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Abstract

We address an optimal stopping problem over the set of Bermudan-type strategies
© (which we understand in a more general sense than the stopping strategies for
Bermudan options in finance) and with non-linear operators (non-linear evaluations)
assessing the rewards, under general assumptions on the non-linear operators p. We
provide a characterization of the value family V' in terms of what we call the (0, p)-
Snell envelope of the pay-off family. We establish a Dynamic Programming Principle.
We provide an optimality criterion in terms of a (0, p)-martingale property of V on a
stochastic interval. We investigate the (O, p)-martingale structure and we show that
the “first time” when the value family coincides with the pay-off family is optimal. The
reasoning simplifies in the case where there is a finite number n of pre-described
stopping times, where n does not depend on the scenario w. We provide examples of
non-linear operators entering our framework.
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1 Introduction

In the recent years, optimal stopping problems with non-linear evaluations have
gained an increasing interest in the financial mathematics literature and in the stochas-
tic control literature.

In the linear case, a classical reference are the notes by El Karoui (1981). A presentation
based on families of random variables indexed by stopping times can be found in Quenez
and Kobylanski (2012).

In discrete time, a non-linear optimal stopping with dynamic monetary utilities was stud-
ied in Kratschmer and Schoenmakers (2010), with worst-case-scenario risk measures in

*Corresponding Author. University of Warwick, UK. E-mail: miryana.grigorova@warwick.ac.uk
TUniversité Paris-Cité, France. E-mail: quenez@lpsm.paris
*University of Warwick, UK. E-mail: peng.yuan.l@warwick.ac.uk


https://imstat.org/journals-and-publications/electronic-journal-of-probability/
https://doi.org/10.1214/24-EJP1164
https://orcid.org/0000-0002-6933-9286
https://ams.org/mathscinet/msc/msc2020.html
mailto:miryana.grigorova@warwick.ac.uk
mailto:quenez@lpsm.paris
mailto:peng.yuan.1@warwick.ac.uk

Optimal stopping: Bermudan strategies meet non-linear evaluations

Riedel (2009), and with g-evaluations (induced by Backward SDEs with Lipschitz driver
g) — in Grigorova and Quenez (2016). In continuous time, a non-linear optimal stopping
with dynamic convex risk measures was studied in Bayraktar et al. (2010); with the
so-called F-expectations - in Bayraktar and Yao-Part I (2011) and Bayraktar and Yao-Part
IT (2011); with g-evaluations (induced by Backward SDEs with Lipschitz driver g) — in
e.g., Quenez and Sulem (2014), Grigorova et al. (2015), Grigorova et al. (2020), Klimsiak
and Rzymowski (2021); with a focus on applications to American options in complete or
incomplete non-linear financial markets — in Kim et al. (2021), Grigorova et al. (2021);
with suprema of linear/affine operators over sets of measures- in, e.g. Ekren et al. (2014),
Nutz and Zhang (2015). In Belomestny and Kratschmer (2017), the authors investigate
optimal stopping with non-linear Choquet integrals with respect to a distorted probability
(also known as distortion risk measures); these non-linear operators lack the property of
time consistency, but have the property of sublinearity in the case where the distortion
function is concave (cf. also Xu and Zhou (2013) for an earlier work in this direction
under stronger assumptions on the Choquet integrals and on the pay-off processes).
The article Belomestny and Kratschmer (2016) (cf. also the addendum Belomestny and
Kratschmer (2016)) considers optimal stopping for dynamic convex risk measures, where
the penalty term ¢;(Q) in the dual representation has the particular form of a divergence,
that is ¢(Q) = E(@(%)U—}), where @ is lower-semicontinuous, non-negative, convex.
For this class of non-linear convex operators, the authors prove a judicious dual-type
representation (generalizing earlier works by Rogers (2002)) allowing them to then apply
more classical optimal stopping techniques.

In the present paper, we address an optimal stopping problem with Bermudan-type
strategies and with general non-linear operators (non-linear evaluations) assessing the
rewards.

Our purpose is two-fold:

1. We consider a modelling framework which is in-between the discrete-time and
the continuous-time framework, by focusing on what we call in this paper the
Bermudan-type stopping strategies *.

— In the discrete-time framework with finite terminal horizon 7' > 0, the agent is
allowed to stop at a finite number only of pre-described deterministic times,
and gain/loss processes are indexed by these pre-described deterministic times.
If we denote by {0 =ty < t; < ... < t, = T} the pre-defined finite deterministic
grid of n + 1 time points, the stopping strategies of the agent are of the form
T =3 r_otkla,, where (Ag)rcqo,1,..n} is a partition, such that Ay is 7, -measurable,
for each k € {0,1,...,n}. Thus, for almost each scenario w, the agent is allowed to
stop only at a finite number of times (provided they do that in a non-anticipative
way), where both the number of time instants (here, n + 1) and the time instants
themselves (here, the t;’s), are the same, whatever the scenario w.

- In the continuous-time framework (with finite horizon 7" > 0), the agent is allowed
to stop continuously at any time instant ¢ € [0, 7, and the gain/loss processes are
indexed by t € [0,T]. The set of the agent’s stopping strategies is the set of all
stopping times valued in [0,7]. Thus, for almost each scenario w, the agent can
stop at any time instant (provided they do that in a non-anticipative way).

- In the intermediate modelling framework of the current paper (with finite terminal

1 Note that this notion is more general than the typical notion of Bermudan strategy appearing in the context
of Bermudan options in mathematical finance, where the agent/buyer of the option is allowed to stop only at a
pre-described finite number of deterministic times {0 =to < t; < --- < ¢, = T}, where n is a fixed finite
number (independent of the scenario w).
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horizon T' > 0), in (almost) every scenario w, the agent is allowed to stop at a finite
number of times or infinite countable number of times (provided they do that in a
non-anticipative way), where both the number of time instants and the time instants
themselves are allowed to depend on the scenario w. More specifically, we are given
a non-decreasing sequence of stopping times (6y)ren such that limy o, 0 = T.
This countable stopping grid being given, the agent’s stopping strategies 7 are
thus of the form 7 = ZLOB 0x1a4, + T1z, where {(Ax)ren, A} is a partition, such
that Ay is Fy, -measurable, for each k£ € IN, and A is Fr-measurable. We call 7 of
this form a Bermudan stopping strategy, and we denote by O the set of Bermudan
stopping strategies. The gain/losses are then “naturally” defined via families of
random variables indexed by the stopping times 7 of this form.

This modelling framework is thus closer to the real-life situations where the number
of possible decision points depends on the scenario/state of nature, and so do the
decision times themselves, but where the agents do not necessarily act continuously
in time.

2. The second purpose of the paper is to allow for gains/losses being assessed by
general non-linear evaluations p = (ps,-[]), while imposing minimal assumptions
on the non-linear operators, under which the results hold. The non-linear operators
that we consider have the time-consistency property, but might lack the concavity
or convexity (hence, we cannot rely on convex duality arguments) and might lack
cash-invariance (which is one of the properties of monetary risk measures and
their monetary utility counterparts). It is to be noted also that we work with doubly
indexed families p = (pg,;[-]), where the first index S corresponds to the time of
assessment (or evaluation), and the second index 7 — to the time when the gain
(or pay-off) is revealed (examples of such non-linear operators from mathematical
finance and stochastic control are provided in Section 3).

We emphasize also that, in the above framework, working with families of random
variables ¢ = (¢(7)) indexed by Bermudan stopping times 7, allows for an exposition in
which it is not necessary to invoke any results from the theory of stochastic processes.

After formulating the non-linear optimal stopping with Bermudan-style strategies, we
provide a characterization of the value family in terms of a suitably defined non-linear
Snell envelope. A dynamic programming principle is established under suitable assump-
tions on the non-linear evaluations. An optimality criterion is proven and existence of
optimal stopping times is investigated; it is shown in particular that the first “hitting
time” is optimal. Examples of non-linear operators, well-known in financial mathematics
and in stochastic control, entering our framework, are given, such as the non-linear
evaluations induced by Backward SDEs, or the dynamic concave utilities (from the risk
measurement literature). In the appendix, we consider the particular case of finite
number of pre-described stopping times 0 = 6y, 64, ...,0,, =T, where n does not depend
on the scenario w, and provide an explicit construction of the non-linear Snell envelope
by backward induction, as well as a simpler proof of the optimality of the first hitting
time.

The remainder of the paper is organized as follows: In Subsection 2.1, we set the
framework and the notation. In Subsection 2.2, we formulate the optimisation problem.
In Subsection 2.3, we characterize the value family of the problem in terms of the
(0, p)-Snell envelope family of the pay-off family. In Subsection 2.4, we show a Dynamic
Programming Principle (DPP). In Subsection 2.5, we investigate the question of optimal
stopping times: we provide some technical lemmas regarding the (©, p)-martingale
property, we provide an optimality criterion, as well as some useful consequences of the

EJP 29 (2024), paper 102. https://www.imstat.org/ejp
Page 3/29


https://doi.org/10.1214/24-EJP1164
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Optimal stopping: Bermudan strategies meet non-linear evaluations

DPP, and we show that, under suitable assumptions, “the first time” v, when the value
family hits the pay-off family is optimal. Section 3 is dedicated to examples of non-linear
operators from the literature, entering our framework. The Appendix is dedicated to
the particular case where in almost each scenario w € (2, there are n + 1 pre-described
opportunities for stopping, where n does not depend on w € . In this case, we have an
explicit construction of the (0, p)-Snell envelope by backward induction and a simplified
proof of the optimality of v; (requiring “less continuity” on p).

2 Optimal stopping with non-linear evaluations and Bermudan
strategies

2.1 The framework

Let T > 0 be a fixed finite terminal horizon.
Let (2, F, P) be a (complete) probability space equipped with a right-continuous complete
filtration F = {F;: t € [0,T1}.
In the sequel, equalities and inequalities between random variables are to be understood
in the P-almost sure sense. Equalities between measurable sets are to be understood in
the P-almost sure sense.
Let IN be the set of natural numbers, including 0. Let IN* be the set of natural numbers,
excluding 0. Let (fx)ren be a sequence of stopping times satisfying the following
properties:

(a) The sequence (0;)recn is non-decreasing, i.e. forall k € IN, 0, < 0541, a.s.

Moreover, we set 6y = 0.
We note that the family of o-algebras (Fy, )re is non- decreasing (as the sequence ()
is non-decreasing). We denote by O the set of stopping times 7 of the form

+oo
7= Okl +T1y, 2.1
k=0

where {(A;){25, A} form a partition of Q such that, for each k € N, A, € Fp,, and
Ae Fr.

