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Sensitivity analysis for optimal control problems.
Stochastic optimal control with a probability constraint.

Abstract

This thesis is divided into two parts. In the first part, we study constrained deter-
ministic optimal control problems and sensitivity analysis issues, from the point of view
of abstract optimization. Second-order necessary and sufficient optimality conditions,
which play an important role in sensitivity analysis, are also investigated. In this the-
sis, we are interested in strong solutions. We use this generic term for locally optimal
controls for the L'-norm, roughly speaking. We use two essential tools: a relaxation
technique, which consists in using simultaneously several controls, and a decomposition
principle, which is a particular second-order Taylor expansion of the Lagrangian.

Chapters [2 and Bl deal with second-order necessary and sufficient optimality condi-
tions for strong solutions of problems with pure, mixed, and final-state constraints. In
Chapter @ we perform a sensitivity analysis for strong solutions of relaxed problems with
final-state constraints. In Chapter Bl we perform a sensitivity analysis for a problem of
nuclear energy production.

In the second part of the thesis, we study stochastic optimal control problems with
a probability constraint. We study an approach by dynamic programming, in which the
level of probability is a supplementary state variable. In this framework, we show that
the sensitivity of the value function with respect to the probability level is constant along
optimal trajectories. We use this analysis to design numerical schemes for continuous-
time problems. These results are presented in Chapter [6] in which we also study an
application to asset-liability management.
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2 Chapter 1.  General introduction

1.1 Sensitivity analysis of optimal control problems

1.1.1 Setting and motivations

Optimal control This first part of this thesis deals with constrained deterministic
optimal control problems of ordinary differential equations. These problems aim at
optimizing controlled dynamical systems, that is to say, dynamical systems whose time-
derivative can be influenced at each time. We distinguish two variables: a control variable
u, standing for the taken decisions, and a state variable y, standing for the state of the
system over time. The typical model for a controlled system is the following:

{ 9= f(ug,y), foraa. tel0,T], (1.1)

o= y°

where the time interval [0,7] and the function f : R™ x R™ — R™ are given. For
simplicity, we suppose that the initial state 3° is given and fixed. The control « and the
state variable y are respectively taken in the spaces

U:=L>®0,T;R™) and Y :=WHe(0,T;R"). (1.2)

For a given control u, we denote by y[u] the unique solution to (II]) and we say that
a pair (u,y) in U x Y is a trajectory iff y = y[u]. An optimal control problem is of the
following form:

Min  ¢(yr), subject to: y = y[u] and constraints. (1.3)
(wy)eUxY

Optimal control problems have many applications in different fields, such as robotics,
chemistry, power systems, aerospace engineering, biology... Two main approaches can
be distinguished for the solving of optimal control problems: the first one based on
Pontryagin’s principle, which will be used in this first part, and a second one, based on
dynamic programming, which will be used in the second part. For general introductions
on this theory, we refer to [1, 63, 65, 69].

Constraints Let us describe the different constraints that will be considered:
> final-state constraints: ®F(yr) = 0, & (yr) <0
> pure state constraints (in short, pure constraints):

g(y:) <0, forallt e |0,T]

> mized control-state constraints (in short, mized constraints):

c(ug,yr) <0, fora.a. te(0,T]

> control constraints: c(u) < 0, for a.a. t € [0,T].
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The data functions ®F, &, ¢, ¢ are smooth vector-valued functions. Let us mention two
important facts about pure constraints.

1. In general, control constraints can be seen as a particular case of mixed constraints,
but pure constraints cannot. Indeed, a technical assumption, called the inward
condition, is in general required for mixed constraints and is not satisfied for pure
constraints.

2. Systems controlled by their k-th time-derivative (i.e. yﬁk) = f(ut,yt)) enter into

this general framework: it suffices to consider the time-derivatives of y up to the
order k — 1 as state variables. Pure constraints on state variables controlled by
their k-th derivative are called pure constraints of order k.

In this introduction, we will sometimes use an abstract form for optimal control problems:

Min J(u), subject to: G(u) € K. (1.4)
uel
The state variable being a function of the control u, it is omitted in this abstract formu-
lation.

Sensitivity analysis Let us consider now a perturbed version of problem (L4]):

Melgll J(u, ), subject to: G(u,d) € K, (1.5)
u

where 0 is a perturbation parameter, supposed to be a real number for simplicity. Sen-
sitivity analysis is concerned with the following question: what is the behavior of the
optimal solution and the value of the problem when 6 varies 7 The sensitivity analysis
will be performed locally, in the neighborhood of a reference value of 6, say 6, and we
will consider solutions to the perturbed problems which are close (in a certain sense)
to a solution @ to the reference problem (for § = ). The typical results that can be
expected are the following:

> a first-order Taylor expansion of the solutions of the perturbed problems
> a second-order Taylor expansion of the value of the perturbed problems.

We refer to [20] for a general introduction and to the book [21], which is a comprehensive
treatment of the subject.

Sensitivity analysis is a natural issue in applied mathematics: when modelling a
certain problem, one typically expects that the solution of this problem depends contin-
uously on its parameters, to ensure the convergence of numerical schemes, for instance.
Let us give some other motivations for sensitivity analysis.

1. In some situations, the variable 0 is also an optimization variable. However, opti-
mizing simultaneously v and 8 can be a difficult task. A possible approach consists
in fixing 6, solving the sub-problem for which 6 is fixed. The sensitivity analysis
allows to compute a first correction to apply to #, or at least to decide which of
the components of 6 should be optimized in priority.
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2. Similarly, some problems may be solved with the so-called homotopy method (or
continuation method, see [2]). Typically, the considered problem is easy to solve
for a given value 6 of the variable § but may be hard for the other values. The
sensitivity analysis allows to find approximate solutions to the hard problems, for
values of 6 close to 6, and given a solution to the reference problem.

3. The numerical methods which are not based on dynamic programming provide an
open-loop solution. However, in real-time applications, it is of interest to be able
to compute quickly a new approximate optimal solution if, for example, the system
deviated from the initially planned trajectory [38].

Second-order optimality conditions The second-order necessary and sufficient op-
timality conditions are of key importance in sensitivity analysis of optimization problems.
These conditions are very easy to understand in the case of an unconstrained problem
such as
Min f(x). 1.6
Min f(2) (16)

Let z € R".

> The first-order necessary conditions state that D f(x) = 0; they are satisfied if x is
locally optimal.

> The second-order necessary conditions state that D?f(z) is positive semi-definite;
they are satisfied if x is locally optimal.

> The second-order sufficient conditions state that Df(z) = 0 and D? f(x) is positive
definite; if they are satisfied, then z is locally optimal.

In the case of constrained optimization problems, the first-order necessary conditions
state that there exists a Lagrange multiplier; the necessary and sufficient second-order
necessary conditions state that the Hessian of the Lagrangian is respectively positive
semi-definite and positive definite on a certain cone, called critical cone.

As we mentioned, the first- and second-order optimality conditions are key tools
for sensitivity analysis and for characterizing local optimality. Moreover, the second-
order sufficient condition is the main assumption for the justification of some numerical
methods, such as the shooting method or the discretization method [10, 11, 22, 57], in
the case of optimal control problems.

1.1.2 Introduction to sensitivity analysis and second-order optimality
conditions

In this subsection, we introduce the main tools of sensitivity analysis. We describe two
classical approaches for sensitivity analysis, a first one based on a stability analysis of
the first-order optimality conditions with the implicit function theorem and a second
one based on a variational analysis. For the sake of simplicity, we work with a finite-
dimensional optimization problem.
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Optimality conditions Let us consider an abstract finite-dimensional problem, de-
fined as follows:
M]%%n f(z), subject to: g(z) € K, (1.7)
TER™

where f : R® — R and g : R — R"@ are C%-functions and K is a closed and convex
subset of R™¢. For the moment, we do not consider any perturbation variable. From
now on, we fix a feasible point z.

Definition 1.1. We say that Robinson qualification condition holds at T (or simply,
that the constraints are qualified at &) iff there exists € > 0 such that

eB C g(7) + Dg(7)X — K, (1.8)

where B is the unit ball of R"C and where the signs + and — must be understood in the
sense of the sum of Minkowski.

Proposition 1.2. Let us assume that Robinson qualification condition holds at T. Then,
there exist € > 0 and C > 0 such that for all x with |x — Z| < e, there exists & such that

9() e K and |z — x| <Cdist(g(z), K). (1.9)

This property is called metric reqularity property. It is an important property for the
justification of all the linearized problems that will be introduced in the sequel. Let us
recall the definitions of the tangent and normal cones Tk (y) and Nk (y) (in the sense of
convex analysis), for all y € R"¢:

Tk (y) := {h € R"¢ : dist(y + oh, K) = o(0), o > 0}, (1.10)
Ni(y) :={AeR"* : AL <0,Vh e Tk(y)}. (1.11)

Here, the notation R™¢* stands for the space of row vectors of size no. We define now
the Lagrangian of the problem, given by

L:(\z)eR" xR" = L\(z) = f(z) + \g(z) € R. (1.12)

The variable A is called dual variable, we write it into brackets to distinguish it from the
primal variable x. We define the set of Lagrange multipliers A(Z) as follows:

A(#) = {) € Nk(g(z)) : DL[N(z) = 0}. (1.13)

Note that the symbol D (without subscript) stands for the derivative with respect to all
the variables, except A.

Definition 1.3. We define the critical cone C(Z) and the quasi-radial critical cone
COR(z) by

C(z)
C¥(z)

heR"™ : Df(z)h =0, Dg(z)h € T (Z)}

= {
= {h e C(z) : dist(g(z) + oDg(Z)h, K) = o(c?), o > 0}.
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Tk (Z) C(z)

Figure 1.1: An example of critical cone (with g(z) = x).

In the following definition, the notation cl(C) stands for the closure of a given set C.

Definition 1.4. We say that:
1. the first-order necessary conditions hold iff A(Z) # 0,

2. the second-order necessary conditions hold iff

)\Mﬂx) D2, LIN(Z)h? >0, Yh e cd(C%(z)), (1.14)
eA(T

3. the second-order sufficient conditions hold iff

A%?é) D2 LI\(z)h? >0, Vhe C(z)\{0}. (1.15)

Note that the second-order sufficient conditions do not hold if the set of Lagrange
multipliers is empty.

Assumption 1.1 (Extended polyhedricity). We assume that
A(C® (7)) = C(2). (1.16)

From now on, we assume that the extended polyhedricity condition (defined above)
holds. This condition is typically satisfied if K is described by a finite number of linear
equalities and inequalities. Indeed, in this case, for all y € R"C for all h € Tk (y), there
exists € such that

dist(y + oh,K) =0, VYo €]0,¢]. (1.17)

It is still possible to state second-order necessary conditions on the whole critical cone
if the extended polyhedricity condition does not hold, but in this case, an additional
nonpositive term must be added to the Hessian of the Lagrangian in (I.I4) [47]. We are
not interested in this situation and prefer stating no-gap second-order conditions, that
is to say that we want that the maximized terms in (I.I4]) and (L.I5]) are the same.

Definition 1.5. We say that the quadratic growth property holds at T iff there exist
e >0 and a > 0 such that for all x € R™ with |x — z| < ¢,

9() € K = f(x) > f(2) + alz — 7. (118)
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Note that the quadratic growth property implies that Z is locally optimal.
Theorem 1.6. Assume that the constraints are qualified at T.
1. If T is locally optimal, then the first- and second-order necessary conditions hold.

2. The quadratic growth property at T holds if and only if the second-order sufficient
conditions hold.

Proof. > Necessary conditions.
Let h € C®(z), d € R™ be such that

Dg(z)d + 3 D?g(z)h* € Tk (9(2)). (1.19)
Then, for ¢ > 0,
g(Z + oh + o%d)
= g(z) + Dg(z)ho + (Dg(z)d + 1 Dg(z)h?)o? + o(0?) (1.20)

and dist(g(Z + oh + 0%d), K) = o(c?). Thus, by the metric regularity property (Propo-
sition [[L2), there exist € > 0 and a mapping z : [0,¢] — R"™ such that

g(z(0)) € K, Yo €[0,e] and x(0) = Z + ho + do? + o(c?). (1.21)
We call this mapping a path. We obtain that
0< f(2(0)) - f(&) = (DF(@)d + LD2F(@)h?)? + o(?) (1.22)
and therefore that the following linearized problem

: - 1192 ¢ (7\p2
é\é[]%{% Df(z)d+ 5D f(z)h

st.  Dg(z)d+ 3D?g(z)h? € Tk (g(2)).
has a nonnegative value. Its dual has the same nonnegative value:

Ag% D2 L\(z)h?, (1.23)
which proves the result for h € CR(Z). It easily extends to cl(CRR(z)), equal to C(Z)
by assumption.
> Sufficient conditions.
We make a proof by contradiction. Assume that there exists a feasible sequence (zy)g
converging to  which is such that

flar) = f(@) < of|ay — z). (1.24)

Set hy = (xp — Z)/|zr — Z| and denote by h a limit point of (hy)r. Note that |h| = 1. It
is easy to check that h € C(z), as a consequence of (L.24]). Observe that for all k£ and
for all A € A(Z),

flaw) = f(2) = flan) = f(2) + Mg(zr) — 9(7) = LA (z) — LIA[(Z), (1.25)

K
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since A € Nk (g(z)) and since g(x) — g(z) € Tk (9(x)), by convexity of K. Using the
stationarity of the Lagrangian, we obtain that

flay) = f(@) 2 DL LN (@) (2 — 2)° + o(|ay — z) (1.26)
and to the limit, we obtain that
D2,.L[\(z)h* < 0. (1.27)

Therefore, by the second-order sufficient conditions, we obtain that h = 0, in contradic-
tion with |h| = 1. We have proved that the quadratic growth held under the sufficient
conditions. The converse property is easily checked with the necessary conditions. U

Remark 1.7. The compactness of the sphere of radius 1 is crucial in the proof of
the quadratic growth. In an infinite-dimensional setting, this property does not hold.
Therefore, a technical and restrictive assumption on the Hessian of the Lagrangian will
be needed.

Remark 1.8. Inequality ([L26) is central in the proof of the quadratic growth.

Sensitivity analysis Let us introduce now a perturbation parameter # € R in our
problem, with reference value § = 0. We assume that = is a local optimal solution to
the reference problem with § = 0. The family of problems under study is the following:

V() = 1\2[%&91 f(z,0), st. g(z,0) € K and | — z| < 7. (P"(6))

Observe that a supplementary constraint, called localizing constraint, has been added,
with a small parameter n > 0 associated. The reason is that the results obtained are
true only for perturbed solutions close to .

We consider a simplified framework for the constraints: we assume that the set K
stands for equalities and inequalities. Therefore, we set:

g(z,0) = (gE(x,H),gI(x,H)) and K = {0}"® x R", (1.28)

where g : R?” x R — R"2, ¢/ : R” x R = R™ and nc = ng + ns. In this setting, the
complementarity conditions A\ € Nk (g(z,0)) for Lagrange multipliers reads:

AER™* x RYM* and ¢! (7,0) < 0= X =0. (1.29)
The Lagrangian is now defined by L[\|(z,0) = f(z,0) + Ag(x,0); the set of Lagrange

multipliers A(Z) and the critical cone C(Z) are considered for a feasible point Z of the
reference problem (with 6 = 0).
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A first approach for sensitivity analysis We describe here a first approach
based on a study of the stability of the first-order optimality conditions, with the implicit
function theorem. To simplify, we assume that ¢/ (z,0) = 0. In other words, we do not
take into account the inequality constraints which are not active at Z, for 8 = 0.

We say that the strict complementarity condition holds iff for all A € A(Z), )\Z-I > 0,
for all i« = 1,...,n7. In the following theorem, we assume that D,g(z,0) is surjective.
This assumption implies that there is a unique Lagrange multiplier, that we denote by
A and it also implies the qualification condition. Note that the results of the theorem
are given for a small value of 1 and still hold for all the values " € (0, 7).

Theorem 1.9. Assume that

1. D,g(z,0) is surjective

2. the second-order sufficient conditions hold

3. the strict complementarity holds for all A € A(Z).
Then, the following statements hold true.

1. There exists n > 0 such that for 6 in a neighborhood of 0, (P"(0)) has a unique opti-
mal solution x(0) with a unique Lagrange multiplier \(0) associated. The mapping
0+ (2(0),\(0)) is C* in the neighborhood of 0.

2. Set h = Dpz(0) and i = DyA(0), the following quadratic optimization problem

Min D?L[N(z,0)(h,1)® s.t. Dg(z,0)(h,1) =0, (1.30)

has for unique solution h, with associated multiplier [i

3. The following expansion of V() holds:

V(0) + (Do LN (2,0))6 + 5 (D2LIN(z, 0) (R, 1)2)62 + o(62). (1.31)

Proof. 1. Note that as a consequence of the strict complementarity, the critical cone is

described by

C(z)={h €R" : D,g(z,0)h = 0}. (1.32)
Consider the mapping
H: (2 0) < Dl“L([f(;;’a) >

We study the well-posedness of the equation H (z,A,0) = 0, with unknown variables z
and A. The derivative D, \H(Z, X,0)(h, 1), given by

Doz LIN/(Z,0)h + uDg(%,0)
(") w2
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is injective as a consequence of the surjectivity of D,g¢(Z,0) and of the second-order
sufficient condition. Therefore, there exists a unique mapping 6 — (x(6), A\(#)) of class
C*, defined in the neighborhood of 0 which is such that H(z(#),\(9),0) = 0. We
can check a posteriori that x() is a stationary point to by using the strict
complementarity condition, and that it is an optimal solution for a sufficiently small
value of 7.

2. It can be checked that problem (30 has a unique solution with the sufficient
condition and the strict complementarity assumption. Let us set h = Dyz(0) and i =
DyA(0), then D, »oH(Z,\,0)(h, fi,1) = 0, and therefore, by (L33,

( Do LIN(@,0)h + i, Dyg(#,0) + Dy g LA (&, 0) (R, 1) = 0 )

Dg(z,0)(h,1) =0 (1.34)

This is the first-order optimality conditions for (L30), which are sufficient, since the
problem in convex.
3. Expand to the second order:

VHO) = V(0) = f(x(0),0) — f(x,0) = LA(2(6),0) — L]A|(Z,0), (1.35)
estimate (L31]) follows. O

A second approach for sensitivity analysis The second approach for sensitivity
analysis is a variational approach which uses the same techniques as the ones developed
for the second-order conditions. By building feasible paths of points, we obtain an upper
estimate of the value function V() in the form of a second-order Taylor expansion.
Under the sufficient second-order condition, this expansion is a lower estimate, as we
prove by expanding the Lagrangian up to the second-order. The result that we obtain
is weaker, but does not require the uniqueness of the Lagrange multiplier.

Let us define the first-order linearized problem

Min Df(#,0)(h,1) st Dg(x,0)(h, 1) € Tre(g(,0)), (PL)
E n
its dual is given by
Max DgL[\(Z,0). DL
Max, Dy [Al(z,0) (DL)

We denote respectively by S(PL) and S(DL) the sets of solutions to (PL) and (D).

Definition 1.10. We say that the strong second-order sufficient condition holds iff for
all h € C(z)\{0},
Max D2 L[\|(z,0)h? > 0. 1.36
M DLL(.0) (1.30)
Theorem 1.11. Assume that the constraints are qualified at T and that the strong
sufficient second-order condition holds. Then, there exists n > 0 such that for 8 > 0,
V(@) has the following second-order development:

VI(9) = V(0) + ( Max DgL[)\](i,O))H

AEA(Z)
M' M D2L = h 1 2 92 92 ) 1.
* <heS(11rDlL) AeS(aDXL) [A(z,0)(h,1) > + 0(67) (1.37)
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Moreover, denoting by x(0) an optimal solution to (L30), we obtain that the sequence

— X

0

(1.38)

is bounded and possesses all its limit points in S(PL).

Proof. We prove this theorem in three steps.

> First step: a second-order upper estimate. Under the qualification condition, the
set of Lagrange multipliers is bounded. Therefore, problem (DI]) has a finite value
and problem (PL)), which is linear, has the same finite value and possesses at least one
optimal solution. For all h € S(PL), for ¢ > 0 sufficiently small, we can build a path
Z:0 € 0,e] — x(0) which is such that:

9(2(0),0) ¢ K and Z(0) =z + 60d+ o(0). (1.39)
It follows that

V(0) = V(0) < f(2(0),0) — f(z,0) = (Df(Z,0)(h,1)) 6 + o(0)
— <A¥&’§) DyL[|(z,0))6 + o(0). (1.40)
Similarly to the proof of Theorem [LG, we can build a second-order feasible path of the

following form:
#(0) =z + ho + d6* + o(6?), (1.41)

where d is a second-order direction of perturbation to be optimized. We obtain a second-
order linearized problem which has for dual:

2 - 2
Ael\é[(ag(m D*L[\|(z,0)(h,1)". (1.42)
Finally, we optimize h in S(PL). This proves that the right-hand side of (37 is an
upper estimate of V().
> Second step: a first lower estimate.
We denote by z(f) a optimal solution to the perturbed problem. Similarly to the proof of
the quadratic growth (Theorem [LL6), we prove the following inequality, for all A € A(z),

V(0) =V (0) > L[N(x(0),0) — L[A|(%,0)
= DgL[)\] (z,0) + D2L[N(z,0)(z(0) — z,0)*
+ o(|z(9) — > + 62). (1.43)

> Third step: conclusion.
We prove by contradiction that (z(0) —z)/6 is bounded. Indeed, if it is not the case, we
can show that there exists a sequence () | 0 which is such that for all A € S(DL),

— RS S heCE\O) ad DRIN@OR S0, (L)
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thanks to the upper estimate. The contradiction follows with the strong sufficient second-
order conditions. Then, it is easy to check that all limit points of (z(0)—z)/6 (and there
exists at least one) belong to S(PL).

Finally, let A € S(DL) and (0x) J 0. Extracting if necessary, we may assume that
(x(0r) — ) /0 converges to h € S(PL). Therefore,

D?LN(z,0)(2(0,) — &,0)* = DL\ (z,0)(h, 1)%07 + 0(63). (1.45)

Combined with ([43]), we obtain that the right-hand side of (I37) is also a lower
estimate. The theorem is proved.

O

1.1.3 Main issues in the application to optimal control

The abstract theory of second-order optimality conditions and sensitivity analysis can
be applied to optimal control problems. A certain number of specific difficulties must
be solved, all related in a certain manner to the fact that optimal control problems
are infinite-dimensional. This subsection reviews these difficulties. We refer to [56]
for a recent introduction on the application of second-order optimality conditions to
optimal control problems, to the thesis [41] and to the introduction of [45] for detailed
bibliographies. This thesis is not concerned by the specific case of problems which are
linear with respect to the control, we refer to [5] for these problems. We also refer to
[51, 52] and the references therein for sensitivity results for optimal control problems.

Two-norm discrepancy The space L>(0,7;R"™) is an appropriate choice for for-
mulating optimal control problems. In most applications, the control is even uniformly
bounded with explicit bounds. However, this space, which is not a Hilbert space, is not
appropriate for the sufficient conditions since the quadratic growth property never holds
in this space. Let us consider the case of an unconstrained optimal control problem, and
let us set v.(t) = 1if t € (0,¢), 0 otherwise, for all ¢ > 0. Then, for all u,

J(u+ve) = T (u) (1.46)
but ||ve||oo = 1, therefore there cannot be any a > 0 such that
J(u+ve) > T (u) + allvel5 = T (v) + a. (1.47)

A weaker distance is required to obtain a quadratic growth property, and the appropriate
choice is the L2-distance. Therefore, we have to deal with two distances:

> the L*-distance, for which the Lagrangian of the problem is twice-differentiable
and metric regularity properties hold, but for which the quadratic growth cannot
be satisfied,

> the L2-distance, which is natural to state a quadratic growth property, but for
which the metric regularity properties do not hold and the Lagrangian is not
differentiable.
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This issue is called the two-norm discrepancy, and the typical quadratic growth property
that can be obtained uses both norms: there exist € > 0 and «a > 0 such that

G(u) € K and ||u — iljoo < € = J(u) > T (@) + a|u — a3 (1.48)

The use of the L?-distance for the quadratic growth naturally imposes to use a critical
cone defined in L?(0,T;R™) for the sufficient conditions, and it is therefore desirable to
state necessary conditions for a critical cone defined in this space. This complicates much
the proof of the results, in particular, building feasible paths and justifying linearized
problems becomes much more technical. Consider the simple example where the optimal
control is given by u; = 0 and control constraints are given: —1 < wuy < 1. If v is a critical
direction in L?(0, T; R™)\L>° (0, T; R™), there is no standard metric regularity result that
can be applied to the path u + 6v, 8 € R.

Extended polyhedricity An important technical difficulty that arises in the state-
ment of no-gap second-order optimality conditions lies in checking the extended poly-
hedricity condition in the case of control constraints, mixed constraints, or pure con-
straints. Indeed, even a simple constraint such as u; > 0, for a.a. t, cannot be seen as
a polyhedric constraint since it contains an infinite number of inequalities. Some sup-
plementary assumptions are required in order to prove the density of the quasi-radial
critical cone into the critical cone:

> The contact set (that is to say, the set of times at which the constraint is active)
must be a finite union of intervals and isolated points, for pure, mixed, and control
constraints.

> A certain linear form (obtained by linearizing the pure and mixed constraints) has
to be surjective. This assumption can be seen as a controllability assumption or
more generally as a stregthening of the qualification conditions.

A reformulation of the problem is also required in the case of second-order state con-
straints having touch points, a touch point being an isolated time at which the constraint
is active. The associated technique is called reduction.

Strengthened Legendre-Clebsch condition As already mentioned, the proof of
the quadratic growth (which is a proof by contradiction) in a finite-dimensional set-
ting uses in an essential way the fact that the sphere of radius 1 is compact. This is
of course no longer the case in L?(0,T;R™). A bounded sequence (hy); in this space
may not have limit points for the L? distance and weak limits points may be equal to
0. It is possible to circumvent this difficulty by assuming that the Hessian of the La-
grangian is a Legendre form. In the absence of control constraints and mixed constraints,
this assumption is equivalent to the uniform positive definiteness of the Hessian of the
Hamiltonian with respect to the control variable, which is acceptable in so far as the
Hamiltonian is minimized (with respect to u) by the optimal control. This condition is
called the strengthened Legendre-Clebsch condition. When control and mixed constraints
are present, the Hessian of the Lagrangian is a Legendre form if and only if the Hessian
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of the augmented Hamiltonian (with respect to u) is uniformly definite positive in time,
which is rather restrictive.

Sensitivity analysis When we use the variational method of sensitivity analysis, the
difficulties that we encounter when we prove upper estimates and lower estimates are
the same as the ones that we respectively encounter in the proofs of second-order neces-
sary and sufficient conditions. A supplementary difficulty has to be mentionned for the
proof of the upper estimate: the first-order linearized problem may not have an optimal
solution if it contains an infinite number of inequalities.

1.1.4 Strong solutions and their specificities

As we pointed out in the previous section, all the available results are stated for local
optimal solutions. In infinite-dimensional spaces, there are some nonequivalent distances
and therefore, we have to make precise what we mean by local optimal solutions. Most
of the available results in the literature concerning the second-order analysis and the
sensitivity analysis of optimal control problems deal with weak solutions, that is to
say, controls that are locally optimal for the L*°-norm. We introduce in this section
two supplementary notions of local optimal solutions, namely Pontryagin minima and
bounded strong solutions. Roughly speaking, these controls are locally optimal for the
L'-norm. The generic term strong solutions that we use in this thesis refers to these two
notions. These two notions were introduced in [55].

The specificity of the first three chapters of this thesis lies in the fact that strong
solutions are considered. The main feature of results for strong solutions is that they
involve a subset of the Lagrange multipliers that we call Pontryagin multipliers.

In this subsection, we first define the Pontryagin multipliers for problems with final-
state constraints and give definitions for the two notions of strong solutions. Finally,
we describe the two main tools that were used: a technique of relazation [28] and a
decomposition principle [18].

Lagrange and Pontryagin multipliers, strong solutions In this paragraph, we
state the first-order optimality conditions for a simple case of optimal control problem
with final-state constraints only. We describe the Lagrange and Pontryagin multipliers
and the two kinds of strong solutions. We consider the problem:

Min _ ¢(yr), s-t. y =ylul, ®%(yr) =0, ®(yr) <0. (1.49)
(u,y)EUXY

For all p € R™, u € R™, and y € R", we define the Hamiltonian H|[p|(u,y) by

Hp)(u,y) = pf(u,y). (1.50)

Let @ be feasible and let § = y[a]. We associate to any A = (A\F,\) the costate p*
uniquely defined by the following backward differential equation:

{ —pﬁ = DyH[pf‘] (ug,ge), for a.a. t,

1.51
pr = Do(gr) + A" D2(yr) + X' DD (77). e
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In this framework, the set of Lagrange multipliers, denoted now by Ay (u) is given by
Ar(@) = {x = (WP M) e Rmer* x RY®
Ol () < 0= N =0,Yi=1,...,npr, (1.52)
Dy H[p}|(ts,5:) = 0, for a.a. t }. (1.53)

We consider now the set of Pontryagin multipliers Ap (), defined by

Ap(a) = {X € Ap(@) - H[p(ur, 5) < H[p)(u. g,
Vu € R™, for a.a. t }. (1.54)

This two kinds of multipliers can also be defined for optimal control problems with
control, mixed, and pure constraints. Let us define now the different notions of local
optimality that we will use. We use the abstract formulation of an optimal control

problem (L4)).

Definition 1.12. We say that u is

> a weak solution iff there exists € > 0 such that for allu e U,

Gu) e LK and |lu—t|e <e = J(u) > J(u), (1.55)

>> a Pontryagin minimum iff for all R > ||t||, there exists € > 0 such that for all
u €U with ||uljeo < R,

Gu) e L and |u—a|) <e = J(u) > J(u), (1.56)

> a bouded strong solution iff for all R > ||t||«, there exists € > 0 such that for all
u e U with ||uljeo < R,

Gu) e K and |[ly[u] = glloe <& = T(u) = J(0). (1.57)

By Gronwall’s lemma, the mapping u + y[u] is Lipschitz-continuous, for the L'-norm
on the control and the L°°-norm on the state variable. It follows that if @ is a bounded
strong solution, then it is a Pontryagin minimum, and if it is a Pontryagin minimum,
then it is a weak minimum.

Proposition 1.13. Under a qualification condition, if 4 is a weak solution, then Ar ()
is non-empty and if u is a Pontryagin minimum, then Ap(@) is non-empty.

This result is the well-known Pontryagin’s principle. Unsurprisingly, when the notion
of local optimality which is used is strengthened, we obtain a stronger result, that is
to say, more restrictive conditions on the involved set of multipliers. Observe that a
Pontryagin minimum is optimal with respect to controls that may be far for the L°°-
norm, to the contrary of weak solutions. In the same way, for a Lagrange multiplier, the
Hamiltonian is only stationary with respect to u, whereas for a Pontryagin multiplier, the
Hamiltonian is minimized by the control: this statement involves some controls which
are far for the uniform norm.
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Relaxation The basic idea of relazation consists in using simultaneously several con-
trols, with some weights associated, such that the sum of the weights is equal to 1. Let
us have a look on a simple example: we consider two controls, u' and u? with constant
weights, both equal to % The associated state variable is given by:

Y = %f(utl’yt) + %f(u??yt)a yo = y° (1.58)

and equation (58] is called relaxed state equation. Let us denote by y the solution to
this equation. Let us consider now a sequence (u*); of controls, defined by

ko up if L%J is even,
uy = ) . (1.59)
uy  otherwise,

where the symbol |z stand for the integer part of the real number z. It can be proved
that the sequence of associated state variables (y[u*]); converges uniformly to 3. This
means that the solution of the relaxed state equation can be approximated as accurately
as wanted. If the constraints are qualified, it is possible to build the approximating
sequence (u¥); so that it is also feasible.

This idea can be generalized to infinite convex combinations of the controls, with
Young measures. Roughly speaking, a Young measure t — p; is a measurable mapping
from t € [0,T] to the space of probability measures on the control space U. The relaxed
equation is given by:

Y = fU [y, u) dpe(u),

o=y’

(1.60)

u? (weight: 1/2)

ul (weight: 1/2)

T . T
> >

0 T 0 T

Figure 1.2: Illustration of the approximation of a relaxed control.

The effect of relaxation can also be understood from the point of view of differential
inclusions [6]. Consider the control constraint v € U where U is compact, then the
set of solutions to the state equation coincide with the set of solutions to the following
differential inclusion:

g€ Fy), wo=1" (1.61)
where F': R™ = R" is the multimapping defined by

F(y) ={f(u,y), ue U}. (1.62)
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Then, the set of solutions to the relaxed equation coincide with the set of solutions to
the following differential inclusion:

Ut € conv(F(yt)). (1.63)

Relaxation provides a new way of building paths of feasible points. At the first-
order, the standard way of building this paths is to consider a direction of perturbation
v and to expand the cost function of the sequence u + fv. But we can also consider the
sequence of relaxed controls which are the combination of u with a weight (1 — ) and
another control, say w, with a weight 6, where 6 € [0,1]. This results in the following
state equation:

gr = (1= 0) f(at, yt) + 0 (ut, yr)- (1.64)
Let us denote by 3? the solution. Then,

> we can show that there exists a sequence (u%)y of classical controls which is such
that
Iy’ = ylu’llc = 0(8) and |u’ —alli = O(6) (1.65)

> and we can compute a first-order Taylor expansion of 7 (u?).

These two elements justify the use of relaxation to build feasible paths, for the study of
strong solutions, since the estimate (I.65) on u’ involves the L'-norm. This technique
allows to obtain necessary conditions (and upper estimates for sensitivity) expressed
with Pontryagin multipliers instead of Lagrange multipliers. It has been used at the first
order since the beginning of the development of the optimal control theory; in this thesis
we use it for the second-order analysis.

Decomposition principle The decomposition principle is a particular second-order
Taylor expansion of the Lagrangian of the problem. Let us fix a multiplier of the problem,
and let us denote by £(u) the Lagrangian and by € its Hessian at @, which is a quadratic
form on the space L2(0,T;R™). When we try to prove a quadratic growth property, the
approach consists in expanding up to the second order the right-hand side of the following
inequality

T (k) — T (@) > L(u*) - L(a), (1.66)

where (u”)}, is a certain sequence of controls (see inequality (L25) in the proof of Theorem
[L6). With Gronwall’s Lemma, we can prove the following estimate:

L") ~ L) = Q" —a) + O(|lu* —al3), (1.67)
which is satisfactory if we know that (u*); uniformly converges to 1, since then,
lu* —all§ = O(lu* — alloollu® —al3) = o(llu* — al), (1.68)

and therefore, the expansion ([L67) is suitable, since by combining (L66]), (LE7)), and
(L6])), we obtain that

T (u) = J (@) > Qu* — @) + o(|lu* — all3). (1.69)
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When we study strong solutions, the uniform convergence of (u¥); is not ensured
anymore. Assuming the quadratic growth of the Hamiltonian, we prove in a first step
that ||u¥ — @lls — 0. It means that for k large enough, the perturbation |uf — |
may be very large, but only for times ¢ in a small subset of [0,7]. Let us consider a
sequence (A, By)y of partitions of the time interval, and let us define two new sequences
of controls:

ut’ =

(1.70)

k .
u/ ifteB
and uf’k:{ ! b

u;  otherwise, u;  otherwise.

The subset Aj accounts for the small perturbations and the subset Bj for the large
perturbations. Finally, if the sequence of partitions is suitably constructed, we obtain a
series of estimates, among them,

meas(By,) = 0, [Ju™ —@/joc = 0 (1.71)
and above all,

L(uF) — L(a) = Qu — a)

T
+/0 (Hp (" 90) — H{pY)(@e, 31)) dt + o([[u* — a3). (1.72)

In the study of strong solutions, this expansion is a key tool for the proof of quadratic
growth and for the proof of a lower estimate in sensitivity analysis.

Large
perturbations

A ; A A
Small uB,k
erturbations A
p u k
; uk
U
By, Ay By, Ay

Figure 1.3: Decomposition principle.

1.1.5 Contribution of the thesis

This subsection summarizes in an informal way the main results of the first part of the
thesis. We fix a feasible control u, its associated trajectory y and denote by Az (u) and
Ap(u) the set of Lagrange and Pontryagin multipliers. The Hessian of the Lagrangian
in a given direction v is denoted by Q[A](v).
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Chapter 2 Second-order necessary optimality conditions in Pontryagin form
In this chapter, we state and prove second-order necessary conditions for Pontryagin
minima of optimal control problems with pure and mixed constraints. The result is
expressed with Pontryagin’s multipliers and is obtained with a finite relaxation of the
state equation. The main results are the following:

> We give a new technique to build feasible paths for which the direction of pertur-
bation possibly belongs to L?\L>, with a specific metric regularity property for
the mixed constraints in Lemmas 2.49] 2.50 and 2.511

> In Theorem 248 we give a new proof of second-order necessary conditions for
weak solutions, which are already known (see [17, 64]). As we mentioned, the
main difficulty lies in the proof of the extended polyhedricity condition, but the
possibility of building paths with a direction in L? simplifies the proof of this
condition. Under technical assumptions, if u is a weak solution, then for all critical
direction v,

sup Q[N (v) > 0. (1.73)
AeAL ()

> Theorem [2.3T]is the main result, we prove the second-order necessary conditions for
Pontryagin minima. Under technical assumptions, if @ is a Pontryagin minimum,
then for all critical direction v,

sup  Q[A](v) > 0. (1.74)
AeAp(a)

> Theorem 257 is a new qualification condition, which is weaker than the usual
qualification and ensures that Pontryagin’s multipliers are non singular.

Chapter Bt Second-order sufficient conditions for bounded strong solutions
In this chapter, we state sufficient conditions ensuring a quadratic growth property for
bounded strong solutions to optimal control problems with pure and mixed constraints.
These conditions consist in:

> for all nonzero critical direction v, there exists A € Ap(@) such that Q[A](v) > 0.

> the quadratic growth of the Hamiltonian with respect to u: for at least one Pon-
tryagin multiplier A, there exists a > 0 such that for almost all ¢, for all u in a
certain multi-mapping U (¢),

H[p?)(u, 5) > Hp)(@e, ge) + afu — . (1.75)

The main results are the following:

> Theorem [B.14] provides a decomposition principle for the constrained problem un-
der study, extending the result of [18].
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> Theorem B.I§] is the main result and proves the quadratic growth property for
bounded strong solutions. Under the sufficient conditions, the Legendre-Clebsch
condition, and technical assumptions, for all R > ||u]|, there exist @ > 0 and
€ > 0 such that for all u,

lulloo < R, G(u) € K, |lylu] = Flloc <= J(u) = J(a) +afu—all. (1.76)

> Theorem [B.2T] proves that under technical assumptions, the sufficient conditions
are necessary to ensure the quadratic growth.

Chapter [4t Sensitivity analysis for relaxed optimal control problems with
final-state constraints In this chapter, we perform a sensitivity analysis for a certain
type of bounded strong solutions to relaxed optimal control problems with final-state
constraints. The relaxation (with Young measures) and the decomposition principle are
used in an essential way. The family of problems is given by:

V7(6) = Min ¢(yr,6) st y = ylu.6], o (yr,0) =0, ®'(yr,0) =0,  (1.77)
lylu, 0] — Glloo <, (1.78)

where M is a space of Young measures and y[u, 6] the trajectory associated with the
relaxed control u, parameterized by 6. The reference problem (with § = 0) is supposed
to have a solution @ in L*°.

The main results are the following;:

> A metric regularity property for relaxed controls, involving the L!-distance (for
the Wasserstein distance) is proved in Theorem

> An upper estimate of the V() is proved in Theorem A.20]

> An extension of the decomposition principle to relaxed controls is provided in
Theorem [4.28

> Finally, the lower estimate of V() is given in Theorem [A.34]

The second-order expansion of V' (#) which is obtained is of the form:
V(0) = V(0) + C16 + Cob” + 0(6?), (1.79)

where the coefficients C; and C5 are the values associated with linearized problems, and
are expressed with Pontrygin’s multipliers.

Chapter Sensitivity analysis for the outages of nuclear power plants In
this chapter, we consider a problem of nuclear energy production, parameterized by dates
at which nuclear power plants must be stopped. Given a planning of the outages, the
problem is a convex optimal control problem. We study the structure of optimal controls
and perform a sensitivity analysis with respect to the dates. More precisely, we compute
a first-order expansion of the value function. The main results are the following:
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> In Theorem 5.5l we prove the first-order expansion of the value of the problems.

> In Theorem [5.16] we give a precise characterization of the Lagrange multipliers of
the problem.

1.1.6 Perspectives

We mention in this section some possible developments of the first part of the thesis.

Quadratic growth The quadratic growth property that we establish lies on the
Legendre-Clebsch hypothesis. This assumption is naturally satisfied if there are no
control constraints neither mixed constraints, but may be wrong in the presence of such
constraints. It would be an important improvement to obtain a quadratic growth prop-
erty, even for weak solutions, without this assumption.

Remember that the proof of quadratic growth is a proof by contradiction. We typ-
ically consider a sequence (uF); which contradicts this property, and we have to show
that the sequence of directions:

k _

uf —a
el 1.80
luk — |2 ( )

has a limit point v, for a suitable topology, which is in the critical cone, and which is
such that for all multipliers, Q[A](v) < 0. This limit point is therefore equal to 0, by the
sufficient second-order condition. The topology which has been used so far is the weak
topology of L?, which does not enable us to obtain directly the desired contradiction.
In Chapter ] we introduce the narrow topology for Young measures, which is finer
and possesses good compactness properties. This topology would certainly enable us to
obtain a better understanding of the sequence (u*);, and to get the contradiction without
the Legendre-Clebsch assumption.

Sensitivity analysis In Chapter[d we are able to use the variationnal approach for the
sensitivity analysis of optimal control problems with final-state constraints and obtain
results which do not require the uniqueness of the multiplier. It would be of interest
to extend this approach to more sophisticated problems, with control contraints, mixed
constraints or even pure constraints. The main difficulty is to ensure the existence of
at least one solution to the first-order linearized problem. Indeed, linear optimization
problems with an infinite number of inequality constraints may not have solutions.

The case of control constraints is already interesting. As we show in the example of
subsection [.6.2] the behavior of optimal solutions may be complex in the presence of
several Lagrange multipliers: in this precise example, the direction of perturbation of
the optimal controls is itself a Young measure.
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1.2 Chance-constrained stochastic optimal control prob-
lems

1.2.1 Introduction to stochastic optimal control

Setting The second part of this thesis is dedicated to the study of stochastic opti-
mal control problems with a probability constraint. Stochastic optimal control problems
alm at optimizing the behavior of uncertain controlled dynamical system. We are inter-
ested by systems modelized by a stochastic differential equation, typically formulated as
follows:

{ Vi = f(ur,Y7) dt + o (ur, Yy) AWy, 1.81)

Yo= o,

where the functions f and o are given and respectively called drift and wvolatility and
where W = (W})icpo,7] is a Brownian motion. We denote by F = (F); the filtration
associated with W. At each time, the control u is taken in a compact subset U of R™
and is a stochastic process adapted to I, which simply means that the control process
cannot anticipate the future. We denote by U/ the space of adapted control processes in
U. For u € U, we denote by (Y;*); the unique solution to (L8I]). A simple formulation
of a stochastic optimal control problem is the following:

%izﬁl E[o(Y1)]. (1.82)

We refer to the book [76, 90, 105] for introductions on stochastic control theory.

Dynamic programming and HJB equation The intrinsic difficulty of stochastic
optimal control is to describe in a convenient way the different values of the control in
function of the possible realizations of the Brownian motion. In problem (L.82)), the
dynamic of the state variable is Markovian in the following sense: if for some time s,
the control process u € U is independent of Fy, then for all £ > s, for all y € R™, for all
measurable subset B of R™, and for all Fs-measurable event A,

P[Y* € B|Y =y, A]| =P[Y € B|Y" =y]. (1.83)

In other words, given a control process which is independent of the past of s, the behavior
of the state variable, knowing its value at s, is also independent of the past. This fact,
combined with the structure of the cost function, defined as the expectation of a function
of the final state allows, in some sense, to decompose the problem in time, via a dynamic
programming principle [78].

For all s € [0,T7], for all y € R", and for all u € U, we denote by (Y;""")ic(s 1) the
solution to

{ dyfvyvu = f(Ut, nsy,u) dt + U(uta Y;S7y7u) th’ (184)

Y:vyvu — y
and we define the value function V (t,y) by

V(t,y) = min E[p(Y¥™)]. (1.85)
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Theorem 1.14 (Dynamic programming principle). Let t, let T a stopping time be such

that T > t. Then,
V(t,y) = min E[V(r,Y}¥")]. (1.86)

ueU

The interpretation of the principle is the following: knowing an optimal control from
7 to T for each initial state at 7, one can obtain an optimal control from t to T by
minimizing the right-hand side of (L86]) over controls on [t,7]. This principle contains
the idea that an optimal control should be computed backwards in time. Considering
a stopping time “infinitesimaly” close to time ¢, we obtain a relation between the time
derivative of V' and the first- and second-order derivatives of V' with respect to y. The
corresponding partial differential equation is called Hamilton-Jacobi-Bellman equation
(in short, HJB equation). Let us recall the main steps to recover the PDE. First, we
assume that V is twice-differentiable and apply It6’s formula to a given constant control

u.
V(t+dt, Y55 = V(ty)
t-+dt
- / <atV(5’Yst’y’“) + DV (s, YV") f(u, YV)
t
+ %DQV(S, Yst’y’u)a(u, Yst’y’u)2> ds
t+dt
+ / DV (s, Y0y dw,. (1.87)
t
Note that

> 0;V stands for the partial derivative of V with respect to ¢

> DV and D?V stand for the first- and second-order partial derivative of V with
respect to y.

Consider that in the previous formula, we can take the derivatives of the value function
as constant. We obtain that

E[V(t+dt, Y %] - V(t,y)

- (6tV(t, y) + DV (t,y) f(u,y) + LDV (¢, y)o (u, y)2>dt (1.88)

Combining (L86) and (L.88)), and considering that on a small time, an optimal control
is constant, we find that

— 0V (ty) = inf {DV () (wy) + ED?V (L y)o(u,y)*} (1.89)
ue
For all w € U, p € R™ and Q € M,,, where R™ is the space of row vectors of size n and
M, is the space of symmetric matrices of size n, we define the Hamiltonian H(u,y,p, Q)
by
H(u,y,p,Q) = pf(u,y) + Q0 (u,y)? (1.90)
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and the true Hamiltonian by
H*(y,p,Q) = inf H(u,y,p,Q). (1.91)
uelU

Finally, the HJB equation satisfied by V is given by

{ -0V (t,y) = H*(y,DV(t,y), DV3(t,y)), V(t,y) € (0,T) xR, (1.92)

V(T,y) = o(y), Vy € R™.

This equation has been obtained by assuming that V was twice-differentiable, but in
general, this assumption is false. However, the theory of viscosity solutions provides
a suitable framework in which the HJB equation ([.92]) has a sense and has a unique
solution, which is V. This theory was introduced in the seminal papers [89, 87] and in

8.

Definition 1.15. We say that V : [0,T] x R™ — R is a subsolution (respectively a
supersolution) to the HJB equation ([L92)) iff

V(T,z) < ¢(x), (resp. V(T,z) > ¢(z)) (1.93)

and for all C?-function ¢ : [0,T] x R* — R, for all local mazimizer (respectively mini-
mizer) (t,y) € [0,T) x R™ of V — ¢,

(respectively, —0yp — H*(y, Dip(t,y), D*¢(t,y)) > 0).
We say that V' is a viscosity solution iff it is a subsolution and a supersolution.

The following two theorems ensure the existence and the uniqueness of the solution
to the HJB equation.

Theorem 1.16. The value function V is a viscosity solution.

Theorem 1.17 (Comparison principle). Let Vi and Va be respectively a subsolution and
a supersolution. Then, Vi < V5.

As a corollary of the comparison principle, the viscosity solution to the HJB equation
is unique, and this solution is the value function V.

Numerical methods We give in this section the main ideas of the numerical res-
olution of (L92)). We describe two methods, a semi-Lagrangian scheme and a finite-
difference scheme. For simplicity, we assume in this short presentation that y is of
dimension 1, but these methods can be applied to multidimensional spaces. However,
their complexity is exponential in the dimension of the state variable, since the number
of discretization points is exponential with this dimension. This phenomenon, called
the curse of dimensionality, is a severe restriction to the application of these methods
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when the dimension of the state space increases. We refer to [97, 98] for an introduc-
tion to numerical methods in stochastic optimal control and to [77] for general proofs of
convergence.

Let M; € N* let 6t = T/M; and let dy > 0. We aim at computing an approximation
(Vik)jeqo,...,M}, kez of the value function, such that

Vix = V(jot, kéy), Vj=0,.., M, Vk € Z. (1.95)

Note that we do not explain how to bound the domain of y. For all j € {0, ..., M;}, we
denote V; = (V] p)kez. As expected, the approximation is obtained backwards in time:
we first compute Vyy,, then, Vi, _1, ..., V1, Vo, via a certain mapping ® which is such that

Vi = ®(Vjy1), Vje{0,..,M —1}. (1.96)

The numerical scheme is convergent if this abstract mapping ® (that has to be defined) is
monotone, stable, and consistent. We do not define the notions of convergence, stability
and consistency that are used but only on the one of monotonicity, which is the following:

dWhH <dW?), VYW iez, Whkez, s.t. W <W?, (1.97)

where the inequalities have to been understood pointwise.

A semi-Lagrangian scheme > First step: discretization in time
The semi-Lagrangian scheme consists first in discretizing with respect to time the dy-
namic of (Y;);. The new time variable is denoted by j and takes its value in the set
{0,1,..., M} }, corresponding to {0, dt,...,0tM; = T'}. The discretized state variable has
the following dynamics: for j € {0,..., M; — 1},

Yjer = Y+ f(u;, Yt + o (uj, Yi)Votw; i, (1.98)

where (w;);=1,... M, is a sequence of independently identically distributed processes, tak-
ing the values 1 and —1 with probabilities 1/2. For all j = 0, ..., M;, we denote by F; the
algebra generated by {wq, ..., wj}. The new control process (uj)j:07,,,7Mt_1 is supposed to
be non-anticipative: for all j, (u;); is F;-measurable and thus, Y} is also Fj-measurable.

We consider now the same optimal control problem as in (L.82]), where the control and
the state are discretized in time. Denoting by V;(y) the value of the problem starting at
time j with the initial state y, we obtain the following dynamic programming principle:

Vily) = infuev {%Vj—i-l(er) + %V}H(?f)},
where: y+ =y + f(u,y)dt + o(u, y)Vt, (1.99)
y~ =y + fu,y)dt — ou,y)Vet,
i (y) = 9(y).

> Second step: discretization in space
Equation (I.99]) cannot be solved, since the variable y is continous. The second step of
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the method consists in replacing a piecewise-affine approximation of Vj;1 in (L.99)), as
follows:

(

Vik= infucu {%((1 — KDV et + TV e 11)
+3(0 - "DV k) + {k_}VjJrl,Uc—JJrl)}a
where: kT =k + (f(u, kdy)dt + o(u, k;(;y)\/ﬁ) /6y, (1.100)
k™ =k+ (f(u, kéy)dt — o(u, kdy)V/st) [y,
Ve = k),

where {z} is the fractionnal part of z, defined by {z} = x — |z]. Let us conclude the
description of this methods with two general remarks.

