EXPLORATORY OPTIMAL STOPPING: A SINGULAR CONTROL

FORMULATION
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ABsTRACT. This paper explores continuous-time and state-space optimal stopping problems
from a reinforcement learning perspective. We begin by formulating the stopping problem
using randomized stopping times, where the decision maker’s control is represented by the
probability of stopping within a given time—specifically, a bounded, non-decreasing, cadlag
control process. To encourage exploration and facilitate learning, we introduce a regularized
version of the problem by penalizing it with the cumulative residual entropy of the ran-
domized stopping time. The regularized problem takes the form of an (n + 1)-dimensional
degenerate singular stochastic control with finite-fuel. We address this through the dynamic
programming principle, which enables us to identify the unique optimal exploratory strat-
egy. For the specific case of a real option problem, we derive a semi-explicit solution to the
regularized problem, allowing us to assess the impact of entropy regularization and analyze
the vanishing entropy limit. Finally, we propose a reinforcement learning algorithm based on
policy iteration. We show both policy improvement and policy convergence results for our
proposed algorithm.
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1. INTRODUCTION

In optimal stopping (OS) problems, a decision maker chooses a time to take a given action
based on an adaptively observed stochastic process in order to optimize an expected perfor-
mance criterion. Problems of this type are found in the area of Statistics, where the action
taken may be to test a hypothesis or to estimate a parameter; in the area of Operations Re-
search, where the action may be to replace a machine, hire a secretary, or reorder stock; and in
Mathematical Finance, in the context of pricing American contingent claims or in irreversible
investment problems (we refer to the textbook [16] and to the references therein).

Despite the wide-ranging applications of optimal stopping across various fields, most of the
existing literature relies on the full knowledge of the system, including both the underlying
process and the reward function. Little is known about addressing these problems in a model-
free context, where decision-makers interact with an unknown system and learn to improve
their decisions over time. In this regard, machine learning techniques, particularly reinforce-
ment learning (RL), offer a promising framework. However, the existing literature has largely
focused on “frequently controlling the system”; leaving the RL framework for optimal stopping
largely unexplored.

Generally speaking, RL aims to learn optimal strategies to control an unknown dynamical
system (or random environment) by interacting with the system through exploration and
exploitation [53]. In recent years, the availability of vast amounts of data and advances in
computational resources have spurred extensive research in both theoretical developments and
practical applications of RL. While much of the existing literature on RL has focused on
discrete-time problems, continuous-time RL is rapidly growing and presents unique challenges
and technical difficulties in algorithmic design, stability analysis, and efficiency guarantees.
A key question is how to balance the trade-off between exploring unknown information in
the continuous-time system and exploiting current information to take near-optimal actions.
In their seminal work, [61] propose adding Shannon’s entropy to the objective function of
a continuous-time linear-quadratic control problem to encourage exploration, leading to an
optimal policy of Gaussian-type with the mean capturing the exploited policy and the variance
quantifying the degree of exploration. Since then, there have been studies on continuous-
time RL through the lens of partial differential equations and control theory under entropy
regularization, primarily focusing on regular controls, such as controlling the drift and volatility
coefficients of the underlying stochastic processes [3, 30, 31, 32, 40, 57, 60, 61].

One key challenge that distinguishes OS from regular control is that OS involves a non-
smooth decision—whether to stop or continue—while regular controls gradually change the
dynamics through drift and/or volatility terms. As a result, gradient-based RL algorithms,
although popular for regular controls, cannot be directly applied to the “stop-or-continue”
decisions in our setting |50, 52]. To overcome this difficulty, we replace these sharp rules based
on the hitting times by stopping probabilities, leading to a randomized stopping time that
follows the stopping probability. Unlike the heuristic of a fuzzy boundary considered in [50],
where the agent stops with a probability proportional to the distance to the boundary, our
approach to randomized stopping time is based on principled guidance—regularized objective
function with cumulative residual entropy. Another advantage of randomized stopping time is
its exploratory nature; it stops at different scenarios according to certain probability, thereby
collecting more information from the unknown environment in the RL regime. Compared to
classic RL settings, exploration is particularly essential for optimal stopping problems because
the terminal reward can only be collected upon making the stopping decision, contributing to
the reward sparsity challenge in RL |14, 29|. Therefore, randomized stopping time helps the
decision-maker learn more about the unknown terminal reward.
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Following the above idea, this paper proposes a framework to address continuous time
and state-space OS problems via continuous-time RL. We first embed the perspective of
exploration-exploitation into OS, and then use this construction to design a new type of RL
algorithm for which we provide a convergence analysis.

1.1. Our work and contributions. In this section, we provide an informal discussion on
the key ideas and contributions of this work. The precise assumptions and statements of the
results can be found in Sections 2-4.

The classical OS problem (without regularization) is given, for any initial state z € R", as

V(z) :=supE [/ e Pr(XH)ds+ e TG(XE)|,
T 0

subject to  dX} = b(X[)dt + o(X[)dW,, X§ ==,

where the maximization is performed over stopping times 7 of the (augmented) filtration
generated by the Brownian motion W, p > 0, and the functions b, o, 7, G are the data of the
problem (satisfying the assumptions in Section 2).

To model exploration, we follow the ideas in [59] and let the agent randomize the choice of
the stopping time. The resulting strategy are chacterized by nondecreasing processes & = (&;);
with 0 < & < 1, where & is the probability that the agent stops before time ¢ according to
& = P(r < t|FY). We refer to such processes & as singular controls. However, allowing for
randomized stopping times does not change the optimal value function and, more importantly,
it does not imply that optimal actions are necessarily randomized/exploratory (see Proposi-
tion 2.4). From the RL point of view, this non-exploratory behavior of the optimal control
suggests that, without proper modification of the objective function, optimizing and collecting
information do not naturally come together.

To overcome the above-mentioned non-exploratory phenomenon and to incentivize explo-
ration, we reward intermediate values of & by perturbing the original OS problem via the
cumulative residual entropy (CRE) [15] of the probability measures £

CRE(§) := — /000 e Pt (1 —¢&)log (1 —&)dt.

The adoption of CRE in RL is movel in the literature, as Shannon’s entropy and Kull-
back-Leibler (KL) divergence are more often used. It is worth noting that this CRE criterion
is more suitable for encouraging randomized optimal stopping time by postponing the exercise
time via a large cumulative probability.

The resulting entropy reqularized OS problem takes the form of the singular control problem:

A = su Ooeitﬂ' x — Gt z t) — Ooeit — Gt ) 1o —Ct
VAr) = gPEM 7 ()0 = )+ GOPYE) - [ e (1 -6 o (1~ )at .

exploitation exploration

where A > 0 is a temperature parameter that balances the exploitation and exploration. For
any A > 0, such a problem admits a unique optimal control ¢é*. The proposed regularization
naturally approximates the original OS problem. Indeed, we show that (see formal statements
in Propositions 2.9 and 2.10):
e sup, |VAz) — V()| < Mpe)™t = 0as A — 0.
e For any sequence (A\z)x — 0, the sequence (), converges (up to subsequences) to
an optimal singular control £* of the original OS with randomized stopping times.

These convergence results have also been discovered in [(1] for the linear-quadratic control
with Shannon’s entropy, using explicit formulas for the value functions and optimal controls.

A solution to the entropy regularized OS problem is obtained by applying the dynamic pro-
gramming principle (DPP). To this end, we introduce the additional controlled state variable
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Y;y’g =y —¢&,y € [0,1], and define, for z € R™ and A > 0, the extended problem

VAz,y) = 5su<p1[£[/0 e P (m(XP)YYE — AYYS log(Y;y’g))dt —i—/o eptG(Xf)d&].
<y

This is an (n + 1)-dimensional degenerate singular stochastic control problem with finite-fuel.
Notice that V*(z,1) = V*(z). In particular, we show that (see Theorems 3.2 and 3.3 for the
formal statements):

e The value function V* is I/Vli’f (R™x(0,1)) and it is the unique solution to the Hamilton-
Jacobi-Bellman (HJB) variational inequality

max { (Lo — p) Vx,y) + m(x)y — Aylogy, =V, (z,y) + G(z)} =0,

with VA(z,0) = 0, where L, f(2,y) := b(z) Dy f(z,y) + & tr (00*(2) D2 f(,y)).

e The optimal control £* is of reflecting type and is given by & := SUps<¢ (y — gA(XSx))Jr,
with the reflecting free boundary defined as gy () := sup {y € [0,1]| — V;z,y) +
G(z) < 0}.

These results illustrate that the optimal control of the entropy regularized OS problem is not
related to any strict stopping time; that is, by introducing the entropy regularization, we obtain
optimal strategies of exploratory type. From the RL point of view, the exploratory behavior
of the optimal control is desirable, as it suggests that optimizing and collecting information
from the environment can actually be achieved together.

From the technical point of view, showing the regularity of V* (required for the characteri-
zation of £") involves several challenges. In particular, while the regularity in z is studied via
semi-convexity estimates and PDE arguments, the regularity in y is obtained via a probabilistic
connection with a different but related OS problem.

In a benchmark real option example, we can solve the entropy regularized OS problem semi-
explicitly (see Theorem 4.2 for the details). For this particular example, we can characterize
the free boundary g, and show its convergence, as A — 0, to the free boundary of the original
OS problem.

Our theoretical analysis suggests a new approach to design RL algorithms for OS problems,
which aims at learning the boundary of the A-entropy regularized problem rather than the
boundary of the original OS problem. Notice that the error introduced by the temperature
parameter A is of order O(\). The proposed RL framework consists of two steps: a model-based
step and a model-free step. In the first step, where all model parameters are known, we design
a Policy Iteration algorithm to learn gy. In the second step, where the model parameters are
unknown, we combine the Policy Iteration with a Policy Evaluation procedure. Notably, we
do not directly estimate model parameters in the design, which enhances robustness against
model misspecification and environmental shifts 1, 19, 28]. Our new approach also overcomes
the instability issue often encountered when directly learning the boundary of the original OS
problem [50].

We establish the theoretical foundation of the algorithm for the real option example. Specif-
ically, in the kth iteration of the first step, we use Hessian information of Vgl (i.e., the value
function associated with the policy using reflecting boundary gx) to update gi41, which lies in
a region where Vg);; has a better regularity. Mathematically, define the new boundary gg41(x)
as:

{ max {y* < gu(2) | 0y Vo) (2,9) = 0} if 07, VA (@, () < 0,

gr1(z) = gr(x)  ow.,
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where we define the notation 0, f(z,y) := limp o %] ($’y+h,z_8’cf(z’y) as the left y-derivative

of 0, f (if exists). With such an updating scheme, we have the following results (see Proposition
4.5 and Theorem 4.9 for formal statements):

e Policy improvement: V) (z,y) > V;;; (z,y) for all k£ € N.

Ik+1
e Policy convergence: limy_, Vg)]; (z,y) = V Nz, ).
Policy improvement is a result of Itd’s formula in the weak version. A similar result is shown in
[61] for linear-quadratic controls. On the other hand, it is well-recognized in the literature that
policy convergence is much harder to establish, with only a few exemptions for regular controls
in the literature [3, 30, 10, 60]. Our result on policy convergence is established based on an
induction argument that iteratively verifies the regularity, convexity, and a few estimation
bounds held along the entire updating scheme.

In the second step, we combine the Policy Iteration with Policy Evaluation, where the
value function of a given policy with reflecting barrier g; is estimated using sample trajecto-
ries. Finally, we demonstrate the performance of the proposed algorithm on a few numerical
examples.

1.2. Related literature. Our work is related to different streams of literature.

Randomized optimal stopping and singular control. First of all, we relate to the lit-
erature on randomized stopping times. These typically appear when proving the existence of
equilibria in zero-sum or nonzero-sum optimal stopping games (see |12, 37, 51, 59|, among
others) and can be thought of as the “mixed strategies” in stopping times. Loosely speaking,
according to a randomized stopping time, a decision maker chooses a probability of stopping
and at any time decides or not to stop according to that distribution. As discussed in [51] and
[59], different but equivalent definitions of randomized stopping times can be developed. In
this paper, we follow the approach in [59], which identifies randomized stopping times with
nondecreasing cadlag processes starting from zero at the initial time and bounded above by
one. This in turn leads to the fact that the exploratory formulation of the optimal stopping
problem is mathematically equivalent to an (n+ 1)-dimensional degenerate singular stochastic
control with finite-fuel (see, e.g., [11, 34, 30]).

Continuous-time RL for regular control. Initial studies on continuous-time RL primarily
focused on algorithm design and the potential for time discretization |17, 15, 50].

Following the seminal work of [61], which provided a mathematical perspective within the
framework of linear-quadratic control, there has been a recent surge in employing stochastic
control theory and partial differential equations (PDEs) to establish the theoretical foundation
of continuous-time RL [3, 30, 32, 31, 10, 57, 60]. In particular, [57] generalized the framework
in [01] and studied the exploratory Hamilton—Jacobi-Bellman (HJB) equation arising from a
general entropy-regularized stochastic control problem; [32] developed g-Learning algorithm
in continuous time; [31] established policy gradient and actor-critic learning frameworks in
continuous time and space. Despite these developments, the overall convergence results of
control-inspired or PDE-inspired algorithms, such as the Policy Improvement Algorithm (PIA),
remain largely unexplored. Very recently, [30] proved a qualitative convergence result for the
PIA with bounded coefficients when the diffusion term is not controlled. [60] generalized the
result to unbounded coeflicients or controlled diffusion terms by a uniform estimate for the
value sequence generated by PIA. [10]| provides a much simpler proof of the convergence of
the PIA using Feynman-Kac-type probabilistic representation instead of sophisticated PDE
estimates. Moreover, [3| showed the convergence of the PIA for an optimal dividend problem,
taking advantage that the state process is one dimensional and taking non-negative values. In
addition to the PIA method, another popular continuous-time RL algorithm is the policy gra-
dient method. [19] demonstrated a linear convergence of this method for certain finite-horizon
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non-linear control problems, while [21] showed its convergence for finite-horizon exploratory
linear-quadratic control problems.

Another important aspect of quantifying the effectiveness of continuous-time RL algorithms
is regret analysis. For theoretical developments in this area, see [0, 26, 54, 44, 55].

We note that all the works mentioned above focus on regular controls.

Machine learning for optimal stopping. RL for optimal stopping is closely related to
the challenging RL scenario of sparse rewards |11, 29]. More specifically, the terminal reward
G(X;) can only be collected upon making the stopping decision, contributing to the sparsity
of the rewards. This sparsity significantly complicates the learning process compared to the
more straightforward regular control problems in continuous-time settings or classical Markov
decision processes in discrete time.

