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Abstract. Balanced singular perturbation approximation (SPA) is a model order reduction
method for linear time-invariant systems that guarantees asymptotic stability and for which there
exists an a priori error bound. In that respect, it is similar to balanced truncation (BT). However, the
reduced models obtained by SPA generally introduce better approximation in the lower frequency
range and near steady-states, whereas BT is better suited for the higher frequency range. Even
so, independently of the frequency range of interest, BT and its variants are more often applied in
practice, since there exist more efficient algorithmic realizations thereof. In this paper, we aim at
closing this practically relevant gap for SPA. We propose two novel and efficient algorithms that are
adapted for different settings. First, we derive a low-rank implementation of SPA that is applicable
in the large-scale setting. Second, a data-driven reinterpretation of the method is proposed that
only requires input-output data and thus is realization-free. A main tool for our derivations is
the reciprocal transformation, which induces a distinct view on implementing the method. While
the reciprocal transformation and the characterization of SPA are not new, their significance for
the practical algorithmic realization has been overlooked in the literature. Our proposed algorithms
have well-established counterparts for BT and, as such, a comparable computational complexity. The
numerical performance of the two novel implementations is tested for several numerical benchmarks,
and comparisons to their counterparts for BT as well as to existing implementations of SPA are
made.
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1. Introduction. For many modern applications in the applied sciences, the
simulation, control, and optimization of very large-scale dynamical systems is re-
quired. The increased development of modern computing environments and high-
performance computing tools has pushed the boundaries of what is computationally
feasible in this regard. Another way to navigate this issue and to save computational
time is by means of approximating such large-scale dynamical systems with reduced
models. This is the essence of model reduction, which is a subfield at the intersection
of many established fields, such as automatic control, systems theory, approximation
theory, and numerical linear algebra; see, e.g., the books [1, 36, 11, 6, 2].

For the reduction of linear time-invariant systems, system-theoretic methods
are widely used. Moment matching methods and projection-based balancing-related
methods, such as balanced truncation (BT), are among the most popular methods
falling in this category; see [17, 4] and references therein. Moment matching methods
are particularly efficient in terms of computational complexity. The resulting reduced
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models are also typically of high fidelity, but in general it is difficult to enforce theo-
retical guarantees.

The balancing-related methods preserve important qualitative features of a sys-
tem, such as stability, and there exists a priori error bounds for those methods [21].
The concept behind BT, originally proposed in [32, 31], is to identify and truncate com-
ponents of the original system that are weakly controllable and observable. This turns
out to be a natural approach, assuming the truncated states have a fast dynamic. An-
other closely related method is (balanced) singular perturbation approximation (SPA)
[20, 29]. It is a nonprojection-based balancing-related method, for which the same a
priori guarantees as for BT are valid. Other than that, SPA is better suited for the
lower frequency range and near steady-states.

Notably, the numerical algorithms available for BT are more developed than those
for SPA. For example, low-rank implementations are exclusive to BT, and until now
SPA could not be applied in the truly large-scale setting; cf. section 4 for references
and more details. The recent contribution [22] connects classical projection-based BT
approach to the data-driven interpolation-based approach and provides a nonintrusive
implementation of the method. With the ever-increasing availability of data, i.e.,
measurements related to the original model, the interest in nonintrusive methods has
grown significantly. Among other methods, we would like to mention the Loewner
framework [30], dynamic mode decomposition [40], and operator inference [34, 5].

The main objective of this paper is twofold: first, we aim at deriving an efficient
algorithm for SPA in a large-scale setting and, second, at providing a realization-free
implementation of SPA. The latter will be performed in a nonintrusive manner, using
solely transfer function evaluations and corresponding quadrature weights. Both new
implementations have strong resemblances to existing implementations of BT. The
essential link between BT and SPA is given by the so-called reciprocal transformation,
and this plays a crucial role in our derivations.

The remainder of the paper is organized as follows. Section 2 provides an overview
on balancing and the balancing-related model reduction methods BT and SPA and
points toward the open issues for the implementation of SPA.

Then, in section 3 the reciprocal transformation is defined and analyzed in a
slightly generalized setting as compared to the literature. In section 4 we recall the
square-root and low-rank implementations of BT and then present a novel counterpart
for SPA. Numerical results for the novel low-rank algorithm are provided. Next, sec-
tion 5 introduces in detail the data-driven interpretation of BTand, by that, sets the
stage for the newly proposed data-driven implementation of SPA. Moreover, connec-
tions to the Loewner framework are discussed. An extensive numerical study for the
data-driven methods is provided in section 6 for two benchmark examples. Finally,
in section 7 the conclusions of the paper are outlined, together with a brief outlook
to future research endeavors.

2. Balancing and balancing-related model reduction. Consider the linear
time-invariant (LTI) dynamical system

Ex(t)=Ax(t) + Bu(t),

y(t) =Cx(t) + Du(t),
where the input mapping is given by u: [0,00] — R™, the (generalized) state variable
is x : [0,00] = R", and the output mapping is y : [0,00] — RP. The system matrices
are given by E,A € R"** B ¢ R™*™ C ¢ RP*", and D € RP*™. The system is
closed by choosing initial conditions x(0) = x° € R”. We assume the system to be
asymptotically stable, i.e., E and A are nonsingular, and the eigenvalues of E"'A are

(2.1)
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located in the open left half-plane. In general, the state dimension n may be large,
and (2.1) will also be referred to as the full order model (FOM).

The input-output behavior of the system, for x(0) = 0 and in the frequency
domain, is fully characterized by the transfer function, given by

(2.2) H(s)=C(sE—A)"'B+D,  H(s)cC*,

for any scalar (frequency) s € C.

Model reduction aims at computing a reduced order model (ROM), i.e., an LTI
system of a reduced state dimension r < n, that is supposed to reproduce a similar
output y, =~y for the same inputs. This ROM is given by

X (t) =A, XT‘(t) + B, u(t),

(2.3) y,(t) = C.x,(t) + D, u(t),

with initial conditions x,(0) = x% € R” and reduced dimension matrices A, € R"*",
B, cR™™ C, cRP*", and D, € RP*™. Arguably, the projection-based approach is
most commonly used [1, 8], in which reduction bases W,., V,. € R™*" with WZEVT =
I, € R™" (unit matrix) are used to construct the reduced model. In that case,
A, =WTAV, B,=W!'A, C,=CV,, and D=D,.

2.1. Balanced realization. The two fundamental quantities in BT and SPA
are the controllability and observability Gramians P and Q, given as the solutions of
the two Lyapunov equations

(2.4) APET + EPAT +BBT =0, ATQE+ETQA +CTC=0.