The set O can also be described as the set of stopping times 7 such that for almost all
w € Q, either 7(w) =T or 7(w) = 6(w), for some k = k(w) € N.

Note that the set © is closed under concatenation, that is, for each 7 € © and each
A € F,, the stopping time 714 + T1 4. € ©. More generally, for each 7 € 6, 7/ € © and
each A € F, ..+, the stopping time 714 + 7’1 4¢ is in ©. The set O is also closed under
pairwise minimization (that is, for each 7 € © and 7’ € ©, we have 7 A 7/ € ©) and
under pairwise maximization (that is, for each 7 € © and 7/ € ©, we have 7V 7’ € O).
Moreover, for each non-decreasing (resp. non-increasing) sequence of stopping times
(T )new € ON, we have lim,, sy 7, € O.

We note also that all stopping times in © are bounded from above by T'.

Remark 2.1. We have the following canonical writing of the sets in (2.1):

AO = {T = 90};
Api1={7=0n41,0n41 < T}\ (A, U...UAg); foralln € N*
A= (UZ5AR)°

From this writing, we have: if w € A1 N {6k < T}, then w ¢ {7 = O }.
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For each 7 € ©, we denote by O, the set of stopping times v € © such that v > 7 a.s.
The set O, satisfies the same properties as the set ©. We will refer to the set © as the set
of Bermudan stopping strategies, and to the set ©. as the set of Bermudan stopping
strategies, greater than or equal to 7 (or the set of Bermudan stopping strategies from
time 7 perspective).

Definition 2.2. We say that a family ¢ = (¢(7), 7 € ©) is admissible if it satisfies the
following conditions

1. forallT € ©, ¢(7) is a real valued random variable, which is F,-measurable.

2. forallT,7" €0, ¢(r) = ¢(7') a.s. on {r =1'}.

Moreover, forp € [1,+o0] fixed, we say that an admissible family ¢ is p-integrable, if
forallT € ©, ¢(r) is in LP.

Let ¢ = (¢(7), T € O) be an admissible family. For a stopping time 7 of the form (2.1),
we have

“+o00
$(1) = ¢(0k)1a, +S(1)15 as. (2.2)
k=0
Given two admissible families ¢ = (¢(7), T € ©) and ¢’ = (¢(7), T € O), we say that ¢ is
equal to ¢' and write ¢ = ¢’ if, for all T € ©, ¢(7) = ¢'(7) a.s. We say that ¢ dominates ¢’
and write ¢ > ¢' if, forall 7 € O, ¢(7) > ¢'(7) a.s.
The following remark is worth noting, as a consequence of the admissibility.

Remark 2.3. Let ¢ = (¢(7), 7 € ©) be an admissible family. Let 7 € © and let (7,,) € OF
be such that for (almost) each w € Q, there exists ng = ng(w) (depending on w) satisfying,
for all n > ng(w), 7 (w) = 7(w). Then, for all n > ny(w), ¢(m)(w) = ¢(7)(w).

We show this by the following reasoning: for each fixed n € NN, let C,, := {r,, = 7}. For
each fixed m € N, let A,,, := Np>mCr = Np>m {7, = 7}. Note that the set A,, might be
empty. We have U,,en A = 2. Moreover, by the admissibility of ¢, we have, for each
fixed n € N, ¢(7,) = ¢(7), on C,, = {7, = 7}. Hence, for each fixed m € N,

foralln > m, ¢(r,) = ¢(7) on Ay, = N> (2.3)

Let w € Q. By assumption, there exists ng = ng(w) such that w € A,,,. By property (2.3)
(applied with m = nyg), for all n > ng, ¢(7,)(w) = ¢(7)(w), which is the desired conclusion.

2.2 The optimisation problem

Let p € [1, +o0] be fixed.
Let £ = (&(7), 7 € ©) be a p-integrable admissible family modelling an agent’s
dynamic financial position.

Remark 2.4. For example, the family £ can be defined via a given progressive process
(ft)te[o,T], corresponding to a given dynamic financial position process. For each 7 € ©,
we set £(7) := &,;. The family of random variables £ = (£(7), 7 € ©) can be shown to be
admissible. If for each k € IN, &, € L?, and {7 € LP, then the admissible family £ is p-
integrable. The financial interpretation of this example is as follows: the agent can choose
his/her strategy only among the stopping times in O, that is, among the stopping times
which, for almost each w, have values in the finite grid {0, 6 (w), ..., 0, (w) = T'}, where
n(w) depends on w, or in the infinite countable grid {0, 61 (w), ..., 0h(w), Ont1(w), ..., T}.
In this example, the financial position which is actually taken into account in the problem
corresponds to the values of the process (§;) only at times 0,64, ..., 0., 0,41, ..., T

The minimal risk at time 0 over all Bermudan stopping strategies is defined by:

V(0) := inf po.r(£(7)) = —V(0), (2.4)
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where

V(O) ‘= sup PO,TK(T”, (25)
TEO

and where pg /] = —po.r[]-

Let p € [1,+o0c]. We introduce the following properties on the non-linear operators pgs, ;[-],
which will appear in the sequel.

For S € ©, 5 € ©, 7 €0, forn, 7y, and 1, in LP(F,), for £ = (£(7)) an admissible
p-integrable family:
(i) ps,r: LP(Fr) — LP(Fs)
(ii) (admissibility) ps . [n] = ps' -[n] a.s. on {S = S'}.
(iii) (knowledge preservation) p. s[n] =n, for alln € LP(Fg), all 7 € Og.
(iv) (monotonicity) ps-[m] < ps,-[n2] a.s., if m1 <9 a.s.
(v) (consistency) psglpe,-[n]] = ps,-[n], forall S,0,7in © such that S <0 < 7 as.
(vi) (“generalized zero-one law”) Iaps . [(7)] = Iaps[£(7')], forall A € Fs, 7 € Og,
7/ € ©g such that 7 = 7/ on A.
(vii) (monotone Fatou property with respect to terminal condition)
ps.-n < liminf, 1 ps-[nn], for (n,),n such that (1,) is non-decreasing, 7, €
LP(F;), sup,, nn € LP, and lim,, ;400 T 7 =1 a.s.

Fatou property is often assumed in the literature on risk measures (particularly in the
case where p = +00).

Note also that if p satisfies the monotonicity (iv) and the monotone Fatou property with
respect to terminal condition (vii), then pg ;7] = limy,— 400 s+ 7], fOr (17,), 7 such that
(1) is non-decreasing, 7,, € LP(F;), sup,, 7, € LP, and lim,,_, 1~ T 1, = n a.s. Indeed,
by monotonicity of ps .[-], we have ps,[n.] < ps-[n]; hence, limsup, ., ps.-[M.] <
ps.-[n]. On the other hand, by (vii), ps-[n] < liminf, i ps-[7.]. Hence, ps [n] =
lim,,—, too ps,-[Mn]. Such type of property is also known in the literature (e.g. risk
measures) as continuity from below.

Let us emphasize that no assumptions of convexity (or concavity) or translation invariance
of the non-linear operators p are made.

2.3 (O, p)-Snell envelope family and optimal stopping

As is usual in optimal control, we embed the above optimization problem (2.5) in a
larger class of problems by considering for each v € O, the random variable V (v), where

V(v) := ess sup,cg, pu,r[£(T)]- (2.6)

We note that, if p satisfies the property of knowledge preservation (property (iii)), then
V(T) = prol6(T)] = &(T).

Lemma 2.5. (Admissibility of V) Under the assumption of admissibility (ii) and “gen-
eralized zero-one law” (vi) on the non-linear operators, the family of random variables
V= (V(v), v € ©) defined in (2.6) is admissible in the sense of Definition 2.2.

The proof uses arguments similar to those of Lemma 8.1 in Grigorova et al. (2020),
combined with some properties of the non-linear operators p.

Proof. Property 1. of the definition of admissibility follows from the definition of the
essential supremum, the random variables of the family (p, ,[{(7)],7 € ©,) being F,-
measurable.

Let us prove Property 2. Let v and v/ be two stopping times in ©. We set A := {v = '}
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and we show that V(v) = V(v/), P-a.s. on A. We have

LAV (v) =1aess sup,ceo, puv.r[{(T)] = ess sup,co, Lap,, - [§(T)] = ess sup,ceo, Lap, - [£(7)],
(2.7)
where we have used the admissibility property on p for the last equality.
LetT € ©,. Weset 74 :=7l4 +TI4.. We note that 74 € ©,» and 74 = 7 p.s. on A. Using
this, the admissibility of the family &, and the generalized zero-one law property of p,
we get Lap, -[6(T)] = Lapy 4 [6(T4)] < LAV (V). As T € O, is arbitrary, we conclude
that ess sup,cg, Lap, -[{(7)] < 14V (V). Combining this inequality with (2.7) gives
I,V (v) <I4V (V). We obtain the converse inequality by interchanging the roles of v
and v/'. O

Under the assumptions of the above lemma, the following remark holds true.

Remark 2.6. As a consequence of the admissibility of the value family V', we have: for
each k € IN, it holds V(v) = V(0;) a.s. on {v = 6} and V(v) = V(T) a.s. on {v = T}.
Hence, under the assumptions of Lemma 2.5, for v € © of the form v = Z;;O‘S Okla,+115,
we have V(v) = 3725 V(0;)1a, + V(T)154.

Remark 2.7. 1. Under the assumption of knowledge preservation (iii) on p, we have
V(0r) > £(0y), for each k € IN.

Indeed, V(0)) = ess SUp,co,, P0,.71E(T)] > po,.0,1€(01)], and by the property (iii) of the
non-linear operators, we have pg, g, [£(0%)] = £(0%). Hence, V(0)) > £(6).

2. If, moreover, p satisfies the properties of admissibility (ii) and “generalized” zero-one
law (vi), then, for each 7 € ©, V(1) > &(7).
This follows from the first statement of the remark, and from the admissibility of £ and
that of V (cf. Lemma 2.5 and Remark 2.6).

Now, let us introduce the notion of (©, p)-(super)martingale family.

Definition 2.8. Let ¢ = (¢(7), 7 € ©) be a p-integrable admissible family. We say that ¢
is a (O, p)-supermartingale (resp. (O, p)-martingale) family if for all o, 7 in © such that
o < 7 a.s., we have

Porl6(7)] < 9(0) (resp. = (o)) a.s.

