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Abstract

We consider the problem of finding the minimal initial data of a controlled process which
guarantees to reach a controlled target with a given probability of success or, more generally,
with a given level of expected loss. By suitably increasing the state space and the controls,
we show that this problem can be converted into a stochastic target problem, i.e. find the
minimal initial data of a controlled process which guarantees to reach a controlled target with
probability one. Unlike the existing literature on stochastic target problems, our increased
controls are valued in an unbounded set. In this paper, we provide a new derivation of the
dynamic programming equation for general stochastic target problems with unbounded controls,
together with the appropriate boundary conditions. These results are applied to the problem
of quantile hedging in financial mathematics, and are shown to recover the explicit solution of
Follmer and Leukert [5].
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1 Introduction

For 0 <

{Yiey(s),
(X{2: Y% ) (t) = (z,y). The main objective of this paper is to study the stochastic target problem

t < T, we are given two controlled diffusion processes {X{,(s),t < s < T} and
t < s < T} with values respectively in R? and R, satisfying the initial condition

with controlled probability of success:

V(t,z,p) = inf{y>0:P [Yt”xy(T) > g (X{,(T))] > p for some admissible control v} .
In the case p = 1, V(t,x) := V(t,x,1) reduces to the stochastic target problem studied in Soner
and Touzi [9, 10], who concentrate on the case where the control v takes values in a bounded set.

For p < 1, this problem was introduced in the context of financial mathematics by Follmer and
Leukert [5]. In the latter paper, the process X models the price of some given securities and is not
affected by the control v which corresponds to the portfolio strategy of the investor. The process
Y represents the value of the investor’s portfolio and is defined by a diffusion whose coefficients
are linear in the control variable. In this special context, Féllmer and Leukert [5] use a duality
argument to convert this problem into a classical test problem in mathematical statistics. An
elegant solution is then obtained by a direct application of the Neyman-Pearson Lemma. This
approach applies in the case where the securities prices are driven by general semimartingales but
the linearity in the control is crucial in order to use their duality argument.

In particular, the duality approach of [5] does not extend to the general nonlinear controlled
diffusion case.

Note that a possible approach consists in introducing the standard stochastic control problem:
Pt z,y) = maxP [Y}, (T) > g (X{,(T))]
v

which corresponds to the inverse of V (¢, x, p) with respect to the p—variable, i.e. p(t,z,V(t,2,p)) =
p. Then, one can provide a characterization of the value function p(-) by the dynamic programming
approach (DPE), and obtain V' by inverting the solution with respect to the y—variable. We may
also translate the DPE for p(¢,x,y) into a partial differential equation (PDE) for V by using the
above relation. This however requires some regularity of the value function p(¢,z,y) which is a-
priori difficult to prove. One could also solve numerically the PDE associated to p(-) and then
invert it numerically. This would nonetheless require the computation of p(-) on a large grid of
different values y and introduce an additional error due to the numerical inversion.

In this paper, we propose a direct treatment of the problem V along the lines of [9]. The key-
idea is to convert the problem V into a stochastic target problem by diffusing the probability of
reaching the target and considering it as an additional controlled state variable P®. This is a direct
consequence of the martingale representation theorem in our assumed Brownian filtration. This
reformulation of the problem V' opens the door to the geometric dynamic programming approach of
[9], but raises additional difficulties. First, the additional control process in the increased state is
unbounded leading to a singular stochastic target problem. Second, the re-formulation is crucially

subjet to the state constraint P € [0, 1] a.s. which leads to non-trivial boundary conditions.



Our first main result is an extension of the derivation of the dynamic programming equation
of [9] to the general case where the control takes values in an unbounded set. This is achieved by
conveniently introducing a semilimit relaxation of the corresponding natural dynamic programming
equation. While the subsolution derivation follows the lines of the original argument of [9], we
provide a new method for the derivation of the supersolution property which does not require
any compactness, and avoids delicate passages to the limits. We also provide a description of the
terminal condition in the present unbounded control case.

Our second main result concerns the special case of the stochastic target problem with controlled
probability of success V. Under fairly general conditions, we show that the state constraint on P
yields the natural boundary conditions V (¢,z,1—) = V(t,z) and V(t,2,0+) = 0 for t < T. At the
final time T, there is however no clear guess of what should be the behaviour of V. Under some
extra conditions, we prove that V(T —,z, p) = pg(x) which is a “face-lifted” version of the natural
boundary condition g(x)1,>0.

Notice that the geometric dynamic programming approach of this paper extends to a larger

class of problem, namely to stochastic target problems with controlled loss:
Vit x,p) = inf {y>0: E[{oG (X;’m(T),Y;”xy(T))] > p for some admissible v},

where G(z,y) is non-decreasing in y and the loss function £ is non-decreasing. The above problem
V corresponds to the special case £ := 1p e

Finally, we apply our result to the so-called quantile hedging example of Follmer and Leukert
[5]. By using the supersolution property of V, we reproduce the explicit solution of [5] in the
complete market case. The key-idea is to observe that the convex conjugate function of V with
respect to the p—variable solves a linear PDE.

The paper is organized as follows. Section 2 presents the general formulation of singular stochas-
tic target problems and contains the statement of the corresponding dynamic programming equa-
tion. The stochastic target problem under controlled probability of success is discussed in Section
3. We first reduce the problem to the setting of the preceeding section in order to obtain directly
the corresponding dynamic programming equation inside the domain. A delicate analysis of the
boundary conditions is then provided. Section 4 shows how our results reproduce the elegant ex-
plicit solution of Follmer and Leukert [5] in the context of a complete financial market application.
The extension to general loss functions is briefly discussed in Section 3.5. Finally, Sections 5 and

6 contain the proofs of the main results.

In all this paper, elements of R™, n > 1, are identified to column vectors, the superscript ©
stands for transposition, - denotes the scalar product on R", | - | the Euclydean norm, and M"
denotes the set of n-dimensional square matrices. We denote by S™ the subset of elements of M"
that are symmetric. For a subset O of R", n > 1, we denote by cl(O) its closure, by int(O) its
interior and by dist(z, O) the Euclidean distance from z to O with the convention dist(z, ) = oco.

Finally, we denote by B,(x) the open ball of radius r > 0 centered at = € R"™. Given a locally



bounded map v on an open subset B of R", we define the lower and upper semicontinuous envelopes:

0. (b) :=liminf v(b'), v*(b) :=limsupv(¥) b € cl(B).
B3b'—b B3 —b

In all this paper, inequalities between random variable have to be understood in the a.s. sense.

2 Singular stochastic target problems

2.1 Problem formulation

Let T' > 0 be the finite time horizon and W = {W;, 0 < t < T} be a d-dimensional Brownian
motion defined on a complete probability space (2, F, P). We denote by F = {F;, 0 <t < T} the
P—augmentation of the filtration generated by W.

Let U, be a subset of the collection of progressively measurable processes v in L2([0,7]) P—a.s.,
with values in a given closed subset U of R%. For t € [0,T], z = (z,y) € R? x R and v € U,, we
define 7}, = (X{,,Y}",) as the R x R-valued solution of the stochastic differential equation:

dX(r) = wX(r),v)dr+o(X(r),v,)dW, (2.1)
dY(r) = py(Z(r),v)dr+oy(Z(r),vr)-dW, , t<r<T,

satisfying the initial condition Z(t) = (X(¢),Y (t)) = (x,y). Here,
(by,oy) : RIXRxU — R x R?
(n,0) : R x U — R? x M¢
are locally Lipschitz, and are assumed to satisfy
by (2, y,u)| + |z, w)| + oy (2, y,u)| +|o(z,u)| < K(z,y)(1+ |ul), (2.2)

where K is a locally bounded map.

We denote by U the subset of elements of U, for which (2.1) admits a strong solution for all
given initial data. We also allow for state constraints and we denote by X the interior of the
support of the controlled process X.

Given u € U, we denote by L£" the Dynkin operator associated to the controlled diffusion X:
1
£u90(t7 l‘) = 825%0“’ l‘) + M(xa u) ’ D(P(tv ZL‘) + §TI' [JUT(wv U)Dggp(t7 33‘)]

for a smooth function ¢, where d;¢ stands for the partial derivative with respect to ¢, Dy and D%

denote the gradient vector and the Hessian matrix with respect to the x variable.

