f — Y 1 A

Centers for Disease Control and Prevention

STEPHEN B. THACKER
\(DCLIBRARY )

Interlibrary Loans and Journal Article Requests

Notice Warning Concerning Copyright Restrictions:

The copyright law of the United States (Title 17, United States Code) governs the making of
photocopies or other reproductions of copyrighted materials.

Under certain conditions specified in the law, libraries and archives are authorized to furnish a
photocopy or other reproduction. One specified condition is that the photocopy or reproduction is not
to be “used for any purpose other than private study, scholarship, or research.” If a user makes a
request for, or later uses, a photocopy or reproduction for purposes in excess of “fair use,” that user
may be liable for copyright infringement.

Upon receipt of this reproduction of the publication you have requested, you understand that the
publication may be protected by copyright law. You also understand that you are expected to comply
with copyright law and to limit your use to one for private study, scholarship, or research and not to
systematically reproduce or in any way make available multiple copies of the publication.

The Stephen B. Thacker CDC Library reserves the right to refuse to accept a copying order if, in its
judgment, fulfillment of the order would involve violation of copyright law.

Terms and Conditions for items sent by e-mail:

The contents of the attached document may be protected by copyright law. The CDC copyright policy
outlines the responsibilities and guidance related to the reproduction of copyrighted materials at CDC.

If the document is protected by copyright law, the following restrictions apply:

e You may print only one paper copy, from which you may not make further copies, except as
maybe allowed by law.

e You may not make further electronic copies or convert the file into any other format.

e You may not cut and paste or otherwise alter the text.


http://masoapplications.cdc.gov/Policy/Doc/policy29.pdf

Adv Comput Math (2018) 44:1887-1916 @ CrossMark
https://doi.org/10.1007/s10444-018-9611-y

Interpolatory model reduction of parameterized
bilinear dynamical systems

Andrea Carracedo Rodriguez! - Serkan Gugercin! -

Jeff Borggaard!

Received: 17 July 2017 / Accepted: 19 April 2018 / Published online: 1 May 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract Interpolatory projection methods for model reduction of nonparametric
linear dynamical systems have been successfully extended to nonparametric bili-
near dynamical systems. However, this has not yet occurred for parametric bilinear
systems. In this work, we aim to close this gap by providing a natural extension of
interpolatory projections to model reduction of parametric bilinear dynamical sys-
tems. We introduce necessary conditions that the projection subspaces must satisfy
to obtain parametric tangential interpolation of each subsystem transfer function.
These conditions also guarantee that the parameter sensitivities (Jacobian) of each
subsystem transfer function are matched tangentially by those of the corresponding
reduced-order model transfer function. Similarly, we obtain conditions for interpo-
lating the parameter Hessian of the transfer function by including additional vectors
in the projection subspaces. As in the parametric linear case, the basis construction
for two-sided projections does not require computing the Jacobian or the Hessian.
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1 Introduction

Simulation of dynamical systems has become an essential part in the development of
science to study complex physical phenomena. However, as the ever increasing need
for accuracy has lead to ever larger dimensional dynamical systems, this increased
dimension often makes the desired numerical simulations prohibitively expensive
to perform. Model order reduction (MOR) is one remedy for this predicament.
MOR tackles this issue by constructing a substantially lower dimensional represen-
tation of the full-order dynamical system, which is cheap to simulate, yet provides
high-fidelity, i.e., it provides an accurate approximation of the original quantities
of interest. In many applications such as optimization, design, control, uncertainty
quantification, and inverse problems, the dynamics of the system are defined by a set
of parameters that describe initial conditions, material properties, etc. Since carrying
out model reduction for every parameter value is not computationally feasible, the
goal in the parameterized setting is to construct a parametric reduced model that can
approximate one or more quantities of interest well for the whole parameter range of
interest. This lead to the parametric model reduction framework. For more specific
details on both parametric and nonparametric model reduction, we refer the reader to
[4,7, 10, 14, 18, 33] and the references therein.

In this paper, we will focus on large-scale bilinear systems parametrized with the
parameter vector p € RY and represented in state-space form

E(p)X(1; p) = A@X(; p) + Y N;j(p)x(1)u;(t) + B(p)u(),
j=1

)]
y(; p) = C(p)x(t; p),

where x(; p) € R, y(t; p) € RE, and u(r) = [u1(1), uz(@), ..., um(@®)]’ € R™
denote the states, outputs (measurements/quantities of interest), and inputs (excita-
tion/forcing) of the bilinear dynamical system, respectively. Thus, the corresponding
state-matrices have the dimensions E(p), A(p), N;j(p) € RV, for j = 1,...m,
B(p) € R™™ and C(p) € R, In this paper, we assume that the matrix E(p)
is nonsingular for every parameter value p € R". Bilinear systems of the form (1)
appear in a variety of applications such as the study of biological species and nuclear
fission, are used in the context of stochastic control problems, and frequently appear
in modeling nonlinear phenomena of small magnitude, for instance, [15, 16, 31, 36,
37,42, 44]. We are interested in large-scale settings where simulating/solving (1) for
a wide variety of inputs u(¢) and parameters p solely to determine the output y(¢; p)
is too expensive. Therefore, our goal is to construct a reduced parametric bilinear
system of order r < n in state-space form

E@)X(:: p) = A@)X(: p) + Y N;(p)X(: p)u; (1) + B(p)u(r),
j=1

MR

2)
y(t; p) = C(PX(1; p),
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where E(p), A(p), N;(p) € R, for j = 1,...m, B(p) € R"*", and C(p) € R**"

such that the reduced output y(z; p) provides a good approximation to the original

output y(¢; p) for a variety of inputs u(¢) and a range of parameters p.
Non-parametric bilinear systems where the state-space matrices E, A, N; for

j = 1,...,m, B and C are constant, have been studied thoroughly, and input-
independent/optimal model reduction techniques from the linear case (N; = 0
for j = 1,...,m) have been successfully generalized to non-parametric bili-

near systems. For example, [1, 8, 13, 20, 41] have extended model reduction via
rational interpolation [5, 11] from linear to non-parametric bilinear systems. The
optimal model reduction of linear dynamical systems in the %% norm' via the
iterative rational Krylov algorithm (IRKA) [29] has been generalized to bilinear
systems via bilinear IRKA (B-IRKA) [12]. Later, [26] showed that, as with IRKA
and % model reduction in the linear case, the reduced model via B-IRKA also
yields a Hermite interpolation in this case, but in the sense of Volterra series inter-
polation. Similarly, gramians and balanced truncation? (BT) for linear dynamical
systems [38, 39] have also been generalized to nonparametric bilinear systems
[2, 15, 27, 31]. Moreover, [6] has applied the Loewner framework [35] to bilinear
systems.

A plethora of work exists on model reduction of parametrized linear dynamical
systems, i.e., N; = O for j = 1,...,m in (1); see, for example, [3, 9, 17, 18,
21, 23, 24, 30, 40] and the references therein. In this paper, we are interested in
input-independent (transfer function-based) model reduction of parametric bilinear
systems where only the state-space matrices enter into the model reduction process
and there is no need to choose a specific input u(z) nor to simulate the full model
(1). As opposed the treating the dynamics as a general nonlinear system, we take
advantage of the special bilinear nonlinearity. More specifically, we are focused on
parametric model reduction that uses the concept of (parametric) rational interpola-
tion. These methods, also referred to as interpolatory parametric model reduction,
have been successfully applied to parametric linear dynamical systems; see, e.g.,
[9, 17, 23]. However, unlike the extensions of interpolation theory and IRKA to
non-parametric bilinear systems, interpolatory methods have not yet been general-
ized to parametric bilinear systems. In this paper, we close this gap and provide a
natural extension of interpolatory projections to parametric bilinear dynamical sys-
tems. Our framework yields a reduced parametric bilinear model whose subsystem

I'The .4 error norm is an input-independent least-squares error measure in time or frequency domain. For
linear systems, the /% norm is given by ffooo ||H(1w)||2Fda) where H(s) = C(sE — A)~!B is the transfer
function and || - || denotes the Frobenius norm. The concept of transfer function for linear (and bilinear
systems) will be clarified in Section 2. It has been shown that optimality in the 7% error measure requires
Hermite interpolation of the transfer function H(s). For details, we refer the reader to [29].

