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ARE THE SNAPSHOT DIFFERENCE QUOTIENTS NEEDED IN
THE PROPER ORTHOGONAL DECOMPOSITION?*

TRAIAN ILIESCU' AND ZHU WANGH

Abstract. This paper presents a theoretical and numerical investigation of the following prac-
tical question: Should the time difference quotients (DQs) of the snapshots be used to generate the
proper orthogonal decomposition (POD) basis functions? The answer to this question is important,
since some published numerical studies use the time DQs, whereas other numerical studies do not.
The criterion used in this paper to answer this question is the optimality of the convergence rate of
the error of the reduced order model with respect to the number of POD basis functions. Since to
the best of our knowledge a definition of the optimality of the convergence rate is not available, we
propose one in Definition 3.1 in this paper. Two cases are considered: the no_DQ case, in which the
snapshot DQs are not used, and the DQ case, in which the snapshot DQs are used. For each case,
two types of POD bases are used: the L2-POD basis, in which the basis is generated in the L?-norm,
and the H'-POD basis, in which the basis is generated in the H'-norm. The error estimates suggest
that the convergence rates in the C°(L?)-norm and in the C°(H')-norm are optimal for the DQ
case, but suboptimal for the no_DQ case. The theoretical investigation, which uses two numerically
validated assumptions on the POD projection error and the POD Ritz projection error, suggests
the following convergence rates: In the DQ case, the error estimates are optimal in all norms (i.e.,
the CO(L2)-norm, the C°(H!)-norm, and the L2(H')-norm) for both the L2-POD basis and the
H'-POD basis. In the no_DQ case, however, the error estimates are suboptimal in the C°(L?)-norm
for the L2-POD basis and in the CO(H!)-norm for both the L2-POD basis and the H!-POD basis.
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. For both the heat equa-
tion and the Burgers equation, and for all norms and bases considered, the convergence rates for the
DQ case are much higher than (and usually twice as high as) the corresponding convergence rates
for the no_DQ case. 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 POD basis
functions, one should use the snapshot DQs.
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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 functions?”

We emphasize that this is an important question. There are two schools of
thought: one uses the DQs (see, e.g., [23, 24, 11, 12]), the other does not (see, e.g.,
[28, 27, 10, 33]).

To our knowledge, the first instance in which the snapshot DQs were incorporated
in the generation 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
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parabolic equation: the time discretization errors and the POD truncation errors.
They argued that one needs to include the temporal DQs in the set of snapshots;
otherwise, the error bound of the approximation of u; will contain an extra ﬁ factor
(see Remark 1 in [23]). Thus, the motivation for using the temporal DQs 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 (unless the snapshots were taken from a coarse temporal grid); in [17], 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
of Chaturantabut and Sorensen [11, 12] (which is a discrete variant of the empirical
interpolation method [5]). The motivation in [11, 12], however, was different from
that in [23]. Indeed, the authors considered in [11, 12] a general, nonlinear system
of equations of the form y’ = f(y,t) and used the nonlinear snapshots f(y,t). They
further noted (see page 48 in [12]) that, since f(y,t) =y’ and (y"™! — y")/At ~y/,
this is similar to including the temporal DQs, as done in [23, 24].

To our knowledge, the first reports on POD analysis in which the DQs were
not used were [28] for the heat equation and [27] for the Navier-Stokes equations.
Chapelle, Gariah, and Sainte-Marie [10] used a different approach that did not utilize
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 [10] (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.

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 u(-,t"), the time derivative
of the exact solution u evaluated at time ¢", one usually uses the DQ du(-,t") :=
%ﬁ(tn_l) To approximate the DQ du(-,t") in the POD space, one naturally uses
the POD DQ Ju,.(-, t") := %Wa where u, is the POD reduced order model
approximation. We assume that u,(-,t™) is an optimal approximation for u(-,t") and
that u,(-,#""1) is an optimal approximation for u(-,#"~!), where the optimality is
with respect to  (the number of POD basis functions) and At (the time step). Then,
it would appear that, with respect to At, du,.(-,t") is a suboptimal approximation for
Ou(-,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 in-
clusion 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 fi-
nite element approximation of parabolic equations, it is well known that the DQs
Oup(-,t") == %w are actually optimal (with respect to At) approxima-
tions of the DQs Ju(-,t") (see, e.g., [25, 32]). Thus, since the POD and finite element
approximations are similar (both use a Galerkin projection in the spatial discretiza-
tion), 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) convergence rates. For the heat equation (see sec-
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TABLE 1
Errors of the no_DQ and DQ approaches when At varies.

no_-DQ DQ
v Erap2y Ereimy) v Ere2y Erzmy)
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

At

© no_DQ
---LR order 1.99
o DQ
LR order 1.99

10 107" 10°

At

FIG. 1. Heat equation, L?-POD basis. 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).

tion 4 for details regarding the numerical simulation), we monitor the rates of conver-
gence with respect to At for the POD reduced order model. To this end, we choose
the discretization parameters to ensure that the time discretization error dominates
the other error components. We consider two cases: the no_DQ case, in which the
DQs are not used, and the DQ case, in which the DQs are used. The errors (de-
fined in section 4) are listed in Table 1 and plotted in Figure 1 with associated linear
regressions. Both no_DQ and DQ approaches yield an optimal approximation order
O(A#?) in the L%-norm.

The main goal of the paper is to answer the question in its title, i.e., whether the
DQ@Qs should be used to generate the POD basis. The criterion used to answer this
question is the optimality of the convergence rate of the error of the POD reduced
order model with respect to r. Since to the best of our knowledge a definition of the
optimality of the convergence rate is not available, we propose one in Definition 3.1.
We consider the no_DQ case and the DQ case. For each case, we use two types of
POD basis: the L2-POD basis, in which the basis is generated in the L2-norm, and
the H-POD basis, in which the basis is generated in the H!-norm.

The rest of the paper is organized as follows: In section 2, we sketch the derivation
of the POD reduced order model for the heat equation. In section 3, we derive error
estimates for the POD reduced order model in the no_DQ and the DQ cases for
the heat equation. In the DQ case, we use the POD Ritz projection to prove optimal
error estimates for both the L2-POD basis and the H'-POD basis in all norms. In the
no_DQ case, we employ the L? projection proposed by Chapelle, Gariah, and Sainte-
Marie [10] (see also [33]) to avoid the challenge posed by the POD approximation of
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uy. Using classical error analysis for Galerkin methods, however, yields suboptimal
error estimates in the CY(L?)-norm for the L?>-POD basis and in the C°(H')-norm
for both the L?-POD basis and the H'-POD basis. Although all the error analysis
in section 3 is done exclusively for the (linear) heat equation, in section 4, we present
numerical results for both the heat equation and the (nonlinear) Burgers equation.
For these two equations, the errors and the convergence rates in the no_DQ and the
DQ cases are displayed for both the L?-POD basis and the H!'-POD basis. The
optimality of the convergence rates suggested by the error estimates in section 3 is
confirmed by the numerical results. Furthermore, for all norms and bases considered,
the convergence rates for the DQ case are much higher than (and usually twice as
high as) the corresponding convergence rates for the no_DQ case. Finally, in section 5,
we draw several conclusions regarding the theoretical and numerical results for the
no_DQ and the DQ cases and we outline several future research directions.

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, 22, 7, 2, 6, 38, 4].

Let X := H}(Q), where Q is the computational domain. Let u(-,t) € X,t € [0,T]
be the weak solution of the weak formulation of the heat equation with homogeneous
Dirichlet boundary conditions:

(2.1) (ug,v)r2 + v (Vu,Vo)r2 = (f,v)rz Yo e X.

Given the time instances t,...,ty € [0,T], we consider the following two ensembles
of snapshots:

(22) VnO_DQ ‘= span {’U,(, tO)v cee ,U(', tN)} )
(23) VDQ ‘= span {U(, tO)a s ,U(', tN)vgu(a tl)a s agu(vtN)} )
where Ou(-,t,) := %, n=1,...,N, are the time DQs. The two ensem-

bles 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., VP?). As pointed out in Remark 1 in [23], although the DQs in
VPQ can be expressed as linear combinations of u(+,tn), n=0,..., N, the ensemble
of snapshots V"-PQ and VP yield different POD bases. This is clearly illustrated by
Figures 2-3, which display POD basis functions for the heat equation and the Burgers
equation, respectively. Details regarding the corresponding numerical simulations are
given in section 4. Since the time step At is used in the definition of the DQs, here we
only briefly mention that the POD basis functions do not change when At is varied
around its original fine resolution value.

