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Continuity/constancy of the Hamiltonian function in a
Pontryagin maximum principle for optimal sampled-data,
control problems with free sampling times

Loic Bourdin* Gaurav Dharf

Abstract

In a recent paper by Bourdin and Trélat, a version of the Pontryagin maximum principle
(in short, PMP) has been stated for general nonlinear finite-dimensional optimal sampled-data
control problems. Unfortunately their result is only concerned with fixed sampling times, and
thus it does not take into account the possibility of free sampling times. The present paper
aims to fill this gap in the literature. Precisely we establish a new version of the PMP that can
handle free sampling times. As in the aforementioned work by Bourdin and Trélat, we obtain
a first-order necessary optimality condition written as a nonpositive averaged Hamiltonian
gradient condition. Furthermore, from the freedom of choosing sampling times, we get a new
and additional necessary optimality condition which happens to coincide with the continuity of
the Hamiltonian function. In an autonomous context, even the constancy of the Hamiltonian
function can be derived. Our proof is based on the Ekeland variational principle. Finally a
linear-quadratic example is numerically solved using shooting methods, illustrating the possible
discontinuity of the Hamiltonian function in the case of fixed sampling times and highlighting
its continuity in the instance of optimal sampling times.

Keywords: Sampled-data control, optimal control, optimal sampling times, Pontryagin maximum
principle, Hamiltonian continuity, Hamiltonian constancy, Ekeland variational principle.

AMS Classification: 34K35, 34H05, 49J15, 49K15, 93C15, 93C57, 93C62, 93C83.

1 Introduction

In mathematics a dynamical system describes the evolution of a point (usually called the state
of the system) in an appropriate set following an evolution rule (known as the dynamics of the
system). Dynamical systems are of many different natures and they can be categorized in different
classes such as: continuous systems versus discrete systems (see details hereafter), deterministic
systems versus stochastic systems, etc. A continuous system is a dynamical system in which the
state evolves in a continuous way in time (for instance, ordinary differential equations, evolution
partial differential equations, etc.), while a discrete system is a dynamical system in which the state
evolves in a discrete way in time (for instance, difference equations, quantum differential equations,
etc.). A control system is a dynamical system in which a control parameter influences the evolution
of the state. Finally an optimal control problem consists of determining a control which allows to
steer the state of a control system from a specified configuration to some desired target while
minimizing a given criterion. Established in [29] by Pontryagin et al. at the end of the 1950’s,
the Pontryagin maximum principle (in short, PMP) is the milestone of optimal control theory.
It provides first-order necessary optimality conditions for continuous optimal control problems in
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which the dynamics is described by a general nonlinear ordinary differential equation. Roughly
speaking, the classical PMP ensures the existence of an adjoint vector such that the optimal control
satisfies the so-called Hamiltonian mazimization condition. Soon afterwards and even nowadays,
the PMP has been adapted to many situations, for control systems of different natures, with various
constraints, etc. It is not the aim of the present paper to give a state of the art. Nevertheless we
precise that several versions of the PMP were derived for discrete optimal control problems in which
the dynamics is described by a difference equation (see, e.g., [9, 23, 24]). In these discrete versions
of the PMP, the historical Hamiltonian maximization condition does not hold in general (see a
counterexample in [9, Examples 10.1-10.4 p.59-62]) and has to be replaced by a weaker condition
known as a nonpositive Hamiltonian gradient condition (see, e.g., [9, Theorem 42.1 p.330]). Note
that some appropriate convexity conditions on the dynamics have been considered in order to
recover the Hamiltonian maximization condition in the discrete case (see, e.g., [24]).

In this paper we are interested in sampled-data control systems in which the state evolves contin-
uously in time while the control evolves discretely in time. More precisely the value of the control
is authorized to be modified only a finite number of times. The times in which the control can
be modified are usually called the sampling times. Note that sampled-data control systems have
the peculiarity of presenting a mixed continuous/discrete structure. They have been considered as
models mostly in Engineering implemented by digital controllers which have a finite precision (see,
e.g., [30, 36]). Numerous texts and articles have developed control theory for sampled-data control
systems (see, e.g., [1, 2, 3, 18, 25] and references therein). For instance, global controllability for
sampled-data control systems has been investigated in [20]. Sampled-data control systems are used
in Automation, notably in model predictive control algorithms in which the control value at each
sampling time is chosen as the first value of a finite sequence of control values optimizing the given
cost on a fixed finite horizon (see, e.g., [21]). Optimal sampled-data control problems have been
investigated in the literature with different approaches. One approach has been to apply Ho-Hxo
optimization theory (see [7, 15]) where the closed-loop transfer matrix under the Ho- and Hoo-
norms is taken as the criterion. Another approach involves the Karush-Kuhn-Tucker necessary
conditions and dynamic programming (see [6]). However one should note that the aforementioned
results are not formulated in terms of a PMP. Recently Bourdin and Trélat have obtained in [13] a
version of the PMP for general nonlinear optimal sampled-data control problems. In that sampled-
data control framework, as in the purely discrete case addressed in the previous paragraph, the
usual Hamiltonian maximization condition does not hold in general and has to be replaced by a
weaker condition known as a nonpositive averaged Hamiltonian gradient condition (see [13, Theo-
rem 2.6 p.62]). Note that the PMP enunciated in [13, Theorem 2.6 p.62] is actually stated in the
more general framework of time scale calculus and a version which does not take into account such
a generality, and therefore closer to the considerations of the present paper, can be found in [12,
Theorem 1 p.81] or [13, Theorem 1.1 p.55]. Unfortunately this PMP is only concerned with fixed
sampling times, and thus it does not take into account the possibility of free sampling times that
can be chosen from a given interval. The main objective of the present paper is to fill this gap
in the literature by deriving a PMP for general nonlinear optimal sampled-data control problems
with free sampling times. We mention that optimal sampling times problems have already been in-
vestigated in the literature but, to the best of our knowledge, never from a PMP point of view. For
example many authors consider the related problem of finding the optimal fixed sampling interval
(or time step) such as in [26, 28]. Nonuniform sampling partitions have also been studied but in
specific cases such as for the linear-quadratic integrator in [31]. In [32] the optimal sampled-data
control problem is transformed into a purely discrete one by integrating the state over the sampling
intervals and then is treated as an usual optimization problem.

The main theoretical result of the present paper (Theorem 2.1 in Section 2.3) is a PMP for nonlin-
ear optimal sampled-data control problems with free sampling times. Similarly to the PMP derived



in [12, Theorem 1 p.81] or [13, Theorem 1.1 p.55] for fixed sampling times, we obtain a first-order
necessary optimality condition described by a nonpositive averaged Hamiltonian gradient condi-
tion (see Inequality (2)). Furthermore, from the freedom of choosing sampling times, we get a
new and additional necessary optimality condition (see Equality (3)) which happens to coincide
with the continuity of the Hamiltonian function. In an autonomous context, even the constancy of
the Hamiltonian function can be derived. We refer to Section 2.4 for a detailed discussion on the
continuity/constancy of the Hamiltonian function. Moreover, in case of additional constraints on
the size of sampling intervals (in practice one can expect a minimum size for instance), the conti-
nuity of the Hamiltonian function is replaced by a weaker inequality (see Remarks 2.17 and 2.18
for details).

We must remark that in the classical case of purely continuous optimal control problems, the
(absolute) continuity of the Hamiltonian function is a very well-known fact (see, e.g., [19, Theo-
rem 2.6.3 p.73]). With the help of a simple linear-quadratic example, we show in Section 3 that this
classical property does not hold in general for optimal sampled-data control problems with fixed
sampling times (see Figure 1). On the other hand, the present work proves that this continuity
property is recovered when considering optimal sampling times, which is illustrated with the same
aforementioned linear-quadratic example (see Figure 2). Furthermore the linear-quadratic example
developed in Section 3 allows us to prove the interest of our main result since it is numerically
solved by using, in one hand, the Riccati theory developed in [14, Theorem 2 and Corollary 1 p.276]
and, in the other hand, a shooting method based on the Hamiltonian continuity condition derived
in Theorem 2.1. We conclude this paragraph by mentioning that, in the context of hybrid optimal
control problems, a similar Hamiltonian continuity condition at crossing times (resp. at switching
times) can be found in [22, Remark 1.3] by Haberkorn and Trélat (resp. in [34, Definition 13] by
Sussmann under the name of Hamiltonian value condition). Nevertheless, due to the nature of the
sampling times and of the sampled-data controls considered in the present paper, our main result
(in particular the nonpositive averaged Hamiltonian gradient condition) cannot, to the best of our
knowledge, be seen as a direct consequence of the works [22, 34].

In this paragraph our aim is to give some details about the strategy adopted in this paper and
the major difficulties encountered. The proof of our main result is detailed in Appendix A and,
similarly to [13, Theorem 2.6 p.62], it is based on the classical Ekeland variational principle [17,
Theorem 1.1 p.324]. This leads us to consider a sequence of sampled-data controls converging in L*-
norm to the optimal one. A first difficulty emerges in the fact that the associated sampling times do
not necessarily converge to the optimal sampling times. Indeed a degenerate situation can occur if
the optimal control is constant over two consecutive sampling intervals. Moreover another obstacle
is the possible phenomenon of accumulation of sampling times. These two difficulties are overcome
by introducing a technical control set (see Equation (5) in Appendix A.1) which guarantees that
the sampling times produced by the Ekeland variational principle, firstly, remain unchanged for the
ones corresponding to the consecutive sampling intervals on which the optimal control is constant
(avoiding thus the first difficulty) and, secondly, are contained in disjoint intervals for the others
(avoiding thus the second difficulty). We refer to Proposition A.2 in Appendix A.1 for details. A
final obstacle lies in the non-convexity of the set of N-piecewise constant functions (where N € N*
is fixed). Therefore the standard procedure of considering convex L*°-perturbations of the control
(asin [13, Lemma 4.17 p.84]) has to be adapted by considering convex L>°-perturbations respecting
the same N-partition. We refer to the proof of Lemma A.10 for details. We conclude this paragraph
by mentioning that, thanks to the reviewing process of the present paper, an alternative proof of
our main result has been brought to our attention. This different approach is based on a remarkable
technique exposed in the paper [16] by Dmitruk and Kaganovich. We refer to Remark 2.12 for the
details.



The paper is organized as follows. Section 2 is dedicated to our main result (Theorem 2.1). Precisely
we introduce in Section 2.1 the notations and the functional framework required for our work.
The optimal sampled-data control problem considered in this paper (with possibly free sampling
times) is presented in details in Section 2.2 (see Problem (OSCP)). The corresponding Pontryagin
maximum principle (Theorem 2.1) is stated in Section 2.3 and a list of general comments is in
order. Finally we devote Section 2.4 to a discussion on the continuity /constancy of the Hamiltonian
function. In Section 3 we numerically solve a simple linear-quadratic optimal sampled-data control
problem and we compare the two following situations: fixed sampling times versus free sampling
times. As expected from our main result, the Hamiltonian function admits discontinuities in the
first case (see Figure 1), while it does not in the second case (see Figure 2). Appendix A is devoted
to the detailed proof of Theorem 2.1.

2 Main result and comments

Section 2.1 is devoted to the notations and the functional framework required for our work. In
Section 2.2, the general nonlinear optimal sampled-data control problem considered in this paper
(with possibly free sampling times) is presented with terminology and assumptions. In Section 2.3,
the corresponding Pontryagin maximum principle, which constitutes our main result, is stated. A
list of general comments is in order. Finally Section 2.4 is dedicated to a discussion about the
continuity/constancy of the Hamiltonian function.

2.1 Notations and functional framework
Let n € N* and I C R be a subinterval of R. In this paper we denote by:

- LY(I,R™) the Lebesgue space of integrable functions defined on I with values in R, endowed
with its usual norm || - [|p1(7,rn);

- L>°(1,R"™) the Lebesgue space of essentially bounded functions defined on I with values in R™,
endowed with its usual norm || - |[pec (7 rn);

- C(I,R™) the space of continuous functions defined on I with values in R", endowed with the
standard uniform norm || - [|¢(7,rn);

- AC(I,R™) the subspace of C(I,R™) of absolutely continuous functions.

