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CHANCE CONSTRAINED OPTIMIZATION OF ELLIPTIC PDE
SYSTEMS WITH A SMOOTHING CONVEX APPROXIMATION*
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Abstract. In this paper, we consider chance constrained optimization of elliptic partial differential
equation (CCPDE) systems with random parameters and constrained state variables. We demonstrate
that, under standard assumptions, CCPDE is a convex optimization problem. Since chance constrained
optimization problems are generally nonsmooth and difficult to solve directly, we propose a smoothing
inner-outer approximation method to generate a sequence of smooth approximate problems for the
CCPDE. Thus, the optimal solution of the convex CCPDE is approximable through optimal solutions
of the inner-outer approximation problems. A numerical example demonstrates the viability of the
proposed approach.
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1. INTRODUCTION

Many engineering processes can be described by partial differential equations (PDEs). Examples of such
processes are found in physics, biology, chemistry, fluid dynamics, thermodynamics, finance, and many other
disciplines (see, for instance, [28, 44, 47, 57]). Frequently, a PDE model contains parameters, for example,
describing heat capacity, diffusion, viscosity, hydraulic conductivity, pressure, permeability, etc. These param-
eters are usually difficult to precisely determine, i.e., they vary randomly as well as spatially and, therefore,
can be considered as random fields. In addition, such processes may be influenced from uncertain environment,
e.g., ambient temperature and pressure, which are modeled as random forcing terms of the PDE system. All
these uncertainties may have non-negligible effects on the process. Therefore, stochastic optimization methods
are needed to gain optimal as well as reliable solutions for processes governed by PDEs under uncertainty.
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When a PDE model involves random parameters and/or random forcing terms, the states of the system
become random. There have been many studies on statistical simulation and uncertainty quantification of PDE
systems under uncertainty (e.g., [6, 7, 8, 24, 42, 45, 64]).

Recently, optimization of PDE systems with random parameters has gained increasing attention. The authors
in [14, 15] studied optimization of parabolic PDEs in the context of reaction-diffusion processes with a tracking-
type objective function, where diffusion and reaction coefficients were considered as random fields (see also [13,
16] for a steady-state (i.e., elliptic) PDE consideration). In [59] a parabolic PDE system concerning stochastic
inverse heat conduction problems was investigated, where the thermal conductivity and heat capacity coefficients
were assumed to be random fields. In [48] the authors studied optimization of thermal processes described as
parabolic PDEs by considering uncertainties in the thermal conductivity, convective heat transfer coefficients,
initial data of the process as well as control variables. The work in [4, 49] investigated optimal shape design
problems with elliptic PDE models, where uncertainties arise from material, geometrical and loading properties.
In [2, 40, 41] the authors considered mean-variance risk-avers objective functions for the optimization of elliptic
PDE systems with random data. Various numerical methods were also investigated for the solution of elliptic
PDE optimization problems with random coefficients, e.g., sparse grid stochastic collocation ([38, 39, 43, 58]),
reduced basis ([19]), finite element approximation [32, 60], etc.

Despite the fact that the state variables of most practical processes are constrained, almost all of the above
studies have not considered state constraints with the exception of [23] and [52]. In [23] the authors studied
continuity and convexity of chance (probabilistic) constraints in infinite dimensions (see also [62] for differentia-
bility analysis). The work [52] studies a feedback control design for a state-constrained parabolic PDE system
with distributed, but bounded uncertainties. Instead of probabilistic state-constraints, feedback control was
designed using a min-max (robust or worst-case) approach, i.e., the state constraints are required to be satisfied
for almost all realization of the uncertain variables. Nevertheless, detailed theoretical investigations as well as
numerical solution methods for state-constrained optimization of PDE systems with random parameters still
remain open.

In this work, optimization of elliptic PDE systems with random coefficients and random forcing terms is
considered. In particular, inequality constraints on state variables of such systems are formulated as chance
(probabilistic) constraints, leading to a chance constrained optimization (CCOPT) problem of elliptic PDEs
(CCPDE). Considering a tracking-type objective function, we demonstrate that this kind of optimization
problems is convex under standard assumptions on the uncertainties.

Since chance constrained optimization problems are in general nonsmooth and intractable, we propose
smoothing inner-outer approximations for the CCPDE, where the outer-approximation problem is shown to
be convex. The feasible sets of the approximating problems converge asymptotically to the feasible set of the
CCPDE.

Moreover, the cluster points of the solutions of the approximating problems are also shown to be solutions of
the CCPDE. Furthermore, for a convex CCPDE problem, the solutions of the smoothing outer-approximation
problems converge to the solution of the CCPDE with respect to the approximation parameter. As a result,
the smooth parametric PDE optimization problems are solved to obtain approximate optimal solutions to the
CCPDE. The viability of the proposed approach is demonstrated through a numerical example. This work
extends our recent research findings in [26, 27] with respect to finite dimensional chance constrained optimiza-
tion problems to infinite dimensional CCPDE problems. We point out to our readers that recent numerical
considerations in [21, 31] w.r.t. finite-dimensional CCOPT are also potential extendable for CCPDE.

The rest of the manuscript is organized as follows. Section 2 states the CCPDE problem to be investigated.
Section 3 briefly summarizes the conditions for unique solvability of elliptic PDE systems with uncertainties
and investigates the convexity of the chance constraints as well as that of the objective function of CCPDE.
Section 4 discusses convexity and differentiability properties of the parametric function for smoothing inner-
outer approximation of CCPDE. Specifically, Section 5 verifies that the optimal solution of the convex CCPDE
is approximable through optimal solutions of the inner-outer approximation problems. A numerical example in
Section 6 demonstrates the viability of the proposed approach. The paper concludes with Section 7 by providing
conclusive remarks.
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2. PROBLEM DEFINITION

Let (2, S, Pr) be a complete probability space with the sample space 2, probability measure Pr : Q — [0, 1]
with Pr(Q2) = 1, and the set of events S representing a o-algebra on 2. In the following, an expression which
is valid with probability 1 or almost everywhere (w.r.t. the underlying probability measure) is said to be valid
almost sure, briefly, a.s.

We consider the optimization problem

[t

. P
(ccPpE)  min {E[ly = valliy )] + EllullZco }

(2.1)
st. — V- (k(z,§Vy(z)) = f(u,z,§), forx € D, £ € Q as., (2.2)
y(x)|a:eaD =0, (2.3)
Pri{y(z) < ye()} > o,z € D, (2.4)
ueU, (2.5)

where D C R™ is a given bounded convex open spatial domain with boundary dD. The dimension n > 2 is
fixed, p > 0 is a given regularization constant, D, is a given compact subset of D,' V represents the gradient
operator w.r.t. x € R" in the weak sense of Sobolev spaces. The functions y., y4 are given continuous functions in
H}(D) = {g € W3(D) | g(z) =0,z € dD} with Hj (D) being a closed subspace of the Sobolev space H (D) =
W12(D).2 With < h,g > pgi(py and < h, g >p1(p) we denote the related standard scalar products (see e.g. [1, 17]
for more details on Sobolev spaces).

The right hand-side of the PDE system (2.2) is assumed to be a functional over some L? space, for any fixed
u and &. Hence, the analysis of the existence of a solution to the PDE, for a fixed u and &, requires the H?(D)?
space with the related norm || - || z2(py.

In addition, the following separable and reflexive Bochner space W := L (Q; W(D)) indicates the fact that
the mapping from the probability space belongs to some separable and reflexive Sobolev space W (D). We define

L(;W(D)) := {v : Q — W(D) : v is measurable, |[v||%, = /Q ||v(~,§)||%V(D)¢(£)d§ < +oo} (2.6)

and use the separable and reflexive Bochner spaces
L:=L (% L*D)), H:=L(QH)D)), G:=L(Q,HD)). (2.7)

Measurability here refers to strong measurability which is equivalent to weak measurability for separable
spaces (see e.g. [30], Sect. 3.5 Cor. 2). Furthermore, the following scalar products and norms are used

(a, bz = /Q /D alz, €)b(x, €)dzd(€)de, [lal2 =< a,a >c | (2.8)

(a, by = / /D (Va(z, €)TVb(z, O)dad(€)de,  [la|2 =< a,a >, (2.9)

respectively, for a,b € £ and a,b € H.

IThe closure of D is denoted by D.
2The space H! (D) is a Hilbert space with norm || - [l 1 (py- It is the completion of CY(D) w.r.t. the norm || - |z (-
3Note that Hé is necessary for existence, but because of f € L? the solution lies also in H?2.
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That is, if v € H, then v(-,¢) € HY(D) and E [||v(~,§)\|§{3(D)
E[] is taken with respect to the probability space (€2, S, Pr) and the probability measure possesses the Radon-
Nikodym derivative ¢ w.r.t. the Lebesgue measure p, i.e., dPr(§) = ¢(£)du(§). Furthermore, we suppress the
measure p and write simply dPr(§) = ¢(£)d€.

