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EFFICIENT REDUCED-BASIS TREATMENT OF NONAFFINE
AND NONLINEAR PARTIAL DIFFERENTIAL EQUATIONS

MARTIN A. GREPL!, YVON MADAY??, Ncoc C. NGUYEN? AND ANTHONY T. PATERA®

Abstract. In this paper, we extend the reduced-basis approximations developed earlier for linear
elliptic and parabolic partial differential equations with affine parameter dependence to problems in-
volving (a) nonaffine dependence on the parameter, and (b) nonlinear dependence on the field variable.
The method replaces the nonaffine and nonlinear terms with a coefficient function approximation which
then permits an efficient offline-online computational decomposition. We first review the coefficient
function approximation procedure: the essential ingredients are (i) a good collateral reduced-basis
approximation space, and (ii) a stable and inexpensive interpolation procedure. We then apply this
approach to linear nonaffine and nonlinear elliptic and parabolic equations; in each instance, we discuss
the reduced-basis approximation and the associated offline-online computational procedures. Numeri-
cal results are presented to assess our approach.
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1. INTRODUCTION

The design, optimization, control, and characterization of engineering components or systems often requires
repeated, reliable, and real-time prediction of selected performance metrics, or “outputs”, s°; here super-
script “e” shall refer to “exact” and we shall later introduce a “truth approximation” which will bear no
superscript. Typical “outputs” include forces, critical stresses or strains, flowrates, or heat fluxes. These out-
puts are typically functionals of a field variable, u®(u) — such as temperatures or velocities — associated with a
parametrized partial differential equation that describes the underlying physics; the parameters, or “inputs”,
w, serve to identify a particular configuration of the component or system — geometry, material properties,
boundary conditions, and loads. The relevant system behavior is thus described by an implicit input-output
relationship, s®(p), evaluation of which demands solution of the underlying partial differential equation (PDE).

Keywords and phrases. Reduced-basis methods, parametrized PDEs, non-affine parameter dependence, offine-online procedures,
elliptic PDEs, parabolic PDEs, nonlinear PDEs.
1 Massachusetts Institute of Technology, Room 3-264, Cambridge, MA, USA.
2 Université Pierre et Marie Curie-Paris6, UMR 7598 Laboratoire Jacques-Louis Lions, B.C. 187, 75005 Paris, France.
maday@ann. jussieu.fr
3 Division of Applied Mathematics, Brown University.
4 Massachusetts Institute of Technology, Room 37-435, Cambridge, MA, USA.
5 Massachusetts Institute of Technology, Room 3-266, Cambridge, MA, USA.
© EDP Sciences, SMAI 2007

Article published by EDP Sciences and available at http://www.esaim-m2an.org or http://dx.doi.org/10.1051/m2an:2007031



http://www.edpsciences.org
http://www.esaim-m2an.org
http://dx.doi.org/10.1051/m2an:2007031

576 M.A. GREPL ET AL.

The abstract formulation for an elliptic problem can be stated as follows: given any u € D C R, we evaluate
s®(p) = £(u®(u)), where u®(p) € X is the solution of

a(u®(u),v;p) = flo;p), Yo e X°. (1)

Here D is the parameter domain in which our P-tuple (input) parameter p resides; X¢(2) is an appropriate
Hilbert space; € is a bounded domain in R? with Lipschitz continuous boundary 9€; f(-;u), £(-) are X°-
continuous linear functionals; and a(-,-; u) is a X®-continuous bilinear form.

In actual practice, of course, we do not have access to the exact solution; we thus replace u®(u) with a “truth”
approximation, u(), which resides in (say) a suitably fine piecewise-linear finite element approximation space
X C X°© of very large dimension A. Our “truth” approximation is thus: given any u € D, we evaluate

s(n) = £(u(p)), (2)
where u(p) € X is the solution of

a(u(p),vip) = flosp), Vv e X. (3)

We shall assume — hence the appellation “truth” — that the discretization is sufficiently rich such that w(u)
and u®(p) and hence s(u) and s°(u) are indistinguishable at the accuracy level of interest. The reduced-basis
approximation shall be built upon this reference (or “truth”) finite element approximation, and the reduced-
basis error will thus be evaluated with respect to u(u) € X. Our formulation must be stable and efficient as
N — 0.

We now turn to the abstract formulation for the controlled parabolic case. For simplicity, in this paper we will
directly consider a time-discrete framework associated to the time interval I =]0,¢;]. We divide I = [0, ] into
K subintervals of equal length At = tff and define t* = kAt, 0 < k < K, and I = {t°,...,t¥}; for notational
convenience, we also introduce K = {1, ..., K}. We shall consider Euler-Backward for the time integration; we
can also readily treat higher-order schemes such as Crank-Nicolson [12]. The “truth” approximation is thus:
given any pu € D, we evaluate the output

S(,uvtk) = E(u(u,tk)), Vk € K, (4)
where u(u, t*) € X satisfies
(i 1), 0) + At alu(p, t5), v 1) = m(u(, 57, 0) + At Fu ) b(EH), Vo e X, VK€K,  (5)

with initial condition (say) u(u,t°) = uo(u) = 0. Here, f(-,u) and £(-) are Y°-continuous (X¢ C Y®) linear
functionals, m(-,-) is a Y ®-continuous bilinear form, and b(¢*) is the control input. We note that the output,
s(p, %), and the field variable, u(j,t*), are now functions of the discrete time t*, Vk € K.

Our goal is the development of numerical methods that permit the rapid yet accurate and reliable prediction
of these PDE-induced input-output relationships in real-time or in the limit of many queries — relevant, for
example, in the design, optimization, control, and characterization contexts. To achieve this goal we will pursue
the reduced-basis method. The reduced-basis method was first introduced in the late 1970s for the nonlinear
analysis of structures [1,25] and subsequently abstracted and analyzed [5,11,28,33] and extended [16,18,26] to
a much larger class of parametrized partial differential equations. The foundation of the reduced basis method
is the realization that, in many instances, the set of all solutions u(u) (say, in the elliptic case) as p varies can
be approximated very well by its projection on a finite and low dimensional vector space: for sufficiently well
chosen pi;, there exist coefficients ¢; = ¢V (u) such that the finite sum vazl ciu(p;) is very close to u(u) for

i
any fi.
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More recently, the reduced-basis approach and also associated a posteriori error estimation procedures
have been successfully developed for (i) linear elliptic and parabolic PDEs that are affine in the parame-
ter [13,14,20,21,29,39] — the bilinear form a(w, v; 1) can be expressed as

Q
a(w,v;p) = Z 0(u) a’(w, v), (6)

where the ©7: D — R and a%(w,v),1 < g < Q, are parameter dependent functions and parameter-independent
bilinear forms, respectively; and (ii) elliptic PDEs that are at most quadratically nonlinear in the first argu-
ment [24,38,40] — in particular, a(w, v; u) satisfies (6) and is at most quadratic in w (but of course linear in v).
In these cases a very efficient offline-online computational strategy relevant in the many-query and real-time
contexts can be developed. The operation count for the online stage — in which, given a new parameter value,
we calculate the reduced-basis output and associated error bound — depends on a low power of the dimension of
the reduced-basis space N (typically small) and Q; but it is independent of N, the dimension of the underlying
“truth” finite element approximation.

Unfortunately, if a is not affine in the parameter this computational strategy breaks down; the online com-
plexity will still depend on N. For example, for general g(z; ) (here x € Q and p € D), the bilinear form

a(ww;u)E/Q Vw-Vv+/Qg($;u)wv (7)

will not admit an efficient (online A/-independent) computational decomposition. In a recent CRAS note [4], we
introduce a technique that recovers the efficient offline-online decomposition even in the presence of nonaffine
parameter dependence. In this approach, we develop a “collateral” reduced-basis expansion g (x; 1) for g(z; p)
and then replace g(z;p) in (7) with some necessarily affine approximation gps(z; ) = 2%21 O m (1) Gm ().
(Note since we shall also have another reduced-basis expansion for u(u), the term “collateral” is used to dis-
tinguish the two reduced-basis expansions.) The essential ingredients are (i) a “good” collateral reduced-basis
approximation space, Wy, = span{gy,(z),1 < m < M}, (ii) a stable and inexpensive (N-independent) interpo-
lation procedure by which to determine the wprm (1), 1 < m < M, and (iii) an effective a posteriori estimator
with which to quantify the newly introduced error terms. In this paper we shall expand upon the brief presen-
tation in [4] and furthermore address the treatment of nonaffine parabolic problems; we shall also extend the
technique to elliptic and parabolic problems in which g is a nonaffine nonlinear function of the field variable u
— we hence treat certain classes of nonlinear problems.

A large number of model order reduction (MOR) techniques [2,7,8,22,27,32,36,41] have been developed
to treat nonlinear time-dependent problems. One approach is linearization [41] and polynomial approxima-
tion [8,27]. However, inefficient representation of the nonlinear terms and fast exponential growth (with the
degree of the nonlinear approximation order) of the computational complexity render these methods quite ex-
pensive, in particular for strong nonlinearities; other approaches for highly nonlinear systems (such as piecewise-
linearization) [32,35] suffer from similar drawbacks. It is also important to note that most MOR techniques
focus only on temporal variations; the development of reduced-order models for parametric applications — our
focus here — is much less common [6,9].

This paper is organized as follows: In Section 2 we present a short review of the “empirical interpolation
method” — coefficient function approximation — introduced in [4]. The abstract problem formulation, reduced-
basis approximation, and computational considerations for linear coercive elliptic and linear coercive parabolic
problems with nonaffine parameter dependence are then discussed in Sections 3 and 4, respectively. We extend
these results in Section 5 to monotonic nonlinear elliptic PDEs and in Section 6 to monotonic nonlinear parabolic
PDEs. Numerical results are included in each section in order to confirm and assess our theoretical results.
(Note that, due to space limitations, we do not present in this paper associated a posteriori error estimators;
the reader is referred to [4,12,23,37] for a detailed development of this topic.)
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2. EMPIRICAL INTERPOLATION

In this section we describe the empirical interpolation method for constructing the coefficient-function ap-
proximation of parameter-dependent functions. We further present a priori and a posteriori error analyses of
the method. Finally, we provide a numerical example to illustrate various features of the method.

