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Abstract

Given a controlled stochastic process, the reachability set is the collection of all
initial data from which the state process can be driven into a target set at a specified
time. Differential properties of these sets are studied by the dynamic programming
principle which is proved by the Jankov-von Neumann measurable selection theorem.
This principle implies that the reachability sets satisfy a geometric partial differen-
tial equation, which is the analogue of the Hamilton-Jacobi-Bellman equation for this
problem. By appropriately choosing the controlled process, this connection provides a
stochastic representation for mean curvature type geometric flows. Another application
is the super-replication problem in financial mathematics. Several applications in this
direction are also discussed.
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1 Introduction

The stochastic target problem is a non-classical optimal stochastic control problem in which
the controller tries to steer a controlled stochastic process Z}, into a given target G C IR"
at time T, by appropriately choosing a control process v. The object of interest is the

collection of all initial data, Z},(t) = z, from which the controller can achieve her goal:
V(t) = {z €eR" : Z/,(T) € G for some admissible v } :

We call V(t) the reachability set. As in classical optimal control, if the state process is
Markov, then the reachability sets satisfy a dynamic programming principle which states

that for any stopping time 6 € [t,T],
(1.1) V(t) = {z € R" : Z{,(0) € V(0) for some admissible v } .

After properly defining the problem in a general abstract setup, we prove this identity in
Theorem 3.1 under natural assumptions on the state process and the admissible controls.
The main technical tools of this proof are a measurable selection Theorem of Jankov-von
Neumann and the techniques developed in Bertsekas and Shreve [6].

In Section 4, we use (1.1) to derive a partial differential equation when the state process

is a diffusion process
dzy . (s) = u(s, 2 .(s),v(s)) ds +o(s, Z .(s),v(s)) dW (s)

where W is a n-dimensional Brownian motion, and the control v is a progressively measur-
able process valued in a compact subset U of some Euclidean space. In this general setup,
the reachability set is neither a graph nor an epigraph. Therefore the evolution of the
reachability set can only be described by the geometric quantities of its boundary. We use
the machinery developed in [4, 8, 13, 25] to derive and study the corresponding dynamic

programming equation
(1.2) sup{ —L"u(t,z) : v € N(t, z,Du(t,z)) } =0 (t,z) € (0,T) x R",
where for v € U,
Lru(t,z) = u(t, z) + p(t,z,v)"Vu(t, z) + % trace (aa*(t, z,v)D?ult, z)) ,
and for p € R", and (¢,2) € S =[0,T] x R"
N(t,z,p)={velU : o*(t,z,v)p=0 }.

Since we wish to hit a deterministic target G with probability one, the diffusion process

has to degenerate along certain directions and the kernel N captures this fact.



The main result of §4 is Theorem 4.1 which states that the characteristic function of the
complement of the reachability set is a viscosity solution of a nonlinear parabolic partial
differential equation. Note that although the characteristic function is discontinuous, it
solves a second order partial differential equation. This is common in the weak-viscosity
theory for geometric flows; [4, 8, 13, 25].

This connection between the stochastic target problems and the geometric flows also
provides a stochastic representation for the mean curvature flow, which was unexpected to
the authors. The mean curvature flow is a geometric initial value problem for a family of
sets {I'(t)}+>0. Given the initial set I'(0), the problem is to construct I'(¢) in such a way
that the normal velocity of I'(¢) at any point is equal to its mean curvature at that point. A
brief discussion of this flow is given in §5 and we also refer to [4, 8, 13, 25] and the references
therein for more information. In the case of the (codimension one) mean curvature flow

the connection is this: Let the controlled process be
dz;.(s) = [In —v(s)v*(s)] dW(s) ,

where [, is the n X n identity matrix, and the control v is any adapted unit vector. This
choice provides a stochastic representation for the mean curvature flow problem, as a target
reachability problem in the reverse time. More precisely, the characteristic function of the
reachability set of this stochastic target problem is a weak-viscosity solution of the mean
curvature flow. To the best of our knowledge, this is the first representation formula of
this type. Note that it is analogous to the connection between forward-backward stochastic
differential equations and the semilinear partial differential equations [23, 22].

In general, the dynamic programming equation (1.2) corresponds to a general nonlin-
ear geometric flow. Indeed formally (1.2) implies that the boundary of V(¢) satisfies the

following equation:

1
(1.3) VY =sup{ —u(t,z,v) i — §t7‘ace (co*(t,z,v) Dii) : veN(t,zn) },

where V is the normal velocity of the reachability set at z € OV (t), and 7 is outward unit
vector at z € OV (t). A brief discussion of the geometric flows, the definition of V in terms
of the distance function is given in Section 5.

The stochastic target problem was originally motivated by applications in financial
mathematics. The reachability set is closely related to the super-replication problem which
has been extensively studied in the last decade; we refer the reader to Karatzas and Shreve
[18] and the references therein. In this financial pricing problem, one is interested in finding
the minimal initial capital which allows to hedge some given contingent claim by means of
an admissible portfolio strategy. Here, the control is the portfolio, the controlled stochastic
process is the spot stock prices and the value of our portfolio, and the target is the set
of all stock prices and portfolio values such that the portfolio value dominates a nonlinear

function of stock prices given by the contingent claim.



Initialy, convex duality is used to analyze the super-replication problem. In general,
when this approach is avaliable, the dual problem turns out to be a standard stochastic
control problem (see e.g. Fleming and Soner [15]) which can be solved via the classical
Hamilton-Jacobi-Bellman equations, see Cvitani¢, Pham and Touzi [11]. Then the dual
formulation admits a classical dynamic programming principle which is equivalent to the
above one. Of course this derivation of the dynamic programming principle requires the
convex duality result.

However, to this date, there is no general convex duality approach which applies to the
general problem. In particular, there are several examples in financial mathematics which
have not yet been solved by convex duality. Two such examples are the large investor
framework (Cvitani¢ and Ma [10]), and the problem of hedging under Gamma constraints
(Soner and Touzi [26]).

In this paper, we propose to study the target problem directly by the above dynamic pro-
gramming principle 3.1. This alternative approach provides a way of deriving the Hamilton-
Jacobi-Bellman equation directly and it has already been successfully applied in [26], [27]
and [30].

In Section 6, we discuss super-replication problems with a Gamma constraint, transac-
tion costs, and general portfolio constraints. In all of these examples, the reachability set is
an epigraph of a function which is equal to the minimal super-replication price, and (1.1)
yields a Hamilton-Jacobi-Bellman equation for the minimal super-replication price.

The paper is organized as follows. Section 2 describes the general stochastic target
problem. Dynamic programming principle is proved in Section 3. The corresponding dy-
namic programming equation (1.2) is stated in Section 4. We defer the rigorous proof of the
connection between the target problem and this equation to Section 8. In that section, we
prove that the characteristic function of the complement of the reachability set is a viscosity
solution of (1.2). In the remaining sections we discuss the applications. In section 5, after
a brief introduction to mean curvature flow, we obtain a stochastic representation for the
mean curvature flow in any codimension. In Section 6, we discuss several applications in
financial mathematics. An extension of the target reachability problem to the stochastic
viability problem (Aubin et al. [2, 3]) is given in Section 7.

Sections on financial mathematics, §6 and §7, and the section on mean curvature flow,

65 are independent of each other.



2 Abstract problem

In this section, we formulate the stochastic target problem. We start with a brief summary

of the notation that will be used throughout the paper.

2.1 Notation

Let (22, F, P) be a complete probability space, T' > 0 a finite time horizon, and IF' = {F(t),
0 <t < T} afiltration satisfying the usual assumptions. 7 is the set of all stopping times
in [0,77.

For 6§ € T, LP(0) is the set of all p integrable, IR"-valued random variables which
are measurable with respect to F (). For § = T, we simply denote LP := LP(T). We
also introduce the set S of all pairs (6,¢) € 7 x L2 such that ¢ € L2(0). By analogy,
we introduce the set S = [0,7] x IR" which can be viewed as the subset of deterministic
elements of S.

Let IHY be the set of all cad-lag processes X : [0,7] x Q — IR" progressively mea-
surable with respect to the filtration IF, and IHP the subset of IH) whose elements satisfy
E[f) |X[Pdt] < oo.

For a topological space A, B4 is the set of all Borel subsets of A.

M* is the transpose of the matrix M.

2.2 Admissible controls

The control set U is a Borel subset of an Euclidean space and U is the set of all progressively
measurable processes v : [0,T] x Q& — U.
Given 11 and 5 in U and a stopping time § € 7, we define the #-concatenation of
(v1,12) by :
0
vy Pry = 1 1[[079) + o 1[[97T]].
Finally the set of admissible controls is any Borel subset A of U which satisfies the following

two conditions.

A1l. Stability under concatenation:

(4
v ®ry € A forall vi,vo € A and 6 € T,

This condition is crucial for dynamic programming. It essentially states that the set of
admissible controls has an additive structure.

The second assumption is a technical condition and in many instances it follows from
the topological structure we impose on A. In particular, the following assumption holds if

the set A is a separable, metric space; see Lemma 2.1 below.



