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1 Introduction

It is well recognized that individual decision making is not fully captured by expected
utility theory and many non-expected utility theories have been developed with the
aim of providing a better fit to observed behavior. Many of these alternative theories
have been well studied in a static setting, but recently there has been much interest in
studying non-expected utility preferences in dynamic settings which describe timing
problems arising in real world decisions. Examples of such timing decisions include
when to stop gambling in a casino, when to sell a stock, when to exercise an option
and when to stop searching and accept a job offer. Theoretical work in this vein
include Ebert and Strack (2015) and in experimental settings, Oprea et al. (2009).
Our paper considers agents who face optimal timing decisions in a dynamic setting
and who exhibit cautious stochastic choice (CSC). The CSC agent is unsure which
utility function to use from a family of possibilities and applies caution to choose the
worst-case certainty equivalent. In our optimal stopping setup, a CSC agent may have
an optimal strategy which is not of threshold form and may involve randomization. We
demonstrate this through a series of example models. The dynamic CSC model gives
predictions which are consistent with recent experimental evidence in dynamic setups
whereby individuals do not play cut-off or threshold strategies (Strack and Viefers
2021; Fischbacher et al. 2017).

In this paper, we build upon the theory of cautious stochastic choice (Cerreia-
Vioglio etal. 2015, 2019, also Maccheroni 2002) to develop a continuous time optimal
stopping model with CSC preferences. Cerreia-Vioglio et al. (2015, 2019) (see also
Maccheroni 2002) develop a theory of CSC in a static decision making setting. The
agent aims to select a best lottery from a given set. Under CSC the agent has a family
of possible utility functions in mind. For a given lottery, and for each utility, the agent
computes the certainty equivalent. The agent then values the lottery via the worst-case
certainty equivalent. Finally the agent chooses the best lottery which maximizes this
value. Since CSC does not satisfy the quasi-convexity property, agents may benefit
from mixing (see Cerreia-Vioglio et al. 2019).

In this paper we focus on an asset sale problem and consider a continuous time
model in which the price process is given by a one-dimensional time-homogeneous
diffusion. If the agent were an expected utility maximizer, it is well known that the
optimal stopping rule is given by the first exit time of the price process from an interval,
ie. a pure threshold strategy (Karni and Safra 1990 in discrete-time). We formulate
an optimal stopping problem with CSC as follows. The agent has a family of utility
functions and for a given stopping rule (in an appropriate class of admissible strategies),
for each utility, computes the certainty equivalent. The worst-case is then taken over
utilities. The goal is to find the stopping rule which maximizes the worst-case certainty
equivalent value.

Under optimal stopping models with a law invariance property, but not quasi-
convexity, it is known that it is sufficient to search over stopping rules of a particular
form—those of randomized threshold form (Henderson et al. 2018b). CSC falls under
these assumptions. However, this result does not say that once quasi-convexity does
not hold, pure thresholds cannot still be optimal. It might still be the case that a pure
threshold is preferred to randomization (regardless of how randomization is imple-
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mented), and we need to study particular models, such as CSC, to explore this further.
A contribution of this paper is to construct relevant examples for our CSC setting
where randomization is in fact used. We provide both some realistic models and a
stylized model.

We first consider two models where the asset price follows exponential Brownian
motion and demonstrate that the optimal strategy is not a pure threshold. In the first
model, the family of utilities are S-shaped and reference level dependent. There are
many such utilities as the agent is unsure of the strength of their loss aversion, risk
aversion and risk seeking and the value of their reference level. Our model extends
trading models of Kyle et al. (2006), Barberis and Xiong (2012), Henderson (2012),
and Ingersoll and Jin (2013) to use the cautious approach, with a worst case over many
utilities, and shows that pure price thresholds are no longer optimal sale triggers. An
implication of this model is that using a cautious approach with S-shaped reference
dependent utilities may lead to non-trivial strategies, akin to the already known results
for prospect theory (Henderson et al. 2018a). However, as shown by Ebert and Strack
(2015), naive prospect theory agents continue to gamble indefinitely whilst Duraj
(2019) (also Huang et al. 2020) demonstrates CSC agents do not suffer from this
somewhat extreme behaviour.

Our second model uses a family of concave utility functions and highlights that the
CSC approach can lead to non-trivial strategies, even for a set of concave functions.
This pair of models show CSC agents do randomize in realistic continuous-time opti-
mal stopping settings. By also considering a stylized but tractable example, we can
actually calculate the optimal stopping rule and show that it is a non-trivial mixture of
threshold strategies. Furthermore, some of our ideas used in the proofs of calculating
the optimal stopping rule may be useful in other settings.

In contrast to the behavior of an EU agent, our CSC agent does not only use pure
threshold strategies and instead prefers mixed or randomized strategies. The CSC agent
is deliberately randomizing. We will now describe the body of experimental evidence
which is consistent with our theoretical model. An important finding in experimental
studies of individual decision making is the phenomenon of stochastic or random
choice. When subjects are asked to choose from the same set of options many times,
they are inconsistent in their choices. Patterns of stochastic choice were first recorded
by Tversky (1969) and many studies have replicated, explored and extended his results
(see Agranov and Ortoleva 2017 for recent findings and a comprehensive overview,
and, amongst others, Dwenger et al. 2018; Hey and Orme 1994; Feldman and Rehbeck
2020; Permana 2020). In particular, recent studies of Agranov and Ortoleva (2017,
2020) and Dwenger et al. (2018) interpret their experimental results as suggesting the
main force is a deliberate desire of participants to randomize. Much of this evidence is
gathered in static settings. Recently, researchers have studied dynamic settings which
can better reflect the real decision making situations individuals face in economics
and finance (eg. Oprea et al. 2009). Strack and Viefers (2021) conduct an experiment
in a sophisticated asset selling task.

They present evidence that players do not play cut-off or threshold strategies over
gains—they do not behave time-consistently within rounds 75% of the time, and visit
the same price level three times on average before stopping at it. In their study of the
impact of automatic selling devices on experimental trading behavior, Fischbacher
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et al. (2017) find that participants tend to set any upper limit further away from the
current price than any lower limits and use the upper limit less frequently.

Our CSC model can also be viewed as contributing a new dynamic optimal stop-
ping model to the wider literature on stochastic choice modelling. CSC falls into the
class of stochastic models postulating that stochasticity is a deliberate choice of the
agent.! Deliberate randomization (Machina 1985) emerges in non-EU settings such
as prospect theory (see Wakker 1994 in a static setting, and Henderson et al. (2017)
and He et al. (2017) in dynamic setups). There are fewer models capturing the phe-
nomenon of stochastic choice in the dynamic setting of a stopping problem. Strack and
Viefers (2021) combine random utility with regret preferences in a stopping context.
Henderson et al. (2017) and He et al. (2017) show randomized strategies are optimal
in a stopping model with prospect theory preferences. The largest class of stopping
models are the bounded rationality Drift Diffusion models (DDM) of which the work
of Fudenberg et al. (2018) is a recent example.

The paper is organised as follows. Section 2 presents the optimal stopping models—
both the classical EU model and our CSC optimal stopping model. Section 3 describes
and solves two models with S-shaped reference dependent or concave families of
utilities. A stylized example is given in Sect. 4. We defer supplementary material and
proofs to the Appendices. Appendix A outlines the CSC model in its original static
setup (Cerreia-Vioglio et al. 2015, 2019) and demonstrates mixing may be beneficial.
Further results and proofs on optimal stopping under EU are in Appendix B. Proofs
for the stylized and generalized example are in Appendices C and D. Appendix E
provides some insights on discounting in the CSC optimal stopping model.

2 The optimal stopping models

Optimal stopping theory has been influential in several areas of economics. In finance,
the sale and purchase of stocks and the pricing of American options are classical
stopping problems (McKean 1965; Merton 1973). Following McDonald and Siegel
(1986) the optimal timing of irreversible investments and market entry decisions are
modelled as stopping problems (Dixit and Pindyck 1994). In labour economics, Stigler
(1962) and McCall (1970) established job search as a stopping task.

We first establish notation and review the theory for the optimal liquidation of an
asset in the classical setting of a maximizer of expected utility. For J an interval subset
of R, let F TJ be the set of increasing functions F’ TJ ={f :J — R; f increasing}. For

feF TJ we can define the left-continuous inverse f~!. For K a subset of R? let P(K)
be the set of Borel probability measures on K. Let £(Y) denote the law of a random
variable Y. If Z = (Z,),>0 is a stochastic process and S is a class of stopping times
then let 0% (S) = {£(Z,); T € S}. Let 8, be the point mass at z.

