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Abstract: In this article, we deduce a procedure to apply balanced truncation to parameter-
dependent differential-algebraic systems. For that, we solve projected Lyapunov equations
to compute the Gramians that are required for the truncation procedure. This process
would lead to high computational costs if we perform it for a large number of parameters.
Hence, we combine this approach with the reduced basis method that determines a reduced
representation of the Lyapunov equation solutions for the parameters of interest. Residual-
based error estimators are then used to evaluate the quality of the approximations. To
apply the error estimators, a uniformly strictly dissipative state-space realization of the
system is needed. We demonstrate how this property can be enforced by suitable state-
space transformations. We illustrate the effectiveness of our approach on several models
from fluid dynamics and mechanics. We further consider an application of the method in
the context of damping optimization.
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Novelty statement: We propose a new method that reduces parametric differential-
algebraic equations by combining projection methods for differential-algebraic equations
and the reduced basis methods for Lyapunov equations. To apply the reduced basis
method new error estimators are invented. The performance of our new method is illus-
trated for several examples.
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1 Introduction

In the modeling of various industrial processes one often obtains systems of differential-algebraic equa-
tions (DAEs) that are of high dimensions. Typical examples are electrical circuits, thermal and diffusion
processes, multibody systems, and certain discretized partial differential equations [8, 9]. Often, these
systems are further dependent on parameters that can describe physical properties such as material
constants and which are often subject to optimization. The resulting parameter-dependent differential-
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algebraic systems have the form

S £(0=(1) = A()=(1) + Bluju(r), "

where E(p), A(p) € RMNY B(u) € RN™ and C(u) € RPN are dependent on parameters p € D, where
D C R The input, the state and the output are described by u(t) € R™, z(t) € RY and y(t) € RP.
The matrix €(u) can be a singular. However, throughout this paper, the pencil s€(u) — A(p) is
assumed to be regular for all 4 € D, that is det(s€(u) — A(p)) is not the zero polynomial for all
w € D. The model (1) is also referred to as the full-order model (FOM). Often, one also considers the
input/output mapping of the system in the frequency domain. This relation is typically expressed by
the transfer function G(u, s) = C(u)(s€(u) — A(u)) 1 B(u).

Because of the high state-space dimension N of (1) it is useful to apply reduction methods to extract
the essential information of the system and its solution. More precisely, we want to determine a
reduced-order model (ROM)

d

Er(2r(t) = Ar(p)zr(t) + Br(p)u(t),

yr(t) = Cr(p)zr(t),

with Er(p), Ar(p) € R™", Br(p) € R™ and Cr € RP", r <« N. The reduced state and output
are zg(t) € R" and yr(t) € RP. The aim is to determine the surrogate model in such a way that the
output of the ROM well-approximates the output of the FOM for all admissible inputs u(-) and all
parameters p € D. In terms of the transfer function this means that the error ||G(u, ) — Gr(p, )| is

sufficiently small in an appropriate norm for all u € D, where Gg(u, s) denotes the transfer function
of the ROM.

For parameter-independent problems, i.e.,
EW=E, A=A, Bp) =B, Cu=C, Gus) =G(s),

there are several classes of model order reduction techniques. Examples are singular value based
approaches like balanced truncation [5, 25, 38] and Hankel norm approximations [14]. Additionally,
there are Krylov subspace based methods such as the iterative rational Krylov algorithm (IRKA)
[5, 12, 15, 16] and moment matching as well as data driven methods such as the Loewner framework
[23]. Corresponding methods for parameter-dependent systems are introduced in [3, 4, 13].

In this article we consider balanced truncation which is one of the most popular reduction techniques.
This is mainly due to the guaranteed asymptotic stability of the ROM, the existence of an error bound,
and appealing numerical techniques for the involved Lyapunov equations [6, 10, 31, 33].

Within balanced truncation, certain Lyapunov equations corresponding to the original system need to
be solved. The solutions of these equations which are called Gramians. They describe the input-to-
state and state-to-output behavior and are used to construct projection matrices for the reduction. The
multiplication of the system matrices with these projection matrices then results in a reduced-order
model.

All the above-mentioned methods focus on the case £ = Iy and are, however, not directly applicable
in the DAE case. Even if the problem is not parameter-dependent, there are several challenges that
one has to face (here we assume for simplicity, that the problem is parameter-independent):

a) Since the matrix € is typically singular, the transfer function G(s) is possibly improper, i.e., it
may have a polynomial part which is unbounded for growing values of |s|. If the reduced transfer
function Gr(s) does not match this polynomial part, then the error transfer function G(s) — Ggr(s)
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is not an element of the rational Hardy spaces RHEX™ or RHL*™ (see, e.g, [40] for a definition)
and the output error cannot be bounded by the input norm. Thus, a model reduction scheme for
DAEs must preserve the polynomial part of its transfer function. This is addressed in [16, 24, 35].

b) In balanced truncation, one has to solve two large-scale Lyapunov equations. In the DAE case,
one has to consider a generalization of these — so-called projected Lyapunov equations. There, the
Lyapunov equations are projected to the subspace of the DAE in which the dynamics evolves. This
involves certain projectors which cannot be explicitly formed since this would destroy the sparsity
structure of the coefficient matrices. However, for DAE systems of special structure, the projectors
are of a particular form which can be exploited from the numerical point if view. More precisely, in
the solution algorithms for Lyapunov equations, the projectors can be applied implicitly without
forming them. For details, we refer to [7, 18, 30, 37].

