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Abstract

This paper presents a theoretical and numerical investigation of the following practical ques-
tion: Should the time difference quotients of the snapshots be used to generate the proper or-
thogonal decomposition basis functions? The answer to this question is important, since some
published numerical studies use the time difference quotients, whereas other numerical studies
do not. The criterion used in this paper to answer this question is the rate of convergence of the
error of the reduced order model with respect to the number of proper orthogonal decomposition
basis functions. Two cases are considered: the no_D(@ case, in which the snapshot difference
quotients are not used, and the D@ case, in which the snapshot difference quotients are used.
The error estimates suggest that the convergence rates in the C°(L?)-norm and in the C°(H!)-
norm are optimal for the D@ case, but suboptimal for the no_D(@ case. The convergence rates
in the L?(H*')-norm are optimal for both the D@ case and the no_DQ case. Numerical tests are
conducted on the heat equation and on the Burgers equation. The numerical results support the
conclusions drawn from the theoretical error estimates. Overall, the theoretical and numerical
results strongly suggest that, in order to achieve optimal pointwise in time rates of convergence
with respect to the number of proper orthogonal decomposition basis functions, one should use
the snapshot difference quotients.
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1 Introduction

This paper addresses the following question: “Should the time difference quotients (DQs) of the
snapshots be used in the generation of the Proper Orthogonal Decomposition (POD) basis func-
tions?”

We emphasize that this is an important question. There are two schools of thought: one uses
the DQs (see, e.g. [23, 24] 12| 11]), the other does not (see, e.g. [27, 28] 10 B3]).

To our knowledge, the first instance in which the snapshot DQs were incorporated in the gen-
eration of the POD basis functions was the pioneering paper of Kunisch and Volkwein [23]. In
that report, the authors considered two types of errors for a general parabolic equation: the time
discretization errors and the POD truncation errors. They argued that one needs to include the
temporal difference quotients in the set of snapshots; otherwise, the error will be suboptimal,

*Department of Mathematics, Virginia Tech, 456 McBryde Hall, Blacksburg, Va 24061 (iliescu@vt.edu).
tInstitute for Mathematics and its Applications, University of Minnesota, 354 Lind Hall, Minneapolis, MN 55455
(wangzhu@ima.umn.edu).


http://arxiv.org/abs/1303.6012v3

DIFFERENCE QUOTIENTS IN PROPER ORTHOGONAL DECOMPOSITION 2

containing an extra ﬁ factor (see Remark 1 in [23]). Thus, the motivation for using the tempo-
ral difference quotients was purely theoretical. In numerical investigations, however, the authors
reported contradictory findings: in [23], the use of the DQs did not improve the quality of the
reduced-order model; in [I7], however, it did. Kunisch and Volkwein used again the snapshot DQs
when they considered the Navier-Stokes equations [24].

The snapshot DQs were also used in the Discrete Empirical Interpolation Method (DEIM)
of Chaturantabut and Sorensen [12] [T1] (which is a discrete variant of the Empirical Interpolation
Method (EIM) [5]). The motivation in [12] 11], however, was different from that in [23]. Indeed, the
authors considered in [I2] TT] a general, nonlinear system of equations of the form y’ = f(y,t). In
the set of snapshots, they included not only the state variables y, but also the nonlinear snapshots
f(y,t). They further noted (see page 48 in [I1]) that, since f(y,t) =y’ and (y"*! —y")/At ~y’,
this is similar to including the temporal difference quotients, as done in [23], 24].

To our knowledge, the first reports on POD analysis in which the DQs were not used were [27]
for the heat equation and [28] for the Navier-Stokes equations. Chapelle et al. [10] used a different
approach that did not use the DQs either. This approach employed the L? projection instead of
the standard H' projection used in, e.g., [23, 24]. Further improvements to the approach used
in [I0] (as well as that used in [23 [24]) were made by Singler in [33].

From the above discussion, it is clear that the question whether the snapshot DQs should be
included or not in the set of snapshots is important. To our knowledge, this question is still open.
This report represents a first step in answering this question. All our discussion will be centered
around the heat equation, although most (if not all) of it could be extended to general parabolic
equations in a straightforward manner.

From a theoretical point of view, the only motivation for using the snapshot DQs was given
in Remark 1 in [23]. The main point of this remark is the following: In the error analysis of the
evolution equation, to approximate wu;(t"), the time derivative of the exact solution u evaluated

at time t", one usually uses the DQ OJu(t") := W. To approximate the DQ Ju(t") in

the POD space, one naturally uses the POD DQ Ou, (") := M, where wu, is the POD
reduced order model approximation. We assume that u,(t"*!) is an optimal approximation for
w(t™*1) and that u,(t") is an optimal approximation for u(#"), where the optimality is with respect
to 7 and At. Then, it would appear that, with respect to At, du,.(t") is a suboptimal approximation
for Qu(t™), because of the At in the denominator of the two difference quotients.

Although the argument above, used in Remark 1 in [23] to motivate the inclusion of the snapshot
DQs in the derivation of the POD basis, seems natural, we point out that this issue should be treated
more carefully. Indeed, in the finite element approximation of parabolic equations, it is well known
that the DQs Juy, (t") := M are actually optimal (with respect to At) approximations
of the DQs du(t") (see, e.g., [25, [32]). Thus, since the POD and finite element approximations
are similar (both use a Galerkin projection in the spatial discretization), one could question the
validity of the argument used in Remark 1 in [23]. We emphasize that we are not claiming that the
above argument is not valid in a POD setting; we are merely pointing out that a rigorous numerical
analysis is needed before drawing any conclusions.

