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1 Introduction

PDE-constrained optimization under uncertainty is a rapidly growing field with a number of recent contribu-
tions in theory [9,33,34,36], numerical and computational methods [19,20,32,61], and applications [7,8,
11,51]. Nevertheless, a number of open questions remain unanswered, even for the ideal setting including a
strongly convex objective function, a closed, bounded and convex feasible set, and a linear elliptic PDE with
random inputs.

Broadly speaking, the numerical solution methods available for such problems derive in part from the
standard paradigms found in the classical stochastic programming literature: first-order stochastic approxi-
mation/stochastic gradient (SG) approaches, [20], versus methods that rely on sampling from the underlying
probability measure [61]. The latter approaches are not optimization algorithms per se, rather, they use ap-
proximations of the expectations by replacing the underlying probability distribution with a discrete measure.
This may be obtained either from available data or using Monte Carlo (MC) type methods. The main advan-
tage of the latter is that we may turn to the wide array of powerful, function-space-based numerical methods
for PDE-constrained optimization in a deterministic setting, see e.g., [28].

Nevertheless, as with SG-based methods, the optimal values and solutions of MC-type approximations must
also be understood as realizations of a rather complex random process. In this context, it is helpful to think
of them as mappings from some space of probability measures into the reals (optimal values) and decision
space (solutions). In optimization under uncertainty, stability usually refers to the continuity properties of
these mappings with respect to changes in the underlying measure. As the underlying parameter space is not
a normed linear space, proving continuity and asymptotic properties as n — oo can be a delicate matter. Such
statements require techniques not typically employed in PDE-constrained optimization, e.g., empirical process
theory or the method of probability metrics. Of course, if we can obtain computable quantitative bounds in n,
i.e., convergence rates, then such stability statements can provide us with a priori information regarding the
necessary sample size for an MC-based numerical solution method. These can in turn be linked to the PDE
discretization error for a comprehensive a priori error estimate.

In a recent paper, we provided a number of qualitative and quantitative stability statements for infinite-
dimensional stochastic optimization problems using the method of probability metrics [30]. However, for
the PDE-constrained optimization problem provided in [30, Sec. 7], a major open question remained: Can
we derive a reasonable rate of convergence for the minimal information metric that supports our numerical
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results? Taking this question as a starting point, we seek to answer this by using deep results from empirical
process theory as detailed in [23,64]. The idea to use empirical process theory has been employed in the
stochastic programming literature before, cf. some results in [50, Chapters 6-8]. However, it has not been
used in situations where the decision spaces are infinite dimensional, which presents an additional challenge.
Another approach based on large deviation-type results is employed in the recent preprint [39] in which the
author obtained results that are in parts similar those in the present paper. However, the results in [39] cannot
be used to derive confidence intervals for the optimal values without further assumptions on the integrands.

Convergence statements based on the underlying smoothness of the uncertainty in the forward-problem
have been previously considered in [37]. However, these results do not in fact subsume those found in the
present article. There are a number of significant differences. First, the authors in [37] do not place additional
constraints on the control variables. Therefore, the first-order optimality conditions are coupled systems of
PDEs. Second, the authors use this fact to transform the question of convergence rates of the optimization
problem into convergence rates for the PDE system. Following this, they allow the controls to also depend on
the uncertainty, but they do not include an additional non-anticipativity constraint of the type: u(o) = Eq[u] for
all parameters o. Therefore, the rates no longer apply to the original optimization problem. As a consequence,
our results appear to be the first of their kind for PDE constrained optimization under uncertainty.

The rest of the article is organized as follows. In Section 2 we introduce the PDE constrained optimization
problem (5) with random parameters studied in this article. In addition, we consider a suitable distance
measure for probability distributions. After discussing its basic properties, we recall some results from [30] on
continuity properties of infima and solutions to the stochastic optimization with respect to such probability
metrics. Finally, we prove a new result on Lipschitz continuity for solutions. Section 3 contains the main results
on convergence rates for infima and solutions of Monte Carlo approximations and a central limit theorem
for infima. All results are consequences of empirical process theory. In Section 4 we shortly describe how
subsampling methods can be used to complement the central limit result by deriving confidence intervals for
the optimal values. Finally, in Section 5, we provide a detailed example of how the theoretical results manifest
themselves in practice. This is split into two main subsections. In the first part, we study the convergence
rates predicted by the theory for optimal values and optimal solutions. This is followed by a discussion on the
construction of subsampling bootstrapped confidence intervals and finally, a numerical illustration. We close
the paper by discussing the limitations and possible extensions of our results.

2 PDE constrained optimization under uncertainty

We start by introducing several function spaces used throughout our study. Let (£2, A, 1) be a measure space
with o-finite measure and Y be a linear space endowed with a norm || - ||y. By Lp(£2, A, 11;Y), 1 < p < oo, we
denote the linear space of strongly measurable functions y : 2 — Y such that the integral [, [|y(w)Il} dpu is
finite. As usual we equip this space with the norm

lyllp = ( /| ||y<w>|€fdu)’l’

for p < oo with the usual modification for p = co. In case V = R we will omit V and write L,($2, A, p). If 2 is
a subset of some Euclidean space R" and p = ) the Lebesgue measure, we will shortly write L, (£2). If 2 is a
subset of a metric space and A the Borel o-fileld, we will omit .A. For any set Y we denote by ¢°°(Y) the linear
space of bounded real-valued functions g defined on Y endowed with the norm ||g|loc = sup,cy [g(y)|-

Now, let D C R™ be an open bounded domain with Lipschitz boundary and V = H{ (D) the usual Sobolev
space of (equivalence classes of) functions in L(D) that admit square integrable weak derivatives. We endow
this space with the inner product (u,v)y = [, Vu- Vudz and norm ||ully = /(u,u)y. The topological dual
is denoted by V* = H~ (D) with the usual operator norm || - ||«. In addition, we consider the Hilbert space
H = L?(D) with the inner product (g, h) g = Jp 9(x)h(z) dz. The dual pairing for V,V* is denoted by (-, -).
Let = be a metric space and P(Z) be the set of all Borel probability measures on =. Fix P € P(Z). For the
parametric PDE, we first define the bilinear form a(-,-;¢) : V x V = R

a(u,v;€) = / Z a;j(z,€) du(z) 81)( ) dx 1)

Ox; Ox;
t,j=1

for each ¢ € =. Here, we impose the condition that the functions a;; : D x = — R are measurable on D x =
and there exist L > v > 0 such that

m

Yzyl < Z aij(z,€)yiy; < Lny (vy €R™) )

1,j=1 i=1
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for a.e. x € D and any ¢ € 5. This implies that each a;; is essentially bounded on D x = in both arguments
with respect to the product measure A x P.
We consider the stochastic optimization problem: Minimize the functional

Jws) =5 [ [ o)~ i@ deap() + § [ |z as

= SEpllu() —@%] + =l )

subject to (u,z) € La(Z, P; V) x Z,q, where a > 0, u € H, Z,q denotes some closed convex bounded subset
of H and u(-) solves the random elliptic PDE

a(u(€), v; €) = /D (2(z) + g(z, €))o(z) da @

for P-a.e. ¢ € = and all test functions v € V, where g : D x £ — R is measurable on D x = and g¢(-,&) € H for
each¢ e =.
For P-a.e. £ € = we define the mapping A(¢) : V — V* by means of the Riesz representation theorem

(A(®)u,v) = a(u,v;€) (u,v € V).

