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INTRODUCTION

“Tallene og bokstavene mgttes en dag og ville slass. Vi vinner alltid,
sa tallene. Vi gir oss aldri, sa bokstavene. Dermed la de der hulter
til bulter.”

Inger Hagerup

Partial differential equations (PDEs) describe the underlying physics in many
problems from areas such as heat transfer, structural mechanics, fluid mechanics,
or electromagnetics. Ever since the introduction of the modern computer there
has been a growing interest in computer simulation of such physical systems. In
parallel with the last decades’ rapid increase in available computer power, there
has been an impressive development of new and efficient numerical methods for
computer simulation. Numerical methods for PDEs is one field of research that
continues to be very active today.

One classical family of methods for the numerical approximation of PDEs is
finite element (FE) methods. Depending on the particular problem at hand (for
example regularity of the solution), a particular method (or class of methods)
is typically better suited than others. A good method minimizes the computa-
tional time required to find a numerical approximation at a prescribed level of
accuracy.

Most of the papers in this thesis are related to efficient numerical approxi-
mation of parametrized PDEs. In addition to the spatial and possibly temporal
variables, a parametrized PDE depends on one or several parameters that en-
ter into the equations as coefficients or through coefficient functions. These
parameters may be related to physical properties of the system such as mate-
rial properties or geometry, or interactions of the system with its environment
such as applied forces or boundary conditions. The parameter dependence thus
defines not only a single PDE but rather a family of PDEs which we wish to
approximate. Parametrized PDEs are relevant in many engineering applica-



tions such as parameter estimation, design, or optimization; or for educational
or scientific purposes to understand the behavior of the solution as a function
of physical parameters.

Typically, one is interested in the solution to a parametrized PDE either for
many different input parameter values — many queries — or the solution is
required rapidly once the input parameter value is known — real time. In these
contexts classical methods may be prohibitively expensive: they do not provide
a sufficiently accurate solution within the time available for computation. How-
ever, the family of solutions induced by the underlying parameter dependence
often provides an opportunity for model reduction: the solution associated with
one parameter value is typically similar to the solution associated with a nearby
parameter value. The reduced basis method [1, 33, 44] is one method that
takes advantage of precisely this opportunity to provide computational speedup
of solutions to parametrized PDEs without compromise to the accuracy of the
approximation. The reduced basis method belongs to the large class of model
order reduction methods. The common goals of such methods are to reduce the
computational complexity of a given problem and preserve important properties
of the system such as accuracy and stability.

This introduction chapter is organized as follows. First, we motivate and
discuss in Section 1 model order reduction more generally. Then, in Section 2
we give an overview of the reduced basis method. Next, in Section 3 we give
an overview of the related empirical interpolation method; this method is used
for the approximation of parametrized functions, and is the focus of three of
the papers in this thesis. Finally, in Section 4, we summarize and discuss the
contributions from each of the papers.

1 Model Order Reduction

Classical numerical methods for PDEs, such as finite difference or finite element
methods (FE) [9, 10, 35, 40], are frequently used to solve engineering prob-
lems in areas such as heat transfer, structural mechanics, electromagnetics, and
fluid mechanics. Many of these problems can be solved efficiently with classical
methods. However, for complicated problems the number of degrees of freedom
required to resolve all features of the solution with sufficient accuracy may be
very large. As a result, the associated computational cost may be very large
and in some cases prohibitive.

When classical methods are too expensive, model order reduction methods
may in some cases be used to reduce the number of degrees of freedom and as



Introduction

a result the required computational time. These methods attempt to replace
the original (FE, say) system of high order — many degrees of freedom — with
a reduced system of lower order — significantly fewer degrees of freedom — in
such a way that the solution associated with the lower order system is a good
approximation to the solution of the original higher order system. Model order
reduction methods must thus in some sense identify the degrees of freedom that
are important for the behavior of the system, and retain these degrees of freedom
in the reduced system.

Many of the traditional model order reduction techniques have been devel-
oped within the field of dynamical system simulation and control. A full order
system — a direct physical model or, say, the result of a highly accurate FE spa-
tial discretization of a PDE — may be computationally too costly in the optimal
control setting since the solution of the system is required for many (in advance
unknown) input controls. For this reason methods for model order reduction
have been considered. Classical approaches include Krylov subspace methods
[3] and balanced truncation [30]. An approach related to balanced truncation
which in fact for parabolic PDEs is relevant to the reduced basis context of this
thesis [20], is proper orthogonal decomposition (POD) (also known as principal
component analysis) [41, 43, 45]. All these model order reduction techniques
share a common goal: provide significant reduction of the computational com-
plexity and hence cost of the system and preserve important properties of the
system such as accuracy and stability.

Another branch of model order reduction methods is found in the context
of parametrized systems. In this case the input parameters may be physical
properties of the system such as material properties, geometrical factors, or
boundary conditions. Typically, the parameters enter as coefficients or through
coefficient functions in a partial or ordinary differential equation that describe
the physical system of interest.

In practical applications, the solution to the system — the state or the field
variable — is typically not the main interest per se. Decisions in engineering are
typically not based on how the solution “looks” but rather from more quantifiable
measures that may be inferred from the state or the field. The main interest is
thus certain outputs of interest derived from the solution, such as an average of
the field variable over a small region.

Parametrized model order reduction is of particular interest in contexts such
as optimal control, design, optimization, parameter estimation, or stochastic
simulation. In these contexts either immediate output response is required, or
the output is required for many different input parameters. Often, a full order
system (many degrees of freedom) is prohibitively expensive in these contexts
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— it may be impossible to solve the system to sufficient accuracy within the
amount of time or on the computer hardware available. Model order reduction
techniques on the other hand may reduce the number of degrees of freedom of
the system such that sufficiently accurate output approximations are computa-
tionally feasible within these constraints.

2 The Reduced Basis Method

The first four papers in this thesis are directly related to the reduced basis (RB)
method. In this section, we give a brief overview of the methodology, and a short
introduction to some of the technical details involved.

2.1 Overview

The RB method is a computational and mathematical framework for parametric
model order reduction of parametrized PDEs. The parameters enter into a
parametrized PDE as coefficients or through coefficient functions that specify
physical properties of the system or interactions between the system and the
environment. The key observation of the RB method is that the solution to
this equation resides on a typically low-dimensional manifold induced by the
parameter dependence. When this manifold is smooth — the solution to the
PDE varies smoothly with the parameters — it should be possible to reconstruct
a good approximation of the solution associated with any parameter value with
only limited knowledge of the manifold.

We now make this statement somewhat more precise. Let D C R” denote a
predefined and bounded parameter domain, and let © € D denote a particular
parameter value; P > 1 is thus the number of parameters considered. For any
1 € D, we may write the parametrized PDE on the form

Fl(u(p)) =0, (2.1)

where F), is a parameter dependent (linear or non-linear) differential operator
and u(p) denotes the solution to the system. The parametric manifold on which
the solution to this system resides is then given explicitly as

M = {u(p) : p € D). (2.2)

Now, say that we are given N parameter values p; € D,...,unx € D, and
associated snapshots u(p1), ..., u(py) of M. If M is smooth — u(u) depends
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smoothly on the parameters — and uq, ..., uy are well chosen, it is possible for
any u € D to compute a good approximation of u(u) as a linear combination
of the N snapshots u(u1),...,u(un). In particular, N may typically be chosen
relatively small, and hence this approximation to u(u) may be calculated at
relatively low computational cost.

Of course, in general the snapshots wu(pu),...,u(uy) are not known ex-
actly. In practice, we thus precompute highly accurate truth approximations,
N (1) = u(p), .., uN () &~ u(pn), where A denotes the possibly very large
number of degrees of freedom associated with these truth approximations. We
shall consider here standard finite- or spectral element truth approximations
[9, 10, 35, 40]. However, other variational frameworks such as discontinuous
Galerkin methods [22] or finite volume methods [27] may be considered; see [13]
and [20] for the application within the RB framework of discontinuous Galerkin
methods and finite volume methods, respectively.

This “Lagrange” (snapshot-based) approach to the RB approximation seems
to be the most popular approach in recent RB literature. However, alterna-
tive “Taylor” [33] or “Hermite” [24] approaches that include information about
derivatives with respect to the parameters at one or more parameter values
may also be considered. In this thesis, we exclusively pursue the “Lagrange”
(snapshot-based) approach.

The RB method was originally developed in the context of non-linear struc-
tural analysis [1, 33]; the methodology was further considered for fluid flow
problems in [24, 36]. Early work on error analysis of the RB approximation
include [15, 37, 42]. More recent works have introduced

e rigorous a posteriori bounds for the error of the RB approximation with
respect to the underlying truth FE discretization |38, 44];

e quasi-optimal sampling procedures for snapshot selection [20, 47]; and

e strict offline-online computational decoupling between a N-dependent
(expensive) precomputation stage followed by a N-independent (much
less expensive) input-output prediction stage [31, 44].

We shall discuss each of these ingredients briefly below and more extensively
in the subsequent papers. The RB methodology is well developed for linear
elliptic coercive and non-coercive equations [23, 44], linear parabolic equations
[19, 20], and quadratically non-linear elliptic or parabolic equations such as the
incompressible Navier-Stokes equations [25, 32, 46]. A comprehensive overview
of both earlier and more recent contributions to the RB methodology can be
found in [39, 44].



In particular with the recent development of rigorous a posteriori error
bounds, quasi-optimal sampling algorithms, and strict offline-online computa-
tional decoupling procedures, the RB method may provide speedup of several
orders of magnitude compared to the truth FE alternative with certifiable accu-
racy. The number of required RB snapshots (and thus degrees of freedom), N,
is much smaller than the number of degrees of freedom associated with the truth
FE space, V. In addition, the error in the RB approximation can be rigorously
bounded with respect to the truth FE discretization.

The rapid and certifiable RB output approximation is of particular interest
in real time contexts such as parameter estimation [31] and optimal control
[14, 19, 21] problems, and in many query contexts, such as stochastic [7] or
multiscale [6, 26, 34] simulation. In both real time and many query contexts the
significant precomputation effort required by the RB method can typically be
justified. In the former the offline cost is often deemed irrelevant. In the latter,
the offline cost is amortized over the many online evaluations; in particular, as
the number of online evaluations n — oo, we obtain

offline cost 4+ n(online cost)

lim
n— o0 n

= online cost. (2.3)

2.2 Abstract Framework

The point of departure for the RB approximation is the weak form of the PDE.
Let us now look at an example. Consider the particular parametrized differential
operator [, over the spatial domain Q C R? d =1,2,3, given by

Eu() ==V -(g(m)V()) =g, (2.4)

where, for any p € D, g(u) : Q@ — R is a parametrized coefficient function, and
q : 2 — R is the load; we assume sufficient regularity of g and ¢. In this case
the strong form of the PDE is

=V (9(n)Vu(p)) =¢, inQ, (2.5)

together with appropriate boundary conditions. We consider in this example

u(p) =0, onTp C 99, (2.6)
0
gﬁf‘) —0, onTxC 09, (2.7)

where 0€) = I'p U T'y is the boundary of €.
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We now introduce a function space V of test functions; in this case V =
HL(Q), where HL(Q) = {v e HY(Q) : v|r, =0}, H(Q) = {v: [Vv| € L*(Q)},
and L?(Q) is the usual space of square integrable functions over 2. We obtain
the weak form of (2.5) by multiplication with a test function v € V,

=V (g(W)V)u(p)v = qv, Vv eV, (2.8)

integration over 2,

—/QV'(Q(M)V)U(M)U:/Q‘I”’ Voev, (29)

and finally integration by parts,

/Qg(u)VU(u)'vv:/quJr/m ‘9@5(:)

In this case the last term on the right hand side of (2.10) vanishes due to the
boundary conditions (2.6) and (2.7) since either v = 0 or Ju(u)/On = 0 on ON.
The weak formulation of (2.5)—(2.7) then reads as follows: for any u € D, find
u(p) € V such that

v, YveV (2.10)

/ g(p)Vu(p) - Vo = / qu, YveV. (2.11)
Q Q

More generally, we introduce a Hilbert space X associated with the exact
solution of the problem. We further introduce for any p € D a bilinear form
a(, ) X x X — R and a linear functional f(-;u) : X — R. The exact
problem may then be stated as follows: For any p € D, find u(p) € X such that

a(u(p),v;p) = flosp), Vv e X. (2.12)

We also introduce a linear and bounded output functional £(-; 1) : X — R. With
the solution u(u) of (2.12) we evaluate the output of interest through ¢ as

(1) = £(u(p); ). (2.13)

We note that if a(-,-; ) is stable and continuous with respect to the X-norm,
and f(-; ) is bounded with respect to the X-norm, u(p) € X exists and is
unique [40].

For our particular example (2.11) we identify for all w € V, v € V,

a(w7v;u)=/gg(u)Vw-Vv7 f(v;u)=/ﬂqv~ (2.14)



If g(u) > 0 and g(p) is bounded for all u € D, then a(-,;u) is coercive and
continuous for all ;4 € D. In this case, if ¢ has sufficient regularity such that
f (5 p) is bounded in V, existence of a unique solution u(u) to the problem (2.11)
for any p € D is guaranteed by the Lax-Milgram Lemma [40].

2.3 Finite Element Discretization

We may now discretize (2.12) with (say) a classical FE method. To this end
we introduce a discrete space X C X of finite dimension N; for example XV
may be the space of piecewise polynomials up to a specified polynomial order.
The FE version of (2.12)—(2.13) then reads as follows: For any p € D, find
u?N () € XN such that

a(uN (), v;p) = fvip), VoexV, (2.15)

and evaluate the output

N (1) = 00 (): ). (2.16)

In the RB framework, we shall suppose that X is a high-fidelity FE space
such that «/ is a good approximation to u(x), and consequently sV (u) is a
good approximation to s(u). Under this assumption we shall neglect the error
u(p) —u?N (1) and consequently the output error s(p) — sV (): the FE solution
u?N (1) and output sV (u) are truth approzimations to the corresponding exact
quantities.

2.4 Reduced Basis Approximation

It is the computation of the truth approximation in (2.15)—(2.16) that we wish
to accelerate by the RB method without loss of accuracy or rigor. To this end
we introduce the RB approximation space

XN = span{u’v(ul), B 7UN(:“N)} (217)

of dimension N < A/. The RB space is thus spanned by truth FE snapshots that
reside on a presumably smooth parametric manifold MY = {u" (u) : p € D},
as indicated in Figure 1. We note that M* is only a small subset of the FE
space XN: many of the A/ degrees of freedom associated with the full FE space is

INote that in actual practice, an orthonormal basis for X is computed through a modified
Gram-Schmidt procedure [16] to provide numerical stability.
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XN

Figure 1: The RB approximation (green) is a linear combination of FE snapshots
(red) that reside on a typically smooth parametric manifold. (This figure is a repro-
duction of Figure 16 in [44].)

thus in some sense redundant when attention is restricted only to this manifold.
We expect that the RB space Xy accommodates good approximations un () &~
uN(u) for any p € D provided that the parameters 1, ..., uy are well chosen.

The RB version of (2.15)—(2.16) now reads as follows: For any p € D, find
un(p) € X such that

a(un(p),v;p) = f(v;p), Vv e Xy (2.18)
and evaluate the output
s (i) = Lun (p); p)- (2.19)

In addition, we may certify the RB solution or RB output prediction by rapid
evaluation of RB a posteriori error estimators Ay (u) or A (), such that

An () = [ () = un (1)|x, (2.20)

or

AR () = |sM () = sn(m)], (2.21)

respectively [44].



Clearly, the choice of the parameter values p1, ..., uy is crucial to the quality
of the RB approximation. In particular, if M is smooth and p1,...,un are
judiciously chosen, we expect rapid convergence (as we increase N) of the RB
approximation over D.

Algorithm 1 Greedy sampling strategy

Set N <— 1 and choose u1 € D (randomly, say)

Compute vV (p;) and set X = span{u™ (1)}

while N < Np.x do
pN1 = argmax,ezcp An (i)
Compute v (x4 1) and set Xy 11 = span{u? (1), ..., u™N (uni1)}-
N <+ N+1

end while

In [47], the Greedy sampling stategy listed as Algorithm 1 was proposed.
With this strategy, the RB space is constructed iteratively starting from only
one (randomly chosen, say) parameter value 1y € D and associated (in practice
normalized) basis function u (u1). At iteration N of the Greedy algorithm,
the a posteriori error estimator Ay () is first evaluated over D. (In practice,
An(p) is evaluated over a finite training set = C D — a rich computational
surrogate for D.) Denote by pun11 the particular parameter value at which the
error estimator attains it maximum. The next RB space is then enriched with
the (orthonormalized) snapshot u™ (uy1). We finally set N < N + 1 and
proceed to the next iteration; the procedure stops when a specified maximum
RB space dimension Ny,,x is reached (or alternatively when the maximum of
the a posteriori error estimator over E reaches a specified tolerance).

In practice, the Greedy algorithm typically provides exponential convergence
(with N) of the RB approximation over D. It was first shown in [29] that for
certain simple problems it is possible to choose the parameter values 1, ..., unx
such that exponential convergence is achieved. More recently, it is shown in
[5, 8] that the Greedy algorithm achieves exponential convergence, if exponential
convergence is possible.

We note that for time-dependent PDEs the snapshots must be chosen at
judiciously chosen points in the combined time-parameter domain, and thus a
modification to the standard Greedy sampling algorithm is necessary. A first
extension of the Greedy algorithm to the time-dependent case was considered
in [19]. More relevant to this thesis is a combined POD/Greedy procedure
introduced in [20]; this procedure complements the standard Greedy procedure

10
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in the parameter domain with proper orthogonal decomposition in the temporal
domain.

The offline-online computational decoupling is crucial to the efficiency of
the RB method. The RB offline stage is essentially execution of the Greedy
sampling algorithm: selection and computation of N finite element truth snap-
shots. In addition, an online dataset of size independent of A is constructed in
the offline stage and stored for subsequent evaluation in the online stage. The
computational cost of this process is A/-dependent, and hence the offline stage
may be rather expensive. However, the offline stage is performed only once as
preprocessing.

The RB online stage is evaluation of the RB solution, RB output, and RB
output error bound. Thanks to the online dataset constructed and stored in
the offline stage, the cost of the RB online stage depends on N and not on
N [44].2 Under the crucial assumption on parametric smoothness, N can be
chosen significantly smaller than A for acceptable numerical accuracy. The
N x N algebraic system associated with the RB problem (2.18) is in this case
significantly faster to solve than the N x A system associated with the FE
problem (2.15). The RB approximation is thus useful in the many query or real
time contexts.

3 The Empirical Interpolation Method

Papers 5, 6, and 7 of this thesis are related to the empirical interpolation method
(EIM) [4, 18]. We now give an overview of the method and a brief review of the
approximation procedure.

3.1 Overview

The EIM is a method for “affine” approximation of “non-affine” parameter de-
pendent functions. The EIM was introduced in [4] as a tool within the RB
framework for the approximation of non-affine differential operators. It was
further considered for the approximation of non-linear differential operators in
[18]; see also [17]. In the case of a linear differential operator, the efficient RB
offline-online computational procedures require a differential operator that is

2In addition, this dataset enables efficient evaluation of the RB error bound in the offfine
stage. The training set = C D in the Greedy sampling algorithm may thus be chosen rather
large to allow exhaustive exploration of the parameter domain.
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affine in functions of the parameter. In particular, for all ;4 € D, the bilinear
form a(-,-; 1) and the linear functional f(-; ) must admit expansions

Qa
a( )= al(, )08 (), (3.1)

Qs
FGm) =D F1()0%H ). (3:2)
q=1

Here, for 1 < ¢ < @, the a? : X x X — R are parameter independent bi-
linear forms and the ©¢ : D — R are parameter dependent functions, and for
1 <q < Qy, the f9: X — R are parameter independent linear functionals
and the @‘]{ : D — R are parameter dependent functions. In particular, these
affine expansions enable the offline construction of the online dataset (of size
independent of A'), which in turn allows online evaluation of the RB solution,
RB output, and RB output error bound at computational cost dependent only
on N, Q,, and Qy, and not on N. In the case of a non-affine differential oper-
ator, the EIM serves to construct an affine approximation and thus recover the
efficient computational procedures.

In the case of a non-linear (in the solution w(p)) differential operator, it
is only possible to develop efficient RB offline-online procedures for low-order
polynomial non-linearities. In the case of higher order or non-polynomial non-
linearities, the EIM serves to recover efficient offline-online procedures through
approximations of the non-linear terms.

The EIM has applications also outside the RB framework; several examples
are mentioned in [28]. A closely related method is the discrete empirical inter-
polation method [12], which combines a discrete version of the EIM with proper
orthogonal decomposition for model order reduction of non-linear dynamical
systems.

3.2 EIM Approximation

As in the previous section, {2 denotes here a spatial domain, and D denotes a
parameter domain. Consider the parametrized function g : Q x D — R; we
assume that g(-; u) € L>(Q) for all p € D. For any p € D, the EIM serves to
construct an approximation g (+;p) ~ g(+; 1) such that gas(-; ) resides in an
approximation space

War = span{g(-; 1), ..., 9(; piar) } (3.3)

12
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of finite dimesion M. We note that W)y, is spanned by M snapshots of a
parametric manifold

M, = {g() : € D} (3.4)

If M, is smooth, and if the parameters p1,..., s are well chosen, it should
thus be possible to find a good approximation gas(-; p) = g(-; ) in Wy, for any
w € D for M relatively small. In practice, pu1,...,uy are chosen through a
Greedy sampling procedure.

For any p € D, the EIM approximation is given as a linear combination of
the snapshots,

M
g () =Y om()g(s prm)- (3.5)

m=1

Here, the coeflicients ., (1), 1 < m < M, are determined by interpolation at M
judiciously chosen points t; € Q,...,t3 € Q. For 1 < m < M, and all p € D,
we thus determine ¢, (1), 1 < m < M, as the solution coefficients to the linear
system

M
> Cm)g(tn: m) = gt pm), 1< < M. (3.6)

m=1

Note that in contrast, the RB approximation is based on Galerkin projection.

We mention here the paper [28], which comprises a theoretical analysis of
the EIM approximation and an elaborate discussion of the EIM interpolation
nodes t1,...,ty. In particular, these nodes are compared with known optimal
point distributions in the context of polynomial interpolation on simple domains.
Because of a remarkable resemblence with optimal point distributions, the EIM
interpolation nodes are in [28] called the magic points.

A typical use of the EIM is evaluation of parametrized integrals. Consider
as an example

mm=1¢mmw (3.7)

Here, ¥ : Q — R, and we assume that the product g(-; u)v is integrable over .
(Note that a parametrized bilinear form associated with a parametrized partial
differential equation may be viewed as a special case of (3.7).) Evaluation of
G(p) with for example standard Gauss-Lobatto-Legendre quadrature may be

13



prohibitively expensive, in particular when G(u) is required in real time or for
many different © € D. For any pu € D the EIM provides an approximation
Gu(p) =~ G(p) as

M
() = /Q QUCTOUED ST /Q 90 1) (3.8)

The key point here is that the integration can be performed as precomputation,
since the integrals to the right are parameter independent.

4 Summary of Papers

4.1 Overview

The topics of this thesis are either directly or indirectly related to the reduced
basis method. We now briefly discribe the contributions from each of the papers.

A first topic is the evaluation of a particular class of output functionals in
the reduced basis context: integrals of fluxes over parts of the boundary of the
spatial domain. If we explicitly define the output functional ¢ as the integral of
the flux, then ¢ is not an X-bounded functional. For this reason, flux integrals
are typically not evaluated directly but rather indirectly through the variational
problem formulation [2, 11]. This strategy necessitates the choice of a lifting
function. In a standard FE context it is obvious how to choose this lifting
function. In the RB context, this choice is not so obvious. In Paper 1 we
comment on “good” choices for the lifting function and demonstrate the impact
these choices have on the RB approximation error.

A second topic is the hp reduced basis method (hp-RB). This method is
a generalization of the standard RB method, and may provide an additional
online computational speedup of the RB approximation at additional offline
cost. With this method we first construct an adaptive partition of the parameter
domain D into parameter subdomains; subsequently, we construct standard RB
approximation spaces restricted to parameter values within each subdomain.
The idea is that these local (in parameter) spaces may be chosen significantly
smaller than the global spaces associated with a standard RB procedure.

With the hp-RB method we adopt the concepts of “h-type” and “p-type”
approximations from the “FE language” to the parametric context of the RB
method. The initial partition of the parameter domain is h-refinement; the sub-
sequent application of the standard RB method within a parameter subdomain

14



Introduction

is p-refinement. The combination of these two strategies thus yields the hp-RB
method. The hp-RB method is presented for elliptic equations in Paper 2 and
for parabolic equations in Paper 3. In Paper 4 we introduce a two-step RB
method. This method is of particular interest in the hp-RB context, since it
may significantly reduce the hp-RB offline cost.

The remainder of the thesis is related to the empirical interpolation method.
In Paper 5, we develop hp strategies for the empirical interpolation method.
These hp-EIM methods share the fundamental ideas with the hp-RB method:
partition of the full parameter domain into parameter subdomains, and appli-
cation of the standard EIM procedure independently within each subdomain.

In the original EIM papers [4, 18], estimators for the EIM error were intro-
duced. Although these estimators are typically very sharp, they are not rigorous
error bounds. In Paper 6 we introduce rigorous a posteriori error bounds for the
EIM approximation. These bounds work well and may be computed efficiently
in certain simple cases. In the general case, more work is required in particular
for the efficient computation of the bounds.

For a given parametrized function, the sharpness of the associated rigor-
ous EIM error bounds introduced in Paper 6 depends on the error in the EIM
approximation of derivatives of this parametrized function with respect to the
parameters (parametric derivatives). This is the motivation for the work in
Paper 7, in which we more generally consider the EIM approximation of para-
metric derivatives. In particular we show in this paper that, as we increase the
number of EIM basis functions, the error in the EIM derivative approximation
goes to zero if the error in the EIM approximation of the original function goes
to zero.

Although the motivation for our work in Paper 7 was to assess the sharpness
of the EIM error bounds in Paper 6, the results show that the EIM may be used
in practice for the efficient approximation of parametric derivatives. Moreover,
the convergence results in Paper 7 are in fact not restricted to the EIM, but apply
to a much larger class of approximation schemes. The results may be useful in
contexts such as optimization and parameter estimation, since Jacobians can be
evaluated at only minor additional cost.

4.2 List of Papers

This thesis consists of this introduction chapter and the following papers:

Paper 1: J. L. Eftang and E. M. Rgnquist, Fvaluation of flux integral outputs
for the reduced basis method. Mathematical Models and Methods in Applied
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Sciences, Vol. 20, No. 3 (2010), pp. 351-374.

In this paper, we consider the evaluation of flux integral outputs from re-
duced basis solutions to second-order PDE’s. In order to evaluate such outputs,
a lifting function v* must be chosen. In the standard finite element context,
this choice is not relevant, whereas in the reduced basis context, as we show,
it greatly affects the output error. We propose two “good” choices for v*, and
illustrate their effect on the output error by examining a numerical example.
We also make clear the role of v* in a more general primal-dual reduced basis
approximation framework.

Paper 2: J. L. Eftang, A. T. Patera, and E. M. Rgnquist. An “hp” Certified
Reduced Basis Method for Parametrized Elliptic Partial Differential Equations.
SIAM Journal on Scientific Computing, Vol. 32, No. 6 (2010), pp. 3170-3200.

We present a new “hp” parameter multidomain certified reduced basis (RB)
method for rapid and reliable online evaluation of functional outputs associ-
ated with parametrized elliptic partial differential equations. We propose, and
provide theoretical justification for, a new procedure for adaptive partition (“h”-
refinement) of the parameter domain into smaller parameter subdomains: we
pursue a hierarchical splitting of the parameter (sub)domains based on prox-
imity to judiciously chosen parameter anchor points within each subdomain.
Subsequently, we construct individual standard RB approximation spaces (“p™-
refinement) over each subdomain. Greedy parameter sampling procedures and
a posteriori error estimation play important roles in both the “A”-type and “p”-
type stages of the new algorithm. We present illustrative numerical results for
a convection-diffusion problem: the new “hp’-approach is considerably faster
(respectively, more costly) than the standard “p’-type reduced basis method in
the online (respectively, offline) stage.

Paper 3: J. L. Eftang, D. J. Knezevic, and A. T. Patera. An hp Certified Re-
duced Basis Method for Parametrized Parabolic Partial Differential Equations.
To appear in Mathematical and Computer Modelling of Dynamical Systems,
2011.

In this paper we introduce an hp certified reduced basis method for parabolic
partial differential equations. We invoke a POD (in time) / Greedy (in parame-
ter) sampling procedure first in the initial partition of the parameter domain (h-
refinement) and subsequently in the construction of reduced basis approximation
spaces restricted to each parameter subdomain (p-refinement). We show that
proper balance between additional POD modes and additional parameter values
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in the initial subdivision process guarantees convergence of the approach. We
present numerical results for two model problems: linear convection-diffusion,
and quadratically nonlinear Boussinesq natural convection. The new procedure
is significantly faster (respectively, more costly) in the reduced basis Online
(respectively, Offline) stage.

Paper 4: J. L. Eftang, D. B. P. Huynh, D. J. Knezevic, and A. T. Patera.
A Two-Step Certified Reduced Basis Method. Accepted in Springer Journal of
Scientific Computing, 2011.

In this paper we introduce a two-step Certified Reduced Basis (RB) method.
In the first step we construct from an expensive finite element “truth” discretiza-
tion of dimension N an intermediate RB model of dimension N < A. In the
second step we construct from this intermediate RB model a derived RB (DRB)
model of dimension M < N. The construction of the DRB model is effected at
cost O(N) and in particular at cost independent of NV'; subsequent evaluation of
the DRB model may then be effected at cost O(M). The DRB model comprises
both the DRB output and a rigorous a posteriori error bound for the error in
the DRB output with respect to the truth discretization.

The new approach is of particular interest in two contexts: focus calculations
and hp-RB approzimations. In the former the new approach serves to reduce
online cost, M < N: the DRB model is restricted to a slice or subregion of
a larger parameter domain associated with the intermediate RB model. In
the latter the new approach enlarges the class of problems amenable to hp-RB
treatment by a significant reduction in offline (precomputation) cost: in the
development of the hp parameter domain partition and associated “local” (now
derived) RB models the finite element truth is replaced by the intermediate RB
model. We present numerical results to illustrate the new approach.

Paper 5: J. L. Eftang and B. Stamm. Parameter Multi-Domain “hp” Em-
pirical Interpolation. NTNU Preprint Numerics No. 3/2011. Submitted to
International Journal for Numerical Methods in Engineering, 2011.

In this paper, we introduce two parameter multi-domain “hp” techniques for
the empirical interpolation method (EIM). In both approaches, we construct
a partition of the original parameter domain into parameter subdomains: h-
refinement. We apply the standard EIM independently within each subdomain
to yield local (in parameter) approximation spaces: p-refinement. Further, for a
particularly simple case we introduce a priori convergence theory for the parti-
tion procedure. We show through two numerical examples that our approaches
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provide significant reduction in the EIM approximation space dimension, and
thus significantly reduce the computational cost associated with EIM approxi-
mations.

Paper 6: J. L. Eftang, M. A. Grepl, and A. T. Patera. A Posteriori Error
Bounds for the Empirical Interpolation Method. Comptes Rendus Mathema-
tique, Vol. 348, No. 9-10 (2010), pp. 575-579.

We present rigorous a posteriori error bounds for the Empirical Interpolation
Method (EIM). The essential ingredients are (i) analytical upper bounds for
the parametric derivatives of the function to be approximated, (ii) the EIM
“Lebesgue constant,” and (i) information concerning the EIM approximation
error at a finite set of points in parameter space. The bound is computed “offline”
and is valid over the entire parameter domain; it is thus readily employed in
(say) the “online” reduced basis context. We present numerical results that
confirm the validity of our approach.

Paper 7: J. L. Eftang, M. A. Grepl, E. M. Rgnquist, and A. T. Patera. Ap-
proximation of Parametric Derivatives by the Empirical Interpolation Method.
NTNU Preprint Numerics No. 4/2011. To be submitted to Foundations of Com-
putational Mathematics, 2011.

We introduce a general a priori convergence result for the approximation
of parametric derivatives. We show — with rather general assumptions on the
particular approximation scheme — that the derivative approximation is con-
vergent provided that the approximation to the original function is convergent.
In this paper we focus on the approximation of parametric derivatives by the
Empirical Interpolation Method (EIM); we present numerical results with the
EIM to illustrate the general theory.
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Abstract

In this paper, we consider the evaluation of flux integral outputs from
reduced basis solutions to second-order PDE’s. In order to evaluate such
outputs, a lifting function v* must be chosen. In the standard finite
element context, this choice is not relevant, whereas in the reduced basis
context, as we show, it greatly affects the output error. We propose two
“good” choices for v*, and illustrate their effect on the output error by
examining a numerical example. We also make clear the role of v* in a
more general primal-dual reduced basis approximation framework.

1 Introduction

For many practical applications, one is interested in certain physical averages, or
outputs of interest, which can be defined as functionals of the solution to a partial
differential equation (PDE) that describes an underlying physical problem. For
example, the output of interest may be the average heat flux through (or average
temperature on) a surface, or the average force acting on a wall due to fluid flow.
In this paper, we are concerned with outputs of flux integral type, i.e., outputs
that can be written as surface integrals of the normal derivative of the solution to
the underlying PDE. We consider second-order equations, for which it is possible
to evaluate flux integral outputs directly via the weak problem formulation, and
in particular without the need for any numerical differentiation.

Mathematically, we consider a weakly written problem defined on a domain
Q: Find v € X(£2) such that

a(u,v) = f(v), Yve X(Q), (1.1)

where a is a coercive, continuous and for simplicity also symmetric bilinear form
derived from some second-order differential operator, f is a linear and bounded
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Figure 1: Illustration of a general domain 2 in the particular case that the Dirichlet
boundary TP = usz—OlrE consists of K = 4 disjoint sections.

functional, X (Q) = {v € HY(Q) : v|pp = 0} is our exact space, and I'® C 99
denotes the parts of the boundary of  on which we impose (for simplicity
homogeneous) Dirichlet boundary conditions. As usual, H'(£2) denotes the
Sobolev space of functions with square integrable first order derivatives over 2.
Henceforth, the Q-dependence of our spaces is understood when no ambiguity
may arise.

We shall assume that the Dirichlet boundary, I'®, may be written as I'P =
UkK:_OlF]k), where FE C 09, 0 <k < K — 1, are disjoint sections, as illustrated
in Figure 1 for the special case K = 4. In addition, we require any two such
sections I'P and I‘JD (i # j) to be separated by a section on which a Neumann
boundary condition is imposed. Our output of interest shall be the integral
of the flux through I'Y C I'P, i.e., the integral of the flux through an entire
separate section of I'P. We thus define the output functional

~ ow
out —
" (w) = /FOD o ds, (1.2)

where 0/0n denotes the outward normal derivative and s is the surface measure
on Jf). When solving e.g. Poisson or Helmholtz problems with the finite element
(FE) method, it is preferable [1, 2, 6, 10] to instead evaluate flux integral outputs
through an affine functional

" (w) = a(w,v*) — f(v*), (1.3)

where v* € H'! is any function that is equal to unity on I'f and equal to zero
on I'P\ I'Y. Of course, even though (1.2) and (1.3) make sense for any w € X,
they are only of interest for w & u, where wu is the solution of (1.1). One way
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to derive (1.3), is to recast the original problem (1.1) as a “Neumann problem”
for which there are no restrictions on the test and trial functions on I'J. Thus,
if we suppose (1.1) is a Poisson or Helmholtz problem, this modified problem
reads: Find u € X such that

a(u,v) = f(v) —|—/ a—uvd& Yo e X, (1.4)
F([)) 871

where X = {v e H' : vlpo\rp—o} O X. Moving f(v) to the left hand side and
choosing v = v* € X, we see that [°" (u) = 1°"¢(u).

Suppose we solve (1.1) numerically to obtain a FE approximation to wu,
uN e XN satisfying

a(N,v) = f(v), YoeXxV. (1.5)

Here, XN C X is a discrete FE space of dimension N. The FE output of
interest can now be evaluated in two ways, either as 1°(u/V) or as [°"¢(u). In
the latter case, we substitute v for u and consequently ~ for = in (1.4). With

v =v*, we get I°(uN) & [in ag—: ds. Hence, in general, [°" (uV) # [0 (4.
0
We shall refer to v* as a fluz lifting function, and we shall denote the set of
possible such functions as V*. Specifically,

Vi={ve H': vlpoyrp = 0,v[pp = 1} (1.6)

In [2], v* is called an extraction function, and the method described above
for flux integral output evaluation is an example of an extraction method. In
[10], the method — with more emphasis on pointwise quantities, rather than
on surface integrals — is called the consistent Galerkin FEM. A collection of
post-processing methods for flux integral and other types of outputs, including
pointwise quantities, can be found in [1].

Typically, 1°(uY) converges to [°*(u) quadratically with the energy-norm
error of the field variable. In contrast, ZNOUt(uN ) typically exhibits only linear
convergence |2, 6]. Another advantage of [°"* over [°" is that the former requires
no calculation of normal derivatives, which is particularly convenient in higher
dimensions and for problems on domains with curved boundaries.

Aside from the essential boundary condition in (1.6), we have not made
any particular choice for v* € H'. In fact, within a standard finite element
framework, this choice is not a big issue due to Galerkin orthogonality and the
richness of the approximation spaces used [2, 6]. In contrast, as we will show
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numerically and theoretically, one should take a little more care when evaluating
flux integral outputs by way of the method described above within the reduced
basis (RB) framework. For a thorough introduction to RB methods, confer e.g.
[17] or [20].

In the next section, we shall consider a very simple numerical example which
illustrates how [°"* may be superior to [°" in terms of numerical accuracy within
the FE framework. In Section 3, we first briefly review the RB method and then
elaborate on the discrepancy between the FE and RB methods with respect to
the choice of v*. We then propose two “good” choices for v* to use in the RB
context. We also make clear the role of v* in the more general primal-dual
RB approximation procedure which is used to speed up the convergence for
non-compliant problems [18, 20]. In Section 4, we remain in the RB context
and illustrate the effect of different v*’s by examining yet another numerical
example, and in Section 5 we end our discussion with some concluding remarks.

2  Flux Output Evaluation: a 1D Example

We consider a one-dimensional Helmholtz problem on Q = (0,2) with homo-
geneous Dirichlet boundary conditions. The weak formulation of the problem
reads: Find u € H} such that

2 2
Ou Ov
— - +uv d:c:/ vdz, Yv e HE, 2.1
A (8515 Ox ) 0 ¢ 0 21)
———
=a(u,v) =f(v)

where H} = {v € H' : v(0) = v(2) = 0}. For the purpose of this example, we
want the solution u to be weakly singular. In order to achieve this, we choose
the source term as q(z) = x2/3. Our output of interest is the derivative of u at
r=TF = {2}, and our two output functionals now reduce to

1P (w) = %’ B (2.2)
and
" (w) = a(w,v*) — f(v*), (2.3)

where v* € V*.
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With a spectral (high order polynomial) method, we discretise (2.1) and find
uwN € XV such that

a(uN,v) = f(v), Yve XV, (2.4)
where
XN ={vePy: v =0} (2.5)

is our discrete space. Here, I'® = {0, 2} and PP,; denotes the space of polynomials
of degree N (note that here, dim(X*") = A" — 1 due to the Dirichlet boundary

conditions).
We shall also consider the dual problem: Find ¢ € H} such that
a(v,y) = —a(v,v*), Vv e H]. (2.6)
The spectral discretisation of (2.6) reads: Find vV € XV such that
a(v,yN) = —a(v,v*), Yoe XV (2.7)

Note that a(v,v*) — the (bounded) linear functional part of [°"* — enters on
the right hand side in the dual problem (with a minus sign). Thus, v* also plays
the role of a Dirichlet lifting function for the dual problem, with Dirichlet data
equal to unity on I'Y (i.e. at = = 2). Also note that the dual problem exhibits no
(singular) source term. Provided v* is smooth (deliberately choosing v* singular
seems somewhat peculiar), we expect ¥ to be a smooth function and thus the
convergence of ¥V to 1 to be of infinite order.

We are interested in the errors in the output of interest, which we define for
each of our two output functionals as

ou

N out — %‘122 —eut(yM)y), (2.8)
and
Nout — %{.@:2 B lout(uN)‘ _ [remt () — ot (), (2.9)
respectively. For V2" we deduce that
Nt — Jg(u — oV, 0|
= la(u—u,9)|
= la(u— ", — ")
< flu =Ml = ™1, (2.10)
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Figure 2: Energy error (x) and output errors e’V :°" (A) and &V-ou*

polynomial degree, N, of the underlying spectral approximation.

(o) for increasing

by using the definition of eV°" the fact that u — vV € H} and the definition
of the dual problem (2.6), Galerkin orthogonality of v — u" and the Cauchy-
Schwarz inequality, respectively. Here, ||-|| = y/a(+,-) denotes the energy norm.
A consequence of this estimate is that if ¢ happens to be a smooth function,
eNout will decay exponentially with A, even if  is singular. Note that in prac-
tice, we never actually compute the discrete solution ¢V to the dual problem.

In Figure 2, we plot the energy norm error |Ju — uV| and the output errors
eNout and eNout for 1 < A < 50. As our flux lifting function, we have made
the choice v* = x/2. As expected, the error |u—u?| decays algebraically, while
eNout decays at an infinite rate due to the smoothness of 1. Note that we reach
double precision accuracy for eN-°"¢ for A’ > 10.

Let us make a few remarks concerning the above results. Firstly, although
for v,w € XV the integrals a(v,w) and f(v) are easy to evaluate analytically,
we have chosen to perform all integration by using numerical quadrature since
we can then employ a very general computational framework (which can also
be used to solve more difficult problems in which analytic integration is not
possible). However, since ¢(z) = 2>/ is not a smooth function over Q, the
integrand on the right hand side of the primal problem is singular, and hence
accurate evaluation of the integral f(v) requires quadrature of very high order.
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If f(v) is not computed with sufficient accuracy, N will carry an additional

numerical integration error which will compromise Galerkin orthogonality —
which we exploited in the error bound (2.10) — and hence also the exponential
convergence of the output. In our numerical experiment, we assume negligible
numerical integration errors since all numerical integration is performed with
Gauss-Lobatto-Legendre (GLL) quadrature [5] over n, > N + 1 quadrature
points. Specifically, n, = 121.

Secondly, we note that the error ||u —u"V|| decays much faster than expected
from the standard error estimate. It can be shown that, for our problem, the
most singular term of u behaves like z%/3, and hence u € H? for all 0 < o <
19/6. From the standard estimate [5], we would expect |u — uV| < eN1—7
for some positive constant ¢, and hence a slope of —13/6. In contrast, the
actual decay is in fact of order —4.33, which is twice as good as expected. The
reason for this superconvergence is related to the particular type of singularity
exhibited by the solution to our problem — it appears at an endpoint and is
of x%-type — and the rather good capability of polynomials to approximate
functions with such singularities [4, 12].

Thirdly, we note that for our simple one-dimensional problem, éV-°"t decays
as fast as the error |ju — u/V||. We would expect similar results were we to
use a linear (h-type) finite element method. In fact, if uj denotes a linear
FE approximation to u on a mesh with elements of size h, we would from
standard FE error estimates [19] expect convergence of order O(h?) for the
output 1°"*(uy), and of order O(h) for the energy-norm error ||u — uy|| (note
that for our particular problem, the singularity in u is weak enough that full
linear convergence (in h) is achieved). Based on the preceeding results, we
would also expect convergence of order O(h) for the output 1°*(uy). Indeed,
our results and comments here are consistent with results presented in [6] and
a note made in [2] for the h and and h-p finite element methods, respectively,
applied to the problem (2.4).

Finally, as noted in [2], any two choices of v* € (V*N X*) produce the same
result for [°"(v/). To see this, let v¥, v € (V* N XV). Then w* = v} — v} €
XN and

[a(@™,v) = 1(v])] = [a(u?,v3) — 1(v3)] = a(@™,w*) —l(w*) =0, (2.11)

by (2.4). A convenient choice for v*, then, is the function that is equal to
unity at the node at x = 2 and equal to zero at every other node (or, in the
low-order finite element case, the function that is equal to unity at x = 2 with
support only on the element adjacent to the boundary). For this reason, we do
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not specifically emphasise our choice for v* when considering outputs from FE
solutions.

In the next section, we turn our focus to flux integral outputs in the reduced
basis context.

3 Flux Output Evaluation in the RB Framework

3.1 RB formulation

3.1.1 Parametrised weak form

Of interest within the reduced basis (RB) framework [9, 18, 20] is the solution —
and ultimately the corresponding output of interest — of parameter-dependent
PDE’s in cases where the output is either required in real time, or for a large
number of input parameters. In the following, D C R shall denote the ad-
missible parameter domain, and g € D a parameter P-tuple that governs e.g.
boundary conditions or material or geometrical properties of the underlying
physical problem. We shall consider the following parametrised problem on a
domain Q: Given any p € D, find u(p) € X such that

a(u(p),v;p) = flosp), Yo e X, (3.1)

where, for each p € D, a(-,-; u) is a coercive, continuous and for simplicity also
symmetric bilinear form originating from a second-order differential operator,
and f(-;p) is a linear and bounded functional. We also assume that a and f
are parametrically affine, in the sense that the pu-dependency of a and f take
the form

Qa Qy
a(v,wip) = a%(v,w)0%(p), flo;p) =Y f10)O4p),  (3.2)

for finite numbers @), and @Qf, where the a? and f? are parameter indepen-
dent bilinear and linear forms, respectively, and the ©¢ and @?c are parameter
dependent functions.

