Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/169746

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

© 2022 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/.

[@101le)

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further
information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/169746
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wrap@warwick.ac.uk

2201.07930v1 [math.PR] 20 Jan 2022

arXiv

Stochastic representation under g-expectation and applications:
the discrete time case

Miryana Grigorova * Hanwu Lif

Abstract

In this paper, we address the stochastic representation problem in discrete time under (non-
linear) g-expectation. We establish existence and uniqueness of the solution, as well as a char-
acterization of the solution. As an application, we investigate a new approach to the optimal
stopping problem under g-expectation and the related pricing of American options under Knigh-
tian uncertainty. Our results are also applied to a (non-linear) Skorokhod-type obstacle problem.

Keywords: stochastic representation, g-expectation, optimal stopping problem, Skorohod prob-
lem
MSC2010 subject classification: 60H10, 60G40

1 Introduction

The stochastic representation problem under linear expectations was first investigated by Bank and
El Karoui [2] (2004) for the continuous time case, and by Bank and Follmer [3] (2003) for the discrete
time case.

For a given real-valued optional process X = {X}+c[o,7] (which is required to have certain regu-
larity properties), the stochastic representation problem (in continuous time) aims at constructing a
unique progressively measurable process L = { L }¢[o,7] such that the given process X can be written
as:

X; = Et/ f(s, sup Ly)ds], 0<t<T,
t<v<s

where f = f(t¢,1) is a given function, assumed to be continuous and strictly decreasing with respect
to I (from 400 to —oo) and Ey[] denotes the (linear) conditional expectation with respect to the
information available at time ¢. Bank and El Karoui [2] show that there exists a unique solution L to
the stochastic representation problem. Moreover, the solution is characterized by the following: for
every stopping time o < T,

L, =essinfl, ., P-as., (1.1)

TE€E T

where 7, is the set of all stopping times 7 such that 7 > o on the set {o < T}, P-a.s. and I, , is the
unique F,-measurable random variable satisfying

E,[X, — X,] /f lo.)dt].

The stochastic representation results have been successfully applied to various stochastic control prob-
lems in mathematical finance and mathematical economics, such as optimal consumption choice with
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Hindy-Huang-Kreps-type preferences (see [4], [12]), irreversible investment (see [9], [10], [19]), dy-
namic allocation problems (see [I1]), or a variant of Skorokhod’s obstacle problem (see [16]). Roughly
speaking, finding the optimal consumption plan with intertemporal substitution, the base capacity
policy of the irreversible investment problem and the solution to a certain obstacle problem of the
Skorokhod type amounts to finding the solution of a specific stochastic representation problem. More
recently, [I] extend further the framework for validity and applications of the stochastic representation
problem by using some fine notions and techniques from the general theory of processes.

Since, in the above framework, stochastic representation is considered under one probability mea-
sure P, it cannot be applied to address financial or economic problems involving ambiguity /Knightian
uncertainty. Uncertainty typically leads to non-linearity of the “expectation” operators. It is well-
known that the (non-linear) g-expectation (cf. Peng [I8]) is a powerful tool to study problems with am-
biguity. In this paper, we are interested in the stochastic representation problem under g-expectation;
formally, this amounts to replacing the classical conditional expectation F[-] in the formulation of
the problem by the conditional g-expectation &[-]. It is worth pointing out that the construction of
the solution to the representation theorem studied by Bank and El Karoui [2] heavily depends on
the linearity of the classical conditional expectation which means that their construction method is
not effective for the non-linear g-expectation case. In the current work, we focus on the non-linear
representation problem in discrete time. In order to prove the existence, we apply the method of
backward induction. The uniqueness is proved by using the fact that the function f is strictly de-
creasing (in the last component) and the property of strict monotonicity of the g-expectation. Unlike
the continuous time case (cf. [2]), we do not need to establish a characterization of the solution (L;)
analogous to (I} to obtain the uniqueness. However, a non-linear analogue of this characterization
still holds true in our framework. We provide moreover a construction of a stopping stopping time
7; which is optimal, in the sense that L; = I; -~. It is worth pointing out that the conditions on the
driver g to guarantee the existence and uniqueness result are weaker than those made to guarantee
the characterization of the solution.

The second part of this paper provides several applications of the stochastic representation problem
under g-expectation, namely to optimal stopping, to optimal exercise of American put options under
Knightian uncertainty, and to a variant of Skorokhod’s obstacle problem.

