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Abstract

Motivated by the residual type neural networks (ResNet), this paper studies opti-
mal control problems constrained by a non-smooth integral equation associated to a
fractional differential equation. Such non-smooth equations, for instance, arise in the
continuous representation of fractional deep neural networks (DNNs). Here the under-
lying non-differentiable function is the ReLU or max function. The control enters in a
nonlinear and multiplicative manner and we additionally impose control constraints.
Because of the presence of the non-differentiable mapping, the application of stan-
dard adjoint calculus is excluded. We derive strong stationary conditions by relying
on the limited differentiability properties of the non-smooth map. While traditional
approaches smoothen the non-differentiable function, no such smoothness is retained
in our final strong stationarity system. Thus, this work also closes a gap which currently
exists in continuous neural networks with ReLLU type activation function.
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1 Introduction

In this paper, we establish strong stationary optimality conditions for the following
control constrained optimization problem

min J(y,a,t)
(a,0)eH! (0, T;R™ ") x H1(0,T;R")

s.t. aVy(@) = f(a(@®)y(r) +£(t)) ae.in (0,T),
y(0) = yo,
L ek,
P)

where f : R — R is a non-smooth non-linearity. This is assumed to be Lipschitz

continuous and directionally differentiable only. An important example falling into
this class is the ReLU (max) function used in the description of fractional DNNSs. In
this case, a and [, respectively indicate the weights and biases. The objective functional
is given by

1 2 1 2
J()h a, K) = g(y(T)) + EHaHHl(O,T;R”X") + EHEHH](O,T;R")’

where g : R" — R is a continuously differentiable function. The values y € (0, 1)
and yg € R" are fixed and the set C C H 1 (0, T'; R™) is convex and closed. The symbol
d” denotes the fractional time derivative, more details are provided in the forthcoming
sections. Notice that the entire discussion in this paper also extends (and is new) for
the case y = 1, i.e., the standard time derivative. This has been substantiated with the
help of several remarks throughout the paper. Recently, optimal control of fractional
ODEs/PDEs have received a significant interest, we refer to the articles [1, 7] and the
references therein. The most generic framework is considered in [5]. However, none
of these articles deal with the non-smooth setting presented in this paper.

The essential feature of the problem under consideration is that the mapping f is
not necessarily differentiable, i.e., its directional derivative is non-linear with respect
to the direction. Thus, standard methods for the derivation of qualified optimality
conditions are not applicable here. In view of our goal to establish strong stationarity,
the main novelties in this paper arise from:

e the presence of the fractional time derivative;

o the fact that the controls appear in the argument of the non-smooth non-linearity
/i

e the presence of control constraints (in this context, we are able to prove strong
stationarity without resorting to unverifiable “constraint qualifications”).

All these challenges appear in applications concerned with the control of neural net-
works. The non-smooth and nonlinear function f encompasses functions such as max
or ReLU arising in deep neural networks (DNNs). The objective function J encom-
passes a generic class of functionals such as cross entropy and least squares. In fact,
the optimal control problem (P) is motivated by residual neural networks [24, 33]
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and fractional deep neural networks [3, 4, 6]. The control constraints can capture the
bias ordering notion recently introduced in [2]. All existing approaches in the neural
network setting assume differentiability of f in deriving the gradients via backprop-
agation. No such smoothness conditions are assumed in this paper.

Deriving necessary optimality conditions is a challenging issue even in finite dimen-
sions, where a special attention is given to MPCCs (mathematical programs with
complementarity constraints). In [34] a detailed overview of various optimality con-
ditions of different strength was introduced, see also [27] for the infinite-dimensional
case. The most rigorous stationarity concept is strong stationarity. Roughly speaking,
the strong stationarity conditions involve an optimality system, which is equivalent
to the purely primal conditions saying that the directional derivative of the reduced
objective in feasible directions is nonnegative (which is referred to as B-stationarity).

While there are plenty of contributions in the field of optimal control of smooth
problems, see e.g. [38] and the references therein, fewer papers are dealing with non-
smooth problems. Most of these works resort to regularization or relaxation techniques
to smooth the problem, see e.g. [8, 28] and the references therein. The optimality
systems derived in this way are of intermediate strength and are not expected to
be of strong stationary type, since one always loses information when passing to
the limit in the regularization scheme. Thus, proving strong stationarity for optimal
control of non-smooth problems requires direct approaches, which employ the limited
differentiability properties of the control-to-state map. In this context, there are even
less contributions. Based on the pioneering work [31] (strong stationarity for optimal
control of elliptic VIs of obstacle type), most of them focus on elliptic VIs [12, 18,
26, 32, 39, 40]; see also [14] (parabolic VIs of the first kind) and the more recent
contribution [15] (evolutionary VIs). Regarding strong stationarity for optimal control
of non-smooth PDEs, the literature is rather scarce and the only papers known to the
authors addressing this issue so far are [30] (parabolic PDE), [11, 16, 17] (elliptic
PDEs) and [10] (coupled PDE system). We point out that, in contrast to our problem,
all the above mentioned works feature controls which appears outside the non-smooth
mapping. Moreover, none of these contributions deals with a fractional time derivative.

Let us give an overview of the structure and the main results in this paper. After
introducing the notation, we present in Sect. 2 some fractional calculus results which
are needed throughout the paper.

Section 3 focuses on the analysis of the state equation in (P). Here we address the
existence and uniqueness of so-called mild solutions, i.e., solutions of the associated
integral Volterra equation (Sect. 3.1). The properties of the respective control-to-state
operator are investigated in Sect. 3.2. In particular, we are concerned with the direc-
tional differentiability of the solution mapping of the non-smooth integral equation
associated to the fractional differential equation in (P). While optimal control of non-
linear (and smooth) integral equations attracted much attention, see, e.g., [13, 23, 41],
to the best of our knowledge, the sensitivity analysis of non-smooth integral equations
has not been yet investigated in the literature. In Sect. 3.3 we show that the previously
found mild solution is in fact strong. That is, the unique solution to the state equation in
(P) is absolutely continuous, and it thus possesses a so-called Caputo-derivative. We
underline that, the only paper known to the authors which deals with optimal control
and proves the existence of strong solutions in the framework of fractional differential
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equations is [5]. In [5], the absolute continuity of the mild solution of a fractional in
time PDE (state equation) is shown by imposing pointwise (time-dependent) bounds
on the time derivative of the control which then carry over to the time derivative of
the state. We point out that we do not need such bounds in our case. Moreover, the
result in this subsection stands by its own and it adds to the key novelties of the present
paper.

Section 4 focuses on the main contribution, namely the strong stationarity for
the optimal control of (P). Via a classical smoothening technique, we first prove an
auxiliary result (Lemma 4.1) which will serve as an essential tool in the context of
establishing strong stationarity. Our main Theorem 4.7 is then shown by extending the
“surjectivity” trick from [10, 30]. In this context, we resort to a verifiable “constraint
qualification” (CQ), cf. Assumption 4.3 below. The CQ requires that one of the com-
ponents of the optimal state is non-zero at all times. We underline that this assumption
is satisfied by state systems describing neural networks with the max or ReLu function.
In addition, there are many other settings where the CQ can be a priori checked, as
pointed out in Remark 4.4 below. In a more general case, this CQ is the price to pay
for imposing constraints on the control £ (and not on the control a), see Remark 4.12.
As already emphasized in contributions where strong stationarity is investigated, CQs
are to be expected when examining control constrained problems [11, 39] or, they
may be required by the complex nature of the state system [10]. At the end of Sect. 4
we gather some important remarks regarding the main result. A fundamental aspect
resulting from the findings in this paper is that, when it comes to strong stationarity,
the presence of more than one control allows us to impose control constraints without
having to resort to unverifiable CQs, see Remark 4.13.

In Sect. 5 we state the strong stationarity conditions associated to the control of
a continuous deep neural network. Finally, we include in Appendix A the proof of
Lemma 4.1, for convenience of the reader.

