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Abstract

In this paper, the problem of state and input constrained control is addressed,
with multidimensional constraints. We obtain a local description of the boundary of
the admissible subset of the state space where the state and input constraints can be
satisfied for all times. This boundary is made of two disjoint parts: the subset of the
state constraint boundary on which there are trajectories pointing towards the interior
of the admissible set or tangentially to it; and a barrier, namely a semipermeable
surface which is constructed via a minimum-like principle.

Keywords state and input constraints, barrier, admissible set, nonlinear systems.

1 Introduction

In this paper, the problem of state and input constrained control is addressed. The ob-
jective is to describe the admissible trajectories of a constrained control system with as
much “freedom” as possible, without introducing additional exogenous elements. State
constraints have mostly been addressed theoretically in the framework of optimal control
(see e.g. Chapter VI of [19]; see also [7, 24}, 23] for extensions and more modern presen-
tations). The approach proposed here is complementary, since we focus attention on the
characterisation and computation of the boundary of the admissible region, namely the
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subset of the state space where the state and input constraints can be satisfied for all
times. A distinctive feature of the problem considered in this paper, compared to optimal
control, is that we are in a qualitative situation, since there is no a priori notion of a
quantitative objective function to be optimised, nor of a target to reach.

Related mathematical ideas may be found in the characterisation of other aspects of
control systems, namely attainable regions [9], reachable sets [22], invariant sets [3] 25]
and problems related to optimal control [19, [I1] and differential games [13, [I7]. Some of
the results presented in this paper may be also interpreted in terms of viability kernels, a
major concept of viability theory [2]. In particular, see the work of Quincampoix [20] on
differential inclusions and target problems. Numerical studies of constrained trajectories,
extending the work of Quincampoix [20], may be found, e.g., in [§].

In contrast with the latter works, by dealing with ordinary differential equations we
develop a direct mixed topological and geometric approach leading to computable con-
ditions. We prove a minimum-like principle satisfied by the barrier, the semipermeable
subset of the boundary of the admissible set.

The remainder of the paper is organised as follows. In Section [2| we introduce an
example that provides physical intuition and motivates the problem and the main ideas.
In Section [3| we more precisely define the problem we want to address, introduce the
notation and state some assumptions on the dynamical system and the constraints. In
Section [4] we investigate the topological properties of the admissible set. In Sections
and [6] we investigate the properties of the boundary of the admissible region and derive
the conditions under which that boundary intersects the state constraint boundary, which
we call ultimate tangentiality conditions. In Section[7]we derive the minimum-like principle
condition satisfied by the barrier and discuss its relationship with notions from optimal
control theory. Section [§]presents a number of examples of linear and nonlinear constrained
systems with a complete characterisation of the admissible region. Section [J] presents the
conclusions of the paper, and some technical auxiliary proofs concerning compactness of
solutions of differential equations, followed by some of their variational properties and a
recall of the maximum principle, are presented in Appendices [A] and [B] at the end of the

paper.

2 A motivating example: Single-particle constrained mo-
tion

We start our development by considering a simple example, consisting of a particle of mass
m moving in space with velocity V' (t). We also consider that the motion of the particle is
constrained to remain in some region of the space and that we can apply a force F'(t) to the
particle in any direction, but with the constraint |F'(¢)| < 1. This scenario is represented
in Figure An important feature of this problem, that we want to emphasise here, is



constraint

Figure 1: Constrained motion of a particle.

that we consider that the constraints (both, in force and position) have to be satisfied for
all times, and not just over a finite time window.

The first question is: Given our knowledge of the position X (¢) of the particle and its
velocity V' (t) at a given time instant ¢, what action should we take/start taking, given the
additional knowledge of the constraint? Are we allowed to move into any region of the
space, provided we remain (in the figure above) to the left of the constraint surface?

Consider the limit case represented in Figure It is evident that such a situation

constraint

Figure 2: A “limit situation”.

can not be allowed, since from Newton’s second law we know it would not be possible to
prevent the particle from entering the forbidden region. (Only a force infinite in magnitude
would be able to instantaneously change the direction of the particle, a situation that our
constrained input does not allow.)



An intuitively simple solution would be to think of a “buffer region” of thickness ¢ that
would allow our particle enough time to change direction steered by the constrained force.
As represented in Figure |3 it is to be expected that such a buffer region will depend on
both, the position X of the particle and its velocity V' at that specific position. Many ways

constraint

Figure 3: A “buffer” region.

of constructing such a “buffer region” could be devised, for example one could construct an
“artificial potential” such that the particle, once entered into the region, is repelled back
or, at least, is not allowed to overpass the constraint (see e.g. [4]). By means of influencing
F we could, for instance, introduce “artificial damping” so as to dissipate the energy of
the particle and prevent it from trespassing the constraint. However, these—potentially
useful in practice—ingenious ways of tackling the problem would seem to defeat our initial
purpose of “parameterising with as much freedom as possible” all the possible constrained
“natural” trajectories of the system (without adding artificial exogenous elements).

Still, motivated by the previous considerations, we will analyse one last fact related
to the simple single-particle example discussed above. It is obvious that, whatever the
particle’s trajectories do in space, the moment they enter in contact with the constraint
surface they must do so with a velocity that is tangential to the constraints (note that
these limit trajectories cannot be perturbed without the risk of violating the constraints).
This situation is represented in Figure [4]

In general terms, in this paper we prove that such a tangency property is necessary for
a trajectory to remain on the boundary of the admissible set, namely the set of all initial
states from which there exists a trajectory satisfying the constraints for all times. We
further prove a general minimum-like principle to construct this boundary, which arrives
tangentially to the constraint.
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Figure 4: A limit trajectory arriving tangentially to the constraint.

3 Constrained dynamical control systems

We consider the following constrained nonlinear system:

T = f(x,u), (1)
z(to) = o, (2)
uelU, (3)
gi(z(t)) <0 Vteftg,00), Vie{l,...,p} (4)

where z(t) € R™, R™ being endowed with the usual topology of the Euclidean norm. We
denote by U; £ {v € R™ : ||v|| < 1} the closed unit bal of R™. The input function u is
assumed to belong to the set U of Lebesgue measurable functions from [tg,00) to Uy, i.e.
u is a measurable function such that ||u(¢)|| <1 for all ¢t € [tg, 00).

We need to recall from [19] the definition of Lebesgue or regular point for a given control
u € U: the time t € [tg, 00) is called a Lebesgue point for w if u is continuous at ¢ in the
sense that there exists a bounded (possibly empty) subset Iy C [tg, 00), of zero Lebesgue
measure, with ¢t ¢ Ip, such that u(t) = limy_ s, u(s). Since v is Lebesgue-measurable,
by Lusin’s theorem, the Lebesgue measure of the complement, in [tg,T], for all finite T,
of the set of Lebesgue points is equal to 0.

We keep the same notation | - || for the Euclidean norm of R? for every p > 1.



Note that if uy € U and us € U, and if 7 > tg is given, the concatenated input v, defined
Ul(t) ift € [to,T[
by v(t) = .
y o(t) {UQ(t) ift>r
is denoted by X , i.e. v =1u1 X, uo.
To easily handle the multidimensional constraints , let us introduce the following
notations. The constraint set is defined as:

satisfies v € U. The concatenation operator relative to 7

GE{reR":gi(z)<0,i=1,...,p}. (5)

e Assuming that G, endowed with its relative topology in R™, has nonempty interior,
denoting g(z) = (g1(z),...,gp(x)), we denote by g(x) = 0 the fact that x € R"
satisfies g;(x) = 0 for at least one ¢ € {1,...,p} and g;(x) <0 for alli e {1,...,p}.
The set of all indices ¢ € {1,...,p} such that g;(z) = 0 is denoted by I(z).

e By g(z) < 0 (resp. g(x) = 0) we mean that g;(z) < 0 (resp. g¢;(z) < 0) for all
ie{l,...,p}.
We also define the sets
Go 2 {z e R": g(z) =0}, G_2{zecR":g(x) <0} (6)

Clearly, the constraint set is given by G = G U G_. We call the points of Gg boundary
points.