A2. Stability under measurable selection:

We assume that for any 6 € T and any measurable map
6 (QF(9) — (ABa),
there exists v € A such that
p=v on [0, T] x Q ,Leb x P almost everywhere.
The issue here is this. Given ¢ as above we may define a control process v by:
(2.1) v(t,w) := (¢(w))(t, w)izgy (W) + 7(E w) <oy (W),

for some v € A. Assumption A2 is then needed in order to show that v is progressively
measurable.
A sufficient condition for A2 is the separability of A :

Lemma 2.1 Suppose that A is a separable metric space. Then, A2 holds.

Proof. We first prove that the result holds for simple functions, then we deduce the result
by density.

1. First suppose that ¢ is a simple function, i.e.,

(o]
p=> v lp,
k=1

for some v € A and pairwise disjoint sets By € Fy whose union is the whole set Q. Let v
be as in (2.1). For any ¢ € [0,T] and a Borel set A € By, we need to show that the set

O:={(s,w) €[0,t] x Q| v(s,w) e A}
is Lebyg 4y ® Fi—measurable for all ¢t > 0. Indeed, O = O* U (UyOy,) where
O :={s<0}n{v(s,w) e A},
and, with By := [0,t] x By,
Oy == {0 < s} N BN {v(s,w) € A} .

Since v is progressively measurable, O™ is Leby ;®F; —measurable. Also for each k, By, € Fy
and the definition of the o-algebra Fy, {6 < t} N By, is Lebyg 4) ® Fi—measurable. Hence O
is Lebyg y) ® Fr—measurable.

2. Since A is separable, there exist a sequence of maps ¢,, :  — A which are simple
functions as in Step 1, and lim,, ¢,, = ¢ everywhere. Let v, be as in (2.1) with ¢,,. Then, by
Step 1, v, is IF'—progressively measurable and morevoever v, converges to v everywhere.

Hence v is I[F—progressively measurable as well. O



2.3 State process

The controlled state process is a mapping from S x A into a subset Z of IH? :
(0,6,v) € SxXA — Zj, € Z C Hy.
We shall denote
Zr = {Z1) : (0,6v) € Sx A} C L.
The state process is assumed to satisfy the following conditions.
Z1. Initial data: Zy =0 on [0,0) and Zy () = &.

Z2. Consistency with deterministic initial data: for all (t,z) € S,

Zg’g = Z;, on the event {(0,&) = (t,2)}.

The controlled process Z" is defined up to null sets, as an equivalence class in IH2. Since
the event {(0,&) = (t,2)} may have zero measure, the above statement needs clarification.

Precisely, by Z2 we mean that

Ef(25())10.6) = t,2)] = BE[f(2.(5)]
for any bounded Borel function f and s > t.

Z3. Pathwise uniqueness: for all T € T with 8 < T a.s., we have

Zge = Zic on [1,T] where ¢ = Zg(T).

T

Z4. Causality: if two admissible controls v1, vo are equal between two stopping times
T>0inT, (ie, vy =uwvy onl[l,rT]) then,

Zye = Zyr on [0,7].

Z5. Measurability: the map
(t,z,v) € SxA +— Z/(T) € Zr

1s Borel measurable.



2.4 The stochastic control problem

The target set G is a Borel subset of IR". Given an initial data (t,z) € S, let
G(t,z) = {I/ €A Z/(T) e G a.s.}

be the set of admissible controls which can drive the state process Z into the target G at
the terminal time 7. Observe that G(t,z) may be empty, and the reachability set is the

collection of all points at which it is nonempty:

V() = {z€R" : G(t,z) #0}.

2.5 Typical state and control processes

In all of our applications, the state process Z¢, is a jump-diffusion process; see Section 6.1
below. Such a process is driven by a Brownian motion W and random measures {v’ }37:1.
In these applications, we take the filtration F to be the P completion of the smallest o
algebra generated by the Brownian motion and the random measures.

Also a typical choice for the set of admissible controls A is a closed subset of adapted
processes in LP((0,T) x €; Lebesque ® P) with some p € [1,00) and the product o-algebra
of Bjo.r) X F. In view of Lemma 2.1, we would like A to be separable.

Indeed, since the set of progressively measurable processes is a closed subset of LP((0,7T") x
), the separability of A follows from the separability of LP. According to classical results
on separability (see for instance, Doob [12], page 92), any LP space is separable if the
underlying o-algebra is countably generated upto null sets. Therefore, this choice of A
is separable, provided that F is countably generated. We claim that this is always the
case. Indeed, as it is discussed in Section 6.1, random measures v/ are determined by the
jump times {T7},—; . and random variables {Y,J},—1 . So that F is the P completion
of FO = FW v FT'v FY where FW is generated by the Brownian motion W, and F7,
FY are generated by the sequence of random variables {77}, {Y,J}, respectively. Since the
Brownian paths are continuous F" is countably generated (see for instance [24] Example
4.2.1 in §1). Therefore, F° is countably generated and by construction, JF is countably
generated upto null sets.

Hence, with the above choices, A is separable, and Assumption A2 follows from Lemma
2.1.

3 Dynamic programming

We first start by a measurable selection result which is the key step in the proof of dynamic

programming principle. Set

D = {(t,z)eS : 2z e VI)} = {(t,2) €S : G(t,z) #0}.



Lemma 3.1 For any probability measure p on S, there exists a Borel measurable function
¢u : (D,Bp) — (A,Ba) such that :

oult,z) € G(t,z) for p—ae. (t,2)€D.
Proof. By assumption, S and A are Borel spaces. Set
B = {(t,z,v) e SxA : veg(tz)}.

1. We claim that B is a Borel subset of S x A. Indeed, in view of Z5, the map (¢, z,v)
€ Sx Avr— ZY,(T) € Zr is Borel measurable. Therefore, for any bounded continuous
function f, the map ¥y : (t,2,v) € Sx A+— FE [f (Z;’Z(T))} € IR is Borel.

If G is a closed subset of IR™, then there exists a sequence of continuous functions f”
such that f"(z) — 1g(z) for all z € IR", f* =1 on G, and 0 < f™ < 1 outside G. Then,
the map Wy, is Borel as limit of the Borel maps W yn.

Now, if G is open, then ¥y, = 1 — ¥y . and therefore ¥, is Borel by step 1. Clearly,
this property extends to a countable union U,G,, of open or closed disjoint subsets of IR™
since 1y,G, = >, lg,- Hence, the map ¥, is Borel measurable for any Borel subset G
of IR™.

Since B = {(t,z,v) € S x A: Uy,(t,z,v) <0}, B is a Borel set.

2. Since any Borel set is also analytic (see [6] Proposition 7.36), B is an analytic subset
of S x A;. We may now apply the Jankov-von Neumann Theorem (see Bertsekas and Shreve
[6] Proposition 7.49), to deduce the existence of an analytically measurable function ¢ : D
— A such that Gr(¢) C B, i.e. ¢(t,z) is an admissible control in G(¢, z) for all (¢,z) € D.

3. In this step, we will construct a Borel measurable map ¢, which is equal to ¢, p
almost everywhere.

Let P(S) be the set of all probability measures on S, and for p € P(S5), let Bs(u) the
completion of the Borel o-algebra Bg under p. Then Us = N cp(s)Bs(p) is called the
universal o-algebra. In view of Corollary 7.42.1 in Bertsekas and Shreve [6], every analytic
subset of S is universally measurable. In particular, any analytic map ¢ is universally
measurable. Since Ug C Bg(p) for any u € P(S), it follows that ¢ is Bg(u)-measurable.
Then, the definition of Bg(x) implies that there exists a Borel measurable map ¢, which
is equal to ¢ for p almost every (t,z) € S. O

We are now in a position to state the dynamic programming principle.
Theorem 3.1 Let (t,z) € S, and 6 >t be a stopping time in T. Then,
(3.1) V(t) = {z e R" : Z;,(0) € V(0) a.s. for somev € .A} .

Proof. Set W(t) := {z € R" : Z{ (0) € V(0) as. for some v € A}.



1. We first prove that V' (t) C W (t). Let z be an arbitrary element of V'(¢). Then, there
exists v € A such that Zy, (T) € G a.s.. The pathwise uniqueness property Z3 yields

ZI;/,Z<T) = Zgzzz(g)(T) € G as.

Let p = pg .. be the pull-back of P under the map (0, Z;,(0)), as such p is a Lebesque
measure on [0,7] x IR™. We need to show that for p-a.e. (t,2'), 2/ € V(t').
By Z2, for every (t',2'),

P(24.(T)€G) =P (z;zzz(e) (T) € G ’ (0,2.(0) = (¢,2) ) -
Hence

| Pz eG) an = B(P(Zy oM eC|0.2000) =2 ))
= P (Zg,zgz(e) (T)e @ )
P(zp(m)eG)=1.

Hence for p-a.e. (t',2'), P (Z;’,’Z,(T) € G) =1, and 2’ € V(t'). Therefore, Z;,(0) € V(0)
a.s..
2. In this step, we prove the opposite inclusion W (t) C V (t). Let (¢,z) € W (t). Then,

(3.2) Zy,(0) € V(0) as. forsome v € A

Let p be the probability measure on S induced by (0, ZEZ(Q)), and let ¢, be the Borel

measurable map constructed in Lemma 3.1. In view of (3.2), (9, ZKZ(9)> € D as.. Then
by Lemma 3.1 and A2, there exists 11 € A such that for y-almost every (¢, 2'),

(3.3) Zit (1) = Zﬁfz(,t,’zl)(T) € G on the event set {(9, ZZZ(H)) = (¥, z')} .