Consequently A(¢) is linear, uniformly positive definite (with v > 0) and uniformly bounded (with L > 0) and
the random elliptic PDE may be written in operator form

A u=2z+g() (Pae ecZ).
In addition, the inverse mapping A(¢) ™! : V* — V exists, and is linear, uniformly positive definite (with mod-

ulus L™1) and uniformly bounded (with constant v~1). This allows us to rewrite the stochastic optimization
problem in reduced form over z € Z,4 as:

min{Fp<z> S RCOILORE zad} 5)

with the integrand

72:8) = Sl1A© 7 =+ 9(@) ~all3, + S el

1 _ " _ 2 a
=3 HA(f) e (u—Ae) 19(5))“}{ + §Hz||%[ 6)

for any z € H and P-a.e. £ € 5, where g € L2(=Z,P; H) and A(¢)™! as defined earlier. For each P-a.e. £ € =
the function f(-,¢) : H — R is convex and continuous. For later use we denote the optimal value of (5) by
v(P).

We will need a few properties of the function Fp : H — R. They are collected in the following result which is
partly proved in [30].

Proposition 1 For each P € P(=) the functional Fp is finite, continuous, and strongly convex on H and, hence,
weakly lower semicontinuous on the weakly compact set Z,q. Moreover, there exists an unique minimizer z(P) €
Zaa of (5) and the objective function Fp has quadratic growth around z(P), i.e. we have

8

Iz — 2(P)|l7r < a(FP(Z) — Fp(2(P))) = g(FP(Z) —v(P)) (Vz € Zaa). 7

In addition, Fp is Gdteaux differentiable on H with Gdteaux derivative Fp(-) and the estimate

|Fp(z) — Fp(2)| < sup ||[Fp(z+t(Z—2))|llz—Zlu (8)
t€[0,1]

holds for all z,z € H.

Proof While the first part is proved in [30], it remains to prove the Gateaux differentiability of Fp and the
estimate (8). For any z,w € H we observe that the real function h(¢) = Fp(z + tw) is quadratic for ¢t € R and,
hence, differentiable. This means that Fp is Giteaux differentiable at z. Now, we set w = z — z for some z € H.
Since a differentiable function h : [0, 1] — R satisfies the estimate

|h(1) = h(0)] < sup |n'(1)],
t€[o,1]
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we obtain for h(t) = Fp(z + t(Z — z)) that
W(t) = Fp(z+t(2 = 2))(5 - 2) = /_ Fi(z 42 = 2),) (2 - 2) P(d€) 9

for all t € [0, 1], where f.(-,-) denotes the partial Giteaux derivative of f with respect to the first variable. A
straightforward evaluation shows that

Fo(2,6)(w) = (A() ™ (2 + g(€)) — @i, A(&) 'w) i + oz, whp
holds for all z,w € H, ¢ € =. This proves the desired estimate (8) and shows that its right-hand side is finite.O

Motivated by (5) and (7) we consider the pseudo-metric

(P, Q) = sup
fes

/f ) dP(¢ / ()d@(s)‘ (10)

on P(Z) for studying quantitative stability of (5) with respect to perturbations of the underlying probability
distribution P. Here, § is a class of real-valued Borel measurable functions on =. The notion of pseudo-metric
means that all properties of metrics are satisfied except that dz(P, Q) = 0 does not imply P = Q in general,
unless § is sufficiently rich. These are the typical properties required for probability metrics (see [46]). Such
distances of probability measures were first introduced and studied in [66]. A number of important probability
metrics are of the form dg, for example, the bounded Lipschitz metric and the Fortet-Mourier metrics for which
§ contains (locally) Lipschitz functions. In both cases the class § is rich enough and, in addition, convergence
with respect to dg implies the weak convergence of probability measures. We recall that a sequence (P,) in
P(Z) converges weakly to P iff

hm f &) dPp (€ /f £)dP(€)

holds for all bounded continuous functions f : £ — R. Compared with classical probability metrics we consider
here a much smaller class § of functions, namely, the collection of all integrands in (5)

gmi = {f(Z7 ) S Zad}- (11)

Following [47] we call dg, ., the problem-based or minimal information (m.i.) distance. Convergence with
respect to such distances does not imply weak convergence in general, but the question arises whether it is
implied by the weak convergence of probability measures. It is known that a positive answer depends on
analytical properties of the class §. The following result is classical and due to [59].

Lemma 1 If § is uniformly bounded and it holds that
P({¢ € £ : § is not equicontinuous at £}) = 0,
then the set § is a so-called P-uniformity class, i.e., weak convergence of (P,) to P implies

lim dg(Pp,P)=0.

n— o0
The choice (11) of § leads to the following result proved in [30].

Theorem 1 Under the standing assumptions and with the class §,,; in (11) we obtain the estimates
(@) —v(P)| < dg,,. (P, Q) (12)
2 1
15(@) = =Pl < 22, (P @) az

for the optimal value v(P) and solution z(P) of (5) if the original probability distribution P is perturbed by any
Qe P(=).

Next we collect some properties of the class §,,; and of its elements under Lipschitz continuity assumptions
on the coefficients of the linear elliptic PDE and of its right-hand sides implying that §,,; is a P-uniformity
class (proved in [30]).

Theorem 2 Assume that all functions a;;(z,-), i,j = 1,...,m, and g(=,-) are Lipschitz continuous on = uni-
formly with respect to x € D, and let g € Loo(=, P; H). Then the family §p; = {f(z,") : 2 € Zaq} is uniformly
bounded and Lipschitz continuous on = (with a constant not depending on z). In particular, §.,; is a P-uniformity
class.
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We close this section by extending the Holder stability result (13) in Theorem 1 to Lipschitz stability with
respect to a pseudo-metric of the type (10), but with a class §,; of functions different from §,,;. For deriving
the Lipschitz stability result we do not make use of classical work like, e.g., [1,13], but exploit the fact that (5)
is formulated as an optimization problem with fixed constraint set. Our methodology exploits the quadratic
growth condition of Fp (see Proposition 1) and partly parallels that of [54, Lemma 2.1].

