative schemes based on Arnoldi or Lanczos are more suitable for reducing
systems in the second-order structure. An early attempt in this direction came
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from Su, and Craig and later by Bastian and Haase in which Krylov sub-
space methods were employed. However, these methods could not match nonzero
moments, and the number of moments matched was less than the classical Krylov
subspace methods. Consequently, several papers appeared based on similar ideas
[120} [185]. These methods obtained reduced models by applying different projec-
tion mappings to an equivalent state-space model while preserving its structure.
Behnam et al. proposed two different techniques for reducing second-order
system by first reducing an equivalent state-space model followed by back conver-
sion of the reduced model to second-order form. This resulted in matching double
the number of moments than the second-order Krylov methods proposed in Refs.

5.2 Nonlinear second-order systems

Now, we consider a nonlinear second-order state-space model given as:

M(t) + Dx(t) + £(x(t)) = Bu(t), (5.13)

where M € R™*" is a non-singular mass matrix, D € R"*" represents the damping
term. For nonlinear systems, a linear Rayleigh damping (D = aM + BK(x.q))
or zero damping (D = 0) is mostly considered. f(x) : R" — R" is the nonlinear
smooth mapping. For the equilibrium point x., to be exponentially stable, it is
hereby assumed that the mass matrix is symmetric positive definite, i.e., M =
MT” > 0.

5.2.1 Linear Galerkin projection

The most straight forward approach to reduce nonlinear second-order systems is to
employ a linear Petrov-Galerkin projection. Substituting the linear approximation
ansatz (cf. in FOM (5.1), and premultiplying the overdetermined system
with the projector P = V(VIV)=IVT gives:

P (MV%, () + DV, (1) + £(Vx,(t) — Bu(t) — 1(t)) = 0. (5.14)

And enforcing the Petro-Galerkin condition vanishes the residual and yields the
desired ROM:

M, %, () + D,%,(t) + VI£(Vx,.(t)) = B,u(t),

v (t) = C,x,.(t), (5.15)
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where {M,,D,} = WI{M,D}V,B, = WTB,C, = CV with W = V| and
{x:(0),%:(0)} = (WTV) "W {x0,%0}.

5.2.2 Nonlinear Galerkin projection

Another possibility of obtaining a reduced second-order model is by applying a
nonlinear Petrov-Galerkin projection (cf. given as:

x(t) = p(x,(t)) + e(?), (5.16)
where the first and second derivative yields:
Op(x:(t))
="
%/_/
Op(x,(t)) .. Pp(x.(t))
=" 0T e
—— —_——

vxr de'r‘

x.(t) + &(t), (5.17a)
(%,(t) @ %,(t)) + €(2), (5.17b)

and where the matrices

¥ - ap(xr(t)) </ aQP(XT(t))

V, = o R dv, = R™* 5.18
" o) - P TR (5.18)

are the Jacobian and Hessian matrices respectively. Substituting the the approx-

imation ansatz (5.16) and its derivatives (5.17b) and (5.17b) yields an overdeter-
mined system of equations with residual r(¢) € R". The resulting system is then

projected onto an orthogonal tangent space V1 = ran(V,,) using the projector
P =V, (VL V, ) 'V which yields

p (vaﬁr +MdV, (%, @ %) + DV, % + f(p(x,)) — Bu(t) — r(t)) ~0
(5.19)

Finally enforcing the Galerkin condition Vzrr(t) = 0 yields the projected ROM:

M, %, (1) + Br(t) + Dok, (1) + VI (p(x,(1))) = Bru(t), (5.20)
y.(t) = Cp(x: (1)), ’

where {M,, D, } = VET{M, D}V, p.(t) = ngdvxr (X, ®%,), and B = VQB.
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5.2.3 Moment-matching in nonlinear second-order systems

Consider a nonlinear, second-order exogenous system/ signal-generator as follows:

() = w(c (),
) = “Z e (el (521
ult) = o(¢(1).

with smooth mappings @ ({(t)) : R" — R" and o({(t)) : R — R™. It is assumed
that the the nonlinear signal generator is neutrally stable and observable.

Theorem 5.3 (Nonlinear moment-matching for second-order systems) [20]
With the assumption that the nonlinear second-order signal generator (m is
neutrally-stable, the nonlinear second-order ROM matches the (well-defined)
steady-state of FOM when both are excited by the inputs from . The
projection mapping @((t)) used to obtain the ROM uniquely solves the second-
order Sylvester PDE given as:

2910 0w (¢) 7o(¢)

P22 () + MTEL ((0) @ ()4 -
D (¢) + £(p(¢) - Belc).

A

The steady-state response is related to the 0'" nonlinear moments at (w (¢ (¢)), 0(¢(1))),
and is given as:

Yss = Mo(@(C(1)), @(¢(1)))- (5.23)

Remark 5.1 (Interpretation as steady-state matching) Interconnecting the
second-order signal generator (5.21) with the FOM (5.13) and ROM (5.20) can
be interpreted as exact matching of the steady-state of the FOM (5.13) and ROM

(5.20) (cf. Fig. [5.1), i.e.,
yss(t) = mo(w@(C(2)), 0((1))) = mo(w@(C(2)), 2(C(1))) = Yuss(t) (5.24)

5.3 Approximated second-order nonlinear moment-
matching

The solution of second-order nonlineatr Sylvester PDE (5.22) is expensive to solve
for wo({(t)) as it involves solving a PDE in second-order structure. As such,
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we take some simplifications from Maria et al. to arrive at a practical,
simulation-free algorithm. These simplifications are much similar to what was
used for the first-order Sylvester PDE as discussed in Section [4.1.1. Here, we only
discuss the a general case of a nonlinear signal generator.

Nonlinear Second-order Signal Generator

¢(t) = w(C(t)),
$(t) = 2580 (w (¢ (1)),

SO-FOM SO-ROM

) M, %, (t) + Pr(t) + Dy, (¢
y(t) = Cx(2), +VTE(p(x, (1)) = Bru(
yr(t) = Cp(xr(t))

M t o Moments
O sl cpct)| = ¢t le——M
\ 4 \ 4
M2 250 oo () 4 MEED () o w(c))| - [M 255w (0) + MR (= () @ (0)
+D %8 (¢) + £(p(¢)) = Be(() 1D, 20 % (¢) +£(p,(¢) = Bre(C)

Figure 5.1: Time-domain illustration of nonlinear second-order moment-matching
in terms of steady-state response matching between SO-FOM and SO-ROM

1) Linear projection
Using a linear projection x(t) = V({(t), the second-order Sylvester PDE

(5.22) becomes:

Mvaigéft(;»w(c(t)) + DV (¢(t) +£(VE(t) —Bo(¢(t)) = 0. (5.25)

Note that the application of linear projection vanishes the term correspond-
ing to second-order partial derivative of zo({(?)).
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2) Column-wise consideration
System (/5.25) is then considered column-wise for each v; i = 1, .., 7, to avoid
the underdetermined problem of n equations for n.r unknowns in V.€ R™*"
which yields

8wz(Cz(t))

MYi=5e0)

@;i(Ci(t)) + Dviwmi(¢;(t)) + £(vig; (1)) — Bei(¢i(t)) =
(5.26)

3) Time discretization
Finally, (5.26) is solved for time-discrete samples t;, k = 1, .., K yielding:

My ) o (€4 00) + Dvama(Cult) + EvaCia(t)
— By (Ci(tr)) = 0.

(5.27)

Note that prior to solving (5.27), the discrete solution of {;;(¢) of the non-
linear second-order signal generator (5.21) should be computed.

Thus, these simplifications result in the following second-order nonlinear moment-
matching algorithm:

Algorithm 8 Second-Order Nonlinear Moment Matching (SONLMM)

INPUT: M, D, B, f(x,u),K(x,u),¢;(t), C;(t), Ci(th), 0,(¢i(t)), initial guess
Vo,ik, Teduced rank order r
OUTPUT: Orthogonal basis: V

1: fori=1:rdo

22 fork=1:K do

3 fun = Q(v) Mv(,(tp) + Dv;(te) + £(v¢ (1) — B (€i(ty)) presidual
4: J fun = Q(v) MC,(t,)+DE, (k) +K(vE; (t:))Ci(tk) > Jacobian of residual
5: v, = NewtonRaphson(fun, vo i, J fun)
6

7

8

V(G —1)« K+ k) < vy
V = GramSchmidt (v, V) > optional
end for

10: [U, ,7]=SVD(V); V=U(;,1:71) > optional

54 SONLMM-DEIM

Now we are ready to introduce another efficient MOR strategy to treat nonlin-
ear systems in the second-order form. The method is called SONLMM-DEIM.
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The motivation of using DEIM with SONLMM stems from the fact that the com-
plexity in solving reduced nonlinear function f() in ROMs and still
depends on the original model dimension n, which is expensive. Thus, employ-
ing a hyper-reduction-based scheme such as DEIM can reduce the complexity of
solving nonlinear inner products to a cost proportional to the number of reduced
variables. Using the DEIM approximation of the nonlinear function f() the ROM

(5.15) becomes:
err(t) + Drkr(t) + ﬂDEIMf(ﬁYDEIMXT(t)) = B’ru(t)7
yr(t> = Crxr(t)v
where the terms Bppng = W Ugq(PTUy) ™t € R™™d and ypppy = PTV € R™Max"

are both independent of n and hence can be precomputed. The algorithm is given
as follows:

(5.28)

Algorithm 9 SONLMM-DEIM
Input: M7 D7 B7 f(X7 u)7 K(Xa 11), Cz(tk)u Cz (tk>a Cz (tk)7 Qz(Cz (tk>>’ initial guess
Vo.ik, reduced rank order r, and my number of DEIM modes.

1: Compute V following Algorithm > orthogonal basis via SONLMM

2: Obtain function snapshots F = [f(x(1)) f(x(t2))... f(x(t,.))]

3: Calculate [u;, 34,7 = SVD(F)

4: Obtain Ug, P and p from Algorithm > DEIM basis

5

: Construct the reduced model (5.28) with the reduced nonlinear function ob-

tained from
Integrate

7: Project back full solution

2

Since the discussion regarding the computational aspects also applies here, we
refrain from the further details and instead refer the reader to Section [4.1.2] In
the following, we will discuss the MOR applications in power systems which are
primarily second-order in nature. We will first show a general reduction approach
by converting the second-order structure of the power system models to a first-
order. Afterward, we will demonstrate the use of SONLMM-DEIM to obtain a
structure-preserving ROM.

5.5 Reduction of Power System models

Due to the precise nature of the electrical power grids spanning a wide geographical
area, their mathematical models may easily have dimensions of several thousand
degrees of freedom. Several applications like security assessment, dynamic simu-
lation, online system identification, trajectory sensitivity analysis, and control of
power systems require repeated simulations with higher precision [287]. As such,
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these large-scale models pose an onerous challenge in terms of computational re-
sources, e.g., core hours. In power system parlance, the model reduction problem
is also known as the problem of dynamic equivalencing [86]. Most often, power
systems are divided into a study area, which contains the variables of interest, and
an external area making up the rest of the power system. The study area is mod-
eled in full detail and is precisely analyzed and controlled, while the external area,
being a less faithful representation, is usually reduced to a linear system without
affecting the behavior of the study area [78|. Based on the physical properties of
power systems, coherency-based MOR methods were initially proposed, see, e.g.,
[290] 289]. These methods first aim to identify a coherent group of genera-
tors, i.e., machines with a similar behavior when the same input is applied. Then,
the dynamic reduction is performed by replacing such machines with aggregate
generators and networks. However, the performance of these methods is limited
to the identification of coherent generators. Besides the coherency based methods,
techniques based on synchrony [244] 211], singular perturbation [307], modal anal-
ysis have been proposed. In the past years, there has been an interest
in the power system community to develop reduction techniques that are based
on mathematical properties of power systems instead of physical ones, see, e.g.,
[210, 205, [68]. One of the main reasons for this shift is the possibility of reducing
networks with renewable sources. These reduction techniques include the classical
Krylov subspace reduction [78] [262], balanced truncation [245] and extended bal-
anced truncation have successfully been implemented. Moreover, methods
such as measurement-based reduction [77, [302], ANN-based boundary matching
technique [194], heuristic optimization based approach [73], independent compo-
nent analysis approach have also been reported. Since most of the available
MOR techniques for power systems rely on linearizing the external area, these
methods cannot always provide an accurate description of the full model, which
is intrinsically nonlinear. Towards this direction, nonlinear MOR techniques for
power systems have been recently proposed, see. e.g., [313] [196] 222] [235]. This
is also complemented with MOR schemes that preserve certain system param-
eters as well[ll 262]. However, most of the nonlinear MOR methods either in-
volve expensive measurements of large-scale snapshot ensemble in the presence of
some excitation input signal or the solution of Lyanupov equations, which are also
computationally demanding. The problem is further compounded when repeated
simulations are required for different input signals or in parametric systems.