Let G be a measurable map from R%*! to R such that for every fixed x the function

y— G(z,y) is non-decreasing and right-continuous. (2.3)



The stochastic target problem is defined by
V(t,) = inf{yeR : G (X} (T),Y,,(T)) >0 for some v e U} . (2.4)
Let us observe that this problem can be formulated equivalently as:
Vit,z) = inf{yeR : Y (T)>g(X{.(T)) for some v € U} (2.5)
where ¢ is the generalized inverse of G at 0:
g(xz) = inf{y: G(z,y) > 0}. (2.6)

When the set U is bounded, it was proved in [9] that the value function V' is a discontinuous

viscosity solution of:
sup {uy (z,v(t,z),u) — L'(t,x) : u € Ny (z,v(t,z),Dv(t,x))} = 0, (2.7)
where
No(@,y,q) == {u€U : N'(z,y,q) =0} and N*(z,y,q) := oy (z,y,u) —o(z,u)'q.  (2.8)

Since Ny(z,y,q) may be empty, we shall use the standard convention sup() = —oo all over this

paper.
The chief goal of this section is to provide an extension of this result to the case where U is

unbounded.

2.2 The dynamic programming equation

Because the control set U is not necessarily bounded, we need to introduce the relaxed semilimits:

F* = i F. (& d F. = liminf F.(©'
) nae M@ md ON= (it O

where, for © = (z,1,¢, A) € R? x R x R? x S? and ¢ > 0,
F.(©) :=sup {,uy(a:, y,u) — w(y,u) - q— %Tr [UO’T(CU, u)A] :u € No(z,y, q)}
and
Ne(w,y,q) :={ueU : [N“(z,y,q)| <€}, e20.
Observe that (N:)z>0 is non-decreasing so that
F.(©):= lgp_i)réf Fo(©) . (2.9)

For ease of notations, we shall often simply write Fv(¢,x) in place of F(z,v(t,x), Dv(t, x),
D?v(t,z)). We shall similarly use the notations F*v and F,wv.



Our first main result is the derivation of the dynamic programming equation corresponding to
the stochastic target problem in the present context of possibly unbounded controls. This is an
extension of [9] and [10] where the set U was assumed to be bounded, see also [2] for the case of
jump diffusions. This extension is crucial for our analysis of the stochastic target problem under
controlled probability, and under controlled loss. The following continuity assumption is needed in
order to prove the subsolution property. Note that this version is slightly weaker than Assumption
4.1 in [10].

Assumption 2.1 (Continuity of Ny(z,y,q)) Let B be a subset of X x R x R? such that Ny # ()
on B. Then, for every € > 0, (x0,y0,q0) € int(B), and uy € No(xo,y0,q0), there exists an open
neighborhood B’ of (xo,v0,q0) and a locally Lipschitz map U defined on B’ such that (0, Yo, q0) —
uo| < e and v(z,y,q) € No(x,y,q) on B'.

Throughout this paper, we shall always assume the following
Standing Assumption V is locally bounded,

so that the semilimits V, and V* are finite. Our first main result characterizes V as a discontinuous

viscosity solution of (2.7) in the following sense.

Theorem 2.1 The function V, is a viscosity supersolution of

—OVi + F*V, >0 on [0,T)xX. (2.10)
If in addition Assumption 2.1 holds, then V* is a viscosity subsolution of

- V*+FV*<0 on [0,T)xX. (2.11)

The proof of this result is reported in Section 5. In particular, the supersolution property is
proved by a new approach, and avoids delicate passages to limits that appear in [10].

Let us now introduce the set-valued map
N(z,y,q) = {r eR: = N"(z,y,q) for some u € U} , (2.12)
together with the signed distance function from its complement set IN¢ to the origin:
0 := dist (0,N¢) —dist (O,N) , (2.13)
where we recall that dist stands for the (unsigned) Euclidean distance. Then,
0 € int (N(z,y,q)) iff d(z,y,q) >0. (2.14)

The upper and lower-semicontinuous envelopes of § are respectively denoted by 6* and 9., and we
will abuse notation by writing d,v(z) = d.(z,v(x), Dv(x)) and §*v(x) = 6*(z,v(x), Dv(x)).



Remark 2.1 From the convention sup () = —co and the supersolution property (2.10) in Theorem
2.1, it follows that

Vi, > 0 on [0,T)x R? (2.15)
in the viscosity sense. Then, if N¢ # (), this means that V is subject to a gradient constraint.

Remark 2.2 Let us check that Theorem 2.1 reduces to the viscosity property of [9] in their setting.
Assume that for every (x,%,¢) and r € R?, there is a unique solution @(x,v, ¢, r) to the equation

N%(z,y,q) =r, ie.
N%(z,y,q) =r iff w=1au(z,y,q,r). (2.16)

Assume further that 4 is locally Lipschitz continuous, so that Assumption 2.1 trivially holds. For
ease of notations, we set uy(x,y,q) := u(x,y,q,0). For a bounded set of controls U, it follows that

for any smooth function ¢: F*¢(t,z) > 0 implies that
oz, p(t,x), Do(t,z)) € U and —0wp(t,x) + Fop(t,z) > 0, (2.17)
where the operator Fj reduces in the present context to
Fop = py (-, ,10) — (e, o) - Do — %Tr [UJT(.,ﬁo)D2g0] :
Similarly, Fip(t,z) < 0 implies that
either ug(z, p(t,z), Do(t,x)) ¢ int(U) or —0wp(t,z)+ Fop(t,z) <O0. (2.18)
Notice that (2.17)-(2.18) correspond to the PDE derived in [9].

We next discuss the boundary condition on {T'} x X. By the definition of the stochastic target

problem, we have
V(T,z) = g(z) for every e R%

However, the possible discontinuities of V' might imply that the limits Vi (7,.) and V*(T,.) do
not agree with this “natural” boundary condition. The following result states that the constraint
discussed in Remark 2.1 propagates up to the boundary. Again, this phenomenon was already

noticed in [9], among others. Here, the main difficulty is due to the unboundedness of the set U.
Theorem 2.2 The function x € X — Vi (T,x) is a viscosity supersolution of

min {(Vi(T,-) = g+) Lipsv, (1,)<c0} » 6 Va(T,)} >0 on X, (2.19)
and, under Assumption 2.1, x € X — V*(T,z) is a viscosity subsolution of

min {V*(T,-) —g¢*, 6.V*(T,)} < 0 on X. (2.20)



Remark 2.3 Note that d(z,y,¢) <0 whenever int (N(z,y,¢)) = 0, so that the subsolution prop-
erty carries no information. This is the case when the control set U has empty interior as in the

context of a stochastic volatility model. A specific analysis is needed in such cases, see [11] and [7].

Remark 2.4 In the context of Remark 2.2, observe that
e 0*p(x) > 0 implies that dg(x, p(z), Dp(x)) € U, and F*p(x) < oo is always satisfied,
e J.o(x) > 0 implies that Gg(x, p(z), De(x)) € int(U).
Hence, for a convex set U with non-empty interior, we recover the boundary condition of [9].

When X = R? (and under suitable conditions) a comparison result of viscosity supersolutions
of (2.10)-(2.19) and subsolutions of (2.11)-(2.20) can be proved in certain classes of functions. We
do not persue this issue any further, and we instead refer to [3] for some general results in this
direction and to [1] for a comparison result in a similar setting. We recall that the main concern
of this paper is the analysis of the stochastic target problem under controlled probability or, more
generally, controlled loss. However, we shall assume that such a comparison result holds in order to
establish the boundary conditions for the problem of stochastic target under controlled probability

and/or loss of the subsequent section.

Assumption 2.2 There is a class of functions C containing all non-negative functions dominated
by V* such that, for every

e v € C, lower-semicontinuous viscosity supersolution of (2.10)-(2.19) on [0,T] x X,

e vy € C, upper-semicontinuous viscosity subsolution of (2.11)-(2.20) on [0,T] x X,

we have v1 > vg.

Note that, when the process X is subject to state constraints, the boundary conditions on
[0,T] x 0X have to be specified. We deliberately avoid this issue for sake of simplicity. However,
in our subsequent analysis, it will appear from the very nature of the problem, and we will deal

with a special type of state constraints, see Subsection 3.3.

3 Target reachability with controlled probability of success

In this section, we extend the model presented above to the case where the target has to be reached
only with a given probability p:
V(t,z,p) :=inf{y e Ry : P[G(X{,(T),Y},,(T) >0] >p forsomervelUl} . (3.1)
In order to avoid degenerate results, we restrict the analysis to the case where the Y process takes
non-negative values, by simply imposing the following conditions on the coefficients driving its
dynamics:
py (z,0,u) >0 and oy(z,0,u) =0 forall (z,u) e X xU . (3.2)

Note that the above definition implies that

0=V(0) <V <V(H1)=V. (3.3)



3.1 Problem reduction

Our first objective is to convert this problem into the class of (standard) stochastic target problems,
so that the dynamic programming equation for the target reachability problem with controlled
probability can be deduced directly from Theorem 2.1. To do this, we introduce an additional

controlled state variable valued in [0, 1] and defined by:
P =p, dPS(s) =P (s) (1—P2(s)) as-dWs, se[t,T], (3.4)

where the additional control « is an F—progressively measurable R?—valued P — a.s. square in-
tegrable process. We next set X := (X, P), X := X x (0,1), U := U x R?, denote by U the

corresponding set of admissible controls, and set
G(z,y) == LG@y>0y —p for y€eR, 7:=(x,p) €cl (X) .