When model parameters are fully known to the decision maker, [50] and [52] developed deep-
learning-based learning algorithms to learn the stopping boundaries. See also |2] for solving
high-dimensional singular control problems using deep learning methods.

It is worth noting that [13] proposed a comprehensive framework for policy gradient methods
tailored to continuous-time RL. This framework leverages the connection between stochastic
control problems and randomized problems, allowing for applications beyond diffusion models,
such as regular, impulse, and optimal stopping/switching problems. However, no theoretical
convergence results have been established yet. The most relevant paper to our setting is [16],
which considers a regularized American Put Option problem under Shannon’s entropy in one
dimension, which involves a single risky asset that follows a geometric Brownian motion. The
author employs an intensity control formulation to encourage exploration and demonstrates
the convergence of PIA for the regularized problem under a given temperature parameter.
In comparison to the latter work, we highlight some novelties of our approach. Notably, our
analysis of the regularized problem is based on regularity analysis that combines PDE argu-
ments and a probabilistic connection with another OS problem. In contrast, the analysis in
[16] relies primarily on explicit calculations, which are challenging to extend to higher dimen-
sions. Moreover, within our framework, we can show the convergence of the optimal policies
of the regularized problems to the original OS-optimal policy as the temperature parameter A
tends to zero. While our convergence holds regardless of the dimension of the problem, such a
convergence is not clear in [16] even for the specific American Put Option problem.

1.3. Outline of the paper. Section 2 examines the properties of the original OS problem,
introduces the entropy-regularized version, and explores its relationship with the original prob-
lem. The entropy-regularized problem is further explored in Section 3, including a regularity
analysis of the value function and the construction of the optimal policy. Section 4 then shifts
focus to a real option example, establishing its analytical properties and developing corre-
sponding RL algorithms. Finally, Appendix A contains the proof of the uniqueness of the
optimal stopping time, while the proofs of some auxiliary technical estimates are collected in
Appendix B.

1.4. General notation. For ¢ € [1,00], and a measure space (F,E,m), we define the set
L7 = LY(E) = LI(E,m) of measurable functions f : E — R s.t. [ |f|%dm < oo, if ¢ < o0,
and esssupg | f| < oo for ¢ = co. For d € N\ {0}, an open set B C R% a = (ay, ..., aq) € N%,
and a function f: B — R, we denote by D®f := D{"'..DJ? f the weak derivative of f, where
D;f = fz, = 0f/0x;, and we set |a| := a1 + ... + ag4. Sometimes, we will denote by D, f
and D2f the gradient and the Hessian matrix of f (in the weak sense), respectively. Define
the set C(B) of continuous functions f : B — R, the set C*(B) of functions f : B — R with
continuous f-order derivatives, and the Sobolev spaces W%9(B) of functions f € L9(B) with
> lal<e [z |Dfl%dm < oo, if ¢ < oo, and > laj<eesssupg |[Df| < oo, for ¢ = oc. Finally,
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define the Sobolev spaces Wl%g(B) of functions f s.t. f € W%9(D) for each bounded open set
D cC B.

2. EXPLORATORY FORMULATION AND ENTROPY REGULARIZATION OF OS PROBLEM

Consider a discount factor p > 0 and, for n € N\ {0}, continuous functions b : R — R", o :
R" — R™™ 71,G : R" — R. Let W = (W};); be an m-dimensional Brownian motion on a
complete probability space (2, F,F,P) and let F = (F}V'); be the right-continuous extension
of the filtration generated by W. Introduce the second-order differential operator

Lodlw) = b(w) Dab(a) + 3 tr(o"0(@)D26(x)), & € W22 (R

and denote by T the set of FW-stopping times.
For an initial condition z € R™ and a stopping time 7 € 7, define the profit functional

J@xﬂ‘:E[/‘eﬂ%ﬂX@d8+€pnﬂXf),
0
subject to dX} = b(X))dt + o(X[)dW,, X§ ==,

and consider the optimal stopping problem

(2.1) V(x) :=sup J(x; 7).
TET

A stopping time 7* is said to be optimal if J(z;7*) = V(z) and the function V is referred to
as the value function.

In order to have a well-defined problem, we enforce the some requirements on the data of
the problem.

Assumption 2.1. The following conditions hold true:

(1) There exists a constant L > 0 such that, for ¢ = b, o, we have

6@)| < LA+ |al),  16(2) - 6(a)| < Lz —al, for any 2,7 € R™.
(2) There exist p > 2 and K > 0 such that, for ¢ = G, 7, we have
lp(z)] < K(1+ |x|P), for any x € R™.
(3) p is large enough: p > p(3L + (2p — 1)L?).
The following result is classical.

Proposition 2.2. Under Assumption 2.1, there exists an optimal stopping time.

Proof. We limit ourselves to directing the reader to a reference. More specifically, Assumption
2.1 implies (see estimate (3.5) below and the related (3.3)) that, for a suitable constant C' < oo,
we have

E {/ e P m(XF)|dt +sup e P |G(XF)|| < C(1 + |z|P).
0 >0

Hence, the result follows by Corollary 2.9 at p. 46 in [16] (notice that, differently from [16],
we do not require stopping times to be finite). O

Some of the later results (see in particular Proposition 2.4 and Proposition 2.10 below) enjoy
a sharper statement under uniqueness of the optimal stopping time, which is often satisfied
in the one-dimensional case. For the sake of illustration, we discuss the following sufficient
conditions.
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Lemma 2.3. Under Assumption 2.1, if

(2.2) n=1,G ¢cC*R), o*(z) > ¢ >0 and D,G(x) < C(1+ |z|) for some ¢,C € (0,00),

the function 7 := 7+ (Ly — p)G is strictly increasing and there exists T s.t. w(Z) =0,
then the optimal stopping time is unique.

The proof of this lemma relies on classical arguments in OS and it is provided in Appendix

A.

2.1. Exploratory formulation via singular controls. Inspired by [59], we introduce a
notion of randomized/exploratory stopping times. Define the set of singular controls as the
set of processes

A(l) := {f Q2 x [0,00) — [0,1], FW-adapted, nondecreasing, cadlag, with &_ = O},

and assume the probability space (€2, F,P) to be large enough to accommodate a W-independent
uniformly distributed random variable U : Q — [0, 1].

Given any & € A(1), we consider a random variable 7¢ by setting 7¢ := inf {t > 0] & > U},
with the convention inf ) = +oco, and we will refer to it as randomized/exploratory stopping
time. Notice that 7¢ is not necessarily an F"W-stopping time. However, if 7 € T, the process
§" € A(1) defined by 7 := (1 ;>,})¢ is such that 7 = 78", which gives a natural inclusion of
T into A(1). Moreover, we have

&
P(ngt\fg’[]):P(Uéft!ftW):/tduzft,
0

so that & can be interpreted as the probability of stopping before time ¢. Notice also that
o = limy_ & is not necessarily equal to 1: indeed, the related randomized stopping time
7¢ is not necessarily finite.

For ¢ € A(1), by evaluating the randomized stopping time 7¢, we obtain

J(z;7%) :E[/OT5

—F / e P (XF) L jyereydt + /
L/O - 0

e Pir(XE)dl + oG (X ]

[e.9]

e 'G(XF)P(7¢ € dt | ]-'W)]

5| [T et andes [T eraoag)
L/ O 0

il /O e Plr(XE) (1 — &) dt + /0 epta(xgﬁ)dgt]

This suggests to define a profit functional in terms of the singular controls £ € A(1) by

J(@;6) = [ | e a-gas [ e—PtG<Xf>dst} L Ee AN,

as a natural extension of J to randomized stopping times.

However, allowing for randomized stopping times does not change the optimal value and
(crucial for our story) it does not imply that optimal actions are necessarily randomized, as
discussed in the next proposition.

Proposition 2.4. Under Assumption 2.1, for any x € R™ we have

V(z)= sup J(x;6) = J(a;6"),
EEA(L)
with £ 1= (ﬂ{tZT*})t and 7 optimal for J(x;-). Moreover, if the optimal stopping time 7* is
unique (e.g., if (2.2) holds), then §* := (1 ;>,+})¢ is the unique optimal control for JO(z; ).
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Proof. For generic £ € A(1) and z € [0, 1], we can define the stopping time 7¢(2) as
7'5(2) =inf{t > 0|& > =},

with the convention inf §) := +oo. Indeed, notice that 75(2) = 400 if z > 4. By using Fubini’s
theorem and then the change of variable formula, we have

JO(2;€)
E| /0 e Pla(XT) (1—goo+ /t ng> dt + /0 e‘ptG(Xf)dft}

=E | (1 — €0) /0 " err(XE)dt + /0 h < /0 t e P r(XT)ds + e—PtG(Xf)) d&}

o0 oo Tg(z)
=FE | (1 — &) / e Plr(XE)dt + / ( / e P m(XT)ds + e P B G( j_g(z))>dz]
0 0 0

1 7¢(2) : 1
:/ E[/ e Pr(X%)ds + e PTG f&(z)):| dz = / J(z;78(2))dz.
0 0 0
Thus, since 7¢ (z) is a stopping time, by the optimality of 7* we have

1

JO(z;€) < / sup J (25 7)dz = J(2;7%) = V(z) = JO(2;£7),
0 T€T

where the last equality follows from the fact that £* is such that 7¢"(z) = 7* for any z € (0, 1].

This proves the first part of the proposition.

Assume now that the optimal stopping time 7% is unique. By repeating the previous ar-
gument with ¢ being optimal, we obtain that J(x;7¢(2)) = J(z;7*) dz-a.e. in (0,1). By
uniqueness of the optimal stopping time, we deduce that 7¢(z) = 7* dz-a.e. in (0, 1), which in
turn imples & = £*. O

Remark 2.5 (Non-exploratory behavior of the optimal controls). We elaborate on Proposition
2.4 from the RL and exploration point of view. Under the uniqueness of the optimal stopping
time T*, the optimal singular control £ in fact corresponds to the strict stopping time 7. Thus,
no randomization is needed for the optimal strategy. In particular, once an action becomes
necessary, the agent stops the process, which prevents the gradual collection of information on
the performance of other actions. From the RL point of view, this non-exploratory behavior
of the optimal control £ suggests that optimizing and collecting information do not naturally
come together, and a modification is necessary in order to overcome this phenomenon (see
the related Remark 3.5 below for a discussion on the consequences and benefits of our entropy
regularization).

2.2. Entropy regularization. In light of Proposition 2.4 and of the related Remark 2.5, we
introduce a regularization term to incentivize exploration/randomization. This is achieved by
incorporating an entropy term to regularize the problem, drawing motivation from the RL
literature.

Since the sample paths of the processes £ € A(1) are not necessarily absolutely continuous
with respect to the Lebesgue measure, we choose (a discounted version of) the cumulative
residual entropy (see |18]) weighted by a parameter A > 0; namely, we consider, for £ € A(1)
the entropy

AN = — A/OO P (742t | F ) 1og (P (S 2 ¢ | FY)) at
0
Y =— A/Ooo e P (1 — &) log (1 — &) dt =: AN9).
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The entropy A* is nonnegative and achieves its highest values when the probability & is near
the level e~ !, thus incentivising the use of randomized stopping times.
Building on this intuition, we define an entropy regularized OS problem

(2.4) VAz) = sup JA(x;€),
EeA(1)

where the exploration—exploitation trade off is captured by the profit functional

oo [e.e]

JMNx; ) = E[/ e P (m(X])(1 — &)dt + G(XT)d&) —)\/ e P (1 —&)log (1 —&)dt]|.
0 0
exploitation exploration
A control £* € A(1) is said to be optimal if J*(x; &) = VA ().
Before studying the entropy regularized problem and its connections with the original stop-

ping problem, we list here few remarks.

Remark 2.6. For any x € R™ and \ > 0, the existence of a unique optimal control £ can be
established by exploiting the strict concavity of the functional J*(x;-) in the control variable &
(see in particular Theorem 8 in [13]). Moreover, Theorem 3.3 below will characterize such an
optimal control and illustrate that the randomized strategy mazimizing J» does not correspond
to a (classical) stopping time (see also Remark 3.5).

Remark 2.7 (Connection between optimal stopping and singular control). [t is well-known in
the stochastic control literature that optimal stopping problems and singular control problems
enjoy intimate connections. On the one hand, the derivative (in the controlled state variable)
of the value function of a singular control problem can be written as the value function of an
optimal stopping problem |7, 8, 10, 27, 35]. On the other hand, randomized stopping strategies
can be naturally seen as finite-fuel singular controls (see [59] or the discussion above), which
has the advantage of compactifying the space of stopping strategies (thus explaining its heavy
use in the Dynkin game literature).

In this framework, our entropy regularization adds two crucial properties on the latter con-
nection. First, while solely considering randomized strategies still leads to a degenerate singular
control problem (where the optimal actions are pure jumps, as in Proposition 2.4), our cumu-
lative residual entropy reqularizes the problem by making it concave and allows for a more
explicit characterization of the optimal control in terms of a reflecting strategy (see Theorem
3.3 below). Secondly, this entropy regularization very well approzimates the original OS prob-
lem, both in terms of value and optimal strateqy (see Propositions 2.9 and 2.10 in the next
subsection). For these reasons, our entropy reqularization seems to be a useful tool in order to
approximate/characterize the equilibria also in the context of Dynkin games, which we leave
for future research.

Remark 2.8. Qur choice to work with a Markovian formulation is motivated by RL. Since
the typical optimization problem that RL aims to solve (in the discrete time case) is a Markov
decision problem, starting our study with a Markovian optimal stopping problem seems to be
a natural choice. However, it should be pointed out that our entropy reqularization formu-
lation (and its subsequent analysis) also allows us to treat optimal stopping problems in a
non-Markovian framework. In this regard, we limit ourselves to mentioning that (while we will
solve the Markovian entropy-regularized problem using the DDP approach in Section 3 below),
in order to tackle the non-Markovian entropy-reqularized OS problem, one can rely on repre-
sentation theorems via backward stochastic differential equations (see |1, 5| among others).

2.3. Vanishing entropy limit. With elementary arguments, one can show that the entropy
regularized problem approximates the original OS problem as the entropy tends to zero.
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Proposition 2.9. Under Assumption 2.1, for any X\, A € [0,1] we have

sup [V (@) = V(@) < [ = Al(pe) "
TeR™

In particular, V> — V uniformly on R™, as A — 0.