2.1. Coefficient-function procedure

We begin by summarizing the results in [4]. We consider the problem of approximating a given p-dependent
function g( - ;p) € L>®(Q) N C°(Q), Yu € D, of sufficient regularity by a reduced-basis expansion gas( - ; p);
here, L>®(Q2) = {v|esssup,cq |v(z)] < co}. To this end, we introduce the nested sample sets S9, = {u{ €
D,...,ud; € D}, and associated nested reduced-basis spaces Wy, = span {&, = g(z;p,),1 < m < M}, in
which our approximation gps shall reside. We then define the best approximation

g (-5 m) arg min, g5 1) — 2|l Lo () (8)
and the associated error
en(w) =g 50) — gp (1)l ()- (9)

We note that if g( - ;u) ¢ C°(Q), the best approximation g3;( - ;) may not be unique. But all the examples
considered in this paper have g( -;u) € C°(2); otherwise, we could use domain decomposition for g( - ; ).
More generally, we can work in a Banach space B that in our context will be L>(Q) N C%(Q2) or L?(2). Then
g € C°(D; B) and the forthcoming construction of S9, is effected with respect to the B norm.

The construction of S%, and W}, is based on a greedy selection process. To begin, we choose our first
sample point to be pu{ = argmax,czs [|g( - ;p)l|L=(q), and define S{ = {uf}, & = g(a;uf), and WY =
span {&1}; here Z9 is a suitably large but finite-dimensional parameter set in D. Then, for M > 2, we set
phy = argmax,czs €3, (1), and define S, = S, Upd,, & = g(x; 1), and W, = span{&,, 1 <m < M},
In essence, W7, comprises basis functions from the parametrically induced manifold M9 = {g(-;u) | p € D}.
Thanks to our truth approximation, the optimization for g}, ;(-;u) and hence €3, _;(p) is a standard linear
program.

We note that the determination of pf, requires the solution of a linear program for each parameter point
in Z9; the computational cost thus depends strongly on the size of Z9. In the parabolic case this cost may be
prohibitively large — at least in our current implementation — if the function g is time-varying either through an
explicit dependence on time or (for nonlinear problems) an implicit dependence via the field variable u(yu, t*).
As we shall see, in these cases the parameter sample Z9 is in effect replaced by the parameter-time sample
29 = 29 x I; even for modest K the computational cost can be very high. We thus propose an alternative
construction of S§,: we replace the L>(Q)-norm in our best approximation by the L?(2)-norm; our next
sample point is now given by pf, = argmax,,czs inf.cws | llg(-s 1) — 2| L2(q2), which is relatively inexpensive to
evaluate — the computational cost to evaluate inf.cyg  [|g(+;p) — 2] L2(0) is O(MN) + O(M?3). The following
analysis is still rigorous for this alternative (or “surrogate”) construction of S%,, since we are working in a
finite-dimensional space and hence all norms are equivalent; in fact, the L>°(2) and L?(Q) procedures yield
very similar convergence results in practice (see Sect. 2.3).

We begin the analysis of our greedy procedure with the following lemma.

Lemma 2.1. Suppose that M.y is chosen such that the dimension of span M9 exceeds Muax; then, for any
M < Mmnax, the space Wf& is of dimension M.

Proof. It directly follows from our hypothesis on Myax that g = €3, (u‘?wmax +1) > 0; our “arg max” construc-
tion then implies e}, 1 (14f,) > €0, 2 < M < My, since e, (1,) > b1 (Bh41) = €ar(Bh41)- We now
prove Lemma 2.1 by induction. Clearly, dim(W7{) = 1; assume dim(W7y, ;) = M — 1; then if dim(W¥,) # M,
we have g(-;u,) € W{,_, and thus €, _;(u%,) = 0; however, the latter contradicts e}, (u%,) >0 >0. O
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We now construct nested sets of interpolation points Ths = {z1,...,2nm}, 1 < M < Mpax. We first set
T = arg sug 1€1(z)], @1 = &i(x)/&(xr), Bh =q(z1) = 1. (10)
A

Hence, our first interpolation point x; is the maximum point of the first basis function. Then for M =
2,..., Mihax, we solve the linear system

M-1
oM g(ws) = Eulw), 1<i<M-—1; (11)
j=1
we calculate
M—1
rv(z) = Em(z) — Z ol g;(x), (12)
j=1
and set
wy = arg sup [rar(z)l,  qu(@) = ra (@) /rae(zar),  BY = qj(wi), 1<i,j <M. (13)

e
In essence, the interpolation point xj; and the basis function gas(x) are the maximum point and the normal-
ization of the residual function rps (z) which results from the interpolation of £/ (x) by (11).
It remains to demonstrate

Lemma 2.2. The construction of the interpolation points is well-defined, and the functions {qi,...,qum} form
a basis for W§,. In addition, the matriz BM s lower triangular with unity diagonal.

Proof. We shall proceed by induction. Clearly, we have Wy = span {¢1}. Next we assume Wj, |, =
span{qi,...,qu—1}; if (1) BM~1 is invertible and (ii) |ras(2ar)| > 0, then our construction may proceed and we
may form WY, = span {q1,...,qa}. To prove (i), we just note from the construction procedure that B%il =
rj(x;)/rj(xz;) = 0 for ¢ < j; that B%fl = r;(x;)/rj(x;) =1 for i = j; and that |B%71 = |rj(z;)/rj(z;)] <1
for i > j since z; = arg ess sup,cq |rj(z)],1 < j < M. Hence, BM is lower triangular with unity diagonal. To
prove (ii) (and hence also that the x;, 1 < i < M, are distinct), we observe that |ra(zar)| > €%, (1%,) > €0 >0
since %, _;(uY,) is the error associated with the best approximation. O

Furthermore, from the invertibility of B™, we immediately derive
Lemma 2.3. For any M-tuple («;)i=1,.. . m of real numbers, there exists a unique element w € W;\’/I such that
w(x;) =a; 1 <i< M.

It remains to develop an efficient procedure for obtaining a good collateral reduced-basis expansion gas(+; u).
Based on the approximation space W¥, and set of interpolation points T, we can readily construct an approx-
imation to g(z; p). Indeed, our coefficient function approximation is the interpolant of g over Th; as provided
for from Lemma 2.3:

M
g (@) =Y errm() gm (@), (14)
m=1
where ¢pr(1) € RM is given by
M
> BM omi(p) = glasp), 1<i < M; (15)
j=1

note that gas(xs; p) = g(zi;pn), 1 <i < M. We define the associated error as

em(p) =g 51) —gm (-5 )|l Lo () (16)
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It remains to understand how well gps(x; 1) approximates g(x; p).

2.2. Error analysis

2.2.1. A priori stability: Lebesgue constant

To begin, we define a “Lebesgue constant” [10,31,34] Ay = sup,ecq Z%Zl |[V.M(z)|. Here, the VM (z) € WY,
are characteristic functions satisfying V.*(z,,) = dmn,1 < m,n < M, the existence and uniqueness of which is
guaranteed by Lemma 2.3; here §,,, is the Kronecker delta symbol. It can be shown that

Lemma 2.4. The set of all characteristic functions {Vé‘f[}i\f:l is a basis for Wi,. Furthermore, the two
bases ¢, 1 <m < M, and VM 1 <m < M, are related by

ZBMVM 1<i<M. (17)

Proof. 1t is immediate from the definition of the V;3’ that the set of all characteristic functions {V,} }71\5:1 is
linearly independent. This set thus constitutes a basis for W3,, in fact a nodal basis associated with the set
{xm}f\f:l. Then, we consider x = z,,, 1 < n < M, and note that Z;\il B%- V]M(acn) = Z BM §jn = BM

qi(zy), 1 <i < M; it thus follows from Lemma 2.3 that (17) holds. D

We observe that Ay depends on W3, and Ty, but not on p. We can further prove
Lemma 2.5. The interpolation error enr(p) satisfies epr(p) < ehy(u)(1+ Apr), Vo € D.
Proof. We first introduce e}, (x; 1) = g(z; ) — gy (x; ). It then follows that

a(ws ) = ghg(sp) = (91 (xm; 1) = s (s 1)) Vi ()

((gar (@i 1) = 9(@m; 1) + (9(@m3 1) = ghs(@mi 1) Voo ()

Il
NERANGERINGE

e (@mi 1) V! (). (18)

3
Il

Furthermore, from the definition of €5/ (u) and €%,(x), and the triangle inequality, we obtain

em(p) = [lg(-30) —gm (5 ) L) < en(p) +1lgne (-5 0) — gar (5 1)l Lo ()
This yields, from (18),

em(p) =) < lgm(-ip) = a5 1)l e ()
M

= 1> enr(misw) VM (@)l

i=1

< M (@is ) Aars
S x| leh (@i )l Am
the desired result then immediately follows from |e},(x;; p)| < 3 (p), 1 <i < M. O

We can further show
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Proposition 2.6. The Lebesgue constant Ay satisfies Ay < 2M — 1.

Proof. We first recall two crucial properties of the matrix BM: (i) BM is lower triangular with unity diagonal
~ qm(zm) =1,1<m < M, and (ii) all entries of B™ are of modulus no greater than unity — lgmll L) <1,
1 <m < M. Hence, from (17) we can write

M
VA @) = lam(z) = Y BV (@)
i=m+1
M
< 14+ ) VM@, 1<m<M-L
i=m+1
It follows that, starting from |V (z)] = |qm(x)| < 1, we can deduce |V, (z)] < 1+ |V (x)|+ ...+
Vit m()] <2m71 2 <m < M, and thus obtain SM VM) <2M -1 O

Proposition 2.6 is very pessimistic and of little practical value (though e%,(x) does often converge sufficiently
rapidly that %, (u)2M — 0as M — o00); this is not surprising given analogous results in the theory of polynomial
interpolation [10,31,34]. In applications, the actual asymptotic behavior of Ays is much lower than the upper
bound of Proposition 2.6; however, Proposition 2.6 does provide a theoretical basis for some stability.

