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Abstract

The main objective of this work is to study the existence of Lagrange multipliers
for infinite dimensional problems under Gateaux differentiability assumptions on
the data. Our investigation follows two main steps: the proof of the existence of
Lagrange multipliers under a calmness assumption on the constraints and the study
of sufficient conditions, which only use the Gateaux derivative of the function defining
the constraint, that ensure this assumption.

We apply the abstract results to show directly the existence of Lagrange multi-
pliers of two classes of standard stochastic optimal control problems.

Keywords: Lagrange multipliers, Gateaux differentiability, calmness, metric regularity,
optimality conditions, stochastic optimal control problems.

1 Introduction
Consider the following optimization problem
min{f(z); g(z) € D}, (1.1)

where f : X —» R and g : X — Y are (for simplicity of the exposition) differentiable
mappings, X and Y are Banach spaces and D C Y is nonempty. In the case where Y is
finite dimensional the following result holds for any closed set D: if z¢ is a local solution
to (P), then there exist A > 0 and y* € N(D, g(zo)) such that

(A y") # (0,0), (1.2)

Af' (o) +y* o g'(z0) = 0. (1.3)

Here N (D, g(z¢)) denotes some normal cone to D at g(zg) (say, for instance, the Clarke
normal cone, the approximate normal cone, etc..).

The following example proposed by Brokate in [10, Section 2] shows that the previous
result is no longer true in the infinite dimensional case.

Example 1 Let X =Y = (2 be the Hilbert space of square summable real sequences.
Denote by (ex)x>1 the canonical orthonormal base of €% and consider the operator A :
02 — 0% defined by

A inei = ZQl_ixiei.

i>1 i>1
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It is easy to check that A is injective but not surjective and that the image of A, denoted
by Im(A), is a proper dense subspace of £2. As a consequence, the adjoint operator A* is
injective but not surjective. Now, let z* € £2\Im(A*) and consider the function f : X — R
defined by f(z) = (z*,x), for all x € X, where (-,-) denotes the standard scalar product
in (2. Set g := A, and D := {0}. Using this data for problem (1.1), 0 is the only feasible
point and, hence, 0 is the solution of this problem. Using that x* € ¢?\ Im(A*), we easily
check that there is no (\,y*) # (0,0) satisfying (1.3).

In infinite dimension, most of the authors have assumed that D is a closed convex cone
with a nonempty interior or that D = Dy x {0}, where D; is a closed convex cone with
a nonempty interior and {0} C R™ (see [17, 22, 30, 40, 49] and references therein). The
first result which gives a condition for the validity of (1.2)-(1.3) in the case where D is
closed is due to Jourani and Thibault [34], where it is assumed that the system g(z) € D
is metrically regular (see [14, 29] and the references therein for a systematic study of this
property). This condition is expressed metrically in terms of g and D and implies that
A can be taken different from zero. In [32], it is shown that relations (1.2)-(1.3) subsist
in the case where f is vector-valued and D is epi-Lipschitz-like in the sense of Borwein
(see [9]). In [35, 36], the authors gave general conditions ensuring (1.2) and (1.3). More
precisely, let o be a local solution to problem (P) and suppose that f and g are locally
Lipschitz mappings at zp, with ¢ strongly compactly Lipschitz at z¢ (see [34]). Denote
by dad(u, D) the approximate subdifferential of d(-, D) at u (see [26, 27]) and assume the
existence of a locally compact cone K* C Y* and a neighbourhood V of g(z¢) such that

Oad(u, D) C K*, YueVnD,

or equivalently (see [28]), D is compactly epi-Lipschitzian in the sense of Borwein-Strojwas
[8]. Then, there exist A > 0 and y* € Ry04d(g(x0), D), with (A, y*) # (0,0), such that

A4 f(zo) + 0a(y™ o g)(xo) 0.

In order to ensure the existence of Lagrange multipliers (i.e. A # 0 in (1.3)), several
qualification conditions have been considered in the literature, including the classical ones
as Slater condition, Mangasarian-Fromovitz condition and so on. In this paper, we are
interested in the existence of Lagrange multipliers for problem (1.1), where the problem
is nonconvex, the data is Gateaux differentiable and the set D is a closed set. These
multipliers are obtained in Theorem 3.1 and in Theorem 3.2 under the so-called calmness
condition (introduced in [48] as pseudo upper-Lipschitz continuity), which is a kind of
constraint qualification, and which is implied by the aforementioned notion of metric
regularity.

Several sufficient conditions for calmness of the constraint system have been considered in
the literature. They are given by using boundary qualification conditions (see [25, 24, 23]
and the references therein) or (directional) coderivative conditions (see [18, 20, 19, 21]
and the references therein). Concerning the stronger notion of metric regularity of the
constraint system, besides the work [34], mentioned above, and which provides some
criteria to ensure this property by means of suitable approximations, several sufficient
conditions already exist in the literature. They are given either in the dual space via the
notion of coderivative (see the monograph by Mordukhovich [41, 42] and the references
therein) or in the primal space by using the notion of tangency (see the monograph by
Aubin and Frankowska [1] and the references therein).

In this article we propose a new qualification condition, written in terms of the Gateaux
derivative of the function defining the constraint, which ensures that the constraint system
is metrically regular around a nominal point. Inspired by the work by Ekeland [16],
Theorem 4.1 and Theorem 4.3 establish the metric regularity property of the constraint
system under Gateaux differentiability assumptions only. As in [16], the proofs of these
results do not rely on any iteration scheme.

Our main motivation to prove the existence of Lagrange multipliers under Gateaux differ-
entiability assumptions on the data arises from stochastic optimal theory. The first appli-
cation of our results deals with first order necessary optimality conditions for stochastic



optimal control problems in continuous time. Following the functional framework pro-
posed by Backhoff and Silva in [2], our abstract results allow us to provide a direct proof
of the existence of Lagrange multipliers at any local solution of the control problem. Hav-
ing in mind the importance of Lagrange multipliers in sensitivity analysis in optimization
theory (see e.g. [6, Chapter 4]), the study of their existence in stochastic control plays an
important role. As pointed out in [2], the main difficulty in deriving the existence result,
from standard variational principles, is that the smoothness of the equality constraint
that defines the dynamics of the controlled diffusion process is difficult to check. The
results in Sections 3 and 4, which assume only Géateaux differentiability of the mapping
that defines the constraints and a uniform surjectivity property of the Gateaux derivative
in a neighbourhood of the optimal solution, allow us to avoid this issue. Moreover, by
means of the identification between Lagrange multipliers and adjoint states, proved in [2],
we recover the weak Pontryagin’s minimum principle proved first in [4] by using different
techniques. A detailed discussion and extensions of this result are provided in Section 5.1.
In the second application, we consider a discrete time stochastic optimal control problem
where the randomness is modelled by a multiplicative independent noise. As in the contin-
uous time case, the main difficulty to apply standard abstract Lagrange multiplier results
comes from the functional equation defining the controlled trajectory. By introducing a
suitable functional framework for the optimization problem and using our abstract results,
we are able to prove in a rather straightforward manner the validity of the optimality sys-
tem obtained in [38] under more general assumptions than those imposed in that article
(see Remark 6.1(1)).

The paper is organized as follows. In the next section we set up the notation and recall
some standard results in nonsmooth analysis. In Section 3, we establish the existence of
Lagrange multipliers for problem (1.1) under the calmness assumption. Next, in Section
4, we provide sufficient conditions, in terms of the Gateaux derivative of g, for the metric
regularity of the constraint system. Finally, in Sections 5 and 6, we apply these abstract
results to the stochastic control problems described in the previous paragraphs.

2 Notations and preliminaries

In all the paper (X, ||-||x) and (Y,] - ||y) are (real) Banach spaces. The dual spaces of X
and Y are denoted by X* and Y*, respectively, and for z* € X*, h € X we set (z*,h)x :=
x2*(h). Given r > 0 and x € X we denote Bx(z,7) := {2/ € X ; ||2’ — z||x < r} the
closed ball of radius r centered at . For A C X we denote by cl(A) and int(A) its closure
and its topological interior, respectively.

Let us recall some basic notions in nonsmooth analysis (see e.g. [11, 6, 41] for a detailed
account of the theory). Given a locally Lipschitz function ¢ : X — R, the directional
derivative ¢°(z;h) of ¢ at x in the direction h € X and the subdifferential dc¢(x) of ¢
at « are both defined in sense of Clarke as

(pO(x; h) — lim sup QO(Z/ + Th) — @(y)’
y—z,70 T

Ocp(x) :={a* € X*; (", hyx < °(z;h) YVhe X}.

