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ISOGEOMETRIC ANALYSIS AND PROPER ORTHOGONAL DECOMPOSITION
FOR THE ACOUSTIC WAVE EQUATION *

SHENGFENG ZHU!, LucA DEDE? AND ALFIO QUARTERONI?*

Abstract. Discretization methods such as finite differences or finite elements were usually employed
to provide high fidelity solution approximations for reduced order modeling of parameterized partial
differential equations. In this paper, a novel discretization technique-Isogeometric Analysis (IGA) is
used in combination with proper orthogonal decomposition (POD) for model order reduction of the
time parameterized acoustic wave equations. We propose a new fully discrete IGA-Newmark-POD ap-
proximation and we analyze the associated numerical error, which features three components due to
spatial discretization by IGA, time discretization with the Newmark scheme, and modes truncation
by POD. We prove stability and convergence. Numerical examples are presented to show the effective-
ness and accuracy of IGA-based POD techniques for the model order reduction of the acoustic wave
equation.
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1. INTRODUCTION

Proper orthogonal decomposition (POD) is a popular reduced order modeling (ROM) technique to solve
problems of Engineering interest (see e.g. [7,44]). The method is also known as principle component analysis
in Statistics and Karhunen-Loeve expansion in stochastic analysis [22]. POD techniques have been applied in
various fields of computational mechanics for ROM of physical, geometric and/or time parameterized steady
and unsteady partial differential equations (PDEs); see e.g. [19,34,39,44] and the references therein.

POD-Galerkin methods for parameterized PDEs can be regarded as ROM for the solution manifolds de-
pending on parameters [21, 26, 28,29, 31]. In this case, we will address the case of a time dependent acoustic
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wave equation and we will let the time play the role of parameter. For unsteady PDEs with time variable being
the parameter, Kunisch and Volkwein analyzed the convergence of POD-Galerkin methods under a unified
framework for problems including heat, Burgers [28], and Navier—Stokes equations [29]. The method of snap-
shots in POD-Galerkin methods chooses discrete instances in the parameter domain and uses the corresponding
field variables (i.e. the snapshots) to obtain a low-dimensional basis [28,36,43]. The generation of the snapshots
is the first crucial step in POD-Galerkin reduced modeling of PDEs. For error estimates and generation of
the POD-basis proposed in [28,29], the snapshots are often assumed to be “exact” regardless of the spatial
discretization.

However, “exact” snapshots are usually not available in practice and instead “very accurate”, but still ap-
proximate snapshots, the so-called high fidelity solution approximations [43], are considered. Most of the existing
methods of snapshots for ROM of unsteady PDEs thus need to compute snapshots numerically by fully discrete
approximations, such as backward Euler or Crank-Nilcolson scheme for time discretization and the popular
Finite Element Method (FEM) for spatial discretization (see e.g., [9,26-28,31,40]). As a popular ROM tech-
nique, POD is usually designed to capture the information contained in the set of snapshots in the sense of
least-squares. This does not necessarily imply that the reduced order space spanned by the POD basis performs
well in approximating the solution space (or manifold) of the PDE since the snapshots are “approximate” [19].
Actually, the error between the POD-Galerkin solution and the exact solution consists of two components: the
space-time full discretization and the POD eigenvalue truncation, respectively. For clarity, let us assume that
u is an exact solution of a given PDE and denote by us and u, an approximate (high fidelity) snapshot and a

POD solution, respectively. We have, in some suitable norm | - || [19,45]:
[ —url] < Jlu—us] -+ [lus = url (1.1)
—_——— —_—— —_———
Total error Snapshot error POD error

by the triangle inequality. In this respect, POD deals with the reduction of the POD error ||us — u,|| by means
of modal analysis and eigenmodes truncation. Therefore, to make the snapshot error ||u — us|| and hence the
total error ||u —u,|| small, we need good “approximate” snapshots to begin with. Motivated by this request, we
choose in this paper a novel discretization technique-Isogeometric Analysis (IGA) [10,23] toward integration of
computational geometry and computational mechanics to obtain our snapshots in place of FEM. The motivation
stems from the fact that the IGA has shown advantages over FEM on accuracy in ROM [45].

Nowadays, IGA has been successfully applied in various fields including structural mechanics, fluid dynamics,
acoustics, electromagnetism; see e.g. [4,5,8,10,14,15,37,41]. IGA represents a generalization of the isoparametric
FEM for which Non-Uniform Rational B-spline (NURBS) basis functions, a standard tool in Computer-Aided
Design, can first be used for the geometrical representation of the computational domain and then as base
for the finite-dimensional trial spaces of the approximate solutions to the PDEs. It follows that IGA possesses
a significant geometrical advantage in several circumstances since several computational domains of practical
interest, such as freeform and sculptured surfaces and conic sections, are exactly represented by NURBS. In these
cases, the geometrical representation allowed by FEM typically introduces numerical errors, which may lead to
a loss of accuracy of the method [5,10,11,23,45]. Thus, in these cases the accuracy of numerical solutions is
generally enhanced by IGA compared with FEM. Then, NURBS-based IGA possesses the advantage of yielding
highly accurate approximations to the smooth solutions of PDEs when using basis functions more regular than
globally C%-continuous. In particular, the global regularity of the NURBS basis functions can be enhanced
up to CP~!-continuous, with p denoting the degree of the piecewise polynomials used in their construction.
This can be realized by a special refinement called k-refinement (typical of NURBS) differently from h— and
p— refinements.

The considerations above motivate us to use IGA in POD-Galerkin methods for ROM of unsteady PDEs.
For IGA-ROM approximation of parabolic equations, both accuracy and effectiveness can be achieved as proven
in [45]. For the error due to spatial discretization, IGA is expected to be more accurate than FEM for approxi-
mating smooth solutions of PDEs [6,10,11,16,23,24,41]. The solutions to the acoustic wave equations are closely
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related to the corresponding elliptic eigenvalue problems by separation of variables and modal analysis [13]. In
eigenvalue problems the regular basis functions are significantly better than their C%-continuous counterpart
for modal analysis [11,15,24]. Thus, IGA with more regular basis functions is more accurate than FEM for ob-
taining high fidelity solution approximation of acoustic wave equations. This advantage may also be relevant in
the context of the POD-Galerkin method which is based on modal analysis and eigenvalue truncation as shown
in [45]. For this reason, together with the exactness of the geometrical representation, the use of IGA with
NURBS basis functions which are CP~'-continuous can be significantly beneficial for POD-Galerkin methods
in terms of accuracy.

Acoustic wave equations, as basic hyperbolic PDEs, have many applications and thus are fundamentally
important in Engineering [13]. Reduction is operated with the purpose of lowering the computational complexity
of the numerical approximation to the acoustic wave equation. In this respect, the time variable is the only
parameter that is addressed in the reduction process; it is well-known that dealing with hyperbolic problems,
special care should be devoted to achieve efficient ROM when considering the multiparameter case [1,12,42]. For
ROM of the acoustic wave equation, POD-Galerkin approaches were developed based on spatial discretization
with FEM in [2,9,20]. A priori error estimates with time discretization and POD truncation were derived
therein. In this paper, we use IGA rather than FEM [2,9,20] to obtain high fidelity solution approximations
for ROM of acoustic wave equations and we propose a new fully IGA-Newmark-POD Galerkin scheme for their
approximation. We split the error of the POD-Galerkin solution into two parts as in equation (1.1) and show
that both the accuracy of high fidelity solution approximation and POD truncation are important for obtaining
accuracy in ROM. We analyze the stability and convergence of the discrete schemes by a priori error estimates.
Numerical experiments are performed to show advantages of IGA used as high fidelity solution approximations
both with respect to the “exact” geometrical representation of computational domains of practical interest and
the use of smooth basis functions allowed by NURBS. These advantages are shown to be useful for enhancing
accuracy in ROM by POD.