0
Set U := v @ vy. According to the stability by concatenation property A1, © is an admissible

control in A. We now compute that

ZZz(T) = Zg,zgz(e)(T) by Z3
= Zg’zf @(T) by Zdsince v =v on [t,0]

= 7! (T) by Z4since v =v; on [0,T]

0,77 .(0)
€ G by (3.3).
Hence 0 € G(t,z) and z € V(). O

10



4 Dynamic Programming Equation

In this section we state the corresponding dynamic programming equation when the state
process is a diffusion.

In our earlier work, [26] [27], the dynamic programming property is used to study two
problems in finance. In those two examples, the reachability set V(¢) is the epigraph of
the value functions. In [26] and [27] this structure and the dynamic programming principle
(3.1) is then used to derive a nonlinear partial differential equation for these functions.

In the general setup outlined in this paper, the reachability set V(¢) may not be an
epigraph. Still, the dynamic programming principle (3.1) can be used to derive an equation
for the boundary of the reachability set. Necessarily, this equation is a geometric flow
equation as defined in Barles, Soner and Souganidis [4]. This connection between the
stochastic target problems and the geometric flows is further discussed in our forthcoming
papers [29] and [28]. In particular, in [28], we provide a stochastic representation formula for
the weak solutions of the mean curvature flow as defined in Chen, Giga, Goto [8], Evans,
Spruck [13] and Ambrosio, Soner [1]. To our knowledge, this is the first representation
formula of this type. A brief discussion of this formula is given in the next section.

In this section, we simply state this “geometric dynamic programming equation” which
is the analogue of the Bellman equation of a standard optimal control problem. We then
discuss the properties of this equation and later in §8 we establish the connection between
the target problem and this equation by proving that the complement of the characteristic
function of the reachability set is a viscosity solution.

We assume that the state process Zy, is a diffusion process solving
dzy (s) = p(s, Z¢.(s),v(s)) ds +o(s, Z;.(s),v(s)) dW (s),

where W is a n-dimensional Brownian motion. We assume that p and o are both bounded
and satisfy the usual Lipschitz conditions, and that the control set U is compact. The

Dynking operator associated with the controlled diffusion Z¥ will be denoted by :
Llu(t,z) = wu(t,z)+ u(t,z,v)*Du(t, z) + %trace (aa*(t, z,v)D%u(t, z)) .
Further, for p € IR", and (t,2) € S = [0,T] x IR" let,
N(t,z,p)={veU : o*(t,z,v) p=0 }.

Note that N(t,z,0) = U for any (¢, z). In the rest of this section, wa shall assume that the

following standing assumption
N(t,z,p) # 0 forall (t,z,p)€[0,T)x R"x R"
holds.

11



The dynamic programming equation for this diffusion target problem is
(4.1) —ug(t, 2) + F(t,z, Du(t, z), D*u(t,z)) = 0,
where, for p € R", p # 0, (t,z) € S and a symmetric matrix A,
(4.2) F(t,z,p,A) := sup{ —u(t,z,v)"p — %trace (oo™ (t,z,v)A) : veN(tz,p) } ,

so that —uy(t, 2) + F(t, z, Du(t, z), D*u(t, z,)) = sup{—LY(t,2) : v € N(t, 2, Du(t, 2))}.
The connection between the diffusion target problem and the above nonlinear equation
is this. Let u(t, z) be the characteristic function of the complement of the reachability set
V),
0 forze V(t)
u(t, Z) =1- 1V(t) (Z) =
1 for z ¢ V(t).
We are ready to state the main theorem which establishes a connection between the
stochastic target and the equation (4.1). This requires the following technical condition on

the set valued function N (¢, z,p) :

Assumption 4.1 (Continuity of N (¢,z,p)) For any (tg,z0,p0) € S x IR™ and vy €
N (to, z0,p0), there exists a map v : S x R™ — U satisfying ,

ﬁ(thZOap()) = 1o,
v(t,z,p) € N(t,z,p) forall (t,z,p) €S x R",

v s locally Lipschitz on { (t,z,p) : p#0 }.

Theorem 4.1 Assume that U is compact and N (t, z, p) satisfies the continuity Assumption
4.1. Further assume that F is locally Lipschitz on { p # 0 }. Then, u is a discontinuous

viscosity solution of (4.1).

We defer the proof of this theorem to §8. We refer to Chen, Giga and Goto (1991) for
the discussion of the uniqueness issue related to the above non-linear PDE.

For completeness we recall that u is a discontinuous viscosity supersolution (resp. sub-
solution) of (4.1), if the lower semicontinuous envelope wu, (resp. the upper semicontin-
uous envelope u*) of u is a viscosity supersolution (resp. subsolution) of the equation
—(us)¢ + F*(t, 2, Duy, D?uy) > 0 (vesp. —(u*); + Fi(t, 2z, Du*, D*u*) < 0).

As discussed in the Introduction, this equation is the level set equation for the geometric
equation (1.3). Thus the above problem implies that the reachability set satisfies the
geometric equation. This property is discussed in detail in Section 5. In particular we will

show that when the resulting geometric flow has a smooth solution then it is equal to V' (¢).

12



Note that although u is discontinuous, it solves a second order partial differential equa-
tion. In this connection, the definition of N (¢, z,p) plays a crucial role which implies that
the equation (4.1) is degenerate along the Du direction. This essentially means that the
dynamic programming equation (4.1) is a geometric equation only for the boundary of
V(t); see Barles, Soner, Souganidis [4]. Indeed, The nonlinearity F' has the following two

important properties
(4.3) F(t,z,c1p,c1A+ copp®) = 1 F(t, z,p, A) Ve >0,c € 1R,

(4.4) F(t,z,p, A+ B) < F(t,2,p,A), VB>0.

The second property means that (4.1) is elliptic, while the first implies that it is geomet-
ric. Note that the geometric property implies that (4.1) is degenerate along the gradient
direction which is the normal direction to the level sets of w.

In some examples, the reachability set V' (¢) may be lower dimensional. In that case,
u* =1 and therefore u is automatically a viscosity subsolution of (4.1). Interestingly, still
the supersolution property of u contains enough information; see [1] Section 3.

We conclude this section by the following remark, which illustrates the typical use of

Assumption 4.1, and provides a lower bound for V(¢).

Remark 4.1 (i) Fix (¢, z) and a small constant § > 0. Construct processes v and Z” so
that for all s € [t,T],

v(s)=v(s,2%(s), Z7(s) — 2), whenever |Z7(s) — z| > 0.
Set y(s) := Z¥(s) — z and apply It&’s rule to |y(s)|?,

dly(s)|* = [2y(s)" (- - ) + trace(oo™(--))lds + 2y(s) o (- -)dW (s),

where (---) = (s,y(s),v(s)). Since v(s) € N (s,Z%(s),y(s)) whenever |y(s)] > 4§, the

stochastic term in the above equation is equal to zero. Hence, when |y(s)| > 4,
dly(s)* < C(ly(s)| + 1)ds,
for some constant C'; depending on the bounds on g and o. This proves that :

WEE < 8+ C [+ ) DLyzsdr

IN

2 C [¢ 2
¥ 4+ C(s—t) + 5 ly(r)*|dr .
t
We now use Gronwall’s Lemma to see that

(4.5) ly(s)> < h(d) = C6(1+8)+ (64 %)e for (s—1t) <d2.
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Since 4 is arbitrary, this proves that, with a convenient choice of the control v, the distance
between Z¥(s) and z can be controlled in small time.

(ii) Now suppose that the target G has non-empty interior. Then from the latter obser-
vation, for small § > 0, let G5 be a subset of G, with non-empty interior, and satisfying
dist(0Gs,0G) > h(5). Then, clearly G is a lower bound for V(T — 62) in the sense that
Gs C V(T — 2. O

5 Application to mean curvature flow

An important example of a parabolic geometric flow is the mean curvature flow. In this
section, we will show that our results provide a stochastic representation for the solutions
of this flow. There is a large literature on mean curvature flow. We refer to [19], [20], and
[21] for the analysis of smooth solutions and their properties, and we refer to [8], [13] and
[1] and the references therein for the weak-viscosity solutions of geometric flows. Further
study of this connection is given in [28].

Smooth mean curvature flow is a family of smooth manifolds {I'()},~, indexed by the
time variable t. At any point x € T'(¢), the normal velocity V = V(t,xg at that point is

equal to a constant times the mean curvature H = H(t, z) of the smooth set I'(¢), i.e.,
(5.1) YV = c'H,

for some positive constant ¢*. We may view this flow as a geometric initial value problem:
given I'(0) find the time evolution I'(t) so that (5.1) holds everywhere.

In this paper, we only consider the case when these manifolds are subsets of an Euclidean
space IR". In this case, we may define all the relevant geometric quantities, such as ¥V and
‘H, in terms of the distance function. Since the constant ¢* can be changed by appropriately
scaling time, we will take ¢* = (n — k), where k is codimension of the sets I'(¢).

Let us start with the case when I'(t) is a smooth hypersurface enclosing an open set

O(t) so that the signed distance function :

distance(z,T'(t)) it zeO(),

plt,z) = { —distance(w,r(t;), if = ¢O0(t)

is smooth in some tubular neighborhood {(¢,x) : p(t,x) < €}. Then, at = € I'(¢), the

normal velocity and the mean curvature are given by
1
V(t,x) = p(t, x), H(t,z) = e Ap(t,z).
Since ¢* = (n—1), the signed distance function of a mean curvature flow {I'(t)},, satisfies

(5.2) pe(t,x) = Ap(t, ), Vo eI(t).