Note that for all x € X, ¢°(z;:) : X — R is well-defined, positively homogeneous,
subadditive, Lipschitz continuous and satisfies that ¢°(z;0) = 0. This implies that ¢°(z; )
is the support function of dc¢(x), which is a nonempty, weak*-compact and convex set
(see [11, Proposition 2.1.2]). Given a nonempty set A C X, we denote by da(:) :=

infyea || - —z||x the distance to A function. Given x € cl(A), the Clarke’s tangent cone is
defined as J h
Ta(x) := {hEX: lim A(y_FT):O}.
y—x, yeA, T—=0T T

If z ¢ cl(A) we set Ta(z) := 0. If z € cl(A), we have that h € Ta(z) iff for every sequences
(x,,) such that z, € A, z, — z, and 7, — 0T there exists a sequence h,, — h such that
Tp + Tnh, € A for all n large enough. The Clarke’s normal cone to A at x is defined



as Na(x) = Ta(x)?, where for a given cone K we denote by KU its negative polar cone,
defined as
KO:={z*ec X*: (2*h)x <0 VheK}.

We have (see e.g. [11, Proposition 2.4.2])
Na(z) = w-cl (szo )\Bch(x)) : (2.1)

where w*-cl denotes the weak-star closure in X*. The adjacent (or Ursescu) tangent cone
to A at x € cl(A) is defined by

T(A,z) = {heX: lim ‘WW:O}.
T—0*t T
We set T(A,z) := 0 if z ¢ cl(A). By definition, if z € cl(A) then h € T(A4, 1)
iff for any sequence 7, — 0V there exists a sequence h,, — h such that = + 7,h, €
A for all n sufficiently large.
Finally, the contingent (or Bouligand) tangent cone to A at x € cl(A) is defined as

K(A,z):={heX: dj(x;h)=0},

where d,(x; h) is the lower Dini directional derivative of d4 at « in the direction h, that
is,

d, (z; h) := liminf M.

T—0t T

We set K(A,z) := 0 if z ¢ cl(A). By definition, if z € cl(A) then h € K(A,z) iff there
exist sequences 7, — 07 and h,, — h such that z+7,h, € A for n sufficiently large. Note
that

Ta(x) CT(Az) CK(A ).

If A is convex, then the previous tangent cones coincide. In the general case these cones
are closed, they differ and only T'4(z) is guaranteed to be convex.
We say that A is tangentially regular at x if

K(A,z) = T(A,z). (2.2)

For later use, we state the following result whose proof can be easily deduced from the
previous definitions.

Lemma 2.1 Let A C X and B CY be closed sets and let xg € A and yg € B. The space
X xY is endowed with the product norm, that is, ||(z, )|l xxy = |z|lx + |lyl|ly- Then

(i) K(A x B, (zo,y0)) C K(A,zg) x K(B,yo). The equality holds whenever A is tan-
gentially regular at xo or B s tangentially reqular at yg.

(ii) Forallh e X and k€Y, dy, 5((x0,%0), (h, k)) < dy(xo, k) + d% (yo, k).

(iii) If A is tangentially regqular at xo or B is tangentially regular at yo, then for all
he X andkeY,

deg(($07yo), (h7 k‘)) < dK(A,mo)(h) + dK(B,yo)(k)'
Recall that g : X — Y is said Gateaux differentiable at o € X (see e.g. [11, Section 2.2])
if there exists a bounded linear operator! Dg(zg) : X — Y such that

lim g(xo + 7h) — g(z0)
740 T

= Dg(zp)h VheX.

To end up this section, we sate the following lemma, first proved in [46, Lemma 1]. For
the sake of completeness, we provide a short proof based on the separation theorem.

1Some authors drop the linearity requirement in this definition.



Lemma 2.2 Let A C X be a closed convex set and let s > 0 and r €]0,s[. Then the
following implication holds

Bx(0,s) € A+ Bx(0,7) = Bx(0,s —r) C A.

Proof. Let x € Bx(0,s —r). Suppose that ¢ A. Then, by a separation theorem, there
exist * € X*, with ||z*||x- =1, and o € R such that

(", x)x >a>(z*,u)x VuecA
By assumption, for all z € Bx (0, s) there exists b € Bx(0,r) such that z + b € A. Thus,
(", 2)x >a> (", z+b)x > (", 2)x — 1,

and, hence,
s—r>@")x >a>s—r.

This contradiction completes the proof of the lemma. =

3 Lagrange multipliers for optimization problems un-
der Gateaux differentiability assumptions on the data

This section is concerned with necessary optimality conditions or existence of Lagrange
multipliers associated to local solutions of optimization problems of the form

{ min  f(x) (3.1)
st. g(xz)=0, xeC,

where f : X — RU{+4o00} is function, g : X — Y is a mapping from a (real) Banach space
(X, |- I]x) to a (real) Banach space (Y,] - |ly), and C' is a nonempty closed subset of X.
Suppose that zq is a local solution to problem (3.1). Let us state now our basic assump-
tions that will allow us to establish first order optimality conditions at zg.

(Hg) f is Gateaux differentiable at xp and locally Lipschitz around zy with constant
Ky > 0, that is, there exists 7 > 0 such that

[f(x) = f@)| < Kypllz —a'llx ¥ a,2" € Bx(zo,7).

(Hg) g is Gateaux differentiable at xo.

If (Hg) holds true, we will denote by D*g(z¢) : Y* — X* the adjoint operator of Dg(x).
We recall that the system

xeC and g(z)=0, (3.2)
is said to be calm at xo € g~1(0) N C if there exist a > 0 and s > 0 such that
dg-10)nc () < allg(@)lly Vo € Bx(xo,s)NC. (3.3)

The following result gives existence of Lagrange multipliers for problem (3.1) under the
calmness condition (3.3) and the weak differentiability assumptions (Hg)-(Hg).

Theorem 3.1 Suppose that (He)-(Hg) hold and that system (3.2) is calm at xo. Let Ky
and a be as in (Hg) and (3.3), respectively. Then

(i) if zo € int(C'), then there exists y* € Y*, with ||y*|

y= < Kya, such that

Df(zo) + D*g(xo)y™ = 0.



(1) If g is locally Lipschitz around xo with constant Ky > 0, then

Df(xo)h+ Kyra||Dg(zo)h|y + Kf(1+ Kga)d(xzo;h) >0 YheX. (3.4)

In particular, there exists y* € Y™, with ||y*|ly+ < Kya, such that
0 € Df(zo) + D*g(z0)y" + Nc(o).

If, in addition, K(C,xzo) is convex then there exists y* € Y*, with ||y*||y- < Kya,
such that
0 € Df(xo) + D*g(z0)y" + (K(C,20))°.

Proof. Since z¢ is a local solution of problem (3.1) and f satisfies (Hg), by [11, Propo-
sition 2.4.3] we have that x is a local minimum of

v € X f(x) + Kpdg—1(0)nc ().
Using the calmness assumption of system (3.2), we get that x¢ is a local solution to
min f(z)+ Kyallg(z)|y st. zeC. (3.5)
Now, let us prove assertion (i). Since xo € int(C), there exists s > 0 such that
f(x) + Kyallg(z)lly = f(xo) Ve Bx(zo,s).
Let h € X be arbitrary and choose 7 > 0 small enough such that z¢ + 7h € Bx(xo,s).

Then
f(xo+7h) — f(z0)

T

xo + 7h) — g(w0)
T

> 0.
Y

+KfaHg(

Using that f and g are Gateaux differentiable at x(, we get
D f(zo)h + KyalDg(zo)hlly > 0.

This means that the convex function h — D f(zo)h+Ka|Dg(xo)h|y attains its minimum
at h = 0. Thus, the (convex) subdifferential calculus produces a y* € Y*, with ||y*||y+ <
Kya, such that

Df(zo) + D*g(xo)y™ = 0.

In order to prove assertion (ii), note that since xq solves locally (3.5) and f and g are
locally Lipschitz at x, by using [11, Proposition 2.4.3] again, we obtain the existence of
s > 0 such that

f(@) + Krallg(@)lly + K;(1+ Kqa)de(x) = f(zo) V2 € Bx(zo, ).
Let h € X be arbitrary and choose a sequence 7,, — 07 such that

d L
d5(eo;h) = lim 2@ T Tmh)

n—-+oo Tn

Then, using the Gateaux differentiability of f and g, we get
Df(zo)h+ Kyral|Dg(xo)h|y + Kf(1 + Kga)ds(xzo; h) > 0. (3.6)
Noting that d(zo;h) < dg(z;h), we obtain
Df (@o)h + K jal| Dg(ao)hlly + K (1 + Kga)d(zo:h) 20 ¥ h e X,
or equivalently the convex function

h e X — Df(xo)h+ Kya|Dg(zo)h|y + K¢(1+ Kga)dg (zo, h)



attains its minimum at A = 0. Using that 0cdg(zo,-)(0) = dcde(zo) and (2.1), the
(convex) subdifferential calculus produces a y* € Y*, with ||y*|y+ < Kya, such that

—Df(xz0) — D*g(zo)y™ € Kf(1+ Kgya)ddc(zo) C Ne(zo).