5.5.1 Dynamical Power Grid models

The most critical stability concern for the normal operation of a power system is
the synchronization of its oscillators, which may be generators or loads, in terms
of their frequencies. The following equation of motion describes the rotational
dynamics of i-th alternator a power system with n oscillators:

2H, d?6; do;

Di— =F; +f =1,2,. 2
wR dt2 + (2 dt Z+ 2(6)7 VZ Y Y 7n (5 9)




5.5. Reduction of Power System models 86

where H;, D; € R"*" are the diagonal matrices containing normalized inertia con-
stant and damping factors, wg is the reference frequency, d; € R" represent the
rotor angles which are the states of the nonlinear system, and n is the number of
generators of the system. F; is a constant term representing the input mechan-
ical power while f;(d) is the nonlinear coupling term representing the demanded
electrical power of i-th generator described as:

n
£(8)=— ) Kysin(8; —8; — ). (5.30)
j=Lji

The constant terms of K;;, ,;, and F; depend on the solution of power flow equa-
tions. It is hereby assumed that under equilibrium, F; = f;(6). Whenever there is
any variation between the two, their difference is compensated by either decreas-
ing or increasing the rotor’s angular momentum, which results in the transient
phenomenon. Thus, the transient behavior of the power grid network is given
by the solution of under the assumption that all nodes are considered as
PV nodes. However, this condition is relaxed for a general setup containing both
generator and load buses resulting in the following generalized form:

2H; d?§; —|—D4d—5i
wp dt? L dt
=— ) Kysin(s; —8; — ),

j=liji

—Fi)+ (1 +a)p)

Oéi(
(5.31)

where

B {1 : Generator bus

0 : elsewhere

and pF is power consumed at i*" node. Thus, the overall dynamics is governed
by , which is an n-dimensional system of second-order differential equations
corresponding to generator buses, and algebraic equations associated with load
buses.

Although the swing equation for a single oscillator is simple, modeling a re-
alistic power system is challenging due to the large-scale structure of a typical
power network that may even span multiple countries. Furthermore, modeling
of loads requires the incorporation of their dynamical behavior at different nodes
in the network. To address these problems, different modeling techniques have
been proposed. Effective network (EN) and synchronous motor (SM) models are
of particular interest as they are most commonly used [218]. Both of these are
described by , albeit with different approaches to the interpretation of F;,
K;j, and «;;. The EN model is a network-reduced model in which the number of
nodes is reduced from n to ny, where n, represents the number of generators, and
the network parameters are described as follows:
™

s Y =N 5

F, =P, - [E Gy, K; = |EE;Y; 2’

(5.32)
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where P, is the steady-state electrical power output of ith generator. Y;; is the
corresponding element of the admittance matrix between the generator terminal
nodes obtained by eliminating the load nodes through Kron reduction, G;; is
its real part and A;; is its argument. The admittance network may not have a
complete graph topology due to the reduction. E is the voltage at the internal
node of the generator behind the transient reactance.

The SM model, on the other hand, represents each load as a synchronous motor
or as a generator with negative mechanical power. Thus, the admittance network
has the topology of a complete graph as all generators and motors (loads) are
accounted for. The parameters are defined by the same equation of the EN
model, although with a different meaning of the symbols. The internal voltage
E; is determined for all generators and motors, so is F;. The SM model has been
used to study the network topology of the European power grids and minimum
coupling strength required for synchronization [192].

Next, we consider both the EN and SM models after transformation to first-
order systems as follows:

8 = w;, (5.33a)
I)i WR WRr
wi = gt G F ot o (0) (5:330)
where w; is the frequency at ith node. We used the IEEE 118 and IEEE 300
bus systems as our test models. All the parameters of the IEEE 118 and 300 bus
system models were generated using MATLAB toolbox MATPOWER 6.0 [315],
and pg_sync_models . The number of oscillators and size of original and
reduced models along-with the CPU times for the two bus models are enlisted in

Table

Table 5.1: Different parameters of original and reduced models for the two IEEE
bus systems

No. of FOM Size ROM Size

Bus system  Config. oscillators & CPU time & CPU time

EN 54 108 (24.3s) 20 (12.53s)
IEEE-118 SM 118 236 (52.85) 20 (20.98s)
EN 69 138 (37.565) 25 (17.38s)
IEEE-300 SM 300 600 (995.55) 25 (280.2s)

The reduction of (5.33 was performed using NLMM-DMD described in Sec. 4.3|
NLMM was used via Algorithm 4/ by selecting the training signal thorough a single

!The MATLAB script to reproduce the results are available at https://zenodo . org/record/
4954937#.YMhOOzaA79E
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signal generator selected as ¢(t) = 5sin(27t) with K = 40 and ¢, € [0 20]. This
choice of the signal generator was expected to capture both the transient and
steady-state behavior of the system. For the application of DMD, Algorithm |6

was employed, and the nonlinearity was approximated with mp = 25 modes.
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Figure 5.2: Top row: Output response for the full and reduced models of the IEEE
118 bus system (inset: error profile of NLMM-DMD ROM), Bottom row: Output
response for the full and reduced models of the IEEE 300 bus system (inset: error

profile of NLMM-DMD ROM)
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Figure 5.3: Comparison of the simulation times between NLMM-DMD method
and POD-DEIM for two IEEE bus systems; (left) offline time (right) online time
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The output responses (average of rotor angle (d)) of the original and NLMM-
DMD reduced models are presented in Fig. along with point-wise error. It
is seen that the reduced model captures the dynamics of the original nonlinear
model with high accuracy. A quantitative comparison of NLMM-DMD framework
with POD-DEIM is depicted in Fig. [5.3. As expected, the offline CPU times of
NLMM are always less than POD for different sizes of ROMs. Similar is true for
the online evaluation of ROMs via DMD method over the DEIM.

To further test the validity of the reduced models, we considered a more prac-
tical scenario, i.e., we tested the performance of the ROMs for different fault
scenarios of the SM model of the IEEE 118 bus system (cf. Fig which are
discussed as follows.
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Figure 5.4: Single line diagram of IEEE 118 bus system

(i) Case I: A generator outage

In the first scenario, we simulated a generator outage connected at 89*" bus
(cf. Fig. . The fault was induced at time ¢ = 1s and the system was able
to recover after disturbances. The average velocities (large) of full-order and
reduced-order system are shown in Fig. along with the error profile. It is
seen that the reduced model faithfully captures the transient as well as the
steady-state profile of the original response with a high approximation. A
comparison of the elapsed CPU times with POD-DEIM along-with L error
is presented in Table 5.2]
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Figure 5.5: First Scenario: Average angular velocities of the full-order and reduced
system of the IEEE 118 bus system. Inset: absolute error of the reduced model

(ii) Case-ll: A self-clearing 3-phase fault at bus-II

Next, a 3-phase fault was induced at at bus-II of the IEEE 118 bus system
at t = 1s, and cleared at t = 2.5s, with a clearing time of 1500ms. Figure
shows the response of the large angular velocities of the faulty and the
neighboring buses. The high-fidelity solution is shown by solid lines and
the reduced solution by dashed lines; the absolute error is also shown as an
inset in the same figure. As confirmed by the small values of absolute errors
from Table 5.2 the two-time histories are indistinguishable from each other.
As expected, the CPU times of reduced model obtained via NLMM-DMD
method is much lower than POD-DEIM, as discussed earlier.
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Figure 5.6: Second Scenario: Angular velocities of the buses I-I1I of the IEEE 118
bus system. Solid lines represent the full-models and dashed-lines represent the
reduced-models. Inset: absolute errors between the original and reduced models
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(iii) Case Ill: 3-phase fault followed with line tripping

Finally, a 3-phase fault was simulated at lines I and II of the IEEE-118 bus
system, occurring at ¢t = 1s. Then, at ¢t = 2.5s (after 1500ms), the fault was
manually cleared by isolating the faulty line from the rest of the system. This
depicts the most typical fault isolation method in power systems. Figure
demonstrates this scenario with the same color coding as the previous case.
We notice that after the fault is isolated, the system is able to recover and
this was very effectively captured by the reduced model.
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Figure 5.7: Third Scenario: Angular velocities of the buses I-III of the IEEE 118
bus system. Solid lines represent the full-models and dashed-lines represent the
reduced-models. Inset: absolute errors between the original and reduced models

Table 5.2: Comparison of the CPU times and relative errors for different fault
scenarios in IEEE 118 bus system: n = 236,r = 20, mg = mp = 30

offline online total CPU  L3;—norm

method time (s) time (s)  time (s) error
pai | FOM ; ; 59.37 ;
Ca“ ,  POD-DEIM 59.37 15 74.37 5.7¢~4
s8¢l NLMM-DMD  11.20 427 15.47 9.3¢~4
g FOM _ : 52.02 ;
cm;e iy POD-DEIM 5202 8.51 60.53 5.7¢73
aset NLMM-DMD  16.62 3.20 19.82 1.3¢73
pag | FOM ; ; 69.96 ;
at POD-DEIM 69.9 13.01 82.91 5.60~4
Case-I11

NLMM-DMD 6.15 4.51 10.65 7.7
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Next, we will consider the direct reduction of second-order model (5.13) using
SONLMM-DEIM. This will preserve the second-order structure of the original
model resulting in a second-order ROM of the form (5.15).

5.5.2 Ring-Grid model

The numerical setup considered here represents a “Ring-Grid” network having
n-generators connected to an infinite bus (cf. Fig. . The governing dynamics
are represented by (5.29). The reference node (slack node) is connected to the
generators and is modeled as an infinite bus. It is assumed that both |E| and
are known apriori at the reference node. Furthermore, the following assumptions

are made for simplicity (as given in Ref. ):

1. The network is loss-less.

2. The length of the transmission line connecting all the generators to the
infinite bus is much larger than the lengths of lines between the individual
generators. This ensures the least interaction between the generators and
the infinite bus.

3. The length of transmission lines between the infinite bus and all the gener-
ators is the same.

4. The length of transmission lines between the generators is also the same.

n-identical generators

infinite bus
°

Figure 5.8: Diagrammatic visualization of a Ring-Grid network with n -generators
(represented by green circles) connected to an infinite bus

Using the assumptions as above, the nonlinear term in (5.29) is modified as
follows:

fl(é) = b1 sm(él) + bQ[Sin(éi — 6i+1) + Sin(éi - (57;_1)] 1= ]_, 2, L n (534)
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where by represents the line susceptance between the generators and slack node,
and by is the line susceptance between two connected generators. The various
model parameters used in the study are taken from [196] and are enlisted in Table

5.3

Table 5.3: Ring Grid model: Parameters

Symbol Description Value
h; Mass of each alternator 1pu
d; Damping of each alternator 0.25pu
Power generated by

F each alternator 0-95pu
Susceptance between alternator

b1 1pu
and reference node

by Susceptance between connected 100pu
alternators

n Number of alternators 1000

Three different test cases were simulated by solving the FOM , and the cor-
responding reduced models were obtained using SONLMM-DEIM via Algorithm
9. The FOMs and ROMs were integrated using a fully implicit second-order Eu-
ler’s scheme [“ with a step size of 0t = 0.01s. For comparison, POD ROM was
used as reference. The numerical results are presented in Fig. and Table [5.4|
The three test cases are defined as follows:

(i)

Case-l: All nodes starting from an under perturbation condition

For this scenario, all the nodes started from a non-equilibrium value §; = 0.8.
The reduced basis via SONLMM was obtained using Algorithm 9 with i =
1,k = 50. The training input was generated by the exogenous system /signal
generator {(t) = 10sin(nt + 50). For the application of DEIM, Algorithm
was used with mp = 10. It is observed that the SONLMM-DEIM ROM was
equally effective in approximating the original response like the POD with
less computational times.

