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Pontryagin Maximum Principle for finite dimensional
nonlinear optimal control problems on time scales

Loic Bourdin*, Emmanuel Trélat'

Abstract

In this article we derive a strong version of the Pontryagin Maximum Principle for general
nonlinear optimal control problems on time scales in finite dimension. The final time can
be fixed or not, and in the case of general boundary conditions we derive the corresponding
transversality conditions. Our proof is based on Ekeland’s variational principle. Our statement
and comments clearly show the distinction between right-dense points and right-scattered
points. At right-dense points a maximization condition of the Hamiltonian is derived, similarly
to the continuous-time case. At right-scattered points a weaker condition is derived, in terms
of so-called stable Q2-dense directions. We do not make any specific restrictive assumption on
the dynamics or on the set {2 of control constraints. Our statement encompasses the classical
continuous-time and discrete-time versions of the Pontryagin Maximum Principle, and holds
on any general time scale, that is any closed subset of R.

Keywords: Pontryagin Maximum Principle; optimal control; time scale; transversality conditions;
Ekeland’s Variational Principle; needle-like variations; right-scattered point; right-dense point.

AMS Classification: 34K35; 34N99; 39A12; 39A13; 49K15; 93C15; 93C55.

1 Introduction

Optimal control theory is concerned with the analysis of controlled dynamical systems, where
one aims at steering such a system from a given configuration to some desired target one by
minimizing or maximizing some criterion. The Pontryagin Maximum Principle (denoted in short
PMP), established at the end of the fifties for finite dimensional general nonlinear continuous-time
dynamics (see [44], and see [28] for the history of this discovery), is the milestone of the classical
optimal control theory. It provides a first-order necessary condition for optimality, by asserting
that any optimal trajectory must be the projection of an extremal. The PMP then reduces the
search of optimal trajectories to a boundary value problem posed on extremals. Optimal control
theory, and in particular the PMP, have an immense field of applications in various domains, and
it is not our aim here to list them. We refer the reader to textbooks on optimal control such
as [4, 13, 14, 17, 18, 19, 32, 39, 40, 44, 45, 46, 48] for many examples of theoretical or practical
applications of optimal control, essentially in a continuous-time setting.

Right after this discovery the corresponding theory has been developed for discrete-time dy-
namics, under appropriate convexity assumptions (see e.g. [31, 37, 38]), leading to a version of the
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PMP for discrete-time optimal control problems. The considerable development of the discrete-
time control theory was motivated by many potential applications e.g. to digital systems or in
view of discrete approximations in numerical simulations of differential controlled systems. We
refer the reader to the textbooks [12, 22, 43, 46] for details on this theory and many examples
of applications. It can be noted that some early works devoted to the discrete-time PMP (like
[25]) are mathematically incorrect. Many counter-examples were provided in [12] (see also [43]),
showing that, as is now well known, the exact analogous of the continuous-time PMP does not hold
at the discrete level. More precisely, the maximization condition of the PMP cannot be expected
to hold in general in the discrete-time case. Nevertheless a weaker condition can be derived, see
[12, Theorem 42.1 p. 330]. Note as well that approximate maximization conditions are given in
[13, Section 6.4] and that a wide literature is devoted to the introduction of convexity assumptions
on the dynamics allowing one to recover the maximization condition in the discrete case (such as
the concept of directional convezity assumption used in [22, 37, 38] for example).

The time scale theory was introduced in [33] in order to unify discrete and continuous analysis.
A time scale T is an arbitrary non empty closed subset of R, and a dynamical system is said to be
posed on the time scale T whenever the time variable evolves along this set T. The continuous-time
case corresponds to T = R and the discrete-time case corresponds to T = Z. The time scale theory
aims at closing the gap between continuous and discrete cases and allows one to treat more general
models of processes involving both continuous and discrete time elements, and more generally for
dynamical systems where the time evolves along a set of a complex nature which may even be a
Cantor set (see e.g. [27, 12] for a study of a seasonally breeding population whose generations do
not overlap, or [5] for applications to economics). Many notions of standard calculus have been
extended to the time scale framework, and we refer the reader to [1, 2, 10, 11] for details on this
theory.

The theory of the calculus of variations on time scales, initiated in [3], has been well studied in
the existing literature (see e.g. [6, 9, 26, 34, 35]). Few attempts have been made to derive a PMP
on time scales. In [36] the authors establish a weak PMP for shifted controlled systems, where
the controls are not subject to any pointwise constraint and under certain restrictive assumptions.
A strong version of the PMP is claimed in [49] but many arguments thereof are erroneous (see
Remark 13 for details).

The objective of the present article is to state and prove a strong version of the PMP on time
scales, valuable for general nonlinear dynamics, and without assuming any unnecessary Lipschitz
or convexity conditions. Our statement is as general as possible, and encompasses the classical
continuous-time PMP that can be found e.g. in [40, 44] as well as all versions of discrete-time
PMP’s mentioned above. In accordance with all known results, the maximization condition is
obtained at right-dense points of the time scale and a weaker one (similar to [12, Theorem 42.1 p.
330]) is derived at right-scattered points. Moreover, we consider general constraints on the initial
and final values of the state variable and we derive the resulting transversality conditions. We
provide as well a version of the PMP for optimal control problems with parameters.

The article is structured as follows. In Section 2, we first provide some basic issues of time
scale calculus (Subsection 2.1). We define some appropriate notions such as the notion of stable
Q-dense direction in Subsection 2.2. In Subsection 2.3 we settle the notion of admissible control
and define general optimal control problems on time scales. Our main result (Pontryagin Maximum
Principle, Theorem 1) is stated in Subsection 2.4, and we analyze and comment the results in a
series of remarks. Section 3 is devoted to the proof of Theorem 1. First, in Subsection 3.1 we
make some preliminary comments explaining which obstructions may appear when dealing with
general time scales, and why we were led to a proof based on Ekeland’s Variational Principle. We
also comment on the article [49] in Remark 13. In Subsection 3.2, after having shown that the set
of admissible controls is open, we define needle-like variations at right-dense and right-scattered



points and derive some properties. In Subsection 3.3, we apply Ekeland’s Variational Principle to
a well chosen functional in an appropriate complete metric space and then prove the PMP.

2 Main result

Let T be a time scale, that is, an arbitrary closed subset of R. We assume throughout that T is
bounded below and that card(T) > 2. We denote by a = min T.

2.1 Preliminaries on time scales

For every subset A of R, we denote by At = ANT. An interval of T is defined by It where [ is
an interval of RR.

The backward and forward jump operators p,o : T — T are respectively defined by p(t) =
sup{s € T | s <t} and o(t) = inf{s € T | s > ¢t} for every t € T, where p(a) = a and o(maxT) =
max T whenever T is bounded above. A point ¢t € T is said to be left-dense (respectively, left-
scattered, right-dense or right-scattered) whenever p(t) = t (respectively, p(t) < t, o(t) = t or
o(t) > t). The graininess function y : T — R™ is defined by pu(t) = o(t) —t for every t € T. We
denote by RS the set of all right-scattered points of T, and by RD the set of all right-dense points
of T in T\{sup T}. Note that RS is a subset of T\{sup T}, is at most countable (see [21, Lemma
3.1]), and note that RD is the complement of RS in T\{supT}. For every b € T\{a} and every
s € [a,b[rNRD, we set

VE={8>0, s+pB¢€[sblr}. (1)

Note that 0 is not isolated in V?.

A-differentiability. We set T* = T\{max T} whenever T admits a left-scattered maximum, and
T#* = T otherwise. Let n € IN*; a function ¢ : T — IR" is said to be A-differentiable at t € T* if

the limit -
(1) = Tim & (ti - q£8)

= AU

exists in R", where ¢q° = g o o. Recall that, if ¢ € T* is a right-dense point of T, then ¢ is
A-differentiable at ¢ if and only if the limit of %Z(s) as s — t, s € T, exists; in that case it
is equal to ¢ (t). If t € T” is a right-scattered point of T and if ¢ is continuous at ¢, then ¢ is
A-differentiable at ¢, and ¢ () = (¢ (t) — q(t))/u(t) (see [10]).

If ¢,¢ : T — R"™ are both A-differentiable at ¢ € T*, then the scalar product (q,¢)r» is
A-differentiable at ¢t and

(0,0 R () = (@), d7O))mr + (qt), d*®))mr = (¢® 1), ¢ ) rn + ("), d*E))rr (2)

(Leibniz formula, see [10, Theorem 1.20]).

Lebesgue A-measure and Lebesgue A-integrability. Let ua be the Lebesgue A-measure
on T defined in terms of Carathéodory extension in [11, Chapter 5]. We also refer the reader to
[3, 21, 29] for more details on the pua-measure theory. For all (¢,d) € T? such that ¢ < d, there
holds ua([e,d[r) = d — c. Recall that A C T is a pua-measurable set of T if and only if A is an
usual pp-measurable set of IR, where p, denotes the usual Lebesgue measure (see [21, Proposition
3.1]). Moreover, if A C T\{sup T}, then

pal(A) = pe(A)+ Y ulr).

rc ANRS



Let A C T. A property is said to hold A-almost everywhere (in short, A-a.e.) on A if it holds
for every t € A\ A’, where A’ C A is some pua-measurable subset of T satisfying ua(A’) = 0. In
particular, since pa({r}) = p(r) > 0 for every r € RS, we conclude that if a property holds A-a.e.
on A, then it holds for every r € ANRS.

Let n € IN* and let A C T\{sup T} be a pa-measurable subset of T. Consider a function ¢
defined A-a.e. on A with values in R". Let Ag = AU|r, o(r)[rcanrs, and let gg be the extension of
q defined pp-a.e. on Ag by qo(t) = q(t) whenever ¢t € A, and by q(t) = q(r) whenever t €]r,o(r)],
for every r € AN RS. Recall that ¢ is pa-measurable on A if and only if gg is pp-measurable on
Ay (see [21, Proposition 4.1]).

The functional space L (A, R"™) is the set of all functions ¢ defined A-a.e. on A, with values
in IR"™, that are ua-measurable on A and bounded almost everywhere. Endowed with the norm
lqllLee (4, mm) = sup ess llg(7)|Ir~, it is a Banach space (see [3, Theorem 2.5]). Here the notation

TE

| Iz~ stands for the usual Euclidean norm of R™. The functional space L (A, R"™) is the set of all
functions ¢ defined A-a.e. on A, with values in R", that are ua-measurable on A and such that
Salla(7)|[r» AT < +o0. Endowed with the norm ||¢||Liarn) = [, [1a(7)[[rr A7, it is a Banach

space (see [3, Theorem 2.5]). We recall here that if ¢ € LL(A, R"™) then

Jamar= | ao(r)dr = [amar+ 3wt

rc ANRS

(see [21, Theorems 5.1 and 5.2]). Note that if 4 is bounded then L°(A, R") C Li(A4,R"). The
functional space L, +(T\{sup T}, R") is the set of all functions ¢ defined A-a.e. on T\{sup T},
with values in R", that are pua-measurable on T\{sup T} and such that ¢ € L([c, d[r, R") for all
(¢,d) € T? such that ¢ < d.

Absolutely continuous functions. Let n € IN* and let (c,d) € T? such that ¢ < d. Let
% ([c,d]T, R™) denote the space of continuous functions defined on [¢, d]r with values in R". En-
dowed with its usual uniform norm || - ||, it is a Banach space. Let AC([c,d|r,IR") denote the
subspace of absolutely continuous functions.

Let t9 € [c,d]r and q : [¢,d]r — R". It is easily derived from [20, Theorem 4.1] that ¢ €
AC([e,d)r, R™) if and only if ¢ is A-differentiable A-a.e. on [c, d[r and satisfies ¢® € Li([c, d[r, R"),
and for every t € [c,d|r there holds ¢(t) = q(to) + f[to,t[T q? (1) AT whenever t > tg, and q(t) =
q(to) — f[t,to [r q® (1) AT whenever t < to.

