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Abstract

This paper deals with the optimal control problem of an ordinary differential equation with several pure state constraints, of
arbitrary orders, as well as mixed control-state constraints. We assume (i) the control to be continuous and the strengthened
Legendre—Clebsch condition to hold, and (ii) a linear independence condition of the active constraints at their respective order
to hold. We give a complete analysis of the smoothness and junction conditions of the control and of the constraints multipliers.
This allows us to obtain, when there are finitely many nontangential junction points, a theory of no-gap second-order optimality
conditions and a characterization of the well-posedness of the shooting algorithm. These results generalize those obtained in the
case of a scalar-valued state constraint and a scalar-valued control.
© 2008 L'Association Publications de 1'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.

Résumé

Dans cet article on s’intéresse au probleme de commande optimale d’une équation différentielle ordinaire avec plusieures
contraintes pures sur 1’état, d’ordres quelconques, et des contraintes mixtes sur la commande et sur 1’état. On suppose que (i) la
commande est continue et la condition forte de Legendre—Clebsch satisfaite, et (ii) une condition d’indépendance linéaire des
contraintes actives est satisfaite. Des résultats de régularité des solutions et multiplicateurs et des conditions de jonction sont don-
nés. Lorsqu’il y a un nombre fini de points de jonction, on obtient des conditions d’optimalité du second-ordre nécessaires ou
suffisantes, ainsi qu’une caractérisation du caractere bien posé de 1’algorithme de tir. Ces résultats généralisent les résultats obtenus
dans le cas d’une contrainte sur 1’état et d’une commande scalaires.
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1. Introduction

This paper deals with optimal control problems with a vector-valued state constraint. Mixed control-state con-
straints (state constraints of order zero) are included in the analysis. It is assumed that the control is continuous and
the strengthened Legendre—Clebsch condition holds, and that each component of the state constraint is of arbitrary
(but finite) order ¢;.

Second-order optimality conditions for state-constrained optimal control problems were recently studied in [22,34,
35,2]. The presence of pure state constraints introduces an additional curvature term in the second-order necessary
condition, in contrast with mixed control-state constraints, see [32,30]. An analysis of the junction conditions may
help to narrow the gap with the second-order sufficient condition. There are, to our knowledge, relatively few papers
dealing with optimal control problems with several state constraints of order greater than one. One of them is an
unpublished paper by Maurer [28]. In e.g. [15,24,11,12,25,27], several constraints of first-order were considered, but
when dealing with constraints of higher order, then often only one constraint (and sometimes also a scalar control) is
considered, see e.g. [18,16,26]. When there are several constraints of different orders, and more control variables than
active constraints, then even the regularity of the control and of the state constraint multipliers on the interior of the
arcs of the trajectory is not an obvious question. In [28, Lemma 4.1], it is shown that the control u is C%mx (where
gmax 18 the bigger order of the active constraints), under the assumption that there are as many active state constraints
as control variables. In [28, Theorem 4.2], it is shown that the state constraints multipliers are smooth on the interior
of arcs, but with the extra assumption that the control u is C9max,

The motivation of this paper is to extend the no-gap second-order optimality conditions and the characterization of
the well-posedness of the shooting algorithm, obtained in [3,1] and [4], respectively, for an optimal control problem
with a scalar-valued state constraint and control, to the case of a vector-valued state constraint and control. The critical
step is the extension of the junctions conditions obtained in the scalar case (i.e., with a scalar-valued state constraint
and control) by Jacobson, Lele and Speyer [18]. This result says that some of the time derivatives of the control are
continuous at a junction point until an order that depend on the order of the (scalar) state constraint, and on the nature
of the junction point (entry/exit of boundary arcs versus touch points). This result has an important role when deriving
the second-order necessary condition, since, with this regularity result and under suitable assumptions, it can be shown
that boundary arcs have typically no contribution to the curvature term. This enables to derive a second-order sufficient
condition as close as possible to the necessary one (no-gap), and to obtain a characterization of the well-posedness
of the shooting algorithm. We show in particular that the shooting algorithm is ill-posed if a component of the state
constraint of order ¢; > 3 has a boundary arc.

In this paper, the focus is on the proofs that are not directly obtained from the scalar case, and in particular the
(nontrivial) extension of the junction condition result of [18]. Our main assumption is the simplest one that the gra-
dients w.r.t. the control variable of the time derivatives of the active constraints at their respective order are linearly
independent. This enables to write locally the system under a “normal form”, where the dynamics corresponding to
the state constraints is linearized, and the different components of the constraints are decoupled.

The paper is organized as follows. In Section 2, we present the problem, notation, basic definitions and assumptions.
In Section 3, we give sufficient conditions implying the continuity of the control, and we show local higher regularity
of the control and constraints multipliers on the interior of arcs. In Section 4, we give some technical lemmas needed
to put the system under a “normal form”. This will be used in Section 5, where we give the junction conditions results.
In Section 6, the no-gap second-order optimality conditions is stated. In Section 7, we recall the shooting formulation
and state a characterization of the well-posedness of the shooting algorithm, under the additional assumption that the
junction times of the different components of the state constraint do not coincide.

2. Framework

Let n,m, r, s be positive integers. If r and/or s is equal to zero, then the statements of this paper remain correct if
the corresponding terms are removed. Denote by U/ := L (0, T'; R™) (resp. Y := W1%°(0, T; R")) the control (resp.
state) space. We consider the following optimal control problem:

T

(P) (u,yr)réii}xyf C(u(r), y@))dr + ¢(y(T)) Q.1
0
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subjectto  y(1) = f(u(®), y(t)) foraa.te[0,T]; y(0)=yo, (2.2)
g,-(y(t))<0 forallt €[0,T], i=1,...,r, (2.3)
ci(u@®),y®) <0 foraa.te[0,T], i=r+1,...,r+s. (2.4)

The data of the problem are the distributed cost £ : R” x R” — R, final cost ¢ : R” — R, dynamics f:R"™ x R” — R",
pure state constraint g:R"” — R”, mixed control-state constraint ¢:R” x R" — RS, (fixed) final time T > 0, and
(fixed) initial condition yg € R". We make the following assumptions on the data:

(A0) The mappings £, ¢, f, g and c are (at least) of class C? with locally Lipschitz continuous second-order deriva-
tives, and the dynamics f is Lipschitz continuous.
(A1) The initial condition satisfies g;(yp) <O foralli =1,...,r.

Throughout the paper it is assumed that assumption (A0) holds.

Notations. The space of row vectors is denoted by R"*. We denote by AT the adjoint operator of a linear operator A
or the transpose operator in R”*”. Given a measurable set Z C (0, T'), we denote by L*(Z) the Lebesgue space of
measurable functions such that ||ul|s := (fI lu (o) de)l/s (resp. [lulloo := supess,c7 |u(t)|) for 1 <s < 400 (resp.
s = 400) is finite. Given an open set Z C (0, T), k € N* and 1 < s < +00, the space wks (Z) denotes the Sobolev
space of functions having their weak derivatives until order k in L*(Z). The standard norm of W** is denoted by
Il - llx.s- We say that a function is nonpositive, if it takes values in R_.

The Banach space of vector-valued continuous functions is denoted by C ([0, T']; R") and supplied with the product
norm [|x|loo ==Y _;_; lIXilloo. The space of vector-valued Radon measures, dual space to C([0, T']; R"), is denoted by
M([0, T]; R™) and identified with vector-valued functions of bounded variation (BV) vanishing at 7. The duality
product between C ([0, T']; R") and M([0, T]; R"™) is denoted by (5, x) = Z?:l fOT x; dn;. The cones of nonpositive
continuous functions and nonnegative Radon measures over [0, T'] are denoted respectively by K := C_([0, T]; R")
and M ([0, T]; R"™).

The dual space to L*°(0,T), denoted by (L*°)*(0,T), is the space of finitely additive set functions (see
[14, p. 258]) letting invariant the sets of zero Lebesgue’s measure. The duality product over (L*>°)* and L*° is de-

noted by (X, x), and when A € L', we have (A, x) = fOT A(t)x(¢)dt. The set of vector-valued essentially bounded
functions L°°(0, T'; R®) is supplied with the product topology. The set of essentially bounded functions with value
in R® almost everywhere is denoted by K := L*°(0, T; R"), and the set of elements A in (L*)*(0, T'; R*) such that
(A, x) is nonpositive for all x € L=(0, T'; R*) is denoted by (L)% (0, T; R®).

We denote by By the unit (open) ball of the Banach space X. By clS, intS and dS we denote respectively the
closure, interior and boundary of the set S. The cardinal of a finite set J is denoted by |J|. The restriction of a
function ¢ defined over [0, T] to aset A C [0, T'] is denoted by ¢| 4. The indicator function of a set A is denoted by 14.
Given a Banach space X and A C X* the dual space to X, we denote by AL the space of x € X such that (£, x) =0
for all £ € A. If A is a singleton, then £ := {£}*. The left and right limits of a function of bounded variation ¢ over
[0, T'] are denoted by (p(ri) :=1lim,_, ;+ ¢(¢) and jumps are denoted by [¢(7)] := ¢(t ) — ¢(r 7). Fréchet derivatives
of f, g, etc. w.r.t. arguments u € R", y € R”, etc. are denoted by a subscript, for instance f,(u,y) = D, f(u,y),
8i.y(y) = Dygi(y). An exception to this rule is that given u € U, we denote by y, the (unique) solution in Y of the
state equation (2.2).

Abstract formulation. We denote by J:U — R, G:U — C([0,T];R") and G:U — L*°(0, T; R®) the cost func-
tion J(u) := fOT L(u(t), y,(t))dt + ¢(y,(T)) and the constraints mappings defined by G (u) := g(y,) and G(u) :=
c(u, y,). Recall that the constraints cones are defined by K = C_([0, T]; R") and L = L*°(0, T'; R®). The abstract
formulation of (P) (used in Section 6 and in Appendix A) is the following:

P) miLrll J(u), subjectto G(u)e K, G(u) € K. (2.5)

The choice of the functional space for the pure state constraints (here, the space of continuous functions) is discussed
later in Remark 2.4.

A trajectory (u,y) is an element of U x ) satisfying the state equation (2.2). A feasible trajectory is one that
satisfies the constraints (2.3) and (2.4). We say that a feasible trajectory (u, y) = (u, y,) is a local solution (weak
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minimum) of (P), if it minimizes (2.1) over the set of feasible trajectories (i, y) satisfying ||z — u||co < §, for some
6 >0.

2.1. Constraint qualification condition

Given a measurable (nonpositive) function x, we denote the contact set by
Ax):={t€[0,T]: x(t) =0} (2.6)

and, for n € N*,
Ay(x) = {te[O, T1: x(t)}—%}. 2.7)

Given a feasible trajectory (u, y), define the sets of active state constraints and active mixed constraints at a.a. time
t € [0, T'] respectively by:

18y :={ie{l,....r}: gi(y@®)) =0}, (2.8)

Iy :={iefr+1,....r+sk 1€ Aci(u,y)}, (2.9)
and let

I(t)=18(t) UI(1). (2.10)

An arc of the trajectory (u, y) is a maximal open interval of positive measure T = (11, 12), such that 7 (¢) is constant,
for all ¢ € (71, 10).

For ¢ > 0, n € N* and a.a. t € [0, T'], define the set of nearly active state constraints and nearly active mixed
constraints respectively by:

13(1) ::U{I(o); oce(t—et+e)N[0,T1}, (2.11)

(1) = {i e{r+1,...,r+s}te An(ci(u,y))} (2.12)
and the set of nearly active constraints by

L (1) = IE(H) U LS (D). (2.13)

The contact sets of the constraints are denoted by

Ai=Agi(y) fori=1,....r, (2.14)

A; :=A(c,-(u,y)) fori=r+1,...,r+s, (2.15)
and, for § > 0 and n € N*,

Al :={te(0,T): dist{t, A(gi ()} <8}, i=1,....rn, (2.16)

A? :=An(ci(u,y)), i=r+1,...,r+s. 2.17)
Orders of the state constraints. Leti =1, ...,r. If f and g; are C% mappings, we may define inductively the functions

()

iu

=0 forall j =

1

R™ x R" — R, gl.(j)(u,y) = gfifl)(y)f(u,y) for j=1,...,q;, with g.(o) := gi, if we have g
0.....qi — 1 ie g7 (u,y) =0forall (u,y) € R" x R". Then & ¢;(y(1)) = g (u(r), y(1)). and for all j < g;, we

have that gl.(j ) (u,y)= gl.(j )(y). Let g; be the smallest number of derivations, so that a dependence w.r.t. u appears, i.e.
such that gl.([fj) is not identically zero over R x R” (this intrinsic definition of the order does not depend on a given
trajectory (u, y) € U x Y nor on the time). If g; is finite, we say that g; is the order of the component g;. If g; is finite,
for all i, we define the highest order qmax := maxl?=1 qi, and the orders vector q := (q1, ..., qr) € N is the vector of

orders of the constraint g = (g1, ..., g&-). In all the paper, it is assumed in addition to (A0) that

(AO,) Each component of the state constraint g;, i =1, ..., r, is of finite order ¢;, and f and g are (at least) Cmaxtl
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Remark 2.1. When performing the analysis in the L°°-vicinity of a given trajectory (u, y) € U x Y, it is sufficient, for
the results of this paper, to restrict the variable y € R” in the above definition of the mappings gl.(J ) and of the order qi
to an open neighborhood in R” of {y(¢); t € A;} foreachi =1, ..., r. Likewise, the order of the constraint g; needs
only to be defined in the neighborhood of each connected component of the contact set A; and may differ over two
distinct connected components.

Note that when the state constraint g; is of order g;, relations such as

. - -
g,y =g Vo) + 87V ) fyu, ), (2.18)

are satisfied, for all j =1, ..., g;. This will be useful in some of the proofs.
We assume w.l.o.g. in this paper that u — ¢; ,(u, y) is not identically zero, for all i =r + 1,...,r + s, since

otherwise c;(u, y) is a pure state constraint. We may interpret mixed control-state constraints as state constraint of
order zero, setting

gi:=0 and g%, y):=ci(u,y), foralli=r+1,....r+s. (2.19)
Givenasubset J C {l,...,r +s},say J ={i; <--- < iy}, define the mapping G(Jq) :R" x R" — RV by:
(giy)
g[] : (uv )’)
G, y) = : . forall (u,y) e R" x R". (2.20)
(i)
gik ¢ (I/t, y)
By (2.19), mixed control-state constraints are taken into account in this definition. When J = {1, ..., r + s}, we denote

just (2.20) by GD (u, y).

The controllability lemma. For « € [1, +0o0], let

Ve:=L(0,T;R™),  Zc:=W"(0,T;R"). @221
Given a trajectory (u, y) and v € V., we denote by z, the (unique) solution in Z, of the linearized state equation

z(t) = fu (u(t), y(t))v(t) +fy (u(t), y(t))z(t) a.e.on[0,T], 2z(0)=0. (2.22)
Lemma 2.2. Let (u,y) be a trajectory, and let k € [1,400]. For all v e V, and all i = 1,...,r, we have that
8i,y(y()zy (") € WI-(0, T) and:

d/ ; .

