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Introduction

Markov decision processes are important stochastic processes, since it is divers in its applications
and Markov decision processes are very useful for studying optimization problems. Even in discip-
lines outside mathematics, such as economics, computer sciences and many more, Markov decision
processes are used. In this thesis, we will apply Markov decision processes in the medical sciences.
We will show that it has its applications for modeling the spread of infectious disease and for the
treatment of ischemic heart disease.

In this thesis, we will discuss the theory behind Markov decision processes, more specifically
discrete-time Markov decision processes. This will be done in steps, starting with chapter 1 which
discusses the sequential decision model. This chapter is based on chapter 1 of Puterman ([6]),
with the exception of the examples. The purpose of this chapter is to learn about the basics
behind a decision process. In chapter 2 we will explain the theory of Markov chains, since Markov
decision processes are built upon Markov chains. Chapter 2 is based on chapter 4 of Ross ([7])
and Appendix A of Puterman ([6]), with the exception of the examples and proofs of propositions
(2.3.1) and (2.3.2) and corollary (2.2.2). Proposition (2.3.2) is based on pages 96-97 of Kulkarni
([5]). Chapter 3 gives an outline of Markov decision processes, here we will discuss the formulation
of the model, finite-horizon and infinite-horizon problems. This chapter is based on Chapter 2, 3,
4 and 5 of Puterman ([6]) and on Chapter 5 and 6 of Taylor ([9]). In chapter 4 we will discuss
partially observed Markov decision processes, this chapter is based on Chapter 7 of Krishnamurthy
([4]), Hauskrecht ([3]) and Cassandra ([1]), with the exception of example (4.0.1). This is roughly
the outline for the first four chapters. These four chapters will give the mathematical background
needed for chapter 5. In chapter 5, we will elaborate on the applications in medical sciences.
Chapter 5 is based on the articles of Yaesoubi and Cohen ([10]) and ([11]) and on the article of
Hauskrecht ([3]), with the exception of the example.
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Chapter 1

The Sequential Decision Model

In this chapter, we will explain the sequential decision model and we will discuss how this model
plays a part in the following chapters.

The sequential decision model is described as follows. A decision maker observes the state of a
system at a specified point in time. Based on the observed state, he chooses an action. This
chosen action produces two results, namely the decision maker receives an immediate reward
and the system evolves to a new state at a subsequent point in time according to a probability
distribution, which is determined by the choice of action. Arrived at this new point in time, the
decision maker faces a similar problem, however the system may be in a different state and it may
be possible for him to choose from a different set of actions. So the key elements of the sequential
decision model are the following:

1. A set of decision times;
A set of system states;
A set of available actions;

A set of state and action dependent rewards;

AN

A set of state and action dependent transition probabilities.

Example 1.0.1. Assume for a moment a frog in a pond with three lilies. This frog is the decision
maker, he will decide what actions to take. The lilies in the pond will represent the different states
and the food by the lilies the reward. The jump from one lily to the other will represent the action
and the probability of this jump is the transition probability.

Uil

1
8

1
5

The rewards are +1 in state 0, +5 in state 1 and +2 in state 2, the rewards will represent the
amount of food. Further, we assume that time runs from 0 to 10 minutes. Therefore, our set
of decision epochs is {0,1,2,...,10}, the set of states is {0,1,2}, the set of immediate rewards is
{1,2,5}, the set of actions is {R, B,G}, with R for the red line, B for the blue line and G for the

9



10 CHAPTER 1. THE SEQUENTIAL DECISION MODEL

green line. So the action is whether the frog jumps to another lily or not. And lastly, the set
of state transition probabilities are given by {P;;}, which gives us the probability that the frog
jumps from state 7 to state j with 4,5 € {0,1,2} according to the diagram. If there is no arrow
between state i and state j, then the probability of that action is zero.

¢

Given a sequential decision model, we would like to know how the decision maker can maximize his
outcome. So we will be interested in finding the optimal policies and decision rules. A decision
rule specifies the action to be chosen at a particular time. It may depend on the present state
alone or together with all previous states and actions. And a policy provides the decision maker
with a prescription for choosing an action in any possible future state. So a policy is actually a
sequence of decision rules.

In the following chapters, we will discuss two particular sequential decision models, namely the
Markov Decision Processes (MDPs) and Partially Observed Markov Decision Processes (POM-
DPs). In these models, the set of available actions, the set of rewards and the set of transition
probabilities depend only on the current state and action and not on the states occupied and
action chosen in the past. So in other words, the state transitions of a Markov Decision Process
and a Partially Observed Markov Decision Process all satisfy the Markov property. This means
that they satisfy the following condition: Let X,, denote the state in time period n, then

P(Xn =Tn | Xpn1=2pn-1,Xpn—2=2Tp—2,...X1=21,X0 = xO) :P(Xn =Tn | Xp—1= xn—l)

for n € N point in time.