We still impose homogeneous Dirichlet boundary conditions on TP C 99,
and take as our exact output of interest the flux integral

(p) = /FD 815(:) ds, (3.3)
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where ') C T'P is an entire separate section of the Dirichlet boundary.
Finally, we define the now parameter dependent “energy” norm

[l = Val, 5 ), (3-4)

and the equivalent parameter-independent X-norm

Illx = Val, 5 R), (3.5)

where o € D is some fixed, preselected reference parameter. Note that by the
assumptions of symmetry, coercivity and continuity, a(-,; ) defines an inner-
product, and || - ||, a norm equivalent to the H;-norm, for each p € D.

3.1.2 FE “truth” approximation

The reduced basis approximations will be built upon snapshots of “truth” finite
element approximations to solutions of (3.1), computed for wisely selected points
in the admissible parameter domain. Let X be a standard finite element
discrete space of dimension N. The “truth” discretisation of (3.1) reads: For
any p € D, find vV () € XV such that

a(uN (), v;p) = f(o;p), Yo e XV (3.6)
The corresponding “truth” output of interest is
SN () = 1" (N (); p) = a(u (), 0% ) — f(0%5 ). (3.7)

By the appellation “truth”, we here understand that, for all p € D, the FE
solution and output errors are assumed smaller than some prescribed (problem
dependent) tolerance. Moreover, for any given p € D, the RB a posteriori error
estimators (to which we return in Section 3.3) provide upper bounds only for the
gap between the RB field, or output, and the corresponding “truth” FE field, or
output, respectively. Hence, the RB fields and outputs are both built upon and
estimated relative to the “truth” fields and outputs, respectively, which thus in
effect serve as surrogates for the exact fields and outputs, respectively.

3.1.3 RB approximation

For 1 < N < Npax, the RB approximation space, Xy, will be the span of
precomputed snapshots taken of «N at N different points in D. Specifically,
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given a set of N wisely selected parameter vectors py, o,...,puy € D, we
define the corresponding RB space as
Xy = span{u™N (i), ..., vV (uy)}. (3.8)

We assume the vV (u,,), 1 < n < N, to be linearly independent. The reduced
basis problem now becomes: Given any g € D, find uy(p) € Xy such that

a(un(p),vsp) = f(vip), Vv e Xy, (3.9)
and evaluate the RB flux integral output
sn (1) = I (un (s 1) = alun (), v'sp) — F0'ip). (3.10)

Starting from an initial (e.g. randomly chosen) p,; € D, the parameter vec-
tors ppr, 2 < N < Npax, are chosen one at a time in a greedy manner. For each
value of N, we evaluate the a posteriori (e.g. field energy norm) error estimator,
An_1(p), for every p in a finite training sample, Ztin C D. We then choose
By equal to p € Egpain that maximises Ay _1 (), and compute the correspond-
ing snapshot vV (pn) as the next RB basis function. The greedy parameter
selection procedure was introduced in [22]. For a detailed description, see also
[17, 20].

Note that we have assumed evaluation of the “truth” and RB flux integral
outputs in (3.7) and (3.10), respectively, by using a flux lifting function v* € V*,
although we have not yet made any particular choice for v*.

Under the assumption that w"(p) varies smoothly with g € D, we may
expect that — for any u € D — very few RB basis functions will suffice in
order to reproduce a very good RB approximation, uy(u), to the correspond-
ing “truth” approximation, u”V (), via the Galerkin formulation (3.9). Conse-
quently, the corresponding RB output, sy (), will be very close to the “truth”
output, sV (p). In particular, for a fixed level of accuracy relative to the exact
field, u(p), or output, §(u), we expect that the number of required degrees of
freedom associated with the RB approximations, N, is much lower than the
number of required degrees of freedom associated with the “truth” approxi-
mations, N, since the RB approximation space is specifically taylored to the
problem at hand. As a result, only a small system of algebraic equations needs
to be solved for each new given p, once a sufficiently large RB space, Xy, is
constructed.

Imperative to the efficiency of the RB method is a computational decoupling
in offline (preprocessing) and online stages. The offline stage — which is per-
formed only once — may be computationally very costly and includes the greedy

36



Evaluation of Flux Integral Outputs

parameter selection process and the computation of the corresponding “truth”
snapshots, i.e., the RB basis functions. The online stage — in which, given
any new pu € D, the RB solution, uxn(p), and RB output of interest, sy (),
are computed — is very fast. In particular, owing to the assumptions (3.2) on
parametric affinity, the computational complexity of the RB online stage can be
made independent of N [17, 20].

Of interest within the RB context is the concept of a compliant problem.
A problem is said to be compliant if, for all u € D, i) the output functional
[°u(; u) (more generally, in the case of [°"(; ) affine, the linear functional
part of [°"*(-; u)) is equal to the right-hand-side f(-; u) of (3.1), and %) a(, -; p)
is symmetric. In the compliant case, the error in the RB output of interest
is equal to the square of the energy-norm error of the primary field variable
[17, 18, 20].

In our case, [°"*(-; u) as defined in (3.7) (or (3.10)) above is a non-compliant
output functional since its linear functional part a(-,v*; p) is, in general, differ-
ent from the right-hand-side f(-; u) of (3.1). We make a comment in Section
4.4 on a very particular case in which [°%*(; ) is, in fact, compliant.

3.2 Relevance of the flux lifting function

In Section 2, we saw that any two choices for v* belonging to (V*NX*) produced
the same output [°**(u") within a standard FE framework. This is of course
a consequence of Galerkin orthogonality and, when compared to the RB space,
X, the richness and generality of the FE space, X N Within the RB framework
however, the choice of flux lifting function does affect the numerical value of the
output. To see this, let v¥,v5 € (V* N XV), and define w* = v} — v. In order
to denote the RB output for a particular p € D, computed with a particular
v*, we write

sy (p;v*) = alun (), v p) — f(o*; ). (3.11)

Hence, the outputs corresponding to vi and v3 are given by



Paper 1

respectively. But then,
sn(p;07) — s (psv3) = alun (), vis p) — f (075 p)
— (alun(p), v3; 1) = f(v3; 1))
= a(un(p), w*; p) — fw*; p), (3.14)

which by (3.9) is equal to zero for all w* € Xy. However, there must clearly
exist w* € XV such that a(uy(p), w*; ) — f(w*; p) is nonzero. Otherwise,
uy (1) would have been identical to u” (i), which is provably not the case for a
general p € D. In conclusion, the two evaluations sy (p,v7) and sy (p,v3) are
not in general equivalent (unless v3 — v3 happens to belong to X ). Naturally,
this raises the question of which v* we should choose within the RB framework.

3.3 A posteriori error estimation

Before we proceed to our actual choices for “good” RB flux lifting functions, we
shall consider the a posteriori error upper bound associated with the output
sy (). To arrive at such a bound, we first require a bound for the error in the
field variable. We assume that we have available a lower bound arp(p) > 0 for
the coercivity constant of a(-, ;) over XV with respect to the X-norm defined
n (3.5). Specifically, for all p € D,

a(v, v; p)

orp(p) < o(p) = inf T2 (3.15)
We also define the residual
(v p) = fv;p) — aluy (), v; p) (3.16)
for all v € XV In particular, with ex(u) = w? (1) — un (), we have
alen (), v;p) = rn(v;p), Yoe XV, (3.17)
Hence, with &) () € X» that satisfies
a(eN (n), v ) = r(vip), Vo e XV, (3.18)

we may write

alen(p), en(p); p) = a(eN (1), en(p); ft)
< [N ()l x llen () || x
N(w)

”eN(H’)”M (3'19)

< Hé ||XW7
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where we have used v = ey (p) € X in (3.17) and (3.18), the Cauchy-Schwarz
inequality and the definition (3.15) of the coercivity lower bound. Hence,

é/\/
o (1) — e (12) e < (”N%X = An(n), (3.20)
QLB

where ||éN (1)]|x = sup,exa (rn (v; ) /||v] x) is the dual norm of the residual.
Again, due to the affinity assumptions (3.2), an efficient offline-online computa-
tional approach for Ay () can be developed. For a detailed derivation of (3.20)
and the corresponding computational procedure, see [17, 18, 20].

Now, we let XV > X be a discrete FE space identical to XV except for the
restriction on its members vanishing on T'Y. Then we let ¢ () € (V* 0 X))
be the solution of the problem

a(v, N (u);p) =0, Yoe XV, (3.21)

Note that since ¥V (u) € (V*NX*Y), we impose the essential Dirichlet condition
PN ()[pp = 1.

Next, if we choose any v* € (V* N XV), our “truth output” — to which the
RB output will be compared — is given from (3.7) as

N(w),v*s ) — fv*; ), (3.22)
and we obtain the error estimate

M

|7 (1) — s (p;07)| =

* =N ()| (3.23)

by using (3.21) with ex(u) € X», and the Cauchy-Schwarz inequality. Thus,
|sN () — sy (p;0%)] < An(p)]v* — N (p)]|u, and a good v* is also a good
approximation to 1/ (u), making the term |[v* — ¢V (p)]|,, small.

To bound the term [[v* — N (u)| ., We view v* as an approximation to ¢,
and define the residual 7« (v; ) = —a(v,v*; u). Analogously to (3.20), we have

eN
||7)* - ,(/}N(N)”“ < L‘L)Hf(/z = A+ ('u)7 (3.24)
(LB (m))
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where &Y. (u) belongs to XV and solves a(é. (), v; 1) = ro«(v; ) for all v €
XN, We thus arrive at

SN () — sn(p;07)| < An () (1) = AR (1) (3.25)

as an upper bound for our output of interest.

Note that if we write vV () = V0 () +9P, where P € (V*NXH) is some
chosen Dirichlet lift, we can write (3.21) as: Given p € D, find YN-0(u) € XN
such that

a(v, vN0(p); ) = —a(v, "5 ), Vo e XV (3.26)

Thus, if we choose 1P equal to v*, (3.26) is in fact the dual problem correspond-
ing to the primal problem (3.6) with the output functional [°*(:; &) given in
(3.7), since a(-,v*; p) is the linear functional part of [°"*(-; ). We elaborate on
this in Section 3.5.

3.4 “Good” flux lifting functions

We must keep two things in mind when choosing the flux lifting function v*.
Firstly, it is important that the term ||v* — ¢V (u)||, in the estimate (3.23)
is small. Secondly, we must make sure that the computational cost associated
with the computation of v* is small in the RB online stage.

Note that actually solving (3.21) for every new p and setting v* = ¢V ()
will result in a zero error in the RB output, but obviously also in an unaffordable
“truth FE complexity” online computational cost.

We next consider two alternative choices of “good” v*’s which both meet the
two requirements mentioned above.

3.4.1 Coarse finite element approximation

Our first choice is to construct a coarse finite element approximation to N ().
That is to say, we first find M (u) € (V* N XM)  (V* 1 XV) such that

a(v,p(u);p) =0, Voe XM, (3.27)

where the coarse FE space XM ¢ XN has dimension M < N, and XM is
equal to XM except for the restriction on its members vanishing on Y. We
then choose v* = M (u) as the flux lifting function. In particular, M should
here be chosen small enough that it is affordable to compute 1 () in the RB
online stage, without compromising the rapid online RB output evaluation.

40



Evaluation of Flux Integral Outputs

Now, to bound the term |[¢M(p) — ¢V (p)]|n, we use the result (3.24) to
arrive at [|[pM(p) — N ()] < Aa(p) (we here use aq to indicate that the
v* in (3.24) is now a coarse FE approximation to 1V (u)). Then, we define
AR (1) = An(p)Apm(p), and conclude that for all p € D,

[N (1) = sn (s 0™ ()] < AR (1. (3.28)

3.4.2 Reference parameter approximation

Alternatively, we may take v* = ¢/ (1) as our approximation of ¢V () for any
p € D. Since v* = ¢V (1) is the solution to (3.21) for the preselected reference
parameter, it can be precomputed in the RB offline stage and then reused every
time we evaluate the RB output of interest, without any additional RB online
cost.

From (3.24), an upper bound for the term ||¢N () — ¢V (@)]|,. is given by
Ap(p) (where we substitute g for .« to remember our particular choice for v*).
We thus get

|5V (1) — s (9N ()] < An () Ag(p) = A (1) (3.29)

as an upper bound for the error in the RB output of interest.

3.5 Primal-dual RB approximation

Evidently, one way to approximate 1V (1) is by way of a reduced basis approx-
imation ¥as(p). The RB problem corresponding to (3.26) (and (3.21)) reads:
Find ¢9,(p) € X{# such that

a(v, ¥ ()i ) = —a(v, 9P ), Vo € X3, (3.30)

and set () = Y8, (1) + 9P, Here, X4} denotes the RB dual approximation
space, given by

X§ = span{yN (p,,) — P IM_, (3.31)

where the N (p,,) are snapshots taken of ¥V at M different points in parameter
space. In fact, the formulation of the two problems (3.9) and (3.30), together
with the output of interest given in (3.10), correspond to a standard RB primal-
dual formulation, which is the standard way of speeding up the convergence of
RB solutions to general non-compliant problems [18, 20]. Let us spend a few
lines elaborating on this.
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First, we choose a v* € (V*N XN) and let ¥P = v*. Hence, the right-hand-
side of (3.30) is precisely the linear functional part of the output functional (with
a minus sign), and v* is the Dirichlet lifting function for the dual problem. The
standard “dual-corrected” RB output reads

San () = sn (s P) — rv (V3 (p); 1), (3.32)

where 7y (v; ) = f(v;p) — a(un(p),v; p)) is the primal residual and ¢, ()
is the homogeneous part of the solution to (3.30). In the below expression, we
drop the argument p of functions in all intermediate steps for brevity. With

en(p) = vV (p) — un (), we see that
|5V (1) = 3arn (1) = [™ (1) = s (:90P) + 7 (D35 )|
|a/ EN, 7IJ‘) +TN(1/)?\4’IJ‘)‘
= Ja(en, ™% p) = rn (W5 1)

E

= lalen, N0 p) + alun, ¥5; ) — a(@™ 04,5 p))|
=la en, N0 — )l
< len ()l 10 () — % () |- (3.33)

In the two first steps, we here use the expression (3.32) for §p; n and then
arbitrarity (up to functions in (V* N X)) of the flux lifting function for the
“truth” output (we can thus write sV (u) — sy (u;9P) = alen(p),¥P; 1)), In
the third and fourth steps, we invoke (3.26) with v = —en () and then (3.16)
with v = ¢9,. Next, we use the definition of the “truth” primal problem, then
linearity and lastly the Cauchy-Schwarz inequality. Hence, if we solve the RB
primal and dual problems in parallel with M ~ N, we get a “quadratic”’ effect
in the convergence of the output of interest.

Next, it is straightforward to deduce that §y N () = sy (p; ¥ (p)), ie.,
that these two output evaluations are equivalent. We start with the expression
(3.32), and then appeal to the (bi)linearity of a(-, ;) and f(-; ). Again, we
drop the p-dependence of functions for typesetting convenience:

(
(
(ens ¥ 05 ) + alun, ¥5 1) — F(U35 w))|
(
(

S () = sn (s ) = rv (Vs )

alun, ¥P; ) + alun, ¥ p) — F(O°; m) — F(035 )
alun, ¥° + i ) = FO° +9h )

= sn(;%nm)- (3.34)
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In other words, the standard dual-corrected output with v* = P produces the
same result as the non-corrected output with v* = () = 99, () + ¥P.
Thus, for flux integral outputs, the standard RB primal-dual approximation
framework may be viewed as a technique for improving upon any initial choice
v* =P

Up to this point, we have only considered a single output of interest. Surely,
it could in a practical application be desirable to evaluate several outputs of
interest, all being functionals of the solution of the same underlying PDE. For
example, we might want the integral of the flux through J entire disjoint sections
[y, TP, ... ,TY | of the boundary, resulting in J different output functionals
and thus in turn J different dual problems. Of course, in the case of multiple
outputs, no more than one can be compliant.

When J is small, solving the primal and dual problems in parallel with (say)
M = N basis functions may drastically reduce the RB output error(s) and error
bound(s). However, for many outputs (large J), online computation of the solu-
tion to every corresponding dual problem (when M ~ N) may be impracticable
— O(N?) and O(M?) operations are required for direct computation of the
solutions to the primal and dual RB problems, respectively — and we are thus
forced to trade numerical accuracy for computational speed. In this situation,
choosing good flux lifting functions seems important.

On the other hand, if we do proceed with RB approximations to the solu-
tion(s) to the dual problem(s) as well, making good choices for the dual Dirichlet
liftings would surely be of interest (obviously, ¥° = ¢V (i) would be the opti-
mal, though an impractical, choice).

3.6 Computational approach for output evaluation

In the RB online stage, and without regard to our particular choice for v*, we
need to compute

sn(p) = 17" (un (); p) = alun (), v*s p) = f(*5 p), (3.35)

once the RB solution is obtained. Note that also when we pursue a primal-dual
approximation, we are still left with an evaluation on this form, due to the result
(3.34).

Since, for each p € D, a(-,-; ) and f(-;u) are, by assumption, parametri-
cally affine, [°"*(-; u) will also be parametrically affine. Hence, we can compute
the RB output at an additional computational cost of O(N) operations. To see
this, we write a(v,w; ) and f(v;p) in their parametrically affine expansions
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(3.2) as
Qa Qf
a(v,w;p) = a¥(v,w)O4(p),  flo;w) = f1(0)O%(w), (3.36)

for any v,w € X. With uny(p) = anzl unn(p)Cn, where the ¢, are the or-
thogonalised RB basis functions (in order to get a reduced system of equations
that is well conditioned, the basis functions v (,,), 1 < n < N, are orthonor-
malised with respect to the norm ||-|| x, cf. [20]) and uy (1) are the RB solution
coeflicients, we get

Qa Qs
" (e (p); ) = Y a(un (), v)OL (1) = 3 FH(0*)O% ()
q=1

N Qa Qy
=D una(p) D a (G 0O (1) = Y f1(w)OF (), (3.37)

which is a @, N+ Qs operations summation, assuming that the values a?(¢,, v*),
1<q<Qq, and f9(v*), 1 < g < Qy are precomputed in the RB offline stage,
and that the function values ©¢(p) and ©%(p) are readily computable. Note
that we have here assumed for simplicity that v* is p-independent (according to,
for example, the reference parameter approximation discussed in Section 3.4.2).

Thus far, we have assumed that a and f are parametrically affine. In the
more general case of a non-affine problem, it is possible to construct parametri-
cally affine expansions that are good approzimations of a(-,-; u) and f(+; p) for
any p € D by invoking the empirical interpolation method [3, 9, 14]. In this
case, the additional computational cost for output evaluation is still only O(N)
in the RB online stage, but the RB problem solved is slightly modified.

4 An Illustrative Example

4.1 Problem formulation

We consider the electrostatic potential, u, inside a square domain Q = (0, 3) x
(0,3) which contains an “insulating” square anomaly, ()., with edges of length
0.6, as depicted in Figure 3.

Attached to the boundary of €, 02, are four electrodes of unity length,
centred on each of the edges of 2. The electrodes constitute the Dirichlet
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(3,3)

Fnorth

€2

\‘Qan
«<0.6—

Qb

I‘south
|

Y YYYY.

(0,0) —1—

Figure 3: Physical domain ) with an electrode attached to each edge.

boundary I'® = T'youth U north Ul east U west , on which the potential is presicribed
as

17 on Fsoutha

u= (4.1)
0, on I'north UTeast U I'yest -

On the Neumann boundary, I'N = 90 \ I'P, we assume electrostatic insulation,
i.e.

ou

— =0, onIWN 4.2

o n (4.2)
We define the “background material” as {},, = O\ Qan. The electric permittivity,
€, inside (2 is given as

€an = 0.1, in Qan.

¢ = {Engl, in ng, (43)

Finally, in Qs U Q.n, the electrostatic potential is governed by the Laplace
equation,

~V%u = 0. (4.4)

Our problem is parametrised by the parameter vector p = (u1,u2) € D,
which determines the position of the centre of 2,,,. Here, D C () is our parameter
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Figure 4: Decomposition of the physical domain into nine (deformed square) spectral
elements.

domain, defined as D = [1, 2] x[1, 2]. Hence, the shape of Q4 and the position of
Qan depend upon p. For typesetting convenience however, we do not explicitly
denote these dependencies in formulas.

Our output of interest is the accumulated charge on the eastern electrode,
i.e., the capacitance corresponding to the “south-east” pair of electrodes, given
by the flux integral

(1) = —evg /F 813(:) ds. (4.5)

east

4.2 RB treatment
4.2.1 Parametrised weak form

Let u® € H! be alifting of the Dirichlet data (4.1), and write u(p) = u®(p)+uP.
With the boundary conditions (4.1) and (4.2), together with the assumption of
flux continuity on the interior boundary and global continuity of the solution, the
parametric weak form of our problem reads: Given any p € D, find u°(u) € X
such that

a(u(p),v;p) =0, YveX, (4.6)
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where u(p) = u®(p) + uP,

a(u(p),v; 1) = €pg Vu(p) - VodQ + ean/g Vu(p) - VodQ (4.7

ng an

and X = {v e H' : v|pp = 0}.

In order to treat our problem numerically, we decompose our domain into
nine subdomains, as depicted in Figure 4. Next, we introduce a reference domain
Q = (~1,1) x (~1,1) and standard transfinite mappings [8] Fi : Q; — Q,
1 <i<9. We may then write our bilinear form, a, in terms of the reference
variables (£,n) on the reference domain as

9
aulpn).vim) = 36 [ (9() " Gilp) T a0, (48)
i=1 79

where V is the gradient operator in the reference variables and, for 1 < i < 9,
€; denotes the electric permittivity in Q;, 9;(£,n) = v(z,y)|q, o Fi, and G; is a
parametrically and spatially dependent 2 x 2 symmetric positive definite matrix
comprising the geometrical factors induced by F;.

4.2.2 “Truth” spectral element approximation

In order to construct the snapshots upon which to build the RB approximations,
we define the “truth” discretisation of (4.6). To this end, we shall employ a
standard spectral element method based on high-order polynomials [15].

As our discrete “truth” approximation space, we define

XN ={ve H'(Q) :v|ro = 0,8 € Pp(),1 <i <9}, (4.9)
where PP(Q) denotes the space of polynomials of degree P in each direction
over Q. With A/ = dim(X*), we note that A" ~ P2. For the Dirichlet and flux
lifting functions, we shall also use (mapped) polynomials. We thus require the
spaces

XN ={ve HYQ) :v|ro\r,,, = 0,8 € Pp(),1 < i <9}, (4.10)
XN n ={v e HY(Q) :vlpor,,.,. = 0,9 € Pp(Q),1 <i <9}, (4.11)

and we also define
V*={veH :vlpo\r,,, =0,v[r,., =1} (4.12)
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We now state the “truth” discretisation of (4.6) as: For any p € D, find
uNO(u) € XV such that
Np),vip) =0, YoexV, (4.13)

a(u
where w () = w0 () +uP and uP € X . is some chosen (p-independent)
lifting of the Dirichlet data (4.1). The corresponding “truth” output of interest
is

SN (p) = 1" (N () p) = a(u (), 0% ), (4.14)

In (4.14), we have omitted the minus sign (that appeared in (4.5) since the
capacitance is positive by definition). Also note that for the “truth” problem,
any two v* € (V>N Xé\afst) will produce the same numerical output, as we saw
in Section 2.

As basis functions for the three discrete spaces above, and as shape functions
for the “truth” approximations, we use the Lagrange polynomials over the (P +
1)2 tensorised GLL nodes (on ) [5]. Specifically, we have made the choice
P = 35.

Due to the change from Neumann to Dirichlet boundary conditions at the
electrode edges, u exhibits known singularities [2, 11| which will limit the con-
vergence of the high order polynomial approximation. Although there exist
techniques to improve the finite element convergence rate when singularities are
present, (e.g. using an adaptive h-p finite element method [2]) we restrict our-
selves here to a standard spectral element approximation based on high order
polynomials since our focus in this paper is the accuracy of the RB approxima-
tion relative to the “truth” approximation.

4.2.3 Reduced basis approximation

The RB approximation spaces are defined as

Xy = span{u™NO(p, )}, (4.15)
for 1 < N < Npax. If we move the term comprising the Dirichlet lifting to
the right-hand-side, the RB problem may be written as: For any p € D, find
u® (1) € Xy such that

a(u®(p),v; p) = —a(uP,v;p), Vo€ Xy, (4.16)
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and set uy(p) = u (@) + uP. We then evaluate our output of interest as

s (i ") = alun (1), v's ), (4.17)

where we choose v* € (V* N XN,).

In order to construct Xy, 1 < N < Npax, we use the greedy parameter
selection process outlined in Section 3.1.3. We start by choosing p; randomly
from D and then compute the corresponding first snapshot u™9(p,). Next,
for 2 < N < Npax, we choose pp from a training sample Zgain C D in a
greedy manner based on a posteriori upper bounds Axn_1(p) — computed for
every p € Zipain — for the energy-norm errors [[u™N:0(pu) — v, (1)]|, and
then compute the next snapshot as v%(py). (A detailed description of the
procedure can be found in [17, 20].) Here, we have chosen Zy,,i, as an equidistant
“orid” of 225 points in D.

Unfortunately, the elements of the matrices G do not permit a paramet-
rically affine expansion of a, as assumed in (3.2). For this reason, our compu-
tations do not immediately decouple into the very desirable offline and online
stages. However, as commented in the previous section, the empirical interpo-
lation method provides means to this end [3, 9, 14]. In fact, we can make the
empirical interpolation error negligible if we make sure to include enough terms
in the approximate affine expansion of a. If the number of required terms is
not too large, we can at the same time use an efficient offline-online computa-
tional approach. In the numerical tests that follow, however, we have chosen to
not use an offline-online decoupling approach, since this is not critical for our
conclusions.

4.2.4 A posteriori error estimation: a coercivity lower bound

If we were to use an offline-online decoupling approach for our particular prob-
lem, we should also include additional terms in the a posteriori error estimators
in order to account for the empirical interpolation error [3, 16]. However, the
standard estimators from Section 3 are still valid under the assumption of a
negligible interpolation error because the additional terms will vanish as the
interpolation error goes to zero. Hence, if we for any pu € D can establish a
coercivity lower bound ap,p(p), we can compute an energy-norm error bound
An(p) and output error bounds A{ () and AR}, (p) as described in Sec-
tions 3.3, 3.4.1 and 3.4.2. In fact, if we for 1 < k <9 let o (p) denote the set of
eigenvalues of the (symmetric and positive definite) matrix G () of geometrical
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factors, and define

A (p) = min_ox(&,mp), AT(w) = max ow(En;p), (4.18)
(&meQ (&me
1<k<9 1<k<9

it can be shown (c.f. [7, 13]) that a coercivity lower bound for our particular
problem is given by

arp(p) = (4.19)

Our particular choice for the reference parameter vector is g = (1.5, 1.5), i.e., the
centre of D. We make a remark here that we in practice realise the maximum
and minimum of the oj(-, ;) over the tensorised GLL nodes. An efficient
offline-online decomposition procedure for the coercivity lower bound — the
successive constraint method — can be found in [20].

4.3 Numerical results

Here, we present results for the RB output error, defined as

N(p) = sn(psv*)], (4.20)

eVt (s v*) = s

and the RB output error bound A . (p). For v* € (V* N XL,,), we shall
make use of three different functions: The reference parameter approximation
YN () discussed in Section 3.4.2 with @ = (1.5,1.5), the coarse finite element
approximation ™2 () discussed in Section 3.4.1, which corresponds to the
solution of (3.27) using quadratic polynomials as basis functions, and a “naive”
choice, v* given as

o = 1, on Ceast, (4 21)
naive — 0, at every other GLL node. .

Note that in a spectral element context, the naive choice would be the natural
and computationally convenient choice to make for v*.

In order to test the RB approximations, we introduce a test sample ZEesy C D
consisting of 200 random points with a uniform distribution over D. We assume
that Zest is dense enough that the behavior of the RB output for p € St
gives a good representation of the behavior of the RB output for all p € D.
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Figure 5: Maximum (left) and mean (right) of the output errors eQ'* (; v*) over Egest
for the three choices ™ (@) (x), ™2 (1) (o) and v}ae (0) for v*, as functions of the
number of reduced basis functions, N.

In Figure 5, we plot the maximum (to the left) and mean (to the right) of
the output errors e (p; N (@), et (p; M2 () and e (5 v} ,00) over all
I € Ziest as functions of the number of RB basis functions, V. We conclude that
the two “good” choices for v* in general perform about an order of magnitude
better than the naive choice.

Next, for all g € Eieg, and for the particular case of N = 25, we compute
the effectivity associated with the output error estimator A‘J’V‘{tﬂ, defined as

SR () = A1)
Nt = R s o ()

Associated with the other two choices for v*, we define the effectivities V}{}fﬁ\@ (n)

(4.22)

and V3. (p) in a similar way. For most p € Zqest, the effectivity v}, (p) is

in the ra}‘fgé O(100) < v}, (1) < O(1000), as shown in Figure 6. For the other

two effectivities, v, (1) and V?\}Jvfj,ﬁawg (), the results are similar (not shown).

out

We also find that, for most g € Egest, VR, (1) < VR (1) < VRs  (w). This
is, however, not generally true for other choices of V.

The reason for the output error estimators being rather conservative is the
large “angle” between the error of the primal problem, uy () — v (p), and
the error of the dual problem, ¢*V(@2) — ¢V (u). Thus, the Cauchy-Schwarz
inequality, used in (3.23), becomes unsharp. This point is readily verified for the
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Figure 6: Output error bound effectivity VR,“}L(;J,) for all g € Zgegy for N = 25 (in no
particular order).

estimator A‘I’\}‘f- by separate computation of the effectivities associated with the
estimators Ay (p) and Ag(p) for the primal and dual problems, respectively,
which are indeed close to unity (of course, the same argument works for the
other estimators as well). For N = 25, we find

max SN ~ 2.68 (4.23)
BESrest |[UN (1) — un ()]

and (irrespective of N)

An(m) ~ 2.94 4.24
B e Y (4.24)

Hence, we do have a quite sharp bound for the right hand side of (3.23) for all
I € Ziest, and the unsharpness of the RB output error bound must be ascribed
to the Cauchy-Schwarz inequality. Another implication of the sharpness of the
individual error bounds is that our coercivity lower bound, app(p), must be
very sharp for all p € Z¢eqt.
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4.4 A note on a special compliant problem

Since the governing equation for our problem is the Laplace equation (4.4), the
parametrised bilinear form a(-,-; ) is symmetric for each g € D, and the only
term that enters on the right-hand-side in the weak formulation is the Dirichlet
lifting term —a(u®P,v; u) (as in (4.16)). Now, in the very special case that we
would like to evaluate the flux integral output over the same electrode on which
a unity potential is imposed, we may choose v* = uP as the flux lifting function.
In this case, our RB output of interest is sy (;uP) = a(un(p),uP; p). With

en(p) = uN () — un(p), we get
sV (1) — sn (s uP)| = lalen (), u®; p))|
= la(u®, en(p); )|
= la(uN (), en(p); )|
= la(en (), en(p); m)| = llen (w2, (4.25)

where we use the symmetry of a(-,; ), then (4.13) (with vV (p) = wN-0(u) +
uP(p)) and the fact that ey (p) € XV, and finally again symmetry of a(-, -; u)
and Galerkin orthogonality. Hence, the RB output error converges quadratically
with the energy-norm error without any simultaneous primal-dual treatment.

In the multi-electrode case, it is of little practical interest to evaluate the
capacitance over the electrode with unity Dirichlet data, since this evaluation
would only yield the total capacitance, as if we were to sum up the capacitances
between the selected electrode and each of the other electrodes. However, for
the sake of argument, suppose our system consists of only two electrodes. Then
the exact output over one of the electrodes is equal to the exact output over the
other, with a minus sign. We can thus choose to evaluate the output over the
electrode with unity Dirichlet data (and multiply by (—1)).

We emphasise again that this compliant effect is restricted to the special case
in which f = 0, the unity Dirichlet input electrode coincides with the output
electrode and a(-, -; ) is symmetric for each p € D.

In [7], the numerical example discussed in Sections 4.1-4.3 is extended to
incorporate three outputs (specifically, the capacitances between the south elec-
trode, Tsouth, and each of the other electrodes, Teast, Tnorth and Tyest). Also,
several symmetries of the problem are exploited — which we have not done in
this paper for the sake of simplicity of exposition — and the empirical interpo-
lation method is used in order to achieve an efficient offline-online decoupling
of the RB computations. Finally, we also mention [21], in which a very similar
electrostatics problem is solved with the h-p finite element method. As in our
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example, the outputs of interest are the capacitances corresponding to pairs of
electrodes, and evaluation of the outputs both via a flux lifting function and by
direct computation is considered.

5 Concluding Remarks

We have shown that the flux lifting function, which we call v*, should be chosen
with care when evaluating flux integral outputs from reduced basis approxima-
tions. Our two different proposals for a “good” v* have been seen to give better
results (a smaller RB output error) than a naive v* in a simple (Laplace equa-
tion) numerical example. In contrast, we note that the naive v* would have
performed equally well as the “good” ones within a standard finite element con-
text. (In fact, the naive choice is convenient in terms of implementation, and is
thus often used in practice for the FE method.)

In the case of many (flux integral) outputs of interest that are all functionals
of the same RB solution, a standard primal-dual error reduction technique may
become too expensive. In this case, choosing a good v* is important to make
sure that the RB (primal only) output error is not unnecessarily large.
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Abstract

We present a new “hp” parameter multidomain certified reduced basis
(RB) method for rapid and reliable online evaluation of functional out-
puts associated with parametrized elliptic partial differential equations.
We propose, and provide theoretical justification for, a new procedure for
adaptive partition (“h”-refinement) of the parameter domain into smaller
parameter subdomains: we pursue a hierarchical splitting of the param-
eter (sub)domains based on proximity to judiciously chosen parameter
anchor points within each subdomain. Subsequently, we construct in-
dividual standard RB approximation spaces (“p’refinement) over each
subdomain. Greedy parameter sampling procedures and a posteriori er-
ror estimation play important roles in both the “h”-type and “p’-type
stages of the new algorithm. We present illustrative numerical results for
a convection-diffusion problem: the new “hp’-approach is considerably
faster (respectively, more costly) than the standard “p™-type reduced ba-
sis method in the online (respectively, offline) stage.

1 Introduction

The certified reduced basis (RB) method provides a computational framework
for rapid and reliable evaluation of outputs associated with parametrized partial
differential equations. Given any input parameter vector—such as geometric
factors or material property coefficients—the RB field approximation is con-
structed as a Galerkin linear combination of precomputed “truth” finite element
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(FE) “snapshots” at optimally chosen parameter values; the RB output approx-
imation is then evaluated as a functional of the RB field approximation. The
methodology was originally introduced in [1, 21] and then further analyzed in
[22, 23]; for a review of both earlier and more recent contributions, see [24].

For problems in which the field variable varies smoothly with the parame-
ters, good RB approximations can be obtained with very few snapshots: the RB
approximation converges exponentially fast [5, 8]. Furthermore, rigorous a pos-
teriori upper bounds for the error in the RB approximation (with respect to the
truth discretization) can be readily developed [24]. Finally, under an assump-
tion on “affine” parameter dependence (perhaps only approximate [4, 13]), both
the RB output approximation and the associated RB output error bound can be
computed very efficiently by offline-online computational procedures [24]. The
RB method is especially attractive in engineering contexts in which low marginal
(online) computational cost is advantageous: “real-time”—such as parameter es-
timation [19] and optimal control-—and “many-query”—such as multiscale [6] or
stochastic simulation [7].

The RB approximation space is specifically constructed to provide accu-
rate approximations for any parameter value in a predefined parameter domain.
Hence, larger parameter domains typically induce larger RB spaces and greater
computational cost. In this paper we propose, and provide theoretical jus-
tification for, a new procedure for adaptive partition (“h’-refinement) of the
parameter domain into smaller parameter subdomains: we pursue a hierarchi-
cal splitting of the parameter (sub)domains based on proximity to judiciously
chosen parameter anchor points within each subdomain. Subsequently, we con-
struct individual standard RB approximation spaces (“p’-refinement) over each
subdomain. Greedy sampling procedures and rigorous a posteriori error esti-
mation play important roles in both the “A”-type and “p’-type stages of the
algorithm.

In this new approach, the RB approximation associated with any new pa-
rameter value is, as always, constructed as a linear Galerkin combination of
snapshots from the parameter (sub)domain in which this new parameter value
resides. However, we expect the online computational cost of the new approach
to be greatly reduced relative to the online cost of the standard RB approach
due to the smaller parameter (sub)domains and hence lower-dimensional local
RB approximation spaces associated with the “hp” approximation. The method
should be particularly effective for problems in which the solution has very dif-
ferent structures in different regions of the parameter domain—problems for
which a snapshot from one parameter region may be of limited value for the RB
approximation in another parameter region.
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The notion of parameter domain refinement within the model order reduc-
tion framework is considered in several earlier works. In [2, 3], a reduced-order
parameter multielement “interpolation” procedure is introduced for aeroelastic-
ity problems; this interpolation procedure and our approach here share a similar
error-adaptive domain-decomposition foundation. However, the two approaches
are quite different: interpolation on a manifold rather than Galerkin projection
(here); parameter domain partition based on a Voronoi diagram rather than a
hierarchical tree structure decomposition (here); heuristic error indicators rather
than rigorous error bounds (here); and less strict rather than strict offline-online
segregation (here). However, our own approach cannot yet treat problems of
the complexity considered in [2, 3.

In other related work [14, 15, 25], adaptive train sample refinement is consid-
ered to render the Greedy parameter sampling procedure more efficient: richer
samples are considered only as needed in the Greedy iterations [25] and only
where needed in the parameter domain [14, 15]. Our approach invokes a similar
technique: we include new points in the train sample within each subdomain
at each new level of “h’-refinement; we thus effectively adapt the train sample
to the more “difficult” parameter regions which require many subdomains. Ref-
erence [14] also proposes a multiple-bases (“hp”) approach which shares certain
features with our approach here but also differs in several important ways in
particular related to the “A’-refinement partition strategy.

In section 2 we give the general problem statement along with various def-
initions required throughout the paper. In section 3 we review the standard
(“p™-type) RB method; in section 4 we present the new “h’-type RB method
and provide an a priori convergence theory for a zeroth-order approximation in
the one-parameter case; in section 5 we present the new “hp”-type RB method
as a combination of the “p”- and “h”-type methods. In section 6 we present
numerical results for a convection-diffusion model problem and in particular
we compare the computational cost of the new “hp’-approach to the standard
“p’-type method. We conclude in section 7 with some final remarks.

2 Problem statement

We shall consider linear, elliptic, coercive, second-order partial differential equa-
tions. We denote the physical domain by  C R?, and we introduce the spaces
L2(Q) = {v : [H0v?dQ < oo}, HY(Q) = {v € L*(Q) : [Vv] € L*(Q)}, and
HYQ) = {v e H' Q) : v|spa = 0}. We further define the space associated with
the exact solution (hence ¢) X¢ = X¢(Q) such that H}(Q) C X¢(Q) C H(Q).
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We introduce a compact parameter domain P C RP; a point in D shall be
denoted p = (u1, ..., up).

For each p € D, a(-,-; ) is an X -coercive and X ¢-continuous bilinear form
and f(-; ) is an X¢-bounded linear functional. To accommodate an efficient
offline-online computational procedure, we assume that a and f admit affine
expansions as

Qa Qr
a(sp) =Y a%()0%w),  flipm) =Y [0 ) (2.1)

for modest (), and @y, where the a? and f? are p-independent continuous
bilinear forms and linear functionals, respectively, and the ©¢ and ©% are u-
dependent continuous functions. (The assumption (2.1) can be relaxed with
the empirical interpolation method [4, 13] for the construction of good affine
approzimations to a and f.) For simplicity, we introduce @ = max{Qq,Qy}.

The exact problem statement reads as follows: Given any p € D, find
u®(p) € X such that

a(u(w),v; ) = flo;p) Yo e X°. (2.2)
The output of interest can then be evaluated as a functional of the field variable,
say, s(p) = l(u®(p); ) for some X°-bounded linear functional I(-; ). In this
paper, however, for simplicity of exposition, we consider no particular output(s)
of interest; our “hp” procedure does not depend on the output functional(s)
chosen.
We next introduce a “truth” finite element (FE) space X = XV (Q) ¢ X¢(Q)
of finite dimension A. The truth discretization of (2.2) reads as follows: For
any p € D, find u(p) € X such that

a(u(p),v;p) = f(vip) Yo e X. (2.3)

We assume that X is rich enough that the error between the truth and exact
solutions is in practice negligible. The RB approximation will be built upon
truth snapshots u(w,,) = u(w,), 1 < n < N, for judiciously chosen pu,; €
D,...,uyn € D, and the RB error shall be measured with respect to the truth
FE approximation.

For any p € D, let as(-,-; u) denote the symmetric part of a(-, ; u): for any
@ € D and for all v,w € X, as(w,v; p) = %(a(w,v;u) + a(v,w; w)). Further,
let @ € D denote a fixed reference parameter. We then define the parameter-

independent X-inner product and corresponding X-norm as

('7'>X = as('a '}l_J/), H : ||X =V (" ')X7 (24)
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respectively. By our assumptions, || - ||x is equivalent to the H!-norm.

Finally, we introduce for all p € D the coercivity and continuity constants
of a(-, -; ) with respect to the X-norm,
g Aw wip)

a(v, w; p
a(p) = in . 7(p) = sup sup ( )

alv,wipm) g g
weX ||’U)||2X veX weX H’U”X'HU)”}(7

respectively. For any particular g € D, we further require lower and upper
bounds,

a(p), (2.6)
Y(m), (2.7)

which shall play a role in our computational procedures. We shall also invoke
lower and upper bounds over D,

0 < ars(p)
oo > yuB(m)

IV IA

= mi 2.8
a = mina(p), (2.8)
—m v 2.9
K ueal})(% ), (2.9)

for the purposes of our theoretical arguments.
We shall later need the following lemma.

Lemma 1. Let ©1 : D = R, 1 < q < Qq, ©7: D = R, 1 < q < Qy, satisfy
Lipschitz conditions

|O% (1) — OL(py)| < Calpry — o] Yy, e €D, 1<q<Qy, (2.10)
0% (p1) = O% (1) < Cplpy — pal Yuy,ps €D, 1<q¢<Qp.  (211)

Then, given any i, by € D, there exists a positive constant C such that

() = u(ps) | x < Clpg = pal. (2.12)

Proof. We have
a(u(py), v py) = f(vspy) Vo € X, (2.13)
alulp), v; pg) = flvipy) Ve X. (2.14)

By bilinearity of a, we thus have for all v € X

a(u(py) — u(py),vspy) = f(v; ) — f(v; o)
+a(u(ps), v; o) — a(u(ps), v; py).  (2.15)
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We first examine the right-hand side of (2.15).
By the triangle inequality and the affine expansions (2.1) for a and f, we
have for all w,v € X and any p,, uy € D

Qa
la(w,v; py) — a(w, v po)| <D Ja?(w,v) (O () — O (k1)) (2.16)
and
Qr
(w5 1) = (03 )| <D 1F1(0) (O% (1) — ©% (1)), (2.17)

respectively. By our hypothesis, (2.10) and (2.11) on 0%, 1 < ¢ < @, and @‘JIC,
1 < ¢ < Qy, respectively, and continuity of a?, 1 < ¢ < Qq, and f9,1 < ¢ < Qy,
there exist constants ¢; and é; (independent of p; and p,) such that

|aw, v; ) = a(w, v; py)| < Elollxllwllx |py — pol (2.18)

and

[F (03 1) = [ (v5 o) | < Coflol[x ey — pao- (2.19)

Recall that @, and Q¢ are fixed and finite.
We now let v = u(py) — u(py) in (2.15) and deduce from the triangle in-
equality, (2.18), and (2.19) that

a(u(pey) —u(py), u(pey) — u(pey); py)
< (@llulp)llx + ) [[u(pe) — ulpo)llx |1y — pol. (2.20)

By coercivity and the bound (2.8), we get
1

lu(he) = ulpa)llx < 2 (@nllulpa) lx + E2) iz — g - (2.21)

Finally, by the Lax-Milgram lemma, (2.8), the boundedness of f(-; u) for any
p € D, and the fact that D C R” is closed,

u(py)l|x < IFCsp)llxe o NFCG )X (2.22)

arg(p) ~ weD o
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(here X’ denotes the dual space of X), and we thus obtain the desired result
with

G — max UG u)|lX’ toa
neD o

(2.23)

(We can develop a constant C that is furthermore independent of A’ by replac-
ing the truth entities o and || f(; )|/ x- in (2.23) by the corresponding exact
entities.) O

3 The “p’-type RB method

In the standard RB approach, a single approximation space is enriched with new
basis functions until the space is considered sufficiently rich; we shall refer to this
approach as the “p’-type RB method. The new “h”-type and “hp”-type methods
will borrow and adapt several of the ingredients from the standard approach: a
posteriori error estimation; greedy parameter sampling; and offline-online com-
putational decoupling of the RB discretization and the truth FE discretization
through a construction—evaluation decomposition. Below, we summarize the

standard RB method with particular emphasis on these key ingredients.

3.1 Approximation

The RB approximation space Xy = Xy (Q) € XN (Q) is defined in terms of a
set of parameter vectors iy € D,...,puy € D as

X = spanfu(py), ., ulpy)}- (3.1)

(Note that, in practice, an (-, -) x-orthonormal basis for X is constructed by a
Gram—Schmidt procedure.) The RB approximation reads as follows: Given any
p €D, find uy(p) € Xy such that

alun(p),v;p) = f(o;pm) Yo € Xn. (3.2)

Under the assumption that u(p) depends smoothly on the parameters, we expect
that N—the dimension of the RB space—can be chosen much smaller than N'—
the dimension of the truth space X—for comparable numerical accuracy.

We finally formally define the “order” p of the RB approximation as p =
NP — 1. We shall return to this point and elaborate on this interpretation in
Remark 5.
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3.2 A posterior: error estimation

We recall here the derivation of an a posteriori X-norm bound for the error in
the RB field approximation relative to the corresponding truth approximation
[24].