1. In general, it is not possible to compute an analytical expression of the solution
to the minimization problem (L.99]). A basic approach consists in discretizing the
control space and to look for a minimum by enumeration.

2. In state spaces of dimension greater than 1, one has to fix a triangulation of the
space and for a given y, one has to be able to compute the triangle to which it

belongs.
1 _ (Lt

T Proba. 1/2 4+ 1 Proba. 1 —{k7} kt] +1

k + —» 5 +

Proba. {k*} L+

1 k~ | Proba. 1 —{k7} _
Proba. 1/2 U;_J 1

Proba. 1 —{k™} L+~

Time ] Time j +1

Figure 1.4: Discretization of the state variable in the semi-Lagrangian scheme.

A finite-difference scheme The finite-difference scheme is obtained by a dis-
cretization of the derivatives involved in the HJB equation. The time and the space
variables are both discretized. We denote by v;; the corresponding approximation of
the value function. To simplify the notations, we denote: f, = f(u,kdy) and we use
the same convention for o.

> The approximation of the time derivative is

B,V (jot, kdy) — % (1.101)
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> If f,r > 0, the approximation of the first-order space derivative is

DV (j6t, ky) fu — W]ﬂu,k (1.102)

> If f(u,kdy) <0, the approximation of the first-order space derivative is

DV (j6t, kby) fu — ””;7;’]“” (1.103)

> The approximation of the second-order space derivative is

205k + Vjk—1

. Vj k+1 —
D2V (jot, ké I
(jot, koy) — 5

(1.104)

Observe that we use an upwind scheme: the approximation of DV depends on the sign
of f. This is required in order to obtain a monotone scheme. Let us set 27 = max(z,0)
and z~ = inf(z,0), for all z € R. The discretization of the HJB equation reads: for all
j€{0,.... My — 1}, for all k € Z,

W — 525 {Uj+1,k+3y_ ULk f:,k+
Viglk —(S;)jﬂ,kq e+ Uj41,k+1 — Zgij;lk T Yjt1k Ui,k}' (1.105)
Equivalently,
vjr = inf {(1 — [ fuklot — Ui’k5t>v'+1k
’ uelU 5y 5y2 T
+ 2 - 2
(T G Y (T G s} 109

We set [[fllo = Supucrr yer [F(sy)] and [ofloc = $upuer yep o(usy). Consider the
following condition of Courant, Friedrichs, and Lewy (in short, CFL condition):

| £llco0t < 56y and  |lo]|Z,6t < 35y, (1.107)

then the numerical scheme given by equation (LI06]) is monotone.

1.2.2 Chance-constrained optimal control problems

Setting In this thesis, we are interested in chance-constrained optimal control prob-
lems. We consider problems with a constraint on the final state that has to be satisfied
with a given probability. Let us mention two arguments for ensuring this final-state
constraint with only a certain probability:

> In some cases, it is impossible to satisfy almost surely the final-state constraint,
because of the diffusion of the state variable.
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Figure 1.5: Discretization of the state variable in the finite-difference scheme.

> Even if it is possible to satisfy almost surely the constraint, it may be very ex-
pensive. Therefore, it is preferable to allow to break the constraint, but with a
probability which is controlled.

We still consider problem (L82]) but with the following constraint:
P[h(YF) > 0] > z, (1.108)
where h : R" — R and z € [0, 1] are given. Let us introduce the indicatrix function of a

subset K of R™, denoted 1x and defined by
1 ifzeK

] (1.109)
0 otherwise.

lK:xER"HlK(az):{

We set g(y) = 1r, (h(y)), and thus, the probability constraint can be re-formulated as
an expectacion constraint:
Elg(Y)] > = (1.110)

From now on, we focus on this formulation of the probability constraint. The following
holds true even if g is not of the form 1g, o h.

Let us mention the introduction to chance-constrained stochastic problems [94, 104]
and the article [83] on the continuous-time case.

Dynamic programming The following lemma is a first step towards a dynamic pro-
gramming approach.

Lemma 1.18. Let u € U. Then, constraint (LII0) holds if and only if there exists a
martingale (Zy)¢ which is such that

Zy=z and Zr <g(Yy), as. (1.111)

Proof. If such a martingale exists, then, taking the expectation of the inequality in

(L1110, constraint (LII0) holds. Conversly, if (III0) holds, set
Zy =E[g(Y7)| F] — (E[g(Y7)] - 2). (1.112)
It is easy to check that it is a martingale satisfying (LIIT). U
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By the martingale representation theorem, for all martingale, there exists a square-
integrable process which is such that

dZt = O th (1113)

This process can be seen as a new control and Z as a new state variable. We denote by
A the space of adapted square-integrable processes. For all ¢t € [0,7], y € R", z € R,
and o € A, we denote by (Zts’z’a)te[sﬂ the solution to

dz; = dWw,
{ t= e dn (1.114)
Zs = Z
and we introduce the value function V (¢,y, z) defined by
— 3 t7y7u t,Z,Cl{ < t73/7“
V(t,y,z) ue%{/[,gleA E[p(Y:"")] st Zp5% < g(Vp¥™), as. (1.115)
Note that at the final time,
if 2 <

V(T,y,z2) = Ply) ifz< g,(y)’ (1.116)

400  otherwise.

We can state, at least formally, a dynamic programming principle for this value function:
for all ¢, for all stopping time 7 > ¢,
Vity,z)= Min E[V(r Y 2(r)], (1.117)
S )
zez.,
E[Z(7)]==
where Z. is the space of 7-measurable random values.
Let us mention the difficulties that arise with this dynamic programming approach.

> Given (t,y), the problem (LII5]) may be infeasible for the higher values of z, the
value function is therefore equal to +00. The boundary of the domain of V is a
priori unknown.

> The true Hamiltonian associated with (Y, Z) may be unbounded.

> Finally, there is no direct adaptation of the numerical schemes for the problem.

Lagrangian relaxation This approach is standard [96], let us describe it in an ab-
stract framework, with the following family of problems:

V(z) = g/él)r(l f(z) st g(z) >z, (1.118)

where the space X is given, f : X — R and g : X — R are also given. Of course,
problem (LIIH]) enters into this framework. Let A > 0, we define the dualized problem
as follows:

W(A) = B/Eﬁin f(z) — Ag(z). (1.119)

Observe that V and W are both decreasing. In the following lemma, we consider that
the existence of optimal solutions to problems (L.II8]) and (ILI19) is ensured for all z € R
and for all A > 0. We denote by z(\) the solution to (ILII9]), for a given value of .
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Lemma 1.19. Let A > 0. Then, z()\) is a solution to (LII8]), with z = g(z()\)).
Moreover, the mapping A € Ry — g(z(\)) is nondecreasing.

Proof. Let A > 0 and let = be such that g(x) > g(x())). Then,
f(@) = fla(N) + Mg(x) — g(x(A)) = fz(N), (1.120)

which proves the first part of the lemma. Let 0 < Aj < Ao, let 1 = z(\1) and 29 = z(A2),
then

f(@1) = Mg(z1) < flaz) — Mg(a2), (1.121)
f@2) = Aag(w2) < fla1) — Aag(w1), (1.122)
and summing these two inequalities, we obtain that
(A2 = A1)g(z1) < (A2 — A)g(22), (1.123)
which concludes the lemma. O

Suppose now that we are able to solve the dual problem, for any value of A\. Then,
given a value of z, we can try to solve the primal dual by solving the following equation,
with unknown variable A:

g(z(N) = 2, (1.124)

by dichotomy. This approach may be efficient, but may also fail because the function
A= g(x(A)) is not necessarily continuous and may have jumps. This situation typically
arises for nonconvex optimization problem.

In the case of chance-constrained stochastic optimal control problems, the dual prob-
lem is actually much simpler, since the cost function is of the standard form:

E[6(YF) — Aa(Y)]- (1.125)

In general, this problem is not convex and therefore, the method by penalization may
fail.

1.2.3 Contribution of the thesis

In Chapter [, we make a link between methods by dynamic programming and methods
by Lagrangian relaxation, via the Legendre-Fenchel transform of the value function, and
via a relaxation technique. Similarly to deterministic problems, relaxation consists in
using mixed strategies, or in other words, to use several controls simultaneously. This
technique is natural in the framework of chance-constrained problems. The new value
function which is obtained is convex with respect to z.

We study this link between these two approaches in a discrete-time framework. In
continuous time, the convexity of the value function with respect to z is ensured if g is
Lipschitz. We use the analysis of the discrete-time case to design numerical methods for
the continuous-time case.

The main results are the following:
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> In Proposition [6.11] we prove that in the relaxed framework, the derivative of the
value function with respect to z is constant along the optimal trajectories and their
associated martingale.

> In Theorem [6.14], we show that for continous-time and unrelaxed problems, the
value function is convex with respect to z, if the mapping g (used in (LIIH)) is
Lipschitz.

> We propose an HJB equation for the problem.

> We propose different numerical schemes for the solving of the problem and present
numerical tests.

1.2.4 Perspectives

Chapter [6] contains many unresolved questions and axes of research. The first one deals
with the justification of numerical methods. The issue seems rather difficult for the dy-
namic programming approach, because of the final-state constraints and because of the
unboundedness of the volatility of the martingale. However, the numerical schemes for
the Legendre-Fenchel transform are justified if the function g is sufficiently regular, and
we hope to give a complete justification by combining general results for the Lagrangian
relaxation with convergence results for unconstrained stochastic optimal control prob-
lems.

The discretized problems provides a feedback control for the initial continuous-time
problem. However, it may be unfeasible for the expectation constraint of the initial
problem. A relevent issue deals with the error which is induced by the discretization.

Finally, there is place for improvements of the numerical method. For example, an
interesting issue is the update of the dual value A in the Lagrange relaxation method.

Let us mention some other theoretical issues.

> Is it possible to prove the convexity of the value function if g is not Lipschitz 7 In
particular, does this property hold true for probability constraints ?

> Is it possible to prove that the derivative of the value function with respect to z is
constant along optimal trajectories in the continuous case ?

> Can we prove that the value function is a viscosity solution to the HJB equation
that we propose 7 Is it possible to state a comparison theorem and to prove the
uniqueness of the solution 7 How should the boundary of the domain be taken
into account in the HJB equation ?
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Abstract

In this chapter, we state and prove first- and second-order necessary conditions in
Pontryagin form for optimal control problems with pure state and mixed control-state
constraints. We say that a Lagrange multiplier of an optimal control problem is a Pon-
tryagin multiplier if it is such that Pontryagin’s minimum principle holds, and we call
optimality conditions in Pontryagin form those which only involve Pontryagin multipli-
ers. Our conditions rely on a technique of partial relaxation, and apply to Pontryagin
local minima.

Résumé

Dans ce chapitre, nous énongons et prouvons des conditions nécessaires du premier et
second ordre sous forme Pontryaguine pour des problemes de commande optimale avec
contraintes pures sur I’état et mixtes sur 1’état et la commande. Nous appelons mul-
tiplicateur de Pontryaguine tout multiplicateur de Lagrange pour lequel le principe de
Pontryaguine est satisfait et parlons de conditions d’optimalité sous forme Pontryaguine
si elles ne font intervenir que des multiplicateurs de Pontryaguine. Nos conditions
s’appuient sur une technique de relaxation partielle et sont valables pour des minima de
Pontryaguine.

2.1 Introduction

The optimization theory in Banach spaces, in particular optimality conditions of order
one [60, 74] and two [26, 47, 53], applies to optimal control problems. With this approach,
constraints of various kind can be considered, and optimality conditions are derived for
weak local minima of optimal control problems. Second-order necessary and sufficient
conditions are thereby obtained by Stefani and Zezza [64] in the case of mixed control-
state equality constraints, or by Bonnans and Hermant [17] in the case of pure state and
mixed control-state constraints. These optimality conditions always involve Lagrange
multipliers.

Another class of optimality conditions, necessary and of order one, for optimal control
problems comes from Pontryagin’s minimum principle. Formulated in the historical book
[58] for basic problems, including first-order pure state constraints, this principle has
then been extended by many authors. Mixed control-state constraints enter for example
the framework developed by Hestenes [43], whereas pure state, and later pure state and
mixed control-state, constraints are treated in early Russian references such as the works
of Milyutin and Dubovitskii [31, 32], as highlighted by Dmitruk [27]. Let us mention
the survey by Hartl et al. [40] and its bibliography for more references on Pontryagin’s
principles.

Second-order optimality conditions are said in this article to be in Pontryagin form if
they only involve Lagrange multipliers for which Pontryagin’s minimum principle holds.
This restriction to a subset of multipliers is a challenge for necessary conditions, and
enables sufficient conditions to give strong local minima. To our knowledge, such con-
ditions have been stated for the first time, under the name of quadratic conditions, for
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problems with mixed control-state equality constraints by Milyutin and Osmolovskii [55].
Proofs are given by Osmolovskii and Maurer [56], under a restrictive full-rank condition
for the mixed equality constraints, that could not for instance be satisfied by pure state
constraints.

The main novelty of this paper is to provide second-order necessary conditions in
Pontryagin form for optimal control problems with pure state and mixed control-state
constraints. We use the same technique as Dmitruk in his derivation of Pontryagin’s
principle for a general optimal control problem [27]: a partial relaxation of the problem,
based on the sliding modes introduced by Gambkrelidze [36]. These convexifications of
the set of admissible velocities furnish a sequence of auxiliary optimal control problems,
and at the limit, necessary conditions appear to be in Pontryagin form. We thereby
get our own version of Pontryagin’s minimum principle, as first-order necessary condi-
tions. Then, combining the partial relaxation with a reduction approach [16, 44] and a
density argument [13], we obtain second-order necessary conditions in Pontryagin form
for a Pontryagin local minimum of our problem. This technique requires to consider a
variant of the previous auxiliary problems, but not to compute any envelope-like effect
of Kawasaki [47]. Another result that is worth being mentioned is the second-order nec-
essary conditions for a local solution of an abstract optimization problem, that we apply
to the partially relaxed problems. We derive them directly on a large set of directions
in L2, which then simplifies the density argument, compared with [13], and avoid a flaw
that we will mention in the proof of the density result in [17].

Second-order sufficient conditions for strong local minima of similar optimal control
problems constitute another work by the same authors [15]. They rely on an extension
of the decomposition principle of Bonnans and Osmolovskii [18], and on the reduction
approach. Quadratic growth for a strong local minimum is then characterized.

The paper is organized as follows. In Section 2.2 we set our optimal control problem
and define various notions of multipliers and of minima. Section 23] is devoted to
the first-order necessary conditions: they are stated, under the form of Pontryagin’s
minimum principle, in Section 23T} our partial relaxation approach is detailed in Section
2321 and then used to prove the first-order conditions in Section 233l Section 24 is
devoted to the second-order necessary conditions: they are stated in Section 2Z4.1] and
proved in Section by partial relaxation combined with reduction and density. We
have postponed our abstract optimization results to Appendix 2.A.T] the proof of an
approximation result needed for the partial relaxation to Appendix2.A.2] a qualification
condition to Appendix 2.A.3] and an example about Pontryagin’s principle to Appendix

A4

Notations For a function A that depends only on time ¢, we denote by h; its value at
time ¢, by h; the value of its ith component if h is vector-valued, and by h its derivative.
For a function h that depends on (¢, z), we denote by Dyh and D, h its partial derivatives.
We use the symbol D without any subscript for the differentiation w.r.t. all variables
except t, e.g. Dh = Dy 4 h for a function h that depends on (t,u,y). We use the same
convention for higher order derivatives.

We identify the dual space of R™ with the space R™ of n-dimensional horizontal
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vectors. Generally, we denote by X™ the dual space of a topological vector space X.
Given a convex subset K of X and a point x of K, we denote by Tk (z) and Nk ()
the tangent and normal cone to K at x, respectively; see [21, Section 2.2.4] for their
definition.

We denote by | - | both the Euclidean norm on finite-dimensional vector spaces and
the cardinal of finite sets, and by || - ||s and || - ||4,s the standard norms on the Lesbesgue
spaces L® and the Sobolev spaces W%, respectively.

We denote by BV([0,T]) the space of functions of bounded variation on the closed
interval [0,7]. Any h € BV (]0,7T]) has a derivative dh which is a finite Radon measure
on [0,7] and hg (resp. hr) is defined by hg := ho, — dh(0) (resp. hp := hy_ + dh(T)).
Thus BV ([0,T1]) is endowed with the following norm: ||k|gy = ||dh|m + |hr|. See [4,
Section 3.2] for a rigorous presentation of BV.

All vector-valued inequalities have to be understood coordinate-wise.

2.2 Setting

2.2.1 The optimal control problem
Consider the state equation
e = f(t,us,ye) fora.a. t € (0,T). (2.1)
Here, w is a control which belongs to U, y is a state which belongs to ), where
U:=L>0,T;R™), Y:=Wh>(0,T;R"), (2.2)

and f:[0,7] x R™ x R™ — R™ is the dynamics. Consider constraints of various types
on the system: the mized control-state constraints, or mixed constraints

c(t,ug,yr) <0 for a.a. t € (0,7), (2.3)
the pure state constraints, or state constraints

g(t,y) <0 for aa. t € (0,7), (2.4)

and the initial-final state constraints

{ ®E(y07yT) = 07

o' (yo, yr) < 0. (25)

Here c: [0,T] x R™ x R — R", g: [0,T] x R® — R", ®F: R® x R" — R"%#, &!: R" x
R™ — R"!, Consider finally the cost function ¢: R®™ x R® — R. The optimal control
problem is then

min _ ¢(yo,yr) subject to (EZI)-(EE). (P)

(w,y)eUXY
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2.2.2 Definitions and assumptions

Similarly to [64, Definition 2.1], we introduce the following Carathéodory-type regularity
notion:

Definition 2.1. We say that ¢: [0,T] x R™ x R" — R® 4s uniformly quasi-C* iff

(i) for a.a. t, (u,y) — o(t,u,y) is of class C*, and the modulus of continuity of
(u,y) — D*o(t,u,y) on any compact of R™ x R™ is uniform w.r.t. t.

(ii) for j =0,...,k, for all (u,y), t — Dip(t,u,y) is essentially bounded.

Remark 2.2. If ¢ is uniformly quasi-C*, then Dip for j = 0,...,k are essentially
bounded on any compact, and (u,y) — Dip(t,u,y) for j = 0,...,k — 1 are locally
Lipschitz, uniformly w.r.t. t. In particular, if f is uniformly quasi-C*, then by Cauchy-
Lipschitz theorem, for any (u,y®) € U x R™, there exists a unique y € Y such that (Z1))
holds and yo = y°; we denote it by y[u,y"].

The minimal regularity assumption through all the paper is the following:

Assumption 2.1. The mappings f, ¢ and g are uniformly quasi-C', g is continuous,
oF @ and ¢ are C'.

We call a trajectory any pair (u,y) € U x Y such that (2] holds. We say that a
trajectory is feasible for problem (P) if it satisfies constraints (2.3)-(2.3]), and denote
by F(P) the set of feasible trajectories. We define the Hamiltonian and the augmented
Hamiltonian respectively by

Hp|(t,u,y) == pf(t,u,y), Hp,v|(t,u,y) = pf(t,u,y) +ve(t,u,y), (2.6)

for (p,v,t,u,y) € R™ x R"* x [0,T] x R™ x R™. We define the end points Lagrangian
by
Q[/Ba \Ij] (y07 yT) = /8¢(y07 yT) + \Pé(y07 yT)7 (27)

E
for (8, %,y0,yr) € R x R™* x R" x R", where ne = ngr + ngr and ® = (iII)>I>
We denote

K.:=L®(0,T;R™), K,:=C([0,T;R"), Kg:={0lgnee x R'*" (2.8)
so that the constraints (2.3])-(2.5) can be rewritten as
c(u,y) € Ke, g(y) € Ky, @(yo,yr) € Ko (2.9)

Recall that the dual space of C([0,T];R™) is the space M ([0, T]; R™s*) of finite vector-
valued Radon measures. We denote by M([0,T];R"s*) the cone of positive measures
in this dual space. Let

E :=R x R™* x L®(0,T; R"*) x M([0, T]; R"s*) (2.10)
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and let || - ||z be defined, for any A\ = (8, V,v,u) € E, by
Mz = 18]+ 9]+ W]l + [l (2.11)

Let (u,y) € F(P). Let Nk, be the set of elements in the normal cone to K, at c(-, @, )
that belong to L>(0,T;R"*), i.e.

Ng. (c(-, 4, ) == {v € L®0,T;R}*") : vge(t, Uy, §¢) = 0 for a.a. t}. (2.12)
Let Nk, be the normal cone to K, at g(-,7), i.e.

NKg(g(’y_)) = {M € M([O,T]’Rng*)Jr : /[OT](d,utg(t,ﬂt)) = 0} . (213)

Let Nk, be the normal cone to K¢ at ®(yo, yr), i.e.

U, >0
70, U = nex . = < . .
Ni4 (@50, 91)) {\IJ eR W5 (5o, 1) = 0 for ngr < i < nq>} (2.14)
Finally, let
N(ﬁag) = R-f— X NK@(q)(g(%gT)) X NKC(C(',ﬂ,g)) X NKg(Q(?@)) CE. (215)
We denote
P := BV ([0,T]; R™). (2.16)

Given (u,y) € F(P) and A\ = (8,V,v,u) € E, we consider the costate equation in P

{ _dpt = DyHa[Pt, Vt](t,ﬂt’gt)dt + d:U'th(t’gt), (2 17)

pr = Dy, @[3, Y] (70, ¥1)-

Lemma 2.3. Let (u,y) € F(P). For any A € E, there exists a unique solution of the
costate equation (ZIT), that we denote by p*. The mapping

AeE—peP (2.18)
s linear continuous.

Proof. We first get the existence, uniqueness and the continuity of
A= pt e LY0, T; R™) (2.19)
by a contraction argument. Then the continuity of
A= (dp,pr) € M([0,T];R™) x R™ (2.20)

follows by (Z.I7). O
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Definition 2.4. Let (u,y) € F(P) and A\ = (B,V,v,u) € E. We say that the solution
of the costate equation (ZIT) p* € P is an associated costate iff

— Py = Dy @8, ¥](50, r)- (2.21)
Let N (u,y) be the set of nonzero \ € N(u,y) having an associated costate.
Let (u,y) € F(P). We define the set-valued mapping U: [0,7] =2 R™ by
U(t) :==cl{ueR™ : c(t,u,y;) <0} for a.a. t, (2.22)
where cl denotes the closure in R™.

Definition 2.5. Let (u,y) € F(P). We say that the inward condition for the mized
constraints holds iff there exist v > 0 and v € U such that

c(t, e, gr) + Dyc(t, ap, g1)oy < =7y,  for a.a. t. (2.23)

Remark 2.6. If the inward condition holds, then there exists § > 0 such that, for a.a.
t
Bg(ﬁt) N U(t) = Bg(’ljt) N {’LL e R™ . C(t, u, gt) < O} s (224)

where Bgs(uy) is the open ball in R™ of center u; and radius 0. In particular, u; € U(t)
for a.a. t.

In the sequel, we will always make the following assumption:
Assumption 2.2. The inward condition for the mixed constraints holds.

We can now define the notions of multipliers that we will consider. Recall that
Nz (u,y) has been introduced in Definition 241

Definition 2.7. Let (u,y) € F(P).
(i) We say that X € Np(u,y) is a generalized Lagrange multiplier iff
D Hp) vi](t, s, 5t) =0 for a.a. t. (2.25)
We denote by Ar(u,y) the set of generalized Lagrange multipliers.
(ii) We say that X € Ap(u,y) is a generalized Pontryagin multiplier iff
H[p)(t, a4, 7¢) < H[p|(t,u,5;) for allu € U(t), for a.a. t. (2.26)
We denote by Ap(u,y) the set of generalized Pontryagin multipliers.

(iii) We say that X € Ap(u,y) is a degenerate Pontryagin equality multiplier iff A\ =
(B, W, v, 1) with U = (VF W) is such that (3, V!, v, 1) = 0 and if equality holds in
226). We denote by AB(u,y) the set of such multipliers.
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Remark 2.8. 1. The sets Ar(4,7), Ap(4,y) and AB(u,y) are positive cones of non-
zero elements, possibly empty, and Ag(ﬂ,ﬂ) is symmetric.

2. Assumption [2.2 will be needed to get that the component v of a multiplier, as-
sociated with the mized constraints, belongs to L°°(0,T;R™*) and not only to

L>(0,T;R™)*. See [18, Theorem 3.1] and Theorem [2.47 in Appendiz[2. A1

3. Let N € Ap(u,y). If Assumption holds, then by Remark [Z.6, u; is a local
solution of the finite dimensional optimization problem

mﬂigl H[pi\] (t7 U, gt) SUbjeCt to C(t, U, gt) < Oa (227)
u€R™

and vy is an associated Lagrange multiplier, for a.a. t.

4. See Appendiz[2. A7) for an example where there exists a multiplier such that (2.20])
holds for all w € U(t), but not for all controls in {u € R™ : c(t,u,g:) < 0}.

We finish this section with various notions of minima, following [55].

Definition 2.9. We say that (u,y) € F(P) is a global minimum iff
¢(Ho,yr) < d(yo,yr)  for all (u,y) € F(P), (2.28)

a Pontryagin minimum iff for any R > |||/, there exists € > 0 such that

(Yo, yr) < ¢(yo,yr) for all (u,y) € F(P) such that (2.29)
lu—a|1 + |y — Flloo <€ and |Julloc < R,

a weak minimum iff there exists € > 0 such that

¢(o, yr) < d(yo,yr)  for all (u,y) € F(P) such that (2.30)
[u = tlloc + [ly = Flloo <

Remark 2.10. Obviously, 228) = [229) = 230). Conversely, if (u,y) is a weak
minimum for problem (), then it is a Pontryagin minimum for the problem obtained
by adding the control constraint |u; — | < &, and a global minimum for the problem
obtained by adding the same control constraint and the state constraint |y — y¢| < €.

2.3 First-order conditions in Pontryagin form

2.3.1 Pontryagin’s minimum principle

First-order necessary conditions in Pontryagin form consist in proving the existence of
Pontryagin multipliers. See Definitions 27 and 2.9] for the notions of multipliers and of
minima. Our version of the well-known Pontryagin’s principle follows, and is proved in
Section 233l See [27] for a variant with the same approach, and [40] for a survey of this
principle.
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Theorem 2.11. Let (@,y) be a Pontryagin minimum for problem (P) and let As-
sumptions [2ZIHZ2 hold. Then the set of generalized Pontryagin multipliers Ap(u,y)
18 monempty.

By Remark 210, we get the following;:

Corollary 2.12. Let (u,y) be a weak minimum for problem (P) and let Assumptions
[2.M2.2 hold. Then there exist ¢ > 0 and X\ € Ar(u,y) such that

(2.31)

for a.a. t, for all w € U(t) such that |u — u:| < e,
H(pp)(t, G, 5e) < H[pA)(t, u, 52).-

Proof. The extra control constraint |u — @;| < e for a.a. t is never active, therefore the
set of Lagrange multipliers is unchanged. The set of Pontryagin multipliers is the set of
Lagrange multipliers for which (2:3T]) holds. O

The proof of Theorem 2T given in Section 233l relies on first-order necessary
conditions for a family of weak minima for auxiliary optimal control problems, namely the
partially relaxed problems, presented in Section These problems are defined using
a Castaing representation of the set-valued mapping U, introduced at the beginning of
Section Second order necessary conditions in Pontryagin form in Section 2.4.T] will
be derived from a variant of the partially relaxed problems, the reduced partially relaxed
problems. Thus Section is central. First and second order necessary conditions for
a weak minimum are recalled, with some orginal results, in Appendix 2. ATl

2.3.2 Partial relaxation

In this section, (4, %) is a given Pontryagin minimum for problem ([P]), and Assumptions
2.1H2.2] hold.

2.3.2.1 Castaing representation

See [23, 25, 62] for a general presentation of set-valued mappings and measurable selec-
tion theorems.

Definition 2.13. Let V: [0,T] = R™ be a set-valued mapping. We say that a sequence
(v*)ren, vF € U, is a Castaing representation of V iff {vf}ren is a dense subset of V (t)
for a.a. t.

Lemma 2.14. There exists a Castaing representation (uF)ren of the set-valued mapping
U defined by [222), and for all k, there exists i > 0 such that

c(t,uf 5)) < =y for a.a. t. (2.32)
Proof. For I € N, [ > 1, we consider the set-valued mapping U; defined by

U(t) == {u €R" : c(t,u,5t) < -3} for aa. t, (2.33)
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so that
U(t) =cl(U>1U(t)) for a.a. t. (2.34)

Under Assumptions 21122 by [23, Théoreme 3.5] and for [ large enough, U; is a mea-
surable with nonempty closed set-valued mapping. Then by [23, Théoreme 5.4], it has
a Castaing representation. By (Z34]), the union of such Castaing representations for [
large enough is a Castaing representation of U. U

We define the following sequence of sets of generalized Lagrange multipliers: for
N e N, let

Niz =\ ._ o HpN(t g, ge) < Hpp) (8wl 3r)
AT (@, 9) = {A €AL(a,9) : for all K < N, for a.a. t ) (2.35)

Observe that
AP('l_L, g) - ANJrl(a, g) C AN(a’ g) C AL(’a’ g)a (236)

and by density of the Castaing representation,

NeN

Recall that E and || - || have been defined by (ZI0) and (2I1)).

Lemma 2.15. Let (\Y)nen be a sequence in Ap(4,y) such that |A\N|g =1 and AN €
AN(ﬁ,g) for all N. Then the sequence has at least one nonzero weak * limit point that
belongs to Ap(u,y).

Proof. By Assumption and [18, Theorem 3.1], the sequence is bounded in FE for the
usual norm, i.e. with ||v||o instead of ||v||;. Then there exists A such that, extracting
a subsequence if necessary, AV — X for the weak * topology. Since N (u,7) is weakly *
closed, A € N(u,y). Observe now that if A € N(4,y), then

IMEe=8+¥+(v,1); + (4, 1) (2.38)

where (-,+); and (-, ) are the dual products in L'(0,T;R") and C([0,7];R"9), respec-
tively, and the 1 are constant functions of appropriate size. Then ||| = 1 and X\ # 0.
Let pVv = p)‘N, N €N, and j := p*. By Lemma [Z3], dp"¥ — dp for the weak * topology
in M([0,T];R™) and pY — pr. Since

po =pr — (dp, 1)~ (2.39)

for any p € P, we derive that po = Dy, ®[3, ¥](Jo,yr). Then p is an associated costate,
i.e. A\ € N;(u,7). Next, as a consequence of Lemma 23] p" — p for the weak * topology
in L°°. Then D, H[p™,vN](-, 4, 5) — D H®[p,7](-, @, 7) for the weak * topology in L,
and then

Dy H®ps, y)(t, ur, g¢) = 0, for a.a. ¢, (2.40)
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i.e. A\ € Ap(u,7). Similarly, for all k € N,
HpN|( ok, 5) — HpV)(,,9) = Hp)(-ob,5) — Hpl(om,p)  (241)

for the weak * topology in L°°, and then
HIpi|(t, u¥, 5;) — H[pi](t, 1, 1) >0 for a.a. t, (2.42)
i.e. A € A¥(@,g), for all k € N. By @37), X € Ap(a, 7). O

Since AN (@,7), N € N, are cones of nonzero elements (see Remark 2.8)), it is enough
to show that they are nonempty for all N to prove Theorem 2.11] by Lemma Z.T5l This
is the purpose of the partially relaxed problems, presented in the next section. Indeed,
we will see that they are such that their Lagrange multipliers, whose existence can easily
be guaranteed, belong to AN (1, 7).

2.3.2.2 The partially relaxed problems
As motivated above, we introduce now a sequence of optimal control problems.
Formulation Recall that (@,7) is given as a Pontryagin minimum for problem (D)

has been given.
Let N € N. Consider the partially relaxzed state equation

N N
U = <1 — Z%) ftu, ye) + Zaif(t,ui,yt) for a.a. t € (0,T). (2.43)
=1

i=1
The ' are elements of the Castaing representation given by Lemma 214l The controls
are v and «, the state is y, with

weld, acAY :=L%0,T;RY), ye. (2.44)

The idea is to consider the problem of minimizing ¢(yp, yr) under the same constraints
as before, plus the control constraints o > 0. To simplify the qualification issue, we
actually introduce a slack variable § € R, with the intention to minimize it, and the
following constraint on the cost function:

é(yo,yr) — d(%o, yr) < 0. (2.45)

The slack variable 6 also enters into every inequality constraint:

—ap <6 foraa. te(0,T),
c(t,up,y) < 6 for a.a. t € (0,7),
g(t,yr) <6 fora.a. te(0,T),

& (yo, yr) < 0
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and the equality constraints remain unchanged:

" (yo, yr) = 0. (2.50)
The partially relaxed problem is

min 6 subject to (243)-(250). (Py)

(u,0,y,0)€U x AN X Y xR

Let @ := 0 € AY and § := 0 € R. As for problem (P)), we call a relaved trajectory
any (u,ca,y,0) such that (243]) holds. We say that a relaxed trajectory is feasible if
it satisties constraints (2.45])-(250), and denote by F'(Py) the set of feasible relaxed
trajectories.

Under Assumption 2.1, for any (u, o, y°) € U x AN x R", there exists a unique y € Y
such that (2.43) holds and yo = y°; we denote it by y[u, o, 3°] and consider the mapping

FN: (u’a’yo) = y[u’a’yo]' (251)

Remark 2.16. 1. We have (u,a,y,0) € F(Pn).

2. Robinson’s constraint qualification holds at (u,a,7,0) iff the equality constraints
are qualified, i.e. iff the derivative of

(u, o, y°) €U x AN x R™ = ®F(3° Iy (u, o, y°)7) € R (2.52)

at (,@, o) is onto. We say that problem (Pyl) is qualified at (u,&,qy,0) if this
is the case. See [21, Section 2.3.4] for the definition and characterizations of
Robinson’s constraint qualification.

Existence of a minimum A key result is the following:
Theorem 2.17. Let Assumptions [2HZZ hold and let problem (Pyl) be qualified at

(u,a,y,0). Then (u,a,y,0) is a weak minimum for this problem.

Theorem 217 is a corollary of the following proposition, proved in the Appendix
2.A.2 for the sake of self-containment of the paper. It can also be deduced from other
classical relaxation theorems, such as [28, Theorem 3].

Proposition 2.18. Under the assumptions of Theorem [2.17, there exists M > 0 such
that, for any (i,&,9,0) € F(Py) in a L neighborhood of (u,&,y,0) and with 6 < 0,
for any € > 0, there exists (4,y) € F(P) such that

li—aly < Mall,, and (17—l <. (2.53)

Proof of Theorem [2.17. Suppose that (4, @, 7, ) is not a weak minimum for problem

(Py). Then there exists (@, a,7,0) € F(Py) as L™ close to (@, a,7,0) as needed and
with 6 < 0. Let € > 0 be such that

By the proposition, we get (@, y) € F(P) such that ¢(go,97) < ¢(¥o,yr) and
@ =ty + 117 = Glloc < M ||&llg + Tt = tlloc + &+ (|7 = Flloo- (2.55)

Observe that the right-hand side of (2.55]) can be chosen as small as needed. Thus we
get a contradiction with the Pontryagin optimality of (@, ). O
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Optimality conditions Problem (Py) can be seen as an optimization problem over
(u,0,9°,0) € U x AN x R™ x R, via the mapping I'y defined by ([Z5I). Then we can

define the set A(Py) of Lagrange multipliers at (u, @, %o, 6) as in Appendix 2.A.T}

|

A(Py) == {(\,7) € N(a,y) x L=(0,T;RY*) : DLy[\,~](%, & 30,0) =0}  (2.56)

where Ly is defined, for A = (8, ¥, v, u), ¥ = (UF 1) y = I'y(u, o, 3°), by

LN[)" 7](”? «, yO, 9) =0+ 5(@5@0, ?/T) - ¢(ﬂ0, gT) - 9)
+ 0P (yo, yr) + O (2 (yo, yr) — 0)

+ / [l/t (C(t, Ug, Yp) — H)dt + du (g(t, Yt) — 9) — Y (at + H)dt]. (2.57)
(0,7]

In (257, 6 has to be understood as a vector of appropriate size and with equal compo-
nents. We have the following first-order necessary conditions:

Lemma 2.19. Let problem (Pyl) be qualified at (u,a,y,0). Then A(Py) is nonempty,
convez, and weakly *x compact.

Proof. We apply Theorem 247 to (u, &, o, #), locally optimal solution of (Py]) by The-
orem 2.I71 Let v € U be given by the inward condition for the mixed constraints in
problem (P) (Assumption 2.2)) and let @ := 1 € AN. Then (v,w) satisfies the inward
condition for the mixed constraints in problem (Py]). The other assumptions being also
satisfied by Assumption 2.1l and Remark 21612, the conclusion follows. O

2.3.3 Proof of Theorem [2.17]

As explained at the end of Section 23271 it is enough by Lemma 2.I5] to prove that
AN (u,5) # 0 for all N. To do so, we use the partially relaxed problems (Py) as follows:

Lemma 2.20. Let (\,y) € A(Py). Then A € AN (u, 7).

Proof. Let (u,a,y,0) be a relaxed trajectory and (\,y) € E x L*(0,T;RN*), with
A= (B8,V,v,u) and ¥ = (VE W), Adding to Ly

0= /OTPt ((1 - Zai) [t u,ye) + Zaif(t,ui,?/t) - yt) dt, (2.58)

and integrating by parts we have, for any p € P,

L P‘/V](u « yOaH)_H(l_B <\I’I > <V’1>1_</"1>C_<7’1>1)
N

T
+/ “pes el (8, ue, ) +Zat H(p(t, up, ye) — H[pt](tautayt)_'%))dt
0 1=1

+/ ] (dpeg(t, ye) + dpeye) + @18, ¥](yo, y1) — pryr + Poyo — BO(Yo, ). (2.59)
0T
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Let (A7) € A(Py). Using the expression ([2.59) of Ly, we get

Dy, ®(B, ] (5o, yir) + py = 0, (2.60)
Dy H[p}, i) (t, i, ) = 0 for a.a. t, (2.61)
Hp|(t,u, 5) — Hpp)(t, e, 5) = for aa. t, 1<i<N, (2.62)
B+ (1) + (1)) + (D)o + (1, 1); = L. (2.63)

Suppose that A = 0. Then p* = 0 and by (Z62), v = 0; we get a contradiction with

(263). Then A # 0 and A € Ny(u,y) by ([260). Finally, A\ € Ar(u,y) by ([261), and
A € AN(u,y) by [Z62) since v € L>(0, T; RY™). O

We need one more lemma:

Lemma 2.21. Let problem (Pyl) be not qualified at (u,&,y,0). Then there exists \ €
AN (@, ) such that —\ € AN (@,9) too, and for all k < N,

Hp|(t a, 5e) = H[p?)(t, uf, 5e) - for a.a. t. (2.64)

Proof. Recall that I' y has been defined by ([2.51). By Remark 2162, there exists ¥ = 0
such that
U D" (go, yr) DT n (@, @, Go) = 0. (2.65)

By (2.59), we get

DyO(I)[O, (\I]Ea 0)](@0, gT) + p(>)\ =0, (2.66)
Dy H[p},0)(t, s, 5;) = 0 for a.a. t, (2.67)
H[pi\](ﬂui@t) - H[P?](taﬁn@t) =0 foraa.t, 1<i<N. (2.68)
Then A € AV (4,y) and (2.64) holds. O

We can now conclude:

Proof of Theorem [211l. We need AN (a, ) # () for all N. If problem (Py]) is qualified
at (@,a,7,0), then AN(@,7) # 0 by Lemmas 219 and If problem (Py]) is not
qualified at (@, &, 7, ), then AN (@, 7) # 0 by Lemma 221l O

Actually, we have the following alternative:

Corollary 2.22. The partially relazed problems (Pyl) are either qualified for all N large
enough, if AB(u,y) = 0, or never qualified, and then AR (u,y) # 0.

Proof. 1f the problems (Py]) are never qualified, then we get a sequence a multipliers
as in the proof of Lemma 22Tl By the proof of Lemma 2.15] its limit points belong to
AP (1, 7). O

See Appendix 2.A 3] for a qualification condition ensuring the non singularity of the
generalized Pontryagin multipliers.
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2.4 Second-order conditions in Pontryagin form

2.4.1 Statement

The second-order necessary conditions presented in this section involve Pontryagin mul-
tipliers only. They rely again on the partially relaxed problems, introduced in Section
These problems are actually modified into reduced partially relaxed problems,
which satisfy an extended polyhedricity condition, [21, Section 3.2.3]. The idea is to get
our second-order necessary conditions on a large cone by density of the so-called strict
radial critical cone, so that we do not have to compute the envelope-like effect, Kawasaki
[47].

The main result of this section is Theorem[2.3T] It is stated after some new definitions
and assumptions, and proved in Section

2.4.1.1 Definitions and assumptions

For second-order optimality conditions, we need a stronger regularity assumption than
Assumption Il Namely, we make in the sequel the following:

Assumption 2.3. The mappings f and g are C®, ¢ is uniformly quasi-C%, ® and ¢
are C?.

Remark 2.23. If there is no pure state constraint in problem (P) (i.e. no mapping g),
we will see that it is enough to assume that f is uniformly quasi-C?.

For s € [1,00], let
V, = L°(0, T;R™), Z,:=Wh(0,T;R"). (2.69)
Let (@,y) be a trajectory for problem (P)). Given v € Vg, s € [1,00], we consider the
linearized state equation in Zg
ze = Df(t,us, yt)(ve, 2¢) for a.a. t € (0,7). (2.70)
We call a linearized trajectory any (v,z) € Vs x Z such that ([2Z770) holds. For any
(v,2°) € Vs x R", there exists a unique z € Z¢ such that (Z70) holds and 2y = 2°; we
denote it by z = z[v, 2°].
For 1 <i < ng, we define ggj): [0,7] x R™ x R" — R, j € N, recursively by
. . . 0
0" () = Dig? (t,u,y) + Dy (b, p) f(tw ), 0 = g (2.71)
Definition 2.24. The order of a state constraint g; is ¢; € N such that
Dug? =0 for0<j<g -1, Dug" #0. (2.72)

Remark 2.25. If g; is of order q;, then t — g;(t,5;) € W%°(0,T) for any trajectory
(4, 9), and

d N N, .
59t =97 (1g) for0<j<qi-1, (2.73)
d% N @) o -

g’l(t7yt) = gz (t7utayt) (274)

dt4:
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We have the same regularity along linearized trajectories; the proof of the next lemma
is classical, see for instance [16, Lemma 9].

Lemma 2.26. Let (u,y) be a trajectory and (v,z) € Vs X Z5 be a linearized trajectory,
€ [1,00]. Let the constraint g; be of order q;. Then

t = Dgi(t, g¢)z € W3(0,T), (2.75)
and
@ ~ |
@Dgi(tagt)zt = Dgz(])(ﬂﬂt)zt for 0<j <gq —1, (2.76)
d% ,
@Dgz‘(t,ﬂt)zt = Dgi(ql)(tﬂu@t)(vta 2t). (2.77)

Definition 2.27. Let (u,y) € F(P). We say that T € [0,T] is a touch point for the
constraint g; iff it is a contact point for g;, i.e. g;(1,y,;) =0, isolated in {t : g;(t,y:) =
0}. We say that a touch point T for g; is reducible iff 7 € (0,T), %gi(t,gt) is defined
for t close to T, continuous at T, and

2

%gi(t,gt”t:ﬂ- <0. (2.78)
Remark 2.28. If g; is of order at least 2, then by Remark[2.28 a touch point T for g; is
reducible iff t — gi@) (t,u¢,yt) is continuous at T and gz@) (1y8r,yr) < 0. The continuity
holds if u is continuous at T or if g; is of order at least 3.

Let (u,y) € F(P). For 1 <i <nyg, let

T = 0 . ?f 9i 15 of order 1, (2.79)
’ {touch points for g;} if g; is of order at least 2,
Ay ={t€[0,T] : gi(t,5e) = O} \ Ty (2.80)
— . A; 0
AG;={t€[0,T] : dist(t,Ay,;) <e}, (2.81)
and for 1 <17 < ng, let
Ag,i ={t€[0,T] : ¢(t,us, y) > —0}. (2.82)

We will need the following two extra assumptions:

Assumption 2.4. For1 <i < ng, the set Ty; is finite and contains only reducible touch
POINts, A(g]n‘ has finitely many connected components and g; is of finite order g;.

Assumption 2.5. There exist 8',¢' > 0 such that the linear mapping from Vo x R™ to
[0, L2(AL,) x [T, Wh2(AZ)) defined by

(Dq(-,a,ﬂ)(v, 2[v, 2%))

(Dgz‘(',g)Z[’U,ZO”AZ’i 1<i<n
91/ 1<1<ng

a2
aci/1<i<n,

(v,2°) is onto. (2.83)

Remark 2.29. There exist sufficient conditions, of linear independance type, for As-
sumption [2.0 to hold. See for instance [17, Lemma 2.3] or [13, Lemma 4.5].
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2.4.1.2 Main result
Let (@,7) € F(P). We define the critical cone in L?

(v,2) €EVo X Z9 1 z = z[v, 20]
D¢ (o, yr) (20, 27) < 0
Ca(u,y) = DP(Yo, y1) (20, 21) € Tk, (P(Yo,Y1)) (2.84)
De(-,u,§)(v, ) € Tk.(c(-, 4, 7))
Dy(-,9)z € Tk, (9(-,9))

and the strict critical cone in L?
(v,2) € Ca(u,y) :
C5(a,7) = { Dei(t, g, 7e) (v, 2) =0 t€A), 1<i<ncy. (2.85)
Dg;(t,9¢)z = 0 teA);, 1<i<n,

Remark 2.30. 1. See [21, Ezamples 2.65 and 2.64] for the description of Tk, and
Tk, , respectively.

2. Since by Assumption there are finitely many touch points for constraints of
order at least 2, Cg(ﬂ,gj) is defined by equality constraints and a finite number of
inequality constraints, i.e. the cone Cﬁg(ﬂ,gj) is a polyhedron.

3. The strict critical cone C5(u,7) is a subset of the critical cone Cy(u,y). But if
there exists A = (8,9,0, i) € Ar(i,y) such that

7i(t) >0 for aa. t€A); 1<i<n,, (2.86)
A C supp(fis) 1<i<n, (2.87)

then CF (u,5) = Co(u, ) (see [21, Proposition 3.10]).
For any A = (8, ¥, v, u) € E, we define a quadratic form, the Hessian of Lagrangian,

Q[A]: Vo x Z5 — R by
T
Q|(v, 2) = / D*H[p}, ve] (t, e, ) (ve, 2¢)dt
0
+ D*®[B, ¥](yo, ¥r) (20, 1)

<Dg§1) (T, z?T)zT) i

[ DR - Y ) (289)
(0,77 TE€Ty 9, (T,Ur,Yr)
1<i<ng

We can now state our main result, that will be proved in the next section.

Theorem 2.31. Let (@, ) be a Pontryagin minimum for problem (P) and let Assump-
tions hold. Then for any (v,z) € C5(4,7), there exists A € Ap(a, ) such that

Q[A](v,z) > 0. (2.89)
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Remark 2.32. If AB(4,y) # 0 and X\ € AB(a,y), then —\ € AB(u,y) too. Since
Q[=A](v,z) = =Q[A](v, 2) for any (v,z) € Va X Za, Theorem [2.31] is then pointless. See
Corollary about the emptiness of AB(u, 7).

2.4.2 Proof of Theorem [2.37]

In this section, (@,¥) is a given Pontryagin minimum for problem ([P)), and Assumptions
hold.

2.4.2.1 Reduction and partial relaxation

The reduction approach [16, section 5] consists in reformulating the state constraint in
the neighborhood of a touch point, using its reducibility (Definition 2:27). We apply
this approach to the partially relaxed problems (Py]) in order to involve Pontryagin
multipliers (see Lemmas and [2.20)).

Let N € N. Recall that I'y has been defined by (2.51]).

Remark 2.33. The result of Remark[2.2]3 still holds for relaxed trajectories:
t gi(t,ye) € W3®(0,T)  for any y = Tn(u, o, 3°). (2.90)
Let 7 € Ty;. We define @fiv Ux AN x R* = R by
07 (u,0,y°) = max {gi(t, ) 1y = Tn(u, 0,90,
te[r—er+en[0,T]}. (2.91)
Let Iy := DU'n (@, &, §o) and T'%, := DT n (4, &, §o).
Remark 2.34. Let @ :=0¢€ AN. For any (v,2°) € Vs x R", s € [1, 00|, we have
9 = 2[v, 29]. (2.92)

Iy (v, @, 2

Lemma 2.35. There exists € > 0 independent of N such that for any T € Ty, @fiv i
Cl in a neighborhood of (u, &, o) and twice Fréchet differentiable at (i, &, o), with first
and second derivatives given by

DO5 (w, &, §o) (v, w, 2°) = Dgi(r, )Ty (0,0, %) (2.93)
for any (v,w,2°%) € Vy x LY(0,T; RN) x R, and
o _ /e 2
D2®;’7]_V(u,a,y0)(v,w,z0)2 = D%g,(r, yT)(F']V(v,w,zO)T)

d N\ 0
T _Dg(ay)r (U,W,Z )|T
+Dgi(7—,y7—)rlj([(v,w,zo)3._ (dt : EP) 2 — )
ng(ay)“

2

(2.94)

for any (v,w, 2%) € Vo x L2(0,T; RY) x R™.
Proof. Combine [16, Lemma 23] with Remark 2.33] and Assumption [2.4] O
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The reduced partially relaxed problems The formulation is the same as for prob-
lems (Py)), except that (i) we localize the mixed constraints ¢ and the state constraints
g on the domains given by Assumption [2.5] (ii) we replace the state constraints of order
at least 2 around their touch points with the mappings @fiv . Without loss of generality
we assume that &’ given by Assumption is smaller than e given by Lemma 235 ¢’ is
also given by Assumption

Let N € N. Recall that in Section the partially relaxed problem was

min § subject to ([2.43)-(250). (Py)

(u,00,y,0)EUX AN x Y xR

We consider the following new constraints:

ci(t,ug,ye) <6 foraa. te Ai:i 1<i<n,, (2.95)
gi(t,yr) <6 foraa.te Az:i 1 <i < ng, (2.96)
@flT’N(u,oz,yO) <6 forall7eTy,; 1<i<mn,. (2.97)

The reduced partially relaxed problem is then

Lo 0 st ()-8, @9)-(5), () (0, (PR
UXA&;yXR

As before, we denote by F' (Pf\?) the set of feasible relaxed trajectories.

Remark 2.36. 1. We have (u,a,y,0) € F(PE) and, in a neighborhood of (u,a,7,0),
(u,,y,0) € F(PE) iff (u,0,y,0) € F(Py). In particular, (u,a,y,0) is a weak
manimum for problem iff it is a weak minimum for problem (Pyl).

