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Abstract. In this paper, we resolve several long-standing issues dealing with optimal pointwise
in time error bounds for proper orthogonal decomposition (POD) reduced order modeling of the heat
equation. In particular, we study the role played by difference quotients (DQs) in obtaining reduced
order model (ROM) error bounds that are optimal with respect to both the time discretization
error and the ROM discretization error. When the DQs are not used, we prove that both the POD
projection error and the ROM error are suboptimal. When the DQs are used, we prove that both the
POD projection error and the ROM error are optimal. The numerical results for the heat equation
support the theoretical results.
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1. Introduction. In this paper, we consider the one-dimensional heat equation
(1.1) Up — VUgg = f,

where the spatial domain is [0, 1], the time domain is [0,7], and v is the diffusion
coefficient. For simplicity, we consider homogeneous Dirichlet boundary conditions
u(0,t) = u(1,t) =0 for t > 0 and given initial conditions u(x,0) = ug(x).

We also consider projection reduced order models (ROMs) for the heat equation.
Specifically, we consider the proper orthogonal decomposition (POD) [23], which can
be summarized as follows: (i) The full order model (FOM) for (1.1) is run for selected
parameter values and/or time intervals to generate a set of snapshots {u®, u!,... JulV i
(ii) these snapshots and the singular value decomposition are used to construct an
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orthonormal ROM basis {p1,...,ps} for a Hilbert space H, where s is the rank of
the snapshot matrix; (iii) the ROM approximation

(1.2) u(t) ~ul (@) = Yl oy(@),  n=1,...,N,
j=1

where r < s is the ROM dimension, is used together with a Galerkin projection and a
time discretization to yield a system of equations for uj, which are the sought ROM
coefficients.

DEFINITION 1.1 (generic constant C). For clarity, in what follows, we will denote
by C' a generic positive constant that may vary from one line to another but which is
always independent of the discretization parameters.

In the pioneering paper [34], Kunisch and Volkwein laid the foundations of nu-
merical analysis for POD (see, e.g., [35, 40, 44] for relevant work). In particular, for
the ROM error

(1.3) e"(z) = u(x,t,) —uy(x), n=1,...,N,
they proved the following error bound (see Theorem 7 in [34]):

N
(1.4) N1l E le™]|2. < C (tlme discretization error + ROM discretization error).
n=1

This estimate was later extended to include the spatial discretization error and a
pointwise in time estimate in [29] (see, e.g., [33, 44] for alternative pointwise in time
estimates), i.e.,

lle™ ]|z < C (space discretization error + time discretization error

(1.5) + ROM discretization error) .

Estimate (1.5) relied on an assumption about the POD projection error, which
roughly says that the POD projection error at each time step is of the same or-
der as the POD projection error at the remaining time steps. This assumption has
since been generally used in proving pointwise in time error bounds for parabolic
equations.

We emphasize that the error bound (1.5) includes all three ROM error sources:
(i) the space discretization error, which results from the spatial discretization of the
heat equation (1.1) with classical numerical methods, e.g., finite elements (FEs); (ii)
the time discretization error, which results from the time discretization of the heat
equation (1.1) with classical numerical methods, e.g., Euler or Crank—Nicolson (CN)
methods; and (iii) the ROM discretization error, which results from the truncation
in (1.2).

Pointwise error bounds like (1.5) without the ROM discretization error are stan-
dard in the numerical analysis of classical discretization methods for the heat equation
(see, e.g., [51]). Pointwise errors bounds such as (1.5) are desirable since they elimi-
nate the possibility of an error “spike” at a certain point in time, which in principle is
allowed with a bound of the form (1.4). Our goal here is to better understand these
pointwise error bounds in the context of POD reduced order modeling.
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A fundamental issue in the POD numerical analysis is the optimality of the error
bound (1.5). We emphasize that there are three types of optimality, corresponding
to the three types of discretization levels: (i) space discretization optimality, (ii) time
discretization optimality, and (iii) ROM discretization optimality. We discuss each
optimality type below.

Space discretization optimality. For simplicity, we consider an FE spatial dis-
cretization. We emphasize, however, that other standard numerical methods (e.g.,
finite difference, spectral, or spectral element methods) could be considered. An error
bound is optimal with respect to the spatial discretization if the error scalings with
respect to the spatial discretization parameters only are of the following form

(1.6) le”||z2 = O(h™ 1),
(L.7) IVe™||p2 = O(h™),

where h is the size of the FE mesh and m is the FE order. Proving estimates that
are optimal with respect to the spatial discretization is relatively straightforward (see,
e.g., [14, 27, 29]), since it follows the standard FE numerical analysis [51]. Thus, the
spatial discretization error component is generally ignored in POD numerical analysis
papers (see, e.g., [34, 54]). To simplify the presentation, we will not discuss the
spatial discretization optimality in this paper. We note, however, that our results
can be extended in a straightforward manner to include the spatial discretization
optimality.

Time discretization optimality. An error bound is optimal with respect to the time
discretization if the error scalings with respect to the time discretization parameters
only are of the following form:

(1.8) el = O(Ath),

where At is the time step size used in the time discretization, and k is the time
discretization order (e.g., k = 1 for Euler’s method, and k = 2 for CN).

The importance of the time discretization optimality was recognized early on. In
Remark 1 of [34], Kunisch and Volkwein proposed the difference quotients (DQs) (i.e.,
scaled snapshots of the form (u™—u"~1)/At, n = 1,..., N) as a means to achieve time
discretization optimality. Specifically, on page 121 of [34], the authors noted that, in
the DQ case (i.e., if the DQs are used to build the POD basis), time discretization
optimal error bounds of the type (1.8) follow. However, in the noDQ case (i.e., if the
DQs are not used), the norm squared error bound has a suboptimal (At~2) factor.

A major development in the study of POD optimality was made by Chapelle,
Gariah, and Sainte-Marie in [5]. The authors showed that using the L? projection
instead of the Ritz projection used in [34] (which is standard in FE numerical analy-
sis [61, 55]) avoids the difficulties posed by the POD approximation of the time deriv-
ative. Pointwise error bounds were not considered in [5]; however, it can be checked
that using the L? projection eliminates the need to use DQs to achieve time discretiza-
tion optimality if the pointwise POD projection error assumption mentioned earlier
is made.

ROM discretization optimality. The first discussion of the ROM discretization
optimality was presented in [28]. In that work, a pointwise in time error bound was
said to be optimal with respect to the ROM discretization if the error scalings with
respect to the ROM discretization parameters only take one of the following forms:
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N s
(19) e = 0<N1+1 > ||npr°f<tn>||%z> - 0( > a—) ,

n=0 i=r+1

N s
n 1 T0]J
(1.10) [[Ve" |7 =0<N+1 v J(%)%z) =C’)< > /\i”V‘PiH%?>7

=0 i=r+1

where nP"%7 is the POD projection error, which is defined as

(1.11) ) = u(e,t) = Y (1) ei)), pila),

i=1

and \; and ¢; are POD eigenvalues and modes. The first significant development
in the study of POD optimality was made in [28], where it was shown (utilizing the
technique from [5]) that not using the DQs yields pointwise error bounds that are
suboptimal with respect to the ROM discretization. (We note that the optimality
with respect to the time discretization was not considered in [28].) Specifically, in the
noDQ case, it was shown in [28] that

N s
1 .
(112) e = 0<N+1 > |Vnpr°ﬂ<tn>||%z> - 0( > Ainwﬁz) ,

n=0 1=r+1

which is suboptimal with respect to the ROM discretization. Furthermore, in the DQ
case, it was shown in [28] that

N s
ni2 __ 1 T07j 2 _
(1.13) e ||L2—0(N+1 > Il | =0 3 x).

1=r+1

which is optimal with respect to the ROM discretization. However, two assumptions
on the POD projection errors were made in order to establish these results.
To summarize, the current state of the art in POD optimality suggests that

(1.14) ‘DQS are needed for optimal POD error bounds.

We emphasize that, to our knowledge, (1.14) has never been proved. Indeed, [34]
focused on the time discretization optimality but ignored the ROM discretization op-
timality. Specifically, the authors proved that using DQs yields error bounds that are
optimal with respect to the time discretization, but not necessarily with respect to
the ROM discretization. In [5], the authors considered the noD(Q case and developed
a framework that yields error bounds that are optimal with respect to the time dis-
cretization, but not necessarily with respect to the ROM discretization. A completely
different approach was taken in [28], where the focus was on ROM discretization op-
timality, without considering the time discretization optimality. Specifically, in [28] it
was shown both theoretically and numerically that in the noDQ case the error bounds
are suboptimal with respect to the ROM discretization error, whereas in the DQ case
the error bounds are optimal. The time discretization optimality was ignored in [28].

In this paper, we prove (1.14). Specifically, we make three main contributions.

First, in the noDQ case, we prove that the POD error bound is suboptimal not
only with respect to the ROM discretization (as shown in [28]) but also with respect

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



Downloaded 08/12/21 to 45.3.64.229. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

OPTIMAL ERRORS AND DIFFERENCE QUOTIENTS FOR POD 2167

to the time discretization. Specifically, we show that the pointwise POD projection
error assumption mentioned earlier can fail and the scaling of the error bound (1.12)
with respect to the ROM discretization can degrade to

(1.15) le™ |22 =O<At_1 Z )\¢> +(9< Z )\¢||V<pi2Lz>.

i=r+1 i=r+1

In particular, we construct two analytical examples, and we prove that they sat-
isfy (1.15) in the noDQ case. We note that the bound (1.15) is a significant improve-
ment over the bound (1.12) proved in [28], since the latter did not display the time
discretization suboptimality.

Our second main contribution is that we prove new pointwise in time error bounds
in the DQ case, and we do not require any of the assumptions used in [28] to establish
similar pointwise bounds. All of these error bounds are optimal with respect to the
time discretization. One key component of our analysis is that we prove that an
assumption from [28, 29] concerning pointwise in time behavior of POD projection
errors is automatically satisfied in the DQ case.

Our third main contribution is that we revisit the definition of ROM discretization
error optimality, introduce a new stronger notion of optimality, and show that all of
the pointwise in time error bounds in the DQ case are optimal in at least one sense.
Both pointwise in time error bounds using the H} norm are optimal in the new
stronger sense; the pointwise in time bounds using the L? norm can be optimal in
either sense. We note that to prove the stronger optimality of the L? error bounds,
we do need a uniform boundedness assumption of the type made in [28].

