m Seminar for

Applied

Eidgenodssische Technische Hochschule Ziirich .
& Mathematics

Swiss Federal Institute of Technology Zurich

A-posteriort QMC-FEM error estimation for
Bayesian inversion and optimal control with

entropic risk measure

M. Longo and Ch. Schwab and A. Stein

Research Report No. 2023-04

January 2023
Latest revision: July 2023

Seminar fiir Angewandte Mathematik
Eidgendssische Technische Hochschule
CH-8092 Ziirich
Switzerland




A-posteriori QMC-FEM error estimation
for Bayesian inversion and optimal control
with entropic risk measure

Marcello Longo*, Christoph Schwab*, Andreas Stein*'

July 5, 2023

Abstract

We propose a novel a-posteriori error estimation technique where the
target quantities of interest are ratios of high-dimensional integrals, as occur
e.g. in PDE constrained Bayesian inversion and PDE constrained optimal
control subject to an entropic risk measure. We consider in particular
parametric, elliptic PDEs with affine-parametric diffusion coefficient, on
high-dimensional parameter spaces. We combine our recent a-posteriori
Quasi-Monte Carlo (QMC) error analysis, with Finite Element a-posteriori
error estimation. The proposed approach yields a computable a-posteriori
estimator which is reliable, up to higher order terms. The estimator’s
reliability is uniform with respect to the PDE discretization, and robust
with respect to the parametric dimension of the uncertain PDE input.

Dedicated to Ian H. Sloan on his 85th anniversary

1 Introduction

The efficient numerical approximation of high-dimensional, parametric partial
differential equations (PDEs for short) received increasing attention during the
past years. In this work, we address two classes of high-dimensional numerical
integration problems which arise in connection with data assimilation and PDE
constrained optimization. We illustrate the abstract concepts for a parametric,
linear elliptic PDE. The first class is the so-called Bayesian inverse problem (BIP).
There, we are interested in the posterior expectation of a (linear) functional of
the solution u of a parametric PDE, conditional on observation data subject to
additive, centered Gaussian observation noise [18,20]. See also [10]. A second
problem class is PDE-constrained optimization. Specifically, the optimal control
problem (OCP) of parametric PDEs under an entropic risk measure [7], where
the state variable satisfies a parametric PDE constraint [9].

When numerically approximating solutions of a BIP or an OCP, it is essential
to quantify the error due to the numerical discretization in order to meet a
prescribed numerical tolerance without wasting computational resources. As
solving PDEs exactly is in general not possible, discretizations such as Finite

*Seminar for Applied Mathematics, ETH Ziirich
tCorresponding author. Email: andreas.stein@sam.math.ethz.ch



Element Methods (FEM) must be used instead. Additionally, the parametric
uncertainty in the forward PDE model is passed on to the solution, and this must
be taken into account both in the computation and in the error estimation. This
justifies the need for an a-posteriori error analysis. We introduce a novel class of
QMC-FEM algorithms for BIPs and OPCs with a-posteriori error control. We
derive numerical a-posterior error estimates for ratio estimators with respect to
both, the spatial and parametric domain errors. This allows efficient computation
of quantities of interest for any prescribed tolerance, and with error bounds in the
parametric domain that are uniform with respect to the parameter dimension s.
In particular, we assume that the uncertain PDE coefficients are affine-parametric
with parameter vector y € U := [f%, %]S where s € N, s > 1, e.g. (6) below.
We can employ suitable quasi-Monte Carlo (QMC) rules to approximate integrals
over U. Here, we select extrapolated polynomial lattice (EPL) rules as first
introduced in [3,5]. This choice is motivated by the deterministic nature of their
quadrature nodes P,,, |P,,| = b™ for some prime b [15], and good convergence
properties under quantified parametric regularity of the integrand functions with
respect to y € U, uniformly in the dimension s [3]. Moreover, it was shown
in [5,14] that under assumptions, EPL quadratures allow for computable a-
posteriori quadrature error estimators that are asymptotically exact as m — oo,
with dimension robust ratio between estimated and actual quadrature error.
Both, BIPs and OCPs for PDEs with parametric input take the form
Z/
7 € Y, where Z = /U@(y) dy, Z'= /U@’(y) dy, (1)

for some suitable integrable functions ©: U — R and ©': U — ), where )
is a separable Hilbert space and Z, Z' are Bochner integrals with respect to a
product measure dy on the possibly high-dimensional parameter space U. In
particular, we have )) = R for the BIP case and Y € L?(D) for the OCP case,
with D being the physical domain of the considered PDE. Approximating the
high-dimensional integrals with averages over polynomial lattices P,,, C U yields
a first approximation

/

z! 1 1
FHEY,  where Zy = o > ey, Zz,= o Y o). (2

Z
m YyEPy, YEPy,

Then, since the integrands ©,©’ depend on the solution of a y-parametric
PDE, we discretize the parametric PDEs for y € P,,, resulting in computable,
parametric integrand functions 0 (y), ©}(y) and in the computable estimates

z! 1 1
Zm’h €Y, where Z, = b Z OnY): Zmp= ym Z On(y). (3)
m,h yeP,, yeP,,

Here, the parameter h > 0 denotes the meshwidth of conforming Lagrangian
Finite Element discretizations. We present a computable a-posterior: estimator
for the combined Finite Flement discretization and quadrature error

7z,
Z Zm.h

(4)

err:‘

Yy
In the rest of this section we introduce the setting and we describe the two
problems of interest, namely the BIP and the OCP with entropic risk measure.