Assume that ¢ € Li([e,d[r, R™), and let @ be the function defined on [c,d]r by Q(t) =
f[toﬂf[ir q(t) A1 whenever t > to, and by Q(t) = _f[t7to[1r q(t) At whenever t < to. Then
Q € AC([e,d]r) and Q* = q A-a.e. on [c, d[r.

Note that, if ¢ € AC([c,d]r, R") is such that ¢® = 0 A-a.e. on [¢,d[r, then ¢ is constant
on [¢,d]T, and that, if ¢,¢' € AC([¢,d|r,R"), then (¢,¢)mr» € AC([c,d|r,IR) and the Leibniz
formula (2) is available A-a.e. on [c, d[.

For every q € LL([c,d[r,R"), let Ze.di-(q) be the set of points ¢ € [c, d[r that are A-Lebesgue
points of ¢g. There holds pa (L 41, (9)) = pa(le,d[r) = d — ¢, and

lim — q(m) AT = q(s), (3)

for every s € . a1, (¢) N RD, where V2 is defined by (1).

Remark 1. Note that the analogous result for s € Z. 4;.(¢) N LD is not true in general. Indeed,
let ¢ € Li([c,d[r,R™) and assume that there exists a point s € [¢,d[rNLD N RS. Since pa({s}) =



p(s) > 0, one has s € Z 41, (q). Nevertheless the limit 1 f T)ATas 3 — 0% withs—03 € T,

is not necessarily equal to ¢(s). For instance, Con51der T= [ ] U {2}, s =1 and ¢ defined on T
by ¢q(t) =0 for every t # 1 and ¢(1) = 1..

Remark 2. Recall that two distinct derivative operators are usually considered in the time scale
calculus, namely, the A-derivative, corresponding to a forward derivative, and the V-derivative,
corresponding to a backward derivative, and that both of them are associated with a notion of
integral. In this article, without loss of generality we consider optimal control problems defined
on time scales with a A-derivative and with a cost function written with the corresponding notion
of A-integral. Our main result, the PMP, is then stated using the notions of right-dense and
right-scattered points. All problems and results of our article can be as well stated in terms of
V-derivative, V-integral, left-dense and left-scattered points.

2.2 Topological preliminaries

Let m € IN* and let Q be a non empty closed subset of R™. In this section we define the notion of
stable 2-dense direction. In our main result the set 2 will stand for the set of pointwise constraints
on the controls.

Definition 1. Let v € Q and v' € R™.
1. We set D%(v,v") ={0< a <1 |v+av —v) € Q}. Note that 0 € D?(v,").

2. We say that v’ is a Q-dense direction from v if 0 is not isolated in D(v,v’). The set of all
Q-dense directions from v is denoted by D?(v).

3. We say that v’ is a stable Q-dense direction from v if there exists € > 0 such that v’ € D?(v")
for every v"” € B(v,e) N, where B(v,¢) is the closed ball of R™ centered at v and with
radius . The set of all stable Q-dense directions from v is denoted by D, | (v).

Note that v’ € D, (v) means that v’ is a Q-dense direction from v for every v” € Q in a
neighbourhood of v. In the following, we denote by Int the interior of a subset. We have the
following easy properties.

1. If v € Int(92), then D, | (v) = R™.
2. If Q = {v} then DY, (v) = {v};
3. If Q is convex then Q C DY, (v) for every v € Q.

For every v € €2, we denote by Co(Déﬁab( )) the closed convex cone of vertex v spanned by
DS, (v), with the agreement that Co(D,, (v)) = {v} whenever Df},, (v) = 0. In particular, there
holds v € Co(DE,, (v)) for every v € Q.

Although elementary, since these notions are new (up to our knowledge), before proceeding
with our main result (stated in Section 2.3) we provide the reader with several simple examples
illustrating these notions. Since D!, (v) = Co(DE,, (v)) = R™ for every v € Int(Q), we focus on
elements v € 02 in the examples below.

Example 1. Assume that m = 1. The closed convex subsets () of IR having a nonempty interior
and such that 9Q # ) are closed intervals bounded above or below and not reduced to a singleton.
If Q is bounded below then ’Dgab(min Q) = Co(DE,,,(min Q)) = [min Q, +oo[, and if 2 is bounded
above then D!, (max ) = Co(DS,, (max Q)) =] — oo, max Q).

stab
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Figure 1:

Example 2. Assume that m = 2 and let Q be the convex set of v = (vy,v2) € R? such that
vy =0, vg > 0 and v? + v3 < 1 (see Figure 1). The stable Q-dense directions for elements v € 92
are given by:

o if v = (0,0), then D2, (v) = To(D2,,(v)) = (R)2:
e if v = (0,v9) with 0 < vy < 1, then D¢, (v) = Co(D%,, (v)) = RY x R;
e if v = (vp,0) with 0 < vy < 1, then D¢, (v) = Co(D%,, (v)) =R x RT;

o if v = (0, 1) then DL (v) = {(vi,v2) € R?* | vy > 0,09 < 1} U {v} and Co(D%,,,(v)) =
{(v1,v2) € R? [ v1 > 0,03 < 1}
= (
)

o if v = (1,0), then D¢, (v) = {(v1,v2) € R* | v1 < 1,02 > 0} U {v} and Co(D,, (v)) =
{(v1,v2) € R? | v < 1,09 > 0};

o if v = (vp,y/1 — 1) with 0 < vg < 1, then D, (v) is the union of {v} and of the strict
hypograph of T,,,, and Co(D$},, (v)) is the hypograph of T, .

Remark 3. Let 2 be a non empty closed convex subset of R™ and let Aff((2) denote the smallest
affine subspace of R™ containing Q. For every v € 9 that is not a corner point, Co(D$},, (v)) is
the half-space of Aff(2) delimited by the tangent hyperplane (in Aff(Q2)) of Q at v, and containing
Q.

Example 3. Assume that m = 2 and let Q be the set of v = (v1,v2) € R? such that vy < vy
(see Figure 2). The stable Q-dense directions for elements v € 9 are given by:

o if v = (v, |vo|) With vy < 0, then D (v) = DL, (v) = {(v1,v2) € R? | vg < —v1};
o if v = (v, |vo|) With vy > 0, then D (v) = DI\ (v) = {(v1,v2) € R? | va < v };
o if v =(0,0), then D?(v) = Q, DY, (v) = {(v1,v2) € R* | v2 < ~[ua[};

Note that, in all cases, D, (v) is a closed convex cone of vertex v and therefore Co(DS},, (v)) =
,Dsﬂtab( )
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Example 4. Assume that m = 2 and let Q be the set of v = (v1,v2) € R? such that vy < v? (see
Figure 3). Let vg € R and let T, (v1) = vo(2v1 — vg) denote the graph of the tangent to 2 at the
point v = (vg, v3). It is easy to see that D?(v) is the hypograph of T, that D, (v) is the strict

hypograph of T}, (note that v ¢ DS}, (v)), and that Co(D<,,,(v)) is the hypograph of T, .
Remark 4. The above example shows that it may happen that v ¢ D, (v). Actually, it may
happen that D¢, (v) = 0. For example, if Q is the unit sphere of IR?, then D, (v) = 0 for every

v € Q, and hence Co(D,,,(v)) = {v}.

Example 5. Assume that m = 2. We set = UgenQx U Qoo, where Q, = {(v1, (1 —v1)/2%) | 0 <
vy < 1} for every k € N, and Qo = {(v1,0) | 0 < v < 1} (see Figure 4). Note that © has an
empty interior. Denote by 7 = (1,0). We have the following properties:

o if v € ), with k € IN, then Co(D,, (v)) = D, (v) = D (v) = {(v1, (1 —v1)/2%) | v1 € R};

e if v = (0,1/2%) with k € IN, then Co(D%,, (v)) = D, (v) = D (v) = {(v1, (1—v1)/2%) | vy >
0};
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o if v = (v1,0) with 0 < v; < 1, then D%(v) = R x R" and D, (v) = {v}, and thus
Co(Dg oy (v) = [v1, +00[x{0};

e if v = (0,0), then D?(v) = (R¥)? and D¢, (v) = {v}, and thus Co(D,, (v)) = R™ x {0};

e if v = T, then D(D) = Ugen{(v1, (1-v1)/2%) | vy < 1}U{(v1,0) | v1 < 1} and Co(DE,, (v)) =
Diian(0) = {T}.

2.3 General nonlinear optimal control problem on time scales

Let n and m be nonzero integers, and let {2 be a non empty closed subset of IR™. Throughout the
article, we consider the general nonlinear control system on the time scale T

g>(t) = fla(t), u(t), 1), (4)

where f : R” x R™ x T — IR" is a continuous function of class ¢! with respect to its two first
variables, and where the control functions u belong to Ly, +(T\{sup T}; ).

Before defining an optimal control problem associated with the control system (4), the first
question that has to be addressed is the question of the existence and uniqueness of a solution of
(4), for a given control function and a given initial condition ¢(a) = ¢, € R". Since there did not
exist up to now in the existing literature any Cauchy-Lipschitz like theorem, sufficiently general
to cover such a situation, in the companion paper [16] we derived a general Cauchy-Lipschitz (or
Picard-Lindel6f) theorem for general nonlinear systems posed on time scales, providing existence
and uniqueness of the maximal solution of a given A-Cauchy problem under suitable assumptions
like regressivity and local Lipschitz continuity, and discussed some related issues like the behavior
of maximal solutions at terminal points.

Setting U = Lis, p(T\{sup T}; R™), let us first recall the notion of a solution of (4), for a given
control u € U (see [16, Definitions 6 and 7]). The couple (g, It) is said to be a solution of (4) if I
is an interval of T satisfying a € It and It\{a} # 0, if ¢ € AC([a, b]r, R") and (4) holds for A-a.e.
t € [a,b[r, for every b € IT\{a}.

According to [16, Theorem 1], for every control v € U and every g, € R", there exists a
unique maximal solution ¢(-,u,q,) of (4), such that g(a) = g, defined on the maximal interval
It(u,q,). The word mazimal means that ¢(-,u,q,) is an extension of any other solution. Note



that q(t,u,qa) = qa + f[a’t[T fla(r,u,qq),u(r), 7) AT, for every t € It(u,q,) (see [16, Lemma 1]),
and that either It(u,q,) = T, that is, q(-,u,q,) is a global solution of (4), or It(u,q,) = [a,b[r
where b € T\{a} is a left-dense point of T, and in this case, (-, u, ¢,) is not bounded on It(u,q,)
(see [16, Theorem 2]).

These results are instrumental to define the concept of admissible control.

Definition 2. For every ¢, € R", the control u € U is said to be admissible on [a,b[r for some
given b € T\{a} whenever ¢(-,u,q,) is well defined on [a, b]t, that is, b € It(u, q,).

We are now in a position to define rigorously a general optimal control problem on the time
scale T.

Let j € IN* and S be a non empty closed convex subset of R7. Let f0: R" x R™ x T — IR be
a continuous function of class €' with respect to its two first variables, and g : R" x R" — IR’ be
a function of class €’!. In what follows the subset S and the function g account for constraints on
the initial and final conditions of the control problem.

Throughout the article, we consider the optimal control problem on T, denoted in short
(OCP)7, of determining a trajectory ¢*(-) defined on [a,b*]r, solution of (4) and associated with
a control u* € L ([a, b*[r; ), minimizing the cost function

C(b,u) = /[ ) w7 A (5)

over all possible trajectories ¢(-) defined on [a, b], solutions of (4) and associated with an admissible
control u € L ([a, b[r; ), with b € T\{a}, and satisfying g(q(a), ¢(b)) € S.
The final time can be fixed or not. If it is fixed then b* = b in (OCP)r.