We emphasize that we do not attempt here to prove error bounds for the POD
ROM when the parameter v or the initial data are different from those used to generate
the POD basis. As in [34] and many other POD numerical analysis works, our main
goal here is to attempt to understand and begin to explain the approximation errors
of POD ROMs for PDEs. The much more challenging case of analyzing errors in
the POD ROM with variations in initial data and parameters is left to be explored
elsewhere.

We also note that the analysis we perform is focused on a priori error estimates.
For a posteriori error estimates extensive work has been conducted within the reduced
basis community for parameterized PDEs (see, e.g., [17, 21, 45, 52, 53]). We also
mention that a popular approach is to combine the reduced basis method in parameter
space with POD in time [12]. Whether or not the results in this paper could be used
to improve this approach is not explored within this paper.

DQ@Qs in applications. The focus of this paper is on the role played by DQs in the
POD numerical analysis. We emphasize, however, that DQs are also widely used in
practical applications.

One of the most important uses of DQs in practice is in hyperreduction methods
for ROMs of nonlinear systems of the form y' = f(¢,y). Hyperreduction methods [57]
significantly decrease the computational cost of the nonlinear ROM operator eval-
uations, which can be prohibitive in realistic applications. Popular hyperreduction
methods (e.g., the empirical interpolation method (EIM) [3] and its discrete coun-
terpart, the discrete empirical interpolation method (DEIM) [6]), use the nonlinear
snapshots f(t,y) to construct accurate approximations of the nonlinear ROM opera-
tors. As noted on page 48 in [6], since f(t,y) = ' and (y"* — y")/At ~ ¢/, using
nonlinear snapshots is similar to including the DQs. The DQs’ connection to nonlinear
snapshots was also used in [7] to develop the solution-based nonlinear subspace (SNS)
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method as an efficient alternative to classical hyperreduction techniques. The SNS
method was used in the reduced order modeling of the nonlinear diffusion equation
and the parameterized quasi-one-dimensional Euler equation.

The DQs were explicitly used in various practical applications. For example,
the DQs were utilized to develop data-driven ROMs for turbulent flows, in which
the eddy viscosity field is a function of the time history of the velocity field (see
section 3.3 in [22]). The DQs were also used in the reduced order modeling of the
FitzHugh—Nagumo equations, which are used to model the dynamics of a spiking
neuron (see section 4 in [33]). Furthermore, the DQs were employed to construct
ROMs for the control of laser surface hardening [24], for feedback control of vari-
ous PDEs [38], for partial integro-differential equations arising in financial applica-
tions [47], for subdiffusion equations [31], for convection-diffusion equations [59], for
wave equations [20, 59], and for flow between offset cylinders and lid driven cavity
flows [32].

In this paper, we use DQs with respect to time to obtain optimal pointwise in time
error estimates. A different yet related approach was utilized in, e.g., [4, 30, 60], where
DQ@s with respect to system parameters and initial conditions were used to improve the
predictive capabilities of reduced basis methods [21, 43] for parameterized problems.
In this setting, the noDQ case is referred to as the Lagrange approach, whereas the
DQ case is referred to as the Hermite approach [30]. The error sensitivity with respect
to parameters was investigated in, e.g., [25, 44].

The rest of the paper is organized as follows. In section 2, we describe the
POD construction in the noDQ and DQ cases. In section 3, we give more detail
about the previously described POD pointwise projection error assumption, show
using examples that it can fail in the noDQ case, and prove that it is always satisfied
in the DQ case. These results allow us to complete the POD ROM error analysis in
section 4. For the first two main contributions, in section 5 we illustrate numerically
the theoretical results. Specifically, for the heat equation (1.1) and both analytical
examples, we show the following: (i) in the noDQ case, the error scales as in (1.15)
(i.e., is suboptimal), and (ii) in the DQ case, the error scales according to the new
error bounds. Finally, in section 6, we present our conclusions and future research
directions.

2. Proper orthogonal decomposition. In this section we introduce two dif-
ferent approaches for constructing our reduced basis by using the POD [23, 54]. Sup-
pose we have a collection of snapshots U = {u"})_ contained in a real Hilbert space
H. In the POD numerical analysis, a typical assumption (see, e.g., [34, 54]) is that
each snapshot u™ is exactly equal to u(t,), where u € C([0,T]; H) and ¢, = nAt for
n=0,...,N sothat tc =0, ty =T, and At = T'/N. For now, we only assume T > 0
is a fixed positive constant and we let At = T/N. We emphasize that T is fixed, but
N is allowed to vary.

2.1. POD without difference quotients (noDQ case). We begin by exam-
ining the POD problem without DQs. In what follows, we denote this case the noD@
case. Given a fixed r > 0, the problem is to find a set of orthonormal basis functions
{pi}i_; C H, called POD modes or POD basis functions, that optimally approximate
the snapshots in the sense that the following error measure is minimized:

N
1 n ny 2
(2.1) E, = 7N+1n§)||u — P53,
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where P, : H — H is the orthogonal projection onto X" = span{y;}7_; given by

T

(2.2) Pou= Z(u, Ci)upi, u€H.

i=1

One way to find a solution of this problem is to solve the eigenvalue problem

(2.3) Kz; =MNz; fori=1,...,r,
where K is the snapshot correlation matrix with entries
1
(24) Kmn:m(um,un)y, m,nzo,...,N.

We order the eigenvalues {\;} and corresponding orthonormal eigenvectors {z;} so
that A1 > Ao > An41 > 0. The optimizing orthonormal set {¢;}7_; C H is given by

N
(2.5) pi =N PN DTS (@), i=1,.

m=0
where (z;)™ is the mth entry of z;. Using these POD modes gives the optimal value

for the approximation error:

1 N
(2.6) N1l Z [u™ = Peu™|7, = Z)\z
n=0 i>r

We note that the scaling factor (N + 1)~! is important if one is interested in
the solution of the optimization problem as more snapshots are collected, i.e., as At
decreases or N increases. For certain choices of the scaling factor, the error measure
E, in (2.1) converges to a time integral or a constant multiple of a time integral, and
the POD eigenvalues and POD modes also converge; see, e.g., [13, 18, 35, 49] for more
information.

Different choices for the scaling factor in (2.1) have been used in the literature.
We fix the scaling factor throughout this work to be (N +1)~! for simplicity. We note
that since At = T/N, we have (N +1)~! = T, 'At, where T} = T + At. Therefore,
E, in (2.1) is equal to the left Riemann sum approximation of the integral

1 M

= [ lult) = Peut) 3, dt.
1Jo

We note that the results in this work will hold for other scaling factors, as long as the
scaling factor in question scales like a constant multiple of At.

Remark 2.1. One can also consider variable time steps and weights in the POD
problem; we only consider a constant time step and single weight (N + 1)~! for
simplicity. Furthermore, one can use other quadrature rules, such as the midpoint
rule or trapezoidal rule, to obtain appropriate weights for the POD problem.

In the following result, we give POD approximation errors in different norms and
using other projections onto X". Similar results have been proved in multiple works
(see, e.g., [28, 29, 39, 48, 50]), and our proof relies on techniques from these works.
We note that this result can be obtained directly from the general results in the recent
reference [39]; however, we include a proof to be complete. In this work, a bounded
linear operator Il : Z — Z for a normed space Z is a projection onto Z" C Z if
I12 = II and the range of II equals Z". In this case, Iz = z for any z € Z".
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LEMMA 2.2. Let X" = span{y;}i_; C H, let P, : H — H be the orthogonal
projection onto X" as defined in (2.2), and let s be the number of positive POD
eigenvalues for U = {u"})_,. If W is a real Hilbert space with U C W and R, :
W — W is a bounded linear projection onto X", then

N s
1 2
2.7 —_— " — Py = Ailleslly
(27) W7 2 I Bl = 35 Ml
1 N s
n n||2
(28) o ol = Rl = 3 Allen - Rl
n=0 1=r+1

Proof. First, we note that (2.7) is a special case of (2.8) since P,p; = 0 for i > r.
Therefore, we only prove (2.8).

Next, by the POD approximation error formula (2.6), we have u™ = Psu™ for each
n. If r > s, since R, is a projection onto X" we have R,u" = R,.Ps;u”™ = Psu™ = u”
and this proves the result. Therefore, assume r < s. Note by the definition of ¢; in
(2.5), since u™ € W for each n we have p; € W for i = 1,...,r. Therefore, X" C W,
and since the range of R, equals X" we know the W norm in (2.8) is well defined.

Now, using the definition of P, in (2.2) gives

N N
1 n n| 2 1
- — = I — Pu™ (I — P.u”
1 N s
= T D W ) = Ry, (= R)pidw,
n=01i,j=1

where T is the identity operator. Next, take the #H inner product of (2.5) with v™ and
use the eigenvalue equations (2.3)—(2.4) to get

(U”,(Pi)?—[ _ (N+ 1)1/2)\3/2(Zi)n_

Using this and also that {z;} is orthonormal so that EnNzo(zj)"(zi)” = J;; gives

S

N
1
N1l ZO [u™ = R |[fy = > (Aid)2055((1 — Ry)y, (I = Re)pi)w

i,7=1

= > Xl = Ro)illfy-

i=1

Since p; € X" fori =1,...,7 and R, is a projection onto X", we have R,.p; = ; for
i =1,...,r and this proves the result. 0

2.2. POD with difference quotients (DQ case). In this section we consider
a POD problem for the same snapshots as those in section 2.1, this time utilizing
the DQs [34]: find an orthonormal set of basis functions {¢;}/_; C H minimizing the
approximation error

N N
1 1
2. EDQ: E anTnQ E n*Pr ni2

=0 n=1

where the DQs {0u"}}¥, are defined by
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n __ un—l

At

(2.10) oun =2

In what follows, we denote this case the D@ case.

Remark 2.3. One can give different weights to the snapshot and DQ approxima-
tion errors by replacing the second scaling factor 1/(2N + 1) in (2.9) by a weighted
fraction 6/(2N + 1), where 6 is a positive constant that is independent of N. The
main results in this work can be modified to handle this case; however, we consider
the unweighted case in (2.9) to simplify the presentation.

