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Abstract

These notes are intended to accompany a Graduate course on Optimal stopping,
and in places are a bit brief. They follow the book ‘Optimal Stopping and Free-
boundary Problems’ by Peskir and Shiryaev, and more details can generally be
found there.

Introduction

Motivating Examples

Given a stochastic process X;, an optimal stopping problem is to compute the following:

SngF(XT), (1)

where the supremum is taken over some set of stopping times. As well as computing the
supremum, we will also usually be interested in finding a description of the stopping time.
For motivation, we consider three applications where optimal stopping problems arise.

(i) Stochastic analysis. Let B; be a Brownian motion. Then classical results tell us

that for any (fixed) T > 0,

T
E { sup |le] =5
0<s<T 2

What can we say about the left-hand side if we replace the constant T with a
stopping time 77 To solve this problem, it turns out that we can consider the (class
of) optimal stopping problems:

V(A) =supE l sup |Bs| — )\7':| : (2)
T 0<s<t

Where we take the supremum over all stopping times which have ET < oo, and
A > 0. (Note that in order to fit into the exact form described in (l), we need
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to take e.g. Xy = (By,sup,; |Bs|,t)). Now suppose we can solve this problem for
all A > 0, then we can use a Lagrangian-style approach to get back to the original
question: for any suitable stopping time 7 we have

E l sup \BS|] < V(A) + A\ET

0<s<t

< inf (V(A) + AE

< inf (V(A) + AE7)

Now, if we suppose that the infimum here is attained, and the supremum in ) is
also attained at the optimal A, then we see that the right-hand side is a function
of E7, and further, we can attain equality for this bound, so that it is the smallest
possible bound.

(ii) Sequential analysis. Suppose we observe (in continuous time) a statistical process
X; — perhaps X, is a measure of the health of patients in a clinical trial. We wish
to know whether a particular drug has a positive impact on the patients. If we
suppose that the process X; has:

Xy = put + By

where p is the unknown effect of the treatment. Then to make inference, we might
test the hypotheses:

Hy: p= po, Hy:p=py.

Our goal might be to minimise the average time we take to make a decision subject
to some constraints on the probabilities of making wrong decisions:

P(accept Ho|H; true) < «
P(accept Hi|Hy true) < g.

Again, using Lagrangian techniques, we are able to rewrite this as an optimal stop-
ping problem, which we can solve to find the optimal stopping time (together with
a ‘rule’ to decide whether we accept or reject when we stop).

(iii) Mathematical Finance. Let S; be the share price of a company. A common type
of option is the American Put option. This contract gives the holder of the option
the right, but not the obligation, to sell the stock for a fixed price K to the writer
of the contract at any time before some fixed horizon T'. In particular, suppose the
holder exercises at a stopping time 7, then the discountedﬂp value of the payoff is:
e ""(K — S;)4. This is the difference between the amount she receives, and the
actual value of the asset, and we take the positive part, since she will only choose to
exercise the option, and sell the share, if the price she would receive is larger than
the price she would get from selling on the market. If the holder of the contract
chooses the stopping time 7, the fundamental theorem of asset pricin£ says that
the payoff has initial value

Ele (K —S,),,

'We convert time-t money into time-0 money by multiplying the time-t amount by the discount factor
e~ "t where r is the interest rate.

2If you don’t know what this is, ignore the Q that crops up, and just think of this as pricing by taking
an average of the final payoff.

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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where Q is the risk-neutral measure since the seller would not want to sell this too
cheaply (and in fact, there is a better argument based on hedging that we will see
later), and she doesn’t know what strategy the buyer will use, so she should take
the supremum over all stopping times 7 < T

Price = sup E% "™ (K — S,),.
T<T

So pricing the American put option is equivalent to solving an optimal stopping
problem.

1.2 Simple Example

Once a problem of interest has been set up as an optimal stopping problem, we then need
to consider the method of solution. The exact techniques vary depending on the problem,
however there are two important approaches — the martingale approach, and the Markov
approach, and there are a number of common features that any optimal stopping problem
is likely to exhibit.

We will now consider a reasonable simple example where we will be able to explicitly
observe many of the common features.

Let X,, be a simple symmetric random walk on a probability space (2, F, (Fn)nez, , (Pe)zez),
where F,, is the natural filtration of X,,, and P,(Xy, = x) = 1. Let f(-) be a function on
Z with f(n) =0if n > N or n < —N, for some N. Then the optimal stopping problem
we will consider is to find:

reMIEN
where MV is the set of stopping times which are earlier than the hitting time Hyy =
inf{n > 0:|X,| > N}. Note that some kind of constraint along these lines is necessary
to make the problem non-trivial, since otherwise we can use the recurrence of the process
to wait until the process hits the point at which the function f(-) is maximised — similar
restrictions are common throughout optimal stopping, although often arise more naturally
from the setup.

For two stopping times 71,72, introduce the class of stopping times (generalising the
above):
M7 = { stopping times 7 : 7y <7 < 1o} (3)

where we will often omit 7 if this is intended to be 7, = 0. Then we may use the Markov
property of X,, to deducdithat

sup o [f(X7)[F)]

H
TEM,, N

3There is a technical issue here: namely that the set of stopping times over which we take the supremum
may be uncountable, and therefore the resulting ‘sup,” which is a function from 2 — R, may not be
measurable, and therefore may not be a random variable. We will introduce the correct notion to resolve
this issue later, but for the moment, we interpret this statement informally.

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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must be a function of X, only (i.e. independent of F,, except through X, ), so, on the set
{n< Hiy}, we get:
sup o [f(X7)|Fn] = V*(Xn,n)

H
T€A4niN

for some function V*(-,-), and in principle, we believe that the function should only
depend on the spatial, and not the time parameter, so that we introduce as well:

V(y) =V*(y,0)= sup E,f(X;). (4)

remb+N
Note that we must havell V(y) < V*(y,n).

Our aim is now to find V(0) (and the connected optimal strategy), but in fact it will be
easiest to do this by characterising the whole function V(-). The function V(-) will be
called the value function.

In general, we can characterise V (-) as follows:

Theorem 1.1. The value function, V (-), is the smallest concave function on {—N,... N}
which is larger than f(-). Moreover:

(i) V(XN is a supermartingale;
(ii) there exists a stopping time T which attains the supremum in (@);

(iii) the stopped process V(XENY is a martingale;

nAT*

(iv) V satisfies the ‘Bellman equation:’

V() = max{f(z), E.V(X1)}; ()
(v) V(z) =V*(x,n) for alln > 0.
(vi) V(X,) is the smallest supermartingale dominating f(X,) (i.e. V(X,) > f(X,)).

Proof. We first note that the smallest concave function dominating f does indeed exist:
let G be the set of convex functions which are larger than f, and set

g(z) = inf h(z).

The set G is non-empty, since h(x) = M is in G for M greater than max,c(_n,. n} f(n),
so ¢ is finite. Suppose g is not concave. Then we can find x < y < z such that

mw<j_$m@+z_x

4Any difference between V(y) and V*(y,n) must come from the fact that there is a stopping time
which uses the extra randomness in F,, (which contains no information about the future of the process);
if we have a stopping time which is optimal without the randomness, we can always construct a stopping
time at J,, which has the same expected payoff.