We work on a filtered probability space (2, F, F = {F;};>0,P). Let Y = (Y1)i>0
be a (IF, P)-stochastic process on this probability space. Let I' be the state space of

' There are two other main classes of models of stochastic choice. In random utility models, subjects
maximize a well defined utility function but this changes stochastically over time (eg. Gul and Pesendorfer
2006). In models of bounded rationality, agents have well defined and stable preferences but may not make
the best choice because of bounded rationality (see Johnson and Ratcliff 2013 for a review).
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Y and let I7 be the closure of /Y. We suppose that Y is a regular, time-homogeneous
diffusion with initial value Yo = y which lies in the interior of 1" . Further we suppose
that lim; 4 Y; exists. A sufficient condition for this is Assumption 1 below.

Throughout, ¥ may represent the price process of a stock in the market, the accu-
mulation of returns from an investment project, or the accumulation of an agent’s
wealth when gambling or trading, to give a few possibilities. We give further details
on some of these interpretations at the close of Sect. 3.1.

2.1 Optimal stopping under expected utility

. . . . 4 . -
Let U be an increasing utility function, U € F TI . For a maximizer of expected utility
the objective is to find the certainty equivalent

CEV(S) = sup U ®[U(Y)) =U! (sup E)‘[U(Yf)]) (1)
TeS teS

over a suitable class S of stopping times. We introduce three classes of stopping times

e T, the class of all stopping times;
e 77, the class of (pure) threshold stopping times;
e 7Tp, the class of randomized threshold stopping times.

Note that 77 C 7g C 7. The set of pure threshold stopping times includes stopping
immediately and can be written as

Tr =Ugpep {7, ], @)

where rgy = inf,>o{u : Y, ¢ (B,y)} and the union is taken over (8, y) in an

appropriate set D C ([—oo, y] N 1Y) x ([y, ool N IY) which we describe below.

In order to be able to define the set of randomized threshold stopping times 7z we
suppose that Fy is rich enough as to support any probability measure  on D, and that
the dynamics of Y are independent of a random variable ® with law 7. Then we define
a randomized stopping time 7, by

) = ing{u 1Y, ¢ (O, ®,) where ©® = (Og, ©,) is Fo measurable and has law 1}
=

and set
Tr = {ty:n € P(D)}. 3)

Often, the best way to solve (1) is via a change of scale. Let s be a strictly increasing
function such that X = s(Y) is a local martingale.2 Then U(Y;) = g(X;) where

2 Such a function s exists under very mild conditions on Y, and is called a scale function. For example, if
Y solves the SDE dY; = o (Y;)d By + j1(Yy)dt then s = s(z) is a solution to %o(z)zs” +1(z)s” = 0. Note
that if s is a scale function then so is any affine transformation of s and so we may chose any convenient
normalization for s.
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g = U os~ " and (1) can be rewritten as

ctV(s) = sup U B [g(X)) =s" (sug g (B [g(XaD) 4

where x = s(y). Since the scale function s is fixed, in finding the optimal stopping
rule it is sufficient to consider sup, g g L E[g(XD))).

We do not make a concavity assumption on U. Monotonicity is preserved under the
transformation U +— g, but in general concavity is not. Indeed, if g is concave then
typically stopping immediately (z = 0) is optimal.

The state space of X is IX = s(IY). Then IX = s(IY).If IX is not bounded below
then for any level y in the interior of /X with y > x the first hitting time H)f( =

inf,>o{v : X, = y} is finite almost surely and CEU(T) = Sup,, ¢ X U lg(y) =
sup{y : y € IV} = max{y : y € I"}. We want to exclude this degenerate case.
Hence we make the following assumption:

Assumption 1 /¥ = s5(IY) is bounded below. Then, without loss of generality we
may assume that the lower limit of /¥ is zero. Any accessible boundary point for X
is absorbing.

The upper limit of /% may be finite or infinite. Note that since X is a non-negative
local martingale lim; 4 X, exists and hence lim;y Y; exists. We do not exclude ©
such that P(t = oo) > 0 and on the set 7 = oo we define X; = lim;qo0 X;. This is
why we want to consider 7% as well as /X. Then 7 is the set of all stopping times,
and not just finite stopping times.

Example 1 Suppose Y is geometric Brownian motion: dY; = oY;dB; + uY;dt. Let
v =1- 2L Y has state space I¥ = (0, 00). Provided Y # 0 we have s(z) =

2"
sgn(w)z‘/f. (If ¢y = Othens(z) = In zis the scale function.) If ¥ < Othens(0) = —oo.
This is equivalent to 2 > o2, in which case Y hits arbitrarily high price levels
with probability one and the optimal stopping problem is degenerate. If ¢ > 0 then
1X = (0, 00). For Y > 0, limy_00 X, =0 € IX\ IX.

Note that fﬂY,y = infy>o{u : ¥y ¢ (B, )} = infy>ofu : Xy & (s(B),s(y)} =:
‘L's}f £)5(r)" Hence 77 has the alternative representation

X
Tr =Yg p)eDX {Ta,b} )

for an appropriate set DX . The right space to choose is DX = [0, x) x ([x, o] N [¥).
Then D in (2) and (3) is given by

D =[s710), y) x [y, s ' (c0)]

Tr can also be rewritten as 7 = {rf . € P(DX)} where

tf = ing{u : Xy ¢ (O, ©))where © = (Og, ©,) has law 7.}
uz
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Note that the certainty equivalent depends only on the law of X;. The following
result is classical. (In discrete time, see Karni and Safra (1990) and Strack and Viefers
(2021), and in mathematical finance, see Dayanik and Karatzas (2003). For a textbook
treatment, see Chapter 4, Peskir and Shiryaev (2006).)

Proposition 1

1. CEU(T3) = CEV (TR) = CEY(T).
2. CEU(T) = U 1(g(s(y))) where g is the smallest concave majorant of g =
Uos L

Corollary 1 In trying to find the optimal stopping rule in the classical (single utility)

case it is sufficient to restrict attention to pure threshold strategies of the formt = T : b

One approach to proving Proposition 1 is to show first that the problem can be
recast as one involving the process in natural scale X, and then that the problem of
maximizing over stopping times can be recast as a maximization over distributions.
In particular, we see from (1) or (4) that the certainty equivalent depends on 7 only
through the law of the stopped process. Hence, instead of searching over stopping
rules we can search over laws of the stopped process instead. In terms of maximizing
expected utility of the stopped process, it can be shown that the optimal law places
mass on at most two points. Such a distribution can be achieved using a pure threshold
rule. This explains why CEV (77) = CEY(T) and the more general result of the first
part of the Proposition follows since clearly CEV (T7) < CEV(TR) < CEY(T).

2.2 Optimal stopping under cautious stochastic choice

Our goal in this section is to develop an optimal stopping model with CSC. Let Y be a
time-homogeneous diffusion with state space I*. Let WY C F TI " beasetof increasing

utility functions. The goal is to find sup, . g inf,cyyr u~ ' (E[u(Y7)]), where 7 is chosen
from a suitable set of stopping times S. We define AY = P(I'V). Recall that Q¥ (S) =
(v:v=L(Y;); T €S} Clearly we have QY (T7) C Q¥ (Tz) € Q¥(T) C AY.

As in the classical, single-utility setting, it is often convenient to work with the
process X in natural scale rather than Y. We set WX = {g = uos™';u e W)
Define AX = P(IX). Again we have QX (T7) ¢ QX (Tz) € Q¥ (T) € AX.

For a fixed stopping time 7t and a fixed utility u € VW we definethe certainty
equivalent

C! = u " Elu¥))D) = u " Elg(X)]) = s (g7 " Elg(X)D). 5)

Once we have minimized over utilities the value function for a single stopping time

is V; = inf . C%. Under CSC the optimal stopping problem is to find V(S) =
ueyV
sup,cs V- where S is a set of stopping times. Since V; depends on the stopping time

only through the law of the stopped process we have
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V(S)= sup inf u”! </u(z)v(dz))
vEQY(S)uEWY

57! < sup inf g~! </ g(z)v(dz))) (6)
veQX(S) sEWX

and ¥ € argmax,.g Vr. In particular, we want to consider S = 7, S = 7 and
S=1r.

Note that the agent solves the problem based upon what is optimal given current
information, and under the assumption that they commit to this optimal strategy. This
is a natural starting point and was also the approach taken by Henderson et al. (2018a),
where a stopping problem for a prospect theory agent who can pre-commit was solved.

We want to solve (6). Henderson et al. (2018b) study a class of stopping problems
where the value associated to a stopping rule depends upon the law of the stopped
process. Their result states that under a law invariance property, we have V (7g) =
V(7). The law invariance property holds for our CSC setting. Hence we know that
it is sufficient to look for optimal strategies of randomized threshold form (we do not
need to look beyond the class S = 7). However, we only know that V (77) < V(7g)
and so we can only say that a pure threshold strategy may not be optimal.

Our contribution here is to show that we can indeed find models where pure thresh-
olds are not optimal, and we demonstrate for those examples that the agent can do
better by randomization. Unlike in the classical case (see Proposition 1(1)), we may
indeed have V(77) < V(7g) in our CSC setup.

3 Two realistic models

In this section we develop two realistic models which are based on either S-shaped
reference dependent utilities or on concave utilities.

