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1 Introduction

1.1 Motivation and Historical Overview

The theory of optimal stopping deals with the problem of finding an optimal time to
take a given action based on observable stochastic processes in order to maximize an
expected reward. Problems of this kind can arise for a variety of different situations.
Typical examples can be found in operations research, where an owner of a company
has to decide for the right moment to replace some machinery before it breaks down, or
where a manager has to decide between sequentially arriving applicants for a job position.
The latter is well-known as the “secretary problem”. Other famous stopping problems
can be found by names like “bandit problem”, “job search problem” or “house selling
problem”. One can imagine, there are a lot of situations where a decision maker has to
choose one of sequentially arriving offers, or in a continuous-time context, where he has

to find the optimal time to execute an action.

Optimal stopping problems first arose in the context of statistics in Wald [1945], where the
sequential analysis of statistical observations was studied. A few years later, Snell [1952]
generalized the sequential analysis to pure mathematical stopping problems without the
statistical context. It followed an increased interest in this new subject, as more and more
research developed around the topic of optimal stopping. Especially the work of Chow &
Robbins [1961, 1963, 1965] contributed greatly to the theory of optimal stopping and
designed techniques to solve such problems. The theory developed so far was summarized
in Chow et al. [1971] and further refined in various publications, like for example Gugerli
[1986] or Davis [1993].

However, all these problems were formulated to maximize some expected reward gained by
optimal stopping. They do not account for the individual preference relation or attitude
towards risk of a given investor or decision maker. Such effects can be considered by
studying utility functions, which were first introduced by von Neumann & Morgenstern
[1944]. He showed that such effects, as the behavior of investors under risk, can be
modelled by utility functions. Later, Pratt [1964] and Arrow [1965] refined this connection
and introduced the Arrow-Pratt measure of absolute risk aversion, which allowed to
quantify and compare the risk aversion of two investors using different utility functions.
Among all possible utility functions, a particular one came in the focus of interest. The
exponential utility was especially highlighted and investigated. As discussed in Pratt
[1964] and Fishburn [1970], this utility function provides a lot of attractive properties
that simplify many expected utility optimization problems. Due to this prominence,



1 Introduction

optimization probems for expected utility functions are very often referred to as risk-
sensitive. Such optimization problems can be seen in various publications, like for example
Howard & Matheson [1972] and Chung & Sobel [1987] for risk-sensitive control of Markov
decision processes, Ghosh & Saha [2014] for risk-sensitive control of continuous-time
Markov chains or Denardo & Rothblum [1979] and Hall et al. [1979] for risk-sensitive
optimal stopping.

Literature on expected utility optimization or on optimal stopping problems for other
utility functions is more scarce. And literature dealing with general utility without
confining itself on a particular utility function is even harder to find. Some examples
are Rieder [1991] for stochastic games, Kadota et al. [2001] for optimal stopping of
discrete-time decision processes, Béuerle & Rieder [2011] and Béuerle & Rieder [2014]
for optimal control of discrete-time Markov decision processes. Most of the publications
concerning general utility functions deal with discrete-time settings. Especially for the
context of optimal stopping under general utility functions, we can name Miiller [2000],
where the expected utility maximization of optimal stopping problems is studied for
a discrete-time sequence of independent and identically distributed random variables,
or Bauerle & Rieder [2015] for partially observable risk-sensitive stopping problems in
discrete time. Kadota et al. [1996] considered optimal stopping for denumerable Markov
chains under general utility, but also in a discrete-time setting.

In this thesis, we want to consider optimal stopping problems for continuous-time Markov
chains under general utility. In view of the terminology risk-sensitive for exponential
utility, we will call our problem the generalized risk-sensitive stopping problem for
continuous-time Markov chains. To the best of our knowledge, such optimal stopping
problems for general utility and continuous-time stochastic processes were not considered
in literature until now.

Continuous-time Markov chains are a special class of Markov processes, which are
constant between random jump times. Only at these jump times the value of the chain
will change into a new random state. The choice of a continuous-time Markov chain as
underlying process will allow for a piecewise approach to the problem and for convenient
interpretability of our results. Moreover, as discussed in Kushner & Dupuis [1992], a great
class of diffusion processes can be approximated arbitrarily closely using continuous-time
Markov chains.

As already mentioned, utility functions can be used to represent the preference relation
and attitude towards risk of a decision maker or an investor who employs it. They can
also be used to quantify the level of risk aversion and thus describe the behavior of an
investor under risk. By permitting general utility functions and not confining ourselves
to a specific one, like for expample the exponential utility, we allow for a variety of
different risk preferences and can thus model the behavior under risk of a lot of various
investors. But since the exponential utility is that prominent in a lot of applications, we
will accompany every chapter and main result of this thesis by comparing the general
case with the exponential one. We will see that the exponential utility leads indeed to a
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considerable simplification in contrast to the general case and yields results which are
similar to stopping problems for discrete-time Markov chains.

1.2 Qutline of the Thesis

This thesis is divided into nine chapters. In chapter 2, chapter 3 and chapter 4 we
give a brief introduction to continuous-time Markov chains, filtrations, stopping times
for Markov chains and utility functions. These chapters lay the foundation for the
generalized risk-sensitive stopping problem for continuous-time Markov chains, which
will be introduced in chapter 5. In chapter 6 we will express this stopping problem in
terms of value functions. Chapter 7 forms the main part of this thesis and contains a
discrete-time approach to the stopping problem. In chapter 8 conditions will be given
which guarantee the optimality of special stopping times. Lastly, chapter 9 gives an
alternative continuous-time approach to the stopping problem.

In the following, we outline the thesis and give a brief overview of the results in each
chapter. A more detailed description will be given at the beginning of each chapter.

Chapter 2:

In section 2.1 continuous-time Markov chains will be introduced. Moreover, in section 2.2
known properties and results are summarized. Section 2.3 will discuss that continuous-
time Markov chains can be fully described knowing two of its characteristic quantities:
The jump times and the embedded discrete-time Markov chain.

Chapter 3:

In section 3.1 we will discuss suitable filtrations for a continuous-time Markov chain
X and describe them using jump times and post-jump states of X. Lastly, we will
give a useful decomposition characterization for stopping times 7 with respect to these
filtrations. It will allow for a piecewise representation of stopping times between each
jump of X, which will be of great importance for subsequent chapters.

Chapter 4:

We aim to establish continuous-time stopping problems, which also account for individual
preferences or attitudes towards risk of a given investor. Such preference relations can be
modelled by using utility functions. In particular, we will distinguish between two classes
of utility functions: The ones which are and those which are not classically defined on
the whole real line. The latter have to be extended manually on the whole real line to
become suitable for the stopping problem introduced in the subsequent chapter.

Chapter 5:
In section 5.1 the central optimization problem for this thesis, the generalized risk-sensitive
stopping problem for continuous-time Markov chains

E[U (—er + g(X;))] — max!

TED
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is introduced. It can be interpreted as follows: Suppose an investor can receive a reward
g(X¢), based on a reward function g and on the actual state X; of a continuous-time
Markov chain X at time ¢ > 0. He can observe the evolution of the Markov chain and
wait for it to attain more favorable states, which yield a higher reward. But by waiting
up to time ¢ > 0, he will be charged with a fee of —ct, based on some cost rate ¢ > 0.
Given a utility function U, his goal is thus to maximize the expected utility of the reward
he can achieve, over the set X of all feasible stopping times 7. The prefix “generalized”
stems from the fact that the considered utility function does not have to be a particular
one but can be chosen arbitrarily.

Section 5.2 will cover the introduction of similar stopping problems, the generalized
risk-sensitive n—step stopping problems. These can be seen as a modification of the
above-mentioned problem by assuming that for n € Ny, an n—step stopping problem will
stop at the latest after n jumps of the underlying Markov chain. These n—step stopping
problems will be the key elements for tackling the unrestricted stopping problem using
the discrete-time approach in chapter 7. In section 5.3 and section 5.4 we will impose
conditions under which these stopping problems are well-posed and allow for an analytical
connection, which will be discussed in the subsequent chapter. Lastly, the special case of
exponential utility functions will be covered in section 5.5 and serves as a comparison
between the general case and the exponential case, which is a very common and often
used utility function in utility maximization theory.

Chapter 6:

Section 6.1 introduces the concept of value functions, which are closely connected to the
stopping problems introduced in the previous chapter. We will define an unrestricted
value function for the unrestricted stopping problem, as well as n—step value functions for
the n—step stopping problems. Moreover, we will see that the unrestricted value function
turns out to be the limit function of the n-step ones, if n — co. Studying these functions
will help us in our attempt to characterize or even solve the generalized risk-sensitive
stopping problem for continuous-time Markov chains. The second part of this chapter,
section 6.2, will treat again the special case of exponential utility. We will see that this
particular choice of utility function will lead to a significant simplification of the stopping
problem.

Chapter 7:

This chapter forms the main part of this thesis. Section 7.2 will cover the so-called reward
iteration formula, which will allow us to calculate an n—step value function for a fixed
stopping time 7, given that the preceding (n — 1)-step value function for 7 is known.
This allows for a recursive approach over n € Ny. Section 7.3 will again compare the case
of general utility with the case of exponential utility.

In section 7.4 we will again establish a iteration type formula, the so-called Bellman
equation. This equation makes it possible to recursively calculate every n—step value
function from the previous one, without having to fix a particular stopping time. Fur-
thermore, we will see that calculating one step of this Bellman equation will involve the
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solving of a deterministic one-dimensional optimization problem. This solution on the
other hand yields a piecewise instruction how the optimal stopping time for an n—step
stopping problem can be constructed. The procedure of iteratively calculating an n—step
value function from the preceding one can be interpreted as a discrete-time approach over
all steps n € Ny. As for n — oo the n—step value functions converge to the unrestricted
value function, the Bellman equation yields a method to approximate a solution to the
unrestricted stopping problem using the sequence of n—step value functions. Following
this, section 7.5 will again treat the special case of exponential utility.

In section 7.6 we will go a step further and transform the aforementioned iteration type
Bellman equation into a fixed-point equation. Instead of calculating every n—step value
function recursively and considering the limit of these functions to gain the unrestricted
value function, we will show that this value function can also be obtained as a solution of
the fixed-point equation. Again, solving this equation will require to solve a deterministic
optimization problem, which will provide a candidate for the optimal stopping time for the
unrestricted stopping problem. We will see in section 7.7, that under certain conditions
this candidate is indeed optimal and thus provides the solution to the generalized risk-
sensitive stopping problem for continuous-time Markov chains. Finalizing this chapter,
section 7.8 will discuss the particular choice of exponential utility as utility function. We
will see that the fixed-point equation from the previous section will simplify tremendously.
The optimal stopping time for this specific case will only be able to stop at discrete but
random times, namely the jump times of the underlying Markov chain.

Chapter 8:

The discrete-time approach established in chapter 7 required the iterative solving of the
Bellman equation to gain the n—step value functions and their corresponding optimal
stopping times. Analogously, we need to solve a fixed-point equation to gain the unre-
stricted value function and its corresponding optimal stopping time. In general, solving
these equations is a difficult and tedious task. In this chapter, we will give conditions
which will guarantee the optimality of certain stopping times, without having to solve
the aforementioned equations.

After a brief outline in section 8.1, we will discuss in section 8.2 under which conditions
it is never optimal to stop in certain states of the underlying Markov chain. We will see
that we have to treat the cases of classical and extended utility functions separately, as
they lead to different results. For extended utility functions we will show that it is never
optimal to wait arbitrarily long in a given state of the Markov chain. If the jump into a
subsequent state does not occur before a certain threshold, a rational investor will always
stop at this threshold. On the other hand, for classical utility functions this has not to
be true. We will give an explicit condition that allows for an identification of states for
which it is indeed never optimal to stop, as long as the Markov chain resides in this state.

Analogously, we will discuss in section 8.3 under which conditions it is optimal to stop
immediately, as soon as the underlying Markov chain hits a certain state. Again, we
will differentiate between classical and extended utility functions. Both will lead to
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similar, but not identical conditions for which the optimality of immediate stopping can
be guaranteed.

In section 8.4, we will discuss our results in this chapter for the special case of exponential
utility. The conditions given in section 8.2 and section 8.3 will lead in this case to the
optimality of so-called one-step look ahead stopping times. These stopping times compare
the actual utility an investor would gain by immediate stopping with the expected utility
he would gain, if he waits exactly for one change of state of the underlying markov chain.
We will show that comparing these two values is sufficient to derive an optimal stopping
time for the unrestricted stopping problem under exponential utility.

Chapter 9:

In contrast to the discrete-time approach in chapter 7 we want to discuss a different
approach to tackle the generalized risk-sensitive stopping problem for continuous-time
Markov chains. After a brief introduction into this method in section 9.1 we will establish
a partial differential equation in section 9.2, the Hamilton-Jacobi-Bellman equation. As
customary for such dynamic programming approaches, the goal will be to prove that
a solution of this Bellman equation is indeed the value function corresponding to the
generalized risk-sensitive stopping problem for continuous-time Markov chains. This
procedure is known as verification. Given that the requirements of this verification are
fulfilled, the optimal stopping time for our stopping problem turns out to be a first hit
time.

Having both the discrete-time and the continuous-time approach to tackle the generalized
risk-sensitive stopping problem for continuous-time Markov chains, we can compare
both methods and discuss their advantages and disadvantages. As it turns out, the
discrete-time approach requires less assumptions on the regularity of the considered
value functions, making it viable for stopping models that can not be tackled using the
continuous-time approach via the Hamilton-Jacobi-Bellman equation and the verification
technique.

At the end, we will discuss the continuous-time approach in section 9.3 for the special
choice of exponential utility. We will see that the Hamilton-Jacobi-Bellman equation
degenerates to a simpler fixed-point equation. In fact, we will show that for this particular
utility function, both approaches will lead to an almost similar solution technique.
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Let (Q, F,P) be a probability space with sample space 2, c—field F and probability mea-
sure P. Furthermore, let S be a countable state space. We now want to consider a special
class of continuous-time stochastic processes, namely the (homogeneous) continuous-time
Markov chains:

2.1 Definition of Continuous-Time Markov Chains

Definition 2.1 (continuous-time Markov chain)

A continuous-time stochastic process X := (X;);>0 taking values in S is called a continu-
ous-time Markov chain, if for every n € N, h > 0, each 0 <ty <t; < ... <t, and every
oy Ty Tyl € 5, such that

P(X;, =, 0<k<mn)>0,
the Markov property
P (Xt 1n = Tnt1| X, = 2k, 0 < k <) =P (X, 1n = Tni1| X, = zn) (2.1)
holds.

Furthermore, the continuous-time Markov chain X is called homogeneous, if the additional
condition
P (Xtyrn = Toa1| Xy, = 21) = P (Xpgn = T | X = ) (2.2)

holds for every 0 < k <n and t > 0.

Remark 2.2 (notes on the name Markov chain and alternative definitions)

(a) Stochastic processes which exhibit the Markov property (2.1) are generally called
Markov processes. In this work we study a special class of Markov processes, namely
those with denumerable state space S. In this case of an S-valued Markov process,
it is common to use the word “chain” rather than “process”. Thus, we call the class
of considered stochastic processes “Markov chains”.

(b) Let X be an continuous-time S—valued stochastic process. Then the following
statements are equivalent and thus serve as alternative definitions for a Markov
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chain:
(i) X is a Markov chain according to Definition 2.1.

(ii) For each n € N, h > 0, every 0 < t5 < t; < ... < t, and each bounded
(P(S ) — B(]R))ﬁﬂeasurable function f: S — R the equation

E[f( X, n)lo(Xsy, .- X)) = E[f(Xe,10) |0 (X)) (2.3)
holds.

(iii) For each t > 0 and every bounded <U(Xs, s>t)— B(]R)>fmeasurable random
variable Y the equation

E[Y]o(Xs, 0 <5 <t)] =E[Y]o(Xy)] (2.4)

holds.

For further reference, these equivalences can be found in [Brémaud, 1981, Appendix
A1, Theorem T40].

The Markov property (2.1) ensures that for every discrete set of points in time
0 <ty <t <...<t, the distribution of X at time ¢, + h does only depend on
the last “observation” at time t,, but not on the whole history at tg,...,¢,. In this
sense, the Markovian structure legitimates the name of the Markov chain. In addition,
the homogeneity condition (2.2) ensures that the above-mentioned distributions do not
depend on the exakt points in time, but rather on the duration since the last observation.
Thus, the probability that a homogeneous Markov chain changes its state from some
x € S to some j € S does only depend on the elapsed time A > 0, but not on any explicit
point in time.

Definition 2.3 (transition probabilities of a continuous-time Markov chain)

(a) Given a continuous-time Markov chain X, the transition probability p,;(s,t) from
state x € S at time s > 0 to state 7 € S at time ¢t > s is defined by

pmj<57t> = P(Xt = les = x) o (25)

(b) In the case of a homogeneous continuous-time Markov chain, the definition of a
transition probability simplifies to

pzj(t) =P (X; = j|Xo = ) (2.6)

for every z,j5 € S and ¢t > 0.
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Note that in the homogeneous case the transition probability from state x € S at time
s > 0 to state j € S at time ¢ > s can be expressed as

Paj(s,t) =P (X = j|Xs = 2) = P(Xy—s = j|Xo = 2) = py(t — 5),

since the only knowledge needed is the difference in time between ¢ and s and thus
only one argument is required. Hence, the definition for transition probabilities for
homogeneous Markov chains is consistent with the general one.

Notation 2.4

To simplify notation, we will write P, () in lieu of P( - | Xy = x). Thus, the transition
probability of a homogeneous continuous-time Markov chain X from state x € S to j € S
after a duration of ¢ > 0 can be expressed as

Pei(t) =P (X, = j|Xo=2) =P, (Xy = 7).

2.2 Transition Functions and Intensity Rates

Definition 2.5 (transition function of a homogeneous continuous-time Markov chain)

Let X be a homogeneous continuous-time Markov chain.

(a) Consider the transition probabilities in Definition 2.3. For every z,j € S, the
mapping p,;: [0,00) — [0, 1] with

Paj(t) = Pr (Xy = j)
is called transition function of X, if t — p,;(t) is right-continuous in 0, i.e.

ltlfglpxj <t> = 5903" (2‘7)

(b) If the corresponding transition functions exist, i.e. the mappings t — p,;(t) are
right-continuous in 0 for all x,5 € S, then the mapping P: [0,00) — [0, 1]%*
defined by

P(t) = (pzj(t))s jes (2.8)

is called the transition matriz function of X.
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Assumption 2.6

From now on, we will assume that for every homogeneous continuous-time Markov chain
the corresponding transition functions exist. By writing Markov chain X with transition
matriz function P we will always refer to a homogeneous continuous-time Markov chain
with existing transition functions.

Proposition 2.7

Let X be a Markov chain with transition matrix function P. Then the following statements
hold:

(a) P satisfies the Chapman-Kolmogorov equation

Paj(t+8) =Y par(s)pi(t) Va,j € S.s,t >0, (2.9)
kesS

respectively written as matrix-multiplication:

P(t+s)= P(s)P(t) Vs, t>0. (2.10)

(b) pgj(t) > 0 and py,(¢t) > 0 for all z,5 € S and t > 0.
(c) P(t) is a stochastic matrix for every ¢ > 0.

(d) t — psj(t) is uniformly continuous for every z,j € S and the right-hand derivative
exists for t = 0. More precisely, the following right-handed limits exist:
ex(h) — 1
lim p—( )

Qoz = € [~00,0] forall z e S,

R0 h
g Dai(R) : 4
Qoj = l}%l 5 €[0,00) forall z,j €S, x+#j.

(e) For all t >0 and x € S we get
Pee(t) > e~ %20, (2.11)

Proof of Proposition 2.7

(a)-(c) The proofs of this statements can be found, for example, in [Liggett, 2010, Theorem
2.12 + Theorem 2.13].

(d) This statement is proven, for example, in [Brémaud, 1999, Theorem 2.1].

(e) A proof of this assertion is given in [Liggett, 2010, Theorem 2.14 (a)].

10
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Definition 2.8 (intensity matrix, stability and conservation)

Let X be again a Markov chain with transition matrix function P.

(a) The right-hand derivatives g,; from Proposition 2.7 (d) are called intensity rates of
X.

(b) The matrix @ := (gu;)s jes is called intensity matriz of X.

(¢c) P is called conservative, if

— (e = quj < oo forallzes. (2.12)
JES,
ita
(d) P is called stable, if
0<X:=sup{ — gu} < oo (2.13)
zeS

Notation 2.9

Since the intensity rate g, is always non-positive, it is convenient to define
Gz ‘= —Qzx € [07 OO]

for every x € S. The notation of ¢, will often appear in the remainder of this work and
thus legitimates this small notational abbreviation.

Sometimes, instead of P, we will call the intensity matrix () stable, respectively conser-
vative, and will not distinguish between the two terminologies.

Remark 2.10 (interpretation of intensity rates)

(a) Although permitted by definition, the case of ¢, = oo for some x € S is explicitly
excluded for stable or conservative transition matrix functions P. An infinitely high
intensity rate ¢, would imply an infinitely high value of the right-hand derivative
at point 0 and would cause the Markov chain X to instantaneously leave state x
as soon as it is attained. By assuming stability or conservativity we can ensure a
strictly positive sojourn time in every state x € S.

(b) By demanding the intensity matrix to be stable we can guarantee the existence
of an upper bound for all intensity rates q,, x € S. This will imply that for any
given finite time interval, the Markov chain X will not exhibit an infinitely high
number of jumps. This property is often referred to as non-explosivity-property
and is adressed to in Proposition 2.21.

11
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(c) The case of g, = 0 for some x € S has also a clear interpretation. Knowing
p2(0) = 1 and concluding from inequality (2.11) of Proposition 2.7 (e) that
Pex(t) > e =1 implies that p,,(t) = 1 for all ¢ > 0. The Markov chain will never
leave such a state x. A state z € S with ¢, = 0 is thus called absorbing.

Remark 2.11 (infinitesimal description)

The intensity matrix ) of a Markov chain X with transition matrix function P is
sometimes called infinitesimal generator of X. The main reason for this denomination
is one of the main features of Markov chains: Under certain conditions to the intensity
matrix @, it is possible to reconstruct the whole transition matrix function P using the
so-called Kolmogorov’s backward differential system as stated in the next theorem. Thus,
we do not need to know the actual transition probabilities of a Markov chain for every
transition duration ¢ > 0. An infinitesimally small part of this information (namely
the intensity rates, the right-handed derivatives of the transition functions in ¢t = 0) is
sufficient to generate all the transition rates, provided Kolmogorov’s backward differential
system can be solved.

Theorem 2.12 (Kolmogorov’s backward differential system)

Let X be a Markov chain with a stable and conservative transition matrix function P.
Then Kolmogorov’s backward differential system is satisfied:

{%P(t) =QP(t), forallt>0, (2.14)

P(0) = E.

with E := (84;)zjes € R¥*® being the identity matrix. An alternative formulation uses
the component-wise notation:

& Do (t) = —q; oy (t) + Z; Qer Prj(t),  for allt >0,
k
o (2.15)

for every z,5 € S.

12
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Proof of Theorem 2.12
For a complete proof, the reader may be referred to [Brémaud, 1999, Chapter 8, Theorem
3.1]. m

Note that in the case of a finite state space S, the solution of (2.14) always exists and is
uniquely given by

P(t) = f: tnnﬁ?n — . (2.16)
n=0 ’

In general, the existence and uniqueness of a solution of (2.14) cannot be guaranteed
without imposing additional conditions on (). This case shall not be discussed any further
in this work. For additional reference, see again in Brémaud [1999].

Assumption 2.13 (standing assumptions for the intensity matrix of a Markov chain)

From now on, we will assume that given a Markov chain X with transition matrix
function P, the corresponding intensity matrix () satisfies the stability and conservation
conditions (2.13) and (2.12). We will call X a Markov chain with intensity matrix Q).

Example 2.14 (reconstruction of the transition matrix function P)

Let S = {0,1} be the state space of the system and X a continuous-time Markov chain
with intensity matrix @) given by

(G0 Qo1 [~ «
©= (Q10 C]n) B ( 5 —ﬁ)

for some «, > 0. Clearly @ is conservative and stable and thus fulfills Kolmogorov’s
backward differential system (2.14). Since the state space S is finite, the transition matrix
function P is uniquely determined by (2.16)

(—at at )
p(t) = e\ Bt =0t
We omit the details for calculating P explicitly by referring to [Liggett, 2010, Example
2.6]. The corresponding transition functions are then given by

B @ (atp)
t) = + e TRt
Pool?) a+f a+p
Q o
Por (t) a+f a+p
B Bty
t) = — e\t
Pio(?) a+f a+p

o 5
pu(?) a+pf a+p

13




2 Continuous-Time Markov Chains

As we have seen we were able to reconstruct the whole transition matrix function P using
only the infinitesimal generator Q).

2.3 Jump Times and Embedded Discrete-Time Markov
Chains

For a given Markov chain X with transition matrix function P, the transition probability
Pzz(0) is obviously 1. Due to the right-hand continuity for ¢ = 0, we can conclude that
Pzz(t) > 0 for every z € S and sufficiently small ¢ > 0. Thus, being in a state x € S the
Markov chain will P,—almost surely stay a positive period in this state before changing
to another one. Hence, we can describe the behavior of the Markov chain X in the
following way: Starting in an initial state xg € S, the Markov chain remains in this state
for a certain time before “jumping” into another state in which it will remain again for a
certain duration bigger than zero. A natural question arising from this observation would
be whether the Markov chain can be fully characterized using the knowledge of the time
points at which X changes its states and the probability distribution of these transitions.
To answer this question rigorously, we need to define the above-mentioned quantities.

Definition 2.15 (jump and sojourn times of Markov chains, embedded chains)

Let X be a Markov chain with intensity matrix ). Then we define
(a) the jump times of X by

S{) = O, Sn = 1nf{t > SnfllXt 7é XSn—l}’ n € N, (217)

(b) the sojourn times of X by

T, =Sy — Syu_1, n €N, (2.18)

(c) the embedded Markov chain (Z,)nen, of X by

Ly = Xsn, n € Np. (219)

The discrete-time stochastic process (Z,)nen, defined above is indeed a discrete-time
Markov chain, as the following theorem will show.

14



2.3 Jump Times and Embedded Discrete-Time Markov Chains

Theorem 2.16 (transition probabilities of the embedded chain and distribution of
sojourn times)

Let X be a Markov chain with intensity matrix ). Then the following statements are
true:

(a) The embedded Markov chain (Z,),en, of X is a homogeneous discrete-time Markov
chain with transition probabilities p,;, s.t.

5;1:]' 5 if Gz = 07
o HTET S0
0, ifx=j

for every z,j € S. We denote the corresponding discrete-time transition matrix P
by

P= (pa?j):v,jES'

(b) Given (Z,)nen,, the sequence of sojourn times (7},),en is independent and each T,
is exponentially distributed with

T, ~ Exp(qz,_,). (2.21)

Proof of Theorem 2.16
A proof of this theorem can be found in [Brémaud, 1999, Chapter 8, Theorem 4.2]. [

Definition 2.17 (n-step transition probabilities of the embedded Markov chain)

The probability of a Markov chain X to change its state from x € S to some j € S after
exactly n € Ny jumps is given by

Py = (P"), ..s forneN (2.22)

and

0

We call pg;) the n—step transition probability from = € S to j € S of the embedded
Markov chain.

15




2 Continuous-Time Markov Chains

Assumption 2.18 (irreducibility of Markov chains)

If not stated otherwise, we will assume for the remainder of this thesis that every
considered Markov chain X is irreducible. This means that for every x,j € S, there
exists an integer n € N such that

pg;) > 0.

As a consequence, we can conclude that
¢ >0 forallz e S,

since we always find an n € N such that the n-step transition probability of leaving any
state x € S into another state is non-negative. Thus, every state of X is not absorbing,
exhibiting a positive probability to reach and also leave this state.

Remark 2.19 (alternative characterization of the irreducibility property)

Instead of considering the n—step transition probabilities of the embedded Markov
chain in order to check the irreducibility of a Markov chain, we can use the following
characterization:

A Markov chain X is irreducible, if and only if the transition functions satisfy

for all ¢ > 0 and every z,j € S such that x # j.

Corollary 2.20 (on the distribution of sojourn times and joint densities)

Let X be a Markov chain with intensity matrix Q).

(a) Due to the memorylessness property of the exponential distribution we can easily
formulate the following conclusion of Theorem 2.16 (b):

Suppose that the Markov chain X is in some state x € S at time ¢t > 0, i.e. X; = z.
Then the sojourn time 7 in this state until the next jump is also exponentially
distributed with

T~ FErp(q,).

(b) Suppose again that the Markov chain X is in some state x € S at time ¢ > 0 and
assume ¢, > 0. Let 7 denote the sojourn time until the next jump, i.e. the Markov
chain will change into a new state at 7 +t. Since the sojourn time 7 is independent
of the actual time ¢, the joint distribution of 7 and X, ,; conditioned by X; = z is

16




2.3 Jump Times and Embedded Discrete-Time Markov Chains

given by
Pr<s,X,nu=j|Xi=2)=P(r<s,X,=j| Xo=n2)

{(1%M%-$)¢m, if x # J,
0,

if v =j.
for every s > 0 and j € S.

As a consequence, the joint density of 7 and X, conditioned by X; = x is given
by
fT,XT-H(S?j | Xt = ZC) = fT,X-r(S7j ‘ XO = ‘r)
= fr(s [ Xo=2) fx,(j | Xo=2)
_ Qx'exp(_Qw'S) " Dzjs 1f;p7é],
0, ifr=y

Qx'exp(_qgc's)'%a lfx#ja
0, if 2 = j

0, if £ =3 '

for every s > 0 and 5 € S.

(c) A special case of (2.23) for t =0 and 7 = T; = S; will play an important role in
subsequent chapters, stating

) exp(—qg - S) - qzi, if x F# 7,
Fom(s,4 ] Xo=a) = { P 8) gy 075 (224)
0, ifr=y

for every s >0, j € S and x € S such that ¢, > 0.

An obvious property of the sequence of jump times (S, )nen,, emerging from Definition 2.15
and Theorem 2.16, is its P—almost sure strict monotonicity

Sop<S1 <S5 <S3<..., P-as. (225)

Considering a Markov chain X with intensity matrix () (and thus assuming the validity
of the stability condition due to Assumption 2.13), we can guarantee that ¢z, , < A < 0o
for every n € N (where \ is given as in (2.13)) and thus state the following proposition:

17



2 Continuous-Time Markov Chains

Proposition 2.21 (non-explosivity)

Let X be a Markov chain with intensity matrix ¢). Due to the stability condition (2.13)
the sequence of jump times (S, )nen, converges P-almost surely to infinity:

lim S, =00 P-as. (2.26)

n—oo

Proof of Proposition 2.21
For every n € N, we get qz,_, < A < oo. By choosing a small but arbitrary ¢ > 0,
Theorem 2.16 yields (given (Z,)nen,)

P(T,<e)=1-exp(—qz,, ) <l—exp(-Ae)=C<1

for every n € N. Thus, using the independence of the sequence (T},),en We get

n

P(Ty<e,....T,<e)=][P(Th<e)<C"

k=1

n

1
8

:

Hence, the sequence (T},),en is P—almost surely no null sequence. As a consequence, the
series ) - Ty, diverges P-almost surely and yield

lim 5, = T}LI{}O;T]{ — ZTn — oo Pas.

neN

O

In this sense, the Markov chain does not “explode”. For any given compact interval of
time, the number of jumps of a Markov chain with with intensity matrix () remains finite.

As we have seen, for every homogeneous Markov chain X, its sequence of jump times
(Sn)nen, and its embedded Markov chain (Z,),en, can always be constructed and are
well-defined. On the other hand, we can obviously use these jump times and the embedded
chain to find a characterization for the Markov chain:

Xi = Zn-Lis,ci<s,m}- (2.27)

n€eNp

Alternatively, using the identity ;g <i<s,.,} = Lis.<t} (1 — ]l{SnHSt}) for every ¢t > 0
and n € Ny, the Markov chain can also be characterized by

Xi= ZyIs,en (1— Lis,u<n) - (2.28)

neNp
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3 Filtrations and Stopping Times for
Markov Chains

In order to define the stopping problem for continuous-time Markov chains rigorously
and derive further results, we need to introduce the class of admissible stopping times for
the stopping problem and thus specify the filtrations for which the stopping times are
defined.

3.1 Filtrations for Markov Chains

In this section we want to study the natural filtration generated by a Markov chain X with
intensity matrix ) and try to characterize this filtration using the information given by
the jump times (S, )nen, and the embedded Markov chain (Z,),en, of X. Furthermore,
we want to introduce a new family of filtrations using stopped processes of X and
characterize them as well.

Definition 3.1 (natural filtration and filtrations of stopped processes)

Let X be a Markov chain with intensity matrix Q).
(a) The Filtration (F;X);>o defined by

FXi=0(X,0<s<t), t>0 (3.1)

is called the natural filtration of X.

(b) Fix an n € Ny and consider the stopped process (th ”) =0 defined by
G0 o= Mo (3.2)
Define the n—step filtration (]—’f’ )t>0 of X by
Fr =0 (X9, 0<s<t), t>0. (3.3)
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3 Filtrations and Stopping Times for Markov Chains

Remark 3.2 (interpretation of (F7X);so and (F;" )=o)
The n—step filtration (.7:;” ’X) models the information of X up to the n—th jump of the

£>0
Markov chain and thus contains obviously less information than the natural filtration

(EX ) . = 0. Clearly, these n-step filtrations increase in n € N:
FrX C Y C FY forallt > 0,n € N,. (3.4)

Furthermore, since S,, — oo for n — oo according to Proposition 2.21, we can conclude
that this increasing sequence of n—step filtrations converges to the natural filtration in
the sense that

\/ FN=F forallt>0. (3.5)

n€ENg

Another possibility to interpret a Markov chain is by means of marked point processes,
using the jump times (S, )nen, and the embedded Markov chain (Z,,),en, as marks. We
will now define the corresponding filtrations using these quantities.

Definition 3.3 (filtrations generated by jump times and embedded Markov chain)

Let X be a Markov chain with intensity matrix @, jump time sequence (S, )nen, and
embedded Markov chain (Z,)nen,. We then define the filtrations (Dy);>¢ and (D})>o for
every n € Ny by

n

Dp =\ (0 (Is,<sp, 0< s <t) Vo (Zi- Iysecsy, 0<s<t)), neNy, (36)
k=1

D=\ (0 (Lisi<sy, 0< 5 <1) Vo (Z- Ligu<sy, 0< 5 < 1)) (3.7)
keN

For a more elaborate discussion of this topic, we may refer to Pham [2010], [Protter,
2005, Chapter 6] or [Last & Brandt, 1995, Chapter 2|

Remark 3.4 (interpretation of (D;);>0 and (D}')s>0)

By construction, the following statements hold:
(a) For all n € N, (D}),5, is the smallest filtration, such that

(i) So,..., S, are (D}'),5,stopping times,
(i) Zo,...,Zy, are (D% , P(S))-measurable.

(b) (D) is the smallest filtration, such that
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3.1 Filtrations for Markov Chains

(i) So,S1,... are (Dy),s,stopping times,
(ii) For all n € Ny, Z, is (Dg,, P(S))-measurable.

(c¢) Analoguously to Remark 3.2, the sequence of filtrations ((D?)t>0) is again
— / neN
monotonically increasing in n ’

D} C DM C D, forallt>0,neN,. (3.8)
(d) Furthermore, this sequence converges to (D;);>g

\/ D} =D, forallt>0. (3.9)

n€ENg

For further reference on part (a), this statement is treated more elaborately in Pham
[2010].

The next proposition will show that the natural filtration (F;X);>q of X coincides with the
filtration (Dy);0, whereas the n-step filtrations (F;"" ), coincide with the filtrations
(D})ezo-

Proposition 3.5 (filtration equivalences)

For every ¢t > 0
(a) ‘FtX =D,

(b) F"* =Dy for all n € Ny.

Proof of Proposition 3.5
Let t > 0. Then it holds:

(a) For all s € [0,t] and every k € Ny the mappings

W Ligy@<sy and
w = Zk(W) - Lis,w)<s)

are D,—measurable and thus D,—measurable.

As a consequence of the representation (2.28), the mapping
w = Xg(w)
is also Dy—measurable and thus D,—measurable. Hence, we get

{Xﬁl (A), 0<s< t} €D, for every A € P(S)

s
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3 Filtrations and Stopping Times for Markov Chains

22

and thus
FX CD,.

On the other hand, the jump times S,, are for every n € Ny defined as the first
hitting times of the n—th jump of X (cf. Definition 2.15) and thus (F;¥);>¢—stopping
times. In addition, we know that for every n € Ny, the state of X after the n—th
jump is given by Z, = X, and thus F, éi —measurable. Since we know that (D;):>o
is the smallest filtration fulfilling these two properties (cf. Remark 3.4), we can
conclude

D, C F*
and altogether

FX =D,

Analoguously to the characterizations (2.27), respectively (2.28) for the Markov
chain X, we can represent the stopped process (th") >0 DY

n—1
X = Z Z - Ysp<t<Siy + Zn - Lis, <ty
}—0
n—1
=Y Zk - Lise<ry (1= Liseu<n) + Zn - Lisasny (3.10)
k=0

for every n € Ny. Again, the mappings
w L4y, (w)<s) for every k € {0,1,...,n — 1} and
w Zp(w) - L, w<sy  for every k€ {0,1,...,n}

are D"measurable and thus DP-measurable for all s € [0,]. Hence, X" itself is
Dj—measurable for every s € [0,¢]. We get

FX C Dy

On the other hand, we know that for every k € {0,1,...,n} the jump times Sy, are
(F ’X)tzofstopping times. Furthermore, the random variables

Zr = Xg, = Xﬁ:

are f’g};X—measurable and thus fg;X—measurable for every k € {0,1,...,n}. By
Remark 3.4, we know that (D}');>¢ is the smallest filtration fulfilling these properties
above. This leads to

Dy C

and finally
=07

for every n € Nj.



3.2 Stopping Times for Markov Chains

3.2 Stopping Times for Markov Chains

In this section we want to introduce the class of stopping times which will be treated in
the subsequent sections and chapters. Considering the special structural properties of
continuous-time Markov chains and the corresponding natrual filtrations, the question
arises whether these properties lead to a simpler representation of this class of stopping
times.

Definition 3.6 (IP,—almost surely finite stopping times)

(a) A mapping 7: Q — [0,00] is called a stopping time with respect to a filtration

(’Ft)tZOJ lf
{r<t}eF forallt>D0.

We say 7 is a (F)i>o—stopping time.

(b) Let X be a Markov chain with intensity matrix @ and (F;¥);>¢ denote the corre-
sponding natrual filtration. The set of all (F;*);>o-—stopping times shall by denoted
by X.

(c) Let X be a Markov chain with intensity matrix @ and (F;¥)>¢ denote the cor-
responding natrual filtration. We define for every x € S the set of all P,—almost
surely finite (F;*);>0—stopping times by 3,. Every 7 € ¥, is a (F;*);>o-stopping
time such that P,(7 < co) = 1, provided that the Markov chain X starts in an
initial value Xo =z € S.

(d) Let X be a Markov chain with intensity matrix @ and (F;"*);so denote the
corresponding n-step filtration for some n € Ny. The set of all (F; ’X)tzofstopping
times shall by denoted by %,,.

Remark 3.7 (monotonicity of the stopping sets)

Let 2 € S. According to (3.4), every (P,almost surely finite) (F;"~),( stopping time is
also a (P,-almost surely finite) (F;'"*);50-stopping time and also a (IP,~almost surely
finite) (F7);>0—stopping time for all n € Ny. Hence we get the monotonicity property

¥, CY,1 €Y forallneN,. (3.11)

Example 3.8 (jump times are stopping times)

It follows directly from Proposition 3.5 that the jump times S,, n € Ny of an continuous-
time Markov chain X are stopping times. More precisely:

e S, is an (F{X)i>o-stopping time for every n € Ny and

e for a fixed n € Ny, S is an (E"’X)tzo—stopping time for every k € {0,1,...,n}.
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3 Filtrations and Stopping Times for Markov Chains

3.2.1 Characterization of Stopping Times with respect to the
n—Step Filtration

Let X be a Markov chain X with intensity matrix ). The first step for characterizing
stopping times will be a decomposition result for stopping times with respect to the
n-step filtration (F;" ’X)tzo. This result, as stated in the following theorem, can be found
for instance in Bayraktar & Zhou [2014]. For further literature on the structure of
stopping times, the reader may be referred to Pham [2010] or [Davis, 1993, Appendix
A2].

Theorem 3.9 (decomposition of (F;"~),>¢ stopping times)

Let n € Ny. A mapping 7: Q — [0, 00] is an (F/"~)i=o-stopping time, if and only if it
has the following decomposition:

n—1

T = 7‘0]]_{.,.<51} —+ ZTk]]-{SkST<Sk+1} + T”]]_{Sng.,-} (312)
k=1

where for every k € {0,1,...,n}:
(i) Tk Z Sk,

(ii) 7" is an (F;"™);>0-stopping time,

(iii) There exists a measurable mapping hy: [0,00)% x S¥*1 — [0, oc], such that hy >0
and
7™ = he(S1, ..., Sk, Zo, Z4, . . ., Zi) + Sk. (3.13)

This decomposition (3.12) is unique in the sense that every term in the sum of (3.12) is
uniquely determined on the set {Sr < 7 < Sk4+1} and independent of the structure of Tk
after the jump Sy1.

Notation 3.10
Due to the equivalency in Theorem 3.9, every (F}" ’X)tzofstopping time 7 is uniquely deter-
mined by the piecewise description using the (]ff’X)tzo—stopping times 7%, respectively the
corresponding mappings hy for k € {0,1,...,n}. We will refer to this (.Ek’X)tZOfstopping
times as stopping rules and use the notations

=07 ) (3.14)
or

T = (hg,hl,...,hn) (315)

for the decomposition representation (3.12). Also note that for every k € {0,1,...,n}
the stopping rules 7% and the corresponding mappings h; are connected by equation
(3.13) and differ in the additive term Sy.
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3.2 Stopping Times for Markov Chains

Remark 3.11 (alternative representation of decomposition (3.12))

Another representation of decomposition (3.12) is given by [Bayraktar & Zhou, 2014,
Proposition 2.3]:

n—1

T = TO].{T0<51} + Z Tk]-{7-0251}m~~-ﬂ{rk*12$k}ﬂ{7’“<5k+1} + Tn:ﬂ.{Tozsl}m...m{anzSn}. (3.16)
k=1

Proof of Theorem 3.9

By Proposition 3.5 we know that the filtrations (F;"~);>0 and (D})i=o are equivalent.
According to [Bayraktar & Zhou, 2014, Theorem 2.1 and Lemma 3.2, a mapping 7
is a (D)o stopping time and thus an (F;""),;s¢ stopping time, if and only if it has
the decomposition (3.16) with mappings 7%, k € {0,1,...,n} fulfilling the properties
required in Theorem 3.9. Furthermore [Bayraktar & Zhou, 2014, Proposition 2.3] states
the equivalence of the decompositions (3.16) and (3.12) and thus yield the desired
assertion. [

Remark 3.12 (interpretation of decomposition (3.12))

(a) Considering decomposition (3.16), an interpretation for every (F;"~),q stopping
time 7 = (79, 71,...,7") can be given in the following way: At first, the stopping
time 7 follows the stopping rule 7°. If the stopping rule 7° does not trigger before
the first jump time S;, the stopping rule 7° is discarded and 7 starts to follow the
new stopping rule 7!. Inductively, the stopping time 7 will follow the stopping rule
7%, provided that every single previous stopping rule 7°,..., 771 did not trigger
before the corresponding jump time Si, ..., Sy. Stopping rule 7% stays in effect as
long as it will not stop itself or the next jump Sk, didn’t occur so far. If the jump
time Sy is reached, 7% will be discarded again and the stopping time 7 starts to
follow the stopping rule 71, In the case that 7 did not stop beforehand and all

stopping rules 7%, ..., 7" ! are discarded, 7 will follow stopping rule 7 indefinitely.