Proof. Take z € R and X\, X € [0,1]. If A > X\, for every & € A(1) we have J*(z;&) > Jj‘(x;é),
so that

0 < VNx) — V).

Moreover, upper bounding the right-hand side above, we find

0<VMNz) = VNa) = sup JNa;€) — sup JNx;6)

ECA(T) EEA(1)
< sup (JA(ﬁ;f) - JX(“T;@)
£eA(L)
= (A=) sup E{/ e (= (1 —&)log(1 —&))dt
§eA(1) 0
= (A= 0T sup (—zlog2) = (A= N)(pe) 7,
P ze0,1]

which is the claim bound. We conclude the proof by choosing A = 0 and taking limits as
A= 0. 0

Proposition 2.10. For any x € R™ and X\ > 0, let £* be the unique optimal control as in
Remark 2.6. Under Assumption 2.1, the following statements hold true:

(1) There exist a subsequence (M) with A\, — 0 and an optimal control &* for JO(z;-)
such that €M — € weakly in L2(2 x [0,00)) as k — 0o.

(2) If the optimal stopping time T* is unique (e.g., if (2.2) holds), then &\ — (L))t
weakly in L2(Q x [0,00)) as A — 0.

Proof. Since the family (¢}), is bounded, we can find a subsequence () with A\, — 0 and a
limit point £* such that éM — £* weakly in L2(Q x [0, 00)) as k — co. We need to show that
¢* is optimal for JO(x;-).

First of all, using Proposition 2.9, find

V(@) — J(2; )| < |V (@) — T (2 €%)] + [J* (25 6M) — T (25 6))|

(2.5) < |V(z) = V()] + E[AM ()]
<CM;— 0, ask— oo.

Moreover, since sup;s ft)‘ k <1, we can employ (after some minimal adjustment to take care
of our infinite time horizon [0,00)) Lemma 3.5 in [33] in order to find a subsequence (not
relabelled) (Ag)x with Ay — 0 and a limit point £ € A(1) such that, setting ;" := % oy §t)"“,
we have

/ e_ptftdq” — / e P f,d¢,, P-as., as m — oo, for any f € Cy([0, 00)).
0 0
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It is easy to show that & = £*. Since ("™ € A(1), by Proposition 2.4 and the concavity of
JO(x; ) we find

V(z) > JO(x;¢™) > —ZJO ;M)
= EZJ)"“(x; M) +
_ = >\k /\k _ l
— ZJ 2 & -

E—ZJ)"“xf)"“ Z)\k—>V ), as m — o0,

(S0 %) = T (w5 6™))

S\H
Ms

k

I
_

E[AM (&%)

NE

b
Il
—

where the limits in the right-hand side follows from (2.5). Thus, we obtain lim,, JO(x; (™) =
V(x). By using the convergence of ("™ to £* and the dominated convergence theorem, the latter
limits implies that

J0(w;€) = lim J%(a; (™) = V(a),

proving the optimality of £* (¢f. Proposition 2.4).

If the optimal stopping time 7* is unique, then, by Proposition 2.4, the optimal randomized
stopping time &* is unique as well. Therefore, £* is the unique limit point of any subsequence
of (€*)y, so that the whole sequence converges to £*. O

Remark 2.11. From the RL algorithmic design point of view, it is important to notice that
Proposition 2.9 quantifies the error which is made when replacing the original OS problem
(2.1) with the entropy regularized OS problem (2.4).

Remark 2.12. Regarding Propositions 2.9 and 2.10, it is natural to question whether, and
in what sense, the reflecting boundary of the entropy-regularized OS problem (2.4) converges
to the optimal stopping boundary of the original OS problem (2.1). Although establishing this
result at a general level may be challenging, Section 4 (specifically the discussion in Subsection
4.1.3) offers a positive answer in a classical ezample of an OS problem arising from real option
evaluation.

3. SOLVING THE ENTROPY REGULARIZED OS PROBLEM VIA DYNAMIC PROGRAMMING

To approach problem (2.4) via DPP we introduce, for y € [0, 1], the additional controlled
state process Y;y’g =y — & and the set of admissible controls

(3.1) A(y) == {¢ € A(1) with & € [0,y] a.s. for any t > 0}.
Thus, for (z,y) € R™ x [0,1] and £ € A(y), define the profit functional

JMx,y;€) ==E [ / e ((m(XP)YPE = AV log(V4))dE + / eﬂtG<Xf>dst] ,
0 0
subject to dX{ = b(X[)dt + o(X7)dW,, X§ = =z,
AP = —dg, Y=y
We then consider the optimization problem

(3.2) VMa,y) = sup JMz,y;8),
EcA(y)

and we notice that V*(z) = VA (z, 1).
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In order to solve the entropy regularized problem, we introduce the following requirements,
which imply Assumption 2.1.
Assumption 3.1. The following conditions hold true:
(1) There exists a constant L > 0 such that, for ¢ = b, o, we have
|9(x)] < L(1 + [x),
6(z) — ¢(2)| < L|z — =,
|60 + (1 = 8)z) — 6(x) — (1 = 6)¢(x)| < Lo(1 - 6) |z — |,
for any z,z € R™, 6 € [0,1].
(2) There exist p > 2 and K > 0 such that, for ¢ = G,m, we have
[p(2)| < K(1+ [zfP),
6(z) — ¢(2)| < KL+ [z~ + 2P~z — 2],
|60 + (1 = 6)z) — 6¢(x) — (1 = 0)g(x)| < KO(L = 0)(1 + [P~ + [aP~?) |7 — =,
for any z,z € R™, 6 € [0,1].

(8) The matriz a(zx) := o*o(x) is uniformly elliptic; that is, there exists a constant ks > 0
such that

n

Z aij(x)2izj > ko|2|?,  for any z € R".
ij—1

(4) p is large enough: namely,

=1 o) o0,

¢o(2(p — 12)) + 62(2),62(2), 6254)’ 61§8)7 60(4(1;— 2)) }7

where, for generic ¢ we define the constants

p>max{

ola) = a(51+ (- 11?),

) —1

(3.3) er(g) = gL+ ‘ITLQ),

2qg—1
2

éa(q) = 2q(L + LQ) +(2¢ = )L +2(g — 1)’L%,

which are related to the growth behavior of the underlying diffusion (see the estimates
(3.5)-(3.10) below).

The following theorem characterizes the value function of the entropy regularized OS prob-
lem. The proof of the existence of a solution to the HJB equation is given in Subsection 3.2,
while the proof of its uniqueness is given in Subsection 3.3.

Theorem 3.2. The value function V> is C(R™ x [0,1]) N W22 (R™ x (0,1)), is concave in y,

loc

is such that V(z,y) < C(1+ |z|P) and it solves in the a.e. sense the HJB equation
max{ (ﬁx - p) VA(a:?y) + F(.T)y - >‘y IOgy, _Vy)\(xa y) + G(‘T)} = O?

with boundary condition V*(z,0) = 0.
Moreover, the HJB equation admits a unique solution in the class of C(R™ x [0,1]) N
VVZ20’02 (R™ x (0,1)) functions which are concave iny and such that V(z,y) < C(1+ |zP).
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We next move to the characterization of the optimal control. Define the function gy : R® —
[0,1] by

(3.4) ga(@) = sup {y € [0,1]| =V (z,y) + G(z) < 0},

where we set gy (z) := 1if {y € [0,1]| =V}, y) + G(x) < 0} = 0. Notice that the function gy
is well defined by the concavity of V*. Intuitively, the function gy separates the “exploration
region” &y := {(x,y) | —V;‘ (z,y)+G(z) < 0} in which no action is required, from the “stopping
region” Sy := {(z,y)| — V;)(z,y) + G(z) = 0}, in which the agent has to act.

The following theorem characterizes the optimal control in terms of the function gy. Its
proof can be essentially found in the Step 2 in Subsection 3.3 and it is briefly summarized in
Subsection 3.4.

Theorem 3.3. For any (x,y) € R™ x [0,1], there exists a unique optimal control £* € A(y),
which is given by the reflection policy at the boundary gy; that is,

& = sup (y— (X)) ", t>o0.
ERS

A few comments are in order.

Remark 3.4 (Optimal control and the related Skorokhod problem). The optimal control £
18 the control with munimal total variation such that

(th,Y;y,g*) €&, foranyt>0, P-a.s.,

where &y is the closure of Ex. Such a process is also known as the solution to the Skorokhod
reflection problem for the underlying state process in the waiting region €. Note that char-
acterizing the optimal singular control in terms of the related Skorokhod problem represents
a challenging open problem in singular control theory (we refer to the discussion in [15] for
further details).

Remark 3.5 (Exploratory behavior of optimal controls). Unlike the OS problem with ex-
ploratory strategies but without modification on the objective function (see Proposition 2.4 and
the related Remark 2.5), Theorem 3.3 clarifies that the optimal control of the entropy regu-
larized OS problem is no longer a strict stopping time. In other words, introducing entropy
reqularization leads to optimal strategies of an exploratory nature—more precisely, strategies
that are exclusively exploratory.

From an RL perspective, the exploratory behavior of the optimal control is crutial, as it allows
for simultaneous optimization and information gathering from the environment. Specifically,
once the state process reaches the boundary of the exploration region, not only is action required,
but, given the regularity of the free boundary gy (as demonstrated in the example in Section
4), an infinite number of infinitesimal actions are necessary to prevent the state process from
entering the stopping region. This enables the agent to continuously gather information on the
optimality of selecting a particular reflecting boundary in a non-episodic manner.

3.1. Preliminary estimates. Before diving into the proof of Theorem 3.2, we discuss some
estimates that will be used several times in the sequel.
First, for a generic ¢ > 1 and ¢o(q), ¢1(q), ¢2(g) as in (3.3), we have the estimates

(3.5) B[ X7 < C(1 4 [2]9)e®@", g>1,
(3.6) E[|X] — X7|9 < [z — 29" @, ¢ >2,
37 E[|6XT + (1 —8)XF — X)) < 05(1 - 8)|z — 2242 g > 2,

for any =,z € R", § € [0, 1]. Even if these estimates are obtained through standard stochastic
calculus techniques, it is difficult to provide a reference in which the exact exponential orders
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of growth ¢, ¢1, ¢2 appear (importantly, these constants are those appearing in our Condition
4 in Assumption 3.1). For this reason, we provide a proof in Appendix B.

When p is large enough (as in Condition 4 of Assumption 3.1), the estimates above together
with the Burkholder-Davis-Gundy inequality imply that

3) | supe X711 £ CHIal), g =20~ 10200 -2
t<t ]
(3.9) E[igpe‘”thf—Xflq <Cle—af, q=2,4
ST |
(3.10)
E|supe ?[6X7 + (1 - 6)XF — X707 2| < 06(1 - 6)|z — af,
t<t i

for any z,z € R", 6 € [0,1] and 7 € T. Again, we provide a proof in Appendix B.
Finally, using the growth of 7 and G in Condition 2 in Assumption 3.1 as well as the
estimates (3.5) and (3.8), we find

VA a,y) < sup E[ | erme v [ ef’f|G<Xf>|det]
E€A(y) 0 0

o0
(3.11) < sup E[/ e~PH(1 + |XZP)dt + lim supe—pt(1+\Xf!P)§T]
£eA(y) 0 oot
< C(1+ [zP),

where we have used the fact that & <y <1 for any £ € A(y).

3.2. Proof of Theorem 3.2: solution of the HIB. The concavity of V* follows by straight-
forward arguments (see Remark 2.6 for a reference), while its growth rate was shown in (3.11).
Thus, we will show in the sequel that V* has the claimed regularity and it solves the HJB
equation in the almost everywhere sense.

The proof is divided into five steps. In the proof, we will often use the notation II(z,y) :=

ym(x) — Ay logy.
Step 1 (Penalization). Let B : R — [0,00) be a C*° nondecreasing convex function such that

B(z):{o, if 2 <0,

2z —1, ifz>1.

For any € > 0, consider the control set U. := {(a',a?) € R?|sa' — a® < @ Vs € R and
0<a2< %} and the functional

T @,y (uym)) = E [/ e (IL(XF, YY) = GOXPyur =) dt |, (u,n) € Us(y)
0
subject to dX{ = b(X{)dt + o(X])dWy, X§ =z,
dY;y’u = —wdt, Y()ym =Y,

where U.(y) := {(u,n) : @ x [0,00) = U | YY" > 0Vt > 0,P-a.s. }. For any £ > 0, define the
optimization problem

(3.12) VM(,y) = sup I (@, y; (u,n)).
(u,n)€U:(y)
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Similarly to (3.11), we can find C such that, for y small enough, one has
(3.13)
V(2 )|

< swp E[/ e—ﬂtm(Xf,Y#“)—G(Xf)ut—mdt]
(u,n) €U (y) 0

o0 T
<  sup E[/ e Py(Im(X7)| — Mogy)dt + lim sup (e ”"|G(X])]) / utdt]
(u,m) €U (y) 0 T—o0¢<T 0

o¢]
<Cy <IE[/ e Y1+ | XFP — Nogy)dt +Tlim supe (1 + |Xf]p)]>
0

— 00 t<T
< Cy(l+ |z — Alogy) — 0, asy— 0,

which implies the continuity of V¢ for y = 0.
Standard arguments (see e.g. Chapter IV.10 in [22]) give that V¢ is a generalized solution
solution to the HJB equation:

1
(B.14)  pVNE(a,y) = LV (wy) — U(ay) — =8 (Gla) = V¥ (w,y)) = 0,
with boundary condition V*¢(z,0) = 0.
Moreover, following the rationale of the proof of Theorem 3.2 in [62], one can show that

V(x,y) = lim._ V)"E(:E, Y).

Step 2 (Uniform Lipschitz estimates for VM in x). Take x,Z € R™, y € (0,1], ¢ > 0 and
(u,n) € Us(y) such that VV(z,y) — ¢ < JM(Z,y;u,n). Since (u,n) is suboptimal for (z,y),
we have

VA(Z, ) — VM (2, y) — ¢ < TV (T, g5 u,m) — TN (@, y5u,m)

3.15 00 _ _
(319 - E[ 7 e o) - ) + w6 - G(Xf)))dt} .

In order to continue this estimate, we notice that by monotone convergence theorem, we have

(3.16) E[ /0 " ey (G(XT) —G(Xf))dt] < lim E[ /0 ! (X —G(Xf)\dt].