3.1 A model with S-shaped reference dependent utilities

The first model is based on the S-shaped reference-dependent preferences found in
prospect theory (Tversky and Kahneman 1992). Utility is defined over gains and
losses relative to a reference point, rather than over final wealth, an idea proposed by
Markowitz (1952). The utility function exhibits concavity in the domain of gains and
convexity in the domain of losses, and the function is steeper for losses than for gains,
a feature known as loss aversion. In our CSC model, there are many such utilities as
the agent is unsure of the strength of their loss aversion, risk aversion and risk seeking
and the value of their reference level.

In recent years, there have been a number of optimal stopping models for asset
sales and trading which utilise the S-shaped utility, beginning with Kyle et al. (2006)
and continued by Barberis and Xiong (2012), Henderson (2012), and Ingersoll and Jin
(2013). These papers employ a single S-shaped utility to represent investor preferences
and ask questions such as: when does an investor sell an asset? How do risk aversion,
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risk seeking and loss aversion impact on their sale decision? These models also seek
to provide an explanation for the disposition effect observed in empirical trading data
(Odean 1998) whereby investors have a higher propensity to take gains over losses.
Each of the models in Kyle et al. (2006), Barberis and Xiong (2012), Henderson (2012),
and Ingersoll and Jin (2013) leads to the derivation of explicit price thresholds at which
an investor would sell the asset. That is, for preferences which can be represented by
a single S-shaped utility, the optimal strategy is of pure threshold form.

Our model extends those of Kyle et al. (2006), Barberis and Xiong (2012), Hen-
derson (2012), and Ingersoll and Jin (2013) to use the cautious approach, with a worst
case over many utilities, and shows that pure thresholds are no longer optimal.

Suppose Y follows geometric Brownian motion and solves dY; = o Y;d B; + uY;dt
subject to Yo = y. We assume 0 < p < %02. Let WY = {u; : 1 <i <N}bea
family of S-shaped reference dependent utility functions with

(z — R)% Z>R;
ui(z) = { —ki(Ri —2)% z<R; 7
where {(§;, R;, ki)}1<i<n is a family of parameters. Here, for each i, 1 — §; € (0, 1)
represents the coefficient of risk aversion/risk seeking, R; > 0 is the reference level
and «; > 1 is the loss aversion parameter, introducing an asymmetry. Such piecewise
power functions are the specification proposed by Tversky and Kahneman (1992).
Our problem is to find the CSC value corresponding to the asset sale problem:

supmin u; ' (Efu; (Y)D). (8)

If N = 1, we have a single S-shaped utility and this recovers (special cases of)
the stock trading models of Barberis and Xiong (2012), Henderson (2012), Ingersoll
and Jin (2013). For N = 1, under the utility specification in (7), and with ¥ follow-
ing geometric Brownian motion, the optimal pure threshold strategy may be derived
explicitly.

Define v = 1 — i—’; € (0,1) and set s(z) = z¥. Set X = s(¥Y) and x = s(y).
Then X solves dX; = Yo X;dB; subject to Xg = x := y‘/’ > 0. We have X is a
non-negative martingale. Set g; = u; o s~ ! so that

W'V — R w> R/

9
—ki (R —w!'/¥)d w < R;l/ ®

gi(w) = {

and set WX = {g; : 1 <i < N}. By animmediate extension of the arguments leading
to (4) we have

supminu; ' (Efu; (Y)]) = s~ (sup min gﬂ(E[g,-(Xf)]))

and hence in the search for the optimal stopping rule it is sufficient to consider the
problem in natural scale for X and WX

@ Springer



V. Henderson et al.

@) w e Wy (b) g; e WX

Fig. 1 The families of S-shaped reference dependent utility functions WY = {u; : 1 < i < N} with u;
defined in (7) and in natural scale WX = {gi : 1 <i < N} with g; given in (9). Parameters used are
Y = 1/2 for the price process, N = 3 and {(3;, R;, k;)} = {(0.15, 1, 2), (0.1, 2, 2), (0.08, 3, 2)} for the
utility functions where for each i, 1 — §; € (0, 1) represents the coefficient of risk aversion/risk seeking,
R; > 0 is the reference level and k; > 1 is the loss aversion parameter

Families of functions YWY and W* are given in Fig. 1 for the parameters:
¥ =0.5, N =3and {(§;, R, k;)} = {(0.15, 1, 2), (0.1, 2, 2), (0.08, 3, 2)}. (10)

Here we are representing a situation where an agent is unsure of their level of risk
aversion/risk seeking parameters and an appropriate reference level. They fix their
level of loss aversion at a value of 2, which is around the level estimated in Tversky
and Kahneman (1992).

Note that certainty equivalents are invariant under affine transformations of the
objective function: if h, p(w) = ah(w) 4+ b with a > 0 then h;lb(IE[ha,b(Z)])
h! (E[~(Z)]). Hence, without loss of generality we may replace WX =g :1<
i < N}with WX = {g; : 1 <i < N} where for fixed X > 0

_ &i(w) —i(0)

i) = B~

(1)

These linear transformations have been designed so that g;(0) = 0 and g;(x) = 1
for all . Then, the functions g; are of comparable sizes over the region [0, x] and we
expect that over the relevant range g; ! does not depend greatly on i. The transformed
family of functions WX are plotted in Fig. 2.

Consider first the certainty equivalent from using a pure threshold strategy r(fy =
inf{r : X; ¢ (0,y)} for y > x = 0.2. The certainty equivalents associated with
the utilities (#;);=1.2,3 as a function of the upper threshold are plotted in Fig. 3. We
see from the figure that the best pure threshold strategy uses an upper threshold of
approximately 2.75 and yields a CSC certainty equivalent of 0.7263. Note also that we
recover the best pure threshold for each separate utility (u;);=1,2,3—derived in closed
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Fig. 2 The family of transformed utility functions WX = {gi : 1 < i < N} where g; is given by
(11) with ¥ = 0.8. Parameters used are ¥ = 1/2 for the price process, N = 3 and {(§;, R;, k;)} =
{(0.15, 1, 2), (0.1, 2, 2), (0.08, 3, 2)} for the utility functions where for each i, 1 — §; € (0, 1) represents
the coefficient of risk aversion/risk seeking, R; > 0 is the reference level and x; > 1 is the loss aversion
parameter

3.0

-
f
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©
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gL

o 1 2 3 2 5 6 7

Upper threshold 7Y
Fig. 3 The certainty equivalent value under a pure threshold strategy TO)fy =inf{t : X; ¢ (0,y)}asa
function of upper threshold y for y > Xo = x = 0.2. The family of S-shaped utility functions u; as
defined in (7) are used. The best pure threshold strategy uses an upper threshold of about 2.75 and gives a
CSC certainty equivalent of 0.7263, as marked on the figure. Parameters used are ¢ = 1/2 for the price
process, N = 3 and {(5;, R;, x;)} = {(0.15, 1, 2), (0.1, 2, 2), (0.08, 3, 2)} for the utility functions where
for eachi, 1 — §; € (0, 1) represents the coefficient of risk aversion/risk seeking, R; > 0 is the reference
level and k; > 1 is the loss aversion parameter. Note also that the best pure threshold for each separate
utility (u;);=1,2,3 can be seen to be very close to the reference levels R;; i = 1, 2, 3. These can be derived
in closed form by the method in Henderson (2012)
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Fig.4 CSC value using the optimal mixture for a given pair of upper threshold levels where Xg = x = 0.2.
The family of S-shaped utility functions u; as defined in (7) are used. The best pair of upper thresholds is
1.1, 3.1 giving a CSC certainty equivalent of 0.8368. Parameters used are ¥ = 1/2 for the price process,
N =3 and {(§;, R;, «;)} = {(0.15, 1, 2), (0.1, 2, 2), (0.08, 3, 2)} for the utility functions where for each
i, 1 —6; € (0, 1) represents the coefficient of risk aversion/risk seeking, R; > 0 is the reference level and
k; > 1is the loss aversion parameter

form by the method in Henderson (2012). These values can be seen on the figure to
be very close to the reference levels R;;i = 1, 2, 3.

Now suppose we are allowed to search for the best mixed threshold strategy based on
two upper thresholds (with the lower threshold set to zero). Note, we are not claiming
to find the optimal strategy here, but are simply demonstrating that we can do better
than pure thresholds. Figure 4 shows the highest CSC value (as the mixture parameter
varies) for a given pair of upper thresholds. Figure 5 shows how much probability
mass is assigned to the smaller of the two upper thresholds. The best strategy is to
assign probability mass 0.75, 0.25 to thresholds 1.1, 3.1 respectively, giving a CSC
value of 0.8368. From Fig. 5 we see that for other pairs of thresholds, it is optimal
to place all the weight on a single threshold, but for the optimal pair of thresholds
the optimal strategy is a proper mixture. It follows that the best randomized strategy
is strictly better than any pure threshold strategy (since we can demonstrate even a
mixture of a pair of upper thresholds does better).