The solution to the minimization of the approximation error in (2.9) can be found
by setting v = u™ for n =0,..., N and vVt = 9u™ for n = 1,..., N. This yields a
new collection of snapshots UPQ = {v"}M | where M = 2N. Proceeding as outlined
in section 2.1 using the new collection {v"}*  in place of {u"}_, gives the solution
of this different POD problem. We use {)\ZDQ} to denote the POD eigenvalues for this
POD problem; we use the same notation {¢;}7_; for the POD basis functions. The

optimal approximation error is given by

N N
1 n n2 1 n n)2 _ DQ
(2.11) W;@”“ ~ P ||H+m§lnau — Pout|f3 =D N

i>r

Again, the choice of the scaling factor in the approximation error (2.9) is impor-
tant if we consider the case where the amount of data increases, i.e., a finer time
discretization is used so that At decreases and N increases. The DQs are used to
approximate the time derivative of the data; therefore, for an appropriate choice of
the scaling factor the approximation error in (2.9) contains approximations of time
integrals involving both the data u(¢) and also the time derivative of the data d;u(t).
For the DQ case, we use (2N + 1)~ for the scaling factor throughout for simplicity.

As before, we give POD approximation errors in different norms and using other
projections onto X".

LEMMA 2.4. Let X" = span{yp;};_; C H, let P. : H — H be the orthogonal
projection onto X" as defined in (2.2), and let s be the number of positive POD
eigenvalues for the collection UPQ = {v"}2N described above. If W is a real Hilbert
space with UPR ¢ W and R, : W — W is a bounded linear projection onto X", then

(2.12)
1 N N s
2 2 D
IN +1 <Z [u" — Pr“nHW + Z |Ou™ — Praunw> = Z Aj QH%‘H%/V,
n=0 n=1 i=r+1
(2.13)
1 N N s
n n2 n ni2 D
2N+1<Z lu" = Rew 3y + D [0u” — Rydu |W> = > N — Regilliy-
n=0 n=1 i=r+1

Proof. Apply Lemma 2.2 to the new collection of snapshots {v"}M  described
above. ]

Remark 2.5. In this section, we considered the DQs defined by (2.10). In practice
the definition of the DQs will reflect the time discretization used to collect the snapshot
data. For example, POD with central DQs is used for wave equations in [20, 59] and
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fractional DQs are used for a subdiffusion problem in [31]. It is possible that the
results of this paper can be extended to these and other definitions of the DQs, such
as those arising from the backward differentiation formulas (BDF2, BDF3, etc.). We
leave this to be considered elsewhere.

3. Pointwise projection error estimates. In the current literature on point-
wise error bounds for the POD of parabolic problems several researchers make an
assumption concerning the pointwise in time behavior of the POD projection er-
rors [8, 9, 10, 19, 28, 29, 32, 41, 56, 58]. Roughly, the assumption says that the POD
projection error at any time is of the same order as the total POD projection errors
considered in section 2. Next, we formalize this assumption in Assumption 3.1, and
then we discuss it for the noDQ case (section 3.1) and the DQ case (section 3.2).

We consider the POD of a collection of snapshots U := {u"})_; C H and also
U C W, as in section 2. Recall that P, : H — H is the orthogonal projection onto
the first » POD modes. For either the noDQ case or the DQ case, the pointwise POD
projection error assumption is given as follows.

Assumption 3.1. There exists a constant C, depending on T = NAt only, such
that the POD projection error satisfies

S
(3.1) [u" = Pl <C Y Nillgillfy Vr=1,...,sandn=0,...,N.
i=r+1

In section 3.1, we construct examples that show that this assumption can be vio-
lated in the noDQ case. In section 3.2, we show in Theorem 3.7 that this assumption
is always satisfied in the DQ case.

Remark 3.1 (avoiding Assumption 3.1). We notice that Assumption 3.1 would
follow directly from the POD approximation properties (2.7) (in the noDQ case)
and (2.12) (in the DQ case) if we dropped the 1/(N + 1) and 1/(2N + 1) factors
in the definitions (2.1) and (2.9) of the error measures FE, and EP?. In fact, when
H =W = R™, this approach is used in, e.g., [33]. We emphasize, however, that using
this approach would increase by At~! the magnitudes of the eigenvalues on the right-
hand side of the POD approximation properties (2.7) and (2.12), which would yield
suboptimal error estimates. Similar conclusions were reached in Remark 2.3 in [28]
for the case W = H.

Remark 3.2 (similar assumptions). For W = H, Assumption 3.1 is Assumption
2.1 in [28] (in which the L? inner product should be replaced with the correct H inner
product). A similar assumption (but for the L? projection of a continuous solution
on X" when H = L?) is made in Assumption 3.2 in [29]. No such assumption is
made in [27], since Theorem 3.5 proves an estimate for the average error, not for the
pointwise in time error. Finally, we note that Figure 4 in [28] provided numerical
validation for Assumption 3.1 for the particular setting in [28] when W = H.

3.1. Pointwise error estimates: noDQ case. First, we note that in general
the scaling factor NV 4 1 is the worst-case scenario for the failure of Assumption 3.1.
To see this, note that for any fixed k& we have
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lu® = Pruflfy = (N +1) lu® = Pru |y

N+1
. &
' < P2
(3.2) <(N+1) <N—|—1 ZE:O |u' — Pou ||W>

(3.3) =(N+1) > APl
i=r+1

where we used Lemma 2.2 to obtain (3.3). Note that for many collections of snapshots
{ukF}N_ the inequality in (3.2) will be very conservative. Nevertheless, we show below
that the above N + 1 scaling is attained for a family of examples.

Assumption 3.1 says that the error at any particular index is not much larger than
the other pointwise errors, or equivalently the inequality (3.2) is overly conservative.
Therefore, Assumption 3.1 will be false if there is an index n such that the projection
error at index m is much larger than the remaining pointwise errors, i.e.,

(3.4) |u™ — Pou™||3 > ||u’ — Pl Vi#n, 0<i<N.

Next, we provide a family of counterexamples to Assumption 3.1, i.e., a family of exact
solutions (data) that yield POD bases that satisfy condition (3.4).

Let {¢x}r>1 be an orthonormal set in a Hilbert space H, with dim(#) > N + 1,
and let Ay > Ay > -+ > 0 be any sequence of positive numbers. Suppose the data
U= {u"}N_, C H is given by
(3.5) u" = (N + 1)\ 0,00, n=0,...,N.

It can be checked that this data has POD eigenvalues {\} with corresponding POD
modes {¢}.

Let W be a real Hilbert space with U C W. In Proposition 3.3, we show that
Assumption 3.1 fails for the data above. Specifically, (3.6) shows that the assumption
fails for the specific case of r = N at index N. Furthermore, if the values {\;} decay
exponentially fast as in (3.7), then (3.8) shows that the assumption fails for any r at
index r.

PROPOSITION 3.3. Let the data U = {u"}N_, C H be given in (3.5) as described
above. Then the POD pointwise projection error for uN is given by

(3.6) [ = Pru [y, = (N + DA lon
Also, for any fized r if

(3.7) e = Bllerllpie ™, k>,

for some positive constants 5 and 7y, then

. N+1
min{1, vy
(3-8) lu” = Pru” [y, > 7{2 b v+ > Arllewll
k=r+1

Remark 3.4. Note that for the second part of the result we still assume the POD
eigenvalues in (3.7) are ordered so that Ay > Ao > -+ > 0. Depending on the values of
lekllw and «, the POD eigenvalues in (3.7) may not be ordered in this way. In such
a case, the POD eigenvalues may need to be reordered in order to obtain a similar
result. If W = H or if ||ox|/w increases slowly relative to e=7*, then the ordering
A1 > Ao > -+ > 0 will automatically be satisfied.
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Proof. Note that P,u* =0 when k > r and so
(3.9) [u¥ — Pou¥|[f = (N + D\ega w3y, k>

Thus, (3.6) follows immediately from (3.9) with k = N.

Next, to prove (3.8), fix r and assume (3.7) holds. Then (3.9) with k = r gives

(3.10) l” = Pl = (N + DArsallorallfy-

We bound half of the right-hand side of (3.10) from below by a constant multiple of
the remaining terms in the sum in (3.8). Note that the assumption (3.7) on the value

of \,11 gives

1 B
(3.11) §>‘T+1||‘Pr+1”%/v = Se (D,

Next, we note that the exponential term on the right-hand side of (3.11) satisfies the

following estimate:

1 1 N+1 N+1
(3.12) e Y+l 5 = (e—'y(r+1) — e—v(N+1)) :/ e dy > Z e~k
0 7 r+1 k=r42
Using (3.7), (3.11), and (3.12), we obtain
(3.13)
1 N+1 5 N+1
SN D el = 2 Y et =T Y Al
k=r+4+2 k=r+2
Using (3.10) and (3.13), we get
1 5 N+1
r T2
o = By > S8 + DA allora By + 2V +1) S Mellonli
k=r+2
mln{la’}/} = 2
(3.14) > LY (v 3 Ml
k=r+4+1

which proves (3.8).

|

Proposition 3.3 yields a family of counterexamples to Assumption 3.1. Next, we

consider two counterexamples that we investigate numerically in section 5.

3.1.1. Counterexample 1. To construct the first counterexample to Assump-
tion 3.1 (which we denote counterexample 1), we follow the theoretical setting in this
section and construct a family of ROM basis functions that satisfy (3.5). Specifically,

we consider an orthonormal set {p, }_ in # = L?(0,1) given by

(3.15) Ony1(x) =22 sin((kt, + )7 x),

where k is a positive integer, z € [0,1], and ¢, = n At is chosen such that kt, €

NVn € N. Next, we choose the eigenvalues

1

(3.16) Al:AZ:M:ANH:m’

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



Downloaded 08/12/21 to 45.3.64.229. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

OPTIMAL ERRORS AND DIFFERENCE QUOTIENTS FOR POD 2175

which satisfy \;y > Ay > -+ > Ayy1 > 0. Finally, choosing the analytical solution
(3.17) Ucounterexample 1(Z,t) = sin((kt + )7 x)

and the corresponding forcing term

(3.18) f=(krx)cos((kt+ )ra)+vr?(kt+1)*sin((kt+ 1)rx)

yields the data U = {u"}Y_, that satisfies (3.5).
In section 5, we investigate numerically counterexample 1 given by the analytical
solution (3.17).

Remark 3.5. Equation (3.5) (see also the comment below Assumption A.1 in [41])
shows that the ROM basis functions are scaled versions of the snapshots. For coun-
terexample 1, this scaling is illustrated in (3.15) and (3.17).