Let m € N* and 7 > 0 be fixed in this whole section. For all N € N*, the set of all N-partitions
of the interval [0, 7] is defined by

,PX; = {T = (ti)i:O,..A,N | 0= o<t <...<tny_1<ty= T}.

Then, for all N € N* and all T = (¢;)i=0,...8 € P}, the set of all piecewise constant functions
over [0, 7] respecting the N-partition T is defined by

PCY([0,7],R™) := {u € L>=([0,7],R™) | Vi =0,..., N—1, Ju; € R™, u(t) = u; ae. t € [t tit1]}.

In this paper, as usual in the Lebesgue space L°([0,7],R™), two functions in PC}T\,([O,T],Rm)
which are equal almost everywhere on [0, 7] will be identified. Precisely, if u € PCH( [0,7],R™),
then u is identified to the function

{ U; if tE[ti,tH_l), iE{O,...,N*Q},

u(t) = un—1 if te€ty_1,tn],

for all t € [0, 7]. Note that PC} ([0, 7],R™) is a linear subspace of L>([0, 7], R™).



Remark 2.1. Note that the inclusion PC%([O,T],RTH) c PCY([0,7],R™) holds true for all M,
N € N* such that M < N, and all T' € P};, T € P such that T' C T.

Finally, for all N € N*  the set of all piecewise constant functions over [0,T] respecting at least
one N -partition is defined by

PCy([0,7],R™):= [ J PCR([0,7],R™).
TePE

Note that PCx ([0, 7], R™) is included in L*([0, 7], R™), but it is not a linear subspace, neither a
convex subset. As explained in Introduction, this lack of convexity constitutes a difficulty in the
present work. Precisely it leads us to adapt in the proof of Lemma A.10 the standard procedure of
convex L -perturbations of the control that can be found for example in [13, Lemma 4.17 p.84].

Remark 2.2. Similarly to Remark 2.1, note that PCp([0,7],R™) C PCn([0,7],R™) for all M,
N € N* such that M < N.

2.2 The optimal sampled-data control problem: terminology and as-
sumptions

Let m, n, 7, N € N* be four positive integers fixed in the whole paper. In the present work we
focus on the general optimal sampled-data control problem (OSCP) given by

T
minimize go(:c(O),x(T),T)Jr/O L(z(t),u(t),t) dt,

subject to T > 0 fixed or free,

T = (ti)i=o....n € PL fixed or free,

r € AC([0,T),R™), u € PCY ([0, T],R™), (OSCP)
&(t) = f(z(t),u(t),t), ae. tel0,T],

9(x(0),2(T),T) €,

u; €, foralli=0,...,N—1.

A solution to Problem (OSCP) is thus a quadruple (7, T, z, u) which satisfies all above constraints
and which minimizes the cost among all quadruples satisfying these constraints. Our aim in this
section is to fix the terminology and the assumptions associated to Problem (OSCP).

In Problem (OSCP), x is the state function (also called trajectory) and w is the control function.
In the classical literature about the Pontryagin maximum principle (see, e.g., [29, 33, 35] and
references therein), the control u usually can be any function in L*° ([0, T, R™), satisfying moreover
the constraint u(t) € €2 for almost every ¢ € [0, 7. In the present paper, the control v is constrained
to be a piecewise constant function respecting at least one N-partition, where N € N* is fixed.
In other words, the value of the control is authorized to be modified at most N — 1 times. In
that situation the standard terminology adopted in the literature is to say that the control w in
Problem (OSCP) is a sampled-data control (see, e.g., [6, 12, 13, 14] and references therein).

In Problem (OSCP), the final time T' > 0 can be fixed or not. In the case where the final time is
free, it becomes a parameter to optimize. Similarly the N-partition T = (¢;);=0,....ny can be fixed
or not in Problem (OSCP). For i = 1,..., N — 1, the elements ¢; of T are called the sampling
times because they correspond to the times in which the value of the sampled-data control u can
be modified. We distinguish two situations:



(i) If the N-partition is fixed in Problem (OSCP), we say that the sampling times ¢; are fixed
and Problem (OSCP) is an optimal sampled-data control problem with fized sampling times;

(ii) If the N-partition is free in Problem (OSCP), we say that the sampling times ¢; are free and
they become N — 1 parameters to optimize. In that case, Problem (OSCP) is said to be an
optimal sampled-data control problem with free sampling times.

In this paper we consider the following regularity and topology assumptions:

- the functions ¢ : R" x R x Ry — R and L : R™ x R™ x Ry — R, that describe respectively
the Mayer cost @(x(0),z(T),T) and the Lagrange cost fOT L(x(t),u(t),t) dt, are of class C!;

- the set S C R7 is a nonempty closed convex subset of R and the function g : R x R" x R, —
R7, that describes the terminal state constraint g(z(0),z(T),T) € S, is of class C?;

- the set 2 C R™, that describes the control constraint u; € €2, is a nonempty closed convex
subset of R™;

- the dynamics f: R™ x R™ x Ry — R™, that drives the state equation z(t) = f(x(t),u(t),t),
is of class C!. In particular, for every compact subset K C R™ x R™ x R, there exists a
nonnegative constant L > 0 such that ||01f(z,u,t)||gexn < L, ||O2f (x, u,t)||gnxm < L for all
(z,u,t) € K, and such that

| f (w2, u2,t) — f(z1,u1,t)||Rn < L(llz2 — 21][R0 + [Juz — ui][gm), (1)
for all (x1,u,t), (v2,us,t) € K.

Since the total cost ¢(x(0), z(T), T)JrfOT L(z(t), u(t), t) dt considered in Problem (OSCP) is written
as the sum of a Mayer cost and a Lagrange cost, it is said to be of Bolza form.

Remark 2.3. In Problem (OSCP), since the N-partition depends on the final time, note that the
problem has no sense if the final time is free while the N -partition is fixed. This case will not be
treated in this paper. In order to deal with it, one should introduce a different framework that can
handle partitions that are independent of the final time. This is not the aim of the present paper.
Our objective here is to focus on the free sampling times case.

Remark 2.4. If the final time is fixed in Problem (OSCP), one can directly consider that the two
functions ¢ and g are both independent of T, and we directly write the Mayer cost as p(x(0),z(T))
and the terminal state constraint as g(x(0),x(T)) € S.

Remark 2.5. In the free sampling times case, Problem (OSCP) can be rewritten by removing the
third line, and by replacing “u € PCx ([0, T),R™)” in the fourth line by “u € PCy([0,T],R™)”.

Remark 2.6. Let (T, T,xz,u) be a solution to Problem (OSCP). One can easily deduce, respectively
from Remarks 2.1 and 2.2, that:

- if the sampling times are fized in Problem (OSCP) and u € PC%([O, T],R™) for some M < N
and some T' € PL, such that T C T, then the quadruple (T, T’,x,u) is a solution to the same
problem as Problem (OSCP) replacing N by M and T by T'. A similar remark was already
done in [15, Remark 3 p.60];

- if the sampling times are free in Problem (OSCP) and u € PC%([O, T],R™) for some M < N
and some T' € PL,, then the quadruple (T,T',xz,u) is a solution to the same problem as

Problem (OSCP) replacing N by M.



Remark 2.7. Let (T, T,z,u) be a quadruple satisfying all constraints of Problem (OSCP). From
the state equation and since u is a piecewise constant function, it is clear that x is not only
absolutely continuous but also piecewise smooth of class C* over the interval [0,T), in the sense
that x is of class C* over each interval [t;,t;11].

Remark 2.8. A Filippov-type theorem for the existence of a solution to Problem (OSCP) in case
of fized sampling times was derived in [135, Theorem 2.1 p.61]. The present work focuses only on
necessary optimality conditions and thus it is not our aim to discuss the extension of the previously
mentioned result to the case of free sampling times. Nevertheless we precise that, in the context of
free sampling times, one would likely be faced with the same difficulty encountered in the proof of
Theorem 2.1 developed in Appendixz A. Precisely, considering a minimizing sequence of sampled-
data controls would lead to a sequence of partitions and thus to the possibility of accumulation
of sampling times. As a consequence, a cautious and rigorous mathematical treatment would be
required in order to give a meaning to the limit of the sequence of sampled-data controls when
accumulations of sampling times appear. Moreover, note that the standard Filippov’s theorem is
usually established in case of permanent controls, that is, with controls that belong to the infinite
dimensional space L>°([0, T],R™), while the sampled-data control framework considered here (with
fized or free sampling times) can be seen as a finite dimensional optimization problem. This fun-
damental difference could potentially lead to existence results in case of sampled-data controls with
relaxed assumptions with respect to the case of permanent controls. As a conclusion, the issue of
existence in case of sampled-data controls with free sampling times will be the central topic of a
future and full fledged paper.

2.3 Pontryagin maximum principle and general comments

The main objective of the present paper is to state a Pontryagin maximum principle for Prob-
lem (OSCP). As mentioned in the previous section, one of the novelties of Problem (OSCP) with
respect to the classical literature is to consider sampled-data controls. Note that this framework
was already considered by Bourdin and Trélat in [12, 13] in which a Pontryagin maximum prin-
ciple was already established. However, in contrary to the framework considered in [12, 13], the
sampling times ¢; in Problem (OSCP) are not necessarily fixed and can be free. Hence the major
contribution of the present paper is to state a Pontryagin maximum principle that can handle, not
only sampled-data controls, but also free sampling times. In that particular case, a new necessary
optimality condition is derived (see Equality (3) in Theorem 2.1 below). This additional necessary
optimality condition happens to coincide with the continuity of the Hamiltonian function. A dis-
cussion devoted to this phenomenon is provided in Section 2.4. Before stating our main result, we
first need to recall the three following standard notions.

Definition 2.1 (Hamiltonian). The Hamiltonian H : R™ x R™ x R” x R x Ry — R associated to
Problem (OSCP) is defined by

H(z,u,p,p" 1) = (p, f (2, u,t))rn +p"L(2,u, 1),

for all (z,u,p,p°,t) ER® x R™ x R" x R x R..

Definition 2.2 (Normal cone). The normal cone to S C R7 at a point z € S is defined as the set
Ng[z] := {z' € RV | V2" €8, (¢/,2" — 2)p; < 0}.

It is a closed convex cone containing Op; .



Definition 2.3 (Submersiveness). We say that g is submersive at a point (x1,x2,7) € R"xR" xR
if its differential at this point, that is

Dg(x1,x2,7) = (319(901,3?2,7') Oag(x1, 2, T) 5’39(9017332,7)) € RIXGntl),

18 surjective.
We are now in a position to state the main result of the present paper.

Theorem 2.1 (Pontryagin maximum principle). Let (T, T, x,u) be a solution to Problem (OSCP).
If g is submersive at (z(0),z(T),T), then there exists a nontrivial couple (p,p°) € AC(]0, T], R™) x
R_ such that:

(i) Adjoint equation: p satisfies
—p(t) = A f(@(t),u(t), )" x p(t) +p°O L(x(t), u(t), 1),
for almost every t € [0,T];
(ii) Transversality conditions on the adjoint vector: p satisfies

—p(O) p061<p(x(0)7x(T)7T) + 81g($(0),I(T),T)T X \I’,
p(T) = p0ap(x(0),2(T),T) + d29(x(0), 2(T),T) " x ¥,

where ¥ € R7 is such that —V € Ng[g(z(0),z(T),T)];
(iii) Nonpositive averaged Hamiltonian gradient condition: the condition

</tt+ Ou H (x(t), us, p(t), 1, t) dt, 0 — u> <0, 2)

Rm™

is satisfied for allw € Q and alli=0,...,N —1;

(iv) If moreover the sampling times are free in Problem (OSCP): the optimal sampling
times t; satisfy the Hamiltonian continuity condition

H(x(t:),ui—1,p(t:),p°, t;) = H(x(t;), us, p(t:), p°, i), (3)
foralli=1,... N—-1;

(v) If moreover the final time is free in Problem (OSCP): the optimal final time T
satisfies the transversality condition

—H(x(T),un_1,p(T),p°, T) = p°d30(2(0), z(T), T) + d3g(x(0), z(T),T)" x ¥,
where U € RY is introduced in the transversality conditions on the adjoint vector.