Further, for MDPs we will make the assumption that all of the key elements of the sequential
decision model are known to the decision maker at the time of each decision. When we move on
to POMDPs this assumption will no longer hold. Thus, in a MDP the decision maker has all
the information that is available. Hence, the rewards and the states are perfectly observed. In
a POMDP, the decision maker is unsure in which state he is. He only receives an observation
and the reward. But before we start with the more advanced models, we will take a look at the
simplest Markov model, namely Markov chains.



Chapter 2

Markov Chains

In this chapter, we will discuss some basic theory of discrete-time Markov chains that is relevant
for the analysis of Markov Decision Processes (MDPs) and Partially Observed Markov Decision
Processes (POMDPs).

2.1 Introduction to Markov Chains

In this section, we will introduce Markov chains. We start with the assumption that we have a
process that takes a value in each given time period. Let X,, denote the value in time period n.
Also, suppose that we want to make a probability model for the sequence of the successive values
Xo0,X1,.... Now, we can make the assumption that the conditional distribution of X, 41 given
Xn, Xn-1,...,X0 depends only on X,,. So the future state depends only on the present state and
not on past states. Such an assumption is called memoryless and a stochastic process that satisfies
this assumption is defined as a Markov chain. We have seen this assumption before in chapter
1 as the Markov property. Therefore, the Markov chain satisfies the Markov property

]P)(Xn—i-l =Tn+1 | Xn=2p,Xpn1=2pn-1,...X1 =21,X0 = xO) = P(Xn+1 = Tn+1 | Xn = fn)
for n € N point in time. Further, we call a Markov chain time-homogeneous if
P(Xn41=7|Xn=1)

does not depend on n. From now on we assume that the Markov chain is time-homogeneous.
So formally, we have a stochastic process {X,, | n =0,1,2,...} that takes on a finite or countable
number of possible values. We assume that whenever the stochastic process is in state i, X,, =1,
there is a probability P;; that says that the process will be in state j next, so X, 11 =j. The
probability P;; is called the one-step transition probability. Further, we assume that this
probability is defined as

Pij =P(Xpy1=J| Xn=0,Xn1=in-1,....,X1 =11,X0 =140) = P(Xpy1 =j | Xp, = 1)

for all states ig,%1,..-in—1,% and j and for all n > 0, so the stochastic process is time-homogeneous.
Therefore, we can rewrite P;; as

Py =P(Xpt1=J|Xn=1)=P(X1 =7 | Xo=1).

11



12 CHAPTER 2. MARKOV CHAINS

Because F;; is a conditional probability, we know that F;; > 0 and
[o.@] oo
Y P=) P(X1=j|Xo=i)=1,
§=0 =0

since j is running over all the possible values of X; for i =0,1,2,.... The transition matrix P
of an one-step transition probability is defined as:

Py Po1 Po

Py P11 P2
P=| : : :

Py P11 B

Now we have seen a one-step transition probability, we will define the k-step transition probability

as PZ; This probability states that a process in state i will be in state j after k£ additional

transitions. So PZ-];- is defined as

Pl =P(Xpir =7 Xn=1)

for k>0 and 7,7 > 0. The transition matrix for a k-step transition probability is denoted as P¥.
To compute this k-step transition probability, one can use the Chapman-Kolmogorov equa-
tions.

Proposition 2.1.1. For all k£,1 >0 and 4,5 > 0, we have
oo
k+1 _ k pl
Pt = PiPuj.
n=0
These equations are called the Chapman-Kolmogorov equations.

The probability P¥ P! represents that starting in state i the process will be in state n after k

in- nj
steps and from state n the process will go to state j in an additional [ steps. We will now prove

proposition (2.1.1).

Proof:
PiI;H =P(Xpt1=7|Xo=1)
Now we apply the law of total probability. So:

oo
P(Xp1=j | Xo=14)=> P(Xpp1=jN X =n|Xo=1)

n=0

o0
=3 P(Xpp1 =5 | X =n,Xo=0)P(Xp =n| Xo=1)
n=0

Using the Markov property results in

oo oo
> P(Xppr =5 X =n,Xo=i)P(Xp =n| Xo=1i) =Y P(Xpy1 =7 | Xp =n)P(Xp =n| Xo=1)

n=0 n=0
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Which is by definition equal to the following:

o0 o0 o0
> P(Xpp=j| Xp=n)P(Xp=n|Xo=i)=» PL.Pf=> PP

With the use of the Chapman-Kolmogorov equations, we can rewrite the transition matrix of P*+!
as a matrix multiplication of P* and P!, so P*+ = PF. P!,

So far, we have seen some definitions that are relevant for the Markov chain. In the next section,
we will introduce some more terminology for the classification of states.

2.2 Classification of States

In this section, we will discuss the classification of states, the associated terminology and we will
discuss some examples.

We will start with some terminology. We call a state j accessible from state ¢ if PZ-’; > 0 for
a k >0, we denote this with ¢ — j. Two states ¢ and j are said to communicate if they are
accessible to each other, this is denoted by i ++ j. The relation of communication satisfies the
following three properties:

1. State i communicates with state ¢ for all i > 0.
2. If state ¢ communicates with state j, then communicates state j with state .