If we want to reduce a parameter-dependent DAE by balanced truncation, we would have to solve the
Lyapunov equations for each individual parameter of interest which is computationally prohibitive. To
avoid these computational costs, in this paper we make use of the reduced basis method which is a well-
established method to reduce parameter-dependent partial differential equations [19, 28]. This method
has also been applied to parametric standard Lyapunov equations in [33]. There, the parametric
Lyapunov equations are only solved for few sampling parameters. Then, based on these solutions, a
reduced subspace in which the Lyapunov equation solutions approximately live, is constructed. The
latter steps form the computationally expensive offfine phase. After that, using the reduced basis
representation, the Lyapunov equations can be solved much more efficiently for all g € D in the online
phase. A crucial question in the offline phase is the choice of the sample parameters. Usually, a grid of
test parameters is selected. For these, the error is quantified using a posteriori error estimators. Then
new samples are taken at those parameters at which the error estimator delivers the largest error.

In this paper we generalize the reduced basis balanced truncation method of [33] to differential-algebraic
systems with a focus on structured systems from certain application areas. The main problems we
solve in this paper are the following:

a) We derive error estimators for parameter-dependent projected Lyapunov equations. This requires
the given system to be uniformly strictly dissipative. Since this condition is not always satisfied,
we discuss transformations to achieve this.

b) We apply this approach to several application problems and show its benefits in optimization
problems for mechanical systems.

This paper is organized as follows. In Section 2, three model problems are introduced that motivate
the method presented in this paper. In Section 3, we review projection techniques to eliminate the
algebraic equations in (1). Afterwards, in Section 4, we consider model order reduction by balanced
truncation for projected systems. We further address the numerical challenges that arise in computing
the solutions of the required Lyapunov equations. Since solving Lyapunov equations for every requested
parameter leads to high computational costs, in Section 5 the reduced basis method is presented,
which was first applied to standard Lyapunov equations in [33]. We derive two error estimators for
our method, one of them is motivated by the estimator from [33], the other one is an adaption of the
estimator presented in [31]. Finally, in Section 6, we evaluate the method of this paper by applying it
to our model problems from Section 2.
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2 Model problems
2.1 Problem 1: Stokes-like DAEs

The first example is the system

i{Egu) 8} [x(t)] _ {A(u) G(u)} {x(t)} n {B(m] u(t),

(2)

which arises, i. e., if we discretize the incompressible Navier-Stokes equation. The parameter-independent
version is presented in [24, 35]. The system matrices are dependent on a parameter p € D, where
D C R? is the parameter domain. For fluid-flow problems, the matrices E(u), A(u) € R™™ represent
the masses and the discretized Laplace operator. Naturally, it holds that E(u) = E(u)T > 0 and
A(p) = A(u)T < 0 for all u € D. The discrete gradient is given by G(u) € R™? which we assume to be
of full rank for all 4 € D. The matrices B(u) € R™™ and C(p) € RP™ are the input and the output
matrices, respectively. The state of the system at time ¢ is given by z(¢) € R™ and A(t) € R?. The
vectors u(t) € R™ and y(t) € RP are the input and output of the system.

We assume that E(-) and A(-) are affine in the parameter p, i.e.,
ng nA

BE(p) =Y 07 (wEy and A(p) =Y 63 (1)A,
k=1 k=1

where OF (), ©4(-) are non-negative parameter-dependent functions and Ej, Ay, parameter-independent,
positive and negative semi-definite matrices. Moreover, for reasons of computational efficiency, we al-
ways assume that ng, ng < n.

2.2 Problem 2: Mechanical systems

The second system we consider is of the form

S10 M o |aa0)| = [-K() =Dl G| |220)] + | Balo) | u(t),
0 0 0| Gt 0 0 | [ @ 0
() (3)
y(t) =[Calp) 0 O] |z2(t) ],
At)

which results from a linearization of the spring-mass-damper model presented in [24]. The mass,
damping, and stiffness matrices M (u), D(p), K () € R™ ™= are assumed to be symmetric and positive
definite for all u € D. The matrices B, () € R™ ™ and C,(u) € RP"» are the input and the output
matrices. The matrix G(p) € R™9 reflects algebraic constraints on the system and is of full rank. In
this example, the state includes the displacement x;(t) € R"= the velocity x2(t) € R™, and A(t) € RY.

For convenience, we also define

209 = 5 argo]s A0 =k Biw| Pe= a0 )
Clw = [Colw) 0], mi=2n,.

Then with this notation, we can write the mechanical system similarly as in (2) with the difference
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that the off-diagonal blocks of the state matrix are not the transposes of each other.

Similarly to the first model problem, we assume that M (-), D(-), and K(-) can be written as

M(p) =0y ()M, D(p)=> 07Dy and K(u) =Y Of(u)Ky,
k=1 k=1 k=1

where ©M (), ©P(.), ©K (.) are non-negative parameter-dependent functions and My, Dy, Kj parameter-
independent symmetric and positive semi-definite matrices with ny;, np, ng < n.

2.3 Problem 3: Optimization problems

We consider an optimization problem which is discussed in [4, 39]. We have a mechanical system

—F =:A(p) =
N

——— :B
gl o o] =15 ol ]+ [F] w0

y(t) = [C. 0] [ggg] .