3.1.2. Counterexample 2. To construct the second counterexample to As-
sumption 3.1 (which we denote counterexample 2), we construct a family of ROM
basis functions that satisfy both (3.5) and (3.7) in Proposition 3.3. Specifically, we
consider the same orthonormal set {p,}Y_ in H = L?(0,1) given in (3.15) above,
where again k is a positive integer, € [0,1], and ¢, = n At is chosen such that
kt, € N, Vn € N. Next, for positive constants «, ¢, and p, with 6 = pAt, we choose
exponentially decaying eigenvalues as in (3.7):

)\7L+1 = ﬂei’y(nJrl):
B _ 1 —atad AL _ 1 e—oc—&-oep*l
45(N +1) 4pTy ’
y=ad At =apt,

where 17 = T + At. Finally, it can be checked that choosing the analytical solution

1 1/2
_ —a(l+t/d) :
(319) Ucounterexample 2(1;7 t) \/% <€ ) Sll’l((kt + 1)7T1')

and the corresponding forcing term

- = em (/) v —% sin T TT) COS T
(3.20) f_\/%( ) [ S sin((kt + 1)) + (kma) cos((kt + 1)7a)

+vr?(kt + 1) sin((kt + 1)7z)

yields the data U = {u™})\_, that satisfies (3.5), which shows that, in counterexample
2, the ROM basis functions are scaled versions of the snapshots.

In section 5, we investigate numerically counterexample 2 given by the analytical
solution (3.19).

3.2. POD pointwise error estimates: DQ case. We now give one of the
main results of this paper. In Theorem 3.7, we show that Assumption 3.1 is always
satisfied in the DQ case. This will allow us to prove in section 4 optimal pointwise
in time ROM error bounds in the DQ case. In particular, Theorem 3.7 will show
that the assumptions similar to Assumption 3.1 that have been made in, e.g., [28] are
unnecessary for obtaining optimal error bounds in the DQ case.

In continuous time, it is well known that the magnitude of a function z € H*(0,7)
at any point in time is bounded above by a constant multiple of the H'(0,7") norm
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of z. The constant in the bound only depends on T, and there is also a similar
inequality that holds for functions taking values in a Banach space Z (see, e.g., [11,
section 5.9.2, Theorem 2(iii)], p. 302). Below, we establish a discrete time analogue of
this Sobolev embedding H'(0,T; Z) < C([0,T]; Z), where the DQs replace the time
derivative in the H'(0,T; Z) norm. This lemma will allow us to directly establish POD
pointwise projection error bounds in Theorem 3.7, which shows that Assumption 3.1
is automatically satisfied in the DQ case.

LEMMA 3.6 (discrete time Sobolev inequality). LetT > 0, Z be a normed space,
{z"}N_, C Z, and At = T/N. Then

N N
1 1
k ni2 ni2
121 < (s e+ 5o nz),

n=

where C = 6 max{1,T?} and 92" = (2" — z""Y)/At forn=1,...,N.

Proof. For each k,¢ with N >k > £ > 0, we have 2% — 2/ = Atzn 041 02" This
gives
(3.21)
N N 1/2
125112 < 112512 + Y A2(AE2)|02"|2) < |12]| 7 + T2 (Z A15||32"||QZ> ;
n=1 n=1

where we used EnN:1 At = NAt = T. This inequality is also clearly true for k = £,
and a similar argument shows that this inequality also holds for 0 < k < ¢ < N.
Now we choose ¢ so that

4
(3.22) 20z = min ="

We know such an ¢ must exist since N is finite. Then

1
0 _ 0 L
22 = 5 (N + DIz = an I

I /\

N N 1/2
P sl <7 (z Atuzw@) |
n=0 n=0

where we used (3.22), 1/(N + 1) < 1/N = T~'At, YN At = NAt = T, and the
Cauchy—Schwarz inequality. Using this inequality with (3. 21) yields

n=0 n=1

N 1/2 N 1/2
(3.23) ||z’f||ZST—“2<ZAt||z”|2Z> +T1/2<2At||az"%> :

Squaring both sides, and using the inequalities (a + b)? < 2(a® + b?) and At =
(2T + At)/(2N + 1) < 3T/(2N + 1), we obtain the result. d

THEOREM 3.7. Let X" = span{y;}i_; C H, let P. : H — H be the orthogonal
projection onto X" as defined in (2. 2) and let s be the number of positive POD
eigenvalues for UPQ. If W is a real Hilbert space with UPQ ¢ W and R, : W — W
is a bounded linear projection onto X", then
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9 S
(3.24a) OISI}CaéXN ||uk - PrukHH <C .;1 /\?Q,
9 S
(3.24b) Jmax. ot — Pt < © ; A il
12 >
(3.24¢) oA Huk - R’rukHW <C .:ZH A es — Regilldy

where C = 6 max{1,T?}.

Proof. First, note that (3.24a) follows from (3.24b) with W = H since ||¢;|ln =
1 Vi. Also, (3.24b) follows from (3.24c) since P.p; = 0 for ¢ > r. Therefore, we only
prove (3.24c).

Set Z = W and 2" = u" — R,u" for each n. Using Lemma 3.6, 9z" = Ju™ — R,.0u™
for each n, and Lemma 2.4 gives the result. O

4. Pointwise error estimates: DQ case. In this section, we prove pointwise
in time error estimates for the heat equation and discuss the time and ROM discretiza-
tion optimality of these estimates. In section 4.1, we prove the pointwise in time error
estimates using CN time stepping in the DQ case (see section 2.2). In section 4.2, we
consider three definitions of optimality for the ROM discretization error and classify
the optimality types of each pointwise error estimate in section 4.1. We show that
all of the error estimates are optimal in some sense, although in some cases we need
to assume that various POD projection uniform boundedness conditions are satisfied.
We also briefly discuss error estimates and optimality for the noDQ case; see Re-
marks 4.2, 4.4, and 4.9. Below, we consider the DQ case unless explicitly mentioned
otherwise.

We begin by establishing notation and definitions and giving preliminary results
that will be used in the ensuing analysis. We let Q € R?, d = 2,3, be a regular open
domain with Lipschitz continuous boundary 2 and denote by (-,-)r2 and || - ||z the
L? inner product and norm, respectively. We define the function space X = H}(2)
as

X = H} ()= {ve H (Q):v|p =0}.

With the inner product (u,v)g1 = (Vu, Vv)r2, the space X = H}(Q) is a Hilbert
space.

For simplicity, we will only consider the heat equation (1.1). We take u(-,t) € X,
t € [0,T] to be the weak solution of the weak formulation of the heat equation with
homogeneous Dirichlet boundary conditions:

(4.1) (Ou,v) 2 + v(Vu, Vo) 2 = (f,v)2 Vv e X.

Replacing the unknown u with w, in the heat equation (4.1), using the Galerkin
method, projecting the resulting equations onto a space X” C X, and discretizing in
time using CN, one obtains the standard CN POD-G-ROM for the heat equation

(4.2) (Ou™ v e + V(VufH/Q, Vo, )2 = (f"+1/2,’l)r)L2 Yo, € X7,

where Qut! = (u?*! —u)/At. Also, here and below we use the notation z"*+*/2 for

any discrete or continuous time function z to denote the average

Zn+1/2 — % (Zn+1 + Zn) )

Note that, for continuous time functions, we do not use 2"*1/2 to denote z(t, +At/2).
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Remark 4.1. An alternative CN approach to the time discretization is to replace
712 in (4.2) with f(t, + At/2). The results in this section also hold for this case.

We now prove error estimates for the error u" ™ — w1 where u" ™! := u(t, 1)
is the solution of the weak formulation of the heat equation (4.1), and u”*?! is the
solution of the CN POD-G-ROM (4.2). For clarity of presentation, we only consider
the error components corresponding to the POD truncation and time discretization,
i.e., we ignore the spatial discretization (e.g., FE) error. We start by noting that the
weak solution of the heat equation evaluated at time t = t,, + At/2 satisfies

(4.3) (8u”+1,v,«)L2 + V(Vu”+l/2,er)Lz = (f”+1/2,vr)Lz + 70 (v) Yo, € X7,

where Ju™t! = (u"+! —u™)/At, and, after integrating by parts, the consistency error
is given by

(V) = (0t = Byt + At/2),0) 1o + v (Alulty + At/2) = w"+1/2),0)

+ (f(tn +AL/2) - f”+1/2,v)

(4.4) L

L‘Z

We assume that the solution u and the forcing f are smooth enough so that 7,(v) is
well defined for any v € X. We provide a more precise regularity assumption below.
The error is split into two parts:

(45) e = wmtl = () — () =t g,

where w?*! is a proper projection of u"*1 on X7, p"t! =yt — "t and ¢ntt =
un™t — "t Subtracting (4.2) from (4.3) then yields

(a¢?+17 UT')L2 + V(V¢?+1/2a V’UT)LQ = (877n+17 UT')L2 + V(Vnn+1/25 V’UT)L2

4.6
(46) —Tn (v) Yo, € X"

The standard approach used to prove error estimates in this case is to use the
Ritz projection [2, 27, 29, 34, 35, 46]. This is also the standard approach in the FE
context [15, 37, 51, 55]. Thus, for the ensuing analysis we choose w, := R,(u) in
(4.5), where R,(u) is the Ritz projection of u on X":

(4.7) (V(u— Ry(w),Vv.)r2 =0 VYo, € X",
We then denote g, := u — R,(u). Using the Ritz projection, (4.6) then becomes
(4.8) (9" 0, 2 + (VT2 Vo) 2 = (E)nﬁ;i,vr)p -7 (V) Y. € X7,

where we have used the fact that (Vn;gtlz/g, Vv, )2 =0 by (4.7).

Remark 4.2. In the noDQ case (see section 2.1), a different approach is typically
used to prove error estimates; see, e.g., [5, 28, 29, 50]. Instead of the Ritz projection,
in the noDQ case we use the L? projection Hfz and take wit! = HTL2 u"!. The term
v(Vn" /2 Vo,)r2 in (4.6) no longer vanishes; instead, the DQ projection error term
is eliminated, i.e., (On™*!,v,)r> = 0 in (4.6). However, as explained in Remark 4.4,
the resulting pointwise error estimates are suboptimal.

For the POD basis construction, we must specify a Hilbert space H. For this
problem, two natural Hilbert spaces that are often used are H = L?(Q) or H = X =
H}(Q). Let X" be the span of the first r POD modes for the data set containing
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the snapshots {u"}»_, and the snapshot DQs {Ou™}Y_;. We can use Lemma 2.4 and
Theorem 3.7 to obtain POD approximation error results with either W = L?(Q) or
W = H(Q). We note that in the case H = H} (1), the standard orthogonal POD
projection P, is exactly equal to the Ritz projection R,..