2. Problem is qualified at (u,&,y,0) iff problem (Py) is qualified at (&, 7, 0)
(see Remark[2.16.2).

Optimality conditions Again, problem can be seen as an optimization problem
over (u,a,°,0), via the mapping I'y. We denote its Lagrangian by Lﬁ, its set of
Lagrange multipliers at (u, &, o, 6) by A(PJI\}z), and its set of quasi radial critical directions
in L? by C;’?R(Pf\?), as defined in Appendix 2.A.11

Remark 2.37. By Lemma [Z.38, we can identify A(PE£) and A(Py) by identifying the
scalar components of a multiplier associated to the constraints [2.97)) and Dirac measures.
See also [16, Lemma 26] or [13, Lemma 3.4].

We have the following second-order necessary conditions:

Lemma 2.38. Let problem be qualified at (@, a,7,0). Then for any (v,w, 2°,9) €
cl (C’QQR(PJI\}?)), there exists (\,7) € A(PE) such that

D’LEA (v, w, 2%,9)% > 0. (2.98)

Here, cl denotes the L? closure.
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Proof. We apply Theorem .48 to (4, &, o, ), locally optimal solution of by The-
orem 217 and Remark The various mappings have the required regularity by
Assumption 23] and Lemma Robinson’s contraint qualification and the inward
condition for the mixed constraints hold as in the proof of Lemma The conclusion
follows. O

2.4.2.2 Proof of the theorem

Let (v,%) € C5(4,9). By Lemma and since A — Q[A](, 2) is linear continuous, it
is enough to show that for all N, there exists AN € AY (&, %) such that

QN (5,2) > 0. (2.99)

Let (@,9) := (0,0) € AY x R. The link with the reduced partially relaxed problems

is as follows:

Lemma 2.39. Let (\,) € A(PE). Then A € AN(u,7) and

D2LEIN 4] (3, @, 2,9)* = QN(T, 2). (2.100)

Proof. The first part of the result is known by Lemma and Remark 2371 For the
second part, we write Lﬁ using H* and H, as in the expression (2.59]) of Ly, and we
compute its second derivative. The result follows by Lemma and Remark 234l See
also [16, Lemma 26] or [13, Lemma 3.5]. O

We also need the following density result, that will be proved in Section 2.4.2.3]

Lemma 2.40. The direction (v,0, Zg,9) belongs to cl (C’QQR(P]}\})), the closure of the set
of quasi radial critical directions in L?.

We can now conclude:

Proof of Theorem [Z:31) We need AV € AN (1,7) such that [239) holds for all N. If
problem is qualified at (@,a,7,0), then we get AN as needed by Lemmas 238
and If problem is not qualified at (u,a,7,0), then we get A such that
~\ A € AN(w@,9) by Remark 23612 and Lemma 22Tl Since A — Q[A|(7, 2) is linear,
2399) holds for AV = £\, O

2.4.2.3 A density result

In this section we prove Lemma [Z40l Recall that ¢’ is given by Assumption We
define the strict radial critical cone in L?

(v,2) € Ca(u,gy) : 36 >0, IM >0, 3 >0,

De;(t, te, gt)(ve, 2¢) = 0 teAd; 1
|Dei(t, ae, ge) (v, 20)| < Mt € Ag:i 1
Dg;(t, 1)zt =0 te Ay, 1

C3'(a,y) == (2.101)
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Proposition 2.41. The strict radial critical cone C(u, ) is a dense subset of the strict
critical cone C5(,7).

Proof. Touch points for g; are included in A7 ;, € > 0, iff g; is of order 1.

(a) Let W(@:2(0,T) := [[¢, W92(0,T). We claim that the subspace

(¢,) € L>®(0,T;R™) x W@-2(0,T) :
>0 ¢ =0 teAd;, 1<i<n, (2.102)
Je>0: ¢ =0 teAl;, 1<i<n,

is a dense subset of

(¢,9) € L*(0,T; R"™) x W@:2(0,T) :
$iz=0 teA);, 1<i<n, : (2.103)
Yir=0 teA);, 1<i<n,

Indeed, for ¢; € L%(0,T), we consider the sequence

0 if t € AMF,
= it o (2.104)
min{k, |¢;¢|} 60 e] otherwise.

For 1); € W%2(0,T), we use the fact that there is no isolated point in Ag,i if ¢; > 2, and
approximation results in W%-2(0,T), e.g. [13, Appendix A.3]. Our claim follows.

(b) By Assumption 2.5l and the open mapping theorem, there exists C' > 0 such that
for all (¢,4) € L?(0,T;R") x W(9:2(0,T), there exists (v, z) € Vy x 25 such that

z=z[v,z0),  [vll2 + 20l < C (lIgll2 + ¥l g),2) - (2.105)
Dei(t g, go)(ve2) = dig € AY; 1<i<ng, (2.106)
Dg;(t, )z = iy te A;ii 1<i<n,.

It follows that the subspace

(v,2) € Va x Z9 & z = z[v, 2]

>0 : Deilt, g, Gie) (v, 2) =0 teA);, 1<i<m, 2107
IM >0 ¢ |[De;(t, i, Ge)(ve, )| < Mt €AY, 1<i<n, '
e >0 : Dgi(t,y1)z =0 tEA;i 1<i<ng
is a dense subset of
(v,2) € Va X 29 1 z = z[v, 2]
De;(t, g, 5e) (v, 2) =0 tE€ A, 1<i<mn, . (2.108)
Dgi(t, §s)z =0 teA), 1<i<mng

Observe now that C{¥(u, ) and C5 (4, v) are defined by (ZI01)) and (Z85]) respectively

as the same polyhedral cone in the previous two vector spaces. See also Remark [2.3012.
Then by [29, Lemma 1], the conclusion of Proposition [Z4T] follows. O
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The definition of the set CQQR(_P]}\?) of quasi radial critical directions in L? is given in
Appendix ATl Recall that (@,9) := (0,0) € AV x R.

Lemma 2.42. Let (v,2) € CE(u,y). Then (v,,29,9) € CgR(Pf\?).

Proof. The direction (v,w, 29, V) is radial [21, Definition 3.52] for the finite dimensional
constraints, which are polyhedral, as well as for the constraints on «. Let 6 and M > 0
be given by definition of C{*(#, ). Then for any o > 0

0 for a.a. t € Agi

ol (2.100)
—d+oM foraa. te A, \ A2,

Ci(t,ﬂt’gt) + O-Dci(t’ﬂt’gt)(vtazt) S {

i.e. (v,w,20,0) is radial for the constraint (Z95]). The same argument holds for constraint
([2:96]) since there exists o > 0 such that gi(t,yr) < —0p for all t € AZ:Z- \ A7 ;. Then
(v,w, 2p,0) is radial, and a fortiori quasi radial. O

Remark 2.43. To finish this section, let us mention a flaw in the proof of the density
result [17, Lemma 6.4 (ii)]. There is no reason that v" belongs to L™, and not only to
L?, since (v —v) is obtained as a preimage of (W™ —w,w" —w). The lemma is actually
true but its proof requires some effort, see [13, Lemma 4.5] for the case without mized
constraints. The difficulty is avoided here because we do not have to show the density
of a L™ cone, thanks to our abstract second-order necessary conditions, Theorem [2.48,
that are derived directly in L?.

2.A Appendix

2.A.1 Abstract optimization results

In this section, we recall necessary conditions satified by a weak minimum of a general
optimal control problem. These conditions have been used in this paper to prove our
necessary conditions in Pontryagin form, namely Theorems 21Tl and 2.37] via the partial
relaxation, i.e. Lemmas 219 and

We actually state and prove first- and second-order necessary conditions for a more
abstract optimization problem. It has to be noted that our second-order conditions,
Theorem 48], are obtained directly on a large set of directions in L?, thanks to metric
regularity result, Lemma 2350, and a tricky truncation, Lemma 25Tl To our knowledge,
this is new.

2.A.1.1 Setting

Let K be a nonempty closed convex subset of a Banach space X and Aq,..., Ay be
measurable sets of [0,T]. For s € [1,00], let

U := L*(0, T;R™), Vs = W50, T; R"), (2.110)

M M
Xo=Xx[[L°(A), Ko:=Kx][L(AsR.). (2.111)
=1 1=1
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We consider
I:lUso xR" = Voo,  J:Use xR 5 R, (2.112)
G1:Uso xR = X, Gh: Uso X Voo — LZ(4), (2.113)
the last mappings being defined for ¢ = 1,..., M by
Gh(u,y)e = mi(t, ug, yr) (2.114)
for a.a. t € A;, where m;: [0,T] x R™ x R" — R. Let
G:lUso x R" = Xoo,  G(u, %) == (G1(u,y°), Ga(u, T'(u,3°)) . (2.115)
The optimization problem we consider is the following:

i J(u,y°) ; Glu,y°) € Kuo. AP
g (u,97) 5 Glu,y”) (AP)

Remark 2.44. Optimal control problems fit into this framework as follows: given a
uniformly quasi-C* mapping F: R x R™ x R® — R™ and the state equation

U = F(t,ug,y;) for a.a. t € (0,7T), (2.116)

we define T'(u,y°) as the unique y € Voo such that (ZII6) holds and yo = y°, for any
(u,y°) € Uso x R"; given a cost function J: Voo — R, we define J := Jo I'; given state
constraints of any kind (pure, initial-final, ...) Gi: Voo — X , with the appropriate
space X and conver subset K, we define Gy := Gy o I'; finally, we define Gy in order
to take into account the mized control-state and control constraints. By definition, a
weak minimum of such an optimal control problem is a locally optimal solution of the
corresponding optimization problem (AP)).

2.A.1.2 Assumptions

Let (@, 7") be feasible for (AP) and let § := I'(a, 3°). For various Banach spaces Y and
mappings F: U, X R® — Y, we will require one of the followings:

Property 2.1. The mapping F is C' in a neighborhood of (u,7"), with continuous
extensions DF(u,y°): Uy x R® =Y.

Property 2.2. Property[21] holds, and F is twice Fréchet differentiable at (u, "), with
a continuous extension D2F(u,7°): (Uy x R™)? =Y and the following expansion in Y :
for all (v,2°) € Uy, x R",
1
Flatv,g'+2%) = F@,3") + DF(@,5°)(v, 2") + 5 D*F (@, 7°) (v, 2°)?
+ ooo ([[0]13 + |2°1%). (2.117)

Assumption 2.1 (i ). The mappings ', J and Gy satisfy Property[21), and the functions
m; are uniformly quasi-C".
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Assumption 2.2 (i’). The mappings T, J and G satisfy Property[2.3, and the functions
m; are uniformly quasi-C?.

Assumption 2.3 (ii). Robinson’s constraint qualification holds:
0 € intx.. {G(@,7") + DG(0,7") (Uso x R") — Ko} (2.118)

Assumption 2.4 (iii). The inward condition holds for Gg: there exists v > 0 and
U € Uy such that
G, 7) + DGy (1, §)0 < — (2.119)

onA;,i=1,...,M.

Remark 2.45. Let us consider the case of an optimal control problem, with I, J and
G1 defined as in Remark [274). If F, m; are uniformly quasi-C* and j, Gy are ct,
then Assumption (i) holds. If F, m; are uniformly quasi-C? and j, G1 are C?, then
Assumption (i’) holds. See for example [16, Lemmas 19-20] or [64, Theorems 3.3-3.5].

2.A.1.3 Necessary conditions
We consider the Lagrangian L{\]: Usx X R™ — R, defined for A € X% by
LN (u,y") i= J(u, ") + (XN, G(u,y°)) . (2.120)
We define the set of Lagrange multipliers as
AM@D) := {X € X{ : A€ Nk, (G(w,5°)), DLIN(%,5°) =0 on Uy x R"},  (2.121)
and the set of quasi radial critical directions in L? as

zO)eL{Qx]R{ﬁ DJ(a,5°) (v
0

* — (v’ ) 7
D) = | i ot + 0BG

We denote by cl (CgR(]ZE)) its closure in Uy x R™.

g 20) <0and Vo >0
U z

) )
g ) ):0(02) } (2.122)

Remark 2.46. If (v,2°) € CQQR(IZ:ED, then DG(u,3")(v,2°) € Tk, (G(w,3°)). If in
addition A[ADP) # 0, then DJ(u,3°)(v,2°) = 0.

We now state our first- and second-order necessary conditions, in two theorems that
will be proved in the next section.

Theorem 2.47. Let (u,7°) be a locally optimal solution of ([AP), and let Assumptions
(i)-(iii) hold. Then A(ADP) is nonempty, convex, and weakly * compact in X;.

Theorem 2.48. Let (,7°) be a locally optimal solution of (AP), and let Assumptions
(i’)-(iii) hold. Then for any (v,2z") € cl (C’QQR(IZ:EI)), there exists A € A(AD) such that

D?LN (@, %) (v, 2%)% > 0. (2.123)
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2.A.1.4 Proofs

Proof of Theorem [2.77] Robinson’s constraint qualification (ZI18) and [74, Theorem
4.1] or [21, Theorem 3.9] give the result in X% . We derive it in X} with the inward
condition (2.119)), see e.g. [18, Theorem 3.1]. OJ

Proof of Theorem [2.78. (a) Assume first that (v, 2%) € C;’?R(]ZE). We consider the
following conic linear problem, [21, Section 2.5.6]:

. DJ770 0 D2J770 0\2 .
e DI (@50 (w,€) 4 D2 (@5 (0,2 5 O

DG(u,3°)(w, %) + D*G(a,§°)(v, 2°)* € Tk, (G(w.5°)).

Robinson’s constraint qualification (ZII8)) for problem (AP]) implies that the constraints
of (Q(y,.0)) are regular in the sense of [21, Theorem 2.187]. Then by the same theorem,

there is no duality gap between and its dual, which is the following optimization
problem:
D?L\(a, 3°) (v, 2°)2. 2.124
e DAL (1. 5°)(0. ) (2.120)
Observe indeed that the Lagrangian of is
LN (w,€%) = DL[A|(@, 3°)(w, %) + D’ LN (@, 5°) (v, 2°)%, X € X7. (2.125)

The conclusion of the theorem follows when (v,2%) € C’QQR(IZ:EI) by the following key
lemma, that will be proved below.

Lemma 2.49. The value of (Q,,.0)) is nonnegative.

(b) Assume now that (v, z°) € cl (CZQR(IE)). Let (v%, 20%) € C¥[@P) converge to
(v,2%) in Uy x R™. By step (b), there exists \¥ € A be such that

DT, )0k, 204 + (-, DG 7)o", 0%)2)
= DQL[)\k](a’gO)(Uk’ZO,k)Q >0. (2.126)

By Theorem 247, there exists A\ € A such that, up to a subsequence, \*¥ — X for
the weak * topology in Xj. By Assumption (i’), D*J(u,7°): Us x R" — R and
D2G(u,3°): Uy x R® — X7 are continuous. The conclusion follows. [J

Proof of Lemma [2.49. First we prove a metric regularity result, which relies on
Assumption (iii). For any (u,y) € Use X Voo, we define GJ (u,y) € L>=(0,T) by

G3 (uy)r == max (Gy(u,y)),

(2.127)
for a.a. t € (0,7), where

. max{0, Gb(u,y)¢} ift € A,
Gl y)y) | = 2.128
(Ga(uy)e) {0 it A (2:128)
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Lemma 2.50. There exists ¢ > 0 such that, for any (u,y) € Use X Voo with y = T'(u, y°)
in a neighborhood of (u,7), there exists (1i,19) € Uso X Voo with § = I'(@,y") such that

4 = ulloo < €G3 (u,y)loo, (2.129)
@ —ully < ¢G5 (u, )1, (2.130)
1GS (1, §)lloo < cllGF (u, )1 (2.131)

Proof. Let 3 € (0,1) to be fixed later. Since (@,7") is feasible, G5 (@, 7) = 0, and there
exists o € (0, 8) such that

lu =l + Iy = Gl < = IG5 (u,y)]loc < B. (2.132)

Let (u,y) be such that ||u — 4o + ||y — Ullcoc < a. We define € € L*>°(0,T) by

1
g = BG;(u,y)t, (2.133)

so that g; € [0,1] for a.a. t € (0,T"), and

U:=u-+¢ed (2.134)
where ¢ is given by the inward condition (2.I19]). Once [ is fixed, it is clear that (2Z.129)
and (2I30) hold. Let § = I'(a,y°).

Gy(11,9) = Gy(u,y) + DGy (u, §) (@ — u,§ — y)
1

+ | (DGh(u+0(i—u),y+0(§ —y)) — DG (w,9)) (& —u,§ —y)df (2.135)

S—

a.e. on A;. Since I satisfies Property 1, ||§ — y||/co = O (||& — u||1), and then

[ae —ue| = O(er),  |ue — | = O(a) = O(B), (2.136)
9e —wel = Olellh),  lye — 5l = O(a) = O(B). (2.137)

Since m; is uniformly quasi-C?, G% and DG} are Lipschitz in a neighborhood of (@, 7).
Then

Gh(,9) = Gy(u,y) + eDyGh(w, §)0 + O(|lellr + (e + el + B)) (2.138)
= (1 —9)Gh(u,y) + &(Gh(u,y) — G54, 7)) (2.139)
+&(G4(@,9) + DuGh(@, 9)9) + O(|lells + (e + |l + B))-

Observe now that

(1 - 2)Gh(u,y) < G3 (u,y°) = &, (2.140)
e(Gy(u,y) — G3(w,9)) = O(ag) = O(ep), (2.141)
e(Gy(u,y) + D,Gy(u,5)d) < —ev. (2.142)
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Then there exists C > 0, independent of u and v/, such that
Gi(@, ) < Cllell + < [C(e + el + 8) ] (2.143)

on A, i =1,...,M. We fix g € (0,1) such that C8 < /2 and « € (0, /) such that
C(e + |le|l1) < /2. The result follows. O
To prove Lemma [249] we also need the following:

Lemma 2.51. Let v € Uy and w € U;. Let vF = Lijo<kyvs wh = 1fjw|<ryw, and

o) = ”Uk%lh Then v*, w* € Uy, 0, — 0, and
lottlloe = 0(1), ot = o(1), (2.144)
[vF = vllz = 0(1),  [Jw* —wl = o(1), (2.145)
[v* —v|l; = o(ok). (2.146)

Proof. We first get (2145]) by Lebesgue’s dominated convergence theorem. Then oj =
o(3), and ([2IZ4) follows. Observe that [v¥ —v|> > k[v* — v|, which implies [[vF —v]|; =
O(+|v* — v||3). ([Z1486)) follows by definition of o and by (2.I45). O

Let us now go back to the proof of Lemma 249} let (w, &%) be feasible for problem
(@Q(v,-0)). We apply Lemma 25T to v € Us, w € U, and we consider

ub =7+ ot + %U,%wk € Use, (2.147)
YO = 70+ oy 20 4 %aggo eR", (2.148)
yF =Tk, ") € V. (2.149)
We have in particular
lu* = allo = 0(1), |Ju* —allz = O(oy). (2.150)
By analogy with linearized trajectories, we denote
2[0,2°] .= DI'(w,3°) (9, 2°), 2%[0, %] := D°T'(a,3°) (9, 2°)? (2.151)

for any (9,2°) € Us x R™. Since I satisfies Property 2, we have in Vs,
yF =g+ opz[oh, 20 + %0,% (z[wk,go] + 22k, zo]> + o(0?), (2.152)
and in particular, ||y* — g||cc = O(ok). Then (u¥,y*) = (@, 7) in Use X Voo and
1G5 (F, ") oo = o(1). (2.153)
More precisely, since m; is uniformly quasi-C?, we have
Gh(u,y") = Gy(a, ) + DGy (@, 5)(u" — a5 — p)

1 D _ N _ _
+ 5 DGy (a,9)(u" —a,y" —9)* +o(ju —uf* + [y —g*) (2154)
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a.e. on A;, where o(-) is uniform w.r.t. t. We write
ik gy Lok 1 ik ik
Gy’ y")e = 57 + 50 + Ry (2.155)

where, omitting the time argument ¢,

= Gi(a, ) + 20, DG (a, ) (v, z[v*, 2°)), (2.156)
Q" = Gy(u, §) + o} (DG (@, §) (w*, 2[w 7501)
+ DG4 (a,g) (¥, 2[v*, 2°))? + D, Gh(a, 5)22[v*, 2°)), (2.157)

Rk — —UkDQG’ (4, 7) [(v’“,z[v’“,zo]), (wF, 2[w*, €] + 2% ", 2% + 0(1))}
+ oA ) (w2, €0 + 220,20 + 0(1))’
+o(juf —al’ +y* — ) (2.158)

We claim that || R%*||; = o(07). Indeed, z[v", 2%], z[w, £°] and 2%[v*, 20] are bounded in
YVso; the crucial terms are then the following:

D2, Gh(a, ) (0" wh)lly = O (llowo* oo - ot 1) = (o) (2:159)
ot D2, G, 5) (wF, wb) | = O (Jlofut |l - ofwt ) = o(?) (2.160)
lo(lu = al? + 1y = 52) I = o (Il = all3 + Ily* — 913) = (o) (2.161)

by (Z144),2145) and ZI50),2I52). Recall that (v, 2°) € CL®[@AP). Then by ZI46)

and Property 1, satisfied by I', we have

dist (T’f LY(A; R,)) = o(0?). (2.162)
Similarly, since (w, £°) is feasible for and I satisfies Property 2,

dist (Qk LY(A;; R,)) = o(0?). (2.163)
Then, in addition to (ZI53]), we have proved that

IG5 (", y*)l1 = o(o7). (2.164)

We apply now Lemma to the sequence (u*,y*); we get a sequence (¥, j*) €
Uso X Voo with §% = T'(a*, y**) and such that

I8° — u*[lse = o(1), (2.165)

3% =¥l = o(0}), (2.166)

1G5 (@*,§")[loo = o(0}). (2.167)
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Since G satisfies Property 2, (v, 2°) € C;QR(IE) and (w, &%) is feasible for (Qw,20)), we
get

dist (G1(a", y**), K) = o(a}), (2.168)
and then, together with (2.I67]),

dist (G(i*,y"%), Koo) = o(a}). (2.169)

(oo}

By Robinson’s constraint qualification (ZII8)), G is metric regular at (i, %) w.r.t.
Ko, [21, Theorem 2.87]. Then there exists (¥, §%F) € Uy, x R™ such that

{ 15 — @¥oo + |57 — 4™ = o(a7),

2.170
G(a*, ") € K. ( )

Since (@,7") is a locally optimal solution, .J(@*,§%*) > J(u, ") for k big enough. By
Property 2, satisfied by J, we have

1
oxDJ (@, 7%) (v, 2°) + 50,3 (DJ (3, 5°)(w, &%) + D*J(w,3°) (v, 2°)%) + o(o}) > 0. (2.171)
The conclusion of Lemma 2.49] follows by Theorem [2.47] and Remark O

2.A.2 Proof of Proposition 2.1§]

The proof of Proposition 2.18] relies on the following two lemmas, proved at the end of
the section. The first one is a consequence of Lyapunov theorem [50] and links relaxed
dynamics to classical dynamics.

Lemma 2.52. Let F': [0,7] x R™ x R" — R" and G: [0,T] x R™ — R" be uniformly
quasi-C. Let (4, 6,9) €U x AN x Y such that, for a.a. t, 0 < &' < 1/N and

N N
i = <1 -3 d;) F(t, a0, ) + Y & F(t,up, 91) + G(t, 90)- (2.172)
i=1 i=1
Then, for any € > 0, there exists (u,y) € U x Y such that
U = F(t,ug,ye) + G(t,ye)  for a.a. t,  yo = o, (2.173)
up € {ig,up, ..., ulN}  for a.a. t, (2.174)
N .
lu —ally < 16 e — allo, (2.175)
i=1
[y = 9l <. (2.176)

The second one is a metric regularity result, consequence of the qualification of

problem (Py) at (u,a,q,6).
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Lemma 2.53. There exists ¢ > 0 such that for any relaxed trajectory (u,o,y,8) with
u in a L' neighborhood of @ and (o, y) in a L™ neighborhood of (&,7), there exists a
relazed trajectory (u', .y, 0) such that

U — oo + |0 — a|oe + v — < ¢|®F (yo, ,
{H oo + o = @l + [l = yllow < @0, y7) -

¥ (yg, yr) = 0.

We can now prove the proposition. The idea is to use alternatively Lemma to
diminish progressively &, and Lemma 2353 to restore the equality constraints at each
step.

Proof of Proposition ZI8. Let (4,9,4,0) € F(Py), close to (u,7,a,0) and with
6 < 0. Without loss of generality, we assume that é& # 0 and, see Lemma 2.14] that

c(t,ul, ) <0 foraa. t, 1<i<N. (2.178)

Let R := diamj {zl ul il } and let € > 0. We claim that there exists a sequence
(0¥, 9%, ak, 0%) € F(Py) such that (a°,9°,a°,6°) = (4, ¢, &, 0), and for all k,

diamy {ukul o ,uN} < 2R, (2.179)
c(t,ul,gF) < 6F foraa. t, 1<i<N, 2.180
tr It
3 k+1
aktl gk ‘1 < (Z) 2RNTI|éoc, (2.181)
k+1
3 €
ghtl — gkl < (2 = 2.182
Y Y ‘OO < <4> T (2.182)
k+1
a’f“” < <§> ' &l (2.183)
>~ 4 00 ! .
o
g1 = ié’f. (2.184)

Suppose for a while that we have such a sequence. By (2I8I])-(2ZI83]), there exist
@€ LY(0,T;R™) and § € C([0,T);R"™), and 4* — @ in L', * — 7 in C, and &* — 0
in L*>°. By (ZI79), @ € U, and since (ﬁk,g)k,@k,ék) € F(Py) and 0% < 0 for all k, we
get that (u,y) € F(P) by doing k — oo in the relaxed dynamics and in the constraints.
Finally,

i - all, <8RNT & —al., and [|§ - gl <e. (2.185)

It remains to prove the existence the sequence. Suppose we have it up to index k
and let us get the next term. Let F¥ and G* be defined by

N . N .4
F¥(t,u,y) (1—2%) ftuy), Gr(t,y) ::Z%f(t,ui,y). (2.186)
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Since (a*, g%, &% Hk) is a relaxed trajectory, we can write

" N Alk/Q . Kk
Yy = 1_21_2 A]k/2 Fo(t, 48, 9r)
N

Azk:
/2 i ok kip ok
+> L F¥(t, 0y, 9F) + GF(t, ). (2.187)

=1 1_23:1 CMJ’ /2

Let ¢ > 0. We apply Lemma 252 and we get (u,y) € U x Y such that (u,y,dk/Q,ék)
is a relaxed trajectory, and

up € {af,ul,. .., ul¥}  for a.a. t, (2.188)
N Ak 1/2
Hu—uk‘ <y —] ‘ul—ﬁk‘ , (2.189)
Lot 2|, o0
Hy — gt ‘ << (2.190)
(e e]
By (2I88]), we have
diam o {u,ul, . ,uN} < diamjeo {ﬁk,ul, . ,uN} < 2R, (2.191)
clt,u, §F) < 6% for a.a. t. (2.192)
By (2.190)), and since ok < 0, we have for ¢ small enough,
1.
c(t,ug, y) < §6k for a.a. t, (2.193)
1 A
g(t,y) < 59’“ for a.a. t, (2.194)
1A
' (yo,yr) < 56", (2.195)
o 1,
¢(yo, yr) — oo, yr) < §9k, (2.196)
@ (yo, yr) = O(¢). (2.197)
Observe that 3
1= 3 a7 /2 21 - Nldfeo = 2 (2.198)
for ||&||oo small enough. Then by (2I83]),(2ZI89) and (2197,
w23 (3) i
‘u 4 ‘1 <2(3) 2RNT)a]. (2.199)

We now apply Lemma 253 to (u,y, 6 /2) and we get (a*+1, g*1, 4#+1) such that
®P (g5 gr") = 0 and, by @ZI9D),

Ak
R R (6%
Hukﬂ_uu +‘ k+1 Q@

o0

«

= 0(¢). (2.200)

g)k:—l—l _yH +

[e o]




66 Chapter 2.  Necessary optimality conditions in Pontryagin form

Then for 651 := §¥ /4 and & small enough, (a**1, jF+1 ak+1 gk+1) € F(Py). Moreover,

diam - {ﬁk+1,u1,...,uN} < 2R+

aktl uH : (2.201)

(e}

k
3/(3

@ -t <2 (D) 2RNTlalw + T |5 — | (2.202)

1 8 \4 e’}
. ka <4 Hglﬂ-l _ yH ’ (2.203)

o0 oo

k ~

1/3 a
Ak+1 <2 (2 A AL 2.204
=3 <4> &leo 2 ‘oo (2200

By ([2200), and since ||@||,, # 0, we get the sequence up to index k + 1 for &’ small
enough. [J
Proof of Lemma[2.53. We need the following consequence of Gronwall’s lemma:

Lemma 2.54. Let B: [0,T] x R® — R"™ be uniformly quasi-C*. Then there exists C > 0
such that, for any b € L>(0,T;R") and e',e? € Y such that

¢2 —¢f = B(t,e?) — B(t,e}) + b, for a.a. t,
0 1 (2.205)
€y — €y = 07
we have
le? = el < Cllbll1, (2.206)
where b is defined by by, := fot bds.
Proof. Let w := €% — ¢! —b. Then wy = B(t,e2) — B(t,el), and
| < C'lef —ef| < C'(Jwi| + |bi)- (2.207)
The result follows by Gronwall’s lemma. U

Let ¢ > 0, M € N*, and ¢; := jT/M for 0 < j < M. Let us denote by (e;);,
1 <i < N the canonical basis of RY, and let us define F: [0,T] — R™ x RY by

FY = (F(t,ag,5:),0), F = (F(t,ul,9),e;) 1<i<N. (2.208)

For 0 < j < M, we apply Lyapunov theorem [50] to the family (F*); with coefficients
(a%); on [tj, tj41]. We get the existence of a € AN, with values in {0, 1}V, and such that
for 0 <j < M,

ti+1 Noo\ . N tit1 N\ N
/ (1= al) B0+ Y ajfi]at = / (16 B+ Y aiy|at. (2.209)
tj i=1 i=1 t i=1 i=1
Projecting (2.209) on the first n coordinates, we get that

ti+1 N N .
[0 et Pt + Y- b i)
tj i=1 i=1
tjt1 N o N )
= [ (- a) P + Y aiFua]an @2210)

tj i=1 i=1
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Let uy := Gy + Yoo, ai(ui — 4y). Note that for a.a. t, uy € {d,...,u)}. We get by
(Z210) that

ti+1 tit1 N N . .
/ F(t,ut,gt)dt:/ [( Za) (6,20, §e) + > GEF(tul, o). (2.211)
tj i=1 i=1
Projecting (2:209) on the last N coordinates, we get that for 1 <7 < N,
tit1 tit1
/ aydt :/ agdt. (2.212)
tj tj

Summing (Z212)) for 0 < j < M, we get that ||af||; = [|&![|; for 1 <i < N. Since

lu —all <) llalh e’ = dllc, (2.213)

we get ([ZI70). Let y be the unique solution of ([ZI73]); we estimate ||y — §||o with
Lemma 254l Let b be defined by

N
bt = F(tautagt)_ (1_2 > t utayt

i=1

F(t,ul, 3¢), (2.214)

||Mz

and let b be defined by b; := fg bsds. By (2217, l;tj =0 for 0 < j < M. Therefore,
[0]loe = O(1/M). Observe now that for a.a. t,

9 — G0 = F(t,ue, ) + Gtye) — F(t,ug, §) — G(t, 9¢) + by (2.215)

By Lemma 254 ||y — §llcc = O(1/M). For M large enough, we get ([2.I76]), and the
proof is completed. [

Proof of Lemma [2.53. Note that the L'-distance is involved for the control. The
lemma is obtained with an extension of the nonlinear open mapping theorem [3, Theorem
5]. This result can be applied since the derivative of the mapping defined in (2.52]) can
be described explicitely with a linearized state equation and therefore, by Gronwall’s
lemma, is continuous for the L'-distance on the control u. O

2.A.3 A qualification condition
2.A.3.1 Statement

We give here a qualification condition equivalent to the non singularity of generalized
Pontryagin multipliers. This qualification condition is expressed with the Pontryagin
linearization [55, Proposition 8.1]. In this section, (u,y) € F(P) is given. We will
always assume that Assumption holds.

Definition 2.55. We say that A\ = (8, %V, v, u) € Ar(a,y) is singular iff 8 =0 and that
A is normal iff § = 1.
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Given u € U, we define the Pontryagin linearization £[u] € ) as the unique solution
of

G = 0 (2.216)

Note that £[u] = 0. Recall that U is the set-valued mapping defined by (2.22]). We define

{ §ilu] = Dy f(t, tg, Ge)&e[u] + [t ue, Ge) — f(E, 0, Ge),

U :={uecl :u €U(t) for a.a. t}. (2.217)
Definition 2.56. We say that the problem is qualified in the Pontryagin sense (in short
P-qualified) at (u,y) iff
(i) the following surjectivity condition holds:

0 € int {D@E(ﬂo,ﬂT)(zo,gT[u] + zp[v,20]) : u EU,v EU, 2z € ]R”} ,  (2.218)

(ii) there exist e >0, 4 € U., 0 € U, and 2y € R™ such that
D" (g0, yr) (20, Erld] + 21[d, 20]) = 0, (2.219)

and for a.a. t,

(50, yr) + D! (go, 1) (%0, Er[0] + 27[0, 20]) < —e,
g(ta y_t) + Dg(ta ﬂt)(gt[@] + 2t /[)a 20]) S —-¢, (2220)
C(t,’ljt,gt) + Dyc(tﬂjt ]

Note that if we impose v = @ in the definition of the P-qualification, we obtain
the usual qualification conditions, which are equivalent to the normality of Lagrange
multipliers. The P-qualification is then weaker, and as proved in the next theorem, it is
necessary and sufficient to ensure the non singularity of Pontryagin multipliers.

Theorem 2.57. Let Assumption[2.2 hold. Then, the set of singular Pontryagin multi-
pliers is empty if and only if the problem is P-qualified.

We prove this result in the following two paragraphs.

Proposition 2.58. Let Assumption hold. If the set of singular Pontryagin multi-
pliers is empty, then the set of normal Pontryagin multipliers is bounded in FE.

Proof. Remember that the norm of E is defined by (ZII)). We prove the result by
contraposition and consider a sequence (A\¥); of normal Pontryagin multipliers which is
such that |[A\¥||z — +o0o. Then, by Lemma EI5] the sequence A\*/||\*||g possesses a
weak limit point in Ap(@,y), say A = (5, ¥, v, u), which is such that

1

:1.
B im

Therefore, X is singular. The proposition is proved. ]
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2.A.3.2 Sufficiency of the qualification condition

In this paragraph, we prove by contradiction that the P-qualification implies the non
singularity of Pontryagin multipliers. Let us assume that the problem is P-qualified
and that there exists A\ = (3, ¥,v,u) € Ap(@,7) with 3 = 0 and ¥ = (V¥ ¥!). Let
@, W, Zp be such that (2219)-2220) hold. With an integration by parts and using
the stationarity of the augmented Hamiltonian, we get that for all w € U,., v € U, and
zp € R",

T
/0 123 (DC(t, ’l_Lt, gjt)(vt, Zt [U, Z(]]) + DyC(t, ’l_Lt, gjt)ft[u]) dt

T
+ /0 Dy(t, 52) (€lu] + z[v, z0])dp
+ D0, (V¥ ¥ (50, 1) (20, &7 [u] + 27r[v, 20))

= / u [2)(t, e, §e) — HIp (¢t @, 5) dt > 0. (2.222)
0

By (Z219)-(Z220) and the nonnegativity of U/, v, and pu, we obtain that for u = 4,
v =1, 29 = 2, the r.h.s. of [Z222)) is nonpositive and thus equal to 0. Therefore, W/,
v, and p are null and for all w € U, v € U, and zg € R",

U D" (go, yr) (20, Er(u] + 27[v, 20]) > 0. (2.223)
By (221I8)), we can choose u, v, and 2y so that for 8 > 0 sufficiently small,
DO (5o, yr)(20, ér[u] + 2r[v, 20]) = —B(T7)T. (2.224)

Combined with (2.223)), we obtain that —3|¥¥|> > 0. Then, ¥¥ = 0 and finally A = 0,
in contradiction with A\ € Ap(a@, 7).

2.A.3.3 Necessity of the qualification condition

We now prove that the P-qualification is necessary to ensure the non singularity of
Pontryagin multipliers. In some sense, the approach consists in describing this qualifi-
cation condition as the limit of the qualification conditions associated with a sequence
of partially relaxed problems.

Let us fix a Castaing representation (u*); of U. For all N € N, we consider a partially
relaxed problem defined by

min &(yo,yr) s.t. constraints (Z3)-2.0), vy = y[u, o, yo], and a > 0, (Pp)
u€U, a€ AN ,yey

where y[u,a,y°] is the solution to the partially relaxed state equation (2.43). This
problem is the same as problem (Py]), except that there is no variable 6.

For given v € U, z € R and o € A", we denote by z[v, 2] the linearized state
variable in the direction (v, zp), which is the solution to (270 and we denote by &[]
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the linearized state variable in the direction «, which is the solution to

{ Glol = Dy f(t, g, 5)é o] + Zf\; o (f(t,ub, 5e) — f(E, U, Te)),

ejal = 0 (2.225)

The distinction between the Pontryagin linearization {[u] and &[a] will be clear in the
sequel, and we will motivate this choice of notations in Lemma 2,611

Problem (Py) is qualified (in the usual sense) iff

(i) the following surjectivity condition holds:

0e int{D‘I)E(go,gT)(Zo,fT[Oé] + ZT[U, ZO]) NS AN, vEeEU, 2y € Rn} (2.226)

(i) there exist € >0, & € AN, 0 € U, 29 € R™ such that
DO (g0, y7) (20, £7(A) + 27[0, 20]) = 0 (2.227)

and

&' (g0, yr) + DO (go, yr) (20, E[d] + 21[0, Z0]) < —e,

g(t,gt) + Dg(t, i) (&[Q] + 2¢[0, 20]) < —e, for all ¢,

c(t, iy, Ge) + De(t, ag, Ge ) (04, E[&] + 24[0, Z0]) < —e,  for a.a. t,
a; > ¢, fora.a. t.

(2.228)

_ We denote now by A(Py) the set of generalized Lagrange multipliers of problem
(Py) at (@, a = 0,7). Following the proof of Lemma 220, we easily obtain that

A(Py) = {(A\,7) € AN (a,) x L>([0, T; RY) :
= Hp)|(t, ul,5:) — H[p)|(t, e, 32), for i =1,..., N, for a.a. t}, (2.229)

where AN (@, y) is defined by (Z:35]) and « is associated with the constraint o > 0.

Lemma 2.59. Let N € N; all multipliers of AN (a,5) are non singular if and only if
problem (Pyl) is qualified.

Proof It is known that all multipliers of A(PN) are non singular if and only if problem
) is qualified, see e.g. [21, Proposition 3.16]. It follows from ([2.229) that all multipliers
of AN (@,7) are non singular if and only if the multipliers of A(Py) are non singular.
This proves the lemma. O

As a corollary, we obtain that if problem (Py] is qualified at stage N, it is also
qualified at stage N + 1. Indeed, if none of the multipliers in AN (@,y) is singular, a
fortiori, none of the multipliers in AN*!(a, ) is singular, since AN+ (@, ) ¢ AN(a, 7).

Proposition 2.60. The set of singular Pontryagin multipliers is empty if and only if
there exists N € N such that problem (Py) is qualified.
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Proof. Let N € N be such that problem is qualified. Then, all multipliers of
AN (@,7) are non singular, by Lemma Since Ap(u,7) C AN (4,y), the Pontryagin
multipliers are non singular.

Conversely, assume that for all N € N, problem is not qualified. By Lemma
259, we obtain a sequence of singular multipliers (AV)y which is such that for all N,
AN € AN (@, 7). Normalizing this sequence, we obtain with Lemma the existence of
a weak limit point in Ap(u,y), which is necessarily singular. O

To conclude the proof, we still need a relaxation result, which makes a link between
the Pontryagin linearization {[u] and the linearization £[a].

Lemma 2.61. Let N € N; assume that problem (Pyl) is qualified. Then, there exists
A > 0 such that for all (o, v,2) € AN xU,R™ with ||alle < A, [|v]leo < A, |20| < A, for
all e > 0, if « is uniformly positive, then there exists (u,v’, zy) € U x U X R™ such that

DOE (g0, y7) (20, E7[u] + 27[v, 20]) = DOE (g0, yr) (20, E7[] + 27[v, 20]), (2.230)
1€[u] — &la] + 2[v" — v, 20 — 2] lloo < €. (2.231)

Proof. We only give some elements of proof. Note that this result is a variant of Propo-
sition 2.I8 and can be obtained with Dmitruk’s result [28, Theorem 3|. Let us define

g(ta u, y) = Dyf(t7 ata gt)y + f(ta u, gt) - f(ta ﬁta gt) (2232)
Then, for all u € U,, &[u] is the solution to
§ulu] = g(t &Glul,we), Eolu] = 0. (2.233)

and £[a], where a € AV and a > 0 is the solution to the relaxed system associated with
the dynamics g and the Castaing representation. Indeed,

ét[a] - Dyf(t utayt gt + Zat t utayt f(ta’atagt))

N N
= (1 - ZQQ (t, ur, ye +Zai (t, uf, Gr) — g(t, e, 5r))- (2.234)

i=1

Finally, we prove the result by building a sequence (u*, a¥, v*, zg) which is such that

(u,a®, 0% 20) = (4, a, v, 29), (2.235)
D®" (9o, 1) (20, &[] + 21[v, 20))
= DO (5o, 1) (=5, €r[a¥] + &r[u®] + 2r[v, 20)), (2.236)

such that o is uniformly positive and finally which is such that (u*); converges to some
u € U, in L* norm, (a®); converges to 0 in L> norm, and (v*, z8); equally converges to
some (v/, () in L* norm. This sequence is built by using Lemma 252 and by using the
surjectivity condition (2227)). Note that Lemma 2.52] enables to ensure (Z.231]). O
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Let us conclude the proof of Theorem 2571 Let us assume that the set of singular
Pontryagin multipliers is empty; we already know by Proposition 2.60] that there exists
N € N such that the MFy conditions hold. It remains to prove that the problem is
P-qualified. Let (ak,vk,zg)k:17...7nﬂ+1 be such that

0e int{conv [D@E(gjo,ng)(zg, 2r[vF, 28] + Er[a)), k=1, N 1] } (2.237)

Let (&,d,2%9) be such that (Z228) holds. By (Z227), if we replace (¥, v*,25) by
(aF + 56, 0% + 60, 28 + 629), for any § > 0, then ([Z237) still holds. Moreover, (2.237)

remains true if we multiply this family by a given positive constant. Therefore, since &

is uniformly positive, we may assume that the family (Ock, oP, Zg )k:1,.__,n¢ +1 1s bounded

by A and such that for all k = 1,...,nge + 1, o® is uniformly positive. Finally, we can
apply Lemma 26T to any convex combination of elements of the family. This proves the
part of the P-qualification associated with equality constraints. Multiplying (&, 0, 29) by
a positive constant, we can assume that it is bounded by A and we can equally approx-
imate it so that (2.2I9]) holds and so that ([2.220]) holds (if the variable € of Lemma [2.61]
is chosen sufficiently small). We have proved that the problem was P-qualified.

2.A.4 An example about Pontryagin’s principle

We give here an example where there exists a multiplier such that the Hamiltonian
inequality (2.26]) holds for all u € U(t), but not for all w in

U(t) :== {u e R™ : ¢(t,u,g;) <0}. (2.238)

Indeed, U(t) € U(t) but it may happen that U(t) # U(t).

Consider the optimal control problem
min yp (2.239)
subject to the following state equation with fixed initial state, in R:
ge =, yo =1, (2.240)

and to the following mixed constraint:

ug > —1y, for a.a. t. (2.241)

The optimal control (@, %) is such that %; = —7; and given an initial state y", the optimal
solution is given by:

= —yle”t, g =y el (2.242)

The problem being qualified, there exists a normal Lagrange multiplier which is deter-
mined by v. Since the augmented Hamiltonian is stationary, we obtain that for a.a. t,
py = v, and therefore the costate equation writes

Py =-p;, Pr=1 (2.243)
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ie. pr =1 = e Y > 0. Let us fix y° = 0, the optimal solution is (0,0) and
U(t) = U(t) = R,. The Hamiltonian pu is minimized for a.a. ¢ by @; = 0 since p; > 0.
Now let us consider a variant of this problem. We replace the previous mixed con-
straint by the following one:
) = i, (2.244)

where 1 is a smooth function such that:

{V“ZQ¢MO_% (2.245)
Vu <0, ¥(u) <0and Y(u) =0 <= u=—1.
For 40 = 0, (0,0) remains a feasible trajectory, since U(t) = R U {—1}. In this case,
U(t) = Ry. Let us check that (0,0) is still an optimal solution. Let us suppose that
there exist a feasible trajectory (u,y) which is such that yp < 0. Then, let ¢t € (0,7 be
such that

yt € (yr,0) and Vs € [t,T], ys < y. (2.246)

It follows that for a.a. s € (¢,7T),

P(us) > —ys > 0. (2.247)

Therefore, us > 0 and y is nondecreasing on [t,T], in contradiction with y; > yp. We
have proved that (0,0) is an optimal solution, and the multiplier and costate remain
unchanged. However, the minimum of the Hamiltonian over U(¢) is reached for

uw=—14%# . (2.248)
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Abstract

In this chapter, given a reference feasible trajectory of an optimal control problem,
we say that the quadratic growth property for bounded strong solutions holds if the
cost function of the problem has a quadratic growth over the set of feasible trajectories
with a bounded control and with a state variable sufficiently close to the reference state
variable. Our sufficient second-order optimality conditions in Pontryagin form ensure
this property and ensure a fortiori that the reference trajectory is a bounded strong
solution. Our proof relies on a decomposition principle, which is a particular second-
order expansion of the Lagrangian of the problem.

Résumé

Nous considérons dans ce chapitre une trajectoire admissible d’un probleme de com-
mande optimale et disons que la propriété de croissance quadratique pour des solutions
fortes est satisfaite si la fonction colt du probléme a une croissance quadratique sur
I’ensemble des trajectoires dont la commande est bornée et dont la variable d’état est
suffisamment proche de la variable d’état de référence. Nos conditions d’optimalité du
second ordre sous forme Pontryaguine garantissent cette propriété et a fortiori que la
trajectoire de référence est une solution forte. Notre preuve s’appuie sur un principe
de décomposition, qui est un développement particulier du lagrangien du probléeme au
second ordre.

3.1 Introduction

In this paper, we consider an optimal control problem with final-state constraints, pure
state constraints, and mixed control-state constraints. Given a feasible control @ and
its associated state variable g, we give second-order conditions ensuring that for all
R > ||t]|co, there exist € > 0 and « > 0 such that for all feasible trajectory (u,y) with
[ulloe < R and [y = glloo <,

J(u,y) = J(@,5) = a(lu—all3 + lyo — 5o/, (3.1)

where J(u,y) is the cost function to minimize. We call this property quadratic growth
for bounded strong solutions. Its specificity lies in the fact that the quadratic growth is
ensured for controls which may be far from @ in L* norm.

Our approach is based on the theory of second-order optimality conditions for opti-
mization problems in Banach spaces [26, 47, 53]. A local optimal solution satisfies first-
and second-order necessary conditions; denoting by 2 the Hessian of the Lagrangian,
theses conditions state that under the extended polyhedricity condition [21, Section 3.2],
the supremum of  over the set of Lagrange multipliers is nonnegative for all critical
directions. If the supremum of 2 is positive for nonzero critical directions, we say that
the second-order sufficient optimality conditions hold and under some assumptions, a
quadratic growth property is then satisfied. This approach can be used for optimal con-
trol problems with constraints of any kind. For example, Stefani and Zezza [64] dealt
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with problems with mixed control-state equality constraints and Bonnans and Hermant
[17] with problems with pure state and mixed control-state constraints. However, the
quadratic growth property which is then satisfied holds for controls which are sufficiently
close to % in uniform norm and only ensures that (@,7) is a weak solution.

For Pontryagin minima, that is to say minima locally optimal in a L! neighborhood of
4, the necessary conditions can be strengthened. The first-order conditions are nothing
but the well-known Pontryagin’s principle, historically formulated in [58] and extended
to problems with various constraints by many authors, such as Hestenes for problems
with mixed control-state constraints [43] Dubovitskii and Milyutin for problems with
pure state and mixed control-state constraints in early Russian references [31, 32], as
highlighted by Dmitruk [27]. We refer to the survey by Hartl et al. for more references
on this principle.

We say that the second-order necessary condition are in Pontryagin form if the supre-
mum of () is taken over the set of Pontryagin multipliers, these multipliers being the
Lagrange multipliers for which Pontryagin’s principle holds. Maurer and Osmolovskii
proved in [56] that the second-order necessary conditions in Pontryagin form were satis-
fied for Pontryagin minima to optimal control problems with mixed control-state equality
constraints. They also proved that if second-order sufficient conditions in Pontryagin
form held, then the quadratic growth for bounded strong solutions was satisfied. The
sufficient conditions in Pontryagin form are as follows: the supremum of €2 over Pon-
tryagin multipliers only is positive for nonzero critical directions and for all bounded
neighborhood of u, there exists a Pontryagin multiplier which is such such the Hamilto-
nian has itself a quadratic growth. The results of Maurer and Osmolovskii are true under
a restrictive full-rank condition for the mixed equality constraints, which is not satisfied
by pure constraints, and under the Legendre-Clebsch condition, imposing that the Hes-
sian of the augmented Hamiltonian w.r.t. v is positive. The full-rank condition enabled
them to reformulate their their problem as a problem with final-state constraints only.
Note that these results were first stated by Milyutin and Osmolovskii in [55], without
proof.

For problems with pure and mixed inequality constraints, we proved the second-
order necessary conditions in Pontryagin form [14]; in the present paper, we prove that
the sufficient conditions in Pontryagin form ensure the quadratic growth property for
bounded strong solutions under the Legendre-Clebsch condition. Our proof is based
on an extension of the decomposition principle of Bonnans and Osmolovskii [18] to the
constrained case. This principle is a particular second-order expansion of the Lagrangian,
which takes into account the fact that the control may have large perturbations in
uniform norm. Note that the difficulties arising in the extension of the principle and
the proof of quadratic growth are mainly due to the presence of mixed control-state
constraints.

The outline of the paper is as follows. In Section B.2] we set our optimal control
problem. Section B.3]is devoted to technical aspects related to the reduction of state
constraints. We prove the decomposition principle in Section B4l (Theorem BI4]) and
prove the quadratic growth property for bounded strong solutions in Section (The-
orem B.I8). In Section B.6] we prove that under technical assumptions, the sufficient
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conditions are not only sufficient but also necessary to ensure the quadratic growth
property (Theorem [3.2T]).

Notations. For a function h that depends only on time ¢, we denote by h; its value
at time t, by h;; the value of its i-th component if h is vector-valued, and by h its
derivative. For a function h that depends on (t,z), we denote by D:h and D, h its
partial derivatives. We use the symbol D without any subscript for the differentiation
w.r.t. all variables except ¢, e.g. Dh = D, ,)h for a function h that depends on (t,u,y).
We use the same convention for higher order derivatives.