So that assertion (ii) follows.
Finally, inequality (3.6) yields

Df(.’L‘o)h + Kfa||Dg(x0)h||y >0 Vhe K(C, .T()).

Thus, if K(C,zg) is convex, the last assertion in (ii) follows from the convex subdifferential
calculus. -

Now consider the following optimization problem

min z
f(x) (3.7)
st. g(z)eD, zeC,
and the system
Find zeC, g¢g(z)e D. (3.8)

System (3.8) is said to be calm at zg € g~1(D) N C if there exist a > 0 and s > 0 such
that

dg-1(pync(r) < adp(g(x)) Vo € Bx(wo,s)NC. (3.9)

Problem (3.7) can be rephrased as follows

(s o0

st. g(z,y) =0, (z,y)€CxD,
where f(x,y) = f(z) and §(x,y) = g(z) — y. Therefore, (3.7) can be written in the form

(3.1). In the following result, we transfer the calmness property of system (3.8) to that of
system

Find (z,y) e Cx D, g(z,y) =0, (3.11)

where the product space X x Y is endowed with the norm given by the sum of the norms
in X and Y.

Lemma 3.1 Suppose that g is locally Lipschitz around xo and set yo := g(xo). Then the
following assertions are equivalent:

(i) The system (3.8) is calm at o € g~ (D) NC.
(ii) The system (3.11) is calm at (zo,y0) € C X D.

Proof. For notational convenience, we omit the subscripts for the norms ||-||x and |||y
(i) = (ii): Since the system (3.8) is calm at zg € g~*(D) N C and g is locally Lipschitz
around xg, there exist a > 0, s > 0 and K, > 0 such that

dg-1(pync(z) < adp(g(z)) Vo € Bx(xo,3s)NC,
and
lg(z) — g(2')]| < Kgllz — 2| V=, 2’ € Bx(zo,3s).

Let (z,y) € B((wo,y0),5) N (C x D). For all t €]0, s[ there exists u € g~}(D) N C such
that
| = ull < dg-1(pync (@) +1 < [z —zol| +1 < 2,



and this asserts that u € B(zg,3s) N (¢~ (D) N C). Thus,

lg(x) = g(u)|| < Kgllz — ul|.
We have

dg-1(0)n(cxD) (T, Y) = mf lz = vl + ly = g()I] < llz — ul +[ly — g(w)[l, (3.12)
veCng—1(D)

and using the triangle inequality, we get

ly = gl + llz — ull < [ly — g(@)[| + l9(z) — g(u)|| + [lz — u]l
< lly = g@)ll + (1 + Ky)llz — ul
< lly = g(@)l + (1 + Kg)dg—1 (p)nc () + 11+ Ky)
< lly = g@)ll+ (1 + Kyally — g()|| + ¢(1 + K,)

< (T+a(l+ Ky))lly — g(@)]| + (1 + Ky)
= (1 +a(l+ Ky))lg(z,y)ll + (1 + Ky).

As t is arbitrary, relation (3.12) yields

vV (z,9) € B((%0,%0),5) N (C x D), dg-10)n(cxp)(®,y) < (1 +a(l + Ky))[g(z, y)],

which implies that (ii) holds. The implication (ii) = (i) is obvious since the following
inequality holds true for all z € X and y € Y

dg—1(0)ncx D) (T, y) = dg—1(pync ().
m

The following theorem, which is a consequence of Theorem 3.1, Lemma 2.1 and Lemma
3.1, gives the existence of Lagrange multipliers for problem (3.7) under the calmness
condition and the weak differentiability assumptions (Hg)-(Hg).

Theorem 3.2 Let xg be a local solution to problem (3.7) and suppose that system (3.8)
is calm at xo. Suppose that (Hg) and (Hg) hold and that g is locally Lipschitz around .
Then

(i) There exists y* € Np(g(zo)), with [|[y*|ly- < Kf(1+a(l1+ K,)) (where Ky, K4 and
a are as in (Hg), (Hg) and (3.9), respectively), such that

—Df(x0) — D*g(wo)y™ € Nec(zo).

(ii) Moreover, if K(C,xo) and K(D,g(xo)) are convex and C' is tangentially regular at
xo or D is tangentially reqular at g(zo), then there exists y* € (K(D,g(z0)))? such
that |y*|ly~ < Kf(1+a(l+ Ky)) and

0 € Df(x0) + D*g(x0)y* + (K(C,20))°.

Proof. Since xq solves (3.7) locally, (xg,g(xo)) is a local solution to problem (3.10).
Using that the constant a satisfies (3.9), the proof of Lemma 3.1 shows that the calmness
constant associated to system (3.11) is given by (1 + a(l + K,)). Applying the second
assertion in Theorem 3.1(ii) to problem (3.10), yields the first assertion (i). In order to
prove assertion (ii), note that (3.4) implies that

Df(zo)h+ Kf(1+ a(l + Ky))||Dg(xo)h — |y >0 V (h, k) € K(C x D, (0, g(z0)).

By Lemma 2.1 we have that K(C x D, (z¢,g(z9)) = K(C,xz9) x K(D, g(x0)), which is a
convex set. The result then follows from standard convex analysis calculus. m



4 Sufficient conditions for calmness under Gateaux
differentiability

In this section, we first provide sufficient conditions for a stronger property than the
calmness of the system (3.2), namely its metric regularity (see [14, 29] and the references
therein). Then, and as in the previous section, we deduce the corresponding sufficient
condition for system (3.8) by reducing it to an instance of system (3.2) (see (3.11)). Let
us stress the fact that the aforementioned conditions only involve Gateaux differentiability
assumptions on the function g.

In the remainder of this article, given a subset A of a real Banach space (Z,] - ||z), y € A
and r > 0, we set Ba(y,r) := Bz(y,r)NA. Let us recall that the system (3.2) is metrically
regqular at xo € g~1(0) N C if there exist o > 0 and r > 0 such that

dg-1(pnc (@) < allg(z) —ylly Vo € Be(wo,r), Vy € By (0,7).

From the very definition, it follows that the previous notion is stronger than the calmness
property of system (3.2) (see e.g. [23] for a more detailed discussion of this subject).

Let us fix a point g € ¢g~1(0) N C. We consider the following constraint qualification
condition on a neighborhood of .

(Heq) there exist o > 0 and r > 0 such that g is continuous and Géteaux differentiable on
Be(zp,r) and

By (0,1) C Dg(:z:)(BK(qw) (0, a)) YV x € Be(xo,T). (4.1)
Remark 4.1 For each v € B(xg,r) consider a right-inverse G(z) : Y = X of Dg(x),
i.e. Dg(x)G(x)y = {y} for ally € Y (we know that such right-inverse exists because (4.1)
implies that Dg(x) is surjective). Then, assumption (4.1) can be rephrased in terms of G
as follows

sup inf lvllx < c.
2€Bx (z0,r), y€By (0,1) VEG(T)yNK(C,x)

In the following result, we provide a sufficient condition for the metric regularity of system
(3.2) at g € g71(0) N C under (Heq).

Theorem 4.1 Suppose that (Heq) holds true and let o > 0 and r > 0 be such that (4.1)
is satisfied. Then for all 1 > 0 and ro > 0, with r1 + 19 =7, and all

T
(2.9) € Dryyry = {(w,0) € Bo(wo,r1) x Y [lg(u) —vlly < =},

we have

dg-1y)nc(@) < allg(z) —ylv- (4.2)

Proof. The proof is inspired from [16]. Fix (x,y) € D,, r,. If y = g(x) then (4.2) is
trivial, so let us assume that y # g(z). Consider the function h : X — R defined as

h(u) = llg(w) =yl

Let 8 > a be such that 0 < h(x) = |lg(x) — ylly < 3. As h is continuous and bounded
from below on the closed set Bo(xg,7) and, evidently,

h(z) < inf  h(z") + h(z),

~ 2’€Bc(zo,m)



Ekeland’s variational principle (see [15, Theorem 1.1]) gives the existence of @ € Be (g, )
such that

(@) < h(z), (4.3)
@ —2|x < Bh(=), (4.4)
h(u) < h(u) + %Hﬁ —ullx Yué& Be(zg,T). (4.5)

Inequality (4.4) and the choice of z and § imply that
la —z||lx <re andso ||[a—xzollx <|lt—z|x + ||z —zol|lx <re+r1=7. (4.6)

Claim: we have that y = g(@). Let us assume for a moment that the claim is true. By
(4.4), we obtain

dg-1nc(x) < Bllg(z) —yllv,

and, as 8 > « is arbitrary, we get that (4.2) holds true.
It remains to prove the claim. Suppose the contrary and define

__y—g(a)
ly = g(@)lly
Since @ € Bc(xo,7), assumption (Heq) implies the existence of v € By (c,a)(0, ) such
that
w = Dg(a)v.
Since v € B (c,a)(0, ), there exist sequences 7,, — 0" and v, — v such that

Up = U+ Trv, € C for n sufficiently large.