Notation Throughout the paper, 7 > 0 is a fixed final time and n € N is a fixed
dimension. By || - || we denote the Frobenius norm. If X and Y are linear normed

spaces, X <> <> Y means that X is compactly embedded in ¥, while X fi Y means
that X is densely embedded in Y. The dual space of X will be denoted by X*. For
the dual pairing between X and X™* we write (., .)x. If X is a Hilbert space, (-, -)x
stands for the associated scalar product. The closed ball in X around x € X with
radius o > 0 is denoted by By (x, ). The conical hull of a set M C X is defined as
cone M :=N{A C X : M C A, Aisaconvex cone}. With a little abuse of notation,
the Nemytskii-operators associated with the mappings considered in this paper will
be denoted by the same symbol, even when considered with different domains and
ranges. We use sometimes the notation 2 < g to denote &7 < Cg, for some constant
C > 0, when the dependence of the constant C on some physical parameters is not
relevant.

2 Preliminaries

In this section we gather some fractional calculus tools that are needed for our analysis.
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Definition 2.1 (Left and right Riemann-Liouville fractional integrals) For ¢ €
L'(0, T; R"), we define

Tt —s)r! T(s—nyr!
4 o v .
lor @) = | =505 ¢@)ds, I @)®:= | ) ¢(s)ds

forall ¢ € [0, T]. Here I is the Euler-Gamma function.

Definition 2.2 (The Caputo fractional derivative) Let y € WU!11(0, T; R"). The
(strong) Caputo fractional derivative of order y € (0, 1) is given by

9y = I(};Vy’.
Lemma 2.3 (Fractional integration by parts, [29, Lemma2.7a]) If ¢ € L2(0, T; R")
and € L5(0, T; R") witho, ¢ € (1,00], 1/o +1/¢ < 14y, then
T o T
/ VI @) di = / $TIL_(y)dr,
0 0

Remark 2.4 Note that the identity in Lemma 2.3 implies that / }/ _ is the adjoint operator
of IV, .

0+

Lemma 2.5 (Boundedness of fractional integrals, [29, Lemma?2.1a]) The operators

10 N IT)/ map L (0, 1 5 R ) to C([“, 1 ], Rn). MOIeOVe’, lt hOldS
||1y || e v e ’ Vi e O 1 (
L(L 0,1;R™"),Le(0,1;R" E [ ) ] 21)

forall o € [1, 00]. The same estimate is true for Ik, cf. also Remark 2.4.

Lemma 2.6 (Gronwall’s inequality, [20, Lemma6.3]) Let ¢ € C([0, T]; R") with
¢ =0.1If

t
o) < c11%”! +c2/ (t — ) lg(s)ds Vi e[0T,
0

where c1, ca > 0 are some constants and «, B > 0, then there is a positive constant
C =C(a, B, T, cp) such that

(1) < Cert® ! Vi el0, T].

Finally, let us state a result that will be very useful throughout the entire paper.

Lemma 2.7 Letr € [1,1/(1 — y)) be given for y € (0, 1). Then for each t € [0, T],
we have

t | 1/r tv=Dr+1 T7r=Dr+l
(/fz—nw—ym) < < .
0 y—Dr+1 (y—Dr+1
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Proof By assumption, we have (y — 1)r + 1 > 0 and

t (y—Dr+1 (y—Dr+1
[e=srbras= <
0 (y=Dr+17 (y =Dr+1
follows from elementary calculations. The proof is complete. O

3 The State Equation
In this section we address the properties of the solution operator of the state equation

3 y(t) = fla®)y@®) +€@) ae.in (0,7),  y(0) = yo. 3.D

Throughout the paper, y € (0, 1), unless otherwise specified, and yp € R” is fixed.
For all z € R”, the non-linearity f : R" — R”" satisfies

f@i=f@), i=1,..n,

where f : R — Risanon-smooth nonlinear function. For convenience we will denote
both non-smooth functions by f; from the context it will always be clear which one
is meant.

Assumption 3.1 For the non-smooth mapping appearing in (P) we require:

1. The non-linearity f : R” — R” is globally Lipschitz continuous with constant
L>0,ie.,

If(z1) = f(z2)Il < Lllz1 —z2l Vzi,22 € R".

2. The function f is directionally differentiable at every point, i.e.,

lim
™N\0

Hf(z+t82)—f(z)

- f'(z 52)” =0 Vz 8z eR".
T

As a consequence of Assumption 3.1 we have

I f'(z; 8z1) — f'(z; 8z2) || < LI8z1 — 8z2ll Vz,8z1,822 € R". (3.2)

3.1 Mild Solutions

Definition 3.2 Let (a,¢) € L°°(0,T;R"™" x R") be given. We say that y €
C([0, T]; R™) is a mild solution of the state Eq. (3.1) if it satisfies the following
integral equation

Lt —s)r!
yO) =yo+ | —=———flals)y(s) +€s))ds Vre[0,T].  (3.3)
o T
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Remark 3.3 One sees immediately that if y = 1then y € W1’°°(O, T;R") and the
mild solution is in fact a strong solution of the following ODE

Y1) = fla®y®) + @) ae.in (0,7),  y(0) = yo.

Proposition 3.4 For every (a, £) € L(0, T; R**" x R") there exists a unique mild
solution y € C([0, T]; R") to the state equation (3.1).

Proof To show the existence of a mild solution in the general case y € (0, 1) we define
the operator

F:CI0, " ;R") 3z I&;(f(az +0)) € C([0, t*]; R™),

where t* will be computed such that F is a contraction. Indeed, according to
Lemma 2.5, F is well-defined (since f maps bounded sets to bounded sets). Moreover,
by applying (2.1) with ¢ = 00, and using Assumption 3.1, we see that

)

yI'(y)
@*yY
yI'(y)

for all z1, zo € C([0, *]; 5&”). Thus, F : C([0, t*]; R") — C([0, r*]; R"™) is a con-
. . * Y

traction pI'.OVldCd that y(i-\()y)L ||'a||Lc>0(0’T;]Rn><n) < 1.If %L ||a||Lo<>(0’T;Rn><n) < 1,

the proof is complete. Otherwise we fix t* as above and conclude that z = F(z)

admits a unique solution in C ([0, r*]; R™), which for later purposes, is denoted by y.

To prove that this solution can be extended on the whole given interval [0, T'], we use

a concatenation argument. We define

| F(z1) — F(z2)llcqo,r ;R < | f(az1 + &) — f(azz + Ollcqo,r;Rm

L lallp,7.rmxmy 121 — 2210, R?)

~ (-1
F:Ct*, 2t ;R") 3 2 — yy +/ ﬁf(a(s)z(s) + £(s))ds
w T'(y)

-9 -
+ / o @) + ) ds € C([*, 207 R,
o Lo

Using a simple coordinate transform, we can apply again (2.1) with o = oo on the
interval (r*, 2¢*), and we have

| F(z1) — F(z2)llcqer 20 R

t (t _ S)y—l
= sup —— L llallpeo,r;rmxm lI(z1 — 22)(s)[Irn ds
tet*,2t%] Jr* '(y)
(")
< Llallpe,7.rexmy 121 — z2llc(qer, 2043 Rn
yT(y) ,T; ) (A IR™)

forall zy, zp € C([t*, 2¢*]; R™). Since ¢* was fixed so that V(?();)L lall Lo, 7:Rrxny <

1, we deduce that 7 = F (z) admits a unique solution y in C([t*, 2t*]; R"). By con-

@ Springer



84 Page8of33 Applied Mathematics & Optimization (2023) 88:84

catenating the local solutions found on the intervals [0, #*] and [¢*, 2¢*] one obtains
a unique continuous function on [0, 2¢*] which satisfies the integral equation (3.3).
Proceeding further in the exact same way, one finds that (3.3) has a unique solution in
C(0,T]; R™). O

3.2 Control-to-State Operator

Next, we investigate the properties of the solution operator associated to (3.1)

S:L®00, T;R"™" xR") 3 (a,f) = y € C([0, T]; R").