(b) For every (F}' ’X)tzo—stopping time 7, the stopping rule 7° is an (F;" ’X)tzo—stopping
time such that there exists a mapping hy: S — [0, 0o] with 70 = hy(Z;). Given an
arbitrary initial value Xg = Zy = x € S of our Markov chain X, the stopping rule
79 is given by 7° = ho(z) and thus a deterministic constant, depending only on .

(¢) Given a Markov chain X with intensity matrix @ and an (F;" ’X)tzo—stopping time
7, the event of stopping before the first jump of the Markov chain occurs at time
Sy is given by

{7’ < Sl} = {7'0 < Sl}

Hence, the probability of stopping before this first jump time, given an initial value
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3 Filtrations and Stopping Times for Markov Chains

x € S, can be calculated by

PI(T < Sl) = PI(TO < Sl) =1- ]P)w (Sl < ho(Z())) =1- ]P(Sl < ho(ﬁ(]))
=1—-P(T1 < ho(z)) = exp (—¢qx - ho(x)). (3.17)

Example 3.13 (example for a decomposition of n—step stopping times)

Let n € Ny. Continuing Example 3.8, an (F;"");>¢ stopping time 7 = S; for j €
{0,1,...,n} can be decomposed such that
n—1
T = 7'0]].{70<51} + Z Tk]'{Tozsl}m"'m{Tk_lZSk}m{Tk<Sk+1} + Tn]l{.rozsl}m...m{fn—lzsn}
k=1

for (ftk’X)tzg—stopping times 7% > S, k € {0,1,...,n}. Since we know that the stopping
time 7 will trigger exactly at the j—th jump of the underlying Markov chain and neither
before nor after it, we can conclude that the involved stopping rules are given by

ok S;, for k=7,
oo, forke{0,1...,5—1,7+1,...,n}.

Every stopping rule 7% is obviously an (F;"*)i>o-stopping time such that 7% > Sy and
by defining the measurable mappings hy as

0 for k=7
hiu(S, .. Sk, Zoy Zas oo Z) =2 ’ ,
(5 fe 2021 ¢) {oo, for ke {0,1...,5—1,j+1,...,n}

we get

™ = h(S1, ..., Sk, Zos Ziy - - ., Z1) + Sk
Note that the first j stopping rules 7°,..., 7971 are set to infinity to guarantee that the
stopping time 7 does not trigger before the j—th jump. On the other hand, setting the
stopping rules 777!, ... 7" to infinity is not mandatory. Since the stopping rules only
have to be uniquely determined on the sets {Sy < 7 < Sky1} and

{Sk < Sj < Sk+1} =0 P,-a.s. for k 7é 7,
the stopping rules 7% for k£ > j will never trigger and can be chosen arbitrarily.

Using equation (3.14) in Notation 3.10, the decomposition representation from (3.16) for
S; yields

S; = (00,...,00,8;,00,...,00).
Using equation (3.15) on the other hand, the decomposition representation can be written
as
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3.2 Stopping Times for Markov Chains

Before we now address ourselves to the next step, namely the characterization of stopping
times with respect to the natural filtration, we first restate a result from Bayraktar &
Zhou [2014], which was already used and cited in the proof of Theorem 3.9, but which
also will come handy on its own in later chapters:

Lemma 3.14 (charaterization of stopping rules)

For every k € Ny, a random variable 7% is a (}"f’X)tzofstopping time such that 7% > S,
if and only if there exists a measurable mapping hy: [0, 00)F x S¥*1 — [0, 00], such that
hk Z 0 and

Tk:hk<51,...,Sk,Zo,Zl,...,Zk)—|—Sk.

This Assertion is taken from [Bayraktar & Zhou, 2014, Lemma 3.2.], basicly stating that
the properties of the stopping rules from decomposition (3.12) in Theorem 3.9 are not
independent of one another, but rather that properties (i)+(ii) imply (iii) and vice versa.

3.2.2 Characterization of Stopping Times with respect to the
Natural Filtration

In the previous section we discussed a decomposition result for (F;" ’X)tzofstopping times,
given a Markov chain X with a intensity matrix (). Since we are primarily interested
in (F/*);>0-stopping times, a characterization by a similar decomposition result like
(3.12) from Theorem 3.9 would be desirable. In fact, such a decomposition is possible
for stopping times from the class ¥, (for some x € §), i.e. P,—almost surely finite
(FX)i>0-stopping times, as stated in the next proposition.
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Proposition 3.15 (decomposition of (F;);>o—stopping times)

Let z € S and 7: Q — [0, 0] be a mapping such that P, (7 < co) = 1. Then 7 is an
(FX)s>0-stopping time, if and only if it has the following decomposition:

= To]l{7.<51} == ZTk]l{SkST<Sk+1} P,-a.s. (318)
k=1

where for every k € Np:
(1) Tk > Sk;

(ii) 7 is an (F;™ )iz stopping time,

(iii) There exists a measurable mapping hy,: [0, 00)F x S¥1 — [0, 00|, such that hy > 0
and
Tk :hk(Sl,...,Sk,Zo,Zl,...,Zk)—|—Sk.

This decomposition (3.18) is P,—almost surely unique in the sense that every term in the
sum of (3.18) is — up to a P,—nullset — uniquely determined on the set {Sy < 7 < Sky1}
and independent of the structure of 7% after the jump Si;.

Proof of Proposition 3.15

Let = € S and T: Q — [0,00] be a mapping such that
P.(7 < o0) = 1.

1. Assume that 7 is an (F;*);>o-stopping time.
(i) Define for every n € Ny the mapping 7,,: © — [0, oc] by
Th = TNS,.
7, is then a P,~almost surely finite (F;" ’X)tzofstopping time such that

T /T for n — oo.

Now Theorem 3.9 becomes applicable for 7,, and yields the decomposition

n—1

To = Tolim<si) + O Tl (s <rn<sinn) T Tnlis,<n) (3.19)
k=1

for mappings 7%, k € {0,1,...,n} such that
L4 7-7]; 2 Sk>

o 7Fis an (F)i=0-stopping time,
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e There exists a measurable mapping hy.,: [0,00)F x S¥+1 — [0, 0o], such
that hy > 0 and

Trlf = hk,n(Sl, .. .,Sk,Zo,Zl, .. ,Zk) + Sk

(ii) Furthermore, for every n € Ny we get
o {1, <Si}={rAS,<Si}={r<S}
e Forall ke {l,...,n—1}:
{Sk <7 < Sk} ={Sk <TAS, <Spy1} ={Sr <7 < Sky1} and
e (S, <1} ={S, <TAS,}={S, <7} ={S, =7}
Hence, decomposition (3.19) can be expressed as

n—1

To = Toliresy + ) Talis,<resi) T Tal{s,<r) (3.20)
k=1

(iii) Theorem 3.9 states the uniqueness of the decomposition in the sense that for

k

every n € Ny the k—step stopping times 7,7 are uniquely determined

e on {7, <S5} ={r<5}fork=0,
o on {Sk <7, < Sk1} ={% <7< Sp}forke{l,...,n—1},
e on {S, <7,} ={S5, <7} for k =n.

Thus we get

Tk = Tk = TTlerl for all n € NO, k S {07 17 s 7n} (321)

n

on the corresponding sets {7 < Si}, {Sx < 7 < Spn}, k€ {1,...,n —
1}, respectively {S,, < 7}. This leads for every n € Ny to an equivalent
representation of (3.20):

n—1

o =TUrcsy + O T gucresny T 7" Lsu<rys (3.22)
k=1

where the mappings 7%, k € {0,1,...,n} defined by (3.21) do not depend on
n and fulfill

(i) Tk Z Sk,
(ii) 7 is an (F;")i»0-stopping time,

(iii) There exists a measurable mapping hy: [0,00)% x S¥1 — [0, 00], such
that h, > 0 and

Tk = hk(Sl,-~-,Sk,ZO,Z1,---,Zk)+8k-
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3 Filtrations and Stopping Times for Markov Chains

(iv) We know that S,, < S,41 and thus
{Sn+1 S T} g {Sn S 7_}
for every n € Ny. Additionally, we get S,, — oo for n — oo by Proposition 2.21
and hence
m{SnST}:{T:OO}.

n€ENg

Since P, (7 = oo) = 0 by assumption, we get
Iis,<r} = 0 Pyas. for n — oo.

(v) Using the steps (i) — (iv) above, we can conclude that

7= lim 7,

n—oo
n—1
- nh—>r£>lo <T01{T<51} + Z Tk1{5k§T<Sk+1} + Tn]l{S"ST})
k=1

= 7'0].{7-<51} + Z Tk1{5k§7-<5k+1} Pxfa.s.
k=1

where 7% fulfills the required properties for every k € Nj.
2. Assume now that decomposition (3.18) holds with 7* fulfilling the required proper-
ties for every k € Np.
(i) Let n € Ny and define 7, by

n—1

T =TUrcsy + O T s crasi) + T s, <r) (3.23)
k=1

Clearly, since S,, — oo P,—almost surely for n — oo and 7 being P,—almost
surely finite, we get

T, — T Pya.s. for n — oo.

Theorem 3.9 states that 7, is an (F;' ’X)tzo—stopping time for every n € Nj.
Since F}' X C }"tX for every n € Ny and t > 0, we can conclude that each 7, is
also an (F¥);>o—stopping time.

(i) According to the step above, we have a sequence (7,,)nen, of (F;* )¢>0-stopping
times with decomposition (3.23) for every n € Ny, which all use the same
stopping rules 7%. We will now show that the sequence (7,,),en, is increasing.
To this end we observe that for every n € Ny

Tn < Tpp1 & T gp<ry < T hsu<resoy + 7 s,y <)
& T Us,p<r) < T g, 0<n)

7" <7 on {S,, < 7).
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We know by assumption that for every n € Ny, the stopping rule 7" is P,—
almost surely uniquely determined on the set {S, < 7 < S,11} and can be
arbitrary otherwise. Thus, by setting

"= Sp on {S,41 <7}
and noting that 7"t > S, .1 we can conclude that
™ <7 on {S,1 <7}
and thus
Tn S Tn+1
for every n € Np.

(iii) Since 7, — 7 P,—almost surely for n — oo and (7,)nen, being an increasing
sequence, we get

{r>ty=J{m>t}eF~

n€Np

for every ¢ > 0 and hence know that 7 is an (F;*);>o—stopping time.

Notation 3.16

Analogously to Notation 3.10, every (F;" ’X)tzofstopping time 7 is uniquely determined
by the piecewise description using the stopping rules 7%, respectively the corresponding
mappings hy for k € Ny. We will use the notations

= (%7 ..) (3.24)
" 7= (ho, h1,...) (3.25)

for the decomposition representation (3.18).

Remark 3.17 (interpretation of decomposition (3.18))

The statements made in Remark 3.12 remain valid for the decomposition in Proposi-
tion 3.15. Briefly outlined, the stopping time 7 will follow the stopping rules 7%, k € Ny
on the corresponding sets {Sy < 7 < Sipy1}. As long as a stopping rule 7% does not stop
before the (k + 1)th jump, it will be discarded after Sy, and the next stopping rule 7+*!
takes effect.

Some useful and imminent consequences concerning the relationship between (F ’X)tzo—
stopping times and (F7*);>o-stopping times that can be concluded from Proposition 3.15
and its proof, are stated in the following corollary.
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3 Filtrations and Stopping Times for Markov Chains

Corollary 3.18

(a) Let 7= (7% 7',...) be an (F/);>0-stopping time. Then the random variable 7 A S,,
is an (F/ ’X)tzofstopping time for every n € Ny such that

n—1

TAS, =11 csy + Z TH (s, <rasinn) + Snlis,<r)
k=1
or simply
TAS, = (074,71 S,)
for suitable 7°,... 777! from decomposition (3.12).

(b) On the other hand, let n € Ny and 7 = (7%, 7',...,7") be an (F;"*)i=o stopping
time. Then there exists an (F;*);>o—stopping time 7 such that

hnd 0 1 n
T=(m,7, ..., 7", Snt1, Snt2, - - )-

(¢) Let n € Ny and consider the (F/"*);so stopping time 7 = (7%, 7%,..., 7771, S,).
This stopping time fulfills
T=TAS,

and there exists an (F;¥);>o-stopping time 7 such that
T=TNS5,.
A possible choice for such a 7 would be

= 0 -1 n—1
T:<Ta7—7--'77 ,Sn,Sn_H,...).

Since stopping times of the form 7 A S,, will play an important role in chapter 7, it is
convenient to define a suitable set for such stopping times.

Definition 3.19 (stopping times stopped before the n—th jump)

Let n € Ny and € S. Define the set

Yng = {T €, | 37 € X, such that 7 =7 A Sn}. (3.26)

By Corollary 3.18 (a), every 7 € ¥, is an (F;"");so-stopping time fulfilling the
decomposition representation 7 = (7%, 71, ... 7771 S,). On the other hand, every
(F") =0 stopping time 7, such that 7 = (70, 7,... 7%, 5,) permits by Corollary 3.18
(c) the representation 7 = 7 A S, for a stopping time 7 € ¥,. Thus the set ¥, , can
alternatively be represented as

Yoo = {T e, ‘ 7 can be represented as 7 = (7°, 7', ..., 7", Sn)} (3.27)
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3.2 Stopping Times for Markov Chains
Lemma 3.20 (monotonicity of the stopping sets)

For every n € Ny and x € S the following monotonicity property is valid:

Zn,x g En—‘rl,x g Eac (328)

Proof of Lemma 3.20

Let n € Ng, z € S and 7 € ¥, ,. By definition, there exists a stopping time 7 € ¥, such
that =7 A S,. Hence it holds 7 =7 A S, and S,, < S,,11 yields T =7 A S, =7 A Sp11.
Thus, by definition we get 7 € 3,1, and therefore

En,w g En+1,x'
The second part of the assertion follows directly from the definition of ¥,, , as
En,x g Eac

for every n € Nj. O
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4 Utility Functions

In this chapter we will briefly introduce the utility functions we want to consider in this
thesis. The concept of value functions is very common and wide spread in the field of
optimization theory. Especially some prominent representives like exponential utility,
power utility or logarithmic utility are quite popular choices for utility functions and
are very often found in a lot of papers from various research fields, particularly in those
with connections to finance, as the concept of utility functions has a clear economical
interpretation.

Utility functions are strongly connected to preferences and preference relations. We
assume that an investor, who has the decision between two different offers, is always
able to determine which of these two alternatives he prefers more. These preferences are
also captured in the concept of utility functions. At least under certain assumptions on
the preference relations, one can establish an one-to-one connection between preference
relations and utility functions. This relation was first established by John von Neumann
and Oskar Morgenstern in 1944 in von Neumann & Morgenstern [1944].

We say that using a utility function U an investor prefers an offer A over an offer B, if and
only if U(A) > U(B). In this case offer A is said to yield a higher utility for the investor
than offer B. In case of U(A) = U(B) we say that the investor is indifferent between
these two offers, as they yield the same utility. In general, an “offer” can be almost
everything: A general good, like food or a car, a promise of a future reward, or especially
common in finance: some cash flow. In the later case of a cash flow, the modelling of
a preference relation is rather canonical. An economically rational investor will always
prefer the greatest cash flow. Thus a utility function which maps this preference onto
some utility has to exhibit some monotonicity property, meaning that a higher cash
flow will result in a higher utility. This monotonicity is the most important property
for utility functions. Another often desired property is concavity. Roughly spoken, the
marginal utility gain is the smaller the higher the considered cash flow. An additional
unit of cash yields a higher additional gain of utility, if the investor has a low endowment
to begin with. The richer the investor gets the lower the surplus of utility gained by an
additional unit. For a further reading on the topic of utility functions and the connection
to preference relations we may refer to [Follmer & Schied, 2004, chapter].

In the context of this thesis, we want to consider some revenue, consistent of some cost
and reward functional, and evaluate it under some utility function. The details will be
discussed elaborately in the subsequent chapter 5. Based on the reasoning above, we will
now define the utility functions we will want to consider in the rest of this work:
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4 Utility Functions

Definition 4.1 (utility function)

Let U: D — R and D C R be the maximal domain of the mapping. U is called utility
function if it is strictly increasing and strictly concave on D and twice differentiable on
the interior of D.

As usual in the theory of utility optimization the absolute values a utility function can
attain do not have an economical interpretation. According to the strictly increasing
monotonicity of a utility function, a higher utility is always preferred over a lower utility
value. Thus if we are in the next chapter interested in maximizing some expected utility
over some set of feasible stopping times, we are not truly interested in its value itself, but
rather in finding — if existent — the maximizer of this set, namely the optimal stopping
time for which the maximal expected utility is attained at. This maximizer gives an
investor explicit rules for stopping the process optimally and thus maximizing some total
reward in the sense of achieving the highest expected utility possible. Clearly, this optimal
stopping time depends heavily on the chosen utility function. As mentioned before, the
absolute values such a utility function can attain are rather uninteresting. As a result to
this observation, two utility functions are often identified with each other and are said
to be equivalent, if they are equal up to an affine transformation. A more significant
property of a utility function is its risk aversion. A prominent measure therefore is the
Arrow-Pratt measure of absolute risk aversion (ARAy):

U// (J,‘)
U(@)’
which was developed by John W. Pratt and Kenneth J. Arrow and published in Pratt
[1964], respectively Arrow [1965].

ARAy(x) :=

x € int(D), (4.1)

This measure is commonly used in literature to model the attitude of an investor towards
risk. The higher the ARAy—value, the more risk avoiding is an investor with utility
function U. As one can simply see, the Arrow-Pratt measure doesn’t use any absolute
value if U itself, but instead it’s first two derivatives, describing the monotonicity and
curvature of U. Obviously, this measure is invariant under affine transformations. Thus,
any utility functions, which are equal up to an affine transformation, have the same
absolute risk aversion. Any such investors using these utility functions are said to have
the same attitude towards risk and are treated equivalently.

Example 4.2 (examples for utility functions)

Prominent and commonly used utility functions are

e the exponential utility:
U:R—-R, Ux):=—-e"" forsome~y >0,

having a constant absolute risk aversion (CARA): ARAy(z) = 7,
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e the power utility:
U:[0,00) =R, U(z):=2" for somey € (0,1),
having a decreasing absolute risk aversion (DARA): ARAy(x) = (1 —v)%,
e the logarithmic utility:
U:(0,00) =R, U(z):=1In(yz) for some v > 0.

having a decreasing absolute risk aversion (DARA): ARAy(v)

_:E‘

U(x)
0

-5

— exponential utility U(x) =-exp(x)
— power utility U(x) =3x>°
logarithmic utility U(x) =In(9x)

-10

Figure 4.1: some examples for utility functions

As already mentioned at the beginning of this chapter, we want to use the definition of
utility functions to evaluate some revenue, given as the sum of some cost and reward
functional. Without supplementary assumptions we cannot control this revenue in the
sense that it can’t be bounded from below. As we will allow for the costs to become
arbirarily high, the corresponding reward term may not be able to compensate for it,
rendering the total revenue unbounded from below. Using a utility function defined
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according to Definition 4.1 on some domain D C R, like for example the power- or
logarithmic utility, will not allow to account for arguments which are not bounded from
below. Of course we would be able to confine ourselves to the case of utility functions
with domain R, but then we would lose some well-known and prominent cases shuch
as the above-mentioned power or logarithmic utility functions. To this end we want to
generalize the definition of a utility function by extending its domain to the whole real
line:

Definition 4.3 (extended utility function)

Let U be a utility function according to Definition 4.1 with domain D C R. We then
define the extended utility function U: R — R U {—o0} by

U(z), ifzeD,

—oc0, ifx¢D. (42)

xHU(m):{

Basically for every argument x ¢ D, we set the value of the utility function to —oo.
We thus have to extend the range of U by adding —oo. Note that an extended utility
function defined according to Definition 4.3 is still monotone and concave, but loses the
strict monotonicity, the strict concavity as well as the differentiability in general. But
restricted on the set D these properties obviously still hold. We summarize this in the
following lemma:

Lemma 4.4 (properties of extended utility functions)

Let U be an extended utility function from Definition 4.3, derived from a classical utility
function U: D — R. Then U is increasing and concave on R and strictly increasing,
strictly concave on D, as well as twice differentiable on int(D).

Note that this concept of extended utility functions is only needed if the maximal domain
of a classical utility function according to Definition 4.1 does not coincide with the whole
real line. If on the other hand we have a classical utility function with maximal domain
R, like for example the exponential utility, then Definition 4.1 and Definition 4.3 coincide.
In this case the given utility function does never attain the value —oo.

Remark 4.5 (interpretation of extended utility functions)

We can interpret extended utility functions in the following way: Suppose that an investor
expresses his preferences using a classical utility function U: D — R which is not defined
on the whole real line. This maximal domain D of U represents the solvency region
of the investor. Going below this solvency region will result in bankruptcy, which is
the worst case scenario for an investor. By extending this classical utility function to

38




U:R — RU{—o00} according to Definition 4.3, we assign this case of bankruptcy the
worst possible utility, namely —oo. Note again that the actual values of utility functions
do not have any economical meaning. The main purpose is to compare different cash
flows in terms of provided utitily. Clearly, defaulting should never be preferable for any
investor. Thus, setting the utility of such cases to —oo is economically meaningful.

Utility functions like power or logarithmic utility are for example only defined for non-
negative, respectively positive domains. In such cases the investor is solvent as long as
he owns non-negative, respectively positive amounts of money. He is not able to borrow
money in order to go below these defaulting points.

The exponential utility on the other hand is defined on the whole real line and doesn’t
need to be extended. We can interpret this case in the way that an investor using an
exponential utility does not have the risk of defaulting and can borrow any amount of
money.

Example 4.6 (examples for extended utility functions)

With respect to Example 4.2, the following functions are extended utility functions:
e The extended power utility

0l >0
U:R— RU{—o00}, U(:z:)::{x’ ="
—o0, <0

for v € (0,1).

e The extended logarithmic utility

U:R—RU{-00}, U(z):= {m(m), w0

—00, r <0

for v > 0.

Notation 4.7 (designation of utility functions)

In the following chapters we will always consider utility functions defined on the whole
real line. If the utility function in question is given by Definition 4.1 with maximal
domain D = R, we will call it classical utility function on R. If on the other hand
the considered utility function is given by Definition 4.3, we will call it extended utility
function. In case there is no danger of confusion and no distinction necessary, we will
just say utility function.
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5 Generalized Risk-Sensitive Stopping
Problems for Continuous-Time
Markov Chains

In this chapter we want to introduce the main problem of this work, the generalized
risk-sensitive stopping problem for homogeneous continuous-time Markov chains. A key
feature in this work is the renunciation of a fixed predetermined utility function. Instead,
the formulation of the stopping problem will be made under an arbitrary and general
utility function. As discussed in the previous chapter, we do not want to restrict ourselves
to the classical criterion of optimizing the expected reward under exponential utility.
Thus, the term risk-sensitive refers to the general case of an arbitrary utility function in
the sense of Definition 4.3.

5.1 Setup for the Stopping Problem for
Continuous-Time Markov Chains

The generalized risk-sensitive stopping problem for continuous-time Markov chains forms
the main object of interest in this thesis and will be defined in this section. Every theory
we will develop serves the purpose to solve this problem and characterize its solutions as
good as possible. To this end, we agree upon the following model setup for the generalized
risk-sensitive stopping problem for continuous-time Markov chains, that will be used
throughout the subsequent chapters and sections.
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Definition 5.1 (generalized risk-sensitive stopping problem for continuous-time Markov
chains)

Suppose that the model setting consists of the following elements:

e The Markov chain X with intensity matrix ). Recalling Assumption 2.13, this
means having a homogeneous continuous-time Markov chain taking values in .S, with
a transition matrix function which is right-continuous in zero and a corresponding
intensity matrix which is stable and conservative.

e An initial value z € S such that X, = x.

e The set of all P,—almost surely finite (F;X);>o—stopping times X,.

e An arbitrary utility function U: R — R U {—o0} as specified in Definition 4.3.
e A constant cost rate ¢ > 0.

e A lower bounded reward function g: S — R, specifying the reward gained upon
stopping the problem.

Then the generalized risk-sensitive stopping problem for continuous-time Markov chains
is given by
E, [U (—ct + g(X;))] = max! (5.1)

TGZ(L‘

Given the continuous-time Markov chain X an investor or controller of this stopping
problem can observe the evolution of the process at any given time ¢ > 0 and thus knows
the reward g(X;) he would gain from it by stopping the process at this point in time.
Waiting and observing the process is penalized by a running cost rate ¢ > 0. Hence,
stopping the Markov chain at time ¢ > 0 nets the investor a total reward of —ct + g(X;)
monetary units. This total reward shall be evaluated under the individual utility function
of the controller, given by his personal preferences and attidute towards risk. We shall
suppose that this utility is chosen from a general class of utility functions as defined
in Definition 4.3 and do not restrict ourselves to a certain type of utility function. As
usual in the theory of utility optimization, we cannot hope for maximizing every possible
random outcome of such utility. Instead, we restrict ourselves to the maximization of
the expectation of the utility. The resulting stopping problem consists of maximizing
this expected utility over all feasible stopping times, namely all P,—almost surely finite
(FX)i>0-stopping times, and trying to find — if possible — the optimal stopping time for
which this maximum is attained at.
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Remark 5.2 (interpretation of the stopping problem for continuous-time Markov chains)

We can interpret the stopping problem for a continuous-time Markov chain X in the
following way:

(a)

(e)

X, represents an offer the investor receives at time ¢ > 0. He then has to decide
whether he wants to accept this offer or not. Observing the process X and thus
having the possibility to accept an offer is not free of charge. The investor has
to pay the cummulative costs —ct (according to the running cost rate ¢ > 0) for
observing the income of offers up to time ¢ > 0. If he doesn’t accept, the flow of
offers just as the cummulative running costs continue. If he accepts an offer, the
whole process stops and terminates the stopping problem. By stopping at some
time ¢ > 0, the investor then gains the reward ¢g(X;) and has to pay a fee of —ct.
This revenue is evaluated under the individual utility function U modelling his
personal preferences and attidute towards risk.

The stopping problem represents a special kind of control problem. For any time
t > 0, the investor has to choose his actions to control the process. In this case
his set of actions consists of stopping or not stopping the process by accepting or
declining the current offer.

For a general process Y the observed offers Y; can change randomly for every
moment ¢ > 0. Even for a compact time intervall [a, b] C [0, 00) the investor could
observe an uncountably infinity number of different offers. This would make the
stopping problem extremely difficult to handle. As we restrict ourselfs to the case
of continuous-time Markov chains, we get a more tractable situation. Using the
notation of jump times and embedded Markov chains according to Definition 2.15,
changes in the state of the Markov chain X occur only at designated jump times
(Sn)nen,- Between these jumps the chain remains in its last state. Furthermore,
according to Proposition 2.21 the number of jumps within a compact interval of
time [a, b] C [0, 00) remains P-almost surely finite. Thus, a continuous-time Markov
chain X can be interpreted as a discrete sequence of offers observable to the investor,
represented by the states (Z,)nen, of X immediately after a change of state. Since
the sojourn times between two jumps are exponentially distributed, we can say
that the investor receives an offer at some random jump time S,,, which remains
valid and can be accepted for an exponentially distributed duration until the next
jump occurs, replacing the current offer Z,, irrevocably by the next one 7, ;.

The optimization over the set 3, of all P,—almost surely finite (F;*);>o—stopping
times is economically meaningful. Using a stopping time which is not necessarily
(P,—almost surely) finite, will potentially cause an investor to observe the given
stopping problem indefinitely, rejecting every single offer and never terminating the
process. Such a behavior can of course not be realized in any real life application.
Thus, the restriction on (P,—almost surely) finite stopping times is neccessary to
guarantee econmical meaningfulness.

One of the main goals is to find an optimal stopping time which maximizes the
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expected utility given in this context. An economically rational investor will try
to apply this optimal stopping rule. Despite of optimizing over (P,—almost surely)
finite stopping times, the desired supremum has not to be attained by such a
(P,—almost surely) finite stopping time. To avoid such situations, we will impose
additional conditions to guarantee for the optimal stopping time to be (P,—almost
surely) finite.

5.2 Generalized Risk-Sensitive n—Step Stopping
Problem

The risk-sensitive stopping problem for continuous-time Markov chains exhibits an infinite
time horizont. The investor doesn’t have to accept any incoming offer in any given finite
interval of time. The only restriction on his choice of a stopping time he wants to apply
is whether it lies in the set of feasible stopping times ¥, (for a given initial value Xy = x).
Using the interpretation of continuous-time Markov chains as a countable sequence of
offers with an exponentially distributed period of validity given in Remark 5.2, we can
argue that the investor has the opportunity to observe a countably infinite number of
incoming offers.

Of course it is sometimes reasonable to restrict this infinite number of incoming offers
by an upper bound for the maximal numbers of possible offers. Since the offers appear
randomly, namely at the moments of the jump times of the Markov chain, we cannot
restrict the infinite time horizont of the stopping problem. Instead, we reformulate the
general risk-sensitive stopping problem for continuous-time Markov chains (5.1) to a
version which allows the investor to receive at most n € Ny different offers. If he doesn’t
accept any of these offers and thus doesn’t stop the problem himself, it will terminate
itself by the time of the n-th jump, forcing the investor to take the n-th incoming offer. In
terms of the continuous-time Markov chain X, we will now consider the stopped version
of it by considering the new process (X, );o.

Definition 5.3 (generalized risk-sensitive n—step stopping problem)

Using the same notation as in section 5.1 and denoting the sequence of jump times of the
Markov chain X by (S,)nen, We define the general risk-sensitive n-step stopping problem
for continuous-time Markov chains by

E, [U (—c(t A Sp) + 9(Xrns,))] = max! (5.2)

’Tezz
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5.3 Well-Posedness of the Stopping Problems

Remark 5.4 (alternative formulation of the n—step stopping problem (5.2))

As discussed before, the stopping problem (5.2) terminates at the latest after the n-th
jump of the Markov chain. Thus by applying Corollary 3.18, for all x € S and every
feasible stopping time 7 € ¥, we can conclude that 7 A S, is a P,—almost surely finite
(F") =0 stopping time for all n € Ny. Using the notation in Definition 3.19 we can write
TAS, € X,2. On the other hand, every stopping time in >, , permits the representation
7 N\ S, for a suitable stopping time 7 € ¥,. Thus, the general risk-sensitive n-step
stopping problem for continuous-time Markov chains (5.2) can be expressed as

E, [U (—cr + g(X;))] = max! (5.3)

TEYn,z

As we will see in chapter 7 studying the n—step stopping problem (5.2) will be essential in
order to tackle the unrestricted version (5.1) for countably infinite incoming offers. These
two problems are closely connected. Analysing problem (5.2) will give us the necessary
tools to tackle problem (5.1) by means of limit results by letting n converge to infinity.

5.3 Well-Posedness of the Stopping Problems

Before we tackle the stopping problems (5.1), respectively (5.2) and try to find optimal
stopping times for them, we first address to the question of well-posedness of this problems.
We want to call a stopping problem well-posed, if the maximum of the expected utility
over all feasible stopping times (or at least the supremum of it) can be attained by a
value less than infinity. In that way we can guarantee that there exists no stopping time
which leads to an arbitrarily high expected utility. Thus we can ensure that this stopping
problem remains economically meaningful. A model, which allows an investor to achieve
arbitrarily high amounts of utility does not reflect any realistic situation in any financial
market.

To ensure the well-posedness of the stopping problems for every utility function, a possible
way is to impose a certain integrability condition on the Markov chain X and the reward
function g. We will formulate this condition as a standing assumption, which will hold
throughout the remainder of this thesis.
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Assumption 5.5 (integrability condition)

We will assume that every combination of Markov chain X, reward rate g and cost
rate ¢ studied in context of the stopping problem (5.1) fulfills the following integrability
condition:
M, = sup E, [ —et+ g7 (X,)| <oo forevery z €S, (5.4)
TEY,

where the mapping g7 : S — [0, 00) is defined as g* := max{g, 0}.

This assumption guarantees the well-posedness of the stopping problems for any untility
function as shown in the following Lemma.

Lemma 5.6 (well-posedness of the stopping problems)

Under the validity of Assumption 5.5 the stopping problems (5.1) and (5.2) for every
n € Ny are well-posed.

Proof of Lemma 5.6

Let U: D — R be a utility function with domain D C R. With U being strictly concave
and strictly increasing, there exists an affine linear function D — R, x — max + d for
some constants m > 0 and d € R such that

U(zx) <mz+d (5.5)
for every x € D. Using (5.4), this yields

sup E, [U (—er + g(X;))] <m - sup E, [—c7 + g7 (X;)] +d =mM, +d < o0

TEEz TEEZ‘

and thus the well-posedness of the stopping problem (5.1). Furthermore, the monotonicity
of the feasible stopping time sets in equation (3.28) of Lemma 3.20 provides, together
with the alternative version of the n—step stopping problem (5.3), the ineqality

sup £, [U (—c(7 A Sn) + 9(Xons,))] = sup E, [U (—cr + g(X5))]

TEX: TEZn,z
< sup E, [U (—cr + g(X,))]
TEY :
< 00
and hence the second part of the assertion. O
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Remark 5.7 (sufficient conditions for the validity of Assumption 5.5)
The integrability condition (5.4) in Assumption 5.5 is obviously fulfilled if

9" (X;) = max{g(X;), 0}

is upper bounded by a constant independent of x € S and 7 € ¥,. There are mainly
two situations which imply the above-mentioned boundedness from above and which are
quite common in real life applications:

(a) The reward function g: S — R is bounded and thus especially upper bounded.
This reflects the situation where the reward an investor can receive (based on the
actual state of the underlying Markov chain) is not allowed to be arbitrarily high.
Instead the reward is chosen from a given finite interval within the bounds of the
function g.

(b) The state space S of the underlying Markov chain is finite. In this case the upper
bound can be chosen to be the maximal value the reward function g: S — R can
attain:

gt (X;) < max{gmax, 0},

where gnax := max g(x). In this situation there is only a finite number of reward
Te

values an investor can achieve, depending on the finite states the underlying Markov
chain can attain.

5.4 Additional Assumptions Imposed on the Stopping
Problems

In order to be able to compare the two stopping problems (5.1) and (5.2) analytically,
we will make the following general assumption:

Assumption 5.8

We will assume that every choice of utilty function U, Markov chain X, reward rate
g and cost rate ¢ studied in context of the stopping problem (5.1) fulfills the following
inequality:

liminf B, [U (—ct —c(7 A S,) + 9(Xorns, )] = Eg [U (—ct — e + g(X,))] (5.6)

n—oo

for all z € S and every 7 € X,.

This assumption is rather technical and hard to verify. Following the ideas given in
[Béuerle & Rieder, 2011, Remark 10.2.1] we will now give sufficient conditions under
which Assumption 5.8 is valid.
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Lemma 5.9 (sufficient conditions for Assumption 5.8)

(a) The inequality (5.6) in Assumption 5.8 is valid, if the following condition is satisfied:

liminf E, [U (=ct — ¢Sp + 9(Z,)) Lirss,y] >0 forallz e S,re¥,.  (5.7)

n—oo
(b) Inequality (5.7) and thus (5.6) are valid, if the following condition is satisfied:
limsupE, [U~ (=ct — ¢S, + 9(Z,)) Lizss,3] =0 forallz € S, 7 €%, (5.8)

n—o0

where the mapping U~ : R — R is defined as U~ := — min{U, 0}.

Proof of Lemma 5.9

(a) Suppose (5.7) holds. Then we get for every x € S and every 7 € ¥, that
liminf B, [U (—ct — c(7 AS,,) + 9(Xons,,))]
n—oo

=lim inf <E,E [U (—ct — (T AN Sp) 4+ 9(Xons,)) Il{T>Sn}]

n—oo

+E, [U (—ct — (1 AN Sp) 4+ 9(Xons,)) ]l{TSSn}] )

> liminf IE, [U (—ct —cSp + 9(Xs,)) :“'{T>Sn}]

n—oo

+liminf B, [U (—ct — o7 + g(X,)) Tr<s,]

n—oo

Dliminf B, [U (—ct — ¢S, + 9(Zn)) Lrssy] + Ea [U (—ct — 7 + g(X,))]

n—oo

LB U (et — 7 + 9(X,))].

Thus (5.6) is valid. The equality in (%) holds due to the monotone convergence
theorem by decomposing the utility into positive and negative part:
Ut (—ct — et + g(X;)) :== max {U (—ct — ¢ + g(X+)), 0},
U™ (—ct —cr+ g(X;)) :=max{ — U (—ct — c7 + g(X,)), 0}.
Therefore we get

lim inf [, [U (—ct — et + 9(X,)) :H'{Tfsn}}

n—o0

=liminf E, [U* (—ct — c7 + 9(X;)) Lir<s,y — U™ (—ct — 7 + 9(X7)) Lip<say]

n—o0

= lim E, [U" (—ct — e7 4+ 9(X+)) Lr<s,y] — lim F, (U™ (—ct — 7 + 9(X;)) Lir<s,y]

n—oo

—E, [U* (—ct —cr + 9(X,))] = By [U™ (—ct — e7 + 9(X,))]
=E, [U (—ct — et + g(X,))],
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since
(U (—ct — et + g(X7)) Liz<s,y)

n€ENg

and
(U_ (—ct — et + 9(X,)) ]l{TSSn})

are non-negative increasing sequences.

neNp

(b) Suppose (5.8) holds. Note that for every function U the decomposition U = Ut —U~
into a positive part Ut := max{U, 0} and a negative part U~ := —min{U, 0} is
valid. Then we get for every x € S and every 7 € X, that

liminf IE, [U —ct — S+ 9(Zy)) 1{T>Sn}}
n—oo
=liminf E, [U —ct = Sp+9(Zn)) Lzss,y — U™ (—ct — cSu + g(Zn)) ]1{7>S"}}
n—00

)

> lim inf I, [U* (—=ct — ¢Sy + 9(Z,)) Lir=s,}]
(Zn)) Lirss.]
)

1irss,1]

Zn)) Lirss,1]

+liminf E, [-U~ (—ct — ¢S, +

n—oo

n—0o0

g
=liminfE, [U* (—ct — ¢S, + g(Zy)
(

— limsup E, [U_ (—ct—cSp+g

n—oo

>0

)

where the last inequality holds due to (5.8) and the positivity of the first summand.
Thus (5.7) is valid.

]
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5.5 Stopping Problems for Exponential Utility Functions

Among all utility functions the exponential utility is probably the most common. It
arises in a lot of different kinds of optimization problems where some cost or reward
functionals are evaluated under utility functions. Due to this special role, many authors
call optimization problems with applied exponential utility risk-sensitive. In case of
stopping problems wuch problems could be called (classical) risk-sensitive stopping
problems.

As already mentioned in the beginning of this chapter, a key feature of this thesis is
that we did not restrict ourselves to any special choice of a utility function. Therefore
we called the problems we want to consider generalized risk-sensitive stopping problems.
But as the name already suggests, we see our problems as generalization of the classicas
risk-sensitive case. It is therefore reasonable to treat the well-known case of classical
risk-sensitive stopping problems as a special case of the theory we want to establish.
Hence we will consistenly compare the generalized case with the special choice of the
exponential utiltiy as underlying utility function for our stopping problem and discuss
the resulting simplifications with respect to the general theory.

We will begin with a reformulation of the stopping problem (5.1), respectively the n—step
stopping problem (5.2) for the special choice of exponential utility as utility function.
Hence we suppose that the underlying utility function U is a classical one regarding
Definition 4.1 and given by

U:R—=R, Ux):=—e""
for some v > 0.

The (classical) risk-sensitive stopping problem for continuous-time Markov chains is then
given by

E, [ — ec”’T_W(XT)} — max! (5.9)
Tezz

Analogously the classical risk-sensitive n—step stopping problem for continuous-time
Markov chains can be expressed as

E, |: _ ec'y(T/\Sn)—’Yg(Xr/\Sn)] — max! (510)
TEY,

This does not look special at first glance, but we will see in the subsequent chapters that
problems (5.9) and (5.10) are much easier to solve than their general versions (5.1) and
(5.2).
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6 Value Functions

In this chapter we will introduce the concept of so-called value functions which are closely
connected to the stopping problems (5.1) and (5.2). We will see that studying these value
functions will help us in our attempt to characterize or even solve the n—step stopping
problem (5.2). On the other hand, the knowledge about (5.2) will help to tackle the
unrestricted problem (5.1).

Section 6.1 of this chapter will cover the general theory for value functions under arbitrary
utility functions. This will be the main part of this chapter and will lay the foundation
for the theory in the subsequent chapters. In section 6.2 we will cover the special case
where the stopping problem is formulated for the choice of exponential utility as utility
function. We will see that this will lead to a considerable simplification of the theory
made in the first section.

6.1 Value Functions for General Utility Functions

For the remainder of this section we will assume the setup made for the generalized
risk-sensitive stopping problem for continuous-time Markov chains as in section 5.1.

Definition 6.1 (value functions)

Considering the generalized risk-sensitive stopping problem for continuous-time Markov
chains (5.1), we define

(a) the value function V(- ,7): [0,00) X S — [—00,00) for stopping time T € ¥ by

V(t,z,7) :=E; [U (—ct — e + g(X,))],

(b) the value function V': [0,00) x S — [—00,00) by

V(t,z):= sup V(t,z, 7).
Tezz

For (t,z) € [0,00) x S the value V(t,z,7) of the value function V'(-,7) expresses the
expected utility of the “reward” —ct — e + g(X;) the investor gains, if he applies stopping
time 7 € X. V(¢,z) therefore expresses the maximal expected utility the investor can
achieve by optimizing over all feasible stopping times in >,. Thus, for any initial value
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6 Value Functions

x € S the value V(0, z) of the value function V (-) represents the generalized risk-sensitive
stopping problem for continuous-time Markov chains (5.1). V' (0, z) constitutes the optimal
attainable expected utility of the problem (5.1), whereas the stopping time 7* € ¥, for
which the supremum in V' (0, z) (if existent) is attained at, depicts the optimal stopping
time and thus the solution to the stopping problem (5.1). For an arbitrary ¢ > 0, the
main difference of V' (¢, ) to the stopping problem (5.1) is the additional cost term —ct.
This can be interpreted in the way that our stopping problem is already running for a
period of ¢ time units without being stopped and has thus acummulated the additional
costs of ct. After time t the investor “starts” to observe the problem and treats it as
if it was started anew at time t. Hence, the initial value of the Markov chain X is set
to Xy = x. Stopping the problem at time s > 0 after “resetting” it yields a reward of
—ct —cs+ g(Xs), where the costs are composed of the cumulated costs with respect to the
elapsed times t and s before, respectively after resetting. In this sense V' (¢, x) poses for
t > 0 an slightly different stopping problem than (5.1), which is — in the above-mentioned
sense — equivalent to V(0,z). We will see that in order to calculate V'(0,z) we also have
to know every other value V (¢, z) for all ¢ > 0. Thus, the goal will be to find a useful
characterization for the whole value function which will allow us to calculate its values
for some (t,z) € [0,00) x S in a more effective way than maximizing over the set of
feasible stopping times.