3. If state ¢ communicates with state j and state j communicates with state k, then commu-
nicates state ¢ with state k.

Proof of property 1:
Property 1 is satisfied per definition, since we have P) =P(Xo=1i| Xo=1) = 1.

Proof of property 2:
Property 2 follows immediately from the definition of communication.

Proof of property 3:

Assume that state 4 communicates with state j and state 7 communicates with state k. Now, we
want to show that state ¢ communicates with state k. There exists an n and m, both integers, such
that P[; >0 and P[} > 0. Because state i and state j are both accessible to each other, we have
by definition of accessibility that P;; > 0. The same holds true for state j and k. Now, we will

apply the Chapman-Kolmogorov equations. So Pﬁjm =y 2 pPrpm > PLP > 0. Therefore,
Pﬁjm > 0. Hence, state k is accessible from state 7. Similarly, we can show that state i is accessible

from state k. So state 7 and state k communicate.
[ |

Two states that belong to the same class communicate with each other. Two classes of states can
only be identical or disjoint as a consequence of the communication properties 1, 2 and 3. Further,
we call a Markov chain irreducible if there is only one class. So this means that every state
communicates with all of the other states. A state i is a absorbing state if P;; = 1. This means
that no other state is accessible from it. Lastly, we denote the probability that the process will
reenter state i by f; for any ¢ with the assumption that the process started in state i, therefore
fi is denoted by f; =P(In>1: X, =i| Xo =1). And we call state ¢ recurrent if f; =1 and
transient if f; < 1.
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Assume that the process starts in state ¢ and state ¢ is recurrent, so f; = 1. Then, by definition of
a Markov Chain, the process will be starting over and over again when it reenters state i, hence
state ¢ will be reentered again. This argument can be repeated over and over again, which leads
us to the following conclusion. If we start in state ¢ and state i is recurrent, then the process will
reenter state ¢ repeatedly, in fact it will reenter state ¢ infinitely often. Hence, the expected value
of the number of entrances to state ¢ is infinite.

Now, we assume that the process starts in state ¢ and state ¢ is transient, so f; <1 or 1— f; > 0.
So each time the process enters state 4, there is a probability of 1 — f; that state i will not be
entered again. The probability of entering state i exactly n times is equal to fi"_l(l — fi) for
n > 1, which is equal to the geometric distribution with finite mean ]-%fz So we can summarize

these paragraphs in the following proposition (2.2.1).

Proposition 2.2.1. State i is recurrent if and only if > 7 | P! = oo and state i is transient if
and only if Y >° | PI* < 00

Proof:

1 if X,,=1

0 if X, #1
So I, is equal to one if the process at time m is in state ¢. Therefore, the summation of the
indicator function, Zzozllln, represents the number of periods of time that the process spends in
state i. Hence, the conditional expectation of the number of visits to state i given the process
starts in state i, Xo =i, is given by:

E) I | Xo=i]=Y E[l,| Xo=i]=
n=1 n=1

Let the indicator function be defined as I,, =

o0
S (0-P(Xp#i| Xo=i)+1-P(X, =i | Xo=1i)) =
n=1

[o.@] oo
Y P(Xn=i|Xo=i)=> P}
n=1 n=1

Since the expected value of a recurrent state is equal to infinity and the expected value of a
transient state is finite. We have that Y 2 ; P!* = oo for a recurrent state i and Y- | P < oo if
state ¢ is transient.

Proposition 2.2.2. In a finite-state Markov chain not all states can be transient. In other words,
in a finite-state Markov chain at least one state is recurrent.

Proof:

Consider a Markov chain with p+ 1 states, so S ={0,1,2,...,p}. Assume that all states are
transient. We will show that this assumption leads to a contradiction. If the process starts in
state 0, then it might revisit state 0 several times, but after a finite amount of time Tp, state 0 will
not be visited again. Same holds true if we start in state 1. Then the chain might revisit state
1 multiple times, but after a finite amount of time 77, state 1 will not be revisited. We can give
this argument for all the states S ={0,1,2,...,p}, hence after a finite time 7' = max{Ty,T1,...,Tp}
no states will be visited again. But the chain must be in some state after a finite amount of time
T, hence a contradiction. So in a finite-state Markov chain, at least one state must be recurrent.
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Corollary 2.2.1. If state 7 is recurrent and state ¢ communicates with state j, then state j is
also recurrent. In other words, if state ¢ is recurrent and state ¢ and state j are in the same class,
then state j is also recurrent.

Proof:
State 7 communicates with state j. Hence, state i is accessible from state j, P}i > 0 for some [ € N,

and state j is accessible from state 7, PZ; > 0 for some k € N. For any m € N, we have
k—+l1 l k
Py > PLPR P, (2.1)

This is an application of the Chapman-Kolmogorov equations, which said Py+z =30 (PinP?,.
The right-hand side of (2.1) is the probability that we go from state j to state jin k+1+m steps
via a path that goes from state j to state ¢ in [ steps, then from state i to state ¢ in m steps and
lastly from state i to state j in k steps. And the left-hand side of (2.1) is the probability that we
go from state j to state j in k414 m steps.

