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CONTINUITY OF PONTRYAGIN EXTREMALS WITH RESPECT
TO DELAYS IN NONLINEAR OPTIMAL CONTROL*
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Abstract. Consider a general nonlinear optimal control problem in finite dimension, with con-
stant state and/or control delays. By the Pontryagin maximum principle, any optimal trajectory is
the projection of a Pontryagin extremal. We establish that, under appropriate assumptions which
are essentially sharp, Pontryagin extremals depend continuously on the parameters delays, for ad-
equate topologies. The proof of the continuity of the trajectory and of the control is quite easy;
however, for the adjoint vector, the proof requires a much finer analysis. The continuity property of
the adjoint vector with respect to the parameter delays opens a new perspective for the numerical
implementation of indirect methods, such as the shooting method.
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1. Introduction. This paper is devoted to establishing continuity properties
with respect to delays of Pontryagin extremals related to nonlinear optimal control
problems with state and control constant delays. Pontryagin extremals are obtained
by applying the Pontryagin maximum principle to an optimal control problem, thus
providing first-order necessary conditions for optimality.

Historically, the maximum principle has been developed originally for optimal
control problems without delays (see, e.g., [32]). The paper [25] was the first to
provide a maximum principle for optimal control problems with constant state delays
while [21] obtains the same conditions by a simple substitution-like method. In [26]
a similar result is achieved for control problems with pure control delays. In [24, 38],
necessary conditions are obtained for optimal control problems with multiple constant
delays in state and control variables. Moreover, [6, 4] derive maximum principles for
control systems with either time- or state-dependent delays. Finally, [18, 19] give
necessary conditions for optimal control problems with delays and mixed constraints.

When delays are considered, the maximum principle provides extremals satisfy-
ing adjoint equations, the maximality condition, and transversality conditions which
depend directly on the value of the delay. Therefore, it seems legitimate to wonder
how these extremals depend on the parameter delay. In the present paper, we pro-
vide sufficient conditions ensuring continuity (for suitable topologies) of Pontryagin
extremals w.r.t. delays. Continuity properties have useful numerical applications in
solving optimal control problems with delays by shooting methods (as we describe in
section 2.4). The main result presented in this paper is roughly the following:
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Consider an optimal control problem with delays. Under the main assump-
tion that optimal controls are either time continuous or purely bang-bang,
Pontryagin extremals are strongly continuous w.r.t. delays, for appropriate
topologies.
The assumption that optimal controls are bang-bang is sharp, in the sense that,
whenever singular arcs arise, the continuity of Pontryagin extremals w.r.t. delays may
fail to be satisfied in strong topology, although it is always satisfied in a weak sense.
(A counterexample is provided in section 2.3.)

In the literature, to our knowledge, it seems that this topic has been little ad-
dressed. The main works addressing the regularity of extremals w.r.t. time lag vari-
ations develop sensibility analysis-type arguments (see, e.g., [34, 29, 30]). Our ap-
proach developed in this paper does not require any differentiability properties of the
extremals. More precisely, the main continuity result (see Theorem 2.1) is achieved
by analyzing the geometric deformation of Pontryagin cones, i.e., the sets containing
all variation vectors, under small perturbations of the delays. This geometric analysis
is challenging and requires a modified conic implicit function theorem which relies on
the continuous dependence of parameters (represented here by delays).

The paper is organized as follows. In section 2, we recall the maximum principle
formulation for optimal control problems with delays, stating then the main theorem
for the continuity of Pontryagin extremals w.r.t. delays. Section 2.4 contains an
extension of such continuity property to implement robust shooting methods to solve
optimal control problems with delays. In section 3, we provide the proof of our main
result, which goes in three steps. Robustness of controllability properties of problems
with delays are addressed first by means of an implicit function theorem in which
parameters and restriction to dense subsets are considered. In a second step, the
existence of solutions of optimal control problems with delays and their continuity
w.r.t. delays are established. The last step is the more difficult and technical: we
prove the continuity of the adjoint vectors w.r.t. delays. Finally, section 4 provides
conclusions and several perspectives.

2. Continuity of Pontryagin extremals w.r.t. delays.

2.1. The maximum principle for optimal control problems with delays.
Let n, m be positive integers, A a positive real number, and U C R a measurable
subset and define an initial state function ¢'(-) € C°([—A,0],R") and an initial
control function ¢?(-) € L>®([—A,0],U). For 7 = (7%, 71,7%) € [0, A]® and t; > 0,
consider the following nonlinear control system on R™ with constant delays:

W a(t) = f(t,t — 79 2(t),z(t — 1), u(t),ult — 72)), t€0,tf],
x(t) = ¢1(t) ; u(t) = ¢2(t) S [—A,O], u() € LOC([_AvthU)v

where f(t,s,z,y,u,v) is continuous and (at least) C? w.r.t. its second, third, and
fourth variables. Control systems (1) play an important role describing many relevant
phenomena in physics, biology, engineering, and economics (see, e.g., [28]).

Let My be a subset of R™. Assume that My is reachable from ¢'(-) for the control
system (1), that is, for every 7 = (7°,71,72) € [0, A]3, there exist a final time ¢; and
a control u(-) € L>®([—A,ts],U), such that the trajectory z(-), solution of (1) in
[—A, ty], satisfies 2(ty) € My. Such a control is called admissible and we denote by
UJ, g the set of all admissible controls of (1) defined in [-A, t;] taking their values
in R™, while U] ; denotes the set of all admissible controls of (1) defined in [—A, ty]

taking their values in U. Therefore, Ugm = U, 50U, grm and U = U, 5o U, v
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Given constant delays 7 = (7°,71,72) € [0, A]3, we consider the optimal control
problem with delays (OCP), consisting in steering the control system (1) to M, while
minimizing the cost function

@) Cy(tg,u) = /0 DOt — 0 (), 2t — ), u(t), u(t — 72)) dt,

where fO(t,s,z,y,u,v) is continuous and (at least) C? w.r.t. its second, third, and
fourth variables. We study either fixed or free final time problems (OCP),.

In the context of the present work, we focus on two particular classes of problems.
We speak of problems (OCP), with pure state delays when f and f° do not depend
on v, i.e., % = %—Jf = 0. We say that the optimal control problem (OCP), is affine
when f and f° are affine in (u,v), i.e.,

f(t7s7x>y7u7v) = fo(t787$,y) +u- fl(t787m7y) +v- fg(t787$,y),
fo(t,s,x,y,u,v) = f(())(tasaxay) +u- f{)(t757x7y) +v- fg(tasaxay)'

Assume that (z-(-),ur(+)) is an optimal solution for (OCP), with related optimal
final time ¢} and define the Hamiltonian related to problem (OCP). by

3)

H(t’ 87 'r7 y7p7p07u’ v) = <p7 f(t’ 87 x’ y? u7 U)> +p0f0(t7 573;‘7 y’ u, /l})'
According to the maximum principle (see, e.g., [19, 7]), there exists a nontrivial couple
(p7(-),P2) # 0, where p? < 0 is constant and p, : [0,t7] — R™ (adjoint vector) is abso-

lutely continuous, such that the so-called Pontryagin extremal (2, (-), p+(-), p2, ur(-))
satisfies, almost everywhere in [0, t}], the adjoint equations

jj”'(t) = %%(tvt - TO)mT(t)7xT(t - Tl),pT(t),p?_,uT(t)7uT(t — 7—2))5

. OH
pT(t) = _%(tvt - Tovi‘r(t)ﬂt'r(t - Tl)apr(t)vpgvuT(t)7uT(t - 7_2))
OH 1 1 0 1 1
- I]-[O,t}—‘rl](t)aiy(t+7— t+7 =7 5IT(t+T )7I’T(t),p7(t+7' )7
Py (t+ 1) u(t+ 7 —72))

and the following maximality condition: for every u € U
(5)
H(t,t = 7% 2, ()2 (t =71, 07 (8), 00, ur (1), ur (8 = 7°))(2)
+ Ljo,—r2) () H (¢ + 2t =70 (b4 7)), 2 (t+ T = 7Y,
pr(t+72),p%, ur (t 4 72), ur (¢)
> H(t,t =100 (1), 20 (t = 71), pr (1), 2w, ur (= 7%))
+ ]l[o,t;fﬂ] (O H(t+ 2t 72— TO,xT(t + 7'2),307(25 + 72—,
pr(t+72), 00, ur (t+ 7%),0).

Furthermore, if M; is a submanifold of R", locally around z. (t}), then the adjoint
vector can be chosen in order to satisfy

(6) pr(ty) L ToapMy

and, moreover, if the final time 7 is free and both 07, 15— 72 are Lebesgue points for
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u,(+), the extremal (z,(-),p- (), p%, u(+)) satisfies the following final condition:
(7) H( ity — TO,xT(t}),wT(t} — Tl),pT(t}),pg,uT(t}),uT(t} — 72)) =0.

(Recall that any measurable function is a.e. approximately continuous; see, e.g., [15].)
When 7 or t} — 72 are not Lebesgue points, (7) can be generalized (see, e.g., [7]).
The extremal (z,(-),p-(-),p2, u-(+)) is said to be normal when p2 # 0, and in that
case we set p? = —1. Otherwise, it is said to be abnormal.

2.2. The main result: Continuity properties of Pontryagin extremals.
Our main result establishes that, under appropriate assumptions, Pontryagin ex-
tremals are continuous w.r.t. delays for appropriate topologies. The most challenging
issue is the continuous dependence of adjoint vectors w.r.t. delays. To prove this fact,
we establish continuity w.r.t. delays of Pontryagin cones related to the maximum
principle formulation with delays.

We will treat separately the case of pure state delays. Treating control delays
happens to be more complex, especially for the existence of optimal controls (see
Theorem 2.1). Indeed, a standard approach to prove existence would consider usual
Filippov’s assumptions (as in the classical reference [16]) which, in the case of control
delays, must be extended. In particular, using the Guinn’s reduction (see, e.g., [21]),
the control system with delays is equivalent to a nondelayed system with a larger
number of variables depending on the value of 72. Such extension was used in [31].
However, the usual assumption on the convexity of the epigraph of the extended
dynamics is not sufficient to prove Lemma 2.1 in [31] (see also section 3.3.2).

