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ERROR ESTIMATES FOR GALERKIN REDUCED-ORDER MODELS
OF THE SEMI-DISCRETE WAVE EQUATION

D. AMSALLEM! AND U. HETMANIUK?

Abstract. Galerkin reduced-order models for the semi-discrete wave equation, that preserve the
second-order structure, are studied. Error bounds for the full state variables are derived in the con-
tinuous setting (when the whole trajectory is known) and in the discrete setting when the Newmark
average-acceleration scheme is used on the second-order semi-discrete equation. When the approxi-
mating subspace is constructed using the proper orthogonal decomposition, the error estimates are
proportional to the sums of the neglected singular values. Numerical experiments illustrate the theo-
retical results.
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1. INTRODUCTION

Reduced-order models have received lots of attention for simulating dynamical systems at a reduced cost.
Numerical simulations have highlighted the efficiency of model-order reduction for many applications. Examples
include linear time-invariant dynamical systems with fixed parameter values [6], systems governed by parame-
terized partial differential equations (PDE) [18,34,36,37], biology [4], aeroelasticity [1,3,27,35], and structural
dynamics [2,12,13,20]. Although reduction techniques have been used for many years, theoretical results on the
state approximation error remain scarce.

For first-order dynamical systems, Rathinam and Petzold [31] derive a priori error bounds of solutions from
a proper orthogonal decomposition (POD) reduced-order model and analyze the effects of small perturbation
on the subspace used for constructing the POD basis. In a follow-up work, Homescu, Petzold, and Serban [16]
compute estimates and bounds for these errors by a combination of small sample statistical condition estimation
and error estimation using the adjoint method. In [21,22], Kunisch and Volkwein derive error estimates for a
Galerkin POD-based method for a class of nonlinear parabolic partial differential equations (PDE). Nonlinear
problems with a Lipschitz continuous nonlinearity are considered in [21] and extended to the Navier-Stokes
equations in [22]. POD-based Galerkin schemes for parabolic partial differential equations are analyzed before
any spatial discretization is applied. Discrete systems, obtained after time integration with the backward Euler,
the forward Euler, and the Crank—Nicholson methods, are also analyzed. Their analysis provides a rigorous
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argument to the heuristic rule that the error in trajectory approximation should be proportional to the sum of
neglected singular values in the truncated singular value decomposition (SVD) used to obtain the reduced basis.
Following the lecture notes [38], Chaturantabut and Sorensen [11] study state approximation error of POD-
reduced systems for sets of coupled ordinary differential equations with Lipschitz continuous nonlinearities.
Their theoretical result separates the effect of the model reduction from the effect of time discretization and is
illustrated for the case of backward Euler time integration.
Even though the semi-discrete wave equation,
2
Y1)+ Cy(t) = b(1) (11)

(where C is a positive matrix), can be formulated as a first-order dynamical system,

w353 -o] 02

dt | y -I10 y 0
model-order reduction for the first-order system (1.2) might destroy the original structure of (1.1): a reduced-
order system for (1.2) may not correspond to a second-order system of the form (1.1) and the final reduced
state variables may not retain a physical interpretation (for example, by mixing values of the state and of its
time-derivative). Beattie and Gugercin [7, 8] argue that, to preserve the structure, the model-order reduction
should be applied directly to the second-order system. Recently, Chapelle, Gariah, and Sainte-Marie [10] derived
error estimates for a Galerkin—POD reduced system in a function space setting for the wave equation. Their
error analysis relies on a specific projection operator to prove new estimates for the continuous solution. The
authors do not consider time discretization issues. Herkt et al. [14] present an extension for the error analysis of
Kunisch and Volkwein [21,22] to Galerkin-based reduced systems arising from the second-order semi-discretized
wave equation. They study two sets of snapshots. When the snapshots are composed only of state variables
(or displacements), their result yields an upper estimate that grows with decreasing time steps. To control
the right hand side of their error estimate, Herkt et al. [14] include, in the snapshots set, all the velocities
and accelerations. The objective of this paper is to derive error estimates for Galerkin-based reduced systems
applied to the second-order semi-discretized wave equation using a first-order formulation that still preserves
the original structure. The resulting estimates remain bounded with decreasing time steps for Galerkin-based
reduced systems that preserve the structure of the wave equation.

The paper is organized as follows. Section 2 reviews useful general error estimates for a first-order system,

dy

(1) = Ay(t) + b(t)

Then new error estimates are presented for the discrete system obtained after time integration with the
Crank—Nicholson scheme, also investigated in [23,32]. These results are extended to generalized systems of

the form,

dx
Ma(t) = Ax(t) + £(t),

by selecting the appropriate norms to measure the errors. Section 3 presents new estimates for the semi-discrete
wave equation,

d?u du
M—(t D—(t Ku(t) =b(t
"2 (1) + D) + Ku(t) = b(t),
while preserving the structure of the second-order system. The discrete system obtained after time integration
with the average constant acceleration Newmark scheme (y = %, 8= %) is analyzed. Finally Section 4 describes

numerical experiments highlighting the theoretical results. For the sake of clarity, most of the proofs are gathered
in the Appendix.
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2. ERROR ESTIMATES FOR A SYSTEM FOR FIRST-ORDER ORDINARY DIFFERENTIAL
EQUATIONS

This section recalls several standard theoretical results that will be useful for our analysis. These results
provide bounds on the state errors when approximating the solution of a full-order model with the solution of
a reduced-order model.

2.1. Error estimates for a simple first-order dynamical system

Consider the system
dy
dt
where the matrix A is constant. Such system appears, for example, after spatial discretization of a parabolic
partial differential equation (as studied in [21]). Results for the system (2.1) are a compilation of bounds from
the works [11,21,31].
To build a reduced-order model by Galerkin projection on a subspace, a matrix V is introduced with columns
spanning the subspace. The approximation of state variables y is defined as

(t) = Ay(t) +b(t), y(0)=yo, fortel0,T], (2.1)

YROM (t) = y(t) + Vy, (t)a (22)
where y(t) is a known function®, and
d
V7 (80 (1) - AVyrou(t) - b(o)) o (23)

The reduced variables y, are defined by the evolution equation

dg (1) = (VIV) ' VTAVy,(t) + (VIV) T VT (b FAY(t) - di/(t)) ,

v (0) = (VIV) VT (yo — 5(0))

over the time interval [0, 7.
The error is defined as

erom(t) = y(t) = (1) = Vy.(t) = y(t) = () = V (VIV) " VT (y(t) - 5(t))
1

+V[(VIV) VT (1) - 5(1) — v (8)]  (25)

and decomposed into two parts, egon = ep + ey, where ep is the error arising from the projection into the
subspace spanned by V

ep(t) = y(t) —3(t) = V (VIV) " VT (y(t) - 5(t)) (2.6)

and ey is the error inside the subspace
-1 -
ev(t) =V [(VIV) ' VT (y(t) - 3(1) — y,(1)] (2.7)
The error ey satisfies the equation

dev _ vy Lyt Wy iyt Y |y Ty
v |(vrv) v vy e ® dt]_v(v V) VTA(epter)  (28)

?’Usually, y is chosen constant and equal to O or yo. A time-dependent choice does not impact the analysis and such a choice
will be convenient for the second-order wave equation.