We further assume:

(A1) fis an at least C? vector field of R” for every v in an open subset of R™ containing
U, whose dependence with respect to u is also at least C2.

(A2) There exists a constant 0 < C' < +o00 such that one of the following inequalities
holds true:

(1) supery (@ w)l| < C(1+ |z]) for all
(ii) supyep, [¢7 f(2,u)] < C(1+ [[z]?) for all o
(A3) The set f(x,Ur), called the vectogram in [13], is convex for all z € R™.

(A4) g is an at least C? function from R" to RP; and for each i = 1,...,p, the set of
points given by g;(z) = 0 defines an n — 1 dimensional manifold (also called, loosely
speaking, a face of the set G).

In , (t)—sometimes denoted z%(t), or z(*%0)(t), or even z(%0:0)(t), when the
distinction is required—denotes the solution of the differential equation with input
u € U and initial condition .



Going back to the concatenation operator, it is readily verified that the integral curve
x(v:%o;to) generated by v = u; X, ug from zg at initial time £y satisfies

x(v,mo,to) _ x(ul,xo,to) X x(’u@?x(ulyZO»tU)(T),T)

i.e. coincides, on [tg, 7], with the arc of integral curve generated by u; on this interval,
and, on [7,00), with the integral curve generated by ug starting at time 7 from the end
point z(#1:%0:%0) (1) of the previous one.

Several results, concerning compactness of the solutions of system and some of their
variational properties, that are key in various proofs of the remaining sections, and which
are available in the literature in a rather scattered way and embedded in slightly different
contexts (see e.g. [0 [16] 23]), are presented for completeness in the Appendices |[A] and
at the end of the paper.

Without loss of generality, since system is time-invariant, tg may be replaced by 0.
For simplicity’s sake, we adopt this choice in the sequel and, when clear from the context,
“Vt” or “for almost all ¢” will mean “Vt € [0,00)” or “for almost all ¢ € [0,00)”.

4 The admissible set. Topological properties

In this section we define the admissible set for the constrained nonlinear system f
and study its topological properties.

Definition 4.1 (Admissible States) We will say that a state-space point T is admis-
sible if there exists, at least, one input function v € U, such that f are satisfied
for xo = T and u = v. Note that the Markovian property of the system implies that any
point of the integral curve, (V) (1), t; € [0,00), is also an admissible point. The set of
admissible states is expressed mathematically as:

A2 {zeG:ueld, g(z(t) =0,vt}. (7)
Its complement in G, namely A £ G \ A, is thus given by:
A2 {zeG:Yueld, I < +oo,3i € {1,...,p} s.t. gi(z(D (D) > 0}. (8)

From now on, all set topologies will be defined relative to G.

We discard the trivial cases A = () and A® = (). Therefore, in the sequel, we assume
that both A and A® contain at least one element.

In addition to the infinite horizon admissible set A, we also consider the family of sets
Arp, called finite horizon admissible sets, defined for all finite 0 < T < +o0 by

Ar2{z e G:Juel, g(z?(t)) 2 0,vt < T}.
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Accordingly, its complement AS in G is given by:
AF2{zeG:Vuel, I <T,Jie{l,...,p}st g(a"D(D) > 0}.

Remark 4.1 We stress that the study of the admissible set A in Definition cannot be
reduced to the one of attainable sets (also called reachable sets). Recall (see e.g. [14, 16,
18, [22]) that the attainable, or reachable, set at time t from T, denoted by X(Z), is the
subset of R™ defined by

Xi(z) 2 {20 (1) - u e U}. (9)

Indeed, one can prove thaﬂ
Ar ={z € R" : Xy(z)NG # 0, vVt € [0,T]}, A={z € R": Xy (2)NG # 0, ¥t > 0}. (10)

The set A can also be related to the notion of maximal controlled positively invariant
set, see e.g. [3] and the references therein. We point out that, as opposed to the latter refer-
ences, our definition is concerned with general measurable controls in the classical context
of ordinary differential equations, and does not depend on the existence of a synthesizable
feedback law.

Proposition 4.1 Assume that (A1)-(A4) are valid. The set of finite horizon admissible
states, Ar, is closed for all finite T.

Proof. The result is an immediate consequence of the compactness result proven in
Lemma [A.2] of Appendix [A] We sketch it for the sake of completeness.

Consider a sequence of initial states {x}reny in Agr converging to Z as k tends to
infinity. By definition of Agp, for every k € N, there exists ux € U such that the corre-
sponding integral curve 2 (4hk) satisfies g(z(“®k)(t)) < 0 for all ¢ € [0,T]. According to
Lemma EL there exists a uniformly converging subsequence, still denoted by z () to
the absolutely continuous integral curve z(®% for some @ € U. By the continuity of ¢, we
immediately get that g(z(®%)(t)) < 0 for all t € [0,T], hence Z € Ar, and the proposition
is proven. [ ]

Corollary 4.1 Under the assumptions of Proposition[{.]], the set A is closed.
Proof. For all 0 < T <T5 < oo, we have:
A=A CAp, C A, C Ay =G. (11)

Therefore, A = (N> Ar and the result is an immediate consequence of the fact that the
intersection of a family of closed sets is closed. [ |

2Though nowhere used in this paper, identities are provided for the sake of completeness. Their
proof, based on the existence of an absolutely continuous section {(¢,z(t)) : x(t) € X¢(Z) NG Vi}, is left
to the reader.



Remark 4.2 Condition (A2) on f is introduced here in order to guarantee boundedness
and uniform convergence of a sequence of integral curves, which are required in the proof of
the above proposition (see the details in Appendix. However, as the examples shown later
will illustrate, this (sufficient) condition is generally not needed since many systems that
do not satisfy it will still have bounded trajectories under admissible controls. Any other
condition on f ensuring uniform boundedness (see e.g. [10)]) will give similar compactness
results.

5 Boundary of the admissible set

We conclude from Proposition and Corollary that the sets Ap, for all T' > 0, and
A contain their respective boundaries, denoted by 0. A7 and OA respectively. From now
on, we will focus on the properties and characterisation of these boundaries, which are
arguably the most important objects to describe the effect of the constraints f on
the time evolution of the dynamical system .

To start with, let us adapt the definition of semipermeability (a notion introduced
several decades ago in differential games by R. Isaacs [13]) to our context.

Definition 5.1 (Semipermeability) The boundary 0A (relative to B) of a closed set
A C B C R" is called semipermeable relative to B and system , or just semipermeable
if non-ambiguous, if, and only if, no integral curve of the system starting in AN B can
penetrate A before leaving B, i.e. if, and only if, for allﬂﬂc N B, forallu e U

and all t such that the connected arc of integral curve xq,z(%*0)(t) C B we have that

w0 (1) € AC.

Proposition 5.1 For oll T > 0, the sets 0Ar N G- and OA N G_ are semipermeable
relative to G.

Proof. We directly prove this result for 7' = +o00. The proof for finite T" follows exactly
the same lines.

Assume that Z € AN G_. For every u € U, we denote by #(u) the first exit time from
G, ie.

H(u) = inf{t € [0,00) : Ji e {1,...,p} s.t. g;(z™P(t)) > 0}.
Such a lower bound exists for every u € U by definition of A®. If £(u) = 0 for every u € U,
then, clearly, T ¢ G_. Therefore, there exists @& € U such that #(@) > 0. Let us assume by
contradiction that for such @ there exists f € 10, #(@)[ such that £ £ 2(®?) () € A and we
set 1 = @ M7 @ where @ is such that g(x(®)(t)) < 0 for all ¢ > £, which exists by definition
) §

of A. The correspondlng integral curve x(ﬁ is therefore equal to (%) for t < ¢ and to
2@ for t > £. Moreover, since g(x(@®) (1)) < 0 for t < £ and g(z® £)( t)) <0 for t > ¢, we



conclude that g(z(®)(t)) < 0 for all ¢t € [0,00). Therefore, we have proven that & € A,
which contradicts our assumption that z € A® N G_. It results that no such  can exist,
and therefore that no trajectory starting in A¢ N G_ can penetrate A before leaving G,
thus proving that 9.4 N G_ is semipermeable relative to G. [ |

We now prove the following result.