It is well known that the stochastic representation problem under linear conditional expectations
has strong connections with the (classical) optimal stopping problem (cf. [3]). It provides an alterna-
tive approach to the celebrated Snell envelope approach to optimal stopping, with fruitful applications
in pricing of American options. In this alternative approach, the solution L of the stochastic repre-
sentation for the given reward (or pay-off) process X takes over the role of the Snell envelope of X.
When applied to American options, this approach allows to find a universal process not depending on
the strike price through which optimal exercise times can be characterized. For the non-linear case,
the Snell envelope approach to optimal stopping under g-expectation is well-studied (see, e.g., [], [5],
[13] for the continuous time case, or [14] for the discrete time case). The stochastic representation
results from the first part of our paper give a new approach to the non-linear optimal stopping problem
under g-expectations. This approach is then applied to derive an optimality criterion for American
put options under Knightian uncertainty in terms of a universal process independent of the strike price
k of the option. In the third application, the solution of our stochastic representation problem is used
to solve a variant of Skorokhod’s obstacle problem. More specifically, we show that the increasing
process 7 from the Skorokhod-type condition in this problem coincides with the running supremum
of the solution L to the stochastic representation problem for the obstacle process X.

The paper is organized as follows. In Section 2, we first formulate the non-linear stochastic rep-
resentation problem in discrete time under g-expectations and establish the existence and uniqueness
result, as well as the characterization of the solution. In Section 3, we present the three applications:
to optimal stopping, to the class of American put options with strike prices k& > 0, and to an obstacle



problem of Skorokhod type.

2 The non-linear stochastic representation problem in dis-
crete time: formulation, existence and uniqueness

We place ourselves on the canonical space. Let Q = CZ([0,00)) be the space of all continuous, R%-
valued functions on [0, 00), equipped with the distance:

=1
22_ Igag (lw —wi[ A1)

The o-algebra is the Borel g-algebra. Let P be the Wiener measure, under which the canonical process
B is a d-dimensional Brownian motion. Let F = (F;) be the filtration generated by the Brownian
motion B. Let N € N be a fixed terminal horizon. We denote by L?(Fy) the space of all Fy-
measurable and square-integrable random variables. In the sequel, the notation g : [0, N] x @ x R? — R
will stand for a driver satisfying the following standard assumptions (unless specified otherwise):

(i) (g(t,w,2))sepo,n) is progressively measurable and for any z € R?,

N
Bl / lg(t, 2) 2] < oo

(ii) There exists a constant K > 0, such that

|g(t,w,z) _g(t7w72/)| < K|Z_ Z/|;

(iii) For any (s,w), g(s,w,0) = 0.

By a well-known result of Pardoux and Peng [I7], for any terminal condition X € L*(Fy), the
Backward SDE

N N
Y, =X +/ 9(s, Zs)ds —/ ZdBy,
t t

has a unique adapted solution (Y, 7). The non-linear expectation operator, induced by a BSDE of
the above form, is known as conditional g-expectation, and is defined by

515 [X] = }/t
Some of the main properties of the conditional g-expectation are recalled in the following proposition:

Proposition 2.1 Under the above assumptions on the driver g, the conditional g-expectation satisfies
the following properties:

(1) (monotonicity and strict monotonicity) If X <Y, then &[X] < &[Y].
If, in addition P(X <Y) > 0, then &[X] < &[Y];
(2) (translation invariance) If Z € L*(F;), then for all X € L*(Fn), &[X + Z) = &[X] + Z;

(3) (tower property) For any 0 < s <t < T, &[&E[X]] = E[X];
(4) (zero-one law) For an event A € Fy, it holds E[XTa + YIge] = E[X]Ta + EY ] ae.



(5) (monotone convergence) For a monotone sequence { X, nen C L?(Fn) such that X, 1 (1)X,
where X € L*(Fy), we have &[X,] 1 (1)&[X].

Let X = {X;}¥, be a given real-valued, adapted and square-integrable process and let f : { x
{0,1,--+ N} x R — R be a given function satisfying the following two conditions:

(1) For eachw € Q and each ¢t =0,1,---, N, the function f(w,t,): R — R is continuous and strictly
decreasing from +o0o to —oo;

(2) For any [ € R, the process f(-,-,1): Q x {0,1,--- , N} — R is adapted with
N
B 1D < oo.
t=0

The non-linear stochastic representation problem in discrete time is formulated as follows:
Find an adapted process L = {L;};—01,... n such that Z]uvzt f(u, max;<y<y Ly) is square-integrable
for all t =0,1,---, N, and such that the following equation holds:

N
X, = 5t[zt f(u, tIgnvaSXuLv)], for all t =0,1,---, N. (2.1)
u=
A process (L;) satisfying these properties will be called a solution to the non-linear stochastic
representation problem (ZI)). We now state and prove the main result of this section.

Theorem 2.2 (Existence and Uniqueness) Under the Assumptions (1)-(2) on the function f and
Assumptions (i)-(iii) on the driver g, there exists a unique solution (L) to the non-linear stochastic
representation problem (2.1).