Case-ll: All nodes starting from an over perturbation condition

Next, we simulated the case where all the nodes start from a non-equilibrium
value of § = 1.12, which corresponds to an over-perturbed scenario. It is
seen that POD requires a basis time more than that of FOM due to the
calculation of expensive snapshots matrix followed by SVD of a big matrix.

2The MATLAB implementation is available at https://zenodo.org/record/5055753#
.YN7-s0gzabg
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On the contrary, SONLMM-DEIM resulted in ~ 96% reduction in offline
time and around 50% reduction in online time.

(iii) Case-lll: All nodes starting from equilibrium condition
Finally, we considered the case where all the nodes start from the equilibrium
point of §; = 1. All the parameters regarding SO-NLMM and DEIM are
kept the same as the previous cases. Again, SONLMM-DEIM performed
better than POD in terms of computational time, however POD produced
a more accurate approximation of the FOM.
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Figure 5.9: Left: Average of é of the FOM and SONLMM-DEIM ROM for three
test case scenarios, Right: error profile of the ROMs for the three cases

Table 5.4: Ring Grid model: Comparison of ROMs for the three test cases

method size CPU Time (s) error in §
basis online total abs. rel.
Full Model 1000 - - 103.43 - -
Case-1 POD 15 109.98 33.37 143.36 4.32¢~7 4.90e7*
SONLMM-DEIM 15 587  20.03 2591 1.92¢° 1.43e7 7
Full Model 1000 - - 98.19 - -
Case-II  POD 15 104.10 30.61 134.71 5.65¢ 7 3.92¢7?
SONLMM-DEIM 15 3.92 1523 19.15 8.0le™® 6.75¢ 7
Full Model 1000 - - 98.54 - -
Case-1I1 POD 15 104.16 32.01 136.18 3.51le™® 3.72¢7°

SO-NLMM-DEIM 15 3.69 1541 19.11 2.30e™® 1.80e~"
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5.6 Chapter Summary

In this chapter, we focused on the reduction of large-scale models in second-order
form. First, we discussed the reduction of linear second-order models via moment-
matching and the associated methods. Then, we described the notion of second-
order moments for nonlinear systems. We derived the second-order Sylvester equa-
tion and employed simplifications from [295] for approximated moment-matching.
Then, we discussed how DEIM could be used with SONLMM to obtain an efficient
framework for second-order models. Finally, we validated the theory on certain
power system models.

It can be concluded that SONLMM-DEIM is an efficient framework than POD.
However, the performance of SONLMM-DEIM depends on the choice of signal
generator employed. Thus, the signal generator chosen should excite the impor-
tant dynamics of the system under study or constitute the representative eigen
functions of the nonlinear system.

In the future, a more robust SONLMM can be derived where the choice of
the signal generator becomes less heuristic and more automatic. Furthermore, a
data-driven method such as DMD can be used instead of DEIM to reduce online
time in a non-intrusive setup.



PART II1

NONLINEAR PARAMETRIC STATE-SPACE
SYSTEMS
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Chapter 6

Parametric Nonlinear Model Order
Reduction

So far, in this thesis, we have discussed the reduction of large-scale nonlinear
systems via moment-matching without any parametric dependencies. However,
dynamical systems expressed as parameterized partial differential equations are
ubiquitous in all branches of engineering and applied sciences. While standard
MOR techniques are not robust to parametric variations, the process is exacer-
bated for large-scale problems with implicit parameter dependence. This part of
the thesis will focus on large-scale models with parametric dependencies. Starting
with this chapter, we lay the foundations of parametric model order reduction
(PMOR) techniques and discuss a novel framework to obtain parametric reduced-
order models (PROMs) that aim to preserve these parametric dependencies in the
reduced models. We will demonstrate the theory on some nonlinear benchmark
models, and towards the end of the chapter, we will provide some discussions and
future perspectives.

6.1 Overview of parametric MOR

Parametric MOR aims to characterize system response for a broad class of prob-
lems for which the equations representing the system dynamics depend on a set
of parameters. These parameters may enter the models in various ways, such
as system geometry, material properties, system configuration, varying bound-
ary, and initial conditions. This parametric dependence presents a unique set of
challenges for MOR. Since a reduced model is usually obtained by solving the
expensive full model, thus, one cannot afford to construct a new reduced model
every time a parameter is changed. This requires repeated simulations or mea-
surements of the full model for every parameter value, making untenable demands
on computational resources and unfeasible design process. In addition, paramet-
ric dependencies don’t always remain symbolically present in large-scale models.
For example, in the finite element (FE) method, the geometric features are often
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lost in the preprocessing meshing stage. As such, a new FE model is needed for
every new parametric variation. Hence, the desired approach is to develop para-
metric MOR techniques to construct parametric reduced models that preserve the
parametric dependency as symbolic variables and, at the same time, require lesser
computational demands. The aim of PMOR is therefore two-fold;

1. To construct parametric ROM that approximates the original full-order dy-
namical system with high-fidelity over a range of parameters.

2. The parametric ROM should be computationally tractable to handle.

We begin by considering a class of large-scale nonlinear parametric systems rep-
resented in state-space form as:

(6.1)

Here ¢ € [0, T| denotes the time with final time 7" € R, , x(¢) € R" represent time-
dependent parameterized state as the solution of , n being the dimension of
the state-space model, u € R™ is the input (excitation) vector, y(t) € R? is the
measurement (observation) vector, u € P C R? is the input parameter vector,
representative of physical variables characterizing an operating point, where the
parameter space P represents a closed and bounded subset of the Euclidean space
R, ¢>1,N() : R*"xR"™ xR? — R" and G : R" — RP? represent the two nonlinear
parametric mappings.

Parametric MOR seeks to replace such high-fidelity models by reduced models
that feature a dramatically lower computational complexity yet retaining the most
essential features of the map N and guaranteeing that the error between the
solution of the reduced model and the original one stays below the desired value.
The reduced model is usually obtained by applying a (Petrov) Galerkin projection
method (cf. Section that enforces the dynamics to evolve on a low-dimension
subspace (r << n) of original state space, with:

%,:(t) = WIN, (VX (t), u(t) : ),

y2lt) = Gu(Vaal(t)), (62)

where x, = VTx € R is the reduced state vector and V, W € R"*" are the or-
thogonal projection matrices. It should be noted here that the idea behind PMOR
is to allow any parameter variation in reduced subspace itself without having to
repeat the reduction step i.e, the ROM derived should permit any parametric
changes and at the same time should have a low computational requirement than
the full order model.
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Parametric MOR has seen a prominent success in recent years. For example,
parametric reduced models are used to effectively capture the coupled structural
and fluid dynamic behavior of aeroelastic performance of an aircraft over a range of
flight conditions [8, 186, [231]. This has enabled rapid characterization of aircraft’s
flight conditions, calculations that would instead require weeks of computational
time. Reduced parametric models have also been involved in the design and syn-
thesis of semiconductor devices, see, e.g., Lee et al. [182], and Feng et al. [113[111].
In control design, it is often desired to avoid designing a new controller every time
a system parameter is changed, which otherwise can result in an unmanageable
online controller. As such, significant contributions have emerged in this direc-
tion [233} [153] [7]. Furthermore, design and control also involve optimizations,
in which the optimal configuration concerning a particular performance objective
(e.g., minimal energy, maximum throughput, etc.) is needed. This requires re-
peated runs for varying parameter configurations. Thus, parametric ROMs play
a crucial role in optimizations [34] [105], [312]. A combination of model reduction
and domain decomposition has been developed for shape optimizations optimal
control [12 [13]. Uncertainty qualification is another domain in which repeated
model evaluations are required, e.g., in Monte Carlo sampling [65] [97], or PDEs
with random coefficients [101].

Some of the famous PMOR methods include rational interpolation methods
such as tangential interpolation method [47], moment-matching methods for para-
metric systems [51] [160], balanced truncation methods [39], proper orthogo-
nal decomposition (POD) based methods [232] (193], reduced basis (RB) method
251], and parametric MOR by matrix interpolation for linear systems. The
different strategies employed in these methods are discussed next.

6.2 Different strategies for generating parametric
ROMs

In the following, we provide a brief survey of different strategies for constructing
parameterized reduced models. Many of these methods are broadly applicable
with any reduction approaches discussed in previous chapters. We consider p
as the parameter of interest which belongs to a single domain P C R%. However,
various studies have adopted the strategy to first split P into multiple subdomains

and then construct ROMs in each subdomain 951 (99, [147] 228] [303].

6.2.1 Global basis approach

This class of methods construct a single pair of basis matrices V and W by
sampling information over a range of parameters to produce near interpolants
across the needed range of parameter values. The ROM takes the form as in (6.2).
One of the common practices to obtain the global basis V and W is to concatenate
the local basis matrices obtained for several parameter samples p, 17 =1,2,...,q.
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Let Vyq,...,V,and Wy, ..., W, be the local basis matrices obtained at p, ..., @,
then global version of V and W are constructed as:

V=V, V, .. Vq] and W = [Wl, W, - W,|. (6.3)

Note that, it is very likely that the local matrices may contain similar components,
resulting in possible rank-deficient global basis matrices V and W. To circumvent
this issue, the concatenation step is frequently followed by an SVD or a rank
revealing QR factorization. This eliminates the rank-deficient components from
V and W, resulting in global basis matrices with orthonormal columns. It is
also worth noting that, while theoretically, it does not matter whether the local
matrices V; and W, : ¢ = 1,2, ..., q are orthogonalized before the concatenation
step as the reduced model is calculated by the range and not by a specific basis.

Any of the approaches discussed in Chapters 3 and 4/ can be used to obtain the
local basis matrices. The technique of choice, however, leads to distinct attributes
in the reduced model. For instance, in linear parametric systems, the concatena-
tion method is beneficial when the local basis matrices are constructed using the
rational interpolation methods described in Section According to Theorem
2.8, yet after concatenation, if the SVD performed on the concatenation matrices
removes only the zero singular values, the resulting reduced model interpolates the
original model at every parameter interpolation point and frequency combination
used while constructing the local bases. This is in contrast to, say, if the local
basis is obtained via the balanced truncation method. Therein, the result of the
concatenation of basis no longer guarantees the reduced model to be balanced at
parameter value p,. Nevertheless, because the reduced subspace retains the essen-
tial basis truncation information of the individual parameters, the concatenation
of local balanced basis may still provide a decent reduced parametric model.

6.2.2 Local bases approach

Another possible and widely adopted approach is to construct several local basis
matrices by sampling the parametric space at points p,; : ¢ = 1, ..., q. After collect-
ing the local basis matrices V; and W; at these samples, one can proceed by either
interpolating the local bases, the local reduced models, or local transfer functions
(in case of linear systems). However, care has to be taken during interpolation. For
instance, while interpolating local bases, a straightforward interpolation of entries
in basis vectors might result in an interpolated quantity that doesn’t retain desir-
able attributes. As pointed out in Ref. [§8], the quantity to be interpolated should
be the underlying subspace rather than the local basis. As a result, an improved
technique interpolates the subspace belonging to V; and W, on a tangent space to
a manifold of these subspaces tailored to preserve desired properties [8]. However,
this method has a disadvantage that a new basis matrix for a new parameter p*
requires the evaluation of terms like WTE(u*)V and WTA (u*)V which depend
on original system dimension n, making the operations expensive. This issue has
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been addressed for affine parametric dependence in Ref. wherein the terms
that do not depend upon the parameters are precomputed beforehand. However,
a feasible approach to treat the general nonaffine case is to interpolate reduced
state-space components rather than the basis matrices themselves. This approach
is adopted in Refs. [6, (9] 01} [189] [224]. In the following, we discuss the application

of parametric MOR via matrix interpolation in nonlinear systems.