Given any p € D, we obtain the RB approximation, ux(u), from (3.2); we
then define for all v € X the RB residual as

(v p) = f(0; p) — alun (1), v; p). (3-3)
The Riesz representation of the residual, Ry () € X, satisfies
(Ry(p),v)x =rn(v;pu) Yo e X. (3.4)
We can now state the following lemma.

Lemma 2 (a posteriori X-norm error bound). For any p € D, the RB error
bound

Ax(a) = PRI (35)

satisfies
[u(p) —un(w)lx < An(p)

An(p) vus(p)
) —un@llx = awnlp) (3.7)

for arp(p) and yup(p) given by (2.6) and (2.7), respectively.

Proof. The RB error, ey(p) = u(p) — un(pe), satisfies the error-residual equa-
tion

alen(p),vip) =rn(v;p) Vo€ X (3.8)

To obtain (3.6), we choose ex () for v in (3.8) and invoke (3.4) and the Cauchy—
Schwarz inequality to get

alen(p),en(p); ) = (Rn(p) en(p))x < [[Ry(p)llxllen(p)llx;  (3.9)

we then invoke coercivity and (2.6) to arrive at

avs(p)llen ()15 < [1Rx ()| x[lex ()| x- (3.10)
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The result (3.6) now directly follows from the definition (3.5).
To obtain (3.7), we choose Ry (u) for v in (3.8) and invoke (3.4), continuity,
and (2.7) to get

IRy ()% = alen (), Ry (p); 1) < vus(w)|len ()l xRN ()] x5 (3.11)

hence [|[Ry(p)|lx/llen()llx < vyup(w), and the result (3.7) follows from the
definition (3.5). O

3.3 Construction-evaluation decomposition

Thanks to the assumption (2.1) on affine parameter dependence, the compu-
tational procedures for the RB solution and error bound admit construction-
evaluation decompositions (see also [18, 20]): the construction stage is compu-
tationally expensive—the operation count depends on A; however, in the sub-
sequent evaluation stage we can then rapidly—independently of N—evaluate
the RB approximation and RB error bound for any g € D. (In actual practice
we would of course also evaluate the RB output and RB output error bound
at negligible additional cost.) The construction-evaluation decomposition in
turn permits the full offline-online computational decoupling described in the
introduction; we further discuss this decoupling below.

We first describe the construction-evaluation decomposition for the RB ap-
proximation: Let {¢(; € Xn,...,(ny € Xy} denote an X-orthonormal basis
for Xn. In the construction stage, we assemble the matrices A% € RN*N
1 < g < Qq, and the vectors Fy, € RV, 1<¢< Q@ ¢, the elements of which are
defined by

Al = a¥(Cny Cim), F o = F1(Cm), 1<m,n <N, (3.12)

N,mn

respectively. In the evaluation stage, given any p € D, we evaluate the functions
O%(p), 1 < g < Qq, and @}(u), 1 < ¢ < Qy, in O(Q) operations; we then
construct the RB stiffness matrix and load vector as

Qa Qf
An(p) =) OUmAY,  Fn(p) =) O%4u)Ff, (3.13)

respectively, in O(Q,N? + Q;N) = O(QN?) operations; finally, we solve the
associated system of equations

ANn(p)uy(p) = Fn(p) (3.14)
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for the RB basis coefficients uy (@) = [un1(p), ..., unn(p)]" in O(N?) oper-
ations (we must anticipate that Ay (p) is dense).

We next describe the construction-evaluation decomposition for the dual
norm of the residual. By linearity, we can write (3.4) as

Qr Qa N
(R (), v)x =>_ 0% w) f1(v) = > Y 0L (p)unn(p)a?(Cn,v)  (3.15)
qg=1

g=1n=1

N
> Tn(p)Ln(v), (3.16)

n=1

where N = @ + NQ,. By linear superposition, we can thus write

N
Ra(p) =Y Tu(p)Gn, (3.17)
n=1
where, for 1 <n < N,
(Gn,v)x = L, (v) YveX. (3.18)
We thus have
RN ()15 = (R (), Ry (1)) x (3.19)

N N
=D > Lalw)la(p)Grns (3.20)
m=1n=1

where the G,,,, are defined as
Gon = (Gm,Gn)x, 1<m,n<N. (3.21)

In the construction stage we first perform the truth Poisson solves (3.18) for G,
1<n< N; we then compute and store the inner products G, 1 < m,n <
N. In the evaluation stage, we evaluate the functions I'), (), 1 < n < N , in
O(NQq+Qf) = O(NQ) operations and then perform the summation (3.19) in
O((NQ, + Qy)?) = O(N?Q?) operations.

In general, the coercivity lower bound arg(p) will not be known analytically
and must be computed. An efficient construction-evaluation decomposition for
the coercivity lower bound—the successive constraint method—can be found in
[17, 24]; the evaluation complexity is independent of A'. We do not discuss
this component further here in particular because for our numerical example of
section 6 an analytical lower bound arg(p) is, in fact, available.
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Algorithm 1 Greedy!(Z, py, €01, Nmax).
initialize: N «+ 0, eg - 00, X + span{0}
while ey > €0 and N < Np.x do

N+ N+1
Xn + Xn_1 @ span{u(py)}
EN < MaX,ec= AN(/J,)
Ky < argmaxyes An(p)
end while
Npax < N

3.4 Greedy parameter sampling

We now discuss the construction of the hierarchical RB approximation spaces
Xy = span{u(p,)}YN; € X, 1 < N < Npax (see also [24, 26]). We first
introduce a finite train sample Z C D; a (random, say) initial parameter vector
;€ D; an error tolerance €yo); and a maximum RB dimension Nmax. We then
perform Algorithm 1. The output of the algorithm is the RB space Xy, ., where
Nipax < Nmax. Note that the construction-evaluation decomposition allows us
to use a dense train sample: each evaluation of the error bound in the max is
very inexpensive; the truth is invoked only for the “winning” candidates, py,
1 < N < Nmax~

3.5 Offline-online computational decoupling

We now describe the full offline-online decoupling procedure for the “p”-type RB
approximation: the offline stage—performed only once as preprocessing—may
be very expensive (N-dependent); however, the subsequent (N-independent)
online stage—performed many times for the computation of the RB solution
(and output) and RB error bound (and output error bound)—is very fast.
The offline stage is essentially the Greedy! algorithm (Algorithm 1). The
parameter-independent entities A%, € RNmaxxNmax 1 < g < Q,, FY
RNVwax 1 < ¢ < Qy, and (G, Gn)x, 1 < myn < QulNmax + @y, are retained
from the construction stage of the last iteration. The permanent online storage
requirement is thus O(QaNZax + QfNmax) = O(QNZ,,) for the AL and
FY o and O((QaNmax + Qf)?) = O(Q*N2,,) for the (Gp,Gn)x. We note
that since the RB spaces are nested, we can extract subarrays from the stored
entities in order to construct RB approximations of any order 1 < N < Npyax

(hence providing for online adaptivity).
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Figure 1: A perfect binary tree and associated Boolean vectors corresponding to
L =3.

)

The online stage is, for the “p’-type method, equivalent to the evaluation
stage: given any p € D, we assemble the RB system in O(Q,N? + Q;N) =
O(QN?) operations, compute the RB solution in O(N?) operations, and finally
evaluate the RB error bound in O((NQ, + Qf)?) = O(N?Q?) operations.

4 The “h”-type RB method

In this section we formulate the “A”-type RB method. We first provide prelimi-
naries required throughout the paper; we next present the “h”-type approxima-
tion algorithm; we then consider a posteriori error estimation; we subsequently
describe the offline-online computational decomposition; finally, we develop a
new a priori convergence theory for the zeroth-order approximation in the case
of one parameter.
4.1 Preliminaries: Tree-subdomain structure
We first define the set of Boolean vectors of length [,

By = {1} x {0,1}'7%; (4.1)
we shall denote a particular member of B; as

B, = (177;2,...,7;1) € B;. (42)

We next introduce a perfect binary tree with L levels and K = 277! leaf nodes
as shown in Figure 1 (for the particular case L = 3); we then associate each
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B, € B, 1 <1 <L, to anode in the tree. We note that appending a “0” to
a vector B; corresponds to a left bend in the tree and appending a “1” to a
vector B corresponds to a right bend in the tree; we define these “bends” by
the concatenation

(Bi,i) = (1,ia,...,i1,0),  i€{0,1}, (4.3)

and we say that Bj is the parent of the two children (B, ), i € {0,1}.

Given an initial parameter domain D, we shall perform the “h”-refinement
by recursive splitting of D into smaller parameter subdomains. The subdomains
will be defined hierarchically and thus can be associated to a tree; we assume
for the moment that we can organize the 2% — 1 subdomains in a perfect binary
tree. We denote the subdomains as

VB, cD, B e Bl, 1<I<L, (44)
and we require the parent-child hierarchy

ViB.0) C VB, (4.5)
V(Bl,l) C Vg, (4.6)

We associate to each subdomain Vg, a set of N parameter values denoted by
MN,B; = {IJ’I,Bla"wIJ‘N,BlL B GB[, 1<1< La (47)

in which py 5, € Vp,, ...,y p, € VB,; we may then define the RB approxima-
tion spaces (of dimension N) associated with the “models” M ~,p, and subdo-
mains Vg, B € B;, 1 <1 <L, as

XN,B; = Span{u(p’l,Bl)7 s 7U(H1\7,Bl)}7 B e Bl7 1<I< L (48)

(The actual bases are, as always, orthonormalized.)
To each model My g, and corresponding subdomain Vg, we associate a
parameter anchor point, fip,, defined as

Pip, = B, (4.9)
We shall further impose (by construction) that, for 1 <1< L —1,

(B,,0) = B, (4.10)
BBy 7 B (4.11)
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the anchor point is thus inherited only by the “left” child. The partition of D
into subdomains is inferred from proximity to the anchor points.

To this end, we introduce for any Boolean vector By € By, 1 <[ < L, a
“proximity function” dp, : D — R*. For example, we can choose the Euclidean
distance between two points,

dp, (1) = | — i, 1l2- (4.12)

We then successively evaluate the proximity function to determine, for any given
1 <1 < L, which subdomain Va,iz,...iy) C D contains a given p € D,

i5 = argier{{l(i)ri} de1,iy (),

i5 = argier?énl} d(17i§,i) (1),
, (4.13)

it = arg min doi;. i 0 (1)
We discuss the computational complexity shortly.

In general, the partition will not have the same number of refinement levels
along every branch of the associated binary tree: in practice, the tree is not
necessarily perfect. In this case, L shall denote the maximum number of levels
in the tree—the tree depth. Branches are terminated with “empty leaf models”
My B0y = My, ,1) = 0 for some B, € B, 1 <1 < L. (For any such B,
associated with empty child models we adopt the convention d(p, 0y = d(p,,1) =
oo; we then terminate the search (4.13) whenever d(y ;s . ) (p) = oo (for i =
0,1).) We now define K as the number of leaf nodes in the tree (ezclusive of
the terminator empty models). The uniformity of the tree associated with the
partition of D can be measured by a relative tree depth

tree depth (= L)
log, K + 1

Tldepth = 5 (414)

In what follows we shall need Algorithm 2, which is largely a restatement
of Greedy! (Algorithm 1) restricted to a particular subdomain Vp, for given
B; € B;. The evaluation of the a posteriori error bound A']\,RB (to be defined
shortly) is now performed over Zp, C Vp,. The output of the algorithm is an
RB space Xy and an associated model My, B, Note that even for

max, B

note that 7geptn > 1 and that ngeptn = 1 corresponds to a perfect binary tree.
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Algorithm 2 Greedy?(Zp,, K1 B, Etol, Nmax’Bl).

initialize: N <0, €p,B, < 00, Xo.B, < span{0}, Mo, B, + 0
while ex > ¢ and N < Nmax,Bl do
N+ N+1
Xn.B, & Xn-1,B, ©span{u(py p,)}
My, & Mn_1.8, U{kn 5}
€N,B; < MaAXpe=p, AR (w)
KNt B, & argmaX,czyg, AP (k)
end while
Nmax,Bl «— N

Nmax,B, = 1 we perform one pass of the whole loop and hence identify (and
retain) p, g ; however, in general, we compute only at most Nmax, B, snapshots.
For the “h”-type RB approximation of this section we shall require Nyax 5, =
NmaX’Bl = N for all B,.

4.2 Approximation

We now introduce the equi-order “h”-type RB approximation algorithm. We
start from the original parameter domain Vi) = D (I = 1, B = (1)); we
introduce a finite train sample Z;) C V(1); we choose an initial parameter
anchor point fi(;) € D; we choose the error tolerance €lo; we set the desired
maximum RB space dimension N > 1. The partition is then determined as
follows.

1. Construct a model with N parameter values for the current subdomain
Vp, with the standard Greedy? algorithm (Algorithm 2). The RB space
Xy p, and the model My p, are outputs from Greedy?(Zp,, fip,,0,N).
Note that we set the argument €, = 0 to enforce an RB space of dimension
N1

2. Compute the maximum a posteriori error bound over the train sample

IWe assume here that the parametric manifold M = {u(u),n € D} cannot be approxi-
mated exactly by N < N snapshots. We also assume here that the train sample over each
subdomain is sufficiently rich.
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associated with the current subdomain

€N.B, = Hrgg);l A?VRB(;J,). (4.15)

3. If ey p, < €y, the refinement is sufficiently good. Set

MEF (s, in0) = 05 (4.16)
M Ligirt) = 05 (4.17)

we thus terminate the branch of the associated binary tree.
4. Ifey g, > €l,1, do the following.

(i) Define anchor points for two new models My (g, o) and My (g, 1
as fp,0) = Kp, and fip, 1) = Mg p,, respectively. The model
N,(B,0) inherits the anchor point from its “parent,” while the
model My (p, 1) takes as anchor point the first parameter value cho-
sen by the Greedy? algorithm; in the sense of the a posteriori error
estimator, these two points are maximally different and hence good
places to “anchor” the new models. When N > 2 the remaining N-2
parameter values of My p,, as well as the associated snapshots and
approximation spaces, are discarded.

(ii) Define a new and denser train sample Zp, C Vg, of size |2p,| =
2|Z(1)|. (The temporary sample Zp, is thus twice as large as the
initial train sample.)

(iii) Construct Z(p, 0y C V(p,,0) and Ep, 1) C V(p,,1) from EBZ based
on proximity to fip, o) and f(p, 1), respectively: a point p € EB,
belongs to Z(p, o) if and only if d(p, o)(1t) < d(p,,1)(p); otherwise p
belongs to =g, 1)-

5. Split the current branch into two new branches: set BjS% = (B;,0) and

Blrf}lt = (By,1); update I < [+ 1 and proceed to step 1 first for B; = BJeft

and then for B; = B)'#".

The procedure may be more precisely defined by hRB(E(l),ﬂ(l),N L €lo)s
where hRB is the recursive function defined in Algorithm 3. The output from
Algorithm 3 is K subdomains associated with the K leaf nodes of the binary tree
(exclusive of the terminator empty models). Each subdomain is associated to an
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Algorithm 3 hRB(Zp,, fip,, N, €l,)).

Find Xy p, and My p, from Greedy?(Zp,, fip,,0, N)
en,p, + Maxuez,, AP (W);
if ey p < el.; then
Terminate branch: My (g, o) =0 and My (p, 1) =10
else
Define fup, oy = p1,, and fi(p, 1) = M2 p,
Construct E(BZ,O) C VLBL,O) and E(Bl,l) C V(Bl,l)
hRB(Z(5,.,0):£(5,,0): N, €tol)
hRB(E(Bz,1)7ﬂ(BL,1)’ N, 6tlol)
end if

N-parameter model and an N-dimensional approximation space. We emphasize
that the intermediate models and approximation spaces—associated with non-
leaf nodes at earlier levels in the tree—are discarded and do not “survive” with
respect to the online stage. Finally, we note that the depth of the tree, L, is
simply the number of nodes in the longest branch (exclusive of the terminator
empty models).

Remark 1 (train sample refinement). In step 4(ii) in the algorithm above, ad-
ditional points are added to the train sample such that the number of points in
the two new train samples will be roughly the same as in the old train sam-
ple, and in particular always much larger than N. As a result, the “global”
train sample over D—the union of all the points in the train samples over all
parameter subdomains—is adaptively refined as the “h”™-type RB approximation
becomes more accurate: the train sample is denser in regions of D with smaller
subdomains. We thus effectively include more train points where the solution
varies more rapidly with the parameters.

The train sample refinement is performed by a simple accept-reject Monte
Carlo procedure: we draw from the uniform distribution over D; we then use
the search (4.13) to determine whether a point belongs to a subdomain and thus
can be included as a new point in the associated train sample. In the case that
the prozimity function is Euclidean distance (as in (4.12)), we need not sample
from the entire parameter domain D: we first compute the bounding box of the
old train sample; we then sample the new points from a larger box that contains
the bounding box with some safety margin—the assumption is that this larger
box contains the entire subdomain. In the case in which the proximity function
is the error bound (as we describe shortly), we sample from the entire domain
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Figure 2: Two levels of “h’-refinement and associated binary tree; here L = 3.

D since we have no a priori knowledge of the shape or connectedness of the
subdomains.

An alternative and clearer approach to the train sample refinement 4 (ii)-
4 (i) might be to first split the current train sample into train samples associated
with each subdomain and then enrich each of these samples to achieve size |Z ).
However, for the numerical results in this paper we pursue the “first enrich then
split” procedure described in step 4 above. We note that as long as the train
samples are sufficiently rich the particular refinement procedure will not affect
the numerical results significantly.

Remark 2 (“redundant” truth solves). The Greedy algorithm—in particular in
the case of a low-order (small J\_f) approximation—is likely to choose parameter
values close to the boundaries of the parameter subdomains. As a result, two
or more models may comprise some identical (or nearly identical) parameter
values, and thus some of the offline truth solves are in some sense redundant.
One way to reduce this snapshot redundancy is to share basis functions between
approximation spaces if the associated greedily selected parameter values are suf-
ficiently close. The development of an efficient algorithm for automatic sharing
of basis functions is the subject of future work.

In Figure 2 we illustrate the first two levels of “h’-refinement together with
the associated binary tree for an “h’-type approximation with N = 1. The
initial domain is V(1) = D and the initial model is My (1) = {ﬂ(l)}, where the
anchor point fr(1y = py (1) is chosen as the upper-right corner of the parameter
domain. The method then greedily chooses the point p, ;) near the lower-
left corner of V(y); the initial anchor point is then relabeled as fi(; gy = f1(q)
and the greedily chosen point is relabeled as fi; 1) = p9 (7). We now define
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two new models M 1,0y = {10y} and My 1,1) = {f(1,1)}, Whose associated
subdomains V(1 o) and V(; 1) are determmed from proximity—here Euclidean
distance—to the two anchor points. Next, V(3 1) and V(; o) are partitioned in
the same fashion (we assume here that the tolerance is satisfied within V(; o0
and V(l,o,l))'

Finally, we may now define the “h”-type RB approximation. Given any
1 € D we first determine the subdomain Vp: containing p from the search
(4.13); for a perfect binary tree, [ = L; however more generally | < L. We then
find wd*P(p) € Xy g such that

(B (), v 1) = [0 1) o € X gy (4.18)

(Note that B; depends on p.) We discuss computational complexity shortly.
Finally, we formally define the “order” of the “h’-type approximation as p =
NP _ 1. We elaborate on this interpretation in Remark 5.

4.3 A posteriori error estimation

We can apply the same a posteriori bound developed for the “p’-type RB approx-
imation in section 3.2 to the “A”-type (and below, “hp’-type) RB approximation.
However, we shall require some new notation for the “h”-type error bound.

Given any pu € D and a partition of D into subdomains, we determine B}
from the binary search (4.13) and compute the RB solution uhRB( ) from (4.18).
The RB residual is

rg B (v ) = f (o) — a(ulf® (), o) Yo € X; (4.19)

the Riesz representation of the residual is denoted by R%RB(M). Our upper

bound for the X-norm error |lu(p) — u B (u)||x is then given by
R ()l
AMRB() = IRx 4.20
N () T (4.20)

Lemma 2 now directly applies with an appropriate change of notation.

Remark 3 (the error bound as proximity function). For any B; € B; (associated
with a nonempty model), 1 < 1 < L, and any p € D, we can derive the RB
error bound associated with the RB approvimation to u(p) in the space Xy g, ;
we denote this error bound by Ay g (p). As an alternative to the provimity
function introduced in (4.12), we can use

dp, (1) = Ax=1,5,(1) (4.21)
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to measure the “distance” between the points fup, and p. Note that we use the
error bound associated with the RB approzimation for N = 1 (which is simply
a multiple of the snapshot associated with the anchor point) even when N > 1;
hence evaluation of (4.21) does not depend on N. In section 6, we provide
results with the prozimity function defined both as in (4.12) and as in (4.21).

Remark 4 (multiple inner products). The “h’™-type RB approximation offers a
natural way of introducing multiple X -inner products (2.4) in the computation
of the dual morm of the residual for the a posteriori error bounds—we may
choose a different X -inner product for each subdomain. For erxample, we could
choose the anchor point in any subdomain to be the reference parameter, and
thus define an “optimized” inner product, associated with that subdomain. With
this approach, we would expect sharper error bounds and thus a better parameter
domain partition (as well as, ultimately, greater online efficiency).

To compute the dual norm of the residual we must (in the construction stage)
solve a number of problems of the form (3.4) with different right-hand sides.
If we solve the discrete system directly, we must invert one operator for each
inner product; hence there is a computational advantage associated with only
a single inner product. If we solve the discrete system iteratively, however,
we can introduce individual inner products within each subdomain at very little
computational penalty. In this paper, however, we have not pursued a multiple
inner product approach for our numerical examples.

4.4 Offline-online decomposition

In the offline stage, we determine the partition of the parameter domain and
construct the corresponding RB models and spaces: we execute the command
hRB(E(l), ,11(1), N, 6%01). For the purposes of this subsection, we assume a perfect
binary tree; note that a perfect binary tree with K leaf nodes has 2K — 1 nodes
in total. We also assume that the cardinality of the train sample over each of
the subdomains is equal to Ngpain-

The offline stage computational cost derives from several components:

1. Snapshot truth solves. In the case N > 2 each node in the tree except
the root node inherits one snapshot from its parent. We must thus com-
pute N snapshots for the model associated with the root node, and N — 1
additional snapshots for each of the 2K — 2 models associated with all
nodes except the root node. Note that we retain only the basis functions
associated with the K leaf nodes; we thus discard N —2 snapshots for each
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intermediate (nonleaf) model. In the case N = 1 we compute NK snap-
shots in total since the snapshot associated with an intermediate model is
inherited by one of the children.

. RB preprocessing. In the case N > 2 we must compute (Q,N?2 + QfN)
truth inner products to form the parameter-independent “stiffness” matri-
ces and loads (e.g., as in (3.12)) for the model associated with the root
node, and (2K —2)(Qq(N?—1)+Q(N —1)) additional truth inner prod-
ucts in total to form the parameter-independent “stiffness” matrices and
loads for the remaining 2K — 2 models. In the case N = 1 we must com-
pute (2K — 1)(Q,N? + Qf]\_f) truth inner products in total to form the
parameter-independent “stiffness” matrices and loads.

. Error bound preprocessing. In the case N > 2 we must compute NQ,+Q f
truth Poisson solves of the form (3.18) for the model associated with the
root node, and (2K —2)(N —1)Q, additional truth Poisson solves in total
for the remaining (2K — 2) models. We must also compute (NQ, + Q)*
truth inner products of the form (3.21) related to the dual norm of the
residual for the model associated with the root node, and (2K —2)((NQ, +
Qf)? — (Qa + Qy)?) additional truth inner products in order to evaluate
the dual norm of the residual for the (2K — 2) remaining models. In the
case N = 1 we must compute (2K — 1)NQ, + @ truth Poisson solves in
total and (2K — 1)(NQ, + Q)? truth inner-products in total.

. Error bound evaluations. For N > 1 we must solve ntrainN(QK —1) RB
systems to obtain the residual coefficients and evaluate n¢;ain N (2K —1) RB
error bounds during the Greedy sampling including both the intermediate
and final models. This results, to leading order, in O(n¢yain N (2K —1)(N3+

N2Q?)) operations in total.

In the case N > 2 the combined 1-4 offline cost is thus approximately 2N K

truth snapshot computations, 2Q,NK + Q@ truth Poisson solves, 2K(Q,N? +
Q¢N)+2K(NQ,+Qy)? truth inner products, and O(nyain2NK (N3 + N2Q?))
operations to evaluate the error bounds. Note that the additional cost associ-
ated with the (ultimately discarded) K — 1 intermediate models required for the
construction of the parameter domain partition is not onerous—a factor of two.
In the case N = 1 we retain all computed entities associated with the inter-
mediate models during the partition procedure for the final models, and there
is thus only minor additional cost (anchor point identification in 4) associated
with the partition procedure.

81



Paper 2

The link between the offline and online stages is the parameter-independent
data constructed in the offline stage and stored (permanently) for evaluation in
the online stage. Since we retain only the data associated with the final models,
the online storage for the “A”-type RB approximation is @, K matrices of size
N x N and QK vectors of size N; the online storage associated with the RB
error bound is K(NQ, + Qf)?/2. (If we were to retain intermediate models
for purposes of online adaptivity, clearly the online storage would increase; we
do not consider this case further since in actual practice online adaptivity is
typically pursued through the “hp’-approach.)

In the online stage, given any pu € D, we first determine the subdomain which
contains p via the binary search (4.13) in O(log, K) operations. Thanks to the
construction-evaluation decomposition, we can then assemble and solve the cor-
responding system of algebraic equations in O(QN?) and O(N?) operations,
respectively, and compute the associated a posteriori error bound in O(N2Q?)
operations. Note that the search (4.13) is an O(log, K') operation only under
the hypothesis that the depth of the tree associated with the partition of D, L, is
proportional to log, K; we provide numerical results to support this hypothesis
in section 6. We also emphasize that the efficient O(log, K') search is a partic-
ular property of our hierarchical partition construction; if we were to partition
the parameter domain based on (say) a Voronoi diagram, determination of the
subdomain which contains g € D would be less efficient.

4.5 A prioritheory: N =1, P =1

In this section we develop an a priori convergence theory for an “A’-type RB
approximation of zeroth order (N = 1) in the one-parameter case (P = 1)
when the Euclidean distance is used as the proximity function. We focus on
N = 1 since in fact N = 1 is crucial to the “hp’-approach of section 5: the
theory developed here demonstrates that an N = 1 Greedy approach can indeed
generate a reasonably efficient partition; convergence is crucial for offline and
also ultimately online performance. We consider P = 1 for simplicity; at the
conclusion of this section we provide a remark addressing (nonrigorously) the
N > 1 (higher “order”) and P > 1 cases.

For our purposes here, we do not need the Boolean indexing of the anchor
points and subdomains: we shall consider Algorithm 3 after the generation of
K subdomains; we relabel the K anchor points as fi}, fis, ..., fif (numbered
in the order in which they are chosen by Algorithm 3). When Algorithm 3
identifies a new anchor point (and thus subdomain), the parameter domain
partition changes; we introduce mappings I : D — {1,... ,R’}, 1<K <K,
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such that with K anchor points, for any p € D,

Bl () = Pope (i) (4.22)

where B*(u; K) is the Boolean index of the particular subdomain (among the
K subdomains) containing p. Below, we omit the ’ for brevity.
For the purpose of this section, given K anchor points and corresponding

subdomains, we denote by wy(p) the zeroth-order (N = 1) “h’-type RB ap-
proximation for any pu € D. With the implicit mapping above, we have

uj () = wi (ulfer, (), (4.23)
where the coefficient wy () is given by the Galerkin projection as

Flulfr, ()i
a(u(ﬂlk(p))? U(ﬂff((,t)% M) .

wre(p) = (4.24)

Note that (4.23) holds since we consider N = 1: a single RB basis function asso-
ciated with each subdomain. We denote by 7z (v; u) = f(v; ) —a(ugi(p), v; @)
the RB residual and let Rz (p) € X satisfy (Riz(u),v)x = ri(v;p) for all
v € X. Our X-norm error upper bound is then written in this subsection as

IR ()l

Ag(p) P

, (4.25)
which is simply a specialization of (4.20).

We need two further preliminary results. First, it is clear from Cea’s lemma
(with respect to the X-norm), (2.9), and (2.8) that for any K, 1 < K < K, and
any p € D,

[up) —ug(p)llx < ZHU(H) = ulrg (uy)llx, (4.26)

since u(fi;_(,)) is a particular member of the (one-dimensional) RB space. Sec-
ond, from (3.7) of Lemma 2, we obtain for any K,1<K <K, and any p € D,

Ag(p) < —fu(p) —ug(p)llx, 1<K<K (4.27)

12 12

We can now state the following proposition.
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Proposition 1 (convergence in the case N = 1, P = 1). The “h’-type RB ap-
prozimation terminates for finite K (el,;) subdomains. Further, the convergence
is first order in the sense that

C
K(el,) < rnax{l7 1} (4.28)
€tol
for a constant C' given by
272C|D|
C= Y (4.29)

where C = (& maxyep || f(+; 1) || x:+a2)/a? is the constant developed in Lemma
1 and |D| is the length of D C R.

Proof. Algorithm 3 provides a sequence of anchor points fiy,. .., i for K > 1.
We have by construction of our algorithm that either K =1 or K > 1 and

ol < Ap(fiy,), 1<K<K-1 (4.30)

In the former case the proof is complete; we henceforth consider the latter case.
We deduce from (4.27), (4.26), and Lemma 1, respectively, that

N 5 N .
AR(HR+1) < EHU(NKJA) - UR(NK+1)||X (4.31)
;2
< allulivie ) = uliar g ) lx (4.32)
3 -
< ECUL;%H —Brgg, (4.33)
for 1 < K < K — 1; hence from (4.30)
N o QQG%O]

for 1 <K <K —1.

For K,1 < K < K—1, the algorithm selects the next anchor point By, and
the intermediate subdomain associated with anchor point number I (fiz, ) is
divided into two new subdomains. It is clear that the length of each of the two
new subdomains is at least as large as half the distance between the new anchor
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point f1z_ , and anchor point ﬂlk(ﬂkﬂ), namely, |ftz, , — 'alk([‘k+1)|/2 (recall
that the distance function is the Euclidean distance and that we consider P =1
parameter). Let 5,5 denote the length of the subdomain associated with anchor
point f1,, 1 < k < K. We note that each of the K subdomains generated by
Algorithm 3 results from the splitting of the intermediate subdomain associated
with anchor point ﬂfk(ﬂkﬂ) for some K € {1,...,K—1}; hence for 1 <k < K,

there exists a K € {1,..., K — 1} such that

615 > |p’f(+1 _p’lk(ﬂk+1)|/2? (435>
and thus by (4.34)
2.1
5K = min 5 > S0, (4.36)
1<k<K 272C

Note that 6% is not the smallest distance between two anchor points: rather, it
is the smallest length of any of the K subdomains.

Let |D| denote the length of D. With K subdomains, it is clear that K§* <
|D|. We now assume K > C/el . From (4.36) it then follows that

C 272C|D a?el,
s e (el (Ge) - w
= “tol

which is clearly false. We have thus reached a contradiction: the “A”-type RB
approximation cannot generate a sequence of anchor points fi,..., fty for K >
c/ €t1019 thus the algorithm must terminate for 1 < K < C/ 6%01 subdomains. [J

Remark 5 (convergence in the case N > 1, P > 1). We first recall a polynomial
approximation result. Consider approzimation of a sufficiently smooth function
on a bounded domain in RY by piecewise polynomial interpolation of order p
over K subdomains: we expect the error to decrease as (1/K)P+D/P or gs
(1/K)(N1/P)/P if we associate N = (p+1)T degrees of freedom to each subdomain
(consistent with our earlier definition of “order”).

In the zeroth-order multiparameter case (N = 1, P > 1) we expect (but do
not prove) that our method converges for

K < max{l, (Elc)P} (4.38)

tol
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subdomains for some positive constant C'. This poor convergence for P > 1
suggests the advantage and indeed necessity of “p’-convergence [25] or “hp’-
convergence rather than solely “h”-convergence. Next, in the higher order, one-
parameter case (N > 1, P =1), we might expect convergence

C
(etol) N
for some positive constant C. Finally, in the general case (N > 1, P > 1), we

might expect convergence

K< max{l, OP} (4.40)
(G%OI)W

We shall consider these heuristic arguments again in the context of numerical
results.

Note that our bound (4.28) and estimates (4.39) and (4.40) should capture
the correct order, but of course the constant will be very pessimistic: by de-
sign, the Greedy algorithm should adapt the sample to best accommodate local
variations.

Remark 6 (a sharper convergence result). We show in the appendiz that the
constant C' in Proposition 1 can be improved to Ci, = 2C|D|(1 + 7/a) by
an approach that, instead of (4.31)—(4.33), directly considers the equation for
the Riesz representation of the residual. However, the approach above is more
general and applicable in other (e.g., interpolation [11]) contexts.

5 The “hp”’-type RB method

With the “hp”-type RB method, we combine the “A”- and “p’-type methods:
we first construct a partition of the parameter domain with “A”-refinement; we
then compute independent approximation spaces restricted to each parameter
subdomain with “p’-refinement—in general, the approximation spaces will have
different dimensions.

5.1 Approximation

The parameter domain partition is first constructed by an N = 1 “A™-type
approximation for a prescribed error bound tolerance €/ ;. We first construct the
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initial train sample =(;) C D, choose an initial parameter anchor [L(l) € D, and
specify €f,; we then execute Algorithm 3, hRB(Z(1), B1ys 1,el,). The output
from hRB(Z(y), By 1, €{,1) is K subdomains associated with the K leaf nodes
of the binary tree. Each subdomain has an associated one-parameter model
and a one-dimensional approximation space; we denote by B',..., BX the K
associated Boolean indices. We also store the train sample over each of the final
subdomains.

We now append additional basis functions to each approximation space by
a standard “p’-type procedure over each train sample: we specify the max-
imum RB space dimension NInaX7Bk = Npax > N, 1 < k < K; we spec-
ify a new error bound tolerance €2, < el ; we then execute Algorithm 2,
GreedyQ(EBk,uLBk,efwNmaX,Bk) for 1 < k < K. (Note that we must re-
place the “h™type error bound ARRE in Algorithm 2 by the “hp™-type error
bound A%’RB, which we introduce shortly.)

The final output is thus K RB approximation spaces X N, pk.BE and associ-
ated models My o gk BR 1 <k < K. Note that Ny, pr is in general different

for different k since the error bound tolerance €2, might be satisfied by the differ-
ent approximation spaces over the different train samples with different numbers
of basis functions; we define in the “hp” case Nmax = maxp=1,... x Npax, B*-
Finally, we may now define the “hp’-type RB approximation. First, given
any g € D, we determine the subdomain Vp: containing p from the search

(4.13). Then, given 1 < N < Npay, we find u}]\fRB(u) € Xy« py such that

a(up? ™ (), vi ) = f(vsp) Yo € Xne s, (5-1)

where N* = min{N, Nmax’Bl*}. (Note that B/ and thus N* depend on p.)

5.2 A posteriori error estimation

We shall require some new notation for the “hp”-type a posteriori error bound.
Given any p € D and a partition of D into subdomains, we determine B}

from the binary search (4.13) and compute the RB solution u%’RB (@) from (5.1).
The RB residual is

PP (s ) = f(o ) — a(uh?™P(w), v m) Vo € X (52)

the Riesz representation of the residual is denoted by R%RB(N). Our upper
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bound for the X-norm error |lu(p) — u}f\?RB (p)||x is then given by

h,
RN (1)

hpRB _
A1\/ (u‘) — aLp (IJ/)

Lemma 2 now directly applies with an appropriate change of notation.

5.3 OffHline-online decomposition

In the offline stage, we determine the partition of the parameter domain and
construct the corresponding RB models and spaces as discussed above. For the
purposes of this subsection, we assume a perfect binary tree. We also assume
that the cardinality of the train sample over each of the subdomains is equal to
Nirain- 1t 18 crucial to note that, since the initial “A -refinement is performed for
N =1, we reuse all computed entities in the later “p™-type stage, and there is
thus only minor additional cost associated with the partition procedure.

The offline cost derives from several components.

1. Snapshot truth solves. We must compute (at most) Np.xK snapshots
associated with the partition and final approximation spaces.

2. RB preprocessing. We must compute (at most) K(QuN2, + QfNmax)
truth inner products to form the parameter-independent “stiffness” matri-
ces and loads (e.g., as in (3.12)) for the partition and final models.

3. Error bound preprocessing. We must compute (at most) K Nyax@Qq + Q7
truth Poisson solves of the form (3.18) for the partition and final models.
We must also compute (at most) K(Nmax@a + Qf)2 truth inner products
of the form (3.21) related to the dual norm of the residual associated with
the partition and final models.

4. Error bound evaluations. We must solve nypain(K — 1) RB systems (of
size N = 1) to obtain the residual coefficients and evaluate n¢yain (K — 1)
RB error bounds (for N = 1) during the Greedy? sampling for the “h’-
refinement partition process. We must also solve (at most) npain Nmax K
RB systems to obtain the residual coefficients and evaluate ng;ain Nmax K
RB error bounds during the Greedy? sampling for the final models. This
results, to leading order, in O(nrain Nmax K (N3, + N2, Q%)) operations
in total.
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The combined 1-4 offline cost is thus Ny, K truth snapshot computations,
NinaxK Qo + Q truth Poisson solves, K(QuN2.x + QfNmax) + K(NmaxQa +
Qy)? truth inner products, and O(ntrain Nmax K (N3, + N2,.Q?)) operations
to evaluate the error bounds.

For each model, we must construct and retain the parameter-independent
data necessary to accommodate the efficient evaluation stage for the RB approxi-
mation and the associated a posteriori error bound, as discussed in section 3.3 for
the standard RB method. The online (permanent) storage requirement associ-
ated with the RB approximation is (), K matrices of maximum size Ny ax X Niax
and @y vectors of maximum size Npyax; the online storage associated with the
RB error bound is K(Nmax®@a + Qf)2/2.

In the online stage, given any p € D, we first determine the subdomain
containing p via the binary search (4.13) in O(log, K') operations. (Recall that
we presume here a perfect binary tree.) Thanks to the construction-evaluation
decomposition, we can then, given 1 < N < Npax, assemble and solve the cor-
responding system of algebraic equations in O(QN?) and O(N?) operations,
respectively, and compute the associated RB error bound in O(N2Q?) opera-
tions.

6 A convection-diffusion model problem

6.1 Formulation and truth discretization

We now apply the “p’-, “h”-, and “hp”-type RB methods to a steady convection-
diffusion model problem parametrized by the angle and magnitude of the pre-
scribed velocity field: Let g = (11, pi2) and define V (u) = [p2 cos pu1, pi2 sin puq]T.
The governing equations for the exact field variable u¢(u) are

~V2ul(p) + V() - Vu () =10 in 9, (6.1)
u®(p) =0 on 0.

The physical domain is Q = {(z,y) € R? : 2% +y? < 2} and 99 is the boundary
of Q.

We next define for all w, v € X¢ = X¢(Q) = HE () the parametrized bilinear
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Figure 3: The circular physical domain partitioned into five spectral elements.

form
a(w,v; u) = / Vw - VudQ + / (V(p) - Vw)vdQ
Q Q
ow . ow
= [ Vw-VodQ+ pscospy [ —odQ+pgsing [ —odQ  (6.3)
Q o Oz qQ Oy

and the linear functional

f) = flo;p) = 10/ vdS; (6.4)
Q

thus (2.1) obtains for @, = 3 and Q¢ = 1. We can then state the exact problem

in the standard variational form: Given any pu € D, find u® € X° such that

a(u®(p),v;p) = f(v) Vue X° (6.5)

Note that for this particular problem, a,(w,v; u) = [, Vw- Vv d€2 is parameter-
independent; thus a(v,v; p) = ||v]|% for all v € X¢ and we may choose arp = 1
as the coercivity lower bound.

Next, we introduce a truth spectral element space X = X (Q) ¢ X¢(Q) of
dimension N = 481 based on five spectral elements of order ten: we introduce
a computational domain Q = (—1,1)? and standard transfinite mappings F; :
Q — Q;, 1 <i<5/[12]; we then define

X=xNQ)={ve HYQ) :v|g, o F; e P°(Q),1<i<5},  (6.6)
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N\NAd

Figure 4: Solutions to (6.7) for different parameter values p = (7, 10) (left),
(0,0) (middle), and p = (O 10) (right).

where ]P’lO(Q) denotes the space of polynomials of degree 10 (in each spatial
direction) over Q). The partition of the physical domain into five spectral el-
ements is illustrated in Figure 3. The truth discretization of (6.5) reads as
follows: Given any p € D, find u(p) € X such that

alu(p),vip) = f(v) Vo e X. (6.7)

In Figure 4, we plot the solution of (6.7) for three different parameter values.
Clearly, the three solutions have very different structures—this particular prob-
lem is thus a good candidate for “hp” treatment.

We define three parameter domains,

Dy = {0} x [0,10], Dy =[0,7] x {10}, D = [0, 7] x [0, 10]; (6.8)

we shall thus consider P =1 (Dy or Dy1) or P = 2 (Dy11) parameters.

Admittedly, the computational benefit of the RB approximation for this
particular problem is minimal since the truth approximation space is of rather
low dimension A/ = 481. However, our problem here is a good vehicle for
exposition of the “p’-type, “h’-type, and “hp’-type RB methods and is amenable
to extensive theoretlcal and experimental analysis. In [9] we apply the “hp’-type
RB method to problems that require and demonstrate the speedup provided by
the RB approximation.

6.2 “p’-type RB approximation results

In this section, we present the standard (“p”~type) RB convergence results for
our model problem.

We introduce uniformly distributed random train samples =y C Dy, Zp C
D, and Epp; C Dypp of size 103, 103, and 10, respectively. We recall that ey =
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Figure 5: Standard RB (“p™-type) convergence results: ex as a function of N for the
one-parameter cases D = Dp (left) and D = D (right).
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Figure 6: Greedy parameter choices (left) and associated standard RB (“p™-type)
convergence results (right) for the two-parameter case D = Dirr.
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Figure 7: “h’-type RB convergence results: Ky (ef,) for N =1, N =2, and N =3
for the one-parameter cases D = D (left) and D = D (right). Both the Euclidean
distance (dotted lines) and the a posteriori error bound (dashed lines) are considered
for the proximity function.

max,ecz An(p) is the maximum X-norm error bound over the train sample
associated with the space Xy. In Figure 5 we plot ey as a function of N
for the two one-parameter cases D = Dy and D = Dy;: we note that N can
be quite small even for ey ~ 1076. In Figure 6 (right) we plot ex for the
two-parameter case D = Dyy;. The quite poor convergence of the “p’-type
RB is not surprising given the very different solution structures obtained for
different parameter values; variations in p; are particularly difficult to resolve—
as indicated by the slower convergence for the case D = Dy in Figure 5 (right)—
due to the “movement” of the boundary layer. In Figure 6 (left) we present the
parameters chosen by the Greedy' algorithm: the points are clearly denser for
larger velocities, which yield thinner boundary layers.

6.3 “h’-type RB approximation results

We now present convergence results for equi-order “A”-type RB approximation;
the dimension of the approximation spaces is thus fixed. The convergence results
are obtained by first specifying the desired tolerance €/ ; as well as the RB space
dimension N, the initial train sample Z(1), and the initial anchor point fi(y;
we then perform ARB(E ), fo(1), N,el ). Given N, we let Ky(el,;) denote the
number of subdomains in the partition for specified €/ .

We start with the one-parameter cases D = Dy and D = Dy;. In both cases,
the initial train samples consist of 100 random points, and the initial anchor
point is f;y = (0,0). In Figure 7 we present Ky (e{,) for N = 1,2,3 for each
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Figure 8: “h’-type RB convergence results: Ky (eio;) for N = 1 and N = 4 for the
two-parameter case D = Diyr. Both the Euclidean distance (dotted lines) and the a
posteriori error bound (dashed lines) are considered for the proximity function.

of the two cases. The proximity function is either dp, (1) = || — fap, |2 (dotted
lines) or dp, (1) = Ax_1 g, (1) (dashed lines): we observe that the choice of the
proximity function has little impact on the results. We indicate the slopes for
first, second, and third order convergence: for the N = 1 approximation, the
convergence rates are in good agreement with the theoretical result (4.28); for
the N > 1 approximations, the convergence is approximately Nth order and
hence in agreement with our conjecture (4.38). (We recall that, here, a steeper
slope implies slower convergence.)

We next consider the two-parameter case D = Dyyr. The initial train sample
Z(1) consists of 103 random points, and the initial anchor point is [L(l) = (0,0).
In Figure 8 we present Ky (el ) for N =1 and N = 4. The proximity function
is either dp, (1) = || — fag,[|2 (dotted lines) or dp, (1) = Ax_q g, (1) (dashed
lines): now the choice of the proximity function has some, but very slight, impact
on the results but only for the N = 1 approximation. It is clear from the slopes
provided that we achieve roughly K ~ (el,;) ™2 and Ky ~ (e},)) ™', as expected
from our conjectures (4.39) and (4.40).

Finally, we empirically examine the depth of the associated binary trees.
Ideally, we would like the relative tree depth (4.14) to be a constant close to
unity; for K subdomains the search (4.13) is in this case an efficient logy K
operations binary search. In Figure 9 we plot the relative tree depth against
the number of subdomains for the N = 1 approximation for each of our three
parametrizations. (Note that the scatter in the plots is induced by the range
of €l considered.) Although from these results it is difficult to reach general

94



An hp-RB Method for Elliptic Equations

Tldepth Tldepth Tldepth
1.8 1.8 1 1.8 1
1.6 1 1.6 1 1.6
1.4 1.4 1.4 1
o k3
oo kA °©
124 @ w4 4% 1.2 1 oo 1.2 -
+ %% % ° Q*e®0
o
14 +++ 1 A ee%@@o 14
T T T T T T
109 10 102 103 10° 10 10% 10° 100 101 102 103 10%*
Kl (6301) Kl (thol) Kl (6%01)

Figure 9: Relative tree depths 7gepth as functions of the number of subdomains
(leaf nodes) Ky (ely) for the N = 1 “h’-type approximation for each parametrization
D = Dx (left), D = Dy (middle), and D = Drp (right). Both the Euclidean distance
(o) and the a posteriori error bound (+) are considered for the proximity function.

conclusions, the relative tree depths are all fairly close to unity and increase
with increasing K only very modestly even for 1 < K < 10%.