We introduce the following integrability assumption on V, which is assumed in the
sequel.

Assumption 2.1. For each v € ©, the random variable V(v) is in L”.

Remark 2.9. Let p satisfy the assumptions of admissibility (ii), knowledge preservation
(iii), “generalized” zero-one law (vi), and monotonicity (iv). If the pay off family £ =
(&(7))rco is p- integrable and dominated from above by a p-integrable (O, p)-martingale
M, then the value family V satisfies the integrability Assumption 2.1.

Indeed, let S € O be given. By Remark 2.7, Statement 2, V(S) > £(5).

On the other hand, by assumption on ¢, for each 7 € Og, £(7) < M (7). Hence, by
monotonicity of p, we have pg -[£(7)] < ps,[M(7)] = M(S), where we have used the
(0, p)-martingale property of M for the last equality.

So, V(S) = ess sup,ce,ps,-[£(T)] < M(S). Hence, we get £(S) < V(S) < M(S), which
proves that V(S) € LP. Therefore, Assumption 2.1 is satisfied.

We will see in Section 3, concrete examples for which this integrability assumption on V'
is satisfied.

Theorem 2.10. 1. ((O, p)-supermartingale) Under the assumptions of admissibility (ii),
consistency (v), “generalized zero-one law” (vi) and monotone Fatou property with
respect to the terminal condition (vii) on the non-linear operators, the value family V is
a (0, p)-supermartingale family.
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2. ((©, p)-Snell envelope) If moreover the non-linear operators also satisfy the properties
of knowledge preservation (iii) and monotonicity (iv), the value family V' is equal to the
(0, p)-Snell envelope of the family &, that is, the smallest (O, p)-supermartingale family
dominating the family £ = (£(7), T € ©).

To prove this theorem, we first state a useful lemma.

Lemma 2.11. (Maximizing sequence lemma) Under the assumption of “generalized
zero-one law” (vi) on the non-linear operators, there exists a maximizing sequence for
the value V(S) of problem (2.6).

The proof of this lemma is similar to that of Lemma 2.3 in Grigorova et al. (2020) and is
given for the convenience of the reader.

Proof. 1t is sufficient to show that the family (ps -[£(7)])rco, is stable under pairwise
maximization. The result then follows by a well-known property of the essential supre-
mum. Let 7 € Og and 7' € Og. Set A := {ps[£(7)] < ps-[£(7)]} and v := 74 + 7T 4.
Trivially, A € Fg5. Moreover, v € Og (cf. properties of the set ©g). Also, v = 7 on A,
v =17" on A°. By the “generalized zero-one law” of the non-linear operators p, we get

ps.wl€W)] = pspl€()a + psu[§(W)Tae = ps.[E(T)Ta + ps.r [§(7)]Tac

= max (ps,-[£(7)], ps,+ [£(7)]). (2.8)

This shows the stability under pairwise maximization of the value family (indexed by
O5s). O

Let us now show the theorem. The idea of the proof is similar to that of Theorem 8.2 in
Grigorova et al. (2020). The properties on p being weakened here, we give the proof for
clarity and completeness.

Proof of Theorem 2.10. By Lemma 2.5, the value family V is admissible. By Assump-
tion 2.1, the value family V is p-integrable.

Let now S € © and 7 € ©g. To show the (O, p)-supermartingale property of the value
family, it remains to show pg [V (7)] < V(S) a.s. By the maximizing sequence lemma
(Lemma 2.11), there exists a sequence (7,) € (0,)N, such that V(7) = limp_, 400 T
pr.r,[£(7p)]. Hence, we have

PS,T[V(T)] = pS’T[pESI}oo ) Pr,myp [5(7—17)]] < E?_H}Of pS»T[pTyTp [S(Tp)“?
where we have used the monotone Fatou property with respect to terminal condition
(vii) to obtain the inequality. By the consistency property, we have

lim inf . = liminf pg , < ,

lim inf ps. - [pr.7, [§(7)]] = lim inf ps. 7, [£(7)] < V(S)

the last inequality being due to ©, C ©5. We conclude that pg [V (7)] < V(S). Hence,
the value family V is a (O, p)-supermartingale family. This proves Statement 1 of the
theorem.

Let us now show Statement 2. By Remark 2.7, Statement 2, we have V' > ¢£. By
Statement 1, we have that V is a (©, p)-supermartingale. It remains to show that V is the
smallest. Let (V’(7)) be another (0, p)-supermartingale family, such that, for each 7 € ©,
V(1) > &(7) (a.s.). Let S € ©, 7 € Og. By the monotonicity of the non-linear operators p,
we have

ps.- V' (7)] = ps.-[§(7)]-
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On the other hand, as (V/(7)) is a (O, p)-supermartingale family, we have V'(S) >
ps.-[V'(7)]. Hence, V'(S) > ps,[V'(T)] > ps,-[£(7)]. By taking the essential supremum
over T € Og in this inequality, we get

V'(S) > ess sup,ce ps,-E(T)] = V(9) (as.).

The proof is complete. O

2.4 The strict value family and the Dynamic Programming Principle (DPP)
Definition 2.12 (Dynamic Programming Principle). We say that an admissible p-integrable
family satisfies the Dynamic Programming Principle (abridged DPP), if the following
property holds true:

Forallk € N,

¢(0k) = max (g(ok)v POk,0k+1 [¢(9k+1)])7 (2.9)
and ¢(T) = ¢(T).

The purpose of this sub-section is to investigate under which assumptions on p, the DPP
holds. To do this, we are first interested in “what happens on the right of V(6;)”, for
each k € N.

Let k € N be fixed. We define
60’? ={17€0y, :T>0,on{0, <T}and T =T on {0, =T}},
and we define the strict value V*(6y) at 6, by:
VT (0) = ess SUPTeejk po, +1€(T)].

Remark 2.13. We have 692 =0y, ;-
Indeed, let 7 € Gﬁ' Then 7 can be written as:

+oo

T = Z ei]lAm{ek<T} + T % 1Am{0k<T} + T % ]1{9k:T}7
i=k4+1

where {(Ai)izkﬂ,fl} is a partition of €2 such that for each i > k+ 1, A; € Fy,, and
A e Fr.

We set B; .= A;N {0y < T}, fori >k+1, B:= An{f, < T} and By, := {0, = T}. We have
{(Bi)izks B} form a partition of Q; for each i > k, B; is Fp,-measurable, and B is Fr-
measurable. Moreover, 7 > 0,41 (indeed, 7 > 0y 1 on {0y < T}and 7 =T = 6 = 011
on {6 =T}). Hence, 7 € Oy, _ ,.

Conversely, let 7 € @ng; then, 7 can be written as:

+oo too
=Y Olang.<ry + Tlingoery + D Oilango=1} + TLingo, -1}
i=k+1 i=k+1
+oo +oo
= Y bilangoery + Tlingoery + Y Tlanio=1) + TLin(o,=1}-
i=k+1 i=k+1

Hence, 7 € @9k+.

Due to this remark, we get

V*(0)) = ess Supfeegk Po.,~[€(T)] = ess SUPrecoy, ., P07 [E(T)]- (2.10)
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Lemma 2.14. Under the assumption of “generalized zero-one law” (vi) on the non-linear
operators, there exists a maximizing sequence for V= (0;).

Proof. The proof of this lemma is similar to the proof of the existence of a maximizing
sequence for V(6;), and is left to the readers. (We also refer to the proof of Lemma 2.3
in Grigorova et al. (2020) for similar arguments). O

The following proposition establishes that the strict value V() at 0 is equal to the
non-linear evaluation from 6 perspective of the value V (6y1).

Proposition 2.15. Under the assumptions of monotonicity (iv), consistency (v), “gen-
eralized zero-one law” (vi) and monotone Fatou property with respect to the terminal
condition (vii) on the non-linear operators, we have

VE (1) = poy.01ss [V (Ors))-
Proof. First we show that V' (0) < po, 0., [V (0k41)].

By Lemma 2.14, there exists a maximizing sequence (7,,) € (O, , )~ such that

V) = Tim 1 pay 6]

m

Now, by using the consistency property of the non-linear evaluations, we get

V) = Tim T o, (6] = 1 oo Po s, €] @D

m——+

For each m € N, we have
POki1,Tm K(Tm)] < ess supr€®9k+1 p9k+1ﬁ[§(7—)] = V(ekJrl)'
Then, by the monotonicity property of py, g,.,[-], we get

POk,0k 41 [pak+177'7n [g(TM)H < POk,0kt1 [V(0k+1)]'

Hence, we have

lim T PO5,0k+1 [p0k+177—m, [f(Tm)H < lim T POy ,0k+1 [V(9k+1)] = POy,0k+1 [V(Gk-‘rl)]

m——+o0 m——+o0

We conclude, combining this with (2.11), that

VE(0k) < poy 010 [V (Or41))-

Now, let us show the converse inequality. By Lemma 2.11, there also exists a maximizing
sequence (7,,) € (O, )~ such that

V(Ora) = Hm 1 posm, [E(T)]-

Hence,
!

PO, 0541 [V(9k+1)] = p9k,0k+1[ lim 7 POry1,7], [E(Tm)]]

m——+00
We first use the monotone Fatou property with respect to the terminal condition of the
non-linear operator p, o,., [-]; then, we apply the consistency property of the non-linear
operators to get:

POy 011 [V(HkJrl)] = }rlllil_li_rg POy 0k 41 [p9k+177-':n [5(7—’;’1)”
= }%IE}F%E pek,ﬂ’n [S(Tr{n)]

< ess supTeeekaek,T[f(T)] = V),
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where we have used Eq. (2.10) to obtain the last equality. Hence,

PO, 0k 41 [V(0k+1)] = V+(0k)-
The proof is complete. -

Proposition 2.16. Under the assumptions (iii) and “generalized zero-one law” (vi) on
the non-linear operators, we have

V(0r) = £(0k) V VT (6)).