Appendix A is dedicated to the proof of Theorem 2.1. A list of comments is in order. We just
point out, as detailed in Remarks 2.14 and 2.15 below, that the submersion property considered
in Theorem 2.1 is not restrictive. The reader who is interested in the continuity/constancy of the
Hamiltonian function may jump directly to the specific Section 2.4.

Remark 2.9. The nontrivial couple (p,p°) in Theorem 2.1, which is a Lagrange multiplier, is
defined up to a positive multiplicative scalar. In the normal case p° # 0, it is usual to normalize
the Lagrange multiplier so that p° = —1.



Remark 2.10. Let us consider the framework of Theorem 2.1. One can easily see that the cou-
ple (x,p) satisfies the Hamiltonian system

x(t) = 83H($(t), U(t),p(t),po, t)a _p(t) = alH(x(t)’ u(t)7p(t)vp0a t)v
for almost every t € [0,T].

Remark 2.11. Our strategy in Appendix A in order to prove Theorem 2.1 is based on the Ekeland
variational principle [17, Theorem 1.1 p.824]. It requires the closedness of Q in order to define the
corresponding penalized functional on a complete metric set (see details in Appendiz A.3). The
closure of Q) is thus a crucial assumption in our strategy. On the other hand, the convezity of Q
s also an essential hypothesis for our strategy in order to consider convex L°-perturbation of the
control (see the proof of Lemma A.10).

Remark 2.12. The authors of the present paper are very grateful to the anonymous reviewer for
bringing to their attention an alternative proof of Theorem 2.1. By adapting a remarkable technique
exposed in the paper [10] by Dmitruk and Kaganovich, optimal sampled-data control problems with
free sampling times, considered in this paper, can indeed be reparameterized such that each sampling
interval [t;, t;11] maps to the interval [0,1]. In that situation, the free sampling times t; play the role
of free terminal states which lead, through the application of the classical PMP, to transversality
conditions which exactly coincide with the Hamiltonian continuity condition (3), while the values u;
of the sampled-data control play the role of parameters which lead, through the application of a
“PMP with parameters” (see, e.g., [11, Remark 5 p.3790]), to a necessary optimality condition
written in integral form which exactly coincides with the nonpositive averaged Hamiltonian gradient
condition (2). This alternative approach should undoubtedly be the subject of a forthcoming work.
On the other hand, the authors of the present paper are particularly interested in the extension of
optimal control problems using the tools of time scale calculus (see, e.g., [11, 13]) and fractional
calculus (see, e.g., [5]). It has to be noted that the method developed in [10] is strongly based on the
standard chain rule which has no analogue neither in time scale calculus, nor in fractional calculus.
As a consequence, the technique developed in [10] cannot be used in order to extend our main result
(Theorem 2.1) in both of these contexts, while the proof based on Ekeland’s variational principle
proposed in the present paper probably can. We take this occasion to mention that the continuity
of the Hamiltonian function in the framework of fractional optimal control problems remains an
open challenge (see details in [5, Section 5.1]).

Remark 2.13. If Q = R™ (that is, if there is no control constraint in Problem (OSCP)), then
the nonpositive averaged Hamiltonian gradient condition in Theorem 2.1 (see Inequality (2)) can
be rewritten as
tit1
| out (o) s p(0). 17,00t = s
ti

foralli=0,...,N —1.

Remark 2.14. In this remark, for simplicity, we suppose that the final time is fixed in Prob-
lem (OSCP). Our aim here is to describe some typical terminal state constraint g(x(0),z(T)) € S
and the corresponding transversality conditions on the adjoint vector derived in Theorem 2.1:

- If the terminal points are fized in Problem (OSCP) (that is, (0) = zo and x(T) = xf), one
may consider j = 2n, g as the identity function and S = {zo} x {x;}. In that case, the
normal cone to S is the entire space, and thus the transversality conditions on the adjoint
vector in Theorem 2.1 do not provide any additional information.



- If the initial point is fized (that is, x(0) = zg) and the final point x(T) is free in Prob-
lem (OSCP), one may consider j = 2n, g as the identity function and S = {zo} x R™. In
that case, the nontriviality of the couple (p,p°) and the second transversality condition on
the adjoint vector in Theorem 2.1 imply that p° # 0 (which we normalize to p° = —1, see

Remark 2.9) and p(T) = —dap(x(0), z(T)).

- If the initial point is fized (that is, x(0) = xg) and the final point x(T') is subject to inequality
constraints Go(x(T)) >0 for{ =1,...,ng, for some ng € N*, one may consider j = n+ng,
g : R"xR" = R""¢ given by g(x1,x2) := (21, G(x2)) where G = (Gy,...,Gpy) : R" — R"G
and S = {zo} x (Ry)". If G is of class C1 and the differential DG (z2) € R"¢ X" is surjective
at any point o € G=1((R4)"C), then the second transversality condition on the adjoint vector
in Theorem 2.1 can be written as p(T) = p°dap(x(0),z(T)) + >, MV Ge(z(T)), for some
Ae > 0 satisfying moreover the slackness condition A\yGe(x(T)) =0, for allt=1,... ng.

- If there is no Mayer cost (that is, ¢ = 0) and the periodic condition x(0) = x(T) is considered
in Problem (OSCP), one may consider j =n, g : R* xR™ — R" given by g(x1,x2) := x93 —x1
and S = {Ogn }. In that case the transversality conditions on the adjoint vector in Theorem 2.1
yield that p(0) = p(T).

We point out that, in all examples above, the submersiveness condition is satisfied.

Remark 2.15. Let (T, T, z,u) be a solution to Problem (OSCP). If the submersion property is not
satisfied, one can easily go back to the submersive case by noting that (T, T,xz,u) is also a solution
to the same problem as Problem (OSCP) replacing j by j :=2n+1, g by the identity function §
and S by the singleton S := {x(0)} x {z(T)} x {T'}. With this new problem the submersion property
is obviously satisfied and Theorem 2.1 can be applied. However, with this new problem, the normal
cone to S is the entire space, and thus the transversality conditions on the adjoint vector and on
the final time do mot provide any information. In other words, if the submersion property is not
satisfied, then Theorem 2.1 is still valid by removing the two items (i) and (v).

Remark 2.16. Following the proof of Theorem 2.1 in Appendix A, one can easily see that the
theorem is still valid for a quadruple (T,T,xz,u) which is solution to Problem (OSCP) in (only) a
local sense to precise.

Remark 2.17. In the case of free sampling times in Problem (OSCP), one may be interested by
the additional constraint t;11 —1t; > dpin for alli =0,...,N—1, for some dpin > 0 fized. Following
the proof of Theorem 2.1 in Appendiz A, one can easily see that Equality (3) is preserved for all
i€{1,...,N — 1} such that min(t; — t;_1,t;iy1 — t;) > Omin, dut has to be replaced by the weaker
condition

H(x(ti)7 uiflap(ti)vpov ti) < H(x(ti)’ uiap(ti>7p07 ti)7

foralli e {1,...,N—1} such that t;—t;—1 = dmin and t;11—1t; > Omin, and by the weaker condition

H(x(ti)7uiflap(ti)7p07ti) Z H(x(tl)u uiap(ti)7p07ti)7

foralli e {1,...,N — 1} such that t; — t;—1 > Omin and tiy1 — t; = Omin. However, if t; —t;—1 =
tiv1 — ti = Omin, then no necessary optimality condition on t; can be derived from our strategy in
Appendiz A.

Remark 2.18. Remark 2.17 can be easily adapted to the case of the additional constraint t;11—1t; <
Omax Jor alli =0,...,N — 1, for some dmax > 0 fized. One can also obtain a similar remark than
Remark 2.17 by considering the additional constraint dyin < tiy1—t; < dmax foralli=0,...,N—1,
for some 0 < dmin < Omax fized.
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Remark 2.19. Thanks to the reviewing process of the present paper, several research perspectives
have been brought to our attention. We take this occasion to thank the anonymous reviewers and
to provide a (nonezhaustive) list of perspectives for future works:

(i)

2.4

In the context of linear-quadratic problems, the authors of [1.] prove that the optimal sampled-
data controls (with fized sampling times) converge pointwisely to the optimal permanent con-
trol when the lengths of sampling intervals tend uniformly to zero. The convergence of the
corresponding costs and the uniform convergence of the corresponding states and costates are
also derived. An interesting research perspective would be to get similar convergence results in
the context of the present work. Several directions can be investigated: nonlinear dynamics,
terminal state constraints, free sampling times (whereas sampling times are fized in [1/]). In
context of free sampling times, a wonderful challenge would be to study the asymptotic behav-
ior when letting N tend to +oo (which is a weaker condition than the uniform convergence
to zero of the lengths of sampling intervals).

In view of initializations of numerical algorithms, it would be relevant to get theoretical results
about the distribution of optimal sampling times with respect to N and/or with respect to the
data (cost, dynamics, constraints) of the considered problem.

The present paper focuses on finite partitions. In view of handling chattering phenomenon, it
would be relevant to extend the present framework to the case of infinite partitions. For exam-
ple, one may consider the case of countably infinite partitions with exactly one accumulation
point (as in the well-known Fuller’s example).

As evoked in the survey [27] by Margaliot, a sufficient condition for the stabilization of a
switched system is obviously given by the stability of the trajectory associated to the worst-
case switching law, itself implied by the stability of the trajectories associated to the convex-
ified differential inclusion (in which a permanent control is introduced for playing the role
of convezifying parameter). Having in mind this strategy, finding the most destabilizing per-
manent control can be solved using variational approaches, as well illustrated in [27]. In the
other hand, in case of switched systems with a mazximal number of switches, we note that
the stability of the trajectories associated to the convexified differential inclusion by consid-
ering sampled-data controls with free sampling times is a weaker sufficient condition than
considering permanent controls. As a consequence, the application of Theorem 2.1 in order
to study the stabilization of switched systems in the previously mentioned context constitutes
an attractive perspective for future works.

Last (but not least) a relevant research perspective would concern the extension of the present
paper to the more general framework in which the values of the free sampling times t; intervene
explicitly in the cost to minimize and/or in the dynamics. Let us take this occasion to
mention the paper [/] in which the authors derive Pontryagin-type conditions for a specific
problem from medicine that can be written as an optimal sampled-data control problem in
which the sampling times t; are free and intervene explicitly in the expression of the dynamics.
We precise that, even in this very particular context, giving an expression of the necessary
optimality conditions in an Hamiltonian form still remains an open mathematical question.

Continuity /constancy of the Hamiltonian function

Let us first recall the following standard notion.

Definition 2.4 (Hamiltonian function). With the framework of Theorem 2.1, the corresponding
Hamiltonian function H : [0,T] — R is defined by

H(t) = H(x(t), u(t), p(t), ", 1),
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for allt €10,T).

Remark 2.20. If the final time is free in Problem (OSCP), note that the transversality condition
on the optimal final time T in Theorem 2.1 can be rewritten as

—H(T) = p"B3p(2(0), 2(T), T) + B3g((0), 2(T),T)" x ¥,
since u(T) = un—_1.

Remark 2.21. In the classical case of purely continuous optimal contol problems, we recall that
the (absolute) continuity of the Hamiltonian function H is a very well-known fact (see, e.g., [19,
Theorem 2.6.3 p.73]). Moreover it holds that

H(t) - 85H($(t)’ u(t),p(t),po, t)a
for almost all t € [0,T].