Section 2 and Section 3 are devoted to the QMC and the FEM a-posteriori
error analysis, respectively, and these results will be combined in Section 4. We
present numerical experiments in Section 5 and summary and conclusions in
Section 6.

1.1 Affine-Parametric Forward PDE

For brevity of presentation, we consider a model, linear elliptic PDE with
homogeneous Dirichlet boundary conditions. The corresponding QMC-FEM
error analysis for this (forward) model with EPL rules has been obtained in [5,14],
and, more generally, for parametric holomorphic operators in [4,5]. The results
therein are the foundation for our a-posteriori error analysis of the QMC ratio
estimators in Subsections 1.2 and 1.3.

Given a bounded polygon D C R? and a parameter sequence y € U, s € N,
consider the following parametric, linear, second order elliptic PDE in variational
form: find u(-,y) € X = H}(D) such that

/ a(z,y)Vyu(z,y) - Vev(a)de = / f(z)v(z)dx Yv e X. (5)
D D

We assume that a is affine-parametric, namely that we are given a family of
functions {¢;}jen, € L°(D) such that, with essinfiy > k > 0 and b; =
1

w1l o () We have

alw,y) = vol) + Yyt by <2 (

Jj=1

Then essinfa(-,y) > essinfipg — xk > 0 for all y € U. By the Lax-Milgram
lemma, the parametric weak solution u(-,y) € X is well defined for any f €
X* = H=Y(D), where * denotes the topological dual. To justify the a-posteriori
QMC error analysis of Section 2, we will additionally require the summability

b= (bj);>1 € (°(N) for some p € (0,1/2). (7)

The condition p € (0,1/2) is imposed to derive the second part of Theorem 1
below (using [5, Theorem 4.1]), i.e. to bound the difference of two successive
QMC estimators.

For the FEM approximation, we consider conforming subspaces' X}, C X
h € H C (0,00), dim(A},) < oo, that are linked to shape-regular, simplicial
partitions {7, }nen of D [6, Section 8]. Assume that the resulting spaces are
nested and conforming, that is X}, C A}, for any h,h' € H,h > h’ and that H
accumulates at 0. We construct the Galerkin discretizations up(y) € & of (5),
by solving

/ a(z,y)Vaup(z,y) - Vyu(a)de = / f(x)v(z)dz Yo € X, (8)
D D

To simplify notation, we write a(y) = a(-,y) and u(y) = u(-,y) and we omit
the variable x for V, = V and div, = div. We remark that the assumptions

1In practice, h either parametrizes the local mesh-size maxreT;, \T|1/2, for quasi-uniform
collections of partitions, or it relates to the refinement level in case of adaptive refinement [16].



on a given in (6) imply a(y) € L*(D) for all y € U, but not necessarily
a(y) € WH*°(D). The latter is in turn necessary to control the (a-posteriori)
FEM approximation error, hence the condition a(y) € W1°°(D) will be imposed
for the BIP and OCP in Section 3 below.

1.2 Bayesian inverse problem (BIP)

Let X = {a € L*>®(D) : essinfa > 0} and fix f € X*. Then, we can define the
data-to-solution map S: X — X for the forward problem (5). We also define the
observation functional O € (X*)¥, with a finite number K € N of observations
(e.g. representing sensors), and a goal functional (also called quantity of interest)
G € X*. We define the prior measure my to be the uniform distribution on U.

The observations O(S(a)) are assumed to be additionally subject to additive
observation noise 7, which we assume to be centered Gaussian, i.e., n ~ N (0,T)
for some known, nondegenerate covariance matrix I' € RE*X_ In other words,
we assume given noisy observation data § € RE modeled as

§ = 0(S(a)) +n € LA(RE). (9)

We consider the Bayesian inverse problem of recovering the expected value of
G(u), given observation data d, that is E™[G(u)|d]. By Bayes’ theorem [20], the
posterior distribution 7% of y|§ is absolutely continuous with respect to 7y and
its Radon-Nikodym derivative with respect to the prior 7 is

dn?

dro (y) = Tz (10)

where O(y) = exp(—1(6 — O(S(a(y)))|%) = exp(—3|6 — O(u(y))|3) denotes the
likelihood with the observation noise covariance-weighted, data-to-observation
misfit, where |x\1% =2 T~z and Z is defined in (1). As O(y) >0 forally € U,
Z > 0. In the present setting, Bayesian inversion amounts to the numerical
evaluation of the posterior mean

5G] = 5 [ Glu(w)e(y)d.

This is (1) upon setting O'(y) := G(u(y))O(y) and ¥ = R. Define the FE
solution operator Sp: X — A}, as the mapping Spa(y) = up(y) via (8). The FE
approximations of ©, ©’ used in (3) are then ©, = exp(—3[6 — O(up(y))[?) and
= G(un(y))On(y), respectively.
QMC-ratio estimators to approximate E™ [G(u)] in BIPs have been investi-
gated in a multi-level setting, among others, in [2]. We utilize some of the results

in this reference, to complement the (single-level) estimator with a-posteriori
QMC-FEM error control.