14



Note that = € I'(¢), if and only if p(t,z) = 0. Hence the signed distance function p satisfies
the heat equation only on its zero level set. Away from its zero set, it does not satisfy
the heat equation, however, it satisfies certain inequalities which are useful in the study of

mean curvature flow. Indeed it is shown in [25] that

[pe—Aplp > 0.

Since p is not smooth everywhere, the above inequality has to be interpreted in the viscosity

sense.

Example 5.1 As a simple example consider the evolution of a sphere I'(0) =0Bp, :={ x €
IR™ | |x| = Ry }. Since the mean curvature flow is invariant under rotation, we guess the
solution I'(t) to be a sphere as well, i.e., I'(t)=0Bpg). Then, the normal velocity and the

mean curvature of I'(¢) are easy to calculate,

d 1
= —R(t
V tR( ), H

Then, the equation (5.1) implies that

%R(t) = —(’;zt)l) = R(t) =/ R(0)2 —2(n — 1)t .
Note that I'(t) becomes empty for all t > \/R(0)2/2(n — 1). O

When I'(¢) has codimension higher than one, we can not define a signed distance function

and the distance function is not smooth on I'(¢). However, the square distance function
1, . 2
n(t,z) = 3 (distance(z,T'(t)))

is as smooth as I'(¢) in a tubular neigborhood of T'(t). Let V(¢,z), H(t,x) be, respectively,
the normal velocity vector and the mean curvature vector. Then, V=y 7, and H="H ,
for some unit normal vector 7; see [1] for the definition of H. Then, following a suggestion
of DeGiorgi it is shown that (see [1])

V(t,x) = Dny(t,x),  H(t,x) = DAn(t,z).
Therefore, if {I'(t)}, is a mean curvature, then
(5.3) Dn(t,x) = DAn(t, x), on {(t,z) : n(t,x) =0} .

Planar mean curvature flow is also known as the curve shortening equation. In a series
of papers, it is shown that solutions of the curve shortening equation remain smooth and

shrink to a point in finite time [19, 20, 21]. However, in higher dimensions mean curvature
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flow do create singularities even if it starts smoothly. For that reason several weak-viscosity
solutions have been introduced [8, 13, 25]. They have shown that the following partial
differential equation can be used to characterize the viscosity solutions of the (codimension
one) mean curvature flow.

(5.4) —u; 4+ Fy(D*u, Du) =0,

where for p € IR"™, p # 0, and a symmetric matrix A,
Fi(A,p) := — trace| ATIP | , TIP := I,, — (pp*)/|p|* .

Later a similar differential equation is obtained for higher codimension flows [1]. For flows

with codimension k, the equation is

(5.5) —uy + Fyp(D?u, Du) = 0,
with
n—~k
Fp(A,p) = — Y N (4),
i=1

where AJ(A)<A5(A)<...<X_|(A) are the eigenvalues of IIPAIIP corresponding to eigen-
vectors which are orthogonal to p.

In the next two subsections we will obtain a stochastic representation of the Euclidean
mean curvature flow. Although general codimension case can be handled directly, for the
ease of presentation we will treat the codimension one case first and then describe the

general codimension.

5.1 Codimension one mean curvature flow

Since for the mean curvature flow it is appropriate to assign an initial set, we reverse time

and consider the following state dynamics
dZ(s) = V2 (I, —v(s)v*(s))dW (s), 5> 0,

with initial data Z%(0) = z. Control processes take values in U = S" 1 ={ 2 € R" : |z| =
1 } and I,, is the n x n identity matrix.

With the notation of the previous section, N (¢, z,p) = { p/Ip|, —p/|p| } for any p # 0
and therefore the continuity Assumption 4.1 is satisfied. Then the dynamic programming

equation (4.1) (after changing the direction of time) takes the form

uy = —sup{—Au+D*uwv-v|veN(tz Du)}
2 .
— Au_ D=u(t, z)Du(t, z) - Du(t, z)
| Du(t, z)[?

This is exactly the level set equation of the (codimension one) mean curvature flow. Note
that the above equation is not defined when Du(t,z) = 0. This problem is addressed in

detail in the papers on weak-viscosity solutions of the mean curvature flow. See also §8.
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Given a target G, let
G(t,z):={veA: ZJ(t) € G as.},

and

V(t)={zeR"|G(t,z)#0 }.

Then, the results of the previous section imply that

Theorem 5.1 V() is a viscosity solution of the mean curvature flow as defined in [4], i.e.,

the characteristic function of the complement of V(t) is a discontinuous viscosity solution

of (5.4).

Example 5.2 We consider the evolution of spheres discussed in Example 5.1. Then, it
follows from Remark 4.1 that V(¢) is nonempty for all ¢ sufficiently close to T'. Indeed, we
may obtain from (4.5) an explicit lower bound for V() in terms of C and R(T).

Example 5.3 Again, in the context of Example 5.1, we now construct an optimal control
process. Indeed in that example G = 0Bpg,. Suppose that z € V(T'). Then, there exists
an adapted process v(-) € S"! such that the corresponding state process Z” satisfies,
ZY(T) € G, or equivalently, | Z¥(T)| = Ry. We apply It&’s rule to | Z7(t)|?,

T
(Ro)* = |ZZ(T)* = |2 +2(n — )T + 2\/5/0 (ZZ(#))"(In — v(O)v"(£))dW (2) -

Since the above identity holds almost surely, we conclude that the stochastic integral has
to be equal to zero. Hence
Z7(t)
V(t) = - )
1Z2(t)]
and |z| = R(T) := (R(0))? — 2(n — 1)T. Therefore, V(T) C dBg(r). Also starting from

any point z € dBpg(r) if we use the feedback control v as above, then the above calculation

implies that the corresponding state process Z satisfies |Z%(T)| = R(0). Hence, V(T) =
6BR(T) . O

In this example, we have shown the equivalence between the stochastic target problem
and the mean curvature flow by explicitely constructing the control process. Such a con-
struction is also possible when the mean curvature flow has a smooth solution. In this case

the control process is constructed by using the gradient of the distance function; [28].
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5.2 codimension k£ mean curvature flow

A slight change of the above problem gives the codimension & mean curvature flow. For an

integer k < n consider the state process

k
dz%(s) = Z vj(s )| dW (s),
7=1
where the control set is defined by :
k
U = {u:(yl,...,yk)e (Sn_l) vy =0forall 1 <i#j<k }

The control set U can be seen as the Grassmanian manifold of n— k& dimensional unoriented
planes. Indeed, for v € U, let II” be the projection matrix onto a plane orthogonal to v,

l.e.
k

For p # 0,
N(t,z,p) =N({p)={veU[Il'p=0}.

Therefore, (4.1) is satisfied and the dynamic programming equation is
ug(t, z) + F(D?(t, 2), Du(t, z)) = 0,
where

F(A,p)= sup { —trace[AIl"] }.
veN (p)

We claim that the nonlinear function F' is equal to Fj defined in (5.5).

Proposition 5.1 For all p € IR", p # 0, and n X n symmetric matrix A,

F(A,p) = Fiy(A,p) = — ZAP
Proof. For an n x n symmetric matrix M, let \j (M) < ... < A\, (M) be the ordered
eigenvalues of M. Also, for v = (v1,...,1v) € U, \{(M) < ... < X_, (M) denote the
ordered eigenvalues of II” MTI” corresponding to eigenvectors orthogonal to vy, ..., vg.

Since AIl” = AII*II” , II” is symmetric, and since all v; is an eigenvector of ITVAIl”
with zero eigenvalue,
n

trace [AIlY] = trace [II" AIl"] = Z (17 ATTY) Z A/ (A)
J=1 ‘
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We now claim that for v € N(p), \(A) > M(A) for every i = 1,...,n — k. Indeed, \/

(2

admits a representation

AN(A) = sup inf{ I"All"z -z | |z| =1, "z =2, Tz =z },
nekK;

where K71 = (), and for ¢ > 1, K; is set of all (i — 1) mutually orthogonal, unit vectors

n={m,...,ni-1}.
For v € N(p), and x satisfying [T’z = z,

[I"AllYz = TIPAlIPx = Ax .
Hence

MN(A) = sup inf{ I"All"’z -z | |[z|=1, "z =z, Tz =2}
nekK;

= sup inf{ IPAIIPz -z | |z| =1, Tz =2, Tz =21}
nek;

> sup inf{ [IPATIPz -z | |z|=1, Pz =2, Uz =2}
nekK;
= M(4).
Conversely, let e; be an eigenvector corresponding to the eigenvalue \?, i.e.,

ei-p=0, and  IIPAIlPe; = M(A)e;.