The probability density ¢ is assumed to be Lebesgue measurable and almost everywhere positive on §2. Hence,
the spaces £, G, and H are Hilbert spaces using the standard equivalence classes. Note also that G, H, K are
dense subspaces of £ in the topology of £. The variable u € L?(D) is a decision variable that belongs to the set
of admissible decisions

} < +00, where the expected value operation

U:={uelLl’D)|u,<u<w},

where u,,u, € L?(D) are given functions with u, < up. Observe that equalities and inequalities of functions
in the Lebesgue space L?(D) and corresponding Sobolev spaces are valid only almost everywhere on D w.r.t.
the underlying measure. The term “almost every where (a.e.)” will be suppressed in the paper assuming no
confusions arise. Note that U is a nonempty, convex, closed and bounded subset of L?(D).

In the elliptic PDE system (2.2)—(2.3), the random parameters in the coefficient x € K* represent the effect
of imprecise model parameters, while those in the forcing term f are random external disturbances. Here, for
the sake of simplicity of presentation, the random parameters in x and f are lumped together into a single
random vector £. Furthermore, the forcing term is continuous w.r.t. u for fixed z and £ a.s. and f(u,-,-) € L for
fixed u. The state variable y of the PDE system depends on u, the random event £ and the space variable . As
a result, a state constraint y < y., over the spatial region D., cannot be satisfied deterministically. Hence, the
expression in (2.4) defines a chance (probabilistic) constraint by stipulating the satisfaction of the inequality
constraint on y with a pre-given probability (reliability) level a € [0, 1]. Moreover, (2.4) represents a point-wise
chance constraint, ¢.e., the constraint on the state variable is required to hold with the same reliability level «
at each spatial location x € D.. Such infinite number of constraints makes sense whenever in the equivalence
class y is, w.r.t. z, a continuous element which is ensured by Sobolev embedding theorems in H?(D) N H} (D),
nice properties of the inhomogeneity term f and the convexity of D. Based on Sobolev’s embedding theory,
one can use a more general setting in WP with p > d and sufficiently regular spatial domain D. Thus the
convexity of D can be relaxed. We give here one instance, where it works. It is essential for our approximation
approach (see, e.g., Lem. 3.3), that the space for y can be continuously embedded in the space of continuous
functions. Then, such a CCPDE represents a semi-infinite separate (single) chance constrained optimization
problem.

An alternative approach (see [23]) could be

Pr{sup,cp, [y(u,z,6) —y(2)] <0} > a

which specifies the uniform (joint) satisfaction of the state constraint with a single reliability level a for all x € D..
and a given function .. In comparison, the point-wise constraint (2.4) provides a more flexible specification of
reliability levels o depending on the spatial location = € D.. This consideration facilitates to extend and apply
our inner-outer approximation approach [26].

For instance, at some critical spatial locations, o can be chosen near 1. Therefore, in this study, we focus
on the solution of CCPDE with point-wise constraints, but considering « independent of = for simplicity of
representation. Further it is not trivial to directly extend our inner-outer approximation concept (in [26]) to
joint (uniform) chance constraints for infinite number of « € D,. For finite dimensional joint chance constrained
optimization problems, we refer to our recent work [25].

4The coefficients of the elliptic operator need to be C'! smooth for ensuring = +— y(u,x, &) € H2(D) (see: [29])
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In this paper, we consider the weak form of the PDE system. Thus, considering the homogeneous Dirichlet
boundary-value elliptic PDE system with random parameters (2.2)—(2.3) for a fixed u € L?(D)

=V - (k(z, ) Vy(z,§) = f(u,z,§), on D x Q as., (2.10)
Y(@,8)|eop =0, £€Qas. (2.11)

From equation (2.10) it follows by Green’s theorem and (2.11) for each v € H that

E[/Dm(x,-)Vy(x,~)Vv(m,~)dx] :EUD Flu 2, Yo(@, )z |, veH (2.12)

which is the weak form of the PDE system (2.10)—(2.11) with f(u,-,-) in the Hilbert space £ and solution
y(u, - -) € H.

Since f(u,-,-) € L, kK € K and D is convex, the well-known shift statements (see, for instance [29],
Thm. 3.30; i.e., higher regularity of f is shifted to higher regularity of y) imply that the equivalence class
of y contains some element x + y(u, x,£) € C(D). Since the continuity of z + y(u, z, £) is required only on the
subset D., the convexity of D is not necessary whenever D, C intD. However, to guarantee the well-posedness
of the weak form, our investigation is based-on the following standard assumptions.

Assumption 2.1. L
A1 The domain D is convex, the set D. C D is compact and y. € C(D) N Hg(D),ys € Hi(D) N H*(D). The
random field x(+,) € K is positive and bounded such that

0 < Bmin < K(2,€) < Bmaz, (2,6) €D xQ as., (2.13)

where Kmin, Kmae are finite constants.

A2 For each u € L*(D), the random forcing term u ~ f(u,-,-) : L*(D) — L is continuous.

A2D For each u € L?*(D), the random forcing term wu + f(u,-,-) : L?(D) — L is continuously Fréchet
differentiable.

A3 The forcing term has the form f(u,z,&) = u(z) + fo(z, &), where u € L?(D) and fo € L.

A4 The random variables £ = (&,. .. ,&p) are independently, identically distributed with a continuous joint
multivariate probability density function ¢(¢) = IIY_;¢;(&;) and the set Q = II¥_;Q;, where Q; C R,i =
1,...,p, such that

P

Flu,2,8) = u(@) + ag(x) + Y ar(@)é (2.14)

k=1

with u,ay € L*(D), k=0,1,2,...
The following example demonstrates the relevance of A2D.

Example 2.2. The function f defined as

flww€) = [ ulvPhe,z, )t
D
is nonlinear in u, Frechét differentiable w.r.t. w and f(u,-,-) € £, where esssup,cp |k(t,z,§)| < ¢(z,€) and ¢ € L,

| [ opasos = | |

2

dzg(§)dg

/ u(t)?k(t, z, €)dt
D
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< Jullda ) / /D e, €)? dz(€)de

= llullz2(pyllelZz < .

Consequently, f(u,-,-) € L. The Frechét derivative will be

h—>/2u k(t,z,&)dt

Indeed (the linearity is clear)

Flut hyz,€) — flu,z,€) = /D 2u(t)h(t)k(t, 2, €)dt + / h(t)2h(t,, €)dt

D
H / 2u(t)h(t)k(t, 2, )t 2 < 2l 2oy 1Al oy el

2

II/ k(t,z, §)dtl|z / |hllL2p) = l k(t, x,&)dt dm(f)dﬁ] / 1Pllz2 (o)

||h||L2(D)HC||z: — 0 for ||A[[L2(py — 0.

IN

Obviously, A4 sharpens A3 and A3 sharpens A2. The assumption Al on k implies that
Pr{€ € Q |kmin < k(2,€) < Kmaz,z € D ae.} = 1.

In addition, according to A3, the forcing term considered in this work involves a linear control with an additive
random disturbance. Assumption A4 is commonly called finite dimensional noise representation (2.14) (see e.g.
[10, 54]). In fact, for numerical computations, it is mandatory to reduce the dimension of the uncertainties in x

and f.

3. PrROPERTIES OF CCPDE

3.1. Properties of the PDE system
Referring to equation (2.12) let

B(k)(y,v) :=F {/D k(z, ) Vy(z, ) Vu(z, )dx} . (3.1)

Then, assumptions Al and the Cauchy-Schwartz inequality yield that

B0 < 2| [ s PIVyte)Pae| B| [ [9wPas]

< 18112 Myli3e vl < aoaellylZ vl (3-2)

i.e., B(k) : H x H — R is a continuous bilinear operator. Moreover, since

B(R)(U,U) > Kmin”””%—[: (33)
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it is also coercive. By the Lax-Milgram theorem and assumption Al, there is a uniquely determined linear
continuous automorphism A(k) : H — H (briefly: A(k) € Auto(H)) such that

B(k)(a,b) = (A(k)a, b), (3.4)
for each k and a,b € H. Furthermore, we identify the dual £* with £ and set
F,(b) = {(a,b),

for F, € £*. For a linear and continuous functional G, € H*, the uniquely determined canonical isomorphism
Jn : H* — H will be used with the operator norm ||j%|| = 1. Thus, the Riesz representation theorem yields that
Go(b) = (ju(a),b)y and ||Ggllu = ||allx, for all G, € H* and b € H.