The paper is organized as follows. In Section 2, we first introduce the essential formulations of IGA for
the spatial discretization of PDEs. Then, the IGA semi-discrete and fully space-time (with Newmark scheme)
discretization methods are presented; stability and convergence analysis for acoustic wave equations are carried
out. In Section 3, we recall the POD methods for ROM of unsteady PDEs with the time variable as parameter.
In Section 4, we present the IGA-POD Galerkin scheme and show its stability and convergence properties by
performing a priori error estimates. Numerical aspects and the algorithm are detailed. In Section 5, we give
numerical examples to show effectiveness and advantages of our approach. Finally, conclusions follow.

2. IGA FOR ACOUSTIC WAVE EQUATIONS

In this section, we first introduce the wave equation model in acoustics. We introduce B-splines and NURBS
for the formulation of IGA. Then, we propose a spatial discretization scheme by IGA and temporal discretization
using the Newmark-scheme. We discuss the stability and convergence of the schemes.

2.1. Problem formulations

Let 2 C R? (d = 2,3) be an open bounded domain with Lipschitz continuous boundary 2. We partition
992 into I'p and I'y satisfying that I'pN Iy =0 and I'p Uy = 812. We indicate by L?(§2) the Hilbert space of
measurable functions that are square integrable. The L? inner product and the corresponding norm are denoted
by (+,-) and || - ||, respectively. Denote H(2) := {v € L*(2)|D;v € L*(2),i = 1,...,d} with D; being the
partial distributional derivative with respect to 2; and H}. (£2) := {v € H'(2)|v =0 on I'p} with dual space
denoted by H;;(Q) Denote by (-,-)x the scalar or vectorial H* inner product and define the corresponding
norm ||v||x := 1/(v,v). We will need the Hilbert space H*(£2), for k a non-negative integer. Accordingly, (-, ),
|| - |x and | - | will be used as their scalar inner products, norms and semi-norms, respectively.
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We consider the acoustic wave equation

uy — Au=f in 2 x (0,77,

U= gp on I'p x (0,7,

Vu-n=gy  onlIn x(0,T], (2.1)
U = U in 2 x {0},

Uy = Vo in 2 x {0},

with 7> 0. For V := H}. (), we define the bilinear form a(-,-): V x V — R as:
a(u,v) = / Vu-Vvdz Vu,veV. (2.2)
Q

By the Cauchy—Schwarz inequality, we have that
la(u, v)] < Jlulliflvll Yu,veV (2:3)
and by the Poincaré inequality there exists a constant 0 < o < 1 such that (e.g., [35]):
la(v,v)] > allvl|} Vv eV, (2.4)

for which the interior of I'p should not be empty. We denote with L2(0,7’; V) the space of measurable functions
¢ : (0,T) — V, which are square integrable, i.e., fOT |4(t)||2-dt < oo, where ¢(t) := ¢(t,-) is considered as a
function of the space variable only for ¢ fixed. With the notation H := L?({2), we define the space-time function
spaces H := L?(0,T; H), V := {v € L?(0,T;V)|v; € H} and

Vi={veVjel(o,T);V),v € C([0,T]; H), vy € L*(0,T;V*)}, (2.5)

where V* denotes the dual space of V.
Given f € L?(0,T; H;Dl(())), ug € V, and vg € H, the weak formulation of problem (2.1) reads: for ¢ € (0,77,

find u € V such that

(ure (1), w) + a(u(t), w) = (f(t), w) + (gn,w) YweV, (2.6
(u(0),w) = (ug,w) Yw € L*($2), (2.7)
(ut(0),w) = (vo,w) Yw € L*(2), (2.8

which admits a unique weak solution u € VN C([0,T]; V) with u; € HNC([0,T); H) and uy € L0, T;V*) (see
e.g. [13]).

2.2. IGA space semi-discretization of PDE model

Let us introduce a spatial semi-discretization of (2.6) based on IGA [10]. We recall in the following some
basic definitions and properties of IGA.

2.3. B-splines and NURBS

We recall univariate B-splines and NURBS [33]. For any a (1 < a < d) and positive integers m,, and n,
we define the knot vector =, := {0 = &1,0,82,a, - - -, &na+pat1,a = 1} consisting of nondecreasing knots, i.e.,
1.0 L &a <o <& 4patl,a- Knots may be repeated with the number of repetitions called multiplicity. A
knot vector is assumed to be open, i.e., both of the first and the last p, + 1 knots are repeated, where p,, is the
polynomial degree. Denote by B; o (i = 1,2,...,n4) the B-spline basis functions, which can be produced by the
recursive Cox-de Boor formula [33]. Each B-spline basis function is everywhere pointwise C'°*°-continuous except
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at knots §; o, where it is CP~~"%~-continuous if the multiplicity of the knot is k; o with 1 < k; o < po + 1. The
B-spline basis functions are non-negative, locally supported in (& o, &itpa+1,a) (the knot span), and constitute
a partition of unity [23], i.e. > 1% B; o = 1. We define the space of univariate B-splines By = B(Za;pa) :=
span{B; o }i=1,..n,-

Multivariate tensor product B-splines are defined based on d knot vectors =,, a« = 1,...,d. Let 0= 0,1)¢ c
R? be an open parametric domain. The knot vectors partition @ into “mesh” elements, which constitute a mesh
Qn=9n(E1,...,54) ={Q = ®i:1(§ia,mfia+1,a) \Apa +1 <y < ng — 1}. Let us denote hg = diam(Q) for
all @ € Qj, and the global mesh size h := maxgeo, {hq}. For notational convenience, we denote a multi-index
i := (i1,...,1q) and a corresponding multi-index set I := {¢ = (i1,...,%4) | 1 < iy < nyforl < o < d}. Then, for
each multi-index 2 € I, we define the tensor product B-spline basis functions B; : 02— R, B; := B;; 1®...©B;,.4
and corresponding tensor product B-splines space:

By = Br(Z1,- -+, Zd;p1s- - - pa) = span{ B bicr. (2.9)

Notice that the functions in B, are piecewise polynomials of degree p, along each coordinate a..

We associate the basis functions B; with positive weights w; and define a weighting function w : 2 — R, w :=

> icrwiBi. The NURBS basis functions on the parameter patch are defined by projection:
. B;

Ri: 2 >R, Ryj=22

- (2.10)

and the corresponding NURBS space reads: S, = Sp(=Z1, ..., Zd; 01, .-, pa;w) := span{ R; }ier.

In order to perform a parameterization of the physical domain, we introduce the control points C; € R? and
define the geometric mapping F : 2 — Qwith F := > icr CiR;. Let us assume that F is invertible and possesses
smooth inverse a.e. in each element () € Q). We define VF : 2 — R and Jp: £ — R to be the Jacobian matrix
and determinant of map F', respectively. By using F', we define a physical mesh in the physical domain {2, whose
elements are obtained as the image of the elements in the parametric domain, i.e., K := {K = F(Q) | Q € Qp}.
The corresponding mesh size in the physical domain is defined as h := maxgex, hx, where hx = [|[VF|| () hq-
Associated with a family of meshes {Q},}5, in parametric domain ﬁ, we introduce a family of meshes {K,}5 in
physical domain (2.