2For linear dynamical systems, the symmetric positive semidefinite matrices G and G¢ that solve the
generalized Lyapunov equations AGRE" + EGRAT + BB = 0and ATGoE+ETGpA +C'C =0
are called the reachability and observability gramians, respectively. Balanced truncation corresponds to
performing a truncation in a basis where Gg = G are diagonal, with nonnegative diagonal entries called
the Hankel singular values. For details, we refer the reader to [38, 39].
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transfer functions will (tangentially) interpolate the original subsystem transfer
functions together with the parameter sensitivities and Hessians at the sampled fre-
quencies and parameter values along chosen directions. Note that we are not focusing
on the problem of selecting parameter samples, but rather on ensuring tangential
interpolation of the full and reduced models at the chosen points and directions. One
can then couple this interpolatory model reduction algorithm to a desired sampling
strategy.

The remainder of the paper is organized as follows: Section 2 introduces the prob-
lem description and presents the main theoretical results. Section 3 illustrates the
theory using two numerical examples. This is followed by the conclusions and future
directions in Section 4.

2 Problem description

In this section, we introduce the ingredients of the model reduction problem for
parametric bilinear systems such as projection, subsystem transfer function, and
tangential interpolation. We then present the main results of the paper.

2.1 Projection-based model reduction of parametric bilinear systems via global
basis

We construct the reduced parametric bilinear system (2) via projection. We follow the
global basis approach (as opposed to using a local basis and performing extrapolation
[32, 45] or interpolation [3, 24, 46]). Thus we construct two constant global model
reduction bases, namely V € C"™" and W € C"*", that capture the parametric
dependence of the underlying system using the information from various sampling
points. We refer the reader to [18] for detailed explanations regarding global and
local bases, and different sampling options. The subspaces V and W are computed to
enforce specific interpolation conditions as discussed in Section 2.4.

Once the model reduction bases V and W are constructed, the reduced model
quantities in (2) are obtained via Petrov-Galerkin projection:

Ep =WEPV, A=WTAQp)Y, B(p) = W'B(p),
Cp)=CPEV, and N;=W'N;(p)V forj=1,...,m.

3)
Now consider reevaluating reduced model quantities in (3) for a new parameter value
E € R. Consider the case of E(p). This will require re-evaluating the projection
E(p) = WTE(p)V where the operations depend on the original system dimension 7.
In practice, many problems exhibit an affine parametric structure, which makes the
projection step numerically efficient. For simplicity, continue to consider the matrix
E(p) only. Assume that E(p) has the following affine parametric form

N
E(p) =Eo+ Y fi(pE;, “

i=1
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where f; are scalar (nonlinear) functions reflecting the parametric dependency, and
E; €¢ R fori = 0,..., N are constant matrices. Then, the reduced matrix
E,(p) in (3) is given by

N
E(p)=W'E)V+) fipW'EYV, (5)

i=1

where WTEiV, fori = 0,..., N have to be computed once in an offline phase
then can be recombined for efficient computation of E, (p) in any online phase. The
same discussion applies to other matrices in (3) as well. When E(p) does not admit
such an affine parametrization as in (4), one usually performs an affine approxima-
tion of E(p) first, usually via a matrix version of (Discrete) Empirical Interpolation
Method [22, 28]; see [18] for details. We will revisit this issue in the second numerical
example in Section 3.2.

2.2 Interpolatory projections for parametric linear systems

A powerful framework in the case of linear dynamical systems

E(p)x(t; p) = A(p)x(; p) + B(pu(®), y@; p) = Cp)x(;p), (6)

is to transform the problem into the frequency domain via Laplace transform. To
do so, let Y(s; p) and U(s) denote the Laplace transforms of y(¢; p) and u(z),
respectively. Then, applying the Laplace transform to (6) leads to

Y(s; p) = H(s; p)U(s), where H(s; p) = C(p) (s E(p) — A(p))”' B(p)

is the transfer function of (6). Then, the goal is to construct a reduced parametric
linear model

E@)X(t; p) = A(p)X(t; p) + B(pu®), §(t; p) = Cp)X(; p), (7)

whose reduced parametric transfer function ﬁ(s; p) = 6(p) (s l~<3(p) — 1§(p))71 ﬁ(p)
approximates H(s; p) well, which would in turn imply y(t; p) _~ y(; p) since
Y(s; p)—Y(s; p) = (H(s; p)—H(s; p))U(s). One way to enforce H(s; p) ~ H(s; p)
is via rational interpolation: Given the frequency interpolation points {o7, ..., 04} C
C, the right tangential directions {by, ..., by} C C™, the left tangential directions
{er, ..., ¢4} C C¢, and the parameter interpolation samples {ﬁl, . ,'p\qp} c RY,

find a reduced model (7) such that ﬁ(s; p) is a Hermite tangential interpolant to
H(s; p) at the selected samples, i.e.,

~_ H(oy; p;)b;=H(oi; p,)b;, ¢/ H(o;; ;) =¢/ H(oi; B)),
3¢/ H(oi; D)) = 2 (¢ H(oi; B))bi), and Vp(e, H(oi; B;)bi) = Vple] Hi(oi; B))bi),

fori=1,...,9sand j =1, ..., gp. In other words, the reduced model tangentially
matches transfer function values in addition to its frequency and parametric deriva-
tives at the sampled points. One can impose higher order interpolation conditions
at the frequency and parameter samples as well, such as the parameter Hessian. We
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1892 A. Carracedo Rodriguez et al.

omit it for brevity here. The following result from [9] shows how to construct model
reduction bases V and W that satisfy the desired interpolation conditions.

Theorem 1 Given H(s;p) = C(p) (s E(p) — A(p))_1 B(p), let the reduced transfer
function ﬁ(s;p) = Z’(p) (s E(p) — K(p))_1 E(p) be obtained via Petrov-Galerkin
projection using the bases Vand W. Let o € C,p € R”, b € C"\{0}, and ¢ € C*\{0}.
Define _ _ -

A (s;p) = sE(p) —A(p) and o/ (s;p) =sE(p)—A(p). (®)
(@) If o/ (o;p) 'B@)b € Ran(V), then

H(o;p)b = H(o: p)b:
(b) If o/ (o;p)"TCP)"c € Ran(W), then
¢"H(o:p) = ¢ H(o; p);

(¢c) Ifboth (a) and (b) hold simultaneously, then

aa—s (cTH(o;ff)b) = % (cTﬁ(a;iDb) and 'V, (cTH(a;iDb> =V, (cTﬁ(cT;iﬂb) ,

provided </ (o, p) and </ (o'; p) are invertible.

Theorem 1 shows how to construct V and W to fulfill the required interpo-
lation conditions. All one has to do is to compute the vectors, e.g., the vector
o/ (0; p)"'B(p)b, for the desired frequency interpolation points o and parameter
interpolation point p, and use these vectors as columns of V. We refer the reader to
the original source [9] for more details. The goal of this paper is to extend this result
to parametric bilinear systems.