Fix constant delays 70 = (7§, 79,75) € [0, A]® and let (z+,(-),pr, (), P2, tiry (+))
be a Pontryagin extremal for (OCP).,, satisfying (4)—(7), where (z,,(-), ur,(-)) is an
optimal solution for (OCP),, in [-A,?7’]. We make the following assumptions:

General assumptions.

(A1) U is compact and convex in R™, and M/ is a compact submanifold of
R™.

(A2) The optimal control problem with delays (OCP)., has a unique solu-
tion, denoted (z,(-), ur,(-)), defined in a neighborhood of [-A, ¢7°].

(As) The optimal trajectory x,,(-) has a unique extremal lift (up to a
multiplicative scalar) defined in [0, t}o]7 which is normal, denoted
(g (+)y Do (+), =1, 17, (+)), solution of the maximum principle.

(A4) There exists a positive real number b such that, for every 7 =
(70,71, 7%) € [0,A]® and every v(-) € Uf;, denoting z,,(-) the related
trajectory arising from dynamics (1) with final time t;’v, one has

Ve [-A ] Y 4 e, ()] < b

Additional assumptions in the case of pure state delays.

(B1) For every 7, every optimal control u.(-) of (OCP); is continuous.
(B2) The sets

{(f(t7S7$ay7u)7f0(t757$7y7u)+7) : UEU7 720 }7
of

0 6f
f T f t + 7, == x = x uelU,v20
{( (t,t, 737,’&), (t7 71‘7$,U) ,ax (t,t, 7177?1/), ay (t,t,l’7 7U) u 5

are convex for every t,s € R, z,y € R", where we denote f = (f, 1.



1444 R. BONALLI, B. HERISSE, AND E. TRELAT

Additional assumptions in the case of delays in state and control vari-

ables.
(C1) The considered optimal control problems are affine, i.e., we have (3).

(C2) The final time t; is fixed.
(©) (C3) At least one of the following two conditions is satisfied:
e For every 7, every optimal control u, () of (OCP); is continuous.
e The control u,,(-) takes its values at extremal points of U, a.e.

THEOREM 2.1.
e Optimal control problems with pure state delays:
Denote BF (1) = B:(1) NR?%.. Under assumptions (A) and (B) the following
hold:

1. There exists g > 0 such that, for every couple of delays 7 = (7°,71)
satisfying |7 — 10| < €0, each problem (OCP), has at least one optimal
solution (z7(-),u- (")) in [=A,t}], every extremal lift of which is normal.
Moreover, if the final time is fized, then t% = t? for every T.

2. The mappings B (10) > 7 = x-(-)! and B (10) > 7 — p(-) are con-
tinuous at 1y in CV topology, and B (10) > 7 t} is continuous at To.

3. In addition, the mapping BY (10) > 7 — &,(-) is continuous at 1o for
the L weak star topology.

e Optimal control problems with state and control delays:
Denote B (1) = B-(7) NR%. Under assumptions (A) and (C)) the following
hold:

1. There erists g > 0 such that, for every triple of delays T = (79,71, 72%)
satisfying || — 70l < €0, each problem (OCP); has at least one optimal
solution (x,(-),ur(+)) in [-A,ts], every extremal lift of which is normal.

2. The mappings BZ, (10) 3 7 = x.(-) and B, (10) > 7+ p,(-) are contin-
uous at 1o in C° topology.

3. In addition, the mapping BX (10) 3 7 — (ur(-), u (- —72)) is continuous
at o for the L? weak topology. Moreover, if u.,(-) takes its values at
extremal points of U, then the mapping B (10) 3 7 — (ur (), ur (- —72))
s continuous at 1y in L topology.

4. When 72 = 0, the previous conclusions remain valid for problems in free
final time, and then the mapping BZ (19) > T +— i is continuous at To.

Several remarks are in order.

First, assumptions (Az) and (As) on the uniqueness of the solution of (OCP),,
and on the uniqueness of its extremal lift are “generic”: they are actually related to
the differentiability properties of the value function (see, e.g., [12, 5, 33]). They are
standard in optimization and are just made to keep a nice statement (see Theorem
2.1). These assumptions can be weakened as follows. If we replace (43) and (As)
with the assumption “every extremal lift of every solution of (OCP),, is normal,” then
the conclusion provided in Theorem 2.1 below still holds, except that the continuity
properties must be written in terms of closure points (see section 3.3 and [22, Remark
1.11]). Finally, requiring that the unique extremal of (OCP),, is, moreover, normal
is crucial to prove the continuity of the adjoint vectors w.r.t. delays.

IWe notice that this correspondence is not necessarily uniquely defined. However, thanks to the
previous existence statement, at least one such correspondence exists in a neighborhood of 79 and
the continuity properties hold for every such correspondence given in the following.
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Assumptions (By) and (C3) play a complementary role in proving continuity for
the adjoint vectors (see section 3.3.4). They are related to the strict Legendre—Clebsch
condition and the uniqueness of solutions for (5), and, even if these assumptions seem
to be restrictive, many problems in applications satisfy them and examples can be
found in [18, 19, 34, 8, 37, 35, 20]. In particular, assumption (C3) is instrumentally
used also to derive strong continuity of controls from weak continuity when there
are delays on the control, because of the following general fact. Let X, Y be Banach
spaces and F' : X — Y be a continuous map. Suppose that (z)ren € X is a sequence
such that z; — 2z and F(z,) — F(Z) for some z,%7 € X. Therefore, in general, we
cannot ensure that the two limits coincide, that is, x = &, except when F' is linear and
injective. On the other hand, assumption (Cs) becomes essential to ensure continuity
of Pontryagin cones when there are delays in the control variables (see section 3.3.4).

When the problem is control-affine, we assume in (one of the two possibilities
of) assumption (C3) that the optimal control u,,(-) takes its values in the extremal
set of U. This is the case when the optimal control is bang-bang. As said above,
this property permits us to turn weak continuity into strong continuity. Such an
assumption is sharp: the counterexample of section 2.3 shows that, when the optimal
control of (OCP),, does not take its values at extremal points of U, only a weak
continuity of optimal controls can be ensured in general.

Remark 2.2. The conclusions of Theorem 2.1 are valid for optimal control prob-
lems with control-affine dynamics and quadratic cost

| (Bl + Koot = 7)1 + Kalulo)|? + Kaflute = 7)) at

(see section 3.3 and the proof in [8, Theorem 1]).

2.3. Weak continuity versus strong continuity of optimal controls. For
control-affine problems, Theorem 2.1 ensures weak continuity in L? of optimal con-
trols. Moreover, when the optimal control u,,(-) takes its values at extremal points
of U a.e., continuity is true in strong L topology. In this section, we provide an
example where u.,(-) does not take its values at extremal points of U, and continuity
fails in strong topology. This example shows that our assumptions are sharp.

Adapting arguments from [36], consider (OCP), given by

min /Otf Ldt, (@) + @2(0)? < 1,

® Bt =1 - (@2())? + re2(Bg(z (1), #(0) =0, zl(ty) =1,
9b2(t) = ul(t) + TUQ(t)h(l'l(t)), 332(0) =0, a:Q(tf) =0,

where g and h are smooth functions, to be chosen. In this case

1.2 .1 2 1— (2%)? + (t — s)u’g(a")
flt,s,x" 2% u ,u):( ul—i—(t—s)u?h(x!l]) ) .

Taking 79 = 0, under appropriate assumptions on g and h, Theorem 2.1 applies with
weak convergence in L? of controls, but no strong convergence of controls arises. The
proof follows closely the arguments of [36]; therefore, we just recall the main steps.

First, when 7 = 0, problem (8) has the unique solution (u!,u?)(¢) = 0 with unique
extremal (z1, 22, pt, p?, p°, ul, u?)(t) = (¢,0,1,0,—1,0,0), where t; = 1.
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Remark that, in the case in which Theorem 2.1 applies, only the weak conver-
gence in L? of optimal controls is ensured. The assumptions of Theorem 2.1 hold; in
particular, every optimal control of (OCP); is continuous. Indeed, in [36] it is shown
that, in the case 7 # 0, under the assumption that function g may only vanish on a
subset of zero measure, the optimal controls related to problem (8) are

2 T(PHOIEH0) + RORE)
v 0= Jem 0 ’
where ¢(t) = (p7(t))* +7%(pr(H)g(a1 (1)) +p7(t) )2 and the adjoint coordinate

p2 may only vanish on subsets of zero measure. It follows that optimal controls (9)
are continuous, and therefore, Theorem 2.1 applies.

Both ul and u2 converge weakly to 0 as soon as 7 tends to 0. However, in [36] it
is also proved that specific choices of highly oscillating functions g and h show that
ul and u2 cannot converge almost everywhere to 0 when 7 tends to 0.

2.4. Application to shooting methods. In this section, we briefly discuss how
the continuity properties of Pontryagin extremals in Theorem 2.1 may be exploited to
solve optimal control problems with delays via shooting methods. Analyzing in detail
conditions ensuring convergence is beyond the scope of the present paper and will be
done elsewhere. Let us, however, describe the idea in a quite informal way.

It is known that solving generic (OCP), via shooting methods may be difficult.
A first issue is to ensure that the shooting function is piecewise C''. This is the case,
under general assumptions, in at least two situations. The first is when the extremal
control can be expressed as a C'! function of (z,(-),p,(-)) (“smooth optimal control”;
see [9]), which is satisfied, at least locally, under the absence of control delays and some
Legendre—Clebsch condition. The second is when the extremal control is bang-bang,
with a finite number of switchings, under generic assumptions (among which is the
absence of control delays) ensuring that the shooting function is a finite composition
of C' mappings (see, e.g., [36]). Examples for which these hold have been cited in
section 2.2. Under such assumptions, each iteration of a shooting method consists
of solving the coupled dynamics (4), where a value of p,(0) is provided. This means
that one has to solve a differential-difference boundary value problem where both
forward and backward terms of time appear within mixed type differential equations.
It follows that, in order to initialize successfully a shooting method for (4), a guess
of the initial value of the adjoint vector p.(0) is not sufficient, but rather, a good
numerical guess of the whole function p,(-) must be provided to make the procedure
converge. This represents an additional difficulty w.r.t. the usual shooting method and
a global discretization of the system of differential equations (4) must be performed.
The result stated in Theorem 2.1 suggests that one may solve (OCP), numerically
via shooting methods iteratively, starting from the solution of its nondelayed version
(OCP) = (OCP),—o, and this by means of homotopy procedures.