Theorem 3 Under the standing assumptions the Lipschitz-type estimate
12(@) ~ =(P)lln < Sds,.(P,Q) (14)
holds for all P,Q € P(Z), where F4; denotes the following function class on =
Sai = {(A(~)_1(z +9()) =@ ACQ) 'y +alz,h) g 2 € Zaa IR g < 1} : (15)

Proof Let P,Q € P(Z) and z(P), 2(Q) € Zaq the corresponding solutions to (5). From Proposition 1 we know
that Fp has quadratic growth around z(P), i.e.,

S12(Q) = 2(P)llf; < Fp(2(Q)) — Fp(=(P))
< (Fp(2(Q) — Fo(2(Q))) — (Fp(2(P)) — Fo(2(P))),
where we added F(z(P)) — Fu(2(Q)) > 0 to the right-hand side. Now we consider the function 4 : [0,1] — R
given by h(t) = (Fp — Fg)(2(P) + t(2(Q) — z(P))), t € [0,1]. Due to Proposition 1 Fp and F are Gateaux
differentiable on H with Géteaux derivatives Fp and F,. Hence, h is differentiable on [0, 1] and it holds that
|h(1) = h(0)] < supe(o 17 |k’ (¢)]. This implies

(Fp — FQ)(2(Q)) — (Fp — FQ)((P))S sup |(Fp — Fy)(2)(=(Q) — (P))|

2€Zad

<sup [[(Fp — FQ)(2)l12(Q) = 2(P)llm

2€Zaa

We obtain after dividing by ||2(Q) — 2(P)|| g

212(Q) — =(P)lu < sup [|(Fp - F)(2)]
2€Zad

< sup sup

2€Zaa ||h||lp <1

/: Pz 6 d(P - Q)(&)|

where f1(-,) is the partial GAteaux derivative of f with respect to the first variable given in (9). This completes
the proof. 0

Remark 1 An inspection of the proof of Theorem 2 (see [30, Section 6]) reveals that the class §4; of (partial)
derivatives of integrands in J.,; is also a P-uniformity class under the assumptions of Theorem 2.

3 Monte Carlo approximations

Let &1,&9,...,&n, ... be independent identically distributed (iid) Z-valued random variables on some complete
probability space (£, F,P) having the common distribution P, i.e., P = P¢;'. We consider the empirical
measures

Pn() = %2657‘,(') (n S N), (16)
=1

where J; denotes the Dirac measure, which places mass 1 at £ € 5 and mass 0 elsewhere. Based on empirical
measures we study the sequence of empirical or Monte Carlo approximations of the stochastic program (5)
with sample size n, i.e.,

min{ HzOdP()(©) = %Zf(z@(.)) ze zad} . 17)

The optimal value v(P,(+)) of (17) is a real random variable and the solution z(P,(-)) an H-valued random
element (see [6, Lemma II1.39]).
Qualitative and quantitative results on the asymptotic behavior of optimal values and solutions to (17) are
known in finite-dimensional settings (see [16], and the surveys [55] and [43]). Since the sequence (P,(-)) of
empirical measures converges weakly to P [P-almost surely, one obtains the following corollary by combining
Lemma 1 and Theorems 1 and 2.
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Corollary 1 The sequences (v(Py(-))) and (2(Pn(-))) of empirical optimal values and solutions converge P-almost
surely to the true optimal values and solutions v(P) and z(P), respectively.

In this section we are mainly interested in quantitative results on the asymptotic behavior of v(P,(-)) and
2(Pn(+)). This is closely related to uniform convergence properties of the empirical process

{ n()f = Va(Pu() = P)f = —= Zf(fz )Pf)} (18)

fes

indexed by a class § of real-valued measurable functions on = and, hence, to quantitative estimates of

1Gn(llg = sup |Gn(-) f| = Vndg(Pn(), P) = v/n sup |[Pu(-) f — Pf]. (19)
feF fes

Here, we set Pf = [ f(£)dP(¢) for any probability distribution P and any f € §. Since the supremum in
(19) is taken with re{pect to an uncountable set §, it is not necessarily measurable with respect to F. For a
detailed discussion of measurability issues we refer to [57]. For the function classes §,,; and §4;, however, the
situation is very comfortable.

Lemma 2 For the classes § = §m; and § = Tq; the mapping ||Gn(-)||z in (19) is measurable.
Proof If there exists a countable set §o contained in a function class § such that
IGn()llz = IGn()lIz (20)

holds, the mapping |G~ (-)||z from {2 to R is measurable since it coincides with the supremum of a countable
set of measurable functions. For the class § = §,,,; we obtain for f € F,,; = {f(2,-) : 2 € Z,q} that

Pa()f = Pf =2 3 [(.6()) - Pf(z.)
=1

holds for some 2 € Z,4. Next we restrict the condition 2 € Z,q by z € Zy for some countable subset Zy C Z.4
which is dense in Z,4 with respect to | - || g. Such a countable set Z, exists due to the separability of H. Then
the continuity of f with respect to the first component implies that (20) is valid for Fo = {f(2,-) : 2 € Zo}.

For the class § = §4; we argue analogously by using Fo = {f.(z,-)(h) : 2 € Zo,h € Bo}, where f.(-,-) is the
partial Gateaux derivative of f with respect to the first variable and By denotes some countable dense subset
of the unit ball in H. ]

There exist two main approaches to derive quantitative information on the asymptotic behavior of em-
pirical processes. The first consists in the use of concentration inequalities (pioneered in [58] and presented
in some detail in [5]) with applications to bounding (19) in probability. The second relies on the notion of
Donsker classes of functions with applications to limit theorems. In this paper we study the second approach.

A collection § of measurable functions on = is called P-Donsker if the empirical process (18) converges in
distribution to a tight random variable G in the space ¢°°(F), where the limit process G = {Gf : f € F}is a
zero-mean Gaussian process with the covariance function

Ep[G1Gfa] = P(fr — Pf1)(f2 = Pf2)] (f1,f2 €3). 21
The limit G is sometimes called a P-Brownian bridge process in £*°(F).

Remark 2 We will prove that § = §,,,; and § = §; are P-Donsker classes by showing that \/nE[dz(Pr(-), P)]
is bounded (see Proposition 2). From this we deduce the following mean convergence rates

E[dg(Pa(-), P)] = O(n™2). (22)

Together with Theorems 1 and 3 this then leads to best possible mean convergence rates of Monte Carlo
estimates for optimal values and solutions.

Whether J satisfies the P-Donsker class property, depends on its size measured in terms of so-called bracketing
or metric entropy numbers. To introduce these concepts, let § be a subset of the linear normed space L, (=, P)
(for some p > 1) (of equivalence classes) of measurable functions endowed with the norm

e = P\fl”l=(/ )P dP(e) )
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Given a pair of functions I, u € L, (=, P), I < u, a bracket [I,u] is defined by [I,u] = {f € Lp(Z,P) : I < f < wu}.
Given ¢ > 0 the bracketing number Ni(e, 5, || - ||p,p) is the minimal number of brackets with ||l — ul[p, <
needed to cover §. The metric entropy number with bracketing of § is defined by

H[](E,S, H . ”P,p) = logN[](svgv H : HP,p)'

Both numbers are finite if § is a totally bounded subset of L, (=, P). A powerful result on empirical processes
is the following (see [62, Theorem A.2]).