138 D. AMSALLEM ET AL.

with the initial condition ey (0) = 0. The explicit formula for ey is
t - —
ey(t) = V/ o(VTV) T VTAV (-1 (VTv) 1VTAep(’T)dT
0
t - — —
-V / (VIV)VIAV(-n) (yTV) T YT AZ (272) T ZTep(r)dr, (2.9)
0

where Z denotes a matrix whose columns span the orthogonal complement of the span of V4.

Theorem 2.1. The error between the solution y and the approximation yrom satisfies

T 2 2
9 T\ —1 <,T T T\~ oT
112 dt < HF 7, (VIV) ' VTAV H HV AZ(Z77)'Z H 1
/0 leron(®)l3 _( (T, (V"V) Ny (Z272) 2| gyt

/ v - 50 - v vV VT 0 - 5o e 210

where ||-||5 is the usual Buclidian norm. When H is a symmetric positive definite matriz, the matriz norm ||B||¢

is \/Amax(BTHB). The constant |[F(T,B)||g is defined by

fOT Hfot eB(t—T)u(T)dTH; dt

o a(t)[l3 dt

(T, B)|lg = sup (2.11)

This result appeared in [11,31]. The amplification factor in front of the projection error depends on the
original problem through the quantities A and T' as well as the reduced-order model through V. The constant

HF(T7 (VIV) ! VTAV) H .., is discussed in [11,31]. Tt usually grows or decays exponentially with T" at a rate
VTV

that is proportional to the largest eigenvalue for the pencil (VT(AT +A)V, VTV). The bound (2.10) indicates

that the error egonm is controlled by the error from the projection into the subspace spanned by V.

If the entire continuous trajectory y(t) is available on the interval [0,T], a basis generated by the proper
orthogonal decomposition [19, 28] satisfies the following minimization problem

T 1 2
i [y =5t v (v TV o -5 o (212)
and
/ vt =50 -V (vIV) VT (vt — 50t - P3RS (2.13)

where r is the rank for the matrix

T
R = /O (y(t) = 3(0) (y(t) = 3(£))" dt (2.14)

and (A7°);.,, is the set of non-zero non-increasing eigenvalues for the pencil (R,I). The notation for R and
for its eigenvalues \3° appeared previously in [11,22]. When combined with (2.13), the bound (2.10) indicates
that the error when approximating the state variables over the whole time interval [0, T] is proportional to the

sum of the neglected singular values obtained from the proper orthogonal decomposition.

4V and Z are often composed of orthonormal columns. The general case without orthonormal columns will be used for analyzing
the second-order wave equation.
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Remark 2.2. When the matrix A is symmetric and V is spanned by a subset of eigenvectors, the term V7 AZ
is 0 and the error estimate (2.10) simplifies to

T T 9
~ -1 ~
/ leron(£)[13 dt < / [y® =3 = v (VIV) VT (1) - 3)| a. (2.15)
0 0
Next consider the discrete system obtained when using the trapezoidal time integration scheme,

Yj — ¥Yj-1 yj+yj-1 b +bj1
YI T Jiml A
At ( 2 ) * 2 '

for 1<j <mny, (2.16)

where At =T'/ny, bj = b(jAt) and y; is the approximation of y(jAt). Approximating y; as follows
Yi =Y+ Vy;
(where the sequence {y;} is known a priori), the reduced variables for the incremental update satisfies

Vi —Yj-1 T\~ /T Vityi-1 A —1lor (Pit b1
Yi = Yi-t _ (yvTv) tvTAv (YL Yim1 vIv) tvyT (2Pt
At ( ) ( 2 > +( ) < 2

+(VIV) ' VTA (7” +2y“> —(VTV) VT (L Z’“) (2.17)

with .

yo=(V'V) " V' (yo - y(0)).

Define the error
- . - —1 - —1 . .
€=y~ ¥~ Vyi=y;—¥; - V(VIV) VIi(y;-y;)+V [(VTV) VT (y; = ¥i) — i (2.18)

and the decomposition, e; = p; 4 0;, where

. —1 -

pi=yi—Yy;—V (VTV) vT (y; —¥;) € spanZ
and .
0; =V [(VIV) ' VT (y; = 5,) — 3]

Analogously to the previous error ey, the part 0; satisfies

9j — Gj,l
At

- o1 0546,
=V (V'V) 1VTA(’)J+2”J e 1)

with 90 =0.

Theorem 2.3. The norms for the error between the approzimation y; and the discrete solution from the reduced
order model (2.17) satisfy

- 2 t ,
‘YJ' —y =V (VTV) VT (y, —S’j)H2 L+20°T [ Aty e?9at
=0

Nt ne
~ A2
ALY ly; =55 = Vils < [ At
=0 =0

(2.19)
where the coefficient « is

1ZT

o =

—1
(I - %V (viv)™ VTA> V (VIV) ' VTAZ (27Z)”

1
2

2
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and the coefficient v is

-1
<I - %V (VTv)~ VTA> vV (VIV) ' VTA

-
2

The proof for this theorem is described in the appendix. This result does not make any assumption on the

matrix A, while the analysis of Kunisch and Volkwein ([21], Thm. 8) requires that the continuous counterpart

to A be symmetric negative definite. When the time-step At goes to 0, the right hand side of (2.19) remains

bounded as

a— % HV (VIV) ' VTAZ (27z) zTH2
and . .
Atiehjm — / e tdt  with ~, = HV (VTV)_1 VTAH .
i=0 0 ?
The proper orthogonal decomposition using the method of snapshots [33] on the snapshots matrix

S = [y0_5’07"'7YTLt —S’n,]

can generate a matrix V whose columns are the eigenvectors of SST for the k dominant eigenvalues (\;); ;.-
Then the projection error is given by

¢ . . - i ) .
> ’.Vj—yj‘—V(V V) Vv (yj—yj)H = > N (2.20)
J=0 S e

where 7 is the rank of SS7.
Remark 2.4. Convergence of the trapezoidal scheme [30] indicates that

) — | — 2
Jmax ()~ v, = O (a8). (2.21)
Theorem 2.3 relates the error between the discrete solution from the reduced order model (y; + Vy;), <j<n,

and the approximation to the exact solution (y) . The error between the exact solution (y (¢;))