The basic idea of homotopy methods is to solve a difficult problem step by step,
starting from a simpler problem, by parameter deformation. The theory and practice
of homotopy methods are well known (see, e.g., [2]). Combined with the shooting
problem derived from the maximum principle, a homotopy method consists in de-
forming the problem into a simpler one (that can be easily solved) and then in solving
a series of shooting problems step by step to come back to the original problem. In
many situations, exploiting the nondelayed version of the maximum principle mixed
with other techniques (such as geometric control, dynamical system theory applied to
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mission design, etc.; we refer the reader to [40] for a survey), one is able to initialize
efficiently a shooting method on the optimal control problem without delays (OCP).
Thus, it is legitimate to wonder if one may solve (OCP), by shooting methods start-
ing a homotopy procedure where delays 7 represent the deformation parameter and
(OCP) is taken as the starting problem. This approach is a way to address the flaw
of shooting methods applied to (OCP),: on one hand, the global adjoint vector for
(OCP) could be used to initialize efficiently a shooting method on (4) and, on the other
hand, we could solve (4) via usual iterative methods for ODEs (for example, by using
the global state solution at the previous iteration). In the context of Theorem 2.1,
the previous homotopy procedure is well-posed. Indeed, assuming that the delay 7 is
small enough and the shooting function is piecewise C'! (see our comments above), the
continuity properties stated by Theorem 2.1 applied at 7 = 0 allow straightforwardly
the homotopic path to converge toward extremals related to the problem with delays
(OCP), when starting from the extremal of the problem without delays (OCP).

Implementing homotopy methods combined with the maximum principle with de-
lays, as briefly described above, however, requires a number of considerations which
go beyond the scope of the present paper. In a forthcoming work, we will show that
this approach indeed happens to be competitive w.r.t. other approaches (in particular,
direct methods that have been classically applied in this context; see, e.g., [18, 19])
and we will illustrate it on a nontrivial and nonacademic optimal control problem
with launch vehicles, a case of application where delays are the main obstacle to effi-
ciently embark on numerical approaches. (The authors already showed the numerical
efficiency of this approach on a simpler problem; see [§].)

3. Proof of the main result. Without loss of generality, we assume that 7y = 0,
denoting by (OCP)=(OCP),, the problem without delays. Furthermore, we denote
tr =17, x(-) = 2 (), P(-) = pry (-) and u(-) = ug ().

The proof of the convergence of extremals for (OCP).; to the extremal of (OCP), as
7 tends to 0, is organized in three steps. First, by using assumptions on the nondelayed
version of the problem only, we infer the controllability of problems (OCP). for every
7 small enough. The previous step requires some implicit function theorem involving
parameters. This allows us to proceed to the second part, which consists in showing
the existence of solutions for (OCP), for 7 sufficiently small, and their convergences,
as 7 tends to 0, to solutions of (OCP). In the case of control and state delays, we will
see the importance of considering control-affine systems throughout this step. Finally,
we address the more difficult issue of establishing the convergence, as 7 tends to 0,
of the adjoint vectors related to (OCP), to the adjoint vector of (OCP): a refined
analysis on the convergence of Pontryagin cones is needed.

We recall in section 3.1 the main steps of the proof related to the maximum
principle for problems (OCP), with delays. To our knowledge, the proof of this result
via needle-like variations does not appear explicitly in the literature, and for the
comprehension of the whole proof, we report it. Section 3.2 provides a useful conic
version of the implicit function theorem, depending on parameters, which is a key
element for the entire reasoning. Finally, in section 3.3, we report the whole proof of
the desired result, as detailed above.

3.1. Proof of the Pontryagin maximum principle using needle-like vari-
ations. In this section we sketch the proof of the maximum principle for (OCP), using
needle-like variations. For this, we do not use the assumptions of Theorem 2.1, giving
the result for a larger class of control systems with constant delays. Our reasoning is
valid as well for problems with free final time, since we do not employ the well known
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reduction to a fixed final time problem, but rather, we modify the Pontryagin cone to

keep track of the free variable ¢, by making L'-variations on % (as in [25], for pure

state delays).

3.1.1. Preliminary notation. Fix a constant delay 7 = (7°,71,72) € [0, A]3.
Consider (OCP), as given by formulation (1)—(2) and let (z,(-), u-(-)) be an optimal
solution defined in [~A,#}]. For every positive final time ¢, introduce the instanta-
neous cost function 29(-) defined in [—A,Zf] and a solution of

20(t) = Ot t — 70 2 (), 2 (b — 1), ur (8), ur (t — 72)), t €[0,14],

2Ot =0, te[-A,0],

such that (2) provides C.(ff,u,) = 22(f;). We define the extended state & = (z,2°)
and the extended dynamics f(t,s,fc,gj,u, v) = (f(t,s,z,y,u,v), fO(t,s,x,y,u,v)) for
which we will often denote f(t, S, X, Y, U, V) = f(t, $,Z,9,u,v). Consider the extended
dynamical problem in R*+!

z(t) = f(t,t —10,2(t), #(t — 1), u(t), u(t — 72)), t€[0,%],
(10) Tli—a0(t) = (6'(t),0), (tf) € My xR,
u(-) € L®([-A,4],U),  uli—at) = ¢*(1).

As provided in section 2.1, the set of all admissible controls of (10) in [—A,#f]
taking their values in R™ is denoted by Z/{gf’Rm, while Z/{tff U denotes the set of all
admissible controls of (10) in [—A, /] taking their values in U. From this

0T T T T
Ugm = U fEm Uy = U tp. U

Ef>0 ff>0

The extended end-point mapping is defined as

B, : dgf,Rm — R u s (),

where Z(-) is the unique solution of problem (10), related to control u(-) € Z]{f gm- As

standard facts (see, e.g., [10]), the set Z:lgf gm> endowed with the standard topology of

L>([-A,tf],R™), is open and the end-point mapping is smooth on Z;{{Tf R -
For every ¢ > 0, define the extended accessible set AT,U(t) as the image of the

extended end-point mapping E, ; restricted to HZU, where A, 7(0) = {(¢'(0),0)}.
The next fact is at the basis of the proof of the maximum principle (see, e.g., [1]).

LEMMA 3.1. For every optimal solution (z-(-),u,(-)) of (OCP), defined in the
interval [—A, t%], the point Z,(t}) belongs to the boundary of the set Aru(t}).

3.1.2. Needle-like variations and Pontryagin cones. In what follows we
consider (OCP), with free final time, remarking that all results can be adapted for
problems with fixed final time (see, e.g., [1]). Moreover, we suppose that the optimal
final time t} is a Lebesgue point for the optimal control u,(-) of (OCP); and of
ur (- — 72). Otherwise, we can extend all the conclusions that follow by using closure
points near t7% (as in [27, pp. 310-314] or [17, pp. 133-134]).
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For delays 7 = (7°,71,72) € [0, A]3, let (z(-),u,(-)) be a solution of (OCP), and,
without loss of generality, extend u.(-) by some constant vector of U in [t}, tr+ 72].
Let j > 1 be an integer and consider 0 < t; < --- < ¢; < t} Lebesgue points,
respectively, of u,(-), u,(- — 72) and of u,(- + 72). Choosing j arbitrary values
u; € U, for every n; > 0 such that —A < ¢; — n;, the needle-like variation m =
{t1,...,t;,m,...,nj,u1,...,u;} of control u,(-) is defined by the modified control

U_,T_r(t) _ {ul ) te ( - i, 7] )

u-(t) otherwise .

Control uT(-) takes its values in U and, by continuity w.r.t. initial data, whenever
l(m,...,m;)|l — 0, the trajectory ZZ(-), solution of the dynamics of (10) related to
control u™(-), converges uniformly to #,(-) = (22(-),z,()). For every value z € U
and appropriate Lebesgue point s € (0, t}), we define the vectors

(11) w; (s) = f(s,s—7° .T-,—(S),xT(S—Tl),Z,UT(S—TQ)) ,
— f(s,5 = 7%, 2.(5), 27 (5 — 1), ur(s), ur(s — 72)) ,
(12)wH(s) = f(s+73, 54+ 72 =70 2 (s +72), 2. (s + 72 — 71), ur (s + 72), 2)
- f(s +78 s+ 12 =70 2 (s + 1), 2 (s + 72 — 1Y), ur (5 + 72), ur(5))

and, given ¢ € R"*!, we denote by 17;5(-) the solution of the following linear system:

7/}(t) = %(tvt - 7—0’$T(t)7x7(t - Tl)a u‘l'(t)7u‘l'(t - T2))¢(t)

13 4 0 (0 = ) (8, — 7))~ )

P(s)=¢ YPt)=0,te(s—7ls).

Functions 0]
denote w7 ,(t) = o7

: R — R™*! are usually called variations vectors. In what follows, we

( ) + vs+7'2 +(S) (t)

s,wz (8)

DEFINITION 3.2. For every t € (0,t}], the Pontryagin cone K7(t) C R*1 gt
Z-(t) for the extended system is defined as the smallest closed convex cone containing
vectors ’J);z(t), where z € U and 0 < s < t is a Lebesgue point of u, (), u, (- —712) and
of ur(-+72). The augmented Pontryagin cone KT (t) C R""! at Z,(t) for the extended
system is defined as the smallest closed convex cone containing f(t, t—70 2 (), 2, (t—
Y, ur (), ur(t — 72)), —f(tt — 70,2, (t), 2. (t — 1), ur(t), ur(t — 72)) and vectors
W] (), where z € U and 0 < s < t is a Lebesgue point of ur(-), u-(- — 72) and of
ur (- + 72). The Pontryagin cone K™ (t) C R™ and the augmented Pontryagin cone
K7 (t) C R™ at x,(t) for the nonextended system are defined similarly, considering
dynamics f instead of the extended dynamics f. Obviously, the cones K7 (t), K7(t)
are the projections onto R™ of f{T(t), K’f (t), respectively.