2.2.2. A posteriori estimators

Given an approximation gps(x; u) for M < Mpax — 1, we define Epr(z; 1) = Epr (1) gar41 (), where épy(p) =
l9(@nr415 1) — gar (@ar415 )] In general, enr(u) = Enr(p), since enr () = [lg(5 ) — gar (5 )l L= () = lg(as p) —
gu(x; )] for all € Q, and thus also for © = xps41. However, we can prove
Proposition 2.7. Ifg(-; 1) € Wiy, then (i) g(x; p1)—gar (w5 ) = £ Enr (s ), and (i) || g(-5 p) =g (5 1) || Lo () =
Ent(p)-
Proof. By our assumption g( - ;u) € Wy, there exists (u) € RM* such that g(x;pu) — gar(a;p) =
Z%ill Km (1) gm(x). We now consider = 2;,1 <i < M + 1, and arrive at

M5

K (1) Gm (2:) = g(xi; p) — gur(wizp), 1<i < M+ 1.

m=1

It thus follows that k,,(u) = 0, 1 < m < M, since g(z;; 1) — gm(xi;p) = 0,1 < i < M, and the matrix
qm(z;)(= BM) is lower triangular, and that kns11(1) = g(xaro1; 1) — gar(Tar41; 1) since garr1(zar41) = 1; this
concludes the proof of (i). The proof of (ii) then directly follows from [|gns 11|z (0) = 1. O

Of course, in general g( - ;u) & Wi, 41> and hence our estimator €/(u) is unfortunately a lower bound.
However, if e5;(p) — 0 very fast, we expect that the effectivity,

(19)

shall be close to unity; furthermore, the estimator is very inexpensive — one additional evaluation of g(-;p) at
a single point in Q. (Note we can readily improve the rigor of our bound at only modest additional cost: if we
assume that g(;p) € Wf“_k, then éy; = 2~F1 maxeq1,..k} |9(Tari; ) — gar(Taryw; p)| is an upper bound for
em(p) (see Props. 2.6 and 2.7).)

We refer to [4,12,23] for the incorporation of these error estimators into output bounds for reduced basis
approximations of nonaffine partial differential equations.
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FIGURE 1. (a) Parameter sample set S%;, Myax = 51, and (b) interpolation points z,,, 1 <
m < Muax, for the function G(z; ) of (20).

2.3. Numerical results
We consider the function g(-; p) = G(-; ), where

1
V@ — )2+ (@@ — e)?

G(z;p) = (20)

for z = (z(1),2(2)) € R =10,1[? and p € D = [-1,-0.01]2. We choose for Z9 a deterministic grid of 40 x 40
parameter points over D. We take pf = (—0.01, —0.01) and then pursue the empirical interpolation procedure
described in Section 2.1 to construct SY,, W3,, T, and BM 1 < M < Mpax, for Mpax = 51. We see that the
parameter points in S¥,, shown in Figure la, are mainly distributed around the corner (—0.01,—0.01) of the
parameter domain; and that the interpolation points in T, plotted in Figure 1b, are largely allocated around
the corner (0, 0) of the physical domain €. This is because G(z; ) varies most significantly at p = (—0.01, —0.01)
(upper right conner of Fig. 1a) and x = (0,0) (lower left conner of Fig. 1b).

We now introduce a parameter test sample ngest of size Qrest = 225, and define €/, max = max,ezy epm(p),

Eirmax = MaXyezy (1) Par = Qe Lpezs, . (Enr(0)/ (€3 (WL + An)))s s = Qo Duezs, 1 (1),
and »; here my(p) is the effectivity defined in (19), and s is the condition number of B™. We present in
Table 1 €1, maxs €47 max: P+ A, M, and 22 as a function of M. We observe that € 7,max and EM max CONVErge
rapidly with M; that the Lebesgue constant provides a reasonably sharp measure of the interpolation-induced
error; that the Lebesgue constant grows very slowly — and hence ey, (u) will be only slightly larger than the
min maz result €5;(u); that the error estimator effectivity is reasonably close to unity (note the last column
of the Tab. 1 in [4] (analogous to Tab. 1 here) contains an error — we purported in [4] to report the average of
v () = Em(p)/en (i) over 2., but in fact we reported the average over =%, of én() /e, (11)); and that
BM is quite well-conditioned for our choice of basis. (For the non-orthogonalized basis &,,, 1 < m < M, the
condition number of BM will grow exponentially with M.) These results are expected: although G(x; ) varies
rapidly as p approaches 0 and x approaches 0, G(x; 1) is nevertheless quite smooth in the prescribed parameter
domain D.

If we exploit the L?(Q)-norm surrogate in our best approximation we can construct S 4, much less expensively.
We present in Table 2 numerical results obtained from this alternative construction of S¥,. The results are very
similar to those in Table 1, which implies — as expected — that the approximation quality of our empirical
interpolation approach is relatively insensitive to the choice of norm in the sample construction process.
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TABLE 1. Numerical results for empirical interpolation of G(; 1) €n,maxs €3 max> Pars A
N> and sy as a function of M.

M € M,max E?VI,max ﬁM AM ﬁM M

8 1.72E-01 8.30E-02 0.68 1.76 0.17 3.65
16 1.42E-02 4.22E-03 0.67 2.63 0.10 6.08
24 1.01E-03 2.68E-04 0.49 4.42 0.28 9.19
32 2.31E-04 5.64E-05 0.48 5.15 0.20 12.86
40 1.63E-05 3.66 E-06 0.54 4.98 0.60 18.37
48 2.44E-06 6.08E-07 0.37 7.43 0.29 20.41

TABLE 2. Numerical results for empirical interpolation of G(; 1) €n,maxs €3 max> Pars A
T, and 5oy as a function of M; here SY, is constructed with the L?*(Q)-norm as a surrogate
for the L*°(§2)-norm.

M €M, max €>;\/I,max Py AIVI M M

8 2.69E-01 1.18E-01 0.66 2.26 0.23 3.82
16 1.77E-02 3.96 E-03 0.45 4.86 0.81 7.58
24 8.07TE-04 3.83E-04 0.43 3.89 0.28 13.53
32 1.69E-04 3.92E-05 0.45 7.07 0.47 16.60
40 2.51E-05 4.10E-06 0.43 6.40 0.25 18.84
48 2.01E-06 6.509E-07 0.30 8.86 0.18 21.88

3. NONAFFINE LINEAR COERCIVE ELLIPTIC EQUATIONS

We now incorporate the coefficient-function procedure described in Section 2.1 into our reduced-basis method
to develop an efficient reduced-basis approximation for the nonaffine linear coercive elliptic equations. The
presentation of this section is as follows: first, we introduce an abstract problem statement of the nonaffine
elliptic equation as well as a model problem; we then develop our reduced-basis approximation for the abstract
problem and discuss computational complexity; finally, we present numerical results obtained for the model
problem.

3.1. Problem formulation

3.1.1. Abstract statement

We first define the Hilbert spaces X¢ = H}(Q) — or, more generally, Hi(2) C X°¢ C H'(Q) — where
HY(Q) = {v | v e L*N),Vv € (L3Q)4}, HYX(Q) = {v | v € HY(Q),v|]sg = 0}. The inner product and

norm associated with X¢ are given by (-,-)xe and || - |[|xe = (-, );/32, respectively; for example, (w,v)xe =
fQ Vw - Vv + fQ wwv, Yw,v € X° The truth approximation subspace X shall inherit this inner product and
norm: (55-)x = ()% and ||+ lx = - [[%-

In this section, we are interested in a particular form for problem (1), in which
a’(wvv;u) = a()(w,’l)) +a1(wvvag(';,u'))v (21)

and

flosp) = /th(fc;uL (22)
where ao(-,-) is a (for simplicity, parameter-independent) bilinear form, a; : X¢ x X© x L>®(Q) is a trilinear
form, and g(-; u) € L®(2), h(-; ) € L>=(R) are prescribed functions. For simplicity of exposition, we presume
that h(z; p) = g(z; p).
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We shall assume that a satisfies coercivity and continuity conditions

. a(w, w; p)
O<ag<a(p)= inf ———= VueD, 23
0=ty "l )
a{w,v; 1)
v(p) = sup sup ———— <y <oo, VuéeD; (24)

weX\{0} vex\{0} lwllx[v]lx
here a(u) and (u) are the coercivity constant and the continuity constant, respectively. (We (plausibly)
suppose that ag, o may be chosen independent of A'.) We shall further assume that the trilinear form a;
satisfies
ar(w,v, 2) < nllwllx |vlx |2l|ze@), Yw,veX,Vze L>(Q). (25)
It is then standard, given that g(-; u) € L>°(Q), to prove existence and uniqueness of the exact solution and the
truth approximation.

3.1.2. A model problem

We consider the following model problem defined on the unit square Q =]0,1[?€ R?: Given the parameter
input p = (pa), w2)) € D = [—1,—0.01]2, the field variable u(u) € X satisfies (3), where X C X© = H{(Q2) is a
piecewise-linear finite element approximation space of dimension N' = 2601. Here a is given by (21) for

ag(w, v) =/Q Vw- Vv, ai(w,v,g(:;p)) :/Q g(x; ) w v, (26)

for g(x; u) = G(x; ) as defined in (2 ) and f is given by (22) for h(z; u) = g(x; u) = G(x; u). The output s(u)
is evaluated as s(p) = £(u(p)) for £(v) = [, v.
The solution u(u) develops a boundary layer in the vicinity of z = (0, 0) for  near the “corner” (—0.01, —0.01).