Now, we take the summation over m. So

o0
Rl S Hrreh = Pt S p

We know that Pl >0 and Pk >0, so PJZZPZ; >0. And >~ P = 0o, because state i is recurrent.
Hence,

Z Pk+l+m _

So state j is recurrent.
|

Corollary 2.2.2. If state ¢ is transient and state ¢ communicates with state j, then state j is also
transient. In other words, if state i is transient and state ¢ and state j are in the same class, then
state j is also transient.

Proof:
State ¢ communicates with state j. Hence, state 7 is accessible from state j, le-i > () for some [ € N,

and state j is accessible from state i, P;;- > 0 for some k € N. For any m € N, we have

pltitm > pkpmpl (2.2)
This is an application of the Chapman-Kolmogorov equations, which said Pg;r ? = fo:o Pf{nP;b.
The right-hand side of (2.2) is the probability that we go from state 4 to state ¢ in k+1+m steps
via a path that goes from state i to state j in k steps, then from state j to state j in m steps and
lastly from state j to state ¢ in [ steps. And the left-hand side of (2.2) is the probability that we
go from state i to state ¢ in k+1+m steps.

Now, we take the summation over m. So

(e 9]
k+1+ k l k pl
ZPM "z ZPZ]PJHJP]l PUPJZ
m=0 =
We know that Pk >0 and Pl >0, so PZIE P]lZ > 0. Now, we divide both sides by W Thus,
7 ji

[ee]
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Hence,

oo 1 oo

kl+m

ZPJJ Spkzpl ZP’LZ

m=0 )7 3t m=0
State i is transient, so >~ Pk'H"'m < 00. Therefore,

o0
k+l+m
Z Pii < prpr Pl > P < °©.
PiiPii m=o

So state j is transient.

Hence, if states belong to the same class, then they are all recurrent or all transient.

The terminology, which is just discuss, will be applied in the following simple examples.

Example 2.2.1. Consider the Markov chain consisting of three states 0, 1, 2 and having transition
matrix P

Poo Por Foz % % 0
P=|Po Pu P =13 3 %
Poy Po1 Pa2 0 5 3

This Markov chain is irreducible, which means that the Markov chain consist of only one class.
And two states belong to the same class if they communicate with each other. So we will show
that this holds true.

For example, it is possible to go from state 0 to state 2, since 0 — 1 — 2.

State 1 is accessible from state 0 with Py; =
State 2 is accessible from state 1 with P9 =
It is also possible to go the other way around since 2 =+ 1 — 0.
State 1 is accessible from state 2 with Py; =
State 0 is accessible from state 1 with Pjg =
So state 1 communicates with state 0 and state 1 communicates with state 2, so by property 3 of
the communication relations we have that state 2 communicates with state 0. So they belong all
to the same class. Hence, there is only one class. So the Markov chain is irreducible.

w\Hw\w

w\»—nmw

¢

Example 2.2.2. Consider the Markov chain consisting of four states 0, 1, 2, 3 and having trans-
ition matrix P
Pyo Por Po2 Fos
Py P P2 Pis
Py Py Pax Pos
Py P31 P3p Ps3

w

|

I
NI O Wbl
= O Wl
o= = O O
o= O O O

This Markov chain consists of the following three classes {0,1}, {2} and {3}. We will explain how
we concluded this.

0 — 0 with probability Py = %, 0 — 1 with probability Py; = %, 0 — 2 with probability Py2 =0
and 0 — 3 with probability Py3 = 0.

1 — 0 with probability Pig =2, 1 — 1 with probability P1; = %, 1 — 2 with probability Pjz =0
and 1 — 3 with probability Pi3 =0.

So state 1 is accessible from state 0 and state 0 is accessible from state 1, hence state 0 and state
1 communicate. So state 0 and state 1 are in the same class, {0,1}.

2 — 0 with probability Pag =0, 2 — 1 with probability P>; =0, 2 — 2 with probability P =1
and 2 — 3 with probability Pa3 = 0.

So state 2 is an absorbing state, no other state is accessible from it.
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Hence, state 2 has its own class, {2}.

3 — 0 with probability P3g = %, 3 — 1 with probability Ps; = %, 3 — 2 with probability Ps3s = %
and 3 — 3 with probability Ps3 = %‘

So every state is accessible from state 3, but the reverse is not true, hence {3}.

Therefore, the classes of the Markov chain are {0,1}, {2} and {3}.

¢

Example 2.2.3. This example is a sequel of example 2.2.1. So we have a Markov chain consisting
of three states 0, 1, 2, with transition matrix P

P =

D00 00| N

O ol
N=wl= O

We have seen that this Markov chain is irreducible, hence it consist of just one class. So all the
states communicate with each other. And since it is a finite chain, all states must be recurrent.