2.4 Pontryagin Maximum Principle

In the statement below, the orthogonal of S at a point z € S is defined by
Os(z) = {2’ € R/ | V2" €8, (z/,2" —2)ps <O} (6)

It is a closed convex cone containing O.
The Hamiltonian of the optimal control problem (OCP)r is the function H : R™ x R™ x R"™ x
R x T — R defined by H(q,u,p,p"t) = (p, f(q,u,t))rr +p° fO(q,u, ).

Theorem 1 (Pontryagin Maximum Principle). Let b* € T\{a}. If the trajectory ¢*(-), defined
on [a,b*|r and associated with a control u* € L ([a,b*[1; ), is a solution of (OCP)rt, then there
exist p° < 0 and v € IR, with (p°,v) # (0,0), and there exists a mapping p(-) € AC([a, b*], R™)
(called adjoint vector), such that there holds

_oH OH

q*A(t) - 87]?((1* (t)v u* (t)apg(t)apoa t)a pA(t) = 767q(q*(t)7 u* (t)vpa(t)’po, t)a (7)
for A-a.e. t € [a,b*[r. Moreover, there holds
O 01,0 (1), 07,1000 =0 ()) <0, ®)

for every r € [a,b*[tNRS and every v € Co(D<,,, (u*(r))), and

H(q*(5)7U*(S)7pU(S)vpoa 5) = gleag)z(H(q*(S),U7pa(5),p0, 5)3 (9)



for A-a.e. s € [a,b*[rNRD.
Besides, one has the transversality conditions on the initial and final adjoint vector

po) = (2@ 0D) v 207 = (5 @ #) 0 (10)

and —1 € Os(g(q™(a),q"(b"))).
Furthermore, if the final time b* is not fized in (OCP)t, and if additionally b* belongs to the
interior of T for the topology of IR, then

max H(g" ("), 0,7 (0°),5°,b°) = 0, (1)

and if H is moreover autonomous (that is, does not depend on t), then
/[ B 0070)87) A =0 (12)
a,b* [t

Theorem 1 is proved in Section 3.

Remark 5 (PMP for optimal control problems with parameters). Before proceeding with a series
of remarks and comments, we provide a version of the PMP for optimal control problems with
parameters. Let A be a Banach space. We consider the general nonlinear control system with
parameters on the time scale T

g2 () = FOqt), u(t), 1), (13)
where f: A x R" x R™ x T — R" is a continuous function of class ¢! with respect to its three
first variables, and where u € U as before. The notion of admissibility is defined as before. Let
fO:AXxR"xR"™ x T — R be a continuous function of class € with respect to its three first
variables, and g : A x R" x R™ — IR’ be a function of class €.

We consider the optimal control problem on T, denoted in short (OCP)3, of determining a tra-
jectory ¢*(-) defined on [a, b*]r, solution of (13) and associated with a control u* € L ([a, b*[r; 2)
and with a parameter A* € A, minimizing the cost function C'(X, b, u) = f[a,b[qr O q(7),u(r),7) AT
over all possible trajectories ¢(-) defined on [a, b]T, solutions of (13) and associated with A € A and
with an admissible control u € L$°([a, b[r; ), with b € T\{a}, and satisfying g(A, q(a), g(b)) € S.
The final time can be fixed or not.

The Hamiltonian of (OCP)3 is the function H : A x R™ x R™ x R" x R x T — R defined by

H()‘7 q, u7p7p07 t) = <p7 f(A7 q,u, t)>]R" + pOfO(A7 q,u, t)

If the trajectory ¢*(-), defined on [a,b*]r and associated with a control u* € L ([a, b*[r; )
and with a parameter A\* € A, is a solution of (OCP){}7 then all conclusions of Theorem 1 (except
(12)) hold, and moreover

/{W[T %\I(A*,q*(t),u*(t),p"(t),po,t) At + <%(A*’q*(a)’q*(b*))’¢>m o 14)

This additional statement is proved as well in Section 3.

Remark 6. Asis well known, the Lagrange multiplier (p°, ) (and thus the triple (p(-), p°, 1)) is de-
fined up to a multiplicative scalar. Defining as usual an extremal as a quadruple (q(-), u(-), p(-), p°)
solution of the above equations, an extremal is said to be normal whenever p® # 0 and abnormal
whenever p° = 0. The component p° corresponds to the Lagrange multiplier associated with the
cost function. In the normal case p® # 0 it is usual to normalize the Lagrange multiplier so that
p® = —1. Finally, note that the convention p < 0 in the PMP leads to a maximization condition
of the Hamiltonian (the convention p® > 0 would lead to a minimization condition).
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Remark 7. As already mentioned in Remark 2, without loss of generality we consider in this
article optimal control problems defined with the notion of A-derivative and A-integral. These
notions are naturally associated with the concepts of right-dense and right-scattered points in
the basic properties of calculus (see Section 2.1). Therefore, when using a A-derivative in the
definition of (OCP) one cannot hope to derive in general, for instance, a maximization condition
at left-dense points (see the counterexample of Remark 1).

Remark 8. In the classical continuous-time setting, it is well known that the maximized Hamil-
tonian along the optimal extremal, that is, the function ¢ — max,cq H(q*(t),v,p° (t),p°, 1), is
Lipschitzian on [a,b*], and if the dynamics are autonomous (that is, if H does not depend on t)
then this function is constant. Moreover, if the final time is free then the maximized Hamiltonian
vanishes at the final time.

In the discrete-time setting and a fortiori in the general time scale setting, none of these
properties do hold any more in general (see Examples 6 and 8 below). The non constant feature
is due in particular to the fact that the usual formula of derivative of a composition does not hold
in general time scale calculus.

Remark 9. The PMP is derived here in a general framework. We do not make any particular
assumption on the time scale T, and do not assume that the set of control constraints €2 is convex
or compact. In Section 3.1, we discuss the strategy of proof of Theorem 1 and we explain how the
generality of the framework led us to choose a method based on a variational principle rather than
one based on a fixed-point theorem.

We do not make any convexity assumption on the dynamics (f, f°). As a consequence, and as is
well known in the discrete case (see e.g. [12, p. 50-63]), at right-scattered points the maximization
condition (9) does not hold true in general and must be weakened into (8) (see Remark 11).

Remark 10. The inequality (8), valuable at right-scattered points, can be written as

H
O () (). (1).2°.7) € O, ey (1)

In particular, if u*(r) € Int(®2) then 2L (¢*(r), u*(r),p’ (r),p° r) = 0. This equality holds true
at every right-scattered point if for instance = R™ (and also at right-dense points: this is the
context of what is usually referred to as the weak PMP, see [36] where this weaker result is derived
on general time scales for shifted control systems).

If Q is convex, since u*(r) € Q C Co(D%,,,(u*(r))), then there holds in particular

aH * * o *

5o (), w(r),p (r),p%,7) € Oa(u*(r)),

for every r € [a, b[TNRS.

_ Note that, if the inequality (8) is strict then u*(r) satisfies a local maximization condition on
Co(DE,, (u*(r))) (see also [12, p. 74-75]).

Remark 11. In the classical continuous-time case, all points are right-dense and consequently,
Theorem 1 generalizes the usual continuous-time PMP where the maximization condition (9) is
valid pz-almost everywhere (see [14, Theorem 6 p. 67]).

In the discrete-time setting, the possible failure of the maximization condition is a well known
fact (see e.g. [12, p. 50-63]), and a fortiori in the time scale setting the maximization condition
cannot be expected to hold in general at right-scattered points (see counterexamples below).

Many works have been devoted to derive a PMP in the discrete-time setting (see e.g. [7, 12,

, 31, 37, 38, 43]). Since the maximization condition cannot be expected to hold true in general
for discrete-time optimal control problems, it must be replaced with a weaker condition, of the
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kind (8), involving the derivative of H with respect to u. Such a kind of inequality is provided in
[12, Theorem 42.1 p. 330] for finite horizon problems and in [7] for infinite horizon problems. Our
condition (8) is of a more general nature, as discussed next. In [37, 38, 46] the authors assume
directional convexity, that is, for all (v,v) € Q2 and every 6 € [0, 1], there exists vg € 2 such that

f(qvv%t) = ef(q’vat) + (1 - g)f(Qavlvt)v fO(Qa'Uevt) < Qfo(q,vﬂf) + (1 - a)fo((bvlvt)a

for every ¢ € R"™ and every t € T; and under this assumption they derive the maximization

condition in the discrete-time case (see also [22] and [16, p. 235]). Note that this assumption is
satisfied whenever Q is convex, the dynamics f is affine with respect to u, and f° is convex in u
(which implies that H is concave in u). We refer also to [43] where it is shown that, in the absence

of such convexity assumptions, an approximate maximization condition can however be derived.

Note that, under additional assumptions, (8) implies the maximization condition. More pre-
cisely, let r € [a,b[rNRS and let (¢*(-),u*(-),p(),p°) be the optimal extremal of Theorem 1. Let
r € [a,b[rNRS. If the function u +— H(q*(r),u, p°(r),p°,r) is concave on IR"™, then the inequality
(8) implies that

H(q*(r),u*(r),p”(r),po,r): _ max H(q*(r),v,p”(r),po,r).
vGCo(Dﬁab(u*(r)))

If moreover Q2 C Co(D¥,, (u*(r))) (this is the case if { is convex), since u*(r) € €, it follows that
H(q" (r),u" (r),p" (r), p",7) = max H(q" (r),v,p" (r), p°, 7).

Therefore, in particular, if H is concave in u and ) is convex then the maximization condition
holds as well at every right-scattered point.

Remark 12. It is interesting to note that, if H is convex in u then a certain minimization condition
can be derived at every right-scattered point, as follows.
_ For every v € Q, let Opp(v) = {2v — v | V' € Co(DS,, (v))} denote the symmetric of
Co(D%,, (v)) with respect to the center v. It obviously follows from (8) that

<8H

Ju

for every r € [a, b[TNRS and every v € Opp(u*(r)). If H is convex in v on R™, then the inequality
(15) implies that

H(g" (). (1).p7 ()0 ) = min (g (r).0.07 (1).0".7) (16)

(@ () (), 57 (1), 1) 0 = (1)) >0, (15)

We next provide several very simple examples illustrating the previous remarks.

Example 6. Here we give a counterexample showing that, although the final time is not fixed,
the maximized Hamiltonian may not vanish.

Set T=N,n=m=1, f(¢g,u,t) = u, fo(qvuvt) =1 Q= [071]’ J=2,9(q1,92) = (q1,92)
and S = {0} x {3/2}. The corresponding optimal control problem is the problem of steering the
discrete-time control one-dimensional system ¢(n + 1) = ¢(n) + u(n) from ¢(0) = 0 to ¢(b) = 3/2
in minimal time, with control constraints 0 < u(k) < 1. It is clear that the minimal time is b* = 2,
and that any control w such that 0 < u(0) < 1, 0 < u(1) < 1, and u(0) + u(1) = 3/2, is optimal.

Among these optimal controls, consider v* defined by «*(0) = 1/2 and u*(1) = 1. Consider 1,
p° < 0 and p(-) the adjoint vector whose existence is asserted by the PMP. Since u*(0) € Int(f2),
it follows from (8) that p(1) = 0. The Hamiltonian is H(q,u,p,p°,t) = pu + p°, and since it is
independent of ¢, it follows that p(-) is constant and thus equal to 0. In particular, p(0) = p(2) =0
and hence ¢ = 0. From the nontriviality condition (p°,) # (0,0) we infer that p° # 0. Therefore
the maximized Hamiltonian at the final time is here equal to p° and thus is not equal to 0.
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Example 7. Here we give a counterexample (in the spirit of [12, Examples 10.1-10.4 p. 59-62])
showing the failure of the maximization condition at right-scattered points.

