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Abstract

We study a set of optimal stopping problems arising from three branches
from within the field of Behavioural Finance. We first consider a problem of an
investor having S-shaped reference-dependent preferences who wishes to liquidate a
divisible asset position at times of their choosing. We prove that it may be optimal
for the investor to partially liquidate the asset at distinct price thresholds above the
reference level rather than liquidate all the position in one block sale.

In the second part of our study we consider problems describing the behaviour
of an investor who experiences realisation utility whenever they realise gains or losses
after liquidating an asset. We build upon the work of |Barberis and Xiong [2012] and
propose two problems, which we solve by applying the methodology of Dayanik and
Karatzas|[2003]. The first part considers an agent whose preferences are described by
the classical Cumulative Prospect Theory S-shaped Utility proposed by Tversky and
Kahneman! [1992]. The second problem extends upon the first, and we propose a new
utility function under which the agent does not only compare their gains relative to
the reference level linearly but also proportionally. As part of the solutions presented
for these two problems, we provide explicit conditions differentiating between the
optimal strategies arising under different parameter cases.

In the final part of our study, we consider models of optimal stopping with
regret. We provide a continuous time re-formulation and extension to the dynamic
model presented in Strack and Viefers [2015]. This model describes an agent whose
preference structure incorporates a Regret term, where Regret is defined in the

context of the work of Loomes and Sugden| [1982].
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Chapter 1

Introduction

Expected utility Theory remains a very common hypothesis when studying investor
preferences. Whilst this hypothesis is at the basis of some prominent works in the
field of Mathematical Finance, it is very well known that this theory fails to explain
various behavioral phenomena which are observable when one considers real world
data. Various theories have been proposed in recent decades with the motivation
of explaining some of these behavioral anomalies. Our work in this thesis considers
problems motivated by ideas proposed in two such theories; specifically Prospect
Theory and Regret Theory. The problems we study as part of our work take the
form of optimal stopping problems; where the aim is to find an optimal time to
maximise an expected reward or minimise an expected cost. Such problems are well
studied in the literature and there are various methods of solution which can be
applied, depending on the problem. [Peskir and Shiryaev| [2006] brings together a
number of these classical approaches previously described in literature.

The stochastic process at the base of each of the problems we consider is a
one-dimensional time-homogeneous diffusion. In view of this, our solution approach
for the problems described in Chapters [3| and {4 follows the methodology outlined
in |Dayanik and Karatzas| [2003]. This approach extends the ideas of [Dynkin and
Yushkevich| [1969] for solving optimal stopping problems driven by a Brownian Mo-
tion to cover the case of one-dimensional diffusion processes. The value of this
solution method is predominantly the fact that the solution can be explained and
derived geometrically in terms of concave majorants. An overview of the work pre-
sented in Dayanik and Karatzas [2003] is outlined in Chapter

In Chapter [3] we consider the problem of an investor with S-shaped reference-
dependent preferences who wants to sell a divisible asset at times of their choosing in

the future. Utility is derived from gains and losses relative to a reference level. Our



main finding in this chapter is that under a certain model specification; specifically
the assumptions considered by Kyle et al. [2006], the investor’s optimal strategy
takes the form of partial sales at different time points. This result is derived by
applying a result discussed at the start of the chapter which allows for a multiple
optimal stopping problem to be viewed as a sequence of standard optimal stopping
problems. A version of the work presented in Chapter [3| has been published in the
journal of Finance and Stochastics (see Henderson and Muscat| [2020]).

Reference dependent preferences are also at the basis of the problems con-
sidered in Chapter 4l In this chapter we extend upon the framework first described
in Barberis and Xiong| [2012], where they propose the concept of Realisation Utility.
This concept stems from the observation that investors do not solely derive utility
from consumption or final wealth but also from the act of realising gains and losses
when selling assets, where the amount of utility derived depends on the magnitude
of the realised gain or loss. The model proposed by Barberis and Xiong| [2012] con-
siders an investor who invests all their wealth in a risky asset whose price dynamics
are modelled by a Geometric Brownian Motion. The investor’s objective is to decide
when to sell the underlying, thus receiving realisation utility at the moment of sale.
The agent then instantaneously re-invests all the proceeds after transaction costs in
a risky asset with price dynamics equivalent to the asset they invested in a priori,
thus essentially restarting the game. Whilst Barberis and Xiong [2012] assume that
the investor’s underlying S-shaped utility function to be a piecewise linear func-
tion, in Section [£.2] we consider a similar problem as the one discussed above for
an investor whose preferences are described by the classical Cumulative Prospect
Theory S-shaped Utility proposed in | Tversky and Kahneman| [1992]. In Section
we propose a new extension of the model described in Section A new utility
function is proposed in which gains and losses are compared to the reference level
not only linearly but also proportionally. This utility was inspired by the structure
of the optimal strategy obtained in Section 4.2

Finally, in Chapter [5| we present a continuous time model inspired by the
framework discussed in|Strack and Viefers|[2015]. The problem we consider describes
an optimal liquidation problem for an investor whose preferences incorporate a regret
term. Regret is formulated as a penalisation to the agent’s utility which depends on
the ex-post maximum of the risky asset’s price process. In solving the arising optimal
stopping problem, We adopt a different solution approach than that considered in
Chapters [3] and @] We start by proposing the structure of the optimal stopping
time, inspired by the solution in discrete time and then verify the optimality of this

stopping time.



For each of the chapters mentioned above, a review of the relevant literature
is first discussed. A concise formulation of the problem is then described and the

solution is then presented and analysed.



Chapter 2

Optimal Stopping for

One-Dimensional Diffusions

2.1 Introduction

In this chapter we will review the methodology in [Dayanik and Karatzas [2003] for
solving optimal stopping problems for one dimensional diffusion processes. [Dayanik
and Karatzas| [2003] characterize the value function geometrically in terms of concave
majorants of an aptly defined transformation of the corresponding reward function.

This characterization of the value function is primarily due to |[Dynkin and
Yushkevich| [1969] where a framework is discussed to solve optimal stopping problems
where the underlying process is a Brownian Motion. This work is extended by
Dayanik and Karatzas| [2003] to cover one-dimensional regular diffusion processes.

The connection between one-dimensional regular diffusions and a Brownian
Motion through the diffusion’s scale function is standard. This equivalence is in
fact used by Dayanik and Karatzas [2003] to provide an alternative characterisation
of the value function to the well-known one in terms of excessive (or harmonic)
functions. This is then used to determine the value function in terms of a non-
negative concave majorant of an aptly defined function. This result is very useful
since concave-majorants are in general, geometrically easy to find.

Given that our work will consist of optimal stopping problems which are
discounted, we will omit the authors’ discussion of non-discounted problems. How-
ever we will briefly discuss how every discounted optimal stopping problem of a
one-dimensional diffusion process can be re-formulated in terms of a non-discounted
optimal stopping problem in terms of a Brownian Motion.

This approach is different from the Boundary-Value approach discussed in



detail in Peskir and Shiryaev| [2006], where the value function is characterised as a

solution to a system of differential equations.

2.2 Set-up and Some Important Results

Consider a complete probability space (€2, F, P) supporting a Brownian Motion (W, :
t > 0), and consider a one dimensional diffusion process X with state space Z C R
and dynamics:

dX; = p(Xy)dt + o(Xy)dWy (2.1)

for some Borel functions g : Z — R and o : T — R*. We assume that Z is an
interval with endpoints —oo < a < b < 400, and that (2.1) satisfies Xp = x and has
a weak solution which is unique in the sense of the probability law. As discussed in

Dayanik and Karatzas| [2003], this is guaranteed if p(-) and o(-) satisfy:

1
/ +2|u(y)! dy < 0o
(z—exte) O (y)

for some € > 0, at every x € int(Z). The existence of a weak solution to the SDE
in guarantees that X is regular in (a,b); that is, given any =, y € Z, X hits y
with positive probability when starting at x.

Let F = (F;)i>0 denote the natural filtration of X, p € R* be a constant
and let h(-) be a Borel function such that E;[e™?"h(X;)] is well-defined for every F-
stopping time 7 and x € F. We will refer to the function h(-) as the reward function
and p > 0 as the discount factor. By convention we let f(X,(w)) = 0 over the set
{T = oo}, for any Borel function f.

In this chapter we provide an overview of the approach studied in [Dayanik
and Karatzas| [2003] for solving optimal stopping problems of one-dimensional reg-

ular diffusions of the form:

V(z) =supE, [e*"’Th(XT)], xel (2.2)
TES

where S is the class of all F-measurable stopping times. The function V'(-)
is referred to as the value function. We start by giving some important results and
definitions and then discuss a general framework to solve in Sections and
2.9.2)

Let H, = inf{t > 0 : X; = r} be the first hitting time of a level r € T by
X. The regularity property of X has a few important consequences. Firstly, given
D = (l,r) C Z, let 7p be the first exit time of X from D. If z ¢ D, then 7p = 0



P,-almost surely. If x € D, then 7p = H; A H, P,-almost surely. We have the

following two results:

Proposition 2.2.1. If D is bounded, then mp(z) = Ez[rp] is bounded over D. In

particular Tp s a.s. finite.

Proposition 2.2.2. There exists a continuous, strictly increasing function S(-) on
I such that for any l, v, x € T with a <l < x <r <b, we have:

S(x) = S{) S(r) = S(x)

S =50) and P <m)= 577

falrn) = S50

Any other function S with these properties is an affine transformation of S. The

function S is unique in this sense and is called the ”scale function” of X.

The scale function also satisfies AS(-) = 0 where the second-order differential
operator: )

A1) = 50700+ T (=0 overz (23)
is the infinitesimal generator of X. The ordinary differential equation Af = pf has
two linearly independent, positive solutions. These are uniquely determined up to
multiplication by a scalar, if we require one of them to be strictly increasing and the
other strictly decreasing. The increasing solution shall be denoted by v (-) and the
corresponding decreasing solution shall be denoted by ¢(-). The respective boundary
conditions are ¥ (a) = ¢(b) = 0 (See |Borodin and Salminen| [2012] Chapter 2). We
also define the function F(-) by:

()

@ = 5@

(2.4)

for x € Z. Note that F(-) is strictly increasing over Z. Furthermore, note that the
case p = 0; that is the non-discounted case, implies ¢(z) = 1 and F(x) = S(z) =
Y(x) for all z € 7.

In the general theory of optimal stopping, a well known characterisation of
the value function V(-) is given in terms of p-excessive functions of X; that is, the

non-negative functions f(-) satisfying:
f(z) > E.le " f(X,)], VreSVeel

The idea of excessive functions is closely related to the concept of G-Concavity

which is defined as follows; let G : [¢,d] — R be a strictly increasing function. A



real-valued function u is called G-concave on [c,d] if, for any a <[ < r < b and

x € [l,r], we have:
(2.5)

Lastly given the function F(-) defined in (2.4) we provide a definition of F-
differentiability which is essential in the discussion of the smooth-fit principle in

Section

Definition 2.2.1. Let g : [¢,d] — R be any function. Define:

B dtg s g(x) —g(y)
Djig(x) = aF 1;{2 F(z) — F(y)

and
dg .. g(=)—gy)

Pro) =G5 = P~ Fly)

provided that they exist. If D;E exist and are equal, then g(-) is said to be F-

differentiable at x.

2.3 Discounted Optimal Stopping

In this section we will consider Dayanik and Karatzas [2003)’s approach for problems
of the form described in with p > 0. A similar characterisation follows for the
case when p = 0, also described in Dayanik and Karatzas [2003]. We also omit the
proofs of all results outlined in this section as the aim of the section is to serve as a
review of the methodology used in subsequent chapters.

In Section [2.3.1] we start by discussing Dayanik and Karatzas| [2003]’s results
for the problem in when defined over a closed and compact subset of Z. In
Section this is generalised further to cover problems defined over subsets of Z

which have natural boundaries.

2.3.1 Problems defined over a closed and bounded subset of R

Suppose we start the diffusion X defined in (2.1)) in a closed and bounded interval
[c,d] C Z, and stop X as soon as it reaches one of the boundaries ¢ or d. Let the
reward function h : [¢,d] — R be a Borel-measurable, bounded function. In this

section we discuss the general method of solution outlined in [Dayanik and Karatzas



[2003| for the problem:

V(z) =supE, [e*pTh(XT)}, x € [e,d] (2.6)
TES

If h < 0 over [c,d], then trivially V' = 0 and 7" = oco. Hence we shall
assume throughout that sup,c.q h(z) > 0. It is well known in the general optimal
stopping theory, that the value function V(-) is the smallest p-excessive function
dominating h(-) (See [Peskir and Shiryaev| [2006]). Thus in order to characterise
V(-) in terms of a concave majorant of a transformation of h(-), the first natural
step is to characterise p-excessive functions as F'-concave functions. This equivalence
is presented in Proposition below and then used to specify V(-) in terms of

F-concave functions in Proposition [2.3.2

Proposition 2.3.1 (Characterisation of p-excessive functions). For a given function
U :[c,d] — [0,00), the quotient U(-)/p(-) is an F-concave function if and only if U (-)

18 p-excessive.

Proposition 2.3.2 (Characterisation of the Value function). The value function
V(-) of the problem described in (2.6) is the smallest non-negative majorant of h(-)
such that V(-)/¢(-) is F-concave on [c,d].

Proposition fully characterizes the value function V(-) and if non-
negative F-concave majorants of i were geometrically easy to find, this result would
be enough. However this is not the case in general and hence further conditions
are necessary. Note that the definition of F-concavity (see ) implies that the
connection between F-concavity and concavity follows by changing the underlying
space from Z to F(Z). This provides a way of determining V() geometrically, since

concave majorants can be determined easily as seen in Figure [2.1

Proposition 2.3.3. Let W(-) be the smallest non-negative concave majorant of
H := (h/¢)oF~' on [F(c), F(d)], where F~! is the inverse of the strictly increasing
function F(-) defined in (2.4). Then V(z) = ¢(z)W (F(z)), for every z € [c,d].

Note that if i(-) is continuous on [c,d], then V() is also continuous on ¢, d]
since ¢(+), ¢(-) and F(-) are continuous on Z. Furthermore it is worth noting that
since H := (h/¢) o F~! is well defined everywhere over the closed and bounded
set [F'(c), F(d)], the smallest non-negative concave majorant W(:) is well-defined.

Define the stopping region I' and the corresponding stopping time 7* by:

I''={z€le,d:V(z)=h(z)} and T :=inf{t >0: X; €'}



H(y)

YyB Yp Y

Figure 2.1: Stylized representation of the function H(y) described in Proposition as
a function of y = F(z). The corresponding non-negative concave majorant W is
determined by the dashed chord joining H(yp) to H(y ).

The following proposition gives conditions verifying optimality.
Proposition 2.3.4. If h is continuous on [c,d], then T* is an optimal stopping rule.

We have given an outline of the main results discussed in Dayanik and
Karatzas| [2003] for discounted optimal stopping problems of one-dimensional diffu-
sions over sets of the form [c,d] C Z. It is worth noting however that even though
we omit to include non-discounted optimal stopping here, a discounted problem for
one dimensional diffusions can always be re-written as a non-discounted optimal
stopping problem. Consider a standard Brownian Motion B on [F(c), F(d)] and let
W and H be defined as in Proposition It can be shown that in fact we have:

W(y) = jl;%Ey[H(BT)] y € [F(c), F(d)], (2.7)

and if h is continuous over [c,d], then H is also continuous over [F(c), F(d)]. A
similar result to Proposition m gives us that the problem in also has an
optimal stopping time 7* and a corresponding optimal stopping region I. In fact
['={ye[F(c),F(d)]:W(y) = H(y)} giving I = F ().

2.3.2 Problems with Natural boundaries

In this section we provide an overview of how the results in Section [2.3.1] can be ex-

tended to cover problems over subsets (a,b) C Z with natural boundaries. Consider



a reward function h : (a,b) — R which is bounded on every compact subset of (a,b)

and consider the optimal stopping problem:

V(x) =supE, [e_pTh(XT)}, x € (a,b). (2.8)
TES
A similar result as to the one discussed in Proposition [2.3.1] can be proved under

this framework.

Proposition 2.3.5. For a function U : (a,b) — [0,00), U(-)/¢(-) is F-concave on
(a,b), if and only if U(x) > Ey[e P"U(X;)] for every x € (a,b) and T € S.

By moving away from the assumptions of a problem defined over a closed
and bounded set and the boundedness of h, further conditions that establish the
well-posedness of V(-) are required. These are given in Proposition

Proposition 2.3.6. We have either V. = oo on (a,b), or V(z) < oo for all x €
(a,b). Moreover, V(z) < oo for every x € (a,b), if and only if

+ +
lo := lim sup W (@) and == limsup Wiz)

zla ¢($) z1h w(fﬁ) (29)

are both finite.

We assume in the remainder of the subsection that the quantities I, and [
are both finite. This implies that lim, |, V(z)/¢(x) = lo and limgy, V(z)/d(z) = 1.
Under these assumptions, similar results to those discussed in Section [2.3.1| can be
stated.

Proposition 2.3.7. The value function V (-) is the smallest non-negative magjorant

of h(:) on (a,b) such that V(-)/é(-) is F-concave on (a,b).

Proposition 2.3.8. Let W : [0,00) — R be the smallest non-negative concave
majorant of:

MENw)
) >0
H(y) = { 9F @) %f Y (2.10)
la ify=0

Then V (z) = ¢(x)W (F(z)) for every x € (a,b). Furthermore W(0) =0 and W(-)

1s continuous at 0.

Define again:

I':={z € (a,b): V(z) =h(x)} and T i=inf{t>0: X, €T} (2.11)

10



Theorem 2.3.9. The value function V (-) is continuous on (a,b). If h: (a,b) - R
is continuous, and l, =l = 0, then 7* of is an optimal stopping time.

The conditions necessary for Theorem will be prevalent throughout our
work. These conditions allow us to further characterise the optimal stopping time
as a hitting time as discussed in the following result. The proof of this result is
not part of the discussion in Dayanik and Karatzas [2003] and is relegated to the
Appendix.

Corollary 2.3.10. Ifh: (a,b) — R is continuous, and l, = l, = 0, then the optimal

stopping time T* is a hitting time.

2.3.3 The Smooth-Fit Principle

In the previous sections we have characterized the stopping region I' to be the subset
of 7 where V' = h, and the continuation region C as the region in Z where V' majorizes
h. A well known result in the general theory of optimal stopping characterizes the
value function over the the boundary §C; and is known as the smooth-fit principle. As
the name implies this notion defines properties relating to the smoothness properties
of V on 0C. Dayanik and Karatzas [2003] present an alternative but equivalent
specification of this result using the idea of F-differentiation outlined in Definition
2.2.1} The main result discussed in Dayanik and Karatzas [2003] is stated below.
The result is stated in-line with the framework of Section 2.3.21 However this can
easily be re-stated for optimal stopping problems defined over closed and bounded
subsets of Z.

Proposition 2.3.11. At every x € I' where h(-)/¢(-) is F-differentiable we have
V(-)/o(+) is also F-differentiable. Furthermore the F-derivatives of both functions

agree at x:

d h dV
dF ¢ () = dF ¢ (z)

Note that Proposition [2.3.11|requires further assumptions on h than those re-
quired in Sections and[2.3.2] Since the reward functions we consider throughout
our work are smooth enough over Z, we do not need to discuss further generalisations
of this result here. However it is worth noting that Dayanik and Karatzas [2003]
give further conditions for the case when h is continuous but not differentiable (See
Section 7).
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Chapter 3

Partial Liquidation under
Reference Dependent

Preferences

3.1 Introduction

Prospect theory was proposed by |[Kahneman and Tversky [1979] and extended
by [Tversky and Kahneman [1992]. Under prospect theory, utility is reference-
dependent so is defined over gains and losses relative to a reference level, rather
than over final wealth. The utility function exhibits concavity in the domain of
gains and convexity in the domain of losses, and so is S-shaped. It is steeper for
losses than for gains, a feature known as loss aversion. Prospect theory was orig-
inally developed to better fit decision making behavior observed in experimental
studies.

In recent years, optimal stopping models employing reference-dependent pref-
erences have been developed in order to understand dynamic behavior of individuals
with such preferences and to see to what extent the theory can be used to explain
both experimental and empirically observed behavior. A strand of this literature,
beginning with Kyle et al.| [2006], has considered problems of optimal sale timing of
risky assets under reference-dependent preferences. In this chapter we will extend
the model of Kyle et al.| [2006] to consider the question of partial liquidation of
assets. Indeed Kyle et al.|[2006] remark “ ...it would be of interest to incorporate
partial liquidation in our model” (p284).

We propose an infinite horizon optimal stopping model whereby an investor

with S-shaped reference-dependent preferences can sell their divisible asset position
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at times of their choosing in the future. They derive utility from gains and losses
relative to a reference level and utility is realized at the time when they sell their
last tranche of asset.

We first give a general result which allows for a multiple stopping problem
(where stopping times are allowed to coincide) to be viewed as a sequence of standard
optimal stopping problems. This result is then applied to a model where utility is
given by piece-wise exponential functions, steeper for losses than for gains, and the
asset price follows a Brownian motion with drift. These explicit calculations enable
us to compare to the paper of Kyle et al.| [2006] who solve the block-sale case under
similar modeling assumptions.

Our main finding is in showing that in the extended Kyle et al. [2006] model,
the investor engages in partial sales. This represents the first time it has been
shown that partial liquidation can occur under an S-shaped utility function. It is in
contrast to the finding in [Henderson| [2012] where under the Kahneman-Tversky S-
shaped utility function and exponential Brownian motion, the agent did not choose
to partially sell an asset. Under our framework, if the agent sells, they will always
sell at two distinct thresholds, thus partaking in partial liquidation. This is shown
to be true under the assumption that the agent holds two units of claim of the same
asset, but the result can be extended easily to a more general case with N > 0 units
of claim. The agent’s decisions on where to sell depend on the the price dynamics of
the underlying asset and the value of the parameters determining the agent’s utility
function, particularly risk aversion.

By adopting a version of the model presented in [Kyle et al. [2006] with the
inclusion of a discount factor with respect to time, we recover tractable solutions
for both the block sale problem and the partial liquidation problem.

Researchers are interested in modeling investor trading behavior under S-
shaped reference-dependent preferences (of prospect theory) to see if it can bet-
ter explain stylized facts in the empirical and experimental data. In particular,
reference-dependence is a long standing explanation of why individual investors tend
to sell winners too early and ride losers too long, a behavior called the disposition
effect (Shefrin and Statman (1985)). In this vein, Kyle et al. [2006], [Henderson
[2012], Barberis and Xiong| [2012] and [Ingersoll and Jin| [2013] contribute optimal
stopping models for an investor with reference-dependent preferences under differing
assumptions. Kyle et al|[2006] and [Henderson |[2012] treat one-shot or block sale op-
timal stopping problems under alternative assumptions on the S shaped utility and
price processes. In particular, Henderson| [2012] contributed a model whereby the

investor sells at a loss voluntarily. This provided a better match to the disposition
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effect (the tendency to sell more readily at a gain than at a loss, see |Odean [1998]).
Henderson| [2012] also considers partial liquidation but finds under the Kahneman-
Tversky S-shaped value function and exponential Brownian motion, the agent did
not choose to partially sell.