The Gramian P induces a measure for controllability of a state, and likewise, Q
induces a measure for observability. However, these measures are not invariant under
state transformations. Let matrix F € R"*" such that FEF~! = I, and define the
transformed matrices A = FAF B =FB, and C=CF!. Then the input-output
behavior of (2.1) is equivalently described by the alternative LTI realization

x(t)=Ax(t)+Bu(t), y(t)=Cx(t)+Du(l),

and %x(0) = Fxg. A realization is called balanced if the Gramians are diagonal and
equal to each other. More specifically, the transformed Gramians P and Q need to
satisfy the relation

P=FPF’ £ Q=F TQF ! = diag(sy,...,0,) € R,

with 09 > 09 > -+ >0, >0 sorted in descending order. The o;’s are invariants of the
LTI system (they are the same for any realization of the state-space) and referred to
as to the Hankel singular values.

2.2. Balancing-related model reduction. Balancing-related model reduction
methods construct a reduced model based on the most observable and most control-
lable states, which relate to the dominant Hankel singular values. Let 1 < r < n,
0, > 0,41, and the balanced state X = Fx be partitioned as x = [X] ,%4 |7, with
X1 : [0,00] = R" and the remainder X3 : [0,00] — R"™". The transformed system
matrices are partitioned accordingly as

A [{‘xn 1}12} 7 B [Bl

As Ag BJ’ c=[C G,

and thus the following relations hold:
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(2.5a) x1(t) = A% (1) + Ao (t) + Bru(t),
(2.5b) X9 (t) = Ag1%1 (1) + Aga%a(t) + Bou(t),
(2.5¢) y(t) = C1%1(t) + Ca%a(t) + Du(t).

For both BT and SPA, reduced models are constructed by a simplification of (2.5a)
which can be expressed in terms of the variable x, ~ X;.

Balanced truncation. In BT, the reduced model is obtained by completely elimi-
nating the second (remainder) component of the state, i.e., by enforcing the simplified
dynamics X3 &~ 0. The ensuing ROM is given as in (2.3), with the following choice of
reduced matrices:

AT‘:Allv Br:Bh CT:Ch D, =D.

This approximation assumes that the remainder component Xs consists of fast dy-
namics that rapidly decay to zero.

Singular perturbation approximation. SPA pursues, in some sense, a converse
path from that of BT. The remainder component of the state is approximated us-
ing the steady-state equation 4%,(t) ~ 0 for ¢ > 0. Thus, (2.5b) is modified
to 0 ~ AgiXi(t) + AgpXy(t) + Bou(t), which implies the approximation Xo(t) ~
,A;; (Ag1%1(t) + Bau(t)). A reduced formulation with x,.(¢) ~ %1 (t) enforcing this
approximated dynamics can be obtained by basic manipulations. This yields the
matrices of the SPA reduced system, which read

~ ~ A =1~ ~ ~ a1~
(2.6) A=A —ApAy Ag, B, =B; - A;3A,, By,
C,=C1 - CA,,, D, =D - CoA,, Bs.

Note that this method leads, in general, to a feedthrough term D,. # 0, even if D is
equal to zero. Thus, the SPA method is not a projection-based approach.

2.3. Open issues for the implementation of singular perturbation ap-
proximation. The numerical implementation of balanced realizations turns out to be
computationally demanding and not well-conditioned for large-scale systems. There-
fore, balancing-free implementations have been proposed for various balancing-related
model reduction methods. Efficient implementations for dense systems of medium size
have been derived based on the sign function method and similar techniques for both
BT (see [12, 10, 1]) and SPA [43, 13, 3]. Other significant results and application areas
have exclusively been developed for BT and other projection-based balancing-related
methods. It should be noted that the existing implementations of SPA explicitly use
formula (2.6), which inherently prohibits the use of low-rank approximations. Fur-
thermore, a data-driven (realization-free) implementation of SPA has not yet been
proposed in the literature. In this paper, we aim at filling this gap for the case of SPA
by deriving low-rank and realization-free algorithms.

3. Reciprocal transformation. It is well known that the SPA can be inter-
preted in terms of the so-called reciprocal transformation [29, 23]. While this inter-
pretation has been used for theoretical investigations of SPA, its relevance for the
algorithmic implementation was not broadly investigated until now. In this section,
we propose a definition of the reciprocal transformation in a slightly modified setting,
considering LTI systems with general regular matrices E as opposed to the special case
E =1 used in the literature. We show that our extension inherits the fundamental
properties that have been derived in [29, 23, 26] for this special case.
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DEFINITION 3.1. The reciprocal system, i.e., the reciprocal transformed counter-
part of the LTI system in (2.1), is defined as

)
X
—~~
~
~
I

o/ x(t) + Bu(t),
y(t) =Cx(t) + Zu(?),

with o/ = EA™'E, B=EA'B, &£=E,
¢=—CA'E, 9=D—- CA'B.

The reciprocal transfer function is defined by H(s) =€ (s& — ) LB+ P for s€C.

From a theoretical point of view, one could directly invert the matrix E to end
up in the standard setting. However, this step needs to be avoided for an efficient
implementation of SPA in the general large-scale setting; cf. subsection 4.2.

PROPOSITION 3.2. The reciprocal transformed system of an asymptotically stable
LTI system as in (2.1) is well-defined and asymptotically stable. Moreover, by applying
twice the reciprocal transformation to an LTI system, the same LTI system is obtained.

The latter result follows by straightforward calculus. Next, the relation in the
frequency domain between the two transfer functions is provided; this will clarify the
origin of the term “reciprocal.”

THEOREM 3.3. The transfer function H of the LTI system in (2.1) and the re-
ciprocal transfer function € are reciprocal to each other, in the sense that for any
seC*, it holds that

1 1
H(s)=H <S> and, respectively, & <S> =H(s).

Proof. We first prove that (1/sE— A)™ ! = (=& 1)[6 + (s6 — o)L/ E71)
as a preliminary step. The latter holds due to
(1/sE—A) (=& @) [+ (s6 — ) A &
=1/s(s6 — ) [+ (s6 — ) A ET| =1)5[(s6 — A)ET + A E] =1
With this equality, it follows that
H(1/s)=D+C(1/sE—A)"'B
=D+C(-& ') [ + (s — ) A ETB
=D-CE'FE'B]-Cl6 A (sE — ) A ETB
=P+ [-CE (56 — ) A EB] z.@—l—%(séa—sz{)_l,%’:%(s).
The other relation follows by interchanging the roles of the LTI system and its recip-
rocal system; cf. Proposition 3.2. O

The main results of this paper are based on the following alternative characteri-
zation of SPA that is illustrated by means of Figure 1.

PROPOSITION 3.4. For an asymptotically stable LTI system with Hankel singular
values fulfilling o, > 0,41, the ROM of dimension r obtained by SPA, defined in (2.6),
can be equivalently obtained by a procedure that incorporates the following steps:
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----------------- Reciprocal
------ >
FOM Reciprocal Transformation FOM
reduce by reduce by !
SPA BT '
<
Yocinrocal Transformatior Intermediate
ROM -. _T:e(,lplocal [ransfor mation __ .
---------------- ROM

Fic. 1. Commutative diagram and alternative characterization of SPA (following the brown
dashed route) that is stated in Proposition 3.4.