We emphasize that, in this section, we use the exact solution of the heat equation
for the POD basis construction in order to focus on the POD and time discretization
errors. Exact solution data was used in this way by Kunisch and Volkwein in their
original POD numerical analysis work [34] and also by many other researchers in

subsequent works.

4.1. Error estimates. We give multiple error bounds for the solution when
both the L? and H} POD bases are used. Specifically, we first provide a pointwise in
time error bound for the L? norm of the solution, and an error bound for the solution
norm (a discrete time analogue of the L?(0,7; H(£2)) norm) that includes the L?
norm of the solution at the final time step. Then, we prove a pointwise in time error
bound for the H} norm of the solution.

We assume that the solution u of the heat equation (1.1) and the forcing f satisfy
the regularity condition

(4.9) e, Duge, fr € L*(0,T; L*(92)).

We also define the regularity constants

Lo (us f) = lweeel L2t £ as22) + 1AW L2000 0522) + 1 Fetll 22 (b0 t0g0522)s
(4.10)  Ln(u, £) = w7, o riney + 18 T2 0 yn2y + 1l 22 0 0002)
I(u, f) = ||UtttH2L2(o,T;L2) + HAuttHQL?(&T;L?) + ||fttH%2(O,T;L2)'

As mentioned above, for all of the results below we assume that X" is the span of
the first » POD modes for the data set containing the snapshots {u"}Y_, of the
exact solution and the snapshot DQs {0u"})_,. Furthermore, as pointed out in the
introduction, we prove POD error bounds when the parameter v and the initial data
are the same as those used to generate the POD basis.

LEMMA 4.3. Consider the CN POD-G-ROM scheme (4.2). If (4.9) is satisfied,
then the following error bounds hold when the L?> POD basis is used,

(411)  max [le¥3 < C ( S° AP9llpi — Ruoi)l2a + 16003 + At4f<u,f>> ,
- = i=r+1

(4.12)

N-1 s
V)72 + ALY Vet 2. < C ( > A%lei — Re(ei)ll72

n=0 i1=r+1

V(i = Re(i))ll72) + 167122 + At (u, f)) ,
and the following error bounds hold when the H} POD basis is used,

(413)  max [eFIR. <C ( S° APl + 6003 + At4f<u,f>) ,
- i=r+1
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(4.14)

N-—-1 s
V)72 + ALY Vet 2|7, < C© ( Y A+ lpillz)A? + 180072 + At“(wf)) :

n=0 i=r+1
PT‘OOf. We let v, := ?+1/2 in (48) and use 2At (6¢?+1, :’_L+1/2)L2 _ ||¢?+1||%2 _
H¢’?H%2 to obtain

107 172 = 1971172 + 20 AL VT2 |72 = 28O,z 672 e

(415 (),

Next, we use the Cauchy—Schwarz inequality, the Poincaré inequality sz)?H/ 2|| 2 <

C||V(bf+l/2||Lz, and Taylor’s theorem! to bound the right-hand side and obtain

6772 — o7l 72 + 20 At Ver 12 2

(416) < CA 9 n+1 A 3/2] n+1/2
< CAL(|ong e + A2 L, 1 (u, ) IV L2

Applying Young’s inequality and using (a + b + ¢)? < 3(a? + b? + ¢?) yields
(4.17)
1 112
gr 7 = 67172 + 20At [VortY/2) 2. §<0At [Oniz | + CAE T (u, f)

+uAt||v¢¢+1/2|%2>.

Now, summing from n =0 to k — 1 gives
(4.18)

k—1 k—1
n n 2
68172 +v D> At Vet 2|, < C <Z At||onEhil L. + At T (u, f) + ||¢?|I2Lz> :

n=0 n=0

By the triangle inequality we have |[e*[|2, < 2(||[nf.. )% + [|¢%]|22). Applying this
inequality, rearranging terms, dropping an unnecessary term, and taking a maximum
among constants it then follows from (4.18) that

N
(419)  |l"]Z. <C (Atz 10mFisz 172 + IRz NT2 + 001172 + AIf“f(u,f)) :

n=1

The pointwise in time estimates (4.11) and (4.13) then follow from applying Lemma
2.4 and Theorem 3.7 with W = L2(Q) and n%,,. = u* — R,u*, where R, is the Ritz
projection (which also equals P, for the H} POD basis), and using At(2N + 1) =
(2+1/N)T < 3T.

The error bounds (4.12) and (4.14) in the solution norm follow by taking k = N
in (4.18) and proceeding similarly. ]

Remark 4.4. We briefly provide one pointwise in time error estimate for the noDQ
case with the L? POD basis; other pointwise estimates can be obtained using similar
ideas. In the noDQ case, to obtain a pointwise in time L? error estimate one can

LFor more details, see, e.g., [37, Lemma 26, p. 166] or [51, pp. 16-17].
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proceed in a similar fashion to the above proof using the L? projection instead of
the Ritz projection, as discussed in Remark 4.2. The error estimate (4.20) can be
obtained using Lemma 2.2 with H = L?(Q2) and W = HZ(Q), and the worst-case
pointwise projection error bound (3.3):

N+1 N+1
max._[l¢*]12 sc(<N+1> SR L 3T \meQ g2,

1<k<N . .
(420) i=r+1 i=r+1

16 + At41<u,f>).

If Assumption 3.1 is satisfied, then the (N + 1) scaling factor can be removed.

We emphasize that the error estimate (4.20) is suboptimal; see Remark 4.9 below
for precise optimality definitions. First, the estimate is suboptimal with respect to the
time discretization error because of the extra factor (N +1) = (TAt~! + 1). Second,
the estimate is suboptimal with respect to the POD projection error because of the
second term on the right-hand side, which contains ||[V;||2, instead of [¢;||2.. This
is a consequence of using the L? projection instead of the classical Ritz projection
(see Remark 4.2). As explained in [28], using the L? projection eliminates the need
to use the DQs but yields suboptimal estimates with respect to the POD projection
error. Thus, even if Assumption 3.1 is satisfied and the (N + 1) scaling factor can
be removed, the error estimate (4.20) is still suboptimal. If the H} POD basis is
used instead, the resulting error estimate is also suboptimal, even if Assumption 3.1
is satisfied; the details are similar.

Next, we prove a pointwise in time error bound in the H} norm.

LEMMA 4.5. Consider the CN POD-G-ROM scheme (4.2). If (4.9) is satisfied,
then the following error bound holds when the L? POD basis is used,

max [[Ver|2. <C ( 52 AP (i — Reli)l2: + 19 (s — Relipi)32)
- i=r+1

(4.21)
+[IVe7- + At“l(u,f)) :

and the following error bound holds when the HE POD basis is used,

(422)  max Ve[, < C ( S AP+ [lgila) + 196035 + At41(u,f)> .
- i=r+1

Proof. We let v, := 0¢" 1 in (4.8):
(4.23)

1OgrH |22 + s

2At

Applying Cauchy—Schwarz and Young’s inequalities along with Taylor’s theorem
on the right-hand side of (4.23), we get

(4.24)
n n n 3 n
v(IVer (7. — Vo7 72) + 288 07|72 <AL [|0nELIT7= + 5Ot 1867172
+ CAt L, (u, f).

(VO[T = IVrl72) = (Onghs, 06r ) 2 — 7 (980T,
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Next, we sum from n =0 to n = k — 1 and drop an unnecessary term:

N-—1
1
IVorlze < = > AHIOnEELIZ: + CA (u, ) + |V 67 7.
n=0

Now we use [|[Ve* |2, < 2(| Vi l12: + [ VeF[2.) to obtain

N—-1
Vet < ¢ (z A IO 2+ [V 2 + AF T, £) + ||V¢2||%z> |
n=0

We use Lemma 2.4, Theorem 3.7, and At(2N + 1) = (24 1/N)T < 3T to complete
the proof. 0

4.2. Optimality of pointwise ROM discretization errors. Next, we dis-
cuss three different definitions of optimality for pointwise in time ROM discretization
errors. Again, we assume that we are in the DQ case throughout, although we do
briefly discuss the noDQ case in Remark 4.9 below. We classify the optimality type
of each pointwise in time error bound for the DQ case from section 4.1.

The optimality type of a pointwise error bound depends on both the space H
for the POD basis and the space W for the pointwise error norm. In section 4.1 we
considered four possibilities: we used H = L? or H = H} for the POD basis, and
we used W = L? or W = H{} for the error norm. Below, we let % and W be any
real Hilbert spaces, we consider the DQ case, and we let e¥ = u¥ — u¥ be the ROM
error for k = 0,..., N. For the discretization, we assume that if certain conditions are
satisfied, then there exists a constant C' so that the following pointwise error bound
holds:

(4.25) Jmax [l < € (Ar + A7+ C(AD +£(h)),
where
e A, is the ROM discretization error and depends only on r, the POD eigen-
values, and the POD modes;
e A is the ROM discretization error for the initial condition only and depends
only on r, the POD eigenvalues, and the POD modes;
e ((At) is an optimal time discretization error; and
e £(h) is an optimal spatial discretization error.
We automatically consider the discretization error suboptimal if either the time or
the space discretization errors are suboptimal; therefore, we assume those errors are
optimal here and focus on the ROM discretization error.

Let X™ C H be the span of the first * POD modes, and assume X" is also
contained in W. Let P, : H — H be the orthogonal POD projection onto X", and let
% : W — W be the W-orthogonal projection onto X". Also, let s be the number
of positive POD eigenvalues.

DEFINITION 4.6. We say that the ROM discretization error A, is
e truly optimal if there exists a constant C' such that

(4.26) A, < CA%, A%

- k W, k2
roT 12}@%XNHU 7Hr U HW?

e optimal-I if there exists a constant C such that

(4.27) A, <CAL A=) Nl
i=r+1
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e optimal-II if there exists a constant C' such that

(4.28) A <CAT A=) Mg — Y i3y
1=r+1

The constant C above should be independent of all discretization parameters but may
depend on the solution data and the problem data.

We note that the first two notions of optimality above are generalizations of
definitions discussed in [28], while we believe the optimal-II definition is new. We
discuss each type of optimality below.

Remark 4.7. Note that we do not consider the ROM discretization error for the
initial condition, A?, in these optimality definitions. These definitions can be modified
to include the ROM initial condition error, if desired.