Proposition 3.5 (S is Locally Lipschitz) For every M > 0 there exists a constant
Ly > 0 such that

1S(a1, £1) — S(az, £2)llcqo, 1Ry < Ly (llar — azllpeo,7:rmxm)
+I€1 — £2ll L0, T;RM)), (3.4)

Jor all (ay, £1), (az, £2) € Brooo,1;rrxnxrny (0, M).
Proof First we show that S maps bounded sets to bounded sets. To this end, let

M > 0 and (a,£) € L*®0,T;R"™" x R") be arbitrary but fixed such that
(@, &)l oo 0, 7:R7xn xRy < M. From (3.3) we have

Iy =< lyoll +/ - (IIf(O)II + Lllall oo o, 7;Rmxm) 1Y + €]l Loo 0, 7;R7))) ds

F()

oyl
<c1+/ ¢ r:)) LMIy(s)lds Vielo,T],

with
TV
c1 = llyoll + 7(||f(0)|| + L[]l o0, 1;Rm)),

where we used Assumption 3.1 and Lemma 2.7 with » = 1. By means of Lemma 2.6
we deduce

Iyllcqo,rirey < cUlyoll, | f O, L, M, y,T) =:cy. (3.5)

Now, let M > 0 be further arbitrary but fixed. Define y; := S(ak, ¢x), k = 1,2
and consider ||(ax, €x) [l Lo, 7;Rmxnxrry < M, k = 1,2. Subtracting the integral
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formulations associated to each k and using the Lipschitz continuity of f with constant
L yields for ¢t € [0, T']

t (l‘ _ S)y—l
1 —y2)OI < A TJ/)L llai(s)y1(s) — az(s)y2(s) + £1(s) — £2(s)]l ds
Lt —s)r!
=/, TJ/)L laillpoo o, 7;mrxmyl1y1(s) — y2(s)ll ds
t (t — S)y—l
+/O ﬁL”)Q”LOO(O,T;R”)(”al(S) —ax ()|l + [1€1(s) — £2(s)I) ds
—_ syl
/(t Ff)) LM lyi(s) = y2(s)ll ds

+ 7L (emllar — aallpso 0, 1:Rrxny + I1€1 = €2ll Lo (0, 7;RM))

where in the last inequality we used (3.5) and Lemma 2.7 with r = 1. Now, Lemma 2.6
implies that

Iy1 = y2llcqo.rirny S em(llar — azll oo, 7;rexny + 1€1 — €21l L0, 7:R")),
which completes the proof. O

Theorem 3.6 (S is directionally differentiable) The control to state operator
S:L®0, T;R”" xR") 3 (a,£) = y € C([0, T]; R")
is directionally differentiable with directional derivative given by the unique solution

8y € C([0, TT; R™) of the following integral equation

t (l‘ _ s)y—l ,
Sy(1) =/ —————f(a(s)y(s) + £(s); a(s)dy(s) + da(s)y(s)
o I'(y)
+84(s))ds Yt el0,T], 3.6)

ie., 8y = S ((a, £); (8a, 8£)) for all (a, £), (8a, 8€) € L0, T; R"™" x R™).

Proof We first show that (3.6) is uniquely solvable. To this end, we argue as in the
proof of Proposition 3.4. From Lemma 2.5 we know that the operator

F : C([0, t*]; R”)azr—>1+(f(ay+€ az + day + 8£)) € C([0, t*]; R™),

is well defined since f'(ay+4; az+3ay+68¢) € L*°(0, T; R") forz € L*°(0, T; R")
[see (3.2)]. By employing the Lipschitz continuity of f/(ay+¢; -) with constant L, one
obtains the exact same estimate as in the proof of Proposition 3.4 and the remaining
arguments stay the same.

Next we focus on proving that §y is the directional derivative of S at (a, £) in
direction (8a, §¢). For t € (0, 1] we define y* := S(a + tda, £ + td¢), (a*, L") :=
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(a + tda, £ + 16¢). From (3.3) we have

(2 o

1 ! (r— S)y_l T T T
=- | —— @)y ) +L£°() — flals)y(s) + £(s)))ds
tJo T
t (t — S)yfl

— [ ———f"(a(s)y(s) + £(s); a(s)8y(s) + da(s)y(s) + 8(s)) ds
o Ty

=:h(s) =:5h(s)
t—sr "1 :
= [ L@ ey O + 6 — F+ T as
0 T
Y e I |
(Lt a6 — £ = £ B ;98 ) ds
o T \z

=:B:(s)

forall t € [0, T]. Since f is Lipschitz continuous with constant L we get

T _ ! (t — y—1
|2 =)o) < [ ot

1
(; la™ ()7 (5) + £7(5) = h(s) = T8h()]) ds + [ BellLamny V1 € 10,71,

where ¢ = r’ < 0o, with r given by Lemma 2.7. Note that, in view of the directional
differentiability of f combined with Lebesgue dominated convergence theorem it
holds

B; -0 inL90,T) ast \ 0. (3.8)

Now, let us take a closer look at the term

1
- lla®()y™ (s) + €7 (s) — h(s) — T8h(s)||

1
= (@ + 8a)(s)y™ (s) — a(s)y(s) — T(ady + Say)(s)||

= o) (2 i — —8y)(5) +8a() (7 () = )|

T

(2w

+tLy ”(Sa”LOO(O,T;R"X")(”(Sd”Loc((),T;]R”X") + ”‘SZ”L"O(O,T;R")) Vs e [0, T],

< llallgse o, 7;Rrxm)

=:b;

where in the last inequality we used the Lipschitz continuity of S, cf. Proposition 3.5,
with M := |||l oo o, 7;rmxm) + [18all Lo, 1:Rmxny + 1€l oo 0,758y + 181 L0, T R7)-
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Going back to (3.7), we see that

-y
H( - —8y)(t)H < IBcllzo. v + L b
Lt —s)r!
T'(y)

y oy
Ll rimen | (== -sy)o|as vrepo. 1

where we relied again on Lemma 2.7 with r = 1. In light of (3.8), Lemma 2.6 finally
implies

— oy
T C(0, T R”

: S IBella.rirny + Lbr — 0 as T N\ 0.
The proof is now complete. O
Remark 3.7 Note that in the case ¥ = 1, one obtains by arguing exactly as in the proof
of Theorem 3.6 that

S:L®0, T: RV xR") 5 (a, ) — y € W™, T; R")

is directionally differentiable with directional derivative given by the unique solution
sy € Wh°(0, T; R") of the following ODE

8y'(t) = fa@)y@) + £@); at)sy(t) + sa(t)y(t) + 8¢(1))
faa.r€(0,T), 8y(0) =0.

Proposition 3.8 (Existence of optimal solutions for (P)) The optimal control problem
(P) admits at least one solution in HY (0, T; R"™") x K.

Proof The assertion follows by standard arguments which rely on the direct method
of the calculus of variations combined with the radial unboundedness of the reduced
objective

HY 0, T; RV x R") > (a,0) — J(S(a, £),a,l) € R,

the compact embedding H'(0, T; R"*" x R") <s<s L®(0, T; R™" x R"), the
continuity of

S L0, T; R™" x R") — C([0, T]: R™),

cf. Proposition 3.5, and of g : R" — R, and the weak lower semicontinuity of the
norm. =
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3.3 Strong Solutions

Next we prove that the state equation

37y = fla@®y@®) +£@) ae.in (0,7),  y(0)= yo, (3.9

admits in fact strong solutions, i.e., solutions that possess a so-called Caputo derivative,
see Definition 2.2.

Definition 3.9 We say that y € wbhl, T;R") isa strong solution to (3.9) if

L7y = flay+0 ae.in 0,T),  y(©0)= yo.

The following well known result is a consequence of the identity I0 Aoy Y y

I(; Y’ =y, which is implied by the semigroup property of the fractional mtegrals
cf.e.g. [29, Lemma?2.3] and Definition 2.1.

Lemma 3.10 A function y € Wh1(0, T; R") is a strong solution of (3.9) if and only
if it satisfies the integral formulation (3.3).

Theorem3.11 Let y € (0,1) and r € [I, - y) be given. For each (a,l) €

whe(, T; Ry x WI'Q(O, T;R"), o0 > 1, (3.9) admits a unique strong solution
y € Wh(0, T; R"), where { = min{r, o} > 1.