(i) Apply the reciprocal transformation to the FOM.
(ii) Construct an intermediate reduced model of dimension r for the reciprocal
system, using BT.
(iii) Apply the reciprocal transformation to the intermediate reduced model.

The proof of this proposition can be found in [29, 26] for the special case E =
I. Since the ROM obtained by a balancing-related method does not depend on the
state realization of the LTI system, it is clear that the proposition also holds for our
consistently extended definition of a reciprocal system.

The last result presented here provides the relation between the Gramians of an
LTI and those of the reciprocal system.

PRrOPOSITION 3.5. The controllability and observability Gramians of the LTI sys-
tem coincide with those of its reciprocal system in Definition 3.1.

Proof. It can be proven that the Lyapunov equations of the LTI system and
those of the reciprocal system are equivalent. Since these equations have unique
solutions, this implies the equality of the Gramians. For example, the Lyapunov
equation characterizing the controllability Gramian & of the reciprocal system reads,
by definition, o T + P AT + BPBT = 0. This is equivalent to

(EA'E)ZE" + EZ(EA'E)T + (EAH)BBY(EA )T =0.

By multiplying this equation by (EA™)~! to the left and by (EA™")~7 to the right,
the first Lyapunov equation in (2.4) is obtained, which implies & = P. The equality
between the observability Gramians of the LTI system and of its reciprocal system
can be shown to hold true in a similar manner. |

4. Low-rank implementations of balancing-related methods. In this sec-
tion, we describe some archetypal strategies for implementing a low-rank variant of
BT, based on the balancing-free square-root method. Afterward, the first main result
is provided, consisting of the new balancing-free implementation of SPA. Its main
advantage is that it allows for a low-rank variant similar to its BT counterpart. The
gained computational efficiency is illustrated by a large-scale numerical example.

4.1. Low-rank implementation of balanced truncation. Since the original
LTI system (i.e., the FOM) is assumed to be asymptotic stable, its Gramians are
symmetric, positive semidefinite matrices. Thus, one may compute a factorization

(4.1) P=UU" and Q=LL"

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.
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with L, U € R"*"  e.g., via a Cholesky factorization. This provides the essential
elements for an implementation of BT by the square-root method outlined in Algo-
rithm 4.1. It should be noted that, instead of first computing the Gramians explicitly
and then the factors L and U, one can directly compute the latter quantities by
means of the Hammarling method implemented in the MATLAB function lyapchol or
by a sign-function-based solver; cf. [12]. Such approaches hence circumvent poten-
tial numerical issues that may arise when computing Cholesky factors of the already
computed Gramians. Another option for optimizing the computational steps is to
replace the true Cholesky factors in (4.1) by approximated low-rank factors thereof.
Let P ~ IUJIVJT and Q =~ f;]iT, with U € R"*"v L € R"*"~ having significantly fewer
columns than the square-root factors, i.e., rr,ry < n. Then, the computation of
a full singular value decomposition (SVD) for a large-scale matrix is averted, since

LTEU € R"*" is replaced by IUJTEIUJ € R"2*"v  Such low-rank factors of the Grami-
ans can be computed by means of, among others, iterative solvers for the Lyapunov
equation based on the matrix sign function, low-rank alternating direction implicit
(ADI) methods, Smith-type methods, etc. We refer the reader to the more detailed
analysis on such approaches in [35, 27, 9, 41].

The low-rank adaptation of the square-root implementation of BT is remarkably
straightforward: the exact factors of the Gramians have to be replaced by the ap-
proximated low-rank factors in Algorithm 4.1; see, e.g., [12, 25, 3]. This very simple
adaptation follows essentially from the projection-based nature of BT. The underlying
projection spaces consisting of the most observable and controllable states are effi-
ciently approximated by the low-rank factors. The practical relevance of the low-rank
implementations is not to be underestimated, as large-scale sparse systems appear
in various applications in computational fluid dynamics and mechanical, electronic,
chemical, and civil engineering. Specific applications are numerous and include mi-
croelectronics, aerodynamics, acoustics, electromagnetics, neuroscience, and chemical
process optimization, to enumerate only a few. We refer the reader to [10, 11, 7] for
more details.

Algorithm 4.1 Balanced truncation (BT) (square-root/low-rank implementation).
Require: LTI system described by matrices E, A € R"*" B € R"*™ C & RP*"
D e RP*™,
Ensure: ROM: A, e R™*", B, ¢ R"™*™, C, € RP*", and D,. € RP*™,
1: Compute the Lyapunov factors U,L € R"*™ from (4.1) and pick a reduced
dimension 1 <7 < min(rank(U), rank(L)).
2: Compute the SVD of the matrix LT EU, partitioned as follows:

S Y]
L'EU=[Z, Z)| |
Sa| | Y3

where S; € R™*" and Sy € R(n=7)x(n—7)
3: Construct the model reduction bases W,. = LZ; Sfl/Q and V, = UYlsfl/z.
4: The reduced order system matrices are given by

A, =WTAV,, B,=W!B, C,=CV,, and D,=D.
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4.2. Low-rank implementation of singular perturbation approximation.
In contrast to BT, the reduction by SPA has, the the best of the authors’ knowledge,
no direct interpretation as a projection-based framework. Moreover, from the char-
acterization (2.6), which is explicitly used in the algorithms proposed in [13, 3, 43], it
was not clear how to explicitly derive a low-rank implementation of SPA.

We therefore consider the alternative procedure suggested by Proposition 3.4 for
the derivation of our new algorithm. In what follows, a basic variant is sketched
(this proves to be rather inefficient). Then, the novel efficient implementation, which
allows for a low-rank adaptation, is derived from the latter by a few, yet crucial,
modifications.

The basic procedure suggested by Proposition 3.4 will now be summarized. First,
the reciprocal transformation is applied to the FOM to obtain the reciprocal system
(o, B,€,2,5). Then, the reduction bases #;., %, € R™*" for the reciprocal system
are determined (using BT on the reciprocal system), and the intermediate ROM is
obtained by a projection step, i.e.,

4.2) A=WV, B=WTB, € =€V, and D, =9.

As a final step, the reciprocal transformation is applied to the intermediate reduced
model (., B, 6., P,); this is marked by the dashed brown arrow in the diagram
displayed in Figure 1.

One possible issue with this procedure is that the reciprocal transformation of the
FOM is explicitly needed, which requires the inverse of the matrix A corresponding to
the FOM. Furthermore, note that the reciprocal system has dense state matrices even
if those of the FOM are sparse. Thus, the procedure needs to be modified in such a
way that the explicit determination of the full-order reciprocal system is omitted.

A first crucial observation in this direction is that the construction of %, and ¥,
does not depend on the reciprocal system itself but only on its Gramians. By Propo-
sition 3.5, the reciprocal system has the same Gramians as the FOM, and thus the
reduction bases for applying BT to the reciprocal system are the same as for applying
BT to the FOM, i.e., #, = W, and ¥, =V, (with W,. and V,. as in Algorithm 4.1).
The second observation is that the projection step (4.2) for the intermediate ROM
does not require the full reciprocal system either but can be obtained by solving a
linear system of equations having moderate size. For example, the construction of the
state matrix 7. of the intermediate ROM can be done according to the following:

Ay =W AV, =W-agV,=WIEAT'EV,

4.3
(43) — o, =W Eda, with %, solving A/, =EV,.