6.3 Nonlinear parametric MOR using matrix inter-
polatory framework

Parametric MOR via matrix interpolation for linear systems was first described
by Panzer et al. [224] [129], and recently for nonlinear systems in Ref. [240]. The
overall scheme consists of two main stages: the offline stage and the online stage.
The offline stage is usually the most expensive one and requires a high computation
requirement. The online stage, on the other side, is desired to be cost-effective
to meet the requirements for real-time applications. During the offline stage, the
parametric PDE is discretized in spatial domain using the usual finite difference
(FD), finite elements or finite volume (FV) scheme. The discretization is carried
out at different parametric instances p; : @ = 1,2,...,q to obtain a large-scale
family of non-parametric models given as:

Xz(t) :M (Xi(t)7 u(t))v (64&)
vi(t) =G (x;()). (6.4Db)

These large-scale models are then reduced by any nonlinear reduction scheme like
snapshots based methods including proper orthogonal decomposition (POD) ,
dynamic mode decomposition (DMD) [241], singular value decomposition (SVD)
[279]. Methods based on variational analysis [47,[112], or linearizations such as tra-
jectory piece-wise linear method (TPWL) [249], bilinearization method [33] [231],
quadratic method [81], or interpolatory/moment-matching methods, proposed in
Refs. [237, 242] [239] 239, can also be used.

After constructing the local projection matrices V; and W; corresponding to
each full-model, a family of reduced models can be then obtained as follows:

(1) = WINL(V 0, (6), (), (6.50)
yri(t) = Gi(Vix,.i(t)), (6.5b)

where x,; € R", V;,, W, e R"™" i =1,2,...,q.

Furthermore, the underlying nonlinearity in these models can be efficiently
evaluated using hyperreduction schemes such as empirical interpolation method
(EIM) [36], DEIM [80], best point method [217], the missing point estimation
method or the DMD method (as described in Chapter 4). Using the DEIM
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via Algorithm [3, the resulting model takes the form:

X,q(t) = B pEm M(')’i,DEIMXr,i(t)a u(t)), (6.6a)
vri(t) = Gi(Vix,.(t)), (6.6b)

where the terms 3; pppy = W/ Uqg,;(P{ Uqg;)™' € R™™ and 5, pgpy = P7 Vs €
R™a*" are both independent of n and hence can be precomputed. Note that each
projection basis Vi, W;, Uyg;, P; is obtained independently for each parametric
variation p,; : 7 = 1,2,...,q. Now, in order to obtain the reduced model for any
new parametrlc ch01ce outside the training set, we proceed with the interpolation
of the local neighboring models.

A natural choice would be to take the weighted sum of the nearest neighbors.
This choice of interpolation is equivalent to summing up their underlying systems
of ODEs, and can be inaccurate if the respective state variables represent different
physical quantities. Thus, for a meaningful interpolation of system matrices, the
states of the reduced system have to be described in a generalized coordinate
system by relating basis V; to a reference basis. This is achieved by the state
transformations x,; = T, 1X,f’l- followed by pre-multiplying the matrix M; € R"™*"
from the left which leaves the input-output behavior unchanged, i.e.,

X:,i = }\/Iz’ﬁz‘,DEu\gN’i(:Yi,DEIMT;iX:,i(t)a u(t)), (6.7a)
yi(t) = Gi(ViT; x5 4(1)), (6.7b)
——
”:,z’

where matrices M; = (VIR)™, T;' = RTV, and the matrix R € R™*" represents
the universal subspace which contains » dominant directions of evolution. The
columns of matrix R are constructed by first stacking all the local projection
matrices in a single matrix Ve, = [V, Va, ... V] € R™(@") and then taking its
SVD to retain r most significant directions.

During the online mode, the interpolated reduced model, for any new test
parameter p* selected outside the training set, is obtained by taking the weighted
sum of the adjusted neighboring reduced-models as follows:

(1) = W (NG (2 () (8), () (6.82)
¥, (£) = G} (1) (1)) (6.8b)

where

sz v, Q(w) sz Qi mi(p) = sz( )y (6.9)

and where

q
D wilp)=1, pePCR
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The overall scheme is presented in Fig.
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Figure 6.1: Nonlinear parametric MOR via matrix interpolation at a glance

6.4 Numerical validation

In the following, we will demonstrate the PMOR strategy on three benchmark
parametric nonlinear systems (i) Nonlinear 1D Burgers’ equation, (ii) Nonlinear
2D Burgers’ equation, and (iii) 1D Reaction-Diffusion equation.

6.4.1 Nonlinear 1D Burgers’ equation

To test the parametric scheme, we first considered the one-dimensional, parabolic
) ) )
quasi—linear, viscous Burgers’ equation:

du Ou 1 [0%u
E(Xv t) + U(X7t)a—X<X, t) = E @(Xv t) X e (07 L)7t S [OvTL (610)
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subject to the following initial and boundary conditions:

u(x,0) =1 —sin((27/L)x), (6.11a)
u(0,t) =r(t); Z—E(L,t) = 0. (6.11b)

After a semi-discretization using finite difference scheme with n grid points, we
obtained the following quadratic-bilinear structure of the state-space model:

(1) = Ax(t) + H (x(t) ® x(t)) + (Nx(t) + B)r(?), (6.12)

where x(t) € R" and (x ® x) is the Kronecker product. The matrices A, H, and
N can be seen in Appendix (A.1). A single control input r(¢) was applied on the
left boundary and the desired output was measured on the right boundary. The
various parameters used during the simulation are enlisted in Table

Table 6.1: 1D Burgers’ equation: Parameters of the selected scenarios

Method ‘ Parameters

Full model | n =500,L = 1,t € [0,3s],dt = 0.01s, u = [0, 1]
NLMM: r = 20,¢(t) = tanh(t) + 5e i = 1, K = 101

ROMq DEIM: my = 10, n, = 250

Test input | r(t) = 0.5(cos(2m/10)t)

Table 6.2: 1D Burgers’ equation: Weights and neighboring samples for the two
test viscosity values

Test Sample  Neighboring weights
Point Sample Points chosen

1 =0.857 0.78 & 0.89 w; =0.3,wy, =0.7
e =0.186 012 & 0.23  w; =04,w, =0.6

Now, ten F'D models, with size n = 500 were generated by varying the viscosity
parameter (u = 1/Re) between = 0 and p = 1, using an implicit Fuler’s scheme
(dt = 0.01) which is accurate but expensive. The reduced models of size r = 20
corresponding to each of these models were obtained via NLMM (Algorithm 4).
The training signal was provided by a single signal generator (j = 1, K = 101)
with dynamics ¢(t) = tanh(t) 4+ 5¢~* and the nonlinearity was approximated via
DEIM (Algorithm 7 with mp = 10. To test the interpolation scheme, the model
at p = 0.857 was obtained by interpolating the neighbouring reduced models at
p = 0.78 and p = 0.89 (which took an online CPU time of 4.12s as compared
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to 509s for the FOM). Another model for ;1 = 0.186 was similarly obtained by
interpolating the ROMs at p = 0.12 and g = 0.23 (online CPU time of 4.28s)
with appropriately chosen weights as given in Table The two test parameters
selected, cover the lower and higher range of the parametric space of interest. The
directly reduced models (ROMy) corresponding to p = 0.857 and p = 0.186 were
also stored for the sake of comparison. Figure shows the comparison for the
output response of 1D Burgers’ equation for the two test parameter values and
Fig. depicts the relative L5 norm errors between the FOM and reduced models.
It is seen clearly that the interpolated ROM accurately replicated the response of
FOM just like the directly reduced model with relatively less error.

—FOM (p=0.857)
= Interp. ROM (u=0.857)
L.4| _FOM (u=0.186) ;
= Interp. ROM (u=0.186) /
1.2 /
N /
P
1H\ s
L \ ”~ ot i
0.8 \ i s _
0.6 | ‘
0 1 2 3

Figure 6.2: 1D Burgers’ equation: Comparison of output responses for two test
parameter values.

107°¢

T 10w
— Directly reduced —Directly reduced
—Reduced via interpolation .. .
1071 : : —Reduced via interpolation
0 1 2 3 1077 : :

0 1 2 3

t t

Figure 6.3: 1D Burgers’ equation: Comparison of relative £5 norm error between
FOM and ROMs for (left) p = 0.857, (right) p = 0.186
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6.4.2 Nonlinear 2D Burgers’ equation

Next, we considered the 2D version of the Burgers’ equation. The governing
equations are described by the following coupled PDEs:

n (s -
ot ox dy Re\ox? 0y2)’ '

ov ov ov 1 [0 0*v

il 0 R e R .13b
ot +u@x +Vay Re <8x2 + 8y2) ’ (6.13b)

(x,y) € Q= (a,b) x (¢,d), t € (0,T),
subject to the initial conditions:

ll(X, Yy, 0) = ¢l (Xv y)>
V(Xa Yy, 0) = ¢2<X7 Y))

and the boundary conditions:

where u(x,y,t) and v(x,y,t) are the two velocity components. The spatial do-
main is discretized uniformly into n, — 1 and n, — 1 intervals in x and y direc-
tion, respectively for a n, x n, grid making the total dimension of the problem
2(ny —1)(ny, —1). The initial and boundary conditions are derived from the exact
traveling wave solutions as given in Ref. [115].

3 1
ulx,y,t) = 4 A[1 + exp((—4x + 4y — t)Re/32)]’ (6.14a)

1
A[1 + exp((—4x + 4y — t)Re/32)]’

v(x,y,t) = 2 + (6.14b)
The finite-difference scheme of 2D Burgers’ equation can be seen in Appendix
A2l An input of r(t) = 0.5sin(t) was applied on the left boundary of u and
v. Similar to the one-dimensional case, fifteen FD models were generated for a
spatial grid size of 30 x 30, by varying Re between Re = 0 and Re = 50 using
a fully implicit scheme Ref. [30], for an equally spaced interval of 0.03 between
[0,7],T7 = 5. The corresponding reduced models were obtained using r = 15
NLMM basis constructed via Algorithm 4} for each full-order model and m, = 50
DEIM basis were generated for approximating the nonlinearity using Algorithm
. The signal generator with dynamics ¢(t) = —e~* — 0.08 was chosen to excite
the system for ¢ = 1 and K = 20 in this case.



6.4. Numerical validation 107

During the online stage, the model at Re = 24.64 was obtained by interpolating
the neighbouring reduced models at Re = 21.42 and Re = 25 with weights w; = 0.1
and we = 0.9 respectively which took an online CPU time of 1.8s as compared to
the 84.99s for the original full model. Figure|6.4 shows the solution of u of directly
reduced ROM (ROM,) and the interpolated ROM at time-step nt = 50, 100 along-
with the absolute of errors between the two. It is seen that the interpolated
performs satisfactorily just like the directly reduced ROM for the test parameter
outside the training set.

Error at time step nt=. 50 ><10>3

40
30
20
10

u(z,y) of NLMM-DEIM-ROM at time step nt=50 u(z,y) of interp. ROM at time step nt=50

(/ 4

0. 5 \ 0 5
Y T Y 0 T
u(z,y) of NLMM-DEIM-ROM at time step nt=100 wu(z,y) of interp. ROM at time step nt=100 Error at time step nt=100 %107
25
06! I 20
aa O 4 | :a 0.4 15
0.2] 0. 2
= = 10
- 1 \ — 5
0. 5\ 0 0.5 \\(/,/ 0 5 0
y 0 0 T Y 00 T

Figure 6.4: 2D Burgers’ equation:Comparison of u between directly reduced model
and the Interp. model at: (top) nt = 50, (bottom) nt = 100 for Re = 24.64 in the
spatial domain © = [0, 1] x [0, 1].

Table 6.3: 2D Burgers’ equation: Parameters of the selected scenarios

Method ‘ Parameters

Full model | n = 1682, (a,b) x (¢,d) = (0,1) x (0,1),¢ € [0, 5s], Re = [0, 50]
NLMM: r=15,¢(t) = —e ' —0.08,i =1, K = 20

ROM, DEIM: my = 50, n, = 250

Test input | r(t) = 0.5sin(¢)
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6.4.3 1D Reaction-Diffusion equation

Finally, we considered the 1D reaction-diffusion equation. The governing PDE is
given as:

o 0%

o () =055 (x. 1) = A0 (x, 1) = V(. 1), (6.15)

with initial condition and boundary conditions as:

¥(x,0) = 1 —sin(rx/L), x € (0,L),
¥(0,t) = u(t), g—i(L,t) =0, te(0,7).