Proof. We first prove the uniqueness. Suppose that L' and L? are are two solutions of the stochastic
representation problem (ZI). We have to show that L} = L7, for all t = 0,1,..., N. We proceed
by backward induction. It is easy to check that LY = L% = f~'(N,Xy). Let t € {0,---,N}.
Assume that for all Kk =t + 1,---, N, we have shown L,lC = Li =: Lj. Let us show that L} = L2.
Set A ={L} < L?} and A’ = {L} > L?}. Suppose, by way of contradiction, that P(A) > 0. Since
A € F;, we have, for i = 1,2,

N
XoIp =Ia&[f(t, L) + > f(k,Li, v ( max L))

el t1<o<k
N
~EU L)L+ 3 Taf(h LV, e L))

where we have used the zero-one law for conditional g-expectation (property (4)). On the set A, since
f is strictly decreasing, we have f(t, L;) > f(t,L?) and

N N
1 2
D SR Lpv( max L) > 3 (ks LRV ( max L)),
k=t+1 k=t+1

By the strict comparison theorem for conditional g-expectations, we get that, on the set A,

N
Elftt, L)Ia+ > Laf(k, Ly v (, max | L))]
k=t+1
N
SE[f(t,L3) s + ; Laf(k, LRV ( max | L)),



which is a contradiction. We conclude that P(A) = 0. By interchanging the roles of L' and L? in the
above reasoning, we get that P(A’) = 0. Hence, the uniqueness is shown.

We now show the existence. We proceed by backward induction. It is easy to check that L defined
by Ly = f~1(IV, Xy) is a solution to the stochastic representation problem at the terminal time N
and that f(V, Ly) is square-integrable. Let ¢t € {0,..., N}. Suppose that we have shown the existence

of an adapted process { Ly }k=¢+1,...,n such that Ziv:k f(u, maxg<y<y Ly) is square-integrable, for all
k=t+1,---,N and such that

Xi = &l qu max L,)], forallk=¢+1,--- N.

k<v<u

For k = t, we set H; := {€|¢ is Fy-measurable, f(t, N, €) is square-integrable and &[f(t, N, )] < X},
where

f(t, N, &) = Z f(u, €V ( max  Ly)).

t+1<v<u
u=t+1

Since for each fixed ¢, w, f(t,w, ) is strictly decreasing from 400 to —oo, by the monotone convergence
theorem, we have _
lim &[f(t,N,M)] = —oc.
M—o0

Therefore, the set H; is non-empty. We define
L; :=essinf €.
EEH:

We will show that L; is a solution to the representation problem at time ¢. For this purpose, we first
show that the set H; is downward directed. Let & € H,, for i = 1,2. Set
§=¢&p +Epe,

where B = {¢! < ¢?} € F;. Tt is easy to check that

Elf (8, N,&)] = E[f(t, N, I + E[f(t, N, )| < Xe,

which yields that £ € H;. Hence, the set H; is downward directed. Therefore, there exists a decreasing
sequence {&,} C H; such that L; = lim,,,~ &,. By the monotone convergence theorem, we deduce
that

Zf u, max Ly)] = E[f(t,N,L)] = lim &[f(t, N,&)] < X,

n—oo

which implies that L, € Hy. Set C = {&[f(t,N,L;)] < X;} € Fi. In order to conclude, it is sufficient
to show that P(C) = 0. Suppose, by way of contradiction, that, P(C') = ¢ > 0. For each n € N, we

define )
Gn = Lilce + (Ly — E)IC'

It is easy to check that (, T L; and
ELF(t N, G)le L &Lt N, Lo)lle < Xilo.

By Lusin’s theorem, there exist some F;-measurable open sets {O5,}72; and O° with P(O;,) < 5o
and P(O7) < g, such that &[f(t, N, (n)]llcl(og)- and & [f(tLN, Li)llcIo-)e are continuous. Set O =
(US2,05) UOF. 1t is easy to check that P(O) < 2e and &[f(t, N, () Icloe and E[f(t, N, L) IcIoe



are continuous. By Dini’s theorem, &[f(t, N, ()| Icloe converges to &[f(t, N, L;)|IcIoe uniformly.

Then there exists some M independent of w, such that for any n > M, &:[f (¢, N, ()] Icloe < Xelcloe.
Now let

1
Cn = Lilcevo + (L — E)ICHOC = Lilceuo + Calcnoe.
It is easy to check that for n > M,
ElF(t, N, C)] = ELf(t, N, L) Icevo + Ef (£, N, ) Icnoe < Xi,

which implies that ¢, € H;. We claim that P(CNO®) > 0, which leads to a contradiction with the fact
that L, is the essential infimum of H,;. To show that P(C'NO°) > 0, we notice that, if P(CNO°) = 0,
then

3
P(CUO°)=P(C)+P(O°)>ec+1- 3> 1,
which is impossible; hence, the claim holds and this completes the proof. m

Remark 2.3 Consider a non-linear operator & y : L*(Fn) — L?(F;) satisfying the following prop-
erty

(I) For any &,m € L*(Fn) with & <n, then we have & (€] < E.n[n]. Furthermore, if P(€ < n) > 0,
then &N [E] < En[nl;

(IT) For any {&,} C L*(Fn) such that &, 1 (L)€, then we have & y[&n] T (L) ErnIE];

(III) For any Fi-measurable partition { A, }M | and {€,}M_, C L*(Fn), we have &)N[Zﬁil Enla,] =
Yoty Eenléalla, .

