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Abstract

We introduce a general a priori convergence result for the approxi-
mation of parametric derivatives of parametrized functions. We show,
with rather general assumptions on the particular approximation scheme,
that the approximations 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
Interpolation 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.

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
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1In 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.



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.

2 Preliminaries

2.1 Notation

We denote by 2 C R? the spatial domain (d = 1,2, 3); a particular point x €
shall be denoted by = = (2(1),...,7(q)). We denote by D C R? the parameter
domain (P > 1); a particular parameter value u € D shall be denoted by
= (1(1ys -5 (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,cq |v(z)] < 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=(P1,---,Bp), (1)

where the entries §;, 1 < i < P, are non-negative integers. We define for any
multi-index 3 the parametric derivatives of F,

o8l F

FO =~ 7
B Bp ’
Onay - Oh()

(2)



where
P
8= (3)
i=1

is the length of 8 and hence the differential order. We denote the set of all
distinct multi-indices S of dimension P of length p by MI],D .

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 pi;) € D(;), 1 <i < P, i # j, and we introduce the function
Js,; : xS = R defined for x € 2 and k € S by

jﬁ,g($7 KJ) = ]:(ﬂ) (.’IJ, (/1'(1)7 ce MG s Ry (A1) s e s ILL(P))) (4)

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 ' = [-1,1], and let f : T — R be a sufficiently smooth function.
We introduce N + 1 distinct interpolation nodes yy; € I', 0 < ¢ < N, and
N + 1 characteristic functions xn;, 0 < ¢ < N, that satisfy xn,:(yn,;) = dij,
0 < 1i,j < N. We finally introduce an interpolation operator Iy defined by
Inf= ZlN:O fyn.i)xn.i- We may now formally state our three hypotheses.

Hypothesis 1. The error in the derivative of the interpolant I f satisfies
[f'(z) = (Inf)(2)] < Gy(N), VzeTl, ()

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 <17 < N, satisfy

N

Y IXni(@)| < D(N), VaeTl, (6)
=0

where the function D : N — (0,00) is fixed (for a given interpolation scheme)
with D(N) — 00 as N — co.

Hypothesis 3. Let € € RT, and consider the equation
G¢(N)=D(N)e (7)

for the unknown N as € — 0. Equation (7) has a solution N = N(e) > 0 that
satisfies

eD(N(e)) — 0 (8)

as € — 0.

2We may always transform our parameter dependent function such that the parameters
reside in the hypercube [—1,1]%.



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,; = (20/N —1) € ', 0 < i < N. In
this case the characteristic functions yn; are continuous and piecewise linear
“hat functions” with support only on the interval [yno,yn,1] for i« = 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

Gr(N) =2N " |l Lo=(ry, (9)
D(N) =N, (10)

respectively. In this case (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 (11)

has the solution N(e) = e~'/2 and that e '/2¢ — 0 as e — 0.

Next, we assume f € C3(I') and consider piecewise quadratic interpolation
over equidistant interpolation nodes yy; = (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, YN, i+2)
for i =0,2,4,..., N — 2. The characteristic functions are for = € [yns, YN i+2]
then given as

(x —yni1) (@ — yN,i+2)

xN,i(T) = 512 : (12)
xr — i)\ — i

XN,it+1(z) = oo, )_(hQ = +2)’ (13)
T —YN,i)\T — YN

XN,1'+2(33) = ( )2(h2 +1)a (14)

fori=0,2,4,...,N — 2, where h =2/N = yn j41 —yn,;, 0 < j < N —1. For
piecewise quadratic interpolation Hypothesis 1 and Hypothesis 2 obtain for

Gy(N) = const - N 72| f"'|| o= (), (15)
D(N) =N, (16)

respectively. We include the proofs in Appendix A.2. It is straightforward to
demonstrate Hypothesis 3: we note that

N2 = Ne (17)

has the solution N(¢) = ¢~'/? and that e~'/3¢ — 0 as € — 0.