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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and therefore, there is some h € G for which:

hy) < —ZLg(z) + L=Zg(2)

z—x z—u
z—y y—x

< h h
- <x>+z—x (2);

contradicting the concavity of h.

Now we consider the function V' (-). Clearly, from the definition #), we must have V(z) >
f(z) (just take 7 = n). Moreover, V(-) must be concave. We introduce the following
notation: let P, (and E,) denote the probability measure with X, = x, and define the
stopping time

Hyp=inf{n>0: X, =aor X, =b}

then we get

Viy) = sup E,f(X;)

remHEN
> sup E,f(X;)

TEMHI .

Z Sup Eyf<XHz,z+TO€Hx,z>

remHEN

where O is the usual shift operator. So

z J—
V)2 swp By [[(Xin,srotn, ) Xn,. = 2] =2
remMHEN ’ Z—ZX
— X
+ B, [£(Xut, trotn, N X, = 2] 2]
> swp Ef(X)+ 220 swp E.f(X,)
~ T remlEN Z L remieN
z— Yy—
> Vv %4
T zZ—x (x)Jrz—x (2)

which gives the required concavity, and so we have V' € G.

We note first that we have V(—N) = V(N) = 0, from @), and the fact that f(N) =
f(=N) = 0. from this, we deduce that any g € G is non-negative. In fact, since for any
geG,andz € {—N+1,...,N —1}, concavity implies g(z) > 3(g(z — 1) + g(z + 1)), we
have

9(Xn) > E. [g(Xni1)|F]

is a supermartingale. In particular, for all 7 € M=V we have

g(x) > E,g(X;)
> E. f(X:)

HiN)

and hence g(X,

and therefore

g(z) = sup E,f(X;)

reMHPEN

> V(x),

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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and we conclude that V(-) is the smallest convex function. Note that the above argument
also applies to V(+), since V € G, so we conclude that V (X»*") is also a supermartingale.

Now we need to construct the optimal stopping time. Define the sets:

C={r:V(2)> f(a)}
D= {z: V() = [()}.

We claim that the function V/(+) is linear between points in D(-): recall that the minimum
of any two concave functions is also concave, and suppose that there is a point y of C(+)
at which V(-) is larger than the line between (x,V(z)) and (z, V(2)), where = and z are
the nearest points below and above y in D. Then there exists a point y* € {x +1,..., 2}
which maximises M:i(x) Taking the minimum of V' and the line between (z, V' (z)) and
(y*, f(y*)) is then a strictly smaller concave function, which remains larger than V().

Hence V(+) is indeed linear between points of D.

Now consider the stopping time 7* = inf{n > 0: X,, € D}. Clearly, if Xqg =y € C, and
x and z are the nearest points below and above y in D, we have

E,f(X,) = L)+ L=Zp(2) = V().

z—x z—x
Alternatively, if y € D, 7 = 0,Py-a.s., and so E, f(X,+) = f(y).

Hence 7 is optimal in the sense:

V(y)= sup Eyf<Xr) = Eyf<Xr*)-

reMHIEN

Consequently, V(y) = EyVTIjiN, and the process anifiv (which we have already shown is

a non-negative supermartingale) must be a (uniformly integrable) martingale.
Property (iv) now clearly follows — if f(z) > E,V(X;) then 7% = 0, otherwise 7* > 1.

Now consider the function V*(z,n). Suppose we have V*(X,,,n) > V(X,,) for some n, X,,
and let 7, € MI*Y be a stopping time for which:

Eolf (X7 )[Fa] > V(Xa).
Using the supermartingale property of V' (X,,), we conclude that
VI(Xn) 2 Eo[V(X:, )| 7] = Eolf (X7,)| 7],

which contradicts the choice of 7,.

Finally, suppose there exists a supermartingale Y,, with Y, < V(X,,), but Y,, > f(X,).
Write 7, = inf{m > n : X,, € D}. Then Y, > E[Y, |F.] > E[f(X,)|F.] = V(X,).
Hence V(X,,) is the smallest supermartingale dominating f(-). O

Remark 1.2. (i) The sets C' and D are called the continuation set and stopping
set respectively. Note the connection between C' and D and the concavity of the

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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(iii)

value function:

V(z) —%(V(m+1)+\/(x—1)) ~0 recC (6)
Vi) — %(v<x F1) 4+ V(z—1)) <0 veD. (7)

In particular, V(X,,) is a martingale in C, and a supermartingale on D (strictly so,
if the inequality is strict).

We have made strong use of the Markov property here: the ability to write the value
function as a function of X,, has made things considerably easier; in addition, the
fact that there is no time-horizon helps, otherwise, our martingale would have to be
a function of both time and space, and correspondingly harder to characterise.

In general, we would like to consider situations where the process is not Markov,
and this means we cannot characterise the value function quite so simply. However,
part (vi) suggests the way out — rather than look for functions on the state space of
the Markov process, we will look for the smallest supermartingales which dominates
the payoff. The corresponding supermartingale will be called the Snell envelope.

The other question is: how might things change in continuous time and space?
A simple way of considering this is to see what happens if we rescale the current
problem by letting the space and time steps get small appropriately, so that in the
limit, we get a Brownian motion. Thinking about ([@)—(d), we might expect the
statespace, [—N, N], to break up into two sets, C' and D, such that:

(V(z) = 3(V(z+1/n) + V(z — 1/n)))

Jim 2 =V =0  weC
nh_)rgo (V(x)—%(V(:E%»;/Qn)ﬁ*‘/(l‘—l/n))) :V”(ZL‘) <0 reD

and such that V(z) = f(z) in D.

Thinking a bit more, suppose our process starts at y € [N, N| — a possible
approach to finding V' (y) is to find the points = < y < z, and the function V' such
that:

V"(w) =0, w € (z,2)
V(w) = f(w), wée€{x,z}
V'(w) = f'(w), we{x,z}
V"(w) <0, w € [-N, N]

then this will be sufficient to characterise the value function at y. Such a formula-
tion is analogous to the free-boundary problems that we will see in later lectures
(although these will normally be formulated as PDE problems, rather than differ-
ential equation problems as it is here). Conditions like those on the value and the
gradient on the ‘boundary’ are continuous fit and smooth fit conditions.

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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2 Discrete time

Our approach throughout this section will be to start in the more general case, where we
simply assume that there is some gains process G, which is the amount we receive at
time n if we choose to stop, and then later to specify the situation to the Markov case,
where we can say more about the value function and the optimal stopping time.

2.1 Martingale treatment

We begin by assuming simply that (G,,),>0 is a sequence of adapted random variables on
a filtered probability space (§2, F, (F,.)n>0, P), and interpret G,, as the gain, or reward we
receive for stopping at time n.

Recall the definition of M7 as the set of stopping times which are less than 7, and greater
than 7y; we shall omit the lower limit when this is 0, and if we omit the upper limit, we
admit any stopping time which is almost surely finite. Our optimisation will be taken
over some set of stopping times N' C M, so the value function is:

V = sup EG,.
TeN

To keep the problem technically simple, we assume that

sup E [sup |Gn|} < 00. (8)
TEN n<rt

Note that this can be rather restrictive, but if N/ = M7 for some relatively nice 7 — like
T = H.y, or some constant — we are usually OK.