Here # and A\ are the two parameters of interest, which adjust the relative bal-
ance between the diffusion term and the nonlinear term. An input of u(t) =
0.5(cos(mt) + 1) was applied on the left boundary and the output y(¢) was as-
sumed to be the right boundary. The various parameter used for this case are
enlisted in Table

=1 o ® 9
o
P2
0=05 ¢ . .
=
P
0.8 / —TFOM (A=7.5,0 =0.75) 1 °
/ — Interp. ROM (A=7.5,0=0.75) P
/ FOM (A=3,0 =0.3)
06 / | -_ Interp‘. ROM ()\:3‘,0:0.3) 0= 0,1‘ ®
0 0.5 1 1.5 2 A=1 A=5 A=10

t

Figure 6.5: 1D Reaction Diffusion equation: (left:) Output response (right:) II-
lustration of 2D parametric space

Table 6.4: 1D Reaction-Diffusion equation: Parameters used

Method ‘ Parameters

Full model | n =1000,L = 1,A\=1,t € [0,2s],0 = [0.1,1], A\ = [1, 10]

NLMM r=30,¢(t) = 0.5e7° + 7 cos(mt)e /> + sin(rt)e /°i = 1, K = 61,
tr € [0, 108]

DEIM mg = 10, ns = 200

Test Input | u(t) = 0.5(cos(nt) + 1)
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For the application of the parametric scheme, nine FD models of size n = 1000
were obtained using an implicit Fuler’s scheme with equally space interval of
dt = 0.01, for § = {0.1,0.5,1} and A = {1,5,10}. The reduced models of size
r = 30 were generated for each sample via NLMM-DEIM (cf. Algorithm 5). To
test the proposed scheme, two test parameter values of p; = (Agest, Otest) = (3,0.3)
and py = (7.5,0.75), were chosen which cover the lower and higher variations of
parametric space. Under this setting, the interpolation was performed between
four neighboring reduced models as depicted in Fig. [6.5. The weights and the
neighboring ROMs used for interpolation are enlisted in the Table 6.5

—Directly Reduced —Directly Reduced

107 —Reduced via interpolation|3 —Reduced via interpolation
10 — i
= =107
L8] L8]
10°¢
10-8 | | h | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2

t(s) t(s)

Figure 6.6: 1D Reaction-Diffusion equation: Comparison of relative L5 norm error
between FOM and ROMs for: (left) Atest = 3, Otest = 0.3, (right) Aest = 7.5, Orest =
0.75

The online CPU times for both the two test parametric models were recorded
around 3.56s which was way less than the full model requirement of 110s. Figure
shows the output response (measured on the right boundary) of 1D Reaction-
Diffusion model for the two test parameters and Fig. presents the relative Lo
norm errors between FOM and the reduced models. As can be seen in the two
parameter setup also, the directly reduced ROM and the interpolated ROM match
to a high degree of accuracy.

Table 6.5: 1D Reaction-Diffusion equation: Weights and neighboring samples for
the two test samples values.

Test Sample Neighbouring Weights
Points Samples Chosen
B B 0 =1{0.1,0.5}; w; =0.1,ws =0.3
0_03’ A=3 A= {1,5} W2 :04,W4 =0.2

0={051}; w =01uw, =03

0= 0757 A=T5 A\ = {57 10} Wy = 0.4,604 =0.2
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In order to test the efficacy of the proposed scheme across the entire parametric
space, we also obtained the average errors for all test models, which is presented
in Fig. [6.7. We can observe that the parametric ROMs obtained via the proposed
scheme produce high-fidelity approximations of the actual responses across a wide
range of parametric variations.

10° .
=—1D Burgers’ equation
==:2D-Burgers’ equation

I NPENEEE R 1D Reaction-Diffusion

S \,' .~.~~ _’-—-_-—-_.
Y] ~e "’
~
21070
<]
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>
<

10710

Figure 6.7: Average errors of the different parametric values across the parametric
space.

6.5 Discussions and limitations

The parametric scheme described above benefits from generating a new FD model
for every parametric variation. Once the local basis matrices and the global sub-
space are obtained (which is to be calculated only once), the interpolation of the
neighboring nonlinear models is determined online. Thus, the proposed method
meets the requirements of parametric MOR. Furthermore, the proposed interpola-
tion scheme is independent of any nonlinear projection-based reduction technique.
One can also employ a conventional POD-DEIM method to obtain the family of
reduced models for various parameters. However, we advocate the use of the
NLMM-DEIM framework because it yields notable savings in the offline calcula-
tion of the projection basis.

Kindly note that the dimension of the reduced models (r), obtained via NLMM,
depends on the time-instances (K in Algorithm 4) chosen to capture the evolving
dynamics of the selected signal generator. This further depends on how quickly
the signal generator changes (e.g., exponential growth/fall). Once the values of K
and r were obtained for a particular signal generator, then it needed to be tested
across multiple parameters. This was quantified by repeated reductions along the
parametric span of the problem. At the end, any redundant columns of the NLMM
basis were deflated using the SVD scheme. Though we tried using different dimen-
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sions of NLMM and DEIM basis during our tests, this only resulted in increased
offline and online CPU times without much improvement in the approximating
quality of the interpolating ROM, which mainly depends on taking more samples
in sensitive zones. Therefore, we chose the lowest dimensions of the NLMM basis
and DEIM, which provided satisfactory results without burdening the CPU. This

is evident from Fig. 6.8.

25

=20}
151

10

Online CPU time

20 30 40 50 60

dimension of r = my

Figure 6.8: CPU time for different ranks of r, my for 1D Burgers’ equation

As far as the identification of the nearest neighbors for a particular parameter
is concerned, it was determined by their proximity to the desired parameter value.
That means for a single-dimensional parametric space, the models on each side of
the required parameter are the neighbors. For two-dimensional space, the mod-
els enclosing the desired parameter are the neighbors. The weights assigned to
each neighboring model are inversely proportional to the distances of the selected
parameter value from its respective neighbors.

Though the proposed scheme performs satisfactorily by taking a uniform sam-
pling across the parametric space, it suffers from certain limitations. First, the
samples are chosen manually without any information from the model. This can
sometimes lead to oversampling or undersampling scenarios of the parametric
space. Hence an adaptive sampling scheme with more samples taken at highly
sensitive zones can be more helpful. This problem will be addressed in the next
chapter. Furthermore, the proposed strategy has been demonstrated for models
only for up to two parameters. The scheme can be extended for models with
higher dimensional parametric space. However, care must be taken to avoid the
exponential growth of basis due to the “curse of dimensionality”.
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6.6 Chapter Summary

In this chapter, we focused on reducing large-scale models with parametric depen-
dencies. We highlighted some issues while simulating such models for optimization
and control and how conventional MOR methods fail to produce reliable results
for these models. We also discussed some common design strategies of parametric
ROMs. Towards this aim, we proposed a PMOR framework for large-scale non-
linear dynamical systems based on matrix interpolation. The method is based
on the offline-online framework. First, a family of large-scale models is generated
for the parametric range of interest. The resulting models are then reduced via
NLMM-DEIM in the offline stage, followed by back projecting on a common uni-
versal subspace. Finally, the nonlinear reduced model for any new parameter is
obtained by interpolating the neighboring nonlinear models using the matrix inter-
polation scheme inspired by the matrix interpolation reported earlier. In the end,
we presented some numerical simulations demonstrating the use of this scheme
on certain nonlinear models. The results thus obtained are in agreement with the
theoretical concepts. The next chapter will focus on the main issue among all
PMOR methods, i.e., the adaptive parametric sampling.



Chapter 7

Adaptive Parametric Sampling
Scheme for Nonlinear Systems

In the previous chapter, we examined the parametric MOR in nonlinear systems.
We demonstrated the parametric MOR framework whereby PROMs are obtained
via interpolation of neighboring models. However, the issue of parametric sampling
remained elusive. In this chapter, we discuss different parametric space sampling
strategies to construct the local basis. Furthermore, to enhance the approximating
quality of the interpolated reduced models, we introduce a generalized framework
for adequate sampling of the parametric space. Finally, we will substantiate the
observations through numerical simulations of time-dependent parametric models
originating from circuit theory and MEMS.

7.1 Sampling schemes for reduction of parametric
systems

One of the most challenging step in the matrix interpolatory MOR method, dis-
cussed in previous chapter, is the sampling of parametric space. It involves select-
ing an adequate number of samples to cover the entire parametric region while
maintaining the offline computational costs to a minimum. For problems involv-
ing a small number of parameters, a uniform or random sampling, grid-based
sampling, Latin hypercube sampling, or a logarithmic sampling are the most sim-
plistic approaches. For a moderate number of parameters, a sparse-grid sampling
will be a practical approach. However, problems with a much higher-dimensional
parametric space (¢ > 10) require more sophisticated sampling approaches such
as problem-aware adaptive search of the parametric space. The drawback in a
uniform sampling scheme is that if few samples are selected in the initial training
set, the original solution manifold may not be adequately represented, leading to
a poor ROM with significant errors. If the parametric space is too fine, the offline
times can be prohibitively long, especially for higher parametric space dimensions.
On the other hand, logarithmic sampling works better if the complex frequency

113
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is selected as the running parameter and often results in under-sampling in most
sensitive zones and oversampling in less important regions. Although the Latin
hypercube sampling remains tractable for moderate values of parameters, it re-
quires a large number of sample points to ensure sufficient coverage. As far as
the random sampling approach is concerned, it results in a non-uniform paramet-
ric distribution with no relation to the nature of parametric dependence. Hence,
these standard sampling techniques fall under the category of “blind” sampling
or “open-loop gridding.” As such, an adaptive sampling scheme in which the un-
derlying system dynamics guide the selection of appropriate parameter samples
is highly desirable. This allows to moderate the refinement procedure iteratively.
Furthermore, it is desired that the sampling scheme should avoid the curse of
dimensionality for higher-dimensional parameter spaces.

Towards this direction, the greedy sampling method was first introduced by
Prud'Homme et al. which was further developed in the RB framework for el-
liptical PDEs [300], parabolic PDEs [134], the steady incompressible Navier-Stokes
equation [299], the rational interpolation methods [112], and with POD methods
[200 136 52]. The greedy methods are based on the premise of adaptively select-
ing samples by discovering the locations in parametric space where the estimate of
the error in reduced-model is maximum. Afterward, the full model is generated as
these parametric locations for obtaining new information to update the reduced
models accordingly. In a general setup, the actual reduced-model error is used as
an indicator to find the worst-case parameter. This, however, leads to a compu-
tationally intractable algorithm since the full-order model is repeatedly solved at
many parameter samples. Therefore the most adopted approach is using a pos-
teriori error estimates for a given model [136]. For a low-dimensional parametric
regime, the process of finding the parameter with the highest error indicator or
error estimator is conducted using a simple grid search. For higher parameter
dimensions, the greedy sampling scheme is reformulated as a sequence of adaptive
model-constrained optimization problems [200|. These greedy sampling schemes,
though performing satisfactorily for a range of models, suffer from a few draw-
backs. Firstly these optimization problems have an explicit solution and become
convex only for the special case of a linear map between parameters and outputs.
Generally, the optimization problems are nonconvex and often converge to local
maxima. Secondly, the error indicators are not always the true representations
of the actual error. For further details, we refer the reader to Ref. for an
excellent review on this topic.

Apart from greedy search methods, the appropriate selection of samples in
parametric space can be made by measuring the system’s sensitivity to paramet-
ric variations. A fundamental assumption in matrix interpolatory PMOR is that
the system dynamics remain restricted to the same dimensional subspace irrespec-
tive of the parametric variations. This assumption allows measuring the system’s
sensitivity to parametric variations by observing the change in attributes of the
projection matrices V(u) to parameter changes. This can be quantified by mea-
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suring the change in the distance between the successive projection subspaces.
Since, for ¢ uniformly placed parameter sample points (py,..., p,), the corre-
sponding projecting subspaces (Vi, Vs, ... V) maybe not be equally apart (cf.
Fig. . As such, a parametric span with a larger subspace distance implies a
highly sensitive zone; hence more samples (and ROMs) must be added. Similarly,
less sensitive zones can be identified.