0<j<n: 0<j<n:
and the discrete solution from the reduced order model satisfies
t ~ . 5 Nt 5 Nt ~ . 5
ALYy (ty) = 55 = VIlls < 246> lly(t) —yill* + 24 " lly; =95 — Vil
j=0 j=0 j=0
When the time-step At goes to 0, both terms on the right hand side will be controlled.
2.2. Error estimates for a generalized first-order dynamical system
Consider a generalized first-order dynamical system of the form
d
Md—):(t) = Ax(t) + £(1), (2.22)

where M is a symmetric positive definite matrix. Error estimates when approximating the continuous trajectory
x(t) and after time-discretization are presented in this section. The originality of this analysis arises from the
transformation between the generalized first-order system (2.1) and the initial system (2.22). This transformation
is important because it may have severe implications during the numerical computations. For example, Amsallem
and Farhat [5] show that an inappropriate transformation (multliplying by M~! versus working with ./\/l%) can
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result in unphysical unstable modes of the resulting reduced-order model. Similarly, an inappropriate choice can
result in more computational work for an iterative eigensolver [15]. In both cases, the transformation with Mz
is recommended. This transformation is used here to analyze the system (2.22).

An approximation of x is constructed in the subspace spanned by the columns of V such that

XROM (t) = i(t) + VXT (t)

where the function x is known a priori and the reduced variable x,. is solution to the system

dx dx
T T _ T T % _ -
Vi MY i (t) =V AVx,.(1) +V (Ax(t) +f(t) - M i (t)) , (2.23)
x,(0) = (VT MV) " VT M (x — %(0))
over the time interval [0, T'.
Define the error Egron = x — xroMm With the parts
Ep=x—%—V(VTMV) " VM (x - %) (2.24)
and .
&=V [(VTMV) VIM (x — %) — xr] : (2.25)

When decomposing R™ as
R™ = spanV &M spanZ,

the projection error Ep belongs to spanZ. Theorem 2.1 is modified as follows.

Theorem 2.5. The error between the solution x of (2.22) and the approzimation Xgrom satisfies

2

/OT |Eron ()12 dt < (HF(T, (VM) VT ay)| Vraz (z7mz) " 27 mb

2
4 1)
VTmy)~t

x/THx(t)—ic(t)—V(VTMV)IVT.M (x(t)—>~<(t))H2 dt, (2.26)
0 M

VT My

where the constant HF(T, (VT./\/IV)f1 VTAV)HVTMV is defined by (2.11).

The constant HF (T, (VT/\/IV)71 VT.AV)H - also grows or decays exponentially with 7" at a rate that is
VT MV

proportional to the largest eigenvalue for the pencil (VT(AT + AV, VTMV). The proof for this theorem relies
on the change of variables y = M2x and is described in the Appendix.
If the entire continuous trajectory x(t) is available on the interval [0, 7], an approximating subspace may be
obtained by solving the minimization problem
2

T
argming gy )y /0 Jx) = &)~ (7 M0) VM ) - x|

Introducing the matrix .
R [ (x(t) - %) (x(t) ~ x(0)" a,
0

an optimal matrix V of rank k will span a stable subspace for the pencil (MRM, M) (see the Appendix).
Denoting (A\7°),;<, the non-zero eigenvalues of the pencil (MRM, M) — ordered in a non-increasing fashion

— the projection error for the minimization problem becomes

min /OTHx(t)—i(t)—V(VTMV)lvTM (x(t)—i(t))HiAdt: Z A

rank{Vv}=k i=k+1
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Remark 2.6. When the matrix A is symmetric and V is spanned by a subset of generalized eigenvectors for
the pencil (A, M), the term VT .AZ becomes 0 and the error estimate (2.26) simplifies to
T ) T o 9
/ lerom (D112 dt < / [t = %(0) = v (M) VT M (xt0) - 20| (2.27)
0 0

Consider the discrete system obtained from trapezoidal time integration

M) = A () ¢ B i

At 2 2

where At = T'/ny, f; = £(jAt) and x; is the approximation of x(jAt).

A reduced-order model is built for the approximation

X; R )~(j + V)A(j

(where the sequence {X;} is known). The reduced variables %x; satisfy the system

T Xj— X1\ _ 7 Xj+ X1 r(f+1fi (R R\ e (XX

VMV( Y >—V.AV( 5 >—|—V < 2 +V' A 5 VM gy
(2.28)
with .
%o = (VIMV) VI M (x0 — o) -

Theorem 2.3 is modified as follows.
Theorem 2.7. The norms for the error between the approrimation x; and the discrete solution from the reduced

order model (2.28) satisfy

2

‘xj — % =V (VTMY) T VT M (x; — ij)H

Nt Nt
- o 12
AtE lIx; —%; — Vx;[l < AtE “
Jj=0

=0
X | 1420°T | At) 740 || (2.29)
j=0

where the coefficient « is

a=-

-1
5 M2 (M— %MV (VTMV)_lvTA) MY (VIMY) VT AZ (2T MZ) T 2T M3

2

and the coefficient v is

-1
v = HM% (M — %MV VT Mmy) VTA> MY (VIMY) T VT AM 3

2

Remark 2.8. When the time-step At goes to 0, the right hand side of (2.29) remains bounded as

a— % [MEv (T MY) T VT AzZ (2T Mmz) T 2T M

2
and

¢ T
Atze2wﬂt_>/ et with . = [ MEV (WTMY) T VT AM
0

J=0

2
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The proper orthogonal decomposition yields, from the matrix
Tt
5 - - \T
R=>(x;—%)(x; —%;)",
j=0

a matrix V whose columns are eigenvectors for the pencil (MRM,M) Denoting (A;);.;, the non-zero

eigenvalues of the pencil — ordered in a non-increasing fashion — the projection error for this choice of matrix V

1S
Tt

3 ‘xj — % =V (VTMY) T VT M (x; —ij)HjA - Z i

j=0 i=k+1

The eigenvalues (\;);,;., and the matrix V may also be computed via the eigendecomposition of

[Xo—f(o,.‘.,xnt —int}TM[Xo—f(o,...,Xm —f(nt].

Results for the generalized first-order dynamical system (2.22) will be carefully used in the following section
to analyze structure-preserving reduced-order models for the semi-discrete wave equation.