Furthermore, we define the space spanned by NURBS basis functions in {2 as the push-forward of the space Sy,
which reads:

Vi = Va(p1,- .. pa) i=span{R; o F~'}ic; = span{R; }ier, (2.11)
where {R;}ics is the NURBS basis in the physical domain with R; := R; o F~! for all i € I. Let the degree p
of piecewise B-spline polynomials be denoted by p and so that of NURBS be defined as p := mini<qa<d{pa}-

We recall the interpolation theory of NURBS in [5] for obtaining interpolation error estimates of IGA. Given
a function v € Lz(ﬁ), we define a projective operator over the B-splines space By, as: IIp,: LQ(f\Z) — By,
I, v := ) ;. 0i(V)B;, where the linear functionals g;(v) € Lz(ﬁ)/ determine the dual basis for the set of
B-splines, i.e., they are such that g;(B;) = d; ; for 4,7 € I, with § the Kronecker function. The corresponding
projective operator over the NURBS space Sy, in 2 is defined by means of the NURBS basis functions in (2.10)
through the weighting function w, as:

g, (W)

s, : Lz(ﬁ) — Sp, Is,v:= »

(2.12)

for all v € L2(§). In this manner, the projective operator over Vj,, the NURBS space (2.11), is defined as the
push-forward of the operator I1s,
Iy, : L*(2) — Vi, IIy,v:= (IIs, (0)) o F 1. (2.13)

Now let {Qp}h and {1}, be regular and quasi-uniform families of meshes in the parametric and physical
spaces, respectively. We recall the global interpolation error estimate of NURBS for IGA as follows ([5]).
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Lemma 2.1 (Global interpolation error estimate). Given the integers ¢ and o, with0 < ¢ < §, § = min{o, p+1},
0 <ky+1, and ky, > 0 the minimum regularity of basis functions (i.e. C*=-continuous in §2), we have:

lu — Iy, ule < C1R°4ul,, (2.14)

for any uw € H(2), where the positive constant Cy = C’l(||VFHLOO(§),km) only depends on ky, and the shape
of §2, but not on its size.

Based on the local inverse inequality in [5], one obtains (see [45]):
Lemma 2.2 (Global inverse inequality). Let k and [ be two integers such that 0 < k <1, then we have
lolle < Co h*!|onlk Yon € Vi, (2.15)
with Cy = OQ(Q, HVF”LOC(_@)’ kim) > 0.
2.4. Spatial semi-discretization of IGA for the acoustic wave equation

Let Vj, be the finite-dimensional subspace of V reading Vj, = V N [V;,]%. Without loss of generality, consider
the case with I'yv = @. A general spatial semi-discrete Galerkin approximation of (2.6)—(2.8) reads: for any
given t € (0,71, find up(t) € V, such that

(un,et(t), vn) + alun(t),vn) = (f(t),vn) Yon € Vi
up(0) = uo,n, (2.16)

up,(0) = vo,n,

where ug 5, (or vg ) is some approximation of ug (or vg) obtained by interpolation or L? projection onto Vj,.
Let us first define an elliptic projection operator Py, : V — V}, for each v € V:

a(Ppv,vp) = a(v,vy) Yo, € Vi, (2.17)
from which we obtain the Galerkin orthogonality:

a(v— Pyo,vp) =0 Yo, € V. (2.18)
We recall the following result from [45].

Lemma 2.3. Let {Qn}1 be a reqular and quasi-uniform family of meshes. Then, there exists a positive constant
Cs = C3(|VF| oo 5y @ k) independent of h such that

v — Puo| + hllv — Pyolls < C3 WP vl Yo € HPTH2)N V. (2.19)

Then, we have the error estimate between exact solution u(t) and spatial semi-discrete approximation wuy ().

Lemma 2.4. Let the hypotheses of Lemma 2.3 hold. In addition, let us assume that f € C°([0,T]; L*(£2)),
up € HPTH(Q) with p > 1, and that the solution u of (2.6) is such that u € C°([0,T); H**1(2)) and u; €
L2(0,T; HPL(02)). Then, by using piecewise polynomials of degree less than or equal to p in definition of
NURBS space Vy, the solutions u and up, to (2.6) and (2.16), respectively, satisfy

() = un (@)l +hlu(t) —un ()1 + llue () —un ()] < Cah?*™ (lu(t)|p+1 + lue (D)l p+1 +/O [t |11 dS) (2.20)

for each t € [0, T] with Cy = C4(HVF||L°C(§), a, km) some positive constant independent of h.

Proof. The proof follows from the FEM version of space semi-discretization (see e.g. [18,30, 35]). O
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2.5. Full space-time discretization of PDE model

We now apply the Newmark scheme for the time discretization of problem (2.16) (see e.g. [30]). For Ny € N,
we introduce a time step 7 = T/N; and uniform discrete time instances ¢, = n7 for n = 0,1,..., N;. Let us
denote u™ := u(t,) and f™ := f(t"), n =0,..., N;. For notational simplification, the superscript “n=+1/2"of an
arbitrary quantity, e.g. ¢, means that ("*1/2 := (¢"*! 4 (")/2 with ¢" := ((t,,). Thus, (("~' +2¢" + (") /4 =
(Cn=1/2 4 ¢nH+1/2) /2. Let D} and D be the forward and backward finite difference operators, respectively:

S Sl
T

Dr¢n
¥ .

and D_ (" :=
Thus, D Dyu} = (u}~! — 2uf + u}™)/72. Note that here u} ~ wuy(t,). Then, we have the following IGA-
Newmark full space-time discretization scheme: for n=1,..., Ny — 1, find UZH € Vj, such that
1 n— n
(D D7up, wp) + 56‘((% 12 4 uh+1/2),wh) = (f"wp) Yw, €V (2.21)
up = Uo,n; V) = Vo,

where o)) is the initial velocity approximation. We use (2.21) with n = 0 and the initial derivative approximation
(up, — u,:l) /(27) = v}, to cancel u;l and compute uj, from u). The Newmark scheme is unconditionally stable
and second order accurate in time. We propose the following a priori error estimates for the fully-discrete
approximation.

Lemma 2.5. Let the assumptions in Lemmas 2.3—2.4 be satisfied. Then, there ezist positive constants Cs =
Cs (o, km, T') such that at time instances ty, 1 /2 := (tn +tny1)/2 we have

e R e A

< Cs(|Pouo — up |y + [Prults) — upli + | DF (Phuo — up)|| + RPT +72). (2.22)
Proof. Replacing the FEM by IGA approximation leads to the result by extending [18,30]. O

3. POD ror ROM OF PARAMETERIZED PDES

ROM of parameterized PDEs aims to reduce the dimension of solution manifolds corresponding to sets of
time, physical, and geometric parameters for steady /unsteady problems; specifically, in this paper, we consider
the time variable as the unique parameter. POD-Galerkin methods for numerical solutions of PDEs usually
demand to first obtain or train a POD basis in which the number of basis functions is expected to be much
smaller than that in the full order Galerkin approximation, e.g., FEM. There are two types of POD basis
generation approaches [36,43]: the continuous POD (C-POD) and discrete POD (D-POD), the latter is the
approach we consider in this paper.