The term solving V (t, z) is thereby defined as the attempt to find the optimal stopping
time 7 € ¥, for which the supremum in V' (¢, z) is attained at. We will see that in order
to solve (5.1), respectively V' (0, z) for any = € S, we will need to solve V' (¢, x) for every
(t,x) € [0,00) x S.

Definition 6.2 (n-step value functions)

Let n € Ny. Considering the generalized risk-sensitive n—step stopping problem for
continuous-time Markov chains (5.2), we define
(a) the n-step value function V(- ,7): [0,00) X S — [—00,00) for stopping time T € &
by
Valt,z,7) = E, [U (—ct — (T A Sp) + 9(Xrns,))],

(b) the n-step value function V,,: [0,00) x S — [—00,00) by

Va(t, z) := sup V,(t,z, 7).
TGEZ

Again, for every z € S and n € Ny the value V,,(0,z) of the n—step value function
V.(+) is equivalent to the generalized risk-sensitive n—step stopping problem (5.2). The
interpretation above about the additional term —ct remains analogously valid for n—step
value functions. Additionally, for solving V,,(0, ) and thus problem (5.2) for any = € S
and n € Ny, we will need to solve V,, (¢, x) for every (¢t,z) € [0,00) x S. Thus we are
again interested in the whole value function, rather than just some single values of it.
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Remark 6.3 (notation and existence of value functions)

(a)

With a slight abuse of notation, we will call both functions (¢,z) — V (¢, z,7) for
7 € ¥ and (t,z) — V(t,x) value functions. Analogously, we call (¢,z) — V, (¢, z,7)
for 7 € ¥ and (¢, z) — V,(¢,z) n—step value functions for every n € Ny. It will be
clear from the corresponding contexts which functions are meant.

Under the integrability condition (5.4) of Assumption 5.5

M, = sup E,| —cT + g+(XT)] < oo forevery x € S
TEY,

Lemma 5.6 guarantees the well-posedness of the stopping problems. Due to

sup B, [U (—ct — (1 A S,) + 9(Xons,))] < sup B, [U (—c(7 A Sn) + 9(Xons,))]

TGEz TEEI
sup E, [U (—ct — et 4+ g(X;))] < sup E, [U (—cr + g(X,))] (6.1)
TGEz TEEI

and using (5.5), we can find constants m > 0 and d € R such that

Vo(t,x) <mM, +d < oo and (6.2)
V(t,z) < mM, +d < cc. (6.3)

Both value functions take finite values for every (¢,z) € [0,00) x S and thus are
well-defined. In this sense, the existence of the value functions is always guaranteed
under Assumption 5.5.

The O0-step value functions are trivially given by

Vo(t, 2, 7) = By [U(=ct — c(T A So) + 9(Xens,))] = Ea [U(=ct + g(Xo))]

=U(—ct+g(z)) and (6.4)
Vo(t,z) = Sélzp Vo(t,z,7) = U(—ct + g(x)) (6.5)

for every 7 € ¥, t > 0 and x € S, since Sy = 0.

Note that we explicitly allow for a value function V(- , 7) or an n-step value
function V,,(- , 7) for any n € N and some 7 € ¥ to take an arbitrarily small
negative value. Thus the value range [—o0, 00) for the value functions is intentional.
It symbolizes the worst expected utility an investor can possibly achieve by applying
the stopping time 7.

For every n € Ny, t > 0 and « € S we get a lower estimate for V,,(¢,z) and V (¢, x)
by using the special constant stopping time 7 = 0:

Vit z) > Vo(t,2,0) = B, [U(—ct + g(Xo))] = U(—ct + g(z)),
V(t,z) > V(t,z,0) = E, [U(—ct+ g(Xo))] = U(—ct + g(x)).
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Hence, V,,(t,z) and V (¢, z) are bounded from below by U(—ct 4+ g(x)) and are only
allowed to take arbitrarily small values if the associated utility function is set to
—oo for these fixed t > 0 and = € S. The difference to V,,(¢t,z,7) or V(¢,z,7) lies
in the fact that the expectation operator is not responsible for V,,(¢,z) or V (¢, x)
to take the value —oo.

(f) Note that U is a measurable function. Therefore, the mappings ¢ — V (¢, z,7) and
t +— V,(t,z,7) are also measurable for every x € S, 7 € ¥, and n € Ny.

(g) Another property that emerges immediately from the definition of value functions
is that foralln € Ny, z € Sand 7 € ¥

t— Vo(t,x,7), tw V,(t, ),

t—V(t,xz, 1), t—V(tx)

are decreasing functions.

Example 6.4 (example for explicitly calculable value functions)

Let S = {0,1} and X a continuous-time Markov chain with intensity matrix @ given by

Q= (QOO %1) _ (—Oé « >
qio 411 g =B
for some a, 8 > 0 (cf. Example 2.14) and initial value X, = x € S. Furthermore, let

U:R — R, z— —e™ 7 be an exponential utility function with v > 0, ¢ > 0 the cost rate
and g: S — R the reward function in this setting.

Consider now the stopping time 7 := Sy € X, where S,, denotes the n—th random jump
time of X. Then the n—step value functions V,,(¢,z,7) for n € Ny as well as the value
function V (¢, x, ) are given by

Vo(t,z,7) = _evctf'yg(x),
—eret=v() . _a_ " for x =0 and o > v,
a—vc
Vi(t,x,7) = { —e1t=1900) . Bic’ for x =1 and B > ~c,
—00, otherwise

Volt,z, ) =V (t,x,T)

=

—~e?

_ —eret—9(2) . el b for a > e and 8 > e,
—00, otherwise

for n > 2.
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Proof
The corresponding embedded Markov chain (Z,,),en, of X is given by the deterministic
sequence

1

Zy = —(1 (-1 W),

S(1- 1)
which alternates between the states 0 and 1, depending on the initial value Xg = Zy = .
(Zn)nen, is deterministic, since the transition probabilities for (Z,),en, are given by

qo1 — 1 and pyo = q10
—doo —q11

Poo = p11 = 0,po1 = =1.

The Markov chain thus changes continuously between the two states 0 and 1 using random
exponentially distributed sojourn times between these jumps. To be more precise, the
sojourn times (7),)nen are (given (Z,)nen,) independent and

T, ~ Exp(qz, ,).
This information can now be used to calculate the desired value functions:
The 0-step value function can be obtained very easy. It holds
Vot,z,7) = By [U (—ct — e(1 A So) + g(Xrns,))] = U (—ct + g(z)) = —e¥et=79@),

For the other value functions, we will differentiate between the two possible initial values
r=0and x = 1.

(i) Let x = 0. The embedded Markov chain (Z,),en, is then given by the sequence
(Zo, Z1, 22, Z3,...) = (0,1,0,1...)
and the first two sojourn times are independent and fulfill
Ty ~ Exp(qz,) = Exp(q) = Exp(a) and  Th ~ Exp(qz,) = Exp(q1) = Exp(B).
Calculating the distribution function for e7“I! yields

1—t 3, t>1,

Py < t) =
o™ < 1) {o, t<1

and leads to the expectation

e e
« 1
_ e == for a > ~e,
00, for a < e
_ a—avc’ for a > e,
00, for a < e
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Analogously we get

B
EO (6_0T2) _ {5_767 for B > e,

0, for 5 < ~e.

Using the indepenence of T7 and T5 as well as the relations S; = T} and Sy = T1 + 715
yields

«

—<_ for a > e,
00, or a < ~yc

EO (67652) = EO (€FYCT1) . EO (€’YCT2)

a—yc  B—yc’

B R for a > yc and S > ~c,
B 0, otherwise.

We can now calculate the 1-step value function:

Vi(t,0,7) = Eqg [U (—ct — (7 A S1) + 9(Xrns,))]
Eo [U (—ct — cS1 + g9(Z1))]
E, [_e—w(—cﬂrg(l)—csl)]

— _eret=9(1) Eq (e'YCSl)

a—yc

—eret=9) .2 for a > e,
— o0, for a < e

Since 7= S, =T A Sy =7 A S, for all n > 2, all n—step value functions V,,(¢,0, 7)
for n > 2 and the value function V' (¢,0,7) are equal. We get
Vo(t,0,7) =V, (t,0,7) = V(¢,0,7)
= EO [U (—Ct — CSQ + g(Zg))]

— _evct—vg(ﬂ) 0 (e’YCSz)

B {—e”’“_W(O) e ﬁic’ for a > vc and 3 > vc,

—00, otherwise
for every n > 2.
(ii)) Now let z = 1. The embedded Markov chain (Z,),en, is then given by the sequence

(Zo,Zl,ZQ,Zg,...): (1,0,1,0)
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and the first two sojourn times fulfill
Ty ~ Exp(f) and Ty~ Exp(a).

The calculations above can be used analogously and yield

_B8 f >
By (e7) = ¢ 077 o B> e, and
0, for g <~c

El (67652) = El (G’YCTl) . El (GVCTQ)

a—yc fB—yc’

B o _B for « > yc and 8 > 7,
00, otherwise.

Using g(Xs,) = g(Z1) = ¢(0) and ¢(Xs,) = g(Z2) = g(1) thus leads to
Vit,1,7) = Eq1 [U (—ct — (1 A S1) 4+ 9(Xons,))]

{_evct’yg(o) . % for 5 > ~c,

— 00, for § < ~c
and
Vo(t,1,7) = V(t,1,7)
=E; [U(—ct —cS2+ g(Z>))]

a—yc ) B—~c?

—eret—9(1) , _a B for « > e and 8 > e,
— o0, otherwise

for every n > 2.

Proposition 6.5 (properties of value functions)

(a) By definition we get

V(t,z,T)

V(t,z) forallt>0,xz€S,7€X,,
Valt,z,7) <V,

<
<Vu(t,x) forallt >0,z €S 1€, neN.

(b) Using the reasoning in Remark 5.4 and the alternative formulation (5.3) of the
n—step stopping problem (5.1), the n—step value function V,, can be expressed as

Vo(t,x) = sup E, [U(—ct — et + g(X;))] (6.6)

TE n,x
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(c) An immediate consequence of (6.1) is
Vo(t,z) < V(t,x) foralln e Nyt >0,2€S8. (6.7)

Any n—step value function V,, is always dominated by the value function V. Thus,
the optimal expected utility derived from the n—step stopping problem (5.2) is
always smaller than the optimal expected utility derived from the stopping problem
(5.1). This is intuitively clear, since the n—step stopping problem (5.2) terminates
at the latest after n changes of the state of the Markov chain and does not permit
the possibility to observe the system indefinitely.

(d) The monotonicity (3.28) of the set of feasible stopping times
Yz CYpt1, foralln e Ny

coupled with the alternative representation (6.6) for the n—step value function
yields the monotonicity property

Va(t,z) < Vyuq(t,x)  forallnm € No,t > 0,2 € S. (6.8)

Remark 6.6 (no monotonicity of value functions for fixed stopping times)

The monotonicity property (6.8) is generally not valid a fixed stopping time 7 € ¥, as
the following example illustrates:

Consider the situation in Example 6.4, where we were able to explicitly calculate the
n—step value functions for the stopping time 7 = Sy € . The 1-step and 2-step value
functions are given by

—evet=g(1) | < for = 0 and a > ¢,
ye
Vi(t,z,7) = { —eret=1900) . Bfw’ for x =1 and § > ~c,
—00, otherwise
—eret=g(@) . _a_ . B for o > ~ve and 8 > e,
Vo(t, @, 7) = a=e B ., .
— 00, otherwise.

It is immediately evident that for «, 5,7 > 0 such that « > y¢ > §,t > 0 and x = 0 we
get

Vi(t,0,7) = —eret=r9(D) > —o0 = Va(t,0, 7).

a— e

But even by excluding the cases of infinitely negative value functions the monotonicity
property (6.8) could be violated:
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Let now t > 0, z = 0 and «, 8,7 > 0 such that a > yc and 8 > ~vc. We get
Vi(t,0,7) > Va(t,0,7)

— _ eret=9(1) > —evet=79(0) | @ . p
a —yc a—vyc B—nc
e 19 ~ c=79(0) _B

p—nc

In <B—B'yc>

-

In <6—ch) |

Y

—yg(1) —g(0) >

—g(1) > g(0) -

Vi(t,0,7) sybmolizes the expected utility an investor gains by applying stopping time
T = Sy, if he is forced to stop before 7, namely immediately after the first jump of X
from state Xy = 0 into state 1. The reward which influences this expected utility is
g(1). One can just as well interpret V;(t,0,7) as the expected utility an investor gains
by applying stopping time S deliberately, since V;(¢,0,S3) = V(¢,0,.51) holds. On the
other hand, we compare this value with V5(t, 0, S3) = V'(¢,0, S3), the expected utility an
investor gains by applying 7 = Ss. The inequality above states that the decision whether
to stop after the first change of state or after the second (given that the initial value was
x = 0), depends on the exact reward values ¢g(0) and ¢(1) the investor could gain. If g(1)
is greater than ¢(0) (minus some correction term dependent on the model data 3,y and
¢), then there is no incentive to wait for the second jump of the Markov chain back into
state 0.

Proposition 6.7 (relation between value functions and n—step value functions, inter-
changeability of limits)

(a) For every t > 0, 2z € S and 7 € ¥ the inequality

V(t,z,7) < liminf V,,(t, 2, 7) (6.9)

n—o0

holds.
(b) For every t > 0 and x € S, the limit

Voo(t,z) := lim V,(¢t,x) = lim sup E, [U (—ct —c(7 A S,) + 9(Xrns,))] (6.10)
n—oo

n—oo TGEm
exists.

(c¢) The limit and the supremum in (6.10) are interchangeable and yield

Vo(t,z) = lim V,(t,x2) = V (t, ). (6.11)

n—oo
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Proof of Proposition 6.7

60

(a) Let t >0 and x € S, 7 € . The desired inequality

V(t,z,7) < liminf V, (¢, z, 7).

n—oo
is just a reformulation of Assumption 5.8.

For every t > 0 and z € S, (V,,(t, Z))nen, Is an increasing sequence, dominated by
V(t,z) < oo (according to (6.8) and (6.7) in Proposition 6.5). Hence, the limit
lim,, o V5, (¢, ) exists.

Let n € Ng, t > 0 and x € S be fixed. Using the alternative representation
Equation (6.6) of n—step value functions in Proposition 6.5 and the monotonicity
property >, , C X, in Lemma 3.20, we get

Vo(t,z) = sup B, [U (—ct — c(t ASy,) + 9(Xrps,))]

TEY L

= sup E, [U (—Ct —cT+ Q(XT))]

TE€EYn 2

< sup E, [U (—ct — e + g(X;))]

TE g
=V(t,z)
and thus
Voo (t,x) = lim V,(t,z) < V(t, z).

n—0o0

On the other hand we know that
Vol(t,z) > Vi, (t,z,T)
for every 7 € ¥ and hence

(@)

Voo(t,z) = lim V,,(t,2) = iminf V, (¢, z) > liminf V,,(t,z,7) > V (¢, 2, T)

n—o0 n—oo n—o0

for every 7 € ¥,. This leads to

Vielt,2) = sup V(t,a,7) = V(t,x)

TEEZ

and ultimately
Vo (t,x) =V (t, ).



6.2 Value Functions for Exponential Utility Functions

Remark 6.8 (finiteness of optimal stopping times)

As mentioned in Remark 5.2 (e), the supremum of the value function V (¢, z,7) over all
T € ¥, does neither have to be a real maximum nor does it have to be attained by a
P,—almost surely finite stopping time.

On the other hand, the case for n—step value functions is a different one. We will show
that for every non-finite (F;¥);>o—stopping time for which the supremum in V,, (¢, x) is
attained at, there exists another (F;X);>¢—stopping time which is P,—almost surely finite
and yields the same value as the supremum. To this end, let n € Ng, ¢ >0, x € S and 7
be a (possibly infinite) (F;X);>o-stopping time such that

Vot z,7) = V,(t, ).
Since
Vo(t,z,7) = E, [U (—ct — (1 ASp) + 9(Xops,))]

utilizes the term 7 := 7 A S,, € X, ;, we can replace 7 by 7 knowing that 7 A S,, =T A S,
and thus
Volt,x, 7) = Vo(t,x, 7) = Vi (t, x).

Because 7 € %, is a P,—almost surely finite (F;*);>o—stopping time, the assertion is
shown.

6.2 Value Functions for Exponential Utility Functions

We will now consider value functions for the special choice of exponential utility as utility
function. Again, we suppose that the underlying utility function U is given by

U:R—=R, Ux):=—-e""
for some vy > 0.

We can easily see that for given ¢t > 0, z € S and 7 € ¥, the value functions V (¢, z, T)
and V' (¢, x) are given by

Vit,7) = B [ - eoteemute] g, | - et

and
V(t,z) = sup E, [ — e‘”t*c”’”g(XT)] = e sup E, [ — eCVT’“’g(XT)]
TEY, TEY,
Due to the multiplicative structure of U, the cost term —ct can be isolated from the
remaining parameters, the expectation and even the supremum operator. Looking at the
value function V' (¢, x), we can see that in this particular case the time parameter ¢ > 0
does not have any influence on the optimization over feasible stopping times. Thus we
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can suspect that the solution of this optimization (if existent) has to be independent of ¢.
As an obvious consequence we can reduce the value functions to

V(z,7):=E, [ - emw(xﬂ] (6.12)

and .
V(x) := sup E, [ - ecVT_W(XT)]. (6.13)

TGEI

Note that in oder to get the original value functions, we need the relations
V(t,z,7) = eV (x,7) and V(t,x) ="V (z). (6.14)
Analogously to the case of unrestricted value functions we can also simplify the n—step

value functions V,,(¢t,z,7) and V,,(t,x) for every n € Ny, t > 0, x € S and 7 € ¥, by
defining

f/n(:L 7_) — Ea: [ o ec'y(T/\Sn)—W!](XT/\Sn)} 7 (615)
respectively
Vn(x) = sup I, [ — eC”’(TAS")’W(XTAS")} (6.16)
TEY
and noting the relation
Vi(t,z,7) = e Vy(z,7) and  V,(t,z) = eV, (). (6.17)

As we have seen, the choice of exponential utility leads to a reduced value function in
the sense that the optimization over all feasible stopping times 7 € >, does not depend
on the time parameter any more. The maximal expected utility gained by optimally
terminating the stopping problem thus only depend on the initial value z € S of the
underlying continuous-time Markov chain. This independence from the time parameter
t > 0 is one of the main reasons why exponential utility is so popular for a lot of
different optimization problems and especially stopping problems. Also note that only by
neglecting an evaluation of the given reward under any utility function, which would be
equivalent to taking U to be the identity, would allow us to get a similar situation where
the optimization over all feasible stopping times is independent of the time parameter.
But this mapping U would not fulfill the conditions of strict monotonicity and strict
concavity as we required in Definition 4.1 and is therefore not a feasible utility function.
Hence the exponential utility is the only classical utility function which exhibits such a

property.
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7 Discrete-Time Approach for the
Generalized Risk-Sensitive Stopping
Problem for Continuous-Time
Markov Chains

7.1 Introduction

This chapter forms the main part of this thesis. Here, we want to establish a discrete-time
approach in order to tackle the unrestricted stopping problem (5.1), respectively its
corresponding unrestricted value function from Definition 6.1. To this end we want to
utilize the n—step stopping problems introduced in (5.2), respectively their corresponding
n—step value functions from Definition 6.2. We will proceed in several steps:

In section 7.2, we address to n—step value functions for a given stopping time 7 € ¥, and
initial value x € S. We will be able to establish the so-called reward iteration formula,
which will allow for an recursive approach to solve an n—step value function V,,(¢, z, T)
forn € Ny, t > 0, z € S and 7 € ¥, by applying the knowledge about the preceding
(n — 1)—step value function for the given 7 € ¥,. Section 7.3 will compare the case of
general utility with the case of exponential utility.

In section 7.4 we will omit the need of a fixed stopping time 7 € Y, for initial value x € S.
This will also lead to an iteration type equation, the so-called Bellman equation. This
makes it possible for n € N, £ > 0 and = € S to recursively calculate every n—step value
function V,,(¢, ) from the previous one, without having to fix a particular stopping time.
Furthermore we will see that calculating one step of this Bellman equation will involve
the solving of a deterministic one-dimensional optimization problem. This solution on
the other hand will yield a mapping which fulfills the requirements of Theorem 3.9.
Solving n steps of this Bellman equation will therefore yield a piecewise description of an
(F ’X)tzo—stopping time. As it turns out, this stopping time will be the solution to the
n—step stopping problem and the corresponding n—step value function. As we already
know from Proposition 6.7, knowing the sequence of n—step value functions allows for
an arbitrarily good approximation of the unrestricted one. This legitimates the name
discrete-time approach of this chapter, as we can interpret V (¢, ) to be the limit of a
discrete sequence of functions, which can be attained in an interative way. Following this,
section 7.5 will again treat the special case of exponential utility.
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In section 7.6 we will transform the aforementioned Bellman equation into a fixed-point
equation. Instead of calculating every n—step value function recursively and considering
the limit of these functions to gain the unrestricted value function, we will show that
this value function can also be obtained as a solution to the fixed-point equation. Again,
solving this equation will require to solve a deterministic optimization problem. This
solution will provide us with a mapping which can be used to construct an (FX);>o—
stopping time using Proposition 3.15. This yields a candidate for the optimal stopping
time for the unrestricted stopping problem. We will see in section 7.7, that under certain
conditions this candidate is indeed optimal and thus provides us with the solution to the
generalized risk-sensitive stopping problem for continuous-time Markov chains. Finalizing
this chapter, section 7.8 will discuss the particular choice of exponential utility. We will
see that the fixed-point equation from the previous section will simplify in the sense
that the corresponding deterministic optimization problem degenerates to the problem of
choosing the greater of two values. The optimal stopping time for this specific utility
function will only be able to stop at the jump times of the underlying Markov chain. More
precisely, at every jump time, the optimal stopping time will either stop immediately
after attaining the new state or will never stop as long as the Markov chain remains in
this state.

7.2 Reward lteration

In the previous chapter the concept of value functions and n—step value functions was
introduced and their meaning in context of the stopping problems (5.1) and (5.2) was
discussed. Furthermore a lot of connections between the various kinds of value functions
were established. In particular, Proposition 6.7 stated the convergence

Valt,x) = V(t,x) asn— o0

for every t > 0 and = € S. Additionally, the O—step value function can always be trivially
calculated by
Volt, x) = U(=ct + g(x))

for every t > 0 and = € S, as shown in Remark 6.3 (c).

Thus, a feasible approach for obtaining the value function V' (¢, z) would be to calculate all
n—step value functions V,,(¢, x) and use them to gain V (¢, z) as the corresponding limit for
n — 0o. And in order to gain the n—step value functions V,,(¢, x), we could try to calculate
Va(t, z, 7) for every given 7 € ¥,. A possible course of action would be the attempt to
establish a recursive formula in order to calculate the desired functions iteratively. We
will show that this idea is viable and formulate such a formula, the so-called reward
iteration. To this end we will excessively utilize the special structure of feasible IP,—almost
surely finite stopping times in 3, by using the characterization of (F/);>¢—stopping
times given in section 3.2. As a remainder, Proposition 3.15 stated that for every x € S
a mapping 7: Q — [0, o] such that P,(7 < oo) = 1 is an (F;X);>¢-stopping time, if and
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only if it has the decomposition

T = TOI{T<51} + Z Tk]l{sk§7<gk+l} P,—a.s.
k=1

or in short

T=(1,7,7°,...),

respectively
T = (h07 hi, ha, ... )7

where for every k € Nj:
(1) Tk Z Sk,

(ii) 7" is an (F;"™);>0-stopping time,

(iii) There exists a measurable mapping hy: [0, 00)* x S¥+1 — [0, o0], such that hy > 0
and

Tk:hk<81,...,5k,Zo,Zl,...,Zk)—|—Sk.

An important fact to be reminded of, as stated in Remark 3.12 (b), is that for x € S and
every P,—almost surely finite (F;X);>¢—stopping time 7 the corresponding stopping rule
70 is characterized by

7'0 = ho(Zo) = ho([L‘)

for a measurable mapping hy: S — [0, 00] and is thus deterministically given.

In order to establish the desired reward iteration formula for n—step value functions as
mentioned above, we will need a new concept of shifted stopping times, which will be
introduced in the following definition. The basic underlying idea will be for ¢ > 0 and a
non-absorbing state € S to look at an n—step value function V,,(¢, z, 7) for an arbitrary
T € Y, and at the corresponding expected utility an investor would gain by utilizing
this particular stopping time. Now fix such a 7 = (79, 7!,...) € 3, and suppose that
the investor decides not to stop before the first jump time S; of the Markov chain X
and resolves to ignore 7 (and thus in particular 7°) until this first jump time. After
the jump however, he wants to behave according to 7 (using the remaining stopping
rules 71,72, ... ). This situation can be interpreted as restarting the Markov chain after
S1 anew. Under this condition of not stopping before the first jump, the investor will
then know at which concrete time S; = s > 0 this first jump occured and into which
state the Markov chain changed after the jump from the initial state . This state
will mark the new initial state j € S\{z} of the Markov chain after the “restart”. The
remaining stopping rules will then form a new stopping time — the shifted stopping time —
conditioned on the informations the investor gained up to time s. This shall be defined
rigoroulsy in the subsequent definitions.
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

Definition 7.1 (restarted continuous-time Markov chain)

Let X be a continuous-time Markov chain with jump times (S, )nen,, embedded Markov
chain (Z,)nen, and initial value Xo =z € S.

(a) Suppose that the time S; of the first jump of X as well as the state Z; of the
Markov chain after the jump are known:

Si=s>0 and Z;=j€8.
Then we define the restarted Markov chain (X;)i>o by

X, = Xgyy forallt>0 and X=X, = j. (7.1)

(b) Define the sequence of shifted jump times (Sn)nENo of (Sn)nen,, respectively the
shifted embedded Markov chain (Z,)nen, Of (Zn)nen, by

Sp:=Spy1, respectively (7.2)
Zn = Lnt1- (73)

Note that by Assumption 2.18, we defined the restarted Markov chain only for initial
values x € S such that ¢, > 0. In other words, these states x are not absorbing. In
this case we can expect the next jump to occur in a finite time interval. A definition of
restarted Markov chains for absorbing initial states are not meaningful, as the Markov
chain never leaves such states.

Lemma 7.2 (properties of restarted Markov chains)

(a) Since we restricted ourselves to the case of homogeneous continuous-time Markov
chains we can conclude (cf. Definition 2.1) that for every s > 0, n € N, h > 0, each
0<ty<t;<...<t,and every xg, ..., Ty, Tys1 € 5, such that

P (X = 0<k<n) >0,
the Markov property (2.1)

P (Xutn = 2nn| Xy, =2, 0 Sk <) =
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holds. Thus, the restarted Markov chain X is indeed a homogeneous continuous-time
Markov chain and possesses (up to a different initial value) the same distribution
as X.

(b) Let n € No, s > 0, z € S such that ¢, > 0 and j € S\{z}. Using the restarting
result above we then get

]P)a:(gn < t|Sl = S7XS1 = ]) - ]PJ.T(S'H,—FI < t|Sl = S7X51 - ])
= Pu(Sps1 <tS) =5, X, = J)
= Py (Spsr < 51 = 5, Xo = §)
=P(S, + s <t|Xo =)
=P;(S, +s<t)
and thus
N - D
Sn |5’0:s,20:j = S” |S1=5,Z1=3 - Sn + o |ZO:j' <74)

(c) Similarly, for each n € Ny, x € S such that ¢, > 0, j € S\{j} and | € S we get

P(Zn =120 = §) = Po(Znia = 1|21 = )
=P(Zn1 = 1|21 = j)
=P(Z, =1|Z = j)
=P;(Z,=1)

and thus

T \ymi = Zn | 21— = Zn | 20— (7.5)
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

Definition 7.3 (shifted stopping times)
Letz €S, s>0and 7= (77,72 ...) = (ho, h1, ha, ...) € X such that
Tk = hk(Sl,...,Sk,.%',Zl,...,Zk)—|—Sk.

Then define the shifted stopping time ?m of 7 by

—

Tow = (F%,75,72,...) = (ho, ha, o, .. ), (7.6)
where
i [0,00)F x S5+ [0, 00),
Pi(S,; 81,88 20,21 - -+ 3k) i= hi1(8, 81, . . ., 8k, T, 50, 21y - -+, Bk) (7.7)
and
7k = ﬁk(s,:ﬂ; Sty sSk, 20, 2y, ... Z) + Sk — s (7.8)
= higa(s, 81, ..., S, @, Zo, Za, . .., Zi) + Sy — s
= hgt1(8, 52, -+, Ska1, 2, 21, Z2y -+ s Zy1) + Ske1 — S (7.9)

for every k € Nj.

Proposition 7.4 (shifted stopping times are well-defined)
Let s >0,z €85, 7€ S\{z} and 7 € ¥,. Assume again that

Si=s and Z;=j.

Then the shifted stopping time ?s,x of 7 is a P;—almost surely finite stopping time with
respect to the natural filtration of the restarted Markov chain (X;);>¢ as introduced in
Definition 7.1, equation (7.1).

Remark 7.5 (interpretation of shifted stopping times)

Note that the mappings hy, defined in (7.7) are again non-negative and that the shifted
stopping rules 7% defined in (7.8) yield 7% > S),; — s for every k € Ny. Assuming that
the first jump time of a Markov chain X occurs at S; = s > 0 we get 7 > 0 and
7k > 8,1 — S for every k € N.

Thus, under the assumption that X changes its state for the first time at S; = s > 0
from Zy = x € S, such that ¢, > 0, into Z; = j € S\{z} and under the condition that

a stopping time 7 € X, did not stop before this first jump occured, 7,, denotes the
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stopping time which behaves exactly like 7, beginning after the first jump time S; = s
and knowing that Z; = j.

This makes it possible to observe a stopping time and to “restart” it in the sense above,
if it didn’t stop until the first change of state of the underlying Markov chain X.

Also note that the concept of shifted stopping times was defined for x € S such that
¢ > 0, according to Assumption 2.18. Analogously to the definition of restarted Markov
chains we can guarantee that the shift occurs at a P,—almost surely finite time S;.

Lemma 7.6 (properties of shifted stopping times)

Let z € S, j € S\{z}, 7 € ¥,, s>0and n € Ny. Assume that S; = s, Z; = j and that
7 did not stop before S;. Then the following statements about shifted stopping times
can be made:

(a) According to (7.9) we get
7~'k + s = hk+1(8, SQ, RN Sk—i—la x, Zl, Zg, RN Zk—i—l) + Sk—i—l = Tk+|1.5'1:s'

As a consequence and as stated in Remark 7.5 about the interpretation of shifted
stopping times, such a ?sz represents the stopping time 7 itself (“restarted” after
the first jump time) under the additional condition that this first jump time and
the subsequent state of the Markov chain are known and 7 did not stop before this
change occured. This event can be characterized by the set {S; < 7} = {S; < 7°}
and leads to

P, <T sy <r0y <t ( Sy =5, 7 = j) — P, ((?w +5) Lgery < t) (7.10)
for all t > 0.
(b) Combining (7.4) with (7.10) immediately yields

Px<(7' /\ Sn+1) . ]].{SISTO} S t ‘ Sl — 8, Zl — j)

Pj((?s,m A Sn+8) Lsgroy < t) (7.11)
for all t > 0.

(c) Using the right-continuity of X and the definition of the restarted Markov chain X
with X; = X for S} = s and every ¢t > 0 leads for all y € R to

P;

J

g (T s,2ASn) +s) H{SSTO} - y)

]P)] (g Ts I/\Sn ]]-{SSTO} - y)

P;(9(X,n,) Loy = ¥). (7.12)

J
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Now we gathered the necessary tools to formulate the reward iteration formula mentioned
at the beginning of this section, whose proof and interpretation will utilize the above-
mentioned restarting techniques.

Theorem 7.7 (reward iteration)
Let x € S, t >0 and 7 € X,. Then the following reward iteration formula holds:
70
Vosi(t,z,7) = U(—ct—cr’+g(z)) -e_qﬂo—l—/ e ° quj-vn(t+s,j, Tsz) ds (7.13)
0 j€S,
i#a
for every n € Ny, where the initial value function V4 is given by

Vot,z,7) =U(—ct + g(x)). (7.14)

Remark 7.8 (interpretation of Theorem 7.7)

Theorem 7.7 states that every consecutive n—step value function for given z € S, ¢t > 0
and stopping time 7 € X, can be calculated using its predecessor in an appropriate
way. Clearly, the O—step value function corresponds to the case of immediate stopping,
independent of the choice of the stopping time. The 0—step value function thus coincides
with the utility gained by receiving a reward g(x) based on the initial value of the
underlying Markov chain and paying the inevitable costs —ct.

The two summands in the reward iteration formula itself, on the other hand, can be
interpreted based on the observation whether the considered stopping time 7 does stop
before the first jump time S; of the Markov chain or not. This will also be the main idea
in the proof of this theorem.

The first summand contributes to the value function V. (¢, z, 7) for stopping time 7 with
the utility an investor would gain, if the corresponding stopping problem stops before
the first change of state of the underlying Markov chain, weighted by the probability
of this event to happen. This event to occur means for the stopping time 7 to behave
according to the stopping rule 7%, which is a deterministic stopping time in the sense
that it only depends on the initial value of the Markov chain by a suitable mapping hg
such that 70 = hy(x).

The second summand contributes to V,,11(t, z, 7) with the expected utility the investor
would gain, conditioned on the event that the corresponding stopping problem does
not terminate before the first jump time of the Markov chain. The following auxiliary
lemma will show that this expectation is given in terms of the integral expression of
the reward iteration formula. This integral requires the preceding n—step value function
V,., evaluated for the corresponding shifted stopping time ?m of 7 for an appropriate
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choice s > 0. This originates from the idea that conditioned on the knowledge that 7
did not stop before the first jump time 57, the underlying Markov chain and the whole
stopping problem can be restarted after S;. Since 7 did not stop beforehand, the actual
jump time as well as the new state of the Markov chain can be observed. Knowing this,
the stopping problem can be continued after the reset by applying ?W, which exactly
represents 7 under this additional information, given that the jump time S; = s is known.
Since the (n + 1)-step value function V,, 41 (¢, x,7) corresponds to a stopping problem
which allows at the most for n + 1 jumps of the Markov chain, restarting the stopping
problem exactly after the first jump results in at most n remaining jumps that still can
be considered. Thus after restarting, the shifted stopping time has to be applied for an
appropriate n—step value function V,,, where the term “appropriate” refers to the right
choice of applied time and state for V,,. The integral and sum enveloping this n—step
value function accommodate for these (weighted) choices of time and state, depending
on the actual time at which the first change of state occured and which successive state
the Markov chain took after the initial value x.

Now as stated in the remark above we will formulate the following auxiliary lemma in
order to prove Theorem 7.7:

Lemma 7.9

Let x € S,t >0, 7 €3, and n € Ny. Then the following statement holds:

7.O
E, [U (—ct —c(T A Spy1) + g(XT,\SnH)) 11{5190}] = / e =8 Z Quj Vo (t+5, 7, Ts2) ds.
0 =
T
(7.15)

Proof of Lemma 7.9
Let z € S, 7 € ¥, and n € Ny and recall decomposition (3.18)

T = TO:H_{T<51} + ZTk]l{Sk§7'<Sk+l} ]P)z*a.s.
k=1

As stated in Remark 3.12 (b), the stopping rule 7° = ho(Zy) = ho(x) is deterministically
given by the initial value x of the Markov chain X. Furthermore, up to the first jump time
Sy of the Markov chain the stopping time 7 is fully characterized by this deterministic
stopping rule 7° and thus

{T < Sl} = {TO < Sl}

Conditioned on the set {S; < 7°} = {S; < 7} we know that the stopping time 7 will
never trigger before Si, guaranteeing at least one change of state of the underlying
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

Markov chain before 7 stops. The probability for this event to happen is given by
P,(S; <7) =P, (S <7% =1—exp(—q,-7°),
since S7 ~ Fxp(q,) according to Theorem 2.16.

Assume now that X changes its state for the first time at S; = s for some s > 0 from
Zy = x into Z; = j for some j € S\{z} and assume additionally that 7 does not stop
before this first jump time. Appying Lemma 7.6 then leads to

Si=s, 2= |

E, |:U< —ct — C(T A Sn+1> +9 (X'r/\Sn+1) )]].{SlSTO}
=E; [U( —ct — c(?s,;E ANS,+8)+g (Xa.IASn) >]]'{SSTO}]

=E; [U( —c(t+5)—c(Tsa ASp)+yg (X?S’Msn) )} Lys<r0y.

Remembering the joint density of S; and Z;

' exp(—¢y - 8) - qrj, if 2 # jand s >0,
fsl,zl(s,J\Xo:x):{O P(—Ga - 5) - Qo £

, otherwise

as given in Corollary 2.20 (c) finally leads to

IE, [U (—ct — (T A Spg1) + 9(Xrns,)) 1{51§TO}:|

=, [Ex [U( —ct—c(TANSpi1)+yg (XT/\sn+1) >]].{51§TO} S1, Zl”

- / D e - g, s20)

© jes

-, [U( —ct—c(TANSpi1)+g (XTAan) >1{s1§70}

— / o~ UxS § Guj - _U< —c(t+s) — c(?s,x ASp)+g (X?”/\Sn) ) Lis<s0y ds
0 ies ] ’ ]
j#x

70 - T
= / e =3 Z Qzj Ej U( — C(t + 3) - C(TS,:E A Sn) + g (X?S 1/\571) > ds
0 I8, ] | -
j#x

S1=s, lej} ds

TO
B / e Z Qzj - V”(t +,7, 7—5,3:) ds
0 jES,
i

and thus concludes the proof. O]
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7.2 Reward Iteration

We are now able to prove Theorem 7.7 rigorously, justifying the interpretation given in
Remark 7.8.

Proof of Theorem 7.7
Let z € S, t >0, 7 € ¥, and n € Ny. The initial equation for the 0—step value function
stated in Theorem 7.7 are simply given by equation (6.4) from Remark 6.3 (c):

Vo(t,z,7) =U(—ct + g(x)).
As for the reward iteration formula itself, we will use the following reasoning:

The event that 7 doesn’t stop before the first jump of the underlying Markov chain is
given by
{Sl >T}:{Sl >7'0}

for the deterministic stopping rule 7° of 7. The probability for this event to happen is
given by
P.(S1 > 7) = P.(S1 > 7°) = exp(—q, - 7°),

since S; ~ Exp(q,) according to Theorem 2.16 and 7° being deterministic. Consequen-
tially the event of 7 stopping before the first jump time S is

{Sl S T} = {Sl S TO}.

The main idea to prove the desired reward iteration formula is to differentiate between
these two events and to decide whether the stopping time did stop before S; or not. If 7
did stop before S7, the underlying Markov chain never changed its state and still remains
in its initial state . On the other hand, if 7 did not stop before Sy, at least one change of
state occured, enabling us to restart the Markov chain and to consider the corresponding
shifted stopping time ?Sw after S7. This leads to the following calculation, allowing the
application of Lemma 7.9:

Vo (t,z,m) = E, [U (—ct — (TN Spy1) + g(XT/\SnH))}

= E, [U (—ct —c(T A Spy1) + g(XT/\SnH)) . 1{51>T}]
+ B, [U (=t — (T A Sut) + 9(Xrnss) - Lisizny]
= B, [U(—ct — e+ g(Xr0)) - Lig,r0y]
+ E, [U (=ct — e(T A Snir) + 9(Xrps,11)) - Lisi<roy]
= E, [U (—ct — e’ + g(Xo)) : ]1{51>70}}
0

e S g Valt s ) d
0 J€s,
e

= U(-ct—cr’+g(x) P, (S >1°)
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/ eq”Squ (E+ 5,7, Tsa) ds

JES,
jF

= U (—ct — 7’ + g(2)) - e %’

/ e qzszqﬂ W (t+ s, j,Tsx) ds.

JjEeSs,
J#

This shows (7.13) and thus finalizes the proof. O

7.3 Reward Iteration for Exponential Utility Functions

We will now consider value functions for the special choice of exponential utility as utility
function. Again, we suppose that the underlying utility function U is given by

U:R—=R, Ux):=—e""
for some v > 0.

As seen in section 6.2 of chapter 6, we can reduce the n—step value functions V,,(¢, x, 7) for
every n €t > 0, x € s by ommiting the time parameter ¢ and consider the new reduced
n-step value functions V,,(x,7) given in (6.15), which does not depend on time ¢ anymore.
The connection between V,(t,z,7) and V(z,7) is given by (6.17):

Valt,z,7) = e”tf/n(x,T).

This allows us to paraphrase Theorem 7.7 for this special choice of exponential utility:

Corollary 7.10 (reward iteration for exponential utility functions)

Let x € S and 7 € ¥,. Then the following reward iteration formula holds:

Vol ), :_e<cv—qm>fo_wg(x)+/ @20 5™ g Vol Toa) ds (7.16)

JES,
JFT

for every n € Ny, where the initial value function Vj is given by

Vo(z,7) = —e 190, (7.17)

Proof of Corollary 7.10
Let t > 0, x € S and 7 € X,. The initial O-step value function V(t,x,7) is in case of
exponential utility given by

Volt,z,7) = _ent9(@) — _ omv9(@) | pert
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Applying (6.17) therefore yields

Vo(z, ) = —e (@),

For the reward iteration formula (7.16) itself, we get for every n € Ny by applying the
original Theorem 7.7 and (6.17):

Vn+1(~r77—)
= €_c'yt . Vn—i—l(t? X, T)
:e_wt-U<_Ct—CTO+9($))-6_% - / c qzsqu]_ t+3]”r”) ds
JES,
j7z
= —ecwO cem T / ¢ qzsij c'ys'~ JaTsx)d
jJES,
JFx
- e(C’Y_(Iac)TO—'Yg( ) /T C’y qw qu] j’ TS CB) dS'
JES,
jFT
L]

7.4 The Bellman Equation and Optimal Stopping Times
for the n—Step Stopping Problem

Definition 7.11

Let x € S, d € R and ¢ > 0. Then we can recursively define the sequence (Tén)(x)>
n€Np
by

9(j)+d g(v)+d

T ‘= mi inf 1
; (z) == min jE}S‘I\l{x}, o . and (7.18)
qz5>0
+d
T (x) ;== min { inf T" V), 9(z) +d , neN. 7.19
{0 =min) nf, 776), 2] 7.19)
dzj

Note that the reward function g is by definition lower bounded. Thus the infima in (7.18)
and (7.19) exist.
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Lemma 7.12

Let x € S, d € R and ¢ > 0. Then the the sequence (T CE")(:E)) can be expressed

n€ENg
explicitly using n—step transition probabilities given in Definition 2.17:

9(j) +d

(n) ,
T = f eN 7.20
@ (¥) jejfinz) c " 0 ( )
where

A () = {j € S‘ ke {0,1,...,n+1}: p¥ > o}. (7.21)

Proof of Lemma 7.12

Let z € S, d € R and ¢ > 0. We will show Lemma 7.12 by induction. For n = 0 we

note that since ¢, # 0, we get py, = p = 0. On the other hand, for j € S\{x}, the
1

inequality ¢,; > 0 is equivalent to p,; = p,/ > 0. Additionally, the O-step transition

probability from x to j € S is given by pg;-) = 0. This leads to

)+ d d
TO@) = mind  inf 9G) +d g(z) +

jeS\{z}, C C
sz>0
d )+ d
= min ¢ inf —g(j) + , inf —g(j) +
jES, c j€S, c
pgclj)>0 pg)>0
1)+ d
oy U+
JES, c
pa(v(;-)>0 or pa(vlj)>0
_ g 90)+d
jeAO () ¢
Now for the induction step, suppose that
9(j) +d

T () =  inf
d () JEAM) () c

for some arbitrary but fixed n € Ny. Additionally note that for the n—step transition
probabilities of the embedded Markov chain, the discrete-time version of the Chapman-
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Kolmogorov equation holds and yields for every z,l € S and k € Ny:

(k+1) (k)
Dy = = prjpjl

jeS
(k)
= D PPy
jes\{z}
(k
- Z pw‘pﬂ)-
jes\{z},

k
pzj>0:p§'l)>0

(k+1)

As a consequence we get p,,

> 0, if and only if there exists a state 7 € S\{x} such
that p,j-o and py;) > (. This leads together with the induction hypothesis to

inf T™(;
jes\fay, ¢ ()
qzj>0

= inf inf gl) +d

jesS\{z}, 1eAM)(j) c
Pzj >0

)+d

= inf inf 9() +
jeS\{z}, les, c
pz; >0  3ke{0,1,..,n+1}

s.t. p§];)>0

= inf —g(l) +d

les, C
3ke{0,1,...,n+1}
k1) 50

s.t. Doy
. g(l)+d
= inf 0 :
les, &
Jke{1,...,n+2}
s.t. p(ﬁ)>0

Furthermore due to pg) = 0., we have again

o) +d gl d
c l€S, c
pi(z)>0
Therefore we get
+d
7" () = min inf 7 (; ,&
) int TG), B
Gz >0

7
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l)+d i)+ d
= min inf 9() + , inf M
l€S, c {Oe)s c
Jke{l,...,n+2 :
e 70
l)+d
_ o 9O +d
= c
Jke{0,1,...,n+2}
s.t. pgj)>0
) +d
= inf g(h) + )
ZEA("+1>(x) C
This concludes the induction step and thus finalizes the proof. O]

Lemma 7.13

Let n € Ng, t > 0 and x € S. Then it holds:
(a) The mapping my+,: [0,00) = R U {—o0}, defined by

9
Myt (V) 1= U( —ct—c+ g(;c)) LotV / oS Z Qo - Vo(t+5,7) ds (7.22)
0 j€s,
J#T

is bounded from above by a constant, which only depends on x.