¢

2.3 Limiting Probabilities

In this section, we will consider additional properties of the states of a Markov chain.

Again, we will start with some terminology. A state i is said to have period d if Pﬁ =0, whenever
k can not be divided by d. Where d is the largest integer with this property. This means, for
example, that if the process can enter state i only at the times 3, 6, 9, ... then state ¢ has period
3. We call a state i aperiodic if state ¢ has period 1.

Proposition 2.3.1. If state ¢ has period d and state ¢ communicates with state j, then state j
has also period d. In other words, if state i has period d and state ¢ and state j are in the same
class, then state j has also period d.

Proof:
Define d; as the period of state i and d; as the period of state j. State i communicates with state
7. Hence, state i is accessible from state j, P]l.z- > 0 for some [ € N, and state j is accessible from

state i, Pilj- > 0 for some k£ € N. Then, we have

nt ni

[eS)

k+1 _ k pl

P = E P P
n=0

This is an application of the Chapman-Kolmogorov equations, which said Pg; F=3 PP
So,

int ni = L5+ g0

o0
pPitl = Z Pk pl. > pkpl
n=0

Therefore, d;, the period of state i, divides k+1. For some m € N, we have

k+1l+m k pm pl
P > P Pji Py,

Which is again an application of the Chapman-Kolmogorov equations.

Now, we have that d;, the period of state ¢, divides k+1+m.

So, d; divides k+1 and d; divides k+1+m.

Hence, there exist a  and a y both an integer, such that zd; = k+1 and yd; =k+1+m.
Therefore, m = (y — 2)d;. Which implies that d; divides m, with m such that PJT’J? > 0.
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So d; is the largest divisor of m, by definition of period.

Therefore, d; < d;.

Hence, by symmetry we have d; < d;.

Thus d; = dj. And therefore state j has the same period as state 4.

State i is said to be positive recurrent if the process starts in state i, state 7 is recurrent and the
expected time until the process returns to state ¢ is finite. This is denoted by E[r; | Xo = i] < 0o,
with 75; :=min{3In >1: X,, =i| Xo =4}. It can be shown that in a finite-state Markov chain all
recurrent states are positive recurrent. States that are positive recurrent and aperiodic are called
ergodic. We will state the next theorem without a proof.

Theorem 2.3.1. If a state is ergodic, then

DYDY 1 ) .
1 m=L_1 .- th Elr. | X0 = )
roro0 r+1 E[ri; | Xo =1] wi [7ii | Xo=1i] >0

In other words, state ¢ is said to be positive recurrent if

o P T P
tim Zm=0li g g g Zm=o P

< o0
r—00 r-+1 r—00 r-+1

in case both limits exists.

Proposition 2.3.2. If state i is positive recurrent and state ¢ communicates with state j, then
state j is also positive recurrent. In other words, if state i is positive recurrent and state i and
state j are in the same class, then state j is also positive recurrent.

Proof:
State ¢ communicates with state j. Hence, state 7 is accessible from state j, P}i > () for some [ € N,
and state j is accessible from state i, Pilj- > 0 for some k € N. For any m € N, we have

P]kf”m > pL.pmpk

Jit i g

This is an application of the Chapman-Kolmogorov equations, which said Pg; F=3 PP
Now, we take the summation over m. So

[o.@] o0 [o.@]
k414 l k _ pl pk
Y. PTT =Y PLPRPG = PP Y P
m=0 m=0 m=0
Further,
S PErm v pm
lim =0=0"J1 > plpk lim Lm=o Pl
t—oo t+1 I oo r+1
- -
We know that le-i >0 and P;; >0, so le»iPZ-kji > 0. And lim,_, o % > 0, because state 7 is
positive recurrent. Hence,
t +l+m
i 2m=0fi "
t—o00 t+1 ’

So state j is positive recurrent.
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The probability distribution = = (g, 71, 72,...) is called a stationary or limiting distribution if we

have
P =m. (2.3)

By multiplying both sides of equation (2.3) by P, we obtain the following:
7P? = 7P.

Hence,
P2 =7P =,

by equation (2.3). Therefore, by induction we have
mP" =,

with 7 the initial distribution.

We will state the next theorem without a proof. The proof of this theorem can be found on page
111-113 of ([5]).

Theorem 2.3.2. For an irreducible ergodic Markov chain limg_, Pi’; exists and is independent
of 4. Furthermore, letting m; = limy_, PZ@- with j > 0 be the limiting probabilities, then 7; is the
unique nonnegative solution of 7; =327y m; P;j with j >0 and Y 727 = 1.

Now, we will discuss the following example.

Example 2.3.1. Assume we have the following transition matrix P
P= (0% 04)

Then the limiting probabilities m; satisfy

o = 0.3m9 + 0.671

7 = 0.7Tm9 +0.4m1

mo+m =1
Hence, mg = 1% and 7 = %
¢

We have seen many different terminology for the states of a Markov chain and we will discuss
these different types of Markov chains in the following examples.