Recent laboratory experiments of Magnani [2017] (also Lien and Zheng
[2015], Magnani [2015]) have been designed to test predictions of S-shaped reference
dependent preferences in a dynamic setting - that decision makers delay realizing
disappointing outcomes but rush to realize outcomes that are better than expected.
In their experiment, subjects choose when to stop an exogenous stochastic process
and most tend to stop at a lower level than the risk-neutral upper threshold and de-
lay capitulating until the process reaches a point significantly below the risk-neutral
lower threshold. Imas| [2016] studies how realized and paper losses affect behavior
in an experiment where subjects make a sequence of investment decisions. In one of
the treatments of this experiment, subjects decide whether to realize the outcome
of the investment in the middle of the sequence and are found to be more likely to
realize gains than losses.

Barberis and Xiong| [2012], Ingersoll and Jin [2013] (and also He and Yang
[2019]) consider realization utility models whereby investors treat their investing
experience as a series of investment episodes, and receive utility from each individual
sale at the time of sale. Mathematically, they sum up the utility of each individual
sale and use a discount factor to model investors’ tendency to realize gains early and
losses late. [Barberis and Xiong| [2012] assume a piece-wise linear utility function and
they find that the investors never voluntarily sell a stock at a loss. Ingersoll and Jin
[2013] extend the model by assuming an S-shaped utility function and find that the
investors voluntarily sell a stock both at a gain and at a loss. Recently, |He and Yang
[2019] extend to include an adaptive reference point which adapts to the stock’s prior
gain or loss. However, each of these models is separable, in that multiple identical
units of assets would be sold simultaneously at the same threshold. None address
the question of partial liquidation.

Our aim in this chapter is to give a simple, tractable optimal stopping model
with S-shape reference-dependent preferences where partial sales do arise as an op-
timal solution. We employ the constructive potential-theoretic solution methods
developed by |Dayanik and Karatzas| [2003] for optimal stopping of linear diffusions.
This approach will be particularly useful for our problem as the smooth-fit prin-
ciple does not apply everywhere because of the non-differentiability of the utility
function, making the usual variational approach more challenging to apply. One-

dimensional optimal stopping problems have been analysed by exploiting the rela-
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tionship between functional concavity and r-excessivity (Dynkin [1965], Dynkin and
Yushkevich| [1969]) which has been applied by Dayanik and Karatzas| [2003]. See
also |Alvarez| [2001] and |Alvarez et al. [2003] for related techniques. |Carmona and
Dayanik [2008] extend the methodology to consider an optimal multiple stopping
problem for a regular diffusion process posed in the context of American options
when the holder has a number of exercise rights. To make the problem non-trivial
it is assumed that the holder chooses the consecutive stopping times with a strictly
positive break period (otherwise the holder would use all his rights at the same
time). It is difficult to explicitly determine the solution and |Carmona and Dayanik
[2008] describe a recursive algorithm. In contrast, here in our problem we do not
wish to impose any breaks between stopping times, but rather, formulate a model
setting where it may be optimal to have such breaks. Finally, direct methods for
optimal stopping have also been used in stochastic switching problems (Bayraktar
and Egami| [2010]) and similar ideas are employed by Henderson and Hobson| [2011]
to solve a problem involving a perfectly divisible tranche of options on an asset with
diffusion price process.

One strand of the recent literature has concerned itself with portfolio opti-
mization (optimal control) under prospect theory and examples of this work include
Jin and Yu Zhou| [2008] and |Carassus and Rasonyi [2015]. Another focus of the
recent literature is on the probability weighting of prospect theory. However, prob-
ability weighting leads to a time-inconsistency and thus a difference in behaviour of
naive and sophisticated agents, see Barberis|[2012]. [Henderson et al. [2017] (building
on seminal work of Xu et al.| [2013]) study agents who can pre-commit to a strategy
and show that under some assumptions (satisfied by the models of interest including
the Kahneman and Tversky| [1979] and Tversky and Kahneman| [1992] specification)
it consists of a stop-loss threshold together with a continuous distribution on gains.
However, recent results (Ebert and Strack|[2015], also |[Henderson et al.| [2017]) have
shown that naive prospect theory agents never stop gambling. We focus in this
chapter on reference-dependent S shaped preferences in the absence of probability
weighting and extend the literature in the direction of holding a quantity of asset

rather than just one unit.

3.2 General Framework

3.2.1 The Partial Liquidation Problem

Consider an investor who is holding N > 1 units of claim on an asset with current

price Y;. The investor is able to liquidate or sell the position in the asset at any
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time in the future. They can choose times 7;; 7 = 1,..., N at which to liquidate
their N units of the claim, and hence is able to partially liquidate their divisible
position. We will write 7 > ... > 7y so 7; denotes the sale time when there are ¢
units remaining in the portfolio. It is worth noting that this formulation allows for
units ¢ and ¢ 4+ 1 to be liquidated at the same time point by setting 7n_; = Tnv_;—1.
It is however assumed that there is no terminal time to this problem; that is, the
problem is formulated over an infinite time horizonl}

For each unit i, the investor receives payoff h*(Y;,) where the h'(-) are non-
decreasing functions, and compares this amount to a corresponding reference level
h’]'%. As is often the case in the literature, an interpretation of th is the break-even
level or the amount paid for the claim on the asset itself, and we will later specialize
to this choice. h% can be assumed to be given constants since by definition they are
known a priori.

We would like a formulation in which the potential partial sales are not inde-
pendent (so delaying a partial sale will impact on future sales) and so our investor
considers their position as an investment episode which is closed and valued once the
final partial sale takes place. This might be appropriate for institutional investors
who are more likely to view investments in terms of overall portfolio position. Under

this interpretation, the investor’s problem can be written as:

N
ey (Z(h%m - h%)) Yo =y

=1

Vn(y,0)= sup E

TIZ2TN

(3.1)

where utility function U is an increasing function. Later we will specialize to the
reference-dependent S-shaped U given in the next section. Note that the formulation
in assumes that the investor receives no interest for cash flow ¢ between the time
of liquidation 7x_; and the time of the last liquidation 7. Whilst this is a possible
improvement to the current formulation, in the spirit of being able to compare our
results with those presented in Kyle et al.|[2006] this extension is omitted.

Whilst later we will assume a linear payoff function for each partial sale i.e.
hi(y) = y for all i, the methodology can be used to treat more complex payoffs. For
example, take N = 2, and call option payoffs h'(y) = (v — k1) T, h%(y) = (y — ko) T
with strikes k1 > ko. Denote by h}%,h% two different reference levels, with one
interpretation being the price paid for each option. Using a general ordering result

in Henderson et al. [2014], we know the options are exercised in increasing strike

"While it is possible to introduce a terminal time to a similar setting, the problem will need
to be approached differently since the methodology in |[Dayanik and Karatzas| [2003] assumes an
infinite time horizon.
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order, and hence our solution method applies.

Whilst the inclusion of the discount term makes the one-dimensional problem
slightly different than that described in Kyle et al. [2006], this specification will only
make the solution of the multiple optimal stopping problem described in Section
[3.3.1) more comprehensible. In fact, it is worth noting that similar results can also
be derived in the absence of discounting. The discounting with respect to 7 also
captures the idea that there is an inter-dependency between the N partial sales.
This dependency between liquidations is emphasised by the fact that the agent will
consider the game to be terminated only once all liquidations have occurred, hence
the discounting with respect to 1. Contrastingly, as shown in Henderson [2012] and
Barberis and Xiong [2012], if the investor instead considered each partial sale as an

independent investment episode then she would optimize:

N
sup B | e U (B (Yy,) — hg) Yo =y (3.2)
TIZ22TN i=1

Whilst this captures the spirit of realization utility in |Barberis and Xiong [2012],
whereby investors consider a series of investing “episodes”, mathematically, this
formulation splits into N independent stopping problems and thus does not capture

the inter-dependency we desire.

3.2.2 Reference-Dependent Preferences

When we present results for a specific model, we shall take the two-piece exponential
utility function used by Kyle et al. [2006]:

Uly) = ol =), ﬁyzo (3.3)
oY —1), ify<0

where ¢1, ¢2,71,72 > 0. Above the reference point, the agent’s utility function is
a concave exponential function, with y; measuring the local absolute risk aversion.
Below the reference point, the value function is a convex exponential function, with
~9 measuring the local absolute risk loving level. In addition, we assume ¢17y; < @272
to ensure that the agent is loss averse, that is, more sensitive to losses than to gains
around the reference point, i.e. U'(0—) > U’(04).
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3.2.3 The Price Process

Consider a complete probability space (2, F,F,P) supporting a Brownian Motion
W = (Wi)e>0 and let Y = (¥;);>0 be a one dimensional time-homogeneous diffusion
process solving:

dY; = u(Y:)dt + o (V) dW, (3.4)

for Borel functionsﬂ u:Z — Rand o :Z — R" where Z = (az,bz) C R is the
state space of Y; with endpoints —oo < a7z < by < 0o. Consider the infinitesimal

generator of Y on Z, given by the second-order differential operator:

d*f

a“f af
dy?

£Fw) = 50 W) +n0) ) =0 yeT (35)
Then as discussed in [Ito0 et al.| [2012] and Dayanik and Karatzas| [2003], given p > 0,
the second order differential equation L f = pf has two linearly independent positive
solutions () and ¢(-) on Z. These are uniquely determined up to multiplication
by a scalar factor, if we require one of them to be strictly increasing and the other
to be strictly decreasing. We will denote the increasing solution by (-) and the
decreasing solution by ¢(-). We shall also define the function F(-) by:

Fly) = f;g;’; (3.6)

which is well-defined and strictly increasing on Z. The function F(+) is essential for
solving as outlined in Proposition m
Specifically we specialize to the model used in Kyle et al.| [2006] and hence
take:
dY; = pdt + odWy (3.7)

where p and o > 0 are constants and Z = (—o0, 00). Given that Y; can be negative,
it is possible to think of Y; as a log-price process. Note that a similar problem
considering different price dynamics than the above is outlined in Henderson [2012],
where the Y; is assumed to be given by a Geometric Brownian Motion.

Given that the state space Z has natural boundaries, the linearly independent
solutions to the differential equation £Lf = pf assume the boundary conditions
discussed in Section m They are given by 1 (y) = €% and ¢(y) = ¥ with

*We assume that u(-) and o(-) are sufficiently regular so there exists a weak solution to the SDE.
See |Revuz and Yor| [2013].
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B2 < 0 < B given by:

g = it Vi +20% —p =/ p?+20%p 3.8

o2

2 =

This gives F(y) = e with 8 = ) — B2 = @ S0

[

3.3 Solution to the Partial Liquidation Problem

3.3.1 The General Problem

An approach towards solving the optimal stopping problem outlined in is
outlined in Kobylanski et al.|[2011]. This approach breaks down the original optimal
stopping problem into N sub-problems. In Proposition below we provide an
alternative construction and proof of how such a decomposition can be achieved. It
is worth noting that the result is in the same spirit of the discussion presented in
Kobylanski et al.|[2011], particularly Theorem 3.1.

Denote by = the total gains or losses from previous sales, if any; sales which

are considered by the investor to persist in the current investment episode. Define:

Vn(y,z) = sup E

TIZ2TN

N
ey ( Y () - h@) Yo=y

=1

= sup E|e”NE

TIZ2 " 2TN

Yo =y

N
efp(ﬁ*TN)U <;1; —+ Z(hz(yﬂ) - h%)) “FTN
i=1

(3.9)

We are primarily interested in (3.1, i.e. @ = 0. The following result will facilitate
the decomposition of into N sub-problems.

In order to be able to solve the problem in we assume that the problem
satisfies the usual integrability conditionﬁ

N
u-«:[ sup |U (x—kZ(hi(Y}i) —hiR)>|] < oo (3.10)

0<tny<---<t1<c0 i—1

Proposition 3.3.1. Let (2, F,P) be a probability space and let Y be an Ito diffusion

process adapted to {Fi}i>0 and f(-) is a strictly increasing continuous function.

3Note that in our case this is obvious since U(-) is bounded.
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Given:

E (3.11)

su hi (Y.
o (o))

then it follows that:

sup E
< <7

e f (Z h"%)) Yo =y
=1

=supE [e™"™ < esssup E
Tn Trn—1<-<T1
Tn—12Tn

v (550

)IYozy

Proof. The result follows if we show:

sup E
Tn<---<T1

e Pnf(th TZ>’YOZZ/
=1
epTl Tn) <Zh1 Tz)

since the reverse inequality is trivial. Given an arbitrary stopping time 7, consider

o (500 ]

and consider the family I' = {Z% : a € Z} where Z is the set of all (n — 1)
tuples of {F} }-measurable stopping times (§,_1,...,&1) satisfying 7, < &1 < -+ <
&1 almost surely. As shown in Lemma in Appendix the family I" has the
lattice property and hence there exists a countable subset J C Z where J = {Ozj :
j € N} and:

>supE epT”< esssup E
Tn Trn—1<-<T1
Tn—12Tn

>|Yo —y| (12

the random variable:

Z(Mn—1,.71) _ |

Z* =esssup Z% = lim Z% with |Z <|Z| <... P—a.s.

a€ET J—ooo

Using (3.11]) and Jensen’s inequality we get E[|Z*|] < oo and hence by the
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Dominated Convergence Theorem the right hand side of (3.12)) becomes:

supE |e ™ ( ess sup Z“) =sup limE [e*m" Zo‘j]

Tn a€el ™ J too

< sup sup E [e_pT"Z(T"*““’Tl)}

Tn Tp—1<-<T1 @ Th—12Tn

O]

Assuming the condition in (3.10|) applies, from Proposition it follows
that for 1 <n < N:

Valy,z) = sup E

< <71

ey < + 3w — h%)) Yo =1y

i=1
=supE sup E |e?"U |z + Z(hl(yn) — ) | | Fm | Yo =1
Tn Tn—1<-<T1 ! Tn—12Tn i=1
=supE [e "™V, (Yy,,z + h"(Ys,) — BE)|Yo = y] (3.13)

where Vy(y,z) = U(z).

As discussed in Dayanik and Karatzas [2003], given the time-homogeneity of
the problem, the structure of the solution must be to stop when the price process
Y exits some sub-interval of Z. Thus, the approach is to consider stopping times of
this form and choose the “best” such interval. We employ the theory in|Dayanik and
Karatzas| [2003], which is summarised and discussed in Chapter 2| In fact by using
the transformation of the reward function described in and letting 0 = F(y),

we can define:

Va1 (F71(0), @+ h"(F~1(0)) — hy)
S(F~1(0)) '

The solution of (3.13]) is obtained by applying the following Proposition,
which is in the spirit of the methodology of Dayanik and Karatzas [2003], specifically

Proposition [2.3.8
Proposition 3.3.2. Let 6 = S(y) where y € (az,bz) and let gn(0,x) be defined as

in with:

gn(0,2) = (3.14)

o , hm —
ZZI_I = lim sup V(g @ + 1"(y) %) =0
ylar ¢(y)

and

lgz_l — lim sup anl(yv z+h (y) — hR)

=0.
y1Bz P(y)
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Furthermore let g, (0, z) be the smallest non-negative concave majorant of:

gn(0,2), for >0
-t for0=0

arz

GO,z) =

Then Vi(y,x) = &(y)gn(F(y),z) for y € (az,br). Furthermore, defining
I'={y € (az,b7) : Vo(y,x) = Vm1(y,x + h™(y) — hr)}, the corresponding optimal
stopping time is given by 7;f = inf{t > 0:Y;, € T'}.

Note that by Propositions |2.3.6| and |2.3.8|7 the assumption lg;l = lgl_l =0
in Proposition yields that a minimal non-negative concave majorant g, (6, )

of g, (6, x) exists. This means that as 6 1 oo, g, (0, z) cannot be convex.

3.3.2 Piece-wise exponential utility and drifting Brownian motion

Having obtained such a characterization for the value function under partial liqui-
dation, we shall apply the above methodology to the price process and preference
function defined in Sections [3.2.2] and [3.2.3] respectively. We shall limit our discus-
sion to the case when N = 2. The solutions for IV > 2 can then be obtained through
the same approach but become slightly more unwieldy. Since our aim is to show
that the investor may partially liquidate, we only need consider N = 2 to show this.

We specialize to the case when the investor is selling or liquidating the asset
itself, so consider h(y) = y for i = 1,..., N, with the common reference price
hﬁ% =ygr for i =1,...,N. We also interpret the reference price yg as the price at
which the asset was purchased in the past.

Before stating the main result described above, we shall first re-state a version
of the results obtained by [Kyle et al.| [2006] and [Henderson| [2012] for the case of
N = 1 where we have included discounting; that is, when only block sales are

allowed.

Proposition 3.3.3. Consider the optimal liquidation problem in with N =1,
hl(y) = y and h}% = yr and suppose that the price process (Yi)i>o0 s given by a
Brownian Motion with drift dY; = pdt+ odWy (see ) and the utility function U
is the S-shaped piece-wise exponential given by . If the agent stops, the stopping
level is 1 > yr; defined by:

W). (3.15)

A1

The proof is given in Section of the Appendix. We see from the above
Proposition for the block sale problem that, if the agent sells, they will always sell

_ 1
h1=yr+ —1In
!
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at a gain relative to the reference level. When one compares this solution to that
of the equivalent non-discounted problem discussed in [Henderson| [2012], apart from
the exclusion of the degeneratd| cases mentioned earlier, we also see that under our
framework the agent also never liquidates at break-even. The selling threshold ¢
in , still depends on the parameters determining the price dynamics of the
underlying asset and the agent’s preference structure, particularly risk aversion. As
expected, from , we see that ¢; decreases with an increase in ;. An increase
in the expected rate of return p or the volatility parameter o pushes the selling
threshold higher. The selling threshold ; however decreases in p. This is because
with a higher discount rate, the agent becomes less interested in long term gains as
it is more advantageous to sell sooner. This is in fact the same reason why under our
formulation with discounting as opposed to Kyle et al.|[2006] and Henderson| [2012]
we do not obtain the degenerate case of never stopping, even when p is very large.
Note that the aforementioned observations about g; follow from the fact that 51 as
defined in is positive, decreasing in p and o and increasing in p. Discounting
is also the reason why there is no reason where the agent ”sells immediately” at all
prices, even when p is large and negative.

Note that in their approach, Kyle et al. [2006] use a variational approach
which is challenging due to the S-shaped utility function. In fact, in their solution
they omit the case where the agent stops above break-even and only give solutions
to the parameter combinations leading to other, simpler cases.

We now consider the partial liquidation problem for an agent with the same
preference structure and holding a divisible asset with the same price dynamics as

the one considered in the block sale problem described in Proposition [3.3.3]

Proposition 3.3.4. Consider the optimal partial liquidation problem in with
N =2, h*(y) = h'(y) = y and h% = hl, = yg and suppose that the price process
(Y2)t>0 is given by a Brownian Motion with drift dY; = pdt + odW; (see ) and
the utility function U is the S-shaped piece-wise exponential given by . If the
agent stops, they will first sell at ¥ and then at 1 where §o < G and:

1
J1 =yr + —In (71+51) (3.16)
4! 1
- 1 271 + 51)
=yp+ —In| —— 3.17
v2 YR 2m ( b1 (8.17)

The proof is given in Section [B:2] of the Appendix. Similar to the case when

4By degenerate cases we mean, scenarios when it is optimal for the agent to either never sell or
stop right away; that is, 7" = oo or 7* = 0.
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only block sales are allowed (Proposition , the above proposition shows that
under partial liquidation, the behaviour of the investor still depends on the value of
B1; which could be viewed as an adjusted Sharpe ratio for the underlying risky asset,
and the agent’s risk aversion parameter v1. Since o < 41, if the price reaches 72, one
unit of asset is sold. If the price then reaches g1, th final unit of asset will be sold.
Both 71 and s are decreasing with =;; and via f1, increasing in y and o. As seen
in the proof of Proposition the thresholds ¢; and g2 are determined from the

transformed reward functions g1(f) and g2(f) and the corresponding non-negative

concave majorants gi(#) and g2(#), depicted in Figures [3.1al [3.1b|and [3.1c}

a(0)
92(0)

o 2 ‘; é ﬁ; 1;0 1‘29‘ 1;* 1‘6 1‘8 20 0 é 4‘1 e; é 1‘0 1‘2 [ 1‘4 1‘6 1‘8 2‘0
0
(a) Plot of g1(0) and g1(9) (b) Plot of g1(0) and g2(0)

5

0 2 4 6 g 10 1266 14 16 18 20
0

(c) Plot of g2(6) and g2(6).

Figure 3.1: Plots depicting the functions g1(0), g1(0), g2(f) and g2(6). (Parameter
Values: yr = 0.5, 51 = 0.67, B2 = —1.67, 1 = 3, 12=2, ¢1 = 0.5 and ¢ = 0.9.)

It is also evident from (3.16|) and (3.17]) that after the agent sells the first
unit of asset at g, as either u or o increases, they are willing to wait further to sell

the second unit of asset. This is because as either of these parameters increases, the
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distance between the two price thresholds 4; and 72 increases. The opposite is true
for the discount rate p, and while the agent still chooses to liquidate at distinct prices
even for very large values of p, the distance between the two thresholds decreases
to 0.

Somewhat surprisingly, we see that for a fixed value of i, the distance
between the two thresholds does not always decrease with a higher value of ~1; that
is, after selling the first unit of claim at g2(v1), an agent with a higher risk aversion
might choose to sell their second unit at a price which is much further away from
¥2(v1) than an agent with lower risk aversion. This means that after selling the first
unit of claim, the allowance for partial liquidation can make an agent with higher
risk aversion employ more risk than an agent with lower risk aversion, even when

the expected rate of return pu is negative. This relation can be seen more clearly in
Figure [3.2] below.

0.8

0.5 1

Y1 — 2

04 1
03f | .

0.2 1

v

Figure 3.2: The distance between the two thresholds §; — g2 for 71 € (0,1) and
B1=0.2

Whilst the inclusion of the discount factor does change the overall structure of
the solution when compared to that given in|Kyle et al.| [2006] and [Henderson| [2012]
for the case of N = 1, the solution still captures the same essence of the solution
given in Kyle et al.|[2006] and Henderson| [2012] for the cases that matter. In fact,
the inclusion of the discount factor removes from the solution the degenerate cases
where the agent either sells right away or never sells; both present in the solution
of the equivalent non-discounted problem.

Unlike the result obtained in Henderson| [2012] for liquidation with a divisible

asset under a Cumulative Prospect Theory S-shaped utility function and exponen-
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tial Brownian motion, our solution does not split into several cases depending on
where the underlying parameters lie relative to each other. In fact as described in
Proposition under our framework, the agent will always choose to split their

asset and liquidate first at price level g5 and then at 7.

3.4 Discussion and Conclusions

Researchers have studied multiple optimal stopping problems under standard con-
cave utility functions in other settings. For example, Grasselli and Henderson|[2009],
Leung and Sircar| [2009] and Henderson and Hobson| [2011] consider the exercise of
American options under concave utilities and demonstrate that the optimal solution
involves exercising a tranche of (identical) options over different asset price thresh-
olds. Intuitively, a risk averse investor wants to spread the risk of continuing to
hold the options by exercising them separately. Similarly, intuition would tell us
that an investor who is risk seeking with convex utility, would prefer to engage in
a block sale. What might we expect from an S-shaped reference dependent utility?
Since there are concave and convex parts to the utility, we could reasonably expect
that either might be dominant, depending on parameters. Somewhat surprisingly,
Henderson| [2012] showed that under [Tversky and Kahneman| [1992] S shaped func-
tion and exponential Brownian motion, the investor’s optimal strategy, when not
degenerate, always involved selling both units of asset together. In this chapter we
demonstrate that it is indeed possible to obtain a situation whereby the investor
chooses to sell her asset gradually rather than in a block.