We begin by considering the case where we have some finite horizon to the problem: that
is, N' = MY, for a fixed constant N. Clearly, if we arrive at this horizon, we have no
choice but to stop, so that the value function and the gain function are the same at time
N. From here, we can work backwards — if, conditional on the information at time N —1,
we are on average better stopping, we should stop. Otherwise we continue, and hence
we can calculate the value function at N — 1. This is exactly the idea expressed in the
Bellman equation (H). Formally, we can define the candidate for our Snell envelopeﬁ Sh
inductively as follows:

N
R " (9)
max{G,, E[S,4+1|F,]}, n=N—

Then the following result holds:

I,N—2,...,0.

Theorem 2.1. For each n, V,, = ES,, is the value of the optimal stopping problem:
V., = sup EG;,, (10)

TEMY

5The difference between the value function and the Snell envelope is that the value function is a
numerical value, possibly depending on the choice of the state in the Markovian context, whereas the
Snell envelope is a random variable. In the example of the previous section V(-) was the value function,
V(X,,) the Snell envelope.

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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assuming (8) holds. Moreover:

(i) The stopping time
T, =inf{n <k < N : S5 = Gi}

is optimal in (I0),
(ii) The process (Sk)o<k<n 1S the smallest supermartingale which dominates (Gy)o<k<n;

(i1i) The stopped process (Skar, Jn<k<n 1S a martingale.

Proof. Note that condition (8) ensures that all the stochastic processes mentioned are
integrable.

We begin by showing that:

Sn E[G,|F,], for 7 € MY, (11)
S, = E[G,,|F.] (12)

We proceed backwards inductively from n = N. Clearly both statements are true for
n = N. The inductive step follows from the definition of S,: suppose the statement is
true for n and take 7 € MY _,, then

n—19

E[G7|fn—1] = Gn—l]-{ﬂ-:nfl} + E[GT\/n|fn—1]1{7—2n}
< Snfl]-{T:n—l} + E[E[GT\/n‘fn”fnfl]l{TZn}

Now, 7V n € MY, so E[G,yn|Fa] < Sy, and by the definition of S, 1,

E[G7|fn71] Sn,1 1{T:n—1} + E[Sn‘fnfl]]-{TZn}
Snfll{ﬂ-:nfl} + Snfl]-{Tzn}

Sp-1.

IA A IA

If we now replace 7 above with 7,,, and note that 7, ; = 7, and S,,_; = E[S,|F,,_1] on
the set {7,_1 > n}, all the inequalities above can be seen to be equalities, and thus:

Sn—l = E[GTnL’Tn—l]

Taking expectations in ([[1l) and (), we conclude that ES,, > EG, for any 7 € MY, and
further that ES,, = EG,, . Hence () holds, and 7, is optimal for this equation.

The supermartingale and dominance properties follow from (I2). To show S, is the small-
est supermartingale dominating S,,, consider an alternative supermartingale U,, which also
dominates G,,. Then clearly, Sy = Gy < Uy, and it follows from (@) that if S, < U,
then also S,,_1 < U, _1

The martingale property finally follows from the fact that (Siar, Jn<k<n) iS @ supermartin-
gale with ES, r.,, = ESnar,- O

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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We now want to try and move to the infinite-horizon case, but there is a technical issue:
ideally, we should have been able to write the value function as

S, = sup E[G,|F.],

TeMN

however the set of stopping times in M2 will typically be uncountable, so that the right-
hand side may not be measurable! To get round this, we need to introduce the concept
of an essential supremum.

Theorem 2.2. Let {Z,;a € I} be a collection of random variables in a probability space
(Q,F,P), with I an arbitrary index set. Then there exists a unique (up to P-null sets)
random variable Z* : Q — R =R U {—00, 00} such that:

(i) P(Za < Z*) =1, Yael,
(ii) if Y : Q — R is another random variable satisfying (i), then
P(Z*<Y)=1.

We call Z* the essential supremum of {Z,;«a € I}, and write

7" = esssup Zg.
ael

Moreover, there exists a countable subset J of I, such that

Z* =sup Z,.
acl

Sketch of Proof. Mapping by a suitable f : R — [~1,1], we may assume all Z, are
bounded. Let C be the set of countable subsets of I. Then

a=suplE {sup Za} =supE [sup Za}

ceC acC n>1 acChy

for some suitable sequence C,, C C. However, |J, -, C, is a countable set, so we may
define the random variable

Z* = sup Z,.
Un Cn
From here, it is relatively easy to check that Z* has the required properties. O

We’re now able to define the Snell envelope for the infinite horizon problem.

Suppose we want to solve a problem of the form:

sup EG,
TEM

then our candidate Snell envelope at time n is:

S, = esssup E [G,|F,], (13)
TEM:,

with the associated optimal strategy

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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Theorem 2.3. Suppose [B) holds with N = M, and let S, 7, be as defined in (I3) and
[[@). Fizn, and suppose that P(7, < oo) = 1. Then V,, = ES,, is the value of the optimal
stopping problem:

V., = sup EG.,. (15)
TEMn

Moreover,

(i) The stopping time T, is optimal in ([H);
(ii) The process (Sk)k>n is the smallest supermartingale which dominates (Gg)k>n;

(iii) The stopped process (Siar, )k>n @S a martingale.
Finally, if P(1, < 00) < 1, there is no optimal stopping time in ().

Proof. We begin by showing that S,, > E[S,,41|F,]. Suppose that 01,09 € M,,;1 and let
A =A{E[G,, | Fui1] = E[Goy| Frs1]} € Fnyr. Then we can define a stopping time

O3 = 0'11A + 0'21AC € Mn+1.
Hence:

E[G03|fn+1] = 1AE[G01|~7:7L+1] + 1A0E[Goz|fn+1]
= Inax {E[Gm ‘fn+1]u E[G02|fn+1]} .

Now, by Theorem 221 we know there exists a countable subset J C M, such that

Sn+1 = SupE[GT|fn+l]'

TeJ

Moreover, we can assume that J is closed under the operation described above (i.e. if
01,09 € J then o3 is also in J) without losing the countability of J. Hence, there is a
sequence of stopping times oy, such that

Sp1 = ]}LIEOE[GJk|Fn+1]
where E[G,, |Fn+1] is a sequence of increasing random variables. So
B[Syl = E[lim E[Go,|Fuil7]

— lim E [E(Ga, | Foni] 5
= lim E[G,,|F,]

k—o0

< S, (16)

In addition, for all 7 € M,,, we get (by conditioning on {7 = n}, {7 > n})

E[G;|F,] £ max{G,, E[S,11|Fn]},

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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so S, < max{G,, E[S,+1|F.]}, however clearly also S,, > G, and ([[8) imply
S, = max{G,, E[S,1|F.]}. (17)
Then, for n < k < 7,, Sk = E[S41|Fk] a.s., that is:
Skarn = E[Ss1)ar, | Fr),  VE >n, (18)
and so, for N > n,

Sn =E[G., 1, <Ny + Sn1in >Ny | Fal.