(b) Suppose that the associated utility function U is a classical utility function on the
whole real line and does not take the value —oo. Then it holds:

(i) If the mapping t — V,,(t,j) is measurable for every j € S, then m, ;. is
continuous and almost everywhere differentiable on [0, c0) such that

m, . (9) (7.23)

n,t,r

— (Zqzjvn(t +9,7) —cU' (—ct—cd+g(x)) — q.U(—ct — et +g(x)))

. 6_%079

almost everywhere. Note that t — Vy(t,j) = U(—ct + g(j)) is always measur-
able by definition of U.

(ii) Suppose that ¢ — V,,(t, j) is measurable for every j € S. Then the supremum

SUp My t2(V)
9>0

is either a maximum and is attained by a finite maximizer ¥}, or is an unattain-
able (finite) supremum, in which case the maximizer is set as 97 = oco.
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7.4 The Bellman Equation for the n—Step Stopping Problem

Furthermore, there exists a measurable mapping f*: [0,00) x S — [0, 00| such
that 97 = fr(t,x).

Moreover, the mapping

[0,00) = RU{—00}, > supmy.(0)
9>0

is measurable for every x € S.

(c) Suppose now that the associated utility function U is an extended utility function,
derived from a classical utility function with maximal domain of the form [—d, c0) C
R. Then it holds:

(i) For every t > 0 and = € S the mapping ¥ +— mg,,(¥) is continuous on
[0, TCEO) (j) —t], differentiable on [0, TCEO) (z) —t) and

oy {> 0 0 0.I0@) 1, (7.24)
0,t.x = —oc0, ifVe (Td(o)(x) —t, OO) |

On [O,TCEO)(:C) — t) the derivative mf,, is given by (7.23). In case that
t > Téo)(x) and thus [O,Téo)(x) — t} = (), the mapping ¥ — mg:.(9) is
constantly —oo.

(ii) Let ¢ > 0, x € S and n € N. If the mapping ¢t — V,,(t,j) is continuous on
[O,Tén_l)(j)] for every j € S and

Vot )4~ it e [0.7," V)], (7.25)
" = —o0, Iifte (Tagn_l)(j),oo) '

for every j € S, then ¥ — my,; (V) is continuous on [0, Tén) (z)], differentiable
on [O,Td(n)(x) —t) and

> 00, if¥e 0,7 ()1,

M 1.2(0) . [ ) () —1] (7.26)
= —o0, ifVYe (T;"(z) -t 00).

On [O,Td(")(x) — t) the derivative m/,, . is given by (7.23). In case that

t > Tén)(a:) and thus [O,Td(n)(:v) —t] = 0, the mapping ¥ — my,;.(9) is

constantly —oo.

(i) Let t > 0, x € S and n € Ny and let assumption (7.25) be fulfilled. We then
get
_ : (n)
> —o0, ifte€ [O,Td (x)},

= —o0, ifte (T (x),00). (7.27)

9>0

SUP My t0:(V) {
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(iv)

In case that T\" (z) < 0 and therefore [0, Td(”)(x)] = (), we get

(t,2) = sup my (V) = —o0.
9>0

Furthermore we get for every t € [0, Tén) (z)] that

SUP My ¢ (V) = max M .2 (7). (7.28)
9>0 9e 0,15 (2)—¢]

The supremum is always attained by a finite maximizer 9% € [0, Té”) ()],
which depends on the actual choice of z € S and ¢ € [0, Td(")(:c)]

Note that for ¢ > Td(") (x), Myt is constantly given by —oo. In this case every
¥ > 0 is a maximizer of supysg My (). We will choose the smallest one and
set U = 0.

Let z € S, n € Ny and let the assumption (7.25) of (ii) be fulfilled. Then the
mapping
[0,00) = RU{—00}, ¢ supmy.(9)
920

is continuous on [0, T (z)].

Furthermore, there exists a measurable mapping fr: [0,00) x S — R such
that 97 = fr(t,x).

If the maximizer ¥}, for supy=q mn1.(Y) is unique for ¢ € [0, Tén)(x)], then
t — f*(t,x) is even continuous.

Proof of Lemma 7.13

(a) For all n € Ny and ¢ > 0 the value function V,,(¢, z) is bounded from above by some
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constant M, depending only on z € S, as stated in Remark 6.3 (b). Hence, the
following calculation will show that m,,; , is also bounded from above in ¥, where
the upper bound only depends on the initial state x € S, but not on n € Ny or
t > 0. To this end, note that by Definition 6.2 there exists for every n € Ny, ¢ > 0,
x € S and € > 0 a stopping time 7° € X, such that

Va(t,z) < Vo (t,z,7°) + €.



7.4 The Bellman Equation for the n—Step Stopping Problem

Now let n € Np, ¢ > 0,z € 5, ¢ > 0 and € > 0. By setting 70 := ¥ and interpreting
7¢ as the shifted stopping time 7,, (cf. Definition 7.3) of some stopping time
T € X, such that

T = To:ﬂ.{T<51} + (7’E + 51)1{7251},

we thus can apply the reward iteration formula Equation (7.13) from Theorem 7.7
and hence conclude that

mn,t,x(ﬁ):U(—ct—cﬁ—i-g . 4=Y / eqstqm W(t+s,7) ds
jJES,
jFx

§U(—ct—c7'0—|—g( ceme T 4 /eq“”Squ< (t+s,7,7 )—I—e)ds
JiS
jFx

= Vop(t,z,7) + /e qstqm e ds

jJES,
Jj#z
< Mw+/ e 4* dSqu
JES,
Jj#z
1
= Mx + anj : (__> (e_qz.ﬁ — 1) - €
= e
J#x
= M, + Z i) (11— 6_%”9) €
JES, o
J#w

< M, +¢e < o0.

Since ¥ > 0 was arbitrary, we get the desired upper boundedness for 1, ,.
Let ¥ > 0 and define the mapping f: [0,9] — R,

_quSE Quj - Va(t +s,7).
JES,
i

We will now show the Lebesgue integrability of f on [0,4]. To this end we denote
the positive part of a function f by f* :=max{f,0} > 0 and the negative part by
[~ :=max{—f,0} > 0. Therefore it holds that

f=f"—f and [|fl=f"+f =f+2f"
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Using the monotonicity of the utility function U leads to
U(—ct—ci+g(x)) e* <U(g(z)) = B,
and thus
/ﬂf(s) ds < |M,| +|B,| =: Cp < 0
0
for all ¢ > 0.

Note that m,, . has not to be bounded from below. But since V,,(¢,z) > V,,(¢, z,0)
for the special stopping time 7 = 0, we can conclude that

Vit +8,3) > Vot +5,4,0) = U(—c(t+s) + g(5))

and thus
F(s) = e ™ g - U(—clt+5) + g(j)) = h(s)

JES,

it
holds for every s > 0. We do not know whether f is a continuous mapping or not,
but h on the other hand is continuous on [0, c0) and thus integrable on the compact
interval [0,9]. This leads to

/Oﬁ F(s) ds < /019 h(s) ds < oc.

In summary, we get

/Oﬂ\f(s)\ds:/oﬁf(s)ds+2/0ﬁf(s)ds<oo

and thus the Lebesgue integrability of f on [0, ¥].

(b) Let U be a classical utility function on the whole real line.

82

(i) By assumption, s — V,,(t + s,j) for j € S and thus s +— f(s) are measurable
mappings. Since f is Lebesgue integrable on [0, 9], the Lebesgue differentiation
theorem (cf. [Elstrodt, 1996, Theorem 4.14]) yields the absolute continuity

and thus the almost everywhere differentiability of ¥ — foﬂ f(s) ds such that
a v
— ds = f(19).
5 | £ as = r)

This yields together with the differentiability of the utility function U the
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continuity and almost everywhere differentiability of m,,;, and

M0 (0)

n,t,r

_ (% <U( —ct —cl +g(z)) - eqzﬁ) + f(9)

= —cU'(—ct—cI+g(x)) e —qU(—ct—cd+g(x)) e ®’

+ e gy Valt+ 0, )
JES,
T

— (qujvn(t +4,7) — cU'( —ct —cv +g(m)) — qu( —ct—ct+ g(x)))
_efqzﬁ

almost everywhere.

(ii) For every n € Ny, x € S and t > 0 we know that m,, ;. is an upper bounded
mapping on [0, c0) according to part (a). Hence, the supremum

SUp My, t2:(V)
9>0

exists and takes a finite value for every n € Nyo, x € S and t > 0. Since m,, 44
is continuous on [0, 00), we can differentiate between two possible cases:

e The supremum is attained within a compact interval. It is thus a maximum
and is attained at a finite value 0 < ¥; < co. Note that this maximum
does not have to be unique, but we can guarantee its existence.

e The supremum is not attained within a compact interval and can thus not
be attained by any finite argument. We set the corresponding maximizer
U7 = oo and say that the supremum is attained at infinity, extending the
positive real line to [0, oo].

In both cases this supremum depends explicitly on the choice of n € Ny, £ > 0
and z € S. Thus we can interpret the maximizer ¢}, as the function value of
some mapping [0,00) x S — [0, 00] such that (¢,x) — 7. To see that this
mapping can be chosen in a measurable way, we will distinguish between two
different situations:

Define the set

I:= {(t,x) € [0,00)x S| 39 € [0,00) such that supmy,+.(Jd) = mn,m(ﬁ;)}.

9>0
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84

I contains all pairs (t,z) € [0,00) x S such that the supremum

SUP Myt 0:(V)
9>0

is attained at a finite value 0 < 9} < oo. Then a measurable selection theorem
from [Brown & Purves, 1973, Corollary 1] yields that I is a measurable set
and that there exists a measurable mapping f*: [0,00) x S — [0, 00) such
that f*(t,x) = 0% for (t,x) € I and

SUP M. (0) = My (fr(t,2))  for all (¢, ) € 1.
9>0
Now denote the set of pairs (t,z) € [0,00) x S such that the supremum

SUP My t0(V)
9>0

is not attained by any finite argument by
I¢:= ([0,00) x S)\I

= {(t,x) € [0,00) x S’ P97 € [0,00) such that supmy, (V) = mntm(ﬂ;)}

9>0

Clearly the set I¢ is measurable, since I was also measurable. In this case of
the supremum being unattainable, we have set the corresponding maximizer
to vy = oo.

Define now the mapping fr: [0,00) x S — [0, 00| by
fr(t t I
falta) = Ik (o e
00, (t,x) € I°.
By construction we know that
(f0) " ({—oo}) =1I°

is a measurable set, yielding the measurability of f¥ on [0,00) x S. Moreover
we get fr(t,x) =97 for all £ > 0 and x € S and

SUP M t.2(V) = M. (fr(t,x)) forall (t,z) € I.
9>0

In particular, we get the measurability of

[0,00) = RU{—00}, t+> supmy.(V)
9>0

forall x € S.
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(c) Now assume that U is an extended utility function, derived from a classical utility
function with maximal domain of the form [—d, oc0) C R.

(i) Let t > 0 and = € S. Consider now

mO,t,z(ﬁ)

:U(—ct—019+g e Y /eqxszqw Vo(t +s,7) ds

JES,
Jj#z

:U(—ct—cﬁ—l—g €qz / eqzszqm —Ct—CS+g(j))d3-
PL(t2,9) A

=:P2(t,z,9)

Note that according to part (a), both terms P(¢,z,-) and P?(t,x,-) are
bounded from above by a constant only depending on x € S. We will now
first discuss for which parameters t > 0 and x € S we get mq, () = —oo for
all ¥ > 0. To this end we observe that

U(—ct+g(x)) = —c0 e —ct+g(z) < —d
glx) +d

Cc

St >

and since ¥ +— U(—ct — ¢ + g(z)) is a decreasing mapping, we get
U(—ct —cd + g(x)) = —o0, if and only if ¢ > M. Hence we know that

Now for P2, we know that for any ¥ > 0 the integral over the compact interval
[0,9] yields —oo, if and only if the integrand equals —oo for any s € [0, V).
This however is the case, if and only if there exists at least one state j € S\{z},
such that

U(—ct —cs+ g(j)) = —o0.

Since s +— U(—ct — cs+ g(j)) is a decreasing function, we need to require
U(=ct+9(j)) = —o0

for at least one j € S\{z} such that ¢,; # 0, in order to guarantee that
P?(t,z,-) = —oo. This however is the case, if ¢t > g(] )+ for at least one
j € S\{x} such that ¢,; # 0.

In summary we get
mo (V) = —oo for all ¥ >0
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if and only if t > £9% o1 there exists a state j € S\{z} with g,; # 0 such

C

that ¢ > 9(j—()z+d. On the other hand, it holds

Mo+ (V) # —oo for some ¥ > 0
9(j) +d glx) +d

< Vj € S\{z} such that ¢,; #0: ¢t <

&t < min inf g(j)+d, 9(x) +d

jeS\{z}, C C
qzj>0

st < T ().

This shows the last assertion of (i).

Now for (7.24), assume that ¢ € [0, Téo) (z)]. We can say that
U(—ct —cd+g(x)) > —00 & —ct —cl + g(x) > —d

g(z) +d

&SP < t.

The same reasoning as above yields immediately that

glx) +d _,
; .

PY(t,z,9) > —00 & 0 <
In addition

P2(t,x,9) > —co & Vj € S\{z} such that ¢,; #0: ¥ < g(j>c+ d_ t.

Thus, we get

Mot (0¥) > —o0

N4 d y
& € S\(x} such that g #0: 9 < 2Ty gy < ADHD
< ¢ < min inf g(])+d7g(x)+d —t
jeS\{z}, c c
qzj>0

9 <TO(z) -t
and therefore

oy a(9) 47 it 9 € [0, 7" (x) — 1],
obe =—o00, ifde (Téo)(:v) —t,00).

86



7.4 The Bellman Equation for the n—Step Stopping Problem

Hence (7.24) is shown.

~—

For the remaining statements of part (i), note that U is continuous on [—d, oo
and differentiable on (—d,c0). As a consequence the mapping (¢,9) —
PY(t,x,9) is also continuous on the set Dy, where

Do = {(t,9) € [0,00)*| t € [0, T\"(2)], ¥ € [0,T\"(x) — 1]} (7.29)
= {(t,0) € [0,00)*| 9 € [0,T\"(z)], t € [0, " (x) — 0]}
and differentiable on the set Dj, where

Dg == D\{(t,9) € [0,00)?| t + 0 = T (z)}.

For the integral part P? we remind ourselves that for ¢ € [0, 7, éo)(x)} and
VS [O, Téo)(:p) — t] the mapping

s U(—ct —ecs+g(j))

is decreasing on [0, 9] for every j € S\{z}. It is continuous and bounded from
below by U(—ct — ¢ 4 ¢g(j)) and bounded from above according to part (a)
of this proof. As a consequence

S e‘ququ]‘ U(—=ct—cs+g(j))
JES,
i
is integrable on the compact set [0,4]. This yields by the fundamental theorem
of calculus the differentiability of ¥ — P2(t,z,4) on [0, Téo) (z) —t).

Furthermore, we know that for every 9 € [O,Téo)(x)] and s € [0,9] the
mapping
t— e‘ququj U(=ct—ces+g(h))

]ES,
Jj#z

is continuous on [0, Téo)(x) — ¥] and (by the same arguments as above) also

bounded in t. A standard continuity argument for parameterized integrals
(see for example [Klenke, 2013, Theorem 6.27]) yields the continuity of

9
t*—>/ e_qISquj . U(—ct—cs+g(j)) ds
0 j€s,
J#z
on [0, TCEO)(:(:) — ¥]. In summary we know that P*(t, z,-) is differentiable on
[0, Téo) (z) —t) and P?(-,z,-) is continuous on Dy as defined in (7.29).
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Putting P! and P? together we ultimately get the desired differentiability of
Moy on [0, Téo)(x) — t) and additionally the continuity of

(t,7) = mo (V)
on D().

On the set [0, Téo) (z) — t) the derivative my, , is clearly given by (7.23).

Let t > 0, x € S, n € N and assume that the mapping ¢ — V,,(¢,j) is
continuous on [O T(n 1)( )} for every j € S and

> —o0, ifte 0,75 V)],
Valt,J) {— —o00, ifte (T(Enil)(j),oo)

for every j € S, as required in (7.25). Consider now

My t(9) =U(—ct —cd + g(z) 6% / eququ W(t+5,7) ds.

N

=P1(12.9) i
—.P2(t,2,9) .
For P! we can use the results in (i) to conclude
Pl(t,z,) = —c0 &t > g(x) +d
and for fixed t € [O, W}
Pl(t,2,9) > —00 & 9 < g(x) +d —t.

C

Since 22+ > T (), the continuity of (¢,9) — P(t,z,9) on the set D,,,
where

D, = {(t,0) € [0,00)%| t € [0, TS (x)], ¥ € [0, T (x) =]} (7.30)
= {(t,9) € [0,00)%| ¥ € [0, 7" ()], t € [0, T\ (x) — 9]}

and its differentiability on the set Dy, where
D5 = D\{(t,9) € [0,00)| t + 9 = T} () }

are analogeous to (i).
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For P? we can state by assumption that if ¢ > Tén_l)(j), then V,(t+s,j) = —o0
for every s > 0 and j € S\{z} and thus

P(t,x,-) = —oo < 35 € S\{x} with ¢,; # 0, such that ¢ > T(gnil)(j).

On the other hand if t+s < Tén_l)(j) for some s > 0, then we get V,,(t+s, j) >
—o0o. Analogously, we can conclude that

P(t,x,9) > —oo & Vj € S\{z} such that ¢,; #0: 9 < Té"il)(j) —t.

By Definition 7.11 we get
n n—1)/ .
RICOES Fal)

for all j € S\{z} such that g,; # 0. Therefore, the assumed continuity of
V,(-,4) on [0, Tén_l)( j)] is also valid on [0, Td(n) (z)] and yields analogously to
(i) the continuity of

s ey gy Vit + 5, 5)
JES,
AT

on the compact set [0, 9], where ¢ € [0, T ()] and ¥ € [0, T () —t]. Then
again the fundamental theorem of calculus yields the differentiability of

9
9 Pt x,0) = / e 1=* quj Vot +s,7) ds
0 J€S,
JFx

on [0, T (z) — t).

Furthermore, the same argument for parametrized integrals (cf. [Klenke, 2013,
Theorem 6.27]) as in (i) also provides the continuity of

9
t s P2(t,2,9) = / e * quj Vot +s,7) ds
0 j€s,
s
on [0, T (2) — ?]. In summary we know that @ — P?(t,z,9) is differentiable
on [0, T (z) — t) and (t,z) — P(t,z,9) is continuous on D,, as defined in
(7.30).
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Now we can put P! and P? back together. For m,, ;. (9) to be greater than
—00, we need to guarantee this finiteness for P* and P? simultaneously. Thus,
we get

M 1,2 (0) > —00

_ d
< Vj e S\{z} such that ¢,; # 0 : ﬁgTé” 1)(j)—tand19§M—t

C

e d

& ¢ < min inf TCE DU) 3 —g(x) *

jeES\{z}, c
qzj>0

s9< TV (z) —t.

-1

Thus we get my:.(Y¥) > —oo, if and only if ¢ € [O,Td(n)(x)} and ¥ €

[O,Té")(az) — t}, respectively (¢,49) € D, where D, is given according to
(7.30). This shows (7.26) of part (ii).

For the remaining statements of part (ii) we can combine the differentiablity
and continuity results of P* and P? to ultimately get the desired differentiability
of My, on [0, Té")(:n) — t) and additionally the continuity of

(t,9) — My (V)

on D,.

The derivative m/, , , is again obviously given by (7.23) on [0, Tcgn) (z) —t).

n,t,r
In fact, in (i) and (ii) we proved the continuity on the set D,,, n € Ny, instead
of just for ¥ € [0, Tcgn) (x) — t}. But we will need this stronger result for the
following part (iii).

(iii) Suppose t >0, z € S and n € Ny. If n > 1, let assumption (7.25) of part (ii)
be fulfilled. Then the equations (7.24) and (7.26) from part (i), respectively
part (ii), immediately yield

SUP My ¢ (V) = sup M t.2(0)
920 ve [0.18" (@) ]

for t € [0,T, an)(x)] Since ¥ — my . (9) is additionally continuous on

[O,T an)(x) — t] the supremum can be attained by a maximum, providing
equation (7.28)

SUP My ¢ (V) = max M .2 (7).
9>0 ve 0,15 (2)—¢]
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We call the value ¥ at which the maximum is attained at a maximizer and
get

SUP Myt (V) = My p(07).
9>0

This maximizer is obviously dependent on n € Ny, z € S and t > 0.

In addition we know that m,,;, = —oo for any z € S, n € Ny, if and only if
t > Ty. This immediately leads to

SUP Myt 0:(V)
9>0

> —o0, ifte [O,Tén)(x)},
= —o0, ifte (Té")(az), 00).

Just as stated in Lemma 7.13 (c) (iii) itself, we set J5 =0 if ¢t > Té”) (x) but
every other ¥ > 0 would also be a valid maximizer.

In case that 7" (z) < 0 and thus [0, Tén)(x)} =0, we get SUpysg Mant0(V) =
—oo for every t > 0.

We will now show the continuity of

[0,00) = RU{—00}, t+> supmy.(V)
9>0

on (0,7 an) (z)]. To this end we will utilize a result from Béuerle & Rieder [2011]
to show that taking the supremum of m,, ; ,(¢) over all ¥ > 0 (which in this case
is equivalent to taking the maximum of m,, . (?) over all ¥ € [0, T, én) (z) — t])
preserves the continuity of m,, ;. in t. At first we remind ourselfes that in (i)
and (ii) we were able to show the continuity of

(t,9) — mypt.(V)
on the compact set
D, = {(t,0) € [0,00)%| t € [0, 75" (x)], ¥ € [0, T () — 1]}

as defined in (7.30).

Define now
D,(t) := {9 >0 (t,9) € D, } = [0, 75" (x) — 1].
Clearly D,(t) is a compact set for every ¢ € [0, Td(") (z)]. Consider now the

set-valued mapping
t— D,(1).
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This set-valued mapping assigns every t € [O, Tén)(x)] to a non-empty subset
of [0, T;n) (x)] Without going into detail, we refer to [Bauerle & Rieder, 2011,
Appendix A.2] for a more detailed study of set-valued mappings and use
Definition A.2.1 and Lemma A.2.2 (d) of Béuerle & Rieder [2011] to conclude
that t — D, (t) is continuous. This allows the application of Proposition 2.4.8
Béuerle and Rieder established to guarantee the continuity of

t > Sup my¢..(0)
9>0
on [O,Tcgn) (x)] Furthermore, Proposition 2.4.8 also provides the existence

of a measurable mapping f3: [0, Td(")(a;')} x S — R such that 97 = fx(¢,x).
This emerges basicly from a selection theorem (Theorem A.2.3) of Béuerle &
Rieder [2011] which originated from Kuratowski & Ryll-Nardzewski [1965].

In addition, Proposition 2.4.8 of Bauerle & Rieder [2011] also yields the
continuity of ¢ — f3(t,z) on [0,7, Cgn)(:c)], given that the maximizer ¥} is
unique for every t € [0, Td(")(x)].

Now for ¢ > T(gn) (x), we have set ¥} to zero, according to part (iii). Thus we
can easily extend f in a measurable way to f*: [0,00) X .S — R by setting
fr(t,z) =0forz € Sandt > Tcgn)(az). Of course we will never have uniqueness

of ¥ for t > Tén) (x) as the maximizing function is constantly set to —oo. But
by setting the maximizers to ¥} = fx(¢t,xz) = 0 for t > T,; we can extend the

continuity of t — fX(t,z) to [0,00), since f*(T\" (), z) =0 by (7.28).

This concludes the proof of Lemma 7.13, as all assertions are shown.

Theorem 7.14 (Bellman equation)
Let x € S, t > 0 and n € Ny. Then it holds:

(a) The Bellman equation

Vot1(t, ) =sup {U( —ct—cd+g(z)) e *”

>0

9
+/ e i Valt + 5, §) ds} (7.31)
0 j€Ss,
i#w
is valid. The initial value function Vj is given by

Vo(t,z) =U(— ct + g(z)). (7.32)
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(b)

7.4 The Bellman Equation for the n—Step Stopping Problem

If U is a classical utility function on the whole real line, then the supremum in
(7.31) exists, depending on x € S and ¢t > 0. It is either a maximum and is attained
by a finite maximizer ¢% or is an unattainable (finite) supremum, in which case the
maximizer is set as ¥, = oo.

Furthermore, there exists a measurable mapping f: [0,00) x S — [0, 00] such that
frt,x) =95.

If U is an extended utility function derived from a classical utility function with
maximal domain of the form [—d, c0) C R, then the supremum in (7.31) exists
and is even a maximum, depending on x € S and ¢ > 0. It is attained by a finite
maximizer 9}, € [0, TCE") (z) — t] with Tén) (x) given in Definition 7.11.

Moreover, there exists a measurable mapping f7: [0,00) x S — [0, T, én)(:v)] such
that f(¢,z) = ¢%. If the maximizer 9% is unique for every ¢ € [0, 7, én)(x)], then
t — fr(t,x) is even continuous on [0, 00).

For n € N the optimal stopping time 7,7 € ¥, for V,,(t,z) = sup,cx_Vi(t, 2, 7) such
that V,,(t,z) = V,(t, z, ) is given by

T = (f;_1(t, T), fa_o(S1+t,Z1)+ 81, ..., fo(Sn—1+t, Zn_1)+Sn_1,Sn, Snt1, - - >
(7.33)

For n = 0 the optimal stopping time 7§ € X, for Vy(t,z) = U( —ct+ g(x)) is
trivially given by
5 o= 0.

If U is a classical utility function like in (b), then the value functions V,, (¢, z) are
measurable in ¢t > 0 for every n € Ny and z € S.

If U is an extended utility function like in (c), then the value function Vy(t, x) is
g(x)+d

continuous in t € [O, T] and

> — if ¢ € [0, L2t
voof,x){ oo, ifte 0,50, (7.34)

=—o00, Iifte (g(mﬁd, 00).

For n € N the value functions V,,(¢, ) are continuous in ¢ € [0, Td(n_l) (z)]. Further-

more )
> —o0, ifte 0,7 ()],
= —oo, ifte (T;" ’(z),00).
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Remark 7.15

(a) The optimal stopping time in (7.33) is given using notation (3.24) in Notation 3.16.
By using the piecewise description via stopping rules, the optimal stopping time
would read

* *0 __x1 __*,2
Tn:<7'n ST T ,...), (7.36)

k

where the stopping rules 7" are given by

(7.37)

n

T*’k L f;—l—k(sk + t? Zk’) + Sk? k< n,
' Sk, k> n.

(b) Note, that the optimal stopping time in equation (7.33) is not only a P,—almost
surely finite (F.X),>o-stopping time but even a P,—almost surely finite (F.*™),>0—

stopping time and can be represented by

T; = <f;_1(t, {L‘), f;_Q(Sl + t, Zl) + Sl, ey fg(Sn—l + t7 Zn—l) + Sn—h Sn)? (738)

respectively

n Jr'n

T = <7’*’0 ol ...,T;’”_l, Sn>. (7.39)

More precisely, the choice of the stopping rules 7% for k > n is absolutely arbitrary,
since we optimize a corresponding n—step stopping problem which terminates itself
at the latest immediately after the n—th jump of the underlying Markov chain.
Thus the only stopping rules 7% of 7* that influence V, (¢, x, 7*) are

*,0 __*x,1 *,n—1
T sTn 5Ty s

respectively

f,;:_1<t,l‘), f;—2(51 + t7 Zl) + 517 ) fg(sn—l + ta Zn—l) + Sn—l-

(¢) The optimal stopping time 7 for V,,(¢,z) depends explicitly on the choice of ¢ > 0
and x € S. To be absolutely precise, one could add these two parameters to the
notation of the optimal stopping time, writing 7y, . instead of just 7,;. But in
order to keep the notation simpler and more readable, we omitted these additional
arguments. Of course, this dependency always has to be kept in mind nonetheless.

(d) For a general stopping time 7 € ¥, the corresponding stopping rules 7% for k € Ny
are given by

Tk:hk(sl,...,Sk7ZO,Zl,...,Zk)—|—Sk

for measurable mappings h; with k& € Ny. They depend on the whole history of
jump times Si, ..., S, and of post-jump states Zy, 21, ..., Zx.
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The optimal stopping time 7,y for V,,(¢,z) = sup,cs, Vi(t,#,7) has an even simpler
structure. The stopping rules

Joi w(Sk+1,2Z,) + Sk, k<nm,

n

ok =
Sk, k Z n.

do not depend on the whole history, but solely on the last jump time Sy and the last
state Z;, which the Markov chain attained. In this sense, we say that the optimal
stopping time exhibits a Markovian structure.

Due to the fact that the considered problem terminates at the latest immediately
after the n—th jump as well as the optimal stopping problem terminates not later
than reaching the n-th jump time S,,, we can conclude that 7 is indeed a P,

almost surely finite stopping time (this will be rigorously proven in the proof of
Theorem 7.14).

Note that in the setting of Theorem 7.14 (b), the P,—almost sure finiteness is
generally not true for the single stopping rules 7% of which 7* is composed. Since
Theorem 7.14 (b) explicitly allows for the maximizer to be infinite for some ¢ > 0
and z € S, the corresponding mapping f can also attain infinity. This allows for
some stopping rules 7°F with k < n to reach infinity with positive probability due
to

P, (7% = 00) = Po(f3_,_1(Sk +t, Z;) = 00) > 0.

n

In the setting of Theorem 7.14 (b) we set the maximizer ¥}, = oo, if the supremum
in (7.31) is not a maximum which can be attained by a finite value. In this case
equation (7.31) reads

Vn+l(tax)
9
= sup {U( —ct—cd+g(z)) e+ / e %* quj Va(t+s,9) ds}
9¥>0 0 ;
JES,
J#z
9
= limsup {U( —ct—cd+g(z)) e * + / e w? quj Vot +s,7) ds}.
V—00 0 jes,
ie

Proof of Theorem 7.14

The proof will be divided into three parts. Step 1 will adress to the existence of the
maximizer as well as the existence of a measurable mapping for both cases (b) and (c).
Step 2 will treat with the part of (d) which claims 7 € 3., whereas step 3 will cover the
validity of the Bellman equation (7.31) in part (a), as well as the optimality of 7% in (d),
the measurability of V,,(¢,z) in (e) and the continuity of V, (¢, x) in addition to (7.34)
and (7.35) in case of an extended utility function in (f):
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1. For every n € Nyg, x € S and t > 0 the supremum in (7.31) can be expressed in

terms of

sup mn,t,x (19)’

9>0
using the definition of m,,;, in (7.22) of Lemma 7.13. As shown in part (a) of the
same lemma, m, ;. is an upper bounded mapping on [0, c0). Hence, the supremum
exists and takes a finite value for every n € Ny, z € S and ¢t > 0.

Suppose that U is a classical utility function on the whole real line. Then the
assertions from (b) follow directly from Lemma 7.13 (b) (ii).

Now assume that U is an extended utility function derived from a classical utility
function with maximal domain of the form [—d,c0) C R. We suppose for the
moment that the value functions V,,(¢, ) are continuous in ¢ on [0, Td("_l)(x)] for
every n € Ny and x € S (Analogously we assume that Vj(¢, x) is continuous in ¢
on [0, W] for every x € S). This continuity is part of assertion (e) and will be
shown iteratively in step 3.

By Lemma 7.13 (c) (iii) and especially equation (7.28) we know that for every ¢t > 0
and z € S, the supremum in (7.31) is attained by a finite maximizer

0% e [0, T (x) —t].

The existence of a measurable mapping f: [0,00) x S — [0, Té”) (x) — t} as well as
its continuity in ¢ stems directly from Lemma 7.13 (c)(iv).

. As already stated in Remark 7.15, the representation (7.33) of the stopping time

T is equivalent to (7.38)

* *x0 1 *,n—1
Tn—(Tn ST e T ,Sn>,

where

ok = W (Se 4+t Zk) + Sk

for all k£ < n. Furthermore, set 7';”“ := S} for all £ > 0 such that
T; = T;701{Tﬁ<51} + Z Tr?k ]]'{Sk§77§<5k+1} P-a.s. (7‘40)
k=1
and define the mappings hy,: [0, 00)% x S¥1 — [0, 00], k € Ny such that

f;—l—k(sk + t, Zk), k< n,

hk(317~"78k7Z07Z17"-;Zk‘):{O’ an
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Clearly, all hj, are measurable mappings and hy > 0 for all k£ € Ny, since f* , , >0
are measurable for every k € Ny. Additionally, we obviously get

T = h(Sy, ..., Sk Zoy Z1s .., Z1) + Sk > Sk

To show that 7 is indeed an (F:X*F),>o—stopping time, we apply Lemma 3.14 which
yields the desired result, since 7% can be represented by a measurable mapping
hy > 0, depending on Sy, ..., Sk, Zo, ..., Zx. Hence 7% is an (F:XF),>o-stopping
time.

In addition, we get by construction in (7.40) that 7 stopps at the latest at 77" = S,,.
Due to P,(S,, < o0) =1, we can conclude that P, (7} < c0) = 1.

Overall, the decomposition result for (FX

yields the desired assertion that 77 € 3,.

)Juso—stopping times in Proposition 3.15

. We will show the validity of the Bellman equation (7.31), the optimality of 7+ € 3,
and part (e) of Theorem 7.14 by induction over n € Ny:

Induction basis:

To show the statements for n = 0, we recall Remark 6.3 (c), stating
Vo(t,w) = U( = ct + g(w)) = Vo(t, z,7)

for all z € S, t > 0 and every 7 € ¥,. Thus by applying the reward iteration
formula (7.13) from Theorem 7.7, the following calculation holds for every x € S
and t > 0:

Vi(t,z) = sup Vi(t,x, 1)
TEX

= sup {U( —ct—er’ + g(x)) et T

TE
TO
+/ e_quZQ:vj"/O(t'i_SajaTs,x) dS}
0 j€S,
Jj#x
7_0
= sup {U( —ct —cr’ +g(x)) - e T 4 / e 9=? quj Vot +s,7) ds}.
TEY 0 ;
JSéS,
j#T

This implies that for the optimization over all 7 € ¥, only the first stopping rule
70 of 7 € 3, does have any influence. Recalling that for every x € S and 7 € X,
the corresponding stopping rule 7° only depends deterministically on x, we can
conclude that the maximization over all 7 € X, is equivalent to the maximization

over all deterministic (F2X),>o—stopping times 7 > 0. This on the other hand is
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equivalent to a maximization over all non-negative real numbers ¢ > 0. Hence we
conclude

Vi(t,z) = sup {U( —ct—cr° +g(a:)) et +/ e_qstqzj Vot +s,7) ds}
0

TE

JES,
je
,7_0
= sup {U( —ct —cr’ + g(z)) - e 4T / e ° quj Vo(t +s,7) ds}
7020 0 jES,
je
(7.41)
9
= sup {U( —ct —ct + g(x)) e + / €Y duy - Volt + 5.5) dS}
9>0 0 :
J€ES,
e

9>0

for all z € S, t > 0 and my,, as defined in (7.22). This yields the induction basis
for the Bellman equation.

Of course we know that every stopping rule 7° depends explicitly on the choice of
x € S and thus the maximizer ¥ in (7.42) must also have this intrinsic dependency,
regardless of my ., itself. On the other hand, step 1 of this proof implies that due
to mo ., the optimal choice of an ¥ does also have to depend on the time ¢ > 0.

For the optimality of the stopping time
73 ::(fg(taﬁ),S&,Eﬁ,...)

for Vi(t, z) we refer again to the reasoning above, stating that the optimization over
all 7 € 3, is reduced to the optimization over all (deterministic) O-step stopping
rules (as seen in (7.41)), respectively all non-negative real numbers. Due to step
1 of this proof we know of the existence of such a maximizer Jf, as well as the
existence of a measurable mapping fj such that the optimal O-step stopping rule is
given by

7 =0 = filtx).

Since only the first stopping rule is relevant and the 1-step stopping problem
terminates anyway at the latest at the first jump time Sy, we set 7 k= 8, for all
k > 0. This leads to the optimality of

= (fo(t,2),8,8,...) = (7,51, 5,...)

for Vi(t,z) = sup,cx, Vi(t,z,7) = Vi(t, 2, 75).
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Moreover, in case of an extended utility function derived from a classical utility
function with maximal domain of the form [—d, 00), we can apply Lemma 7.13 (c)
(iv) to conclude that
t— Vi(t, ) = supmoy (V)
9>0
is continuous on [0, T éo) (x)} for every x € S and that equation Equation (7.35) is
valid for n = 1. This concludes the induction basis.

Induction hypothesis:

Assume that for some n € N the Bellman equation (7.31)

Va(t, z) =sup {U( —ct —c+ g(;,;)) et

9>0
9
+ / e ° anc] : Vn—l<t + S)j) dS}
0

j€S,
J#

is valid for all ¢ > 0 and x € S and the optimal stopping time 7, , € ¥, for
Vi(t, o) = sup,ex, Vi(t,x, 7) such that V,,(t,z) = V,(t,z, 7, ) is given by

) ‘n,tx

T;,t,z = (f;—l(tv I’), f:{—Q(Sl_’_t» Zl)+Sla s 7f5(8n—1+t7 Zn—1>+Sn—la Sna Sn+17 . )

respectively
T;:vtvx = <T;:2x’ 7-7::7;[71157 T’r:t2,cc7 AR ) Y (743)
where
xk o (Sk+1t,Zg) + Sk, forked{0,...,n—1},
nta = (7.44)
T S’C7 fOI' k Z n

for all t > 0 and x € S. As usual, we set Sy = 0 and Z; = x. Also note that we
will use the extended notation for the optimal stopping time 7, . to clarify its
dependence on the actual choice of t and x, as this will be needed in the remainder
of this proof.

Furthermore in case of an extended utility function, we additionally assume that
t = V,,(t,z) is continuous on [0, Td("_l)(x)] for all z € S and fulfills equation (7.35).

Induction step:

Fix now some t > 0 and x € S§. We will show that the induction step for the
validity of the Bellman equation (7.31) and the optimality of the stopping time in
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(7.33) holds for n 4+ 1 and for the fixed but arbitrary parameters ¢ and x. To this
end, consider the stopping time
* *,0 *,1 *,2
Tn+1,t,m = (TnJrl,t,x? Tn+1,t,x7 Tn+1,t,z? e ) ) (745)
where

i {f;_k(5k+t,zk)+sk, for k € {0,...,n}, (7.46)

T =
mbbE Sk, fork>n+1.

Note that 77, , , € ¥, according to step 2 of this proof and that T;’fu,w = fr(t,x)
is a deterministic stopping rule.

For further convenience, we will additionally use the description of stopping rules
as given in the decomposition result of Proposition 3.15:

Tt e = h(S1, So, .o, Sis Zo, 24, Zos . Z1) + Sk

with Ay such that

fr(sk+t,2), ke{0,...,n},

(7.47)
0, k>n—+1

hk(Sh 82,y Sky R0, %1y 22y -+ Zk) = {

for all & € Ny. Note that sy := 0 and 2 := x. Thus, 7,;,; can be written in short as

*
Tn—f—l,t,x = <h0, hl, hg, .. >

Now fix an s > 0 and a j € S\{x}. Consider the shifted stopping time ?;Lt,s’x of

Thi1t. According to Definition 7.3, ?:L 41452 18 defined by

Tritise = (F4 772 0) = (hoy b, hay ) (7.48)
where
hu,: [0, 00)F x SF+1 [0, o],
Pio(S, 25 81,y 8k B0, 210 - -3 30) o= P (8,81, - oo, 8y T, B0y B1y - oo Bk)
and

%k:iLk(S,I‘; gl,...,gk,ZO,Zl,...,Zk)+S’k—S
:hk+1(57§1a"-7§k;x,207217-~72k>+5’k_5

for every k € Ny. Note that we use again the notation of shifted jump times
Sk = Sk+1 and the shifted embedded Markov chain (Zg)ken,, Zx = Zr+1 for k € Ny,
as introduced in Definition 7.1 (b).
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7.4 The Bellman Equation for the n—Step Stopping Problem

Appliying (7.47), this leads to

%Ozhl(S,ZL‘,ZO)—I—SO—S
= f* (S—f-t’Zo)—i—go—S and

n—1

7~'k = thrl(S,Sl,...,gk,x,Zo,Zl,...,Zk>—|—»§k—8
B {f;_l_k(gk +t,2)+ Sy —s, forallke{l,...,n}

Sk — s, for k >n+ 1.