Set F := {e1,...,en_i}*. By definition, p € F. Let o = (1,...,7) be an orthonormal
basis of F. Then, o € N(p), and

17 All”¢; = TIP ATlPe; = NP(A)e;.

Hence
. n-k n—k
F(A,p) > —trace [AHV} = — Z )\;’ (A) > — Z /\123 (A)
Jj=1 j=1

6 Application to financial mathematics

In this section, we discuss three examples from financial mathematics. In all these exam-
ples, the dynamic programming principle is used to characterize the reachability set by a
Hamilton-Jacobi-Bellman equation. As in Theorem 4.1, this equation holds in the viscosity

sense.
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6.1 Stochastic target problem in a jump-diffusion model

Let W = (W' ..., W) be an I-dimensional Brownian motion on the probability space
(Q,F,P), and v’(dt,dz)j=1,..; be integer valued random measures defined on the same
probability space. We assume that these random measures are constructed by the marked
point process (N7, {Y/,n € IN}), i.e. {N7(t) t > 0} is a counting process corresponding to
the exponential random times {77, n € IN}, and {Y7(n), n € IN} is a sequence of random

variables with values in the mark space E, a Borel subset of IR,. Then, v/ is given by

V(0,4 xB) = Y Lepiople p(Y7) forall t€[0,7T] and B € Bg.
n>1

As discussed in §2.5, we assume that F is the P completion of the o algebra generated
by the Brownian motion and the random measures. We also let IF' = {F(t), 0 <t < T} be
the P-completed filtration generated by the random measures v’ (dt, dz) and the Brownian
motion W.

The random measure v(dt,dz) = (v',...,v”) is assumed to have a predictable intensity
kernel my(dz) with

< 0o0.

(6.1) [sup /mt (dz)

0<t<T

In particular, this means that there is a finite number of jumps during any finite time

interval. By definition of the intensity kernel m;(dz), the compensated jump process :
o(dt,dz) = w(dt,dz) — my(dz)dt

is such that {9([0,¢] x B), 0 <t < T} is a (P, IF) martingale for all B € Bg.

The control set A is the collection of all L?((0,T) x Q) adapted processes valued in
some closed subset U of IR?. Observe that Property A1 is trivially satisfied. Also, in view
of §2.5, the control set A is a separable metric space, and therefore Property A2 holds by
Lemma 2.1.

Given an initial data (¢t,z) € S = [0,7] x IR", and a control v € A, the controlled

process Z} , is the unique solution of
k)

azy(t) = (6 200,00 dt + o (8, 20.(0),0(t)) dW (1)
+ /Ev(t,Z;jz(t),u(t),e)v(dt,de),

and the condition Zy,(t) = z. We set Z; (r) = 0 for r < t. It is well known that the above
stochastic differential equation has a unique strong solution under some conditions on the
coefficients u, o and .

The target set in this example is given by

G = &ilg) = {z=(n.9) e R"' xR : y>g()}
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for some measurable function ¢ : JR"~! — IR. Then, the stochastic target problem is
V) = {z € R" : 7z (T) € G for some v € Z/{}.
A straightforward application of Theorem 3.1 yields the following.

Proposition 6.1 Let u(t,z,u), o(t,z,u) and ¥(t, z,u,e) be continuous functions, globally
Lipschitz in (z,u) € IR" x U uniformly in (t,e) € [0,T] x E. Then, V satisfies the dynamic

programming principle of Theorem 3.1.

Proof. First, observe that the above conditions on the coefficients ensure the existence
of a unique strong solution Zg, of the stochastic differential equation (6.2) for any given
initial condition ¢ € L2(0) and @ € T; see for instance [16]. Properties Z1, Z2, Z3 and
Z4 are clearly satisfied by the solution Zg . Also Properties A1 and A2 of the control set
hold.

We continue with a proof of Property Z5. From classical estimates we know that for
each v € A, the map (t,2) € S+ Z},(T) € L3 is continuous ( see for instance [16].) So
it remains to prove that for fixed initial data (¢,2) € S, the map v € U +— Z/ (T) € L?
is continuous uniformly in (t, z).

In the rest of this proof, for the ease of notation we suppress the dependence of the
coefficients on the t variable.

For v1, vy € A, we directly estimate that

V1 Vo
‘Zt,z - Zt,z

< [ (#0100 (200 00)

+ /t ' (o0 (22(r).0a(1)) = 0 (Z2(),12(r)) ) W (1)

N /tT/E(7 (2020, (r),€) =7 (222(r), (1), €) ) w(dr, de).

The global Lipschitz property of the coefficients in (z,u) uniformly in (¢, e) together with
(6.1), implies that

E\Z;}Z(T) - ZZ“;(T)\2 =<
¢ [ Blp (2200) 1 (720,020
w0 [ Blo (20m0)) ~ o (22200,00)
e /tTE/E‘fy(z;;(r),ul(r),e) —7(2820).va(r). ) i (dear

T 2
<C <H1/1 — o[z +/t B|ZL(r) - Z72(r) dr) ,
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where C is a generic constant whose value may vary. By Gronwall’s inequality,
2
EB|z(T) - 22T < CeCT O — i),
proving that the map v € Y — Z{(T) € L? is Lipschitz uniformly in (t,2) € S. O

Next, let us split the process Z;, into two parts Z, = (Xt” 2 Yty”z>, where Y, is the last
component of Z’, valued in IR. Suppose further that the process Xy, = X/ is independent
of the initial data y. Then, by usual comparison theorem for SDE’s, the random variable
Y}, is increasing in y. Consequently, the reachability set V(t) is essentially the epigraph of

the following value function,

v(t,z) = inf{ye R : (z,y) € V(t)}
= inf{y el : Z{,,(T) € Epi(g) for some v € A} .

The above stochastic target problem was studied by Soner and Touzi [27] in the diffusion
case, and extended to this context by Bouchard [5].

This problem is closely related to the theory of forward-backward stochastic differential
equations and it is motivated by applications from finance; see e.g. Karatzas and Shreve [18]
and Cvitani¢ and Ma [10]. Previously, convex duality was used to reduce it to a standard
stochastic control problem; see Follmer and Kramkov [14] for the general semimartingale
case, and the references therein. Once the reduction is proved, then the Hamilton-Jacobi-
Bellman equation associated to the problem is derived by means of a classical dynamic
programming on the dual problem; see Broadie, Cvitani¢ and Soner [7] and Cvitani¢, Pham
and Touzi [11]. Corollary 6.1 below allows to derive the HJB equation directly from the
initial problem, and therefore avoids the passage by duality.

In [27], the following dynamic programming principle has been introduced (with only
a partial proof), and used successfully in order to obtain a characterization of the value
function v by means of the associated Hamilton-Jacobi-Bellman equation in the viscosity

sense.

Corollary 6.1 Let the conditions of Proposition 6.1 hold. Suppose further that the process
X{ 2y = Xiy ts independent of y. Then, for all stopping time 0 > ¢ in 7,

v(t,z) = inf {y eR : 7y, ,0) € Epi(v(0,-)) for somev € A}.

Proof. Let w(t,z) denote the right-hand side of the above dynamic programming equation.
Clearly, the process Y}, ,

is independent of y. Then, For all y > w(t, z) and ¢ > 0, we have Z}

is strictly increasing in the initial condition y since Xy, = X/,
vy+e(0) € V(0). From
Proposition 6.1, this proves that (z,y +¢) € V(t), and therefore y +¢ > v(¢, x). Since y >

w(t,z) and € > 0 are arbitrary, this proves that w(t,z) > v(t,z) .
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Conversely, for all y > v(t,x), Z/, (T) = Zg v o(T) € G for some v € A and
M ) T,y
therefore Y, (1) > v (9, Xioy (9)) Hence y > w(t, x) and the required inequality follows

by letting y converge to v(t, ). O

Remark 6.1 In [27], the value function v was shown to be a (discontinuous) supersolution
(resp. subsolution) of the associated Hamilton-Jacobi-Bellman equation by means of DP1
(resp. DP2), where :
DP1 Let (t,x,y) € S, and v € A be such that Zy, (T) € Epi(g). Then Zy, (0) €
Epi(v(h,-)) for all stopping time 6 € 7.
DP2 For (t,z) € [0,T) x R* !, set y* := v(t,x). Then, for all n > 0, v € A, and stopping
time 6 € 7, we have P {sz’y*,n(ﬁ) € Epi (v(6, ))} < 1.

Clearly, DP1 and DP2 follow easily from the dynamic programming principle stated in
Corollary 6.1.

We conclude the discussion of this example by relating the value function of the stochas-

tic target problem v(t,x) to
Upe = essinf{C c LX) : Zge o (T) € Epi(g) for some v € A},

for a stopping time § € T and ¢ € L?(6). By the definition of the essential infimum, we
obviously have v(f(w),{(w)) < Up¢(w) for a.e. w € Q. The measurable selection argument

of Lemma 3.1 allows us to prove that equality holds.

Proposition 6.2 Let 0 € T and & € L*(0) be such that Op¢ € L*(0). Assume further that

v 18 bounded from below. Then,
v(6,§) = Tpe P —as.

Proof. We only need to prove that v(6,€) > tp¢ for all # € T and £ € L2_,(0). Fix 0 €
7. Consider the function f mapping L2 ;(0) x (L?(8) x U) into L}(9),

f(€¢v) = ¢ forall (£,¢v) € Li_1(8) x (LY(6) x U).
Set Dg := {(¢,v) € L3(0) xU : Zj, (T) € G}. Notice that D¢ # 0 since Tgc € L2(0).
Then,

v(&,f) = inf f(évgvy)'

(C:V)EDE

Fix ¢ > 0. Since v(6,&) is bounded from below, it follows from Bertsekas and Shreve [6],
Proposition 7.50, that there exists an analytically measurable function ¢ : L?(6) x (L?(6) x
A) — L%(0) such that (&, (€)) € L2(0) x (L?(0) x A), and

¢ = f(e() < vb,8+e.
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Using the notion of universal g-algebra as in the proof of Lemma 3.1, we see that, for all
probability measure p on JR" !, there exists a Borel measurable function Cu such that ¢ =
Cu P-a.s.