Example 2.3.2. Periodic: Consider the Markov chain consisting of two states 0 and 1.

1

0W0

1

This Markov chain has period d = 2. If we start in state 0, then we are back at state 0 in two time
steps. The same holds true for state 1. Thus, starting from state 0, we only return to state 0 at
times n = 2,4,6,....
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¢

Example 2.3.3. Aperiodic: Consider the Markov chain consisting of two states 0 and 1.

This Markov chain is aperiodic, since P;; = % Hence, we can go to state 0 in two steps or in more
steps, because state 1 has the opportunity to revisit state 1 immediately.

¢

Example 2.3.4. Recurrent and Positive recurrent: Consider the Markov chain consisting

of three states 0, 1 and 2.
1
1

1

All states in this Markov chain are recurrent and it is a finite-state Markov chain, hence all states
are positive recurrent.

¢
Example 2.3.5. Ergodic: Consider the Markov chain consisting of two states 0 and 1.

:

We have seen that this Markov chain is aperiodic in an example above. Further, the states in
this chain are recurrent and it is a finite-state Markov chain. Therefore, the states are positive
recurrent. Hence, this chain is ergodic.

¢

Since we have discussed Markov chains thoroughly, we can move on to a more advanced topic,
namely Markov decision processes. This will be discussed it the next chapter.



Chapter 3

Markov Decision Processes

In this chapter, we will discuss the theory behind discrete-time Markov decision processes. This
will be done in three sections, namely the model formulation, finite-horizon and infinite-horizon.

3.1 Model Formulation

In this section, we will introduce the basic components of a discrete-time Markov decision process.
We will discuss the formulation of the Markov decision process model in detail. As we have seen in
chapter one, a Markov decision process consists of five elements: decision epochs or times, states,
actions, rewards, and transition probabilities. Besides the decision epochs, states, actions, rewards
and transition probabilities, we have a decision maker that observes the process and may select
actions at each decision epoch to influence the system and gain rewards. Mathematically, we can
formulate a Markov decision process by the collection of the five elements

{T757A87pt(' | s,a),rt(s,a) | te T,S € S,CL S AS}

The five elements and its notation will be explained below. After that, we will discuss the decision
rules and policies, which we already saw in chapter one as well. We will end this section with an
example of a Markov decision process. We will now start with the explanation of the components
of a discrete-time Markov decision process.

Decision epochs or decision times are given points in time, where decisions are made by
the decision maker. We denote T as the set of decision times and we assume that the set T
is discrete. We make this assumption, because we are only interested in discrete-time Markov
decision processes. The set of decision times T can either be finite or infinite. When the set of
decision times is finite, we denote T'={1,2,..., N} with N < oo. In the case that T is infinite, we
have T = {1,2,...}. Further, we denote the elements of the set T" as t, which we refer to as time
t. Also, we call the decision problem a finite-horizon problem, if N is finite. And a decision
problem is an infinite-horizon problem, if N is infinite. These problems will be discussed in
section two and section three of this chapter. We assumed that our set of decision times T is
discrete, and therefore the decisions will be made at all decision times. Further, time will be
divided into periods or stages. Our model will be formulated such that each decision epoch
corresponds to the beginning of a period. So the last decision will be made at period N —1 if
our set of decision times T = {1,2,..., N}. Therefore, we we will call the problem an N —1 period
problem. In the following example, we will explain the N — 1 period problem graphically.

21
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Example 3.1.1. In this example, we have the set of decision times T defined as T = {1,2,3,4,5}.
So at each time ¢ with ¢ an element of T', the decision maker makes a decision. Further, we defined
that a period or stage will start at the beginning of each decision time 7', hence we have 4 stages.
Thus, this is a 4-period problem.

Period 1 Period 3

Period 2 Period 4

¢

Secondly, we will explain the state and actions set. The process occupies a state at each decision
time, we denote the set of all possible states by S. The elements of S will be denoted by s. When
the decision maker observes the system in state s € S at a given decision time ¢, then he may
choose an action a € Az, where A is the set of possible actions in that specific state s. Further,
we denote the set of all possible actions by A =|J,cq4s. Also, actions may be chosen either
deterministically or randomly. If actions are chosen at random, then the collection of probability
distributions is denoted by P(A;). This means that the decision maker may select an action a € A
with probability g(a), where ¢(-) € P(As). This will be further explained when we will discuss
decision rules.

Lastly, we will discuss the rewards and the transition probabilities. Choosing an action a € A in
state s € S at decision time ¢ leads to the following two results, namely:

1. The decision maker receives a reward r¢(s,a)
2. The system evolves to the next state according to the probability distribution p;(s,a)

Therefore, the reward function r¢(s,a) denotes the value of the reward received at time t € T' for
s€ S and a € A. This value can be positive as well as negative. If the reward depends on the
state j, with state j the state of the next decision time, then we denote the value of the reward
received at time ¢t € T for s € S and a € A by r4(s,a,j). So our reward function r(s,a) may be
computed in the following way, where we assume that Zje gpt(j|s,a)=1:

ri(s,a) = Zrt(s,a,j)pt(j | s,a) (3.1)

JES

The transition probability function p;(j | s,a) denotes the probability that the system will be
in state j at the next decision epoch ¢+ 1, when the decision maker chooses an action a € Ag in
state s € S at decision time t.