The efficient construction of the other matrices %,., %,, and %, follows similarly.

The newly proposed, efficient implementation of SPA, which follows by taking into
account all the previously mentioned steps, is summarized in Algorithm 4.2. Simi-
larly to BT, one can replace the exact factors of the Gramians (L and U) in step 1
of this algorithm with low-rank approximate factors to obtain an efficient implemen-
tation for the large-scale setting. T'wo final practical hints for the implementation of
Algorithm 4.2 are provided in Remark 4.1.

Remark 4.1. The inverse of the potentially large matrix A does not need to be
explicitly formed in step 4 of Algorithm 4.2, but instead, a few linear equations can
be solved. This is done by following the steps indicated in (4.3). Moreover, the last
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Algorithm 4.2 Singular perturbation approximation (SPA) (square-root/low-rank).

Require: FOM: E, A € R™" B € R"*™ C c RP*", D € RPX™,
Ensure: ROM: A, e R™*" B, e R"*™ C, € RP*", and D, € RP*™,

1: Compute the matrix factors U,L € R"*" for approximating the solutions of
Lyapunov equations (2.4) and choose reduced dimension 1 < < min(rank(U),
rank(L)).

2: Compute the SVD of the matrix L EU as follows:

S1 Y!
Sa| |YS ’
where S; € R"*" and Sy € R(n=)x(n=7)

: Construct the model reduction bases W, = LZ Sfl/Q and V, = UY1S;1/2.
4: Calculate @7, = A_l(EVT) and 4 = A"'B. Construct an intermediate ROM
approximating the reciprocal system:

L'EU=[Z, Z,]

w

ot =WErEBdy, B.=WLEH,, € =-Cgoy, and Z,=D - CH,.

5: Get the ROM by means of the reciprocal transformation of the intermediate
ROM, i.e.,

A= ', B,=od ‘B, C.=—%.4 " and D,=9, —C.d B,

step in the algorithm is most efficiently implemented using a successive evaluation
of the matrices using the following ordering. First, A, = /! is evaluated, then
B, =A,%,, followed by C, = —%,.A,. Finally, D, = 2, + C,. %, is determined.

4.3. Numerical study for the low-rank implementation. It has been shown
in several previous works that the use of low-rank Lyapunov equation solvers is benefi-
cial in a large-scale setting. This allows one to solve for dimensions that are computa-
tionally infeasible for direct (dense) solvers, based mainly on classical algorithms pro-
posed by Bartels—Stewart and Hammarling, and on more recent adaptations (see [42]
for an overview). These results directly transfer to BT and, as we showcase in this sec-
tion, also to our newly proposed Algorithm 4.2, which is the first low-rank implementa-
tion of SPA (to the best of our knowledge). In what follows, we refer to the method as
“Alg.?2, low-rank" and compare it to its dense counterpart “Alg. 2, dense" as well
as to the MATLAB built-in method balred, realizing SPA.

In this section, the numerical studies are performed for a benchmark problem
described in [10, section 19] and referred to as Rail, which is given by a semidiscretized
heat transfer model of a steel rail. Depending on the underlying mesh resolution of the
discretization, the FOM has a dimension of n € {109, 371, 1357, 5177, 20209, 79841}.
Both the benchmark data and the low-rank (ADI-based) Lyapunov equation solvers
originate from the MESS toolbox [39]. The numerical results have been generated using
MATLAB version 9.12 (R2022a) on a desktop computer running with an Intel Core
i7-8700 CPU with 32.0 GB. All reported results were generated with the code and
benchmark data provided in [28].

Notably, regardless of which of the three implementations was chosen for the
realization of SPA, almost no effect on the quality of the resulting ROM was observed
for the test cases with n < 5177. More precisely, the deviations with respect to the
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F1G. 2. Rail (with n =20209). Frequency response of FOM and the errors related to SPA and
BT, using low-rank operations.
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F1G. 3. Rail with varying dimensionn. CPU times for SPA realized by Algorithm 2 (using either
low-rank or dense operations) and MATLAB built-in function balred (r =12 for all ROMs).

Hoo norm were below 10719, However, larger dimensions could not be considered for
the dense solvers, since they did not run to completion on the running machine.

The qualitative behavior of the FOM and the approximation errors for SPA and
BT are illustrated in the frequency domain in Figure 2 for two different choices of the
ROM order, i.e., r € {12,36}. As expected, SPA performs better in the lower frequency
range, while BT is more accurate in the higher frequency range. The maximum
frequency-domain errors of the methods are fairly similar, ranging from about —50db
for r =12 to about —75db for r = 36.

However, the computational times of the different SPA implementations vary sig-
nificantly as illustrated in Figure 3. While the two variants using dense solvers are
almost the same in this respect, the low-rank implementation Alg. 2, low-rank is al-
ready seven times faster for a FOM dimension of n =1357, i.e., 0.3 seconds compared
to 2.8 seconds. The difference becomes even more pronounced for larger dimensions.
The sparse solver is even faster for n = 79841 than balred for n = 5177. (Alg. 2,
low-rank for n = 79841 required 25.0 seconds compared to balred for n = 5177,
which needed 181.2 seconds.) Larger dimensions are not feasible for balred due to
the limited internal memory of the computing machine. It should be noted that the
very high memory demand of the dense solvers is a strong limitation in the large-scale
setting.
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5. Data-driven implementation of balancing-related methods. In [22], it
was shown that BT can be (approximately) realized in a nonintrusive, data-driven
manner. There, in the frequency domain, “data” are transfer function evaluations, or
samples of the impulse response (and its derivative), for the time-domain case. This is
fundamentally different from the other data-driven BT approaches in [31, 44, 38, 33],
which require snapshots of the full state. The main idea underlying the approach in
[22] is to make use only implicitly of quadrature approximations of the two system
Gramians for the construction of a low-order approximately balanced model.

The novel contribution of this section is represented by a similar data-driven
adaptation of SPA, which will be referred to as QuadSPA. Since this new approach
follows principles similar to those of QuadBT in [22], we set the stage in subsection 5.1
by reviewing the basic construction underlying the latter. In subsection 5.2, QuadSPA
is derived, and its numerical performance is examined in section 6.

Since we are interested in realization-free approaches, we are assuming E =1 from
here on (the case of noninvertible matrix E is not treated in this contribution). This
modification carries over to the FOM, i.e., instead of (2.1), we have

x(t) = Ax(t) + Bu(t), y(t)=Cx(t)+Du(?).

5.1. Data-driven balanced truncation. Following the BT implementation in
Algorithm 4.1 (with E =1), square-root factors U, and L of the Gramians are defined,
and their product is approximated by a singular value decomposition, according to

L'U~Z7,8, YT S, eR"™.