Proposition 3.1 For allt € [0,T] and T = (z,p) € X, we have

Vit,z) = inf{yeRy : G(X{(T),Y,,(T)) >0 for some v = (v,a) eU} . (3.5)

Proof. We denote by v(t,x,p) the right-hand side of (3.5). For y > V (¢, z,p), we can find v € U
such that P [G (Xt” (1), Yt”xy(T)) > 0] > p. By the stochastic integral representation theorem,

there exists an F-progressively measurable P — a.s.-square integrable process ¢ such that

T
P(T) :=p+ g (xr, vy, @)z0y — PG (XEa(T), Y, (T)) 2 0] = p+ /t $s - AW .

Since P(T) € [0,1], it is clear that P(T) = P£,(T) for some progressively measurable P’ — a.s.-
square integrable process a. Hence v := (v,a) € U. Observing from the above equality that
G (X{(T),YY, (1) =P[G (X{,(T),Y",,(T)) > 0] —p >0, we deduce from the arbitrariness of
y > V(t,z,p) that V(¢,2,p) > v(t,z,p).

Conversely, for y > v(t,z,p), we have G (XZE(T)’Z:%:L/(T)) > 0 for some ¥ = (v,a) € U. Since

Pf, is a martingale (as a bounded local martingale), it follows that

P [G (XK:C(T)v Yt’,jz,y(T)) Z 0] =E {1{G(X§z(T),}sz’y(T))zo}} > E [Pt?p(Tﬂ =p,

which concludes the proof of (3.5). O

3.2 The dynamic programming equation

The above reduction of the problem V to a stochastic target problem allows to apply the general

results of the previous section. For @ = (u, ) € U, set

Az, 1) = ( M(:B’ u) ) . o(z,a) = ( U(z’Tu) ) ;



where for presentation simplicity, we omit p(1 — p) in the diffusion of the state variable P. Note
that for p € (0,1), this only corresponds to a change of variable in the PDEs below. We also
introduce for (y,q, A) € R x R x S and still @ = (u, ) € U,

N%(z,y,q) == oy (z,y,u) —5(z,0) ¢ = N"(2,9,q:) — gpa for q= (¢u,qp) € R* x R,

Ne(,y,q) = {ueU :

IN“(Z,y,q)| <e}, >0,

1
F€(£7y>Q7A) = sup {My(l‘,y,’lj) —ﬁ(a_c,u,a) 'q_fTr [5’5’T(£’,U,O¢)A]} s
(1,0)EN: (2,9.0) 2

and
N(z,y,q) := {Na(a’:,y, q):u€ U} , § := dist (O,Nc) — dist (0, N) .

The operators F* and F, are constructed from F, exactly as F* and F, are defined from F..

Finally, we define the function
g(z) = inf{y >0: G(z,y) > O} , T = (z,p) € X x[0,1],
which is related to g by
g(z,p) = g(x)lps0 for z € Xandpel0,1].

As an almost direct consequence of Theorem 2.1 and (3.5), we obtain the viscosity property of
V under the following assumption which is the analog of Assumption 2.1 for the augmented control

system X.

Assumption 3.1 (Continuity of Ny(z,p,y,q)) Let B be a subset of X x [0,1] x R x R such
that No # () on B. Then, for every ¢ > 0, (z0,po,¥0,q0) € int(B), and ty € No(xo,Po, Yo, q0),
there exists an open neighborhood B' of (xg, po, Yo, qo) and a locally Lipschitz map ¥ defined on B’
such that |0(z0, po, Yo, o) — to| < & and D(x,p,y,q) € No(z,p,y,q) on B'.

Corollary 3.1 The function Vi is a viscosity supersolution of
—OVi+FV, >0 on [0,T)xX.
Under the additional Assumption 8.1, V* is a viscosity subsolution of
min {V*, =9,V*+ FE,V*} <0 on [0,T)x X.

Proof. The supersolution property is a direct consequence of Theorem 2.1. The subsolution
property is obtained similarly. The first term accounts for the non-negativity constraint on the

state process Y in the arguments of the proof in Section 5.3 below. O

Remark 3.1 Clearly, Assumption 3.1 holds true whenever the function @ introduced in Remark

2.2 is well defined and locally Lipschitz continuous.

10



3.3 Boundary conditions and state constraint

The above result relies on converting V into a (singular) stochastic target problem. This was
achieved by introducing the new state variable p. Because this variable is constrained in [0, 1], we
need to specify the boundary conditions at the endpoints 0 and 1. By definition of the stochastic
target problem with controlled probability, we have

V(,1) =V and V(,0) = 0. (3.6)
Also, since G is non-decreasing in y, we know that V is non-decreasing in p. Hence

and one can naturally expect that Vi(-,0) = 0 and V*(-,1) = V*. However, the function V' may
have discontinuities at p = 0 or p = 1 and, in general, the boundary conditions have to be stated
in a weak form. To obtain a characterization of V on these boundaries, we shall appeal to the

following additional assumptions.
Assumption 3.2 For all (z,y,q) € X x (0,00) x R?, we have Ny(z,y,q) C U.

Assumption 3.3 For all compact subset A of R? x R x R x S¢, there exists C > 0 such that
F.(©) < C(1+€?) foralle >0 and © € A.

Remark 3.2 Assumption 3.2 is natural and allows to avoid degenerate cases that would have to
be discussed separately. It will be used only to derive the boundary condition at p = 0. Assumption

3.3 is more of technical nature and will be only used to discuss the boundary condition at p = 1.

The main result of this section shows that the natural boundary conditions (3.6) indeed holds
true, whenever the comparison principle of Assumption 2.2 holds and under the above additional

assumptions.

Theorem 3.1 Assume that the function sup, ¢y |o(-, u)| is locally bounded on X and that Assump-
tion 3.1 holds true.

(i)  Under Assumption 3.2, we have V*(-,0) =0 on [0,T) x X and Vi(-,0) =0 on [0,T] x X.
(ii) Under Assumption 3.8, V*(-,1) is a viscosity supersolution of (2.10)-(2.19) on [0,7] x X. In

particular, if in addition the comparison Assumption 2.2 is satisfied, then V*(-,1) = Vi(-,1) =
Vi=V*on[0,T] x X.

The proof is reported in Section 6.

3.4 On the terminal condition

The boundary condition at T for Vi and V* can be easily derived from the characterization of
Theorem 2.2.
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Corollary 3.2 The function T € X — V,(T, %) is a viscosity supersolution of

min { (Vo(T,) = 3.) L puryene) » OVa(T2)} 20 on X, (3.8)
If in addition Assumption 3.1 holds, then & € X v V*(T,Z) is a viscosity subsolution of
min {V*(T,-) —g*, 6.V*(T,)} <0 on X. (3.9)

Note however that g* = ¢* so that the discontinuity in the p variable of the boundary condition
on V* is not apparent in the above formulation. Moreover the condition F*V,(T,-) < co may not
be satisfied because of the unboundeness of the control o that appears in the definition of F. It

follows that the above boundary condition may be useless in most examples.

In the rest of this section, we provide conditions under which a more precise boundary condition
can be specified. These assumptions will be satisfied in our example of application, see Section 4

below.

Proposition 3.2 (i) Assume that g is continuous and that for all sequence (tn, Tn,Yn, Pn, Vn)n Of
[0,T) x X x Ry x [0,1] x U such that (tn, T, Yn, pn) — (T, z,y,p) € {T} x X x Ry x [0, 1], there

exists a P-absolutely continuous probability measure Q such that

lim sup E© Y ()] <y and limsup EQ Hg(XtVTZa:n (T)) —g(x)|] =0. (3.10)
n—o0 n—oo

Then, Vi(T,z,p) > pg(z) for all (z,p) € X x [0,1].
(ii) Let the conditions of Theorem 3.1 hold true and assume that V* is convez in its p variable and
that V*(T,-) < g. Then, V*(T,z,p) < pg(x) for all (z,p) € X x [0,1].