In particular, if P(7,, < o0), we can let N — oo, and use (§) and dominated convergence
to conclude:

Sy = E[G,, | F,] = esssup E[G, | F].
TEM:,

So V,, = ES,, = sup,cn, E[G;], and 7, is optimal.
Suppose (Ug)k>n is also a supermartingale dominating (Gy)g>n. Then
Sy = E[G, | Fi] < E[UL|Fy] < Uk,

where the final inequality follows from conditional Fatou, applied to Uy,ar, > —sup, <,.<,, |Gy
which (by ({)) is an integrable random variable, independent of m.

We can conclude that the stopped process is a martingale from (&) and the integrability
condition.

For the final statement in the theorem, suppose that there is another stopping time
" € M,, then if P(S;+» < G,+) > 0, we get:

EGT* < EST* < ESn = Vn

so that any optimal 7% has P(7* > 7,,) = 1. In particular, if P(7,, < o0) < 1, there is no
optimal 7% with P(7* < 00) = 1. O

2.2 Markovian setting

Now consider a time-homogeneous Markov chain, X = (X,,),>0, X, € E for some mea-
surable space (E, B), defined on a probability space (2, F, (Fp)n>0, Pz), with P, (X, = z).
Further, for simplicity, we will assume that (Q, F) = (EZ+, BZ+), so that the shift opera-
tors 6, : Q — € can be defined by (0, (w))r = wyk, and Fy is trivial.

Of course, this is just a special case of the setting considered in Section 1] so can we say
anything extra? Consider an infinite horizon problem:

V(z) = sup E.G(X,) (19)
TEM
where we note that we have replaced the general process GG, by a process depending only
on the current state G(X,,). Assume that there is an optimal strategy for the problem.
Before, the solution was expressed in terms of the Snell envelope. The next result shows
that we can make a more explicit connection between the Snell envelope:

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.
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Lemma 2.4. Let S, be the Snell envelope as given by ([[3l). Then we have:
Sp, = V(Xy), (20)

P.-a.s., for all x € E,;n > 0.

Proof. We first note that V(X,,) < .S, since the latter is taken over all stopping times in
M., whereas the former is equal to the essential supremum where the supremum is taken
over stopping times in M,, of the form 7,, = n + 7 0 6,,. We also note that

V(z) 2 sup E,[G(X)]
TEM,

> sup K, [G(X1+T091 )]
TEMo

> sup E, [EXI G<XT)]]
TEMo

where X and X are equal in law

> E, |esssup Ex, [G(X,)]
TEMo

In particular, we can conclude that V(X,,) is a supermartingale, and dominates G(-), but
is smaller than S,. By property (ii) of Theorem Z3, we deduce that S,, = V(X,,). O
So, whereas before we needed to work with the Snell envelope, now we need only consider
V().

To help matters, we note the key equation (1) becomes:

Sn =V (X,) =max{G,,E[S,1|F.]}
= max{Gy, E[V(Xy41)|Fn]}
= max{G,, Ex, [V (X1)]}, (21)

and we introduce an operator 7' which maps functions F': £ — R by:

(TF)(z) = E,F(X,).

We also introduce an important concept from harmonic analysis:

Definition 2.5. We say that ' : F — R is superharmonic if TF(x) is well defined,
and
TF(z) < F(x)

forall z € E.

Then, provided E,|F(X,)| < oo for all z € E, we get:

F is superharmonic iff (F'(X,,))n>0 is a supermartingale for all P,,z € E.
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Note: for the example in Section &, we had TF(z) = 3(F(z + 1) + F(z — 1)), so
TF(x) < F(z) if and only if F' is concave.

We are now in a position to state an analogue of Theorem 23 To update certain notions,
we state the corresponding versions of (H):

sup E {sup |G(Xn)|] < . (22)

TeN n<T

Further, given the value function V', we define the continuation region:
C={zreE:V(x)>Gx)}

and the stopping region
D={zeE:V(zx)=G(x)}.

The candidate optimal stopping time is then:
mp =inf{n >0: X, € D}. (23)
Theorem 2.6. Suppose [2) holds, with N' = M, and let V(-) be defined by ([[), and
Tp be given by E3). Suppose that P(tp < oo) = 1. Then
(i) the stopping time Tp is optimal in ([9);

(ii) the value function is the smallest superharmonic function which dominates the gain
function G on E;

(7ii) the stopped process (V(Xnnrp))n>0 @5 a Py-martingale for every x € E
Finally, if P(tp < 00) < 1, there is no optimal stopping time in ([[J).

Proof. This follows directly from Theorem [Z3, having made the identification S,, = V(X,,)

in (20) O
Note that we may rephrase the Bellman equation (21I) in terms of the operator 1" as:
V(z) = max{G(x), TV (z)},
and the right hand side is really just an operator, so if we define a new operator:
QF (x) = max{G(x),TF(x)},
we see that the Bellman equation becomes: V = QV.

This gives us a relatively easy starting point to look for candidate value functions, but note
that solving V' = QV is not generally sufficient: consider the ‘Markov’ process X, = n,
and let G(x) = (1 —1). Then TV(z) = V(z + 1), so the superharmonic functions are
simply decreasing functions, and QV (z) = max{l — 1,V (z + 1)}. Clearly, V = 1, and
QV =V for this choice, but QF = F whenever F' = const > 1.

We are, however able to say some things about the value function in terms of the operator

Q:
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Lemma 2.7. Under the hypotheses of Theorem [Z24,

V(z) = lim Q"G(z), VzrekE.

n—oo

Moreover, suppose that F' satisfies F' = QF and
E (sup F(Xn)) < 0.
n>0

Then F' =V iff:

limsup F(X,,) = limsup G(X,,), P,-a.s.,Vz € E,

n—oo n—oo

In which case, F(X,,) converges P,-a.s. for all x € E.

We won'’t prove this, but see Peskir and Shiryaev, Corollary 1.12 and Theorem 1.13, and
the comments at the end of this chapter.

One of the important features of this result, and one that proves to be important in
practice, is that we now have a set of conditions that we can check to confirm that a
candidate for the value function is indeed the value function — a common feature of
many practical problems is that the solution is obtained by ‘guessing’ a plausible V', and
checking that the function solves an appropriate version of V = QV, along with any other
suitable technical conditions.

We end the discrete time theory with a quick discussion on the time-inhomogeneous case:
we can move from a time-inhomogeneous Markov process Z,, to the time-homogeneous
case X, by considering the process

Xy = (Zm n),
and e.g. TF(z,n) =E,,F(Z,41,n+ 1), and the same results typically hold.

Also, we can think of the finite-horizon, time-homogeneous case as a special case of
the time-inhomogeneous case, in particular, if 7" is the operator associated with a time-
homogeneous process X,,:

TF(z) = E,[F(Xy)],

and N is the time-horizon, if we write V,,(z) for

Va(z) = sup E[G(X:)| 7,

TeMN

then

Vo(z) = max{G(z), TV,41(x)}
= QVyt1(2).

Using Vy(x) = G(x), we then get:

Va(z) = Q¥ "V ()
= QV"G(x).
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From which we get:

Vo(z) = QVG(x).
Note that there is no issue with multiple solutions when we have a finite horizon.

Finally, we comment on the proof of Lemma %t the term lim,, .., @"G(z) can now be
interpreted as the limit of the finite horizon problem as we let the horizon go to infinity.
If the stopped gain function is well behaved (in the sense of (22)), and the stopping
time 7p is almost surely finite, we can conclude the convergence. Now if F' = QF, and
the integrability condition holds, we see that F'(X,,) is a supermartingale dominating the
value function. The final condition can then be used to show that the candidate value
function is indeed the smallest such supermartingale.