Assume now that the first jump time and the subsequent state of the underlying
Markov chain are known and given by S; = s, respectively Z; = j. Using now
the properties of shifted jump times (7.4) and the shifted embedded Markov chain
(7.5) from Lemma 7.2 (b) and (c), as well as utilizing representation (7.44) for the
optimal n—step stopping rules from the induction hypothesis, we can conclude that

~0 _px ~ R
T\|S1=s,Z1=] — fn—l(s +1, ZO) + 50 — s |S1=s,Z1=3

= faa(s+1,7)

_ %0
- 7—n,t—‘,—s,j

and

Tl caznm; = foan(Sk + 1, Z6) + Sk — 5 5125,21=

2 o w(Sk s+t Z)+ Sk +s—s Zo=j

= fg,l,k(Sk + s+ t, Zk) + Sk | Zo=j

__xk
= Tntts,j

for k € {1,...,n}, as well as

~k _ =~
T\S1=s,21=j — Sk — 8 [S1=s,21=3

D
= Sk + 5 — 5|29

= Sk | Zo=j

%k
- Tn,t+s,j

fork>n+1.

In summary, we were able to establish a connection between the stopping rules of
—%
the shifted stopping time 7, ,, ., of 77, ,, and the stopping rules of the optimal

stopping time 7, ; from the induction hypothesis, given that the first jump
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

time and the subsequent state of the underlying Markov chain are known. By
construction in (7.48), respectively (7.43), this leads ultimately to the following

—k
relation of 7, ., and 77, .

—k

_x
TnJrl,t,s,:L" |S1=5,Z1=5 Tn,tJrSJ‘

Using the induction hypothesis about the optimality of the stopping time 7, .
for V,,(t + s, 7) thus yields

Vit +5,5) = Va(t+ 8,475 110s) 2 Vi <t + 5,4, ?;Lm@). (7.49)

Now we are able to prove the optimality of stopping time 7y, , , for Vo 1(t,2) as
well as the validity of the Bellman equation (7.31) for the (n 4 1)-th step.

To this end, we remind ourselves of the 0-step stopping rule 7, +1 to = In(t,x) of
Thi14. Deing deterministic and non-negative. Furthermore,

Oy, = falt,x) = T;J(r]ltz
was the maximizer of
sup{U(—ct—cﬂ—l—g( e / quSqu] t—l—sg)d}
9>0
JES,
JFx
in the n—th step of the Bellman equation.

By application of the reward iteration formula from Theorem 7.7 and (7.49), this
eventually leads to
Vn+1 (ta Z, Tn*—i-l,t,x)

= U(—ct—cryfyy, +g(x)) - e 0T

n+1tz
+/ e qacSqu] t+s j, T nHtM) ds
0

]‘65’
Jj#x

=U(—ct—cfi(t,x) +g(z)) - e %)

fa(tm)
—I—/ 6%82%] t—I-SJ, n+1t”) ds

JES,
J#

fatx)
_ U( — ot — Cf;(t,l‘) + g(a:)) . e~ TA(tT) +/ e dx$ quj Vn(t + S,j) ds
JiS
j#x
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—U(—ct—cﬂ;—l—g(w))-eqz"%—ir/ e qstqm W(t+s,7) ds

JES,
j7Fx
zsup{U(—ct—cﬂng(x))-e_q“ / eq”Squ] t—i—sy)d}
9>0
JiS
JjFT

and finally to

Vs (t, z)
> VTH—l (tv Z, T;—&-l,t,a:)

= sup{U(—ct—cz?—i—g( e / e qstqw W(t+s,7) ds } (7.50)

920 jJES,
J#z

On the other hand, we get for every arbitrary choice of stopping times 7 € ¥, that

Vn+1<t,$,7_)
:U(—Ct—CTO+g( 6% / Zsz t+5]775m)d
<5 <V (T+5.9)
>0

<U(—ct—cr’+g(x)) e / eq“SZqI] W(t+s,7) ds

jEeSs,
JFx
Ssup{U(—ct—CTo+g( e / eququ t+8j)d}
70>0
= JES,
J#T
:sup{U(—ct—019+g( e / _‘”Squ t+sy)d}
9>0
jEeSs,
J#x

by application of the reward iteration formula and by using the fact that a maximiza-
tion over all deterministic stopping rules 7° > 0 is equivalent to the maximization
over all non-negative real numbers v > 0.

Since the choice of 7 was arbitrary, we get

Vnﬂ(t,:c)gsup{U(—ct—cﬁng e / eqstqm t+sy)d}

L=y jJES,
jF#x
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and ultimately, together with (7.50)

Vn+1 (t, l’) = Vn-i-l(ta z, Trt—‘,-l,t,z)

9
= sup {U( —ct—cl+g(z)) e+ / e w? Zqzj Vot +s,7) ds}.
0

920 jes,
j#x

Thus, the Bellman equation (7.31) holds for the (n + 1)-th step as well as 75, ,
is optimal for V,,;4(¢, z).

Now assume that the underlying utility function is a classical one, defined on the
whole real line. By Lemma 7.13 (b) (ii) we know that

t— Vi(t,x) = supmoz.(V)
9>0

is measurable. Applying the induction hypothesis about the measurability of
t— Vyo(t,j) for all j € S, Lemma 7.13 (b) (ii) will lead to the measurability of

t—= Vi (t, x) = sup my, (V)
90

on [0, 00) for every z € S.

As last course of action, assume that the underlying utility function is an extended
one derived from a utility function with maximal domain of the form [—d, o).
Applying the induction hypothesis about the continuity of ¢ — V,,(¢, 5) for all j € S,
coupled with Lemma 7.13 (c) (iv) yields the continuity of

t = Vi (t, ) = sup my (V)
9>0

on [O, Tén) (a:)} for every x € S, as well as the validity of equation (7.35).

By the principle of induction, we get the desired assertions for every n € Ny. Due
tot > 0 and x € S being arbitrarily chosen, these assertions are also valid for every
t>0and xz € S.
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An immediate conclusion from Theorem 7.14 under knowledge of the existence of the
maximizers ¥ = fr(t,z) in (7.31) for ¢ > 0 and = € S can be stated as follows:

Corollary 7.16 (Bellman equation with applied maximizers)

Let n € Ny, x € S and ¢t > 0. Then the Bellman equation (7.31) can be expressed as

frte)
Vsa(toa) = U (= ct=cfift,a) +g(a) - i) [0 e S7 0, v e sy ds

JES,
J#w

(7.51)

Note that in case of f*(t,x) = oo for given t > 0, x € S and n € Ny equation (7.51) is
just a symbolic notation for

Vosi(t,z) = limsup U(—ct—cd+g(x))-e %" / e d=¢ g Qi Va(t+s,7) ds (7.52)
J—00
JES,
Jj#z

according to Remark 7.15 (g).

Example 7.17 (example for the application of the Bellman equation)
Let S = {0,1} and X a continuous-time Markov chain with intensity matrix @ given by

_ (QOO 901) _ (—Oé «Q )
dio q11 s =0
for some «, 5 > 0 (cf. Example 2.14) and initial value Xy = x € S. Furthermore, let

In(z), x>0,

U:R—-RU{-x}, z~—
—00, <0

be an extended utility function, derived from a classical logarithmic utility. Moreover, let
¢ > 0 be the cost rate and g: S — R the reward function in this setting. Assume that

9(1) = K - g(0) (7.53)

for some K > 1. Then it holds:
(a) For every n € Ny and every = € S we get

Tén)(m) = )

where T( (x) is defined according to (7.19) of Definition 7.11.
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(b) For every n € Ny, t > 0 and initial value z = 1, the n—step value function V,,(¢,1)
is given by
Vo(t,1) =U(—ct+g(1)) =In(—ct+ g(1)).

The corresponding optimal stopping time 7,7 will stop immediately, thus

* _
7, = 0.

(¢c) For every n € Ny, t € [0, &CO)] and initial value x = 0 the maximizer 97 is either a
unique solution of the equation
a( LY —(t+9))

(7.54)

2(9(1) — 9(0))
o (12— (t+0))

te {o, g(co) : ) : (7.55)

then the maximizer is always a unique solution of (7.54) and takes values in
(0, &CO) —t). In this case the maximizer ¥} is strictly greater than zero, yielding an
optimal stopping rule which does not stop immediately, but before the first jump
time S; of the underlying Markov chain, if this jump does not occur fast enough.

or set to zero. If

For t € [&CO) — ﬁ([{)? @) the time parameter ¢ and the respective cumulated costs

—ct may have become too large. In this case the maximizer is again set to ¥ = 0.
The optimal stopping time would again stop immediately.

(d) Assume the specific case of

10 99
9(0) =10, g(1)= % ~ 221255 and a=f=c=1.

For initial value z = 1, any n € Ny and any ¢ > 0, the optimal stopping time would
stop immediately. The corresponding maximizer is thus given by

v = fat, 1) = 0.

For initial value x = 0 and any n € Ny the maximizer 9} is set to zero, if £ > 9.9
and

05 = f(£,0) =99t

n n

for t € [0,9.9).
In summary the optimal stopping time 7 for V,, (¢, z) is given by

N 0, r=1 or x=0andt>9.9,
T =
" min{9.9 — ¢, 51}, x=0andt€0,9.9).
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7.4 The Bellman Equation for the n—Step Stopping Problem

This means that a rational investor will wait for the Markov chain to jump into
the superior state 1 (provided the initial value of the underlying Markov chain is
x = 0), as long as this change of state occurs before the break-point at 9.9. A
longer waiting period is not optimal and does not yield a higher expected utility.
Note that in this setting the default point is reached at Tén) (x) = %0) = 10. If the
investor will wait for 10 time units and will thus cumulate costs of —c¢- 10 = —10,
he will achieve a utility value of —oo. Therefore the 10 time units are the maximal
period of time that the investor can possibly wait. The optimal value of 9.8902
is very close to this 10 time units. Hence we can say that the optimal behavior
for an investor with initial value x = 0 is to wait for a change into the better
state for nearly the maximal possible duration. If this change of state does not
happen before time ¢t = 9.9, he will stop shortly before the default time to prevent
bankruptcy.

Proof

(a) Let n € Ny and x € S. Using Lemma 7.12, we can represent Té") (x) as

Tén)(x): inf _g(])’
jEAW (@) €

where

AW (z) = {jGS‘ Jke{0,1,...,n+1}: pg;) >O}.

In this setting the discrete-time embedded Markov chain (Z,,),en, has the transition

matrix
0 1
p_ (1 O).

Just as stated in Example 6.4, we can express the transition probabilities for
jumping from state z € S into state j € S by

DPzj = 1- 51:]'-

Furthermore the n—step transition probabilities, as defined in Definition 2.17, are
given by

(n) ) Oz for n even,
& 1—0,;, forn odd.

Now let z € S and j € S\{z}. Then we always get pS}) =1>0and pilj) =1>0.
Thus both possible states are contained in every single set A™ () for all n € N,.
We therefore get

A () =S8
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and thus

n : G) . .a() . [g(0) g(1))  g(0)
Té)(x): inf —:1n£—:m1n{ }:

JEAM (z) € j€

since ¢(0) < ¢g(1) and ¢ > 0.

(b) In this example we only have two possible states the underlying Markov chain can
attain. If the initial value of the chain is thus given by x = 1 and we know that
this state yields the higher reward g(1) > ¢(0), then it is obviously clear that the
optimal stopping time for every n—step value function V,,(¢,1) is given by 7¢ = 0.
It is always optimal to stop immediately, if the initial value is given by the superior
state 1. Waiting in this state will only cumulate unnecessary costs. If the Markov
chain jumps into the inferior state 0, the reward will be even smaller. This holds
true for every single n—step value function V,,(¢, ). As a result we can calculate
Vo(t,z) by

Vo(t,1) =V, (t,1,75) =U(—ct+g(1)) =In ( — eyt +79(1))

for every n € Nj.

(c) Let n € Ngand x = 0. If t > Té") (z) = 29 then Lemma 7.13 (c) implies that

the mapping m,, ;o from (7.22) is constantly given by —oo. The corresponding

maximizer in this case is therefore set to ¢ = 0. Now let ¢ € [0, @). As a
consequence of Lemma 7.13 (c), as well as part (a) and (b) of this proof, my, is
greater than —oo on the intervall [0, LCO) — t) and given by

mn,t,(] (Q9>

9
=U(—ct—cd+g(0) e ®” + / e~ 0° Z Qoj - Va(t +5,7) ds
0 j€s,
770

9
=U(—ct—cd+g(0) e’ + / e 0% - Vi(t +5,1) ds
0
9
=U(—ct—ci+g(0) e+ / e *qo1 - U(—ct —cs+g(1)) ds
0
9
=In(—cy(t+9) +79(0)) - e + / e *qor-In(—ey(t+s) +v9(1)) ds
0
for ¢ € [O, &CO) — t). Moreover, U is differentiable on (0, 00) and the derivative U’

of U is

1
U(x) =—, forall z>0.
x
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Therefore, the derivative of m;, ,  is given by (7.23) as

m;,t,o(ﬁ)
= "%V . (ZQOJ (t+9,5)—cU'(—ct—cd+g(0) — qU(—ct — 019—1—9(0)))
2
- (%1 In (= ey(t+9) +v9(1)) - — i ;) o) © In (—cy(t+9) + vg(0>))
—ad

1
—c(t+ 1) + g(0)

= (aln (— eyt +9)+79(1) —c- —aln(—cy(t+9) +’yg(0)))

. efaﬁ

- (a In (= ey(t+9) +79(1)) —aln (= cy(t+9) +79(0) - m)

for all ¥ € [O,%D) —t).

According to Theorem 7.14, the maximizer 9} for supysq My 0 exists and is given
by a finite value from [O, %D) } We can calculate it by identifying the roots of
the derivative my, ;. Let t < g ) and ¥ < 9(0 —t. Then it holds:

m;%t,o(??):()
@Ozaln(—cv(t+19)+79(1))—Ofln(_CV(tJrﬁ)“LW(o))_m
1 gy (29 +79(1)
T i1 : ( ot +19)+79(0)>
B 9(0) g(1) —c(t +99)
—Q(T_ t+ﬁ>ln(g(0) ct+19)
(0 9(1) — 9(0)
:a(T—t+19)n(1+ )—ct—i—ﬁ))
_ g(1) — g(0) 7o)
“e= _”g<o> <t+ﬁ>}
) O6(9(0) (t+19))
e |y 2o - g(0)
] a(go) (t—|—19)>

This shows the validity of (7.54). In order to determine the maximizer J} we thus
have to solve equation (7.54), provided that this yields indeed a maximum of m,, ;.
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For the existence and uniqueness of the solution we define the mapping

a( LY —(t+9))

h: {Q@—t)—)[&oo], h(9) = |1+ (90 ~ 9(0))

a (99 (t+ 19))

Note that h is obviously continuous. Moreover h is of the form
k’ xT
T (1 + —)
x

k:::g(g(l)—g(O))>0 and x::a(@—(t+19)>>0.

C C

for

We know from basic calculus that

for all z > 0, k£ > 0 and

lim (1 + E) =1
\0 T

for all £ > 0. Therefore we know that h is a strictly decreasing mapping such that

lim hA(W)=1<e.
NI ¢

9@ _ 1
c aln(K)’

where K was a growth constant for g given in (7.53). We will now show that
h(0) > e:

Suppose now that 0 < ¢t < as postulated in (7.55) of this example,

- 12

v
—
_I_
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> K
:<e

= €.

1
In(K)
)

1
ln(K ) In(K)

In summary we can find two arguments ¥; and 5 such that h(,) < e < h(ds).
Since h is continuous and strictly decreasing, an application of the intermediate
value theorem yields a unique solution ¥ to equation (7.54)

h(9) =e
on <0, @ — t>, ift € [0, g(co) — alnl( K)]. Since the solution has no dependency on
n € Ny we can conclude that every maximizer J7 = f*(¢,0) is strictly greater than
zero and smaller than 9% — ¢.

[

For ¢(0) = 10, g(1) = ewl—Jggg ~ 2212.55 we can choose the growth factor K > 1
from (7.53) to be
e +99
~ 100

Furthermore, the default time T an)(x) is given by

. 10
T (z) = # = 10.

~ 221, 26.

For ¢ > 10 we know that the maximizer ¥/} is set to zero. Note that in this example,
there is no dependency on n € Nj.

Now let ¢ < 10. We know from part (c) of Example 7.17 that if ¢ fulfills the
inequality (7.55)

9(0) _ 10

¢  aln(K) T I (6“1)6%99)

~ 9.815,

then the corresponding maximizer ¥ is uniquely determined as the solution of
equation (7.54), which reads

20199 1 10—t—9 10, 10—t—¥
S (i e P
¢ RSO T

in this specific case. Substituting

wi=t+79
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61071 10—u
=1+ :
¢ ( + 10 — u)

We now by part (c) and the intermediate value theorem that a unique solution
u* € (0,10) exists. Indeed we can easily check that

yields

=99

is the solution of the equation above:

o107 10—u*
(1 + 10 1—0 u*)
el0_1\ 01
%)

= (1+ (" - 1))0'

= €.

1

Therefore the solution of (7.54) is given by
Uy = fr(t,0) =99 —t¢

for every n € Ny. We can easily see that in this case the solution 9} exists and is
greater than zero, if and only if ¢ < 9.9. This is even more than the general interval
[0,9.815], as given in (7.55). On the other hand, for ¢ > 9.9 the maximizer is set to
v% = 0. By Theorem 7.14 (d) the optimal stopping time for V,,(¢, x) is thus given
by

= (o (62) Fia(SiHE 20+ 81, J3 (St Zn 1) FSum, S S ).

For initial value x = 1 we know that fr_,(¢,1) = 0. Thus the stopping time always
terminates immediately and we can write 7, = 0. The same holds true for initial
value z = 0 and ¢t > 9.9.

For initial value z = 0 and ¢ < 9.9 the situation is more interesting. We note that
in this setting the next state of the underlying Markov chain after the first jump
will always be the superior state 1 and hence Z; = 1. By studying the first two
stopping rules of 77 we can see that

7= f* [ (t,0) =9.9 —t and

n

T;’l = fo2(S1+1,21) + 51 = fi_5(S1+¢,1) + 5 =5
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for all t < 9.9. The optimal stopping time will thus follow the O—step stopping rule
70 as long as the first jump does not occur. If the jump happens after 75° = 9.9 —¢,
then the stopping time will terminate at time 9.9 — ¢. On the other hand, if the
jump happens before time 9.9 — ¢, then 7% will be discarded and 7' will take
effect. But 7! = S; always terminates immediately. In summary, the optimal
stopping time 7,7 can be expressed as

7, =min{9.9 — ¢, 51 }.

O

As we have seen the Bellman equation from Theorem 7.14 provides us with an iterative
approach to solve an n—step value function by reducing the problem into a deterministic
maximization problem (7.31), provided that the preceding (n — 1)-step value function is
fully solved for every x € S and ¢t > 0. Furthermore, every iteration step yields structural
information about the stopping rules required to gain the optimal stopping time for the
n—step value function. As we were originally interested in the unrestricted value function
V(t,z), we can use the Bellman equation to calculate every single n—step value function
for every x € s, t > 0 and use the fact that

lim V,(¢t,z) = V(t,x)

n—oo
according to Proposition 6.7 (c¢). This will at least allow for a useful approximation of
V(t,x), even if we did not calculate all n—step value functions, but only up to some
sufficiently high step n.

But solving every iteration step and calculating the corresponding maximizers is a non-
trivial task. In the next section we will discuss an approach for the unrestricted stopping
problem and the corresponding unrestricted value function, which doesn’t require to
consider the limit of n—step value functions. Instead we will transform the already known
Bellman equation from Theorem 7.14 into a fixed-point type equation.

But before we tackle the unrestricted value function, we will first discuss this section
with regard to the special choice of an exponential utility as underlying utility function.
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7.5 The Bellman Equation for Exponential Utility
Functions

Again, we suppose that the underlying utility function U is given by
U:R—=R, Ux):=—e""

for some v > 0.

Similarly to Corollary 7.10, where we were restated the reward iteration formula from
Theorem 7.7 for the case of exponential utility, we now want to discuss the Bellman
equation from Theorem 7.14 for this particular utility function. The next theorem will
cover the adaption of the Bellman equation to the particular n—step value functions f/n(x),
as defined in (6.16) of section 6.2 for exponential utility. We will see that the Bellman
equation will simplify tremendously. More precisely, the deterministic maximization
problem given in the general formulation (7.31) will degenerate into the simple task of
choosing the greater value out of two possibilities. Furthermore, we will see that the
corresponding maximizers for (7.31) can only take two values:

Uy =0 or U =o0.
These two maximizers will correspond to the two possible arguments for the maximization
problem. This leads to optimal stopping rules which behave in only two possible ways,
depending on the current state of the underlying Markov chain. These optimal stopping
rules will either stop immediately as soon as a certain state is reached, or will never
terminate as long as the Markov chain resides in this state. In particular we will find
out that the optimal stopping rules, respectively the optimal stopping time consisting of
these rules, will never stop between two jumps of the Markov chain. This is of course
not surprising, but rather expected. Note that we already mentioned that in the case of
exponential utility the time parameter ¢ > 0, describing the cumulated costs —ct up to
time ¢, does not have any influence on the value functions or the corresponding stopping
problems. Since the choice of an optimal stopping time thus only depends on the initial
value x € S of the underlying Markov chain, the decisions whether to stop or not, should
only be made at the jump times of the Markov chain at which the changes of state occur.

Before we will confirm the above-mentioned claims for optimal stopping of n—step value
functions in case of exponential utility, we first will address the Bellman equation (7.31)
of Theorem 7.14 itself. Note that the function, over which the supremum in (7.31) is
taken, can be expressed in terms of m,,; ., as defined in (7.22) of Lemma 7.13.

Note that in case of exponential utility, we can express m,,, for every n € Ny, ¢ > 0
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and z € S by applying (6.16)

mn,t,z(ﬁ‘):U(—ct—cﬁ—l—g 7Y / e q””qux] W(t+s,7) ds

JES,
J#z
— _etteyd—g(@) | o—¢a? / e quE Quj - € cvt+sV )d
JES,
J#x

9
_ ecwt _G(CW—Qw)ﬁ—WQ(.’E) + / e(C’Y_Qw)S quj . Vn(]) ds
0

]657
Jj#z

9
— ot _6(‘3’7—%)19 . 6_79(5[}) + / e(cw—qz)s ds - Z Qzj - Vn(])
0

]657
Jj#x
— et | _em19(@) | p—(ge—er)d _ 1 (e (gz—cy)d _ qu o (
Qe — CY jes,
Jj#w
— ¢t | _em9@) | o=(ga=en)? | Z Quj v (1 —e (qrcv)ﬁ)
jes, Qe — ’7
it

Following the definition of the reduced n-step value function in (6.16), we define

My (0) := —e9@) | p=(@a—en)d Z (1 — o (@2 07)19) (7.56)
qz — ny
JES,
Jj#T
Therefore, we can express my, ;. as

Mo t.2(9) = €71y, (). (7.57)

Now for every n € Ny, ¢t > 0 and = € S, the Bellman equation (7.31) in Theorem 7.14

Vn+1 (ta 1}) = SUP Mt (79)
9¥>0

is equivalent to

Vo1 (x) = sup my, . (9). (7.58)

9>0
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

With this knowledge we can now formulate the Bellman theorem for exponential utility
functions. Note that we will differentiate the initial states z € S between two cases

x € S such that ¢, < ¢y and x € S such that ¢, > .

As we will see each case will lead to a different result concerning the optimality of n—step
value functions. The first case ¢, < ¢y will represent the situation where the cost rate
¢ > 0 is too high for the Markov chain (with initial value z) to compensate. As a result
the optimal stopping rule will be to stop immediately in such a state. On the other
hand if g, > c¢v, then the question of optimality is not trivial but rather depends on the
bellman equation (7.60). Based on this equation the optimal course of action is to stop
immediately or not to stop at all.

Theorem 7.18 (Bellman equation for exponential utility functions)

(a) Let n € Ny and = € S such that ¢, < ¢y. Then it holds that

Vi(z) = —e7 79, (7.59)

(b) Let n € Ny and x € S such that g, > ¢y. Then we get

Vsa(@) = max § —e90, 3~ 27, (5 5. (7.60)
]657
JFw

The initial value function Vj is given by

Vo(z) = —e 9@, (7.61)
(¢) For n € N the optimal stopping time 7* for V,,(x) is given by
= (f;_l(;g), Fro(Z0) + Sty F5(Zust) + Sncts Sny St - - ) (7.62)
where for every k € {0,1,...,n— 1}

. 0, ifg<ey or ¢ >cyand Vi(z)=—e 9@,
fil(2) = oo, if g, > ¢y and f/k(a:) = jes, q”""vvk,l(j).
ia

qz—C

(7.63)

For n = 0 the optimal stopping time 7* for V() is trivially given by

*
75 = 0.
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7.5 The Bellman Equation for Exponential Utility Functions

Proof of Theorem 7.18

(a)

Let n € Ny and = € S such that ¢, < ¢y. We thus know that 0 — e~ (@07 ig
increasing on [0, 00), which implies that

9 —e 9@ | o= (gz—e7)?

is a decreasing mapping. Moreover we know that ¥ — 1 — e~ (@ ~? ig decreasing
on [0, 00). Since .- < 0 and

mmzwwEJ—fW“*m&mﬂﬁo
TEY;

we can conclude that
19 — Z QIJ ~n (1 —e (QI*C'Y)ﬁ)

jes, qe — CY
J#e

is also a decreasing mapping. In summary we know that by (7.56) the mapping
M 18 decreasing on [0, 00). By (7.58) this yields

Vn+1($) = sup mn@(ﬂ) = mmx(o) — _e9(@)
9>0

for every n € Ny. For n = 0 we trivially get Vy(z) = —e 79,

We see that the maximizer is given for every n € Ny by ¢, = 0. By Theorem 7.14
(b) we set

fi(w) =0 = 0.

Now let n € Ny and = € S such that g, > ¢y. This means that p 1= e~ (==Y ¢
(0,1] for ¥ € [0,00). We thus can interpret m, () for every 9 > 0 as weighted
average

Mo (V) = —e —9@) L 4 Z Qzj ~n )-(1=p)
jes, Qe — CY

it
of the two quantities

Therefore, the inequality

o (1) < max { —e~ 79, Z iy ()

117



7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

is valid for every ¥ > 0 and hence

Vi1 (z) = sup my, (V) < max —e 9@, Qej Vn(j)
9>0 Qz — CY

]657
J#x

On the other hand we know that for ¥ = 0 we get 1M, ,(0) = —e™9@®) and that

. ~ q;zj ] i .
lim 1, () = Y —2—V,.(j)
¥—00 vl qs — CY
j#x

due to e (@==MY 5 () a5 ¥ — 0.

This yields

Vo1 (x) = sup my, . (¥) > max —e’”g(x), E = Vn(])
9>0 —a Qo — CY

JSES,

j#xT

and altogether the Bellman equation (7.60)

Vi1 (z) = max { —e 9@, Z laj Vi, (4)
jes, Gz — CY

i

As we have seen the maximization problem supysq M, .(9) reduces to a maximiza-
tion over two arguments, where these arguments originated from

Mp(0) for 9 =0  or 19lim M (9) for ¥ — oo.
—00

Hence the corresponding maximizers ¥} from Theorem 7.14 (b) can only take two
values:

U, =0 or U =o0.

More precisely, we get
- N 0, if Vy(x)=—e 9@
fn(x) = 7971 = o0, lf Vn(ﬁ) = ZjES, %Vn—l(])
j#
(c¢) Let n € N. By combining the cases ¢, < ¢y from part (a) and ¢, > ¢y from part
(b) we gain

- 0, ifg<ey or ¢ >cyand Vi(x)=—e 9@
fk‘ (.1:) = 0, ]f qz > C’y and %(37) _ Zjes, qzj ‘7]@—1(])
J#x

qz—CY
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7.5 The Bellman Equation for Exponential Utility Functions

for every k € {0,1,...,n — 1}. An application of Theorem 7.14 (d) thus yields the
optimal stopping time 7 for V,,(z) by

o= (Fia@), FiaZ0) + 81, Ji(Zac) + Sat, S S ).

The case for n = 0 is again trivial and also yields Vp(z) = —e~"9®) and 75 = 0.
O

Remark 7.19 (implications of the Bellman equation for exponential utility)

(a)

As we have seen, the case of exponential utility leads to a significantly easier
Bellman equation. Depending on the current state x € S, we can decide whether
the costs are too high (fulfilling ¢, < ¢7y) or low enough (yielding ¢, > ¢7y). In the
first case of high costs the question of optimal stopping is trivially answered by
immediate stopping. In the case of low costs we only need to compare two values
and take the greater one. Depending on the outcome the corresponding optimal
stopping rule stipulates immediate stopping or to never stop in this state. Any
other stopping rule is not optimal. In particular it will never be profitable to stop
between two jumps, contrary to the case of logarithmic utility in Example 7.17.

Although we have chosen a specific utility function, we still can not give a general
closed form for the n—step value functions. These still depend on the specific choice
of the underlying Markov chain, its intensity rates and the reward function ¢ in the
stopping model. Only for the case of an initial state x € S such that ¢, < ¢y we
can infer the explicit closed form of V, (x), since it is trivially given by the initial
utility gained by immediate stopping.

Just as in the general case, the Bellman equation for exponential utility (7.60)
allows us to calculate every n-step value function V,,(x) in an iterative way. Each
iteration step also provides one stopping rule for the optimal stopping time 7;. On
the other hand, we can not construct these stopping rules without knowledge of
the preceding n—step value functions. Hence, even if we are solely interested in the
optimal stopping time 7,7 of the n—step value function, we still need to solve every
single k—step value function for k& € {0,1,...,n — 1} in order to get access to 7.
We will show in chapter 8 that this problem can be circumvented under certain
conditions and that under these conditions the decision whether or not we should
stop in a certain state can be made without any knowlede on the n—step value
functions themselves.
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

7.6 The Fixed-Point Equation

Definition 7.20
Let d € R and ¢ > 0. We then define Ty by

T, = St d (7.64)

c

where
inf +— inf ).
Gin ;259(3)

Lemma 7.21

Let x € S, d € R and ¢ > 0. Then the sequence (Tén) (z)) from Definition 7.11 is
n€eNy

decreasing and
TM(z) =Ty as n— oo (7.65)

Proof of Lemma 7.21
Let x € S, d € R and ¢ > 0. By Lemma 7.12 Td(n)(m) is given for every n € Ny as

n : ) +d
TCE )(x) = inf 9U) + , n € N,
JEAM) (z) c

where

Ay ={j e S’ e {01, n+1}: pf) >0},
Clearly, we get A™ (z) C A" (z) C S for every n € Ny and thus

T (2) > T () > T

Therefore, (T én)(x)) is an decreasing sequence with lower bound Tj.
n€Ng

For the convergence, we note that the increasing sequence of sets (A(") (x))
to

converges
neNp &

A®(z) = U AM () = {j €S|k eNy: pg;) > 0}.

n€Ng

But with respect to the irreducibility assumption 2.18, this immediately yields

A>(z) = S.
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7.6 The Fixed-Point Equation

Therefore we get for every z € S and n — oo:

n ) +d
Tag )(:c) = inf U) +
FEAM) () C
) +d
— inf —g(]) *
JEA>®(z) C
_ g 90) +d
jes c
_ Ginf + d
N c
=T

O

Similarily to section 7.4, we will first state an auxiliary lemma, which will be useful for
the subsequent Theorem 7.23 and for the following chapter.

Lemma 7.22
Let ¢t > 0 and x € S. Then it holds

(a)

The mapping my,: [0,00) — R, defined by

9
Mg (9) :=U(—ct —cd+g(x)) e =7 + / e s Z Qej - V(L +s,5) ds (7.66)
0 j€S,
J#z

is bounded from above by a constant, which only depends on =x.

If in addition U is a classical utility function on the whole real line and does not
take the value —oo, then m,, is continuous and almost everywhere differentiable
and

my . () (7.67)

= (L V(e 0.0) = (et = 0+ g(a) ~ .U (~ t =0+ 9(0))
JES,
Jj#w

almost everywhere.

Furthermore, the supremum

sup my . (9)
9>0

exists. It is either a maximum and is attained by a finite maximizer ¥* or is an
unattainable (finite) supremum, in which case the maximizer is set as ¥ = oco.
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

In addition there exists a measurable mapping f*: [0,00) x S — [0, co] such that
fr(t,x) =0~

Moreover, the mapping

[0,00) > RU{—00}, > supmy,(V)
9>0

is measurable for every x € S.

(c) If U is an extended utility function derived from a classical utility function with
maximal domain of the form [—d, 00), the following assertions hold, where Ty is
defined according to equation (7.64) of Definition 7.20 as

122

(i)

(i)

(i)

in: d
7, = Jnt ¢
c

We get for all x € S and t > 0:

Vit.2) > —oo, ifte(0,Ty, (7.68)
T = —o0, ift € (Ty, 00). '

¥ +— my () is continuous on [0, 7y — t] and almost everywhere differentiable
on [0,7; —t) and

> — if e |0, Ty —t
mt,x(ﬁ){ o, ife (0.7 =1, (7.69)

=—o0, ifde (Ty—t 00).

On [0, Ty —t) the derivative m; , is almost everywhere given by (7.67) and set
to zero otherwise. In case that ¢ > T}, and thus [0,7; — t] = (), the mapping
¥ +— my () is constantly —oo.

We get

sup my ;. (9) (7.70)

9>0

> —o0, ifte(0,Ty,
=—o00, Iifte (Td, OO)

In case that T; < 0 and thus [0, T] = 0, we get (t,2) — SupPysg Mnp(V) =
—00.

Furthermore we get for every ¢ € [0, T,] that
supme (V) = max  my,(0). (7.71)

’1920 ﬁe[O’Td_t]

The supremum is always attained by a finite maximizer ¥* € [0, T}], which
depends on the actual choice of z € S and ¢ € [0, T}].

Note that for ¢t > Ty, my , is constantly given by —oo. In this case every ¥ > 0
is a maximizer of supysqm (7). We will choose the smallest one and set
v = 0.



7.6 The Fixed-Point Equation

(iv) The mapping

[0,00) > RU{—00}, > supmy,(V)
9>0

is continuous on [0, T}].

Furthermore, there exists a measurable mapping f*: [0,00) x S — R such
that v* = f*(t, ).

If the maximizer ¥* for supys my,(¥) is unique for t € [0, Ty], then t — f*(t, )
Is even continuous.

These statements are basically the unrestricted analogues to Lemma 7.13, replacing
Vo(t, x) with V (¢, x), respectively my, ;, with my .

Proof of Lemma 7.22

Let t > 0 and z € S. The proof of parts (a) and (b) is analogeous to the proof of
Lemma 7.13 (a) and (b) and is omitted to avoid repetition. For part (c) assume now
that U is an extended utility function with maximal domain of the form [—d, 00).

(i) According to Proposition 6.7, respectively Proposition 6.5 we know that

V(t,z) = lim V,(t, x)

n—0o0

as well as

Va(t,z) < V(t,x)

for all n € Ny, x € S and ¢t > 0. Furthermore Theorem 7.14 (f) stated

> —o00, Iifté€ [O,Té"fl)(:ﬂ)},

Valt,z)q . (n—1)

= —oo, ifte (I;" ’(z),00).
forallmne N,z € Sandt>0.
Fix now an n € N, z € S and let ¢ € [0, Td("fl)(a:)}. Since Ty < T\ V() for all
x € S and n € N due to Lemma 7.21, we can conclude that ¢ € [0,7,]. Then it

holds that
V(t,z) > V,(t,x) > —o0.

On the other hand, if ¢ > T}, then Lemma 7.21 allows us to find an N € N such
that ¢ > Ténil) (x) for all n > N. Here (7.35) implies

Vo(t,z) = —oc0
forall x € S, n > N and t > T,; and hence
V(t,z) = lim V,(t,x) = —oc0

n—oo
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7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

for x € sand t > T,.

Im summary we get

V(t .73) > —o0, Iifte [O,Td],
T = —o0, ift e (Ty,00).

(ii) Analogously to the proof of Lemma 7.13, we will divide m; . into two parts:

mn,t,x(ﬁ)
:U(—ct—019+g e‘” /eqstqm (t+s,j)ds.
— P (t,2,0) <5
::P;(rt,x,ﬁ)

Part P! is absolutely analogeous to the proof of Lemma 7.13 (c) (ii). We know that
g(x) +d

s Pt z,9) = —co &t >
c

> Ty

and for t € [O, g(x?rd} we get

> —00, 1f19€[0 glaltd 4

= —00, ifde (4t +d —t,00).

PY(t,z,9) {

Furthermore we know that o — P(¢, z,1) is differentiable on [0, W —1).

For P? we will differentiate two cases:

Ift > T, then V(t+s,j) = —oo holds for all j € S and all s > 0. As a consequence,
we get
V= P2t 2,9) = —o0 &t > Ty

If t € [0,T,] then
V(t+s,j)>—ocoesel0,Ty—t].
This yields
oo, if9 e[0Ty -
P2(t 2. 9) > —o0, ifdel0,T;—t],
=—o00, ifde(Ty—t 00)

and thus together with P! the validity of (7.69), since g(x—zJ“d > Ty by definition.

For the continuity and almost everywhere differentiability of m; , we will use the
same reasoning as in Lemma 7.13 (b) (i) to state that the mapping

s+ f(s —quSqu (t+s,7)
jJES,
J#
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7.6 The Fixed-Point Equation

is integrable on [0,4]. The Lebesgue differentiation theorem (cf. [Elstrodt, 1996,
Theorem 4.14]) now yields the continuity of ¢ — P%(t,x,9) on [0, T, — t] as well as
the almost everywhere differentiability on [0,7; — ¢). The same is thus also valid
for m, ., itself and the derivative mj , is almost everywhere given by (7.67).

The assertions (iii) - (iv) are again analogeous to the proof of Lemma 7.13 (c) (iii) - (iv).
O

Theorem 7.23 (fixed-point equation)

Let z € S and t > 0. Then it holds:
(a) The fized-point equation is valid:

V(t,z) =sup {U( —ct—cd+g(z)) e ®”

9>0

9
+ / e - V(t+ s, §) ds} (7.72)
0 jes,
e

(b) If U is a classical utility function on the whole real line, then the supremum in
(7.72) exists, depending on x € S and ¢t > 0. It is either a maximum and is attained
by a finite maximizer ¥* or an unattainable (finite) supremum, in which case the
maximizer is set as ¥* = oo.

Furthermore, there exists a measurable mapping f*: [0,00) x S — [0, o] such that
f*(t,x) = ¥*. In addition the value function V(¢,z) is measurable in ¢t > 0 for
every x € S.

(c¢) If U is an extended utility function derived from a classical utility function with
maximal domain of the form [—d, 00) C R, then the supremum in (7.72) exists
and is even a maximum, depending on x € S and ¢t > 0. It is attained by a finite
maximizer ¥* € [0, Ty — t] with T, given by (7.64) in Definition 7.20.

Moreover, there exists a measurable mapping f*: [0,00) x S — [0, T}] such that

fr(t,x) = 9*. If the maximizer ¥* is unique for every t € [0, Ty|, then ¢t — f*(¢, x)
is even continuous on [0, co0) for every z € S.

In addition the value function V' (¢, x) is continuous in ¢ € [0, Ty] for every z € S

and
— if t € {0, T,
vitgyd > o HEelh T, (7.73)
= —o00, ifte (Ty, 00).
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Remark 7.24

Analogously to Remark 7.15 (g), we set the maximizer ¥* = oo, if the supremum in (7.72)
is not a maximum which can be attained by a finite value. In this case (7.72) reads

V(t,z) = supmy.(¢) = lim sup my .. (9).
9>0 J—o00

Now we can prove Theorem 7.23 rigorously.

Proof of Theorem 7.23

Due to the upper boundedness of m, , by Lemma 7.22 (a) we can guarantee the existence
of the supremum in (7.72). By following the reasonings in step 1 of the proof of
Theorem 7.14 in which the existence of the maximizers ¥ as well as the existence of the
corresponding measurable mappings f from Theorem 7.14 (b) and (c) are shown, we
can reapply the exact same arguments to ensure the existence of a maximizer ¥* € [0, o0]
in (b), respectively ¥* € [0,Ty] in (c) for the optimization in (7.72). The existence of a
measurable mapping f*: [0,00) X S — [0, 00| for (b), respectively f*: [0,00) x S — [0, o0]
for (c) follows as well by the same arguments as given in the proof of Theorem 7.14. This
leads to the validity of parts (b) and (c) of Theorem 7.23.

For the fixed-point equation (7.72) itself, let n € Ny be arbitrary and apply Theorem 7.14
to achieve

VnH(t,a:):sup{U(—ct—cﬁ—i—g e / eql‘SZqM W(t+ s, j)d}

420 JES,
J#z
§sup{U(—ct—019+g e Y / QISZQIJ t—l—sg)d}
9>0
- JES,
J#T

since V,,(t,z) < V(t,z) foralln € Ny, t > 0 and x € S according to (6.7) in Proposition 6.5

().

Furthermore, we can now exploit relation (6.11) between value functions and n—step
value functions, stating

V(t,x) = lim V,(t,z),

n—oo

which was established in Proposition 6.7 (c). As a result of n being arbitrary, we thus
gain the inequality

V(t,x)gsup{U(—ct—cﬁ—l—g e Y /quSqu t—l—sg)d}
9>0 Jis
Jj#x

forallt >0and z € S.
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To show the opposite inequality, let n € Ny again be arbitrary. A reapplication of
Theorem 7.14 yields

Vn+1(t,x):sup{U(—ct—019+g e Y / e ququ] W (t+ s, j)d}

>0

JES,
Jj#T
2U(—ct—cz9—|—g e 4? / _q”Squ W(t+s,7) ds
JiS
jFx

for every t > 0, x € S and ¥ > 0. Taking the limit n — oo and utilizing the relation
V(t,x) = lim, o Vor1(t, ) leads to

V(t,z) = lim V,41(t,x)

n—oo

> lim (U(—ct—cz?—irg(x))-e*q’ / e qstqm W(t+5,7) ds)
JES,
Jj#T

=U(—ct—cl+g(z)) e %’ + lim eq’“Squ] W(t+s,7) ds

n—oQ
JjEeSs,

J#T

9
— — — . *Qz‘ﬁ —(qxS R H .
=U(—ct—cd+g(z))-e —|—/0 e E Quj nh_)rrgo Va(t+s,j) ds
JSéS,
jFx

:U(—ct—cﬁ+g(aﬁ))-e_qz / € qZSZQI] t—|—3,j) d37
JiS
j#x

for every t > 0, x € S and ¢ > 0. Here, the interchangeability of limit and integral as
well as the interchangeability of limit and sum is justified by the monotone convergence
theorem, since

Vit +s,7) /A V(t+s,j) asn— oo

forallt >0, s € [0,9] and j € S according to Proposition 6.7 (¢) and (d). Also note that
Va(t+s,7) is lower bounded in n € Ny, s € [0,9] and j € S for every ¢ > 0, meaning

Vit +5,5) 2 Volt+s,5) =U(—clt+s)+g(j)) = C for (s,7) € [0,9] x S
for some constant C' € R, since s — U( —c(t+s)+ g(j)) is continuous on the compact
interval [0,9] (thus exhibiting a minimum) and j — U( — ¢(t + s) + g(j)) having

a minimum, because the reward function g was assumed to be bounded from below,
according to its definition in section 5.1.
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Continuing the reasoning above and the validity of the last calculation for every ¥ > 0
finally leads to

V(t,x)Zsup{U(—ct—cﬁ—l—g e /eqzszqm t+53)d}
9>0 jis
JFT

forallt>0and z € S.