3. ERROR ESTIMATES FOR REDUCED-ORDER MODELS OF THE SEMI-DISCRETE WAVE
EQUATION

3.1. Error estimates for structure-preserving reduced-order models

In this section, the semi-discrete wave equation is considered,

d%u du
M— D—
®+Dg

T (t) + Ku(t) = b(t) (3.1)

where M is a symmetric positive definite matrix. For example, in structural dynamics, M is the mass matrix,
D the damping matrix, and K the stiffness matrix. The objective is to analyze error estimates for structure-
preserving reduced-order models of the form

d?u,
dt?

du,

viMv
dt

(t) + VIDV—L(t) + VIKVu,(t) = g(t) (3.2)

where the columns of V span the subspace of interest and g contains the reduced source terms.
The semi-discrete wave equation (3.1) can be reformulated as a first-order dynamical system,

3 Sl (3D - 35 31

o-[2]

where 7 is a characteristic time for the problem of interest. The scaling by T% is simply introduced to match
the units for energy-like quantities, i.e.

T
v M 0 v 1 7
M {OLM] M_v My + Su’Mu,

with the initial condition

where v is a vector of velocities and u a vector of displacements.



144 D. AMSALLEM ET AL.
A reduced-order model is built for the approximation
veou()] _ [ RO |, [V 0] [v(t) (3.5)
ugonm (t) a(t) 0V]|u()]’ '
where the function u is known a priori (for example, G(t) = ug + vot). The reduced variables v, and u, satisfy
VIMV 0 d ([v (o) = —VTDV —VTKV] [v,(t) L [VTb()
0 AvrMmv|dt\|u, LVIMV 0 u, (1) 0

L [ e [ o

The second equation implies that the approximation vronm satisfies

durom
t) = t
vroM (1) Ol
i.e. this structure is preserved for the reduced-order model®. The corresponding second-order equation is
- - d%u, - - du, - - - - d%a - da -
vIMV dt‘; (t) + VTDVd—ut(t) + VTKVu,(t) = VTb(t) — VTM?;‘(t) - VTDd—‘t‘(t) ~VTKa(t), (3.7)

indicating that the second-order structure and the symmetry of matrices (like M and VTMV) are preserved.
The right hand side is modified to reflect the incremental representation (3.5). The initial conditions for the
reduced variables u, and v, are

N . . - . . du
u,(0) = (VIMV)"'VIM (up — @(0)) and v,(0) = (VIMV) VM <v0 — d—'tl(o)) .
To apply the previous results, the following identifications are made
v Vo M 0 -D -K
e [5) ef RE es
Consequently, the errors satisfy the relationships

2 du da ¥ du,

WO -V

IErom ()2, < Ti2 [ty — a) — Vw0 + ’

M

and

[x(t) = %(5) =V (VM) VM (x(t) - %(2) H;

1 2

— —

— |[a®) —a@) -V (\”/TMVy1 VTM (u(t) — a(t))

"

R?" = spanV &M spanZ = span {X 3} @M spanz,

M

du da du dit 2

STH-TH -V (VTMV)_l VM (E(t) - E@))

M

When decomposing R?" as

Theorem 2.1 is modified as follows.
d

C’D“|:x

t g)} in the incremental representation (3.5).

(

5This feature results also from the choice of {



ERROR ESTIMATES FOR ROM OF THE SEMI-DISCRETE WAVE EQUATION 145

Theorem 3.1. The error between the solution, u, (3.1) and the approximation, urom = a+Vu,, (3.7) satisfies

T 2 2
[lu(t) — urom(t)|ln du . dugrom
/0 72 HlaE® - —a W),
L+ B, (0T my) T VT av) H vraz(z7mz)” Vet
VT MY (VTMmy)~!

x /TLQ ut) —a(t) -V (VIMV) T VIM (u(t) - a(r) Car
o T M
R - v (vav) e (Fo-%0) ") e
o | dt dt dt dt M ’

where the constant HF(T, (VTMV)_l VTAV)HVTMV is defined by (2.11).

Assuming that the entire continuous trajectory u(t) is available on the interval [0; T, results in Section 2.2
indicate that eigenspaces for the pencil

([fo (d_u —d_gl(t)) (%(t)—g_ﬁ(t))TMdt L T M(du () — dB () (u(t)—ﬁ(t))TMdt]7[M 0 D
L [T M (u() - a() (220 - 920) Mt L [T M (u(t) - a@) (ult) - a@) Md [0 EM

7—2
have good approximation properties. Unfortunately, these resulting eigenspaces are not guaranteed to preserve

the structure of the semi-discrete wave equation. If, instead, the subspace spanned by V is selected to minimize
the projection error in (3.9), then the matrix V satisfies

V = arg Lnax /T tr (MV (VIMV) LvTm <(311tl( ) — %(t)) <i—l:(t) - %(t)) T)

+ %tr (MV (VIMV) ™ VM (u(t) — (1)) (u(t) — ﬁ(t))T) dt.

Sl s

Following the derivation in the appendix, a minimizing basis V will span a stable subspace for the pencil
(MRM, M), where the matrix R is defined as

T ~ ~ T
du da du da 1 - T
R = —(t) — —(t — () — —( — t) —u(t t)—u(t)) dt.
[ (Go-50) (F0-50) +%ao- a0 @ - a0
Denoting (A{°), -, ~, the non-zero eigenvalues of the pencil (MRM, M) — ordered in a non-increasing fashion —
the projection error for the minimization problem becomes

=
0 72

2

dt

u(t) —a(t) - v (VTM\?) TVTM (u(t) — a(t))
M

Tldu,, da du, . da, | a
—t) - —@t) -V (VIMV) VM —(t dt = A3
+/0 70—V ( ) (dt() dt()>M 2N
1=k+1
Remark 3.2. The error bound (3.9) could be written for the quantity
T 2
du du
[ 100 wnout)ic + |G - 22| as (3.10)
0 M
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by using the correspondance

M o0 -D -K
MH{OK] and A(—}[K 0].
In this case, the minimization problem for the projection error becomes
. T 1 2
V — arg min / () — )~ v (V7EV) VK (u(t) - a()|
rankV=~k Jq K
du d " 1o (du d 2
ka7 e 7 M M (o) - == .
+ H i (t) m t)-v(VviMVv) Vv (dt (t) i (t)) Mdt

However the Euler—Lagrange equation for this minimization problem yields a matrix equation whose solution
remains challenging.