Proof Lett € [0, T]and h € (0, 1] be arbitrary but fixed. Note that the existence of a
unique solution y € C([0, T + 1]; R") is guaranteed by Proposition 3.4; this solution
coincides with the mild solution of (3.1) on the interval [0, T']. From (3.3) we have

t+h sY— 1

)

gv—1
—/0 r‘(y)f(ayw%)(t —s)ds,

y(t+h)—y(t)=/ flay+ 0@ +h—s)ds
0

which implies

t+h (y—1
Iy +h) —y@)ll 5/ flay+0)@+h—s)ds
¢+ Ty
tgv—1
+/ ——L|(ay+€)(t+h—s)—(ay+ (@ —s)|ds
o I'(y)

=z1(t, h) + 228, h).
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For z; and z, we find the following estimates

t+h
11(;, h) < %/ s lds <71,
t

zﬂLhV<A o — ) —alt — )yt +h— )] ds

v
/ wa—w@a+h—n ¥t — )] ds

/ —5)— 4L —s)|ds

5/0 mll(a(t-irh—S)—a(l—S))lldS

s h d

+/0 F(y)lly(t+ —s) =y —s)ds
tsy—l

14 h—s)—£L(t — ds,

+/0 lﬂ(y)ll (t+ s) (t—s)ds

where we relied on the fact that y, a, and ¢ are essentially bounded. Altogether we
have

e L R e T

+/Ol(r _S)HHMH ds (3.10)

t

n) —
b [y | LD ),

0 h
forallt € [0, T] and all & € (0, 1]. Let us define
t _ t _

By(t) = 17! +/ (t —5)7 ! H s+ h) - L) H ds +/ (t —5)7! H als +h) —ats) H ds.

0 h 0 h

Since (a, £) € WHe(0, T; R™) x W'-€(0, T; R"), and ¢ = min{r, o}, where r is
given by Lemma 2.7, we can estimate By, as follows

T—Drtl £(- +h) — ()
1BillLs0.7:m) = (y — l)r +1 + yF(y) H Hu(o,r;m
a(-+ h) —a()
yl"(y) H HLC(O,T;R"X”)
T=Dr+l Ty+£‘]—9_'

S + e/ Ry + (1, LR XN ),
O —Dr+1 ST N Leo,7:r) + lla’ | Lo, 7:Rrxn)

(3.11)
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where we relied on Lemmas 2.7, 2.5 and [21, Theorem 3, p.277]. Hence, {B;} is
uniformly bounded in L%(0, T; R) with respect to 4 € (0, 1]. Further, the generalized
Gronwall inequality of [25, Lemma 7.1.1], see also [42, Corollary 1], applied to (3.10)
yields

for all + € [0, T'] and all 4 € (0, 1]. Using monotone convergence theorem, we can
exchange the order of integration and summation to get

H MH S Bi() + Z T ()" (1)) By)(1),

where we used the definition of I(;ljr' from Definition 2.1. Applying Lemma 2.5 we
obtain

y(+h) —y() H - ny
B S——— < ||B . r I B
| s S VBilicor + LTI Bl
T"
< IBnllrz,7:r) + ZF(V)nwr—wllBhlch(o,T;R)

n=0
= 1Bnllpc0,m:m)[1 + Ey 1 (C()TY)] Yh e (0,1],

where E, 1(z) = Y v, WHH) < oo is the celebrated Mittag-Leffler function;
note that here we used nyI'(ny) = ['(ny + 1). Since { By} is uniformly bounded in
L%(0, T; R), see (3.11), we obtain that the difference quotients of y are uniformly
bounded in L (0, T; R) with respect to & € (0, 1]. Hence, y has a weak derivative in
L5(0,T;R) by [21, Theorem 3, p.277]. The proof is now complete. O

Remark 3.12 We remark that the degree of smoothness of the right-hand sides «, £
does not necessarily carry over to the strong solution y (unless a certain compatibility
condition is satisfied, see Remark 3.13 below). This is in accordance with observations
made in literature, see e.g., [19, Example 6.4, Remark 6.13, Theorem 6.27] (fractional
ODEs) and [36, Corollary 2.2] (fractional in time PDEs). Indeed, for large values for
o and small values of y tending to 0O, the strong solution y € wls¢ (0, T'; R™), where
¢ =re(l,1/(1 —y))isclose to 1. However, as y approaches the value 1, one can
expect the strong solutions to become as regular as their right-hand sides. This can be
seen in the case y = 1, where the smoothness of the strong solution improves as the
smoothness of a, £ does so. Note that in this particular situation the solution of (3.9)
is in fact far more regular than as in the statement in Theorem 3.11, see Remark 3.3.

Remark 3.13 (Compatibility condition) If f(a(0)yo + £(0)) = 0, then the regularity
of the strong solution to (3.9) can be improved by looking at the equation satisfied by
the weak derivative y’ and inspecting its smoothness. Since the focus of this paper lies
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on the optimal control and not on the analysis of fractional equations, we do not give a
proof here. We just remark that the requirement f (a(0)yg + £(0)) = 0 corresponds to
the one in e.g. [19, Theorem 6.26], cf., also [36, Corollary 2.2], where it is proven that
the smoothness of the derivative of the strong solution improves if and only if such a
compatibility condition is true.

4 Strong Stationarity

The first result in this section will be an essential tool for establishing the strong sta-
tionarity in Theorem 4.7 below, as it guarantees the existence of a multiplier satisfying
both a gradient equation and an inequality associated to a local minimizer of (P).

Lemma 4.1 Let (a, £) be a given local optimum of (P). Then there exists a multiplier
A€ L0, T; R™) with r as in Lemma 2.7 such that

(a,éa) 1o, r.rrxny + (A, 8a y)rro.r:rr)y =0 Vda € H' 0, T; R™"),(4.1a)
(Z, SK)HI(O,T;R”) + <)\,, 88>Lr(O,T;R”) > 0
V8¢ € cone(K — £), (4.1b)
where we abbreviate y = S(a, {).
Proof The technical proof can be found in Appendix A.. O

The next step towards the derivation of our strong stationary system is to write the
first order necessary optimality conditions in primal form.

Lemma 4.2 (B-stationarity) If (a, 0) is locally optimal for (P), then there holds

VeI S (@, 0); (Ba, 80) (T)
+(£_l, (Sa)Hl(O’T;Rnxn) + (E, SZ)HI(O,T;R”) > 0
YV (8a,80) € HY(0, T; R™") x cone(K — 7), (4.2)

where we abbreviate y := S(a, 0).

Proof The result follows from the continuous differentiability of ¢ combined with the
directional differentiability of S, see Theorem 3.6, and the local optimality of (a, £).
]

Assumption 4.3 (‘Constraint Qualification’) There exists some index m € {1, ..., n}
such that the optimal state satisfies y,,(#) # O forall t € [0, T'].

Remark 4.4 Let us underline that there is a zoo of situations where the requirement in
Assumption 4.3 is fulfilled. We just enumerate a few in what follows.

e Ifthereexistssomeindexm € {1, ..., n}suchthatyp,, > Oand f(z) >0 VzeR
then the optimal state satisfies y,,, (t) > yo,» > Oforallz € [0, T], in view of (3.3).
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In particular, our ‘constraint qualification’ is fulfilled by continuous fractional deep
neural networks (DNNs) with ReLLU activation function, since f = max{0, -} in
this case, while an additional initial datum can be chosen so that yg ,, > 0.

e Similarly, if there exists some index m € {1, ..., n} such that yp ,, < O and f(z) <
0 Vz e R, then the optimal state satisfies y,,(#) < yo.n < Oforallt € [0, T]. In
both situations, the CQ in Assumption 4.3 is satisfied.

o If there exists some index m € {I, ..., n} such that yp , # 0 and f(fm ) =0
for all ¢ € [0, T, then, according to [19, Theorem 6.14] the optimal state satisfies
Ym(t) # O forall t € [0, T']. This is the case if e.g. f = max{0, -} and £ C {v €
HY 0, T:R") : v, (t) <0Vre]0, T1}.

Remark 4.5 We point out that Assumption 4.3 is due to the structure of the state
equation and due to the fact that constraints are imposed on the control £ (and not on
the control a), see Remark 4.12 below for more details. This assumption is essential
for using the purely primal optimality condition of Lemma 4.2 to derive a formulation
involving adjoint (or dual) quantities in (4.6) below. In this sense, Assumption 4.3 plays
a role similar to constraint qualifications in nonlinear differentiable programming,
which are used to prove existence of Lagrange multipliers such that the Karush-Kuhn-
Tucker system (KKT) is satisfied, see e.g. [22, Sect. 2]. In Remark 4.9 below we
will state the KKT conditions associated to our control problem in the case that f is
differentiable.