We may write u, = @ + 7,0 + o(7,) € C, where lim M = 0. Note that the

n—+oo Ty
second inequality in (4.6) implies that u,, € Ba(xo,r) for n sufficiently large. Now, using
inequality (4.5), we get

1
h(a) < h(u,) + BHTnU + o(mn)|| x - (4.7)
On the other hand, since g is Gateaux differentiable at @, we have
g(up) = g(a) + T, Dg(@)v + (), where Eg_l e(tn) =0, (4.8)
which, combined with (4.7), ensures that
b(®) =y o Dlade rctrlly lo@ sy oL,y o]
Tn B Tn |lx
Since
N D@ I
lim Hg(u) Y + 7 g(u)va ||g(u) yHY — max <y*’ Dg(ﬂ)l]>y,
n—++oo Tn y*€9||ly (9(@)—v)
we get the existence of y € 9|| - ||(g(@) — y), such that
* * _ 1 «Q
—1=(y,, w)y = (yy, Dg(@)v)y > —BHUHX z =5 (4.10)

where the first equality follows from the fact that we are assuming that g(u) # y and the
standard relation

Yo €0l lIv(9(u) —y) & llyilly- =1 and (y;,9(a) —y)y = llg(@) - ylly.
Since (4.10) contradicts o < 3, the claim follows. m

The previous result extends the following inverse function theorem result, proved first in
[16, Theorem 2] in the case C' = X.
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Corollary 4.1 Suppose that the assumptions of Theorem 4.1 are satisfied. Then
_ T
dy-snc(ao) < allyly Yy €Y, with lyly < - (4.11)

Consequently, for ally € Y, with |ly|ly < %, and for all B > « there exists x € g ty)nC
such that

lz —2ollx <7, [z —=0llx < Bllylly- (4.12)

Proof. By Theorem 4.1, in order to prove (4.11) it suffices to choose ¢ > 0 such that
(20,y) € De e, which is possible because of the strict inequality in (4.11). It remains
to prove that (4.12) holds for 8 > « and ||y|ly < r/a. In this case, the first inequality in
(4.11) becomes strict and we get the existence of z5 € g7!(y) N C such that the second
inequality in (4.12) holds true.

Since there exists ¢ > 0 such that |ly|ly < (r — €)/a then the first inequality in (4.12)
holds for zz provided that o < 8 < ar/(r —¢). If 8 > ar/(r — ¢) then (4.12) holds for
xg with 8 €]a,ar/(r —e)[ and so ||zg — zollx < B'|lylly < B|lylly. The result follows.
[

By taking a closer look to the proof of Theorem 4.1, we see that (4.2) holds under al-
ternative assumptions involving the notion of strict differentiability of g, which is much
stronger than its Gateaux differentiability. Let us recall that g is strictly differentiable at
o with respect to C' if
_ nNN_D )
lim g9(x) — g(z') — Dg(xo)(xz — ') _ 0,
z€C—zg,2' €C—xo [z — 2’|l x
x#x’

(see e.g. [41, Definition 1.13]). In this framework, we can replace condition (Hcq) by

(HY,) there exist @ > 0 and r > 0 such that

By (0,1) C Dg(x0)(Bk(c,x)(0,0)) V€ Be(zo, 7). (4.13)

We obtain the following theorem whose proof’s is similar to that of Theorem 4.1.

Theorem 4.2 Suppose that g is strictly differentiable at xo and condition (HE,) holds.
Then the system (3.2) is metrically regular at xg.

Proof. Since g is strictly differentiable at xg with respect to C', we have
1
Ve € (0, a)7 36 > 0; x, 2" € Be(xo,0) = |lg(x) — g(z") — Dg(xo)(x — 2') < eljlz — 2|

We may assume that § < r, where r is as in (ng). Let 6; > 0 and 2 > 0 be such that
014+02=0 andélet (z,y) € Ds, 5, := {(u,v) € Be(wo,61) x Y : [|g(u) —v|ly < %} Pick
B e Tm-amm):

Then just copy the proof of Theorem 4.1 by replacing 7, 71, 72 and Dg(@) by d, 61, d2 and
Dg(zg), respectively. Relations (4.8), (4.9) and (4.10) become, respectively,

llg(un) — g(@) — Dg(zo)(un — )| < e||u — uy||, for n large enough

%Iler 0(7'7:)” < g (un) — yHT: lg(@) —yll
< lg(un) — g(u) — Dg(xo)(un — u)|| + [[g(@) + Dg(xo)(un —u) —y|| — [|g(a) — yl|
<elv+ o(TTnn) I+ lg(u) —y + Dg(oniTnvll — llg(a) —yl|
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and

" N 1 «
1 +ea> 1t elol) = elfol + (w5, wy = ellol + (w5, Da(wo)o)y = —llvllx = .

Thus
—1+ea > _a
- B

and this contradicts the choice of 8. So g(4) = y and hence

(07

dg-1(ync)(7) < lg(x) = yl-

1—ca

The proof is then completed.
|

Remark 4.2 In the convex case, that is C convex, condition (H}:q) is equivalent to the
following Robinson constraint qualification ([13]):

(Hgl) g is strictly differentiable at xog and there exists a > 0 such that
By (0,1) € Dg(ao) (Bc—sp) (0, ). (4.14)

Indeed, from Theorem 4.2 and the equivalence between metric reqularity and the Robinson
constraint qualification (4.14) (see [13]), it is enough to show that (4.14) implies (H,).
Let 1 > & > 0 be such that €||Dg(xo)|| < 1 and © € Be(xo,e). By (4.14), for all
y € By (0,1) there exists ¢ € Bo(xo, o) such that

y = Dg(xo)(c — x0) = Dg(zo)(c — x) + Dg(xo)(z — x0),
and, hence, y € Dg(xo)((C — ) N Bx (0, + €)) + €[| Dg(wo)|| By (0,1). Thus,
By (0,1) C Dg(z0)((C — z) N Bx(0,a +¢€)) +¢||Dg(z0) || By (0,1),

and, hence, by Lemma 2.2,
By (0,1 — || Dg(x0)]|) cl(Dg(xo)((C’ — )N Bx(0,a + a))).

This implies (see [47, Lemma 1] or [13, Lemma 2])

By (07 1_5”12)9(%)”) C Dg(z0)((C — ) N Bx(0,a +¢€)).

Now, it suffices to conclude by remarking that, since C is convezr, C —x C K(C,x).

We study now the metric regularity property for system (3.8) by assuming that ¢ is
Géateaux differentiable. We consider the following qualification condition:

(Heq) there exist a, ap > 0 and r > 0 such that g is continuous and Gateaux differentiable
on Be(xzg,r) and
By (0,1) C Dg(x)(Bx (c,s)(0,a1)) — Bi(p,)(0, a2)

(4.15)
A (x,y) S BCXD((QUOug(-TO))vT)'

Theorem 4.3 Suppose that (Hg) and (He,) hold true and that at least one of the sets
C and D is convex. Denote a = max{ay,as}. Then, for all ry > 0 and ro > 0, with
ry+ro =7, and all

T2
(xay) S Drl,rg = {(’LL,’U) S BC(anrl) xY: dBD(g(xo),h)(g(u) - ’U) < 7}7

(0%

we have
dg-1(D4y)nc () < adp,, (g(z),r) (9(T) — ).
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Proof. Using that at least one of the sets C' and D is convex, for all (2',y") € C' x D we
have

BK(C,I’)(Oyal) X BK(D,y')(O, 042) c BK(CXD,(x’,y/))((Ovo)v 04)-
Therefore, defining §: X x Y = Y as g(x, z) := g(x) — 2, condition (4.15) implies that
BY(Oa 1) C Df](z/’ y/) [BK(CXD,(I’,y’))((O7O)7 O[)] v ($l7y/) € BCXD((J;O:g(‘rO))vT)'
(4.16)

Now, let (z,y) € Dy, ,, and € > 0 be such that dp, (g(xy),r)(9(x) —y) +& < 2. Then,
there exists z. € Bp(g(xg),r1) such that

T
l9(2) = = 22y < dip(otenrm (9(@) —v) +& < 2. (417)

By (4.16), we can apply Theorem 4.1 to § and deduce that
dysnicn) (@ 22) < allge) — 2 — ylly < adpy(gianon (9() —9) +as.  (418)
Finally, since (2/,2') € g7 1(y)N(C x D) iff 2’ € C, 2’ € D and g(x') —y = 2', we get that
dg-1(D+y)nc () < dg-1(y)n(cx D) (T 2¢)- (4.19)

Since ¢ is arbitrary, the result follows from (4.18)-(4.19) m

We can ask if we can replace the assumption (Hg,) by the following one

(Heq) there exist o, ap > 0 and r > 0 such that g is continuous and Gateaux differentiable
on Be(xg,r) and

By (0,1) C Dg(a)(Bg(c,2)(0,01)) = Bg(p,g2))(0,02) ¥ @ € By—1(pync (o, 7).
(4.20)

As the following example shows, the answer is negative.

