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First-order conditions for the optimal control of
learning-informed nonsmooth PDEs

Guozhi Dong, Michael Hintermdiller, Kostas Papafitsoros, Kathrin Vélkner

Abstract

In this paper we study the optimal control of a class of semilinear elliptic partial differential
equations which have nonlinear constituents that are only accessible by data and are approx-
imated by nonsmooth ReLU neural networks. The optimal control problem is studied in detail.
In particular, the existence and uniqueness of the state equation are shown, and continuity as
well as directional differentiability properties of the corresponding control-to-state map are estab-
lished. Based on approximation capabilities of the pertinent networks, we address fundamental
questions regarding approximating properties of the learning-informed control-to-state map and
the solution of the corresponding optimal control problem. Finally, several stationarity conditions
are derived based on different notions of generalized differentiability.

1 Introduction

1.1 Context and motivation

In this paper we study the following prototypical optimal control problem:

N 1 o
minimize T (y,) == 3y~ olaey + 5 [ulaey,  over (y,u) € HY(Q) x I2(9),
subject to and U € Cyuq.
y =0, onofl,

Here 2 denotes an open, bounded Lipschitz domain in R%, d > 2, with boundary 052, g € LQ(Q)
is a given desired state, and « > 0 is fixed. Further, C,, is the admissible set of controls u, which
is @ nonempty, bounded, closed and convex subset of the Lebesgue space LP(£2) for some p > 2.
The state is given by y and is supposed to lie in the Sobolev space H&(Q); see, e.g., [1] for the latter.
Moreover, f : 2 x R — R is assumed to be a rather general nonlinear and possibly nonsmooth
function. A particular motivating example for this work is given by f represented (or approximated) by
a so-called ReLU artificial neural network. In this case f is replaced by /N, a neural network function
that has the Rectified Linear Unit (ReLU) o (¢) := max(¢, 0) as the underlying activation function; see
Section [2] for more details and definitions. When such an N approximates f, the semilinear partial
differential equation PDE in @ is replaced by the following (nonsmooth) learning-informed PDE

{—Ay +N(y)=u, inQ,

1.1
y =0, on 0. (1)

The concept of learning-informed PDEs was recently introduced in [16]. It aims at representing an
(explicitly) unknown physical law f by a neural network (map) N which is learned from given data.
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G. Dong, M. Hintermiller, K. Papafitsoros, K. Vélkner 2

For instance, assume that a data set
D :={(vyi,u;) : y; (approximately) solves the original unknown PDE for u;, i = 1...,np},

of pre-specified controls and associated state responses is at our disposal. Such a set may, for ex-
ample, arise from measurements or computations. Then this data set can be used towards evaluation
instances of f via f(x;, yi(2;)) ~ ui(x;) + Ay;(x;), where {x;}|_,, ¢ € N, is a finite collection
of evaluation locations in the domain (. Using these instances as a training set, a neural network N
can be computed in the context of supervised learning and take the role of an approximation of the
unknown f. Via solving the associated PDE (1.1), this results in a learning-informed control-to-state
map Sy : u — y. In view of this, such a set-up can also be regarded as an example in the currently
rather limited field of operator learning, which is the task of learning a map between infinite dimen-
sional spaces; here from the control to the state space. In particular, it provides a case that depicts
how low dimensional learning could help to identify infinite dimensional control-to-state operators. We
also note that in this set-up, the training of the network A/ is assumed to be done in an offline phase,
meaning that the minimization problem that constitutes the training of A/ and the optimal control prob-
lem @[) are decoupled. In [16], a smooth version of the above framework was considered in order to
learn the physical law that governs the separation of a (initially homogeneous) material mixture into
two pure states. This law can be related to (a derivative of) a double-well potential type function f in
a stationary Allen-Cahn equation. In the same work, an ordinary differential equation (ODE) version
of was used to approximate the physics behind magnetic resonance imaging (MRI) [14] with the
goal of reconstructing quantitative maps of biophysical parameters in the context of quantitative MRI.

The regularity of the neural network function V is determined by the regularity of the underlying ac-
tivation function. In this vein, we note that the set of functions represented by RelLU neural networks
coincides with the family of piecewise affine maps; see Section [2| Since the main objective in [16]
was to introduce the concept of learning-informed PDEs, only smooth neural networks were consid-
ered, corresponding to some smooth, typically sigmoidal activation function, such as, e.g., tansig or
arctan. This eases the subsequent optimization-theoretic treatment of the optimal control problem
like the derivation of first-order optimality conditions. However, when it comes to deep learning appli-
cations nowadays, the nonsmooth RelLU is the most popular choice among activation functions. Its
main advantages lie in its sparsification properties, its easy computation and further advantages dur-
ing training, such as for instance with regards to remedy the issue of vanishing gradients [6, [18]. The
study of approximation capabilities of ReLU neural networks is another active field of research |20}, 27].
All these aspects are also relevant to our problem, in particular with respect to the capability of the
learning-informed optimal control problem to approximate the original one. We mention already here
that we consider the nonsmooth N to be monotonically increasing in the variable 1. This guarantees
uniqueness of solutions to the learning-informed state equation, resulting in a well-defined control-to-
state map. Conceptually, this assumes that the ground truth map f is also monotonically increasing
and the network has been trained sufficiently well, thus preserving this monotonicity. However, we
point out that for homogeneous Dirichlet boundary conditions (like the one in (1.1)) one can still show
uniqueness of the solution of the state equation if the negative part of 8y/\/ is sufficiently small (which
is often the case for good enough approximations of monotone functions). In this case it can still be
shown that the corresponding PDE operator is strongly monotone and the Browder-Minty theorem can
be applied. Let us also point out that there are ways to enforce monotonicity during training [13} 125} 129]
via a sufficiently good derivative approximation (Sobolev training) [12].

Since f and its approximation A are nonsmooth maps, one does not expect the associated control-to-
state map S to be Frechét differentiable. This poses difficulties in the derivation of first-order optimality
respectively stationarity conditions for the optimal control problem as well as its numerical treatment.
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First-order conditions for the optimal control of learning-informed nonsmooth PDEs 3

Therefore, one needs to resort to more general notions of differentiability (than Fréchet differentiability);
we refer to the introduction of [10] for a short review. In the same paper, the optimal control of a
semilinear PDE with the special choice f(-,y) = max(0, y) and in the absence of control constraints
was studied, characterizing the Bouligand subdifferential of the control-to-state map and deriving so-
called strong stationarity conditions. We remark that in our set-up this would correspond to a very
simple and shallow ReLU network . Here, following [10] and also adapting certain results from a
recent preprint [8], we study in depth a version of @[) with a more general f that still covers the ReLU
neural network case. This function f is assumed to be measurable in the first variable and locally
Lipschitz and directionally differentiable in the second one. For this general problem, we establish a
series of stationarity respectively necessary first-order conditions. We begin by deriving purely primal
optimality conditions (B-stationarity) which are equivalent to the directional derivative of the reduced
objective in feasible directions being non-negative, as well as conditions that are derived as a limit of a
regularization scheme [5,10 26] (weak stationarity). The latter conditions are refined in the case that f
is a piecewise differentiable function yielding C'-stationarity. Under additional constraint qualifications,
we further improve C'-stationarity by establishing certain sign conditions on the dual variables. This
leads to strong stationarity which is shown to be equivalent to B-stationarity in specific cases.

1.2 Structure of the paper

In Section[2|we start by reviewing basic properties of ReLU neural networks. In Section[3} we study the
state equation of the optimal control problem @D with a rather general nonsmooth, nonlinear function
f. Existence and uniqueness of solutions to this PDE are discussed, and continuity as well as direc-
tional differentiability properties of the corresponding control-to-state map are shown. We then study
approximation results of this PDE on two levels: (i) f is approximated by a ReLU neural network \;
(i) f, or a network N, is approximated by some smoothed version of it. The corresponding general
optimal control problem is studied in Section |4l Existence and approximation results stemming from
the analogous results of the state equation are shown. In Section |5 we focus on different stationarity
systems that are necessary for local minimizers of the optimal control problem, namely B-, weak, C-
and strong stationarity.

We finally mention that in the companion paper [15], by employing a descent algorithm inspired by the
bundle-free method in [23], a numerical algorithm that treats the nonsmooth optimal control problem
(Py) directly is proposed, analyzed and tested.

2 RelLU neural networks

In this work, we rely on ReLU neural networks as efficient approximators of an unknown and potentially
complex function f : R™ — R, with ng, n;, € N, for which only a few (approximate) data values
are available, namely {f; ~ f(z;)}72, where np € Nand {x;}72, C €. Given this setting, we
assume that a network function Ny with parameters 6 — see Section below for definitions — has
been trained to “learn"the function f in the context of supervised learning. This training is typically
achieved by (approximately) solving

np

521%; 3 ((Ny(z5), f;) + R(0). (2.1)
=
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Here, ¢ is a suitable loss function and R is an optional regularization term inducing some a priori
properties on 6. Clearly, the study of is an important research area in the field of deep learning
[19], but here we rather assume that this learning process has been successfully completed such that
we are equipped with a ReLU network N which approximates f sufficiently well. As a consequence,
in what follows we merely focus on the properties of such networks.

2.1 Definition and basic properties

Let N :={1,2,...}.