Our preliminary numerical studies indicate that not using the DQs does not yield suboptimal
(with respect to At) error estimates. For the heat equation (see Section M for details regarding
the numerical simulation), we monitor the rates of convergence with respect to At for the POD
reduced order model. We consider two cases: when the DQs are used in the generation of the
POD basis (the corresponding results are denoted by DQ), and when the DQs are not used in the
generation of the POD basis (the corresponding results are denoted by no-DQ). The errors (defined
in Section M) are listed in Table [l and plotted in Figure [l with associated linear regressions (LR).
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Figure 1: Heat equation. Plots of the errors in the L?(L?)-norm with respect to the time step At
when the DQs are used (denoted by DQ) and when the DQs are not used (denoted by no-DQ).

Both no-DQ and DQ approaches yield an optimal approximation order O(At?) in the L%-norm.

Table 1: Errors of the no_D@Q and D() approaches when At varies.

no_DQ DQ
At

Tr 5L2(L2) 8L2(H1) Tr gLQ(LQ) 8L2(H1)
2.00e-01 | 6 3.71e-02 9.26e-01 | 6 3.71e-02 9.26e-01
1.00e-01 | 11  1.27e-02 5.81e-01 | 11 1.27e-02 5.81e-01
5.00e-02 | 21 2.99e-03 1.97e-01 | 21 2.99e-03 1.97e-01
2.50e-02 | 41 6.53e-04 3.81e-02 | 41 6.53e-04 3.81e-02
1.00e-02 | 59 1.03e-04 1.15e-02 | 88 1.03e-04 1.15e-02

The rest of the paper is organized as follows: In Section 2] we sketch the derivation of the POD
reduced order model. In Section [Bl we carefully derive the error estimates for the POD reduced
order model. We focus on the rates of convergence with respect to r, the number of POD basis
functions. In Section dl we present numerical results for two test problems: the heat equation and
the Burgers equation. Finally, in Section Bl we draw several conclusions.

2 Proper Orthogonal Decomposition Reduced Order Modeling

In this section, we sketch the derivation of the standard POD Galerkin reduced order model for
the heat equation. For a detailed presentation of reduced order modeling in general settings, the
reader is referred to, e.g., [16} 221 [34] 7, 2] [6] 39, 4].

For clarity, we will denote by C' a generic constant that can depend on all the parameters in the
system, except on M (the number of snapshots), d (the dimension of the set of snapshots, V'), and
7 (the number of POD modes used in the POD reduced order model). Let X := H}(£2), where ) is
the computational domain. Let u(-,t) € X,t € [0, T] be the weak solution of the weak formulation
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of the heat equation:

(ug,v) + v (Vu, Vo) = (f,v) Yve X. (1)

Given the time instances t1,...,ty € [0,7], we consider the following two ensembles of snapshots:
Vvno-PQ — span{u(-,tg),...,u(-,ty)}, (2)

VvPe .= gpan {u(-,to), coosu(stn), Qu(-, t), . .. ,gu(',tN)} , (3)

where Ju(t,) = %, n = 1,...,N are the time difference quotients (DQs). The two
ensembles of snapshots correspond to the two cases investigated in this paper: (i) with the DQs
not included in the snapshots (i.e., V"°-P%); and (ii) with the DQs included in the snapshots (i.e.,
VPQ). As pointed out in Remark 1 in [23], the ensemble of snapshots V"% and VP? yield
different POD bases. This is clearly illustrated by Figures 2H3] which display POD basis functions
for the heat equation and the Burgers equation, respectively (see Section (] for details regarding

the numerical simulations).
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Figure 2: Heat equation. Plots of the POD basis functions when the DQs are used (denoted by
DQ) and when the DQs are not used (denoted by no-DQ).

To simplify the presentation, we denote both sets of snapshots (i.e., yno-DQ and vP Q) by

V:Span{slas27"'7sM}7

where M = N 4 1 when V"-P@ is considered and M = 2N + 1 when V@ is considered. We use
the specific notation (i.e., V"°-PQ or VP?) only when this is necessary. Let dim V = d. The POD
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Figure 3: Burgers equation. Plots of the POD basis functions when the DQs are used (denoted by
DQ) and when the DQs are not used (denoted by no-DQ).

seeks a low-dimensional basis {¢1,..., ¢}, with » < d, which optimally approximates the input
collection. Specifically, the POD basis satisfies
2

M r
o1
mlnﬁz Si _Z(si7 (70)())[2 (10]() ) (4)
i=1 j=1 12
subject to the conditions that (y;, ;)2 = 0i5, 1 <1i,5 <.
In order to solve (), we consider the eigenvalue problem
Kov=Av, (5)

1
where K € RM*M  with K;; = i (sj,8i)12 , is the snapshot correlation matrix, Ay > Ay > ... >

Mg > 0 are the positive eigenvalues, and v, k = 1,...,d, are the associated eigenvectors. It can
then be shown (see, e.g., [16, 22]), that the solution of () is given by

1
or(-) = \/—)\—k

where (vg); is the j-th component of the eigenvector vy,.

M
Y (o)jsj 1<k<m (6)
j=1

Definition 2.1 The term

s

" () = (e t) = Y (ulz, ), 9i(@)) 1 04(2) (7)

J=1
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will be denoted as the POD interpolation error.

Remark 2.1 Note that the H'-norm can also be used to generate the POD basis [23,[33]. In this
case, ||| 2 ~ ||[Vn™P|| 2. Thus, the two cases considered in this paper (i.e., V = V1o-P@
and V = VPR ) yield error estimates that have the same convergence rates with respect to r.