By a similar analysis to that of the proof of Theorem[Z2, it can be shown the stochastic representation
problem with & N[ satisfying the above properties (I),(II), and (III), has a unique solution. This
applies, in particular, to the following two examples:

(@) &n[E] =&y = VS where (YN€, ZN4) s the solution of the following BSDE:

N T
R G AR AL T AN

t t
Here, g : [0, N] x Q x R x R? — R is a standard driver satisfying the following condition

(i’) For each fized y € R and z € RY, (g(t,w, y, 2))tejo,n] 18 progressively measurable and

N
Bl / l9(t,y, 2)d] < oo
0

(ii’) There exists a constant K > 0, such that
lg(t,w,y,2) — g(t,w. v, 2) < L(ly — /| + |2 — 2']).

(b) & n[€] = aul) N [E]+ (1 — )&, K [€], where ais a given adapted process taking values in [0,1]. In
this case, & N[| can be seen as an extension of the alpha-mazmin conditional expectation (cf.,

e.g., [0]).



Remark 2.4 In some applications, we need to consider the stochastic representation problem in a
slightly different formulation, where equation 21)) is replaced by the following equation:

N-1
Xe =&Y flu, max Ly) + Xy].
u=t - =

Here, and in the sequel, we use the following convention: if s < t, for any process h, we define
5% _, h(u) = 0. By similar arguments to those of the proof of Theorem [Z3, we can show that there

u=t
exists a unique adapted solution L = {L;}i=01,... N—1 to this problem.

We now establish a characterization of the solution L to the stochastic representation problem
(2I). To this purpose, we define the following sets of stopping times:

To.nv = {7|7 is a stopping time taking values a.s. in {0,1,---, N}},
To ={r€T|r >0 as.on{oc<N}}, where o € Ty n.

Proposition 2.5 Under the Assumptions (i)-(iii) on the driver g and (1)-(2) on the function f, the
solution L to the stochastic representation problem 21)) satisfies: For any stopping time o € To,N—1,

L, =essinfl, -, a.s., (2.2)

T€Ts

where l, ; is the unique Fo-measurable solution of the following equation

X, = 50[2 Fuylor) + Xy, (2.3)

Proof. Preliminary Step. By modifying the proof of Theorem 221 we can show that there exists a
unique solution [/, » to Equation (23). Thus, it remains to prove (22]).

Step 1. Let 0 € Ty,ny—1 be a given stopping time and let 7 € 7,. By Equation (ZI]) and the
decreasing property of f, we get

T—1 N
Xo = EU[Z f(u, sup Lv) =+ gT[Z f(uv sup L'u)]]

v—r o<v<u py— o<v<u
T—1 N

< E,’U[Z f(u, Lo) + E,’T[Z f(u, iug Ly)]]
7':1 -

=& flu,Lo) + X,

By Equation [23)), it follows that
T—1 T—1
80[2 flulor) + X7 < 80[2 flu, Lo) + X-].

We set A = {lyr < Lo} € Fy. We claim that P(A) = 0. Suppose, by way of contradiction, that
P(A) > 0. By the strictly decreasing property of f, we have that

T—1 T—1
ga[z f(u7 la,T) + XT]IA > ga[z f(u, La) + XT]IA7



which is a contradiction. We deduce that P(A) = 0, that is, L, < l, , a.s. As 7 is arbitrary in 7,, we
get
L, <essinfl, ..

T€TS

Step 2. We now show the converse inequality. For each fixed o € Ty n—1, and for each n € N*,
consider the following stopping time

7-" = 1nf{t 2 O'| sup L’U > LZ} A N’
o<v<t

where .

LY = (LU + E)I{La>700} - TLI{LU:,OO}.
It is easy to check that 7" € 7. Besides, note that on the set {7 < N}, we have L;n» = sup, <, <,n L,
which yields that for any ¢ € {7", 7" +1,--- | N}

sup L, = sup L,.
o<v<t T <ov<t

Therefore, we obtain that

"1 N
Xo =& Z f(u, Ui%guLv) + & Z f(uanSggLu Ly)]]

"1

> 613 flu, L)+ X,0].

Combining with Equation (Z3)), it follows that

7" —1 7" =1
Eel D florn) + Xon] > E[ D> flu, L) + Xon].

Similar analysis to that of Step 1 shows that

L >, n >essinfl, ;.
o = Yo, = T, o,T

Letting n — oo, we get the desired result. m
The following proposition establishes that an optimal stopping time exists.