(5)

The matrices M, K € R" " (both symmetric and positive definite), F € R">™ and C, € RP"=
are the mass, stiffness, input, and output matrices, respectively. The damping matrix is given
by D(u) := Din + BoH(u)BY where Dy € R" " is the internal damping and the expression
B, H(u)BT describes the external dampers. There B, € R"=** contains the external dampers’ posi-
tions and H (p) := diag(hy (i), - .., he(pn)) € R is a diagonal matrix containing the dampers’ viscosities
ha(p), - .., he(p) > 0 for all 4 € D. The vectors z(t) € R™, u(t) € R™, and y(t) € RP are the state,
the primary excitation input, and the output at time ¢. The aim is to choose hi(u), ..., he() such that
the external input Fu(-) affects the output y(-) as little as possible. Therefore, we wish to minimize
the response energy which is given by

J(4) = tx(CP()CT), (6)
where P(u) solves the Lyapunov equation
A(p)P(n)ET + EP(u)A(n)" = —BB™. (7)

We will use reduction techniques, presented in Section 5, to efficiently solve the parametric Lyapunov
equation (7) and subsequently solve the reduced optimization problem.

3 Elimination of algebraic equations

In this section we briefly describe the projection technique for eliminating the algebraic constraints in
DAEs of the forms (2) and (3) for a fixed parameter u € D. Therefore, for simplicity of presentation,
we omit g in this section. The details of this can be found in [18, 30, 35]. These projections integrate
the state that results from the algebraic equations into the differential equations of the system, such
that the algebraic equations are eliminated. These considerations are useful for deriving a projection
technique for the corresponding Lyapunov equations. First, we deduce the projections for Stokes-like
systems.
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As presented in [18], we can build a projection matrix
Mm:=1,-G(G'EG) GTE.
With the help of this projector we obtain the projected system

%Enx(t) = Ana(t) + Brul(t),

with By := IIENT, Ay := DAY, By := [IB, Cp := CIIT. The state A(t) can be constructed by
At) = —(GTE'G)T'GTE " Ax(t) — (GTET'G) T'GTE T Bu(1). (9)

Note that (2) (for a fixed parameter) has exactly the same solutions as (8) together with (9) and

x(t) = Tx(t).

Since the matrix pencil sEr — Ap is singular, we use a factorization II = ®®T, with &), &, € R™F,

T
®L'®, = I}, such that we obtain the system

i.Eqﬂﬂf(t) = Acpff(t) + Bq>u(t),

dt (10)

with Z(t) := ®lz(t), Ep = ®LE®P,, Ap := ®LAD,, By := &I B, Cy := CP,. From system (10) we
can derive the solutions of (2) (for a fixed parameter) and (8). Now the matrix pencil sEg — Ag is
regular.

To eliminate the algebraic equations in the case of mechanical systems (3), one can proceed similarly as
above. The main difference is the choice of the projection matrix which now becomes II := diag (ﬁ, ﬁ)
with R

=1, -G(G"M'G)" ¢" M.

By projecting with this II, we obtain systems of the form (8) and (10), see also [30].

4 Model reduction of differential-algebraic systems

The aim of this section is to reduce the projected systems presented in the previous section. When
doing so, we can simultaneously reduce the original differential-algebraic equations from Section 2. In
this section we will still focus entirely on the fixed-parameter case.

We utilize balanced truncation modified for projected systems which is presented in Subsection 4.1.
Afterwards, in Subsection 4.2, we compute the projected Gramians that are needed for balanced
truncation by adapting the ADI method to projected Lyapunov equations.

4.1 Balanced truncation

The aim of this subsection is to find a reduced system

%Srzr(t) = A, 2. (t) + Byu(t),

() = Crz(t),
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with &,, A, € R B, € R™™ C, € RP", r <« N which approximates the input/output behavior of
the original system (2) (for a fixed parameter) and (8).

We consider the controllability Gramian Py and the observability Gramian Qp of the projected system
(8). We obtain them by solving the projected Lyapunov equations

EnPnAL + AnPnEf = —BpBg, TP Pqll = Py, (12a)
EfQuAn + ALQuEn = —CCr, " Qull = Q. (12b)

These Gramians Pr; and @ correspond to the proper controllability and observability Gramians as
introduced by Stykel [34].

We summarize solution techniques for projected Lyapunov equations in Subsection 4.2. Since P and
Qq are positive semidefinite, there exist factorizations

Pn = RuR}Y, Qn=SuSh

with factors Ry € RNV S € RV:N. We consider the singular value decomposition

S0 (vt
SEEnRn =USVT = [U U] [ o 22} {V;T} ,

where the matrix ¥ is a diagonal matrix with decreasing nonnegative entries that are called Hankel
singular values. They are an indicator for the observability and reachability of certain states of the
system. With the matrix ¥; which contains the r largest Hankel singular values, we construct the left
and right projection matrices as

_1 _1
W :=5nU2,? and T :=RgWi¥, .
Then we obtain the reduced system (11) by setting

E =WTYET =1, A =W%'AyT, B,:=WTBy, C,:=CnyT.