Definition 2.1 (Standard feedforward multilayer neural network). Let . € N, network parameters
0 = (Wh,b1),...,(Wp,bp)) with W; € R¥*mi-1 b, € R", fori = 1,...,L andn; € N
fori = 0,...,L. Furthermore let o : R — R be an arbitrary function. We say that a function
N : R™ — R" js a neural network with weight matrices (W;)L_,, bias vectors (b;)~_, (the network
parameters) and activation function o if N'(x) can be defined through the following recursive relation
forany x € R™:

Z0 = T, (2.2)
ZgZO'(Wng_l—i—bg), gzl,...,L—l,
N(I) = WLZL_1 + bL.

The action of the activation function o in (2.3) is understood in a component-wise sense, i.e., for a
vectory = (y',...,y") € R" we have o(y) := (a(y'),...,o(y")). More compactly, N reads

N(@)=Troo(Ty1)o---0a(Ty)oo(Th)(z), x€R™, (2.5)

where, forevery { = 1, ..., L, Ty, denotes the affine transformation R"™-* > z — Wyz + b, € R™.

We say that N is a ReLU neural network if o is the ReLU (Rectified Linear Unit) activation function

o(t) = max(t,0), teR. (2.6)

Following the standard neural network terminology, we say that a neural network defined as in (2.2)-
(@.4), has L layers and L — 1 hidden layers, with the latter denoting the operations in (2.3). The final
operation is called the output layer. Furthermore, n; is called the number of neurons in the i-th
layer, 2 = 1, ... L, which is the number of rows of the weight matrix 1¥;. The number of neurons of a
given layer is also called the width of that very layer, while the number of layers is called the depth of
the network.

We note that a neural network as a function does not necessarily admit a unique representation with
respect to the weight matrices, the bias vectors and the activation functions. Furthermore in Definition
the input of the /-th layer consists only of the output z,_; of the previous layer. A more general
neural network definition would allow the input for each layer to depend on the output of all previous
layers. In that case, every W, would be a weight matrix of size R™*(Xi=o™) However, since every
network of that type can be realized by a network as in Definition |2.1] (see also [20]) we will always
relate to the more classical definition given above.

We are interested in the regularity and structural properties of the class of functions that are realized
by ReLU neural networks. It turns out that the latter coincides with the class of continuous piecewise
affine functions, which we define next.
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Definition 2.2 (Continuous piecewise affine functions). Let ng € N. We say that a function F :
R™ — R js continuous piecewise affine if the following condition holds:

B F is continuous and there exist finitely many affine maps fi,..., f, : R™ — R for some
p € N such that for every x € R™, there exists ani € {1, ...,p} such that F(x) = f;(x).

Note that such a map F is not necessarily Fréchet differentiable, and see [2, 3} [31] for characterizatons
and properties of continuous piecewise affine functions.

Theorem 2.3. A function N' : R™ — R is a Rel.U neural network if and only if it is a continuous
piecewise affine function.

From the definition (2.2)—(24) it is clear that N : R™ — R"., ny > 1, is a R":-valued RelLU
neural network if and only if N = (Nq,...,N7) witheach N; : R™ — R, 7 = 1,...,L,is a
scalar-valued ReLU neural network. Thus, A\ is an R"Z-valued ReLU neural network if and only if it
is an R™L-valued continuous piecewise affine function, with the latter defined exactly as in Definition
[2.2) with the only difference that the affine maps f; are R™~-valued.

2.2 Approximation results

Next we recall several basic properties regarding the approximation capabilities of ReLU neural net-
works in the spirit of the several versions of the universal approximation theorem; see [28] for a
thorough review. In fact, in the case where the activation function is k-times differentiable and not
a polynomial, the set of the corresponding one-hidden layer networks is dense in the set of k-times
continuously differentiable functions in the topology of uniform convergence (for function values and
derivatives up to order k) on compact sets. In the case of the ReLU activation function, the corre-
sponding approximation results are less standard and are stated here for the ease of access.

Indeed, there exists a growing amount of literature that studies properties of ReLU networks with
regards to their approximation of functions of a given Sobolev regularity. Typically, special emphasis is
given to the upper bound on the number of layers, neurons and nonzero weights needed to achieve
approximation of a certain accuracy with respect to a Sobolev norm; see for instance [7, 20, [32]. For
our purposes, the following result taken from the aforementioned references will be of interest: Given
an open, bounded domain U C R"™ with Lipschitz boundary we have that

for every € > 0 and f € W>°(U) there exists a ReLU network NV, : R™ — R such that
H'/\/; — fuwl,oo(U) < €.

Here, the Sobolev space W1’°°(U) relates to Lipschitz functions on U; see [1]. We also note that the
density result in is typically stated for U = (—M, M )™ for a given M > 0, but it is easy to see
that it holds for every open, bounded U C R™ with Lipschitz boundary. Indeed, given such a domain
U, consider a bounded, linear extension operator 7' : W1 (U) — W1°°(R™) such that T'g has
compact support, which is common for every g € Wl’OO(U). Then we readily get

[Ne = fllwreo@y < [INe = T fllwroo (= n,arym0)

for some large enough M > 0.

DOI 10.20347/WIAS.PREPRINT.2940 Berlin 2022
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3 Nonsmooth and ReLU neural network informed PDE

We recall once again the structure of the learning-informed optimal control problem that motivates us
in the following:

. 1 a
minimize  J(y, u) := §||y — g||i2(9) + §||u]|%2(9), over (y,u) € Hy(Q) x L*(Q),

Ay +N(,y) =u, inQ, (Fx)
bject t d u€Cuy
subject to { J=0. ondo, and u d

Note that the governing state equation in (Py) is a semilinear elliptic PDE with the neural network AV
(approximating some unknown f) as a constituent. Concerning N’ : RY x R — R we assume that
it is a ReLU neural network which is monotonically increasing in the second variable. The objective
J is of tracking type and may be replaced by other suitable candidates allowing to prove existence
of a solution to the associated optimal control problem. Such tracking objectives often arise, e.g., in
engineering applications where one wishes to find a system state y which is sufficiently close to some
given desired state g and which arises through some control action u in the governing equation. The
associated control is constrained by C,g4, and its pertinent average L?-cost is o > 0.

As outlined above, our underlying assumption is that V" is an approximation of an unknown, potentially
nonsmooth function f : 2 x R — R, with the corresponding optimal control problem. Thus, for
most of our analysis we will adopt a more general perspective by considering functions f that belong
to a larger family than the one defined by ReLU neural networks only. In such a setting f = N
becomes one particular instance. Concerning such a general f : {2 x R — R, throughout we invoke
the following:

For every y € R the function = — f(z,y) is Lebesgue measurable. Moreover (Ay)

f is Lipschitz continuous in 3 on bounded sets, that is, for every M > 0, there exists a (As)
constant . = L(M) > 0, such that for all y;,y> € (=M, M) :

|f(z,y1) — f(z,y2)] < Lly; — yo|, foralmost every z € Q.

For almost every = € (2 the function y — f(z, y) is monotone increasing. (As)

For almost every = € (2 the function y — f(z, y) is directionally differentiable with (Ay)
its directional derivative at y € R in direction h € R given by
x, toh) — f(x,

tn—0F tn

Note that we do not necessarily require y — f(, y) to be strictly monotonically increasing. It is further
clear that a ReLU neural network A/ : R¢ x R — R, restricted to {2 x R, which is monotonically
increasing in the second variable satisfies assumptions (A;)—(Ay4). In fact, it is even globally Lipschitz
continuous in the second variable.

Observe further that \ is even Hadamard directionally differentiable with respect to the second vari-
able. Then, using the chain rule for Hadamard directionally differentiable functions [9, Proposition
2.47], we can state a recursion formula for N (y; h). For this, we first confine ourselves to a two-layer
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architecture and generalize afterwards. Indeed, let z := (z, ) and N (2) = Wy-0(W12+by) +bs,
Wy € R>™ W, € Rmx(@+D) p c R™ | by € R. Then we have for any y, h € R that

(N(Z));;(y, h) = W2 . (]]-(O,oo)(le + bl)Wl(Z, no)h + ]]_{0}(W12 + bl)maX(O, Wl(Z, no)h)) .
(3.1)

Here, W (:, ng) denotes the last column of 15, and 1o o) (W12 + b1) is a diagonal matrix, whose
diagonal consists of the vector resulting from the componentwise action of the characteristic function
L) : R = {0,1}, with Lg00)(t) = 1ift € M := (0,00) and 1(,«)(t) = 0 otherwise, on
the vector W,z + by — similarly for the second summand in (7). In general, recursively for N) =
Weo(N“1(2)) + by we have
(NOY, (s h) = W (Lo, (N D) (N, (g5 1) (3.2)
+ Loy (N (2)) max(0, (NV) (y; 1))

Comparing (3.1)—(3.2) with

VN (z) =Wy - o' (NE V() - Wp_y ... o/ (ND(z)) - Wy, (3.3)
the weak gradient of A/ [7], we note that while holds almost everywhere, the formulas for the
directional derivatives hold at every point.
For our analysis we will make use of the space

Y :={yec H)(Q): Ay € L*(Q)},

which is a separable Hilbert space equipped with the inner product (y, v)y = fQ AyAv+VyVu +
yv dz and it is compactly embedded in H; (€2) [10].