(U3, V3)

(PZ/ VZ)

F\GZS ) O
(U1, Vy)

Figure 7.1: Hlustration of a parametric subspaces

7.2 Adaptive sampling scheme

To begin with the adaptive sampling, we discuss the idea of subspace angles or
principal angles.

7.2.1 Notion of distance between subspaces

The notion of distance or gap between subspace is well known in geometric algebra
and is described using principal angles. To illustrate the idea, consider two 7-
dimensional subspaces V and W of an n-dimensional Euclidean vector spaces R".
These subspaces are spanned by a set of r linearly independent vectors given as:

V = span{vy, ..,v,} CR",
W = span{wy,..,w,} C R".
The conventional approach to obtain the subspace angle 6y w between subspaces

V and W is to first arrange the vectors as column vectors into two matrices as
follows:

A=|v vy .. vr}, B:[wl wy ... w,| € R™. (7.1)

Then, standard matrix algebra methods like singular value decomposition and QR
decomposition is applied to obtain:
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e 7 pair of singular unit vector vy, wy, and
e 7 singular values o = cos(0y) = Vi.Wy.

However, this is a computationally intensive approach. Another feasible method,
as demonstrated by Wedin [304], is to find the r principal angles 6;, (1 < i < )
that characterize the angular relationship between the subspaces V and W as
follows:

cos(Oy w) = Hcos(@i)
i=1

where the inner product is canonically defined on the Grassmann algebra corre-
sponding to the geometry in R"™.
Alternatively, the principal angles can be recursively defined as:

cos(fy.w) = maxmaxa’b,
’ a€V beW

subject to
b=l =1 =m0 e

where the vectors a = {ay,...,a,} and b = {by,...,b,} are the principal vectors.
The expression for largest subspace angle between V' and W is then given as:

Oy w = arccos(o,) = arcsin(y/1 — 02),

where o, is the smallest singular value of VI'W. Similarly the distance between
other subspaces can be obtained.

In what follows, we use the distance between subspaces to adaptively detect
the parametric space’s sensitive regions to resample the grid in the offline stage.
The user only needs to provide the maximum subspace tolerance value 6., to
be used during resampling. As a result, the same FD model will be used until
the tolerance angle is reached, and beyond that, a new model is obtained. The
automatic refining scheme is described as follows:

7.2.2 Single parameter case

For systems having a single parameter, a uniformly distributed sample space is
selected initially. Obviously, this sampling scheme shares the disadvantage men-
tioned before, however it is used to obtain a rough sample distribution that can
be refined later. After obtaining the projection matrices V; (i = 1,..,q) corre-
sponding to each parametric value p;, each subspace angle ;. is recorded and
compared with the maximum tolerance angle 0. and a ratio l; ;41 = 0;41/0max
is obtained [294]. Then, a ceiling function of this ratio provides an intuitive way
of refining the initial parametric span, i.e., if this ratio equals one, no further di-
vision of parametric span is needed otherwise the parametric interval of [p;, tt; 4]
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is divided into [; ;41 intervals, and the process repeats again. The algorithm ter-
minates when all the ratios [; ;41 are equal to one, indicating that all the relevant

parameter intervals are sufficiently divided, and all the subspace angles are smaller
than the maximum specified tolerance value.

7.2.3 Two parameters case

Similar to the single parameter case, equally spaced samples are chosen initially in
both directions , ; (i,j = 1, ..,q—1) of a 2D parametric grid and the corresponding
projection subspace bases V;; are obtained. Next, the distance between each
diagonal sample pair is calculated, and the sum of angles between opposite sample
pairs is recorded. This is to ensure that the parameter sensitivity of the model
is captured in both the parametric directions. Next, this angle is checked against
the maximum subspace angle and the following ratio is calculated

g = Yiprigrn + 0 g
1/7]
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® . ® ® o L)
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g ‘ . ' . ‘ lter-3 % ® . ...... ® ®
S ... E idij>1
0@ ... d.tu © . ...... ®
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Parameter 1 Parameter 1

Figure 7.2: The adaptive sampling procedure demonstration for a 2-dimensional
parametric grid
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Similarly, a ceiling function of the ratio d; ; is used to resample the initial grid.
If the ratio d;; is larger than 1, the grid is divided into four small grids, which
introduces five new samples (four at the midpoints of each side of the current grid
and the fifth at the center of the grid). The process is repeated for the grids from
the previous iteration, and the algorithm stops when all the ratios d; ; are equal
to one. The adaptive scheme thus divides the initially selected grid into many
smaller sub-grids, scanning each grid iteratively. This generates new samples in
highly sensitive zones while the remaining samples are kept the same. Figure
depicts a scenario where three iterations are used to refine the initial grid
adaptively, and Fig. presents the flowchart of the proposed sampling scheme.

[ Specify initial samples p; (i = 1,.., q)]

Specify max subspace tol. 6 pay

\ 4
[Obtain FD models and projection]

matrices at chosen samples

A 4

Calculate the subspace angles 01y, ... 14
6i,i+1
Qmax

Y
® | Divide the interval (i, tis1]
between [; .1 pieces
No

Find the ratio: [;;41 =

Figure 7.3: Automatic adaptive sampling scheme for matrix interpolatory pMOR
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7.3 Numerical validation

This section delineates the proposed adaptive scheme on four nonlinear benchmark
problems. The first two models have a single parameter dependency and the
remaining models have two parameters.

7.3.1 Single parameter examples

1D Burgers’ equation

We first consider the one-dimensional viscous Burgers’ equation (cf. 6.10). The
initial and boundary conditions are same as in Section 6.4, The various parameters
used are enlisted in Table

Table 7.1: 1D Burgers’ equation: Parameters of the selected scenarios

Method ‘ Parameters

Full model | 7 = 500, L = 1,¢ € [0, 1.5s], h — 105, jp € P i= [4 x 10,4 x 10~
NLMM: r = 20,¢(t) = tanh(t) + 5e*,i =1, K = 101

ROMy DEIM: my = 10, n, = 250
Adapt.we 0. — 400
Sampling

Test input | r(t) = 0.5(cos(27/10)t)

For our evaluations, we varied pp € P := [4 x 107*,4 x 107%]. The output
was taken as the average of state-vectors x and a single control input of r(t) =
0.5cos((27/10)t) was applied on left boundary. To test the proposed adaptive
scheme, four FD models, each of size n = 500, were generated using implicit
Euler’s scheme with step-size of 1072 for different viscosity values. This resulted
in a uniform grid with four sample points for the initialization of the adaptive
scheme. The local reduced-order models each of size r = 20, corresponding to
each FD model, were constructed using the NLMM-DEIM (cf. Algorithm|5). The
sample points p; and subspace angles for each parameter with its corresponding
neighbor 0; ;; were recorded, and are enlisted in Table . It is seen clearly that
the sensitivity of the model to parameter variations, as indicated by the subspace
angles, increases as viscosity increases. This information is effectively captured
by the subspace angles and thus clarifies the relative fitness of parametric mesh.
For this model, the subspace angle tolerance was selected as 60,,,, = 40°, and the
parametric space was re-meshed for higher viscosity values wheres for low-viscosity
values no refinement was needed. When the adaptive sampling algorithm finished,
two new samples were obtained, i.e., g = 2.2 x 1072 and p = 3.4 x 1072 in the
sensitive area (cf. Table , and the corresponding projection basis and the
reduced models were stored. These ROMs were then transformed to the same set
of coordinates.
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Figure 7.4: 1D Burgers’ equation: Comparison of the output response for piess =
2 x 1073 (FOM size n = 500, ROMs size r = 20, DEIM indices my = 20)
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Figure 7.5: 1D Burgers’ equation: Comparison of the relative £ norm error
between FOM and interpolated ROMs for different parameter

To highlight the advantages of the adaptive sampling scheme, a test parameter
of value piess = 2 x 1072 (outside the training set) was selected randomly in the
region of resampling and three different ROMs of sizes r = 20 were obtained. The
first ROM was obtained via adaptive grid i.e., by interpolation of ROM 2 at u =
1.6 x 107 and ROM 3 at p = 2.2 x 1073 (cf. Table|7.2). The second interpolated
ROM was obtained from the initial grid via ROMs 2 and 4, respectively. The
third ROM was directly obtained via the NLMM-DEIM procedure for reference.
Figure shows the output response of for the chosen test parameter. It
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Table 7.2: 1D Burgers’ equation: Samples and subspace angles in the adaptive
sampling scheme

u; 0.0004 0.0016 0.0028 0.004
Initialization g0 36.92° 41.59° 46.37°
e (1) 2) (2)
i, 0.0004 0.0016 0.0022 0.0028 0.0034 0.004
Iter I go 36.92° 20.65° 20.94° 23.82° 22.55°
(

v (1) (1) (1) (1)

can be seen that the ROM via adaptive grid effectively captures the true response.
Besides the qualitative comparison via output response, a quantitative analysis for
250 query points in the interval p = [4 x 107*,4 x 1073] was carried out. Figure
shows the relative £5 norm error between the FOMs and interpolated ROMs. As
expected, the error is small in the proximity of grid points and large elsewhere due
to interpolation error. The adaptive grid naturally yields small £5 norm errors
than the initial grid for higher viscosity values.

MEMS microswitch

In the second test study, we examined the time-dependent, large-amplitude dy-
namics of a highly nonlinear squeeze-film damping problem involving electrostatic,
mechanical and fluidic components [187] 215/ (90, [311]. This nonlinear benchmark
model is used as a pressure sensor due to its extreme sensitivity to surrounding
atmospheric conditions [163}[195]. The switch consists of a polysilicon fixed-beam
suspended over a polysilicon pad on a silicon substrate (cf. Fig. . An elec-
trostatic force pulls the beam down to the pad if an external voltage is applied
between the beam and the substrate. The dynamic behavior of this coupled elec-
tromechanical system can be modeled with 1D Euler’s beam equation and 2D
Reynolds squeeze film damping equation given as:

. o'z 0%z v
3 _
Elyh i Sohw@ =F, +/O (p — pady) (7.2a)
0z
— pohw—=
Po w8t2
9,
V.[(1 + 6K)2*pVp] =124 ({f) (7.2b)
where the electrostatic force across the plates is given as F, = —(eouwv?/(w2z?))

which is due to applied input voltage u(t) = (3cos(2wt)+7cos(0.5wt))?* with w = 27
Ghz. The measured output is the height of the beam z. The length of beam is
[ = 610pum whereas a width is w = 40pum. €, and p represent the permittivity
and permeability respectively. Iy = 1/12 is the moment of inertia, E = 149GPA
represents the Young’s modulus, K = 0.064/z is the Knudsen number, Sy = —3.7
represents the stress coefficient and py = 2300kg? is the density. By assuming the
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state variables x; = z, x, = 0x3/0t and x3 = p where p is the pressure, the
finite discretization scheme with N steps along the length of the beam and M
steps along the width resulted in the following state-space model of dimension
(24+ M)N:

dxy_ X
dt — 3x3
dxy 2x5  3x3 / v 0*x,
— =— — pa)dy + Soh
dt  3x3  pohw | J, (s = pa)dy + Sohw x4
o (7.3)
X1 360
— EIR® — t
ot ] 2p0hu< )

dX3 XoX3 1 A 3
dt 3x3 + 12/va1V {( * XI)X1X3VX3

where the boundary conditions are given as:

z(x,0) = 2.3um, p(x,y,0) = 1.103 x 10° Pa,

B B op(0,y,t)  Ip(l,y,1)
z(0,t) = z(l,t) = 2.3um, T =~ ox

p(x,0,t) = p(x,w,t) = 1.103 x 10° Pa.