Remark 1. The projection matrices fulfill W = IITW and T = II"T and hence, we also have

E. =WTET, A, =WTAT, B.:=W'B, C,:=CT.

As in [1, Theorem 7.9] and [5, Theorem 6.4}, if o, > 0,41, then the ROM is asymptotically stable and
one can estimate the output error of the reduced system by

9 = vell = (ormey oy < 1 = Gl Il 2 0. (14)

<2 X2 o5 ) lullao o0y mm):
j=r+1

where G(s) := C(s€ — . A)"'B and G.(s) := C, (s& — A.)" ' B, are the transfer functions of the
original and the reduced system. The Ho.-norm is defined as |G|, := Sup,cg Omax(G(iw)).

4.2 Solving projected Lyapunov equations

The aim of this section is to solve the projected Lyapunov equations (12) in order to compute the
Gramians of system (8). For standard systems with €& = I, there are several methods to solve
the corresponding Lyapunov equations. If small-scale matrices are considered, the Bartels-Stewart
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f3

algorithm [2] or Hammarling’s method [17] are used. These methods however, are inefficient in the
case of large matrices. In typical applications of practical relevance, the solution of a Lyapunov
equation is often of very low numerical rank. So it is desired to compute low-rank factors of these
solutions directly. State-of-the-art methods are the ADI method [21, 27], the sign function method
[5] or Krylov subspace methods [32]. In the literature there exist also several extensions to projected
Lyapunov equations such as [18, 37].

In this section, we utilize the ADI method for projected Lyapunov equations presented in [18] to
compute a low-rank factor Ry € R™* with n > k such that Py ~ Rn Ry approximately solves (12a).
Analogously, we obtain the low-rank factors Sp of the solution Qq for the solution of (12b).

We define the matrices

Sn(p) == @, (Ba +pAs) " @7,
Tu(p) == En — pAm, (15)
Cu(p) := Su(p)Tu(p),

for a shift parameter p € C~. As proven in [18, Lemma 5.5], the solution Py of (12a) can be
approximated by P =~ ZkZle with

Zy :=a(p) [Su(p)Bn  Cu(p)Su(p)Bu ... Cu(p)*~'Su(p)Bu] (16)

and a(p) := y/—2Re(p). In order to improve the convergence of the method, typically a different shift
is chosen in each iteration. If the coefficient matrices defining the Lyapunov equation are real, then
the iteration matrices Z; can also chosen to be real, if a double shift with p and p is carried out. For
the details on this procedure and the choice of shifts we refer to [21].

Another problem in practice is the construction of the matrices in (15). Since IT and ®, are generally
dense matrices, also the matrices in (15) are dense. Thus, the projectors should only be applied
implicitly without constructing them explicitly at any point in the algorithm. Hence, we use [18,
Lemma 5.4 and 5.3] to determine the entries of Zy, for the case of a Stokes-like system without the
explicit computations of projection matrices as follows. The first lemma provides that U := Sr(p) Bn

solves
E+pA G| |U| _|B
G*T 0| |A] |0}
which can be used to compute the first m columns of Z;. The second lemma shows that for a matrix
H with H = IITH, the equation

[E g pA ﬂ m _ [(E - é)A)H]

has the solution U = Cry(p)H. That way, we obtain the remaining columns of Zj.

5 Reduced basis method

In this section, we return to the problem of reducing parameter-dependent systems. Since the solution
of the Lyapunov equations is the most expensive part of balanced truncation, we aim to limit the
number of Lyapunov equation solves. To achieve this, the reduced basis method presented by Son and
Stykel in [33] can be applied.

The main idea consists of finding a reduced representation of the solutions of the Lyapunov equations
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(12a) of the form
Pu(p) = Z(w)Z(w)"  with  Z(u) =V(1)Z(p) VueD, (17)

where II(p) denotes the projector for the parameter value p and V() € R™"Ve has orthonormal
columns with II()TV (1) = V(). The low-rank factor Z(u) solves the reduced Lyapunov equation

V()" En(m)V (1) Z (1) Z (1) V (1) Ant () "V (1)
+ V()T An()V (1) Z(1) Z (1) V (1) T En () ™V (1) = =V (10) " Br(p) Br(p) "V (), (18)

where Eri(u) := () E)T(1) ", An(p) = () A()T(p) ", and Bri(p) := (u) B(w).
The equation II(p)*V (u) = V(i) replaces the condition

()™ (V () Z (1)) (V (1) Z (1) " T () = (V (1) Z () (V () Z (1)) "

For the case of a Stokes-like system (2), this condition is further equivalent to the property G(u)™V (1) =
0, i.e., all columns of V(i) lie in the kernel of G(u)?.

In practice, we aim to determine a matrix V € R™"V with n > ry that contains the information of
V() for all u € D globally. When we have determined such a V', we set

V(p) = orth (II(n)"V), (19)

where orth(IT1(1)TV) denotes the orthonormalized columns of II(x)TV. If the matrix V' has been
found, then the reduced-order model for a particular parameter u € D can be determined very effi-
ciently in the so-called online phase, where one simply solves (18) with (17) and (19) to determine the
two Gramians and then projects the system as in Subsection 4.1.

The computation of the reduced basis V is done beforehand in the offiine phase. There, we solve the
full-order Lyapunov equation only for those parameters, where their solutions are currently approxi-
mated worst to enrich the current reduced basis. A posteriori error estimators are employed on a test
parameter set to find these points efficiently.