3.2. Reduced-basis approximation

3.2.1. Discrete equations

We begin with motivating the need for the empirical interpolation approach in dealing with nonaffine prob-
lems; indeed, we shall continue the motivation discussed in Section 1. Specifically, we introduce the nested
samples, SY = {u} € D,...,u% € D}, 1 < N < Npax, and associated nested Lagrangian [28] reduced-basis
spaces Wy = span{(; = u(u}), 1 <j < N}, 1 < N < Npax, where u(uf) is the solution of (3) for u = puf.
(Note we may also consider Hermitian spaces built upon sensitivity derivatives of w with respect to p [15] or,
more generally, Lagrange-Hermitian spaces [17].) We then orthonormalize the {;,1 < j < N, with respect to
(-,)x so that ({;, ¢j)x = dij, 1 < 14,5 < N; the resulting algebraic system will be well-conditioned.

Were we to follow the classical recipe, the reduced-basis approximation would be obtained by a standard
Galerkin projection: given p € D, we evaluate sy (u) = (un(p)), where un(p) € Wi is the solution of

ao(un (1), v) + ax (un (1), v, g( 1)) = /Q oz v, Vo e W (27)

If we now express un(p) = Z;VZI un j(p)¢; and choose test functions v = (,, 1 < n < N, in (27), we obtain
the N x N linear algebraic system

=

> (a0(Gin ) + (G G g (5 )))uzvj(u)=/ﬂg(fv;u)@7 1<i<N. (28)

j=1

We observe that while ag(¢;,(;) is parameter-independent and can thus be pre-computed offline, [, g(z; 1)
and a1(¢;, ¢j, 9(+; 1)) depend on g(z; 1) and must thus be evaluated online for every new parameter value p; the
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operation count for the online stage will thus scale as O(N?N\), where A is the dimension of the underlying
truth finite element approximation space. The decrease in marginal cost in replacing the truth finite element
approximation space with the reduced-basis approximation will be quite modest regardless of the dimension
reduction N < N.

To recover online N-independence, we appeal to the empirical interpolation method discussed in Section 2.
We simply replace g(x; 1) in (28) with the (necessarily) affine approximation gas(x; p) = 271\7/;1 oM m (1) Gm ()
from (14) based upon the empirical interpolation approach described in Section 2. Our reduced-basis approxi-
mation is then: Given p € D, find un p(p) € Wi such that

ao(un,n (1), v) + a1 (un,n(p), v, gu (5 1)) = / gum (s p)v, Yo € Wy; (29)
Q
we then evaluate the output estimate from
snom(p) = E(un,nm(p))- (30)

We now express un, ap(p) = Z;VZI un,m () ¢, choose as test functions v = (,, 1 <n < N, and invoke (14) to
obtain

N M M
> <GO(Cm<j) + > @Mm(ﬂ)al(QaCja‘Im)) unwg (1) = Y erm(p) /QCiqm 1<i<N, (31)

j=1 m=1

where @ m (1), 1 < m < M, is determined from (15). We indeed recover the online N-independence: the
quantities ao(Ci, ), a1(Gi,Cjqm), and [, (igm are all parameter independent and can thus be pre-computed
offline, as discussed further in Section 3.2.3.

3.2.2. A priori theory

We consider here the convergence rate of un ar(p) — u(p). In fact, it is a simple matter to demonstrate the
optimality of un ar(p) in

Proposition 3.1. For ey (u) of (16) satisfying epr(p) < %;;((’L)), we have

o) = wwarl < (10 Z28) iut o) — ol eaa() (LA E 200000 g
here ¢1(1), ¢2(p), and ¢3(u) are given by
1 Jo v(g(@; 1) — gnr (a5 1))
P = o ol ’ (33)
_ 1 a1 (w,v; g(; 1) — gm (5 )
() = ) SRS T Tl ol i
s(11) = sup 22510, (35)
vex  lvllx

Proof. For any wy = uN7M(u) +ovn € Wy, we have

a(wllwny —una(Wlx < alwy —unm(p), wy —un ar(p); p)
= a(wy —u(p),vnip) + a(u(p) — un,m(p), v p)
< A llon —u(p)llxllovllx + a(u(p) —un v (), vn; p). (36)
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Note further from (3), (29), and (33)—(35) that the second term can be bounded by

a(ul) — un pr (i), owi 1) = / ong(@; 1) — alun ae (1), o 1)

_ /Q o (9(@; 1) — gar (@3 1)) — a1 (unar (1), o 925 1) — g (3 )

< em(pwor(w)llvnllx +en(p)d2 ()l llx llun, ()] x

where the last inequality derives from

a(wllun (Wi < alunn (), un,ar(w); i)
= [ umarli)ga0 o5+ o o). an 5 s ) = gaa i )
< ga(w)llun ()l x + enr (1) 2 () llun ar (1) 1% (38)

and our hypothesis on (). It then follows from (36) and (37) that

v(1)

e o B e

a? ()

) , Ywn € Wy. (39)

The desired result finally follows from (39) and the triangle inequality. (Note that ¢1, ¢2, and ¢3 are bounded
by virtue of our continuity requirements.) (I

We note from Proposition 3.1 that M should be chosen such that ep7(x) is of the same order as the error in
the best approximation, inf,yewy [|u(p) — wn| x, as otherwise the second term on the right-hand side of (32)
may limit the convergence of the reduced-basis approximation. As regards the error in the best approximation,
we note that W3 comprises “snapshots” on the parametrically induced manifold M" = {u(u) |V p € D} C X.
The critical observations are that M" is very low-dimensional and that M" is smooth under general hypotheses
on stability and continuity. We thus expect that the best approximation will converge to u(u) very rapidly, and
hence that N may be chosen small. (This is proven for a particularly simple case in [21].)

3.2.3. Offtine-online procedure

We summarize here the procedure [3,18,20,29]. In the offline stage — performed only once — we first construct
nested approximation spaces Wy, and nested sets of interpolation points Tz, 1 < M < Myax; we then choose S%
and solve for (and orthonormalize) the ¢,, 1 < n < N; we finally form and store ao({;, Gi), a1($j, Giy @m), Jo Citm
and £((;),1 < i,j < N,1 < m < Mpyax. (Note that SY and W} are constructed by a greedy selection
process [24,29,40] that ensures “maximally independent” basis functions and hence a rapidly convergent reduced-
basis approximation.) All quantities computed in the offline stage are independent of the parameter u; note
these quantities must be computed in a stable fashion which is consistent with the finite element quadrature
points (see [23] p. 173, and [12] p. 132). In the online stage — performed many times for each new pu —
we first compute @pr(n) from (15) at cost O(M?) by appealing to the triangular property of BM; we then
assemble and invert the (full) N x N reduced-basis stiffness matrix ao((j, ) + Y. eamm (1) a1(¢j, Gy @m) to
obtain uy s, j,1 < j < N, at cost O(N?M) for assembly plus O(N?) for inversion; we finally evaluate the
reduced-basis output sy ar(p) as sy am(p) = Z;VZI un,m, ;4(¢;) at cost O(N). The operation count for the
online stage is thus only O(M? + N2M + N3).

Hence, as required in the many-query or real-time contexts, the online complexity is independent of N, the
dimension of the underlying “truth” finite element approximation space. Since N, M < N we expect significant
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Ficure 2. Convergence of the reduced-basis approximation for the nonaffine elliptic example.

TABLE 3. Maximum relative error in the energy norm and output for the nonaffine elliptic example.

N | M é](/' M ,max,rel 67\/' M ,max,rel
4 (151 1.20E-02 | 5.96E-03
8 |20 1.14E-03 2.42E-04
12| 25| 2.54E-04 1.76 E-04
16 | 30 || 3.82E-05 | 7.92E-06
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computational savings in the online stage relative to classical discretization and solution approaches and relative
to standard Galerkin reduced-basis approaches built upon (28).

3.2.4. Numerical results

We present here numerical results for the model problem of Section 3.1.2. We first define (w,v)x = fQ Vw-Vu;
thanks to the Dirichlet conditions on the boundary, (w,v)x is appropriately coercive. We note that for our
particular function, g(z;u) = G(x;u) of (20), S%,, W{,, and hence Ty and BM are already constructed in
Section 2.3. The sample set S} and associated reduced-basis space W, are developed based on the adaptive
sampling procedure described in [23,40].

We now introduce a parameter sample Eqest C D of size 225 (in fact, a regular 15 x 15 grid over D), and define
611L\7,M,max,rel = MaXyeEre HU’(M) - UN,M(M)HX/HumaxHX and 6‘]SV\/',M,ma,x,rel = MaX, cErest 5(:“’) - SN7M(/~I/)|/|SYH&X|;
here HumaxHX = ma'XMEETest |’U/(/J/)||X and |3max| = maXHEETesc |S(M)| We present in Figure 2 67](],M,rnax,rel as
a function of N and M. We observe that the reduced-basis approximation converges very rapidly. We also
note, consistent with Proposition 3.1, the “plateau” in the curves for M fixed and the “drops” in the N — oo
asymptotes as M is increased: for fixed M the error in our coefficient function approximation gps(z;p) to
g(z; p) will ultimately dominate for large INV; increasing M renders the coefficient function approximation more
accurate, which in turn leads to the drops in the asymptotic error. Figure 2 clearly suggests (for this particular
problem) the optimal “N — M” strategy. We tabulate in Table 3 €X 1/ v el @0d €5 pr max.rer for M chosen
roughly optimally — but conservatively, to ensure that we are not on a “plateau” for each N. We observe very
rapid convergence of the reduced-basis approximation with N, M. (Note that the convergence of the output
can be further improved by the introduction of adjoint techniques [23,24,29].)

Finally, we present in Table 4 the online computational times to calculate sy, (1) as a function of (N, M);
the values are normalized with respect to the computational time for the direct calculation of the truth approx-
imation output s(u) = ¢(u(p)). We achieve significant computational savings: for a relative accuracy of close
to 0.024 percent (corresponding to N = 8, M = 20 in Tab. 3) in the output, the online saving is more than a
factor of 2000.
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TABLE 4. Online computational times (normalized with respect to the time to solve for s(u))
for the nonaffine elliptic example.