Our results suggest that it would be worthwhile for experimental tests of opti-
mal stopping under reference-dependent preferences to extend their focus to consider
the question of how individuals sell a divisible quantity of asset. For example, in
the context of Magnani [2017]’s laboratory test, do subjects with a quantity of asset
still stop once (before the risk neutral upper threshold B*) or do they sometimes
stop more than once (and where in relation to B*)?

Potential further theoretical work may examine the additional feature of an
exogenous end-of-game whereby the asset is liquidated upon arrival of the first jump
of a Poisson process (see Kyle et al. [2006], [Barberis and Xiong| [2012] for examples).
Whilst injecting realism, this addition would be at the expense of the tractability

of the solution method and for this reason, we do not pursue it here.
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Chapter 4

Realisation Utility

4.1 Introduction

The concept of utility is classically related to the ideas of consumption or final
wealth. However a recent strand of literature, formalised primarily in [Barberis and
Xiong [2012] suggests that investors also derive utility from realising gains and losses
when selling assets, where the amount of utility derived depends on the magnitude of
the realised gain and loss. They argue that realisation utility is principally the result
of two cognitive processes. Firstly, some investors tend to think of their investments
as a series of investment episodes wherein the purchase price and selling price play
a very principal role in how they think of each individual investment distinctively.
Secondly, they argue that some investors are predominantly driven to think of their
investments by a very simple idea: Selling each individual investment at a gain is
good whilst selling at a loss is bad. They argue that these ideas suggest that some
investors experience bursts in utility when realising gains and losses. Furthermore it
is worth noting that these ideas tend to naturally be more pronounced in individual
investors than in institutional (more sophisticated) investors since the latter tend
to view their investments in terms of the overall portfolio performance rather than
separate investment episodes.

Barberis and Xiong) [2012] argue that realisation utility together with another
key ingredient provide an explanation to why various behavioural phenomena occur
when dealing with risk. One such anomaly is the Disposition effect which describes
the tendency of some investors to sell well-performing assets too early and sell under-
performing assets too late. They argue that the missing ingredient which ensures
that an agent realises a gain today instead of tomorrow and a loss tomorrow rather

than today, is an S-shaped utility function.
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In order to better understand the idea behind realisation utility, |Barberis
and Xiong [2012] formulate a model where an investor invests all their wealth in a
risky asset whose price dynamics are modelled by a Geometric Brownian Motion
and has to decide when to sell the underlying, thus receiving realisation utility at
the moment of sale. The agent then instantaneously re-invests their proceeds after
transaction costs in a risky asset with price dynamics equivalent to the asset they
invested in a priori, thus essentially restarting the game. They approximate the
investor’s underlying S-shaped utility function with a piece-wise linear function and
find that under this framework, the investor never sells at a loss unless forced by a
market shock modelled by an exponential random time.

This model has been revisited and expanded upon primarily by |Ingersoll
and Jin [2013] and He and Yang| [2019]. In Ingersoll and Jin| [2013] the authors
consider a very similar framework to that considered by [Barberis and Xiong| [2012]
whilst generalising the underlying utility function to a more general S-shaped utility
function. By making use of the homogeneity of the underlying reward function
and the Dynamic Programming Principle, the multiple optimal stopping problem
is re-written as a one-dimensional optimal stopping problem which they solve by
employing a PDE approach.

This framework is further generalised in He and Yang [2019]. The first differ-
ence from the aforementioned works is that besides realisation utility, [He and Yang
[2019] suppose that the agent also derives utility from consuming their terminal
wealth. The agent’s reference level is also assumed to be non-constant in that it
adapts to the stock’s prior gains and losses. Thirdly, they consider a general func-
tional form for the agent’s realisation utility. Finally, they also assume that between
investment episodes, the investor is allowed to put all their wealth in a bank account
and then re-invest in the risky asset at some other time (i.e. the time between sale
and re-purchase of the risky asset is allowed to be not instantaneous). The solution
of this problem is expressed as a solution in the viscosity sense to the underlying
variational inequality. He and Yang [2019] show that two cases arise depending on
the value of the underlying parameters: it is either optimal for the agent to ignore
the bank account completely and re-invest in the risky asset instantaneously after
each investment episode, or to always only invest their wealth in the bank account.
Note that the problem described in [He and Yang| [2019] is not a portfolio alloca-
tion problem similar to the classic Merton portfolio allocation problem. This is
because under this formulation, at every time point all of the agent’s wealth has to
be invested solely in one of the two assets.

In this chapter, we revisit the problem first proposed in [Barberis and Xiong
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[2012]. In Section[4.2] we first return to a model similar to that described in Ingersoll
and Jin| [2013] and solve the problem for an agent whose preferences are described by
the classical Cumulative Prospect Theory S-shaped Utility proposed in[I'versky and
Kahneman [1992] as opposed to a scaled version of this utility function considered in
Ingersoll and Jin| [2013]. We solve this problem by utilising a different approach to
that in Ingersoll and Jin| [2013]. We show that whilst under this set of assumptions,
the agent either waits and always sells at a profit, or they adopt a strategy where
besides selling at a profit they also can sell at a loss. The optimality of one strategy
over the other is shown to depend on the agent’s loss aversion.

In Section we propose a new extension to the model described in Sec-
tion We propose a new utility function in which the agent does not compare
their gains relative to the reference level only linearly, but also proportionally. The
inclusion of the proportional term was inspired by the structure of the optimal strat-
egy obtained in Section which depends entirely on the value of the proportional
gains or losses made by the agent. The newly introduced proportional term also im-
poses an additional property in the agent’s preferences. We see that the closer the
agent gets to losing everything, the utility starts decreasing drastically and hence
the agent is penalised for big losses much more than under any other preference
function previously mentioned.

The two problems in this chapter are both multiple optimal stopping prob-
lems. This is also the case for the model considered in Chapter [3| and it is worth
mentioning here the key differences between these two optimal stopping formula-
tions. In this chapter we address the idea of realisation utility under the framework
introduced in Barberis and Xiong| [2012]. For this model to make sense, the agent
adopts a 'narrow-framing’ viewpoint, since otherwise they would not consider real-
isation utility derived from each asset independently. In Chapter [3] we address the
problem of partial liquidation for an agent with reference dependent preferences,
and thus the agent is assumed to adapt a 'non-narrow-framing’ strategy. This is
the case since otherwise each partial sale would be considered as an independent
investment episode resulting in the agent never partaking in partial liquidation.

Decision framing was introduced by [Tversky and Kahneman| [1981] and refers
to the idea that how a person subjectively frames a transaction in their mind will
determine the utility they expect to receive. Narrow framing (see Barberis et al.
[2006]) occurs when an agent who is offered a new gamble evaluates it in isolation,
separately to their other risks.

While the models for realisation utility discussed in [Barberis and Xiong
[2012], Ingersoll and Jin| [2013], He and Yang| [2019] and Sections and [4.3| below
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provide good insights into the optimal behaviour of an investor experiencing a burst
in utility when realising gains and losses, they have some shortcomings. One of
the main drawbacks is the idea that after each investment episode the investor re-
invests all their wealth in an asset with the same price dynamics. This assumption
is used because it allows the underlying multiple optimal stopping problem to be
re-written as a one dimensional optimal stopping problem. However Barberis and
Xiong| [2012] argue that this is also a reasonable assumption for an investor who
thinks of each individual investment independently, since for such investors utility
is derived separately from the gains and losses of each individual stock.

Another shortcoming of this model is the idea that at the start of each
investment episode the investor has to invest all their wealth in the risky asset (or the
riskless asset, when considering the formulation of He and Yang| [2019]) and cannot
opt to allocate their holdings optimally between the two assets. While this idea
makes sense when one compares this model with the classical Merton-style portfolio
allocation problem, careful consideration must be made when treating realisation
utility. If one allows the investor to re-balance their portfolio infinitesimally often
as is the case under the assumptions of [Merton| [1969], then the idea of realisation
utility does not make much sense as the agent is then also possibly realising gains
and losses infinitesimally often. Furthermore, in order to integrate the bank account
as part of the model one has to integrate into the model some form of consumption
or final wealth term similar to the formulation in He and Yang| [2019]. This problem
can be expressed in terms of a stochastic impulse control problem and is currently

a work in progress.

4.2 Realisation Utility and Cumulative Prospect The-
ory
Consider an agent who starts at ¢ = 0 with initial wealth Wy = w, which they invest

into a risky asset with price process (X;):>o following a geometric Brownian Motion

with constant parameters p and o:
dX; = pXydt + o X dB, (41)

where (Bi)¢>0 is a Brownian Motion adapted to the underlying filtration (F;)¢>o.
Assume that the investor is constrained to invest all their wealth in the risky as-
set and their first objective is to choose a stopping time 7 at which to liquidate

their position. Upon liquidation the agent derives realisation utility U (W ,—, R, )
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(suitably discounted). Their burst of realisation utility depends on their wealth at
the liquidation time; whose dynamics are described by the process (W;)¢>0, and an
appropriate reference level described by the process (R¢):>0 which will be defined
further on. The agent then re-invests their wealth in the same risky asset. Upon
purchasing the risky asset the agent incurs a transaction cost proportional to their
total wealth and the game essentially restarts at 7; with suitably defined wealth W,
and reference level R.,.

Given that the agent invests all their wealth in the underlying risky asset,

the agent’s wealth process (W)¢>0 satisfies:

w% for t € [0, 1)
Wy=qW,, )‘?;t for t € [Ty, Tny1) and n > 1 (4.2)

Kw, _ fort=m1,, n>1

where W;_ = limgy W and K € (0, 1] is the proportion of wealth remaining after
transaction cost. As discussed in both Ingersoll and Jin [2013] and He and Yang
[2019], one interpretation of the constant K can be K = (1 — ks)/(1 + k,) where
ks € [0,1) is a proportional transaction cost the agent pays when selling the asset
and k, € [0,1) determines another proportional transaction cost paid by the investor
when re-purchasing the asset.

Furthermore by definition, the reference level (R;):>0 captures the price level
against which the agent compares upon liquidation in order to calculate whether they
made a gain or loss. Thus it makes sense for (R;);>0 to be a piece-wise constant,
right-continuous stochastic process since the agent will only change their reference
point every time they re-purchase the risky asset, and will keep it constant until their
next liquidation time. Hence a reasonable choice for the reference level R; would

be the wealth level at the previous stopping time chosen by the agent, defined as

follows:
W,,, forte (m,m and n >1
R, = (T Tt 1) (4.3)
T, for t € [0, 1)
and let R;_ = limgy Rs. Alternative formulations of the reference level are also

discussed in|He and Yang [2019] where they consider a reference level which changes
continuously depending on the value of Wj.
The agent’s objective is to choose stopping times 0 < 73 < 75 < ... at which

to realize gains and losses in order to maximize the value of the game described
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aboveﬂ This can be described by the following Optimal Stopping Problem:

Z(w,r) = su Ew.r e PmUW,, -, Rry 2 )i coo 4.4
(w0.r) = s {; ( Mireny| (@)

where we include discounting with respect to time through a constant discount rate
p > 0. For ease of notation, we write E,, ,[-] instead of the conditional expectation
E[ - [Wy =w, Ry =7].

Note that each time the agent liquidates their asset, they derive realisation
utility by comparing the gross value from sales to their reference level. In this
section, the S-shaped utility function U(w,r) centred around the reference level r,

which was first proposed by [Tversky and Kahneman| [1992], is imposed:

—A(r—w)", forw<r
U(w,r) = (4.5)

(w—r)"2, for w >r

with 0 < 71 < 1,0 < v < 1, A > 1 and Uy(r—,r) = Uy(r+,r) = co. The
parameters 1 and o capture relative risk aversion over losses and gains respectively
and \ captures the agent’s level of loss aversion. Barberis and Xiong [2012] use a
piece-wise linear function which is the special case with v; = 5 = 1. A scaled version
of this utility function is considered in Ingersoll and Jin|[2013] where preferences are
described by the function Uy y(w,r) defined by:

—ArS(1— %)L forw <r
Urs(w,r) = (4.6)
o (¥ —1)%c for w > r

where 0 < ag, ar, <1 and 0 < ¢ < min{ag,ar}. is equivalent to (4.6) under
the case when 71 = v9 = ag = ar, = (. In this section we will solve the problem
described in by using a different methodology to that adopted in |Ingersoll and
Jin| [2013]; specifically the methodology outlined in Dayanik and Karatzas| [2003]
summarised in Chapter [2l By focusing solely on the classical Cumulative Prospect
Theory utility function in we are also able to distinguish some features unique
to this problem.

We take 71 = v2 = 7 where v € (0,1). This assumption is essential for our
solution as this implies that U(w,r) is homogeneous in w and r of degree 7. It

is also worth noting that through an experiment, Kahneman and Tversky| [2013]

Note that we assume that the agent records utility solely from the act of realising gains or
losses. In Section 4.4 we briefly describe an extension of this problem whereby an extra term is
added for utility derived from final wealth
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estimated the value of the parameters v, v2 and A as 71 = v = 0.88 and A = 2.25.
Thus this assumption on the parameter + is still in line with the original findings in
Kahneman and Tversky| [2013].

4.2.1 Well-Posedness Conditions and the Dynamic Programming
Principle

In solving the problem formulated in (4.4)) we first provide a necessary and sufficient
condition for Z(w, ) to be finite in Proposition below.

Remark 4.2.1. In proving the well-posedness conditions and the dynamic Program-
ming principle for , we assume that the family of stopping times {1, :n € N}
is such that for every n € N there exists a constant ¢, € RT giving |[Winr,| < cn
almost surely. It is shown later on as part of our work in Section that the
optimal stopping times {7, :n € N} are in fact hitting times of Wy, and hence this

assumption is satisfied.

Proposition 4.2.2. Consider the problem defined in . Then Z(w,r) < 00

= p>p+ 37>y —1)o?

The proof of this result is relegated to Appendix Note that vu+ %7(7 —
1)o? can be understood as the agent’s expected growth rate of realisation utility.
The condition in the above Proposition hence restricts this growth rate to be less
than the underlying discount rate, p. Otherwise, as we see in the second part of the

proof, it would always be optimal for the agent to postpone selling their asset.
Remark 4.2.3. Assume p > vy + %’y(’y —1)o2.

An important implication which follows from the homogeneity property of the
underlying S-shaped Utility function in (4.5)) is that the value function of the problem
defined in (4.4)) is also homogeneous in 7 of degree 7, as stated in Lemma below.

The proof is omitted since this result follows directly from the homogeneity of U.
Lemma 4.2.4. Z(w,r) is homogeneous in r of degree ~y.

Given the above well-posedness conditions we can show that the dynamic
programming principle holds for Z(w,r) as defined in (4.4)).

Proposition 4.2.5. The following Dynamic Programming Principle holds:

Z(w,r) =supE,., {@_m (U(WT_, R+ Z(KW,_, KWT_)>]I{T<OO}] (4.7)
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A proof is given in Appendix[C.2] The above dynamic programming principle
captures the idea laid out in the description of the problem, that the agent essentially

restarts the same game at every liquidation point.

4.2.2 Solution

Having established the conditions outlined in Propositions 4.2.2] and [4.2.5 above, in
this section we will approach the problem described in . following the method-
ology outlined in Dayanik and Karatzas| [2003], summarised in Chapter

For a general C2? function f : Rt — R, consider the infinitesimal generator
of geometric Brownian Motion in described by the second order differential

operator: )

Af@) = 3o*? Th @)+ Sl (@)
Given the underlying state space Z = (0,00), the discussion in Chapter [2 outlines
that the ordinary differential equation Au = pu on Z has two linearly independent
solutions (-) (increasing) and ¢(-) (decreasing) which are uniquely determined up
to multiplication by a scalar and satisfy the boundary conditions limg o ¢(x) =
¥(0) = 0. this gives (z) = 2° and ¢(x) = 2®, where a < 0 < 3 satisfy:

o= o2 { (4 — %02) \/(u - ; 2y 2pcr2] (4.8)

5:02{—(/1—202)4-\/(#—;0 +2pa] (4.9)
Note that for € Z, ¢ (x) is monotonically increasing and ¢(z) is monotonically
decreasing. Lastly define the function F(x) = v(x)/¢(z) = °~. The function F(-)
is increasing over Z. We hence let y = F(z) for x € Z with inverse z = F~1(y) =
ylf%& for y € (0,00). As seen in our discussion in Chapter 2| these functions will
play an important role in solving the optimal stopping problem in . At this
point, we observe that the condition in Proposition m p > Y+ %'y(v —1)o? can
equivalently be expressed in terms of § as: v < .

Define V(w) = Z(w, w) to be the value of the game when both initial wealth

and reference level are equal to w. Then:
V(w) =supEy |e "7 (U(Wr_,w) + V(WT))H{T@O}] . (4.10)

We will first solve the optimal stopping problem in (4.10) above. The solution of
(4.7) will follow from the solution of this problem. By the homogeneity property of
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the value function given in Lemma [£.2.4] above, we have:
w'V (1) = supE, [e_pT (W UWr_/w, 1) + (KWT)W(1)))]I{T<OO}] (4.11)
and hence the constant V(1) solves:
V(1) = sup Ey [em (UWr—/w, 1)+ (KWT_/w)VV(l))]I{KOO}} . (4.12)
Substituting for the asset price X; we get:
V(1) = supE[e_pT(U(XT, 1)+ (KX:) V(1)) o0y Xo = 1]. (4.13)

Temporarily fix V(1) = v. This gives the following optimal stopping problem:

H(v,7) = E[e‘pT(U(XT, 1) 4+ (KX:)"0) oy | Xo = 1] (4.14)
H(v) = sup H (v, T) (4.15)
By solving the optimal stopping problem in (4.15)) for fixed v, we can then determine

the solution of (4.13]) by determining v* satisfying H(v*) = v*. A uniqueness result

to this fixed point problem is provided in the following Lemma.

Lemma 4.2.6. Let H(v) be as defined in (4.14) and (4.15). The optimal stopping

*

time T s a hitting time. Furthermore if a solution to the fized point problem

H(v*) = v* exists, then it is unique.

The proof of Lemma [£.2.6] is relegated to Appendix [C.2] Some time was
dedicated to try and obtain a result on the existence of a solution the fixed point
problem #H(v*) = v*. While numerically we could not determine cases when such a
solution doesn’t exist, we were unsuccessful in deriving a general result at this stage.
However as part of our work we will later discuss a result (Proposition which
is closely related to the characterisation of the solution of the fixed point problem
H(v*) = v*.

Remark 4.2.7. Suppose that the optimal stopping strategy of 1 a one thresh-
old strategy; that is, a = 0 where a is as defined in the proof of Lemmal{.2.6 Then

a solution to the fized point problem H(v*) = v* always exists. This follows from
the proof of Lemma by noting that this yields:



and when ™ = Hy with b > 1, we have H(0) > 0 and C = E, [e=PHo (KX, )] < 1.

In solving the problem described in (4.14)) and (4.15]) above, we shall consider

the same problem with a non-fixed starting value Xy. The solution of the above
problem will then follow as a special case of this problem with Xg = 1. Thus for

x € (0,00), consider the following complimentary problem:

H(v,z,7) =E|e P (U(Xr,1) + (KX:)T0) ;0| Xo = (4.16)

H(v,z) = sup H(v,z,T) (4.17)

T

Denote the corresponding reward function of the problem in (4.16)) and (4.17)

by hy(x), given by:
hy(x) = KTvz? + U(z, 1) (4.18)

where h, : (0,00) — R is bounded on every compact subset of R*/{0}. Let-

ting y = F(xz) we define the corresponding transformed reward function g,(y) =
ho(F~1(y))/¢(F~(y)), given by:

- 1 —a
Klvyb—o 4 (yﬁf‘1 — 1)7y —a fory > 1
go(y) = y=a Ly o
KYyys-e —A(l—yﬂfa) yB-a fory <1

This will allow us to follow the methodology outlined in Chapter |2 to solve the
above problem.

The discussion of the geometric structure of the function g,(y) over R in
Appendix [C] infers that the solution to the optimal stopping problem described in
and can take two general forms. The first class of solutions contains
strategies wherein the agent only sells at a profit. We will refer to this type of
solution as a one threshold strategy. The second class of solutions contains strategies
where the continuation region is comprised of two disconnected neighbourhoods; one
containing 0 and another neighbourhood containing the break-even point 1. This
means that the agent will either continue if they start at a deep loss or if they start
at a relatively small gain or loss. However since the starting value of X in
and is always 1, the neighbourhood around 0 is of no interest to us. Thus we
refer to the strategies contained in this class as two-threshold strategies.

In Proposition [4.2.8 below, the characterisation of the optimal stopping time,
the value function and the selling threshold for the case when the one-threshold
strategy is optimal is given. A similar characterisation is also given for the two
threshold strategy in Proposition The proof of Proposition is omitted
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as it relies on similar arguments to that used in Proposition [£.2.§|

Proposition 4.2.8. Consider the problem defined in and and let v €
R* be fized. Suppose that the one-threshold strateqy is optimal. Then the optimal

stopping rule T} takes the form 7.0 = inf{t > 0: X; € C1} where C; = (0,%,) and

T, > 1 solves:
K70z, = <(5’i7> _ x) (o — 1) (4.19)

Furthermore we have:

KYva? 4+ (x — 1)7 for x > T,
H(v,z) = (4.20)
(KWJ&?Z_’B + (Zy — 1)73735’8)xﬂ forxz < Z,

The proof is given in Appendix The following corollary follows from the
above Proposition and offers a characterisation of the constant V(1) = v when the
one-threshold strategy is optimal. This result follows directly follows from the fact
that v satisfies v = H(v), where H(v) = H(v,1).

Corollary 4.2.9. Under the assumptions of Proposition V(1) = v satisfying
solves:
jgﬁ(a_jv B 1)7

(1-K2)77) 2y

V(1) =

Proposition 4.2.10. Consider the problem defined in (4.16) and (4.17) and fix
v € RT. Suppose the two threshold strategy is optimal. Then the optimal stopping
rule T takes the form 7 = inf{t > 0: X; & Ca} with Co = (0, &,) U (z,, Zy), where
z, <1 <z, satisfy the following system of equations:

Vo (30~ — g1 T, — 1)z —z,) 2,
Kw(z] " —x )w; Eiv 15)_5 +(1-az)'z, (4.22)
Ty — Xy

1

_m
1

:m

(- R AL -z e - a)| a2s)
(= R o, 17 an P, -1 a2a)
whereas T, satisfies:

K’Y(B - V)U'%Z = >‘(1 - jv)v_l ((’7 - ﬁ)jv + ﬁ)
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Furthermore:

)
KVvzY + (x — 1)7 for x>z,
AP zf 4 B@) g orz, <z <ZT
H(v, x) = for, <@ sy (4.25)
KYvz? — \(1 — )7 forz, <z <z,
| (Kwil ™7 = M1 = #,)72,7) 2 fora < @,
with
S
AU = e B—a
Ty — 2y
B2 — _

[vaxz -1 —g,)

«
Ly

jg—cx N gﬁ—a

(ﬁ-a (K7o(z77% =20 ™®) + (2o — 1) 2, + A(1 — z,) 2,) )]

Given that the variable v satisfies v = H(v, 1), for the case outlined in Propo-
sition using , it follows that v satisfies v = Aq(,Q) + quQ).