1.3 Optimal control with entropic risk measure (OCP)

Let Y = L?(D), assume a parameter independent target state & € ) and a
nonempty, closed and convex set X C ) of admissible controls. Throughout
the rest of the paper, we identify ) with its dual via Riesz representation and
write (-,-) for the inner product on ). Once the affine parametric diffusion



coefficient a(y) is fixed, (5) defines a linear solution operator £¥: ) — Y by
LYf =1ou(y) for all f € Y, where ¢ denotes the continuous embedding X C V.
In particular, we view u(y) as a function of the right-hand side f of (5). For
a function ®: U — R and some 0 € (0,00), the entropic risk measure [12] is
defined by

R(®) = o ([ expioau))ay) (11)

The entropic risk is especially relevant when favoring a risk averse behavior [7].
We consider the following minimization problem, for fixed constants oy, as > 0

fri=argminJ(f),  J(f) =R(S LY —all3) + L FI5 - (12)
fex

Due to convexity of R and as > 0, the functional J is strongly convex so that
(12) is a well-posed minimization problem [9,12]. The weights a1, a are imposed
to balance the entropic risk of the residual ||£Y f — 4y, against the magnitude
of the control f via the regularization term <2 || f Hi,

Define the shorthand notation ®(y) = G- [|LY f — ﬂ||§, and the adjoint state
given by qf(y) = a1 LY(LYf — @) € Y. Under the above conditions on X, (12) is
equivalent to the inequality (J'(f*), f — f*) > 0 for all f € X, where in analogy
with [9, Lemma 3.6] the Fréchet derivative J'(f) € Y of J at f € X is

T()=1 !

exp(09;(y)) dy /U exp(69(y))as(y) dy + azf. (13)
U

Next, we replace in (12) the integral over U by QMC rules and the exact solution
operator £¥ by the Galerkin solution £¥: Y — X, defined by LY f = up(y).
Then, we obtain the discrete formulation

S argmin T n (£ T ()= R IERS = all3)+ 1415+ (1)
IAS

where R, (®) = % log (l% D oyep,, exp(&@(y))) is again convex, due to positivity
of the QMC quadrature weights. The derivative J;, , (f) € Y of Jy, 5, is analogous
to (13), again replacing the integrals by sample averages over P, ® f(y) =
SLHf - ﬁH; and gp, f(y) = an LY(LY f — @) € Y. The next proposition recasts
the error in the approximation f, ;, ~ f* to the form (4). Whenever it does not
cause confusion, we will write ¢(y) = qf:;/’h(y) and qp,(y) = qhyf:%h(y).

Proposition 1. For Y = L?(D), assume Z,Z' in (1) are defined by O(y) =
exp(6®-  (y)) and ©'(y) = q(y)O(y). Similarly, let Zyp, 2y, , in (3) be
defined by O, (y) = exp(0®ys- , (y)) and O} (y) = qu(y)On(y).

Then,
* * 1 ! * ! * _ i z Z':VLJL
||f - fm,h“y < ;2 ||'] (fm,h) - m,h(fm,h)”y - o 7 - Zm’hr N . (15)

Proof. The inequalities (J'(f*), f — f*) > 0 and (J, ;,(f3.0)s f = for ) = 0 for
all f € X imply that (J}, ,(fr.n) = J'(f*), f* = fir.n) = 0. Moreover, strong

m,h



convexity of J yields the relation (J'(f*)=J'(f, 1) —aa(f*—f 1), f*=Frp) =0
Thus, we get

wlf* = Frnll}y < TrunFun) = 7 P+ 0alf = =

)= I
< m, h(.fm h) J/(f;L h) fm h>
H f h) J/( mh Hy”f 7fmh||ya

which 1mphes the inequality in (15). The equality follows by substituting
T n(Fin) = 725 + 0af7, , and (13). -

Remark 1. Note that ©,0" as defined in Proposition 1, and hence Z, Z', also
implicitly depend on h via the discrete minimizer f7, . In particular, the exact
minimizer f* does not appear in the right hand side of (15). This fact will be
crucial for the ensuing a-posteriori error estimation methodology.

2 A-posteriori QMC error estimation

We develop computable a-posteriori error estimators for the PDE discretization
error and for the QMC-quadrature error, the latter being reliable independent
of the integration dimension s.

2.1 Parametric regularity

To leverage the results from [5,14] and overcome the curse of dimensionality,
we need to quantify the regularity with respect to y € U. To this end, we
write |v| = >, v;, supp(v) = {j : v; # 0} and, given smooth F': U — Y and
veF :={veN:|supp() < oo} we introduce the multi-index notation
Oy F(y) = H]ESupp(y 0,7 F(y) for the derivatives with respect to y. Moreover,
given B = (8;)en € £P(N) for some p € (0,1), n € N and ¢ > 0, we define the
SPOD weights v = (Yu)ucq1:s) Vvia

w= >, (W+n) ]y (16)
ve{l:a}lul jEu

Definition 1. Let ) be a separable Hilbert space, a € N, a > 2. We define the
weighted unanchored Sobolev space W o~ with dominating mixed smoothness
as the completion of C*°(U,Y) with respect to the norm

1l = max 0> >

vCu Vu\v 6{1 a}\“\“|

s

where p = (V\p, ) € F is such that p; = v; if j € u\ v, p; = aif j € v and
p; = 0 otherwise. The inner integral is interpreted as a Bochner integral.

dyU )
Yy

/[ agl"\man)F(y) dy(i:sp\o

_1 l]s—\n\
2°32

The relevance of the space W, o~ in our context is justified by the following
result, which will be the starting point of our analysis. This is a consequence of
the so-called component-by-component (CBC) construction as described in [5,14],
which takes as input s, a, v and m and returns a polynomial lattice P,,.