Proposition 2 There exists a universal constant C' > 0 such that for any class § of measurable functions with
envelope function F (i.e., |f| < F for every f € §) belonging to L2 (=, P) the estimate

1
EIGals] <€ [ 1+ (el 5.1 - n2) e |l (23)

holds. If the integral in (23) is finite, then the class § is P-Donsker.

Note that the integral in (23) can only be finite if H{;(c, 3, || - | p2) grows at most like e =# with 0 < g < 2 for
e — +0.

Next we discuss the assumption of finiteness of the integral in (23) in case that § is a bounded subset of
classical linear normed spaces of smooth functions.

Example 1 Let = c R? be convex, bounded with the property = C clint =, k € No and r € [0, 1]. We consider
the linear space C*'" (=) of real functions on = having partial derivatives up to order k such that all kth order
derivatives are Holder continuous with exponent r. Next we use the notation i = (i1,...,iy) with i; € Ny,

j=1,...,d,and |i| = 25:1 i;. Further, Dif denotes

olily

=— 4 e ckr(E),li| < k).
A OLED

D'f
If the spaces are endowed with the norms

I fllk0 = lrir‘lggsgp ID'f(6)]

1 1
IFller = mascsup [ D £(€)] + maxsup PSEZLLE )
i<k ¢ lil=kere €47
where the suprema are taken over all ¢, € in the interior of =, they become Banach spaces. The metric entropy
with bracketing of balls By, ,.(p) around the origin with radius p in CF"(Z) is computed in [31] with respect
to the uniform norm || - jo,0 = || - ||co- The authors show that there exists a constant X > 0 depending only on
d, k, r, p and the diameter of = such that we have for every ¢ > 0

__d_
H[](Ep,]B%k:}r(pL H : HP,Q) < Ke Fir, (24)

where the result from [31] was adapted to the norm in Lo (=, P) (see also [64, Section 2.7.1]). Hence, Propo-
sition 2 can be utilized to show that bounded subsets of C*" (=) are P-Donsker if ¢ < k + r. For the situation
studied in Theorem 2 with & = 0 and » = 1 this means that bounded subsets of C""! (=) are P-Donsker only
for d = 1. Without imposing stronger smoothness conditions on the coefficients in the bilinear form a (see (1))
and the right-hand side compared to Theorem 2, the integral in (23) will not be finite. Hence, one cannot use
Proposition 2 to conclude that § is P-Donsker.

Remark 3 Indeed a convergence rate for the sequence (E[dz(Pr(-), P)]) as in (22) cannot be achieved if § is
the unit ball in %! (=) for d > 1. Then d3 coincides with the Wasserstein metric W; and the Fortet-Mourier
metric ¢; of order 1 (see also [30, Section 4]). Namely, it is shown in [12,18] that the Wasserstein distance
Wp, of P and P,(-) has the mean convergence rate

E[Wp(Pa(-), P)] = O(n™4) (25)

if d > 2, p > 1 and sufficiently high moments of P exist. This rate carries over to the mean convergence rate
of Fortet-Mourier metrics ¢, and of the bounded Lipschitz metric 3 which represents a lower bound of ¢; (see
also [14] for the mean convergence rate of the sequence (E[3(Px(-), P)])).

Next we derive conditions implying that the functions in §,,; and Fy;, respectively, are sufficiently smooth. A
similar result on differentiability of solutions to random PDEs is proved in [10, Section 4] in a different way.
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Theorem 4 Let = C R? be a bounded convex set having the property = C cl int = and let k € N. Let the
assumptions of Theorem 2 be satisfied and assume that, for all u,v € V, the functions (A(-)u,v) and {g(-),v)
belong to C*:°(=). Then both classes §,,; and Fq; are subsets of C*0(=).

Proof The integrands f belonging to §,,; are of the form (see (6))

1 ~
J(2:8) = 5 lu(€) —ally; + =1

where u(£) = A(€) 1 (z+g(€)), £ € =. We begin by showing that, for w,y € V* the mapping ¢ — (y, A(¢) w)

has first order partial derivatives at any £ € int =. We fix £ € int =, j € {1,...,d}, and a canonical basis vector
ej € RY. Then ¢ + he; € int = for sufficiently small |4| > 0 and we obtain for w,y € V*

(y, A(E) T (A(€) — A& + hey))u(h))

(A%, (& hYu,v) = (A (& b)) v, w0 — up)),

(y, (A(E + hey) ™" — A(€) Hw) =

S| =
S = >

where A, (&;h) = A(€+hej) — A(€), up, = A(E+he;) L w, ug = A(€) " tw, v = (A(€)"H)*y € V and (A(6)"1)*
denotes the adjoint mapping to A(§ )~!. While the first summand on the right-hand side converges for h — 0
to the partial derivative (% of (A(-)u,v) at &, the second converges to zero as the left-hand side of the pairing
remains bounded and the right-hand side up — w; converges to zero. Hence, the partial derivative % of

(y, A(-)"w) exists at ¢ and it holds

0

-1 _ o

anj (A()u,v)  (at§).

This identity also shows that (y, A(-) ~'w) is continuously differentiable. The differentiability of (y, A(- ) Lg())
follows in a straightforward way via the product rule. Hence, we conclude that the partial derivative ag f(z)

exists for any z € Z,q. By the same reasoning we can inductively derive the existence of higher order mixed
partial derivatives D'f(z,-) at ¢ for |i| < k and any z € Z,q. We conclude that both classes F,,,; and §g4; are
subsets of C*0(=). m

Remark 4 According to the definition of the mapping A(¢) : V — V* we have

m

(A(&)u,v) = Z/

3,j=1

) ov (:c) 26)

for all pairs (u,v) € V. Due to the uniform ellipticity condition (2) we know that all functions a;; are essentially
bounded. If we assume that all functions a;;(z,-) : & — R, z € D, have continuous mixed partial derivatives
up to order k which are in addition all measurable and essentially bounded on D x =, one obtains mixed
partial derivatives of (A(-)u,v) by differentiating equation (26).

The same is true for (g(-), v) if the functions g(z,-), x € D, have continuous mixed partial derivatives up to
order k which are all measurable and essentially bounded on D x =.

In order to make use of Example 1 we present conditions implying that both classes §,,; and §,; are bounded
subsets of C*0(=2).