Proposition 5.2 Assume that (A1)-(A4) hold. We have the following equivalences:
(i) = € A is equivalent to

min sup max g;(z%(t)) <0 (12)
uelY te[0,00) 'L:L...,p

(i) T € AC is equivalent to

min sup max g;(z*®(t)) >0 (13)
ueUd te[0,00) i=1,....,p

(i1i) T € 0A is equivalent to

min sup max g;(z“?(¢)) = 0. (14)
ueU tG[0,00) 7/:1,.“,])

Proof. We first prove (i). If & € A, by definition, there exists u € U such that
g(z(®®)(t)) < 0 for all t > 0, and thus such that SUD;e[0,00) MAXi=1,...p gi(z(»P) (1)) < 0. We
immediately get

inf sup max gi(z“%(t)) <0. (15)
u€U t[0,00) ©=1-P
Let us prove next that the infimum with respect to u is achieved by some @ € U in order
to get . To this aim, let us consider a minimising sequence u; € U, k € N, i.e. such
that
lim sup max gi(z™®)(t)) = inf sup max gz (t)). (16)
k—o0 te[0,00) i=1,...,p ueU te[0,00) i=1,...,p
According to Lemma in Appendix [A] with z; = Z for every k € N, one can extract
a uniformly convergent subsequence on every compact interval [0,7] with 7" > 0, still
denoted by z(#*®) whose limit is (%% for some @ € . The continuity of g implies that the
sequence g(x(“®)) uniformly converges to the function g(z(®?®) on every compact interval
[0,T] with T > 0. Therefore, for every T > 0 and every € > 0, there exists ko(T,¢) €
N such that, for every k > ko(T,e) and every i € {1,...,p}, we have g;(z(®%)(t)) <
g2 () + &, Vt € [0,T); which yields, taking the supremum w.r.t. t € [0,00) and
i€ {1,...,p} on the right hand side

G@™)(#) < sup max g@™D@) +e Ve[0T
tef0,00) ©=1rP

10



On the other hand, by the definition of the limit in , for every £ > 0 there exists
ki(e) € N such that for all k£ > ki(g), we have

sup  max g;(z“P (1)) < inf sup max g;(z“T(t)) +e.
te[0,00) 1=1,...,p ueU te[0,00) i=1,...,p

Thus, for all k& > max(ko(T,¢), ki(e)), we get

gi(x (1)) < inf sup max g (P () +2 Vtel[0,T], Vi=1,...,p.
ueU t€[0,00) i=1,...,p
However, since the latter inequality is valid for any 7' > 0 and it does not depend on
k anymore, and since its right-hand side is independent of i, ¢ and T, we have that the
inequality holds if we take the supremum of the left-hand side with respect to t € [0, c0)
and i € {1,...,p}. Using, in addition, the definition of the infimum w.r.t. u, we thus
obtain that for every € > 0
sup max ¢;(z®®(t)) < inf sup max gi(z(P (1)) + 2
t€[0,00) i=1,...,p ueU te[0,00) i=1,...,p
< sup max g;(x™7(t)) + 2,
t€[0,00) i=1r-rP

or, using also , that

sup max gi(:c(ﬁ’j)(t)) = inf sup max gi(a:(“’i”)(t)) <0,
te[0,00) ©= 1P u€lU 1[0,00) i=Lrmmmrp

which proves ([12]).
Conversely, if holds, there exists an input u € U such that

sup max g;(z™(t)) <0,
t€[0,00) ©=Lr-wP
which in turn implies that g(z(*®)(t)) < 0 for all t > 0, or, in other words, Z € A, which
achieves the proof of (i).
To prove (ii), we now assume that Z € A® and prove . By definition of A, for all
u € U, we have sup;cg o) MaXi=1,.. p gi(z(“®)(t)) > 0 and thus

inf sup max gi(z“%(t)) > 0.
uel te[0,00) i=1,....p

The same minimising sequence argument as in the proof of (i) shows that the minimum
over u € U is achieved by some u € U and that

min sup max g;(z“?(t)) > 0.
ueU t€[0,00) i=1,....,p

11



But the inequality has to be strict since, if min sup max g;(z™®(¢)) = 0, it would
ueU te[0,00) i=1,....p
imply, according to (i), that Z € A which contradicts the assumption. Therefore, we have
proven ([13)).
Conversely, if (13) holds, it is immediately seen that z is such that

sup max gi(x(“’j) (t)) > 0 for all w € U. Since the mapping ¢ — max gi(:v(“’j) (1))
te[0,00) =1 i=1,...p

=1,...,p

is continuous, the inverse image {t € [0,00) : max gi(z®(t)) > 0} is a nonempty
t

open subset of [0,00). Thus, for all v € U, there exists t(u) < +oo such that

max gi (™) (£(u))) > 0, and hence z € A, which proves (ii).
i=1,...,p

Ty

To prove (iii), since A is closed, Z € 0A is equivalent to Z € A and Z € cl(A%), the
closure of A€, which, by (i) and (ii), is equivalent to and (the latter with a “>”
symbol as a consequence of T € cI(.AC)), which in turn is equivalent to . [ |

Remark 5.1 The same formulas hold true for Ar, AS and OAr if one replaces the
infinite time interval [0, 00) by [0, T].

We define the sets
[0A], = 0ANGy, [0A]_=0ANG_. (17)

They indeed satisfy 0.A = [0.A], U [0A]_.

We denote by Lsh(z,u) £ Dh(x)f(z,u) the Lie derivative of a smooth function h :
R™ — R along the vector field f(-,u) at the point x.

The boundary subset [0.A], is easily characterised.

Proposition 5.3 The boundary subset [0.A], is contained in the set of points z € Go such
that
i L¢gi(z,u) <0 18
min max Lygi(z,u) < (18)

with the notations introduced in Section [3.

Proof.  Since [0A], C A, for all z € [0A],, there must exist u € U and an inte-
gral curve (%2 which remains in A for all times. Therefore, at ¢ = 0, the vector
f(z,u(04)), where u(0+) is the right limit of u(¢) when ¢ \, 0, cannot point outwards of
G_, ie. Lfgi(z,u(0+)) < 0 for all ¢ € I(z); otherwise, if there exists ¢ € I(z) such that
L;gi(2,u(0+)) > 0, then the integral curve 2(**) instantaneously leaves G through the
“face” given by equation g; = 0. Therefore, max;cy(.) Lygi(2,u(0+)) < 0, hence . [ |

12



Remark 5.2 The subset of the boundary Go satisfying @ s called the usable part of
the constraint boundary in reference to Isaacs’ notion of usable part of a targeﬁ [13]. See
also e.g. [2,120].

We now turn to the study of [0.A]_, the complement of [0.A], in the boundary 0.A.

Proposition 5.4 Assume that (A1) to (A4) hold. The boundary subset [D.A]_ is made
of points T € G_ for which there exists & € U and an arc of integral curve (™% entirely
contained in [D.A]_ until it intersects Gy at a point ™% (t) such that g(z(®%)(£)) = 0 for
some (possibly infinite) t € [0, +00).

Proof. Let z € [0A]_, therefore satisfying . In particular, there exists u € U such
that sup max gi(z™®®(t)) = 0, and # € [0, +00) such that max g;(2®® (£)) = 0 for
te[0,00) i=1,...,p i=1,...,p
the first time (i.e. ax gi(#®®)(£)) < 0 for all ¢ < f). Then for an arbitrary ty € [0,1],
i=1,...p

the point & = z(®?)(ty) € G_ satisfies, by a standard dynamic programming argument

(since 2(®8)(t) = z(®D) (ty + t) for all ¢ > 0), min sup max g;(z“¥(t)) = 0. It follows
uel te[0,00) i=1,....,p

that & € [0A]_ and, therefore, the whole arc of integral curve starting from z € G_ is

entirely contained in [0.A]_ until it intersectsﬁ Gy at time . [

Remark 5.3 Note that the arc of integral curve (™% of Proposition may remain in
Go after t for some time and then return to G _.