Shortly we will discuss how the above characterisations can be used to deter-
mine the optimality of the two strategies; that is, under which parameter regimes
would the agent optimally choose one strategy over the other. Before moving to-
wards this step, recall that in (4.13) we substituted the underlying process of the
problem from the wealth process W; to the asset price process X;. We hence note
that the optimal stopping rules arising from the assumptions of Propositions
and can be re-written in terms of the wealth process by using . Since
by definition R, = w over [0,7,) and since the game essentially restarts at every
liquidation point, we observe that under both scenarios 7, can be re-written as
T8 =1inf{t > 0: % ¢ C} where C = (0,7,) or C = (0,%,) U (z,,Ty) depending on
which of the two strategies described above is optimal. Thus the agent stops and
derives realisation utility only when the ratio of their wealth to current reference
level exits the continuation region C.

Given this characterisation of the optimal stopping rule 7,7, the homogeneity

property allows us to also derive the solution of the original problem in (4.7)). Recall
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that:

Z(w,r) =supEy [em (U(WT_, R, )+ Z(KW,_, KWT_)>]I{T<OO}]

=supEy [e—/’f (RZU(ZT_ : 1> + (KW,_)"Z(1, 1)>H{T<OO}]

(W AR
= Sgp T Ew [e p <U<R7—_ ,1) + <K RT_> Z(1, ]‘)>H{T<OO}:| (4.26)

Given that R; is constant between liquidation times, and noting that Z(1,1) =

V(1) = v, we can re-write (4.26]) as:

W W\ Wo w
VA = TE|e P 1 K I = —
(w,7) = supr [e (U( = )+< ) v )) tr<o} | Ry ,,]

T T

— sgp’r’yE [e—m <U (XT_, 1) + <KXT_>7V(1)>]I{T<OO} ’ Xo = 1:]
(4.27)

The solution of this problem is a special case to the problem described in Propo-
sitions |4.2.8| and |4.2.10[ above and the solution of (4.26|) is outlined in Proposition
below for completeness.

Proposition 4.2.11. Consider the problem defined in above. The optimal
stopping time is given by T, = inf{t > 0 : % ¢ C} where C = (0,Z,) if the one
threshold strategy is optimal or C = (z,,%,) otherwise. The characterisation of the
selling thresholds x,,, Z, is as given in Proposition[{.2.8 for the one threshold case
and Proposition [{.2.10 for the two threshold case. If the one threshold strategy is
optimal, Z(w,r) is given by:

YK Yw(w)Y wy _1)7 Y>> Ty
Z(w,r): r ( v(r) +((r) ) ) , fOTr_.CU (4.28)
P (Kzy ™ + (2, — 1)72,7) (2) for ¥ <z,
where v = V (1) is specified in ({§.21)). Otherwise,
() () foru <2
WA « Wz,
Z(w,r) = Al () + (T) fors, < <% (4.29)
(a8 21 - " for <2 <,
PR AR R e <,

where the constants A1(,2) and 3752) are as giwen in Proposition and v = A1(,2) +
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B2,

From and (4.29), we note that the value function Z(w,r) is always
positive and hence it is always optimal for the agent to invest in the risky asset at
time 0 and subsequently to re-invest at all liquidation times. This is due to the fact
that the agent’s marginal utility is infinite at the reference level r and so it always
advantageous for the agent to enter and re-enter the game. In contrast, in |Barberis
and Xiong| [2012], the authors first assume that the value function is positive and
then exhibit a range of parameter values for which this holds. This is because under
their framework, it is not always optimal for the agent to enter (or re-enter) the
game, which is due to the fact that utility defined by a piece-wise linear function
provides finite marginal utility at the reference level.

Having completely characterised the two possible optimal solutions arising
for this particular problem, it is now possible to determine conditions on the un-
derlying parameters which distinguish between the two solutions. In fact by using

the characterisations of the value function under each of the two cases described in

Propositions [4.2.8 and [4.2.10, we show that there exists a critical value for the loss

aversion parameter A which differentiates between the two solutions and determines
which of the two strategies is optimal. This result is outlined in Proposition [4.2.12
below and the idea behind it is borrowed from Proposition 1 in |[Ingersoll and Jin

[2013] which describes a similar condition for their specification.

Proposition 4.2.12. The problem described in has a two threshold strategy
if and only if X satisfies A < A" where:

)\*:(

T, — 1 7—17*—/3
T DV 3. . (4.30)
(1 -z, )t
where the lower and upper thresholds 0 < z, < 1 < Z, solve:
(Y= Bz +B=7K"27 (4.31)

The proof is given in Appendix Note that since the variables v € (0, 1),
B >~and K € (0,1] are fixed, has two solutions in (0, 00). This is because the
LHS is linear in « and the RHS is decreasing and convex in x.

Proposition describes how the agent’s choice of strategy varies with
the parameters determining their preference structure; specifically A and -, and the
value of 8 which is determined by the underlying market dynamics. As discussed
within the proof of Proposition this result follows from the observation that
when A = \*, the value function determined by the one-threshold strategy described
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in is equivalent to the value function determined by the two-threshold strategy
described in . Geometrically this coincides with the idea that when A = \*,
the tangent line determining the smallest non-negative concave majorant of g,(y)
passes through the point (0,0) and touches g, (y) tangentially at two points (y, g»(y))
and (7, g»(y)) with 0 <y <1 <. An example of such a case is depicted in Figure

41 below.

9,

9,0

——— — Tangent line determining smallest non-negative concave majorant
1 I I I I I
0 0.2 0.4 0.6 0.8 1 12

y

Figure 4.1: The transformed reward function g,(y) and it’s tangent determining
the smallest non-negative concave majorant. (Parameter values: a = —1.5, =5,
K =0.9,v=0.3, A =3.9025)

The definition of the threshold A* described in or equivalently
offer some insight on how the agent’s strategy will change with the underlying pa-
rameters. In fact, as v increases, given that z, < 1 < Z,, we see from that
A* will decrease towards 0. By definition the agent’s utility function U(-) becomes
steeper close to 0 on both the gains side and the losses side as « decreases to 0.
This implies that the agent’s risk aversion on both the losses side and the gains side
increases as vy decreases and thus the agent is forced to realise their losses earlier.

Since we require A > 1 for the problem to be economically feasible, this
means that for large enough - close to 3, we expect that the two-threshold strategy
will not be optimal. This effect is clearly visible in Figure where as - increases
towards (3, the set of values of A for which the agent adopts a two threshold strategy
shrinks rapidly. Note that if 8 is sufficiently close to ~ this implies that the agent’s
growth rate for realisation utility yu + %’y('y —1)0? described in Proposition m
is sufficiently close to the discount rate p. Under such scenarios, the agent is more
likely to wait since the effect of discounting is felt less.

In Figure we also see that as A\ changes, whilst the upper boundary is
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relatively stable close to 1, the lower threshold decreases until A = A\*, at which point
the lower threshold z, jumps downwards to 0. This discontinuity at A* can also be
observed in the arguments used in the proof of Proposition [4.2.12 The existence of
the critical value A* relies on the fact that the value function for the two-threshold
strategy decreases in A whereas the value function of the one threshold strategy does
not depend on A\. Furthermore for A = A\*, the two value functions are equal and we
can still find a lower threshold z, which solves , implying that z, > 0. But
for A > A* the one-threshold strategy is optimal implying the discontinuity of x, at
A,

121
N; s
~v=0.25
~+=0.3
— — —4=0.35
0.8 F o
3]
81 0.6
o~ \
|
0.4 TT——
02r . T~
0 ===== —— —
1 15 2 25

Figure 4.2: Plot illustrating how the optimal strategy changes as A and -~y are
varied. (Parameter values: @ = —1.667, § = 0.667 and K=0.9.)

Figure captures an important difference to the results obtained by [In-
gersoll and Jin| [2013] with preferences described by Uyj(w,r) as defined in (4.6)).
From Figure 2 in Ingersoll and Jin| [2013] (Page 732), one notices that under their
framework the agent is more likely to sell at a loss as the parameters ag and af,
increase; where ag and «f, play a very similar role to v in our model. Thus under
their framework as o and oy, decrease and the S-shape becomes more pronounced,
the loss threshold decreases. However this is contrary to what one expects when
dealing with S-shaped preferences since a more pronounced S-shape means that the
agent is more loss-averse. As shown in Figure this relationship is captured by
our model, since the lower threshold increases as v decreases.

Proposition also captures the special case considered in [Barberis and

Xiong| [2012], when v = 1, giving a piece-wise linear utility function. In fact plugging

8

v =11in (4.30) and (4.31), we get \* = =5, and since § > 1, it is never optimal for

the agent to liquidate at a loss since A* < 1.
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It is worth noting that in Figure [£.2] we also depict the deep-loss threshold

described in Propositions [4.2.10| and [4.2.11] The analytical characterisation of this

threshold as given in these Proposition is essential for completeness of the results
obtained. However it is worth mentioning that this threshold offers little insight as
it is relatively very close to 0 in value. In fact while a similar threshold exists for
the problem in Ingersoll and Jin [2013], they completely omit it from their analysis.

To conclude this section, by applying the methodology for optimal stopping
in|Dayanik and Karatzas| [2003], we have solved a liquidation problem for the Cumu-
lative Prospect Theory S-shaped Utility function, first introduced in [Tversky and
Kahneman [1992]. Our model contains the model of Barberis and Xiong| [2012] as a
special case. While comparing our solution to a similar problem derived in Ingersoll
and Jin [2013], we have also shown that even when considering the classical Cumu-
lative Prospect Theory utility in the realisation utility model devised in |[Barberis
and Xiong [2012], it might be optimal for the agent to sell at a loss. In the next
section we will provide a different new framework under which it is again optimal

for the agent to sell at a loss.
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4.3 Realisation Utility - An Alternative Model

In this section we extend the problem described in Section and consider a new
utility specification inspired by the solution from the previous section which will
allow us to again obtain solutions which include both an upper (profitable) and a
lower (loss) selling boundary. Consider again the set-up described in Section
whilst considering the utility function defined by:

—-m
O (w. ) = “Ar—w)n(2)™™, forw<r (4.32)
(w—r)” (%)7772, for w > r

with 0 < y1,72 < 1, m1,m2 >0, A > 1, o <y and Uy (r—,7) = Uy(r+,r) =
oo. Again the parameters v, and 7o capture relative risk aversion over losses and
gains respectively and A\ captures loss aversion.

The key difference from the S-shaped utility function defined in in
Section [4.2|is the application of the multiplicative factors (%)~ and (%)~ on the
gains side and losses side respectively.

Note that all utility models considered thus far in the context of realisation
utility for a setting inspired by the work of |Barberis and Xiong| [2012] resulted in
optimal strategies which depend on the value of the agent’s proportion of wealth to
reference level. This means that the agent values the proportion 37 in these kind
of set-ups, thus inspiring us to include it as part of the agent’s preference charac-
terisation. Note that the inclusion of the scaling factors (%)4]1 and (%)7772 on the
losses and gains sides respectively, take the form of scaling factors to the Cumula-
tive Prospect Theory specification considered in Section These factors however
play a very different role from the scaling factors considered in the specification by
Ingersoll and Jin| [2013] as they alter the shape of the utility function, particularly
on the losses side. This difference is due to the fact the scaling factors they consider
depend solely on the agent’s reference level which is constant between liquidations.
This has the effect of decreasing the agent’s loss aversion between liquidations when
compared to the classical Prospect Theory utility considered in Section thus
making loss taking more probable.

The effects of the factors (%)—m and (%)_772 in our model are two-fold and
can be observed in Figure below. Firstly, whilst U(w,r) is still concave on the
gains side, larger values of 79 € (0,1) contribute to a faster decrease in marginal
utility over the gains side. On the losses side, for 7 € (0,1), the utility is not
bounded below any more and the function U(w,r) decreases to —oo the closer we

get to 0, with the gradient getting steeper with larger values of n;. This means
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that the agent is highly penalised the closer they get to 0 or equivalently from
experiencing very big losses.
It is worth noting in fact, that this assumption in essence captures the inter-

play between two general ideas in utility theory:

1. The use of reference dependent preferences for realisation utility as proposed
by Barberis and Xiong| [2012].

2. The idea that the agent experiences infinite marginal utility close to zero.

In fact, the main difference from the Cumulative Prospect Theory utility
function defined in (4.5) is that under the usual definition of reference dependent
preferences, the agent experiences decreasing marginal utility the closer they get to
losing everything, which is not the case any more in the model described in .

In developing a solution similar to the one discussed in Section we again
impose the assumption that the parameters v, 2 in above satisfy 1 = 9 =
~. This implies that the utility function defined in is again homogeneous in
r of degree . We also impose the assumption n; = 12 = 1 > 0, with n < -; which
ensures that U is monotonically increasing. Whilst the assumption v; = v = 7y is
necessary for the discussion that follows, the second assumption; 71 = 172 = 1 does

not affect the general structure of the solution of the problem.

KT S-shaped Utility
Generalised KT S-shaped Utility ,=7,=0.1

Generalised KT S-shaped Utility nl=n2=0.45

6 I I I I
0 0.5 1 15 2

w

Figure 4.3: Comparison of the KT-Utility defined in (4.5) and the generalised
KT-Utility defined in (4.32). (Parameter values: y; =92 = 0.5 and A = 1.5.)

We again study the problem of an agent who has a position in a risky asset

who wishes to liquidate their position whilst optimising their expected realisation
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utility. The agent then reinvests their proceeds in the same asset and the game

essentially restarts. This leads us to characterise the agent’s problem as:

o

Z(w,r)= sup Ey,, [ Z e (W, _, Ry, )i, <00} (4.33)
0<m<m<... n—1

where W, is defined in (4.2), R; is defined in (4.3)), the underlying risky-asset price

process X; defined in (4.1)), U(w,r) defined in (4.32) and p > 0. The following

Proposition implies that the same well-posedness conditions to those imposed for

the problem discussed in Section [4.2] follow for this problem:

Proposition 4.3.1. Z(w,r) < co <= p > yu+ %'y(v — 1)o? (or equivalently
v <B).

A proof is given in Appendix In the remaining part of this Section we
will hence assume that the condition p > vyu + %7(7 —1)o? or equivalently 8 > v is
satisfied. Notice that it follows that the value function of the problem described in
is again homogeneous in 7 of degree y; which follows from the homogeneity of
the underlying reward function. Furthermore the same argument developed in the
proof of Proposition for the Dynamic Programming Principle would still hold.

Thus we state without proof the following Lemma and Proposition:
Lemma 4.3.2. Z(w,r) is homogeneous in r of degree 7.

Proposition 4.3.3. The following Dynamic Programming Principle holds:

Z(w,r) = supEy, [e—m <U(WT, R, )+ Z(KW,_, KWT))]I{KOO}] . (4.34)

T

Let V(w) = Z(w,w). Then applying Lemma we can show that:

V(1) =supE [epT(ﬁ(XT, )4+ (KX:)V(1) e | Xo = 1} (4.35)
and by temporarily fixing V(1) = @, we can define the following complimentary

optimal stopping problem:

H(v,z,7) =FE {epf(ﬁ(xﬁ 1) 4+ (KX:)0) I <o Xo = 3;} (4.36)

H(v,x) = sup H(v, z,T). (4.37)

T

Thus the value function of the problem in (4.35)) is the solution of the fixed-point

problem v = H(v,1). A uniqueness result to this fixed point problem is discussed
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in the following Lemma:

Lemma 4.3.4. Let H(v,z) be as defined in and . The optimal stopping

time T s a hitting time. Furthermore if a solution to the fized point problem
v = H(v,1) exists, then it is unique.

The proof of this result follows from identical arguments to those discussed
in the proof of Lemma m Define the reward function of the problem in
and by hy(z):

ho(x) = K527 + Uz, 1) (4.38)

and note hy is bounded on every compact subset of RT/{0}. Also note that the un-
derlying one-dimensional diffusion describing the underlying price process is equiv-
alent to the one considered in Section Thus the functions ¥(-), ¢(-) and F(-)
used to transform the reward function so as to apply the methodology outlined by
Dayanik and Karatzas [2003] are defined as in Section With this in mind, de-
fine the corresponding transformed reward function gz(y) = hs(F~1(y))/o(F~1(y)).

Thus we have:

Q

y—

1 —_n—a
K7oys-o — X1 —yB-o )y - fory <1
g5(y) = y—a (4.39)

1 —-n—«a
KYvyp=a + (yF-o — I)Vyfan—ia, fory > 1
The application of the methodology outlined in Chapter [2|to solve this prob-
lem, requires us to first analyse the geometry of the function gz(y). A discussion of
the structure of gz(y) is provided in Appendix
As discussed in Section the types of solutions arising from this problem

can be characterised into two cases; namely:
1. The agent will only stop and sell at a gain;

2. The holding region is disconnected and it consists of a neighbourhood of 0 and
a neighbourhood of 1. Thus the agent holds the risky asset only if they start

at a very deep loss or if the stock’s initial gain or loss are relatively small.

Given that in the specification of the problem in the starting value of X
always takes the value 1, the threshold characterising the neighbourhood around 0
will not affect the behaviour of the agent whatsoever. In view of this, hereinafter we
shall refer to the case with a disconnected continuation region as a ”two threshold
strategy”. Similarly we shall refer to the case with just an upper threshold as a ” one

threshold strategy”.
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In Proposition we characterise V(1) and the corresponding stopping
threshold for when the one threshold strategy is optimal. A characterisation for the
two threshold strategy follows in Proposition [4.3.6} The proof of Proposition [4.3.5
is outlined in Appendix [C.4l The proof of Proposition is omitted as it relies

on very similar arguments.

Proposition 4.3.5. Let v € R" be fired. When the optimal strategy is a one-
threshold strategy, the optimal stopping rule T of the problem defined in and
takes the form 7% = inf{t > 0 : X; ¢ (0,Z5)} where Tz > 1 solves the

following non-linear equation:
K02 (B =) =27 "z~ 1) (v@ — (B +n)(z - 1)) (4.40)

Furthermore, we have:

Hv.2) K7vxY 4+ (x — 1)7Y27 ", for x> 7y
'U, x) = SRy —Q = A—N—Q
Koz ;—[(33;1)731: ! .CU/B, for v < Ty

and V(1) = v as defined in solves:

- Tz —1)Y
V()= — 4.41
= ) (441)
Proposition 4.3.6. Let v € R be fized. Suppose the optimal strategy is a two-
threshold strategy. Then the optimal stopping rule T, of the problem defined in
and takes the form 77 =inf{t > 0: X; ¢ A} with A = (0,23) U (x4, T5) with
Ty < xy < 1 < Zy. The thresholds xy; and Ty solve the following system of non-linear

equations:

Ko@) =2} ™) + (@ = 173" + M1 - 2,) "z,

z -z
=<g — Z)K%x%‘ﬁ + (5 . a) (T — 1)tz P (ZJ—FZ> (T — 1)7z;777
- (g — Z)K“w%‘ﬁ + (/BV_AO&) (1— )Lk P 4 (Z J_r a))\(l 2,) 2" P
(4.42)
whereas &y satisfies:
K987 (8 =) = Ai (1 = &) (v& + (B8 +n)(1 — &) (4.43)
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Furthermore we have:

K7vxY 4 (x — 1)Y2™ ", for x> 7y
_ Ayx® + ByaP, forzy; <x < Ty
H(v,x) = .
KYox? — N1 —x)7z™", for iy <x < xzy
_A’Yf(!_ - Aj’,’]*& R
KYvi) f\[glazv)va .’L'ﬁ, for x < &y
Ty

where
. ( Tp— )27+ A1 — g_)@g"*a) (1 — nga)
(T " — 2 ") — K3y (1 — 2 %) — K7z (@) — 1)
A1 — )y, (@ — 2l
(% =2 = K02 (1= %) — Koug (5" - 1)

and the constants A, and B, are given by:

K'o(zl ™" —alm ) + (@5 — 1)z 7 + A1 —zg) 72y " “

o Ly
Av= o e
(K7vzd ™" = M1 —a5) 725" a)ﬂfg C— (KWzl ™ + (T — 1)73," )2y
Bv = _B—a B—a
R

Having characterized the possible solutions for the problem described in
(4.36) and , we note that the solution of the problem we defined in
follows directly from the solution of the aforementioned problem. In fact, the ho-
mogeneity property of the value function Z(w,r) and the fact that R; is constant

between liquidations allows us to write:

Z(w,r) = supr'E [ef” (U <XT_, 1) + (KXT_)WV(U)]I{KOO} ‘ Xo = w] (4.45)

T T

By comparing (4.45)) to (4.36)) and (4.37)) it is obvious that the optimal strategies
for the problem in (4.45)) are identical to those described in Propositions and

4.5.0)

The characterisations of the selling thresholds and the constant v for both
strategies are essential for us to develop an approach to differentiate between the two
cases under different parameter regimes. This is discussed in Section below.
We defer the discussion outlining the key differences between Propositions and
until after we get the necessary conditions to distinguish when each of the two
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solutions is optimal.

4.3.1 Distinguishing between the two strategies

Having characterised the possible solutions arising from this problem, in this section
we work on determining when either of the two possible solutions is optimal. In the
first part of this section we will use the characterisations of the reward function and
the corresponding value function to obtain a condition which determines whether
the two threshold strategy is optimal. This is presented in Proposition [4.3.8} For
completeness, we then use a similar methodology to that employed in Proposition
[4.2.12] of Section 4.2 to obtain another condition on A which determines which of
the two solutions is optimal. We then end the section by showing that these two
conditions are equivalent.

In what follows we will refer to a solution for the one threshold strategy as
a pair (Z,0) € R? where Z > 1, © > 0 and the pair is a solution to the system
of equations described in and . Furthermore, a solution for the two
threshold case is given by (Z, Z;, Ty, 0) € Ri where & < 7; <1 < %, and v > 0 are
a solution to the system of equations described in (4.42)), (4.43) and (4.44)).

We first note that a solution for the system of equations described in
and can always be found. This is due to the fact that given 5 > =, gz(y)
as described in is concave, positive and lim,; g5(y) = oo for any y > 1 and

v > 0. Thus we can always construct a line passing through the points (0,0) and

(¥, 95(y)) satistying:
Gv (g) dgv

v Ayl

However it is important to note that this solution is not necessarily the solution
we are after as it might not define a majorant of the function gz(y), let alone the
smallest non-negative concave majorant. An example of this can be seen in Figure
(4.4 below.

We also note that a solution to the system of equations describing the two
threshold case; that is , and does not always exist (for example
the case described in Figure . If however, we can find a real-valued solution to
both systems of equations, our aim is to obtain a condition with which to determine
which of the two solutions is optimal. Before discussing this problem we discuss
briefly the uniqueness of solutions.

Suppose that we solve the system of equations in and giving
(z,71) and also solve (4.42), and giving (Z, Ty, Ty, v2). Coupled with

both ©; and v we have the corresponding reward functions gz, (y) and gz, (y) re-
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Figure 4.4: Plot of the transformed reward function g,(y) outlining that the
solution obtained from (4.40|) and (4.41)) is not always optimal. (Parameter values:
v=032, a=-02,="73,1n1=03, A\ =16, v=2.4 and K=0.9.)

spectively. Note that v; and ¥y are in general not equal and hence the functions
93, (y) and gg,(y) are different. Is it possible that the solution (Z,v;) defines the
smallest non-negative concave majorant with respect to gz (v) while (&, Z;, Ty, v2)
also defines another smallest non-negative concave majorant with respect to gz, (y)?
This question is closely tied to the idea that the problem in has a unique
solution. We address this question in Lemma [£.3.7 below and show that the answer

is no.