Theorem 5 Let = C R? be a bounded, convex set having the property = C cl int = and let k € N be such that
d < 2k. Assume that all functions a;j(x,-) : £ =R, 4,5 =1,...,m, and g(z,-) : = — R, = € D, have continuous
partial derivatives up to order k which are all measurable and essentially bounded on D x =. Then the classes T p;
and §4; are P-Donsker; it holds that

Ello(Pa(-)) = v(P)l] = O(n™
Elllz(Pn(-)) = 2(P)llu] = O(n~

) (27)
) (28)
and the sequence (v/n(v(Pn(-)) — v(P))) converges in distribution to a normal random variable with mean zero

and variance P(f(z(P)))?. Here, v(P) and z(P) are the optimal value and solution of (5), and v(Py(-)) and
2(Pn(-)) are the optimal value and solution of (17), respectively.
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Proof Our assumptions together with Theorem 4 imply that both classes §,,; and §4; represent bounded
subsets of the Banach space C*:°(=). Hence, according to Example 1 the metric entropy with bracketing of
any of the two classes satisfies

_d
Hy(ep, 8, || - |l p2) < Ke &

for some constant K > 0. Since = is bounded, the estimate (23) in Proposition 2 implies
~ 1 d
E[vndg(Pa(), P)] < c/ et
0
for some C' > 0. Since % < 2, the right-hand side is bounded and we have that

E[dg(Pa(-), P)] = O(n" )

holds for § = F,; and § = F4;. Hence, we obtain (27) from Theorem 1 and (28) from Theorem 3. Further-
more, we conclude for § = §m; from Proposition 2 that the empirical process {Gn(-)f = vn(Pn(-) — P)f} ez
converges in distribution to a tight random variable {G f} <5 on (£2, F, P) with values in the space £*° ().
Due to the structure (11) of §, we may also write {Pf};cz = {Pf(z,-) : 2 € Zaa} and {Gf}jez =
{Gf(z,")}2ez.,- This means that Pf may be considered as element of the space ¢°*°(Z,q) of bounded real-
valued functions on Z,4. Correspondingly, Gf may be viewed as random variable in £°°(Z,q4). It remains to
utilize the functional delta theorem (see [53] or [49]) for the infimal mapping
G :°(Zyq) = R, @(h)= inf h(z).
2€Zad

The mapping & is finite, concave, hence, directionally differentiable on ¢*°(Z,q). In addition, & is Lipschitz
continuous with respect to || - ||c 0N Z,q (with modulus 1) and, hence, Hadamard directionally differentiable
(see [52]). The Hadamard directional derivative at ho € ¢°°(Z,q) is of the form (see [38] and the survey [49])

P}, (h) = 15{’8 inf{h(z) : 2 € S(ho,e)} (h € £°(Zaq)), (29)

where S(ho,e) = {2z € Zaq : ho(z) < ®(ho) + €} denotes the e-solution set of hg. If ho is weakly lower
semicontinuous, ho attains its infimum on Z,4. Hence, its solution set S(ho) = S(ho,0) is nonempty. In that
case, it holds

@), (h) < inf{h(z) : z € S(ho)} (h € £7°(Zaq)).

If h is also weakly lower semicontinuous and a sequence (z,) with 2, € S(ho, +) is chosen such that

inf{h(z) 2 € S(ho, 1)} < h(zn) < inf {h(z) . 2 € S(ho, 1)} + L
n n n
one can select a subsequence (zn, ) of (z) that converges weakly to some 2o € S(ho) and it holds

P, (h) = kli_)ngo h(zn,) > h(z0) > inf{h(2) : z € S(ho)}.

Hence, we obtain
@}, (h) = inf{h(2) : z € S(ho)}-

Finally, we set ho(z) = Pf(z,-) and h(z) = Gf(z,-). Since both functions are convex and continuous, they
are weakly lower semicontinuous. In addition, we know that the solution set of hg is a singleton, namely,
S(ho) = {#(P)}. Hence, we have

P}, () = h(z(P)).

Then the functional delta theorem [53, Theorem 2.1] (or [49, Theorem 1]) implies that
Vi(@(Pa(-)f) = B(Pf))) 5 @ (G f) = Gf(2(P)), (30)

where -4 denotes convergence in distribution of real random variables. Hence, the sequence (Vn(v(Pp(-)) —
v(P))) converges in distribution to the normal random variable G f(z(P)) (with mean zero and variance given
by P(f(z(P)))? see (21)). This completes the proof. ]

Remark 5 Note that in the definition of h(z) at the end of the previous proof, we have G(-) f = [.. f(.,£)G(-)(d¢),
where - indicates the dependence on w, which is the space for the corresponding empirical central limit theo-
rem. As such, G(-) plays the same role as P in Pf.
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To establish an extension of Theorem 5 to = = R? let R = Uj<, =; be a partition of R?, where each set

Z; is bounded, convex and has the property =; C cl int =j, j € N. The idea is to apply Theorem 5 on each
subset = of R? and then to apply the argument in [62, Theorem 1.1] (see also [62, Corollary 2.1]).

Corollary 2 Let k € N be such that d < 2k. Assume that all functions a;;(zx,-) : R %R, 4,j =1,...,m, and
g(z,-) : R? — R, z € D, have continuous partial derivatives up to order k which are all measurable on D x =.
Moreover, assume that for each j € N the restrictions to Z; of all functions in both classes §,,; and §,4; belong to
the ball By, o(p;) in Ck’O(Ej) and that the probability measure P satisfies

j=1
Then both classes §.,; and §4; are P-Donsker and (27), (28), and the central limit theorem for optimal values
remain true.

We note that condition (31) represents a quite implicit link between the growth of derivatives of the functions
in both classes with the tail behaviour of P.

Remark 6 Note that Theorem 5 allows to derive asymptotically consistent confidence intervals for optimal
values by using resampling techniques such as bootstrapping [24] or subsampling [45]. Since the Hadamard
directional derivative is linear in the direction in our case, the classical bootstrap can be used. The subsampling
method is more generally applicable than the bootstrap, since the linearity property is not required.

4 Subsampling

The subsampling method [45] is based on sampling and resampling, but resampling is performed repeatedly
without replacement and with a lower sample size b = b(n) € N, b < n. For some sufficiently large n, let
&1,...,&n be an iid sample from P. Let P, be the empirical measure and v(P,) the corresponding optimal
value of (17). Based on the samples &, ...,&n, drawn from {1,...,n} with cardinality b, we consider the
corresponding empirical measure

P*(n1 li
) >3

and the optimal value v(P*(ni,...,n)). The subsampling method estimates the limit distribution of ¢ =
p f(G f) (see (30)) based on both optimal values. It is justified by the limit theorem [44, Theorem 2.1]
which reads in our framework

-1
" d
(b) Z 6{\/1;(11(P*(7L17.,_,nb))_v(pn)>} —>< (32)

1<n;<...<np<n

for b,n — oo and b/n — 0. The number of summands in (32) becomes extremely large as n and b grow.
However, the result remains valid if a number m = m(n) is chosen and the sum over all possible subsets is
replaced by the sum over m randomly chosen subsets of {1,...,n} of cardinality b: Let N;L’b c {1,...,n} be
randomly chosen with cardinality #N;”b = b for j = 1,...,m. Then with P; (N;L’b) denoting the empirical
measure based on {§; : i € Nf’b} we have

1 & d
E;5{¢B(v<P,:<N;“b>>fv<Pn>)} —¢ (33)

for b,n,m — oo and b/n — 0 [44, Corollary 2.1].