We determine V' by considering a test-parameter set Dr.sy C D. We begin by computing a low-rank
factor Z(u1) in gy € Dress such that P(u1) = Z(u1)Z(111)" solves the projected Lyapunov equation

En () Pa(p) A ()" + An () Pru(p) En ()" = —Br(p)Br(p)™,
(1) " Pro(p)I(p) = Pr(p)  (20)

for p = py.

The first reduced basis is then given by V' := orth(Z(u1)). Next we determine the test parameter
2 € Dresty for which the solution Prp(us) of the Lyapunov equation (12a) is approximated worst by
using (17), (18), and (19). For that, one of the error estimators Ay () presented in Subsection 5.1 is
utilized. For this parameter uo, we solve the projected Lyapunov equation (20) with g = ps to obtain
the low-rank factor Z(uz). The we define the new reduced basis by setting V' := orth([V', Z(u2)]).
This procedure is repeated until the error estimator Ay, is smaller than a prescribed tolerance for every
test parameter in Dres;. This method results in Algorithm 1.
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Algorithm 1 Reduced basis method for projected Lyapunov equations (offline phase)

Input: Dynamical system (1), test parameter set Dregt, tolerance Tol.
Output: Reduced basis matrix V'
: Choose any 1 € Dregt-
Solve the projected Lyapunov equation (20) for u = py to obtain Z(uq).
Set M = {u1}.
Set V' := orth(Z(u1)).
Set i := argmax,cp, \m Av (1)
Set AP := Ay ().
while Amax > Tol do
Solve the projected Lyapunov equation (20) for u = i to obtain Z(f).
Set M := MU {u}.
Set V :=orth([V, Z(i)]).
fi = argma, ep, A (1)
Set AP := Ay (1).
end whlle

=
=

— =

5.1 Error estimation
We want to estimate the error En(u) := Pr(p) — Z(p)Z(p)! with the help of the residual

Ru(p) = Au(p)Z(w) Z() " En() " + En(p)Z (1) Z ()" A ()" + Bu () Bri(p) -

As in [33], we consider the linear system

Lu(p)zn(p) = br(p),  xu(p) = M(w) o),
with

Lu(p) == =An(n) ® En(n) — En(p) © An(w),

wn(p) = vee(Pu(p)), bu(u) = vec(Bu(u)Bu(p)"), (k) = TI(1) ® I(p),
which is equivalent to the projected Lyapunov equation (20). The operator ® denotes the Kronecker
product and vec the vectorization operator that stacks the columns of the matrix on top of one another.

Additionally, for the decomposition II(u) = ®;(u)®,(u)T with ®(u)T®, (1) = I}, and with Eg(u) :=
D (1) " E (1) @r(p) and Ag () := @y (1) T A(p1) Py (1) we define

Q. (1) = Pe(p) @ De(p),  B1(p) = P1(p) @ P1(p),

as well as
Lo(p) := —As (1) @ Eo(p) — Ea(1) ® As ().

Then for Zr(p) = vec (Z()Z(p)™) it holds that

[En(w)lp = [|Zn(p) — zu(w)],
= | TL() * (Zrn () — ()]
= [|®:(11)®1(1)" (@i (p) — 2m
= || @2 (1) Lo (1) ' L (1) @1 (0
(1) Lo (1) @1 (1) " ®1(1) Lo (1) @1 (1) (Zrr () — e () |,
= || @ (1) Lo (1)~ @2 (1) " (Lrn () Fra (1) — bru ()|,

1) Hz

T(@n(p) — 2n(p)|,

(
)
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We want to estimate the error ||En(p)||p for which we will impose an additional assumption on the
matrix pencils sE(u) — A(p) in (2) and (4).

Definition 5.1. The family {sE(u) — A(n) € R[s]™™ | u € D} of matrix pencils is called uniformly
strictly dissipative, if

E(w)=EwT>0 and A%):= %(A(u) +A(p)") <0 VYpeD.

The uniform strict dissipativity provides the solvability of the reduced Lyapunov equation (18) for all
w € D. Additionally, it is used to derive an error bound. The pencil family {sE(u) — A(p) | p €
D} in example (2) is naturally uniformly strictly dissipative. On the other hand, the pencil family
{sE(pr) — A(p) | 4 € D} in (4) is not uniformly strictly dissipative. However, we can enforce this
condition by a certain transformation of the system, see Subsection 5.2 for the details.

Now we assume w.l.o.g. that the columns of ®,(u) and hence those of ®,(u) are orthonormal.
Moreover, we define

L(p) == —A(p) ® E(p) — E(n) ® A(p).
Then Corollary 3.1.5 from [20] and the eigenvalue properties of the Kronecker product, given in [20, 22]
(see also [33]), lead to the estimate

1

Omin(La (1)) = Omin (Br(1) " L(1)®: (1)) > Amin <2<I>r(u)T (L) + L()") ‘I%(u))

> Amin (; (L(u) + L(,u)T)> = 2)\min(E(,u)))\min( — AS(,u))

o (1) O3 (u
>2 min kAN min E(i min kAT
k=1,..n5 OF (11) (B ))kzl,...,nA Sr(D)

~—

)‘min( - As(ﬂ)) =: (),

where [ is an arbitrary fixed parameter in D.

We compute the eigenvalues of E(ji) and A®(f1) once to find a lower bound a() of the minimal singular
value opin(Le (1)) for every parameter p € D.

Applying this result to equation (21) provides the error estimate

1€n() g < omax (Lo () ™) - || Lrn() T (1) — b ()|
| Lo ()T () — br () |,

- Tmin (L (1) (22)
< ||R§((5))HF — AW ().