Truly optimal. Since IV is the W-orthogonal projection, the quantity AX
defined in (4.26) is the best possible pointwise POD data approximation error. As
discussed in [28], this is the most natural definition of optimality; however, it may
not be straightforward to evaluate the quantity A} and compare it to the ROM dis-
cretization error bound A,.

Optimal-I (optimal type I). Since it may not be easy to deal with the notion
of truly optimal, Tliescu and Wang proposed the notion of Optimal-I in [28]. Optimal-
I has the advantage of being simple to compute since AL involves only the POD
eigenvalues and modes. Optimal-I is also simple to interpret since from Lemma 2.4
we have

N N
1 1
4.2 Al = > |lu" = P} > J[ou™ — Poou™|f3, -

=1

Therefore, AL is the total POD projection error for all of the data using the POD
projection P, and the error norm W.

Optimal-IT (optimal type II). The value of AL is also relatively straightfor-
ward to compute, since it involves only POD eigenvalues, modes, and the projection
%Y. Also, by Lemma 2.4 we have

1 N n 2 1 a n 2
n=0 n=1

Since I}V is the W-orthogonal projection, the quantity AZ! is the best possible total
POD data approximation error, and (4.29)—(4.30) imply

AT < AL

Optimal-IT has the advantage of using a best possible POD approximation error,
while also being relatively simple to compute and understand. Finally, we note that
if W = H, then P. = II'V and therefore Optimal-I and Optimal-II are identical;
however, Optimal-I and Optimal-IT may be different if H # W.

Comparing the optimality types. Since we are in the DQ case, the pointwise
POD projection error result Theorem 3.7 implies that there exists a constant C' such
that

Ar < CAM.
The above definitions, observations, and inequalities give the following result compar-
ing the optimality types.
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PROPOSITION 4.8. The following hold:

(i) If the ROM discretization error is truly optimal, then it is Optimal-I1.
(ii) If the ROM discretization error is Optimal-11, then it is Optimal-l.
(iii) If H = W, then Optimal-1 and Optimal-11 are identical conditions.
(iv) If there exists a constant C' such that

(4.31) leillw < Clipi = I illw, r+1<i<s,

and if the ROM discretization error is Optimal-1, then it is Optimal-11.

In general, we do not know if Optimal-II implies truly optimal; however, again,
A is easier to deal with compared to A%. We also do not know in general if Optimal-I
implies Optimal-II when H # W. We discuss condition (4.31) below.

Remark 4.9 (the noDQ case). In the noDQ case, the same definitions of optimal-
ity can be used and Lemma 2.2 also gives interpretations of Al and ALl as total POD
projections errors in the W norm. As in the DQ case, Optimal-IT implies Optimal-
I, the two conditions are equivalent if H = W, and Optimal-I with (4.31) implies
Optimal-II.

However, as shown in Proposition 3.3, in general we cannot bound the pointwise
POD projection error by a constant multiple of the total POD projection error, i.e.,
Assumption 3.1 is not always satisfied. Thus, we do not know if truly optimal implies
Optimal-II. Furthermore, even if Assumption 3.1 is satisfied, the L? pointwise error
estimate (4.20) in Remark 4.4 is not optimal in any sense, since the second term on
its right-hand side contains ||[V¢;||2. instead of ||¢;||%..

Optimality of bounds in section 4.1. Next, we consider the optimality type
of each pointwise in time error bound for the DQ case from section 4.1. Comparing
the pointwise bounds in Lemmas 4.3 and 4.5 to the above optimality definitions gives
the following result.

THEOREM 4.10. For the pointwise error bounds in Lemma 4.3 with error norm
W = L2,
(i) if the L?> POD basis is used (i.e., H = L?) and there ezists a constant C' such
that

(4.32) lloi = Rp(@i)llze <C, r+1<i<s,

then the ROM discretization error in (4.11) is Optimal-1 (which is identical
to Optimal-11);

(i) if the H} POD basis is used (i.e., H = H}), then the ROM discretization
error in (4.13) is Optimal-1;

(iii) if the HE POD basis is used (i.e., H = H}) and condition (4.31) is satisfied
(with W = L?), then the ROM discretization error in (4.13) is Optimal-11.

For the pointwise error bounds in Lemma 4.5 with error norm W = H},

(iv) if the L? POD basis is used (i.e., H = L?), then the ROM discretization error
in (4.21) is Optimal-11;

(v) if the H} POD basis is used (i.e., H = H}), then the ROM discretization
error in (4.22) is Optimal-1 (which is identical to Optimal-11).

Proof. Beginning with (i), the ROM discretization error from (4.11) is given by

(4.33) Ar= > A%l = B35
i=r+1
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By (4.32), the L? orthonormality of the POD basis, and the definition of Optimal-I
it follows that

(434) A <C S AP =0 3 AP g2 = OAL
i=r41 i=r+1

From Proposition 4.8 since H = W this is identical to Optimal-II.
For (ii) the ROM discretization error from (4.13) is given by

S
(4.35) A= ACleill3s,
i=r+1

which is Optimal-I by definition.
Next, (iii) follows from (ii) and Proposition 4.8.
For (iv), the ROM discretization error in (4.21) is given by

S

(4.36) Ar= D" A9 (i — Bol@i)ll32 + IV (0 — Re(02))I[32) -
1=r+1

Applying Poincaré’s inequality to ||¢; — R, (¢i)||3. shows that A, is Optimal-IL
Finally, to prove (v) we use the fact that P. = R, for H = H}, Poincaré’s
inequality, and the fact that P.p; = 0 for ¢ > r to obtain

Ar=C D" AP (lloi = o)l + V(g = Prl@i))lI32) <C Y AP9Vgill3e,
i=r4+1 i=r+1

which is Optimal-I by definition. Since W = H = H{, this is identical to Optimal-II
by Proposition 4.8. O

The W = L? and H = H} case suggests it may be possible for the ROM dis-
cretization error to be Optimal-I but not Optimal-II, since an additional assumption
is required for Optimal-II. However, no other case shows a substantial difference be-
tween Optimal-I and Optimal-II. It is possible that further differences arise for other
partial differential equations; we leave this to be investigated elsewhere.

We note that (4.31) and (4.32) are uniform boundedness type conditions for
nonorthogonal POD projections. Indeed, for the case W = H = L?, the Ritz projec-
tion R, : L? — L? is not orthogonal (even though it is orthogonal when viewed as
a mapping R, : H} — H}). Thus, (4.32) is a uniform boundedness condition for a
nonorthogonal POD projection. Furthermore, for the case W = L? and H = H}, we
have R,.p; =0 for i > r, and so (4.31) can be viewed as

2 .
(4.37) loi — Rrgillre < Cllos =X @4llr2, r+1<i<s.

Thus, (4.31) is a uniformly bounded comparison of a nonorthogonal POD projection
with an orthogonal POD projection. These types of uniform boundedness conditions
have been considered in [5, 28, 32, 39, 50, 56], but they are not well understood. We
do not consider them further here; we leave them to be more fully explored elsewhere.

5. Numerical results. In this section, we investigate numerically Assump-
tion 3.1. Specifically, we consider the following questions: (i) Is Assumption 3.1
satisfied? (ii) Is the pointwise in time projection error optimal? (iii) Is the point-
wise in time ROM error optimal? To investigate these questions numerically, we use
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the two counterexamples proposed in sections 3.1.1-3.1.2: counterexample 1, which
was defined in (3.17), and counterexample 2, which was defined in (3.19). For each
counterexample, we consider both the noDQ case (i.e., when the DQs are not used to
construct the ROM basis; see section 2.1) and the DQ case (i.e., when the DQs are
used to construct the ROM basis; see section 2.2).

Based on the theoretical results in sections 3.1 and 4.1, we expect the noDQ case
to (i) violate Assumption 3.1 (see (3.4)); (ii) yield suboptimal pointwise projection
errors (see (3.6) in Proposition 3.3); and (iii) yield suboptimal pointwise ROM errors
(see (4.20)). In contrast, based on the theoretical results in sections 3.2 and 4.1, we
expect the DQ case to (i) fulfill Assumption 3.1 (see Theorem 3.7); (ii) yield optimal
pointwise projection errors (see Theorem 3.7); and (iii) yield optimal pointwise ROM
errors (see 4.11).

In our numerical investigation, we use the one-dimensional heat equation (1.1),
which was used in the theoretical development in section 4. For all the numerical ex-
periments, we consider v = 1. We note that the time step, At, plays an important role
in our theoretical and numerical investigation. Indeed, an (N +1) = (TAt=1 4 1) fac-
tor determines the suboptimality of the pointwise projection and ROM error bounds
for the noDQ case (see (3.6) and (4.20), respectively). Thus, in our numerical inves-
tigation it is desirable to consider as many At values as possible in order to study
the asymptotic behavior of the error as At goes to zero. We note, however, that the
two counterexamples that we investigate restrict the At values that we can consider.
The reason is that while the two counterexamples yield ROM basis functions that
are scaled versions of the snapshots (which is advantageous for the theoretical devel-
opment), the treatment of their boundary conditions is somewhat delicate. Indeed,
both counterexamples vanish at x = 0, but not at x = 1. To simplify the numerical
treatment of the right boundary condition, we consider snapshots at At values for
which k& At is an integer. This choice yields snapshots that vanish both at z = 0 and
at x = 1, which allows for a straightforward ROM construction. To summarize, in our
numerical investigation we strive to consider optimal k values that are large enough
to ensure a large number of At values (while satisfying the restriction k At € N) and
also low enough so that the numerical approximation is accurate.

Snapshot generation. Counterexamples 1 and 2 display a highly oscillatory be-
havior for the relatively large k values chosen (i.e., k = 128 and k = 100, respectively).
Thus, to minimize the numerical error in generating the snapshots, we do not use a
standard (e.g., FE) discretization. Instead, to construct the snapshots, we use the
analytical forms of counterexamples 1 and 2 given in (3.17) and (3.19), respectively.

ROM construction. To construct the ROM basis, we collect equally spaced snap-
shots on the time interval [0, 1] and [0, 0.2] for counterexamples 1 and 2, respectively.
Thus, the snapshot matrix K is (N + 1)-dimensional in the noDQ case, and (2N +1)-
dimensional in the DQ case, as explained in sections 2.1 and 2.2, respectively. To
construct K, in (2.4) we use the standard Lagrange interpolant operator with respect
to the FE nodes to interpolate the analytical solution of counterexamples 1 and 2.
Next, we use K to build the ROM basis for the noDQ and DQ cases. We emphasize
that, although K has different dimensions in the noDQ and DQ cases, to ensure a fair
comparison, we use the same r value in all the numerical experiments. We construct
the ROM operators by using the FE mass and stiffness matrices, which are obtained
by using a linear FE spatial discretization with mesh size Ah = 1/4096. As the ROM
initial condition, we use the L? projection of the initial condition in the noDQ case
and the Ritz projection of the initial condition in the DQ case. We use these ROM
operators to build the ROM, and run it over the time interval [0, T'] with the CN time
discretization and the time step At = T/N.