Lemma 4.3.7. Consider the optimal stopping problem described in and
{4-37). Let 21 = (z,v1) be a solution to and ({§-41). If it exists, also let
29 = (&, &y, Ty, V2) be the solution corresponding to the system described in ,
and . Consider the transformed gain functions gz, and gg, correspond-
ing with each of these sets of solutions respectively. Then only one of z1 and z9

defines a non-negative concave majorant with respect to gs, or gg, respectively.

A proof is provided in Appendix Lemma, above guarantees that
if both systems of equations have a solution, then only one of them defines a non-
negative concave majorant with respect to g,(y).

In solving the system of equations describing the two threshold strategies
numerically we notice that more often than not, the solution for # is numerically
indistinguishable from 0. Note however that the problem defined in imposes
the requirement Xy = 1 and the parameter v satisfies ¥ = H(v,1) and hence v is
uniquely determined by the thresholds characterising the neighbourhood of 1. Thus

for the problem in (4.35]), the threshold Z is insignificant. It however is an essential
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part of the solution for the problem in (4.34]), since w and r are allowed to take any
value in R.
In Proposition below, we provide a first result to distinguish between

the two strategies in Propositions and

Proposition 4.3.8. Consider the pair of systems of equations described in ,
and (4-49), above. The following cases arise:

1. If the system described in (4.42) and (4.44) has no real-valued, positive solution
then the one threshold strategy described by and s optimal.

2. If both systems of equations allow for a solution to be found, then the two

threshold strategy is optimal if and only if

F(zy,)
F(z)

9o (F(Zu))
g0(F(z1))

> (4.46)

A proof is provided in Appendix The above result allows us to numer-
ically characterise the optimal behaviour of the agent by adopting the condition
described in as part of our numerical procedure. This condition is fairly
simple to check since all parameters are either known a priori or are found when
solving the aforementioned systems of equations. Note that when we have equality
in the condition in , this implies that the concave majorant defined by the
two-threshold strategy is identical to that defined by the one-threshold strategy.
Thus at equality the value functions of the two strategies are equal. This case arises
only when z, = z, where z, and z, are as defined in Proposition m and hence
the two threshold strategy applies at equality.

By using an argument similar to the one used in Proposition [4.2.12]in Sec-
tion we can obtain a similar condition for the loss aversion parameter A\ which

determines which of the potential solutions is optimal.

Proposition 4.3.9. The problem described in has a two threshold strategy if
and only if A satisfies X < \* where:

(z — 1) 2I((B+n— )2 — (B+1))

= 4.47
(1 —z) 2 (B +n -z, — (B+n)) —

where 0 < z, < 1 < Z, solve:
B+n—)z—(B+n) =K " (na—-1)—7) (4.48)
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A proof is provided in Appendix [C:4] In Propositions [£.3.8 and [£.3.9] we

have given two alternative conditions determining when the two threshold strategy

is optimal. Before discussing the results obtained in this section in more detail, we
prove in Proposition that these two conditions are in fact equivalent. The
proof is relegated to Appendix

Proposition 4.3.10. The conditions described in Propositions|4.5.8 and |4.3.9 are

identical.

4.3.2 Discussion of Results

Having fully characterized the solution of the problem in and , we are
now able to comment on how the agent’s behaviour changes with the underlying
parameters.

Proposition distinguishes between the two possible solutions on the
basis of the parameter A and hence offers further insight on how the behaviour of
the agent changes with changes in the underlying parameters. As seen in Figure
below, when the parameter v is decreased, the loss threshold increases significantly.
This is because the underlying utility function becomes steeper close to the reference
level with lower values of ~.

The lower threshold also marginally increases as 1 decreases. This is due to
the fact as seen in Figure higher values of 1 push the utility function U lower
on the losses side, thus making taking a loss less attractive for the agent. This
relation between 1 and the lower threshold z is visible in Figure |4.5b, Figures
and also clearly show that the loss threshold decreases with an increase in .
This follows from the definition of A\ as the agent’s loss aversion parameter. In fact
the lower (loss) threshold decreases as A increases to A\* at which point the lower
threshold jumps downwards to 0. Note further from Figures and that the
critical value A* defined in decreases with an increase in both + and 7, for
the same reasons mentioned above.

The upper (profitable) threshold on the other hand is relatively unchanged
under changes of both v and A. The reason why the upper threshold is always very
close to 1 in these kind of problems is mainly due to the concavity of the utility
function on the gains side and the fact that the underlying utility function has
infinite marginal utility at 1 which decreases significantly fast.

Figures and depict how the selling thresholds change as the ex-
pected rate of return p changes. The lower threshold decreases with an increase in

w. The upper-threshold increases marginally as p increases over (—1,0). However
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Figure 4.5: Plots describing how the optimal strategy varies with different
parameters

as u increases on the positive side, the upper threshold increases drastically towards
+o00. This is because as j increases, 8 decreases towards . As shown in the proof
of Proposition the case 8 < = implies that it is never optimal for the agent to
sell. This is due to the fact that under this case we have p < yu + %7(7 —1)o?, and
thus the effect of the discount term p is overpowered by the growth of the agent’s
realisation utility pushing them towards the case when it never optimal to sell.

Whilst in Figure [4.6a it might seem that it is always possible for the agent to
realise losses when —a > 1), Figure [£.6D] indicates another case when this is clearly
not true.

Note that while the condition obtained in Proposition [£.3.9] describes a crit-
ical value \* for the loss aversion A, this condition could theoretically be re-written
to give critical values for all the other parameters in this model. As an example,

the critical value of u and how it changes as we vary A can clearly be observed in

Figure
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Figure 4.6: Plots describing how the optimal strategy varies with the parameter pu.

The behaviour of the selling thresholds in relation to changes in the volatility
parameter o depends heavily on the values of the drift parameter u and the discount
factor p. This change in behaviour can be clearly observed in Figures and [4.7D]
below. It is mainly due to the fact that as we vary o, the parameter 8 changes very
differently depending on the values of the other parameters. In Figure [1.78] we see
that when the agent observes a negative expected return u, a higher value of o will
make them wait longer before realising a loss. This is because as ¢ increases, even
though p is negative, a higher value of ¢ is more likely to push the price upwards
towards the upper selling threshold, where they can sell at a profit.

On the other hand if g is big enough such that the condition § > -~ is
still satisfied (Figure , the behaviour of the agent relative to the parameter
o appears to be somewhat inverted when compared to the aforementioned case
depicted in Figure [£.7a] For small enough o the agent employs a one-threshold
strategy under this case. This is because they expect the price process to drift
strongly upwards. As ¢ increases the interplay between the three parameters o, i
and p can be observed. While the agent expects the price process to drift upwards,
higher values of ¢ increase the chance of experiencing deep losses in the shorter
term. This together with the discount factor p drive the agent to cut their losses
rather than waiting when o increases, which is why we have a two threshold strategy
as o increases. The same reasoning applies as to why the lower threshold strategy

increases as ¢ increases.
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4.4 Concluding Remarks

In this chapter, we have formulated two optimal stopping problems which portray
an agent who derives realisation utility when selling an asset. We build on the work
primarily done by Barberis and Xiong| [2012]. In Section we extend upon the
model described in Ingersoll and Jin| [2013] and by adopting a different methodology
we specialise for an agent whose utility function is given by the standard Cumulative
Prospect Theory S-shaped utility defined in |Tversky and Kahneman [1992]. By
using the methodology outlined in Chapter [2] we show that under this framework
the agent can adopt two different strategies and we distinguish between the two.

The solution of the problem described in Section [£.2] then motivates us to
extend this problem and consider a new preference structure. The utility function we
consider is again reference dependent and it includes additional multiplicative factors
which depend on the ratio of current wealth to reference level. This problem is again
approached by adopting the methodology described in Dayanik and Karatzas [2003)].
We show that again the agent can adopt two different threshold strategies. In Section
[4.3.1)we provide two equivalent conditions with which to distinguish which and when
each strategy is optimal.

To date, all models considered in literature in relation to realisation utility
have a common assumption. This is that after each liquidation, the agent has to

re-invest all their wealth in the risky asset. A natural extension to this model is to
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extend the framework to a portfolio optimisation problem in the spirit of Merton
[1969]. This problem takes the form of an impulse control problem and it is currently

a work in progress.
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Chapter 5

Regret Theory in a Dynamic
Setting

5.1 The Regret Problem - An Introduction

The original aim of this chapter was to present our study of models in the literature
wherein Regret Theory is applied in a dynamic setting and then branch out and
extend upon them in two principal directions. Firstly, our aim was to extend these
models; primarily the one described in [Strack and Viefers [2015] from a discrete
time setting into a continuous time framework. Whilst in various other areas of
behavioural finance this extension to continuous time is very prevalent in the lit-
erature, there is little to no research done in this context within Regret Theory.
Secondly, our aim was to propose and solve for another problem which incorporates
regret-rejoice functions R(-) which are truer to the original formulation of Loomes
and Sugden| [1982]; as discussed in Section

The main contribution described in this chapter is the re-formulation and
extension of the dynamic model presented in [Strack and Viefers| [2015]. Their model
presents a discrete-time optimal liquidation problem for an agent whose preferences
incorporate a regret term. The model and some of its underlying assumptions are
summarised in Section [5.1.2] Subsequently in Section a new dynamic model for
Regret Theory in continuous time is presented and solved, extending upon the work
of [Strack and Viefers [2015]. A brief discussion of some directions for extensions of

our work is included in the final part of this chapter.
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5.1.1 A Brief Overview of the Theory

Although Expected Utility Theory is still widely used to describe preferences made
by individuals under uncertainty it is well accepted that this theory fails to capture
various behavioural anomalies which individuals seem to possess when presented
with risk. This was already well documented prior to the introduction of theories
like Prospect Theory and Regret Theory but as argued by Bleichrodt and Wakker
[2015], it was widely accepted that irrational behaviour was actually too chaotic and
noisy to model appropriately.

The introduction of Regret Theory as a cornerstone theory in Behavioural
Economics came in three independent papers in 1982, each approaching the idea
of regret from a slightly different angle. Bell [1982]; one of the three aforemen-
tioned papers, focused on discussing how regret could be incorporated into a utility
model as an additional attribute to the already existing model. [Fishburn| [1982]
discusses in detail how the Theory can be formulated rigorously in a mathematical
setting whereas |Loomes and Sugden|[1982] enforced the theory through an empirical
approach.

In their paper, Bell [1982] theorises that most of the anomalies to Expected
Utility Theory stem from the desire of an individual to circumvent the possibility
that in the future they will seem to have made a bad decision even if at the time the
decision was the ’best’ given all the information available. This argument is used by
Bell [1982] to support this proposal that utility derived from the result of a decision
should incorporate both monetary satisfaction and minimal prospective regret. The

mathematical model capturing this idea shall be briefly discussed below.

The Formulation of Regret Theory

Suppose our Sample Space € is the set {wi,...,w,} where each w; represents some
state of the world, and we consider a probability measure P s.t. P(w;) = p; € (0,1].
An individual faces the problem of choosing from a set of actions {Aj,... A},
and associated with each action A; we have a random variable X; whose range
(i1, ..., Tin) represents the consequences of action A; over each stateﬂ

Loomes and Sugden| [1982] assume that associated with every individual is
a ”choice-less utility function” C(-). Given z € R, C(z) represents the amount of
utility an individual derives from some consequence z if experienced without actually
choosing it. This implies that C takes the form of a Bernoullian utility function and

hence restricted over RT, C' is concave and strictly increasing.

In our discussion we restrict Zi; to represent increases or decreases in wealth relative to some
level but this can be taken in a more general economical context as well.
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Assuming only two actions A, Ay are available if the individual chooses
action A; given the ;' state of the world occurs, an individual will experience
regret if x1; < xo; and rejoice if x1; > xo;. Hence writing ¢;; for C(x;;), Loomes
and Sugden| [1982] propose modified utility mf”j to be defined by:

mf; = M(cij, cij) (5.1)

representing the utility in state j of an individual who initially chose Action A;

over Ay (The value mfj — ¢;; represents the additional or deduction of utility due to

regret/rejoice). From the above discussion a few assumptions can be made on mfj,

mainly that if ¢;; = c; then mk. = cij and also that:

J
5mf» 6mf~
—2 <0  and —2L>0 (5.2)
dcyj 0c;j

In view of the formulation in Loomes and Sugden| [1982] propose two
assumptions. Firstly that preferences between actions are made on maximizing ex-
pected modified utility over all possible actions and also that the degree of one’s
regret depends on the difference of the choice less utility under the realized ac-
tion and the choice-less utility of another unrealized action. This leads to the the
following formulation:

mfj =ci + R(Cij - ij) (5.3)

where R is referred to as the "regret-rejoice function”. It clearly follows that R is null
at 0 and strictly increasing. Given that preferences between actions are established
by maximal expected modified utility, then a weak preference of action A; over Ay

is established if and only if:
n
ijQ(Cij - Cik) > 0 (5.4)
j=1

where Q(+) is given by:
Q&) = £+ R(§) — R(=¢) (5:5)

Loomes and Sugden| [1982] also give the following three alternative assumptions to

characterise the function Q(-):

1. Q(-) is linear (V¢ € R R"(§) = R"(—£)). This implies that individuals will

be maximizing expected choice-less utility.
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2. Q(-) is concave (V¢ e R R"(§) < R"(=Y)).
3. Q(-) is convex (V€ e R R"(§) > R"(=£)).

While they argue that that the choice of ) depend on the underlying assumptions
related to human psychology, their experimental results were consistent with the

third assumption.

Some Properties of Regret Theory

An important property which contributed to the popularity of Regret Theory is
that under this theory, the assumption of preference transitivity is dismissed. Al-
though this was initially considered as highly unorthodox, through the dismissal of
this assumption, the theory manages to capture the notion of preference reversal.
This phenomenon in economics is a behavioural anomaly occurring when the indi-
vidual’s preferences for objects changes when these preferences are evaluated either
separately or jointly.

As discussed in both Bell [1982] and [Loomes and Sugden| [1982], another
concept distinguishing this theory from others is the notion of Dominance (or the
dismissal of the Equivalence Axiom)ﬂ This manages to provide a perspective in
choosing between two equally attractive prospects when viewed from a behavioural
perspective. Suppose for an example that we are on the eve of an election between
A and B and you own a portfolio which you expect to either go up by 5% if A
wins or decline by 3% if B wins with equal probability. Suppose that we look for

alternative portfolios to invest in and the two available alternatives are:

e Investment 1: If A wins asset appreciates by 6% or depreciates by 2% if B

wins.

e Investment 2: If A wins asset depreciates by 2% or appreciates by 6% if B

wins.

Although the two investments seem equally attractive, when viewed in comparison
to the portfolio we currently own, Investment 1 might seem more desirable relative
to the current portfolio. This is because Investment 2 presents a possible perceived
loss of 7% if A wins and a 9% increase if B wins (due to regret).

After the introduction of Regret Theory in 1982, as discussed in [Bleichrodt
and Wakker| [2015], there has been a large body of new literature with empirical

studies most of which substantiating predictions made under this theory. Some

2This is also referred to in literature as the juxtaposition effect
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such studies supporting this theory are Loomes and Sugden [1987], |Starmer and
Sugden| |1989] and |Starmer| [1992].

To this day, the theory remains very strongly ascribed to when explaining
real world behavioural anomalies in a range of topics, in particular those relating
to finance. Muermann et al.| [2006] for example show that anticipated regret has a
strong effect on the amount of stock an investor holds. [Muermann and Volkman
[2007] on the other hand show that the well documented disposition effect; that is,
the reluctance of investors to realise losses and eagerness to realise gains, can also

be explained through Regret averseness.

5.1.2 Regret in a Dynamic Setting

Strack and Viefers| [2015] propose a discrete time model describing an agent ob-
serving a series of pay-offs X;; whose dynamics are described by a multiplicative

binomial random walk; that is, given Xg = z > 0 then:

hX; with probability p
Xi41 = (5.6)

%Xt with probability 1 —p

where h > 1 and p € (%, 1). At each time t € Z" the agent decides whether to
continue observing or stop and receive the pay-off X; — K where K > 0 is some fixed
reference level. Further to the above dynamics, [Strack and Viefers| [2015] assume
that the game can also come to an end at any time point with some fixed probability
1 -9 € (0,1) which in turn gives a null pay-off. Denote this random termination
time of the game by T". The aim of the agent is to choose a stopping strategy which
maximises their expected modified utility. Utility in this context does not solely
capture the idea of consumption but also incorporates an additional term capturing
the agent’s regret which depends on the value of the ex-post maximum level reached
by the price process. These ideas are captured in |Strack and Viefers| [2015]’s work
through a linear preference function which is very similar to the one proposed by
Loomes and Sugden)| [1982] described in (5.3)). Let the maximum process of X; be
denoted by S; = maxy,<; Xy, Vs where Sy = s > . Strack and Viefers| [2015] assume
that the relationship explaining the penalty from regret when the agent decides to
sell at time 7 > 0 at the price level X is given by:

G =Ty (w(Sr — K) —u(X, — K))

where u(-) is a concave, increasing utility function which also plays the same
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role as the choice-less utility function described in Section[5.1.1] In view of this, the
total utility derived from selling at time 7 is then captured through a weighted sum

of choice-less utility and regret-penalty; that is,
(1 - )\)]I{.,.<T} (’U,(XT - K)) -G = ]I{.,.<T} (U(XT - K) - /\U(ST - K)) (57)

where A € [0,1) represents the intensity of regret. It is natural for the agent’s
objective to be defined as maximizing their expected modified utility, giving the

following value function V'(z, s):

V(z,s) = ili[é Eas [Lir<ry (u(Xr — K) — Mu(S; — K))]. (5.8)
where E, 4[-] is shorthand for E[-| Xy = z,Sp = s]. An important remark to make
here is that although this formulation resembles the formulation originally defined by
Loomes and Sugden| [1982], this does not capture the notion of rejoice. Furthermore
under if the agent stops exactly when a new maximum is reached, they will
still incur a penalty when compared to pure choice-less utility, through the scaling
factor (1 — \).

Strack and Viefers [2015] show that the optimal stopping rule 7* for the
above problem is decomposed into three parts, depending on the initial value of the
maximum process S;. They show that there exist constants ¢,C € R, 0 < ¢ < C

which determine the optimal stopping time 7* as follows:

inf{t >0: Xy =¢c} ifSp<c
T = qinf{t >0: X; =S} if Sy € [e,C) (5.9)
inf{t >0: X, =C} ifSp>C

Note that the existence of the level ¢ under this formulation can be justified
by the fact that under this set-up, if the agent never stops then they will have null
returns which is still higher than stopping X; at a level lower than the fixed reference
level K. The upper level C is justified by the fact that under this problem the agent
will always stop at or before the stopping level obtained under the assumptions of

the complementary Expected Utility formulation without regret penalisation.

5.2 The Regret Problem in Continuous Time

In the remainder of this chapter we provide a description of our work on the extension

of the model summarised in Section [5.1.2]to a continuous time framework. The first
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part of this section will provide a general framework on which the corresponding
problem can be appropriately defined. A candidate stopping time is then proposed,
inspired from the solution in Strack and Viefers [2015]. The main arguments and
proofs to demonstrate the optimality of the proposed stopping time are outlined in

the remainder of this chapter.

5.2.1 General Framework

Consider a complete probability space (€2, F,{F;}+>0,P) supporting a Brownian
Motion W = {W,; t > 0} and let X = {X;; t > 0} be geometric Brownian Motion

characterised by the stochastic differential equation:
dX; = pXpdt + o X dW, (510)

where the parameters ;4 € R and ¢ € RT are constant and Xy = z. Let f(-) be
the corresponding scale function defining the analogous local martingale Y; = f(X;)
where f(-) is defined by:

2" n>0
fR)=9-G"  n<0 (5.11)
In(z) n=20

withn=1-— 3—‘2‘ Consider also the corresponding maximum process of X; denoted

by (StX)t>0 and defined by:

SX = Iggich Vs with S =s. (5.12)
where we assume Xg = x < s. The maximum process Sty corresponding to the local
martingale Y; is defined analogously by S} = max,<; Y, V f(s) .

Consider an agent whose choice-less utility function is given by a monotoni-
cally increasing concave function u € C?(R*). They wish to liquidate an asset whose
price dynamics follow and at each time point they have to decide whether to
continue and forego selling to a later time or sell at the current price. Their utility
upon liquidation depends on two factors. Firstly, the agent derives choice-less util-
ity from consuming the returns from the liquidation. Secondly, the agent admits a
penalisation due to regret which depends on the ex-post optimal strategy; that is
not having sold at the ex-post maximum of the price trajectory. In the same spirit
of |Strack and Viefers [2015], this regret term is defined by the difference in util-
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ity derived from the agent’s strategy and the ex-post optimal strategy. Assuming
that the agent’s final reward is given by a weighted sum of these two factors, the

underlying optimisation problem can be formulated by:

V(z,s) =supE; ¢[(1 — k)u(X;) — /f(u(Sf) —u(X;))]

>0
= sup By s[u(Xr) — ru(S5)) (5.13)
where k € [0,1) describes the investor’s intensity of the penalisation admitted due
to regret when compared with the complimentary EU-agent and has a similar role
as the parameter A in [Strack and Viefers [2015)’s discrete time model. Note that
in this model we do not include the fixed reference level K > 0 used by |Strack and
Viefers|[2015] as in . However this can easily be included as part of this problem,
which would require the definition of the utility function u(-) to be extended over
[ K, 00). It is also worth noting that the model in assumes an infinite horizon
framework under which no random termination of the game is considered.
Note that while the reward function in does not capture the notion of
rejoice, we can still recover the general form of by scaling the choice-less utility
function u(-). In fact by denoting (1 — k)u(-) by u(-), we have:

u(z) — ku(s) = a(z) +

giving R(x) = % if choice-less utility is measured by #(-). Furthermore the reward
function in also captures the ideas of the conditions in . In fact the total
reward received by the agent increases as the underlying’s price increases; that is,
the agent’s utility increases by considering a more favourable outcome. Secondly
the agent’s total utility decreases as the value of S; increases; that is that the agent
admits a bigger penalisation the further away they sell from the best observed price.
It is then obvious that the second point only applies when X; < S;.

For the remainder of this chapter we assume that the agent admits an expo-

nential choice-less utility function:

)= 1 — exp(—yz)

. (5.14)

u(z

where v > 0 denotes the agent’s level of absolute risk aversion. Later on as part of
this chapter, a discussion on possible generalisations of u(-) will also follow. In what
follows we provide our solution to the problem described in ([5.13)). A candidate

optimal stopping rule is first proposed; inspired from the work of |Strack and Viefers
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[2015]. The value function corresponding to this stopping rule is derived first. A
verification theorem showing that this is indeed the optimal stopping rule then
follows. This result heavily depends on two key characteristics of V' (z, s); firstly that
the process V (X, S¢) defines a continuous super-martingale and that the stopped

process V(Xiar+, Siar+) is in fact a continuous martingale with:
Ex,s lim V(Xt/\T*; St/\T*) = V(.Z', 8).
t—o00

5.2.2 Candidate Stopping Rule and the Characterisation of the
Value Function

Consider the stopping problem defined in (5.13)) and let H, = inf{t > 0: X; > a} =
inf{t >0:Y > f(a)}E| be the first hitting time for X; of the level a € RT. We
propose the candidate stopping rule 7 by:

T=HywNHp (5.15)

where b, B € R" are some constants satisfying 0 < b < B < oo and s > 0 is the
starting value of the maximum process S as defined in (5.12). Thus the stopping
rule in (5.15)) can be decomposed into three cases depending on the initial value of
So = S:

— If s < b then stop the first time X; hits b,
— If s € (b, B) then stop the first time X; hits s,

— If s > B then stop as soon as X; > B is satisfied.