Corollary 5.1 From any point on the boundary [0A]_, there cannot exist a trajectory
penetrating the interior of A, denoted by int(A), before leaving G_.

Proof. Let 2 € [0A]_. According to Proposition there exists u € U such that
z(®7)(t) € [D.A]_ for all t € [0,#], where £ is the first time such that z(%%)(f) € Gy. Given
7 € (0,1, we denote & = z(®%) (). Assume, by contradiction, that there exists % € U and
o € [0,¢[, with € > 0 small enough so that z(%&) (7 +¢) € G_ for all ¢ € [0,¢[ and that
¢ £ 28 (r + ) € int(A). As a consequence of and , there exists v € U such
that sup max gz (1 + 0 +1)) < 0. Setting & = @& X, @ Mryq v, we easily verify
te[0,00) =1y
that tes[gp )ilrllaxp gi(af(ﬁ’j) (t)) < 0, which implies, again by " and l' that z € int(A),
,00) =
hence contradicting the fact that z € [0.A] . We thus conclude that no integral curve
starting in [0.A]_ can penetrate the interior of A before leaving G _. [

3Note that, in our context, the boundary Go of the constraint cannot be interpreted as a target
since we do not a priori want the trajectories to finish on Go. On the contrary, Go may be considered as
a target for the non admissible trajectories (starting in A%) and the usable part of this target is given by
the relation min,ecy, max;ey(.) Lygi(2z,u) > 0, opposite to .

4If £ = 400, the whole integral curve z(®® remains in G_ and satisfies lim;_, 1 oo 2@ (¢) € Go.
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6 Ultimate tangentiality conditions

As concluded from Proposition the boundary subset [0.A]_ is made of integral curves
intersecting Go. In this section, we provide a precise characterisation of how this inter-
section occurs. We will first deal with the particular case of a scalar state constraint and
then we extend the result to the general multi-dimensional constraint case.

6.1 The scalar state constraint case

We consider here the case p =1 in , hence the maximum over {1,...,p} in all previous
expressions is not necessary.

Proposition 6.1 There exists a point z = @ (1) € cl([0.A]_) N Gy, i.e. such that
g(x(@®) (1)) = 0 for some finite time T > 0 and satisfying

in L =0. 19
min Lyg(z, u) (19)
In other words, at such an intersection point z, there exists u € Uy such that the vector
field f(z,u) is tangent to Go at z, and Lyg(z,v) > 0 for all v € Uy, i.e. the vector field
f(z,v) points outwards of G_ at z for all v € Uy.

Proof. Consider Z € [D.A]_ C G_ and @ € U such that the integral curve 2(%%)(t) € [0.A] _
for all ¢ in some time interval until it reaches Gy (as in Proposition and, consider
further that u € U is prolonged in such a way that the integral curve remains in G for all
times (which is possible by the definition and closedness of A).

Let us introduce a control variation u, . of @ of the form , where 7 is an arbitrary
Lebesgue point of @ before the integral curve z(®%) intersects Gy.

Since Z € [0.A]_, there exists an open set @ C R"™ such that z + ch € A for all
h € O and ||h|| < H, with H arbitrarily small, and all ¢ sufficiently small. Therefore,
by definition of A€, the integral curve t — x(“#+h) () must leave G_ and crosses G
at some t(k, e, h) < co. Moreover, according to Lemma the family of integral curves
x(Use®teh) Jindexed by e, converges to 2(%%) as e — 0, uniformly with respect to ¢,  and
h. Consequently, with the notations of Section the set

{t(k,e,h): k € Uy x [0, T] x [0,L],e € [0,g0], ||h]| < H,h € O}

is uniformly bounded and there exists a continuous scalar function p such that lim._, p(e) =
0 and

—p(e) < g™ (t(k,e,h))) < p(e)

for all € and ||| sufficiently small and all . As a consequence of the uniform convergence
of x(ure®teh) to 2(WT) and the continuity of the function t — g o z(®%)(t), there exists
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some finite  satisfying lim. o g(z(“==®+eM) (t(k, e, h))) = 0 = g(=(®®)(£)). We denote
z 2 2@ () € Gy.

By the definition of t(k, e, h) we have g(z(“==#teh)(t(k e, h))) = 0, and by the defi-
nition of @ we have g(z(®®)(t(x,e,h))) < 0. Thus, according to of Appendix Bl we
have

g(xt= oM (1, e, 1)) — g2 (t(k, €, 1))
= eDg(x ™ (t(r, e, h)))w(t(k, e, h), &, k) + O(?) > 0

Therefore, using , after division by e,

Dg(z®®) (t(k, e, b)) [®%(t(k, &, h),0)h
+10%(t(r, e, h) 7) (f(= “j)(T)aU) — f(@"P(7),a(r)))] + Oe) = 0

Letting ||h]| and € tend to 0, dividing by [, and using again the uniform convergence,
we readily get:

Dg(a™ (D)2 (f,7) (f(@™(1),0) — (@™ (7),a(r))) = 0

for all v € Uy and for all Lebesgue points 7 < .
Thus, if ¢ is a Lebesgue point of u, setting 7 = ¢, we have, using the Lie derivative
notation,

Lyg(a™)(8),v) > Lpg(z™"(t), u(r))
for all v € Uy, i.e.
Lf!]@ﬂ@) = Henl}l Lfg(Z,’U). (20)
v 1

Otherwise, if ¢ is not a Lebesgue point of u, choosing 7 arbitrarily close to ¢, since
®U(t,T) is arbitrarily close to the identity matrix, the same conclusion holds true by
replacing @(f) by the left limit a_(¢f) £ lim, ,;,<;a(7). It suffices then to modify ,
without loss of generality, on the O-measure set {t} by a_(¢) to obtain .

Finally, since z € [0A],, according to Proposition we have min, Lyg(z,v) < 0.
But, since the mapping ¢t — g(z(®%(t)) is non decreasing in an interval |t — 6,%] with
& > 0 small enough, we also have 0 < L;g(2(®®)(#),u_()) = min, Lrg(z,v) and thus
min, L¢g(z,v) = 0, which achieves the proof of the proposition. [ |

6.2 The multi-dimensional state constraint case

We now consider the general case of multiple p state constraints in .
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Proposition 6.2 There exists a point z = x®®)(f) € cl([0.A]_) N Go, i.e. such that
g(z@®) (1)) = 0 for some finite time t > 0 and, with the notations introduced in Section@

1521(]11 zrél]f@{) Lfgi(z,u) = 0. (21)
In other words, there exists a point z at the intersection between Gg and an arc of integral
curve in the boundary [0A]_, and u € Uy such that the vector field f(z,u) is tangent at
z to at least one face defined by g;(x) =0, fori € 1(z), and does not point outwards with
respect to any face corresponding to 1(z), i.e. Lyg;(z,u) <0 for all j € I(z). In addition,
for all v € Uy, the vector field f(z,v) points outwards of G_ at z, i.e. there exists j € 1(z)
such that Lygj(z,v) > 0.

Proof. Consider T € [0.A] _ C G_ and a finite ¢ > 0, obtained as the limit of the crossing

times associated to a sequence of variations as in the proof of Proposition such that
max g;(z®P(F) =0 (22)
i=1,...,p

and denote z £ (%) (f).

By the same argument as in the proof of Proposition [6.1} each element of the perturbed
sequence (U< 7€) Jeaves G_ through one of the faces of G, say i = i(k,e,h) € 1(2),
of equation gj(x.n)(z) = 0. Choosing a subsequence of {x,¢, h}, for € and h sufficiently
small, such that i(k,e,h) = iy for some fixed iy € I(z), we readily deduce from the proof

of Proposition [6.1] that

in I ras —0. 2
min $9i0(z,u) =0 (23)

Taking into account that z € [0.A],, the result of Proposition says that

0 = min L;g; < mi Lg; <0
Inin 9o (2, 1) < min max £9i(z,u) <

which immediately gives . [ |

7 The barrier equation

For topological reasons, we now restrict our attention to the part of the boundary [0.A]
which intersects the closure of the interior of .4, denoted cl(int(A)), assuming that int(.A) #
0.