This suggests the following procedure to determine confidence intervals for v(P): Given n,b,m € N, b < n,
sufficiently large and a sample &1, &, ..., &n from P. Compute v(Py). Resample from P, without replacement
with sample size b < n to obtain {¢; : i € N ®}. Compute v(Py (N N™b)) and repeat this m times. Let

Lm (t c R) .

= Z {VB(o(Py (N} ") —u(Pu)) <t}

Choose a € (0,1) and calculate the quantile ¢7_, ,,, = inf{t : Lm(t) > 1 — o} of Ly,. Then we obtain for the
asymptotic coverage probability of v(P)

n,rlrllgoop {\/’E(U(Pn) - 'U(P)) < Clkfoc,m} >1-a
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5 Numerical Experiments

In order to illustrate the theoretical results, we provide several numerical experiments. For simplicity, we
restrict the spatial domain to be the two dimensional unit square and construct examples that are flexible in
the number of random variables and smoothness in the coefficients.

5.1 Experimental Rate of Convergence
We provide here both plots and experimental rates of convergence using a simple logistic regression scheme.
5.1.1 Example Problem

Set D = (0,1)? and = = [0, 1]%, where d = 2%, g € No. Next, partition the interval [0, 1] into d closed intervals
D; (i=1,...,d) of the form
let x; be the associated characteristic function, i.e., x;(x) is 1 if z € D; and 0 otherwise.

To define the random coefficients inside the differential operator, we first define the mapping a : D x R? —

R by
d

a(z,m) = (ni + 10222 +10%)x;(21).

i=1
where z € D and n € R?%. Next, define wy, : R? — R% for each k = 0,1,2,... by
(wi(€)); = (& —107) max{0,¢; =107} j=1,....d,
where ¢ € = c RY. Using wy,, we define the parametric coefficient mapping ay, : D x = — R by setting
ag(z,€) = a(x, w(£))
For a fixed smoothness parameter k € {0,1,2,...,} and everyi,j € {1,...,m} and ¢ € =, we will use
aij(r,§) = ap(z,§).

Note that if £ = 0, then a;;(x, ) is only Lipschitz in £. However, for k = 1,2,... and fixed « € D, ay, (w,j is in
C*(2). In light of these modelling choices, we consider the bilinear form

an (,0:€) = /D ar (2.€)Vu - Vo da,

where u,v € H§(D), € € =.
For the right hand side of the differential equation, we introduce an additional parametric dependency in
the form
g(z,v) = sin(2z1) sin(2z2) + 10~ v
where (z,y) € 2 and v € R. For readability, v is understood to be part of the vector ¢ and = will be henceforth
a subset of R%*1. Given z € L?(12), we then define the random elliptic PDE in weak form as in the main text:

ar (u(€), v; €) = /l')<z<x>+g<x,5>>vdm, (34)

where the solution and test functions are assumed to satisfy u(¢),v € H§(£2). For three randomly chosen
vectors £1,£2,&3 € £ and z = 0 and we plot the resulting solutions in Figure 1 to highlight the significant
spacial variability in the uncontrolled solution.

For this example, we again define the objective function by 7 (u, 2) as

J (u, z) ::%/E/D\u(x,f)—ﬂ(x)‘dedP(f)—i—%'/D |2(z)|? da

We set o > 0 and @ = 1/2. Whereas comparatively smaller values of o generally affect the number of semis-
mooth Newton iterations to reach a desired tolerance, the choice of u,; appears to have little effect on the
performance. A constant function also allows us to, at least visually, judge the quality of the optimal solution.
We define the control constraints by

Tad = {v € L2(D)|-3/4 < v < 3/4 ae. D} .

Again, the choice of bounds is merely for illustration.
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Fig. 1: Uncontrolled, random states: Three realizations of u(¢) computed by setting z = 0 in (34).

5.1.2 Solution Algorithm

We describe the solution algorithm used in the statistical experiments here. For fixed n € N, we let £1, &3, ... be
iid =-valued random variables on a complete probability space (12, F, P) with common distribution P = Po¢; *.
For the numerical experiments, the random parameters in a;, are assumed to be uniformly distributed on [0, 1]¢
and the single random variable in g is uniformly distributed on [-1, 1].

For the numerical solution of (34), we use a standard H'-conforming P1-finite element discretization,
where the domain D is triangulated by a uniform mesh rule. The theoretical optimality conditions indicate
that the optimal solutions z(P), z(P,) share the same regularity as the adjoint variable, which incidentally is
also in H§ (D). Therefore, we discretize the control variables in the same way as the state and adjoint state.

The favorable structure of the optimization problem lends itself nicely to the application of a semismooth
Newton/primal-dual active set strategy to compute z(P) and z(Py), cf. [29] or [60] . We recall several details
of this method here for the fully continuous setting.

The unique optimal solution 2 satisfies the nonsmooth equation in L?(D)

z—=Projy (2 —c(Ep[A(z)] + az)) = 0. (35)

Here, ¢ > 0 is any positive constant, Proj,  is the metric projection on Z.q, and A(z) is the adjoint state
mapping. For fixed &, A(€) := A(z, £) satisfies

A& = AT (=TulATHO (2 + 9(), 2)) = —ATHOATH(E) (2 + 9(€)) — @)
Under the standing assumptions, we can rewrite (35) as
F(2) :=z—min{3/4,max{—-3/4,z — c(Ep[A(z)] + az)}} = 0. (36)

It is straightforward to argue then that Ep[A(-)] is smooth from L?(D) into L”(D) with p > 2. Moreover,
taking ¢ = o~ !, we can remove z from inside the projection operator and finally, we can argue that the
nonsmooth superposition operator composed with Ep[A(-)] satisfies the necessary “norm-gap” condition that
allows us to apply a semismooth Newton method in function space. Given z;, € L?(D) such that || F(z)| 1> #
0, the step calculation for solving (36) amounts to finding 6z € L?(D) such that

G(2;)0z = —F(z1),

where (pointwise a.e.) we have

6z(x) if 21, (z) — c(Ep[A(2)](z) + azi(z)) > 3/4
[G(2r)d7](z) = 5z(x) if 2. (x) — c(Ep[A(2)](z) + azx(z)) < —3/4
c(Ep[A'(2)d2] + abz) else.

Consequently, the structure of the residual mapping F(z) provides the following reduced iteration:

1. Given z;, € L?*(D) such that || F(z)| z> > 0 compute

A :={zeD |2k (z) — c(Ep[A(2)](x) + azi(z)) > 3/4}
Af, :={z € D|z(2) — c(Ep[A(2)](x) + azp(z)) < —3/4}
T =D\ (A}, U A?)