Theorem 3.1. Let u € L?(D) be given and assumptions A1 and A2 hold true. Then, the system (2.12) has a
unique solution y(u,-,-) € H NG with the properties

1.

y(u, 2, €) = [A(R) " G (f(w, - )z, &), for allz € D and £ € Q a.s. (3.5)

ot o < € () 10 lzzcoy, s on (3.6)

1
min

where C' is a constant which is independent of €.
3. For fived u, there is some constant ¢ > 0 such that

Hy(u,-,-)Hg SC”f(uv'a')Hll (3'7)

which implies that the operator A(Ii)_l o ju : L = G is continuous.
4. The operator k — A(k) : L>®(D x Q) — Auto(H) is linear and continuous.

For more details on the relation in equation (3.6), see [5], ([6], Lem. 1.2) and ([18], Prop. 2.3), for instance.

Remark 3.2. Since A is a linear operator, y depends linearly on f. Recall also that, by assumption A4, f
depends on v and £ linearly. Therefore,

(i) y depends linearly and continuously on u and linearly on those components of £ which appear in f. Recall
also that y(u,-,-) €e HNG.

(ii) y depends continuously on x and f w.r.t. the topologies of L*°(D x Q) and L, respectively (see, for
instance, [8], Cor. 2.1, also [45], Thm. 9.31, [50], Prop. 2).

Equation (3.5) in Theorem 3.1 and the linear and continuous dependence of y on u (Rem. 3.2(i)) are useful
for the Frechét differentiability of the objective function of CCPDE with respect to u. Moreover, the continuous
dependence, in Remark 3.2(ii), of the solution y on x and f provides closure properties for the feasible set of
CCPDE, which is essential for guaranteeing the existence of an optimal solution. In addition, the continuous
dependence implies the stability of the solution y of the PDE system to perturbations in x and f. This issue, in
fact, is classical to the study of linear elliptic PDE systems (see, for instance, [20], Rem. 1.1.3, [35], Rem. 2.6,
[46], Lem. 2).

According to the discussion above, for a given u € U and a realization of the random variable £ € Q, there is
a unique weak solution of the PDE system given by y(u, z, ). Since y(u, -, -) is contained in the subspace G NH,
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the problem CCPDE can be stated in a reduced form with pointwise chance constraints on D, as follows

(CCPDE,.q) min J(u) (3.8)
subject to: Pr{y(u,z,§) < y.(z)} > a,z € D, (3.9)
uel, (3.10)

where the objective functional is expressed as

p
J(w) = B ly(u,,€) = yaO )iy )| + Slulldz o) (3.11)
and the feasible set of CCPDE is defined as

P={uelU|puz)>axeD} (3.12)
with the probability function

pu, z) == Pr{y(u,2,§) < ye(z)}, 2 € De. (3.13)

In the following, the Frechét derivative of y w.r.t. u is denoted by ¥/ (u,-,-). Hence, next, we show that a
solution y of the PDE system satisfies some convergence, in probability, w.r.t. sequences u,, x, under A2D.
Similar properties also hold true for the Frechét derivative y!,. The Lemma below will be used in Section 4.1 for
verifying the continuity and differentiability of the inner and outer approximation functions which subsequently
imply the continuity of p.

Lemma 3.3. Let the map v+ f(u,-,-) : L*(D) — L be continuous at ug, let y(uo,-,-) be the corresponding
weak solution of the PDE system, and let {u,}nen C U be an arbitrary sequence. Then the following statements
are true.

1. The map u > y(u,-,-) : L*(D) — H NG is continuous at ug w.r.t. the topology in G.
2. Uniform convergence of y(un,-,-) on D in probability: If u, — ug in L?(D), then

/QesssuprD |y(un7 €, 5) - y(’U/O, x, §)|¢(£) dg —0
3. Convergence of y(un, Tn,)° in probability: If u, — ug in L*>(D) and z, — xo in D then

/Q (1t s €) — (0, 0, €)|G(E)dE = 0

Proof.

1. Let x be fixed and S := A(H)iljy. The continuity of S : £L — H N G yields immediately the continuity of
wrs y(u, -, ) : L2(D) — H NG by the representation in (3.5).

2. Because of the continuous embedding Co(D) < H?*(D) N Hg(D) and |[v]|cypy < dl|v]|a2(py, from the
Sobolev’s embedding theorem (see, for instance, [1]) and using 1., it follows that

/Q esssupe p [y(tn, @, €) — y(uo, 2,)PH(E)dE < & / 9t €) = y(uan, )2y BE)AE

= d?|ly(un, ) = y(uo, -, )lI& — 0.

5When working with the continuity of y(u, -, €), we assume that the continuous element of the corresponding equivalent class is
selected.
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The convergence in L?(Q, Pr) with dPr(¢) = ¢(£)d¢ implies the convergence of the sequence in probability.
Thus, {y(un,z, ) }nen converges uniformly to y(ug, z,-) in probability, for € D.
3.

|y(un,x”,§) - y(u()va)f)‘ S |y(un7xn7£) - y(u()ax?hg” + |y(UO,$n,£) - y(U0,$0,§)|
S S]élg |y(unaxa§> - y(U0,$,§)| + |y(U0,.’En,£) - y(u05$07£)|'

The first summand is convergent in probability by 2. and the second one is a.s. convergent, because of continuity
in x. O

Lemma 3.4. Let the map u — f(u,-,-) : L3(D) — L be continuously Fréchet differentiable at ug and let
y(uo, -, ) be the corresponding weak solution of the PDE system. Then, the following statements are true.

1. The map u > y(u,-,-) : L*(D) — G is continuously Fréchet differentiable at ug.

2. For an arbitrary zero sequence {t,}nen and an arbitrary h € L*(D), the sequence {(y(uo + tph,z,-) —
y(ug, x,+))/tn tnen converges to y., (ug,x,-)h in probability, uniformly for x € D.

3. If up, — ug in L*(D), then y.,(un,x,") satisfies the uniform limit

lim sup /QesssupmeD |y, (7, &) — ol (ug, x, €))h|*p(2)dE} = 0. (3.14)

Rl L2 (py=1

4. If uy, — ug in L?(D) and x,, — x¢ in D, then for each h € L*(D)

I [ (s T, €) = 4o, (0, 0, §) bl 2 — 0. (3.15)
Proof.
1. The statement is a simple consequence of the chain rule and Fréchet differentiability of continuous linear
maps.

2. By 1. it follows that lim, . ||(y(uo + tnh,-,-) —y(uo,-,"))/tn — Yy, (uo,-,-)hllg = 0. Subsequently, using
similar arguments as in the proof of Lemma 3.3 2. the claim follows.
3. Here again, similar arguments as in the proof of Lemma 3.3 2. can be used. Thus,

/Q essSUDye | (4 (ttms 2, €) — ¥ (0, 7€) () dE (3.16)
< [ 10 €) = vl )l ) )

<@ sup 0 €~ oo ) e ) E)E. (3.17)
1Al L2 py =1/

Since u + y(u,-,-) : L*(D) — G is continuously Fréchet differentiable at wug, the expression in (3.17) goes to
zero for n — co. Hence, taking the supremum of (3.16) w.r.t. [|h||z2(p) = 1, the statement follows.
4.

/Q | (Wt s €) — 0l (10, 70, £)) h2() €
< / | (Wt s €) — W (0, 2 €)) M2 S() €
Q
+ / | (5t s €) — 3 (0, 70, €)) h2 ().
Q
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By 3., the first summand is convergent to zero uniformly in h. However, the second summand is only weakly
convergent to zero, i.e., convergent for each fixed h. Indeed, y. (ug, -, -)h € G and = — ¥, (uo, x,&)h is continuous
on D for £ € Q a.s. Further, the absolute factor of the integrand is bounded by 2esssup,cp |y, (w0, z,&)h| + 1
having finite expectation according to

/Q 2 esssup, e [y (o 2, €] (E)AE < [l (o, V-

Thus, Lebesgue’s Dominated Convergence Theorem can be applied. O

3.2. Convexity properties of the chance constrained problem

Let « € D be fixed. To verify the concavity of the probability function u — p(u,z), y(-,z,-) needs to be
jointly convex w.r.t. (u,€) along with the log-concavity of the density function ¢(-), considering all random
variables £ in the model (see, e.g., [55, 56]). For this purpose, the following two special cases are considered for
the function f satisfying assumption A4.

We first recall the log-concavity of functions.

Definition 3.5. Let E be a linear space. A function f : E — (0,+00] is said to be log-concave if
FO + (1= N)y) = [F@)P )], for any o,y € X and A € [0, 1]

Case 1 k = constant and f is random.