Let us now consider a mixture which involves at most three upper thresholds. We
find that in this restricted class, the optimal randomized strategy assigns probability
mass 0.76, 0.11, 0.13 to thresholds 1.1, 2.1, 3.1 respectively and gives a CSC value
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Fig. 5 Optimal mixture distribution: the weight placed on the smaller of the upper thresholds for a given
pair of upper thresholds. When both upper thresholds are large, it is optimal to not use a mixture, and only
stop at the smaller of the upper thresholds; when both upper thresholds are small, it is again optimal not
to use a mixture, and only stop at the larger of the upper thresholds. When the smaller upper threshold is
in the range 1-3, it is optimal to use a mixed strategy, with most of the mixture distribution on the smaller
of the two upper thresholds. Again, Xg = x = 0.2. The optimal mixture is to place probability mass
0.75 on threshold 1.1 and weight 0.25 on threshold 3.1. The family of S-shaped utility functions u; as
defined in (7) are used. Parameters used are ¢ = 1/2 for the price process, N = 3 and {(6;, R;, k;)} =
{(0.15, 1, 2), (0.1, 2, 2), (0.08, 3, 2)} for the utility functions where for each i, 1 — §; € (0, 1) represents
the coefficient of risk aversion/risk seeking, R; > 0 is the reference level and «; > 1 is the loss aversion
parameter

of 0.8425. Again, we see an improvement as we allow for mixtures over a larger
number of thresholds. However, the benefit from adding more upper thresholds is
diminishing, and the improvement in the CSC value from allowing mixed strategies
which randomize over 4 upper thresholds is negligible. The results of randomization
among upper thresholds for the family of S-shaped utility functions (in Fig. 1) are
summarized in Table 1.

Note the model of this section could be adapted for option payoffs with applications
to (financial) American options (McKean 1965, Merton (1973)) and to real options
(Dixit and Pindyck 1994; McDonald and Siegel 1986). In a financial options setting, a
fixed parameter K represents the strike price of the option. In a real options setting, ¥
represents the accumulation of returns from an investment project and a fixed parameter
K is the fixed cost of investment. The CSC value in (8) would become:
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Table 1 Summary of results of randomization among upper thresholds for the family of S-shaped utility
functions in Fig. 1

Number of thresholds Best thresholds Best mass distribution Best CSC
1 2.75 1 0.7263

2 (1.1,3.1) (0.75, 0.25) 0.8368

3 (1.1,2.1,3.1) (0.76, 0.11, 0.13) 0.8425

4 Negligible improvement over 3 thresholds case

sup minu; (Blu; (Y; — K)"))). 12)

In each of these applications, our results imply that option holders taking a cautious
approach (as defined by CSC) may use randomized strategies when exercising their
options, rather than a simple "exercise when the stock price breaches a particular
threshold" approach. Similarly, in corporate finance applications to real options, we
may see more complex investment timing behaviour than that predicted by standard
risk neutral models.

3.2 A model based on concave utilities

In the previous model we used a family of S-shaped reference dependent utility func-
tions. In this section we build a model using concave utility functions. We build our
example from the sum of a power utility function and an exponential utility.>

Asin Sect. 3.1, suppose Y is geometric Brownian motion with scale function s(z) =
z¥ for ¢ € (0, 1). For y, k, ¢ non-negative constants, define f = Sy Rt — RT
by

1 1
f@) = ¥+ ; — ;e*V[(ZJrK)"jflcd’] (13)

Then £(0) = 0 and provided ¢ < 1, f is concave. Set g(w) = f o s~ ! so that
8y.e,p (W) = fy,x,¢(w1/'p). Then

1 1
glw) =w+ ; - ;e—)’[(w]/‘ﬁ-i-l()d’—f(‘b]. (14)

Provided ¢ < ¢ we have that g is convex for small values of w and concave for larger
values. We will thus assume ¢ < ¢ < 1.

Let WY = {u; : 1 <i < N} where u;(z) = fy, x1.¢:(2). Then WX = {g; : 1 <
i < N} where g;(w) = gy, «;,¢; (w). Families of functions WY and WX are given in
Fig. 6 for the parameters:

3 Our experience is that it is quite challenging to build examples based on families of concave utilities for
which randomization is beneficial, especially if we restrict attention to standard one-parameter families (eg.
CRRA or CARA). However, this example shows that whilst difficult, it is possible to build examples of
families of concave utilities for which randomization over thresholds is beneficial.
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Fig. 6 The families of concave utility functions WY = {u; : 1 < i < N} with u;(z) = Tyiki b ()
and f defined in (13). In natural scale, wX = {gi : 1 =i < N} with g;(w) = gy, «; .¢; (W) Where
g is given in (14). Parameters used are ¥ = 1/4 for the price process, N = 3 and {(y;, «;, ¢;)} =
{(0.9,1,0.9), (0.5, 10,0.4), (0.2, 20, 0.3)}
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Fig. 7 The certainty equivalent value under a pure threshold strategy r&,y = inf{t : X; ¢ (0,y)}
as a function of upper threshold y for y > Xg = x = 0.5. The family of concave utility func-
tions u;(z) = fViq’(iad’i (z) with f defined in (13) are used. The best pure threshold strategy uses an
upper threshold of approximately 22.68 and gives a CSC certainty equivalent of 0.6215, as marked
on the figure. Parameters used are v = 1/4 for the price process, N = 3 and {(y;,«;, ¢;)} =
{(0.9,1,0.9), (0.5, 10, 0.4), (0.2, 20, 0.3)}

v =1/4, N =3 and {(y;, ki, i)} = {(0.9, 1,0.9), (0.5, 10, 0.4), (0.2, 20, 0.3)}.
15)
Consider first pure threshold strategies, r(i( for different upper thresholds y. The
certainty equivalents associated with the utilities {u;};=1 2,3 as a function of the upper
threshold are plotted in Fig. 7 with an initial value of Xg = x = 0.5.
We see from the figure that the best pure threshold strategy uses an upper threshold
of approximately 22.68 and yields a CSC certainty equivalent of 0.6215.

@ Springer



V. Henderson et al.

Table 2 Summary of results of randomization among upper thresholds for the family of concave utility
functions in Fig. 6

Number of thresholds Best thresholds Best mass distribution Best CSC
1 22.68 1 0.6215

2 (3.84, 187.42) (0.56, 0.44) 0.6373

3 Negligible improvement over 2 thresholds case

If we now search for the best randomization over two upper thresholds we find that
the best strategy is to assign probability mass 0.56, 0.44 to thresholds 3.84, 187.42
respectively and that this gives a CSC value of 0.6373. Again the best randomized
strategy is strictly better than any pure threshold strategy. However, allowing random-
ization over three upper thresholds brings only negligible further benefits. The results
of randomization among upper thresholds for the family of concave utilities (in Fig. 6)
are summarized in Table 2.

4 A stylized but explicitly solved example

Our goal in this section is to give an example for which we can prove that the optimal
stopping rule is not a pure threshold strategy. Instead there is an optimal stopping
rule which is a non-trivial mixture of threshold stopping rules. The example is highly
stylized, and deliberately simple, and this allows us to give a full and complete solution,
ie. we are able to solve for the optimal mixed threshold rule. Crucially, the characteristic
features are shared with some realistic, non-stylized examples, in particular the S-
shaped utility model of Sect. 3.1.

We work with a process Y which is already in natural scale, and a family of payoff
functions {u,},,er. The process Y is assumed to be bounded below (without loss
of generality by zero) and unbounded above, to be a local martingale and to have
initial value y > 0. Then Y is a supermartingale. The canonical example is if ¥ is
a Brownian motion started at y and with absorption at zero, ¥; = W, HY where

HOW = inf,>o{u : W, = 0}, the first hitting time of zero by W. Alternatively, we may
consider Y to be geometric Brownian motion with zero drift. The goal in this section
is to give an example for which

V(Tr) < V(Tg) = V(T).

Hence, there is no pure threshold strategy which is optimal within class of all stopping
rules.

Fix constants o > k > 0, together with m, > % Set m* = %7 and let M be the
interval M = [my, m*]. For m € M define u,, : I = [0, c0) > [0, c0) by

kw, 0<w < m;
Up(w) = (16)

am, w > m;
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Fig.8 The family of utility functions W = {u,,; m € M}, where u,, is defined for m € M by u,, (w) =
kw,0 < w < m and u;, (w) = am, w > m for constants & > k > 0. Let M = [my, m*] with m, > %
and m* = %=

and set W = {u,,; m € M}. Figure 8 illustrates the family of utilities described here.

Note that the results generalize to utility functions which replace u,, (w) = am
with u,, (w) = J(m) for w > m in (16), where J is a strictly increasing function with
J(m) > km. We will consider this more general case in Sect. 4.4.