Finally, we assume that f is analytic in I and consider standard Chebyshev
interpolation over the usual Chebyshev-nodes yy,; = —cos(in/N), 0 < i < N.
The characteristic functions are in this case the Lagrange polynomials xn; €
Pn(T) that satisfy xn.(yn ;) = dij, 0 < ¢,j < N. For Chebyshev interpolation
Hypothesis 1 and Hypothesis 2 obtain for

G(N) = cyNe Nloslen), (18)
D(N) = N2, (19)



respectively, where ¢y > 0 and py > 1 depend only on f. In this case (6)
in Hypothesis 2 obtains with equality. We refer to Reddy and Weideman [8]
for a proof of (18) and to Rivlin [9, pp. 119-121] for a proof of (19). We
finally demonstrate Hypothesis 3: we let 7 = log(pys) > 0 and we note that the
transcendental equation

Ne N1 = NZe. (20)
admits the solution

Lov(h
NG = w(7). (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
€ — 0, we obtain

N(e) < %log(g) = %(log(n) + log(l/e)) < Alog(1/e) (22)

for some sufficiently large constant A. We now consider the product e(N(e))?
as € = 0. By application of L’Hopital’s rule twice (Egs. (25) and (27) below)
we obtain

lim e(N(€))? < A% lim e(log(1/¢))? (23)
e—0 e—0
2
1
— 42 g LK) (29
e—0 1/6
2. 2log(e)/e
=4 21—1}(1) —1/e? (25)
. log(e)
_ 942
= A 20)
1/e
—_ 271;
=24 e 27
=2A%lime = 0. (28)
e—0

Hypothesis 3 thus holds.

3 A General Convergence Result

We introduce an approximation space Wy = Wi (Q2) of finite dimension M.
For any p € D, our approximation to the function F(-; u) : © — R shall reside
in Wjy; 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>°(Q2) approximation to F(-;u) in Was goes to zero as M — oo,
then, for any multi-index 3, |3| > 0, the error in the best L°°(£2) approximation
to FO)(-; ) in W)y also goes to zero as M — co. 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,
¢! = max max inf [|[FP () — w|pea). 29
M BEME WeD weWas || (-5 1) (73 (Q) ( )

We then recall the definition of J3 ; from (4), and state

Proposition 1. Let p be a fixed non-negative integer. Assume that Hypotheses
1, 2, and 8 hold for f = Jp (x;-), 1 < j < P, for all x € Q, and for all
B e M. In this case, if ey, — 0 as M — oo, then

et =0 (30)

as M — oo.

Proof. For each z € , we introduce the interpolant Jn g,;(x; ) = InJs,5(x; ) €
Py (S) given by

N
InNgi(x;) = InTp ;) = Zjﬁ,j(ff;yN,i)XN,i('); (31)
i=0
recall that here, xn; : S = R, 0 < i < N, are characteristic functions that
satisfy xni(yn,;) = 6ij, 0 <45 < N.
Let ’ denote differentiation with respect to the variable x in (4). For each x €
Q we consider an approximation to jﬁ”j(x; -) which we write as Zf\;o X, iwi (),
where w; € Wy, 1 <4 < N. We note that Z?]:O xé\,yi(fﬁ)wi cWy forallk €S
(we define the w; shortly; however we note that in general Jz ;(-;yn,i) € W,
1 <4 < 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 =D Xt T = D Xnawi+Th; = Tis,; H
=0 =0

L>(QxS) - H

L>(Q2xS)
N
<HJZ’Vﬂ-—ZX§Vzwi +HJ/§<—J1’V5< . (32
— 3P — 50 L (QxS) 5] gy L>(QxS)

Here, T}, 5 ;= (Tv.3)' = Tito To.i(5um.)Xiv i ()-

In our approximation, we use as coefficient functions X/N,z' (and not, for
example, xn,;). With this choice and the definition of jé, ;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 (32) we first
invoke (31), then the triangle inequality, and finally Hypothesis 2 to obtain

N N
HJI/\[,B,]‘ = X e (ans) HZ(jﬁ,j(';yN,z‘) —wi)Xn,;
=0 1=0

N
< HZ |X§V,i
i=0

L>(Q2xS)

| T3, (s yn i) — wi

L>(QxS)

N

< e -S|

—H@%’?v'jm(’yfvﬂ) wll;‘]\xml L (xS)
J:

< D(N) Jax | T5,5 (5 yn,i) — willLee (). (33)



Next, for any k € S we introduce the functions
wj (k) = arg inf || Tp (k) — wl|Le(q)- (34)
weWnr
We then consider (33) for w; = wz_}’j(-; yn,;) and note that

N
Hjllvm =Y Xnvawh (i yn.a)
1=0

< D(N) max [ Tp,;(5yni) = wh;(5ynilli=(o)

L>(QxS)

< D(N) ng”jﬁa('; K) —wp ;i (56) || e (@)
=D(N)max inf |Tp,(K) —wllz=(e) < D(N)ey,, (35)
where the last step follows from the definition of €}, in (29).

For the second term on the right hand side of (32) we invoke Hypothesis 1
for f = fp; = Jp,;(Zp,5: ) to obtain

1735 — TN 5.

L=(axs) < G, (N); (36)

here g j € Q is the particular point in Q such that for given 8 and j, fz ; yields
the “worst” behavior of the right-hand-side.
We now combine (32) for w; = wj ;(-;yn,;) with (35) and (36) to obtain

<G; (N D(N)eE,.
peiones) S G, () + DI, 37)

N
|75 = D2 Xvaws s Cuwa)

i=0
We then introduce 5; = B + e; where e; is the canonical unit vector with the
j’th entry equal to unity; we recall that § has length |3] = p and hence Bj

has length |5J+| = p+ 1. We note that the multi-index 3, the parameter values
Hey € Dy, 1 <@ < P,i# j, as well as the dimension j, were chosen arbitrarily
above. We may thus conclude

BEMP 1<j<P peD

N
—+ *
max max maxH}—(ﬁf M(sp) — ZXﬁv,z‘(#(j))wﬁJ(';vai) Lo (Q)
i=0

< G4(N) + D(N)eh,  (38)

(recall above we wrote x = ju(;y for each fixed j); here, f= J5 3(5@5 5 -), where
1<j<Pand B € ./\/lf)D are the particular indices that yield the “worst” behavior
of the right-hand-side.

We note that Z?{:O Xivi(H())wp (-5 yn,i) is a particular member of Wy, for
any 5 € ./\/l;;, any p(;) € D), and any 1 < j < P. We thus obtain

p+1 _ ; B) (.o )\ _ N D
A= mas ma i IF )~ wl o < G0N+ DN (9

The final step is to bound the right-hand side of (39) in terms of €},. To
this end we note that we may choose N freely. In particular we may choose N



as the minimizer N = Ny, (€f,) > 0 of the right hand side of (39); however for
simplicity we shall make a different choice for N. Let Ny (e M) denote the value
of N that balances the two terms on the right hand side of (39); by Hypothesis
3 Niai(eh,) exists for sufficiently small ef,. We then choose N = Npu(eh,) in
(39) to obtain

bt < 2D (Nya(€h)))eh,, (40)
where epH — 0 as e, — 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 x € Q.

Lemma 1. Assume F(x,) € C*(D) for any x € Q. If for any fived p > 0
ey — 0 as M — oo, then there is a constant Cpyq > 0 such that

ehr’ < Cppan/ehy (41)

Proof. In this case we may invoke piecewise linear interpolation as our inter-
polation system in the proof of Proposition 1. By (9) and (10) we obtain
Nbal(eM (2||f”HLoo(F /eb )1/2 and hence (40) for D(N) = N becomes e <

202/| /|| oo (ry /€44)/2€%,. The result follows for Cpyy = 2(2|| f| o F))W O

as M — oo.

The next lemma quantifies the convergence in Proposition 1 in the case that
F(x,-) € C3(D) for all z € Q.

Lemma 2. Assume F(x,-) € C3(D) for any x € Q. If for any fized p > 0
ey — 0 as M — oo, then there is a constant Cpyq > 0 such that

< Cppa(ehy)?? (42)
as M — 0.

Proof. In this case we may invoke piecewise quadratic interpolation as our in-
terpolation system in the proof of Proposition 1. By (15) and (16) we obtain,
for a positive constant &, Nyai(eh;) = &(|| || ) /€hs)'/? and hence (40) for
D(N) = 5N/2 becomes b < 55(||f”’||Lm(p)/eljw))l/?’eM The result follows

for Cpy1 = 5¢] /|12 O

We make the following remark concerning Lemma 1 and Lemma 2 in the
case of algebraic convergence.