Then (u,€) — y(u,z,€) : L*(D) x Q — R is linear by (3.5), hence, jointly convex w.r.t. (u,£), for each x € D
(see Rem. 3.2(i)).

Case 2 « is independent of the spatial variable z, concave w.r.t. £ and y.(x) > 0.

Then, k is a homogeneous random field. Such random fields could appear in physical processes with homogenous
material properties. Thus, the elliptic PDE system (2.10)—(2.11) becomes

—Ay(x,€&) = %f(u,x,f), forxz e D, £ € a.s., (3.18)

y(z,6) =0, for x € 9D, £ € Q as. (3.19)

Since « is independent of =, it follows (A(k))™! = £ A~ and thus

y(u,z,€) = %A s (e + Fo )] (2) < ve(a).

It is equivalent to

[A i (u+ fo(-,€))] (z) — K(&)ye(z) < 0.

The expression on the left hand-side of the last inequality is jointly convex w.r.t. (u, &) because of the linearity
of f wr.t. (u,§), the concavity of k and the nonnegativity of y..
Since

Pr{y(u,z,€) < ye(2)} = Pr{A™" [ju(u+ fo(-,€))] = w(§)ye(z) < 0}. (3.20)

is valid, ([23], Prop. 3) yields the following result.

Proposition 3.6. Suppose A1 and A4 hold true, U is convex, the coefficient k is either a constant or inde-
pendent of z, concave w.r.t. £ and y.(-) > 0 on D.. Further assume y. € H*(D) N H}(D) and y(u,-,-) € GNH
for uw e U. If the density function ¢(-) is log-concave, then the probability function p(-,x) is concave on U, for
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each © € D.. Consequently, the feasible set P of CCPDE,.q is a convex set, for a € [0,1]. Moreover, if p(-, )
s continuous on U, then P is a closed set and, due to convezity, it is also weakly sequentially closed.

Remark 3.7. Nevertheless, if k depends on both x and &, the analysis of the convexity of y w.r.t. £ is generally
less transparent and needs detailed investigations, which is beyond the scope of this work. The following simple
considerations illustrate the problems that may occur. Also, if (u,&) — f(u,x,£) = f1(u)(z) + fo(x,£) is convex
in u and linear in £ or if A2 is valid where f is jointly convex in (u,&), then (u,&) — y(u,z,£) need not be
jointly convex in (u,&). For instance, the solution y of Ay = f,y € H}(D) is given for n = 3 by

y(u7x7§) = yl(u7x7£) - yQ(U,Jf,g)
yl(u7x,§)— i f(uaxvf)dj?

A Jps | — 3

y2(uvxa£) = G(m,i)yl(u,fc,f)dS(i),
oD

where the second integral is a surface integral. Since the potential is nonnegative, the first term y; has the
required joint convexity in (u, £). However, in the second term, the kernel G(z, &) is not necessarily smaller than
zero, it strongly depends on the domain D, it is harmonic and exists for Lyapunov boundaries.

Hence, the linearity in £ and u of f, given by A4, is the only simple assumption to guarantee the joint convexity
of y(+,x,). As we later see, the smoothness of the inner and outer problem admits a much more general function
f. Hence, our inner-outer approximation approach is still extendable to tackle chance constrained PDE problems
with a nonconvex forcing term f.

Referring to the objective function of CCPDE in equation (3.11)

p
J(w) = B |ly(w, ) = vy oy | + 5 lullZzm), (3.21)

where W (D) could be Ly(D), H}(D) or some other reflexive and separable Sobolev space, the joint convexity
of y w.r.t. (u,§) implies the following properties of J (see e.g. [12]).

) 1imyjy 400 J(u) = +00; i.e., J(-) is super-coercive.
) J(+) is bounded on any bounded subset of L?(D).
(¢) J(-) is uniformly convex.
) The level sets {u € Lao(D) | J(-) < ¢} are weakly compact.

If y is (continuously) Frechét differentiable w.r.t. u, then the chain rule and the (continuous) Fréchet
differentiability of the scalar product imply the (continuous) Fréchet differentiability of .J.

Proposition 3.8. Suppose the assumptions of Proposition 3.6 hold true and in (3.11) the regularization
parameter p > 0. If p(-,x) is a continuous function, for all x € D, then CCPDE,.q has a unique optimal
solution.

Proof. J(-) is strictly convex. Moreover, the feasible set P of CCPDE is closed, convex, and bounded (since
P C U). Since in a Hilbert (reflexive Banach) space, a closed, bounded, and convex set is weakly sequentially
compact, the problem

min J(u)

has a unique optimal solution u* € P (see, for instance, [3], Thm. 3.3.4 with Rem. 3.3.1, and also [61], Thm. 2.14).
0
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In Proposition 3.8, the continuity assumption on p(-,z) is guaranteed by Corollary 4.8 (see Sect. 4 below).
However, despite the guarantee for existence of a unique optimal solution by Proposition 3.8, CCPDE is usually
hard to solve directly.

Therefore the next task of this work is to solve the problem CCPDE approximatively by solving a sequence of
smooth chance constrained PDE optimization problems which are generally nonconvex. For the special case of
convexity, the upper approximation problem turns out to be convex, whereas the inner approximation problem is
nonconvex. The results of this section will be also useful for verifying the convergence properties of the sequence
of the approximate solutions to the solution of CCPDE.

4. THE APPROXIMATION FUNCTIONS AND THEIR PROPERTIES

In this section, we use parametric functions to define smooth approximations to the chance constraints. This
leads to a sequence of smooth parametric optimization problems. The solutions of the CCPDE,..q4 are shown to
be approximable by the family of solutions of the inner-outer approximation problems, when the approximation
parameter tends to zero. In case of convexity, the norm convergence of the approximate solutions to a solution of
CCPDE;,.q can be proved. For this purpose, we employ and extend our recent result from [26, 27] where inner-
outer approximation methods, for finite-dimensional chance constrained optimization problems, were proposed.
In the work [26, 27] convexity issues were not considered. In the following, the properties of the underlying
parametric functions are briefly summarized, and their convexity properties are studied. In addition, we assume
that y(u,-,-) € GNH and y.(-) € H2(D) N H(D). Since we need a continuous representant of each equivalent
class y(u, -, -) and y.(+), further discussions should be understood in this sense.

First, define the unit jump function

1, ifs>0,
hls) = { 0, ifs<0. (4.1)

Assumption 4.1. Suppose there is a parametric family {O(r,-),7 € (0,1)} of functions © : (0,1) x R — R,
which possesses the following strict monotonicity and uniform limit properties:

P1: There is a constant C with 1 < C < 400 such that
C > 0O(r,s) > h(s),¥s e R, 7 € (0,1). (4.2)

P2: ©(,s) is strictly increasing on (0,1), for each s € R,

P3: ©O(r,-) is continuously differentiable and strictly increasing on R, for each 7 € (0, 1),
P4: inf.c(1)O(7,5) = h(s), for all s € R,

P5: limr 0, SUPse(—o0,—e)uf0,00) (O(T58) — h(s)) = 0, for all € > 0.

Remark 4.2. For s # 0, Property P1 of Assumption 4.1 implies the sandwich condition
1—-0(r,8) < h(—s) < O(1,—s) (4.3)

which is important for the construction of inner and outer approximations to the feasible set of CCPDE,.q4.

The properties (P1)—(P5) were introduced in [26, 27] in the context of finite dimensional chance constrained
optimization problems to characterize admissible families of parametric functions. A special type of paramet-
ric function was also introduced in [26, 27] for the purpose of inner-outer approximations of the feasible set
corresponding to lower-upper approximations of the function p(-, z),z € D..
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Corollary 4.3 (Geletu et al. [27], Prop. 3.3., and also [26]). Let my, mg be constants with 0 < ma < mq/(1+
my1). Then, the parametric family

_ 1+my7
1+ moTexp (—f)

O(r,s) , for 1€(0,1), s €R, (4.4)

satisfies the properties P1-P5 of Assumption 4.1.

The following assumption is essential for a tight approximation of the probability function p(u,x), for each
x € D, using the sandwich condition (4.3).

Assumption 4.4 (Measure zero property).
(A5:) For the solution y of the PDE system (2.2)—(2.3) with g(u,z,&) := y(u, x, &) — yc(x),
Pr{¢ e Q| g(u,x,&) =0} =0, for all x € D,

holds true.

Remark 4.5. Let @ C R™ be an open set. If the set X(u,z) := {£ € Q | g(u,z,£) < 0} satisfies the
Mangasarian-Fromowitz-constraint-qualification (MFCQ), i.e., for only one constraint g that Veg(u,z,&) # 0,
for all £ with g(u, z,£) = 0), then the measure zero property is satisfied [26]. Especially, {¢ | g(u, z,£) = 0} does
not contain an open set. Another criteria is that {£ | g(u,z,£) = 0} is an (m — 1)-dimensional manifold (see,
for instance, [33, 34]).