2. Set
Oz = 3/4 — z, on A}C,

Sz = —3/4— 2z, on Aj.
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1.070.0

(a) Optimal control z(Py,). (b) Average controlled state.

Fig. 2: Optimal solution and average states: Figure 2a shows the optimal control computed for a ran-
dom sample of size n = 500 on a uniform mesh with 16129 degrees of freedom. Figure 2b shows the
effect this optimal control z(P,) on the state variables u(¢) for a new sample of size 500 by computing

LS AE) T (=(Pa) + 9(&))

3. Solve for 6z 7z,
Ep[A'(21,)02|z, ]|z, + adzlz, = —[Ep[A(2p)] + azillz, — [Ep[A'(2k)02| 41 pa2 ]Iz,

4. Set zj,1 = zj, + t0z for some damping factor ¢, > 0 (e.g. t;, = 1).

In Figure 2, we have plotted the result applying this scheme to our problem with « = 1, n = 500 and a
mesh defined by 128 x 128 grid. This corresponds to 16129 degrees of freedom for the control variables z and
approximately 8 million degrees of freedom for the state variables associated with the 500 elliptic PDEs. The
average controlled state is much closer to the desired state of & = 0.5 than observed in the uncontrolled states
in Figure 1. We also note that the active set .A? is nonempty and appears to have positive Lebesgue measure,
thus indicating that the equation (36) is indeed nonsmooth at the solution.

5.1.3 Details of the Implementation

The algorithm was implemented in the programming language Julia, [3], using the finite element package Gri-
dap, [2]. Julia’s multithreading capabilities allow us to easily parallelize what are usually the most expensive
parts of a PDE-constrained optimization code, e.g., state, adjoint, and sensitivity equations, as the equations
for individual samples ¢; do not need to communicate. The n-instances of the random stiffness matrices for
any given run of the algorithm are assembled and pre-factorized using a numeric factorization. The corre-
sponding objects, which are repeatedly used in the optimization algorithm, are then cached. The generalized
second-order derivatives needed to solve for the Newton step are only implicitly available. We made use of the
efficient computation of Hessian-vector products in our setting as detailed in [28, Chap. 1.6.5] and applied a
standard CG algorithm, [27], to solve the linear system for the step calculation §z;. We (heuristically) chose
¢ = 1073 as the scaling factor for determining the active and inactive sets and the damping factor t;, = 1.01 or
1.00. For the stopping criterion, we used an absolute and relative tolerance of 10~® for the discrete L?-norm
of the residual. With these parameters, the semismooth Newton method was very robust and converged in no
more than 10 iterations on average, often much less.

5.1.4 Results

We use the following strategy to compute experimental convergence rates for the optimal solutions and opti-
mal values. Fixing a mesh, we choose a maximum sample size, in our case n = 500, and solve the optimization
problem using the solution method detailed above. This yields a “true” solution z( P, ) and optimal value v(Py).
We select smaller sample sizes m = 1,..., M, with M = 100 and resolve the optimization problems to obtain
2(Pm) and v(Py,). For each m, we repeat the experiment 100 times and generate a sample of solutions and
optimal values {(z(Pp, ;), u(Pm’j)};Ozol. The values of ¢ used in these experiments are “out of sample” in that
we do not use subsamples of the same data that was used to compute z(P,) and v(P,). We then compute
and save the values ||z(Pp, ;) — z(Pn)l|lz2 and [v(Pp,, ;) — v(Pr)|. We plot these results in Figure 3, where the
horizontal axis corresponds to o = 1,...,100 and each dot represents ||z(Py, ;) — 2(Pn)| 12 (left subfigure)
and |v(P,, ;) — v(Pr)| (right subfigure), respectively. Finally, we use a simple application of logistic regression
on these values to compute experimental rates of convergence, this yielded:

|12(Pm) = 2(Pa)l 12 () € O(m™**%%%%) and [v(Pm) — v(Pn)| € O(m ™),
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(a) Statistics of ||2(Pm) — 2(Pn)llL2(02)- (b) Statistics of |v(Pr,) — v(Py)|

Fig. 3: Stability statistics: Experimental convergence rates of the optimal solutions and optimal values. A
coarse uniform mesh was chosen that corresponded to 900 degrees of freedom was used. Figure 3a exhibits
an experimental rate of ||z(Pm) — 2(Pn)llr2(0) € O(m™?%%%%). Figure 3b exhibits an experimental rate of
[v(Pm) — v(Pn)| € O(m™0-06035),

which is within the theoretical bounds. It is important to mention that there are many factors that would
cause a deviation from the theoretical value of —1/2, among them we note: the discretization error due to
the finite element method, the use of an iterative solver to compute the steps §z;, the size of n and m used
to approximate the convergence rate, and that each subproblem for both z(P,) and z(P,, ;) is a random
realization of the true problem.

5.2 Subsampling Bootstrapped Confidence Intervals
5.2.1 Background and Computational Method

As discussed, it is possible to use subsampling techniques to provide experimental confidence intervals for the
optimal values. The theory of subsampling makes very few assumptions and can be widely applied. We briefly
review the numerical procedure and its justification. Afterwards, we provide several numerical experiments
to give the reader a better idea about the behavior of the sample size n, subsample size b, and number of
subsamples m in practice.

According to Theorem 5 and Corollary 2, we can argue that

Vi(u(P) = v(P)) <5 N (0, P(f(2(P)))?).

Since v(P) and P(f(z(P)))? are not available to us, it is essentially impossible to make use of this in practice.
The subsampling-based bootstrapping estimates v(Pf{(N;’b)) can be used instead based on several direct
applications of the calculus of stochastic convergence. We refer the reader to [4] or [63, Chap. 1 and 2] for
details.

We sketch the arguments in [45, Chap. 2], especially [45, Thm 2.2.1], which rigorously justifies the
procedure. To this aim, assume that n,b are chosen such that vb/\/n — 0. From a sampling perspective,
\/E(U(P;{(N;“b)) — v(P)) also converges in distribution to N (0, P(f(z(P)))?) as b — -+oo. Moreover, as ob-
served in [4, pp. 26-27 and pg. 28 Problem 1.], we can deduce

VBo(Pr) — o(P)) = —%mv(zﬂn) o)) L0,

where —v/b/+/n can be thought of as a (degenerate) random variable that converges in distribution to zero.
In fact, the previous statement holds for the stronger notion of convergence in probability. Consequently, we
have

VB(u(PE(NI") = o(Pa)) = VB(u(P(NI) = o(P)) = Vb(u(Pa) — v(P)) 5 N(0, P(f(2(P)))?).
This follows from the fact that \/B(v(Pi;(Nj’.l’b)) —v(P)) — 0 in distribution, —vb(v(Py,) — v(P)) — 0 in

probability, and [4, pg. 28 Problem 1.] or alternatively, using —v/b(v(P,) — v(P)) — 0 in distribution and the
continuous mapping theorem.
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vb(6*_b-8_N)

Fig. 4: Box plot for the subsampling bootstrapped statistic \@(v(Pn*(N;L’b)) — v(Py)) for a mesh of size 32 x
32 using n = 2000, b = 1000 5 = 1,...,m with m = 1000, o = 0.05.