3 Continuous Time

3.1 DMartingale treatment

Mostly, the ideas in continuous time remain identical to the ideas in the discrete time
setting. To fill in the details, we need to address a few technical issues, but mostly the
proofs will be similar to the discrete case.

Let our gains process (Gy)i>o be an adapted process, defined on a filtered probability
space (€2, F, (Fi)i>0, P), satisfying the usual conditiondl. Moreover, we will suppose that
the process is right-continuous, and left-continuous over stopping times: if 7,, is a sequence
of stopping times, increasing to a stopping time 7, then G, — G,,P-a.s.. Note that this
is a weaker condition than left-continuity. Our new integrability condition will be:

sup E [sup |GT|} < 0. (24)
TeN 0<t<r

Note in particular that with such an integrability condition, we may apply the optional
sampling theorem to any supermartingale which dominates the gains process: let Y; > G,
be a supermartingale, and 7 € AN ,7 > t an almost-surely finite stopping time. Then
Y; > E[Y An|Fi], and inf ey Yoan = — Supg<,<, |G-|, so dominated convergence allows us
to deduce that Y; > E[Y;|F]. o

We suppose N’ = MT | for some t < T, (including the case T' = oo, which we interpret as
the a.s. continuous stopping times) and consider the problem:

V, = sup EG,. (25)
remT
Now, introduce the process
S} = esssup E[G, | F, (26)
remT

That is, (F¢)¢>0 is complete (Fy contains all P-negligible sets), and right-continuous (F; = (), Fs)-
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and we would hope that such a process could be our Snell envelope, with the stopping
time:
n=inf{t<r<7T:85 =G} (27)

There is however a technical issue here: although our gains process and the filtration are
both right continuous, the process S} is not a prior: right-continuous: notably, we could,
for fixed ¢, redefine S} on a set of probability zero without contradicting the definition
@4d). So pick any such S}, and suppose further that the probability space admits an
independent, U(0,1) random variable U. Then choose a version of (S:), say (S;) which
has S}, = Gy, but otherwise has S, = S;. This is a possible alternative choice according
to (28), but note that, if we stop both processes according to their respective versions of
&7), we get Sﬂ = S*Z‘ Au» Which will in general be substantially different!

T

The solution to this is from the following:

Lemma 3.1. Let Sf be as given in [Z8). Then S} is a supermartingale and ES; =V,. In
addition, S} admits a right-continuous version, S, which is also a supermartingale, and
for which ES; = V.

Proof. The supermartingale property follows by using an identical proof to that used in
Theorem 3 to derive ([[H). The equality ES; = V; then follows from the definition of
an essential supremum.

For the final statement, we note that the existence of .S; will follow if we can show that
t — ES; is right-continuous (e.g. Revuz & Yor, Theorem 11.2.9). From the martingale
property, we get ES; > ES} 5, so that lim,, |, ES; < ES;. Now choose 7 € MT | and
consider 7,, = 7V (t + %) € M, 1. Then right continuity of G, implies lim,,_.., G-, = G-,
and so we get EG, < lim infn_,ogEGTn < liminf, ES;L%. O

Now we have a suitably defined Snell envelope, we are in a position to state the main
theorem:

Theorem 3.2. Let S; be the process defined in Lemma 31, and define the stopping time
=if{t <r<7T:5,=G.}. (28)

Suppose [Z4l) holds with N = M. Fizt, and suppose that P(7y < oo) = 1. Then V; = ES,
1s the value of the optimal stopping problem.:

Vi = sup EG.. (29)

remMT

Moreover,

(i) The stopping time 7 is optimal in (29);

(ii) The process (S, )i<r<7 1S the smallest right-continuous supermartingale which dom-
inates (G, )i<r<r;

(i1i) The stopped process (Syar )t<r<r 5 @ Tight-continuous martingale.
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Finally, if P(1, < 00) < 1, there is no optimal stopping time in (29).

Proof. That (£9) holds, and S; is the smallest right-continuous martingale dominating
G, follow from the previous lemma, and the usual argument: if Y; > G; is another
right-continuous supermartingale, Y; > E[Y;|F] > E[G.|F], so Vi > S;. Note that
right-continuity in fact implies P(Y, > S, for all r > ¢) = 1.

The major new issue concerns the optimality of 7. Previously, we were able to prove
optimality using the Bellman equation, but this no longer makes sense when we move to
the continuous time setting. Instead, we need to find a new argument.

Suppose initially that the gains process satisfies the additional condition G; > 0. Then,
for A € (0, 1] introduce
' =inf{r >t:\S, <G,},
so 7} = 1. Right continuity of S;, Gy implies
ASa < Goa,
Tt/}r =7

Moreover, S; > E[S,|F], since S; is a supermartingale. We want to show that S, =
E[STtl |ft]

Suppose A € (0,1), and define

R, = E[S,,| 7,
and then, for s < t,
E[R|Fs] = E[E[S 2| F][Fi]
= E[S | F]
< E[S|F]
<R

S-

Then R, is a supermartingale, and an identical argument to the proof of Lemma BTl allows
us to deduce t — EST? is decreasing, and therefore we can find a right-continuous version
of R;. In particular, since G; > 0, we also have R; > 0.

Now consider the (right-continuous) process
Lt — )\St + (1 - )\)Rt
Then, for A € (0, 1):

Ly = ASi+ (1= VRl + (1= MRy
> AS, + (1= NE[S [ A1y
> AS+ (1 - )\)St]-{rt)‘:t}
2 Silirp—ty + A5l (s
> Gy,
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where we have used: Tt)‘ > t implies A\S; > G;. Since L; is now a supermartingale
dominating G, we must also have L; > S;, and therefore S; < R;. So in fact S; = Ry,
and rearranging, we get

S = B[S,y |F] < L ElG, 7] (30)

> =

But as A T 1, 77 increases to some limiting (possibly infinite) stopping time o, and by the
left continuity for stopping times of Gy, we get S; < E[G,|F].

So it just remains to show that o = 7! (since we already have S; > E[G,|F]).

Since 7} > 7 for A € (0,1), we have 7! > o, but if {o < 7}} has positive probability,
then also with positive probability we have S, > G, and hence

Sy = E[Ga|ft] < E[Sa‘ft]

with positive probability, but this contradicts the supermartingale property of .S;. Hence
we can conclude that S, = E[GTQ | F] = E[STtl | F].

Now we note that we may remove the assumption that G; > 0. Since we are assuming
24,
Mt =E |: inf Gt|f.t:|
0<t<T

is a right-continuous, uniformly integrable martingale. Now define a new problem with
gain process Gy = Gy — M,, and note that this is now non-negative, and right-continuous
(although not necessarily left-continuous for stopping times). Then if we solve the problem
for Gy, we get:

Sy = esssup E[G,|F;] = esssup B[G, — M,|F] = S, — M,.
TeN TEN

We can now apply the above argument to the processes (Gy,S;) up to the step at (B0),
and from there reverting to the processes (Gy, S;), we get the desired conclusion.