We identify the dual space of R™ with the space R™ of n-dimensional horizontal
vectors. Generally, we denote by X™ the dual space of a topological vector space X.
Given a convex subset K of X and a point x of K, we denote by Tk (z) and Nk (z)
the tangent and normal cone to K at x, respectively; see [21, Section 2.2.4] for their

definition.
We denote by | - | both the Euclidean norm on finite-dimensional vector spaces and
the cardinal of finite sets, and by || - ||s and || - ||4,s the standard norms on the Lesbesgue

spaces L® and the Sobolev spaces W%*, respectively.

We denote by BV([0,T]) the space of functions of bounded variation on the closed
interval [0,7]. Any h € BV (]0,7]) has a derivative dh which is a finite Radon measure
on [0,7] and hqg (resp. hr) is defined by hg := ho, — dh(0) (resp. hp := hy_ + dh(T)).
Thus BV ([0,T]) is endowed with the following norm: ||h|gy = ||dh|m + |hr|. See [4,
Section 3.2] for a rigorous presentation of BV.

All vector-valued inequalities have to be understood coordinate-wise.

3.2 Setting

3.2.1 The optimal control problem

We formulate in this section the optimal control problem under study and we use the
same framework as in [14]. We refer to this article for supplementary comments on the
different assumptions made. Consider the state equation

U = f(t,us,ye) fora.a. te (0,T). (3.2)
Here, u is a control which belongs to U, y is a state which belongs to ), where
U :=L>0,T;R™), Y:=Wh>(0,T;R"), (3.3)

and f: [0,7] x R™ x R® — R" is the dynamics. Given u € U and y° € R", we denote by
y[u,y°] € Y the solution to ([3.2) with initial state y°. Consider constraints of various
types on the system: the mized control-state constraints, or mixed constraints

c(t,ug, ) <0 for a.a. t € (0,7), (3.4)
the pure state constraints, or state constraints

g(t,y:) <0 fora.a. t e (0,T), (3.5)
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and the initial-final state constraints

{ ®E(y07 yT) = 07

@' (yo, yr) < 0. (36)

Here c: [0,T] x R™ x R — R, g: [0,T] x R® — R", ®F: R" x R" — R"?, &!: R" x
R™ — R™e!. Finally, consider the cost function ¢: R™ x R™ — R. The optimal control
problem is then

min _ ¢(yo,yr) subject to (E.2)-(EH). (P)

(w,y)EUXY

We call a trajectory any pair (u,y) € U x Y such that (B2) holds. We say that a
trajectory is feasible for problem ([P)) if it satisfies constraints (B3.4])-(B.6]), and denote by
F(P) the set of feasible trajectories. From now on, we fix a feasible trajectory (a, 7).

Similarly to [64, Definition 2.1], we introduce the following Carathéodory-type regu-
larity notion:

Definition 3.1. We say that ¢: [0,T] x R™ x R" — R*® 4s uniformly quasi-C* iff

(i) for a.a. t, (u,y) — @(t,u,y) is of class C*, and the modulus of continuity of
(u,y) — D¥op(t,u,y) on any compact of R™ x R™ is uniform w.r.t. t.

(ii) for 7 =0,....k, for all (u,y), t = Dip(t,u,y) is essentially bounded.

Remark 3.2. If ¢ is uniformly quasi-C*, then Dig for j = 0,...,k are essentially
bounded on any compact, and (u,y) — Dip(t,u,y) for j = 0,...,k — 1 are locally
Lipschitz, uniformly w.r.t. t.

The regularity assumption that we need for the quadratic growth property is the
following:

Assumption 3.1. The mappings f, ¢ and g are uniformly quasi-C?, g is differentiable,
D,g is uniformly quasi-C*, ®F &L, and ¢ are C2.

Note that this assumption will be strengthened in Section

Definition 3.3. We say that the inward condition for the mized constraints holds iff
there exist v > 0 and v € U such that

c(t,ug, yt) + Dyc(t, ag, yr)vy < —v,  for a.a. t. (3.7)
In the sequel, we will always make the following assumption:
Assumption 3.2. The inward condition for the mixed constraints holds.

Assumption ensures that the component of the Lagrange multipliers associated
with the mixed constraints belongs to L>°(0,T; R™*), see e.g. [18, Theorem 3.1]. This
assumption will also play a role in the decomposition principle.
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3.2.2 Bounded strong optimality and quadratic growth

Let us introduce various notions of minima, following [55].

Definition 3.4. We say that (u, ) is a bounded strong minimum iff for any R > ||@|s0,
there exists € > 0 such that

¢(Jo,yr) < ¢(yo,yr), for all (u,y) € F(P) such that (3.8)
Iy = Flloo <€ and |Jull < R,

a Pontryagin minimum iff for any R > |||/, there exists € > 0 such that

¢(H0, yr) < d(yo,yr), for all (u,y) € F(P) such that (3.9)
lu = ally + lly = glloo < € and |Jullc < R,

a weak minimum iff there exists € > 0 such that

¢(H0, yr) < d(yo,yr), for all (u,y) € F(P) such that (3.10)
[ = lloo + [y = Flloo <

Obviously, 38) = (33) = B10).

Definition 3.5. We say that the quadratic growth property for bounded strong solutions
holds at (w,y) iff for all R > ||u||lec, there exist ep > 0 and ar > 0 such that for all
feasible trajectory (u,y) satisfying ||u|lcc < R and ||y — §llco < €,

d(yo,yr) — (o, ¥r) > ar(lyo — Jol* + |lu — all3). (3.11)

The goal of the article is to characterize this property. If it holds at (@, 7), then (u, )
is a bounded strong solution to the problem.

3.2.3 Multipliers

We define the Hamiltonian and the augmented Hamiltonian respectively by

Hlpl(t,u,y) == pf(t,u,y), Hp,V|(t,u,y) = pf(t,u,y) +vet,u,y), (3.12)

for (p,v,t,u,y) € R™ x R"* x [0,T] x R™ x R™. We define the end points Lagrangian
by
Q[/Bv \Ij] (y07 yT) = ﬂ¢(y07 yT) + \Il(p(y07 yT)7 (313)

E
for (B,V,y0,yr) € R x R"* x R" x R", where ng = ngr + ngr and ® = <(<II)>I>
We set

K. :=L®(0,T;R™), K,:=C(0,T;R"), Kg:={0}grer x R'*", (3.14)
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so that the constraints (3.4)-([3.0) can be rewritten as
C(‘,U,y) € Kca g(’y) € Kga (I)(yanT) € K<I>- (315)

Recall that the dual space of C([0,T];R™) is the space M ([0, T]; R™9*) of finite vector-
valued Radon measures. We denote by M ([0, T];R™s*) the cone of positive measures
in this dual space. Let

E =R x R™* x L0, T;R"*) x M([0, T];R"*). (3.16)

Let Nk _(c(+,u,7)) be the set of elements in the normal cone to K, at ¢(-, u,§) that belong
to L>°(0,T;R™*), i.e.

Ni (c(-, @, 7)) == {v € L0, T;R}™) : vee(t, s, ) = 0 for a.a. t}. (3.17)

Let Nk, (g(-,7)) be the normal cone to K, at g(-,7), i.e.

NKg(g(’y_)) = {M € M([O,T]’Rng*)Jr : /[(]T](dptg(t,ﬂt)) = 0} . (318)

Let Nk, (®(yo,y7)) be the normal cone to K¢ at ®(go, yr), i.e.

U, >0

Nico (® (5o, §7)) = 4 ¥ € R™* - o
K4 (2(J0,91)) { i ®;(yo,yr) =0

for nee < 1 < nq>} . (3.19)

Finally, let
N(u,7) =Ry x Nk, (®(¥0,9r)) X Nk (c(,4,7)) x Nk, (9(-,9)) C E. (3.20)

We define the costate space
P = BV ([0, T];R"™). (3.21)

Given A = (8, ¥, v, u) € E, we consider the costate equation in P

{ —dpy = Dy H®[py, ] (t, 0y, g )dt + dpe Dg(t, 5¢), (3.22)

pT+ == DyT(b[57 qj](g07gT)

Definition 3.6. Let A = (8,V,v,u) € E. We say that the solution of the costate
equation [3:22) p* € P is an associated costate iff

— po_ = Dy, ®[8, V] (50, yr). (3.23)
Let N (u,y) be the set of nonzero A € N(u,y) having an associated costate.
We define the set-valued mapping U: [0, 7] = R™ by
U(t) :==cl{ueR"™ : ¢(t,u,5;) <0} for a.a. t, (3.24)

where cl denotes the closure in R™. We can now define two different notions of multi-
pliers.
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Definition 3.7. (i) We say that A € N;(u,y) is a generalized Lagrange multiplier iff
Dy Hp}, vi](t, s, 5¢) =0 for a.a. t. (3.25)
We denote by Ar(u,y) the set of generalized Lagrange multipliers.
(ii) We say that X € Ap(u,y) is a generalized Pontryagin multiplier iff
HpN(t, s, 5:) < H[p)(t,u, §:) for all u € U(t), for a.a. t. (3.26)
We denote by Ap(u,y) the set of generalized Pontryagin multipliers.

Note that even if (@,y) is a Pontryagin minimum, inequality (B:26) may not be
satisfied for some t € [0,7] and some u € R™ for which ¢(¢,u, ;) = 0, as we show in [14,
Appendix|. Note that the sets Az (@, y) and Ap(a,y) are convex cones.

3.2.4 Reducible touch points

Let us first recall the definition of the order of a state constraint. For 1 < i < nyg,
assuming that g; is sufficiently regular, we define by induction gZ(] ). [0, T]xR™xR" — R,
J €N, by

07V (tu,y) = Dig? (t,u,y) + Dyg? () f(twy), 6 =g (3.27)

Definition 3.8. If g; and f are C%, we say that the state constraint g; is of order
q; € N iff ‘
Dug? =0 for0<j<g -1, Dugl* #o0. (3.28)
If g; is of order ¢;, then for all j < ¢;, ggj ) is independent of v and we do not mention
this dependence anymore. Moreover, the mapping ¢ — g;(¢, y;) belongs to W%:>°(0,T)
and

d’ i .

ygi(t,ﬂt) = gz(])(t7gt) for 0 < j < g, (3.29)
& Dy ,

wgi(t, ut) = g, (t, U, 5;) for j = g;. (3.30)

Definition 3.9. We say that T € [0,T] is a touch point for the constraint g; iff it is a
contact point for g;, i.e. gi(7,9-) = 0, and T is isolated in {t : g;(t,y:) = 0}. We say
that a touch point T for g; is reducible iff 7 € (0,7, %gi(t,gt) is defined for t close to
T, continuous at T, and

d2
@gi(t, Ye)li=r < 0. (3.31)

For 1 <i < ng, let us define

T 0 if g; is of order 1, (3.32)
?* 7 {touch points for g;} otherwise. '

Note that for the moment, we only need to distinguish the constraints of order 1
from the other constraints, for which the order may be undefined if g; or f is not regular
enough.
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Assumption 3.3. For1 <1 < ng, the set Ty; — if nonempty —is finite and only contains
reducible touch points.

3.2.5 Tools for the second-order analysis

We define now the linearizations of the system, the critical cone, and the Hessian of the
Lagrangian. Let us set

Vo := L*(0,T;R™), 2Z;:=WH"(0,T;R"), and 2Z,:=W"0,T;R"). (3.33)
Given v € Vs, we consider the linearized state equation in 2
= Df(t,us,5t)(ve,2¢) for a.a. t € (0,T). (3.34)

We call linerarized trajectory any (v,z) € Vy X Z5 such that (8.34]) holds. For any
(v,2%) € Vo x R™, there exists a unique z € Z such that (3.34) holds and zp = 2°; we
denote it by z = z[v, 2]. We also consider the second-order linearized state equation in

Z1, defined by
= Dy, f(t, s, )Gt + D2 f(t, s, Ge) (01, 2¢[v, 2%])? for a.a. ¢ € (0,T). (3.35)

We denote by z2[v, 2°] the unique ¢ € Z; such that (3:35]) holds and such that zg = 0.
The critical cone in L? is defined by

(v,2) € Vo X Z9 1 2 = z[v, 20]

Do(yo, yr)(20,27) <0

‘I’( Z?T)(ZanT) € Tk, (2(%0, Y1) (3.36)
(( U, Y) (v, 2) € T (c(+,u, 7))

)z € Tk, (9(, 7))

Note that by [21, Examples 2.63 and 2.64], the two tangent cones Tk, (g(-,7)) and
Tk, (c(-,u,y)) are resp. described by

Cg(ﬁ, g) =

Tk, ={¢ € C([0,T;;R™) : Vt, Vi, g;(t,9:) = 0 = (it < 0}, (3.37)
Tr, = {w € L*([0,T];R™) : for a.a. t, c;(t,a,3) = 0 = w;; < 0} (3.38)

Finally, for any A = (8,¥,v,u) € E, we define a quadratic form, the Hessian of
Lagrangian, Q[A]: Vo X Z5 — R by

T
QA (v, 2) == /o D?H"[p}, vi)(t, g, ) (ve, z¢)*dt + D*®[B, U] (¥o, yr) (20, 21)°

<Dg§1) (T, QT)ZT) i

[ @Dt - Y (g (339)
(0,77 TE€Ty 9, (T,Ur,Yr)
1<i<ng

where p;(7) is the measure of the singleton {7}. We justify the terms involving the touch
points in 7 ; in the following section.
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3.3 Reduction of touch points

We recall in this section the main idea of the reduction technique used for the touch
points of state constraints of order greater or equal than 2. Let us mention that this
approach was described in [44, Section 3] and used in [52, Section 4] in the case of optimal
control problems. As shown in [16], the reduction allows to derive no-gap necessary and
sufficient second-order optimality conditions, i.e., the Hessian of the Lagrangian of the
reduced problem corresponds to the quadratic form of the necessary conditions. We also
prove a strict differentiability property for the mapping associated with the reduction,
that will be used in the decomposition principle. Recall that for all 1 <17 < ng, all touch
points of 7Ty ; are supposed to be reducible (Assumption 3.3)).
Let € > 0 be sufficiently small so that for all 1 <7 < ng, for all 7 € T, the time
function
telr—e1t+el—g(t,g) (3.40)

is C? and is such that for some 3 > 0, f—;gi(t,ﬂt) < =3, for all t in [t —e,7 + ¢]. From
now on, we set for all ¢ and for all 7 € 7y ;

A =[r—¢e,74+¢] and A= [O,T]\{ UreT, Ai}, (3.41)

T

and we consider the mapping O : U x R” — R defined by

0° (u,y°) := max {gi(t,y;) : v = y[u,y°], t € AS}. (3.42)
We define the reduced pure constraints as follows:

gi(t,yr) <0, forall t € AF, (i)

- (3.43)
O%(u,yo) <0, forall 7€ Tgy;. (ii)

for all i € {1,...,n,}, {

Finally, we consider the following reduced problem, which is an equivalent reformulation
of problem ([P]), in which the pure constraints are replaced by constraint (3.43]):

min _ @(yo,yr) subject to (@2), @), BB), and @), (P)

(wy)EUXY
Now, for all 1 <1 < ng, consider the mapping p; defined by
pi € M([0, TR ) = (pyas, (1(T)reT, ) € M(ATRy) x RITol, (3.44)
Lemma 3.10. The mapping ©% is twice Fréchet-differentiable at (u, o) with derivatives
D@i(_’g(])(vaz(]) = Dgi(T, gT)ZT[U’ZO]’ (345)
DQ(—)?—(@, g(])(’l), 20)2 = DQQi(Ta gT)(ZT [’U, ZO])2 + Dgi(Ta gT)Z72' [’U, ZO]

2
(Dgf)(ﬂ ﬂT)zT) 10
92 (7, 1y, 7y)
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and the following mappings define a bijection between Ar(u,y) and the Lagrange multi-
pliers of problem (P'), resp. between Ap(w,7) and the Pontryagin multipliers of problem

A= (57 \Ila v, M) € AL(ﬁ7 g) = (57 \Ila v, (pz(,uz))lﬁzgng) (347)

A= (57 \Il’ v, M) € AP(’EL, g) = (/87 \117 v, (Pz(ﬂl))1<z<n9) . (348)

See [16, Lemma 26] for a proof of this result. Note that the restriction of y; to AF

is associated with constraint (3.43(i)) and (p;(7))re7,, With constraint ([3.43)(ii)). The

expression of the Hessian of ©2 justifies the quadratic form Q defined in ([3.39). Note

also that in the sequel, we will work with problem [P] and with the original description
of the multipliers, using implicitly the bijections (3.47)) and (3.48)).

Now, let us fix ¢ and 7 € 7,;. The following lemma is a differentiability property for

the mapping ©%, related to the one of strict differentiability, that will be used to prove
the decomposition theorem.

Lemma 3.11. There exists € > 0 such that for all u; and ug in U, for all y° in R", if
lu —ali <e, v’ —ali <e, and |y° —go| <e, (3.49)
then
0% (u?,¢") — O5(u',4°) = g(r, y- [u?, ")) — (7, yr [u',4°])
+O0(l[u? = ul 1 (Jut = all + [lu® = alls + |y° = 5o]))- (3.50)

An intermediate lemma is needed to prove this result. Consider the mapping x
defined as follows:

X:x€WH®(AS) =  sup a; €R. (3.51)
te[r—e,7+¢]

Let us set 20 = gi(*;y)|a- Note that 20 =0.

Lemma 3.12. There exists o/ > 0 such that for all z* and x* in W?>®(A,), if [|#! —
oo < o and ||#? — 30| < o, then

X(@%) = x(z') = 2*(r) — ' (7)
+O(l1% = @' oo (I3 = @%lloo + [l4% = 3°[l0))- (3.52)

Proof. Let 0 < o < fBe and x', 2% in W2>°(A,) satisfy the assumption of the lemma.
Denote by 71 (resp. 72) a (possibly non-unique) maximizer of x(x!) (resp. x(2?)). Since

il >3 —a/ >Be—a’>0 and il <il, . +a<-Be+a<0, (3.53)
we obtain that 71 € (7 —&,7 + ¢) and therefore that @ = 0. Therefore,

Blr — 7| < |8, — &9l = |#1, — i) < &' — "o (3:54)
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and then, |71 — 7| < | — #loo/B. Similarly, |ro — | < [[% — i]loc/8. Then, by (B3,

x(@?) = 2 (n) + (2%(11) — ' (7))
= x(z') + (&*(r) — 2' (7)) + O([|2* — &' ||oo |71 — 7]) (3.55)

and therefore, the Lh.s. of (8.52)) is greater than the r.h.s. and by symmetry, the converse
inequality holds. The lemma is proved. O

Proof of Lemma[3.11. Consider the mapping
Gyt (u,y°) € UXR") = (t € Ar = gilt, ye[u,y%))) € WHS(A,). (3.56)

Since g; is not of order 1 and by Assumption Bl the mapping G is Lipschitz in the
following sense : there exists K > 0 such that for all (u!,y%!) and (u?,y%?),

IG+(u',y™) = Gr(w?, 4% lLoe < K ([[u® =t [l + [y = y>1). (3.57)

Set a = o/ /(2K). Let u! and u? in U, let y° in R” be such that ([3.49) holds. Then by
Lemma and by (3.57),

Qi(UZ’yO) - @i(ul’yO)
= X(GT(U2’yO)) - X(GT(ul’yO))

= g(y-[u?, ")) — g(y-[u', "))
+O(llu? = ut L (fJu® — ally + [Ju" —ally + [y = 7o), (3.58)

as was to be proved. O

3.4 A decomposition principle

We follow a classical approach by contradiction to prove the quadratic growth property
for bounded strong solutions. We assume the existence of a sequence of feasible tra-
jectories (u*,y*)x which is such that u* is bounded and such that ||y* — 7|lcc — 0 and
for which the quadratic growth property does not hold. The Lagrangian function first
provides a lower estimate of the cost function ¢(y%, y%). The difficulty here is to linearize
the Lagrangian, since we must consider large perturbations of the control in L°° norm.
To that purpose, we extend the decomposition principle of [18, Section 2.4] to our more
general framework with pure and mixed constraints. This principle is a partial expan-
sion of the Lagrangian, which is decomposed into two terms: Q[N (vAF, z[v4F y& — 5]),
Ak stands for the small perturbations of the optimal control, and a difference of
Hamiltonians where the large perturbations occur.

where v

3.4.1 Notations and first estimates

Let R > ||t]|oo, let (u¥,4*)x be a sequence of feasible trajectories such that

VE, [uf)loo < R, |uf =l — 0, and |y& — o] — 0 (3.59)
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This sequence will appear in the proof of the quadratic growth property. Note that the
convergence of controls and initial values of the state implies that ||y* — 7|lc — 0. We
need to build two auxiliary controls @* and u?*. The first one, @, is such that

(3.60)

c(t,al,yF) <0, for a.a. t €[0,T],
[@* — il = O(lly"* — Flloo)-

The following lemma proves the existence of such a control.

Lemma 3.13. There exist € > 0 and o > 0 such that for ally € Y with ||y — ¥l < &,
there exists uw € U satisfying

lu — tlloo < ally — Ylloo and c(t,u,yr) <0, for a.a. t. (3.61)
Proof. For all y € Y, consider the mapping C, defined by
uwe U Cy(u) = (t— c(t,uy,ye)) € L0, T;R™). (3.62)

The inward condition (Assumption [3.2]) corresponds to Robinson’s constraint qualifica-
tion for Cy at u with respect to L>(0, T} R"™). Thus, by the Robinson-Ursescu stability
theorem [21, Theorem 2.87], there exists ¢ > 0 such that for all y € Y with ||y —||cc <&,
C,y is metric regular at u with respect to L>(0, T} R™). Therefore, for all y € Y with
lly — ¥lloo < €, there exists a control u such that, for almost all ¢, ¢(t,u, y:) < 0 and

[u — 1]l = O(dist(Cy (@), L0, T;R"™))) = O(ly — 7lloo)-

This proves the lemma. O

Now, let us introduce the second auxiliary control u4*. We say that a partition
(A, B) of the interval [0,7] is measurable iff A and B are measurable subset of [0, 7.
Let us consider a sequence of measurable partitions (A, Bg) of [0,7]. We define u*
as follows:

Ak k

The idea is to separate, in the perturbation u* — @, the small and large perturbations in

uniform norm. In the sequel, the letter A will refer to the small perturbations and the
letter B to the large ones. The large perturbations will occur on the subset By.
For the sake of clarity, we suppose from now that the following holds:

(Ag, Br )k is a sequence of measurable partitions of [0, 77,
ly§ — ol + [[u™* — il|os — 0, (3.64)
‘Bk’ — 0,

where | By| is the Lebesgue measure of By. We set

vAF =A% — g and PR = ok — AP (3.65)



88 Chapter 3.  Sufficient conditions for bounded strong solutions

and we define
oyt =k — g, M=yt k], and 2 = 2[oF Gyl (3.66)
Let us introduce some useful notations for the future estimates:

Riy = |uF —ally + 16y§], Rop = [lu* — all2 + 0yf],
Ryag = |08k |0+ 10yE|,  Roag = [[vMF||2 + |0y, (3.67)
Ry i = [vB*|y, Ry i = [vB*]2.

Combining the Cauchy-Schwarz inequality and assumption (3.64]), we obtain that
Ripi < RopilBel'? = o(Rop 1) (3.68)
Note that by Gronwall’s lemma,
16y*loo = O(R1k) = O(Rax) and  [2]ee = O(Ryak) = O(Ra). (3.69)

Note also that
165" — (y** = §)lloe = O(R1,Bx) = 0o(Ro ) (3.70)

and since ||y — (7 4+ 24%)|| o0 = O(R%,k)’
165" — 2|l oo = 0(Rayp). (3.71)

3.4.2 Result

We can now state the decomposition principle.

Theorem 3.14. Suppose that Assumptions [31), [72, and [33 hold. Let R > |||, let

(uF, y* )1, be a sequence of feasible controls satisfying B59) and (Ay, By)r satisfy (3.64).
Then, for all X = (8,9, v, 1) € A (i, 7),

B(d(ys, yr) — oo, Ir)) > QN (0F, 24)

+ /B [H[pi\](t’uf’gt) - H[p?](t’ﬂf’gt)]dt_}'O(R%,k)’ (3'72)

where ) is defined by (3.39).

The proof is given at the end of the section, page The basic idea to obtain a lower
estimate of B(od(yo,yr) — &(¥o,yr)) is classical: we dualize the constraints and expand
up to the second order the obtained Lagrangian. However, the dualization of the mixed
constraint is particular here, in so far as the nonpositive added term is the following:

A Vt(c(t7 uf7k7 yf) - C(ta ﬁt7 gt)) dt + / Vt(c(t7 ’ZL?, yf) - C(ta ﬁta gt)) dt? (373)
k By,

where @* and 44" are defined by ([B.60) and (363). In some sense, we do not dualize
the mixed constraint when there are large perturbations of the control. By doing so,
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we prove that the contribution of the large perturbations is of the same order as the
difference of Hamiltonians appearing in (3.72). If we dualized the mixed constraint with
the following term:

T
/ vi(clt, uf, yf) — e(t, i, §r)) dt, (3.74)
0

we would obtain for the contribution of large perturbations a difference of augmented
Hamiltonians.
Let us fix A € Ap(u,y) and let us consider the following two terms:

T
I{C :/O —Hg[p?,yt](t;at’gt)éyf dt

+ /A (HIp), v (¢, w™ gy — HO[p) v (¢, g, ) dt (3.75a)
k
+ /B (H[pp, vl (8, g y) — HO[p) (8, e, ) it (3.75b)
k
+ [ (bl uk k) — H k) (3.750)
k
and
g
Iy = - /[0 T}(duth(t,ﬂt)@f) + ZAE(gi(t,yf) — gi(t, 1)) dpie s (3.76a)
’ =1 i
+ > w5 (uF,yh) — O5(a, 7o) (3.76D)
TGTg,i
1<i<ng

Lemma 3.15. Let R > ||t|oo, let (u®, y*)i be a sequence of feasible trajectories satisfying
B359), and let (Ag, By)y satisfy (3.64)). Then, for all X € Ap(u,y), the following lower

estimate holds:

B (Y5 y1)— (o, Ir))
> §D2@(B, W) (5o, gr) (5 ", 2" + I + If + o(R3 ). (3.77)

Proof. Let A € Ar(u,y). In view of sign conditions for constraints and multipliers, we
first obtain that

Byl v) — (G0, 1) > @B, U] (yh, v%) — (8, ¥](%o, I7)

g
+Z/ (it yF) — gi(t.g)) dpig + > pa(r) (O (u, ) — O (1, o))
i=1 VA7 €Ty
1<i<ng

+ /A ve(e(t i yF) — e(t, g, 7)) dt + / vi(e(t, @ yF) — et e, ) dt. (3.78)
k By,
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Expanding the end-point Lagrangian up to the second order, and using (B.71]), we obtain
that

(8, T (y5, y7) — @B, (7o, Ur)
= (P20 — pyoul) + SD2®N (G0, 7r) (2", 2p™)? + o( R3 ). (3.79)

Integrating by parts (see [16, Lemma 32]), we obtain that

-k
PYOYhE — Pyl = /[ . (dpydyy + p oy, dt)

= /OT (= Hy (¢, e, Gr)Oyr + H(t,uf, yr) — H(t,ar,50))dt
- /[0 p (dpeDyg(t, 5:)6yr)- (3.80)
The lemma follows from [B.78)), (379), and (3.80). O
A corollary of Lemma is the following estimate, obtained with (B.60]):
B((y5, vF) — o (5o, Ur)) (3.81)
2 /OT [HpA)(t uf yr) — HIpp (¢, a5, yf)]de + O (165" |oo)

T
= /0 [H[p2)(t, uf, 5) — HpR)(t i, §) | dE + O(]|6y" [1oo)- (3.82)

Proof of the decomposition principle. We prove Theorem [B.I4] by estimating the two
terms If and I} obtained in Lemma

> Estimation of IF.
Let show that

1 T
Ii =3 / D2H v (¢, e, 7o) (v, 22 dt
0
H[p(t,uf, 5,) — Hp)(t,aF,5,)) dt + o(R2,) 3.83
+ 5 ( [pt]( 7ut7yt) P 7ut7yt) 0( 2,k)- ( : )
k

Using (3.71) and the stationarity of the augmented Hamiltonian, we obtain that term

B25a)) is equal to

/ HO[p )t 1, )byt
A

1
+5 | DPH (6, 3 (0" 2 At + o(RS ). (3.84)
Ag
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Term (B.750) is negligible compared to R3 . Since

/B (Y (6 b, o) — B\t 3, o)) dt

—AJHMWWMM—HMWWWM O(BLR2,) = o(RE,),  (3.85)
term (B.75d) is equal to
AJHMWmmm—HMWﬂﬁmmuwmh» (3.86)

The following term is also negligible:

| D2 ) B P = o). (3.87)
k

Finally, combining (3.70), (8:84), (3:86]), and (B.87)), we obtain (3.83).
> Estimation of I§.
Let us show that

1
g5 [ (@D
[0,T]
1 (Dg" (7, i) 24?2
—5 2 ()T - (3.88)
7'67?;,2' g@ T, Ur, yT)

1<i<ng

Using (B.71), we obtain the following estimate of term (B.7Gal):

/Dm%mwm-z DG P+ o). (359

T€Tg,i
1<z<ng

Remember that 22[v4*, §y] denotes the second-order linearization (3:35]) and that the
following holds:

ly™* = (@ + 2[o™*, 5y5) + 2° [0, 5y5])loo = o(R5 ). (3.90)
Using Lemma BIT] and estimate (B71]), we obtain that for all 4, for all 7 € T,
@i(uka ylg) - @f’(uA’ka ylg)
= gi(Ty¥) — (7, y2") + O(Ry x(R1p .k + Ru))

= Dg;(7,9-) (Y — y2F) + O(R%,k)
= Dgi(7,5:)(6yF — 2% = 2[o™F 6y]) + o(R3 ). (3.91)
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By Lemma B.10]
O (u*, y5) — O%(1, %)
= Dgi(r,§-) (z2* + 22[v™*, Syg))

1 1(Dyg" (r, §,) 2")?
+ §D29i(7', g, ) (222 — 5( ygé) r % )Z_ ) +0(R§7k)- (3.92)
gi (T’ uT?yT)

Recall that the restriction of p; to AZ is a Dirac measure at 7. Summing (3.91]) and
(3.92)), we obtain the following estimate for (3.76D):

_ 1 Ak
E {/ (Dgi(t, 5e)dyF + §D29z‘(t,yt)(zt’ )%) dpig
TGTg,i e

1<i<ng

1(Dgl" (1,5:)5M)%)
2 ¢ a,,y,)

Combining (3.89) and ([3.93]), we obtain (3.88]). Combining (3.83)) and (B.88]), we obtain

the result. O

| +o(r30). (3.93)

3.5 Quadratic growth for bounded strong solutions

We give in this section sufficient second-order optimality conditions in Pontryagin form
ensuring the quadratic growth property for bounded strong solutions. Our main result,
Theorem BI8], is proved with a classical approach by contradiction.

Assumption 3.4. There exists ¢ > 0 such that for all feasible trajectories (u,y) in
U x V) with |ly — y|| < e, if (u,y) satisfies the mized constraints, then there exists G
such that

€ U(t), for a.a.t and |u— 1o = Oy — 7lloo)- (3.94)

This assumption is a metric regularity property, global in v and local in y. Note that
the required property is different from (B.60)).

Definition 3.16. A quadratic form @ on a Hilbert space X is said to be a Legendre
form iff it is weakly lower semi-continuous and if it satisfies the following property: if
xF — x weakly in X and Q(z*) — Q(x), then x* — x strongly in X.

Assumption 3.5. For all A € Ap(u,y), QA is a Legendre form.

Remark 3.17. By [16, Lemma 21], this assumption is satisfied if for all A € Ap(a,y),
there exists v > 0 such that for almost all t,

v < D% H[py, wi)(t, s, ), (3.95)

where I is the identity matriz of R™*™. In particular, in the absence of mixed and
control constraints, the quadratic growth of the Hamiltonian [B9T) implies (3.95]).
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For all R > ||u||s0, we define
AR(a,5) = {X € AL(a,y) : for a.a. t, for all u € U(t) with |u| < R,

Note that Ap(@,7) = Ngsja).c AR (4 7). Remember that Cy(, ) is the critical cone in
L?, defined by (3.36).

Theorem 3.18. Suppose that Assumptions hold. If the following second-order
sufficient conditions hold: for all R > ||t|so,

1. there exist a > 0 and \* € AR(u,y) such that

(3.97)

for a.a. t, for all w € U(t) with |u| < R,
H(py"(t w, 5e) — Hlpp 1t e, ) = afu — @l3,

2. for all (v,2) € Cx\{0}, there exists A € AE(u,y) such that Q[N (v, z) > 0,
then the quadratic growth property for bounded strong solutions holds at (@,q).

Proof. We prove this theorem by contradiction. Let R > |||, let us suppose that there
exists a sequence (u¥,y*); of feasible trajectories such that ||u*||s < R, ||¥* — ¥l/oc — O

and

Sy Y1) — (Fo, gr) < olu* — a3 + y6 — gol)- (3.98)
We use the notations introduced in (B.67). Let \* = (8%, ¥*, v*, u*) € A(u,y) be such
that (3.97) holds.

> First step: |[uf — as = Ray — 0.
By Assumption B.4] there exists a sequence of controls (@), such that

af € U(t), for aa. t and |Juf — 4% = O(||0y"||00) = O(R11). (3.99)
As a consequence of (3.82]), we obtain that
B((ys, yr) — @50, Ir))

T * *
z/(HMMm&m—HMKmmwﬂt
0

T . )
w0 — Y g0)ae o)

al[a® —all3 + o(1)

= af|u® — a3+ o(1).

v

Since B*(d(y&, y%) — ¢ (Yo, yr)) — 0, we obtain that |u¥ — @|2 — 0. Therefore, the
sequence of trajectories satisfy (8.59) and by the Cauchy-Schwarz inequality, Ry, — 0.
Now, we can build a sequence of partitions (A, By)r which satisfies ([B.64]). Let us
define
k _ 1/4
Ap = {t e [0, 7], [uf — @] < R } (3.100)
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and By := [0,T]\Ag. Then,

lu® —ally > /B (la® —ally +18y5 )" *dt > | By|(|lu® —all) /™. (3.101)
k

Thus, |By| < (||u* — @|/1)*>* — 0 and we can construct all the elements useful for the
decomposition principle: @, ud*, vAF* §yF yAF* and 24k,

Let A € AE(a,y), 7 € [0,1) and A := 7\ + (1 — m)A\*. The Hamiltonian depending
linearly on the dual variable, the quadratic growth property ([B.97) holds for A (instead
of \*) with the coefficient (1 — 7)o > 0 (instead of «).

> Second step: we show that Ra g = O(Ra a k) and QN (v, 24%) <o(R2 , ).
By the decomposition principle (Theorem [3.14]), we obtain that o

QA (v, A% + /B ()t b ) — H (8 b, )]t
< B(o(ys, y5) — oo, yr)) + o(R3 ;) < o(R3 ). (3.102)

We cannot use directly the quadratic growth of the Hamiltonian, since the control v* does
not satisfy necessarily the mixed constraint c(t,uf ,Ut) < 0. Therefore, we decompose
the difference of Hamiltonians as follows:

S [ TG )~ HIE ] = A+ AL AL (3109
with
ap= | (HN vk )~ HIN ) (4
A= [ (N )~ HI 0 g0
k
A= [ (5 I ) (a1
Note first that by (B.102), Ay < O(R%,A,k) + O(R%,B,k)' We set

}1/2. (3.104)

RQ,B,]C = |:/ |ﬂf —ﬂt|2 dt
By,

Note that A? > 0. In order to prove that Ry pj = O(Ra 1), we need the following two
estimates:
AL+ |Af] = o(AD), (3.105)
’Rg,B,k - R%,B,k’ = O(R%,B,k)- (3.106)

Since the control is uniformly bounded, the Hamiltonian is Lipschitz with respect to u
and we obtain that

| A%l + AL = O(|Bg|R1 k), (3.107)
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while, as a consequence of the quadratic growth of the Hamiltonian,

Ay > a(l- W)R%,B,k

> a(l — )| Byl (R} + O(Rup))”
> a(l — )| B R (1 + O(RY)))?, (3.108)

which proves [BI05). Combined with (FI02) and Q[\(vAF, 24F) = O(R;A,k), we
obtain that

Aj = O(Af + Af + AF) = O(Ay) = O(RS 4 1) + o(R3 1) (3.109)
and )
R3 gy < mAz = O(Ar) < O(R3 43) + o(R5 1) (3.110)

Let us prove (3I06]). For all k, we have

R Rl = | [ (o=l = 1a - ) ot
k

IN

/B jf — | — | + 2l — @) dt
k

ot = e ([~ ablde 2 [ g - wlae)
B, B

= O(R14)(O(|Bg|R1 ) + O(R1,B.1))

IN

= O(Rg,k)
which proves ([B.106), by using (B.I08]). Combined with (B.I1I0), it follows that
R%,B,k = E%,B,k + O(Rg,k) = O(Rg,A,k) + O(R%B,k) (3.111)
and finally that
R3pr=0(R3 ;) and Ry =O(Raap) (3.112)

Moreover, since A} > 0 and by (105), (I09), and (I112),
QA (™, 24%) < o(R3 ) — AL - Af
< o(R3 ) + o(A*) < o(R3 44)- (3.113)

> Third step: contradiction.

Let us set

Ak Ak

z
= and 2f =
Ra Ak Ry Ak

w

= 2[w", 65/ Ra, k). (3.114)

The sequence (w”, xlg)k being bounded in L2(0,T;R™) x R™, it converges (up to a sub-
sequence) for the weak topology to a limit point, say (w,zg). Let us set z = z[w, z¢].
Let us prove that (w,x) € Co(@,y). It follows from the continuity of the linear mapping

2 (v,29) € L*(0,T;R™) x R™ — z[v, 29] € WH2(0, T; R™) (3.115)
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and the compact imbedding of W12(0, T;R") into C(0,T;R™) that extracting if neces-
sary, (z¥)), converges uniformly to . Using (B.71)), we obtain that

16y" — Ro 4 k]|oc = |2*% — Ro k2 ]|oc + 0(R2, 1)
= Ry ak(l|l2¥ — 2]l + 0(1))

= o(Ry a1)- (3.116)
It follows that
oy y7) — (o, Ir) = Ro, 4k Dd(Jo, Y1) (x0, 1) + 0( R, A k), (3.117)
®(ys, yr) — @ (o, 1) = Ro, a4, Dé(Fo, Y1) (0, 21) + 0(R2,ak), (3.118)
gt yt) — g(t, ) Ry Ak Dyg(t, 5)z|| = o(Raak)- (3.119)
This proves that
D¢(yo, yr)(wo, x1) = 0, (3.120)
D& (Yo, yr)(x0, 21) € Tiio (#(40,97)), (3.121)
Dyg(-,y)z € TKg( (9))- (3.122)
Let us set, for a.a. t,
& = c(t, i, ;) and cf = ctlyen,y + c(t,uA’k,yf)l{teAk}. (3.123)
We easily check that
I — (@ + Ro,anDe(t, ue, 5e) (wr, ) lloo = 0(Ra,a%)- (3.124)
Therefore,
—c o
R — De(t, u, gt)(w, 1) (3.125)
2,Ak

in L2(0,T;R"). Moreover, cf < 0, for almost all ¢, therefore the ratio in (3.125) belongs
to Tr,(c(+,u,7)). This cone being closed and convex, it is weakly closed and we obtain
finally that

Dc(t, ug, gt ) (we, x¢) € Tk (c(-,a,7)). (3.126)
We have proved that (w,z) € Cy(u,y). By Assumption BB, Q[\| is weakly* lower
semi-continuous, thus from BI13]) we get

QN (w, z) < hmmf QA (w, 2F) < 0. (3.127)

Passing to the limit when 7 — 1, we find that Q[\](w,z) < 0. Since A was arbitrary in
AE(w,9), it follows by the sufficient conditions that (w,z) = 0 and that for any \ for
which the quadratic growth of the Hamiltonian holds,

Q] (w, ) = lim QA (w”, z%). (3.128)

Since Q[)] is a Legendre form, we obtain that (w”,z%); converges strongly to 0, in
contradiction with the fact that ||w*|s + |z§| = 1. This concludes the proof of the

theorem. n
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3.6 Characterization of quadratic growth

In this section, we prove that the second-order sufficient conditions are also necessary
to ensure the quadratic growth property. The proof relies on the necessary second-
order optimality conditions in Pontryagin form that we established in [14]. Let us first
remember the assumptions required to use these necessary conditions.

Assumption 3.6. The mappings f and g are C, ¢ is uniformly quasi-C%, ® and ¢
are C?.

For & > 0 and &’ > 0, let us define

A =t €[0,T] ¢ cslt, g, ) > —0'}, (3.129)
AY;={t€[0,T] : gi(t,5) = 0}\ Ty, (3.130)
A= {t € [0,T] : dist(t,A);) < €'} (3.131)

Assumption [B.7lis a geometrical assumption on the structure of the control. Assump-
tion .8 is related to the controllability of the system, see [17, Lemma 2.3| for conditions
ensuring this property.

Assumption 3.7. For 1 <i <mng, ASJ has finitely many connected components and g;
is of finite order g;.

Assumption 3.8. There exist ¢',&' > 0 such that the linear mapping from Vo x R™ to
| ) LQ(AZZ‘) x H?:gl qu’Q(AZ,Z‘) defined by

(Deit 1, 9)(w, 200, 2Dl p )
(0.9 s i | s onto. (3.132)
(Dgit- 7)elv. Il xe)

9./ 1<i<ng

The second-order necessary conditions are satisfied on a subset of the critical cone
called strict critical cone. The following assumption ensures that the two cones are equal
[21, Proposition 3.10].

Assumption 3.9. There exists A\ = (3, W, v, i) € Ap(u,%) such that
vi(t) >0 fora.a. te Ag,i 1<i<n,, (3.133)
supp(fii) N A?m = Ag,i 1<i<ng. (3.134)
The main result of [14] was the following necessary conditions in Pontryagin form:

Theorem 3.19. Let Assumptions [32, [3.3, and [320H39 hold. If (u,y) is a Pontryagin
minimum of problem (P)), then for any (v,z) € Cy(u,y), there exists X\ € Ap(a,q) such
that

Q[A](v,z) > 0. (3.135)

Assumption 3.10. All Pontryagin multipliers A = (8, V,v, u) are non singular, that is
to say, are such that B8 > 0.
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This assumption is satisfied if one of the usual qualification conditions holds since
then, all Lagrange multipliers are non singular. In [14, Proposition A.13], we gave a
weaker condition ensuring the non singularity of Pontryagin multipliers.

Lemma 3.20. Let Assumptions [3.3, [3.3, and [Z.8HF 10 hold. If the quadratic growth
property for bounded strong solutions holds at (@,y), then the sufficient second-order
conditions are satisfied.

Proof. Let R > ||t|oc, let & > 0 and € > 0 be such that for all (u,y) € F(P) with
[ulloo < R and [y — gl <,

oo, yr) — ¢(Wo, ¥r) > allu — all3 + |yo — Fol*)- (3.136)

Then, (@,y) is a Pontryagin minimum to a new optimal control problem with cost

¢ (Yo, yr) — a(lyo — gol* + [lu — al|*) (3.137)

and with the additional constraint ||u||oc < R. The new Hamiltonian and the new
Hessian of the Lagrangian are now given by resp.

H[p|(t,u,y) — aflu—al® and  QN(v,2) — aB(|lv]* + |20f*). (3.138)

It is easy to check that the costate equation is unchanged and that the set of Lagrange
multipliers of both problems are the same. The set of Pontryagin multipliers to the new
problem is the set of Lagrange multipliers A for which for a.a. ¢, for all u € U(t) with
ul < R,

H[pi\] (t’ U, gt) - H[pi\] (t’ Ut, gt) > O‘B|u - ﬂg, (3139)
it is thus included into AL (%, 7) (which was defined by (336)). Let (v, 2) in Co(a,4)\{0},

then by Theorem [B.19] there exists a Pontryagin multiplier (to the new problem), be-
longing to AL (4, %), which is such that

QN (v, 2) > af(|z0]® + ||v]|3) > 0. (3.140)
The sufficient second-order optimality conditions are satisfied. O

Finally, combining Theorem B.I8 and Lemma [B.20] we obtain a characterization of
the quadratic growth property for bounded strong solutions (under the Legendre-Clebsch
assumption).

Theorem 3.21. Let Assumptions [3.2{3.10 hold. Then, the quadratic growth property
for bounded strong solutions holds at (u,y) if and only if the sufficient second-order
conditions are satisfied.



Chapter 4

Sensitivity analysis for relaxed
optimal control problems with
final-state constraints

Contents
4.1 TIntroduction . . ... ... it 100
4.2 Formulation of the problem and preliminary results . . . . . 102
20 Settingd . . o v oo 102
422 Estimated . .. ... ... ... ... 104
[4.2.3  Metric regu arji};l .......................... 105
[4.2.4  Optimality conditiond . . . . . .. ... ... ... 107
4.3 First-order upper estimate of the value function . . . . . . . . 108
4.4 Second-order upper estimate of the value function . . . . . . 111
4.4.1 _Standard linearizations and estimates . .. . ... ....... 111
[4.4.2  Second-order upper estimatd . . . ... .. 114
4.5 Lower estimate of the value function . . . . . ... ....... 116
[4.5.1 A decomposition principld . . . . ... ... 116
14.5.2  Study of the rate of convergence of perturbed solutiond . 118
14.5.3  First- and second-order estimates . . . . . . . . ... ... ... 121
4.6 _Two exampled . . . ¢ v v vttt e e e 123
|4.6.1 A different value for the linearized problems . . . . . . . . . .. 123
14.6.2  No classical solutions for the perturbed problemd . . . . . . . . 124
4 A Appendid . . . v it 125

This chapter is a joint work with J. F. Bonnans and O. S. Serea and was published in Nonlinear
Analysis: Theory, Methods, and Applications, 89:55-80, 2013. [19].



100 Chapter 4.  Sensitivity analysis for relaxed optimal control problems

Abstract

In this chapter, we compute a second-order expansion of the value function of a
family of relaxed optimal control problems with final-state constraints, parameterized
by a perturbation variable. In this framework, relaxation with Young measures enables
us to consider a wide class of perturbations and therefore to derive sharp estimates of
the value function. The sensitivity analysis is performed in a neighborhood of a local
optimal solution of a reference problem. The local solution # is assumed to be optimal
with respect to the set of feasible relaxed controls having their support in a ball of a
given radius R > ||ul|o and having an associated trajectory very close to the reference
trajectory, for the L°°-norm. We call such a solution a relaxed R-strong solution.

Résumé

Dans ce chapitre, nous calculons un développement au second ordre de la fonction
valeur d’une famille de probléemes de controle optimal avec contraintes sur 1’état final,
paramétrée par une variable de perturbation. L’analyse de sensibilité est réalisée pour
des controles nommés R—strong solutions. Ce sont des solutions optimales par rapport a
I’ensemble des controles admissibles de norme infinie inférieure a R ayant une trajectoire
associée dans un petit voisinage pour la norme infinie. Dans ce cadre, la relaxation nous
permet de considérer une large classe de perturbations et ainsi d’obtenir des estimations
précises de la fonction valeur.

4.1 Introduction

We consider a family of relaxed optimal control problems with final-state constraints,
parameterized by a perturbation variable . The variable € can perturb the dynamic of
the system, the cost function and the final-state constraints. The aim of the article is to
compute a second-order expansion of the value V(6) of the perturbed problems, in the
neighborhood of a reference value of , say #. We assume that the reference problem has
a classical local solution @. The specificity of our work is to consider that this solution is
an R-strong solution, a type of solutions that we introduce and which is closely related to
the usual bounded strong solutions. We also provide some information on the first-order
behavior of perturbed solutions.

There is already an important literature on sensitivity analysis of optimal control
problems. By using a shooting formulation of the problems and extensions of the im-
plicit function theorem, Malanowski and Maurer prove the existence of weak solutions to
the perturbed problems and their Fréchet-differentiability with respect to the perturba-
tion parameter [55], for optimal control problems with first-order state constraints and
mixed constraints. The obtained derivative is itself the solution of a linear quadratic
optimal control problem. Then, a second-order expansion of the value function follows.
We also refer the reader to [51] (and the references therein) for results on the Lips-
chitzian behaviour of perturbed solutions of problems with mixed and first-order state
constraints and to [42] for the case of problems with second-order (and higher-order)
state constraints. Roughly speaking, three kinds of assumptions in all these papers
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are considered: a sufficient second-order condition, a qualification condition and strict
complementarity conditions (imposing in particular the uniqueness of the multiplier).

In this article, rather than using the implicit function theorem, we follow the method-
ology described in [21] and originally in [12]. This approach allows to derive a second-
order expansion of the value function without the assumptions of strict complementarity.
In general, this approach does not ensure differentiability properties of perturbed solu-
tions. The approach is the following: we begin by linearizing the family of optimization
problems in the neighborhood of an optimal solution of the reference problem. Under a
qualification condition, the first-order and second-order linearizations provide a second-
order upper estimate of the value function. The two coefficients involved are the values
of two linearized optimization problems, considered in their dual form. Then, a first
lower estimate is obtained by expanding the Lagrangian up to the second order. Consid-
ering a strong sufficient second-order condition, we show that the distance between the
reference solution and solutions to the perturbed problems is of order |# — f|. Finally,
the lower estimate corresponds to the upper estimate previously obtained.

The sensitivity analysis is performed in the framework of relaxed optimal controls.
Roughly speaking, at each time, the control variable is not anymore a vector in a space U,
but a probability measure on U, like if we were able to use several controls simultaneously.
The new control variable is now a Young measure, in reference to the pioneering work
of Young [73]. Relaxation of optimal control problems with Young measures has been
much studied, in particular in [33, 54, 71, 72, 73]. Any Young measure is the weak-x
limit of a sequence of classical controls, therefore, we expect that a classical optimal
control problem and its relaxed version have the same value. This question is studied,
for instance, in [8, 35].

Three aspects motivate the use of the relaxation. First, by considering convex combi-
nations of controls in the sense of measures, we manage to describe in a convenient way a
large class of tangential directions of the reachable set. This class of tangential directions
was called cone of variations in the early papers of McShane [54], Gamkrelidze [37] and
Warga [70, 71]. It enables to prove Pontryagin’s principle with the standard methods
used to derive first-order optimality conditions of optimization problems. In our study,
we obtain upper estimates expressed with Pontryagin multipliers. More precisely, the
two linearized optimization problems that we obtain have a dual form involving multipli-
ers for which Pontryagin’s principle holds. Let us mention that Dmitruk used a partial
relaxation technique in [27], under the name of sliding modes, to prove Pontryagin’s
principle. His method does not need the use of Young measures, since the relaxation is
performed on discrete sets. On the other hand, an infinite sequence of auxiliary prob-
lems (justified in [28]) is required to obtain Pontryagin’s multipliers. Second, in the
framework of relaxation, we can derive a metric regularity theorem for the L'-distance
using abstract results from [30] and finally, the existence of relaxed solutions for the
perturbed problem is guaranteed. Note that such solutions do not always exist in a
classical framework.