=0

y(t) - center point

2 um of poly Si
j 05 f bolv Si deflection
Z 2 pgm iy

Si substrate

2.3 um gap

0.5 um SiN i ] )
filled with air

Figure 7.6: The MEMS switch

For this model, the beam width was selected as the running parameter. We
selected a uniform initial grid of four sample points for varying beam widths
p € P = [45,75] with an equal span of 10um. As such, four different FD
models, each of dimension n = 450, were obtained. The reduced-order models of
size (r = 25), corresponding to each full model, were constructed using 500 POD
snapshots obtained via implicit Euler’s scheme with a step size of 1075, A subspace
tolerance of 0,,,, = 10° was selected for the adaptive sampling scheme. At the end
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Table 7.3: MEMS microswitch model: Samples and subspace angles in the adap-
tive sampling scheme

i 45 55 65 75
Initialization 17.80° 11.59°
¢, 5.28°
Ji+1 (2) (2)
Tter I b 45 55 ) 60 ) 65 ) 70 | 75
92i+1 5.28° 8.27° 9.59°¢ 6.04° 5.47°

of the adaptive scheme, the grid was remeshed, and two new sample points were
introduced, i.e., at w = 60pm and w = 70um. The subspace angles and the final
sample points can be seen in Table [7.3l The ROMs were then transferred to the
same set of coordinates, and a universal subspace was constructed, as explained
in the previous section.

—FOM
2.3¢ — -Reference ROM A
0 o Interp ROM via initial grid
g Interp ROM via adaptive grid
Z22] &
o 4
+
=
o,
Soql
32
2 I I I I
0 1 2 3 4 5
t x1074

Figure 7.7: MEMS microswitch model: Comparison of the output response of for
test parameter wiesy = 7T3um FOM size n = 450, ROMs size r = 25

To proceed with the online testing, a test parameter of value wisy = 73 um
was randomly selected. The interpolated ROM was then obtained from neighbor-
ing models for parameter values w = 70 uym and w = 75 pum resp. Similar to
the previous model, the interpolated ROM via adaptive grid was compared with
the ROM obtained from the initial grid as shown in Fig. [7.7. The quantitative
comparison of the ROMs for 250 test samples in the same parametric span is pre-
sented in Fig. It is clearly seen that ROMs obtained through adaptive grid
yield better approximations than obtained via the initial grid for increasing switch
widths.
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Figure 7.8: MEMS microswitch model: Comparison of the relative L5 norm error
between FOM and the interpolated ROMs

7.3.2 Two-parameter examples

1D Reaction-Diffusion equation

Next, we considered the one-dimensional Reaction-Diffusion equation also known
as the Chafee-Infante equation.

09 0?0 3

5 (X% t) =055 (%, 1) = AW (x, 1) — I(x, 1)), (7.4)
with initial condition and boundary conditions as:

Y¥(x,0) = 1 —sin(nx/L), x € (0,L),

9¥(0,t) = u(t), g—i(L,t) =0 te(0,7).

Here, A and § are two parameters of interest. The various parameter used during
the simulations are mentioned in Table

Table 7.4: 1D Reaction-Diffusion equation: Parameters used

Method ‘ Parameters

Full model | n = 1000,L =1, A = 1,¢ € [0,35],6 = [0.1 x 0.3], A\ = [1 x 2]

NLMM r =30, ((t) = 0.5e7° + 7 cos(rt)e ™/ + sin(nt)e /% i = 1, K = 61,
tr € [0, 108]

DEIM mgq = 50, ns = 200

Adapt.we 6. —100°

Sampling

Test Input | u(t) = 0.5(cos(nt) + 1)
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The PDE was discretized in space for n = 1000 spacial grid points using the
FDM, and the output of interest was measured on the right boundary. With a
diffusion-dominated regime (A > ¢), nine FD models were initially obtained at
an equidistant sample spacing on a 2D parametric grid as shown in Fig. [7.9]
The high-fidelity models were solved via implicit Euler’s scheme with a uniform
step size of 0.01. The reduced models of size r = 30 were constructed using the
NLMM procedure (via Algorithm 4)), and the nonlinearity was efficiently evalu-
ated using my = 50 DEIM indices (via Algorithm . The subspace angles for
this two-parameter system were measured between each diagonal pair. The toler-
ance for maximum subspace angle was chosen as 6., = 100°, and the grid was
automatically remeshed whenever the sum of the distance between opposite pairs
exceeded the tolerance value as explained in the previous section. At the end of
the offline adaptive sampling scheme, thirteen new sample points were added to
the previously selected grid as indicated by blue dots on the 2D map shown in

Fig. 7.9.
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Figure 7.9: 1D Reaction-Diffusion model: Initial and adaptive grid samples at the
end of adaptive sampling scheme. The sum of subspace angles of the diagonal
pairs is also mentioned

To validate the proposed adaptive scheme for a two-parameter system, a test
parameter value of (Aest = 1.244, desy = 0.105) was randomly selected, and the
interpolated ROM was obtained from the adaptive grid and compared with ROM
via the initial grid. A directly reduced model via NLMM-DEIM was also obtained
at the same test sample. Fig. shows the qualitative comparison of the output
response for the full model and the reduced models. It is observed that the true
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response of the FOM was accurately replicated by both the interpolated ROMs.
However, the approximating quality of the interpolated ROM obtained via the
adaptive sampling scheme is more than the ROM obtained by regular sampling.
This is demonstrated in Fig. [7.11 where the relative £o-norm errors between FOM
and the different interpolated ROMs are plotted for 100 different query points in
parametric region. The ROMs obtained via adaptive grid naturally yields a better
approximation since these values were adaptively refined.
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Figure 7.10: 1D Reaction-Diffusion model: Comparison of the output response for
test parameters Aiest = 1.244, diest = 0.105
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Figure 7.11: 1D Reaction-Diffusion model: Comparison of the relative £o norm
error between FOM and interpolated ROMs
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Nonlinear RC ladder

Finally, we considered the nonlinear analog RC circuit example from Ref.
to illustrate the adaptive sampling scheme. The circuit, given in Fig. has
a chain of strong nonlinear diodes together with resistors and capacitors. This
model is a variant of transmission line model discussed in Sec. Kirchhoft’s
nodal law and current equations were used to derive the state equations for this
system. An equation for ¥ interior node is given as:

d’Ui 1 1
=—(vie1 —vi) — (v — vig1)

it R R (7.5)
+ 1 [ea(vi—l_vi) _ ea(vi—vz‘+1)] )

C

The nodal voltages are selected as the state-variables x(t) = [v; vy ... vy]T. The
input is the current source u(t) = i(t) and the output is voltage measured at the
first node. The state-space model is given as:

d
Ed—’t‘ = Gx(t) + (Dx(t)) + Bu(?), (7.6)
where E is the capacitance matrix, G is the conductance matrix, D(x) is a vector
valued nonlinear function for the diodes and B = [1 0...0]7 is the input vector.

The various parameters of the model and reduction are mentioned in Table

Table 7.5: Nonlinear Transmission Line: Parameters used

Method ‘ Parameters

Full model | n = 1000, R = C' = 1,t € [0,10s],pt1, p2 € P := [40,43] x [0.8, 1]
POD r=15,n, = 250

DEIM mq = 30
Adapt}ve 0. — 100°
Sampling

Test Input | u(t) = 0.5(1 + cos(nt)/5)

The constitutive relation for diodes is given as:
ig(v) = L4(e* — 1), (7.7)

with o = 1/v; and vy is the threshold voltage. Corresponding to v; = 25mV’; the
nominal values for diodes is I; = 0.1nA and a = 40. The nonlinear analog circuit
was parameterized both in I; and « with a range pq, po € P := [40,43] x [0.8,1].
Like the previous test model, nine initial test samples were selected with a uniform
spacing, shown by red dots in Fig. and corresponding to each sample, an
expensive high-fidelity model of size n = 1000 was obtained. The reduced-order
models of size (r = 15) were constructed with 250 time-snapshots within a POD
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scheme, whereas the nonlinearity was captured using my = 30 DEIM indices. The
maximum subspace tolerance was chosen as #,,,, = 100° for initialization of the
adaptive sampling scheme. Fig. [7.13/shows the final adaptive grid for the nonlinear
RC circuit along-with the sum of subspace angles of the diagonal pairs. The initial
grid was adaptively re-meshed based on the sensitivity of the parametric variations
captured in terms of the distance between the subspaces. The adaptive scheme
terminated when all the subspace angles between the neighboring samples were
smaller than the desired set tolerance value.

ia(v) iq(v) i4(0) i4(0)
N
1 V’V\IAV 2 AV’V\IAV 3 et IVV\IAV A\NV\ v
R R R R
Z(Z)) gg R %Z id(Z)) et C et C et C et C C =

Figure 7.12: Nonlinear RC ladder network
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Figure 7.13: Nonlinear RC circuit: Initial and adaptive grid samples. The sum of
subspace angles of the diagonal pairs is also mentioned
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The online testing was performed for a test parameter of value ayes = 40.10
and I, = 0.911nA corresponding to the region where the adaptive meshing was
performed. As such, the interpolated ROMs corresponding to both initial and
final grid were obtained along-with the directly-reduced model via POD-DEIM.
The comparison of the output responses of the ROMs against the full-order model
is shown in Fig. [7.14l It is clearly seen that the interpolated ROM via final grid
effectively captures the response with a high level of accuracy just like the directly
obtained reduced model. On the other hand, the interpolated ROM obtained from
the initial grid produced large errors due to inefficient sampling. Moreover, the
quantitative comparison for 100 different test parameters in terms of the relative
L5 norm errors with respect to FOM is presented in Fig. [7.15. It is seen that the
Lo error or ROMs obtained from adaptive grid had dropped by several orders of
magnitude.
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Figure 7.14: Nonlinear RC circuit:Comparison of the output response for ayess =
40.10, I4,.., = 0.911nA. FOM size: n = 1000, ROM size: r = 15, number of DEIM

indices = 30
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Figure 7.15: Nonlinear RC circuit: Comparison of the relative £, norm error
between FOM and interpolated ROMs
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7.4 Discussions

In this section, we discuss some of the aspects the proposed sampling scheme.

Advantages of the proposed scheme

The automatic adaptive sampling scheme for nonlinear systems described herein
avoids the computation of a new FD model every time a new parameter is in-
troduced. The models are being calculated only at those parameters where the
dynamic response changes significantly, measured by observing the change in at-
tributes of projection subspaces. The subspace angles are continuously tracked
and are refined automatically whenever they exceed a pre-defined tolerance ensur-
ing that the same FD model is used. It should be noted that the whole process is
performed in the offline stage before the matrix interpolation in the online stage
begins.

Since this scheme uses the information from the system itself to resample the
parametric domain; it can be used to reduce the substantial offline computational
costs associated when a finely sampled training set is used in the reduced basis
method. A course training set can be first resampled based on the proposed
scheme and then through a greedy algorithm to obtain the approximated solution
manifold of the original system as carried out by Benner et al. for optimization
of batch chromatography.

Selection of subspace tolerance angle 6,,ax

The selection of the maximum subspace tolerance 6., is problem-specific in na-
ture. A small tolerance value will result in a finer mesh and hence a small inter-
polation error. However, this also increases the associated offline computational
time as more FD models will be involved. On the other hand, a larger tolerance
value will result in a few FD models with increased interpolation errors. Thus,
depending upon the application and the nonlinear model at hand, the value of
0 max can be chosen.

Choice of reduction scheme used and size of ROM

The proposed sampling scheme is independent of the choice of reduction scheme
involved, which has been validated in this study using different reduction ap-
proaches. However, we advocate using the NLMM method as it avoids the need
to obtain the time-snapshots of the FOM and instead constructs the local projec-
tion basis in a “simulation-free” environment. Furthermore, it is advised to use
hyperreduction schemes like DEIM, EIM, GNAT), etc., to evaluate the underlying
nonlinearity efficiently.

More accurate FD models and larger ROMs can more accurately capture the
dynamics and improve the interpolated ROM quality. However, this will also result
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in the enormous offline computation of the projection basis. Methods like SVD
can be used to calculate dominant singular values that capture the most variance
of the high-fidelity model and provide an estimate for appropriate truncation of
the local basis.