Set T = {0,1,2}, n = m =1, f(q,u,t) = u—gq, fO(Quuvt) =2¢" —u? Q= 0,1, 7 = 1,
9(q1,92) = q1 and S = {0}. Any solution of the resulting control system is such that ¢(0) = 0,
q(1) = u(0), q(2) = u(1), and its cost is equal to u(0)? — u(1)2. It follows that the optimal control
u* is unique and is such that u*(0) = 0 and u*(1) = 1. The Hamiltonian is H(q,u,p,p° t) =
p(u—q) +p°(2¢*> — u?). Consider 9, p° < 0 and p(-) the adjoint vector whose existence is asserted
by the PMP. Since g does not depend on ¢q, it follows that p(2) = 0, and from the extremal
equations we infer that p(1) = 0 and p(0) = 0. Therefore ) = 0 and hence p® # 0 (nontriviality
condition) and we can assume that p® = —1. It follows that the maximized Hamiltonian is equal
to —p® =1 at r = 0,1,2, whereas H(q*(0),u*(0),p(1),p°, 0) = 0. In particular, the maximization
condition (9) is not satisfied at r = 0 € RS (note that it is however satisfied at r = 1).

Note that, in accordance with the fact that H is convex in u and Opp(u*(0)) =] — 00, 0] and
Opp(u*(1)) = [1, +0o0][, the minimization condition (16) is indeed satisfied (see Remark 12).

Example 8. Here we give a counterexample in which, although the Hamiltonian is autonomous
(independent of t), the maximized Hamiltonian is not constant over T.

Set T ={0,1,2}, n=m =1, f(q,u,t) =u—gq, fo(q,u,t) = (u2 - q2)/27 i=19(q,0) =aq,
S = {1}, Q =10,1] and b = 2. Any solution of the resulting control system is such that ¢(0) = 1,
q(1) = u(0), ¢(2) = u(1), and its cost is equal to (u(1)? —1)/2. It follows that any control u
such that «(1) = 0 is optimal (the value of u(0) is arbitrary). Consider the optimal control u*
defined by u*(0) = w*(1) = 0, and let ¢*(-) be the corresponding trajectory. Then ¢*(0) = 1
and ¢*(1) = ¢*(2) = 0. The Hamiltonian is H(q,u,p,p",t) = p(u — q) + p°(u? — ¢*)/2. Consider
1, p° < 0 and p(-) the adjoint vector whose existence is asserted by the PMP. Since g does not
depend on ¢y, it follows that p(2) = 0, and from the extremal equations we infer that p(1) = 0 and
p(0) = —p°. In particular, from the nontriviality condition one has p® # 0 and we can assume that
p’ = —1. Therefore H(q*(0),v,p(1),p°,0) = 1/2 —v? and H(q*(1),v,p(2),p°, 1) = —v?/2, and it
easily follows that that the maximization condition holds at = 0 and r = 1. This is in accordance
with the fact that H is concave in v and 2 is convex. Moreover, the maximized Hamiltonian is
equal to 1/2 at r =0, and to 0 at r =1 and r = 2.

3 Proof of the main result

3.1 Preliminary comments

There exist several proofs of the continuous-time PMP in the literature. Mainly they can be
classified as variants of two different approaches: the first of which consists of using a fixed point
argument, and the second consists of using Ekeland’s Variational Principle.

More precisely, the classical (and historical) proof of [44] relies on the use of the so-called
needle-like variations combined with a fixed point Brouwer argument (see also [32, 40]). There
exist variants, relying on the use of a conic version of the Implicit Function Theorem (see [1] or
[30, 47]), the proof of which being however based on a fixed point argument. The proof of [17] uses
a separation theorem (Hahn-Banach arguments) for cones combined with the Brouwer fixed point
theorem. We could cite many other variants, all of them relying, at some step, on a fixed point
argument.

The proof of [23] is of a different nature and follows from the combination of needle-like varia-
tions with Ekeland’s Variational Principle. It does not rely on a fixed point argument. By the way
note that this proof leads as well to an approximate PMP (see [23]), and withstands generalizations
to the infinite dimensional setting (see e.g. [41])
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Note that, in all cases, needle-like variations are used to generate the so-called Pontryagin
cone, serving as a first-order convex approximation of the reachable set. The adjoint vector is then
constructed by propagating backward in time a Lagrange multiplier which is normal to this cone.
Roughly, needle-like variations are kinds of perturbations of the reference control in L' topology
(perturbations with arbitrary values, over small intervals of time) which generate perturbations of
the trajectories in € topology.

Due to obvious topological obstructions, it is evident that the classical strategy of needle-
like variations combined with a fixed point argument cannot hold in general in the time scale
setting. At least one should distinguish between dense points and scattered points of T. But even
this distinction is not sufficient. Indeed, when applying the Brouwer fixed point Theorem to the
mapping built on needle-like variations (see [10, 4141]), it appears to be crucial that the domain of
this mapping be convex. Roughly speaking, this domain consists of the product of the intervals
of the spikes (intervals of perturbation). This requirement obviously excludes the scattered points
of a time scale (which have anyway to be treated in another way), but even at some right-dense
point s € RD, there does not necessarily exist € > 0 such that [s,s + ¢] C T. At such a point we
can only ensure that 0 is not isolated in the set {8 > 0 | s+ 8 € T}. In our opinion this basic
obstruction makes impossible the use of a fixed point argument in order to derive the PMP on
a general time scale. Of course to overcome this difficulty one can assume that the pa-measure
of right-dense points not admitting a right interval included in T is zero. This assumption is
however not very natural and would rule out time scales such as a generalized Cantor set having
a positive pyp-measure. Another serious difficulty that we are faced with on a general time scale
is the technical fact that the formula (3), accounting for Lebesgue points, is valid only for 8 such
that s + 8 € T. Actually if s+ 8 ¢ T then (3) is not true any more in general (it is very easy to
construct a time scale T for which (3) fails whenever s + 8 ¢ T, even with ¢ = 1). Note that the
concept of Lebesgue point is instrumental in the classical proof of the PMP in order to ensure that
the needle-like variations can be built at different times® (see [10, 14]). On a general time scale
this technical point would raise a serious issue?.

The proof of the PMP that we provide in this article is based on Ekeland’s Variational Principle,
which permits to avoid the above obstructions and happens to be well adapted for the proof of
a general PMP on time scales. It requires however the treatment of other kinds of technicalities,
one of them being the concept of stable 2-dense direction that we were led to introduce. Another
point is that Ekeland’s Variational Principle requires a complete metric space, which has led us to
assume that  is closed (see Footnote 4).

Remark 13. Recall that a weak PMP (see Remark 10) on time scales is proved in [36] for shifted
optimal control problems (see also [35]). A similar result can be derived in an analogous way for
the non shifted optimal control problems (4) considered here. Since then, deriving the (strong)
PMP on time scales was an open problem. While we were working on the contents of the present
article (together with the companion paper [16]), at some step we discovered the publication of the
article [19], in which the authors claim to have obtained a general version of the PMP. As in our
work, their approach is based on Ekeland’s Variational Principle. However, as already mentioned
in the introduction, many arguments thereof are erroneous, and we believe that their errors cannot
be corrected easily.

Although it is not our aim to be involved in controversy, since we were incidentally working in
parallel on the same subject (deriving the PMP on time scales), we provide hereafter some evidence
of the serious mistakes contained in [49].

IMore precisely, what is used in the approximate continuity property (see e.g. [24]).

2We are actually able to overcome this difficulty by considering multiple variations at right-scattered points,
however this requires to assume that the set Q is locally convex. The proof that we present further does not require
such an assumption.
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Note that, in order to derive a maximization condition A-almost everywhere (even at right-

scattered points), as in [37, 38, 46] the authors of [49] assume directional convexity of the dynamics
(see Remark 11 for the definition).
A first serious mistake in [49] is the fact that, in the application of Ekeland’s Variational

Principle, the authors use two different distances, depending on the nature of the point of T under
consideration (right-scattered or dense). As is usual in the proof of the PMP by Ekeland’s Principle,
the authors deduce from considerations on sequences of perturbation controls u® the existence of
Lagrange multipliers g and 1g; the problem is that these multipliers are built separately for right-
scattered and dense points (see [19, (32), (43), (52), (60)]), and thus are different in general since
the distances used are different. Since the differential equation of the adjoint vector 1) depends on
these multipliers, the existence of the adjoint vector in the main result [19, Theorem 3.1] cannot
be established.

A second serious mistake is in the use of the directional convexity assumption (see [19, Equations
(35), (36), (43)]). The first equality in (35) can obviously fail: the term uf, ,(7) is a convex
combination of u®(7) and uy, (ry Since V(7) is assumed to be convex, but the parameter of this
convex combination is not necessarily equal to A as claimed by the authors (unless f is affine in u
and f is convex in u, but this restrictive assumption is not made). The nasty consequence of this
error is that, in (43), the limit as A tends to 0 is not valid.

A third mistake is in [19, (57), (60), (62)], when the authors claim that the rest of the proof
can be led for dense points similarly as for right-scattered points. They pass to the limit in (60)
as € tends to 0 and get that V¢(b) tends to V(b), where V¢ is defined by (57) and V is defined
similarly. However, this does not hold true. Indeed, even though d} (u®,u*) (Ekeland’s distance)
tends to 0, there is no guarantee that u°(7) tends to u*(7).

The above mistakes are major and cannot be corrected even through a major revision of the
overall proof, due to evident obstructions. There are many other minor ones along the paper (which
can be corrected, although some of them require a substantial work), such as: the A-measurability
of the map V is not proved; in (45) the authors should consider subsequences and not a global
limit; in (55), any arbitrary p > 0 cannot be considered to deal with the A-Lebesgue point 7, but
only with 7 — p € T (recall that the equality (3) of our paper is valid only if s + 8 € T, and that,
as already mentioned, on a general time scale Lebesgue points must be handled with some special
care).

In view of these numerous issues, it cannot be considered that the PMP has been proved
in [49]. The aim of the present article (whose work was initiated far before we discovered the
publication [49]) is to fill a gap in the literature and to derive a general strong version of the PMP
on time scales. Finally, it can be noted that the authors of [19] make restrictive assumptions: their
set {2 is convex and is compact at scattered points, their dynamics are globally Lipschitzian and
directionally convex, and they consider optimal control problems with fixed final time and fixed
initial and final points. In the present article we go far beyond these unnecessary and not natural
requirements, as already explained throughout.

3.2 Needle-like variations of admissible controls

Let b € T\{a}. Following the definition of an admissible control (see Definition 2 in Section 2.3),
we denote by UQP, the set of all (u,q,) € U x R™ such that u is an admissible control on [a, b]y
associated with the initial condition ¢,. It is endowed with the distance

dqud((uv Qa)a (U/, q;)) = ||7.L - U/HL,}([a,b[T,]R"") + HQa - q;H]RW (17)

Throughout the section, we consider (u,q,) € UQ%y with u € L([a,b[r; Q) and the corre-
sponding solution ¢(-,u, q,) of (4) with ¢(a) = q,. This section 3.2 is devoted to define appropriate
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variations of (u, g, ), instrumental in order to prove the PMP. We present some preliminary topo-
logical results in Section 3.2.1. Then we define needle-like variations of u in Sections 3.2.2 and
3.2.3, respectively at a right-scattered point and at a right-dense point and derive some useful
properties. Finally in Section 3.2.4 we make some variations of the initial condition g,.