A representation of 7 is presented in Figure [5.1] where the stopping region
is described over the domain of (X¢, St)¢>0. Note that by definition, for all t > 0,
X; < S a.s. and hence the pair can only take values in {(z,s) €R?: 0 <z < s}ﬂ

As we will now describe, this stopping rule will only be optimal under certain
values of . This follows from the fact that under certain extreme parameter cases, it
is optimal for the agent to never stop (if for example p > 0) or to stop immediately
(if for example p < 0).

Consider a complimentary liquidation problem for an expected utility agent:

7 (z) = sup B, fu(X,)). (5.16)

3This equality follows from the fact that f(-) is strictly increasing over (0, o).
“The way to think about this representation of (X, S) is that as X; diffuses, given X, < S; is
satisfied, the change in value of X; is the represented as a vertical move upwards or downwards.
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Figure 5.1: Proposed Stopping Rule

Note that the regret agent would always optimally stop either before or with the
EU agent as they have less incentive to continue and thus the value function V(-)
defined in is majorised everywhere by V() The following result uses the
solution of the problem in to determine the degenerate solutions of H

Proposition 5.2.1. Consider the optimal stopping problem described in . If
n > 1 then the optimal stopping time is given by 7 = 0. Furthermore if n <0 then

it 1s optimal for the agent to never stop; that is, T* = oo.
The proof of Proposition [5.2.1] is relegated to Appendix

Remark 5.2.2. Note that by adopting the methodology outlined in |Dayanik and
Karatzas [2003] it is very straightforward to show that for n € (0,1) the expected
utility agent maximising adopts a reservation level B > 0 and stops the first

time the price process Xy is at or above B.

In order to restrict our analysis to cases when the solutions are non degen-

erate, the following assumption is imposed:
Remark 5.2.3. Assume n € (0,1).

Given the candidate stopping time 7 defined in , the value function
V corresponding to 7 is derived in the following result. Given the structure of 7
discussed above, the proof of the following result is split into three parts considering
the following sub-regions of R? respectively: {(x,s) € R? : 0 < # < s < b},
{(z,5) eR?2:0<zx<s&sc (b B)}and {(z,5) eR?:0< 2 <s & s> B}.

®Degenerate solutions are solutions which satisfy 7* = 0 or 7% = co almost surely.
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Proposition 5.2.4. Consider the optimal stopping problem described in . The
value function f/(a:, s) corresponding with the stopping time T defined in 18:

V(z,s) =
e[ Bt 011 =) = () (1= ) 4 [t 28 )]
i | (1055 — w9 e + (u0) - ko) i
()

+ Lp<s< B} [u(s) — HU(S):| . (5.17)

f(s)

The proof of Proposition is relegated to Appendix [D] bNote that in
the above Proposition an assumption is made on the differentiability of V with
respect to x and s on the regions {s = b}, {s = B}, {x = b} and {z = B}.
In determining the optimality of 7, two functions used throughout the rest of the
proofs are g : Rt — R defined by g(x) = u(f~(x)) and h : RT — R* defined by:

hz) = 2&)_ (5.18)

It can be easily shown that under exponential utility, A(-) is monotonically increas-
ing.

Having obtained an analytical characterisation of V(z,s), it is essential to
note that the constants b and B constituting the proposed stopping time 7 are
still arbitrary. Following the derivation of V(z,s) it is now possible to determine
what values these constants must take for 7 to be considered as a candidate optimal

stopping time.
Corollary 5.2.5. The constant B = f(B) satisfies:
h(B) = 1. (5.19)

Ifn> (1—k) then b= f(b) = 0. Otherwise b satisfies:

h(d) =1 k. (5.20)

The proof of Corollary is relegated to Appendix[D] Note that the value
of reservation price B for the Expected Utility problem (discussed in Remark |5.2.2)
matches the level B satisfying (5.19)) under the strategy 7. Given that the Regret-

agent will by definition always stop at or before the EU agent, it makes sense that
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the two agents stop at the same reservation level B when s > B since under this
scenario the maximum process will remain constant at s = Sy throughout.

For s < B, one expects that the behaviour of an agent adopting the strategy
7 of will be different from that of the EU-agent, since the maximum process
St, which directly affects the agent’s preference structure, will change value before
X, reaches the Expected Utility reservation price B. Corollary states that as
K increases, the optimal behaviour of the Regret-agent differs more than that of the
EU-agent as the lower reservation level b decreases to 0.

Furthermore, Corollary also captures another another key intuition of
how the behaviour of the agent is affected by the underlying price dynamics of
X;. In fact if the ratio 3—5 is small enough that it satisfies 3—5 < k (or equivalently
17 > 1— k), then the lower reservation level b is equal to 0 and whenever s < B, the
agent will always stop as soon as X; reaches the current value of S;. Note that when
X = Sy, at t+ 6t the agent’s utility will increase if X; moves upwards realising a new
maximum or they will instantaneously experience a decrease in utility if the price
drops again below S;. As i—’; decreases the probability that the agent experiences
an instantaneous decrease in X; increases, which is why for small enough i—‘g‘, the
Regret-agent will never choose to continue after X; reaches the maximum .5;.

From Corollary it is also clear how the Expected Utility problem in
(5.16]) is a special case of the regret problem in . In fact kK = 0 gives b =B

whereas the value of B is unaffected by k, giving the results discussed above.

5.2.3 Verification of Optimality

Given the characterisation of the value function f/(x, s) described in Proposition
this can now be used to determine whether the corresponding stopping time
7 is optimal. In order to prove the main result; that is, Theorem a few results

characterising V (z, s) are first discussed below.

Proposition 5.2.6. Consider the value function V(z,s) defined in . The
process V (X, SX); with X; and Sy as defined in Section defines a continuous

super-martingale.

The proof of Proposition [5.2.6)is relegated to Appendix D} In the proof of the
above Proposition we note that for s € [b, B], the condition Vi(s,z) < 0 is satisfied
over the region 6C = {(z,s) : x = s} as expected. The idea behind this condition
is that since it is optimal to stop over this region then V (z, s) would decrease if X;

were allowed to diffuse further.
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The next proposition outlines another important property of V(z,s); that
is, that corresponding stopped process V(XM;, Sia7) is a uniformly integrable con-

tinuous martingale.

Proposition 5.2.7. Consider the stopped process V(Xinz, Sinz), where V(x,s) is
as defined in . This defines a uniformly integrable martingale and thus,

Ess tlgglo V(Xinz, StA%)] = tliglo Es s [V(Xm%, St/\f—):| =V(z,s)

The proof of Proposition is relegated to Appendix Lastly, before
proving the main result of this section stated in Theorem [5.2.9|the following lemma
captures another important property of the value function f/(x, s). The proofs of
Lemma and Theorem are outlined in Appendix

Lemma 5.2.8. For every (z,s) € {(z,s) € R? : 0 < 2 < s}, the value function
V(z,s) as characterised in magjorises the reward function u(x) — ku(s); that
8

V(z,s) > u(x) — ku(s). (5.21)

Theorem 5.2.9. The proposed stopping time T is the optimal stopping time for the
problem defined in ; that is,

Ey s [u(X;) — /fu(S;)] = sgp E. s [u(XT) — HU(ST>]

5.2.4 Concluding Remarks

This chapter provides a first study of modelling Regret preferences in a dynamic,
continuous-time setting. The role of regret is captured through a penalisation to util-
ity admitted by the Regret agent when compared with the complimentary EU-agent
and is highlighted by showing how it alters their optimal liquidation strategy. In fact
we have shown that the strategy depends on two price thresholds 0 < b < B and the
value of the maximum process S; relative to these constants. The higher threshold
B is equivalent to that obtained under the Expected Utility Problem, whereas the
threshold b depends on the agent’s intensity of regret x and the underlying price
dynamics.

Several direct and indirect extensions of this work were attempted throughout
our study of the above which unfortunately had to be set aside for the time being
mainly due to time restrictions. Firstly an attempt was made in trying to generalise
the result to any standard strictly increasing, concave utility function. Most of the

results presented here would follow for a general u(-) satisfying:
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— u(z) and ¥/ (z)x are bounded Vz € RT.

However it is worth noting that the proof of Lemma directly utilises the defi-
nition of u(-) in and more work would be required to generalise the proof of
this result.

Another line of work which was pursued in relation to Regret Theory was
to try and define alternative reward functions to the one used in which are
closer to the general definition of regret-rejoice functions introduced by [Loomes and
Sugden| [1982] (see (5.3))). In line with this, one of the problems we considered was:

V(.’E, S) = sup Ex,s [U(Xt) - K(U(St) - U(Xt))a]
T
where k € [0,1) and a > 0. A considerable amount of time was spent in trying to
characterise the optimal stopping time of this problem, mainly through Excursion
Theory and by solution methods similar to the one presented in [Egami and Oryu

[2017], however this line of work had to be set aside due to time restrictions.
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Appendix A

Appendix for Chapter

Proof of Corollary[2.3.10L Suppose h : (a,b) — R is continuous, and [, = I, = 0.
Then from (2.11]) we know that 7* :=inf{t > 0: X; € I'}, where

I={ze(ab): V() =h(z)} = F (r)

" ME (1)
R F~(y
I'=<ye(F(a),F (b :Wy:}.
{ve . ronswo) = S0
Proposition gives us that W(y) : [0,00) — R is the smallest non-negative

concave majorant of

MEY@) i s 0
H(y) = { #F @) 1 y
la if y=0.

Note that the continuity of h(-) implies that H(-) is also a continuous function. This
implies that W (-) is constructed through chords expanding between points over the
graph of H. In other words, we can find 0 < b; < by < --- < b, < 00 such that
I = [b1, bo]U[b3, ba]U...[bp_1, by if by < 0o or I' = [by, bo]U[bs, bs]U...[by_1, o0)
if b, = co. Since F' is bijective then I' also admits a similar characterisation. Since
™ :=1inf{t > 0: X; € '}, it follows that 7* is a hitting time of X.

O
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Appendix B

Appendix for Chapter

B.1 Additional Results

Lemma B.1.1. Let 7, be an {F} measurable stopping time and f a monotonic-
increasing continuous-function satisfying f(0) = 0. Then the family of F., measur-
able random variables T = {Z“ : o € T} as defined in the Proof of Proposition[3.3.1]
has the lattice property.

Proof. Let a, £ € Z, where a = (ap—1,...,1) and § = (-1, . ..,&1) satisfying:
Tn<op1<--<ar and 7, <& <o <&

respectively. Furthermore define:

n—1
20 = E[e P~ £ (Y, + Z Yo )| Fr]
=1

n—1
28 = Ble 6 (1, + 3V 7]
i=1

Consider v = (vp—1,...,v1) € Z, defined byﬂ

Vi = Qillzas zey + &l 7o < 7ey

!The fact each v; is a stopping time follows from the fact that Z® and Z¢ are F,, measurable.
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Defining Z¥ analogously to Z® and Z¢ it follows that:

n—1

gv E[e_p(al_T”)f(Ym + Z Yai)H{ZQZZg}
i=1
n—1

+ e—p(Cl—Tn)f(YTn + Z %i)ﬂ{za<zﬁ}|}}"]

=1

n—1

> E[B*P(arm)f(ym + Z yai) ’]:m]
i=1

_ g

and similarly Z¥ > Z¢.

B.2 Proofs of Results in Chapter

Proof of Proposition|3.3.5. The problem in Proposition [3.3.3] can be expressed as
the following optimal stopping problem:

Vi(y) = supEy[e """ U (Y, — yr)] (B.1)

T1

and thus the corresponding reward function is given by h(y) = U(y — hr) where
U(-) is as defined in (3.3)). From Proposition we first need to check whether

the limits I  and [}, are finite. We have:

+ +
', = lim () =0 and I =lim " (y)

A 5y) oy

and hence the problem is always well-defined. Now from Proposition [2:3.8] the

solution involves finding the smallest positive concave majorant of

_ B2 o
0 3¢1[1—A9 ﬁ] for 8 > O0p

91(9): _ B2 Y2
0 5¢2[39ﬁ—1] for 6 < 0p

where the constants A, B and 0 are given by A = exp(v1ygr), B = exp(—7y2yr) and
Or = exp(Byr) respectively and 0§ = F(y).

By differentiating ¢1(-) twice, we note that g¢; is negative and convex for
0 € (0,0r) and that g; is non-negative and increasing over [fgr,c0). We also note

that for 6 > O, the behaviour of %26921 (f) can take two general forms. It is either
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always negative; when — B2 — 1 —71 < 0, or, is non-negative for § € (fr, 00)NB(fg, €)
for some € > 0 then changes to negative for § € (A + €, 00); which is the case when
—B2—B1—m > 0.

The two cases both imply that under all parameter combinations, there exists
0 € [0r,o0) such that gi(6) is concave over (f,00). Thus the smallest concave
majorant of g1(f) can always be characterised as follows: Find the point §; > 0p

satisfying

g1(61) _ dg i
0_1 - d9(9)|0:01

The smallest non-negative concave majorant gi(0) of g1(6) is then given by the
straight line joining (0,0) and (A1, g1(A1)) for & < 6, and g1(6) for & > ;. The

above condition implies that the transformed selling threshold ; satisfies:

8
g, = (M) M (B.2)
b1
and
_B2 _n _
0 ﬂgi)l[l—A@ 8] for 6 >0,
91(0) = —— _
0, " 50 for 6 < 6,
Thus from Proposition since y = F~1(0) = %ln(@), we get:
1 +
g = ur + —1In <71 51)
gl S
and
1 (1 —exp(=m(y - yR))> for y > g1

fff(;l exp (— ﬁl?h)] exp (Bry) fory < i

Vi(y) = [

The optimality of the resulting optimal stopping time follows from Theorem [2.3.9
O

Proof of Proposition|3.3.4. By applying Proposition [3.3.1] and by using the trans-
formation described in (3.13]), the multiple optimal stopping problem described in

the statement of this Proposition can be expressed as follows:

2
Vo(y,z) = sup E, [e—pﬁU<x + Z(Yﬁ. — yR))}

T1>T2 i=1

= sup Ey [6—07'2 Vi (Ynax + YTQ - yR)] (B'?’)
T2
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where:
Vi(y,z) = supE, [e_’mU(:U +Y, - yR)] (B.4)
T1

By applying the same methodology applied in the proof of Proposition above,

71+ﬁ1>

we obtain:

1
y1(x) :yR—:C—i—ln<

et 1
and

S (1 ~exp(—mly + 2 - yR») for y > 71 (2)

Kexp (B1(y + = — yr)) for y < y1(x)

B1
[ o Mt m
K= <’Yl + 51) < b1 )

Hence the optimal stopping problem in (B.3) has a reward function ho(y,x) =
Vi(y,x +y — yr) characterised as follows:

where:

(1= espney o - 2im)) for > (o)
h2(yam) =
K exp (,6’1(23/ +x— ZyR)) for y < gr(z)

with:

From Proposition [2.3.6] we again check whether the problem is well defined by check-

ing whether the limits /2 _ and (2, are finite. We have:

+
MW.2) o and 2= tim 20D

vl—co () ytoo  1(x)
and thus a solution always exists. By Proposition the solution involves finding
the smallest non-negative concave majorant of
_B2 _n A
0 8¢ [1 —CO” 7] for 0> 0%(x)
92(0’ l‘) = 28182 N
Do 7 for 0 < 6%(x)

where the constants C, D and 6%(z) are given by C' = exp(y1(2yr — x)), D =
K exp(—p1(2yr — z)) and é%z(x) = exp(ByYr(x)) respectively.
By differentiating g2(6, x) twice w.r.t # we note that g2(6,z) is convex over

(0, 9%(30)) and increasing over [9%(3:), 00). A similar analysis of the second derivative
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of g2(0, x) w.r.t 6 shows that if y; > % then, g2(0, x) is concave over [é%(m), 00).
On the other hand if 73 < %, there exists 6(x) such that go(6,z) is convex
over [0%(3;), 0(z)) and concave over (6(x),00). Thus the smallest concave majorant
g2(0,x) of g2(f,x) can be characterised in the same way as described in the proof

of Proposition [3.3.3] giving:

8 2 _
9_72@ [1—exp(11(2yr — x))G_%] for 6 > 0(x)
QQ(Q, .’IJ) = 7_%1 2% _
0, " 7450 for 6 < 02(x)

with

B
§2(x) — <C(51ﬂ—|1— 271)) !

Thus from Proposition since § = Fl(y) = %ln(@) and Va(y) =
Va(y, 0) = 6(y)g2(F (y),0) with o = F~1(62(0)), we get:

1 2y +
ﬂzzyR+1n< - 51)

2m Bi
and
" <1 ~exp(—2m(y yR») for y > 7
Va(y) = 2
[2711;’51 exp (— BlyQ)} exp (Bry) for y < i

giving the result. The optimality of the resulting optimal stopping times follows
from Theorem 2.3.91
O]
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Appendix C

Appendix for Chapter

C.1 Characterising g,(y)

The implementation of the methodology proposed by Dayanik and Karatzas| [2003]
to solve general optimal stopping problems - summarised in Chapter [2 requires
an understanding of the geometry of the underlying transformed reward function
in order to ultimately solve the underlying problem. This enables one to charac-
terise how the corresponding non-negative concave majorant can be obtained, thus
characterising the stopping and continuation regions of the corresponding problem.

This Appendix will serve as a discussion of the underlying geometry of the
transformed reward function g,(y) resulting from the model described in Section
This in turn will provide an understanding of what type of solutions to expect

under this problem. The transformed reward function g,(y) under this setting is

given by:
Kpyp-a +( = 1)” = fory > 1
vyrTe yrme — Yyrme ory =
gU(y) = Y- 1 v — (Cl)
KYyyB-a —/\(l—yﬁ*a) yB-a fory <1

For y > 1, by taking derivatives w.r.t. y it is directly deducible that g,(y) is increas-
ing in y. Apart from providing an initial characterisation of g,(y), the following
result indirectly also proves that provided g > - the problem discussed in Section
will always admit a solution - in line with Proposition discussed in the

same Section.

Lemma C.1.1. Given 8 > v, fory > 1, there exists some constant § > 1 such that

9v(y) is concave over y € (y,00).

Proof. By taking the second derivative of g,(y) with respect to y it can be shown
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that d2gv( ) <0 for y > 1 if and only if:

Ba(yFs — 1) +y(y — yFa (yFs — 1) 2 = 209y (yFs —1)"""

By letting z = yﬂ o and dividing throughout by ( ) ? the above in-

equality translates into the following inequality:

(Ba+~(y—B) —ay)z® + (ay —2Ba—y(1 - )z + Ba <0 (C.2)

Given that we assume 3 > v, the coefficient of 22 is negative. Thus the left
hand side of (C.2)) defines an inverted parabola and thus there exists some constant
g > 1 such that the (C.2)) is satisfied for all y > . O

The implication that g,(y) always admits a minimal non-negative concave-
majorant under the assumptions described in Lemma follows by noting that
any finite continuous function defined over a bounded interval (a,b) (—oo < a < b <
00) admits a minimal non-negative concave majorant. Thus by noting that g,(y) is
strictly positive and finite over (1,00) and g,(y) is concave over (g, c0), it follows
that a minimal non-negative concave majorant can always be constructed.

Next we discuss the characterisation of g,(y) for y < 1. We first note that
gv(y) = 0asy | 0 and g,(y) T K"v as y 1 1. The following Lemma provides an

overview of some other important characteristics of g,(y).

Lemma C.1.2. There exists € € (0,1) such that diygv(y) < 0 over (0,€). Further-

more g,(y) has a unique turning point over the interval (0,1).
Proof. By definition:

d

() = 5 (K7o(y —a)y5 49M(1 -y )y 5 adyTe (1 y7n)
dyg”y_ﬁ—a vy —a)y Y Yy Y Yy

and hence result is true if there exists e € (0,1) such that over (0, ¢) the following

inequality is satisfied:

™

1—

=B _1
—o < —adyPa (1 —yima)?

=)

y—

_1
K7(y —a)yP—= + yA(1 —yF=) 1y

™
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or equivalently:
K'(y — )2 +9A(1 — 2)77 12 < —aX(1 — 2)? (C.3)

for z € (0,7) where is obtained by letting z = yﬁ%a and dividing
by z—# throughout.

Recall that o < 0. Furthermore since y € (0,1), as z | 0, (1 — 2)7 1 1 whilst
27 L 0and (1—2)Y"'z | 0. Thus Je > 0 such that the inequality in (C.3)) is satisfied
over (0, 65*0‘). This proves the first part of the statement of this Lemma.

The first order condition implies that y € (0,1) is a turning point of g,(y) if

it satisfies:

Kv(y — a)y7 s +9A(L - y75 ) lyFs + a1 —y7s)7 =0 (C.4)

1
or alternatively for z = yB8—«:

(v — )K" (1 = 2)Y77 + Ay — a)z = —a. (C.5)

Given that the left hand side is continuous in z and the value A(y — ) > —Aa, the

intermediate value theorem implies that has at least one solution.
Furthermore note that the functions (v — a)yﬁ%a, YA(1 — yﬁ%a)v_lyﬁ%a and

al(l — yﬁ%a)“* in are all increasing in y over (0,1) and hence the solution is

unique. O

Equipped with the characteristics obtained in Lemmas [C.1.1] and [C.1.2] to-
gether with the definition of g,(y) in , a good exposition of the geometry of
the function g, (y) can now be derived.

Note that the definition of g,(y) over (0,1) in is the sum of two function
components; call them f; : (0,1) = R and f3: (0,1) — R respectively. The function
fily) = K%yg%g is concave over (0, 1) and increases from f1(0) =0 to f1(1) = K"v

1 —a
over this interval. The function fa(y) = —A(1 — yﬁfa)'yyﬂfa defines a non-positive,

U-shaped curve and decreases from f2(0) = 0 to a unique minimum achieved at

Y= (ﬁ)ﬁ ~“ and then increases to fo(1) = 0. This behaviour is clearly observable

in Figures and below.
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0 T i i ; 0
0.1 4 01 ‘
-0.2 1 02 +
0.3 ] 1 -03 \‘
0.4 1 04 —\
\
0.5 4 05F\
-0.6 1 -0.6
-0.7 1 0.7
0.8 f 1 st
0.0 f 1 st
* O/ 0_‘2 O_‘4 0‘_6 0‘_8 1 * (; 0‘.2 0‘.4 0.‘6 0.‘8 1
(a) Parameter values: A = 1.2, o = —0.01, (b) Parameter values: A = 1.2, « = —0.5,
B=2~v=0.7 p=13,v=07

Figure C.1: Plots of the function fa(y) = —A(1 — yﬂ—%)Vy%

From Lemma we know that for y < 1, the graph of the function g,(y)
decreases from g,(0) = 0 to achieve a unique minimum point after which it increases
to gp(1) = K "VUH This together with the statement of Lemma and the general
form of the functions f1(-) and fa(-) described above imply that the geometry of the
function g,(y) takes the general form portrayed in Figures and that is,

an S-shaped like curve with a skewed parabola close to zero.