Example 2 Let C and D be closed sets in R? defined by
C={(z,y) eR*: x>0, 2>+ (y+ 1)*> = 1},

and
D={(z,y) eR*: [y=ua] or [x >0, 2" + (y +2)* = 4]},

(see Figure 1) and take g be the identity function in R?. Then CND = {0}, g~ (CND) =
{0}, K(C,(0,0)) =Ry x {0} and K(D,(0,0)) ={(z,z) : z € R} U(R4 x {0}). Thus,

Br2(0,1) C Bg(c,0,00)(0,2) = B (D,(0,0))(0, 2).

Similarly, we have that (4.20) holds true and it is easy to check that (4.15) does not hold.
We will show that there is no a > 0 such that

dg-1(cnpy(u) < ad(g(u), D) for u € C near 0.
Indeed, for x >0 and 2% + (y + 1)% = 1, with (z,y) near (0,0), we have
dg-1(cnpy(z,y) = Va2 +y? and d(g(z,y), D) <2 — /4 — (22 + ¢?)

and the inequality

2 2
VTP a2~ VI (@@ 1) m

is never satisfied when (x,y) is sufficiently near to (0,0).
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Figure 1: Sets C' and D in Example 2

5 Application to stochastic optimal control in contin-
uous time

Let T > 0 and consider a filtered probability space (2, F,F,P), on which a d-dimensional
(d € N*) Brownian motion W(-) is defined. We suppose that F = {F;} ., is the
natural filtration, augmented by all P-null sets in F, associated to W (-). The filtration F
is right-continuous, i.e. F; = Ny<y<rFy (see [45, Chapter I, Theorem 31]).

Recall that a stochastic process v : Q x [0,T] — R™ is progressively measurable w.r.t.
F if for all t € [0,T] the application Q x [0,¢] > (s,w) — v(w,s) € R™ is F; x B([0,1])
measurable (here B([0,t]) denotes the set of Borel sets in [0, 7). Let us define the space

(Ly*)" = {v e L2 (B L2 ([0, T R™); (w,t) = v(w, t) == v(w)(t)

is progressively measurable} .

When n = 1 we will simply denote Ly? := (Lg®)!. Tt is easy to see that (Lg®)™, endowed

with the scalar product
T
<mm@ma:E</ m@.w@a>,
0

1
is a Hilbert space. We denote by || - [|2,2 := (,-) /2 the associated Hilbersian norm.
In this section we consider the stochastic optimal control problem

w B (Jy tw,t.a(t), u(t)dt + (w, 2(T)))

s.t. mx)_mwtx<)(>mp+dwtx<)()mwx)te(QT% (SP)

where U is a non-empty, closed subset of (L L% 2) “and b : 2 x [0,7T] x R x R™ — R,
o Qx[0, T]xR*xR™ — R"*4 ¢ : Qx]0, T]xR”me — R, ®: QxR® - R, and 2y € R”
are given. In what follows we use the notation b = (b')1<;<,, and o = (aij)lgigm 1<j<d,
where each b’ and % is real valued. The columns of ¢ are written ¢/ for j = 1,...,d.
For ¢ = ¢, ®, b/, 0" we will denote by V o the gradient of v w.r.t. to z. We will also
use the notation b, and o to denote, respectively, the Jacobians of b and ¢/ w.r.t. .
Similar notations will be using when differentiating w.r.t. u.
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In order to make problem (SP) meaningful, we need to impose some assumptions on the
data. Concerning the terms defining the dynamics b and ¢ we will assume

(A1) For ¢ = b7, 0" we have:

(i) ¥ is Fr @ B([0,T] x R™ x R™)-measurable.

(ii) For almost all (a.a.) (w,t) € Q x [0,7T] the mapping (x,u) — ¥(w,t,x,u) belongs
to C1(R™ x R™), the application (w,t) € Q x [0,T] — ¥(w,t,-,-) € CLR" x R™) is
progressively measurable and there exists ¢; > 0 and p; € L;’Q such that almost surely
(a.s.) in (w,t)

(5.1)

[(w, b, 2, u)| < e (pr(w,t) + [x] 4 [ul) ,
|vz1/}(wvtuxau)| + |Vu¢(wvta$7u)| < C1.

Concerning the terms defining the cost functions ¢ and ¢ we will assume

(A2) The functions ¢ and ® are respectively Fr ® B([0,T] x R™ x R™) and Fr @ B(R™)
measurable. Moreover, for a.a. (w,t) the maps (z,u) — f(w,t,z,u) and z — P(w,x)
are C1. The application (w,t) € Q x [0,T] — l(w,t,-,-) € C*(R™ x R™) is progressively
measurable. In addition, there exists co > 0, p2 € L;,z and p3 € LQ(Q,}"T) such that
almost surely in (w,t) we have

M(U'}’t’x’ u)l <2 (pz(w,t) + |$|2 + |u‘2) )

Vol(w, t,@,u)| + [Vul(w, t, 2, u)| < ez (p2(w,t) + |z] + |ul) , (5-2)

[B(w, )] < 2 (ps(w) + [2]2) , [Va®(w,2)] < e (ps(w) + o)
The previous assumptions are rather general and cover the case of linear quadratic prob-
lems (see e.g. [50, Chapter 3 and Chapter 6]).
Our aim now is to provide a functional framework for problem (SP) that will allow us
to apply the abstract results in the previous sections to derive a first order optimality
condition at a local solution. We proceed as in [2] and we focus first in writing the SDE

constraint in the form of an equality constraint in a suitable function space.
Let us consider the mapping I : R" x (L2*)" x (L¥*)"*4 — (L3*)"

)
(20, 21, 22)(-) = x0+/0 ds—i—Z/ $)dWi (s). (5.3)

Standard results in It6’s stochastic calculus theory imply that I is well defined. Consider
the Ito space T := I(R™ x (L;g)" X (LHQT’Q)"M). Endowed with the scalar product

(T, y)zn =m0 -yo + E (/0 1(t) -y ( dt) + ZE (/ ) (t) j(t)dt) , (5.4)

we have that Z" is a Hilbert space, which, since I is injective (see [2, Lemma 2.1]), can be

identified with R x (L2%)™ x (L2?)"*4. Let us denote by || - |z» := (-, )In the associated
Hilbersian-norm.
Recall that by definition z € Z™ solves the controlled SDE in (SP) iff

—x0+/bsaz ))ds+/0 o(s,z(s),u(s))dAW(s) Vte[0,T].  (5.5)

It is well known that under (A1) equation (5.5) admits a unique solution € Z" (see
e.g. [37, Chapter 5]). It is also known that E (SUPte[o,T] \J;(t)|2) is finite (see e.g. [2,
Lemma 2.2]). A more precise information is given by the following lemma whose proof is

by now standard. We provide here the details of the proof since we need to obtain explicit
expressions for the involved constants.
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Lemma 5.1 For allt € [0,T] and u € (Ly*)™, the solution = € T" satisfies

E(iﬁ%@@ﬁ)—CD%F+E<A”M&QMFM>+E<Atﬂ&&mg@)y (5.6)

where ¢ = max{24, 6T }e57¢i max{T.4d}

Proof. Using the inequality (a; + as + a3)? < 3(a? + a3 + a3) for all a;, az and ag in R
and Jensen’s inequality, for all 0 < s <t < T expression (5.5) yields
2)

By the linear growth condition in (5.1) and the fact that z € I" and u € (LHQT’Q)”’,
we have that o(-,2(-),u(-)) € (LE*)"*4 and so, for each j = 1,...,d, the R"-valued
process s € [0,T] = [ o7(s',x(s'), u(s'))dW(s) is a martingale. Thus, defining g(t) :=
E(supyepo,y |z(s)[?), Doob’s inequality and the Lipschitz property of b and o with respect
to z in (5.1) imply that

jz(s)* <3 <|1’0|2 + S/OS [b(s", 2(s"), u(s"))[*ds’ +

/OS o(s',2(s"),u(s"))dW (s')

g(t) < 3 [lwol* + TE (fy [b(s, a(s), u(s))[2ds ) +4E ( fy |o(s, 2(s), u(s))|?ds )|
< 3[lwol* + 2T (f; [1b(s, 0, u(s))? + Hla(s)?] ) ds
+8E (Jy o5, 0,u(s))[> + dex(s) ] ds ) |
< a1 +as [ g(s)ds,
where

a1 = max{24,67T} [|z0|2 +E </0t |b(s,0,u(s))|2ds) +E (/Ot |J(s,0,u(s))|2ds)] ,

and as = 6¢3 max{T, 4d}. The result then follows from Gronwall’s Lemma. m

Remark 5.1 Estimates of the form (5.6) can be easily extended to any power p > 1 by
using in the previous proof the Burkholder-Davis-Gundy inequality (see e.g. [43]) instead
of Doob’s inequality.