By the definition of the reduction bases W, =LZ; Sfl/z and V, = UYls;l/2 (step
3 in the algorithm), the matrices of the ROM realization are expressed as

A, =WTAV, =s72Z2T (L"AU)Y 87, B,=W!B=s;"?z2T (L"B),

C,=CV, =(CU)Y,S; "%

By the latter relations, we observe that the ROM is fully characterized in terms of the
following key quantities:

(5.1) LU, LTAU, LTB, and CU.

These matrices can be approximated from input-output data as shown next.

The starting point is a quadrature approximation of the Gramians in the fre-
quency domain. Let @ be the complex unit with 2> = —1. Then, the controllability
Gramian P and the observability Gramian Q. (i.e., the solutions to (2.4)) can be
expressed as
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P= iﬂ /:(izd —A) BB (—icI" — AT)Ldc,

1 (o)
Q=— / (—iwI — AT)"1CCT (il — A)~tdw.
2r J_ o
First, we consider a numerical quadrature rule that approximates the frequency inte-
gral defining the controllability Gramian, yielding an approximate Gramian P:

J
(5.2) PrP=> pi(iwI—A) 'BB” (—iw,I" — A")~

k=1
In this formula, wy and pk denote the quadrature nodes and quadrature weights, re-
spectively. Thus, pj are, by construction, the square-roots of the quadrature Welghts
Next, the quadrature-based Gramian approximation is decomposed as P=UU with
a square-root factor U e C"I™ defined as

(5.3) U= [pi(icnI-A)'B -+ pyliwsI—A)'B].

Note that both P and its quadrature approximation, f’, are real-valued matrices, yet
the explicit square-root factor, U, is overtly complex, and subsequent computation
engages complex floating point arithmetic. However, in QuadBT, it is not required to
explicitly compute the matrix U. The quadrature approximation of Q is defined by

J
Q~ Q=) ¢j(-igI" — AT)ICTCig I~ A)
j=1
with quadrature points ¢; and quadrature weights go? (for convenience we assume
the number of quadrature points to be the same for Q and P). The corresponding
square-root factor decomposition reads Q LL , where

p1C(aGI— A)~!
(5.4) L = : e Clrxn,
@sC(1¢ I~ A)~!

For a concise notation in the multi-input multi-output setting, the following two
technical definitions are to be used.

DEFINITION 5.1. Let X € C/P*7™  Then, for 1 < k,j < J, we say that the
(k,j)th block (p,m) entry of matriz X is a matriz in CP*™, denoted with Xy, ;, for
which its p rows are a subset of the rows of matriz X, indexed from (k—1)p+1 to
kp. Additionally, the m columns of the matriz Xy, ; are a subset of the columns of the
matriz X, indezed from (k—1)m+1 to km.

In the case of m = p =1 (corresponding to the single-input single-output case),
X, ; in Definition 5.1 is nothing else but the (k, j)th scalar entry of matrix X € C7*”.

DEFINITION 5.2. Let X € C'P*™ . Then, for 1<k <.J, we say that the kth block
(p,m) entry of matriz X is a matriz in CP*™ denoted with Xy, for which its p rows
are a subset of the rows of matriz X, indexed from (k—1)p+ 1 to kp. Additionally,
the m columns of matriz x;, are exactly the same as those of matriz X (an equivalent
definition can be formulated for X € CP*7™; however, these details will be skipped).
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PROPOSITION 5.3. Let U and L be as defined in (5.3) and (5.4), whereby the
quadrature points wi # (; are distinct for 1 <k,j <J. Also, let

(5.5) H. (s)= C(sI- A)"'B=H(s) - lim H(3).
S§—00
Define the matrices N=1L UeC'P*'™ and M=L AUeC/P*/™.

Then, for 1 < k,j < J, the (k,j)th block (p,m) entries of matrices N and M,
respectively, read as (following Definition 5.1)

N H o (iwi) — Hoo (i )
Ny,j = —prpj i — iC; :
j
—~ wwpHoo (dwy) — 2 H oo (2€;)
My ; = —pre; oo @C? 1
j

Likewise, defining T = L B € C'P*™ and GT = CTU € C**’™, and by following
Definition 5.2, we find

’f‘k:pkHoo(ﬁwk), and éjzijw(@Cj), for 1<k, j<J.

By the previous considerations, one can conclude that the main advantage of
QuadBT is that all necessary quantities are approximated by means of transfer func-
tion evaluations. More details and various extensions (e.g., using time-domain data
or for discrete-time systems) can be found in [22]. Based on Proposition 5.3, the data-
driven adaptation of BT can be implemented as shown in Algorithm 5.1. A proof of

Algorithm 5.1 Quadrature-based balanced truncation (QuadBT).

Require: a). Two sets of quadrature weights and nodes for approximating an
integral of the form 1/(27) f f(s)ds, given by wy, pg, respectively ¢;, ¢, for
k,j=1,2,...,J (assuming wy 7é Gj)-

b). Evaluations of the FOM’s transfer function H(s), at the quadrature nodes
above.
¢). Reduced dimension r, 1 <r < Jmin(m,p).

Ensure: ROM: A, e R™", B, e R"™*™ C, e RP*" and D, € RP*™.

1: Determine feedthrough term D = lim,_, o H(s)

2: Subtract the term D from the original data, and put together measurements
{H (2w;) ']‘]:1 and {Hoo (iCx)}{_,, where Hoo(s) =H(s) — D is as in (5.5).
Using the samples and the quadrature weights, construct 1<I, M, T, and G as in
Proposition 5.3.

3: Compute the SVD of matrix N € C'P*/™ ag

st

where S; € R™%" and S, € RUP—m)x(Jm=r)_
4: Construct the reduced order matrices:

~—1/2~%x~ ~ ~—1/2 ~ —1/2~% ~ T ~—1/2 ~
A.=S,"zMY:S, ", B,=S, "Z,T,C,=G"Y;S, '", and D, =D
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the proposition can be found in Appendix A; this could provide additional insight and
also contribute to setting the stage for the novel QuadSPA approach presented in the
next subsection.

5.2. Data-driven singular perturbation approximation. The formulation
of the novel data-driven QuadSPA implementation is presented in this subsection.
Similarly to the low-rank implementation of SPA (subsection 4.2), we rely on a con-
struction based on the alternative characterization of Proposition 3.4 and illustrated in
Figure 1. First, an intermediate ROM (7., %,.,6,-, Z;) approximating the reciprocal
counterpart of the FOM is constructed. Then, by applying the reciprocal transfor-
mation of this low-dimensional intermediate ROM, we obtain the QuadSPA reduced
system approximating the FOM.