We will also denote by F and N the Nemytskii operators y — F'(y) andy — N (y), with F'(y)(z) =
f(z,y), N(y)(z) = N(z,y) for y in some LP space. Note that under the assumptions (4;)—(As),
F'is a well-defined operator from L>°(£2) — L>°(£2) which is Lipschitz continuous on bounded sets.
Morever N : LP(€2) — LP(S) is Lipschitz continuous for every fixed 1 < p < oo.

3.1 Existence and uniqueness

The next proposition deals with the existence of solutions for the state equation of @[) as well as
continuity properties of the corresponding control-to-state map. As the proof is rather standard, we will
only provide a sketch. We also note that here we closely follow [10, Proposition 2.1] where f(x,y) =
max(y, 0).

Proposition 3.1. Let [ : Q x R — R satisfy the assumptions (A;)—(A3), and let u € LP(Q) for
somep > 2 andp > %. Then the state equation

_Ay+f HY)=1u, inQa
( )_ B)
y=0, ondf,

admits a unique solutiony € Y N C%*(Q), for some Hélder exponent a > 0 depending only on p, d
and ). Furthermore, for every M > (0 there exists a constant ¢, > 0 (that depends on M ) such that

1Yllcoa@ < callu = f( 0oy, forall [Jul| o) < M. (3.4)

Finally, the control-to-state map S : u > y has the following properties:

DOI 10.20347/WIAS.PREPRINT.2940 Berlin 2022
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(i) S: LP(Q) — H}(Q) is globally Lipschitz and weakly-strongly continuous.
(i) S : LP(Y) — Y is weakly-weakly continuous.

(iii) S : LP(Q) — Y N C%*(Q) is Lipschitz continuous on bounded sets of L?(2).

Whenever the nonlinearity is represented by a ReLU network N (i.e. f = N'), then the last Lipschitz
continuity is also global and the constant c, does not depend on M.

Proof. We only provide a general sketch of proof for the sake of completeness, since the arguments
are standard. The first step is to consider a family of truncations f; of f where for k& > 0 we define

flx,=k), ify<—k,
fr(z,y) =< f(z,y), if |y| <k, (3.5)
flz, k), ify > k.

The associated state equation reads

Ay + fi(-,y) =u, inQ,
k( ?J) (Ex)
y=20, ondf2.

An application of the Browder-Minty theorem gives that admits a unique solution y € HJ ().
Since u € L?(2) and f} is bounded, in particular F, : L*(2) — L?(f2) so we have that Ay, €
LZ(Q) as well, and hence ¥y, € Y. The same theorem gives that the corresponding control-to-state
map Sy, : LP(Q) — HJ(Q) is Lipschitz continuous (with a Lipschitz constant that does not depend
on k) and also weakly-strongly continuous. In fact Sy, : LP(€) — Y is also globally Lipschitz by using
the fact F}, is so as well (but here the Lipschitz constant depends on k). Moreover, one can easily
check that the map from Sy, : LP(€2) — Y is also weakly-weakly continuous.

By adapting standard results of Stampachia’s method, e.g. [30, Theorem 4.5], and crucially also using
that p > g, one can show that y;, € L>°(£2) and there exists a constant c., > 0 independent of u
such that

[kll (@) < Coollu = fil, 0)l[Lr(@) = Cocllu = f(-, 0) [ Lo()- (3.6)
By choosing a large enough k > 0, it is clear that i, = v is the solution of the problem (£}, which is
also unique from the monotonicity of f. The Lipschitz continuity of S : LP(Q2) — H}(Q) as well as
its weak-strong continuity follow readily. However, for the Lipschitz continuity of S : LP(£2) — Y one
needs to restrict to bounded sets of L”({2) since the corresponding Lipschitz constant for F, depends
on k. Note that this is not the case when f is globally Lipschitz, e.g., a ReLU neural network.

Finally, regarding the Holder regularity and the corresponding estimate (3.4), these follow from an
application of [17, Theorem 8.29]. Thus, it remains to show the Lipschitz continuity with respect to the
C%® semi-norm. For this purpose, let u; € LP(Q) and y; = S(u;), 7 = 1,2, and define

¢ {M on {z € 2 ya(x) # ()},
o on {z € Q: yi(x) = ga(w)}.

Since y1, Y2 € Cova(ﬁ), ¢ > 0 is essentially bounded by a local Lipschitz constant of /' depending
on max{ ||y1 oo, ||¥2]|c }- Then, by definition of & we have that y; — y» solves the equation

—Ay + f(y) = U — Uy, in§, 37)
y =0, on 012,

DOI 10.20347/WIAS.PREPRINT.2940 Berlin 2022
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where f(y) = &y. Obviously, the function f satisfies the assumptions of this proposition, and in
particular we can apply the estimate (3.4) to obtain

lyr = allcon@ < Callun —uz = F(O) o) = Callur — uz|age)-

Note that, also in view of the discussion right after, the constant ¢, depends on the Lipschitz constant
of f, that is ||€|| < (q), which is controlled by ||y1 || 2y + |||z (). The latter can be controlled
by ||u1 | Lr (), ||tz r (). Thus, in the end we get the required Lipschitz continuity on bounded sets of
LP()). Again for a globally Lipschitz f, as it is the case for a ReLU network \/, the Lipschitz continuity
S LP(Q) — C%%(Q) is also global. O

We add a remark regarding the constant M > 0 in the statement of Proposition We note that in
the case of locally Lipschitz f, the constant ¢, in will also depend on ||u|| z»(q). This is because
¢, depends on the local Lipschitz constant L > 0 such that || f(-,y) — f(-,0)||zr@) < Lyl Le-
This constant L depends on ||y|| () which is controlled by ||u|| > (). More specifically, for u in a
bounded subset of LP(£), one can take a uniform constant ¢, in (3.4). If f is globally Lipschitz, then
cq can be chosen independently of ||| r(q).

3.2 Control-to-state map (differentiability)

We will proceed by stating differentiability properties of the solution operator S of the state equation
(E), under the assumptions (A;)—(A4).

We start by mentioning that it is easy to check after an application of the dominated convergence
theorem that under these assumptions, F' : L>°(2) — LP(2) is Hadamard directionally differentiable
for 1 < p < oo. The directional derivative F'(y; h) € LP(£2) is given by

F'(y: h)(x) = fo(y(); h(x)). (3.8)
In factif y, h € L>(2) and (hy,,)nen is @ bounded sequence in L>(€2) with h,, — hin LP(2), and
t,, — 0T, then we have
F(y + tahy) — F(y)
tn

— F'(y;h) in LP(Q). (3.9)

In the case of a ReLU neural network, we also have that N : LP(Q2) — LP(2) for 1 < p < o0
is Hadamard directional differentiable with the directional derivative V.. (y; h) € LP({2), given by the
analogous formula to (3.8). The following proposition also is a simple adaptation of [10, Theorem 2.2]
to our case.

Proposition 3.2. The control-to-state map S : LP(2) — Y of (E)) is Hadamard directional differen-
tiable, that is, given u € LP(Q), a direction h € LP(2), (hp)neny C LP(Q) with h,, — h in LP(2)

andt, — 0" we have
S(u+ tyhy,) — S(u)

tn
Moreover, S'(u; h) := z, € Y N C%%(Q) and it is the unique solution of

— S'(u;h) inY.

—Azp+ F'(y;2n) = h, inQ,
2z, =0, ondfl,

wherey = S(u).
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Proof. We denote u,, :== u + t,h, € L*(Q), y, := S(u,) and z, := ==Y for every n € N. From
the Lipschitz continuity of .S, we deduce the existence of some z;, € Y such that z,, — z;, (weakly)
inY and z, — 2z, (strongly) in H&(Q) (due to the compact embedding) along a subsequence.
Furthermore we have

n

According to (3.9), the second term of the left hand side in converges to F’(y, zp,) strongly in
L*(Q), and since h,, — h in L*(Q), we also get that —Az,, converges strongly to —Az;. Hence
2z, — 2, strongly in Y. Taking the weak limitin L?() in (3:10), we get that z;, satisfies (K). Note now
that fixing y € L*>(2), we have that F'(y;-) : LP(2) — LP(2) is the Nemytskii operator induced
by (z,2) — fL(y(x);z(x)). It can be easily checked that the latter map satisfies the assumptions
(A1)—(As3). Hence, Theorem applies and thus z, € C%%(2) as well. Since this solution is unique,
the convergence z,, — zp holds along the whole sequence.

—Az, + = hn. (3.10)

O

3.3 Approximation results

In this section we are concerned with certain approximation results regarding the state equation (E).
In particular, we consider approximating sequences for the nonlinear nonsmooth function f, and we
show approximation results for the sequence of solutions of the corresponding approximating state
equations to the solution of the limit problem. We will consider approximations on two levels: The first
level of approximation arises from the approximation of f by a sequence of ReLU neural networks
N, in the sense of and can be thought of as the capability of ReLU network-informed PDEs
to approximate some ground truth nonsmooth model. The second level of approximation considers
the approximation of a ReLU network-informed PDE by (a sequence of) PDEs that correspond to a
smoothing of the network. Concerning the latter we will also briefly discuss some complications which
arise when the smoothed network results from simply smoothing the ReLU activation function. We
recall that smoothing a general function f is a typical first step in standard methods that study the op-
timal control of PDEs that contain nonsmooth components. In this context, one often regularizes these
components and subsequently considers the limit behaviour as regularization vanishes; compare, e.g.,
5,10, [26].