57 (8 00)200) = ) (Y0)2u (). forall j=1.....qi 1. (2.23)

d4i . .

T 8y (0 0)2v®) = % (w®). YO o) + &% (w®). y©) 20 0. (224)

Proof. It suffices to use the linearized state equation (2.22), the relation (2.18), and that gl.(jv_l) fu= gl(ju) = 0 for all
j=1,...,gi — 1 toobtain (2.23)—(2.24) by induction on j. O ’
Consider the following constraint qualification condition:

there exist y, £ > 0 and n € N* such that
yIEl <GP ) L (), y(0) €|, forall € e Rn®l andaa. 1 €0, T1. (2.25)

Lemma 2.3. Let (u, y) be a trajectory satisfying (A1) and (2.25). Then for all k € [1, +o00] and all § € (0, ), where
& is given in (2.25), the linear mapping
r r+s
Ve = [[wes(al) x T] L°(4)).
i=1 i=r+1
( ((Gi,y YNz psd1<igr )
V> i

(2.26)
(i @),y + iy @), Yy 2o (D am)r41<i<r s
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where 7, is the unique solution in Zy of the linearized state equation (2.22), is onto, and hence has a bounded right
inverse by the open mapping theorem.

Recall that ¢|7 denotes the restriction of the function ¢ to the set Z C [0, T'].

Proof. Let ¥ = (Vi) 1<i<rts € [ L1 W9 (A%) x ]_[t’;“jJrl L*(A"). In order to have ¥; = g; ,(y)zy on A? for all

i=1,...,r,itis necessary and sufficient by Lemma 2.2 that, a.e. on Af,

2%, yyv + g%, y)zy =y @.27)

and that, for every point 7 in the left boundary of A? (note that there exist finitely many such points),
g (y(®) (@) =y (1), forall j=0,....q;— 1. (2.28)

The relation (2.27) with g¢; =0, gi(O) =¢; and 1//i(0) :=1; must be satisfied as well a.e. on A} foralli =r+1,...,r+s.
Set M(r) 1= Gy, (u(t), y(1)). By (2.25), the matrix M(t)M(r)" is invertible at a.a. 7, so we may take a.e., if
Lo, (1) # 0 (take v(t) =0 if I, ,(t) = 0):

v =M® (MOMOT) o) -G ) (u@), y©)z®)}, (2.29)

where z, is the solution of (2.22) with v given by (2.29), and the right-hand side ¢ = (¢;);e/, ,(r) is as follows. We

have ¢; (1) = ¥i (1) ifi =r +1,...,r +sand t € A7, and ;(t) = (1) if i = 1,...,r and € A?. On AF \ AP, ¢;
can be chosen equal e.g. to a polynomial function of order 2¢g; — 1, in order to match, in arbitrary small time ¢ — § > 0,
the first g; — 1 time derivatives of g; ,(y)z, with those of ¥;, i.e. so that (2.28) holds for all left endpoints T of Af. O

If the control u is continuous (see Proposition 3.1 and assumption (A2)), (2.25) is always satisfied if the linear
independence condition below holds:

there exists y > 0 such that

yIEI < |G, (u(), y(@) €|, forallg e RV andaa. €0, T], (2.30)
ie. Ggq(i)’u(u(t), y(t)) is uniformly onto, for all # € [0, T']. This assumption (without the mixed control-state con-

straints) was already used in [28].
For J ={ii <--- <k} C{r+1,...,r + s}, letus denote
T
cr(u,y) = (ciy(u, ), ..., cip(u,y)) .
We will also use in Proposition 3.1 the constraint qualification (2.31) below, weaker than (2.25), involving only the
mixed control-state constraints:

there exist n € N* and y > 0 such that
VIEN < | ereqy.u (ul®), y(z))Tg| forall ¢ e Rl and a.a. 1 €10, T). (2.31)

Remark 2.4. There are two possible natural choices for the functional space of the pure state constraints: either the
space of continuous functions Cco .= C([0, T]; R"), or the space W := ]—[f=1 W4i-%°(0, T), where ¢g; denotes the
order of the ith component of the constraint, in which the constraint is “onto” by Lemma 2.3. Considering the state
constraints in C° instead of W7, we have multipliers in M([0, T]; R"™) rather than in the dual space of W%,
Existence of multipliers in M([0, T']; R"™) is ensured under natural hypotheses (see below). Moreover, since the in-
clusion of W%-°° in C? is dense and continuous, by surjectivity of the constraint in W% > we obtain that the multipliers
associated in both formulations are one-to-one, and we inherit nice properties such as uniqueness of the multiplier in

MO0, TT; R™).
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2.2. First-order optimality condition

Define the classical Hamiltonian and Lagrangian functions of (P), H:R"™ x R" x R™ — R and L:U X
M ([0, T]; R™) x (L*)*(0, T; R*) — R by:

H@u,y, p):=4~£u,y)+pfu,y), (2.32)

Lu;n, 1) :=J )+ (0, Gw)+ (, Gw)), (2.33)

for the duality products in the appropriate spaces.
Robinson’s constraint qualification for the abstract problem (2.5) is as follows:

Je >0, eBcxr= C (G, g(u)) + (DG (u), Dg(u))u — K x K. (2.34)
It is easy to see that under the assumptions of Lemma 2.3, (2.34) holds. Some elements of proof of the next theorem

are recalled in Appendix A.2. The existence and uniqueness of the multipliers are a consequence of Lemma 2.3.

Theorem 2.5. Let (u,y) € U x Y be a local solution of (P), satisfying (A1), (2.34) and (2.31). Then there exist
p €BV(0,T]; R™), n e M([0, T]; R™) and » € L*°(0, T; R*) such that

y(0) = f(u(®),y®) foraa.tel0,T]; y(©0)=yo, (2.35)
T T
P(t)=/{Hy(u(0),y(0),l7(0))+)»(U)Cy(u(0),y(0))}da+/d77 (@)gy(y(0)) + &, (y(T)), (2.36)
t
0=H, (u(t), y(1), p(t)) + A(t)cy (u(t), y(t)) foraa.t€[0,T], 2.37)
T
> gi(y(®), dn;i >0, fgi(y(t)) dni(t)=0, i=1,...,r (2.38)
0
T
ci(u(t), y(t)), ri(t) =0 ae., / u(t) y(t) A (t)dt=0, i=r+1,...,r+s. (2.39)
0

We say that (u, y) is a stationary point of (P), if there exist p € BV([0, T]; R™), n € M([0, T]; R™*) and
A € L*(0, T; RS*) such that (2.35)—(2.39) hold.

When the Hamiltonian and the mixed control-state constraints are convex w.r.t. the control variable (and in partic-
ular when assumption (2.43) below holds), then (2.37) and (2.39) are equivalent to

u(t) e argmin H(w, y(1), p(t)) fora.a.t €0, T]. (2.40)
weR™  c(w,y(t))<0

Here A(¢) is the multiplier associated with the constraint (in R™) c(w, y(¢)) < 0. We thus recover in this particular
case Pontryagin’s Minimum Principle, see [13,10,29].

Assumptions. Let the augmented Hamiltonian of order zero H? :R™ x R" x R™ x R** — R be defined by
H(u,y, p, ) :=H(u,y, p)+rcu,y). (2.41)

Given (u, y) a stationary point of (P), we will make the assumptions below:

(A2) The control u is continuous on [0, T], and (strengthened Legendre—Clebsch condition)

there exists o > 0 such that for all ¢ € [0, T'],
alv|* < HY, (u(®), y(©), p(), A(1))(v,v) forall v e R™. (2.42)

(A3) The data of the problem are (at least) C 2qmax  and the linear independence condition (2.30) is satisfied.
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Remark 2.6. The only condition (2.42) is not enough to ensure the continuity of the control, as shows the following
example:

2

min /{u(t)4—2u(t)2+(y(t)—l)u(t)}dt, y() =1, y(0) =0,

ueL>®(0,T)
0
where the minimizer u jumps from the minimum close to 1 for t = y(t) < 1 to the minimum close to —1 for
t = y(t) > 1, although (2.42) holds.
We will see in Proposition 3.1 that if (u, y) is a stationary point such that the Hamiltonian H (-, y(t), p(¢)) is
uniformly strongly convex and the mixed control-state constraints are convex w.r.t. the control along the trajectory,
which is equivalent to the condition below (stronger than (2.42))

there exists @ > 0 such that for all ¢t € [0, T'] and all (i, )A\) e R™ x Rf,
alvl* < HY, (4, y(0), p(1),A) (v, v) forall v e R™, (2.43)
and if (2.31) holds, then u is continuous on [0, T]. Therefore (2.43) and (2.31) imply that (A2) holds.

Remark 2.7. In some of the results of Sections 3 and 5, assumption (2.42) in (A2) can be weakened by assuming the
uniform positivity of ng only on a subspace of R” depending on the active constraints, namely

there exists o > 0 such that for a.a. t € [0, T],
alvl* < HY, (u(), y(0), p), A(1)) (v, v) forall v e R™ satisfying

g% (u(®), y(1))v=0 foralli=1,...,r +s such that 7 € int A;. (2.44)

3. First regularity results

In the scalar case (when both the state constraint g(y) and the control are scalar-valued, i.e. m =r = 1), and when
there is no constraint on the control, the regularity of the control on the interior of arcs follows from the implicit
function theorem, applied by (A2) to the relation H, (u(t), y(¢), p(t)) = 0 on the interior of unconstrained arcs (when
g(y(1)) < 0), and by (A3) to g (u(r), y(r)) = 0 on the interior of boundary arcs (when g(y(¢)) = 0). Knowing
that # (and y) are smooth on boundary arcs, we can then differentiate w.r.t. ¢ (in the measure sense) the relation
H,(u(t), y(t), p(t)) on boundary arcs, as many times as necessary, until we express, using (A3), the measure dn as
no(¢) dt, with no(z) a smooth function of (u(¢), y(t), p(¢)). Therefore we obtain that the state constraint multiplier n
is continuously differentiable on the interior of boundary arcs.

Maurer in [28] extended this approach to the particular case when r = m (and s = 0) (as many control as active
state constraints), but this proof has no direct extension to the case 1 <r < m.

In Section 3.1, we show that assumptions (2.43) and (2.31) imply the continuity of the control over [0, T'] (Propo-
sition 3.1), and therefore also (A2) (no constraint regularity for the state constraint is needed). Moreover, (A2)—(A3)
imply that the multipliers associated with mixed control-state constraints and with state constraints of first-order are
continuous. In Section 3.2 we show higher regularity of the control and of the constraints multipliers on the interior
of the arcs of the trajectory (Proposition 3.6). Our proof is based on the use of alternative multipliers (Definition 3.3).

3.1. Continuity of the control

Proposition 3.1. Let (u, y) be a stationary point of (P).

(1) Assume that (2.43) and (2.31) hold. Then the control u is continuous on [0, T].
(i) Assume that (A2) and (2.30) hold. Then the multiplier A associated with the mixed control-state constraints and

the multipliers n; associated with components g; of the state constraint of first order (g; = 1) are continuous
on [0, T].
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In the absence of constraints of order greater than one, point (ii) is well known, see e.g. [15,16].

Proof of Proposition 3.1. Assumption (2.43) implies that for each ¢ € [0, T], the problem (2.40) has a strongly con-
vex cost function and convex constraints, therefore the control u(¢) is the unique solution of (2.40). In view of (2.31),
A(?) is the unique associated multiplier. By (2.31) and (2.43), classical results on stability analysis in nonlinear pro-
gramming (e.g. an easy application of Robinson’s strong regularity theory [36], see also [19]) show that there exists
a Lipschitz continuous function 7" : R" x R™ — R™ x R** such that (u«(¢), A(t)) = T (y(¢), p(t)), fora.a. t € [0, T].
Since the composition of a Lipschitz continuous function with a function of bounded variation is a function of bounded
variation, it follows that # and A are of bounded variation, and hence have a right and a left limit everywhere.

Fix t € [0, T]. We sometimes omit the time argument ¢. Denote respectively by #™ and u ™~ the right and left limits
of u attime ¢. Set [u] :==u™ —u~ and for o € [0, 1], u’ :=ou™ + (1 — o)u~. We use similar notations for A and p.
By the costate equation (2.36), p has at most countably many jumps, of type

[Pl=p"—p == vigi,(y(®), withvi:=[m ()] >0. 3.1)

Recall that H denotes the augmented Hamiltonian of order zero (2.41). It follows from (2.37) that
0= H,?(u"', v, p+, A+) — H,?(u_, y,p, A_)
1
=/{Hfu(u",y,p",k”)[u]+[p]fu(u",y)+[)\]cu(u",y)}d0-
0

Using (3.1) and observing that, by definition of the order of the state constraint, g; y f; = g,( u) equals zero if g; > 1,

we obtaln that

1
/ @y, p% A7 [u]do—/ 7 vigh)(u” )da—/[/\]cu(u",y) do. (3.2)

o igi=l1

Noticing that HW W, y,p°,A°)=0H (u ., pH AN+ (1 —0)H), O w®,y, p~,2")and taking the scalar product
of both sides of (3.2) by [u], we get usmg hypothesis (2.43) that

ol < Y wilg . y)] - e, y)]. (3.3)

i qi—l

If v; > 0, then g; (y(¢)) =0, and hence [g( )(u y)1 < 0 since 7 is a local maximum of g; (y). By (2.39), A* () belongs
to the normal cone to R at point c(u®@), y(0)). By monotonicity of the normal cone, we obtain that [A][c(u, y)] > 0.
Therefore, the right-hand side in (3.3) is nonpositive, implying that [u] = 0, i.e. u is continuous at ¢. This shows (i).

Since [1] = 0, the right-hand side of (3.2) equals zero. By (2.30), the vectors (gi(’lu) (u,y)) fori e I8(t)N{i: g =1}
and ¢; ,(u, y) for i € I°(¢) are jointly linearly independent. It follows that [A] = 0 and v; = 0, for all i corresponding
to first-order state-constraint components. This achieves the proof of (ii)). O

Remark 3.2. For point (ii) in Proposition 3.1, it is sufficient to have the linear independence condition (2.30) for
mixed control-state constraints and first-order components of the state constraint only.

3.2. Higher regularity on interior of arcs

We recall that an arc of the trajectory (u, y) is a maximal open interval of positive measure with a constant set
of active constraints (2.10), and that mixed control-state constraints are considered as state constraint of order zero
by (2.19).

Definition 3.3. Let (1, y) be a stationary point of (P), and (z1, 72) an arc of the trajectory, with constant set of active
constraints I(t)'z JCA{l,...,r+s},forall t € (t1, 12). The alternative multipliers on (11, 12) are as follows. Define
the functions nij fori=1,...,r+sand j=1,...,q;ifi <r, j=0if i >r, by
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HOES —/dm(a) =Cst—mi(0), iel i<,

j i—1 . . .
n{(t)::—/nij (o)do, j=2,...,qi,i€J,i<r,

0 (1):=0, j=1,....q,i€{l,....r}\J,

n(6) :=xi(t), i€d, i>r (3.4)
We denote here by Cs¢ an arbitrary integration constant. The alternative multipliers (p?, n?) are defined by n? :=
(', ... on¥5) and
roo4i
' j—1
Pl =p@) =YY i gV (v®). (3.5)

i=1 j=I

The alternative Hamiltonian of order ¢ H1 :R™ x R" x R™ x RU"*+9* 5 R is defined by:

r+s
H(u,y, p?. %) i= H(u,y, p?) + 171G (u, y) = H(w.y. p?) + Y _ 0 g% (u. ). (3.6)

with H the classical Hamiltonian (2.32).