Theorem 1. Let a € Nya > 2 and F: U — Y for some separable Hilbert space
Y be such that F' € Ws o~ for some weights v of the form (16) for B € ¢*(N),
p € (0,1/2]. Then, there exists a sequence (Pp)men of polynomial lattice rules
such that as m — oo

€u(F) = [ P=g 3 Pl = |7

YyEPy,

S,0,7Y O(b_m)?

as well as for all € > 0

1 1 —zam-—r¢€
Cn(F) =g D FW) =g 20 F@ +IF 0, 007",
yePn, YEPn 1

Here the constants hidden in O(-) are independent of s,m € N and F, but depend
on € and 7. In addition, the point sets (Pm)men can be constructed explicitly by
a CBC construction in O(smb™ + s2b™) operations.

Proof. For the case ) = R, this is proved in [5, Theorem 4.1]. Otherwise, let
v € Y arbitrary such that [[v][y, = 1. Then, 0y (F(y),v) = (0y F(y),v) for all
v € F implies |[(F,v)[|, .~ < [[Fl, - Hence, we reduced to the case Y = R
and by linearity of the integral and the quadrature we conclude. O
Corollary 1. Assume that the PDE (5) satisfies (6) and (7). Then we can
construct polynomial lattice rules (Pm)men (depending on b) in O(smb™ + s2b™)
operations such that for all € > 0 it holds for the BIP

Z =Ty = Ty — T +O02"F°), 2" = Z), = 2y, — Zy, 1 + O,
as m — 0o. The hidden constants in O(-) are independent of s,m € N.

Proof. From [18, Section 4.1], [4, Theorem 3.1] and ! := ][, 00
we have that sup, [|©|, , ., +sup, |©'|; , , < oo for a =1+ |1/p| and some
SPOD weights (16) defined by a sequence 3 ~ b and n = 0. Hence we can apply
Theorem 1 and conclude. O

) Vj! S ‘l/|!7

A similar result can be given for the OCP, based on the results in [8,9].

Corollary 2. Assume that the PDE (5) satisfies (6) and (7). Then we can
construct polynomial lattice rules (Pm)men (depending on b) in O(smb™ + s2b™)
operations such that for all € > 0 it holds for the OCP

Z —Zm = Zmp — Zn1 +O(b2m79), 7' -z =27 —Z | +0b e,
as m — 0o. The hidden constants in O(-) are independent of s,m € N.

Proof. Applying the result of [8, Lemma 4.6] in [9, Theorems 5.4 and 5.6], we
conclude that sup, [|©], , ., +sup, [|[®'[|, , ., < oo for @ = 1+ [1/p] and for
some SPOD weights (16) defined by a sequence 8 ~ b and n = 2. O



2.2 Ratio error estimator

Proposition 2. Assume that the PDE (5) satisfies (6) and (7). Then, for the

BIP and the OCP, we can construct polynomial lattice rules (Py,)men such that
z' Z, 1 Zm1Zt, — ZmZt 4
Z Zm  bZp — Zm1 Zm

) +O(b_2m+8), (17)

holds for all e > 0 as m — oco. The hidden constant in O(-) is independent of
5,m.

Proof. First, Z — Z,, — 0 as m — oo implies that Z,, > Z/2 > 0 for m
sufficiently large. Next, due to either Corollary 1 or 2, for all € > 0 we have

z" Z
Z Zm
(Z'-ZI ) — (Z — Z) 2],
(Z - Zm)Zm + Z’rgn
551 (Z = Zy o + OO 2" ) 2 = 525 (Zin = Zir + O(0727F9)) Z,,
557 (Zin = Zm—1 + O(b~2m4€)) Z,y + Z2,

ﬁ(z/ _Z/

m mfl)
ﬁ(me — Zm—1) + O(b—2m+e)
e (T = Zom 1) 2

_ m +O b—2m+s ]
(L (62 — Zm) + O 2oz, 700

Clearly A,, := ﬁ(me — Zm—1) = Z as m — 00, so that A,, > Z/2 > 0 for
m sufficiently large. Hence, by a geometric sum argument, collecting in B,, all
terms contained in O(b~2™%¢) in the denominator, we obtain for m — oo that

1 _ 1 - k Bm k_ —2m+te
At B Ap 2t (Am> =g, towT.

Therefore, as m — oo

7/ 7! L Z7/n — Z7/n— T L — L Zvln
—__ _"m _ b—l( 1) _ b—l( 1) + O(b72m+€)’ (18)

Z  Zm A AmZm
which, upon rearranging the terms, is the claim. O
z' 7z
Since -7~ Zm =O0((b™™) > O(b=2m*€), Proposition 2 states that
1 Zm-12t — L Zt 4
Eym @I 9 = m m 19
b ( ’ ) me - Zm—l ( Zm ( )

is a computable, asymptotically exact error estimator.