Proposition 2.6 For any k=2,--- N, set

N—-k+1, we{Ly-x<LNn_pi1};
Tﬁ,k(w) = N—k-i-i, w € {maszl,..w_l LN—k—i-j SLN—I@ <LN—k+i}7i:27"' ,k—l;
N, w € {man:L...ykfl LN,kJrj < Lka}-

And let 73,1 = N. For each t =0,1,--- ,N — 1, the stopping times 1; is optimal in the sense that

L= eiséintlf lir = lt,r:-
Proof. The result is trivial for the case when ¢ = N — 1. For the other cases, it is sufficient to prove
that P(Ly <l;+) = 0. By the definition of 7", we can check that

max L,(w) =

max,s<p<y Lo(w), w € {7 <u},
t<v<u

Li(w), we {u< 1}



Therefore, we have

T -1 =1
ELD 2 Flundury) + Xei] = Xo =E[ D flu, max Lo) +Er; qu Joax L))
u=t u=t U=t/
T -1
_EthuLt )+ & qu *n<1a)<<uL 0)]]
T -1 |

=& fu, L) + Xy ).

By a similar analysis as in the proof of Proposition 2.5, we finally have P(L; < l; ;) = 0. Hence, the
result follows. =

Remark 2.7 Modifying the proof slightly, similar results still hold (e.g., existence and uniqueness,
characterization) if, instead of being strictly decreasing, f(t,w,-) is strictly increasing from —oo to
400 for each fixed t and w.

3 Applications

In this section, we present some applications of the stochastic representation problem under g-
expectation. Throughout this section, we assume that the driver g satisfies conditions (i)-(iii).

3.1 Optimal stopping under g-expectation

We present a new approach to the non-linear optimal stopping problem in discrete time. This approach
is based on the stochastic representation of the given reward process X, established in the previous
section. This approach can be seen as a non-linear analogue of the approach presented by Bank and
Follmer [3] in the linear case.

The following theorem provides a level-crossing principle and an optimality criterion for stopping
times.

Theorem 3.1 (Level-crossing principle and optimality criterion) Let X = {X,}n=01,.. v be an
adapted and square-integrable sequence and L = {Li}1=01,... N—1 be the solution of the following

backward equation
N—1

X, = gt[Z Joax Ly + Xy
Then, the level-passage times
7 :=min{v > 0|L, > 0} AN and 7 := min{v > 0|L, > 0} AN

are optimal for the problem

V= sup E[X,]

7€To,N
Furthermore, if T° € To,n satisfies
7<7°<7, and max L, = L, (3.1)
o<v<r*

then, T* is an optimal stopping time.



Proof. For any 7 € 7y n, it is easy to check that

N-1 N-1
E[X;] =E[> max L, +Xn] < &[> (max L,)V0+ Xy]

T<v<u 0<v<u
u=r u=r

N-1 N-1
SE[Z( max L,)V 0+ Xy] :5[2 max L, + Xn].

0<v<u 0<v<u
=T

(3.2)

u=T

Noting that for any 7 < N — 1 and v > 7, we have

max L, = max L, = max L, > 0. (3.3)
0<v<u T<v<u r<v<u

Combining Equation (8:2) and (B3)) yields that
E[X;] < E[X#], for any 7 € To,N-
Therefore, 7 is optimal. Besides, the Equation (8:2) and [B3)) show that for any 7 € 7o n,

N—-1 T—1 N-1
T < EL3 o Loce K] < 3 Bt 3, o, Lk ] = £,

which implies that 7 is also optimal.
Now if 7* satisfies [B1]), we claim that

N-1 N-1
I:= max L, < max L, =:I1. (3.4)

If = N, then 7 =7 = N, which means that I = II = 0. If 7 = 77, it is obvious that I = I1. For
the case that 7 < N — 1 and 7* < 7, we derive that

-1 -1
Z max L, > L, >0.

0<v<u
u=T1*

Consequently, we obtain that I < II. Hence the claim holds true. By the condition that maxo<y,<+ L, =
L+« and combining Equations (32), B4), it follows that for any 7 € 7o n,

N-1 N-1
E[X,] < 5[_2 OrélfgcuLv + Xn] = 5[_2* T*Hgl%)g(uL” + Xn| = E[X ]

Thus we get the optimality of 7°. m

3.1.1 Optimal stopping with g-expectation on an infinite horizon

Here, we present a similar result to Theorem [B.1] for the infinite time case. To this purpose, we first
recall some properties of BSDEs with infinite time horizon. Consider the following BSDEs with infinite
time horizon:

}/t = 5 +/ Q(& Zs)ds - / stB57 (35)
t t

where ¢ € L?(F), which is the collection of all F.,-measurable and square-integrable random vari-
ables and § is a map from [0,00) x Q x xR? onto R satisfying the following two conditions

10



(a) g(-,2) is progressively measurable and §(¢,0) = 0 for any ¢ € [0, c0);
(b) There exists a positive deterministic function u(t) such that, for any z, 2’ € R,
19(t,2) = §(t, 2")| S u(t)]z = 2|, t€[0,00),
and fooo u?(t)dt < oo.
By [7], there exists a unique solution (Y, Z) € S% x H? satisfying the BSDE (3.35)), where

5% .= {YY;,0 <t < o0, is an Fi-adpated process such that E[ sup |V;|?] < oo},
te[0,00]

H?:={Z|Z;,0 <t < oo, is an F;-adpated process such that E[/ |Z4|?dt] < o0}
0

We define the g-conditional expectation of £ € L?(F,) as follows

ASES
where Y is the solution to BSDE (B.3). For simplicity, we denote &ol€] by €[¢]. By the results in
[15], comparison theorem still holds for £. Besides, it is easy to check that g-expectation also satisfies
time-consistency and translation invariance property. Similar analysis to that of the proof of Theorem
B leads to the following result.