The following result describes the density of the set of arguments into which the
non-smoothness is derived in the “linearized” state equation (3.6). This aspect is crucial
in the context of proving strong stationarity for the control of non-smooth equations,
cf. [10, 30] and Remark 4.12 below.

Lemma 4.6 (Density of the set of arguments of f’((ay +£__)l- (t); ) Let (a, ) bea given
local optimum for (P) with associated state y := S(a, £). Under Assumption 4.3, it
holds

(@S’ (@, 0); (5a,0)) + 8aj : 8a € H' (0, T; R™™)} <5 C([0, T]: R").

Proof Let p € C([0, T]; R") be arbitrary, but fixed and define the function

y—1
8y (1) —/ « F()) fl@()y(s) + £(s); p(s))ds Vrel0,T].

Note that 83/ € C([0, T]; R™), in view of Lemma 2.5. We will now construct Sa such
that

asy +8ay = p. (4.3)

This is possible due to Assumption 4.3. Indeed, for j = 1, ...,nand ¢ € [0, T] we can
define

(p(t) —a@)sy(1));
T (1)

8 jm(t) == . Saji(t):=0, fori#m.
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Note that 8a jm € C[0, T]. Due to (4.3), 5/} satisfies the integral equation

-5t

I F@(s)y(s) + £(s): a(s)8y(s) + da(s)y(s)) ds V¢ €0, T1.

5y(t) =
By Theorem 3.6, the integral equation is equivalent to
8y = §'((@. 0): (5a. 0)). (4.4)
Now, let us consider a sequence day € H! (0, T; R™™) with
Sax — da in C([0, T]; R™V™). 4.5)
In view of Proposition 3.5 and Theorem 3.6, the mapping S is locally Lipschitz con-
tinuous and directionally diflierentiable from L°°(0, T; R"*" x R") to C([0, T]; R™).
Hence, the mapping S’'((a, £); -) : L0, T; R"*" x R") — C([0, T']; R") is con-

tinuous, see, e.g., [35, Lemmas3.1.2 and 3.1.3]. Thus, the convergence (4.5) implies
that

Sy == 8'((@. 0); Sax, 0)) — 8y in C([0, T]; R"),
where we recall (4.4). This gives in turn
adyy +daxy — p inC([0, T; R"),

in view of (4.3). Since p € C([0, T]; R") was arbitrary, the proof is now complete. O

The main finding of this paper is stated in the following result.

1
; =
satisfied and let (a, £) be a given local optimum for (P) with associated state

Theorem 4.7 (Strong stationarity) Let r € [1 ). Suppose that Assumption 4.3 is

y =S, ) e W50, T; R"),

where { = min{r, 2}. Then there exists a multiplier A € L" (0, T; R") and an adjoint
state p € L" (0, T; R™), such that

—1 T -1
p(t) = %Vg@m) + / %cfmm)ds Vielo.7).
(4.6a)
Ai(1) € [pi(@) fL(@y + 0i (1)), pi(0) f1(@y + £)i (1))]
foraa te (0, T),i=1,..n, (4.6b)
(@, 8a) g1 0,7 gremy + (M, 8a ) pro,7:mmy =0 Vda € H'(0, T; R™™),  (4.6¢)
(0, 80) 1o, 7.pny + (1. 80 Lr0,7:rn) = 0 V8L € cone(K — £), (4.6d)
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where, for an arbitrary 7 € R, the left and right-sided derivative of f : R — R are
defined through f (z) := f'(z; 1) and f! (2) := — f'(z; —1), respectively.

Remark 4.8 The adjoint (integral) equation (4.6a) describes the mild solution of a
differential equation featuring the so-called right Riemann-Liouville operator [19,
Chap. 5]:

DY _(p)(t) =a' (Hr(t) faa.te(0,7), tlin; 1}:V(p)(z) = Vg(3(T)), (4.7)
where

d
DY _(¢) := ‘E’;—y(‘f’)'

Here we recall Definition 2.1. If p is absolutely continuous, then, together with §y =
S'((a, 0); (8a, §0)), it satisfies the relation in [5, Proposition 2.5], which says that the
right Riemann-Liouville operator is the adjoint of the Caputo fractional derivative
(Definition 2.2). Note that 8y € W!1(0, T; R"); this can be shown by arguing as in
the proof of Theorem 3.11. If p has enough regularity, then I YpecCqo,T];R")

and thus, ITiy (p)(T) = Vg(y(T)), in view of (4.7).

Proof of Theorem 4.7 We begin by noticing that the regularity of the state is a
consequence of (a,f) € H'Y0,T;R™™) x H'(0, T;R") in combination with
Theorem 3.11. From Lemma 4.1, we get the existence of A € L"(0, T; R") satis-
fying (4.1). This allows us to define an adjoint state p € L"(0, T; R") such that
(4.6a), (4.6c) and (4.6d) are satisfied. Note that the L" (0, T'; R") regularity of p is
a result of Lemmas 2.7 and 2.5. Thus, it remains to show that (4.6b) is true. Let
(8a,dt) € H'(0, T; R"") x cone(lC — £) be arbitrary but fixed and abbreviate
Sy = S'(@@a, 0); (8a, §£)) and f/'(-; ) := f(ay + ¢; aSy + 8ay + 6¢). Note that

=1L (fC (4.8)

see (3.6). Now, using (4.6a) and (4.8) in Lemma 2.3 leads to

T N T T — y—1
/0 @M@ 8yt dr = /0 f’(-:-)(t)T[pm—%Vg(ym)} dr

L(y)
Thus,
T T =Ty T4 sayT [ L=
/ F @ p)— (@ M@ dy@dt = Veg(y(T)) / T, /oW
| 0 I'(y)
=8y(T), see (4.8)

(4.9)
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By inserting (4.9) in (4.2), we arrive at

T ~
/O @ T pa) — @ @) 8y ) de

+(a, Sa)Hl(O’T;]Rnxn) + (E, SE)HI(O,T;R") >0
Y (8a,8¢) € H' (0, T; R™™) x cone(K — ¢). (4.10)
Setting 6¢ := 0, taking into account 8~y = S'((a, £); (8a, 0)) and the definition of

f'(-;+), and making use of (4.6¢), results in

T
fo 10T p@) — @ @) T8y () dt + (@, 8a) g1 o, 7. pmn)

T -_ ~
@00 /0 PO F1@OT@) + L) @08 (@) + 8a)F()) di
4.11)

T
—/ A0 T @08y @t) +sa)y))dt > 0 Véa € H' (0, T; R™™).
0

Now let p € C([0, T]; R") be arbitrary but fixed. According to Lemma 4.6 there exists
a sequence {8a,} C H'(0, T; R"*") such that

as'((a, £); Bay,0)) + 8a,y — p in C([0, T]; R™).
Thus, testing with 8a, € H'(0, T; R"*") in (4.11) and passing to the limit n — oo
leads to

T
/0 @) f@0)3@) +L@0); p(10) — A0 p()dr =0 Vp e C(0, T R"),

where we relied on the continuity of f/(a@y +£; -) : L0, T; R") — L*®(0, T; R"),
cf.(3.2), and on the fact that A, p € L"(0, T'; R"). Now, by testing with p > 0 and
by employing the fundamental lemma of calculus of variations combined with the
positive homogeneity of the directional derivative with respect to the direction we
deduce

pi) f @y +£);(t); 1) —x;(t) >0 ae.in(0,T), i=1,..n.
In an analogous way, testing with p < 0 implies
P f(@y+0:i(@):; =) +24(1) =0 ae.in(0.7), i=1 .n,

from which (4.6b) follows. O

Remark 4.9 (Correspondence to KKT conditions) If (ay+£); () ¢ N fa.a.r € (0, T)
and for all i = 1,...,n, where N denotes the set of non-smooth points of f, then
Ai(t) = pi(@) f'((@y +€);(t)) faa.t € (0,T) and for all i = 1, ..., n, cf.(4.6b). In
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this case, (4.1) is equivalent to the optimality system or standard KKT-conditions,
which one would obtain if one would assume f to be continuously differentiable.
These conditions are given by:

—1 T —1
p(t) = %Vg@m) + / %cfmm)ds Vielo,T),
(4.12a)
Ai(t) = pi() f'(@y + 0); (1)) foraa.te (0, T),i=1,..n, (4.12b)
(@.8a) g1 o, 7.gmxny + (M. 8a ), =0 Yéa € H'(0, T; R™™), (4.12¢)
(€, 80) g1 0.7:rny + (A 80) Lr 0,78 = 0 V8L € cone(K — £). (4.12d)

The optimality system in Theorem 4.7 is indeed of strong stationary type, as the
next result shows:

Theorem 4.10 (Equivalence between B- and strong stationarity) Let (a,f) €
HY (0, T; R™™) x K be given and let y := S(a, £) be its associated state. If there
exists a multiplier A € L"(0, T; R") and an adjoint state p € L" (0, T; R"), where
r e [l, ﬁ), such that (4.6) is satisfied, then (a, ) also satisfies the variational
inequality (4.2). Moreover, if Assumption 4.3 is satisfied, then (4.2) is equivalent to
(4.6).