6.4 “hp’-type approximation results

We now present convergence results for an “hp”-type RB approximation. For a
partition with K subdomains, let Z denote the union of the associated K train
samples; we then define e}]\fRB =max,, .z A%’RB(H).

We start with the one-parameter cases D = D; and D = Dyy. The initial
train sample consists of 100 random points, and the initial anchor point is
By = (0,0). We use dp, () = ||p — frp,[[2 as the proximity function. For
the case D = Dy, we specify €/, = 5 and ¢, = 0.1, for which we obtain
K =4 and K = 211 subdomains, respectively; for the case D = Dyy, we specify
€ty = b and €, = 0.1, for which we obtain K = 8 and K = 260 subdomains,
respectively. In Figure 10 we plot e%’RB as functions of N for each of the
two parametrizations. Given any error bound tolerance, we note a significant
reduction in the required approximation space dimension (in any subdomain)
when compared to a standard RB (K = 1) approximation. Of course, the total

number of snapshots NK (for any given tolerance) will increase with K: greater
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Figure 10: “hp’-type RB convergence results: e};\,pRB as a function of N for the

one-parameter cases D = Dp (left) and D = Dy (right).

suitability of local snapshots does not compensate for lower order in terms of
global approximation properties.

We next consider the two-parameter case D = Dy;. We use dp,(p) =
e — frg, |2 as the proximity function. The initial train sample consists of 103
random points, and the initial anchor point is fi;) = (0,0). In Figure 11 we
show partitions of the parameter domain for specified €l | =5 and €} | = 2, for
which we obtain K = 72 and K = 417 subdomains, respectively. We note—
similarly to the “p™-type Greedy? parameter choices in Figure 5(left)—that the
subdomains are smaller for larger velocities. In Figure 12, we plot for each of
the two partitions in Figure 11 the maximum error bound e};,pRB as a function
of N; we include the results for the standard RB approximation (“p’-type or
“hp’-type with K = 1) as well. Again, the local order reduction is significant.

In Tables 1 and 2 we summarize for K = 72 and K = 417 subdomains,
respectively, the offline and online performance of the “Ap” approach relative to
that of the standard RB method. For given tolerances €2, we report in the
four rows of the tables the relative number of truth solves, the relative num-
ber of operations for online evaluation of the RB approximation, the relative
number of operations for online evaluation of the RB error bound, and relative
online storage, respectively. The reported values are based on the theoretical
operation count and storage, which we recall here. For N basis functions and
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Figure 11: Parameter domain partitions for the case D = Di;. The number of
subdomains is K (efy)) = 72 for efo; = 5 (left) and K (efo;) = 417 for €{y, = 2 (right).
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Figure 12: Convergence of “hp”-type RB for the two-parameter case D = Diiy.
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e, =102 | &, =10"% | &,=10""
Offline truth solve relative cost 1.66E+1 1.57E+1 1.59E+1
Online RB solution relative cost 3.35E—2 2.82E—2 2.70E—2
Online RB error bound relative cost 1.09E—1 9.57TE—2 9.23E—-2
Online relative storage 3.96E+0 3.51E+4+0 3.58E+40

Table 1: Operation count and storage requirement for the “hp”-type RB with K = 72

relative to that of the standard RB (K = 1) for the two-parameter case D = Di.

2, =102 | &, =10"% | &,=10""
Offline truth solve relative cost 6.58E+1 6.19E+1 6.33E+1
Online RB solution relative cost 1.15E—-2 1.03E—2 8.00E—3
Online RB error bound relative cost 5.48E—2 4.97E-2 4.18E—2
Online relative storage 1.08E+1 9.39E4-0 9.81E+0

Table 2: Operation count and storage requirement for the “hp”-type RB with K = 417
relative to that of the standard RB (K = 1) for the two-parameter case D = Drpr.

K > 1 subdomains the number of offline truth solves is KN(1 4+ Q,) + Qf.2
(We assume roughly equal computation times for the convection-diffusion and
Poisson solves.) The online operation count is roughly O(N?) for the RB so-
lution and O((Q.N + Qy)?) for the RB error bound; we neglect the O(QN?)
cost of forming the RB system and the O(log, K) cost of finding the correct
subdomain via the binary search. The online (permanent) storage requirement
is dominated by the O(KQ?N?) data required for the RB error bounds.
Admittedly, the “hp’-approach requires more truth solves—a larger offline
cost—than the standard method. However, the online computational savings
are significant: in our example with K = 72 subdomains the online cost relative
to that of the standard RB method is about three percent for the RB solution
and about ten percent for the RB error bound; in our example with K = 417
subdomains the online relative cost is only about one percent for the RB solution
and about five percent for the RB error bound. (Typically the contributions
to the total online cost from RB solution and RB error bound computation are

2We assume that the truth solves (including both the snapshot computation and the Pois-
son solves related to the dual norm of the residual) constitute the most expensive part of
the total offline cost. In fact, this assumption favors the standard “p”-type RB since the
error bound sampling is superlinear in N and thus scales more advantageously for the “hp”-
approach. We thus expect in particular for niyain large that the (total) offline relative cost
will be lower than reported in the tables.
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comparable.) The online storage requirement is somewhat larger with the “hp’-
approach, though in general the storage requirements are quite modest; the N2
scaling moderates the growth due to K.

7 Concluding remarks

The “hp’-type RB method has been shown to significantly reduce the online
computational cost. On the other hand, the new approach is more expensive
than the standard (“p’-type) RB method in the offline stage. Hence we must
trade offline cost for online performance. The online effort is often our main
concern in the real-time or many-query contexts.

We expect the new approach to be particularly beneficial for problems for
which the solution structure is very different in different parts of the param-
eter domain. While our model problem is specifically constructed to exhibit
this property, there are many realistic problems which exhibit similar behav-
ior. As an example, we mention an application of RB to the solution of the
Fokker—Planck equation [18]; here, the solution is required for many different
parameter values, but the required (“p”-type) RB spaces are rather large. Also
of interest are problems which exhibit nonsmooth parameter dependence; the
“hp’-approach should automatically refine the parameter domain around singu-
larities and hence perform better than the standard approach.

There are several opportunities for extensions. First, we can generalize our
approach to POD-Greedy sampling [16] for parabolic problems [9, 10]: the crit-
ical new ingredient is proper balance between additional POD modes and ad-
ditional Greedy parameter values in the initial subdivision process. Second,
we can extend the approach to quadratically nonlinear problems such as the
incompressible Navier—Stokes equations [9]; in this case the “hp’-approach is
particularly advantageous since the (online) computation of the error bound
requires O(N?) operations for N basis functions, and hence the “smaller N for
larger K7 trade is particularly favorable. Third, we can consider, in the offline
stage, a parallel “hp” approach; we can subdivide the parameter domain along
each branch of the associated binary tree independently and hence concurrently.

A An improvement of Proposition 1

Let p* € D be such that the RB error bound Ay (p*) = 0; hence p* corresponds
to a parameter value associated with a truth snapshot residing in the RB space.
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In this case the residual satisfies ry (v; u*) = 0 for all v € X. We now consider
any p € D. The Riesz representation of the residual at u, Ry () € X, satisfies

(Rn(p),v)x =rn(vsp) =rn(vip) —ry(oip’) Yo e X (A1)
By the definition of the residual and the triangle inequality we obtain
(R (), v)x| < |f(v; ) = fv; 7]
T laun (), v 1) — aluy (), v )| Vo€ X, (A2)

For the first term on the right-hand side of (A.2) we invoke (2.19) to obtain

[f (v ) = fo;u7)] < Goflvllx [p—p™] VoeX. (A.3)

For the second term on the right-hand side of (A.2) we note that

la(un (1), v; p*) = alun (), v; )
= la(un (p*),v; 1) = alun(p),v; ) + (a(un (1), v; p) — alun (0*), v; 1)) |
<lalun (p7), v; %) — alun (1"), v; )| + la(uny (07) —un (), v;p)| - (A4)
for all v € X. (Note that the term in parentheses on the second line is equal to
z€ero.)

For the first term on the right-hand side of (A.4) we invoke (2.18) and the
Lax—Milgram lemma to obtain

la(un (1), v; 1) — alun (), v; p)| < Eflun ()l x [[ollx [0 — 1]

c1 « %
< EHf(';N M llvllx (e — p*|

C1 *
< = N 4 -
T a ﬁlea%(”f( sl xlollx [ = p|
(A.5)

for all v € X. For the second term on the right-hand side of (A.4) we invoke
the continuity of a(-,-; ) and (2.9), and then Lemma 1, to obtain

la(un (1) —un(p),v; )| < Flluy (1) —un ()| xllvllx
< CHlp — p*||lvllx (A.6)
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for all v € X. We now combine (A.2) with (A.3), (A.4), (A.5), and (A.6) to
obtain

(R (p),v)x < | — u||v||X(02+maxc (EAGY )”X’+C> (A7)

«

and hence with v = Ry (p) and the expression for C from Lemma 1,

RN ()]l x < [ —p*|Cla+7). (A.8)

We now invoke the result (A.8) above in the context of our partition algorithm.

Assume that we have K subdomains, and let p* correspond to the anchor
point associated with the the particular subdomain that also contains p. For
the RB error bound we then get

IR ()l x

Ag(p) = ors ()

gu—u*m(ug). (A.9)

Finally, we can now replace the arguments (4.31)—(4.33) by (A.9) in order to
replace the constant in Proposition 1,

272C|D|
by the constant
Cim = 2C|D| (1 + l) (A.11)

We note that Cjy,, is an improvement over C' for 7/« sufficiently large.
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Abstract

In this paper we introduce an hp certified reduced basis method for
parabolic partial differential equations. We invoke a POD (in time) /
Greedy (in parameter) sampling procedure first in the initial partition of
the parameter domain (h-refinement) and subsequently in the construc-
tion of reduced basis approximation spaces restricted to each parameter
subdomain (p-refinement). We show that proper balance between addi-
tional POD modes and additional parameter values in the initial subdi-
vision process guarantees convergence of the approach. We present nu-
merical results for two model problems: linear convection-diffusion, and
quadratically nonlinear Boussinesq natural convection. The new proce-
dure is significantly faster (respectively, more costly) in the reduced basis
Online (respectively, Offline) stage.

1 Introduction

The certified reduced basis (RB) method is a model-order reduction framework
for rapid evaluation of functional outputs, such as surface temperatures or fluxes,
for partial differential equations (PDEs) which depend on an input parameter
vector, for example related to geometric factors or material properties. There
are four key ingredients to the certified RB framework:

e Galerkin projection: optimal linear combination of N pre-computed N/-
degree-of-freedom “truth” finite element (FE) field snapshots [1, 17];
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e POD/Greedy sampling: POD (in time) / Greedy (in parameter) [9] opti-
mal selection and combination of FE field snapshots;

e ¢ posteriori error estimation: rigorous upper bounds for the error in the
RB (output) approximation with respect to the “truth” FE discretization
7, 19];

e Offline-Online computational decomposition: O(N®)-complexity prepro-
cessing followed by O(N®)-complexity certified input-output prediction
[15, 19].

We shall describe each ingredient further in subsequent sections.

We shall assume that the field variable depends smoothly on the parameters.
In that case we can expect, and we can rigorously confirm a posteriori, that N <
N; we can then furthermore anticipate rapid Online evaluation of the RB output
approximation and associated RB output error bound. The certified RB method
is thus computationally attractive in two important engineering contexts: “real
time,” such as parameter estimation and optimal control; “many query,” such as
multiscale or stochastic simulation. In both instances, the Offline effort is either
unimportant or can be amortized over many input-output evaluations. In both
instances, rigorous error control without direct appeal to the “truth” is crucial.

For many problems, the field variable may be quite different in different
regions of the parameter domain, and hence a snapshot from one region may
be of little value to the RB approximation in another region. To exploit this
opportunity we introduce in [5] an hp reduced basis method for linear elliptic
equations. In the Offline stage we first adaptively subdivide the original param-
eter domain into smaller regions (h-refinement); we then construct individual
RB approximation spaces spanned by snapshots restricted to parameter values
within each of these parameter subdomains (p-refinement). In the Online stage,
the RB approximation associated with any new parameter value is then con-
structed as a (Galerkin) linear combination of snapshots from the parameter
subdomain that contains the new parameter value. The dimension of the local
approximation space, and thus the Online cost, shall be very low: every basis
function contributes significantly to the RB approximation. We note that an
alternative “multiple bases generation” procedure is introduced in [8]; a different
“interpolation” approach to parametric reduced order modelling with parameter
subdomains is described in [2].

In this paper, we extend the work in [5] to linear and non-linear parabolic
equations through a POD (in time) / Greedy (in parameter) procedure. The
POD/Greedy sampling approach [9] is invoked both in the initial partition of the
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parameter domain (h-refinement) and subsequently in the construction of RB
approximation spaces restricted to each parameter subdomain (p-refinement).
Much of the elliptic machinery from [5] extends to the parabolic case since we
only subdivide the parameter (and not the temporal) domain. The critical new
issue for the Ap-POD /Greedy algorithm for parabolic problems is proper balance
between additional POD modes and additional parameter values in the initial
subdivision process.

The hp-POD/Greedy procedure was first introduced in the conference pro-
ceedings paper [6]. We extend [6] here in several important ways. First, we
introduce an improvement to the algorithm: an additional Offline splitting step
which permits direct control of the Online computational cost. Second, we in-
troduce (for a simple but illustrative case) a new a priori convergence theory for
the initial subdivision process; we show in particular that the procedure is con-
vergent provided sufficiently many POD modes are included in the RB spaces.
Good convergence of the subdivision process is critical both to Offline and Online
performance. Third, and finally, we extend our considerations to quadratically
nonlinear parabolic problems. This class of problems is particularly “ripe” for
the hp approach due to the O(N*) computational cost associated with RB error
bound evaluation [12, 16]: even a small reduction in N—the number of RB basis
functions—will result in significant Online computational savings.

We begin in Section 2 with the problem statement(s). In Section 3 we intro-
duce the hp-RB approximation, the associated RB error bounds, and the nec-
essary computational procedures. In Section 4 we present the hp-POD /Greedy
algorithm and the new a priori convergence theory. Finally, in Section 5, we
present numerical results for two model problems: a linear time-invariant (LTT)
convection—diffusion problem, and a quadratically nonlinear Boussinesq natural
convection problem; we focus our discussion on computational cost and Online
economization compared to the standard (p-type) RB method.

2 Problem Statement

We directly consider a discrete-time parametrized parabolic PDE defined over
a spatial domain Q C R? for discrete time levels t* = kAt, 0 < k < K; here
At = ty/K, and ty is the final time. We further introduce a P-dimensional
parameter domain D C R” and denote by x € D a particular parameter value.
For a given € D we shall denote the exact solution to our discrete-time
parabolic PDE as u*(u) = u(t*, ), 0 < k < K.

We consider Euler Backward (6 = 1) and Crank Nicolson (§ = 0.5) temporal
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discretization schemes (more generally we may consider 0.5 < 6 < 1); we define
ub 0 (p) = 0uF T () + (1—0)u¥(11). The exact formulation reads: for any u € D,
find u*(p) € X, 1 <k < K, such that

1

A () = (), v ) + (T (), v )

+ b (), (), 03 0) = flosp), Yoe X, (21)

subject to initial condition u°(p). In the sequel we shall always assume zero
initial conditions. We then evaluate our output of interest as s* () = £(u*(p); 1)
for 0 < k < K. Here, X denotes a Sobolev space over @ C R?; typically
(H} Q)T € X C (HY(Q))4, where HY(Q) = {v : |[Vv| € L3(Q)}, H}(Q) =
{v e HY(Q) : v|]gg = 0} where 99 is the boundary of Q, L?*() is the space of
square integrable functions over €, and d is the dimension of the field. (In our
exposition d = 1; later, for the Boussinesq problem, d = 3.)

We suppose that X is equipped with an inner product (-,-)x and induced
norm || - ||lx = (-, -)%2; we further denote by (-,-) the standard L?(f2) inner
product and by || - [|z2 = (-,-)'/? the standard L?(Q2) norm. For any p € D,
m(-,-; i) is a coercive and continuous bilinear form over L%(€2), a(-,-;u) is a
coercive and continuous bilinear form over X, b(, -, ;1) is a continous trilinear
form over X, f(-; i) is an X-bounded linear functional, and £(-; u) is an L?(Q)-
bounded linear “output” functional. We introduce coercivity constants

_ .. a(v,uip) _ . m(v,vp)

o(p) = inf [ol% o) = inf R (22)
under our assumptions, a(p) > 0 and o(p) > 0 for any p € D. Note for b =0
our problem is linear and coercive.

In order to develop efficient Offline-Online computational procedures for the
RB field approximation, RB output approximation, and RB error bound, we
shall suppose that all our forms admit “affine” expansions in functions of pu.
Specifically, for any p € D

Qa
Cl(,,/.L) = Zaq('a')@g(u)7 (23)
q=1

where @, < @ and @ is finite and preferably modest. We suppose that m, b,
and [ admit similar expansions in at most ) terms. Many problems (includ-
ing the examples of this paper) admit an affine expansion; for other problems,
approximate affine representations can be developed [3, 4].
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We now introduce the “truth” spatial discretization of the PDE. We suppose a
regular triangulation 7% () of Q and introduce a corresponding high-resolution
finite element (FE) space X C X of dimension . The truth discretization of
(2.1) reads: for any u € D, find vV *(u) € XV, 1 <k < K, such that

o

N k+1
Ay

_u/\/k( uNk+0(

1), v; ) + a( 1), V5 1)
+ 0N (), N (), 03 0) = flosp), Ve XV, (24)

1)

subject to initial condition uV ? = 0; then evaluate the truth output approxima-
tion as sV () = £(uN ¥ (p); ) for 0 < k < K. Tt is this truth FE approximation
that we wish to accelerate by RB treatment. We shall assume that XV is rich
enough that the exact and truth solutions are indistinguishable at the desired
level of numerical accuracy. As we shall observe below, the RB Online computa-
tional cost is independent of A, and the RB approximation is stable as N/ — cc.
We can thus choose A/ conservatively.

3 hp Reduced Basis Approximation

For a parameter domain P C R, the hp-RB method serves to construct a
hierarchical partition of D into M distinct parameter subdomains Vgm C D,
1 < m < M. Each of these subdomains Vgm= has associated nested RB ap-
proximation spaces X1 pm C -+ C Xn,, gm,Bm, wWhere dim(Xy pm) = N,
1 < N < Npax,pm. We define Npax = max&mSM Nmax,pm. The procedure for
the construction of the parameter domain partition and associated RB spaces,
as well as the form of the “identifiers” B™, shall be made explicit in Section
4. In this Section, we discuss the RB approximation, the RB a posteriori error
estimators, and the associated computational procedures given the parameter
domain partition and associated RB spaces.

3.1 Reduced Basis Approximation

For any new p € D we first determine m* € [1, M| such that y € Vgm+ (C D).
Given any N, we define N = min{N, N, pm+}. The RB approximation of
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2.4) reads: for an € D, find uk € XN =Xg pm, 1 <k <K, such that
y K N K N,B

1
7PN () = R (), 05 ) + aul™ (), v; )

+ b(u§V+9(M)a uljf\f+0(ﬂ’)a v; ,LL) = f(?); N)v Vv e Xn, (31)

subject to initial condition u}; = 0; then evaluate the RB output approximation
as sk (p) = L(uk (u); p) for 0 < k < K.

3.2 A posterior: error estimation

A rigorous a posteriori upper bound for the RB error is crucial for the Offline
hp-POD/Greedy sampling procedure as well as for the Online certification of
the RB approximation and RB output. The key computational ingredients of
the RB error bound are the RB residual dual norm and lower bounds for the
stability constants.

Given an RB approximation, u% (1), 0 < k < K, for u € D, we write the
RB residual, r% (v;p), 1 <k < K, as

PR ) = F(os) = bk ) = k) vs )
— a(uly™ (), vi ) = b(u (), w0 (1), vs ), Vo € XN (3.2)

The Riesz representation of the residual &% (u) € XV, 1 <k < K, satisfies

(ex(m),v)x =ri(;p), VYve XV (3.3)
rk (v; .
We denote by ek (1) = |5 (1)||x = sup,ex~ J”ﬂfu}f) the residual dual norm.

We next introduce positive lower bounds for the coercivity constants of m
and a, o, and arp, respectively, such that for all y € D

0<owp(p) <o(p),  0<awp(p) < a(p). (3.4)

We also introduce a lower bound for the (possibly negative) stability constant

p) = inf 2b(ul (w), v, 03 1) + a(v,v; )

L,
b
vex lvllZ,

on( ., 0<k<K-1, (35)

which we shall denote pkB(t%; u): p&B(t*; 1) < pn(tF; ) for 1 < k < K and all
p € D. We further define 758 (t; 1) = min(p%B (t*; 1), 0).
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We can then develop the L?(Q) error bound

k en (th )2 k=1 14+0ALTHP(t9;p)
At e (1*(179)At711\}B(tk,§l‘) Hj:l 1-(1-6)At 7 (8511)

o )
AJV (l’l’) - 1+0At T]L\}B(tk/;;t) (3'6)

k
avs(wors (1) [T -, I—(1—0)At LB (t7 ;)

for which it can be demonstrated [7, 12, 16] that || * (1) —uk, (1) 22 < A% (1),
1<k<K,VucD.' We can furthermore develop an RB output error bound

A% () = [ sup A8 ) Ak (), (3.7)
’ veXN ||v||L2

for which it can be demonstrated that [sV ¥ () — s ()| < Alfv,s(/‘)v 1<k<K,
Vu e D.

3.3 Computational Procedures

Construction-Evaluation. Thanks to the “affine” assumption (2.3) we can
develop Construction-Evaluation procedures for the RB field, RB output, and
RB error bound. We first consider the RB field and RB output. In the Construc-
tion stage, given the RB basis functions, we form and store all the necessary
parameter-independent entities at cost O(N*®). In the Evaluation stage, we
first determine the subdomain to which the given new parameter p belongs: an
O(log, M) binary search suffices thanks to the hierarchical subdomain construc-
tion which we will make explicit in the next section [5]. We next assemble the
RB system (3.1) at cost O(QN?) (N < Npax) in the LTI case [15] and at cost
O(NNewton@N3K) in the quadratically nonlinear case [12, 16]; we then solve
this system at cost O(N3 + KN?) in the LTI case and at cost O(nxewton K N?)
in the quadratically nonlinear case. (Here nNewton is the number of Newton
iterations required to solve the nonlinear equations at each timestep.) Given
the RB field, the RB output can be evaluated at cost O(KN).

We next consider the RB error bound (3.6). We invoke the Riesz represen-
tation of the residual and linear superposition in order to develop Construction-
Evaluation procedures for the residual dual norm.? In the Construction stage,

In the linear case b = 0, and it thus follows from (3.5) and the definition of 7XP (we recall

that a(-, -; ) is coercive) that (3.6) simplifies to AKX (1) = (m Zﬁ/zl en (tF; ,u)2)1/2.
2We refer to [10, 16] for details on the Construction-Evaluation procedure for the compu-

tation of lower bounds for the stability constants—a Successive Constraint Method (SCM).
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we again compute and store all the necessary parameter-independent entities at
cost O(N®). In the Evaluation stage, we can evaluate the residual dual norm at
cost O(K N2+Q?*N?) for LTI problems [15] and at cost O(KQ?N*) for quadrat-
ically nonlinear problems [12, 16]. (In the sequel we shall assume @ = O(1),
as is the case in our numerical examples.) We note that the O(N*) cost for
quadratically nonlinear problems compromises rapid evaluation for larger N
and in practice limits Np,,x—motivation for an hp approach.

Offline-Online Decomposition: The Construction-Evaluation procedures
enable efficient Offline-Online decomposition for the computation of the RB
field approximation, RB output approximation, and RB output error bound.
The Offline stage, which is performed only once as preprocessing, can be very
expensive—N -dependent complexity; the Online stage, which is typically per-
formed many times, is comparably inexpensive—N -independent complexity.
We note that our RB formulation (3.1) inherits the temporal discretization of
the truth (2.4); we may thus not choose At arbitrarily small without compromise
to RB Online cost.

In the hp-RB Offline stage we perform the hp-POD/Greedy sampling pro-
cedure which we discuss in the next section and which is the focus of this paper:
we invoke Construction-Evaluation procedures to identify good RB spaces and
to compute and store the Construction quantities required in the Online stage.
The link between the Offline and Online stages is the permanent storage of the
Online Dataset; the storage requirement for the hp-RB method is O(M N2

max)
in the linear case and O(M N2, ) in the quadratically nonlinear case. We recall
that M is the number of subdomains identified by the hAp-POD/Greedy. In the
hp-RB Online stage we perform Evaluation based on the Online Dataset: we
calculate the RB field approximation, the RB output approximation, and the

RB error bound at the given new parameter in O(N®) complexity.

4 hp-POD/Greedy Sampling

In this section, we discuss the hp-POD/Greedy procedure for the construction
of the parameter subdomain partition and the associated RB approximation
spaces. We employ a hierarchical parameter domain splitting procedure and
hence we may organize the subdomains in a binary tree. Let L denote the
number of levels in the tree. For 1 <[ < L, we introduce Boolean vectors

By = (1,i1,i2,...,i) € {1} x {0,1}". (4.1)
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For any B, 1 <1 < L —1 we define the concatenation (By,4) = (1,41, ...,4,1),
i € {0,1}. The M subdomains of D are associated to the M leaf nodes of the
binary tree; we denote by B, 1 < m < M, the Boolean vectors that correspond
to the leaf nodes; we can thus label the parameter subdomains as Vgm C D,
1 <m < M. Similarly, we denote by X; gm C -+ C Xy, pm.5m (C XV) the
set of nested RB approximation spaces associated to Vgm, 1 < m < M.

4.1 Procedure

The hp-POD/Greedy algorithm introduced here applies to both the linear and
non-linear case. However, we adopt the notation of the linear (b = 0) and scalar
(d = 1) problem for simplicity.

Algorithm 1 [{x’ € X,1 <i < AN}] = POD({w* € XV,1 <k < K},AN)
1: G+ (w'w)x/K,1<i,j<K;
2: Solve Cyp' = X, ()T Cyl = &, for (' € RE N € R) associated with
the AN largest ei;g(envalues of C,
3: Compute x' = > ,_, Yiwk for 1 <i < AN.

We introduce as Algorithm 1 the POD algorithm (the Method of Snapshots
[20]). For specified AN and {w* € XV 1 < k < K}, Algorithm 1 returns
AN < K X-orthonormal functions® {x* € X,1 <i < AN} such that Pany =
span{x‘,1 <1i < AN} satisfies the optimality property

1 E 1/2

Pan = ar inf ( inf [lwk — wl2 ) . 49

" gYCSPan{w’“,lgkgK} K E_:wey I [53 (4.2)
dimY <AN =

The set {x%,1 <i < AN} returned by Algorithm 1 contains the AN first POD
modes of span{w?!,... wi}.

We next introduce as Algorithm 2 the POD/Greedy sampling procedure of
[9] (see also [13]). Let V C D. For specified AN, an RB space dimension upper
bound N, an initial parameter value w* €V, afinite train sample Z¢,.;, C V, and
an error bound tolerance €, Algorithm 2 returns Nmax < N nested RB spaces
X1 C ... C X (note that since the spaces are nested by construction we

only specify X as the return argument) and €pmax = Max,es, ., AJI\%MX (1)

3We note that (x',x7)x = Srey Sis ¢ (wh,w)x = K@) TCy = 5y 5.
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Algorithm 2 [XN]W7 €max] = POD/Greedy(AN, N, €, i1*, Ztrain)

1: Set Xy = {0}, N =0, €max = 00;

2: while €.« > €and N < N do

3 ek oy (%) uN E(p*) — projy (WNE(p*)), 1 < k < K;
4. fori=1,...,min{AN,N — N} do

5: Xnti < XN & Span{POD({eﬁ,,proj(u*), 1<EkE<K} i)}
6: end for

ot e argmaxges,,., AK(u);

8: €max Aﬁ(,u*);

9.0 N+ N+ AN;

10: end while

11: Npax ¢ N;

such that either epax < € oF Nypax = N. (Note in the POD/Greedy we may
take the L?([0,ts]; X) RB error bound AY y rather than the L*(©2) RB error

bound AY [13]; for the linear coercive case, AY (1) = Ji{;(u)AJ[\{,(y).)

We initialize the POD/Greedy by setting N = 0, Xy = {0}, and €,,.x = o0.
Then, while the dimension of the RB space is less than N and the tolerance
€ is not satisfied over Ziain, we enrich the RB space: we first compute the
projection error e%’proj(u*) = uNF () — Projx (WNF(u*)), 1 < k < K, where
projx, (w) denotes the X-orthogonal projection of w € XN onto Xy; we next
increase the dimension of the RB space by adding the AN first POD modes of
the projection error to the current RB space; we then greedily determine the
next parameter value over Zi,.in, based on the a posteriori error estimator at the
final time. We invoke Construction-Evaluation procedures for the computation
of the maximum RB error bound over E¢;,i, (line 7 of Algorithm 2); since the
RB error bound calculation is very fast (AM-independent in the limit of many
evaluations), we may choose Z¢ain very dense.

We finally introduce as Algorithm 3 the hp-POD/Greedy algorithm. For
specified AN, an RB space dimension upper bound N, error bound tolerances
etlol and efol, an initial parameter anchor point ﬂ(()l), and an initial train sample
Etrain,(1) C D of cardinality n¢rain, Algorithm 3 constructs a hierarchical splitting
of D into M = M(el,;, N) subdomains Vgm, 1 < m < M, and associates to
each parameter subdomain an RB space X Nonax, gm B of dimension Nyax,pm <
Npax < N such that for each subdomain Vgm the tolerance 6%01 > 0 is satisfied
OVer Ztrain,m C Vpm by Ag’ pm and the tolerance €t201 is satisfied over Z¢rain, Bm
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Algorithm 3 hp—POD/Greedy(Etrain’Bl,ﬂ%l,6%01, €2, N, AN)

1: Set R <+ 0, XR,BL — {0};

2: Compute uNk(ﬂ%l), 1<k<K,;

3: while A ; (1%) > €l /n do

4: E — R+1;

5. Xpp, + span{POD({uVF(} ), 1 <k < K}, R)};

6: end while B

7 /llBl —arg maXMG?craian[ AgBl () and set /:L(()Bl,o) — /l%lv ﬂ?BlJ) — /lle’l;

8: if MaX,€B¢rain, B, AIR{BZ (:u‘) > 6tlol then

9: Determine Etrain,(Bl,O)7 Etrain,(Bl,l); .
100 XN, (5,.00,(B1,0) < hp-POD/Greedy (Sivain, (51,0), i, 0) €tots Etols N AN);
11: XNmax,(Bl,l)a(Bbl) — hp—POD/Greedy(Etrain,(Bl,1), ﬂ?B,,,l)’ 6%01, 6%017 N, AN);
12: else o
13: [XNmaX,Bl ,Bis Gmax] = POD/GreedY(ANv N, egola /:LOBL ) Etrain,Bl);
14:  if €payx > 6%01 then
15: Discard Xn,,.. p,.B:

16: Determine Ztrain,(By,0)) Strain,(B;,1)3
17: XN

max,(5,,0)>(B1,0) ¥ hp-POD /Greedy (Etrain, (5,0), ﬂ?B;,O)? 6%01, egolv iv AN);
18: XNmax,(BlJ)»(BL-,l) = hp'POD/GreedY(Etrainy(Bl71)7 ﬂ(()B,,ly 6%01’ 6%01’ N,AN);
19:  else
20: Let m = (number of spaces returned so far 4+1) and set B™ = By;
21: return Xy, om.Bm = XNyoop,,B15
22 end if
23: end if
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Figure 1: Two levels of h-refinement and associated binary tree; here L = 3.

by AK . We introduce here Ag p, as the RB error bound associated

max, B™
with the temporary space X R,B;, and we recall that Aﬁmax m 1s the RB error
bound associated with the returned space Xy, pm Bm- (In the hp-RB Online
stage we may readily extract spaces Xy pm C Xy of any dimension N,
1 < N < Nmax,Bm~>
We now comment on the constant 7 > 1, which in turn determines the di-
mension R of the temporary spaces X r,B, (lines 3-6): we successively increment

R and evaluate Ag,B,, (4%,) until AII,{BI (4%,) < €tor/n. For n > 1, the tolerance

max, BT

etlol is then satisfied by Ag p, in a neighborhood of the anchor point [L%l, and
we thus avoid arbitrarily small subdomains. We note that n = oo corresponds
to R = K; however, typically R < K is sufficient and we may thus choose 7
close to (but larger than) unity.

We next consider the splitting of any particular subdomain Vg, C D into
two new subdomains Vg, 0y C Vg, and V(p, 1) C Vp,. We suppose that Vp, is
equipped with a train sample Si;qin, 3, C VpB,. Given a parameter anchor point
fi%, € Vp,, we first compute the truth field uNk(ﬂ%l), 1 < k < K, and define
the temporary RB space X R,B, associated with the subdomain Vp, as discussed
above. The next step is to evaluate Aﬁ,g, () for all 4 € Egrain,p, in order to
identify a second anchor point (line 7) i = arg MAX €S, 00, 5, AI}%BZ (1). We
note that the two anchor points ,&%l and ﬂll?z are maximally different in the sense
of the RB error bound, and thus provide good initial parameter values for two
new RB spaces.

We now introduce a distance function, § : D x D — R; for example we
may choose Euclidean distance. We can then implicitly define two new subdo-
mains V(p, o) C Vp, and V(p, 1) C Vp, based on the distance to the two anchor
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points: Vg, 0) = {1 € VB, : 6(ii%,, 1) < (i, 1)}, and Vg, 1y = {u € Vp, :
6(f,, 1) > 6(fup,, )} Note that by this definition, parameter values that are
equidistant from the two anchor points % and fip, belong to V(p, 1). The
final step of splitting is to construct a new train sample associated with each
of the two new subdomains (line 9). We first enrich (by adding random points,
say) the current train sample étrain,Bl D Erain,B, such that étrain,gl C Vp, has
cardinality 2n¢;ain; We then define

Erain,(B1i) = Ztrain, g N VBLiy, =01 (4.3)

We note that we may choose the initial train sample for the hp-POD/Greedy to
be rather sparse compared to the train sample for the standard POD/Greedy,
since we effectively construct an adaptively refined train sample (over D) dur-
ing the parameter domain partition process. The adaptively generated hp-
POD/Greedy (local) train sample associated with a given subdomain is typ-
ically much smaller than the (global) train sample associated with the standard
POD/Greedy.

We apply this splitting scheme recursively in order to partition D into the
final M subdomains; we can thus organize the subdomains in a binary tree. In
Figure 1 we illustrate the procedure, as well as the associated binary tree, for
two levels of recursive splitting.

The final step is p-refinement: we identify the nested RB spaces to be associ-
ated with the subdomain (line 13). If the POD/Greedy returns with epax > €2,
we discard the generated basis and successively perform additional subdomain
splitting and POD/Greedy steps until the tolerance is satisfied with at most
N basis functions (lines 15-18). This additional splitting step permits simul-
taneous control over €t201 and Npax. We note that AN—the number of POD
modes to include at each Greedy iteration during p-refinement—is typically cho-
sen small: small AN leads to more optimal spaces albeit at a higher (Offline)
computational cost.

Under the assumption that N is chosen such that R is always smaller than N
(note we can always “re-specify” N if at any point R > N) the hp-POD/Greedy
algorithm provides an Online dataset such that the RB error bound tolerance
€2 | is satisfied (over the train samples) with at most Nyax < N basis functions.?
We hope to achieve this goal without the expensive execution of lines 15-18: it
is our intent that if €}, is satisfied with R basis functions, then €2, < e}, will be

4We note that when an additional splitting step is performed (lines 17-18), we might have
to increase R beyond the requirement in line 3 in order to ensure that the anchor point ﬂ}gl

identified in line 7 is different from A% .

119



Paper 3

satisfied with at most N > R basis functions; whenever this is true, we discard
only R basis functions at each level of splitting.

We regard lines 15-18 as insurance: if €2, is not satisfied with at most
N basis functions—even if €l | was satisfied with R basis functions—we dis-
card the computed candidate space, split the subdomain, and again execute
hp-POD/Greedy in a recursive manner. Ideally eéol is chosen such that the in-
surance is rarely invoked and Npyax,pm < N is close to N for most m € [1, M].
If the insurance is invoked too often—el | is too large with respect to the target
N-—the Offline computational cost will be large. If the insurance is rarely or
never invoked and Nyay pm < N for most m € [1, M], then €lo1 18 too small
with respect to the target V.

Remark 1. We note that as the number of subdomains M increases, the hp-
POD/Greedy algorithm in general requires a larger (Offline) computational cost
and generates a larger Online Dataset than the standard (p-type) POD/Greedy
method. However, in the nonlinear case, the O(N*) cost and storage associated
with the RB error bound helps to moderate this increase: an increase in M
provides a decrease in N such that the product MN* grows only modestly. We
further note that, thanks to the efficient logo(M) subdomain search, M can be
very large without compromise to the Online computational cost. In practice we
thus seek M to balance Offline cost and Online storage against Online speed.

Remark 2. As discussed in [12, 16], we must employ a “nominal” lower bound
p* for the stability factor pxn for nonlinear parabolic problems during execution of
the POD/Greedy: the SCM, which allows for construction of the rigorous lower
bound p%\,B, can only be performed after gemeration of the RB space. In this
context p* is a conservatively chosen constant or (say) a linear function of p.
Note that the rigor of our error bounds in the Online stage is not compromised:
after completion of the POD/Greedy we perform the SCM,> and subsequently
the Online RB error bounds are rigorous.

4.2 A Priori Convergence Analysis

We now introduce an a priori convergence theory for Algorithm 3. Selection of
relatively few and optimal subdomains—small M for specified €/ —is crucial to
reduce both Offline cost and Online cost and storage. We consider here the class
of linear scalar problems (b = 0, d = 1). For simplicity, we consider the case of a

5We note that after completion of the hp-POD/Greedy we can apply the SCM algorithm
independently for each parameter subdomain; we thus expect a reduction in the SCM (Online)
evaluation cost since the size of the parameter domain is effectively reduced.
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single parameter (P = 1); we assume a Backward Euler temporal discretization
(6 = 1); and we consider the case in which m(-, ;1) is parameter-independent
and in particular equal to the L2?(Q) inner product: m(w,v;u) = m(w,v) =

Jo wo.
We recall that the bilinear form a and the linear functional f admit the

affine expansions

Qs
(15 ) Zaq SLCH FCim) =Y f1()0%Hw), (4.4)

for all 4 € D. For our purposes in this section, we shall require that

Q.
a(-,5p) =a () + Y al( )04 (n) = a' () +anl5p),  (45)

q=2
where a' is an X-inner product and ary is L?-continuous in its second argument.
Specifically we require, for any v € X, w € X,

a'(v,w) < [lvllxwlx, (4.6)
af(v, w) < yvllx[lwlLz, 2<g<Qa (4.7)

We also require that the f9: X — R are L?-bounded:

fUo) <N e2llvllze,  1<q<@Qf. (4.8)

For simplicity we suppose that || - ||x = || - ||z:; hence ||v]jzz < |Jv]|x for all
v € X. We further require that the ©¢ : D — R and @70 : D — R are
Lipschitz continuous: for any w1 € D, us € D, there exists constants L¢ and
L‘}, 1 <q <@, such that

1O (p1) — O (p2)| < Lipr — pa|, 1 <q < Qq, (4.9)
0% (1) = O%(u2)| < LE|pn — paf, 1< q<Qy. (4.10)

We introduce lower and upper bounds over D for the coercivity and continuity
constants of a(-,-; p):

0 < @ = mina(p) = min inf ng'u), 00 > 7 > max sup sup M’
nED peDvex |vl|% WeD ey mex 0l xlwlx

(4.11)
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respectively. For simplicity of notation we suppose, for v,w € X and any u € D,
that

an(w, v; p) < 7ljwl|x|lv]| 2. (4.12)

For our theororetical arguments below we assume o < 1 and 7 > 1. The coer-
civity lower bound app(p) shall be given as arp(p) = a for all p € D. We em-
phasize that all our assumptions in this section are satisfied by our convection-
diffusion numerical example of Section 5.1.

We consider Algorithm 3 with N = co. Hence p-refinement—execution of
POD/Greedy in line 13—will converge (emax < €2,;) for any specified €2, >
0. We thus focus here on h-refinement; we show in particular that the hp-
POD/Greedy algorithm generates a finite number of parameter subdomains.

To this end, we shall require the following continuity result.

Lemma 1. For any p1 € D, pus € D, and any v € X, w € X, there exist
positive constants c, and cy such that

la(v, w; 1) = a(v,w; p2)| < calps — paf[[v] x w2, (4.13)
(o) — F (03 12)] < eslpiz — pal[o]] 2 (4.14)
Proof. We refer to Appendix A for the proof. O

We next define, for any g € D and any v* € X, 1 < k < K, the “energy-
norm”

& 1/2

I1*]]], = (m(vk,vmm 3 a@, ok ;m) . (4.15)
k=1

We shall require the following stability result.

Lemma 2. For any p € D, the solution uN'*(u) € XN, 1 <k < K, of (2.4)
for 8 =1 satisfies

tk
e * ()]l], < max [f(i x5 1=k K (4.16)

Proof. We refer to Appendix B for the proof. O

For p11 € D, p2 € D, and for 1 < k < K, we define Auk; = uk (1) — b (12).
We shall require the following continuity result.
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Lemma 3. Assume that 11 € D and ps € D belong to the same parameter
subdomain (say) Vp, C D, and let X denote the RB space associated with
Vi,. Let uf(u1) € Xy and u;(u2) € Xn, 1 <k < K, satisfiy (3.1) for 0 = 1.
Then

AU [[lu < Clun — p2l, 1<k <K, (4.17)
where
1/2
S 2t* 2 .2 2 2
¢= <as(a Tt gleagllf(-;u)llx) (4.18)
Proof. We refer to Appendix C for the proof. O

We shall finally require the following continuity result, which is a discrete
counterpart of Proposition 11.1.11 of [18].

Lemma 4. Assume that p1 € D and ps € D belong to the same parameter
subdomain (say) Vp, C D, and let Xn denote the RB space associated with
Vg,. Let uf(u1) € Xy and v (12) € Xy, 1 <k < K, satisfiy (3.1) for 6 = 1.
Then the finite difference (Auk, — Auk 1) /At is L?-bounded in time:

k 1/2
(Alt kzzl | Auk; — AUI;V’—IH%z) < Clpy — pal, (4.19)
where
1/2
C= <j2 (7@02 +tra’c} + 7l ma|| (- u)II;«)) (4.20)
Proof. We refer to Appendix D for the proof. 0

‘We now claim

Proposition 1. Let D C R and let |D| denote the length of D. For specified
€to1s Algorithm 3 terminates for finite M = M (el,)) subdomains; moreover, the
convergence of the h-refinment stage is first order in the sense that

M(el,)) < max {1, ?} , C=C(n,|D|). (4.21)

€tol
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Proof. The proof has two steps. We first show that the RB error bound is
Lipschitz continuous. We then relate this result to our particular procedure to
prove convergence of the hp-POD/Greedy algorithm.

Step 1. We recall that for u € D, the Riesz representation éX (1) of the
residual 7% (s 1), 1 < k < K, satisfies

(exv)x =i (o), Voe xV. (4.22)

Let 1 € D, pp € D. We define Aék, = é% (u1) — €% (p2). From (4.22) we note
that by linearity

(AR, v)x = fvspa) — f(v; p2) + auf (p2),v; p2) — a(uy (1), v; pa)
I II

+ 17 (o m) = o ) o) = ) — o )0)). - (429

II1

for all v € XN and for 1 < k < K. For the term I we invoke Lemma 1 directly
to obtain

|f(vs 1) = f(vsp)| < cplpn — palllv]lx, Vv e X. (4.24)

For the term II we first write

|a(uly (p2), v: p2) — a(uf (), v; )|
= la(uf (1), v; p2) — a(u (p1), v; 1) — a(Aui, v; p2)|.  (4.25)
Then, by the triangle inequality, Lemma 1, continuity, and (4.11), we obtain

la(u (), v; p2) — a(ufy (1), v; )|
< la(Auky, v; p2)| + callubs () | x vl x |11 — pa]
< Tl AUk || x vl x + calluk ()l x o)l x |1 — po] (4.26)

For the term III we invoke linearity, the Cauchy-Schwarz inequality, and the
Poincaré inequality® to obtain

[l (12) =y (p2), v) —m(uf () = uy (1), v)| = [m(Auly = Aui ", v))|
< [lAuy — Aup [ alloll e < AUk — Aul e flollx. (4.27)

6We suppose here for simplicity that || - ||x = || - || g1; hence ||v]| ;2 < ||v]|x for all v € X
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We now insert the expressions for I, II, and III into (4.23); for v = Aék; we
then obtain

(Aely, Aek)x < eplpn — pol|AEK |lx + Tl Auk x| Aekx
R 1 . N
+ calluy (p) x| AeK x| = pal + | Auly = Aui |2 | Ady [l x. (4.28)
We divide through in (4.28) by [|Aé¥||x, square both sides, and invoke the

inequality (A + B + C + D)? < 4(A% + B? + C? + D?) for A,B,C,D € R to
obtain

[AER|% < 4l — po* (cF + 2 llubs ()% )
4
+ HQHAU’E — AU, + 4P A |k (4.29)

We multiply through in (4.29) by At, substitute k for k', and sum over k" to
obtain

k k
ALY A% < Al — ol (G + A Yl (m)]%)
k=1 k=1
1 & k
+ 472 <At D lAuk — Auk TG + ALY ||Au’f\,§(>. (4.30)
k=1 k=1
Next, from coercivity and Lemma 2 we note that
k k 2 k
vz o e )l ot 2
At k; [[uRe (n1)llx < Tl < 2 maxllF G )l (4.31)

Further, from coercivity and (4.11), and Lemma 3 and Lemma 4, we note that

k k
(1 e ’
472 (At 3 Ak - Ad Y+ A IIAU?V§(>
k=1 k=1

k

k ’ ’
1 / g a(Auk;, Auk;:
SW(NZ |Auk — Auy M7 + ALY (Buy. Suy “2)>

«
k'=1 k'=1 -

y  C2
<A = | 74— ) (432)
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From (4.30) with (4.31) and (4.32) we thus obtain

k
ALY A% < Al — pal?, (4.33)
k=1
where
. 1/2
c=2 ﬁ<a2c2—|—62max||f(-'u)||2 )—|—72 C~’2+Cf2 (4.34)
- QQ = bf a ueD ) X/ P . .