To improve the estimator (22), we consider the error bound presented in [31]. We can determine the
exact error Er(p) by solving the error equation

An(p€n(p) Bn(p) " + En(u)n (i) An(n)*
= An(WZ(w) Z ()" En(1)" + En(w) Z(1) Z(1)" An ()" + Bu(p)Bu(n)",  (23)
with &1 (u) = ()T En (p)II(1) and where Z(u) = V(1) Z (1) is our approximate solution factor of the
original Lyapunov equation.

Assuming that En(u) ~ En(p) is an error estimate that is not necessarily an upper bound, an error
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bound Ag) () is derived by

I€n()lle = 1En (k) + En(p) — En(w)llp
< 1€n ()l + 1€ () — En(w)lly (24)

~

< 1En()llr + ”R;I((j)) = AP,

where the residual ﬁn(u) is defined as

~

Ru() 1= An(p) (Z(0Z(0)" + En() ) Bul)”

+ En() (200 20" + En() ) An()™ + Br (1) Bu ()™

It remains to obtain an error estimate gn(,u) for all i € Drest- To do so, we solve the error equation
(23) approximately by modifying the projected ADI iteration from Section 4.2 and the reduced basis
method in Algorithm 1.

The right-hand side of the error equation (23) can be written as a product of Bj(u) and B, ()" where

For simplicity we consider the modified ADI iteration for the parameter-independent case. Analogously
to the derivation in [18], it can be shown that the iteration

& = ZF(ZF)" = Cu(p)€r—1Cn(p)™ — 2Re(p)Su(p) B1B; Su(p)™
= Cu(p) 2 (ZF ") Cu(p)" — 2Re(p)Su(p) BB} Su(p)"

converges to the solution & of (23), where Sii(p) and Cri(p) are defined as in (15) for a shift-parameter
p € C~. The factors Z and Z* can be written as

ZF =a(p) [Su(p)B1 Cu(p)Su(p)Bi ... Cu(p)*'Sul(p)B],
ZF = a(p) [Su(p)B:  Cu(p)Su(p)B: ... Cu(p)*~'Su(p)B:]

with a(p) = v/ —2Re(p). Consequently, one can modify the projected ADI iteration from Section 4.2 in
such a way, that we multiply in every iteration step the last columns of the current factors ZF, ZF by
Cri(p) and concatenate the product with the current factors to obtain Zlk'H and Z*+1. As in Section
4.2, we can derive the ADI iteration for a single shift. The multi-shift version can be formulated
similarly.

We include the modified projected ADI iteration into the reduced basis method presented in Algorithm
1 by solving the error equation (23) in Step 2 and 8 to obtain the the two factors Z(u), Zy(u)
with Z)(p)Z:(u)! ~ En(p). The orthonormal basis computation in Step 4 and 10 is replaced by
V = orth([V, Zi(1)]). Note that here, the columns of Z(u) and Z,(u) span the same subspace. As
error estimate we use Ai/l). After we have determined the orthonormal basis, we solve equation (23)
on the corresponding subspace to get an approximate error gn (1), that we use for the error bound

2
AP ().
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5.2 Enforcing uniform strict dissipativity

In this section we demonstrate how to achieve uniform strict dissipativity for our model problems.
Recall that this is needed in order to derive the error estimators from the previous subsection. First
of all, the pencil family {sE(u) — A(u) | p € D} for the Stokes-like problem is uniformly strictly
dissipative by its structure. However, this is not the case for the mechanical systems in Subsections 2.2
and 2.3. Therefore, in order to apply our theory, we transform these systems to make them uniformly
strictly dissipative. We only discuss this transformation for the system (3) from Subsection 2.2 since
for the other one it is analogous.

Here we apply a transformation presented in [11, 26]. We observe that by adding certain productive
zeros and assuming y(u) # 0, (3) is equivalent to the system

dK t d2M t) = K dK
SR () + () 35 M()a(t) = =1 K (0 (t) + 3 K (n)a(t)

—1(0) S D)) + (B CGONE) + (1) Beu(r)
M) (t) = K (u)e(t) + 20

SM(p)a()

_%D( Yz (t) + GUIA(E) + Bo(p)ult),

where z(t) is equal to x1(¢) and %x(t) equal to z2(t) from system (3). The last equation is a direct
consequence from the equation above and provides no extra restrictions. These equations can be
written as first order system. By defining the matrices

. K(p)  ~(p)M(p) _ () K (p)  K(u)
Bl = [(@Mm M(p) } Alw) "[

. 1) Be (12)
Bl = T

and replacing G(u) by diag(G(u), G(u)), we generate a system in the form (2) such that we can apply
all methods for this kind of system in the following.

As shown in [11, 26] the transformed system has a uniformly strictly dissipative pencil family {sF(u)—
A(p) | p € D}, if we choose y(u) > 0 such that

(1) (Amax (Mw + D(M)K(u)_lD(u)» < Auin(D(1) Vp e D. (25)

Because of the symmetry and positive definiteness of D (1)K (p) 1 D(u) and the submultiplicativity of
the norm we obtain

Amax (D() K (1)~ D(p)) = || D() K (1)~ D(w),
S D)5 - [ (1) |y, = Amax (D (1)) - Amax (K (1) ™).