3.2.1 Preliminaries

In the first lemma below, we prove that U di is open. Actually we prove a stronger result, by
showing that U di contains a neighborhood of any of its point in L' topology, which will be useful
in order to define needle-like variations.

Lemma 1. Let R > ||lullLs ((a,bfs,mm)- There exist vgp > 0 and nr > 0 such that the set

E(u7qa7R) = {(ul7QZ1) eU x R" | H’LL/ - u”L.ﬁ.([a,b[T,lRm) < VR,

[0/ Les (@b, mm) < Ry Nlde — gallme < 1R}
18 contained in L{di.

Before proving this lemma, let us recall a time scale version of Gronwall’s Lemma (see [10,
Chapter 6.1]). The generalized exponential function is defined by ey, (¢, ¢) = eXp(f[C’t[T Eur)(L) AT),
for every L > 0, every ¢ € T and every t € [c, +-00[r, where {,,(;)(L) = log(14-Ly(7))/p(7) whenever
u(1) >0, and &,(;)(L) = L whenever p(1) = 0 (see [10, Chapter 2.2]). Note that, for every L > 0
and every ¢ € T, the function ey, (-,c) (resp. er(c,-)) is positive and increasing on [c, +oo[r (resp.
positive and decreasing on [a, c|t), and moreover there holds ey, (t2,t1)er (t1, ¢) = er(t2, ¢), for every
L >0 and all (¢,t1,t3) € T? such that ¢ < ¢ < to.

Lemma 2 ([10]). Let (¢,d) € T? such that ¢ < d, let Ly and Ly be nonnegative real numbers,
and let ¢ € € ([c,d]r, R) satisfying 0 < q(t) < L1 + Lo f[cth q(t) A1, for every t € [c,dlr. Then
0 < q(t) < Liep,(t,¢), for every t € [c,d]r.

Proof of Lemma 1. Let R > ||UHL§°([a,b[T,RM)- By continuity of ¢(-,u,q,) on [a, b]T, the set
K ={(z,v,t) € R" x Br=(0, R) x [a,b]7 | ||z — q(t,u, q0)||r~ < 1}

is a compact subset of R x R™ x T. Therefore ||0f/9q| and ||0f/Oul|| are bounded by some L > 0
on K and moreover L is chosen such that

[f (21,01, 8) = f@2, 02, )[R < L([J21 = 22flme + [Jo1 = v2]lmm), (18)

for all (z1,v1,t) and (x2,v9,t) in K. Let vg > 0 and 0 < ng < 1 such that (ng +vrL)er(b,a) < 1.
Note that K, L, vg and ngr depend on (u, gq, R).

Let (v, ¢,) € E(u,qq, R). We denote by I; the interval of definition of ¢(-,v’,q}) satisfying
a € I and I;\{a} # 0. It suffices to prove that b € I}. By contradiction, assume that the set A =
{t € ItN[a, b1 | |la(t, ', q}) —q(t,u, qq)||m» > 1} is not empty and set t; = inf A. Since T is closed,
t1 € ItN[a, blr and [a, t1]r C ILN[a,b]r. If ¢1 is a minimum then ||q(¢1, v/, ¢,) — q(t1,u, ¢a)|r» > 1.
If t; is not a minimum then t; € RD and by continuity we have ||q(¢t1,v,¢}) — q(t1,u,¢a)||rR> =
1. Moreover there holds t; > a since ||q(a, v/, q),) — q(a,u, ¢)||lr» = ||¢, — Gllrr < Mr < 1.
Hence ||g(7,v/,q),) — (7,4, qa)||m» < 1 for every 7 € [a,t1[r. Therefore (¢(7,v’,q)), v (7),7) and
(¢(T,u,qq),u(r), ) are elements of K for A-a.e. 7 € [a,t1[r. Since there holds

q(t, ', q,) — q(t,u, qa) = ¢ — o + / (fla(r, ', q0),u' (1), 7) — fa(T,u,q0),u(T), 7)) AT,

[a,t['ﬂ'
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for every t € It N [a, b]1, it follows from (18) and from Lemma 2 that, for every ¢ € [a, t1]r,

la(t, v’ q2) = a(t v, ga) |me < llgq — gallme + L/ [/ (7) = u(r)llmm AT

la,t[r
i’ /[ .l 5) = a0 e A
a,t|T

< (lga = dallmm + Lllv = ullvs(a b, Jer (b; a)
< (nr +vrL)er(b,a) < 1.

This raises a contradiction at ¢ = ¢;. Therefore A is empty and thus ¢(-, v, ¢,) is bounded on
It 0 [a, b]r. Tt follows from [16, Theorem 2] that b € I}, that is, (u',q,) € UQ%y. O

Remark 14. Let (v/,q}) € E(u, g4, R). With the notations of the above proof, since It N [a, b]r =
[a,b]T and A is empty, we infer that ||q(t,u’, ¢}) — q(t,u,q.)|| < 1, for every t € [a,b]y. Therefore
(q(t, v, q)),u'(t),t) € K for every (uv/,q),) € E(u, qq, R) and for A-a.e. t € [a, b[.

Lemma 3. With the notations of Lemma 1, the mapping
Flugar) : (EB(u,qa, R),dyor ) —  (€(la,blr, BR"), [ - [|c)
(ulvqa) — q('7ul7q</1)

is Lipschitzian. In particular, for every (uv',q.,) € E(u,qq, R), q(-,u,q,) converges uniformly to
q(-yu,qq) on [a,bly when u' tends to u in Li([a,blr, R™) and ¢, tends to q, in R".

Proof. Let (u/,q),) and (u”, ) be elements of E(u, g4, R) C L[di. It follows from Remark 14 that
(g(r,u”,¢), v (), 7) and (q(1,u',q,),w (7),T) are elements of K for A-a.e. 7 € [a,b[r. Following
the same arguments as in the previous proof, it follows from (18) and from Lemma 2 that, for
every t € [a, b]T,

1

la(t,u”,q7) —a(t, v’ qo)lme < (lag — gollme + Lllu"” — ' [|Ls (a pfp mm) e (b, @)

The lemma follows. O

3.2.2 Needle-like variation of u at a right-scattered point

Let r € [a,b[rNRS and let y € D%(u(r)). We define the needle-like variation IT = (r,y) of u at the
right-scattered point r by

u(r) + a(y —u(r if t=r,
“H(t’a):{ugt)) =) it t £

for every a € D (u(r),y). It follows from Section 2.2 that ur (-, a) € L ([a, b[r; ©2).
Lemma 4. There exists ag > 0 such that (ur(-, @), qa) € UQLy, for every a € DX (u(r), y)N |0, ag).

Proof. Let R = max([|ulLe (a,pfmrm)s [u(r)[rm + [yllmm) + 1 > [lullLee (a,pf,mm). We use the
notations K, L, vr and ng, associated with (u, g, R), defined in Lemma 1 and in its proof.
One has [Jun(-, @)|lLee (bl rm) < R for every a € D (u(r),y), and

lun (-, @) = wllLi(a,pfe,mm) = #(r) lun(r, @) = u(r)[rm = ap(r)ly —u(r) g
Hence, there exists ag > 0 such that [luni(-, @) — ullpi(ja,pp,rm) < VR for every a € D2 (u(r),y) N

[0, o], and hence (ug (-, @), q,) € E(u,gq, R). The claim follows then from Lemma 1. O
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Lemma 5. The mapping

Flug.m: (D%u(r),y) N[0,al,|-) — (€([a,blr, R"), ]l - [lo)
a +— q(un( ), qa)

is Lipschitzian. In particular, for every a € D (u(r),y) N[0, a0, q(-,uni(-, @), qq) converges uni-
formly to q(-,u,qs) on [a,b]r as a tends to 0.

Proof. We use the notations of proof of Lemma 4. It follows from Lemma 3 that there exists C' > 0
(the Lipschitz constant of F{, 4, ry) such that

HQ(',UH(',OZ2),QQ) - q('vuﬂ('aal)aQQ>HOO < Odl/{QZd((uH("O‘2)aqa)a (UH('val)vq(l))
= Cla® — at|u(r)ly — u(r)|lr,
for all ! and a? in D?(u(r),y) N[0, ap]. The lemma follows. O

We define the so-called variation vector wr(-,u,q,) associated with the needle-like variation
IT = (r,y) as the unique solution on [o(r), b]T of the linear A-Cauchy problem

w%):%ﬁ;(q(t,u<t>,qa>,u<t>,t>w<t>, w(o(r) = 1) 2L (gl 2) u(r), )y~ ulr)). (19)

The existence and uniqueness of wr (-, u, q,) are ensured by [16, Theorem 3].
Proposition 1. The mapping
Flugem : (D*u(r),y)n[0,a0,[- ) — (€([o(r),b]r, BR"), | - lloc) (20)
a Q('auH(‘,a)7Qa)
is differentiable® at 0, and there holds DFyq,,m(0) = wn(,u,qaq).

Proof. We use the notations of proof of Lemma 4. Recall that (¢(¢,un(:, @), qa), un(t, «),t) € K
for every a € D%(u(r),y) N [0,a0] and for A-a.e. t € [a,b[r, see Remark 14. For every a €
D (u(r),y)N)0, ap] and every t € [o(r),b]r, we define

q(ta UH(', CK), (Za) - q(ta u, q<1)
(0%

En(t, Oé) = - wH(t,UMIa)'

It suffices to prove that ep(-,a) converges uniformly to 0 on [o(r),blr as « tends to 0. For
every a € D%(u(r),y)N]0, ap], the function ep(-, ) is absolutely continuous on [o(r),b]r, and
en(t,a) =en(o(r),a) + f[g(r) e g8 (1,a) At for every t € [o(r), b]r, where

f(q(tvuﬂ('5 a),qa),u(t), t) — f(q(t7ua Qa)a u(t)7t) _ 67](‘

Eﬁ(taa) = o Bq (Q(tau7qa)7u(t)at)wﬂ(tau7qa)7

for A-a.e. t € [o(r),b[r. Tt follows from the Mean Value Theorem applied for A-a.e. t € [o(r),b[r
to the function defined by ¢:(0) = f((1 — 0)q(t,u, qa) + Oq(t,un (-, @), qq),u(t),t) for every 6 €
[0,1], that there exists O(t,a) € IR", belonging to the segment of extremities ¢(¢,u,q,) and
q(t,un(-, @), qq), such that

ef(t, a) _of (On(t, o), u(t), t)en(t, )

dq
af 7%

+ <8c]<9n(t’ a)a u(t)’ t) aq (Q(t, u, Qa)v u(t)a t)) wH(tv U, Qa)'

3Clearly this mapping can be extended to a neighborhood of 0 and we speak of its differential at 0 in this sense.
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Since (Or(t,a),u(t),t) € K for A-ae. t € [o(r),blr, it follows that ||e5(¢, )| < xm(t,a) +
t

Llien(t, @), where xu(t, @) = |[(%(On(t, a),u(t),t) — Z(a(t, u, qa), u(t),t))wn(t, u,¢a) . There-
fore, one has

len(t, a)llme < [len(o(r), @) rn +/

x(r, @) AT—l—L/ lew(r, @) |lmn AT,
[o(r),blr

[o(r),tlr

for every t € [o(r),b]r. It follows from Lemma 2 that |len(t, o)||lmr» < Tu(a)er(b,o(r)), for every
t € |o(r),b]T, where T1(a) = |len(o(r), @)||rr + f[a(r)’bh xm (7, a) AT.