2.3 Interpolatory parametric bilinear model reduction problem

Re-consider the full-order parametric bilinear system in (1):

m
E(p)X(; p) = A)X(1; p) + Y_ N;(D)X(1)u;(t) + B(pu(), 0
Jj=1
y(: p) = C(p)x(: p)-
Even though this system is nonlinear, due to the terms involving N; (p), the concept
of transfer function can still be applied via Volterra series representation [42]. Given
the bilinear system (1), we first introduce some notation to make the presentation of

the Volterra series representation more compact:

Ni(p)
_ Na(p) .
N(p) = [Ni(p) No(p) -+ Nu(P)], N(p) = . ,and I =1, Q- ® Ly, (9)
: ——————
Nm (p) k times

where ® denotes the Kronecker product.
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Interpolatory model reduction of parametric bilinear systems 1893

The output y(¢; p) of (1) can be represented as a Volterra series

S n 1% 179 k
y(t;p)=2/0 /0 /0 bttt el =D 6@ @ui—n)) dy - dr,
k=1 i=1

(10)

where hi(#1, 12, . . ., tx; p)’s are the regular Volterra kernels, also called subsystem
kernels. Then, taking the multivariable Laplace transform of the degree k regular
kernel hy leads to the k™ subsystem transfer function:

Hi(st, ..., s5p) = CPY (sx:p) "
X N[y ® (si_1; p) 'N)I--- 12" ® o (s2: p) ' N(p)]
< 18" ® o(s1;p) "' B)], an

where o7 (s; p) is as defined in (8), and N(p) and I%k are as defined in (9).

For details of this analysis, we refer the reader to [42, 43]. The Volterra series
representation of bilinear systems has been successfully used for interpolation-based
input-independent, optimal model reduction of non-parametric bilinear systems; see,
e.g., [12, 26].

Similarly, for the reduced bilinear system (2), define

N() = [N (p) No(p) --- N,u(p)]. (12)

Then, the k™ subsystem transfer function of the reduced model (2) is given by

HiGs1, ... s0p) = CO)F (s:p) "
x N[, ® 7 (si1; 9 ' Np)1-- 187 @ Z(s2; p) 'Nip)l (13)
18" ® 7 (s1; p) "' B(p).

This allows us to formulate the parametric interpolatory model reduction problem
in our setting:

Given interpolation frequencies {o1,...,04,} C C, nontrivial right direction
b € C™, nontrivial left direction ¢ € C¢, and interpolation parameter sample p € R",
find V, W such that the reduced model (2) constructed via projection as in (3)

satisfies the following interpolation conditions for any k € {1, ..., g}:
H©1....,0:PAE @b) = Hi(or....,ou DAL @b), (14)
¢"Hi (o1, . .., o P) = ¢ Hy(oy,. .., ok D), 15)
9 _ ~ a
S THi@1 . os DA @b) = = ((THkon Lo DA ©b), il k) (16)
as; N
T @1 TR @
Bp(¢ Her, - ou DAT  @B) = &y (THir, . ou AT @), (17
, (cTHk @1 o IS ® b)) =%, (cTﬁk @1 o IS ® b)) , (18)

where Jp(-) denotes the matrix of sensitivities (Jacobian) and Hj(-) denotes the Hes-
sian (tensor) with respect to p. In other words, we would like to construct a reduced
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1894 A. Carracedo Rodriguez et al.

parametric bilinear system whose leading subsystems interpolate (both in frequency
and parameter space) the corresponding leading subsystems of the full order para-
metric model. Note that we are not only enforcing Lagrange interpolation. We require
the reduced model to match the parameter sensitivities and Hessians as well, which
is important, especially, in the setting of reduced models in optimization. Moreover,
these conditions can then be generalized for different reordering of the frequencies,
multiple tangential directions, and several parameter values.

2.4 Subspace conditions for parametric bilinear interpolation

In this section, we establish the subspace conditions to enforce the desired inter-
polation conditions (14)—(18) for parametric bilinear systems. Note that even for
the parametric bilinear system (1) we consider here, some of these interpolation
conditions, e.g, (14), do not involve parameter gradient and/or parameter Hessian
interpolation; and thus can be interpreted as regular tangential bilinear subsys-
tem interpolation for a fixed parameter p = P as considered in [13]. However,
even though our subspace conditions for (14)—(15) will look similar to those in
[13], we include the corresponding theorem (Theorem 2 below) and its complete
proof for the following reasons. Although [13] considers tangential interpolation for
non-parametric bilinear systems, the tangential interpolation conditions appear dif-
ferently. In our formulation, tangential directions appear in Kronecker product form
due to the structure of Hy(sy, 52, ..., sk; p) as defined in (11) and illustrates that
H (s1, 52, ..., Sk; p) can be considered to have mk inputs. Our conditions result in
regular tangential interpolation in the subblocks of Hy (s1, s2, . . ., Sk; p); details will
be given below. Moreover, we provide different proofs for (14) and (15), which we
later use in the proof of Theorem 3. Finally, we include the E(p) term in the full
model. Clearly, the subspaces conditions (17) for matching the parameter gradient
and (18) for matching the parameter Hessian are new and will be fully discussed.

Theorem 2 will establish the subspace conditions for enforcing Lagrange inter-
polation for the subsystem transfer functions, namely (14) and (15). This will be
achieved using one-sided projections. Then, using two-sided projections, Theorem
3 will extend these results to matching sensitivities (derivatives) with respect to fre-
quencies and parameters, thus satisfying (16) and (17). Finally, by adding further
subspace conditions, Theorem 4 will show how to match the parameter Hessian, i.e.,
satisfying (18).

Theorem 2 Let g be the number of subsystems we wish to interpolate. Consider
{o1,...,04} C Candp € R” such that < (0;; p) is invertible for all i € {1, ..., q}.
Consider also the nontrivial vectors b € C" and ¢ € C.

Define
Vi=d(01:p) 'B@)b, Vi = (0k:p) 'N@)UIn ® Vi),
for k=2,...,q, (19)
Wi = (0g:P) CH)e. Wi=(70g11-6:0) NG U ® We1),
for k=2,...,q. (20)
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Interpolatory model reduction of parametric bilinear systems 1895

If
q
| Vi € Ran(v), 21
k=1
then, fork =1, ...,q,
k—1 ~ k—1
Hi(o1,...,0i:p)IS  ®b) =Hi(o1,...,0i:p)d5  Qb). (22)
If
q
L Wi < Ran(w), (23)
k=1
then, fork =1,...,q,
¢ "Hi(0g41-k, -, 043 P) = ¢ Hi (014, - - -, 043 P)- (24)

Proof Define
P(sip) = Vi (s;p) "W (s p),
2(s;p) = A (s; PV (s5:p) "W,
fi(si, ..., sp) = & (5P 'NP) L ® & (s1-1; ) 'N(P))
(187 @ A (s2:p) " 'N)
<18 @ o/ (s1:p)"'B(p)b), and
gl (1. 5:p) = ¢ CP) (51: P) " NP Xy ®  (s-1:p) "' N(p))
(187 ® A (52:9)'N)
x18 @ (st p) 7). (25)
Note that ,;a?(s; p) = WT,;z%(s; p)V and
Psip) = Ve (s:p) ' W A (s: V. (s:p) ' W /(51 p)
= VA (5:p) " 'W A (5:p) = P51 p).
Thus, L (s; p) is a skew projector onto Ran(V). Similarly 2(s; p) is a skew projector
along Ker(W ). Also note that Hy (sq, . . ., 5k; p)(Iffl’k_1 ®b) = C(p)fi(si, ..., s Pp)

and ¢"Hi(s1.....5i:p) =g (51,5 PAS | @ B(p)).