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



Downloaded 08/12/21 to 45.3.64.229. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

OPTIMAL ERRORS AND DIFFERENCE QUOTIENTS FOR POD 2187

5.1. Counterexample 1. In this section, we consider counterexample 1, which
was proposed in (3.17) of section 3.1.1. In all the numerical experiments in this
section, we consider k = 128 in (3.17). The numerical results are organized as follows.
In section 5.1.1, for both the noDQ and the DQ case, we investigate numerically
whether (i) Assumption 3.1 holds and (ii) the pointwise projection error is optimal.
In section 5.1.2, for both the noDQ and the DQ case, we investigate numerically
whether the pointwise ROM errors are optimal.

As explained in section 3.1.1, counterexample 1 was constructed to display the
suboptimality of the pointwise projection and ROM bounds when » = N and ¢t = ty.
Thus, in our numerical investigation we also consider » = N and t = ty.

5.1.1. Pointwise projection error. In this section, we investigate numerically
whether Assumption 3.1 holds. To this end, we monitor the magnitude of the projec-
tion error (1.11),

(5.1) [t ta)

N
u(.,ty) — Z (U(.,tn),%)Lz%'

at all the time instances, and check whether there are large variations in its magnitude.
Furthermore, for various At values, we investigate numerically whether the projection
error (5.1) at the last time step is suboptimal (i.e., it has a suboptimal At~! factor).
Specifically, as shown in (3.3) for counterexample 1 in the noDQ case, the projection
error at the last time step satisfies

L2
L2

2
T0j noD D
(5:2) |meiton)|[ |, = Cpen® > e[,
1=N+1
where
(5.3) Coel® =TAt ' +1=(N+1).

Moreover, as shown in (3.24b) for counterexample 1 in the DQ case, the projection
error at the last time step satisfies

] 2 bQ N+1 pQ 9
77PTOJ(,,tN)HL2 Scp’r'oj Z A Hg&l L

(5.4) ‘ :
i=N+1

where

(5.5) o = o).

In this section, we investigate numerically the scalings (5.2) and (5.4).

noDQ case. In Table 1, for the noDQ case, we list the pointwise projection errors
(5.1) at each time step. These results show that the pointwise projection error at the
last time step is orders of magnitude higher than the pointwise projection error at
the other time steps. Thus, we conclude that, in the noDQ case, counterexample 1
violates Assumption 3.1.

In Table 2, we list the scaling factor (5.2) for different At values. As expected
from (5.3), these results show that the scaling factor is equal to (N + 1). Thus,
we conclude that, in the noDQ case, counterexample 1 yields suboptimal pointwise
projection errors.
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TABLE 1
Counterezample 1 (3.17), At = 1/16, noDQ case: pointwise projection error (5.1) at each time
step.
Lo TP Cota)lle T n [P Cta)llge [ n [ 110P77 Cotn)llLe |
0 2.79¢ — 08 6 2.11e — 08 12 0.00e + 00
1 2.24e — 08 7 0.00e + 00 13 1.49e — 08
2 2.69e — 08 8 1.67e — 08 14 7.45e¢ — 09
3 7.45e¢ — 09 9 1.05e — 08 15 1.67e — 08
4 1.49e — 08 10 2.11e — 08 16 7.07e — 01
5 1.83e — 08 11 1.05e — 08
TABLE 2

Counterezample 1 (3.17), noDQ case: scaling factor (5.2) for different time step values.

’ At ‘ 1/4 ‘ 1/8 ‘ 1/16 ‘ 1/32 ‘ 1/64 ‘ 1/128 ‘

| i@ | 5:0e+00 | 9.0e400 [ 1.7e+01 | 83¢401 [ 6.5e+01 | 1.3¢+02 |

TABLE 3
Counterezample 1 (3.17), At = 1/16, DQ case: pointwise projection error (5.1) at each time step.

[n [P Ctn)llge [ oo [ AP Cota)llgz [ n [ 11777 Cotn)llze |
0 [ 1.7144e —01 6 1.7144e — 01 12 | 1.7146e — 01
1 | 1.7144e — 01 7 1.7145¢ — 01 13 | 1.7146e — 01
2 | 1.7144e — 01 8 1.7145¢ — 01 14 | 1.7146e — 01
3 | 1.7144e — 01 9 1.7145¢ — 01 15 | 1.7146e — 01
4| 1.7144e — 01 10 | 1.7145¢ — 01 16 | 1.7147¢ — 01
5 | 1.7144e — 01 11 | 1.7146e — 01

TABLE 4
Counterexample 1 (3.17), DQ case: scaling factor (5.4) for different time step values.

’At‘ 1/4 ‘ 1/8 ‘ 1/16 ‘ 1/32 ‘ 1/64 ‘ 1/128 ‘

’ che ‘ 1.8¢ + 00 ‘ 1.9¢ + 00 ‘ 1.9¢ + 00 ‘ 2.0¢ + 00 ‘ 2.0¢ + 00 ‘ 2.0¢ + 00 ‘

D@ case. In Table 3, for the DQ case, we list the pointwise projection errors
(5.1) at each time step. These results show that, in contrast with the noDQ case, the
pointwise projection error at the last time step is of the same order of magnitude as
the pointwise projection error at the other time steps. Thus, we conclude that, in the
DQ case, counterexample 1 satisfies Assumption 3.1.

In Table 4, we list the scaling factor (5.4) for different time step values. As
expected from (5.5), these results show that the scaling factor is bounded. Thus, we
conclude that, in the DQ case, counterexample 1 yields optimal pointwise projection
errors.

The numerical results in this section support the theoretical results in section 3.
Specifically, counterexample 1 satisfies Assumption 3.1 in the DQ case but not in
the noDQ case. Furthermore, the pointwise projection error at the last time step is
optimal in the DQ case and suboptimal in the noD(Q case.

5.1.2. Pointwise ROM error. In this section, we investigate whether the
pointwise ROM error is suboptimal.

noD@ case. In the noDQ case, we investigate numerically the error estimate
proved in (4.20):
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(5.6)
N+1 N+1
D D
max e[z = O ((N HD 3 NNl At 0 N ané) :

We note that, since the ROM initial condition is the L? projection of the initial
condition, the term [|¢%|%. in (4.20) vanishes in (5.6). As explained in Remark 4.4, the
error bound (5.6) is suboptimal with respect to the time step due to the factor (N +
1) = (At~ + 1) in the first term on the right-hand side. To investigate numerically
the suboptimality of the error bound (5.6), in Table 5 we list the ratio

N+1
noDQ __ k2 noDQ 12
6 omp? = (max I3 )/ <<N+ b 30 Al

N+1

At4 )\noDQ Yo 2

+ + Z i H QDZHL2 :
i=N+1

The results in Table 5 show that the ratio (5.7) is bounded from below. Thus, we
conclude that the pointwise ROM error in the noDQ case is suboptimal.

To investigate the sensitivity of our numerical results with respect to k (i.e., the
level of oscillations in counterexample 1), in Table 6 we list the ratio (5.7) for k = 8.
The results in Table 6 confirm the results in Table 5, i.e., the pointwise ROM error
in the noDQ case is suboptimal.

D@ case. In the DQ case, we investigate numerically the error estimate proved
in (4.11):

N+1
(55) max €2, = O ( S AP = Reli)l3a + At‘*) -
- i=N+1

We note that the error bound (5.8) is optimal. In Table 7, we list the ratio

N+1
(5.9) P2 ( max e’“n%z)/< 3 A?Q||soi—Rr<soi>%2+At4).

1<k<N
i=N+1

The results in Table 7 show that the ratio (5.9), while increasing, seems to be
bounded, as predicted by (5.8).
The increase of C2% in Table 7 is due to the highly oscillatory character of coun-

terexample 1 in (3.17), which makes the ROM simulation in the DQ case challenging.

TABLE 5
Counterexample 1 (3.17), noDQ case: ratio (5.7) for different time step values.

[ At [ 1/4 [ 1/8 [ 1/16 [ 1/32 [ 1/64 | 1/128 ]
’ crobe ‘ 3.0e — 04 ‘ 1.8¢ — 04 ‘ 1.0e — 04 ‘ 2.0e — 04 ‘ 7.6 — 04 ‘ 7.9¢ — 04 ‘

TABLE 6
Counterezample 1 (3.17), k = 8, noDQ case: ratio (5.7) for different time step values.

[ At [ 12 ] 1/4 [ 18 ]
creD@ | 3756 —03 | 6.37le—03 | 1.13— 02
| | | | |
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TABLE 7
Counterezample 1 (3.17), DQ case: ratio (5.9) for different time step values.

At [ 14 T 1/8 [ 1/16 [ 1/32 [ 1/64 [ 1/128 |
’ che ‘ 7.8¢ — 02 ‘ 1.3¢ — 01 ‘ 2.0e — 01 ‘ 3.5¢ — 01 ‘ 5.3¢ — 01 ‘ 8.7¢ — 01 ‘

TABLE 8
Counterezample 1 (3.17), k =8, and DQ case: ratio (5.9) for different time step values.

[ At [ 172 ] 1/4 [ 18 ]
’ cbe ‘ 4.73¢ — 01 ‘ 5.92¢ — 01 ‘ 2.55¢ — 01 ‘

To alleviate the highly oscillatory behavior of counterexample 1, we keep all the pa-
rameters unchanged and choose a lower k value (i.e., k = 8) in (3.17), which yields
a solution with fewer oscillations. In Table 8, we list the ratio (5.9) for k¥ = 8. The
results in Table 8 show that the ratio (5.9) is bounded, as predicted by (5.8).

The numerical results in this section support the theoretical results in section 4.
Specifically, for counterexample 1, the pointwise ROM error is optimal in the DQ
case, and suboptimal in the noDQ case.