T—o0

Furthermore, since (u,n) € U:(y), we have fg ugds < y < 1. Thus, using Assumption 3.1 and
Holder inequality, we can estimate the right-hand side of (3.16) to obtain

E [ /0 Te_”tut\G(Xf) - G(Xf)|dt]

SE[sup (e_pth(Xf) - G(Xf)l> /OT Utdt]

t<T

<CB[sup (e (1+ X7 + X7 - X))
t<T

§C(E[?1<1¥ (e*f’t(l +XERe-D |Xf|2(l’1))>Dé <E[?2¥ (e | XT — X,?”]Q)])é

Finally, using the estimates in (3.8) and (3.9), we get

T
E[ | erulaon - G(det} <O 4ol + 2P Yz - al,
0
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which allows to conclude thanks to (3.16):
(3.17) E[/ e Puy (G(XT) — G(Xf))dt] <O+ |zt +|zP~ Y7 — 2|
0

We next estimate the term in (3.15) which involves 7. Since Y,"" < y < 1, using Assumption
3.1 and Hélder inequality we find

| [T o) - rxpar

T
<CIE[ / e (1+ XL 4+ XPP) | XF — Xg\dt]

<c/ e (1+ EXFEE))E + E[X RO ) (B]1X7 - x2P)) et

Finally, using the estimates in (3.5) and (3.6), we get
| [T - sl
0

T C,
C(L+ |z~ + 2P|z —ml/ SRy
0
Hence, thanks to Condition 4 in Assumption 3.1, we conclude that
(o)
(3.18) E[/ e Y (m(X]T) — W(Xf))dt] <C+ |zt 4 |zP7 Yz — 2.
0

Plugging (3.17) and (3.18) into (3.15), we obtain
VAE(Z,y) = VA (2,y) = ¢S CA+ [P~ + 2P|z — 2,

which, by the arbitrariness of (, gives the local Lipschitz property of V¢ in .
Step 3 (Uniform Lipschitz estimates for VM in y). Take € R", y,5 € (0,1], ¢ > 0 and
(,m) € U(7) such that VM(z,7) — ¢ < JM(x,7;4,7). We will distinguish the two cases
y<yandy>y. ~

If y <y, then we have V' > 0, so that (@,7) € U-(y). By suboptimality of (@, ) for the
initial condition (z,y), we have

VA’E(xag) - VA’E@%?J) - C < J)\,a(x7 7; u 7) J/\E(x y,u 77)

(3.19) =k [ /0 e (m(XP)(F —y) = MY log Y, — Y log Y;W))dt]

= C(1+ )|y -yl + E[ / e P (= A" log Y — V" log Yﬂ’“))dt] ,
0

where we have used Condition 4 in Assumption 3.1 together with (3.5). In order to continue
the latter estimate, let 2 be the maximum point of the function z — —Azlog z (i.e., 2 = e 1),
and notice that z — —Azlog z is increasing in [0, Z] and Lipschitz in [%, 1], with Lipschitz
constant smaller than Cy := 1 + [log(£/2)|. Suppose now that y —y < % If )(t??vﬁ < %7
then Y"* < 2, and since Y < Y", we obtain —A(Y""log V""" — ¥?"logY”"") < 0 by
monotonicity. On the other hand, if Yy /B > 2 then Y, > 2 2, and by Lipschitzianity we find

MY log Y™ — VP log YPM) < C’)\(Yy’ —YPh = CA(y 7). Going back to (3.19), this
argument 1mphes that

0<y—g<; = VV(9) -V (y) ~ ¢ < OO+ o +|log(2/2))g — ul,

which give the local Lipschitz property of V¢ in y in the case y < y.



18 DIANETTI, FERRARI, AND XU

On the other hand, if § > y, then the control (%,7) is not necessarily admissible for y, as
Y,/ could become smaller than 0. Define u; := ﬂt% and n; 1= 77# Notice that, if sti; —7; < 0,

then su; —ny = y(sut ) <0< %ﬁ(s), while su; —n = y(sut ) < sty — 1 < %B(s) if
sty — 7y > 0. Thus, the process (u,n) takes values in the set U.. Moreover, since

t t
(3.20) Y/ =y — / u,ds = %(g - / ﬂsds> = ng’ﬁ >0,
0 ) 0 Yy

it follows that (u,n) € U:(y). Hence, by the suboptimality of (u,n) for the initial condition
(x,y), using (3.20) we find
(3.21)

VA (2, g) = VA (2,y) — ¢

< JM(z,gia, ) — TN (2, y5u,1m)

:E[/Oooe—Pt(—A/ol <1+log (rYE’ﬂ+(1—rmyv“)>(Y Yy dr

y7

+7(X7)(F —y) =

SE[/()Ooe_pt<_A/ol< +log(rg + (1 — 1)y )—Hog(Yy ))nw(y—y))dr

+ G(XY ) 7 yﬁt 4 y77t>dt}

+Im(XHI(G —y) + G(Xt Ut dt

<@-vE| [T (A(1+ gyl -rou (e )Y;u) # e+ S0

<o(- y)E[ [T e (g + inxp) + £ >ut)dt} .

Similarly to the arguments that lead to (3.17), we have
0 T
E[ / e_ptatG(Xf)dt] < lim ]E[ / e"’tat|G(Xf)|dt]
0 T—o00 0

T
< lim ]E[sup (e” pt|G(Xw)])/ ﬂtdt]
T T—o0 t<T 0

< lim CE[sup (e (1+ ‘Xx|p))]
T—00 t<T

<C+ [z]),

where we have used the estimate in (3.8). Plugging the last inequality into (3.21), we obtain
Ae = e = 1+ ’ ‘p . t T
VA, g) =V (2, y) = C < Cly =y 7 + [logy| + E e P (1+ | X7 P)dt
0
+ |z

y|( ; | + |logy|> /0 e(*PJréO(p))tdt
(1 + |x|P

<

Q
@ |

|
<Clg—y +|1ogyl),

where we have used the condition p > ¢éy(p) given in Assumption 3.1. This shows the local
Lipschitz property of V¢ in y for y > y.
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Step 4 (Uniform estimates for D2V ). We first show the following semiconvexity estimate:
there exists a constant C' such that

(3.22) V(%) = 6V (2,y) — (L= OV M(a,y) < C6(1 = 8)(L+ o~ + |zlP~ )|z — 2,

for each § € [0,1], Z,2 € R", y € R and € > 0, and where 2 := 0z + (1 — 0).

Take an arbitrary ¢ > 0 and (u,n) € U.(y) such that VM(2%,y) — ¢ < JM (20, y;u,n).
Notice that such a control is admissible also for the initial conditions (zZ,y) and (z,y). Since
(u,n) is not necessarily optimal for (z,y) or (Z,y), we have

V/\75(x61 y) - 5V>\’E(£‘,y) - (1 - 5)V>\75(x’y) o C
< I, ysu,m) — 6TV (E, ysw,m) — (1= 6) (2, 45 u,m)

(3:23) <[ [T e (1 (r(xd) = o) - (1= 9)r(x)

+u (G(XP) — 6G(XTF) — (1 — 5)G(Xf)>dt} .

Next, set X; := 0X7 + (1 — 6) X7, X7 := Xfé and define, for a generic function ¢ : R" — R,
the transformations

Al = lo(X]) — o(X0)],
Tl = |p(Xy) — 6p(XT) — (1 — 8)p(X7)].

Then applying Fatou’s lemma, we rewrite (3.23) as

VA, ) = V() — (1 - OV () — ¢
(3.24)

T—o00

< lim JE[/OT e <Yty’uA[7T]t + uwA[G]y + Y T [n]; + UtF[G]t))dt] :

We next estimate each term on the right-hand side of (3.24) separately.
First, using Condition 2 in Assumption 3.1, Holder inequality, and the SDE estimates (3.5)
and (3.7), we find

T
IE[ /O e”tY;y’uA[ﬂ]tdt]
T ~ A~
< OE[/ L X XD | X - Xf!dt]
0
3.25 T N 1 1 . 1
(3:29) sc( | e (1 @IKPOI)E + @) ) (B - X))
T ¢ - ¢
< CO1L= )+ [al ol o —af [ o Ry
0

< O8(1 =) (A + |27t + |27z — 2f?,

where the last inequality follows by Condition 4 in Assumption 3.1.
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Secondly, using Condition 2 in Assumption 3.1, Holder inequality, and the SDE estimates
(3.5) and (3.7), we find

IE[ /0 ' e”tutA[G]tdt}

< E[Sup (e "' A[G)y) /0 ' utdt]

t<T

(3.26) < CE [sup (efpt(l + \Xt\pfl + \Xf\pfl) ‘X’t — Xf‘)]
t<T

o=

(]E[sup (e_pt\f(t — Xf|2)} )é

< (] omp (e 1+ o+ 100 (e
t<

t<T
<Co(1=0)(1+ |zP~t + 2P Y|z — 2.

where the last inequality follows from the estimates (3.8) and (3.10).
Thirdly, using Condition 2 in Assumption 3.1, Holder inequality, and the SDE estimates
(3.5) and (3.6), we find

T
E[/ e_ptY;y’uF[W]tdt}
0

T
< Co(1 - O)E [/ e*”t(l +IXTPE \Xi”\H) X7 — Xi”fdt}
0

(3.27) < CH(1—6) /OT e—pt(l + (IE[|X§|2(P—2)])% n (]E[\Xf|2(”‘2)])%)

x (EHXE - Xf\‘*])édt
R R L A B AT
< 31— 5)(L+ ol + P2 — 5l

where the finiteness of the integrals follows again from Condition 4 in Assumption 3.1.
Fourthly, using Condition 2 in Assumption 3.1, Holder inequality, and the SDE estimates
(3.5) and (3.6), we find

E [ /0 ' e_ptutF[G]tdt]

< E[sup (e "'T[G)y) /0 ' utdt}

t<T

<C6(1—-0)E [sup <e*pt(1 + XTI X)X - th‘2>]
t<T

(3.25) < 00(1 - ) (E sup (e 1+ X702+ [x702) ) ])
gt 1))

T 20(2(p—2) | &1(4)
< OS(1 = 6)(1 + P~ + |zP~2)|z — g;|2/ o (ot 22e=2 @),
0

< C8(1 = 0)(1+ |22 + |27z — 2,
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where we have used Condition 4 in Assumption 3.1.

Plugging (3.25), (3.26), (3.27) and (3.28) back into (3.24), we obtain (3.22).

We will now use (3.22) in the PDE (3.14) in order to obtain an estimate for the derivative
D2V*¢. Notice that (3.22) implies that for any r > 0 and B,.(0) := {z € R"||z| < 7} on can
find a constant C, > 0 such that

(3.29) 92,V (x) > —C,, for any x € B,(0), z € R" with |2| = 1.

Choose an orthonormal basis 2!, ..., 2" of R” such that

tr(00" (0) DIV (2y) = 3 ()02, V(2. y),
i=1

where ¢!, ..., ¢? are the eigenvalues of the symmetric, nonnegative definite matrix oo*(z). Since

V¢ solves the PDE in (3.14), using the latter identity together with (3.29) and the estimates
in the previous steps, unless to take a larger constant C, (independently from &) we obtain

—Cp <Y (2)0% VM (2, y)
i=1

VA () = b) DV () — (o) = 26 (Gla) = V()
SpV)"E(a;,y) — b(m)Dwv)"E(x,y) —(z,y) < Cp, for any (z,y) € B,(0) x (0,1).

This in turn implies that
1
0< 20 (CE) ~V*(@,9)) <G, forany (a,9) € B(0) x (0,1),

so that, by using the uniform ellipticity of o (¢f. Condition 3 in Assumption 3.1), by Theo-
rem 9.11 p. 235 in |25] we conclude that, for any ¢ > 0, unless to enlarge the constant C,
(independently from ¢), for any y € (0,1) we have

1
(3.30) / |D2VAE (2, y))9dx < cr<1 +/
BT‘/Q(O) B

q
28 (6@ V(@) | dx) <o,
T‘/Q(O) €
thus giving the desired estimate.
Step 5 (Lipschitzianity of Vy>‘ via optimal stopping). Following the arguments in [35] (see in
particular Theorem 3.4) we can show that, for any (x,y) € R™ x (0, 1], one has the represen-
tation

(3.31) Vy)‘(a:,y) =supE [/ e P, (XF,y)dt + e 77G (Xf)} ,
T€T 0

that we will now employ to prove the local Lipschitzianity of Vy/\.

We first show the Lipschitzianity in y. Take z € R", g,y € (0,1] with y§ < y. By the
monotonicity of I, in y we have 0 < VyA (z,9) — Vy’\(x, y). Moreover, for ( > 0 and 7 € T such
that V) (z,7) — ¢ <E [ [, e I, (XF, §)dt + e PG(X¥)], we find

V) = Vo) —¢ < B[ [ e, 067.9) - 1, 0670
T
= AE [/ e " (logy — log y)dt}
0

T 1 1
< \E [/ e"’tdt} —(y—9) < AC=(y —¥).
0 Y Yy
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From the arbitrariness of {, we conclude that 0 < Vy)‘(x, g) — Vy/\(x, y) < C%(y — ), showing
the Lipschitzianity in y.
We next show the Lipschitzianity in z. For z,x € R™ and y € (0, 1], take ( >0 and 7 € T
such that V,NZ,y) — ¢ <E [ [) e "I, (X[, y)dt + e P"G(XF)]. We observe that
VyA(jvy) - V;‘(l‘,y) - C

(3.32) < E[/O e P (T (X7, y) — T, (XY, ) dt + 7 (G(XT) — G(XT)) ]
—| [[e (rlxr) - X a0+ e (GXE) - Gx) |
0
Thus, by repeating the arguments that lead to (3.17) and (3.18), we obtain

A= A -1 _ip—1\1 =
Vi (@y) = Vi, y) = < CA+ [z + [z[P7) |z — .

Hence, the local Lipschitzianity in x follows by the arbitrariness of ¢ and exchanging the role
of x and Z.

Step 6 (Regularity of V* and variational inequality). We begin by noticing that the continuity
of VA in y = 0 is shown as in (3.13).

By the estimates in Steps 2 and 3, for any r,6 > 0 and any ball B,.(0) := {z € R"| |z| < r},
we can find a subsequence (e,,), with £, — 0 as n — oo such that

VA 5 VA as n — oo, uniformly in B,.(0) x (8, 1),

(3:3) D VAen VM) — (D VA V) kly in L*(B 5
(DaV2em, Vo) = (DaV7, Vi) as n— oo, weakly in L7(5,(0) x (3,1)).