The sensitivity analysis is realized locally, in a neighborhood of a local optimal so-
lution @ of the reference problem. In this study, we use the notion of relaxed R-strong
optimal controls, for R > ||u||~. We say that a control is a relaxed R-strong optimal
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solution if it is optimal with respect to the Young measures having their support in a
ball of radius R and having a state variable sufficiently close for the uniform norm. This
notion is related to the one of bounded strong solutions [55]. In order to obtain a sharp
upper estimate of V', we must derive a linearized problem from a wide class of pertur-
bations of the control. More precisely, we must be able to perturb the reference optimal
control with close controls for the L!-distance, taking into account that they are usually
not necessarily close for the L°°-distance. For such perturbations of the control, we use
a particular linearization of the dynamics of the system, the Pontryagin linearization
[55].

We obtain a lower estimate of the value function by assuming a sufficient second-order
condition having the same nature as the one in [18]. We assume that a certain quadratic
form is positive and that the Hamiltonian satisfies a quadratic growth condition. In order
to expand the Lagrangian up to the second-order, we split the controls into two parts,
one accounting for the small perturbation of the control in the L°°-distance and the other
one accounting for the large variations. We obtain an extension of the decomposition
principle described in [18] and a lower estimate which corresponds to the upper estimate
obtained previously.

The outline of the paper is as follows. In section [£.2] we prove some preliminary
results and in particular, a metric regularity theorem. Note that we will always suppose
that the associated qualification condition holds. In section [£.3] we obtain a first-order
upper estimate of V' and in section [£.4] a second-order upper estimate, given in theorem
In section 5], we prove the decomposition principle (theorem [4.28)) and we obtain
the lower estimate (theorem [4.34]). Two examples are discussed in section In the
appendix, we provide the theoretical material related to Young measures, with precise
references from [7, 24, 67, 68]. We also justify the use of relaxation and present some
technical proofs for completeness.

4.2 Formulation of the problem and preliminary results

4.2.1 Setting

In this part, we define the family of optimal control problems that we want to study.
We also introduce the notion of relared R-strong solutions.
In the article, the perturbation parameter will be denoted by 6. A reference value
of 0, say 0 is given. We restrict ourselves to the case where 6 is nonnegative and 6 = 0.
We assume that the functions used are defined for 6 € [0,1]. Consider the control and
state spaces
U:=L>0,T;R™), Y:=Wh>(0,T;R"), (4.1)
and the state equation, defined in a classical framework, for the moment:
9= f(us,yt,0), fora.a. te(0,T], (4.2)
yo =y

where 3° € R" is given and fixed. For a control u in ¢/ and > 0, we denote by y[u, 6]
the trajectory satisfying the differential system (ZL2]). We consider the following final
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state constraint:
®(yr,0) € K, K :={0}"" x R" c R"C, (4.3)

with nc = ng + ny. The general family of optimal control problems that we consider is
the following:
Mlg{l o(yr[u,0],0), st. ®(yru,d],0) € K. (4.4)
ueE

All introduced functions (f, ¢, and ®) are supposed to be C? (twice differentiable with
a continuous second-order derivative).

In this general setting, it is not possible to perform a sensitivity analysis of the global
problem. Instead, we are interested in the local behavior of the solutions of the family of
problems, in the neighborhood of a local solution of the reference problem (with 6 = 0).
Let us make clear the notion of local optimality which is used. From now on, we fix a
control @ € U and its associated trajectory § = y[u,0].

Definition 4.1. Let R > ||u]|co, the control @ is said to be an R-strong optimal solution
if there exists 1 > 0 such that @ is a solution to the following localized reference problem:
Min  ¢(yr[u,0],0), s.t. ®(yr[u,0],0) € K, [jy[u,0] = Fll < . (4.5)

uel, ||ulloc <R

Note that the control @ is a bounded strong solution if for all R > ||u]s, it is an
R-strong optimal solution [55, page 291]. If for a given R > ||u||o0, @ is an R—strong
solution, then it is a weak solution.

Let us consider now a relaxed version of this definition. Let us denote by Ug the
closed ball of radius R and center 0 in R™. We denote by Mg the set of Young mea-
sures on [0,7] x Ug. Relaxation consists in replacing classical controls in U by Young
measures, that we will call relaxed controls, like if we were able to take several deci-
sions simultaneously at each time. The basic definitions related to Young measures are
recalled in the appendix.

The dynamic associated with a Young measure u in ./\/(% is the following:

{ = Jy, [y 0)du(u), foraa. tel0,T],
0
Yo= Y .

(4.6)

This definition is compatible with (£.2)) for controls in U4. We extend the mapping y[u, 6]
to Young measures and we say that p € ./\/lﬁ is feasible for the value 6 if

B (yrlp, 0],0) € K. (4.7)

From now on, we fix R > ||ui||o and we denote by iz the Young measure associated with

u.

Definition 4.2. The relaxed control i is said to be a relaxed R-strong optimal solution
if there exists n > 0 such that [ is solution to the following relaxed localized reference
problem:

Min_ $(yr(p,0],0), s.t. @(yr[p,0],0) € K, [ly[u,0] =Gl <. (4.8)

peMy,
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Note that if i is a relaxed R-strong solution, then @ is an R-strong solution. From
now on, we suppose that i is a relaxed R-strong optimal solution for the value 7. The
relaxed optimal control problems that we will study are the following;:

Miny ¢(yT[M7 ‘9]7 6)7 Y.
V() = { neMy (Py")

st @yrl.6],0) € K, [yl 6] = Jlloc < -
Remark 4.3. Note that n is not fized. For all0 <n <1/, for all 6 >0,
V7(6) < V(0).

By assumption, for alln € (0,7], V(0) = V71(0). The role of  in the study is secondary,
but it cannot be neglected. Indeed, all the results related to upper estimates (lemma
[£.13 and theorem [{.26]) are satisfied for all n € (0,7]. In section[{.]], the second-order
sufficient condition ensures that for small, positive, and fized values of n, there exist
solutions p° of , converging to fi for the L*-distance (theorem [[.33). Thus, the
associated trajectories converge uniformly. This proves that for small values of n > 0,
forall0<n' <n, V" and V7T coincide on a neighborhood of 0.

4.2.2 Estimates

In our study, the addition of Young measures must be understood as the addition of
measures on [0,7] x Ug. With this definition of the addition, the set M} is convex.
The following lemma is a corollary of lemma [£71 The distance d; is the Wasserstein
distance, defined by (4.71).

Lemma 4.4. Let ;i° and p' be in MY, and o in [0,1]. Then,
d (1, (1 = o)’ + op') < odi (1, p') < 2RTo.

In the sequel, we use the notation g[t] := g(uy, y¢, 0) for every function g of (u,y,0).
The following definition of the Pontryagin linearization is a particular linearization of the
state equation. Indeed, we only linearize the dynamic with respect to the state variable.
We extend the definition of [55, page 40] to Young measures.

Definition 4.5. For a given control u, we define the Pontryagin linearization &[u] in Y
as the solution of

{ Elul = fyltl&ln + Ju [ 9,0) due(w) — f[t],  for a.a. t €[0,T7,
olul = 0.

Denote by &7 the solution of the following differential system:

ff = fy[t]gf + folt], for a.a. t €0,T],
&= 0
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Lemma 4.6. The following estimates hold:

1y[14, 0] = Ylloo = O(da(p, ) +0), (4.9)
lyu, 6] = (7 + €[] + 0€%) | = O(da (1, 1)° + 6%), (4.10)
where dy is the Wasserstein distance ([ETI]).

This lemma is proved in the appendix, page [130

4.2.3 Metric regularity

For ¢ € N\{0}, we set A := {7 eRL,YIL %< 1}. Given pl, ..., u? € MY, we denote
by S the following mapping:

q q
S (1) € Mg x A) = (1= 37 )0 + 3y’ € My (4.11)
i=1 i=1
Lemma 4.7. Lety, v € A, and let u° € MY%. Then,

q q
di (S(°,7), S(10,7)) <Y I = vilda (i, %) < 2RT D |yi = il
i=1 i=1

This lemma is proved in the appendix, page [3T1 We introduce the following set:
Rr = {&rlul, p € My} (4.12)

The Pontryagin linearization being affine with respect to pu, Rt is clearly convex. We
denote by C(Rr) the smallest closed cone containing Rp. Since Ry is convex, C(Rr)
is also convex. This set should be understood as a set of tangential directions of the
reachable set (at the final time). It is a close object to the cone of variations described
in [37, page 121], [71, page 132] and [54, page 457].

Definition 4.8 (Qualification). The control i is qualified if there exists € > 0 such that
eB C ®(Fr.0) + By, (77, 0)C(Ry) - K, (4.13)
where B is the unit ball of R™ and the r.h.s. is understood as
{®(Gr,0) + @y, (57, 0)¢ — ¢, such that & € C(Rr), ¢ € K}.

In the sequel, we will always assume that i is qualified. Note that our qualification
condition has the usual form of the Robinson qualification condition and that in remark
M2T], we show that this assumption is weaker than the standard qualification assump-
tion. In general, the Robinson qualification condition allows to compute tangent cones,
thanks to a metric regularity property and finally to prove the existence of nondegen-
erate Lagrange multipliers. In this article, the qualification condition allows to prove a
theorem of metric regularity for the relaxed problem. This theorem will be a useful tool
to justify the linearized problems. The main elements of the proof of the theorem can
be found in [71, lemma 3.1].
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Theorem 4.9. If i is qualified, then there exist 6 > 0, o > 0, and C > 0 such that for
all 0 € [0,0], for all p satisfying dy(p, ) < 8, there exists a control ' satisfying

O(yr[u',0],0) € K and di(y',p) < Cdist(®(yru,0],0), K). (4.14)

Proof. > First step: reduction to a finite-dimensional case.
If (£I3) holds, it can be proved that there exists a family (£%);, i = 1,...,n4 (with
na <nc+1)in C(Rr) such that for some £; > 0,

1B C ®(yr,0) + <I>yT(??T,O)(ConV{£T[u1], ...,£T[,u"f“]}) - K.

Using the mapping S defined by (4.11l), with ¢ = n4, we consider the mapping
Gu,@ 1y € A @(yT[S(,u,y), 9]’9) € Rnc’ (415)

defined for all (u,6) in M¥ x R,. Note that G,,9(0,,) = ®(yr[u,0],0).

Let us fix p,0. It can be shown that v +— G, () is differentiable on A in the
following sense: there exists a unique mapping v € A — G;w(*y) € R™ guch that, for
all v, € A,

Guo(y) = Guo(v) + GeMO =) + o1y =)
An explicit formula for G;w can be obtained with the Pontryagin linearization, see e.g.
[71, equation 3.1.6]. By lemma L35, the mapping (u,0) € M¥ x R, GlLo() €
L>®(A,R™4) is continuous (for the L'-distance of M%) and

0000087 = @y (50, 0) (3 rlplom ). (4.16)
=1

It follows from (4.I6]) that

G0(Ony) + G o(0n2)A = (Fr, 0) + By (. 0)(conv{€rn'], ... Eru"4]}).

Therefore, by the Robinson-Ursescu stability theorem (see e.g. [61, 66] and also [21,
theorem 2.87]), G is metric regular with respect to K at 0,,, with a constant C; > 0
(in the sense of [21, relation (2.165)]).

> Second step: metric reqularity of G,..
Moreover, there exist a neighborhood O* of fi (for the L!-distance), ¢ > 0, and a
neighborhood O7 of 0y, such that for all (1, 0,7) in O* x [0,0] x (07 NA), |G}, 5(7) —

oV < % By [21, theorem 2.84], the whole family of functions G, is metric

regular at 0, ,, for all 4 € O* and all # € [0,0]. It means in particular that there exists
a constant Co > 0 which is such that for all u € O* and all 6 € [0, o],

na

diSt(OnA, G;le (K)) <O diSt(G,u,O (OnA)7 K)

> Third step: conclusion.
Let (u,0) be in O* x [0,0], since G 6(0,) = ®(yr[i,0],6), there exists ¥ in G;lg(K)
such that
7] < Cdist(G(0ny), K) = Cdist(®(yr[u, 0], 0), K).
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Finally, we set p/ = S(u,7). This control satisfies the final-state constraint and by
lemma &7 di (¢, 1) < 2RT|7|. Restricting O* to a ball (for the L!-distance) of radius
0 > 0 and center fi, we obtain the theorem with §, o, ¢/, and C' = 2RTC>. ]

Corollary 4.10. For all n > 0, there exists 0 > 0 such that for all 6 € [0,0], problem

1} has an optimal solution.

Proof. Let n > 0. As a consequence of the compactness of M}g and the weak-* continuity
of u — ylu, 0], every minimizing sequence has a limit point which is a solution to problem
. Therefore, for 6 sufficiently small, we only need to prove the existence of a feasible
control p satisfying ||y[u, 0] — §llco < 1. For all 8 € [0, 0],

dist(®(yr[a, 6], 0), K) = O(6), (4.17)

therefore, by theorem E0, there exists a feasible control p? such that dy(fi, u%) = O(6).
By lemmal£35] ||y[u?, 0] 7|« = O(6), therefore, for § sufficiently small, ||y[u, 0] 7|l co <
7. The corollary is now proved. O

4.2.4 Optimality conditions

We introduce now the Hamiltonian function H : R™ x R™ x R™ x [0,1] — R defined by
Hpl(u,y,0) := pf(u,y,0). (4.18)

We also define the end-point Lagrangian ® : R"c* x R™ x [0,1] — R by
[N|(yr,0) == d(yr,0) + A2(yr, ). (4.19)

Definition 4.11. Let A € R"*. We say that p* in WH°(0,T;R™) is the costate
associated with A if it satisfies the following differential equation:

—pp = Hylpd (G, 9t,0), for a.a. t € [0,T], (4.20)
pr = N(yr,0).
Lemma 4.12. Given v € L*=(0,T;R"™), let z € Y be the solution of
Zr = fyltlzr v, 20 =0. (4.21)

T
Then, for all X in R™* &'[X](y7,0)2r = / P dt.
0

Proof. The lemma is obtained with an integration by parts:

T
'[N (gr,0)2r = pler — pjzo = / (ppee + ppée) dt
0

T

T
= /0 (—pp fyltlze + P fy )20 + piog) dt = /0 P dt,

as was to be proved. O
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In the sequel, the notation N and the notation 7" refer to the normal and the tangent
cones.

Definition 4.13. We say that A € Ng(®(yr,0)) is a Pontryagin multiplier if,
H{[p|(u, 7;,0) > H[p}| (@, §:,0), for a.a. t, Yu € Ug. (4.22)
We denote by AT the set of Pontryagin multipliers.

Note that the existence of Pontryagin multipliers (Pontryagin’s principle) is proved
at the end of section E.3l

Remark 4.14. By @3), A € Ng(®(yr,0)) iff for all i in {1,...n1}, A\; > 0 and
®;(y7,0) < 0= \; = 0. Note also that [E22) is equivalent to: for all u in M%,

T
/0 /U (2], 51,0) — H[p) (1, 5, 0)) dpe (u) dt > 0. (4.23)

4.3 First-order upper estimate of the value function

In this section, we compute a first-order upper expansion of the value function. As
already mentioned, the upper estimate is true for any 7 € (0, 7.
Consider the Pontryagin linearized problem

Mi . 0
cokin ¢'(yr,0)(§ + &7, 1), (PLy)

st (Fr,0)(E + 1) € Ti(D(Fr,0)).

Lemma 4.15. For all n € (0,7], the following upper estimate on the value function

holds: - Vo
lim sup —( ) - (0)

< Val(PLy). (4.24)
0.0 0
Proof. Let n € (0,7] and let (0x)x J 0 be such that

n —yn n Vel
b VO VIO ) —vigo)
k—r00 0 010 0

Let & € F(PLy), where F(PLy) is the feasible set of problem (PLg)). By definition of
C(Rr), there exists a sequence (o, V¥, €F), in R, x MY x Ry such that £ = lim ok
and &¢ = ¢&p[v¥], for all k. Note that it may happen that ap — +oo. Extracting if
necessary a subsequence of ()i, we can suppose that

1

Orop <1 and ai < k—Hk

(4.25)

We set
Mk = (1 — Opag)f + Hkakyk.
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Then (p%)y, is a sequence of Young measures and

£T[,uk] = Hkakfk = 9k£ + O(Hk) (4.26)
By (4£25]) and lemma [£4]
(1) = 060}) = 0(%E) = o(6). (1.27)

By lemma LG,
lyli®,0k] = (F + €[]+ 0xE”) oo = O(da (¥, 5)* + 67),
therefore, using ([E26) and @2T),
|y (1", 04] = [ + Ok (& + €7)]| . = 0(6k). (4.28)
We obtain the two following expansions:
S(yr[u", 04, 0x) = ¢ (r,0) + 04 (7, 0)(€ + €7, 1) + 0(0), (4.29)
®(yr[u”, 1), 0x) = ®(yr,0) + 0, (5, 0)(§ + &5, 1) + (%) (4.30)

Since ®'(yr,0)(& + £5,1) € Tk (®(yr,0)), we obtain that dist(®(yr[u*, 0], 0k), K) =
o(o) and by the metric regularity theorem (theorem [L9]), we obtain the existence of
a feasible sequence fi* such that dy(fi*, u¥) = o(6;). Moreover, by ([@E27), for k large
enough, ||y[u*, 0x] — lleo < 1. By lemmalL3H, estimate (@29) holds for i* and therefore,
for k large enough,

V7(6)) = V7(0) < dlyr[i*, 04],0x) — d(Gr,0) = 648 (5ir, 0)(€ + €5, 1) + 0(6%).
Finally, minimizing with respect to &, we find that

n —Vn
L V0 = VI(0)
k—o0 Gk

< Val(PLg)

and the lemma is now proved. ]

Let us define (formally) the Lagrangian of the problem by

T T
L(u,y, A, 0) = / H[py)(ws, i, 0) dt + @[N] (yr, 0) — / PRy dt
0 0
and the dual linearized problem (DLg]) by

Max Ly(@, 3, A, 0), DL
Masx Ly (1,5, A, 0) (DLy)

with
T
Lo(, 5,2, 0) = /O HylpM[t] dt + ® N (37, 0)- (4.31)
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Theorem 4.16. Problem (DLy) is the dual of problem (PLg)) and has the same value.

Proof. Let us check that problem (PLg)) is qualified. Since K C Tk (®(yr,0)),
eB C ®(yr,0) + 4. (97,0)C(R7) — T (®(y7,0)). (4.32)

It is easy to prove that ®(yr,0) — Tk (®(yr,0)) is a cone. Therefore, the r.h.s. of ([432)
is a cone and contains necessarily the whole space R™"¢. Thus,

eB CR" = &(yr,0) + @' (y7,0)(§F + C(Rr), 1) — Tk (2 (1. 0)),

which is the Robinson qualification condition for the linearized problem.
Now, let us study the dual problem, which is:

Neie inf &' [\(gr, 0)(67 + &, 1) 4.33
AENK(@(@TQ)) geC(RT) [ ](yT )(é-T 5 ) ( )

By lemma [£T2] we obtain that the dual problem is

T
M inf {®, [N(yr,0 Hy[pM[t] dt + @[\ (g7, 0) b. 4.34
oMo et {0, D@06+ [ HRId G0} (430

We claim that for A € Nk (®(yr,0)),

0 ifxe AP,

—oo otherwise.

D()) := inf q>yT[A](yT,o)§:{ (4.35)

§€C(RT)

It is clear that D(X) € {0, —oo} since @,,,.[A](y7,0)¢ is linear with respect to £ and C(Rr)
is a cone. Let A € A, By lemma @12 for ¢ in Ry with associated control s,

q)yT [)‘] (gTa 0)5

T
_ / (= P Aultled] + v fy il + / PR 51.0) — F18] )
0 Ur
T
- /O /U ([ (s 71, 0) — Hp) (@1, 7, 0)) dpae () (4.36)

and then, ®,,.[\](gr,0)¢ > 0. Let £ € C(Ry), then there exists a sequence (aj, &), in
(R, x Rr) such that & = limy, a,€*. By (€36,

(I)yT [)‘] (gT7O)§ = h]gn O‘k@yT [A](§T7O)§k >0,

therefore D(A) > 0 and finally, D(\) = 0. Conversely, if A is not a Pontryagin multiplier,
by (£36), there exists a control p such that ®,,.[\(yr,0){r[n] < 0. Consequently,
D()) < 0 and therefore, D(A\) = —oo. This proves ([A35]). Finally, combining (£34]) and
(£38), we obtain that the dual problem is equivalent to (DLg) and has the same value
as problem (PLg) as a consequence of [21, theorem 2.165]. O
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Consider now the situation where there is no perturbation. The linearized problem
(PLgy) and its dual (DLg|) become respectively

Mi yr, 0 3.t Py, (Y7, 0 Tr(P(yr,0 PL
gec(y[le)qbyT(yT, )€, st @y (Ur, 0) € Tk (2(y7,0)) (PL)
and
Max 0. (DL)
AEAP

By lemma [£.15] we obtain that 0 < Val(PL) and since 0 € F(PL), Val(PL) = 0. Since
A¥ is the set of solutions of problem (DI]) and since problem (P has a finite value,
we obtain by [21, theorem 2.165] that A” is nonempty, convex, and compact. Note that
Pontryagin’s principle follows and can be understood as a first-order necessary optimality
condition for relaxed problems. Finally, we obtain that problems (PLg)) and (DL have
a finite value. Therefore, estimate (4.24]) writes

V(8) < V(0) + 0 Val(DLg) + o(0). (4.37)

4.4 Second-order upper estimate of the value function

In this section, we obtain a second-order upper estimate of the value function by using a
“standard” linearization at the first order and a “Pontryagin” linearization at the second
order. Indeed, to obtain a second-order estimate, we need to have a solution to some
linearized first-order problem. Unfortunately, problem (PLg|) is a conic linear problem,
thus, it does not have necessarily a solution. This is why we consider now a different
kind of linearization, which is such that the associated linearized problem has a solution.

In this section and in the sequel, we use properties of Young measures detailed in
the appendix.

4.4.1 Standard linearizations and estimates

We first define some operations on the set of Young measures.
Definition 4.17. Let v € MY, w € L>=(0,T;R™), and § € R. We denote by
w @ v

the unique Young measure (i in MY such that for all g in the space of functions vanishing
at infinity C°([0,T] x R™) (see the appendiz),

/OT/m 9(t, u) dpg(u) dt = /OT/m g(t, w; + Ou) duy(u).

If 0 #£ 0, we denote by
Vow

0
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the unique Young measure i in MY which is such that for all g in C°([0,T] x R™),

T T
U — W
/ / g(t, ) dpuy(u) dt:/ / g(t t) dvi ().
0 m 0 m
We also denote: v & w = V?w

The addition @ (resp. the subtraction ©) must be viewed as translations on R of
vector wy (resp. —wy) at each time t. The multiplication (resp. the division) by 6 must
be viewed as a homothety of ratio 6 (resp. %) on R™, at each time ¢. Note that it will
always be clear from the context if the multiplication (by constants), or the division, is
the operation described in the previous definition or if it the multiplication of measures
by constants, which we used up to now. Note that for u € MY,

di(p, 1) = || & allr.
We now use the set ./\/lY defined in the appendix.
Definition 4.18. For a given v in MY, we define the standard linearization z[v] by
all = fltlal) + fultl( Jen wdn(),  for a.a teo,T],
zolv] = 0.
We also set 2 [v] = z[v] + €9, which is the solution of the following system.:
A me su, 1) dg(u),  for a.a. t € [0,T],
2] =

Although the Pontryagin linearization has been standard for years in the literature,
we use the terminology standard for the linearization z[v] since it corresponds to the
most natural way of linearizing a differential system. Note that for u € MY, z[u © a] is
the solution to

{ f= Syt R (o= @) d(w)). 138)

20 = 0.

Lemma 4.19. For p in Mg, the following estimates hold:
el & a) = €lpllloe = O(da( 1)?), (4.39)
[yl 0] = Glloo = Ol & ull1 + 0), (4.40)
lyle, 0] = (5 + 2[1 © 1] + 0°)[loo = O(||u © ul3 + 6%). (4.41)

The proof is given in the appendix, page [31] The Wasserstein distance and the
norm || - ||2 are also defined in the appendix.

Corollary 4.20. For all v in M},

b =iy S5
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Proof. By estimate (439]), for 6 > 0 sufficiently small,

&lud v 1 _ O(6?
et - L2y = L efon] - gl vl = 2~ 000)
0 0 0
The corollary is now proved. O

Remark 4.21. Denoting by C the smallest closed convexr cone containing {z[v|r, v €
L>(0,T;R™)}, we obtain by corollary [{-20 that C C C(Rr). A standard qualification
condition for the problem would have been to assume that for some &' > 0,

¢'B C ®(yr,0) + 4, (yr,0)C — K.

This assumption is stronger than the qualification condition (condition ([AI3])) that we
assumed.

Consider the following standard linearized problem in M3 .

Vlé/[/\i/?y(ﬁ/(gT7 O)(z%[y], 1)7 s.t. CI)/(§T7 O)(z%[y], 1) € TK(q)(gTv 0)) (SPLG)

and the standard linearized problem in L? := L?(0,T;R™) defined by

Min ¢'(§r,0)(zr[v], 1), st @' (Fr, 0)(zr[v], 1) € Tie (@1, 0))- (SPLy)

Since L? € MY, Val(SPLg) < Val(SPLj). Moreover, for all v € M3}, we can define
v € L? by v; = [pm udrg(u)dt. Then, z'[v] = z'[v] and therefore, the two problems
have the same value.

Definition 4.22. Let A in Ng(®(yr,0)), we say that it is a Lagrange multiplier if
for almost all t in [0,T), Hy[p}|(ds,9:,0) = 0. We denote by AL the set of Lagrange
multipliers.

Note that the inclusion A € A¥ holds since for a.a. t, @; belongs to the interior of
Ug and minimizes H[p}](-,7,0) and thus H,[p}](ts, 7,0) = 0. Under the qualification
condition [@I3), A* is nonempty.

Lemma 4.23. The dual of problem (SPLy) is the following problem:

Mazx Ly(u,y, N, 0 SDL
)\EK% 9(uay7 ) )7 ( 9)

and it has the same value as the primal problem. Moreover, problems (SPLg) and
(SPLy|) have solutions and Val(PLy) < Val(SPLy).

Proof. Remember the definition of the derivative of the Lagrangian, given by (431]). By
lemma [£.12] the dual of problem (SPLg) is the following:

M 3 f (b/)\ _ ’0 1 ,1
AeNK(géT,o)) VIEDB (Al(y7,0)(27[v], 1)

T
= rengt Lo(u,§,2,0) + inf [ Hy[p[t]ordt .
AENK(Q(};T,O)){ (55 A )+UIEDL2/O [P ][t }
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Moreover, for all A € Ng(®(yr,0)), we easily check that

T if AL
inf/ Hu[pg\][t]vtdt:{ 0. ifAeA”,
0

vEL2 —o00, otherwise.

This proves that problem (SDLy)) is the dual of problem (SPLj})). Moreover, it follows
directly from the inclusion A C A” that

—o0 < Val(PLg) = Val(DLg) < Val(SDLy) < Val(SPLy) = Val(SPLy).

We also obtain from the inclusion that problem (SDLg) is feasible. Since (SPLp) is
linear and since the value of its dual is not —oo, it follows by [21, theorem 2.204] that
both problems have the same value. These solutions are also solutions to (SPLg). O

From now on, we suppose that the following restrictive assumption holds.

Assumption 4.1. The Pontryagin and classical linearized problems have the same

value: Val(SPLy) = Val(PLy).

This hypothesis is satisfied in particular if the set of Lagrange multipliers is a sin-
gleton. This hypothesis is also satisfied if the Hamiltonian is convex with respect to wu,
since then the definitions of Lagrange and Pontryagin multipliers are equivalent.

4.4.2 Second-order upper estimate

Definition 4.24. For v € MY, we define the second-order linearization z2[v] by

\

In the following problem, the notation T2 refers to the second-order tangent set [21,
definition 3.28]. Given a solution v to problem (SPLy), consider the following associated
linearized problem:

W= fyltlZ W]+ 5 Jom [ 10(u, 2 V], 1)? dn(u),
[v] = 0.

(=1 SR V)

561}4(1%) 39" (G, 0) (20 V], 1)? + by, (7, 0) (7] + ),

st S®"(Gr, 0)(2h[V], 1) + @y (57, 0) (22 1] + ) (PQo(v))
€ Ti(®(yr,0), 9 (yr,0) (21[v], 1)).

Observe that in this linearized problem, v is the first-order direction of perturbation, for
which we consider standard linearizations, and £ is the second-order direction of pertur-
bation, for which we consider a Pontryagin linearization. Let us define the mapping QY
on R"c* x M3 as follows:

PN (v) = /O - H"[p[t](u, 24 [v], 1) dve(u) dt + "N (gr, 0) (21 V], 1)°. (4.42)
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Lemma 4.25. The dual of problem (PQg(v))) is the following problem,

1
g, 3 )

and it has the same value as .
Proof. Tt is proved in [21, proposition 3.34, equality 3.64] that since K is polyhedric,
T (®(gr,0), ' (g, 0)(27[v], 1)) = T (®(yr,0)) + @' (§r,0) (21 V], DR,
where the addition + is the Minkowski sum. Since the second-order tangent set contains
the tangent cone, we obtain, like in the proof of theorem that
B CR"C = L0 (g, 0)(=hlv] 1)+ 8y (g, 0)(F V] + C(Rr)

~ Tx(®(yr,0), @' (yr,0)(21[v], 1)),

which is Robinson qualification condition. By [21, theorem 2.165], problem (PQg(v))
has the same value as its dual.

Let us denote by N the polar cone of the second-order tangent set. For all A in R™¢*,
X € N iff X\ € Ng(®(yr,0)) and A®'(yr,0)(2+[v], 1) = 0. Following the proof of theorem

16l we obtain that the dual of problem (PQy(v))) is the following problem:

Max "N (yr, 0)(27[V], 1)% + @y [N27[1].
AEAP,
A@’(QT,O)(Z% [V} 71):07

and using lemma .12 we find that

1 T
b =5 [ [ N 1 ),
Moreover, by lemma, and hypothesis 1] for all A in A”,
AP (gr,0) (21 [V, 1) = 0 <= @'\ (7, 0) (21 ], 1) = ¢'(§r,0) (27 [V], 1)
T
= [ Holp)eldt + 890 (gr.0) = Val(SPLy)
0
<= Ly(u,y,\,0) = Val(PLy)
<= X € S(DLy).
The lemma is now proved. O

Consider the problem (PQyg) defined by

1
M. V 1 P = M. M _Qg )\ . P
VES(SIIIDILe) al(PQo () VES(SIII-"’IL@) )\ES(%)EQ)Q @) (PQs)

Theorem 4.26. For all n € [0,7], the following second-order upper estimate holds:
) — (v O Val(SPL
fmsup V0= (V7(0) + 0 Val(SPL)
910 0

< Val(PQy). (4.43)

This theorem is proved in the appendix, page 132
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4.5 Lower estimate of the value function

4.5.1 A decomposition principle

In the family of optimization problems that we consider, the expression ®[A|(yr, #) plays
the role of a Lagrangian. The basic idea to obtain a lower estimate for the value function
is to use a second-order expansion of the right-hand-side of the following inequality:

o(yr,0) — ¢(yr,0) > ®[A|(yr, 0) — ®[N|(yr,0), (4.44)

for a feasible trajectory y (for the perturbed problem ) This inequality holds
since
@(yT, 6) — @(gT,O) S TK((I)(gT,O)) and M\ € NK((I)(gT,O))

The main difficulty in computing an expansion of the difference of Lagrangians is that
we cannot perform Taylor expansions with respect to the control variable, since we are
interested by perturbations of the control which are not small for the L*°-norm. The
idea to deal with this difficulty is to split the control into two intermediate controls, one
accounting for the small perturbations and one accounting for the large perturbations
(both for the L*°-norm). The decomposition principle that we obtain is an extension of
[18, theorem 2.13].

In this part, we fix a sequence (f)r | 0 and a sequence (u*,y*); of feasible trajec-
tories for the perturbed problems with § = 0. We fix A € S(DLgy). In the proofs of
lemma, and theorem [1.28, we omit to mention the dependence of the Hamiltonian
with respect to p; (since the multiplier A is fixed). For example, we will write H (u, 7, 6)
instead of H[p}](u, g, 0).

From now on, we set Ry, = di (i, *) and 6y* = y* — 3. Note that by lemma 8]
6yklloo = O(R1x + 0). We also set z* := z[uF © 4] and 25F := 2% + 0,£%. Note that
the dynamic of z* is given by equation (@38]). Finally, we set

AD* = BN (yF, ) — R[N (7, 0).
Lemma 4.27. The following expansions hold:
AQF = Val(PLg)0y + It + I} + I§ + I} + (0} + R1 ), (4.45)

where

(H[pp)(u, 5, 0) — H[pp)[t]) dpag () dt,

%
3

Ur
T
/f [ 0) B2 i
0 Ur

T

(Holp}](u, 5, 0) — Holp][t])0r duf (u) dt,

T

MlHo\

Ur
1
1= o [ Hooplpdl0G 007 di+ S0 DI 6,)2

0
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and
T
Aqﬂf:/o : Hp(u, 5, 0) — H[p[t] dpae(w) dt + O([|6y"[|oo) + o(1). (4.46)

The proof is given in the appendix, page [341

In order to go further in the expansions, we need to split the control p* into two
controls. To that purpose, we consider a sequence (A¥, B¥); of measurable subsets of
[0,T] x Ug such that for all k, (A*, B¥) is a partition of [0,T] x Ur. We consider the
Young measures u* and p?* which are the unique Young measures such that for all ¢
in C°([0,T] x Ug),

/ /UR (t,w) dpF (u )dt:/Akg(t’“)dﬂk(t’“)+/Bk9(t,ﬂt)dyk(t,u),
/ /UR (t, ) dpF (u )dt:/Bkg(t’u)d/‘k(t’u)+/Ak9(t=ut)d/~6k(t,U).

Note that if g is such that for almost all ¢ in [0, 7], g(¢,4;) = 0, then

[ ] swwatwa= [ [ seoaimas [ sl

For i = 1,2, we set R; o = di(/},,uA’k) and R; i := d; (i, p2*). We also set 2k =
2[p* o 4], and 2BF .= 2[uBF o a).

Remember the definition of Qf given by [@#4Z). For A € R"*, let us denote by
Q[N : MY — R the following mapping:

T
QR () :/0 - Hy yy2 02 ][8)(u, 2[V])? dve(w) At + @2 [N (7, 0) (2[V]1)?. (4.47)

Theorem 4.28 (Decomposition principle). Assume that

pF(B¥Y — 0 and ess sup {|u — |, (t,u) € A¥} — 0. (4.48)
k—o00
Then,
2 =24 £ o(Ry B ) (4.49)

and the following expansions hold:
1
AD* = Val(PLg)0y + 599 N (p* e a)
T
[0 00— i) A ) o+ R). (050
R

and

AGF — val(PL9)9k+19[A]( Ak & )

/ [ ) 0 51.0) = H) i ) a
+ O(0k(0k + Ry ak)) + o(R3 ) (4.51)
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Proof. With the Cauchy-Schwarz inequality, we obtain that R; 4, = O(R2a%) and
since u*(B*) — 0,

Ry Bk =/ lu — | dpf (¢, u) dt
Bk
k( pkyy1/2 2k 1/2
< @B - wlPat ] = oRepr).  (452)
B

Estimate (@49) follows from (@52) and z* = z4* 4 2B* In order to obtain expansion
(£50), we work with the terms of the expansion of lemma 27l First,

T
- /0 /U (FE (. 5, 0) — HH) (g () + dp ()

_ 1 g — a2 dul
_ 2/0 /URHuu[t](u 02 g (u) at
T _ B,k 2
< [0 o)~ B A e+ o(B ) (453

and

B /OT/U (Hy(u, G2, 0) — Hy[t]) (" + 0,0 dpg™* (w) dt
T
_ B Bk 7, Ak
+/0 /UR<Hy<u,yt,o> H, ()25 dud (u) dt

T
4 /0 /U (H, (1, 51, 0) — H,[1])21* duP* ()
R

T
- / / Hog (0 — e, 5 4+ 0,80) d™ (w) dt + o(R3, +62), (454)
Ur
Similarly, we prove that
Ik = / H(ug)[](u—ut,ek)d,ut dt—i—o(RQk—i—Hk) (4.55)
Ur
/ / wor [tz + 0,0, 0,)? dpF dt
+ @/’[A](yT,m(z;f*’“+eksf,ek> +o(R3 ) + 6}). (4.56)

Finally, combining lemma [£.27] and estimates (£53H4.50), we obtain expansion (A.50).
Expansion (£.51]) follows by replacing the second-order terms involving 6 by the estimate
O(Ra2,4,10k)- O

4.5.2 Study of the rate of convergence of perturbed solutions

In this part We give estimates of the L?-distance between a solution to the perturbed
problem (P and g under a strong second-order sufficient condition. The results will
hold for small values of 7.
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Definition 4.29. We call critical cone Cy the following set:
C2 = {V € M%/, ¢yT (gT,O)Z[V]T < 0? ‘I)y:r (gTa O)Z[V]T S TK(q)(gT,O))} (457)

In the following assumption, we denote by ri(S(DLgy)) the relative interior of S(DLyg),
which is the interior of S(DLy) for the topology induced by its affine hull.

Assumption 4.2 (Second-order sufficient conditions). There ezists a > 0 such that
1. for some X € ri(S(DLy)), for almost all t in [0,T),
H{p}) (.52, 0) = H{p) (e, 5. 0) > ofu —wf*, Y € Ug,
2. for all v in C2\ {0}, maxyespr,){QA(v)} > 0. Here, 0 is the Young measure
which is equal for almost all t to the Dirac measure (centered at 0).

As a consequence of assumption B2, for all p € MY,

T _ _
/0 g H[pp)(u, s, 0) = H[py] (@, G, 0) dpe () dt > ol & a3.
R

Remark 4.30. It is shown in [18, lemma 2.3] that, since S(DLy) is compact, for all
A €1i(S(DLy)), there exists B > 0 such that for almost all t, for all v in Ug,

Hlpp) (0,3, 0) = Hlp) (00,5, 0) = (| max {HIp (v, 3, 0) = Hlp)(a. 5,0}

It follows from this result that hypothesis [{.31 is equivalent to: there exists o/ > 0 such
that for almost all t, for all uw € Ug,

Ao ) {Hp)(u, 51,0) — H[p] (1, 5, 0)} > o |u — .

The following lemma states some useful semi-continuity properties for  and Q7.

Lemma 4.31. If hypothesis [[.3[0 holds, then for all bounded sequences (V¥)y in MY
narrowly converging to some v € MY,

1. the sequence (z[V*]) converges to z[v] for the L*°-distance
2. for all X € S(DLy), Q[N (v) < liminf_, QA(VF)

3. if v =0 and QN (*) — 0, then |v*]]2 — 0.

This lemma is proved in the appendix, page

Lemma 4.32. If n > 0 is sufficiently small, then for any sequence (0x)r | 0, for any
sequence of solutions (u*,y*)x to problems 1) with 6 = 6,

Ry, = do(fi, i*) — 0. (4.58)
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Proof. Assume, on the contrary, that there exist two sequences (1) 4 0 and (0)x | 0
and a sequence of solutions (,uk, yk) to 1' with 7 = n; and 6 = 0}, such that Ry =
do(fi, 1F) does not converge to 0. It follows from inequality (&Z4) and estimate (Z.48))
that

o(1) = Bk 0) — 65, 0 / /U (9] (1 5, 0) — Hp][H]) dpe (w) dt + o(1),

thus, by assumption B2 Ry, — 0, in contradiction with the initial assumption. [

From now on, we fix a parameter 7 > 0 sufficiently small so that lemma [432] is
satisfied. We are now able to build a sequence (A¥, B¥), which can be used in the
decomposition principle. Let us set

AP = {(t,u) € [0,T) x Up, Ju — | < \/Riy } and B¥:=(A")" (4.59)

Ak) (uBF)

We consider the sequences (p%), and r associated with (u*); and the sequence
of partitions (Ak, Bk)k. We still use the notations z4* and z5*. Then,

T T
Rl,k = / / ’u — at]duf(u) dt > \/Rl,k/ / 1Bf (t,U) dﬂf(u) dt
0 Ur 0 Ugr

Thus, u*( < /Rix = O(y/Ray) — 0, by lemma 4321 Moreover,
ess sup {\u—ﬁt\, (t,u) € Ak} VR =0(/Ra) =
k—o0

As a consequence, we can apply the decomposition principle to the partition.

Theorem 4.33. Under hypotheses [{.1] and [{.2, the following estimates on the rate of
convergence of perturbed solutions hold:

Roy = da(fi, 1) = O(0k), 19" = 7llec = O(6k). (4.60)
Proof. > First step: Ro g = O(Ra a + 0).

With expansion (451 and the second-order upper estimate ([£43]), we obtain that for
all A € S(DLQ),

1
SO0 o+ [ [ (.0 - ) ) a
R
< o(R3 Ay + B3 pi) + OOrRa, k) + O(6F). (4.61)

Specializing (1)) for A and since Q[\](u* © @) = O(R2 , ), we obtain by the second-
order sufficient condition hypothesis that

aR%,B,k = O(R%,A,k +67),

thus, Ro g = O(Ra Ak + 0r).



4.5 Lower estimate of the value function 121

> Second step: R a1 = O(6y).
Let us prove by contradiction that Ry 4, = O(6y). Extracting if necessary a subse-
quence, we may assume that 6, = o(Rz ). It follows directly that Ry g = O(R2 A k).
For all A € S(DLy), the difference of Hamiltonians is nonnegative, thus, by ({61, for
all A € S(_DLQ),

QN (" © @) < O(6F) + OOk R, a %) + o(R3 41 1) = o(R3 4)- (4.62)

Using definition [.17], we set

e mtou
Ry Ak

Note that z[v¥] = 24* /Ry 4 . For all k, ||1*||3 = 1, therefore, up to a subsequence, we
can suppose that (v*); converges narrowly to 7 € M3 . By lemma [E31] z[v*] converges
uniformly to z[P]. Let us prove that
byr (I1,0)210[7] = 0, (4.63)
®y, (9r,0)2r[7] € T (2 (97, 0))- (4.64)
By lemma [£.19], we obtain that
oyp = 2"+ a7+ OkEr + OW0R + Ry + Bl ) = 27" + (R, 1),
and finally that 6y% = Ro 4 k(2[V*] + 0(1)) = Ro 4 r(2[7] + 0(1)). As a consequence,

Gy, 0) — ¢, 0) = Ro,a 1:[byyr (51, 0)27 (7] + 0(1)], (4.65)
@(yé“«, Hk) — (I)(ﬂT, 0) = R27A,k [(I)yT (ng, O)ZT [17] + 0(1)] . (4.66)

We obtain (£.64) directly and (4.63)) follows from (A.65]) and from the following first-order
upper estimate:

O, Ox) = $(F1,0) < O(0)) = 0(Ra ).
Therefore, v € Cy. We obtain from lemma [A.3T] and (4.62]) that

sup Q[N (v) <0.
AeSDLy

By the second-order sufficient condition (hypothesis E212), v = 0. Applying ([E62) to A,
we obtain by the lower semi-continuity of Q[)] that limj, Q[\](+*) = 0 and thus, by lemma
3T, ||v*|]2 — 0, in contradiction with the fact that ||*|ly = 1 for all k. Tt follows that
Ry A = O(0y), thus Ry, = O(R2 4+ R2 B 1) = 6k and finally that ly* —7llee = O(O1),
by lemma O

4.5.3 First- and second-order estimates

In this section, we prove that the first- and the second-order upper estimates that we
have computed in section [£.4] are exact expansions, for sufficiently small values of n > 0
(so that lemma holds). The first-order estimate derives directly from inequality
(444]), expansion (£5]]), and theorem [£33] (under hypotheses 1] and [£.2]):

V(6)) — V(0) = Val(PLg)8) + O(67). (4.67)
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Theorem 4.34. Under hypotheses [{.1] and [{.3, the following second-order estimate
holds:

V1(0) = V7(0) + 0 Val(PLg) + 6% Val(PQg) + o(6?). (4.68)
Moreover, for any 0y, | 0, we can extract a subsequence of solutions p* to 1) such
k _
that & 9@ 4 converges narrowly to some v solution of (PQg]).
k

Proof. Let (0x)r J 0. We set

VA,k_MA’k@ﬂ r_ prou

0, O

By theorem [£.33] R%,A,k = O(6?). Therefore, (v*), is bounded for the L?norm and

we can extract a subsequence such that (v*) narrowly converges to some 7 in MY
Moreover, we can show that

B,k 7
dl(kal/A’k) < H'uin@ qu = 0(1)7

thus, v* equally converges to 7 for the narrow topology. For all A € S(DLg),

T
[ im0 — ) anf @ ae > o

thus, by inequality (4.44]), by the decomposition principle (theorem [A.28]), and by the
lower semi-continuity of Q¢ (lemma F3T]),

V(6;) — V(0) > ), Val(PLg) + 9—599 A7) 4 0(62)

> 0}, Val(PLg) + 9—2’399 () + 0(62).

Let us prove that 7 is a solution to problem (SPLgy)). Following the proof of theorem
.33 we obtain that

Sy} = Ox(zr[V] + €7 + 0(1)),
and therefore that

d(yF, ) — (Fr,0) = 04’ (1, 0) (21 [P] + &5, 1) + 0(0), (4.69)
D(yf, ) — ©(yr,0) = 0,® (yr, 0)(2r[P] + &5, 1) + o(Oy,). (4.70)

By (d.37), we obtain that
(Y, O) — &(yr, 0) < Val(PLg)by, + o(0),

therefore
¢'(yr,0) (27 (7] + £7.,1) < Val(PLy).
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and by (£.T0),
®'(gr,0)(21(7] + €7, 1) € T (®(yr, 0))-
This proves that 7 is a solution to (SPLg)). By lemma .25 and theorem [£.26, we obtain

that
Val(PQy(7)) <  inf  Val(PQgy(v)),

vES(SPLy)
thus, 7 is a solution to problem (PQg]) and the theorem is now proved. It also proves
that problem (PQg]) has a finite value. O

4.6 Two examples

4.6.1 A different value for the Pontryagin and the standard linearized
problem

Let us consider the following dynamic in R?:

= (u},u)T, for a.a. t €[0,T],
vo= (0,07

The control u is such that ||ul|loc < 1 and we minimize y, r[u] under the constraint
Y1, [u] =0, with § > 0 and f = 0. The coordinate Yo corresponds to the integral which
would have been used in a Bolza formulation of the problem. For § = 0, the problem has
a unique solution @ = 0, § = (0, O)T. This solution is qualified in the sense of definition
1.8 since for v =1, & [v] =T and for v = —1, & [v] = —T. However, the solution is not
qualified in the sense of the standard definition, since the standard linearized dynamic
z is equal to 0.
For 6 < T, the problem has infinitely many solutions, one of them being:

; 1, ifte(0,0),
ut —

0, ifte(6,7).
‘]

Indeed, y1 r[u’] = 0, yor[u’] = 6 and if v? is feasible, then

T T
O=mrld) = [ (f)Par< [ ffdt = purl)
0 0

which proves that u? is optimal. Moreover, if v? is optimal, then the previous inequality
is an equality and thus, for almost all ¢, (vf)? = (vf)2, that is to say, ¢ € {0,1}. We
also obtain that |[v? — ||y = v/ and ||[v? — @||c = 1. Note that, in this example, R = 1
and ||uf]|sc = 1 for 0 < 6 < T, so that u’ is not an interior point of the ball Ug.

Now, let us compute the sets of multipliers A and AF (for the reference problem).
Since the dynamic does not depend on y, denoting by A € R the dual variable associated
with the constraint y; ru] — @ = 0, the costate p* is constant and given by p; = (A, 1).

The Hamiltonian is given by
HN(u) = u? + M.
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As a consequence, we obtain that AY = R x {1} and A = [~1,1] x {1}. The Lagrangian
associated with our family of problems is given by

T
Umykﬁ)=/1W%+Mﬁﬁﬁ+MMﬂ—®,
0

therefore, Lo(@,7,\,0) = —\, Val(PLg) = 1, and Val(SPLy) = +oc. In this example,
the Pontryagin linearized problem enables a more accurate estimation of the value func-
tion. Since the solution u is not qualified in a standard definition, it is not surprising
that the associated linearized problem has a value equal to 4oc0.

Note that the second-order theory developed in the article cannot be used to study
this example, since we do not have the equality of Val(PLy) and Val(SPLy). Moreover,
observe that for the solution A = —1 of (DLg), the Hamiltonian H[\](u) = u? — u? has
two minimizers: 0 and 1. The set of minimizers contains the support of the solutions to
the perturbed problems.

4.6.2 No classical solutions for the perturbed problems

This second example shows a family of problems for which the perturbed problems do
not have a classical solution. This example does not fit to the framework of the study
since we consider active control constraints. However, we believe it is interesting since
in this case, the ratio (u’ © @)/0 converges to a purely relaxed element of M) for the
narrow topology. This confirms us in the idea to use relaxation to perform a sensitivity
analysis of optimal control problems.

Let us consider the following dynamic in R?:

Wt 02007 = (wr, ¥ +2(v — 0)2 —uf)T, for a.a. t €[0,T],
(y1,0,20)T = (0,0)T,

where for almost all ¢ in [0,7], v; > u; and v > —u;. The perturbation parameter 6 is
nonnegative and § = 0. We minimize ya2,7. For 6§ = 0, the problem has a unique solution
a = (0,0)T, 7 = (0,0)T. The associated costate p = (p1, p2) is constant, given by p; = 0
and po = 1. Thus,

Hp)(u, v, 50) = 2(v — 0)? — 2.

This Hamiltonian has been “designed” in a way to have a unique minimizer when 6 = 0,
but two minimizers (+£26,260) when # > 0. Let us focus on optimal solutions to the
problem when 6 > 0. Let u,v € L*>(]0,T],R), we have

T
ya.1|u,v] = / yl,t[u,v]Q +2(vy — 9)2 — u? dt
0
T
= / y1.¢[u, v]2 + 21)? — 46v; + 20 — uf dt
0

T
= / y1elu, v + (02 —u2) + (v, — 20)2 — 20°dt > —20°T.
0
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This last inequality is an equality if for almost all ¢ in [0,T7], yi+[u,v] = 0, v = 26,
lug| = v As a consequence, the problem does not have classical solutions, but has a
unique relaxed one, pf = ((6_a9 + 029)/2,26). Moreover,

P e
9

= ((6—2 + 62)/2, 02).

4.A Appendix

Properties of Young measures
First definitions

Weak-*x topology on bounded measures Let X be a closed subset of R™. We
say that a real function ¢ on [0,7] x X vanishes at infinity if for all £ > 0, there
exists a compact subset K of X such that for all (¢,u) in [0,7] x (X\K), |¢(t,u)| <e.
We denote by C°([0,T] x X) the set of continuous real functions vanishing at infinity.
The set My([0,7] x X) of bounded measures on [0,7] x X is the topological dual of
CY([0,T] x X). The associated weak-* topology is metrizable since [0, T] x X is separable.

Young measures Let us denote by P the projection from [0,7] x X to [0,T]. We
say that g € M} ([0,T] x X) is a Young measure if Pyp is the Lebesgue measure on
[0, T]. We denote by MY (X) the set of Young measures, which is weakly-* compact [67,
theorem 1].