Lemma 3.4. Let (u, y) be a stationary point of (P), with multipliers (p, n, A). Then on the interior of each arc (11, 72)

of the trajectory, with a constant set of active constraints I (t) = J C {1,...,r + s} on (11, ©2), the following holds,
with the alternative multipliers of Definition 3.3, for all t € (11, 12): pg4 is absolutely continuous on (t1, 12) and
—p7 () = Hy (u(1), y(@), p?(1), 1% (1)), (3.7)
Hi(-, y@®), p?(t),n? (1)) = HO(-, y(0), p(0), (1)), (3-8)
andforalli=1,...,r +s:
& (un), y(1)) =0, iel, (3.9)
’7i (1) =0, l¢f~ (3.10)

Remark 3.5. An obvious consequence of (3.8) is that # minimizes HO(, y(t), p(t), L(¢)) iff it minimizes HI (-, y(t),
p(t),n?(t)), and in particular, by (2.37), a stationary point satisfies

0= H (u(®), y(®), p? (1), n? (1)). (3.11)

Proof. For the sake of completeness of the paper, let us recall the proof, due to Maurer in [28] when there are no mixed
control-state constraints. Relation (3.9) follows from differentiation w.r.t. ¢t € (11, 72) of the relation g; (y (t)) =0, for

i €J,i <r and (3.10) follows from definition (3.4). By definition of the constraint order g;, the function g (u y)
does not depend onu,forall j=1,...,q; —1landi =1,...,r, and hence, for all z € R™, we have:

H.y. p.2) = H(a, y. p". 2) + (p = p) f (@ y)
ro g . )
=H(i,y. p?. )+ Y nlg . y)
i=1 j=1
=H(i,y, p?.n?) + F(1),
where

rogi—l

Fiy=Y Y /g (y®)

i=1 j=1
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does not depend on #. For all i = 1,...,r, if i € J, then g/ (y(1)) =0, and if i ¢ J, then n/ (1) = 0 by (3.4).
Consequently, F () = 0, which proves (3.8). '
We show now (3.7). Using (3.5) and that 1'7{ = —17;.’_1, for j=2,...,qi,i <r,we have:

r qi qi
_— L i
—dpt=—dp+Y 1> 0l Vo) fuyyde =Y 0l eV (v de — dmigi () ¢ (3.12)
i=1 Uj=1 j=2
Since
r r+s
—dp=Hy(u,y,pq)dt+(p—Pq)fy(u,y)dt+2dmgi,y(y)+ Z Aiciy(u, y)dt,
i=1 i=r+1

substituting p — p? into (3.12) using (3.5), we obtain:

r+s
0
—dp® = Hy(u, y, p?)de+ Y nlg{)u, y)dt
i=r+l1

r qi qi
i (-1 i—1 -1 (j—1
IS @V oy + gl P fany) =Yl T eV .
i=1 | j=1 j=2

Using (2.18), it follows that

r+s
—dp® = Hy(u. y. p?)de+ Y 0 g% (u, y)dr,

i=1

which shows (3.7) and achieves the proof. O

Proposition 3.6. Assume that the data are (at least) C*m_ Let (u, y) be a stationary point of (P), with multipliers
(p,n, M), and let (11, 12) C [0, T] be such that 1(t) is constant on (11, T2), u is continuous on (11, 12), and (2.44)
and (2.30) are satisfied on (11, ©2). Then on (11, 12), u is CIm y js CImat1 p s C1 A is CImx and the state
constraint multiplier n; is Cqmax*q"“,for alli=1,...,r.

Proof. Denote by J C {1, ..., r 4+ s} the constant set of active constraints I (¢) for ¢ € (1, t2). The Jacobian w.r.t. u
and (n7");es of Egs. (3.11) and (3.9), the latter being rewritten as G(Jq)(u(t), y(1)) =0, is given by

(Huu(u,y,pqwz,-e, nf g (u, y) G&‘{Z,(u,yF) a1
G' (u, y) 0
By (3.8),
Hu(w,y, p?) + > i gl u,y) = Hif (u,y, p?. %) = HO, (. v, p. 3)

ieJ

is positive definite on Ker G(]‘{fl (u, y) by (2.44), and by (2.30), G(Jq’,)l (u, y) is onto. Since by assumption u is continuous,
by (2.30) and (3.11), we deduce that (n[q" )iey is also continuous. Thus we can apply the implicit function theorem
to express u and (17?")iE 7 as C9m implicit functions of (y, p9). Since (y, p?) is solution of a Cmax—1 differential
equation system (2.2) and (3.7), we deduce that (y, p?, u, n;’i), i € J,are C9 on (11, 72). By (3.10), the components
nl.qi for i ¢ J being equal to zero on (71, T2) are also trivially C9™x on (11, 7). Finally, recall that the classical

multipliers ; and p are related to the alternative ones by (3.4), i.e. n;(t) = (—1)% 52:1 n? (t), and (3.5). It follows

that each component 7; is Camax—ait1 for j < r, Ai= n? is Cdmax foralli=r+1,...,r +s,and p is cl, locally
on (71, 72). O
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4. Local exact linearization of the ‘“‘constraint dynamics”

We first give in Section 4.1 a result of “local invariance” of stationary points by a local change of coordinates and
nonlinear feedback (Lemma 4.2). We use this result in Section 4.3 to show that, assuming (A3) and the continuity
of u, we can locally “linearize the constraints dynamics” (Lemma 4.6), and we will use this “normal form” of the
system in the proof of the junctions conditions results in Proposition 5.3. For that, a technical lemma (Lemma 4.4)
given in Section 4.2 is needed, which will also be used in the proofs of Proposition 7.2 and Theorem 7.6.

4.1. Local invariance of stationary points by change of coordinates

Definition 4.1. Let (u, y) be a trajectory, and 7y € (0, T'). A couple of mappings (¢, V) is a C¥ local change of state
variables and nonlinear feedback at time t, k > 1, if there exist § > 0 and an open neighborhood V,, x V, in R" x R"
of {(u(t),y(®); t € (to — 8,19+ 8)}, such that ¢:Vy — ¢ (V) =V, ¥:V, x V), — ¥ (V,, x Vy) =V, and there
exist¢:V, — Vyand ¥ : V, x V, — V,, such that for all (u, y,v,z) € V;, x Vy x V,, x V;, we have

1=¢(y) & y=6¢@; v=vuy & u=y2)

and the inverse mappings ¢ and v are C¥ over V, and V, x V., respectively.

Lemma 4.2 (Invariance of stationarity equations). Let (u, y) be a trajectory, and ty € (0, T). Let (¢, V) be a local
change of state variable and nonlinear feedback at time ty, with § > 0 as in Definition 4.1. Then (u, y) satisfies with
multipliers (p, n, A) the stationarity equations (2.35)—(2.36) and (2.37)—(2.39) locally on (ty — 8, ty + 6), iff (v, z, )
defined on (ty — 8, ty + 8) by

(1) = p(y®)); v(0) =y (u@), y0); m(t):=pO)g; " (y(1)) (4.1)
satisfies on (tg — 8,1ty + 6):
20 = fv®).20)). (4.2)
—dr (1) = H,(v(t), z(t), T (1)) dt + dn()g. (2()) + A(0)é, (v(1), 2(0)) dt, 4.3)
0= Hy(v(0), 2(), (1)) + A()éu(v(D), 2(1))  ae. (4.4)
to+95
8(z()) <0; dnp >0; / dn(1)g(z(1)) = 0; (4.5)
to—§
to+48
é(v@), 2(0)) <0; A1) 20ace.; / Mo)E(v(t), z(1)) dt = 0; (4.6)
to—§8

with the new dynamics, integral cost function, Hamiltonian, and state and mixed constraints given by

f.2):= (@) f (¥ (v, 2), $(2)), 4.7)
0, 2) = L(V(v,2), $(2)). (4.8)
H(,z,m) =0, 2) + 7 f(v,2), 4.9)
£ :=g(p(), (4.10)
e, 2) :=c(¥(v.2),9(2)). (4.11)
In addition, the augmented Hamiltonian of order O and the time derivatives of the state constraint (all components
supposed to be of finite order q;, i =1, ...,r), are invariant, i.e., on V; X Vy:
A'v.z,m ) =H@,2,m) + 1, 2) = H (¥ (v,2), $(2), 7y (6(2)), 1); (4.12)
890 =P ($(), forall j=1,....q—1,i=1,...r; (4.13)

89,2 =g " (P (v,2),$(), i=1,...,r (4.14)
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Proof. Assume that (u, y, p, n, A) satisfies (2.35)—(2.36) and (2.37)—(2.39) for ¢t € (to — 6, to +§), and let us show that
(v, z,, n, \) satisfies (4.2)—(4.6) on (ty — &, to + §). The converse is proved similarly by symmetry. By (4.1), (4.7)
and (4.10)—(4.11), it is obvious that (4.2), (4.5) and (4.6) follow from (2.35) and (2.38)—(2.39). Moreover, we have

A)(v,2.7,2) = Dy{t(V (v, 2), $(2)) + 7y ($(2)) f (¥ (v, 2), $(2)) + A (V¥ (v, 2), $(2)) }
= H) (¥ (v.2).$(2). p. M) o (v, 2).

Since 1, is invertible, this gives (4.4). It remains to check the costate equation. We have

(v, z,m.0) = H)(¥(v,2). $(2). p. M)V (v, 2) + H) (¥ (v, 2). $(2). p. 1) $:(2)

+ 7y ($(2)) (6:(2). [ (¥ (v,2). 9(2))). (4.15)

By definition of & in (4.1), we have

dp(t) =d{m )¢y (d(z(1)))}

=dr (), (#(2())) + TPy, (#(2)) f (¥ (v, 2). $(2)) dt.

Since ¢y (¢(2))$:(2) = 14, using (2.36), (4.15) and (2.37) on (ty — 8, to + 8), we obtain

—dr (1) = —dp(): () + T () pyy (6(2)) (f (¥ (v, 2), $(2)), P:(2)) dt

=H)(v. 2.7, 2) dt +dgy ($(2))$:(2) = HD (v, 2z, 7. 1) dt + dng. (2).

which gives (4.3). From (4.7) and (4.10), by induction for j =1, ..., g;, we obtain

8 w0=8""@f w2

=517 (6(2): (9, (6(2)) £ (¥ (v,2), $(2)

= (B@) F (0.2, 8() = g (F(v.2). B(2)).
which shows (4.13)—(4.14) and achieves the proof. O

Remark 4.3. With the notations and assumptions of Lemma 4.2, we have
B, 2,7, 2) = H,(u, y, p, D) (Yo (v, 2), Y0 (v, 2)) + HY (w3, p, ) (v, 2) (4.16)

and, for J C {1,...,r + s}, defining G(Jq)(v,z) = (§i(qi)(v,z))i61, with still g; := 0 and §l.(0) =¢ fori=r+
1,...,r +s, we obtain by (4.14) and (4.11):

G (v(0). 2(0) = G (u(), y0)) T (v(0). 2(1)).

Since H,? (#,y, p,A) =0 at a stationary point, and 1/_fv (v, z) is invertible over V,, x V., we obtain that if (u, y) is a
stationary point, then assumptions (2.42) (or (2.44)) and (2.30) are locally invariant by local change of coordinate and
nonlinear feedback (but of course, with possibly different positive constants « and ).

4.2. The linear independence lemma

Given J C{l,...,r}, wedenote by |g;|:=>";.; ¢i and |g| := Y _;_, ¢;. Define the mapping I'; :R" — R4/ that
with y associates the “J” state constraints and their time derivatives depending on y only, by:

gil(y)
(@i, ~D
RGO
I'y(y):= , S =i, i) < < “4.17)
8i, (y)

(gis—1)

Is

)
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Lemma 4.4. Let y € R" and J C {1, ...,r}. Assume that there exists w € R™ such that G(J‘{;(ﬁ), y) has full rank |J|.
Then the matrix I'y () has full rank, equals to |q|.

The above result is well known in the case when the dynamics and the constraints are linear, but since we were
not able to find a reference for it in the general nonlinear case, we give a proof below, which uses the relations (4.19)
established in [28].

Proof. For 7 € (0, T) and small § > 0, consider the solution y of the state equation y(t) = f(u(t), y(t)) over
(t — 68,7+ 8), with y(r) =y and u:(t — 8,7 +8) — R™ is here any C9m= function such that u(r) = w. For
k=1,...,¢max — 1, define the mappings Ay :(t — 5, t +§) = R"*" by:

Ao(?) == fulu(t), y(1)), . (4.18)

Ap(t) = fu@), yE)) A1) — A1 (1), 1<k <Gmax — 1. '
The proof of the lemma is based on the following relations, due to [28]. Forallt € (t — 48,7 +d)andi =1,...,r, we
have:

gl (V)AL =0 fork,j>0, k+j<qi—2, 4.19)

g7 () Ag—j1() =g (). y(1) for0<j<gi—1.

For the sake of completeness of the paper, let us recall how to prove (4.19). We first show that forall j =0, ...,¢q; — 1,
the following assertion

g2l (Y1) A1) =0 Vre(t—51+5) (4.20)
implies that
- .
gy; (@), y(0) Ar(t) = gl{f}? (y())Axr1(t) Vie(r—8,749). (4.21)
Indeed, by derivation of (4.20) w.r.t. time, we get using (2.18)
0=g)) (1) f. A+ g7 (9) A
= g7 ) f . ) Ax+ g7 (fy (. y) Ak — Ayr)
=gV ) Ak — g7 () Ak,

This gives (4.21). We also have that gi(i)(u, y) = gl.(j_l)(y)fu(u, y) = g,-(g,_l)(y)Ao for j=1,...,q;. Since g,(]”) =0

sy
for j < gi — 1, it follows that g”)Ag = 0 for j =0,....q; — 2. By (4.21), we deduce that g’)A; = 0 for

j=0,...,¢ — 3. By induction, this proves the first equation in (4.19). Since g;qy"fz)AO =0= gl.(qy"fs)A] =...=

gi.yAgi—2, by (4.21) we obtain g;ﬂ) = gl.(f’;_l)Ao = g;?;_z)Al = ... =g yAg_1, which proves the second equation
in (4.19).
Assume w.l.o.g. that J ={1,...,r'}, with ¥’ <r, and that g; > g» > --- > q,» > 1. Consider the matrix
K(@t):=(Ag-1(1) ... A1) Ao(t))eR™", (4.22)
and form the product matrix
P(t):= Iy (y(®))K (1) € RIg7Ixmar, (4.23)

Let g; := Zle qi,and fori =1,...,r’, denote by P;(¢) € R%>*™41 the submatrix formed by the rows g;—; + 1 to §;
of P(t). By (4.19), we have

gD,y ... 0
Pi(t) = * E @) ; . (4.24)
e * s g (), (1)

m(q1—qi)
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Let us show that P(z) has full rank |g,|. For that consider a linear combination of the rows £; of P(1),
Z‘jqzjll Bjt; = 0. By (4.24), only the rows of P(t) for j =¢;, i =1,...,r/, have a contribution to the last m

components of leqzj ll Bjt;. It is easily seen that these last m components are a linear combination of the rows of

G(Jq; (u(t), y(1)), with coefficients B;,. Since u(r) = w and G&‘{i(ﬁ}, y(7)) has full rank by hypothesis, it follows

that Bz, =0 foralli=1,..., r’. Repeating the same argument, we obtain that Bj=0forall j=1,...,]q/],1ie. the
product matrix P(t) has rank |g,|. Therefore, the matrix I'y y(y(7)) has rank |g;|. O

Corollary 4.5. Let a trajectory (u, y) satisfy (2.30). Then the matrix I'js(r),y(y(t)) has full rank, equals to |qs )|, for
all t € [0, T] (and consequently, Y ;e qi < 1).