It can also be shown [23] that the following POD approximation property holds:

N . 2 .
%ﬂ Z u(-,t;) — Z(U(7tz) ) ‘pj('))Lz ©i () — Z by if V= yne-DQ 7 ®)

=0 =1 2 J=r+l

1 N . 2
ON + 1 Z u(,t) = > (ults), () 2 05 () 9)
=0 j=1 L2
1 Nz T _ 2 d
+on T o |[PuC ) = Do (Oul k) () i ()] = D0 N i V=V
= 7=l 2 J=r+l

The approximation property (8)-(@]) represents the relationship between the average of the square
of the L?-norm of the interpolation error and the sum of the eigenvalues of the POD modes that
are not included in the POD reduced order model.

In order to be able to prove pointwise in time error estimates in Section Bl we also make the
following assumption:

Assumption 2.1 We assume that, for i = 1,..., N, the interpolation error satisfies the the fol-
lowing estimates:

2
r d
u(vtl) - (u(vtl) ) (’0]())[/2 (10]() < C Z A] Zf V= VnO_DQ7 (10)
Jj=1 L2 J=r+l
. 2 . 2
Jj=1 L2 J=1 L2
d
<C YN ifvV=vPe. (11)
j=r+1

Remark 2.2 Assumption [21] is natural. It simply says that in the sums in [8) and @) no indi-
vidual term is much larger than the other terms in this sum. We also note that Assumption [21]
does not play an essential role in the error analysis in Section[3, since we will exclusively consider
the continuous in time formulation.

We mention that Assumption 21 would follow directly from the POD approximation property
@) @) if we dropped the ﬁ factor in the snapshot correlation matriz K. In fact, this approach is
used in, e.g., [24), [38]. We note, however, that this would most likely increase the magnitudes of
the eigenvalues on the RHS of the POD approximation property (&) —(@).
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In what follows, we will use the notation X" = span{y1,@2,...,¢,}. To derive the POD
reduced-order model for the heat equation (), we employ the Galerkin truncation, which yields
the following approximation u, € X" of u:

up(x,t) := Z a;(t) ¢j(z). (12)
j=1

Plugging ([[2)) into () and multiplying by test functions in X" C X yields the POD Galerkin
reduced order model (POD-G-ROM):

(urt,vp) + v (Vup, Vo) = (f,v) Vo, € X" (13)

The main advantage of the POD-G-ROM (I3]) over a straightforward finite element discretization
of () is clear — the computational cost of the former is dramatically lower than that of the latter.

3 Error Estimates

In this section, we prove estimates for the error u — w,, where u is the solution of the weak
formulation of the heat equation (Il) and w, is the solution of the POD-G-ROM ([13). Error
estimates for the POD reduced order modeling of general systems were derived in, e.g., [23] 24} [37,
(18], 27, (30}, 2T, 131 B6L 1, B1l [15] In our theoretical analysis, we consider two cases, depending on the
type of snapshots used in the derivation of the POD basis: Case I: V = V% (i.e., with the DQs);
and Case II: V = V"-PQ (ie. without the DQs). The main goal of this paper is to investigate
whether Case I, Case II, or both Case I and Case II, yield error estimates that are optimal
with respect to r. The optimality with respect to r is given by the following error estimates:

C ™, (14)
C Ve, (15)

[l = ur

<
IV(u—u)| <

where 7P is the POD interpolation error defined in ().

We emphasize that ||n™°P|| and ||[V7""P|| scale differently with respect to r: The scaling of
[ni"ter|| is given by the POD approximation property (I0)-(II]) in Assumption 21l The scaling
of |[Vn™rP|| is not given by the POD approximation property (IQ)—-(II) in Assumption ZIl To
derive such an estimate, we use the fact that the interpolation error lives in a finite dimensional
space, i.e., the space spanned by the snapshots. Using an inverse estimate similar to that presented
in Lemma [3.1] but for the entire space of snapshots (of dimension d), we get the following estimate:

IV ™" 2 < Cino(d) 9™ 2, (16)

where Cjy,(d) is the constant in the inverse estimate in Lemma Bl Following the discussion in
Remark 3.1 we conclude that the scaling of ||Vn"€™?|| is of lower order with respect to r than the
scaling of ||n™"P||. Thus, if the error analysis yields estimates of the form

lu = || < CH[VH™2] (17)

these estimates will be called suboptimal with respect to r.

In this section, we investigate the optimality question from a theoretical point of view, by
monitoring the dependency of the error estimates on r. In Section Ml we investigate the same
question from a numerical point of view.
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We note that we perform the error analysis only for the semidiscretization of the POD-G-
ROM (I3)). In fact, in this semidiscretization, we only consider the error component corresponding
to the POD truncation. Of course, in practical numerical simulations, the semidiscretization also
has a spatial component (e.g., due to the finite element discretization — see Section ). Furthermore,
when considering the full discretization, the error also has a time discretization component (e.g.,
due to the time stepping algorithm — see Section []). All these error components should be included
in a rigorous error analysis of the discretization of the POD-G-ROM (3] (see, e.g., 27, [19] 20]).
For clarity of presentation, however, we only consider the error component corresponding to the
POD truncation. In what follows, we will show that this is sufficient for answering the question
asked in the title of this paper.

We start by introducing some notation and we list several results that will be used throughout
this section.