Online time | (Online) time
N | M for for
s, (1) s(u)
4 |15 239E-04 1
8 20| 433E-04 1
12 | 25 || 541E-03 1
16 | 30 || 6.93E-03 1

4. NONAFFINE LINEAR PARABOLIC EQUATIONS

We now extend the results of the previous section to parabolic problems with nonaffine parameter dependence.
The essential new ingredient is the presence of time; we shall “simply” treat time as an additional, albeit special,
parameter. In what follows, we introduce an abstract statement of the nonaffine parabolic equation and develop
the associated reduced-basis approximation; finally, we present numerical results obtained for a model problem.

4.1. Problem formulation

4.1.1. Abstract statement

The “truth” finite element approximation is based on (5) for Y = L%(Q); as in Section 3, a and f are of the
form (21) and (22), respectively. We shall make the following assumptions. First, we assume that the bilinear
form a(-, ;) is symmetric and satisfies the coercivity and continuity conditions (23) and (24), respectively.
Second, we assume that the bilinear form m(-,-) is symmetric m(v,w) = m(w,v), Yw,v € Y, Vu € D;
Y ¢-coercive,

m(v,v)

0<o= inf , YueD; (40)
veve [|v]|3.
and Y °-continuous,
sup sup m(w,v) <p<oo, VueD. (41)

weveveye [[wllyellv]lye
(We (plausibly) suppose that p and o may be chosen independent of A.) We also require that the linear forms
f(;p): X — Rand £(-) : X — R are bounded with respect to || - ||ye; the former is perforce satisfied for
the choice (22). Third, and finally, we assume that all linear and bilinear forms are independent of time — the
system is thus linear time-invariant (LTI). It follows from our hypotheses that the finite element truth solution
exists and is unique (see, e.g. [30]).

We note that the output and field variable are now functions of both the parameter p and (discrete) time t*.
For simplicity of exposition, we assume here that m does not depend on the parameter; however, dependence
on the parameter is readily admitted [13]. We also note that the method presented here easily extends to
nonzero initial conditions, to multiple control inputs and outputs, and to nonsymmetric problems such as the
convection-diffusion equation [12].

4.1.2. Model problem

Our particular numerical example is the unsteady analogue of the model problem introduced in Section 3.1.2:
we recall that u € D = [—1,—0.01]2, that Q =]0,1[2, and that our “truth” approximation subspace X = H}(Q)
is of dimension N = 2601. The governing equation for u(u,t*) € X is thus (5) with a(w,v;u) = ag(w,v) +
ar(w,v,g( 1)), f(vsp) = [qvg(;p),

m(w,v) = /Q wo. (42)
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where g = G as given in (20). The output is given by s(u,t*) = £(u(p,t*)), Vk € K, where £(v) = [, v. We
shall consider the time interval I = [0,2] and a timestep At = 0.01; we thus have K = 200. Finally, we assume
that we are given the periodic control input b(¢) = sin(2nt), t € L.

4.2. Reduced-basis approximation

4.2.1. Fully discrete equations
We first introduce the nested sample sets S% = {4} € D,... L% € 75}, 1 < N < Npax, where i = (p,t%)

and D = D x I; note that the samples must now reside in the parameter-time space, D. We then define the
associated nested Lagrangian [28] reduced-basis space

Wy =span{(, = u(fiy), 1 <n <N}, 1<N < Nyax, (43)

where u(fi) is the solution of (5) at time t = t*» for u = p. (As in the elliptic case, the ¢, are actually
orthonormalized relative to the (+;+)x inner product.)

Our reduced-basis approximation uy,as (11, t*) to u(ju, t*) is then obtained by a standard Galerkin projection:
given pu € D, un a(p, tF) € W satisfies

m(un, (i, t7),v) + At (GO(UN,M(,U,tk)W) + ar (un,ne (s %), 05 gar (5 1))

= m(uMM(,u,tk_l),v) + At / vgar (s ) b(F), Yo e Wi, Vk € K, (44)
Q

with initial condition un, ar(p, t°) = 0; here, gar(z; p) is the coefficient function approximation defined in (14).
We then evaluate the output estimate, sy ar(p, %), from

s (s th) = Eun (1)), Yk €K (45)

The parameter-time sample set S} and associated reduced-basis space W} are constructed using a “greedy”
adaptive sampling procedure in footnote 5; we refer the interested reader to [13] for a detailed discussion of this
procedure.

The reduced-basis subspace defined in (43) is the span of solutions of our “truth approximation” wu(y, tk ) at
the sample points S%. In many cases, however, the control input b(t*) is not known in advance and thus we
cannot solve for u(u,t*) — as often arises in optimal control problems. Fortunately, we may appeal to the LTI
hypotheses in such cases and construct the space based on the impulse response [13].

As regards the convergence rate un, ar(i, tF) — u(u, t*), we can develop a priori estimates very similar in
form to the elliptic case — the sum of a best approximation result and a perturbation due to the variational
crime associated with the interpolation of g. The result is given in Proposition A.1 in the Appendix. It is
also clear from Proposition A.1 that M should be chosen such that eps(u) is of the same order as the error
in the best approximation, otherwise the perturbation term may limit the convergence of the reduced-basis
approximation. As regards the best approximation, W3 comprises “snapshots” on the parametrically induced
manifold M* = {u(u,t*) | ¥(u, t*) € D} which is very low-dimensional and smooth under general hypotheses
on stability and continuity; the best approximation un as(p) should thus converge to u(u, t*) very rapidly.

The offline-online procedure for nonaffine linear parabolic equations is a straightforward combination of the
procedures developed for affine parabolic equations [13] and nonaffine elliptic equations (see Sect. 3). For
example, the online effort is O(M N?) to assemble the reduced-basis discrete system, O(N® + K N?) to obtain
the reduced-basis coefficients at t*,0 < k < K, and O(K N) to compute the output at t*,0 < k < K. (Recall
that our system is LTI and hence the reduced-basis matrices are time-independent.)

4.2.2. Numerical results

We now present numerical results for our model problem of Section 4.1.2. The sample set S9, and associated
basis W3, — and hence Ty and Bj; — for the nonaffine function approximation are constructed as in Section 2.3.
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F1cURE 3. Convergence of the reduced-basis approximation for the non-affine parabolic example.

TABLE 5. Maximum relative error in the energy norm and output for different values of N and
M for the nonaffine parabolic problem.

N | M é]t/ M max,rel e?\/ M max,rel
5| 8 4.12E-02 4.23E-02

10| 16 || 3.12E-03 | 3.03E-03
20|24 || 1.97TE-04 | 1.79E-04
30|32 | 246E-05 | 7.65E-06
40 | 40 || 4.27E-06 | 2.21E-06
50 | 48 || 748E-07 | 1.29E-07

We then generate the S% and associated reduced-basis space W} following the procedure in [24]; note for
parabolic problems [12], we extract our snapshots from a parameter-time sample.
In the time-dependent case we define the maximum relative error in the energy norm as €y ys v el =

max, ez, ||le(i tX)|||/]]|u(p, t¥)]|| and the maximum relative output error as EN M maxrel = MaAXpeEr,
[s(p,ts(p)) — svar (s ts())|/ 18, ts(12))|. Here Eresy C D is the parameter test sample of size 225 introduced

in Section 3.2.4, y, = argmax, ez, ||[|ulp, t5)||], ts(p) = arg max cr|s(u, t¥)|, and the energy norm is defined
1

as [|[0(e, P11 = (oG, 1), 000, ) + Sy (ol ), 00, s g 2)) At ), Yo € L=(D x5 X). We plot
in Figure 3 €} 1/ max sl @S @ function of N and M. The graph shows the same behavior already observed in
the elliptic case: the error levels off at smaller and smaller values as we increase M. In Table 5, we present
€8 M maxrel a0 €X a7 o as a function of N and M; note that the tabulated (N, M) values correspond
roughly to the optimal “knees” of the N — M-convergence curves. It is interesting to compare Table 3 (elliptic)
and Table 5 (parabolic): as expected, for the same accuracy, the requisite M is roughly the same, since G is
time-independent; however, N is larger for the parabolic case as u is a function of y and time.

In Table 6 we present, as a function of N and M, the online computational times to calculate sy ar(i, tF)
and A (1, t%), VE € K. The values are normalized with respect to the computational time for the direct
calculation of the truth approximation output s(u, t*) = £(u(u,t*)), Vk € K. The computational saving is quite
significant: for a relative accuracy of roughly 0.02 percent (N = 20, M = 24) in the output, the online time to
compute sy a(p, t*) is about 1/1000 the time to directly calculate s(pu,t*).
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TABLE 6. Online computational times (normalized with respect to the time to solve for
s(pu, t*), ¥V k € K) for the nonaffine parabolic problem.

Online time (Online) time
N | M for for
sy, tF), Ve e K | s(u,th), VkeK
51| 8 6.96E-04 1
10 | 16 7.61E-04 1
20 | 24 1.05E-03 1
30 | 32 1.25E-03 1
40 | 40 1.68 E-03 1
50 | 48 2.06E-03 1

5. NONLINEAR MONOTONIC ELLIPTIC EQUATIONS

In this section we extend the results of Section 3 to treat nonlinear monotonic elliptic equations. We first
introduce an abstract statement of the nonlinear elliptic equation and as well as a model problem. We then
develop the associated reduced-basis approximation based on a coefficient-function expansion for the nonlinear
term; we then discuss numerical results obtained with the model problem.

5.1. Problem formulation

5.1.1. Abstract statement

We consider the following “exact” (superscript e) problem: for any u € D C R, find s¢(u) = £(u®(u)), where
u®(p) € X© satisfies the weak form of the p-parametrized nonlinear partial differential equation

at (), o)+ [ glizime = f0), Yo e X° (46)
Q

Here g(u®; x;u) is a rather general nonaffine nonlinear function of the parameter p, spatial coordinate z, and
field variable u®(x; 1) (we present our assumptions later); and a”(-,-) and f(-),¢(-) are X°-continuous bounded
bilinear and linear functionals, respectively — these forms are assumed to be parameter-independent for the sake
of simplicity.