Now, let us consider the application g : Z™ x (LI2F’2)7” — I" defined by

O O
g(z,u)() = fﬁo+/o b(s, x(s), u(s ))d8+/0 o(s,2(s), u(s))dW(s) —z(-),  (5.7)

which defines the SDE constraint in (SP) by imposing g(z,u) = 0. Consider also the
application f : T" x (Ly*)™ — R defined by

f(z,u) —E</ L(t, z(t), u(t))dt + @(x (T))>7

which describes the cost functional in (SP). Assumption (A2) implies that f is well-
defined. Problem (SP) can thus be rewritten in the following abstract form

inf f(z,u) subject to g(z,u) =0, uwel. (SP)
We proceed now to verify that f and g satisfy the assumptions considered in Section 3,
when the underlying space given by X :=Z" x (L§’2)m

We begin by studying some properties of g. The following result is proved in the appendix
in [2]. For the sake of completeness we provide here a short proof.
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Lemma 5.2 Under (A1) the mapping g is Lipschitz continuous and Géteauz differen-
tiable. Its Gdteauz derivative Dg(x,u) : T™ X (L?F’Q)m — I"™ is given by

Dy(,u)(z,0)() = & ult,x(t), u(t))2() + bu(t,x(), u(t)yo(t)] dt
+ 00 [t (t), ult)2(8) + it 2 (t), u(t))u(t)] AW (t)
72(')3

for all (z,v) € T x (Lg*)™.

(5.8)

Proof. Note that for any (z,u1), (y,u2) € Z" x (L2*)™ we have
lg(@,u1)(-) — gy, u2) ()12
= leo = yol? +E (Jo. [b(t,2(2). ul(5)) = blt. y(0), uw3(8)) + 1 (8) — 21 (0)]” )

F T (o ta(0).00 ) - (02 0) + 0d(0) - (0] )

which, by the Lipschitz assumption in (5.1), is bounded by

c[m—y%ma( / x(t)—y<t>|2dt> +E( / |u1<t>—u2<t>|2dt>],

for some constant ¢ > 0. Now, as in the proof of Lemma 5.1, by Jensen’s and Doob’s
inequalities we easily get the existence of a constant ¢’ > 0 such that

T
E (/0 () — y(t)|2dt> < e~ yllz,

from which the Lipschitz property of g easily follows. Now, for j = 1,...,d let us set
Db(t, x,u)(z,v) = by(t, ,u)z + by (t,z,u)v, Do’ (t,z,u)(z,v) = ol (t,z,u)z+ ol (t,z,u)v

and define

T

2
I, =E foT {b(t,x(t)+Tz(t)7u(t)+7'v(t))—b(t,x(t),u(t)) _ Db(t,x(t),u(t))(z(t),v(t))} dt) ,
2
dt

T

Ig —F foT {aj(t,x(t)-&-m(t),u(t)+'rv(t))—aj(t,x(t),u(t)) _ Daj(t,a:(t),u(t))(z(t),v(t))} > .

By the Lipschitz property of b and ¢ in (5.1) and the dominated convergence theorem, we
get that I; and I3 tend to 0 as 7 ) 0. This implies that

) 5
(@) €7 x (L™ o [ blsals)uls)ds + [ als,a().u(s)dW(s) € 77
0 0
is directionally differentiable with directional derivative
(z,0) € I x (L22)™ s [ Db(t, (1), u(t)) (2(t), v(t))dt

+ 20 8 Do (¢, (1), u(t)) (2(1), v (1)) dt.

The continuity of the linear application above follows easily from the bounds in the second
relation in (5.1). Finally, since (z,u) € % x (Ly*)™ + z € T" is O with derivative
(z,v) € T x (L¥*)™ + z € T", we obtain (5.8). m

The previous lemma yields the following result

Lemma 5.3 For every (z,u) € I" x (L®)™ and § € I", there exists a unique z € I
such that Dg(x,u)(z,0) = §. Moreover, there exists a constant ¢ > 0, independent of
(z,u,2,9), such that ||z||z» < ¢||d]|zn
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Proof. By Lemma 5.2, we have that Dg(x,u)(z,0) = ¢ is equivalent to the SDE

dz = [b(t,x(t),u(t))z(t) — 61] dt + [ox (¢, x(¢t), u(t))z(t) — d2] AW (¢),
Z(O) = —50.

The existence and uniquenes of a solution z of this equation is well-known (see e.g. [37,
Chapter 5]). Moreover, using that ||b;||cc < ¢1 and ||0z]|c < ¢1, Lemma 5.1 implies the

existence of a constant ¢ > 0, independent of (x,u, z,9), such that
T T
|6o]> + E (/ |61|2dt> +E (/ |522dt>1 .
0 0

As a consequence of the last two lemmas and Theorem 4.1, g satisfies (4.1) with C' :=
I™ xV and a = ¢, where V is any closed set of (LIQF’Q)’". Therefore, the following result
holds true.

Izllzn < ¢

The result follows. =

Corollary 5.1 For any closed set V C (Ly*)™, we have
dyg-1yn@n vy (@) < cllg(@,u) —ylZ. Vo, y€I™ and u e V.

Now, we consider the properties of the cost functional f.

Lemma 5.4 The function f is locally Lipschitz and Gateauz differentiable, with

Df(wu)(z,0) = E(fy falt;o(t)u(®)2(t) + Lult 2(t), u®)o()] dt)
+E (DO(a ( )=(T)).

(5.9)

Proof. For 7 € [0,1], set &, := x1 + 7(x2 — 21), Uy := ug + 7(u2 — u1), d = 9 — 21 and
ou = us — ui. We have that

ez, uz) = foru)l < E(Jy fy D0tz (0),ur () (62(0), du(t))| drdt)
+E ( [ D® (2, (T))62(T)| dT) .

By the second assumption in (5.2) we can find ¢ > 0 such that
|DL(t, 7 (1), ur (8))(62(t), 6u(t))] < c(1+ |zr ()] + [ur (B)])([02(E)] + [0u(t)])
< e+ [z ()] + [0z ()] + [ur (B)] + [du(®))(|0z(t)] + [du(t)]),
which, by the Cauchy-Schwarz inequality, implies that

2

[ (fo Jo IDE(t 2 (8), ur (1) (62(1), bu(t))| drdt) | <
¢E (foT(l +lzr () + 102(t)? + [ur (57 + [ou(t)]*)d ) (6213 5 + lloull3 5)-

Analogously, there exists ¢’ > 0 such that

2

£ ([ Dot mialar)| < B 1+ (@ + oD B (52
0

from which the local Lipschitz property for f follows. Now, we prove the formula for the
directional derivative. Consider the term

T e, z(t) + 72(t), u(t) + To(t) — £, z(t) + T2(t), u(t) + Tv(t))
=(/ |

T

— DUt x(t),u(t))] dt)
(5.10)
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Since ¢ is Gateaux differentiable, the expression inside the integral converges to zero
pointwisely. Now, writing the ratio inside the integral in integral form, if 7 < 1, we have

1
/0 DU, 27 (1), uqr (1)) (2(2), 0(8))dy < e(1+ [z ()| + [2(0)] + [u(®)] + [0 () (|2(8)] + [v(®)]),

where 2., = x + v7z and u,, := u+ y7v. The term D{(t,z(t), u(t)) is dominated by
e(1+ |z(t)] + |u(t)]) and thus we can pass to the limit to obtain that the term in (5.10)
tends to 0 as 7 | 0. Analogously, as 7 | 0,

B (‘P(I(T) + TZ(TT)) — ®((7))

- D(b(x(T))z(T)) 0.

Formula (5.9) follows. m

As customary in optimal control theory, it is convenient to introduce the Hamiltonian
H : QOx]0, T[xR" x R" x R"*% x R™ — R defined as

d
H(w,t,x,p,q,u) = Z(w7t’yvu) +p ' b(W,t,I,U) + ZqZ ! Ui(w7t,x,u).
=1

With the help of Theorem 3.1 and Corollary 5.1 we prove in the next result the existence
of Lagrange multipliers for problem (SP) and, as a consequence, we recover a weak version
of the stochastic Pontryagin’s minimum principle first proved in [4] (see relations (5.12)-
(5.13) below).

Theorem 5.1 Suppose that (Z,a) is a local solution of problem (SP), then there exists a
Lagrange multiplier A € I" such that

0€ Df(z,u)+ Dg(x,u)* X+ {0} x Ny(a). (5.11)

In particular, defining p := A1, § := Ao we have that p € I™, § € (L]%’2)"Xd and the
following relations hold true:

T T

p() =V, @(@(T)) + 0 Vi H(s,%(s), p(s), 4(s), u(s))ds — /(_) q(s)dW(s),  (5.12)

E ( ’ Vo H(t,z(t),p(t),q(t), u(t)) -v(t)dt) >0 VoveTIy(u). (5.13)
0

If, in addition, K(U,u) is convex, then (5.13) is valid for all v € K(U,u).