We have discussed the components of a discrete-time Markov decision process model. So we can
conclude that the Markov decision process can be formulated by the collection of the five elements,
hence

{T,S,As,pe(- | s,a),m1(s,a) |t €T, s € S,a € Ag}.
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Now, we will explain decision rules and policies. A decision rule prescribes a procedure for
choosing an action in each state at a given decision epoch. We can identify four classes of decision
rules, namely

1. Markovian and deterministic, denoted by M D

2. History dependent and deterministic, denoted by HD
3. Markovian and randomized, denoted by M R

4. History dependent and randomized, denoted by HR

These distinctions are made depending on how the decision rules incorporated past information
and how the actions are selected. We will explain each class individually, started with the first
class. Markovian and deterministic decision rules are functions d; : S — A, which specifies the
choice of action when the process occupies state s € S at decision time ¢, hence for each s € .5,
d;(s) € As. Decision rules, that are specified by this function, are said to be Markovian, because
it depends only on the current state and not on the past states, so it is memoryless. And these
decision rules are called deterministic, because it chooses an action with certainty. So the
states are not chosen at random, but the course of the states are predetermined. A deterministic
decision rule is said to be history dependent if it depends on the past states and actions, so it
is not memoryless. Therefore, d; is a function of the history hy = (s1,a1,...,8¢—1,at—1,5¢), with
s; and a; the state and action at decision time ¢ = 4. Further, the history h; follows a recursion
ht = (ht—1,a¢—1,8¢). In general, if we use a decision rule that is history dependent the the decision
maker observes h; and chooses actions from the set Ag,. The set of all histories h; is denoted by
H,. Because h; follows a recursion hy = (hy_1,a¢—1,¢), we have that

H1:Sa

Hy=H; xAXxS=5XxAXxS,
H3=HyxAXS=5SXAXxSxAXS,

and so on. Hence, Hy = H;_1 X A x S. Note that this is a product of sets. Thus, history dependent
and deterministic decision rules are functions d; : Hy — A, with the restriction that

d¢(ht) € As,. Markovian and randomized decision rules are functions d; : S — P(A), where P(A)
denotes the collection of probability distributions as we have seen before. A decision rule d; that
is randomized specifies a probability distribution gg4, (-) on the set of actions. In the case of a
Markovian and randomized decision rule, we have qq,(s,)(-) € P(As,). A history dependent and
randomized decision rule is a function dy : Hy — P(A), with gg,(4,)(-) € P(As,) for all hy € Hy.
Note that a deterministic decision rule is a specific case of a randomized decision rule, because we
can take qq,(s,)(a) =1 or qg,(p,)(a) =1 for some a € As. This means that with absolute certainty
the next states are determined. Because the actions are chosen non-randomly. We have seen the
different classes of decision rules. The set of decision rules at time ¢ is denoted by DJ, with
Ke{MD,HD,MR,HR}. All this information is summarized at table (3.1).

Table 3.1: Classes of Decision Rules

Action Choice
History Dependence Deterministic Randomized
Markovian di(st) € As,, DMP Qdy(s) () € P(As,), DME
History Dependent di(ht) € As,, DEP Qd, (hy) (1) € P(As,), DR

Under the four classes of decision rules, the rewards and transition probability become functions
on S or H; depending on the class. For a Markovian and deterministic decision rule d; € Diw D
the reward equals 7;(s,d;(s)) and the transition probability equals p;(j | s,d¢(s)). For a history
dependent and deterministic decision rule d; € D we have that the reward equals r¢(s,dy(h¢))
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and the transition probability p:(j | s,d¢(ht)), whenever hy = (he—1,a¢—1,¢).
For the randomized decision rules it becomes a bit different. If the decision rule is Markovian and
randomized d; € D,fw B then the expected reward satisfies

ri(s,di(s)) = Z Tt(sva)qdz(st)(a) (3.2)

a€As
and the transition probability satisfies
pe(i | 5,de(s)) = > pi(j | 5.0)qa,(s,)(a). (3.3)
a€As

For a decision rule that is history dependent and randomized d; € Df{ R we have that the expected
reward satisfies

re(s,d¢(he)) = Z 7¢(5,a)qq, (h,) (@) (3.4)

a€Ag
and the transition probability satisfies
pe(i | s,de(he)) = Z pe(d | 5,a)q4,(ny)(@)- (3.5)
a€Ag

Lastly, we will discuss policies. A policy 7w provides the decision maker with a prescription of
how to choose actions under any possible future state or history. So a policy 7 is a sequence of
decision rules, 7 = (d1,ds,...,dN_1) where d; € D¥ for t =1,2,..., N — 1. The set of all policies of a
class K € {MD,HD, MR, HR} is denoted by [[*, with [T = DK x DX x ... x D¥_|. Further, a
policy is said to be stationary if d; =d for all ¢t € T. Hence, a stationary policy has the following
form 7 = (d,d,...), which we will denote by d>°. We will come back to the stationary policies,
when we discuss the infinite-horizon Markov decision processes. In the following example, we will
discuss a two state Markov decision process.