Moreover, thanks to the estimate in Step 4, for any fixed y € (0, 1] we can select a further
subsequence (e7,),, such that

(3.34) DmV)"E’yl(-,y) — D, VA(-,y) as n — oo, uniformly in B,(0),
. D:%V’\’az(-,y) — D2VA(-,y) as n — oo, weakly in L2(B,(0)).

Therefore, taking limits in (3.14) we obtain that
for any y € (0,1) (p — L)V (-,y) —TI(-,y) >0 and Vy)‘(-,y) —G >0, dz-ae.
which shows the HJB equation with inequality; that is,
max { (L, — p) Vz,y) + m(z)y — Aylogy, — V (z,y) + G(z)} <0.

To complete the proof, if (Z,y) is such that Vy)‘(a_:,gj) — G(z) > 0, by continuity of Vy’\ (cf.
Step 5) we can find r > 0 such that V)‘(a: y) — G(x) > 0 for any = € B,(0). Thus, for a.a.
r € B;(0) there exists n, such that VA e (x,9) — G(z) > 0 for any n > n,, which gives
(p— L)V i (z,y) — II(z,y) = 0 for any n > n, so that

lim(p — L,)VMh (-, 5) —TI(-,§) =0, a.e. in z € B,(0).

Since (p— L)V (-, 4) —II(-, §) is the weak limit in L2(B,(z)) of ((p—ﬁx)V/\’g’y;(-, y)—TII(-, gj))n,
the latter limits in turn implies that (p — £;)V*(-,4) —II(-, §) a.e. in B,(Z), thus showing the
HJB with equality and completing the proof.
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3.3. Proof of Theorem 3.2: uniqueness for the HJB. Uniqueness of the solution follows
from a verification argument, that we prove in two steps.

Step 1. Let V be a solution of the HJB equation as in the statement of the theorem. Fix
(xz,y) € R"x[0,1] and consider a generic { € A(y). For R > 0, set 7 := inf{t > 0| |X}| > R}.
Thanks to the regularity of V, we can employ (a generalized) Itd’s formula to the process

(e_ptf/(Xf,Yty’g))t (see [23, Chapter 8, Section VIIL.4, Theorem 4.1] and |11, Theorem 4.2]),
up to the stopping time 7p A T, for some T > 0, to obtain
(3.35)

. - ’TR/\T -
E[e TV (Xenr, Y25 )| =V (2.9) + B [ /O e P Ly — p)V(XF, Yty’é)dt}
TRNAT 5
+ E[ /0 e PV (XF, Yt@ﬁﬁ)dY#”A]

+ E[ > (AVE Y - T (XE Yﬂ’fmﬁ)} 7
OStSTR/\T
with the notations AV (X, %) = V(X;, Y) — V(X,, V4) and AYYS = Y — V¥4, The
concavity of V in y now implies that
> (AT - G (XE AV <o.
0<t<TprAT
Moreover, since V solves the HJB equation, we have
(Lo = p)V(X],YES) < —TH(X],VYS) and = V(X7 V2S) < —G(X]).

Plugging the latter two inequalities into (3.35) and then rearranging the terms, we obtain

TRNAT TRAT
E[ / e PII(XE, VE4)dt + / e”tG(Xf)d&]
0 0
< V(a,y) = B[V (Xepnr, Y257

Finally, thanks to the growth conditions of 7 and G, to the growth of V, to the estimates (3.5)
and (3.8), we can use the dominated convergence theorem to take limits, first as 7' — oo and
then as R — oo, in order to obtain

TN, y;6) <V (x,y).
By arbitrariness of &, we deduce that V*(z,y) < V(z,y).

Step 2. We adapt the arguments in [J] to construct a control £€* which satisfies

TN, y;:6Y) = V(z,y).

This identity, together with the previous step, implies that V* = V and that £ is optimal.
Define the function gy : R™ — [0, 1] by

ga(z) = sup {y € [0,1]| = V(z,9) + G(x) <0},
where we set g () := 1if {y € [0,1]| =V, (2,y)+G(z) < 0} = 0. The function g is well defined
by concavity of V. Noticing that {(z,y) € R" x[0,1] |y < ga(z)} = {(z,y) | - —V,(z,y)+G(z) <
0}, by continuity of V;, we deduce that the set {(x,y) € R" x [0,1] |y < gx(x)} is open, so that

g is lower semi-continuous.
Next, for fixed (z,y) € R™ x [0, 1], define the process £€* by setting

& =sup (y — g (X2) ", t>0.
s<t



24 DIANETTI, FERRARI, AND XU

Such a process is clearly monotone nondecreasing, so that it admits left limits. To show its
right-continuity, use the upper semi-continuity of x — (y — gx(z))™ to obtain

lim &) = &) v lim su NG N
st 58 ft st tgrgs (y gA( " ))

=&V lim sup (y— XN <V (y— X)) =g

By monotonicity of &, this implies that lim, 1t £} = & Thus, since this process is clearly
adapted, it is progressively measurable, showing the admissibility of £*; i.e., £€* € A(y).

We will now prove the optimality of é* by repeating, with some modifications, the passages
in Step 1. For Y¥A 1= Y¥&" rp = inf{t > 0||X?| > R} and for T" > 0 we find
(3.36)

_ 5 TRNAT _
E e_pTR/\TV(XTR/\T’ Yq—i’i\\T)} :V(m, y) + E|:/(; e_pt(ﬁx - p)V(X?, )/;;%/\)dt:|
TrNAT -
5| [M e v
+ E[ > (AavexE e - v, W’A)m@y’A)] :
0<t<TrAT

with the notations AV (X, YY) = V(X,;, YP™) = V(X,, Y2) and AYY? = YP» — v
Notice that, by construction of &, if the process Y¥* jumps at time ¢, then we have
IA(XT) < g (X)) and

Vy(X7,¢) = G(X}), for any ¢ € [V, V).
Therefore, we obtain

AV(XE YY) = Vy(X7 YENAYPY = G (VP = Y20 = G (v = Y27 =0,
Using the latter equality in (3.36), together with the fact that the process ¢ increases
only at times ¢ in which V, (X7, YY) = G(XF) and the fact that (£, — p)V(XF, YY) =
(X7, YY) P® dt-ac., we find

~ TRAT TRNAT
Vix,y) :E[/ e*ptH(Xf,Ytzﬁ/\)dt —|—/ e PLG(XE)d&)
0 0
o7 ~ A
+E |:6 14 R/\TV(XTR/\T, Y#{/\T):| .
Taking limits (first as ' — oo and then as M — oo) we conclude that
V(z,y) = J (@, y:6Y),

thus proving the optimality of £€*. This completes the proof.

3.4. Proof of Theorem 3.3. In order to show Theorem 3.3, it is enough to repeat the
arguments in Step 2 in Subsection 3.3 with the value function V* and the free boundary g
defined in (3.4), and using the fact that V* is a solution of the HJB equation (cf. Theorem
3.2).
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4. A REAL OPTION PROBLEM: ANALYTICAL SOLUTIONS AND REINFORCEMENT LEARNING
ALGORITHMS

This section is devoted to a classical example of the optimal stopping problem arising from
real option evaluation (see Chapter 5 in [17] and the references therein for further details). We
provide analytical properties of the problem in Subsection 4.1 and develop the corresponding
RL algorithms in Subsection 4.2.

We start with the introduction of the problem formulation. For parameters u € R, o, k,p > 0
and 7 : Ry — R, consider the optimal stopping problem

.
sup E [/ e PPr(X¥)ds + /<&€_ij| ,
TET 0

subject to dX} = pX{dt + o X/dW;, X§j =2 >0.

In order to have well posedness of the problem, we assume p > p. Noticing that,

E [ /0 " emrr(XT)ds + ne—ﬂ _E [ /0 " e (n(XT) — pr) ds] 4,

we define the OS problem

-
(4.1) V(z) :=supE [/ e P (m(XY) — pr) ds} .
TET 0

Despite the latter OS problem can be explicitly solved, we are interested here in illustrating
the relations between the classical solution approach and the entropy regularization approach
(see in particular the discussion in Subsection 4.1.3 below).

Following the strategy outlined in Section 3, introduce the extra state variable y € [0,1]
and, for A > 0, define the singular control problem

VAe,y) = sup E[ | e o) - prve v ogvp) e
£ A(y) 0
subject to dX} =pX[dt + o X dWs, X§ =z,

Ay = —dg, YPE=y,
with A(y) defined in (3.1). The HJB equation associated to V* reads as

(4.2)

max {(L’m — )V + (n(z) — pr)y — Aylogy, —Vy’\} =0, a.e. in (0,00) x (0,1),

with boundary condition V(z,0) = 0, z € (0, 00), where L;¢(z) = prdy(z) + 022%¢ra ().
The current problem differs from the general setting studied in Sections 2 and 3 due to
the behavior of 7 at state 0. However, this model can be solved semi-explicitly with the —so
called— guess and verify approach, which consists in guessing first a candidate value function
and then proving that the candidate coincides with the true value function (see Theorem 4.2).

Assumption 4.1. 7 € C*(R;) with 7(0) = 0 satisfies the following conditions:

e 7 is non-decreasing and concave, m has a sublinear growth, and xm'(x) is strictly in-
creasing. More specifically, there exists some 6 € (0,1) and ¢ > 0 such that

[m(2)] < e(1+Jal’).
One example that satisfies Assumption 4.1 is 7(x) = cg 2% with 6y € (0,6] and ¢q € (0, .

4.1. Analytical solution. In this section, we analyze the solutions of the real option problem
(4.2). Specifically, we construct a semi-explicit candidate solution in Subsection 4.1.1 and
provide the verification theorem in Subsection 4.1.2.
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4.1.1. Construction of a candidate solution. We will now search for a candidate solution w :

(0,00) x [0,1] — R and a nondecreasing function gy : (0,00) — [0, 1] such that

(4.3) (Lo = p)u+ (7(x) — pr)y — Aylogy =0, 0<y<ga(z),
_uy = 07 Yy > g)\<37),

and we will later verify that u = V* (see Theorem 4.2 below).
If uw and gy satisfy (4.3), for 0 < y < gi(x), we can integrate the equation to obtain

(4.4 u@aw::Axyhﬂ—+¢h@nf“—HELAwe”«w@mm——may—Aymgwdﬂ,

with ay, a_ solving %0'201(01 — 1)+ pa — p =0, and such that oy > 1 (as p > p) and a— < 0.
Moreover, since p > p and Assumption 4.1 hold, we obtain that

o0 S8 o2
VANz,y) < C + CIE[ / e—ﬂt(Xf)edt} =C + Cer[ / e(_p+9(“+2(9_1)))tdt] <C(1+a%).
0 0

Thus, we take A; = 0, as otherwise u would explode as = 1 oo, not matching the growth
behavior of V. Finally, when for 0 < y < gy (), a direct integration leads to

u(z,y) = As(y)x*~ + Hy(x)y — Ky — iylogy, with Hp(z) =E [/ e_ptW(Xf)dt] .
P 0
To summerize, we have obtained the following candidate value function
w(any) = 4 4202+ Hel@)y —ny = Gylogy, 0 <y < ga(w),
’ Az (ga(@)) 2% +7(2) y — wga(x) — Sgx(2) log (9a(2)) ¥ > ga(2).
In order to determine Ao and g, we impose

lim wy, (x,2) = lim wy, (x,2) =0.
iyt (02) = _Jin, e (22)

From these conditions, we derive the system

{A%w@»W+HA@—%—2U+k%w@D=Q
o Ay (ga(x))2=~" + Hl(x) = 0,

which can be solved as

fLZ;T(I)I+H,r(z)7.l’cfA
gr(z) = exp = A i
49 2 log(u43 — 72 (05 ()
oy f+2 log(u)+45—Hr (g, (u
As(y) = 9x(0) £ (9;1('0“))&7 du,
Notice that
-1
(4.6) dhte) = anlo) (L @)o) + L (2)) > 0

as (H(x)z)" > 0 and H.(z) > 0 according to Assumption 4.1. Hence g, is strictly increasing
on (0,Z4,] with 25, = min{z € Ry : g\(z) = 1}.
Therefore, our construction of u and gy is valid only for y > y* with

(4.7) = ga(0) =e % €(0,1).

For 3y < y* we notice that the function

A
uo(z,y) == Hy(2)y — ky — ;ylog Y,
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is such that

Ly — p)uo + (2% — pr)y — Aylogy =0,
48) {( p)uo + (2% — pr)y — Aylogy

—Oyug = —Hr(z) + (m + %(logy + 1)) <0, fory<uy

Thus, ug(z,y) solves the HIB and for y < y* and we expect £* = 0 to be optimal.
Summarizing the previous heuristic, set F(z,y) := Aa(y) %~ + Hy(x)y — ky — %ylogy and
define the candidate value as
Hy(z)y — vy — ylogy, y <y,
u(z,y) = Flz,y), y < oa(@), y >y
F(z,by " (x)), y>o(@), y =y

and we extend gy on [0,00) as follows

@) = {gA(x), z € [0,d,]

1, T > Tg,.

4.1.2. Verification theorem. The next result verifies that the function u constructed in the
previous subsection is the value function.

Theorem 4.2. The following claims hold true:
(1) The candidate value function u coincides with the true value function V*;
(2) The reflection policy & := sup (y - g>\(X;”))+ is optimal for the nitial condition
0<s<t

(z,y), where gy is defined in (4.5).