Remark 2.1. From a theoretical point of view, it would seem more natural to
consider the continuous version of the POD method [24]. In this case, the snap-
shots us(+,t,), n =1,..., N, could not be expressed anymore as linear combinations
of u(-,t,), n = 0,...,N. Furthermore, the error analysis in section 3 would proba-
bly become clearer. We emphasize, however, that although driven by a theoretical
analysis, the question whether the DQs should be used is a practical question that
should be investigated numerically. Since the snapshots u;(,t,), n =1,..., N, would
have to be discretized in the numerical tests, for consistency reasons, we decided to
exclusively use the DQs throughout the paper.
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F1G. 2. Heat equation, L2-POD basis. 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).
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F1G. 3. Burgers equation, L2-POD basis. 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).

We note that, in this study, the heat equation (2.1) is assumed to be in nondimen-
sionalized form. Thus, in the definition of V@ in (2.3), the snapshots u(-,t;), i =
0,...,N, and the DQs du(-,t;), i = 1,..., N, are both nondimensional quantities.

We also note that the solution of (2.1) might scale differently in space and time.
In this case, to ensure a balanced scaling of the two terms in (2.1) (i.e., u; and Au),
one might consider, e.g., a nondimensionalization that uses the following scales: U
(the characteristic scale of the variable u) and 7' (the characteristic time scale of
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the system, e.g., the period in a time periodic system). In this case, the snapshots
u(-t;), i = 0,...,N, and the DQs du(-,t;), i = 1,..., N, used in VP® would scale
similarly.

To simplify the presentation, we denote both sets of snapshots (i.e., V"°-P? and
VPe) by

V =span{si,$2,...,8Mm},

where M = N + 1 when V"°-PQ is considered and M = 2N + 1 when VP® is
considered. We use the specific notation (i.e., V"-P% or VP¥) only when this is
necessary. Let dim V = d. Given a Hilbert space H, the POD method seeks a low-
dimensional basis {¢1,. .., ¢}, with » < d, which optimally approximates the input
collection:

2
T

M
(2.4) minﬁz si— > (si05()) 00|
i=1 j=1 u

subject to the conditions that (¢;,¢;j)n = dij, 1 < 4,5 <r. In order to solve (2.4),
we consider the eigenvalue problem

(2.5) Kv=2M\v,
where K € RM*M with K;; = 47 (sj,s;)u, is the snapshot correlation matrix,
A > Ao > oo > Ag > 0 are the positive eigenvalues, and v, & = 1,...,d, are the

associated eigenvectors. It can then be shown (see, e.g., [16, 22]), that the solution
of (2.4) is given by ¢i(-) = ﬁ ij\il(vk)j sj, 1 < k < r, where (vg); is the jth
component of the eigenvector vg.

DEFINITION 2.1. The POD projection error is defined as

T

(2.6) PO, t) = (e, t) = (ult), 0()) 5, i)

j=1
It can also be shown [23] that the POD projection error satisfies the following

equalities:

N
(27) N— Z u('a ti) - (u('vti) ’ 90.7())7.[ 90.7()

2

2
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Remark 2.2. In section 3, we only consider the semidiscretization of the POD
reduced order model, i.e., the discretization in space (only with respect to the POD
truncation), but not in time. Thus, the parameters M (the number of snapshots)
and At (the time step, which is related to M) do not affect the theoretical analysis
in section 3. The full discretization used in the numerical tests in section 4 does
obviously depend on the parameters M and At. To keep the length of the paper within
reasonable limits, we decided to fix the parameters M, At, and d (the dimension of
the set of snapshots), and vary only the parameter r (the number of modes used in
the POD reduced order model). In sections 3 and 4 we show that this setting allows
us to answer the question in the title of this paper.

For clarity, in what follows, we will denote by C' a generic constant that can
depend on all the parameters in the system, except on r. In order to be able to prove
pointwise-in-time error estimates in section 3, we make the following assumption.

Assumption 2.1. We assume that, for ¢ = 1,..., N, the POD projection error
satisfies the following estimates:

T

(2.9) u(yti) =Y (uCti) s 950)) 12 05 ()

Jj=1 H

d
<C Y AP it v=yrePe

j=r+1

2
r

(2.10) ulot:) =Y (ult), 9i()) 12 05()

Jj=1 H

3

+ 8U(, ti) - Z(au('vti) ) @j('))Lz QOJ()
Jj=1 1
d
<C Y N9 it v=vPe
j=r+1

DEFINITION 2.2 (L2-POD basis and H'-POD basis). If H = L? in (2.4), (2.6),
(2.7), (2.8), (2.9), and (2.10), then the resulting POD basis is called an L>-POD basis.
IfH =H"in (2.4), (2.6), (2.7), (2.8), (2.9), and (2.10), then the resulting POD basis
is called an H'-POD basis.

Remark 2.3. Assumption 2.1 says that in the sums in (2.7) and (2.8) no individual
term is much larger than the other terms. We also note that Assumption 2.1 would
follow directly from the POD approximation property (2.7)—(2.8) if we dropped the
% factor in the snapshot correlation matrix K. In fact, this approach is used in,
e.g., [24, 37). We mention, however, that this would increase the magnitudes of the
eigenvalues on the right-hand side (RHS) of the POD approximation property (2.7)—
(2.8).

Next, we present a numerical investigation of Assumption 2.1. We consider the
heat equation and the Burgers equation (see section 4 for details regarding the numer-
ical simulations), and both V' = V"°-P% and V' = VP cases. Since the numerical re-
sults for the H'-POD basis are similar to those for the L?-POD basis, we only present

ul-,t; )— T_’LL,L] ]‘~2
the latter. We calculate the ratios (R?O_DQ)r,i = [utt) Zkld(z S l@f_p(c_pﬂ 2ol ;
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FIG. 4. Heat equation, L?-POD basis (top); Burgers equation, L?>-POD basis (bottom). Plots
of the ratios R?O‘DQ and RlDQ at t = 0.5.

DQy . _ MuCt) =37 (u(ti) 0 (N2 0iOlI7e | [10ult) =37, (Bul i), 25() 2 ¢ Ol72
Ry v = T 0@ + T D@
j=r+1 7] j=r+1 "5
to investigate assumptions (2.9) and (2.10), respectively. The ratios (R?O‘DQ)M and

(R?Q)m‘ at t = 0.5 are plotted in Figure 4. Both ratios are uniformly bounded with
respect to r. For the highest r values, the denominators in the two ratios significantly
decrease, which results in a natural increase of the two ratios. We also note that the
highest values of the two ratios are attained at ¢ = 0 and ¢ = 1 for the heat equation,
and at ¢ = 0 for the Burgers equation. We believe that this behavior is due to the
fact that the solution at t = 0 and ¢ = 1 is not accurately captured by the first few
POD basis functions.

Overall, the plots in Figure 4 show that Assumption 2.1 is valid in our setting.

In what follows, we will use the notation X" = span{pi, 2, ..., ¢, }. To derive
the POD reduced order model for the heat equation (2.1), we employ the Galerkin
truncation, which yields the following approximation u, € X" of u:

(2.11) ur(x,t) ==Y a;(t) @; ().
j=1

Plugging (2.11) into (2.1) and multiplying by test functions in X" C X yields the
POD Glalerkin reduced order model (POD-G-ROM):

(2.12) (Urt,vr)p2 + v (Vup, Vo) 2 = (fyop) 2 Vo, € X7
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The main advantage of the POD-G-ROM (2.12) over a straightforward finite element
discretization of (2.1) 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 — u,,
where u is the solution of the weak formulation of the heat equation (2.1) and w, is
the solution of the POD-G-ROM (2.12). Error estimates for the POD reduced order
modeling of general systems were derived in, e.g., [23, 24, 36, 18, 28, 30, 21, 13, 35, 1,
31, 15]. We perform the error analysis only for the semidiscretization of the POD-G-
ROM (2.12). 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). Furthermore, when considering the full discretization, the error also
has a time discretization component (due to the time stepping algorithm). All these
error components should be included in a rigorous error analysis of the discretization
of the POD-G-ROM (2.12) (see, e.g., [28, 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.

In our theoretical analysis, we consider two cases, depending on the type of snap-
shots used in the derivation of the POD basis: Case I: V = V@ (i.e., with the DQs);
and Case II: V = V"°-P@ (je., without the DQs). For each case, we consider both the
L?-POD basis and the H'-POD basis. The main goal of this section 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.