Hence, we were able to show both inequalities and thus gain the desired fixed-point
equation

V(t,x):sup{U(—ct—cﬁH—g e t? / eququ] t+3j)d}

920 JES,
JFx
for every t > 0 and x € S. This concludes the proof part (a) of Theorem 7.23. O

An immediate conclusion from Theorem 7.23 under knowledge of the existence of the
maximizer U* = f*(t,x) in (7.72) for ¢ > 0 and = € S can be stated as follows:

Corollary 7.25 (fixed-point equation with applied maximizer)
Let x € S and t > 0. Then the fixed-point equation (7.72) can be expressed as

f*(t,x)
V(t,z) = U(—ct—cf*(t,z)+g(x))-e %04 / e qrqux] (t+s,7) ds. (7.74)

JES,
J#w

Note that in case of f*(¢,z) = oo for given t > 0 and x € S equation (7.74) is just a
symbolic notation for

V(t,z) =limsup U(—ct —cl+g(x)) - e %" / e ‘“SquJ (t+s,7)ds (7.75)

Y—00 jes,
J#w

according to Remark 7.24.

As we have seen in the previous section, the problem of solving the value function V (¢, )
for t > 0 and = € S could be tackled by solving all n—step value functions V,,(¢, x)
iteratively using for example Theorem 7.14 and letting V,,(¢, x) converge to the desired
unrestricted value function V(¢,z). But the tasks of iteratively finding a maximizer of
(7.31) and using it to express the next (n + 1)-step value function in a hopefully closed
and manageable form for every iteration step of Theorem 7.14, are not easy in general.
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Now having Theorem 7.23 at ones disposal opens up another possiblity for obtaining
V(t,z). If we would be able to identify the maximizer ¢* for the optimization in (7.72),
the problem of solving V' (¢, x) would be reduced to the problem of finding a fixed-point
of Equation (7.74) from Corollary 7.25.

In Theorem 7.14, we were additionally able to specify an optimal stopping time for
an n—step value function and derive some structural properties that have to be valid.
Theorem 7.23 on the other hand lacks this assertion about optimal stopping times for
the unrestricted value function V (¢, ). This missing study of optimality will be covered
in the following section.

7.7 Optimal Stopping Times for the Unrestricted
Stopping Problem

By comparing the Bellman equation in Theorem 7.14 and the fixed-point equation
in Theorem 7.23 one can easily see that they are structurally quite similar. Roughly
spoken, the iteration type Bellman equation (7.31) converges to the fixed-point type
equation (7.72) as n tends to infinity. Due to this structural similarity, one could suspect
that an optimal stopping time for V(¢,z) could be analgeously derived from (7.33) of
Theorem 7.14 by using the maximizer ¥* = f*(¢, ) from Theorem 7.23. This leads to
the following definition:

Definition 7.26

Let t > 0, z € S and f*: [0,00) X S — [0,00] be the maximizing function from
Theorem 7.23. Then define

T = (f*(t,x), FX(S1+t, Z1) 41, f*(Satt, Zo)+Ss, f*(83+t,Z3)+83,...). (7.76)

7+ depends explicitly on the choice of ¢ and z. If it is clear from the context, these two
arguments are omited, writing

This 7 would indeed be the best availible candidate for an optimal stopping time for
the unrestricted value function V (¢, x). Unfortunately, this 7* is not optimal in general.
However, under certain additional conditions we will be able to show the optimality of
the very same stopping time.

At first we want to compare 7% with the optimal stopping time 7 € ¥, for V,, (¢, z). As
stated in Remark 7.15 (e) and (f), we can guarantee that 7,7 is a P,—almost surely finite
stopping time for every n € Ny. This property always holds despite the fact that for no
single stopping rule 7% of 7, k € {0,...,n — 1}, the P,~almost sure finiteness has to be
valid. This is owed to the fact that the stopping rules are set to 7°F = S}, for every k > n
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and thus forcing the stopping time 7,7 to stop at latest after n jumps of the underlying
Markov chain.

As for the unrestricted case, we cannot guarantee the P,—almost sure finiteness of 7*.
Every stopping rule 7** is given by

T*’k = f*(Sk -+ t, Zk) + Sk (777)

for k € Ny, thus applying the very same function f* for every single stopping rule.
As f*:]0,00) x S — [0,00] originates from the maximization problem in (7.72) of
Theorem 7.23, it is explicitly allowed to attain infinitely high values for some (or even
all) arguments. Hence, there can be a positive probability for the stopping rules 7* to
be infinite.

Opposed to the optimal stopping time 7 for V,,(¢,2z), 7% exhibits no property which
forces it to stop after a finite number of jumps of the underlying Markov chain. Thus, the
P,—almost sure finiteness is generally not fulfilled. And even worse, due to the lacking
P,—almost sure finiteness, we cannot apply the decomposition result from Proposition 3.15
to conclude that this piecewise description of 7* using the stopping rules 7%%, k € Ny,
leads to 7* being an (F;¥);>o—stopping time. Hence we get in general that 7* ¢ 3.
On the other hand, by assuming 7* to be P,—almost surely finite we can conclude that
7 € 3. Of course, this assumption has to be manually verified in every application.

We will summarize this observation in the following lemma:

Lemma 7.27
Let t > 0, z € S and 7* defined as in (7.76) of Definition 7.26. Then it holds:

P,(m"<o0)=1 & 1€k,

Even if we can show that 7* € Y., we still need to show its optimality for the unrestricted
value function V (¢, x). To this end the following proposition will prove to be useful:

Proposition 7.28 (value splitting)

Let t > 0 and z € S. Assume furthermore that 7* € 3, for 7* from Definition 7.26.
Then it holds

V(t,2) = B, [U (—ct — e + g(Xr)) - Lipasy + V(S + 1, Z0) - Limssy]  (7.78)

for every n € N.
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Under the assumptions of Proposition 7.28 we can guarantee that 7* is indeed a IP,—almost
surely finite (F;¥)i>o-stopping time. Equation (7.78) now states that for every ¢t > 0
and z € S the value function V (¢, x) can be splitted into the expectation of two parts,
depending whether the stopping time 7* stops before or after the n—th jump of the
underlying Markov chain. If 7 stops before .S,, we gain the expected utility by applying
stopping time 7*. On the other hand, if 7 stops after S,, we can “restart” the underlying
Markov chain after S,, and take the expectation of the reapplied value function at S, +t
and Z,,.

Note that for n = 1 we get (as shown in the proof of Proposition 7.28)

V(t,x) =E; [U(—ct — e +9(Xr)) - Lpeasyy + V(S1 46, 21) - Lipensy

fr(tz)
=U(—ct—cf*(t,z)+g(z)) e =/ (t2) 4 / e I* quj -V(t+s,7) ds
0 j€S,
i#e
from Corollary 7.25. Thus, the special case n = 1 leads to the already established
fixed-point equation with applied maximizers. As we have seen just now, the fixed-point
equation can be interpreted in terms of the decision whether or not 7* has stopped before
the first jump time S;. Hence, Equation (7.78) in Proposition 7.28 can be seen as a
generalization of the fixed-point equation by interpreting the value function in terms of
the decision whether or not 7* has stopped before an arbitrary S,, for n € N.

Proof of Proposition 7.28
Let t > 0 and x € S. Using the notation with dependency of 7* from ¢ and z we will
prove

V(t, {E) = E:(: [U (—Ct — CT;:L, -+ g(XTt*z)> . ]]'{Tt*,z<sn} -+ V(Sn + t, Zn) . H{TZIZSn}
for all n € N by induction over n. Furthermore, we will denote
*x < *0 %1 *,2 >
Tt,x - Tt,x ) Tt,x 77—75,:(: [ B
where
T = f*(Sk +t. Zx) + Sk
for k € Ny. Note that Sp =0 and Zy = .

Induction basis: Let n = 1. Using the the decomposition result in Proposition 3.15 and
the fact that 7, 0 — (¢, x) is deterministic, we get

{7, <Si} = {th;? < S} =A{f"(t,z) <SS} and
{r7, = S} ={m3 = S} ={f*(t,x) > i}

and thus
P, (Tt*:r: <S) = e~ tal" (1)
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according to Corollary 2.20 (a). In addition, the joint density of (S}, Z;) given Xy =
Zy = x equals

4 exp(—qy -+ §) * Guj, A T F# ],
0-517Z1(S7]|X0:x):{0 ( ) ! lfx:]

for every s > 0 and j € S, due to Corollary 2.20 (c). Hence, we can conclude that
E, [U (—ct —cti, + 9(X721)> S V(S1+t7Z)- Lirs,>51)

=E, [U (—ct —cf*(t,x) + g(Xo)) : ]l{r,;z<sl}]

+ / e =3 Z Qej - V(S + t7<j) ) ]l{f*(t,:c)Zs} ds
0 j€S,
J#x

f*(t,l‘)
=U(—ct—cf*(t,x) +g(x)) - Py(rf, < S1) + / e 9 Z Qi Vi(s+t,j)ds
0 jes,
i

I*(t)
=U(—ct—cf*(t,x)+g(x)) e =0 4 / e 4 Z Quj - V(s +1t,j)ds
0 jes,
i
=V(t,z)

where the last step ensues from Corollary 7.25.

Induction hypothesis: Assume that for some n € N equation (7.78)

Vit,x) =, [U (—ct —cri, + g(XT;z)> “Lyrp <803 T V(Sp—1+t, Zn1) - ]l{TgiIzSn,l}}
is valid for all t > 0 and z € S.

Induction step: For the induction step, we will show for all ¢ > 0 and z € S that

B, (U (=ct = eri, + 9(Xe)) Tt <y + VISu 46 Z0) - T 25,

=B [U (‘Ct ~ Tt Q(Xn*,z)> rpe<suoy TV (Sno1 +1 Zoa) - ﬂ{nﬁmzsn—l}}
(7.79)
=V(t, z),

where the last step holds by induction hypothesis, thus concluding the validity of
Equation (7.78) for all n € N by induction.

The main difficulty will be to show Equation (7.79). To this end we will first gather the
required properties of jump times, embedded Markov chains and stopping times that will
be needed in the subsequent steps:

132



(i)

(iii)

7.7 Optimal Stopping Times for the Unrestricted Stopping Problem

Suppose S,_1 and Z,_; are given and the Markov chain X is restarted after S,,_;.
The first jump time after the reset shall be denoted by 51, whereas the first new
state attained by X after Z,_; shall be denoted by Z;. We thus get

51 ~ EJ?p(QZn,l)

and the joint density of S; and Z; given Z,_; is thus given by

{eXp(—anl ’ 8) "4z, _1j, if Zn-1 7é ja

o(s,7| Zn-1) := 051721(37]' | Zy—1) = 0 if Z, 1=
, n—1 —

according to Corollary 2.20 (c).

Given S, 1 and Z,, 1 we can define the stopping time 75 ., , | by

* o *,0 *,1 *,2
TSn—l+t7Zn—1 - Tsn—1+t»Zn—1’ TSn—l"'taZn—l ? TSn—l+tyzn—1’ e ’
where
*,0 ok
T itz = (Sn1+t, Zp 1)
and

T iz = S+ Sut 1. Z)

for k € N. Analogously to (i), we assume the Markov chain to be restarted at S,_1
and denote the k—th jump time and the k—th state taken after the restart by Sy,
respectively Zj.

Most importantly, TE;LOA viz,, = J(Sn1 +1t,Z,1) is again deterministic, given
S,—1 and Z,,_;. This leads to

{76, sz, <50 =175 iz < St} ={f(Se1+t Zn1) < S} (7.80)
given S, _1 and Z,_;.

According to Definition 2.15 and Theorem 2.16 (b) we know that given the history
Zo, 21, ..., Zyn_1, the sojourn time T}, = S,, —S,,_ is independent of S, _; = Z;i Ty
and
T, ~ Exp(qz, ,).

Furthermore, the state Z,, of the Markov chain X after n jumps does only depend
on the previous state and is characterized by the distribution given by the transition
probabilities (pZn—w')je o+ as stated in Theorem 2.16 (a). Altogether, we can reapply
Corollary 2.20 to formulate the joint density of 7}, and Z,,, given Z,_;:

. eXp —q P s)-q T lf Zn_ .7
or, 2,(8,7 | Zn-1) = {0 (=47, 1 " 8) "4z, 1 i . f;
’ n—1—.J-

Hence we get o(-|Z,-1) == 071, 2,(:|Zn-1) = 05, 7, (| Zn—1).
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(iv) By assumption we know that 77, € ¥, and thus fulfills the decomposition represen-
tation from Proposition 3.15. Hence, we get

o0
*x %0 *,k
Tie = T Lrp,<si) T E Tow Ysp<rp,<Sppp  Paaus.
k=1

and thus

_ %k *
e =T on  {S, <7, <Spa}).

(v) We can utilize the relation from (iv) to conclude

{Snc1 <7, < S} = {1, = Suc1} N {7, < Su}
= {17, = S} N {0 < S}
={7, = Sn ) (S +1,Zn1) + Snr < Sp}
=17, = Sna} W (Sna +1,Z50) < T},

which implies

Tt —Tt*wnl on{Tm>Sn 1O (Shor +t, Zn1) < T} (7.81)

(vi) Using (v), we get
(e < Sa} = {1 < Sn1} U{Sn1 < 7770 < S}
_{Ttx<Sn 1}U({Ttx25n O (Spet +t, 20 1)<T})
where A U B represents the union of two disjoint sets A and B. This leads to
Lirs <8y = Lrpo<suany + Mg 28003 - L (Sumi4+4,20m0) <) (7.82)

(vii) Using the decomposition representation in Proposition 3.15 we can conclude that

(e =S} ={mz 2SN n{md 7 > Sy {5}
= {17, = Sp N {ry "t > 8.}
={1/, > S} N{f (Snc1+t,Z,—1) + Sp1 > Sn}
= {77, > St} N (Suc1 +t, Zn1) > Su— Spi}
={7, = Sna} W (Snr +1,Z1) 2 T}

This yields
Lirr >80 = Lrp >80 03 - Lt (Snoi46.20-0)>T0) (7.83)
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(viii) We know that

{rie 2 S} = {7 = S {ry = Sp 00 {7 > 5.}
= {f*(t ) > 51} N{f(S1+1,21) + 81 > Sa}
Here we can see, that on the set {77, > S, } the stopping time 77, only depends

on the history Si,...,S, and Zy, Z1,... Z,_1, but not on any variables S} and Z
with higher index k > n, respectively £ > n.

We will show (7.79) now in 5 steps:
1. Using (7.82) in (vi) yields

[ ( et — Ty, (Xn*)) ' ﬂ{f:w<sn}]
[ ( ct — CTtm + g (X )) . ]]'{Tt*,x<‘5'”—1}i|

s [U( o= CTiatg (X%*,z>) Lrp 280 1) L (Surtt, 20 n<may | (7:84)

2. Due to (7.80) in (ii) we have

= X x0 = Zn—

*
r
Sp—1+t,Zp—1 TSn_1+t,Zn_1

ontheset {75  ,, < Si} and thus

Em [Ezn71 [U <_Ct - CSn L= CTS 1+t Zn—1 +g (X Sp_1+t.Z 1>>
n—1tt.Zp_1 Sn_l] ’ 1{7;:725”71}]

]E[]EZ [U(—ct—cS = ef* (Snet + s Zo) 4 g (Zo ))

’ I]'{Té’i <51}

’ ]]-{f*(sn71+t7zn71)<§1} S?‘L—li| ’ :H-{Tt*,xzs'n—l}i|

=T, [U( —ct—cSpo1 —cf* (Spo1+ 6, Zn1) + g (an))

) EZn—l [:ﬂ'{f*(sn—1+t,Zn—1)<§1} S"_l] ’ H{Tt*,asz‘g"*l}:| :

Assuming that S,_; and Z,,_; are given and the Markov chain was restarted at
S, we have defined S; in (i) as the first jump time after the reset. According to

135



7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

(iii), this is equivalent to the perspective of X not being restarted and interpreting
S1 as the sojourn time 7T}, between the given S,,_; and S,,. This leads to

Snfla XO = anl}

Bz, i [0 14020 1)<80} |Sn-1] = B[Lipes0 14020 1)<}

o0
- / L{pe(Sn 14,20 1)<uy€ 1" du
0

= E,; []]-{f*(Sn,1+t,Zn71)<Tn} Snfla anl}
and thus
e (B [U (=t = S =8,z +9 (X s )

Sn—1i| : ]'{Tt*,zzsnfl}}

1 N
{T‘gn—1+tvzn—1 <Sl}

—E, [U< —ct—cSp1—cf (Sn1+t,Zn1) + g (Zn—1)>

Iy []l{f*(Sn71+t,zn71)<Tn} Sn1, Zn—l} ']l{fgmzsn,l}]
=E, [Ew [U( —ct—cSy 1 —cf (Spa1+ 6, Z,-1) + g (Zn,l))

’ ]]'{f*(sn—1+t,zn—l)<Tn}

Sn—la Zn—l] : ]]-{T;zzsn—l}]

=K, []EI []EgE [U( —ct—cSy 1 —cf (Sna+t,Zn 1)+ 9(Znq) )

Sucts Zna| Lt 28,

’ :ﬂ-{f*(Sn,1+t,Zn,1)<Tn} Sl? BRI Snfla Zl: SR an:” )

where the last equality holds due to the tower property. Now given the history

SiyeesSn1, Zo =2, 24, ..., Zn_1, we know by (viii) that 7/, is fully described on
the set 1+ >g, 3. This and a reapplication of the tower property leads to

E, [IE)ZH_1 [U (—ct — Sy — CT§n71+t7Zn71 +g (XT@H%Z”A))

Sn—l] . ]1{7;125,1_1}}

-1 ~
{T‘;n—l‘i'tvzn—l <Sl}

_E, {Ew []Ex [U( — et — Syt — f*(Snr +t, Zn1) + g (Zn_l)) Lt 2501}

’ IL{f*(Snfl+t,2n71)<Tn}

Suts Zui

Stve i Suts 2, Z,HH
=E, [U( —ct—cSy1—cf (S +t,Zn1)+ g (Zn,1)>

) ]l{f*(Sn_1+t,Zn_1)<Tn} ) I{T;zzsn_l}]-
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On the other hand, we can utilize (7.81) from (v) to get

E, [U (—ct —cri,tyg (XT;J)) L >80} ]]-{f*(Sn_1+t,Zn_1)<Tn}]
=1, [U (—ct — CT,:;ZL_I +g (XT;,;H» Ly >80} ]l{f*(sn,1+t,zn71)<:r’n}]
=T, [U( —ct — c(f*(Sp-1 4+ t, Zp—1) + Spe1) + Q(Xsn71)>

LSt 201 < T} ﬂ{r;thsnfl}}
=E, [U< —ct = cSpa = cf (S 1, Zna) + Q(Zn—1)>

’ l{f*(sn71+t,zn—1)<Tn} ' :H'{Tt’:zzsnfl}} .

Finally we have

E, {U (—ct — T+ g (Xn*,gc)) L 28001 1{f*<sn_1+t,zn_1><Tn}]

=E, [EZ%l [U (—ct —cSp1—¢T5, iz, G (XTgn_1+t,Zn_1>>

1

*

{TSn,1+t,Zn,1 <Sl}

S,H] 1 {r;zzsnfl}} . (7.85)

3. Suppose again that the history up to the (n — 1)-th jump is known. More precisely,
let S1 =s1,...,5 . 1=8,1and Zy=x,21 = 21,...,%p_1 = Zn_1. We know by
(viii) that 77, is fully described on the set 1+ >s, ,3. Moreover, given this history
the joint distribution of T}, and Z,, is given by o(:|2,—1) according to (iii). By
additionally using (7.83) from (vii) we get

Ex V(Sn + 1, Zn):ﬂ'{T{IZSn}

Z1=21,-0sLn—1=2n—1

51517---7Sn15n17:|

=B, |V(Suor + To + 6, Z0) Lizg, >80 11 Lipe(Su 146,20 1)>T0}

Z1=21,sLpn—1=2n—1

51:517~~~7Sn1:'9n17:|

=By |V(sno1 +Tn+ 1 Zn) g, 55011 Lipe(snrtt,mn1)>Tod

31:317'~~7Sn—1:3n—171

Z1=21,.yLn—1=2n—1

Z1=21,ybn—1=2n—1

= ]l{thl.an—ﬁ B, {V(Sn—l + 1, + 1, Zn)]l{f*(sn—1+t,zn—1)2Tn}

5181,~.-,Sn1$n1,:|

= Lirp, 2000} /0 D Visna+u+t0) Lpion stz nza) - 0(u,jlz01) du.
JES
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Furthermore, given the history S; = s1,...,5,.1 = s,_1 and Zy = x,7; =
Z1y.ey 41 = zp—1 and knowing the joint distribution of 51 and Zl is given
by o(-|z,—1) according to (i), as well as applying the results in (ii) for the set
{76, iz, = Si}, we can use the calculation above to conclude

S,H}

>3
n—1t+tZn_1 _Sl}

E, {Ezn_l [V(S1 +Sp1 +t, 21) : 1{75

51511-~~>Sn15n17:|

’ ]]'{Tt*,zzsn—l} Z1=21,yln—1=2n—1

- Ex |:Ezn1 |:V<gl + Sp—1+ t7 Zl) ! ]]'{f*(sn,1+t,zn,1)2§1}i|

' ]]'{T,;Izsnfl} 1 =210y Dp—1=2n—1

51817---7Sn18n17:|

=E, |:/ Z V(Sn—l +u—+ t,j) ’ ]l{f*(sn_1+t,2n—1)2u} ’ O'(U,j|2n_1) du
0

jeS

51—81,~~,5n1—8n1,:|

’ ]]-{Tt*,;czsn—l} Z1=21, s hn—1=2n—1

Z1yeesZin—1 | | Z1=21,--,4n—1=2n—1

= Eaz |:E:B |:V<Sn + t; Zn)]l{Tt*@ZSn} 51281,...,Sn_1:sn_17:| )

Sl7""Sn—l7i|

By applying the tower property we can ultimately establish the last formula in this

step:
Bel Bz, VS + S #6200 Tgg sy |Sa] - Lirzsa]
_ T, []Ez []Ezn_l [V(S*l TSt Z) Ly gy Sn_l]
Ly, >80 1} Séllszlllu
= BB B[V, + .20 S5
— B |V (S + 6, Z0) Lz, 25 | (7.86)

4. We have already shown the desired equation (7.78) for n = 1 and all ¢ > 0 and
x € S in the induction basis. Using this formula on V' (S,_; + ¢, Z,_1) for given
Sn_1 and Z,_; yields
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V(Sn—l + t; Zn—l)
- EZn_l [U< N C<Sn_1 T t) N CT‘;”*l"'t’Z"*l + g(XTénfl-H,anl >> ’ ]]-{T§n71+t,zn71<g1}
+ V<Sl +1 Zl) ' ]]'{Tén—1+t,Zn712§1}:| )
Hence, we get

E, [V(Sn_1 b, D) 11{%25”71}} (7.87)
B EI |:EZn_1 |:U( — b= CSnil a CTgn—l'H’Zn—l + g(XTg'nflJ"t’anl)) ‘ 1{T§n71+t,zn71<§1}

+ V(gl + t? Zl) ’ ]]'{Tgn >§1}i| ) :H'{Tt*’x>5n—1}:| '

1+t Zp 1=

. In this last step we will combine equations (7.84) — (7.87) of all four previous steps
to show the desired equation (7.79) from the beginning of the induction step. To
this end, let t > 0 and x € S. Then it holds that

t,x

E, [U( —ct —ctf, + g(XT;!I)> Lrp, <501y T V(S +8, Zn1) - Ly zsnfl}}
(7.84) [

E, U( —ct —crf, + g(XT;w)) : 1{7;z<sn71}}

- E, [U <‘Ct ~ Tt 9 <X>> L2500y 1{f*<Sn—1+van—1><Tn}}
+ E, [V(Sn—l +t, Zpq) - ]l{vt*,xZSn,l}]

(7.85) E, [U( —ct—crf, + g(XT;I)> . ]l{T;z<Sn71}}

Sn—l} : ﬂ{n*,wzsn_l}]

-1 ~
{T§n71+t7zn71 <S1}

+ Ew [V(Snfl + t? anl) : ]]-{Tt*’zZSnfl}]
(7.87)
—E, []EZW1 [U (—ct —cSp1—CT5, itz G <X7—§n—l+tvzn—l)>

Sn—1i| ' ﬂ{r;zzsn,l}]

.1 .
{Tgn—l+tvzn—l <Sl}

+ E, [IEZW1 [U (—ct —cSp1—CT5, itz G <XT§n_1+t,Zn_1>>
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<S1}

. ]]'{Tg Sn_1i| . ]].{T;Tzsn—l}]

n—1+t2p_1

+E, {]Eznl [V(Sl 420 gy _lzsl}} . le,psn_l}}

=E, [U( —ct —crf, + g(XT;I)> ) 1{T§I<Sn71}}
B, {]E VE 02 1 e H{T;,zzsm}}

2 g, [U< —ct =T, + g(Xn*,gc)> ' ﬂ{n*,z<sn_1}} + s [V(S" + Zn)ﬂ{fzzzsn}]

= Ez [U (-Ct — CT;:I + g(XT* )) . ]'{Tt*,x<5”} + V(Sn + t, Zn) . ]_{Tt*’mzsn}} .

This proves the validity of (7.79) and thus concludes the proof.
[

We are now able to postulate the main theorem of this section, stating the conditions
needed for 7* to be the optimal stopping time for the unrestricted value function V (¢, x).

Theorem 7.29 (optimal stopping time for the unrestricted value function)
Let t > 0 and x € S. Assume that
" = (f*(tvz)v f(S1+1t,Z1) + 51, fF(S2+t,Z2) + 52, f(S3+1,23)+Ss, .. )
from Definition 7.26 fulfills 7* € ¥, and
Tim B, V(S +1, Zy) 11{7*25”}] — 0. (7.88)

Then 7* is the optimal stopping time for V' (¢, x).

Proof of Theorem 7.29
Let t > 0, x € S and 7" € X, such that (7.88) is satisfied. Since S,, — oo P,—almost
surely by Proposition 2.21, we know that

]].{7.*<Sn} /‘ 1 sza.s.

An application of the monotone convergence theorem as well as condition (7.88) yields

V(t,x) = nh_)rrgo V(t,x)

= lim [, [U (—ct — " + g(XT*)) Arrcsy + V(S +t,2,) - ]l{T*ZSn}]

n—oo
= lim B, [U (—ct — e7" + g(Xr)) Lirecs,y] + lim By [V(Sy 41, Z0) L5,

=, [U(—ct —cm"+ g(X:+))] -
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Hence, 7 € X, fulfills

V(t,x) = sup V(t,z,7) = V(t,z, )

TEY

and thus is the optimal stopping time for V (¢, z). O

Remark 7.30 (structure of the optimal stopping time)

(a)

Theorem 7.29 gives us the optimal stopping time 7* for the unrestricted value
function V (¢, z), provided that condition (7.88) is satisfied and that we were able
to guarantee the finiteness of 7*. Therefore 7 is a feasible stopping time from the
class ¥, and maximizes the value function.

Provided that the requirements of Theorem 7.29 are satisfied and 7* is the optimal
stopping time for V (¢, ), we can know that the main ingredient needed for 7* is the
maximizing mapping f*: [0,00) x S — [0, 0], which stems from the maximization
problem of fixed-point equation (7.72) of Theorem 7.23. As we can clearly see the
stopping time 7* consists of stopping rules 7%, which all utilize the same function
f*. The only difference lies in the current jump time and the current state of
the underlying Markov chain. Note again that provided f* is known, a specific
stopping rule 7%% = f*(t + Sy, Zi,) + Sy for some k € Ny is fully determined by the
knowledge of Si and Z;. In particular, we do not need to know any information
about preceding jump times or states before the k—th jump. An investor who
applies this stopping time is able to observe the last jump time as well as the last
state the Markov chain was in and therefore has every required information to
calculate the value of 7%, All he has to do is to terminate the stopping problem,
if the next jump does not occur before this calculated value. On the other hand,
if this jump happens before, he will discard 7** and will apply the next stopping
rule 75+,

Being able to solve the fixed-point equation (7.72) will provide us with both the
explicit form of the value function V (¢, x) and a candidate for the optimal stopping
time for V (¢, z). Even if we are not interested in the value function itself but only in
the optimal stopping time 7*, we have in general no other means to get 7" without
the knowledge of V(¢,x). In chapter 8 we will derive conditions under which we
can at least identify the optimality of some special stopping rules without having
to know V (¢, z) or solving the fixed-point equation (7.72).

141



7 Discrete-Time Approach for the Generalized Risk-Sensitive Stopping Problem

7.8 The Fixed-Point Equation for Exponential Utility
Functions

Again, we suppose that the underlying utility function U is given by
U:R—=R, U(z):=—e""
for some v > 0.

Analogously to section 7.5 we want to study Theorem 7.23 and Theorem 7.29 for the
special case of exponential utility and analyze if we can again achieve a significant
simplification of the fixex-point equation. In fact we will see that the situation is
analogeous to Theorem 7.18. The iterative Bellman equation (7.60) will indeed transform
into a fixed-point equation of similar structure.

To this end we note that according to (6.14) and (6.13) we get the reduced unrestricted
value function V'(x) by

f/(x) = sup ]Ex [ _ eC'YT_’YQ(X-r)]’
TEZI

which fulfills for every t > 0 and x € S that
V(t,z) = eV (z).

Using the definition of the mapping m; , in (7.66) we can rewrite the fixed-point equation
(7.72) from Theorem 7.23 in terms of

V(t,z) = sup my (V).
9>0

Analogous to (7.56) and (7.57) we can define the mapping

i (0) = —e 9 L mwmen? f NI gy (1 e wmen?) (7.89)
. qz — CY
Ji&
J#T

and state the relation
my (V) = et M (19). (7.90)

Now for every ¢ > 0 and x € S, the fixed-point equation (7.72) is equivalent to

V(x) = sup m(9). (7.91)

9>0

This allows us to formulate the fixed-point equation for the case of exponential utility:
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Theorem 7.31 (fixed-point equation for exponential utility functions)

(a) Let z € S such that ¢, < ¢y. Then it holds that

Viz) = —e 9@, (7.92)

(b) Let x € S such that g, > ¢y. Then we get

V(z) = max { —e 9@ g QLV(]) : (7.93)
; 4z — CY

JES,

JFx

(¢) Define the mapping f*: S — {0, 00} by

0’ if dx S cy or 4z > CY and ‘7(1‘) = —@779(93),
f*(IE) ‘= 4q 00, if g, > cyand f/(gg) = Z q:cq%/f/(j) (7'94)
.7657
J#z

and the stopping time 7" by

= (@), F(2) + 81, F(Z2) + Sy ). (7.95)
If € X, and
lim E, [f/(zn) : n{f*zsn}] —0, (7.96)

then 7* is the optimal stopping time for V (z).

Proof of Theorem 7.31 .
Parts (a) and (b) are absolutely analogous to the proof of Theorem 7.18, replacing V,,(z)

with V(x), m, . with m, and applying Theorem 7.23 instead of Theorem 7.14. This will
also yield the form of the corresponding maximizers and thus (7.94).

Given (7.94), part (c) of Theorem 7.31 is a direct application of Theorem 7.29. O

Remark 7.32 (discussion of Theorem 7.31)

(a) The fixed-point equation (7.93) is the unrestricted analogon to the iteration type
Bellman equation (7.60).

(b) As we can clearly see from (7.94), we absolutely need the explicit solution of the
unrestricted value function V' (z) in order to calculate f*(x), if ¢, > c¢y. Without
the knowledge of V' (x) we can not compute the stopping rules of the candidate 7*
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for the optimal stopping time. In the next chapter we will impose certain conditions
which allow us to identify the values of f* without knowing V' (z).

Just as in the general case the additional condition (7.96) can not be dropped. We
know that

Lir+>s5,3 = 0 Ppas. as n— oo

provided that 7 € ¥,. Therefore we can see (7.96) as a condition on the embedded
discrete time Markov chain (Z,)nen, as well as the reward function g of the stopping
model, such that V(Z,) does not “grow to fast” in expectation.

We know that we can express the intensity rates g,; in terms of the transition

probabilities p,; of the embedded discrete-time Markov chain (Z,)nen, by

pmjzga for :c,jES,x#j and prf:()

xT

We therefore get

4z

- CV]EJE V(Z1)].

This allows for a different representation of the fixed-point equation (7.93) in terms
of the expected value function with initial value Z;:

V() = max { —e 9@ G (7, . .
V(z) { : %_WEm[V(z )]} (7.97)

We can see in this representation that the maximum-operator in the fixed-point
equation compares the actual initial utility —e79(*) gained by immediate stopping
with the expected value function I, [V(Zl)] weighted by the factor , where
7 indicates the next state in which the underlying Markov chain will jump after
leaving the initial state x.




7.8 The Fixed-Point Equation for Exponential Utility Functions

Example 7.33 (example for the fixed-point equation for exponential utility functions)

Let S = {0,1} and X a continuous-time Markov chain with intensity matrix @ given by

Q= (CIOO %1) _ <—Oé o )
dio 411 g =B
for some «, 5 > 0 (cf. Example 2.14). Furthermore, consider the exponential utility

function

U:R—>R, Ux):=—-e""
for some v > 0. Moreover, let ¢ > 0 be the cost rate and g: S — R the reward function
in this setting. Assume that
a<cy<p. (7.98)
Then it holds:
(a) The value function V (z) is given by

V(O) — _ 900
and
_e—9(1) ; 1 8
1) = eﬁ - ng(O)Sg(l)szln ﬁ,ﬁm :
—me“’c’;”g( ), if g(0) > g(1) + S In =

(b) The optimal stopping time 7* for V(a:) is given by

0, ifxr=0 or leandg(O)§g(1)+%ln<ﬂiﬁy>,
S1, ifx:landg(0)>g(1)+%ln< B )

B—cy

T =

(c) Depending on = and on the reward values ¢g(0) and g(1), we get

‘7<x) - ‘7(3:, O) for StOppil’lg tlme T = O or

f/(ﬁ) = V(z,S;) for stopping time 7 = 5.
We have already calculated these value functions in Example 6.4 and can now verify

them again.

(d) Suppose now that y =1, c=2, a =1, f =3 and ¢g(0) = 10. If g(1) = 8, then the
optimal stopping time is given by 7 = S; for initial value 1 and 7 = 0 for z = 0.
If on the other hand ¢g(1) =9, then it is always optimal to stop immediately.
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Proof

(a) Let x = 0. Theorem 7.31 (a) yields

V(0) = —e—9(0)

for a = gy < .

Now let = = 1. Since 8 = ¢; > ¢, we use (7.93) of Theorem 7.31 (b) and compare
— e 9(1) > Z q1j ‘7(])
jes, 1 — Y
it

o o) > ﬂ\?(o)
@y

o e 1) > B e—19(0)
T By

e—a=g0) « P
T B-coy

&g(1) —g(0) > _%ln (ﬁ —ﬁcv)

Sg(0) < g(1) + %hl (ﬁ LﬁCV) .

This yields

(1) = —e9), if g(0) < g(1) + 1 In (575 ).
— 5290 i g(0) > g(1) + 2 In (52

(b) Using (7.94) and (7.95) of Theorem 7.31 (c) provides us with

) 0, ifz=0 or leandg(())gg(l)—k%ln( B ),
€Tr) =
00, if:}gzlamdg(O)>g(1)+%ln<ﬁ_ﬁc7

and

v = (P(a), F(20) + 81, (2) + s, ).

Forx =0orx =1 and ¢g(0) < g(1)+ }/ In (B—ﬁcw> we know that f*(z) = 0 and thus

™ =0.

This stopping time is trivially P,—almost surely finite and fulfills (7.96).
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For x = 1 and ¢(0) > ¢(1) + %ln (%) we know that f*(z) = oo. Therefore, the
stopping time 7 will not stop before the first jump time S;. After the jump, the
new state is deterministically given by Z; = 0, which leads to f*(Z;) = 0. Hence

we get

This stopping time is also P,—almost surely finite. It is very easy to see that (7.96)
is fulfilled.

Therefore

. O, lfLIZ'IO or leand g(o)gg(l)—i_%ln (,B;Bcv)’
’7_ =
S1, ifleandg(0)>g(1)+%ln< g )

B—cy

is the optimal stopping time for f/(a;)

In Example 6.4, we calculated
V(t,z,0) = —eretm9(@)
and

V(t,z,S1) =Vi(t,z,5) = —evet=9(0)

3 , forx =1 and 8 > ~ve.

These two value functions coincide with the ones we calculated, if we reapply the

time parameter ¢ > 0 via B
V(t,z) = eV (x).

Let g(0) = 10. We calculate

1 Ié] B N
S In (5 — CW) = In(3) ~ 1.098.

If g(1) = 8, then ¢(0) > In(3) + ¢g(1). If g(1) = 9, then ¢g(0) < In(3) + g(1). Part
(b) of the example yields the desired assertion.
O
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8 Optimality of Special Stopping
Times

In our setting of generalized risk-sensitive stopping problems for continuous-time Markov
chains we derived several assertions for characterizations of optimal stopping times. In
this chapter we want to discuss the optimality of stopping times which exhibit special
structures and which have a clear interpretation. These special stopping times will mainly
consist of stopping rules which imply the optimality of immediate stopping or never
stopping in certain situations. Furthermore we will identify conditions under which the
optimality of such stopping rules is guaranteed.

Note that in the continuous-time setting the two cases of immediate stopping or never
stopping, if the Markov chain hits certain states, do not cover all possible stopping rules
for our continuous-time stopping problem. We will see that there are indeed situations in
which the question of optimality depends additionally on the actual sojourn time in a
given state of the Markov chain. Thus we will be able to construct situations for which
an optimal stopping rule between two jumps could read like this: If a certain state x € S
is reached, do not stop at first but wait and hope for a short sojourn time until the next
change of state occurs. If this happens “fast enough” then apply the new appropriate
stopping rule for the next period. If this doesn’t happen “fast enough”, then stop after a
certain period of time. This accommodates for situations where an optimal policy would
consist at first of waiting for a “better” evolution of the underlying Markov chain. If this
does not happen fast enough the cumulated costs of additional waiting up to some point
outweigh the expected gain from future developments, making stopping and terminating
the problem between two jumps optimal.

In some sense this chapter can be seen as a continuous-time generalization of a paper
from Kadota et al. [1996], where optimal stopping under general utility, but discrete-
time Markov chains was considered. As a consequence of this discrete-time setting the
dependency of the value function on the time parameter is revoked. The question of
optimal stopping is reduced to the search of a discrete time point at which such jumps
can occur, but never between. In addition, Kadota, Kurano and Yasuda established
conditions under which special stopping times, the so-called one-step look ahead (OLA)
stopping times, are optimal. We will see that the conditions for immediate stopping or
never stopping, as given in the subsequent sections, can be seen as generalizations of
these OLA stopping times. In some special cases like the choice of an exponential utility
as utility function, our setting can be simplified to match the criteria of Kadota et al.
[1996].
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8 Optimality of Special Stopping Times

8.1 General Concepts

In chapter 7 we were able to establish the Bellman equation ((7.31) in Theorem 7.14),
which allowed us to calculate every n—step value function by iteratively solving all
preceding k—step value functions for &k € {0,1,...,n}, instead of solving the n—step
stopping problem (5.2) directly by maximizing over all feasible stopping times in X,.
In order to calculate all these value functions, it was required to solve a deterministic
maximization problem over all non-negative numbers ¥ > 0 in (7.31). Using the notation
in (7.22) we can briefly recapitulate this deterministic problem by

Mit(V) — sup! (8.1)
9>0
The main feature was that the maximizers 9} = f;(¢,z) solving these maximization
problems for k € {0,1,--- ,n} were the key to construct the optimal stopping time

T; - <f:;—1(t7x)u f;—Q(Sl + t, Zl) + Sl7 ey fg(an—l + t, Zn—l) + Sn—ly Snu Sn+1, .. )

for the n—step value function V,,(¢,z), as given in (7.33).

Similarily, we were able to extend this theory for the unrestricted value function by
establishing the fixed-point equation ((7.72) in Theorem 7.23), which translated the
task of solving the unrestricted stopping problem (5.1) by maximizing over all feasible
stopping times in ¥, into the task of solving a deterministic fixed-point equation, coupled
with a deterministic maximization problem over all non-negative numbers ¥ > 0 in (7.72).
Using (7.66), this problem can be expressed as

my (V) — sup! (8.2)
9>0

We have also shown in Theorem 7.29 that the maximizer ¥* = f*(¢,x) in (7.72) can again
be utilized to construct

T = (f*(ta$)7 S+t 2Z1)+ 51, ff(S2a+1t,Zs) + S, f*(53+t,Z3)+537--->

as formulated in (7.77). At least under the conditions of Theorem 7.29 we have shown
that this 7* is an optimal stopping time for the unrestricted value function V (¢, x).

Both methods require us to be able to solve the corresponding maximization problems
(8.1), respectively (8.2). In general it is quite difficult to solve these problems explicitly.
Thus the question arises, whether one would be able to derive at least certain optimal
stopping rules in a more computable way, without the need to solve the above-mentioned
problems (8.1) or (8.2) explicitly. By “certain optimal stopping rules” we mean stopping
rules, which stipulate an immediate stopping of the stopping problems (5.2) or (5.1)
as soon as a certain time or state is reached, or stopping rules, which imply that the
corresponding stopping problems will never terminate as long as the underlying Markov
chain remains in a certain state.
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8.1 General Concepts

Let us at first consider the unrestricted value function V (¢, x). For the remainder of
this chapter we will assume that the requirements of Theorem 7.29 are fulfilled and the
optimal stopping time for V (¢, x) is given by

T = (f*(taflf)a [A(S1 4+t Z1)+ S, [F(Se+1t,Z5) + Sa, f*(S5+1t, Zs) +S37-~-> €2y

As we can see from Proposition 3.15, the stopping time 7* is uniquely determined between
two jumps S; and Si1 by its corresponding stopping rule

8 = XSy + t, Z3) + Sk

Moreover, this stopping rule is applied at the moment the k-th jump occures, given that
7* did not stop beforehand. But given that this case occured, the k—th jump time Sy, as
well as the k-th state Z;, are known and determine 7% completely on the whole interval
[Sky Sk+1). As discussed in Remark 7.15 (d), these two quantities are the only ones

which control the actual value of 7%F. Every other jump time S, ..., Si_; or post-jump
state Zy, Z1,...,Z,_1 doesn’t have any influence on the stopping rule. Thus, 7% is
independent of every preceding stopping rule 79, ..., 7%~ Once the k-th jump time

and the k—th state of the underlying Markov chain are observed, the optimal stopping
time is completely determined up to the next jump.

Suppose now that the k—th jump time S, as well as the k—th state Z are known and
the optimal stopping time 7* did not stop before S;. Since the stopping rule 7* is given
by knowing the exact value of f* evaluated at Sy + ¢ and Zj, this maximizer function
is the object of interest to decide the evolution of the optimal stopping time. We are
especially interested in the following two cases:

If f*(S, +t,7;) = oo, the corresponding stopping rule is set to 7%F = co. Hence on the
interval [Sg, S, + 1), the stopping time 7* is constantly given by infinity and will thus
never be able to stop before the next jump time Si,;1. As a consequence we can say that
if f*(Sk+1t,Zx) = oo for given S, Zi and t > 0, then the optimal stopping policy would
be to wait until the next change of state of the underlying Markov chain occurs.

If f*(Sy +t,Z;) = 0, the corresponding stopping rule is set to 7%F = S;. Hence on
the interval [Sy, Sk + 1), the stopping time 7* is given by Sy and will thus by definition
trigger immediately the moment the Markov chain jumps into state Zj at time Si. As a
consequence we can say that if f*(Sy +t, Zy) = 0 for given S, Z and t > 0, then the
optimal stopping policy would be to stop immediately once X reached Z; at time Sj.