4.1 Pure threshold strategies

Our first result is that in the stylized example there is no pure threshold strategy
which outperforms the trivial strategy of stopping immediately. Note that since Y is a
supermartingale and since u,,(z) < oz, we have forall t € 7

Elu;, (Yo)] < aE[Y:] < ay < km,.
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Since u;l(w) = % for w < km, we have forany 7 € 7

1
' (Bl (Yo)]) = %]E[um(Yr)]. a7)

Recall 75, = inf{s : ¥y ¢ (B,y)}. Form € Mand0 < 8 <y < y let
gg{ , be the expected utility associated with the stopping time 7g, and the utility
function u,, and let Cl’g'fy be the certainty equivalent: we have gg{y = Elum (Yry,)]

and Cf', = (up) ™' (Elup (Yg,,)]) = 1G4, Then

o — ky y €ly.m)
By — (am——i—kﬂ ) y>m
y y €ly,m)
c?. = 18
By :%(am——i-kﬁ ) Yy >m. (18)

Note that for each m € M, g and C mn , are non-increasing in y for y > m*. Also,
foreachm € M,andy <m~™ g and C are non-increasing in 8 for0 < 8 < y.

The following theorem follows from the fact that in our stylized example V (77) =
y. This result is proved in Appendix C. From the perspective of the worst agent, any
pure threshold strategy can only generate at best a certainty equivalent which is the
same as the certainty equivalent from selling the asset immediately.

Theorem 1 In our stylized example no pure threshold strategies outperforms stopping
immediately.

4.2 Improvement with randomization between two upper thresholds

The goal of this section is to show that there are mixtures of threshold strategies
which outperform the best pure threshold strategies. In addition we will develop some
intuition which we can use to motivate the derivation of the optimal randomized
strategy.

The remarks after (18) suggest that it is not sensible to use upper thresholds above
m*, and that it is sufficient to only consider lower thresholds which are set to zero.
(This result is proved in Lemma 4 in Appendix C.) In this section we consider using
stopping rules which are a mixture of 7o ,, and 7o for m, <y < e <m*. If 7 is this
mixed stopping rule and € < m™ then u,,+(Y;) = kY; and the certainty equivalent is
equal to y. So, if we hope to outperform pure threshold rules we must take € = m*.

Let T20 be the set of stopping rules obtained from mixing two pure threshold strate-
gies, both with lower threshold 0, and one with upper threshold at m™*, and the other
with upper threshold in [m,, m*). Then ’]'20 = {1:3 10 €[0,1],y € [my, m*)} where
o
and 1 ,,+ takes place at t = 0. Set C)’,”’g = u;l (]E[um(Yt;))]). Then, by the linearity

= 10, With probability 6 and tf = T19,»+ Otherwise. The randomization over g,
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1

of u,," over the relevant domain (recall (17))

C? = up, (OB Lum Yz, )] + (1 = O)E[uy (Yr, 1))

] 1—6
= EE[um(YTO,y)] + TE[”m(on.m*)]
=0Cq, + (1 —0)Cq,».

It follows that

om _ y[0+(0 -] me<y <m=<m*
v %[%Jr“,;—@)] my <m <y <m*

Fix y € [m4, m*) and 6. As a function of m, Hﬁ(m) = C;f”g is increasing in m

on both [m,, y] and (y, m*] with a jump down at y. It follows that (with C)’f+’0 =
lim,, y,, C7-%)
1 ,9 — 1 *,9 +,9
H,}qf C;f = mm{C;/” ,C;,/ }
9 *
:ymin{ - +(1—9);9+(1—9)°”/}. (19)
km*

Continuing to fix y but allowing the mixture parameter 6 to vary, the first term in
the minimum in (19) is increasing in 6 whereas the second is decreasing in 6. Also,
a0 =000 =y < gLy =/ andato = 1,¢ =Ly > y =) 1

km*
follows that inf, C)’f"’ is maximized over 6 at the value of 6 for which C}/ 0 = cy 0,

namely 6 = 6*(y) where

Yy — my

m?/m* +y —2ms

0*(y) = € (0, 1).

Then

m* — my

m*Tm*er_zm*'

max inf C

m,0 __
pef0,1] m Y Y

Finally, we find the maximizer over y is y = y* where y* = /m,m*, and then
0*(y*) = § and

1+ /2

P
max max inf C)’,"’e =m0 - y
Y 2

> y.
yeM0el0,1] m Y

Hence, V(7)) > V(Tr) and a fortiori V(T) > V (T7).
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Theorem 2 In our stylized example the best strategy outperforms the best pure thresh-
old strategy.

In addition to the above result, we can learn something from our analysis about the
optimal mixture of thresholds. First we expect that there must be a positive probability
that we take an upper threshold of m*, else the certainty equivalent associated with
um* s y. Second, by considering the problem for finite mixtures of upper thresholds,
we expect that the certainty equivalent associated with u,, should be constant over m.

4.3 The optimal solution

Let ’Tlg be the subset of 7 such that the lower threshold in the randomization mixture
is always at zero, and the upper threshold is in M. Then

T2 = {1, : n € P{0} x M)}. (20)

Proposition2 V(7)) = V(T) = V(7).

Thus, in the stylized example and when considering optimal mixtures of threshold
strategies it is sufficient to restrict attention to mixtures in which the lower threshold is
always zero and the upper threshold is contained in M. We can calculate the optimal
mixed threshold rule. The proof of the proposition and theorem are given in Appendix
C.

Theorem 3 Suppose 17 € P(M) is a mixture of a point mass at m* of size 0* and an
PP p
o
absolutely continuous measure p on (m,, m*) with density C*y~ «—% where

k
o *\ o—Fk
_ 1 = (m™) o+
- _a —k’ - _a —k

(7 — o (T — o

9*

Then an optimal strategy is to take a randomized strategy with mixture distribution 1
where 11({0}, dy) = 71(dy). The corresponding value function is

k
)ﬂ

=R

V(t)=y (

o a—k
R =5

‘ =
>

Itis worth highlighting here that the optimal stopping rule is not unique and although
in Theorem 3 we find the optimal mixed threshold rule, there are other stopping times
which are also optimal. In other words, suppose 7 € 7 is a randomized threshold
rule (which is not a pure threshold rule): then there exist other stopping times t’ € 7
for which £(X;) = L(X/) or equivalently L(Y7) = L(Y7/).

4.4 A generalized example

Fix L > 0 and suppose R € (L,00). Let J : [L, R] — R be a continuously
differentiable function with J(z) > z and such that sup_¢[;, gy 1@ < ¢ < co. Let

Z
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K : [L,R] — R be the largest increasing function such that K < J. Suppose
J(L) = K(L) > R and that the set {x : K(x) = J(x)} is the union of a finite set of
intervals. We write {x : K(x) = J(x)} = UIN [&i,ri]. Then £} = L and ry = R.

Let A = [L, R] and for @ € A define u, : [0, 00) — R by

Z 0<z<a;

Uo(2) = { J@) z>a. @1

Let W ={uy : @ € [L, R]}.
Let Y be Brownian motion started at y € (0, %), and absorbed at 0. Consider the
problem of finding

sup ulgfv u” " (Eu(Y))).

Note that for any o € [L, R] and any stopping time t, E[uy (Y7)] < kE[Y;] <ky <
L. But u~!'(x) = x over this range. Hence the #~!' may be omitted in the definition
of the Cautious Stochastic Utility in this example.

Theorem 4 Let 0 be given by

B 1 (R aK'(a) R K'(B)
9_[1+E/L d“K(a)—a“"(fa dﬂK(ﬂ)—ﬂ)}

and let p : [L, R] — R4 be given by

0 aK'(x) R K'(B)
p(“)_F{K(a)—anp </ dﬂK(ﬂ)—ﬂ>}' (22

—1

Let n € P([L, R]) be the probability measure with density p on [L, R] and a point
mass of size 0 at R.

Then an optimal strategy is to take a randomized threshold strategy with mixture
distribution 1) where n({0}, dy) = 7i(dy) and 1 does not charge (0, x) x [x, 0o].

We prove the theorem in Appendix D. Note that if J is not strictly increasing then
we have that K is constant over intervals and ft does not charge such intervals. The
reason for this is that the corresponding u, strictly dominate other u g and are never the
worst case utilities. For this reason they are not relevant in the CSC formulation. In the
proof in the appendix, the utility functions are divided into two classes. For elements
of the first class, the certainty equivalent is never smallest, and these utilities do not
affect the CSC value. However, all elements of the second class are important, and
we find the optimal strategy by making sure that the certainty equivalent is constant
across utilities in this class, at least for the optimal mixed threshold stopping rule.
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4.5 Further methodological remarks
At an abstract level our problem is to find

sup inf D(x, y)

xeA YEB

where the spaces A and B may be different in character. In our setting A is a set
of stopping times, B is a set of utilities, and D involves an expectation, but more
generally games of this form arise in many applications where there are two entities
with competing objectives. These include Dynkin games (Dynkin 1969, where both
A and B are sets of stopping times), and robust option pricing [Hobson 2011; Touzi
2014 and related ideas of Hansen and Sargent (2008)]. Dynkin games have appeared
in various settings in economics, including wars of attrition (Hendricks et al. 1988),
pre-emption games (Fudenberg and Tirole 1991), duels [see survey by Radzik and
Raghavan (1994)], and pricing of options and callable convertible bonds (Grenadier
1996; Kifer 2000; Sirbu and Shreve 2006; Bielecki et al. 2008).