By the definition of the RB error bound (recall that we use arp(p) = «) and
the reverse triangle inequality we finally obtain

1/2 A 1/2
( Z ||€N fi1) |X> ( Z HeN H2 ||X>

& o & =

|AK (1) — AR (2)] <

At k 1/2
<[ =S 1Ak ) < -l - el (435)
> N

Step 2. The next step is to relate (4.35) to the convergence of Algoritm 3.
The algorithm generates a partition of D into M subdomains. Either M = 1,
in which case the proof is complete, or M > 1. We now examine the case
M > 1. We consider the splitting of any particular subdomain Vp, C D into
two new subdomains V(p, 0y C Vg, and V(p, 1) C Vp,. We denote here by
fio = i, = [L?Bho) the anchor point associated with Vp, and Vg, o), and by
= ﬂlBl = ﬂ?Bl,l) the anchor point associated with Vp, 1). We assume that
the error tolerance at the final time is not satisfied over (a train sample over)
Vp,; hence €}, < Agﬁ B, (f11). We recall that by construction of our procedure

AgBl (f1o) < €,/ for specified n > 1. We can thus invoke (4.35) for py1 = fi1,
pa = fig, and A%, replaced by Ag’Bl to conclude that

1
1 6tol

K .
€tol — n < |AR Bl< 1) — AR B, (f10)] < \f|/¢1 fol, (4.36)
and hence
1
-1
i — fio| > ““i(n") (4.37)
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We now split Vp, into V(p,,0) and V(p, 1) based on Euclidean distance to the
two anchor points. It is clear that

el va(n—1
|V(B,A,i)| > %‘/:Ll — fio| > tol\/;c(g), i=0,1. (4.38)
The partition procedure generates M > 1 distinct subdomains Vpm, 1 < m <
M. Each of these subdomains is the result of a splitting of a “parent” subdomain
Vp, D Vpm (for some B, 1 <1 < L —1). Since B; above was arbitrary, we can
successively set Vp, to be the parent of each of the M “leaf” subdomains and
conclude that

> 6%01@(77 B 1)

V m
Ve 2cn

1<m< M. (4.39)

1
. . . a(n—1
We define 05/ = minj<,,<as |Vpm|; hence in particular 6, > %

We complete the proof by a contradiction argument. Assume that M >

|D|2cn
VR Thus

Etlolx/@(n - 1) 2cen ,

which is clearly a false statement. We conclude that the number of subdomains

M = M(el,)) < C(n,|D|)/el,, with C(n,|D|) = %. We finally note that

Algorithm 3 is convergent since the POD/Greedy (line 13) will be able to satisfy
the error bound tolerance €2 | within each of the M final subdomains (recall that
we set N = 00). O

Méy > (4.40)

Remark 3. The requirement 1 > 1 reappears in the proof in (4.36). We note
that we can not obtain a positive lower bound for the distance between the two
anchor points if n < 1.

Remark 4. If we assume only f € X' (and not in L?) and furthermore an
only X -continuous in both arguments (and not L*-continuous in the second
argument), then we can still obtain Proposition 1 albeit with an additional factor
1/At in the “constant” C. However, we note that this 1/At factor is in this case
relatively “benign”: we can not in any event let “At — 07 in practice because of

"In fact, we should interpret M here as the number of subdomains generated by Algorithm
3 so far; the Vpm, 1 < m < M, are not necessarily the final M subdomains. With this
interpretation we thus do not presume termination of the algorithm.
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the increase in Online computational cost. (In contrast, we can let “N — oo”
since larger N affects only Offline cost.)

We recall that all the hypotheses of Proposition 1 are satisfied by our numer-
ical example in Section 5.1.

Remark 5. Proposition 1 guarantees that the h-refinement partition algorithm
is convergent. However, the convergence is very slow and hence subsequent p-
refinement is in practice necessary. But note that with only a global Lipschitz
constant ¢ in our proof, our bound (4.21) is very pessimistic, and in particular
does not reflect any adaptivity in the partition. In practice we expect that the
algorithm adaptively generates smaller subdomains in areas of D for which the
field exhibits larger variations with the parameters.

5 Numerical Results

We now present numerical results for two model problems. We demonstrate
that in both cases the hp-RB method yields significant Online computational
savings relative to a standard (p-type) RB approach; we also show that the
partitions of D may reflect the underlying parametric sensitivity of the prob-
lems. All our computational results are obtained via rb00mit [14]|, which is
an RB plugin for the open-source FE library 1ibMesh [11]. All computations
are performed on a 2.66 GHz processor. For the hp-RB approximations below,
we have used a “scaled” Euclidean distance for the distance function §(-,-): we
map D (a rectangle in both our examples) to D = [0,1]F (via an obvious affine
transformation) and compute the Euclidean distance on D. For the constant n
in Algorithm 3 we choose nn = 1.1.

5.1 Convection-Diffusion Problem

We consider the nondimensional temperature u which satisfies the convection-
diffusion equation in the spatial domain Q = {(z1,22) : 2% + 23 < 2} for the
discrete time levels tF = 0.01k, 0 < k < 100; we employ Backward Euler tem-
poral discretization (hence § = 1). We impose a parameter-dependent velocity
field V(n) = V(v,¢) = (vcosp,vsing) and we prescribe a constant forcing
term g = 10. We specify homogeneous Dirichlet boundary conditions and zero
initial conditions. We denote a particular parameter value u € D by u = (v, p)
and we introduce the parameter domain D = [0,10] x [0, 7] € RF=2. For this
problem, we focus for simplicity on the RB field approximation and thus we do
not consider any particular outputs.
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We next introduce the forms

-
a(w,v;p) = /(Vw Vo + (V(p) - Vw)v), (5.1)

v,ufq/vfm/

for v,w € X, where X = H(€2). Our problem can then be expressed in
the form (2. ) with b = 0; note that our only parameter-dependent form is
a, which admits an affine expansion (2.3) with , = 3. We note that this
problem satisfies all the theoretical hypothesis of Proposition 1.8 For our truth
approximation we choose a P, FE space XV € X of dimension N = 1889.

To obtain a benchmark for comparison we first perform a standard (p-type)
POD/Greedy: we specify € = 107> for the target tolerance, AN = 1 for the
number of POD modes to include at each greedy iteration, u* = (0,0) for the
initial parameter value, and a train sample Zi..;, C D of size 900. We then
execute Algorithm 2 (we also “specify” N = oo such that the POD/Greedy
terminates for e satisfied over Ztain). The tolerance is in this case satisfied for
Niax = Nmax = 129.

We next perform two hp-POD/Greedy computations. In the first we specify
e, =5,¢€, =17 N =65 AN =1, ,&?1) = (0,0), and a train sample
Etrain, (1) of size 64. In this case Algorithm 3 terminates for M = 22 subdomains
with Npax = N = 65 (recall that Nyax = maxi<m<nr Nmax, s ). In the second
case we specify e}, = 1.5, €2, = 1075, N = 45, AN = 1, ﬂ?l) = (0,0), and
a train sample .,y (1) of size 25. In this case Algorithm 3 terminates for
M = 278 subdomains with Ny = N = 45. The maximum RB L?(2) error
bound €% (over the train samples) over all M subdomains for each of the
cases M = 22 and M = 278, as well as the p-type reference case M = 1, are
plotted in Figure 2 as functions of N. We note that larger M yields smaller NV,
as desired.

We show the two partitions of D in Figure 3.2 Note that the field variable

8Eq. (4.5) is satisfied with arr(w,v;p) = [o(V (1) - Vw)v. We note that ary is L2(Q)
continuous in its second argument since by the Cauchy—Schwarz inequality arp(w,v) <
(f% V(,UJ . Vw 2)1/2( v )1/2

To ensure a good spread over D of the rather few (25 or 64 for our two examples) initial
train points, we use for Zy,,i,, (1) @ deterministic initial regular grid. (For the train sample
enrichment, we use random points.) Since some train points belong to a regular grid, the
procedure may produce “aligned” subdomain boundaries, as seen in Figure 3.
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140

Figure 2: Convergence: hp-RB (triangles (M = 22) and squares (M = 278)) and
p-type RB (circles). In the hp-RB cases, the error bound is the maximum over all
subdomains for a given N.

(b) M = 278

Figure 3: Parameter domain partitions Vpm, 1 < m < M, for the convection-
diffusion problem.
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exhibits larger variations with ¢ for larger v, and hence we would expect the
subdomain size to decrease with increasing v. However, this is not the case in
Figure 3(b) except for smaller v. By way of explanation we note that when
the field varies significantly with time, which is indeed the case for large v,
R—the number of POD modes in the temporary space X'RyBl—Will be larger.
We suspect that the additional POD modes included in the Xg p, associated
with subdomains for v larger than approximately 5 may also represent some
parametric variations in the field and hence account for the “non-monotonic”
(in v) subdomain size.

We note that the hp-RB method indeed yields a significant Online speedup.
Online p-type RB calculation of the RB solution coefficients and error bound
for N = 129 basis functions requires 1.4 - 1072 seconds. In contrast, Online
hp-RB calculation of the RB solution coefficients and error bound for the case
with M = 22 subdomains and N = 65 requires 3.3 - 1072 seconds, and for
the case with M = 278 subdomains and N = 45 requires 1.8 - 1073 seconds; in
both cases, the search for the subdomain containing the new online parameter is
negligible (O(107%) seconds). (The timing results are averages over 100 Online
calculations for randomly selected p € D.)

Of course Offline cost and Online storage are larger for the hp-RB than for
the standard (p-type) RB: the Offline stage requires 29.6 minutes and 3.5 hours
for the hp-RB computations (M = 22 and M = 278, respectively) and only 13.4
minutes for the standard RB; the Online Dataset requires 25.3 Mbytes and 142.9
Mbytes for the hp-RB computations (M = 22 and M = 278, respectively) and
only 5.7 Mbytes for the standard RB. In particular Offline cost for the M = 278
computation is admittedly very large compared to the Offline cost for the p-type
computation. Of course, even in our “real time” and “many query” contexts, the
larger Offline cost associated with the hp-RB method may be an issue; we must
thus seek to balance the increase in Offline cost against the decrease in Online
cost by appropriate choices of the parameters €/, and N. We note that for this
problem, our M = 22 hp-RB computation provides significant Online speedup
at only modest increase in Offline cost.

The additional splitting step—the “insurance” provided by lines 15-18 in
Algorithm 3-—was never invoked for either hp-POD/Greedy computation. For
the computation with specified N = 65, the average of Npax pm, 1 < m <
M = 22 is 57.3. For the computation with specified N = 45, the average of
Nmax,Bm, 1 <m < M = 278, is 37.9. We conclude that in both cases we could
have chosen €., somewhat larger (at the risk of invoking insurance) in order to
obtain a more optimal partition with respect to the target N.
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We finally note that calculation of the truth (2.4) for this problem with
N = 1889 requires about 0.9 seconds. The average speedup relative to a truth
calculation is approximately 64 for the p-type Online calculation with N = 129,
and approximately 273 and 500 for the hp-RB Online calculations (N = 65,
M =22, and N = 45, M = 278, respectively).

5.2 Boussinesq Problem

We consider natural convection in the two-dimensional enclosure 2 = (0,5)2\ P,
where P is the “pillar” (2.5 — 0.1,2.5 + 0.1) x (0, 1), for the discrete time levels
t* = 0.0016k, 0 < k < 100; we employ Crank-Nicolson temporal discretization
(hence 8 = 0.5). The direction of the acceleration of gravity is defined by the
unit vector (— sin ¢, — cos ¢). We solve for the field variables V1, V5 (the z and y
components of the fluid velocity) and ¥ (the temperature) over 2; hence the field
has dimension d = 3. The “roof” of the enclosure is maintained at temperature
¥ = 0, the sides and base of the enclosure are perfectly thermally insulated, and
the top and sides of the pillar are subject to a uniform heat flux of magnitude
Gr (the Grashof number); we impose no-slip velocity conditions on all walls.
We denote a particular parameter value p € D by p = (u1,u2) = (Gr, ¢) and
we introduce the parameter domain D = [4000, 6000] x [0,0.2] € RP=2. Note
we set the Prandtl number, Pr, here to 0.71 (for air).

Our goal is to study parametric dependence of the temperature in regions
at or near the top of the heated pillar (or “fin”) in the presence of natural
convection, and hence we are interested in local average-temperature outputs.
These outputs can be expressed as L?(£2)-bounded functionals of 1, namely,

sulti) = a0(ti). ) = = [0t (5.2)

here Dy = [2.2,2.4] x [1,1.1], Dy = [2.4,2.6] x [1,1.1], D3 = [2.6,2.8] x [1,1.1]
are three small rectangles above the pillar. The domain geometry and output
regions are depicted in Figure 4.
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Dy
- 1/5
TR
D,
! Pl

Figure 4: The computational domain; note that 2 does not include the pillar, which
is shaded in red. The output regions D1, D2 and D3 are also indicated.

We introduce the forms
m(w,v; p) = / Wiy,
Q

a(w,v; )_/ Ow vy 0wz vz | 1 Ows Jug
VR = 3xj 8xj 813]‘ 31‘]‘ Pr (9561' 8:Ej ’

by (w,v; p) = =/ Pr sm,ug/ w3vy — /1 Pr cos,ug/ w3va, (5.3)

b (U} 2. vt ) / 8’11}12] % Vs
S 2\/M1Pr O Jaxj

flosp) = gi/ U3,

for w = (w1, wo,w3) € X, v = (vy,v9,v3) € X, and z = (z1,292,23) € X; in
these expressions, ¢+ = 1,2,3 and 5 = 1,2. Here, X = Z x W, where Z is the
divergence-free subspace of (H:(9))?, and Hg (2) ¢ W C H'(Q) is the subspace
of H*(2) of functions which vanish on the enclosure roof.

Our problem can then be expressed in the form (2.4) with b(w, z,v; u) =
b1 (w, v; ) +ba(w, z,v; ) (we have used a skew-symmetric form of the nonlinear
convection operator bs(w, z,v; 1) in order to generate certain discrete stability
properties [18]); note that all forms satisfy the “affine” assumption. For our
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Figure 5: (a) Convergence: hp-RB (triangles) and p-type RB (circles). (b) Parameter
domain partition: we show the anchor point (a circled white dot) and the Greedily
selected parameters (white dots) in each subdomain; note that, within a subdomain,
parameters are often selected more than once by the POD/Greedy algorithm.

truth FE space, we choose XV = ZV x W of dimension N = 7248, where ZV
denotes a discretely divergence-free Py space for the velocity (developed from the
Py — P; Taylor-Hood velocity-pressure approximation) and W4 is a standard
Py FE space for the temperature. For further details on the formulation of this
problem see [12].

We note that for the computational results for this problem, we consider
a “relative L*(2) error bound” version of Algorithm 2 and hence Algorithm 3.
To obtain a benchmark for comparison we first perform a standard (p-type)
POD/Greedy computation: we specify ¢ = 2 - 1072 for the target tolerance,
AN = 3 for the number of POD modes to include at each Greedy iteration,
w* = (6000, 0) for the initial parameter value, and a train sample Zipai, of size
200. In this case Algorithm 2 terminates for Ny, = Npax = 72. Recall that in
the quadratically nonlinear case the POD/Greedy terminates when the nominal
error bound reaches the prescribed tolerance.

We then perform an hp-POD/Greedy computation: we specify e}, = 1.2,
€2, =2-1073, N =45, AN =3, ﬂ?l) = (6000,0), and a train sample Z¢yain (1)
of size 9. In this case Algorithm 2 terminates after generation of M = 45
subdomains with Nya, = 45. The maximum relative RB L?(Q) error bound
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*

(a) (Gr, ¢) = (4000, 0.05) (b) (Gr, ¢) = (5000,0.1) (c) (Gr, ) = (6000,0.2)

Figure 6: The RB outputs sy 1(t"; 1) (red, solid line), s 2(t*; u) (blue, solid line),
sn,3(t"; 1) (green, solid line), and associated error bars (dashed lines) as functions of
time for three values of .

ex‘ay (over the train samples) over all subdomains for the hp-RB approximation

as well as for the p-type RB approximation are shown in Figure 5(a). As in the
linear case, the hp approach trades reduced N for increased M. We show the
hp-RB parameter domain partition in Figure 5(b).

In Figure 6 we show for N = 45 the RB output approximations to the
three outputs (5.2) for three parameter values (Gr, ¢) = (4000, 0.05), (Gr, ¢) =
(5000, 0.1), and (Gr, ¢) = (6000, 0.2). We also indicate the corresponding error
bars [siy (1) — AR, (1), 8K (1) + AR, (W], 1 < k < K, 1< 5 <3, in which
the true result sév K must reside. We recall that the RB output error bounds
Ap,s; are obtained as the product of the RB field error bound Ay and the dual
norm of the output functional (Eq. (3.7)).1° We remark that the accuracy of
these hp-RB outputs is comparable with the accuracy of the p-type RB outputs
since the hp-POD/Greedy and p-type POD/Greedy calculations terminate for
the same specified tolerance. Note that time is measured in diffusive units and
hence the final time of 0.16 is sufficient to observe (at these Gr) significant
nonlinear effects.

The standard (p-type) RB method yields a significant Online speedup rela-
tive to the expensive Boussinesq truth FE solves (one truth solve requires 239
seconds); nevertheless, these p-type RB computations are still rather expensive
due to the O(N*) complexity of the RB error bound for quadratically nonlin-
ear problems. The hp-POD/Greedy method of this paper provides a significant
additional speedup in the hp-RB Online stage due to the direct control of Nyax

é (’U'}L) 1 fD v 1 fD, Uz 1
10We note that sup ———12 = sup n_ < n_ < .
vexN vllipz palDal wexn IvlliLe = piy/IDal \ Jov? = piy/|Dnl
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and hence reduction in N: Online p-type RB calculation of the output and er-
ror bound with N = 72 basis functions requires 6.48 seconds, whereas Online
hp-RB calculation of the output and error bound with M = 45 subdomains and
N = 45 requires only 0.845 seconds. Of course Offline cost and Online storage
are larger for the hp-RB than for the standard RB: the Offline stage requires
about 69 hours for the hp-RB and only about 5.2 hours for the standard RB;
the Online Dataset requires 2.3 Gbytes for the hp-RB and only 481 Mbytes for
the standard RB.

We finally note that the additional splitting step (“insurance”’) was invoked
for ten subdomains for the hp-POD/Greedy computation, and the average of
Nmax,Bm, 1 <m < M, is 40.1. This suggest that etlol in this case was reasonably
well chosen with respect to the target N.

A  Proof of Lemma 1

From (4.5), (4.7), and (4.9) we obtain (4.13) with

Cq = QamaX2§q§Qa (WQLZ). (Al)
From (4.4), (4.8), and (4.10) we obtain (4.14) with
cy = Qymaxi<g<q, ([ fl|z2L). (A.2)

B Proof of Lemma 2

From (2.4) with v = v #() we obtain

ém(uN’“(M),uN'@(m) + (" (), N F () )
= ﬁm(uNk—l('u)’uNk(u)) + f(uNk(M)QM)~ (B.l)

We next recall Young’s inequality AB < (A?/k + kB?)/2 (for A, B,k € R).
For the first term on the right we first invoke the Cauchy-Schwarz inequal-
ity and then Young’s inequality for A = m(uN*~1(n), N *~1(n)/?, B =
m(uN (), uN * ()2, and k = 1 to obtain

(N F (), uN F () < (N (), wN T ()2 (N (), N E ()2

< 3 (N ), 0V ) (), B ). (B2)
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For the second term on the right we first invoke boundedness of f(-; 1) and then
Young’s inequality with A = || f(u)|x, B = |[uN*(u)||x, and x = a(u) to
obtain

\]

PO 0310 < 17l [ )l < 1('” s +a(u)||uN’“(u)|§(>

£ G5 m)ll% .
2( a(u)x +a(uNk(u),uN’“(u),u)>, (B.3)

where the last step follows from coercivity of a(-,-;u). We combine (B.2) and
(B.3) with (B.1), invoke (4.11), substitute &’ for k, and sum over k' to obtain
(4.16).

C Proof of Lemma 3
From linearity of (3.1) we obtain, for 1 <k < K,

1

AL m(Auf — Aul, ) + a(Auly, v o)

= f(v; 1) = (s p2) + alun (1), v; p2) — a(ul (1), vipa), Yo € Xy.
(C.1)

Next, from Lemma 1 we obtain
1 A k A k—1 A k .
Em( Uy — AUy ,U) +CL( uN’/U7/’I/2)
= fvipn) = f(v; pa) + a(uf (), 03 p2) — aluly (), v; )
< cplpn — po||lvllx + calpn — pollluf (u)lxvllx. (C.2)

For the first term on the right we invoke Young’s inequality for A = cy|p1 — pal,
= ||v||x, and kK = /2 to note that

12 a
crlpn — pelllv]lx < 2<|/~L1 22+2|U||§(>

2
< Sy =+t ; C.3
=7 ‘,ul N2| + 4a(v,v,,u2), ( . )
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where the second inequality follows from coercivity of a(-, -; u2). For the second
term on the right we invoke Young’s inequality for A = c,|p1 — pol||uf (1) || x,
B = |jv||x, and k = /2 to note that

1 2¢2 o
calir = izl |y () ol < 5 (;m = a2l ) I + 2v||%<>

2 1
< gml — p2Pa(u (), uR (p); pn) + Za(vav;uz)» (C4)

where the second inequality follows from coercivity of a(-,-;pu). With (C.2),
(C.3), and (C.4) we obtain for v = Auk;,

A
m(Auﬁ,, Auﬁ“\,) + ;a(Au?\,, Auf\,;ug) < m(Au’fv_l, Au?\,)
At
+ =5l = ol (ac + caluly (), ufy ()i ). (C:5)

For the first term on the right we note by the Cauchy-Schwarz inequality and
Young’s inequality for A = m(Aulf\fl,Au’f\fl)l/g, B = m(Auk, Auk)'/2, and
k =1 that

m(AukTY Auk) < m(AWkTY Ak 2m(Auky, Auk)t/?

< %m(Auf\fl, Aukh) + %m(Auﬁ,,Au’f\,). (C.6)

Hence

m(Auke, Auk) — m(Auk AUk + At a(Auky, Auby; )
2At
< “ i — ol (ack + c2aluly (), uly (1)) ). (C7)
We now substitute &’ for & and sum over k' to obtain

k

2 ’ ’
AWK, < Sl — i (ackt* + EAL S alulf(u), wki ()i n)). (C:8)
- k'=1

We finally note that At F,_, a(uf\;(ul),u%(ul); pi1) < ||k (pa)]||%,. Hence,
by Lemma 2 we obtain (4.17) for C given in (4.18).
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D Proof of Lemma 4

From linearity of (3.1) we obtain, for 1 <k < K,

(Bl — Aul o) + a(Au, v o)

= f(vspn) — f(v; p2) + a(ufy (1), vs p2) — a(uf (), v ), Vv € Xy,
(D.1)

We choose v = (Auk; — Auk!) /At € X and obtain

1 1
A2 [Auk, — AukT3: + EQ<AU?\h Auk, — AU o)
1 - 1 _
= [ (Buy — Auy l;ul) = g [(Buy — Aui o)
1 B
+ 270Uk (), Auf — Aui™; ) — At a(uf (), Auly — Auf s ), (D2)

for all v € X . From Lemma 1 we obtain

Aufy — Auy s )

1 _ 1
th(Aulfv - Au’f\, 1§ﬂ1) - th(

Cr —
< Ak = Aul el — | (D3)
and

1

, - 1 B
(Ul (), Auyy — Au s pg) — g oun (i), Auly — Auk )

Cq _
< ek () x| Auy - Auy Hlpzlpn = pal- (DA4)

We thus obtain

tQHAuN AU?V1||L2+ a(Aufy, Auky — Aufs s o)

At
c
< Al Al = A2 — o

Ca -
+ Ktllulfv(ul)llxllﬁulfv = Auy g2 lpy = pal- - (D.5)
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We now recall from (4.5) that a(-, -;u) = a'(-,-) +an(:,; 1). We may thus write

1 _ 1
Ak — AT + ot (A, Auk)
1 _ 1 _
< Eal(Auﬁ,?Aulfv Y+ E|an(Au’fV,AulfV — Aukt )|

Cc —
+ gl — Ault 2| — ool
Cq _
+ gk G)lxl|Auy = Auf 2l — ol (D6)

Next, we apply the Cauchy-Schwarz inequality to the first term on the right and
continuity to the second term on the right; we then apply Young’s inequality to
each term on the right to obtain

A%QHAU?V — A2, + Aital(AulfwAuﬂfv)
< o (Bl M) + o (A A )
+3 371At2 Ak — Ak e + 371 Ak % )
(sl — Ak s + 363 — pal?)

+
1 1 _
+ 5 (5azlauk — Ak + 8elluk () el — al?), (D7)
or
1
S 1Auk — Auj 2 + o' (Auk, Auk) - ' (Adk!, Auf )
< 3PN A% + 3m — P (At + At uk ()] ). (D8)

We then substitute &’ for & and sum over k' to obtain

k
1 ’ k' —
A7 2 Al — Aul s + ol (A, Auf)
k'=1
k k
<370 Y AAURIE +3lun — o (G + ALY Juki(m)lk ). (D9)
k'=1 k'=1
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Finally, we first invoke coercivity of a(-, -; ), and then Lemmas 2 and 3 to obtain

k
1 ! !
= O lIAuf — Auf e + o (Auy, Auk)
k'=1
372 & , ,
< “LALY” a(Adf, Auf: )
o k'=1
3 k
+ 2l — ol (achtt + ALY (i (), ) ()i )

k'=1

3 ~
< i = paf? 55 (F20C? + 0%} + thed maxc || () x ). (D-10)

The desired result thus follows since a!(Auk;, Aufk;) > 0.
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Abstract

In this paper we introduce a two-step Certified Reduced Basis (RB)
method. In the first step we construct from an expensive finite element
“truth” discretization of dimension A/ an intermediate RB model of di-
mension N < N. In the second step we construct from this intermediate
RB model a derived RB (DRB) model of dimension M < N. The con-
struction of the DRB model is effected at cost O(N) and in particular
at cost independent of N'; subsequent evaluation of the DRB model may
then be effected at cost O(M). The DRB model comprises both the DRB
output and a rigorous a posteriori error bound for the error in the DRB
output with respect to the truth discretization.

The new approach is of particular interest in two contexts: focus cal-
culations and hp-RB approximations. In the former the new approach
serves to reduce online cost, M < N: the DRB model is restricted to a
slice or subregion of a larger parameter domain associated with the in-
termediate RB model. In the latter the new approach enlarges the class
of problems amenable to hp-RB treatment by a significant reduction in
offline (precomputation) cost: in the development of the hp parameter
domain partition and associated “local” (now derived) RB models the fi-
nite element truth is replaced by the intermediate RB model. We present
numerical results to illustrate the new approach.

1 Introduction

The Certified Reduced Basis (RB) method is a computational and mathematical
framework for model order reduction of parameter dependent partial differential
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equations (PDEs). In particular, the RB method provides rapid and certifiable
computation of linear functional outputs — such as average field values or av-
erage fluxes — associated with the solution to the PDE for any set of input
parameter values that configure the PDE in terms of (say) applied forces, mate-
rial properties, geometry, or boundary conditions. The RB method is of interest
in two particular contexts: real-time — such as parameter estimation [23] and
optimal control [13] — and many-query — such as multiscale [3, 20] or stochas-
tic simulation [4]. In these contexts, a computational preprocessing (offline)
stage is typically justified. Early contributions to the RB methodology include
[1, 24, 25|. For a review of these as well as more recent contributions, see [26].

Given any input parameter value from a predefined parameter domain, the
RB field approximation is a Galerkin-optimal linear combination of N precom-
puted highly accurate (“truth”) N-degree-of-freedom Finite Element (FE) snap-
shots of the solution to the PDE associated with IV judiciously chosen parameter
values. The RB output approximation is then evaluated as a linear functional
of the RB field approximation. When the solution depends smoothly on the
parameters an accurate RB approximation may be computed based on rather
few precomputed snapshots: N < N. Moreover, a rigorous a posteriori RB
output error bound for the difference between the truth output and RB output
may also be developed.

The efficiency of the RB method in the real-time and many-query contexts is
effected through an offline-online computational strategy. The RB offline stage
comprises FE snapshot selection and computation. This stage may be expensive
— N-dependent — but is performed only once as preprocessing. The RB online
stage comprises evaluation of the RB output and RB output error bound for
any given input parameter value. This stage is inexpensive — AN -independent
— and may thus be effected in real-time and many-query contexts. The keys to
the A-independent online stage are efficient construction—evaluation computa-
tional procedures that link the offline and online stages through a stored dataset
of size independent of N. These procedures also provide efficient and exhaus-
tive exploration of the parameter domain in the offline selection of optimal FE
snapshots through a Greedy sampling algorithm.

In this paper we introduce a two-step Certified RB method. In the first
step we construct from an expensive FE truth discretization of dimension A/ an
intermediate RB model of dimension N < N. In the second step we construct
from this intermediate RB model a derived RB (DRB) model of dimension
M < N. The construction of the DRB model is effected at cost O(N) and in
particular at cost independent of N; subsequent evaluation of the DRB model
may then be effected at cost O(M). The DRB model comprises both the DRB
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output and a rigorous a posteriori error bound for the error in the DRB output
with respect to the truth discretization.

The DRB model is defined over a parameter subdomain (typically a sub-
region or submanifold of the original parameter domain associated with the
underlying intermediate RB model) and hence typically M can be chosen sig-
nificantly smaller than N; the DRB model thus enables an additional speedup.
The key innovations of this paper are efficient DRB precomputation — the con-
struction cost of the DRB model is AV-independent — and rigorous and efficient
a posteriori bounds for the error in the DRB approximation — the error may
be bounded rigorously with respect to the A/-complexity FE truth at evaluation
cost independent of N and N.

The notion of two-step model order reduction has been considered in earlier
works, albeit in different contexts and with different emphasis than our approach
here. In [29], a “Fourier model reduction method” for large (non-parametric)
control problems is presented. The Fourier method is first applied to the orig-
inal equation in order to construct an “intermediate order” reduced system; a
computationally more intensive reduction method, such as balanced truncation
[22], may then be applied to this intermediate order system. A two-step strategy
is also pursued in [18], where a Krylov subspace method is followed by balanced
truncation in the context of circuit component design.

In this paper, we consider parametric model order reduction in two contexts
in which our new approach is of particular interest:

Focus calculations. We consider the case in which we require many (or real-
time) RB output evaluations in a parameter subdomain or submanifold D" C D.
For an accurate approximation over this smaller parameter subdomain, a smaller
DRB model may be sufficient and hence provide faster output computation
compared to the standard RB alternative. Applications include parameter es-
timation and in particular Bayesian inference [23] and frequentistic validation
[14], as well as visualization or indeed design or optimization of an RB output
or RB error bound over a 1-parameter or 2-parameter slice of the full parameter
domain.

hp-RB approximation. The hp-RB method was recently introduced in [7].
This approach provides an online speedup of the RB approximation through an
optimal and automatic partition (h-refinement) of the full parameter domain D
into K parameter subdomains vk ¢ D, 1<k < K. A standard RB model of
dimension N* is then constructed for each parameter subdomain (p-refinement);

149



Paper 4

presumably we may choose N* < N since each “local” approximation space
is invoked for a smaller range of parameter values. However, although the
online speedup associated with an hp-RB approximation may be significant, the
offline cost can be rather large: the dimension reduction effected within each
subdomain does not balance the number of parameter subdomains in terms of
total offline computational cost. Thus, in particular, the Ap-RB offline stage
requires

K
Ntotal = ZNk >N (11)
k=1

truth FE snapshot computations in total.

With the new two-step approach introduced in this paper, we replace the
Niotar expensive offline FE truth snapshot computations in the hp-RB offline
stage with much less expensive RB snapshot approximations; we then replace
the standard RB model associated with each parameter subdomain by a DRB
model. Through this hp-DRB approach, we may significantly reduce the hp-
RB offline cost and hence broaden the class of problems amenable to hp-RB
treatment. We include a summary of the hp-RB method in Section 5.1.

We may also pursue a mixed approach (for focus calculations or hp-RB
approximations), in which the underlying intermediate RB model is in fact an
hp-RB model. However, in particular with an Ap-DRB approach, there is in
this case a delicate balance in the offline stage between additional FE snapshot
computations (for the underlying hp-RB model) and faster hp-RB snapshot
computation (for the DRB models). We do not consider this mixed approach
further in this paper.

The paper is organized as follows. We introduce in Section 2 the problem
statement as well as notation required later; we also introduce two model prob-
lems to which we shall apply the new method. We introduce in Section 3 the
new two-step approximation scheme; we discuss the (Greedy) construction of
the RB and DRB approximation spaces, a posteriori error estimation, and the
associated (construction-evaluation) computational procedures. We consider in
Section 4 and Section 5 the new approach in the context of focus calculations
and in the context of hp-RB approximations, respectively. In each context we
discuss the associated offline-online computational decoupling, and we present
numerical results for our two model problems; for all our numerical results we
use rb00mit [21], which is an RB plugin for the open source FE library 1ibMesh
[19]. Finally, in Section 6, we summarize the paper and discuss some areas of
future work.
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2 Problem Statement

2.1 Abstract Framework

We consider linear elliptic second order partial differential equations. For sim-
plicity in the exposition of our approach we consider the formulation only for
real-valued fields, however the extension to complex fields is straightforward and
in fact in our second model problem (Helmholtz acoustic horn) we present results
for this complex case. We introduce the spatial domain Q c R? (d=1,2,3); we
shall denote a particular spatial point € Q as x = (x(1),...,7(q)). We further
specify the function spaces Ly(Q) = {v : [, v* < oo}, H1(Q) = {|Vv| € L*(Q)},
and H}(Q) = {v € HY(Q),v]sq = 0}; we then introduce the space X¢ associated
with the exact solutions of the parametrized PDE as H}(Q2) C X¢ C HY(Q).
We next introduce a parameter domain D C R; we shall denote a particular
parameter value p € D as 1 = (f1y, - - -, (h(pP))-

We next introduce a parametrized bilinear form a and a parametrized linear
functional f such that for any parameter value u € D, a(-,;u) : X¢ x X¢ - R
is coercive and continuous over X ¢, and f(:;pu) : X¢ — R is bounded over X¢.
We also introduce an X°-bounded linear output functional ¢ : X¢ — R which
we for simplicity assume is parameter independent. We shall further assume
that ¢ and f admit parametrically affine expansions

Qa
CL(,,/L) :Zaq(7)®g(u)7 (21)
g=1

Qr
FCim) =" f1()0% ), (2:2)

respectively, where Q, < Q, Qf < @, and @ is finite and relatively small. The
assumptions (2.1) and (2.2) accommodate the construction-evaluation compu-
tational procedures which we shall discuss in detail in Section 3.4. However,
we note that these assumptions may be relaxed by the Empirical Interpola-
tion Method [2, 5, 9], which in the non-affine case serves to construct affine
expansions that are good approximations to the non-affine forms.

We denote by i1 € D a fixed “reference” parameter value; we then introduce
the X-inner product and the associated X-norm for any v,w € X¢ as

(w,0)x = glalw,vi @) +alvwi i), ollx =iy, (23)
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respectively (more generally we may consider any inner product with induced
norm equivalent to || - || x). We further introduce the coercivity and continuity
constants of a,

a(v,v; p a(v, w; pt
!’ 7(n) = sup sup o, wip)

in 2.4
S e S5 ol Y

a(p) =
respectively.
We may now introduce the abstract formulation of the exact problem. Given
any parameter value u € D, find u®(p) € X¢ such that

a(u(p),v;p) = flvip), Vo e X€, (2.5)
and then evaluate the exact output of interest as
5 () = £(u* (). (2.6)

We next introduce a high-fidelity truth FE approximation space X = XV ¢
X¢ of finite dimension A/. We may then introduce the truth FE discretization
of (2.5)—(2.6): given any u € D, find u(p) € X such that

a(u(p),vip) = f(osp), Vv e X, (2.7)
and then evaluate the truth output of interest as
(1) = £(u(p)). (2.8)

We shall assume that X is chosen rich enough (and thus A large enough) that,
for any p € D, the error between the exact solution u¢(u) and the truth approx-
imation u(u) is negligible at the desired level of numerical accuracy for the RB
approximation; the RB approximation shall be built upon, and the RB error
shall be bounded with respect to, this FE truth approximation.

We now introduce the coercivity and continuity constants of a with respect
to X,

o .a a(v, w;
o) = inf » () = sup sup ALK

_olv,wi 1) (2.9
TR SUP S TolxTTwllx )

respectively; for our a posteriori error estimators, we shall also require a co-
ercivity lower bound arp: 0 < arp(p) < a(p), for all 4 € D. An efficient
computational procedure for the computation of a coercivity lower bound is
possible through the Successive Constraint Method (SCM) [16, 17, 26].
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N

FWall

Figure 1: The thermal block.

The RB method [26] provides an acceleration of the truth (2.7)—(2.8) by the
construction of an approximation space of low dimension N < N. This space
is optimized for the particular problem at hand, and thus provides accurate
approximations despite the relatively low cost. The DRB method, which is the
focus of this paper, further accelerates the RB approximation in contexts such
as focus calculations and hp-RB approximations by the construction of an ap-
proximation space derived from an intermediate RB approximation space. This
DRB approximation space is tailored to a parameter subdomain or submanifold
of the original parameter domain, and is of even lower dimension M < N.

2.2 Model Problems
2.2.1 A 3D Thermal Block

We introduce here a “thermal block” linear elliptic model problem. We specify
the spatial domain (the thermal block) Q = (0,1)3, which is partitioned into
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eight subblocks

= (0,0.5) x (0,0.5) x (0,0.5), (2.10)
= (0.5,1) x (0,0.5) x (0,0.5), (2.11)
= (0,0.5) x (0.5,1) x (0,0.5), (2.12)
= (0.5,1) x (0.5,1) x (0,0.5), (2.13)
94 = (0,0.5) x (0,0.5) x (0.5,1), (2.14)
= (0.5,1) x (0,0.5) x (0.5,1), (2.15)
= (0,0.5) x (0.5,1) x (0.5,1), (2.16)
97 = (0.5,1) x (0.5,1) x (0.5,1), (2.17)

as shown in Figure 1. We shall consider the nondimensionalized temperature
u®(p) in 2. We specify unity (inward) heat flux on the floor I'yage = {2z € 02 :
x(3) = 0}; we specify thermal insulation du®/dn = 0 on the walls I'yan = {z €
0N:xqy=0o0rxq)=1}U{z € dQ: 9 =0or xm =1} (here n denotes the
outward normal unit vector); and we specify zero temperature u® = 0 on the top
Liop = {x € 09 : 23y = 1}. We require continuity of the temperature and of
the heat flux across interior boundaries. We next specify the parameter domain
D = [0.5,2]7; the thermal conductivity in the seven subblocks ;, 1 < i < 7, is
given by fi(;), 1 <4 < 7. The thermal conductivity in g is equal to unity.

We now specify the exact space X¢ = {v € H'(Q) : v|p,,, = 0}. We then
specify, for all 4 € D and for any w,v € X¢, the bilinear form and linear
functional

a(w,v;u)z/Q Vuw - VU—l—Zu / Vw - Vo, (2.18)

flosp) = /F v, (2.19)

base

respectively. We also specify, for any v € X¢, the output functional

£(v) |Qout| / (2.20)

out

where Qo = (0,0.25) x (0,0.25) x (0,0.25) and |[Quu| = 0.25% is the size
of Qous. The exact weak formulation for the temperature u®(u) in € is then
given by (2.5); the exact output s(u) = £(u®(p)) corresponds to the average
temperature over Qq,;. We note that our affine assumptions (2.1)—(2.2) hold
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ro.in | - §2b

Figure 2: The acoustic horn.

for Q, = 8 and Q¢ = 1. We choose for this problem the reference parameter
fp=(1,1,1,1,1,1,1) € R"; thus (w,v)x = [, Vw - Vo.

For our numerical results of Section 4.2.1 (focus calculations) and Section
5.4.1 (hp-RB approximations) we use for our truth calculations a standard [Py (€2)
FE approximation space X = XV of dimension N' = 9261, which is deemed
sufficiently rich. The truth FE formulation of the problem is then given by (2.7).
We note that with our choice of inner product our problem is coercive with a
coercivity lower bound given for all 1 € D by arp(p) = min{l, pay, -, e}
(In fact here app(p) < af(u) (< alw)).)

2.2.2 A 2D Acoustic Horn

We introduce here a Helmholtz linear elliptic model problem, first proposed in
[27]. We specify a parametrized two-dimensional domain Q,(1) C R?, which
corresponds to a parameter dependent acoustic horn inside a truncated circular
domain as shown in Figure 2. (The subscript , denotes an “original” quantity;
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for our computational procedures we consider €2, () as the image of a parameter
independent “reference” domain under a piecewise affine mapping.) The horn
consists of a straight channel of width a = 1 and length /3 = 3, followed by a
flared section of length ls = 5. The outlet is of width 2b = 10. The expansion
channel is divided into 3 sections of equal length 5/3. The wall I', w of the
symmetric expansion channel is modeled as a piecewise linear function; the
heights of the sections, by and by, are considered as our (geometric) parameters.
The domain is truncated at the circle I', g of radius R = 12.5 centered slightly
away from the outlet of the horn.

We shall consider the nondimensionalized (complex) pressure u$ () in Q,(p);

e

ou
in this subsection i = v/—1. We specify a source, o(1)

+ipyug(p) = 2ips),

at the inlet I',;,; we specify a first order (Sommerfeld) radiation boundary
Qug (1)
on,
we specify a Neumann boundary condition, du¢(p)/0n, = 0, on the horn wall
I, w. We next specify the parameter domain D = [1.0, 1.8] x [1.8,2.5] x [0, 2];
we denote a particular parameter value as 1 = (p(1y, fi(2), H(3)) = (b1, b2, k) € D,
where k is the nondimensional frequency or wave number.
We now define our complex space X¢ = {v = vg+ivy : vg € H (Qo()),vs €
HY(Q,(1))}. Let ¥ denote the complex conjugate of v. We then specify, for all
w1 € D and for any w,v € X¢, the sesquilinear form and anti-linear functional

1
condition, + (7:/1,(3)-’—2R> ul(p) = 0, at the radiation boundary I', r; and

ao(w,v; ) = (1—|—ie)/ Vw~V17—,u(3)/ wo
Qo (1) Qo (1)
1
+/ wu + ( +ip ) / wu, (2.21
Loin 2R ® For )
fo(v§ p) = 2i/j‘(3) / v, (222)
r

0,in

respectively. Here e = 0.001 represent a small dissipation in the medium. We
also specify, for any v € X¢, the output functional

lo(v) = /F @ (2.23)

the output thus corresponds to a measurement of the pressure at the inlet Iy ;.
We then apply a domain decomposition technique (see [26]) to represent the
bilinear and linear forms in our usual affine expansions: we divide ,(u) into
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1.2 1 1
1 0.8 0.8
08 0.6 0.6
06

0.4 0.4
0.4

0.2
b 0.2
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Figure 3: The magnitude of the pressure field in Q,(u) for different parameter values.

20 subdomains and consider each subdomain as the image of a parameter inde-
pendent “reference subdomain” under an affine transformation; we denote the
union of these reference subdomains by Q (= Q, (i), where i = (1.4,2.15,0)).
We also introduce a space X such that any v € X° maps to v, € X$ through
our piecewise affine transformation. The exact weak formulation for the pres-
sure u¢(u) € X€ in the reference domain € is then given by a complex version
of (2.5). Furthermore, through the domain decomposition technique we obtain
complex versions of (2.1) and (2.2) for Q, = 25 and Q5 = 1, respectively. We
finally define, for all w,v € X¢, our X-inner product for this problem as

(w,v)X=/QVw-V17—|—/Qw17. (2.24)

For our numerical results in Section 4.2.2 (focus calculations) and Section
5.4.2 (hp-RB approximations) we use for our truth calculations a standard Py (€2)
FE approximation space X = XN C X¢ of dimension A" = 30108, which is suf-
ficiently accurate for our choice of frequency range. For purposes of illustration
we show in Figure 3 three solution fields corresponding to different parameter
values.

Although with the dissipation (and radiation) condition this problem is in
fact coercive, it is preferable to consider for our a posteriori error estimators not
a coercivity constant lower bound but rather an inf-sup constant lower bound

pre: 0 < Bu(p) < B(p). Here,

la(w, v; )|
= inf sup ————, 2.25
Blu) = wex vex Jwlxlvllx 22
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for all 4 € D, where | - | denotes complex modulus. Typically, this positive inf-
sup lower bound is constructed by a natural norm version of the SCM procedure
[16]. However, in this paper, for simplicity’ we choose Srp to be a constant:
the minimum of the SCM lower bound over a dense set in D. Admittedly, this
choice will compromise both sharpness (since we invoke a minimum) and rigor
(since this minimum is taken over a subset of D) of our a posteriori error bound.