We start by studying the approximation of a general function f by a sequence of ReLU neural net-
works.

Proposition 3.3. Suppose that f : 2 x R — R satisfies with the additional assumption
that f € W,o(R? x R). Moreover, letu € LP(Q) for some p > 2 and p > %l. Then, given K > 0,

loc

there exists a sequence (N, )nen of ReLU neural networks N, : RY x R — R, n € N, such that
N, = f, inWh(Qx (=K, K)). (3.11)

Furthermore, there exists K > 0 such that for sufficiently large n € N, the approximating learning-
informed PDE

—-A _I'Nn K = U, '97
{ y (hy)=wu, in (Ex)

y=20, ondf,

has a unique solutiony, € Y N Co’a(ﬁ) satisfying (3.4), with the corresponding control-to-state-map
S, satisfying (i)—(iit) of Proposition|(3.1) (with global Lipschitz constants). Furthermore, it holds that

Yn — 1y, stronglyinY andin C™*(€2), (3.12)

DOI 10.20347/WIAS.PREPRINT.2940 Berlin 2022



First-order conditions for the optimal control of learning-informed nonsmooth PDEs 11

wherey € Y N C%*(Q) is the unique solution of (E).

Proof. Given K > 0, the Wh>(Q x (—K, K)) convergence for some sequence (N, )nen
follows directly from (2.7). Note that every N, satisfies assumptions (A1)—(A4) with the possible ex-
ception of (Ag), that is, monotonicity in the second variable. We note however that this monotonicity
was only used previously in the application of Browder-Minty’s theorem in order to show that the oper-

ator A : H}(Q) — H~1(Q) with

(A(), 2) 5-1(0), 12 () ::/Vszda:+/f(x,y)zdx,
0 Q

is strongly monotone. We argue that this is the case also for the corresponding operator A,, ;; (where
f has been substituted by the truncation Nn,k of \V,, as in (3.5)). Indeed, let cq to be the Poincaré
(inequality) constant, set

K := ca([ull oo + (17 0)l (@) + DII?) > 0, (3.19)

and fix k > K. Then we have for y;, yo € H} ()

(Ang(y1) — Anp(y2)s y1 — y2) > lon — y2H§{é(Q) (3.14)

1
(co+1)2
+ /Q(Nnk(x, y1) — Nox(z,42)) (y1 — yo) dz.

Due to the fact that NV, . — fx in WH>°(Q x R), we have that for large enough n € N

/Q (N (s 51) = N 92)) (w1 — 1) o
:A«Mm—m@@wme—mww»@—WMx
+ /Q(fk(ﬂ%yl) — fi(z,92)) (Y1 — o) d

J/

~
>0

> —[[V(Nouk = fi) |z @xmllyn — vall72(0)-

Since the term ||V (N, 1 — fi) || Lo (2x =) can be arbitrarily small for large enough . € N, we have that
the last negative term can be absorbed into mﬂ?ﬁ - yQH%I&(Q) in and hence the operator
A, 1 is strongly monotone for large enough . € N. Thus the corresponding approximating truncated
problem (El;, , ) has a solution. In order to show that has a solution i, € Y N C%%(Q) as
well, we argue exactly as in the proof of Proposition keeping in mind that since || N, x(-,0) —
FC 0 2oy = [INa(-,0) = f(-,0)|| 2oy — O for large enough k& € N the L> norm of y,,
will be bounded by K. The estimate and the corresponding continuity properties of the control-
to-state map S,, follow analogously. We note that since the Lipschitz constants of A, are uniformly
bounded (in particular their k-truncation), the same holds for the Lipschitz constants of the maps

S, LP(Q) — HY(Q)and S, : LP(Q) — Y N C%(Q).

Using the convergence of \V,, to f, it is easy to check that the sequence (Yn)nen is bounded in Y’
and hence there exists an (unrelabeled) subsequence and ¢ € Y such that y,, — ¢ weakly in Y and
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Yn — C strongly in H{(€2). Note that in view of (3.4), we also have [|(]| =) < K. Observe now
that for every z € L?({2)

/Nn(x,yn)zdx—/f(x,g)zdx
0 0

S/’j\/’n<x,yn)z—./\/’n<x,()2‘d$
Q

+/Q|./\/'n(:7c7C)z—f(x,§)z|dx

< L||yn = Cllz@ll 2l 22
+ IV = fllz=@x—xxpllzllz2@) — 0

as n — 00, where we also used the fact that the Lipschitz constants L,, of N;, on Q x [— K, K] are
uniformly bounded (say by L). Hence N,,(z,y,) — f(z,() in L*(£2) and thus by taking weak limits
in , we have that ( € Y is equal to the solution y of (E)). By uniqueness the weak convergence
yn — ¥y (in Y) holds for the whole sequence. Note that the estimate

1Ay, — Ayllre) = [INa(s9n) = FC )2 < Lllyn — Yllz2i@) + [QUIN — Flls@x (- x5
(8.15)
yields the strong convergence ¥,, — ¥ in Y, keeping in mind that A induces the norm on Y.

Finally we would like to show that in addition we also have ||y, — Y| co.(@) — 0 asn — oc. For that
purpose note that w,, := y,, — y solves the following PDE:

_Awn :f(7y) _Nn(ayn)v in Qa
{ w, =0, on 0. (3.16)

Using the same arguments as in Proposition [3.7] we have that

[yn = Yllcow@ = lwnllcoa) < call F(0) = Nl )o@,

and thus it suffices to show that the latter is going to zero. We have

||f(7y) _Nn(>yn)||Lp(Q) < ||f(7y) - f(>yn)||Lp(Q) + ||Nn(7yn) - f('vyn)HLp(ﬂ)'

The first term on the right hand side tends to zero since y,, — y a.e. (up to a subsequence) and
by applying the dominated convergence theorem, while the second term vanishes since ||N,, —

f||Loo(QX(_K’K)) — 0. O

We will now pass to the second level of approximation, which is more related to techniques in the
optimal control of nonsmooth PDEs, where an optimality system is derived as a limit of optimality
systems corresponding to smooth approximations for the PDE. Here, we will initially consider the
learning-informed case and study smoothings of the involved ReLU network N/, also providing a word
of caution about some complications that can result from such smoothings.

In particular, here we will consider the following ReLU informed semilinear PDE

—Ay+N(,y)=u, inQ,
B (En)
y=20, onodf,
and its corresponding smoothed version
_Ay—i_-/\/-e(ay) = u, in Qa
(En.)
y=0, ondf.
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A very natural way to produce smooth approximations N, of A/ is simply via smoothing its activation
function. This type of smoothing, here referred to as canonical smoothing of N/, is studied in detail
in [15]. Note, however, that nonmonotonicity of . may arise after such a smoothing. In fact, as we
saw in Proposition we were able to prove strong monotonicity for the operator A, ;. (for large
enough n) despite the fact that \V,, was not monotone itself. This was done by taking advantage of the
L convergence of V/\/’mk to V fi, the latter being positive almost everywhere. But in the case of a
canonical smoothing \V,, the convergence of VN, to VN as € — 0 can only be guaranteed to hold
with respect to the L” norm for every 1 < p < 00, see [15, Remark 2.9] making the application of the
Browder-Minty theorem problematic, see the corresponding section in [15] .

We stress here that our purpose of using JV, is to obtain a limiting optimality system as ¢ — 0 for the
optimal control with respect to the learning-informed PDE (PyJ). Hence, for the following proposition,
as well as for the passage to the limit later on, we will assume that /V/, remains monotone with respect
to the second variable, a property that can be achieved theoretically (but perhaps not practically in
implementations) via convolution; see also Remark [3.5] We thus set here

A/;(xay> :/Rpe(y_Z>N<I7Z) dZ, (3.17)

where (p.)c>o is the family of standard mollifiers [33]. Note that we have N. — N uniformly as
€ = 0, |[VN|| Lo (axRr) is uniformly bounded, and each N, satisfies the assumptions (A;)—(A44).

Due to the linear growth of V. and the L> bound for its gradient, we have that the Nemytskii operator
N with N.(y)(z) = N(x,y) is continuously Fréchet differentiable from L?(2) — L4(€) for every
1 < g < p < oo, with derivative N/ : LP(Q2) — L(LP(Q2), LI(£2)) defined as

(N(y)h)(z) = V, N (x,y(z))h(x), forae. z €. (3.18)

Consequently, IV, is also continuously Fréchet differentiable as a function from H}(2) — L4(Q), for
any 1 < g < d2_d2 (d>3),forany 1 < g < 0o, (d = 2),andforany 1 < ¢ < oo (d = 1). In
particular, N, is continuously Fréchet differentiable from HJ (Q2) — L*() for any dimension d > 1.

Recall that V, N, (x, y(z)) € L=(Q x R) with its explicit form derived

VN (z) =W - o/ (NED(2) - Wy ... o /(NY(z)) - Wy (3.19)
Proposition 3.4. Let N : R? x R — R be a ReLU network that satisfies assumptions
and let (N)e~o be a smoothing of N defined as in (3:17). Moreover, letu € LP(S2) for some p > 2
and p > %. Then the smoothed state equation has a unique solution y. € Y N C%%(Q).