3.1. D-POD

A continuous and accurate set of snapshots {y(¢) |t € [0, T} is usually not available in practice, while discrete
approximate snapshots can be obtained (as in our case of Eq. (2.6)) e.g. as follows:

{yily;=ul " j=1,...,N,+1} C Xp. (3.1)

Here, h is the mesh parameter related to spatial IGA discretization, and X, is a finite-dimensional subspace
of X, a Hilbert space typically chosen as L?(§2) or H'(£2). We compute numerical approximations of y(t) by a
full discretization method consisting of spatial IGA approximation and Newmark scheme, dicussed in detail in
Section 2. Denote V, := span{y; |y; = ufl_l,j =1,...,Ny+1} and ¢ := dimV, < N;+ 1 < oo (in some instances
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t < Ny + 1 since in principle snapshots may be linearly dependent). For r € {1,...,¢}, the D-POD requires to
solve a finite-dimensional optimization problem

N T
min Zaj Yj — Z(yj,apk)x k|| subject to (i, pj)x =0;; for 1 <i,5<r (3.2)
{er}h_1CXn = 1 <

to obtain an optimal orthonormal basis {¢;}7_; of V;. (subspace of V,), where the number of snapshots Ny =
Ni+1

N; +1 at this stage and {a;}Y7! denote nonnegative weights satisfying > i1

j=1
trapezoidal weights as in [43], i.e.

o = T'. Specifically, we choose

oqzaNH_l:g and «o; =71 fori=2,..., Ny, (3.3)

which ensures that (3.2) is an approximation of a time integral when 7 is small.

3.2. Time derivatives (TD) and time derivative approximations (TDA)

Recently, TD/TDA were suggested to be included in the set of snapshots in analysis of the C-POD/D-POD
truncation errors [28,40]. For D-POD with TDA included, the set of snapshots {yj};v=1 with Ns = 3V; consists
of numerical solutions A

yi=u) j=1,..., N+ 1

plus their TDA counterpart: 4
yi = Dful N2 j =N, +2,... 2N, +1 (3.4)

and ‘
yj = DI D-u) *M 7 j=2N,+2,...,N,. (3.5)

It is well-known that these TDA can be regarded as second order central difference approximations at t;_; 5 :=
(¢ —1/2)7 for i = 1,..., Ny. Then, the additional weights {c; };.V:SNHFQ in problem (3.2) arising from the TDA,
are aj = 7 for j = Ny +2,..., Ns. At this point, we set V, = span{y;}’_;, where {y;};_; denote the linearly
independent basis obtained from span{yj}jyzsl. Notice that the inclusion of TDA approximately triples the
cardinality of snapshot-set, but does not change the dimension of the space, which is spanned by snapshots
without derivative approximations. As shown in e.g. [20,27,28], it is necessary to include TDA for convergence
analysis of POD-Galerkin schemes.
We introduce the correlation matriz

. 1
K = [Ky) € RY N with Kyj = ~_ Wi vi)x, (3.6)

S
which is symmetric positive semi-definite and has rank ¢ since dimV, = ¢. Let Ay > ... > A\, > 0 denote the
nonzero eigenvalues of K and \,4; = ... = Ay, = 0 the null ones, then, vy,...,vn, € R™s are the associated

eigenvectors.

Lemma 3.1 ([28]). The POD basis of rank r with 1 < r <. (i.e. the solution of problem (3.2) with/without
TDA) is given by

1 &

VNG)\]{I i—1

Jj=

Y = (vg);y5, k=1,...,m (3.7)

Moreover, we have the following error formula for the general D-POD from snapshots with or without TDA:

N L
N
FZH%_PryﬁH%{: > M (3.8)

5 =1 k=r+1
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where the projection operator P, : Vy, — V,. is defined as

r

Py = (5. ¥)x e, Yy; € Vi (3.9)

k=1
Specifically, for the TDA-based D-POD, we have different versions of equation (3.8) for different choices
of the space X. Let \p and A\, kyy = 1,...,¢ denote the nonzero eigenvalues of the correlation matrix K

with X = L%(2) and X = H!(), respectively. For X = L?(£2), we denote by {&k}zzl the POD basis and
equation (3.8) implies

N r 2 Ne—1 r 2
1 ~ o~ 1 ~ o~
WZ up = > (g, Yi)in tan >\ DFup = (DFup, w )i
t n=0 k=1 t p=0 k 1 (3.10)
;| el r ’
+fﬁV'§: DDz =Y (DED7up }: Ak
t =1 k=1 k=r+1
For X = H'(2), we denote by {,(Zk}irzl the POD-basis and equation (3.8) implies
1M r o 2 ; Nt r o 2
SWZ UZ‘Z(”ZJ/%)N/% +3W Z D:—FUZ—Z(D:—FUZ»%M?/%
t n=0 k=1 n=0 k=1 1 (3.11)
1 Ny;—1 r ’
3y > D Drup = > (DF Doy, ) 1% Z A
t =1 k=1 1 k=r+1

The POD basis and eigenvalues above for both the cases depend on the discretization parameters h and 7.
In the following, if we do not distinguish between the two bases in L?(£2) and H'(£2), we will generally write
{¥i}i—; and denote by V. := span{;}_; the POD space of dimension r with V., CV, for r < v and V, =V,
for r = 1. We call V. POD space for simplicity. So far, let us point out that we have introduced the following
Hilbert spaces with inclusion relations as:

V, CV,CV, CVCHYN) CL*N). (3.12)

Remark 3.2. Based on snapshots from full discretizations in space and time, POD modes (3.7) and eigenvalue
truncation error (3.8) differ from those of semi-discretization in time only ([21,22,28]), or from those different
kind of spatial discretizaton techniques, e.g. FEM ([31]).

Let us define the stiffness matrix A = [A;;] € R™* with A;; := a(¥;, ;) and mass matrix M = [M,;] € R***
with M;; = (¥,%:). Let 1 > po > ... > p, > 0and 1 > vy > ... > v, > 0 be the eigenvalues of M, and
singular values of A,, respectively; in addition, || - |2 denotes the spectral norm of a matrix. Then, we have the
following properties in the POD space [45].

Lemma 3.3 (Inequalities in V,). For all v € V,, we have

ol < /v tia ol and ol < g/ p e (ol (3.13)
with vy > p,. In particular,
loll < Vo floll - and Jolls < oo (3.14)
with vy > 1 for POD basis in X = L?*(£2) and
loll < vallol and ol < /o] (3.15)
with p, < 1 for POD basis in X = H'(02).
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Proof. By Lemma 2 of [28], we have

[oll < VIMl2[|A=H2llvfl and flofls < VlIAll2[[MZH2]v]l- (3.16)

By definition of matrix 2-norm, symmetry and positive definite properties of M, M~!, A and A~', we easily
have
IMllz = pa, IM7Hl2 = g7, [[All2 = w1, and ATz = v (3.17)

By means of (3.17) in (3.16), the inequalities (3.13), (3.14), and (3.15) hold.

By the second inequality of (3.13) and the fact that ||v| < /1 — afv]]y for any v € V, from (2.4), we obtain
(1 — a)ry > p, and thus v; > p, since o € (0,1). In particular, for POD basis in L?(£2) or H*({2), the mass
matrix or stiffness matrix turn out to be the identity matrix and so that v; > 1 or pu, < 1 follows. O

Remark 3.4. The second inequality of (3.14) (resp. (3.15)) is an inverse inequality in V, which is similar
(Lem. 2.2) for both the NURBS spaces of IGA and piecewise Lagrange polynomial spaces of FEM (Lem. 3.1 [26]).
However, the values of vy, v,, u1 and p, may significantly differ depending on whether we use IGA or FEM
methods.

4. IGA-NEWMARK-POD SCHEME

The POD basis can be generated by successively using the fully discrete IGA-Newmark method for computing
the snapshots and then singular value decomposition of the correlation matrix K for obtaining the POD modes.
We then use this basis to derive the POD semi-discrete scheme and POD-Newmark fully discrete scheme.