Next, we recall our reference (or “truth”) finite element approximation space X (C X°) of dimension N. Our
truth approximation is then: given p € D, we find

where u(p) € X is the solution of the discretized weak formulation

o (u(z),v) + / g(u(u)izsp = fv), Yoe X. (48)
Q

We assume that [|u®(p) — u(p)| y is suitably small and hence that A will typically be very large.
We shall make the following assumptions. First, we assume that the bilinear form a”(-,-) : X x X — R is
symmetric, a”(w,v) = a” (v, w),Yw,v € X. We shall also make two crucial hypotheses related to well-posedness.
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Our first hypothesis is that the bilinear form a” satisfies a stability and continuity condition

L
0<a= inf 2 (U’U); 49
2
veX ol
L
sup sup @ (w,v) =5 < 00, (50)

wex vex [lwlxvllx
and that f € L?(Q). For the second hypothesis we require that g : R x  x D — R is continuous in its
arguments, increasing in its first argument, and satisfies, Vy € R, yg(y;z; ) > 0 for any z € Q and p € D.
With these assumptions, the problems (46) and (48) are indeed well-posed.
We can prove that there exists a solution u® € X© to the problem (46) first by considering the problem (46)
with g replaced by
g(zyzsp) if |z <n
gn(z;50) =4 —n if z<-n (51)
n if z>n
and then taking the limit using Fatou’s lemma (see [19]). In addition, the solution is unique: suppose indeed
that (46) has two solutions, u§ and u$; this implies

b5 —u5,) + [ (gl m) — gluzizin)) v =0, Vo€ HY(O);
Q
by choosing v = u§ — u§, we arrive at
a® (u§ — u$,u§ — us) +/ (g(ur; s p) — glug; s ) (u§ —us) =0, Vo € Hy(Q);
Q

it follows from the coercivity of a’ and monotonicity of g in its first argument that u§ = u$, and hence the
solution is unique.

5.1.2. A model problem

We consider the model problem —V?2u + fh(1) e“(;z:)q = 100sin(272(1)) cos(2mx (g ), where (1), z(2)) € 2 =
10,12 and p = (u(l) s l2)) € DF = [0.01,10]?; we impose a homogeneous Dirichlet condition on the boundary 9.
The output of interest is the average of the field variable over the physical domain. The weak formulation is
then stated as: given p € D, find s(u) = [, u(p), where u(u) € X = Hj(Q) = {v € Hi(Q) | v[sq = 0} is the

solution of

H)v ]
/ Vu - Vv +/ u(l)ei v= 100/ sin(2mx (1)) cos(2mx(9))v, Vv e X. (52)
Q Q H(2) Q

Our abstract statement (47) and (48) then obtains for

a’(w,v) = / Vw- Vv, f(v)= 100/ sin(27x (1)) cos(2mx(9)) v, L(v) :/v, (53)
Q Q Q
and
(y5:10) = oy o 54
g\ h) =Ry —
1 12)

Note that y(1) controls the strength of the sink term and fi(2) the strength of the nonlinearity. Clearly, g satisfies
our hypotheses.

We present in Figure 4 two typical solutions obtained with the finite element “truth” approximation space X
of dimension N = 2601. We see that when p = (0.01,0.01), the solution has two negative peaks and two positive
peaks with similar height (this solution is very similar to that of the problem in which g(u; ) is zero). However,
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FIGURE 4. Numerical solutions at typical parameter points for the nonlinear elliptic problem:
(a) p = (0.01,0.01) and (b) p = (10, 10).

as p increases, the negative peaks remain largely unchanged while the positive peaks are strongly rectified as
shown in Figure 4b for p = (10,10): as p increases the exponential function pi(1ye#®™ damps the positive part
of u(p), but has no effect on the negative part of u(g).

5.2. Reduced-basis approximation

5.2.1. Discrete equations

We first motivate the need for incorporating the empirical interpolation procedure into the reduced-basis
method to treat nonlinear equations. If we were to directly apply the Galerkin procedure of the linear affine
case, our reduced-basis approximation would satisfy

o (un (1), v) + / glun(u);z; o = f(v), Vo € W (55)
Q

Observe that if ¢ is a low order [18,38] polynomial nonlinearity of u, we can then develop an efficient offline-
online procedure. Unfortunately, this strategy can not be applied to high-order polynomial and non-polynomial
nonlinearities: the operation count for the online stage will scale as some power of N.

We seek an online evaluation cost that depends only on the dimension of reduced-basis approximation
spaces and the parametric complexity of the problems — and not on N. Towards that end, we first con-
struct nested samples SY, = {u§ € D, ..., Y, € D}, associated nested approximation spaces W¥, = span{¢,, =
gu(pd);z;pd,), 1 <m < M} =span{q,...,qun}, and nested sets of interpolation points Tpy = {x1,...,2p}
for 1 < M < M.y following the procedure of Section 2.1. Then for any given w € X and M, we approximate
g(w; @3 ) by gy (w5 1) = Xomi_y a1 m (1) gm (), where Y111 BM o (1) = gw(ws)s iz p), 1 < i < M.

We may now approximate g(un, ar;e;p) — as required in our reduced-basis projection for uy ar(p) — by

g}f/IN’M (z; p). Our reduced-basis approximation is thus: Given p € D, we evaluate

sn,m(p) = E(un,m(p)), (56)

where un (1) € Wy satisfies

a0 vip) + [ gl o = F0). Vo €W (57)

We now turn to the computational complexity.
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5.2.2. Offline-online procedure

The most significant new issue is efficient calculation of the nonlinear term g}ff’M (z; p), which we now elab-
orate in some detail. We first expand our reduced-basis approximation and coefficient-function approximation
as

un (o ZUNM] )G gn M (@) = Y orrm()gm (58)

Inserting these representations into (57 ) yields
M
ZA%UN’Mj(H)+ZC;\;,LM@MWI(M):FN@ 1<i<N; (59)
] m=1

where AN € RVXN ON.M ¢ RNXM p c RN aregivenbyAle = aL((j,Q),l <i, j<N, C;VT;IM = fQ qmGi, 1 <
i< N,1<m<M,and Fy; = f(¢;),1 <i < N, respectively. Furthermore, (1) € RM is given by

ZBmka = glunm(@mip)iTmip), 1<m <M

(ZUNM% Ven(Tm); :Em,u) 1<m< M. (60)

We then substitute ¢ (p) from (60) into (59) to obtain the following nonlinear algebraic system

N N

where DNM = ONM(pM)=1 ¢ RN*M
To solve (61) for un,arj(p),1 < j < N, we may apply a Newton iterative scheme: given a current iterate
an,m (1), 1 < j <N, we find an increment dun,ar;,1 < j < N, such that

N

N
Z AN+E 5UN’M]'(‘LL):FNisz,fvjﬂNyMj(u)
j=1 j=1
N

- Z D Q(ZCn(xm)ﬂN,Mn(u);xm;u), 1<i<N; (62)

n=1
here EN € RV*N must be calculated at every Newton iteration as

N

n=1

where g7 is the partial derivative of g with respect to its first argument. Finally, the output can be evaluated as

sy, m (1 Z un, M ()L 5, (64)
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Ficure 5. Convergence of the reduced-basis approximation for the nonlinear elliptic problem.

where Ly € RY is the output vector with entries Ly ; = E(Cj), 1 < j < N. Based on this strategy, we can
develop an efficient offline-online procedure for the rapid evaluation of sy ar(p) for each p in D.

The operation count of the online stage is essentially the predominant Newton update component (62): at
each Newton iteration, we first assemble the right-hand side and compute EV of (63) at cost O(M N?) — note
we perform the sum in the parenthesis of (63) before performing the outer sum; we then form and invert the
left-hand side (Jacobian) of (62) at cost O(N?). The online complexity depends only on N, M, and the number
of Newton iterations; we thus recover N independence of the online stage.

5.2.3. Numerical results

We first define (w,v)x = [, Vw - Vv and thus obtain o = 1. We next construct S7, and Wy, with the
L?(Q)-norm surrogate approach on =9, where =9 is a regular 12 x 12 grid over D. We then generate the sample
set S and associated reduced-basis space W3 using the adaptive sampling construction [23] over the grid =9
— but note for this nonlinear problem, our selection process is based directly on the energy norm of the true
error (not an error estimate), e(u) = u(p) — un ar(p), since the “truth” solutions u(p) must be computed and
stored for p € 29 as part of the empirical interpolation procedure.

We now introduce a parameter test sample Zrest of size 225 (a regular 15 x 15 grid) and define €}, y; .y rol =

lex ot (Wl]x /N tmaxllx and € pr el = WXz, |5(1) — 501 (W]/[8macls Where umaxllx =
lu(p)|lx and |Smax| = max, ez, |$(¢)]; note that Zrest is larger than (and mostly non-coincident
with) 9. We present in Figure 5 €} 1/ ax 1 @8 @ function of N and M. We observe very rapid convergence of
the reduced-basis approximation. Furthermore, the errors behave very similarly as in the linear example: the
errors initially decrease, but then “plateau” in IV for a particular value of M increasing M effectively brings
the error curves down. We also tabulate in Table 7 € 1/ yax el 0 €} 3/ pax el fOT Values of (N, M) close to
the “knees” of the convergence curves of Figure 5. We see that sy ar(p) converges very rapidly.

We present in Table 8 the online computational times to calculate sy (1) as a function of (N, M). The values
are normalized with respect to the computational time for the direct calculation of the truth approximation
output s(u) = f(u(p)). The computational savings are much larger in the nonlinear case: for an relative
accuracy of 0.0126 percent (N = 12, M = 15) in the output, the reduction in online cost is more than a
factor of 3000; this is mainly because the matrix assembly of the nonlinear terms for the truth approximation
is computationally very expensive. However we must also recall that, in the nonlinear case, the reduced-basis
offline computations are much more extensive since we must solve the truth approximation over the large
sample =9 when constructing SY,.