Furthermore the following hold:

(i) The corresponding control-to-state map S. satisfies the continuity properties (i)—(iii) of Propo-
sition[3.1] (with global Lipschitz constants independent of € > 0).

(i) Se: LP(Q)) — Y is Fréchet differentiable. Its derivative at u € LP(S2) in direction h € LP(€))
is given by the unique solution of

(o)

_Azh + Né(yE)Zh = h7 in QJ
2z, =0, ondfl,

where y. = Se(u).
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Proof. Since each N, satisfies the assumptions (A1)—(A4) and has at most linear growth in the sec-
ond variable, we can directly apply the Browder-Minty theorem, i.e. without the truncation argument,
and as before show that the smoothed state equation has a unique solution y. € Y N C%%(Q).

For (7) note that here the continuity properties (7)-(ii7) of Proposition [3.1|follow as before. The fact
that the Lipschitz constants are global, i.e. independent of € > 0, follows from the fact that || VN, || 1
and hence the Lipschitz constants of AV, are uniformly bounded in €.

For (7i), note first that since N!(y.) is nonnegative, the equation has a unique solution z;, €
YN CO’Q(Q). Then, given the continuous Fréchet differentiability of /V., an application of the implicit
function theorem gives the Fréchet differentiability of S, : LP(2) — Y.

O

Remark 3.5. One can get results analogous to Proposition[3.4 for the problem involving the function

[ under assumptions (A1)—(A4). Indeed, using the smoothing f.(x,y) = [, pe(y — 2)f(z,z)dz
for almost every x € ), we have that for almost every x € , f.(x,-) € C*(R), and that it is
monotonically increasing. Moreover, f. is uniformly Lipschitz continuous in iy on bounded sets, i.e.,
for every M > 0, there exists a constant L. = L(M) independent of ¢ > 0 such that for every
y1,y2 € (=M, M)

|fe(x, 1) — fe(x,y2)| < Llyn — y2|, for almost every x € Q. (3.20)
Furthemore, for every M > 0, there exists a constant ¢ > 0 such that for ally € (—M, M)
|fe(x,y) — f(x,y)| < ce foralmost every x € Q. (3.21)

The analogous inequalities in LP hold for the superposition operators F, when restrictingy to a L>°(£2)
ball. Then by considering

_A—f—e’? = U, 'Q7
{ y+Jy) =u, in (By)

y=20, ondf,

we have that analogous results to the ones of Proposition[3.4 hold with the only difference, that the
Lipschitz continuity of S, : LP(Q)) — Y N C%*(Q) is local (on bounded sets of LP(2)), but still with
Lipschitz constants independent of €. Furthermore, in that case we can only show Géateaux differen-
tiability for S, : LP(2) — Y, with the derivative atu € LP(2) in direction h € LP($2) given by the
solution to where N/ is substituted by F!(y)(z) := 0, fc(z,y(z)).

4 Existence and approximation results of optimal control

We return now to the optimal control problem @ To be consistent in our notation, we denote by
(Py.) the optimal control problem corresponding to the state equation (£ ). We also define the
reduced problem for (Py) as follows:

: 1
min 7 (u) = J(S(w),u) = 5[1S(w) = glifae + 5l (Py)

uECqq - 2

and analogously we define the reduced objectives Jxr and Jy.. Further, we consider C,4 to be a
nonempty, bounded, closed, convex subset of LP(Q) withp > 2and p > d/2.
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Proposition 4.1. The optimal control problem

min 7 (u) (4.1)

uECqq

has a solution.

Proof. The proof is a standard application of the direct method of calculus of variations. Let (;,),en
be a minimizing sequence for in LP(£2). Since C,q is bounded in LP(£), there exists a sub-
sequence u,, — u for some u € LP(S)), which also belongs to C,; by Mazur's theorem. From
Proposition 3.1 (44), we have that S(u,, ) — S(u) in L2(£2). Then the results follows from the lower
semicontinuity of 7. O

Observe that in the case p = 2, boundedness of C,4 is not necessary to get existence for (.7)), due
to the term %HUH%Q(Q) appearing in the objective.

The following proposition summarizes approximation properties of solutions of the optimal control
problem (P;) and approximations (Py,) with f,, close to f.

Proposition 4.2. Consider the general optimal control problem @ and its corresponding control-to-
statemap S : LP(Q)) — Y N C%(Q). Let be an optimal control problem that corresponds to
. which is regarded to approximate f in a certain sense, and denote by S,, : LP(Q) — Y NC%%(Q)
the corresponding approximating control-to-state map. Suppose also that the corresponding Nemytskii
operators satisfy

1E2(y) = FW)lliro) < €, forally € L(Q) with [y =) < M (4-2)

for some M > 0 and some €,, | 0 possibly depending on M. Then the following hold:

(i) There exists ¢ > 0 such that

|1Sn(u) — S(u)|ly < ce,, forallu € Cug, (4.3)

(ii) For every sequence of minimizers (i, )nen Of there exists a minimizer u of (Py) such
that, up to a subsequence

U, —u inLP(Q), u, —u inL*(Q), and S,(u,) — S(u) in Hy(S2).
(iii) Ifu, — u in LP(SY), then S, (u,) — S(u) in Y N C%(Q).

If Coq is of the form Cpg = {u € LP(QY) : u, < u < wup, a.e.inQ} for some u,, w, € LP(2), then
for the above subsequence we have u,, — u in LP()) and (iii) holds.

Proof. (i) We fix u € C,q and write y,, := S, (u), y := S(u). By subtracting the two state equations,
adding and subtracting F'(y,,), testing with 3/, — y and using the monotonicity of f we have

IVyn = VYl 7o) = — /Q(Fn(yn) = F(yn))(yn — y) dz — /(F(yn) = F(y))(yn — y) d

Q
||Fn(yn) - F(yn)HLQ(Q)Hyn - yHLQ(Q)
15 (Yn) = F(yn) |l 2@ l9m = Yl o)

IA A
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Using the Poincaré inequality, dividing the inequality above by ||y, — yHHé(Q) and using the fact that
|YnllLe@) < Coollt — Fn(0)]|Lr() as well as @#-2), we get the existence of ¢ > 0 satisfying the
an estimate analogous to (4.3) for the Hg norm. The required estimate for the Y -norm is shown by
considering

1Ay = Ayllrz < [|Fayn) = Fyn)llz2@) + [1F(Yn) = FW)ll2(),

and taking advantage of (4.2) and the local Lipschitz continuity of F'.

(77) The first two convergences follow from a direct application of [16, Theorem 2.3]. We only need to
prove the last one. By setting now y,, := S,,(u,,) and performing a similar estimation as before, we
get

v = Yl @) < e (1Fay) = F@)lle@ + llun — ull 1)) < ele+ [l — ullz-1)).

We then use the fact that u,, — w in L?(Q) implies u,, — win H ().
(i17) Suppose that u,, — w in LP(£2). We need to show 3, — ¥ both in Y and C%%(Q)). For the
former one it suffices to show Ay,, — Ay in L*() which follows from the estimate

[1AYn = Ayllz2@) < IFn(yn) = Fyn)llz2@) + [1FWn) = F@)ll2@) + llun = ull 20)-

Finally, for the convergence y,, — ¥y in CO’“(Q), we work similarly to the proof of Lipschitz continuity
of S : LP(€2) — C%%(2) in Proposition[3.1]

Finally note that if C,q is of the form C,q = {u € LP(Q2) : wu, < u < up, a.e.inQ} for some
Uq, up € LP(2), then for the same subsequence as in (i7), the convergence u,, — u in LP({2)
follows from an application of the dominated convergence theorem, as well as u,, — u in LQ(Q)
which implies almost everywhere convergence up to subsequence. O

Remark 4.3. A few remarks about Proposition[4.4 are in order. The main requirement for the approx-
imation f,, to f is to have a well-defined control-to-state map S,, : LP(2) — Y N C%%(Q) that
satisfies the continuity properties (i)—(iii) of Proposition as well as the approximation property
(4.2). The former will guarantee existence for the optimal control problem and the latter will imply the
approximation results of Proposition We note that these will be satisfied for the approximating

sequences N, — f, N. — N, f. — [ of Propositions|3.3,[3.4 and Remark|[3.5, respectively.

5 Optimality systems (Stationarity conditions)

In this section we study first-order optimality respectively stationarity systems for the optimal control
problem under consideration. For the sake of generality, we study problem when the nonlinear
function f satisfies Assumptions (A;)—(A4). Note that this setting covers the case f = N. In what
follows we specifically focus on the (reduced) minimization problem and are interested in neces-
sary conditions satisfied by its local minimizers. Recall here that w is a local minimizer for if there
exists an r > 0 such that for every u € LP({Q) satisfying u € B(w,r) N Cuq C LP(£2) we have
J (@) < T (u).

Depending on whether we take a primal or primal-dual view on characterizing stationarity of a feasible
control, but also in view of different prerequisites on the problem data, in the sequel we derive different
types of first-order conditions for (Pf) respectively (4.7).