For a positive integer n, set ¢, := (, +n~'. In view of the definition of the value
function v, (§,¢,) € V(0). Using the same measurable selection argument as in the proof
of Theorem 3.1, we construct an admissible control v, € A such that Zg% . (T') € Epi(g).
Then, by the definition of v, (;, > vg¢. We now complete the proof by sending n to infinity

and ¢ to zero. O

6.2 Super-replication under Gamma constraints

Let W = {W(t), 0 < ¢t < T} be a Brownian motion on IR. The controls are taken
from the set U defined as the collection of adapted processes v = (a,7v) in IH3. Given
such a control, the state process Z = (5, X,Y) is defined by the initial data Z} , ,(t) =
(St0 Xl Y1) = (s,2,y) and :

dSis(r) = Sts(r)o(t,Ss(r))dW (r)
(62) dXZs,x,y(r) = Y;tl,jy(r)dshs('r)
dyy,(r) = a(r)dr+~(r)dW(r).

For two constants —oo < I' < T < 400, the control set is
A = {y:(a,fy)elx{ : T <H(t) gf}.
In this example, the target is given by
G = {z =(s,2,9) ER*x R : x Zg(s)}

for some measurable function g : IR — IR, and the target reachability problem is defined
by :

V(t) = {z € R . Zy,(T) € G for some v € A}.

In financial mathematics, this control problem arises in the following optimal investment
problem in a financial market consisting of one risky asset and a non-risky asset with price
process normalized to unity. S is the price process of a risky asset. The process Y describes
the number of shares of risky assets held by an investor at each time ¢. The process X
represents the value of the investor’s portfolio under the self-financing condition. In the
above model, the unbounded variation part of the portfolio process is constrained in the
interval [[,T]. This problem has been first raised by Broadie, Cvitani¢ and Soner [7], and
studied by Soner and Touzi [26] in the case ' = —oo. The case I' > —o0 is an open problem.

Proceeding as in Proposition 6.1, we obtain the following corollary of Theorem 3.1.
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Proposition 6.3 Let the function so(t, s) be continuous and globally Lipschitz in s € [0, 00)
uniformly in t € [0,T]. Then V satisfies the dynamic programming principle of Theorem
3.1.

Next, as in the previous example, we can reduce the problem to a scalar function,

v(t,s,y) = inf{z e R : (s,z,y) € V(t)}
= inf {x elR : X/ T) > g(Sts(T)) for some v e A}.

s,z,y(

We then have the following consequence of Proposition 6.3. The proof is omitted since it

follows from the same argument as in the proof of Corollary 6.1.

Corollary 6.2 Let the conditions of Proposition 6.3 hold. Then, for any stopping time 6

>t in T, we have :

o(t,sy) = inf{zeR : ZY,,,(0) € Epi(v(d,)}
= f{z e R : X[, (0) > v(0,8,:(0),Yiy(0)}

However, the control problem v(t, s, y) is not the relevant problem in practice, since the
number of shares y held at the time origin ¢ is an additional control for the investor. The

problem of super-replication under Gamma constraint, as introduced in [26], is defined by :
u(t,s) := inf v(t,s,y).
(t.5) = inf o(t.s.y)

Unfortunately, the dynamic programming equation does not translate to the value function
u. However, suppose that the drift term «(t)dt is extended to dA(t) where A is a (new)
control in the class of bounded variation processes. Then, clearly, the value function v(t, s, y)
does not depend on y, since the process Y can jump at time zero by the action of the
bounded variation process A, and u(t, s) = v(t, s,y) for all y € IR. Under this “relaxation”

the value function u(t, s) satisfies the dynamic programming equation of Corollary 6.2.

6.3 Super-replication under transaction costs

The financial market consists of one bank account, with constant price process SY, normal-
ized to unity, and d risky assets S = (S',...,S9) defined by the dynamics :

(63) Stst) = s and dSy.(t) = ding[Sts(1)] (Bt, Sts ()t + (2, Sis(£)) AW (1))

Here W is an d-dimensional Brownian motion defined on the filtered probability space
(Q,F,IF, P), and b, o are coefficients, with the appropriate size, satisfying the usual global

Lipschitz condition.
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Proportional transaction costs in this financial market are described by the matrix A
= (A\Y,0 < i,j < d) with non-negative entries. This means that transfers from asset i to

asset j are subject to proportional transaction costs A% for all 4,5 = 0, ..., d.

The Control set. A trading strategy is an d + 1-matrix valued process L, with initial value

L(0—) = 0, such that LY is IF—adapted, right-continuous, and nondecreasing for all i, j
=0,...,d. Here, LY describes the cumulative amount of funds transferred from asset i to

asset j. We shall denote by U = A the collection of all such trading strategies satisfying

d g 2
(6.4) L) =3 E{(L”(T))] < .

1,j=0

Controlled process. Given a trading strategy L and a vector z € IRT! of initial holdings,
the portfolio holdings X/, , = (X} ‘

t,s,x
L
Xt,s,x(o_) = Z

i=0,...,d) are defined by the dynamics :

i ; dS! s d . . |
(6.5) X[ (0 = X () 2 (i)) + 3 AL () = (14 AL (1),
t,s j=0
for all i = 0,...,d. Hence, the state process in this example is Zf, , = (S, th,/sw) defined

by (6.3)-(6.5).

Hedging problem. The solvency region K is given by

d
K = z e R™ . 349 >0, :I:i—I—Z(aji—(l—{—)\ij)aij) > 0;:1=0,...,d p,
j=0
i.e. the collection of portfolio holdings whose liquidation value, through some convienient
transfers, is nonnegative. The set K is a closed convex cone containing the origin. It then

induces a partial ordering = defined by x = 0 iff x € K.

Given some measurable function ¢ : IR — IR%H!| the target is defined by
G = &Epi(g9) = {z=(s,7) € R x R .z — g(s) = 0}.
The target reachability problem is defined by :
V() = {z e R x R Z,fz(T) € G for some L € .A} .
An immediate corollary of Theorem 3.1 is the following dynamic programming principle.

Proposition 6.4 Let the coefficients of the model (6.3)-(6.5) be Lipschitz in (s,x) uni-
formly in t. Then, for all stopping time 6 >t in T,

V() = {z € R x R Zfz(ﬂ) € V(0) for some L € .A} .
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Proof. As in the proof of Proposition 6.1, we only need to prove that the map L € A ——
Zt]jZ(T) € L%d 11 18 Lipschitz-continuous. We integrate the state equation to obtain

ZdS;,s(p) d

gAm+;Jwﬂm—ﬂ%»+u+xﬂ@Wm—ﬂw»y

Xaa) =o' [ XLlo)

For any two control processes Ly, Lo, set

i

)
Y(r) = Xy, (r) = X{2,(r)',

so that .
2 / 2 R
Y@, <0 [ VIR do+ 23— Lal?).

where C' is an appropriate constant, and || Ly — Ls|| := E[Var(L1 — L2)?], where Var(L; — Lo)
is the variation of the BV process L1 — Lo. Now the continuity follows from Grownwall’s

inequality. O

Finally, we interpret the dynamic programming principle in terms of the hedging set
defined by Kabanov [17],

u(t,s) = {33 € R¥ : (s,2) € V(t)}.
The following result is an immediate consequence of Proposition 6.4.

Corollary 6.3 Let the conditions of Proposition 6.4 hold. Then, for all stopping time 6 >
tin T,

v(t,s) = {:c € R XtLﬁ’z(G) c€v(0,S:5(0)) for some L € A} .

Proof. Denote by w(t,z) the right-hand side set of the above dynamic programming
equation. Let x be in v(¢, s). By definition, this means that (s,z) € V(t). From Proposition
6.4, there exists some L € A such that Z%, () € V(0), i.e. X[, (0) € v (6, S;4(F)). Hence
x € w(t,x).

Conversely, if x € w(t,s), then ZE, (6) € V(0) for some L € A, and therefore (s, z) €

V(t) by Proposition 6.4. Hence = € v(t, s). O

7 Extension to stochastic viability

The target reachability problem discussed previously can be viewed as a stochastic control
problem with constrained state process at the terminal time. Our dynamic programming
principle can be stated in a slightly more general framework where the state process is

constrained at any time ¢t € [0, 7.
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Let the state process Zg,. be as defined in sections 2.2 and 2.3. In section 2.4, we
introduced a target G for the terminal value of the state process. Instead, we define here a
tube {Gy, 0 <t < T} where G, is a Borel subset of IR for all ¢ € [0, T].

Following Aubin et al. [2, 3], we shall say that the process Z is viable if Z(t) € G for
all ¢ € [0,T]. This leads naturally to defining the viability set :

Vi) = {Z € IR" : Zy, is viable for some v € .A} .

This problem has been studied extensively in the deterministic framework, and we refer to
Aubin et al. [2, 3] for a discussion of the diffusion case.
The following dynamic programming principle follows from the same arguments as in

section 3. Therefore, we only provide a formal statement for it.
Theorem 7.1 Let (t,z) € S, and 6 > t be a stopping time in T. Then,
V(t) = {z €eR" : Z{/,(.N0) € Grg and Z;,(0) € V(0) for some v € A}.