Let us consider the framework of Theorem 2.1. Similarly to the trajectory x (see Remark 2.7),
it can easily be seen from the adjoint equation that the adjoint vector p is not only absolutely
continuous but also piecewise smooth of class C! over the interval [0, T], in the sense that p is of
class C! over each interval [t;,¢;11]. Since moreover u is piecewise constant, it is clear that the
Hamiltonian function H is piecewise smooth of class C! over [0, T], in the sense that H is of class C!
over each semi-open interval [t;,¢;41) for ¢ = 0,..., N — 2 and over the closed interval [ty_1,tn].
Moreover, since the couple (z,p) satisfies the Hamiltonian system (see Remark 2.10), it clearly
holds that

H(t) = OsH (x(t), u(t), p(t), p°, 1),
over each semi-open interval [t;,t;11) for i =0,..., N — 2 and over the closed interval [ty_1,tn].

However, in contrary to the couple (x, p), the Hamiltonian function H is not continuous over [0, 7
in general. It may admit a discontinuity at each sampling times ¢;. We provide an example of this
phenomenon in Section 3 (see Figure 1 in which the sampling times are fixed). Nevertheless, if the
sampling times are free in Problem (OSCP), Equality (3) in Theorem 2.1 implies that the optimal
sampling times ¢; satisfy

tli_{% H(t) = H(x(t:), wi1,p(t:), p°, t:) = H(x(t:), wi, p(ts), p°, t:) = H(t:),

t<t;
foralli=1,..., N — 1, which correspond exactly to the continuity of H at each optimal sampling
time t;. In that situation we conclude that the Hamiltonian function H is continuous over the
whole interval [0,T]. The following result summarizes the previous remarks.

Proposition 2.1. Let us consider the framework of Theorem 2.1. Then, the Hamiltonian func-
tion H is piecewise smooth of class C' over the interval [0,T)], in the sense that H is of class C!
over each semi-open interval [t;,t;11) fori=0,...,N —2 and over the closed interval [tn_1,tN],
with the derivative

H(t) = OsH (x(t), u(t), p(t), p°, ). (4)

Moreover:

(i) If the sampling times are fized in Problem (OSCP), then H may admit a discontinuity at
each sampling time t;.

(ii) If the sampling times are free in Problem (OSCP), then the Hamiltonian function H is
continuous at each optimal sampling time t;. In that case, H is continuous over the whole
interval [0,T].

12



Proposition 2.1 is illustrated with a simple linear-quadratic example numerically solved in the next
Section 3.

We conclude this section by discussing the case where Problem (OSCP) is autonomous, in the sense
that the dynamics f and the Lagrange cost function L are independent of the variable ¢. In that
case, the Hamiltonian H is also independent of the variable ¢. In that situation, from Equality (4),
we deduce that the Hamiltonian function # is constant over each semi-open interval [t;,t;11) for
i =0,...,N — 2 and over the closed interval [tx_1,tx]. If moreover the sampling times are free
in Problem (OSCP), we deduce from Proposition 2.1 that the Hamiltonian function H is constant
over the whole interval [0, T.

3 Numerical illustration with a simple linear-quadratic ex-

ample
Bourdin and Trélat have recently extended in [14, Section 3 p.275] the classical Riccati theory to
the sampled-data control framework. In particular they provide in [14, Theorem 2 and Corollary 1

p.276] a numerical way to compute the optimal sampled-data control for linear-quadratic problems
in the case of fixed sampling times. Our aim in this section is to adapt this method in order to
numerically solve a simple linear-quadratic example with free sampling times, and to illustrate
our discussion in Section 2.4 about the continuity of the Hamiltonian function. Precisely we will
focus in this section on the following unidimensional linear-quadratic optimal sampled-data control
problem (LQOSCP) given by

minimize  2(1)? + /01 3z(t)* + u(t)? dt,
subject to T = (t;)i=0,... .~ € Py free,

v € AC([0, 1], R), u € PC%(0,1], R), (LQOSCP)
(t) = x(t) —u(t) +t, ae tel0,1],

with different values of N € N*. Note that Problem (LQOSCP) satisfies all the assumptions of
Section 2.2 and of Theorem 2.1, with the final time 7" = 1 being fixed.

For the needs of this section, for all N-partitions T € P}, we will denote by (LQOSCPr) the
same problem as Problem (LQOSCP) replacing “free” by “fixed”, that is, Problem (LQOSCPy)
corresponds to Problem (LQOSCP) but with the fixed partition T. As recalled in the beginning
of the section, [14, Theorem 2 and Corollary 1 p.276] allows us to numerically compute, for all N-
partitions T € Py, the optimal cost (denoted by Cr) and the Hamiltonian function (denoted by Hr)
corresponding to Problem (LQOSCPr). Hence, in order to numerically solve Problem (LQOSCP)
(with free sampling times), we can follow two different methods:

(i) Firstly we directly minimize the optimal cost mapping T —— Ct (using the MATLAB func-
tion fmincon).

(ii) Secondly, following the Hamiltonian continuity conditions (3) in Theorem 2.1, we apply a
shooting method (based on the MATLAB function fsolve) on the Hamiltonian discontinuities
mapping given by

T = (t3)ico....x — (Ma(t:) — Jim #Ha(t))

t—t;

i=1,.,N—1
t<t;
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Both methods yield the same optimal sampling times. Hence Problem (LQOSCP) is numerically
solved and we present hereafter some numerical simulations for different values of V. In particular
we compare the results with the fixed uniform partition case (see Table 1). As expected, one can
clearly observe that the optimal cost Ct is lower for the optimal sampling times than for the fixed
uniform partition.

N Fixed uniform partition Cr Optimal sampling times Cr
2 T ={0,0.5,1} 46.6828 || T ={0,0.3592,1} 46.0285

4 || T=1{0,0.25,05,0.751} | 445131 | T = {0,0.1574,0.3544,0.6163,1} | 44.3159

T ={0,0.125,0.25,0.375, | ., o0 | T = {0,0.0744,0.1567,0.2487,
0.5,0.625,0.75,0.875, 1} ' 0.3529,0.4729, 0.6140, 0.7847, 1}

8 43.9191

Table 1: Comparison of optimal costs Cr (fixed uniform partition versus optimal sampling times).

0 o1 02 5 07 08 09 02 03 04 05 06 07 08 09

Figure 1: The case N = 4 with fixed uniform partition.

In Figure 1 (with N = 4 and fixed uniform partition), as expected from Section 2.4, we observe that
the Hamiltonian function A is continuous over each semi-open interval [¢;, ;1) for ¢ = 0,1,2 and
over the closed interval [t3, t4]. However, since the uniform partition is not optimal in that situation,
the Hamiltonian function A has discontinuities at each ¢;. On the contrary, in Figure 2 (with
N = 4 and optimal sampling times), we observe that the Hamiltonian function H is continuous
over the whole interval [0,1]. These numerical results are coherent with the discussion addressed
in Section 2.4.

To conclude this section, note that the above numerical results emphasize the effectiveness of
our two methods in order to compute the optimal sampling times of a simple linear-quadratic
example. Numerous perspectives can be investigated by using other methods than the Riccati
theory from [14, Section 3 p.275] and by considering more sophisticated problems such as nonlinear
problems, multidimensional problems and by handling final state and/or control constraints, with
or without free final time, etc.
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Figure 2: The case N = 4 with optimal sampling times.

A Proof of Theorem 2.1

This appendix is devoted to the detailed proof of Theorem 2.1 in the case L = 0 (without Lagrange
cost). Indeed, reducing a Bolza problem (that is, with L # 0) to a Mayer problem (that is, with
L = 0) is very standard in the literature (see, e.g., [8, Section 2.1.4 p.12]).

We start with some required preliminaries in Section A.1. Then, the proof is based on the sensitivity
analysis of the state equation in Section A.2 and on the application of the Ekeland variational
principle in Section A.3.

A.1 Preliminaries

The first part of this section is devoted to some basics of convex analysis. Let dg : R — R, denote
the standard distance function to S defined by dg(2) := inf,/cg ||z — 2/||gs for all 2 € R7. We recall
that, for all 2 € R/, there exists a unique element Pg(z) € S (called the projection of z onto S)
such that dg(z) = ||z — Pg(2)||gs. It can easily be shown that the map Pg : R/ — S is 1-Lipschitz
continuous. Moreover it holds that (z — Pg(z), 2’ — Ps(2))rs < 0 for all 2 € RY and all 2’ € S. Let
us recall the three following useful lemmas.

Lemma A.1. It holds that z — Ps(z) € Ng[Ps(2)] for all z € R7.

Lemma A.2. Let (2)ren be a sequence in RI converging to some point z € S and let (Cx)ren be
a sequence in Ry. If Cx(zx — Ps(zr)) converges to some zZ € R7, then z € Ng|z].

Lemma A.3. The map
d: RN — Ry
z o di(z) =ds(2)%,
is differentiable on R7, and its differential Dd% (2) at every z € RI can be expressed as

Dd§(2)(2") = 2(z = Ps(2), 2 )ws,

for all 2 € RJ.
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The second part of this section is devoted to additional notions about piecewise constant functions
and to several technical results useful for the proof of Theorem 2.1. Precisely we will introduce
a technical control set (see Equation (5)) which allows to avoid two degenerate situations in the
behavior of the sequence of sampling times produced by the Ekeland variational principle in Sec-
tion A.3. We also refer to Introduction and to Proposition A.2 for details. Let 7 > 0 and N € N*
be fixed. For all T = (t;)i=o... n € Pk and u € PC ([0, 7],R™), we denote by

IIT| := min{t;4; —¢; |¢=0,...,N —1} >0,

and we define the set

T
'PI‘CI,(u,T) = {T/ = (t;)izo’m,N € 'P};; | Vi=1,...,N —1, |t2 — ti| < 5{“1-1#%‘}4”} ,
where 8py, 24,3 = Lifui_1 # ui, and &gy, 24, = 0 otherwise. In particular, if T = (});=o,...~ €
7717\,,(u’1r)7 it holds that

0=ty <t —m<t’<t +m<t —m<t’<t +m<
0 1 4 >0 >0 4 2 4 > 1lg S 12 4
T

o, W, T,
.<tN72 4 —tN72—tN72+ 4 <tN71 4 _tNil_thl—‘r 4 <tN_T7

with ¢, = ¢; for all ¢ € {1,..., N — 1} such that u;_; = u;. Hence, for all T = (t})i=o,..n €
Py (u,T)> the elements t; = ¢; remain unchanged when v is constant over two consecutive sampling

intervals [t;—1,t;) and [t;, t;+1) and all the elements ¢} live in intervals which are (strictly) disjoint.
Finally we introduce the following technical control set

POy um (0,7, R™) == | ] PCY([0,7].R™). (5)

T,GPJT\r,(u,T)

Of course note that T € P](,,(um) and thus u € PCy (,,1)([0, 7], R™). Also note that the inclusion
PR (ur) C Pi holds and thus PCy (1) ([0, 7], R™) is included in PCx ([0, 7], R™) C L>([0, 7], R™),
but is not a linear subspace, neither a convex subset.

Lemma A.4. Let 7 > 0 and N € N*. Let T = (t;)i=o,...n € Pk andu € PCy([0,7],R™). Then T
is the unique element T’ € P, 1y such that u € PCh ([0, 7], R™).

Proof. Let T' = (t})i=o,...y € Py, 1) be such that u € PC}T\;([O, 7],R™). Let us assume by
contradiction that T/ # T. Let ¢ € {1,...,N — 1} such that ¢; ¢ T'. Necessarily it holds that
u;—1 # u; and there exists j € {7 — 1,1} such that t; <t; <t},. Since u € PCY ([0, 7], R™), there
exists ¢ € R™ such that u(t) = ¢ for almost every ¢ € [t/;, . ,]. Since u(t) = u;—; for almost every
t € [ti—1,t;] and u(t) = u; for almost every t € [t;,t;11], we deduce that ¢ = u;—; and ¢ = u; which
raises a contradiction since u;_1 # wu;. The proof is complete. O

Proposition A.1. Let 7 > 0 and N € N*. Let T = (t;)i=0,...N € Py and u € PC}T\,([O,T],R’”).
The set PCy,4,1)([0,7],R™) is a closed subset of L([0, 7], R™).