First we prove (22). Suppose (21) holds. We know that (22) is true for k = 1 by
Theorem 1. Assume that the result is true for k — 1; recall k < ¢. Then using the
definitions of Z(s; p) and f(s1, ..., sx; p) from (25), we obtain

k—1 ~ k—1
Hi(o1,...,o06:PAS  ®b) — He(o1,...,o0: PAS  ®@b)
= CE)X,— P (or; P)Hfi(o1, ..., 0k; D), (26)

where we factor out the term fiy(oy,...,0%;Pp) using the right interpolation
of Hy_1(o1,...,0k_1;Pp) due to the induction assumption. Then, what is left
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1896 A. Carracedo Rodriguez et al.

to show is that (26) is zero: By the construction of V in (21), we obtain
fi(o1,...,01;P) € Ran(V). Hence fy(o1,...,0r;p) € Ran(Z(ox;p)), which
implies

L, — Z(o; Pk (o1, ..., 0 P) =0, (27)
since Z(s; p) is a skew projector onto Ran(V). The proof of (24) follows similarly.
Suppose (23) holds. Once again, the result is true for k = 1. Assume that it holds for
k — 1. Similar to (26), we obtain

T . TH .
¢ Hi(og41-k, -, 04;P) — ¢ Hk(0g41—k, -, 043 D)

=gl (g1 ks> o DIE @I, —2(0y: P))BP)]. (28)

Again we show that this expression is zero. Note that by the definition of g; and the

construction of W in (23), we have g; (04+1—k, ..., 04; P) L Ker(I%IH ®2(0y; P));
thus

gl Ogriks -, 0 DS ® Iy — 2(04: )] = 0. (29)

Note that the order of the interpolation frequencies in (24) is different than the order
in (22). O

Theorem 2 provides tangential interpolation of Hg(sq, ..., sx; p) in a specific
order of the frequencies, namely in the order {0y, ..., o }. However one might also
consider enforcing interpolation at the frequency samples {071, ..., ox} in any order,
including repetitions, as is considered in [13]. Indeed, as we will show in Theorem
3, interpolation of the transfer function sensitivities will require this. The result as
shown in Corollary 1 below is a direct extension of Theorem 2; thus we skip the
details. It simply requires the subspaces to contain all possible combinations:

Corollary 1 Let g be the number of subsystems we wish to interpolate. Consider
{o1,...,04} C Candp € R” such that < (0;; p) is invertible for all i € {1, ..., q}.
Consider also the nontrivial vectors b € C™ and ¢ € Ct. Define

Vi= [ (;p) "' B@b, -, (04 'B@bI,
Vi = [ (01;0) 'NOYT ® Vi—1), -, H(04:0) 'N@) Ty ® Vi—1)],
k=2,...,q,
Wi= (A1) CP)Te, -, (o) CP) el
Wi = [((01:0) NO) Tn@Wi_1), -, (#(04:P) N@) Tn®@Wi_ 1],
k=2,...,q. (30)
If
q
U Vi € Ran(w), (31)
k=1
then, fork =1,...,q, and foranyiy,...,ir € {1,...,q},
Hi(i.....00: IS @b) =H(0i,.....00: IS @b).
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If

q
U W, C Ran(W), (32)
k=1

then, fork =1,...,q, and foranyiy, ..., iy € {1,...,q},
cTHk(Ui],...,aik;ff) :cTﬁk(ail, ey Ois D)

So far, we proved the interpolation conditions using either only V or only W;
i.e., we assumed interpolation information only in one of the subspaces, consid-
ering one-sided projection. The next theorem shows that when both subspaces are
considered one automatically matches the sensitivities (derivatives) with respect to
the frequencies and parameter, indeed without computing the sensitivities to be
matched.

Theorem 3 Assume the hypotheses of Corollary 1. Let Vi and Wy be constructed as
in (30)fork =1,2,...,q. If both

q q
U Vi CRan(V)  and U W, € Ran(W),
k=1 k=1

thenfork =1,...,qandfori =1,...,k:

1

k—1 d ~ _
—— (THi@1. o P @8) = = (T Hior. o I @ D).
l

and

9 (cTHk(ol, o ®b)) = Jp (cTFIk(m, o ®b)) .

where g, () denotes the matrix of sensitivities (Jacobian) with respect to p.

Proof The proof will use similar ideas to the proof of Theorem 2. We will use appro-
priately defined projectors to eliminate the terms from the error expressions yielding
the necessary interpolation conditions. Recall the definitions Z(s; p), 2(s; p),
fr(s1,..., 5 p), and ng(sl, ..., Sk; p) from (25). Similarly, define
BGst s P) = S5 P N A ® 7 (5213 9) "N ()
&2 o Tl m—IN
(L @A (s2;p)7 N(p)
x (15" ® o/(s1;p) "' B(p)b), and
B G155 p) = ¢ COF (51 NP Ly ® 7 (s1-1:p) "' Np))
k=2 ~ i~
(@Y @ A (s2:9) ' N(p)
x5 ® J(si:p)7 ).
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Letk € {I,...,q} andi € {1,...,k}. Under the assumptions of the theorem, we
know (27) and (29) are satisfied for any choice of frequencies due to Corollary 1; in
particular,

I, — @(ok;ﬁ))fk(ol, e, o,(;i)\) =0,
and gl (0 ...,00 DI 1, — 200 P =0,

for any k € {1,...,q} and ¢ < k. Recalling the definitions of the full and reduced
transfer functions (11) and (13), together with (26) and (28), and our definitions in
this proof, we can rewrite these two terms as

fK(Uh'-'sUK;ﬁ) - V}‘K(Ulv-'-,al(;@
=0, g;r_H_l (o, ..., GK;@—EI_L+1((TL ..... UK;@(IE”“[@WT) =0,

or equivalently
(o1, ...,00P) = V(o1 ...,00D) and g,ltﬁ(o[,...,a,(;@
=810 o DA QW) (33)
Now fix k € {1,...,q}and i € {1,...,k}, and recall that E(p) = WTE(p)V. If
i # 1, then

d ~ k-1
— ("o, o DA ©b)
Si
~ k—i ~
=8 1100 ..o DAS @ WHEPVE;(o1, ..., 0/ D)

=g ;1101 .... o0 DE®fi (01, ... 07 D) (by (33))

_ 9 (T Y Al
_ a_s,~<c Hi (o1, ..., 00 PAD ®b)).
Ifi =1, then

0 ~ k-1
XCTHk(Gl,u-,Gk;ﬁ)(I,% ®b)
1

~ k—1 ~ ~
=3 (01,....0: DA @ WHE®D)Vfi(01; D)
=g/ (01, ..., 0 PDEMDIL1(o1; P)(by (33))
d k—1
= gcTHk(ol, oI ®b).
13

Similarly, we can justify interpolation of the parameter gradients. Since the
expression of the parameter gradient for a general subsystem transfer function
H; (s1, - .., sk; p) becomes too involved to properly present in a single page, we pro-
vide the proof for the second subsystem (the result for the first subsystem follows
Theorem 1) and sketch the proof for a general subsystem. Let p; refer to any entry
of the parameter vector p € R". Consider

0 ~
. (cTHz(m, 02 D)@y @ b) — ¢ " Hy (01, 02: D)Ly ® b)) . (34)
J
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Let M), (p) denote the partial derivative of M(p) with respect to p;. Then, by
taking the partial derivatives in (34), using 1nterp01at10n of the first subsystem,
rearranglng terms and using C (p) = C,,,(p)V pi(s3p) = WT%/ i (s;p)V,
Np] (p) = WTN,,] P d, ®V), and Bp (p) = WTB,,] (p) one can write

0 ~
5 (0102 DU @b — (01, 0 D)1y @ b))
J

= (¢ Cp,(P) — 1 (02: P)Fp, (02: DA — P(02; P)2(01, 02: P)
+8] (01,02 D) (In ® (1= 2(1; D) By, )b — 7, (013 D) ,

which can be justified by multiplying out the right-hand side and re-
grouping. We know that in the second-line of this expression, we obtain
(I — P(02; p))f2(01, 02; Pp) = 0 and in the third-line of this expression, we obtain
g, (01,02, p) Iy ® I — 2(01;P))) = 0 using k = 2 in the proof of Theorem 2.
Thus, we have