151

05

Jf ‘ ‘ 05|

0 0.5 1 15 2 0 0.5 1 15 2

(a) Parameter values: A = 1.2, o = —0.01, (b) Parameter values: A = 1.2, « = —0.5,
B=2,v7v=07v=4and K =0.9 =13,y=07,v=1and K =0.9

Figure C.2: Plots of the function g,(y)

This general form, and as clearly observable in Figures [C.2a] and [C.2H] the

!By considering the definition of g, (y) in (C.1) it can also be easily deduced that as the value
of the constant K" v increases, the constant € in Lemma decreases.
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minimal non-negative concave majorant of g,(y) can be constructed in one of two

ways depending on the case:

— Case 1: The concave majorant is constructed by fitting a chord between the

points (0,0) and (gj,gv(gj)) with g € (0,1) and satisfying:

and another chord between the points (yl, gv(yl)) and (yu, gv(yu)) satisfying
O<y<y <1<y, and:

d

= @gv(y)

v\9u) — Yv d
g (y ) g (yl) _ 1 gv(y)
Yu — Yl Yy

Y=y Y=Yu

Figure provides an example where such a construction would be applica-
ble.

— Case 2: The concave majorant is constructed by fitting a chord between the

points (0,0) and (yu,gv(yu)) where 1, > 1 and:

v Yu d
(y ) = digv(y)
Yu Y Y=Y

An example of this case is provided in Figure

C.2 Proofs of Results in Section 4.2

Proof of Proposition[{-2.3. Suppose p > yu+ 37(y —1)o?. We first note that there
exists C' € R such that for any z > 0, we have U(z,1) < C(1 + 27). This can be
verified easily using the definition of U(z,1).
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Thus for any stopping times 7 < 15 < --- we have:

Ew,r [Zeipm UWr,—, RTn_)]I{Tn<OO}]

n=1

o W,
= EU}J’[Z € P n(RTn—)’y U( R ’ 1> ]I{Tn<00}]
n=1 Tn—

0 B WT _ Y
< CEw,'r[nz:e P n(RTn_)’Y <1 + <R ) )H{Tn<0°}]

=1 Tn—

= OB, [3 e ((Rmv ; <W7n>”)ﬂ{m<oo}]
n=1

=Y OB, e ((me + <Wm>”)ﬂ{m<oo}] (C.6)
n=1
Since R, = W, _, = KW, ,_ for n > 2, we need to consider the case

when n = 1 separately. Thus for n = 1, by the assumption discussed in Remark

[42.1] we have:
By e ((RM_W ; <Wm_>”)ﬂm<oo}]

= Ew,r[e_pTl <7Q7 + (Wﬁ)’y> ]I{T1<OO}]

<4 B[ (Wi T, o] (©7)
However since |Winr, | < ¢1 almost surely, we have:

Eyrle”?™ (Wn—)’yﬂ{n <oo}]

1 1
=w By, [exp (( —p+yu— 57(1 — 7)02>7-1_ — 572027-1_ + ’YUBT1>]I{7'1<OO}:|

1
< W Ey, [exp ( — 572027—1— + ’YUBT1>H{71<00}} (C.8)

=w?. (C.9)

where ((C.8)) follows from our initial assumptions and (C.9) follows by the Optional
Sampling Theorem. By applying a similar argument to the above, we can show that

for n > 2 we have:
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Ew,r[eipm ((an—)7 + (W'Tn_)'y> ]I{Tn<oo}]
W (

— By e (( )+ Wm_w)ﬂ{m@o}]

) o X, \7 X\
N wi > Eu e << X01> +(X0> )Hm@}]

Y
<2 (wK(”_1)> (C.10)

Amalgamating (C.6)), (C.7)), (C.9) and (C.10) gives:

0 ol
Z(w,r) <C(r7+w)) + Y 2C (wK(”l))

n=2

K
— O + w” 2
=C(r"+w”)+2Cw (1—K7>

< 00

giving the result.

For the converse argument, suppose p < yu + %’y(’y —1)0%
Let B = 072 — (n— 10%) + \/(,u — 10?2+ 2(502} Then it can be easily

shown that the conditions v > £ and p < vyu + %7(7 — 1)o? are equivalent. Now
given a € RT, consider the sub-optimal strategy 7 = H, and 75 = 73 = - -+ = 00,
where H, is defined by:

H,=inf{t>0: W, =a}

The definition of U(w,r) in (4.5) implies that 3 C1,Cs € RT such that
U(x,1) > C1(27 — Cy) for z > 0. Thus:

85



Z(w7 T) > Ewﬂ“ [eipHEU(WHa—a RHa_)H{Ha<OO}]

~ Wi, —
= By, le "™ (Ry,-) U<R — 1>H{Ha<oo}]
W _ 2l
> By [e " (Ry,—)" C1 ((RHa > - 02)H{Ha<oo}]
Ha—

5
> Eyr [e_”Hﬂr“Y Ch ((Z) — C2> Li#,<o0}]

From Borodin and Salminen| [2012] we know that E, ,[e " el o] =

(%)5 and hence from above it follows that
Z(w,r) > w’Cy <a75 - Cgr7a5> (C.11)
But since v > [ we see that the right hand side is increasing in a and thus under

this parameter regime, even if the agent follows a strategy of this form, it is always

optimal for the investor to delay selling implying the result. O

Proof of Proposition [{.2.5, By definition in (4.4)), we have:

0<mi<me<...

Z(w,r)= sup Eyu, [ Z e P (W, _, an—)]l{rn@o}] (C.12)
n=1
Let ¢ = (11,72, 73,...) and let J(w,r, () be defined by:

T0:.0) = Bu | 32 eV o i) (€13
n=1
Furthermore let F'(w,r,7) denote the corresponding gain function in , that is:
F(w,r,7)=¢e " <U(WT, R._)+ Z(W;,, R7)> L7 oo} (C.14)
In view of the above, our objective is to prove that:

Z(w,r) = sEpEw,T[F(w,r, 7)] (C.15)

Fix (. Then by using the tower-property for conditional expectation in (C.13)), we
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get:

J(w,r,¢) = Ey,r |:€_p7—1 UWnr -, Rnf)l{ﬂ <oo}F

e "ME I: Z eip(TniTl)U(WTn—7 RTn_)]I{Tn<OO} fﬁ] ]I{Tl <oo}:|
n=2
=Eyr [ePTl UWr—, RTl—)H{‘rl<oo}+
e PTIR |: Z e—P(TnJrl—Tl)U(WTnH,, R7n+1,)]I{Tn+1<OO} .7:7-1:| ]I{Tl<oo}:|
n=1

Note that (Br 4+s — Br )s>0 is a standard Brownian Motion. Hence there
exists Fs-measurable stopping times 0 < 73 < 7» < 73 < ... such that condi-
tional on 7y, ((Br4+s — Br)s>0,T2 — 71,73 — T1,...) is identically distributed to
((Bs)s>0, 72,73, .- ). Denote { = (72, 73,...). Then:

J(w7 T, C) = Ew,r I:e_pﬁ U(Wn—u RTl—)]I{Tl <oo} +e M J(Wna WTl ) C_-)I[{Tl <oo}]
< Eyr |:€_pﬁ <U(W7'1> RTl*) +Z(W-,, WTI)>H{T1<OO}:|

giving:

Z(w,r) < sup Ey ,[F(w,r,7)] (C.16)

Conversely, fix € > 0. We know that Z(w,r) is homogeneous in r of degree v
from Lemma [£:2:4] Thus by definition, there exists an Fs-stopping time 7 > 0 such
that:

sup By, [F(w,r, 7)] — € < Ey o [F(w, 7, T)] (C.17)
T

where we have:

F(w,r,7) =e " (U(W;_, R:_)+ (KW;z_)"Z(1, 1))11{;@0}
Furthermore, there exists ¢ = (79,73, ...) such that Z(1,1) —e < J(1,1,¢). Thus:
Flw.r ) < e (U0 B4 (KW ) 0010+ ) )Tiscoo
Note that we can again find stopping times (72,73, ...) such that conditional on 7,

((B#4s)s>0,T2 — 7,73 — T,...) is identically distributed to ((Bs)s>0,72,73,...). Let
¢ = (7,72,73,...). Then by again applying the Tower Property conditioned on F,
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we have:
Euwr [F(w,r,7)] < By [J(w,7,()] + €Bu[e " (KWr) Tz <00} (C.18)

If we show that E[e™ " (W;_) "Iz} = C < oo for some constant C' € R*, then
from (C.17) and (C.18) we have:

sup Ew,r [F(w7 r, 7—)] < sup Ew,r [J(wv T, C)] + 6(1 + KAYC)
T ¢

=Z(w,r)+e(1+C)
The arbitrariness of € > 0 yields:

Z(w,r) > supE, , [F(w, T, 7')]

T

giving the result. Hence what remains to be shown is that for a finite Fs—stopping
time 7, By [6 77 (Wr-)L{; <00} ] = C < o0 for some constant C' € R*. But by follow-
ing a similar argument to that outlined in the proof of Proposition particularly

in (C.9) we have:
Ey [eipT(WT—)'Y]I{T<oo}] <w’

giving the result. O

Proof to Lemma[{.2.6 Firstly note that given 8 > v, we have |y = 0 and I = 0,
where the limits [y and [, are as defined in . By applying the statement of
Corollary it directly follows that the optimal stopping time 7* is a hitting
time of X;. Furthermore given that Xy = 1, this implies that there exists a, b € RT
satisfying 0 < a <1 <band 7 = H, A Hp.

By applying this characterisation of 7* in (4.14) and (4.15)), H(v) satisfies
the following linear equation in v:

H(v) = H(0) + Eq [e’™ (KX,)"]v
= H(0) 4+ Cv (C.19)

for some C' € R*. This linearity in v of 1) gives the uniqueness result for the
fixed point problem H(v) = v. O
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Proof of Proposition[{.2.8, For > ~ we have that:

h h
lp = limsup —2 (2) =0 and loo = limsup 2 (2) =0

z|0 QZS(CIZ) xToo 1/) (IE)

where [y and [y are as defined in (2.9). Then by Proposition the solution

depends primarily on finding the smallest concave majorant of the transformed gain
function g,(y) = hy(F~1(y))/o(F~1(y) given by:

1 —a
K”vyﬁ%a + (yﬁfa — 1)7>y —a fory >1

Goly) = ] A (C.20)
B-a >y —a fory < 1

Denote by g,(y) : [0,00) — R the smallest concave majorant of g,(y). Then from

Proposition [2.3.8| we have:

&(x)gp(F(z)) forz >0
H(v,z) = C.21
(v ) lp=0 forz =0 ( )

If the one-threshold strategy is optimal then the smallest non-negative concave ma-
jorant g,(y) of g,(y) can be characterised as follows:

1. Find the point § > 1 satisfying:

gv(e_) o dgv
O _ s (C22)

y=0
2. Then for y > 6, we have g,(y) = g.(y) and for y < 6, g,(y) is defined by the
line passing through the points (0,0) and (6, g,(0)).
This gives:
(K%yﬁ%a + (yF= — 1)7)y%aa fory >0
0l 1

gu(y) = LT TN (C.23)
g 1) )9 Y for y < 6

By applying the transformation in (C.21) above, and by noting that y = 2%, we
get:
KVvxY + (z — 1)7 for x > &,

H(v,z) = (C.24)
(K'Yvi'g_ﬁ + (Zy — 1)7£;6)xﬂ for z < 7,

where z, = F~1(). Next, to characterise § and hence Z,, the condition in (C.22)

89



(K"l s+ —1)7)§5a =
é%ﬁa —a 1 —a

giving (I19). O

Proof of Proposition[{.2.13. From Proposition we see that the value function
H(v,x) satisfies H(v,z) = AV 28 when the one threshold strategy is optimal (for
some constant Ag,l) € RT). Furthermore under this setting, it is clear from the
characterisation of H (v, z) in , that the value function does not depend on A
when the solution contains one selling threshold. On the other hand for the two
threshold strategy, from Proposition we have H(v,z) = A$)2)x5 + BQ(JQ):L‘O‘ and
H(v,x) is decreasing in A\. Hence there must exist a unique value of A at which the
two value functions are equal and hence Aq(,l) = Aq()2) =A,, Bl(?) =0and v=V(1)

satisfies (4.21). We have:

AWV = K707y P + (2, — 1)z, °

and
Y« Y—o — Y —-— o
a@ = | K@ e ) 4 (@ ) e+ (L -e) )
R
Equating the two, plugging in v as given in (4.21) and arranging for A we
obtain:

. (@ 1)l - K72l
S TR T (€2

Note that H(v,x) = hy(x) for x = Z, or x = z,. Furthermore by definition
we have that v = H#(v,1) = A, and H(v,%,) = A, and H(v,z,) = Ayz’. Thus
we have:

A7l = (7, — 1) + K'Z] A,
ApzP = N1 —z,) + K"z) A,
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implying:

(f* - 1)7 . *A(l - @*)’y
# - Kzl ozl - Kzl
By applying the smooth fit principle described in Proposition [2.3.11] we also

obtain the following system of equations after re-arranging:

A, =

(C.26)

A B = (3, — 1) 4 K73 A,
A Bl = N1 —z,) 7 K27 A,

giving:

_ ’Y(i.* B 1)7_1 . ’YA(l B Q*)AY_I (C 27)
T h-B-1 _~y—1 B—1 y—1 :
pry — Kz pry  —yK7z,

Since the quotients in both (C.26)) and (C.27)) are equal to A, we get:

Ay

(@ —1)7 Az —1)71 A1 -z) A1 -z )

= and =
- Kzl pE - yKvEl! af — Kl Bal Tt — Kl
(C.28)
and hence both z, and Z, satisfy:
(Y= Bz +B=7K127F (C.29)

giving (4.31)). The expressions in ((C.28)) can be re-arranged to show that z, and z,

both satisfy:
’ K727(8 - 7)(a — 1)

B Yo —
¥ — K'x7 = C.30
O~ B+ B (€30
Plugging (C.30)) in (C.25) gives
o (=17~ ) 4 )
(1 —z) 'z ((y = B)z. + B)
and result follows from the relation in (C.29).
O
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C.3 Characterising g;(y)

Understanding the geometry of the underlying scaled reward function is an integral
step to implement the methodology outlined in Chapter [2, This section will serve
as an overview of the general structure of the function gz(y) in to obtain
a similar characterisation to the one obtained in Appendix for the problem
described in Section The transformed reward function gz(y) for the optimal
stopping problem described in Section [4.3]is given by:

>
Q

1 +ao
Koyh=e — \(1—yFa )y F==, fory <1
y—o nto

1
K7pyf-o + (yf-o —1)7y B, fory>1.

R

Q

95(y) = (C.31)

In-line with the assumptions considered throughout Section 4.3] we will here
assume that § > ~ is satisfied. The first important distinction which needs to be
made when analysing the geometry of g;(y) is that it varies depending on where

the parameters o and 7 lie relative to each other. In fact note that given —a < n,

limy|0 g5(y) = —oo whereas when —a > 7 we have lim, o g5(y) = 0.

The discussion is split into two parts, outlining the cases when —a > 7 and
—a < 7 separately. For the case when o = —n, a similar argument can also be
made.

Case 1: —a<n

The definition of g;(y) over (0,1) in is composed of a sum of two functions;
f1:(0,1) =5 R and fo: (0,1) — R respectively. The function fi(y) = K“Vvyg%Z is
concave over (0,1) and increases from f1(0) = 0 to f1(1) = K”v. When —a < n, the
function fa(y) = —A(1 —yﬁ%a)'yy_g—iZ is increasing, negative and it’s range over this
interval is (—00,0). Furthermore by examining fJ(y), it follows that 3C; € (0,1)
such that f2(y) is concave over (0,C5). All of these properties of fa(-) are clearly
observable in Figures and below.

For y > 1, g,(y) is also composed of a sum of two functions; f; : (0,1) - R
and f3: (0,1) = R with f3(y) = (yﬁ%a - 1)%472% respectively. Note that f3(-) is
increasing and limyyeo f3(y) > lim,joe (232)"27% = co. Furthermore f3(-) = h(g(-))
with h(z) = (2 —1)727""% and ¢(y) = y#-=. The second order condition gives that
h(-) is concave and since g(-) is either concave or convex over (1,00), then f3(-) is
concave over this interval. This implies that g;(y) is concave over (1,00) as it is the
sum of two concave functions.

The properties outlining the general form of fi(:) and fa(-) described above
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Figure C.3: Plots describing the function fa(y) = —A(1 — yﬁ%a)“fyf

together with the geometry of gz(y) over (1,00) implies that over (0, 00), g5(y) takes
the general form portrayed in Figures and [C.4b} that is, an S-shaped like curve

which decreases to —oo close to 0.
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(b) Plot of g5(y) (Case 2) with parameter
values: v=0.32, a = -0.2, 6 =3.2,n=0.3,
A=1.1,7 =24 and K=0.9.)

Figure C.4: Plots describing the shape of the function gz(y) when —a < 7.

Case 2: —a>n

For y > 1, we again have g5(y) = fi(y) + f3(y), where both fi(-) and f3(-) are
strictly increasing. Given that fi(y) is concave over (1,00) and limyo f5(y) = 0,

it follows that there exists § > 1 such that g;(y) = fi(y) + f3(y) is concave over
(9,00).
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Fory <1, g5(y) is given by fi(y)+ f2(y) where fi(y) and fo(y) are as defined
in the previous case.

Lemma C.3.1. There exists € € (0,1) such that d%gg(y) < 0 over (0,€). Further-

more g;(y) has a unique turning point over the interval (0,1).

Proof. By definition:

=

Y= 1-B-n

[ N
o) = o (Kot )y a1 = ey

(n+ )y~ (1 - y‘*“)”)

and hence result is true if there exists € € (0,1) such that over (0,¢) the following

inequality is satisfied:

1-B—n

=8 _1 _B+n _1
e M1 —yFa) Ty e < —(n+a)y Tea(l—yFa)

K'o(y —a)y
or equivalently:
K75(y — )27 +4A1 — 2)77 12 < —(n 4+ a)A1 — 2)7 (C.32)

for z € (0,7~®) where is obtained by letting z = yﬁ and dividing by z~#
throughout.
Recall that o < 0. Furthermore since v € (0,1), as z | 0, (1 — 2)7 1 1 whilst
277" | 0 and (1 — 2)7"!z | 0. Thus 3e > 0 such that the inequality in is
satisfied over (0,€~®). This proves the first part of the statement of this Lemma.
The first order condition implies that y € (0,1) is a turning point of g5(y) if

it satisfies:
K70(y — a)yP s +4A(1—y7a) "y + Mo+ )1 - y7)Ty 7w =0 (C.33)
or alternatively for z = yﬁ%ﬂ:
(v = a)K7027(1 = )77 + Ay — (n+ @)z = —A(n + a). (C.34)

Given that the left hand side is continuous in z and the inequality A(y — (a +17)) >
—A(a + 1) holds, the intermediate value theorem implies that has at least
one solution.

Furthermore note that the functions (v — a)yﬁ—ia, YA(1 — yﬁ)v_ly;%z and
Ma+n)(1-— yﬁ%a)fy_ﬂ%a in 1| are all increasing in y over (0,1) and hence the
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solution is unique. O

The above Lemma together with the characteristics of ¢5(y) over (0,1) dis-
cussed earlier provide a good stepping-stone towards obtaining an overview of the
geometry of gz(y) when —a > 7. It is worth mentioning here that the proof of
Lemma specifically the inequality in , that as the constant K79 in-
creases, the constant € > 0 decreases towards 0.

Over (0,1), recall that ¢g5(y) = fi(y) + fo(y) where fi(y) is concave and
increasing over the range specified by f1(0) = 0 and f1(1) = KY0. Given the

_1 _nta
constant « satisfies —a > 7, the function fo(y) = —A(1 — yF—=)Vy F—< defines
a negative U-shaped curve which decreases from f2(0) = 0 to a unique minimum
achieved at y = (77_((2 JS:Q))’B ~“ and increases to fo(1) = 0; as outlined in Figures
and below.

0 ; ‘ ‘ ‘ ‘ : : : : : 0
-0.05 // {0
‘ / 01
0.1 / 1
\“ -0.15 -
-0.15 "“ 1 -0.2
ozl \\\ | 025t
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0.35 . . ' ' ' ' . . : 045 ' ' ' ' ' ' : : :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(a) Parameter values: v = 0.8, a = —0.1, (b) Parameter values: v = 0.5, « = —0.1,

B=09,n=04A=120=2and K=09.) =10,n=04, A=1.2 0=2and K =0.9.)

Figure C.5: Plots describing the function fa(y) = —A(1 — yﬁ%a)”fy_ Ao,

In view of the above discussion, for y < 1 the graph of gz(y) decreases
from ¢5(0) = 0 to a unique minimum point and then increases to gz(1) = K7v.
Furthermore, in view of the general form of fi(-) and fa(-) described above we can
conclude that the geometry of gz(y) when —a > 7 is as portrayed in Figures
and that is, an S-shaped like curve with a skewed parabola close to zerd?]|

C.3.1 The Resulting Solution Types

The general form of gz(y) arising under both parameter cases discussed provides us

with a clear indication of what types of solutions will arise for the optimal stopping

*In Figure it is not very clear that gs(y) is decreasing at 0. However this is only the case
since the constant € discussed in Lemma is very close to 0 under this case.
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Figure C.6: Plots describing the shape of the function gz(y) when —a > 7.

problem being considered. As noted in Chapter |2} specifically Proposition
the types of solutions arising from a problem of this form are directly related to the
construction of a minimal non-negative concave majorant of the transformed reward
function gz(y). It is worth noting here that the non-negativity assumption implies
a different solution type under the cases depicted in Figures and [C.4D]

In view of the above we can conclude that two types of solutions will arise:

1. The agent stops only at a gain (as is the case in Figures and |C.6al)).

2. The continuation region is disconnected and it consists of a neighbourhood of

0 and a neighbourhood of 1.

C.4 Proofs of Results in Section 4.3l

Proof of Proposition[{.3.1. Suppose p > yu + %7(7 —1)0?. We again note that for
utility function U(w,r) defined in , 3C € R* such that U(z,1) < C(1 + 7).
A similar argument to that used in the proof of Proposition can be transposed
for this case giving Z(w,r) < co.