We note that, since the POD basis is computed in the L% norm (see (@), the POD mass matrix
M, € R™" with M;; = (¢j, i) is the identity matrix. Thus, the POD inverse estimate that was
proven in [I9] (see also Lemma 2 and Remark 2 in [23]) becomes:

Lemma 3.1 (POD Inverse Estimate) Let S, € R™*" with S;; = (V;,V;) be the POD stiff-
ness matriz and let || - ||2 denote the matriz 2-norm. Then, for all v, € X", the following POD
inverse estimate holds:

Vor|lpe < Cino(r) [Jvrell 2 (18)

where Ciny (1) := /|| Sr2-

Remark 3.1 (POD Inverse Estimate Scalings) Since the r dependency of the error estimates
presented in this section will be carefully monitored, we try to get some insight into the scalings of
the constant Cipny (1) in ([I8]), i.e., the scalings of ||S,||2 with respect to r, the dimension of the POD
basis. We note that, since the POD basis significantly varies from test case to test case, it would
be difficult to derive a general scaling of ||Sy|l2. We emphasize, however, that when the underlying
system is homogeneous (i.e., invariant to spatial translations), the POD basis is identical to the
Fourier basis (see, e.g., [16]). In this case, it is easy to derive the scalings of ||Sy||e with respect to
r. Without loss of generality, we assume that the computational domain is [0,1] C R! and that the
boundary conditions are homogeneous Dirichlet. In this case, the Fourier basis functions are given
by the following formula: ¢;(x) =sin(jmx). It is a simple calculation to show that the matric S,
is diagonal and that its diagonal entries are given by the following formula:

1
1
Sij= [ G sty do = 5 (7. (19
0
It is easy to see that, in the n-dimensional case, formula (I9) becomes
1
Sij= [P s (o) de = 3 (G (20)
Q

Since the POD stiffness matriz S, is symmetric, its matriz 2-norm is given by ||Sy|l2 = Amaz,
where A\paz s the largest eigenvalue of S,.. Thus, in the n-dimensional case, we have

IS0l = 5 (rm)" = O(r2™). (21)

Thus, we conclude that, when the underlying system is homogeneous, the 2-norm of the POD
stiffness matriz S, scales as O(r®™), where n is the spatial dimension.
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As mentioned at the beginning of the remark, for general (non-homogeneous) systems is would
be hard to derive theoretical scalings. The numerical tests in Section[f], however, seem to confirm
the theoretical scaling in (21).

For the heat equation and the Burgers equation (see Section[q) for details regarding the numerical
stmulations), we monitor the scaling of ||Sy|l2 with respect to r for the POD-G-ROM ([I3]). We
consider two cases: when the DQs are used in the generation of the POD basis (the corresponding
results are denoted by DQ), and when the DQs are not used in the generation of the POD basis
(the corresponding results are denoted by no-DQ). The scalings are plotted in Figure[4) It is seen
that both no-DQ and DQ approaches yields scalings that are similar to the theoretical scaling (21I)
predicted for the homogeneous flow fields (i.e., when the POD basis reduces to the Fourier basis).
The only exception seems to be for the Burgers equation in the DQ case. In all cases, however, the
scaling ||Sy||2 = O(r®), where « is a positive constant, seems to be valid.
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Figure 4: Heat equation (left); Burgers equation (right). Plots of the scalings of ||S,||2 with respect
to r when the DQs are used (denoted by DQ) and when the DQs are not used (denoted by no-DQ).

After these preliminaries, we are ready to derive the error estimates. The error analysis will
proceed along the same lines as the error analysis of the finite element semidiscretization [14] 26] [35].
The main difference between the finite element and the POD settings is that the finite element
approximation property is global [14, 26], whereas the POD approximation property is local, i.e.,
it is only valid at the time instances at which the snapshots were taken (see (8)-(II))). Thus,
in order to be able to use the POD approximation property (8)-(II]), in what follows we assume
that the final error estimates for the semidiscretization are considered only at the time instances
ti,i=1,...,N.

We start by considering the error equation:

(et,vp) + v (Ve,Vu,) =0 Vo. e X", (22)
where e := u — u, is the error. The error is split into two parts:
e=u—u = (u—w.)— (u, —w,) =n— ¢y, (23)

where w, is an arbitrary function in X", n := u— w,, and ¢, := u, —w,. Using this decomposition
in the error equation ([22), we get

(Ort,0p) + v (Vor, Vo) = (n,v,) + v (Vn, Vo). (24)
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The analysis proceeds by using (24]) to show that

o]l < Cinll. (25)

Using the triangle inequality, one then gets

llell < lnll + llgrll < (L +C) inll- (26)

Since w, was chosen arbitrarily and since the LHS does not depend on w,., we can take the infimum
over w, in (26) and get the following error estimate:

e <@ +C) inf flu—w. (27)
wreXT

At this stage, one invokes the approximability property of the space X" in (27]) and concludes that
the error estimate (27)) is optimal with respect to r. That is, the error in (27)) is, up to a constant,
the interpolation error in X".

There are a lot of variations of the error analysis sketched above, but most of the existing
error analyses follow the above path. The main variations are the following: (i) the choice of the
arbitrary function w, € X"; (ii) the norm || - || used above; and (iii) the choice of the test function
used in the error equation to get (25) [35].

In the remainder of this section, we investigate whether error estimates that are optimal with
respect to r can be obtained with or without including the DQs in the set of snapshots. To this
end, in Section B we consider the case in which the DQs are included in the set of snapshots (i.e.,
V = VP®). Then, in Section we consider the case in which the DQs are not included in the
set of snapshots (i.e., V = V"o-PQ),

3.1 Casel (V =VP9)

The standard approach used to prove error estimates in this case is to use the Ritz projection [23]
241, 19, 20]. We note that this is the standard approach used in the finite element context [14] 26].
As pointed out in [35], the Ritz projection was first used by Wheeler in [40] to obtain optimal error
estimates for the finite element discretization of parabolic problems.