This concept remains valid for the study n—step value functions. The special conditions
for the optimal stopping times for V,, (¢, z) are quite similar. Given the optimal stopping

time

= (f;_l(t7g;), 5 o(S1+6,2) + 81, f5(Sni +t, Zn 1) + Sn1, Sny Sntt,s - - )
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for the n—step value function V,,(¢,x) and stopping rules

T*’k _ f;;_1_k(Sk + t? Zk) + Sk7 k< n,
" Sk, k>n,

we can again differentiate the two special cases:

If fr | o (Sk+t Zy) =00 for somet >0, ke{0,1,...,n—1} and Sk, Z; are known,
then the corresponding stopping rule, and thus the stopping time itself is given by
7% = 75F = 00 on [Sk, Ski1). Analogously to the reasoning above, this prevents 7 from

stopping before Si,; and leads to the optimal stopping policy to never stop as long as
the Markov chain remains in state Zj,.

If on the other hand f* | ,(Sk +t,Z) = 0 for some t > 0, k € {0,1,...,n — 1} and
given S, and Zy, the stopping time 7* is given by S; and thus stops directly after the
Markov chain reached state Z; at Sy.

Note that for £ = n we have 77" = 5, regardless of any functions f7,..., fr_,. The
stopping time will therefore stop immediately after reaching the n—th jump time, if it
didn’t stop beforehand. This accommodates for the concept of n—step value functions,
respectively the n—step stopping problem (5.2), which terminates at latest after n jumps
of the underlying Markov chain.

Another characteristic of optimal stopping times for n—step value functions is the fact
that every single stopping rule 7 is characterized by a different function f* , , and
not by a single one like for optimal stopping times for unrestricted value functions. As a
consequence, the decisions whether a stopping rule stipulates immediate stopping, no
stopping or something different does not only depend on the last jump time and the last
attained state, but also on the actual number of preceding jumps.

In any case the decision, whether or not one of the two special stopping rules applies,
requires exact knowledge about the maximizer functions f;, respectively f*. In the fol-
lowing sections we will investigate under which conditions we can conclude the optimality
of those special stopping rules without having to calculate these maximizers, respectively
the corresponding maximizing problems (8.1) or (8.2).

8.2 Conditions for the Optimality of Not Stopping in
Certain States

We will investigate the conditions of interest mainly for optimal stopping times for the
unrestricted value function V' (¢, z). Note that every result given is also valid for optimal
stopping times for n—step value functions. The main difference lies in the additional
dependency of the current step of the maximizers in (7.31) of Theorem 7.14. Note that if
not stated otherwise or explicitly mentioned, one can replace every statement for V (¢, x),
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my ., the corresponding unrestricted stopping problem and its optimal stopping time,
with the appropriate analogues V,,(t,2), my,., the n—step stopping problem and its
optimal n—step stopping times for any n € Nj.

Optimality of not Stopping under Extended Utility Functions

Assume that the underlying utility function U for the unrestricted value function V (¢, )
is given by Definition 4.3, but does not fulfill the requirements of Definition 4.1 on the
whole real line. This means that U is derived from a classical utility function U, which
has a smaller maximal domain than R. Using Definition 4.3 U is thus extended to R by
setting U to —oo where U is not defined. Thus by considering mappings of the form

Y +— U(—c + const.)

we can deduce that there exists a ¥y > 0 such that U(—cd + const.) = —oo for all ¥ < .
We can interpret this in the way that waiting for too long and cumulating too large costs
will inevitably result in the worst possible utility for an investor, namely —oco. According
to Remark 4.5, this can be seen as a defaulting case, where an investor cumulated such
high amounts of costs that he went bankrupt.

From intuition it should be evident that the optimality for V (¢, z) to wait in certain
states as long as the underlying Markov chain resides in this state cannot be reasonable,
since there is always the danger of defaulting to account for. On the contrary, given any
jump time S, and state Z, and knowing that the optimal stopping time did not stop
before S,,, the optimal stopping rule 7" is given by a fixed deterministic and finite value.
If the next jump of the underlying Markov chain does not occure before 7% it is optimal
to stop. As S,y11 ~ Exp(qz,), given Z,, there is always a positive probability that 7*
stops before the next change of state. We can say that up to this 7", it is optimal to
wait and hope for a change of X into a state which yields a higher reward. If this change
does not occur before 7", the cumulated costs grow too high, forcing a rational investor
to stop in order to avoid bankruptcy.

The same reasoning is also true for the n—step value functions V,,(¢, x) and their optimal
stopping times, respectively optimal stopping rules. One only has to account for the
dependency of the maximizers of (8.1), respectively (7.31) of Theorem 7.14. Also note
that due to the nature of n—step value functions, the corresponding optimal stopping
times 7,¥ given by (7.33) stop at the latest after the n—th jump of the underlying Markov
chain. Thus the only stopping rules of interest are the ones which are applied before this
n—th change of state.

The following proposition summarizes the reasonings above and proves them rigorously.
In case of the mainly discussed unrestricted stopping problem and its unrestricted value
function V (¢, z), we will also be able to show the P,—almost sure finiteness of the potential
candidate 7* from (7.77) for the optimal stopping time for V' (¢, z). This means that in
the setting of Theorem 7.29 the requirement of 7% being P,—almost surely is automatically
fulfilled and does not have to be checked manually.
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Proposition 8.1 (optimality of finite stopping rules)

Let the underlying utility function U: R — RU{—o0} of V(t, x), respectively V,,(¢,z) be
an extended utility function according to Definition 4.3, derived from a classical utility
function with maximal domain [—d, c0). Moreover let T, and Tén) (x) for z € S and
n € Ny be defined by (7.64), respectively (7.19). Then it holds

(a) The mapping f* is bounded from above by T;. For all ¢ > 0 and = € S, every
stopping rule
7'*’kJ = f*(Sk—i—t, Zk) —f-Sk, ke NQ,

is P,—almost surely finite. As a consequence, it is never optimal to wait arbitrarily
long in any given state.

Furthermore, 7* defined by
TN = (f*(ta z), f*(S1+1t,Z1) + S1, f*(Sa+1t,Z2) + S, f*(S3+1,23) + Ss, .. )

is P,—almost surely finite and thus 7 € X, is automatically fulfilled.

(b) The mappings f3, ..., fn_1 are bounded from above. More precisely, we get
fit,x) <TW(z) forallt>0,z€ S ke{0,1,...,n—1}.
For all n € Ny, t > 0 and = € S, every stopping rule

T*’ka;_l_k(Sk-i-t?Zk)‘i‘Ska ke{0,1,...,n—1},

n

is P,—almost surely finite. For k& > n the optimal stopping rules are given by
7k = S;. As a consequence, it is never optimal to wait arbitrarily long in any
given state.

Proof of Proposition 8.1
We will prove part (a) of Proposition 8.1:

Suppose the domain on which U is bigger than —oo is given by [—d, 0c0) and let ¢ > 0,
x € S and k € Ny. Note that if ¢ > T,; where Ty is defined as usual by (7.64)

in d
Td:9f+ 7
C

then V(t,x) = —oo and m;, = —oo according to Lemma 7.22 (c)(i) and (ii). This
represents the case where the cumulated costs are already too high to begin with,
resulting in the bancruptcy of an investor independent of any choice he could make. As
any applied stopping time will yield the same expected utility of —oo, we will choose
7 = 0 as “optimal” stopping time by convention. This is also reflected in Lemma 7.22
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(c)(iii), where we set 9* = f*(t,z) = 0. Thus, every 7% with
7'*”C = f*(Sk + t, Zk) + Sk

fulfills 7** = S, implying that every stopping rule will terminate as soon as it is in effect,
rendering the optimal stopping time to be equal to zero.

Now let ¢ € [0,T,]. Then an application of Theorem 7.23 (c) yields
= f*(t,x) < Td —1t < Td.

As a consequence we get f*(Sy + t,Zx) < Ty, for every k € Ny. Note that in case of
Sk +t>T,; we get f*(Sk +t,7Z;) =0 < Ty Thus every stopping rule

T*’k = f*(Sk + €, Zk) + S, <Ty+ Sk
is P,—almost surely finite.

As long as the next jump time Sy, is not reached, stopping rule 7%* is in effect. It will
always terminate at the latest after a duration of T; measured from Sj. A longer waiting
period for the Markov chain to change its state is never optimal.

To prove the P,—almost surely finiteness of 7* we fix an n € N and consider

(> S} ={r">5}n{r' > S}n--n{r"! >3}

{T*,k—l Z Sk:}

Il
IDE

b
Il
—

{f*(Sk=1+t, Zj—1) + Sk—1 > Sk}

Il
IDE

>
Il
—_

I
IDE

{*(Sk-1+t, Z1) > Sk — Sk}

i
I

Il
IDE

{f*(Sk=1 +t, Zj1) > T}

b
Il
—

Given Zj_1 we get T ~ Exp(qz,_,) for the k—th sojourn time. Using the stability
condition of the underlying Markov chain, which was assumed in Assumption 2.13, we
know of the existence of a A € (0, 00) such that ¢; < A for all j € S. This leads to

Po(Ty <t) = Po(Ty < t|Zky = j) - Pu(Zios = )

jes
= Z (1 —exp(—g;t)) - Pp(Zy—1 = j)
jes
< (1 —exp(—At)) ZPI(Zkfl =J)
jes
=1 — exp(—At).
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8 Optimality of Special Stopping Times

Using the independence of the events {f*(Sk_l +t, k1) > T} ke {l,... ,n}, we can
cunclude that

PI(T* 2 Sn) = ]Pm ﬂ{f*<sk71 + ta Zk71> 2 Tk})
k=1

I
=

P, ({f*(Sk-1+1t, Zk_1) > Ti})

i
I

VAN
—=

P, (T <1Ty)

B
Il
—

1 —exp(—=\Ty)

IA
=

—exp(=ATy)]"

as n — 0.

I
o = §

%
Since {7* > S, } \( {7* = o0}, we finally get
P, (7" = o00) = lim P, (7" > S,) =0

and thus
P,.(7" < o0) = 1.

*

The stopping time 7* is hence P,—almost surely finite and therefore fulfills 7% € ..
This finalizes the proof of part (a) of Proposition 8.1. For part (b) we note that every
given argument above also applies for the case in Proposition 8.1 (b). Just replace T, by
Tén)(x), apply the results in Lemma 7.13 (c) as well as Theorem 7.14 (c) and (d) and
repeat the reasoning above to conclude the proof. O]

Optimality of not Stopping under Classical Utility Functions

Now suppose that the underlying utility function U for the unrestricted value function
V(t,x) is a classical one on the whole real line and does not take the value —oo. In
contrast to the upper case of an extended utility function, we do not have a bancruptcy
threshold. Regardless of the amount of cumulated costs caused by arbirarily high waiting
times, the corresponding utility given by U does not reach —oco. Even higher losses result
in even lower, but finite values of corresponding utility. In such cases it is a priori unclear,
if there is a threshold after which an additional waiting in a certain state is still optimal
or inefficient. As there is no bancruptcy treshold, a prolonged waiting in a certain state
of the underlying Markov chain could possibly be optimal, depending on the expected
state in which the Markov chain could jump as well as the expected time at which this
jump could occur. We will now establish a condition under which we can guarantee the
optimality of waiting in a given state, regardless of its duration. To this end we remind
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8.2 Conditions for the Optimality of Not Stopping in Certain States

ourselves of the discussion at the beginning of this chapter, stating that indefinite waiting
in a certain state is optimal, if the optimization problem (8.2), respectively its original
problem (7.72) from Theorem 7.23 is solved for a maximizer set to infinity. As we are
in the setting of Theorem 7.23 (b) and know that ¥ — m; ,(¢) is differentiable almost
everywhere, we can demand for m, , to fullfill

m;x(ﬁ) > ()

almost everywhere. This, together with the knowledge of m; , being continuous on [0, c0)
according to Lemma 7.22 (b), will guarantee that

sup my . (9) = lim my . ()

9>0 ¥—00
and the maximizer being 9" = oco. Of course we still have the same problem that was
discussed at the beginning of this chapter. In order to verify conditions like m;, > 0
explicitly we need to know the value function V (¢, z) itself. To avoid this difficulty, we
will now define a new set which will help us to find states for which it is optimal to wait
arbitrarily long for the next jump of the underlying Markov chain to occur.

Definition 8.2 (the S;°—set)
Let t > 0. Define the set S7° by

sei={ze s\ Z%U(—cﬂJrg(j)) > U(—cd+ g(x))+

e
£U'( —c+g(z)) foralld > t}. (8.3)

4z

Remark 8.3 (properties of the Sp°—set)

Clearly, S7° is a subset of the state space S for all t > 0. Furthermore, if t < ¢’ for some
t,t' > 0, then we immediately get

S C SFC 8. (8.4)

Thus if some state € S fulfills x € S7° for some ¢ > 0, it will never “leave” the set again
in the sense that x € S;° for every t' > t.

This Sp°-set will give us a sufficient condition to decide whether or not it is optimal
to wait arbitrarily long for the Markov chain to jump into a new state, given that the
stopping problem already cumulated costs for a period of t > 0. The following theorem is
valid for both the unrestricted value function and any n—step value function for n € Nj.
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8 Optimality of Special Stopping Times

The

orem 8.4 (optimality condition for never stopping)

Let ¢t > 0 and € S. Then it holds:

(a)

If z € Sp°, then mj, > 0 for every ¥ > 0. As a consequence, the maximizer of
(8.2), respectively (7.72) is given by

= f*(t',x) = o0
for every t' > t.

If the underlying Markov chain will ever jump into state x after time ¢, then the
optimal stopping rules for the unrestricted stopping problem will never terminate
before the next jump time.

Let n € N. If z € Sp°, then my , , > 0 for every i > 0 and every k € {0,1,...,n—1}.
As a consequence, the maximizers of (8.1), respectively (7.31) are given by

192 = ;—1—k(t/7x) = o0
for any k € {0,1,...,n — 1} and every t' > t.

If the underlying Markov chain will ever jump into state x after time ¢, then the
optimal stopping rules for the n—step stopping problem will never terminate before
the next jump time, as long as the n—th jump did not occur.

Proof of Theorem 8./
We will use the inequalities

Vo(t,x) > U(—ct+ g(x)) and
V(t,x) > U(—ct+ g(z))

given in Remark 6.3 (e) for alln € Nyo, t > 0 and z € S.

Now

fixat >0 and z € S and suppose x € S;°. Hence we know that

>0 ( = b 4 9() > U( i+ g(@) + U~ i + ()

i#a

is fulfilled for every ¢ > t. Therefore we get
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for every ¥ > 0. Applying the above-mentioned inequalities thus yields the validity of

Z%V(t—i—ﬁ,j) >U(—ct—cd+g(x))+ fU’(—ct—cﬁ%—g(x))
jes, 1% e
JFx
@ZquV(t +9,5) > quU(—ct — cd + g(x)) + cU'( = ct — cd + g(z))
i
(:)qujV(t +9,7) —cU' (—ct —cd+g(x)) — ¢uU(—ct — el + g(x)) >0
o
for all ¥ > 0 and therefore
my () >0 forall ¥ > 0.
The same argument also yields
My, () >0 forall ¥ >0
for every k € {0,1,...,n— 1} for a given n € N.

As a consequence we immediately get

sup my . (9) = lim my . ()
9>0 Y—00

as well as
sup mp ¢ . () = lim my 4 ,(9)
9>0 J—00
for all k € {0,1,...,n — 1}. The corresponding maximizers ¥*, respectively J3, k €
{0,1,...,n — 1} are therefore set to infinity.
An optimal stopping time 7* for V (¢, z) with stopping rules
T*’k :f*(Sk—l—t, Zk)—f-Sk, k € Ny

will thus satisfy 7%% > S;.; and therefore never stop before the next change of state, if
for given S;, and Z

is true. As a consequence, it is never optimal to stop in such a state.

Analogously, we get the same result for the stopping rules

Tt = frak(Se+ 4 Zk) + S k€{0,1,.. n—1}

n n

for the optimal stopping time 7% of the n—step value function V,(¢,x), n € Ny. Note

that this is only true for the first n stopping rules 7% ... 75"7! as the n-step stopping
problem is terminated at the latest after the n—th jump of the underlying Markov
chain. =
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Remark 8.5 (interpretation of Sy°—sets)

With respect to Theorem 8.4 we can interpret a state x € S;° for ¢ > 0 the following
way: Since stopping the unrestricted stopping problem, respectively an n—step stopping
problem, is never optimal as long as the underlying Markov chain resides in this state z,
an investor can classify such a state as “bad state”. The reward g(x) gained from x has
to be so unprofitable in comparison to other states which can be successors of x, that
despite of the sojourn time in z, as long as it may take, it is always more lucrative to
wait and hope for a “better” state with higher reward.

The monotonicity of S;° in ¢t > 0 stated in Remark 8.3 is another interesting feature. It
states that if a state z € S becomes “bad” for some ¢ > 0 in the sense that z € S°, then
it will never be able to become a more profitable state again. Once the cumulated costs
—ct are high enough the investor will be more inclined to wait for subsequent changes of
state to compensate for the aggregated costs. This reflects in some way the attitude of
an investor towards risk as well as his preferences. As discussed in chapter 4 such effects
are indeed modelled utility functions. As we can see in Equation (8.3), the Sf°—set from
Definition 8.2 is heavily dependent on the choice of a particular utility function.

Note that if x € S5°, then o € S¢° for all ¢ > 0. Therefore the moment when the “bad”
state x is reached doesn’t play any role. Independent of ¢ > 0 and the cumulated costs
so far, it is never optimal to stop in state x. On the other hand, if there exists a ¢’ > 0
such that x ¢ S;° for some t < ¢’ and x € S{° for ¢t > ¢/, then the state z doesn’t have
to be “bad” from the beginning. As Theorem 8.4 only yields a sufficient, but not a
necessary condition on the optimality of never stopping, there still exists the possibility
that stopping in such a state x before the jump of the underlying Markov chain into
another state can still be optimal, if the investor didn’t already wait too long in the sense
that the cumulated costs do not exceed —ct’. After time t’ the state = becomes definitely
“bad” and stopping in x will never again be optimal after this moment.

Note that the statements in Theorem 8.4 refer to fixed states x € S and fixed time
values t > 0. We will discuss the situation again for the unrestricted case, but the case
of n—step stopping problem is as always analogeous. According to Theorem 7.29, the
optimal stopping time is given by

T = (f*(t,as), [ (S1+t,21)+ 51, [ (Se+1t,2Z2) + Sa, f*(S5+t, Zs) +S3>--->>
where

T*’k = f*(Sk + 2, Zk) + Sk, ke Ny.

Thus before the k—th jump time Sj, the stopping rules 7% are random and do not permit
a clear a priori decision whether or not it is never optimal to stop in state Zj, if the
Markov chain attained this state at time Sy. But due to the piecewise description of
stopping times, an investor is very well able to observe the current state of the underlying
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Markov chain as well as the time at which this state was attained at. Based on this
information the investor can easily check whether the current state is part of the Sy°—set,
or not. Therefore he knows immediately whether or not the optimal policy he has to
apply up to the next jump is just to wait, independent of the possible duration of this
waiting period.

Also note that in order to make such decision the investor solely needs the information
required for S7°, namely the model components for the stopping problem introduced
in section 5.1. Of course the set S;° depends heavily on the choice of the underlying
utility function U, which represents the preference relation and attidute of a given
investor towards risk. In particular, an investor does not need to know the value function
V (¢, x) itself, neither does he need to be able to solve the maximization problem (8.2),
respectively (7.72) explicitly.

8.3 Conditions for the Optimality of Immediate
Stopping in Certain States

Now we will investigate the conditions for which the optimal stopping policy of an investor
requires an immediate stopping, as soon as a certain state and time is reached. To this
end, we will again mainly focus on optimal stopping times for the unrestricted value
function V (¢, z). Note that every result given is again also valid for optimal stopping
times for n—step value functions V,,(t,z). As we will see in the following sections, a
simply calculable condition for the optimality of immediate stopping is not as easy as for
the optimality of not stopping in a certain state. We will see that we need to impose
an additional assumption on the structural connection of underlying Markov chain and
utility function to deduce the validity of this condition. This assumption can be seen as
the continuous-time generalization of an assumption made by Kadota et al. [1996], where
optimal stopping times where also studied for arbitrary utility functions, but only in a
time-discrete setting with time-discrete Markov chains.

Optimality of Immediate Stopping under Classical Utility Functions

Suppose that the underlying utility function U for the unrestricted value function V' (¢, x)
is a classical one on the whole real line and does not take the value —oo. We will discuss
this case at first because of the beneficial property of U being differentiable on the whole
real line. We will also assume that the assumptions of Theorem 7.29 are fulfilled and
that the optimal stopping time has therefore the structure

T = (f*(ﬂl’)a [*(S1+t,Z1)+ 51, f*(Sa+1t,22) + S, [*(Ss+t,Z3)+ Ss, .. )
given in (7.76).

Just as in the last section we know of the continuity and almost everywhere differentiability
of my, (and m,, ., for any n € Ny). Therefore, an obvious approach to find a condition
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8 Optimality of Special Stopping Times

under which the optimality of immediate stopping in certain states at certain times would
be to demand the validity of

My, (9) <0

for all ¥ > 0. This would immediately imply that the maximization problem (8.2),
respectively (7.72), is solved by the maximizer

9% = f*(t,z) = 0.

Given that the stopping problem was observed up to the k—th jump time S} and knowing
the current state S; in which the Markov chain resides will lead to the stopping rule

T*’k = f*(Sk + t, Zk> -+ Sk = Sk

of the optimal stopping time 7*, if f*(Si + ¢, Zx) = 0. Therefore the optimal stopping
rule will terminate immediately as soon as the time Sy + ¢ has passed without stopping
and the state Z; was adopted. In this case it is never optimal to wait any additional
period of time in hope of a new jump of the underlying Markov chain into a state with
better reward. In some sense such a state z € S, for which immediate stopping is optimal
as soon as it is reached, is an ideal or “good” state in comparison to every successive
state that could be attained at some point after x.

From intuition it should be plausible that if stopping in such a “good” state z € S is
optimal at some time ¢ > 0, then it should also be optimal if this state is reached at
any later time point ¢ > t. In this case an investor has to deal with the extra costs
of —c(t' —t), but still has no hope for a higher expected utility gained by waiting any
additional period of time.

Hence, for immediate stopping to be optimal, it has to be more rewarding than waiting
for any successive state to follow. In this sense immediate stopping has to yield a higher
actual utility than the expectation of every possible future utility that can be achieved
due to the evolution of the underlying Markov chain. Sadly, this is a rather strong
requirement that is not easy to check. Therefore we cannot simply repeat the approach
given in Theorem 8.4 for never stopping in a certain state. We will need to impose
an additional assumption on the structure of the underlying Markov chain in order to
construct a condition which is easy enough to check and which does not require the
knowledge of the value function V' (¢, z) itself, respectively the explicit solution of the
corresponding maximization problem (8.2). To this end we will define a new set similar
to the S;°—set from Definition 8.2.
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Definition 8.6 (the SP-set)

Let t > 0. Define the set S? by

S0 = {IGS‘ Z%U(—cﬂw(j)) <U(=ch+g(x))+

i#e

quf( — e+ g(z)) forall ¥ > t}. (8.5)

Remark 8.7 (properties of the Sp-set)

Clearly, SY is a subset of the state space S for all ¢t > 0. Furthermore, if ¢ < ¢’ for some
t,t' > 0, then we immediately get

S0C S0 Cs. (8.6)

Thus if some state x € S fulfills x € S? for some t > 0, it will never “leave” the set again
in the sense that « € S}, for every ¢’ > t.

As mentioned before, we would like to ensure the validity of statements like
z€S) = ft,x)=0

for some ¢t > 0 and x € S, similar to Theorem 8.4. For this purpose we will impose the
subsequent assumption which establishes a connection between the structural properties
of the underlying Markov chain and other model components of the stopping problem
given in section 5.1, in particular the utility function U which reflects the preferences
and attitude of an investor towards risk. Note that if the above-mentioned implication is
indeed valid, then the monotonicity SP C S, for ¢’ > ¢ given in (8.6) yields the desired
fact that once immediate stopping is optimal for some state x € S attained at some
t > 0, it remains optimal if this state x is attained at any later moment ¢’ > ¢.

Assumption 8.8 (closure assumption)

Suppose that for all t > 0, z € S and j € S\{z} the implication
g = O =5 €5, (8.7)

is valid.
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Remark 8.9 (variants and interpretation of the closure assumption)

(a)

164

The monotonicity Sy C SY for ¢ > ¢ given in (8.6) indicates that Assumption 8.8
even holds, if the weaker assumption

forall t >0, x € SP and j € S\{z}
Guj 0= 7 €5} (8.8)

is valid.

The closure assumption can be reformulated using the contradiction of implication

(8.7):

For all t >0,z € S and j € S\{z}

3t >t such that j ¢ Sy = q,; = 0. (8.9)

In order to give a suitable interpretation of the closure condition, we remind
ourselves that using Theorem 2.16, an intensity rate ¢,; > 0 for some x € S and
J € S\{z} implies that the transition probability p,; of the corresponding embedded
discrete-time Markov chain is strictly positive. In other words, the probability that
the underlying Markov chain will change its state from x to some other state j is
strictly greater than zero. For all x € S, all j € S\{z} with ¢,; > 0 are thus direct
possible successors of x.

Therefore if z € SP for some ¢ > 0, then assumption (8.7) claims that every possible
direct successor of x has also be in S and every Sy with ¢’ > ¢. In other words,
once the Markov chain X hits the set S} for some ¢ > 0, it will never be able to
leave it any more. In this sense, the set S} is closed with respect to the evolution
of the process X.

As we will see in the following theorem, the closure condition will account for the
fact that immediate stopping in a certain state can only be optimal, if waiting
in the same state is not profitable and if in addition waiting for any successive
state j € S\{z} after = (and its successors themselves) does not provide a higher
expected utility.
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Theorem 8.10 (optimality condition for immediate stopping)

Let t > 0, x € S and Assumption 8.8 be valid. Then it holds:

(a) If x € SP, then mj, <0 for every ¥ > 0. As a consequence, the maximizer of (8.2),

respectively (7.72) is given by
= f*(t,x) =0

for every t' > t.

If the underlying Markov chain will ever jump into state z € S? after time ¢ > 0,
then the optimal stopping rules for the unrestricted stopping problem will terminate
immediately after this state was attained.

If t >0 and z € S are the initial parameters of V', then
V(t,z) =V (t,z,0) = U(—ct + g(x))
and the optimal stopping time is given by
™ =0.

Let n € N. If z € S, then mj, , < 0 for every ¢ > 0 and every k € {0,1,...,n—1}.
As a consequence, the maximizers of (8.1), respectively (7.31) are given by

r=fao1k(t2) =0
for any k € {0,1,...,n — 1} and every t' > t.
If the underlying Markov chain will ever jump into state z € S? after time
t > 0, then the optimal stopping rules for the n—step stopping problem will
terminate immediately after this state was attained. As the n—step stopping
problem terminated at the latest after the n—th jump, this property of immediate

stopping does not only apply for stopping rules 70, ... 7"~ but even for every
stopping rule 7°F with k > n.

If t >0 and z € S? are the initial parameters of V,,, then
Vn(ta 1‘) = Vn(ta xz, 0) = U(_Ct + g(l‘))
and the optimal stopping time is given by

T =0.

n

165




8 Optimality of Special Stopping Times

Proof of Theorem 8.10
Let t > 0 and x € SY. Due to Proposition 6.5 (¢) and (d) we know that

for every n € Ng, s > 0 and 5 € S.
Furthermore the Bellman equation (7.31) from Theorem 7.14 (a) reads

Vi1 (t, x) = sup my, 1 .(0),
9>0

where
Mie(9) =U(—ct —cd +g(z)) - e =7 / e qstqm W(t+s,7) ds
JES,

J#x
according to (7.22).

In addition, we remind ourselves that due to Lemma 7.13 (b) in the case of a classical utility
function on the whole real line the mapping m,, ; ., is differentiable almost everywhere and

m,(0)

n,t,x

(qu] (t+9,5)—cU'(—ct —cd+g(x)) —qu(—ct—cﬁ—l—g(a:))) e
JES,
Jj#

Thus we know that

m;’b,t,z(ﬁ) <0
=SBy (1 49,)) SU(—ct — 0+ gl2) + qﬁU’( —ct —cd +g(x))
for all ¥ > 0.

We will now prove by induction over n € N, that for any ¢ > 0 and x € S such that
z € 5P, the equality
Va(t, ) = Vo(t,2,0) = U(—ct + g(x))

holds and the optimal stopping time 7,7 for the n—step value function is given by

7 =0.

To this end, fix t > 0, z € SY and suppose that n = 1. In this case we know that

Vot +9,j) = U(=ct — ¢ + g(3))
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for all ¥ > 0 and 5 € S. By Definition 8.6, we thus get

res e S Ty~ g()) SU(-cd+g(@) + —U'(—cd+glx)) V>t

jes, )
j7x

@Z%U(—Ct_019+g(j)) gU(—ct—cﬁ-l—g(x))
jes,
jFx

+q£U’(—ct—cﬁ+g(:c)) Vi >0

& mg,,(0) <0 VI >0.
Thus the maximization problem (8.1) for n = 0 yields

Sup mo,t,x (19) - mO,t,x(())
9>0

and the corresponding maximizer is given by
Uy = fo(t,z) =0.

By Theorem 7.14 (d), the optimal stopping time 7 for the 1-step value function V;(¢, z)
is given by
Tf = (fa(tvx)asl,sg,...) =0
and
‘/1(25,1‘) = V1<t,13, O) = U(—Ct + g(x))

Now suppose for the induction hypothesis that for a fixed but arbitrary n € N we get:
Every s > 0 and j € S such that j € SY imply

Vi(s, ) = Va(s,5,0) = U(=cs + g(j))
and 77 = 0.

induction step:

Fix t > 0, z € S such that x € S? and ¥ > 0. Then we can decompose the state space S
into

S = S)?—l-ﬂ + (S?w)c'

Therefore we get

Z%U(—ct—cﬁ—i—g(j))

JES,
i#a
= N By(—a—corgi)+ Y HU(~ et —cd+g())).
- x g0, I
JESY J¢St+19
Jj#z
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We know for every summand of the first sum, that
U(—ct—ct+g(j)) = Valt+9,7)

by induction hypothesis, since j € Stow. On the other hand, an analysis of the summands
of the second sum yields

qzj =0
by Assumption 8.8, respectively the alternative version (8.9), since x € S? and thus
x €SPy, but j ¢ S, As a consequence we get

%U( —ct—cd+g(j)) =0 = %Vn(zﬁ +9,5)

for every j ¢ SP, 4.
This leads to
Z%U(—ct—cﬁ—i—g(j))

JES,
Jj#

= S By(—a-crgi)+ Y BU(—ct -+ ()
_ qx o
jesd, 5 TESts
it

- ¥ Loy (t 49, 5) + > Ly (t+9,5)
jeS?M’ e j¢S?+ﬂ ‘
it

=S Byt +0,5)
jes, ¥
i

for every ¥ > 0.
Now we can finally conclude our calculations by

xESf@Z%U(—cﬁ—i—g(j)) SU(—cﬁ—l—g(:c))—|—q£U’(—c§—|—g(x)) Vo >t

xT

@Z%U(—ct—cﬂﬂLgU)) <U(=et=cd+g(2))
+q£U’(—ct—019+g($)) VY =0
@Z%Vn(tﬂw%j) SU(—ct—cd+g(a)
jes, 17
j#

—i—qu/(—ct—cﬁ—i—g(x)) Vi >0

em,, () <0 V>0

n,t,x
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The maximization problem (8.1) for the n—th step yields

SUP My t2(0) = My t(0)
9>0

and the corresponding maximizer is given by

vr = fr(t,z) =0.
By Theorem 7.14 (d), the optimal stopping 7,7 for the (n+1)-step value function V,, 41 (t, )
is given by

WS+, Z0) + Sty [ (Sa 6, Zn) + Suy St )

falt,x
Of;; Sl+tZl)+Sla"'7f0(sn+tyzn)+Sn78n+17"')

(
= (
0

and
VnJrl(t?x) = Vn+1(t7 x, 0) = U(_Ct + g(l’))

This concludes part (b) of Theorem 8.10, as z € SY also implies = € S) for every ¢ > t.

For part (a) we will utilize Proposition 6.7 (c), stating
V(t,x) = lim V,(t, z).
n—oo

Since V,,(t,z) = U(—ct + g(x)) for all t > 0, z € S such that z € S? and n € Ny, we
immediately get
V(t,x) =U(—ct+ g(x))
for every t > 0 and z € S?. Looking at the fixed-point equation (7.72) of Theorem 7.23 (a),
this implies that the corresponding maximization problem of Equation (7.72), respectively
(8.2), reads
sup My (9) = myz(0)

9>0
and is attained by
U= f*(t,xz) = 0.
As z € S implies z € S, for every ¢’ > ¢, we can also conclude
f ', x)=0

for every t' > t.

The optimal stopping time 7 according to Theorem 7.29, as given in Definition 7.26
assuming that the requirements of Theorem 7.29 are fulfilled, is therefore determined by

T* = (f*(t,l')7 f*(Sl + t, Zl) + Sl, .. )

= (O’f*<sl+t7Z1)+Sl,...)
=0.
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However if t > 0 and = € S? are not the initial parameters of the stopping problem, but
indicate a state x which the underlying Markov chain attains at some time ¢, then the
optimal stopping rule will still be to stop immediately. O

Remark 8.11 (relation of the sets S? and S*)

(a)

170

By comparing the S—set (given by (8.3) in Definition 8.2) with the SP-—set (given
by (8.5) in Definition 8.6), we can easily see that for every ¢t > 0

SPNSE =10 (8.10)

and in general

SPuSx CS. (8.11)

This means that a given state x € S can be in the SP-set, implying optimality of
immediate stopping (at least under validity Assumption 8.8) in state x, or in the
Spo—set, implying optimality of never stopping in state x, or in neither of them.
This accounts for the possibility of situations for which the optimal stopping rule
will terminate between two jumps of the underlying Markov chain.

According to Remark 8.3 and Remark 8.7, both S° and S} are increasing in ¢ > 0.
As the time parameter ¢ and thus the cumulated costs —ct rise, a greater number
of states x € S are inclined to be in one of these two sets. This means that an
increasing time parameter and thus increasing cumulated costs will imply that the
optimal stopping rules for a growing number of states will attain one of the two
extreme cases: immediate stopping or never stopping. We can interpret this in the
following way. Suppose an investor did already cumulate a high amount of costs
and thus already exhibits a very unprofitable utility value. Furthermore, suppose
that the current state of the underlying Markov chain is mediocre. There are better
states than the current one, but also worse ones. The investor can now judge his
situation in two ways:

First, he can argue that the reward gained by stopping in this state — less the
cumulated costs he has to pay — yields no ample utility. The investor thus tends
to wait for a change of state, hoping that this will bring him a better reward and
thus utility value. Therefore he will tend to risk additional costs by waiting for a
(hopefully) better state.

On the other hand, we could argue that the investor suspects, based on the transition
probabilities of the underlying Markov chain, that there is a high probability that
no significantly better state will be attained within a reasonable period of time.
He thus fears to cumulate additional costs without gaining too much profit. The
investor will hence tend to terminate the stopping problem immediately to avoid
these additional costs.



8.3 Conditions for the Optimality of Immediate Stopping in Certain States

(c) We will see in section 8.4 that in case of exponential utility as underlying utility
function, the sets S and SP will again simplify. In this case we will show that

SOUS® =3

for every t > 0. In fact we will even see that these sets do not depend on t at
all. This coincides with our results in section 7.5, respectively section 7.8, that the
optimal stopping time for n—step value functions as well as the unrestricted value
function only decide whether to stop immediately in a given state, or not to stop as
long as the underlying Markov chain resides in this state. Moreover, this decision
is independent of ¢t > 0.

Optimality of Immediate Stopping under Extended Utility Functions

Suppose now that the underlying utility function U for the unrestricted value function
V(t,z) is an extended one, derived from a classical utility function with maximal domain
of the form [—d, oc]. We will again assume that the assumptions of Theorem 7.29 are
fulfilled and that the optimal stopping time has therefore the structure

™= (F(t2), F(S1+620) + 51, (S48, 22) + Sa, (S5 +1,25) + Sa, . )
given in (7.76).

By Lemma 7.22 (c) we know that m;, is continuous on [0, Ty] as well as differentiable on
[0,T}), where T, is as always defined according to (7.64) of Definition 7.20.

Similar to the case of classical utility functions, an obvious approach to find conditions
under which immediate stopping is optimal in certain states at certain times would be to
demand the validity of

my () <0

for all ¥ € [0, T,]. This would immediately imply that the maximization problem (8.2),
respectively (7.72) is solved by the maximizer

U = f*(t,x) = 0.

Given that the stopping problem was observed up to the k—th jump time Sy and knowing
the current state Sj in which the Markov chain resides will lead to the stopping rule

T*’k = f*(Sk +t, Zk) + Sk = Sk
of the optimal stopping time 7*, if f*(Sk + ¢, Zx) = 0. Therefore the optimal stopping

rule will terminate immediately as soon as the time Sy + ¢ has passed without stopping
and the state Z; was adopted. Analogeous to the case of classical utility functions, it
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is never optimal to wait any additional period of time in hope of a new jump of the
underlying Markov chain into a state with better reward.

Note that the sole difference between the case of classical utility functions and the case of
extended utility functions is the domain of the mapping m, ., for which it attains values
greater than —oco and for which the derivative mj , of my, is defined. Demanding

my ,(9) <0
for all ¥ € [0, T,] is a weaker requirement than demanding the validity of this inequality

for all ¢ > 0, as it was the case for classical utility. We can therefore reapply the theory
for immediate stopping under classical utility.

To avoid too much repetition, we will give only a brief outline of the situation for extended
utility functions.

Definition 8.12 (the S};set for extended utility functions)

Let t > 0. Then the set S}, is defined by

Stui={re | T B0~ et +90)) < U(~ i +gle)+
jes, =

i#a

quf( — 9 +g(x)) forall ¥ € [t,T]}. (8.12)

Remark 8.13 (properties of the set S7;)

(a) Sg 4 1s again a subset of the state space S for all ¢t > 0. Furthermore, if ¢t < ¢’ for
some t,t’" > 0, then we immediately get

SpaCSpgC S, (8.13)

(b) Note that for t > T, we get [t,Ty] = ) and therefore

Spa=5. (8.14)

In case of extended utility functions the closure assumption can be formulated by

172




8.3 Conditions for the Optimality of Immediate Stopping in Certain States

Assumption 8.14 (closure assumption for extended utility functions)

For all t € [0,Ty], € S, and j € S\{z} the implication

Gj #0=>j€Sp, forall ¢ e€ltTy (8.15)

is valid.

Theorem 8.15 (optimality condition for immediate stopping under extended utility)

(a)

(b)

Let z € S and t > T,;. Then the optimal stopping time is always given by 7 = 0
and
V(t,z) =V (t,x,0) = U(—ct + g(x)).

Let t € [0, Ty]. If z € SP,, then mj , < 0 for every 9 € [0, Ty —t]. As a consequence,
the maximizer of (8.2), respectively (7.72) is given by

=t x)=0
for every t' € [t, T}].

If the underlying Markov chain will ever jump into state = € S?,d after time
t € [0,Ty], then the optimal stopping rules for the unrestricted stopping problem
will terminate immediately after this state was attained.

Ift €0,74] and z € Sg o4 are the initial parameters of V', then
V(t,z) =V (t,x,0) = U(—ct + g(z))
and the optimal stopping time is given by

T =0.

Remark 8.16 (interpretation of Theorem 8.15)

(a)

(b)

Note that the proof of Theorem 8.15 (b) is analogeous to the proof of Theorem 8.10.
Part (a) follows directly from Theorem 7.23, since the mapping my , is constantly
given by —oo in this case. This yields that every ¥ > 0 is a valid maximizer for
SUPy>o Mt(Y). In this case we agreed upon setting ¥* = 0 for every x € S. The
corresponding optimal stopping time 7* is therefore set to zero. Due to the high
value of the time parameter ¢t > T}, the investor stops immediately in this case to
avoid the possibility of bancruptcy, which can happen if —ct 4 g(z) < —d.

For ¢ > T} the derivative m;x of my , does not exist anywhere. Thus the frameworks
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of part (a) and (b) are slightly different. On the other hand we know that for t > T}
we get SP; = S according to Remark 8.13 (b). Therefore we still can interpret the
set Sg 4 as the set of states for which immediate stopping is optimal. If ¢t > Tj; we
consistently get that every state leads to optimal immediate stopping.

In summary we have seen that in case of classical utility functions, we can identify certain
states in SP or S9°, which lead to the optimality of immediate stopping or never stopping.
But in general, there is always the possibility that for some states x € S, the optimal
stopping rule will follow a completely different policy and can stop between two states.
In the case of extended utility functions we have seen that it is never optimal to wait
arbitrarily long in a certain state. The case of optimality of never stopping will never
occur. For immediate stopping we have seen that we can again identify some states in
form of the set Sg 4» for which it is optimal to stop instantly.

8.4 Optimality of One-Step Look Ahead Stopping
Times for Exponential Utility

We suppose in this section that the underlying utility function U is given by
U:R—-R, Ux):=—-e""
for some v > 0.

By Definition 4.1, this utility function is a classical one, defined on the whole real line.
We want now to study some conditions under which the optimal stopping time for the
unrestricted value function V' (¢,z) would stop immediately in certain states or never
stop in a given state at all. Following the outline of section 7.8, we know that the value
function V (¢, z) can be reduced by considering (6.14) and (6.13), yielding

V(t,z) = e‘”tf/(:p)

for every t > 0, x € S, where

‘7(1‘) = sup EI _ ec'YT*'Yg(XT)]
Tezz

for every x € S.

By applying Theorem 7.31 we know that the value function V (z) fulfills

Viz)= _efvg(x)’
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if x € S such that ¢, < ¢y and

V(;(;) = max _6779(33)7 Z qif/(j) ,

— C
jes, 4z Y

JFz
if x € S such that ¢, > ¢y. The optimal stopping time (provided that the assumptions of
Theorem 7.18 are satisfied) is given by (7.95)

= (F@), F(2) + 81, F(Z2) + 50, ).
where f* is given by (7.94) as

0, ifg<ey or g >cyandV(z)=—e ),
[ (x) =14 00, ifq,>cyand f/(x) =Y ﬂf/(j)

z—C

jeb =
J#w

for every x € S.

We already know from section 7.5 and section 7.8, that in case of exponential utility the
optimal stopping time does not depend on the time parameter ¢ > 0. As a consequence
the only dependency lies in the initial value z € S, respectively the model setting for
the underlying continuous-time Markov chain. The optimal stopping time is thus fully
characterized, if the Markov chain and the maximizing function f* are known. We can
directly see from (7.94) that f* can only attain the values 0 and oo, leading to immediate
stopping in state z € S, if f*(x) = 0, and not stopping in state x € S, if f*(x) = o0o. For
z € S such that ¢, < ¢y we know that f*(x) = 0 is valid. But if z € S such that ¢, > ¢y
the situation is not that simple. In order to decide which of the two possible values f*(x)
will attain, we need to know the value function and thus need to solve the fixed-point
equation (7.93).