Next consider the Newmark scheme (v = 1,3 = 1) applied to (3.1),

Maj+1 + DVj+1 + Kllj+1 = bj+1

At
Vitl = Vi + o (a5 +ayi]

t
W1 = W+ = [Vj + Vi)
du
dt
ation method, matches the system obtained from trapezoidal time integration on (3.3),

M Vi —Vj_1 - D Vi +Vi_1 K u; +u,;-1 i bj + bj—l
At 2 2 2

1 u; —u;_ 1 1 Vit vig
—M J J — —M J J
T2 < At ) T2 ( 2 >

(see [17], p. 495). Hence the analysis from Section 2.2 will give error estimates when applying the Newmark
scheme to a reduced-order model.
An approximation is constructed of the form

MR

where the sequences {;} and {v,} are selected appropriately to preserve the structure of the wave equation.
Given an a priori known sequence {a;}, the sequences {u;} and {V;} are required to satisfy the steps for the
Newmark scheme, i.e.

where (a;, v;, u;) approximates (%(jAt), (jAL), u(jAt)). This scheme, also known as the average acceler-

Vit1 =V + 5[+ aj44]
(3.11)
= 15 + 5 [V + V]
The reduced variables {11;} and {v;} satisfy the system of equations
1 [viMV 0 V=] _1[=VIDV —VTKV] [v; +v;_;
At 0 LZVIMV||w-9,.] 2[L5VTMV 0 w4 0
j—ojl} 1 [ -V'D —VTK] {oj +x7j1}

1 [VIM o 1
At 0 LV'M j— i1 2| LZVIM 0 u; + 0y

o <

+ 3.12)

[\]

1 vag + VTbj,1 (
0 .
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The second equation implies that the sequences {11;} and {v;} satisfy
. . At
VIMV (4; —d;_1) = —VTMV (Vj+Vj-1)
because of assumption (3.11). The initial conditions are
Vo= (VIMV)"'VTM (v — Vo) and 1ty = (VIMV)"'VTM (ug — 1) .

This reduced-order model is obtained by applying the trapezoidal time integration on (3.6). The relation-
ship between the trapezoidal time integration scheme and the average acceleration method implies that the
model (3.12) matches the scheme obtained with the average acceleration method on (3.7).

Theorem 3.3. The norms for the error between the approzimation (uj,v;) and the discrete solution from the
reduced order model (3.12) satisfy

Nt nt
1 2 2 .
u; .—Vﬁ~H +Hv~—o.—vo.H < 142027 | At e2viat
;7-2 H T Tim 7o v — ;

uj — i — (VTMV) VM (u - )|

M

nt

2

=0

2

v -V -V (VTMV) VIM (v, — ¥,) (3.13)

M

where the constants o and v are defined in Theorem 2.7 with the identifications (3.8).

Derivations in the appendix indicate that the proper orthogonal decomposition generates, from the matrix
A - - 1 _ L \T
R=) (v;=¥)(v; = %) + 5 (w— ) (w; — ;)"

a matrix V whose columns are the dominant eigenvectors for the pencil (MRM, M) Denoting (i), ,, the

non-zero eigenvalues of the pencil — ordered in a non-increasing fashion — the projection error for this choice of
matrix V is

Tt

>

o N1 2
vi = =V (VIMV) VM (v, - %)

j=0 M
1 &
- o (T T
+§z(:) w — iy -V (V MV) VTM (u; — ;) Zk;lx
J= %

In practice, the eigenvalues (\;),,., are computed through the eigenvalue decomposition of the correlation
matrix o

(vo—vo)" ]

(vnt - {/nf),;
1 (up — 1)

M [(vo —50) ... (Vn, — Vi) %(uo — ) ... %(unt —ﬁm)}

L (u,, —1,,)"
L+ ne n¢
Theorem 3.3 justifies the heuristic argument that the error when approximating the full state variables is
controlled by the sum of neglected singular values, obtained from the proper orthogonal decomposition.
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3.2. Snapshots choice

Theorem 3.3 suggests to use a set of snapshots composed of velocities and displacements. This choice is
reminiscent of the one made by Kunisch and Volkwein [21]. In the following, different snapshot matrices are
discussed and related to the error estimate (3.13). It will be shown that the projection error is bounded for each
choice of the snapshots in terms of the corresponding neglected eigenvalues.

Denoting by U, V, and A the snapshot matrices for the displacement, velocity, and acceleration, respectively,

U:[UO, u, ..., unt], V:[Vo, Vi, «--y an,]a A:[ao, al, ..., am],

the average acceleration time-integration scheme enforces the identities

At [o1” At 017
_ T = — T = ~
V=vo[l 1]+ A[OT} and U uo[ll]—i—QV{OT] (3.14)
where the matrix T is the upper triangular matrix
12 ...2
T= |01 "] emrmoo (3.15)
D2
0...01

and 1 is a column vector of ones of dimension n;. Similarly, the sequences {a;}, {V;}, and {@;} generate,
respectively, the matrices A , and U. Relation (3.11) yields
- At T017 At 017
T — _ T =
V=vol 1]+ A[OT] and U=l 17]+ V{OT (3.16)

In the previous analysis, a reduced basis is used for approximating the increments to the initial velocity and
displacement. Three choices of snapshots are studied, namely

o S =1(U-10)
o S — {% (M—@),V—ﬂ

eSO =[L(U-0), V-V, r(a-4)]

()\(j)) o) will denote the non-zero eigenvalues of the correlation matrix CU) = (S(j))TMS(j), sorted
1<:<rU

decreasingly. To shorten the error equations, the absolute projection error in (3.13) is decomposed into the
parts

ng . R . 2
63:; ((I—V(VTMV) VTM)( -
=30 T % = M3 -y v 9 (3.17)
=0
and
¢ = % 3 ((I—V(VTMV)lvTM) (u; — @) 2
T 7=0 M
—%H b (1-10g) (IU—ID)H2 (3.18)

F

where V is defining the reduced basis.
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Considering the three different choices of snapshots, the errors (3.17) and (3.18) are bounded in terms of the
corresponding eigenvalues )\EJ ) as follows.

e Choice of snapshots S(): the proper orthogonal decomposition generates a matrix V of rank k such that

r(1)

ST,

1
min  ||M? (I - TL s<1>H -
rank(V)=k H ( V)

r i=k+1
The projection error (3.18) verifies
) 1 N 1 ) e
e o ) (09 - e s - £

r (1)

" A 1 N
o e T CR)] CAT
O T

i=1""

The property,

T T
I1,MII, = MIIy, = II; M,
gives

N )2 N
- (59 = o (7). o
indicating that the projection error remains bounded when At goes to 0,

lim At

e ) (v D) < g o (v )= [

du,. da, |
—(t) — —(t)H dt.

dt dt || m
In addition, relations (3.14) and (3.16) yield

U—1 = (uo — i) [1 1T]+%(V—§/) [81;] (3.21)
U-TU = (up— o) 1 1T]+%(V—§/) B%} +%(vo—%) —1 17], (3.22)
and

& 2 =\ |1 0 2 - TH-1 - TH—1
V-V=Z% (U—U) {0?1} — (w0 — @) [1 17T = (vo — o) [-1 17T,
By combining the previous equality and (3.19), the projection error e, then satisfies

r® (1)