We start by choosing w, := R, (u) in (23], where R, (u) is the Ritz projection of u, given by:

(V(u— Ry(u),Vv,) =0 Vo, € X" (28)

To emphasize that we are using the Ritz projection, in the remainder of Section B. Il we will use the
notation 7 = u — R,(u) = nftit?,
Using ([28]), ([24) becomes

0
(Dr.t,0r) + v (Vr, V) = (f% 0,) + v (Vf5V0,). (29)

It is the cancelation of the last term on the RHS of (29) that yields optimal error estimates. We
let v, := ¢, in ([29), and then we apply the Cauchy-Schwarz inequality to the remaining term on
the RHS:

1d its
N e e (30)
We rewrite the first term on the LHS of ([30]) as
1d, . d
= 2l = Nl ==l6n - 31
> onl = Nl T (31)
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We apply the Poincare-Friedrichs inequality to the second term on the LHS of ([B0):
v|[Ver|* = Cvllgn|?. (32)

We note that the Poincare-Friedrichs inequality C|lv||? < |[Vv||? holds for every function v in the
continuous space H}(f2), and, in particular, for ¢, € X" C X = H}(Q) (see equation (3) in [23]).
Thus, the constant C' in ([32)) does not depend on r. Using (BI)) and [B2)) in (B0), we get

1d

- < Ritz .
S Zlonll+ Cw 6, < Infe (33)

Using Gronwall’s lemma in ([B3]), we get for 0 <t <T

t
lor (Ol < e llg,(0)]] + 2 /0 e 2OV i (s)]| ds. (34)
Using (26]), the first term on the RHS of (34)) can be estimated as follows:

16 (O)]] < lle(0)]| + IIn** (0)]. (35)

Thus, ([B4) becomes

16, (8)] < 207 <ue<o>u T unRM<o>u) w2 [ e i) s (36)

Applying the triangle inequality, just as in (20), we get

t
le@)]l < [ln™*= (@)l + e~ <||6(0)|| + IIURZtZ(0)||> +2 /0 e 2OV it (s)| ds.
(37)

Estimate (37) shows that, as long as the Ritz projection (28] yields estimates for |nf*(t)| (in-
cluding for ¢+ = 0) and ||n/%*(t)| that are optimal with respect to 7, the estimates for the POD

error e are also optimal with respect to r.

Remark 3.2 (POD Ritz Projection) In the finite element context, both ||nT*| and ||nf*||
are optimal with respect to the mesh size h. In the POD context, however, this is not that clear.
To the best of the authors’ knowledge, the state-of-the-art regarding the Ritz projection in a POD
context is given in the pioneering paper of Kunisch and Volkwein [23]. Since the Ritz projection
plays such an important role in this paper, we summarize below the results in [23].

The main result in [23] regarding the Ritz projection is Lemma 3 (see also (10) and (11) in
[23]), which, in our notation, states the following:

d

IV =12 < (1Sall2 Y Ay (38)
j=r+1

For clarity of presentation, we have not included in [B8) the constants that do not depend on r.

Thus, the following relationship between the Ritz projection error and the POD interpolation error
holds:

V0™ =) < CV/1ISallz [In™* ]| - (39)
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The scaling in [B9) suggests that the Ritz projection yields optimal error estimates with respect to
r in the H'-seminorm (see (I8])).

We emphasize that Lemma 3 in [23] does not include any bounds for the L?-norm of nfii'* i.e.,
for |[n®=||. This is in clear contrast with the finite element conteat, in which ||n™?|| is estimated by
the usual duality argument (the Aubin-Nitsche “trick,” see, e.g., [33]). Using a duality argument,
however, is challenging in the POD context, since any auziliary dual problem would not necessarily
inherit the POD approzimation property (8)—(I). To the best of the authors’ knowledge, such a
duality argument has never been used in a POD context.

We emphasize that not being able to use a duality argument in the Ritz projection to get er-
ror estimates that are optimal with respect to r has significant consequences in the error analysis.
Indeed, in the proof of Theorem 7 in [23] (the error estimate for the backward Euler time dis-
cretization), to estimate the ||nfi?|| error component in equations (27a) and (27b), the authors use
the ||Vnfiit?|| estimate given in Lemma 3 and the Poincare-Friedrichs inequality given in equation
(3). Since the Poincare-Friedrichs constant does not depend on r, we conclude that |[n"?|| and
V0B || have the same order. This, in turn, suggests that ||nf**| is suboptimal with respect to
r. We note that the same approach (i.e., Lemma 4 and the Poincare-Friedrichs inequality) is used
in [23] to estimate the DQ approzimation of |nfii**|| (see the two inequalities above equation (29a)).

Thus, the analysis in [23] suggests that the estimates for |[nT#|| and ||nf**|| are suboptimal with
respect to r. The numerical tests in Section[{] of this report, however, suggest that these estimates
are actually optimal, just as in the finite element case. In the analysis that follows, we will use the
insight from the numerical results in Section[{] and make the following assumption:

Ritz

Ritz

Assumption 3.1 We assume that the POD Ritz projection error n satisfies optimal error

estimates with respect to r in the L?-norm:
ez C [lg™er® ]|, (40)

C ™. (41)

IE7

<
[nfe| <

ztzH

3.2 Case II (V = Vno-PQ)

This approach was used in [I0, [33]. The motivation for this approach is the following: In Case I
(V = VPQ) the first term on the RHS of @9), (1, v,), yields a term |1 that stays in all the
subsequent inequalities, including the final error estimate ([B7). Chapelle et al. proposed in [I0] a
different approach that eliminated the (1, v,) term in (29]). Their approach was straightforward:
Instead of using the Ritz projection (as in Case I), they used the L? projection. That is, they chose
wy := P,(u), where P,(u) is the L? projection of u, given by

(u - Pr(u),vr) =0 Vo, e X", (42)

To emphasize that we are using the L? projection, in the remainder of Section we will use the
notation n = u — Pr(u) = n*.