(C Hy (01, 02; )T ®b)> 38 (CTﬁz(Gl,Gz;ﬁ)(Im®b))~

Bp] Pj

Since p; was an arbitrary entry of p, this yields Jp(c'Ha (o1, 02; P)(I, ® b)) =
Jp (cTHz(ol Lo, P Iy ® b)) as desired. Now, for the general case, consider

o (c o, ....ou D' b))

=¢'Cp, ®Vk(o1,.... 006 D) (35)
+8] (0 DW ' ), (01 DV (01, ..., 011 ) (36)
+8] (0 PDW N, @A @ V-1 (01, ..., 0k—1: D) (37)
to g 01 o DAZT @WTB,, @®)b). (38)

Consider the right-hand side of (35). Using (33), one can replace ka ©1,...,06P)
with fi(o1,...,06; P A) Similarly, in (36), once again using (33), one replaces
§—1r (o PWT W1th g, T (ox; P). Continuing in this fashion, we obtain

el ~ -1
5 (@1 DT @ b)) = T BiCor. - 01 D)
J

+g;r(ak;@@7pj (01 P01, ..., 0% P)
+g-1r(ak;@ij @fk_l(al, ey Uk—];ﬁ)

k-1
_|_...+gl;r(o'1,...,0'k§ﬁ)(lff? ®B1’.i®b)

9 (T =Y A
5y, (THGL oD o)

as desired. ]
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We now present the final theoretical result, showing the interpolation of the
parameter Hessian. As the expressions become too involved for a general subsys-
tem transfer function, we write and proof the conditions for the first and second
subsystems only, but the results can be generalized similarly.

Theorem 4 Assume the hypotheses of Corollary I for g = 2. Define

Vi) = | (01:p) ' B@)b.  /(02:p)”'BOIB).

Vo) = [ @30 NO) U @ Vi@), (02:0)” ND) L © Vi) ]

Wip) = [ ©@:p) ™ C)Te. (S (02ip) T Cp)e].

Wa) = [ ©@1:p) " N@) Un @ W1@)). ((@2:p)” No) L ®@Wip) .

Assume

2 2
JVi® SRan(v), and | JWi@) < Ran(W). (39)
k=1

k=1
If either
U U —vk@) C Ran(V) or U U —Wk(ii) C Ran(W), (40)
k=1 j= 1 k=1 j=1 9p;
then

3 (T Ha(01,02:P) U @ b)) = 3G, (¢ Halor, 02: P U @) )

where F,(-) denotes the Hessian with respect to p.

Proof The proof will be building on the proofs of Theorems 2 and 3. We will compute
the parameter Hessians of the subsystems leading to various additive terms and show
that the subspace conditions will correspond to matching them.

Assume we have the extra conditions on V. First note that we have interpolation
of Hp (cTHl (oi; iDb) for i € {1, 2} since this is the linear case (see [9] for details).
Let p; and p; refer to any entries in the parameter vector p. Recall the definition of
the second transfer function of the full and reduced model, respectively,

Ha(s1, 52 ) = C0)/ (s1; )" N@) (I ® /(515 )~ ' B(p)),
Ha(s1,52:p) = C@)/ (s1: D)7 N@) (I ® o/ (s51: )~ ' B(p)).

@ Springer



Interpolatory model reduction of parametric bilinear systems 1901

We take the second partial derivative of ﬁz(sl, s2; p) with respect to p; and p;,
apply the definition of the reduced order matrices, rearrange the terms and use the
notation in previous proofs to obtain

(cTﬁz(Ul, 02 P)In ® b))

dp;opi

= ¢'Cp,p, DVE(01, 02: D) (41)
+8 (01,02 DHW'B,,,, )b (42)
+& 02 DWN,, @ Uy ® VEi(01: D)) 43)
+8] (02 DW' 7, (02: P)VEa(01, 02; B) (44)
+8 (01,0 D)Ly @ W7, (01; DIV (015 D)) 45)

+ (& (02 DW'N,, ®+8] (01,02 W' Fp, (01: D)} A ® VIfi1, (01: D)) (46)
+ (& (02 DWW N, (B)+8] (01, 02: W' ), (01: D)} ® V11, (01: D)) (47)
+1{c"Cp, ) + | (02 DWW ), (02: MIVIE:1p, (01, 02: D) 48)
+1{eTCp () + 8] (02 W' ), (02: DIVIE ], (01, 02: ), 49)

where M, , (p) denotes the second partial derivative of M(p) with respect to p; and
pi, and [f¢],, denotes the partial derivative of f; with respect p;. Then, we follow
the similar manipulations used in the proof of Theorem 3 for (35)—(38): Egs. 41—(45)
contain the same terms, and thus we follow the same reasonings that we used for
(35)—(38).

Then, even though (46)—(49) contain the new terms [fi],;(o1; p) and
(21, i (01, 02; P), the same manipulations still apply here due to the construction of V
in (39) and (40), [f11, (o1; p) and [f2], (01, 02; P) are now also spanned by Ran(V)
for any p;. Therefore, we obtain

2

¢ Ha(o1,00;P)A, ®Db)) = ¢ Ha(o1,02; P)T, ®D)) .
( ) ( )

op;op; dp;opi

Since p; and p; were arbitrary, we obtain the Hessian matching as desired. The proof
would be analogous if we assumed the extra conditions on W instead. Only the rear-
rangement of the terms would change so that the expression depends on [g; ], (02; P

and [g,],, (01, 02; P) instead.
O

Remark 1 As we stated above, one can write the conditions for matching the param-
eter Hessian of the higher index subsystems. Let g be the number of subsystems we
wish to interpolate. To obtain the parameter Hessian matching for the general k"
order subsystem, i.e., to satisfy
k—1 ~ k—1
T (¢THeor, o o DAY @) =36 (i1, os AT b)),
k=1,...,q
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we would need

Vi) = [ (@9 ' B@b, - ,ef(aq;pr'B(p)b]

Vi@ = [F@ D IN® @ @ Vit @), <+, S0 )T N®) A @ Ve )], k=1....0q
Wi(p) = [&ﬂal ) CPe o, (Hogp) " C(p)TC],

W) = [(#eip) N®) 0 @ Wi@), -, (o) Ne) L @Wie)] k=1.....q.

(evaluated at p) to be contained in the ranges of the basis V and W, respectively,
together with either the partial derivatives of the Vi ’s or the partial derivatives of the
W,’s with respect to the parameter entries (evaluated at p).

3 Numerical examples

In this section, we illustrate the theoretical discussion from Section 2 using two exam-
ples: A nonlinear RC circuit in Section 3.1 and an advection-diffusion equation in
Section 3.2. Throughout this section, p) (or p*) when the parameter is a scalar)
denotes the parameter sampling points we used in constructing the model reduction
bases V and W, and p® (or p®) denotes the parameter points (which are not sam-
pled) at which we evaluate both reduced and full models to investigate the accuracy
of the reduced model.

3.1 A nonlinear RC circuit

We begin with a modified version of a standard benchmark problem for bilinear sys-
tems, namely a nonlinear RC circuit [8, 41]. The original benchmark problem leads
to a non-parametric bilinear system. We have revised the problem to add parametric
dependence. To clearly motivate this parametric dependence, we include details of
the model derivation.

Consider the following SISO parametric nonlinear system

V(t; p) = £(v(1); p) + bu(r)
y(t; p) = ¢ v(t; p), (50)

where v(r; p) e R",b=¢c=[10 --- 0]" e R",

—g(vy; p) — g(v1 —v2; p)
g1 —v2; p) — g(v2 — v3; p)

f(v; p) = ) , 51
vip) gWk—1 — vk; p) — gk — Vk+15 P) D
L gloy—1 —vN; p) A
and
glu;p)=eP’ +v—1. (52)
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System (50) models a nonlinear RC circuit with N resistors where the state vari-
able v(t; p) is the voltage at each node, u () is the input signal to the current source,
the ouput y(t; p) is the voltage between node 1 and ground, and g(v; p) gives the
current-voltage dependency at each resistor. We have introduced a parameter depen-
dency p € R in the exponential term of this current-voltage dependency, which
models the influence of the operating temperature on the current.