Disintegrability Let us denote by P(X) the set of probability measures on X. To
all measurable mappings v € L>(0,7;P(X)) (see the definition in [67, page 157]), we
associate a unique Young measure p defined by: for all ¢ in C°([0,T] x X),

/[O,T]Xxw(t,u) du(t,u) = /oT/Xw(t’u) dvy(u) dt.

This mapping defines a bijection from L>([0,T]; P(X)) to MY (X). This property is
called disintegrability. Note that L°°([0,T]; P(X)) C L*®(]0,T]; Myp(X)), which is the
dual of L'(0,T;C°(X)) [67, page 179]. On MY (X), the weak-+ topology of this dual
pair is equivalent to the weak-x topology previously defined [67, theorem 2]. In the
article, we always write Young measures in a disintegrated form.

Density To all win L(]0,T]; X), we associate the unique Young measure p defined by
for almost all ¢ in [0,T], py = 6y,. The space L([0,7]; X) is dense in MY (X) for the
weak-* topology [68, proposition §].

Lower semi-continuity of integrands We say that ¢ : [0,7] x X — R U {400} is
a positive normal integrand if 1 is measurable, v > 0 and if for almost all ¢ in [0,7],
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¥(t,-) is Ls.c. If 9 is a positive normal integrand, then the mapping

T
Y u AN
e M <X>~>/0 /Xw, ) dp(ur) dt

is L.s.c. for the weak-* topology [67, theorem 4].

Narrow topology We say that the measurable mapping ¥ : [0,7] x X — R is a
bounded Caratheodory integrand if for almost all ¢ in [0,T7], ¢(¢,-) is continuous and
bounded and if |[1(t, -)||s is integrable. The narrow topology on MY (X) is the weakest
topology such that for all bounded Caratheodory integrands ),

T
Y
pe MY (X) o /0 /X (t, u) dpae () du

is continuous. This topology is finer than the weak-* topology.

Wasserstein distance We denote by P! and P? the two projections from [0, 7] x X x
X to [0,T] x X defined by P(t,u,v) = (t,u) and P?(t,u,v) = (t,v). Let u' and u? be
in MY (X), then 7 in M ([0,T] x X x X) is said to be a transportation plan between
pt and p? if P%gr = u' and Pﬁiw = 1?. Note that a transportation plan is disintegrable
in time, like Young measures. The set II(x!, 1?) of transportation plans between u! and
©? is never empty, since it contains the measure 7 defined by m; = ui ® u? for a.a. t. For
p € [1,00), the LP—distance between u! and u? is

dy(pt, %) = inf / /X . |v — ulP dmg(u, v) dt] v . (4.71)
X

7TGH(u u2)

This distance is called the Wasserstein distance [24, section 3.4]. The set IT(u!, u?)
is narrowly closed and if dp(,ul, p?) is finite, any minimizing sequence of the problem
associated with (£TI]) has a limit point by Prokhorov’s theorem [67, theorem 11], thus
by lower semi-continuity of the duality product with a positive normal integrand, we
obtain the existence of an optimal transportation plan.

If 4! is the Young measure associated to u! € L([0,T]; X), then for all 2 in MY (X),
there is only one transportation plan 7 in IT(u!, 4?), which is, for almost all ¢ in [0, 7],
for all w and v in X, m(u,v) = Oy (u)p2(v), therefore, for all p € [1,00),

T 1/p
k)= | [ - upaoral (4.72)
R

Note that in this case, the mapping u? + dg(pu!, u?) is weakly-* continuous. If p! and
p? are both associated with w1 and ug in LP([0,T]; X), then d,(pt, u?) = |luz — ui||p-

Young measures on Up

We suppose here that X is equal to Ug, the ball of R™ with radius R and center 0.
We denote MY, = MY (Ur). The set Up being compact, ./\/l}g is weakly-* compact [67,
theorem 1]. Moreover, the weak-* topology and the narrow topology are equivalent [67,
theorem 4].
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Differential systems controlled by Young measures Let 2 € R”, and let g :
[0,7] x X — R™ be Lipschitz continuous (with modulus A), then for all x4 in M}, the
differential system

Ty = J (e, w) dpe(u), zo = 2"
Ur

has a unique solution in C(0,T;R"™), denoted by z[u].

Lemma 4.35. The mapping p € M% — z[u] € C(0,T;R™) is weakly-+ continuous and
Lipschitz continuous for the L'-distance of Young measures.

Proof. > Weak-+ continuity.
Let € MY, and let (yu) converges to p € ./\/lﬁ for the weak-* topology. The sequence
(g")1 defined by

o = / £l w) (i (u) — dp () ds
0 Ur

converges pointwise to 0. We can show with the Arzela-Ascoli theorem that this conver-
gence is uniform. For all ¢ in [0, 77,

z[uF] — 2y < t T k,u— Tslp], u l;u s
1] -zl < /O/URIf( 18], ) — sl )| Ak ) d

_l’_

/ F (sl ) (e () — dpag(u)) s
0 Ugr
- /0 O[] — ,[1]}) ds + o(1),

where the estimate o(1) is uniform in time. The uniform convergence of x[u*] follows
from Gronwall’s lemma.

> L'-Lipschitz continuity.
Let p' and g2 be in M, and let 7 be an optimal transportation plan between ! and
p? for the L'-distance. There exists a constant A < 0 such that for all ¢ in [0, 77,

il = < | [ pwlit)) = faton) dr ) ds

IN

t
L[ Al = ) + o = ul dmy(u,0)ds
0 URXUR
! 2 1 1,2
< [ Al = ) s+ Ad ),
The Lipschitz continuity follows from Gronwall’s lemma. U

Young measures on R™

We suppose here that X = R™. We equip MY := MY (R™) with the narrow topology.
In the article, elements of MY are denoted by v. For p in [1,00), we denote by ./\/l},/
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the set of Young measures v in MY with a finite LP—norm, defined by ||v||, = d,(0,v),
where d,, is the Wasserstein distance. We denote by MY the set of Young measures
with bounded support and we define the L*°-norm as follows:

IV]|lo = inf{a € R, v(]0,T] x B(0,a)) = v([0,T] x R™)}.
Note the inclusion MY, ¢ MY c mY.
Lemma 4.36. The unit ball BY of MY is narrowly compact.

Proof. By Prokhorov’s theorem [67, theorem 11], BY is precompact. The mapping
(t,u) > |u|? being a positive normal integrand, the L2-norm is l.s.c. and therefore, By
is closed for the narrow topology. The lemma is proved. O

Lemma 4.37. Let ¢ : [0,T] x X — R™ a measurable mapping be such that for almost
all t in [0,T], 1(t,-) is continuous and such that

ess sup [(t,w) = o (Juf?).
te[0,T] u|—o00

Then, for all bounded sequences (V) in MY converging narrowly to v € MY,

T
/ U(t,u) dvf(u) dt . / Y(t,u) dvg(u) dt (4.73)
0o Jrm R

Proof. The proof is inspired from [7, remark 5.3]. Let (v*); be a bounded sequence in
MY converging narrowly to v € MY . Let

A = max { [|v[3, sup {13} }-
Let € > 0. Let B > 0 be such that for almost all ¢ in [0,T7], for all u in R™,
b(t,u) < elul® + B.

Then, e|u|? + B — 9(t,u) is a positive normal integrand. Thus,

T
/ / clul? + B — vt u) dvy(u) dt<hm1nf/ / clul? + B — vt u) dvk(u) dt
0 m m

and therefore,

T T
/ —(t,u) dyg(u) dt < lim inf/ —tp(t,u) dvf(u) dt + 2 A%,
0 R™ 0 RrRm™

k—o0

To the limit when € | 0, we obtain that
T T
/ Y(t,u) dyg(u) dt > lim sup/ W(t,u) dvf (u) dt,
0 R™ k—o0 0 R™

which proves the upper semi-continuity of the mapping ([A73]). We prove similarly the
lower semi-continuity. O
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Justification of relaxation

This section aims at justifying the use of relaxation in the formulation of the problem.
The results that we give are independent of the sensitivity analysis performed in the
article. We introduce the value function associated with the notion of classical R-strong
optimal solutions, denoted by V" (f).

N Min ¢(yT[u’ 9]’ 9)’
P1(g) = uethJull<r (4.74)
s.t. (I)(yT[u’ 9]’9) € K’ Hy[u’a] - :’jHoo < 1.

Note that for all > 0, for all n > 0, V"(#) < V"(0), since the set of Young measures
contains the classical controls. The converse inequality would be true if there were no
constraints. In that case, it would suffice to approximate any Young measure p with a
sequence of classical controls converging to u for the weak-* topology. In the constrained
case, this sequence is not necessarily feasible. We prove in lemma that if a given
classical control is close in the L'-distance from 4, it can be restored (with another
classical control). We obtain as a corollary that any feasible relaxed control close to @
in the L'-distance can be approximated by feasible classical controls. Using the results
of convergence of the solutions of perturbed problems obtained in section [L5] we prove
the equality of V' and V for small values of n and 6.

Lemma 4.38. If i is qualified, then there exist 61 > 0, ¢ > 0, and Cy > 0 such that
for all classical controls u with |ju — ul|y < d1, for all 0 € [0,0], there exists a classical
control v’ such that

O(yr[u',0],0) € K and |u' —ul; < Cydist(®(yr[u,d],0), K).

Proof. Let §, o, and C be the constants given by the metric regularity theorem (theorem
[49). Let us set §; = %ﬁ. Given 6 € [0,0], let u be a classical control such that
lu — ||y < 61. Set d = dist(®(yr[u,],0), K). Let us build a sequence (u*);, of classical
controls with «° = u and which is such that for all k,

”uk+1 _ uk”l < M

< el o0 < 5

< o (4.75)

By definition, dist(®(yr[u®,0],0), K) < d/2°. Let k in N, and let us suppose that we have
built u0,...u* such that (@75 holds up to index k — 1. Thus, dist(®(yr[u”,6],0), K) <
d/2% and [Juitt —wl|; < (C +1)d/27 for all j in {0, ...,k — 1}. Therefore,

N
—_

(C+1)d

di(u*, ) < [Jut = ullly + da(u®, ) < 53

+6 < 2(C+1)61+61 < 6.

<.
Il
o

By the metric regularity theorem, there exists a feasible relaxed control p such that
di(u¥, ) < Cd/2*. By the density of classical controls into MY, by the weak-* conti-
nuity of di(u*,-), and by lemma E.35, there exists a classical control u such that

CH1d 0 Syl 6)6) <

k
Ju —u®[y < S obT



130 Chapter 4.  Sensitivity analysis for relaxed optimal control problems

We set uF*! = . This justifies the existence of a sequence satisfying ([@75). Finally, we
have built a sequence (u*);, of classical controls which converges for the L'-norm. Let
us denote by v’ its limit, by lemma [£.35] it follows that

dist(® (yr[v/, 0],6), K) < lim dist(®(yr[u”,0],0), K) =0

k—o0

and
[e.9] o0
(C+1)d
ol < 30 b+ =ty < 30D g0
k=0 k=0
The lemma holds with 41, o, v/, and Cy = 2(C + 1). O

Corollary 4.39. Let u € MY, and 0 € [0, 0] be such that dy (i, ) < &1 and such that p is
feasible for 0. Then, there exists a feasible sequence of classical controls (u¥)y, converging
to p for the weak-x topology.

Proof. Let € MY and 6 € [0,0] be as above. Let (u); be a sequence of classical
controls converging to u for the weak-* topology. Then, dist(®(yr[u”,6],0), K) — 0,
by lemma and for k large enough, |[u* — @||; < 6;. By lemma E38, we obtain a
sequence of feasible controls (*), which is feasible for the value § and which is such
that ||u® — @¥||; — 0. Then, it is easy to check that @* converges to u for the weak-*
topology. This proves the corollary. O

In theorem 33l we have proved that under a second-order sufficient condition, for
a small, positive, and fixed value of 7, any sequence of solutions to problems
converges to @ for the L'- distance. Therefore, for small values of 1 and 6, these solutions
can be approximated by feasible classical controls and V() = V(f).

Technical proofs

Lemma[4.6 For all t in [0, T,

lylu, 0]t — |

/ / (f(u7y8[:u'7 6]70) - f(a&gs,())) dus(u) ds
0 Ugr
= [ 0ttu=au + Ol .61 ~ 5 + 6) () a5 + O(6)

= O(d(41.1) + 00) + | Ol 0}, ~ ) d.
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whence estimate (Z9) by Gronwall’s lemma. Now, set r = y[u, 8] — (7 +&[u] +0£9), then,
for all ¢ in [0, 7],

el =] [ b016) = F050.0)) (00 = Fo (6Ll + 0€0.0) ds
/ [ s, s 10, 61,0) — (e, 5, 0) — [y 51Eulia] + £, [516€° + fols]| s
/ 5 sl 0] — (3 + Ealia] + 06%)| ds + O(d (1, 1)? + 67)

- /0 O(|r]) ds + O(dy (. 1) + 6%),

since

S50 00.01.8) = 5050000 = 1. 01.0) = £, 0) ) s
R
= O(da(p, 1) (ly[1) = Gllow +0)) = O(di (11, 1)° + 6%).
Estimate (4.10) follows from Gronwall’s lemma. O

Lemma[{.7 The result is a consequence of the dual representation of the L'-distance
given in [24, theorem 3.4.1]. Let ¢ : [0,7] x Ur — R be a bounded Caratheodory
integrand which is such that for almost all ¢, u € Ug — (¢, u) is Lipschitz continuous
with modulus 1. Then,

T
/0 [t (@) ) — S ) ) el
= Y0k [t (A - ) de < Y vl (4 ).
i=1 Ur i=1

The first inequality follows and the second one is obvious. O
Lemma[{.19 Remember that ||pSal; = di(f, 1). Setting r = &[u] — z[p©al, we obtain
that for almost all ¢ in [0,77,

Fo= e+ /U [ e w) — (FIE] + Fult)(u — 50))] dpae(a0)

= O(lre) + [ O(lu—w|?) dpae(u),
Ur

thus, by Gronwall’s lemma, ||7||oc = O(||#©1i|3), which proves estimate ([Z39]). Replacing
&[p] by z[p © 4] in estimates (A9]) and [@I0) of lemma [L.6] we obtain estimates (Z.40)
and (4.47). O

The following lemma will be used in the proof of theorem
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Lemma 4.40. Let (0;)r L 0 and let f : R, — R, be a non-increasing right-continuous
function converging to 0 at infinity. Then, there exists a sequence (c)r of positive real
numbers satisfying

fler)

Ck

by — 0 and = o(0). (4.76)
Proof. For all k, set
Cr={c>0, f(c) < (6rc)*}.

Since f is non-increasing and right-continuous, C} is a closed interval of R ,. Set
¢, = inf C. The sequence (cg)x is well-defined and positive. Let C' > 0, for k large
enough, 0, < /f(C)/C, thus ¢ > C. This proves that ¢y — +oo and therefore that
f(ex) — 0. Since ¢ /2 < e,

Flen/2) > (B8)7,

therefore, c0; < 24/ f(cx/2) — 0. As a consequence, by right-continuity of f, f(cx)/ck =
Or(0kcr) = 0(0x). This proves the lemma. O

Theorem [{.26, We follow the proof of lemma The main difficulty of the proof is
that we need to combine the two different kinds of linearizations: the standard one at
the first order and the Pontryagin linearization at the second order. A second difficulty
arises if v has a non-bounded support: in this case, a truncation must be realized. In
the proof, we consider this case: v is non-bounded. Let v € S(SPLy), £ € F(PQy(v)),
and (0x)r J 0 be such that

n —[yn n(g) — [V
lim V(6) — [V (0)2+ 61 Val(PLy)] — Jimsup vng) - v (0)2—1—6 Val(PLy)]
k—00 0 040 0

Let (fik, ax)r be a sequence in MY x R, such that & = lim axér[i¥].

subsequence of (0)y if necessary, we can suppose that

Extracting a

Orar = o(1) and akﬂi <1.

For all ¢ > 0, we define ¢ and w® the unique Young measures which are such that for
all g € CY([0, 7] x R™),

T T
/ / g(t,u)dvdt = / / Lju—gy>c 9(t,0) + Ly, < 9(t, u) duf dt,
0 m 0, JrRm -
T T
/ / g(t,u) dw®dt = / / Lju—ay|>c 9(t,u) + 1jy—g,|<c 9(t, 0) duliC dt.
0 m 0 Jrm

We set f(c) = ||w||3. It satisfies the assumptions of lemma 40l We obtain a sequence
(cx )y satisfying (Z76) and we set v* = v and w® = w. Note that

Flew) = lw® )13 = exllw1,

therefore, by (4.40),
¥l = o(B).
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Now, in order to realize the first-order perturbation, we consider the measure pb* =
u @ 0", For almost all ¢, the support of ,ui ' is included into the ball of center u and
radius ¢0;. Since ¢80, — 0, for k large enough pl* € ./\/lﬁ and since akﬂi <1, we can
define

pF = (1= apfi)u* + ()" € M.

We set y* = y[i*, 0;]. Let us show the expansion
Iy = (5 + 042 ] + 02 + €)oo = 0(62): (4.77)
We know that dy (i, u*) = O(6}). Moreover,
0z[v] — z[p* © 4] = apb3z[v] — apb?2[i*] = o(6y),
thus, using lemma [£.19], we obtain that
Iy — 5+ 0k ) oo = 0(0h).
Let us set 7% = y* — (7 + Op2' V] + 02(22[V] + ax&[i*])). Then,

rf (1-— akﬂk / - flus + Opu, ys ,0r) — fls] dl/f(u) ds
[ O + B 210, 17) e
—9k/fy V] + aéli*],) ds

+ayb? /0 [ 705,00 = (F(.50,0) = fls]) = fls] A ds

= [ (10 0 = 5060+ 4 0k~ 700°) ) s
/ /m )Gt 0x22 V), 01) + 117 [5) (Oue, O =[], 00)2) oy (ue) s
—ek/ 11812200 + ancliils)
b /O /U (798, 00) = 05, 00) 40 ds + (6
_ /0 / (Budulslu+ 362F15) w22, 1)?) (v () — ()
+ /O £, ls)E ds + o(62)
- /O £y lslrE ds + OBk ]w* 1) + O(B2]w* |2) + o(6?)

= /t fyls]r ds + o(63).
0
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By Gronwall’s lemma, [|7*|| = 0(6?) and since ayér[u*] — &, expansion ([T7) holds.
As a consequence, the following second-order expansion holds:

S(yr[u®, k], 01) = &(gr,0) + 050’ (g7, 0) (21 V], 1)
1
FO[L0" O + 0y G O + 0] + o@D, (078)
and the same expansion holds for ®(yz[u*,0;],0k). Therefore, dist(®(y%), K) = o(62).
By the metric regularity theorem (theorem [.9]) and by lemma [£.35] there exists a se-

quence ¥ of feasible controls such that dq(u¥, i¥) = o(6?) and such that (@78 holds
for ¢(yr[i*, 0k, 05). Minimizing with respect to &, we obtain that

n — n
fmsup V10~ IV10) + 0VaI(PLy)
610 0

< Val(PQy(v)).

Minimizing with respect to v, we obtain the theorem. O
Lemma [{.27 Expanding the difference of Lagrangians up to the second order, we obtain
AD* = '[N (gr, 0) 0y, k) + 3"\ (0uh, 0k)® + 0(67 + |09k *).  (4.79)

Then,
k A k1T T ¢k s k
[\ (Fr,0)dy7 = [pt 5%]0 = /0 (Pt 0y, + DL oYy ) dt

T
:/0 </U (H(u,yfaek)—H[t])dpf(u)—Hy[t](Syf) dpf (u) dt. (4.80)

Expanding the difference of Hamiltonians, we obtain that
T
/ / (H(U,yf,ek) —H[t])d,uf(u) dt
0 Ur
T
R

T
:/0 g Hy g)(u, 1, 0) 0yt On) + 5 Hy,0y2(u, G2, 0) 8yt Or)? dpy (w) dit
R

T
[ 0 - HED i) e+ of6F + R ). (4.81)
0 Ur
Moreover,
T k 2 k 2 k
L o 0) Bk 602 = g ) 007 )t
R
= O(Ry (B2, + 7)), (4.82)
and

1
Rl,k(Rik +67) < Ril)’,k + §(Rik +607)0, = O(Rik +67). (4.83)
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Finally, remember that Val(PLy) = fOT Hplt]dt + Pp[A](yr,0). Combining expansions
(A79HL.33]), we obtain that

T
AC* = Val(PLo)Oy+ [ [ (N s1.0) — ) )
0 Ugr
T
[0 .0 - 8o ) a (4.84)
T R
[0l ,0) - Hal ) k) (4.84b)
T
+%[ /0 Hiy, 02 02 ][ (0yr , 01,)* dt + @'/[A](ay:’ﬁ,ekﬁ] +o(f; + R ). (4.84c)

We have already proved in lemma .19 the following estimate:

16y — (% + 64€°) o = O(RE . + 67).

Therefore, we can replace dy* by its standard expansion z"* in terms ([E84al) and ([#.84d).
The errors that we make are respectively of order RLk(R%k + 62) and R%,k(RlJf + 0f).
As we prove in estimate (A.83]), the first term is of order o(Rik + 62). The estimate
(Z43) holds.

Expansion (£.46) follows from (£84]). We replace respectively terms (£84al), (4.34D]),
and ([Z84d) by the following estimates: O(R1 k[|6y*[loo), O(R1£0k), O(||0yF||% +62), and

the estimate is obtained, since the sequence (R ) is bounded. ]

Lemma[{.31} Let v € MY and let (v*);, be a bounded sequence in M3 narrowly con-
verging to .

> Narrow continuity of v — z[v].
We set, for almost all ¢,

vf:/ uwdvf(u) and vt:/ udyy(u).

It is easy to check that ¥ and v* € L?(0,T;R™). Moreover, z[v*] = z[v*] and z[v] = z[v].
Let us check that v* converges to o for the weak topology of L2. Let h € L?(0,T;R™),
then by definition of the narrow topology,

T T T T
/ hvF dt = / / he duvf (u) dt — / / he dvg(u) dt = / hokdt.  (4.85)
0 0 m 0 m 0

This proves the weak convergence of v*. The mapping v € L?(0,T;R™) — z[v] €
H'(0,T;R") being linear continuous, z[v*] converges for the weak topology of H'. Since
(2[v*])x is bounded in H! and by the compact embedding of this space in C(0,T;R™),
z[v*] converges uniformly to z[v].
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> Narrow lower semi-continuity of Q| and QF[)].
Let A € AT, Let us decompose Q9[)\] into three terms, Qo, Q1, and Q, with

T
Qo[A(v) = /0 Hyglt)(2[v], 1) dt + @"[X] (57, 0) (27 [v], 1)?,
T
QN () =2 /0 /R  Hugftl(, 1) + Huy [ 2[]) v )
T
QNG = [ [ Hulw? dufu .

Since z[v*] converges uniformly to z[v] and since the sequence (v*); is bounded, we
obtain by lemma E37 that Qo[\(v*) and Q1[N (v*) converge resp. to Qo[\(v) and
Q1[N (v). Since A € AP, the integrand H,,[t](u)? of Q2[)\] is nonnegative, Q2[\] is lower
semi-continuous for the narrow topology. Finally, we obtain the lower semi-continuity
of Q9[)\] and similarly, the one of Q[\].
> Strong convergence to 0.

Suppose now that (v*); converges narrowly to 0 and that Q[\](v*) — 0. Then, necessar-
ily, Q2[\](v*) — 0. From hypothesis 22/} we obtain the inequality 2c||v|2 < Q2[\](v)
and the lemma is now proved. O
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Abstract

Nuclear power plants must be regularly shut down in order to perform refueling and
maintenance operations. The scheduling of the outages is the first problem to be solved
in electricity production management. It is a hard combinatorial problem for which an
exact solving is impossible.

Our approach consists in modelling the problem by a two-level problem. First, we
fix a feasible schedule of the dates of the outages. Then, we solve a low-level problem of
optimization of elecricity production, by respecting the initial planning. In our model,
the low-level problem is a deterministic convex optimal control problem.

Given the set of solutions and Lagrange multipliers of the low-level problem, we can
perform a sensitivity analysis with respect to dates of the outages. The approximation
of the value function which is obtained could be used for the optimization of the schedule
with a local search algorithm.

Résumé

Les centrales nucléaires sont régulierement arrétées afin de réaliser des opérations de
maintenance et de rechargement en combustible nucléaire. La planification de ces arréts
constitue le premier probleme a résoudre en gestion de la production d’électricité. C’est
un probléeme combinatoire difficile qui ne peut étre résolu exactement.

Notre approche consiste a modéliser ce probleme par un probléeme a deux niveaux.
Tout d’abord, nous fixons un calendrier admissible des dates des arréts des centrales.
Puis, nous résolvons un sous-probléeme de production d’électricité, en respectant le calen-
drier initial. Dans notre modele, ce sous-probleme est un probléme de controle optimal
déterministe et convexe.

Etant donnés les solutions et multiplicateurs de Lagrange du sous-probleme, nous
pouvons réaliser une analyse de sensibilité par rapport aux dates des arréts. Nous
obtenons une approximation de la fonction valeur qui devrait permettre de mettre en
place un algorithme de recherche locale pour 'optimisation de ces dates d’arréts.

5.1 Introduction

Energy generation in France is a competitive market, whereas transportation and dis-
tribution are monopolies. Electric utilities generate electricity from hydro reservoirs,
fossil energy (coal, gas), atom (nuclear fission process) and to a small extent from wind
farms, solar energy or run of river plant without pondage. This energy mix provides
enough power and flexibility to match energy demand in any circumstances. Hydro
power stations are managed in order to remove peaks on the load curve during peak-
hours, whereas thermal power stations supply base load energy. Due to their capacity
generation and their production cost as well, the base load part is mainly supported by
nuclear power stations.

Nuclear facilities are subject to various constraints, and this induces a variation of
the availability of nuclear energy. Some events may occur randomly during the operating
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period and cause forced outages. This is why outages must be planned by the producer
in order to perform maintenance and refuelling operations of the fleet of nuclear power
stations and in order to avoid a dramatical decrease of the nuclear availability. Thermal
power stations, using expensive resources such as coal or gas, enable to compensate a
lack of nuclear energy. These supplementary costs, due to the nuclear unavailability
must be minimized when a schedule of the outages is planned.

Each power station has its scheduling variables, which are submitted to local and
coupling constraints as well. There are different constraints in the scheduling of outages
of power plants: on the minimum spacing, on the maximum overlapping between outages,
and on the number of outages in parallel. For operating purposes, the decision to stop a
power station for maintenance has to be forecast far ahead. As a consequence, scheduling
decisions are modelled as “open-loop” decisions, which means that they do not depend
on the consumption scenario.

Given the planning of outages, the low-level problem of electricity production can be
described by a discrete time dynamic and stochastic optimization problem. The overall
optimization problem is a large scale, mixed integer stochastic problem. We refer to [34,
49, 48, 59] for precise descriptions of this problem. At Electricité de France, the numerical
resolution of this problem uses local search algorithms in order to improve the current
planned program. Numerous slight modifications are performed around the current
program and the most profitable determines the next program. The computational
burden to solve this problem is heavy, reducing it is a challenging task.

In this paper, we perform a sensitivity analysis of the electricity production problem
when the integer parameters defining the scheduling of the outages are set. We provide
a first-order expansion of the value of this low-problem, with respect to the dates of
the outages. For the sake of simplicity, the low-level problem is a convex deterministic
optimal control problem with continuous time. We do not consider the combinatorial
side of the problem.

In the first section, we discuss the structure of solutions to the low-level problem,
which are not unique in general. In the second section, we realize the sensitivity analysis
by using a well suited time reparameterization. We obtain a formula for the directional
derivatives of the value function using the opposite of the jumps of the true Hamiltonian
at the times of beginning or end of the outages. It is based on the set of Lagrange
multipliers, which we describe precisely. The result is an application of a theorem of
[21]. The technical aspects related to the theorem such as the proof of qualification or
the proof of convergence of the solutions to the perturbed problems are postponed in
the third section.

5.2 Study of the reference problem

In this first part, we study the low-level problem of production management and therefore
consider that the dates of the outages are fixed. In our model, we only consider one
outage for each plant. Applying Pontryagin’s principle, we study the particular structure
of the optimal controls, which are not unique in general.
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Sensitivity analysis for the outages of nuclear power plants

5.2.1 Notations, model and mathematical hypotheses

The main notations for the problem are the following;:

[0,T]
c(x)

d(t)
(

the time period

the cost of production of an amount x
with thermal power stations

the demand of electricity at time ¢

d(t) the demand of electricity at time ¢
S the set of nuclear power plants
n the number of nuclear power plants
s4(t) the amount of available fuel of plant ¢ at time ¢
56 the initial level of plant 7
ut(t) the rate of production of plant ¢ at time ¢
at the maximum rate of production of plant ¢ at time ¢
u the set of controls defined by (5.1)
{u € R, such that u’ € [0, %], Vi € S}
7 the date of the beginning of the outage of plant i
7t the date of the end of the outage of plant ¢
T the set of dates defined by
Uses{T, 7}
W(t)  the set of working plants at time ¢,
defined by W (t) = {i € S,t ¢ [}, 7]}
a’(t) the rate of refuelling of plant 7 at time ¢,
with a’(t) > 0
#(s(T)) a decreasing convex function of the final state
V(mp,7.) the value of the problem in function of 7, and .
The optimal control problem is
T
V(7p,7e) = min / c(d(t) — Z ul(t)> dt + ¢(s(T)),
u,8 0 )
€W (t)
st. Vi €S, §'(t) =—u'(t) +a'(t)l (1), for a. a. t,
0 <wul(t) <, 7 for a. a. t, (P76, 7))
5(0) = si,
5" (Tg) =0,
s'(T) = 0,

where u € L>®(0,T;R") and s € W1°°(0, T; R").

The dynamic of the stocks of fuel is clear from the differential equation: the stock
s’ decreases at rate u’(t) during the time period and increases at rate a’(t) during the
time of outage. The argument of the cost function c is the amount of energy which is
not produced with nuclear power plants in order to satisfy the demand. This energy is
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produced with other types of power stations, which are more expensive. In our model,
we also allow the total production to be greater than the demand.

Note that for optimal solutions, we will obtain that for all ¢ in S, for almost all ¢ in
[7i,7¢], the control u’(t) is equal to 0, see lemma [5.2]
Mathematical hypotheses For our study, we suppose that the following hypotheses
are satisfied:

> the cost functions c¢(z) and ¢(s), the demand d(t) and the rate of refuelling a(t)
are continuously differentiable functions,

> the cost function c¢(x) is strongly convex with parameter o on R,

> the final cost function ¢(s) is strictly convex on Rl and for all s in R”}, for all 7 in
S,
Dsi¢($) < 0.

Feasibility of the problem The problem has a feasible control with a feasible tra-
jectory associated if and only if, for all 7 in S,

Ty U > Ssg.

Moreover, we can prove the existence of an optimal solution in this case. It follows from
the boundedness of the controls and the convexity of the cost functions, see lemma 518l
In the sequel, we will assume that the following qualification condition is satisfied: for
all 7in S,

@
Te

>0, @ >0 7 -a">s) and / a'(t)dt > 0. (QC)
b

Note that this last integral is equal to s°(7¢). This hypothesis will enable us to prove an
abstract qualification condition, needed to apply Pontryagin’s principle and to realize
the sensitivity analysis (see lemma [5.19).

5.2.2 Study of the optimal controls

This subsection is dedicated to the study of an optimal control w(¢), which minimizes
the Hamiltonian for almost all ¢. For our problem, the Hamiltonian has the particularity
to be independent on the state s.

Let us denote by p the costate associated with s. Given a subset W of S, we define
the Hamiltonian of the system by

Hy (t,u,p) = c(d(t) — Z u’) + Zp’( —ut + ai(t)1i¢W> (5.2)
€W icS

for ¢t in [0,7], v in U and p in R™. The notation & has been introduced in (&.I). This
subscript W will be particularly useful later, since we will consider the Hamiltonian at
times 7/ and 7¢ at which there are two sets of working plants of interest (one includes the
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plant beginning or ending its outage, the other does not). Notice that the Hamiltonian
does not depend on the state s.

Proposition 5.1 (Pontryagin’s principle). If hypothesis (QC)) holds, then for all optimal
solution (u, s), there exists a costate t — p(t) € R™ such that for all i in'S,

> pi(t) is a step function, taking two values p'(0) and p'(T) on the intervals [0, 7))
and (14, T] respectively

> p/(T) < Dyd(s(T)) and p'(T) = Dy(s(T)) if (T) > 0
and such that for almost all t in [0,T], the control minimizes the Hamiltonian:
Hyy ) (t,u(t), p(t)) = min Hyy ) (t,0,p(t)). (5.3)

Proof. In lemma [5.19], we prove that hypothesis implies Robinson’s qualification
condition (RQC]). This condition enables us to apply Pontryagin’s principle for systems
with a final-state constraint, see [46, section 2.4.1, theorem 1] for a proof. For our
problem, each state variable s’ can be decomposed into two state variables, one describing
the dynamic of the stock before its outage, one describing its dynamic after. This is why
we can view the constraint s(TIf) = 0 as a final-state constraint. The costate p is a step
function because nor the dynamic, neither the cost function depend on the state. The
discontinuity of the coordinate p’ at time 7/ is due to the state constraint s(r{) = 0. O

In the sequel, we will consider that a costate is an element of R?" which is charac-
terized by its values p(0) and p(T) at times 0 and 7. For all p = (po, pr) in R?", we
associate the costate function defined by

pit) = P'(0) e 0.7): e,
p(T) ifte (7:,T],

We assign no value to p’ at time Tg. However, we will use the following notation in the
sequel: if plant ¢ is the only plant to start an outage at time ¢ = 7/, p(t~) and p(tT) are
such that for all j # ¢,
P =p (") =1 (1) (5-4)
and such that
p'(t) =p'(0), and p'(t")=p(T). (5.5)
Now, let us study the problem of minimization of the Hamiltonian introduced in
(G3). Let t € [0,T]\T (that is to say, t is different from all the dates of beginning or
end of outage). Let u be an optimal solution and let p € R?" be an associated costate.
Since ¢t ¢ T, p(t) and W (t) are uniquely defined. Note that if i ¢ W (¢), then necessarily
t> T,f and thus
p'(t) = p(T) < Dgi(s(T)) < 0. (5.6)

Consider the problem

min c(d(t) -y vi) +3 pi(t)< — v+t (1)L (t)). (P)

veU ;
€W (t) i€S
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As we can see, the term ) ;g pi(t)ai(t)l[TZJQ (t) does not play any role here. Moreover,
we can decompose the problem by introducing an additional variable p for the total
production, the sum ZiEW(t) v*. Let us set

UW(t): Z ﬂi

€W (t)

and let us define, for p in [0, Uy ],

Glu) = min Z —p' ()", (5.7)
ZieW(t) ’UZZ/J,, ZeW(t)
vi=0, VigW (t)

Now, we can focus on the following one-dimensional problem:

oo min c(d(t) — p) + &) (P)

The following lemma justifies problem

Lemma 5.2. If u is a solution to problem [P, then Y, ¢ u' is a solution to problem
and ut = 0 for all i ¢ W(t). Conversely, if u is a solution to then there exists a
solution u to problem |P/| which is such that ) ;s u' = .

Proof. Let u € U be a solution to problem [Pl By (58], for all i ¢ W (t), —p'(t) > 0
and thus u’ = 0. It is then clear that p = Y, .gu’ = Diew () u' is a solution to
Conversely, let p be a solution to Since pu < Uy, the optimization problem (£.7)
is feasible and has a solution in U, say u, since U is compact. Then, >, cu’ = p and it
is easy to check that u is a solution to O

Problem has an economic interpretation. Producing at time ¢ at a rate u has
a consequence on the dynamic of the state after time ¢. This is represented by the
function & (). In some sense, the real numbers —p!(t),...,—p"(t) are the marginal prices
associated with the production at time t. Problem |P/| takes into account both the cost
function ¢(d(t) — ) and the cost of production & (u).

Notations In the next three lemmas, we focus on problem We always assume that
t is a given time in [0, 7]\7, u an optimal solution and p an associated costate. Let us
denote by K the cardinal of {p‘(t),i € W(t)}. In the sequel, keep in mind that it may
be possible that p’(t) = p?(t) for some i and j in W (t). In this case, the corresponding
value p'(t) = p/(t) is counted only once and then K < |W (t)|. We consider the mapping
o from {1, ..., K} to P(W(t)) (the power set of W (t)) uniquely defined by:

(i) Vk € {1,..., K}, Vi € a(k), Vj € W(t), (0" (t) = p'(t)) & (j € o(k)). (5.8)
This common value will be denoted by pg(t).
(i3) Yk, 1 € {1,..., K}, k <1= pp(t) > pi(2). (5.9)
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This mapping is nothing but a decreasing ordering of the coordinates of p(t) involved in
the definition of &. We also set, for k in {1, ..., K},

k
Up=>_ > (5.10)
=1

i€o(l)

and Up = 0. Note that Ux = Uy (). In the sequel, indexes ¢ and j will be elements of
S and will appear at the top, whereas indexes k and [ will be elements of {1, ..., K'} and
will appear at the bottom.

The function p — & (u) is piecewise affine and convex. We make its value explicit
on [0, Uk]:

é-t(lu’) = _pl(t):ua \v/u € [Oa Ul]a

&) = —p(O)(n = U) + &), Yue LU, (5.11)

§e(p) = —pr(t)(p — Uk 1) + &(Uk 1), Vu e [Uk-1,Uxk].

The following lemma shows that there is an ordering in the use of the fuel: we begin
by using the power of the plants of greatest costate.

Lemma 5.3. Leti and j in W(t) be such that —p'(t) < —p’(t), if v is a solution to [P},
then A A A
(v >0) = (v =1u'),

or, equivalently,
(' <a') = (v =0).

Proof. This is a direct consequence of lemma and the expression of & (u) given by

G110 O

The interpretation of the lemma is the following: if —pi(t) < —p?(¢), then plant i
is cheaper than plant j at time ¢ and should be used first. The next lemma gives the
necessary optimality conditions of problem

Lemma 5.4. Problem has a unique solution on [0,Uk], say p. The following four
cases hold true.

1. If there exists k in {1, ..., K} such that p €|Ux_1,Uy[, then
¢(d() — ) = —p(t) (5.12)
2. If there exists k in {0, ..., K'} such that p = Uy, then
(a) if ke {1,...K — 1},

—pi(t) < (d(t) = Up) < —prya(t). (5.13)
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(b) if k=0,
d(d(t) —0) < —pi(t). (5.14)

(c) and if k = K,
—pr(t) < d(d(t) — Uk). (5.15)

Proof. The function p — c(d(t) — p) + & () is continuous and defined on a compact
interval, whence the existence of the solution. Furthermore, this function is strictly con-
vex, since ¢ is so. The uniqueness of the solution follows. For the optimality conditions,
we use the assumption of differentiability of ¢ and the explicit formula of &(u) given by

(E1D). O

The goal of the next lemma is to give a characterization of the solutions to problem
in function of d(t). We denote by k™" and k™% the smallest indices such that

lim (2) < —pgmin  and — ppmax < lim ¢(x) respectively.
T—»—00 T—+00

For all k in {k™, ..., k™) we set

dy = 7 (pi(t)) + Uy
£ C/_l( pr(t) + Uk-1, (5.16)

di = " (=pr(t)) + Uk

We also set

dzmin,l = —00 and d,;max_H = 400.
We have
+ - + - - + -
dkmin_l < dk.min < dk.min < dkmin+1 <0< dkmax < dkmax < dkmax_;’_l-

Now, we can express the optimal solution g in function of d(t).
Lemma 5.5. The following two cases hold true.
1. If for some k in {k™®, .., k™}, d,- < d(t) < df, then
-1
p=dt) — " (—pi(t),
u' =a', Yieo(l), l <k,

2. If for some k in {k™™ — 1, .. k™*}, df <d(t) < di 1, then

p = Uy,
u' =0, Vieo(l), | >k,
u' =a', Vico(l), 1 <k.
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Proof. Since the problem is convex, it suffices to check the necessary optimality condi-
tions detailed in lemma [5.4l For the first case, the condition satisfied is (B.12). In the
second case, if k = 0, the satisfied condition is (5.14)), if £ = K, the satisfied condition
is (B.I5]), otherwise, the satisfied condition is (513]). O

Remark 5.6. In lemma 520, we see that the coefficients d;/+ play an important role,
since they enable us to compute the optimal solutions to problem [Pl Keep in mind
that these coefficients depend on p(t). As a consequence, they have to be viewed as step
functions of time.

We state now a uniqueness property of the optimal controls.

Lemma 5.7. Let (uy,s1) and (ug,s2) be two optimal solutions. Then, for almost all t
in [0,T], ZieS ui(t) = ZiES ub(t) and s1(T) = so(T).

Proof. It is well-known that for a convex optimization problem, if the cost function is
strictly convex with respect to one of the optimization variables, then the value of this
variable is unique at the optimum. For our problem, since ¢ and ¢ are strictly convex,
we have that 3y ul (t) = Diew (1) ub (t) for almost all ¢ in [0, 7] and s1(T) = s2(7T).
Since u1(t) = ua(t) = 0 for almost all ¢ in [}, 7], we finally obtain that >, quf(t) =

> ies ub(t) for almost all ¢. O

Remark 5.8. While the sum of the controls is unique, there may be several differents
optimal controls. This happens when there are at least two plants © and j for which
p'(t) = p/(t) on a subinterval of [0,T]. If the demand satisfies strictly the inequalities
of the first case of lemma [5.3, then the problem of minimization of the Hamiltonian,
[P], has several optimal solutions and the general problem has equally, in general, several
solutions.

5.3 Sensitivity analysis

5.3.1 Theoretical material

In this subsection, we state an abstract general theorem for the sensitivity analysis of a
convex problem. Consider the general parameterized problem

V(y) = ;Iél)r(l f(z,y), subject to G(z,y) € K, (Py)
in which y stands for the perturbation parameter and belongs to a space Y. The functions
f and G are supposed to be continuously differentiable with respect to x and y. K is a
closed convex subset of a space Z. The spaces X, Y and Z are Banach spaces. We fix a
reference value yg for y. Let x be a feasible point of the reference problem with y = yg.
We say that Robinson’s qualification condition holds at x if there exists € > 0 such that

eBy C G(x,yo) + D,G(x,y0) X — K, (RQC)
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where By is the unit ball of Z. For X in Z*, we define the Lagrangian by

L(x’ Aay) = f(x’y) + <)" G(x’y»

In a general framework, for a solution zy to the optimization problem with y = yg, the
set of Lagrange multipliers A(zg,yo) is defined by

A(zo,yo) ={X € Z%, Dz L(x0,A,y0) =0, A € Ng(G(wo,u0)}, (5.17)
where N (G(xg,up) is the normal cone of K at G(xg,ug), defined by
Ng(G(zo,up)) ={A € Z%, (A, z — G(zg,u)) <0, Vz € K}. (5.18)

We suppose now that the reference problem P, is convex, following [21, definition 2.163].
Problems, like our application problem, with a convex cost function, linear equality
constraints, and finite convex inequality constraints are convex. For a convex problem,
the set of Lagrange multipliers is the set of solutions of a dual problem which does not
depend on the choice of the (primal) solution xg. Therefore, A(xq,yo) does not depend
on zp and we simply write A(yo).

The following theorem establishes a differentiability property of the value function
of the problem V' (y). See [21, definition 2.45] for a definition of the Hadamard differen-
tiability.

Theorem 5.9. Consider a reference value yg. Suppose that:
1. Problem Py, is convex and has a non-empty set of optimal solutions S(yo).
2. Robinson’s qualification condition holds at all zq in S(yo).

3. For any sequence (yi)r converging to yo, for all k, problem P,, possesses an optimal
solution xy, such that, for all X in A(yo), for all sequence (y,.)r satisfying v, €

[vo, yk|, one has:

Dy L(zo, X\, yo) s a limit point of DyL(xg, A, yp)-

Then the optimal value function V' is Hadamard directionally differentiable at yg in any
direction w and

V'(yo,w) = inf sup  DyL(x, A, yo)w.
z€S(yo) AEA(yo) (5.19)

This theorem is a direct extension of [21, theorem 4.24], which was originally proved
in [39]. In the original formulation of the theorem, the third assumption is replaced by
the following assumption: for any sequence (yy); converging to o, for all £, problem P,
possesses an optimal solution zj such that the sequence (xy ) has a limit point in S(y).
However, this assumption would be rather painful to check for our problem, this is why
we prefer weakening it with this new assumption. Note also that the assumption of
convexity of the problem is essential for the sensitivity analysis. In a non-convex setting,
we would have to assume in addition that a certain sufficient second-order condition
holds (see [21, theorems 4.25 and 4.65], for example).
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theorem [5.9. Let us adapt the proof given in [21]. Note first that since Robinson’s
qualification condition holds and since there exist optimal solutions, the set A(yg) of
Lagrange multipliers is nonempty and thus, the expression of the directional derivative
(519) is finite. It is proved in [21, proposition 4.22] that under the directional regularity
condition, for any mapping o € R} — y(a) € Y defined on a neighborhood of 0 such
that y(«) = yo + aw + o(a) the following holds:

lim sup Viyl)) = Vigo) < inf sup  DyL(z, A\ yo)w. (5.20)
alo @ z€S(yo) AEA(yo)

The directional regularity condition is implied by Robinson’s qualification condition, see
[21, theorem 4.9].

Let o, | 0, let y,, = yo+ apw+o(aw,) and let (x,,), be the sequence of solutions such
that hypothesis (3) of the theorem is satisfied. Extracting a subsequence if necessary,
we can suppose that (x,), converges to xg in S(yp). Let A be in A(yp). Since A(yo) C
Nk (G(xo,y0)), and then

<>" G(xn, yn) - G(xo, y0)> <0,

we have
f(xnayn) - f(xo’y(]) > L(xna )\,yn) - L(xO, AayO)-

By convexity of Py, the first order optimality conditions imply that x¢ belongs to
arg minge x L(z, A, 30), and then

L(xna)VyO) Z L(x07)‘7y0)' (521)

Since V(yn) = f(2n,yn) and by the mean value theorem and continuity of L(x, \,y), we
obtain from (5.2)) that, for some v/, in [yo, yn],

V(yn) = V(yo) = L(Tns A yn) — L, A, Y0)
= anDyL(xp, A\, y),)w
= anDyL(z0, A, yo)w + o(ay,),
since by assumption,
DyL(wn, A, y,) = DyL(zo, A yo)-
As a consequence, since \ was arbitrary,

lim inf M > sup DyL(zg, A, y0)
n—o0 an )\GA(yO)

> inf sup  DyL(z, \, yo)w. (5.22)
z€S(yo) AEA(yo)
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Combining (5.20) and (5.22]), we obtain that for any y(a) = yo + aw + o(«),

lim Viy(a)) = Viyo) = inf sup DyL(z, A, yo)w,

al0 o z€S(yo) A€A(yo)

as was to be proved. O

5.3.2 Expression of the directional derivatives

In this subsection, we give a sensitivity formula for problem . We show that
the value function is Hadamard directionally differentiable if all the dates of the outages
are different. When differentiating the value function with respect to one variable, the
result obtained is the jump of the reduced Hamiltonian at the reference time of the
variable.

Time reparameterization Theorem 5.9 cannot be applied directly to our application
problem. Indeed, in its formulation, the cost function and the dynamic are not continu-
ously differentiable with respect to 7, and 7. For example, if we try to differentiate the
cost function with respect to the variable 7/, we obtain the following derivative,

LCRCIED WG R CRCIE S )]

iew 1€eWU{j}

where W is the set of working plants at time i (j being excluded of W). This expression
does not make sense, since the control is only in L>(0,7;R"), thus, we cannot define
its value at time 7.

However, if we perform a well suited change of variable in time, we can apply the
abstract result. The change of variable that we use can be realized if and only if the

following hypothesis holds:
For all i and j in'S such that i # j, 7i # Tg,Tei 410 and 18 # 77, (H)
We begin by computing DTgV(Tb, Te). We consider a nuclear power plant j and we
denote by 7y the reference value of 77 and by (u, s) a solution with a costate p, for the
reference problem with 77 = 79. As a consequence of (HJ), we get :

None of the plants, except j, begins or ends its outage at time Tg.

Let us consider two times t; and ¢ such that ¢; < 79 < t2 and such that they are
sufficiently close to 7y so that none of the plants (except j) begins or ends an outage
during [t1,t2]. The idea of the change of variable is to fix the time of the discontinuity
due to the end of the outage. We set, for all ¢ in [0, T,

—t
t1 + Te ! (t, — 751), ift' e [tl,’T(]]
70 — t1
Tg( ) to — 2 Te (tQ — t/), ift/ € [To,tg] ( )

v, otherwise.
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2

J
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t1

HIL .
>

T

t1 To to

Figure 5.1: Change of variable associated with the perturbation of .

We perform the change of variable ¢ = 6 ;(t'). See figure B for an illustration of

the change of variable. It is well defined for 77 in (t1,t2). We denote by W the set of
working plants on the interval [t1,t5]. By convention, j does not belong to W. The new

optimal control problem (P’(72))) to be solved is

viet) = in [ [ () - i)
w3zt [ oo 0,,0) - Sy uitt)) ar
. /: (o6, (t) = Tiewugy w(t)) at
+ /t 2T e(dt) = Tiew v'(t)) dt' +6(s(1))]
st _ (P'(rd))

otherwise,

It is easy to check that problems (P(7, 7)) and (P’(7Z)) have the same value when 7 be-
longs to (t1,t2). Since for all t" in [0, 77, 6, (t") = t', the original and the reparameterized
problems are the same for 77 = 7.

Remark 5.10. Notice that this reparameterization is not correct anymore when another

plant begins or ends an outage at time 19. Indeed, in this case, we cannot anymore
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identify a constant set of working plants (j let alone) in the neighborhood of time 7.

Remark 5.11. The Hamiltonian H' associated with the reparameterized problem is the
following: .
H' ' u,p) = 0, (t’)HW(t/)(HTg ('), u,p).

Note that the set of working plants W (t') at time t' is defined with respect to the dates of
the reference problem. Moreover, (u, s) is an optimal solution to[P (1, T )| with associated
costate p if and only if (uo HTg, so HTg) s an optimal solution to with associated
costate p o HTg.

Derivation of the Lagrangian Let (u,s) be a solution to the reference problem with
1 = 79, let p be an associated costate. We consider a Lagrangian on the interval [t1, 5],
where the variable 7¢ appears. Note that p is constant on this interval. For the sake of
simplicity, we write p instead of p(t') and ¢ instead of #’. In the following Lagrangian,
we only take into account the part of the cost function and the part of the dynamic
associated with the interval [¢1,t9], where the perturbation happens.