Following the outline of section 8.2 and section 8.3 we will establish conditions under
which we can circumvent the need to know the explicit form of V(z). To this end we
remember the SP-set, as introduced in (8.5) of Definition 8.6. Adapting this set for the
special case of exponential utility leads for every t > 0 to

S?:{:EES‘ Z%U(—Cﬁ-f-g(j)) <U(=cd+g(x)+

jes,
i#a
£U’( —cd + g(:z:)) for all ¥ > t}
qx
— {x c S‘ _ Z @ewﬁ*vg(i) < —er99(@) o ﬂecwﬂg(x) for all ¥ > t}
) 4z Gz
JES,
i#a
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= {x cS| — Z 9xi o —90) < _e=9@) L L9 for a1l 9 > t}
— Uz 4z
JES,
Vi
_ Tej o —v9() « T2 =~ (z)}
=qzes| — —e M < ————¢7
wres| -2 -

J€ES,

j#
= {x €S| — quje_wg(j) < —(qz — cy)e‘”g(m)} (8.16)

J€S,

i#a

Note that the set SY does not depend on the parameter ¢ > 0 in this setting. Furthermore,
the left-hand side of the inequality in (8.16) is always smaller than zero, whereas the
right-hand side is greater or equal to zero, if ¢, < ¢y. Therefore we know that all € .S
such that g, < cv satisfy the inequality and are thus part of this set. We can hence
rewrite (8.16) into

SY = {x eS| — qujefvg(j) < —(qo — 07)6*79(95)}

JES,

i#e

= {““ €S| =) que V< —(gp—cy)e ™ and g, >y or g, < 67}
JES,

i#a

=4qresS| — Z 9o 9) < _m19@) and Gz >cy or g, <cy
Gz — CY N ’ v

JESs,

i#e

We will give this set a new name and will see very soon in Remark 8.22 that this name is
indeed meaningful and has a clear interpretation, which we can apply for our theory.

Definition 8.17 (the one-step look ahead set)

Define the one-step look ahead set S* by

§* = {x € S‘ — Z Leﬂg(j) < —e 9™ and e >y  or @y < c'y}. (8.17)
jes, Qe — €7

i#e

Lemma 8.18 (alternative representation and interpretation of the S*—set)

The set S* from Definition 8.17 can be written as

S* = {x esS ‘ E, [—ecvsl_vg(zl)} <—e P and g, > ¢y or g < cy}. (8.18)

176




8.4 Optimality of One-Step Look Ahead Stopping Times for Exponential — Utility

Proof of Lemma 8.18
We will show that for x € S such that g, > ¢y the following assertion is true:

Z Qzj  ,—v90) — E, [_ecwsrwg(Zl)] ‘
4z — CY

JES,

i#a
To this end we remind ourselves that the joint density fs, z, of the random variables S}

and Z;, conditioned by X = Zy = z, is according to Corollary 2.20 (c) given by

. €XP\—qzS) * Qzj, lfdi#j,
fS1,Z1(87] | Xo = JJ) - ( ) ! . .
0 ifxr=y

Y

for every s > 0, j € S. This yields for x € S such that ¢, > ¢y

Ex [_6C751*79(Z1)} — _/ e qzszq pCVS— v9(5)

JES,
jF#x
= / quSZq %7190 s
JES,
jF#x
0 j€s,
j#e
—9(7)
LS
JES,
J#T
— Z e 190
4z — 07
J#x
This implies the validity of (8.18) and thus concludes the proof. O

Analogously, we can now consider the Sf°—set from (8.3) of Definition 8.2. Analogeous
to (8.16) we can simplify S;° to

se={zes| Z%U (= +9(j) >U(= e +g(z))+

jtu
qu’( —cl+g(x)) for all ¥ > t}

- {x e S‘ _ quje—vg(j) > —(qp — Cv)e—wg(w)}'
jes,
i#e
We see again that there is no dependency on ¢ > 0 in this context. Furthermore we can
easily check that a state z € S such that g, < ¢y can never fulfill the inequality in the
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Spo—set, since this would imply a negative left-hand side, but a positive right-hand side,
which is a contradiction. This allows us to see that S;° is exactly the complementary set
of S?. We will summarize this observation in the following corollary:

Corollary 8.19

By definitions (8.5), (8.3) and (8.17), it holds:

(a) S* =S for all t > 0,

(b) S\S* = S for all t > 0,

(c) SY US> =8 for all t > 0.

Every state € S thus lies either in the set S* = S? or in the set S\S* = S°. Now
the question remains, whether we can use this one-step look ahead set S* in order to
determine states, for which the optimal stopping time would stop immediately or never.
We have seen in section 8.2, that this is indeed the case for states in Sp° = S\S*. For
states in SY = S*, we have shown in section 8.3, that we need an additional closure
condition in order to guarantee the optimality of immediate stopping. For the case of
exponential utility, this condition is again independent of the time parameter ¢t > 0 and
can be formulated as follows:

Assumption 8.20 (closure assumption for exponential utility)

Suppose that for all z € S* and j € S\{z} the implication
@i 0= j €5 (8.19)

is valid.

Now we can apply Theorem 8.4 and Theorem 8.10 for the case of exponential utility and
merge them into the following theorem:
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Theorem 8.21 (optimality of one-step look ahead stopping times)

Let z € S and Assumption 8.20 be valid. Then it holds:
(a) If x € S*, then the fixed-point equation (7.93) attains its maximum in the first

argument and )
V(z) = —e 9@

The corresponding maximizer is given by
f*(x)=0.

If the underlying Markov chain will ever reach state z, the optimal stopping rule is
given by immediate stopping.

If z ¢ S*, then the fixed-point equation (7.93) attains its maximum in the second

argument and
Y quxj .
V(z) =Y —=-V().

jes, 4z — CY
j#T
The corresponding maximizer is given by
fA(z) = .

If the underlying Markov chain will ever reach state x, the optimal stopping rule
will never stop in .

Define B B ~
™= (f*(2), [(Z1) + S1, [*(Za) + Sa, ... ), (8.20)
where
= )0, ifxeS
f@) = {oo, if x ¢ S*. (8:21)

If 77 is P,—almost surely finite and
lim E, [f/(zn) : 1{T*>Sn}] —0, (8.22)
n—0o0 -

then the one-step look ahead stopping time 7* is the optimal stopping time for V(:c)
and can be expressed in terms of a first hit time:

™ = inf{t > 0| X; € S*}. (8.23)

Proof

The assertions follow directly from Theorem 7.23, Theorem 8.4 and Theorem 8.10. For
the representation (8.23) of the optimal stopping time 7* as first hit time, note that by
definition of 7* in (8.20) the optimal stopping rules 7% for k& € Ny are either given by
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Sy, if Zy € S*, or by oo, if Z;, ¢ S*. If 7% = S}, for some k € Ny, then the stopping rule
will stop as soon as state Zj is reached (immediate stopping). This will terminate the
whole stopping problem. If 7% = oo for some k € Ny, then the stopping rule will never
stop in state Zj. In other words, the optimal stopping time terminates as soon as the
embedded discrete-time Markov chain (Z,,),en hits set S*. This is the case if and only if
the Markov chain itself hits the set S*. This yields representation (8.23). O

Remark 8.22 (interpretation of the one-step look ahead set and one-step look ahead
stopping times)

In order to interpret the one-step look ahead set S*, we will use the representation (8.18)
given in Lemma 8.18:

S* = {x es ’ E, [—65751_79(21)} < —e @ and ¢, > cy or @< cv}.

Also note that in terms of Theorem 8.21, the S*—set shall characterize the states x € S
for which the optimal stopping rules are given by immediate stopping. There are exactly
two reasons for a state x € S to be in the set S*:

It holds that ¢, < ¢v:

This case can be interpreted as the “high cost case”. The intensity rate g, which influences
the sojourn time in state x, is too low in comparison to the cost rate ¢ > 0, weighted by
the parameter v > 0 which stems from the definition of the exponential utility Note that
by Corollary 2.20 (a), the expected sojourn time in state is given by —. This indicates
that the expected waiting time for the next change of state to happen is relatively high.
During this time an investor will cumulate relatively high costs. The condition ¢, < ¢y
thus gives a condition for which it is no longer profitable to wait for the next jump of
the underling Markov chain, tolerating the cumulated costs and hoping for a state which
yields a higher reward.

Note that in case of exponential utility, the absolute risk aversion ARAy, which was
introduced in (4.1) of chapter 4 is given by

ARAU(LC) =,

according to Example 4.2 (a). We have discussed in chapter 4 that the absolute risk
aversion models the attitude of an investor towards risk. The higher v > 0, the more
risk averse an investor becomes. On the other hand, increasing v will also increase the
number of states x € S which fulfill ¢, < ¢y and thus are in the set S*. This coincides
with our intuition: An investor with a high absolute risk aversion level will more likely
refrain to wait in certain states for the next jump to happen, as he will more likely fear
the additional costs he will cumulate in comparison with the expected time he has to
wait in hope for a better state.
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It holds that ¢, > ¢y and E, [—66751_79(21)] < —e~19(®).

This case can be interpreted as the “low cost case”. Analogously to the case above the
condition ¢, > ¢y for a state x € S implies that the expected sojourn time in state
x is low enough in comparison to the cost rate ¢ > 0 and the risk aversion parameter
~v > 0. An investor is thus more inclined to risk the waiting period up to the next jump
of the Markov chain and to accept the additional costs he will cumulate doing this. The
decision whether he will do it or not depends on the second inequality

E, [_60751—79(21)} < —e9(@)

Here, the investor compares two values: The utility —e~"9(*) he would gain by immediate
stopping and the expected utility I, [—emsl_”g(zl)] he would gain by waiting exactly
“one step”, i.e the next change of state of the underlying Markov chain. This explains the
name one-step look ahead. The investor compares the actual utility with the expected
utility by looking one step ahead, thus the expected utility under the stopping time
7 = 51. In terms of value functions, an investor thus compares

V(z,0) for stopping time 7 =0 and V(x,S,) for stopping time 7 = S;.

Clearly, if he expects a higher utility by waiting for the first jump time S; than by
stopping immediately, he will not stop in state x. This leads to x ¢ S* and in terms of
Theorem 8.21 to the optimality of never stopping in state x.

On the other hand, if the acutal utility gained by immediate stopping is higher than the
expected utility for stopping at time S;, we can generally not expect that the investor
will stop immediately. By definition of the value function

V(z) = sup V(.T,T)

TE

the investor has to compare all feasible stopping times.

But if the closure assumption 8.20 is valid, then Theorem 8.21 shows us that it is indeed
sufficient to compare the utility gained by immediate stopping with the expected utility
by stopping at S;. In particular we do not need to analyse any other feasible stopping
times. This legitimates the name of the one-step look ahead stopping time 7 in (8.23),
which is by Theorem 8.21 the optimal stopping time for the unrestricted stopping problem
in case of exponential utility.
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Example 8.23 (example for the optimality of one-step look ahead stopping times)

(a) Let S = Ny and X a homogeneous Poisson process with intensity rate A > 0 and
initial value X, = = € Ny. The intensity matrix @ = (¢u;)s jen, of X is given by

=\, forj=u,
Gzj = A, for j =41,
0, else.

The Poisson process is a simple example for a continuous-time Markov chain
with discrete, but not finite state space S. Note that at every single jump time
Sy, the value of the process increases by exactly one unit. The corresponding
embedded discrete-time Markov chain is therefore trivially given by (Z,)nen,, where

Zn =1+ 1.

Furthermore, consider the exponential utility function

U:R—-R, Ux):=—-e""

for some v > 0. Moreover, let ¢ > 0 be the cost rate and g: S — R the reward

function in this setting.

We want now to apply Theorem 8.21 in order to find the optimal stopping time
7 for the value function V(x). For Theorem 8.21 to be applicable we need to
guarantee the validity of Assumption 8.20. That is, for all z € S* and j € No\{z}
such that ¢,; # 0 we need to ensure that j € S*. In this specific example with a
homogeneous Poisson process as continuous-time Markov chain, for every z € N
the only intensity rate g,; not equal to zero and j # z is given by ¢z 41 = A > 0.
In other words, for every x € S* the subsequent state x 4+ 1 has also to be in S*.
Therefore, Assumption 8.20 simplifies in case of a homogeneous Poisson process to

r+1e€S* forallze S (8.24)

For (8.24) to be valid (and supposing S* # )), we thus need the existence of a

threshold = € Ny, such that

reS* forallz>7. (8.25)

In this case the one-step look ahead set S* has to be of the form

S*={i,i+1,i+2,...}. (8.26)

The question remains, whether such a threshold # € Ny exists, such that Assump-
tion 8.20 is satisfied. We will therefore try to calculate the one-step look ahead set

S* explicitly. As a remainder, S* is given by (8.17) as

S* = {x €Ny ‘ — Z Le*vg(j) < —e 9@ and e >cCy or @y < c*y}.
jes. Gz — CY

j#a
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In this example the intensity rates ¢, are all homogeneous and given by ¢, = A for
every x € Ny. Hence we get

S* = {x e Ny ‘ — e 9@+ < e=9(®) and \ > cy or A< ny}.

A—cy
This allows us to differentiate between two global cases:

A< ey

The intensity rate A > 0 is not higher than the cost rate ¢ > 0, weighted by the
risk aversion parameter v > 0. This leads to the one-step look ahead set

S* == No.

Obviously the closure condition is satisfied and the threshold for (8.26) is set to
Z = 0. Theorem 8.21 becomes applicable and yields immediately that

V(x) — 9@
for every x € Ny. The optimal stopping time is given by
T =0.

We can again interpret this case in terms of expected sojourn times. As A is small
(relative to ¢), we expect a relatively long sojourn time of % in every state. Thus
waiting for a higher state will accumulate too much additional costs in order to be
worthwhile. Thus the optimal strategy is to stop immediately to avoid additional
costs.

A> oy

The intensity rate A > 0 is higher than the cost rate ¢ > 0, weighted by the risk
aversion parameter v > 0. This leads to the one-step look ahead set

S — {x €Ny ) A e 9(@+l) < _e—wg(ﬂﬁ)}‘
A—cy -
We get
reS* e — e 9@ +l) « _ o—vy(x)
A—cy -
o o—aa+D)—g(@) 5 A=Y
D)
1 A
< 1) — < -1 :
o+ 1) -gle) < T (52 )
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Therefore the one-step look ahead set is given by

S*:{xENO‘g(x+1)—g(x)§%1n (A_Aw)}. (8.27)

For the closure condition to be satisfied and thus exhibiting the form (8.26), we
hence need to assume that there exists a threshold z € Ny such that

glx+1)>g(x)+ % In (2 - for all z < 7, (5.28)

=
S

+

=
A

1 ~
g(@)+ I (55-) foralla >z

Assuming that (8.28) is valid for a threshold € Ny, Theorem 8.21 becomes
applicable and yields that the optimal stopping time solving V'(z) is given by (8.23)

= int{t > 0|X, € 5}

The optimal stopping time will trigger, as soon as the value 7 is reached. In this
case, the optimal stopping time is of reservation type. That means that the stopping
time terminates as soon as a certain threshold, or reservation level is reached.

We can interpret this case in the following way: As the intensity rate A is greater
than cvy, we can heuristically argue that, due to the relatively high A\, the expected
sojourn times between two jumps of the underlying Markov chain are comparatively
small. Aslong as z < Z and thus x ¢ S*, the marginal gains by jumping from state
x with reward g(x) to state x + 1 with reward g(z + 1) are high. Thus waiting
for the next jump, which we expect to happen relatively soon, is profitable for an
investor, even if he has to pay additional cumulated costs. As soon as the threshold
Z is reached, the marginal gain from successive states diminishes. Therefore the
optimal stopping strategy is to stop as soon as the threshold is reached.

Consider the special case of A =2, ¢ =3, v = % and initial state z = 0. Cleary,
A > ¢y holds and we thus are in the case where we need to check if condition (8.28)

is satisfied. As reward function g: Ny — R we choose

g(z) := 14y/x.
In this scenario we can calculate
1 A
—ln()\ >:21n(4)%2.77.

Y -y

Knowing that g is a concave function with diminishing marginal gains, we easily
check for which argument x the increments are for the first time smaller than
21n(4).



8.4 Optimality of One-Step Look Ahead Stopping Times for Exponential — Utility

x | 0 1 2 3 4 5 6 17 8
g(x+1) —g(x) | 14.00 5.80 445 3.75 3.0 2.99 2.75 2.56 2.40

We can conclude that for the threshold ¥ = 6 condition (8.28) is satisfied. Thus,
the optimal stopping time is given by

7 = inf{t > 0|X, > 6}.

An investor will therefore wait for 6 jumps of the Poisson process, before he will
terminate the stopping problem.

Assume now that we increase the risk aversion parameter from v = % to vy = % and
let all other parameters untouched. This leads to

1 A 5
1 — Z1n(10) ~ 3.84.
Y H<A—cv) 3 n(10)

Looking in the table above, we can immediately indentify the new threshold = = 4.
The optimal stopping time is therefore given by

" = inf{t > 0| X; > 4}.
An investor with a higher risk aversion will thus terminate the stopping problem

earlier. He perceives the reward margins from jump 4 to 6 as to small to tolerate
the risk of high additional costs, if these jumps will not happen as soon as expected.
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9 Continuous-Time Approach for the
Generalized Risk-Sensitive Stopping
Problem for Continuous-Time

Markov Chains

9.1 Introduction

In this chapter we want to present an alternative approach to solve the unrestricted
generalized risk-sensitive stopping problem
E, [U(—cr +9(X;))] — m%x!
TELy
for continuous-time Markov chains, as introduced in (5.1) of chapter 5. Just as in the
discrete-time approach of chapter 7 we will again mainly utilize the concept of value

functions in order to get access to a theory which allows us to find a solution to (5.1).
Note that the value functions for (5.1) are given by

{V( 7)1 [0,00) x S — [0, 00),
(t,x) = V(t,x,7) =E, [U (—ct —cT + g(XT))}

for a given stopping time 7 € X, respectively

V:]0,00) x § = [—00,00),
(t,x) — V(t,x) = sup V(t,z, 7).
TE
But in contrast to chapter 7 we will have no need to tackle the unrestricted value function
V (t,x) by introducing n—step value functions and interpret V' (¢, x) as a limit
V(t,z) = lim V,(t, z)
n—oo

of the discrete sequence of n—step value functions (Vn(t, ;z:))neNO fort > 0and x € S.
Instead we will use the popular dynamic programming approach in the field of optimal
control. Basically it states that under certain conditions, the value function of a given
stochastic optimization problem can be seen as a solution of a deterministic partial
differential equation, the so-called Hamilton-Jacobi-Bellman (HJB) equation. This HIB-
equation can be seen as a continuous-time analogon to the discrete-time Bellman equation,
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which was introduced 1957 by Richard Bellman in his work Bellman [1957]. The Bellman
equation established in Theorem 7.14 serves as example. The HJB equation can also be
seen as an extension of the Hamilton-Jacobi equation, a first-order partial differential
equation which was established earlier by William Rowan Hamilton and Carl Gustav
Jacob Jacobi, thus explaining the name “HJB”.

One major downside of this theory is that in order for the value function to be a solution
of a partial differential equation, it has to exhibit the required differentiability in the
sense that every partial derivative stated in the HJB equation does have to exist. On the
other hand, by finding a solution of the HJB equation we need to verify if it is indeed the
wanted value function we sought. In fact, a classical smooth solution to an HJB equation
does not have to exist in general. In the past decades a rich theory was developed to
weaken the classical notion of solutions in order to generalize the dynamic programming
approach. One of the most prominent concepts would be the so-called viscosity solutions
to partial differential equations, introduced by Pierre-Louis Lions and Michael Crandall
in 1983 for non-linear first order partial differential equations (cf. Crandall & Lions
[1983]) and later extended by Robert Jensen (cf. Jensen [1988])and Hitoshi Ishii in 1989
(cf. Hitoshi [1989]) to non-linear second-order partial differential equations. At this point
we also want to mention Fleming & Soner [2006], where Wendell Helms Fleming and
Halil Mete Soner applied the concept of viscosity solutions to the optimal control of
Markov processes.

As the main emphasis of this work lies in the study of generalized risk-sensitive stopping
problems by using the discrete-time approach in chapter 7, we do not want to introduce
the generalized concept of viscosity solutions in detail, but rather confine ourselfes to the
existence of a classical smooth solution to the corresponding HJB equation, which will
be stated in this chapter.

In the following we will establish the HJB equation for unrestricted generalized risk-
sensitive stopping problem (5.1) and state a corresponding verification theorem to
guarantee that a classical solution to the HJB equation is indeed the sought-after value
function V (¢, ) we are interested in. Furthermore we can express the optimal stopping
time to the unrestricted stopping problem in terms of a first hit time.

0.2 The Verification Theorem for Generalized
Risk-Sensitive Stopping Problems

As mentioned above in the introduction the main task in this section will be to establish
the HJB equation as well as formulate an appropriate verification theorem in order
to guarantee a solution of this HJB equation being the desired value function of the
corresponding stopping problem. To this end we first have to establish certain auxiliary
propositions which will be needed in order to prove the verification theorem rigorously.
This approach basicaly follows the standard procedure for verification of HJB equations
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9.2 The Verification Theorem for Generalized Risk-Sensitive Stopping Problems

for jump processes. For further literature on this topic the reader may be referred to
[Bauerle & Rieder, 2004, Section II.A.].

One aspect that has to be dealt with beforehand, is the existence of jumps and thus
the discontinuity of the sample paths of the underlying continuous-time Markov chain.
As we will see in the proof of Theorem 9.6, the basic approach to such verification
theorems is an appropriate application of Ito’s formula. In our case the underlying
Markov process exhibits discontinuous jumps. Therefore, we need a version of Ito’s
formula which explicitly allows for such jumps:

Proposition 9.1 (Itd’s formula for continuous-time Markov chains)

Let X be a continuous-time Markov chain as defined in chapter 2 and G: [0,00) x S — R
such that G € C*°([0,00) x S). Then we get for every ¢,#' > 0 such that ¢’ >t [té’s
formula for continuous-time Markov chains:

G(t', Xy) = G(t, Xy) + /tt/ Gyi(s, Xs-)ds + Z [G(S,XS) - G(s,XS—)}

t<s<t’/

t/
=Gt X,) + / Gy(s, Xy-)ds+ ) [G(sn,zn)—c:(sn,zn_l)]. (9.1)
v n 0,
t<§§§t’

Note that (S5, )nen, denotes the usual sequence of jump times of X and (Z,,),en, represents
the corresponding embedded discrete-time Markov chain for X. As the sample paths
of X are cadlag (right-continuous with existing left-hand limits), X,- denotes such a
left-hand limit of X at time s > 0.

Proof of Proposition 9.1

Due to its construction the Markov chain X and thus the process (¢, X;)i>0 is a semi-
martingale. Therefore It6’s formula for jump processes as given for example in [Protter,
2005, Theorem 33| or [Klebaner, 2012, Chapter 9.3, Equation (9.4)] becomes applicable:

G(t', Xy) = G(t, Xy) + /t/ Gi(s, Xs-)ds + Z [G(S,Xs) — G(s, Xs-)

t t<s<t!

for ¢/ > t. As a continuous-time Marcov chain is constant up to discontinuities at jump
times, the last sum is not uncountably infinite, but indeed well-defined as its summands
differ only from zero if s is a jump time S, in the compact intervall [¢,¢']. Moreover as
we assumed for the Markov chain to be stable and conservative, Proposition 2.21 implies
almost surely a finite number of jumps in [t,#']. The sum above is thus even finite and

> 66 X) = Gl X )| = 3 [G(8n Z) = G Zu)].
= tzgzj]%’t'
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In regard of Proposition 9.1, the sum in (9.1) interpreted as a function in ¢ is discontinuous.
To compensate this discontinuity we will additionally introduce two additional processes
which are in some sense related to the Markov chain: the counting process for X and the
corresponding compensator.

Definition 9.2 (counting process for continuous-time Markov chains)

(a) Consider the mapping P: [0,00) x P(S) x Q — Np,

P(t, M)() = Y Lis,<ip(@) Lizuerny (). (9:2)

n€Ng

For every M C S we call (P(t, M))t>0
to X. P(t, M) counts the random number of times a Markov chain X hits some
set M C S up to time ¢ > 0.

the counting process (on M) corresponding

(b) This counting process can be identified in a natural way with a random counting

measure v: B([0,00)) x P(S) — N:

v(Ax M) =" s,z (Ax M), (9.3)

n€Np
where d(s,,,z,) is a (random) Dirac-measure on B([0,00)) x P(S).

Clearly, these two definitions are equivalent in the sense that for every ¢ > 0 and
M € P(S) we get
P(t,M)=v([0,t] x M).

For every <B([0, 00) X P(S)>fmeasurable function f:[0,00) x S — R and t > 0,
M € P(S) we get the integral representation

/ £(5,5)P(ds, dj) = / £(s.3)w(ds, dj)
[0,t]x M [0,8] x M

= Z / f(8,5)0(5,.2.)(ds, &j)
[0,¢]x M

n€Np

= Z J(Sn, Zn) - Lis,<t,z.eM}

neNp

= Z f(Sna Zn) . ]]-{ZT,,EM}-

nENo,
0<S, <t
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For the special case M = S this equation simplifies to

0,¢]x jes 0 neN,
0<S, <t

Definition 9.3 (compensator for counting processes of continuous-time Markov chains)

(a) We define the mapping P: [0,00) x P(S) x Q — [0, 00) by

P(t, M)(w) ==Y /0 Dy Lix_—ay(w)ds (9.5)

JjEM :JcES,
z#]

and call the stochastic process (P(t, M)) . (for every M € P(S)) the compensator

of the counting process (P(t, M))

t>0
t>0°

(b) Analogously to the previous definition we also define the random counting measure
v: B([0,00)) x P(S) — Ny by

7((s,t] x M) := P(t, M) — P(s, M) (9.6)
for every s <tand M € S.

Again, we get P(t, M) = 7((0,¢] x M) for t > 0 and M € P(S).

The name “compensator” is justified by the following theorem, which states that the
discrete valued counting process (P (t, M )) >0 can be adjusted by using the corresponding
compensator to become a real-valued locale martingale:

Proposition 9.4 (compensated counting processes)

The process (Q(t, M )) defined by

t>0’

Q(t, M) :=P(t,M)— P(t,M)

is a locale (F/);>o—martingale for every M € P(S).

Proof of Proposition 9./
For a proof of this proposition the reader may refer to [Davis, 1993, Proposition (26.7)]. O
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One last aspect needed for stating and proving the subsequent verification theorem is
the concept of restarting continuous-time Markov chains. In Definition 7.1 we already
introduced such restarted Markov chains for the special case that the restart happened
exactly at the first jump time S;. We will now generalize this by allowing for an arbitrary
restarting time.

Proposition 9.5 (restarted continuous-time Markov chain)

Let X be a homogeneuous continuous-time Markov chain with initial value Xqg =x € S.
Then it holds:

(a) For every restarting time u > 0 the process

(XHU)QO

is again a homogeneous continuous-time Markov chain, given that the initial value
X, 1s known.

(b) For every j € S, u >0 and t > 0 we get

(Xt+u) >0 and (X¢)t>0 thus share the same distribution, given that the correspond-
ing initial values coincide.

Proof

Let X be a homogeneuous continuous-time Markov chain with initial value Xog =2 € §
and let v > 0. Due to Definition 2.1 and the homogeneity property (2.2) we can
immediately conclude that (Xt+u) +>0 1s indeed a homogeneous continuous-time Markov
chain, given that the initial value X, is known. The same homogeneity property also
implies the second part of Proposition 9.5. O

Now we are able to state the HJB equation for the unrestricted generalized risk-sensitive
stopping problem for continuous-time Markov chains and formulate a correponding
verfication theorem to guarantee that the solution of the HJB equation is the wanted
value function V (¢, x) for the stopping problem.

192




9.2 The Verification Theorem for Generalized Risk-Sensitive Stopping Problems

Theorem 9.6 (verification theorem for the generalized risk-sensitive stopping problem)

Let G € C10([0,00) x S) be a solution of the Hamilton-Jacobi-Bellman equation (HJB)

0 = max {Gt(t, x) + Z (G(t,j) - G(t,m))qxj , U(—ct+g(x)) — G(t,x)} (9.7)

j€S

and additionally fulfill the following growth-condition for all z € S and ¢ > 0:

B | Y [G(SaZa)

nENo,
0<S, <t

< 00. (9.8)

Then it holds:
(a) For all t > 0 and = € S the value function V' fulfills

V(t,z) < G(t,x).
(b) If in addition the first hit time
7% :=inf {s >0 ‘ Gt +5,Xe1s) =U(—ct —cs+ g(XHS))} (9.9)

is P,—almost surely finite, then 7* is the optimal stopping time for V' (¢, x) and

V(t,x) = G(t,x).

Proof
Let G € CY9([0,00) x S) be a solution of the HIB equation (9.7) which fulfills the
additional condition (9.8).

(a) An application of It6’s formula for Markov chains as given in Proposition 9.1 on G
and (¢, X;) for fixed time points ¢, ¢ > 0 such that ¢’ > 0 yields

G(t,7 Xt’) = G(t, Xt) + /t/ Gt(S,Xs—)dS + Z [G(Sn, Zn> — G(Sn, Zn—l)] .

n€Np,
t<Sp <t’

A more detailed analysis of the last sum shows that it can be written in terms
of the counting process P and the random counting measure v, as introduced in
Definition 9.2, equation (9.2) and (9.3), respectively. Thus, using equation (9.4),
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we get

S [6(5020) = G(Su 2o )]

7’L€No7
t<Sy <t/

= Y |G X))~ G X0

t<s<t/

_ /W]XS [G(s.9) — Gls, X.o)| Plds, i)

where P denotes the compensator of the counting process P, according to Defini-
tion 9.3. The two parts (/) and (1) will now be treated separately:

(I) With respect to equation (9.5), for every t > 0 and j € S the compensator P
is given by

P(t,{j}) = / Z Qoj - Yx, =ay ds

z€S,
TH£]

and thus by using the stability assumption Assumption 2.13:

t -
> [ (6.0 - Gl x| Pias. )
jes vt i
t -
:Z G(s,5) — G(s, Xs-)| - Z Qoj - Yx, =ay ds
jes’/t ~ T zeS,
T#]
t -
=Y | |Gls,) = Gls, X )| ax,_ - Lix,_ s ds
jes vt = i
t -
= Z G(S7J) - G(S7 Xs‘) “4X _j ds.

jes Vit
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(IT) Defining the process (M;)i>o by

M, = Z/ (s,7) (s, X, )] (P—P) (ds,{j})

JES

_ Z/ (5.4) = Gls, X,0)| (v = 7) (ds, {3})

jeSs

we can rewrite the expression in (II) to

S [ (6060 - 6t X)) (P P) s, () = M — b,

jES

Note that according to Proposition 9.4, the compensated counting process
(Pt 13)) - Pt (1)
£>0

is a locale (F;¥);>o-martingale for every j € S. Thus, having a locale martin-
gale as integrator, this martingale property can be transferred to the whole
process (M;);>o. Moreover, we can even get a stronger assertion due to [Davis,

1993, Thm. 26.12]:

Under the validity of condition (9.8) from the requirements of this verification
theorem, namely

< 00

B | Y |65 Z0)

TLENQ,
0<S, <t

for all z € S and ¢ > 0, the process (M;)s>o becomes an (F;*);>¢-martingale.
Therefore, taking the expectation for every t > 0 and x € S yields

E,

> [ ot -6 x0] (P P) <ds,{j}>]

jes 7t

—E, [Mt/ - Mt} — 0. (9.10)
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Going back to Itd’s formula and applying parts (I) and (II), we thus get

G(t', Xy)

= G(t, X;) + /t, Gi(s, Xo-)ds + Z [G(Sn, Zyn) — G(Sh, Zn—l)]

nENo,
t<Sp <t/
= G(t, Xy) +/ Gy(s, Xy ds+Z/ (S,Xs,)] “qx_j ds+ My — M,
) JES
- G(t,Xt)+/ Gils. Xy )+ [ (s Xsf)} Cgx._ g ds+ My — M,
t JjES

(9.11)
< G(t,Xy) +0+ My — M,.
The last inequality holds due to the fact that GG is assumed to be a solution of

the HJB equation (9.7). Therefore, the expression within the integral is always
bounded from above by zero for every ¢’ > t.

On the other hand we know that GG, being a solution to the HJB equation (9.7),
fulfills

U(—ct+g(x)) —G(t,x) <0

forall x € S and t > 0.

Now fix x € S, t > 0 and suppose we have a stopping time 7 € ¥, such that 7 > t.
This yields

U(—cT+9(X7)) < G(T,X57) < G(t, Xy) + Mz — M,.
Taking the conditional expectation E[-|X; = x] leads to
E[U(=c7+9(X3))|X; = 2] < E[G(t, Xy)|X; = 2]+ E[Mz— M| X, = z] = G(t, z),

where the last equality holds, since the optional sampling theorem (cf. for example
[Klenke, 2013, Satz 10.11]) for the (F;*);>o-martingale (M;);>o implies

E[M; — M| X, = z] = 0.

Now let 7 € ¥, be arbitrary and define 7 := 7++¢. Note that 7 is again a P,—almost
surely finite (F;¥)i>o-stopping time such that 7 > ¢. Using Proposition 9.5 will
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now lead to

E[
=E[U(—cF + g(X7)) |X; = 2] (9.12)
G(

Since 7 € ¥, was arbitrarily chosen, we can conclude that

V(t,z) = sup V(t,z,7) < G(t, z).

TEY
Let x € S and t > 0. Now consider the special stopping time
7 = inf {s >0 ‘ Gt + 5, Xovs) = Ul—ct — s+ g(X; + s))}.

Clearly, 7 is a first hit time and thus an (F;X);>¢—stopping time. By assumption
we know that 7* is P,—almost surely finite and thus

T E X,

We will now show that this stopping time is indeed optimal for the value function

V(t,x) and that V(t,x) = G(t, x).

Note that as a solution of the HJB equation (9.7), G always fulfills
G(s,j) = U(=cs +9(j))

forall s >0and j € S.

By definition of the first hit time 7% we know that any s < 7* yields
G(t+ s, Xirs) > U(—ct — cs + g(Xi1s))-

Therefore, as a solution of the HJB equation (9.7), G has to fulfill

Gt(t + s, X(t-l—s)*) + Z (G(t + Saj) - G<t + S, X(t-&-s)*))CIX(t_‘_S)f,j =0

jes

for any s < 7*.

On the other hand, the continuity of U and G, as well as the right-continuity of
the sample paths of X require

Gt + 75, X)) = U(—ct — 7" + g(Xp10+)).
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Hence, applying It6’s formula and especially (9.11) yields for 7% 4+t > ¢:

U(—ct — 7 4+ g(Xiirv))
= G(t + 7—*7 Xt+7'*)

t+7’*
:G(t,Xt)+/ +Z[ G(s, X )| -ax_jds+ My — M,
) jES

*

=G<t,Xt>+/ Giylt + 5, X(t4s)- +Z[ (t+5,0) = Gt + 5, Xa1a)-) | - ax,,, 4 ds

0 JjES
+ My e — My
— G(t, Xt) + Mt+T* — Mt-

Taking again the conditional expectation E[-|X; = z] thus yields

E [U(—ct — 7 4 g(Xpsr))| Xe = 2] = E [G(t, X4)| Xy = 2] + E [Myyre — M| X, = ]

= G(t,x)
and hence by using the same shifting arguments as in (9.12) we get
V(t,x,7) = E, [U(—ct — e + g(X+))]
E [U(—ct — 7 4 g(Xp4r))| Xi = ]
= G(t,z).
Finally, we can conclude that

V(t,z) = sup V(t,z,7) > V(t,z,7*) = G(t, x)

TEY g

and therefore together with part (a)

V(t,z) =G(t,x) =V (t,z,17).

Remark 9.7 (comparison of Theorem 9.6 with Theorem 7.23)

We want now to compare the fixed-point equation stated in Theorem 7.31 of chapter 7
with the verification theorem in Corollary 9.8 of chapter 9.

A major difference between both approaches are definitely the assumptions made in
order to establish both theories. The continuous-time approach in this chapter using
the verification technique requires the differentiability of the value function in its time
parameter. As a solution of the HJB equation Equation (9.7), the value function V (¢, x)
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has to possess its partial derivative in t. The fixed-point theorem in the discrete-time
approach does not need this differentiability assumption. In particular, we didn’t even
have to assume continuity for our value functions. Without requiring it we were able to
show in some cases, that the value functions we were looking for are indeed continuous.
This makes the discrete-time approach more viable to a variety of applications, since we
can even tackle stopping problems whose value fucntion is not differentiable at all.

Putting this difference aside, we can note that both approaches require similar additional
conditions for the optimality of the stopping time they propose. This candidate needs
to be P,—almost surely finite. This property needs to be manually verified in both
approaches. Moreover, both require an additional growth condition to be valid in order
to guarantee the optimality of the proposed stopping times. For the verification approach,
this would be condition (9.8), whereas for the fixed-point theorem condition (7.88) needs
to be shown.

Given the assumptions of both approaches, they are both viable to tackle the unrestricted
stopping problem and the corresponding value function V(ZE) Moreover, both provide us
with a candidate for the optimal stopping time in explicit form. Given the nature of both
approaches, this explicit form for the optimal stopping time 7* differs a little bit. The
discrete-time approach allows for a piecewise description of stopping times using stopping
rules between two jumps of the underlying Markov chain. An investor who follows the
stopping policy given by 7* gains at every single jump time of the underlying Markov
chain all information needed in order to know the optimal behavior up to the next jump.
After a jump, he immediately gains the knowledge needed for the next period up to
the subsequent jump. The continuous-time approach lacks this piecewise description.
Here the optimal stopping time is simply given in terms of a first hit time. An investor
following such a stopping time just waits for the first moment the hitting condition
is satisfied. Therefore we can conclude as summary, that both representations of the
optimal stopping time 7* allow for a simple application and execution of this stopping
time.

We will see in the next section, that in the case of exponential utility, both approaches —
as different as they may look — are in some sense equivalent. We will ascertain that both
the fixed-point equation (7.72) as well as the HJB equation Equation (9.7) are describing
the same situation and contain the same information about the value function we are
looking for. Furthermore we will see that in case of exponential utility, the solution of
the HJB equation does not need to fulfill any differentiability assumptions.
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9.3 Continuous-Time Approach for the Classical
Risk-Sensitive Stopping Problem under Exponential
Utility

We will now consider value functions for the special choice of an exponential utility
function. Again, we suppose that the underlying utility function U is given by

U:R—=R, Ux):=—e""
for some v > 0.

As discussed in section 6.2, the value function V'(¢,2) can in this case be reduced by
(6.14) and (6.13) to .
V(t,z) = eV (z),

where

V(z) = sup B, | — ecVT*Wg(XT)].
TGEZE

We want now to adapt the HJB equation (9.7) for the special case of exponential utility
and reformulate Theorem 9.6 for this situation. Since we are in search of a solution
G(t, ) of the HIB equation, which is — under validity of the assumptions of Theorem 9.6
— the value function V' (¢, z) itself, we choose the obvious ansatz

G(t, ) = e G(x) (9.13)

for a suitable mapping G: S — R. Hence, for G € C'9([0,00) x S) we can calculate its

partial derivative by )
Gi(t,7) = cye"G ().

Therefore the HJB equation (9.7) can be expressed as

0 = e . max {cvé(m) + Z <é(]) - é(x))qxj G é(x)} '

jes
Furthermore, we know that we can express the intensity rates g,; in terms of the transition
probabilities p,; of the embedded discrete-time Markov chain (Z,)nen, by

px]:qﬂa fOI‘J)',jGS,ZE?éj and pmx:O

T

We therefore get

> (G(j) — é(x))(hj =) (é(j) - é(ﬂf))pxj

JES JES
= (Y Gl — Y Clp)
JES jeS
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9.3 Continuous-Time Approach for Stopping Problems under Exponential Utility

This leads to the HJB equation
0 = max {(ny — )G (x) + ¢ E, [G(Zl)] , —e (@) _ é(x)} .

Note that by definition, we get

V(z) = sup E, [ — eCVT’Vg(XT)] <0
’TGEZE

for all z € S. As a consequence we can search for solutions G: S — R of the HIB
equation (9.16), which also fulfill

G(z) <0
forall x € S.

Note that a solution G of (9.16) has to satisfy both conditions

— e 9@ _ é(x) <0
& G(z) > —e9@ (9.14)
and

(7 = )G (2) + B [G(Z1)] <0

e E,[G(2)] <& ; D). (9.15)

Moreover, for every single x € S one of these two conditions has to be fulfilled with “=".

We will now differentiate two cases:

e Let z € S such that ¢, < ¢y. Since ¢, > 0 and we assumed that G(x) < 0 for all
x € S, we can conclude that

E.[G(Z)] <0< =T G@).

Qx
In other words, for x € S such that ¢, < ¢y condition (9.15) is never satisfied with
an “=". Therefore
G(z) = —e9(@)
is valid.

e Let x € S such that ¢, > c¢y. In this case

Qe — CY
Gz

>0
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is true. We can therefore write (9.15) as

~ qx ~
G(z) > - c*yEx (G(Z4)].

This yields togehter with (9.14) a new form for the HJB equation:

G(z) = max {—e—w@f) z %Csz [é(zl)]} .

Now we are able to postulate the verification theorem for exponential utility:

Corollary 9.8 (verification theorem for exponential utility)

Let G: S — (—00,0) be a solution of the Hamilton-Jacobi-Bellman equation for expo-
nential utility

z) = max { —e 79(®) e 7 .
Go) = max { -, g, [6(2,)]} (9.16)

and additionally fulfill the following growth-condition for all z € S and b > 0:

E, | Y e ’G(Zn) < 0. (9.17)
nGNo,
0<S,<b
Then it holds:
(a) For all z € S the value function V' fulfills
(b) If in addition the first hit time
7 = inf {s > 0| G(Xpps) = —e‘vg(xf“)} (9.18)

is P,—almost surely finite, then 7* is the optimal stopping time for f/(x) and

Viz) = G(=).

Remark 9.9 (comparison of Corollary 9.8 with Theorem 7.31)

By comparing the fixed-point equation for exponential utility stated in Theorem 7.31
with the verification theorem for exponential utility in Corollary 9.8, we can clearly see
that these are in some sense equivalent.
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The HJB equation (9.16) is equivalent to the fixed-point equation (7.97). The task of
finding a solution of the HJB equation is thus the same as to find a fixed-point for the
above-mentioned equations. Note that in case of exponential utility we do not need to
impose any additional differentiability assumption on the solution G. In both cases we
require to check whether the found candidate for the optimal stopping time is P,—almost
surely finite. Moreover, we need to verify in both cases certain growth conditions for
the value functions. Using the verification theorem of the continuous-time approach this
would be (9.17), whereas by using the fixed-point theorem in the discrete-time approach
the growth condition to check would be (7.96).

Here we see that both approaches are viable to tackle the unrestricted stopping problem
and the corresponding value function \N/(x) and lead to the same result. Given the theory
of both approaches the explicit form of the optimal stopping time differs a little bit. The
discrete-time approach allows for a piecewise description of stopping times using stopping
rules between two jumps of the underlying Markov chain. The continuous-time approach
lacks this possibility. Here the optimal stopping time is compactly given in terms of a
first hit time. Note that both representations of the optimal stopping time 7* allow for a
simple application of this stopping time.
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