To conclude, it remains to prove that Yr(a) converges to 0 as « tends to 0. First, since
01 (-, ) converges uniformly to q(-, u, g,) on [o(r), bl as « tends to 0, and since 9f/dq is uniformly
continuous on K, we infer that f[a ).ble X1 (7, @) A7 converges to 0 as « tends to 0. Second, it is
easy to see that |ler(o(r), a)||m» converges to 0 as « tends to 0. The conclusion follows. O

Lemma 6. Let R > Hu||L§°([a,b[T,lRm) and let (uk, go, k) ke be a sequence of elements of E(u, q,, R).
If uy, converges to u A-a.e. on [a,blr and gq 1 converges to q, in IR" as k tends to +oo, then
wrr (v, Uk, Qo) converges uniformly to wr(-,u,qq) on [o(r),br as k tends to +oo.

Proof. We use the notations K, L, v and ng, associated with (u, ¢4, R), defined in Lemma 1 and
in its proof.

Consider the absolutely continuous function defined by ®(t) = wn(t, uk, ¢a.r) —wn(t, u, q,) for
every k € IN and every ¢ € [o(r),b]r. Let us prove that ®; converges uniformly to 0 on [o(r), blr
as k tends to +0co0. One has

0
Dy () =P (o (r)) —I—/[ . a—i;(q(r, Uky Qa k) Uk (T), T)@p(T) AT
o(r),tiT
0 0
(e am.n - E a0 ) v an
[o(r),tl \ 04 dq
for every t € [o(r),b]r and every k € IN. Since (ug,qax) € E(u, g4, R) for every k € N, it follows

from Remark 14 that (¢(t, uk, qax), ur(t),t) € K and (q(t,u,qq),u(t),t) € K for A-a.e. t € [a, b[r.
Hence it follows from Lemma 2 that

1@ (B)][re < ([[@r(o(r) [l + Tr)er (b, o(r)),

for every t € [o(r), b]T, where

o= |
[o(r),blr

Since pa({r}) = u(r) > 0, ug(r) converges to u(r) as k tends to +00. Moreover, (uy, ¢q k) converges
to (u, qq) in (E(u, qq, R), dMQZd) and, from Lemma 3, ¢(-, uk, ¢a,k) converges uniformly to ¢(-,u, ¢q)
on [a,b]r as k tends to +oco. We infer that ®,(o(r)) converges to 0 as k tends to +o0, and from
the Lebesgue dominated convergence theorem we conclude that ¥; converges to 0 as k tends to
+00. The lemma follows. O

||wH(T7 U, Qa) ||]R" AT.
R""

0 0
a—£<q<n s o) k(7). 7) — a—§<q<n , ga), u(r), )

Remark 15. It is interesting to note that, since ug(r) converges to u(r) as k tends to +oo, if we
assume that y € D¢, (u(r)), then y € D% (uy(r)) for k sufficiently large.
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3.2.3 Needle-like variation of u at a right-dense point

The definition of a needle-like variation at a Lebesgue right-dense point is very similar to the
classical continuous-time case. Let s € £, 3, (f(q(, 1, qa),u(-),-)) NRD and z € Q. We define the
needle-like variation IT = (s, 2) of u at s by

N if t¢s, s+ Br,
uu(t75)—{ u(t) if t¢[s,s+ﬂ[;

for every B € V¥ (here, we use the notations introduced in Section 2.1). Note that uy(-, 3) €
L’(I)Fo([aa b[T; Q)

Lemma 7. There exists By > 0 such that (ur(-, B),qa) € UQLy for every B € VP N[0, Bol.

Proof. Let R = max(||ullLe (ja,plr, ) [[2]lRm) + 1> [[ul|Lee ((a,b-, rm)- We use the notations K, L,
vr and ng, associated with (u, ¢,, R), defined in Lemma 1 and in its proof.
For every 3 € V! one has [t (-, B) L2 ([a,bfr,rm) < R and

) R B / 2 — u(r) [ AT < 2RB.
[s,5+B[r

Hence, there exists §y > 0 such that for every 8 € VYN0, Bol, luni (-, 8) = ullL (bl mm) < VR and
thus (un(+, 8),¢a) € E(u, g4, R). The conclusion then follows from Lemma 1. O

Lemma 8. The mapping

F(u,qa,H) : (Vg N [Oaﬂo]a | ! |) — ((g([aa b]T’Rn)v H ! ”00)
B — q(un(-B),q)

is Lipschitzian. In particular, for every 8 € V2N B(0,Bo), q(-, uri(-, B),qa) converges uniformly to
q(-,u,qa) on [a,blr as B tends to 0.

Proof. We use the notations of proof of Lemma 7. From Lemma 3, there exists C' > 0 (Lipschitz
constant of Fi, 4. ry) such that

‘|Q('7UH('752)7 qa) - q('»”ﬂ('?ﬂl)a qa)HOO CdMQﬁd((uH("62)qu)a (UH('vﬂl)’qa))

<
< QCR‘ﬂQ - /81|7
for all 8% and 82 in V2 N0, By]. The lemma follows. O

According to [16, Theorem 3], we define the variation vector w(-,u,q,) associated with the
needle-like variation IT = (s, z) as the unique solution on [s, b]t of the linear A-Cauchy problem

_of

wit) = 5

(q(t,u, qa), u(d), yw(t), w(s) = f(a(s;u;qa); 2, 8) = (a5, qa); uls),8). (21)

Proposition 2. For every § € V?\{0}, the mapping

Fgom: O2N[0,8] |- ) — (€([s+0,blr, R"), || - [l0) (22)
B q(un(-,B),qa)

is differentiable at 0, and one has DF(‘s%qu) (0) = wi (-, u, qq)-



Proof. We use the notations of proof of Lemma 7. Recall that (q(t,un (-, 8),qa), un(t, 8),t) and
(q(t,un (-, B),qa), 2,t) belong to K for every 3 € V°N[0, Bo] and for A-a.e. t € [a, b[r, see Remark 14.
For every 3 € V’N]0, By] and every t € [s + 3, b]r, we define

Q(t7uH('7ﬁ)a qa) - q(ta u, qa) o
5

Tt suffices to prove that eq1(+, 3) converges uniformly to 0 on [s + 8, b]r as 8 tends to 0 (note that,
for every & € V?\{0}, it suffices to consider 3 < d). For every 3 € V°N]0, By], the function ey (-, 3)
is absolutely continuous on [s + 8, b]t and ey (¢, 8) = en(s+ 5,8) + f[SJrﬁ e eh (1, B) AT, for every
t € [s+ B,b]r, where
fqtvu '5/87(1 7Utat *f(]t,U,q aUt7t 8f
ctra,0) = Loltenl 2 ) nl0 ) = T ) MDD B4 g,), i), .0,

for A-a.e. t € [s+ 3, b[r. As in the proof of Proposition 1, it follows from the Mean Value Theorem
that, for A-a.e. t € [s + (3, b[r, there exists 0y (¢, 5) € R", belonging to the segment of extremities
q(t7 U, Qa) and q(t7 U]_[('7 5)7 Qa)7 such that

f

8H<t7ﬂ) = wH<t7UaQa)-

en(t,f) = (9u(t B), ult), t)en(t, 5)

+(Zf (Ot 8):0(0).6) = G alt .00 0 )) o).

Since (6u(t,B),u(t),t) € K for A ae. t € [s+ B,b[r, it follows that [|e5(t, B)|| < xu(t, B) +

Llleu(t, B)|l, where xu(t, 8) = ||(5L(0u(t, B), u(t),t) — SL(q(t, u, qa), u(t), ) wu(t, u, ¢o)||- There-
fore, one has

lew(t, B)lmr < llen(s + 8, 8) e + /

[s+8,b[r

xu(r, B) Ar + L / e (r. B)llme A,

[s+8,tlr

for every t € [s + ,b]r, and it follows from Lemma 2 that ||en (¢, 8] < Yu(B)er(b, s), for every
t € [s+ B, blr, where Yu(8) = lleu(s + B8, B)Irr + oy p.pp, Xu (7, 8) AT
To conclude, it remains to prove that Yy(3) converges to 0 as S tends to 0. First, since

011 (-, B) converges uniformly to q(-, u,q,) on [s+ 3, b|t as § tends to 0 and since df/dq is uniformly
continuous on K, we infer that f[erB,b[T x1u (T, 8) AT converges to 0 as 8 tends to 0. Second, let us
prove that |lerr(s+ 8, 8)||r» converges to 0 as 3 tends to 0. By continuity, wi(s+ /3, u, g, ) converges
to wii (s, u,gq) as B to 0. Moreover, since q(-, ui(+, 8), ¢,) converges uniformly to q(-, u, q,) on [a, b]t
as [ tends to 0 and since f is uniformly continuous on K, it follows that f(q(-, uni(-,8),¢a), z,t)
converges uniformly to f(q(-,u,qa),2,t) on [a,blr as § tends to 0. Therefore, it suffices to note
that

1

6 [s,5+B[r

converges to wi(s,u,qe) = f(q(s,u,qa),2,8) — f(q(s,u,qa),u(s),s) as B tends to 0 since s is a
A-Lebesgue point of f(q(-,u,qa4),2,t) and of f(q(-,u,qqs),u,t). Then |ler(s+ B, 5)| converges to 0
as [ tends to 0, and hence Y1(8) converges to 0 as well. O

f(Q(T, U, qa)’ 2, T) - f(Q(T7 U, qa)7 U(T)’ T) At

Lemma 9. Let R > [|ul|Lee ((a,bfr, mm) and let (uk, Ga,k)ke v be a sequence of elements of E(u, qa, R).
If uy, converges to u A-a.e. on [a, bt and qq 1, converges to q, as k tends to +o00, then wi (-, Uk, qa,k)
converges uniformly to wrr(-,u,qs) on [s,b]T as k tends to +o0o.

Proof. The proof is similar to the one of Lemma 8, replacing o(r) with s. O
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3.2.4 Variation of the initial condition ¢,
Let ¢, € R".
Lemma 10. There exists o > 0 such that (u,qq +vq,) € UQLy for every v € [0, o).

Proof. Let R = ||u||L;;°([a,b[T,Rm) +1> Hu||L§o([a7b[T,Rm). We use the notations K, L, vg and ng,
associated with (u, g4, R), defined in Lemma 1 and in its proof.

There exists 79 > 0 such that ||g, + V¢, — ¢allr" = V||¢,]lrR» < ng for every v € [0,7], and
hence (u,q, + vq,,) € E(u,gq, R). Then the claim follows from Lemma 1. O

Lemma 11. The mapping

Flugoa,) ([0;70]5 - 1)

— ((g([avb]'ﬂ" Rn)? ” ! HOO)
v o= q(

Uy o+ YG,)

is Lipschitzian. In particular, for every v € [0,70], ¢(-,u, ga+7q,) converges uniformly to q(-, u, q,)
on [a,blt as y tends to 0.