Since, to the best of our knowledge, a definition for the optimality of the POD
error estimates is not available, we propose such a definition below.

DEFINITION 3.1 (optimal POD error estimate). The POD-G-ROM error estimate
is optimal with respect to r if the following inequalities hold:

(3.1) lu = urllz2 < C P12,
(3-2) IV(u—=wur)llL> < CIIVET L2,

where NP7 is the POD projection error defined in (2.6).

Remark 3.1. We note that, since in this section we only consider the error
component corresponding to the POD truncation, the optimality in Definition 3.1 is
with respect to r. Of course, when the other error components are considered, the
optimality with respect to other discretization parameters (e.g., h and At) should also
be considered.

We also note that other definitions for the optimality of the POD error estimates
are possible. For example, one could replace inequalities (3.1) and (3.2) in Defini-
tion 3.1 with

(3.3) lu=urllzs < C inf o= vz,

(3.4) 19— ullze < Cink V(w02
respectively. One advantage of the alternative definition in (3.3) and (3.4) is that it
resembles the standard finite element error estimates in Céa’s lemma [34] more than

Definition 3.1. One potential drawback of the alternative definition, however, is that
the evaluation of the RHS of (3.3) or (3.4) might not be straightforward. For example,
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when the L2-POD basis is used, inf, cx+ ||v—v.||r2 = |7P"%]| 12, so the RHS of (3.3)
can be easily evaluated by using (2.6). To evaluate the factor inf, cxr ||V (v —v,)| L2
on the RHS of (3.4), however, one would have to solve a minimization problem at
each time step. Since the optimality of the POD error estimates is monitored in the
numerical experiments in section 4, in the remainder of the paper we exclusively use
Definition 3.1.

Remark 3.2 (optimal error estimate: L2-POD basis vs. H'-POD basis). When
the L2-POD basis is used, |[nP™%7 ||z 2 and ||[VnP"%7| 12 scale differently with respect to
r: The scaling of ||[P™°7|| .2 is given by the POD projection error equalities (2.9)—(2.10)
in Assumption 2.1. The scaling of | V7P| 12, however, is not given by (2.9)—(2.10).
There are several approaches that one can use to derive an estimate for |[VnP || 2.
For example, one can employ a brute force approach and wuse the fact that the
projection 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 3.2 but for
the entire space of snapshots (of dimension d), we get the following estimate:

(3-5) IV | 2 < Cino(d) 11777 || 2

where Cj,,,(d) is the constant in the inverse estimate in Lemma 3.2. Following the
discussion in Remark 3.3, we conclude that the scaling of || VnP"7|| 12 is of lower order
with respect to r than the scaling of |77 ||;2. Thus, if the error analysis yields
estimates of the form

(3.6) u—urllrz < C VP || 2,

then these estimates will be called suboptimal with respect to r.

To derive an estimate for |[VnP™|| 2, one can alternatively employ the approach
used in Theorem 2 in [33] (see also Lemma 3.2 in [20]). This approach yields an
estimate that is sharper than the estimate in (3.5). We note, however, that even in
this case, the scaling of ||V7P"%7|| 2 is of lower order with respect to r than the scaling
of ||nP"%7 || 2. Thus, the conclusions regarding the optimality of the error estimates
remain unchanged: If the error analysis yields estimates such as (3.6), then these
estimates will be called suboptimal with respect to r.

When the H'-POD basis is used, the POD approximation property in Assump-
tion 2.1 shows that ||7P"%7 ||,z and ||[VnP"/| ;> have the same scaling with respect to

r, since they are both bounded by \/E?:rﬂ /\?O‘DQ (if V = Vno-PQ: see (2.9)) or by

\/m (if V = VPQ; see (2.10)).

Thus, if the error analysis yields estimates of the form
(3.7) [ = ur|lz < C V|2

then these estimates will be called optimal with respect to r. We emphasize, however,
that if the constant C' in (3.7) does depend on 7 in a suboptimal way (e.g., it increases
when r increases), then the estimate (3.7) will be called suboptimal with respect
to r.

We introduce some notation and we list several results that will be used through-
out this section. The first result is a POD inverse estimate, which was proved in
Lemma 2 and Remark 2 in [23] and in Lemma 3.1 and Remark 3.2 in [19]. Let
M, € R™" with M;; = (¢;,¢i)r2 be the POD mass matrix and S, € R™*" with
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Sij = (Vg;,Vei)r2 be the POD stiffness matrix. Let || - || denote the matrix 2-
norm.

LEMMA 3.2 (POD inverse estimate). For all v, € X7, the following POD inverse
estimates hold:

(3.8) Vo, |2 < CE

muv

() |lvrl L2 for the L*-POD basis, and

(3.9) Vo2 < CHE (7)) [l for the H'-POD basis,

where CanQU(T) = /||Sr||2 and Cgl(r) = /M2

Remark 3.3 (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 constants Cﬁfv (r) and Cﬁ;(r) in (3.8) and (3.9),
respectively, i.e., the scalings of ||S,||2 and ||M, 71|z with respect to r.

We note that, since the POD basis significantly varies from test case to test
case, it would be difficult to derive general scalings of ||S, |2 and ||M,!|l2. When the
underlying system is homogeneous (i.e., invariant to spatial translations), however, the
L2-POD basis is identical to the Fourier basis (see, e.g., section 3.3.1 in [16]). In this
case, one can derive the scalings of ||.S,||2. Thus, to get some insight into the scaling
of CiL:v(r) in a general setting, we first consider the homogeneous case. Without
loss of generality, we assume that the domain is [0,1] C R! and that the boundary
conditions are homogeneous Dirichlet. In this case, the Fourier basis functions are

given by ¢;(z) = sin(j 7). The matrix S, is diagonal and its diagonal entries are

given by Sj; = fol (jm)? cos?(jmx)de = 1 (jm)?. Since the POD stiffness matrix S,

is symmetric, its matrix 2-norm is given by ||S;||2 = Amax, Where Apax is the largest
eigenvalue of S,.. Thus, we have

(3.10) 151 = 3 (rm)? = O0?).

Thus, we conclude that, when the underlying system is homogeneous, the 2-norm of
the POD stiffness matrix S, scales as O(r?).

Next, we use the numerical tests in section 4 to get some insight into the scalings
for CE () and CH (r) for general, nonhomogeneous systems. For the heat equation
and the Burgers equation (see section 4 for details regarding the numerical simula-
tions), we monitor the scalings of ||S,||2 and || M,~!||>. We consider Case I (V = VP@)
and Case II (V = V"o-PQ). For each case, we also consider both the L2-POD basis
and the H'-POD basis. The scalings are plotted in Figure 5. Although the theoretical
scaling (3.10) predicted for the homogeneous flow fields is not recovered, all four plots
show a clear increase of ||S,||2 and ||M, |2 (and CiL:v(r) and Cﬁi (r), respectively)
with respect to . We also note that, for the Burgers equation, the scalings reach a
plateau for large r values. We believe that this is due to the fact that the spatial and
temporal discretization error components become dominant for large r values.

The theoretical scaling in (3.10) valid for the homogeneous case and the numerical
results in Figure 5 for the (general, nonhomogeneous) heat equation and Burgers

. L2 H . .
equation strongly suggest that Cy; (r) and C;;, (r) increase when r increases.

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, 34]. The main difference between the two settings is that the

finite element approximation property is global [14, 26], whereas the POD projection
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FIG. 5. Heat equation (left), Burgers equation (right); L?-POD basis top, H'-POD basis bottom.
Plots of the scalings of ||Sr|l2 and |M;~Y||2 with respect to r when the DQs are used (denoted by
DQ) and when the DQs are not used (denoted by no-DQ).

error equality is local, i.e., it is only valid at the time instances at which the snapshots

were taken (see (2.7)-(2.10)).

Thus, in order to be able to use the POD projection

error estimates (2.7)—(2.10), in what follows we assume that the final error estimates
for the semidiscretization are considered only at the time instances t;, i = 1,..., N.
We also consider both the L2-POD basis and the H*-POD basis. For clarity, we first
present the analysis for the L2-POD basis, and then highlight the differences in the

analysis for the H'-POD basis.