Theorem 7.1 Under the assumptions of Proposition every integral curve x% on
[0A] _Ncl(int(A)) and the corresponding control function u, as in Proposition satisfies
the following necessary condition.
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There exists a (non zero) absolutely continuous mazimal solution \* to the adjoint
equation

- T —

3o) = — (2, ae)) A0, A0 = (Dge ()" (21)
such that . . i .

min {(X°(0)7 £ (1), w)} = (V(0)T £ (1) (1) = 0 (25)

at every Lebesque point t of @ (i.e. for almost all t < t).
In , t denotes the tim(ﬂ at which z is reached, i.e. x%(t) = z, with z € Gy satisfying
gi(2) =0, 1€I(z), min max 19i(z,u) = Lygi=(z,u")

Moreover, N“(t) is normal to [D.A]_ Ncl(int(A)) at 2%(t) for almost every t < t.

Before proving this theorem, we provide several comments and we recall that the
attainable set X;(Z) from a point Z € R™ at time ¢ is the subset of R defined by (9). As
a direct consequence of Lemma of Appendix [A] X;(Z) is compact for all finite ¢. We
denote by 0X;(Z) its boundary.

Remark 7.1 Theorem [71] may be interpreted as follows: Setting
H(z, M\ u) = AT f(z,u) (26)
[0A]_ Ncl(int(A)) is made of trajectories t — x™(t), which are projections by
T (T, A\ u) = x=m(z,\u)

of trajectories of the triple (z%, A", ), solution to the Hamiltonian system

w0 = (20) @owaw.am), 00 - - (20) @\ 0. a0) o
H (@ (0), X(0), (1)) = min H (), A"(0) u) = 0
computed backwards in time from the final condition
(@0, X(0), 1(D) = (= (Dgir (2))" ,u*) € Go x B x U,
such that the set of equations
0i(z) =0, iel(z), minmax Lsgi(z,u) = Lygi(z,u*) =0 (28)

uelU; i€l(z)

admits a local solution.
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o) Yesggmn

boundary of
state constraint

g(z) =0

(Dg(2))"

Figure 5: Each point of the boundary, £ € [0.A]_Ncl(int(A)), also belongs to the boundary
of the attainable set, 0X;(z), from z € [0.A]_ Ncl(int(A)) at every sufficiently small time
t, and the vectogram f(&, U;) points outwards with respect to A and inwards with respect
to X¢(Z). In other words, A, the normal to [0.A]_ N cl(int(A)), is such that AT f(&,u) >0
for all u € Uj.

Remark 7.2 The necessary conditions -(@ may be compared to the one obtained by
Isaacs in the context of barriers in differential games [13] and, of course, to the Pontryagin
mazimum principle (PMP) of [19] in the context of optimal control. Note however that
in our case, contrarily to those references, there is no a priori cost function to optimise
(note that, even though the characterisation of the admissible set (@ may be interpreted
in terms of a minimisation problem, the cost function is not a standard one). Moreover,
as far as the constraints cannot be directly interpreted as a separate player, there is no
game involved.

However, it has been remarked since long (see e.g. [16, Chapter 4, p. 239],[1, Sec-
tion 10.2, p. 136]) that the mazimisation of the Hamiltonian in the PMP was in fact
characterising the boundary of the attainable set from prescribed initial conditions. More
precisely, at every boundary point of the attainable set, mo vector of the tangent pertur-
bation cone (see [19, 16, [1]), and in particular of the vectogram of admissible directions,
can point outwards the attainable set, i.e. the scalar product of any such element of the
perturbation cone with the normal vector to the boundary constituted by the adjoint is non
positive (see Theorem in Appendix @ In addition, the adjoint vector is obtained by

5Note that ¢ can be chosen arbitrarily because of the time-invariance of the problem.
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parallel transport of the final conditions, the so-called transversality conditions, along an
optimal integral curve (Equation (@) Here, we are in a similar situation, as depicted
by Figure @ the only difference with respect to the PMP being that on [0.A]_ Ncl(int(A))
the adjoint vector A\ we consider is an outer normal to [DA]_ Ncl(int(A)) and therefore
a normal pointing tnwards the attainable set, opposite to the one considered in the PMP,
hence the minimum replacing the maximum with respect to u (see Equation )

We need the following proposition.

Proposition 7.1 Let € [0A]_ Ncl(int(A)) and @ € U as in Proposition i.e. such
that @) (t) € [DA]_ Ncl(int(A)) for all t € [0,1], where T is the first time such that

max_g;(x"7)(#) = 0.
i=1,....,p

Then (%) (t) € X,(Z) for all sufficiently small 0 < t < .

Proof. We first prove that X;(7) C cl(A®) for all sufficiently small ¢. Since 7 € G_,
by the continuity of the attainable set X;(Z) with respect to ¢ (see [16]) there exists a
small enough time interval in which X;(z) € G_. It follows from Corollary that
X:(Z) Nnint(A) = 0, thus, X¢(7) C cl(A°).

Thus, by complementarity, int(A) C X;(Z)¢, and consequently cl(int(A)) C cl(X;(Z)°).
Therefore (%% (t) € [0.A]_ Ncl(int(A)) C c(X;(z)¢). Since, by definition, we also have
z(®%)(t) € X;(Z), the conclusion follows from the fact that dX;(Z) = X;(Z) N cl(X(Z)©).

|

The proof of Theorem is based on the necessary condition for a point of the state
space to belong to the boundary of an attainable set given in Theorem of Appendix
([16, Theorem 3, Chapter 4, p. 254] or [I, Theorem 12.1, p.164 and Theorem 12.4 p. 178§].
See also [7, 24]).

Proof of Theorem Let z and 4 be asin Proposition Denote 21 = (%) (t1) and
To = x(ﬂ’xl)(tg) for sufficiently small ¢; and t2 such that 21 € 0Xy,(Z) and x9 € 0Xy,(x1)
as in Proposition |[7.1} By Theorem there exists an absolutely continuous maximal
solution n{ (resp. n%) satisfying Equations (58)—(59) on the interval [0,#1] (resp. [ti,2]).
By the homogeneity of Equation , the end-point conditions can be chosen so that
n¥(t1) = n%(t1), thus achieving the same constant in (59). It follows that there exists
n" defined on [0, ¢3] such that n* = n¥ on [0,1] and n% = nY on [t1,t2]. By the same
argument, the solution 7% can be extended to any subinterval of [0,7]. Denoting A = —n%,
it is immediately seen that \” satisfies (58]) and that the max operator in is replaced
by min.
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Moreover, the final condition of A* at ¢ is given by Proposition hence , which
implies that the constant of the right-hand side of is equal to 0. We have thus proven

and , which achieves the proof of Theorem ]
8 Examples

We present a number of examples to illustrate the use of the results of the paper.

8.1 Linear spring

Consider a system consisting of a mass and a spring, governed by the differential equation
mij+by+ky = u, where m is the mass, y the displacement, b the (linear) friction coefficient,
k the spring constant and u the force applied to the mass. We consider a state constraint
as in (4)) of the form y(t) < Z;, where z; is a constant position that must not be exceeded,
and a constraint in the input as in (3)), i.e., |u(t)| < 1. By introducing the variables z1 = y,
x9 = 1, the system and constraints can be written as:

' 1
(3'31>:< Ok b><x1>+<9)u, \u|§1, r1— 1 <0.
L2 “m Tm L2 m

From the ultimate tangentiality condition on Gy [i.e., on (z1, z2) = (Z1, z2), 2 € R], given
by (19), since Dg(z) = (1,0), we have:

0= ‘g'ligr; {Dg(x)f(z,u)} = ‘g'ligr; {2} = 2.