Define v = sup,, infyep D(x, y). In some circumstances one way in which
v may be determined is to find a saddlepoint, i.e. to find x* € A and y* € B
such that D(x, y*) < D(x*,y*) < D(x*, y) forall x € A, y € B. Then , if
vV = infyep sup, 4 D(x, y), trivially we have v < v and conversely

<sup D(x, y*) < D(x*, y") < 1nf D(x*,y) < sup 1nf D(x,y) =v.
XEA xXeAYE

Hence (x*, y*) is optimal and v = D(x*, y*).

However, in our case there is no saddlepoint and sup,., infyep D(x,y) <
infyep sup, 4 D(x, y) and need a different approach. The approach which we outline
here may have wider applicability.

Suppose we can find x* € A and B C B such that

(i) D(x*,7) < D(x*,y)forall y € B,y € B
(i) Vx,x" € A, supyeg{D(x’, y)— D(x,y)} >0

The first requirement says that for the candidate optimiser x*, D(x*, y) is smaller
on B than off B. The second requirement says that no choice x leads to a uniformly
higher value of D on B than any other choice. Note that, the first requirement is easier
to satisfy if B is small, whereas the second is easier to satisfy if B is large.

Then, taking both y, y € B in (i) we conclude that D (x*, y) = D(x*, ) and hence
D(x*, ) is constant on B. Then for any non-empty subset B of B,

inf D(x*, y) = inf D(x*, y) = inf D(x*, y).
yeB yeB yeB

Meanwhile, with x’ replaced by x* in (ii), for each x € A there exists a non-empty
subset B Xt of B such that D(x,y) < D(x*, y)on B x*. Then, foreach x € A,

inf D(x,y) < inf D(x,y) < inf D(x*, y) = inf D(x*,y).
yeB yEé}(,x* yeéx.x* yeB
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Hence sup, 4 infyep D(x,y) = inf,ep D(x*, y) = D(x*, y*) where y* is any ele-
ment of B and we have identified both the problem value and an optimiser.

5 Concluding remarks

This paper considers agents who exhibit cautious stochastic choice (CSC) and who
face optimal timing or stopping decisions in a dynamic setting. We build on the seminal
work on CSC in a static setting by Cerreia-Vioglio et al. (2015, 2019) and provide a
continuous-time optimal stopping model under CSC. In our dynamic setup, the value
associated with a stopping rule is not quasi-convex and hence we cannot necessarily
expect there to be a pure threshold rule which is optimal. Despite this observation,
it is quite a challenge to find examples where it can be clearly demonstrated that the
optimal stopping rule is a non-trivial mixture of threshold strategies. This paper has
taken up this challenge and provides first, realistic models under reference-dependent
or concave families of utility functions under which pure threshold strategies are
not optimal, and second, a stylized, tractable example whereby the optimal stopping
rule and value can be constructed explicitly. Our predictions are in line with recent
experimental evidence in dynamic settings whereby individuals do not play cut-off or
threshold strategies (Strack and Viefers 2021; Fischbacher et al. 2017).
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Appendix

Appendix A outlines the CSC model in its original static setup (Cerreia-Vioglio et al.
2015, 2019) and demonstrates mixing may be beneficial. Further results and proofs
on optimal stopping under EU are in Appendix B. Proofs for the stylized and gener-
alized example are in Appendices C and D. Appendix E provides some insights on
discounting in the CSC optimal stopping model.

A CSCmodel in a static setting (Cerreia-Vioglio et al. 2019)

Consider an interval I € R of possible monetary prizes. Let A = {v : v € P(I)} be
the set of lotteries over I and let Q be a subset of A. The agent has a set of utility
functions W C F TI . Given a lottery ¢ € Q and a utility u € W, we denote by E7 ()

the expected utility of u with respect to g, thatis EY (u) = f ; u(x)q(dx). The certainty
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equivalent of ¢ with respect to u is defined as

Cit = u™" (B (). (A-1)
Under the CSC paradigm of Cerreia-Vioglio et al. (2015, 2019) [see also earlier
work of Maccheroni (2002)] the agent chooses a best lottery from Q by displaying
cautious behavior: the evaluation for any given lottery g € Q is determined by V4 =
min, )y C g; the optimal strategy is to choose the lottery g € Q which maximizes V1.
This involves both minimization and maximization steps. Note that typically 7, Q and
W are taken to be compact so that the optimizers exist.

Now we want to allow the agent to mix over lotteries. Let co(Q) denote the convex
hull of Q. Then p = p* € co(A), represents a compound lottery obtained through
a randomization A over the lotteries in Q. If X is a discrete distribution over g € Q
we have p* = Y A;¢;; more generally, p* = /, 0 M(dg)q is a measure on I given
by p*(dx) = fQ A(dq)q(dx). For a lottery p* € co(Q) we can define the expected
utility of u with respect to p* by EX"(u) = [ ux)p*dx) = fQ A(dq)E9 (), and
then the certainty equivalent of p* with respect to u is CZA = LFI(IE”A (u)). Let

Vet = min, )y CZ,\. Then an optimal randomized lottery is given by

p* = p*(Q) € arg max v
preco(A)

In this static setting, Cerreia- Vioglio et al. (2019) show that mixing over two lotteries
may improve the worst case certainty equivalent.
Suppose Q = {p, g} and W = {u, v}. If we have

u v
Cp>K>Cp

u v
Cq<K<Cq

then, a linear combination of p and ¢ is better than any one of them in terms of smallest
certainty equivalent. To see this, note that for A € (0, 1) and p = p* = Ap+ (1 —A)g

EP (1) = AE” () + (1 — A)E (u)
= Au(CZ) + 1 - A)u(CZ) > u(K)+ (1 — A)u(Cg) > u(Cg)

and it follows that ™' (E[u(Ap + (1 = M)g)]) > u~' (u(Cl)) = CY since u s strictly
increasing. A similar argument gives that v~ (E[v(Ap + (1 — M)g)]) > C;’,. Then

min w_l(EpA(w)] > max{C", Cg} = max min C

w
wew reQ weW re

It follows that in a static setting it can be optimal to take a mixed strategy.
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B Further results on optimal stopping in the classical case

Under Assumption 1 the process X is a non-negative local martingale, and hence a
supermartingale. Further, for any stopping time E*[X.] < x. If IX is bounded above
then X is a martingale and E*[X,] = x, but for many examples /X = (0, c0) or
[0, 00) and then there exist T for which E*[X;] < x. Recall QX (S) is the set of
possible laws of the stopped X -process, over stopping times in S.

Lemma 1

1. If IX is bounded then Q*(T) = {L(X;) : T € T} = {v € PU¥) : [jx zv(dz)
= x}. If IX is not bounded above then QX (T) = {L(X;) : Tt € T} = {v €
PUY) : [7x zv(dz) < x}.

2. If IX is bounded then QX (Tr) ={L(Xy) : T € Ty} =5y u({uﬂ<x<y ME,-XX;,,})

where x;, is the mixture of point masses X;, = a0 + b = 0a- If % is
not bounded above then QX (Tr) = {L(X;) : E TT} = (UOSﬂS_xSﬂ)
({U0§ﬁ<x<y<oo)(;,b})'

3. In both cases QX (Tg) = 0% (7).

Proof 1. Suppose IX is unbounded. The fact that Q¥X(7) < {v e PU¥)
f 7x zv(dz) < x} follows from the remarks before the statement of the Lemma. The
fact that we have equality follows from the fact that by Skorokhod’s Embedding The-
orem any v € P([0, c0)) with fzv(dz) < x can be obtained as the law of X, for a
stopping time t. See Pedersen and Pekir (2001) or Cox and Hobson (2004)

The case of bounded X has a similar proof.

2. This is immediate from the definition of pure threshold rules.

3. This follows from Lemma 1 of Henderson et al. (2018b). O

Lemma 1 characterizes the sets QX (S) for various sets S. However, the sets 7,
Tr and 7g do not depend on whether we consider stopping times for the process
X or Y. Hence {v : v € Q¥(S)} = {ngs : n € 0%(S)} where, by definition
ngs(A) = n(s(A)).