The remaining claims in the theorem follow with the usual arguments. O

3.2 Markovian setting

Take (X¢)¢>0 a Markov process on (Q, F, (F;)i>0, P.) on a measurable space (F, B) where,
for simplicity, we suppose £ = R% B = Borel(R?), and (Q, F) = (E%®) Bl%®) 5o that
the shift operators are measurable. In addition, we again suppose the sample paths of
(X¢)t>0 are right-continuous, and left-continuous for stopping times. As usual, we also
introduce an integrability condition:

sup E, {sup \G(Xt)@ < 0. (31)
TeEN t<t
Our problem of interest is:
V(z) =sup E,G(X,). (32)
TEN
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In this section, we will in general consider the case where N'= M, although we will also
at times consider the case N' = MT | for which all the results we state will also hold (and
in cases, will be simpler).

The argument we used in Lemma Z4] can be used essentially unmodified to see that
V(z) > E, V(Xj)
for all x € F,s > 0, and therefore V(X;) = S, P,-a.s., using the same reasoning.

Again, we define the continuation and stopping regions by:

C={xeFE:V(x)>Gx)}
D={ze E:V(x)=G(x)}.

We want 7p = inf{t > 0 : X; € D} to be a stopping time, and X,, € D. For a
right-continuous process in a right-continuous filtration, this is true if D is closed. Re-
call also that a function is lower semi-continuous (upper semi-continuous) if f(x) <
liminf,, ., f(z,) (f(z) > limsup, _, f(z,)) for all € E. Equivalently, f is lower
semi-continuous (Isc) if {z € E: f(z) < A} is closed for any A € R. Similarly, f is upper
semi-continuous (usc) if {z € E : f(z) > A} is closed. Note that if f is usc, —f is Isc,
and if f, g are usc/lsc, f 4 ¢ is usc/lsc. Then D is closed if {V — G < 0} is closed, which
occurs if V' — (G is Isc, and therefore if V' is Isc and G is usc. It is under these conditions
that we will generally work.

The restriction to Isc V' allows us to rule out certain pathological examples (e.g. V(x) =
1{,—0y = G(z), when X; = BM(R?)), but is also not a strong constraint: if z — E,G(X)
is continuous (or Isc) for each 7, then x — E,G(X,) is also Isc. The usc of G ensures that
we don'’t stop outside the stopping region: e.g. G(x) = 1.0}, then Po(7p = 0) = 1, but
G(X,,) =0.

We can also extend Definition to the current context:
Definition 3.3. A measurable function F': £ — R is superharmonic if
E.F(X,) < F(x)

for all stopping times ¢ and all z € E. (Note that this requires F'(X,) € L}(P,) for all
re k)

Lemma 3.4. Suppose F is lsc and (F(Xy))i>o is uniformly integrable. Then F is super-
harmonic if and only if (F(X¢))i>0 is a right-continuous supermartingale under P,, for
each z € F.

The ‘if” direction is clear. For the ‘only if” direction, if F' is superharmonic,
F(Xy) 2 Ex, F(X,) = Eg [F(Xe15) [ F] -

So F'is a super-martingale. The hard part is checking right-continuity. We leave the
proof of this fact to Peskir & Shiryaev, Proposition 1.2.5.

From this, we get the following theorem:
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Theorem 3.5. Suppose there exists an optimal stopping time 7" with P(7* < 00) = 1, so
that
V(z) =E,G(X+)

forallx € E. Then
(i) V is the smallest superharmonic function dominating G on E;
Moreover, if V is Isc, and G is usc, then also

(ii) Tp < 7 for all x € E, and Tp is optimal;

(7ii) the stopped process (V(Xinrp))i>0 1S a right-continuous P, -martingale.

Proof.
E,V(X,) = E,Ex,G(X,.) = E,E, [G(X,-) 0 0,|F]
=E,G(Xsirvon,) <supE,G(X;) = V(x).

So V' is a super-harmonic function, dominating GG. For any other super-harmonic F' we
get
E.G(X,) <E,F(X,) < F(x),

and taking the supremum over 7, we get V(x) < F(z). For any optimal stopping time, if
P, (V(X:) > G(X~)) > 0, we get

so 7" optimal implies 7p < 7*. By Lemma B4 V (X;) is a right-continuous supermartin-
gale, and further V(X,,) = G(X,,) by Isc/usc. Then

V(z) = E,G(X,) = E,V(X,+)
< E,V(X,,) = E,G(X,,) < V().

where the inequality follows from the supermartingale property.
For (iii):

E.[V(X7,)|Fi] = Eo[G(X5,)|F
= EXt [G(XTD)|‘E]1{t<TD} + V(XTD)l{tZTD}
- V(Xt/\’TD)

O

This theorem constitutes necessary conditions for the existence of a solution. Now we
consider sufficient conditions:
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Theorem 3.6. Suppose there exists a functz’qn V, which is the smallest superharmonic
Junction dominating G on E. Suppose also V' is lsc and G is usc. Let D = {xr e E:
V(z) = G(x)}, and suppose Tp is as above. Then

(i) if Po(tp < 00) =1, for allz € E, then V =V and 1p is optimal;

(ii) if P.(7p < o0) < 1, for some x € E, then there is no optimal stopping time T.

Proof. For all 7, x:

~

E.G(X,) <E,V(X;) < V().
V(z

Taking the supremum over all 7, we get G(z) < ) < V(z). Suppose in addition

G(-) > 0, and introduce for A € (0, 1),
Ch={zeE:\V()>Gx)}
Dy ={zeE:\V(z)<G(x)}
Then the usc/lsc of V.G imply C is open and D, is closed. Also, C\ T C,D, | D as

AT 1. Taking 7p, = inf{t > 0: X; € D)} we get 7p, < 7p a.s., and so P,(7p, < o0) =1
forall z € E.

Note that © — E, V(X

7p, ) is superharmonic:

B, [Ex, [V (Xep, )] = B [Be [V(Xoir,00.)| 5] |
E V(XUJFTDAOG )
<E,\V(X

™,

since V' is superharmonic, and o + 7p, 0 0, > 7p,.

»,) since the last term is

Now, if z € Cy, then G(z) < AV (x) < AV (z) + (1 — ME,V (X,
ME, V(X 7, ); S0 for all z € E, we

non-negative. If x € Dy, G(z) < V(z) = AV (x) + (1 —
get R .
G(z) <AV(z) + (1 - NEV(Xo, )

But since both terms on the right are superharmonic, the whole expression is, and there-

fore:
V(z) < A\V(z)+ (1 - NE, V(XTDX)

which implies R R
V< ExV(XTDA).

Again using superharmonicity, we conclude:

A

V(z) =E,V(Xy,, ).

Since V is Isc and G is usc, we deduce

~

V(Xop,) < SG(Xop) ), (33)
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and we get

. A 1 1
V(@) = EV(Xn,) € TEG(Xs,) < V(@).

Letting A T 1, we conclude that V(z) < V(x), and therefore V =V, V(z) < %G(XTDA).

Now consider the sequence 7p, as A T 1. Then 7p, T o, for some stopping time o. We
need to show o = 7p. Since 7p, < 7p for A < 1, we must have o < 7p. Using (B3)) and
the left-continuity of X; over stopping times, and Isc of V', usc of GG, we must have:

V(X,) < G(X,),
and hence V' (X,) = G(X,), so that ¢ > 7p (recall the definition of 7p.)