We start by considering the error equation:

(3.11)

(eta ’U'r)L2 +v (V@, VUT)L2 =0

Vo, € X",

where e := u — u, is the error. The error is split into two parts:

(3.12)

where w, is an arbitrary function in X", n := u — w,, and ¢, = u, — w,

e=u—1u = (u—w)— (U —wy) =n— ¢p,

decomposition in the error equation (3.11), we get

(313) (¢r,t7 UT’)L2 + v (V(Jbr, VUT)L2 = (T]t, UT)L2 + v (VT], VUT’)L2-

The analysis proceeds by using (3.13) to show that

(3.14)

[6rllL2 < Cllnll -

. Using this
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Using the triangle inequality, one then gets
(3.15) llellzz < lInllLz + l¢rllL2 < (1+C) [Inllz>.

Since w, was chosen arbitrarily, we choose w, = Z;Zl(u, @j)rz ¢; in (3.15), use
(2.6), and get the following error estimate:

(3.16) lellz2 < (1 +C) " e -

Using Definition 3.1 and Remark 3.2, we conclude that the error estimate (3.16) is
optimal.

In the remainder of this section, we investigate whether optimal error estimates
can be obtained with or without including the DQs in the set of snapshots. To this
end, in section 3.1 we consider the case in which the DQs are included in the set of
snapshots (i.e., V = VP@Q). Then, in section 3.2 we consider the case in which the
DQs are not included in the set of snapshots (i.e., V = V"0-P@Q),

3.1. Case I (V = VPQ). The standard approach used to prove error estimates
in this case is to use the Ritz projection [23, 24, 19, 20]. This is also the standard
approach used in the finite element context [39, 14, 34, 26].

We choose w;- := R,.(u) in (3.12), where R,.(u) is the Ritz projection of wu:

(3.17) (V(u— Ry (u)), V’UT)L2 =0 Vv, € X"

To emphasize that we are using the Ritz projection, in the remainder of section 3.1
we will use the notation n%** = = v — R,.(u). Using (3.17), (3.13) becomes

0
(3.18)  (¢rtsvr)r2 + v (Vor, Vur)re = (f v,) 2 + v (V250 1

where nft* = u; — R,.(u;). It is the cancellation of the last term on the RHS of (3.18)
that yields optimal error estimates. We let v, := ¢, in (3.18), and then we apply the
Cauchy—Schwarz inequality to the remaining term on the RHS:

Ld
2 dt
We rewrite the first term on the left-hand side (LHS) of (3.19) as 1 4|¢,2, =

[ ¢rllz2 & |¢r 12 and we apply the Poincaré-Friedrichs inequality to the second term
on the LHS of (3.19):

(3.20) v|Vérliz = Cvllg7e

(3.19) l¢rlZe + v IIVerlZe < Inf*llz2 llrl| 2.

We note that the Poincaré-Friedrichs inequality C|[v[|2. < ||[Vv||2. holds for every

function v in the continuous space Hi (), and, in particular, for ¢, € X" C X =
H}(2) (see (3) in [23]). Thus, the constant C in (3.20) does not depend on r. Thus,
(3.19) becomes

d itz
(3.21) Zlerllez +Cvlienllze < fln™lL2.

Using Gronwall’s lemma in (3.21), we get for 0 <t < T

t
(3.22) l¢r(@)llzz < €™ 16 (0)]] 2 +/O e= OV pftE (s)|| 2 ds.

Using (3.15), the first term on the RHS of (3.22) can be estimated as ||¢,(0)||z2 <

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 10/10/16 to 129.252.33.114. Redistribution subject to SIAM license or copyright; see http://www .siam.org/journals/ojsa.php

A1234 TRAIAN ILIESCU AND ZHU WANG

lle(0)]| 2 + |77 (0)|| 2. Thus, (3.22) becomes

t
(3:23) 6, (8)]12 < eC”(|e<o>||Lz " ||nR”Z<o>|Lz) s [eere s o) s,

Applying the triangle inequality, just as in (3.15), we get
le@®)llze < ™= (@)l L2 + e ¥ <|6(0)||L2 + IITIR“Z(ONm)
t
(3:24) b [ e gl o) s,
0

We make the following assumption.
Assumption 3.1. We assume that the POD Ritz projection error 7
optimal error estimates with respect to r in the L?-norm:

Ritz gatisfies

(3.25) I |2 < C 7 2
(3.26) Izl L2 < C [Pz,
(3.27) V5|2 < O V7P| 2

where OnP"%I (z,t) = Ju(x,t) — Z;Zl(gu(-, t), ©i(-))r2 ;).

Using (3.25) and (3.26) in (3.24), we conclude that the POD error estimate in the
L?-norm is optimal. Furthermore, since no reference has been made to the specific
way in which the POD basis was calculated, we conclude that the error estimate is
optimal with respect to r both for the L?-POD basis and the H!-POD basis.

Remark 3.4. Using estimate (3.26) in the integral on the RHS of (3.24) yields a
bound that depends on ||dnP"%7| 2 instead of ||?"%7| ;2. Thus, it might seem that,
according to Definition 3.1 and Remark 3.2, we do not get optimal error estimates.
We emphasize, however, that since both ||[0nP™%?||.> and ||[yP"°7|| ;> are bounded by
Z;l:r-u )\fQ when V = VPQ/ the error estimate resulting from (3.24) is, in fact,
optimal.

3.1.1. The POD Ritz projection. In the finite element context, both ||n%#?| ;2
and ||nf¥*| ;> are optimal (with respect to the mesh size h). In the POD context,
however, the optimality (with respect to r) is not that clear. In this subsection, we
present a theoretical and numerical investigation of the POD Ritz projection.

To the best of the authors’ knowledge, the first error estimates for the POD Ritz
projection were derived in the pioneering paper of Kunisch and Volkwein [23]. Sharper
error estimates were recently proven by Singler [33]. We summarize below the results
in [23, 33]. For clarity, we present the L2-POD basis case, and only highlight the
differences in the H'-POD basis case.

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

(3.28) IV L2 < C V/lISall2 77 ) e -

For clarity, we have not included in (3.28) the constants that do not depend on r.
Inequality (3.28) suggests that assumption (3.27) is true (see (3.2) and (3.5)).

We emphasize that Lemma 3 in [23] does not include any bounds for ||nf#||-.
This is in clear contrast with the finite element context, in which ||¥#|| ;2 is estimated
by the usual duality argument (the Aubin—Nitsche “trick”; see, e.g., [34]). Using a
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duality argument, however, is challenging in the POD context, since any auxiliary dual
problem would not necessarily inherit the POD approximation property (2.7)—(2.10).
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 error 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 discretization), to estimate the ||nf#*|| 2 error
component in (27a) and (27b), the authors use the ||[Vnf=|| . estimate given in
Lemma 3 and the Poincaré—Friedrichs inequality given in (3). Since the Poincaré-—
Friedrichs constant does not depend on 7, we conclude that ||nf*| ;> and || VnT#| -
scale similarly with respect to 7. This, in turn, suggests that ||%"?| ;2 is suboptimal
with respect to r (see Definition 3.1 and Remark 3.2). We note that the same approach
(i.e., Lemma 4 and the Poincaré-Friedrichs inequality) is used in [23] to estimate the
DQ approximation of ||n**| ;> (see the two inequalities above (29a)).

To summarize, the analysis in [23] suggests that, when the L2-POD basis is used,
assumption (3.27) holds, but assumptions (3.25) and (3.26) do not hold. When the
H'-POD basis is used, however, the analysis in [23] shows that assumption (3.27)
holds (see Lemma 3 in [23]) and suggests that (3.25) and (3.26) hold as well.

The approach used in Theorem 2 in [33] (see also Lemma 3.2 in [20]) yields error
estimates that are sharper than those in (3.28). We note, however, that although
sharper, the estimates in [33] cannot be easily used with the definition of optimality
of POD error estimates employed in this paper (see Definition 3.1). Furthermore,
even if we used the estimates in [33], they would yield the same conclusions regarding
the Ritz projection as the conclusions drawn from estimate (3.28).

Next, we present a numerical investigation of Assumption 3.1. We consider the
heat equation and the Burgers equation (see section 4 for details regarding the numer-
ical simulations), and both V' = V"°-P% and V = VP cases. Since the numerical re-
sults for the H'-POD basis are similar to those for the L?-POD basis, we only present

Ritz 4. Ritz
the latter. We calculate the ratios (RY9),.; = I~ Cot)ll 2 (RY9),. = Slirsialllz2

Ritz lnPred (- ti)ll 2 [[@nprod| 2
and (RP9),,; = H to investigate assumptions (3.25), (3.26), and (3.27),
respectively. These three ratios at ¢ = 0.5 are plotted in Figure 6. All three ratios
are uniformly bounded with respect to r. We note that the ratios display relatively
higher values around r = 20. We also note that, for (RZDQ)M, the highest values
are attained at ¢ = 0 and ¢t = 1 for the heat equation, and at ¢t = 0 for the Burgers
equation. We believe that this behavior is due to the fact that the solution at ¢t = 0
and ¢ = 1 is not accurately captured by the first few POD basis functions.
Overall, the plots in Figure 6 provide numerical support for Assumption 3.1 in
our setting.