Proposition 3.2 Suppose that the adapted process X = {X,}nen with E[sup,,cy | Xn|?] < 0o has the

following representation:
o0

X, = E:'T[Z sup L], for any 7 € T,

u:TTSUSM

where L = {L, }nen is adapted and EZO:T SUD, <<y Lv 8 square-integrable for any T € Too. Here, Too
is the collection of all stopping times taking values in N. Then, the level passage times

T =inf{t > 0|Ly > 0}, 7 =inf{t>0|L, > 0}

mazximize the expected reward E[X ;] over all T € Ta.
Furthermore, if the stopping time T* satisfies the following condition

T<7"<7and sup L, = L.+ on{r" < oo},
0<v<lr*

then 7 also mazimize E[X;] over all T € Ta.

3.2 A variant of Skorokhod’s obstacle problem

Let f satisfy conditions (1) and (2) from Section 2. Let us now consider the given stochastic sequence
X = {X,}N_; as a given obstacle. We wish to find a pair of adapted sequences Y = {Y,,}N_, and
n = {n.} Y-}, with 17 an increasing process, such that

N—-1
Vi =&Y fu,nu) + Xn),

u=t
and such such that Y never falls below the obstacle X. It is easy to check that there are infinitely
many processes Y and 7 satisfying the above condition. The goal is to find the process n which acts in
a minimal way, in the sense that it only increases when necessary (Skorokhod-type condition). This
means, if Y. = X, then 7 should be a point of increase of 7, that is, n, > n,—1. If Y; > X, the
process 7) should remain the same. We show our result for the case where f(¢,1) = I. The case of f
satisfying conditions (1) and (2) can be proved similarly.
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Remark 3.3 In order to obtain the uniqueness of the solution to the obstacle problem, we assume
that n—1 = —oo. Therefore, the initial time 0 is a point of increase.

Theorem 3.4 Let X = {X,}n—01,.. N be an adapted and square-integrable sequence and L =
{Li}t=01,... N—1 be the unique solution of the following backward equation

N-1

Xi=&[> max L, + Xy.
u=t — =

(i) There exists a unique adapted square-integrable process Y = {Y,}N_ and a unique adapted square-

integrable and nondecreasing process n = {ny, 11:/;01 satisfying

N—1
Y, =&Y nu+Xnl, 7€ TowN,
u=T
and such that Y dominates X, and Y, = X,, P-a.s. for any point of increase T for n and
7= N. In fact, n has the following representation

ntzorg;?%(tLv, forallt=0,1,--- /N —1.

(i) If the stopping time T satisfies the following conditions
T<7 <7, Yoo = X0
where T and T are the level passage times
7 :=min{v > 0|n, > 0} AN and 7 := min{v > 0|5, > 0} AN,
then 7 mazimizes E[X;] over all T € To .

Proof. (i) We first show that the process Y associated with the process n defined by L dominates
X and Y; = X,, P-as. for any point of increase 7 of n and 7 = N. It is easy to check that
Y, > X, and Yy = Xy. Now if 7 is a point of increase for n, we have n, > n,_1, which implies that
L: > maxo<y<r—1 Ly. Therefore, for any u > 7, it follows that

max L, = max L,,
0<v<u T<v<u

which yields that Y, = X.
We are now in a position to show the uniqueness. Suppose that ¢ = {(;}1=0,1,...,n—1 is another
adapted, square-integrable and nondecreasing process such that the corresponding adapted process

N—-1
Ze =&Y Cu+t Xn]

dominates X with X, = Z, for any point of increase 7 for ( and 7 = N. For any € > 0, define the
following two stopping times

oe =min{t > 0| > G +e} AN, 7. =inf{t > 0| > n:} A N.

12



It is easy to check that on the set {o. < N — 1}, 0. < 7. and o, is a point of increase for 7.
Furthermore, on the set {7. < N — 1}, 7. is a point of increase for (. By simple calculation, on the
set {oo < N—1}n{r. < N —1}, we have

Te—1 N-—1 Te—1 N—1
XO'E = Yva'5 :gag[z nu+ Z 77u+XN] > ga'g[z Cu'i‘grs[z 77u+XN]]
,i:j; o Te—1 o Te :11_75
:gos[z Cu‘f'y‘rs] > 505[2 CU+'XTE:| :gos[z Cu'i‘Z'rg]
e o
=E [ Cut D Cut XN =20 > X,

On the set {o. < N — 1} N {7. = N}, we obtain that

N—-1 N—-1
'X(Tg :YO'E :605[2 77u+XN] >805[Z <u+XN] = ZO'E ZXO'E'

The contradiction implies that 0. = N almost surely, i.e. n; < (; + ¢ for any t = 0,1,--- | N — 1.
Since € can be arbitrarily small, this implies that n < {. Consequently, we have ( < 7. Thus we get
the uniqueness.