Remark 1. Let |8| = p, and assume that FP)(z,-) € C% (D), g, > 0, for all
x € Q. Assume that €, ~ M~"r, r, >0, as M — oo; here the convergence rate
rp typically depends on the regularity g,. For g, = 2 we may invoke Lemma 1
to obtain

eJVI < Cer (eM) 1/2 M—TP/Q ~ Ml—r,,—i—(rp/?—l) ~ M1+(Tp/2_1)6‘?\4. (43)
Similarly, for g, = 3 we may invoke Lemma 2 to obtain

;D+1 < Cerl(eM) 2/3 ~ M—Qrp/3 ~ Ml—rp+(rp/3—1) ~ M1+(Tp/3_1)6§)\/[. (44)



More generally, with higher-reqularity versions of Lemma 1 and Lemma 2, we
expect for any qp, > 0 that

66\;2_1 < C’p_"_l(eﬁl)l*l/‘h' ~ M*TP(I*I/CIP) ~ MI*TPJF(TP/QP*I) ~ MIJF(Tp/qp*l)e?w'
(45)

for any g, > 0. We shall comment on these estimates further in our discussion
of numerical results in Section 5.

The third lemma quantifies the convergence in Proposition 1 in the case that
F(x,-) 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 eh; — 0 as M — oo, then there is a constant Cpy1 > 0 such
that

Al < Cpa(log(ehy))’ef, (46)
as M — oo. In particular, if for some p
b~ Mo M (47)

as M — oo, where o is a non-negative constant and y is a positive constant,
then there is a constant Cpi1 such that

et < Oy M2 M (48)
as M — oo.

Proof. In this case we may invoke Chebyshev interpolation as our interpola-
tion system in the proof of Proposition 1. By (18), (19), and (22) we ob-
tain Npai(eh,) < ¢log(1/eh,) for a sufficiently large constant ¢. Hence, with
D(N) = N? and (40), we obtain e?/' < 2¢2(log(1/e?,))%e~,. The result (46)
follows for Cp1 1 = 2¢2 since (log(1/el;))? = (log(el;))?. The result (48) follows
under the additional assumption (47) since in this case there is a constant B
such that

= B(—olog M +~yM) < ByM, (49)

1
Noa(ehy) < Blog( 375

and D(Npai(eh,)) < (ByM)2. 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 (48) is not sharp; an asymptotic lower
bound for eﬁ; Y is required to explicitly bound Nbal(e]]”\}L 1) as M — oco. Hence,
we invoke an exact asymptotic relation in the assumption (47) in order to bound
the convergence of the “next” derivative approrimation based on the “current”
derivative approrimation.

We also note that if the bound (48) were sharp, we could invoke the argument
recursively to obtain an estimate of the form €, ~ Mo+2Pe=7M,



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 : 2 x D — R such that for all u € D,
G(;p) € L>(Q). We introduce a training set Zgrain C D of finite cardinality
|Z¢rain| which shall serve as our computational surrogate for D. We also intro-
duce a triangulation Ty (2) of Q with A vertices over which we shall in practice,
for any pu € D, realize G(+; ) as a piecewise linear function.

Now, for 1 < M < My.x < 0o, we define the EIM approximation space
WYy, and the EIM interpolation nodes Ty, associated with G; here, My 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 t; = argsup,cq |G(x; t1)]; we next define the first
EIM basis function as ¢; = G(+; 41)/G(t1; p1). 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 € Egraim: we solve the linear system

M-1
Y T wBY T =6, 1<i<M -1, (50)
j=1

and compute the empirical interpolation Gus 1 (- 1) € W¥,_, as

M—-1
Gr—1(ip) = Z R T (51)

for all it € ZEqain. We then choose the next parameter py; € D as the maximizer
of the EIM interpolation error over the training set,

piar = arg max 1Gar—1(5 1) = G(s )| s () (52)

Strain

note that thanks to our piecewise linear realization of G(+; i), the norm eval-
uation is a simple comparison of function values at the N vertices of Tx(Q).