Proof. It follows from Theorem 3.1 and the convexity property of V* that V*(t,z,p) < pV*(t,z)
for all (¢, z,p) € [0,T)x X x[0,1]. Since V*(T,-) < g by assumption, we deduce that V*(T), -, p) < pg
by considering a sequence (ty, Zn,pn)n in [0,7) x X x (0,1) such that (¢,,zn,pn) — (T, 2z,p) and
V*(tn, Tnypn) — V*(T,2,p). On the other hand, given a sequence (t,,, Ty, pp)n in [0, T) x X x (0, 1)
such that (t,,xn,pn) — (T,z,p) and V (tn, xn, pn) — Vi(T,z,p), we can find (v, ;) € U such
that

Liven,  nM—g(x2n,, ()20} = Prlp, (T)

where vy, := V(tp, Tn,pn) + 1/n — Vi(T,x,p). This implies that
Yilwnwa(T) 2 By (T)g(Xg7, (T))
and, since P;", (T) is bounded by 1,
YD) 2 Pon, (T)g(@) = [9(Xy7,, (1) — g()]
Taking the expectation under Q and recalling that Ptoyfpn is a bounded martingale, we get

EC [V, 0 (D] 2 pagla) —E@ [|g(X}, (T)) — g(2)]] -
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Passing to the limit and using (3.10) leads to Vi(T,x,p) > pg(x). O

The conditions of Proposition 3.2 are easily satisfied if the coefficients of X* and Y are Lips-
chitz continuous uniformly in the control variable. The condition on Y also typically holds if, after
a suitable change of measure, the control appears in its dynamics only through the It6 integral.
This is typically the case in finance where Y plays the role of the wealth process, see the example

of Section 4 below.

We now provide conditions ensuring the convexity of V* in its p variable.

Proposition 3.3 Assume that V* > 0 on [0,T) x X x (0,1) and that U = R?. Assume further
that the function 4 defined in (2.16) is locally Lipschitz continuous, that 4(x,y,q,-) is Lipschitz on
R for all (z,y,q) € X x R x R?, and that for each compact set © C X x R, there exists C > 0
and € € (0,2] such that

|y (2,9, w)| + (e, w)| + |o(z, )P < CA+ [ul*®) for all (z,y,u) €O x U . (3.11)
Then, V*(t,x, p) is conver in p.

Proof. Since U = R?, it follows from the same argument as in Remark 2.2 that the condition
of Corollary 3.1 is satisfied. Since V* > 0, this implies that V* is a viscosity subsolution of
—OV*+ F.V*<0on [0,T) x X. Let ¢ be a smooth function and (¢, , p) be a local maximizer of
V* — ¢ on [0,T) x X. Note that, by definition of & and the assumption U = R,

NO(xvya (QmaQP» = {(’a(xvi%qmaa%))?a)? o€ R} :

In view of the growth condition (3.11) and the Lipschitz continuity assumption on #, this implies
that there exists C' > 0 and ¢ € (0, 2] such that, for all a € R,

1 _
_§|0“2Dpp80(ta$ap) <C(1+ |04|2 °)
This implies that D,,p(t,z,p) > 0. The convexity then follows from the same arguments as in [4,
Proposition 5.2]. O
3.5 Extension to target reachability with controlled expected loss

We now briefly explain how to extend the key-idea of Proposition 3.1 to the target reachability

problem with controlled expected loss.

Let £ : R — R be a non-decreasing function, and denote by
L = conv(loG(X xRy))

the closed convex hull of the image of £ o G. For p € L, we define the target reachability problem

with controlled loss:

Vit ,z,p) := inf {yeRy : E[loG (Xf@(T),Y;’jz,y(T))} > p for some v €U} .
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Observe that for (1) = 1,>¢ we recover the target reachability problem with controlled probability.
As in the previous section, we introduce an additional controlled state variable valued in L defined
by:

Pl=p, dP(u)=ay,-dW,, weltT], (3.12)

where the additional control « is an F—progressively measurable real valued process such that P
is a square integrable martingale taking values in L, P — a.s. We next denote by X := (X, P),

U =U x R?, U the corresponding set of admissible controls, and
C_}é(a’:,y) =loG(z,y)—p,yeERy, T=(x,p) € CI(X) where X =X x L.

If Lo G (X{,(T), Yt”xy(T)) is square integrable for all initial conditions and controls v € U, we can
then follow the arguments used in the proof of Proposition 3.1 and relate V* to a stochastic target

problem with unbounded controls:
Vit,z) = inf {y eRy : G* (X72(T),Y,,(T)) > 0 for some v = (v,) € 5{} .
This allows to provide a PDE characterization of V* in the spirit of the one obtained for V'
above. The adaptation of the previous arguments to this context is obvious.
4 Application to the quantile hedging problem

In this section, we specialize the discussion to the quantile hedging problem of Féllmer and Leukert
[5]. We first assume that the state space of the process X is X := (0, 00)¢ and that it is not affected
by the control:

w(z,u) = p(z) and o(x,u) = o(z) are independent of u, (4.1)

where p and o are Lipschitz continuous. In order to avoid arbitrage, we also assume that o is
invertible and that

sup |A(z)] <oo where A:=o lpu. (4.2)
xz€(0,00)%

The coefficients of the controlled process Y are given by:
py (z,y,u) = u-p(x) , oy (z,y,u) =o' (z)u, (4.3)
Finally,
G(x,y) =y — g(x) for some Lipschitz continuous function ¢:R% — R,. (4.4)
The process X is thus defined by the stochastic differential equation
dXi2(s) = p(Xea(s))ds+ o (Xpa(s))dWs, Xi(t) =z € (0, 00)?
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and should be interpreted as the price process of d risky securities. Here, we implicitly assume
that the coefficients p and o are such that X;, € (0,00)? P — a.s. for all initial conditions (¢, z) €
[0, 7] x (0,00)%.

The control process v is valued in U = R%, with components v indicating the number of shares
of the i—th security held in portfolio at time s. After the usual reduction of the interest rates to

zero, it follows from the self-financing condition that the value of the portfolio is given by

S
Y2 () = y+ / v dXoa(r), s>t

which leads to the definitions in (4.3). The stochastic target problem V(¢,z) corresponds to the
problem of super-hedging the contingent claim ¢(X;.(T)), and V(t,x,p) is the corresponding
quantile hedging problem. Note that the above assumptions ensure that V is continuous and is

given by V (t,x) = E®= [g(X;,(T))] where Q¢ is the P-equivalent martingale measure defined by

4Q,0/dP = exp (—; / " INXea(5))Pds / A X)) - dws) .
In particular, V is a viscosity supersolution on [0,T) x (0, 00)? of
0 < —0V-— %Tr [00" Dy, V] . (4.5)
For later use, let us denote by W@« .= W + ft A( Xtz (s))ds the Q; z-Brownian motion defined on
[t,T].

In [5], the quantile hedging problem is solved in the general non-necessarilly Markov model of
asset prices process, by means of the Neyman-Pearson lemma from mathematical statistics. In our
Markov setting, we shall recover the solution of [5] by only using the supersolution property from

the results of the previous sections.

First note that the conditions of Corollary 3.1, Theorem 3.1 and (i) of Proposition 3.2 are
trivially satisfied. This implies that V; is a viscosity supersolution of [0,T") x X

0 < —OVi+FV, (4.6)
= —0,Vi— %Tr [UJTDM‘_/*] — aiél]ggd (—a(Dp‘_/*)Talu + Tr [aanp‘_/*] + ;\a|2Dpp‘_/*) ,
with the boundary conditions
Vi(-,1) =V and Vi(-,0) = 0 on [0,7] x X, and Vi (T, z,p) > pg(x) on X x [0,1] . (4.7)
For sake of clarity, we extend V, to [0,T] x X x R by setting
Vi(5,p) :==0for p<0 and Vi(,,p):=ocoforp>1. (4.8)

The key idea for solving (4.6)-(4.7) is to introduce its Legendre-Fenchel dual with respect to

the p—variable in order to remove the non-linearity in (4.6):

v(t,x,q) = sgﬂg {pq — V*(t,x,p)} , (t,z,q) € [0,T] x (0,00)T xR . (4.9)
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Note that (4.8) and the second equality in (4.7) imply that

v(-,q) =00 for g <0 and wo(-,q) = sup {pq — ‘_/*(,p)} for ¢ > 0. (4.10)
pe[o,l}

Using the PDE characterization of V and V above, we shall prove below that v is an upper-

semicontinuous viscosity subsolution on [0,7") x (0,00)¢ x (0, 00) of
1 1
—0w — §Tr [JUTDMU] ~35 A ¢2Dyqv — Tr[oADyv] < 0 (4.11)
with the boundary condition

U(T’$7Q) < (q - g(I))Jr . (412)

Since the above equation is linear, an explicit upper bound for v is available from the Feynman-Kac

representation result. Namely,

u(t, 2, q) <ot 2, q) = E% [(Qrag(T) — g (Xea(T))T] (4.13)
on [0, 7] x (0,00)¢ x (0,00), where the process Q4 is defined by the dynamics

dQ(s)
Q(s)

Given the explicit representation of v, we can now provide a lower bound to the primal function

AN Xt 2(8)) - dWs™™ | Qraq(t) =q € (0,00) . (4.14)

V by using (4.10). Clearly the function v is convex in ¢ and there is a unique solution §(t, z, p) to
the equation

o0v .