(ii) Since n = {n;} = {maxo<v<; Ly} is an increasing process, we derive that

N—-1 N—-1
Vo= &1 mu+Xn] = B max n + Xl
u=t u=t ~

By Theorem Bl 7 maximizes E[Y;]| over all 7 € Ty n. Noting that on the set {7 < N — 1}, Tis a
point of increase for 7, we obtain that X> = Yz, which implies that

sup E[X;] > E[XF] =€[Yz] = sup E[Y7].
7€To,N T€To,N
Since Y dominates X, it is obvious that sup, 7 . E[X7] < sup, e  €[Yr]. Therefore, the value of

the optimal stopping for X equals to the one for Y. It is easy to check that maxo<y,<r+ 7y = 1r=.
Theorem 3.l shows that E[Y7] = sup ¢, , E[Y7]. We finally get that

8[X‘r*] = 5[Y‘r*] = Sup 8[YT] = Sup 5[XT]
T€To,N T€To,N
The proof is complete. =
We state the result for f satsifying conditions (1) and (2).

Corollary 3.5 Assume that the function [ satisfies conditions (1) and (2). Let X = {X;}1=01,..- N
be an adapted and square-integrable sequence and L = {L}1—o,1,... N—1 be the solution of the following

backward equation
N-1

Xt = 5t[z f(U,tglfguLv) + Xn].

Then, there exists a unique adapted square-integrable process Y = {Y,})_, and a unique adapted,
square-integrable and nondecreasing process n = {nn}ﬁtol satisfying

N-1
Y, :&[Z flu,n) + Xnl, 7€ Ton,

U=T
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such that'Y is dominated by X and Y. = X, P-a.s. for any point of increase T for n and 7 = N. In
fact, n has the following representation

Nt :01212)1;13@, for anyt=0,1,--- /N —1.

3.3 Exercising optimally American puts under Knightian uncertainty

It is well known that (superhedging) pricing of American options is closely related to optimal stopping.
More precisely, the superhedging price of the American option corresponds (up to discounting) to
the value of an optimal stopping problem and the first time the discounted Snell envelope hits the
discounted payoff process is an optimal exercise time. The shortcoming of this approach, when applied
to American put options, is that, in order to derive optimal exercise times for different strike prices,
we need to calculate the associated Snell envelopes first. This would turn into a tedious task as the
strike prices may take values in a wide range. One may wonder whether there is a universal process
to determine the optimal exercise times simultaneously for different strike prices. With the help of
the stochastic representation problem, the answer is affirmative.

In this sub-section, we focus on American put options with different strike prices k, where k > 0.
We place ourselves in an arbitrage-free market model in discrete time with two primary assets: a risky
asset with price process denoted by (P;)i—o.1,... v and a risk-free asset with price process modeled by
(1 +7)"")4=0.1,.. v, where 7 is a given positive constant, modeling the risk-free interest rate. We
consider an agent whose preferences are numerically represented by a utility of the form of a non-linear
expectation £. If an American put option with strike price £ > 0 on the risky asset is exercised at
time 7, then the pay-off is (kK — P;)*. We consider an agent who aims at maximizing the utility of
the (discounted) terminal pay-off of the put option over all possible exercise times 7. Thus, the agent
aims at solving the following non-linear optimal stopping problem:

v= sup E[(1+7r)""(k—P)"].
T€To,N

The following two theorems provide an optimality criterion for constructing optimal exercise times
for the non-linear optimal stopping problem in terms of a universal process (K3), which is ”indepen-
dent” of the strike price k of the put option. The first theorem gives the existence of the universal
process (K;) via the non-linear stochastic representation. The universal process (K;) depends on the
discounted price process of the underlying risky asset (and hence on the primary assets in the market
model) and on the agent’s preferences via £, but is independent of the strike of the American put.

Theorem 3.6 Assume that the discounted price process {(1+7) ' Pi}1—o1,... N is adapted and square-
integrable. Then, for any T € To,n, the discounted price process admits a unique representation

N—-1
—T o T —u o —N _
~(147r)"P = ST[HZ:; e (1+7) T?fé‘u( K,)+(1+7) Tgang( K,)| (3.6)

for some adapted and square-integrable process K = {K;}1—01,... N-
For any k > 0, consider the following two stopping times

" =min{0 <t < N|K; <k}, 7% =min{0<t < N|K; <k}
and the optimal stopping problem

V= sup E[(1+7r)"(k—P)lr<nl, (3.7)

TETNu+m
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where Tnufyoo) 18 the set of all stopping times taking values in {0,1,---, N,+oo}. If a stopping time
7k satisfies the following

<k <7 and min K, = Ky« on {r* < N}, (3.8)
0<v<t

then 7% is optimal for the problem ([B.1).