Proof. The proof is divided in three steps.
Step 1. In this step we show the C?-regularity of u. We split (0, 00) x [0, 1] into the three sets
Eo:={(z.y) |y <y} E:={(z.9) |y 2 v, y < ga(2)} and S :== {(z.9) |y > 9a(2), y = v*}.
Clearly, u is regular in the interior of &, £ and S. In order to show the C2-regularity across
& and &, it is sufficient to notice that Aa(y?) = AL(y?) = A4 (y*) = 0.
We next study the behavior across S and £. To this end, recall the definition of F and
notice that
{u(x, y=Flay),  y<a@)
w(z,y) = F(z,92(x)), y=ga(2)
Clearly we have

lim u(z,y)=F(z,gx(x)) = lim wu(x,y),
yTgx(z) (=.9) (7 9(@)) ylga(z) (.9)

so that u is continuous across the boundary. Furthermore, after straightforward calculations
we find
ux($7y) :Fx(iﬁ',y), y<b>\(l‘)a

Ux(x’y) = F; (xv.g)\(x)) + Fy (l’,g)\(l‘)) (gk)/ (.T), Yy > g)\(y),
=0

so that

lim wuy(z,y) = F.(xz,g\(x)) = Lm wu.(x,vy),
yTor(2) (@9) (= 9(@)) Yo (@) (=.9)

which in turn implies the continuity of u,. Finally,
U:c:(;(xyy) :Fx:c(xay)’ y<g>\(l‘)7

sz(l',y) = Iy (Jr,g,\(x)) + Fa:y ($79A(1')) (g/\)/ (:E)v Yy > g)\(l’),
=0
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from which we conclude that

(4.9) m  uze(z,y) = Fup (.90 (2)) = lm ugze(z,y),
NG yTgx ()

which is the continuity of wu,,. For the derivatives involving y, by using the definitions of As
and gy in (4.5), a direct computation leads to

Hm  uy(2,y) = F, (95" (¥),y) = 0= 0,F (z,9x()),

zlgy ' (v)

h}{l uyy(%l/) :Fyy (gxl(y)ay) :0:8§yF (.CL‘,g/\(fE)),
-Tig,\ (v)

lim  uye(2,y) = Fyo (95 (4),y) = 0= 95, F (2, 9A(x))
-Tig,\ (y)

which gives us the desired regularity.

Step 2. In this step we show that u solves the HJB equation. Let &, £ and § be as in the
previous step. First, on the set &, u satisfies the HJB equation by (4.8). Secondly, on the set
&, by construction we have (L, — p)u+ (w(z) — pr)y — Ay logy = 0, and we need to verify that
—uy < 0. To this end, use the definition of Ay and by to compute the derivative

~uye(,y) = —a-Ay(y)z®~ " — Hy(z)

_ R ples@) ) —He W) (@)
- (95 (9)) ’
(st 3log(y) + 5 — Hrlgy ()2 '+ G Hi(@) (o ()™
= —a- (9 (W)
N Ul Gt i) O

where the last inequality holds since %~ ~1 — (g/(l(y))"*_1 < 0, which is a direct consequence
of g3 '(y) < x. Thus, since —uy(z, gr(z)) = 0, we have that —u, < 0 on £.

We next study the behavior on S. By construction we have —u, = 0 in §. Moreover, using
the expression for u, u; and u,, computed in the previous step, for any x such that y > g;l ()

we find

(Le = p)u+ (n(x) — pr)y — Aylogy
= 5020 (F (2,65 (2))) + e (F (2,55 (2))) — pF (2,3 ()
+ (7(x) — pr)y — Aylogy
= %UngFm (2,651 (2)) + paFy (2,071 (2)) — pF (2,07 (z))
+ (7(x) — pr)y — Aylogy.
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Hence, using the ordinary differential equation for y < gx(z), in the limit as y 1 gx(x), we
proceed with

(Lz = p)u+ (7(z) — pr)y — Aylogy
—(m(z) — pr)ga(x) + Aga(z) log (gr(2)) + (m(x) — pr)y — Aylogy

_ /gi(x) (ﬂ(x) —p <k + 2(1 + logz)>> dz

<o) (w(a) = p (K45 (14 0 (0n(0)) )

)
S (v (B0 s ) )

Note that H, satisfies the following PDE:

(4.10) px Hl(z) — pHy(z) + 7(x) = —%U2x2H;’(x).
Therefore
(4.11) 7(z) — p (1—{1(;)96 + Hﬁ(:n)> =— <u + _g_) x H.(z) — %UQ;U?H#(Z') <0,

where the last inequality holds since fo?a_ (a— — 1) 4+ pa— — p = 0 and a— < 0. Hence

(Ly —p)u+ (m(x) — pr)y — Aylogy < 0 on S, so that u solves the HIB equation in the region
S.

Step 3. The last step consists of constructing a candidate optimal control £ as in the statement
of the theorem and verifying its optimality by It6’s formula. The argument is analogous to
that in Subsections 3.3 and 3.4, so that we omit the details to avoid repetitions. U

4.1.3. Vanishing exploration and free boundary limits. In the case of no exploration (i.e., A =
0), the standard OS problem (4.1) can be solved semi-explicitly. In particular, the optimal
stopping time is given by
™ =inf{t >0: X}/ >0}
with b* solves the equation: —%x + Hy(z) = k. As a special case of m(z) = 2 with
1/6
* 1 - : _ 1

0 S (07 1), we have b* = |:—F (GST) H:| with P = m

It is important to notice that, if by := g;l : [y}, 1] — [0,00) denotes the free boundary of
the entropy regularized OS problem with A > 0 (determined in (4.5)) and with y* as in (4.7),
we have the limits limy o y* = 0. Let A | 0 in the following equation for any y € (0, 1]

A HL(bA®y))

2log<y> +2 bay) + Ha(ba(y)) — .

We observe that for a fixed y € (0, 1], by(y) is monotone increasing in A, as we have (H.(z)z)" >
0 and H. > 0 according to Assumption 4.1. Hence by(y) | as A | 0. Given that by(y) > 0 for
all A > 0, there must exist a limit. By continuity argument, it is easy to show that the limit
limy |0 b (y), which is independent of y, solves
H/
0= —ﬁx + Hq(z) — k.
o

Hence we have b* = limy o by (y).

Thus, the boundary of the entropy regularized OS problem approximates the boundary of
the (standard) OS problem (see also Propositions 2.9 and 2.10).
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4.2. Reinforcement learning algorithm. In this section, we propose an RL framework
to learn the reflection boundary ¢* and the corresponding value function V*, without prior
knowledge on the form of ¢*. Our framework consists of two steps: a model-free step (see
Subsection 4.2.1) and a model-based step (see Subsection 4.2.2). In the first step, where all
model parameters are known, we design a Policy Iteration algorithm to learn gy. In the second
step, where the model parameters are unknown, we combine the Policy Iteration with a Policy
Evaluation procedure.

Note that the RL framework is currently formulated in terms of the real option example.
We believe the results can be extended to a more general setting and in higher dimensions.

4.2.1. Model-based analysis. Motivated by the analysis in Subsection 4.1.1, here we focus on a
subclass of control policies that can be fully characterized by some reflection boundary g that
satisfies the following assumption.

Assumption 4.3. Assume g : Ry — (0,1] is a non-decreasing function such that
g € CH[0,%,]), where #,= inf {g(x) =1}
I€R+
For a function g that satisfies Assumption 4.3, we define the associated policy &9 of the
following form:

(4.12) & =sup (y - g(XH)) "t > 0.

Define the associated value function as:
A A .
‘/g (‘Tvy) T J (a’,ayvé‘g)
(4.13) = E [ /O e‘pt((w(Xf) - ,m) YrE —aypd 1og(yty’f“’))dt}

subject to Y;y’gg =y — & with & defined in (4.12).
The policy in (4.12) defines two areas: the exploration area and the stopping area, both
associated with g:

(4.14) eg) = {@v|y<o@}.
(4.15) Slg) = {@w)|v>9@)}.
Then we have the following results for the value function V;])‘ associated with policy &Y.

Theorem 4.4. Assume Assumptions 4.1-4.3 hold. Then the following HJB equation has a
unique C*(Ry x [0,1]) N C?(E(g)) solution:

(4.16) (Ly — pu+ (m(z) — pr)y — Aylogy =0 on &(g),

(4.17) —uy =0, on S(g).

In addition, the solution satisfies ugy, € L3S (R4 x [0,1]). Finally, we have the verification
theorem holds, namely

(4.18) V;‘(:U,y) = u(z,y).

Proof. Note thatf g~! is well defined under Assumption 4.3 with g=!(z) > 0 for all x € R,.
We seek for a semi-explicit solution to

(4.19) (Lo — plu+ <7T(x) - pﬂ)y —Aylogy =0 on &(g),
(4.20) —uy, =0, on S(g).
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Similar to the analysis in Section 4 and following the idea in [20, 21], take
(4.21) u(z,y) = A(y)a®= + He(2)y — ry - 2ylogy,
with a_ defined in (4.4) and H,(z) defined as
(4.22) Hy(z) = u-«:[ /0 " erta(xo)at].

Under Assumption 4.1, we have H,(z) € C?(R,) with sublinear growth [12, Eqn (2.11)].
Then,

A A
(4.23) uy(z,y) = A'(y)a®~ + He(z) — K — J logy — .
Setting u, (g~ (y),y) = 0, we have
_ o _ A A
(4.24) Ay~ (W)™ + Halg ™ (y) — k — o logy — =0,

K+2 logy+2—Hr (97 (y))
(o7 w)"-

Ay) /y K+ %log(u) + % — H (g7 (u))
Yy) = -

4(0) (g7 (w))>-
It is easy to check that u(x, y) is C! in y on R4 x [0, 1] and that, under condition g € C1([0, Z4]),

we have u(z,y) € C%*(£(g)).
Now, on the curve y = g(z),

(4.26) uf (z,y) = A(g(z))a—a®= " + R (2)g(x).
On the other hand, we have u(z,y) = u(x, g(z)) for (z,y) € S(g). Hence

Hence, A'(y) = and

(4.25) du.

u(z,g(z)) —u(z — 6, g(z)) u(z,g(z)) — u(x —6,9(x — 5))

0 0
(Alg)e™ — Algla —6))((x — ) ) + 5 (Halw)g(w) — Halx — gl — 5))

(9t@) = gt = 9)) = 2 (sl) Yo (o(0)) — 9o — 8)log (9l ~ ).

1
5
K

5
and

o <y )~

= A(g(a))a—a® "' + Ry (2)g(x) + uy(z, g(x))

= A(g(z))a—z " + R (2)g(x)g(x) = uf (2, y),
where the last equality holds since uy(z, g(z)) = 0. Hence u € C* (R4 x [0,1]).

It should be noted that u,, fails to be continuous across the boundary although it remains
bounded on any compact subset of Ry x [0, 1].

Recall Y;y’gg is the process under control &9, defined in (4.12). Fix the initial condition
(XO’%y,gg) = (x,y) and take R > 0. Set 7 := inf{t > 0 : X; > R}. Applying Ito’s formula
in the weak version to u (see |23, Chapter 8, Section VIII.4, Theorem 4.1 and [! !, Theorem
4.2]), up to the stopping time 75 A T', for some 7' > 0, to obtain

TRAT
Bl (s VAED] = awa) B [T e () - oo v )]

TRNAT
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TRAT , ,
—HE[/O e P O u(XE, YAyt ]
B[ > (Au(xy V) - au(X, v AP,

with the notations Au(XZ, YY) = u(XZ, YY) —u(XE, VE') and AYYS =y —vpd,

Recall that for any admissible control £9, it can be decomposed into the sum of its continuous
part and its pure jump part, i.e., d&9 = d(£9)°" + A&9. Hence we have the decomposition
dy¥¢” = d(Yve?)eont 1 AYY€? | and therefore,

TRAT
E|e  Du(XE, Y€)= u(z,y) +E| /0 e (Lau(X7, V) = oV VP )

TRNAT ] g
+E[/ e Pt 8yU(X£T, Y;?ﬁg )d(Yy’é )gont}
0

(4.27) +E[ 3 Au(ng,ytyvf"))}
0<t<TprNT
(4.28) = u(z,y) — E[/TR/\T e"”((n(Xf) — p,@> Y2 AP log (Y;,y{g))dt}.
0

The last equation holds due to the following facts:
(i) It holds that

TrAT
B[ [ e (Lol ) - g ves) i
0

=1 " e (n(x) - )Y v 10 (124 )a),

as pure jump could only possibly happen at time 0, {9 keeps (X7, Yty,gg) within @
for ¢ > 0 and the fact (4.19);

(ii) E{ZogtgrRAT Au(Xf,Yty’gg))] =0 as —u, = 0 on S(g) according to the facts that
(4.20) holds and u € C*(Ry x [0,1]);

(iii) ]E[IOTR’AT e P oyu( XY, Ytzﬁgg)d(Yy’fg)gom] = 0 as the infinitesimal control happens on

the boundary S(g) N €(g) where —u, = 0.

When taking limits as R — oo we have TR AT — T', P-a.s. By standard properties of Brownian
motion, it is easy to prove that the integral terms in the last expression on the right-hand side
of (4.28) are uniformly bounded in L?(£2,P), hence uniformly integrable. Moreover, u in (4.21)
has sublinear growth by straightforward calculation. Then we also take limits as 7" — oo and
it follows that

u(z,y) = E[/OOO e*pt((w(Xf) — p/i) V2 AV log (Yty’gg>)dt]

Therefore u = VgA and hence the verification theorem holds. O

With the results in Theorem 4.4, we update the new boundary following;:

(4.29) 3(z) = { max{y* < g(x) 3mng’\(x,y*) = 0} if Gggy%)‘(:r,g(x)) < 0, and

g(z) =g(z)  ow,

where we define the notation 0, f(x,y) := limj o 8”f(x’y+h}1_af”f(x’y)

of 0, f (if exists).

as the left y-derivative
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We can show that the updating rule (4.29) always improves in terms of the value function.

Theorem 4.5 (Policy improvement). Assume Assumptions 4.1-4.3 hold and g is updated
according to (4.29), it holds that

(4.30) VA (@,y) > VM, ),
where Vg)‘, Vg’\ are value functions associated with policies £9,€9, see (4.12).
Proof. First of all, VgA € C? (5 (g)) according to Theorem 4.4. Therefore, by the design of the

algorithm, g satisfies the conditions in Assumption 4.3. Hence Theorem 4.4 also applies to g.

Denote Y;y’sg as the process under control &9, with § defined in (4.29). Fix the initial
condition (z,y) and take R > 0. Set 7z := inf{t > 0 : X/ > R}. Similar to the proof of
Theorem 4.21, apply Ito’s formula in the weak version to Vg)‘ (see [23, Chapter 8, Section
VIII.4, Theorem 4.1] and |11, Theorem 4.2]) up to the stopping time 75 A T' for some 7' > 0.
We then obtain

E[e”’(TRAT)VgA( TRAT T?ingT)}
TRAT . .
— V@,y) +E| / LV YEE) = gV (XE YRS )t
TRAT ’ L
B[ [ oo v v

FE[ S e (A ) - o,y o v avpe )|

0<t<TprAT
— A
=V (w,y)—E[/O
TRNAT ) g
—i—E[/O e Pt ay%A(vaﬂ%g )d(yvE )gont}

B[ 3 oA )]

0<t<TRAT
TRNAT - - ~
> Ve —B[ [ e ((mOr) - o) = g (v2) ]

with the notations AVA(XE, Y€)= VAXE, v#¢') — VAXE, V2¢) and AV = v’ —

Yfﬁgg. The second equation holds because

TRAT

et ( (W(ng) _ p/i) Y2 AvPE log (Y;/’@) ) dt}

TRAT
B[ [ e (Loulxp ) - pvxe v i
0

- [ e o v (1) ]

as pure jump could only possibly happen at time 0, &9 keeps (th,Yty’Eg) within £(g) for
t > 0 and the fact (4.19). The last inequality holds by the design of (4.29). In particular, for
(z,y) € S(g) NE(g),

Byvgk(x,y) = 8yvgk(gfl(y)’ ) +/ y )8$ngA(u,y)du <0,
9y

and
AVMXE YY) = VXX YY) - VA YY)
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INV A _
_ / 0,V (XZ, VP 4 u)du > 0,
0

as AV <.