Proof We first show that (4.6b) implies

T
/0 p@) " f1@0)3@) +£@0); p(1) — 20 p()dr =0 Vp e C(0, T R").
(4.13)

Tothisend,letp € C([0, T]; R")andi = 1, ..., n be arbitrary, but fixed. We denote
by N the set of non-differentiable points of f. From (4.6b), we deduce that

Mi(Dpi (1) = pi()) (@3 + 0i(0))pi(1) ae. where @y +£); ¢ N. (4.14)

Further, we define /\fi+ = {t € [0,T] : @y + 0);(t) € N and p;(r) > 0} and
N7 ={rel0,T]: (ay+ 0);(t) € N and p;(t) < 0}. Then, (4.6b) and the positive
homogeneity of the directional derivative with respect to the direction yield

pi) fr(@y +0;))pi(t)  ae in N
pi(OfL(@y+0:()pi(t)  ae inN; (4.15)
= pi(t) f'((@y + 0);(t); pi(t)) a.e. where @y +£); € N.

Ai()pi(t) = {

Now, (4.13) follows from (4.14) and (4.15).

Next, let (8a, 8¢) € H'(0, T; R"*") x cone(K — £) be arbitrary but fixed and test
(4.13) with 518~y + day + 8¢, where we abbreviate 5~y = S'((@a, £); (8a, 8£)). This
results in
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T
/ PO f1@03(t) + £1t); @by + say + 50)(1)) dr
0
T
—/ A(0) T @y + 8ay + 8¢)(t)dt > 0. (4.16)
0

Then, by using (4.9) one sees that (4.16) implies

Ve(G(T) T8y(T) — (x, 8aF + 88y rr©o,1:rn) = 0
¥ (8a, 8¢) € H'(0, T; R™™) x cone(K — £). (4.17)

Finally (4.6¢)—(4.6d) in combination with (4.17) yield that (4.2) is true. Moreover, if
Assumption 4.3 is satisfied, then (4.2) implies (4.6), see the proof of Theorem 4.7. We
underline that the only information about the local minimizer that is used in the proof
of Theorem 4.7 is contained in (4.2). O

Remark 4.11 (Strong stationarity in the case y = 1) If y = 1, then the state y associ-
ated to the local optimum (a, 67) € HI(O, T; R™" x R") belongs to W2’2(O, T;R");
this is a consequence of the statement in Remark 3.3 combined with the fact that
f(@ay+¢€) e H' (0, T;R"), since f € WH°(R"; R"), as a result of Assumption 3.1.
Moreover, by taking a look at (4.6a) we see that the adjoint equation reads

—p'(y=a' i) Yiel0,Tl, p(T)=VgF(T))

for y = 1. A close inspection of step (III) in the proof of Lemma 4.1 shows that
p € W22(0, T; R") and » € L>®(0, T; R"), see (4.6b).

4.1 Some Comments Regarding the Main Result

We end this section by collecting some important remarks concerning Theorem 4.7.

Remark 4.12 (Density of the set of arguments of f/((ay + 0);i(1); ) The proof of
Theorem 4.7 shows that it is essential that the set of directions into which the non-
smooth mapping f is differentiated—in the ‘linearized’ state equation associated to
(@, £)—is dense in a (suitable) Bochner space (which is the assertion in Lemma 4.6).
This has also been pointed out in [10, Remark 2.12], where strong stationarity for a
coupled non-smooth system is proven.

Let us underline that the ‘constraint qualification’ in Assumption 4.3 is not only
due to the structure of the state equation, but also due to the presence of constraints
on £. If constraints were imposed on a instead of ¢, then there would be no need for a
CQ in the sense of Assumption 4.3. An inspection of the proof of Theorem 4.7 shows
that in this case one needs to show that

(as'((@, £); (0,80)) +68¢: 8¢ € H'(0, T; R")} i) C(0,TT; R").

This is done by arguing as in the proof of Lemma 4.6, where this time, one defines
6l :=p —ady.
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Thus, depending on the setting, the ‘constraint qualification’ may vanish or may
read completely differently [10, Assumption?2.6], but it should imply that the set of
directions into which f is differentiated -in the “linearized” state equation-is dense in
an entire space [10, Lemma2.8], see also [10, Remark 2.12].

These observations are also consistent with the result in [30]. Therein, the direction
into which one differentiates the non-smoothness—in the ‘linearized’ state equation—
is the ‘linearized’ solution operator, such that the counterpart of our Lemma 4.6 is [30,
Lemma 5.2]. In [30], there is no constraint qualification in the sense of Assumption 4.3;
however, the density assumption [30, Assumption 2.1.6] can be regarded as such. In
[16, Remark4.15] the authors also acknowledge the necessity of a density condition
similar to that described above in order to ensure strong stationarity.

Remark 4.13 (Control constraints) We point out that we deal with controls (a, £) map-
ping to (R™)"*!, whereas the space of functions we want to cover in Lemma 4.6
consists of functions that map to R" only. This allows us to restrict n controls by
constraints (if we look at (P) as having n + 1 controls mapping to R".) Indeed, a closer
inspection of the proof of Lemma 4.6 shows that one can impose control constraints
on all columns of the control a except the m-th column. This still implies that the set of
directions into which f is differentiated—in the ‘linearized’ state equation—is dense
in an entire space. The fact that two or more controls provide advantages in the context
of strong stationarity has already been observed in [26, Sect. 4]. Therein, an additional
control has to be considered on the right-hand side of the VI under consideration in
order to be able to prove strong stationarity, see [26, Sect. 4] for more details.

The situation changes when, in addition to asking that ¢ € /X, control constraints
are imposed on all columns of a. In this case, we deal with a fully control constrained
problem. By looking at the proof of Lemma 4.6 we see that the arguments cannot
be applied in this case, see also [10, 16, 30, 32] where the same observation was
made. This calls for a different approach in the proof of Theorem 4.7 and additional
“constraint qualifications” [11, 39].

Remark 4.14 (Sign condition on the adjoint state. Optimality conditions obtained via
smoothening)

(i) An essential information contained in the strong stationary system (4.6) is the
fact that

pi() fL(@y + 0)i (1) < pi(0) f1(@y + 0 (1)) (4.18)

faa.r e (0,7), i =1,...,n,see (4.6b). This is crucial for showing the implication
(4.6) = (4.2), which ultimately yields that (4.6) is indeed of strong stationary type
(see the proof of Theorem 4.10).

If f is convex or concave around its non-smooth points, this translates into a sign
condition for the adjoint state. Indeed, if f : R — R is convex around a non-smooth
point z, this means that f’ (z) < f (z), and from (4.18) we have

pi(t) >0 a.e. where (ay +0;i=z i=1,..,n.

@ Springer



Applied Mathematics & Optimization (2023) 88:84 Page230f33 84

Similarly, in the concave case, p is negative for those pairs (i, #) for which (ay + 0); (1)
is a non-differentiable point of f.

In addition, we note that, if f is piecewise continuously differentiable, (4.18)
implies the regularity (cf. [35, Definition 7.4.1]) of the mapping p;(#)f : R — R
at (ay + €);(t) fa.a.t € (0, T) and forall i = 1, ..., n, in view of [30, Lemma C.1].
See also [30, Remark 6.9] and [10] for similar situations.