3.2. Case II (V = Vno-DQ). This approach was used in [10, 33]. The mo-
tivation for this approach is the following: In Case I (V = VP?), the first term on
the RHS of (3.18), (1, v,)r2, yields a term [|n:] 2 that stays in all the subsequent
inequalities, including the final error estimate (3.24). Chapelle, Gariah, and Sainte-
Marie proposed in [10] a different approach that eliminated the (1, v,)r2 term in
(3.18). Thus, instead of using the Ritz projection (as in Case I), they used the L?
projection. That is, they chose w, := P,(u), where P,(u) is the L? projection of u,
given by

(3.29) (u - Pr(u),vr)L2 =0 Vo, e X".
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F1G. 6. Heat equation, L?-POD basis (left column); Burgers equation, L2-POD basis (right
column). Plots of the ratios RQDQ (top), R?Q (middle), and ’R4DQ (bottom) at t = 0.5.

To emphasize that we are using the L? projection, in the remainder of section 3.2 we
will use the notation n*” =n =u — P,(u).

3.2.1. The POD L2 projection. Since the L? projection plays such an impor-
tant role in this section, we summarize below some of its properties.
LEMMA 3.3. If the L?-POD basis is used, then the following estimates hold:

2 .
(3.30) [ PR el P2
2 2 .
(3.31) IV \[e2 < Gl (d) 1P| 2
If the H'-POD basis is used, then the following estimates hold:
2 .
(3.32) I Nz < P =,
2 1 .
(3.33) IV llr2 < Cfy(d) 1P || e
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Proof. Equality (3.30) follows by noticing that, for the L2-POD basis, the POD
L? projection error 77L2 is exactly the POD projection error defined in (2.6). Inequal-
ity (3.31) follows from (3.30) and Lemma 3.2.

Inequality (3.32) follows along the same lines as Lemma 2 in [23]: Choosing
TS Z;Zl(u, ;) urp; € X" and using the Cauchy-Schwarz inequality, we get

(3.34) 15 N2 = (™

2 .
< "™ llze 1"l e

which, after simplifying by ||7P7°7]| 12, proves (3.32). Inequality (3.33) follows from
(3.32) and Lemma 3.2. O

Remark 3.5. The approach used in Theorem 2 in [33] (see also Lemma 3.2 in [20])
yields error estimates that are sharper than those in (3.31) and (3.33). We did not
use this approach, however, for the following two reasons: First, estimates (3.31)
and (3.33) are easier to use with the definition of optimality of POD error estimates
employed in this paper (see Definition 3.1). Second, although sharper than (3.31) and
(3.33), the estimates yielded by Theorem 2 in [33] would not change the conclusions
regarding the optimality of the error estimates presented in the remainder of this
section (see Remark 3.2).

Next, we show how the error analysis in Case I changes with w, = P.(u) as in
[10] (see also [33]). Using (3.29), (3.13) becomes

2 0 2
(3.35) (Drs0r) 12 + 1 (Vor, Vo) 12 = (0T + v (Vi Vo) 12

where ntL2 = uy — Pr-(ur). We emphasize that it is the cancellation of the first term
on the RHS of (3.35) that yields error estimates that do not require the DQs. We let
vy := ¢ in (3.35) and we apply the Cauchy—Schwarz inequality:

1d
2 dt

The error analysis can then proceed in several directions.

2
(3.36) l¢rllZe + v [IVerllie < v IVn™ |2 [Verl e

3.2.2. Approach II.A. One approach is to use Young’s inequality in (3.36):

1d

12 2 1%
(337) 5 = 16rl3a + v I96, 12 < 2190 132 + 2196112

which implies

1d
2 dt
Noticing that the second term on the LHS of (3.38) is positive, we get

1% 1% 2
(3.38) l6:l172 + 5 1960132 < 2 190135

d 2
(3.39) glerlze < vIve ..

When the L2-POD basis is used, according to Definition 3.1 and Remark 3.2, inequal-
ities (3.31) and (3.39) imply that Approach II.A will yield error estimates that are
suboptimal with respect to 7. When the H'-POD basis is used, according to Defini-
tion 3.1 and Remark 3.2, inequalities (3.33) and (3.39) imply that Approach II.A will
yield error estimates that are optimal with respect to r.
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3.2.3. Approach IL.B. Another way of continuing from (3.36) is to apply the
POD inverse estimates in Lemma 3.2:

(3.40) IV, l122 < Cino(r) 60l
where Cin,(r) = CE (1) if the L2-POD basis is used and Cin,(r) = CH

muv muv

H!-POD basis is used. Using (3.40) in (3.36) yields
1d
2 dt
Dropping v [|[Vé,||7. in (3.41) and simplifying, we get

(r) if the

2
(3.41) ¢rlZ2 + v IVerllie < Cino(r) v V™ |22 |60 2.

d :
(3.42) Zl6rll2 < Cinu () v [0 12

Comparing estimate (3.42) with estimate (3.39) in Approach II.A, we note that both
estimates have || VL[> on the RHS. In addition, estimate (3.42) has Cip,(r) on the
RHS, which increases the suboptimality with respect to r (see Remark 3.3). Thus,
estimate (3.42) suggests that Approach I1.B yields estimates that are suboptimal with
respect to 7 when either the L2-POD basis or the H'-POD basis is used.

3.2.4. Approach II.C. Since both Approach II.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 [34] and, instead of choosing v, := ¢, in (3.35), we choose v, 1= ¢,

v d
2 dt

Applying Young’s inequality and the POD inverse estimates in Lemma 3.2 in (3.43),
we get

2
(3.43) relZs + 5 = IVorlze < vIV llre [Vérel e,

v d 2
[frell72 + 3 EHV@HQH <v V" |2 [Vl e
2
v 2 L2 1 2
< 7 Oinv(r) an ||L2 + 2Cinv(r)2 Hvd)r,tHL2
3.44 < L o 197 120 + 60l
( . ) =7 mv(r) H n ||L2+ ) ||¢T,t|L27

(r) if the L2-POD basis is used and Cipn,(r) = CH

muv

where Cipy(r) = CE

muv

H'-POD basis is used. Inequality (3.44) implies

(r) if the

d .
(3.45) ZIVerllZe < v Cinu(r)? V0" |17

When the L2-POD basis is used, inequalities (3.31) and (3.45), and Remark 3.3 imply
that Approach I1.C will yield error estimates that are suboptimal with respect to r (see
Definition 3.1 and Remark 3.2). When the H!-POD basis is used, inequalities (3.33)
and (3.45), and Remark 3.3 imply that Approach II.C will yield error estimates that
are suboptimal with respect to 7.

Since for Case I (V = VP?) in section 3.1 we did not prove error estimates in the
H'-norm, for a fair comparison with Approach II.C, we prove these error estimates
below. To this end, we let v, := ¢4 in (3.18):

(3.46) (Grts rt)r2 + v (Vr, Vori) e = (0, drt)p2 -
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Theoretical convergence rates for the no_DQ and the DQ cases: L?-POD basis (second and

fourth column); H'-POD basis (third and fifth column,).

no-DQ no-DQ DQ DQ
L2-POD H'-POD L2-POD H'-POD
Eco (L2) suboptimal optimal optimal optimal
section 3.2.2 | section 3.2.2 section 3.1 section 3.1
section 3.2.3
Eco (H) suboptimal suboptimal optimal optimal
section 3.2.4 | section 3.2.4 | section 3.2.4 | section 3.2.4
Er2 (HY) optimal optimal optimal optimal
section 3.2.5 | section 3.2.5

Applying Young’s inequality on the RHS of (3.46), we get

vd

22
2 dt L=

itz 1 itz 1
(3:47) llbrellte + 5 IVl Te < M [l 2 el e < 5 (122 + 5 l9rt]

which implies

1 itz
(3.48) VorllZe < — llnf™** |7

d
dt|
Using the triangle inequality | Vel||zz < ||Vn7%| 12+ ||V, L2 , inequality (3.48), and
assumptions (3.26)(3.27), we conclude that, when either the L2-POD basis or the
H'-POD basis is used, Case I (V = VP@) in section 3.1 yields error estimates that
are optimal with respect to r (see Definition 3.1 and Remark 3.2).