Now, based on the parametric function © introduced in Assumption 4.1, define
(1, u,x) = EO(r,9(u,x,€))] and o(r,u,z) := E[O(1, —g(u,z,£))],7 € (0,1). (4.5)
Hence, from equation (4.1), assumptions A1, A2 and A5, it follows that

p(u,x) = Prig(u,z,£) < 0} = E[h(=g(u,2,))] = 1 = E[h(g(u, 2,£))] > a, (4.6)

for 7 € (0,1) and = € D.. Consequently, property P3, inequalities (4.3) and equations (4.5), (4.6) imply the
lower and upper approximations of p(-, z) given as

§0(7'2,U,l') Z @(7—17”71‘) Z p(u’ x) 2 1-— 1/)(71711"'13) 2 1-— '(/J(TQ,U,@'), (47)

for 0 <1 <71 <1, ueU and z € D.. Subsequently, 1 — 1 and ¢ are referred as lower and upper
approximations of p, respectively.
4.1. Continuity, differentiability and convexity of the approximation functions

We begin by stating results for the parametric function ©(r,-),7 € (0,1), which are complementary to
Lemma 3.3.

Lemma 4.6. Under the assumptions of Lemma 3.3, the following statements hold true for each 7 € (0,1).

1. If u, — ug in L?(D), then
/ sup [O(7, y(tn, . €)) — O(7, y(ug, x, £))| HE)AE - 0,

zeD
/ sup
xeD

0 0
%@(T,y(un“’t,f)) - %Q(Tvy(u()u ‘r»é-)) ¢(§)d§ — 0.
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2. If up, — ug in L*(D) and x, — x¢ in D, then

[ 100y, 20,)) = O(r, y(uo, 0. €))| (€€ — 0,
J |52t = 500 a0, )2 0.

Proof.

1. Since ©(r, ) and %@(T, -) are Lipschitz continuous, the claim follows from ([9], Satz 20.9).
2. Let n: R — R, be Lipschitz continuous. Then,

(Y (un, Tn,€)) — n(y(uo, xo, )| < [N(Yy(un, zn, &) — n(y(uo, T, §))| + 0(y(uwo, Tn, §)) — n(y(uo, zo,))|
< sup 1y (tn, z,8)) —n(y(uo, z, &) + n(y(uo, n, €)) — n(y(uo, o, ))|-

Hence, the claim follows from 1. here and by similar arguments for the proof of Lemma 3.3 3. and 1. above
using n = O(r,-) and n = %@(T, -), respectively. O

Theorem 4.7. [Continuity, Tightness]

Let A1 and A2 be satisfied, then

1. the functions (7,-,+) and @(T,-,-) are jointly continuous on L*(D) x D.., for each T € (0,1).
2. For each x € D, and each u € L*(D), the following limits are valid

,x) = inf ) Uy 4.8
p(u, ) Té](%,l)“’(T u, ) (4.8)
and, under the measure zero property A5,
sup (1 — (7, u,2)) = p(u, ). (4.9)
7€(0,1)

Proof.

1. Let ||un, —ugllz2(py — 0 and |z, — 20| — 0 with z,, € D., then 29 € D, and, by Lemma 4.6 2., the sequence
{O(7, g(tn, Tn, ) fnen is convergent to O(t, g(ug, zo,-)) in probability. Since 0 < ©(r,s) < C < oo, Lebesgue’s
Dominated Convergence Theorem for stochastic convergence ([53], Satz 1, p. 166) yields the claim.

2. Let * € D. and u € L?(D) be fixed. For any zero sequence {7x}ren C (0,1), property P1 of Assump-
tion 4.1 guarantees that (see [27]) 0 < O(7, g(u,x,&)) < C, for £ € Q a.s. and properties P2-P4 imply that
limg_, 1 0o @(Tk,5)|s:g(u’x7€) = h(5)|s=g(u,x,§) for £ € Q a.s. Consequently, Lebesgue’s Dominated Convergence
Theorem implies that

lim [ (1 O(r, gu,z,€))b(E)de = /Q (1~ h(glu, 2,€)))B(E)dE.

Hence, applying the measure zero property A5, we conclude that

lim (1 —¢(1,u,2)) = p(u, x).

k——+o0

Similar arguments also hold true w.r.t. ¢ without using A5. As a result, the infimum and supremum properties
(4.8) and (4.9) follow from (4.7). O
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Corollary 4.8. Let assumptions A1, A2 and A5 be satisfied. Then, the function p(-,-) is continuous on L*(D) x
D. and the convergences lim ~ o+ ¥(7,u,z) = 1 — p(u,x) and lim o+ ©(7,u,x) = p(u,x) are uniform on any
compact subset W C L*(D) x D..

Proof. According to Corollary 4.3, there is at least one family of functions {©(r,-),7 € (0,1)} guaranteeing
the approximations. The infimum (supremum) of continuous functions is upper (lower) semi-continuous [22],
Section 12.7.7. Thus, p(-,-) is continuous. Since p(-, -) continuous, the monotonic convergence to p(u, x), for all
(u,z) € L*(D) x D,, yields the uniform convergence on compact subsets of L?(D) x D, by Dini’s Theorem. [J

Theorem 4.9. Suppose A1 holds true. Let ug € U be arbitrary and let the map u > f(u,-,-) : L*(D) — L
be continuously Fréchet differentiable in some neighborhood W of wy. Moreover, for each fized 7 € (0,1), let
s+ % be bounded by some constant C(1) > 0.

Then, for each © € D., w € W and 7 € (0,1), the maps u — Y(1,u,z) and u — @(T,u,x) are continuously
Fréchet differentiable on W uniformly for each x € D.. Moreover, the maps (u,z) — V., (1,u, z)h and (u,z) —
Ve (T, u,x)h are continuous on W x D.., for each h € L?(D). The derivative can be calculated by exchanging

integration and differentiation operations according to

0
Vai(rue) = | 2o Vg, 7, €)6(€)de. (4.10)
/Q s s=g(u,z,£) /
Vao(rue) = — / 9 6r,s) Vg, 7, )B(E)dE. (4.11)
o 0s s=—g(u.2.6)

Proof. Let ug € W be given. Considering the difference quotient for the directional derivative with an arbitrary
zero sequence t, — 0 and, at the same time, using the mean value theorem for functionals it follows that

w(Ta ug + tnha ‘T) B ’l/)(T7 Uo,iE)

128
[ 1otratin +uhn0) - Ot tun 5. O .
:/Q8@(T’g(uo’x’£)+nn(g(u§:tnh’x’£)_g(u()’x’g)))vug(uo+pntnh,x,€)h¢(€)d§

with n, € (0,1), pr, € (0,1). Hence, Lemma 3.6 yields

‘86(779(u0+tnha$7')) _ 8®(T,g(UQ,$,~)) =0

0s 0s

in probability and Lemma 3.4 implies that |V,g(ug + pntnh, z,&)h — Vug(ug, x,€)h| — 0 in probability. The
continuity and boundedness of s — % by some constant C(7) > 0 together with the shown majorization
in Lemma 3.4 on the neighborhood W, Lebesgue’s Dominated Convergence Theorem yields

vuw(7-7 U07.'I})h -— lim ’(/}(7-7 Uug + tnh,tZL‘> — 1#(7‘7 u07x)
n—o00 "
[ Ptatmrag
Q

- - uguo, 2, ()€ (412)
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which is obviously linear in h. Furthermore, it holds that
|Vu1/)(7, u07x)h|2 < C(T)Q/Q |vug(u07x7£)h|2d€ < C(T)zuvug(u()» *y )hH% < Q2||h||%2(D)

where @ is the finite operator norm of V,g(uo, -, ), which implies the continuity of h + V0 (7,ug)h w.r.t. h.
Next, we show that the continuity w.r.t. u yields continuous Fréchet differentiability. Let |[u, —uo| r2(py — 0.
Hence, the Cauchy-Schwartz inequality yields

|Vt (7, U, )b — Vot (T, ug, ) A
S / 8@(7’,9(Um$a§))vug(un’x7€>h_
Q

aS
</
Q

00(r, g(un,x,8))  90(t,g(ug, x, &
+,

86(7—79(11/0"7;’5))
0s

vug(u()a x, f)h‘ (b(f)df

I - (o, 3:£) ] Vg o, 2, )] (€)d

90(7, 9(un; 7,€)) ] IVag(tt0, 2, €V — Vgt 2, )] ()

Js
00(7, g(un, z,€))  0O(T, g(ug, z,€)) |* , 3
- /Q 95 B 0 ‘ 9(8)de /Q [Vug(uo, 2, b ¢(£)d£1
2 3
+ /Q 8@(T’géi”’x’f)) $(€)dé /Q |Vu9(uo,l‘,€)h—Vug(un,x,g)hfqb(g)dg]

In the expression above, the first integral of the first summand goes to zero and is independent of h. The second
integral is bounded by Q||h||z2(p)2. Hence, the first summand goes uniformly to zero, for [|h[/z2(py = 1. The
first integral in the second summand is bounded by C2. Thus,

lim sup sup |V (7, tup, x)h — Vi) (1, ug, )h|

" hl L2 (py=1z€De

2

lim sup / sup |Vug(uo,x,&)h — Vug(umfﬂ,f)hﬁ p(§)dg| =0

b L2 py=1JQ z€D.