B-stationarity. We start with a primal first-order necessary optimality condition for w which relies on
Fermat’s principle, corresponding to the directional derivative of 7 at @ being non-negative along any
feasible direction.
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To identify these feasible directions, we define the contingent cone of C,4 at u € C,y as

Te,, (@) :=={h € LP(Q) : 3t, L Oand h,, — h € LP(Q2), suchthatforalln € N, u+t,h, € Coq}.
(5.1)
It can be shown, see for instance [9, Lemma 6.34], that if C,, is of the form

Coa = {u € LP(Q) : ua(z) < u(z) < up(x), for aimost every x € Q} (5.2)

with ug, up € L°(§2), u, < u, almost everywhere, then Tt (W) can be characterized by

(@)} } (5.3)

h(x) > 0, almost everywhere in {x € Q : u(x)

=
Te. () = qhe LP(Q):
Cua () { 1) h(z) <0, almost everywhere in {z € Q : u(x) = up(z)}

Proposition 5.1. [B-stationarity] Suppose that u is a local minimizer for the problem (4.1) and let
y = S) € C*"(Q) NY be the associated state. Then the pair (u,7) satisfies the following
variational inequality

J'(w;h) =y —g,5@h))+aluh) >0, foralheclg,(u). (5.4)

Proof. The proof closely follows [21, Theorem 1]. Note that the minimization problem (4.1) can be
equivalently written as

uGHLlll’?Q) V(u) == J(u) + Xe,,(u), (5.5)

where X¢,, denotes the indicator function of C,4. Since W is a local minimizer of (5.5), we have the
following Fermat rule, see [4, Theorem 6.1.9]:

D;V(w)(h) >0, forallh € LP(Q), (5.6)

where for a u € dom(V'), D4V (u)(h) denotes the contingent epiderivative of 1 at w in direction
h € LP(£), given by

DoV (w)(h) = lim ing Y4 = V()
10 t
h'—h

(5.7)

Hence from (5.5), and we have

lim inf (j(ﬂ + th/) _ j(ﬂ) + Xcad (ﬂ + th/) - Xcad(ﬂ)

10 t t
h'—h

) >0 forallh € LP(2). (5.8)

Note that for all & € LP(£2) we have

J(@+th') — J(u)

g (@) — T (@) +Xcad(u+th) Xe,q (W) > Tim inf
tl0 t t tl0 t
h'—h h!—h
Xe (w+th) — X (u
+ hm 1Hf cad (U + ) Cad (U) .
10 t
h!—h
(5.9)
Furthermore, it holds that
Xe (uw+th') — X (u Xe (u+th 0 iftheTl; (u
i inf Y @) = Xey (@ _ e e Xen @) JO, cal® (5 10
t}0 t t10 t 00, otherwise.
h'—h h'—h
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Thus, given that J'(; h) < oo for every h € LP(£2), we have that the expression (5.8) is equivalent
to the corresponding one, where h € T¢_, () only. For those h we have

— n o — — AN — — A —
hm lnf (‘7(“ + th ) j(u) _|_ Xcad(u + th ) Xcad (U)) — hm lnf j(u + th ) j(u)
£}0 t t t10 t
h'—h h'—h
= J'(u; h), (5.11)
and thus is equivalent to
J'(w;h) >0 foralh e T¢, (). (5.12)

By using the chain rule for Hadamard directional differentiability [9, Proposition 2.47], we have
J'(@; h) = 0,J(y,w)S" (W h) + 0u.J (¥, w)h
= <y -9, S,<ﬂa h)> + Ck<ﬂ, h>>

and the proof is complete. O

We will say that a point u € C,4 with corresponding state 7 is B-stationary if it satisfies (5.4).

Optimality conditions via regularization. Next, we are interested in optimality conditions that are
derived as a limit of the optimality conditions of smooth problems, see the discussion at the end of
Section 3] Since this approach is not new [5, [10} 26], we will rather sketch the proof of the following
proposition and afterwards discuss some more special cases in more detail.

Proposition 5.2. [Weak stationarity] Suppose that u is a local minimizer for the problem (4.1) with
¥y = S(u) € Y NC%(Q) the associated state. Then there exists a nonnegative ( € L*°(f2) and an
adjoint state p € Y such that the following hold

—Ap+(p=y—y, (5.13)
(p+au,u—u) >0 forallu € Cuy. (5.14)

If Coq is given by (5.2), then (6.74) can be equivalently formulated as follows: There exists a multiplier
=y — fta With lig, p1y € L*(Q) such thatu and p satisfy

p+au+p=0, (5.15)
Uq S u S Up, HMa 2 07 My Z 07 (516)
Ma(ua - H) = :ub(H - ub) = 07 (5.17)

almost everywhere in ).

Proof. We will state the proof in several steps:

Step 1: Consider , the regularized state equation that corresponds to the smoothing of f dis-
cussed in Remark [3.5] Then by slightly generalizing the standard arguments of [10, Section 4], one
can show that there exist ¢ > 0 and local minimizers of (Py, ) such that u, — @ in L?(Q) as € — 0,
where (Pﬂ,) is the following modified regularized problem

- 1 a 1
minimize J(y,u) == =|ly — 2 + —lul? _i__u_ﬂpp :
(yu) EHA(2) X L2(2) (y,u) 2”21 9HL2(Q) 9 I HL2(Q) p” 17 ) )
. —Ay+ F.(y) =u, in{, (Pr.)
subject to and u € Cyq.
y =20, onodf,
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From Proposition we have that y. = S(u.) — S(@) = yin Y N C%*(Q) and from the Lipschitz
continuity of S, : LP(Q2) — Y N C%*(Q) on bounded sets of LP(£2) and with Lipschitz constant
independent of € we get that ||yc|| L= (q) < c uniformly in € for some constant ¢ > 0. Combining this
with the fact that F)(y)(z) = 0, fc(z,y(z)) is a bounded operator from L>°(£2) to itself due to the
uniform Lipschitz constant of f. we get that

| E (ye) | o) < ¢ (5.18)

with a constant ¢ > 0 independent of €. Hence, along a subsequence, F!(y.) — ¢ weakly* in L>(12)
for some ¢ with ||| <) < c.

Step 2: It follows from standard arguments [30], that for every local minimizer u. (# u) of 1; there
exists a unique adjoint state p. € Y such that

_Ape + Fe/(ye)pE =Y — 9, (5.19)
(pe + aue,u — ue) + (Jue — P> (ue — ), u — uc) >0 forallu € Cog. (5.20)

Step 3: We now take the limit as € — 0 in (5.19)—(5.20) using the limiting behaviours of u., .
and F!(y.). Note first that by testing (5.79) with p., employing the Poincaré inequality and using that
ye — yin L*(), we can easily show that p, is bounded in Y and thus p. — pinY and p. — pin
HL(€2) for some p € Y along a subsequence. Since F!(y.) — (in L>®(Q) and p. — pin L?(2) we
deduce F!(y.)p. — Cpin L*(2). Since p. — pinY we have Ap, — Apin L?*(2) and since weak
convergence in L?(£)) implies strong convergence in H~'(€2), by taking the limit ¢ — 0 in (5.19) we
have that p satisfies (5.13). Finally, we take the limits in (5.20). We can straightforwardly estimate that
e — P2 (ue — ﬂ)||%q(ﬂ) — 0 as e — 0 where g = p/(p — 1). Using this as well as p. — pin
L*(Q) and u, — win LP(£)), we pass to the limit in (5.20) and obtain (5.14).

Finally we refer to [30, Theorem 2.29] for a proof of equivalence of (5.14) and the conditions (5.15)—
(5.17) in the case of a box constraint set.

O

C-stationarity. In general we say that a u € C,4 with state 7 is weakly stationary if there exist a non-
negative ( € L*>({2) and an adjoint state p € Y such that (5.13)-(5.14) are satisfied. Proposition|[5.2)
states that every local mimimizer of is weakly stationary. Note, however, that this weak stationarity
condition (5.73)—(5.14) does not provide any information about the dual variable ¢. In this context, we
are in particular interested in conditions that guarantee

((x) € Of(x,y(x)) foralmostevery x € €, )

where the subdifferential operates on the y-component of f. This gives rise to the following stationarity
notion: A point @ € C,q4 with state 7 is called C'-stationary if it is weakly stationary and (C) holds in
addition. Letting f, := f(z,-) : R — R, we write f(x,y) =: df.(y) where the latter represents
Clarke’s generalized gradient of f, at y. We recall here that for a locally Lipschitz ¢ : R — R, the
Clarke generalized gradient at a point ¢y can be characterized as

dp(y) = conv ({£ € R : Fy,, with ¢ differentiable at y,,, such that y,, — y and ¢’ (y,,) — £});
(5.21)
see [11] for a general definition. In order to show C-stationarity for a local minimizer w of (.1), one
needs to guarantee that the weak™ limit ¢ of F!'(y.) of the regularized nonlinearity at ¥ is (in a point-
wise sense) an element of the generalized gradient 0 f (z,7(x)). In the recent preprint [8] a similar
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problem is considered where this difficulty is remedied by assuming that the nonlinearity f is ei-
ther convex or concave locally around 3, € R whenever f is nondifferentiable at 3, and the set
{z € Q:7y(x) = yo} is of positive measure. This, however, excludes a variety of other nonsmooth
monotone functions which might, for instance, be convex on an interval left of yy and concave on
an interval on the right. In order to include more general cases, here we will make use of alternative
condition, namely piecewise continuous differentiability.