3 A-posteriori FEM error estimation

In practice the parametric solution u(y) € X is not exactly available, and hence
Zm, Z!. are not computable. For any y € U, u(y) will be approximated by the
corresponding Galerkin discretizations uy(y) € X},.



3.1 Ratio error estimator

Let Oy, 0}, Zy, Z;, be defined replacing w and ¢ by uy, gy, in the definitions of
0,0',Z, 7', respectively. Similarly, let Z,, 5, Z], ; be defined replacing u and ¢
by up, g, in the definitions of Z,,, Z! | respectively.

Proposition 3. Assume there exist (p p, C';n,h such that for some ¢ > 0 inde-
pendent of h € H, |Zy, — Zm. 1| < cCm,p and HZ;n — Z':n,h

that G, — 0 as h — 0. Then, there exists hg € H such that for all h < hg

< an,h- Assume

ZinCun + || Zinn| G
<c Y

!
’ Zy _ Zmn
y Z»,%Lh - cCm,th,h

Zm Zm,h

Proof. Due to the limit ¢, , — 0 there exists hy € H such that Z,,, , > Z,,,/2 >0
for all h < hy,h € H. Therefore, we can pick hg € H such that Z,, , > c(m p
for all h < hg,h € H. Thus

(Zn = Zy 1) Zmp = (Z — Zinp) Zy
(Zm - m,h)Zm,h + an,h

Ly

Zm Zm,h

’Zin_Zinh

y

y

Zin = Zya|y 2o+ 12 = Zl | 2|
< H m,h v h I 7h| m,h v
o Z?n,h - |Zm - Zm,h‘ Zm,h

ZinCin e+ || B | Gon

Zg%h - CCm,th,h

<c

O

Due to this result, we are left with the task of finding computable (p, p,

m,h
satisfying the conditions |Z,, — Zm n| < c(m,n and HZ;,L -zl hH <¢(/, , for
hlly ;

some ¢ > 0 independent of m, h. Thus, in the following sections we will provide
such error estimators for BIP and OCP.

3.2 FEM error estimators for BIP

For a finite collection of observation functionals O = (Oy,...,0f) € (X*)K,

define ||O|| 4. = \/fo:l ||(’);€||§(*. The starting point to estimate the FEM error

will be the following well-known result, e.g. [16]. Let {Tx}nen be a family of
shape-regular, simplicial meshes of D and let Py (7;) be the set of piecewise
polynomial functions on 7} of degree at most k € Ny in each T € T},. Let &, be
the set of interior edges of all elements T € Tj,. We assume that X}, := P1(7,)NA,
that f € L?(D) and that a(y) € Wh*°(D). Let hp = |T|*/? for T € T}, and h,
the length of an edge e € £,. Then we define the a-posteriori error estimator

Ty = D [h% 1f + div(a(y) Van(y) 72,

TeTh (20)

_|_% Z he ||[[a(y)vuh(y)]]||iz(e) :

eCOT,ec&},



By [16, Theorem 6.3| there exists some ¢* > 0, only depending on D and the
shape regularity constant of {7y }rem, such that for ally € U and h € H

lu(y) — un(y)llx < " y,n- (21)

For the important special case O € (L*(D))X and G € L?(D) we may derive
sharper estimates. To simplify the presentation, we assume here that the physical
domain D C R? is a convex polygon (see also Remark 3 below), and introduce
the L?(D)—residual estimator

ﬁ;h = Z h%“ Hf:’L,h + dlv(a(y)vuh(y))Hiz(T)
TeThH (22)

+% S B3 () Vur @),

eCOT,ec&y,

The additional factors hr, h. are derived from a standard duality argument, see,
e.g. [21, Section 1.11]. Then, there exists some ¢* > 0 depending only on D and
the shape regularity constant of {7, }rem, such that for all y € U and h € H

[u(y) = un (W)l L2(p) < €y, (23)

Lemma 1. Fix a reqular mesh T of simplices in D and a parameter vector
y € U and assume (21). Then

1©(y) — On(y)| < On(y)(eX" —1) =: Cy,n
holds for
Yo = [0720)| {Ié — O(un(y))lp + % |20 C*ny,h} My

Furthermore, if O € (L?(D))X and G € L?(D), then
©(y) = On(y)| < On(y) (X" —1) = Cyn
holds for

Xy.h ‘= Ffl/z(’)‘ 5 5o
Xy,h H L2(D) C Ny,h| C Ny,h

18- 0t + 320

L2(D
Proof. We define Ay (y) := =5 [ — O(u(y))|t + 3 16 — O(un(y))[. to obtain
O(y) — On(y)| = [O1(y) (@ — 1)] < Oy (y)(e!>@ — 1),

The first part of the claim now follows with (21) since

[An(y)l

IN

% Hr*WoHX* 126 — O(u(y) +un(¥))|r uly) — un(y)l x

[r=20| 16— Oun@)lr lu(y) = un ()]l

IN

1 2 2
5 [r20|| | u) - un@) 1% -

The second part of the proof follows analogously by replacing X by L?(D) and
using (23) instead of (21). O

10



Lemma 2. Fiz a reqular mesh of simplices Ty, and y € U and assume (21).
Then there ezists a constant ¢* > 0 such that for ally € U and h € H