< C(1)

by Lemma 3.4 4. Consequently, u — V,4(7,u, ) is continuous at ug as a map from L?(D) into its dual
with the operator norm. Moreover, the exchangeability of the integration and differentiation is shown in (4.12)
verifying (4.10).

Similar arguments yield the continuous differentiability of (7, -, x) at uo. O

Observe that, the boundedness assumption on % in Theorem 4.9 is already satisfied for the special

function O(7, s) in Corollary 4.3 (see [26, 27]). In the following, we verify some convexity properties of the upper
approximation function ¢(7,-).

Theorem 4.10. [Convexity]

If g(u,2,€) = y(u,x,€) — ye(x) is a jointly convex function w.r.t. (u,&) which is e.g. given under Al and A4
and ¢(§) is a log-concave density function, then o(7,-,x) is log-concave w.r.t. u, for each fivzed T € (0,1) and
r e D,.
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Proof. Since g(-, z,-) is a convex function w.r.t. (u, &) and £ > 0, the function ma7 exp (£g(u, z,€)) is log-convex
w.r.t (u,£). Hence, the sum of the log-convex functions

1
1+ moTexp <Tg(u,m,£))

is a log-convex function w.r.t. (u,&) (see [36] and also [56], Sect. 4.3). Consequently, O(7, —g(u,z,£)) is a log-
concave function w.r.t (u, £). Since the density function ¢(£) > 0 is log-concave, the product O(7, —g(u, x, £)) (&)
is a log-concave function w.r.t. (u, ). Consequently,

(7 u,2) = / O, —g(u, z,£))$(€)de

is a log-concave function, since it is the integral of a jointly log-concave function (see [55], Thm. 6). O

According to the discussion in Section 3.2, the joint convexity assumption on g(u,z,€) in Theorem 4.10 is
guaranteed if either x is a constant or x is a concave (or log-concave) function of £ coupled with the linearity
of the forcing term f w.r.t. (u,§).

Remark 4.11. It should be noted that, for the special parametric function (4.4), despite the joint quasi-
convexity of the function (u, &) — (7, g(u, z,£)) w.r.t. (u,§), for each x € D, either convexity or quasi-convexity
properties of the approximation function (7, -, z) is, generally, not available. In fact, we are unable to generally
verify (or find) a result stating that the integral of a quasi-convex function is also quasi-convex. Therefore, for
a convex inner approximation of the feasible set, it will be necessary to replace the function in (4.4) by another
one guaranteeing convexity or quasi-convexity properties of (7, -, x).

5. THE SMOOTHING OPTIMIZATION PROBLEMS AND THEIR PROPERTIES

Using the parametric functions (7, -) and ¢(7,-), we define the following problems with an arbitrary con-
tinuous J.

(IA;) min,, J(u) (OA;) min,, J(u)
s.t. s.t.
Y(r,u,2) <1—a,x € D, o(r,u,z) > a,z € D,
u e U, u € U,

with respective feasible sets

M) ={uelU|Y(r,uz)<1l—aze D}, S(r):i={uelU]|p(r,u,z) > a,z € D.}.
Note that, the feasible sets can also be written as M(7) = (,cp, M(7,2) and S(1) = ,cp. S(7,7),
where M(1,2) :={u € U |1—¢(r,u,z) > a} and S(1,2) := {u € U | p(r,u,2) > a}, = € D, 7 € (0,1).
Furthermore, associated to the feasible P in (3.12) of CCPDE;.4, let

P(z):={ueU]|pu,z) > alt,z € D,.

In the following, the problems IA, and OA, are referred as inner and outer smoothing approximations to
CCPDE,..q4, respectively. For the inner approximation problem TA, the following assumption is required.
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Assumption 5.1 (Regularity condition). Assume « € [0, 1).
(A6):

P =PO, where P° :={uc U | p(u,2) >,z € D.}. (5.1)

Lemma 5.2. If A6 is valid, then P = (,cp, P(x)°?, where P(x)? :={u € U | p(u,x) > a} for all z € D,.

Proof. Taking into account that P(z) is a closed set (by Cor. 4.8), the inclusions

P=P0c (| P)°cC (] Plx)="P

xz€D, z€D,

hold true. Hence, the equality follows. O

Lemma 5.3. (Eztended Slater condition) If p is concave in u, jointly continuous in (u,x) and there is some @
such that p(a,x) > v > « for all x € D, then A6 is salisfied.

Proof. The infimum of p over z in the compact set D, is continuous w.r.t. u € Lo(D) and it is not smaller than
~ at 4. Hence, there is a ball around @ such that, for all v in this ball, the infimum over x in D, is not smaller
than a. Thus, @ is in the interior of P. It is well-known from convex analysis that, for each element u in P, all
points v on the relative interior of the straight line segment from 4 to u satisfy p(v,x) > «, for all z € D.. O

Remark 5.4. The regularity condition A6 is well-known from Barrier-methods. In case of finite number of x; €
D.,i=1,2,...,q, as used for the finite dimensional approximation of the PDGL, the corresponding condition
is satisfied if the Mangasarian Fromowitz Constraint Qualification (MFCQ) is valid for the system p(u,x;) >
a,i=1,2,...,q (se e.g. [26]). Assumption A6 excludes the so called “apple stems” of P. Assumption A6 assures
that any point on the boundary of P is approximable by a sequence of points u,, € U of P with p(u,,z) > «
for each x € D.. In addition, assumption A6 along with properties P1 and P4 of the approximation function
(7, u,x) guarantees that, for v < 1, the feasible set M(7) is non-empty for sufficiently small 7 € (0,1) and
M(T) converges to P, for 7\, 0. This is already shown in ([27], Thm. 4.2) (and also in [26], Thm. 6) for finite

dimensional chance constrained optimization problems.

Lemma 5.5. Let x € D, be given, A1, A2 be satisfied and P # (. Then,
1. the sets M(r,x) and S(t,z) are closed, for each T € (0,1).
2. For 0 < 1y <1 <1, the following inclusions hold

M(11,2) C M(12,2) C P(x) C S(72,2) C S(11,2). (5.2)

) S(r,2) = P(a). (5.3)

7>0

4. If in addition A6 is valid, then P(z)° # 0 and

P(x)° c | M(r,2) C P(a). (5.4)
>0

Proof.

1. The sets are closed, since U is closed and the level sets of the continuous functions ¢, are closed.
2. The inclusions in (5.2) follow directly from the monotonicity in (4.7).
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3. Obviously, 2. implies that ﬂfe(o,l) S(7,z) D P(x). Conversely, if u € ﬂTG(O,l) S(r,x), then p(r,u,z) > «,
for every 7 € (0,1) and u € U. Furthermore, Theorem 4.7.2 implies p(u, z) = lim \ o+ ¢(7,u,z) > o and thus
u € P(z). Consequently, the equality P(x) = (1, ¢ 1) S(7, ) holds true.