N\ 112 - ; A N\ 12

= et -m1g) (v 9, < onr | o)t (v-9)
i=1 "V

1=

~ 2
G T e e T e

where the constant C' does not depend on At and «(T) denotes the condition number of the matrix T for the
Frobenius norm. The projection error e, is therefore bounded by the minimum between (3.20) and (3.23).
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e Choice of snapshots S(): a proper orthogonal decomposition creates a matrix V of rank k such that

1
min M: (I - Il
rank(V)=k H ( v

By definition of S, the projection errors satisfy

e 42 = 7_12 HM% (I-11) (U—IEJ)HzFJr HM% (I-1II) (V—V)Hi - ‘Z A®)

r® (2)

A 1 IR N
et ) ([t (o-0) [+ et (v-9))-
TNy AT g g

e Choice of snapshots S®): the proper orthogonal decomposition generates a matrix V of rank k such that

1
min  ||M?* (- IL S(3)H -
rank(V)=k H ( V)

For this case, the projection errors satisfy

et =M a-mg) (u- )|+ et - mg) (v 9!
Za) (4pe (0O s () oo 3B

because [l (U — @) , V— @} is a subset of the columns of S().

T

All these estimates highlight that the norms for the projection errors, when using a set of snapshots composed
either of (1) displacement snapshots, (2) velocities and of displacements snapshots and (3) a set of acceleration,
velocity and displacement snapshots, are bounded in terms of the corresponding neglected singular values.

In the case of snapshots based on displacements only, the bounds in Theorem 3.3 and the bounds on the
projection error norms remain bounded when At goes to 0. This result is an improvement over the one de-
scribed by Herkt et al. in [14] A comparison of the estimates for the second and third choices of snapshots also
highlights the fact that adding acceleration snapshots, as suggested by Herkt and coworkers in [14], does not
add information that leads to better projection error estimates for velocity and displacement.

4. NUMERICAL EXPERIMENTS

In this section, numerical experiments are conducted for three different application systems. The objective is
to illustrate the theoretical results obtained for the semi-discrete wave equation. The accuracy of the reduced
models constructed using (1) the three snapshots collections presented above and (2) eigendecomposition are
studied by computing the total relative error

1 - i
+ —= HUj —uj —Vllj

nt . 2
; ij ViV ‘M T2 M
erom (k) = o ; (4.1)

2 1 2
Z HV]'”M + ﬁ Huj”M
j=0

‘ 2
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FIGURE 1. Chain of 20 mass-spring-damper blocks.

with v; = vy and u; = ug + jAtvy, the total projection error

erom,p(k) =
o 1 2 o 1 2
St Vi v =V (VIMV) VMG = 9y) | 4 -y -V (VIMY) VM, - )
M M
t 2 2 )
2o Ivilla + 7 gl
(4.2)
their ratio
erom (k)
erom,p(k)
the two components of the relative error:
1 & NP
eroM,u(k) = o ! ;
2 2
1312 + =5 Iy 2
§=0
and
nt ~ R 2
Z(:) ‘Vj —Vj —VVj ‘M
eromu(k) = |7 1 '
2 2
D Vil + = 5l
j=0

The projection error can serve as an error predictor for the reduced-order model, provided the error ratio
does not increase drastically when the size k of the model increases. In that case, the truncation can be used
to determine a priori the increase in dimension of the reduced-order model (ROM) to achieve a given error
reduction.

4.1. Discrete mass-spring-damper system

The first system of interest is a chain of 20 discrete systems constituted of masses, dampers and springs.
This chain is depicted in Figure 1. An impulse force is applied to the mass at the extremity of the chain. The
configuration of each block is represented in Figure 2. Finally, the physical characteristics of each mass, spring
and damper are reported in Table 1.

The system has 80 displacement degrees of freedom and 80 velocity degrees of freedom. Time integration is
performed using the Newmark scheme with equidistant time-step At = 0.1 s. Here 7 = 1 s. n; = 50 snapshots
are generated by applying an impulse input elongation u to the right extremity of the spring of stiffness k5
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FIGURE 2. Mass-spring-damper block configuration.

TABLE 1. Physical properties of the mass-damper-spring elements.

Masses Dampers Springs
(ke) (Ns/m) (N/m)

mi 125 C1 5 kl 12
mo 25 C2 1.6 k?2 1
ms 5 Cc3 0.4 k3 3
o 1 Cq 0.1 ka 9

ks 27

ke 11

attached to the extremal block. Nonzero initial conditions (displacement uy and velocity vo) are considered:
the initial displacement vector is 1 and the initial velocity profile is linear, the left-most mass having zero initial
velocity and the right-most mass unitary initial velocity.

A comparison of the errors, projection errors and their ratios associated with each snapshot collection is re-
ported in Figure 3. Similar results are also reported for ROMs based on modal truncation (eigendecomposition).
The error associated with the reduced-order models based on POD decreases sharply in all three cases, reaching
1078 relative error for ROMs of dimension k = 12. On the other hand, ROMs based on eigendecomposition
lead to much less accurate predictions, with errors of the order of 10%. Adding eigenmodes does not improve
the error for ROMs of dimension smaller than 12. This illustrates the fact that, as opposed to ROMs based on
POD, ROMs based on modal truncation are not trained for a specific scenario and require a large basis size
to achieve high accuracy. In the present case, all snapshot choices lead to similar accuracy for a given size k.
Furthermore, the projection error appears to be a good a priori indicator of the error. The error decomposition
in the case of snapshots based on displacement and velocity is also reported in Figure 3.

The error ratio for ROMs based on the eigendecomposition is equal to one. This observation is in agreement
with the first remark in Section 2.1 and Theorem 3.1. It shows that the error between the ROM and the
underlying high-fidelity model is equal to the projection error. However, this projection error can be large, as
illustrated in the present case.

4.2. Butterfly gyro system

The second set of numerical experiments is carried on a butterfly gyro MEMS originally developed and
presented by Lienemann and coworkers in [26]. The full-order linear operators associated with this model are
available as part of the Oberwolfach model depository [29]. A Rayleigh damping of the form D = 1076 x K
is chosen. The physical model is discretized by the finite elements method, resulting in 17,361 displacement
degrees of freedom. The system input applies simultaneously eight distinct voltages to the MEMS. Four de-
tections electrodes recording local structural displacements are also defined. Time integration is performed by
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FIGURE 3. Comparison for the mass-spring-damper system of the error (top left), projection
error (top right) and errors ratio (bottom left) obtained with each model reduction approach,
as well as the error decomposition in the case of displacement and velocity snapshots (bottom
right).

the Newmark scheme with a constant time step At = 7.5 x 1075 s. A step input vector (DC voltages) is here
applied with zero initial conditions, resulting in the collection of n; = 200 snapshots. A choice 7 = 1 s in made.