5.2. Counterexample 2. In this section, we consider counterexample 2, which
was proposed in (3.19) of section 3.1.2. In all the numerical experiments in this
section, we consider k£ = 100, 6 = 0.01, and @ = 1 in (3.19). The numerical results
are organized as follows. In section 5.2.1, for both the noDQ and the DQ case,
we investigate numerically whether (i) Assumption 3.1 holds; and (ii) the pointwise
projection error is optimal. In section 5.2.2, for both the noDQ and the DQ case, we
investigate numerically whether the pointwise ROM errors are optimal.

As explained in section 3.1.2, counterexample 2 was constructed to display the
suboptimality of the pointwise projection and ROM error bounds for any r values.
In our numerical investigation, we consider general r and ¢ = t; values for both the
pointwise projection error and the pointwise ROM error.

5.2.1. Pointwise projection error. In this section, we investigate numerically
whether Assumption 3.1 holds. To this end, for various At values, we investigate nu-
merically whether the projection error (5.10) at various time instances is suboptimal.

T

u(.,tr) — Z (u(.,tr), Sﬁi)LzSDi
L2

i=1

(L)

(5.10) ‘ .

Specifically, as shown in (3.8) in Proposition 3.3 for counterexample 2 in the noDQ
case, for fixed r values, the projection error at ¢ = ¢, satisfies

, 2
(5.11) [ caen|| |, = Cpen® (V1) Z )\"ODQH% ,
1=r+1
where
noDQ mln{l,"}/}
(5.12) Cpmj 2#.

Moreover, as shown in (3.24b) for counterexample 2 in the DQ case, the projection
error at various time instances satisfies
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TABLE 9
Counterezample 2 (3.19), r = 4, and noDQ case: scaling factor (5.11) for different time step
values.

[ At [ 005 [ 004 [ 002 [ 001 ]
’ crebQ ‘ 1.00e + 00 ‘ 9.82¢ — 01 ‘ 8.65¢ — 01 ‘ 6.32¢ — 01 ‘

proj

TABLE 10
Counterezample 2 (3.19), r = 4, and DQ case: scaling factor (5.13) for different time step values.

[ At ] 005 [ 004 [ 002 [ 001 |
’ cbe ‘ 1.83¢ + 00 ‘ 1.76¢ — 02 ‘ 8.32¢ — 03 ‘ 3.84¢ — 03 ‘

proj

” 2

u(ati) = 3 (ulti). ) o

i=1

d
D D
< Cpr?j Z )‘z Q”(piHLza
L2 i=r+1

(5.13) max
0<k<N

where C’Iﬁ?. is bounded from above. In this section, we investigate numerically the
scalings (5.11)—(5.12) and (5.13).

noDQ@ case. In Table 9, for » = 4, we list the scaling factor Cp[:,g in (5.11) for
different time step values. As expected from (5.12), these results show that the
scaling factor is bounded from below. Thus, we conclude that, in the noDQ case,
counterexample 2 yields suboptimal pointwise projection errors.

D@ case. In Table 10, for » = 4, we list the scaling factor (5.13) for different
time step values. As expected, these results show that the scaling factor is bounded
from above. Thus, we conclude that, in the DQ case, counterexample 2 yields optimal
pointwise projection errors.

The numerical results in this section support the theoretical results in section 3.
Specifically, for a generic r value, counterexample 2 satisfies Assumption 3.1 in the
DQ@Q case but not in the noDQ case. Furthermore, the pointwise projection error is
optimal in the DQ case and suboptimal in the noD(Q case.

5.2.2. Pointwise ROM error. In this section, we investigate whether the
pointwise ROM error is suboptimal. We note that the time evolution of the ana-
lytical solution in counterexample 2 (which is displayed in Figure 1) prompted us
to make the following parameter choices in the numerical investigation of the point-
wise ROM error. Since the magnitude of the analytical solution is significant on the
time interval [0, 0.04] and almost negligible on the time interval [0.04, 0.2], we decided
to compute the pointwise ROM errors for both the noDQ and the DQ case on the
time interval [0,0.05]. Furthermore, since the DQ ROM basis functions with large
indices are very oscillatory, we decided to use low r values in order to avoid numerical
instabilities.

noDQ case. In the noDQ case, we investigate numerically the error estimate
proved in (4.20):

(5.14)
N+1 N+1
max et =0<<N+1> POR R IRV Az?w‘?nwin%z).
- = 1=r+1 1=r+1

We note that since the ROM initial condition is the L? projection of the initial
condition, the term [¢%]|2, in (4.20) vanishes in (5.14). As explained in Remark 4.4,
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Exact Solution

Fic. 1. Counterezample 2 (3.19), FOM plot: h = 1/4096 and At = 0.02.

TABLE 11
Counterezample 2 (3.19) and noDQ case: ratio (5.15) for fized time step At = 0.01 and different
r values.

- [+ | 2 | 3 [ 4 1 5 [ 6 |

‘ crobe ‘ 1.7¢ — 01 ‘ 9.8¢ — 02 ‘ 1.1e — 01 ‘ 2.2¢ — 01 ‘ 4.4e — 01 ‘ 9.2¢ — 01 ‘

the error bound (5.14) is suboptimal with respect to the time step due to the factor
(N +1) = (TAt~! + 1) in the first term on the right-hand side. To investigate
numerically the suboptimality of the error bound (5.14), in Table 11 we list the ratio
(5.15) for fixed At values and various r values. The ratios in Table 11 are bounded
from below. Thus, we conclude that the pointwise ROM error in the noDQ case is
suboptimal.

N+1

noDQ __ k12 noDQ 12

15) = (e ||Lz)/<<zv+1> 3 AUl
1=

N+1
+AE 4 Y /\?ODQIIV%IIiz) :
i=r+1
D@ case. In the DQ case, we investigate numerically the error estimate proved
in (4.11):

N+1
(5.16) max |7, = O ( > AP0 — Re(ei)ll7= + At4> :
- i=r+1

To investigate numerically the optimality of the error bound (5.16), in Table 12
we list the ratio (5.17) for fixed At values and various r values. The ratios in Table 12
are bounded. Thus, we conclude that the pointwise ROM error in the DQ case is
optimal.

N+1
an) R8I0 )/ ( 3 AP - R0l +At4> -
=r= i=r+1
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TABLE 12
Counterezample 2 (3.19) and DQ case: ratio (5.17) for fixed time step At = 0.01 and different
r values.

(- [ 1 [ 2 [ 3 [ 4 [ 5 [ 6 |
’ cbe ‘ 2.9¢ — 03 ‘ 4.0e — 03 ‘ 4.9¢ — 03 ‘ 5.7¢ — 03 ‘ 1.0e — 02 ‘ 2.9¢ — 02 ‘

The numerical results in this section support the theoretical results in section 4.
Specifically, for counterexample 2, the pointwise ROM error is optimal in the DQ case
and suboptimal in the noDQ case.

6. Conclusions. In this paper, we resolved several theoretical issues dealing
with the optimality of pointwise in time error bounds for POD-ROMs of the heat
equation. In particular, we studied the role played by the DQs in the optimality of
pointwise POD error bounds with respect to (i) the time discretization error and (ii)
the ROM discretization error.

First, in the noDQ case (i.e., when the DQs are not used to construct the POD
basis), we proved that the error bound is suboptimal not only with respect to the
ROM discretization (as shown in [28]) but also with respect to the time discretization.
Specifically, in Proposition 3.3 we constructed two classes of analytical examples, and
we proved that these examples violate Assumption 3.1 and yield suboptimal (with
respect to the time discretization) pointwise projection error bounds. Furthermore,
we noted that these suboptimal pointwise projection error bounds yield suboptimal
ROM error bounds (see Remark 4.4). Finally, we illustrated the suboptimality of the
pointwise projection and ROM error bounds in the numerical simulation of the heat
equation.

Our second main contribution is Theorem 3.7, where we proved that, in the DQ
case (i.e., when the DQs are used to construct the POD basis), Assumption 3.1 is
always satisfied. To prove Theorem 3.7, in Lemma 3.6 we first proved a discrete
time Sobolev inequality for the DQ case. Next, in section 4, we used Theorem 3.7 to
prove pointwise ROM error bounds that are optimal with respect to both the ROM
discretization error and the time discretization error in the DQ case. In section 5,
we illustrated the optimality of the pointwise projection and error bounds in the
numerical simulation of the heat equation.

Our third main contribution is that, in Definition 4.6, we proposed a new defini-
tion for the optimality of pointwise in time ROM discretization errors. In section 4.2,
we carefully discussed the relationship between this new optimality definition and the
other two optimality definitions in current use. In Theorem 4.10, for two of the three
optimality definitions, we showed that the DQ case yields optimal bounds, whereas
the noDQ case yields suboptimal error bounds.

Our theoretical and numerical investigations (see also [28, 34, 50]) show that the
DQs are needed to prove optimal pointwise in time error bounds. There are, however,
several research directions that need to be investigated.

At a theoretical level, the uniform boundedness type conditions for nonorthogo-
nal POD projections considered in Proposition 4.8 and Theorem 4.10 are important
in proving some of the optimal pointwise ROM error bounds. These type of uni-
form boundedness conditions have been studied both theoretically and numerically
in [5, 28, 32, 39, 50, 56], but they are not well understood. Further investigation of
these conditions is needed. Additionally, at a theoretical level we considered optimal
uniform estimates only for the heat equation. How these estimates will extend to more
complicated nonlinear PDEs (e.g., the Navier—Stokes equations) is an open problem.
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In this paper, we considered equally spaced snapshots to construct the POD basis.
The POD adaptivity in time (see, e.g., [1, 26, 36, 42] and the survey in [16]) aims
at choosing snapshot time instances that are optimal in some sense (e.g., such that
the error between the ROM and FOM trajectories is minimized [36]). The effect of
POD adaptivity in time on the optimality of error bounds in the noDQ and DQ cases
should also be investigated.

At a numerical level, further investigation of the role of DQs in practical com-
putations is needed. In this paper, we focused exclusively on the optimality of the
rates of convergence of ROM error bounds. We emphasize, however, that we did
not address the size of the ROM error. In our numerical investigation, the size of
the ROM error was sometimes lower in the noDQ case and other times lower in the
DQ case. Overall, the size of the ROM error was of the same order in the noDQ
and DQ cases (results are not included). We note that the current literature yields
similar qualitative conclusions: In some references [24, 33], the ROM error is lower
in the DQ case than in the noDQ case; in other references [28, 32, 34], the situation
is reversed. Further investigation of the size of the ROM error in the noDQ and DQ
cases is needed.

Acknowledgment. We thank the three anonymous reviewers for their construc-
tive comments and suggestions, which improved the manuscript.
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