3 The Certified Derived Reduced Basis Method

In this section we introduce the new two-step RB method. For simplicity our
development here is for coercive linear elliptic equations with real-valued fields.
However, the extension to non-coercive equations and complex fields — required
for our Helmholtz acoustic horn model problem — is straightforward.

3.1 Derived RB approximation

We introduce the intermediate (standard) RB approximation space Xy C X
of dimension N < N. The space Xy is spanned by solutions of (2.7) for
judiciously chosen (see Section 3.3) parameter values puy € D,...,un € D,

Xn = spanf{u(p),...,u(un)} =span{(i,...¢n}; (3.1)

here, {(1,...,({n} denotes an X-orthonormal basis for Xy, obtained through
(say) a modified Gram-Schmidt procedure.?

We may then introduce the RB approximation: given any p € D, find
un(p) € Xy such that

a(uN(H’)a v; ,LL) = f(vaﬂ)v Vv € X, (32)

and then evaluate the RB output approximation as

s (p) = £(un (). (3.3)

IThe natural-norm SCM procedure in [16] has a multi-parameter domain structure different
from the multi-parameter domain structure of the hp-RB approach considered in this paper;
a streamlined merger of these approaches is the subject of future work.

. . e i—1

2In the modified Gram-Schmidt procedure we compute ¢; = u(p;) — > 43 (Cn, u(pti)) x Cn,

2 < ¢ < N, in an iterative fashion in order to preserve numerical stability in finite precision

as described in [8]. Here ¢1 = u(u1)/|lu(p1)]|x and ¢; = Hgﬁ’ 2<i<N.
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We now introduce a parameter subdomain or submanifold D’ C D to which
the DRB model shall be specifically tailored. In the context of focus calculations,
we wish to speed up evaluation of the RB solution, RB output, and RB error
bound for any parameter value in the subdomain D’ C D; in the context of
hp-RB approximations, we wish to speedup evaluation of the RB solution, RB
output, and RB error bound for any parameter value in D through a partition
of D into many (K) subdomains V¥ € D, 1 < k < K subdomains.> With
regard to the hp-RB approximation, D’ denotes in this section any of the K
subdomains V¥, 1 < k < K the hp-RB approximation is discussed in greater
detail in Section 5.

We introduce the DRB approximation space Xy C Xy of dimension
M < N. The space Xy is spanned by solutions of (3.2) for judiciously
chosen (see Section 3.3) parameter values py € D', ..., u), € D',

Xnar = span{un(h). ..., un (ty)} = spanf{tbn,...oark.  (34)

Here, {¢1, ..., %} denotes an X-orthonormal basis for Xy s, obtained through
a Gram-Schmidt procedure; however we note that in practice, we shall not re-
quire the explicit (N-dependent) computation of 1,...,15. The computa-
tional link between the intermediate and derived RB models will be discussed
later in Section 3.4.

We may now finally introduce the DRB approximation: given any u € D',
find upn (@) € X such that

a(un,m(p),vip) = flosp), Vv € Xy wm, (3.5)

and then evaluate the DRB output approximation as

snm(p) = Lun, v (). (3.6)

3.2 A Posteriori Error Estimation

We first recall the a posteriori error estimator for the (standard) RB approxi-
mation [26]. We define the residual

rn(ip) = a(un(p), 1) = f(5p) € X5 (3.7)

3As described in the introduction, the DRB provides an offline (and not online per se)
speedup of the hp-RB approximation. This offline speedup enlarges the class of problems
amenable to RB treatment. However, this offline speedup may also accomodate larger K —
smaller subdomains — and thus implicitly a speedup of the hp-RB online cost.
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we then introduce the Riesz representation of the residual, Ry (u) € X, which
satisfies

(Ruv (1), v)x = (i), Vo€ X. (3.8)
We may then define the RB error bound as*

_IRw@lx

An(p) o (1)

(3.9)

We may readily demonstrate that [|u(p) — un(p)||lx < An(p): We first note
that the error en(p) = u(p) — un(p) satisifes

alen(p),v;p) =ry(v;p), Yoe X. (3.10)

We then choose v = ey (u) and invoke (3.8) to obtain

alen(p), en(p); ) = (Ry(p),en(p))x. (3.11)

We apply coercivity to the left hand side and the Cauchy-Schwarz inequality to
the right hand side to obtain

avs()llen (1% < 1R (1) llx len (1)l x (3.12)

from where we readily derive (3.9). We shall discuss the computation of Ay ()
— in particular the dual norm of the residual |Ry(u)||x — in Section 3.4;
however we note here that we may in the RB evaluation stage, for any given p €
D, compute Ay (i) at cost O(Q?N?) — independently of the truth complexity
N.

The a posteriori error estimator for the DRB approximation is very similar.
We define the residual

N (s ) = alun v (), 5 1) — f(5 ) € X (3.13)

we then introduce the Riesz representation of the residual, Ry as (1) € X, which
satisfies

(Rnm(p),v)x =rya(v;p), Vo€ X. (3.14)

4We note that for our Helmholtz acoustic problem the RB error bound is given as in (3.9)
with the coercivity constant lower bound ay,p replaced by an inf-sup constant lower bound

BLB-
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We then define the error bound

AN M

)

RN (1)llx
Q ors () (3.15)

for which we may show that ||u(p) — un v (@) x < An(p) by arguments anal-
ogous to (3.10)—(3.12). We emphasize that Ay ps(p) bounds the error in the
DRB approximation with respect to the truth upon which the intermediate RB
model is built. We shall discuss the computation of Ay pr(¢) in detail in Sec-
tion 3.4; however we note here that we may in the DRB evaluation stage, for
any given p € D', compute Ay (1) at cost O(Q*M?) — independently of the
truth complexity N and the RB complexity N.

For our sampling algorithm which we discuss in the next section we shall
also require a bound for the error in the DRB approximation with respect to
the intermediate RB approximation. We introduce the Riesz representation of
the DRB residual in the RB space, Ry () € X, which satisfies

(Ryvar(p),v)x = rva(v), Yo € Xn. (3.16)

We then define the error bound

St = Rl o)

for which we may show that |[uy(p) — un.ar(1)||x < Ay a(p) by arguments
analogous to (3.10)—(3.12).

Finally, we note that we may readily develop error bounds for the RB (or
DRB) output approximation. For example, for any p € D,

() — 5.0 )] = 1Cu(p2) — e () (3.18)
< sup 2 () — wuan () (3.19)

veX ||U||X
< |l x' An,ar()- (3.20)

3.3 Greedy Parameter Sampling

For the construction of both the intermediate RB space X and the DRB space
Xn, v, we invoke a Greedy parameter sampling procedure [26, 28|, which we
now discuss.
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Algorithm 1 Xy

N 1
Xy = span{u(un)}
R = max, o An(p)
while e®* > BB do
N+ N+1
pn = argmax,c=p An_1(p)

Xy =Xn_1 ®span{u(un)}

= Greedy®B (11, eﬁf’)

max

Er]r\}ax = maXHEEEam Ay (/L)
end while
Nmax =N

We first consider the construction of the intermediate RB approximation
space. We introduce a training set EL . C D of finite cardinality |=L . | which

shall serve as a computational surrogate for D. We then introduce as Algo-

rithm 1 the Greedy®P sampling procedure. For a specified tolerance ¢} and

an initial parameter value p; € D, Algorithm 1 returns a space Xy c X

max

of dimension Ny, such that Ay (1) < 65)]13 for all p € EP . . We typically

=D «“ ” e RB
choose =7,;, “dense” and hence we may anticipate that Ay, (1) < ep for

most p € D. We note that due to the hierarchical structure of the spaces —
X, C -+ C Xy, — we may readily extract spaces of dimension N < Npax
from Xy

max *

We next consider the construction of the DRB approximation space. We
introduce a training set Z2_. < D’ (C D) of finite cardinality |=Z,, | which shall
serve as our computational surrogate for D’. We then introduce as Algorithm 2

the GreedyP®B sampling procedure. For a specified tolerance eB}f“B, a desired

intermediate RB space (upon which the DRB space is built) dimension N <
Nmax, and an initial parameter value p) € D', Algorithm 2 returns a space
XN Mo © Xn of dimension My < N such that Ax ag,... (1) < ePRB for

all p € Ee;in. We note that due to the hierarchical structure of the spaces —
XN C -+ C X1 My, — We may readily extract spaces of dimension M < Mpax

from Xn ar,... We emphasize that Algorithm 2 is identical to Algorithm 1
except for the procedures for snapshot computation and error bound evaluation.

We note that in Algorithm 2 we invoke the error bound (3.17) with respect
to the intermediate RB approximation in order to ensure convergence of the
algorithm: the maximum error bound ey?;, — 0 as M — N and hence any

specified tolerance DB > 0 will eventually be satisfied. We also note that, for

max
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Algorithm 2 Xy

M+ 1
Xn,m = span{u(py,)}

Ny = max, c=or AN ()
rain
: max DRB
while ey, > €5 do
M<+—M—+1
, -
Ky = 8rgMax, =o' AN,M—l(M)

Xy = Xnv-1 @ span{un (p)}

= GreedyPRB(u, N, eDRB)

max __
€n = max, oo An (1)
end while
Mpox = M

any [ € Eg;in, the error in the DRB approximation with respect to the truth
can be bounded as

lu(p) —unar()llx < flulp) —un ()l x + lun (i) — un ()l x
< An(p) + Anar(p) < en™ + vy (3.21)

However, we can not reduce the term e3** since we increase only M (and not
N) during the GreedyPRB sampling procedure. As a result we typically choose
in practice ePRB > elB in order to avoid GreedyPRE iterations that do not
provide significant error (with respect to the truth) reduction.

We emphasize that in the online stage we bound the error in the DRB
approximation with respect to the truth. We note that in practice we do not
invoke An (1) + Ay () (in (3.21)) as an error bound, since evaluation of
An(p) is expensive (N-dependent). We thus invoke in the online stage the less
expensive (evaluation cost depends on M, and not on N) bound Ay p(p) in
(3.15). We discuss computational procedures and associated computational cost
next.

3.4 Construction-Evaluation Computational Procedures

The key ingredients in our computational procedures are the affine expansions
(2.1) and (2.2) of @ and f, respectively. The construction—evaluation proce-
dures which we introduce here enable efficient offline—online computational pro-
cedures. We discuss application of the construction—evaluation procedures to

163



Paper 4

the offline—online decoupling for each of our two particular applications, focus
calculation and hp-RB approximation, in Section 4 and Section 5, respectively.

3.4.1 Output Approximation

RB output. We first expand the RB field approximation in terms of the basis
functions (1,...,(ny of Xy as

N
v () = unn (1) (3.22)
n=1

With (2.1) and (2.2) we may then write (3.2) as the linear system

N Qa Qr
> un(p) <Z aq(Cj’Ci)eg(MO =Y fUG)O%(n), 1<i<N, (3.23)
j=1 q=1 g=1

in the coefficients uy ; (1), 1 < j < N. We obtain the RB output approximation
(3.3) as

sn(p) = Lun () =Y unn(1)0(Gn). (3.24)

We now identify the construction and evaluation stages. In the construction
stage we compute for 1 < ¢ < Q, the “stiffness matrices” A%, = {a?(¢;, ()} €
RN*N: we compute for 1 < ¢ < Q the “load vectors” Fi, = {f9(¢;)} € RY;
we also compute the terms £(¢;) (1 < i < N) required for the output. The
construction stage is performed at cost O(A®). In the evaluation stage, given
any pu € D, we evaluate 0%(u), 1 < ¢ < @Q,, and @?(u), 1 <q < Qy, at cost
O(Q); we then perform the two summations over ¢ in (3.23) at cost O(Q,N? +
QsN), and solve the N x N linear system for the RB coefficients un (1),
1 <n <N, at cost O(N?) (we must anticipate that the RB system matrix is
dense). We finally evaluate the RB output approximation (3.24) at cost O(N).

DRB output. We first expand the basis functions v1,...,% of Xy s in
terms of the basis functions (1,...,(y of Xy as

N
Vi = KinCn, 1<i<M; (3.25)

n=1
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recall that

span{tn, ..., ¥} = span{un (1)), ..., un(ph)} Cspan{Cy,..., (), (3.26)

XN, M XN, M XN
where 91,...,%5 is an X-orthonormal basis for Xy ;. We may obtain the
coefficients Ky, n, 1 <m < M, 1< n <N, from the Gram-Schmidt procedure
for 11, ...,%n as follows. For m = 1, we obtain
N
UN (:“/1) - Zn:1 UN,n(Nll)Cn

1 = (3.27)

1/2

Jun (1)1 x (Egzl 27]:’:1 uN (B UNm (1) (Cmy Cn) x
—

Om,n

N / N
S S UL VT o (3.28)

(S suna?) 22

where 6; ; is the Kroenecker delta symbol. For 2 < m < M, we further obtain
Ym = Ym/||¥m || x where, from (3.22) and (3.25),

m—1

Y = un (i) = Y (e un(p1h,)) x s, (3:29)
s=1
N m—1 N N N
= T; UN,n .um — 7; ; IZ; UN,1 ,um Rs,k (Cky Cl)X Rs, nCn (330)
a T Okt
N m—1 N N
= Z (uN,n(M;n) - ZUN,k(,uf{m)"is,k"{s,n)Cn = Z RmnC’n (331)
n=1 s=1 k=1 n=1

We thus identify K, ,, = Rm,n/Hz/;mHX, 1 <n <N, with

[l = (Z s GnGi)x) (332

In practice, we do not explicitly perform this (AN -dependent) Gram-Schmidt
procedure since we do not explicitly require the DRB basis functions ,,, 1 <

On,k

1/2
nfm) . (3.33)

iMz i
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m < M. From (3.28), (3.31), and (3.33), we readily obtain the coefficients
at cost independent of N'.°

We next expand the DRB field approximation in terms of the basis functions
of XN,JVI as

unar (1) = D U a1 (1) Y- (3.34)
With (2.1) and (2.2) we may then write (3.5) as the linear system

M
> unan(p (Za (15,1:)© ) Zf‘lw, )04 (1), 1<i<M (3.35)
j=1

in the coefficients un ar (1), 1 < j < M. We obtain the DRB output approxi-
mation (3.6) as

snom (i) = (un,m( Z uN, M m ()€ (Vm)- (3.36)

With (3.25), we note that we may write a?(;,v;), f9(¢;), and £(¢;) as

1/}]7’(/}1 Z’ﬁn(Z’%ma <n7<77l)>7 1<q<Qq,s 1<i,5 <M,

(3.37)
N
= kinf" (), 1<q<Qp, 1<i<M, (3.38)
N
=3 Kinl(Cn), 1<i<M, (3.39)

respectively. We may then identify the construction and evaluation stages. In
the construction stage we first obtain, for 1 < ¢ < @, the matrices A?V’ M=

5In (3.28), (3.31), and (3.33) we invoke the fact that ((x, (i) x = k,;; however this is only
true in infinite precision. An improvement to the numerical stability of our approach is thus
to compute and store (Cx,¢)x, 1 < k,l < N; we may then obtain x1,, from (3.27) rather
than from (3.28), and fm,n and [[Ym|x, 2 < m < M, from (3.30) and (3.32) rather than
from (3.31) and (3.33), respectively. Note that this approach is still N-independent.
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{a9(¢pj,10;)} € RM*M from the matrices A% € RV*N by (3.37) at cost O(N2M)
through a sum factorization technique as follows: for 1 < ¢ < @, we first
compute and store (temporarily) the terms

N
T =) Km0 ((n Gm),  1<i<M, 1<n<N, (3.40)
m=1
at cost O(N2M); we then perform the outer summation
N
aq(¢j, ¢l) = Z "{j,nTz‘q’ ) 1 S Z7.] S M7 (341)
n=1

at cost O(M?2N). The total cost of (3.37) is thus O(N?M) (for each q) since
M < N.

We next obtain, for 1 < ¢ < Qy, the vectors Fy ,, = {f%(¢s)} € RY
from the vectors F, € RY by (3.38) at cost O(MN); and we obtain £(v;),
(1<i<M)from (), 1 <i<N,by (3.39) at cost O(MN). The cost of the
construction stage is thus N-independent. In the evaluation stage, given any
€ D', we evaluate ©F (), 1 < g < Qq, and 0% (), 1 < ¢ < Qy, at cost O(Q);
we then perform the two summations over ¢ in (3.35) at cost O(Q,M?+Q M),
and solve the M x M linear system for the DRB coefficients un s m(1t), 1 <
m < M, at cost O(M?). We finally evaluate the DRB output approximation
(3.36) at cost O(M).

3.4.2 A Posteriori Error Bound

We discuss here the computational procedures associated with the residual dual
norms required for our a posteriori error estimators. We refer to [16, 17, 26] for
the computational procedures associated with the coercivity (or stability factor)
lower bound (the SCM).

RB residual dual norm. We now discuss the construction-evaluation pro-
cedure for the dual X-norm of the RB residual. With (2.1), (2.2), and (3.22),
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we may expand (3.8) as

Qs N Qa
(R (), 0)x = f10)OF (1) = Y unmn(p) > a?(Cn,v)OL (1) (3.42)
q=1 n=1 q=1
N . .
=3 S e, (3.4

for all v € X. Here N = Qf + NQq, and the £ € X' and ¢' : D — R are
defined explicitly as

L= f, 1 <i <Qy, (3.44)
LR = (¢, ), 1<i<Q, 1<n<N, (3.45)
9" =07, 1<i<Qy, (3.46)
PRI TR — O 1<i<Q, 1<n<N. (3.47)

We then define I’ € X, 1 <i < N, such that
(I',v)x = LY (v), YoveX. (3.48)

Hence, by linearity,
N . .

Rn(p) =Y o' (" (3.49)

We may now identify the construction and evaluation stages. In the con-
struction stage we solve (3.48), 1 < i < N, and compute the inner products
(I51)x, 1 <i,j < N, at cost O(N®). In the evaluation stage, given the RB
solution coefficents for any pu € D, we evaluate ¢*(u), 1 < i < N, at cost
O(Qf + QuN), and perform the summation

N N
RN ()% =D o ()¢ (w) (1", 1), (3.50)
i=1 j=1

at cost O(N?) = O(Q>N?).
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DRB residual dual norm. We next discuss the construction-evaluation pro-
cedure for the dual X-norm of the DRB residual. With (2.1), (2.2), and (3.34),
we may expand (3.14) as

Qr M Qa
Rovar (), 0)x = S F10)05 1) = 3 unron () 3 0% (1, 0)OL () (3.51)
q=1 m=1 qg=1
M . .
=D _ ¢ (H ), (3.52)

for all v € X. Here M = Qy + MQ,, and the H' € X’ and ¢’ : D' — R are
defined explicitly as

H = [, 1 <i < Qy, (3.53)
HO+iHM=1)Qu _ (d,,m ), 1<i<Qa, 1<m<M, (3.54)
ol = 1<i <Qy, (3.55)
sOQf+z‘+<m—1>Qa _ UN,MM@;, 1<i<Qa, 1<m<M. (3.56)

We then define h* € X, 1 <1 < M, such that
(P, v)x = Hi(v), VveX. (3.57)

Hence, by linearity,
M . .

Rvar(p) =Y @ (w)h'. (3.58)

We now note, by (3.25), that we may further expand the H@s+i+(m=1)Qa in
(3.54) in terms of the intermediate RB basis {(,}_; as

HOFHM=DQe = iy, ) Z Fomn@ (Cny ), (3.59)
for 1 <i<Q, and 1 < m < M; thus, by linearity,

RQsFit(m=1)Qu _ Z,{ W@ (1R (3.60)
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for1 <i<Qgand1 <m < M. Werecall the definition of I’, 1 < i < Qr+NQa,
from (3.48), (3.44), and (3.45).

We next consider the inner products (h%,h/)x, 1 < i,j < M. First, it is
clear that

further, we note that

,imm(l62f+i+(n*1)62a’lj)X7 (3.62)

WE

(thJriJr(mfl)Qa,hj)X _

Il
—

n

/{myn(ljJQf“*(”*l)Qa)X, (3.63)

WE

(B, @t m=1)Qa) o

n

for 1 <i<@Qu,1<m<M,and 1<

A L

Qy; we finally note that
(thﬂLiJr(m*l)Qa, thJerr(m’fl)Qa)X

N N
= “mn(Z Ko nf(fo“*(”—”Qa,leﬂ'*("/—”Qa)x)7 (3.64)

n=1 n’=1

for 1 < 4,7 < Qq, 1 < m,m’ < M. The key observation here is that once
(11 x, 1 <i,j < N, are given from the intermediate RB construction stage,
the analogous data (h', h?)x, 1 <i,j < M, for the DRB model may be obtained
at cost O(N®) — independently of the truth complexity N.

We may now identify the construction and evaluation stages. In the con-
struction stage we obtain (h%,h/)x, 1 <i,5 < M, from (I*,19)x, 1 <i,5 < N,
by (3.61)—(3.64). The cost is dominated by the summation (3.64), for which we
invoke a sum factorization technique: we first compute and store the term in
parentheses for 1 <i,5 < Qu, 1 <n < Nand 1 <m/ < M at cost O(Q2N?M);
we then perform the outer summation (over n) for 1 <4, j and 1 <m,m’ < M
at cost O(Q2M?N). The total cost is thus O(Q2N2M) since M < N. (Direct
evaluation of (3.64) requires O(Q?N2M?) operations.) In particular, the DRB
construction stage is A-independent. In the evaluation stage, given the DRB
solution coefficents for any p € D', we evaluate p'(u), 1 < i < M, at cost
O(M) = 0(Qy + Q. M), and perform the summation

M M
RN ()5 =D @' (m)e? () (R, W) x (3.65)

i=1j=1

at cost O(M?) = O(Q*M?).
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DRB residual dual Xy-norm. We next discuss the construction-evaluation
procedure for the dual norm of the DRB residual with respect to the interme-
diate RB approximation space, | Ry ar(p)||x. With (2.1), (2.2), and (3.34), we
may expand (3.16) as

Qs M Qa
(Rvar (1), 0)x = > F1@)OF (1) = > unonrm (1) Y a?(thm, v)O% (1) (3.66)

M
=Y e H ) (367
i=1
for all v € X. We then define ht e Xn, 1<i< M, such that
(W', v)x = H'(v), Vve Xy. (3.68)
Hence, by linearity,
Rar(p) =Y @' (u)h'. (3.69)

~ We next consider the inner products (hi,hi)x, 1 <1i,j < M. We note that
h' € XN may be written as

N
W= e, 1<i<M, (3.70)
n=1
where the coefficients nt, ..., n% satisfy
N
> i (s Cn)x =1 = H(Cm), 1<m <N, (3.71)
1 S

Sm,n

thanks to the X-orthonormal basis for X . Hence

(B, h7)x = Z annn cm,cn X = ZH )H (Gn),s (3.72)

m=1n=1
for 1 <i,7 < M.
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We may now identify the construction and evaluation stages. In the con-
struction stage we compute the inner products (h?,h?)x, 1 < i,j < M, from
(3.72) at cost O(NM?); note that H*((,), 1 <i < M, 1 <n < N, may be evalu-
ated from (3.53) and (3.59) at cost O(N2M) since the matrices A%, 1 < ¢ < Q,,
and vectors Y, 1 < ¢ < Qy, are computed and stored during the construction
stage for the intermediate RB output. In the evaluation stage, given the DRB
solution coefficients for any pu € D, we evaluate p'(u), 1 < i < M, at cost
O(Qf + QuM), and perform the summation

M M

RNl = DD @' () () (0, W) x, (3.73)

at cost O(M?) = O(Q*M?).

We note that as an alternative to the bound A N () we may directly
compute |lun(p) — un p(p)]x at cost O(QN? + N3). However typically M
is significantly smaller than N and thus computation of A N, () is typically
less expensive than computation of |Jun(p) — un ar(p)||x when the bound is
required for many s as in the GreedyPR® algorithm.

4 Focus Calculations

In the context of focus calculations we require many (or real-time) RB output (or
RB error bound) evaluations over a parameter subset or submanifold D’ C D.
Given an intermediate RB model developed for the parameter domain D, a
smaller DRB model is typically sufficient over D’ C D. This smaller DRB
model may yield significant speedup compared to the standard RB alternative
while preserving numerical accuracy.

4.1 Offline—Online Decomposition

We now discuss the offline-online decomposition associated with the focus cal-
culation context. The offline stage is the construction of the intermediate RB
model over D: we perform Greedy®" (Algorithm 1) for a specified initial pa-
rameter value p11 € D and a specified error bound tolerance X2 (to be satisfied
over the training set =L, C D). This stage is expensive — the cost is O(N®)
— but performed only once as preprocessing.

In the online stage, given a parameter subdomain or submanifold D’ C D,
we first construct the DRB model: we perform GreedyP®® (Algorithm 2) for
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a specified initial parameter value pj € D', a specified intermediate RB space
(constructed offline and upon which the DRB approximation is built) dimension
N < Npax, and a specified error bound tolerance e?olfB (to be satisfied over the
training set =2, C D). The cost of this step derives from RB snapshot
computation and RB error bound preprocessing and evaluation; below M. =
Qf + QaMmax'
1. RB snapshot computation. We compute M,,x intermediate RB snapshots
of complexity Npax. The cost is O(Mpax(QN2, + N3..)) (we must
anticipate that the RB system is dense).

2. DRB construction. We obtain the parameter independent matrices and
vectors associated with the DRB system at cost O(QN2,, Mmax); note
that we obtain these entities directly from the respective intermediate RB
entities (computed offline).

3. DRB error bound preprocessing. We must compute M2, inner products
(3.72) for our error bound Ay s (used in the GreedyPRB sampling proce-
dure) and M2, inner products (3.61)—(3.64) for our error bound Ay s

(used for DRB output certification). The total cost is O(Q* N2, Mmax)-

4. DRB error bound evaluation. We compute the DRB approximation and
evaluate the DRB error bound Ay j over the training set EtDrain at each
GreedyPRB iteration. The cost is, to leading order, O(My,ax|ZD0: [(M3,, +
M2 2))

max

5. DRB focus calculations. For any new parameter value ;1 € D’ and given
1 < M < Mpax, we perform DRB evaluation: computation of the DRB
solution, DRB output, and DRB error bound with respect to the truth
approximation at cost O(M?3 + M2Q?).

Note that the focus calculation online stage includes the construction of the
DRB model over D’ — steps 1-4 above. The key point is that this DRB model
is built inexpensively (M-independently) upon the underlying intermediate RB
model; the subsequent DRB evaluation stage (step 5 above, performed many
times over D’) is then independent of A" and N. As a result, in the many-
query context, a DRB approach may provide significant speedup compared to
the standard RB alternative.

We finally note the important role of the sum factorization invoked in (3.37)
and (3.64). The complexity reduction — a factor of M — is significant in
practice in particular for focus calculations since the calculations (3.37) and
(3.64) are performed online.
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Figure 4: The RB output values on D’ for the thermal block; note that the DRB
and standard RB outputs are indistinguishable.

4.2 Numerical Results

4.2.1 Thermal Block

We develop a DRB approximation for the thermal block problem introduced
in Section 2.2.1 in order to accelerate a focus calculation. We first gener-

ate an intermediate RB approximation of dimension Ny, = 96: we per-
form Greedy®® for p; = (0.75,0.75) and €XP = 10~* over a uniformly dis-
tributed random training set EP.  C D of size |EP, | = 10*. We then

specify a two-dimensional submanifold D’ = [0.75,1.5]% X {ifixea} C D, where
fixed = (0.7,0.8,0.9,1.0,1.1) € R>, and we perform RB focus calculations with
this standard RB model over a 100 x 100 uniform grid of parameter values,
Zfocus C D’. The RB outputs (evaluated for each p € =P, via (2.20)) are
shown in Figure 4; the RB output error bounds are shown in Figure 5 (top).
We then consider the corresponding DRB approach. We generate a DRB
model of dimension M., = 9 which satisfies a tolerance e?ollj‘B = 10~* (with
respect to the Nyax = 96 intermediate RB model) over a uniformly distributed
random training set =20, C D’ of size |EL., | = 100. We then calculate

train

the DRB outputs and DRB output error bounds over Zg,cyus; in this case the
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Figure 5: Standard RB output error bounds on D’ with respect to the truth dis-
cretization (top); and DRB output error bounds on D’ with respect to the truth
discretization (bottom).
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DRB online computation (including execution of GreedyPRE and evaluation

over Sgoeys) 18 a factor of 63 faster than the standard RB alternative. More-
over, as shown in Figure 5, the maximum output error bounds (with respect
to the underlying truth FE approximation) in the standard RB and derived
RB approximations are 3.6 - 107° and 14 - 1075, respectively; hence the DRB
yields a significant speedup with only very mild impact on the accuracy of the
approximation over D’.

4.2.2 Acoustic Horn

We develop a DRB approximation for the acoustic horn problem introduced in
Section 2.2.2 in order to accelerate a focus calculation. We first generate an in-
termediate RB approximation of dimension Ny, = 109: we perform GreedyRP
for 1 = (1.4,2.15,1.0) and €RP = 107 over a uniformly distributed random
training set =L, C D of size |ZL,, .| = 10%. We then specify a one-dimensional
slice D' = {pigixed} % [0.5,1.0] C D, where pgyeqa = (1.4,2.2) € R?, and we per-
form RB focus calculations with this standard RB model over a uniform grid of
1000 parameter values, Efpcus C D’

We then consider the corresponding DRB approach. We generate a DRB
model of dimension M.« = 11 which satisfies a tolerance EPO?B = 10~* (with
respect to the Ny = 109 intermediate RB model) over a uniformly distributed
random training set Eg;in C D’ of size EtDr;in| = 1000. We then calculate the
DRB outputs and DRB output error bounds over Zg,cys; in this case the online
computation (including execution of GreedyPRB and evaluation over Efocus) 18
a factor of 10 faster than the standard RB alternative. The focus calculation
speedup here is less than for the thermal block because, first, D’ is not so
“small” compared to D, and second and more importantly, we perform fewer
focus calculations (by a factor of 10). As shown in Figure 6, the maximum
output error bounds (with respect to the underlying truth FE approximation)
in the standard RB and derived RB approximations are 9.8-107° and 1.2-1074,
respectively; hence the DRB yields a significant speedup with only very mild
impact on the accuracy of the approximation over D’.
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Figure 6: The RB output values on D’ for the acoustic horn (top), and the output
error bounds on D’ with respect to the truth discretization for the standard RB and
DRB approximations (bottom).
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5 hp-RB Approximation

5.1 Summary of the hp-RB Method

The hp-RB method introduced in [7] (see also [6, 11]|) provides a partition of
the parameter domain D into K parameter subdomains vk ¢ D,1<k<K;
for each parameter subdomain V¥, the algorithm generates an associated RB
approximation space X ]’%k C X of dimension N* spanned by truth FE snapshots
associated with parameter values within V*. The approach is motivated by
order reduction: we may choose the dimension N* of the “local” space X ]"\}k
relatively small compared to the dimension N of the “global” space Xy while
preserving numerical accuracy. We thus obtain significant speedup of the RB
output and RB error bound evaluation. However, the offline (precomputation)
cost associated with an hp-RB approach is significantly larger than the offline
cost associated with the standard RB procedure, and must thus in practice be
taken into consideration.

We now review the hp-RB method. We first describe the splitting procedure
for an arbitrary subdomain V C D. Given V C D and a parameter “anchor
point” Y € V, we compute the truth FE snapshot u(uY) and define the one-
dimensional “temporary” RB space

Xy = span{u(py)} (5.1)

associated with V. We next introduce a finite training set Y. C V; we then
evaluate the RB error bound AY,_, for the RB approximation associated with
the space XX_, (essentially (3.9) with an appropriate change of notation) for
each parameter value p € ZV_ . — essentially one iteration of the GreedyRt
algorithm restricted to V C D — in order to identify a second parameter value

py =arg max A (u). (5.2)

We then split V into two subdomains Viery C V and Vijene C V based on (Eu-
clidean, say) distance || - ||2 to the points pY and u¥: any point u € V belongs
to Viere if and only if || — pY |2 < ||u — p¥||2; otherwise, u € V belongs to
Vyight. Finally, we define u}) as the anchor point for Vi, and we define u;} as
the anchor point for Vyigns.

We may now describe the hp-RB method. The first step is h-refinement:
We apply the splitting scheme discussed above for V = D, and then recursively
for V = Viey and V = Vijgne (sketched in Figure 7 for two levels of splitting).
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o| o| o| o|
Va0 V(1,0,0) V(1,0,0)
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Figure 7: h-refinement partition procedure.

We terminate the splitting of a subdomain V if max =y AX_(p) < &),

where €' is a specified tolerance for the h-refinement step. The result of this
hierarchical procedure is K = K (el ) parameter subdomains V¥ ¢ D, 1 < k <
K.

The next step is p-refinement: Greedy construction of the approximation
spaces X]’i,k, 1 < k < K. We here choose N*, 1 < k < K, such that a specified

tolerance el | < €l is satisfied over training sets El{;in CV* 1<k <K. Note
that this step is essentially execution of the Greedy™® algorithm for e[} = e
restricted to each subdomain V¥ C D, 1<k<K.

In practice, we also apply if necessary an additional splitting step (see [6])
after the p-refinement. Essentially, this step performs additional h-refinement
of a subdomain if €| is not satisfied for specified N/'2  basis functions. The ad-
ditional splitting proceeds recursively with hA-refinement and p-refinement steps
until €| is satisfied for N/'?  basis functions, thus providing for direct control
of the tolerance € | and the RB space dimension.

Thanks to the hierarchical construction of the partition, we may organize
the subdomains (and associated approximation spaces) as the leaf nodes in a
binary tree with Boolean flags, as illustrated in Figure 7. This tree-structure
partiton is important in the hp-RB online stage: the cost to determine which
subdomain V¥ contains any given u € D is O(log(K)) for K subdomains [7].

The hp-RB approximation reads as follows: first, given any p € D, determine
k* = k*(u) € [1, K] and hence V¥~ and X]’i;k* through a binary search; given
1< N < NM_ we write N = min{N, N*"} and X]h\,p = XJ’%*. Then, determine

max?
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uf () € X3P such that
a(up (), vsp) = f(v;p), Vo € X3P (5.3)
finally evaluate the hp-RB output approximation

s (1) = £(uy (1)) (5.4)

We define the hp-RB error bound as

R (1) x
AE (1) = Ry 7 5.5
where RE (1) € X denotes the Riesz representation of the residual
N (i) = aluly (), s p) = f(ip) € X (5.6)

We may readily show that [Ju(u) — uf (p)|x < AK (1) by arguments analogous
to (3.10)-(3.12).

5.2 DRB Modification

We now discuss the application of the two-step RB approach within the hp-RB
context. We introduce a “global” intermediate RB approximation space Xy, .
of dimension Ny,.y constructed by Greedy™® (Algorithm 1) for a specified initial
parameter value 11 € D and a specified error bound tolerance eR? (to be satisfied
over the training set ZP . C D). The necessary modifications to the hp-RB
method discussed in the previous subsection are then as follows. First, during
the h-refinement step we replace the truth snapshot u(u}) by an RB snapshot
un,,.. (1Y) ~ u(pY); we thus replace the RB space X in (5.1) by the DRB
space

XX = span{un,,.. (u})}- (5.7)

We further replace the RB error bound AX_; in (5.2) by a DRB error bound
AK,MX) a—1 (essentially (3.17) with an appropriate change of notation). We then
invoke this DRB error bound (with respect to the underlying RB approximation)

to determine a second parameter value

py = arg max Ay, a1 (1). (5.8)
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As before, u}} and ,u;; determine the splitting of V into Vier; and Vyigne. Note that
we terminate the splitting of a subdomain V if max ,czv AY () <€l

typically 5?01 is chosen much greater than 65)]13. As before, we apply the splitting
procedure recursively until convergence; the result is K = K (eﬁol) subdomains
VECD, 1<k<K.

Next, in the p-refinement step, we associate to each V¥ a DRB approximation
space Xp, . ak, 1 <k < K the p-refinement step is thus essentially execution
of GreedyPRB for P = P, restricted to each VF 1 <k < K. We typically
choose €} | such that 65)]13 << 6?01. As before, we apply in practice an
additional splitting step which provides simultaneous control over the tolerance
€’ | and the maximum DRB space dimension M?_ .

With the modificatins above, the Ap-DRB approximation reads as follows:
first, given any pu € D, determine k* = k*(x) and hence V¥ and X]’i;

IYI&X)A{IC*
through a binary search; given 1 < M < M!_ we write M = min{M, M*"}
and XJ}\Lfiax,M = X]’;* ;- Then, determine uff,mx’M(,u) € XJ}\LZi)aX,M such that
K h
a(uy, . (), vsp) = flvsp), Yoe XNZ:nax,I\/I; (5.9)

finally evaluate the hp-DRB output approximation

S Nt (1) = LUy, v (). (5.10)

We define the hp-DRB error bound as

IR e (W) x

K
- , 5.11
Nmax,M (/j/) aLp (,Uf) ( )
where Ry, /(1) € X denotes the Riesz representation of the residual
PN (51) = @R, g ()5 1) = f (5 ) € X (5.12)

We may readily show that [|u(u) —uf 5 (p)llx < AR (1) by arguments
analogous to (3.10)—(3.12). We recall from our discussion in Section 3.4.2 that
we may evaluate AIA{,MX_ (1) inexpensively at cost independent of N and N.
We emphasize that with these modifications we access entities of truth com-
plexity N only for the construction of the intermediate RB model (of complexity
N < N) upon which the hp-DRB approximation is constructed. We discuss
the offline-online decoupling of the hp-DRB method in the next subsection.
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5.3 Offline-Online Decomposition

The hp-DRB offline stage comprises intermediate RB model construction and
then Ap-DRB partition and approximation space construction based on this
underlying RB model.

1. RB model construction. We construct an intermediate RB model over D:
we perform Greedy®B (Algorithm 1) for specified y; € D and eRP. The
cost is A-dependent.

2. hp-DRB partition and approximation space construction. We construct
an hp-DRB model based on the intermediate RB model in step 1 as dis-
cussed in the previous two subsections. This step includes, for each DRB
approximation space, construction of the parameter-independent entities
required for DRB output and DRB error bound evaluation. The cost is
N-independent.

The offline stage may be expensive; however with the DRB modification in
step 2 above we significantly reduce the offline computational cost compared to
a standard hp-RB approach: the Niotal = 215:1 NF¥ truth FE snapshots of N-
dependent complexity required by the standard hp-RB offline stage are replaced
by Miotal = Eszl MP* RB snapshots of Np,ax-dependent complexity.%

In the online stage, given any new parameter value p € D, we first determine
which subdomain V*¥* C D contains p through a binary search at cost O(log K).
Then, for given 1 < M < MI}I’I@X, we compute the DRB solution, DRB output,
and DRB error bound at cost O(M? + M?Q?). We note that the online cost is
independent of the truth complexity A’ and the complexity N associated with
the underlying intermediate RB model. We emphasize that in the online stage,

we invoke the DRB error bound with respect to the FE truth approximation.

We finally note that the offline-online decomposition associated with the
hp-DRB approximation is rather different from the offline—online decomposition
associated with focus calculations: the DRB “technology” is invoked in the offline
(and not online) stage.

SNote that we expect here that Mk ~ N* as long as Mk is significantly smaller than Npmax,
1 < k < K. Also note that for simplicity in this argument we assume that K is the same for
the hp-RB and hp-DRB approaches.
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Max error bound

Dimension

Figure 8: Maximum RB (squares) and hp-DRB (circles) error bounds over random
test parameter values as a function of approximation space dimension.

5.4 Numerical Results
5.4.1 Thermal Block

We now apply the hp-DRB method to the thermal block problem introduced
in Section 2.2.1. For the underlying intermediate RB space Xy, .. we use the
same space as for the thermal block focus calculation example: Ny.. = 96.
We then pursue the hp-DRB procedure discussed above for 6?01 =03, e, =
1073, and M? = 25; the initial parameter value for the partition procedure
is uP = (0.5,0.5,0.5,0.5,0.5,0.5,0.5). The hp-DRB offline computation results
in a partition of D into K = 7565 subdomains, each of which has an associated
DRB approximation space of dimension at most Mr’}]ﬂx = 25.

We now introduce a uniformly distributed random test set St C D of size
|Ztest| = 1000. We then define, for 1 < N < Ny, the maximum error bound

associated with the RB approximation,

eyt = max An(p); (5.13)

HEEest

we also define, for 1 < M < M _ the maximum error bound associated with

max?
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the hp-DRB approximation,

iy = max AN (k). (5.14)
HEEtest

y=test

In Figure 8 we compare e]E\;CSt and ef,max) 1, as functions of the approximation
space dimensions N and M, respectively: clearly the hp-DRB approximation
provides significant dimension reduction. For example, N = 30 and M = 15
basis functions are required for an error bound of approximately 10~2 for the
RB and hp-DRB approximation, respectively. The hp-DRB thus provide in this
case online computational savings by a factor of 8 (provided the dense system
matrix LU-factorization dominates online cost).

The main point of this example is not the dimension reduction provided
by the hp-DRB procedure per se: we would have obtained similar dimension
reduction were we to use a standard hp-RB procedure. Our emphasis here is
on the offline stage, which requires 232608 snapshots: this task is feasible in the
hp-DRB case in which each snapshot is an RB calculation (Nyax = 96 degrees
of freedom), but would clearly be prohibitive in the standard hp-RB case in
which each snapshot is a truth calculation (N = 9261 degrees of freedom).

5.4.2 Acoustic Horn

We now apply the hp-DRB method to the acoustic horn problem introduced
in Section 2.2.2. For the underlying intermediate RB space Xy, we use the
same space as for the acoustic horn focus calculation example: Ny . = 109. We
then pursue the Ap-DRB procedure discussed above for eélol =10, €, = 1074,
and M"? = 30; the initial parameter value for the partition procedure is u?P =
(1.4,2.15,1.0). The hp-DRB offline computation results in a partition of D into
K = 997 subdomains as shown in Figure 9, each of which has an associated
DRB approximation space of dimension at most M2 = 30.

We now introduce a uniformly distributed random test set Zesy C D of size
|Ztest| = 1000 and show in Figure 10 615\;”“ and eﬁt:fsh as functions of the
approximation space dimensions N and M, respective y clearly the hp-DRB
approximation provides significant dimension reduction. As for the thermal
block example, our main point here is that the DRB strategy enables a feasible
hp-DRB offline computation, compared to a prohibitive or infeasible hp-RB

offline computation.

184



A Two-Step Certified Reduced Basis Method

Figure 9: The parameter domain partition associated with the hp-DRB approxima-
tion for the acoustic horn problem; note that one octant of the parameter domain is
hidden.
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Max error bound

Dimension

Figure 10: Maximum RB (squares) and hp-DRB (circles) error bounds over random
test parameter values as a function of approximation space dimension.

6 Conclusions and Future Work

We have demonstrated that the new DRB method may provide significant on-
line speedup in the context of focus calculations, for example for visualization or
optimization of RB outputs and RB error bounds over a subdomain or subman-
ifold of the original parameter domain. Further, we have demonstrated that the
DRB method may provide significant offline speedup for hp-RB computations,
or indeed enable hp-RB computations for problems for which the cost of the
standard hp-RB offline stage is prohibitive.

There are several opportunities for extensions. First, the DRB method read-
ily extends to linear parabolic (coercive or non-coercive) problems; we refer to
[10, 12] and [6] for (standard) RB and hp-RB treatment of this class of prob-
lems, respectively. We may also straightforwardly apply the DRB approach
to quadratically nonlinear problems; see [6] for hp-RB treatment of the un-
steady incompressible Navier-Stokes equations. Second, we believe that the
DRB method will further increase the efficacy of the RB method in applications
on “lightweight” hardware [15] where it is crucial to minimize the cost of a re-
duced order model both in terms of computation time and memory footprint.
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In future work we plan to investigate applications of DRB technology in a range
of new areas such as in situ parameter estimation, uncertainty quantification
and design/optimization.
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Abstract

In this paper, we introduce two parameter multi-domain “hp” techniques
for the empirical interpolation method (EIM). In both approaches, we
construct a partition of the original parameter domain into parame-
ter subdomains: h-refinement. We apply the standard EIM indepen-
dently within each subdomain to yield local (in parameter) approximation
spaces: p-refinement. Further, for a particularly simple case we introduce
a priori convergence theory for the partition procedure. We show through
two numerical examples that our approaches provide significant reduction
in the EIM approximation space dimension, and thus significantly reduce
the computational cost associated with EIM approximations.

1 Introduction

The Empirical Interpolation Method (EIM) was first introduced in [1, 7] as a tool
within the Reduced Basis (RB) framework [12] for parametrized partial differ-
ential equations (PDEs). The EIM serves to construct “affine” (more precisely,
affine in functions of the parameter) approximations of non-affine parametrized
differential operators. This approximation is achieved through an affine approx-
imation of the coefficient function which separates the parameter and spatial
dependence. An affine decomposition of the differential operator is necessary
to enable efficient RB offline-online computational procedures. The EIM thus
expands the class of PDEs amenable to RB treatment; other applications of the
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EIM include rapid numerical approximation of parametrized integrals and are
discussed in [9)].

Given “any” parametrized function, the EIM precomputation (henceforth of-
fline) stage serves to construct an approximation space spanned by “snapshots”
of this function for judiciously chosen parameter values from a predefined pa-
rameter domain and a set of judiciously chosen spatial interpolation nodes from
the spatial domain. In the EIM online stage, given any new parameter value
from the parameter domain, the EIM approximation to the original function is
the particular linear combination of the EIM basis functions that interpolates
the original function at the spatial interpolation nodes.