The displacements of the center of the first detection electrode [29] obtained using (1) the high-dimensional
finite element model of dimension 17,361 and (2) the reduced-order models of dimension 10 generated using
each method are first compared in Figure 4. The reader can observe that each ROM leads to very accurate
responses when compared to the underlying high-fidelity model except for the displacement of the electrode
in the z-direction obtained with the ROM that was generated using displacement, velocity and acceleration
snapshots. The best predictions are here obtained using the ROM generated from displacement snapshots.

A comparison of the errors, projection errors and their ratios is provided in Figure 5. One can observe that,
in most cases, the most accurate ROMs result from a choice of displacement and velocity snapshots. POD
based on velocity, displacement and acceleration snapshots is the snapshot-based method resulting in the least
accurate predictions. Interestingly, the accuracy of ROMs based on eigenvalue decomposition improves sharply
only when certain modes are added to the basis, such as mode 5 and 15. The associated ROMs are however less
accurate in general than their POD-based counterparts.

The projection error provides accurate a priori error estimates, except for ROMs of small dimension based on
displacement and the three sets of snapshots. The error decomposition shows that the total error is dominated
by the velocity error term.
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FIGURE 4. Time responses of the displacement at a sensor location: comparison between the full
model response and the responses of each reduced-order model of dimension k£ = 10 obtained
using the following approaches: POD using displacement snapshots (top left), displacement and

velocity snapshots (top right), displacement, velocity and acceleration snapshots (bottom left)
and eigendecomposition (bottom right).

4.3. Synthetic system

A third set of numerical experiments is carried on to study the effect of space discretization onto the error
estimation. For that purpose, a synthetic example, initially studied by Herkt and coworkers in [14] is considered.
The system stems from the discretization of the continuous wave equation

82 a2y
S @) = 55 t) = 0, (2,8) € [0,1] x 0,7,

y(x,t) =0, z €{0,1}. (4.3)
Appropriate initial conditions are chosen such that the solution to the system is
21

y(z,t) = Z sin (imx) cos (int) . (4.4)

i=1
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FIGURE 5. Comparison for the gyro system of the error (top left), projection error (top right)
and errors ratio (bottom left) obtained with each model reduction approach, as well as the
error decomposition in the case of displacement and velocity snapshots (bottom right).

The system is discretized in space by the finite element method with piecewise linear elements. In a first set
of experiments, a discretization with NV = 128 elements is used. The system is then discretized in space by the
Newmark scheme using an equidistant time step At = 0.0078 s and 7 = 1 s. Two final times are considered: (a)
T = 2 s, which corresponds to one period for the solution, (b) T'= 0.4 s.

When T = 2 s, 256 displacement, velocity and acceleration snapshots are collected, respectively. The four
model reduction approaches considered are applied and the corresponding errors, projection errors and ratios
reported in Figure 6. The most accurate ROMs are the ones containing the velocity snapshots, as ROMs based
on displacement snapshots only lead to poor predictions, similar to the ones based on modal truncation. By
construction, all ROMs of dimension k = 21 lead to perfect accuracy. The projection error a priori estimates
show perfect agreement with the error, except in the case of displacement snapshots, for which the agreement
is fair. This means that the error between the ROMs and the high-dimensional model in the subspace spanned
by the reduced-order bases is negligible when compared to the projection error.

Next, the same numerical experiments are performed when 7' = 0.4 s, leading to the collection of 51 snapshots.
In that case, all POD-based ROMs lead to a similar level of accuracy for a given choice of ROM dimension k.
On the other hand, modal truncation-based ROMs are much less accurate for k < 21. The projection error is
in good agreement with the error, except in the case of large ROMs, for which the errors are close to machine
precision. Once again, the total error is dominated by its velocity component.

Figure 8 illustrates the behavior of the ratio between the total relative error (4.1) and the total projection
error (4.2) when T' = 2 s as the mesh size and the time steps are decreased. The dimension of the reduced-order
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FIGURE 6. Comparison for the synthetic system with 7' = 2 of the error (top left), projection
error (top right) and errors ratio (bottom left) obtained with each model reduction approach,
as well as the error decomposition in the case of displacement and velocity snapshots (bottom
right).

models is set at 18 and the relative projection errors (4.2) are between 6% and 60%. For a fixed mesh size, the
ratios appear to converge to a fixed value as the time steps are decreased. Only the reduced order models built
with displacement snapshots yield a ratio different from 1. These asymptotic plateaus do not appear to depend
on the mesh size. However, for the reduced order models built with displacement snapshots, the critical time
step below which the ratio is constant depends on the mesh size. A finer mesh size requires a smaller critical
time step, even though the time integration scheme is implicit. This experiment illustrates that models built on
displacements snapshots do not behave, with respect to the mesh size, as robustly as the models built with the
other sets of snapshots.

5. CONCLUSIONS

Reduced-order models are an efficient tool for simulating dynamical systems at a reduced cost. Theoretical
results on the state approximation error have so far been focused on first-order dynamical systems. The extension
of these analyses to the second-order semi-discrete wave equation requires special attention to preserve the
original structure and to retain the physical interpretation of the reduced variables.

In this work, error bounds for the full state variables of the semi-discrete wave equation have been derived
in the continuous setting (when the whole trajectory is known) and in the discrete setting when the Newmark
average-acceleration scheme is used. When the approximating subspace is constructed using the proper orthog-
onal decomposition, the error estimates are proportional to the sums of the neglected singular values. Numerical
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A.1. Proof of Theorem 2.3

0 < ¢n < ﬁgbnfl + aAtpn + aAtpnfl,

On < B0 + adtp; + A1+ B) Y B i,

APPENDIX A. PROOFS

n—1

=0

for n > 1,

forn > 1.

157

experiments illustrate the theoretical results when the choice of snapshots is set heuristically. Some procedures
for automatic selection of these snapshots exist in the literature [9, 24, 25].

The bound in this theorem relies on a Gronwall-like inequality. Consider the sequence (¢”)O<n<nt such that

where 0 > 1 and « is a non-negative number. The sequence (pn)0<n<nt is made of non-negative numbers. For
1 <n <ny, ¢, satisfies

(A1)
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FiGURE 8. Comparison for the synthetic system of the errors ratio obtained with each model
reduction approach when the space and time discretizations are varied.