4.3. Locally normal form of the state equation

Lemma 4.6. Let (u, y) be a trajectory and ty € (0, T) such that u is continuous at ty. Assume that f, g are (at least)
C2amax | that (2.30) holds at t = ty, and w.l.o.g. that 1(t9) ={1,...,r'YU{r+1,...,r +s'} =: J. Then there exists
a CImx Jocal change of variable and nonlinear feedback (¢, V), defined over a neighborhood of (u(ty), y(to)), such
that, with the notations of Lemma 4.2, the new dynamics f writes on (to — 8, to + 8), with §; ==Y ;_, qi (and go = 0):

Zé[_l-ﬁ—l(t) = Zqi_]+2(t)7

L i=1,...,7, (4.25)
2g—1(0) = 74, (1),
2, (1) = v; (1),
an() = fu(v(0), 2(),
where zy and fN denote components |qj| +1,...,n of z and f, and the state and mixed constraints g and ¢ are
given by:
gi(z))=z5_ ,+1(0 <0, i=1,...r, (4.26)
G(v(0),z(0)) = v () <0, i=r+1,...,r+s. 4.27)

Under this change of coordinates, the active state constraints g; and their time derivatives until order ¢; are linear,
and the active mixed control-state constraints ¢; are linear as well, and depend only on the control.

Proof. By Corollary 4.5, the Jacobian I'y y(y(fy)) has full-rank, equal to |g;|, and since y is continuous at fy, there
exist § > 0 and a diffeomorphism ¢ defined over an open neighborhood Vy in R" of {y(¢); t € (1o — 8, tp + 6)}, such
that ¢ (y) = Iy (¥) |k, forallk=1,...,1qyl.

By (2.30), there exists then an open neighborhood V,, of u(fp) in R, such that all u € V, can be partitioned

inu=(ug,uy) e R+ x R and G(J(fic (u(to), y(t9)) is invertible (note that |J| = r’ + s’). Consequently,

reducing V,, and V, if necessary, the mapping

g§‘71)(u’ y)

(u,y)
Ve ) iu | e (u,y) (4.28)

@)
8

Cr4s' (u,y)
Uun

has an invertible Jacobian v, (u, y), for all (u, y) € V,, x V). Since by assumption, u is continuous at fy, reducing & if
necessary, V, is a neighborhood of {u(z); t € (to — 8, 10 + 8)}.
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Therefore, (¢, ¥) is a CImx ]Jocal change of state variables and nonlinear feedback, so Lemma 4.2 applies, and
formulae (4.7) and (4.10)—(4.11) give the expressions (4.25) and (4.26)—-(4.27). O

5. Junctions conditions analysis

In Proposition 3.6, it was shown that when assumptions (A2) and (A3) hold, the control and multipliers are smooth
on the interior of the arcs of the trajectory. In this section we study the regularity of the control and multipliers at the
junction between two arcs. The main result of this section is Proposition 5.3 which generalizes the result obtained by
Jacobson, Lele and Speyer [18] in the particular case of a scalar control and scalar state constraint.

5.1. Junction points

The set of junction points (or junction times) of constrainti =1, ...,r + s, is defined as the endpoints in (0, T") of
the contact set A; and is denoted by 77 := 3 A;.

A boundary (resp. interior) arc of component g; is a maximal open interval of positive measure Z; C [0, T'], such
that g;(y(t)) = 0 (resp. gi(y(¢)) <0) for all t € Z;. If (ren, ex) is a boundary arc of g;, then t{, and t}, are called
respectively entry and exit point (or time) of the constraint g;. A touch point 7/ in (0, T') is an 1solated contact point
for constraint g; (endpoint of two interior arcs). Similar definitions of boundary and interior arcs, entry, exit and touch
points for the mixed control-state constraints ¢;, i =7 + 1,...,r + s, hold. Thus entry, exit and touch points are by

definition junction points.
Definition 5.1. We say that a junction point 7t is regular, if it is endpoint of two arcs.

By the above definition, a cluster point of junction times is not a regular junction time. The (disjoint and possibly
empty) sets of regular entry, exit and touch points of constraint g; and ¢; will be respectively denoted by 7;’11, 7;’)(,

and 7). Thus 7% > 7} U T U T} with equallty foralli =1,...,r +s, iff all the junction points are regular (equiv-

alently, iff 77 is ﬁmte for all i=1,...,r+s). The set of all Junctions times of the trajectory (u, y) will be denoted
by 7, with
r+s
T = U T (5.1)
Definition 5.2. A touch point rt"o € ’Z;g of the state constraint g;, fori =1, ..., r, is said to be essential, if it belongs

to the support of the multiplier »;, that is if [#; (rt‘;))] > 0.

In other words, a touch point is essential, if strict complementarity locally holds at that touch point. Otherwise, it
is said nonessential. The set of essential (resp. nonessential) touch points for constraint i will be denoted by 7,5 ***
(resp. T.>™"). For mixed control-state constraints, since A € L, we will say by extension that touch points of mixed
control-state constraints are always nonessential. The regularity of u, n, A given in Proposition 3.6 is not affected by
the presence of nonessential touch points.

Recall now the alternative multipliers in Section 3.2. Let t be a regular junction time, i.e. T is the right and left
endpoint of two arcs, (t1, 7) and (7, 12), with constant set of active constraints J; and J>, respectively. Note that
J1 U J2 C I(7), the inclusion being strict iff 7 is a touch point for at least one of the constraint. The multipliers r;l.] for
j=1,...,qiandi =1,...,r, being defined in (3.4) up to a polynomial function of order j — 1 on each arc (71, 7)
and (7, 72), their jump at 7 are well-defined. According to (3.5) and (2.36), it holds, with ué =[n;(r)] = 0:

@] =[p®]- > Z ! (0]g 7" (D)

iel(r) j=1
qi

=— { v+ [} ])giy (y@) + [0 (0]e ”(y<r>)}. (5.2)

iel(r) j=2
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q entry/exit points | ess. touch points
0
1 0
2
3
2
4
5
4
6

Fig. 1. Order of continuity of the control at a regular junction point, in function of the order of the constraint ¢ and the nature of the junction point
(in the scalar case).

5.2. Junction conditions

We say that a function u € L*°(0, T; R™) is continuous until order k > 0 at point t € (0, T), if u and its time
derivatives u, ..., u® are continuous at T. We say that u is discontinuous at order k' > 1 at point t, if u is continuous
until order kX’ — 1 and if the time derivative u*" of order ' is discontinuous at 7. This integer K’ will be called the
order of discontinuity of the control. If u is not continuous at t (resp. if u is C* at t), we say that u has order of
discontinuity O (resp. 0o).

The next theorem is an extension of the junction conditions results of Jacobson, Lele and Speyer [18] to the
case of a vector-valued state constraint and control. Let us recall their result. Given an optimal control problem
with a scalar control u(t) € R and a scalar state constraint g(y(¢)) < 0, if (u, y) is a stationary point satisfying
assumptions (A2)—(A3), then the time derivatives of u are continuous at a regular junction point until an order that
depends on the order g of the (scalar) state constraint, and on the nature of the junction point (regular entry/exit points
versus essential touch points). More precisely, for constraints of first order, u is continuous at entry/exit points, and
essential touch points cannot occur (see Proposition 3.1(ii)). For constraints of even order g > 2, u is continuous until
order g — 2 at regular entry/exit points and essential touch points. For constraints of odd order g > 3, u is continuous
until order g — 1 at regular entry/exit points and until order g — 2 at essential touch points. The result is illustrated in
Fig. 1. The junction condition results for mixed control-constraints (g = 0) were added.

When studying the second-order necessary condition (see Section 6), we have to compute the expression (6.11)
at junction points t. To this end, we use Taylor expansions of the nominator and denominator in the neighborhood
of 7, and for this we need to know the order of discontinuity of the function g;(y(¢)) at regular entry/exit points.
Since C(litiqi,- gily() = gl.(qi )(u (#), y(t)), we see that the order of discontinuity of g; (y(¢)) is at least g; plus the order of
discontinuity of the control.

Proposition 5.3. Assume that the data are (at least) C?Imx_ Let (u, y) be a stationary point of (P), and let T € (0, T)
be a regular junction point. Assume that u is continuous at T and that (2.44) and (2.30) are satisfied at t = t. Let

gr i=minfg;; € THUTLUTL, i e 1(n)). (5.3)
(1) If g = 3, then the control is continuous at t until order g, — 2.
(i1) Ifin addition, the following holds:
v is odd, and for all i such that q; = q, and t € T' \’Z;f;nes,
T is an entry or exit point, i.e. T € T} UT], 5.4

then the control is continuous at T until order g, — 1.

The alternative multipliers n?i foralli=1,...,r +s suchthat T € int A; are continuous at T until the same order
as the control. In particular,
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i) Ifg. >3, ’r = [r], (1:)] 0 foralli € I(t) such that q¢; < g, (5.5)
(i) If (5.4) holds, ; = [m(r)] =0 foralli e I(t) suchthat q; < q-. (5.6)

Remark 5.4. If g, = 1, then (5.4) always holds since components of first order of the state constraint have no essential
touch points by Proposition 3.1(ii). It follows then from Proposition 3.1 that point (i") (resp. (ii’)) of Proposition 5.3
holds true when g, = 2 (resp. g = 1).

Proof. Let t € 7 be such that g; > 2. Assume w.l.0.g. that
I ={,....r/'}U{r+1,....r+st=J, 1<q < --<gqy. (5.7)

We will use the local invariance of stationary points of Lemma 4.2 for the particular choice of (¢, ¥) given in

Lemma 4.6, and write the optimality conditions in these variables (v, z). Since u(t) = Y (u(t), z(1)), ¥ is Clmax,
and ¥, (v(2), z(2)) is inyertible in the neighborhood of 7, the continuity of u, ..., u for J < gmax 18 equivalent to the
continuity of v, ..., v, Assume w.l.0.g. that § > 0 is so small that 7 N (t — 3, T + &) = {r}. Define

T :=Card{iel(r)' 1<g; gk}, 0<k<¢gmax> ro:=0.
Then r,,,, =r’, and the useful relation below holds, for all 1 <i <r"and 1 <k < gmax:
re—1 <i<rp iff g =k. (5.8)

Denote the nonlinear part of the Hamiltonian by:

n

Lw,z,on)={w, 9+ Y mfiw,2)=L00,2)+ayfn®,2),
k=lgs|+1

where, similarly to yy and fN, we denote by 7y the last n — |g;| components of 7, and still denote g; := Zle qi
fori =0,...,r". Then (v, z) is solution on (t — &, T + &) of the state equation (4.25), and, since

é‘(]q)(v7 Z) = (vla e U Upi ]y e ey vr/+s’)Ta
the alternative costate and control equations (recall Lemma 3.4 and Remark 3.5) satisfied on (r — 4, 7) U (7,7 + 6)

are respectively given by:

—d L®=Le Loy (00, 2(0), T (),

—id  L0=L, 1+2(v<r> d0). 7))+l @),

=1,....r, (5.9)

—frqf{. (0) =1L, @), 20), 7 @) + 7L _ (@),
—7f(t) = Loy (v(@®), 2(0), T (1)) (5.10)
0= Ly (v, 20). 7 O) + 7L @ +0f ), i=1,.0, (5.11)
0= Lv, (v(t) z(1), n;f,(t)) +n?_r,+r(t), i=r +1,...,r +5, (5.12)
0= Loy (v(0), 2(2), 74 (1)), (5.13)

where vy denotes the remaining m — r’ — s’ components of the control. Since g )(z) is the (g;—1 + j)th basis

vector by (5.2), the jump of each component of w7 satisfies, using that g;_1 + 1 =1 if i < ry (recall that here,
=[n;(r)] > 0 and by Proposition 3.1(ii), vi =0if ¢; =1, i.e. if i <ry by (5.8)):

[!@]+ [0l (©]=—i=0 i=1,...r,

[7d @]+ @] =—vi<0, i=r+1,....7,

[=2 +](1')] +[@©]=0, j=2,...qi=ri+1,....7,
[h (@] = (5.14)
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For future reference, we rewrite the above relations as

@]+l @] =—-vi =0, i=1,...rm,
a1 @O @] == <0, i=ri41,.0

@]+ +[ @] =0, j=0,...,qi =2 i=ri+1,...,r,

[
[x
[

[”N(T)] =0. (5.15)
By Proposition 3.6, the control and state constraint alternative multiplier n? are C¥m on interiors of arcs, therefore
we may define over (t — 8, t) U (7, T + §) the functions a;’ fori=1,...,r'+s and j =0,..., gmax by:

al(t) := Ly, (v(0), 2(t), T (1)),

a0 =—gal )+ Loy @), 20), 7h @), 0<j<qi—1,

j+1 . d Jj
ai] @)= _Eai] ®), ¢ <J < gmax-

2gi—j

After j derivations of row i of (5.11) and (5.12), 1 < j < gmax, We obtain using (5.9) that the following holds, on
(=48, )U(r,T+0):

0=a{(t)+ngi_j(r)+n§”’*f(t), 1<j<qg—1,i=1,....r, (5.16)
0=al O+ D" ¥ 1), ¢ <j<qmn i=1....1, (5.17)
0=a/()+ D707, (1), 1<) <qmax. i=r'+1,....r" +5. (5.18)
Here, for all i € J, we define for ¢; — j <0, ni’ ' = (- 1)‘1’ i /’7; "(t). We have, by definition of the functlonsa for

all 1 <j<¢gmaxandi=1,...,r +s', with (5.9)~(5.10),
a,-" (6) = (=) Loy (v(0), 2(8), 7 ()0 (1)
+ a continuous function of (vV =1 (1), ..., v(1), z(1), T (1)). (5.19)
This implies in particular that if v, ..., v/~ are continuous at t, then the jump of aij at time 7 is given by
[a/ ()] = (1) Ly, (v(®), 2(0), 7 () [0 (0]
Similarly, by derivations of (5.13), we obtain, for all 1 < j < gmax:
0= (=17 Lyyo(v(®), 2(6), ()0 (1)
+ a continuous function of (v(j_l)(t), (), z(0), n,‘{, (t)). (5.20)