Proof. By Remark 2.7, first statement, which can be applied as p satisfies property (iii),
we have V(6;) > £(6)). On the other hand, since O, ., C Oy, , we have V(6;) > V1 (0y).
By combining these two inequalities, we get V(0) > £(0x) V VT (6x). It remains to show
the converse inequality. Let 7 € Oy, . We define 7 = 71,59, +Tl{,<q,}. AST € @:{IC, we
have

V7 (0r) = ess sup,co; po,.r[E(T)] 2 po.r [E(T)]-
Hence, we have
Lir>0,300,.76(7)] < Lirso,3 VT (0k). (2.12)
Moreover, on the set {7 > 6}, we have 7 = 7, so the “generalized zero-one law” gives

Lir>0,100,,,716(T)] = Lirso,300,,-[€(T)]- (2.13)

By combining (2.12) and (2.13), we get

V50,1000, [E(T)] < Lirsa VT (0k). (2.14)

On the other hand, as 7 € ©y,, we have

pﬁk;r[g(’r)] = 1{T=0k},09k,7[5(7)] + 1{T>9k}p9k,‘r[£(7—)}'

By using the “generalized zero-one law” and property (iii) of the non-linear operator
poy.-[ ], we get

Lir=0,3P0,.7[§(T)] = L{7=0,3P6,.0.[§ (Ok)] = L{r=0,1£(0k). (2.15)

From Egs. (2.14) and (2.15), we get

P, 1§(T)] = Lir—9,3€(Ok) + Lir>0,1P0, .+ [€(T)]
< Um0, 600k) + Lirso VT (0k) = E(0k) V VT (0k).

Now, by taking the essential supremum over 7 € Oy,, we get V() < (k) V VT (6y).
Hence, the proof is complete. O

For the liner version of the above result, we refer to Quenez and Kobylanski (2012).

By combining Proposition 2.15 and Proposition 2.16, we get:

Theorem 2.17 (DPP). Under the assumptions of knowledge preservation (iii), monotonic-
ity (iv), consistency (v), “generalized zero-one law” (vi) and monotone Fatou property
with respect to the terminal condition (vii) on the non-linear operators, the value family
V satisfies the DPP:

for each k € N, V(0r) = &(0k) V po,.001, [V (Ok+1)], and V(T') = £(T).
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2.5 Optimal stopping times

For each k, let us define the random variable v;,
v :=essinf A, where A, :={7€0y, : V(r)=£&(7) as. }. (2.16)

As T < oo, under property (iii) on p, the set Ay, is clearly non-empty (as V(7') = £(T) in
this case). Moreover, it is clearly stable by pairwise minimization. Hence, by classical
properties of the essential infimum, there exists a non increasing sequence (7,,) in A
such that lim,,_, ; o 7, = V4 a.s. In particular, v, is a stopping time and 7" > v > 6y a.s.,
and v, € Oy, (by stability of ©y, when passing to a monotone limit).

In the following theorem, we show that, under suitable assumptions, the stopping time
v, defined in (2.16) is optimal for the optimization problem (2.6) at time v = 6.
We introduce the following assumption on the value family V.

Assumption 2.2. We assume that the value family V is left-upper-semicontinuous
(LUSC) along the sequence (6, A v )nen, that is,

limsup V (6, Avg) < V(). (2.17)

n—-+oo

Remark 2.18. Assumption 2.2 is trivially satisfied in the following particular case on
O: Besides the assumptions (a) and (b) on ©, the additional assumption (c) is imposed,
namely:

(c)For almost all w, there exits ng = no(w) (depending on w) such that 6,,(w) = T, for all
n > ng. In other words, for almost all w, there exists at most a finite number of time
points 6,,(w) such that 6, (w) < T.

In this case, for all n after a certain rank 7 = 7i(w), we have (0,, A v;)(w) = v, (w). Hence,
as V is admissible, we have, by Remark 2.3, for all n > f(w), V (0, A vg)(w) = V() (w).
Hence, Assumption 2.2 holds true.

We will see later on a further discussion on Assumption 2.2 in the case of the general
O, and conditions (on p and on the pay-off family ) under which this assumption is
satisfied.

Theorem 2.19 (Optimality of v;). Let kK € N and let v, be the stopping time defined
by (2.16). Let Assumption 2.2 on V' be satisfied. Let p satisfy the properties of admissi-
bility (ii), knowledge preservation (iii), monotonicity (iv), consistency (v), “generalized
zero-one law” (vi), and monotone Fatou property with respect to the terminal condition
(vii). We assume additionally that p satisfies the following property:

* (left-upper-semicontinuity (LUSC) along Bermudan stopping times with respect to
the terminal condition and the terminal time at v, ), that is,

limsup ps.r,, [0(7)] < ps.u, [limsup ¢(74,)], (2.18)

n—-+oo n—-+o0o

for each non-decreasing sequence (1,,) € @E such that lim,, 400 T 7 = Vi a.s.,
and for each p-integrable admissible family ¢ such that sup,,cy |¢(7,)| € LP.

Then:
V(0y) = POw s [£(vr)] = ess SUDyco,, ka,V[f(V)] a.s. (2.19)
Note that in the case where p = (ps[])sco does not depend on the second time index,

the above additional property reduces to the LUSC of pg[-] (with respect to the terminal
condition) along Bermudan stopping sequences.
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2.5.1 The (0, p)-martingale property on a stochastic interval

Before proving the theorem, we give several useful technical lemmas.

The first two clarify the (0, p)-martingale structure on a stochastic interval in a more
“handy” way. The third one deals with an “if-condition” (optimality criterion) and an
“only if-condition” for optimality.

Lemma 2.20. Let p satisfy the consistency property (v). Let ¢ = (¢(v)) be a given
square-integrable admissible family. Let S € © and 7 € © be such that S < 7 a.s. We
assume that for any o € © such that S < ¢ < 7 a.s., it holds

Por|d(T)] = d(o) a.s. (2.20)

Then, ¢ is a (O, p)-martingale on the stochastic interval [S, 7|, that is, for any v; € O,
vy € ©, suchthat S <vy <y <7 a.s.,

Py [0(12)] = O(11)  a.s. (2.21)

Proof. Letv; € ©, and 5 € © be such that S <1y <1y <7 a.s.

Hence, by applying the equation (2.20) with ¢ = v; and by the consistency of the
non-linear operators p, we have

d(W1) = puy 7 [A(T)] = Py va[Prs 7 [0(7)]] a.s.

Then, by applying again the equation (2.20) with o = 15, we have

Pua e [D(T)] = P(12).
Hence, ¢(1) = puy v, [Pro, 7 [B(T)]] = puy 1, [0(12)] a.s. O
Definition 2.21. (Strictly monotone operator) Let S € ©,7 € ©g5. We say that pg . is
strictly monotone if the following two conditions hold:
1. ps - is monotone.
2. Ifm <z and ps-(m) = ps,-(n2), then n = ns.
Lemma 2.22. We assume that the non-linear operators satisfy the properties of mono-
tonicity (iv) and consistency (v). Assume moreover that the non-linear operators p are

strictly monotone. Let ¢ = (¢(v)) be a given p-integrable admissible family). Let S € ©
and 7 € © be such that S < 7 a.s. We assume that the two conditions hold:

1. ¢ is a (O, p)-supermartingale family on [S, 7];

2. ¢(S) = ps,r[o(7)] as.

Then, for any o € © such that S <o <71 a.s., po,.[0(7)] = (o) a.s.
Proof. Let o € ©, such that S <o <7 a.s.

By applying condition 2 of the lemma and the consistency of the non-linear operators p,
we have

¢(S) = PS,T[¢(T)] = pS,U[ptf?T[qb(T)H a.s.

On the other hand, since ¢ is a (©, p)-supermartingale family on [S, 7] (by condition 1),
and since the non-linear operator pg , is monotone, we have

.0 [0(T)]] < ps.o[d(0)] < B(S) a.s.
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By combining the previous two equations, we get

QS(S) = pS,o[pa,T[d)(T)” = pS,a[(b(U)] a.s.
In particular,
P5.0lpor[O(T)]] = ps.o[d(0)] as. (2.22)

Due to the additional assumption, the non-linear operators p are strictly monotone. From
this, together with equality (2.22) and the inequality p, - [¢(7)] < ¢(0) a.s. (which is due
to condition 1 of the lemma), we get ¢(0) = po - [¢(7)]. O

Lemma 2.23. Let v} € Oy, . We introduce the following two conditions:

1) poyu V)] = porw; [E(W7)] as.

ii) The family (V (v A vy))vee,, is a (O, p)-martingale family.

1. (Optimality criterion) If i) and ii) are satisfied, then v}, is optimal for problem (2.6).

2. If, moreover, the non-linear operator POy v is assumed to be strictly monotone and
satisfies the assumptions of admissibility (ii), knowledge preservation (iii), consistency
(v), “generalized zero-one law” (vi) and monotone Fatou property (vii), then the converse
statement is also true.

Remark 2.24. We note that the property V (v}) = {(v}) a.s. implies that py, .. [V (v;)] =
poy..v; [€(V;)] a.s. The converse implication is true under the additional assumption: py, -
is strictly monotone.

Proof. First, let us show statement 1.

Let v} € ©y, be such that the two conditions i) and ii) introduced above are satisfied. By
condition ii) the family (V(v A v})).eo,, is a (O, p)-martingale family.

Hence, for any v € Og,, we have
V(Ox Avi) = porwni [V Avp)l as.,

which implies
V(0rk) = po.wnv: V(v Avi)] as.

In particular, for v = v}, we get
V(0k) = por.vprv; [V (i Avp)]l = po o [V(vg)] as.

From this, together with condition i), we have

V(O0r) = poyu: VW)l = porwr [E(vp)] as.,

which implies that the stopping time v; is an optimal stopping time for problem (2.6).
Now, let us show statement 2. Let v, € Oy, be an optimal stopping time for problem (2.6).
Hence, we have

V(0y) = [ [E(v)] a.s.

By the first part of Theorem 2.10 (which is applicable as p satisfies the assumptions), the
value family V is a (0, p)-supermartingale family. Thus, by the (0, p)-supermartingale
property of V, and as v} € ©g,, we have

V(0h) > poy V(0] acs.
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On the other hand, due to the fact that £ <V (cf. Remark 2.7, Statement 2) and to the
monotonicity of the non-linear operator PO vy it holds

Posv: [EWD)] < poy [V (V)] acs.,

Thus, we get

V(O0r) = por.u: VW)l = powr [E(vE)] as.
Moreover, since V (6x) = pp, : [V (v})], by applying Lemmas 2.20 and 2.22 (the latter is
applicable as p is assumed to be strictly monotone) with S = 8, 7 = v, we conclude
that V is a (O, p)-martingale on [0y, v;].
The proof is complete. O

2.5.2 Two useful consequences of the DPP

The following two results hold, if a given admissible p-integrable family ¢ satisfies the
(DPP) from Eq. (2.9), and if 7}, is defined by

iy = essinf A, where Ay :={7¢€ 0y, : ¢(7) =£&(7) as. }. (2.23)

The following lemma is a consequence of the definition of 74, and of the DPP.