10'(y) = OL W) < Gl x- (" 0y nOR(Y)E™ + Gy [lun(Y)] ) =: Cyn-

Furthermore, if O € (L?(D))X and G € L?(D), then

0'(y) = ©,(Y)] < |Gl 12y (C*ﬁy,h9h(y)e*y’h +lyn ”uh(y)HL?(D)) = Gy
Proof. Since ©'(y) = G(u(y))O(y) = G(u(y)O(y)), we get

10'(y) = ©4,(Y)| < |Gl - [u(y)O(y) — un(y)On(Y)l x
S NG x- (lu(y) = un(W)ll 2 O(y) + llun()ll 2 O(y) — On(y)));

and hence the claim follows with Lemma 1 since O(y) < O, (y)eXv». The second
part of the claim follows analogously by the second part of Lemma 1. O

Remark 2. We remark that the estimates in the proof of Lemma 2 are conservative:
we used that K > 1 in Lemma 1. For K = 1, i.e. for a single observation
functional, goal-oriented AFEM results from [1], and the references therein, may
be utilized to obtain sharper a-posteriori error bounds.

We define (.1, by averaging Cy , for y € P, that is G == 5= > yep,, Syh-
Then we obtain from Lemma 1

| m mh|<72|9 )|<th (24)

yebr,,

Analogously, with ¢, ;, Lemma 2 implies

— 1 /
b LuyEPy, Sy kv

|Zr, — Z} 1] < Z |0 (y W) < G- (25)

yEP

In particular, if we construct 7 such that it also holds 7y, — 0 as h — 0 for all
y € U, the estimates (24) and (25) verify the hypotheses of Proposition 3 with
c=1.

3.3 FEM error estimators for OCP with entropic risk

In the case of OCP we require error estimates for the parametric state at the
discrete optimal control f7, . i.e. u(y) = LY fr, p. and for the corresponding
adjoint state q(y) = a1 LY(LY S, , —4). The error will be measured in the
L?(D)-norm. Again we assume that &}, := P1(7,) N &, that f € L?(D) and
a(y) € WH(D), and that D C R? is a convex polygon.

Lemma 3. Fiz a mesh T, and y € U and impose (23). With the notation of
Proposition 1 and 7y 1, defined as in (22), we have

1O(y) — On(y)| < On(y) (e —1) =: (yn,

where a
Yo 1= 06 (G a1 [ C8 L = ] oy Taen)

11



Proof. By twofold application of the triangle inequality we have

@) = Pngs, @) < G~ LD Fnl )

o |6 = @l oy €% = L0l )

a1 .9 N
<o (Fn+an e, —a

L2(D) ﬁy,h) =: "y -
Note that &, 5, is computable due to Remark 1. Then, it follows with Ay (y) :=
0(®ys: , (y) — Pn gz, (y)) that
10(y) ~ On(y)| = [On) (¥ ~ 1)| < O1 () ~1).
O
Using a residual estimator of the form (22) for the adjoint problem yields
la(y) = an(Y)ll L2y < 2max(c”, 1)c"ijy,p, (26)
where

M=ol Y. [h% lun(y) — @+ div(a(y) Van @)1, (27)
TETh

1 3 2 4\=2
+ 5 Z he H [[a(y)vqh (y)]] ||L2 (e) + (%ne;% hT)ny,h'
eCOT,ec&y,

Lemma 4. Let Y = L*(D). Fiz a mesh T, and y € U and impose (23) and
(26). With the notation of Proposition 1, we have

18°(y) = ©4(W)lly < Cyon llan@)lly + 2¢"On(y)eX iy n =: Gy -
Proof. As in the proof of Lemma 2, we obtain by O(y) < O (y)eXv» that
la(¥)O(y) — an(¥)Or(W)lly < 10(y) — On(W)llan(¥)lly

+0) lla(y) —an(y)ly
< Gy llan(¥)|ly + 2¢"On(y)eXv iy .

O

Remark 3. If D C R? is a non-convex polygon, the reliability assumption (23)
and the corresponding definitions (22), (27) of 7y, 7y, must be adapted by
using weighted L? norms, with weights near the re-entrant corners. We refer
to [22, Theorem 3.1] for a precise result in the case of the Poisson equation.

4 Combined QMC-FEM estimator

In view of Propositions 2 and 3 we employ the computable a-posteriori estimator

Zm,n G p + HZ;@,th Gm,h

ESTim = | Eym @/ ,@ +
b™ h || b ( h h)”y Z,?n’h—cm,hzm,h

(28)

12



Note that the QMC error estimator || Ep=(0’,©)l|;, derived from Proposition 2
is itself approximated by the computable expression ||Epm (©},,05)ll;,- In the
next proposition we precise that the additional error committed due to this
extra approximation is of higher asymptotic order, as m — co. We equip the set
C°(U,Y) with the norm [|F[|, = sup,cp [1F(y)]ly-

Proposition 4. Fiz a family of reqular meshes {Tp}nen such that for some
C > 0 independent of s € N;h € H and some SPOD weights (16), it holds

maX(H@Hs,a,v ) ||®/||s,a,'y ? ||@h||s,a,'y ? H(—);lns,a,'y) S C (29)