10



We now choose the next EIM interpolation node as the point in 2 at which the
EIM error associated with Gpr—1(uar) is largest,

tm —argsup|gM 1(@5 par) — G par ) |- (53)
€N

The next EIM basis function is then
Gu (5 puar) — G5 )
Grr—1(tars piar) — G(tars piar)

qm = (54)
We finally enrich the EIM space: W];Cf[ = span{qi,...,qn}; expand the set of
nodes: Ty, = {t1,...,tr}; and expand the nodal value matrix: B{VJ[ = qj(t;),
1<i,j< M.

Now, given any function F :  x D — R (in particular, we shall consider
F = g<5>), we define for any p € D and for 1 < M < My, the empirical
interpolation of F(-;u) in the space WJ\% (the space generated by G) as

M
W= o (Wa, (55)
i=1
where the coefficients ¢ (1), 1 < i < M, solve the linear system
Z¢M )BM = F(tip), 1<i< M. (56)

We note that by construction the matrices BM € RM*M 1 < M < My,
are lower triangular: by (50), Gar—1(t5; ar) = G(t5; par) for j < M. As a result,
computation of the EIM coefficients ¢/, 1 < j < M, in (56) and (50) are O(M?)
operations. We emphasize that the computational cost associated with the EIM
approximation (55)—(56) (after snapshot precomputation), is independent of the
number N of vertices in the triangulation 7x/(Q). We may thus choose N
conservatively.

We next note that, for any multi-index 3,

8) M
(FI)P = <Z¢ ) =" oM (wai, (57)
=1

where oM () = (6M)P) (1), 1 < i < M, solve the linear system (recall that the
matrix BM is y-independent)

ngj )BM = FP (i), 1<i<M. (58)

Hence,
(FX) = (F)s (59)

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 Wﬁ[ for both EIM approximations
F{, and (FO)F .

11



4.2 Convergence theory applied to the EIM

We introduce the Lebesgue constants [7]

M

Ay =sup Y [VM(x)], 1< M < Mpay, (60)
zEN i—1

where V;M € WY, are the characteristic functions associated with W, and T4,
VM(t;) =65, 1 <i,j < M, where § is the Kroenecker delta symbol. It can be
proven [1, 5] that the EIM error satisfies

1F G ) = FirGsmllz=(@) < (1+ An) inf s 170 ) =iz, (61)

for 1 < M < Mpayx. It can furthermore be proven that Ay < 2™ — 1; however,
in actual practice the growth of Aj; 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 approz-
imation satisfies

1FO (5 ) = (FONG Gl @
< (L+ M) inf [ FO () —wliee), (62)

weWy,

for any p € D and any multi-index 5. Assume that the best approximation error

e? =max inf [|[FP(:n)—w| e —0 63
M= DS wews, | (1) |z () (63)
as M — oo for all p € D and any multi-index B such that |8] = p is a non-
negative integer. We may then conclude from Lemma 3 and (62) that

max [ F (5 ) = (FUDG ()l o) < (14 Aan)el!

< (14 Aar)Cp (log(€h)) el (64)

for any multi-index B’ such that |5'| =p+ 1.

The term eh;, — 0 as M — oo by assumption and thus erj\jl —0as M — o0
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

Apebtt =0 (65)

as M — oco. We recall that the Lebesgue constant typically grows only modestly
and thus we expect in practice convergence of the EIM derivative approzimation.

Clearly, if the EIM approximation associated with derivatives of order p con-
verges, then the best approrimation 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 FIM approximation associated
with derivatives of order p+ 1 provided the Lebesgue constant grows sufficiently
modestly.