The proof of (A.1) is made by mathematical induction. The estimate is valid for n = 1 (because 1 < 1+ ().
Assume it is is satisfied up to n — 1, then ¢,, satisfies

n—2
¢n < Bén_1 + altp, + altp, 1 < (ﬁ"‘lfbo +adtp, 1+ adt(1+5) Y ﬁ”_z_ipi> + aAtp, + altp, 1.
i=0
Re-organizing the terms yields
n—2 )
bn < B0 + aAtp, + aAt(L+ B)pn_1 + AL+ B) Y 5" ',
i=0

which concludes the induction. Equation (A.1) can be rewritten as follows

n

bn < B0 + a (1 + %) S B

i=0
Squaring the inequality and using the Cauchy—Schwarz inequality yield

nt

2 nt
P2 < 2672 + 202 (At)2 <1 + %) (Z 52i> (pr) for 0 <mn<n
i=0

=0
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and
Atzqsz < 242 (At2521> + 202 (N At) (AtZﬁ”) (Ath?) . (A.3)
7=0 =0 =0
Recall that the part 0; satisfies

0 =01 T iyT A (PitPi-1 05+ 0
Zi 75—t A
A \% (V V) \% 5 + 5

or

—1
6; = <I+ At (1 - %V (viv)™ VTA) vV (VTv)T VTA> 01

At At op ) Pl
+5 (I-5 VvV "VIA) V(VIV) ' VTA (o +p51). (A4

The theorem is proved by selecting ¢o = 0, ¢, = ||6,]],,

8=

)

—1
1+ At (1 - %V (VIv) ™ VTA> vV (VIV) ' VTA
2

—1
a= % (I - ﬁV (Viv)~ VTA) vV (VIV) ' VTAZ (272) " 27

2

and p,, = ||pnll,. Note that the definition of 8 yields
B <14~At < e (with 4> 0) and 2523‘ < Zewm.

A.2. Proofs for Section 2.2

Results in this section are reformulations of results in Theorems 2.1 and 2.3. The matrix M is symmetric
positive definite and its symmetric square root M2 is obtained using the eigendecomposition and taking the
square root of all the eigenvalues. When the state variables x satisfy the system,

M(ji—)t{ =Ax+f with x(0) = xo,

the state variables y = Mzx verify

dy

o = M ETAM 2y + M~ 2f with y(0) = yo = M?x,.

The subspace spanned by V is associated with the subspace spanned by V = M3zV. The reduced-order models
have the following identification

- - 1
XRoM =X+ VX, < Yrom =Y + VX, = M2xgrom.
If the error when approximating the state variable y is decomposed as

ernom =y =5 = V(VIV) 'V (y =3) + V[(VIV) VT (y - 5) - x. ],
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then the error Erom = X — XRowMm 1S written as

Eron =x =% =V (VIMY) " VM (x = %) +V |(VTMY) " VM (x - %) — x|

and, for norms, |lerom||, = |Erom]|| 1 and
=5 -v(V'V) 'V iy -9 =[x % v (VM) TV M (k- i)HM .
Similarly, the matrix norm HVTAZ (ZTZ ZTH(vT _, satisfies
|\vTaz(z'z)" 2" = |vraz(ETmz) T 2T B
(VTV)~ (VT MV)

where the columns of matrix Z span the M-orthogonal complement for the span of V. The results for the
discrete scheme obtained after using the trapezoidal time integration are derived in a similar way.

To study the proper orthogonal decomposition for this generalized first-order system, a subspace of dimension
k is obtained by solving the minimization problem

T 2
. - -1 -
ArgIin, 1 /0 Hx(t) —%(t) =V (VI MY) T VT M (x(t) — X(t) HM dt.
The same subspace is obtained by the maximization problem

2
’ dt.

T
argmaxrank{v}zk/o HV (VTMV) VM (x(t) - i(t))’ ™

The norm can be written as

[y (VT MY) VM (x H
—tr (M (VTMV) VT M (x(t) — x(8)) (x(£) — %(£)T MY (VT MV) VT)
—tr (VTM (x(t) — %(t)) (x(t) — %(£)T MV (VT MV) *1) :
By introducing the matrix )
R [ () = x(0)) (xt0) = ()" at

the norm to maximize becomes
T B 9 B
/ Hv (VT MY) T VM (x(t) — i(t))HM — tr (VTMRMV (VT MY) 1) .
0

A stationary point will satisfy

-1 1

MBRMY (VI MV) ™ = My (VI MY) T VI MRMY (VI MY)

indicating that V is a stable subspace for the pencil (MRM, M). Denoting (A$°), ,,. the non-zero eigenvalues
of the pencil (MRM, M) — ordered in a non-increasing fashion — the projection error for the minimization
problem is

/O ! Hx(t) —%(t) =V (VTMY) T VT M (x(t) - H Z A

i=k+1
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where V is composed of the first £ dominant eigenvectors. Similarly, the proper orthogonal decomposition for

the discrete snapshots x; — x; will study the eigendecomposition for the pencil (MRM, M) where the matrix
R is
nt
5 - - \T
R=) (x—%)(x; - %) .
J=0

A.3. Derivation for Section 3

If the entire continuous trajectory is available on the interval [0, T'], the proper orthogonal decomposition can
generate a subspace of dimension k£ by solving the minimization problem
i (t)]
(t)

£lE

T B 2
ATEMIN k1) /O Jx(6) = %(6) = v (T MY) VM (x(t) = x(8) || dt where x = {
The same subspace is obtained by the maximization problem
T 3 2
AN,y /O Hv (VT MY) VT M (x(t) — k(t)) HM at.
Rewrite the norm as

[v 07 aw) VMt 2o

—tr (MV (VT MY) T VT M (x() — %(2)) (x(t) — %(£)T MY (VT MY) ™ VT)
— tr (VTM (x(t) — %(1)) (x(t) — %(£))T MV (VT M) ‘1) :
The inner matrix satisfies
) (el — e | () — G2 0)) () — )T (L)~ (1)) () - ﬁ(t))T] |
0 =) ett) =) l (ult) — (1)) (22() - g@))} u(t) — (1)) (u(t) — a(®)”
Since the matrices V and M are diagonal, the norm becomes

2

T _ . R N1
/ Hv (VI MY) VT M (x(t) — i(t))HM dt = tr (VTMRMV (Vimv) )
0
where the matrix R is defined as
T ~ ~ T
du dua du da 1 ~ T
R= [ (F0-F0) (F0-F0) + %00 - a0) @ - a0 .
A stationary point will satisfy
" R N —1 R “ N —1 . R “ N —1
MRMV (VTMV) — MV (VTMV) VIMRMV (VTMV) ,

indicating that V is a stable subspace for the pencil (MRM, M). Denoting (AP°)1<;<, the non-zero eigenvalues

of the pencil (MRM, M) — ordered in a non-increasing fashion — the projection error for the minimization

problem is

= 2
o T

dt

u(t) —a(t) - v (VTMV) TNTM (ut) — at))
M

T
+/
0

2 r

dt= )" Ax.

M i=k+1

(i—?(t) - %(t)) —Vv (VTMV)_l VM (i—ltl(t) - %(ﬂ)
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