4. Note that, () # P° C P(z)° which yields the first part. Moreover, (ii) implies that Ure(o,) M(7,2) C P(x).
Conversely, since u € P(x)° is nonempty, take some u € P(z)°. Since 1 — (7, u, z) — p(u, ), for 7 — 0, there
is some 79 > 0 such that 1 — ¢ (r,u,z) > « for all 7 € (0,79). Hence, u belongs to the union of all M(r,x),
7 € (0,1). Consequently, {u € U | p(u,z) > a} C U, ¢1) M(T,2). O

Proposition 5.6. Let A1, A2 be satisfied and P # (). Then
1. the feasible sets M(7) and S(7) are closed for T € (0,1).
2. For 0 < 7o <1 <1, there is the inclusion

M(r) CM(r) CP CS(r)cSin)cCU. (5.5)
3.
() S(r)=P. (5.6)
>0
4.
PO c | M(r) cP. (5.7)
>0

If A6 is valid then there is some 1y € (0,1) with M(79) # 0 and

L M(r) =7P. (5.8)

>0

Proof. The claims in 1. and 2. follow from the definition of M(7) and S(7) by the corresponding properties
in Lemma 5.5. 1., 2. The statement in 3. follows by exchanging the intersections over 7 € (0,1) and z € D..
The claim in 4. needs more discussions, since intersection and union operations cannot be simply exchanged.
Lemma 5.5. 4. and simple set-algebraic operations imply that

UMmmn=U () Mr2)c (| UMEz)c () Pa) =P

>0 7>0zx€D, xzeD. >0 z€D,

Hence, the claim follows if we prove that P° C Urs0Neep, M(7, ), since by A6 we have PO =P and (5.8)
will be satisfied. Let @ be in P°, then p(, x) > « for all x € D,. Since p is continuous in = and D, is compact,
mingep, p(d, ) = 8 > a. By Corollary 4.8, 1 — (7, u, ) converges uniformly to p(u,z), for 7\, 0T. Hence,
there is some 7(¢) € (0,1), for 0 < ¢ < 8 — «, such that 1 —¢(7(e),u,x) > f — e > a, for all z € D.. Hence,
M(7) # 0, for 70 = 7(¢), and @ € U+ Nypep, M(7; ). O

Because of the monotonic properties of the families {M(7)},c(0,1) and {S(7)}r¢(0,1), they are called inner
and outer approximation of the feasible set P, respectively, and Proposition 5.6 is also valid for an arbitrary
sequence {7y }ren C (0,1) which is a non-increasing zero sequence. If {My}, .y and {Sy},cy are additionally
sequences of convex sets (see Thm. 4.10 below), then the approximation sequences can be shown to converge to
P in the sense of Mosco.
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Definition 5.7. A sequence of closed convex subsets {C}}ren of a reflexive Banach space F, with its dual
Banach space E*, is said to converge to the set Cy C E in the sense of Mosco if and only if the following two
conditions are satisfied.

1. For every u € Cy, there is a sequence {uy }ren such that uy € Ck, k € N, and
1imkﬁ+oo ||uk — UH =0.
2. If {uy, } is any subsequence with u,, € C,, and v*(u,, —u) — 0 for all v € E*, then u € C.

Corollary 5.8. Let {m;}ren C (0,1) with 7, \, 0F. If the sequence of feasible sets {My}, oy of (IA-,) and
{Sk}tren (OAr,) are convex, then each sequence converges to the feasible set P in the sense of Mosco, where, in
case of the sequence { My}, o, A6 is assumed to hold.

Proof. According to (5.5), (5.6) and (5.8) in Proposition 5.6, both sequences converge monotonically to P.
Therefore, the claim follows by ([51], Lem. 1.2 & Lem. 1.3). O

Theorem 5.9. Let Assumptions A1, A2, A5 be satisfied, {1k }ren C (0,1) be an arbitrary decreasing sequence
with 7, \ 0T, and P # 0 . Then, the following statements hold true.
1. For each 1 > 1 > 1 >0,

inf J(u)> inf J(u)> inf J(u)> inf J(u)> inf J(u) > inf J(u), (5.9)

uEM(71) uEM(72) uepP u€ES(72) ueS(71) uelU

where inf () := oo.
2. If, for each k € N, the problem (OA), possesses a global solution uy and limy_, o up, = u*, then u* € P and

J(u*) = min J(u) = kll)r_ir_loo uelg(frk) J(u). (5.10)

3. If A6 is satisfied, then
=i inf J(u) = inf J(u) =:J. 5.11
ety T = BT o4y

4. If M(1,) and S(11) are convex and J is strongly convex, then the problems (IA);, and (OA)., have unique
optimum solutions uj 4 (1) € M (1) and uf 4 (1) € S(7), respectively.

Proof.

1. The inclusions in (5.9) are obvious from Proposition 5.6.2.

2. Set J := inf,ep J(u). To verify (5.10) for the outer approximation, note that the set X := ({u*} U {ug }ren)
is compact in L2(D). From (5.9), it follows that J(uz) < J(up) < limg_e J(ug) = J(u*) < J, for all k <
K.k kE €N.

Assume that J(u*) < J. The uniform convergence on compact sets of L?(D) x D¢ in Corollary 4.8 yields that

lim sup |¢(7%, uk, ) — p(u*, z)]

k—o0 zeD,

< lim | sup sup |p(7%, u,z) — p(u, z)| + sup |p(uk,z) —p(u*,z)|| =0
k—oo |zeD, ueX zeD,

and (g, ug, ) > a, for all x € D.. Hence, p(u*,r) > a, for all x € D.. This implies that v* € P and
J < J(u*). Consequently, the assumption J(u*) < J leads to the contradiction that J(u*) < J < J(u*). There-
fore, J(u*) > J and, together with (5.9), J(u*) = J.

3. To verify the equality (5.11) for the inner approximation under (A6), let 7o € (0, 1) be sufficiently small such
that M (1) # 0, for all 7 € (0,79). Let (ux)ren C P be a minimizing sequence such that limg_, o J(ug) =: J.
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Assume a > J. By the uniform convergence in Corollary 4.8 and the continuity of J, for each k € N, there exist
some 7 € (0,79), v € M(7x) and some §(1/k, uy) such that ||vx — ug|| < §(1/k,ug) and |J(vr) — J(ug)| < 1/k.
It follows that J < a < J(vg) < 1/k+ J(us). This leads to the contradiction .J < a < J in the limit for k — +oc0.
4. Since (IA), and (OA), have closed and convex feasible sets and share the same strongly convex objective
function as in CCPDE;,.q, the existence of unique optimum solutions uj 4(7) and uf, 4(7) follows by the same
argument as in the proof of Proposition 3.8. O

Remark 5.10. If the above convexity properties hold, then 2. and 3. are simple consequences of the Mosco
convergence of the inner and outer approximations. However, if the convexity cannot be shown, which is mostly
the case in applications, then 2. and 3. are important statements for the inner and outer approximations.

The result of [11] becomes useful in order to show the convergence of the solution of the approximation
problems IA; and OAj, (written for brevity instead of (OA),, and (IA),,, resp.) to the solution of CCPDE.

Theorem 5.11. (see [11]). Suppose the assumptions A1, A4, A5, A6 hold true, ¢ is a log-concave density
function, the objective functional J is quadratic as given in (3.11), and let {mx}ren C (0,1) be an arbitrary
sequence with 1, \, 07. Then, for each k € N, the problem OAj has a unique solution u} and the sequence
{uZ}keN is norm-convergent to the unique optimal solution u* of CCPDE. If there is some kg € N such that the
sets M(1y,) are conves, for all k > ko, then, for each k > ko, the problem IAy has a unique solution uj, and the
sequence {uZ}keN’IDkO s morm-convergent to the unique optimal solution u* of CCPDE.

k

Proof. The convexity of the feasible sets of the outer approximation problem is guaranteed by Theorem 4.10.
Furthermore, the Mosco convergence of the feasible sets {S(7%) }ken to P is valid by Corollary 5.8. The same also
holds true for the feasible sests { M (1) }xen of the inner approximation if each set M (73;), k € N, is a convex set.
Therefore, the claim follows from [11], Theorem 2.9, since A6 ensures the regularity condition given there. [

Remark 5.12. In Theorem 5.11, the convexity assumption on M (7% ), k € N, may not be guaranteed if (7, -, x)
is not convex (or quasi-convex). This is the case, for instance, if (7, -, ) is defined through the special function
of equation (4.4) as indicated in Remark 4.11. Note that, under the assumptions, the convex set P is the
monotonic limit of the sequence {M (7)}ren. Therefore, one needs conditions that guarantee the convexity
of M (1) at least for sufficiently large k. This open issue can be addressed, for example, by designing a new
parametric function ©(7,s) or through the concept of eventual convexity (e.g., [63]). Nevertheless, under the
assumptions and for the special function (4.4), the outer approximation problem OA, is a smoothing convex
approximation, while the inner approximation I A, is a smoothing approximation to the CCPDE.

The sandwich property of the inner-outer approximation provides a suitable framework for numerical con-
siderations and error estimation. In particular, the inner approximation provides an a priori feasible solution,
whereby the quality of the this solution is certified by the outer approximation.