Remark 3.3. In the case of optimal control problems without delays, that is,
(OCP), =0, the definition of Pontryagin cones is slightly different from the one obtained
from Definition 3.2 with the substitution 7 = 0. Indeed, considering K O(t), vectors
w? ,(t) are rather replaced by single variations ﬁg)wz(s) (t) for which

wz(s) = f(S,S,l‘Q(S),JJQ(S),Z,Z) - f(S,S,xo(S),l‘o(S),UQ(S),U()(S)) )

where (zo(+),uo()) is an optimal solution for (OCP),—q (see, e.g., [32]).



1450 R. BONALLI, B. HERISSE, AND E. TRELAT

LEMMA 3.4 (needle-like variation formula with delays). Let (6,71,...,m;) € Rx
R, small enough. For t; <t <t} Lebesgue point of ur(-), ur(- — 72), we have

ET(t+6) = &, (t) + 0f (t,t — 70,2, (), 2, (t — 1), ur (t), ur (t — 7°))
J
+Z77i(73;,w;(ti 4T or o (®) +o(6+ D m).
i=1 =1

The proof of this lemma is technical (but not difficult). It is done in Appendix A.

3.1.3. Proof of the maximum principle. One way to prove the maximum
principle is by contradiction via the following classical result (see, e.g., [1, 14, 11]).

LEMMA 3.5 (conic implicit function theorem). Let C' C R™ be convexr with
nonempty interior, of vertex 0, and F : C — R™ be Lipschitz such that F(0) = 0
and is Gateaux differentiable at 0 along admissible directions of C, i.e., there exists a
linear mapping dF(0) : R™ — R™ such that, for every x € C,

Flaw) ipo)e

« a— ot

(14)

If dF(0) - Cone(C) = R™, where Cone(C') stands for the (convex) cone generated by
elements of C, then 0 € Int F(V N C) for every neighborhood V of 0 in R™.

Consider any integer j > 1 and a positive real number £; > 0. Define

G7 B, (0)NR xR, = R"™ 2 (6,m1,...,m5) = Z7(t; +6) — 2. (t}) ,
where 7 is any variation of control u,(-) and g; is small enough such that G7 is
well-defined (see section 3.1.2). The following statements hold:
e G7(0) =0 and G7 is Lipschitz continuous.
e (7 is Gateaux differentiable at 0 along admissible directions of the convex
set B, (0) NR x R’ (in the sense of (14)) thanks to Lemma 3.4.
The Lipschitz behavior of G is proved by a recursive use of needle-like variations at
t;—ni, 1 < i < j (for n; small enough), Lebesgue points of u,(+), by making a recursive
use of Lemma 3.4. Remark that, since ¢; — n; are Lebesgue points of u,(-) only for
almost every 7;, the recursive use of Lemma 3.4 can be done only almost everywhere.
The conclusion follows from the continuity of G} and density arguments.
The maximum principle is established as follows. Suppose, by contradiction, that
the cone K 1 (t;) coincides with R"*1. Then, by definition, there would exist an integer
j =1, a variation 7 of u-(-), and a positive real number £; > 0 such that

dG7(0) - (R x R}) = K7 (t7) = R".

In this case, Lemma 3.5 would imply that the point Z, (tT) belongs to the interior

of the accessible set A, i (t %), which contradicts Lemma 3.1. Therefore the following
holds.

LEMMA 3.6. There exists 1, € R\ {0} (Lagrange multiplier) such that

<w‘r» f(tfatT T xT( ;)a (E.,-(t} - Tl)auT(t})vuT(t} - 7—2)» = Oa
($r,0,) <O V0 € K7(t7).
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The relations provided by Lemma 3.6 allow us to derive the necessary conditions
(4)—(7) given in section 2.1. (We skip these computations, referring to [1, 11, 23]
for details.) The relation between the adjoint vector satisfying (4) and the above
Lagrange multiplier ¢, = (¢, ¢?) is that (p,(-),p?) is built so that pr(t}) = s,
p? = 2. We will make use of the result below, which follows from the previous
considerations.

LEMMA 3.7. Consider the free final time problem (OCP)=(OCP),—y. For any
optimal trajectory x(-) of (OCP), the following statements are equivalent:
o The trajectory z(-) has an unique extremal lift (z(-),p(-),p°, u(-)) whose ad-
joint (p(+),p®) is unique up to a multiplicative scalar, which is normal.
e The cone K{=0(ts) is a half-space of R*™' and K7=%(t;) = R™.

In particular, Lemma 3.7 requires the uniqueness of merely signed multipliers for
(OCP),—g, i.e., p° < 0. To prove Lemma 3.7 under this assumption, the argument
above just needs slight changes, which consist of defining the function G} by adding a
slack positive control variable to the last component of dynamics (10) (see, e.g., [1]).

3.2. Conic implicit function theorem with parameters. The first step of
the proof of Theorem 2.1 makes use of the procedure detailed in section 3.1. More
specifically, we need the needle-like variation formula and the conic implicit function
theorem. However, Lemma 3.5 is not suited to this situation because we have to take
into account the dependence w.r.t. delays 7. Indeed, the proof of Lemma 3.5 is based
on a Brouwer fixed point theorem (see, e.g., [1]) which does not consider continuous
dependence w.r.t. parameters (which, in our case, is represented by 7). Therefore,
in this section, we introduce a more general version of the conic implicit function
theorem depending on parameters.

When considering delays 7 as a varying parameter, the variation formula provided
by Lemma 3.4 holds only for almost every 7, and this, because we need that each ¢;
be a Lebesgue point of u,(-), u,(- — 7) and of u,(- + 7). This leads us to introduce
a notion of conic implicit function theorem which, on one hand, ensures a continuous
dependence w.r.t. parameters and, on the other hand, deals with quantities defined
uniquely on dense subsets. The notion of differentiability that we need is the following.
A function f: C C R/ — R” is said almost everywhere strictly differentiable at some
point 7y € C whenever there exists a linear continuous mapping df (z¢) : R — R”
such that

fly) = f(z) =df (z0) - (y — ) + |ly — z[|g(z, )

for almost every x,y € C, where g(z,) tends to 0 as soon as ||z —z ||+ ||y —zo| == 0.

One may remark that the notion of strict differentiability and of conic implicit
function theorem depending on parameters has already been introduced by [3]. In
our framework, we adapt these results to dense subsets.

LEMMA 3.8 (conic implicit function theorem with parameters). Let C C R7 be
open and conver with a nonempty interior, of vertex 0, and F' : R’j_ x C — R" :
(e,z) — F(e,x) be a continuous mapping, for which F(0,0) = 0, satisfying the fol-
lowing:

e For almost every € € Ri, F' is almost everywhere strictly differentiable w.r.t.
z at 0, and ‘3—5(6,0) s continuous in € on a dense subset.

o For almost every e € Ri, the remainder satisfies g-(x,y) — 0 as (z,y) =55 0,
uniformly w.r.t. € on a dense subset.
o There holds %—Z(0,0) - Cone(C) = R™.
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Therefore, there exist €9 > 0, a neighborhood V of 0 in R™, and a continuous function
h:[0,e0)* xV — C, such that F(e,h(e,y)) =y for every e € [0,20)* and everyy € V.

The proof of Lemma 3.8 is done in Appendix B.

3.3. Proof of Theorem 2.1. From now on, assume that assumptions (A4) hold.
Moreover, (x(-),u(-)) will denote the (unique) solution of (OCP) and we assume that
its related final time t; is a Lebesgue point of u(-) (if not, as pointed out in section
3.1.2, we refer to the approach proposed by [27, 17]). Finally, without loss of generality,
we consider free final time problems (otherwise, the proof is similar, but simpler),
introducing further assumption (Cs) for (OCP), with control delays.

3.3.1. Controllability for (OCP).. For any integer j > 1, fix 0 < t; < --+ <
t; < ty Lebesgue points of control u(-) and j arbitrary values u; € U. We denote v|,
the first n coordinates of a vector v € R*T!. For an appropriate small positive real
number €; > 0, denoting by (.0 1 .2)(-) the trajectory solution of (10) with delay
7 = (e% ¢!, €?) and control u(.o .1 .2)(-), we define the mapping

I': BEJ (O)O(RiXRXRi) — Rn : ( 0751’52,5, m,... ’7]]) d (‘%ETEO,EI,EZ)(tf+§)7i'(tf))|n’

which, thanks to assumption (As) and by continuity w.r.t. initial data, is well-defined
and continuous. Moreover, I'(0,...,0) = 0 and

1—‘(507 . 777j) = (i?EO,EI,EQ)(tf + (5) — ‘/Z.(Eo,sl,sz)(tf)”n + (;ﬁ(so’slysz)(tf) — i’(tf))’n

From Lemma 3.4 and a recursive use of the needle-like variation formula (see sec-
tion 3.1.3), for almost every (¢,e!,£2) small enough, T is almost everywhere strictly

differentiable w.r.t. (6,m1,...,n;) at 0, m(&oﬁfl,{i?,()) is continuous w.r.t.
SMLseees 5
(€%,e1,62%) on a dense subset, and, moreover, the remainder of the related Taylor

expansion converges to zero uniformly w.r.t. (¢°,e!,£%) on a dense subset.