Given t € (0,T], the POD-Galerkin semi-discrete scheme consists in finding u,(¢t) € V,. such that

{ (ur,tt(t),wr> +a(ur(t),wr) = (f(t),wr) Vwr€Vr (4.1)

ur(0) = ug,r, vr-(0) =g,

where ug - (or vo,) is some projection of ug p, (or vo ) from V3 onto V.
Now we present the IGA-Newmark-POD fully discrete scheme: find u! € V,, n=1,..., N; — 1 such that

1
(DjD;u:‘vaT) + ia((u?_l/2 + u?+1/2)7wr) = (fnvwr) vw?” € V;"’ (4 2)
u

g = uo,r, ’Ug = Vo,r,
for which we show the following stability property:
Theorem 4.1 (IGA-Newmark-POD Stability). Assume that = < 1. We have for problem (4.2) (n =
1,..., Ny — 1) the stability estimate:
IDFuI? + a2 < (P + 2+ s 4P). (1)

>4Vt

In the particular case f =0, we obtain the discrete energy conservation principle:
IDFu | + a2 = [ DF udl? + Ju,? 2. (4.4)

r

Proof. We first prove the special case (4.4) when f = 0. Choose w, = (u"*! —u”~1)/(27) in (4.2), then

W, = l(D-‘run +D+un—1) — l (un+1/2 _ un—1/2) .
T 9 T Y T Yr T r r
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By this w,., we have

(DF Dyufwy) = o= (Dfu? — Dy, Dful + Dyuf) = 3 Dy [ Df |

2T

and

2

Adding this equation to (4.5), inserting into (4.2) and recalling that f = 0, we have

D7 (I1DF wpl? + Jut/2R) = o,

from which the result (4.4) follows.
To prove (4.3), by similar arguments as above, we have the identity

Dz (IDF |l + Jup 2 }) = (f°, D uyt + DFup™h).

By Cauchy—Schwarz inequality, we get

- 1 1 -
DT (IDFull? + w2 R) < L7117 + SIDFull? + S IDF =P,

Set ¢, == | D u||? + [ur /%2, we have

T T
gn_gnflSTan||2+_<n+_<nfla nzlw”aNt_]-a

2 2

1.€.,

(2= T)on < 2+ T)sna +27)f")% n=1,...,N —1,

As 7 < 1, we set

2
B=5— sw IfP =0
— T 1<k<N,—1

Then, (4.9) implies that
Sn < 06,1 + BT

with 6 := (24 7)/(2 — 7). We have by induction that

n—1
0" —1
n<9n k _ gn .
Sn <00+ AT Y 0" = 0" + Br—
k=0
Since " "
2+T 2T 27
9”: = 1 < Pl
(2—7’) ( +2—T> =¢ ’

(4.11) implies that
2—-T

2

27
G <er7"g+

Fornt <T,n=0,1,...,N; and 7 < 1, thus

2—T
<n<ezT(<o+5 5 )

By (4.12) and the definitions of 5 and g, above, the stability estimate (4.3) holds.

1 1
—a((ufflm +uf+1/2),w,«) _ Za(u;zflﬂ +uf+1/2,u;}*1/2 _u?+1/2) _ QD;‘,LL77}+1/2|%

1207

(4.11)

(4.12)
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4.1. A priori error estimates

We remark that the error bounds of the IGA-Newmark-POD Galerkin scheme include three components
arising from IGA space discretization, time discretization and POD eigenvalue truncation.

Theorem 4.2. Let the assumptions in Lemmas 2.3-2.4 hold. Moreover, we assume 7 < 2u,/(p, + v1). Then,
for the IGA-Newmark-POD Galerkin scheme, there exists a constant Cs = Cs(c, 3, HVFHLoo(Q)» km, o, 1) >0
independent of T, h and p such that

N¢—1
iy 20 12 <o (e o ) 1708~ 0+ 1P

+|DF (Phuo — up)||® + | DF (Prup, — u)||* + 74 + 222 4 > Xk). (4.13)
k=r+1

Proof. We have by the triangle inequality
e N i R A | (4.14)

The average error related to the first term on right hand side of (4.14) is bounded via the IGA fully-discrete
error estimation in Lemma 2.5:

N;—1
— Z w12 — V212 <402 (|Prug — ud|? + [Phu(ty) — up|? + 7 + B2PH2). (4.15)

To estimate the second term of (4.14), we write
u2+1/2 _ ufH/z (u]! n+1/2 —Pu Z+1/2) + (PruZH/Q _ u;z+1/2)
= /2 g /2,

n+1/2

First, we have for n the average square error

N¢—1 N¢—1 Ny—1

nt1/2)12 < 2, n+1)2
N Z Iy 172)1% < 2N Z ™1 + 2N Z [kl
<, Z\In 1> <3 Z X (4.16)

1=r+1

where we have used Lemma 3.1 in the last inequality.
To estimate p"+1/2 by (2.21) and (4.2), we have for any w, € V,:

1 n n— —_
(DiD;(uZ—u?>,wr)+5a(< W) 2 ) ) = 0, (4.17)
Then, using (4.17),
o R n— —(n_.m o .m
(DF D7 p" wr) + 5a(p™ 2 + p" V2, wn) = (DF D7 (0" — i+ up), wr)
1
b ) g )

1
—(DIDIn™ w,) — 5(1(77”“/2 +0"" V2w, Yw, €V,. (4.18)
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We now apply a superposition principle, splitting p™ = p"+p" and p"t1/2 = pn+1/2 4 pn+1/2 These quantities
are defined to satisfy

(DfD;p" w,) + 2a(V"+1/2 + p"” 1/2 Jwy) =0 VYw, € Vp° = Prug — ug, pt= Pru,ll — ul (4.19)
and

—-n 1 ~n n— -, n 1 n n— px =
(DjDrp ,U)r)+§a(,0 +1/2+,0 1/2 ):_(DjDTW vw”‘)_ia(n +1/2+n I/Q,U)T) vaGVTpO:plzoa

(4.20)
respectively. We apply Theorem 4.1 to (4.19) and get
D™ |12+ |p" Y22 = |IDEO? + 1pY%2, n=1,...,N,—1. 4.21
ip p p
The initial condition in (4.19) allows us to easily have
1DF 5" + 1" 2] < (\P up = wld + [Pruy, — up3) + [|DF (P, — u?) ||, (4.22)

To estimate p™, we take
1 1
wy = i(Diﬁ" +Dfp" Y = ;(,5"“/2 )

n (4.20) and obtain

D (1D 7|2 + 512 3) = = (DF Dy, DF ) — al /2 49 V2, DF )
— (DY D7, DY) — a2 2 D
< ||DF Dy 107 " + 1D Dy 1D 5
2 D s+ Y 2 D

by the Cauchy—Schwarz inequality and continuity of a(-,-). By using the inverse estimate in Lemma 3.3 in V),
and the Young’s type inequality ab < a? + ibQ, we further have

D (IDFp™M1? + 17" 2 ) <2(|DF DZ o ||* + [l /2 + 9" 2|3)
e + v

DFp™||* + | D pn ! 4.23
+ = i, (Il 1=+l %) (4.23)

Set g, := || DF p™||> + |[p" /23 for n = 0,1,..., Ny — 1. By similar induction arguments as made in Theorem 4.1
showing that (4.3) from (4.7), we can obtain from (4.23) for nt < T, n =0,1,..., Ny and 7 < 2u,/(p, + v1)
that

pPetry

G < e we T[§0+ﬁ

Ap, — (o + Vl)T}

20 + 1) (4.24)

where the number J > 0 satisfies that

He + 11 — n n—
8 (1B ) 2 2 (IDEDD P 4 I+ g 2R

L

By definitions of ¢, and 3, and the fact that p° = p' = 0 in (4.20), we obtain

Ap
|DF "2 + 1723 < e Rt T {|D+p 12 +10"2[% + 7(IID+D‘77 124 ™12 2R

MtV
= Co(IDF Dz 1P + ™ Y/2 4~ 1/2||1) (4.25)
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with Cs = Cs(py, 11, T) == 4ube(1+“71V1)T/(uL + v1). A combination of (4.22) and (4.25) leads to
IDFp" |12 + [p" 12} <2(|DF '"HQ + "2 + 2(|DF 5" | + 112 )
< |Prup, — wplf + [Py, — up| + 2| DF (Pruj — )|
+2Cs(|DED-0™ |12 + " T2 " 2,
forn=1,..., Ny — 1. Therefore,

N;—1
Z\“Wz (1Pl — a2l + | Pl — ulf? + 2| Df (Prul) — u2)|?)