E(u $,p,7) (5.24)
_ / (doe ui(t))dt
T0—h t1 EW
2 — Te i
tQ—TQ/ doa Z u(t))dt
EWU{s}
. 70 L T_tl . .
L3y — )+ W) +at 08 (D)1e)) dt
21)/ (=50 + T (=0 + a0 0, (O1ig))

T —tg i i
+ / (-5®+ gy WD ety (D Ligwogy)) di

€S 70

Tg —t1 [T

= HW(t)(HTg (t)7u(t)7p) de

To—t1 t1
tQ—Tej t2 / i
H 0 p)dt —
e win) (04 (t),u %S:

Before deriving the Lagrangian, let us introduce some notations. We define the true

Hamiltonian by

Hyy(t,p) = vigé%i] Hyy (t,v,p), VpeR"™ (5.25)

Pontryagin’s principle states that
H{jv(t)(t,p) = Hy ) (t,u(t),p), fora. a. tin [0,T].

Note that the function ¢ > H;V(t) (t,u,p) is discontinuous at times 7! and Tg, for all 3.
Indeed, the set of working plants W (t) is changing precisely at these times. The next
lemma is a classic useful consequence of Pontryagin’s principle. See [46, section 2.4.1,
equality (8a)] for a proof.
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Lemma 5.12. Let u be an optimal control, with associated costate p. Consider an
interval (tq,tp) included in [0,T] on which none of the plants begins or ends an outage.
On such an interval, the costate is constant and the set of working plants is constant,
equal to say W. The mapping:

h:t€ [te, ty]) = Hy(t,p)
is Ct on [tq,ty] and its derivative is given by
h(t) = DyH3y (t,po) = Dy Hyy (t,u(t),p), for a. a. t in [tq,ty), (5.26)
where the notation DyHyy stands for the partial derivative of Hy with respect to t.

Note that this result can also be obtained by applying theorem 5.9 Indeed, Hyj, is the
value of an optimization problem (the minimization of the Hamiltonian), parameterized
by t. Since the constraints (v € U) are unchanged, the derivative of Hjj, (¢,p) is the
derivative of the cost function, here the Hamiltonian.

Proposition 5.13. The mapping 2 E(u,s,p,Tg) is differentiable on (t1,t2) and
D»rg’c(ua S, D, TO) = H;V(T(]ap) - HITVU{]}(TO’p) (527)
Proof. We have

, 1 70
D, Llu,s,p.7l) = | Hy (6,,(t), u(t), p) dt
Te T0—t1 Jy, i
oty [T t—t
D:Hy (0 ;(t t dt
e [ Dt 0,000, ]
1 [
o Ery MR CRORTONOLE
to—10 Jr t2—170 WUl Pr2 300 P ’
For Tg = 79, We obtain
DTgE(u,s,p,To) (528)
1 70 T0
= [ Hyy (t,p) dt+/ (t —t1) D Hy (¢, p) dt]
T0 — tl t1 4
1 t2 . t2 .
B to — 70 |: 0 WU{j}(t’p) dt — /m (t2 — t)DtHWU{j}(t7p) dt:|-

Then, we obtain by integrating by parts (with lemma [5.12))

70
|- (5.29)
t
1 . -
= [t—t)Hy(tp)] "~ [ Hip(tp)at
t1 t1
T0
== (TO - tl)H{';V(TO7p) - H{'/(V(t?p) dt7

t1
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and a similar expression holds for the integral on [79, t2]. Finally, we obtain

DTg‘C(U,SapaTO) = _[H;;[/U{]}(To’p) - H{'/(V(To’p)]? (530)

as was to be proved. O

Remark 5.14. In general, there are several solutions to the problem. However, the
expression obtained for the derivative of the Lagrangian, when p is given, does not depend
on the primal solution, for two reasons:

>> the Hamiltonian, and thus the true Hamiltonian, do not depend on the state (and
therefore, they do not depend on the past trajectory)

> by definition, the true Hamiltonian at time t does not depend on the choice of the
value of the optimal control at time t.

Sensitivity with respect to the beginning of outage The above analysis remains
true for Tg if hypothesis (H) always holds. In this case, none of the plants (except j)
begins or stops its outage at time Tg and we denote by W the set of working plants at
the reference time 7y (j does not belong to W). The only difference with the previous
expression is that the j-th coordinate of p has a jump at time 9. Using the conventions

(5.4)) and (5.5]), we obtain the expression

D L(u, s,p,70) = —[Hy (10, p(75")) — Hyyriyy, (70, 0(75 )] (5.31)

Notice that the state constraint s/ (Tg ) = 0 has become s/(19) = 0, as a consequence,

it does not depend on Tg anymore and we do not need to take it into account in the
Lagrangian.

Sensitivity with respect to an arbitrary direction We compute now the value of
the directional derivative of the value function in an arbitrary direction. To this purpose,
we must realize a complete reparameterization of the problem and some notations are
needed. We fix a reference value (73,0, 7¢,0) for the dates of outages and we suppose that
hypothesis (H) holds. Then, we can fix dates t} ;, t} 5, t, ; and ¢/ 5 in [0, 7] such that for
all 7in S,
té,l < Tg,o < ti,z < tfz,l < Tei,o < ti,2

i
671, . .
to end its outage. Therefore, we can define the sets Wy and W of working plants on the
intervals [t} ;,t} ] and [t} |, t. o] respectively, i being excluded of these sets. The global

and such that on the intervals [té,l, t};z] and [t t;z], plant 7 is the only one to begin or
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change of variable to perform is now the following:

T =t _ o
%),1 + z _ tl (t, - t%},l)’ for ¢' in [té,l’Tg,O]’
b,O b,1
. t}; 9 — Tg . ) S
t%},Q - ﬁ(%,Q - t,)7 for ¢’ in [Tg,07 ?),2]7
b2 ~ Tho
O, e (t/) = ; T — ¢ 1 . . . (5.32)
g+ (¢ = ter), for ' in [, 7,
e,0 el
. th, —7h o
62— ﬁif(ﬁep —t), fort' in [}, 5],
e2 Te,O
v, otherwise.

\

The general reparameterized problem is the following:

V(mp, 7e) =

mm/%@ (0 bry ()~ 32 W) A + o(s(T))].
iew (1)

s.t. Vi €S,

. ) A A P(1y, Te
() = b () (— 0 0) 00 0 (g (0) P
0 <u(t) <@,

s'(0) = sp,

SZ'(TI),O) 07

s'(T) > 0.

Here, the set of working plants W (¢') at time ¢’ is defined by:
W(t") = {i € S,t' ¢ [15,0,7¢.0)}-

Notations Let us introduce some notations in order to simplify our sensitivity for-
mula. First, we denote by II(7, 0, 7¢,0) the set of costates satisfying Pontryagin’s principle
(lemma [5.T)) for the value (7,0, 7¢,0) of the dates of the outages. Recall that it is a subset
of R?”. We also introduce the jumps of the true Hamiltonian, denoted by AH g(p) and
AH!(p) and defined by

AHlZ)(p) H* (Tb 0717(7'; 0+)) - H;/gu{i}(Tg,Oap(Tg,O_)%
AHé(P) szu{ }( e O’p(Tei,O)) - H;Vé(Tei,O’p(Tei,O)),

for p in II(7p,0, Te,0)-
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Theorem 5.15. Consider a direction of perturbation denoted by (d7y,07c). If hypothesis
(H)) holds, then

V' (75,0, Te,0), (67h, 07¢)) (5.33)
=  sup [ Z—(STgAHg(p) + Z—dTéAHei(p) }
p€ll(rp,0,7¢,0) L jcs icS

Proof. The expression of the derivative of the Lagrangian given in the thorem is a simple
extension of expressions (0.27) and (B.3I). The theorem is a direct consequence of
theorem (5.9l For our application problem, a costate is a Lagrange multiplier if and
only if it satisfies Pontryagin’s principle, since the Hamiltonian is convex. The three
hypotheses of the theorem (existence of solutions, qualification and continuity of the
derivative of the Lagrangian) are checked in lemmas 518 519], and O

5.3.3 Study of the Lagrange multipliers

In this part, we give a complete description of the set II(7y, 7.) of costates satisfying Pon-
tryagin’s principle, which is for our application problem the set of Lagrange multipliers
introduced in (5.I7). Note that the characterization of costates holds even if hypothesis
(H) is not satisfied.

Notations Let us consider the smallest sequence of times
O=m<n<--<1pm=T

such that the outages begin or end only at times {7y,...,7as}. For all integer m with
0 < m < M, the set of working plants is constant on the interval of time (7, Ty+1)-

Let us fix now an optimal control u and its associated trajectory s. Since the set of
Lagrange multipliers does not depend on the choice of the optimal solution, it suffices
to compute the set of costates associated with the particular solution (u,s). We have
proved in lemmaB5.7 that 1 = Y, g u’(t) and s(T') are unique. Let us define, for all i in
S,

Wévmin = ess sup  {—c(d(t) — u(t))},
| te[O,Tﬁ,Ui(t)>0 (534)
7_[_z)gnax _ ess inf {—C/(d(t) - M(t))}

te[0,7}],ut(t)<u’
For all i in S, if s*(T) > 0, we set
T — X — D h(s(T)) (5.35)

otherwise, we set

R s (—<(d(E) - (),
te[ri, T],ui(t)>0

" = min | essint {=¢/(d(t) ~ u(0), Ddls(T))].

(5.36)
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Theorem 5.16. The set of costates I1(my, 7.) is described by
T(r, 70) = ( T, ngaﬂ) X ( [, wzgma"]) . (5.37)
ieS i€S

Proof. Let t in [0,T], let v in U be such that for all i ¢ W (t), v = 0. Weset = >, g v".
Fix ¢ in R™. Then v is a solution to the problem of minimization of the Hamiltonian [P]
with p = ¢ if and only if for all ¢ in W (t),

(v > 0= ¢'(t) > = (d(t) — p)), (5.38)
(v <@ = q'(t) < = d(t) — ), (5.39)
and ¢ W(t)= ¢ <O0. (5.40)

Therefore, a costate p is such that the Hamiltonian is minimized for almost all ¢ if and
only if conditions (5.38]) and (5.39]) are satisfied for almost all ¢ with ¢ = p(¢). These
conditions being inequalities, it suffices to consider the essential infimum and supremum
as we did in the construction of wy™™", 7™, 72" and w2, Notice that we do not
need to impose that p?(T) < 0, since we already have that D,i¢(s(T)) < 0. The theorem

follows. O
The following lemma describes situations where the costate is unique.
Lemma 5.17. Let us consider four different cases.

1. (a) If on a non-negligible subset of [0,7}], u'(t) € (0,u"), then p'(0) is unique.

(b) If s{(T) > 0 or if on a non-negligible subset of [t,T], u'(t) € (0,a), then
p(T) is unique.

2. (a) If there exist two non-negligible subsets T and Ty of a given interval [Ty, Tp41]
with Tymy1 < T,f such that

Vt € Ti,u'(t) =0 and Vte Tp,u'(t) =,

then, p*(0) is unique.

(b) If the same property holds on an interval [Ty, Tma1] with T, > 72, then p'(T)
18 UNLQUe.

Proof. In cases I.a and 1.b, it follows from the existence of a non-negligible subset of
[O,Tlf] (resp. [7%,T]) where 0 < u'(t) < @' that my™" > 7™ (resp. T > ),

whence the equality of these bounds and the uniqueness of p?(0) (resp. p*(T)).
For case 2.a, let us define 7™ and ™2 by

D ess sup {—C/(d(t) — u(t)}
tE[Tm, Tm+1],u?(¢)>0
X ess inf {=(d(t) — p(®))}

tE[Tm , Tm+1],ut () <ut
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Clearly,

—o0 < it < Wé’min < Wé’max < M < 4o
Let us show the uniqueness by contradiction. We suppose that Wé’max —Wé’min =e>0. It
can be observed from lemma [5.5] that the solution u of problem depends continuously
on d(t) on the interval [7,,, Tp,+1], since the set of working plants remains constant. The
demand d(t) being continuous in time, it follows that ¢/(d(t) — u(t)) is a continuous
function of time. Let ¢; and ¢ be two times such that

= d(d(t) = i) < 7
= (d(ts) - pulta)) = 7= 2

The function ¢/(d(t) — u(t)) being continuous, there exists a non-negligible subinterval
of [t1,ta] (or [ta,t1] if ta < t1) where —c/(d(t) — u(t)) belongs to [r™® 4 /3, r™ax — ¢ /3],
On this subinterval, there exists a non-negligible subset where either 0 < u‘(t) < @,
either u’(t) = 0 or u’(t) = @'. In the first case, we obtain the uniqueness of p’(0), which
contradicts the statement of non-uniqueness. In the second case, we obtain that

ess inf A=(d(t) — p(t)) < e — E, (5.41)
tE[Tm , Tm+1],ut () <u? 3
and in the third case, we obtain that
oss sup  {—c(d(t) — p(t)} >0 4 S (5.42)

)
tE[Tm , Tm+1],ut(t)>0 3

Inequalities (5.41) and (5.42]) contradict the definition of ™ and r™a*. Thus, p*(0) is
unique. Case 2.b can be treated similarly.

O

It follows from the contraposition of lemma [5.I7 that if for some i in S, p’(0) is
not unique, then the optimal control u’ is constant on each interval (7,,,7m11) with
T+l < Tg, being equal to 0 or @'. Denoting by My the set of indexes m for which
u'(t) = @ on (T, Tmy1), we obtain that

56 =g - Z Tl — Tm- (5.43)

Similarly, if p(T) is not unique, then s*(T) = 0 and the optimal control u’ is constant
on each interval (7,,, Timy1) with 7,, > 7!, being equal to 0 or @’. Denoting by Mp the
set of indexes m for which u!(t) = %' on (7, Tms1), we obtain that

/ Tdit)dt =T - > Tmg1 = T (5.44)

Inequalities (5.43]) and (5.44)) are, in some sense, unstable.



158 Chapter 5.  Sensitivity analysis for the outages of nuclear power plants

5.4 'Technical aspects

In this part, we adopt some new notations in order to simplify the proofs. We set
0t u) = c(d(t) — Z ui>,
iEW (1)

and for a sequence of dates (7 i, Te i)k, We denote by 6}, the associated changes of variable,
defined by (£.32]) and we obtain, with the new notations:

T .
V(T 7o) = min /0 Bu() €0 (1), u(t)) dt + $(s(T)),

u,s

s.t. Vie€S, §(t)=0k(t)(—ui(t) +alo Oc(t) L 7 (1)),
0 < wui(t) < @(t), o (P' (76, 7e))
s'(0) = sg,
5%(713,0) =0,
s'(T) > 0.

Let us give two elementary properties associated with the changes of variable 6.
First, it can be easily checked that

0 —Id and 6 — 1, (5.45)
for the uniform topology of L°°(0,7T;R™). Moreover, if b is in L'(0,T;R™), then
bo ), — b, (5.46)
for the L'-topology. This property being easily checked if b is continuous, by density of
continuous functions in L!(0,T;R™), we obtain it for all function in L'(0,T;R").
5.4.1 Existence of solutions

Lemma 5.18. If condition (QC) is satisfied, the problem has an optimal solution.

Proof. Consider a minimizing sequence (ug, sx) of feasible solutions. Since the controls
are bounded and the dynamic is linear, one can easily prove with the Banach-Alaoglu
theorem and the Arzela-Ascoli theorem the existence of a subsequence (uy, si) such that
uy, converges to a control u for the weak topology of L>(0,7T; R™), such that sj converges
to a trajectory s for the strong topology of L*°(0,T;R"™), and such that (u, s) is a feasible
trajectory. Moreover, the mapping

u e L0, T;R") — /T O(t,u(t))dt (5.47)
0

is sequentially lower semi-continuous for the weak-* topology. Indeed, since for all t,
{(t,.) is differentiable and convex with respect to u,

T T T
| ttneyaz [ euwde [ Dottt uo)a® - u) dt,
0 0 0



5.4 Technical aspects 159

thus, to the limit,

k—00

T T
/ L(t,u(t)) dt < lim inf/ 0(t, ug(t)) dt. (5.48)
0 0

Since ¢ is continuous and the cost function is sequentially weakly-* lower semi continu-
ous, the trajectory (u, s) is an optimal solution to the problem. U

5.4.2 Qualification

Lemma 5.19. If condition (QC]) is satisfied, then Robinson’s constraint qualification
holds for any feasible trajectory.

Proof. We must check condition (RQC]). We consider that the control u and the tra-
jectory s are the optimization variables, defined on L®(0,T;R"™) and W (0, T;R").
For simplicity, we denote by L*°, LY and W the spaces L>°([0, T],R™), L>=(0, T} R?)
and W ([0, T],R"™), respectively. The function G describing the constraints is the
following:

G : (u,8) € (L=, W) = (Gp(u, s),Gr(u, s)),

where
5(0) — s
Grlu,s) =4 () +ul(t) — ail[Tngg’o](t)
Si(TZ,o)
and A
s'(T)
G[(u, S) = ul(t)
ut — u'(t)

The set K is equal to {O}gnx o xrn X K where
Kr =R} x L x LY.

Let us consider a feasible trajectory x = (u, s) of the problem, we denote by dz = (du, ds)
a perturbation of the optimization variables u and s. We have to characterize the set:

G(x’y(]) + D:BG(x’yO)dx - K.

An element of this set is of the following form:

(5.49)
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where @ and @ belongs to L3°, g belongs to R’y. Note that the expression obtained is de-
coupled in 7. This allows us to study the qualification by examining just one coordinate.
Let us show that there exists a constant € > 0 such that for all

dg = (glaza.92593,7/1,y2) S Rn X LOO X Rn X Rn X LOO X LOO
with ||dg||sc < €, there exists do = (du,ds) in L x W% such that
dg € G(z,y) + DGy(x,yo)dx — K.

It is easy to check that this last condition is equivalent to the existence of a control du’
in L satisfying the bounds

vi(t) < ul(t) + du'(t) < @' — (t),

and such that the associated differential system

{dsi(t) = —dui(t) + 2(t)
ds'(0) = g1

satisfies the following two state constraints:
ds'(140) = g2, ds'(T) > —s"(T) + gs.
Now, we focus on the construction of du’ on [0,7f,]. The idea is to take for du'(t) a

convex combination of its bounds, v1(t) — ui(t) and 4’ — ve(t) — u’(t). The first state
constraint, ds’(7{,) = go is equivalent to

Tlf,o i Tlf,o
/ du'(t) = g1 — g2 +/ z(t) dt.
0 0
Hypothesis (QC]) states that
. Té,o . . .
O<36:/ u'(t)dt < 1y - ',
0

thus we can set
£1 = min(sg, Tg,o -u' —sp, u') > 0. (5.50)

We assume that
€1 . i N—1 €1 . i \—1
[1V1]]o0 < 0} min (1, (pr) ) and ||ve]|eo < 5 min (1, (pr) ) (5.51)

It follows that:

o0 . ) o . )
/ u' —u'(t) —wa(t)dt > (150u" — s5) — Tho - [12llee > €1/2, (5.52)
0
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7,0 X ) .
|7 =) -t < —sh i Il < -1/ (5.53)
0
and for all ¢ in [O,Tg,o], vo(t) — v (t) < @, thus,
—ul(t) — v (t) < T —ul(t) — ma(t). (5.54)

We assume that

€1 €1 €1
< = < = d < — 5.55
ol < el < and el < (5.55)
so that )
Tg,O €1
‘91 — 92 —i—/ 2(t) dt‘ <3 (5.56)
0
Let us set

N <91 — g+ fng’O 2(t) dt) - <f07£’0 —u'(t) — (1) dt) , (5.57)

o0 G — () dt — [P0~y (t) dt
we obtain, combining (5:52), (5.53]), and (5.56) that 0 < A < 1. Using (5.54]) and (557,

we obtain that the control du’ defined on [0, Tg,o] by

dui(t) = )\[ —u(t) — ul(t)] +(1-2X) [ﬁz — ul(t) - Vz(t)] (5.58)

is feasible and that the associated state ds’(t) satisfies the first state constraint.
Let us focus on the construction of du® on [r{,,T]. The final-state constraint on

ds*(T) is satisfied if and only if

T T
/, du (t) < g2 — g5 + 5(T) +/, A(t) dt.
Tg,o Tg,o
Hypothesis (QC]) states that
Tei,o
0< / a'(t)dt
th,o
We set .
Teo .
£y = min (/ ai(t) dt, a) > 0. (5.59)
Té,o
We assume now that
€ . S €
1l < o min (1 (T = 70)™")  and [jraflse < 5 (5.60)

It follows that:

T . Tei,o . T .
/. —u'(t) — v (t)dt = — / a'(t)dt — / vi(t)dt + s*(T)
Tﬁ,o Tg,o Tg,o

< —e2+ (T =1 o)l[V1loc + '(T)
<24 (5.61)
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and for all ¢ in [0, Tlio], vo(t) — 11 (t) < @', thus
—ul(t) — v (t) < @' —ul(t) — ().

Now, we assume that
€2

€9 £9
< < = <
‘92‘— 6’ ‘93‘_ 6’ HZHOO_ 6

(T—Tgo)7

)

so that

Now, we can set, for all ¢ in [Tg,o, T],
du'(t) = —u'(t) — vi(t),
It follows from (5.61) that:
du'(T) < —e9/2 + s'(T)

T
§92—93+/ z(t) dt + s*(T).

1
b,0

As a consequence, the second state constraint is satisfied. The lemma is proved by

taking for the constant ¢ a positive real number satisfying (5.50), (5510, (555), (559),
and (5.60). O

5.4.3 On convergence of solutions to the perturbed problems

The goal of this part is to check the third hypothesis of theorem [£.9] for our application
problem. To that purpose, we fix a reference date (73,0, 7¢,0) and a sequence (73, Te 1) Of
dates converging to (70,7e,0). We suppose that hypothesis (H) holds for the reference
problem. Thus, it holds for k sufficiently large and there exists a sequence of optimal
solutions (ug, si)r to the perturbed problems (for k sufficiently large). We denote by
(pr )k & sequence of associated costates.

In lemma [5.20] we obtain the existence of a subsequence of (u, si)r such that (ug)x
converges to an optimal control of the reference problem, u, for the weak-* topology, and
such that (sg)r converges uniformly to the associated trajectory s. In lemma 522 we
prove the existence of a subsequence such that (pg)r converges to a costate associated
with (u, s) and, in lemmal[5.23] we prove that the sum of the controls converges uniformly.
Finally, we prove the last hypothesis of theorem 5.9l

Note that all the subsequences have the same name as the original sequence, for the
sake of simplicity.

Lemma 5.20. There exists a subsequence of (ug, Sk )i such that
up — u in L0, T;R™),
sp — s in L°°(0,T;R™),

where (u,s) is a solution to P'(Tp0, Te,0)-
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Proof. In this proof we first show the existence of a feasible limit point (u,s) to the
sequence (ug, Sg)k- Then, for any feasible trajectory (i, 3) of the reference problem, we
show the existence of a sequence (i, Si)r such that both (@y)r and (Sx)r converges
uniformy to (@, 5) and such that for k sufficiently large, (ug, S) is a feasible trajectory
for the perturbed problem.

For all k, for all 7 in S and for all ¢ in [0, T,

5:()] < @ + llallo,

[t (0)] < Isol + T'(a" + [lal|o),

and ‘ ‘
[uglloo < u".

Using the Arzela-Ascoli theorem and the Banach-Alaoglu theorem, we obtain the exis-
tence of a subsequence, still denoted by (ug, sg)r such that s, converges uniformly to
some s in L>(0,T;R"), with s°(0) = s, Si(Tg,O) = 0 and s/(T) > 0 and such that wuy
converges to some u for the weak-* topology of L>(0,T;R™). Necessarily, for almost all
tin [0,7], 0 < ui(t) < @' and, for all k and for all ¢,

si(t) = sh+ [ Op(t)(—ul(t) +a'o Ok(t)Lpyi i () dt
(1) — V)i (1)t

(Or(t) — 1)a’ o Ok (t) L7y | o (1) dt

—u'(t) + ai(t)l[Tg’O,T;,O] (t)dt. (5.62)

b |
+ /0 t —(ul (t) —u(t)) dt + /0 t (a’ 0 O (t) —ai(t))l[Tbi’O,Té’O](t) dt
/

Using (5.45)), (5:46]), and the weak-* convergence of (uy)g, we obtain, to the limit,

s'(t) :sg+/0 —u'(t) + a’(t)1; (t) dt,

TZ,O’Té,O
which proves that s satisfies the differential equation of the reference problem, hence
(u, s) is feasible.

Let (@, §) be a feasible control of the reference problem. It can be proved (with the
same kind of estimates as in (5.62])) that

st [0 (= 0 + 0”0 0Oy (1) = 5(rd) +o1) = o),

i
T5,0'7¢,0

T
sh+ / O(0) (= ' () + a0 Ou(t)1ry ) () dt = S(T) + 0(1) = o(1),
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Since Robinson’s qualification holds for the trajectory (i, §) by lemma [519] we obtain,
using the stability theorem [21, theorem 2.87] that there exists a sequence of feasible
trajectories (@, Si) for the perturbed problems such that (ug)r and (Sx)r converges
uniformly to @ and § respectively.

Finally, we have that

/Te(t, ug(t)) dt < /Te(t, ay(t)) dt,
0 0

thus passing to the lim inf in the left-hand-side (like in [5:48]) and passing to the limit in
the right-hand-side, we obtain that

T T
/ O(t,u(t)) dt < / ((t,a(t)) dt,
0 0

which proves the optimality of (u,s). The lemma follows. O
Lemma 5.21. The sequence (p) is bounded.

Proof. This result derives from the study of II(7 0, 7¢,0) conducted in theorem The
qualification condition being stable, it is satisfied for k sufficiently large. When
the qualification condition is satisfied, it is impossible that u(t) = 0 for almost all tin
(0,74 9] or that u'(t) = @* for almost all ¢ in [0, 7} ], thus the associated bounds mg™"
and Wé’max are finite. More precisely, denoting respectively by dmin and dpax the infimum

and the supremum of d over [0,T], we obtain that
_C,(dmax) < P%g(o) < - <dmin - Z ﬂi)a
1€S

since —’ is non-increasing. This proves the boundedness of py(0). For the study of pi(7T),
let us recall first that up to a subsequence, a sequence (ug, sx) of optimal solutions to
the perturbed problems is such that sx(7T") converges. Let By a compact of R™ be such
that sx(T") belongs to Br for k big enough. There are two cases: if sz(T) > 0, then

inf Dgi¢(s) < Dyicp(s(T)) = pj(T) < sup Dgig(s)
s€Br s€EBr

otherwise, st (T) = 0 and by qualification, it is impossible to have u}(t) = 0 for all ¢ in
[7¢.0, T in this case, thus

~/(dmax) < pi(T) < sup Dyig(s).

Finally, we obtain that

whence the boundedness of (pg)g. O
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Lemma 5.22. Up to a subsequence, (py)i converges to some p in (7,0, Te ).

Proof. Recall that p is viewed as an element of R?", therefore we do not need to be
precise about the topology involved for the convergence. By lemma [5.20] we can extract
from this sequence a sequence of solutions, denoted by (ug, sk) such that wuy 2w and
s — s (in L>(0,T;R™)) where (u, s) is a solution to P(740, 7e,0)-

By lemma [5.21] the sequences pi(0) and pg (7)) are bounded, and thus we can extract
a subsequence such that these sequences converge to say pg and pp. Let us prove
that p = (po,pr) belongs to II(7m,0,7c0). Recall that the Hamiltonian associated the
perturbed problem is

0 (t) Hyy ) (0 (1), u, p).

Let @ and b be such that 0 < a < b < T, let v in L*°(0,T) be such that for almost all ¢
in [0,7), for all 4 in S, 0 < v*(t) < @’. In order to show that p belongs to II(7; 0, Te ), it
suffices to show that:

b b
/HW(t)(f,P(t)au(t))de/ Hyy (8, p(t),v(t)) dt.

Applying Pontryagin’s principle to the perturbed problem, we obtain directly that

/ Hap oy (0n(8), us (1), pi(1)) dt < / Hapoy (0(1), 0(1), pi () dt. (5.63)

Let us focus on the integral of the left-hand-side. We have
/ab Hyy ) (Ok (1), un(t), pr(t)) dt
= /abHW(t) (0r(t), ur(t), pr(t)) — Hw ) (£, ur(t), pr(t)) dt
+ /ab Hyy ) (t, u(t), pe(t)) — Hy ey (8, ur(t), p(t)) dt
+ [ Hw (tue(),p(t) — Hw (6 u(t), p(t)) dt

+ [ Hw (tu(t), p(t)) dt.
Using (5.43)), (5.46), the uniform convergence of (pg )k, the weak-* lower semi-continuity

of the integral of the Hamiltonian (see (5.48)) for the idea of a proof), we obtain that to
the limit,

hmlnf/ Gk HW( )(ek( ) uk(t) pk( dt </ HW(t t u(t) p(t)) dt.

Similarly, we can show that

b
tim [ 0L(6) Huy oy (9(2), 0(8). pi (1)) dlt = / Hip o (1, 0(8), p(t)) .

k—oo Jq
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Thus, passing to the limit in (5.63]), we obtain

b b
/ Hyy o) (t, u(t), p(t) dt < / Hyy o) (t,0(t), p(t)) dt,
which proves that p belongs to II(7,, 7¢,0), hence the lemma. O

Lemma 5.23. Up to a subsequence,

Zu}C — Zul in L*°(0,T;R"™).

i€S i€S
Proof. As usual, we set ju,(t) = > ;g u(t). Let us set

Hy: RxR*"xR* — R

where W is a given subset of S. This function looks like a Hamiltonian, however, no-
tice that the demand is viewed as a parameter now. Moreover, the part involving the
refuelling a(t) is missing. For almost all ¢ in [0, T,

t) = min H do@r(t), u,pr(t)). 5.64
() w0 W(t)( k(t)s 1, i ( )) (5.64)

Thanks to the reparameterization, when ¢ is given, p(t) minimizes a function ]:IW(t)
independent on k. Recall that the cost function ¢ is a-convex and so is the function
i+ Hyy(d, p, ). Considering that the optimization problem given by (5.64) is a problem
parameterized by d o 6 and pg, we obtain by a classical property of stability of optimal
solutions (see [21, proposition 4.32]) that there exists a constant A independent on time
such that for almost all ¢ in [0, 7],

luw(t) — ()] < A(lpr(t) — p(t)] + |d o O (t) — d(t)]), (5.65)

By lemma [(.22] we know that up to a subsequence, (pg(0),pr(7)) converges to some
p in II(7p, 7e). Since the times of discontinuity of p are fixed, this implies the uniform
convergence of the costate, when considered as a time function. Moreover, it is easy to
check that the sequence (d o 0x(t))r converges uniformly to d(t), since d(t) is Lipschitz
and since (0g) converges uniformly to the identity function on [0,7]. Together with
(5.65]), we obtain that

[l = 1elloe < A(llp = plloo + [1d 0 O — dlsc) — 0.
as was to be proved. O

Lemma 5.24. If hypotheses (H) and (QC) hold, then hypothesis 3 of theorem is
satisfied for any direction of perturbation.
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Proof. We know by lemmas [5.20] and [5.23] that up to a subsequence, for all i in S,

up, = u' and g = E up — po= E u’.
i€S =

Consider a sequence of times (73 x, 7e ) such that for all k,

(Tokes Teke) € (7,05 Te,0)s (To ks Te k)]

For simplicity, we consider that the direction of perturbation is a unit basic vector in
direction 7¢, so that we can refer to expression (5.28]) for the derivative of the Lagrangian,
and we use the same notations. We have:

DTgE(uka S, P, (%bJﬁ’ %evk“))

1 7o
[ Hyy (05, .7, (1), wr(8), p) dt
0 —

~]
Tek_tl/TO t—1;
; DiHy (07, = (), ug(t), dt]
To—tl H TO_tl t W( Tb,vae,k()uk()p)

to
HWU{J} (H%b,kﬂ:e,k (t)’ Up (t),p) dt
0

[ 1
to — 7o

ty =T (12 4y —t
— © D.H 0z , =  (t dt}
P [ D) B0, 1))

Moreover, for all ¢ in [t1, 9],

HW(H% kﬂ:ek(t) uk(t) p)
= o(d0 O )= 3 k() + 30 (0 + a0 (i),

ieWw €S

thus, using the strong convergence of the sum of controls, the weak-x convergence of
controls, the strong convergence of 07, , = , and (5.46]), we obtain that

/Hw sy, 5 () u(t).p dm/ Hw (t,u(t). p) dt.

and we prove similarly the convergence of the integral of D;Hyy, and finally, we obtain
that for a subsequence of the original sequence (7 i, Te k) k>

D i L(uk, 8,0, (To ks Tek)) — D3 L(u, 5,0, (75,0, 7e0)) -

This property easily extends to any direction of perturbation by linearity of the derivative
of the Lagrangian.

O
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5.5 Conclusion

In this article, we have studied a simplified model for the management of electricity
production with nuclear power plants. We have performed a sensitivity analysis of the
value of the problem with respect to the dates of the outages of the power plants. With
formula (5.33]), we obtain an approximation of the value function V' by writing a first-
order Taylor expansion:

V(b0 + 07, Te,0 + 67e)
= V(Tb,0, Te,0) + V/((Tb,o, Te,0)s (6Tp, 57’6)) + 0(67p, 07 ). (5.66)

In general, there is a unique multiplier and V"’ ((Tb,o, Te0), (0Tp, 57'@)) is linear with respect
to the perturbation (07, 7.) (see lemma B.17).

This formula holds if hypothesis [H holds and is relevant in a neighborhood of
(76,0, Te,0). More precisely, we must at least ensure that the ordering of the dates is
unchanged after the perturbation. The question of differentiability when hypothesis [Hl
does not hold is still open. It is difficult to give stability results for the optimal con-
trols, since they are not unique in general. However, as shown in lemma [5.23] the total
production is stable.
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6.1 Introduction

In this chapter, we study stochastic optimal control problems with an expectation con-
straint. More precisely, we would like that the expectation of a given function g of the
final state X is greater or equal than a given value z. This framework includes some
chance-constrained problems: if g is the indicator function of a subset K, we therefore
ensure that the probability for the final state to belong to K is greater than z. We
refer to [94] and [104, Section 4] for general references on chance-constrained optimiza-
tion problems. We start our analysis with discrete-time problems, and then use it for
continuous-time problems.

We focus on two possible approaches to solve these problems. The first one consists
in adding a supplementary state variable, denoted by Z, which is the conditional expec-
tation of g(Xp). Introducing this variable enables us to transform the problem into a
stochastic target problem, that is to say, a problem for which the final-state constraint
must be satisfied almost surely. As a consequence, a dynamic programming approach
can be developed for the value function V(¢,z, z) of the problem, where ¢ is the time,
x the initial state, and z the level for the expectation constraint. This approach was
used, for example in [84, Section 3|, in [86, Section 4] for discrete-time problems (as well
as the thesis [91] in French). It was successfully applied in [92, Section 4] to a power
management problem for hybrid vehicles. In [83], it is proved that the value function
of stochastic target problems (therefore including chance-constrained problems) is the
viscosity solution to a certain HJB equation (see also [105, Chapter 8] and the lecture
notes [82]).

The second method is the Lagrangian relaxation method [96, Chapter XII], [99].
Instead of dealing directly with the expectation constraint, we add the term —AE[g(X7)]
to the cost function to be minimized, so that the problem is reduced to a standard
unconstrained stochastic optimal control problem. The dual variable A > 0 ensuring the
level z of expectation is unknown and must be found iteratively. This technique is used
n [75], for example.

If the dynamic of the system is linear and if g is concave, the expectation constraint
is a convex constraint, in so far as for two given controls satisfying the expectation
constraint, the average control also satisfies the constraint. In general, this property is
not satisfied, therefore, the Lagrange relaxation cannot provide an optimal control for
all the values of z. Note that the set of controls satisfying the constraint may even be
not connected. These issues are studied in [93, 95]. On the other hand, the dynamic
programming method enables us to deal with the apparent nonconvexity, but is more
complex, since it requires a supplementary variable, which is a martingale. In the case
of continuous-time problems, the volatility of this martingale is unbounded, which is a
supplementary difficulty, and the domain of the value function is a priori unknown.

In section [6.2] we study a discrete-time optimal control problem. We describe a nat-
ural relaxation of the problem, which consists in allowing the player to choose a mixed
strategy for the control. In this framework, the (relaxed) value function is convex with
respect to z and some links between the two methods that we mentioned appear, thanks
to the Legendre-Fenchel transform of the value function. We prove that if A is the dual
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variable associated with our problem, it is a subgradient of the relaxed value function
with respect to z, for all ¢, along any optimal trajectory. In section [6.3] we formulate
a continuous-time stochastic optimal control problem with an expectation constraint.
We prove that if ¢ is Lipschitz, the value function is convex with respect to z without
relaxation. In section [6.4] we state the HJB equations associated with different value
functions. Note that we only give a formal derivation of the HJB equation of the value
function associated with the original problem. We propose numerical schemes in sec-
tion [6.5, adapted from classical schemes for stochastic optimal control [97, 98]. These
schemes use the analysis of section A natural commutativity property between the
discretization of the value function and the Legendre-Fenchel transformation appears.
Finally, section[6.7]is dedicated to a chance-constrained asset-liability management prob-
lem.

6.2 Discrete-time chance-constrained control problems

6.2.1 First properties

Formulation We consider a discrete-time stochastic optimal control problem with an
expectation constraint, which is a generalization of probabilistic constraints. Let T € N*|
let (&) =1,...7 be T independent random values. For all j € {0, ...,T}, we denote by Fy ;
the o-algebra generated by {1, ...,&;} and we denote by Fy the filtration (Fo ;)j=o,.. 7

To simplify, we assume that the random values ; are independent and identically
distributed, with a discrete law. Let I € N* and (p;)i=1,.. 1 in [0, 1]7 be such that
ST pi =1, we assume that for all i € {1, ..., I},

P[¢ =i] = pi. (6.1)
Now, let us consider a stochastic process (X;);j—o,.. 7 with values in R", modeled as a

controlled Markov chain. The values of the control process u = (uj) j=o0,...,.T—1 belong to
a subset U of R™. The dynamic of X is given by

Xj+1 = f(Xj,Uj,§j+1), V] :0,...,T—1, (6 2)
Xo = Xg. .
We consider a non-anticipative constraint: v must be Fp-adapted. We denote by Uy the
set of control processes in U satisfying this constraint. For all u € Uy, there exists a
unique process denoted by (X.]Q’xmu)j:Q’___’T which is solution to (6.2]). Note that X0
is Fp-adapted. To sum up, the decision process is as follows:

xg — decision of uy — observation of &, — 21 — ... —
x; — decision of u; — observation of ;11 — xj41 — ... = 27,

Let ¢ : R®™ - Rand g : R — R, let 25 € R, we consider the following stochastic optimal
control problem:

min B [¢(X7"") (6.3)

s.t. E[g(X%xO’u)] > 2. (6.4)
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The assumptions on the problem are the following: f is continuous with respect to x and
u, g and ¢ are continuous, and U is compact, so that the existence of optimal solutions
is ensured (provided that the problem is feasible).

Remark 6.1. The case of a probabilistic constraint of the following form:
P[R(X9"") > 0] > 2 (6.5)
enters into this framework, by setting

1 ifh(z) >0,

0 otherwise.

9(x) = 1r, (h(z)) := { (6.6)

Of course, g is not continous in this case, but the existence of optimal solutions is still
ensured if the other assumptions on f, ¢, and U still hold, and provided that the problem
is feasible.

Convex analysis tools This paragraph is a very short introduction to some notions
of convex analysis [103]. The notations that we will use there are independent of the
article. Let V : z € R — RU {+00}. We denote by V* its Legendre-Fenchel transform,
defined for all A € R by

V*(A) =sup {Az — V(2)}. (6.7)

z€R
If z — V(2) is nondecreasing, which will always be the case in the sequel, then
V(A) =400, VA<O. (6.8)
By definition, for all z and A,
V(z)+V*(\) > zA (6.9)
The subdifferential AV is the multimapping, possibly empty, defined for all z € R by
WVE)={AeR : V() -V(z) > A7 —2), V2 € R} (6.10)
Observe that for all z and A,
V(z) + V*(\) =2 < X € 9V (z). (6.11)

Finally, we denote by conv(V') the convex envelope of V', defined as the greatest convex
and lower semi-continuous function which is smaller than V. Note that by the Fenchel-
Moreau-Rockafellar Theorem, if conv(V')(z) > —oo, then

conv(V)(z) = V**(2). (6.12)

In this chapter, the functions V' that will be used will depend on several variables, but
the Legendre-Frenchel transform, the subdifferential, and the convex envelope will be
always considered with respect to z only.
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Let us introduce the Lagrangian relaxation, for an abstract optimization problem.
We consider the following family of problems:

V(z) = 12/&1}(1 flz) st g(z) > z, (6.13)

where the space X is given, f: X — R and g : X — R are also given. Let us compute
the Legendre-Fenchel transform of the value function V. Let A > 0.

V*(A) = sup{Az— inf f(z)}

2€R z,9(z)>2

= sup sup {)\z—f(x)}

T z2<g(x)

= sup {Ag(x) — f()}
= —inf {f(2) - Ag()}. (6.14)

It can be easily checked that for A < 0, V*(\) = +o00. We call dual problem the
minimization problem in Observe that V and V* are both nonincreasing. In the
following lemma, we consider that the existence of optimal solutions to problems (6.13))
and (6.14]) is ensured for all z € R and for all A > 0. We denote by x(\) the solution to
(6.14), for a given value of A.

Lemma 6.2. Let A > 0. Then, x(\) is a solution to [6.13), with z = g(x(\)). Moreover,
the mapping A € Ry +— g(x(X)) is nondecreasing.

Proof. Let A > 0 and let = be such that g(x) > g(x())). Then,
f(@) = fa(N) + Mg(x) — g(x(N)) = f(z(N), (6.15)

which proves the first part of the lemma. Let 0 < Aj < A9, let 1 = z(\1) and z9 = z(A2),
then

f(z1) — Mig(z1) < f(22) — Arg(z2), (6.16)
f(z2) — Aag(®2) < f21) — A2g(x1), (6.17)
and summing these two inequalities, we obtain that
(A2 = An)g(@1) < (A2 — A1)g(a2), (6.18)
which concludes the lemma. O

Dynamic programming Let us go back to our stochastic optimal control problem.
Let us first introduce some notations. Let j € {0,...,T'}, for all £ > j, we denote by Fj
the o-algebra generated by §;11, ..., {x and we denote by [F; the associated filtration. We
denote by U; the set of F;-adapted control processes (uk)k:j,___,T. Finally, for all x € R,
for all w € U;, we denote by (Xg’x’u)k:jwj the solution to

{ngl“: FXD5" up, &), Yk =4, T =1,

X g, (6.19)
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Note that X7 is F;-adapted. For all j € {0,...,T}, for all z € R", and for all z € R,
we set

Viw,) = min B[6(X}"")| Fyr), (6:20)
uet;
st E[g(X25") | Fir] > 2. (6.21)

Note that for all j and all , Vj(z,-) is nondecreasing.

Lemma 6.3. Let z € R, j € {0,...,T}, z € R" and u € U;. Then, the constraint ([6.21])
holds if and only if there exists an Fj-adapted martingale (Zy)g=j, .. T satisfying

Zj=z and Zp< g(Xglm’“). (6.22)
Proof. Assume that an [F;-adapted martingale Z satisfying ([6.22)) exists. Then,
E[g(X3"") | Fir] > E[Zr | Fir] = Zj = 2, (6.23)
and (6.2I]) holds. Conversely, assume that (6.2I) holds and define
Zi = Blg(X3"") | Fii] — (E[g(X5")] - 2). (6.24)
Clearly, Z is an adapted martingale and (6.22]) holds. O

The following proposition states the dynamic programming principle associated with
our problem and shows that the Legendre-Fenchel transform of the value function also
satisfies a dynamic programming principle.

Proposition 6.4. The value function Vj(x,z) satisfies the following relations:

Vir(z,2) = { ¢(z) if g(x) > 2, (6.25)

400  otherwise,

Vi(x,z) = weu HZlf; - sz ]+1 (z,u,1), z ) Vji=0,...T—1. (6.26)

Z{ 1 Pizi==%

Gwen j and x, for all w € U; and all adapted martingale Z, u is an optimal solution
and Z satisfies [6.22)) if and only if for all j <k < T, (ug, Zr+1) is a solution to (6.20)
with probability 1.

Moreover, the Legendre-Fenchel transform of the value function satisfies for all A > 0

Vi(z,A) = g(2)A — ¢(x) (6.27)
Vi(x,\) = 31615{21)@ ]H f(x,u,i),)\)}, Vj=0,..T—1. (6.28)

For all X <0, Vj(z,\) = 400
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Proof. The first part of the proposition (relations (6.25) and (6.26])) is classical and
follows directly from Lemma Relation ([6.27) follows from the definition. Finally,
let us prove ([6.28). Let j € {0,...,T — 1}, let € R™. Then,

Vi (x,\) = sup {)\z — ueUlnf {Zp, a(f(z,u,d), 2 )}} (6.29)

z€R
i 1Wz z
- sw {Zp@ Nei = Vi (F(@,u,0),2)) | (6.30)
u€l, (z;);€RI
and relation (6.28) follows. O

Remark 6.5. 1. Relation (6.28]) is an extension of the following well-known property:
the Legendre-Fenchel transform of the inf-convolution of two functions is the sum
of the transforms of these two functions.

2. By (6.14), V;*(x, ) is the value function associated with the following cost (which
is mazximized):
E[g(Xz"")A = o(X5"")]. (6.31)

Relation (6.28)) is nothing but the dynamic programming principle associated with
this new cost function.

6.2.2 Relaxation

Formulation We consider a relaxed version of the previous problem, which is natural
in the framework of stochastic problems with an expectacion constraint. The value
function that we obtain is the convex envelope (with respect to the variable z) of the
value function of the unrelaxed problems. Therefore, the dynamic programming principle
satisfied by the Legendre-Fenchel transform of the value function can be used.

Let us consider a supplementary sequence ((;);j—o,...,7—1 of i.i.d. variables with com-
mon law the uniform law on [0,1]. The dynamic of the state variable X is unchanged.
At time j, before taking a decision u;, the player is allowed to observe (; and its decision
may depend on (j. The expectacion constraint is now seen in the o-algebra generated
by the random processes (§;); and ((;);. The new decision process is as follows:

xo — observation of {y — decision of ug — observation of & — x1 — ...

xj — observation of (; — decision of u; — observation of ;1 — z;11 — ...

Let us give a more precise description of this process. In this section, the superscript r
will stand for “relaxed”. At time j, the “~” symbole will be used for the mathematical
objects defined after the observation of ;. For all j € {1,...,7 — 1} and for all k£ > j,
we set
{ Fik = 015 6 Gy wovs Gm1), (6.32)
‘F;,k = O'(§j+1, ---7§k7 Cj, ceuy Ck)
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and we denote by [F; and IF‘; the associated filtrations. We introduce a third filtration,
defined by

G) = (Figs Fiin s F s oo Fir)- (6.33)

We denote by L{]’»r the set of F;—adapted control processes (uy) k=j,...,.T—1 With values in U.

For all u € U} and all x € R", we still denote by (X]z;’x’u)k:j7___7T the solution to (6.2)),
which is an F;—adapted process.

Dynamic programming We introduce a new value function:

Vi(z,2) = gég; E[¢(X7"") | Fir], (6.34)
s.t. E[g(Xp™") | Fip] > =, (6.35)

where the expectancies are considered in F; ;.

On figure[6.1], we give an example of a relaxed value function. The shape of this graph
is typical of a chance-constrained optimization problem, where the set of random events
is discrete. On this figure, the different probabilities that can arise are: 0, 1/3, 2/3 and
1. For the probability 1/2, the optimal control for the unrelaxed problem necessarily
ensure a probability of 2/3. The optimal control for the relaxed problem uses the two
optimal controls associated with the levels 1/3 and 2/3, both with probability 1/2.

V(z) V'(z)
A A
t t —> Z } t —> Z
1/3 2/3 1 1/3 2/3 1

Figure 6.1: Example of a relaxed value function, for a chance-constrained problem.

We also need an intermediate value function, defined for all z € R", z € R and
s € [0,1] by
- 1 - E Xj?xvu J—
‘/jr(,l?, 2, S) _ Ny 1y [(b( "{x u) ‘ Cj S:| (636)
st. E[g(X3"")[¢ =5] > 2.
Actually, this value function does not depend on s, therefore, we will always write

f/jr(x, z) in the sequel. Note that V; and f/jr are both nondecreasing with respect to z.
Moreover, for all j, for all z € R™ and all z € R",

Vi(z,z) < f/jr(x,z) < Vj(z, 2). (6.37)
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Lemma 6.6. Let j, z € R, z € R", u € U;. Then, the constraint ([6.35]) holds if and
only if there exists a G}-adapted martingale (Zj,Zj, Zjs1, ..., Z1) which is such that

Zi=z and Zr <g(X3"") a.s. (6.38)
The proof of this lemma is similar to the one of Lemma The following lemma is
the dynamic programming principle associated with the relaxed problem.

Lemma 6.7. The value function Vj”(ac, z) satisfies the following relations:

Vi(z,2) = { o) ifg(@) 27 (6.39)

400  otherwise,

f/jl"(g;,z) = 1nf { sz ]Jrl (z,u,1), z )}, (6.40)

w€l, (2;);€ER!
27{ 1pzzz z

Vi(z,z) = conv(f/f)(x, 2) (6.41)

Vj=0,..,T —1.

Moreover, the Legendre-Fenchel transform of Vi satisfies the same relations as Vj*, for

all A > 0:

Vi (@, A) = g(@)A — ¢(x) (6.42)
VI (@, \) = sup { Zpl fiel f(x,u,i),)\)}, Vj=0,..T—1. (6.43)

Proof. Let us prove the first part of the lemma. Equations (6.39]) and (6.40]) are obtained
with Lemma We also obtain with Lemma that

1
Ve = _inf /O ¥ (2, 5(s)) ds, (6.44)

fol Z(s) ds=z

which proves (6.41]).
Let us prove the second part of the lemma. Relation (6.42]) follows directly from

(6.39). Similarly to the proof of Lemma [6.4] we obtain that

ijr *(x,A) = sup { sz ]+1 (f (2, u,i), ) } (6.45)

uelU

Since a function and its convex envelope have the same Legendre-Fenchel transform, we

obtain (643)), with (6-41]). O

Remark 6.8. 1. The dynamic programming principle associated with V. " (x, \) does
not involve a dynamic on A. In other words, for two prescribed A\ > 0 and Ao >
0, the functions (j,x) er’*(x,)\l) and (j,x) — er’*(x,)\g) can be computed
independently. This property is strongly linked with the fact that the sensitivity
with respect to the variable z is constant over time, as we show in Proposition

671
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2. As a corollary of Lemma [6.7, we obtain that V;(x,)) and er’*(x,)\) are equal.

Therefore,

Vi = conv(Vj).

(6.46)

This also means that if the relaxed problem starts at time j, the player can choose

a control u which is at any time k > j a function of (j,&;, ..., &k-

Consequences of the dynamic programming principle We study now two im-
portant consequences of the dynamic programming principle satisfied by er’*. We prove
in Proposition that the sensitivity of the value function with respect to the level z
is in some sense constant over time, for an optimal control. We also prove in Proposition
that a feedback control obtained by solving the dual problem ([6.43]) provides an
optimal control, for an a priori unknown level z. We start with two technical lemmas.

Lemma 6.9. Let j € {0,...,T — 1}, z € R", A >0, z € R, and z € L'([0,1]) such that

fol Z(s)ds = z. Consider the three following statements:

(S1) X € 9Vj(xz, 2), (52)Z is a solution to ([6.44), (S3) A € 3‘7;(1',2(8)),@.8.