For the converse, suppose that p < yu + %7(7 —1)0? or equivalently, 3 < v
where [ is as defined in . Given w and r, let a € RT such that a > r and

consider the (sub-optimal) strategy 7 = H, and 7 = 73 = - -+ = 00, where

H,=inf{t>0: W, =a} (C.35)

3 Assume for now that Iy and I, defined in 1| are both equal to 0. This will be shown later.
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Then we have:

Z(w7 T) Z Ewﬂ" [eipHaU(WHa_7 RHa_)I[{Hu.<OO}]

= T”YEwﬂn [6pH“U<WI:a s 1> ]I{Ha<oo}:|

a v a - —pH,
(- () ]
=77 (CL — 1>7<a)_nw'8a7_6
r r
¥ -n
> Twwﬁ«j) _ 1) (“) b (C.36)
r

But (27 — 1)z~ is positive and increasing in x for > 1. Hence given the
initial choice of a € R™, in we have the product of two positive, increasing
functions in a. Thus even if we were to restrict our strategies to hitting of the types
defined in , it would always be optimal to wait and sell at a larger threshold,
a thus waiting indefinitely, giving the result. O

Proof of Proposition[{.3.5. Let 8 > ~ and consider [y and I as defined in (2.9).
Then we have:

hi(z) - hy (z)

lo = limsup =0 and loo = lim sup

z|0 QS(:Z:) xToo w (x)

=0

By Proposition 2.3.8 assuming the one-threshold strategy is optimal, the solution

follows after finding the smallest concave majorant of the transformed gain function
95(y) = ho(F~'(y))/o(F~(y) given by:

o fory>1
J—o (y _1 _ntoa y B (037)
oy —A(1—y w)”y B—a fory <1

Denote the smallest concave majorant of g;(y) by gs(y) : [0,00) — R. Then from
Proposition we have:

_ &(x)gs(F(z)) forz >0
H(v,x) = C.
®2) =0 forx =0 (C.38)

If the one threshold strategy is optimal then the smallest concave majorant g,(y) of

gu(y) is given by a chord connecting the point (0,0) to a point (6, g5(A)) with § > 1
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satisfying:

— = ——() (C.39)
9 dy y:g
Thus gz(y) is given by:
Yo _1 nto —
KYoyi=a + (yF—e —1)7y 5o fory > 6
go(y) = KroaFea 4 (g5 1) g B ) (C.40)
7 y fory < 6
and by (C.38)), since y = 2/~
o K7vxY + (x — 1)Yz™" for x > 75
H(v,2) = Koz~ + (2, =17, for x < 7 (C.41)

_B—a
Ty

where Z; = F~1(f). The condition in (C.39)) gives (4.40) and © = H(v,1) charac-
terises v as in (4.41)).
U

Proof of Lemma[{.3.7. Consider the optimal stopping problem described in ([4.36))
and (4.37) and let z; = (Z,v1) be a solution to (4.40) and (4.41)). If it exists, also let
z9 = (&, %], Ty, ) be the solution corresponding to the system described in (4.42)),

and (T).

Suppose that v7 # v2. The proof for the case when v1 = vo = v follows

directly from the fact that the function gz(y) has a unique non-negative concave
majorant.

Suppose that both z; and 29 define a non-negative concave majorant with
respect to g;, and gz, respectively. The solutions z; and 2 allow us to define the
corresponding stopping times 71 = {t > 0: Xy > Z}and o = {t > 0: X; ¢
(0, %) U (&g, T,,)} respectively. Furthermore from , our assumption implies that
v1 and vy satisfy v1 = H(v1,1,71) and vy = H (v, 1, 72) respectively.

From Proposition [2:3.8] this implies that 7, and 73 are both optimal stopping

times for the problem:

V(1) =supE|e " (U(X:,1) + (KX:) V(1)< Xo = 1

T

described in (4.35). But this implies that v; = 92 as by definition 71 and 7 both
achieve the maximal expected reward. This gives the required contradiction.
O
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Proof of Proposition[[.5.8, The geometry of g5(y) implies that one of the types of
solutions described in Propositions [£.3.5] and [£.3.6] is optimal. If the system of
equations described in and has no real-valued solution then it follows
that the one threshold strategy is optimal, giving (1).

Suppose now that the system of equations described in and
gives a solution of the form z; = (&, v1), and let zo = (Z;, T, U2) be a solution to the
system of equations described in and . Furthermore we let 2! = (7, 01)
and 2§ = (U1, Yu, v2) where y = F(z), y; = F(z;) and y, = F(Z,). Finally define the

constant a by: ~
@ = gol) — - 2 (go(n) — 9o(m) (C.42)

The condition in (4.46]) is equivalent to a > 0

— Case 1 (—a<n):

Under this case we have gz(y) | —oo as y | 0. Furthermore we know that
95(y) is concave over (1,00) and as described in Appendix there exists a
constant Cy € (0,1) such that gz(y) is concave over (0,Cy). In view of this,
both systems of equations discussed above have a real-valued solution; that is,

z{ and 2 exist and y; < 1 < @, satisfy:

_ dgs

95(Ju) — 95(1) _ dgs _
—_— dy

Gu—u  dy

(C.43)

Y=y Y=Yu

The constant a defined in above corresponds with the intercept of the
line passing through the points (7;, ¢5(%1)) and (Gu, 95(¥.)) with the vertical
axis. If g5(7;) < 0, then the two threshold strategy is obviously not optimal
as the non-negativity assumption is not satisfied. In fact if gz(g;) < 0, the

monotonicity of gz(-) gives a < 0. Let us hence assume that g;(g;) > 0.
(=) If the two threshold strategy is optimal, the system of equations in (4.42]),
(4.43) and (4.44]) defines a non-negative concave majorant of gz(y). This means
that there exists ¢ < g; satisfying:

95(9) dgp

g  dy

Y=y
Since Cy > 4; > ¢ and gz(y) is concave over (0,C5) then:

dgz
dy

> dgz

ags _ 95(Ju) — 95 (71)
y=9 Ty
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Furthermore the concavity of g;(y) also implies that:

gﬁggl) > dgp
Y Y ly=y,
and hence ~ ~ ~
95 < 9v(Fu) = 9o(51)
wo Yu — U
giving a > 0.

(<) Suppose now that a > 0. We show that the two threshold strategy
3 defines a non-negative concave majorant of gz(y) and thus the uniqueness
result in Lemma[4.3.7 implies that the two threshold strategy is optimal. Given
that a > 0 and the definition of zf,, we have:

dgy _ 95(W) —g5() _ dgs
dy |,—g. Yu— i dy

and gﬁgﬂl) _ gﬁ(gg) - !{@(ﬂl) >
y=1 Y Yu — Y1

0

Recall that since —a < 1, gz(y) is concave over an interval (0, C5) for some
constant Cy < 1. Given a > 0, we have g3(7;) > 0 and hence:

95(T1) > dgy

Ul dy

Y=y
Also by definition of g3(y), there exists § < g; such that ¢gz(y) = 0 and

dgz
dy

>0
y=y

The concavity of g;(y) over (0,Cy) implies that %—if(y) is decreasing over this
interval. Moreover gﬁT(y) is continuous over (7, 7;). These two properties imply

that there exists ¢ € (7, 7;) satisfying:

dgz 9v (?3)

dy Y=y y

and hence (9,41, Ju,v) defines a smallest concave majorant of gz(y) which

concludes the proof for this case.

Case 2 (—a >n):
As discussed in Appendix under this case we have limy | 0gsz(y) = 0.
Furthermore, there exists € € (0, 1) such that f—yg@(y) < 0 over (0,¢) and gz(y)
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has a unique turning point over (0,1). Suppose that the solutions z{ and 2}

exist and hence g; < 1 < ¢, satisfy:

_ dgs

9@(@2) —g5(m) _ dgs

— C.44
Yu — Ul dy ( )

Y=uy dy Y=Yu

We can again assume that gz(7;) > 0, since otherwise a < 0. Using these

arguments a similar proof to the one discussed in Case 1 above follows.
O]

Proof of Proposition [{.3.9. Proposition implies that when the one threshold
strategy is optimal, the value function H (v, ) satisfies H(v,z) = flg)xﬁ for some
constant Af—)l) € RT. Furthermore flg) does not depend on A, and thus the value
function is independent of A. For the two threshold strategy Proposition 4.3.6
implies that we have H(7,2) = /_11(72)1“5 + B® 2 for some constants /_1(2), B® and

v v v

is decreasing in A. Hence there must exist a unique value of A; call it A\*, at which

the two value functions are equal and hence f_lq(;l) = 14_11(72) = Ay, B?) =0 and v

and H(v,z,) = A@gf.

N A B 1 V¢ 0 R o
i'* - KWT’Z Ly — K”&Z

and hence:

7. — 15" (af - K'z]

PP il VY @ﬁ z:) (C.46)
(1 —2z,)2" (24 — KV2])

By applying the smooth fit principle described in Proposition [2.3.11] we also

obtain the following system of equations after re-arranging:

ABEt = (@ — 1) E — (3 — 12T+ K3 A
AgBal? = N1 — z,) T + AL — 2,2+ K2 A

giving:

Y@ = )7 =@ - 1) M1 z) e A )

A— = =
h Bt — Kzt Bl — K2l !
(C.47)
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Since the quotients in both (C.26]) and (C.27) are equal to A; we get:

(T — 12" (@ — 1) T — (7 — )77

#—KE Bl — yKvE] ! (C.43)
and
—(—z)e" -z e (e
o~ Kml Bl — y K2l (49
and hence after re-arranging and , both z, and z, satisfy:
(B+n =7z —(B+n) =K"27"(nx 1) -) (C.50)

giving (4.48]). The expressions in (C.48) and (C.49) can be re-arranged to show that

T, and x, both satisfy:

K72 (y = B)(z — 1)

B KV — C.
) R GRS ey (e (C51)
Plugging in gives
v @ =) (B 4 — )T — (B4 )
(1= 2,2 ((B+n— )z, + (B+n))
O

Proof of Proposition [{.3.10. Proposition implies that the two threshold strat-

egy is optimal if and only if the upper and lower thresholds z; and z; satisfy:

which yields:
B K0T+ (B - 105" (C.52)
Ty ¢ Koz — A1 - zg)7zg

Plugging in the value of v as given in (4.44)) into (C.52)) and re-arranging we get:

(7. — 1)72, (2 — K7a)

A< —
(1 - 222 - K@)

But from ((C.46)), this implies A < A* where A\* is as given in Proposition m
Hence the equivalence.

O]
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Appendix D

Appendix for Chapter

Proof of Proposition[5.2.1. Consider the case when n > 1. We will show that under
this case the optimal strategy for the Expected Utility agent is to stop immediately.
The result then follows from the fact that the regret agent always stops before or with
the EU agent. Consider the problem described in 1) We will show that V = u
implying that the stopping region is equivalent to the whole domain of X. Note that
by the super-harmonic characterisation of the value function (See Theorem 2.4 in
Peskir and Shiryaev] [2006]), V is the smallest super-harmonic function dominating
u(-). If u(-) is in itself a super-harmonic function of X then V = u and we are done.

It hence suffices to show that for every stopping time 7 and x € Z,

E.[u(X;)] < u(zx) (D.1)

Let Lx be the infinitesimal generator of X. Since u(-) is concave and in-

creasing over Z and given n > 1, we have:
L 5o
Lxu(x) = J0® Uz () + paug(z) <0 (D.2)

By Ito’s lemma:

From (D.2)) it follows that:

Eo[u(X,)] < u(z) + o, /0 (X)X W] (D.3)
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The process Hy = fot u' (X)X ¢dWs is a continuous martingale starting at Hy = 0.
This follows from the fact that zu/(z) is bounded over (0, 00) giving E, [[H]¢] < oo,
Vt € [0,00). Hence from (D.3)), it follows that

Ex[u(X7)] < u(x)

giving the result when n > 1.
Consider now the case when n < 0. Let a € RT be an arbitrary constant
satisfying a > s where s = Sy. Consider the stopping time H, = inf{t > 0: X; > a}
1% 1

and let v = 55 — 5. Under H, the agent attains the value:

E; s[w(Xn,) — ku(SH,)] = (1 — m)u(a)]P’x[OE?E)OO X > a

- - mu(a(2) "

a

— (1 - r)u(a)

This implies that when 1 < 0, the expected reward for the agent is increasing in «a
and thus it is always optimal for the agent to keep delaying stopping. This gives
7" = 0o under 1 < 0. O

Proof of Proposition[5.2.7. Let b, B € R be some constants satisfying 0 < b < B
and consider 7 as defined in . Furthermore, define g(-) = u(f~1(-)).

Part 1: Consider the case when Xy = z and Sy = s satisfy 0 < z < s < b.
Then by definition 7 = Hp almost surely. Hence:

V(z,s) = Eqg, [U(X%) - nu(sf)}
= E,., [u(be) - Ku(sHb)}
= Eys]g(Yg,) — rg(Sy,)]

9(0)5 ~ #Eys[o(S}, )] (D-4)

where we use the fact that the stopped process Yiap, is an (F¢, P, )-martingale. The
last term in (D.4)) above can be determined analytically by partitioning the sample

space into three; that is,

— Y, reaches the level b in finite time,
— Y; remains below the level § indefinitely ,

— Y, reaches the level 3 in finite time but remains below the level b.
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Thus the last term in (D.4]) can be re-written as follows:

E%g [g(S}:/L)] = E?ng [g(S}-fIE)(H{HE<oo} + H{Hg:oo} + ]I{H§<OO & Hg:oo})] (D5)
= g(b)Py5[Sy = b] + g(5)Py 5[ Hs = o0

+ ]Eyvg [g(s}%)ﬂ{g;<o® & ﬁg:oo}]

- b
= (9(0)F +9(5)=7) + / 9(2)Py (ST € (2,2 +d2))  (D.6)

But:

b b
[ g(z)]P’y,g(Sgo € (2,2+dz)) = / g(z)P%g({Sg; €(z,2+d2)}N{H, < 0o})

b _ _
9(2)Py5(SY € (2,2 + d2) | H, < 00)Py 5(H, < 0)

9(2)= Pys(SY € (2,2 +d2) | H, < )

9(2) =5 dz (D.7)

From (D.4]), and (D.7)) above, it hence follows that for z < s satisfying
O<x<s<hb:

Vrs) = u® L@ - ) - K(u(s) (1 - J;ig) + /fj()b) u(f_l(w)){g) dw)

= g(b)

(1-r) - n(g@)g e 5g<w>52 dw) (D.9)

S

Part 2: Consider now the case when (z,s) € {(7,8) ER?: 0 <z < s & s >
B}. Note that under 7, this region can be further split into a continuation region
(i,e. 0 < z < B) and a stopping region (i.e. B < x < s). Furthermore given the
definition of 7 in , for s > B it follows that Sz = .5y = s.

Consider first the case 0 < 2 < B. Letting B = f(B) it follows that for

s > B, 7= Hp = Hp = 7y almost surely. The corresponding value function can
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hence be characterised as follows:

V(z,s) = Egs[u(Xz) — ku(s)]
= Eyslg(Yz, )] — rg(3)
= 9(B) % — rg(3) (D.10)
= u(DB) }C((Z)) — Kku(s) (D.11)

since the stopped process Yiam, is an (F, P, )-martingale.
Given that under 7, the agent stops immediately if B < x < s if follows that
over this region,
V(z,s) = u(z) — ku(s) (D.12)
Part 3: Finally for Sy = s € (b, B) the proposed stopping rule 7 is equivalent
to the first hitting time Hy = inf;>0{X; > So = s} implying:

— Ku(s) (D.13)

since the stopped process Yiap, is an (Fz, Py )-martingale.
The result follows by combining (D.8)), (D.11)), (D.12]) and (D.13). O

Proof of Corollary[5.2.5. For 7 to be considered as a candidate optimal stopping
time, the constants b and B have to be chosen in such a way that they maximise
the corresponding value function V (z,s). From this implies that B = f(B)
must maximise:

e1(B) = 9(B) % — r(3)

giving:

9(B)

J(B)B
Similarly from it follows that the parameter b = f(b) maximises:

a(D) = 9B) Y (1~ ) m(g@)g . +/:g<w>jj2 dw>
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Through the first order condition, the maximum of cy(+) is achieved at b satisfying:

9(b)
g'(b)

The first order condition in (D.14) does not ensure that b > 0. Note however that

h(-) is monotonically increasing and

h(z) = 9(x) = gaf% <exp (’yy%) - 1) > (1—k)

S

=1—k. (D.14)

S

for all x € RT if and only if > (1 — k). Thus a constant b > 0 satisfying
exists only when 1 < (1 — &), with b = 0 when 1 = (1 — k) and no positive solution
to (D.14) when n > (1 — k). However, under the assumption that n > (1 — &) it can
be easily that co(+) is monotonically decreasing over RT and thus co(+) achieves its’

maximum value over Rt at b = 0. O
Proof of Proposition[5.2.6, The continuity of V (X, S;) follows from the definition
in (5.17). Applying Ito’s Lemma to V(X;, S;) gives

AV (Xy, Sy) = Vi (X4, S)d Xy + = Vi (X, Sp)A[X]; + Va(Xy, Sp)dS,

N =

where:

V(Xt,St)dXt+ Vaw (X, St)d[ X (D.15)

= [t (B0 -+ 25— /f:)“ 5a.)
(s, o)

(7xpax; + ;f”(Xt)d[X]t>

+]I{Xt>B}( (Xt)dXt+ U (Xt)d[X])
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But by definition, Va € Z the scale function f satisfies Lx f(x) = 0, implying:

Vx(XtaSt)dXt‘i‘%f/J:x(XtaSt)d[X]t (D.16)
_ ud) Sy (O e)
- [H{SK“(f(b)(l s /ﬂst) 22 d)

+ Ip<s,<By (;5:23) + Lix,<B, 5,>B)} <jﬁgg;ﬂ f(Xp)o X dWy

+ L, s py (Lxu(Xy)dt + o' (X))o X, dWy)
= (G(Xt, St)f/(Xt)UXt]I{XtSB})th

+ x> py (Lxu(Xe)dt + v/ (Xe)o X dWr) (D.17)
where:
u(b u(s f) ul( F~1(z

+Lp<s<ny <;L8> +ia<B, s>B} (;LE]_Z;) (D.18)

We note that for all t > 0, |G(Xy, S;)| < Cs for some constant Cs € RT depending
on the initial value Sy = s. Letting M; = fot (G(Xt,St)f’(Xt)oXtH{thB})qu it
hence follows that:
t
B[(M)] = E[ | (106 (X 8.)XDPx, cme]

Kt

IN

This gives E[[M];] < oo, Vt € [0,00) and hence M; is a martingale (See Billingsley
[2013] page 72 Corollary 3).

Since the region {(z,s) € R? : x > B} corresponds with the stopping region
of 7, Lxu(x) < 0 is satisfied over this region. Moreover, the boundedness of u/(z)x
gives the martingale property for fg u'(Xs)oXsdWs. The above arguments imply
that for all 0 < x < s,

t 1t
0 0
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Moreover we have:

Vi(X, S)dS; = {—]I{Std,} (nu (St)< J(Xo )>> +H{5t>3}(— m/(st)>

f(S)
+H{b<st<B}< (S ( );f > t)f/(St)>]dSt
(D.20)

By definition dS; terms are naturally zero whenever X; < S, imply-
ing that the the first term in (D.20) above vanishes. Furthermore given that
dS; = (1/f'(S¢))dS} then the third term in (D.20)) above can be re-written as:

S
Lisoy <y (1 - w57 - 250 asy

and given that the function h(z) = x@ﬁfa{) is increasing and h(b) > (1 — k),
it follows that this term is always negative. This together with (D.19) give the

result. O

Proof of Proposition [5.2.7. By applying Ito’s Lemma to (5.17)) and following a sim-
ilar argument to the one used in the proof of Proposition [5.2.6

V(Xinz, Sine) = v(, 5)
" u(b u(Su) 1O u(f71(2))
+/0 {H{Su@} <f(1 —K)+ Kf(Su) - H/f(su) = dz)
u(S

(0)
(0)
+p<s,<B} < ESZD + I x,<B, s,>B)} (;Eg)] f(Xu)o XudW,

tAT

=v(x,s)+on G(Xy, Sy) X, dW,
0

where G(z, s) is as defined in (D.18]). Given |G(Xy, Sy)| < Cs for every u > 0 then
for every t > 0:

tAT
Ex,s[[f/(x, S)]W*] < Ez[ i X2 du]

t
< CSIELS[ / X2 x, <) du}
0

for some constant C,. This implies that the stopped process V(Xt/\;,SM;) is a
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martingale (See Billingsley| [2013]| page 72 Corollary 3), since:
Eac,s |:[‘~/(X, S)] t/\7~':| < o0 Vt € [0, OO)

Furthermore from the characterisation of V (z, s) in (5.17) it follows that the
stopped process V(Xiaz, Sinz) is bounded and hence uniformly integrable. This

implies:

Ew,s |:tli)m V(Xt/\?a St/\*?):| lim Em,s |:‘7(Xt/\7*—, St/\f'):| = V(xa 3)

t—o00

Proof of Lemma[5.2.8 Recall the characterisation of V(x,s) in (5.17):

V(z,s)

= ean | @0 =) = (at) (1= 5 ) + f()b) @2 )]
u(B)

+ s> 5y [(f @) 5B ~ HU(S)>H{x<B} + <U(x) - Hu(3)>ﬂ{x>B}:|
(

+Tgpcscn) [u(s) ft (Z’)) - ﬁu(s)]

and let:

) = 20 =17 (expla ) - 1),

The inequality in holds trivially over the region {(z,s) € R? : 0
r < 8,5 > Band 2z > B}. Consider now the region {(z,s) € R?: 0 <z < s,s
B and = < B}. The inequality holds over this region if:

> forx < B

This follows from the fact that % has a unique minimum ,jy, is strictly decreasing
over (0, Zyin) and xyin = B. A similar argument can be made to prove the inequality
over the region {(z,s) € R?2:0<zr<sand 0<b<s< B}.

Finally consider the region D = {(z,5) € R? : 0 < x < sand 0 < s < b}.

Recall from Corollary that b > 0 if and only if n < (1 — k) and hence we can
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assume that 7 < (1 — k). The result follows if for all (z,s) € D,

u(b)

m(l—lﬁ)—l—/ﬁ

u(s) _ulz) H/f(b) u(f @) 4, (D.21)
/

(s)  f(x) (s) w?

However since % is increasing over (0, B), and ([D.21)) must be satisfied for

all z satisfying 0 < z < s < b then the inequality in (D.21] holds if:

- @ - @ K 7 M w
Ik [, e (D.22)
By applying y = f~!(w), the inequality in can be re-written as:
@ B @ K bex — -n
(f(b) f(s)> = 7/8 p(=)y " dy (D.23)
Define:
_ (b wle)) K b exp (— -
by = (f(b) (s)) 7/5 p(—y)y " dy (D.24)

Note that D(b) = 0 and %D(s) < 0 which follows easily by noting that
s <b, h(b) =1—k and h(y) is increasing. Thus D(s) > 0 for s € (0,b) which gives
(D.24) and hence the result. O

Proof of Theorem [5.2.9. Since V(X;,S;) defines a continuous super-martingale,

given any stopping time 7:
V(.T, 5) > Em,s [‘N/(Xt/\ﬁ St/\T)]

But from the characterisation of V(x,s) in (5.17), it follows that V(Xiar, Sinr) is
bounded. Hence by letting ¢ — oo by the Dominated Convergence Theorem and

Lemma [5.2.8] we get:
V(x,s) > Eys[V(Xr, Sr)] > Ep s [u(Xr) — ku(Sy)] (D.25)
This holds for every stopping time 7 and thus:

V(:L‘, s) > sgp E, s [u(XT) — HU(ST)] (D.26)
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On the other hand from Proposition [5.2.7] we have:

‘N/(w, 8) = tllglo Eaz,s [V(Xm%, StA%)]
= ]Ecc,s [V(X—;, Sf')]
=E; [u(X;) — /@u(S;)]

by definition of V' (z, s). Thus it follows that:

V(z,s) <supEg, [u(X7) — ku(S;)] (D.27)
Equations (D.26) and (D.27)) give the result. O
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