Ny—1 Ne—1
206 — _ 206 \ n e
2 2 DD+ Y2 V22,
n=1
where by Lemma 3.1
Ny—1
N Z |DFDZn"||? < 3 Z i (4.26)
i=r+1
and
1 ezt Ne—ly g Nemly
o n+1/2 n—1/22 i n+1 il S ln—112
N 2 I < o Z I 0+ 5 o g
n=1 n=1
1 1n U1«
< FZIIU”H? < ZII "7 < >N (4.27)
tn:O Hu 1=r+1
Hence, we obtain
1 ezt
~ Z "R < O (IP up —up[§ + | Py, — uplf 4+ [|DF (Prap, —u)|[? + Z /\> (4.28)
n=1 i=r+1

with C7 = C7(u,, v1,T). Finally, a combination of (4.15), (4.16), (4.28), (3.10) and (3.11) yields the result. O

4.2. Numerical linear algebra aspects

The IGA spatial semi-discretized problem (2.16) is a system of ordinary differential equations. Let us denote by
N, the cardinal number of the multi-index set I, i.e. the number of degrees of freedom of the finite dimensional
space V3. Renumber the index from 1 to N, for all ¢ € I. By writting up(t) = Z;\lel d;j(t)R; and uop =

Z;V:'fl do ;R; and taking vy, =R; (i =1,...,N;), problem (2.16) then turns into

{ Md(t) + Ad(t) = f(/t), t € (0,T] (4.29)
d(0) = do, d(0) = dy,
where

A:[(ZU} GRNJCXN'T ) RJaR)

M = [my;] € RY=*Ms, / Rjfudz,

d(t)Z(d1(t),...,de()) GRN“ dy = d01,‘. dONl) GRNw,
£ = (Fut)s s . ()T € R £i(0) /f ) Rude

dy = (dq 0,17 6,Nw)T€RNm

with 1 <4, < N,.
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In order to numerically apply a POD algorithm as in Lemma 3.1 of [43], we need to introduce a weighted
inner product in RN» for the IGA control variables to replace the inner products in the finite-dimensional
(N, -dimensional) space V},. The induced norms are also changed accordingly. Let us consider two arbitrary
vectors a, b € RN« with a = (a;)1<i<n, and b = (b;)1<i<n,, then we define the weighted inner product (-, -)w
in RY+ as

Ng Ng
(@.byw :=a"Wb=>"Y"a;Wib;, (4.30)

i=1 j=1

where W = [w;j]1<i j<n, € RVe*Ns denotes a symmetric positive definite weight matrix. We then denote the

induced norm | - |y := (-, -)!/2. Then, Yup,, wy, € V3, since vy, (z) = ZZN:TI a;Ri(x) and wp(z) = ZZN:TI b;R;(x) are
elements of the finite-dimensional subspace V}, C RN« of V., we have (vs,wp,) = (a,b)w and ||vs|| = |a|w with
W = M. Analogously, we obtain (vp,,wp)y = (a b>W and |Jup||1 = |alw with W = M + A.

The algebraic form of (2.21) reads: find {d}'}2*, C Vj, such that

1 mn n—
MDjD;dZ+§A(dh+l/2+d V3= n=0,... N, -1,

(4.31)
d(})L = dO,ha
where d" = [d},...,d% T forn=0,1,..., N;.
We can define a matrix-vector form for the Galerkin POD semi-discretization:
M,d,(t) + A.d,(t) = f-(t), te(0,T],
1)+ Ao (t) = F,(0), 1€ (0,7) w2
d,.(0)=d,p
where
Ar = larij] € R arg; = a(yy, ¥i), My = [my 5] € R7T my ::/ Yide,
Q
dr(t) = (dr’l(t),...,dr,r( )) eR", drO— dorh‘. dOrr) e R",
fr(t):(fr,l(t)a~~afr,r( )) eR", frz / f ¢zdx
with 1 <4,j <.
The matrix-vector form for IGA-Newmark-POD scheme reads:
1
M, DIDzd" + A, (d"V2 +d" ") = f*. n=0,...,N,—1
T M G D) ( T T ) f’r n t (433)

d’=d,.

By solving this system, we obtain {d”}"*, which leads to the POD Galerkin solution {u”}N*O with ]! =
ZJ 1 dy . The POD mass matrix M,, POD-stiffness matrix A, the inverse matrices M, Land At
positive definite [26,28].

4.3. Algorithm

We present the whole IGA-POD Galerkin methodology for ROM in the form of Algorithm 1 which contains
three modules: the snapshot computation by IGA, the POD-basis generation and the POD Galerkin approach.
Let us denote a diagonal matrix @ = diag(ai,...,an,). In Algorithm 1, we consider three approaches to
generate POD basis as suggested in [43]. These are mathematically equivalent for modal analysis, although their
computational costs are generally different from each other. The correlation matrix (3.6) and POD-basis (3.8)
correspond to Case 3.
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The choice of POD rank r is crucial since it influences the accuracy of the POD ROM in approximating

the original problem. In our IGA-POD method, we can determine it also based on a heuristic rule [43]. More

precisely, given an error tolerance € (0 < € < 1), we determine r such that the computed energy ratio

or

E(r) = 7§f:1 il >1—c¢,
i=1"\

equivalently,
Zi‘:rﬂ Ai

<
trace(DT D) ‘

1-E(r)=

with D defined in Algorithm 1.

(4.34)

(4.35)

Algorithm 1. IGA-Newmark-POD method for ROM of acoustic wave equations.

NN NN NN NN = = = = = e
TS TR IR0 TR G BN

[\
3]

=
el A A A I

: procedure SNAPSHOTS (Method of snapshots based on IGA-Newmark-scheme)

: Require: Set 7, Ny = 3[T'/7] (or ([T'/7] + 1) if TDA are included or not), p, km, Nz, and ¢;
Solve acoustic wave equation by IGA-Newmark scheme to obtain snapshots {d}, },2, C RNe,
: return D = [d}]...|d}"*] € RN=*Ne;

procedure POD (POD-basis of rank )
Require: Weight matrix W, diagonal matrix © for temporal quadrature weights;
Case 1: if N = N,

Compute D = W/2DeY/2;

Perform the singular value decomposition: D = # X7

Determine POD rank r;

Compute ¢; = W V2F(:,i) e RV* and set \s = X2 fori=1,...,r;

: Case 2: if N, < Ng

Compute D = W/2DeY/2;

Compute R = DDT € RN«e*Na,

Perform the eigenvalue decomposition: R = wAUT;

Determine POD rank r;

Compute 9; = Wﬁl/zﬂfl(:,i) e R andset \; = Ay fori=1,...,r;

: Case 3: if N, > N

Compute K = O2DTWDOY? € RNs*Ns.