3.2.5. Approach ILI.D. In this section, we derive error estimates in the solution
norm (i.e., in the L?(0,T; H'(Q))-norm). Integrating (3.38) from 0 to T, we get

T T
(3.49) o (D)7 + v / V¢ (s)|I72 ds < [|6-(0)[|72 + v / V5" (s)II72 ds.
0 0

Inequality (3.31) (for the L?-POD basis) or inequality (3.33) (for the H'-POD basis)
implies that Approach II.D will yield error estimates that are optimal with respect to
r (see Definition 3.1 and Remark 3.2). We note that Proposition 3.3 in [10] yields a
similar estimate.

The theoretical convergence rates derived in this section are summarized in Ta-
ble 2.

4. Numerical results. The main goal of this section is to numerically investi-
gate the rates of convergence with respect to r of the POD-G-ROM (2.12) in the two
cases considered in section 3: Case I (V = VP?) and Case II (V = V"-PQ). We also
consider both the L?-POD basis and the H'-POD basis. Although the error analy-
sis in section 3 has been centered around the (linear) heat equation, in this section
we consider both the heat equation (section 4.1) and the nonlinear Burgers equation
(section 4.2).

Denoting the error at time t; by e; := uj(-,t;) — u(-,t;), the following er-
ror norms are considered: the error in the C°(0,7; L?(£2))-norm, approximated by
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FiG. 7. Heat equation. Fine resolution finite element solution used to generate the snapshots.

Eco(r2y = maxo< <N |l€j| 2(q); the error in the C°(0,T'; H*(£2))-norm, approximated
by Eco(mry = maxo<j<n ||l€j]|mr(o); and the error in the L?(0,T; H'(Q))-norm, ap-

proximated by Ep2(p1) = \/ﬁ o< leillF gy We also use the following nota-
tion:

T

d N
1
> A and ©, = N+1—§:Hut(-,ti)—§ (ue (), 05 () L2172
1=0

Jj=r+1 7j=1

Definition 3.1, Remark 3.2, and the POD projection error estimates (2.7)-(2.10)

yield the following scalings for optimal error estimates: (i) Eco(r2y = O( Z?:H_l Aj)
for both the L?-POD basis and the H'-POD basis; and (ii) Ecoigry ~ Epz(gry =
O(\/HSng Zj':r+1 /\j) for the L2-POD basis and 5CO(H1) ~ 5L2(H1) =0(4/ Z;‘i:r+l )\j)
for the H'-POD basis.

4.1. Heat equation. We consider the one-dimensional heat equation (2.1) with
a known exact solution that represents the propagation in time of a steep front:

2
(4.1) u(z,t) = sin(mx) l% arctan <% —c (x — g) ) + %1 ’

where z € [0,1] and ¢ € [0,1]. The constant ¢ in (4.1) controls the steepness of the
front. In all the numerical tests in this section, we use the value ¢ = 100. The value
of the diffusion coefficient used in the heat equation (2.1) is v = 1072. Piecewise
linear finite elements are used to generate snapshots for the POD-G-ROM (2.12). 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, respectively. The time
evolution of the finite element solution is shown in Figure 7. In total, 1001 snapshots
are collected and used for generating POD basis functions. The same numerical solver
as that used in the finite element approximation is utilized in the POD-G-ROM.

4.1.1. L?-POD basis. In this section, we check the rates of convergence with
respect to r for the no_DQ and the DQ cases when the L?-POD basis is used. The
dimensions of the spaces V"-PQ and VP? are d = 69 and d = 100, respectively.
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TABLE 3
Heat equation, L2-POD basis. Errors in the no_DQ case.

Ay O, o2y Ecocmn) Er2cany
5.72e-02 | 8.37e-01 | 9.46e-02 | 2.30e4+00 | 1.59e+00
2.71e-02 | 6.04e-01 | 4.70e-02 | 1.58e+4-00 | 1.14e+00

7 1.58e-02 | 4.58e-01 | 3.69e-02 | 1.38e+00 8.22e-01
10 | 7.34e-03 | 2.92e-01 | 1.57e-02 8.54e-01 5.31e-01
13 | 3.84e-03 | 1.90e-01 | 7.78e-03 5.84e-01 3.50e-01
17 | 1.71e-03 | 1.11e-01 | 5.15e-03 4.34e-01 1.88e-01
20 | 9.07e-04 | 6.91e-02 | 2.70e-03 2.56e-01 1.19e-01
24 | 4.36e-04 | 3.89e-02 | 1.24e-03 1.51e-01 6.98e-02
28 | 2.01e-04 | 2.11e-02 | 5.87e-04 8.27e-02 4.13e-02
31 | 1.19e-04 | 1.34e-02 | 3.02e-04 5.36e-02 3.12e-02
35 | 5.98e-05 | 7.94e-03 | 2.05e-04 4.30e-02 2.41e-02
39 | 2.93e-05 | 4.14e-03 | 7.94e-05 2.89e-02 2.17e-02
43 | 1.47e-05 | 2.46e-03 | 5.69e-05 2.65e-02 2.08e-02
47 | 7.48e-06 | 1.32e-03 | 2.70e-05 2.46e-02 2.06e-02
51 | 3.71e-06 | 7.35e-04 | 1.81e-05 2.42e-02 2.05e-02
56 | 1.61e-06 | 3.59e-04 | 1.35e-05 2.40e-02 2.05e-02
60 | 8.26e-07 | 1.92e-04 | 1.22e-05 2.39e-02 2.05e-02

ot W 3

TABLE 4
Heat equation, L2-POD basis. Errors in the DQ case.

r Ay O, Eoor2y | Ecomny | Er2emn)
19 | 5.49e-02 | 7.75e-02 | 7.15e-03 | 4.96e-01 | 3.19e-01
23 | 2.95e-02 | 4.18e-02 | 2.03e-03 | 1.98e-01 1.19e-01
28 | 1.41e-02 | 2.00e-02 | 6.52e-04 | 7.97e-02 | 4.91e-02
33 | 6.75e-03 | 9.55e-02 | 2.41e-04 | 3.68e-02 | 2.80e-02
37 | 3.76e-03 | 5.31e-03 | 8.60e-05 | 2.67e-02 | 2.29e-02
42 | 1.77e-03 | 2.51e-03 | 2.66e-05 | 2.44e-02 | 2.10e-02
47 | 8.32e-04 | 1.18e-03 | 1.50e-05 | 2.40e-02 | 2.06e-02
51 | 4.62e-04 | 6.54e-04 | 1.38e-05 | 2.40e-02 | 2.05e-02
56 | 2.20e-04 | 3.11e-04 | 1.21e-05 | 2.39e-02 | 2.05e-02
60 | 1.19e-04 | 1.69e-04 | 1.18e-05 | 2.39e-02 | 2.05e-02
65 | 5.59e-05 | 7.91e-05 | 1.17e-05 | 2.39e-02 | 2.05e-02
70 | 2.63e-05 | 3.71e-05 | 1.17e-05 | 2.39e-02 | 2.05e-02
74 | 1.48e-05 | 2.10e-05 | 1.17e-05 | 2.39e-02 | 2.05e-02
79 | 6.99e-06 | 9.90e-06 | 1.17e-05 | 2.39e-02 | 2.05e-02
84 | 3.29e-06 | 4.67e-06 | 1.17e-05 | 2.39e-02 | 2.05e-02
88 | 1.74e-06 | 2.50e-06 | 1.17e-05 | 2.39e-02 | 2.05e-02
92 | 9.52e-07 | 1.41e-06 | 1.17e-05 | 2.39e-02 | 2.05e-02

The errors are listed in Table 3 (in the no_.DQ case) and in Table 4 (in the DQ case).
These errors with their linear regression plots are drawn in Figure 8. The convergence
rate of the error Eco(r2) is superoptimal in the DQ case and suboptimal in the no_DQ
case. This supports the theoretical rates of convergence in Table 2, although the
suboptimality in the no_DQ case is mild. The convergence rate of the error Eco(g)
is optimal in the DQ case and strongly suboptimal in the no_DQ case. This again
supports the theoretical rates of convergence in Table 2. The convergence rate of the
error Epz(gy 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.