Computational efficiency

The efficiency of the proposed scheme was demonstrated in terms of error norms
in this study. Since the adaptive method works in an offline-online manner, the
efficiency can also be shown in terms of overall CPU times. Although the offline
cost is usually not taken into consideration for a PMOR scheme, it is typically
high, especially for time-dependent PDEs. The CPU times recorded for all tests
are presented in Table for reference.

Table 7.6: CPU times for different test models

S.No. Model offline time (s) online time (s)
1. Burgers’ equation 911.23 4.12
2. MEMS microswitch 1148.75 8.31
3, Reaction-Diffusion 1225.79 13.56
equation
4. Nonlinear RC network 956.31 7.76

The offline time includes the time required to obtain the FD models at selected
samples along-with obtaining local projection basis. Online time includes the
interpolation time of the ROMs.

Curse of dimensionality for higher dimension spaces

The proposed scheme can be extended to higher-dimensional parameter setup.
However, it becomes more involved as it may require a considerable adaptation
since full grids become computationally infeasible in such a scenario. As such,
adaptive sparse grids can be employed [229]. Currently, the proposed adaptive
scheme can be used for parameter dimensions up to two.

Limitations in the proposed sampling scheme

The proposed scheme currently has certain limitations such as stability preser-
vation, lack of global error bounds, infeasibility for a much higher dimensional
parametric space. These limitations can be improved in a future research.
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7.5 Chapter Summary

This chapter studied the adaptive parameter sampling scheme for nonlinear sys-
tems. We presented an overview of some notable sampling schemes and dis-
cussed their shortcoming. Then, we introduced an adaptive sampling strategy
for nonlinear systems based on the system-theoretic measures. We combined the
matrix-interpolatory approach for nonlinear systems with adaptively choosing the
sampling points for obtaining local reduced models. The distance between the
subspaces was used to identify the most sensitive zones of the parametric space.
Simultaneously, the whole process was automated to directly obtain a reduced
model for a new parametric variation outside the training set. The algorithm
was tested on various benchmark nonlinear systems showing satisfactory results.
The proposed scheme is beneficial, especially where parameter dependency in the
model is implicit, like the finite element method.
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Chapter 8

Concluding Remarks

The idea of automatically extracting reduced-order models from large-scale dy-
namical systems is a central challenge. By and large, reduced-order modeling via
moment-matching techniques for linear systems is relatively well explored, and
a suite of efficient algorithms is available at our disposal. However, construct-
ing optimal approximations of the large-scale models while preserving passivity
or stability remains elusive. Furthermore, technical systems arising while mod-
eling complex fluids or simulation of electronics circuits are inherently nonlinear.
Thus employing nonlinear reduction techniques directly to these systems is desir-
able. The nonlinear model order reduction area, though witnessed some notable
achievements in the past few years, however some issues (as discussed in this the-
sis) remains challenging. Moment-matching-based MOR methods have seen a long
history. Various modifications and advancements have appeared from time to time
to make this technique a more robust platform for treating problems in large-scale
settings. Some of these modifications are currently a work in progress, whereas
others are yet to happen.

In essence, this thesis examines the problem of nonlinear model order reduc-
tion using system-theoretic measures. In this respect, we have proposed some
efficient reduction frameworks for nonlinear state-space models of time-dependent
PDEs. Notably, we show how NLMM, and its variants, can be used to obtain
a “snapshot-free” ROM architecture undergoing implicit moment-matching with
the original high-dimensional system. Several numerical simulations are presented
to realize the proposed observations. Then we also discussed the extension of these
techniques to systems in second-order state-space form. In the realm of nonlinear
parametric state-space models, we have proposed a numerical framework for para-
metric reduction using the matrix interpolation method. We have also introduced
a sampling strategy to enhance the approximating qualities of parametric ROMs.

In this chapter, we present a summary of the overall contributions of the thesis,
draw conclusions from the most important results, and discuss the scope for future
work.
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8.1 Summary and conclusions

Chapter

1.

The problem of MOR in linear systems has reached a considerable level of
maturity, as reflected by several books and monographs.

. Moment-matching-based MOR methods have emerged as a vibrant and most

broadly used approach to treat models of large-scale nature. This class of
methods is based on Krylov subspace methods and is suitable for a wide
range of engineering applications.

The success of interpolatory methods lies in the fact that a few matrix-
vector multiplications are involved, and the complexity of resulting models
is roughly O(nk?) for a sparse matrix A € R™ " where k is the number of
expansion points.

Classical frequency-domain interpretation of moment-matching corresponds
to interpolating the transfer functions of FOM and ROM at specific shifts,
where the time-domain interpretation of moment-matching corresponds to
the interpolation of the steady-state responses of the FOM and ROM.

Interconnecting a linear signal generator with FOM corresponds to excit-
ing the FOM with exponential inputs. Using a nonlinear signal generator
corresponds to exciting the FOM with user-defined inputs.

Chapter

1.

The method of using linear projection for reducing nonlinear systems is well
understood. Famous methods like POD, TPWL, quadratic methods perform
satisfactorily for a large number of nonlinear systems. However, care must be
taken while selecting the training inputs, linearization points, and temporal
snapshots.

Using a nonlinear Petrov-Galerkin projection offers a more accurate approx-
imation of the lower-dimensional subspace; however, this complicates the
structure of the ROM.

Classical hyper-reduction methods like EIM, or POD-tailored DEIM, gappy
POD, etc., can be used “on-top-of” the usual reduction methods for ob-
taining nearly optimal reconstructions of nonlinear terms of the original
high-dimensional system.
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Chapter 4

1. Nonlinear moment-matching has emerged as a promising system-theoretic
reduction technique for nonlinear systems since it doesn’t involve expen-
sive FOM simulations but solves the underlying nonlinear Sylvester PDE to
obtain the projection basis.

2. Since the nonlinear Sylvester PDE is expensive to simulate, an approximated
version is solved instead using some numerical simplifications.

3. We have used NLMM with DEIM to obtain a compact ROM structure. This
framework is demonstrated on several benchmark examples and compared
with simulation-based methods like POD.

4. We have also used NLMM with DMD to obtain a non-intrusive reduction
framework. This technique produces a higher computational savings than
POD-DEIM which has been demonstrated through several examples.

Chapter 5|

1. Models emerging from mechanical and electrical systems usually have a
second-order structure, and, as such structure-preserving ROMs are highly
desired.

2. Towards this direction, we have extended the NLMM-DEIM framework to
second-order systems to obtain reduced models that preserve the structure
of the original model.

3. SO-NLMM-DEIM has been implemented on power system models, and the
resulting reduced models satisfactorily capture the strong nonlinear tran-
sients of the original model.

Chapter 6

1. Many technical systems include parameters that may be considered as de-
terministic or stochastic variables of interest.

2. The goal of PMOR approaches is to obtain a reduced model approximating
the response of the full-order system with high fidelity over a wide range of
parametric variations.

3. In this context, we have presented an offline-online PMOR framework using
the matrix interpolatory scheme for nonlinear systems. The method has
been tested on several nonlinear models with parametric dependencies.
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Chapter

1. One of the central challenges in PMOR is parametric sampling. The need
for pMOR methods with automatic parameter sampling is strongly aimed.
Methods like Greedy sampling [234], POD inspired methods [200, or the
rational interpolation-based methods are the popular choices. However,
more sophisticated sampling approaches such as problem-aware adaptive
search are mandated as parametric space grows.

2. Using the notion of distance between subspaces, an adaptive sampling method
for PMOR has been proposed. Numerical simulations have been carried out
to test the proposed scheme for a single and two-parameter setup. The
results show that the adaptive sampling has significantly increased the ap-
proximating qualities of the parametric ROMs.

8.2 Future perspectives

Several other perspectives have already been mentioned throughout the thesis. In
what follows, we enlist some promising directions for possible future research.

1. The idea of output krylov subspace based NLMM as proposed in Maria et al.
can be further pursued to obtain a two-sided reduction method. Some
critical system properties such as stability and passivity can be examined
from a theoretical and numerical perspective.

2. The parameterized families of ROMs achieving moment-matching mentioned
in Chapter 3/can be further exploited to enforce specific additional properties
such as matching asymptotic stability, matching prescribed relative degree,
passivity constraints.

3. This thesis uses reduction methods that project the governing equations onto
a linear subspace approximation of the original state-space. This restricts the
states to evolve in a linear subspace and hence imposes a limitation on the
accuracy of the resulting ROM. This effect is more pronounced for problems
with slow decaying Kolmogorov n-width, such as in advection-dominated
regimes. It is recommended to project the underlying dynamical system
onto nonlinear manifolds for such problems. To overcome the Komgolorov
width of the problem, deep convolutional autoencoders to learn the trial
manifolds can be an exciting research direction.

4. Dynamic equivalencing in power systems is a promising area of research.
With the anticipated transition to smart-grids, there will be additional fluc-
tuations in the system from new components such as plug-in electric vehicles,
intermittent energy sources, etc. Such fluctuations will have an impact on
the synchronization stability of power grids and instabilities caused by the
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so-called dynamic bifurcation problems [57]. Though some notable reduc-
tion techniques for power systems have been proposed in the past based
on Krylov subspace [78, 262], balanced truncation and extended bal-
anced truncation [280], however, some open problems remain unexplored.
This includes preservation of physical meanings of state variables, model-
free approaches for prediction, and developing software implementation in
proprietary and dedicated power system analysis tools.

5. Adaptive parametric sampling from Chapter 7 can be further extended to a
higher dimension of parametric space to test more practical systems arising
from all engineering domains.



Appendix A

Detailed description of the nonlinear
models

A.1 1D Nonlinear Burgers’ equation
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A.2 2D Nonlinear Burgers’ equation

The spatial domain is discretized uniformly into n, — 1 and n, — 1 intervals in x
and y direction, respectively for a n, x n, grid. Now, using a centered-difference
scheme for the first and second-order spatial derivatives, we arrive at the following
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equations:

iy  Wipry = Wity oo Wigen = W1
dt 2dx Z’] 2dy 7”3

1 1

m(uiﬂ,g‘ —2u,;; + w1 ;) + W(um‘—&-l —2u;,; +u;;_1)

(A.1a)
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where

- - b—a d—c
X] = ]dX, Y: = ZdY7uij = uxi,yj,tavij - V(Xi7yjat)7dx = Ny — 17dy = ny — 1

A more compact notation for Equation 1. is given as:

% + (U, V)—iBulU - %BubV =
ﬁ(DIU +bu) + R%JYQ(DQU + bay) (A.2a)
Cil—\tf +£,(U, V)—tilU - %Bvbv =

ﬁ(mv +bi,) + R%M(DZV +bay) (A.2b)

where

T
U= (111,1, Uz, ...,Up1,U12, ..., Up 2, ..., U1 n, unn)

T
V= (V1,1; Vo1, V1, V12,..., V2, ..., Vi, Vnn)

and the nonlinear mappings f;(U, V) and f,(U, V) are defined as:

1 1

1 1
B(UV) = 3 MV 5 U+ 5NV 4V (A.3b)

and

M, -1

(ny—2)x(ny—2) (ne—2)x (nz—2)
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Also,

B, = diag(kron(u(1,2:n, —1),[1,0,0, ..., 01 x(n,—2))),
B, = diag(kron([1,0,0,...,0]1x(n,—2), u(2 : ny — 1), 1)),
b1y = (w12,0, ..., 0, Wy 5wy 55 0y oWy 10"

by, = [u(1,2:n, — 1)7,0,...,0,u(n,, 2 : n, — 1)7]"

are used to define the boundary conditions where:

Dy, —2E E
D, = Dy = E . E
D/ oo, B =2E) o oxmn-2)
-2 1 E
Dy, = 1 .1 , N= -E .
1 -2 ~-E E

(ne—2)x(ngz—2)

where E is (n, —2) x (n, —2) identity matrix. Similarly, by,, bs,, B,; and B, can
be defined for v; ;. The initial conditions and boundary conditions for this case

are taken from Ref. given as.

3 1
w6yt = 4 = I T erp((—dx 1 dy — )Re/39) (A.4a)
1

4[1 + exp((—4x + 4y — t)Re/32)]

(A.4b)

3
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