Assume that the spaces {Xp}n are contained in X and that they are selected so
that ||© — O]l — 0 as h — 0. Then we can construct a sequence of polynomial
lattices (Py,)men in O(smb™ + s2b™) operations such that, for some hg € H and
some constant C > 0 (independent of m, h,s) we have for any h < hqg that

[ Eem (©',0) = Epm (0}, On)lly,

<O ([1© = Onllo, + 110" = Ohllo + 110 = Onlly oy + 10" = Ol 4 4)-

5,0,y

Proof. Throughout the proof, C' > 0 is a generic constant independent of m, h, s.
We compute the difference of the numerators

Aq = Zm_1Z7/n — ZmZ{Wl — Zm—LhZ;mh + Zm7hZ7Infl,h
= _(Zm - mel)(Z;n - Z;n’h) - (Zm - Zm,h - mel + mel,h)Z/

m,h

=+ (Zm - Zm,h)(Z';n - Z':n—l) + Zm,h(Z;n - ';n,h - Z':n—l + Zvln—l,h)'

We have | Zy, — Zun| < [|© — Op]|. and Hz;,l - Z;n’th < |© - ©|l.. From

Theorem 1, we know that Z,, = Zn,—1 + (O], ., O0™™) and Z}, = Z,_; +
[©ll5 0~ OB™™) as m — oo, with hidden constants in O(-) independent of
s,m, h. Furthermore Z,, — Zpyp — Zm—1 + Zm-1,n = ||© — ®h||s,a,», ob—™),
and Z), — 2, — Zp oy + Zly_1 g = 10/ = 64|, ., O(B™™) also follow by

. 5,00,y
Theorem 1. Therefore, we have

[A1]ly < CO™™ (1O = Onllo + 10" = Ol o +11© = Onlly o + 10" = Ol 4 4)-

5,0,

Next, we define T} := mfl,hZ;n,h — Zm,thln—l,h and obtain the estimate

IT1lly < CI1Onll5 0y + 1O4ll5 4,407 Moreover,

AZ = (me - mfl)Zm - (me,h - mel,h)Zm,h
= (b(Zm - m,h) + (Zm—l,h - Zm—l))Zm + (me,h - Zm—l,h)(Zm - m,h)

gives |Ag| < C||© — O4| - Next, we observe that Ty = (bZm,n — Zm—1,1)Zm,h
is bounded from below away from 0, for h sufficiently small. Therefore, for h
sufficiently small we apply the elementary inequality

1+ T3]
To| (|T2| — |Az])’

HT1+A1 Ty
Th+Ay Tofy

< max([|Awlly , [T1A2(]y)

|

valid for Th,T5, A1, As € R with |Ag| < |T»|, which is satisfied since |Ag| — 0
as h — 0. Combining all these observations we obtain the claim. O
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Theorem 2. For either the BIP or the OCP, assume that D C R? is a con-
vex polygon and that the PDE (5) satisfies (6), (7), f € L*(D) and b’ €
P(N),p € (0,1/2], with V'j = ||¥llyy1,00(py- Let X =P1(Ta) N X for a family
of shape-regular meshes Ty, such that h = maxreT, hr. Then, we can construct
polynomial lattices (Pp,)men such that the estimator ESTym p, in (28) satisfies

< ESTym j, + O(b 2" 4 b= "h),

!
‘Z’_me
y

Z  Zmn

for any e >0 as m — oo, h — 0. The constant in O(-) is independent of s, m
and h, but depends on ¢.

Proof. Since b; < b;-, from either Corollary 1 or 2, there exist SPOD weights ~'
as in (16) with 8’ ~ ¥, such that sup, [|©][, , ., + [|®’|, , ., < c0. Combining
(20) with Lemma 1 and h — 0 we have (,, , — 0 for the BIP case for any m € N.
Similarly, combining (22) with Lemma 3 yields the same observation for the
OCP case. Therefore we can apply Propositions 2 and 3 to get that we can
construct polynomial lattices so that as m — oo

ZinCi + || B | Grn
< 1By (0, 0)]y, +

z Z,
Z +0 b—2m+5 )
’ v Z2 0 = CmnZm,h ( )

Z Zm,h

Next, we say that p € (1,00)N is (b,¢)-admissible if ds1lpy — Yy < e,
see [4]. Then we define Ty o = U, (1 c)aam. {¥ € C° : dist(y;, [—3,1]) <p; —1}.
Following the computations in [2, Theorem 4.1], we obtain for hg € H and ¢ > 0
sufficiently small that supy e, O(y) — Ou(y)|+11€'(y) — ©},(y)ll,, < Chholds
for all h < hg,h € H. By [4, Theorem 3.1], this implies that for a constant C'
independent of h, s,

18 = Onlloe + 110" = Opllg + 110 = Onll 0 p + 16" = < Ch.

Al
s,0,Y hils,a,~’

Thus, (29) and ||© — Oy, — 0 hold, and we apply Proposition 4 to conclude.
O

5 Numerical experiment

We consider the PDE (5) on the physical domain D := (0,1)2, with f = 10, and
parametric diffusion coefficient given by

16
1 Y . .
a(gj7y) = 5 + Jz:; (k21 _|_7jk2,2)2 Sln(k‘jJﬂfl) Sln(kjgl‘g).