Proof. Lemma 5.2 and Lemma 5.4 imply that g and f satisfy the assumptions (Hg)
and (Hg), respectively. Since Corollary 5.1 implies that the constraint system in (SP) is
calm at (Z, 1), the existence of A € " satisfying (5.11) follows directly from Theorem 3.1.
Noticing that (5.11) can be written as

Dy f(Z, 1) + D2g(Z,u)" A 0,

(Duf (@) + Dug(@,0) A, v) 2200 > 0 Yo e Ty(a), (5.14)

Theorem 3.12 in [2] directly yields relations (5.12)-(5.13). Finally, if K(U,u) is convex,
by Theorem 3.1(ii) we have

0 € Df(z,u) + Dg(z,u)*\+ {0} x KU, u)".

Reasoning as before, we get that (5.13) is valid for all v € K (U, ). The result follows. m
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5.1

Comments and extensions

Let us provide some comments on the previous result.

(i)

(iii)

As pointed out in [2], it is not clear that in general the function g defined in (5.7) is
C'. Therefore, standard Lagrange multiplier results, in infinite dimensions, are not
directly applicable to problem (SP). Nevertheless, we have shown that the function
g, which determines the constraint system in (SP), satisfies the weak regularity
assumptions introduced in Section 4, which are sufficient to guarantee the metric
regularity of the aforementioned constraint system and, hence, the existence of a
Lagrange multiplier associated to a local solution. Let us stress the fact that the
verification of (Hcq) is rather simple in this case, because it amounts to check the
stability of solutions to linear SDEs under random additive perturbations of the
right-hand side (see Lemma 5.3).

As mentioned in the introduction, the main contribution of this section is the simple
justification of the existence of a Lagrange multiplier associated to the SDE con-
straint g(z,u) = 0. It is reasonable to conjecture that this fact plays an essential
role in a rigorous sensitivity analysis for problem (SP) under general perturbations
of b and o in the controlled SDE. Indeed, it is well known in optimization theory
that Lagrange multipliers are central in the study of the sensitivity of the opti-
mal cost functional under perturbations of the data (see e.g. [11, Section 6.5], [6,
Chapter 4] and the references therein). In the case of deterministic optimal control
problems, the literature is also very rich (see e.g. [12], [31, Chapter 2] and the bibli-
ographic notes in [6, Section 7.5]). On the other hand, to the best of our knowledge,
there exist only few results on the sensitivity analysis for stochastic optimal control
problems. We refer the reader to [2] for convex problems and functional random
perturbations of the dynamics and to [39] for a class of non-convex problems and
finite-dimensional perturbations.

Notice that the results in sections 3 and 4, and the identification between Lagrange
multipliers and adjoint states [2], allowed to give a direct proof of the weak version
of Pontryagin’s minimum principle (5.12)-(5.13). This result has been first proved
in [4] by writing the state z as a function of w, using that for each u there exists a
unique solution z[u] of g(z,u) = 0, and expanding the cost function in terms of u.
This approach is useful to establish (5.12)-(5.13) but hides the importance of the
pair (p,q) as a Lagrange multiplier associated to the SDE constraint.

In the particular case of pointwise control constraints
U:={ue (Ly*)™; u(w,t) e U as},

where U C R™ is a nonempty closed set, a result stronger than Theorem 5.1 has
been shown in [44]. In this paper, the author shows that a modified Hamiltonian H,
which involves an additional pair of adjoint processes, is almost surely pointwisely
minimized at %(w,t). In this result, which is the stochastic analogous of the classical
Pontryagin’s minimum principle, no regularity assumptions on the data with respect
to u are imposed. On the other hand, stronger assumptions with respect to the
dependence on the state variable x are assumed (which involve requirements on the
second order derivatives of £, ®, b and o).

A straightforward extension of Theorem 5.1 is the case where the initial point &g is
also a decision variable. More precisely, let Xy C R™ be a closed set and consider
the following extension of problem (SP)

fogoa B (J U, t,a(t),u()dt + (w, 2(T)))
st da(t) = blw,t,2(t), u(t))dt + o(w, b, 2(t), u(t)dAW(t) t € (0,T),
.2?(0) = Iy € Xp,

(spr')
u€EU.
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Then, this problem can be written in the abstract form
inf f(xz,u) subject to g(z,u) € I" x Xy, u€EU, (SP)

where
() ()
g(z,u) = <x(0) +/0 b(s,x(s),u(s))ds—i—/o o(s,z(s),u(s))dW(s) — a:()w(())) .

Suppose that (Z,4) € Z" xU is a local solution to (SP’) and assume that (A1)-(A2)
hold true. Using the surjectivity property of the derivative of the first coordinate
of g (as in Lemma 5.3), it is easy to check that (4.15) in (Hg,,) is satisfied at (7, @)
(with C =" x U and D = I"™ x Xp). Thus, by Theorem 4.3, Theorem 3.2, and
reasoning as in the proof of Theorem 5.1, we obtain the existence of p € Z™ and
7 € (L)% such that

_ _ T _ NN T _

B() = Vo 0@(T)) + [ VaH(s,2(5), 5(s), a(s), als))ds — [ al(s)dW (s),

—p(0) € Nx, (2(0)), (5.15)

and E (fOT Vo H (¢, 2(1), 5(t), a(t), a(t)) -v(t)dt) >0 for all ve Ty ().

(v) Another easy extension is the case where finitely many final constraints on the
state, in expectation form, are added to problem (SP). In this case, a qualification
condition has to be imposed on the local solution (Z,%) in order to ensure that (Hg,,)
holds. We refer the reader to [2] for a more detailed discussion on this matter. The

case of final pointwise constrains having the form z(w,T) € X7, for some closed set
Xr C R™, and with probability one, remains as an interesting open problem.

6 Application to a class of stochastic control problems
in discrete time

Let (2, F,P) be a probability space and, as in the previous section, denote by E the
expectation under P. Let wi,...,wy be N independent R%valued random variables
defined in (€2, F,P) such that for all k = 1,..., N the coordinates of wy = (w},...,w{)
are independent and satisfy

E(w;) =0, E(jwil*) =1.

Define wg := 0 and for k = 0,..., N set Fj := o (wp, . .., wg), the sigma-algebra generated
by wg, ..., wy, and

L% :={y € L*(Q); yis F measurable} .

Let U C I ! (L%,)™ be a non-empty closed set. In this section we consider the following
discrete-time stochastic optimal control problem (see [38])

inf B (05 00k, vk, w) + B(aw)

st. xpg1 = bk, 2p, up) + ok, 2p, up)wpyr k=0,...,N—1
zo = o € R”
UAS Hfsvzo(Lka)n’ ueld,

where, denoting [0: N —1]:={0,...,N—=1},£:[0: N-1]xR"xR™ - R, ¢ : R" - R,
b:[0: N—1]xR*xR™ - R"and o : [0: N—1]xR" x R™ — R"*4 are Borel measurable
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functions. Denoting o7 (j =1,...,d) the jth column of o, for v = b, 07 we suppose that
1 is C! with respect to (z,u) and the existence of ¢; > 0 such that for all k € [0: N — 1]

{ [k, m,u)| < ci (1+ ||+ Jul), 6.1)

|/(/)51?(k7x7u)| + |1/)u(/€,x,u)| S C1.

Similarly, in the remainder of this section we will assume that there exists co > 0 such
that for all k € [0: N — 1]

[k, ,u)| < eo (1+ || + Jul)?,
()] < o (14 [2])?, |Ba(@)] < ca (14 ]a]) .

As in Section 5 we introduce now a Hilbert space for the state  which is suitable for the
application of the results in Sections 3 and 4. Set Xy = R™ and given k € [1 : N] define

X = {ylgl"f_zyllclw;@ P Yr_1 € <L-27:)c—1) VizO,...,d}.
i=1

Endowed with the scalar product

d d d
(v,2')x, = E (Z ylic—l ) Z/i—1> Vo= ?/2—1 + Zyi_lwi, x’ = Zl(c)—l + Zzi_lwi,
i=0 i=1 i=1
the following elementary result shows that X is a Hilbert space.
Lemma 6.1 For every (y2_,,y}_1,...,yl ) € (L?Fkil)” X (L%_—kil)”Xd we have
d 2 d
0 j ; i 2
E |1+ vioawi| | =D E(lvial) (6.3)
i=1 i=0

As a consequence, for every k € [1: N] the linear operator I : (L% )" x (L% )"™*4 —

Xy defined as
d

0o .1 d 0 i
HYk—1:Yp—1>- - Y1) = Y1 + Zylchwizw
i=1

s a bijection.
Proof. Relation (6.3) follows directly from the relations
E(yp_1 Yiawi) = E (Whoy  ¥i B (wj|Fr-1)) =0 Vie[l:d],
i j j o i j j o 1vi E(lyp_1?) ifi=7,

E (ykﬁl 'yiqwiwk) =E (ykq Y B (wi:wkl}—k—1>) = { 0 (Iy11%) otherwise.
By definition of X} we only need to show that I is injective. But this is clear because if
I(yg—l’yi—la v 7yg—1) =0,
then (6.3) implies that E (|y;_,|*) =0 andso yj_, =0 ae. forallic [0:d]. m

Define g : TIN_ o X; x Iy ' (L% )™ — TIY_ X}, as

go(w,u) = o — xo,

grt1(z,uw) = blk,xg,ug) + ok, op, uk)wrrr — k1 VE=0,...,N—1,
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m

and f IR o Xp x ' (L%)" = R as

N-1
f(z,u):=FE <Z Lk, g, ug) + <I>(xN)> :

k=0

Under these notations, problem (SP;) can be rephrased as
inf f(x,u) subject to g(z,u) =0, uwel. (SPy)

As in the previous section, we prove now that if we set X = II)_ X} x Hsz_Ol (L%—k)m,
then under our assumptions the mappings f and g satisfy the assumptions in Section 3.