We note that the POD L? projection error 17L2 is exactly the POD interpolation error defined
in (@0):

77L2 — ninterp . (43)

Next, we show how the error analysis in Case I changes with w, = P,(u) as in [I0] (see also

133]).
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Using ([@2]), (24) becomes

0
(¢r,ta Ur) +v (v¢ra V’Ur) = Lzyvr +v (Vana V’Ur). (44)

We emphasize that it is the cancelation of the first term on the RHS of (44]) that yields error
estimates that do not require the DQs. We let v, := ¢, in ([@4]) and we apply Cauchy-Schwarz
inequality to the remaining term on the RHS:

2
& e + v 196,17 < v V07 | |96 . (45)

The error analysis can then proceed in several directions.

3.2.1 Approach II.A

One approach is to use Young’s inequality in (45) to get

2, 2 oV 22 | vV 2
T T a a i 9 4
S el + 196, < L1022 + 2 |Va| (46)

which implies
Llonl + 2 IV orl < 2 vn™2 (47)
2 dt -2
Noticing that the second term on the LHS of (7)) is positive, we get

d 2
el < vV, (48)

Using ([43) and (I7)), we conclude that Approach II.A will yield error estimates that are suboptimal
with respect to . We also note in passing that estimate ([48]) suggests that Approach II.A will
yield error estimates that are suboptimal with respect to h as well.

3.2.2 Approach I1.B

The other way of continuing from (45 is to apply the POD inverse estimate (I8]):
[Vér|| < Cino(r) [|0r ]I, (49)
where Cin,(r) := /||Sr|l2- Using (#9) in @3] yields

& 67 + v 96,7 < Canslr) v [ [ 1] (50)

Dropping v ||[V¢,||? in (B0) and simplifying the resulting inequality by ||¢,|| (as we did in ([34)), w

get

2
) dtH@H = znv(T)V”an - (51)

Comparing estimate (5Il) with estimate (@8] in Approach IT.A, we note that both estimates have
|Vn|| on the RHS. In addition, estimate (BIl) has Cjp,(r) on the RHS, which increases the subopti-
mality with respect to r (see Remark [3.]). Thus, estimate (5II) suggests that Approach I1.B yields
estimates that are suboptimal with respect to r (and h), just as Approach IL.A.
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3.2.3 Approach I1.C

Since both Approach I1.A and Approach II.B yield error estimates that are suboptimal with respect
to r in the L?-norm, one can try instead to prove optimal error estimates in the H'-seminorm. To
this end, we use the approach in [35] and, instead of choosing v, := ¢, in [@4]), we choose v, := ¢+

vd 2
el + 2 ZI96, 2 < v [0 | [V ril (52
Applying Young’s inequality and the POD inverse estimate (@) in (B2]), we get
vd 2
prel? + 5 =V > < vIIVa ([ IV erll
2 dt
< L P IV I+ 5y Vi
= 2 nuv 2 Cinv (7’)2 Tt
@ 2 2 1
< 5 G VDI + 5 bl (53)
which implies
d 2
allwﬁrll2 < v Ciny (r)? | V"2 (54)

In contrast with estimate (48]) in Approach II.A and estimate (5II) in Approach I1.B, estimate (54])
seems to yield error estimates that are optimal with respect to r. As in estimates (@8] and (G4,
estimate (54) contains the term |[VnX”| on the RHS. We note, however, that this term does not
cause any problems, since now we are considering the H'-seminorm of the error. The factor
Cino(r)? in (B4), however, increases the suboptimality with respect to r (see Remark B.1]). Thus,
estimate (B54]) suggests that Approach I1.C yields estimates that are suboptimal with respect to r,
just as Approaches II.A and II.B.

Since for Case I (V = VP?) in Section Bl we did not prove error estimates in the H'-norm,
for a fair comparison with Approach I1.C, we prove these error estimates below. To this end, we

let v, := ¢, in (29):

(Drts $rt) + v (Vér, Vore) = (7%, dre)- (55)
Applying Young’s inequality on the RHS of (GHl), we get
2 vV i 2 Ritz
0nil? + 2 SI96.7 < I el
1 its 1
R (56)
which implies
d 2 _ L Ritz2
el < = .
LIVl < 1 lnf) (57)

Comparing (57) with (B4)) in Approach I1.C, we note that the latter does not contain the factor
Ciny(1)%. Thus, Case I (V = VP?) in Section B yields optimal error estimates with respect to
r, as opposed to Approach II.C.

We also note that, at first glance, estimate (57 suggests that one can get superconvergence
in the H'-seminorm. As mentioned in [35], however, when applying the triangle inequality one
obtains the expected convergence rate:

[Vell < V" || + ||V |. (58)
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3.2.4 Approach I1.D

Approaches I.A, I1.B, and II.C suggest that the pointwise in time (i.e., in the C°(0, T'; L?(Q))-norm
and the CY(0,T; H'(2))-norm) error estimates are suboptimal with respect to r. Thus, we derive
error estimates in the solution norm (i.e., in the L?(0,T; H'(2))-norm). Integrating (@) from 0
to T', we get

T T
o, (D)7 + 3 /0 IV6r(s) s < O +5 [ 190" ()] ds (59)

Using ([43)), (I4), and (IT), we conclude that estimate in (59)) is optimal with respect to . We note
that Proposition 3.3 in [I0] yields a similar estimate.

Case II (i.e., V = V"°-PQ) yields the following general conclusions when the L? projection is
used instead of the standard Ritz projection: If the error is computed pointwise in time (i.e., in
the C°(0,T; L?(£2))-norm and the C°(0,T; H*($2))-norm), then the error estimates are suboptimal
with respect to 7. This is the main message of Approaches II.A, I1.B, and II.C. If, however, the
error is computed in the solution norm (i.e., in the L?(0,7; H*(£2))-norm), then the error estimates
are optimal with respect to r. This is the main message of Approach I1.D.