We note that all the errors in Figure 8 reach a plateau. This is due to the fact
that, for large r values, the spatial (finite element) discretization error and the time
discretization error are the dominating components of the total error.
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FiG. 8. Heat equation, L?-POD basis. Plots of errors in CO(L2)-norm (top, left), CO(HY)-norm
(top, right), and L*(H")-norm (bottom,).

We also note that, although the convergence rates for the DQ case in Table 4
are consistently higher than the convergence rates for the no_DQ case in Table 3, to
reach a prescribed error tolerance, higher r values are needed in the DQ case than in
the no_DQ case (see the A, values in the two tables). We emphasize, however, that
for other problems, such as those in [11], similar r values are needed in the DQ and
no_DQ cases to reach a prescribed tolerance (results not included). We also note that,
for a prescribed time derivative error tolerance, similar r values are needed in the DQ
and no_DQ cases (see the ©,. values in Tables 3 and 4). Finally, we mention that, as

r — d, both \/ S AP and \/ S AP? approach zero exponentially fast.

Overall, the numerical results support the theoretical rates of convergence proved
in section 3. We also emphasize that the convergence rates in the DQ case in all
three norms are much higher than (and almost twice as high as) the corresponding
convergence rates in the no_DQ case.

4.1.2. H'-POD basis. In this section, we repeat the numerical tests in sec-
tion 4.1.1, but with the H'-POD basis instead of the L?-POD basis. The dimensions
of the spaces V"-P®Q and VP? are d = 97 and d = 123, respectively. The errors for
different values of r are listed in Table 5 (in the no_DQ case) and in Table 6 (in the
DQ case). These errors with their linear regression plots are drawn in Figure 9. The
convergence rate of the error Ego(z2y is superoptimal in the DQ case and optimal in
the no_DQ case. This supports the theoretical rates of convergence in Table 2. The
convergence rate of the error £co(p1) is superoptimal in the DQ case and suboptimal
in the no_DQ case. This supports the theoretical rates of convergence in Table 2. The
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TABLE 5
Heat equation, H'-POD basis. Errors in the no_DQ case.

IS A»,« gCO(L2) gCO(Hl) gLQ(Hl)
3 1.51e+00 | 1.11e-01 | 2.37e4+00 | 1.56e+00
7 8.00e-01 4.04e-02 | 1.41e+00 | 8.16e-01
12 3.77e-01 1.54e-02 8.32e-01 3.85e-01
17 1.78e-01 6.64e-03 | 4.86e-01 1.84e-01
21 1.01e-01 2.97e-03 2.86e-01 1.05e-01
26 | 4.77e-02 1.33e-03 1.56e-01 5.31e-02
31 2.27e-02 5.72e-04 8.48e-02 3.11e-02
35 1.22e-02 3.01e-04 5.23e-02 2.40e-02
40 5.81e-03 1.39e-04 3.44e-02 2.13e-02
45 2.78e-03 | 6.30e-05 2.71e-02 2.07e-02
49 1.54e-03 2.71e-05 2.47e-02 2.05e-02
54 7.28e-04 1.50e-05 2.41e-02 2.05e-02

TABLE 6
Heat equation, H'-POD basis. Errors in the DQ case.

r Ay Eco(r2) Ecomy Er2emn)
32 | 1.50e4-00 | 7.85e-02 | 3.02e+00 | 1.18e4-00
38 7.27e-01 3.97e-04 4.75e-02 3.64e-02
43 3.87e-01 7.65e-05 2.49e-02 2.13e-02
49 1.80e-01 1.54e-05 2.40e-02 2.06e-02
54 9.29e-02 1.29e-05 2.39e-02 2.05e-02
59 4.76e-02 1.20e-05 2.39e-02 2.05e-02
64 2.43e-02 1.18e-05 2.39e-02 2.05e-02
69 1.24e-02 1.17e-05 2.39e-02 2.05e-02
75 5.55e-03 1.17e-05 2.39e-02 2.05e-02
80 2.77e-03 1.17e-05 2.39e-02 2.05e-02
85 1.38e-03 1.17e-05 2.39e-02 2.05e-02
90 6.90e-04 1.17e-05 2.39e-02 2.05e-02

convergence rate of the error £r2(p1) is superoptimal in the DQ case and optimal in
the no_DQ case. This supports the theoretical rates of convergence in Table 2.

Overall, the numerical results support the theoretical rates of convergence proved
in section 3. As suggested by the error analysis in section 3, the POD-ROM-G for the
no_DQ case is more accurate for the H'-POD basis used in this section than for the
L2-POD basis used in section 4.1.1. We emphasize, however, that, as in section 4.1.1,
the convergence rates in the DQ case in all three norms are much higher than (and
sometimes almost twice as high as) the corresponding convergence rates in the no_DQ
case.

4.2. Burgers equation. In this section, we consider the one-dimensional Burg-
ers equation. As mentioned at the beginning of section 4, the error estimates proved
in section 3 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 valid-
ity of the theoretical developments in section 3, we investigate the convergence rates
with respect to r in the no_DQ and the DQ cases for the nonlinear Burgers equation:

Up — VUgy + Uy = f in Q x (0,77,
(4.2) u(z,0) = up(x) in Q,
u(z,t) = g(z,t) on 00 x (0,77].
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FiG. 9. Heat equation, H'-POD basis. Plots of errors in C°(L?)-norm (top, left), CO(H')-
norm (top, right), and L?(H')-norm (bottom,).

The initial condition is

1 ifz € (0,3],
(4.3) uo(z) =
0 ifze(3,1),

which is similar to that used in [23]. We note that, although used in other numerical
investigations, the initial condition (4.3) does not fit into the classical theoretical
framework of section 3 (since it is discontinuous). The diffusion parameter is v = 1072,
the forcing term is f = 0, Q@ = [0,1], 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 time evolution of the finite element solution is shown
in Figure 10. All snapshots are used for the POD basis generation and the same
numerical solver is used in the POD-G-ROM.

4.2.1. L?-POD basis. In this section, we check the rates of convergence with
respect to 7 for the no.DQ and the DQ cases. The dimensions of the spaces V"0-P@
and VP? are d = 49 and d = 65, respectively. Since the exact solution of the Burgers
equation (4.2) with the initial condition (4.3) is not known, we consider the errors
between the POD-G-ROM results and the snapshots. The errors are listed in Table
7 (in the no_DQ case) and in Table 8 (in the DQ case). These errors with their linear
regression plots are drawn in Figure 11. The convergence rate of the error Eco(zz2)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 10/10/16 to 129.252.33.114. Redistribution subject to SIAM license or copyright; see http://www .siam.org/journals/ojsa.php

DIFFERENCE QUOTIENTS IN POD

A1245

F1G. 10. Burgers equation. Fine resolution finite element solution used to generate the snapshots.

TABLE 7

Burgers equation, L?-POD basis. Errors in the no_DQ case.

s Ar 97- SCO(L2) ch(Hl) €L2(H1)
3 8.74e-02 | 2.77e+00 | 2.38e-01 | 4.48e+01 | 2.34e+00
5 3.95e-02 | 2.62e+00 | 1.60e-01 | 4.44e+01 | 1.76e+00
7 1.97e-02 | 2.52e+00 | 1.17e-01 | 4.37e+01 | 1.24e+00
9 1.02e-02 | 2.44e+00 | 9.05e-02 | 4.28e+01 8.94e-01
11 5.47e-03 2.37e+00 7.01e-02 | 4.14e+01 6.84e-01
13 | 3.06e-03 | 2.26e+00 | 5.37e-02 | 3.91e+01 5.48e-01
16 1.36e-03 2.03e+00 | 3.44e-02 | 3.32e+01 4.06e-01
19 | 6.39e-04 | 1.63e+00 | 1.91e-02 | 2.32e+01 2.76e-01
22 | 3.05e-04 1.08e+00 | 8.13e-03 1.14e+401 1.49e-01
24 1.86e-04 7.31e-01 4.32e-03 5.86e+00 8.81e-02
27 | 8.83e-05 3.73e-01 2.54e-03 | 2.40e+00 3.89e-02
30 | 4.18e-05 1.82e-01 1.21e-03 | 1.06e+00 1.77e-02
33 | 1.96e-05 8.64e-02 | 4.96e-04 | 4.17e-01 8.22e-03
35 1.18e-05 5.22e-02 2.58e-04 2.64e-01 4.94e-03
38 | 5.48e-06 2.43e-02 1.20e-04 1.35e-01 2.31e-03
TABLE 8

Burgers equation, L2-POD basis. Errors in the DQ case.