Lemma 2.25. Assume that ¢ satisfies the DPP holds, and let v, be defined by (2.23).
Then, foreachl € {k,k +1,...}, ¢(01) = pg,.0,., [¢(01+1)] on the set {7}, > 0;}.

Proof. Let ! € {k,k + 1,..}. By the definition of 74, on the set {7y > 0;}, we have
@(0;) > £(6;). From this and from the DPP, we conclude that on the set {7; > 6},

¢(91) = p91,91+1[¢(91+1)]' O

Lemma 2.26. Assume that the (DPP) from Eq. (2.9) holds. Under the assumptions of
(iii) and “generalized zero-one law” (vi) on p, it holds:

1. Foreachl € N, ¢(91 AN ﬂk) = 06,,0,41 A, [¢(91+1 AN ﬂk)].
2. Foreachl € N, ¢(0; A D) = po,niy, 0051 n0e [P(O141 A D).
Proof. First, we show Statement 1 of the Lemma.

P0,,01 41Ny [¢(6l+1 A Dk)] = 1{9k§91}p91791+1/\5k [¢(61+1 A Dk)]

R (2.24)
+]l{13k>91}p91,91+1N7k M)(elJrl A Vk)]'

For the first summand in Eq. (2.24), we note that on the set {7y, < 0;}, 0,41 Ak = O, ATy, =
7. Hence, by the “generalized zero-one law”, we have

L5, <0,3001,0111 7 [0(O110 ADR)] = Ly, <0,306,,0,70, (001 A Tk)] = Tgi, <6,30(01 ATy), (2.25)

where we have used property (iii) to obtain the last equality (as 6; A v, < 6;).
For the second summand in Eq. (2.24), we use the “generalized zero-one law” to write:

]]‘{f/k>9z}p91~,91,+1/\l7k [¢(91+1 A Dk)] = :ﬂ-{ﬂk>91}p9h9z+1[¢(91+1)] = 1{5k>91}¢(91)7 (2.26)

where we have applied Lemma 2.25 to obtain the last equality.
Hence, by replacing Eqgs (2.25) and (2.26) in Eq. (2.24), we get

061,014 7, [D(O1p1 AN Ok)] = Lyp, <0000 A D) + s, 59,1000 A Tr) = d(01 A D).
We now prove Statement 2 of the Lemma.

00, Ao 0151 A [P(O111 A Tk)| = L, <0,3P0, Aoy 0111 ni [D(O141 A D)

i (2.27)
+ 145, >60,} P60, Ay 6151 ATk [P(O11 A )]
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For the second summand of Eq. (2.27), by Statement 1 of the Lemma, we get

Lo >0,1P0i Aok 0001 Aok [ D011 A Ti)] = Ly 50,100,001 75k [S(O141 A D)
= ﬂ{5k>9l}¢(91 VAN ﬂk).
For the first summand of Equation (2.27), we apply the “generalized zero-one law” (as the

set {ox < 0} is Fp,r5,-measurable and on the set {7, < 6;}, we have 0,1 A D, = 0, A Dy),
we have

l{ﬁkﬁel}pez/\ﬁkﬁHlAf/k [¢(91+1 A ﬂk)] = ]l{ﬂkgel}f)emﬂk,emﬂk [Qb(el A ﬂk)]
= L, <0,30(00 A D),

where we have used property (iii) on p to obtain the last equality.
Finally, we get

PO ATy 011 A [P(O11 ATk)] = Ly, <1000 A Uk) + L, >0,,,30(00 A D)
= (;5(91 A\ Dk)

2.5.3 The proof of the optimality of v,

We are now ready to prove Theorem 2.19 on the optimality of the Bermudan stopping
time v, defined by (2.16). We will need also the following remark:

Remark 2.27. Any admissible family (¢(7), 7 € ©) in our framework is right-continuous
along Bermudan stopping times, that is, for all 7 € O, and for all non-increasing se-
quences of Bermudan stopping times (7,,) € ©ON such that 7, | 7, it holds lim,, s y oo ¢(7,) =
(7).

Indeed, let 7 € O, and let (1,) € ON be such that 7, | 7. For each n, we have
Ty = Z;;Og Ol ;o) +T1 g4 and 7 = Z;;OS 14,0, + T1 4 (cf. the canonical writing from
Remark 2.1). l

Let w € Q. Recall that {(4;);en, A} is a partition of Q. If w € A, then 7(w) = T = 7, (w)
(as 7, J 7). Otherwise, there exists a unique ly = lo(w), such that w € A;,, and
T(w) = 0;,(w) < T. Then, as 7,(w) } 7(w) and as 0y(w) T T, after a certain rank
no =no(w), Tn(w) = 7(w) = O, (w).

Hence, in both cases, there exists ng = ng(w) such that for all n > ng, 7,(w) = 7(w),
and, hence, by Remark 2.3, for all n > ng, ¢(7,)(w) = ¢(7)(w). We conclude that

limy 400 ¢(70) (W) = &(7)(w).

Proof of Theorem 2.19. By Lemma 2.23, in order to show that v, defined in (2.16), is
optimal for problem (2.6), it is enough to show the following two conditions:

® PO,k [V(Vk)] = POr,v [f(yk)] a.s.;

(ii) The family (V(v)) is a (©, p)-martingale on [0y, vx].

We start our proof by showing the second condition first.

By Lemma 2.5, V is an admissible family, and it is also p-integrable by Assumption 2.1. By

Lemma 2.20 (on the (O, p)-martingale property), in order to show the second condition,
it is enough to show that: for each o € ©, such that 0, < o < v,

o[V (vi)] = V(o). (2.28)

Let o € Oy,. Then o is of the form o =Y ., 0.,,14,, + T14, where {(A;,)men, A} form
a partition of Q; A,, is Fy,  -measurable for each m, and A € Fr.
Hence, to prove Equation (2.28), it is enough to show that, for each m > k,

La,, P00 [V (k)] = 14, V(0n), (2.29)
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and
Lapru V()] =11V (T). (2.30)

Asoc=v,=Ton A4, Eq. (2.30) holds true, by the “generalized” zero-one law (vi) and the
knowledge preserving property (iii).
Let m > k be fixed. The proof of Eq. (2.29) passes through the following steps:

1%t Step: As V satisfies the DPP (cf. Theorem 2.17), we use Lemma 2.26, Statement 2
and the consistency property on p, to show that, for each fixed n € N,

P8, Avi B i LV (O A V)] = V(0 A vg). (2.31)

Indeed, by applying successively (n — m — 1) times the consistency property on p (if
n—m > 2), we get

pewn /\Vk7077L+7‘L AVg [V(em-‘rn /\ l/k)] = pgm /\Vk797n+1 AV [p9771+1 /\Vk797n+2 AVg ["'

[p9n+m71/\Vk»9m+n/\Vk [V(Gm-‘rn A Vk)]m

By applying Lemma 2.26, Statement 2, again successively (n — m) times, we get

PO, AV Oyt AVE [V(9m+n A l/k)} = V(am A Vk),

which proves Equation (2.31).

Hence, the sequence of random variables (0s,, Avy 00 Ave [V (Om+n A Vi)])nen does not
depend on n and is constantly equal to the random variable V' (6,,, A vy).

274 Step: As V is left-upper-semicontinuous (LUSC) along the sequence (0,1 A Vk)nen
by Assumption 2.2, and as p is LUSC along Bermudan stopping strategies with respect
to terminal condition and terminal time at (1), we have

lim SUp £9,,, Avk,0m+n Ak [V(am-i-n A Vk)} < PO Avi v [hm sup V(‘gm+n A Vk)]
n—-+4oo n—-+4o0o

< PO, AV, v [V(Vk)]a

where we have used the monotonicity of p and Assumption 2.2 on V' to obtain the last
inequality. Hence,

V(O AVk) < Popnvgn [V (V)]
The opposite inequality holds true due to the (0, p)-supermartingale property of V' (cf.
Theorem 2.10, Statement 1). Hence, we have the equality, that is,

V(am A Vk) = PO Avi, v, [V(Vk)}v

and Eq. (2.29) is established.
3rd Step: From the above Eqgs (2.30) and (2.29), it follows:

Ponvm [V (k)] = V(e Avg),

(as o = Zmzk 0m1la, + T1z), which proves Eq. (2.28).

We conclude, by Lemma 2.20, that V is a (0, p)-martingale on the stochastic interval
[0k, vi]. This shows condition (ii) in the optimality criterion of Lemma 2.23.

It remains for us to show condition (i) in the optimality criterion. Let us recall that
v = essinf Ay, where Ay = {7 € Oy, : V() = &(7) a.s.}. Let (7,,) be a non-increasing
sequence in Ay, such that lim,, o | 7, = Vg. As 7, is in Ay, we have V(7,) = £(73,). By
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passing to the limit in this equality and by using that both families V and ¢ are right-
continuous along the sequence of Bermudan stopping strategies (7,,) (cf. Remark 2.27),
we obtain

V(Vk) = f(l/k), (232)

which proves condition (i).
This concludes the proof of the optimality of v. O

2.5.4 Assumption 2.2 on V: Discussion

Let us now check under which conditions Assumption 2.2 on V holds true.

Under the assumptions (a), (b) on ©, the set {w € Q : v (w) =T,0;(w) < T,for all ] € N}
might be non-empty. We will show the following lemma.

Lemma 2.28. Let p satisfy the properties of knowledge preservation (iii), monotonicity
(iv), and consistency (v), and the following property

limsup pg,, v[n) < prrln], foralln € LP(Fr). (2.33)
n—-+o0o
Then,
limsup V(6,,) <limsup&(0,) V &(T). (2.34)
n—-+o0o n—-+oo

Proof. For each m € IN, for each 7 € Oy, , (1) < sup,>,, £(0,) V E(T).

Indeed, for each 7 € Oy, , we have

§r) = €014, +E(T) 1z < nlz +&(T) 15 <nVET),

I>m
where we have set 1) := sup,,>,,, {(0,,). Let us define 77 := n Vv {(T') = sup,>,,, £(0,) V E(T).