6. A NUMERICAL EXAMPLE

Temperature distribution processes are widely used in industrial, medical, and biological applications. This
section considers the optimal heating of an enclosed, thermally well-insulated, spatial domain D C R? to a
desired temperature y4. The heat-injection is effected through a distributed stationary heat source. The heat
source is assumed to be affected by uncertainties, e.g., due to inaccuracies arising from heating devices and/or
inlet heating processes, etc. The enclosed medium is assumed to be homogenous, so that the thermal con-
ductivity & is spatially constant which is not precisely known and contains uncertainties, i.e., k(z,£) = k().
Furthermore, despite the specified overall desired temperature 4, it should be kept below a maximum allowed
value y. with a high reliability level « in a given subset D, of D.

The following represents an exemplary chance constrained PDE optimization problem

(ccPDE)  min{E [lly(u,2,)  ya@)l3y )] + Sllulie o) } (6.1)
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1A, tau =0.001 OA, tau =0.001 Difference, tau =0.001

=< 1073
0.2 0.2 15

10

FIGURE 1. Solutions of the inner-outer approximation methods, 7 = 0.001.

st. = V- (k(§Vy) = f(u,z,8), forz € D, £ €Q as. , (6.2)
Ylop =0,£ €Qas. , (6.3)
Priy(u,z,§) <y.(r)} >, on D, (6.4)
uel, (6.5)

where D = [0,2] x [0,2],D. = [0,1] x [0,1], yg = 0.2 |sin () }, regularization parameter p = 1073, upi, = —5,
Umax = Dy Ymax(Z) = ye = 0.15.

Here, (§) = 0.1 - (exp(6) — exp (ijl fj)) and the forcing term is given by f(u,x,&) = u + &5 sin(x2) +
& cos(z1), where €T = (&,...,&) is a vector of independently, identically Beta-distributed random variables
with ¢ € [0,1]% and parameters a = 2 and b = 2. The reliability level is given to be a = 0.95. This problem is
identical to the problem (2.1)—(2.5), except that it is here defined on D..

Here, we verify assumptions A5 and A6, since the remaining assumptions are clear from the problem
(6.1)—(6.5). By (3.20) the chance constraints (6.4) are equivalent to

Pr{B(u)(x) +7(x2)é + w(w2)é + 0.1[— exp(6) + exp(Y_ &;)] < 0} = a, on [0,1],

j=1

where 3 is a linear and continuous operator from Lo(D) in H?(D) N Hg (D), and «, w are continuous functions
in their arguments. For each fixed u € Ly(D) and fixed given x € [0, 1]?, the given function in £ on the left hand
side of the inequality is smooth and the gradient w.r.t. £ is different from zero for the first four coordinates.
Hence, the measure zero property A5 is satisfied. Because of Proposition 3.8 there exists for each a € (0,1] a
unique solution u,. Hence, in our example with o = 0.95 < 1 the solution wug g5 satisfies the slater condition
of Lemma 5.3 for our example. Together with Corollary 4.8 and the conclusion of Lemma 5.3 the assumption
A6 is satisfied. Naturally for robust optimization, i.e. & = 1, assumption A6 cannot be satisfied and the inner
approximation does not exists for each 7 € (0,1).
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1A, tau =0.0005 OA, tau =0.0005 Difference, tau =0.0005
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FIGURE 2. Solutions of the inner-outer approximation method, 7 = 0.0005.

1A, tau =0.0001 OA, tau =0.0001 Difference, tau =0.0001
=< 1073
0.2 0.2 2.5
2
1.5
1
0.5
o
-0.5
2
2
1
1
X2 o o <

FI1GURE 3. Solutions of the inner-outer approximation method, 7 = 0.00001.

6.1. Computation results

The problem (6.1)—(6.5) is approximately solved by using the proposed smoothing inner-outer approximation
approach as described in [26] for the finite dimensional chance constrained problem which arizes after using finite
difference discretization of the PDE. For the discretization we use 15 x 15 = 225 points along with 100 quasi-
Monte Carlo samples for the beta(2,2)-distributed random numbers £. The infinite number of chance constraints
is reduced to the corresponding chosen finite number of points belonging to D.. The constant values m; = 1.4
and my = 1 are used in the parametric functions (7, -) and ¢(7,-) of equation (4.5).

The computation of integrals and gradients w.r.t. u for the objective and the smoothing functions is done
through Quasi-Monte Carlo sampling. The example above is only for demonstration purpose in order to show
that the inner-outer approximation approach is viable and provides meaningful results. Otherwise, as 7 decreases
the number of QMC samples need to be adjusted. For instance, the £ discretization can be chosen coarser far
from g(u,x,€) = 0 and can be refined near to g(u,x,&) = 0 (see [37] for such considerations). In general, the
parameter 7 cannot be selected quite small, since the computation of the derivative of the approximations
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FIGURE 4. Optimal objective function values of the inner and outer approximations for
decreasing values of 7.
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FI1GURE 5. The optimal controls for the inner and outer approximations for 7 = 0.001.

is numerically unstable (ill-posed) whenever 7 goes to zero. If the integration error caused by this instability
becomes larger than the difference of the approximated values of the inner and outer approximation, then 7
cannot be further reduced.

Now we illustrate the computational results for one chosen discretization of the PDE and three decreasing
values of 7. For a simple illustration of the results we present the expected value of y in the Figures 5-7.
The corresponding optimization problems are solved using the function fmincon from the Matlab Optimization
Toolbox coupled with a reduced space method. All the computations were carried out on an Intel Core i7-2600
running at 3.4 HZ and with 16 GB of RAM.
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Controls IA, tau =0.0005 Controls OA, tau =0.0005

FIGURE 6. The optimal controls for the inner and outer approximations for 7 = 0.0005.

Controls IA, tau =0.0001 Controls OA, tau =0.0001

FIGURE 7. The optimal controls for the inner and outer approximations for 7 = 0.0001.

The left hand-side of Figure 1 depicts E [y} 4(u,z, )], the middle figure presents E [y 4 (u, z,§)], while the
figure on the right displays FE [y} 4 (u, z,§) — y54(u, x,&)] which is the expected difference between the solutions
yia(u, 2, &) and y) 4 (u, 7, €) of the inner and outer approximations, respectively. Observe that, for 7 = 1073, the
maximum expected error between the inner and outer approximate solutions lies below 15 x 1073, In Figure 2,
the maximum expected error F [y} 4 (u,z,£) — y& 4 (u, z,€)] is reduced to almost 8 x 1073 for 7 = 5-1073. For
7 =10"*, Figure 3 shows that the expected error E [y (u,z,£) — y5 4(u, z,£)] lies below 2.5 x 1073.

The value of the objective function for TA is always greater than that of the corresponding problem OA..
As can be seen in Figure 4, as 7 decreases, the optimal values of the objective functions of the inner and outer
approximations get closer. The parameter value 7 = 10~ leads to the inner and outer approximations to provide
an approximate solution well close to the problem (6.1)—(6.5).
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Furthermore, the optimal controls are given in Figures 5-7, corresponding to the depicted state variables
and the chosen 7 values. Specifically, in Figure 7, the optimal controls of the inner and outer approximation are
almost identical for 7 = 1074,

In summary, the example above in for demonstration purpose and indicates the viability of solving CCPDE
problems through smoothing inner-outer approximations coupled with a finite dimensional approximation of
the PDE system. In this respect, the results attained are reasonable. However, detailed numerical analysis and
convergence studies of the finite-dimensional solutions to the solutions of infinite-dimensional CCPDE problems
are still open.

7. CONCLUSIONS

Chance constrained optimization of elliptic PDE (CCPDE) is studied in this paper. Under standard assump-
tions, such problems are shown to be convex in the respective Hilbert space. Nevertheless, despite the presence
of convexity, chance constrained problems are known to be very difficult to solve. In addition, the knowledge
of differentiability of chance constraints generally entails little computational advantages. Therefore, this work
uses an inner-outer smoothing approximation for the solution of CCPDE. The smoothing problems are defined
based on a parametric function introduced in [27] and studied in more detail in [26]. Consequently, the feasible
sets of the inner and the outer approximation are always subsets and supersets, respectively, of the feasible set
of the CCPDE problem. Furthermore, each of these feasible sets are shown to converge to the feasible set of
CCPDE with respect to the approximation parameter. In addition, for the outer approximation problem, the
convergence of the feasible sets is shown to be in the sense of Mosco. The simple numerical example in Section 6
demonstrates the viability of the proposed approach.

The parametric function ©(7,s) in Corollary 4.3 is capable of providing only a smoothing convex outer-
approximation, while it does not automatically provide a convex inner-approximation problem. Nevertheless,
the feasible sets of the inner-approximation converge to a convex set. Therefore, in a future work we will address
the issue of convexity of the inner-approximation, for instance, by introducing a new parametric function as well
as by extending the concept of eventual convexity. Furthermore, convergence analysis of the numerical solutions
of discretized CCPDE to a solution of the origional CCPDE is an open issue which will be addressed in a future
work.
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