When taking limits as R — oo we have 1 AT — T, P-a.s. By standard properties of
Brownian motion it is easy to prove that the integral terms in the last expression on the right-
hand side of (4.28) are uniformly bounded in L?(£2, P), hence uniformly integrable. Moreover,
VgA (taking the form as in (4.21)) has sublinear growth by straightforward calculation. Then
we also take limits as T"— oo and it follows that

A A
Va(z,y) > V' (x,y).
O

Repeat the updating procedure (4.29) iteratively, we have the general heuristic described
in Algorithm 1. The idea is that we start with an initial go(z) that has a sufficiently large
exploration region £(go) (i.e., Assumption 4.6). Then in each iteration k, we update g function
“downwards” into £(gi) according to the Hessian information (c¢f. line 3 of Algorithm 1), in
which uy, has a better regularity (cf. line 3 of Algorithm 1). See Figure 4.2.1 for a demonstration.

Algorithm 1 Policy Iteration for Optimal Stopping (PI-OS)

1: Initialize go(z) for = € [0, 00) according to Assumption 4.6.
2: for k=0,1,--- , K —1do
3: Find ug(z,y) a CH(Ry x [0,1]) N C? <5(gk)) solution to the following equations:

(4.31) (Ly —p)u+ (77(:15) - pm)y —Aylogy=0 on &(gk),
(4.32) —uy =0, on S(g).
4: Update the strategy
B max{y* < gi(x) |Ogyur(z,y*) = 0} if Oy, uk(z, gr(z)) <0,
grr1(r) =
gr+1(x) = gr(z) 0.W.

5. end for

This iterative scheme is inspired by [35] for a one-dimensional singular control problem. How-
ever, the convergence result in that work requires a second-order condition to hold throughout
the entire iteration process, which is difficult to verify.

Y

FI1GURE 1. Demonstration of the Policy Iteration Algorithm.
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In addition to the policy improvement result in Proposition 4.5, we provide the following
policy convergence result under additional conditions on the initialization.

Assumption 4.6 (Initial policy). Assume the initial policy go satisfies the following condi-
tions:

(a) g0 € C’l([O,i’g(’L]p) is strictly increasing on [0, Z 4],
(b) g0(0) = e (%), and
() —a—(r+ 2log(go(®)) + ) + ar Hy(w) — Hy(w) - 2 0 on [0, dy,).

Note that (c) implies that z4, < g, .

Remark 4.7 (Justification of Assumption 4.6). Assumption 4.6-(a) is easy to satisfy and
Assumption 4.6-(c) requires £(go) to be sufficiently large so that E(go) 2 E(gx) . Assumption
4.6-(b) seems to be the most restrictive one, as it requires the knowledge of gx(0) = exp(—(1+
52)). In the model-free setting (such as in Section 4.2.2) and when gx(0) is not available, the
following algorithm can be applied to learn gx(0) at a fast convergence rate.

Algorithm 2 Learning initial value go(0)

1: Initialize yo € (0,1), ¢o > 0 and {n;}i>1.

2: fori=1,---, do

3: Acquire the value functions uf = JNO0,y; +&;€ = 0) and u; = JMNO,y; — i€ = 0),
with ; = min{y;, 1 — y;, co/i}.

4: Update y; using the following zeroth order gradient descent with a two-point estimator:
+ -
U —u.
(4.33) Yit1 = Yi — Th‘lTil
5: end for

We know that JN0,y;& = 0) = —ky — % logy is convex in y with the minimizer taking
value y* = e~ T30 When the functional form (hence the minimizer) is unknown to the
decision-maker, Algorithm 2 converges linearly to the minimizer |18 when taking n; = % with
some 11 > 0. Mathematically,

(4.34) lyi —y** ~ O(8"),

for some 6 € (0,1) depending on model parameters.

Remark 4.8 (Examples that satisfy Assumption 4.6). Assumption 4.6 is easy to satisfy and
we provide two examples under the special case m(x) = x¥ with 0 < @ < 1: one is linear

iniatialization and the other one is exponential initialization. For linear initialization, we can
take

—a (k=+ 2
(4.35) go(x) = min {G(HXP) +2(1 — e~ 1+30)) <C(0(—Zp))>9x’ 1} ,

o , —(1452) | (o= (mt3)\
which interpolates (xo,yo) and (x1,y1) with xyg =0, yo =€ Moxp =g (7”) and

C0—a_)
y1 = 1.

For exponential initialization, we can take

(4.36) go(x) = min {GXP (pC(C__Of;\)(w)C - g(l-@ + 2)),1} ,
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for some ¢ € (0,1). This is inspired by the form of (4.5) that under 7(x) = z°

or(%) = min {exp (PC(G_Oi)\)(:v)e ) g(/ﬁ}—f— 2)>71}‘

Theorem 4.9 (Policy convergence). Assume Assumptions 4.1 and 4.6 hold. Then we have
the following results

(4.37) lim g = ga,
k—o00
(4.38) Jim V) =Va.

with gy defined in (4.5). In particular, we have g is is strictly increasing on [0,Z4,] and

gr. € CY([0,2,,]) for all k € N;.

Note that the monotonicity and smoothness of the boundary g ensures the existence and
uniqueness of the solution to (4.31)-(4.32), which coincides with the value function under
policy &y, (see Theorem 4.4).

Remark 4.10. [t is worth noting that Theorem 4.9 presents the first policy improvement result
for RL algorithms related to free boundary problems. Fxisting literature primarily focuses on
the development of continuous-time reqular controls. Compared to policy improvement, showing
policy convergence remains significantly more challenging, even for regular controls. To the
best of our knowledge, the only results on policy convergence for reqular controls are found in
[3, 30, 40, 60], and all of these results are technically intricate.

Proof. Step 1. By the construction of the sequence in Algorithm 1, we have 0 < gr4+1 < g1 < 9o
for all £ € N. Hence, by monotone convergence theorem, there exists a limit g > 0 such that

(4.39) g(x) == lim gg(z).
k—o0
The main goal is to show that g(z) = gx(z) for x € R,..

Step 2. Recall Vgi (x,y) as the value function associated with strategy &% . We use induction
to prove the following iteratively:

(a) g is is strictly increasing on [0, Zg,],

(b) gx(0)=¢=0+3) for k e Ny,

(c) —a_(k+ % log(gx(z)) + %) +a_Hq(x)— H(x) -2 > 0for z € 0, Z,,], namely, gi > g

on [0, Zg,],

(d) 9pyur(z, gr(x)) <0 for x € [0, &g, ].

(e) gr € C'([0,g,]),
The conditions (a)-(c), (e) hold for k = 0 by the design of the initial reflection boundary g
(see Assumption 4.6). Therefore, Theorems 4.4 and 4.5 apply to go. Hence we have ug(z,y) =

. r42 log(u)+2 —Hr (g5 ' (u)) .
Ao(y)z* + Hy(x)y — Ky — %ylog y, with Ag(y) = glf)(o) L g(ggl(pu))“— % du. Combined

with condition (c), we have for z € [0, Z,,],

Oyl 0(0) = = (i-+ > log(gn(a) + 5 — Ho(o) + Hio) 0.

Therefore condition (d) holds.
Assume the above property holds for k. Then by Theorem 4.4, the following HJB equation

(4.40) (Ly—p)u+ <7T(x) — pn)y —Aylogy=0 on &(gk),
(4.41) —uy =0, on S(gx).
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has a unique C* (R4 x [0,1]) N C? (8(gk)> solution, which we denoted as wuy. Also, Vg);\c (x,y) =
ug(z,y). Then for y < gi(z) the value function uy satisfies the form:

A
(4.42) ug(x,y) = Ap(y)z* + Hp(x)y — Ky — ;ylog Y,

with

(4.43)

v K+ 2log(u) + 2 — He(g; ' (u
auy = [ SR A (),
9x(0)

(g5 (u))o-

In this region, we also have,

Oyup(x,y) = Ap(y)z® + Helx) =k - 2 - 210g(y)
T (e Mosya D —Ho (g D k-2
= (gkl(y)a_< + ooyt 7= Halgy (y))>+H7r( )=k =2 = losly)
2 — (g ()~ (H RS
(9" (y)o- p %Y
A - _
+ = Hn(@)) + o (Hn@) — Bl )
and
Opour(z,y) = a— Ay(y)z®=~" + Hy()
_ a—wa_il K é o é_ -1 ! x
= e (e S lowy D= Helgl ) + Hio)

In the kth iteration there are two scenarios for each point (o, gx(0)): O, ux (w0, gr(20)) = 0
or 9y uk (o, gr(wo)) < 0. When 0 uk(zo, gk(z0)) = 0, we have gr1(0) = gr(zo). There-
fore, for both scenarios, 0, uk(v,y) = 0 leads to y = grt1(x), or equivalently, we solve
Y = gr+1(z) < gr(z) from O, ug (2, gk41(z)) = 0. Then we have

_x® A A
0 = —— (1 + 2 108(ges1(2) + = = Halg (91:1(x))) ) — Hela) @
(9 (gear(@))2= N p p ’ i

(4.44) < —a_ (/1 + 2log(gk+1(:c)) + 2 - Hw(x)> — H.(x) z.

The last inequality holds since for y > g (z),

k+310g(y) + 5 — Helg '(gk1(@))) _ k+ Flog(y) + § — Hr(a)

(4.45)

9% (grr (@)= a T
Equation (4.45) holds since g; ' (gx+1(7)) < x and
5 (Et 2log(y) + 2 — Hax(x)
z -
—H! (z)z% —a_ (k + %log(y) + % - Hﬂ(as)>za*_1
(4.46) = > 0.

And finally (4.46) holds for y > gy(z).
Hence (4.44) suggests that (c) is satisfied in the k + 1 iteration.
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Next we show that g.1(0) = e~(1*X). For any points 2 such that (c) holds with equality

sign in the kth iteration, namely,

—a_ Hy(zo)+H: (x0)zo by
B — —(k+2))p
9k(20) = exp 3 ,

it holds that Oyuy (w0, gk(z0)) = 0 by simple calculation. Hence it holds that gpy1(xo) =
gk (o). Take xg = 0, we have gi1+1(0) = gr(0) = e~ (130,

We now show condition (a) by contradiction. Suppose there exists 0 < z1 < xo such that
U = gk+1(x1) = gr+1(x2). Then we have

0 = z10pyup(x1, ) — 220z ur(22,7)
= Q;g;_@+Zbg@+2—HM%W®D+HMmM1
(;(y) (54 2108(3) + 5 — Hlg (7)) — ()
(47) = “‘((fl S (w2 ton(s) 42— Hola @) + Hylon)on — Hia)a

Note that 27~ > x5~ due to the facts that 1 < 22 and a— < 0. In addition, we have
x1H] (21) < xoH(x2) as xn’(z) is strictly increasing according to Assumption 4.1. Hence we
get a contradiction to (4.47). This suggests that g1 is either strictly increasing or decreasing.
Given that 0 < g) < gr41 on [0, 2y, ], then gpy1 must be strictly increasing.

(d) holds since, according to (c)

Oyt (,901(0) = = (4 2 og(guan () + 5 = Holo) + Hio) 0.

Finally, given that u;, € C? (5(gk)), Ozyur (2, gry1(x)) = 0forx € [0, 2y, ] and (2, gry1(z)) €

E(gr), we have gi1 € C*([0,2q,.,,]). Hence we have (e) holds.
Step 3. We study the property of the limiting function g > gy as gr > gy for all kK € N.
According to Step 2, (a)-(e) holds iteratively. Therefore it holds for all £k € N that
_ail,a,

) T e @

(w+ 210g<gk+1<x>> T 2 — Helg gr11(2))) ) — Ho) o = 0.

For each = € Ry fixed, we have limy_, gk_l(gkﬂ(x)) = x hold. Combined with (4.48), we
have

0 = —a_ </€ + 2log(§(x)) + 2 - Hw(x)) — H.(z) .

Therefore, g = gy for z € [0,24,]. Hence (4.37) holds.
In addition, according to Step 2, for (z,y) € £(gk), we have uy, follows (4.42) with Ay, defined
in (4.42). As gy converges to g, uniformly, we have Ay converges to A, which is defined in

(4.25). Hence uy, converges to u” in £(g*). Hence uy, = Vq’,\c converges to u = V> on R, x [0, 1].
Finally, (4.38) holds. O

4.2.2. Model-free implementation. When the model parameters are unknown, we are not able
to calculate the solution uy of (4.31)-(4.32). In this case, we need to approximate the value
function by acquiring instantaneous rewards along multiple trajectories and take the average
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(see lines 7-9 in Algorithm 3). This is referred to as the Policy Evaluation in the RL literature

53, 58].

Algorithm 3 Policy Iteration and Policy Evaluation for Optimal Stopping (PIPE-OS)

1: Initialize go(x) according to Assumption 4.6. Specify a grid size ¢, for partitioning the -
axis and a grid size J, for partitioning the y-axis. Also, specify an upper bound z := INJ.

2: for k=0,1,--- , K —1do

3 for z € {0,04,205,-- ,Néy} and y € {0, 6y, 20,,---,|1/d,]} do

4: form=1,---,M do

5: Simulate the m-th path (X ) Y (m):9:£%) under policy €% (defined in (4.12))

6: > ind(?p;t-ndent randomness across paths

7 m

Calculate the instantaneous value function u, ' (z,y):

(4.49)u§€m) (v,y) = / efpt(<7T(Xt(m)’x) — pl‘é) Yt(m)’y’ggk — /\Y;(m)’y’égk log(Yt(m)’y’ggk)>dt
0

8: end for

: o St w (@)
9: Calculate the approximated value function u(z,y) = ===t3k——=
10: Update the strategy

B max{y* < gr(x) |Opyur(z,y*) = 0} if 0, uk(z, gr(z)) <0,
Gr+1(z) =
gr+1(x) = gr(z) 0.W.