By Weyl’s lemma [20, 22], we also have

o (M09 + DK D0) ) < A (1) + A (D) K )DL
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Therefore, condition (25) is satisfied, if we choose () such that

2 (1) (Amxmw - Amx<D<u>>2Amax(K<u>1)) < Amin(D(1)) Vi €D,

This can be achieved by the choice

Amin (D (1)) )
Amax (M (1)) + %)‘maX(D(M)P)‘maX(K(M)_l)

(k) < (26)

To avoid computing the eigenvalues of M (u), D(u), K(u) for every parameter p, we further use the
estimates

AmaX(D(H)) < Z ekD(ﬂ)AmaX(Dk) and /\min(D(.U)) > Zekp(ﬂ))‘min(Dk)a

that are a consequence of Weyl’s lemma. Similar estimates are also valid for M (p) and K(u).

Assume now that at there exist kp € {1, ..., np} and kx € {1, ..., nx} such that Dy, and Ky, are
positive definite and that @kDD (1) > 0 and @f}( (1) > 0 for all u € D. Then we can further estimate

A1) as

’y(‘u) < ZZ:D1 @E(N)/\min(Dk)
= S O (1) M (M) + (2521 O (1) Awnax (D)2 (5 OF (1) Awwin (B)

while ensuring that we can choose v(u) > 0 for all u € D.

The benefit of the above estimate is that the extremal eigenvalues of the matrices My, Dy, and Kj
have to be computed only once in the beginning and otherwise, its evaluation is cheap, since 91]<,VI (),
OP(.), ©K(.) are scalar-valued functions.

6 Numerical results

In this section, we present the numerical results for the two differential-algebraic systems and the
optimization problem from Section 2. The computations have been done on a computer with 2 Intel
Xeon Silver 4110 CPUs running at 2.1 GHz and equipped with 192 GB total main memory. The
experiments use MATLAB®R2017b (9.3.0.713579) and examples and methods from M-M.E.S.S.-2.0.
[29].

6.1 Problem 1: Stokes equation
We consider a system that arises, if we consider the creeping flow in capillaries or porous media. It
has the following structure
d
St = pA0(G 1) = V(G 1) + F(G,0)
0 = div(v(¢, t)),

(27)

with appropriate initial and boundary conditions. The position in the domain Q C R¢ is described
by ¢ € Q and t > 0 is the time. For simplicity, we use a classical solution concept and assume that
the external force f : Q x [0,00) — R? is continuous and that the velocities v : 2 x [0,00) — R? and
pressures p : Q x [0,00) — R? satisfy the necessary smoothness conditions. The parameter u € D
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(a) Error and error estimates of the approximated (b) Sigma plots of the original, reduced, and error
Gramians. For evaluating the error, the Lya- transfer functions for the parameter pu = 0.65.

punov equations are also solved with the residual
tolerance 10~ 1% to obtain an accurate estimate
of the exact solution.

Figure 1: Results for the reduction of system (2).

represents the dynamic viscosity. We discretize system (27) by finite differences as shown in [24, 36]
and add an output equation. Then we obtain a discretized system of the form (2), where only the
matrix A(p) = pA for A € R™*" depends on the parameter f.

Our example matrices F, A, G, B, C are created by the M-M.E.S.S. function stokes FVM and we
choose the dimensions n = 3280, ¢ = 1681, and m, p = 1 and the parameter set D = [%, %] The
reduced basis method from Section 5 produces projection space dimensions 24 and 24 for the projected
Lyapunov equations. The errors and their estimates are presented in Figure 1a for the controllability

Lyapunov equation. The error is evaluated by

error ||P1§1CC(#) - Z(WZ(M)HHF’

where P5°°(u) denotes an accurate approximation of the exact solution Pry(u).

We can observe, that after the first iteration step, we obtain an error which is smaller than the tolerance
10~%. Additionally, we see that the error estimator Ag) provides a sharp bound of the actual error

. 1 .
while AE,) leads to more conservative error bounds.

Afterwards, we apply balanced truncation to obtain the reduced system of dimension r = 10. We
demonstrate the quality of the reduced system by evaluating the error of the transfer functions. We
show the sigma plot of the original and reduced transfer function as well as the error for the parameter
p = 0.65 in Figure 1b. We observe that the error is smaller than 10~ in the entire frequency band
(10—, 101].

6.2 Problem 2: Mechanical system

As an example for system (3) we consider a constrained mass-spring-damper system which is depicted
in Figure 2 and taken from [24]. This system is composed of masses m;, ¢ = 1, ..., g which are
connected with each other by springs with spring constants k; and dampers with damping constants
di;,i=1,..., g— 1. Moreover, each mass is connected to the ground by a spring with spring constant
k; and a damper with damping constant §; for ¢ = 1, ..., g. An algebraic constraint is given by the
condition that there is a rigid connection between the masses m; and m,4. Our input force acts on the
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k1 ki1 k; kg—1

% ,,,,,,
U
di
K1
01

Figure 2: Example 2 — Constrained mass-damper-spring system

first mass mq only. As output we take the position of the first mass. This leads to a system of the
form (3) with the matrices

M = diag(m1, ..., my),

_dl + 01 —d
—d dy +dy + 5 —ds
D = N . ’
_dg*2 d972 + dgfl + 59*1 _dgfl
L _dg—l dg—l + 59
(k1 + k1 —k1
—k1 k1 + ko + Ko —ko
K= -

_kg—Q k'g—2. + kg—l + Rg—1 _kg—l
—kg—1 kg—1+ kg

G=1I10,...,0,-1%, B=1[,0,...,0% <C=11,0,...,0.