12



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

67\/I,max(5) = Iggg'(ﬁrél./%/l)% ||‘F(ﬂ)(7ﬂ) - (‘F(ﬁ))%/l(a IU’)HL‘X’(Q) (66)

for |B] = pand 1 < M < Mpy.x. We also introduce a function Ry : D — R
such that

||]:(B)(‘;M) - (]'—(B))%('W)HLOC(Q) = Ry () ggg H]'-(ﬁ)(';ﬂ) - wHLoo(Q) (67)

for 1 < M < Mpyax. We note that by (62) 1 < Rar(p) <14 Apy for all p € D.
With (66) and (67) we then obtain, for any p > 0,

it max(€) = max max [|FE(; ) = (FEF (5 )l ()

HEE BeMP
- R inf | F® () — wl| oo ):R i)el, (68
rgggﬂrgﬁ%( M(“)wé%vgfu (5 1) = wllzoe (o) wm(fip)ens  (68)

for a particular fi, € £. We now introduce the EIM error degradation factor

p
_ 6M,rnax(g)
pusl€) = G, (69)
and note that
R (fip) el e
= PIM (] 1L A .

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 p},, = eh;/ef, if the Lebesgue constant grows slowly. Second, if the
ratio Ra(fip)/ R (fio) ~ 1 as M — oo, then par,(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
particular that pps,(E) is similar to Pirp- 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 Lebesque constant grows slowly and thus that
the convergence rate associated with the EIM 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 38 is
sharp. If e%7max(D) ~ M7 "™ for g,y > 0, we expect that ng,max(p) ~
Mo+2pe="M " qnd thus an EIM error degradation factor parp, ~ (M?P). As we
shall observe shortly for our numerical results this estimate for the degradation
factor is not quite sharp.

13
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Figure 1: The maximum EIM error over the test set €y, ... (Stest) for 0 <p <3
for Example 1.

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]%. We consider the 2D Gaussian F : Q x D — R defined by

(71)

—(zq) — pay)? = (22) — 1)’
202

Flzyp) = eXP(

for x € 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 z € Q)
the function F(z;-) € C*°(D); we may thus invoke Lemma 3.

We introduce a triangulation Ty (£2) with N' = 2601 vertices; we introduce
an equi-distant training set “grid” Ziyain C D of size |Zgpain| = 900 = 30 x 30.
We then pursue the EIM with G = F for M., = 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 eﬁ’w max (Etest)
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

14



T TR
WN

10 10 10 10

Figure 2: EIM error degradation factors pas,p(Ztest), p = 1,2, 3, for Example 1.
The shorter solid gray lines represent exact rates MP.

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 2p if
our theoretical result (48) were sharp. Since in practice we observe pas ,(Egest) ~
MP, we conclude that the result (48) is not in general sharp. We also note
that the factor M? in (48) originates from the sharp result (19); hence with our
present strategy for the proof of Proposition 1 it is not clear how to sharpen (48).
However, we note that our theory captures the correct qualitative behavior: a
degradation by an algebraic factor for the derivative approximation.

Finally, in Figure 3, we report the Lebesgue constant Ap;. We note that the
growth of the Lebesgue constant is only modest. The EIM derivative approxi-
mation is thus close to the best L>°(Q) approximation in the space W7;.

5.2 Example 2: A parametrically singular function

We introduce the spatial domain Q = [—1,1] and the parameter domain D =
[—1,1]. We consider the function F : @ x D — R defined by

Fla;p) = o — puf’ (72)

for x € Q and pu € D. The function thus has a singularity at z = p for any
w € D. For any x € Q we have F(x;-) € C*(D). More generally, for any 2 € Q
and p = 0,1,2,3, we have F?)(z;.) € C% (D) for g, = 4 — p.

We introduce a triangulation Tar(©2) with A7 = 1000 vertices; we introduce
an equi-distant training set “grid” Z¢rain C D of size |Zgrain| = 1000. We then

15
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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 €h,  (Sgest) for 0 < p <3
for Example 2. The shorter gray lines represent exact rates M 5P,
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Figure 5: EIM error degradation factors pas,p(Ztest), p = 1,2, 3, for Example 2.
The shorter solid gray lines represent exact rates MP.

pursue the EIM with G = F for M,.x = 420.

We now introduce a uniformly distributed random test set Ziest C D of size
1000. In Figure 4 we show the maximum interpolation errors eﬂ,max(EteSt) for
p = 0,1,2,3; we observe for the convergence ey, . (Stest) ~ M—5*P_ These
results suggest that, in general, if F®) ¢ C% (D), then eh, ~ M~%~1 which
corresponds to r, = g, + 1 in Remark 1.