However, the intermediate ROM is constructed from data here, following a similar
quadrature approximation as in the data-driven BT; cf. subsection 5.1. This approx-
imation requires a careful choice of quadrature rule. To derive an appropriate one,
and to highlight the similarities to the QuadBT approach, we start from the reciprocal
frequency representations of the Gramians &2 and 2 and then rewrite them in terms
of evaluations of the original transfer function in (2.2). Thus, we do not explicitly use
the equality of the original and reciprocal Gramians (Proposition 3.5), which could
also be used instead. Let

HC—C™M", H(s)= (s — /)7,

so that the strictly proper part of the reciprocal transfer function s+ J(s) — 5 (c0)
can be equivalently expressed as s — €.# (s)%. Similarly to the derivation of
QuadBT, we consider the frequency representations of the Gramians. The recipro-
cal controllability Gramian reads

I . 1 [ 1 1\ 1

whereby the last equality follows from integration using the substitution s — —1/s on
F(¢) = o+ 7 (i) BBT # (—iC)T, according to the following derivations:

RG] OOOF@)dc + [P
:/OOOF (—2) éd(—k/_OOCF (—Z) ;dg‘:/_ZF (—2) édC-

Based on the reformulation, we consider the following approximation by quadrature,

B J 2 1 1 T
g%g@;}j(p’“) %(.)%%T%( : ) ,
— Wi LWL — W

making use of the same quadrature nodes wy, and the same quadrature weights P as
for P (in the context of QuadBT). This is analogous to the approximation provided
by (5.2). We define the square-root factor %, which fulfills &2 = % % *, as follows:
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w1 w1 wy W g

(5.6) U = [m% (1)@ o Py (1) @] e CrxIm,

Similarly, the reciprocal observability Gramian is approximated by quadrature

92~9 y %’2% L T%wa L
~2-3(%) #(5g) er ()

using the same quadrature points (; and the same quadrature weights go? as for Q (in
the context of QuadBT). The corresponding square-root factor decomposition reads
2 =ZL.L*, where

agx (%)

(5.7) L= : e Clrxn,
22 1
Cr CH (KJ)
Certain key quantities of the reciprocal system can be directly approximated from
data, as the following result shows. The construction is similar to the one used in
Proposition 5.3.

PROPOSITION 5.4. Let % and £ be as defined in (5.6) and (5.7), whereby the
quadrature points wi # ; are distinct and nonzero for 1 <k,j < J. Also, let

(5.8) Hy:C—CP™,  Hy(s)=H(s) — H(0).

Define the matrices N =LY € CPT™ and M = .,?/*;g{?//ve Q‘]px‘]m. Then, for
1<k,j<J, the (k,j)th block (p,m) entries of matrices N and .# , respectively, read
(following Definition 5.1)

Ho(’hwk) — HO (ﬂC])

Nej = —Prpj F— )
— (iwg) ' Ho (iwy ) — (¢;) " Ho(a¢;)
%k,j = —PkPj Wy, — ,th .
Likewise, defining 7 = .L*B € C'P*™ and 9T = €U € C**’™  we find
%:Z—kHo(@wk), and @z%HO(de), for 1<k,j<J.
k J

Proof. For the following derivations, we introduce abbreviations v = (iws,) ! and
w=(i¢;)~*. Simple calculations show that
1 1
H (v)H (1) = V_u%(u) [(VI—%)—(MI—%)]«%/(M)Z—V_M(%/(V)—Ji/(u))-
This identity is also known as the “first resolvent formula”; e.g., see Theorem VI.5 in
[37]. By using this formula, together with identities €% (v) % = Ho(1/v) = Hy (iwy)
and €. (u)%# =Hy(i(;), it follows that

Mg = (pr/wi) (95 /$) CH () H (1) B = pk‘pjwkgj(ly—u)
H (2wr) — Ho(2¢;
= —PkP; 0(%;05,3 — ﬁCj =

ClH (v) = A ()] %

bl
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whereby wy,(; (v — i) = dwy —@(; was used in the last step. Moreover, using the relation

H (V) H (1) = —

(vt (v) — p ()],

which is also known as the “second resolvent formula” (e.g., according to [37]), we
can show in a similar manner that

Mg = (i) (3 G)C (H (W) H () B

‘m%@f@) —pH () %
(i) " Ho (i) — (a¢;) ™ Ho (a¢;)
@wk - ’th

The explicit representations of .7 and ¥ (as data matrices) are given as

T = (pr/wi) € H (iwy,) B = %Ho(@wk),

~ ) ©; _
G =93/ G)CH (i) % = Ho i), 0
J
The main contribution of this section, i.e., the data-driven, realization-free im-
plementation of SPA is summarized in Algorithm 5.2.

Remark 5.5. A generalized version of Proposition 5.4 omitting the assumption
wy # ¢; for all j,k can be derived, but it requires evaluations of the derivative of the
transfer function. For details, we refer the reader to Appendix B.

5.3. Connections between QuadSPA and the Loewner framework. In this
subsection, we aim at revealing some connections that the newly developed method,
QuadSPA, shares with the Loewner framework in [30]. Note that a connection between
QuadBT and the Loewner framework has already been made in [22, section 3.4].

First, by comparing Proposition 5.4 and Proposition 5.3, it can be shown that
the data matrix .4 used in QuadSPA and the matrix N used in QuadBT are exactly
the same. They are actually diagonally scaled Loewner matrices. The other data
matrices, i.e., M in QuadBT and .#Z in QuadSPA, relate to diagonally scaled shifted
Loewner matrices (see [30] for more details). In QuadBT, the shifts are given by awy,
1<k <J, while in QuadSPA, the “inverted shifts” (iwy)~! are used instead.

This new interpretation of QuadSPA gives insight into some observations detailed
in what follows. First, QuadSPA has a computational complexity similar to that of
the Loewner framework. Choosing more data points J will, in general, make the
nonintrusive ROM a closer and closer approximation to the intrusively computed
ROM but will also increase the dimension of the data matrices. Second, the quality
of the ROM strongly depends on the quality of the data. When using data sets with
perturbed (noisy) measurements, or that contain redundant data (not rich enough to
capture the essential properties), the QuadSPA may face challenges similar to those of
the Loewner framework. We intend to study these aspects in more detail for future
works.

As was pointed out in preceding publications, the numerical conditioning of
Loewner matrices can be an important issue. While the application of quadrature
weights (as done in QuadBT and in QuadSPA) may improve the conditioning, regular-
ization strategies might still be necessary. Of course, the SVD is an essential step that
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Algorithm 5.2 Quadrature-based Singular Perturbation Approximation (QuadSPA).