4 Numerical Results

The main goal of this section is to numerically investigate the rates of convergence with respect to
r of the POD-G-ROM (I3)) in the two cases considered in Section Bt Case I (V = VP?) and Case
IT (V = V7o-P@) . Although the error analysis in Section [ has been centered around the (linear)
heat equation, in this section we consider both the heat equation (Section ) and the nonlinear
Burgers equation (Section [£.2)).

To measure the errors in the two cases (i.e., V = VP? and V = V"-PQ) the same norms
as those used in Section [3] are used in this section. Denoting the error at time t; by e; :=
uy (-, t;) — u(-,tj), the following norms are considered: the error in the C°(0,7;L?(f2))-norm,

approximated by Eco(r2) = OEI%XNHGJ'HLQ(Q); the error in the C°(0,7; H'(2))-norm, approxi-
<<

mated by Ecogry = oA, llej]l 1 (q); and the error in the L?(0,7'; H'(€2))-norm, approximated by

[ d
Er2(my = \/ﬁ ZN Hej”?ql(g)’ For clarity, we also use the following notation: A, =,/ Z+1 Aj.
j=r

0<5<
As mentioned at the beginning of Section Bl the POD-G-ROM (I3)) error estimates are optimal
if the following statements hold:
(i) The L%mnorm of the error scales as L2-norm of the POD interpolation error. Using (4 and
(B)—(IID, this statement is equivalent to

5CO(L2) — O

(ii) The H'-norm of the error scales as H'-norm of the POD interpolation error. Using (I,
([I6), and [®)—(II)), this statement is equivalent to

d
Ecoary ~ Epzry = O [Sall2 Z i) (61)
j=r+1
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Based on the error analysis in Section Bl we expect the following convergence rates with respect
to r:

Table 2: Theoretical convergence rates for the no_D(@ and the D@ cases.

no_DQ DQ

Eco(r2y | suboptimal | optimal

BE3); GBI B7)

Eco(p1y | suboptimal | optimal

G4) E3)

Er2(m) optimal optimal

G

4.1 Heat Equation

We consider the one-dimensional heat equation (I) with a known exact solution that represents
the propagation in time of a steep front:

2
. 1 c t 1
u(z,t) = sin(mrz) = arctan % clz—3 + 3

where x € [0,1] and ¢ € [0, 1]. The constant ¢ in (62]) controls the steepness of the front. In all the
numerical tests in this section, we used the value ¢ = 100. The value of the diffusion coefficient
used in the heat equation () is v = 1072. Piecewise linear finite elements are used to generate
snapshots for the POD-G-ROM (I3). A mesh size h = 1/1024 and the Crank-Nicolson scheme
with a time step At = 1073 are employed for the spatial and temporal discretizations. The time
evolution of the finite element solution is shown in Figure Bl In total, 1001 snapshots are collected
and used for generating POD basis functions in the L? space. The same numerical solver as that
used in the finite element approximation is utilized in the POD-G-ROM.

By varying r, the number of basis functions used in the POD-G-ROM, we check the rates of
convergence with respect to r for the no_D(@Q and the D(Q cases. The errors are listed in Table
(in the no_DQ case) and in Table @ (in the D@ case). To visualize the rates of convergence with
respect to r, these errors with their linear regression plots are drawn in Figure[fl The convergence
rate of the error in the CY(L?)-norm, Eco(r2), 1s superoptimal in the DQ case and suboptimal
in the no_D(@ case. This supports the theoretical rates of convergence in Table 2l although the
suboptimality in the no_DQ case is mild. The convergence rate of the error in the CY(H')-norm,
Eco(my, 1s slightly superoptimal in the D@ case and strongly suboptimal in the no_D() case. This
again supports the theoretical rates of convergence in Table 2l The convergence rate of the error
in the L2(H')-norm, &£ 12(H1), is optimal in the DQ case and strongly suboptimal in the no_DQ
case. This supports the theoretical rates of convergence in Table 2] for the DQ case, but not for
the no_DQ@ case.

Overall, the numerical results support the theoretical rates of convergence proved in Section
and summarized in Table @ We also emphasize that the convergence rates in the DQ case in

, (62)
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Figure 5: Heat equation. Fine resolution finite element solution used to generate the snapshots.

all three norms are much higher than (and almost twice as high as) the corresponding rates of
convergence in the no_DQ case.

Table 3: Heat equation. Errors in the no_DQ@ case.

r A,« 500([/2) gCO(Hl) ng(Hl)

3 | 5.72e-02 | 9.46e-02 | 2.30e+00 | 1.59e+00
5 | 2.71e-02 | 4.70e-02 | 1.58e+00 | 1.14e+4-00
7 | 1.58e-02 | 3.69e-02 | 1.38e+00 | 8.22e-01
10 | 7.34e-03 | 1.57e-02 | 8.54e-01 | 5.31e-01
13 | 3.84e-03 | 7.78e-03 | 5.84e-01 | 3.50e-01

Table 4: Heat equation. Errors in the D@ case.