Hence, the point (Z1,0) of Gy is the endpoint of the trajectory in cl([0.A] ) that arrives

tangentially to G (see Propositions and .
The rest of the points belonging to the barrier [0.A]  are given by equation ,

‘IJIHSI} {)‘Tf(xv u)} =0,

and satisfy equation , that is,

(A ( of )T (0 k A1 MORYNA!
where ¢ is the time of arrival at the endpoint (Z1,0). The trajectory A(¢) of the adjoint sys-

tem can thus be obtained by backward integration of . In addition, from equation

we have: . b )
min { X2y 4 do(— o — oyt —u)p =0, (30)
m m

ful<1 m

20



from where we deduce that, on the barrier, u = —sgn(A2) and that the barrier points are
described by:

(2)=(% () (e (20)-(3) o

The trajectory x(¢) determining the barrier can thus be obtained by backward integration
of . The resulting trajectory that gives the barrier of the admissible set A is shown
in Figure [6] for the numerical values m =1, k =2, b =2 and z; = 1.

60 T T

pA,

-100

-120F ! 1

_140 L L L L L L L
-40 -35 -30 25 -20 -15 -10 -5 0 5 10

Figure 6: Admissible set .4 and barrier for the linear mass-spring example

8.2 Nonlinear spring

We next consider a nonlinear version of the spring, in which the force exerted by the
spring is given by k(z1 + ) instead of the linear force kxy and where, as before, x1 =
y = displacement (this situation is commonly referred to as hardening spring). From an
analysis almost identical to the one performed previously for the linear spring, we conclude
that the barrier points can be obtained from the following system and adjoint equations:

/‘\1 = %(1 +3£L'%))\2 xr1 = X9
Ao = —M+Lx iy = —E(r+2}) - Las — Lsgn()y)

m m

(32)

with endpoint given by (A1(f), Ao (), z1(t), z2(t)) = (1,0,Z1,0). The trajectory determin-
ing the barrier can thus be obtained by backward integration of system starting from
the endpoint. The resulting trajectory that gives the barrier of the admissible set A is
shown in Figure [7] for the same numerical values as before. For comparison purposes,
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spring: k(z; + 1? )

| spring: kay
-100 -

-120

x | 0
spring: k(x; + ﬁ) :/
140 , | | ; ;

I I I I
-40 =35 -30 -25 -20 -15 -10 -5 0 5 10
X

Figure 7: Admissible sets A and barriers for the non-linear mass-spring examples

also shown in the figure are the cases of the linear spring kr; and an intermediate case

k(x1 + %). Note, from the figure, the considerable reduction in the size of the admissible
set due to the effect of the hardening spring; namely, a hardening spring is able to store
more potential energy and, hence, it can surpass the position constraint if started from
initial conditions that would not cause constraint violations in the case of a linear spring.

8.3 A nonlinear academic example

We consider the 2-dimensional single input system:

R 2
. 2 (33)
o =U
with input constraint
lul <1 (34)
and state constraint
a<z1<a ad€R, a<a (35)
Denoting as usual x = (21, 72), we have G = {z € R? : a < 21 < a}. We set g(x) La—m

and g(x) £ 21 —a. Clearly, G is given by the set of inequalities

The boundary Gy of G is thus made of the union of the sets ¢ —x1 = 0 and 1 —a = 0.
Since the latter sets define two disjoint 1-dimensional smooth manifolds (parallel straight
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lines), a normal vector to Gy is given by Dg(z) = (—1,0) if 21 = @ and Dg(z) = (1,0) if
x1 = a. We thus consider the two cases, where the active constraint is 1 = a or z1 = @,
separately.

8.3.1 The case 1 =a

The ultimate tangentiality condition (21f) reads

min {~1(1 = 23(t)) +0-u} = 0

where t is a time instant where an arc of the system integral curve contained in [0.A]
intersects Gy = {z € R? : x1 = a}. We readily get z3(t) = 1. For convenience, we denote
x9(t) = 9 and we have z, = £1.

The Hamiltonian (26)) is H (2, A, u) £ A1 (1—23)4 Aou, where A = (A1, A2) is the adjoint
state, and the adjoint equation is

A =0, Ao = 2z
with final condition at time ¢
At) =-1, A =0
The adjoint is thus given by A;(t) = —1 for all ¢ <t and
Ao(t) = =2a2(t),  Aa(t) =0,
Moreover, we must have, according to ,

|ILIL|11§111 H(z(t),\(t),u) = H(x(t),\(t),u(t)) =0, ae. t<t

or u(t) = —sign(\a(t)) and —1+ 23(¢) = |Aa(t)|. Since the r.h.s. of the latter expression is
non negative, we deduce that either zo(t) > 1 or zo(t) < —1.

Setting Ay = sign(A2(t)) for ¢ in an interval Jt1,¢[ to be determined, the arc of curve of
[0A]_ arriving at (a,z,) is given by

i1(t) =1 — x3(t), Eo(t) = =)y

with
z1(t) = q, x2(t) = x9

and with .
)\Q(t) = —2.1‘2(t), )\2@) =0.
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We readily get:

Ta(t) = 29 — Ao(t — 1) (36)
and, since x5 = +1 and My = 1, 1 — 23(¢) = 225)5(t — t) — (t — t)?, and we have
1 1
x1(t) =a— g(t — 1) F Mot — 1)’ =a— g(t — )% (t =t = 325 (37)
and, according to A% =1,
Ao(t) = —2xo(t — 1) + Aot — 1)% = Mot — ) (t — t — 2z y) . (38)

Since z1(t), given by (37), has to satisfy the constraint a — 1 (t) < 0, we have
1
a—x(t) = g(t —1)? (t =t = 323)) <0
Vt €]t1,t[, which, together with the fact that %(t —1)2 >0, yields t — t — 3x5)5 <0, or

0= sup ‘=t <)y
t1<t<t
Thus, since zo = +1 and Ay = +1, we get 29Ay = 1 and,
ZTg = Ag.
Thus, , , read
2a(t) = Aot =t 1)
1

xl(t)zg—g(t—§)2 (t—t—3) (39)
Aa(t) = Aot — 1) (E —£—2).
Finally, eliminating ¢t — ¢ from the first equation of , we get
Z2
t—t=1——
N A

and

Thus, if Ay = 1 (which implies u = —1):
1
1 :Q+§(1—x2)2 (2+ z2) (40)

an expression valid for x5 > 1 (since t < t).
Now, if Ay = —1 (thus u = +1):

r=at 5 (1 4m) @) (a1)

an expression valid for 2o < —1 (since t < t).
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8.3.2 The case 1 =a

The only difference with the previous case is that \j(t) = +1 (the first component of the
differential of g at x; = @) for ¢t < ¢, where ¢ is a time instant where an arc of the system
integral curve contained in [0.A]_ intersects the line 1 = @. The ultimate tangentiality
condition reads here miny,<;{1 — 23 + 0.u} = 0, or Zp = £1.

The Hamiltonian H(z, A\, u) = A1(1 — 23) + Agu is unchanged, as well as the argument
of its minimum with respect to u, denoted by wu(t), u(t) = —sign(Aa(t)). The adjoint
equation, with A1 (¢) = +1, reads

)'\2 (t) = 2:L‘2(t), )\2 (f) = 0.
Setting A = sign(\a(t)) for ¢ in an interval |to, 7], the integration of the system gives

xg(t) = T9 — Xg(t — f)

2(t) =a é(t—t) (t— 7 — 372%)
Ao(t) = =Xo(t — ) (t — T — 2T2s)

Since we must have 71(t) < @, the expression of z1 yields t — £ — 3TaAy > 0, or
Todg < inft <i<i 3 t <0 and, thus, xg)\g =—1,ie. Tg=—Xg,and I —3 <t <1
Thus the previous expressions of x1(t), za(t), A2(t) read:

To(t) = —Xo(t —1+1)

n(t) =7 %(t—tﬁ (t—T+3)

Ao(t) = =Xa(t = 1) (t — 1 +2)
Elimination of ¢ — ¢ in the first equation yields t — ¢ = —1 — 22, and

_ 1 T2\? T2
e 2 6 2).
nt) =a-3(1+5 o

Thus, if Ay = +1 (which implies 7@ = —1), we get

1
CCl(t) = g (1 + 1‘2) (2 - .TQ) (42)
and if Ay = —1 (which implies w = +1),
1
zi(t) =a— g(1f:@)2 (2 + x2). (43)
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Figure 8: Admissible set A and barrier for system — with ¢ = -1 and @ =3

Remark that the two arcs and cross at the point (x1,x2) = (a — %,0). At
this point, if a <@ — %, two controls w = +1 or w = —1 are allowed in order to remain in
the admissible set. This means that the barrier (made of the pair of corresponding arcs of
integral curves from (@ — 2, 0) to (@, +1)) is not differentiable at the point (@ — 2,0) where
the normals are orthogonal, (A1, A2) = (1,+£1).