Proof. We use the notations of proof of Lemma 10. From Lemma 1, there exists C' > 0 (Lipschitz
constant of Fi, 4. ry) such that

la(u, g +7°a2) = 0w, da + 7140 loo < Cldygp (1,0 +7740), (w, 40 + ')
= Cly* = 7'l dallme-
for all 4! and 42 in [0, vo]. O

According to [16, Theorem 3], we define the variation vector wq (-, u,q,) associated with the
perturbation ¢/, as the unique solution on [a, b]t of the linear A-Cauchy problem

wA(t) = %<q<t,u,qa>7u<t>,t>w<t>, w(a) = ). (23)

Proposition 3. The mapping

F(u7qa7q4'1) : ([0770]7 ‘ : |) — (Cg([a7 b]% Bn)) || : ||OO) (24)
Yo q(-,u, Ga + ’7(]21)

is differentiable at 0, and one has DF(y q,.q4.)(0) = wqr (-, 1, qq)-

Proof. We use the notations of proof of Lemma 7. Note that, from Remark 14, (q(t,u,qq +
vq.),u(t),t) € K for every v € [0,70] and for A-a.e. t € [a,b[y. For every v €]0,70] and every
t € [a,b]r, we define

_ a(tu, g0 +794) — q(t, 4, ga)
¥

€q, (ta’)/) — Wqy, (t7ant1)'

It suffices to prove that €4 (-,7) converges uniformly to 0 on [a,b]r as v tends to 0. For every

v €]0,70], the function e, (-,y) is absolutely continuous on [a,b]r, and €4 (t,7) = €4 (a,7) +

f[wh EqA:L (1,7) AT, for every t € [a, b, where

3 (1) = flat v, g + vqé)w(t)a;) — fla(t,u, o), ult), 1) %«;(q(zﬁ, Us Ga), u(t), Ywg, (t, 4, a),
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for A-a.e. t € [a,b[r. As in the proof of Proposition 1, it follows from the Mean Value Theorem
that, for A-a.e. t € [a,b[r, there exists 0, (,7) € R", belonging to the segment of extremities
a(t, > o) and g{t, 1, go +1}), such that

0
@@ﬂ=£WMWﬂMWW%@ﬂ

+ (gf;(eq; (t,7),u(t), t) — g‘;(q(t,%qa)w)at)) w, (£ Ga)-

Since (04, (t,7),u(t),t) € K for A-a.e. t € [a,b[r, it follows that
leg; (& Mllwr < xa (8,7) + Llleq () e

where xg; (£,7) = || (55 (8, (£,7), u(t), £) — GE(a(t, u, a), u(t), 1)) X wy, (£, 4, ¢a) || .- Hence

MﬂﬂWAT+L/ lew, (1) llmn A,

[a,t[—ﬂ-

Jeay (67 e < e s e+
la,blr
for every t € [a,b]r, and it follows from Lemma 2 that [|e, (¢,7)|| < Yq (v)er(b,a), for every
te [a7 b]Tv where qu (’Y) = qu; (a’ V)HIR" + f[a,b[.ﬂ. Xa,, (T7 7) AT

To conclude, it remains to prove that Y, () converges to 0 as y tends to 0. First, since 6, (-,7)
converges uniformly to ¢(+, u,g,) on [a,b]r as vy tends to 0 and since Jf/9q is uniformly continuous
on K, we infer that f[a’bh Xq, (7,7) AT tends to 0 when v — 0. Second, it is easy to see that

gq (a,v) = 0 for every 7 €]0,70]. The conclusion follows. O

Lemma 12. Let R > [Jul|vee ((a,bfr, mm) and let (uk, qa,k) ke be a sequence of elements of E(u, qa, R).
If u converges to u A-a.e. on [a,blr and qq converges to q, in R" as k tends to +oo, then
Wyt (-, Uk, Ga,k) converges uniformly to wy (-, u,qq) on [a,blr as k tends to +oo.

Proof. The proof is similar to the one of Lemma 8, replacing o(r) with a. O

3.3 Proof of the PMP

Throughout this section we consider (OCP)t with a fixed final time b € T\{a}. We proceed as is
very usual (see e.g. [0, 44]) by considering the augmented control system in R"™*

g (1) = f(a(t), u(t), ), (25)

with § = (¢,¢°)T € R™ x R, the augmented state, and f : R"™ x R™ x T — R""', the
augmented dynamics, defined by f(q,u,t) = (f(q,u,t), f°(q,u,t))T. The additional coordinate
q° stands for the cost, and we will always impose as an initial condition ¢°(a) = 0, so that
() = C(bu) = f[a,b[—ﬂ- fO(q(7),u(r),7) Ar. The function g : R"** x R™™ — R’ is defined by
(@, @) = 9(q1,q2), where @; = (g;,q?) for i = 1,2. Note that f does not depend on ¢° and that
g does not depend on ¢} nor on ¢3. Note as well that the Hamiltonian of (OCP)rt is written as
H(q> u7p7p07 t) = <15a f((j? u, t)>]R"+1 :

With these notations, (OCP)t consists of determining a trajectory g*(-) = (¢*(+), ¢"*(-)) defined
on [a, b, solution of (25) and associated with a control u* € L$°([a, b[r; ), minimizing ¢°(b) over
all possible trajectories ¢(-) = (q(+),q°(-)) defined on [a, b]r, solutions of (25) and associated with
an admissible control u € L ([a, b[r; ) and satisfying g(g(a), (b)) € S.

In what follows, let §*(-) be such an optimal trajectory. Set ¢* = ¢*(a). We are going to
apply first Ekeland’s Variational Principle to a well chosen functional in an appropriate complete
metric space, and then, using needle-like variations as defined previously (applied to the augmented
system, that is, with the dynamics f), we are going to derive some inequalities, finally resulting
into the desired statement of the PMP.
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3.3.1 Application of Ekeland’s Variational Principle

For the completeness, we recall Ekeland’s Variational Principle.

Theorem 2 ([23]). Let (E,dg) be a complete metric space and J : E — R U {400} be a lower
semi-continuous function which is bounded below. Let ¢ > 0 and u* € E such that J(u*) <
inf,eg J(u)+e. Then there exists ue € E such that dg(ue, u*) < v/ and J(ue) < J(u)++/edg(u, uc)
for every u € E.

Recall from Lemma 1 that, for R > ||u* HL%Q([Q’Z,[LRWL), the set E(u*, %, R) defined in this lemma
is contained in U Q%,. To take into account the set  of constraints on the controls, we define

Eg ={(u,qa) €U x R | o = (¢4,0), (u,qq) € E(u*, T, R), u € L¥([a,b[1; )}

Using the fact that 2 is closed®, it clearly follows from the (partial) converse of Lebesgue’s Domi-
nated Convergence Theorem that (EE, dZ/IQZd) is a complete metric space.

Before applying Ekeland’s Variational Principle in this space, let us introduce several notations
and recall basic facts in order to handle the convex set S. We denote by dg the distance function
to S defined by ds(z) = infucs ||z — 2'||gs, for every 2 € R?. Recall that, for every x € R?, there
exists a unique element Pg(z) € S (projection of x onto S) such that ds(z) = ||z — Ps(2)|lgs. It
is characterized by the property (x — Ps(z),2" — Ps(x))gs < 0 for every ' € S. Moreover, the
projection mapping Pg is 1-Lipschitz continuous. Furthermore, there holds  — Pg(z) € Og(Ps(z))
for every z € R? (where Og(z) is defined by (6)). We recall the following obvious lemmas.

Lemma 13. Let (z1)ren be a sequence of points of IR? and (Ck)remv be a sequence of nonnegative
real numbers such that xy, — x € S and (i (xr —Ps(zk)) = 2’ € R’ as k — +oo. Then 2’ € Og(x).

Lemma 14. The function x v+ d2(x)? is differentiable on R’ , and dd3(z) 2" = 2(x —Pgs(z),2') g .

We are now in a position to apply Ekeland’s Variational Principle. For every € > 0 such that
V2 < min(vg,nr), we consider the functional J : (EE, dygr ) = R defined by

_ _ " L _ 1/2
JE(u, @a) = (max(q® (b, u, Ga) — ¢°(b) + €,0)” + d&(§(da, 3(b, 1, 3a)))) " -
Since Fly« g« R) (by Lemma 3), g and dg are continuous, it follows that JER is continuous on
(EE, dy gy ) Moreover, one has JE(u*,q) = e and JF(u,q,) > 0 for every (u,q,) € EE. Tt follows

from Ekeland’s Variational Principle that, for every ¢ > 0 such that \/e < min(vg,ng), there exists
(uf', qi'.) € E§ such that dyon ((uf,q77.), (u*,q;)) < Ve and

- \@duggd((U»Qa)v (u?a Cj(ﬁg)) < JsR(uv(ja) - JsR(ufv 9756)7 (26)

for every (u,q,) € EE. In particular, uf converges to u* in L ([a,b[r,IR"™) and q’fﬁ converges to

g, as € tends to 0. Besides, setting

_]_ _ %
Pt = TR(F,qF) max(q° (b, u’, g.) — 4" (b) +£,0) <0 (27)
g

e 4a,e

4Note that the assumption Q closed is used (only) here in a crucial way. In the proof of the classical continuous-
time PMP this assumption is not required because the Ekeland distance which is then used is defined by p(u,v) =
nr({t € [a,b] | u(t) # v(t)}), and obviously the set of measurable functions u : [a, b] — 2 endowed with this distance
is complete, under the sole assumption that §2 is measurable. In the discrete-time setting and a fortiori in the general
time scale setting, this distance cannot be used any more. Here we use the distance duQZd defined by (17) but then

to ensure completeness it is required to assume that €2 is closed.

24



and

1 _
Y = TRGE. ) (9@, a(b.ul, ;) — Ps(g(dg'e. a(b,ul', 45%))) € R, (28)
note that [2%[? + (|43, = 1 and —ff € Os(Ps(9(dy'., 4(b, vl @;Y)))).-

Using a compactness argument, the continuity of F(u*% R) and the €1 regularity of g, and the
(partial) converse of the Dominated Convergence Theorem, we infer that there exists a sequence
(ex)ken of positive real numbers converging to 0 such that ufk converges to u* A-a.e. on [a, b[r,
7', converges to @, g(@x., (b, ufl , gy, )) converges to g(q, ¢ (b)) € S, dg(qy.,, a(b,uk ,ay.,))
converges to dg(q:,g* (b)), Y28 converges to some ¢°F < 0, and wi converges to some 9 € R?
as k tends to 400, with |¢0R|l§ + [9f|3, =1 and =0 € Os(g(q;, " (b)) (see Lemma 13).

In the three next lemmas, we use the inequality (26) respectively with needle-like variations of
ufk at right-scattered points and then at right-dense points, and variations of q{js .» and infer some
crucial inequalities by taking the limit in k. Note that these variations were defined in Section 3.2
for any dynamics f, and that we apply them here to the augmented system (25), associated with

the augmented dynamics f.

Lemma 15. For every r € [a,b[tNRS and every y € DS, (u*(r)), considering the needle-like
variation I = (r,y) at the right-scattered point v as defined in Section 3.2.2, there holds

0g T

0R,, 0 * =% —k  —k R *  —x <

9O (0,0,03) + ( (G0 (@ 0" OD) ¥ wn b @) <0, (29)
where the variation vector wy = (wm,wY) is defined by (19) (replacing f with f).

Proof. Since ull converges to u* A-a.e. on [a,b[r, it follows that uZ () converges to u*(r) as k

tends to +oco. Hence y € D?(ufl (1)) and |[ufl (r)||rm < R for k sufficiently large. Fixing such a
large integer k, we recall that v} (-, @) € L§°([a, b[r; 2) for every a € D2 (uf (r),y), and

R

lufl, r ()l (abgeremy < max((lull llus (a i ey, 10l n(r, @) lme)

<m
< max(R, [[uf} (r)llw + ally —ull (r)|lr-),

and

<l (@) =l L aspemm) + Ul — 0 llLifapgemem)
< ap(r)lly = ull ()llrn + Ver.