By the monotonicity of p and the knowledge preserving property on p, we have, for all
T E @9 ,

m

5(7—) = p'r,T[g(T)] S p'r,T[n \4 f(T)} = p‘r,T[ﬁ]' (235)

Hence, for each n > m (as ©,, C ©,,,),

V(0n) = ess sup,ce, po,,r[E(7)] < ess sup,ce, po..rlpr (il

where we have used the monotonicity of p and (2.35) for the inequality. By the consistency
property on p, we get pg, ~|pr.r[il] = pa, o).

Finally, V(6,) < ess sup.ce, po,. (0] = po,, 7.

Hence, limsup,,_,, ., V(0,) < limsup,,_,, . s, 7[7]-

As, by assumption on p, limsup,,_,, o, pe,.7[7] < pr,7[7], we obtain

limsup V' (0,) < pr,r[n] =7 = sup £(0,) V E(T).

n—+00 p=m

Hence, by passing to the limit when m — +o00, we get

lim sup V(Hrb) < lim sup g(em) v f(T),

n—-+o0o m—+o00o

which finishes the proof of the lemma. O

Assumption 2.3. We assume that the pay-off family £ is LUSC along the sequence (6,,)
at T, that is, £ is such that

lim sup £(6,) < (7).

n—-+oo
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Proposition 2.29. If the pay-off family ¢ satisfies Assumption 2.3 (LUSC along the
sequence (0,,) at T), and if p satisfies the properties of admissibility (ii), knowledge
preservation (iii), monotonicity (iv), consistency (v), “generalized” zero-one law (vi), and
LUSC along the sequence (0,,) at T (property (2.33)), then the value family V satisfies
Assumption 2.2.

Proof. On the set {v, < T}, we have, for all n after a certain rank fi(w) (depending on
w), (0, Avg)(w) = v (w) ((due to lim 1 §,, = T)). Hence, by Remark 2.3), for all n > ng(w),
V(0 A vg)(w) = V(vg)(w) Hence,

l{uk<T} lim sup V(Qn A\ l/k) = l{uk<T} ngrfoo V(Gn N l/k) = l{uk<T}V(Vk)-

n——+oo

On the other hand, under the Assumption 2.3 on &, we have, by Lemma 2.28,

limsup V(6,) < limsup&(6,) V &(T) < &(T) = V(T).

n—-+o0o n—-+o0o

Hence, using the admissibility of V,

]l{,jk:T} lim sup V(@n A l/k) = ]l{Vk:T} lim sup V(@n) < ]l{uk:T}V(T) = ]l{uk:T}V(Vk)

n——+oo n—-+oo

So, the desired LUSC property at v, on V' (Assumption 2.2) holds true. O

3 Examples

In this section we provide some examples of non-linear operators p, known from the
stochastic control and mathematical finance literature, which enter into our framework.

3.1 Non-linear operators induced by BSDEs

Peng (2004) and El Karoui and Quenez (1997) introduced a type of non-linear eval-

uation, now known as g-evaluation, via a non-linear backward stochastic differential
equation (BSDE) with a Lipschitz driver g.
In this example, p = 2. We place ourselves in the Brownian framework (for simplicity).
Let (Q, F7,IP) be a complete probability space, endowed with a d-dimensional Brownian
motion (W),cp0,77, and let (F):c0,7) be the (augmented) natural filtration of the Brown-
ian motion.

Let g = g(w,t,y,2) : 2 x [0,7] x R x R? — R be a Lipschitz driver, that is, a function
satisfying the following conditions:

® For each y € R,z € RY, g(-,-,9,2) € L?(2 x [0,7T]) and g is progressively measurable;

® There exists C' > 0 such that for each yy, y» € R, and for each z;, 2z, € R?, |g(w,t, 91, 21)—
g(w, t,y2,22)| < C(ly1 — ya| + ||z1 — 22||), uniformly for a.e. (w.t), where || - || denotes the
Euclidean norm on R¢.

Let us consider the following BSDE with terminal time ¢ such that 0 < ¢ < T and terminal
condition n € L?(F;):

t t
Ys = 77+/ 9(r, yr, 2 )dr —/ z-dB,, s€0,t].
Definition 3.1. (g-evaluation) For each 0 < s <t < T and n € L*(F;), we define
5f,t[77] =Ys-

The family of operators £ ,[] : L*(F;) — L*(F,),0 < s <t < T is called g-evaluation.
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We recall (cf. El Karoui et al. (1997)) that if the terminal time is given by a stopping
time 7 valued in [0, 7] and if n is F.-measurable, the solution of the BSDE with terminal
time 7, terminal condition n and Lipschitz driver g is defined as the solution of the BSDE
with (deterministic) terminal time 7T, terminal condition n and Lipschitz driver g” defined
by g7 (t,y, 2) == g(t,y, 2) L {1<;}. The first component of this solution at time ¢ is equal to

5{3;(77), also denoted by £/, (1). We have £/, (1) =7 a.s. on the set {t > 7}.
The following result summarizes some of the well-known properties of the g-evaluations.

Proposition 3.2. Let g satisfy ® and @. Let S, 7,0 be stopping times. Then the g-
evaluation satisfies the following properties:

(A1) (Monotonicity) Eg’r[n] < 55,7[77/]1 ifn<n';
(A2) (Knowledge preserving) 55,3[77] =, for all S, 7, such that S < 7, for alln € L*(Fg).
(A3) (Time consistency) £¢ »[&] [n]] = €5 ,[n], for all S < 6 < 7, for alln) € L*(F;);

(A4) (“Generalized” zero-one law) Iaps,[&(T)] = Iaps[£(7')], forall A € Fs, T € Og,
7/ € ©g such that T = 7/ on A.

(A5) (Continuity with respect to terminal time and terminal condition)

Let (1,)nen be a sequence of stopping times in Tg ,, such that lim,_,., 7, = 7 a.s. Let
(n)nen be a sequence of random variables, such that n,, € L*(F,,), sup,, n, € L? and
lim,, .o 7, = 1 a.s. Then, we have lim,,_, Egﬁn (] = 5;7[77] a.s.

Remark 3.3. For Property (A4) we refer, e.g., to Grigorova and Quenez (2016). Property
(A5) was proven in Quenez and Sulem (2013) (in more general case with jumps).

Moreover, the g-evaluation £9 satisfies the property (2.18) in Theorem 2.19. Indeed,
we have limsup,,_, . € [¢(m)] < & .. [limsup,,_, ., #(7,)], for each non-decreasing
sequence 7, such that limn_>+oo T, = 7%, and for each square-integrable admissible
family ¢, such that sup,, |¢(7,,)| € L?. For a proof of this property, based on property (A5)
of the g-evaluations, we refer to Lemma A.5 in Dumitrescu et al. (2016).

Moreover, in the Brownian framework, the first component (y;) of the solution of the
BSDE with Lipschitz driver g, terminal time 7', and terminal condition 1 € L? (Fr), has
continuous trajectories (in t). Hence, for any non-decreasing sequence (7,,), such that
lim, 5400 =17,

lim &7 r(n) = lm yr, =yr=_E7p(n)=n

n—-+4oo n—-+o0o

Thus, property (2.33) from Lemma 2.28 and Proposition 2.29 is satisfied.

Hence, the g-evaluation satisfies all the properties of the non-linear operators p used in
our results.

It remains for us to argue that the integrability Assumption 2.1 (with p = 2) on the value
family V is satisfied, under some suitable assumptions on &. The following remark is an
application of Remark 2.9 to the framework of a complete financial market model with
imperfections encoded in the driver g of the dynamics of self-financing portfolios.

Remark 3.4. Let us place ourselves in a complete financial market model with possible
imperfections (such as e.g. trading constraints, different interest rates for borrowing and
lending, different repo rates, etc.). Let g be the driver from the dynamics of self-financing
portfolios in this market. If the family £ = (£(7)),co is assumed to be square-integrable
and super-replicable by a self-financing portfolio with wealth X (7) at time 7, then, the
family (X (7))rco is a (0, &9)-martingale. By Remark 2.9 the value V = (V(7)),co is
square-integrable (that is, satisfies Assumption 2.1 with p = 2).

Remark 3.5. (Peng’s g-expectation) Peng’s g-expectation is a particular case of the
previous example, introduced in Peng (1997). In this case, the driver g is assumed to
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satisfy the conditions @, @, and condition ® (¢(+,y,0) = 0, for all y € R). In this particular
case, the non-linear operators do not depend on the second index, but on the first index
only. More precisely, let g satisfy conditions @, @ and ®. The g-expectation operators
&[] and &,[-|Fs] are defined by &[] = &7 . [], &[-|Fs] = EE,[]-

The g-expectation (&,[-|Fs]) satisfies all the properties of the g-evaluation and addi-
tionally the following property:
(usual zero-one law) For stopping times S, 7 such that S < 7, for A € Fg, £;[1an|Fs] =
148, (0| Fs).

3.2 Dynamic concave utilities

The dynamic concave utilities are among the examples of non-linear operators de-
pending on two time indices. In this example the space is L™ (that is p = +00).
We place ourselves again in the Brownian framework. A representation result, with
an explicit form for the penalty term, for dynamic concave utilities was established in
Delbaen et al. (2010). The optimal stopping problem with dynamic concave utilities was
studied by Bayraktar, Karatzas and Yao in Bayraktar et al. (2010), where the authors rely
on the representation result from Delbaen et al. (2010).2
We recall the following definition from Delbaen et al. (2010).

Definition 3.6. (Dynamic concave utility) For S, € To r, such that S < 7, let

{us-(-) : L=(F7) = L=(Fs)}
be a family of operators. This family is called a dynamic concave utility, if it satisfies the
following properties:
(D1) (Monotonicity) us -(n) < us-(n'), ifn <n';
(D2) (Translation invariance) us . (n+ X) = ug -(n) + X, ifn € L*(F;) and X € L>*(Fs);
(D3) (Concavity) ug -(An+ (1 — X\)n') > Aug,-(n) + (1 — Nus ('), for any A € [0,1] and
77777/ € LOO(J:T)/
(D4) (Normalisation) ug,-(0) = 0.
Moreover, in Delbaen et al. (2010) and Bayraktar et al. (2010) the following properties
on the dynamic concave utilities are assumed:
(D5) (Time consistency) for any stopping time o € Ts ., we have ug ,(us- (1)) = us,-(7);
(D6) (Continuity from above) for any non-increasing sequence (n,,) C L*™(F,) with
1 = limy o0 4 Nn € L®(F;), we have lim,, o0 | ts +(0n) = us,- ()
(D7) (Local property) ug (nla + &Llac) = us,-(n)la + us (€)1, for any A € Fg and for
any n,§ € L=(F;);
(D8) Ep[n|F:] > 0 for any n € L>°(Fr), such that u, r(n) > 0.