Under the assumption that the function under consideration depends suf-
ficiently smoothly on the parameters, the EIM typically provides exponential
convergence [9]. However, for many problems in which the function exhibits
large (albeit smooth) variations with the parameters, a snapshot from one region
of the parameter domain contributes little to the approximation of the function
associated with a parameter value from another region of the parameter do-
main. The global (in parameter, but of course also space) EIM approximation
space is thus in some sense unnecessecarily large, and consequently the online
computation of the EIM approximation is unnecessecarily expensive.

In this paper, we introduce two approaches that both serve to reduce the
dimension of the EIM approximation space. Both approaches share the same
underlying idea: an adaptive partition of the parameter domain into parame-
ter subdomains — h-refinement — and construction of standard EIM approx-
imation spaces and associated EIM interpolation nodes restricted to each of
these parameter subdomains — p-refinement. This parameter multi-domain,
or hp, strategy provides significant dimension reduction since the smaller local
(in parameter) EIM approximation spaces are optimized with respect to the
parametric variations within each subdomain; the online evaluation of the EIM
interpolant is thus much faster.

Our first approach is the anchor point (AP) splitting scheme. This method
is an adaption of the hp-RB method introduced in [4] to the context of the
EIM. The parameter subdomains are hierarchically defined based on proximity
to “anchor points” identified by the EIM Greedy sampling procedure within each
subdomain at each level of h-refinement; subsequently, in the p-refinement stage,
the standard EIM is applied within each subdomain. Our second approach
is the gravity center (GC) splitting scheme. The parameter subdomains are
hierarchically defined based on the “gravity center” of a cloud of points identified
by the EIM Greedy sampling procedure at each level of concurrent h- and p-
refinement.
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We provide in the next section the problem statement along with notation
required later. We then review in Section 3 the standard EIM applied to the
entire parameter domain D. Then, we present in Section 4 and Section 5 the
AP and GC splitting procedures, respectively. In Section 6 we discuss the
computational cost associated with both methods. In Section 7 we compare
our two approaches relative to the standard EIM through two model problems.
Finally, we provide some concluding remarks in Section 8.

2 Problem statement

We introduce a spatial domain  C R? for some integer d > 0; we shall denote
a particular spatial point z € Q as x = (2(),...,2(). We next introduce
a parameter domain D C RP; we shall denote a particular parameter value
p € D as (pu(1),- - py). We then introduce a (given) parametrized function
G : Q2 xD — R such that G(-; u) € L™(Q) for all 4 € D; here L>(Q2) = {v :
esssup,cq [v(z)| < oo}, We finally introduce a triangulation 7V (Q) with A
vertices over which we shall in practice realize G(-; 1), u € D, as a piecewise
linear function.!

For any p € D, we consider the construction of an approximation Gy (-; p) =
G(+; 1), where Gas(+; p) resides in a parameter-independent M-dimensional lin-
ear approximation space Wy, M < co. The problem is thus twofold: i) the con-
struction of a good M-dimensional approximation space Wys = span{qi,...,qu}
and ii) given any p € D and the space Wy, the computation of parameter de-
pendent coefficients o1 (p), . .., (@) such that

M
G (5 1) :Zw(u)qi ~ (s p) (2.1)

is a good approximation. Clearly, classical polynomial interpolation proce-
dures may be considered for this problem; however in our context here stan-
dard polynomial approximation spaces are far too general and hence the re-
quired dimension M is too large to accomodate efficient online evaluation of
w1(i), .., on (). In contrast, the EIM provides a much smaller approxima-
tion space specifically targeted at the parametrized function at hand.

1We emphasize that the EIM is not restricted to functions that are piecewise linear; how-
ever, for the computational procedures involved, a finite-dimensional representation of G(+; ),
p € D, is required.
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The following simple problem illustrates how the EIM may be invoked in
practice. Consider the integral

ﬂmzljmm% (2.2)

where f: Q@ x D — R with f(;p) € L*(Q) for any p € D and v : Q@ — R
is a parameter independent function (we assume that the product f(-;p)u is
integrable). In general, evaluation of F'(u) with standard quadrature rules may
be expeunsive; in particular, the evaluation cost may be prohibitive when F'(u)
has to be computed for many p € D or in real time. The EIM serves to construct

an approximation fas(+;p) = 2%21 ©m (1)gm to f(+; 1) such that

M
mwzémmwzzwm%ym (2.3)

is a good approximation to F(u). The key point is that the separation provided
by the EIM allows precomputation of the integrals in (2.3) (by for example
standard quadrature rules). Hence subsequent evaluation p — Fjs(u) may be
performed very fast.

3 The empirical interpolation method

The EIM was originally proposed in [1] (see also [7] for a more elaborate pre-
sentation). In this paper however we shall employ the particular version of
the EIM introduced in [9], which invokes the less expensive interpolation error
rather than the more expensive projection error as a tool in the offline construc-
tion of the EIM approximation space. We now briefly review the EIM applied
to the entire parameter domain D; in the next sections we then consider the
EIM within the hp context.

We first introduce the empirical interpolation of a function G : QxD — R; we
require that G(-; ) € L*(Q) for all u € D. We introduce the EIM space Wy, =
span{ g, }M_, of dimension M and the M EIM interpolation nodes t1,...,ty €
Q (the EIM basis functions ¢,,, 1 < m < M, and interpolation nodes will be
defined shortly). We may now define, for any u € D, the empirical interpolation
Grr (5 1) = G(+; ), as the particular function in Wy, that interpolates G(+; i) at
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the M interpolation nodes:

M

G (5m) =D i), (3.1)

i=1

where the coefficients ¢; (), 1 <i < M, solve the linear system

M
S ei(wai(t) = Gltizp), 1<i< M. (3.2)
j=1

It is easy to see that Gas(t;;u) = G(ti;p), 1 <i < M, for all p € D.

We now define the EIM basis functions and the EIM interpolation nodes
recursively through a Greedy sampling algorithm. To this end we require
a (typically rich) training set Ziain C D of finite size |Eipain| which shall
serve as our computational surrogate for D. First, for M = 1, we choose
(randomly, say) an initial parameter value p; € D; the first EIM interpola-
tion node is then t; = argsup,cq |G(z; par)|;? the first EIM basis function is
av = G5 ar)/G(Ears iar). Then, for 2 < M < Mpy.x < 0o, we compute for
all p € Egrain C D the empirical interpolation Gpr—1(+; 1) ~ G(+; 1); the next
parameter is then chosen as the maximizer of the L>(Q) interpolation error
OVer Srain:

par = arg max 1Gar—1(:5 1) = G (5 )| oo (33)
We define rpr = Gas—1(+; uar) — G(+5 uar) and choose the next EIM interpolation
node as

ty = argsup |ra(x)]. (3.4)
e

We may now finally define the next EIM basis function as

M

O (3.5)

qMm =

We have thus obtained M.y basis functions and M.« interpolation nodes.
We note that by construction rps(¢;) = 0 for 1 < i < M —1; hence gps(t;) = 0 for
1<i< M —1and qp(tar) = 1 thanks to the normalization (3.5). The matrix

2Note that sup, g, |G(x; p)| is in practice realized as the maximum of |G(z; u1)| over the N/
vertices of TN ().
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{g;j(t;)}i; in (3.2) is thus lower triangular with unity diagonal; as a result, for
any p € D, the cost associated with the computation of the coefficients ¢;(u),
1<j<M,is O(M?).

For 1 < M < Mpax, we define the “Lebesgue constant” [10]

Ay = sup Z VM ()], (3.6)

zEQ m—1

where VM € Wy, 1 < m < M, are the “characteristic functions” of Wy, which
satisfy VM (t,,) = 6,n; here 6,,y, is the Kronecker delta symbol. It can be proven
[1, 7] that the EIM approximation error satisfies

1GCs1) = Gas (31lli < (14 Aar) _inf G(50) = 2w, 1< M € M
(3.7)

Furthermore, it can be proven that Ay, < 2M — 1; however in actual practice
the behavior of Ajs is much better [1, 7, 9].

4 An anchor point splitting scheme

4.1 Procedure

In this section we introduce the anchor point (AP) splitting procedure for the
partition of the parameter domain; this procedure is an adaption of the approach
introduced for the hp reduced basis method in [3, 4]. We shall require a distance
function d : D x D — R, which we choose in this paper as the Euclidean
distance between the two arguments; however, other distance functions may be
considered.

We first describe the splitting of an arbitrary subdomain ¥V C D into two
distinct subdomains Vy C V and V; C V; the application of this splitting step to
the construction of a partition of D is straightforward and is discussed shortly.
We assume that V is equipped with a sufficiently dense training set E,‘fmin cV.
Given an anchor point uf € V, we set py = pg; we then compute G(+; 1), t1 =
argsup,cq |G(z; 11)|, and perform one iteration of the standard EIM Greedy
procedure restricted to ZY . (hence Myax = 2). We then define uj = pp and
we denote the maximum interpolation error over ZY . by

e¥ = max [|Gi(50) = Gl (4.1)

train
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We can now define two distinct subdomains Vo C V and V; C V based on
proximity to the two points ug and pj as

Vo=A{peV:dp,p) <dp,pi)}, (4.2)
Vi={peV: du ni) <dp,us)} (4.3)

We say that pg is to the anchor point of Vy and that p is the anchor point of
V1.

We apply this “A-refinement” splitting scheme in a recursive manner in order
to construct a hierarchical partition of the entire domain D: we first choose the
initial anchor point—typically a corner of D—and split D into two new subdo-
mains. We then apply the splitting scheme within each of the two generated
subdomains. We continue recursively until convergence: we split a subdomain
V as long as the maximum error €” in (4.1) is larger than a prescribed tolerance
el > 0. If ¥ < el | we stop the splitting process. We note that each subdomain
(except the “root” D) has a single “parent” and one “sibling.” Thanks to this
structure we may organize the splitting procedure in a binary tree as illustrated

in Figure 1.

When the tolerance €| is satisfied over =Y, , we perform “p-refinement”

within V: application of the standard EIM to V for specified M., > 1 and
target tolerance e | < el . If the target tolerance eb | is not satisfied after p-
refinement (for M., basis functions), we successively perform additional “h”
and “p” refinement steps until the tolerance is satisfied for at most M., EIM
basis functions. Our procedure thus enables simultaneous control over the EIM
error (over the training set) and the EIM space dimension (and thus online
cost).

This hp-EIM anchor point refinement procedure results in a finite number K
of parameter subdomains, which we label Vi, ..., V. Each of these subdomains
has an associated nested set of EIM approximation spaces, W}éj = span{gt }M_, .
1<M< ME, ,1<k<K,and an associated set of nested EIM interpolation
nodes Th, = {th, ... th,}, 1 < M < MF_ 1<k < K. Here, the ¢¥, denote the
EIM basis functions, and M denotes the space dimension required in order
to reach the target tolerance for subdomain k. Note that the M 1<k < K,
are in general different but bounded by M.

Given the partition of D into K subdomains with associated EIM approxima-
tion spaces and interpolation nodes, we now define the AP hp-EIM interpolant.
Given any p € D, we first determine k* = k*(u) such that p € V. Note that
thanks to the binary tree structure of the partition, determination of k* is an
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| h-refinement |
‘ | p-refinement

Figure 1: Two levels of h-refinement and subsequent p-refinement for the anchor
point splitting procedure.

efficient binary search. We then compute the EIM approximation as
M
Gu k(1) = Gar (5 10) = Z‘P?\Z,i(ﬂ)qz"f ; (4.4)
i=1
where the coefficients @’j}yi(,u), 1 < ¢ < M, solve the linear system

M
> Ohi g (85 =Gt ), 1<i<M, (4.5)
Jj=1

Remark 1. We note that the partition of D can be organized in a binary tree as
indicated in Figure 1 regardless of the parameter dimension P, since we always
subdivide a subdomain into two new subdomains at each level of refinement. The
method thus allows the partition to reflect anisotropy in the underlying parameter
dependence of G(; ).

4.2 An a priori convergence theory for the AP procedure

We present here an a priori theory for the convergence of the initial partition
algorithm (h-refinement) presented above. The theory does not consider the
subsequent p-refinement however this step will ultimately (trivially) converge
since the training sets are of finite size. Our interest is not in the asymp-
totic convergence of the partition procedure per se, since in practice we will
always invoke an hp-type approximation rather than a pure h-type approxima-
tion. However, the theory suggests that our procedure generates a meaningful
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partition, and furthermore guarantees that the partition procedure does in fact
terminate for specified €. We consider the case with P = 1 parameter for
simplicity.

Proposition 1. Let D C R and let |D| denote the length of D. Suppose that
G(-; ) is Lipschitz-continuous in pn with Lipschitz constant L < oo: for any
M1 € D7 2 € D;

1G5 1) — G5 p2)llne < Lipy — pial- (4.6)

For any specified €', > 0, the AP splitting procedure is then convergent for
K = K(eé‘ol) subdomains; moreover, the convergence is first order in the sense
that

h
€tol

K(efy) < max{l, ALID| } (4.7)

where |D| is the length of D.

Proof. We consider our splitting procedure after generation of K subdomains.
Either we obtain convergence for K = 1 (i.e., K = 1) — in which case the proof
is complete — or K > 1. We henceforth consider the case K > 1.

We consider the splitting of an arbitrary subdomain ¥V C D into distinct
subdomains Vy C V and V; C V as discussed in the previous subsection. We
assume that the error tolerance €/ is not satisfied, hence €” > € . Let u$ € V
denote the anchor point associated with V. We then consider the empirical
interpolation G(-; 1) = @(u)G(:; i) ~ G(; ) for any p € V. For the error in
this approximation we obtain

G(sm) = GGl < (1 + A= inf G(5 1) = 2o
1G(5m) =G5 )l < ( (M 1))Zespa§?g(.;u;>} 1G (5 1) = 2]l
<20G(5 1) = G5 o)l e
< 2L|u — pgl, (4.8)

where we first invoke (3.7), then choose z = G(-; 1), and finally invoke (4.6).
Note that it follows from the definition of Ay (Eq. (3.6)) and the characteristic
function Vj' that Ay = 1.

We now let p = pi denote the anchor point associated with V), identified
by the single EIM Greedy iteration over V. Eq. (4.8) then yields

1G(517) = GGy )l e < 2L5 — . (4.9)
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Since the error tolerance is not satisfied over V, we have &V = G ut) —
G5 )|l pee > €. Hence

el < 2L|u; — psl- (4.10)

We split V into Vy C V, V1 C V based on Euclidean distance to the two anchor
points. It is clear that the length of each subdomain, |Vy| and V4], is at least
as large as half the distance between the anchor points. We thus obtain
|Vi\>M>$ i=0,1. (4.11)
- 2 4L’ ’
We denote the K subdomains generated by the algorithm so far by S, C D,
1 < k < K; we denote the length of Sj, by |Sk|. Each of these subdomains
results from a splitting of a subdomain S, D Sy, one level further up in the tree.
Since V above was arbitrary, we can for any k, 1 < k < K, set V = 8, and
conclude that

h
1Sk >%, 1<k<K. (4.12)

We define the length of the smallest subdomain as §z = min, ., -z [Sk|, and

hence in particular 6z > €l /(4L).

We complete the proof by a contradiction argument. Assume that K >
AL|D| /el ;. In this case

~ 4L|D
K6k> }1 ‘

€tol

ALID| ey
AL

tol

S = |D. (4.13)

On the other hand, it is clear that K¢ & < |D| for K subdomains. We have thus
reached a contradiction, and we conclude that the algorithm can not generate
K > 4L|D| /el | subdomains as long as the error tolerance is not satisfied. Hence

the error tolerence must be satisfied for, and thus the algorithm must terminate
for, K < 4L|D|/el | subdomains. O

5 A gravity center splitting scheme

5.1 Procedure

In this section we introduce the gravity center (GC) splitting procedure. The
GC procedure is similar to the AP procedure of the previous section: both
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approaches invoke the standard EIM greedy sampling procedure in a recursive
way in order to generate hierarchical partitions. However the GC procedure also
differs significantly from the AP procedure in several ways: the GC procedure
splits a given subdomain in a structured way based on the location of the gravity
center of My,.x > 2 parameter values. Hence the GC splitting procedure also
involves higher order approximation terms and, in contrast to the AP splitting,
leads to a tensorized partition structure. Below, we shall require an operation
op(4, j) defined as

. < if bin(i—1); =0
op(i,j) = { > if mei— 1381 ~1 (5-1)
where bin(i) is the binary representation of i as a vector in {0,1}%.

We first describe the splitting of an “arbitrary” subdomain V = [ag), beyy) x

. % [acpy, bepy] C D into 2P distinct subdomains V; C V, 1 < i < 2P each of
which may be written on tensor-product form V; = [afl), b%l)} X ... X [az('P), bép)].
The application of this splitting step to the construction of a partition of D is
discussed shortly.

First, we perform a standard EIM procedure within V for a target tolerance
efol and a maximum EIM space dimension Mp,,x. If the target tolerance is
satisfied over V, i.e., €” < ep |- we terminate the procedure since further splitting
of V domain is not required. If the target tolerance is not satisfied over V, we
obtain My,ax parameter values {1, ..., .. } from the EIM greedy procedure.
We then define the gravity point of the point cloud {u;} e by

1 Minax
9= > i (5.2)
Mmax i=1
The ith subdomain V; is defined by
Vi={neV:pugy op(i,j) 94, V1 < j < P} (5.3)

where ;) and g(;) represents the jth element of y and g, respectively,

As with the AP procedure, we apply the GC splitting scheme recursively in
order to construct a hierarchical partition of the original domain D: we start
with a standard EIM greedy procedure within D, and split D into 2 new
subdomains. We then apply the GC scheme within each of these subdomains,
and continue the procedure recursively until convergence: the target tolerance
is achieved over each subdomain with maximum EIM space dimension M, .x.
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' AR

Figure 2: Two levels of parameter domain splitting for the gravity center procedure.

This hp-EIM refinement procedure results in K parameter subdomains,

which we label Vi, ..., Vg. Each of these subdomains has an associated nested
set of EIM approximation spaces, W, = span{¢t}M_,, 1 < M < MF,__,

1 < k < K, and an associated set of nested EIM interpolation nodes TII\“/[ =
{th ..tk 3, 1< M < ME, . 1<k< K; as before MF__ denotes the space

max?’

dimension required in order to satisfy the target tolerance el | for subdomain
k3

Given the partition of D into K subdomains with associated EIM approxi-
mation spaces and interpolation nodes, we now define the GC hp-EIM approx-
imation. Given any p € D, we first determine k* = k*(u) such that g € V.
Note that thanks to the hierarchical structure of the partition, determination of
k* is an efficient 27-order search. We then compute the EIM approximation as

M
Gari (5) = G e () = Y Db a(wal (5.4)
i=1
where the coefficients @’X;“(u), 1 <1 < M, solve the linear system
M
> hGimd () =6t ), 1<i< M. (5.5)
j=1

Remark 2. We note that the partition of D can be organized in a 2F order
tree as indicated in Figure 2, since at each level of refinement we subdivide a

3Strictly speaking, we should here introduce separate notatition for the AP and GC split-
ting procedures. In particular, the number of subdomains K as well as entities associated
with each subdomain (such as W}fl, TIICI, M, ) should bear subscripts AP and GC. However,
we omit these subscripts for simplicity of notation. When we later compare the two approches

in terms of numerical results, we introduce separate notation only as necessary.
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subdomain into 28 new subdomains. As a result, the scheme does only take
anisotropy in the underlying parameter dependence into account in a weak man-
ner, and as a consequence may construct more subdomains than required. We
provide further comments on this issue in Section 7.

5.2 An a priori convergence theory for the GC procedure

We present here an a priori theory for the convergence of the GC partition algo-
rithm. The theory ensures that the algorithm does in fact terminate for specified
eroy and M. We consider the case with P = 1 parameter for simplicity.

Proposition 2. Let D C R and let |D| denote the length of D. Suppose that
G(;p) is Lipschitz-continuous in p with Lipschitz constant L < oo: for any
M1 € ZD; M2 € 2);

1G(511) = G(5 p)lle < Llpa — pal- (5.6)
For any specified €, > 0 and Myax > 2, the “gravity center” splitting procedure
is then convergent for K = K(e|) subdomains; moreover, the convergence is
first order in the sense that

; (5.7)

€tol

21 AIIlaX LD
K(eﬁol)gmax{l, (14 AR L] }7

where |D| is the length of D and AV = maxy<p<n,,., A

Proof. We demonstrate here only a lower bound for the length of a subdomain
(analogously to (4.11)). The remainder of the proof is then identical to the
proof of Proposition 1.

We consider the splitting of an arbitrary subdomain V = [a,b] C D into
distinct subdomains V; and Vs, as discussed in the previous subsection. We
assume that the error tolerance ef | is not satisfied. In V we choose by virtue
of the standard EIM procedure My, parameter values fi,,, 1 < m < My,
and compute the associated snapshots G(-; ), 1 < m < Mpax. For any
pweVand 1 < M < Myax we consider the empirical interpolation Q~M(-; W) =
Zﬂj\le G ()G (5 i) = G(+5 ). Let War = span{G(+; pim) }M_, denote the EIM
space associated with the current subdomain. For the EIM approximation error
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we obtain, for any u € V,
1G(5 1) = Gra(s )l < (L4 Anr) inf [|G(5 ) = 2]l 2o (5.8)
zeEWnr

<A+ AM)GC5 1) = GC5 pan) oo (5.9)

for1<m< Mand 1 < M < Myax- §ince the error tolerance has not been
satisfied, we have ef| < [|G(; part1) — Gar (5 par41) || oo () for 1 < M < Mipnax
(note that here, ppz, . +1 is the parameter value at which the maximum error
is obtained with M.y basis functions). With (5.10) we thus obtain

P
[parsr = pm| > m (5.11)
for1<m<Mand1<M< Myax-

The subdomain V is split at its gravity center g defined in (5.2): V; = [a, g]
and V2 = (g,b]. We now bound ¢ away from a and b, and thus obtain a lower
bound for |Vi| = |g — a] and [Va| = |b — g|. We consider only V]| since the
argument for |V is analogous.

It is clear that there exist 4,7, 1 <14, < Myax, such that p; < g < p; since
the gravity center must reside inside the convex hull of the My, > 2 Greedily
chosen parameter values. We consider the situation in which only one of these
Max parameter values resides to the left of g (otherwise Vi| > |par+1 — fml
for some 1 < M < Myax — 1 and some 1 < m < M). We denote this particular
parameter value by p;. In this case at least one Greedily chosen parameter value
p; resides to the right of g; hence |g — p;| > |pi — p]/2 since g must be closer
to p; than to p;. Next, assume that p; was chosen by the Greedy algorithm
at iteration M for 1 < M < Mpyax — 1, and that ;1; was chosen at iteration m
for 1 <m < M — 1. We thus set ppar41 = p and p, = p; in (5.11) (if p; was
chosen by the Greedy algorithm before ji;, we set pupry1 = pyj and i, = p; in
(5.11)). We then obtain |g — ;| > € /(2(1 4+ Apr)L) by (5.11).

We finally note that either, a = p; or a resides to the left of ;. We thus
obtain

p p
€tol €tol

1+ Ay)L = 2(1+ AL

lg—al > g — il > 2 (5.12)

The result for |b — g is identical and invokes analogous arguments.

The remainder of the argument is now identical to the argument for the
proof of Proposition 1. O
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6 Computational cost

We now discuss the computational cost associated with the hp-EIM approaches
presented above. We discuss the cost for the two methods concurrently since
the separation of the computations in offline and online stages is very similar.

In the hp-EIM offline stage, we perform h- and p-refinement: parameter do-
main partition and construction of EIM spaces and EIM interpolation nodes
restricted to each parameter subdomain. The offline stage is expensive, since
the cost depends on the (typically large) number N of vertices in the triangu-
lation 7V (). In particular, if we assume that the generated partition has K
subdomains, we must perform K MN function evaluations in order to construct
an EIM space of dimension M associated with each subdomain. For the GC
approach, we must also perform MAN function evaluations for each intermediate
space associated with an intermediate subdomain; for this reason we expect the
GC approach to be more expensive than the AP approach in the offline stage.

In the hp-EIM online stage, given any new parameter value p € D, we
first determine to which subdomain Vi« C D the new parameter value belongs.
For the AP approach this search can be performed at cost O(log,(K)) for K
subdomains since the subdomains can be organized in a binary tree: at each
level in the tree a comparison between the distances from p to two anchor
points determines whether to proceed to the left or to the right branch. For
the GC approach this search can be performed at cost O(log,r(K)) since the
subdomains can be organized in a tree of order 27: at each level in the tree
an elementwise comparison between p and the gravity center g determines to
which of the 2F branches to proceed at the next level. We note that for the
same number of subdomains and for P > 1 parameters, we expect that the GC
approach yields the more efficient search since the tree has fewer levels and the
cost at each level is roughly the same — O(P) for both approaches. However
the cost of this search is in any event typically negligible.

Once the correct subdomain Vi« that contains the given parameter value
1 has been determined, we perform the standard EIM online stage: we solve
a system of the form (3.2) at cost O(M?). The key point is that function
evaluations of G(-; u) are required only at the M spatial interpolation nodes in
T* . Of course, if we wish to additionally visualize G/ (z; ) for all € Q, the
cost becomes N -dependent.

We emphasize that our hp-EIM procedures provide a reduction in the O(M?)
online computational cost through reduction in the number of EIM basis func-
tions, M. A smaller M requires a larger number of subdomains, K. However,
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the reduction in M does not balance the increase in K: the product KM in-
creases with K. As a result the hp-EIM offline stage is more expensive than
than the standard EIM offline stage.

We finally note that an alternative “discretely orthogonal” basis for Wy, is
{VM 1 < m < M}. This basis enables O(M)-complexity computation of the
EIM approximation since g;(t;) in (3.2) is in this case replaced by d;,. However,
this basis is not hierarchical since {V,} =11 <m < M—1} ¢ {VM 1 <m < M}
and hence the computation of the characteristic functions would have to be
computed as an additional final step in the EIM precomputation procedure. In
any event, when the EIM is applied within the reduced basis framework, the
computational cost of the RB online stage scales as M? independent of the
choice of the EIM basis [7]. For this reason, and for simlicity of exposition, we
consider in this paper the standard EIM basis functions ¢,,,1 <m < M.

7 Numerical results

We present in this section numerical results for our two hp-EIM approaches
applied to two model problems. In all cases, the hp-EIM yields signifact (online)
speedup compared to the standard EIM.

7.1 Example 1: 2D Gaussian surface

We define the spatial domain = (0,1) x (0,1) C R?, and we introduce a
triangulation 7 (Q) with A" = 2601 vertices. We define the parameter domain
D =[0.3,0.7] x [0.3,0.7] C R?, and we introdue a “tensor-product” train sample
Zirain C D of size 1600. We consider the Gaussian function

(z) — 1) (@) — k)’
: = — — Nl
Gas ) eXp( - el (1)

for v = (z(1),22) € Q and u = (u), () € D. The function G is thus
parametrized by the location of the Gaussian source.

Clearly, G is particularly well suited for hp-adaptivity: snapshots associated
with © in one region of D do not provide a good approximation for functions
assocaited with p in another region of D. We thus expect an hp-EIM procedure
to provide significant reduction in M for this example.

To obtain a benchmark for comparison, we first pursue the standard EIM
with Myax = 196, which corresponds to a tolerance 10™8 satisfied over Ztrain.
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Muax o1 K (Mimax, €/)
Computation 1 143 1 2
Computation 2 77 0.99 12
Computation 3 40 0.8 55
Computation 4 30 0.6 106

Table 1: Specified Mupax and eﬁ)l, and the required number of subdomains
K (Mmax, ethol) for the anchor point procedure applied to Example 1.

Mmax K(Mmax)
Computation 1 99 4
Computation 2 58 16
Computation 3 38 64
Computation 4 27 256

Table 2: Specified Mmax and the required number of subdomains K(Mmax) for the
gravity center procedure applied to Example 1.

We note that the standard EIM is a special case both of the AP procedure and
of the GC procedure for K = 1 subdomain.

We next pursue the AP splitting procedure. We specify e | = 1078 as the
tolerance to be satisfied over the training set on each subdomain. We then
perform four computations for different M,,.x and €', and obtain partitions
with K (Myax, 5?01) subdomains as listed in Table 1. In Figure 3(a) we show the
maximum error during each of the four computations,

MAP = max ||GAFK () — G(s )| e (7.2)

2

for K = 2,12,55,106; here é,ﬁl,:in denotes the union of the train samples over
each of the subdomains (we also show in Figure 3(a) the benchmark convergence
for the case K = 1). In Figures 4(a) and 4(b) we show the partitions of D with
K = 12 and K = 55 subdomains, respectively. We note that the size of the
subdomains is rather uniform over D, which reflects the uniform parameter
dependence of G, as expected.

We then pursue the GC splitting procedure. We specify ¢} | = 1078 as the
tolerance to be satisfied over the training set on each subdomain. We then per-
form four computations for different M.y and obtain partitions with K (Mpax)

subdomains as listed in Table 2. In Figure 3(b) we show the maximum error
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0 50 1\010 150 200 0 50 1\0/0 150 200

(a) Anchor point procedure. (b) Gravity center procedure.

Figure 3: Convergence for Example 1.

during each of the four computations,

K,GC . .
Mmax = Max (G (50) = G5 )|z, (7.3)
w

“train

for K = 4,16, 64,256; here éggn denotes the union of the train samples over
each of the subdomains. In Figures 4(c) and 4(d) we show the partitions of D
with K = 16 and K = 64 subdomains, respectively. We note that the size of

the subdomains is uniform.

We finally compare in Figure 5 our two approaches in terms of the number
of required subdomains K for specified My,ax such that efol = 108 is satisfied
over train samples over all subdomains. We note that there is an algebraic
relationship between K and M.y, and that for Example 1 the two approaches
perform very similarly in terms of the number of subdomains required for a
specified tolerance. We further note that the product K My, .« increases with K,
and thus a smaller M., yields larger offline cost. However, we would expect
less steep curves in Figure 5 had we decreased the half-width of the Gaussian:
a narrower Gaussian would have even more local parameter dependence and
hence benefit more from hp-treatment.
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(a) Anchor point procedure, K = 12. (b) Anchor point procedure, K = 55.

(¢) Gravity center procedure, K = 16. (d) Gravity center procedure, K = 64.

Figure 4: Parameter domain partitions for Example 1.
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) -x-Anchor point
o, -e-Gravity center|

Figure 5: The number of required subdomains K as a function of specified M,ax for
a given satisfied tolerance €’ ;.

7.2 Example 2: 3D wave function with near-singularity

Denote by Br(O) a ball in R? with radius R and centered at the origin O.
Then, consider the scalar function

cos (k|z — ¢(p)])
ke —c(u)]

with g = (k,r,0,9) € D and () = r (sin(6) cos(p), sin() sin(y), cos(9)) € R3.
The parameter domain D is defined by D = [1,10] x [1.1, 20] x [0, /2] x [0, 7 /2].
The spatial domain {2 and the parameter domain D are discretized by 15x15x 15
and 8 x 8 x 8 x 8 tensorized grids, respectively, leading to discrete versions TV ()
and E¢pain, respectively.

We note that G is particularly well suited for hp-adaptivity: the function has
a very different structure for different wave numbers k and different locations
of the pulse ¢ € R3. Snapshots with rapid and slow oscillations have little in
common, and thus snapshots associated with k large contribute little to ap-
proximations of functions associated with k small, and vice versa. Similarly,
snapshots with the singularity at ¢ (outside but) close to €2 have high amplitude
close to ¢ and moderate amplitude elsewhere; such functions contribute little to
the approximation of functions associated with ¢ far from €2, which have almost

G(x;p) = T = (z1),T(2),T3) € L= B1(0), (74)

212



Parameter Multi-Domain “hp” Empirical Interpolation

1.00 "“” 1.00 - I
| | | |
00 o -1L.0g 0o

Figure 6: Example of the 3D wave function for a fixed z = 0 and parameter values
k=10, ¢ = (1.1,0,0) (left) and k = 10, ¢ = (0,20, 0) (right).

Mmax 6? 1 K(MmaX7 6?01)
Computation 1 286 8 6
Computation 2 191 5 17
Computation 3 100 4 206

e}

Table 3: Specified Muax and €', and the required number of subdomains
K (Mpax, €)) for the anchor point procedure applied to Example 2.

constant amplitude. Two examples of G for fixed x(3) = 0 and parameter values
k=10, ¢c=(1.1,0,0) and k = 10, ¢ = (0,20, 0) are shown in Figure 6; we note
in particular the effect of ¢ on the amplitude of the function.

To obtain a benchmark for comparison, we first pursue the standard EIM
with Muax = 420, which corresponds to a tolerance 1073 satisfied over Z ain.

We next pursue the AP splitting procedure. We specify e/ | = 1072 as the
tolerance to be satisfied over the training set on each subdomain. We then
perform three computations for three different M., and 6?01 and obtain par-

titions with K (Mpax, €,) subdomains as listed in Table 3. In Figure 7(a) we
K,AP

M, max>’ for

show the maximum error during each of the three computations, €
K =6,17,206.

We then pursue the GC splitting procedure. We specify €} | = 1073 as the
tolerance to be satisfied over the training set on each subdomain. We then
perform three computations for four different M, .« and obtain partitions with
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Mmax K(Mmax)
Computation 1 301 16
Computation 2 238 76
Computation 3 200 151
Computation 4 146 676

Table 4: Specified Mmax and the required number of subdomains K (Mmax) for the
gravity center procedure applied to Example 2.

50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450

(a) Anchor point procedure. (b) Gravity center procedure.

Figure 7: Convergence for Example 2.
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- -o-Gravity center|
o -*-Anchor point

M

Figure 8: The number of required subdomains K as a function of specified Mpax for

a given satisfied tolerance €l ;.

K (Myax) subdomains as listed in Table 4. In Figure 7(b) we show the maximum
error during each of the four computations, eﬁ’fngx for K =16, 76,151, 676.
We finally compare in Figure 8 our two approaches in terms of the number
of required subdomains K for specified M., such that efol = 1073 is satisfied
over the training sample on each subdomain. We note that there is an algebraic
relationship between K and M, and that for Example 2 the AP approach seems

to provide the somewhat more optimal partition.

8 Closing remarks

The hp-EIM procedures derived in this paper provide a partition of the full
parameter domain into parameter subdomains; a standard EIM approxima-
tion is pursued on each subdomain in order to satisfy a specified tolerance €,
for a specified maximum number M, ., of EIM basis functions. Two differ-
ent approaches are discussed. The first approach — the anchor point splitting
procedure — is based on the first two modes associated with a standard EIM ap-
proximation: a given parameter (sub)domain is split into two new subdomains
by a hyperplane equidistant from the the first two parameter values identified
by the standard EIM Greedy sampling procedure. The second approach — the
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gravity center splitting procedure — is based on all M,,,x modes associated
with a standard EIM approximation: a given parameter (sub)domain is split
into 2° tensorized new subdomains at the gravity center of the M., parameter
values identified by the EIM Greedy sampling procedure (recall that P is the
dimension of the parameter domain). For both approaches, a priori convergence
theory guarantees successfull termination of the partition process.

Through two numerical examples we demonstrate that both the AP and
GC approaches provide significant computational speedup (approximation space
dimension reduction) in the EIM online stage through reduction in the required
EIM space dimension. Admittedly, our two examples are particularly well suited
for hp-treatment. Functions with very smooth parameter dependence will be less
well suited for hp-treatment. In this case we expect that the required number of
subdomains for specified dimension reduction (and specified tolerance) is large,
and hence the offline cost might be large.

The AP approach seems to be somewhat better suited for higher dimensional
parameter domains in particular when the parameter dependence of the function
under consideration is anisotropic: only two new subdomains are introduced
for each splitting. The GC approach is on the other hand arguably simpler
in terms of implementation; in particular, the tensorized subdomain structure
enables explicit construction of the parameter training sets associated with each
subdomain.

A straightforward application of the hp-EIM procedures is within the re-
duced basis (RB) framework for order reduction of non-affine parametrized par-
tial differential equations. In this context, the (hp-EIM or) EIM accomodates
efficient offline-online computational procedures through affine approximations
of the non-affine differential operator [1, 6, 7, 8, 11]. The cost of the RB online
stage grows quadratically with the number of terms in the affine approxima-
tion of the operator (M) and hence the hp-EIM approach will reduce the RB
online cost. Similarly, the hp-EIM approach may be applied within the related
hp-RB framework [4]. In [5] the gravity center approach discussed in this paper
is applied within an RB framework for the electric field integral equation.

The hp-EIM method may also provide an improvement of the rigorous a
posteriori error bounds recently introduced for the EIM [2|. Currently these
bounds are global in parameter, and the hAp-EIM thus provides a natural way
of localizing, and hence in effect sharpen, the bounds.
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Abstract

We present rigorous a posterior: error bounds for the Empirical Interpo-
lation Method (EIM). The essential ingredients are (i) analytical upper
bounds for the parametric derivatives of the function to be approximated,
(i) the EIM “Lebesgue constant,” and (%) information concerning the
EIM approximation error at a finite set of points in parameter space.
The bound is computed “offline” and is valid over the entire parameter
domain; it is thus readily employed in (say) the “online” reduced basis
context. We present numerical results that confirm the validity of our
approach.

1 Introduction

The Empirical Interpolation Method (EIM), introduced in [1], serves to con-
struct “affine” approximations of “non-affine” parametrized functions. The EIM
is frequently applied in reduced basis approximation of parametrized partial
differential equations with non-affine parameter dependence [6]; the affine ap-
proximation of the coefficient functions is crucial for computational efficiency.
In previous work [1, 6] an estimator for the interpolation error is developed; this
estimator is often very accurate, however it is not a rigorous upper bound. In
this paper, we develop a rigorous a posteriori upper bound for the interpolation
error and we present numerical results that confirm the validity of our approach.
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To begin, we summarize the EIM [1, 6]. We are given a function G : QxD —
R such that, for all 4 € D, G(-; 1) € L=(Q); here, D C RF is the parameter
domain, @ C R? is the spatial domain—a point in which shall be denoted by
= (1,22)—and L>®(Q) = {v|esssup,cq |v(z)| < co}. We introduce a finite
train sample =i, C D which shall serve as our D surrogate, and a triangulation
Ta () of Q with A vertices over which we shall in practice realize G(-; i) as a
piecewise linear function.

We first define the nested EIM approximation spaces WJ\%, 1< M < Mpyax.
We first choose pu1 € D, compute g1 = G(+;p1), and define ng = span{gi };
then, for 2 < M < M.y, we determine

par=arg max  inf  [G(4) — 2l e o). (L.1)
HEEtrain z€ 1\9471
compute gpr = G(+; par), and define WAg/[ = span{g,, }M_,.
We next define the nested set of EIM interpolation nodes T]\% ={t1,...,tm},
1 < M < Muyax. We first set t = argsup,eq |g1(2)| and ¢1 = g1/g1(t1); then,
for 2 < M < Max, we solve the linear system

M-—1
> WM g (t) = gult), 1<i<M-—1, (1.2)
j=1

and set ryr(x) = g () — EJ]VLII Wéw_lqj'(x)»

ty = argsup |rag(z)], (1.3)
zeQ
and qar = rar/Tar(tar). For 1 < M < M.y, we define the matrix BM € RM*M
such that Bi]‘;f =¢;(t;), 1 <14,j < M; we note that BM is lower triangular with
unity diagonal and that {g,,}*_, is a basis for W, [1, 6].
We are now given a function H : 2 X D — R such that, for all u € D,
H(-;p) € L*(02). We define for any p € D the EIM interpolant Hyg (1) €

WY, as the interpolant of 7(-; 1) over the set Ty,. Specifically

M
Hye (50) = D Sntm(t)dm, (1.4)
m=1
where
M
> BY o () =H(tsp), 1<i< M. (1.5)
j=1
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Note that the determination of the coefficients ¢as (1) requires only O(M?)
computational cost.

Finally, we define a “Lebesgue constant” [7] Ay = sup,cq Zfrvl[:l V.M (2)],
where VM € W7, are the characteristic functions of W7¢, satisfying VM (t,,) =
Omn, L < m,n < M; here, 0,,, is the Kronecker delta symbol. We recall that (i)
the set of all characteristic functions {V,M1M_, is a basis for Wy,, and (ii) the
Lebesgue constant A satisfies Ay <2 — 1 [1, 6]. In applications, the actual

asymptotic behavior of A,; is much better, as we shall observe subsequently.

2 A Posterior: Error Estimation

We now develop the new and rigorous upper bound for the error associated with
the empirical interpolation of a function F : xD — R. We shall assume that F
is parametrically smooth; for simplicity here, we suppose F € C*° (D, L*°(Q2)).
Our bound depends on the parametric derivatives of F and on the EIM in-
terpolant of these derivatives. For this reason, we introduce a multi-index of
dimension P, 8 = (f1,...08p), where the 8;, 1 < i < P, are non-negative in-
tegers; we further define the length |3| = Zil B;, and denote the set of all
distinct multi-indices 3 of dimension P of length I by MF. The cardinality of
MY is given by card(M?F) = (P+1171). For any multi-index 3, we define

FO ()

OBl F
ﬁ(ﬂfsﬂ); (2.1)
ORI

we require that max,ep maxger [FO (5 1)) < op (< 00) for integer
p = 0.

Given any pu € D, we define for 1 < M < M. the interpolants of F(+; u)
and FO)(p) as Far(p) = Fz(s0) and (FO)(5u) = Flr(5p), re-
spectively. We emphasize that both interpolants Fs(-; ) and (FP)) (- p)
lie in the same space Wj,—we do not introduce a separate space, WA}/-[(H),
spanned by solutions of ]-'(ﬂ)(-; ), 1 <M < Mpax. It is thus readily demon-
strated that (F®)) (5 p) = (Far)® (- 1), which we thus henceforth denote

.7:](\5)(~;M).1 Note that .F](\f)(-;u) € Wy, is the unique interpolant satisfying

"Let Zg = [q1-..qu] and a = [t1 ... tar]. We then have Fay (-5 u) = Zg(BM) =1 F(Eas; 1)
and (FP)pr(5p) = Zg(BM)LFB) (#ps: ). Since BM and the basis functions ¢;, 1
i < M, are independent of u, it follows that (Fa) P (1) = (Zg(Bpr) Y F(Ear; p) P
Zg(BM)TLFB) (Enrs ) = (FP) s (5 1)

A
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.7-"](\5) (tw; ) = FP(tyspu), 1 < m < M. We can further demonstrate [3] in

certam cases that if Fps(+; ) tends to F(-;u) as M — oo then .7-"](5)(;;1) tends
to FB) (s ) as M — oo.

We now develop the interpolation error upper bound. To begin, we introduce
a set of points ® C D of size ne and define pp = max,cp min,cq [ — 7|; here
| | is the usual Euclidean norm. We then define

Sarp = (1+ Anr) p” ph PP/?

pi /2 (8) (8) (.
+ su P’/* max || F Far' (1) e . (2.2
Teg ; dentr | (57) = Far’ ()l zee () (2.2)

We can now demonstrate
Proposition 1. For given positive integer p,

maXH]:( 1) — Far (5 1)l Lo ) < Onrps (2.3)

neD
VueD, 1 <M< Mpyax.
Proof. We present the proof for P = 1 and refer the reader to [2] for the gen-

eral case P > 1. For brevity, we first define (assuming existence) Ag (7, u) =

Z?;é GU (- T)(#gi,‘r)] as the first p terms in the Taylor series of G around 7. We
then choose 7 as 7%(u) = argminzco | — 7). We note that

175 9) = Far 5 )l < IF 5 0) = A7)l
MR 1) = Fu i)l pee ) (24)

for all 4 € D. We recall the univariate Taylor series expansion with remainder

in integral form F(z;pu) = AL (r,p) + [/ F®) (x;7) (”( T)) d7. We can now

bound the first term on the right hand side of (2.4) by

Iz _(p—7)Ppt - g
]:“u _Ap 7—*7u N S / ST dT —ppp
I7Cia) = AR iy < | | |FPGDZ ]| 94T S0
(2.5)
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for all u € D. For the second term in (2.4), we obtain

A 1) = Far ) ey < A1) = A, (o)
+ HAZ_;-‘M(T* w) — fM(‘?N>H1,oo(Q) (2.6)

for all p € D. For the first term in (2.6) we note that

||Ap]-'(7—*a ,U,) - ‘Ap]-'M (T*7 /L) ||Loo(Q)

p—1

J
Py H (.. (). H
< su E = W FUI(. F (- VYueD. (2.7
_Eeg — jl (37) 3 (57) L=@) |’ © 27)

From the definition of the characteristic functions V| we obtain

S 0 (g oy =TV
> F (@)= = P )
i=0 I

M p—1 ] - j
= Z Z}—z(\;)(tmﬁ*)('uj,) — Furtms ) | VM (). (2.8)
=1 |j=0 ;

We then invoke the interpolation property (for any non-negative integer j)

f](\f[) (tmip) = FO(tyspu), 1 < m < M, and the definition of the Lebesgue
constant Ay, to bound the second term in (2.6) by

||AE§_—M (T*,,U) - ‘FM(7/’L)||L3Q(Q)
* g
S NAZ(T 1) = FC i)l poo ) Anr < p—fp%; Ay, YpeD. (2.9)

The desired result (for P = 1) directly follows. O

We make several remarks concerning this result. First, we may choose p
such that the two terms in (2.2) balance—a higher p will reduce the contri-
bution of the first term but will increase the contribution of the second term.
Second, we note that the bound 6y, is p-independent. We can readily develop
a p-dependent bound by replacing ps with the actual distance between p and
the closest 7 € ®; this p-dependent bound can serve (i) to adaptively construct
an economical point set ®, and (7i) to replace the true (expensive) error in the
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greedy identification of the EIM spaces W]\% Third, we can increase the sharp-
ness of the bound by localizing the derivative bounds o,: this is best achieved
through an “hp” approach for the EIM; we note that the “hp” framework devel-
oped in [4] for the reduced basis method readily adapts to the EIM (see also [5]
for an alternative approach). Fourth, we note that in the “limit” pp — 0 the
effectivity of the bound approaches unity; of course, we will never in practice let
pe — 0 because this implies the computation of the interpolant at every point
in D. Fifth, we note that our bound at no point requires computation of spatial
derivatives of the function to be approximated.