Let us show now that the time derivatives of the control v are continuous until order g, — 2. By assumption, v is
continuous at t. By induction, assume that v, ..., v =D are continuous at , for Jj < q. — 2. Taking the jump at 7 in
(5.16)—(5.17) and (5.20), we obtain, fori =1,...,r" + s’ (recall that by (5.8), i <r; iff 1 <¢; < j):

0= (=1)/ Ly (v(0), 2(0), L @) [0 @] + DE T [nE T ()], i <rj,

0= (=1)/ Ly (v(0), 20), 7 @) [0V O] + [7 _ @]+ [0 (@], ry<i<r,

0= (=1 Ly,u(v(0). 2(0), 7, @) v @] + (=D [0, (@], i>7,

0= (=1)/ Lyyo(v(1). 2(0), () [0 (0)]. (5.21)
We denote in the sequel by vi1;/ the subvector of components k + 1, ..., [ of v. Similarly, v’f‘“:l denotes the column

vector of components v, fori =k +1,...,[. Recall that by (5.8), ¢; — j=1iff r; <i <rjp1,and ¢; — j > 1
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iff i > rjy1. Since A% = L,, depends only on (v, z, n§, = my), we write in what follows HC (v, z, 7)) instead of
I:IBU(U, z,m, L), and using (5.15), Egs. (5.21) become:

)
([1; (T)] (_l)ql—‘rl[nlqt_/(r)]
[vrj+1 l‘j+1(r)] (_l)jv;j+11rj+1
),(v(@), 20, 7 () | [, (O] [ = 0 . (5.22)
[UEZilzr’+Av’(T)] _[ni_—]r(;—i-r ()]
[Ur(’jj-s/—i-l:m (T)]

By Remark 4.3, I:Il?v (v(7), z(7), 711‘{, (1)) satisfies (2.44) for some positive constant «’. Since [vY) ()] is such that
gff{j)(u(r) 2D (0)] = [v.(])(‘l:)] =0foralli =1,...,7" such that T € int4;, and gl(‘ij)(v(t), 2@ ()] =
[v /) A(0)]=0 foralli =r +1,...,r + s’ such that T € int A;, it follows that

t+r
) ) 5 ) T o .
o[V @] < v @] HY(v(0). 2(0), 7 (D) [0 (D). (5.23)
For all j < g; — 1, by definition of g,, we have T € intA;, for all i = 1,...,r; and hence, [vl.(j)(r)] = 0 for all
i=1,...,rj.Since g; > 0, we have for the same reason [vl.(J)(r)] =O0foralli =r"+1,...,r +s'. Therefore, (5.22)
writes
5 Y (—D4H [l ()]
[v r]+1 r]+1( 7)] (_l)jv;j+1:rj+l
W@ 2@ @) [ @1 [ = 0 : (5.24)
.0 —; 2, ()]
W) (D] 0

For j < g —2, we also have T €int A;, for all i <r;41, and hence [vr i ()] = 0. Multiplying on the left (5.24)

by [v")(2)]T, we obtain that the product with the right-hand side is zero, and therefore [v(j)(r)]Tl-}l?v(v(r), z(7),
n/‘{, (o) [vY (7)] = 0. From (5.23) it follows that v/) is continuous at 7, and the right-hand side in (5.24) is equal
to zero. This implies that the alternative multipliers nl‘.’i are C/ at 7, and the second row of (5.14) is satisfied with
equality, that is vi =0,foralli=1,...,7j41,1e. such that ¢; < j+1<g; — 1 and 7 € int A;. By induction, we

proved that v, .. ., v =2 are continuous. This shows (i) and (i’).
Let now j = g; — 1. Assume that (5.4) holds, i.e. g, is odd, and attained at entry/exit points. Then we have,
near the boundary arc, due to the continuity of v;, ..., vi(q’_z) vanishing at entry/exit of boundary arc, for all i =

Yge—1+1,...,74, (and hence g; = g;):

=0 2
G )=—v " O 7)) <0,
Zl{zf1+1( ) (qu —1 i ( ) + (( ) )
from which we deduce that [v; (@ l)(r)] < 0 at both entry and exit times. We still have [v(qf b ()] =0 fori <
¥4.—1 and for i = r'+1,...,r + s, since ¢; < g, — 1 implies that we are on the interior of a boundary arc for
constraint i. Since v, ..., v(qf_z) are continuous, (5.24) holds for j = g; — 1, hence we obtain by (5.23) and (5.14),
since v;‘"*lﬂzrq’ >0:

o [V (@)]] <[4 D] HS, (v(0), 2(x), 7 (1) [0V (1)]

_ =1 T rge—1+lirg,
= 0 [t @] e <o,

which implies that v 1 is also continuous, and vi =0 forall i € I(t) such that g; = g,. This shows (ii) and (ii")
and achieves the proof. 0O
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6. No-gap second-order optimality conditions

In this section, we extend the no-gap second-order optimality conditions of [1] given in the scalar case, to several
state constraints, and include mixed control-state constraints. The main results of the section are Theorem 6.1 and
Corollary 6.2.

6.1. Abstract optimization framework and main result

We consider here the abstract formulation (2.5) of (P). We say that a local solution u of (2.5) satisfies the quadratic
growth condition, if there exist ¢, p > 0 such that

JW) = JTw) +clu — u||%, forall u: ||u' —ulleo <p, G e K, G ek. 6.1)

Recall that the Lagrangian is given by (2.33). Let (4, y = y,) be a local solution of (P) satisfying the assumptions of
Theorem 2.5, with (unique) multipliers p, n and L. A second-order necessary condition for (2.5) due to Kawasaki [20]
is as follows:

D, Lw; 0, ) (v, v) — o (n, Tg' (G@), DG@v)) — o (r, Tg' (G(w), DG@)v)) >0, (6.2)
for all directions v in the critical cone C (u) defined by
Cw):={vel: DJww <0, DGu)v € T (Gu)), DGu)v € Tic(Gw))}. (6.3)
Here Tp(x) (for P = K or K) denotes the tangent cone (in the sense of convex analysis) to the set P at point x € P,
Tg’l (x, h) is the inner second-order tangent set to P at x € P in direction A,
2,i &2
Ty (x,h):= {w: dist(x +eh + >, P) = 0(82), Ve > 0},

and o (-, S) denotes the support function of the set S, defined for £ € X* by o (£, S) = sup, (&, x). The critical cone
can be characterized as follows:

C(u)={vel: DGu)v e Tx (Gw)) Nnt, DGuv € Tic(Gw)) Na+}. (6.4)
The term
S(u,v) =0 (n, Tg' (Gw), DGu)v)) + o (h, TE' (Gw), DGw)v)) (6.5)

in (6.2) is called the curvature term. It is nonpositive, for all v € C(u). Note that the component i of DG (u)v (resp.
DG (u)v) is the function g; ,(y(-))zy(+) (resp. ¢;u (), y()v(-) + ciy (), y(-))zy(-)), where z, is the solution of
the linearized state equation (2.22).

When there are only mixed control-state constraints, it is known that the latter have no contribution in the curvature
term (6.5). This follows from the extended polyhedricity framework, see [5, Propositions 3.53 and 3.54] (the cone
IC is a polyhedric subset of L°° and DG (u) is “onto” by (2.31)). On the contrary, pure state constraints may have a
nonzero contribution in the curvature term (6.5).

Since K has a product form, K = (Ko)" with Ko := C_[0, T], the inner second-order tangent set is also given
under a product expression. This would be false, however, for the outer second-order tangent-set, see e.g. [5, p. 168].
Therefore we have, for x = (x;)1<i<r € K and h = (h;)1<i<r € Tk (x):

,
2,i 2,i
T O by = [ [ T (xi ). (6.6)
i=1
Since the support function of a Cartesian product of sets is the sum of the support function for each set, the expression

of pure state constraints in the curvature term can be deduced from the result by Kawasaki [21] for Ko = C_[0, T'].
Recall that A; is given by (2.14), and the second-order contact set is defined, for v € V, by

AF={ted; giy(y®)z() =0}, i=1,...,r 6.7)
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Then, by [21], we have

T
r r
o(n. Tg (Gw). DGu)) =Y o (i Tg! (i) iy (1)) =§:/ganmvx (6.8)
i=1 i=1 0
where, foralli=1,...,r:
0 if # € (int A;) N A2,
2
Gi(t) = liming | 8y OGN @} (94 A2 (6.9)
=1 g (1) <0 28i(y(1")) R
+00 otherwise

where Ay (t) := max(0, h(¢)). We denote in the sequel by supp(dn;) the support of the measure n;. We make the
following assumption:

(A4) (i) Each component of the state constraint g;, i = 1, ..., r, has finitely many junctions times, and the state
constraint is not active at final time, g; (y(T)) <0,i=1,...,r.

This assumption implies that all entry and exit times of state constraints are regular. Using (6.8), and the fact that
supp(dn;) C Ai2 for all critical directions v, the curvature term has the expression below, for v € C(u) (see [21]), with

=[5 (7)]

o(n. Tg' (G), DGw)) =Y > vig(). (6.10)

i=lI Te’];ﬁAl.z
We thus need to compute, for junction times 7 € 7; N Al.z,

2
.. i 1))zy(t
s‘i(f)= liminf ({gl,y(y( )) v( )}+) .
=78 (y(1)<0 2gi(y(1))

The tangentiality conditions (see assumption (A5)(i) below), under which boundary arcs with regular entry/exit
points of state constraints have no contribution to the curvature term, are more delicate to state than in the scalar case,
due to the possibility of having coinciding junction times of different components of the state constraints. Let i =

; ; . . . . . g
1,...,rand t € T} U7 . Denote by k7 the order of discontinuity at point  of the function (of time) g;""" (u(t), y(?)).
By Proposition 5.3, we necessarily have k7 > g; — 1. A Taylor expansion of the denominator in (6.11) gives then, in
the neighborhood of t on the interior arc-side

6.11)

kT
(qz+k )4 (T — )%t kT
y(®) —————— Fo((t — D)), (6.12)
8 00) =55 I o
with 7% =t~ (resp. t+) if T € T (resp. T € T{.), and gl(q'+k )( )= " +kr g, (¥(t))|;—.+ is nonzero by definition

of k7.
1
Assume now that strict complementarity holds near 7 on the boundary arc, in the sense that there exists ¢ > 0 small
such that

[z, T +&] Csupp(dn;) if e T (resp. [t — &, T] C supp(dm;) if T € TZ,). (6.13)

Since g; y(y)zy € W4-°°(0, T) by Lemma 2.2, for all critical directions v € C (1), the first g; — 1 time derivatives of
8i.y(¥)zy being continuous vanish at entry/exit of boundary arcs, and hence the following expansion holds, for 7 in
the neighborhood of t on the side of the interior arc of g;:

iy (y(0)zu(1) = O((t — D)%), (6.14)
We thus obtain with (6.12) and (6.14) that there exists a constant C > 0 such that
|i(0)] < lim CJr — 7K. (6.15)
—T



J.F. Bonnans, A. Hermant / Ann. 1. H. Poincaré — AN 26 (2009) 561-598 583

It follows that
Gi(t)>—o0 ifki <gq; and ¢i(v)=0 ifk] <gq;. (6.16)

Since k{ > g — 1 by Proposition 5.3, and ¢; > q. whenever 7 is an entry or exit point of constraint g;, it makes
sense to assume that g; — 1 < kl.r < g;. In addition, the continuity of u implies that kir > 1. By (6.16), we see that
whenever

max(l,g; — 1) <kj <g; (6.17)

then ¢;(7) = 0, and hence vi¢;(t) =0.

Clearly, (6.17) requires that ¢; > 1. In addition, when (5.4) holds and ¢; = g, then it is necessary by Proposi-
tion 5.3(ii) that kir > gr = q;, which is incompatible with (6.17). Therefore, we cannot assume that (6.17) holds when
either g; = 1 or (5.4) holds and g; = ¢, and will rather assume in that case that

kP =gi. (6.18)

By (6.16), assumption (6.18) ensures that ¢;(t) is finite. Moreover, if g; = 1, then vé = 0 by Proposition 3.1(ii),
implying that vi¢;(t) = 0. If (5.4) holds and g; = ¢, then by Proposition 5.3(ii’), we have vi =0, i.e. vig;(t) =0
again. This shows that boundary arcs have no contribution to the curvature term (6.10) when assumptions (6.13) and
(A5)(i) below hold:

(AS5) (i) For all junction point t € 7;, i = 1,...,r, if T is an entry or exit time of constraint g;, the function of
time g; (y(¢)) has order of discontinuity g; + k;, and k} satisfies

(6.18) ifg; =1 orif (5.4) holds and ¢; = ¢,
(6.17) otherwise.

In the case when the junction times of the different components of the state constraints do not coincide (see assump-
tion (A7) in Section 7), then assumption (AS)(i) has the simpler form (7.57) (see Remark 7.5).

The contribution of touch points to the curvature term (6.10) is classical, when the touch points are reducible, in
the following sense. A touch point 7 of a component g; of the state constraint of order g; > 2 is said to be reducible,

. 2 . . .
ift — gt—zgi (y(2)) is continuous at 7, and if

d2
@gi (y(t)) <0. (6.19)

t=t1

We will make the assumption that
(AS) (ii) All essential touch points of constraint g;, foralli =1, ..., r, are reducible, i.e. satisfy (6.19).
Finally, we will also need the following assumption, implying (6.13):

(A6) (i) (Strict complementarity on interior of boundary arcs)

d .
%(;) >0, foraareintd;, foralli=1,...,r. (6.20)

LetV:=V, =L%0,T;R") and Z := Z, = H' (0, T; R"). Let
Tic(Gw)) :={we L*(0, T;R*): w; <Oae.on A, i=r+1,....,r+s}. (6.21)

This is the extension of the tangent cone Ti(G(u)) over L. Since A € L°°(0, T; R"*), A can be extended to a contin-
uous linear form over L2(0, T; R"). We may then consider the extension of the critical cone over L? as follows:
Cr2(u) :={veV: DG e Tx (Gw)) Nn*, DGw)v € Tic(Gw)) NAt}. (6.22)

We can now state the no-gap second-order conditions, that do not assume strict complementarity at touch points for
the state constraints, and make no additional assumptions for the mixed control-state constraints.
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Theorem 6.1.

(1) (Necessary condition) Let (u,y) be a local solution of (’P) and (p,n, A) its (unique) associated multipliers,
satisfying (A1)—(A3), (A4)(i), (A5)(1)—(ii) and (A6)(i), and v, = [n;(t)]. Then

(8 ()2 (1))
2, L(u; 0, ) (v, v) — Z Yo >

>0 Ve lp. (6.23)
i=1 regies mgi(Y(t))ltzt

(i) (Suﬁﬁcient condition) Let (u,y) be a stationary point of (P) with multipliers (p,n, ), satisfying (2.42), and
v = [ni(v)]. Fori=1,...,r such that q; > 2, let T, denote a finite set (possibly empty) of reducible touch
points of constraint g;. If

(8 )2y (1)
Dy L, M, v) = Y D v

>0 YveCpau)\ {0} (6.24)
i (11>21.'ET‘ @gi(y(t))b:r

then (u,y) is a local solution of (P) satisfying the quadratic growth condition (6.1).