% (t2,9) = E** |Qran(T)1fq,  rysgx,.ry}] = PlQuea(T) 2 g (Xeu(T)] =p,  (4.15)

where we have used the fact that dP/dQ;, = Q¢ »1(T). It follows that the value function of the
quantile hedging problem V admits the lower bound

V(t,x,p) > Vilt,z,p) > pilt,z,p) —v(t,2,q(t,z,p))
= dt.2.9) [P~ E%* [Quea (D)1 {g00@us (020060, (1)
+ B2 g (X02(T) Vgr.00)Qu e (1)20(Xe ()]
= E% [9(Xt0(D) 1gan@uer 2o mny] = ¥t 2,p)

On the other hand, it follows from the martingale representation theorem that we can find v € U
such that

Yowtan ™) 2 9 (Xea(D)) Lg(ta0)Qu0 (1) 26(Xe (1)} -
Since, by (4.15), P[4(t,z,p)Qt21(T) > g (Xt (T))] = p, this implies that V(t,z,p) = y(t,z,p)

which corresponds exactly to the solution of Follmer and Leukert [5].

To conclude our argument, it remains to prove that v is a viscosity subsolution of (4.11)-(4.12).

16



Proof of (4.11)-(4.12). First note that the fact that v is upper-semicontinuous on [0, 7] x (0, 00)4 x
(0, 00) follows from the lower-semicontinuity of Vi and the representation in the right-hand side of
(4.10), which allows to reduce the computation of the sup to the compact set [0, 1]. Moreover, the
boundary condition (4.12) is an immediate consequence of the right-hand side inequality in (4.7)
and (4.10) again.

We now turn to the PDE characterization inside the domain. Let ¢ be a smooth function with
bounded derivatives and (tg, zo, qo) € [0,T) x (0,00)? x (0,0) be a local maximizer of v — ¢ such
that (v — ¢)(to0, z0,q0) = 0.

a. We first show that we can reduce to the case where the map ¢ — ¢(+, q) is strictly convex. Indeed,
since v is convex, we necessarily have Dgg¢(to, 0, q0) > 0. Given €, > 0, we now define ¢, by
Pen(t, ,q) = @(t, 2, q) +elg—qol* +nlg—qol*(lg—qo[* + [t = to|* + |z — x0|?). Note that (to, 20, o) is
still a local maximizer of U — ¢¢ ;. Since Dyqp(to, Zo,qo) > 0, we have Dyyp. »(to, o, q0) > 2¢ > 0.
Since ¢ has bounded derivatives, we can then choose 7 large enough so that Dyqp., > 0. We next
observe that, if ¢, satisfies (4.11) at (to, zo, qo) for all € > 0, then (4.11) holds for ¢ at this point
too. This is due to the fact that the derivatives up to order two of ¢, at (to, o, qo) converge to
the corresponding derivatives of ¢ as € — 0.

b. From now on, we thus assume that the map g — ¢(-, q) is strictly convex. Let ¢ be the Fenchel
transform of ¢ with respect to g, i.e.

@(tv xvp) = Sup{pq - SO(t, €, q)} .
geR

Since ¢ is strictly convex in ¢ and smooth on its domain, ¢ is strictly convex in p and smooth on
its domain, see e.g. [8]. Moreover, we have
o(t,z,q) = sup{pg—&(t z,p)}
peER
= J(t,z,q)q— p(t,z, J(t,z,q)) on (0,T) x (0,00)% x (0,00) C int(dom(y)) (4.16)

where ¢ — J(-, q) denotes the inverse of p — D,@(-,p), recall that ¢ is strictly convex in p.
We now deduce from the assumption gy > 0 and (4.10) that we can find py € [0, 1] such that

v(to, o, q0) = pogo— Vi (to, xo, po) which, by using the very definition of (to, zo, po, go) and v, implies
that

(to, 0, Po) is a local minimizer of Vi — @ such that (Vi — @)(to, zo,po) = 0 (4.17)
and

o(to, o, q0) = Suﬂlé{mo — &(to, zo,p)} = pogo — ¢(to, o, po) with po = J(to,x0,q0), (4.18)
pe

where the last equality follows from (4.16) and the strict convexity of the map p — pgo— @(to, o, D)

in the domain of ¢.

We conclude the proof by discussing three alternative cases depending on the value of pg.
1. If pp € (0,1), then (4.17) implies that ¢ satisfies (4.6) at (to,xo,po) and the required result
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follows by exploiting the link between the derivatives of ¢ and the derivatives of its p-Fenchel
transform ¢, which can be deduced from (4.16).

2. If pg = 1, then the first boundary condition in (4.7) and (4.17) imply that (¢g,x¢) is a local
minimizer of Vi(-,1) — @¢(+,1) = V — @(+, 1) such that (V — @(-,1))(to, z¢) = 0. This implies that
&(+, 1) satisfies (4.5) at (to,zo) so that ¢ satisfies (4.6) for « = 0 at (to,x0,po). We can then
conclude as in 1. above.

3. If pp = 0, then the second boundary condition in (4.7) and (4.17) imply that (tg,zo) is a
local minimizer of Vi(-,0) — @(+,0) = 0 — @(+,0) such that 0 — B(+,0)(to, z¢) = 0. In particular,
(to, o) is a local maximum point for @(-,0) so that (0;p, Dy@)(to, z0,0) = 0 and D, z@(to, x0,0) is
negative semi-definite. This implies that ¢(-,0) satisfies (4.5) at (¢o,z) so that ¢ satisfies (4.6) at
(to, o, o), for a = 0. We can then argue as in the first case. O

5 Derivation of the DPE for singular stochastic target problems

This section is dedicated to the proof of Theorems 2.1 and 2.2. We first recall the geometric
dynamic programming principle of [10]. We next report the proof of the supersolution properties

in subsections 5.1 and 5.2, and that of the subsolution properties in subsections 5.3 and 5.4.

Theorem 5.1 (Geometric Dynamic Programming Principle) Let (t,z) € [0,T) x X and 0
be a [s, T]—wvalued stopping time. Then,

V(t,z) = inf{ycR: Y,

(0) >V (0,X{,(0)) a.s. for some v € U}. (5.1)

The dynamic programming equation (2.7) is the infinitesimal analogue of the above geometric
dynamic programming principle. The viscosity property stated in Theorem 2.1 is obtained in two

steps. The super-solution property will be deduced from the following consequence of (5.1).

(GDP1) Ify > V(t,x), then there exists v € U such that for all stopping time 6 < T

Yy (0) 2 VI(0, X7 ,(0)) (5.2)
The sub-solution property will be proved using the following claim which is again implied by (5.1).
(GDP2) For everyy < V(t,z), v €U, and all stopping time 0 < T,

P [V}

t,x,y

(0)>V(0,X7,(0)] <1. (5.3)

Notice that (5.1) is equivalent to (GDP1)-(GDP2).

5.1 The supersolution property on [0,7) x X

This proof avoids delicate limit arguments of the supersolution derivation in [9] and [10]
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Step 1 Let (to,z0) € [0,T) x X and ¢ be a smooth function such that

(strict) [071}1)15)(({/* — ) = (Vi —¢)(to,0) = 0.

Assume to the contrary that (—dyp + F*¢) (to, xo) =: —2n for some n > 0, and let us work towards
a contradiction. By definition of F'*, we may find € > 0, such that

py (z,y,u) — LY(t,x) < —n for all u € N:(z,y, Do(t, x)) (5.4)

and (t,z,y) € [0,T) x X xR s.t. (t,z) € B:(to,x0) and |y — ¢(t,z)| < e,

where we recall that Bc(to,zo) denotes the ball of radius € around (o, zo). Let 0,B:(to,z0) :=
{to + €} x cl (Be(to,x0)) U [to, to + &) x 0B:(xo) denote the parabolic boundary of B.(tg,z¢) and

observe that

= min (Vi — >0 5.5
¢ 8})35@0’%)( ®) (5.5)

since (tg, xo) is a strict minimum.