Perform the eigenvalue decomposition: K = $AP7T;

Determine POD rank r;

Compute 1h; = DOY2H(:, i) /v/A; € R¥* and set \; = A“' fori=1,...,r;

: return IGA-POD-basis {1;}/—, and eigenvalues {\}'}_
: procedure POD GALERKIN SCHEME (MOR)

: Require:

Solve PDE by the full discrete POD-Newmark-scheme to obtain POD-basis coefficients {d} M

Compute u;’ = 3°7_,(dy);¢; for n=0,..., Ny;
Nt

: return POD Galerkin solutions {u; },,%,.

to

The time and space discretizations have direct effect on the correlation matrix and thus on its eigenvalues.
More precisely, the parameters 7, p, ky, and h influence the accuracy of {A\;}& ;. Moreover, the choice of weight
W (i.e. W=MorW =M+Afor X = LQ(Q) or HI(Q)7 respectively) and the inclusion of TDA (i.e. Ny = 3N,
or Ny = Ny + 1) can also affect the eigenvalue analysis. Once the eigenvalues have been computed however, we
find from (4.35) that the POD rank r only directly depends on e. The smaller € is, the larger r is, which leads

more accurate POD Galerkin approximations to snapshots.
Once the POD rank and POD-basis have been determined, we set

U= [thy]...|¢] € RN=*",
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Then, we obtain for (4.33):
M, =0T"Mw, A, =0TAw, fr=0Tf" forn=1,... N,
We compute d]' by solving (4.33) and obtain u!" = ¥d?.

Remark 4.3. In this work we cover mainly the aspect of accuracy. When comparing IGA with FEM, the
“efficiency” advantage in obtaining snapshots here is not immediate [10]. Comparing the computational effi-
ciency of the two schemes through numerical tests is not straightforward, especially if different softwares and
implementation strategies are used. While we are aware that NURBS-based IGA may lead to larger assembly
costs of the matrices than FEM in the case Gauss—Legendre quadrature formulas are used, this is issue may
be circumvented by using instead ad hoc, more computationally efficient formulas developed for IGA, [3,25].
Nevertheless, the accuracy per degree of freedom of IGA is generally higher (much higher) with respect to FEM
for smooth solution fields of the PDEs, for which IGA can be claimed to be more computationally efficient than
FEM in several class of problems; see e.g. [32,38].

5. NUMERICAL EXAMPLES

We use the IGA library GeoPDEs [17] to perform numerical simulation in MATLAB. We then assume that
the error due to time discretization is relatively “small” compared with the two error components due to space
discretization and POD projection, i.e. 72 < hPT1 (or hP) for L?-norm (or H'-norm) and 72 < /€. The spatial
discretization is carried out by means of NURBS-based IGA with piecewise B-splines or NURBS of different
degrees and smoothness. For the generation of the POD basis, we consider the choices of X = H*(£2) (or L?(2))
and possible including TDA. Let us first introduce some notation. The discrete average norms of total error,
snapshot error and POD error in (1.1) are denoted by

Ny—1

1 +1/2
&=\ 7 O 12—,
" n=0
1 N¢—1 1 Ni—1
&= 2 72— R and g = [ Dl -,
La—"; b n=0

respectively, where b denotes L?(£2) (or H'(§2)). By using Theorems 4.2 and (4.34), the expected error bound &;2
(resp. Ex1) should behave O(12 + hPT! + /) (vesp. O(T% + hP + \/e)).

Example 5.1. Consider an annular domain 2 = {(p,0)|1 < p<2,0< 60 < 7/2}. Weset T =1 and 7 = 1073,
for which O(72) = O(1075). Choose as exact solution

u(z,y,t) = e % sin (7rt (222 — zy +9° — 3z + y)),

and impose Neumann boundary conditions on two arches and Dirichlet boundary conditions on straight lines
I'p = 002\ I'y. In Figure 1, we show that triangular mesh required by standard FEM causes geometric modelling
errors, while exact representation of {2 can be achieved by NURBS-based geometric modelling in IGA. We show
an IGA-POD Galerkin solution at final time.

First, we check the convergence order for errors of snapshots with respect to mesh and time parameters.
For meshes used in IGA, we initialize the number of mesh elements as 4 x 8 = 32. NURBS allows an exact
representation of §2 already at the coarsest level of discretization. We then use h-refinement three times up to
an element number 32 x 64 = 2048. Figure 2 shows that the convergence rates for errors of snapshots & by IGA
p = 2 NURBS basis functions with k,, = 0 or 1 in both L? and H' norms, i.e. they are optimal with respect to
NURBS-based spatial discretization.
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F1GURE 1. Triangulation, control points, NURBS based mesh, POD Galerkin solution, its error
distribution and the first computed POD mode for Example 5.1.
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FIGURE 2. Convergence rate of IGA high fidelity solution approximations w.r.t. h (left) and 7
(right) for Example 5.1: p = 2.
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TABLE 1. Comparisons on errors of high fidelity solution approximations for Example 5.1.

Ny Ery Ery
FEM IGA, IGA; FEM  IGA, IGA; FEM  IGA, IGA,
369 341 336 1.58¢-2 1.056-2 3.03e-3 5.8de-1 4.5de-1 1.6le1
1347 1275 1248 2.2le3 1.47e3 2.66e4 1.69¢-1 1.19¢-1 3.53e-2
5007 4851 4800 3.35e-4 2.06e-4 4.26e-5 5.00e-2 3.17e-2  8.80e-3

TABLE 2. Comparisons on total errors &, of POD solutions for Example 5.1: without TDA,
e=1076.

N, S S
FEM IGA, IGA; FEM IGAg IGA: FEM IGAo IGA;,
HY 22le3 1.47¢-3 2.66e-4 1.69e-1 1.19¢-1 3.53e-2
L? 2.22e-3 1.47e-3 3.43e-4 1.69e-1 1.19e-1  3.65e-2
H' 33504 20604 41605 50002 3.17c2 8.6lc3
L? 4.40e-4  3.0le-4 2.18e-4 5.21e-2 3.30e-2 1.61e-2

1347 1275 1248

5007 4851 4800

TABLE 3. Comparisons on total errors of POD solutions &, for Example 5.1: TDA included,

e=1079.
be r Er2 Em
FEM 1IGA, IGA; FEM  1IGA, IGA; FEM  1GA, IGA;
N, : 1347 (FEM), 1275 (IGAo), 1248 (IGA,)
HY 43 38 30 2.22¢-3 1.48e-3 3.28¢-4 1.69e-1 1.19e-1  3.61e-2
L* 24 10 10 2.25e-3  1.52e-3 5.44e-4 1.7le-1 1.22e-1  4.65e-2
N,: 5007 (FEM), 4851 (IGAy), 4800 (IGA1)
H' 104 83 69 3.57e-4  2.59e-4 1.68e-4 5.03e-2 3.24e-2  1.06e-2
L 64 63 52 5.34e-4  4.97e-4 4.68e-4 5.86e-2 4.57e-2  3.16e-2

We use three different levels of number of degrees of freedom (ndofs) for comparison. Denote by IGA( and
IGA; be IGA of p = 2 with ky, = 0 and ky, = 1, respectively. As in [45], numerical comparisons in Table 1
shows that the high fidelity solution approximations by IGA are more accurate than those by FEM, even if less
ndofs are used. Moreover, the numerical solutions for the IGA case ky, = 1 are more accurate than those for
km = 0 though slightly less ndofs are used. This is due to the fact that the smooth NURBS functions appear
more accurate per degree-of-freedom than their C° counterparts [10]. From both Table 2 and Table 3 with a
same ¢, total errors of POD IGA; are most accurate and POD IGAg is also more accurate than POD FEM due
to the accuracy advantage gained in high fidelity solution approximations.