From assumption (As), the unique extremal lift of z(-) is normal, and hence, it
follows from Lemma 3.7 that Int K7=°(ty) = R". We recall that we consider only
either optimal control problems with pure state delays or control-affine optimal control
problems. Therefore, thanks to Remark 3.3, there exist a real number §, an integer

j 21, and a variation m = {t1,...,¢;,m1,...,mj,u1,...,u;} such that
or ;
—————(0)- (R x R}) =Int K]~ °(t;) = R™.
8(57771,.”’7”)() ( +) 1 (f)
At this step, Lemma 3.8 implies the existence of ¢y > 0 such that, for every 7 =
(79,71, 7%) € [0,e0)3, there exist a real §(7) and positive reals 71(7),...,n;(T) such

that D(7°, 71, 72,8(7),m(7),...,n;(r)) = 0. Moreover, 6(), n1(7),...,n;(T) are con-
tinuous w.r.t. 7. From assumption (A4), it follows that, for every 7 = (79,71, 72) €
[0,0)3, the subset M; is reachable for the dynamics of (OCP),, in a final time
t% € [0,0], by using control uf, 2)(-) € L=([0,¢}],U).

We have proved that, for every 7 = (7%, 71, 72) € (0,20)3, (OCP), is controllable.
Remark that this argument still holds for (OCP), with pure state delays.

3.3.2. Existence of optimal controls for (OCP),. We focus first on the ex-
istence of an optimal control for (OCP), for every 7 € (0,£0)3. No other assumptions
but (A) and (C}) are considered. In particular, mappings f and f° are affine in the
two control variables. Thanks to this property, existence can be established by using
the arguments in [8, Theorem 2]. However, we prefer to develop the usual Filippov’s
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scheme [16] (following [27, 39]) to highlight the difficulty in applying this procedure
to more general systems (in particular, see Remark 3.9). Even if problems (OCP),
with control and state delays are considered, we assume to have free final time just
to use the same approach for a problem with pure state delays.

Fix 7 = (79,71, 72) € (0,20) and let

. KA 0 1 2
o :ulerg{] Cr(ty(u),u) :/0 Pt —1"2),z(t —7),ult),ult — 7)) dt.

Consider now a minimizing sequence of trajectories xj(-) associated to uy(-), that is,
Cr(ts(ur),ur) = o when k — oo and define

Fr(t) = f(t,t — 70 ap(t), 2p(t — 7Y), up (t), up(t — 72))

for almost every t € [0 t¢(ur)]. By assumption (Ay), we can extend Fy(-) by zero on
(ty(uk), 0] so that (Fi(-))ren is bounded in L> ([0, b], R™*1). Therefore, up to some
subsequence, (F(-))gen converges to some F(-) = (F(:), F°(-)) € L*([0,b],R"*1)
for the weak star topology of L*°. On the other hand, up to some subsequence, the
sequence (t7(ux))ren converges to some t7 2 0. Then, for every t € [—A, t}], define

(15) 2 (1) = 611 a0) (1) + Lo ( / F(s )

Now, z(-) is absolutely continuous and, considering continuous extensions, (zx(-))xen
converges pointwise to z,(-) within [~A,#}]. Moreover, by assumptions (A1), (A4)
and the Arzela—Ascoli theorem, up to some subsequence, (z(+))ren converges to ., (-),
uniformly in [-A,#}]. From the compactness of My, we have z,(t}) € Mj.

In the next paragraph, we show that x,(-) comes from a control in UtT})U

For almost every ¢ € [0, (ug)], set

Hy(t) = f(t,t — 70, a0 (t), xo(t — 7Y), up (), up (t — 72))

and, if ¢ f(ug)+72 < t7%, extend it by 0 in (¢¢(uy),b]. At this step, we need to introduce
several structures to deal with the presence of the control delay 72. First, let

B:max{ IOt s, y,u,0)] © —A<t,s<b, |(z,y)] <b, (u,v)€U2}>0

and N € N such that N72 <7 < (N + 1)72. Considering continuous extensions, we
see that z,(-) is well- deﬁned 1n [ A, (N + 1)7%]. We define

(16)

é(t N 1 1 ,YN—H)

fo( t_T xT(t) xT(t_T) ,¢2(t—7’2))+
f+7m2t+ 72— 7% 2 (t+72), 2, (t+ 72 — 1), u? ul)
t—I—T t+72—79 xT(t+T)xT(t+7' — 1), u? ut) + 42

(t+N72t+ N2 =70 2 (t + N72), 2, (t + N72 — 71), ulV L o)

u
[ Fltt =702 (), 2 (t — 71),ub, 62(t — 72))
t+NT b4+ N2 — 70 2 (£ + N72), 2, (t + N72 — 71), a1 ) 4 4N+
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almost everywhere in [0, 72|, and

= {é(t,ul,...,uN+1,’yl,...,’yN+1) : (ul,...,uN'H) ceUN! Wi=1,...,N+1 A0,

£t = 70 2 (1), 2 (E = 7)) 0’ @7t = 7)) + 4 < B
Vi=1,...,N:|ff(t+ir’ t+im° =,z (t +ir2), 2, (t 4+ i7° — 71),u' T ') + 47T < ﬁ}

Thanks to assumption (4;), f/ﬁ(t) is compact for the standard topology of R(*+D(N+1),

Moreover, assumptions (A;) and (C}) ensure that Vj(t) is convex. We have that

V= { G() € L2([0, 72, RN+ Gty e Vs(t) , ace. [0,72) }

is convex and closed in L2([0,72], R®TDWV+1) for the strong topology of L2, and
therefore, it is convex and closed in L2([0, 7], RN+ for the weak topology of
L?. At this step, for every i = 0,..., N, denote

é?’l(t) = f(tJriTz, t+ir? —79, xT(t+i72), IT(t+i72—Tl), uk(tJriTQ), uk(t+(i71)7'2))

and Gy (t) = (GL(t),...,GNTL(t)). Therefore, G1.(-) € V for every k € N. Moreover,
since (G1(-))ren is bounded in L2([0,72], R®+DWV+1) yp to some subsequence, it
converges for the weak topology of L? to a function G’() that necessarily belongs to
V. Therefore, for almost every t € [0,7%] and ¢ = 1,..., N + 1, there exist points
ul (t) € U and scalar v%(¢) > 0 such that

g Sttt =7, up(), 63t~ 7))
FOC =70, (1), (1 — 7). ud(0), 63— 72)) +92(0)

and, for everyt=1,..., N,
éi+1(t)
flt+ir?t +ir? — 70 (t +i72), 2, (t 4072 — 71), ulT(8), ul (t))
S\ F it i — 10 (4 ir?), (i — ), w (), ul (1) + () )
Moreover, since U is compact, functions u’(-), v2(-) can be chosen to be measurable

on [0, 7?%] using a measurable selection lemma (see, e.g., [27 Lemma 3A, p. 161]).
At this step, we come back to the whole interval [—72 ;%] For this, set

u (t) _ ¢2(t) te [_7270] )
T Wittt —ir?) telitt i+ 1)7?, i=0,...,N,
Y (t) =yt —ir?) telit’, (i+1)7%], i=0,...,N,

which are measurable functions in [—72,¢7], and let

fo(t’t -7 ’x’r(t)’w‘f(t =7, ur (), ur (t = 7)) + 77 (1)

From the weak star convergence in L of (Gx(:))ren toward G(-), it follows imme-

diately that (Hy(-))ren converges to H(-) for the weak topology of L?. Furthermore,
from the differentiability of f w.r.t. (z,y), the compactness of U, and the dominated
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convergence theorem, one has

o .

lim <Fk(t) - Hk(t)) Cp(t) dt =0

k—o0  Jo

for every map ¢(+) € L*(]0, t%), R”*+1), from which H = F almost everywhere in [0, t%).
Combining (15) with all the previous results, we obtain

2r(t) = ¢' () 11—a,0) () +Ljo,e7(2) (¢1(0)+/0 F =102 (), 2 (t=7"), ur (t), ur (b—77)) ds),

which proves that the measurable function wu,(-) is an admissible control for (OCP),.
It remains to show that control u,(-) is optimal for (OCP).. For this, from what
we showed above and by definition of weak star convergence, we have

C(t s (ur), ur) %/Of (£t t — 7% 2 (), 2 (t — 1), ur (8), ur (t — 72)) + 7, (8)) dt.

Since v, (-) takes only nonnegative values, one finally has

t5
[Pt 1), ) (0, - ) dE < 00 < G150, 0)
0

for every v(-) € Uf;. Therefore, v, (-) is necessarily zero and the conclusion follows.

Now, we consider problems (OCP), with pure state delays. It is clear that, if
assumption (Bs) holds, one can proceed with the same argument as above (which
is nothing else but the usual Filippov’s scheme; see, e.g., [16]) for the existence of
optimal controls. In this case, Guinn’s reduction (16) is not needed.

Remark 3.9. Guinn’s reduction (16) converts the dynamics with control delays
into a new dynamics without control delays but with a larger number of variables.
It is clear from the context that the natural assumption to provide the existence of
optimal controls for generic nonlinear dynamics is the convexity of system (16) for
every N € N (since we make delays vary), which is a very strong assumption. The
proof of [31, Lemma 2.1] does not work under the weaker assumption of convexity of
the epigraph of the extended dynamics.

3.3.3. Convergence of optimal controls and trajectories for (OCP),.
We start by considering problems (OCP), with pure state delays, by assuming that
assumption (Bs) holds. In this case, the classical way to proceed consists in repro-
ducing and adapting the convexity Filippov’s scheme used in the previous section for
the existence of optimal controls (see, e.g., [22]).

Let (i) ken = (72,7, 0))ken C (0,20)? x {0} be an arbitrary sequence converging
to 0 as k tends to oo and let (x,, (), ur, (-)) be an optimal solution for (OCP),, with
final time t}k (ur,). Since t}’“ (ur,) € 10,0], up to some subsequence, the sequence
(tF )ken = (17 (ur,))ren converges to some iy € [0,b]. Since My is compact, up to
some subsequence, the sequence (z, (t;"'))keN C M/ converges to some point in M.