Proof. Let (ux)ren be a sequence in PCy ¢, 1)([0,7],R™) converging in LY([0,7],R™) to some
u' € L'([0,7],R™). Our aim is to prove that u’ € PCy (,1)([0,7],R™). The proof is divided in
three steps.
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First step: Let T, = (tik)i=o,...N € P} (wT) be a partition associated to uy for all £ € N. It holds
for all k£ € N that

PR | YN | PN PP
0, 1 4 = 1, 1 2 1
|| I T Tl || I
R <itn_ok <itn_2+ 1 <tn-1-— 1 <tn-1x <itn-_1+ <tng =T,

and ¢;, = t; for all ¢ € {1,..., N — 1} such that u;—; = wu;. Extracting a finite number of
subsequences (that we do not relabel), we know that, for all ¢ € {0,..., N}, t; 5 converges to some
t! satisfying

RS SRS i\ I i D\ I
0 1= 13 277y 2 4
I, 1] Iy, I _,,
v = Sty Stvat Tt <ty -t Sty Sivat o <ty =T

and t; = t; for all ¢ € {1,..., N — 1} such that u;—; = u;. Hence we have obtained a partition
T, = (t;)i:O,...,N e P]‘(f,(u,?l')‘

Second step: Extracting a subsequence (that we do not relabel) from the partial converse of the
Lebesgue dominated convergence theorem, we know that ug(t) converges to u/(t) for almost every
t € [0,7]. We introduce the subset A of [0, 7] of full measure defined by

A:={t €0,7] | ug(t) converges to u'(t)},

and the subset B of [0, 7] of full measure defined by B := NgenBy, where

N-1
= | {t € [t tisrn) | un(t) = wii},
i=0

for all £ € N.

Third step: Let i € {0,...,N — 1} and let t € (¢],¢;,,) N (AN B). For k € N sufficiently large, it
holds that t € (t; ,tiy1,%). Since t € AN B, we know that uy(t) = wu;, which converges to u'(t).
Since the convergence of ;. to u'(t) is independent of the choice of ¢t € (t},t;,,) N (AN B), we
deduce that u is equal almost everywhere over [t;,#;, ] to a constant. Since the last sentence is

true for every i € {0,..., N — 1}, we conclude that u' € PC ([0, 7],R™) C PCy, (u,m) ([0, 7], R™).
The proof is complete. O

Proposition A.2. Let 7 > 0 and N € N*. Let T = (;)i=0.. N € P} and u € PCy([0,7],R™).
Let (ug)ren be a sequence in PCy 1) ([0,7],R™) converging in L*([0,7],R™) to u. Let Ty =
(tik)i=0,..N € P]T\,’(u’,ﬂ,) be a partition associated to uy for allk € N. Then there exists a subsequence
of (ur)ren (that we do not relabel) such that:

(i) uk(t) converges to u(t) for almost every t € [0, 7];
(ii) t;r converges tot; for alli=0,...,N;
(iii) w;p converges to u; for alli=0,...,N — 1.

Proof. Following exactly the same steps as in the proof of Proposition A.1 (replacing v’ by u), we
construct a partition T = (¢})i—o,...n € P} (w.T) such that u € PC}T\,([O, 7], R™). From Lemma A 4,
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it implies that T/ = T. From the construction of T’, we conclude that, up to subsequences (which
we do not relabel), ¢;  converges to t; for all i = 0,..., N. Let us prove the last statement. Let
us consider the sets A and B defined in the proof of Proposition A.1 and let us introduce the
subset B’ of [0, 7] of full measure defined by

N-1
= U {t € [ti,tiz1) | u(t) = us}.
=0

Leti=0,...,N—1andlet t € (¢;,t;+1) N (AN BN B’). For k € N sufficiently large, it holds that
t € (tik,tiv1,k). Moreover, since t € AN BN B, we know that ug(t) = u; ; converges to u(t) = u,.
Since the last statement is true for all ¢ =0,..., N — 1, the proof is complete. O

A.2 Sensitivity analysis of the state equation

In this section we focus on the Cauchy problem given by

{ i(t) = f(z(t),u(t),t), ae. t>0,

x(0) = xo (CP)

for any (u,xq) € L*°(R4,R™) x R™. Before proceeding to the sensitivity analysis of the Cauchy
problem (CP) (with respect to the control u and the initial condition z), we first recall some
definitions and results from the classical Cauchy-Lipschitz (or Picard-Lindelof) theory.

Definition A.1. Let (u,xq) € L®(R4,R™) x R™. A (local) solution to the Cauchy problem (CP)
is a couple (x,I) such that:

(i) I is an interval such that {0} ¢ I C Ry;
(ii) = € AC([0, 7], R™), with ©(t) = f(z(t),u(t),t) for almost every t € [0,7], for all T € I;
) 2(0) =

Let (x1,17) and (xg,Ig) be two (local) solutions to the Cauchy problem (CP). We say that (z2, I2)
is an extension (resp. strict extension) to (x1,I1) if Iy C Iy (resp. It G I) and x2(t) = z1(t) for
allt € I1. A mazimal solution to the Cauchy problem (CP) is a (local) solution that does not admit
any strict extension. Finally a global solution to the Cauchy problem (CP) is a solution (x,I) such
that I = Ry. In particular a global solution is necessarily a mazimal solution.

Lemma A.5. Let (u,zp) € L= (R, R™) x R™. Any (local) solution to the Cauchy problem (CP)
can be extended into a mazimal solution.

(iii

Lemma A.6. Let (u,xq) € L® (R4, R™) x R™. A couple (z,I) is a (local) solution to the Cauchy
problem (CP) if and only if:

(i) I is an interval such that {0} G I C Ry;
(ii) z € C(I,R™);
(iii) « satisfies the integral representation x(t) = xo + fg f(z(s),u(s),s)ds for allt € I.

Proposition A.3. For all (u,zg) € L= (R4, R™) x R"™, the Cauchy problem (CP) admits a unique
mazimal solution denoted by (x(-,u,xq), I(u,zo)). Moreover the mazimal interval I(u,xq) is semi-
open and we write I(u,zq) = [0,7(u,x0)) where T(u,zo) € (0,400]. Furthermore, if T(u,xo) <
+o00, that is, if the mazimal solution (x(-,u,xo),I(u,xq)) is not global, then x(-,u,xzq) is not
bounded over I(u,xo) = [0, 7(u, xo)).
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Remark A.1. Let (u,z9) € L (R, R™) x R™. The mazimal solution (z(-,u,xo),I(u,x0)) to the
Cauchy problem (CP) coincides with the mazimal extension (see Lemma A.5) of any other local
solution.

Our aim in the next subsections is to study the behaviour of (-, u, z) with respect to perturbations
on the control u and on the initial condition xzg.
A.2.1 A continuity result

Let (u,x0) € L>®(R4,R™) x R™. In the sequel, for the ease of notations, we denote by || - || =
| - llLee (r. ,rm) and we introduce two sets:

(i) For all R > ||ul|lp~ and all 0 < 7 < 7(u,xg), we denote by
K((u,70), (B, 7)) = {(5,0,2) € R x B (Ogoe, B) x 0,77 | ly — (8, w, 20) e < 1}.

Firstly note that K((u,xo), (R, 7)) is convex with respect to its first two variables. Secondly,
since x(-,u, zo) is continuous over [0, 7], then K((u, o), (R, 7)) is a compact subset of R™ x
R™ x Ry. Thus we denote by L((u,0),(R,7)) > 0 the Lipschitz constant of f over the
compact subset K((u,xq), (R, 7)) (see Inequality (1) in Section 2.2).

(ii) For all R > |lullL~ and all 0 < 7 < 7(u,xg), we denote by
N((u, zo), (R, 7),€)

= {(u',xé) € (ELI([07T]7R7n)(U76) N Bre (OLOO,R)) X Bgn (20,¢€) | u' = u over [r, +oo)} :

for all € > 0, which can be seen as a neighborhood of the couple (u, zg) in the L!([0, 7], R™) x
R™-space. The second part of the above definition, imposing that v’ = u over [, +00), allows
us in the sequel to endow the above set with the L!([0, 7], R™) x R™-distance.

In the next proposition we state a continuous dependence result for the trajectory x(-, u, z¢) with
respect to the couple (u, xg).

Proposition A.4. Let (u,z) € L (R, R™) x R™. For all R > |lu|]|lL=~ and all 0 < 7 < 7(u, x0),
there exists € > 0 such that

V(u',zy) € N((u,z0), (R, 7),€), 7(u,z4) >T.
Moreover, considering the L*([0, 7], R™) x R"-distance over the set N'((u, o), (R, 7T),€), the map
(', zp) € N((u, o), (R, T),€) — z(-,u’, z() € C([0, 7], R™),
1s Lipschitz continuous and
(x(t, ', 25),u'(t),1) € K((u, 20), (R, 7)),
for almost every t € [0, 7] and for all (v, z() € N((u,xq), (R, T),€).

Proof. The proof is standard and left to the reader. For similar statements with detailed proofs, we

refer to [11, Lemmas 1 and 3 p.3795-3797], [13, Lemmas 4.3 and 4.5 p.73-74] (in the general frame-
work of time scale calculus) or to [10, Propositions 1 and 2 p.4-5] (in a more classical framework,
closer to the present considerations). O

Remark A.2. Let (u,z9) € L® (R4, R™) x R™". Let R > |lu|lL~ and 0 < 7 < 7(u,zq). Lete >0
giwen in Proposition A.J. Let (ug,zok)ken be a sequence in N((u,zo), (R, 7),€) and let (v, x() €
N((u, o), (R,T),€). From Proposition A.4, if (ug,xo ) converges to (u',zf) in L'([0, 7], R™) xR™,
then the sequence (z(-,uk, Tok))ken uniformly converges to x(-,u', z()) over [0, 7].
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A.2.2 Perturbation of the control

In the next proposition we state a differentiability result for the trajectory z(-, u, zo) with respect
to a convex L°-perturbation of the control u.

Proposition A.5. Let (u,z9) € L®°(R4,R™) x R™ and 0 < 7 < 7(u, o). Let v € L=®(R;,R™)
be fized. We consider the conver L°°-perturbation given by

_ J u+av—u) over [0,7),
o (5 @) _{ U over [1,+00),

for all0 < a < 1. Then:
(i) there exists 0 < ag < 1 such that 7(uy (-, @), ko) > 7 for all 0 < a < ap;
(ii) the map
a € [0, ap] — z(-, uy (-, @), o) € C([0, 7], R™),
is differentiable at o = 0 and its derivative is equal to w, being the unique solution (that is
global) to the linear Cauchy problem given by
w(t) = 01 f(x(t, u, z0), u(t), t) x w(t)
+0o f (x(t,u, o), u(t),t) x (v(t) — u(t)), a.e. t €[0,7],
w(0) = Ogn.

Proof. The proof is standard and left to the reader. For a similar statement with detailed proof,
we refer to [11, Lemma 4 and Proposition 1 p.3797-3798]. O

We conclude this section by a technical lemma on the convergence of the variation vectors. This
result is needed in the proof of our main result (see Section A.3.2).

Lemma A.7. Let (u,z9) € L®R,R™) x R". Let R > ||lu|lL> and 0 < 7 < 7(u,z0). We
take € > 0 as in Proposition A.j. Let (ug, zo k)ken be a sequence of elements in N'((u, zo), (R, T),€)
such that xq  converges to xo and ug(t) converges to u(t) for almost every t € [0,7]. Let (vg)ren
be a sequence in L>([0,7],R™) converging in L1([0,7],R™) to some v € L°°([0,7],R™). Finally
let wffk be the unique solution (that is global) to the linear Cauchy problem given by

’lU(t) = alf(x(t7 Uk, ‘rO,k)a uk(t)a t) X ’LU(t)

+82f(37(t, uk7x0,k)?uk(t>7t) X (Uk?(t) - Uk;(t)), a.e. t € [O7T]7
w(0) = Or,

for allk € N. Then the sequence (w’;k)keN uniformly converges to w, over [0, | where w, is defined
as in Proposition A.5.