Following [8, 41], we apply Carleman bilinearization to the nonlinear function
f(v; p) = A1(p)v + Az(p)(v ® v) and a second-order approximation of g(v; p) ~
(p+ Do+ % p?v? leading to an approximation of the nonlinear dynamics (50) by the
following parametric bilinear system:

{ EX(t; p) = A(p)X(t; p) + Nx(t; p)u(t) + bu(r) (53)
yo(t; p) = €' x(1; p),
where
Cy v(t; p) _ a1
X = [v(r: P @V p)}’ B=lee=b= [0} 69

_ | AP Ax(p) _ 0 0
A(p)—[ 0 Al(p)®I+I®A1(p)]’ _[b®1+l®b 0},(55)

and we use yj(#; p) to denote the output of the full-order parametric bilinear system.
Note that the dimension of the bilinear system is n = N + N2 and the matrices

A1(p) € R¥*N and Ay (p) € RV*N? are given by

-2 1
1 =21

Ai(p)=010+p) IRV )

and, fork=2,...,N —1,

A2ty = —p7
[A2(p)]1 2y = [Aa(P) ] v+1) = [A2(P) k. k—2)N+k—1) = [A2(P) (k. (k— 1) N+k+1)
= [A2(P) ]k kn+k) = [A2(P) (V. (N-2)N+N-1)

2
= [Aa(PIN.(N-1)N+N) = DR
[A2(P)](1, v +2) = [A2(D)]ik. k-2 N+ =[A2(P) )k, k1) V 4k —1) =[A2(P) ]k kN +k4-1)

2
p
=[A(P)v,(v=2)n+N) = [A2 (D) (V, (N=D)N+N=1) = -5
where [A>(p)], j) denotes the (i, j)th entry of Az (p).
Note that both A (p) and A, (p) have the desired affine structure (4) with the non-
linear scalar parametric functions — p2, #, and —#. As in the original benchmark
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problem, we choose N = 200, and thus obtain a parametric bilinear system of dimen-
sion n = 40, 200. We are interested in the parameter range p € [0, 70], and choose
two parameter sampling points, pV' = 1 and p® = 50. For each sampling point,
we focus on the leading ¢ = 2 subsystems. We choose {01, 02} by running IRKA on
the linearized model (by setting N = 0); i.e, {01, 02} correspond to optimal sampling
points for the linear model. With these frequencies, we construct the basis Vi and W
(using Theorem 4) that guarantees interpolation of Hj (s; p), Ha(s1, s2; p), and their
sensitives for p = 13(1) = 1, and at {01, 03}. Similarly, we construct V, and W for
ﬁ(2) = 50. We then construct the global bases V = [V| V;] and W = [W| W;] and
obtain a reduced parametric bilinear model of dimension » = 12 using the projection
described in (3); thus we are approximating a parametric bilinear system of dimen-
sion n = 40, 200 by a reduced parametric bilinear model of dimension r = 12. To
test the accuracy of the parametric reduced model, we simulate and compare the out-
puts of the original nonlinear model (50), the full bilinear model (53), and the reduced
bilinear model for two different inputs, u(t) = ¢! and u(t) = %(cos(Sm) + 1),
and three different parameter values, p(' = 18, p® = 40, and p® = 62. Note
that these parameter values are not the sampled values; indeed p3 = 62 is even
outside the sampling range [1, 50]. Moreover, note that the inputs u(t) = e~! and
u(t) = %(cos(Snt) + 1) were not used in the model reduction step, i.e., the reduced
model is not informed by these choices of excitation. As Fig. 1 shows, the parametric
reduced bilinear system provides a very accurate approximation to the full bilinear
model; their responses are almost indistinguishable. Relative L, errors in the outputs
for our three parameter values p", p®, p® are listed in Table 1, showing a rela-
tive error on the order of 10~3. We also emphasize that the only deviations visible
in Fig. 1 are deviations from the original nonlinear system, due to Carleman bilin-
earization, and not due to the model reduction step. We also note that even though the
responses might look similar for different parameter values, the scales of the outputs
are different. To make the numerical investigations more detailed, we performed a
parameter sweep using 10° linearly sampled points in the interval [0, 70], then iden-
tified the performance of the reduced model measured in terms of the relative L,
error in the output y;(¢; p) for each of the inputs. We found that for the first input
u(t) = e, in the worst-case scenario, the reduced model led to a relative L output
error of 6.31 x 1073 For the second input u(t) = %(cos(Sm) + 1), the worst per-
formance yielded a relative Ly output error of 5.96 x 1073, These numbers further
illustrate the ability of the reduced model to accurately approximate the full order
parametric bilinear system.

3.2 Advection-diffusion equation

For our second example consider a model of the transport and diffusion of a
passive scalar field 7 (representing a chemical concentration, temperature, etc.)
on the domain 2 = [—1,1] x [—1,1]. The transport of T 1is controlled
using a background velocity field described with two input parameters u; and
uy, and two velocity fields v; and vp. Thus the background velocity field is
v(x,y) = ur(@®)vi(x,y) + uz(t)va(x, y). The value of the passive scalar on the
boundary of 2 (9€2) is controlled by an input #3. We model the diffusion using the

@ Springer



Interpolatory model reduction of parametric bilinear systems 1905

=18 =18
0.03 P 0.035 P
original original
----- full === full
0025t / \ reduced 003 A N\ ‘A reduced| ;
/ A AU aua
| [\ [\ [ [\ |
| 0.025 { \ [ FE | I \‘ !
0.02r/ [ [\ | [\ I
N | T ! [\
= _ 0.02 ; \ ’, \ ; \\ | \ : [
oo 00N Y A U A U A b
\ |
| ootsf | | \ | \ \ |/ \
Iy | \ ] \ |
i | i | ! \
0.01 | \ f [
| 0.01 , \ \ | \/'
| & / ‘J
0.005 " 0.005 v
] 1
1 1
o . . 0 . . . .
0 05 1 15 2 0 0.5 1 15 2
t (seconds) t (seconds)
=40 =40
0.014 P 0.016 P
/ original original |,
[ N e [ RO 4 W A W A W B ful
| L
0.012 1 reduced 0.014 I} [ reduced||
! !
| | | | | |
| 0.012 [
0.011f N | | | | |
{ A i 's P | | |
| 001f | | A [ | } |
0.008 \ / | \ f {
g Sooosf | [ ] A N R |
= = |
= . = | “ | & i | [ [
0.006 ~ oy 1 | { | \
- ooosf | !‘ \ \ \ | -
(| f \ \
ool ~ Vo Vo \ | \ | 1
| ~— 0.004 \ .' \ ,ﬂ “ | \ | \ |
\ /
0.002 Y V v v v
O] 0.002 - v
1 ]
0 L L L L Il 0 L L L
0 05 1 15 2 0 0.5 1 15 2
t (seconds) t (seconds)
=62 =62
0.01 P 0.0121 P
original original
furo (- full
reduced 0.01F reduced/
I/ " !
/ [ | [ |
0.008 [\ \ / [\ | |
IR | [ I |\ |
i\ ! | 1 ! \ | \ {
SRS U T T T AR
Sooosf | [ 1 Py
Y T R A R A N
(. (I (| [ |
oost | LV
\ V] \
~— \ \ i\ \ | \
e | \ : \ | \/ \ \‘ ’I
0002r |/ \/ \/ /
Y Y v v v
] ] -
0 L L L L Il 0 L L L L Il
0 0.5 1 15 2 0 0.5 1 15 2
t (seconds)

t (seconds)

Fig. 1 Solution to (50) (denoted by “original™), (53) (denoted by “full”), and reduced model (denoted
by “reduced”) for different inputs and parameter values. Left column: u(r) = e~". Right column: u(r) =

1 (cos(Smt) + 1)
viscosity parameter pj, and include a source term centered at (p2, p3) € 2 with an
area of affect described by p4 given by

) (x — p2)? + (y — p3)?
f(x,y; p2, p3, pa) = exp | — Dt
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Table 1 Relative L, output error

Input p=p"h p=p? p=p®
ut)y =e! 2.54 x 1073 2.91 x 1073 1.53 x 1073
ut) = S(cos(5mt) + 1) 2.54 x 1073 433 x 1073 4.57 x 1073

The strength of the source term is controlled by an input #4. Our passive scalar field
T then satisfies

T(x,y,1) = pIAT (x,y,1) —v- VT (x, y,1) +us(t) f (x, y; p2, p3, pa)s

(x,y,1) € Q2 x (0, 00), (56)
T(x,y,0)=To(x,y), (x,y) € Q, (57)
T(x,y,t) =u3(t), (x,y,t) € 92 x (0,00). (58)

Thus our model depends on the parameter vector

P1
P2
pP3
P4

We will consider the following as our parameter range
—3<hp =1, (P2, p3) € L2, 1 < ps = 10.