For every integer k and almost every t € [0, t;’“], set

of

ék(t) = (f(t’t_TI?’ka (t)axﬂc (t_Tli)’uTk(t))’ aix(tvt_Tlgvka(t)vka(t_Tli)7u‘rk (t))a

Fttmrp (0 0, <t>>).
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Thanks to assumption (As), we extend Gy (-) by zero on (t3.b]. Assumptions (A;)
and (A,) imply that the sequence (G (-))ren is bounded in L, and then, up to some

subsequence, it converges to some G(-) = (G(-), G(+), G4 (+), Gy(*)) € L>=([0,b], R™ 1)
for the weak star topology of L. Exploiting the weak star convergence of L> (and
using ]].[gf’b]é as test function), we get that G(t) = 0 for almost every ¢ € [ts,b]. From
this, for every t € [0,%s], denote

) £(t) = 6 ()1 a0)(t) + Loz, (0 (¢1<0> + [ o ds).

Clearly, z(-) is absolutely continuous and Z(t) = limy_,o x, (t) pointwise in [—A, ¢].
By assumptions (A1), (A4) and the Arzela—Ascoli theorem, up to some subsequence,
(2, (-))ken converges to Z(-), uniformly in [-A, ¢s], and we have Z(ty) € Mjy.
In the next paragraph, we prove that there exists a control @(-) € L>([0,s],U)
such that Z(-) is an admissible trajectory for (OCP) associated with this control @(-).
Using the definition of § given in section 3.3.2, for t € [0,ty], consider the set

Zs(t) ] ]
= {(f(t7 t,Z(t), z(t), u), fo(t7 t,Z(t), z(t),u) + 7, %(t, t,Z(t), z(t), u), g—;j(t,t, f(t),ic(t),u)) :

WEU , 720, £t t,5(8), 2(t),u) + ] < ﬂ}-

Thanks to assumption (Bsy), the set 25 (t) is compact and convex in R™*. We have
the following statements: R
e From the convexity and the compactness of Zz(t), for 6 > 0 and ¢ € [0, ],

Zg(t) = { x e R 1 d(x, Zs(t)) <6 }, where d(z, A) = irellf4 Iz — yll
y

is convex and compact for the standard topology of R™"*1.
e For every § > 0, the set

Zs = { F(-) € L*([0,#],R™) = F(t) € Zg(t) for almost every ¢ € [0, %] }

is convex and closed in L%([0,%],R"T!) for the strong topology of L2. Then,
it is closed in L?([0,%7],R™*1) for the weak topology of L.
Convexity is obvious from the previous statement. Let (Fk(~))k€N C Zs such
that Fj(-) z, F(:). Therefore, F(-) € L?([0,],R™*!) and there exists a
subsequence such that Fy, (-) <% F(.). Since Zg (t) is closed for the standard
topology of R"! a.e. in t € [0,%¢], we have that F(t) = lim, ,oo Fy,, (t) €
Zg(t) and the statement follows.

e For every § > 0, there exists ks € N such that if k > ks, then Gi(-) € Z;.
Indeed, thanks to assumptions (A1), (A4), mappings f, f° are globally Lips-
chitz within [—A, #7]? x BZ"(0) x U and, for almost every t € [0,y],

inf [ Gult) — 21 < € (ln, () — 5O + 12, (0 — 1) — 2(0)] +75).
z€Z3(t)

where C' > 0 is a suitable constant, which is independent from ¢. The con-
clusion follows from the uniform convergence of (z.,(+))ken toward Z(-).
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Using the closeness of Zg w.r.t. the weak topology of L?, we infer that G(-) € Z5 for

every § > 0. This implies G(-) € NjenZ1/; € 2o.
We have obtained that, a.e. in ¢ € [0,%7], there exist a(t) € U, ¥(t) > 0 such that

(18) G(t) = <f(t,t,f(t),f(t),ﬁ(t)) , [ E(), 2 (1), a(h) + (1)

of of
Lttav.a0.a0) . Fna. 20,10
Moreover, since U is compact, functions @(-), 7(-) can be chosen to be measurable
on [0,%f] using a measurable selection lemma (see, e.g., [27, Lemma 3A, p. 161]).
Combining (18) with (17) provides

j(t) = (bl(t)]l[fA,O) (t) + ]l[O,ff](t> <¢1(0) +/0 f(sa s,fc(s),fc(s),ﬂ(s)) dS) ;

which proves that the function @(-) is an admissible control for (OCP).
In order to conclude, it remains to show that ty = ty, u(-) = u(-) and z(-) = z(-).
First, the previous argument shows that

_ ty
C’Tk(t;’“,urk)%Co(tf,ﬂ)—&-/ 5(¢) dt.
0

Thanks to the construction of the mapping I' in section 3.3.1, for every integer k,
there exists a sequence (tlfc,vk(o),yk())keN, respectively, of final times, of admissible
controls and of trajectories for (OCP),,, which converges to (tf,u(-),z(-)) (for the
evident topologies) as k tends to co. Thanks to the optimality of each u,, (-), we have
Cr (t} ur,) < Cr, (t’},vk) and, since () > 0, passing to the limit gives Co(ts,u) <
Co(ts,u). From assumption (Az), we infer ¢y =ty, a(-) = u(-), 2(-) = z(-).

Remark that, from the previous argument, the following weak convergences hold:

o man O n =D () L), 20),u0)
a9 <7 i
of 1) of

5y (o~ om0 (=) un, (0) T G (), 20, u0))

Consider now (OCP), with control and state delays satisfying assumption (C).
Since the mappings are control-affine, the previous argument simplifies considerably,
because we can transpose the weak convergence directly on controls. Adapting these
proofs to much more general systems is very challenging. We adopt free final time to
show that, for this step, no problems arise if assumption (C2) does not hold.

Let (16)ken = ((79,7¢,72))ken C (0,£0)% be an arbitrary sequence of delays
converging to 0 as k tends to oo and let (z,(+),ur (-)) be an optimal solution of
(OCP)., with final time ¢7* (u,, ). Since t;’“ (ur,) € [0, 5], up to some subsequence, the
sequence of final times (¢}*)ren = (¢ (ur,))ren converges to some t; € [0,0]. Since
M/ is compact, up to some subsequence, the sequence (x,, (t;’“))keN C M converges
to a point in M.

On the other hand, thanks to assumption (A; ), the sequence (ur, (-))ken is bounded
in L%([—A,%],R™). Therefore, up to some subsequence, (ur,(-))ken converges to
some u(-) € L3([-A,tf],R™) for the weak topology of L?. More precisely, it holds
that a(-) € L®([—A,#s],U). Indeed, (ur, (-))ken € L*([-A,%],U) and, thanks to
assumption (A7), the set L2([—A,#¢],U) is closed and convex for the strong topology
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of L2. Therefore, it is closed and convex for the weak topology of L?, from which
a(-) € L2([=A,#¢],U) € L>®([-A,tf],U). (The last inclusion still follows from (A;).)

At this step, one crucial result is the weak convergence in L? of the sequence
(tr, (- — %)) ken toward control %(-). To see this, consider the shift operator

S,2 : LA(R,R™) — L2(R,R™) : (t — qs(t)) . (t Bt — 72)).

Using the dominated convergence theorem, it is clear that, for every ¢(-) € L?(R,R™),
it holds that ||S;2¢p — ¢||r= — 0 as soon as 72 — 0. At this point, extend wu,,(-),
ur, (- — 72) and 4(-) by zero outside of [~A,ff]. For every o(-) € L?*(R,R™), one
obtains

|ttt =) =) o0
= [ n (0= a0 (S_zo) ()t + [ (Spa—a)e)- ole)a

R
(20)

- [ -y e e+ [

[ (un(6) = 0(0)) - (S_rpo = ) (1)

+ [[(Sa— 0 - o0t

which converges to 0, providing the weak convergence in L? of (ur, (- — 77))ken to

We can now show that, under assumption (C1), the trajectory arising from control
@(-) is admissible for problem (OCP), proceeding as follows. First, remark that, up
to continuous extensions, for every k, we have

(21) @, (t) = ¢ () L_n,0)(t) + Loz, (2)

<¢1(0) + /Otf(sas = TR @, (8), @ (5 = T ) U, (8), U (5 = 7)) d8)~

From this, assumptions (A1), (A4) ensure that (z,,(-))ken is bounded in H!, and
then it converges to some Z(-) € H'([-A,%f],R") for the weak topology of H'. Since
the immersion of H! into C is compact, up to a subsequence, (z,,(+))ren converges
to z(-) € CY([—A, ], R™) uniformly in [—A, #;]. Passing to the limit in (21) gives

#(t) = 6" (D 11a0)(t) + Lot (0 (¢1<0> + [ rts2(6). 209, 0(6) ) ds).

In particular, one has Z(t;) € My, and then, u(-) is admissible for (OCP).

Similarly to the previous case, thanks to the achieved convergences and assump-
tion (C4), one proves that Cy(tr,a) < Co(ty,u). Therefore, from assumption (Asz),
we infer that ¢y = ¢y, 4(-) = u(-) and Z(-) = z(-) and the conclusion follows.

In this case, we have not only weak convergence of the dynamics and of their
derivatives, but also of optimal controls (under appropriate topologies).

The convergence almost everywhere of the optimal controls can be achieved when
the second option of assumption (C3) holds, and more specifically, when u(-) assumes
its values at extremal points of U, almost everywhere in [—A, ¢/].

We proceed as follows. The previous computations provide that (ur, (+))ken con-
verges to u(-) for the weak topology of L?. At this step, the fact that control u(-)
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assumes its values at extremal points of U, almost everywhere in [—A,¢;], implies
that (ur, (-))ken converges to u(-) for the strong topology of L' (see [41, Corollary 1]).
Therefore, up to some subsequence, (ur, (-))ren converges to u(-), a.e. in [—A, t¢].

Remark 3.10. Up to some subsequence, thanks to the computations in (20), both
(try (- = 72))ken and (ur, (- + 77))ken converge to u(-), almost everywhere in [—A, ¢/].