Proof. The proof is standard and left to the reader. For a similar statement with detailed proof,
we refer to [11, Lemmas 4.8 and 4.9 p.77-78]. O

A.2.3 Perturbation of the initial condition

In the next proposition we state a differentiability result for the trajectory z(-, u, xo) with respect
to a simple perturbation of the initial condition z.
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Proposition A.6. Let (u,z9) € L°(R4,R™) x R” and 0 < 7 < 7(u,x0). Let y € R™ be fized.
Then:

(i) there exists ag > 0 such that 7(u,xo + ay) > 7 for all 0 < a < ap;

(ii) the map
a € [0, 0] — (-, u, zo + ay) € C([0,7],R"),

is differentiable at oo = 0 and its derivative is equal to w, being the unique solution (that is
global) to the linear homogeneous Cauchy problem given by

w(t) = O f(x(t, u, o), u(t),t) X w(t), a.e. t €10,7],
w(0) =y.
Proof. The proof is standard and left to the reader. For similar statements with detailed proofs, we

refer to [11, Lemma 10 and Proposition 3 p.3802-3803] and to [13, Lemma 4.13 and Proposition 5
p.81-83]. O

We conclude this section by a technical lemma on the convergence of the variation vectors. This
result is needed in the proof of our main result (see Section A.3.2).

Lemma A.8. Let (u,zp) € L®(R,R™) x R". Let R > |Ju|lL~ and 0 < 7 < 7(u,xq). We take
e > 0 as in Proposition A.4. Let (uk,xox)ken be a sequence of elements in N'((u,zo), (R,T),€)
such that xo  converges to xo and uk(t) converges to u(t) for almost every t € [0,7]. Let y € R™
be fixed. Finally let w’; be the unique solution (that is global) to the linear homogeneous Cauchy
problem given by

{ w(t) = o1 f(x(t, uk, To k), uk(t), t) x w(t), a.e. t€0,7],
w(0) =y,

for all k € N. Then the sequence (wI;)keN uniformly converges to wy over [0, 7| where wy is defined
as in Proposition A.0.

Proof. The proof is standard and left to the reader. It is similar to the proof of Lemma A.7. [

A.2.4 Perturbation of a switching time

Let us introduce the following notion of switching time for a control u € L= (R4, R™).

Definition A.2 (Switching time). Let u € L= (R, R™). We say that r > 0 is a switching time
of u if there exist 0 < n, <1 and u(r™), u(rt) € R™ such that:

(1) uw=wu(r") almost everywhere over [r —n,,r);
(i) w=wu(r") almost everywhere over [r,r + n,).

This notion is particularly relevant when dealing with piecewise constant controls as in Prob-
lem (OSCP). Indeed, let u € L=(R,,R™) such that u € PCR ([0, 7],R™) for some 7 > 0, N € N*
and T = (¢;)i=0,...n € P}. Then t; is a switching time of u with u(t;) = u;_1, u(t;r) = u; and
N, = min(t; — t;_1,ti41 —t;) > 0 for every i € {1,..., N — 1}.

In the next proposition we prove a differentiability result for the trajectory x(-, u, zg) with respect
to a perturbation of a switching time of the control w.
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Proposition A.7. Let (u,z9) € L¥(R1,R™) x R™ and 0 < 7 < 7(u,xp). Let 0 < r < 7 be a
switching time of u and let p € {—1,1}. We consider the perturbation

u(r=™) over [r—n.,r+ pa),
ut () =< u(rt) over [r+ po, T+ 1),

U otherwise,
for all 0 < o < . Then:
(i) there emists 0 < g < & such that T(uk!(-, ), ) > 7 for all 0 < o < a;
(ii) for any 0 < A <7 —7r fized, the map
a € (0,0 — (-, ul (-, ), x0) € C([r + A\, 7], R™),

is differentiable at o = 0 and its derivative is equal to w* being the unique solution (that is
global) to the linear homogeneous Cauchy problem given by

w(t) = O1Lf (x(t, u, zo), u(t), t) x w(t), a.e. t € [r,7],

w(r) = y(f(x(r,u,xo),u(r*),r) — f(z(r, u, xo),u(r+),r)>.

Proof. We only prove the case = 1 (the proof for the case p = —1 is similar). First of all note
that the variation vector w# is global (in the sense that it is defined over the whole interval [r, 7])
since the corresponding Cauchy problem is linear. Let R := ||ul|L~. For the ease of notations we
denote by K := K((u, z¢), (R, 7)) and by L := L((u, x¢), (R, 7)) (see the beginning of Section A.2.1
for these two notations). From Proposition A.4, there exists € > 0 such that 7(u’, ) > 7 for all
(v, x5) € N((u,0), (R, 7),€). Let us take 0 < ap < & small enough such that 7 + ag < 7 and
2Rag < e. Then it holds that u!(-,a) = u over [, 400), [[ul(-,a) — ullLi(jo,rrm) < 2Ra < €
and [Jut (-, )| < R for all 0 < a < ap. It follows that (ut(-, @), z¢) € N((u,x0),(R,T),¢)
and T(uk (-, a),x9) > 7 for all 0 < a < ag. The first item of Proposition A.6 is proved. Since
(ut (-, ), ) € N((u,0), (R, 7),¢) for all 0 < a < ag and u¥ (-, @) converges to u in L*([0, 7], R™)
as « tends to zero, we know from Proposition A.4 that z(-,u”(-,«),x¢) converges uniformly to
x(-,u, o) over [0, 7] as a tends to zero and that (x(t, u’ (-, ), zg), uk(t, ), t) € K for almost every
t €[0,7] and for all 0 < a < ag. Now let us define the function

e(ta) = x(t,uf(.,a),xao) —z(t,u,z0) wh(t),

for all ¢ € [r,7] and all € (0, avp]. Let 0 < A < 7—1r be fixed. We will prove that (-, &) uniformly
converges to the zero function on [r 4+ A, 7] as « tends to 0. From the integral representation of
e(+, @), it holds that

e(t,a) =e(r + o, a) +/

r+a

‘ [f(m(s,uﬁ(w o), 20), u(s), ) — f(x(s,u,z0), u(s), 5)

(07

— 01 f(x(s,u, o), u(s),s) x wk(s)| ds,

T
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for all t € [r 4+ a, 7] and all a € (0, ap]. Expanding this expression using Taylor’s theorem with
integral remainder, we obtain

1
e(t,a) =e(r+ a,a)—&—/t / O f (kaps) dO x (s, ) ds
r+a J0

+/ij (/01 01 f(%aps) — 01 f(2(s,u, z0), u(s), s) dH) x wh(s) ds,

for all t € [r + «, 7] and all « € (0, ], where
*a0s = (x(s,u, o) + 0(z(s,ul (-, ), z0) — x(s,u, ), u(s), s) € K,

since K is convex with respect to its first two variables. From the Triangle inequality it holds that

t
e <[+ )+ @@ +L [ E(s,0)
r+a

le(t; @)

Rn dS,

for all t € [r + a, 7] and all « € (0, o], where the term ®(«) is defined to be:

T 1
B(a) == / / 101 F (kags) — B1f (25, s 20), u(s), ) e A6t (5)] [ d.
r 0
From the Gronwall lemma, it holds that
le(t, @)l < (le(r + @) + B(a))el,

for all t € [r + o, 7] and all & € (0,ap]. Since we only want to prove the uniform convergence
of e(+,a) to the zero function on [r + A, 7] as « tends to 0 and since the estimate on the right-
hand side is independent of ¢, we only need to prove that e(r + a,a) tends to Ogn and ®(«)
tends to 0 as « tends to zero. The convergence of ®(«) can be obtained with the Lebesgue
dominated convergence theorem. Now let us prove that £(r + a, «) tends to Ogn as « tends to zero.
Since z(r, ut (-, &), z9) = x(r,u,x0) and from the integral representations of x(-,u”(-, ), xo) and
z(+,u, zg), it holds that

6(7’ + Oé,O() = /TJrO& f(x(s,uﬁ(~,a),x0),u¢(s,oz),s) — f(z(sauaam)au(s)v S)

ds —wh(r + )

_ /r+a flx(s,ul(-, @), z0),u(r™),s) — f(x(s,u,z0),u(r"),s) ds — wh(r + )
— /““a f (s u wo),ur™), s) = fla(s,u,xo) u(r?),s) wh(r + a)

+/’“+a Fla(s,up (@), o), ur”), s) = flals, u,20), u(r7), 5)

for all @ € (0,ap]. Let us deal with the three terms above. Since the first above integrand is
continuous, it is clear that r is a Lebesgue point and we get that

. TR (s, mo), u(rT), ) — fla(s,u, x),ulrt), s)

a—0 [, (6%

= f(CC(’I",u,ZC()),’U,(Ti), T’) - f(ZU(T, U, Io),u(’f'+),7’) = wff(r)

ds
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Secondly, from the continuity of w¥, we know that w#(r 4+ «) tends to w#(r) as « tends to 0.

T

Finally, using the Lipschitz continuity of f over K, we get that
/r+a f(:E(S, uﬁ(a Oé), 170), u(ri)v 5) — f(fE(S, u, ‘TO)a U(Ti% S) ds

o

Rﬂ,
L r4+a
< E/ llz(s, ub (-, @), x0) — (8, u, T0)||rn ds < Li|x(-, ult'(-, ), x0) — (-, u, 7o)l c(j0,7,R") -

Since x(-, ut (-, &), zp) converges uniformly to x(-,u,xo) over [0,7] as « tends to 0, the proof is
complete. O

We conclude this section by a technical lemma on the convergence of the variation vectors. This
result is needed in the proof of our main result (see Section A.3.2).

Lemma A.9. Let (u,z9) € L=®(Ry,R™) xR™. Let R > ||u|ln~ and let 0 < 7 < 7(u,z¢). We take
e > 0 as in Proposition A.J. Let (ug,zox)ken be a sequence of elements in N((u,zo), (R, T),€)
such that xg , converges to xo and ug(t) converges to u(t) for almost everyt € [0,7]. Let0 <r <
be a switching time of u and 1y be a switching time of uy for all k € N. Let us assume that 7y,
converges to r and that ug(r; ) and uy(r}) converge respectively to u(r~) and u(r*). Finally let
p € {—1,1} and let wi* be the unique solution (that is global) to the linear homogeneous Cauchy

problem given by

w(t) = O f(x(t, ug, o), ur(t), t) x w(t), a.e. t € [rg,7],

w(rg) = M(f(ff(rka U, To,k ), uk(ry, ) i) — f(2(re, Umxo,k),uk(ri),m))

for all k € N. Then, for any 0 < A\ < 7 — r fized, the sequence (wﬁék)keN uniformly converges
to wk over [r + A, 7|, where the variation vector w is defined as in Proposition A.7.