Require: a). Two sets of quadrature weights and nodes for approximating an

integral of the form 1/(27) ffooo f(s)ds, given by wy, pg, respectively ¢;, ¢, for

k,j=1,2,...,J (assuming wy # (;);
b). Evaluations of the FOM’s transfer function H(s);
¢). Reduced dimension r, 1 <r <min(Jp, Jm).
Ensure: ROM: A, e R"*" B, e R"*™ C, e RP*" and D, € RP*™
1: Determine the moment Dy = H(0).
2: Subtract the term Dy from the original data and put together measurements
{Hy (iwy,) }{_, and {Ho(ﬁgj)}jzl, where Hy(s) =H(s) — Dy is as in (5.8). Using
the samples and the quadrature weights, construct the data matrices A", .#, .7,
and ¢ as in Proposition 5.4.
3: Compute the SVD of matrix A4 € C7P*7™,

7z 2] F éj g] ,

2

where S; € R"™*" and S, € R(Z/P—r)x(Jm—r)
4: Construct the intermediate reduced order matrices:

=87 7 ¥.8"
5: Get the ROM by means of the reciprocal transformation of the intermediate
ROM, i.e.,

P 2.-8."7 7, ¢-9"v,8,"%, and 7, =Dy.

A= ' B,=o '%B,, C=—6d ", and D,=9, —C o, ' B,.

acts as an implicit regularizer, removing the redundancies, provided that the trunca-
tion order is small enough. Other possible strategies are described in [16], while the
robustness of the Loewner framework to noise or perturbations was investigated in
[45, 19]. Also, we note that Algorithm 5.2 requires a complex SVD, which implies
that the resulting ROM realization is, in general complex-valued. However, under the
additional assumption that the quadrature points used in the approximation of either
Gramian are chosen in complex-conjugate pairs, a real-valued ROM can be enforced.
This can be done in a manner similar to that in [2, section A.1l] for the Loewner
framework, and in [22, section 4.1] for QuadBT.

6. Numerical study for the data-driven implementation. In this section,
we compare the performance of the quadrature-based, data-driven implementation of
SPA according to Algorithm 5.2, i.e., QuadSPA, with the following model reduction
methods from the literature: the intrusive MATLAB built-in implementations of sin-
gular perturbation analysis (SPA) and balanced truncation (BT), and the quadrature-
based implementation of BT, i.e., QuadBT from [22], realized by Algorithm 5.1.

We consider the following two benchmark examples, one of low dimension and
one of higher dimension, both available in the MOR-Wiki! database; cf. [10]:

1. The LAbuild system models a motion problem in the Los Angeles University
hospital building, with 8 floors, where each havs 3 degrees of freedom, namely

Lhttps://morwiki.mpi-magdeburg.mpg.de/morwiki/index.php/Category:Benchmark.
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F1G. 4. LAbuild. Frequency response of FOM and the errors using SPA and QuadSPA (left) and
using BT and QuadBT (right); J =100 and r =18 are chosen for all ROMs.

displacements in the z and y directions, and rotation. The model has n =48
states, m =1 input, and p =1 output. We refer the reader to [18] for more
details.

2. The ISS12A system models the structural response of the Russian Service 12A
Module of the International Space Station (ISS). The model has n = 1412
states, m = 3 inputs, and p =3 outputs. We refer the reader to [24] for more
details.

In all reported experiments, the quadrature weights required for QuadSPA and
QuadBT are determined according to the given transfer function measurements and to
the exponentially convergent trapezoid quadrature rule used also in [22]. Other choices
of quadrature rules are, of course, possible; we refer the reader to, e.g., [14, 15, 22],
which consider other, more involved quadrature schemes. Extended details are pro-
vided below; we also refer to the MATLAB code provided in [28], which was used to
generate the results.

6.1. LAbuild model. In the first experiment, we choose J = 100 logarithmically
distributed (sampling) points in the range [100, 1()2] -2. These will act as quadrature
nodes. We compare the results of applying the two data-based methods against their
intrusive counterparts, i.e., SPA and BT. We fix r = 18 as the dimension of all four
ROMs for the first experiment. In the left pane of Figure 4, we depict the magnitude
of the frequency response for the original system and approximation errors for the two
ROMs computed with SPA and QuadSPA. In the right pane of Figure 4, we depict the
magnitude of the frequency response for the original system and approximation errors
for the two ROMs computed with BT and QuadBT. We notice that the SPA-based
methods provide worse approximation quality in the higher frequency range, while the
BT-based methods provide worse approximation quality in the lower frequency range.
Additionally, it should be noticed that the error curve corresponding to QuadSPA
faithfully reproduces that of SPA. The same can be said about BT.

In the next experiment, we vary the dimension r of the ROM for all four methods
in increments of 6. The number of data points is fixed to the same value as before, i.e.,
J =100. We compute the H, norm of the error systems produced by the four model
reduction methods, scaled by the H,, norm of the original system. The numerical
results are shown in Table 1. As expected, the approximation errors decrease as r
increases. Additionally, the quadrature-based methods produce errors comparable to
the intrusive counterparts. Actually, for r € {18,24}, the QuadSPA method outper-
forms SPA in terms of the H,, norm approximation. However, for »r = 12, the error
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TABLE 1
LAbuild. Relative approzimation errors in the Hoo morm for varying ROM order r (QuadSPA
and QuadBT, with J=100).

r==6 r=12 r=18 r=24 r=230
SPA 2.4185-10~1 9.3060 - 102 3.7846 - 102 1.0922 - 102 9.0847-104
QuadSPA 2.4971-10~1 5.7480- 10~ 1 3.6713-10—2 1.0836 - 10~2 3.9822.103
BT 2.3084-10~1 1.0317-101 3.8312-10~2 1.0613 - 102 9.4410-10—4
QuadBT 2.7935-101 1.0442 - 1071 3.8193-102 1.0285 - 102 4.5524-103
TABLE 2

LAbuild.  Relative approzimation errors in the Hoo norm for varying quadrature points J,
compared to relative errors of intrusive ROMs (r =18 for all ROMs).

J =20 J =30 J =50 J=10 J =100

QuadSPA 3.4571-101 3.2915-10~1 6.0762-10~1 7.0414-10~2 3.6713-102

QuadBT 7.9048 - 1071 3.8459.10~1 1.9527-10"1 9.9991 - 102 3.8193-102
SPA: 3.7846 - 10—2 BT: 3.8312-102

provided by QuadSPA is much higher than that of SPA (due to a pair of rogue poles),
and a similar behavior is noticed for » = 30, both for QuadSPA and for QuadBT.

What we generally observe, is that a higher reduction order r requires more
quadrature nodes J in QuadSPA and QuadBT in order to have fidelity similar to
that of the intrusive methods SPA and BT, respectively. For example, in the latter
experiment, we require about J = 300 points (three times more than before) to ensure
that the quadrature-based methods reproduce the quality of the intrusive methods
for r = 30. With this choice of parameters, the relative H., error for QuadSPA is
9.3103 - 10~* for QuadSPA and 7.9862 - 10~* for QuadBT, which is very close to the
errors of SPA and, interestingly, even slightly better than for BT, respectively; cf.
Table 1.

For the next experiment, we vary instead the J parameter between [20,100]. We
fix the dimension of the ROMs as r = 18. We compute again the relative approxima-
tion errors in the Ho, norm for the two quadrature-based methods. The numerical
results are shown in Table 2. As expected, for increasing values of J, the relative
approximation errors are decreasing for both QuadSPA and QuadBT, and typically
they reach the quality of their intrusive counterparts (SPA and BT). Notably, the
quadrature-based methods can lead to better results in exceptional cases. This is
observed here for J = 100. However, this by no means guarantees that for J > 100,
the same trend is valid; e.g., when choosing J = 120, we noticed that BT outperforms
QuadBT.