Step 2 We now show that (5.4) and (5.5) lead to a contradiction to (GDP1). Let (t,,xy), be
a sequence in [0,7) x X which converges to (to,xo) and such that V(t,,z,) — Vi(to,x0). Set
Yn = V(tn, T,) +n~! and observe that

Yn = Yn — P(tn, Tn) — 0. (5.6)
For each n > 1, we have y,, > V(t,,x,). Then, there exists some v™ € U such that
G(ZMT)) >0 where Z":=(X"Y"):=(X/ , Y, ). (5.7)
We now define the stopping times
02 = {52 tn ¢ (5,X"(5)) ¢ Bolto, 20)} » O = {5 = bn + [Y"(s) — (5, X"(5))] = £} A 67,
and set
Ap = {5 € [tn,0n] : py (Z7(s),02) = L% ¢ (5, X"(5)) > —n} . (5.8)
Observe that (5.4) implies that the process
Y= NY" (2", Dp(s, X)) satisfies [¢7| > e for s € A,,. (5.9)
By (5.7) and (GDP1), it follows that
YMtAO) > V(A X (tAO)), t>ty.
Using the definition of ¢ in (5.5) and 6, this implies that

YMtANOn) > @ (tAOp, XM (EAOR)) + (Cligo—g,} + €lipo50,1) Lit=0,1
Z (N, X"(EAOR)) + (CAE) Lymp,y, t=tn .
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Since ¢ is smooth, it follows from It6’s Lemma, (5.6), the definition of ™, (2.8) and (5.8) that
A0, . tAGn
—(C(Ae)1pco,y < m—(CAe) +/ {ny (2%(s),v¢) = L ¢ (s,X"(5)) } ds +/ by - dWs
tn in
LAy, tAOn
< Mr = ’yn—(C/\E)—i—/ bgds+/ o AW, (5.10)
tn in

where we set b7 = {puy (Z"(s), V) — L% ¢ (s, X"(s))} 14, (s). Let L" be the exponential local
martingale defined by Ly =1 and, for s > t,,

dLy = —Libey Y 1a,(s) - dWs,

which is well defined by (5.9), (2.2) and our definition of the set of admissible controls U.

By Ito’s formula and (5.10), we see that L™M™ is a local martingale which is bounded from
below by the submartingale — (( A€) L™. Then, L"M™" is a supermartingale, and it follows from
(5.10) that

0<E[Ly Mg | <LPM' =M =v—(Ae,

which contradicts (5.6) for n large enough. O

5.2 The supersolution property on {7} x X

Let xg € X and ¢ be a smooth function such that
(strict) min(Vi(T', ) — ¢) = (Vu(T,-) — ¢)(w0) =0 .

The fact that 6*p(zg) > 0 is deduced from (2.15) and the upper-semicontinuity of 6* by standard
arguments, see e.g. the proof of Lemma 5.2 in [9]. We now prove the second assertion. Assume
that

F*p(x0) < oo and ¢(wg) = Vi(T,z0) < g«(0) ,

and let us work towards a contradiction. Since V(T',.) = g by the definition of the problem, there
is a constant > 0 such that ¢ — V(T,-) < ¢ — g« < —n on B:(x¢) for some ¢ > 0. Since x is
a strict minimizer, 2¢ := mingepp, (29) V(T,2) — ¢(z) > 0 and it follows that there exists r > 0
such that V(¢t,z) —¢(x) > ¢ > 0 for all (t,z) € [T — r,T| X 0B:(x0). Indeed, otherwise we could
find (¢, z,) € [T —r,T)| x 0B:(x0) such that V(t,,xz,) — ¢(z,) < (, for each r > 0. Sending r — 0

would then lead to a contradiction since dB.(z) is compact. Hence,
V(t,x) —p(z) > ¢An>0 for (t,z) € ([T —r,T)] x 0B:(x0)) U ({T'} x Be(xp)) - (5.11)
We now use the fact that F*¢(x¢) < oo to deduce that, after possibly changing & > 0,

py (z,y,u) — LY%(z) < C for all u e N(x,y, Do(t,))
and (z,y) € X xR s.t. x € B(xg) and |y — p(z)] < ¢,
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for some constant C' > 0. Let ¢(¢,x) := ¢(x) + C(t — T'). Then, for sufficiently small r > 0, we

have

V(t,z) — @(z) > 2((An) >0 for (t,z) € ([T —r,T] x OB:(z0)) U ({T} x Be(20))
and py (z,y,u) — LYp(z) < C for all w e N:(z,y, Dp(t,x))
(r,y) € X xR s.t. x € B:(xg) and |y — ¢(x)] < e.

By following the arguments in Step 2 of Section 5.1, the latter inequalities lead to a contradiction
of (GDP1). O
5.3 The sub-solution property on [0,7) x X

We essentially adapt the arguments of [9] and [10]. Since our controls are not bounded and

Assumption 2.1 is weaker that their assumptions, we provide the complete proof.

Step 1 Let (to, z0) € [0,7) x X and ¢ be a smooth function such that
0= (V' =9)to,r0) > (VF=o)(t,x), (to,x0) # (t,2) € [0,T) x X. (5.12)
We have to show that (—d:p + Fi@) (to, o) < 0. Assume to the contrary that
dn = (=0 + Fup) (to,x0) > 0.
By (2.9), we may find € > 0 such that
py (z,y,u) — LY(t,x) > 2n for some u € Ny(z,y, Do(t, x))
for all (t,z,y) € [0,T) x X xR s.t. (t,z) € B:(to,x0) and |y — ¢(t,z)| < e.
For € small enough, Assumption 2.1 then implies that
a(t,z,y) = py (z,y,0(z,y, Dp(t,x))) — LEPLEDN(t 2) > 1
for all (t,z,y) € [0,T) x X xR s.t. (t,z) € Be(to, o) and |y — ¢(t,x)| < & (5.13)
where ¥ is a locally Lipschitz map satisfying
v(z,y, Dp(t,x)) € No(z,y, Dp(t,x)) on Be(to, xo) - (5.14)
Observe that, since (tg, o) is a strict maximizer in (5.12), we have

—( = max (V*— < 0, 5.15
¢ =, (V) (5,19

where 0, B (to, z) := {to+e} xcl (B:(to, o)) U[to, to+¢) x 0B (o) denotes the parabolic boundary
of B:(to, xp).

Step 2 We now show that (5.13), (5.14) and (5.15) lead to a contradiction of (GDP2). Let
(tn,zn)n be a sequence in [0,7) x X which converges to (to,z¢) and such that V(t,,z,) —
V*(to, z0). Set yn = V(tn,z,) —n~! and observe that

Tn = yn*@(tnaxn) — 0. (5.16)
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Let Z" := (X", Y™) denote the solution of the SDE (2.1) associated to the Markovian control
v =0(X", Y™, Do(-,X™)) and the initial condition Z"™(t,) = (xn, yn). Since ¥ is locally Lipschitz,
this solution is well-defined. We next define the stopping times

00 = inf{s>t, : (s,X"(s)) & Be(to,z0)},

n

On = inf{s>t, : [Y"(s) — (s, X"(s))| > e} N} .

Note that the first line in (5.13), (5.16) and a standard comparison theorem implies that Y (6,,) —
©(0n, X™(0,)) > € on {|Y"™(0,) — ©(0n, X™(0,))| > €} for n large enough. Since V < V* < p, we
then deduce from (5.15) and the definition of 6,, that

L, <00y {Y"(0n) — ¢ (0, X" (6n))}

+1g,-00y {Y"(07) — V7 (67, X™(67))}
€19, <poy + Lgo,—003 1Y (05) — V™ (05, X™(07))}
elig, <09y + Lio,=093 {Y"(07) + C — 0 (07, X™(07))}
eNC+ Lyg, =0y {Y"(07) — @ (67, X"(67))} -

Y™(0n) =V (6n, X™(6"))

v

vl

v

We continue by using [t6’s formula:

On,
Y0n) — V (0m XM07)) > < AC+ Ligymny <%+ / a(s,Xs,Y;”>ds)
tn

where the drift term «(-) > 7 is defined in (5.13) and the diffusion coefficient vanishes by (5.14).
Since €, > 0 and ~, — 0, this implies that

Y"™(0,) > V(0,,X"(0")) for sufficiently large n.
Recalling that the initial position of the process Y is y, = V(tn,n) — n~' < V(t,,x,), this is

clearly in contradiction with part (GDP2) of the geometric dynamic programming principle. O

5.4 The subsolution property on {7} x X

The proof combines arguments used in Section 5.3 and in Section 5.2 above. We only explain the
main steps.