(i1) By contrast, optimality systems derived by classical smoothening techniques
often lack a sign for the adjoint state (and the above mentioned regularity in the sense
of [35, Definition 7.4.1]) eventually along with other information which gets lost in
the limit analysis. See e.g. [11, Proposition2.17], [30, Sect. 4], [16, Theorem 4.4], [37,
Theorem 2.4] (optimal control of non-smooth PDEs) and [32] (optimal control of VIs).
Generally speaking, a sign condition for the adjoint state in those points (i, ) where
the argument of the non-smoothness f in the state equation, in our case (ay + 0 (@),
is such that f is not differentiable at (ay + £); (1), is what ultimately distinguishes a
strong stationary optimality system from very ‘good’ optimality systems obtained by
smoothening procedures, cf. [11, Proposition2.17] and [30, Sect. 7.2], see also [16,
Remark4.15].

Remark 4.15 (The multi-data case) Let us assume that the number of input data is
larger than one and at the same time not larger than #. In this case our optimal control
problem is replaced by

m
. 1 1
' ) 2 2
min /Zlg(y D) + 5l o, gy + 510310, 7:20)
st. 37y = fFa@®)yP @) +£@1)) ae.in (0, T), (4.19)
y(j)(()) = y(()j), j=1,..,m
ek,

where m € {2, ..., n} is fixed. Then, an inspection of the proof of Lemma 4.6 shows
that the strong stationarity result remains true provided that the system

Sa(t)y(t) =y (t) Viel0,T]
admits at least one solution da € C([0, T]; R™™™) for each ¢ € C([0, T]; R"*™);

here y : [0, T] — R™ ™ denotes the state associated to a local optimum. The strong
stationary optimality conditions in this particular case are given by

4 (T —1)r~! e T(s—nr=1_ .
) — ) T )
PP = = 5 VeGY <T>>+[ oy ¢ W@ ds Ve,
(4.20a)
W@ e ) fL(@Y + 0i ), p 0 fL(@3Y + 0 (1)1 foraa.t e (0, 7),
(4.20b)
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m
@@, 8a) g1 o, 7:gnxny + Z (:9,8a3 )0 1rmy =0 Véa € HY(0, T; R™™),
j=1
(4.20c)

m
(80 10,7y + Y WY, 80) Lr.7:mn) = 0 V8L € cone(K — £),
j=1

(4.20d)

j=1,...m.

5 Application to a Continuous DNN

This section is concerned with the application of our main result to the following
optimal control problem:

1 , 1 1
min §||}’(T) - yd”Rn + EHaHHl(O,T;R”X”) + EHKHHI(O,T;]R”)

s.t. 97 y(t) = max(a(t)y(t) + £(),0) ae.in (0,7), Q)
yi(0)=1, y(0)=0,i=2,..n.
(a,€) € H'(0, T; R™") x K,

where y; € R”" is fixed and the set K captures the fixed bias ordering [2], i.e.,
K:={ecH OT;R"):4;(t) <liy1(t) Yi=1,..,n—1,VYte[0,T]}.

The state equation in (Q) describes a continuous deep neural network. For a discrete
representation of this network, we refer to [4, 6].

We note that K ¢ H! (0, T; R") is a convex, closed cone. Thus, all the quantities
in (Q) fit in our general setting, cf. also Assumption 3.1. To see that the ‘constraint
qualification’ in Assumption 4.3 is fulfilled, we refer to Remark 4.4.

Hence, we can apply Theorem 4.7, which in this particular case reads as follows:

Theorem 5.1 (Strong stationarity for the control of continuous DNNs with fixed bias
ordering) Let (a, ) be a given local optimum for (Q) with associated state y. Then

there exists a multiplier .. € L™ (0, T; R") and an adjoint state p € L"(0, T; R"),
1

wherer € [1, m), such that
(T T—nr=t _+
pt) = T)/)(y(T) - Yd) +./z Ty)a ($HA(s)ds Vit e[0,T).

(5.1a)
() = pi(t), a.e. where (ay + £); > 0,
Li(1) €10, pi(1)] a.e. where (ay + £); =0, (5.1b)
(1) =0 ae where (ay+1£); <0, i=1,..n,
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(C_l, SG)HI(O’T;Rnxn) + <)&, da y>Lr(O’T;RVl) =0 Vace HI(O, T, Rnxn),

(5.1¢)
(€, 80) g10.7:rny + (M. 80 Lro.srry = 0 V8L € K — L. (5.1d)
Moreover, (5.1) is equivalent to
G(T) = ya)" 8 (@, 0); (8a, 80)) (T)
+(C_l, 8a)H1(0,T;]R”X”) + (Z, 8£)H1(0,T;R") > 0
VY (8a,80) € H' (0, T; R™") x cone(K — 0), (5.2)

where S is the control-to-state operator.

Proof The result follows from Theorems 4.7 and 4.10, by taking into account that
(4.6b) is equivalent to (5.1b) if f = max{:, 0}. Note that (5.2) is just (4.2) in this
particular setting. O
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Appendix A: Proof of Lemma 4.1

Proof of Lemma 4.1 We associate a state equation to a smooth approximation of the
non-differentiable function f, such that the respective solution mapping is Gateaux-
differentiable [step (I)]. Then, by arguments inspired by e.g. [9], it follows that (a, 0)
can be approximated by a sequence of local minimizers of an optimal control problem
governed by the regularized state equation [step (II)]. Passing to the limit in the adjoint
system associated to the regularized optimal control problem finally yields the desired
assertion [step (III)]. Although many of the arguments are well-known, we give a
detailed proof, for completeness and for convenience of the reader.
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() Let ¢ > 0 be arbitrary, but fixed. We begin by investigating the smooth integral
equation

t (t — s)y—l

ye®) =yo+ | —=———fela(s)ys(s) +£(s))ds Vte[0,T], (A1)
o I

where the differentiable function f; : R — R is defined as
o

fi@i= [ fe e
—00

where ¢ € C°(R), ¢ > 0, suppe C [—1, 1] and ffooo ¢(s)ds = 1. Once again,
we do not distinguish between f; : R” — R” and f, : R — R. As in the case of its
non-smooth counterpart, f; : R" — R" is assumed to satisfy for all z € R"

fe(2)i = f:(zi), i=1,...n
where ﬁ : R — R is a smooth function. We observe that for all z € R it holds
fe(@) = f(z) ase (0. (A.2)
Moreover,

I fe(z1) = fez)Il < Lllz1 —z2ll Vzi,22 € R", (A3)

where L > 0 is the Lipschitz constant of f.

By employing the exact same arguments as in the proof of Proposition 3.4, one
infers that (A.1) admits a unique solution y, € C([0, T]; R") for every (a,{) €
L0, T; R™*" x R™), which allows us to define the smooth solution mapping

Se : L0, T; R™" x R") 5 (a, £) — vy, € C([0, T]; R™).

The operator S, is Gateaux-differentiable and its derivative is the unique solution of

t _ -1
Sye(t) = A &fs’(a(sm (8) +£(s))(a(s)8ye(s) + da(s)ye(s) + 8L(s)) ds

I'(y)
(A4)
forallz € [0, T1, i.e., 8y = S.(a, £)(8a, §¢); note that here we use the notation f,’
for the Jacobi-matrix of f, : R” — R”". By using the integral formulations (3.3)
and (A.1), Lemma 2.6 and (A.2), we obtain the convergence Sg(a,{) — S(a,{) —
0in C([0, T]; R™) as ¢ \( 0. On the other hand, by arguing as in the proof of Proposi-

tion 3.5 we deduce that S; is Lipschitz-continuous in the sense of (3.4) (with constant
independent of €). As a result, we have

Se(ag, L) — S(a,£) — 0 in C([0, T]; R"), (A5)

when (ag, £;) — (a, £) in L*°(0, T; R"™*" x R™).
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(I) Next, we focus on proving that (@, £) can be approximated via local minimizers
of optimal control problems governed by (A.1). To this end, let

By 1= By o 1. xmny (@, 0), p) N (H'(0, T; R™™) x K), p >0,

be the ball of local optimality of (a, ?) and consider the smooth (reduced) optimal
control problem

1
min J(Se(a, £),a,0) + =|(a, &) —
(a,0)eH'(0,T; R xR") 2

s.t. (a,?) € Bp.