In Figure 5 we show the EIM error degradation factors pasp(Stest) for p =
1,2,3 as functions of M. As for Example 1, we note that pasp,(Etest) ~ MP (of
course this factor may in this case be interpreted directly from Figure 4).

With 7, = g, + 1 in Remark 1, the estimate (45) in Remark 1 becomes

14+-L 1
A< M Tl — MUY TT R (73)

If this is a sharp estimate, we expect for our example with ¢, =4 —p

1 1+1 0

ey ~ M Tiey,, (74)
1 1 1

e2p ~ M'"ael, ~ M*Tatael, (75)
1 141,41

eSp~ Mzl ~ M3tz ta T (76)

From these estimates we may expect EIM error degradation factors
p—1
PMp(Birain) ~ MPTEI0 75 p=1,2,3, (77)

However, from our computations we see that this is not the case in practice: our
results show pasp(Egest) ~ MP. We thus conclude that our theoretical results
in Lemma 1 and Lemma 2 (and higher order versions of these as indicated in
Remark 1) are not sharp. The bounds predict e2f' < Cp M+ b - for
F@)(x;-) € C%(D): a non-optimality of a factor M'/%. We note that for
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Figure 6: The Lebesgue constant A,; for Example 2.

functions with high regularity — large ¢, — the sharpness of the bounds will
improve since eh ' < M/ wek s Meb as g, — oc.

Finally, in Figure 6 we report the Lebesgue constant Ajs; 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 W7;.

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.

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?P for paramet-
rically analytic functions, and a degradation factor M P50 55 for paramet-
rically non-analytic functions when the original function resides in C*(D) (but
not in C¥+%(D) for arbitrarily small o > 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.
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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) € I' = [-1,1], 0 < ¢ < 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 (9) and (10) from Section 2.2. Let f : I' — R with
f € C?(I"). We then have, for any z € T,

/(@) = Unf) (@) < 2NTHI ooy (78)

as N — oo. Further, for all z € I, the characteristic functions xn,;, 0 <i < NV,
satisfy

N
S ()] = N. (79)
=0

We first demonstrate (78) (and hence (9)). For = € [yn, ynit1], 0 <@ <
N — 1, we have

(I 1) (@) = 3 (Flomirn) — Fluw): (50)

where h = 2/N. We next write f(yn,;) and f(yn,i+1) as Taylor series around z
as

! (9) ) YN,i
fluw) =X B =2+ [T 0 -0 ar (s1)
=0 @
L (9) . YN,i+1
flynit1) = ! jj,(x) (yn,it1 — x)’ +/ ") (ynis1 —t)dt,  (82)
j=0 7 *

which we then insert in the expression (80) for (I f)’ to obtain

(INf)/(x) _fl(x) = E /yNYH—l f”(t)(yN,i_H —t) dt — % /yN'i f//(t)(yN,i —t) dt

1
< ﬁHf”HLm(F) max  (lywi1 =2 + |y — 7))
TEYN, i, YN, it1]

<R[l f ey = 2N f ooy (83)

We next demonstrate (79) (and hence (10)). It suffices to consider = €
[yn.i,yniv1] for 0 <i < N —1. On [yn, yn,i+1] only [Xy ()] and Xy ;1 (7)]

(
contribute to the sum; furthermore we have |xy,;(z)| = [Xy 11 (¥)] = 1/h =
N/2, from where the result (79) 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
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we may divide I' into N/2 intervals [yn i, YN it2], for i =0,2,4,..., N —2. The
characteristic functions yn; are for z € [yN,Z', yN,i+2] given as

xn,i(T) = (= yNJH;é; — yN’iH), (84)
XNiv1(T) = (== yN’i)_(i; uni+2) ; (85)
XnNi+2(x) = (o = )@ = yinn) ; (86)

2h?

fori=0,2,4,...,N.
We recall the results (15) and (16) from Section 2.2. Let f : I' — R with
f € C3(T"). We then have, for any = € T,