Note that under (A2)—(A3), ’Z{f;ess =@ if g; < 1. It is easy to obtain from the above theorem a characterization of
the quadratic growth.

Corollary 6.2. Let (u,y) be a stationary point of (P) with multipliers (p,n, 1), satisfying (A1)~(A3), (A4)(D),
(AS)(1)—(i1) and (A6)(1), and v, = [n;(v)]. Then (u,y) is a local solution of (P) satisfying the quadratic growth
condition (6.1) iff

(8 ()2 (1))
2 L(u;n, M) (v, v) — Z Z y—

>0 VveCp)\{0}. (6.25)
i=1 re’]}ée“ (11_281' () li=¢

Denote by Q(v) the left-hand side of (6.23) and (6.25). An explicit computation of the Hessian of the Lagrangian
D2, L(u; n, ) (v, v) shows that

T

QW) = f HY, ) 0y 0 P D (0 20), (0.20)) A1+ Gy (3(D) (20(T), 20(T))
0

T

(g ()20 (1))?
+Z( [ g G@) 0,20 a3 véL)

Ti,ess dr2 gl ()’(f))|t T
to

(6.26)

Let us recall that a Legendre form Q (see [17]) is a weakly lower semi-continuous quadratic form defined over an
Hilbert space, that satisfies the following property: for all weakly convergent sequences (vy), (v,) — v, we have that
v, — v strongly if Q(v,) = Q(v). An example of a Legendre form is v — [lv]I2, with || - || the norm of the Hilbert
space. Under assumption (2.42), it is not difficult to show that (6.26) is a Legendre form (see e.g. [1, Lemma 21]).
This is no more true if (2.42) is replaced by the weaker hypothesis (2.44).

6.2. Proof of Theorem 6.1

Denote the radial cone to K at point x € IC by:

Ri(x)={heL™; 350>0, x+ehe K, forall 0 <& <ep}. (6.27)
Since K is a closed convex set, Tic(x) = cl(Rxc(x)). Let
Co(u) := {v € C(u), DGu)v|;(r) <0, forall T € 7™ =1, DGu)v € R;C(g(u))}. (6.28)

This subset of the critical cone contains the critical directions that “avoid” nonessential touch points of the state
constraint, and such that the derivatives of the mixed constraints belong to the radial cone Ry (G (u)).
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Lemma 6.3. Under the assumptions of Theorem 6.1(1), for all v € Co(u), the term (6.5) has the expression

(@ )z, (1)

E(u,v):Xr: Z vi

a2 (6.29)
i=1 .[E,]:'),ess mgi(y(t))h:r

Proof. It is easy to see that if DG(u)v € Ric(G(u)), then 0 € Tg' (G(u), DG(u)v). Hence o(r, T (G(u),
DG (u)v)) = 0. It remains then in (6.5) the contribution of state constraints. As shown in the previous subsection,
when assumptions (AS5)(i) and (A6)(i) hold, entry and exit points of boundary arcs of the state constraints have a zero
contribution to the curvature term. The term (6.11) for the contribution of essential touch points satisfying (6.19) is
computed explicitly, in the same manner as in the scalar case (see [1, Proposition 14]). Finally, nonessential touch
points do not belong to Al.2 for v € Co(u), and hence have no contribution in the sum (6.10). The results follows. O

Lemma 6.4. Under the assumptions of Theorem 6.1(i):

(i) The set Cy(u) is dense in C (u). .
(i1) The set C(u) is dense in the set Cy2(u).

The key point in the proof below is the controllability Lemma 2.3, that enables to handle separately the arguments
for the state constraints and for the mixed control-state constraints, in the following way. Under the assumptions of
Lemma 2.3, with ng the n of (2.25), for all x € [1, +00], there exists a constant C = C(«x) > 0 such that for all
(w, w) e W, x L*(0, T; R%), with

W 1= ]_[ W%k, T), (6.30)

i=1

there exists v € V, such that

giy(Mzw=w; onA;, Vi=1,...,r, (6.31)
Ciu(, v +ciy(u,y)zy=0w; ae.onA’ Vi=r+1,...,r+s, (6.32)
Ivlle < C(Ilwlw, + loll). (6.33)

Proof. (i) Let v € C(u), and set w := DG (u)v and w := DG(u)v. Let ¢ be a C* function with support in [—1, 1]
and which is positive on (—1,1). Set w, ; := w; — ZTETi,nes nq_lﬁgo(n(- — 1)) fori =1,...,r. Then, for n large
to !

enough, w,, ; (t) <0 for all T € 7;", w, ; = w; outside a neighborhood of 75", and [[wy,,; — willg;,.co — 0 when
n — 4o0. Further, since Rjc(G(u)) N A+ in dense in Tic(G(u)) N A+ (see Lemma A.2 in Appendix A), there exists a
sequence (wy,) C Ric(G(u)) N 2L such that lon — |l = 0. By the controllability Lemma 2.3, there exists v, € U
that satisfies (6.31)—(6.32) with (w,, w,), and [lv, — vlleo < C(lwy — wly,, + llwp — @lloo). By construction it
follows that v, € Co(u), and v,, — v in L.

(i) Let v € é‘Lz(u), and again let w := DG (u)v and w := DG(u)v. By Lemmas 16-17 in [1] (this is where
assumption (A6)(i) is used), we can construct a sequence (wy) C ]_[f:1 W4i-%°(0, T) such that w, ; =0 = w; on
each boundary arc of g;, i =1,...,r, w,,;(r) = w;(r) at each touch point v € 7;, and ||lw,,; — w;llg 2 — 0. So
wy, € Tk (G(u)) N nJ-. Now by Lemma A.3 in Appendix A, there exists a sequence (w,) C Txc(G(u)) N AL such that
lwp — wll2 — 0. By Lemma 2.3 again, there exists v, € U/ that satisfies (6.31)—(6.32) with (w,, ;) and ||v, — v|]2 <
C(lwy, — wlhw, + llwy, — w|l2). By construction we have v, € C(u), and v, — v in L% O

Proof of Theorem 6.1. For the necessary condition, we use the abstract condition (6.2) and compute the curvature
term (6.5). By Lemma 6.3, we have the expression of the curvature term for all v € Cy(u). Since the right-hand side
of (6.29) is continuous for the norm of L, we obtain the result by a density argument in view of Lemma 6.4.
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For the sufficient condition, we follow [1, Theorems 18 and 27]. The idea is to use a reduction approach, i.e. to
reformulate the state constraint around finitely many reducible touch points of the components g; of the state constraint
of order g; > 2. More precisely, for ’Z;’ed = {r{, e, t,’\,i }, €,8 > 0 small enough, and

N;
£2;:=10,T] \ U(t,i —e, r,i + 8),
k=1

the constraint G(u) € K in (2.5) can be equivalently replaced, for all ||u’ — u| oo < 8, by
gi (yu/(t)) <0 forallre£; and g (yu/(t,i(u’))) <0, k=1,...,N;, Vi: q; =2, (6.34)

where t,i (u") is the unique point of maximum of the function g; (y,/(-)) over the set (r,f —e&, r,i + &). The Hessian of
the Lagrangian of the reduced problem is equal to the quadratic form Q(v), i.e. has an additional term that matches
the curvature term. Now assume that (6.1) does not hold. Then there exists a sequence (1), u,, — u in L, satisfying
the constraints (6.34) and G(u,) € IC, and such that

J (n) < J (@) + o(|lun — ull3). (6.35)
Set &, := ||lu, — ull2 and v, := 8,1_1 (un, — u). Being bounded in L2, assume that v, — v weakly in L2 By (6.35), a
second-order expansion of the Lagrangian of the reduced problem shows that

Q(vn) <o(D). (6.36)

Moreover, since
K> g(”n) = g(”) + 8an(u)Un + ety

with ||r, |2 — 0, we deduce that DG (u)v, + r, € f";c(g(u)). Taking the weak limit in L2, we obtain that DG (u)v €
fk (G(u)). Proceeding similarly for the state constraints, and since as a consequence of (6.35), we have DJ (u)v < 0,
we deduce that v € C 12(u). It follows then from (6.24) and (6.36), since Q is weakly lower semi-continuous, that
Q(v) =0, and hence, Q(v,) — Q(v). Since Q is a Legendre form by hypothesis (2.42), this implies that v, — v
strongly, contradicting that ||v, |2 =1 for all n. This completes the proof. O

7. The shooting algorithm

In presence of state constraints, a reformulation of the optimality conditions is needed to apply so-called shooting
methods. For an overview of the different formulations of optimality conditions existing in the literature, see the survey
by Hartl et al. [16]. The shooting algorithm takes only into account a part of the optimality conditions, and the remain-
der conditions, referred as “additional conditions”, have to be checked afterwards. In this section, we first recall the
alternative formulation used in the shooting algorithm (Definition 7.1). Additional conditions are given, under which
the alternative formulation is equivalent to the first-order optimality condition of (P) (Proposition 7.2). It is shown
that some of those additional conditions are automatically satisfied (Lemma 7.3). Finally we give a characterization
of the well-posedness of the shooting algorithm (Theorem 7.6), which is the main result of this section.

Given a finite subset S of (0, T'), we denote by PC’;[O, T1] the set of functions over [0, T'] that are of class C*
outside S and have, as well as their first k derivatives, a left and a right limit over S and a left (respectively right) limit
at T (respectively 0).

7.1. Shooting formulation

The formulation for the shooting algorithm presented in this section was introduced by Bryson et al. [7]. The
presence of additional conditions was first underlined by Jacobson, Lele and Speyer [18], see also Kreindler [23]. See
an example of implementation in e.g. [31] and numerical applications in e.g. [8,6].

Recall that H? denotes the alternative Hamiltonian (3.6). We assume in the sequel that assumptions (A2)—(A4)(i)
hold, and that first-order components of the state constraint do not have touch points (which is typically satisfied in
view of Proposition 3.1(ii), since first-order components of the state constraint only have nonessential touch points).
We assume in addition that
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(A4) (ii) Each component of the mixed control-state constraint ¢; (u, y),i =r +1, ..., r +s, has finitely many bound-
ary arcs, and no touch points.

Under (A4) (which stands for (A4)(i)—(ii)), we denote by I,’; the closure of the union of boundary arcs of each con-

strainti =1,...,r +s,ie. 7} := k"l[telnk, 4 ] for T’ = {ré;ll <. o< ren } and a similar definition of 7., .
In the alternative formulation presented in Deﬁnltlon 3.3, the integratlon constants in (3.4) on a boundary arc of g;
are arbitrary. In the sequel, we will choose like in [28] these constants, on each boundary arc (zg,, 7ey) of g;, such that

the functions '71' fori=1,...,rand j=1,...,q; satisfy, forr ('L’

en’ CX)

. i i—1 .
ni (@) =i (i) —mi@), nl @)= / n!"(o)do, j=2.....q
t
and we still have nij = 0 outside boundary arcs of g; and r)? =) fori=r—+1,...,r +s. With this formulation, the
alternative costate p, is continuous at exit points and discontinuous at entry and touch points, which allows to take the

jump parameters v;/ and vi involved in the jump condition (7.9) as shooting parameters in the shooting algorithm.

Definition 7.1. A trajectory (u, y) having a finite set of junction times 7 = UH'S 7T; satisfies the alternative formula-
tion, if there exist p? € PCqm"’"([O, T, R™), n? e PCqm‘”‘([O, T1; RC+9%) and, for eachi =1, ..., r, for each entry

time 7 of g;, there exist g; jump parameters (vi’j )1<j<q; and for each touch point 7 of g; with g; > 2, there exists a
jump parameter v%, such that the following relations are satisfied (dependence in time is omitted):

y=f(u,y) on[0,T] y(0) = yo, (7.1)
—pqu;l(u,y,pq,nq) on [0, T]\ 7, (7.2)
0=H]! (u v, pd, nq) on [0, T]\ 7, (7.3)

& (u), y1)) =0 onZj, i=1,....r+s, (7.4)
n?(t)=0 on[0,TINT}, i=1,....,r+s, (7.5)
pUT) =y (y(I)). (7.6)

and, foralli =1, ..., r and each junction point 7 € 7% of g;:

(”(y<r>) ifreh, j=0,...q—1, (17)

gi(y()=0 ifre T, (7.8)

and for each junction time 7 € 7:

po]=- > Zv”g,“y Yo@) = Y vigiy(vm). (7.9)

i<r: teTd j=1 i<r:teTy)

The shooting algorithm consists in finding a zero of a finite-dimensional shooting mapping, using e.g. a Newton
method. The structure of active constraints of the optimal trajectory, i.e. the number and order of boundary arcs and
touch points of each component of the constraint, is assumed to be known (or guessed). The arguments of the shooting
mapping are called the shooting parameters, and are composed of the initial value of costate p® € R”*, all the junction
times (with the exception of n0nessent1a1 touch points) of the pure state constraints and mixed control-state constraints,
and all the jump parameters vy’ at entry times 7 of g;, i =1,...,r, j=1,...,q;, and vr at touch points 7 of g;,
i=1,...,r,q; =2, that are involved in the jump condition of the costate (7.9).

By assumptions (A2)—(A3), the algebraic variable (u(¢), n9(t)) € R™ x RU+9* satisfying (7.3)—(7.5) can be ex-
pressed as implicit function of the differential variables (y(z), p?(t)) € R" x R™ on the interior of each arc of the
trajectory (see the proof of Proposition 3.6). With a given set of shooting parameters is therefore associated at most a
unique solution (u, y, p?, n?) of the Cauchy problem (7.1)—(7.2) with initial condition of the costate p?(0) = p°, the
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algebraic variable (u, n?) satisfying (7.3)—(7.5) and the jump of p? at junction times of pure state constraints being
given by (7.9).

The shooting mapping is then defined as follows. With a given set of shooting parameters are associated the
following conditions: the final condition (7.6), the interior point conditions (7.7)—(7.8), and the optimality conditions

for junction times below, forall t € 7 and alli =1,...,r +s:
g (u(x7), y(1)) =0, ifreTd, (7.10)
& (uxt), y(0) =0, ifreTl, (7.11)
V(@) =0, ifreT andifg >2. (7.12)

This is a mapping defined on a subset of RY to RY , where N the dimension of the shooting mapping is as follows.
Let N,ga be the total number of boundary arcs of constraints g; fori =1,...,r,and¢; fori =r+1,...,r+s, and Ny
the total number of touch points of state constraints of order ¢; > 2. Then

r+s
N=n+Y (g +2)Nj, +2No. (7.13)
i=1

7.2. Additional conditions

It is of importance to check whether solutions of the shooting algorithm (i.e. trajectory associated with a zero of the
shooting function) are stationary points of (P). For this, we need to make explicit the relation between the multipliers
in the alternative formulation (Definition 7.1) and in Theorem 2.5.