We have shown that (ty,z(-),u(-)) (substituted by (ts,z(-),&(-)) for the case
of pure state delays) is the unique closure point (for the topologies used above)
of (¢, 27,(), ur, (") ken (substituted by (t7*,2r,(-),4r,(-))ken for the cases of pure
state delays) for any (sub)sequence of delays (7x)ren converging to 0. Then, con-
vergence holds as well for the whole family (¢, 2+ (-),ur("))r(0,c0) (substituted by
(t7:2+(-),27("))re(0,e0)2 for the cases of pure state delays).

3.3.4. Convergence of optimal adjoint vectors for (OCP),. In what fol-
lows, (z,(-),ur(-)) will denote an optimal solution for (OCP), defined in the interval
[—A, 7] such that, if needed, it is extended continuously in [~A, ¢y]. From the maxi-
mum principle related to (OCP),, the trajectory x.(-) is the projection of an extremal
(2, (), pr(+), P2, u,(-)) which satisfies (4). From now on, we consider that either as-
sumption (B) or assumption (C) is satisfied, depending on whether we consider pure
state delays or not. The main step of this part consists in showing the convergence of
the Pontryagin cone of (OCP), to the Pontryagin cone of (OCP). Since the definition
of variation vectors relies on Lebesgue points of optimal controls, we need first a set
of converging Lebesgue points. Finally, for the sake of concision, we do not consider
final conditions on the state. Recovering the desired convergence results equipped
with transversality conditions can be easily done by traveling back the arguments
that follow and using assumption (A;).

LeEMMA 3.11. Consider (OCP), with pure state delays and assume that assump-
tion (B1) holds. For every s € (0,t5), Lebesgue point of function f(-,x(-),z(-),u(-)),
there exists a family (s7)(z0,71)e(0,c0)2 C [8,t5), which are Lebesgue points of function
fC - =7%2(),2.(- — 7Y),ur(-)), such that
f(sT,sT — 7% 2. (57), 2r (57 —T), ur(55)) =0, f(s,s,x(s),x(s),u(s)), Sy =0
Conwversely, consider (OCP), with general delays T = (7°,71,72) € (0,£0)% and as-
sume that assumption (Cs) holds. For every s € (0,ty), Lebesgue point of u(-), there
exists a family (s;)re(0,2)2 C [8,t5), which are Lebesgue points of u-(-), of ur (- —72)
and of ur(- +72), such that

ur(sr) 720, u(s) , ur(sy —712) 720, u(s) , ur(s, +72) 720, u(s) , sr 20,

Proof of Lemma 3.11. We start by proving the first assertion. For this, denote

WT(t) = (A1), hia () = F(tt = 702 (8), 2, (E = 71), ur (1)),
h(t) = (Ri(t), ..., hay1(t) = f(t,t,2(t), z(t), u(t)).
We prove that, for s € (0,t7) Lebesgue point of h(-), for every 8 > 0, a; > 0 (such
that s + as < ty), there exists s 4.5 > 0 such that, for every (79, 71) € (0,7s,a..5)%
there exists s, € [s, s+ a;] Lebesgue point of A7 (-) for which |h"(s,) — h(s)|| < 8. By
contradiction, suppose that there exists s € (0,t;) Lebesgue point of h(-), as > 0, 5 >
0 such that, for every integer k, there exists 7, € (0,1/k)? x {0} and is, € {1,...,n+1}
for which, for ¢ € [s, s+a;] Lebesgue point of A7+ (-), it holds that |hj* (t) —h;, (s)| > B
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From the previous results, the family (h7(:))re(0,c0)2x {0} converges to h(-) in L>
for the weak star topology. Therefore, for every 0 < § < 1, there exists an integer ks
such that, for every k > kg, it holds that

1

st+dag st+dag B
hTe(4) dt — hy(t dt‘ d
ol [ e [ e af < 4

for every i € {1,...,n + 1}. We exploit this fact to bound |h*(t) — hi, (s)| by .
First, since s is a Lebesgue point of h(-), there exists 0 < J, o, < 1 such that

540,05 0s
ho(s) — — / hi(t)dt’<§

(;s,ozsas

fori € {1,...,n+1}. On the other hand, there exists an integer ks, , such that

1 s+0s,a,0s $H0s,a,0s B
R (E) dt — hilt) dt| < 5
il roa- [ (1) ot < 2
for every k > ks, . and every i € {1,...,n 4+ 1}. Finally, by assumption, we have

that A7 (-) is continuous for 70,71 > 0, and then, for every k > ks, .. and every

i €{l,...,n+ 1}, there exists tx; € [s,5 + 0s,a,as] C [s, 5 + as] such that

1 54+0s,a,0s
BT (t) — / ) | < 2.

(Ss,asas 3

2
Then, for every 7, € (0, ﬁ) x {0}, 1 € {1,...,n+1} there exists ty; € [s, s+ o]
Lebesgue point of A7 (-) such that |h7* (t,:) — hi(s)] < B, which is a contradiction.
Now, we consider the second statement. The case for which assumption (C3)
ensures that, for every delay 7, every optimal control u,(-) of (OCP), is continuous
is treated as above because of the weak convergence in L? of u,(-), of u,(- — 72) and
of u,(- 4+ 72). Therefore, assume that u(-) takes its values at extremal points of U,
almost everywhere in [—A, t¢]. Without loss of generality, we extend u,(-) by some

constant vector of U in [t%,b]. Denote

BT (t) = (BT, o 13 () = (1 (), ur(t = 72), e+ 72) )
B(t) = (a(2), - (1)) = (u(t), u(t), u(t))

and fix s € (0,%s), Lebesgue point of h(-). By contradiction, suppose that there exist
B> 0 and a > 0 such that, for every integer k, there exist 7, = (77, 7¢,77) € (0,1/k)3
and i, € {1,...,3m} for which, for every r € [s, s+«] Lebesgue point of ™ (-), it holds
that |hjf(r) — hi,(s)| = B. From the arguments of the previous sections, up to some
extension, the family of controls (u-(-))rc(0,e,)s converges to u(-) almost everywhere in
[0,¢] and the same holds true for (u, (- —72))re(0,e0)2 and (U7 (- +72))re(0,20)2, thanks
to Remark 3.10. Then, (h;*(-))ken converges a.e. to h;(-), raising a contradiction. 0O

Lemma 3.11 allows us to prove the following property for Pontryagin cones.

LEMMA 3.12. For every © € K°(t;) and every 7 = (1°,7',72) € (0,£0)% (as
well as 7 = (19,71,0) € (0,20)* x {0} in the case of pure state delays), there exists
W, € K7(t}) such that the family (W )re(0.e,)2 converges to ¥ as T tends to 0.

Proof of Lemma 3.12. We prove the statement for problems (OCP), with general
state and control delays 7 = (7°,7%,72). If pure state delay problems (OCP), are

considered, the same guideline can be employed by using Lemma 3.11 and (19).
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Suppose first that v = fzng(s) (tf), where z € U and 0 < s < t; is a Lebesgue
point of u(-) (recall Remark 3.3). By definition, f)g_’wz(s)(-) is the solution of
of of

OECE (ax<t,t,xu),x(t),u(t),u(t)) T ay<t,t,x<t>,a:(t),u(t),u(t)))w(t),

U(s) = f(s:8,2(s),2(s), 2, 2) = f(5,8,2(s), 2(s), uls), u(s))-

From Lemma 3.11, there exists a family (s;);c(0,0)s C [s,ts), which are Lebesgue
points of u,(+), of u, (- — 72) and of u,(- + 72), such that

ur(sr) =0 u(s) , ur(s; —72) =90, u(s) , ur(sy +72%) =90, u(s) , sr =0 .

This allows us to consider 7 oz (s )() and 07, ot s )(-), solutions of (13) with

initial data provided, respectively, by (11) and (12). We denote

w;7z(t) = ﬁzfyw;(sT)(t) + 17;—7+727w+(51_)(t)'

z

Since we consider affine problems (OCP),, Lemma 3.11 gives

lim (w7 (57) w7 (50)) = F(5,5,2(5), 2(5), 2, ) = Fls, 5, 2(s), 2(s), u(s), u(s)).

T—0

Moreover, from the results of the previous sections, we have in particular

of 1 2vy L2 of
%('7 C 7_0’ x-r(')w%"r(' -7 )7”7(')7u7(' -7 )) 3756(’ -,m(-),x(-),u(-), u('))v
of : 2 of
87/(" =0 (), e (= T ur (), ur (- = 7)) 67y(" Sa(),2(4), ul-), ul+)).

By continuous dependence w.r.t initial data for dynamical systems and since 7 con-
verges to ty, the family (@r)re(0,c0)2 = (w;,z(t}))Te(o’Eo)s converges to v as 7 — 0.

If o € DKO(t;), the result above is used on converging sequences in Int K%(t;). 0O

For the last part of the proof, an iterative use of Lemma 3.12 is made. It is at this
step that, for problems with general delays 7 = (79, 71, 72), assumption (Cy) of fixed
final time becomes instrumental to derive the convergence related to adjoint vectors.
Indeed, problems arise when one tries to make the final condition on the Hamiltonian
(7) converge to the transversality condition related to problem (OCP),. For the sake
of concision, in this context, we focus only on problems (OCP), with general delays
7= (7°,71,72). The case of pure state delays is similar. (We refer to [22, Proposition
2.15] for details.) Assumptions (B) and (C') are implicitly used.

We first prove that the following statements hold true:

e For every 7 = (79,71, 72) € (0,&0)3, every extremal lift (z.(-), p-(-), p%, u,(-))
of any solution of (OCP); is normal.
e The set of final adjoint vectors {p.(ts) : 7 € (0,£0)} is bounded.

We consider the first statement proceeding by contradiction. Assume that, for
every integer k, there exist 7, = (77,7}, 77) € (0,1/k)? and a solution (2, (), ur, (+))
of (OCP),, having an abnormal extremal lift (z,,(-),pr.(-),0,ur(:)). Set ¢, =

o (t
Toose
K™ (t7) and every integer k. Up to a subsequence, the sequence (¢, )ken C S™7!

for every integer k. Therefore, we have <(z/17k,0),f17.k> < 0 for every o, €
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converges to some unit vector ¢y € R™. Passing to the limit, by using the previous
results, we infer that <(1/J,0),17> < 0 for every © € f(o(tf). Thanks to assumption
(C2), (z(-),u(-)) has an abnormal extremal lift. This contradicts assumption (As).