The pairs (k; 1, kj2) € N? are defined by the ordering of N? such that for j € N,
1%2',1 + k32‘72 < kJQ 111+ k]2 41,2, and the ordering is arbitrary when equality holds.
We investigate a BIP with observation functional O = (Oy,...,04) € (L?(D))*,
given by O (v) := ﬁflk vdx for v € L*(D) and k = 1,...,4, where I} :=
0.1,0.2]2, I, := [0.1,0.2] x [0.8,0.9], T3 = [0.8,0.9] x [0.1,0.2], I, := [0.8,0.9]2.
We draw a (random) sample of a to compute the "ground truth" of obser-
vations O(S(a)) on a sequence of regular FE meshes of triangles obtained

14



by uniform refinement, with 525.313 degrees of freedom (dofs). We add ran-
dom noise n ~ N(0,0%Z4) to the observations, where o is set as 10% of the
arithmetic average of O(S(a)) € R*. The realized synthetic data is given by
§ = (0.5205,0.5037,0.5443,0.4609) . A well-known issue is that the performance
of ratio estimators deteriorates as ¢ — 0, i.e. as Z — 0, and we refer to Section 6
below for a further discussion on this matter.

Our aim is to approximate E™ [G(u)] by the ratio estimator 7™, where
G € L*(D) is given by G(v) := %f[0_25,0.75]2 vdz for v € L?(D). The FE
mesh and the polynomial lattice rule, that eventually determine h and m, are
refined successively based on the combined estimator in (28). For tolerances
TrEM,TQMmc > 0, we start from an initial FE mesh of D, that is uniformly refined
Zonn o n |1 Zo ||, G

Z?,,/,h,—Cm,th,h
increase the number 0™ of lattice points until there holds |Eym (07, 01)| < Tqmc-
We initialize by a FE mesh with 41 dofs and 0™° QMC points with base b = 2
and mg = 2, and set the tolerances to Trpy = TQumc = 276, To assess the total

’
Zm,h

until the stopping criterion < 7rgn is met. Thereafter, we

. . z! .
realized error, we compute a reference solution 7 by a multilevel Monte Carlo

Z:n,h _ Z;ef
Zom,h Zret
estimator uses 6 refinement levels with 545/525.313 dofs on the coarsest/finest
level, respectively, and uniform (pseudo-) random numbers y. The number
of samples is adjusted to balance statistical error and discretization bias on
each level. The experiment has been implemented in MATLAB using the
MoOAFEM library [11] for the FE discretization. All arising linear systems are
solved directly by the \-operator in MATLAB.

The estimated and realized errors vs. the number of iterations (in the
sense of refinement steps) are depicted Figure 1. Here, the FE a-posteriori
estimator gives negative values on rather coarse meshes, where c*7j, , > 1.
Therefore, we discarded these "pre-asymptotic" values in the plot. We see
that the FE a-posteriori estimator from Proposition 3 is rather conservative at
first, but eventually approaches the actual error for finer meshes. The QMC
estimator |Eym (07, 0})| is of the same magnitude as o at first, and only two
more refinement steps are needed once the FE mesh is sufficiently fine. The
combined error estimate ESTym j, aligns well with the realized error, as expected
from our theoretical analysis.

. The reference

ratio estimator, see [17], and report absolute error ‘

6 Conclusion

In this paper we outlined the construction of an a-posteriori QMC-FEM estimator,
that allows to quantify the approximation error to a) posterior expectation
in Bayesian inverse problems and b) the optimal control under the entropic
risk measure. The estimator is computable and viable for large number of
parameters s and it is asymptotically an upper bound for the errors in a) and b).
Furthermore, the particular ratio structure 27, of the sought quantities allows
to tackle both the BIP and OCP, in a unified manner. In either case, we work
under the assumption that the underlying model is a parametric elliptic PDE
with affine-parametric diffusion. Nevertheless, the present QMC methodology
to high-dimensional integration is applicable to non-affine parametric PDEs
with quantified, holomorphic-parametric dependence, see [4] and the references
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QMC-error est.
= FEM-+QMC-error est.
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Total/estimated errors
o
5
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Figure 1: Results for the QMC-FEM ratio estimator with a-posterior ratio refinement.
First the FE mesh is refined until the tolerance T is achieved (dashed w. circles),
then the QMC a-posterior refinement takes place (dashed w. triangles). The estimated
error (solid w. stars) is conservative for coarse meshes, but eventually approaches the
realized error (solid w. diamonds).

there. Since the error estimators 1y p, 7y n, Ty,n are expressed as sums of local
error contributions for T' € Ty, a possible direction of research is to employ
the presently proposed estimators (y p, C:;,h to steer an adaptive QMC-FEM
algorithm [13].

The performance of ratio estimators in BIPs deteriorates in the small noise
limit T | O resp. in large data regimes with K > 1: the denominator Z — 0
in either case. Nonrobustness of the ration estimators w.r. to I' can not be
overcome alone by the presented techniques. It may be alleviated by applying
the present methodology following suitable re-parametrization of the posterior,
as explained e.g. in [19]. In view of [2], a-posteriori error bounds for multilevel
ratio estimators are conceivable in the uniform elliptic setting of Subsection 1.1.
These extensions have not been included here for reasons of length, but will be
subject to future research.
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