Let zg € X and ¢ be a smooth function such that
(strict) max(V*(T, ) — 9) = (V*(T; ) — @)(z0) = 0.
Assume that
dxp(z0) >0 and 0 < 4n:= p(zo) — g"(z0) = V*(T,20) — 9" (20) - (5.17)
By (2.14) and Assumption 2.1, we can find r,e > 0 and a locally Lipschitz map o satisfying

for all (z,y) € X xR s.t. = € By(z9) and |y — p(z)| < €.
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Set ¢(t,x) == p(z) + V1T —t. Since 0yp(t,x) — —o0 as t — T, we deduce that, for » > 0 small

enough,

a(z,y) = py (¢,y,0(z,y, DP(t, ) — LXEPAED Gt ) > 1
for all (t,z,y) € [T —r,T) X xR st. x € By(xp) and |y — ¢(t,x)| < (5.19)

Also observe that, since V* — ¢ is upper-semicontinuous and (V*(T,-) — ¢)(zo) = 0, we can choose
r > 0 so that

V(t,z) < p(t,z) +e/2 forall (t,z) € [T —r,T] x By(xo) . (5.20)

Moreover, combining the identity V (T, z9) = g(xo), (5.17), (5.19), the fact that x( achieves a strict

maximum, and using similar arguments as those of Section 5.2 above, we see that
V(t,x) — p(t,z) < —¢ for all (t,z) € ([T —r,T) x 0Br(z9)) U ({T} x Br(z0)) (5.21)

for some r, e, > 0 small enough but so that the above inequalities still hold.
By following the arguments in Step 2 of Section 5.3, we see that (5.18), (5.19), (5.20) and (5.21)
lead to a contradiction of (GDP2). O

6 Derivation of the boundary conditions for the stochastic target

with controlled probability

We now prove Theorem 3.1. The Dynkin operator associated to (X”, P%) will be denoted by
_ 1
LU%(t,7) = Op(t,T) + (T,7) - Dep(t, 7) + 5 Tr [60 (7,8) D*p(t, 7)] -

6.1 The endpoint p=1

In order to prove that Vi (-, 1) is a supersolution of (2.10)-(2.19), it suffices to show that V,(-,1) is

a supersolution of
max {Vi(.,1) = Vi, =0, Vi(.,1) + F*'V,(.,1)} > 0 on [0,T)xX, (6.1)
and that V,(T,-,1) is a viscosity super-solution on X of

max{V*(T,.,l)—V;(T,.),min{(‘_/( 1) = ) L et ny<oo) 0 Ve (T )}}zo. (6.2)

To convince ourself, let us show for instance that (6.1) implies (2.10). Let (¢, xo) be a local mini-
mizer of V,(-,1) — ¢ for some smooth function ¢. Then,

- either Vi(to, w0, 1) < Vi(to, ) and (2.10) holds for ¢ at (tg, o),

- or Vi(to, 0, 1) = Vi(to, o) so that (tp, o) is a local minimizer of Vi — ¢, and (2.10) holds for ¢
at (to, o) by the viscosity property of Vi, see Theorem 2.1.
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Step 1 We first show that for any smooth function ¢ on [0,7] x X x [0, 1] and (to, o) € [0,7) x X
such that

trict i . — ) = (Vi —©)(to, 0,1) =0, .
(Srlc)[O,T)gl)l(ri(O,l](V ¢) = (Vi = ¢)(to, 0,1) =0 (6.3)

we have
max {¢(to, 20, 1) — Vi(to, z0) , (=0 + F*¢) (to,z0,1)} > 0. (6.4)
If not, we can find n,e > 0 such that

maX{@(tvxap) - V(t, l‘) ) ,UY($,y,U) - Zwa@(ta'mvp)} < ) (65)
for all  (u,a) € Ne(z,y, Dp(t, x,p)) and (t,z,p,y) € [0,T) x X x (0,1] x R
s.t. (t,x,p) € Be(to, o) X [1 —e,1] and |y — o(t, z,p)| < e .

Let (tn,Zn, pn)n be a sequence in [0,7") x X x (0,1) which converges to (to,xo,1) and such that
V(tn, Tnypn) — Vi(to, zo,1). Set yn = V(tn, Tn, pn) + n~! and observe that

Yo = Yn — @(tn,xn) — 0.

For each n > 1, we have y,, > V (t,, z,). Then, there exists some 7" := (1™, ") € U such that

G(Z™(T)) >0 where Z":= (X", P"Y"):= (X, P* Y/ ). (6.6)

tn,Zn? " tn,Pn? ~ tn,Tn,Yn

n

We now define the stopping times

Oy :={s>t, : (s,X"(s),P"(s)) € D} , 0 :={s>t, : |Y"(s)—(s,X"(s))| >} N0, ,

D := (0,B:(to, z0) x [1 —¢,1]) U (B:(to,z0) x {1 —¢,1}),

and 0p B¢ (to, o) := {to+¢e} x cl (B:(to, z0)) U[to, to +¢) X 0B:(zo) denotes the parabolic boundary
of B:(to,zp). It follows from (6.3) and (6.5) that

C:zl%f(V—go) >0.
By (6.6) and (GDP1), it follows that

Y'(0n) = V(0n, X™(0n), P"(0n)) = @(0n, X" (0n), P" ()

where the second inequality follows from (6.3). Using the definition of 6,, and ¢ > 0, this implies
that

Y0, > ¢(0n, X"(0,),P"(0,)+NeE.
By arguing as in Section 5.1, this leads to a contradiction.
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Step 2 We now show (6.1), i.e. for any smooth function ¢ on [0,7] x X and (to,xo) €

such that

(strict) [Og})iilx(uﬁ(-, 1) —¢) = (Vi(-,1) — p)(to,z0) = 0,

we have
max {¢(to, zo) — Vi(to,zo) , (—0wp + F*¢) (to,x0)} > 0.
a. For every k > 0, we introduce the smooth function
otz p) = p(t,x) = |z —wo|* — (t —t0)* = Yr(p)

where, for some fixed p > 0,

1 o2k
Observe that
20k < ). (p) = pk e <Pk for k 1 h
—2pk < 4 (p) = p h(pHD) _ g2htl = —2(6_1) or k large enoug
7 9 ek(p+3)
Y (p) = —pk <0 forallk>0

(k1) — e2k+1)2

L W)

: =p if (pr)k is a sequence in [0,1] s.t. lim k(1 —pg) =0.
e Tl (o) =

[0,7) x X

(6.7)

(6.9)
(6.10)

(6.11)

Let (tg, xx,px) be a minimizer of V; — ¢ on [0,T] x BX(xg) x [0, 1], where BX(zq) := Bi(20) N X
and Bj(xo) is the closed unit ball centered at x. Observe that, by definition of (¢x,zk, pr) and

(t07$0)7
(Vi —)(to,20,1) = (Vi — &p)(to, z0,1)
> (Vi — k) (ths Tk, Pi)
= (Vi — o) (te, zh, 0k) + |z — wol* + (ti — t0)” + vr(pr)
> (Vi — ) (tw, 2i, o) + |k — zo|* + (b — to)* + 2(€pf )

(1—pr),

where the last inequality follows from (6.9) for k large enough and the fact that ¢, (1) = 0. Since

V. > 0 by construction and ¢ is bounded, this implies that the sequence (t, zg, p)r is bounded

and therefore converges to some (4, z4, ps) up to a subsequence. Clearly, p, = 1, since otherwise

we would have k(1 — pi) — oo. By definition of (to,xo), this implies that

(Vi — @) (to,z0,1) > liminf(Vi — @) (tr, 2, Dk

k—o0o
— pk
> (Vi — @) (tu, Ty 1) + |24 — mo|* + (L — t0)? +11m1nf e —1)
= pk
> (Vi — o) (to, 20, 1) + |zs — xo|* + (£t — t0)* + ligninf =
—00 € —
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This shows that, after possibly passing to a subsequence,
(tk, Tx, pr) — (to,z0,1) , k(1 —pr) = 0 and  Vi(tg, 2k, pr) — Va(to, z0,1) . (6.12)

b. In order to prove (6.7), we assume that

V*(to, xo, 1) — V;(to, xo) < 0, (613)
and we intend to prove that
(—8tcp+F*g0)(t0,x0) > 0. (6.14)

By the previous convergence results, it follows from (6.13) that the sequence (tg,x,px) of min-
imizers of the difference V, — ¢ satisfy Vi(ty, x, pr) — Va(tr, zx) < O after possibly passing to a
subsequence. By Corollary 3.1 together with the result of Step 1, we then deduce that

(fatgpk + F*cpk) (tg, zk,pr) > 0 forevery k>1.
Now observe that by (6.12)
(010k> Daory D2k) (b T pi) — (O, Dop, D) (to,20)  as k — oo, (6.15)
(Dppks D201, Dyyor) (trs T i) = (=03 (pr), 0, =¥y (pr))  for every k> 1.

By definition of F*, we can then find sequences e > 0, Z = (22,p)) € X x [0,1], yx > 0,
ar = (qf,q}) € R? x R, and a symmetric matrix A, € S*! with rows (AF* AP € S% x R and
(AT APP) € R x R such that

er — 0, Zp — (20,1), and  |(yk, qr, Ax) — (@, Do, D*op) (tr, xh, pi)| < k77 (6.16)

and

_82%0(15071'0) +Fek (jkvyk7QR7Ak> Z _k_l .

By the definition of F,, we may find a maximizing sequence (uy, ax) € Nz, (Zx, Yk, gx) such that

—0yp(to, JBO) + MY(UC% Yk, Ug) — M($27 uy) - q

1
~5 (Tr [oo™ (a9, up) AF"] + | PALP + 200 (2, up) ATP - o) > —2k 1.