We conclude this section by summarizing the computational cost associ-
ated with dp;,. We assume that the bounds o, can be obtained analyti-
cally. We compute Ay in O(M2N) operations, and we compute the inter-

polation errors ||F)(-;7) — .7"](\5)(';7—)HL00(Q), 0< Bl <p-—1,foral red,
in O(ne MN) Z?;é card(M}’) operations (we assume M < N); certainly the
growth of /\/l;,D will preclude large P. Note the computational cost is “offline”
only—the bound is valid for all p € D.

3 Numerical Results

We shall consider the empirical interpolation of a Gaussian function F(-; 1) over
two different parameter domains D = D; and D = Dy;. The spatial domain is
Q = [0,1]%; we introduce a triangulation Tx(2) with ' = 2601 vertices. We
shall compare our bound with the true interpolation error over the parameter
domain. To this end, we define the maximum error ey = max,cz,,,.,, e (1) and
the average effectivity 7as,, = mean,c=,.. Onrp/enr(1); here, enr(p) = || F (-5 1) —
Far (- )| Loe (@), and Egest C D is a test sample of finite size nz,,,, .
We first consider the case D = Dy = [0.1, 1] and hence P = 1; we let

—(21 — 0.5)? — (2 — 0.5)2>

o (3.1)

F(o;p) = Fi(w; p) = eXp<
We introduce an equidistant train sample Z¢,ain C D of size 500; we take u; = 1
and pursue the EIM with My,,x = 12. In Figure 1 we report e); and 6a,p,
p = 1,2,3,4, for 1 < M < My.y; we consider ng = 41 and ne = 141
(pe = 1.125E-2 and pg =~ 3.21E-3, respectively). We observe that the er-
ror bounds initially decrease, but then “plateau” in M. The bounds are very
sharp for sufficiently small M, but eventually the first term in (2.2) dominates
and compromises the sharpness of the bounds; for larger p, the bound is better
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Figure 1: Error bounds darp for P = 1 and p = 1,2,3,4 with ne = 41 (left) and
ne = 141 (right).

Figure 2: Error bounds dar,p for P = 2 and p = 1,2, 3,4 with ne = 100 (left) and
nge = 1600 (right).

for a larger range of M. We find that 1 < Ap; < 5.18 for 1 < M < My
and, for the case p = 4 with ne = 141, far,, ~ O(10) (nz,,., = 150) except for
large M. The modest growth of the Lebesgue constant is crucial to the good
effectivity.

We next consider the case D = Dy = [0.4,0.6]> and hence P = 2; we

introduce

(3.2)

_ _ 2 _ _ 2
F = .ITII(I'; M) = exp< (xl ,u(l)) (xZ M(2)) )7

2(0.1)?

where p = (u(l), M(Q)). We introduce a deterministic grid Z¢,., C D of size 1600;
we take 1y = (0.4,0.4) and pursue the EIM with M, = 60. In Figure 2 we
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report epy and darp, p = 1,2, 3,4, for 1 < M < Mpax; we consider ng = 100 and
ne = 1600 (pp ~ 1.57E-2 and 3.63E-3, respectively). We observe the same
behavior as for the P = 1 case: the errors initially decrease, but then “plateau”
in M depending on the particular value of p. We find that 1 < Ay < 39.9
and, for the case p = 4 with nge = 1600, far,p, ~ O(10) (nz,., = 225) for
1<M< Mmax-

Our results demonstrate that we can gainfully increase p—the number of
terms in the Taylor series expansion—in order to reduce the role of the first
term of dpr, and to limit the size of ®. We also note that for the examples
presented here the terms in the sum of (2.2) are well behaved, even though (for
our P = 2 example in particular) it is not obvious that the space W3, contains
good interpolants of the functions F¥) (-, 1), |8] # 0.
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Abstract

We introduce a general a priori convergence result for the approximation
of parametric derivatives of parametrized functions. We show, with rather
general assumptions on the particular approximation scheme, that the ap-
proximations of parametric derivatives of a given parametrized function
are convergent provided that the approximation to the function itself is
convergent. We present numerical results with one particular method for
the approximation of parametrized functions — the Empirical Interpola-
tion Method — to illustrate the general theory.

1 Introduction

We consider in this paper the approximation of parametrized functions, i.e.,
functions that in addition to spatial variables depend on one or several scalar
parameters. In particular, we are concerned with the approximation of para-
metric derivatives of such functions, i.e., derivatives of parametrized functions
with respect to the parameters. We develop a new convergence theory that
demonstrates — with rather general assumptions on the particular approxima-
tion scheme — that the approximations of parametric derivatives of a given
parametrized function are convergent provided that the approximation to the
function itself is convergent.
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The Empirical Interpolation Method (EIM), introduced in [1, 5], is an inter-
polation method specifically constructed for the approximation of parametrized
functions.! The main focus of this paper is the EIM approximation of parametric
derivatives of parametrized functions. The new convergence theory is developed
with the EIM in mind, and is discussed and applied within the context of the
EIM.

However, our new theoretical results here also apply to rather general ap-
proximation schemes other than the EIM; in particular, we may consider both
projection-based and interpolation-based approximation. The main limitation
of the theory is related to regularity assumptions in space and parameter on the
parametrized function.

The results in this paper have several useful implications. First, if the EIM
is employed for evaluation of an objective function subject to optimization with
respect to a set of parameters, our theory shows that we may accurately compute
the parametric Jacobian without expensive generation of additional EIM spaces,
or alternatively finite difference Jacobian approximations. Second, the rigorous
a posteriori bounds for the error in the EIM approximation recently introduced
in [3] require computation of the EIM approximation of parametric derivatives at
a finite number of points in the parameter domain; smaller EIM errors associated
with these derivatives imply sharper EIM error bounds. This second point in
particular motivates our work here.

The remainder of the paper is organized as follows. First, in Section 2
we introduce notation and recall some results from polynomial approximation
theory. Next, in Section 3, we present the new general a priori convergence
result. Then, in Section 4 we review the EIM and apply the new convergence
theory in this particular context. Subsequently, in Section 5, we demonstrate
the theory within the context of the EIM through numerical results. Finally, in
Section 6 we provide some concluding remarks.

n particular, the EIM serves to construct parametrically affine approximations of pa-
rameter dependent non-affine or non-linear differential operators within the Reduced Basis
(RB) framework for parametric reduced order modelling of partial differential equations [10].
An affine representation (or approximation) of the operator allows an efficient “offline-online”
computational decoupling, which in turn is a crucial ingredient in the RB computational
framework. We refer to [4, 5] for the application of the EIM for RB approximations.
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2 Preliminaries

2.1 Notation

We denote by Q C RY the spatial domain (d = 1,2, 3); a particular point = €
shall be denoted by x = (x(1),...,7(q)). We denote by D C R” the parameter
domain (P > 1); a particular parameter value p € D shall be denoted by
= (/i(1)7 cee »M(P))~

We introduce a sufficiently smooth function F : Q@ x D — R. We sup-
pose that F(;u) € L®°(Q) for all p € D, and, for purposes of our theoretical
arguments later, that F(z;-) € C%(D) for all z € Q. Here, L*(Q) = {v :
essSUP,eq |v(2)] < oo} and C*(O) denotes the space of functions with contin-
uous s-order derivatives over a domain O. We then introduce a multi-index of
dimension P,

B=(B1,---,0p), (2.1)

where the entries 3;, 1 < i < P, are non-negative integers. We define for any
multi-index § the parametric derivatives of F,

OBl F

FB) = -
B1 Bp "’
Oy -+~ Onep)

(2.2)

where
P
18] = Zﬂi (2.3)
i=1

is the length of 8 and hence the differential order. We denote the set of all
distinct multi-indices § of dimension P of length p by Mg’ .

For our theoretical arguments in Section 3 we shall write D as the tensor
product D = Dy x -+ X D(py, where D;y C R, 1 <i < P. We shall further
consider any particular parameter dimension § = D;, 1 < j < P, and assume
without loss of generality? that S = [~1,1]. In this case we fix the P — 1
parameter values ji(;) € Dy, 1 <i < P, i # j, and we introduce the function
J3,j : 8 xS = R defined for x € 2 and x € S by

Ts,j(w:5) = FO (3 (11)s - G- 1)0 Ko B 41)s - H(P))) - (2.4)

2We may always transform our parameter dependent function such that the parameters
reside in the hypercube [—1,1].

235



Paper 7

2.2 Polynomial Approximation

In this section we recall some results from polynomial interpolation theory.
We first describe a general interpolation framework for which we state three
hypotheses. These hypotheses are the key ingredients in the proof of our new
convergence theory in Section 3.

Let T' = [-1,1], and let f : T' — R be a sufficiently smooth function.
We introduce N + 1 distinct interpolation nodes yn; € I', 0 < ¢ < N, and
N + 1 characteristic functions xn,, 0 < ¢ < N, that satisty xn:(yn,;) = i,
0 < 14,j < N. We finally introduce an interpolation operator I defined by
Inf= Zi]io flyn.i)xn.i- We may now formally state our three hypotheses.

Hypothesis 1. The error in the derivative of the interpolant I [ satisfies
|f'(@) = Unf) (@)] < G§(N), VzeT, (2.5)
where for a given f the function Gy : N — (0,00) with Gy(N) — 0 as N — oo.

Hypothesis 2. The characteristic functions xn,;, 0 <1 < N, satisfy

N
D IXva(@)| < D(N), VzeT, (2.6)
i=0
where the function D : N — (0,00) is fized (for a given interpolation scheme)
with D(N) — oo as N — co.

Hypothesis 3. Let ¢ € RT, and consider the equation
Gf(N)=D(N)e (2.7)

for the unknown N as € — 0. Equation (2.7) has a solution N = N(e) > 0 that
satisfies

eD(N(€)) =0 (2.8)
as € — 0.

We next consider several interpolation schemes and in each case confirm the
corresponding instantiations of our hypotheses under suitable regularity condi-
tions. First, we assume f € C?(I') and consider piecewise linear interpolation
over equidistant interpolation nodes yn,; = (2i/N —1) € I', 0 < i < N. In
this case the characteristic functions xy,; are continuous and piecewise linear
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“hat functions” with support only on the interval [yn,o,yn,1] for ¢ = 0, only
on the interval [yn;—1,yn,+1] for 1 < i < N — 1, and only on the interval
[yn,N—1,yn,n]| for i = N. For piecewise linear interpolation Hypothesis 1 and
Hypothesis 2 obtain for

G(N) = 2N f"| oo 1y, (2.9)
D(N) =N, (2.10)

respectively. In this case (2.6) in Hypothesis 2 obtains with equality. We include
the proofs in Appendix A.1. It is straightforward to demonstrate Hypothesis 3:
we note that

N~! = Ne (2.11)

has the solution N(e) = ¢~ '/? and that ¢~ '/%¢ — 0 as € — 0.

Next, we assume f € C3(I') and consider piecewise quadratic interpolation
over equidistant interpolation nodes yn; = (2i/N —1) € I', 0 <i < N. We as-
sume that N is even such that we may divide I" into N/2 intervals [yn i, Un,i+2],
for i = 0,2,4,...,N — 2. The characteristic functions are for = € [yn;, Yn,i+2]
then given as

T —yn,i+1)(@ —Yyn,i
() = ¢ yN’”;),fQ L)Y (2.12)
‘ (@ —yni) (@ — ynit2) .
Xn,i+1(2) = yy 7 (2.13)
T —YN,i)\T — YN,i
Xavipale) = Iz ) (214

fori=0,2,4,...,N — 2, where h =2/N =yn 11 —yn;, 0<j <N —1. For
piecewise quadratic interpolation Hypothesis 1 and Hypothesis 2 obtain for

G5 (N) = const - N2l r, (2.15)
D(N) = gN, (2.16)

respectively. We include the proofs in Appendix A.2. It is straightforward to
demonstrate Hypothesis 3: we note that

N2 = Ne (2.17)
has the solution N(e) = ¢~ '/3 and that ¢~ '/3¢ — 0 as € — 0.
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Finally, we assume that f is analytic in I' and consider standard Chebyshev
interpolation over the usual Chebyshev-nodes yn,; = —cos(in/N), 0 < i < N.
The characteristic functions are in this case the Lagrange polynomials xn; €
Pn(T") that satisty xn,i(yn,;) = i5, 0 < 7,5 < N. For Chebyshev interpolation
Hypothesis 1 and Hypothesis 2 obtain for

Gf(N) = Cf]\/'e_J\/‘IOg(ﬂf)7 (2.18)
D(N) = N?, (2.19)

respectively, where ¢y > 0 and py > 1 depend only on f. In this case (2.6)
in Hypothesis 2 obtains with equality. We refer to Reddy and Weideman [8]
for a proof of (2.18) and to Rivlin [9, pp. 119-121] for a proof of (2.19). We
finally demonstrate Hypothesis 3: we let 7 = log(ps) > 0 and we note that the
transcendental equation

Ne N1 = N2 (2.20)
admits the solution

N(e) = lW(ﬂ), (2.21)

where W denotes the LambertW function(s) defined by &€ = W(€)eV(©) for any
£ eC. As ¢ — oo, £ € R, it can be shown [2] that W(&) < log(§). Thus, as
e — 0, we obtain

N(e) < %mg(g) - %Oog(n) + 1og(1/e)) < Alog(1/e) (2.22)

for some sufficiently large constant A. We now consider the product €(N(¢))? as
e — 0. By application of L’Hopital’s rule twice (Eqgs. (2.25) and (2.27) below)
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we obtain
lim e(N(€))? < A% lim e(log(1/¢))? (2.23)
e—0 e—0
2
1
_ A2 pig 1080 (2.24)
e—0 1/6
. 2log(e)/e
A2
=A lg% 771/62 (2.25)
242 lim 280 (2.26)
e—0 —1/6
1/e
_ 215
=24 21_% = (2.27)
=2A%lime = 0. (2.28)
e—0

Hypothesis 3 thus holds.

3 A General Convergence Result

We introduce an approximation space Wy, = Wy () of finite dimension M.
For any p € D, our approximation to the function F(-; u) : £ — R shall reside
in Wyy; the particular approximation procedure invoked is not relevant for our
theoretical results in this section. We show here that if, for any p € D, the error
in the best L>°(Q) approximation to F(-;u) in Wi goes to zero as M — oo,
then, for any multi-index 8, | 3| > 0, the error in the best L>°(£2) approximation
to FP)(-; 1) in Wy also goes to zero as M — oo. Of course, only modest M are
of interest in practice: the computational cost associated with the approximation
is M-dependent. However, our theoretical results in this section provide some
promise that we may in practice invoke the “original” approximation space and
approximation procedure also for the approximation of parametric derivatives.
We introduce, for any fixed p > 0 and any M > 1,

P = max max inf ||[FP(;pu)— o (Q)- 3.1
€u BrélMﬁ%glegwg;VMH (5 1) = wllz=(o) (3.1)

We then recall the definition of 73 ; from (2.4), and state

Proposition 1. Let p be a fixed non-negative integer. Assume that Hypotheses
1, 2, and 8 hold for f = Jsj(z;-), 1 < j < P, for all x € Q, and for all
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B e MZI:. In this case, if €5, — 0 as M — oo, then

et 50 (3.2)

as M — .

Proof. For each z € Q, we introduce the interpolant Jn g ;(x;-) = InJp (x;-) €
Pn(S) given by

N
In (@) = InTp () =Y Tps(w5yna)xni(); (3.3)

=0

recall that here, xny; : S = R, 0 < i < N, are characteristic functions that
satisfy XNJ(yN,j) = (Si,j, 0 S i,j S N.

Let ’ denote differentiation with respect to the variable x in (2.4). For
each x € Q we consider an approximation to jéﬂ- (z;-) which we write as
Zio Xy, iwi(x), where w; € Wy, 1 <i < N. We note that Zﬁio Xvi(R)w; €
Wy for all k € S (we define the w; shortly; however we note that in gen-
eral Jg;(;yn,i) € Wa, 1 < i < N, are not valid choices). For the error in
this approximation we note by the triangle inequality that (for any w; € Wy,
1<i<N)

N N
Hjé,j = Xiwi = sz'v,ﬂ,j =D Xvawi+Tps— T, H
=0 =0

Lo (QxS) Lo (QxS)
N
< | Thps = D Xvawi T = Tk s . (34)
—IENAT L AN [ L (axs) o OB Lo (axes)

Here, TY 55 = (T.0) = Sico T (5 una) X )-

In our approximation, we use as coefficient functions X;\/,i (and not, for
example, xn,;). With this choice and the definition of jﬁ/,j’ we may relate the
error in our approximation to the error in the approximation of Jg ;, which is
our ultimate goal. For the first term on the right hand side of (3.4) we first
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invoke (3.3), then the triangle inequality, and finally Hypothesis 2 to obtain

N N
szlv,ﬁ,j = Xvawi Le(xs) HZ(jBJ('; YNi) — Wi)X N
1=0 1=0

L>(Q2xS8)

N
< > Wil T (s wa) = wil
=0

L>(Q2xS)

0<i<N Lo (QxS)

N
< | masx 1755 Cpwa) =il D |
j=0
< D(N) max (75,5 (5yn i) = will L () (3:5)
Next, for any x € § we introduce the functions
wh ) = arg int [75,5(5) — wll o~ @) (36)
We then consider (3.5) for w; = wj ;(-;yn,;) and note that

N
ij/\fﬁyj - Z X,N,iwz;,j('; YN,i)
i=0

< D(N) max |[Tp,;(5yn.i) = ws; (5 yni)lloe= (o)

L>(Q2xS)

< D(N) max T3 (-5 5) = wj (-5 6) | e (@)
= D(N) max infM 75,5 (s £) — wl[ (@) < D(N)ely,  (3.7)

KES we
where the last step follows from the definition of ef, in (3.1).
For the second term on the right hand side of (3.4) we invoke Hypothesis 1
for f = fg,; = Jp.;(Zp,5;-) to obtain

1735 — Inpill=axs) < G, (N); (3-8)

here 5 j € Q is the particular point in Q such that for given 8 and j, fs; yields
the “worst” behavior of the right-hand-side.
We now combine (3.4) for w; = wj ;(-1yn,;) with (3.7) and (3.8) to obtain

G, (N)+D(N)eh,. (3.9)

5J

N
(A L oawh (- ) <
HJB7J iZ::OXN,zw,B,]( 1yN,z) Lo (QxS)
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We then introduce ﬁf = 8 + ¢; where ¢; is the canonical unit vector with the
j’th entry equal to unity; we recall that § has length |3] = p and hence B;f

has length | 5]+| = p+ 1. We note that the multi-index 3, the parameter values
tey € Dy, 1 <0 < P, i # j, as well as the dimension j, were chosen arbitrarily
above. We may thus conclude

N
.
FBI(. _E Nail)ws (5 un
612/% 1I§nja§XPﬁleagH > ba) i=0 Xtk 5uw) L= ()

< G;(N) + D(N)éh, (3.10)

(recall above we wrote x = ju(;) for each fixed j); here, f= J5;5(Z55;:+), where
1<j<Pand Be /\/lf: are the particular indices that yield the “worst” behavior
of the right-hand-side.

We note that Zf;o Xiv.i(1())wp ;(5yn,i) is a particular member of Wiy for
any 3 € ./\/lf, any pj) € D(j), and any 1 < j < P. We thus obtain

Pl _ inf | FB®) (.. ) — oy < G:(N)+ D(N)e?,. (3.11
M ﬁer?\jglglea%{wé%vM” (31) = wllpee () < GF(N) + D(N)ey. (3.11)

The final step is to bound the right-hand side of (3.11) in terms of e},. To
this end we note that we may choose N freely. In particular we may choose N as
the minimizer N = Nyin(eh,) > 0 of the right hand side of (3.11); however for
simplicity we shall make a different choice for N. Let Npa1(ef,) denote the value
of N that balances the two terms on the right hand side of (3.11); by Hypothesis
3 Npai(eh,) exists for sufficiently small e},. We then choose N = Npa(eh,) in
(3.11) to obtain

b < 2D(Noai(eh)))eh (3.12)
where e?T!' — 0 as €2, — 0 by Hypothesis 3. O

We now provide three lemmas. The first lemma quantifies the convergence
in Proposition 1 in the case that F(x,-) € C?(D) for all z € Q.

Lemma 1. Assume F(x,-) € C?(D) for any x € Q. If for any fived p > 0
ef; — 0 as M — oo, then there is a constant Cpyq > 0 such that

ehi' < Cpriy/ehy (3.13)

as M — .
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Proof. In this case we may invoke piecewise linear interpolation as our inter-
polation system in the proof of Proposition 1. By (2.9) and (2.10) we obtain
Noar(€?) = 2/1F" || p)/eM)1/2 and hence (3.12) for D(N) = N becomes
At <22 f" e ry/€hy)2eh, . The result follows for Cprq = 2(2|| || oo () /2.
O

The next lemma quantifies the convergence in Proposition 1 in the case that
F(z,-) € C3(D) for all z € Q.
Lemma 2. Assume F(x,-) € C3(D) for any x € Q. If for any fivzed p > 0
eh; — 0 as M — oo, then there is a constant Cpyq > 0 such that
:D+1 < Cer ( P )2/3 (3_14>
as M — oo.

Proof. In this case we may invoke piecewise quadratic interpolation as our inter-
polation system in the proof of Proposition 1. By (2.15) and (2.16) we obtain,
for a positive constant & Nyai(eh;) = (|| f" || r)/eh;)'/? and hence (3.12) for
D(N) = 5N/2 becomes ehi' < 5E(||f///||Loo(1“)/€1;\/[))l/3 eh;. The result follows
for Cp1 = 5¢] /|12 1 m

We make the following remark concerning Lemma 1 and Lemma 2 in the
case of algebraic convergence.

Remark 1. Let |3| = p, and assume that FP)(z,-) € C% (D), q, > 0, for all
z € Q. Assume that e, ~ M~"2 1, >0, as M — oo; here the convergence rate
rp typically depends on the regularity q,. For q, = 2 we may invoke Lemma 1
to obtain

P+1 <C +1( D )1/2 ~ M—r,,/2 ~ Ml—rp+(rp/2—1) ~ M1+(rp/2—1)6§7\4. (315)
Similarly, for q, =3 we may invoke Lemma 2 to obtain
P+1 < Cp+1(€]v1) 2/3 M~ 2rp/3 Ml—Tp+(7"p/3—1) ~ M1+(7"p/3—1)611\7/[. (316)

More generally, with higher-regularity versions of Lemma 1 and Lemma 2, we
expect for any q, > 0 that

ei‘;l < Cp+1(6§\)/[)171/qp ~ M*Tp(lfl/‘hr) ~ MI*TPJF(TP/‘Ip*l) ~ M1+(TP/qP71)611\)4'
(3.17)

for any q, > 0. We shall comment on these estimates further in our discussion
of numerical results in Section 5.
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The third lemma quantifies the convergence in Proposition 1 in the case that
F(z,-) is analytic over D.

Lemma 3. Assume F(z,:) : D — R is analytic over D for any x € Q. If for
any fized p > 0 e, — 0 as M — oo, then there is a constant Cpyq > 0 such
that

B < Cppa(log(ehy) ey (318)
as M — oo. In particular, if for some p
eh, ~ M7e M (3.19)

as M — oo, where o is a non-negative constant and y is a positive constant,
then there is a constant Cp11 such that

et < O M2 M (3.20)
as M — .

Proof. In this case we may invoke Chebyshev interpolation as our interpolation
system in the proof of Proposition 1. By (2.18), (2.19), and (2.22) we obtain
Npai(eh,) < élog(1/eh,) for a sufficiently large constant ¢. Hence, with D(N) =
N? and (3.12), we obtain e?F' < 2¢%(log(1/€h,))?e?,. The result (3.18) follows
for Cp 41 = 2¢? since (log(1/et;))? = (log(ef;))?. The result (3.20) follows under
the additional assumption (3.19) since in this case there is a constant B such
that

1

Non(€h) < Blo (577 =57

) = B(—clog M +yM) < ByM,  (3.21)

and D(Npai(eh,)) < (ByM)?. O

Remark 2. Note that, in Lemma 3, we can not obtain an explicit expression
for the convergence rate of derivatives of order larger than p+1 (by for example
an induction argument) since the result (3.20) is not sharp; an asymptotic lower
bound for eﬁj_l is required to explicitly bound Nbal(eﬂ'l) as M — oo. Hence, we
invoke an exact asymptotic relation in the assumption (3.19) in order to bound
the convergence of the “next” derivative approximation based on the “current”
derivative approximation.

We also note that if the bound (3.20) were sharp, we could invoke the argu-
ment recursively to obtain an estimate of the form €h, ~ Mo +T2Pe=7M
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4 The Empirical Interpolation Method

In this section we first recall the empirical interpolation method (EIM) [1, 5, 6]
and then consider the convergence theory of the previous section applied to the
EIM. The EIM approximation space is spanned by precomputed snapshots of
a parameter dependent “generating function” for judicuosly chosen parameter
values from a predefined parameter domain. Given any new parameter value in
this parameter domain, we can construct an approximation to the generating
function at this new parameter value — or in fact an approximation to any
function defined over the same spatial domain — as a linear combination of the
EIM basis functions. The particular linear combination is determined through
interpolation at judiciuosly chosen points in the spatial domain. For paramet-
rically smooth functions, the EIM approximation to the generating function
yields rapid, typically exponential, convergence.

4.1 Procedure

We introduce the generating function G : Q x D — R such that for all u € D,
G(;p) € L>(Q). We introduce a training set Eipain C D of finite cardinality
|Etrain| which shall serve as our computational surrogate for D. We also intro-
duce a triangulation T (92) of Q with A vertices over which we shall in practice,
for any p € D, realize G(+; 1) as a piecewise linear function.

Now, for 1 < M < Mpy.x < 00, we define the EIM approximation space
W]\g/[ and the EIM interpolation nodes T]\g/[ associated with G; here, M., is
a specified maximum EIM appproximation space dimension. We first choose
(randomly, say) an initial parameter value p; € D; we then determine the first
EIM interpolation node as ¢, = argsup,cq |G(x; 11)|; we next define the first
EIM basis function as ¢; = G(-; 11)/G(t1; p11). We can then, for M = 1, define
WY = span{q} and T§, = {t;}. We also define a nodal value matrix B' with
(a single) element Bf | = qi(t1) = 1.

Next, for 2 < M < M.y, we first compute the empirical interpolation of
G(+;p) for all g € Egpaim: we solve the linear system

M—-1
S oM M wBM T =G(tip), 1<i<M -1, (4.1)
j=1
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and compute the empirical interpolation Gy;_1(+; p) € WJ(\;471 as

M-—1
Guatim) =Y oM W, (4.2)
=1

for all p € Z¢;am- We then choose the next parameter puy, € D as the maximizer
of the EIM interpolation error over the training set,

uar = arg max |[Gar—1(5 1) = G5 )l e (4.3)
—train

note that thanks to our piecewise linear realization of G(+; ), the norm eval-

uation is a simple comparison of function values at the N vertices of Tar(Q).

We now choose the next EIM interpolation node as the point in Q at which the

EIM error associated with Gay—1(uar) is largest,

ty = arg sug |Gni—1(2s5 pns) — G poar )| (4.4)
xre

The next EIM basis function is then

= Grr—1 (5 par) — G (s o)
M G (tars o) — G(tars i)

(4.5)

We finally enrich the EIM space: WJ\% = span{qi, ..., qum}; expand the set of
nodes: Ty, = {t1,...,ty}; and expand the nodal value matrix: BM = q;(t:),
1<i,j<M.

Now, given any function F :  x D — R (in particular, we shall consider
F = G¥), we define for any p € D and for 1 < M < M. the empirical
interpolation of F(-; u) in the space W]\g/[ (the space generated by G) as

M
F§tim => oM (wa, (4.6)
i=1
where the coefficients ¢1M (1), 1 <i < M, solve the linear system
M
S oM (wBY = Ftip), 1<i<M. (4.7)
j=1

We note that by construction the matrices BM € RM*XM 1 < M < My,
are lower triangular: by (4.1), Gy—1(tj; uar) = G(tj;5pm) for j < M. As a
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result, computation of the EIM coefficients ¢}, 1 < j < M, in (4.7) and (4.1)
are O(M?) operations. We emphasize that the computational cost associated
with the EIM approximation (4.6)-(4.7) (after snapshot precomputation), is
independent of the number A of vertices in the triangulation 7Tx(£2). We may
thus choose N conservatively.

We next note that, for any multi-index g,

J) AL Mo
(75" (qu ) = e W, (4.8)

where @M (1) = (M) P) (1), 1 < i < M, solve the linear system (recall that the
matrix BM is p-independent)

Z@ )BM = F P (t;p), 1<i<M. (4.9)

Hence,
(F9)B) = (FONHY,, (4.10)

that is, the parametric derivative of the approximation is equivalent to the
approximation of the parametric derivative. We note that this equivalence holds
since we invoke the same approximation space WA% for both EIM approximations
F§, and (F)g,

4.2 Convergence theory applied to the EIM

We introduce the Lebesgue constants [7]

bupz VM (z)], 1<M < Mpa, (4.11)
mGQ

where VM € WY, are the characteristic functions associated with W¢, and Ty
VM(t;) = d;;, 1 <i,j < M, where ¢ is the Kroenecker delta symbol. It can be
proven [1, 5] that the EIM error satisfies

1FCs 1) = Fip G )llpe () < (14 Anr) lnf [FCs ) —wllpee ), (4.12)

weW
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for 1 < M < Mpyayx. It can furthermore be proven that Ay < 2™ — 1; however,
in actual practice the growth of Ay, is much slower, as we shall observe below
(see also results in [1, 5, 6]).

Our theory of Section 3 considers the convergence in the best approximation

error. In the following remark we apply Lemma 3 within the context of the
EIM.

Remark 3. It can be shown [1, 5] that the error in the EIM derivative approx-
imation satisfies

1FD (5 ) = (FOYG Gl e (o)
< (4 Aw) inf (1D (50 —wliege), (413)

we
for any p € D and any multi-indez 5. Assume that the best approximation error

e? =max inf [|[FP () —w| e — 0 4.14

b= max int (7000 w0 (114)
as M — oo for all p € D and any multi-index B such that |5] = p is a non-
negative integer. We may then conclude from Lemma 3 and (4.13) that

max |70 (5 ) = (FONG Gl < (1L Ann)eliy!

< (14 Aa)Cpan (log(eh))2ehy, (4.15)

for any multi-index 8" such that |8'| = p+ 1.

The term eh, — 0 as M — oo by assumption and thus egjl —0as M —
by Proposition 1. Hence, the convergence of the EIM derivative approximation
associated with derivatives of order p+ 1 depends on the growth of the Lebesgue
constant; precisely, we must require

A]\/jelj\/—}_l —0 (416)

as M — oo. We recall that the Lebesgue constant typically grows only modestly
and thus we expect in practice convergence of the EIM derivative approximation.

Clearly, if the EIM approximation associated with derivatives of order p con-
verges, then the best approximation associated with derivatives of order p con-
verges as well. Hence covergence of the EIM approximation associated with
derivatives of order p implies convergence of the EIM approximation associated
with derivatives of order p+ 1 provided the Lebesgue constant grows sufficiently
modestly.
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We expect that Remark 1, Remark 2, and Remark 3 may be applied (non-
rigorously) to EIM convergence if the growth of the Lebesgue constant is modest,
since then the convergence rates associated with the best approximation and
EIM approximation can not be very different.

For any p > 0 we introduce the maximum EIM error over £ C D

hrmax(€) = max mase [|F05 1) = (FU5 Gl (4.17)

for |8 = pand 1 < M < Mp.x. We also introduce a function Ry : D — R
such that

IFP (1) = (FONVG G )l o0y = Rar(p) inf (IFP) (5 ) = wl| e
weWy,
(4.18)

for 1 < M < Myax. We note that by (4.13) 1 < Rp(p) < 1+ Ay, forall p € D.
With (4.17) and (4.18) we then obtain, for any p > 0,

€8t max (€) = max max || FW (5 ) — (FONG (5 )| Lo

nee BGME
— ; B (o) _ A\ P
= max max (RM(ﬂ)wé%Agl [F (5 ) wHLoo(Q)) = Ry (ip)ey,  (4.19)

for a particular fi, € £. We now introduce the EIM error degradation factor

p
6Mrnax(‘c:)
&)= s—+——7—-, 4.20
) = ®) (420
and note that
Rar(fip)ely el
)= — < (1+Ay)—>". 4.21
praE) = Tl < (1 Aan) (421)

We make two observations. First, the EIM error degradation factor is similar
(for fixed p as a function of M) to the best approximation error degradation
factor pj, , = eh /el if the Lebesgue constant grows slowly. Second, if the
ratio Rar(f1p)/ R (jto) ~ 1 as M — oo, then ppr,(E) will be similar to pj, ,
independent of the Lebesgue constant.

In our discussion of each of our numerical examples in the next section
we plausibly assume that the Lebesgue constant grows only modestly, and in
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particular that pps,(€) is similar to Prrp We confirm this assumption with
explicit calculation of the Lebesgue constant.

The following remark is particularly relevant in our subsequent discussion of
the sharpness of our theoretical results.

Remark 4. Assume that the Lebesgue constant grows slowly and thus that
the convergence rate associated with the FEIM approximation is similar to the
convergence rate associated with the best approximation. Consider the case of
exponential convergence and assume that the bound provided by Lemma 3 is
sharp. If € o (D) ~ M7e™ "™ for o,y > 0, we expect that €y, . (D) ~
Mo+2pe="M " and thus an EIM error degradation factor par, ~ (M?P). As we
shall observe shortly for our numerical results this estimate for the degradation
factor is not quite sharp.

We may obtain an expression for the EIM error degradation factor also in
the case of algebraic convergence. However, the relation between the regularity
of the function (g, in Remark 1) and the convergence (r, in Remark 1) is not a
priori known for the EIM (or best) approzimation. We thus save the discussion
of the EIM error degradation factor in the case of algebraic convergence for our
numerical results section, in which we compute the relation between q, and r, a
posteriori.

5 Numerical Results

5.1 Example 1: Parametrically smooth Gaussian surface

We introduce the spatial domain ©Q = [0,1]? and the parameter domain D =
[0.4,0.6)2. We consider the 2D Gaussian F :  x D — R defined by
_ _ 2 _ _ 2
Flasp) = exp< (=0 #(1))202 @ ~ ko) > (5.1)

for z € Q, p € D, and ¢ = 0.1. This function is thus parametrized by the
location of the maximum of the Gaussian surface. We note that for all x € Q
the function F(x;-) € C°°(D); we may thus invoke Lemma 3.

We introduce a triangulation Tar(Q) with A/ = 2601 vertices; we introduce
an equi-distant training set “grid” Z¢aim C D of size |Egrain| = 900 = 30 x 30.
We then pursue the EIM with G = F for My, = 130.

We now introduce a uniformly distributed random test set Ziest C D of
size 1000. In Figure 1 we show the maximum interpolation errors Ezj/j,max(Etest)
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i
' '
o o T o

WN = O

0 20 20 60 " a0 100 120 140
Figure 1: The maximum EIM error over the test set Eﬁ/l,max(EteSt) for 0 < p < 3 for
Example 1.

for p = 0,1,2,3; the convergence is exponential (note the lin-log scaling of
the axes). We note that for large M, the rate of convergence associated with
the derivatives (p > 1) is close to the rate of convergence associated with the
generating function (p = 0).

In Figure 2 we show the EIM error degradation factors pasp,(Eiest) for
p = 1,2,3 as functions of M. We observe that the degradation factors behave
approximately as MP: there is an MP degradation of the convergence associ-
ated with the derivative approximation for p > 0 compared to the convergence
associated with the original function.

From Remark 4 we recall that we would have expected pas p(Egest) ~ M 2 if
our theoretical result (3.20) were sharp. Since in practice we observe pas p(Etest) ~
MP?, we conclude that the result (3.20) is not in general sharp. We also note
that the factor M? in (3.20) originates from the sharp result (2.19); hence with
our present strategy for the proof of Proposition 1 it is not clear how to sharpen
(3.20). However, we note that our theory captures the correct qualitative be-
havior: a degradation by an algebraic factor for the derivative approximation.

Finally, in Figure 3, we report the Lebesgue constant Ajy;. We note that the
growth of the Lebesgue constant is only modest. The EIM derivative approxi-
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—--p=1
p=2
--p=3

Figure 2: EIM error degradation factors par,p(Etest), p = 1,2, 3, for Example 1. The
shorter solid gray lines represent exact rates MP.
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Figure 3: The Lebesgue constant Ay for Example 1.
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Figure 4: The maximum EIM error over the test set GS)V[,max(EteSt) for 0 < p < 3 for

Example 2. The shorter gray lines represent exact rates M °1P,

mation is thus close to the best L>°(€)) approximation in the space WAZ

5.2 Example 2: A parametrically singular function

We introduce the spatial domain © = [—1,1] and the parameter domain D =
[—1,1]. We consider the function F : Q x D — R defined by

Flaip) = o — uf° (5.2)

for z € Q and p € D. The function thus has a singularity at * = p for any
p € D. For any = € Q we have F(z;-) € C*(D). More generally, for any x € Q
and p = 0,1,2,3, we have F#)(z;-) € C% (D) for q, = 4 — p.

We introduce a triangulation Tar(Q2) with A7 = 1000 vertices; we introduce
an equi-distant training set “grid” S C D of size |ZEgain| = 1000. We then
pursue the EIM with G = F for M. = 420.

We now introduce a uniformly distributed random test set =5y C D of size
1000. In Figure 4 we show the maximum interpolation errors eﬁ/[’maX(EteSt) for
p = 0,1,2,3; we observe for the convergence eﬁ’w’max(Etest) ~ M=5tP. These
results suggest that, in general, if F(P) € C% (D), then ehy ~ M=%~ which
corresponds to r, = g, + 1 in Remark 1.
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Figure 5: EIM error degradation factors pasp(Ztest), p = 1,2, 3, for Example 2. The
shorter solid gray lines represent exact rates MP.

In Figure 5 we show the EIM error degradation factors pasp(Etest) for p =
1,2,3 as functions of M. As for Example 1, we note that pps p(Egest) ~ MP (of
course this factor may in this case be interpreted directly from Figure 4).

With 7, = g, + 1 in Remark 1, the estimate (3.17) in Remark 1 becomes

1++ 1
et <M +qpe§’w:M1+4*Pe§4. (5.3)

If this is a sharp estimate, we expect for our example with ¢, =4 —p

1

ehy ~ M"Tiel, (5.4)
1 141

ea; ~ M'Tsel, ~ M2 Tstael (5.5)
1 1411

esp~ MMYzed ~ MRt Taeg (5.6)

From these estimates we may expect EIM error degradation factors

p—1 1

pM,p(Etrain) ~ MZH_Ejzo =, p=123 (57)

However, from our computations we see that this is not the case in practice: our
results show pasp(Eest) ~ MP. We thus conclude that our theoretical results
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Figure 6: The Lebesgue constant Ay for Example 2.

in Lemma 1 and Lemma 2 (and higher order versions of these as indicated in
Remark 1) are not sharp. The bounds predict ef\j < Cp1 M 141/ el for
F®)(z;) € C%(D): a non-optimality of a factor M/ %. We note that for
functions with high regularity — large ¢, — the sharpness of the bounds will
improve since ehft < M1tVareh s MeP as q, — oo.

Finally, in Figure 6 we report the Lebesgue constant Aj;; any growth of the
Lebesgue constant is hardly present. The EIM derivative approximation is thus
close to the best L>({2) approximation in the space Wy;.

6 Concluding remarks

We have introduced new a priori convergence theory for the approximation
of parametric derivatives by a general approximation scheme. In particular,
we have focused on approximation by the EIM both in our discussion and for
our numerical results. The results suggest that the EIM may be invoked in
practice for the approximation of parametric derivatives without construction of
additional EIM spaces with the parametric derivatives as generating functions,
or alternatively enrichment of the original space with parametric derivatives.
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There are several opportunities for improvements of the theory. First, our
numerical results suggest that it should be possible to sharpen the theoretical
bounds. We note in our numerical results an EIM error degradation factor MP?
for the convergence associated with the approximation of p’th order derivatives
for both parametrically analytic and parametrically non-analytic functions. In
contrast, our theory and remarks predict a degradation factor M?? for paramet-
rically analytic functions, and a degradation factor MPTEIS 75 for paramet-
rically non-analytic functions when the original function resides in C*(D) (but
not in C*7%(D) for arbitrarily small a > 0).

Second, we would like to extend the validity of the theory to other (e.g.
Sobolev) norms; in this case we may for example consider reduced basis [10] ap-
proximations to parametric derivatives of solutions to partial differential equa-
tions.

A Proofs for Hypotheses 1 and 2

A.1 Piecewise linear interpolation

We consider piecewise linear interpolation over the equidistant interpolation
nodes yn,; = (2i/N—1) e I' = [-1,1], 0 <4 < N. In this case the characteristic
functions xn; are continuous and piecewise linear “hat functions” with support
only on the interval [yn.0,yn 1] for i =0, on [yni—1,yn,+1] for 1 <i < N —1,
and on [yn,n—1,yn,n] for i = N.

We recall the results (2.9) and (2.10) from Section 2.2. Let f: ' — R with
f € C%(T"). We then have, for any = € T,

|f" () = (In f) (@) < 2N | poe () (A1)

as N — oo. Further, for all x € I', the characteristic functions xn,;, 0 <7 < N,
satisfy

N
> Ivila) = N. (A.2)
=0

We first demonstrate (A.1) (and hence (2.9)). For x € [yni, yn,it1), 0 < i <
N — 1, we have

1

(Inf) (z) = E(f(yN,i+1) — fyn.i)), (A.3)
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where h = 2/N. We next write f(yn,;) and f(yn,i+1) as Taylor series around z
as

1 ( ) . YN i
fxd) = B =i+ [T 0 -0 (A4)
j=0 7 *
L (4) X YN,i+1
fyn,iv1) = ! Jj'(a:) (yn,it1 — )’ +/ ") (yn,ip1 —t)dt, (A.5)
0 ’ x

which we then insert in the expression (A.3) for (Ixf)" to obtain

tnsf @) -s@ =3 [ O —0a—3 [T @m0

1
Xy mx (i =+ v = aP)
z€[YN, i, YN, i+1]

< B f gy = 2N " [poery. (AL6)
We next demonstrate (A.2) (and hence (2.10)). It suffices to consider x €

x
[Yn.i»yni1] for 0 <@ < N —1. On [yn, yn,i+1] only Xy, (z)| and [y ;14 (7)]
contribute to the sum; furthermore we have [xy ;(z)| = ‘XN,H-I( x)| = 1/h
N/2, from where the result (A.2) follows.

A.2 Piecewise quadratic interpolation

We consider piecewise quadratic interpolation over equidistant interpolation
nodes yn; = (2i/N —1) € I, 0 < i < N. We consider N equal such that
we may divide I' into N/2 intervals [yn i, Yn,it2]), for i = 0,2,4,..., N —2. The
characteristic functions yy ; are for x € [yN,i, yN’iJrQ] given as

xr — i Xr — i
o () = E e vivs) (A7)
xr — i)\ — i
xvipa(e) = I S vas) (A8)
xr — i)\ — i
XN,iv2(x) = @ =y, )2(h2 N +1)7 (A.9)

fori=0,2,4,...,N.
We recall the results (2.15) and (2.16) from Section 2.2. Let f : I' — R with
f € C3(I'). We then have, for any x € T,

|[f'(z) = (Inf) (2)] = O(N7?) (A.10)
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as N — oo. Further, for all € I', the characteristic functions xu,;, 0 <7 < N,
satisfy

N 5
> Wiva@) = 2. (A1)
1=0

We first demonstrate (A.10). It suffices to consider the interpolant I f(x)
for x € [yn,i, yn i+2], in which case

Inf(w) = flyna)xw,i(@) + fynic)xniv (@) + fynize)xvive(z). (A12)

Insertion of (A.7)—(A.9) and differentiation yields

(I ) () = 575

—2f(yn,iv1) (22 — yni — Yniv2) + Fyn,ive) (22 —yni — yN,i+1))- (A.13)

(f(yN,z‘)(Qﬂf — YN.i+1 — YN,i+2)

We next write f(yn.i), f(yn,i+1), and f(yn ;+2) as Taylor series around z as

3. ¢ )
flyni) = Z / Jj'(m) (yni —x)? + O(hY), (A.14)
j=0
L0 (2) : .
fyn,it1) = 7l (yn,iv1 —z) + O(h%), (A.15)
J=0 '
& f(j)(x) j 4
fyn,iv2) = 7l (yn,i+2 — )’ + O(h%), (A.16)
3=0 )

where h = 2/N = yn 41 —ynj, 0 < j < N —1. We may then insert the
expressions (A.14)—(A.16) into (A.13) to obtain

(Inf) (z) = f'(z) + O(h?). (A.17)
(For j = 0 and j = 2 the terms on the right-hand-side of (A.13) cancel. For
j =1 we obtain f’(x) and for j = 3 we obtain O(h?).)

We next demonstrate (A.11). It suffices to consider x € T'; = [yn.i, YN, it2)-
On T; only Xy, (%), Xy.i1(®), and Xy ; o(7) contribute to the sum. With
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h=2/N=y;t1—y;, 0<j<N—1, we have

N2 3
max Xy ;(#)] = o~ max|2z —yniv1 — yviv2l = 7N, (A.18)
N2
i == max|2z — yni — ynis2l = N, A.19
max [X ;41 (2)] = - max|2r —yni — yn.is2| (A.19)
N2 3
max Xy i42()] = o~ max|22 —yni — ywir1l = V. (A.20)

The result then follows.
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