Assumption 5.3 (PC*(R)). We suppose that apart from assumptions (A1)—(A44), for almost every
x € Q it holds that f(z, -) is piecewise continuously differentiable, and we write f(x,-) € PC*(R).
This means that there exist finitely many points —oo < y; < ... < y, < 400 such that f(x,-)
is continuously differentiable on each of the intervals (—oo, y1], [yx, 00) and [y;_1,vy;] for all j €
{2, ...k}, where the derivatives aty; are understood as one-sided derivatives.

Remark 5.4. It follows immediately that every ReLU neural network N' : R? x R — R satisfying
(A1) (A4, that is, every ReLU neural network which is restricted to €2 x R and is monotone increasing
in the second variable also satisfies Assumption since for every x € RY, N'(z, ) is continuous
and piecewise affine.

Note that in view of (5.21), it is easy to characterize the Clarke generarized gradient of a PC' function
¢ : R — R. Indeed, denoting by ¢/ (7, h) the directional derivative at 7 in direction h, and ¢/, (7) :=
+¢/'(y, £1) the left- and right-sided derivatives, respectively, we have

d)’_@)zii/r% ¢'(y) and <b’+(§)=ii\‘r% o' (y).

Then, defining 0¢ = min{¢’_, ¢, } and 0¢ = max{¢’_, @', }, it can be checked that 0¢ = [0¢, 00).

Before we proceed towards C'-stationarity, we need the following lemma.

Lemma5.5. Let¢ € PC'(R) and let ¢,, := p,, * ¢ be the standard mollification of ¢ with p,, := p.,,
€n \( 0. Suppose that (y, )nen is a sequence in R such thaty,, — y for somey € R. Then it holds
that

limsup ¢, (y,) < 96(y) and  liminf ¢ (y,) > 96(7).

n—oo

Proof. See Appendix Al O

Proposition 5.6. Let f satisfy Assumption Ifw is a local minimizer for the for the problem (4.1)
with associated state v, then u is C'-stationary.

Proof. Since u is a local minimizer, by Proposition [5.2] we have that it is weakly stationary, satisfying
(5.13) for a ¢ obtained via F!(y.) —  in L=(12). Since for aimost every = € €, f(x,-) € PC*(R),
and y.(z) — y(x) as € — 0, we can apply Lemmaand get that for almost every = € ) we have

lim\soupfé(fc,ye(x)) < 0f(z.y(x)) and liminf fi(z,y.(x)) = Of (x.5(x).  (6.22)

From the PC!-property of f we have that for almost every = € Q)

0f(x,5(x)) = [0f (x,5(x)), 0 (x,7(x))].
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In order to prove (C) for ¢ we aim for a contradiction and assume that there exists a set A C €2 of
positive measure such that ((x) < df(z,y(x)) forall z € A. Using (6.22), Fatou’s lemma and the
fact that F/(y.) — ¢ in L*°(£2) we have

/CILAdJ:</liminffé(x,ye(x))ILAdxSliminf/fe'(x,ye(x))llAdx:/(IlAdx,
Q aQ €0 eN0 Q Q

which is a contradiction. Similarly, via contradiction and using a reversed version of Fatou’s lemma
for nonnegative functions bounded from above, ((x) > 0f(x,7(x)) cannot hold on a set of positive
measure. =

Strong stationarity. Next we examine conditions that, additionally to C'-stationarity, will guarantee a
certain sign condition on the adjoint state p. We say that a point u € C,4 with state 7 satisfies the sign
condition o 4) on a measurable set A C Q) if it is C-stationary and

((@)p(x) € [fL((x)p(x), f2(y(x))p(x)]  for almost every x € A. (0(4))

Then, u is called strongly stationary if it satisfies the sign condition o) on the whole of ). Note that
strong stationarity always implies C-stationarity even if f does not satisfy the PC! condition. This
is due to the fact that [0 f(z,7(z)), 0f (z,7(x))] C Of(x,7(x)) which is a consequence of the
directional differentiability of f. Note also that on the set {x € €2 : p(x) = 0} one can change ( such
that (C) is satisfied without affecting (5.13).

Here we examine conditions under which local minimizers of are strongly stationary. We will also
formulate a constraint qualification under which B-stationarity is equivalent to strong stationarity. The
next proposition states that the latter always implies the former. We note that these results are inspired
by the investigations in the preprint [8].

Proposition 5.7. Suppose thatu is strongly stationary. Thenu is B-stationary.

Proof. For z € L*(2), we have z = 2™ — 2z~ with 2™ := max(0, z), 2~ = max(0, —z) and we
write Q.+ = {z € Q: z(z) > 0}, Q,- := {x € Q: z(x) < 0}. From the positive homogeneity of
the directional derivative with respect to the direction and from the sign condition for ( and p we have

/F’@;Z)pdw=/ F’(§;2+)pdw+/ F'(y;—2" )pda
Q Q. Q

2=

= | fi@pztde+ [ f@p(—2)dx

Q. O,
< Cpzt dr + (p(—2z7)dx = / (pzdx
Q. Q. Q
and hence
(Cz,p) = (F'(7;2),p) 2 0. (5.23)

In view of the adjoint equation (5.13) we have that p satisfies
(=Az+Cz,p) = (Vz,Vp) +{Cz,p) = (=Ap, 2) + ((p,2) = (T —g,2), forallz €Y. (5.24)

For h € LP(Q), let z := S’(w, h). Then, testing the characterizing equation of z from Proposition|[3.2]
with p we get
(—Az,p) = —(F"(F;2),p) + (b, p). (5.25)
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Furthermore, we also have that
(p,h) > —a(u, h), forallhe T (T). (5.26)

Indeed, using we have that this is true for every h € R¢,, = {t(u — @) : u € Cuq,t > 0},
and then follows by using the fact that T ,(u) = Re,,(u) and the continuity of (p + o, -).
We fix h € T, ,(u) and let z = S’(@; h). From (5.24), as well as and we have
(Y=g, 5 W h)) = (Y—g,2) = (Cz,p)H(=Azp) = (Cz,p) = (F' (¥ 2),p)+(h, p) = —(u, h).
(5.27)
Since h € T¢,,(u) is arbitrary, the proof is complete. O

We now introduce a measurability assumption which will be relevant to the constraint qualification
which we state afterwards.

Assumption 5.8. The set Q) := {x € Q : f(x,-) is nondifferentiable aty(z)} is Lebesgue mea-
surable.

Assumption [5.8| holds for instance when f satisfies (A1)—(A4) and additionally is independent of x, or
if it satisfies Assumption[5.3]and is jointly continuous on 2 x R.

We now introduce a constraint qualification for w € C,4 that lead to strong stationarity as a necessary
condition in different settings:
Te,, () is dense in L*(Q2). CQ)

Furthermore, if C,q is defined via box constraints as in (5.2), and Assumption 5.8 holds, then we define

QN ﬁa,b has Lebesgue measure zero, CQy)

where
Qup :={r € Q: u(x) =uy(z)oru(xr) = up(x)}.

We note that if C,4 is given as a box constraint set as in then is satisfied if and only if 2,
has Lebesgue measure zero. This can be seen directly from the characterization of T¢, ,(u) for a
box constraint set. Thus if €2, 5 is closed, then implies (C'Q ). Note also that (C'Q),) is satisfied
independently of the measure of €1, ;, in the case that f is differentiable in the second variable.

Proposition 5.9. Let u with corresponding state y be a point which is both B-stationary and C-
stationary. Moreover assume that Assumption holds and that C,q is defined as in (6.2). Then
u satisfies the sign condition o o\ q,nq, - In particular, if (CQy) is satisfied, then u is strongly
stationary.

Proof. We fix an arbitrary direction h € T, ) and let z := S'(u; h) € Y. Testing the equation that
characterizes 2z with p and using (5.15) from weak stationarity, as well as (5.4) from B-stationarity and

(5.24) we get
<—AZ+F’(?; Z),p> = <hap> = _a<ﬂ7 h>—<,LL, h> < (y—g,z>—<u, h> = <—AZ+§Z,p>—</ub, h>7

and thus
0 (2= F@2)p) = o) = [ (¢ = Fgpdo— [ s

:/ (Cz — F'(7; z))pda:—/ phdx, (5.28)
Qf

Qu,b
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where in the last inequality we used the fact that from C'-stationarity we have ((x)z(z)—F'(y(x); z(x))
0 for almost every z € 2\ Q7 and = 0 on §2 \ €, ; which can be easily verified.

According to Lemmawe can find a non-negative 1,,, € C°°(R%) such that for an arbitrary non-
negative function v € C'2°(£2) the function

belongs to L>°(£2) and vanishes almost everywhere in 1, ;, in particular h,, € T¢,,(%) and it also
holds vi),,, = S’(w; h,y,). Thus we can take z = v, in (5.28) and by using the positive homogeneity
of the directional derivative, we get

og/Xm%—F@wmmwz/hﬂ>ﬁ@wMMw
oF Q

Since v € C'2°(€2) is an arbitrary nonnegative function and from the fundamental lemma of calculus of
variations, and the fact that /.., is also nonnegative, this implies that ({(x) — f'(¥(x)))p(x) > 0 for
almost every = € {2y N suppw,,. Using the pointwise convergence Lguppy,, — lg\ﬁmb from Lemma
[A1]we conclude that

C(x)p(x) > fL(y(z))p(z) foralmostevery x € Qf \ Dy p-

By taking 2 = —v1),, in we get similarly
0< [ (C-vtm) = @ —otn)pds = [ 1o, (7(5) = bupo da
Q Q

and using the same argument we end up with

C(z)p(z) < f.(y(z))p(x) foralmostevery z € QU \ Q.