We approximate solutions to (56) using a finite element discretization
Tn(x,y,t) = Zj\’ 1 Xj(®ej(x,y), where the {90]} _, arise from quadratic (P2)
triangular elements. For convenience, we will split the summation above into two dis-
joint parts, one with indices corresponding to boundary nodes (%) and the remainder
corresponding to interior nodes (.#). Thus {1,2,..., N} = % U .. Upon substi-
tuting this into the weak form of (56) and suppressing function arguments, we atrive
at

N N N
ij(pj g | =1V ijwj Vi | = |v-V ij<pj s Qi
j=1 j=l1 j=1

+ uaf. o), Vie.s,

where the boundary integrals vanish since ¢; are zero on the boundary wheni € .7.
Interchanging integration in the Ly-inner products with the summation leads to

Z (¢j. i) xj=—p1 Z (Voj, Vi) xj — prus Z (Voj. Vi)

jes jes jEB
—u Z V‘ﬂjs‘ﬂl —uz Z V2 - V‘P}v‘ﬂz)xj‘HM(f ®i)
jes jes
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foreachi € 7. Letting x(¢) = [x1(¢) x2(¢) ... X|j‘(l‘)]—r and

[Elij = (01, ¢j), Nilj=— (Vi - Vo, @), [b3]i = —p1 ) (Vei, Vo) ,
ke#

[Al;j = —p1 (Vori. Vo;)  [N2lij =—(v2 -Ve;, @), [bali = (f(5 p2. p3. pa). 9i()),

for i, j € .#. We can write our discrete problem as

Ex(t; p) = A(p)x(t; p)+Nix(t; p)ui(t)+Nox(t; p)uz(t)+bz(p)usz(t)+ba(p)us(t),
or
4
Ex(t; p) = AP)X(t: p) + Y _Nix(t; p)u; (1) + B(pu(t),
i=1
where
N = [Ny N2 N3 N4] = [N; N> 0 0],
B(p) = [00b3(p) bs(p)], and
u(t) = [uy(t) uz(t) uz(t) us(®)]’.

We also include an output y(; p) = ¢! x(t; p) that represents the average of our
scalar field over [0.5, 1] x [0.5, 1]. In summary, we have a bilinear parametric multi-
input/single-output system

Ex(1; p) = A(P)X(t; p) + Xi—y Nix(t; p)ui (1) + B(p)u(t)

A (59)
y(t; p) = ¢ X(1; p),

which can be reduced using the strategy presented in the previous example.

For our simulations, we chose a 21-by-21 FEM mesh (which results in a FOM
of dimension n = |.£| = 361) and velocity with vi(x,y) = [—V, x]" and
va(x, y) = S(cos(m(x — y)) + D1, 117

Note that the full order matrices E, Ny, N, ¢ are constant, [A(p)];; = —p1[Al;j,
and [b3z(p)]; = —p1[bs3];, hence the ROM is given by

{Ei‘(t; P)=AEX(:; p)+NiX(1; p)ur(t)+NoX(t; p)us(t)+b3(p)us () +by(p)us(?)
y(t; p) =€'X(t; p)

(60)
where

E = W'EV A(p) = —pIWTAV ©61)

N; =WNV b3(p) = —p1W'bs (62)

T =cv bs(p) = W bs(p). (63)

Even though the dimension in (60) is lower, the reduction of the vector bs4(p) can
not be done offline (as for the rest of the system matrices), hence we aim to reduce
the cost of computing bs4(p) by means of DEIM approximation as we discussed in
Section 2.1. In this case, since b4 (p) is a vector, there is no need for a matrix-version
and the original DEIM formulation suffices. Applying DEIM, we want to find a basis
U € RVM where M « n and a row selector S so that

bs(p) ~ UGS U)'STha(p) and by(p) ¥ W US U)"'SThs(p)
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Fig. 2 Relative error in the
DEIM approximation of b4 (p)

are good approximations. This way WTU(STU)~! can be precomputed offline,
while the online computation of STby(p) will now only require us to compute the
entries in b4 (p) indicated by S. Clearly the accuracy of this approximation depends
on U and S.

We first find U by Proper Orthogonal Decomposition (POD) [19, 34]. That is,
we generate a matrix of snapshots of the vector b4(p) and select the leading M left
singular vectors to be the columns of U. By taking enough snapshots and singular
vectors, we expect the range of our basis U to represent the values of b4 (p) over the
parameter domain. We chose a tolerance of 107> to truncate the singular values in
the POD basis, resulting in a DEIM approximation of order M = 33. To chose the
interpolation indices (row selector) in S, we use the Q-DEIM algorithm [25] which
determines S using a pivoted QR factorization of UT .

In Fig. 2 we show the relative error of the Q-DEIM approximation of b4 (p) over
10* random parameter values in the entire parameter domain. Note that the maximum

Table 2 Advection-diffusion model

Viscosity Source center Source reach

P 0.1 (0.25,0.8) 1

p® 1 (0,0) 9

p* el (1,1 4

@ e3 (=0.5,—1) 1

p" 0.0529 (0.975, 0.9275) 1.6636

p? 0.2392 (0.6914, 0.3149) 3.6730

p® 0.1261 (—0.7224, —0.7623) 5.1100

p® 0.0754 (—0.3214, 0.4988) 2816

Parameter values
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Table 3 Advection-diffusion model

ui us us ug
Input 1 sint cost —1 0.5
Input 2 0.5 0.25 1 —1

Input values

relative error is on the order of 1 9’4, showing the accuracy of the DEIM approximation.
Thus, we can confidently use b4 (p) =~ WTU(STU)_ISTM (p) in our reduced model.

To construct our ROM, we sample at four parameter values ﬁ(i) fori =1,2,3,4
(see the leading four rows in Table 2). We calculate the corresponding pro-
jection matrices Vi, Vo, V3, V4, Wi, Wy, W3, and W4 using Theorem 4 that
guarantee interpolation and sensitivity matching at the frequency interpolation
points (generated via IRKA once again) and tangential directions corresponding
to each parameter value sampled. To maintain symmetry in E and A, we con-
catenate all of the projection matrices and consider a one-sided projection, i.e.,
V=[V; V2 V3 VuW; W, W3 Wy] and W = V. We truncate the basis (using SVD)
and obtain a ROM with dimension r = 20.