Then,
(S1) and (S2) <= (S3) .

Proof. Let us set

A= Xz =V (@A) = [ (AE(s) = VI (x, 1) ds,
B= Vi(z,z),
C = fol ‘7;(1',2(8)) ds.
Then, by (6.9), A < B < C and by (6.11)),
(S1)<= A=B, (52)<=B=C, (S3)«<=A=C.

The lemma follows.

Lemma 6.10. Let j € {0,...,T}, x e R", u e R™, A >0, z € R, and (z;)i=1

that Zi[:1 pizi = z. Consider the following four statements:
(S1) X € 0V} (x,2)

(S2) w,z1,..., 21 is a solution to (G.40)

(S3) w is a solution to (6.43))

(S4) XN € OV} (f(x,u,i),2i), Yi=1,...1

Then, the following equivalence holds:

(S1) and (S2) <= (S3) and (S4).

(6.47)

(6.48)

(6.49)

O

...,1 such

(6.50)
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Proof. Let us set

A= 2\ VIt (@, A) = 2A = V)7 (2, A)

= Vi(z,2)

o - ) (6.51)
C= Zi:l pl()‘zl - ij-;—l(f(x’uﬂz)? A))
D = 21‘1:1 pi‘/jr+1(f($, u, Z)? Zi)‘
It easy to check that
A<B<D and ALZC<D, (6.52)

as a consequence of the general relation (69) and of the non-optimality of u, 21, ...z5 in
problems (6.40) and ([6.43]). Moreover, by (6.11]), we also obtain that

{ (S1) <= A= B, (S2) < B=D, (6.5
(S3) <= A=0C, (S4) <= C = D.
Combining (6.51)), (6.52), and (6.53]), we obtain that

(S1) and (S2) <= A=B=D<= A=C =D <= (S3) and (S4) (6.54)
and the lemma follows. O

Proposition 6.11. Let j € {0,...,T — l}, x € R", z € R, let u € U; be an optimal solu-
tion to problem (6.34)-G30), let (Z;,Z;, ..., Zr) be a Gj-adapted martingale satisfying
(6.38). Finally, let A € OV} (x,2). Then,

A€ AVE(X]™™, Zy), as. and € OVEL(XLT, Ziyr) Vhk=j,..,T —1. (6.55)

Proof. Let us prove the property for k = j. By Lemma [6.9 and Lemma [6.10] (the = of
(6:47) and (6.50)), we obtain successively that

A€ IVI(XIT Zy) and A€ OV) (XIH", Zjt), s, (6.56)
We have proved the lemma for £ = j. The general result follows by induction. O

Proposition 6.12. Let j € {0,...,T — 1}, z € R", let w € U; and let A\ > 0. Assume
that for all k, uy, is a solution to problem (6.43)), where x = X]™". Let

2 =E[g(X5"")], (6.57)

then w is an optimal solution of problem (6.34)-([638), and since it is not relazed, it is

a solution to (6.20))-(6.21)).

Proof. Let us define the Gj-adapted martingale (Z;, Z;, ..., Zr) as in Lemma By

6.39),
OVr(z, g(x)) =Ry, (6.58)
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therefore, by (6.38]), '
\ € QVE(XE™, Zp) (6.59)

and by Lemma [6.10] (the <= part of (6.50])), we obtain that (ur_1, Z7) is a solution to

problem (6.40]) and that . ‘ .
N e VR (XE® Zr_y). (6.60)

By Lemma (the <= part of (6.47)), we obtain that Z7_; is a solution to problem

(6:44]) and that '
A€ Vi (X35, Zr-). (6.61)

By a backward induction, we obtain that for all k =T — 1, ..., 5, (ug, Zr+1) is a solution
to problem (6.40]), which proves that w is an optimal control. O

Note that this result is also a consequence of Lemma [6.2] which also implies that if
u1 and ug are two optimal strategies for the penalized problems with 0 < A\; < Ao, then

E[g(X5""2)] > E[g(X5"")]. (6.62)

6.2.3 Application

Let us go back to the resolution of problem (6.3])-(6.4]) and its relaxed version. Consider
a mapping v : A — v(j,z,\) € U which is such that for all j, z, A > 0, v(j,z, ) is a
solution to (6.43]). This mapping may not be uniquely defined. We consider then the
mapping A — u(A\) € U which is such that for all A, for all j,

wi(A) = v(j, X370 N), (6.63)
It is clear from Proposition that for all A > 0, u(\) is an optimal control for

problem (6.3))-(6.4)), with an undefined level z. Let us consider this level, that we denote
by Zy(zg, A) and define by

Zo(wo, N) = E[g(X %m0 ). (6.64)

This level can be computed with a dynamic programming approach, by introducing the
function Z;(x, A), solution to:

Zr(z,\) = g(x) (6.65)
1

Zj(x’)‘) = ZpiZjJrl(f(x’U(jax’)‘)’i)’)‘)' (6'66)
i=1

As we already mentioned, the mapping A — Z;(x, \) is non-decreasing.

To sum up, we are able, for all A, to compute V*(0,zp,\) and to compute an op-
timal control associated, which is optimal for a certain level Z(0,zg, ), which is a
non-decreasing function of A\. Therefore, to solve the problem for a given level z, it
suffices to solve the equation:

ZQ(.%'(), )\) =z, (6.67)
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with unknown variable A, with a dichotomy method (for example). Of course, this
equation does not have solutions if there is a duality gap, that is to say, if Vy(zg,z) >
Vi (xo, z). Indeed, in this case, there will exist a value of A, say A, which is such that

lim Zy(zg, \) < z < lim Z(0, g, A). (6.68)
ATA AA

Let us denote by 2~ and z* the two limits and by u~ and u™ two optimal control
strategies associated. In this situation, a relaxed optimal control for the value z by
using v~ with probability (27 — z)/(2* — 27) and by using u™ with probability (z —

27)/(zF —27).

Let us examine the advantages and drawbacks of this method.

> The computation of V]*(x, A) is simpler than Vj(z, z), since it is associated with a
standard optimal control problem, and since the dimension of the state variable is
smaller. Of course, a certain number of iterations on A is required.

> This method cannot compute an optimal control for the unrelaxed problem.

6.3 Properties of continuous-time optimal control prob-
lems
6.3.1 Formulation of the continuous-time problem

Setting Let n, m, din N*, let T" > 0, let W be a d-dimensional Brownian motion. We
denote by F = (ft)te[O,T} the filtration generated by W. Note that in the sequel, all the
statements concerning random values are valid almost surely, unless otherwise specified.
Consider the following dynamic for the state variable X € R™ on [0, T

{ dXt = f(Xt, Ut) dt + O'(Xt, ut) th, (6 69)

XOZ xT

where us is progressively measurable and belongs to a given compact U of R™. The
unique solution to ([669) is denoted (X} ")iero,r)- We denote by U the set of measurable
controls in U and we aim at minimizing the following cost function:

E[¢(X3:"")]. (6.70)
We consider now an expectation constraint:
E[g(X71) > 0] > 2, (6.71)

where g : R®™ — R is a given mapping. Like before, this constraint contains the case of
chance-constrained optimal control problems of the form:

P[h(X7) > 0] > z, (6.72)

that can be obtained by setting g = 1g, o h.
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The mappings f : R* x R™ — R" ¢ : R® x R™ — R" x R¥, ¢ : R — R satisfy the
classical regularity assumptions: there exists L > 0 such that for all z,y € R", for all
u e U,

[f (@, u)| + lo(z, u)] + |p(2)] < L(1 + |2)), (6.73)
[f(z,u) = fy,u)| + |o(z,u) —o(y,u)| + [¢(z) — &(y)| < Lly — xl, (6.74)
so that the stochastic differential equation is well-posed [101, Section 5. We assume

that for all x € R",
lg(x)] < L(1 + |=]). (6.75)

For the moment, we do not suppose that g is Lipschitz (or even continuous), so that we
do not exclude the case of chance-constrained optimal control problems. However, we
will need this assumption in Theorem [6.14]

Dynamic programming Let A be the space of square-integrable measurable pro-
cesses of dimension d. For z € [0,1], a € A, we denote by (ZP’Z’a)te[O’T] the solution
to

{ AZ = adWy( =1, of dWj), (6.76)

ZQZ z.

fEz1ed

where « is seen as a row vector in R%*. Note that Z%*¢ is a martingale.

Lemma 6.13. Let uw € U. Then, the probability constraint (611 holds if and only if
there exists o € A such that the martingale Z%% satisfies

Z95% < g(X0, (6.77)

Moreover, if g is lower bounded by say g (resp. upper bounded by say g), and if z > g
(resp. z < g), we can impose that

Zr5 > g, (resp. ZP5 < g). (6.78)
Proof. Let a be such that (€177) hold. Then, since Z is a martingale,
E[g(X3"")] > E[23%] = =. (6.79)
Conversly, assume that expectation constraint (6.71)) holds, set
20 = E[g(X™")]. (6.80)
Note that z < zy. Define the martingale
Zy = E[g(X7)|F] — (2 — 20), (6.81)
it satisfies (6.77). Let us suppose that g is lower bounded by g. Let us defined the

stopping time
T= irgf {t: Zy<g} (6.82)



6.3 Properties of continuous-time optimal control problems 185

and let us set:
Z; = Zrmin(t,r)- (6.83)

It is known that Z’ is well-defined and is still a martingale (a stopped martingale).
Moreover, it is easy to check that

Z{ < max(Z, g), (6.84)

therefore, (6.77)) still holds for Z’. The proof is the same when g is upper bounded. Fi-
nally, the control « is obtained by the martingale representation problem [101, Theorem
4.3.4]. O

This lemma allows to reformulate the problem of minimization of (6.70]) under (G.71])
as an optimal control problem with a stochastic target. For ¢, we denote by U; and A;
the subsets of U and A of controls which are independent of F;. For x and z, for u € U,
we denote resp. by (Xﬁ’w’u)se[t,ﬂ and (Z;’Z’a)se[tﬂ the solutions to (6.69) and (6.76]),
but with initial conditions X;*" = z and Z'*® = 2. We introduce the value function

V', defined by

V(t,z,z) = uigziEw(X;w)] s.t. E[g(X57")] > 2 (6.85)
= inf  E[e(X5""] st g(XB5Y) > ZpP 6.86
weli e A, [p(X7""] st g(Xp™") > Z7 (6.86)

Observe that z — V(t,z, z) is a nondecreasing function. Observe also that V' may be
infinite and that for all z, if V (¢, 2, z) < 400, then for all 2’ < z, V(¢,z,2") < 4o0.

6.3.2 Convexity

In this subsection, we prove that the value function is convex with respect to z, if g is
Lipschitz. This property is strongly linked to the relaxation technique studied in section
Let us give the main idea. Let us fix (¢, z), let u; and uz be two controls ensuring the
levels z; < z9. In a relaxed framework, we would prove the convexity by using the two
controls u; and ue with probability 1/2. In an unrelaxed framework, the idea consists
in observing the Brownian motion during a very short time, in order to decide which
control should be used.

Theorem 6.14. If g is uniformly Lipschitz, then for all (t,x) € [0,T], the mapping
z v+ V(t,z,2) is convez.

Proof. Let t € [0,T), let x € R™, let 23 and 29 be such that V(t,x,21) < +oo,
V(t,z,29) < +00, let z = (21 + 22)/2. Let u! and u? in U; be such that

E[g(X;™")] > 2 and E[g(Xk™"")] > 2. (6.87)
Let ¢ > 0. Let @! € Uyi+e be such that the two following processes:

(ul}+s)s€[0,Tf(t+€)] and (az}Jrers)sG[O,Tf(tJre)} (6.88)
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have the same law. In other words, @! is obtamed by delaying u' of . We similarly

define @2. Let p € [0,1], let w(p) be such that \/— fw(p —02/239 = p, let A, be the
following event:
Wk, — W) < Veuw(p), (6.89)
so that
P[A,] =p. (6.90)

Finally, let u® € U and let u(p) € U; be such that

a;  if A(p) is realized

u(p) = ul, Vte (t,t+e), w(p) = { -2 (6.91)

otherwise.

In short, we use control u! with probability p and control u? with probability (1 — p),
after a small delay during which we observe the Brownian motion, in order to decide
which control to use. We claim that there exists a constant C' > 0 independent of p
which is such that:

E[g(X5""P)] > pzy + (1 - p)zo — CVE, (6.92)
E[p(X5"" )] < pEIS(XE™" )] + (1 - pE[S(XE™) + CVe.  (6.93)

We will prove these estimates later. Let us suppose that zo > z1, and let us set p. =

2 — CVE/(22 — z1). It follows that

E[g(XL2P)] > %(zl +2), (6.94)
E[o(XE™09)] < 2 Blo(XE ) + BB ) +O(E).  (6.99)

To the limit when € | 0, we obtain that
1 x Ul s 'lL2
V(tz,2) < 5 (Elo(X5"" )] + Elp (X)), (6.96)

and the result follows by minimizing the r.h.s. of the previous inequality.
Now, let us prove estimate (6.92]), the proof of (6.93]) being similar. First,

tzu ~1 tzu ~2
E[g(xp" )] = pE[g(x7 7 ") | 4|+ (- pE[g (x5 ) | 4,]. 697)
Then, since g is Lipschitz,
X vt at U x,ud
Bfo(xX5 ) 4] = Bla(x5o) | 4,] + O(E[xtn — o))
— E[g(X4""")] + O(V2)
— E[g(XL™"))] + O(VE). (6.98)

These last estimates follow from classical a priori estimates for stochastic differential
equations, themselves consequences of Gronwall’s lemma and It0’s isometry. A similar
estimate holds for u? and (6.92) follows.

O
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Remark 6.15. 1. This result does not cover the case of chance-constrained problems
when g = 1g, o h. Proving the convezity (or the non-convexity) in this case is still
an open question to us.

2. The notion of relaxed controls can naturally be defined for continuous-time prob-
lems. If g is Lipschitz, relaxing does not modify the value function.

6.4 HJB equations

In this section, we give three HJB equations that are satisfied by V, its Legendre-Frenchel
transform, and by the boundary of the domain of V. Note that we only provide a formal
derivation of the equation satisfied by V', which is different from the equation provided in
[83] (for which a complete justification is provided). The control «, associated with the
martingale Z is unbounded and therefore the (true) Hamiltonian may be infinite. The
theory of discontinuous viscosity solutions enables to treat the case, but it is possible
to reformulate the problem of minimization of the Hamiltonian so that it only involves
bounded controls, as shown in [85]. This technique was also used in [79] and enabled
the authors to derive a numerical scheme.

Note that in this section, the partial derivative with respect to time is denoted by
0V and the first- and second-order partial derivatives with respect to z are simply
denoted by DV and D?V. We never differentiate the Legendre-Fenchel transform V*
with respect to A.

6.4.1 HJB equation for the value function
We denote by M; the set of symetric matrices of order j. For p € R™ and Q € M, 1,

with
o=(6F &) (699

where Qo € My, Q. € R, Q.. € R, we define the physical Hamiltonian of the problem
by

HX (u,2,p, Qua) = pf(z,u) + %tr [a(x,u)a(x,u)TQm] (6.100)
and the Hamiltonian by
H(U, o, T, P, Q)
-
= oo + g | (T el g, (6.101)

where tr is the trace of a matrix. Observe that the two Hamiltonian are independent of
2. We use the terminology physical Hamiltonian to emphasize the fact that HX is the
Hamiltonian associated with the physical variable X which would have been used in the
absence of probability constraint. Finally, we define the true Hamiltonian by

H*(x,p,Q) = Jrel(ffalerﬂlgfd* H(u,o,z,p,Q) (6.102)
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We also define for future reference the true physical Hamiltonian
HX’*(x,p, Quz) = in(f} HX(u, z,p,Qzz). (6.103)
ue
We can write the Hamiltonian as follows:

H(u’ a, T, P, Q) = Pu,x,p,Q(a), (6104)

where

Pluap)(@) = A+aB+|a]*C/2 (6.105)

is a polynomial of degree 2 with coefficients A € R, B € R%, C € R depending on
(u,z, z,p,Q) and defined by

A:=H*(u,2,p,Qzz), B:=0(z,u) Qu., and C:=Q... (6.106)
Given (u,z,p,Q), the infimum of P, , , oy with respect to a € R is given by
AC —|BJ?/2
% ifC >0, AifC=0and B=0, —oo otherwise. (6.107)

Therefore, given (u,x,p, @), the minimum of the Hamiltonian w.r.t. « is given by

HX(U7 z,D, Qxx)sz - ‘0'(-%'7 U)TQJ;Z‘Q/Q

if Q.. >0,
QZZ
HX(u,x,p, Qzz) if Q,, =0 and J(m,u)Tsz =0,
—00 otherwise.

(6.108)
The approach of [102] consists in describing the domain of the true Hamiltonian H* with
a nonnegative continous function G(x, p, Q) which is such that

{H"(2,p,Q) > —o0} <= {G(z,p,Q) > 0}. (6.109)
Then, the HJB equation is given by
min { H*(z, DV, D*V); G(z, DV, D*V))} = 0.

For the problem with an expectation constraint, there does not exist (in general) any
continous function describing the domain of the Hamiltonian and therefore, this approach
cannot be adopted. However, it seems reasonable to impose the convexity with respect
to z of the value function in the HJB equation, in view of Theorem [6.141

We denote by Sy the unit sphere of R4! and we set

S5 ={8€8;: >0} (6.110)
Let us denote by P; and P, the following subsets of R+

Pa={B€RM : g1 =1}, Pa=PyU{BESs: B =0} (6.111)
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Recall the definition of the coefficients A, B, and C, given by (6I06). For ¢ € R,
consider the (d + 1)-dimensional symmetric matrix M (¢, u,x,p, Q) defined by

(+A|By/2 By/2
B1/2

M(¢ u,z,p,Q) = (C/2)1d,

Ba/2

C—FHXU.%']),QWC ‘0' sz/Q
B ( Q:vz/2 ‘ sz/2 Idd '

(6.112)

where Idg is the identity matrix of size d. Observe that for all o € R%, setting 8 =
(17 a)T S Pdv
(+ Puap(a) = BT M u,2,p,Q)B. (6.113)

Note also that if Q.. > 0,

(C + HX (uax,p, Q:m:))sz - |0‘(£U,U)TQ:BZ|2

det(M(C,u, z,p,Q)) =

4
_ sz
= min {¢ + P p0) (@)} - (6.114)
OéeRd*
For M € My,1, we denote by A~ (M) its smallest eigenvalue. Note that
A~(M) = min {ﬁTMﬁ}. (6.115)
BeSt
For the HJB equation, we propose, following Bruder:
oV + HX (u,z,p,V, ‘a TV, /2
mingey < A~ =0
olw,w)Vae/2 | 22/2 )Idg
(6.116)
if z <
V(T’sz) — ¢(x)’ o=z — g(l‘)?
400, otherwise.
This formulation of the HJB equation is motivated by the following lemma.
Lemma 6.16. Let ¢ € R and (u,x,p, Q). Set
K= min{ min {H(u, o, z,p,Q); Qzz} }, (6.117)
a€cR*

the following equivalence holds:

K=0<—= A (M(,u,x,p,Q)) = 0. (6.118)
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Proof. Let us fix ¢ and (u,z,p, Q). For simplicity, we write M = M ({,u,z,p, Q). The
mapping p : 8 € P — p(B) = B/|8| € S is a bijection which is such that for all
BePy,

BTMB >0« p(B)" Mp(B). (6.119)

Moreover, by (6.104]) and (6113]),

. _ . T o . T
a@ﬁi{umu,a,x,p,@)} —Brg;% {8TMB} and sz—grgilgg{ﬁ MB}. (6.120)

It follows that
K = min {8T M3} (6.121)
BePS

Combining (6115), ([€I19), and (6I2I) and using the fact that p is a bijection, we
obtain that

K>0«<= A (M)>0. (6.122)

Now, if K =0 and @,, = 0, then any 5 € S5 with 81 = 0 belongs to the kernel of M.
Assume that K = 0 and Q.. > 0, then (+ P, ;5 0)(«) reaches its minimum, thus equal
to 0, at say @ and therefore, by (6.113)), (1, @) belongs to the kernel of M. Using (6.122)),

we obtain that
K=0=A"(M). (6.123)

Conversely, assume that A™(M) = 0. Let B = (B Lﬁ_g)T be a nonzero element of the
kernel of M. If f; = 0, then Q,, =0 and K = 0. If §; # 0, then & = 2/ is such that
¢+ Pluzp)(@) =0 and thus K = 0. We have proved that

A (M)=0= K =0. (6.124)

The lemma is now proved. O

6.4.2 HJB equation for the Legendre-Fenchel transform

We give here the HJB equation satisfied by V*(¢, 2z, A), the Legendre-Fenchel transform
of V' with respect to A, for A > 0. As we explained in Section [6.2, V*(¢, x, ) is the value
function associated with the unconstrained maximization of

E[g(X5")\ — (X p5)]. (6.125)

Therefore, the HJB equation is the following:

(6.126)

VAT, 2,0 = g(2)A — ()
OV*(t,x,N) = HY*(z,—DV*(t,z,\),—D?*V*(t,z,N)).
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6.4.3 HJB equation for the highest reachable level of probability

A possible approach for computing the boundary of the domain of V' (¢, z, z) consists in
computing the highest reachable level, denoted by ¥(¢,z) and defined by

U(t,z) = sup {z : V(t,x,2) < +oo}
z€R

= sgg{) {E[g(X;x’u)] b (6.127)

The HIB equation satisfied by ¥(¢,x) is the following:

V(T x) =
T;2) g(xi , (6.128)
OV (t,x) = HY*(x,—DVY(t,x), —D*VU(t, x)).
Lemma 6.17. Lett < T, let x € R" and z = ¥(t,x). Let u € Uy and o € Ay be such
that
E[g(XfF’x’u)} =2z and ZEP < g(XEPY). (6.129)

Then, for all s > t,
Z;,z,a — \I’(S, Xg’x’u)- (6130)

Proof. We only give some elements of proof. Note first that (6.129]) must necessarily be
an equality. The dynamic programming principle satisfied by ¥(¢,x) is the following:
for all stopping time 7 > ¢,

W(t,2) = sup {E[@(T, XEm0)] } (6.131)

Then, v is optimal for (EI3I)), therefore ¥(s, X2™") is a martingale. Combined with
the equality in (6.129]), we get the result. O

6.5 Numerical methods

In this section, we propose some numerical schemes for the resolution of stochastic
optimal control problems with an expectation constraint. Our approach consists in
discretizing the dynamic of the physical state variable X with a controlled Markov chain,
as it is usually done for the semi-Lagrangian scheme and the finite-difference scheme,
and to solve the constrained problem associated. For each type of discretization, two
approaches are possible: one based on dynamic programming, the other one based on
Lagrangian relaxation. The approach using Lagrangian relaxation is of course justified
in so far as the initial continuous-time problem is convex with respect to z (at least if g
is Lipschitz).

To simplify the presentation of the schemes, we suppose that = is of dimension 1.
Let us introduce some notations:

> K > 0, so that the state space is reduced to [—K, K]
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> M; + 1, the number of discretization points for the time variable
> o0t =T/M,
> 2M, + 1, the number of discretization points for the space variable
> dx = K/M,
> M, + 1, the number of discretization points for the variable z.
We use the following discretized variables:

> j € {0,..., M}, the variable associated with the time variable ¢

> k€ {—M,,...,M,}, the variable associated with the space variable x.
We will sometimes write f(u, k) instead of f(u,kdz) and we will use the same convention
for o, ¢ and g.
6.5.1 Semi-Lagrangian schemes

Discretization of the problem The discretization of X is naturally obtained by
discretizing the Brownian motion. Let (£i),~:17...7d+1 be a family of R? and (Pi)i=1,...d+1
be a family of [0, 1] such that

d+1 d+1 A d+1 o
Yopi=1, ) p& =0, and Y pg(€)" =1da. (6.132)
k=1 k=1 k=1

For d = 1, we can take p; = ps = 1/2 and ¢! = 1, €2 = —1. For k = 2, we can take
p1=p2 =p3=1/3 and

&=(0,v2)", €=(-v2/2,v6/2)T, and & =(-v2/2,-V6/2)". (6.133)
We consider now M; i.i.d. random variables in ]Rd, (&) j=1,...,m,, with the following law:
Pl =& =pi, Vje{l,..,M}, Vie{l,..,d+1}. (6.134)

We consider the same filtrations as in Section and for all j, we define the space U;
of IFj-adapted controls. A first level of discretization of X is given by:

Xiyy = X} + flug, X;)8t + o (uj, X;)€V/5t. (6.135)

However, the variable X is still continous on R and we would like to ensure that the
approximating Markov chain evolves on a countable subset of R. We consider here:
0xZ = {kéx : k € Z}. If after the first step, the state takes the value x, we consider
that it goes to the states

L%J dx with probability 1 — {i}a

(L%J + 1) dx with probability ﬁ}, (6.136)
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where {y} is the decimal part of y and where y = |y| + {y}. Finally, the discretization
of the state variable is given for all e = 1,...,d by

P[X} ) = [ki|ox| X} = kox] = pi(1 — {ki}),

PIX3 = (Lki] +1)02 | X} = kéx] = pifki}, (6.137)
where 4
P A C L +5‘;(“j’ REVat (6.138)
We let the reader check with (6.132]) that
E[X},, — X} | X}] = fluy, X})ét, (6.139)
Var[ X}y, — XP | XY = o(uj, X2 )o(uj, X2) 6t + O(62?), (6.140)

which proves the consistency of the approximation.
We can now define the discretized value function:

Min E[¢(X3 k0w
Vj7k(z) = u€l; [¢( ]:[; )] (6.141)
s.t. E[g(X%}It ] > =

The associated dynamic programming principle is given by

o(k) if g(k) = 2,
400  otherwise,

Vi, k(2) = {

Vin@) = inf { S pi (0= (kD Vs () + Dk} Vi o (20)

(zf)iGRd'H,
(27 )i€RITL

where k; = k + (f(uj, k)ot + o (uj, k)E'V/dt) [,
st S pi (1= {ki})z + {ki}z) = =

\

(6.142)
The dynamic programming principle associated with the Legendre-Fenchel transform
Vik(A) is given for all A > 0 by

Vi sV = 9(k)X = 6(k)
Vi) = sup { S pi (0= i)V s O) + 1V g a () -

where k; = k + (f(uj, k)0t + o (uj, k)&/5t) /5.
(6.143)
Note that the dynamic programming principle satisfied by V]Tk()‘) corresponds to
the one that we would have obtained by writing the semi-Lagrangian scheme associated
with V*(¢,2z,\), we observe a commutativity property between the discretization and
the Legendre-Fenchel transformation.
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Application Two approaches can be used to solve the problem, as we mentioned : the
first one consists in computing V; 1 (2), the second one in computing T/]’fk()\) for a certain
number of values of A, so that we find an optimal strategy for the required level z. Let
us make a few comments on these approaches.

> The method can be extended to the case when z is multi-dimensional.

> Both approaches suffer from the curse of dimensionality: the complexity of the
algorithm increases exponentially with n.

> We must bound the state space. A simple approach consists in projecting the
coefficient k; on [—M,, M,] in the dynamic programming principles.

> For the computation of Vj;(z), we must discretize the variable z and we must

ensure the constraint:

d+1

S pi((1 = {kiD)zi + (ki) = = (6.144)

=1

in a consistent way. Moreover, we must take into account the fact the value function
can take the value +oo. We discuss this specific point in subsection [6.5.3]

> The set of controls, U must be discretized, and the minimization problem in the
dynamic programming principles can be solved by enumeration.

6.5.2 Finite-difference schemes

Dicretization of the problem Like previously, we discretize the dynamic of the
variable X with a controlled Markov chain. The discretization is obtained by discretizing
the Hamiltonian of the system. Let us define

[f(u, k)0t |o(u,k)*ot

k,0)=1-—
p(u, k,0) S 52
fHu, kYot |o(u, k)|t
1 =
p(u7 ka ) 6,17 + 26372
—f(u, k)6t |o(u, k)|*0t
k,—1) =
p(u? Y ) 5.%. + 251’2 Y
where 27 = max(z,0) and £~ = min(z,0), so that z = 27 + 2~ and |z| = 2T —2~. The
controlled Markov chain is defined by
P[ = Xj =q0z | X = koz] = p(uj, k,q), Vg€ {-1,0,1}. (6.145)

This chain is well-posed if the following CFL condition holds true:

[ flloodt < 302 and  ||o||oobt < 3622, (6.146)
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where || f|loco = sup,, |f(u,z)| and ||o|cc = sup,, |o(u,z)|. Observe that the approxi-
mation is consistent in so far as

E[X}y — X' | X} = kox]| = f(uj, k)ét (6.147)
Var[ X}, | — X | X! = kéx] = o(uj, k)o(uj, k)6t + o(6t). (6.148)

We can now define the discretized value function:

Min E [¢(X7Fomu
Vi(z) = ¢ v 1 ]Z;m ) (6.149)
s.t. E[Q(X%}[t ] >z

The associated dynamic programming principle is given by

V =
Mt,k(z) { +oo otherwise,

Vik(z) = ulgé { 23271 p(u, k, Q)‘/}+1,k+q(2q)}7 (6.150)

z_1,20,21€[0,1]3,
211]:71 p(uyk7Q)Zq:z
Vj € {0, ..., M; — 1}.

The dynamic programming principle associated with the Legendre-Fenchel transform

Vi (A) is given for all A > 0 by

Vir k(A = g(k)A — o(k)

V(A = sup { S g1 P(us k, Q)Vjil,kJrq()‘)}? (6.151)

Vj € {0,..., M, — 1},

Note that the dynamic programming principle satisfied by V]*k()‘) corresponds to the
one that we would have obtained by writing the finite-difference scheme associated with
V*(t,x, \).

Application The same remarks as for the semi-Lagrangian scheme can be made. Note
however that the extension to the multi-dimensional case is more complex: let us mention
the generalized finite-difference approach of [80, 81].

6.5.3 Possible approaches for the dynamic programming method

We discuss now some possible approaches for the discretization of the variable z in
Vjk(2). The semi-Lagrangian scheme and the finite-difference scheme can be summarized
as follows:

Vik(z) = inf Wi (2, u), (6.152)
ue
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where

Wijn(z,u) = sz (i, ). (6.153)
(zz)z 1 M,Ne 0 1

S pi(u)zi=z

Let us fix j, k, u, and let us focus on the solving of problem (6.I53]). We do not mention
anymore the dependence with respect to j, k, and u and write W (z) and W (z;,¢) instead
of Wj 1(z,u) and W; (2, u, ).

The mapping W (z) can be computed recursively. For all r € {1,..., N}, we set:

Po=>p; and W.(z)= inf 7 Zpl (2i,1). (6.154)

T (zz)z 1 m,re[o 1]
=1
PT D im1 Pizi=%

Note that Py = 1 and Wi (z) = W(z). Moreover, for all r € {1,..., N},

Wenalz) = inf {PTWT(Z_)+ pr+1W(z+,r—|—1)} (6.155)
Prz*il—prﬂz’*:z

— inf {PTWT(Z_) + me(

P
ET 4 1)} (6.156)
z~€[0,1] p

A

Let us consider a discretization of [0,1]: Z = {0,1/M,,2/M,,...,1}, where M, is a
given integer. Let r, let us suppose to have computed an approximation of W,.(z) for all
z € Z. We compute an affine interpolation of W,.(z) on [0, 1]. Note that for the highest
values of z, the problem may be infeasible. We can compute then an approximation of
W41 with (6I50), by enumerating all the values of 2z~ and z in Z. Finally, we obtain
an approximation of W (z) with O(NM?) operations. Of course, many variants can be
considered and we do not give a more complete justification of this approach.

6.6 Numerical tests

In this section, we present numerical results for a simple chance-constrained stochastic
optimal control problem, for the semi-Lagrangian method.

6.6.1 Description of the problem
Setting We consider the dynamic:

where the control u; belongs to U := [0,1] for a.a. t. The value function is

T
V(t,z,2) =Min E| [ w2dt| st. P[X3"" >0] > 2 (6.158)
uEUL t s
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Boundary The boundary is described by the highest reachable probability

U(t,z) = sup {z V(t,x,2) < —1—00}
z€[0,1]

= sup {P[X;:$’u > 0] }.
u€U

(6.159)

For this simple example, we can compute explicitely ¥, since this highest probability is

reached with a constant control equal to 1. Therefore,
1 (z+T—1) /T -
U(t,x)=P\Wr_y > —(x+ (T —1t :—/ e de.
( ) [ T—t ( ( ))] \/ﬂ -

The HJB equation is the following:

\I/(T,x): 1R+(.%')
—0,¥(t,x) = DVU(t,x)+ +D*V(t,z).

Note that
V(t,z,Z(t,x)) =T —t.

The semi-Lagrangian scheme is given by

4
1 k>0
Yo,k = {

0 otherwise ,

Wik = {510 = Dy + o050 1)
+5 (1= {k2 )Wt ko) + {R2} W1, [y 41] },
where: ky = k + (0t + \/6t)/oz,
ko =k + (6t — /ot) /o

\

For this example, we are also interested in:

o(t,z) = sup {z: V(tz2) =0}
z€[0,1]

= P[X"" > 0],

where wug is the control process constant and equal to 0. The explicit value is

1 a/VT—t

(6.160)

(6.161)

(6.162)

(6.163)

(6.164)

(6.165)
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Discretized value function The discretized value function, with the semi-Lagrangian
scheme, is given by

( 0 if £ > 1r (k)
Vi i(2) = e
Mt,k‘( ) { +o0o  otherwise ,
Vik(z) = [oilr}lf —/+{% (1 =k DV o) (1) + RV g (1)
uel|0,1}, 2z, /5

5[0 = Tk D)V aay () + (e} Vi raa (5)]
where: ki = k + (udt + V/t) /o,
ko = k 4 (udt — \/6t) /6,

\ st 3((0 = {kD)zr + {ki}z + (1= (ka2 + {ko}2f) = 2.
(6.166)

Legendre-Fenchel transform The Legendre-Fenchel transform is given by
Vit z,\) = sup (Az—V(t,x,2))
z€[0,1]

T
— Min E[ / wldt — 1, (X;”*“)] (6.167)
uEU t

The HJB equation is the following:

{ VH(T,z,\) = Mg, ()

. (6.168)
=0 V*(t,x) = supyepq) {uDV*(t, 2, A) + 5D*V*(t,z,\)}.

The semi-Lagrangian scheme is given by

A ifk>0
o= |

0 otherwise ,

V(A = supyepo,] {% (L= R DV oy V) RV 2 V)] (6.169)
[ = eV} oy ) + TR}V ey V]
where: ky = k + (udt + \/6t) /o,
ko = k 4 (udt — \/6t) /6.

6.6.2 Results

Parameters We present in this part some numerical results for the simplified model.
The discretization parameters that were used are the following:

> Number of times steps: 20; T' = 10
> Discretized control space: {0,1/5,...,1}
> Number of space steps: 40; state space: [—20, 20]

o> Number of probability steps: 40.
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Boundaries Figures[6.2]and[6.3show a representation of ¥ (¢, z) and Wo(t, z), obtained
with a semi-Lagrangian scheme.

Figure 6.2: Graph of U(¢,x)

Figure 6.3: Graph of ¥y (¢, x)

Figures and show a representation of the same functions, for ¢ = 0. The
approximation (in black) and the exact value (in clear) are compared.



200 Chapter 6.  Stochastic optimal control with a probability constraint
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Figure 6.4: Graph of ¥(0,x)
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Figure 6.5: Graph of ¥y(0, )

Value function with Lagrange relaxation In figure[6.6, we show an approximation
of V**(t,z,z) (at time ¢t = 0) obtained as follows:

sup {Az — V*(t,z,\)}, (6.170)
AEA

where A is a sampling of values of \. We chose: A = {0,1,2,...,100}.
Let us comment this graph. Three distinct zones, separated by the two bold lines,
can be distinguished. The projections of these lines on the plan (z, z) are described by

z=Vy(0,z), and z=T(0,xz). (6.171)

On the first zone, for z < ¥((0,x), we have that V(0,x, z) = 0. The second zone, where
Uy(0,z) < z < ¥(0,x), is the most interesting since the problem is feasible and does
not have a trivial solution. Finally, the last zone (in dark on the graph) corresponds to
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the zone of infeasibility for the problem. It is easy to check that for z = ¥(0,z), we
have V(0,x,z) = T, therefore, in order to represent the graph in a convenient way, we

adopted the following rules:
> We computed first the boundaries ¥ and Wy,.

> On the graph, the value function is equal to 7" in the infeasibility zone.

> For the first two zones, we used (G.170).

10

204

Figure 6.6: Estimation of (z,z) — V(0,z, z) with Lagrange relaxation

Figure shows, for all (z, z), the value of A\ which is optimal in (G.I70). This value
of A provides an estimate of D,V (t,z,z) (at time 0). This figures justifies a posteriori

the choice of the sampling A.

100
80y
|
60 ’ Il N\
403 | ‘ ;‘\H“;
I ‘ \ | / /I
204 ‘ J 1)
i :\,,\, ! | { [ |
20/ ‘ sl L / |
/ S S A ! LA w /
S ““““‘““ SR 1]
10 N e R e e W
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Figure 6.7: Estimation of (z, z) — D,V (¢, x, z)
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An optimal control is associated with all A > 0, for an a priori unknown level of
probability, that can be computed by dynamic programming. Let (z,z), we denote by
Z(0,z, z) the level ensured by the value of A which is optimal in (G.I70). In figure (6.8,
we represent (z,z) — Z(0,z,z) — z. Let us analyse this graph.

>> In the first zone (in which the optimal control is equal to 0), Z(0,z,2) — z =
Uy(0,z,2) — 2.

> In the second zone, Z(0,z,2) — z = 0.
>> In the third zone (the infeasibility zone), Z(0,z,z2) — 2z = ¥(0,z,2) — z.

Figure is another view of the same function, in the plan (z, z).

-20
0.4 o

Figure 6.8: Representation of (z,z) — Z(0,z,z) — z

10 10 02 04 06 08 1.0
z

X O

Figure 6.9: Another view of (z,z) — Z(0,z,2) — 2z
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Dynamic programming We also implemented the method by dynamic program-
ming, in which z is seen as a supplementary state variable. We follow the approach
described in subsection for the discretization of z. The discretization of [0, 1] that
we chose is: {0,1/40,...,1}. We tested two variants.

> The first one corresponds to the one described in subsection In figure [6.10
we show the difference between the obtained result and the evaluation of V** com-
puted before. Unsurprisingly, the error is the highest when z is close to the highest
reachable probability, because the discretization may prevent from attaining this
highest level. Moreover, the derivative of V' with respect to z is the highest there,
by convexity.

> The second one consists in a refinement of the discretization of the interval [0, 1].
We add a supplementary value, the highest reachable probability, that we have to
compute before. In this simple example, the value on the boundary is known and
equal to T"— t. The approximation is much better as one can see on figure

p
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Figure 6.10: Difference between dynamic programming and relaxation (with the first
method)
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Figure 6.11: Difference between dynamic programming and relaxation (with the second
method)

6.7 Study of an asset-liability management problem

We describe in this section an asset-liability management problem proposed by our
partners at EDF (Electricité de France). The goal of this problem is to constitute
an asset fund dedicated to future decommissioning and long-term radioactive waste
management. In this model, our portfolio (modelized by the variable A;) is composed
of a risky asset and a non-risky. The value of the portfolio must be greater (with a
certain probability) than the expected costs of nuclear decommissioning, the liability
L;. The model that we present is inspired of [106], see the seminal paper [100] about
asset-liability management.

6.7.1 Setting

Asset portfolio We consider a 2-dimensional Brownian motion. Let us denote by A;
the value of the asset portfolio at time ¢. This portfolio can be invested in two assets:

> a risk-free asset of value B; and return dB; = r By,

> a risky one of value S; and return dS; = Sy(udt + o dW}).

We consider a two-dimensional control variable 6 = (65, 0° ), standing for the respective
portfolio proportions invested in both assets. It satisfies § € ©, where

O:={0cR?:0%>0,0°>0, 0% +65>1, 6% <07, 05 <9°}. (6.172)

The variable are nonnegative since leverage is forbidden. The dynamic of the asset
portfolio is given by

g5 ABe | gs dS:

dA, = At< = S

) = A(10Pr + 05 dt + 050 dW}). (6.173)
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The liability value L; is also modeled with a geometric brownian motion:
dL¢ = Ly (fdt + &[py AW} + po dWY]), (6.174)

where p? + p2 = 1.

Constraint Let us denote by F; := A;/L; the funding ratio. The regulatory authority
imposes that the funding ratio remains above 1 at all time. As the market is incomplete,
this constraint can only be ensured in a probabilistic manner. This leads to consider the
following constraint on the asset-liability management optimization:

]P’( min Fy > 1) >1-¢, (6.175)
te[0,7

where ¢ > 0 is close to 0 (typically, € = 1%), but for simplicity, we consider the constraint

]P’[FT > 1] >1—-=c. (6.176)
Problem The objective is to minimize the expected portfolio management cost:
T
E[/ e PLA0F + 07 — 1)rdt], (6.177)
0

where 5 € (0,1) is the manager discount factor.

We denote by U the space of F;-measurable controls a.s. bounded in R%. For (a,l) €
R2,, for 0 = (#5,6%) € U we denote resp. by A% and L' the solutions to (EI73) and
(6174, starting at a and [ respectively at time s, with the control 6.

The problem that we consider is the following:

T
V(t.a,l,z) = min E[/ e P5 AL (9B 195 — 1)rds|, (6.178)
€ t

PALY /LY > 1) > 2
s.t. 08 + 09 > 1,
0<6B<6B 0<65 <6’

6.7.2 Properties of the value function

We discuss some basic properties of the value function V. Note first that V' > 0 and
may be equal to +0o. The value function is

> nonincreasing with respect to a
> nondecreasing with respect to [

> nondecreasing with respect to z.
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Moreover, for all u > 0, for all (¢,a,l, 2),
V(t, pa, pl,p) = uV(t,a,l,p). (6.179)
Indeed, for any control 6, for all (t,a,l) and A > 0,
Abrab — ALa8 - and LW = Lt (6.180)

and therefore
AZ’““’G/LZ’W’G - AZ’“’G/LZ’G’G. (6.181)

6.7.3 HJB equations

HJB equation of the value function In this section, we explicit the HJB equation
satisfied by V(t,a,l, z). We first make the following changes of variables : @ = In(a) and
I =1In(l), and we set

V(t, a,l, 2) =V(t et e, 2). (6.182)

The dynamic of the state variables is given by
dIn(A) = ((atBr Y05 u) — %(950)2) dt + (050) W}, (6.183)

dIn(Ly) = (,:L . %52> dt + &5 (p1 AW} + po dW). (6.184)

The physical Hamiltonian H¥ is given by

HX(t,0,a,DV,D?*V) = e 1398 4+ 95 — 1)
+ ((HBT +65u) — %(950)2)17@

+ 1[(050)2)Vaa + 20506 p1Vyg . (6.185)

and the term B(6, Va., Vi) = o (0)(Vaz, ‘N/ZZ)T involving the cross derivatives is given by

z

-~ . GSO' 5’[)1 de . GSO'V{IZ-F&pr%Z
B(H,Vaz,VlZ)_< 0 bp V)= 5oV : (6.186)

The value function V' is a solution to the HJB equation on [0,7] x R x R x [0, 1]

~ = x _ - o _ ST
min(;e@ A~ 815‘/ +~}I (fyay(}aDV,D V) B(9’~ Z,V}z) /2 —0.
B(G,V&z,WZ)T/2 (VYZZ/2)IC12

- - 0 if 2 <1g,(a—1
V(T,d,l,z)Z{ o restnfend)
400, otherwise.

(6.187)
From (G.I79]), we obtain that for all u € R,

Vit a+ p,l 4 p,2) = e'V(t,a,l,z). (6.188)
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Taking 1 = —I, we obtain that
Vit,a,l,z) =eV(t,a—1,0,2) = V(t,a—1,2). (6.189)

We denote by x the second argument of V. The relations between the partial derivatives
of V and V are given by

oV =¢€oVv, Vi= eif/x, and f/[ = ei(f/ — Vx) (6.190)
and

ra = Vg, V=€ (Vo= Vip), and Vi=e(V =2V, + Via). (6.191)
Therefore, we obtain that

e \HX(t,0,a, DV, DV)
= e PHeg8 105 — 1) + av

+ [(08r + 050 — i) — 3((050) — 20%06p1 +62)| Vs
+ %[(6’50)2 — 205061 + 52 Voo

= HX(t,0,2, DV, D*V) (6.192)
and
-t o ~ QSUV$Z + 5'p1‘7z - 5/’1sz 2 SRS
B(0,Vs.,V;,) = SIS =: B(0,2,V,,Vy.). 6.193
( ’ lZ) < UpZVz - UPZVxZ ( ’ ) ( )
Note that
(050)% — 20%06p1 + 6% = (050 — 6)% + 20°65(1 — p1) > 0. (6.194)

The value function V is a solution the HJB equation on [0, 7] x R x [0, 1]

mingee {A~ (M (8;V,0,z, Db, D?*?))} = 0.

~ 0 if 2 <1 (6.195)
V(T,z,2) = { U7 . R, (4);
400, otherwise,
where
N, OV + HX(t,0,2,Vy, Viw) B(O,V., V)T /2
Mave VD D2 — t N \"» Vb Vo, Vo ) Yy Vaz . (6.196
(9:V.8,2,V, D, D79) ( B0, V.. V,.)/2 (V../2)1dy (6.196)

HJB equation of the Legendre-Fenchel transform The Legendre-Fenchel trans-
form of V(t,a,l, z), denoted V*(t,a,l, \) satisfies the following HJB equation:

o V* = HY*(t,a,—DV*, —D?V*
{ t ( >, @y ) ) (6197)

VH(T,a,l,\) = Mg, (a—1).
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For all u € R,
V*(t,a+ p, 1+ p,\) = sup {)\z — MV (t,a,l, z)}
z€[0,1]

=e" sup {e_“)\z - V(t,d,lN, z)}
z€[0,1]

= eMV*(t, a1, Ne” pu). (6.198)

Let A and )X, taking g = In(A\/)\’) in the previous formula, we get

/

V*(t,a,l,N) = %V*(f,a +In(A/N), 1+ 1In(A/X),N). (6.199)

HJB equation of the boundary We describe here the HJB equation satisfied by
the highest reachable probability associated with the problem, defined by

W(t,a,l) = sup {V(t,a,l,z) < +00}. (6.200)
z€[0,1]

We also define the highest reachable probability without adding money,

Wo(t,a,l) = sup {V(t,a,l,z) =0} (6.201)
z€[0,1]
Note that 5 3 5 3
do(t,a,1) < U(t,a,l). (6.202)

Let us start with W(¢,a,l). The Hamiltonian is given by

(0, D®, D*®) =(0Pr + 6% — 3(6%0)?) @4 + (i — 36%)®;
+ 2[(090)2®aa + 2050601 D, + 52D (6.203)
We then set . ) . . ) .
h*(DW, D*¥) := sup h(6, DV, D*V). (6.204)
6co

The HJB equation satisfied by W(t,a,1) is
- N 1 ifa—1>0
\II(Ta d’l) = h . ’
0 otherwise, (6.205)
—0,¥ = h*(DW, D*W).
Then, observe that 3 B 3 B R B
U(t,a,0) = (t,a—1,0) = U(t,a—1). (6.206)

Like before, we denote by x the second argument of U. The relations between the partial
derivatives of W and W are given by

0¥ =00, V5=V, and ¥;=-V,. (6.207)
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and . . .
Vaag = Vuz, Vo= —-Wu, and Wyi=W,,. (6.208)
We obtain that
(0, DY, D*T) = [(6%r +6°u— fi) — 5 ((0%0)* — 52)] ¥,
+ 1[(0%0)% — 20506 p1 + 62| Uy, /2
= h(0,V,, U,,). (6.209)
and we set 3 X
h*(DV, D?¥) := sup h(f, DV, D*¥). (6.210)
0co
The HJB equation satisfied by \Tf(t, x) is
A 1 ifx>0
\II(Tvx) = hr = .’
0 otherwise, (6.211)

—0,¥ = h*(D¥, D2V).

Similarly, we obtain the equation satisfied by Wy. It suffices to change the set of controls

O in the Hamiltonian by

Oy ={0= (07,65 : 08 +0° =1}.

6.7.4 Numerical results

(6.212)

We have computed the value function with the Lagrange relaxation method, with the

following parameters:
> T =2
> r=0.03
> p=0.07,0=0.2
> i =0.05, ¢ =0.005
> p1=0,p2=1
> B =0.05
> 98 =2, 0% =2.
The parameters for the discretization are the following:
> Number of times steps: 10

> Number of space steps: 50 x 50

> Discretization of the control space: {0,1/2,1,3/2,2} x {0,1/2,1,3/2,2}
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> Sampling for the dual value: {0,1,2,...,50}.

Figure (6.12]) shows a representation of the value function for [ =1 at t = 0. The value
of V' on the boundary ¥ has been taken into account to draw the graph.

Figure 6.12: Value function at Il =1,¢ =10

Figure (6.13]) shows a representation of the highest reachable probability for [ = 1
and t = 0.
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Figure 6.13: Highest reachable probability for [ =1 and t =0
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Résumé

Cette these est divisée en deux parties. Dans la premiere partie, nous étudions des
problemes de contrdle optimal déterministes avec contraintes et nous nous intéressons
a des questions d’analyse de sensibilité. Le point de vue que nous adoptons est celui de
Ioptimisation abstraite; les conditions d’optimalité nécessaires et suffisantes du second
ordre jouent alors un réle crucial et sont également étudiées en tant que telles. Dans cette
these, nous nous intéressons a des solutions fortes. De facon générale, nous employons
ce terme générique pour désigner des controles localement optimaux pour la norme L!.
En renforcant la notion d’optimalité locale utilisée, nous nous attendons a obtenir des
résultats plus forts. Deux outils sont utilisés de fagon essentielle : une technique de re-
laxation, qui consiste a utiliser plusieurs controles simultanément, ainsi qu’un principe
de décomposition, qui est un développement de Taylor au second ordre particulier du
lagrangien.

Les chapitres 2 et [3 portent sur les conditions d’optimalité nécessaires et suffisantes
du second ordre pour des solutions fortes de problemes avec contraintes pures, mixtes
et sur I'état final. Dans le chapitre Ml nous réalisons une analyse de sensibilité pour des
problémes relaxés avec des contraintes sur I’état final. Dans le chapitre Bl nous réalisons
une analyse de sensibilité pour un probleme de production d’énergie nucléaire.

Dans la deuxieme partie, nous étudions des probléemes de contréle optimal stochas-
tique sous contrainte en probabilité. Nous étudions une approche par programmation
dynamique, dans laquelle le niveau de probabilité est vu comme une variable d’état
supplémentaire. Dans ce cadre, nous montrons que la sensibilité de la fonction valeur
par rapport au niveau de probabilité est constante le long des trajectoires optimales.
Cette analyse nous permet de développer des méthodes numériques pour des problemes
en temps continu. Ces résultats sont présentés dans le chapitrelt, dans lequel nous étudions
également une application a la gestion actif-passif.
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