Finally, to see that 7p is indeed optimal, using (B3]) and Fatou:
V(X) <limsupE,G(X-, )
AT1
< E,limsup G(X, )
AT
< E,G(limsup X, )
AT
= E$G(X7'D>\)

where in the last two lines, we have used the usc of G, and the left-continuity for stopping
times of X,.

The final statement in the theorem follows from Theorem B3

We will not prove the final step (that we can drop the condition G > 0), but refer instead
to Peskir & Shiryaev. O

This result allows us to find the value function by looking for the smallest superharmonic
function dominating G

In fact, if we can directly (via other methods) prove that the value function must be lIsc,
we can get the following result:

Theorem 3.7. If V is Isc, G is usc, and P,(tp < 1) =1, then 1p is optimal.

Of course, in the finite horizon setting, we don’t need to check the final condition! As
mentioned above, V' lIsc can also be relatively easy to check if e.g. =z — E,G(X,) is
continuous for each 7.

Sketch proof. To deduce this from the previous result, we need to show that V' is super-
harmonic. Since V' is lsc, it is measurable, and thus, by the Strong Markov property, we
have:

V(X,) = esssup E,[G(Xoiron, )| Fol-

Using similar arguments to e.g. the proof of Theorem [Z3, we can finds a sequence of
stopping times such that

V(X,) = lim E,[G(Xoin,00,)|Fo),

n—oo
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where the right hand side is an increasing sequence. Then:
E.V(X,) = lim E,[G(Xore0,)] < V().
Since any other superharmonic function F' has
E.G(X,) < E,F(X,) < F(z),

V must be the smallest superharmonic function, and now everything follows from Theo-

rem B.0l O

4 Free Boundary Problems

4.1 Infinitesimal Generators

Let X; be a suitably nicdl time-homogeneous Markov process, and write P; for the tran-
sition semi-group of the process — that is, P, f(z) = E, f(X;).

Suppose f € Cy (the set of continuous functions with limit 0 at infinity) is sufficiently
smooth that

fo—hm (Pf = f)

exists in Cy. Then Ly : Dx — Cj is the 1nﬁn1te51mal generator of X, where we write
Dx C C, for the set of functions where Lx is defined.

Definition 4.1. If X is a Markov process, a Borel function f belongs to the domain Dy
of the extended infinitesimal generator if there exists a Borel function g such that

ﬂ&%ﬁ@&—lﬂ&ﬂs

is a right-continuous martingale for every x € E; in which case, we write ¢ = Lx f. It can
then be shown that Dy C Dy.

Theorem 4.2 (Revuz & Yor, VIL.1.13). If P, is a ‘nice’ semi-group on R, and C¢ C Dy,

(Z) C%( - DX;

(ii) for every relatively compact open set U, there exist functions a;j,b;,c on U and a
kernel N such that for all f € C’IQ( and x € U:

LS o) = )1 (0) + b 5E0) + Ty ) )

of
" /R\{x} {f@ @) =) > i - xi)a_xi@)} N(z,dy). (34)

(z,-) is a Radon measure on R\ {z}, a is a symmetric, non-negative matriz,
¢ <0 and a,c do not depend on U.

"Feller — i.e. if P, is the transition semi-group, and P, f(z) = E, f(X}), then for f € Cp, the set of
continuous functions tending to zero at infinity, then || P, f|| <||f||, where || - || is the uniform norm, for
all f € Co, P, o Ps = Piys and limy o ||P.f — f|| = 0 for every f € C.
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We can interpret some of the terms in the operator as follows: the c¢(x) term encodes
the rate at which the process is ‘killed’ at z, b(z) is the drift, and (a;;(x)) the diffusion
matrix. N(z,-) is the jump measure. In the case where the measure N is identically zero,
the process X; is continuous.

4.2 Boundary problems

Consider now our value function. If D exists, with 7 almost surely finite, then V' (X;a.,)
is a right-continuous martingale, and V' (X;) is a supermartingale. Provided V' € Dy, in
terms of the operator Ly, this implies we have

LyV<0 z€E (35)
V>G zeFkE (36)
LyV=0 z€C (37)
V=G zz€D (38)

Reversing these arguments, we can try to exploit this as a solution method: suppose that
we can find a closed set D such that P(75 < 0o) = 1, and a function V' such that (B3)-(BS)
holds for this set. Then

V(X)) —V(X,) — /Ot LxV(X,)ds

is a martingale, and hence V(Xt/\Tf)) is a martingale, and V(X,) is a supermartingale.

Moreover, since D is closed, X;. € D, so

~

V(z) = EV(X,,) = E.G(Xs,),

)

and for any stopping time 7 € M,

and therefore 75 must be optimal.

So a common approach will be to ‘guess” what D might be, and then define

JEG(X,,) el
Viw) = {G(z) cx €D

and then verify that
LxV <0 rek
V>a re Fl

In general, we may want to consider slightly more complicated payoffs than a simple
function of X;, where X; has the generator given by (B4l). To consider how we might do
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this, consider first the simple example where X, is continuous, and so the solution is given
by
V(@) = E.G(Xs,)

so that V' is a solution to the Dirichlet problem:

xV(z)=0, ze€C
= G(x),

() ? z € 0C,

for the correct choice of D.

Now, consider some other problems — our aim is to derive the correct analogue of the
Dirichlet problem for more complicated payoff functions. Again, for all these examples,
we shall assume that the process X; is continuous, and there exists an optimal stopping
time for the respective problem which is a.s. finite. Where necessary, we will assume any
needed finiteness conditions — the arguments here should be seen as heuristic, rather
than exact.

(i) Consider the problem:
V(z) =supE, [e ™ H(X,)]

where \; = fo s) ds, for a measurable function A(-). We can account for this

by considering 1nstead the killed process X, killed at rate A(X}), which in turn has
generator L¢ = Lx — A, to conclude that

V(z) = supE, [H(XT)} :

and so V satisfies the PDE

LxV(z)=AV, ze€C
V(zr) = H(x), z€dC.

(ii) Consider the finite horizon problem:

V(l‘,t) = Ssup E(x,t)M(XT)
remT

where the appropriate Markov process is Z; = (X;,t). Then we know V (X}, 1) is a
martingale for (z,t) € C C R x R,. Assuming suitable smoothness on f, we can
apply Ito to derive the operator of Z;:

E(x,s)f(Xtat+ 8) B f([L‘,S)}

ot - g

t10 t
E(z,s) [f Lyf(X,s+7) ds+f0 ‘?9{ X, 5+r)d’r]
= lim ¢
t

=Lxf(z,s)+ %(w, s).
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So the condition on V' being a martingale now implies we get the PDE:

LxV(z) = —88—‘;, (x,t) e C (39)

V(z) = M(zx), (x,t)€dC.

Note that this is the Cauchy problem in PDE theory. There is also killed version of
this problem, where the right hand side of (B%) becomes: —%- + AV

(iii) Let L be a continuous function and consider

V(@) = supE [ /O " L(X.) ds] |

Note that this problem does not immediately lend itself to a Markov setting, so
we need to expand the state space: consider the process Z, = (X, L;), where
L, =1+ fot L(X)ds, and [ is the starting point of the process L;. Then for a
function h, applying Ito as above, we see that the generator of the new process Z

is given by o
Lzh(l', l) = Lxh + EL(I‘),

where the first term is the operator Lx applied only to the first co-ordinate of h.
Now consider the more general problem

Viz,l) = SEpEJC [z + /OTL(XS) ds} .