Given alternative multipliers (p?, n?) and jump parameters v’y at entry times and (vi) at touch times, the related
multipliers (p, n, A) in Theorem 2.5 are given by the following relations. Define first

. . dei—Ji ) )
nl () = (=% = n¥@), j=0,....qi—1,i=1,...,r1¢T, (7.14)
then
A =02@), i=r+1,...,r+s,1¢T, (7.15)
roqi ) )
pOy=pi0+Y. Y ul g (y). 1¢T. (7.16)
i=1 j=1
Finally, let
dni()) =nd(O)de+ Y visc (), i=1,....n, (7.17)
teT

where 8, (¢) denotes the Dirac measure at time 7, and the jumps parameters vi at junction points T € 7, for all
i=1,...,r, are the ones in the alternative formulation if € 7}, vi =01if i ¢ I(7), and, if T € Z, they are given by,
in view of (5.2) and (7.9),

=il —plet) ifreTd, (7.18)
vi=nl(x7) ifreTl, (7.19)
vi = —[77,'1 (] ifre intZ}. (7.20)

Conversely, Proposition 3.6 ensures, whenever assumptions (A2)—(A4) are satisfied, that each component 7n; of n
admits a (unique) decomposition under the form (7.17). Therefore, classical multipliers (p, 1, ») of Theorem 2.5
uniquely determine the alternative multipliers and alternative jump parameters so that (7.14)—(7.20) as well as (7.25),
(7.27), (7.29) below hold, these three last conditions being needed in order to fix the integration constants in (3.4) and
the jumps parameters at entry times (v;”’) for j > 2.

The additional conditions needed to obtain the equivalence between the alternative formulation (7.1)—(7.9) and the
first-order optimality condition (2.35)—(2.39) are the following:
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gi(y(®) <0 on[0,T]\ (Z, UT]), foralli=1,...,r, (7.21)

o (u(t), y(t)) <0 ae.on[0,T] \Il’;, foralli=r+1,...,r +s, (7.22)
dgi )

(—1)%Mnf' (t)>0 onintZ., foralli=1,...,r +s, (7.23)

and, forallt €7 andalli=1,...,r:

vil —pla@eh >0, ifreTd, (7.24)
vl —platy=0, ifteTd, j=2,....q, (7.25)
n}(x7) =0, ifteT!, (7.26)
n/(x)=0, ifteTl, j=2,....q, (7.27)
[7/(0)] <0, ifreintZ], (7.28)
[n;i(r)] =0, ifre intIl’;, j=2,...,qi, (7.29)
vi>0, ifreT], (7.30)
For all i such that g; = 1, the inequalities (7.24), (7.26), (7.28) and (7.30) are equalities. (7.31)

Proposition 7.2. Let (u, y) be a trajectory satisfying (A2)—(A4). Then (u,y) is a stationary point, with multipliers
(p,n, A, iff (u,y) satisfies both the alternative formulation (Definition 7.1) and the additional conditions (7.21)—
(7.31). Relations (7.14)—(7.20) and (7.25), (7.27), (7.29) are a one-to-one mapping between the multipliers (p, n, A)
involved in the first-order optimality condition of Theorem 2.5, and the alternative multipliers (p4, n?) and alternative
jumps parameters (v;'”’) and (vi) at respectively entry and touch points in the alternative formulation and additional
conditions.

The higher the order g; of the constraint is, the more additional conditions have to be checked at regular entry/exit
points of boundary arcs. Those conditions are analogous to the known conditions in the scalar case, with in addition the
conditions (7.28)—(7.29), that were not apparent in the scalar case, and to our knowledge not known in the literature.
Thus, when assumptions (A2)-(A3) hold, we are led to think that, like in the scalar case, boundary arcs with regular
entry/exit times for components of the state constraint of order ¢; > 3 may occur only in degenerate situations. We
underline that this was not, however, an immediate result, since now we allow more control variables (more than one)
and hence, more degrees of freedom.

Proof of Proposition 7.2. Let us show the equivalence between, on the one hand, the first-order optimality system
of (P) (2.35)—(2.39), and on the other hand, the alternative formulation (7.1)—(7.9) and the additional conditions
(7.21)—(7.31).

First, g; (y(¢)) < 01in (2.38) is equivalent to g; (y(¢#)) =0 on Il’;, (7.8) at touch points and (7.21) outside the contact
set, and then g;(y(¢)) =0 on Il’; is equivalent to (7.4) for i = 1,...,r, with the ¢; entry-point conditions (7.7).
By Proposition 3.6, the state constraint multipliers n;, i = 1, ..., r, are regular on interiors of arcs, therefore, each
component 7; can be put into the form (7.17), where jumps can occur only at junctions points, and the density of each
component ’71(') is continuous on the interior of arcs. It follows that n; is a nonnegative measure (dn; > 0 in (2.38)),
iff its density %(t) = n?(t) =(—D% %U?i (t) is nonnegative, i.e. iff (7.23) holds fori =1, ..., r, and the jumps at
junction times are nonnegative, i.e.

r—+s
vi=[ni(r)] >0, foralli=1,....randallze7 =|_J7". (7.32)
i=1

The complementarity condition fOT gi(y())dn;(r) =0 in (2.38) is then equivalent to (7.5) fori =1, ..., r (the mea-
sure dn; has support on the contact set of g; (y)). Similarly, for mixed control-state constraints, since A € L, (2.39) is
equivalent to (7.4)—(7.5) and (7.22)—(7.23) fori =r +1,...,r +s.
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The state equations (2.35) and (7.1) are of course identical, and so are the final conditions of the costate (2.36) and
(7.6) in view of (A4)(i). By Lemma 3.4, the costate and control equations (7.2) and (7.3) are equivalent, respectively, to
the costate and control equations (2.36) and (2.37) on the interior of arcs. Now let us show the equivalence, at junction
times, between on the one hand the costate equation (2.36) and (7.32), and on the other hand the jump condition (7.9)
and the additional conditions (7.24)—(7.30). By (5.2) (recall that [p(7)] = — Ziel(r) v.’;g,’,y(y(r)) with vi =[n;(v))
and by (7.9), it holds respectively

g
PD]=- Y {(vi + @] gy (y@) + Y [0l (@)]g ”(y<r))}, (7.33)

iel(t) j=2

1 )
FAQIEEESY Zv' g V@)= Y vigiy(v(@). (7.34)
i<r:teTd j=1 i<r: teT)
By Corollary 4.5, the vectors g )(y(r)) are linearly 1ndependent forall i € I(r) and j = 1,...,q;, hence the
relations (7.33)—(7.34) are equal, 1ff the coefficients of g )(y(r)) are equal. We thus obtain, for all T € 7 and
iel(r),ift e?}fn.
vi+[n!(@]=vi" and [nij(t)] =viJ =2,

which, with (7.32), is equivalent to (7.24)—(7.25), using that nij (t7) =0 at entry point. If now 7 € T,

o> We obtain,

since the multipliers r)ij are equal to zero in the neighborhood of 7:
[ni(0)] =i,
which, with (7.32), is equivalent to (7.30). Finally, if 7 € intI’ orift € T

@]+ @]=0 and [o/(©]=0, j=2,....q

which, with (7.32) again, is equivalent to (7.28)—(7.29) on interior of boundary arcs and to (7.26)—(7.27) at exit points,
since '7:‘] (z1) = 0. Finally, whenever ¢; = 1, then we know by Proposition 3.1 that n; is continuous, i.e. [5;(7)] =0,
and therefore all inequalities in (7.24)—(7.30) are in fact equalities. O

then we have

Like in the scalar case, the conditions (7.10)—(7.11) imposed in the shooting algorithm, related to the continuity
of u, imply that some of the additional conditions are automatically satisfied by a solution of the shooting algorithm.

Lemma 7.3. Let (u, y) satisfy the alternative formulation (7.1)—(7.9), the strong assumption (2.43) and (A3)—(A4),
and assume that T}, =, for all i such that q; = 1. Then the following assertions are equivalent:

() Foralli=1,...,r and all junction point T € T, if g; = 1 the additional conditions (7.24), (7.26) and (7.28) are
satisfied with equality and if q; > 2, the additional conditions in (7.25), (7.27) and (7.29) are satisfied for j = q;,

ie.
vl =l @), e T, (7.33)
nf(x7)=0, ifrteT), (7.36)
[0 ()] =0, ifreintI}, (7.37)
andforalli=r—+1,...,r +s, n?i = A; is continuous over [0, T].

(ii) The conditions (7.10)—(7.11) are satisfied, forallt € T and alli =1,...,r + 5.
(iii) The control u is continuous over [0, T].

Proof. Lett € 7,andlet J:=I(t)\{i=1,...,r; T € ’];é} Set ut :=u(t%), [u] :=uT — u—, and, for o € [0, 1],
u® :=u~ +o @’ —u~). Similar notations for p?, n? are used. Denote by 79 = (ﬁ?i),-e J the augmented (row) vector
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of jump parameters, satisfying V' = vy'? foralli € J such that T € 7} and g; > 1, and ¥/ =0 for all i € J such that
T €intZ] UT] org; =0. By (7.3),

Hi(w®, y), p?" n?)=0=H](u", y(©), p?" . n?").

The alternative Hamiltonian H9 being affine in the variables p? and n?, we have

1
0= /{O'ng W, y(@), p?T n?) + (1 — o) Hly (u”, y(x), p?~, n?7) Huldo
0

1
+ [P 3 @) + (1116 ) o 3%
0

Using the jump of p? given by (7.9), and the fact that by hypothesis, first-order components of the state constraint do
not have touch points, we easily get that

(P91 fu(u” 3 @) + [0]G T, (07 y(0) = (0] = 9) G, (w7 (D)) (7.39)

In addition, (2.43) and (3.8) imply that H,,, (u®, y, p?*, n9%) is uniformly positive definite, for all o € [0, 1], there-
fore, multiplying on the right (7.38) by [u«], and using (7.39), we obtain that

1

2 ~
o [u]* < (59 = [17]) f G (u”, y(1))[u] do (7.40)
0
Note that point (i) is equivalent to the condition [n?i] — f)?i =0foralli=1,...,r +s. Therefore, the implication

(i) = (iii) follows from (7.40). Conversely, if (iii) holds, i.e. [u] = 0, then (7.38)—(7.39) yields

([n7] = 9G¥ (u(0). y()) =

implying (i) by (2.30). This shows the equivalence (iii) <> (i). Let us show now (iii) <> (ii). The implication (iii) = (ii)
is trivial. If (ii) holds, then

1

0=G(u", y©) - G¥(u, y(0) / G (u, y(0))[u] do. (7.41)
0
By (7.40), it follows that [1] = 0, i.e. (iii) holds, which completes the proof. O

7.3. Well-posedness of the shooting algorithm

We say that the shooting algorithm is (locally) well-posed in the neighborhood of a local solution, if the Jacobian
of the shooting mapping is invertible. This allows us to apply locally a Newton method in order to find a zero of the
shooting mapping with a very high precision, and low cost. If the additional conditions (7.21)—(7.31) are satisfied, we
obtain a stationary point of (P), and if the second-order sufficient condition (6.25) holds, we obtain a local solution
of (P).

The first step to study the well-posedness of the shooting algorithm is to compute the Jacobian of the shooting
mapping. We denote by 70 the variation of p°, o the variation of t for each t € 7%, i =1,...,r +s, y;” the
e L=1,...,r, j=1,...,q;, and y,i the
variations of jump parameters at touch times v. for t € ’]:“’, i=1,...,r and g; > 2. All of them will be called
variations of shooting parameters.

Given a vector £ € RU+9)* and J :={i; <--- <ig} C{1,...,r + s}, the vector ¢; denotes the row vector of
component (¢, ..., ;). We denote by I(t) the complement of 7(¢) in {1,...,r + s}. With a set of variation of
shooting parameters is associated a (unique by (A2)—(A3)) linearized trajectory and multipliers (z, v, 79, ¢) solution
of (arguments (u, y, p?, n?) and time are omitted):

variations of alternative jump parameters at entry times vrj for t € T}
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z=fyz+ fuv on[0,Tlae; z(0)=0, (7.42)
7= —(H{z+ Hiv+70f, +¢9G) on[0,TI\ T ae., (7.43)
29(0) = 7°. (7.44)
0=Hlz+ Hlv+79f, + 9GP on[0,TI\T ae., (7.45)
0=G{) v+G) z on[0,TI\T ae. (7.46)
0=2¢7 on[0,T]\ 7 ae. (7.47)

I1(t)
and, forall T € | Ji_, 77, setting vi0 := 0 for t € 7\:

[@]=- ) Z g0, (v@)z@ + (i +oive g7V (v())
i<r:teTd j=1
= Y gy (@)@ + vigiy (D) +olvig) (y(o)). (7.48)
i<r: teTy)

Lemma 7.4. Let (u,y, p?,n9) be the trajectory associated with a zero of the shooting mapping, and assume that
(A2)—(A4) hold and that T’ =0 for all i such that q; = 1. Let 79, (o} ), (y,l ]) and (y,) be a set of variations of
shooting parameters and denote by (z,v,m1,¢7) the linearized trajectory and multipliers solution of (7.42)—(7.48).
Then this set of variations of shooting parameters belongs to the kernel of the Jacobian of the shooting mapping, iff:

and, for all junction time t € T and alli =1,...,r +s:
0=g/)(y()z(t) freThandg >1, j=0.....q—1, (7.50)
0=giy(y(0)z(r) ifteTandq >2, (7.51)
d
0=g% (D). y()(v(r7). 2(D)) + ot —g* ifreT, (7.52)
0= g%, (1. y@) (v ). (D) + 0l (q’)(u v) ift e Tl (7.53)
t=tt
0= gl(lv) (y(T))Z(‘L') + a;gla) (u(r), y(t)) ifted, and qi =2. (7.54)

The proof of this result follows from the linearization of the shooting equations (for the jump of 79 at entry times,
see [4, Lemma 3.7]).

In addition to the tangentiality conditions (A5)(i), reducibility condition (AS5)(ii) and strict complementarity as-
sumption on boundary arcs (A6)(i) made for pure state constraints in Section 6, we will need the following assump-
tions, also for the mixed control-state constraints:

(A5) (ii1) (N ontangentiality conditions for mixed control-state constraints) Foralli =r+1,...,r+s and all rén € ’];’n
and 7/ € T,
d d
Za(un.y0)| >0, —a(n.ym) <o, (7.55)
d t=Ten dr =T

(A6) (ii) (Strict complementarity at touch points)
Zé’neszﬂ, foralli=1,...,r +s.
(iii) (Strict complementarity for mixed constraints)

Li(t) >0, foraa.teintA;, foralli=r+1,...,r+s. (7.56)
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Assumption (A6)(ii) implies that constraints of order ¢; = 0, 1 have no touch points.
We will finally make the assumption below:

(A7) The junctions times of different components of the constraint do not coincide (i.e. i, j € {1, ...,r+s}andi # j
implies that 7' N 77 = @).

Remark 7.5. When (A7) holds, for all entry and exit points of state constraints 7 € Tl U ’Z;’x, i = ..,r, we have
that g, = ¢;, and assumption (AS5)(i) simply says that
(ql) : -
0 ifg; is odd,

a8 (u,y) L # qi

A g oo

drai—1 gz (u,y) t #0 if g; is even, (7.57)

=T

where t* denotes 7~ (resp. t) if T is an entry point (resp. exit point).