Proof. First of all, for all £ € N, note that the variation vector wﬁ,‘k’k is global (in the sense
that it is defined over the whole interval [rg,7]) since the corresponding Cauchy problem is
linear. In this proof we denote by K := K((u,zq),(R,7)) and by L := L((u,xo),(R,7)) (see
the beginning of Section A.2.1 for these two notations). From Proposition A.4, it is clear that
|01 f (x(t, wk, To.k), uk(t), t)||gnxn < L for almost every ¢ € [0,7] and all k£ € N. From the integral
representation of wﬁék, it holds that

t
wffk:k(t) = wffl;k(rk) +/ O f(z(s,uk, To k), ur(s),s) x wﬁ;k(s) ds,
Th

for all ¢ € [rg, 7] and all kK € N. We deduce that
t
[l (@)l < Ml (i) e +L/ [l (5) [l ds,
Tk

and, from the Gronwall lemma, that ||w/"(t)|lrn < ||wt" (ry)||lrne”™ for all t € [ry,7] and all
k € N. From Proposition A.4, we know that z(r, uk, zo k) converges to z(r,u,zo) and, from the
continuity of f and the hypotheses, it is clear that w!*(r)) tends to w (r). We deduce that there
exists a constant C' > 0 such that [|w/*(t)||gn < C for all t € [ry, 7] and all k € N. Now we define
7k, := max(ry, r) for all k € N. Note that 7y, tends to r. From the integral representations of w*r‘k’k
and w¥, it holds that

T

wi b () = wi () = Wiy (7e) — w)'(Th) + [ Of (x(s, ur, o,0), un(s), 5) x (Wi (s) — wi'(s)) ds

+[ (O1f(x(s,uk, ok), uk(s),s) — O1f(z(s,u, o), u(s), s)) x wkt(s)ds,

k

24



for all ¢t € [Ty, 7] and all k € N. From the Triangle inequality, it holds that
t
[wi  (t) = wi(t)lrn < [Jwhs* () — wh (7 ) [l + Tk + L[ [wi (s) = wh(s) e ds,
Tk

for all t € [Fi, 7] and all k& € N, where the term I'y, is defined to be:

wh(s)||gn ds.

Fk: = / ||81f(x(57uka xO,k)auk)(s)7 5) - 81f(x(s,u,xo),u(s), S)HR"X”
From the Gronwall lemma, we obtain
kB (#) = wh (t)lrn < ([[wk* () = wh (i) [ + Tr)e™,

for all t € [Fg, 7] and all k € N. Since we only want to prove the uniform convergence of wﬁgk
to wk on [r+ A, 7] (and since T, converges to r) and since the estimate on the right-hand side is
independent of ¢, we only need to prove that ||w/"(F;) — w¥(Tx)||r» and I'y converge to 0 as k
tends to +o00. The convergence of I'y, can be obtained with the Lebesgue dominated convergence
theorem. Now let us prove that [|w/* (7)) — w!(%)||g~ tends to 0 as k tends to +oo. It holds that

[whF (Fr) — wh () |[rn

< Ml (Ta) = wi i) e + [why (k) = wh ()l + wk () = wh (7) [z,

for all k£ € N. Let us deal with the three terms above. Firstly, from the integral representation of
w{f}ﬁ it holds that

Tk
[wpF (7r) = wis* (rg) | < / 101 f (@ (s, ur, To,1), un(s), 8) [rnsn [[whe" ()| ds

Tk

< LC(Tr — 1),

for all k£ € N. Secondly we have already mentioned that wv‘flék(rk) tends to w(r) as k tends to +oo.
Thirdly we use the continuity of w# to conclude the proof. O

A.3 Application of the Ekeland variational principle in the case L =0

From the sensitivity analysis of the state equation given in Section A.2, we are now in a position
to give a proof of Theorem 2.1 based on the following simplified version of the Ekeland variational
principle (see [17, Theorem 1.1 p.324]).

Proposition A.8 (Ekeland variational principle). Let (E,dg) be a complete metric set. Let J :
E — R* be a continuous nonnegative map. Let e > 0 and \* € E such that J(\*) < e. Then there
exists Ae € E such that dg(Ae, N*) < /e, and —v/e dg(M\, Ao) < T(A) — T (Ae) for all X € E.

Without loss of generality (see details at the beginning of Appendix A), we will assume that L =0
in Problem (OSCP). We will also assume that the final time and the N-partition are free in
Problem (OSCP) (the two simpler cases where only the final time is fixed, and where both of them
are fixed can both be treated in very similar ways).

Let (T,T,z,u) be a solution to Problem (OSCP). In the sequel we will consider that u €
L (R4, R™) by considering the extension

u over [0,7),
un—1 over [T,+00).
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In particular, using the notations of Section A.2, note that z = (-, u, (0)) and that 7(u, z(0)) > T.

In the rest of the proof we fix some 7y, 7 such that

T—tn-1
3

T—1tn-1

T0:=T — and T <7 < min (T—|— 3,T(u,m(0))) .

In particular it holds that ty_1 < 70 < T < 7 < 7(u,2(0)). Replacing txy =T by tny = 7, it holds
that T € P} and, with the above extension of u, it holds that u € PC}T\,([O, 7], R™). We conclude
by noting that, with the new value of ||T|, it holds that ty_1 + @ < 7.

A.3.1 Fix R € N such that R > ||Jul|L=
In this section we fix R € N such that R > ||u||L~ and we denote by

N = {(ul2h) € N (1, 2(0)), (Ro7),€) | ! € PCoy g ([0, 7], B™)
with u/(t) € Q for a.e. t € [0, 7]},

where € > 0 is given in Proposition A.4. We endow the set N'F x [rg, 7] with the L1([0, 7], R™) x
R™ x R-distance. Endowed with this distance, it can be seen from Proposition A.1, from the
closedness assumption on ) and from the partial converse of the Lebesgue dominated convergence
theorem that N2 x [rg, 7] is a complete metric set.

Let us consider a sequence (e )ren converging to zero such that 0 < /g < € for all k € N. Then
we define the penalized functional J;* : NF x [r,7] — R4 by

ij(uler)a T/)

= \/(@(mé,x(T’,u’,xf)),T’) — o(x(0),z(T),T) + sk)+2 +d2 (g(x{), x(T, u’,xﬁ),T’)),

for all (v, zf,T") € NE x [r9,7] and all k € N.

Since ¢, g and d2 are continuous and from Proposition A.4, it follows that J,* is a continuous
nonnegative map over N* x [ry, 7] for all k € N. Furthermore it is clear that J,*(u, z(0),T) = &
for all k& € N. Therefore, from the Ekeland variational principle (see Proposition A.8), we conclude
that there exists a sequence (uy, ok, Tk)ren C NE x [0, 7] such that

dpr (o, 7,k xre xr ((Uk, Tok, Tr)s (w, 2(0), T)) < /e, (6)

and
_\/‘i dLl([O,T]»Rm)XR"XR((U’/a $67T/)a (Uk7$0,k7Tk)) < ij<ul’x6’ T/) - ij(ukvxo,k7Tk)’ (7)

for all (u/,zf,T") € NE x [r9,7] and all k € N.

By contradiction let us assume that there exists (u/, z(, ") € N x 1o, 7] such that JE (W, zf, T') =
0. In particular we have 0 < 77 < 7. Let us denote by 2’ = x(-, v/, z) € AC([0,T'],R™). Since
u’ € PCy,u1)([0, 7], R™), there exists T" = (t})i=o,.... N € Py () such that v’ € PCR ([0, 7], R™).
Since T = (t})i=o,.,.n € P]T\,)(U’T), we know that thy_; < ty_1 + @ < 179 < T < 7. Then,
replacing ty = 7 by ty =T", we get that T" € 73]7\;/ and v’ € PC}T\,([O, T'],R™). Moreover it holds
that 2/(t) = f(2'(t),u'(t),t) and u'(t) € Q for almost every ¢ € [0,7"]. Since JE(u/,x),T') = 0,
we deduce moreover that g(x’(0),2'(17”),7") € S. Thus the quadruple (77,T’,2', ') satisfies all
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constraints of Problem (OSCP) and thus ¢(z’(0), 2'(T"),T") > ¢(x(0),(T),T) from optimality of
the quadruple (7, T,z,u). This raises a contradiction with the equality JF(v/,z(,T") = 0. We
conclude that JF (v, z(,T') > 0 for all (v/,z(,T") € NE x [19,7].

From the above paragraph we can correctly define the couple ()27, 1) € R x R as

-1 +
OR
= (T, u, . Ti) — o(z(0),z(T), T )
Vi ez (P alTi s 20.). T) = o(w(0),0(T).T) + =
and
-1
Ui = —j;f(ukﬂfo,mTk) (9(950,1@7I(Tkvukﬁo,k),Tk) - PS(Q(’IO,k,x(Tk,uk,xo,k),Tk))),

for all k € N. Note that ¢ € R_ and —¢J! € Ng[Ps(g(zo x, (L), uk, Tox), T))] from Lemma A.1
for all £ € N.

Since (ug, ok, Tr) € NZ* x [19,7], we know that up € PCy 1) ([0,7],R™) for all & € N. Let
us denote by Ty = (t; k)l 0,...N € P} (u,T) & partition associated to uy for all £k € N. Moreover,
from Inequality (6), the sequence (uk)keN converges to u in L([0,7],R™). Thus we can extract
from Proposition A.2 a subsequence (which we do not relabel) such that ug(t) converges to u(t)
for almost every t € [0, 7], ¢; converges to t; for all ¢ = 0,..., N and u;j converges to u; for
all i = 0,...,N — 1. From Inequality (6), we know that z¢ ) and T} converge respectively to
x(0) and T. From Proposition A.4, we deduce that x(T%,ug,zor) converges to x(T) and thus
9(x0 k» (T, uk, o), Tx) converges to g(x(0),z(T),T) € S. Finally, from the definition of JZ,
it is clear that |[P%|2 + ||¢ff||2, = 1 for all k € N. By a compactness argument, we can extract
subsequences (which we do not relabel) such that ng converges to some ¥° € R_ and 1/),13
converges to some 9 € RJ which satisfies —¢® € Ng[g(z(0),z(T),T)] from Lemma A.2. Note
that [OR[2 + R |2, = 1.

A.3.2 Crucial inequalities depending on R fixed in the previous section

In this section we will use Inequality (7) along with the perturbations defined in Section A.2 to
obtain four crucial inequalities (depending on R fixed in the previous section). The perturbations
will be considered on wuy, o k, tik, but also on Tj.

Lemma A.10. Let v € PCN ([0, 7], R™) taking values in Q N Bgm (Ogm, R). Then the inequality

<¢0Raw(x<o),x(T),T) 4 929(x(0), 2(T),T) T x 9F, wv(T)> <0, (8)

R
where w, is defined in Proposition A.5, holds true.
Proof. The proof is divided in three steps.
First step: For all k € N, let us define
vp(t) :=v; it € [ty k, tiy1x) for some ¢ € {0,..., N — 1},

for all t € [0,7). Then vy € PCR([0,7],R™) for all k € N and, since t; ; converges to t; for all
i=0,...,N, it is clear that the sequence (vj)ren converges to v in L'([0,7],R™). It is also true
that v, takes its values in Q N Bgm (Ogm, R) for all k € N.

Second step: Let us fix k € N. We define as in Proposition A.5 the convex perturbation

Ui (4 0) = ug + a(vg —ug) over [0,7),
A R over [r,400),
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for all 0 < o < 1. First of all, note that ug ,, (-, @) € PCy ([0, 7], R™) C PCy,(u,1)([0,7],R™) and,
since 2 is convex, that ug 4, (-, @) takes its values in © for all 0 < o < 1. Moreover, it holds that
[k, (- @) [Lee < R and

etk (-5 @) = wlls o,y < Ntk (5 @) = L o,ry ey + lix — ullus o, oy
< allvr — wrllea (o, zm) + VEr-

Since /€ < €, it follows that there exists 0 < ap < 1 small enough such that (ug,, (-, ), zor) €
NZE for all a € [0, ap]. From Inequality (7) we obtain

—Vekllug,w, (@) — ugllLio,r,rm) < TE (ke oy, (-, @)y 2010, The) — T (uge, o 10, The),
and thus

= Verllve = urllLjo,7,mm)
< 1 % T (kv (5 @), 20,1, Tr)? — T (g, ok, Tr)?
= j]f(uk,vk(-7a)’xoﬁk’Tk) +j]f(uk;,x07k}7Tk) (6%

)

for all @ € (0, ). Taking the limit as a tends to 0 and using the definitions of 9 and ¥, we
obtain from Proposition A.5 that

<1/)2R32<P(Io,k,iv(Tk, Wk, To,k)s Tke) + 029(wo k6, (T, uk, To k), Tie) T x O, wh (Tk)>R"

< Vekllvk = kL qo,r rm)-

where w? is defined in Lemma A.7.