Finally, it is readily seen that the admissible set A is the union of the four subsets:

as depicted in Figure [§ for a = —1 and @ = 3.
Note that the admissible set A is not even a connected set when a > @ — %
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9 Conclusions

This paper has addressed the problem of state and input constrained control for nonlinear
systems with multidimensional constraints. In particular, the admissible region of the state
space, where the state and input constraints can be satisfied for all times, was studied. A
local description of the boundary of the admissible region of the state space was obtained.
This boundary is made of two disjoint parts: the subset of the state constraint boundary
on which there are trajectories pointing towards the interior of the admissible set or
tangentially to it; and a barrier, namely a semipermeable surface which is constructed via
a minimum-like principle. A number of examples was provided to illustrate the results of
the paper. A complete characterisation of the admissible region was obtained for these two-
dimensional examples. While the theoretical necessary conditions derived in this paper
hold for any dimension, higher dimensional systems may exhibit more complex geometric
features and such examples will be the subject of future study.

Acknowledgement. The authors wish to express their warm gratitude to Prof. Em-
manuel Trélat for fruitful discussions.

A Compactness of solutions

We prove here the inequalities and compactness results used in Sections [4] and Many
related results exist in the literature; see e.g. [23, Theorem 5.2.1] for a result based on
purely functional analytic arguments, and [0, Chap. 9], [16, Section 4.2], [I, Section 10.3]
for related results specifically oriented to the study of attainable sets and the existence of
optimal controls, based on Filippov’s theorem [I0]. Those results are scattered in several
sources and embedded in slightly different contexts than the one of concern here, and are
not always easily identifiable. Thus they are provided here for the sake of completeness
and unification.
We recall the following classical lemma:

Lemma A.1 If assumptions (A1) and (A2) of Section [3 hold true, equation admits
a unique absolutely continuous integral curve over [ty,+00) for every uw € U and every
bounded initial condition xg, which remains bounded for all finite t > tg,

1
lz(@)]] < ((1+ arol|*)ex 0 — 1) £ K (a,t) (44)
with o = 1 for condition (A2.1) and a =2 for condition (A2.ii).

Moreover, we have

[2(t) = 2(s)]| < Cla)]t - s| (45)
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for allt,s € [to,T] and all T > to, where

Cla)=  sup | f(z,u)] < +o0
Jall <K (oT),uels

with « =1 (resp. a = 2) if condition (A2.i) (resp. (A2.ii)) holds.

Proof.
In the case (A2.i), using the integral representation of , we get

ool = ol < [ 17Ga(r),utr)lar
< /tt C(1+ ||z(7)]])dr according to (A2.i).

Thus, .
(1 +flz@)) < (1 + llzoll) + C/to(l + [lz(r)[)dr
and, by Gronwall’s Lemma [12],
(L+[lz®)]) < (1 + [laol)e*)

which readily yields with a = 1.
In the case (A2.ii), multiplying both sides of by z(t)”, we get

5 37 ([2ZO1) = 2(0) F((0), u(®))

or, in integral representation, and taking absolute values,

2@ = llzo]?| = 2 ’ /t:x(T)Tf(w(T),u(T))dT

t
< 20/ (1+ ||z(7)||*)dr  according to (A2.ii)
to

or

t
(1+llz@)117) < (14 llzoll?) + 2C/t (1+ ll=(n)]?) dr.
0
As before, by Gronwall’s Lemma, we get
(T+12(0))7) < (14 [|zol|?) 29"

which readily yields with a = 2.
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To prove Inequality , let us recall that, for every pair ¢, s € [to, T] and all T > ¢,
x(t) —x(s) = fst f(z(7),u(r))dr. The continuity of f implies that C'(a)) < +o00 with C'(«)
defined by . We immediately deduce . [ |

In the following results we will, without loss of generality (due to time-invariance),
replace the initial time ¢¢ by O.

Corollary A.1 Let us denote by X(x) the set of integral curves issued from an arbitrary
o, ||zo|| < o0, and satisfying (1), (9), (3)-

If assumptions (A1) and (A2) ofSection@ hold true, X (x¢) is a subset of C°([0, 00), R™),
the space of continuous functions from [0,00) to R™, and is relatively compact with respect
to the topology of uniform convergence on C°([0,T],R™) for all finite T > 0. In other
words, from any sequence of integral curves in X (xq), one can extract a subsequence whose
convergence is uniform on every interval [0,T], with T > 0 and finite, and whose limit
belongs to C°([0, 00), R™).

Proof. In Lemma inequality means that the restriction of the integral curves of
X (z0) to any finite interval [0, T is equibounded, and shows that the same restriction
to any finite interval [0, 7] of the integral curves of X'(zg) is an equicontinuous set with
respect to the topology of uniform convergence on C°([0,T],R"), for all T > 0. The
relative compactness results from Ascoli-Arzela’s theorem (see e.g. [26, Chap. III, §3, p.
85)). [

We now prove the following:

Lemma A.2 Assume that (A1), (A2) and (AS3) of Section |3 hold. Given a compact set
Xo of R", the set X & Uzoex, X (o) s compact with respect to the topology of uniform
convergence on C°([0, T], R™) for all T > 0, namely from every sequence {z(“%)}; oy C X
one can extract a uniformly convergent subsequence on every finite interval [0,T), whose
limit € is an absolutely continuous integral curve on [0,00), belonging to X. In other
words, there exists T € Xy and @ € U such that &(t) = @) (t) for almost all t > 0.

Proof. Since &} is compact, it is immediate to extend inequalities and to integral
curves with arbitrary zg € Xy by taking, in the right-hand side of , the supremum over
all g € Ay. Thus, by the same argument as in the proof of Corollary using Ascoli-
Arzeld’s theorem, we conclude that X is relatively compact with respect to the topology
of uniform convergence on C°([0,T],R"), for all T > 0. It remains to prove that from
every sequence {x("’c’xk)}keN C X one can extract a uniformly convergent subsequence on
every finite interval [0, 7] whose limit £ belongs to X

To this aim, we first remark that, from the fact that X is relatively compact we have
that the limit, &, is a continuous function on [0, 7] for all 7 > 0, and that, for every finite
T and every t € [0, 7],

t t
£(t) = lim a; + lim /0 Pt (s), up(s))ds = 7 + lim /0 Fp(s)ds — (47)

k—00 k—o0
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where the limit is taken over a subsequence and with the notations z = limg_,o 2% and
Fi(t) = f(al™) (1), ug(1)).

We denote by < v,w >= > ; v;w; the scalar product of the vectors v and w in R".
Since, for every k, the integral curve (") satisfies (4% (t) = FJ,(t) for almost every t,
taking the scalar product of both sides by a function ¢ € C*°(]0,00),R™) and integrating
from 0 to T, yields

T T
/ < (), 8T (1) > dt = / < o(t), Ful(t) > dt
0 0

or, after integration by parts:
T
— [ < @000 > di < T, 0 (T) > — < p(0),2 0 (0) >
0

T
:/0 < o(t), Fi(t) > dt

Taking the limits of both sides, according to the uniform boundedness of the integrals, we
get, with £ defined as a distribution on [0, T7:

T T
| <o) > de 2~ [ < p),€0) > dt+ < o), E(T) > - < p(0),7 >

0 0 . ( 48)

= lim [ < o(t), Fi(t) > dt.
k—o0 J

In other words, f = limy_, - F}% in the sense of distributions. Moreover, for every T > 0,
restricting ¢ to C2([0,T],R™) (the set of infinitely differentiable functions from [0, 7] to
R™ with compact support, which is indeed contained in C*°(]0,00),R")) and using the
density of C([0,T],R") in L%([0,T],R") (see e.g. [21]), equation (48] also implies that
the sequence F}, is weakly convergent in L2([0,T],R"). Let us denote by Fr its weak
limit in L2(]0, 7], R™). We have therefore constructed a collection { Fir }7~o of weak limits,
which uniquely defines a function F almost everywhere on the whole interval [0, o0), whose
restriction to any interval [0, T] coincides a.e. with Fr, i.e. F‘ = Fr a.e.. Indeed, taking

any pair of intervals [0,71] and [0,7Ty] with Ty < Tb, by the uniqueness of the limits Fr,
and Fr,, the restriction of Fr, to the interval [0, 7] coincides almost everywhere with Fr,
and it is readily seen that non uniqueness of F would contradict the uniqueness of every
Pr.