Then %—‘;/ =1, and V(z,1) = V(x) + [. So the condition £,V (z,1) = 0 implies

oV
L —L(x) =
and therefore, we deduce that V solves the PDE
LxV(z)=—-L(z), z€C (40)
V(z) =0, xe€dC.

Once again, there is a killed version, where the right hand side of () becomes
—L(z) + AV.

(iv) Consider S; = maxXp<r<t X V Sp, and let our underlying Markov process be Z; =
(X, St) on E = {(z,s) : v < s}, where (Xo,S) = (z,s) under P, ; for (z,s) € E.
We wish to consider a problem of the form:

V(z,s) =supE, , [M(X;,S;)],

T

where M (z,s) is a continuous function on FE.
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Now we again consider the generator of the process Z. If x < s, Ly = Lx. Applying
It6 at (s, s), since Sy is a finite variation process, we get

{E(sﬁs)f(Xtv ft) — [(s,9) }

i 4 o Lxf (X, S, ds + [ BEX,.5,) S,
= 11m
tl0 t

Lzf(s,s) = lim

_ af . Es,s -
=Lxf(s,s)+ g(s, s) lglr(r)1 {7

Now, for small ¢, and a Brownian motion B, started at 0, we have sup,., B; ~ v/,
Es,s(St—s) -
t
the function f must therefore satisfy: %(s, s) = 0. Hence, LV = 0 implies:

and thus in the limit, = 00. In order for the generator to be well defined,

LxV(z,s) =0, (z,5)eC (41)
%—Z(:p,s) =0, z=s

V(z,s) = M(x,s), (z,t)€dC.

Note that the set C is now a subset of E. Again, there is also a killed version, where
an additional AV appears on the right hand side of (II).

4.3 A simple free boundary problem

We now consider how these results may become a free boundary problem, by considering
a simple example. Suppose X; = x + ut + 0B, for some parameters y > 0,0 > 0, and

consider the function
<0

1
G(x)=<0 :xe(0,1)
a zxz>1
where v € (0,1). Then, for A > 0 consider the problem:

V(z) = sgp E, [e MG(X,)].

Clearly, we cannot do any better than a reward of 1, so it will be optimal to stop imme-
diately if we ever find ourselves below 0. Moreover, if it is optimal to stop at © > 1, it is
clearly also optimal to stop at any other y > x, since these points will take even longer
to get down to 0, and this is the only place where we can score higher than «. Hence the
continuation region should be of the form: (0, z) for some z > 1.

for such a region C', we can now use the previous results to compute the corresponding
value function. Let V, be the solution to:

LxV =XV, ze€C
V(0)=1
V(z) =«
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Since Ly of
Lyf = 0221 4 %
xf 27 da? * K

V. (z) satisfies
1 ,d%V, N av,

20 dx? K dz

— AV =0

which we can solve to get
V.(z) = 5167 + Bhe®?

where dy,dy = THEV AT W Applying the boundary condition at x = 0, we see that
ﬁl =1- ﬁg, and that
‘/Z<LE) = ed1:l: -+ ﬁg(ede — edlm).

If we introduce v = 7“%:2%72, d = —4, then v > —0 > 0, and we can rewrite the solution
as
V.(z) = e [’ — 28, sinh(yx)] .

Applying the second boundary condition, V,(z) = «, we see that

1e7* — qe %

be = 2 sinh(yz)
and therefore:
sinh(~x)

nm:@{Wf (w—%&ﬂ.

Note that for z < z,e7* sinh(yx) < €’ sinh(~z), and therefore the expression is positive.

sinh(~yz)

If we now differentiate this expression in x, we get

cosh(~x)

V!(x) = 6V.(x) + e [vew - (7 — ae_‘sz)]

sinh(~yz)
and therefore at the right boundary,

V!(2) = da + €~ {fye'yz _ o cosh(r2)

z

@ =),

sinh(~yz)
If we differentiate this whole expression again with respect to z and simplify, we get:

d gl

— [V!(2)] = ———— [y(cosh((6 + 7)2) — @) — de~ %% sinh(v2)] .

7 V) = Dleosh((3 4 7)2) - a) (2]
It follows that this expression is non-negative (since v > —¢§ > 0), and therefore that
V!(z) is increasing as a function of z.

This allows us to think of the solutions to the free boundary problem for given z as follows:

VI (1) < 0: In this case, since the gradient increases as z increases, there exists a unique
z* > 1 such that V/.(z*) = 0, and for all z < z*, V/(z) < 0 and for all z > z*,
V!/(z) > 0. This is represented in Figure [
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Figure 1: Possible functions V,(z) for different values of z. In this case, Vi(1) < 0. The

parameter values are o = %,/,L = 0.25,\A = 0.1,0 = 1. Note that there is a ‘largest’

function which has V/.(2*) = 0.

V/(1) > 0: In this case, again, since the gradient increases as z increases, V/(z) > 0 for
all z > 1. This is represented in Figure 21

In the first case, where there is a z* > 1 such that V/.(2*) = 0, we can deduce that this
must be the only plausible solution to ([BH)—(B8) — any smaller choice of z gives a function
V.(z) (extended to Ry with V,(x) = « for > z) which has a kink at z with left derivative
which is negative and right derivative zero. Consequently, the value function is (strictly)
convex at this point, and V,(Xs) would be a (strict) submartingale at this point, which
is not possible. Conversely, if we choose a z < z*, V/(z) > 0, and the function V, would
not remain above the gain function. As a result (see the argument following (BH)—-(BS)),
V,«(z) is the value function. Note that in this case, 2z* can be recovered by looking for
the solution to the free-boundary problem: find V| z such that

LyV =\V, z€(0,z),

V(0) =1,
V(z) = o,
V'(z) =0.
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Figure 2: Possible functions V,(z) for different values of z. In this case, Vi(1) > 0. The
parameter values are a = %, =025 \=2 0=1. Note that there is no function which
has V/.(z*) = 0.

The final condition in this case being the smooth-fit condition.

In the second case, where V/(1) > 0, we see again that we cannot take larger values of
z since the resulting value function passes below the value function. It is easy to see
however that ([BH)—(B8) holds for 2* = 1, and this is therefore the optimal choice for the
stopping region. In this case, there is no smooth-fit criterion. There are no hard-and-fast
rules regarding when there is or is not a smooth-fit principle, but in this example, it is a
consequence of the discontinuity in the gain function. In examples where the gain function
is smoother, one would expect the smooth-fit principle to hold — see Figure B, where a
gain function G(x) = tanh(z) for x > 0 is used.

Please e-mail any comments/corrections/questions to: A.M.G.Cox@bath.ac.uk.



OPTIMAL STOPPING AND APPLICATIONS — FREE BOUNDARY PROBLEMSAMG C0Xx32
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Figure 3: An alternative payoff function, again exhibiting similar behaviour as above, but
this time a smooth-fit criterion can always be applied.
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