Since for every z € Q\ Q7 we have ((x)p(x) = f'(y(z))p(x) due to the C-stationarity, we deduce
that % satisfies the sign condition o g\ (o, ,))- O

Note that under Assumptions and the conditions of the previous proposition are satisfied for
any local minimizer u of (4.1). In the next proposition we show that the converse of Proposition [5.7]
is also true provided that the constraint qualification (C'Q)) holds. The proof here closely follows [10]
Proposition 4.13].

Proposition 5.10. Suppose that one of the following is satisfied for u:

(i) The constraint qualification (C'(Q)) holds.

(i) The set () has zero Lebesgue measure and C, is given as a box constraint set.
Then we have that if u is B-stationary, it is also strongly stationary.
Proof. We first assume that u satisfies (C'()) and it is also B-stationary. We set p := —au € L2(Q)
as a candidate for the adjoint state and it clearly follows that (5.14) is satisfied. Let 2z € Y such that

there exists h € T, (@) with z = S’ (@; h). Testing the equation that z satisfies with p and using the
B-stationarity condition yields

(=Az,p) + (F'(7;2),p) = (p,h) = —a(u,h) < (¥ — g, 2)
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We can now interpret £ :== Ap + (7 — g) € Y* and estimate
(€ —2)y = —(Az,p) = (¥ —9,2) < —(F'(7;2),p) < |1F' 2)ll 2@ Pl 22 )
< c|lzllz@lpllL2 () (5.29)

where we used that positive homogeneity of the directional derivative and the fact that F’(7; £1) €
L>(Q2). Note that is valid for all z € {S'(u;h) € Y : h € T, ,(u)}. We claim that the
latter set is dense in Y. Indeed this follows from the fact that the operator h +— S’(; h) derived
from equation is surjective and Lipschitz continuous L”(§2) — Y from the density of T¢_, (@) in
L?(€2). Using this density we deduce from

(€ 2)y < é||2||2@), forallzeY.

From the Hahn-Banach theorem we can extend £ from Y* to L?(Q)* ~ L?({2). Denoting its Riesz
representation by & again we have

(& 2) 2 = (&, 2) £ —(F'(§; —=2),p), forallz €Y.

By density of Y in L?(£2) and continuity of F”(7; -) on L*(£2), we can extend the previous estimate
to
(6,2) < —(F'(G:—2),p), forall = € 1(9).

For arbitrary z € C2°(£2) with z > 0 we have
0 —F'(J;—2)p—Ezde = | (f-()p— &)zd
< [ -PE-op-gdo= [ (Lap-0z e
0s/Q—f(—z)—F’@;z)p:/Q(é—fi@)wd%

and from the fundamental lemma of calculus of variations we get

fL@(x)p(z) < &(z) < fL(y(x))p(x), foralmostevery z € Q. (5.30)
By defining
() = {f%,_ almost everywhere ?n {p(x) # 0}, 5.31)
f-(y(x)), almosteverywhere in {p(x) = 0},

we have that ((z) € [0f(F(z)),df(7(x))] and thus ((x) € Of(7(x)) almost everywhere in 2.
Moreover ¢ € L*°(Q2), ¢ > 0 and the sign condition for (p holds almost everywhere in 2. Since
E=(pe L*Q),inviewof £ = Ap + (¥ — g) we have

implying —Ap € L?(2) and thus p € Y. This concludes the strong stationarity of 7.

Now if we assume that u is B-stationary and {2 has zero Lebegue measure, then it can be shown,
see [24, Lemma 1.12], that there exists 1t = 1y — flq, With f14, 1y € L*(€2) such that

T/ ) + () = (5 — g, S'(T b)) + afm, h) + (u,h) = 0, forall h € LP(%),
Uq <u< Up, Ha > 07 Ko > 0 (532)
)
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w is B-stationary

(CQ) or
L) =0&
Caa box

Assumption 5.8

& Caq box P""H 5.9

w is locally Prop. 5.2 w is weakly w is u satisfies P“’p" 59 w is strongly
. . . O .
optimal stationary C-stationary O(Q\(2 N0 )) ©Qr) stationary
Assumption 5.3

Figure 1: Summary of relations between the different stationarity conditions. Arrows represent direct
implications which only require the assumptions they start from. Additional assumptions are marked
with the “4” symbol.

almost everywhere in §2. In that case we can set p := —a@ + p € L*(2) and we proceed as before
by using the equality {S"(w; h) € Y : h € LP(Q)} =Y.

O

The different stationarity conditions and their relations are summarized in Figure [f]

6 Conclusion

In this paper, we studied the optimal control of a family of nonsmooth neural network informed PDEs
which approximate some semilinear PDE with unknown nonlinearity. We focused on theoretical in-
vestigations, such as well-posedness of the learning-informed PDEs and the optimal control problem,
approximation properties, and established several first-order conditions based on purely primal con-
cepts (B-stationarity) and primal-dual systems (e.g. C-stationarity and strong stationarity). Particular
attention was paid to ReLU networks due to its wide application in practical learning. However, many
of the results presented here fit to optimal control of more general nonsmooth semilinear PDEs. Differ-
ent optimality/stationarity conditions require specific assumptions, and their relationships are clarified
in Figure [l We showed the equivalence between strong stationarity and B-stationarity, under some
rather restrictive constraint qualifications. Whether this equivalence persists under milder constraint
qualifications remains an open question.

The understanding of optimality conditions for the nonsmooth PDE constrained optimization problem
is not only an important theoretical question, but also guides the development of robust nonsmooth
numerical algorithms, which is the focus of the companion paper [15].

A Appendix

Proof of Lemmal5.3. If ¢ is differentiable 7, then d¢(7) = 0é(y) = ¢'(¥). Since ¢ € PC*(R), ¢/
is continuous at a compact interval containing 3. Hence ¢/, = p,, * ¢’ — ¢’ uniformly in that interval
and thus we have lim,,_,~ ¢, (y,) = ¢' (7).

Suppose now that 7 is a nondifferentiable point of ¢. Since ¢ € PC'(R), there exists an M > 0
such that ¢/ € C([y — M,y]) and ¢' € C([y,y + M]). From uniform continuity of ¢’ on those
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intervals we have that for every ¢ > 0, there exists a < d < M such that

0<y—y<d=|d'(y)—d @l <e and 0<y—y<di=|[d(y) -, @) <e (A1)

Since y,, — ¥ and €, \ 0, it follows that for all ¢ > 0 we can pick N € N such that for every n > N
we have that for all z € (—¢,, €,)

Yn—2<G=> ¢ (yn—2)—¢_ @) <€ and y,—2>7= |0 (yn—2)— ¢\ ()] <e. (A2)

Note also that for every n, the set {z € (—¢,,€,) : y, — 2z = J} contains at most one point and
hence it is a Lebesgue nullset. In order to prove that lim sup,, . ¢/, (1) < 0é(7), we show that for
every ¢ > 0 we can find IV large enough such that for all n > N, we have ¢/, (y,) < 0¢(7) + «.
Choosing N as in and using —0¢(7) < —¢',(7) we have

& (ya) — 6(7) =

) /[] pal2) (6 (v = 2) = D6(T)) Ly, (2)
+ pu(2) (& (4 — 2) = D7) Ly, -7 (2) dz

< /[ . pn(2) (8 (W — 2) — &) Ly 2 (2)
+ pul(2) (& (o — 2) = 6,(@)) Loy (2) dz

<€ (/[ ]pn(Z)]l{yn—z<?}(Z> dZ/[ ]pn<2)ﬂ{yn_z>?}(z) dz) — ¢

The inequality lim inf,,_, ., ¢! (y,,) > 0¢(7) is proven analogously.
O

The following lemma and its proof are slight adaptations from [8, Lemma 3.7] which we include here
for completeness.

Lemma A.1. For an arbitrary A C ) there exists a sequence (1, )men C C(R?) with 1,,, > 0
such that for everym € N and every v € C*(R?)

—A(vh) () + F'(g;v¢,)(x) =0, for almost every x € A, (A.3)

and
Lsuppy, () — ILQ\X(Q:), for every x € Q). (A.4)

Proof. Form € N, we set A,, := {z € R?: dist(A, z) < L}, which are open sets, satisfying
AC Apny1 C Ay forallmandalso (),,cn Am = A. According to a classical result by Whitney,
see for instance [22, Theorem 2.1], for every m € N we can find 1,,, € C*°(R?) with v, > 0 in
Q\ A, and ¥, = 0in R\ (Q\ A,,). In particular, 1, = 0 on the open set 2 N A, and
is satisfied for almost every € 2 N A,,, and hence for almost every = € A. In order to show (A4),
we note that suppt, = (2 \ An) = Q\ A,, and suppts,, C supp¥,41 for all m € N. Thus we

have
U suppto = | (@\ A) = Q\ (ﬂ Am> =0\ A4,
meN meN meN
which implies Lguppy,, — Lz pointwise in R, and hence follows. O
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