By Mazur’s Theorem (see e.g. [26, Chapter V, §1, Theorem 2, p. 120]), for every k,
there exists a sequence {o/f e a,’j} of non negative real numbers, with Zle ozf =1, such
that the sequence Fj, = ¥, o F; is strongly convergent to F in every L%([0,T],R") for
all finite T'. Note that this property a fortiori holds true if we replace the sequence F; by
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any subsequence F;; constructed by selecting a subsequence of indices i; such that, given
€ >0, supycpo,n) ||f(x(u1J ’xii)(t), ui; (t)) — f(E(t), ug; (t))|| < €277 for each j, which is indeed
possible thanks to the uniform convergence of z(“+%%) to ¢ and the continuity of f. Note
also that the limit F remains the same (for convenience of notation, we keep the same
symbols for the aj ’s, but we remark that these coefficients have to be adapted relative to

the new subsequence).
By Minkowski’s inequality, we have:

(/ HZa’“f ), ug, (t) — F()||2dt>

, :
< ( L jzf“? (£, (1) = £ (0,03, 1)) u?dt) (49)

T K >
+(/ ||Zag?f(xwiwrij)(t),uij(t))—F(t)H?dt> .
0 i3

We now prove that the limits of the two terms on the right-hand side of expression ,
as k tends to infinity, exist and are equal to 0. The convergence of the second limit to 0
is clearly an immediate consequence of the strong convergence of Zk_l osz to F.

For the first term on the right-hand side of ., according to the constructlon of the
above subsequence, and using the fact that a € [0,1] for every j, we have

Dy GO f(x(“”"“j)( 1), ui,(1))) |
<Za’“||f 1), i, (£)) = f(@"575) (0), i, (8)]

k:
50
<€Zo¢§72 J (50)
=1
k . —k
gs(fgﬁgk%)jzf T<e(1-277)

Thus

(/ HZO‘ ( “zj(t))—f(%‘(uij’xij)(t)auij(t)>) H2dt> (51)
< (T (e(1 - 2*’“))2)% < eVT,

hence, since € can be chosen arbitrarily small, the left-hand term in converges to 0 as
k tends to infinity.
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Therefore, the same holds for the left-hand side of , which proves that F'(¢) belongs
almost everywhere to the closed convex hull of {f(£(t),u;,(t))}jen which is contained in
f(&(t), Ur) according to (A3).

Finally, again according to (A3), for every k, there exists, by the measurable selection
theorem [5], vy € U such that

k

FEW,vp(t) = Y aF F(E(1),uiy (1))

J=1

for almost all ¢ and, since strong L? convergence implies pointwise convergence almost
everywhere of a subsequence (see e.g. [I5]), we have, from the convergence to 0 of the
left-hand side of , that, taking the limit over such a subsequence,

k
lim f(&(t),vk(t)) = lim Za?f(f(t),uij (t)) = F(t) ae.t€0,00).
k—o0 k%oojzl

Thus, taking the continuity of f with respect to u into account (see (Al)), we conclude that
the sequence vy, pointwise converges to some @ € U such that F(t) = f(£(t), u(t)) for almost
all ¢, and therefore that ¢ satisfies £ = f(£, @) almost everywhere, with £(0) = Z € Xj.
By the uniqueness of integral curves of , we conclude that &(t) = z(®%)(t) almost
everywhere and, thus, that £ € X', which achieves to prove the lemma. [ |

B Needle perturbations and the maximum principle ([19,
16, 11])

B.1 Perturbations

Given @ € U and an integral curve (%) we consider a non negative real number ¢ € [0, £
with bounded ¢p, an initial state perturbation h € R" satisfying ||h|| < H and a variation
uy, - of @, parameterized by the vector x = (v, 7,1) € Uy x [0, T] x [0, L] with bounded T, L,
of the form

v on [T —le, 7]
u elsewhere on [0,7]

L

Uke = U M(r—1g) U X7 u= { (52)
where v stands for the constant control equal to v € Uy for all t € [1 — le, 7[. We also
consider the corresponding integral curve z(“s<Z+€h) starting from Z + eh and generated
by Uy e.

We indeed have x(U=e@teh) (1) = g(@+eh)(t) for all t € [0,7 — le[ and, denoting by
2e(1 — le) £ 2®F+N) (7 —e) and z.(7) £ g(¥ne®+eh) (7)) we have

Up,e,T+€h) _ $(ﬂ,iz+ah)

l'( v,ze (T—le),T—le) X x(ﬂ,zg (7),7)

M (r—le) !t
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We also consider the fundamental matrix of the variational equation:
d - af
—U(t,s) = (—
dt (t) ox

where I, is the identity matrix of R™.

We have the following approximation result (see e.g. [19, Chapter II, §13], [16, Chapter
4, p. 248], [11]):

@ (1), a(0) ) @°(t,5). @%(s.5) = I, (53)

Lemma B.1 The sequence {x(“*"s’f%h)}po is uniformly convergent to ™% on [0,T] as
e tends to 0, uniformly with respect to k and h.
If, moreover, T is a Lebesgue point of u, we have, for allt € [1,T]:

g (une B+l (1) — @2 (1) = cw(t, k, h) + O(?) (54)
where
w(t, K, h) £ &L, 0)h+10%(t,7) (f(@ ) (7),v) — f(z®)(r),u(r))) . (55)

The perturbed vector w(t, k, h) at time t associated to x and h is tangent at z(®®)(t) to
the curve of perturbed states & — z(%==@+eh)(¢) at time .

It is immediate to see that multiplying [ and h by any real number 5 > 0 yields the
perturbation vector 7 - w(t, k, h). Therefore, the set of such perturbation vectors forms a
cone in R".

B.2 The perturbation cone

We now consider an arbitrary sequence of variations of the form (52]), with associated
vector x = {(v;, 7, 0;) :i=1,...,k}, ie.

>

Uy,e = U N (7 gye) V1 Morp U M (ryfpe) V2 Mgy U s My _g,0) Vg Mg U

where the perturbation times 71 < --- < 73 are Lebesgue points of u. Lemma still
applies and, for every t € |1, T, the approximation formula reads:

a(tes k) () — o B2)(1) = ew(t, x, h) + O(e?) (56)
where
k
w(t,x,h) £ 88,00k + Y L2"(t,7) (f(@ ™) (), vi) = f@"D(m),a(m)) . (57)
i=1

The control variation u, . associated to the parameters x and ¢ is called needle perturba-
tion. The cone generated by convex combinations of such needle perturbations at time ¢
is denoted by K;. Note that we have ®% (2, 7)), C Ky, forall 0 <7 <7 < T.
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B.3 The maximum principle

We recall here the following classical result (see, e.g. [16, Theorem 3, Chapter 4, p. 254)).

Theorem B.1 (Maximum principle) Consider the constrained system , (@, (@
Let @ € U be such that x(%%0)(t1) € dXy, (xo) for some t; > 0 (where Xy, (xo) denotes
the boundary of the attainable set defined by @) Then, there exists a non zero absolutely
continuous mazimal solution n® to the adjoint equation

T
i) = — (Lo ), 1)) v, (58)
such that

mave { (" (6)7 £ (@) (0, u)} = (7 () @O0 (0), (D)) = constant  (59)

for almost all t € [0,1;].
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