[f'(z) = (Inf) (z)| = O(N~?) (87)

as N — oo. Further, for all z € I, the characteristic functions xn,;, 0 <i < NV,
satisfy

al 5
D IXvale)] = V- (88)
1=0

We first demonstrate (87). It suffices to consider the interpolant I f(z) for
* € [Yn,i, Yn,i+2), in which case

Inf(z) = flyn.)xn,i(®) + fynivr)xviv1 (@) + fynviv2)xvive(®).  (89)

Insertion of (84)—(86) and differentiation yields

(I Y (@) = 575

—2f(yn,iv1) (2T —yni — ynit2) + f(Yn,iv2) (22 — YN — yN,i+1))~ (90)

(f(l/N,i)(Qx — YN,i+1 — YN,i+2)

We next write f(yni), f(yn,i+1), and f(yn,i+2) as Taylor series around z as

3. (g _
flow) = 3 T s -7+ 001, o1
L0 (2) . .
Flynisn) =) 7 (N1 —x)) + O(R7), (92)
FEE
~ () o
Flynive) = 7 (N2 — ) + O(R7), (93)
=7

where h = 2/N = yn j+1 —yn,j, 0 < j < N —1. We may then insert the
expressions (91)—(93) into (90) to obtain

(In ) (z) = f'(z) + O(h?). (94)

(For j = 0 and j = 2 the terms on the right-hand-side of (90) cancel. For j =1
we obtain f/(x) and for j = 3 we obtain O(h?).)
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On

We next demonstrate (88). It suffices to consider x € I'; = [yn, Yn,it2]-

[ only Xy (%), Xir1(2), and Xy ;4 o(®) contribute to the sum. With
h=2/N=y;41 —y,;, 0<j <N —1, we have
Noa@)] = S max 22— yvier — sl = SN (99)
inear)f XN,i\T)| = 3 gg}f T = YN,i+1 — YN,i+2| = 2t
/ N2
max IXNip1(z)] = — ax 122 —yni — yn,it2| = N, (96)
, N2 3
max X, ir2(@)] = g max 122 —yn; — ynjiv1| = -V (97)

The result then follows.

References

1]

2]

13l

4]

5]

[6]

7]

18]

19]

[10]

M. Barrault, N. C. Nguyen, Y. Maday, and A. T. Patera. An “empirical
interpolation” method: Application to efficient reduced-basis discretization
of partial differential equations. C. R. Acad. Sci. Paris, Série I., 339:667—
672, 2004.

R. Corless, G. Gonnet, D. Hare, D. Jeffrey, and D. Knuth. On the
LambertW function. Advances in Computational Mathematics, 5:329-359,
1996.

J. L. Eftang, M. A. Grepl, and A. T. Patera. A posteriori error bounds
for the empirical interpolation method. Comptes Rendus Mathematique,
348(9-10):575 — 579, 2010.

M. Grepl. A Posteriori Error Bounds for Reduced-Basis Approximations of
Nonaffine and Nonlinear Parabolic Partial Differential Equations. M3AS,
Submitted, 2010.

M.A. Grepl, Y. Maday, N.C. Nguyen, and A.T. Patera. Efficient reduced
basis treatment of nonaffine and nonlinear partial differential equations.
ESAIM: M2AN, 41(3):575-605, 2007.

Y. Maday, N. C. Nguyen, A. T. Patera, and G. S. H. Pau. A general
multipurpose interpolation procedure: The magic points. Communications
in pure and applied mathematics, 8:383-404, 2009.

A. Quarteroni, R. Sacco, and F. Saleri. Numerical Mathematics, volume 37
of Texts Appl. Math. Springer, New York, 1991.

S. C. Reddy and J. A. C. Weideman. The accuracy of the Chebyshev differ-
encing method for analytic functions. SIAM J. Numer. Anal., 42(5):2176—
2187 (electronic), 2005.

T. J. Rivlin. The Chebyshev polynomials. Wiley-Interscience [John Wiley
& Sons|, New York, 1974. Pure and Applied Mathematics.

G. Rozza, D. B. P. Huynh, and A. T. Patera. Reduced Basis Approximation
and a posteriori Error Estimation for Affinely Parametrized Elliptic Coer-
cive Partial Differential Equations. Archives of Computational Methods in
Engineering, 15(3):229-275, 2008.

21