Remark 3.7. Note that the assumptions in (D6) imply that, for each n € N, ng <17, <17,
where 19 € L* and n € L*°. Hence, sup,, N, € L™ in (D6).
By the results of Delbaen et al. (2010), any functional p satisfying properties (D1)-(D8),
has the following representation:
usr) = esinf  {BolnlFs] + es-(Q)}
T (3.1)
= essinf F —|—/ u, gdu}" ,
o Bl + [l v)dul 7|

2In Bayraktar et al. (2010) the authors choose a different sign convention on p, and hence, study a
minimization optimal stopping problem with dynamic convex risk measures.
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where the function f is such that f(-, -, z) is predictable for any z; f is a proper, convex
function in the space variable z, and valued in [0, +cc], and the process () is the
process from the Doleans-Dade exponential representation for the density process (ZtQ ),
where 72 = dQ 5|7, and

T
s =1{Q:Q~Pyf(w) =0,dt® dP a.e. on [0, 5[, Egl / F(5,9Q)ds] < +00}.
S

Remark 3.8. A close inspection of the proof of the duality result in (Bion-Nadal (2009)
and Delbaen et al. (2010)) reveals that the dynamic concave utilities depend on the
second index only via their penalty term.

It has been noted in Delbaen et al. (2010) that property (D8) is equivalent to
ee,7(P)=0, forallt € [0,T]. (3.2)

The dynamic concave utilities ug ; do not enter directly into the framework of the present
paper, as they are defined only for S, 7 such that S < 7 a.s. (cf. Delbaen et al. (2010) and
Bayraktar et al. (2010)). There is, however, a “natural” extension of ug  in view of the
representation property (3.1). This extension is as follows:

For S and 7 stopping times, and n € L>°(F.), we define

Lissryus-(n) = Lissry X 1. (3.3)

Remark 3.9. By properties (D4) and (D7) of the dynamic concave utilities, we get that
the “generalized zero-one law” is satisfied. Indeed, let A € Fgs, and let 7,7/ € Og
be such that 7 = 7/ on A. Let n € L°(F,;). By applying property (D7) with £ = 0,
we get ug - (1an) = Laus-(n) + Lacug(0). As ug-(0) = 0 due to the normalisation
property (D4), we obtain ug - (14n) = Laus -(n). Hence, the “generalized zero-one law”
is satisfied.

Remark 3.10. Property translation invariance (D2) and property normalisation (D4)
imply that ug - (-) satisfies the knowledge preserving property (iii) of p. Indeed, for any
Fs-measurable 1, we have, by (D2) and (D4), us,(n) = us,(0) +n = 0+ n = n, which
shows property (iii).
Remark 3.11. The dynamic concave utilities satisfy property (2.18) in Theorem 2.19.
Indeed, let (7,,) be a non-decreasing sequence of stopping times such that 7,, + 7, and
let ¢ be an L°°-integrable admissible family such that sup,, |¢(7,)| € L*°. Then, for each
n € N,

o(1n) / fu¢Q Ydu < sup ¢(7p) / flu wQ du =: 1y, (3.4)

p>n

where, for the inequality, we have used that f is valued in [0,4oc], and 7, < 7. As
essinfgeoy Egl|Fs| is non-decreasing, we get: for each n € N,

t Eol(rn ", 9 Q)du|Fs] < essinf Eqla| Fs]. 3.5
egglns ole (T>+/S fu, ¥ )dul S]_%Sglgns QM| Fs] (3.5)

We have 7, | n, where 7 := limsup,,_, , . #(7) + [ f(u, ¥)du.
As essinfgeoy Eg[-|Fs] is continuous from above, we deduce

lim ess 1nf Eqnn|Fs] = ess mf Eq[n|Fs]. (3.6)

n——+oo QEQ

Hence, from Egs. (3.5) and (3.6), we get

I fBolo(m)+ | flu,v@)dulFs] < i inf Eq[in|Fs] = essinf Eoln|Fs,
im sup ess inf Eq| (T)+/S flu,f)dul Fs] < dim ess inf Eg[in| Fs] = ess inf Eqg[n| Fs]

n—+oo QELs
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which, by the representation result (3.1), gives

limsup ug, -, (Pp(1n)) < us,r, (lim sup ¢(75)).

n—+oo n—-+o00
This is the desired property (2.18).

Remark 3.12. The dynamic concave utilities satisfy property (2.33) from Lemma 2.28
and Proposition 2.29. Indeed, for 7, 1 T,

= SS 1 <
Ur () = o o S L {EQ [l 7] + CTmT(Q)} < Ep[n|Fr,] + ¢, r(P)

= EP[TI|"FT71:|7

(3.7)

where we have used that for each n € N, ¢, 7(P) = 0 by Eq. (3.2). Hence, u,, 7(n) <

Ep[n|F:,]. The sequence (Ep[n|F;,]) being a uniformly integrable P-martingale, with
terminal value Ep[n|Fr| =7, we get

limsup wr, 7(n) < lim Ep[n|Fr,] =,

n— oo

which is the desired property.

To finish, the pay-off process (¢;) in Bayraktar et al. (2010) is assumed to be bounded.
Hence, by the monotonicity and the knowledge preservation of u, if we consider the
Bermudan-style version of the problem studied in Bayraktar et al. (2010), then the value
V satisfies the integrability Assumption 2.1 (that is, for each S € ©,V(S) € L*>).

4 Appendix: The case of a finite number of pre-described stop-
ping times

In this appendix, we treat the particular case where (6;)ien, is constant from a
certain term, independent of w, onwards. More precisely, we place ourselves in the
situation where there exists n € INx (independent of w) such that foreach m >n, 0,, =T

Theorem 4.1. Let ¢ = (¢(7), 7 € ©) be a p-integrable admissible family. Under the
assumptions of knowledge preservation (iii) and “generalized zero-one law” (vi) on the
non-linear operators, if ¢ satisfies

PO,0k41 [¢(9k+l)] < (b(ek)(resp' = ¢(9k))7 for all k‘, (4.1)
then, for all T € ©, we have
p9k70k+1/\7[¢(9k+1 A T)] < ¢<9’€ A T)(resp. = ¢(01€ A T)) (4.2)

Proof. Let k € IN;. We have

p9k39k+1/\7[¢(9k+1 A T)] = H{TSHR:}ka,9k+1/\T[¢(9/€+1 A T)] + ]I{T>0k}p9k;0k+l/\7'[¢(9k+1 A T)]
(4.3)
We note that on the set {7 < 0}, k11 AT = 0 A 7. Hence, by the “generalized zero-one
law”, we have

Ii7<6,1P04.01 A7 [P Ok 1 A T)] = Lir<g,y P01 00 A7 [0(Ok A T)].
As 0, AN T < 0, by property (iii) of the non-linear evaluation p, we get

06,0117 [P0k A T)] = POk N T).

Hence, we have

H{Tgak}Pek,BkHAr[¢(9k+1 A T)} = H{rgek}¢(9k A T)- (4.4)
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For the second term on the right-hand side of Equation (4.3), we note that 7 A 011 = Ok41
on {7 > 6;}. Hence, by the “generalized zero-one law” of the non-linear evaluation p, we
have

Lir>0,3 P04 00170041 A T)] = Lz 0,100,041 [0(Ok41)]-
This, together with Equation (4.1) on ¢ and the admissibility of ¢, gives

L7503 001,001 [P (Ok11)] < Tir50,10(0k) = Lirsp  @(0k A T). (4.5)

By plugging in (4.4) and (4.5) in Equation (4.3), we get

P01 s A [P(Ok1 AT)] < Lir<,3 0Ok AT) + Lirng, 1 60k AT) = G0 A T).
This ends the proof. O

We establish a characterization of (O, p)-supermartingale (resp. (0, p)-martingale)
families in the particular case where the sequence (6;)rcn, is constant from a certain
term, independent of w, onwards.

Proposition 4.2. Assume that there exists n € Ny such that 0, = 0,, = T a.s., for all
k> n. Let ¢ = (¢(1), T € O) be a p-integrable admissible family. Under the assumptions
of admissibility (ii), knowledge preservation (iii), monotonicity (iv), consistency (v)
and “generalized” zero-one law (vi) on the non-linear operators, if pg, g, ., [¢(0k+1)] <
@(01)(resp. = ¢(0y)), for all k, then, ¢ is a (O, g)-supermartingale (resp. (0, g)-martingale)
family.

Proof. We prove the result for the case of a (0, p)-supermartingale family; the case of
a (0, p)-martingale family can be treated similarly. Let o, 7 in © be such that ¢ < 7 a.s.
As o € ©, we have 0 = >, _0r14,, where (Ak)keqo,...,n} is a partition of Q such that
Ay € Fp,. We notice that in order to prove p, ,[¢-] < ¢, it is sufficient to prove the
following property:

pornrrd(T)] < &0k AT), forall k € {0,1,...,n}. (4.6)

Indeed, this property proven, we will have

p0,7[¢(7—)] = po’/\‘r,T[¢(T)] = ZHAkpek/\T’T[(b(T)] < ZEAk:¢(0k A T) = ¢(J A T) = ¢(U)7
k=0 k=0

where we have used the admissibility of p to show the second equality. This will conclude
the proof. Let us now prove property (4.6). We proceed by backward induction. For
k = n, we have (recall that 0,, = T)

pen/\‘r,T[¢(T)] = pT/\T,T[(b(T)] = pT,T[QS(T)] = ¢(T) = ¢(T A T)7
where we have used property (iii) to obtain the last but one equality.

We suppose that the property (4.6) holds true for k£ 4+ 1. Then, by using this induction
hypothesis, the time-consistency and the monotonicity of the non-linear operators, we
get

p9k/\7',7'[¢(7-)} = pek/\770k+1/\7[p9k+1/\7'a7'[¢(T)H < PORNAT O i1 AT [¢(9k+1 A T)]

In order to conclude, it remains to prove

PO AT Ok A7 [P(Orp1 AT)] < @Ok A T). (4.7)

By Theorem 4.1, we have

L5003 P07, 00 i AT @Ok 1 AT)] = 50,100,004 AT [@(Ok 1 AT)] < Tir59,30(0k AT). (4.8)
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On the other hand, by the “generalized zero-one law”, (applied with A = {7 < 0;} on
which set, we have 0,1 A 7 = 7) we have

]I{T<0k}p9k/\7'79k+1/\7'[¢<9k+1 A T)} = ]I{T<9k}p7',‘r[¢(9k+1 A T)] = ¢(T)E{T<0k}7 (4.9)

where we have used property (iii) on p for the last equality.