We refer to Remark 4.3 for the computational costs in obtaining snapshots. We compare the efficiency after
snapshots being obtained. For generating POD modes from snapshots, smaller N, in Tables 2—3 means that
less computational time being used using the Singular Value Decomposition. Once the POD modes are available
in the reduced order model, the values of r in Table 3 show that the IGAi-reduced order model case is the
most efficient one and the IGA-reduced order model case is also more efficient than the FEM case. In Figure 3,
different high fidelity solution approximations may lead to different decay behaviors for the first few POD
eigenvalues. If no TDA are included in snapshots, it shows that the three cases visually have nearly the same
POD eigenvalues. For the TDA included case, however, both IGA-based cases decay faster than FEM-based
case and the IGA; case decays faster than the IGAq case. This shows that the POD rank r of either the two IGA
cases is nearly the same as that of the FEM case if no TDA included. For the TDA included case, however, the
POD ranks of the two IGA cases are smaller than that of FEM and the value r of IGA; is smaller than that of
IGAy. Since smaller » means more efficient POD-Galerkin methods in the reduced order model, the IGA; case
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POD eigenvalue decay: No TDA, X=12 POD eigenvalue decay: No TDA, X=H'
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POD eigenvalue decay: TDA, X=12 POD eigenvalue decay: TDA, X = H
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120

FIGURE 3. Decay of first few POD eigenvalues (i: index) obtained for X = L?(£2) (left) or
X = HY(92) (right) and without TDA (top) or with TDA (bottom) for Example 5.1: ¢ = 1076,
N, = 5007, 4851 and 4800 for FEM, IGAy and IGA, respectively.

is the most efficient and the FEM case is the slowest among three candidates. We also see that the eigenvalues
are increased if TDA are included.

Example 5.2. In this case, we show the advantage of smoothness of B-splines basis functions over FEM with
CP-continuous without any geometric approximation. We set {2 to be a unit square (0,1)? and set T = 1 and
7 = 1073. We choose as exact solution

1
55 Z sin(imx) sin(jmy) cos(v/i2 + j2mt),
=1 i=1

J

5
U(l‘, Y, t) = 5F
which satisfies homogeneous Dirichlet boundary conditions. We consider the degree of B-spline basis functions
p = 2,3, and 4 with k, > 1.

Both square elements-based IGA and FEM allow an exact geometric representation. Considering that C°-
continuous (k,, = 0) B-splines still remain not interpolatory, IGA method in this case is different from the
Lagrange basis functions-based FEM for p > 2. In Figure 4, we show a POD Galerkin solution. For the same
degree p in Table 4, the accuracy of high fidelity solution approximation is enhanced by increasing the smooth-
ness although less ndofs are used. We see from Table 5 that k-refinement performed by increasing p and k,,
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0.159 0 0.00205

FIGURE 4. POD solution at final time (Left) and absolute error |u™t —u2*| (Right) for Example
5.2 h=1/32,p=4,kn =3,e= 10"

TABLE 4. Errors of high fidelity solution approximations E,? by smoothness of basis functions
for Example 5.2.

p Eom N, £y Epr

) 0 961 3.39¢-4 3.12e-2
1 400 1.78e-4 1.99¢-2
0 2209 2.17¢-5 2.76e-3

3 1 1600 2.03e-5 2.01e-3
2 676 1.69¢-5 1.23¢-3
0 3969 1.538¢-5 3.30e-4

. 1 3600 1.537e-5 3.05¢-3
2 2601 1.534e-5 2.98e-4
3 1156 1.532¢-5 2.95¢-4

TABLE 5. Results by k-refinement for Example 5.2: No TDA, h = 1/32,¢ = 1075 X = H',r = 10.

km  Na Er e, Ere Em
0 961  4.47e-3 1.50e-1 4.47e-3 1.50e-1
1 1024  3.20e-5 7.45e-3  3.26e-5  7.45e-3
2 1089 1.55e-5 6.25e-4 1.68e-5 6.3le-4
3 1156  1.53e-5 2.95e-4 1.66e-5 3.09e-4

simultaneously can increase the accuracy of high fidelity solution approximation and so that the accuracy of
the final POD soultion at a cost of slightly more ndofs used. For both cases, with and without TDA, we find
from Figure 5 that POD eigenvalues decay very fast; POD eigenvalues with X = L? are smaller in magnitude
than those with X = H'. POD eigenvalues of TDA case are larger than those of no TDA case.

Example 5.3. We employ both advantages of IGA shown in examples before: exact representation of geometric
domain by NURBS and smoothness of B-spline basis functions to enhance accuracy in POD model order
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T T T
—8— No TDA: X=H'
—6— No TDA: X=12
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FIGURE 5. Decay of first few eigenvalues of correlation matrix obtained in X = L?/H! and
with/without TDQ for Example 5.2 (h = 1/32): (a) p = 3, ky, = 2, N, = 1225 (No TDA);
(b) p =3, ki, = 2, N, = 1225 (TDA); (¢) p = 4, ky, = 3, N, = 1296; (d) p = 3, kp, = 1,
N, = 4356.

F1cure 6. NURBS based mesh and POD solution for Example 5.3 at T' = 1.5 with p = 3, k,;, =
2,N, =11016,¢ = 1078,

reduction. Consider a wave propagation problem in a three dimensional quarter of cylindrical annulus {2 =
(1,2) x (0,7m/2) x (0,1) in cylindrical coordinates. Set exact solution as

2
o (- tva-n-1)" %(w +y+v2-1)

0 otherwise

u(z,y, z,t) =

satisfying Neumann boundary conditions on 0f2. Set T = 1.5, 7 = 2.5 x 1073, Choose p = 3, k,, = 2 and set
16, 32 and 16 as number of elements in direction x, y and z, respectively. See Figure 6 a NURBS based mesh
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FIGURE 7. POD eigenvalues for Example 5.3 with X = H'.

TABLE 6. Results w.r.t. e for Example 5.3: X = H'.

No TDA TDA
‘ T 12 Er2 r 12 Er2
1073 4 2.60e-3 1.30e-3 5 1.05e-2  5.28e-3
107* 5 5.3led 2.70e-4 10 6.06e-4 3.06e-4
107° 6 1.0le-4 7.63e-5 39 1.62e-4 1.00e-4
107° 6 1.0le-4 7.63e-5 54 4.6le-5 6.12e-5
1077 7 1.99-5 5.76e-5 173 6.36e-6 5.7le-5

and a POD Galerkin solution with p = 3, k,,, = 2 and N, = 11016. The computed error of high fidelity solution
approximation is 522 =5.68¢-5. Figure 7 shows the first few POD eigenvalues with X = H'. In Table 6, we
show that the reduced order r increases as € decreases. Thus, the POD truncation error decreases and the final
POD solution becomes more accurate.

6. CONCLUSIONS

We used IGA in POD for ROM of acoustic wave equations, which may be thought of as one dimensional
parameterized model in ROM with the time being the only parameter. We split the error of the POD-Galerkin
solution into two parts and show both the accuracy of high fidelity solution approximation and POD truncation
are important for obtaining effectiveness and accuracy of POD-Galerkin methods. We discretize the model
by IGA and the Newmark scheme and propose a new fully discrete IGA-Newmark-POD Galerkin scheme. We
analyze the stability and convergence of the discrete schemes by a priori error estimates. Numerical experiments
are performed, which show promising advantages of IGA for accuracy in ROM both with respect to the “exact”

geometrical representation of computational domains of practical interest and the use of smooth basis functions
allowed by NURBS.
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