MAX) €S ress

MAaX) EEress
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TABLE 7. Maximum relative error in the energy norm and output for different values of (N, M)
for the nonlinear elliptic problem.

N | M é](/ M max,rel e?\/ M max,rel
415 6.53E-03 2.11E-02

8 | 10| 1.056E-03 | 2.38E-03
121 15| 7.34E-05 | 1.26E-04
16 | 20 || 1.30E-05 | 2.79E-05
20125 | 5.05E-06 | 8.00E-06

TABLE 8. Online computational times (normalized with respect to the time to solve for s(u))
for the nonlinear elliptic example.

Online time | (Online) time
N | M for

SN (1)
4 | 5| 6.32E-05
8 |10 | 1.76E-04
12 | 15 3.12E-04
16 | 20 5.14E-04
20 | 25 || 7.80E-04

[Va)
L=
.—HH.—.—,;O
=
Nai

6. NONLINEAR PARABOLIC EQUATIONS

We now extend the results of the previous section to the time-dependent case and consider nonlinear parabolic
problems. We briefly describe the abstract formulation of nonlinear parabolic problems and then develop the
associated reduced-basis approximation. Finally, we discuss numerical results obtained for a model problem.

6.1. Problem formulation

6.1.1. Abstract statement

Our abstract statement is based on the nonlinear elliptic problem (48) discussed in Section 5: Given a
parameter u € D, we evaluate the output of interest

s(u, t7) = L(u(p, t*)), VkeK (65)

where the field variable u(u,t*) € X, Vk € K, satisfies the weak form of the nonlinear parabolic partial
differential equation

m(u(p, t*),v) + At a* (u(p, t*), v) + At /Q(U(w’“);x;u)v
Q

= m(u(p, t" 1), v) + At f(v) b(tF), Vo€ X, VE €K, (66)

with initial condition (say) u(u,t°) = 0. We note that if an explicit scheme such as Euler-Forward is used, we
then arrive at a linear system for u(u,t*) but now burdened with a conditional stability restriction on At. In
that case, the discrete reduced-basis system is inheritedly linear.

As in the linear parabolic case and nonlinear elliptic case, the same assumptions are applied to m, a”, g, f,
and /, it is a classical result of nonlinear analyses (truncation and monotonicity) to prove well-posedness of this
problem (see [19]).
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6.1.2. Model problem

Our particular numerical example is the unsteady analogue of the elliptic model problem introduced in
Section 5.1.2: we have p = (u(1), p2y) € D* = [0.01, 10]?, the spatial domain is the unit square, Q =]0, 1[?,
and our “truth” approximation finite element space X = H{ () has dimension A" = 2601. The field variable
u(p, t*) € X thus satisfies (66) with

m(v,w) = / vw, at (v, w) = / Vv - Vuw, flv) = 100/ v sin(2mr (1)) cos(2mr(z)), (67)
Q Q Q
and
el @) u(p,t®) _ 1
gup, %) ) = pay ————— (68)
H(2)
The output s(u,t*) is evaluated from (65) with £(v) = [, v. We shall consider the time interval I = [0, 2] and

a timestep At = 0.01; we thus have K = 200. The control input is given by b(t*) = sin(2ntk), t € L.

6.2. Reduced-basis approximation

6.2.1. Fully discrete equations

We first introduce the nested sample sets S, = {1 € D,..., il € D}, 1 < M < M,y and S% = {i} €
D,...,ji% € D}, 1 < N < Npax, where i = (u,t*) and D = D x I. Note that, since g(-;x; i) is a function

of the field variable u(u,t ) the sample set SY, must now also reside in parameter-time space D in general,
S% # 59, and in fact N # M. We define the nested collateral reduced-basis space

WJ‘[\Z = Span{gn = g(U(ﬁ%);x;u), 1<n< M} = Span{‘ha s 7QM}7 1< M < Mmaxa (69)

and nested set of interpolation points Thy = {z1,...,2m}, 1 < M < Mpax; here u(jig) is the solution of (66)
at time t = tFn for p = pé. Next, we define the associated nested Lagrangian [28] reduced-basis space

Wy =span{(, = u(jiy), 1 <n< N}, 1<N < Npyax, (70)

where u(ji%) is the solution of (66) at time ¢t = t* for u = p®.
Our reduced-basis approximation uy as(p, t*) to u(p,t*) is then given by: Given u € D, un a(p, tF) € W
satisfies

m(uNyM(Natk)av) + At aL(’U,N,M(‘LL,tk),'U) + At / QLN M(:L';,U'atk) v
Q

= m(un ar(p, t°71),0) + At f(v) b(tF), Yo e WE, VkeK, (71)

N]W(

with initial condition un ar(p,t%) = 0; here, g x; i, t*) is the approximation to g(un ar(p, t*); o3 1) given

by
QX/;VM l‘ Na Z QOMm ,LL, ( ) (72)

where the coefficients o, (1, t*) are determined from

M
> BY o (pat*) = glunar(wis p,tF);zisp), 1<i< M, (73)
j=1
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and Bg[ =gq;(z;), 1 <14, j < M. Finally, we evaluate the output from

SN7M(,LL,tk) = E(UN,M(,LL,tk)), vk € K. (74)

(Note that, contrary to the previous sections, pas (i, t*) now also depends on time.)

At this point we should remark that our current approach of constructing the sample set S]gw and associated
reduced-basis space W7, in the nonlinear parabolic case is computationally very expensive. The reason, related
to our greedy adaptive sampling procedure proposed in Section 2.1, is twofold. First, we need to calculate and
store the “truth” solution wu(yu,t*) at all times t* € T on the grid Z9 in parameter space. In our numerical
example ZY is of size 144 — we thus need to solve (66) 144 times and store 144 x 200 “truth” solutions u(u, t*).
Second, as pointed out in Section 2.1, to determine the next sample point ¢ in 29 = 29 x I, requires the
solution of a linear program for all u € 29 if ¢ is time-varying — as is inherently the case in the nonlinear
context. (It should be noted that in the linear nonaffine parabolic case the function g depends only on z and
u and not on time.) Since this computation is too expensive in our current implementation, we revert to the
least squares surrogate in this section — in choosing this approach we in fact rely on our numerical comparison
in Section 2.1 showing that we can expect similar results.

6.2.2. Offline-online procedure

The offline-online decomposition follows directly from the corresponding procedures for linear nonaffine par-
abolic problems (see Sect. 4) and nonlinear elliptic problems (see Sect. 5). In summary, the operation count
(per Newton iteration per timestep) in the online stage is O(M N? + N?); the system is of course no longer
“LTT.

We remark that, in actual practice, M can be quite large — and in fact much larger than N. We can reduce M
without sacrificing accuracy by splitting the time interval I into several smaller subintervals Iy, ..., Iz such that
I= Ui:l,z I;. We then construct, in the offline stage, Z separate samples sets S%,,, 1 < i < Z, and associated
reduced-basis spaces W{,,, 1 <i <Z, on each interval I;, 1 < i <Z. In the online stage we simply “switch”
to the corresponding sample — and hence Ty, BM, and DV-M — as time progresses. This approach renders the
offline computation more expensive (and online storage more extensive), but can increase the online efficiency
considerably while retaining the desired accuracy.

6.2.3. Numerical results

We now present numerical results for our model problem of Section 6.1.2. We construct S§, and hence W7,
with the surrogate least squares approach on =9 = 29 x I, where 29 is a regular 12 x 12 grid over D. We
generate the sample set S} and associated reduced-basis space W5 using an adaptive sampling procedure —
but note for this nonlinear parabolic problem, our selection process is based directly on the energy norm of the
true error (not an error estimate), e(p, t*) = u(u) — un ar(p, t*), since the “truth” solutions u(u, t*) are stored

for p € =9.

We now define the maximum relative error in the energy norm €y pr .0 o = MaXueSra., lle(u, t5)]]|/
[||u(pru, t%)||| and the maximum relative output error €N Momax.rel = MaXpezre, [k ts (1) — snar(ps ts(1))]/
[s(p,ts(p))]. Here ZErest C D is the parameter test sample of size 225 introduced in Section 5.2.3, .,
arg max, ez, |[|u(i, tX)||], ts(p) = argmaxpcr|s(p, t¥)|, and the energy norm is defined as |||v(u, t*)]|]

, / 1
(v, %), v(p, )+ gy ak (o, 7)), 0(p, ) At )2, Vo € Lo(D x I; X),

We plot in Figure 6 €, 1/ 1ax re1 @S @ function of N for different values of M. We observe the same behavior
as in the nonlinear elliptic case. We note, however, that M is now much larger compared to the nonlinear
elliptic model problem due to the time dependence; we recall that in the linear nonaffine elliptic and parabolic
cases the required M was the same since the nonaffine coefficient function did not depend on time. In Table 9,
we present €x ns oy rel @0 €x a7 oy o) @s a function of N and M. We observe very rapid convergence of the
reduced-basis approximation; for N = 20 and M = 80 the error in the output is less than one percent.
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TABLE 9. Relative error in the energy norm and output for the nonlinear parabolic problem.

TABLE 10. Online computational times (normalized with respect to the time to solve for

tHl— M =10
-- M=20
--- M=40
[|—— M=60
-o- M=80

10 20
N

30 40 50

N M 6?\[ M, max,rel 67\/' M ,max,rel
1|10 3.82E-01 1.00E-00
5 | 30 1.36 E-02 1.91E-02
10 | 50 1.62E-03 1.46 E-04
20| 80 146E-04 | 1.6TE-05
30| 110 || 1.88E-05 | 5.16E-06
40 | 140 || 4.94E-06 1.56 E-06

s(pu, t*), Yk € K) for the nonlinear parabolic problem.