IS AT @r ECO(L2) ch(Hl) €L2(H1)
18 | 8.55e-02 | 1.21e-01 | 6.83e-03 | 5.60e-01 | 2.82e-01
21 4.56e-02 | 6.45e-02 2.99e-03 2.49e-01 1.37e-01
24 | 2.39e-02 | 3.38¢-02 | 1.31e-03 | 1.23e-01 | 6.72e-02
28 | 9.81e-03 1.39e-02 4.29e-04 | 4.73e-02 2.57e-02
31 | 4.97e-03 | 7.03e-03 | 1.88e-04 | 2.28e-02 | 1.25e-02
34 | 2.49e-03 | 3.52e-03 | 8.27¢-05 | 1.10e-02 | 6.10e-03
37 | 1.23e-03 | 1.73e-03 | 3.63e-05 | 5.24e-03 | 2.96e-03
39 | 7.62e-04 | 1.08e-03 | 2.10e-05 | 3.19e-03 | 1.82e-03
42 | 3.69e-04 | 5.22e-04 | 9.21e-06 1.51e-03 | 8.72e-04
45 | 1.77e-04 | 2.50e-04 | 4.03e-06 | 7.07e-04 | 4.15e-04
48 | 8.35e-05 | 1.18e-04 | 1.76e-06 | 3.29e-04 | 1.96e-04
51 | 3.90e-05 | 5.52e-05 | 7.62e-07 | 1.52e-04 | 9.15e-05
53 | 2.33e-05 | 3.30e-05 | 4.35e-07 | 9.02e-05 | 5.47e-05
56 | 1.06e-05 | 1.51e-05 | 1.86e-07 | 4.09e-05 | 2.51e-05
59 | 4.74e-06 | 6.81e-06 | 7.94e-08 | 1.84e-05 | 1.14e-05
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FIG. 11. Burgers equation, L?-POD basis. Plots of errors in CO(L2?)-norm (top, left), CO(H')-
norm (top, right), and L?(H')-norm (bottom,).

is superoptimal in the DQ case and strongly suboptimal in the no_DQ case. This
clearly supports the theoretical rates of convergence in Table 2. The convergence rate
of the error Eco g1y is optimal in the DQ case and extremely suboptimal in the no-DQ
case. This strongly supports the theoretical rates of convergence in Table 2. Finally,
the convergence rate of the error £rz2(g1y 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 clearly support the theoretical rates of convergence
proved in section 3. We also emphasize that the convergence rates in the D@ case
in all three norms are much higher than (and generally three times as high as) the
corresponding convergence rates in the no_DQ case.

4.2.2. H'-POD basis. In this section, we repeat the numerical tests in sec-
tion 4.2.1, but with the H!-POD basis instead of the L?-POD basis. The dimensions
of the spaces V"-PQ and V@ are d = 66 and d = 61, respectively. The errors for
different values of r are listed in Table 9 (in the no_DQ case) and in Table 10 (in the
DQ case). These errors with their linear regression plots are drawn in Figure 12. The
convergence rate of the error £go(z2) is superoptimal in the DQ case and optimal in
the no_DQ case. This supports the theoretical rates of convergence in Table 2. The
convergence rate of the error £co(g1) is superoptimal in the DQ case and subopti-
mal in the no_DQ case. This again supports the theoretical rates of convergence in
Table 2. The convergence rate of the error £r2(y1) is superoptimal in the DQ case
and optimal in the no_DQ case. This supports the theoretical rates of convergence in
Table 2.
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TABLE 9
Burgers equation, H'-POD basis. Errors in the no_DQ case.

IS A»,« gCO(L2) gCO(Hl) 8L2(H1)

3 2.22e4+00 | 2.07e-01 | 4.45e+401 | 2.43e+00
7 1.13e+00 | 9.31e-02 | 4.23e4-01 | 1.25e+00
11 5.26e-01 2.94e-02 | 2.65e4-01 6.35e-01

14 2.77e-01 1.23e-02 | 1.11e401 3.35e-01

17 1.44e-01 6.30e-03 | 5.65e+00 1.71e-01

20 7.44e-02 3.22e-03 | 2.85e+00 | 8.72e-02

24 3.09e-02 1.14e-03 9.48e-01 3.56e-02

27 1.57e-02 4.68e-04 | 4.41e-01 1.79e-02
30 7.90e-03 2.19e-04 2.51e-01 8.93e-03
33 | 3.95e-03 1.21e-04 1.23e-01 4.43e-03
36 1.96e-03 5.78e-05 5.54e-02 2.18e-03
39 | 9.58e-04 2.51e-05 2.31e-02 1.06e-03

TABLE 10
Burgers equation, H'-POD basis. Errors in the DQ case.

r Ay Eco(r2) Ecomy Er2emn)
26 | 2.24e+00 | 7.07e-01 | 7.50e+01 | 5.00e4-00
30 | 1.04e400 | 4.09e-04 4.56e-02 2.37e-02
33 5.65e-01 1.65e-04 2.04e-02 1.08e-02
36 3.01e-01 6.95e-05 9.39e-03 5.10e-03
40 1.26e-01 2.23e-05 3.37e-03 1.88e-03
43 6.46e-02 9.55e-06 1.56e-03 8.84e-04
46 3.26e-02 4.10e-06 7.17e-04 4.14e-04
49 1.62e-02 1.75e-06 3.28e-04 1.92e-04
52 7.90e-03 7.43e-07 1.48e-04 8.84e-05
54 4.83e-03 4.19e-07 | 8.72e-05 5.24e-05
57 2.19e-03 2.58e-07 5.33e-05 2.54e-05
59 1.14e-03 4.15e-07 | 9.13e-05 1.80e-05

Overall, the numerical results support the theoretical rates of convergence proved
in section 3. As suggested by the error analysis in section 3, the convergence rates
of the POD-G-ROM for the no_DQ case are higher for the H*-POD basis used in
this section than for the L2-POD basis used in section 4.2.1. We emphasize, however,
that, as in section 4.2.1 the convergence rates in the DQ case in all three norms are
much higher than (and almost three times as high as) the corresponding convergence
rates in the no_DQ case.

5. Conclusions. The effect of using or not using the snapshot DQs in the gener-
ation of the POD basis (the DQ and the no_DQ cases, respectively) was investigated
theoretically and numerically for both the L2-POD basis and the H*-POD basis. The
criterion used in this theoretical and numerical investigation was the optimality of
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 error estimates were optimal in all norms (i.e., the C°(L?)-norm, the C°(H%)-
norm, and the L?(H')-norm) for both the L2-POD basis and the H'-POD basis. In
the no_DQ case, however, the error estimates were suboptimal in the C°(L?)-norm
for the L2-POD basis and in the C°(H')-norm for both the L2-POD basis and the
H'-POD basis.

The numerical results in section 4 for the (linear) heat equation and the (non-
linear) Burgers equation confirmed the conclusions suggested by the theoretical error
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FIG. 12. Burgers equation, H'-POD basis. Plots of errors in C°(L?)-norm (top, left), CO(H')-
norm (top, right), and L?(H')-norm (bottom,).

estimates in section 3. We emphasize that, for both the heat equation and the Burgers
equation, and for all norms and bases considered, the convergence rates for the DQ
case were much higher than (and usually at least twice as high as) the corresponding
convergence rates for the no_D@Q case.

The theoretical error estimates in section 3 and the numerical results in section 4
strongly suggest the following conjecture: “The snapshot DQs should be used in the
generation of the POD basis in order to achieve optimal pointwise-in-time 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, 9, 3, 8]. We intend to investigate this conjecture in a future study.

To keep the length of the paper within reasonable limits, for each of the two
cases investigated (i.e., DQ and no_DQ), we considered two subcases (i.e., using the
L?-POD basis or the H!-POD basis). One could, however, consider several additional
options. For example, one could replace the optimality of the error estimates given
in Definition 3.1 with the alternative definition proposed in Remark 3.1. One could
also consider variable parameters M, At, and d (these parameters were fixed in the
present study; see Remark 2.2). Finally, one could try to use the recent sharper error
estimates for the POD projection error proved in [33]. Each of these options should be
investigated both theoretically and numerically to determine whether the conclusions
regarding the optimality of the POD error estimates in the two cases (i.e., DQ and
no_DQ) would change. We plan to pursue some of these research directions in future
studies.
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