Next, let F' denote the cumulative distribution associated with some random variable U ~ A(0, P(f(z(P)))?)
and fix a € (0, 1), a confidence level. In addition, let L,, ; be the empirical cumulative distribution associated

with \/E(U(P;:(N;L’b)) — v(Py)) for some sample j = 1,...,m. For large n,
F~H(a/2) < v/n(o(Pn) —o(P)) < F~'(1 - a/2)
holds with probability 1 — «. Similarly,
Ly 1 (0/2) < Vau(Pa) = v(P)) < L, (1 - a/2),

holds, as well (with probability close to 1 — «), see [45, Thm 2.2.1 (iii)]. Combining these observations, we
can now compute 1 — o confidence intervals [c,, , o, Cn,b,o] O v(P) by setting

Capa = v(Pn) = 2L (0)2)
e = 0(Pn) —n 2L (1 - a/2).

5.2.2 Results

We illustrate the computational method presented above here. The theoretical results are asymptotic and
we require a large amount of computational power to generate the subsampling bootstrapped statistics. For
example, a single run of the semismooth Newton algorithm, which only requires eight to ten Newton steps,
may need several million PDE solves. To understand this fact, we note that each CG iteration requires, in a
general setting, four PDE solves per sample plus two initial PDE solves (per sample) for the computation of
the nonlinear residual. Our CG implementation typically reached a tolerance of 10~% after 25-30 iterations.
Consequently, we only show results for a rather coarse mesh of size 32 x 32. For the sampling-based quantities,
we set n = 2000, b = 1000, m = 1000 and we consider a confident level of 95 (o = 0.05 in the preceding
computation). This provides the following lower and upper 95% confidence bounds

Cn o = 0.089148 and 2, 4, = 0.090720.

The individual statistics are plotted in Figure 4. In addition, we resolve the original problem 100 times for
samples of size n = 2000 to compute“hit-or-miss” statistics based on how often the new optimal values fall
between the confidence bounds. In this setting, the out-of-sample optimal values were within the bounds 84
out of 100 times. We would also like to note that our experiments indicated a deeper connection between
n, b, m and the mesh size. For the values of n, b, m used here, we observed more “hits” for coarser meshes. The
quality quickly degraded as the mesh became finer. A deeper study of this relationship goes beyond the scope
of the current text, but will be the source of future work.
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6 Discussion and conclusions

In this paper we studied Monte Carlo methods for solving a stochastic optimization problem with linear
quadratic risk-neutral objective function, a linear elliptic PDE with random coefficients and convex control
constraints. Based on empirical process theory we were able to show that both optimal values and solutions
converge in mean with the best possible convergence rate O(n’%) if the coefficients of the PDE are sufficiently
smooth. The required degree of smoothness is related to the finite dimension of the random parameter. In
addition, the optimal values satisfy a central limit result which enables the derivation of confidence intervals
by resampling.

Our methodology is no longer successful if the optimization model (5) contains random convex control
constraints that correspond to state constraints in the original stochastic optimization problem (35), (4). It
also fails if the risk-neutral expectation in the objective is replaced by some convex risk measure. Although
such risk measures preserve convexity, they typically introduce nonsmoothness as, for example, in the case of
so-called Conditional or Average Value-at-risk CVaR. In this case, problem (5) would be of the form

min { CVaRe(/(z, ) = jnf {1 + ilﬂ/gmax{o,f(z,g) ~0dP©)} 2 € Zu ) 37)

for some « € (0,1) and f defined in (6). Hence, the corresponding minimal information distance is based on
a class § of functions that is no longer smooth as needed for our main result (Theorem 5). The classical way
for reformulating (37) into a smooth optimization problem was suggested in [48] and leads to

min {# 41— [ V() AP() - y(&) > [(,6) —1, 4(€) 2 0, 1 € Ry, 2 € Zoa )

and, thus, to an optimization model with random convex constraints. A possible way out consists in the
approach of smoothing CVaR as suggested in [33,35].

Finally, we mention two possible extensions of the results in this paper. The first extension consists in

introducing a random mapping B(§) : H — V* and by replacing z in (4) by B(&)z. If one requires that the
function (B(-)z,v) is sufficiently smooth on = for all z € Z,4, v € V, the function classes F.,,; and §g4; have to
be modified, but the main results carry over.
A second extension concerns the finite dimensionality of = in Theorems 4 and 5. In our earlier paper [30]
and in Section 2 the set = represents a metric space. Hence, the general stability results (Theorems 1 and 3)
enable the use of probability measures on infinite dimensional spaces. For example, this allows to consider
the Karhunen-Loéve expansion of a centered stochastic process {£;}.cp with probability distribution P on
Z = Lo(D), finite second moments and continuous covariance function K (z,y) = E[¢z &], z,y € D, which is
of the form

& = Z Zjej(x) (z € D). (38)

=1

Here, (e;) en is an orthogonal system in H = L2(D) and (Z;) e is a sequence of centered, uncorrelated real
random variables (see [56] and references therein). A truncated version of (38) with d summands can then
be used for Monte Carlo sampling and the truncation error be estimated by the distance dg or possible upper
bounds.

The literature on uncertainty quantification is abound with many techniques whose origins can be traced
to the original Monte Carlo approach. For example, there are multi-fidelity methods, see e.g. [41,42] and
references therein, and multi-level Monte Carlo, see e.g., [21,22] and the references therein, as well as the
pioneering work by S. Heinrich et al., e.g. [25,26]. These methods are all useful for increasing the scale, effi-
ciency, and application to more complex examples of the numerical experiments in Section 5. The techniques
themselves are often used for the approximation of random and parametric partial differential equations or
functionals of the solutions, not typically for optimization problems or their solutions/optimal values. In some
sense, the estimator \/E(U(Pf{(N;.”b)) — v(Py)) can be thought of as a multifidelity estimator for the true op-
timal value as it uses a) finite-dimensional approximations of the underlying partial differential equation and
b) two samples to estimate the underlying probability measures (P,,T(N;"’ ) and P,). The fine mesh, large

sample estimate v(P,) is a “high fidelity” approximation and the many subsampled estimates v(P;; (N ;”b)) are
“low fidelity” approximations. Using the subsampling bootstrapping analysis above, we are able to derive a
central limit theorem for the centered approximation of v(P). An interesting future research direction would
be to investigate to what extent one can use subsampling bootstrapping techniques in the context of other
multifidelity approaches, e.g. for the problems considered in [40].
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