Online time (Online) time
N | M for for
sy (p,th), VE e K | s(u,th), Vk e K
1] 10 6.62E-05 1
5 | 30 1.19E-04 1
10| 50 1.74E-04 1
20 | 80 3.88E-04 1
30 | 110 7.20E-04 1
40 | 140 1.22E-03 1

599

In Table 10 we present, as a function of N and M, the online computational times to calculate sy as(p, t¥)
and A?v, 1 (11, tF), Vk € K. The values are normalized with respect to the computational time for the direct

calculation of the truth approximation output s(u,t*) = ¢(u(u, t*)), Vk € K. The reduction in online response
time is considerable. We again caution that the offline computations necessary in the nonlinear case are very
extensive — primarily due to the sampling procedure for S§,. However, if a many-query context, or a clear
demand for real-time response, can justify the offline cost, the reduced-basis methods can be very gainfully

employed.
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APPENDIX

We consider here the rate at which un, ar(p, t*) converges to u(y,t*) for the nonaffine linear parabolic case.
As for the elliptic case, the interpolation-induced error will be measured through the functions ¢ (1), ¢2(1) and
¢3(p) of (33)—(35) together with a comparison with respect to some best fit of u(y,.) by elements of W§. The
natural measure for the best fit is the “m + Ata” norm. We thus introduce the projector m defined by

m(v—nn (), wn) + Ata(v — 7y (v),wy) =0, 7n(v) € Wy, Vwuny € Wi,V € X. (A1)

We can then prove

Proposition 6.1. For ey;(11) of (16) satisfying ear(n) < a(u)/ (4 d2(p)) (say), the error e(u, t*) = u(p, t*) —
un v (p, tF) satisfies

o le(u, 1) + 2 ACS et < T At S b
k'=1 k'=1

+8p fulp, ") = wnfulp, T + Bv(p) +4a(p AtZHu ot = fu(e, )%, (A2)
k'=1

where
T(u) = % em(p)? (¢>1(u)2 T o ()2 222

and o and p are given by (40) and (41), respectively.
Proof. To begin, we note from (5) and (44) that

m(e(,uv tk) - @(Na tkil)a ’U) + At a(@(ﬂa tk)a v; ,LL)

— A < [ otata i) = gartas ) be*) + ar(um.arl, ), 9 ) gM<~;u>>>, e Wy (A3)
with initial condition e(u,t%) = 0, since u(u, t°) = un a(@,t°) = 0 by assumption. It then follows that

(e, ), v) + At ale(, ), v: 1) = mle(u, 51),v) + At ale(, 571), v 1) — At ale(p, 1), v: 1)

At (/Q v(g(as i) — gar (3 1)) O(t") + ax (un,ar (1, 1), 019 (5 1) — ga (5 u))) , Yo e Wi (Ad)

Let us set now wy (i1, t*) = 7w [u(p, t*)] in (A.1) and choose v = ey (i1, t*) = wy (i, t*) — un ar(p, t7) in (A.4).
We then combine (A.1) and (A.4) to obtain

m(en (p,t"), en (1)) + At alen (u, t*), en (1, t%); 1)
=m(en(u,t* 1), en(p,t%) + At alen (.t 1) en(p, t7); 1) — At ale(u, t*7), en (. t*); 1)
e ([ olatosn) = gusosn) D) + anCuwn (). w5030~ e ) )
Q
= m(eN(:u’ tk_l) EN (:u’ )) At a( (Ma tk_l) — WN (:u’ tk_l)a EN (:u’ tk); M)

+ At (/Q v(g(w; 1) — gar (w3 1)) BEF) + ax (un,ar (1, ), 03905 1) — g (5 u))) . (A5)
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Multiplying both sides by 2 and then adding and subtracting appropriate terms, we arrive at

m(en (s t%), en (i, %)) = mlen (s 1), en (s t°71)) + At alen (u, t*), en (1, 1); 1)
= —m(en(pt ) - eN(u,t’“‘l),eN(u,t’“) —en(put*1)
— At alu(p, —wn (") +en (i 1), u(p, t571) = wn (s t571) + e (s £); 1)
+ At a(u(p, tk ) = wn () w5 = wn (575 )

+ 24t </Q (g(ws ) — gaa (s ) b(E") + ar (un v (1, 1), 0395 1) — g (5 u))) - (A6)

It thus follows that

m(eN(u, tk)a eN(Na tk)) - m(eN(,u'a tkil)a eN(,u'v tkil)) + At a(eN(,u'a tk)v GN(,LL, tk); N)
< At a(u(p, 1) —wn (), u(e ) = wn () )

+ 2 At (/Qv(g(x;u) — gnr (@5 1) bEY) + ar (un ar (s t7), 05 g(5 1) —gM(-;u))) , (A7)

which after summing from k' = 1 to k leads to

k
mlen (), en (i t%)) + ALY alen (i t¥), en (1, t); 1)

k=1

k—1
< At Z a(u(p, ) — wy (1, 1), u(p, t) = wn (i, t5); 1)

k'=1

k

+2A8 Y (¢1(M) b(#)] + 62 (1) ||UN,M(Matk/)||X) enr(p) [len (%) |, (A8)
k'=1

where the last inequality follows from (33) and (34). We take the square root of what we have obtained

k 1/2
{m(eN(Ma tk)a EN (:u’ tk)) + At Z a(eN (:u’ tk/)v eN(M’ tkl); M)}

k'=1

k—1 12
< {At Z a(u(pe, ") — wa (s t7), u(p, 1) — wn (u, ) #)}

k=1

k 1/2
+ {2 ALY (¢1 (1) [6(E)] + 62 (n) ||UN,M(M,tk')||X> em (1) llen (i, tk)Hx} , (A9)

k'=1
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so a triangular inequality and (A.1) together give

{m(u(,uv tk) - uN,M(Na tk)a U(,LL, tk) - UN,M(,Ufa tk))

k 1/2
+ At Z a(u(lu’atk/) - uN,M(/J’atk/)a u(,u7tk/) - uN,M(N’tk/)7M)}
k'=1

<2 {m(U(u,t’“) —wn (), w(p, 1) — wn (p, 7))

k 1/2
+ At Z a(u(,ua tk,) - wN(Na tk/)a U(,LL, tk,) - wN(,u'a tk,); ‘LL)}
k'=1

k 1/2
- {w > (6100 1)) + da ) llun, (s )l x ) e (1) |eN<u,t’“>|X} . (A.10)

k'=1

We now note that |[en(u, t*)||x < |Ju(p, t*) — wn(p, t%)||x + |le(u, t*)||x and recall the Young inequality (for
ceR,deR, o€ Ry)

1
2 |c] |d] < 7z A+ 0* d?, (A.11)

which we apply four times: first, with ¢ = e (1) @1 (1) [b(tF)], d = |Ju(, t*) — wn (p, )| x, and 0% = a(p); sec-
ond, with ¢ = ear(p) ¢1 () [b(t*)], d = Jle(u, t*)]| x, and 0 = a(p)/8; third, with ¢ = ear (1) d2 (1) [lunnr (1, %) x,

d = |lu(p, t*) —wn (p, )| x, and 0* = a(u); and fourth, with ¢ = ear(n) b2 () lun,ae (1, %) | x, d = [le(u, t¥)]|x,
and ¢? = a(u)/8. We can then bound the last term of (A.8) by

k
2ALY (<Z>1(M) ()] + (1) [[un, e (2, tk’)HX) enr () llen (s )| x

k'=1

k k
< el o <¢1 (W2 At S b+ do(u)?At Y ||uN,M<u,t’f/>||%(>

k=1 k=1

k k
’ ’ « ’
+2Ata(u) ) ||u<u,tk)—met’“)ll%ﬁAt%§ lle(u, )% (A.12)
k=1 k'=1

We next use v = un (i, t*) in (44), invoke the Cauchy-Schwarz inequality for m(un ar(p, t*), un ar (i, t571))
and apply (All) with ¢ = ml/Q(uNyM(‘u’ tk)a uN,M(Na tk))a d= m1/2(uN,M(Na tk71)7 uN,M(,u'v tkil))a and 0= ]-a
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to get

(. ar (s 1), wy (1 8)) = o (o, t571), o (i, £571)

+ 2Ata(uN,M(,u'7tk)auN,M(Natk); ‘LL)
< 240 | (uxarin )gns (i) it
Q

+ 2 At ay (un,nr (s t), un,ar (s t7); (25 1) = gar (a5 1))
2 At g3 (1) lun, na (g, t°) || x [0(E)] + 2 At e (1) da(p) llun,ar (s %)%

At
¢3u2btk2+AtOt‘LL UN, M [L,tk 2, A.13
o) = 26200 em () (k)™ b(t") () lwnv,na (s £9) 1% (A.13)
where the second inequality follows from (34) and (35), and the last inequality from (A.11) with ¢ = ¢3(u) b(tF),
d = |lunm(p, t*)||x, and o = ap) — 2 ¢2(p) ear(p); note that o > 0 from our assumption on ps(x). Invok-
ing (23) and summing (A.13) from k' = 1 to k we obtain

IN

<

k
mu,an (1, #°), w ar s ) + A8 D 7 alu (s 1), (0, 7); 1)
k'=1
¢3(n)? B
= alp) = 2¢2(n) em () Atk;b(t 2. (A.14)

From the coercivity of m and a, and our assumption on s () it then directly follows that

k
K'\12 ¢3( )2 k
A D uwarlis ) < e 6 Atk,zl“

A

2 ¢3 © At Z b(t*)? (A.15)

k=1
From (A.10) and invoking (A.12) and (A.15) we obtain

k

m(e(p, t*), e(u, t*) + At Z ale(p, tk/)7 e(,u,tk’);u)
k=1

< 8m(u(p, t*) — wn (1, 1), ulp, t*) — wn (p, t*))
k
+ 8A¢ Z alup, ) = wn (s ), (s %) — wa (, t5); )
k'=1

k
+aAta(pn) Y fulu, ) —wn (5% + At Y ZH (1, )1 %
k'=1 k'=1

k
T(u) At > b(tF)?, (A.16)
k'=1

where
18

o(u)

Ty = 2B () <¢1(u)2 T da(u)?
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The desired result then directly follows from the fact wy (p, t*) is the projection of u(u,t*) with respect to the
m + Ata norm. O
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