Lemma 6.2 The following assertions hold true:

(i) The mapping g is Lipschitz and Gdteauz differentiable. For (x,u), (z,v) € X the
directional derivative of g at (z,u) in the direction (z,v) is given by Dg(z,u)(z,v) =
(Dgo(z,u)(z,v),...,Dgn(z,u)(z,v)), where
Dgo(z,u)(z,v) = —zo,
ng+1(:L'7U)(Z,U) = b(w,u) (k,xk,Uk)(Zk,Uk)+ (64)
Z?:l o—ézm) (k7 T, uk)(zk7 Uk)wz+1 — Zk+1,

forallk=0,... N —1.
(ii) The mapping f is locally Lipschitz and Gateaux differentiable, with

N-1
Df(z,u)(z,v) =E (Z Oy (ks 2y ) (2, v1) + D<I>(:cN)zN> , (6.5)

k=0
for all (z,u), (z,v) € X.

Proof. We only prove assertion (i) since the proof of (ii) is analogous. By the second
relation in assumption (6.1), there exists ¢ > 0 such that for all k =0,...,N —1

)

L) = g (@ e?)%,

| gr+1(
= (Jb(k, ok ub) = bk, 23, 02)? + 0L, |o* (, oh, ub) — o' (k, 2, ud))
< B (o}~ P + o ~ %) = c ok - I, + 1k ~ ).

where the last equality follows from (6.3). The Lipschitz continuity of g easily follows.
Now, for ¢ = b,0* (i = 1,...,d) we have

2
E (w(k’xHT'zk’ukka)ﬂp(k’mk’uk) — Yo (k, o1, up) 2 — Yu(k, o1, Uk)’Uk> — 0,

by the Lipschitz continuity of 1(k, -, -) and the Lebesgue’s dominated convergence theorem.
The continuity of the linear mapping (z,v) — Dg(x,u)(z,v) follows easily from (6.4),
assumption (6.1) and the isometry (6.3). m

As a corollary of the first assertion in the previous lemma, we obtain the following result.

Lemma 6.3 For every (x,u) € X and § € HkN:OXk there exists a unique z € HkN:OXk
such that Dg(xz,u)(z,0) = §. Moreover, there exists ¢ > 0, independent of (z,u, z,0), such

that
N N
D lzkllxe < e lokllx,- (6.6)
k=0 k=0

In particular, for every closed set V C HiV;Ol (L_%—k)m we have that

d ((x,u),gil(y) N (Hg:OXk N V)) <c¢ V(z,u)eX, ye HivzoXk. (6.7)
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Proof. The unique z € II}_, X}, such that Dg(z,u)(z,0) = § is given recursively by
zZ0 = 750
241 = bz(k,xk,uk)szer:l Ji(k,xk,uk)zkw,iH 75]@4_1 VkiO,...,N*l.

Noting that

21y = E(l2e1]?) < (d+2) [CfE (I26%) + & S8, B (|26 (wign)?) + \5k+1|2] ;
< (d+2)°AE (|21]?) + (d+ 2)E(|0k+1]?),
< C[E(l2*) + E(|6k+1/*)]
< (N+DEVHE Y E(16k]?)

(N + 1" 3250 o1k, »

where ¢ := (d+2)2(c?+1) > 1 and the last equality is a consequence of (6.3). This proves
(6.6). Relation (6.7) follows directly from (6.6) and Theorem 4.1. m

Let us define the Hamiltonian H : [0 : N — 1] x R® x R® x R"*4 x R™ — R by

d
H(k,z,p,q,u) :=L(k,x,u) +p-blk,z,u) + Zqi o' (k,z,u)

i=1
We have now all the elements to establish the optimality system for problem (SPy).

Theorem 6.1 Suppose that (Z,a) is a local solution to (SP;). Then, there exist p €
I (L% )™, q € TN (L% )™ such that

pr—1 = E(V.H(k,Zp, pr, e, k)| Fr—1) VEke[l: N —1]
¢, = E (V H (ky Zgo, Pro, Qi» U )W | Fro— 1) Vke[l:N—-1],i€[l:d] (6.8)
pn-1 = E(VO(Zn)[Fn-1)
g1 = E(VO@n)wy|Fy_1) Vie[l:d,
and
N-1
E (Z VUH(k,fk,ﬁk,(jk,ﬂk) . 'Uk> >0 Vove Tu('L_L) (69)
k=1
If in addition K(U,w) is convex, then (6.9) holds for allv € K(U, ).
Proof. By Lemma 6.2 and Theorem 3.1 there exists A € IT3 _oX% such that
(0,0) € Df(z,u) + Dg(z,u)" A + {0} x Ny (),
from which we deduce that for all z = (20, ...,2n) € I} Xk
Dy, f(Z,0)zk + (N Dy g5 (T, @) 21)x, =0 Vk=0,...,N (6.10)

Duf(Z,0)v + S0 (M, Duge (T, 0)0) x, >0 Yo € Ty (a).

Lemma 6.2 and the first equation in (6.10) imply that for all k =1,... ., N — 1

E (ET(]C, Tk, ﬂk)zk) </\k+17 b, (k Tk, uk)zk + Z -1 wk+1o (k, Tk, ﬂk)zk>x
k41
= <)\k,Zk>Xk.’ (6.11)
E(®:(Zn)2n) = (AN, 2N) Xy -

Setting
d d

2 = Yp_1 + Zylicqw;lc € Xk, Ak =pr—1+ Zqulwlic € Xk,
i=1 =1
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relation (6.11) yields

E(VeH(k+1,Zrq1,Pht1, Qot1, Uy1) - 2x) = E (pk—l SR D yi_l) )

L _ (6.12)
E(V®(@n)-2v) =E (pN—l YR+ D do y}\ffl) :

Taking yi_, = 0 for all i € [1 : d] the first equation in (6.12) gives

E(VoH(k+ 1, Zpq1, Dot 1s Qo 15 Uet1) - Y1) =B (Pe—1 - Yp_1) 5

and so, since yg_l € L%_—kil is arbitrary, by definition of conditional expectation w.r.t.
Fi—1, the first equality in (6.8) follows. Similarly, fixing i € [1 : d] and letting y¢ |, =0
forall i € [0: d]\ {j}, we obtain the second relation (6.8) for i = i. The last two relations
in (6.8) follow by an analogous argument.

Finally, since for all K =0,..., N —1,

d
(Akt1; Dugr41(Z, 0)v) x, , = E <pk bu (T, )k + > ) - Ui(kafk»’ak)vk> :
i=1

relation (6.9) follows directly from the second relation in (6.10) and Lemma 6.2(ii). If
K(U,u) is convex then Theorem 3.1(ii) ensures that the second relation in (6.10) holds
for all v € K(U,u), from which the last assertion of the theorem easily follows. ®

Remark 6.1 (i) The optimality system (6.8)-(6.9) has been first shown in [38] under
more restrictive assumptions on £, ®, f, o (see Assumption 1 in [38]) and the control
constraint set U (see [38, Section 3]). The results in Sections 3 and 4 allow us to prove a
more general result in a quite direct manner.

(if) Similarly to the continuous case (see Section 5), it is easy to extend the results in this
section to the case where the initial state Zq is a decision variable subject to the constraint
To € Xy, where Xy is a closed subset of R™. In this case, the optimality system is as
in Theorem 6.1 with the additional constraint on the adjoint state (called transversality
condition) —pg € Nx,(Zo)-

(iii) Note that if {w1,...,wn} corresponds to a sequence of normalized increments of a d-
dimensional Brownian motion on a time grid in [0,T] (T > 0), then, by suitably redefining
b and o, problem (SP;) can be seen as an Euler discretization of (SP). It is well known
that, under general assumptions, the optimal cost of (SP;) converges to the optimal cost
of (SP), provided that the mazimum time step of the grid tends to zero (see e.g. [5]).
Therefore, the analysis of the optimality system in Theorem 6.1 can be useful even if one
is interested in solving (SP).
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