Proof of Proposition 1 This proposition is standard but we provide a short proof which
will have parallels to our method in the CSC case. The results will follow if we can show
that sup, .7, E*[g(X:)] = sup, o7 E¥[g(X:)] = g°(x). Note that g = U o s~ is
increasing. For d > 0 suppose g(z) < c¢ + dz. Then, by the supermartingale property
of X, E¥[g(X;)] < ¢ + dE*[X;] < ¢ + dx. Taking an infimum over ¢,d > 0
for which ¢ + dz > g(z) we find sup, .7 E*[g(X:)] = g (x). Conversely, either
g(x) = g (x) and then sup, .7 E*[g(X)] > E*[g(X0)] = g (x) or there exists a
largest interval I, with endpoints {a,, b} such that x € I, and g(z) < g%(z) on I,.
If g(ax) = g°"(ay) and g(by) = g (by) then sup, .7, E*[g(X7)] > E*[g(X, x )] =
gV (x). Otherwise, there exist a, — a, and b, — b, such that g(a,) — ch(a ) and
8(bp) — g°"(bx). Then sup, .7, E*[g(X¢)] = lim SupEx[g(Xra)’fl bn)] =g%(x). O
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C Proofs and auxilliary results for the stylized example

Proof of Theorem 1 The result follows immediately from the following lemma. O

Lemma2 Forall0 < B <y <y, inf,,cpm ng <y
Moreover, supg ,, inf,e pm C/’3 y =

Proof If y € [y, m,) then Cl”{y =y forallm e M.
If y > m™ then using the fact that C/'S"J/ is increasing in m for m < y and am, =

km*,

1
inf C =CM == (am* il k,B y)

meM ﬁ’y_k - B y—B
=P -y =By —mH
vy Rl by B v-p -

Finally, if y € [m,, m™) then inf,,c o Cg,y < C/’S"; =y.
The first statement of the lemma follows from consideration of the three possible
cases. The second statement follows from the first, given that for all m, Cg” y=y. 0

Next we record some useful properties about ggf y C Z’ v which follow immediately
from the definitions in (18).

Lemma 3

1. Foreachm € M, Q/’S",V and C/’Z;y are non-increasing in y fory > m*. Hence, for
y > m*, inf, C}’g’fy < inf,, Cf’;fm*

2. For eachm € M, and y < m*, le, and C B.m are non-increasing in B for
0 < B < y. Hence for y < m*, inf, Cﬂ) < inf,, C0 ”

Consider the spaces of probability measures P (M), P({0} x M) and P([0, y) x
[y, oo]). There is an obvious 1-1 correspondence between measures Z € P(M) and
f € P({0}x M) given by g:({O}xA) = 7 (A).Write §j = p(#) for this correspondence.
Similarly, we can define amap P : P([0, y) x [y, o0]) = P({0} x M) by P(n) =1
where

fﬂ fygm* ”(dﬂ’dl/) Y = my
1({0}. dy) = { [gn(dB.dy) y € (my, m®)
Jo o n(@B,dy) y = m*

Recall gmy = Elum (Yr,,)]and C (g I3 y) Let 1 be a probability measure
on [0, y) X [y, oo]. We can define a randomlzed stopping time T = T, by generating a
random variable ® = (O, ©,) withlaw non [0, y) x [y, oo] and setting T = 10,0, -
Then we define G, to be the expected utility from using the randomized stopping rule
T

gy =/ ndp,dy)gg, = E"un (Y )]
[0,y)x[y,o0]
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Finally we set C" to be the certainty equivalent: C} = u;l G-
Llemma4 G < g;’(n).

Proof From Lemma 3, form € M and y > m* ggy < Q o = QO . Similarly,
form € M and y < my, ggly y = g’" = Qom Then deﬁmng M(y) =
(yvmy ) Am* wehavegﬁ y = QO M) Itfollowsthatforall (B, v) € (10, y)x[y, 00])
we have gﬂ,y < gO’M(y) Then for any € P([0, y) x [y, 00]), writing n = P(n),

g = f n(dp, dy)Gg, < f n(dp.dy)Gg., = G-

O
For ¢ € P(M) define Cé” = C?’ where gc = p_l(g‘).
Corollary 2
sup inf C;' = sup inf C'=sup inf C¥
neP0.y)x[y.00) MEM " LeP((0)x M) mEM FepmymeM £
Proof We have
neP([O,S;)pX[y,OO]) ’"12/{/‘ u;I <-/ P, dy)g/’g”’y)
= ottt ([ 08003,
= up iy, (/ ﬁ(dy)g{fy) (A-2)

Since P({0} x M) € P([0, y) x [y, oo]) the inequality (A-2) is an equality, and the
result follows. O

Proof of Proposition 2 Let ¢ be a probability measure on {0} x M < [0, y) x [y, 00).
We can identify ¢ with a probability measure £ on M and then Q =/ M cd Y)Y, v
and Cg” = u;l(ggﬂ).

Corollary 2 shows that V (7, I?) = V(7R) and it is sufficient to only consider thresh-
old strategies in the mixture with lower bound at O and upper bound in M. The fact
that V (7g) = V(7) follows from Henderson et al. (2018b) and Q(7z) = Q(7). O

Our calculation of the optimal strategy in the CSC setting is based on the following
general proposition. Let Z be a set and let A be a measurable space. Let D : Z x N
R be a map and set Dy (z) = inf,cpr D(z, n) and D* = D*(Z) = sup,. z D« (2).

Proposition 3 Suppose there exist Zo € Z, No € N, z* € 2y, v € P(N), a family
(hn)nen, of strictly increasing functions hy, : R — R and constants D, H such that
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D(z*,n) = D on N with D(z*,n) = D on Nj A
fN’o v(dn)h,(D(z,n)) < H on Z with f/\fo v(dn)h,(D(z,n)) = H on 2

Then, forany z € Z
D.(z) < Dy(z") = D*

In our interpretation we take Z to be either the space of stopping rules or the space of
attainable laws or the set of randomizations of the levels of lower and upper thresholds.
(Since our problem is law invariant, the final result will be equivalent.) 2 is a space
of relevant stopping rules or attainable laws or randomizations, for example the set
of randomized threshold rules for which the upper barrier lies in some interval. A is
a parameterization of the space of utility functions and A is a set of relevant utility
functions. We may have Ay # N if there are utility functions for which the certainty
equivalent is never the lowest over the family of utility functions. See Sect. 4.4 for
an example. Then D(z, n) is the certainty equivalent using utility function u, and
stopping rule z; D, (z) is the CSC value of the stopping rule z.

The first idea behind the proof is that we expect the certainty equivalent value of
the optimal stopping rule to be constant across the set of (relevant) utility functions.
If not, we might expect to be able to improve the certainty equivalent value under the
worst utility, at the expense of the certainty equivalent values of those utilities which
have a higher certainty equivalent value. This would raise the CSC value. Hence we
expect D(z*, n) is constant on N for the optimal choice z*.

The second idea is that we want there to be only one (randomized threshold) stop-
ping rule for which the certainty equivalent is constant (across all relevant utilities).
This possibility is precluded by a requirement that no stopping rule can achieve a cer-
tainty equivalent value which exceeds that of another relevant stopping rule, uniformly
across all relevant utilities.

Proof Take z € Z and w in Zy. Suppose D(z, n) >AD(w, n) for all n € Ny. Then
hn(D(z,n)) > h,(D(w,n)) foralln € Ny and H > fNo v(dn)h,(D(z,n)) >

f No v(dn)h,(D(w, n)) = H contradicting the hypothesis of the theorem.
Hence, for any z € Z, w € Z there exists a non-empty set ./\fz,w C N such that
D(z,n) < D(w,n) on N ,,. Taking w = z*

D = inf D(z,n) < inf
+(2) neN (@n) = neN, ,

7%

D(z,n) < inf D(z*,n) = inf D(z,n
(z,n) L ( ) nEN( )
= D.(z") = D.

O

Proof of Theorem 3 The idea is to apply Proposition 3. To this end take Z) = Z =
P(M), Ng =N = M and set

k k9
fly.m) =Elgn(Yy, )] =G5, = { O‘yﬂ Z 2 {Z m”’@
; s .
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Note that for x € P(M), C} = ! (fM QS’fy)((dy)). Take h,, = gn and
D(x,m) = C;”. Then

[ vammnery = [ viamay = /M v(dm) /M Flmicdy)

_ f ¢(dy) f £, myv(dm).
M M

Then by Proposition 3, if we can find . € P(M) such that C? does not depend on

m and v such that | m Sy, m)v(dm) does not depend on y then ¢ characterizes the
optimal mixture of thresholds.
The required conditions follow from the next two lemmas. O

Lemma5 For 1 as in the statement of Theorem 3, Cg" = %fM fy,m)n(dy) is
independent of m.

Proof 1t follows from the definition of C* and 6™* that
1= / C*y~atdy +0*
M

so that 7 is a probability measure on M. Then

1 / . _ o am . 0*am

— | GYidy) =/ C*y de+/ —C*y ™ Tukdy +

ky Jm v [my,m) [m,m*) k km*
B a—kc* _%km a—kamc* e '"*+9*am
B k ’ My o k v m km*

a—k _, —K& a—k _, o 0Fam
= C*m, i C'm(m™)” «—Fk 4 e
This does not depend on m since 0* = "‘T_I‘C*(m*)lfﬁ. O

A
Lemma6 Let A = % > 1. Let v be a mixture of an atom of size = (AT —h+1)"!
2
at my and an absolutely continuous measure { on M with density Dm»=1 where
1

D= ﬁ(pm;m Then f./\/l f(y, m)v(dm) does not depend on y .