We only need the measurability of each G} and the measurability of the tube {(¢, z)
z € G4} in the product topology.
In the financial application, this extension is necessary in order to deal with the problem

of super-replication of American contingent claims.

8 Viscosity Property

In this section, we prove Theorem 4.1. We shall first prove that u is a discontinuous
supersolution of (4.1) by a similar method to the one developed in our earlier paper [27].
The proof of the subsolution property requires more attention than in [27] because of the
singularity of N (¢, z,p) at p = 0.

Here we only study a certain type of weak solution, distance solutions, as developed by
the first author [25], [4]. Other types of weak solutions easily follow from this result and
they will be studied in [29].

As in §4 and 85, we assume that Z}, is a diffusion. We first start by some easy conse-

quences of the main technical condition reported in Assumption 4.1.

Remark 8.1 Let F' be as in (4.2). In Theorem 4.1 we assume that it is locally Lipschitz
on{ (t,z,p) : p# 0 }. This continuity assumption is closely related to the behavior of N,

and indeed it would follow from a slightly stronger version of Assumption 4.1.

As in the previous sections, let u be the characteristic function of the reachability set
V(t), and let u, be the lower-semicontinuous envelope and, respectively, u* be the upper-

semicontinuous envelope of u

us(t,z) = liminf w(t,2’) and u*(t,z) := limsup u(t,2).
(t'@")—(t,2) (2" —(t,z)
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According to the definition, u is a viscosity solution if and only if u, is a viscosity
supersolution and u* is a viscosity subsolution of (4.1). We refer to [9] and [15] for the
definition of viscosity solutions. In this definition we use the lower and upper semicontinuous
envelope of the nonlinearity F' defined in (4.2). In view of our assumptions, F* = F, =
F whenever the gradient variable is nonzero. Moreover, since N (t,z,0) = U, F* = F

everywhere.

8.1 Proof of the supersolution property of w,

According to the definition, we need to prove that the lower semicontinuous envelope u, of
u is a viscosity supersolution of (4.1). So suppose that there are a point (¢g,29) € S and a

smooth function ¢ satisfying
0= (usx — ¢)(to, 20) = mgn (ux — ).
We need to show that
—q(to, 20) + F*(to, 20, Do(to, 20), D*p(to, 20)) > 0.

Since F* = F and U is compact, this is equivalent to show that

(8.1) —L" p(to,20) > 0 for some vy € N(to, 20, Dp(to, 20))-

1. Suppose that u(t, z) is equal to a constant in a (space-time) neighborhood of (¢, zp)-
Then,

@i(to, 20) = Dp(to, 2z0) =0, D?p(to, 20) > 0,

and (8.1) follows for any vyp.
2. In view of the previous step, we may assume that u. (o, zp) = 0. Then, there exists
a sequence (ty, zn)n>1 converging to (to,zo) such that wu(t,, z,) = u«(tn, 2z,) = 0. Hence,
zn € V(t,). For any stopping time 6,, > t,,, by the dynamic programming principle, there
is an admissible control v,, € A such that
zZn, (0,) € V(6y), ie w(ln, 2™, (6n)) = 0.

tn,zn ) “in,zn

Further, since u > uy > ¢,

) “tn,zn tn,zn

0=w(bp, Z . (6,)) > ¢ (en, zZvn (en)) P—as.

Set 3, = —@(tn, zn) so that by It6’s lemma,

0 < B tenc””“)w(s,zt”:,zn(s))ds

(8.2) - /t 9 [0 (5. 287, (5).vn(s)) Dep (. 27, ()] dW (s).
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3. For a large constant C, set
O i=int {s > t, : |70, ()] > C}.

Since p and o are bounded and (¢, z,) — (o, 20), by an application of the Borel-Cantelli
Lemma

(8.3) liminf¢t NG, > tg P—a.s. forall t>ty.

n—oo

We shall report the proof of this claim in the last step of this proof. For £ € IR, we introduce
the probability measure P$ equivalent to P defined by the density process :

ME(t) = s(s /:fe"(a*w) (s,Zf:,zn<s>,un<s>)*dw<s>> Lt t,

where £(-) is the Doléans-Dade exponential operator. Observe that the process Mg is
a martingale, by the definition of 6,,. We shall denote by E§ the expectation operator
under P§. By Girsanov Theorem, the process W () — [, &(cDe) (s, zr . (s), I/n(S)) ds is

a Brownian motion under PS.
We take the expected value under P$ in (8.2). The result is

o < s | (0 (s 2 9) 0]

¢ [ o
_ ¢ES /
3 .

for all t > t,,. Then, we take the limit as n tends to infinity. Since (3,, converges to zero, the
result is the following inclusion. (We refer to [27], Step 2 of §4.1, for the technical details.)

o (5, zr, (s), I/n(S)) Dy (s, Z;’:Zn(s)> ’2 ds] ,

1

tn+h
B4 lmint— [ [0 (0, 20) = €]0" (t0,20,v(5)) Do (t0, )] ds = 0.

Set
V(to, 20) := {—ﬁ”gp(to, 20) — & |J*(t0,zO,U)Dg0(t0,zo)\2 v E U} ,
so that for any h > 0,

1 tnt+h

- £/ (t0, 20) — €|0* (to, 20, vn(s)) Dep (to, 20)[*] ds € OV (to, 20),

where coV(ty, zp) is the closed, convex hull of the set V(to, z9). Therefore, it follows from
(8.4) that :

(85)  0< sup ¢ =supe=sup{—L%(to, %) — &[0 (to, 20,4) Diplto, %0)|” }
pecoy PeV velU

for all ¢ € IR.
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4. For a large positive integer n, set £ = —n. Since U is compact, the supremum in

(8.5) is attained at some 7, € U and
—n|o*(to, 20, In) Dp(to, 20)|° — L7 p(tg, 20) > 0.

By passing to a subsequence, we may assume that there exists vy € U such that 7, — 1y.

Now let n to infinity in the last inequality to conclude that
—L"p(tg,2z0) >0
and that o*(to, 20, v0) Dy(to, z0) = 0. This proves that
vy € N (to, z0, Dp(to, 20))
and therefore (8.1) holds.

5. We now turn to a rigorous proof of (8.3), as requested by an anonymous referee.

From the dynamics of the controlled process Z;", and the boundedness of 11, we have

|Z;7,zn (tEANOR) — 20| < |pfoo(On —tn) +

/te (.. )W (t)

Now suppose that liminf,, ..t A 8,, = tg, for some ¢ > t3. Then liminf, .., 0, = ty and
limg_,o0 O, = to for some subsequence (ny) depending on w. By taking the limit along
(ng) in the above inequality and using the fact that t > to, (tn, 2n) — (0, 20), |0|eo < 00,

we see that

Vnk
tnk’znk(an) — Zp a.s..

This provides the required contradiction since |Zty::,znk (0n,,)| = C > |z0] for large k.

8.2 Proof of the subsolution property of u*

Suppose that there are a point (tg, z9) € S and a smooth test function ¢ satisfying

(8.6) 0= (" —p)(to,20) = max, (u"—p)t2).

We may assume that the above maximum is strict and that the Hessian D2 has full rank.

We need to prove that
(8.7) —p1(to, 20) + Fulto, 20, Dep(to, 20), D*p(to, 20)) < 0 .

Recall that, Fi(t,z,p, A) = F(t,z,p, A) when p # 0, so that the above inequality reduces
to
(8.8)  sup{ —L"¢(to, 20) : v € N(to,z0, Dp(to,20)) } <0 when Dp(tg, 20) # 0.
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We consider three cases separately.

Case 1. If u*(tg, 2z0) = 0, then
QO(to, ZO) = 07 D‘P(t(b ZO) = 07 DQQO(t()? ZO) Z 07

and (8.8) follows.

Case 2. Suppose that u*(tg, 2z0) = 1 and Dg(tg, z0) # 0. Working towards a contradiction,
let us assume that (8.8) does not hold. Then,

—L"¢(tg, 2z0) > 0 for some vy € N(tg, 20, Dp(to, 20))-

1. Since Dyp(to,z0) # 0 and (to,20) is a strict maximum, for every sufficiently small
d > 0, there exists = 4(d) > 0 so that on

O = Os := Bs(20) X [to,to + ]
Dy #0, Eﬁ(t’Z*D@(t’Z))go(t, z) <0, and
(8.9) u(t,z) — @(t,z) < —f
on the parabolic boundary 9,0 of O:
0,0 := 0Bj(20) X [to,to + 0] U Bs(20) x {to + d}.

Here 0(t,z, Dp(t, z)) is as defined in Assumption 4.1. When there is no confusion we will

simply write ¥ for o(t, z, Do(t, 2)).

2. Let (t,, 2n)n>1 be a sequence in S such that
(8.10) (tn,zn) — (to,20) and u(tn,z,) — u*(to,20) = 1.
Since ©(tn, zn) — @(to, z0) = u*(to, 20) = 1, we may assume that :
(8.11) [1—o(tn,zn)| < B foral n > 1.