The dimension n coincides with the dimension g in Figure 2. The matrices are generated by the
M-M.E.S.S. function msd_-ind3. We choose g = 6000 as well as

mlz...:mgzl, k}lz...zkg_lzlﬁ, dlz...:dg_lz().?,
Kil=...=K;=2, 01 =...=08,=09.

Assume that we want to reduce the model for various damper configurations for §;. So assume that
D(p) = D + ply,

where 4 € D = [0,1].

We evaluate the error for the reduced basis method, where we consider especially the controllability
Gramian. After the first iteration, the error for the Gramian is already below 10~* with a projection
space of dimension 22 in the entire parameter domain D. The results are presented in Figure 3a.
Again, we see that the error estimator Ag) approximates the error &y well, especially compared to

the estimation by Ag,l). For the observability Gramian, we obtain a projection space dimension of 22
and so we only have to solve small Lyapunov equations of dimensions 22 and 22 in the online phase,
respectively.

Preprint (Max Planck Institute for Dynamics of Complex Technical Systems, Magdeburg). 2021-08-20



J. Przybilla, M. Voigt: MOR of Parametric DAE Systems by Balanced Truncation 17

H
S
V]

- - - — 100 - - -
— CITOT ‘ == original
NG eds
e 3 e reduced

=
E % H = |
s o, seoveen 1n A} S04 ves EITOT
20t} N o v 5
S k=) —8 ponmnnansnnommaen, SAAA
5 2 10 YT YA
—~ 107 E ‘:'\
S 2412 \ |
5 710 \
g N
1 —8 I i —16 I I I
0o 05 0w 1 L e T T R—Y
K w
(a) Error and error estimates of the approximated (b) Sigma plots of the original, reduced, and error
Gramians. For evaluating the error, the Lya- transfer functions for the parameter p = 0.1.

punov equations are also solved with the residual
tolerance 10~ 1% to obtain an accurate estimate
of the exact solution.

Figure 3: Results for the reduction of system (3).

The reduction results for the parameter g = 0.1 are shown in Figure 3b, where we depict the original,
reduced, and error transfer function. The reduced system has the dimension r = 10. We observe that
the Hoo-norm error of the reduced transfer function is smaller than 10~%. Therefore, the procedure of
this article works well for this example, too.

6.3 Problem 3: Optimization problem

Now we revisit the optimization problem detailed in Subsection 2.3. As in the second example the
matrices are generated by the M-M.E.S.S. function msd_ind3. As internal damping model we choose
the Rayleigh damping

Dint = BM + CK7

with 5 = 0.02 and ¢ = 0.01 in our example.

Recall that our aim is to choose H(u) such that the external input Fu(-) affects the output y(-) as
little as possible. Therefore, we want to minimize the system response which is given by

J(p) == /OO tr(G(p, iw)"G(p, iw))dw,

— 00

where the function G(p, s) is the parameter-dependent transfer function of the system (5). The function
J(-) can be expressed as (6) and (7).

The MATLAB function fminbnd is used to find the minimizer of J(-) in the parameter set D = [0, 100].
As described in (6) and (7), a Lyapunov equation has to be solved in every iteration step. In [4] this
problem is solved by the dominant pole algorithm and in [39] by rational interpolation. In this article,
on the other hand, we apply the reduced basis method, presented in Section 5, to accelerate the
minimization process. In the reduced basis method we use the tolerance 10~2. Then we can solve the

corresponding reduced Lyapunov equations in each step of the minimization process.

The resulting minimizers and times are presented in Table 1. Both optimization methods lead to the
same result. Even though, the reduction in the offline phase takes 28.9 seconds, the online phase
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Table 1: Results and times for the optimization

system dimension optimization time minimizer
original system 12000 118.0 sec 100
reduced system 131 14.2 sec 100

provides an acceleration and the overall runtime is still smaller compared to the approach without
reduction.

7 Conclusion

This paper has addressed the model reduction of parameter-dependent differential-algebraic systems
by balanced truncation. To apply the balancing procedure we have utilized certain projections to
eliminate the algebraic constraints. This has enabled us to compute the necessary Gramians efficiently
by solving projected Lyapunov equations.

To handle the parameter-dependency, we have applied the reduced basis method, which is split into
the offline phase and the online phase. In the offline phase, we have computed the basis of the
subspace which approximates the solution space of the Lyapunov equation. To evaluate the quality of
this subspace we have derived two error estimators. Afterwards, in the online phase, we have solved
a reduced Lyapunov equation to obtain an approximation of the Gramian for a parameter value of
interest efficiently. Therefore, a balanced truncation for this parameter value can also be carried out
very fast.

This method has been illustrated by numerical examples of index two and three. In particular, we were
able to reduce the associated Lyapunov equations to very small dimensions. We have evaluated our
error estimators, where the second one almost estimates the error exactly. Further, we have considered
an optimization problem where applying the reduced basis method has accelerated the minimization
of the system response significantly.

Code Auvailability

The code and data that has been used to generate the numerical results of this work are freely available
under the DOI 10.5281/zenodo.5145752 under the 3-clause BSD license and is authored by Jennifer
Przybilla and Matthias Voigt.
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