Under (A4) and the strict complementarity assumption (A6), using Lemma 2.2, the critical cone C’Lz (#) defined
by (6.22) is the set of v € V satisfying (recall that z,, € Z is the solution of the linearized state equation (2.22))

0= g,(q;)(u y)v+g(q’)(u Mz aeonZy i=1...r+s, (7.58)
0=g/)(y(@)z(r). TETh i=1,....r, j=0.....qi—1, (7.59)
0=4giy(y)z(0), TeTg i=1,...r (7.60)

Theorem 7.6 (Well-posedness of the shooting algorithm). Let (u, y) be a local solution of (P) satisfying (A1)—(AT7).
Then the shooting algorithm is well-posed in the neighborhood of the trajectory (u, y), iff the two conditions below
are satisfied:

(1) components of the state constraint of order q; > 3 have no boundary arc;
(ii) the no-gap sufficient condition (6.25) holds, i.e. Q(v) > 0 forall v € V satisfying (7.58)—(7.60) with the associated
linearized state z, € Z solution of (2.22) and Q(v) defined by (6.26).

Once the junction conditions and the no-gap second-order optimality conditions have been established, and with
assumption (A7), Theorem 7.6 is an easy extension of [4, Theorem 3.3] obtained in the scalar case. The next lemma
relates the second-order conditions established in Section 6 and the alternative multipliers used in the shooting algo-
rithm.

Lemma 7.7. Let (u, y) be a stationary point of (P), satisfying (A2)—(A4) and (AS)(ii). Then an equivalent expression
using the alternative Hamiltonian and multipliers for the quadratic form Q(v) defined in (6.26) over V is:

T
O(v) = f HE oy (59, 00 7) (0, 20), (0, 20)) dE A+ @y (9(T)) (20(T), 20(T))

0
+Z > Zv”gl () (z0(0). 20(D)
i=1eTd j=1
(¢ (1) (1))
+Z Z (gz)v .Y(T))(ZU(T) Zv(f)) dZ)—> (7.61)
1 pegies @gi())(t))h:r

Proof. The contribution of mixed control-state constraints in both (6.26) and (7.61) is equal to
fOT AC@u,y), (u,y) (U, Y)((V, 2y), (v, 2y)) dt, therefore, summing over the finitely many state constraints g;, the proof
is identical to [4, Lemma 3.6]. O
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Proof of Theorem 7.6. We first prove that if (i) does not hold, the Jacobian of the shooting mapping is singular. So
assume that a constraint g; of order g; > 3 has a boundary arc (ren, ex) By assumption (A7) and (5.3), we have that
Gei, =di =dis and hence, by Proposition 5.3, u is continuous until order ¢; —2 > 1. Therefore # is continuous at 7/,

and 7/, and consequently, g<‘11)(u ®, y(t)) is also continuous, and vanishes at 7/ and /. Taking all variations of

jump parameters equal to zero, except U,z # 0, we find by Lemma 7.4 a nonzero element in the kernel of the Jacobian
ex

of the shooting mapping. Therefore the shooting algorithm is ill-posed.

We assume now that (i) holds. We will prove that the Jacobian of the shooting mapping is invertible iff (ii) holds.
The Jacobian of the shooting mapping is invertible, iff it is one-to-one, i.e. iff the only solution of Egs. (7.49)—(7.54),
where (z, v, 7%, ¢9) is the solution of (7.42)—(7.48), is 7% = 0, (ai) =0, (y,i’j) =0, (y;) = (0. We recognize that
(7.42)~(7.48) and (7.49)—(7.51) and (7.54) (which enables, by (A5)(ii), to substitute g(l)(y(r))z(t) /82 (u(r), y(v))

for ar in (7.48) for all touch point ), constitutes the first-order optimality condition for the problem
1 A
(PQO) min 7 QW) veClL, W,

with Q(v) given by (7.61) and CL2 (u) by (7.58)—(7.60). Here (yr) are the multlphers ass001ated with the con-
straints (7.60), and those associated with the constraints (7.59) are equal to yr if j =1 and yr + a’v't] if
j>1.

If (i) holds, i.e. if the second-order sufficient condition (6.25) holds, then by Lemma 7.7 the unique solution
of (PQ) is zero. By (A2), the cost function of (PQ) is a Legendre form over V, and hence, the strict positivity of Q(v)
over the closed linear space C L,(u) 1mpl1es its uniform positivity (i.e. there exists @ > 0 such that Q(v) > 0[”1]”2
forallve € 1,(®)). In addition, the set C 1, () is convex and the linear constraints (7.58)—(7.60) defining o) 1,(u) are
onto by Lemma 2.3. Therefore the first-order optimality condition of (PQ) is necessary and sufficient for optimality,
so (ii) implies that zero is the unique solution of the first-order optimality condition of (PQ). Therefore we have
(z,v,7%,¢9) =0, and all of 7, (yr) (yr’ ]) for j =1, also equal zero by Corollary 4.5 since [79(t)] =0, and we
have as well

yid foiviiTl =0, forallj=2,...,q;, i=1,....,r, €T}, (7.62)

Now whenever (1) holds, it holds for all entry/exit times that g, < ¢; < 2, and from assumptions (A5)(i) and (A5)(iii),

it follows that 4 8 (q’

)(u ¥)|;=¢- is nonzero for all entry points t € ’Z;n, foralli =1,...,r +s. Therefore, Egs. (7.52)
with (v,2) =0 and (7.62) imply that o> = 0, for all entry points T € 7)., i = 1,...,r + s, and that ;" = 0 for all
j=2,...,qi,i=1,...,r,7€ ’];‘n Similarly, we obtain that (7.53) and (7.54) imply that 0;' = 0 for all exit and touch
points. Therefore, whenever (i)—(ii) holds, the Jacobian of the shooting mapping is one-to-one, hence invertible, and
thus the shooting algorithm is well-posed locally around the local solution (u, y).

Assume now that (ii) does not hold. By Theorem 6.1(i), the second-order necessary condition (6.23) holds at
the local solution (u, y), implying that Q(v) is nonnegative over c 12(u). Therefore, if (6.25) is not satisfied, this
implies that there exists a nonzero optimal solution of (PQ), and hence there exists a nonzero solution of its first-order
optimality condition. It is then easy to see that the variations of shooting parameters associated as above with this
nonzero solution of (PQ) are not all zero, and belong to the kernel of the Jacobian of the shooting mapping. This
proves that the shooting algorithm is ill-posed. O

8. Final remark: Extension to constraints on the initial and final state

Let us comment on the extension of the results when there are additional equality and/or inequality constraints on
the initial and final state:

@ (y(0), y(T)) =0, i=1,....0, % (y(0),y(T)) <0, i=0 +1,....0 8.1

with ¥ : R¥ — R? a C? mapping (0 < ¢’ < o < n). The results of this paper can easily be generalized, under an
additional (strong) controllability assumption (A1") below, having the role of Lemma 2.3 in the proofs, and, for the
second-order optimality conditions and the well-posedness of the shooting algorithm, also under an additional assump-
tion that strict complementarity holds for the inequality constraints in (8.1). Denote by & the mapping composed of
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the equality and active inequality constraints in (8.1), of dimension o. Given k € [1, +00] and (v, x) € V, x R”, let
Zy,x denote the (unique) solution in Z, of:

iv,x=fu(”»)’)v+fy(u,)’)2v,x, Zv,x(O)ZX-
(A1) For k =2, 0o, there Aexists 8 > 0 and n € N* such that the linear mapping V, x R" — []i_, Wq"”‘(Af) X
[T, L5(Ap) x B2,
(gi,y()’('))zv,x(')lA?)léigr
(,x) = | ((ciy@(), y(-)zvx () + ciu @), YOIV Am)r41<i<r+s
Dy, (y(0), y(T))x + Dy & (y(0), y(T) 2y« (T)
is onto, and therefore has a bounded right inverse by the open mapping theorem.

Note that in the absence of mixed control-state constraints, this assumption (A1’) is satisfied e.g. in the case of
a linear system, i.e. f(u,y) = Ay + Bu, if the pair (A, B) is controllable, the initial and final conditions are fixed
¥(0) = yo and y(T') = yr and satisfy g; (yo) <0 and g;(yr) <Oforalli =1,...,r, and (2.25) holds.

Appendix A
A.l. Tangent and Normal cones in L*°

Let us recall the characterization of the tangent and normal cones (in the sense of convex analysis) to K :=
L®°(0, T) at point x € K. The characterization of the tangent cone was obtained by Cominetti and Penot [9]:
Tic(x) = {h € L*®: |1, (x)h+]loc — 0 when n — +o0}, (A1)

with 14, () the indicator function of the set A, (x) defined by (2.7), and h :=max(h; 0) a.e.
Since K is a cone, the normal cone satisfies Nic(x) = {A € (L*)%, (A, x) = 0}. Define

Nou(x):={y € L®0,T); y(t)=0foraa.r € A,(x)}, neN*

Then we have the following characterization of Ny (x).
Lemma A.1. Let x € K. Then

Nic(x) = {)\ € (L™)7: (hy)=0.vye | J N,,(x)}. (A2)

neN*

Proof. “C” Let A € Nic(x), n € N* and y € N, (x). Then the function x +
hence, since A >0,

1
<A,x:|: y><0
n||ylleo

Using then that (A, x) = 0, we obtain that (X, y) <0, i.e. (A, y)=0.
“>” Assume that A € (L)% and A € (), ey« (Vg (x))*. Then we have, for all n € N*,

(A, x) = (A, 14,(0)X)

1 . ..
ATyl Y 18 nonpositive a.e. on [0, T], and

ne

and hence, since 0 > x(t) > —% a.e.on A,(x),

1
[, )| < IMlooxla, (0 X lloo < 12 loox

Letting n — 400, we thus obtain that (A, x) = 0, which achieves the proof. O

We end this section by recalling two results used in the proof of the second-order necessary condition.
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Lemma A.2. The cone K is polyhedric, i.e. for all x € KC and all A € Nx(x),
Tic(x) N At =cl(Rc(x) Nat), (A.3)
where Ryc(x) is the radial cone (6.27).

Proof. Let i € Tic(x) N AL. For n € N*, define for a.a. t € (0, T)
h(t) ae.on[0, T]\ A,(x),
hy (1) =
h(t)- a.e.on A,(x)

where h(t)—- = min(0, h(¢)). For all 0 < ¢ < m, it is easily seen that x + e¢h, < 0 a.e. on [0, T'], and hence
hn € Ry (x), for all n € N*. Moreover, in view of (A.2), we have that (A, h,) = (A, h_). Since (A, h) = (A, hy) +
(A, h_) =0, it follows that

[ ho) | = [0 k)| = [ 1a, 04 | < Thloos 14, (1) At lloo = 0

when n — 400 by (A.1). Hence (A, h,) = 0. Finally, [|7 — h,lloo = 114, +lloc = O by (A.1) again. So h, is a
sequence in R (x) N AL that converges to /2 in L®. O

Lemma A.3. Let x € KC. For any A € N (x) N L%(0, T), the set Tc(x)N 2L is dense in the set f"(x) N AL, with
f(x) = {weLZ(O, T); w<0a.e on A(x)}. (A4)

Proof. Let w € ]A”(x) NAL. Let w, be defined a.e. on [0, T'] by:

max(min(w(t),n), —n) ift €[0,T]\ A,(x),
max(min(w(t), 0), —n) ift € A,(x).

wy (1) = {
Then w, € L*, and for all k > n, 14, (xyw, < 0 a.e., and hence by (A.1) w, € Txc(x). Since A € Nxc(x) N L2(0, T),
J A)x () dr = 0 implies that A(r) = O for a.a. t € [0,T]\ A(x). And then [; A(1)ib(r)dr = O implies, since
w(t) <0 on A(x), that w(¢) = 0 for a.a. ¢ such that A(z) # 0. Consequently, we also have that w, (t) = 0 for a.a. ¢
such that A(¢) # 0, and hence, (A, w,) = fOT A w,(1)dr =0, i.e. w, € Tic(x) N AL, It remains to show that w, —
for the norm of L2. If t ¢ A(x), for n large enough, wy,(t) = max(min(d (), n), —n) — W(t) when n — oo, and if
t € A(x), since w(t) < 0 a.e. on A(x), for all n we have w, () = max(w(¢), —n) — w(t). Hence, w,(t) — w(¢)
a.e., and |w, ()| < |W(t)| for all 1 € [0, T, with @ € L?. It follows then from the Lebesgue’s dominated convergence
theorem that w,, — W in L2, which achieves the proof. O

A.2. First-order optimality condition

If u is a local solution of (2.5) satisfying (2.34), then it is well known that there exist n € M([0, T]; R™) and

A € (L®)*(0, T; R**) such that
DJ (v +(n, DGw)v)+ (r, DGu)v)=0, VYvel, (A5)
ne Nk (G(u)), NS N,C(g(u)). (A.6)

Lemma A.4. Assume that u is a local solution of (2.5) satisfying (2.34), and that assumption (2.31) holds. Then the
multiplier A belongs to L*°(0, T'; R*).

Proof. Let p be the unique solution in BV (0, T'; R™) of:

—dp=Hy(u,y,, p)dt +dngy(yu);  p(T) =y (yu(T)).
Then it is not difficult to show that (A.5) writes, with z, the solution of (2.22):
T

/Hu(u,yu,ﬁ)vdt + (A, ey, yu)zo +cuu, y)v) =0, Vv el. (A7)
0
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Since u, y and p belong to L>°, so do the functions H, (u(-), ¥, (-), p(-)), cu (), yu(-)) and ¢, (u(-), yu(-)). It follows
then from (A.7) that for all v € U,

(A cu G yu)v)| < dlloox [ ey @ v | Nz lloo + | Hu s yus B || 1011

By Gronwall’s lemma, there exists a constant ¥ > 0 such that ||z, ||co < k||V]|1, for all v € U, and hence we obtain that
forall v e ld,

(%, cu e, y)v)| < (Itlloos | ey @, yi) || ot + || Hu s yus pY | ) Iv il < il (A.8)
By assumption (2.31), for all w € L*°(0, T; R¥), there exists v € U such that w;(¢) = ¢; , (), y,(t))v(z) for a.a.
te Ay(ci(u,yy)), foralli=r+1,...,r +s, and ||v|; < M||lw|; for some constant M > 0. Indeed, take e.g.

v() = CO)T(COHCH ) w(t) with C(1) := cpeyu(@®), yu () if I5(t) # 9, and v(t) = 0 otherwise, and M :=
ICT(CCT) ™o Since A € Nic(G(u)), the characterization of the critical cone (A.2) implies that (A, c, (i, y,)v) =
(A, w). Then (A.8) yields

| w)| <«"llwlly,  Yw e L®(0, T; RY). (A9)

Since L™ is dense in L! and X is continuous for the norm of L1, A can be extended to a continuous linear form over
L0, T; R). Therefore A belong to the dual space L*°(0, T; R"*). O

It is not difficult to derive from this result the first-order optimality condition given in Theorem 2.5. See related
results in [33,24].
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