6.2. ISS12A model. For the ISS12A model, we first choose J = 1000 nodes,
chosen to be logarithmically spaced in [1071,102] - 4. Since the FOM has three inputs
and three outputs, its frequency-response plot is composed of three curves, i.e., cor-
responding to the three singular values of H(iw;) € C**3, for any frequency point wj.
The reduction order of all ROMs is fixed at r = 100.

The frequency response plots of the FOM and the reduction errors related to
four ROMs are depicted in Figure 5. We notice a good agreement between all re-
sponses and a comparable approximation quality for the intrusive and nonintrusive
methods. Moreover, as to be expected, the SPA and QuadSPA methods lead to an
improved fidelity in the low frequency range, whereas the errors for BT and QuadBT
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Fic. 6. ISS12A. Distribution of system poles for QuadBT and QuadSPA; r =100 and J = 1000
were used.

are specifically small for high frequencies.

In Figure 6 we depict the configuration of the system poles for the FOM and
for the two ROMs based on quadrature approximations. The dominant poles of the
original system seem to be well matched in both cases. Moreover, we would like to
mention that the poles in the ROMs occur in complex-conjugate pairs, which is in line
with the real-valued property of the fitted models.

In the next experiment, we vary the number of points J between 600 and 1000,
and we compute the relative approximation errors in the H,, norm between the
original system and the two ROMs, i.e., computed by means of QuadSPA and QuadBT.
As expected, the approximation error decreases as J increases, as shown in Table 3.

Finally, we compute absolute deviations in the H., norm between the ROMs com-
puted with intrusive model reduction methods (SPA and BT) and their data-based
counterparts. We vary J between 200 and 1000 and compute the H., quantities
in Table 4. As the number of data points is increased, the deviation between the
quadrature-based implementations QuadSPA and QuadBT and their intrusive imple-
mentation generally decreases and becomes negligible compared to the reduction error
of the method.

7. Conclusion. This paper addressed some open issues corresponding to the
practical usability of the SPA approach. Specifically, two new algorithmic implemen-
tations of this model order reduction method were proposed with different use cases
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TABLE 3
ISS12A. Relative approzimation errors in the Hoo morm for varying number J of quadrature
points (ROM dimension r =100).

J =600 J =800 J = 1000
QuadSPA 5.6244-10~1 1.6758 101 3.2221-102
QuadBT 6.0982- 101 4.4826 - 102 3.2171-102
SPA: 3.3153- 102 BT: 3.2941 - 102
TABLE 4

ISS12A. Hoo morm deviations between intrusive and quadrature-based methods for varying J
(ROM dimension is r = 100).

J =200 J =600 J =800 J = 1000
SPA versus QuadSPA 1.7813-102 6.6425-10—3 1.9466 - 10~3 2.6942-10~4
BT versus QuadBT 2.0562 - 102 7.1800- 103 4.3901-10~4 2.9588-10~4

in mind. The first one was a low-rank implementation that can be used for the re-
duction of systems much larger than those manageable by existing implementations
(based mostly on dense solvers). Notably, our SPA implementation has about the
same computational complexity as the state-of-the-art algorithms for BT. Second, we
derived a data-driven, nonintrusive reinterpretation of SPA that is based on a quadra-
ture approximation requiring solely input-output data. Since these data could also be
obtained by measurements, the algorithm can be considered realization-free. It shares
connections with the data-driven reinterpretation of BT from [22] and thus behaves
similarly in some sense. For example, the choice of data is shown to be crucial for
the approximation quality, similarly to the Loewner framework. The findings of this
paper were validated by several numerical tests, which illustrated the good correspon-
dence between our new contributions for SPA and the well-established results for BT.
Future research endeavors could include the study of generalized versions of SPA with
techniques similar to the ones used in this paper, for both intrusive and data-driven
settings.

Appendix A. Proof of Proposition 5.3. For completeness, and since the
proof of our main resultProposition 5.4 follows using similar arguments, we state a
proof for Proposition 5.3 in the following; cf. [22].

Let the assumptions of the proposition hold, and let K : C — C™" be given by
K(s) = (sI— A)~!, so that Ho.(s) = CK(s)B, as well as

pch(ilwl)
L = and U=[pK(iw))B - p;K(iws)B].
pJCK(Z'le)

A direct calculation shows that

1
I.ka - iLCj
1

=———— (K(iwy) — K(i¢;)).
Wy, — iC;

K (i) K (i) = K (iwy,) [(iwr X — A) — (i T — A)| K (i)
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By the latter, we conclude that

Ny j =Ly U; = prp; CK (iwy, ) K (i) B = —j’“—fc (CK(iwi)B — CK (i¢;)B)
J
_ H(iwg) — Hao(i)
= —PLPj i — 7.l<j .

Similarly, by using the fact that

K (iwy,) AK (iC;) = mK(ika) (i€ (] — A) — i (i1 — A) K (i, )
g J
= i (K (i) — iGK(G).
we can write
M, = pro; CK (iwy, ) AK (ii¢; ) B = —#ﬂc (iwy CK (iwy)B — i; CK (i;)B)
J
s T (o) — i, L (i
= —prpj k. (ﬂ@wuji — ;g; (i),

Finally, the representation of T and G (as data matrices) claimed in the proposition
also follows in a straightforward manner.

Appendix B. An extension of Proposition 5.4. The assumption wy, # (; for
k,je{l,...,J} can be omitted in Proposition 5.4. However, in those cases, samples
corresponding to the derivative of the transfer function are required.

The required adaptations concern the data matrices 4" and .# only, given as

AHo(ﬂwk) — Ho(igj)

—pr; = Ho(8)s=ic, » wi = (5,
(iwy,) ™ Ho (iwy.) — (a¢;) " Ho(a¢;)
My, = kP wwy, — 4 ’ Wi 7 G

—prps (1) Ho(8)s=ic, — (2¢;) " *Ho(ig;)) ,  wi =

In light of the proof that was presented for Proposition 5.4, it only remains to show
the validity of the representations .4 ; and .#}, ; for the special case wy = ;. We do
this by considering the limit wy — (; of the representations that have already been
shown for wy, # (; using the classical L’Hospital’s rule.

For //A/;;j with wy = (;, the crucial step is

o Holien) —Ho(i¢) o %(Hg(s) ~ o6, _ d gy (omic .
wr—Cj W — %Cj wr—Cj Is (S — ”Cj)s:wk ds J

From the latter result, the claimed representation directly follows. Similarly, the
expression for 4}, ; and wy = (; can be shown using
(wy,) " Ho (iwy) — (a¢;) "Ho(i¢;) _ d

1i =—(s'H .
wkILan wwy, — @G ds (s 0(8))5219
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