Proof Set B = i%)l‘ Then 8+ 1 = A_ll and 8 +2 = ﬁ With the absolutely

continuous component of v having density Dm” we have

oam
/ —v(dm) —i—/ v(dm)
(may1 kY (y.m*]

= am*d) + i/ DmP*dm —l—/ DmPdm
ky ky Jon,.v) (v.m*]

1
;/f(% m)v(dm)
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any o DmP+2|” DmPH ™
ky ky B+2 . B+1 y
B+1
:m_* ¢_Dm* +)/ﬁ+lD|: o _ 1 i|zz
Y B+2) kB+2) p+1
D(m*)ﬂ+1
B+1D

The two square brackets in this last expression are zero by the choice of D and S.
Hence [ f(y, m)v(dm) does not depend on y. O

D Proofs for the generalized stylized example of Sect. 4.4

Proof of Theorem 4 We apply Proposition 3. Let Z be the set of probability measures
on [0, y) x [y, o0] and let Zy € Z be the set of probability measures with support
{0} x [L, R]. Let ' = [L, Rl and let Ny = {o : K(a) = J (o)} T N

Then Z is the set of candidate randomizations, and Z is a set of relevant randomiza-
tions which are not dominated by some other randomization. A is a parameterization
of the utility functions, and N is a set of utility functions such that no member dom-
inates any other element of V.

Recall the definitions of 6, p, 7 and 7 from the theorem. By the choice of 9, 7} is a
probability measure on [L, R]. Define A : [L, R] — R by

0 ko K'(B)
Al =g </ dﬂK(ﬁ)—ﬂ)'

Then A is differentiable and from the definition of p in (22)

CA@K'(@) _ pe)
(K@) —a) a

A(a) = (A-3)

Then, since A(R) = %,

6 o(B) / n(dp)
A = — —dB = .
(@ R * /(ot,R) B p @Rr B

For ¢ € P([0, y) x [y, o0]) and @ € N define

1 1
D(, a) ;u;l(E[ua(mD = JElua (Y]

f/g“(dﬂ, dy)u“(ﬂ)(y —y) +ua(Y)(y — ﬂ).
vy —58)
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For ¢ € P({0} x [L, R]), this reduces to
D(E,a)zfé“(dy)”””T(y)

where ¢ = p(f).
Then, for € Z as in the statement of the Theorem,

n(dp)
@Rr] B
> (L, @) + K(a)A(a)

=0+ K(L)A(L) +/ [p(B) + ABK'(B) + K(BYA (B)]dB

[L,)

1
;E[ua(Yrﬁ)] = (L, ) + J(«)

=0+ J(L)A(L)

where we use the first inequality in (A-3) to show that the integrand in the penultimate
line is zero.
Then, if D =60 + J(L)A(L) we have for all « € NV,

Eluq(Yr;)] > D

with equality if o € N.

It remains to show that there exists a measure v with supportin [L, R] and H such
that [y, v(da)D(¢, @) = H for ¢ € Zp, and Sy, v(de)D(C, @) < H for general
€ Z. (Wetake hy(d) =d foralla € N.)

Recall that {z : K(z) = J(2)} = U;_[£;, r;]. Let v be the measure on {z : K(z) =
J(2)} such that v has atoms of size ¢; at ¢; fori = 1,2, ..., N, together with a density
¢ on UN, (¢, r;) given by

w /
£(w) = ¢ exp ( wdz) .
g (J(@)—2)

Here ¢ = land ¢ = %,and then, proceeding inductively, for1 <i < N—1,

= Eiv1 —1i) -

e ri(K(Civ1) = €it1) Ju<r, Ktev(de) (A-4)
1

o K@vld A5

o i1 (K (lig1) — Li1) a<tiii (@)v(de) ( )

For any ¢ with support in [L, R] we can define 2 = p~1(¢). Then

ug(w) ~

/ v(da)D(E,a):/ v(da) = dw)
No No [L.R] W
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=/ Z(dw) [/ v(do )th/ v(doe)i|.
[L,R] a<w a>w

First we show that I'(w) := [, _ v(da)= > K@) + /., v(da) is constant for w € Np.
For w € (Zi,ri) -
(w) 1
M (w) = ¢(w )[— - 1] - [ vawk .

We get that I is constant on (¢;,r;) provided Y(w) = 0 where Y(w) =
Joew K(@v(da) — ¢(w)w(K (w) — w). But T'(w) = ¢w)[w@ — K'(w))] —
' (w)w(K (w) — w) = 0 by the definition of ¢. Moreover, by the definition of ¢;
in (A-5) T (¢;) = 0. Hence T = 0 on [¢;, r;] and I"(w) is constant on this interval.

To prove that I" is constant on A it remains only to show that I'(r;) = I'(€;11).
We have

1
Llliy) =T(r) = — [/ v(da)K (@) + K(5i+1)¢1+1]

Liy
1
- [f V(da)K(a)} — ¢i+1

= it [W’“) 1] - (1 - L)f v(da)K (@) =0
lity ri Liv1 a<r;

by the definition of ¢;4 in (A-4).

Finally, we consider general n € P([0, y) x [y, oo]). Recall the definition of E =
P(n). From Lemma 4, g;" < P( )forallm € [L, M]. Then D(n, m) < D(P(n), m)
for all x and

f v(dm)D(n, m) 5/ v(dm)D(P(n), m) =
No No

E Optimal stopping and discounting

In Sect. 2.2, our discussion of the optimal stopping problem, i.e. of finding the certainty
equivalent (see (5))
Cf =u! Elu(¥m)) (A-6)

and CSC value V(S) = sup,.ginf,cyr C¥, for Y a time-homogeneous diffusion
process and u an increasing function, makes the implicit assumption that the agent
does not incorporate discounting into their preferences. Since our main goal is to
demonstrate that deliberate randomisation is an essential and endogenous feature of
optimal stopping under CSC, a major justification for abstracting away from problems
with discounting is pedagogic and expositional.
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In this section we briefly discuss how discounting might be incorporated. Note
that in some applications, e.g. casino gambling and decisions over when to cease
gambling and to leave the casino, the time-periods involved are negligible and it is
quite reasonable for discounting to be ignored.

E.1 Utility of the discounted payoff

One potential approach to the introduction of discounting is to modify (A-6) so that
the agent calculates the certainty equivalent of the expected utility of the discounted
stopped value, i.e.

C! =u " (Blue P Y1),
where § > 0 is a discount parameter. In general, even if ¥ is a homogeneous diffu-
sion, (e~ P! Y:)i>0 is not, and the methods of this paper do not apply. (In our setting
of time-homogeneous Markov processes finding the optimal stopping rule is already
challenging, outwith this setting the problem becomes essentially impossible to solve
except in degenerate cases.) However, in the canonical example of exponential Brow-
nian motion the discounted process is again an exponential Brownian motion, and
therefore a time-homogeneous process. Hence, with this set-up, the problem with dis-
counting reduces immediately to the problem without discounting we have analysed
in this paper.

E.2 Discounting of the utility of the payoff

An alternative approach is to modify (A-6) so that the agent calculates the certainty
equivalent of the expected discounted utility of the stopped value, i.e.

Ct =u' (Ele P u(¥)]).

T

This approach, whilst attractive in general, brings conceptual issues when the utility
function can take negative values. The key point is that in this formulation

Ct=Crt
where u 4 is given by u4 (x) = max{0, u(x)}.
To see this, note that if T is any stopping time, then if o = o (7) is the stopping
time given by 0 = 7 on {@ : u(Y;(w)(®w)) > 0} and o () = oo otherwise then o is a
stopping time and

e Puyy) < e P uVo) = e P UL Yoo) = e Prup (V). (AT

Hence, provided the problem is perpetual (and if not then if the stopping horizon is
large, never stopping can be approximated by stopping at a very large time with similar
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results), and since E[e’ﬂfqu(Y,)] > (0 and ujrl =u'on R,

supu~! (IE [e_ﬁfu(Yr)]) < sup uj_l (IE [e_ﬁfu+(Yr)])

T

and conversely,
supu’! (E [e™ uy (7))
T

= sup u~! (E [eiﬁ”(t)u(Yg(f))]) < sup u”! (IE [eiﬂru(YT)])

with the first equality following from (A-7) and the second from the fact that the set
of stopping rules of the form {o = o (t) for a stopping rule t} is a subset of the set
of all stopping rules.

In particular, if the goal is to study optimal stopping problems with S-shaped utilities
(or indeed any utility which takes negative values), then applying discounting to the
utility allows the agent to effectively walk away from any ‘losses’ by letting the
discounting eliminate any negative impacts. Careful consideration needs to be given
to the interpretation of the solution to such problems.
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