For the second statement, again by contradiction, assume that there exists a
sequence (1, = (19, 7%, 72))ken C (0,£0)% converging to 0 such that ||p,, (tf)| tends
to 400. As defined above, the sequence (¢, ),cy belongs to S"~!, and then, up
to some subsequence, it converges to some unit vector ¥. On the other hand, by
construction, the inequality ((pr, (tf), —1), 75, ) < 0 holds for every o, € K™ (tf) and
every integer k. Dividing by |pr, (t7)| and passing to the limit, it follows that the
solution (z(-),u(-)) has an abnormal extremal lift, which again contradicts assumption
(As).

Now, let ¢ be a closure point of {p,(tf) : 7 € (0,£0)%} and (1, = (70, 7, 72))ken C
(0,20)® be a sequence converging to 0 such that p,, (t;) tends to . Using the con-
tinuous dependence w.r.t. initial data and the established convergence properties, we
infer that (pr, (-))ken converges uniformly to the solution z(-) of

2(t) = —%—Ij(t,t,x(t),x(t), 2(t), =1, u(t),u(t)) — %—Zl(t,t,x(t),x(t), z(t), =1, u(t), u(t))

with z(ty) = 4. Moreover, since ((p-, (ts),—1),7r,) < 0, for every o,, € K7 (tf)

and every integer k, passing to the limit, thanks to the previous results, we obtain

((¥,—1),0) <0, for every © € KO(ty). Tt follows that (x(-), 2(-), —1,u(-)) is a normal

extremal lift of (OCP). Using assumption (As), we finally obtain z(-) = p(-) in [0, ¢].
Theorem 2.1 is proved.

4. Conclusions and perspectives. In this paper, we provided sufficient condi-
tions under which Pontryagin extremals related to nonlinear optimal control problems
with delays are continuous (under appropriate topologies) w.r.t. delays.

It would be interesting to extend this result to problems with more general con-
straints, such as control and state constraints. This would require us to analyze the
proof of the maximum principle with state and control constraints via sliding or v-
variations (see, e.g., [13]), to exploit the continuous dependence w.r.t. parameters for
implicit function theorems. (Ekeland-type approaches probably fail because of con-
tinuous dependence.) Furthermore, in the case of control and state delays, the proof
that we provided needs to consider control-affine dynamics and costs and fixed final
time. The extension to more general systems is open.

Furthermore, in this paper we have considered constant delays. One could con-
sider more general delays that are functions of time and state. This is motivated by
the fact that, in the case of delays depending on the time and the state, maximum
principle formulations still exist (see, e.g., [4]). Therefore, extending our main result
requires to consider the C°-topology on the delay function t — 7(¢, x(t)).

Finally, as briefly explained in section 2.4, our result is in particular motivated by
numerical implementations of the shooting method, in combination with homotopies
on the delay parameters, thus providing an interesting alternative to classically used
direct methods. Numerical issues will be addressed in a forthcoming paper.

Appendix A. Proof of of Lemma 3.4. The proof goes by induction. We
develop computations for j = 1. The inductive step goes in the same way as the usual
case (see, e.g., [32]).

Let t; <t <t} be a Lebesgue point of u.(-), u-(- — 72). First, let us show that

(28) &7 ()= (t) = M, 0, (O F0lm) = m (5], o (0 (OFT o e ) (D) +0lm):



CONTINUITY OF PONTRYAGIN EXTREMALS W.R.T. DELAYS 1463

We consider the case t > t1 + 2. (The case t < t; + 7o is similar, but easier.) We
have

127 (8) = 27 (t) = ma, o, (O < NZT(t1 + 77) = Tr(ts +7%) = M}, , (01 + 77|

H/mm =70 87(s), 35 (s — 71),ur(s), ur (s — 77))

= Flsvs =70 30(s), (s = 7)), ur(s — 7)) = i, (5) ) ds

By exploiting the facts that ¢; is a Lebesgue point of u,(+), u, (- —72) and of u, (- +7?)
and that Z7(-) converges uniformly to Z,(-), expanding the extended dynamics at
second order, the first term of the expression above can be bounded as follows:

|17 (01 +7°) = & (b2 +77) = ], 0y (81 4 77|

t1 B
[ (flos =326, 32 = ) un(s - 7))
t1—m

|

= o5 =70 30(5), Fr(s = 71, ur (), ur (s = 7)) ) ds — e, ()

N ‘ /t1+f —m (f(&s —7%,87(s), @7 (s — 7'), ur(s),ur (s — 7))

— fls,s = 7°,7.(8), @r (s — "), ur(8), ur (s — 7°)) — 7717.Lut71,ul(s))ds

t472 o L
H/ —7,27(8), 25 (s — 7 ), ur(8),u1)
t

1+7'2*711

- f~(5> s — 70757(3)7557'(5 -7 )7 UT(5)7UT(5 - TQ)) - nlu;}tTth (S)>d5 - 7]1&12_1 (tl)

g ‘

/tl (f(s,s—TO,:ET(S),JZ'T(S—TI),ul,uT(s—7'2))

ty—m

— f(s,s— To,ff(s),ff(s — Tl),uf(s),u.r(s — 72)))ds — MWy, (t1)|| + o(n1)

ti4+72—m1 8f 1
N / ‘%<5,S_T°,@T<s>,ff<s—r )our (s), ur (s — 7))
t1

() = @0 (8) = ], 0, (5) ) | ds

of
dy

(575 - TO?‘iT(S)a‘%T(S - Tl)vuT(S)auT(s - 7-2))

ty 1

+ /t]
11 +T2—T]] 1
11 0

-(Ilii(S)—iT(S)H2+Hi¢(8—71)—®(8—71)\|2+2||523(8)—ir(8)|\IIi"J(S—T) Zo(s—7' H)dads

ds

~T ~ ~ T 1
N CT I T

de(s, s—7°, (cZ-4+(1—0)Z7)(s), (0'577—4-(1—0’)1‘:)(8—7'1), ur(s), ur (5—7-2)) H

o
+m / Wy, oy (5 + 7'2)ds

ty—m

|

t1 B
/ (s 7547 = 7% dn(s + 7). (s + 72 = 7),ur(s + 7°), 1)
t1—m1

+o(m).

- f(s+7'2, s+r2—7° %, (3—5—7'2)7 J?T(s+7'2—7'1), Ur (s+7'2), Ur (s)))ds—mwf[l (t1)
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Therefore, by bounding the derivatives of the extended dynamics, we have
127 (t +72) = & (t1 4+ 7%) = ], (0 + 72|

_ t1+72—m
<G / 175 (s) — &1 (8) — ], . (5)]] ds + (),
t

1—7!

where C > 0 is a constant. With the same technique, we obtain
t
H / (f(87 s TO’ i‘:(s)a j:(s - T1)7 UT(S), UT(S — 7'2))
t1472

— f(s,5 = 7%, (), Zr (5 — ), ur(5), ur (s — 72))

t
— i 0))ds| < Co [ ) = E(s) = mf o, (9] ds + o),
t

147271

where Cy > 0 is another constant. Coupling the two last results with Gronwall’s
inequality, (23) follows. The conclusion comes from (23) and the fact that ¢ is a
Lebesgue point of u,(-) and of u, (- — 72).

Appendix B. Proof of Lemma 3.8. We start by recalling the following
standard result (see, e.g., [1]). 4

Let L : R/ — R™ be a linear mapping such that L(R’,) = R™. Then the following
hold:

e j>n+1and (0,+00)) Nker L is nontrivial.
e There exists S C R?, dim(S) = n, such that L|s : S — R" is an isomorphism.

Applying this result to L = g—i(0,0) yields the existence of a nontrivial vector
v € (0,+00)?, such that L(v) = 0, and of a n-dimensional subspace S C R’ such that
the restriction L|g : S — R™ is an isomorphism.

For every ¢ € R and every y,u € R, set ®(c,y,u) = u — F(e,Lls ' (w) +v.
This mapping is continuous and it holds that ®(0,0,0) = 0. Fix ¢ € R at which F
is almost everywhere strictly differentiable. Then, for every y € R™, one has
(24)

oF 1
O(e,y,u1) — P(e,y,uz) = (Id - a—x(e,O) oL|s ) (ug — ug) + |lur — ua||Ge(u, uz),
where G (u1,uz) = g-(L|s™ " (u2), L|s ™" (u1)) — 0 as soon as (u1,uz) == 0. From
the continuity property of %—5(5, 0) on a dense subset, there exists g € Ri and a dense

subset E C [0,&0)*, such that for every e € E it holds that HId —98(c,0)0 L|571H <

i, and there exists r. > 0 such that

1
|G (ur, uz)|| < y for almost all w; , us € B,_(0).
On the other hand, by assumption, the remainder in expression (24) converges to
0 uniformly w.r.t. € on a dense subset. Therefore, up to reducing F, gathering the
previous results with (24), we infer the existence of r > 0 such that

1
|®(e,y,u1)—P(e, y, us)|| < iHulf’uQ” for every € € F and almost every uy, us € B,.(0).

From this last result and the continuity of mapping F, for every ¢ € [0,£0)¥ and
y € R™, the mapping u — ®(g,y, u) is %—Lipschitzian on an open neighborhood of 0.
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At this step, for every § > 0, denote Bs = S N Bs(0) and choose § > 0 small

enough such that v + Bs C (0,400)?. The set Us = L(Bs) is a closed neighborhood
of 0 in R™. With the same argument as above, it is not difficult to show that if §, |||,
and ||y|| are small enough, then the mapping u — ®(e,y,u) maps Us into itself.

Lemma 3.8 follows from the application of the usual Banach fixed point theorem

to the contraction mapping u — ®(e,y,u) with parameters (e, y).

[25]
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