Now, consider the feedback control o(t, z) := (¢, z, Dp(t, z)). Since Dep(to, 20) # 0 on O,
and since ¥ is locally Lipschitz whenever the p-variable is nonzero, 7 is locally Lipschitz

and there is a solution Z,, of
(8.12)  dZn(s) = (s, Zn(s),v(s,Zn(s))) ds + o(s, Zn(8),0(s, Zn(s))) dW (s)

with initial data Z,(t,) = zn, for small (s — t,). For ease of notation, we write v,(s) :=
v(s, Zn(s)). Set
Op :=inf{ s >, : (s,Zn(s)) €O }.
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Then, 6, is a stopping time, and almost surely t,, < 0, < tg+9J by definition of O. Moreover
by the continuity of Z,,, (6, Z,(6,)) € 0,0. Therefore, by (8.9),

U (Ony Zn(0n)) < @ (On, Zn(0n)) — 0O .

3. We apply the Ito’s rule to ¢ and use the previous step. The result is

On
= @(tn,2zn) — B+ L) p(s, Z(s))ds
tn
On
+ ) [0%(8, Zn(8), vn(8))Dp(s, Zn(8))]" dW (s).

By the definitions of v, and 6, 0*(s, Z,,(5), vn(5))Dp(s, Zn(s)) = 0, and L) p(s, Z,(s))
<0 for s € [tn, 0p). In view of (8.11), this shows that {0,1} 3 u(6,, Z,(05)) < 1. Therefore
(8.13) w(On, Zn(0,)) = 0 P—as. forall n>1.

4. The dynamic programming principle of Theorem 3.1 and (8.13) imply that the initial
point Z,(t,) = z, belongs to V(t,), i.e. u(ty,z,) = 0. Since this is true for all n > 1, this

is in contradiction with (8.10).

Case 3. The only remaining case is u*(to, z0) = 1 and Dyp(to, z0) = 0. Set
A = D%p(tg, 20),

and suppose to the contrary that the subsolution property does not hold :

(8.14) —(to, z0) + Fi(to, 20,0, 4) > 0,

and let us work towards a contradiction. By the definition of F, and the continuity As-

sumption 4.1 on N, there exists a Lipschitz map
v [0,T|xR"xR" — U
so that, by (8.14),
—pe(t,z) — p(t, z,0(t, z,p))*p — %tmce oo™ (t,z,0(t, z,p))A] > 0

in a neighborhood of (¢, 29, 0).

Note that the coefficients of the SDE (8.12) are not locally Lipschitz, we can not define
the process Z,, as in the second case. Hence the arguments of the second case do not apply
here.

For the convenience of the reader, we briefly describe the main idea of this step. We

argue by contradiction and we prove that the Hessian matrix A = D% (t, 20) has a negative
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eigenvalue, whenever the subsolution property does not hold at (¢o, z9). This is done in Step
5 below. This property is exploited in Step 6 to define a convenient perturbation . of the
test function ¢ so that Dy, # 0 at the local maxima of (u* — ¢.). Once this is achieved,

we use the results proved in Case 2 together with a simple limit argument to conclude.

5. In this step, we prove that (8.14) implies that the Hessian matrix A has a negative
eigenvalue. Suppose to the contrary that all eigenvalues of the symmetric matrix A are

nonnegative, i.e. there are orthonormal unit vectors e; € IR? such that :
Ae; = Ne; forsome N\, >0, i=1,...,d.

Observe that, in view of (8.14)

(8.15) —pi(to,z0) > 0.

Choose m; > A\, i =1,...,d, and set

U(z) == > mil(z0—2)%e]?, By ={zeR": ¥(2) <5}, By :=int(By).

i

Then there are constants 0 < b < —py(to, 20), ¢o > 0, and 6 > 0, such that on (g, to+J] ngp

IN

(8.16) o(t, 2)

P(t,z) == 1—=b(t—ty) +9(2),
(8.17) Co < b

z
1
—u(t,z,0)" DU(z) — §trace [UO'*(t, z,0) DQ‘IJ(Z)] ,

where v = 0(t, z, D¥(2)).

For future use, we note that since m; > 0, ¥ generates a norm on IR?, and is therefore
equivalent to the Euclidean norm.

Next, fix an arbitrary point (¢,2) in (to,to + §) x By close to (tg,z0), and choose
0 < e << § so that

(8.18) U(zZ) > A4e.
Our ultimate goal for the rest of this step is to prove that
(8.19) u(t,z) = 0.

Since (£, Z) and € > 0 are arbitrary, this would imply that u*(tg, z9) = 0. But this contradicts
with the hypothesis of this case: u*(tg, z9) = 1.

Let © be a smooth function satisfying
D(t,2) = 0(t,2,DU(2)),  on Q := [to,to+ 0] x (BY \ BY),

and let Z := Ztgg be the solution of the state equation with initial data Z(f) = %, and
feedback control ©. Set
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0 = inf{t>1: (t2(t) ¢ Q},
where
9Q = ({to+0} x [BY \ BY]) U ([to,to + ) x 9[B}' \ BY]) .

For later use, observe that the definition of the feedback control 7 together with (8.17)
imply that :

(820)  L73(t,Z(t)) < co < 0 and (o(-,-,7)*D@) (t, Z(t)) = 0 on (t,6] .

Also, on the stochastic interval (¢, 6]

dU(Z(t)) = LYOW(Z(¢t))dt,

and moreover

LrOw(Z(t) = ,u(t,Z(t),D(t))*D\II(Z(t))+%tmce [aa*(t,Z(t),a(t)) DQqJ(Z(t))]
p(t, Z(t), o(t)* DU(Z(1))

20\ W(Z(1))

for some constant C' > 0, where we used the fact that p is bounded, together with the

v

Y

equivalence between the norm induced by ¥ and the Euclidean norm. By (8.18),
(8.21) W(Z(t)) > 2/e—C(t—1) for t € [t0].

We now have all the ingredients in order to obtain a contradiction. We consider two cases :
Subcase 1. Suppose that Z() ¢ dBY. Since the maximum in (8.6) is strict, there is a
constant (3 > 0 such that for (¢, ?) sufficiently close to (to, 20),

(u™—)(0,2(0)) < —p.
Then by (8.16), It6’s Lemma and (8.20),

u*(6,2(0))

IN
|
&)
+
B

Il

|
=@
4
A}l

IN
|
=@
4
©
\N/I

Since (£, 2) is sufficiently close to (to, 20), @(to,20) = u*(to,20) = 1, and u* is valued in
{0,1}, the last inequality proves that u*(, Z(f)) = 0. We now proceed as in Step 4 : by
e

the dynamic programming principle, Z € V(¢), i.e. u(t, Z) = 0 as required in (8.19).
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Subcase 2. Suppose that Z(6) € dBY. By the definition of the test function ¢ and (8.16),

u*(0,2(0)) < @(0,2(0)) < (6.2(0))

In view of (8.21)
Hence

Since b > 0,

For a sufficiently small € > 0, this implies that «*(6, Z(#)) = 0 since u* is vaued in {0,1}.

Once again we proceed as in Step 4 : by the dynamic programming principle, zZ € V (¢), i.e.
u(t, 2) = 0 as required in (8.19).

Hence we proved that the Hessian A = D?¢(tg, 29) has at least one negative eigenvalue.

6. Let —\ be a strictly negative eigenvalue of the Hessian matrix A = D?p(t, 20), and

let € be an associated eigenvector:

We may chose é so that
(8.22) o = Dtpt(to, ZO)*é > 0.

As in Step 1, for every sufficiently small § > 0, there exists 5(d) > 0 so that on O = Os
(8.9) holds.
We are now in a position to define the convenient perturbation ¢. of the test function

© so that the arguments of the second case apply to ¢.. For € > 0, set
@E(L Z) = Sp(t7 Z) + Eé*(z - ZO)'

Then there is £(§) > 0 so that (8.9) still holds for all € < £(4). Hence, the difference u* — ¢,

attains an local maximum in O, say at (t., z.) € O :
(8.23) (u* —)(te,ze) = max (u* — ).
It is clear that, as e tends to zero, the sequence (., z.). converges to (g, 2o).
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We shall prove in the next step that
(8.24) Dy (teyze) # 0 for sufficiently small e > 0.
Then we may use the result proved in the second case to conclude that
—(pe)i(te, z) + Ftz, 22, Dpe(te, 2 ), D (te, 2)) < 0.
We then obtain (8.7) by sending ¢ to zero.

7. It remains to prove (8.24). Suppose that Dy, (., , z-,) = 0 for some sequence (e)x
converging to zero, and let us work towards a contradiction. Since A = D?y(tg, z0) has full

rank, for a given ¢, > ¢y the equation
Doe(te,z:) = 0 <= Do(te,z) = —eé

has a smooth solution z. which is also smooth in €. We differentiate the above equation

with respect to € and then evaluate it at £ = 0. The result is

i (e )
oz = A'(-¢-D &e .
{dE]g:o 2 @t (to, 20) e .

Note that t. > tg for every ¢ > 0 by definition of O, and therefore [‘%} o > 0. Since
e=
A~lée = —A71é and p > 0, it follows that

], = el .
- | 2% — A7 | e~ Dyt de
€ [d&?]eo e € ¢1(to, 20) e .

1 [ o [dte
A ’ de =0
0.

>

Therefore for sufficiently small £ > 0, we have é*(z. — z9) > 0, and

(=@ )(te,2:) = (u" —@)(te, 22) — €€ (2e — 20)
< (u" —)(to, 20) — €™ (2c — 20)
= (u" — pe)(to, 20) — €€™(ze — 20)
< (U* - @6)(7507 ZO)?
which is in contradiction with (8.23). O
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