11: end for
12: end for

Notably, we do not directly estimate model parameters in Algorithm 3, which enhances
robustness against model misspecification and environmental shifts [1, 19, 23].

4.2.3. Numerical performance. We test the performance of Algorithm 3 on a few examples.
In the experiment, we set u = 0.2, 0 = 0.2, p = 0.5, k = 5, and f = 0.5 (assumed to be
unknown to the learner).

20
1.0 nitialization 7
1st iteration
0.8 =~ —— 10th iteration 15
— trueg
0.6 S
- o 1.0
—~
0.4 =
0.5
0.2
0.0 0.0
0 1 2 3 4 5 2 4 6 8 10
X iteration

FIGURE 2. Exponential initialization. Left: Ground-truth and learned g func-
tion in selected iterations . Right: Convergence to the ground truth in L; norm

We evaluate the performance of the algorithm using two different initial policies: one with
exponential initialization and the other with linear initialization (see Remark 4.8). As shown
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in Figure 2, Algorithm 3 converges within 10 outer iterations when using exponential initial-
ization, highlighting its effectiveness. In addition, it takes approximately 20 outer iterations for
the algorithm to converge with linear initialization (see Figure 3). This suggests that learning
the boundary is more challenging when z is smaller.

1.0
25

0.8
/ 20

— initialization
0.6 true g 515
> / — 1stiteration g ’
04 /. —— 10th iteration <
/ —— 20th iteration 1.0
0.2 05
0.0 0.0
0 1 2 3 4 5 5 10 15 20
X iteration

FIGURE 3. Linear initialization. Left: Ground-truth and learned ¢ function in
selected iterations . Right: Convergence to the ground truth in L; norm .

APPENDIX A. PROOF OF LEMMA 2.3

Setting V := V — @, by Ito’s formula, problem (2.1) reduces to the OS problem V(m) =
sup, e E[ [o e P%(X[)dt], for which the value function V' is the unique Wﬁ)’f(R)—a.e. solution
to the HJB variational inequality (see. e.g., Section 5.2 in [17])

(A1) max { (L; — p)V +#, -V} =0.

By Theorem 2.3.5 in [39], the minimal stopping time 7* is the first hitting time to the re-
gion S = {V = 0}. Also, since 7 is increasing, Vs nondecreasing so that S is a closed
interval (possibly empty). If S is empty, then 7% = oo is the unique optimal stopping time,
by minimality of 7*. On the contrary, if S is nonempty, then we can find z* € R such that
S = {V = 0} = (—o0,z*]. Notice moreover that necessarily we have z* < Z, as otherwise
we would have (£, — p)V + % = # > 0 in the interval (Z,2*), thus contradicting the HJB
equation. In other words,

(A.2) (Ly —p)V +7=7%<0in (—o0,z] and (L, — p)V + 7 < 0, a.e. in R.

Next, assume by contradiction that there exists another optimal stopping time 7. By min-
imality of 7" we have 7* < 7. Moreover, by the martingale optimality principle (see e.g.
Theorem 2.2 at p. 29 in [16]), the process M = (M;); defined by

tAT
My = e PNV (XE ) +/ e PPr(X7)ds,
0
is an F"-martingale and, using It0’s formula (thanks to the regularity of V) we have
tAT
E[M] :=V(z) + E[/ e P ((Ly — p)V + 7)(XT)ds]|.
0

Notice that, since o2(z) > ¢ > 0, after the time 7* the Brownian motion pushes the state X7
in the region (—oo,z*) with probability 1. Thus, by (A.2) and the characterization of 7* we
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have
E[M,] = V(x) + E[ /0 (Lo — )V 4+ 7) (Xg)ds]

=V(z)+E [11 (ror) /T e P ((Ly — p)V +7) (Xf)ds} < V(z) = E[Mo),

where the last inequality follows from assuming that the event 7 > 7* has positive probability.
This contradicts the fact that M is a martingale, and thus show that the optimal stopping
time 7* is unique.

APPENDIX B. PROOF OF THE AUXILIARY ESTIMATES

We prove each of the estimate (3.5)—(3.10) separately.
Proof of (3.5). Noticing that |z|(1 + |z|) < 3(1 + |z[?), we have

zb(x) + q;21|a(x)]2 < <2L +(q— 1)L2> (1+]2)%).

Hence, the estimate (3.5) follows from Theorem 4.1 at p. 60 in [11].

Proof of (3.6). We adopt the rationals in the proof of Theorem 4.1 at p. 60 in [11]. Set
Ay := X[ — X}, For any € > 0, using Itd’s formula together with elementary estimates, we
0

find
<5+]At12)%
=(e+|z—x|2)g+q/0t(€+mtl)2A*( (X7) = o (X{) AW,
b / e+ 1af) o 600 -0
1 / S IAP) T (At (0 (XF) — o ()
(B.1) +g/0 (e 1807) ™ o (x7) — o (0 P
S(e+|vc—:cl2)g+‘1/t(”’At|2 N

)
+q/0t(s+At| ) [A* (b (XF) - b(X5)) + £
)

q t
<(etlo-aP)ieq [ (c+iaf
0

qg—1 _» t o\ ¢
ta|L+ -1 (e 4 |A]*)? dt.
0
Taking expectations and using Gronwall inequality, we obtain
E[(e+1a%)%] < (e 417 — af?) ? e+ 72,

which completes the proof sending € — 0.
Proof of (3.7). Set

X, =06XT+(1—-6)XF, XP:=x0t0=0r p o X, - X7,

by := b (X)) + (1 =08)b(XF), 61:=260(X])+(1—0)o(X]).
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By Itd’s formula, with elementary estimates we obtain

() =t a [ (o) = i (b0 (¢)) a4 (50 o (E) ) awy
a5 [ () T [ri (oo (x0)) et
t [ () oo (58
v [ (e i)™ oi (-0 (8)) + 45

q—2

+q/0t (e + 1) 7 17 (60— o (x7)) ami

N

<e

Gi—0 (Xf) ﬂ dt

Using the properties of b and ¢ in Condition 1 in Assumption 3.1, we continue with

(s+|rty2)%
gaé’+q/ (a+\rt ) (&t—a<Xf>>th
v [ (e im?) T [ri (o () <o (x0)) + (a0 () o (x2) ] a
+q/t €+|Ft [ b — b Xt>) (q—l)‘&t—a@%t)ﬂ at
g53+q/ (s+\rt ) <at—a(Xf)>th

t
+q/ (e+|rty) 3 (L+ (q—1)L%) |Ty* dt
0
a=2

t 2 2 T 2
+q/ <£+|Ft| ) (|r:]5(1—5)L\Xf—Xf\
0

+(q—1)0%(1 — 8)°L% | X7 — Xfy4)dt.
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Next, since yy < %(y2 + ¢?), after rearranging some of the terms we arrive at the expression

q—2

q t q=2
<€+]Ftl2>2 gg%+q/ (5+]Ft]2) e (&t—a(Xf))th
0

q—2

t q=2
+q/ (5+|Ft|2> P (LA (g—1)L%) Ty at
0
va [ (o)™ (% (4020 - o2 |x - xil')
0 9 t t
+(q—1)L252(1—5)2\Xf—xg\4>dt
t 9=2
gg%+q/0 (e+yrt12) e (Kn—a(Xf))th
q—2

+ q/ot <8+ |F,5|2)T [(gL + (¢ — 1)L2> T2

L T z|4
+6%(1 —6)? <2 + (g — 1)L2> | X7 — X7 ]dt.

q

Next, using Young inequality with exponent 72

and its conjugate Z, we obtain

(mrﬁ)g
<ch 4 q/Ot (€+ yrtﬁ)q; I (&t _p (Xf)) AW,
3 5\ [* 2\ 4
+q<2L+(q—1)L>/O <€+|Ft!> d

(B.2) +0%(1—-6)%q (g +(q— 1)L2) /Ot (‘1;2 (g + \rtﬁ)% + z | X7 - Xf\Qq) dt

<chaa [ (4 0P) 7w (o0 o (x2)) awe
q
2

+((2¢ — 1)L +2(q — 1)°L?) /t (s - |rt|2) dt
0

o,

t
+6%(1—-0)* (L+2(¢g—1)L?) / | X7 — X, at.
0
Taking expectations and using Gronwall, (3.6) implies that

E [(5 + ‘Ft|2> 2} < (6% +C6%(1—0)%|z — x’2q€2q(L+%L2)t) e((qul)LJrQ(qfl)zLQ)t’

which in turn gives (3.7) by sending € — 0.
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Proof of (3.8). First, by Ito’s formula we have
q
o (14 1xEP)?
q ¢ -1
(o)t g e (14 1x7R) T () (X aw
0
t ! (xXp)"
+ e‘ﬂt1+Xf”22[ +< 5b(X?
[ (reixer)* | = o+ Hm()

2 o 532
( ) +ijy(t))| +;1|+()|(X?2>]dt

q

t q_
<Py g [ e (14 X)) ()
0
t q
+C/ e Pt <1+\Xf\2>2dt.
0

Next, for 7 € T and T > 0, Burkholder-Davis-Gundy inequality gives

. T a
] < (1+Jz?)? +0/ e P'E {(1+|ng|2)2] dt
0

T 2\ 972 2 2 :
+CE </O 2 (14 1X7 ) IXEP o (X7) dt)

q
E| sup e ” (1 + \Xf|2) :
t<rtAT

Thus, using (3.5) and Jensen inequality we find

q
E | sup e ” (1 + |Xt“3|2> ?

t<tAT

<C(1+ 2|9+ C(1+ qu>/ Préola)t gy
0
1

oo q 2
+C </ e | (14| X7 dt>
| ()]
- !
<C(1+]z%) +C(L+|z|%) </ e(_2p+c°(2q))tdt>
0
SO+ 27,
where the finiteness of the integrals follows from the conditions p > ¢éy(q) and 2p > é(2q)

and the particular choice of ¢ in (3.8) (which are part of Condition 4 in Assumption 3.1). The
estimate (3.8) follows taking limits as 7" — oo and using the dominated convergence theorem.

Proof of (3.9). With the notation A; := X} — X7, similarly to (B.1) we find

q _ t q
(e+|At\2)2s(e+|f—x|2)%+ (—p+q<L+q21L2>>/ e (5+]At| >2d
0

—i—q/te f’t(s+\A|> = A (o (XP) — o (XT)) AW,
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For 7 € T and T > 0, by using Burkholder-Davis-Gundy inequality and Jensen inequality,
thanks to (3.6) we obtain

q
E | sup <8+|At\2)2

T
<Cleh 117 — 2] + c/ ePE[|A,]7) dt
t<tAT 0

T 3
+C ( / e 2R [|A ] dt)
0
<C <53 g — ot <1 L / °° (e 1 o(-ara@n) dt))
0

<C (6% + |z — x\q> ,

where the finiteness of the integrals follows from the conditions p > ¢1(q) and 2p > ¢ (2¢) and
the choice of ¢ in (3.9) (which are part of Condition 4 in Assumption 3.1).

From the latter estimate, take limits as ¢ —+ 0 and T' — co and use monotone convergence
theorem to derive (3.9).

Proof of (3.10). With the same notations as in the proof of (3.7) above, by repeating the steps
leading to (B.2), we find

q
2

t q t
ot (s + ]Ft]2> <ef ot C/ et <5 + \rt|2> 2 dt + 0821 — 5)2/ e P |XF — X7 dt
0

0
q=2

+q/0te—f’t (»3+|Ft|2)q2 I <5t—a(xf)>dwt

Hence, for 7 € 7 and T > 0, by using Burkholder-Davis-Gundy inequality and Jensen in-
equality, thanks to (3.6) and (3.7) we get

g9
E{ sup e ¥t (E + |Ft]2> ’ }
t<tAT

T
gcs%+c/ e P'E[|T,|9] dt
0

T
+ 05 (1 - 5)2/ B [|XF - X7 [ at
0

r —2pt 2) 972 2|4 5 2 %
+C / e~ (e+yrty ) ITy| ’Ut—a<Xt>’ dat) .
0
To estimate the last term in the right-hand side, we first use the regularity of o to obtain
T -2 2
/ =2 [(5 + |Ft|2>q T2 ‘a—t g (Xf)‘ ] at
0
T o 2\ 7! >\ |2 o 5\ |2
<o [ e (o) (oo ()] + o (%) - (x2)[) |
0

T -1 . 4
< c/ e 2R [(5 n \rt|2)q <52(1 —5)? ‘Xt - Xf‘ n |rt|2>] dt,
0
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and then employ Young inequality with exponent q%’l and its conjugate g to conclude that

T 2\972 1 2 5\|?
/ "2 [(e—k Ty | ) Ty | ’&t . (Xt)‘ ] at
0
g T 2 2 o [T o 5|19
§c<52 +/ e 2 [|rt| ‘1} dt + 82(1 — §) / e “XtXt‘ } dt) .
0 0
By plugging the latter inequality into (B.3), and then using (3.6) and (3.7), we find

q
sup e ¥ (6 + \Ft|2> 2]

t<tAT

E

T T
<cC <a% +/ e P'E[|T|7) dt + §%(1 —5)2/ B [|X7 - X7 [ at
0 0

q T 2 T ~ 5 4q %
+<52+/ e~ [|rt| ‘1} dt+62(1—5)2/ e UXf‘Xt‘ }dt)
0 0

<C (53 +6%(1—6)%|z — x| /Oo (e(‘f’+é2(q))t + e<‘f’+él(2q))t) dt
0

1
+ (53 +6%(1 - 6)2|z — 2| / (el-2rteaant o o(2rtartaat) dt) ) '
0

Finally, by sending ¢ — 0, we conclude that

E | sup e P |Ty|?

t<rtAT

<C6(1—6)|z — /OO (e(*’”@(q”t + e(*”@l(?q))t) dt
0

1
+C5(1 - 6)|z — =™ (/ (e(_Q"*éQ(Qq))t + e(_2p+él(4q))t> dt) ’
0
<C8(1 - 68|z — =%,

where the finiteness of the integrals follows from taking ¢ = 2 and from the conditions p >
¢1(4q) and 2p > ¢2(2q) (which are part of Condition 4 in Assumption 3.1). The estimate (3.9)
follows taking limits as 7" — oo and using the dominated convergence theorem.
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