Third step: We take the limit of the above inequality as k tends to +o00. Since ¢ and g are both
of class C' and from the uniform convergence of (w )ien to w, over [0,7] (see Lemma A.7), it
holds that

(00" 02p(w(0), 2(T), T) + 029(2(0),2(T), T) T x ¥, w,(T))_ <0,

The proof is complete. O

Lemma A.11. Let y € R™ be fixed. Then the inequality

(60 p(w(0), 2(T), T) + Org(x(0), 2(T), T) " x ",y )

R

+ (¥R 02p(2(0), 2(T),T) + Dag(2(0), 2(T), T)T x 4R, w,(T)) <0, (9)

where wy is defined in Proposition A.6, holds true.

Proof. The proof is standard and left to the reader. For similar statements with detailed proofs,
we refer to [11, Lemma 17 p.3807-3808] or [13, Lemma 4.20 p.87]. O

Lemma A.12. Leti € {1,...,N—1} such that u;—1 # u; and let p € {—1,1}. Then the inequality

(5 02(2(0), 2(T), T) + g (2(0),(T), T)T x R wll(T)) <0, (10)

R

where w,’f is defined in Proposition A.7, holds true.
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Proof. The proof is divided in two steps.

First step: Since t; , converges to t; and since ¢; — ”%“ i <t + @, we fix k € N sufficiently
H Il

<
large in order to guarantee that ¢; — @ < tir < ti+ Since u, € PCR¥([0,7],R™), the
point t; ; is a switching time of uy with n;, , = min(tz,;~c tl 1.k tit1,k — tik) > 0. We define the
perturbation uj, (-, a) as
up(t;p) = ui—1,k  over [ti g — N, ,r ik + pav),
Up g (@) =0 u(th) = e over [ty + pastig ey,
U otherwise,

forall 0 < a < mT’“ Considering ’]I‘L’OZ the N-partition given by

O0=top <trp <...<bicip <tigt+tpo<tiprp<...<tin—1x <Ing=T,

it is clear that uﬁ:?ti,k(-, a) € PC}T\;"@ ([0,7],R™) < nt;"“ . Since t; — @ Stig <tit @,
then #; — M <tip+pa < t-+m and thus T,* € P} () and uj . (@) € PCy 1) ([0, 7], R™)
for small enough 0<a< e 5. Note that uj, k( , ) takes its values inQforall 0 <a< ml BTt
holds that [[uj, , (-, a)[lLe < R and

||Ug,ti(~, Oé) - UHLI([O,T],]Rm) < ||Uz7ti(~, a) — uk“Ll([(),T],Rm) + ||uk — UHLI([O,T],Rm) < 2Ra + +/ep,

2 . Since /e < e, we conclude that there exists 0 < ag < mé"‘ small enough

such that (uk’t (,a),xo k) € ./\/R for all 0 < & < ag. From Inequality (7) we obtain

—VErllub ;. () = ukllL o, pmy < Ty, (- @), 2ok, Te) — T (u, ok, Th),

and thus
—2R\/ek
1 T (uge 4 (5 @), ok, T)? — Ji (ug, wo i, Th)?
— R >< )
Jk (Uk o (), zok, Ti) + It (uk, wo ks Th) e

for all @ € (0,p]. Taking the limit as « tends to 0 and using the definitions of ng and 1/),?, we
obtain from Proposition A.7 that

<1/)2R8280(350,k735(Tk7Uk,moJc)ka) + 9og(x0,1, @ (Th, g, To,1), Tht) T X f, w) k( k)> < 2R\/e,

where wtlz is defined in Lemma A.9.

Second step: We take the limit of the above inequality as k tends to +o0o. Since ¢ and g are
of class C! and, since ¢; < 79, from the uniform convergence of (w} k) rken to wi over [rg, 7] (see
Lemma A.9), it holds that

<wOR82gp(x(O),x(T),T) + Dag(2(0), 2(T), T)T x v, wl (T)>Rn <o0.

The proof is complete. O
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Lemma A.13. The equality

(4R Dp(w(0), 2(T), T) + Dag(x(0),2(T). 1) x R, f(a(T) ux—1, 1))

+ wORa3(p(l‘(O)7 .’L‘(T), T) + 839(35(0), JT(T), T)T X ’(/}R = Oa (11)
holds.
Proof. The proof is divided in two steps.

First step: Let u € {—1,1}. Since (Ty)ren converges to T' € (19, 7), then T}, € (79,7) for k € N
sufficiently large. Let us fix such an integer k € N. Thus there exists ag > 0 small enough such
that (zok, uk, Tk + pa) € NE x [r9,7] for all 0 < o < g. From Inequality (7) we obtain

—Vek [T + pa — Ty| < TF(ug, zo.1, T + pa) — T (uk, ok, Te),

and thus

V< 1 " T (ug, xo g, T, + pa)® — T (ug, zo g, T )?
= T (uk, xo ks T 4 per) + TE (uk, ©o,k, Te) a

i

for all @ € (0,ap]. Taking the limit as « tends to 0 and using the definitions of ¥ and ¢},
we obtain from the differentiability of x(-,ug,xox) at Ty (since uy is constant over the interval
[10,7] C [tn—1,k,tn,k) and since Ty, € (19, 7)) that

M<¢2R32<P($Uo,k7 & (Th, ug, %o,k ), Te) + 0292016, 2(Thos urs wo.1), The) T X Y

o f(@(Th, u, 2ok, uk(Tk),Tk)>

R'n/
+ 12050 (20 k> ©(The, ugs To k), Th) + 1039 (20 k> ©(Tho, U, To ), Th) T X Y < \/2h,

where uk(Tk) = UN-1,k-

Second step: We take the limit of the above inequality as k tends to +o00. Let us recall that uy_1
converges to uy_1. Furthermore, since f is continuous, since ¢ and g are of class C!, and since
ug(Ty) converges to u(T) from Proposition A.2, it holds that

M<¢OR6290('T(O)7$(T)7T) + 829('7:(0)"77(T)7T)T X va f(l‘(T), uN—17T)>

Rn
+ 1" 0sp(2(0), 2(T), T) + pdsg(x(0), (T), T) " x ™ <0.

Since p can be chosen arbitrarily in {—1, 1}, the proof is complete. O

A.3.3 Crucial inequalities letting R go to 400

In the previous section we have obtained Inequalities (8), (9) and (10) and Equality (11) which are
valid for R € N being fixed such that R > |lul|pe. In particular Inequality (8) is satisfied only for
v € PCY ([0, 7], R™) taking values in © N Bgm (Ogm, R). Our goal in this section is to get rid of the
dependence in R. From the equality [¢)°%|? + ||¢®||2, =1 (see the end of Section A.3.1), we can
extract subsequences (that we do not relabel) such that (°f)pey converges to some ° in R and
(™) gen converges to some ¢ in RJ when R — oo. It clearly holds that [¢°|% 4 [|¢||2, = 1 and,
since R_ and Ng[g(z(0),z(T),T)] are closed, that ¥ € R_ and —¢ € Ng[g(z(0),z(T), T)].
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Now let us fix v € PCx ([0, 7], R™) taking values in . Considering R € N large enough in order to
get that R > |ju|lL~ and R > ||v||Le, we know from Lemma A.10 that Inequality (8) is satisfied.
Taking the limit as R tends to 400 we conclude that

(¥2020((0), 2(T), T) + 029(2(0), 2(T), T) " x ¢, wy(T))gn < 0. (12)
Similarly, letting R go to 400 in Inequalities (9) and (10) and in Equality (11), we get that

<¢08190(1'(0)7 I(T)a T) + alg(x(o)a :Z}(T), T)T X 1/17 y>]R”

0 ; 13)
T (0Bp((0), 2(T), T) + Dag(a(0), 2(T), T) T X 16, w0y (T))sn <0,
for any y € R™, that
(¥ 020(2(0), 2(T), T) + dag(w(0), 2(T), T) " x ¢, wi: (T))zn <0, (14)
for any ¢ € {1,..., N — 1} such that u;_; # u; and any p € {—1,1}, and that
<1/J03290($(0)7 CL‘(T), T) + 829(55(0)7 :)S(T), T)T X wa f(l‘(T), UN -1, T)>]R" (15)

+4°0530(x(0), 2(T), T) + 839(2(0), z(T),T) " x 1 = 0.

A.3.4 End of the proof

Now we can end the proof of Theorem 2.1 with the introduction of the adjoint vector p. Before
coming to this point, let us first define p° := ¢° and ¥ := +. In particular note that p° € R_, that
¥ € R/ is such that —¥ € Ng[g(z(0), z(T),T)] and that [p°]* + || |2, = 1.

We define the adjoint vector p € AC([0,T],R™) as the unique solution (that is global) to the
backward linear Cauchy problem given by

{ p(t) = 7alf(x(t)au(t)vt)—r X p(t)a a.e. t € [OvT]a
p(T) = pOGQQD(x(O)vx(T)aT) + 8Qg(x(0),x(T),T)T x .

From the Duhamel formula, recall that
p(t) = Z(T,8)T x (pD2ip((0), 2(T). T) + Bag((0),(T), T)T x W),

for all ¢ € [0, 7], where Z(-,-) : [0, T]?> — R™*" stands for the state transition matrix associated to
the matrix function ¢ — 01 f(z(t), u(t), t).

Adjoint equation and transversality conditions on the adjoint vector. From the above
definition of the adjoint vector p, it is clear that the adjoint equation in Theorem 2.1 and the
transversality condition p(T') = p02p(2(0), (T), T) +029(x(0), 2(T), T) " x ¥ are satisfied. More-
over, from the Duhamel formula, it holds that w,(T") = Z(T,0) x y and thus Inequality (13) can
be rewritten as

(P°01¢(2(0), 2(T),T) + 019(2(0),2(T),T) " x ¥+ p(0),y)r» <0,

for all y € R™. Thus we conclude that the transversality condition —p(0) = p°d;¢(z(0), z(T),T) +
019(x(0),z(T),T)" x ¥ holds.
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Nonpositive averaged Hamiltonian gradient condition. Letusfixw € Qand: € {0,...,N—
1}. Let us consider v € PCY ([0, 7], R™) defined by
o w ifte [ti,ti+1),
v(t) = { u(t) otherwise,
for all t € [0,T]. From the Duhamel formula given by
T
wy(T) = / Z(T,t) x Do f ((t), u(t), ) x (v(t) — u(t))dt,
0
Inequality (12) can be rewritten as
T
[ (e 00,07 % p(0),0(0) — u(t)) . de <0,
0
that is
tit1
([ autttat, ). 0 o= i) <.
ti Rm™
Transversality conditions on the optimal sampling times. Let us fix somei € {1,..., N —

1} and p € {—1,1}. If u;_1 = u;, then the transversality condition (3) in Theorem 2.1 is obviously
satisfied. Now let us assume that u; 1 # u;. From the Duhamel formula given by

wi (T) = pZ(T,t;) % (f(x(ti);uifhti) - f(iE(ti%umti)),
Inequality (14) can be rewritten as

w(p(ts), f(x(ts), wi—1,ti) — f(x(ti), us, ti))rn < 0.

Since p can be arbitrarily chosen in {—1,1} and from the definition of the Hamiltonian H, we get
that

H(2(t:), ui—1,p(t:), p°, t:) = H(x(t:), us, p(ts), p°, ts).

Transversality condition on the optimal final time. Equality (15) can directly rewritten
as
—H(J,‘(T), UN—17p(T)apOa T) = p063(p(.13(0), Z‘(T), T) + 83g($(0)a .IZ(T), T)T x .

Nontriviality of the couple (p,p°). Let us assume by contradiction that the couple (p,p°)
is trivial. Then p(0) = p(T) = Ogn and p° = 0. We get from the transversality conditions on
the adjoint vector and on the optimal final time that Dg(x(0),2(T),T)" x ¥ = Og2nt1. From
the submersion property, we deduce that ¥ = Op; which raises a contradiction with the equality
P+ 2, = 1.
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