Therefore (uf (-, a),qf.,) € E§ for every a € D2(uf (r),y) sufficiently small. It then follows
from (26) that

\|U§,n('a a) — U*”L}r([a,b[T,RM)

_\/EkHui,H("a) - ui”L%r([a,b[mlR’") < Jlf(ugc,ﬂ('aa)vqf:sk) - Jg(”ia@iek)’

and thus R(, R ~R 2 R(,, R =R 2
Jk (usk,H('7 Oé), qa,ek) - Jk (’U’Sk?qa,Ek)

ol (). al,) + JF(ul L))
Using Proposition 1, since g does not depend on ¢3, we infer that

Jlf(ui,n('7a)’Q56k)2 - Jlf(uR quz,ek)Q

€k

—vernu(r)lly — ufi (r)llgm <

a—0 (e
= ZmaX(qO(b7 ufk,cjgsk) — qo*(b) + ek, O)w%(b, ui,q’ﬁak)
+2(g(al., . ab,uf af.,)) — Ps(glalt., . alb,uft  af.,)),

99 . r _ _
(QCIZEIC ) q(ba ufk ) qcﬁgk))wn(bv Ufk ; qﬁek)>]Rj .

g2
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Since JR( (G n(a), qusk) converges to J,f(ugc,(jf;gk
that

— Ver(r)lly = uf () lrn < —02Fuh(b, 0k k)
99 . p
<(aq (@820, )) 0wl g,

By letting k& tend to +o0, and using Lemma 6, the lemma follows. O

) as « tends to 0, using (27) and (28) it follows

Denote by .,iﬂ[ﬁbh the set of (Lebesgue) times t € [a, bt such that t € £, b[T(f( (,u*,qr),u*,t)),
such that ¢ € L, [, (f(q(-,ugc,qftk) uf ,t)) for every k € IN, and such that uZ (¢) converges to
u*(t) as k tends to +oo. There holds /LA(.,%G o) = Ha(la,blr) =b—a.

Lemma 16. For every s € .i”[a b VRD and any z € Q N Brm (0, R), considering the needle-like
variation 11 = (s, z) as defined in Section 3.2.3, there holds

0ttt + (T 0) 9 el a) <o (30)
where the variation vector wy = (wi, wY) is defined by (21) (replacing f with f).
Proof. For every k € IN and any 3 € V?, we recall that uf;‘ﬁu(-,ﬂ) € L ([a, b[r, ©?) and

gl 1 (Bl (a,bhe vy < max(llull e (o, mmy, 2R ) < R,
and

< Nul (5 8) = ull liagapp ey + v = w* lLaga,bprm)
< 2RB + ek
Therefore (ui’u(-,ﬁ), cjf:ek) € BEE for B € V! sufficiently small. It then follows from (26) that

_\/a”ui,H(Vﬂ) - ui”L%([a,b[T,]Rm Jk ( Ek, H( ﬁ)v@fsk) Jk ( €k7q5€k)

||Usk, (8) — U*”L%r([a,b[—ﬂ-,]Rm

and thus JR(R r )
( sk H('7B)7qa,ek) Jk( 6;\7qa5k)

(JR( ek H( 6)7(ja,sk) + JR(usk7qa Ek)) .
Using Proposition (2), since g does not depend on ¢9, we infer that
lim JR( sk H( ﬁ)a(ﬁfsk) JR( Ek’qaek)2
B—0 ﬂ
= 2max(q°(b, ufk,(jfak) — " () + ex, 0)wd (b, ui@fsk)
+2(g(ak, alb.u al,)) - Ps(aal., . atb.uf gk, ).

99
AL CXR ARG AR

—2R\F <

Since J (ult (s 8), k., ) converges to JF (uf gl ) as o tends to 0, using (27) and (28) it follows
that
OR 0 R R 99 R =R T R uB R
—2R\/er < =2 wh (b, ull, 4, ) — <(8q (@, alb,u k,qa,sk))) Ol wn (b ul gl 8k)>Rn.

By letting k tend to +o0, and using Lemma 9, the lemma follows. O
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Lemma 17. For every g, € R" x {0}, considering the variation of initial point as defined in
Section 3.2./, there holds

0g

0l () + (32 @ ) 6w g < (Gl @) vha),

where the variation vector wg, = (wg,,ws ) is defined by (23) (replacing f with f).

Proof. For every k € IN and every v > 0, one has
1Ga’c, + G0 — Gl < Aallre + 132, — Tllre < ¥l dallre + VEr.
Therefore (ug,qfak +7qa) € EE for v > 0 sufficiently small. It then follows from (26) that

Y €kH(j£Ek +’yq_(1 - qcll:a,sk”Rn < J]?(uii;,?q_ﬁek +’an) Jk ( Ek’qffk)

and thus " . - " )
J ( Ek’qaak +'YQa) J ( €k7qaek)

(JR(uak7qa €k + ’an) + J]?( ek?qa,ek)) .

Using Proposition (3), since g does not depend on ¢ and ¢3, we infer that

Vel dallmn <

lim Jlf(ugg’qf,sk + ,yqa)2 - Jlf(ui7q§,sk)2
v—0 Y
:2max(q0(b u2€7qfak)_q0*(b)+€k7 ) (b uEk?ank)

R _ _ 9g
+2(g(a., . a,uf af.,)) — Ps(glal., . alv,ult  ak.,))), Bg, T A0yu ul G, ))aa )

+2(3(ar, . ab,ull af.,)) = Ps(aar., . atb,ull ,af.,))).

99 ,.r R -R R =R
8(] (qa swq(b’ Ue,r Ya, Ek))w%(b usk7qaek)>]Rj'

R

Since J(ull gl ., +7da) converges to Ji¥(ull gl _ ) as v tends to 0, using (27) and (28) it follows
that

— VEI < el 0t gt — (5 @k a0l gl ) V),
(Gt ath,ut g ) 08 g, (ot gl

By letting k£ tend to 400, and using Lemma 12, the lemma follows. O

At this step, we have obtained in the three previous lemmas the three fundamental inequalities
(29), (30) and (31), valuable for any R > ||u*|Lee ((a,b[r,mm)- Recall that [¢0%]% + [[F[|3,; =1 and
—¢f € Os(3(q;, 7" (b))). Then, considering a sequence of real numbers Ry converging to +oc as /
tends to 400, we infer that there exist ¢/* < 0 and ¢» € R’ such that ¢°¢ converges to ¢° and
¥R converges to ¢ as £ tends to 400, and moreover [0 + [|[¢||3,, = 1 and —¢ € Os(g(q;, 7% (b))
(since Os(g(q:,q* (b)) is a closed subset of IRY).

We set Lo b, = Neen Z| [a b Note that pa(La ;) = pa(la,blr) = b— a. Taking the limit in
¢in (29), (30) and (31), we get the following lemma.
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Lemma 18. We have the following variational inequalities.
For every r € [a,b[rNRS, and every y € D, (u*(r)), there holds

a T
VO, g + <(§—qu<q;,q-*<b>>) vun(bu’,g)) <0, (32)

where the variation vector wyn = (wi, wly) associated with the needle-like variation IL = (r,y) is
defined by (19) (replacing f with f);
For every s € L, i, NRD, and every z € Q, there holds

93 T
9Pl a3) + (o (@ @ 0D) v wn (b, ) <0, (33)

where the variation vector wy = (wi, wly) associated with the needle-like variation 11 = (s, z) is
defined by (21) (replacing f with f);
For every §, € R" x {0}, there holds
B ag L T . 3g L T
0 Q * * T =k * B * * < _ M =% *
0o, 0,0,00) + (50 @0 O)) rwa b, 0) < (50000 0)) va) 0 (34

n

where the variation vector wg, = (wg,,wd ) associated with the variation g, of the initial point ¢}

(0> Waa
is defined by (23) (replacing f with f).

This result concludes the application of Ekeland’s Variational Principle. The last step of the
proof consists of deriving the PMP from these inequalities.

3.3.2 End of the proof

We define p(-) = (p(-),p°(+)) as the unique solution on [a,b]r of the backward shifted linear A-
Cauchy problem
T

0= (L. .0) o, 0= ((Zaaro) v.e)

The existence and uniqueness of p(-) are ensured by [16, Theorem 6]. Since f does not depend on
q°, it is clear that p°(-) is constant, still denoted by p° (with p® = ¢°).

Right-scattered points. Let r € [a,b[tNRS and y € DY, (u*(r)). Since the function ¢
(wn(t,u*, q;), p(t)) g+ is absolutely continuous, it holds (p(-), wn (-, u*, g}))Ras1 = 0 A-almost ev-
erywhere on [o(r), b[r from the Leibniz formula (2) and hence the function (5(:), @ (-, u*, §))gn+1
is constant on [o(r), b]r. It thus follows from (32) that

<ﬁ(0’(’l“)), UJH(U(T), U*v q;)>R"+1 = <]3(b), an(b, ’u’*’ q;i»IR"*l

= ou(b g + (L@ T 0) vounlut,g)), <0

and since w(o(r), v, q;) = M(T)%i(q* (), u* (), 1) (y — u* (), we finally get
<%(q*(T)vU*(T)»ﬁG(T), ),y — u*(r)>]Rm <0.

Since this inequality holds for every y € DS, (u*(r)), we easily prove that it holds as well for every
v € Co(DS,, (u*(r))). This proves (8).
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Right-dense points. Let s € £, NRD and z € . Since ¢
an absolutely continuous function, the Leibniz formula (2) yields (p
almost everywhere on [s, b[r, and hence this function is constant on
(33) that

(b, 03), PO e s
( )711_) ( aQa)>]Rn+l =0 A-
[s,b]r. It thus follows from

(p(s), wn(s,u”, qy))mn+r = (p(b), w1 (b, u 7qa)>]R”+1
T
= Puf (b, ;) + <( (@0 (1)) b wnlb,u’,q)) <0,

R»
and since w (s, u*, @) = f(7*(s), 2,5) — f(q(s),u*(s),s), we finally get
(B(5), F(T(5), 2, 8))mn+r < (D(s), F(d(5),u"(5), 8)) mr+1-

Since this inequality holds for every z € Q, the maximization condition (9) follows.

Transversality conditions. The transversality condition on the adjoint vector p at the final
time b has been obtained by definition (note that —i € Og(g(q%, g*(b))) as mentioned previ-
ously). Let us now establish the transversality condition at the initial time a (left-hand equality
of (10)). Let g, € R™ x {0}. With the same arguments as before, we prove that the function
t = (g, (t,u*,q;), p(t))gn+1 is constant on [a,b]r. It thus follows from (34) that

(p(a), g, (0, 0", i) = (B(0), g, (b, u”, )b
.
= 0uf (0., 32) + (( g0 @000 D) g, (a2

< (5@ ®)) voan,,

and since wg, (a,u*, §}) = §o = (¢a,0), we finally get

(vl + (G@d @) va),, <0

n

Since this inequality holds for every g, € R™ x {0}, the left-hand equality of (10) follows.

Free final time. Assume that the final time is not fixed in (OCP)r, and let b* be the final time
associated with the optimal trajectory ¢*(-). We assume moreover that b* belongs to the interior
of T for the topology of R. The proof of (11) then goes exactly as in the classical continuous-time
case, and thus we do not provide any details. It suffices to consider variations of the final time
b in a neighbourhood of b*, and to modify accordingly the functional of Section 3.3.1 to which
Ekeland’s Variational Principle is applied.

To derive (12), we consider the change of variable f = (t—a)/(b—a). The crucial remark is that,
since it is an affine change of variable, A-derivatives of compositions work in the time scale setting
as in the time-continuous case. Then it suffices to consider the resulting optimal control problem
as a parametrized one with parameter b lying in a neighbourhood of b*. Then (12) follows from
the additional condition (14) of the PMP with parameters (see Remark 5), which is established
hereafter.

PMP with parameters (Remark 5). To obtain the statement it suffices to apply the PMP

to the control system associated with the dynamics defined by f()\, q,u,t) = (f(\ q,u,t),0)T, with
the extended state ¢ = (A, q). In other words, we add to the control system the equation A\>(t) = 0
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(this is a standard method to derive a parametrized version of the PMP). Applying the PMP then
yields an adjoint vector p = (py,p), where p clearly satisfies all conclusions of Theorem 1 (except
(12)), and p{ (t) = —%—I){()\*, q*(t),u* (t)7pf’ (t),p",t) A-almost everywhere. From this last equation
it follows that py(b) — pa(a) = —f[a,b*[ %—I;()\*,q*(t),u*(t),p"(t),poj) At, and then (14) follows
from the already established transversality conditions.
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