Combining Equations (4.8) and (4.9), we deduce (4.7). The proposition is thus proved. O

4.1 Dynamic programming principle in the case of a finite number of pre-de-
scribed stopping times

We first introduce an explicit construction, by backward induction, of what will turn
out to be the (0, p)-Snell envelope of the pay-off family ¢, in this particular case of finite
number of pre-described stopping times. Let £ be, as before, a p-integrable admissible
family.

Let us define the sequence of random variables (U (0x))re{o,1,...,n} by backward induction
as follows:

{ U(0,) :=&(0,), k=mn;

4.10
U(6x) = max(€(00); po, 0., [U Or1))), for k € {0, 1,.om — 1}, (419

From (4.10) we see, by backward induction, that for each k € {0,1,...,n}, U(bx) is a
well-defined real-valued random variable, which is Fy, -measurable and p-integrable.
From (4.10), we also have U(0;) > £(6y), for all k € {0,1,...,n}.

Moreover, it can be shown that, for each k¥ € {0,1,....,.n — 1}, U(0x) = U(0x+1) a.s. on
{0k = Or+1}. Indeed, due to the second property (admissibility) and to the third property
(knowledge preservation) of the non-linear operators p, we have

U(ak)l{Gk:0k+1} = Inax(g(ak)l{Gk:0k+1}; PO,0k+1 [U(0k+1)]]‘{9k:9k+1})
= max(§(9k+1>ﬂ{9k:0k+1}; POrt1,0k4+1 [U(6k+1)]1{0k::6k+1})
= max(§(9k+1)ﬂ{9k:9k+l}; U(9k+1)1{0k:9k+1}) = U(9k+1)]1{9k:9k+1}7

where, for the last equality, we have used that U(0x11) > &(0k41)-

Hence, U(6x) = U(0k+1) a.s. on {6y = 0;4+1}. We can thus “extend” U to the whole set
© as follows. Let 7 € ©. There exists a partition (Ax)rco,1,...,n} Such that, for each k,
Ay, € Fp,, and such that 7 = Y7 6,14,. We set

geeey

U(r) =Y U(fk)1a,. (4.11)
k=0

We show the following result:

Theorem 4.3. Under the assumptions of admissibility (ii), knowledge preservation (iii),
monotonicity (iv), consistency (v) and “generalized zero-one law” (vi) on the non-linear
operators, the family U := (U(7), T € ©) defined by (4.10) and (4.11) coincides with the
(0, p)-Snell envelope family of £.

For this, we first show an easy lemma, based on Proposition 4.2 and on the definition
of the family U.

Lemma 4.4. Under the assumptions of admissibility (ii), knowledge preservation (iii),
monotonicity (iv), consistency (v) and “generalized zero-one law” (vi) on the non-linear
operators, the family U defined by (4.10) and (4.11) is a (©, p)-supermartingale family,
dominating the family €.
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Proof. We already noticed, following the definition of U(fy), that, for each k, U(0;) >
£(0y). Hence, for each 7 € ©, U(1) > £(7) a.s. (by definition of U(7), cf. (4.11)). The
(©, p)-supermartingale property of U follows from the definition of (U(0k))keqo,...,
from Proposition 4.2. O

The following proof of Theorem 4.3 is a combination of Lemma 4.4 and of a proof of
the minimality property of U.

Proof of Theorem 4.3. By Lemma 4.4, U is a (0, p)-supermartingale family, dominating
the family &. It remains to show that it is the minimal one.

Let U be (another) (O, p)-supermartingale family, such that U (0x) > £(0), for each
ke{0,1,....,n}.

At the terminal time 6,,, we have U (6,,) > £(6,) = U(6,,).

Let k € {1,...,n}. Suppose, by backward induction, that U/ (6;,) > U(6}). We need to show
that U((gk_l) > U(ek—l)-

By the backward induction hypothesis and by the monotonicity of the non-linear operators
Po,_1,0,» W€ have pg, | o, [U(Ok)] > po,._1.0.U(0r)]. This, together with the definition of
U(6k—1), gives

U(Or—1) = max(£(0x—1): po,_1.0.[U(0k)]) < max(&(0k—1); po,_,.0.[U(0k)))-

Since U is a (©, p)-supermartingale family, we have U(6),_1) > po, _, 0, [U(0%)]. Hence,

U(Ok—1) < max(&(0x-1); po,_,,0,[U(0k)]) < max(€(0i—1);U(Or-1)) = U(Or—1).

The reasoning by backward induction is thus finished and the minimality property of U
shown. We conclude that the family U is equal to the smallest (0, p)-supermartingale
family dominating the family &, that is, to the (O, p)-Snell envelope of the family £&. O

4.2 Optimal stopping times in the case of a finite number of pre-described
stopping times

We define vy, by:
v == essinf Ay, where Ay, = {17 € Oy, : U(7) = £(7) a.s.}.
In the case of a finite number of pre-described stopping times, we have:
v = inf{0; € {0, ...,0,} : U(0;) = £(6;)} = min{0;, € {bk,....,0,} : U(0;) =&(6))}. (4.12)
Indeed, as the set {0, € {0y, ...,0,} : U(0;) = £(6;)} is a subset of A, we have:

U, =essinf{r € ©p, : U(7) =&(7) a.s.} < essinf{f; € {bk,...,0,} : U(0;) = £(6;)}
= inf{@l € {Gk, ,Qn} : U(Q]) = 5(91)}

Let us now show the converse inequality: 7, > inf{0; € {0, ....0,} : U(6;) = £(6;) a.s.}.
As the set A, is stable by pairwise minimization, there exists a sequence (7(")),.cn,
such that: (’T(m)) is non-decreasing; for each m, 7" € Ay; and lim,,_, 4 oo 7(™ = 7.
Let w € Q be given. For each m € N, 7™ (w) € {0x(w), Ox41(w), ..., 0, (w)}, and moreover,
U(rtm) (w) = £(r™) ().
As all the elements of the sequence (7(™ (w))en are valued in {0y (w), O 1(w), ..., On(w)},
we have, lim,, oo 7™ (w) € {Bi(w), Ops1(w), ..., 0, (w)}, which implies that from a certain
rank onwards, the sequence is constant.
Moreover, we have U(lim,, 4o 70™)(w) = £(lim,, s 100 7)) (w). Thus, we have

Te(w) = lim 7M™ (w) € {Bk(w), Ori1(W), .., On(w)}, and U(7y)(w) = &(7x) (w).

m——+oo
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Hence, 7, > essinf{0; € {0k, ...,0,} : U(0;) = £(6;) a.s.}. As both inequalities hold true,
we conclude

vy = inf{@l S {6‘k, ,Gn} : U(Ql) = 6(91) a.s.}. (4.13)
Lemma 4.5. Under the assumptions of knowledge preservation (iii), consistency (v)
and “generalized zero-one law” (vi) on p, the family U = (U (7)) is a (O, p)-martingale on
[Qk, l7k].

Proof. As U satisfies the DPP (which it does by definition of U), we have, by Lemma 2.26,
for each l € N,

U(el A ﬂk) = PO, ADy, 0111 ATk [U(9l+1 A ﬂk)] (4.14)
By Lemma 2.20, to show that U is a (0, p)-martingale on [0y, 7], it is sufficient to show
that for any o, such that 8, < o < 7, it holds U(0) = ps5, [U(7k)]. Let 0 € Op,, such
that ¢ < ;. Then, o = Z?:k 0;14, and o < 7. Thus, it is sufficient to show that for
i € {k,...,n}, such that 6; < 7y, it holds 14, ps, 5. [U(7x)] = 14,U(0;), which is the same
as, for each i € {k,...,n}, such that 0, < i,

14,00, 71,0 [U (k)] = 14, U (05 A ).
We proceed by backward induction. At rank n, we have
06, £, [U (Vk)] = piy iy, [U (D)) = Ulk) = U (0 A ),

where we have used that 7, < 6,, = T, and the knowledge preserving property of p.
We suppose, by backward induction, that the property holds true at rank 7 + 1. We show
it at rank i. By the consistency property and the backward induction hypothesis, we have

00, 7o [U (V1)] = P0; 7oy 051 7 [00: 41 Ao (U ()] = 90, g 0141 7 [U (G 1 A )]

By Eq. (4.14), pg, avy, 0.1 A5, [U (Oix1 AR)] = U(0: Ay.). Hence, po, ao, 5, [U(7r)] = U(0: Ay.),
which completes the reasoning by backward induction.
We conclude that the family U is a (O, p)-martingale on [0y, 7k]. O

We will now show that U coincides with V, that 7 is optimal for the optimal stopping
problem from time 6 -perspective, and that 7, = v, where

v, = essinf Ay, where A, = {7 € Oy, : V(1) =£(7) a.s.}.

For this, we do not need any type of (Fatou)continuity assumption on p.

Theorem 4.6. Under the assumptions of admissibility (ii), knowledge preservation (iii),
monotonicity (iv), consistency (v), and “generalized zero-one law” (vi) on the non-linear
operators, we have

1. U(0k) = por,imn [§(0r)] = V (Or).

2. U =YV and v, = vy.

Proof. AsU > ¢, and as U is a (O, p)-supermartingale (cf. Lemma 4.4), we have for any
T € O, U(Ok) > po,.~U(T)] > po, ~&(7)], where we have used the monotonicity of py, -
for the second inequality.

Hence,
U(0k) > ess sup,co, po,.+1&(T)] =V (0r). (4.15)

On the other hand, by Lemma 4.5, U is a (0, p)-martingale on [0, 7x]. Moreover, by
Eq. (4.13), we have U(7;) = &£(7x). Hence,

U(Or) = oo [U ()] = po,5 [E(72)] < ess sup.ce, po,.[E(T)] =V (0r)-
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We have thus showed: U(6) = V() = po, 5. [£(7x)], which proves statement 1 of the
lemma.

Now, let us show statement 2. By admissibility of U and V, it follows from statement
1, that, for any 7 € ©, U(7) = V(7). Hence, 7, = v, (from the definitions of 7, and vy),
which proves statement 2 of the lemma. O
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