Proof. The proof will be divided into the following three parts.
Step 1. For any k > 0, we define the following process X* = {X{};enu{4 00}, Where

XF=0+7) "k - Pan).
Consider the following optimal stopping problem

V= sup E[XH, (3.9)

where £[] is the j-expectation for the infinite time case with
f](t, Z) = g(t7 Z)I{tSN} + eitZI{t>N}-

Clearly, for any Fy-measurable and square-integrable random variable &, we have & [€] = £[E]. We
claim that V =V’ and the optimal stopping times for (8.1) and (89) are the same. Since r > 0, we
derive that if 7* is optimal for (39, then 7* takes values in {0,1,---, N, +oo}. Therefore, we have

sup E1XE) = E1XE] = E(L4+)™ (k= Pronw)

=& +7r)"" (k- Pr)Ii<ny)
< sup E[(1+7)T(k— Pr)Ir<nyl-

TETNu+m

Besides, for any 7 € Tyu{4o0}, it is easy to check that
EMA+7)"(k— Pr)Ireny] = E[(L+7)77(k — Pran)] = E[X2].
It follows that

sup  E[(L+1) (k= P)lpeny] < sup EXH < sup EX)

TETN U+ oo TETN U+ oo TE€ET oo

Consequently, we obtain that V' = V' and the optimal stopping problems B.7) and ([B3.9) have the
same set of maximizers.
Step 2. For any t € N, set
LY =k — KN

We claim that

Xf:fT[Z ! (1+7)"% sup LK.

1 +r T<v<u
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Indeed, by simple calculation, we obtain that

~ e r
Er 14+7)"% sup LF
[;HT( ) s o)
~ i r
=& 147" sup (k- K,
[uZ:T T D™ sup (k= Konw)
~ s r
—k(1+7)"T+& 1+47) _K,
1477+ [u; T LN sup (—Kuw)]
R N-1 r 0o -
=k(1+7)""+ & L+7)"" su -K,)+ — A+ su K,
( ) [u:‘l'ZAN1+T( ) T/\Nglzgu( ) u:TZVN1+r( ) TANSIU)SN( )
N—-1 r
=k(1+7)7T+E] > (147" sup (=K,)+0+7r)"""N sup (—K,).
w1 TAN<v<u TAN<vSN

Denote by the second term in the last equality by I. Then on the set {r < N — 1}, by Equation
@4), we have I = —(1 + )" "P;. Besides, on the set {r > N}, again by (B6), we derive that
I=(1+7r)""(—Ky)=—(1+7r)"7"Py. The above analysis shows that

oo

ENY (1 +r)™ sup L¥ = k(1 +7)"+1=(1+7) (k= Pry) = XE.

1 +r T<v<u

u=r
Step 3. By Proposition B2 if 7% satisfies the following condition

o <7r¥ <g¥and sup LF=LF on {7F < o0}, (3.10)
0<v<tk

where ¢¥ = min{t > 0|LF > 0} and 6¥ = min{t > O|LF > 0}, then 7% is optimal for the problem
(3). By Step 1, we know that {7 < oo} = {7% < N}. By the definition of L*, it is easy to check
that o = 7% and 3 = 7% and all these stopping times belong to TNU{+o0}- It follows that condition
(B10) is equivalent to condition ([B:8). Finally, we conclude that for any stopping time 7% satisfying
condition (B8], 7* is optimal for problem (33)), hence optimal for problem (3.7) by Step 1. m

Theorem 3.7 For any T € To.n, the solution K of Equation B.0) satisfies K; > P, a.s. Besides,
the restriction ™% AN of any optimal stopping time 7% defined by Theorem 38 is also optimal for the
following problem

v= sup E[(1+7r) T (k—P;)"]

T€To,N

Proof. For any 7 € 7y n, it is easy to check that

N-1
~(L4 ) TP =E Y g ()T max (<K) + (1) 7Y max (<K)]
N—-1
263 T (L) K D) + ()N (K]
=—(1+r)"K,,
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which implies that P, < K,. We claim that on the set {7% < N}, K_» < k. Otherwise, P({7* < N}n
{K,x > k}) > 0. Since 7¥ < 7¥ < N, we have K_» < k. Therefore, on the set {7%* < N}N{K.» > k},
we obtain that -

min K, <k # K,

0<v<rtk

which leads to a contradiction. It follows that P,x < K,» < k on the set {7% < N}. Thus,
E[1+ 1) (k= Po)lprany] = EQ+7)77 "N (k= Pyt

and then 7% A N maximizes E[(1+7)"7(k — P,)"| overall 7 € Toy. =
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