Observe that (ug, ax) € Nz (Zk, Yk, q) implies that uy, € /\[Ekﬂqﬁakl (29, Yk, qF). Then

2 1
_at(P(tm .’L‘()) + Fak+|q£ak| (532, Yk, qza Aix) > _% + i‘ak‘QAzp + O'T(Jjg, uk)Aip - O, (617)

and we deduce from Assumption 3.3 that, for some constant C' > 0 (which may change from line

to line),

C (1 + |q§ak]2)

v

1
AT+ (@, w) AT -

1 @
S ARl + CLAL o (6.18)
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where we used the condition that sup,¢;; |o(x, u)| is locally bounded. From (6.9), (6.10), (6.11),
(6.12), (6.15) and (6.16), it follows that

(2)?
|4}

AP — o0, AP — 0, and — pask — oo, (6.19)

and we deduce from (6.18) that, for small p,
lox|AY| < € and oxlgi* < Cp
for some constant C. In view of (6.19), this implies that |ax| — 0. We now return to (6.17) to
deduce that
2
—0p(to, x0) + Fi, 4 yop (20 vk, gk, AFY) > 7 + o (2], up) A7 - ay
since A" > 0, and we obtain the required result (6.14) by sending k — oo and then p — 0, and
recalling that (Jag|, A;”) — 0 and that o is locally bounded, uniformly in the control u.
Step 3 Tt remains to prove (6.2). The fact that Vi (T, 1) is a viscosity supersolution of
max {Vi(T, ., 1) = Vi(T,.) , §*V(T,.,1)} > 0

is deduced from (6.7) of the previous step by using the same arguments as in Section 5.2. It remains

to show that V,(T,-,1) is a viscosity supersolution of

max {Vo(T, . 1) = ValT,) , (ValT, 1) = 9L ppep 1, yoey 2 0.
By combining the arguments of Step 1 with those of Section 5.2, we first show that for any smooth
function ¢ on X x [0,1] and xp € X such that

(StriCt) Xril(igll](v*(T7 ) - 95) = (V*(T7 ) - 95)(3707 1) =0,

)

we have
max {K(T, 20,1) = Va(T, 20) , (Va(T,20,1) = ga(w0)) 1{F*¢($0,1)<m}} >0. (6.20)
We then consider a smooth function ¢ on X and xg € X such that
(strict) min(V(T, 1) ~ ) = (Val(T, 1) — ) (x0) =0
and
o(T,z0) < Vi(T,z0), F*o(T, ) < 0. (6.21)
We follow the construction of Step 2 of modified test functions

pe(z,p) = @(x) = |z —wol* — v (p),

where )y, is defined in (6.8). As in the above Step 2, we prove that the difference Vi (T,.) — ¢y
has a local minimizer Ty = (zy, px) satisfying all estimates derived in the above Step 2 (forgetting
about the ¢ variable). In particular, since F*p(z)) < C for some constant C' > 0 independent of k
by (6.21), we deduce from the same estimates than in Step 2 that F*¢ (7)) < 2C for all large k. It
then follows from Corollary 3.2, (6.20) and (6.21) that Vi(T,Zx) > g«(Z1). Sending k — oo, this
provides V, (T, xg,1) > g«(x0,1), and the proof is completed by observing that g.(zo,1) = g«(x0).

O
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6.2 The endpoint p =0

We organize the proof in three steps. As in the previous subsection, Steps 1 and 2 focus on t < T
while Step 3 concentrates on t = 7.

Step 1 We first show that for any smooth function @ on [0,7') x X x [0, 1] and (t1,21) € [0,T) x X
such that

trict V*—p)=(V* - @)t 0)=0 6.22
(stric )[O,T)ril)%)i[o,l]( @) = ( ?)(t1,x1,0) ; (6.22)

we have
min {V*, —9;¢ + Fyp} (t1,21,0) < 0. (6.23)

The proof is very similar to that of Subsection 5.3 up to the modification explained in the proof
of Corollary 3.1 and the fact that we have to handle the state constraint p = 0. For completeness,

we report here the entire argument. Assume on the contrary that
4n = min {V*, (=0, + F.p) (to,20,0)} > 0
i.e., for some £ > 0,

min {@(t,Z) , py(Z,y, 1) — L%(t,2)} > 2n for some @ € Ny(Z,y, D(t,z))
for all (t,z,y) € [0,T) x X xR s.t. (t,7) € Be(to,w0) % [0,¢] , |y — ¢(t,7)| <e. (6.24)

Assumption 3.1 implies that

a(t,z,y) = min {@(t,z) , py (T,y,0(z,y, DP(t, 7)) — LOEVDPEED 51, 7)) > 1
|

for (t,z,y) € [0,T] x X xR s.t. (¢,7) € Be(to,w0) % [0,¢] , |y —¢(t,z)| <e  (6.25)
where v is a locally Lipschitz map satisfying
v(Z,y, D@(t, 7)) € No(z,y, Dp(t, %)) on Be(to, o) x [0,¢] . (6.26)

Observe that since (¢1, 1) is a strict maximizer in (6.22), we have

—( = HlSX(V* —¢) < 0, where D := (9,B:(to, o) x [0,¢]) U (Be(to, o) x {€}) (6.27)

Also, we deduce from (6.24) and the fact that V(-,0) = 0 by definition:

0>-m> max (V—9)(-,0 6.28
72 max (V- 9)(-0) (6.29)
By following the arguments in Step 2 of Section 5.3, we see that (6.25), (6.26), (6.27) and (6.28)
lead to a contradiction of (GDP2).
Step 2 Let ¢ be a smooth test function on [0,7] x X and (tg,z¢) € [0,7) x X be such that

(strict) max (V"= ¢)(-,0) = (V" = ¢)(to, 20,0) = 0
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By definition, we have V*(tg, 20,0) > 0. Let us assume that

V*(t07x070) > 0, (629)
and work towards a contradiction. Recall the function 1y of (6.8), and define

er(t,z,p) = @t )+ |z —zo|* + (t—t0)* + (1 —p).

Arguing as in Step 2 of the previous subsection, we see that the difference V* — ¢ has a local

maximizer (tg, g, px) on cl([0,7] x X x [0, 1]) satisfying
(tk‘a xk:pk) - (t07x07 0)7 kpk — 0 and V*(tkvxlmpk) - V*(tovx(b 0) ; (630)
so that

(Oepks Dupres D2yor) (tre, 21, k) — (Orp, Do, D) (to, 0) (6.31)

Since V*(tg, zg,0) > 0, we have V*(t3, x1, pr) > 0 for all k, after possibly passing to a subsequence.
Then, it follows from Corollary 3.1 and Step 1 that

(—0vpr + Fupr) (try wpopr) < 0 forall k> 1.

By the definition of Fi, we can then find sequences e, > 0, zp = (29,p)) € X x [0,1], yx > 0,
a = (4, q}) € R? x R, and a symmetric matrix 4j; € S*! with rows (AF*, AP € S x R% and
(A“sz, AlP) € RY x R such that

e, — 0, T, — (z0,1), and | (Y, qk, Ar) — (0, Dop, D* 1) (te, w, pie)| < k™7 (6.32)
and
—Op(to, x0) + Fry (Ths Y ars Ax) < k7T,
i.e. for every (u,a) € Nz, (T, Uk, qk):
—0hp(to, xo) + py (2}, yps w) — p(ay, u) - g (6.33)

1
~5 (Tr [oo ™ (2], w) AF"] + [a? AP + 20T (2, w) AP - o) < k1.

Observe that (6.9), (6.10), (6.11), (6.30), and (6.31) imply that

P2
AY <0, gl >0, forlarge k, lim A} =0, and lim @) _ (6.34)

Now let u € U be an arbitrary control, and define o := N (a:g,yk,qi) /qi, so that (u,ay) €
Nz, (Zk, Yk, qr), and it follows from (6.33) that
457
(a3)?

‘NU (‘rgaykuql‘:)ﬁ < C7
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for some C' > 0 independent of k and p. Sending k — oo in the above inequality, we then deduce
from (6.32) and (6.34) that

p N (20, ¢(to, 7o), Dp(to, z0))|* < C.

Since p > 0 can be chosen arbitrarily close to 0, this shows that N (zg, p(to, x0), De(to,z0)) = 0,
and the arbitrariness of w € U is in contradiction with Assumption 3.2. Hence, (6.29) does not
hold and therefore V*(-,0) = 0 on [0,T) x X.

Step 8 We finally show that Vi(T,-,0) = 0 on X. Since V*(¢t,7,0) = 0 for t < T and z € X,
we can find a sequence (tp,Zn,pn)n in [0,7) x X x (0,1) such that (¢,,xn,pn) — (T,z,0) and
0 < V(tn, Tn,pn) < 1/n for all n > 0. Passing to the limit leads to the required result. O
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