-
(a, E)HHI(O,T;R"X”XR”)
(A.6)

Let us recall here that
1 2 1 2
J(ya a, E) = g()’(T)) + E”aHHI(O,T;R"X") + EHZ”H](O,T;]R”)’

where g : R" — R is a differentiable, and thus, continuous function. By the Lipschitz
continuity of S : L (0, T; R™*" x R") — C([0, T]; R") and the compact embed-
ding H'(0, T; R™" x R") e><s L>®(0, T; R™" x R"), we see that (A.6) admits
a global solution (a, £;) € B,. Since B, is weakly closed in HY (0, T; RV x RY)
we can extract a weakly convergent subsequence

(ae, e)—@, ) € B, in H'(0, T; R™" x R").
For simplicity, we abbreviate in the following

J(a, ) :=J(S@a,b),a,l), (A.7a)

1 -
Te@, 0) = J(Se(@, 0,a.0) + 3 1@ &) = @ Dl 7. wen iy (ATH)

Due to (A.5) combined with the continuity of g : R” — R, it holds

7@ A2 js@. 0.a. b = lim J (5:(@. ), a £)
£—>
(A.:7b) lin})]g(é_l’ E_) > lim sup Jg (as, €s), (A.8)
e—

e—0
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where in the last inequality we used the fact that (a;, €. ) is a global minimizer of (A.6)
and that (a, £) is admissible for (A.6). In view of (A.7b), (A.8) can be continued as

- = . 1 -
j(aa E) = lim sup J(Ss(aﬁa Z&‘)v dg, ES) + E”(a&‘a E(“) - (av E)”%{l(o’T;RnanRn)

e—0
.. 1 -
= llgn_ggf J(Se(ae, Le), ag, Le) + E”(aa, le) — (a, g)”%.]l(o’T;RnanRn)

-~ o=~ _ - .
> J(S(a’ £)7 a, Z) + 5”(“5 E) - (av €)||?{I(O,T;R”X”><R”) > j(aa E)v
(A9)
where we used again H!(0, T; R"" x R") << L*®(0, T; R"*") and (A.5) com-

bined with the continuity of g : R" — R; note that for the last inequality in (A.9) we
employed the fact that (@, £) € B,. From (A.9) we conclude

lim J (S (ac, o), ae, £e) + %n(ag, €)= @ Dl o, gagmen ey = J @5 ).
By arguing as above we also get
Lim (S (ae, Le). ae. £e) = T (@, 0),
which implies
(ag, be) — (a,£) in H'(0, T; R x R"). (A.10)
As a consequence, (A.5) yields
ye = ¥y inC([0, T]; R"), (A.11)

where we abbreviate y, := S¢(ag, £¢). By classical arguments one then obtains that
(ag, L) is a local minimizer for

min Je(a, b).
H1(0,T; R ") K

(IIT) Due to the above established local optimality of (ag, £;) and on account of
the differentiability properties of S, cf. step (I), we can write down the following
necessary optimality condition

Vg (ye(T)) " S, (ae. o) ((a, ) — (ag, £))(T)
+ (205 — L_l, a — ae)Hl(()’T;Rnxn) + (ZZE — E, 0 — Zg)Hl(O,T;R”) > 0
(A.12)
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for all (a, £) € HY 0, T; R™*™) x K. Now, let us consider for ¢t € [0, T')

o= T <T))+/
Pe = ) 8Ve ]

T (s —nyr—1

o) ag (s) fe'(agye + €e)(s) ps(s) ds.

=he(s)

(A.13)

To see that (A.13) admits a unique solution, we argue as in the proof of Proposi-
tion 3.4. From Lemma 2.5 we know that the operator z +— I%/_ (a;rfg’(agyg +4:)z)

maps continuous functions to continuous functions, since a;r , fe(acye + Le) €
L*°(0, T; R™™"). However, the first term in (A.13) is only L"— integrable with r
given by Lemma 2.7. This means that (no matter how smooth z is) the fix point oper-
ator associated to (A.13), namely

(T — .)V_l /
Vlland vag()’s(T)) + I%f_(a;rfg (agyg +4.)z2)

maps only to L" (0, T'; R") with r given by Lemma 2.7. Due to Lemma 2.5 we have
for all z1, zo € L" (0, t*; R™) the estimate

112 _(a) fe' (@eye + €)1 — 22l Lr ©.1%:Rm)
@*y
<

~yl(y)

L ||lagll o0, 7:rRxmy Izt — 22l 2 0, R

and by arguing exactly as in the proof of Proposition 3.4 one obtains that (A.13) admits
a unique solution p, € L"(0, T; R") with r given by Lemma 2.7. This immediately
implies that A, € L" (0, T; R"), since f'(acys + £.) € L0, T; R**"),

Next, let (a, £) € H 1 (0, T; R™™) x K be arbitrary but fixed. We abbreviate

8ye = S(ae, Le)((a, €) — (@, Le))
and
Fe'OC) i= e (@eye + €e)(@edye + (a — ag)ye + € — Le),
which implies
8ye = Ior (f'()()), (A.14)

on account of (A.4). Now, in the light of Lemma 2.3 combined with the identities
(A.13) and (A.14) we have

(T —nyr~!

roy Vet ]ar

T T
/0 (@l he)(®) T 8ye(t) dt = [0 fs/(~)(-)(t)T[pa(t)—
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Thus, we obtain

T
/0 Fe'OO® T pet) — (al 1) (@) T8ye (1) de

T _ -1
= Ve0e(T)' / T poomar. (A.15)
0 I'(y)

=8y:(T), see (A.14)

Since Ay = fo/(asye +£¢) pe, we can simplify the left-hand side of the above equation
as

T
/0 FOO® T pet) — (al 1) (@) T8ye (1) de

T
= / )\e(t)—r((a —ag)ye + € —£.)(t)dt. (A.16)
0

Inserting (A.15) and (A.16) in (A.12) leads to

T
0< /O FOOOT pelt) = @ re) D) T 8ye (1) di

+ (2(15 — (3, a — ag)Hl(O’T;Ran) + (25,5 — Z, L — ES)HI(O,T;R”) (A17)
= (Ag, (a — as)Ys +4 - 2é?)LV(O,T;]R")
+ (2(13 — 6_1, a — aS)Hl(O,T;R"X") + (253 — Z_, {— Eé‘)Hl(O,T;R")'

Setting (a, £) in (A.17) to (ae % 8a, £¢), a € H'(0, T; R™™), and (a, £), £ € K,
respectively, yields

(2a, — @, 8a) g1 (o, 7:pnxny + (he, 8@ Ye) 1, 7:mm =0 ¥éa € H' (0, T; R™™),
(A.18a)
(20e — 0, € — L) i, 7.mmy + (hes € — Le)ro,mimmy =0 VL €K
(A.18b)

The next step is to show that p, and hence A, are bounded independently of ¢. From
(A.13) we further obtain

T 7 v T
pe(T —1) = () g(y:(1))
T — s)y—l T 1=
————a, (T —5)fe(aeye + Lc)(T —5)pe(T —s)ds Vie (0, T]
o TI'(n
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We abbreviate p, := p(T — -). Since || f¢'(agye + €e)ll Lo, 7:rrxny < L, we have
the estimate

t —1
. . (t — 5 5
15Ol < ert? 1+/ U LIFe)lds, 1€, T,
0 I'(y)

where ¢y, ¢c; > 0 are independent of ¢. Here we also used that {||ag| oo, 7.R77m)},
{IIVg(y:(T))|Irn} are uniformly bounded with respect to ¢, cf., (A.10) and (A.11);
recall that g : R” — R is continuously differentiable, by assumption. In view of
Lemma 2.6, this implies

1P|l < Cert”™, te(,T].

'l:hus,by employing again || f'(ae ye+€c) o0, 7;rrxny < 1, wehave [|[Ag || Lr,7;rn) <
C withr € (1, ﬁ) given by Lemma 2.7, and we can extract a weakly convergent
subsequence

Ae—"*A inL"(0, T; R").
Passing to the limit in (A.18) and using (A.10), (A.11) now yields

(C_l, 8“)H1(0,T;]R"X") + ()\., da y)Lr(O,T;R”X”) =0 Véa e Hl(O, T; ]Rnxn),
(Z, l— K-)Hl(O,T;R") + (1, € — E_)L’(O,T;R’l) >0 Veek.

The proof is now complete. O
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