T Ar ECO(LQ) gco(Hl) ng(Hl)
19 | 5.49e-02 | 7.15e-03 | 4.96e-01 | 3.19e-01
23 | 2.95e-02 | 2.03e-03 | 1.98e-01 | 1.19¢-01
28 | 1.41e-02 | 6.52e-04 | 7.97e-02 | 4.91e-02
33 | 6.75e-03 | 2.41e-04 | 3.68e-02 | 2.80e-02
37 | 3.76e-03 | 8.60e-05 | 2.67e-02 | 2.29e-02

4.2 Burgers Equation

In this section, we consider the one-dimensional Burgers equation. As mentioned at the beginning
of Section [ the error estimates proved in Section B are valid for the (linear) heat equation, but not
necessarily valid for the nonlinear Burgers equation. Nevertheless, to gain some insight into the
range of validity of the theoretical development in Section 3] we investigate the rates of convergence
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Figure 6: Heat equation. Plots of errors in C%(L?)-norm (top, left), C°(H!)-norm (top, right), and
L?(H")-norm (bottom).

with respect to r in the no_D@ and the D(Q cases for the nonlinear Burgers equation:

Up — Vlgy + Uy = f in Qx (0,7,
u(x,0) = up(z) in Q, (63)
u(z,t) = g(x,t) on 9 x (0,7T].
The initial condition is
1 if 2 € (0, 3]
up(z) = (64)
0 ifz e (3,1),

which is similar to that used in [23]. The diffusion parameter is v = 1072, the forcing term is
f=0,9Q =10,1], and T = 1. The boundary conditions are homogeneous Dirichlet, that is,
u(0,t) = u(1,t) =0 for all ¢ € [0,1].

To generate snapshots, we use piecewise linear finite elements with mesh size h = 1/1024 and
the backward Euler method with a time step At = 10~%, and save data at each time instance. The
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Figure 7: Burgers equation. Fine resolution finite element solution used to generate the snapshots.

time evolution of the finite element solution is shown in Figure [l All snapshots are used for the
POD basis generation and the same numerical solver is used in the POD-G-ROM.

By varying r, we check the rates of convergence with respect to r for the no_D(@Q and the DQ
cases. Since the exact solution of the Burgers equation (G3]) with the initial condition (64]) is not
known, we consider the errors between the POD-G-ROM results and the snapshots. The errors
are listed in Table [ (in the no-DQ case) and in Table[d (in the DQ case). These errors with their
linear regression plots are drawn in Figure B The convergence rate of the error in the C°(L?)-
norm, Eco(r2), is superoptimal in the DQ case and strongly suboptimal in the no_D() case. This
clearly supports the theoretical rates of convergence in Table 2l The convergence rate of the error
in the CY(H')-norm, Eco(py, 1s superoptimal in the D() case and extremely suboptimal in the
no_D(@ case. This strongly supports the theoretical rates of convergence in Table 2l Finally, the
convergence rate of the error in the L?(H')-norm, & r2(H1), 1s optimal in the DQ case and strongly
suboptimal in the no_D(@ case. This supports the theoretical rates of convergence in Table 2] for
the D@ case, but not for the no_D(Q) case.

Overall, the numerical results clearly support the theoretical rates of convergence proved in
Section Bl and summarized in Table We also emphasize that the convergence rates in the DQ
case in all three norms are much higher than (and at least twice as high as) the corresponding rates
of convergence in the no_DQ case.

Table 5: Burgers equation. Errors in the no_D(@ approach.

T A, 5CO(L2) 5CO(H1) 5L2(H1)

3 | 8.74e-02 | 2.38e-01 | 4.48e+01 | 2.34e+00
5 | 3.95e-02 | 1.60e-01 | 4.44e+01 | 1.76e+00
7 | 1.97e-02 | 1.17e-01 | 4.37e+01 | 1.24e+00
9 | 1.02e-02 | 9.05e-02 | 4.28e+401 | 8.94e-01
11 | 5.47e-03 | 7.01e-02 | 4.14e+01 | 6.84e-01
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Table 6: Burgers equation. Errors in the D@ approach.

T Ar ECO(L2) gco(Hl) ng(Hl)
18 | 8.55e-02 | 6.83e-03 | 5.60e-01 | 2.82e-01
21 | 4.56e-02 | 2.99e-03 | 2.49e-01 | 1.37e-01
24 | 2.39e-02 | 1.31e-03 | 1.23e-01 | 6.72e-02
28 | 9.81e-03 | 4.29e-04 | 4.73e-02 | 2.57e-02
31 | 4.97e-03 | 1.88e-04 | 2.28e-02 | 1.25e-02

5 Conclusions

The effect of using or not the snapshot DQs in the generation of the POD basis (the DQ and the
no_D@) cases, respectively) was investigated theoretically and numerically. The criterion used in
this theoretical and numerical investigation was the rate of convergence with respect to r of the
POD-G-ROM solution to the exact solution, where r is the number of POD basis functions used
in the POD-G-ROM.

The error estimates in Section [3] yielded the following conclusions: In the DQ case, the conver-
gence rates were optimal in all three norms considered (the C%(L?)-norm, the C°(H')-norm and
the L?(H")-norm. In the no_DQ case, the convergence rates were suboptimal in the C°(L?)-norm
and in the C°(H')-norm, and optimal in the L?(H!)-norm.

The numerical results in Section [ for the (linear) heat equation and the (nonlinear) Burgers
equation confirmed the conclusions suggested by the theoretical error estimates in Section In
the DQ case, the convergence rates were superoptimal in the C%(L?)-norm, the C°(H')-norm, and
the L2(H')-norm. In the no_DQ case, the convergence rates were suboptimal in the C°(L?)-norm,
the CO(H')-norm, and the L?(H')-norm. The only departure from the theoretical conclusions was
that, in the no_DQ case, the convergence rate in the L%(H')-norm was suboptimal. We emphasize
that, for both the heat equation and the Burgers equation, the convergence rates in the DQ case
in all three norms were much higher than (and usually at least twice as high as) the corresponding
rates of convergence in the no_DQ case.

The theoretical error estimates in Section Bl and the numerical results in Section @ strongly
suggest the following conjecture: “The snapshot DQs should be used in the generation of the POD
basis in order to achieve optimal rates of convergence with respect to r, the number of POD basis
functions utilized in the POD-G-ROM. We also conjecture that using the snapshot DQs in the
generation of the POD basis could alleviate some of the degrading of convergence with respect to
r seen in, e.g., [29 @, 3 8]. We intend to investigate this conjecture in a future study.
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