(1) )
P 0 P
——FOM
- - -ROM
-0.05
e g
2 2
o " o
o) o -0.1
Q. Q.
£ £
2 2
-0.151
-0.2 -
0 5 10 15 20
time
)
0 P
——FOM
- - -ROM
[ o -0.05
2 2
[ [
o -0.1f [}
Q Q
§ §
= = 01
-0.151
02 R R R . 0.15 A R R .
0 5 10 15 20 0 5 10 15 20
time time

Fig. 3 Solution of the full (FOM) and reduced-order model (ROM) corresponding to non-sampled param-
eter values (see values in Table 2) for Input 1 with entires u1(¢) = sint, uz(t) = cost, uz(t) = —1,
us(t) = 0.5
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To illustrate the accuracy of the reduced model, we test it for two different inputs
sets (see Table 3) and for four different parameter samples p(i) fori =1,2,3,4 (see
Table 2, rows 5-9) that were not part of the sampling set. We show the results, the
full-order and reduced-order outputs in Figs. 3 and 4 for two different inputs (see
Table 3). Both figures show that for each input selection (neither of which entered
into our transfer function-based model reduction process), the parametric reduced
bilinear model provides a high-quality approximation, only showing slight variations
at the parameter values that were not sampled.

As in the previous example, to ensure a fair comparison, we performed an exhaus-
tive search via 10* uniform random samples in our full parameter domain (except
that we fixed the fourth parameter entry at ps = 5 so that we can present the results
with a 3-dimensional plot) for both input selections from Table 3. Out of these 10*
parameter selections, in Fig. 5, we display in the left-plot the relative errors at every
sampling point and in the right-plot, the outputs for the worst performance of the
reduced model for Input 1. Note that even for the worst parameter sample, the para-
metric reduced model still provides an accurate approximation with a relative Lj

(1) (2
0.041 P 0.151 d

——FOM
- - -ROM

0.03
4] o 0.1
2 2
© ©
@ 0.02 9]
Q Q
£ £
2 2005
0.01
0 0
0 5 10 15 20 0 5 10 15 20
time time

4)

©
o
>

o
(ST
E )

1

1

|

o

o)

g2¢g
o
o
()

0.081

< <
=] =]
E 008 § 0.04
3 0.06 g
g v IS
2 2

0.04 0.02

0.02

0 . . ) 0 . n " ]
0 5 10 15 20 0 5 10 15 20
time time

Fig. 4 Solution of the full (FOM) and reduced-order model (ROM) corresponding to non-sampled para-
meter values (see values in Table 2) for Input 1 with entires u;(t) = 0.5, u2(t) = 0.25, uz(t) = 1,
ug(t) = —1
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(\)~1orst performance of ROM out of 10000 samples

0.04
()
0.03 S
S
[}
Q.
0.02 £
L
0.01
o -0.15
0 5 10 15 20

time

Fig. 5 For Input 1: on the left, the relative L, output error; on the right, solution of the full-order model
and the reduced-order model corresponding to the highest relative Ly error

error of 4.79 x 10~2. We repeat the procedure for Input 2 in Fig. 6 and obtain similar
results.

3.3 Burgers equation

As our final example, we consider the Burgers equation

wr(x, 1) + wx, Hwy(x, 1) = pwyx(x,t) (x,1) € (0,1) x (0,7T)

w(x, 0) =0 X e (0, 1)
w(0, 1) =u(t) X e (0,1
w(l, 1) =0 X € (0,1

where the input is the time-varying boundary conditions at x = 0 and the parameter
p > 0 appears as a constant viscosity. A semi-discretization of the system, performed
with central difference approximations of the spatial derivative operators, results in a

O\ggrst performance of ROM out of 10000 samples
0.035 ’

0.03
0.025
0.02

0.015

temperature

0.01

0.005

0 0 5 10 15 20
time

Fig. 6 For Input 2: on the left, the relative L, output error; on the right, solution of the full-order model
and the reduced-order model corresponding to the highest relative L, error
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system of 300 unknowns. We use a Carleman bilinearization, as in [20], to approxi-
mate the Burgers equation as a parametric bilinear system with 90300 (300 + 300?)
states. We define the output as an approximation to the average value of the solution
over (0, 1), leading to a SISO system of the form

{ Ex(t; p) = (Ao + pADX(1: p) + (No + pNDX(1; p)u(r) + pbu(r)
y(t; p) = e"x(t; p),
where E, Ag, A1, No, N are constant matrices; b, ¢ are constant vectors; and p repre-
sents the viscosity parameter. For details on the structure of the state-space matrices,
we refer the reader to [20]. Note that the parametrization appears in the affine form;
thus the projection can be applied without the need for DEIM approximation.

Our low-dimensional model reduction bases V and W were generated by sampling
the viscosity parameter at

pM =0.05, »? =0.1, and p® =1,
and the frequencies at
=0, 1, 10, and 100.

To avoid instability in the reduced model, we used a one-sided projection. In other
words, we formed the appended matrix Z = [V W] and used an orthogonal basis for
Z to apply the one-sided projection. Hence our reduced model has dimension r = 48
and computed in under 7.4 seconds (t ic and toc in Matlab). To test the accuracy of
our reduced model we perform simulations corresponding to non-sampled parameter
values

pY =0.025, p?» =0.5, and p® =2,

51n(2gt)+l et

for the two most challenging input cases used in [20] (#2(¢) = and

uz(t) = M) in Fig. 7. Note that p and p® are outside the sampling
interval. The figure shows excellent agreement for the outputs predicted by the full-
order simulation and the reduced model even for the extrapolated values. The relative
output errors are provided in Table 4. As expected, the largest discrepancy occurs for
the smallest viscosity parameter p(1) = 0.025. However, the output tracking is still
very accurate for this extrapolated value. To emphasize that we are not necessarily
claiming that the reduced model will remain accurate as we choose progressively
smaller values of p and as we move further away from the sampling interval, we test
the reduced model for the viscosity value of p® = 0.01. In this case, we obtain
relative output errors of 1.10 x 1073 for u»(¢) and 1.13 x 10~2 for u3(r). Thus,
for this small, extrapolated value of p = 0.01, we see the model accuracy falls off
dramatically (losing two orders of accuracy) though still providing a relative error
of about one percent; a rather satisfactory result considering that this value is well
outside the sampling interval.

We emphasize that a full-order simulation is not required to generate the reduced
model, however we carried them out to verify the accuracy of the model reduction
approach. The reduced model is created in under 7.4 seconds and can be simulated
repeatedly for a fraction of the cost of performing even one full-order simulation.
The simulation times for different parameter values and different input functions are
shown in Table 5.
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(3) p(3)

p

0.4

o
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o
~
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Fig. 7 Computed outputs at different parameter values corresponding to inputs u () (left column) and
u3(t) (right column)

Table 4 Accuracy of the ROM vs. FOM (relative Ly output errors)

p® For input us (1) For input u3(z)
2 3.66 x 1073 5.24 x 1073
0.5 3.52%x 1073 6.90 x 1072
0.025 2.76 x 107+ 2.60 x 1073
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Table 5 Efficiency of the ROM vs. FOM, simulation times shown in seconds

For input u> (¢) For input u3(t)

p® FOM ROM p® FOM ROM

2 92.652718 0.150852 2 399.516661 0.315591
0.5 103.916925 0.100260 0.5 349.661368 0.279811
0.025 95.441945 0.071082 0.025 238.741363 0.183144
0.01 83.776454 0.067181 0.01 249.964954 0.168451

4 Conclusions and future work

In this paper, we presented conditions that ensure Hermite interpolation conditions
for parametric bilinear systems. These conditions also ensure that parametric direc-
tional derivatives of the reduced-order transfer functions match the full-order transfer
function at given interpolation points and directions. We demonstrate the quality of
our model reduction using two examples, one a well-known benchmark and the other
an interesting advection-diffusion equation. The performance was very good, and we
emphasize that no effort was made to select the sample points in parameter space.
In fact, this approach is agnostic to the parameter choices and can be easily embed-
ded in well-known parameter selection schemes. The next natural steps are to test
this algorithm with different schemes and more challenging problems, and develop a
parametric sampling strategy to minimize a global error measure. We also intend to
extend this approach to parametric quadratic nonlinear systems.
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