Example 3.1.2. A Two State Markov Decision Process
Consider the following representation of the two state Markov decision process.

In this example, we assume that the rewards and transition probabilities are the same at each
epoch. There are two states S = {S1,52}. In state Si, the decision maker chooses either action
aj1 or action ajs. In state Sz the only choice the decision maker has is action az;. Choosing
action ap1 in state S7 leads to an immediate reward of five units, and the system will evolve to
state S; with a probability of % and to state S with a probability of % as well. If the decision
maker chooses action aqs in state Si, then he will receive an immediate reward of ten units and
the system evolves to state Se with a probability of 1. In state Sa, the decision maker has no
other choice than to choose action as1, by doing so he will receive an immediate reward of minus
one unit and the system stays in state So with probability 1.
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So formally, our model is formulated in the following way:
e Decision epochs: T'={1,2,...,N}, N < oo
e States: S ={S51,52}
o Actions: Ag, ={a11,a12} and A, = {a21}

e Rewards:
re(s1,a11) =5, r¢(s1,a12) = 10, r4(s2,a01) = —1 for t € {1,2,...N — 1}
ry(s1)=0and ry(s2) =0fort=N

e Transition probabilities:
pi(s1]s1,a11) = 3, pe(s1 | s1,a12) =0, pe(s1 | s2,a21) =0,
pe(s2 | s1,a11) = 5, pe(s2 | s1,a12) =1, pi(s2 | s2,a21) = 1.

Suppose for a moment that the rewards corresponding to action a;; depend upon the state at the
next epoch. Let ry(s1,a11,51) =2 and 74(s1,a11,52) = 8. Then the expected reward r.(s,a) will
be equal to 5, because of equation (3.1). Since

re(si,a11) = Y ri(s,0,0)pi(i | 5,0) =
jes

re(s1,a11,81)pe(s1 | s1,a11) +7e(s1,a11,82)pe(s2 | s1,011) =

2><1—|—8><1—5
2 2 7

Now, we will continue our example by providing some of the policies which were discussed in
the section above. We will only elaborate on the Markovian policies and we assume that N = 3,
which implies that the decisions are only made at decision times 1 and 2. Therefore, our policies
are represented as 7/ = (df ) with K = {MD,MR}. The first policy we will discuss is the
Markovian and deterministic policy 7M.

e Decision epoch 1: d{WD(sl) =a71 and d{wD(SQ) =a9
e Decision epoch 2: déwD(sl) = a9 and dé\/ID(SQ) =asy

This means that the decision maker chooses in the first decision epoch action a1 if he is in state
S1 and action aoj if he is in state So2. In the second decision epoch he chooses action a2 in state
S1 and again action a9 if he is in state Ss.

The other policy we will discuss is the Markovian and randomized policy 7™ . We assume that
the probability of choosing action aj; is equal to % in the first decision epoch and equal to % in
the second decision epoch. Further, we assume that the probability of choosing action that the
decision maker chooses a2 is equal to % in the first decision epoch and equal to % in the second
one. And lastly, the decision maker chooses with probability of 1 action as; in both decision times.
So our policy will look like

" : _4 _1 —
e Decision epoch 1: qd{»m(sl)(au) =z, qd{WR(sl)(al?) =& and qd{WR(SQ)(aﬂ) =1

e Decision epoch 2: qdé\/jR(sl)(a’ll) = %, ngm(sl)(alg) = % and qdéwR(”)(azl) =1

¢

Before starting the next section, we will provide some additional notation for a Markov decision
process, which is needed for the understanding of finite- and infinite-horizon Markov decision
processes. Throughout this discussion, we will assume that the set of states S and the set of
actions A are both discrete and the set of decision times is given by T'={1,2,..., N} with N < oo.
In general, a probability space consists of three components, namely a sample space €, a og-algebra
F of subsets of 2 and a probability measure P. Thus the triple (2, F,P) is called a probability
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space. We assume in this model that the probability space consists of a sample space €2, a o-
algebra of Borel measurable subsets of 2, B(€2) and a probability measure P on B(€2). We will not
further elaborate on these concepts, we will just use the notation.

In a finite-horizon Markov decision process, which will be explained in dept in section two of this
chapter, we choose the sample space € as

Q=8SxAxSx..xAxS=(SxAN"1xs

and an element of 2 is denoted by w. So for w € Q, we have w = (s1,a1,$2,0a2,...aN—1,5N), which
we refer to as a sample path. In an infinite-horizon Markov decision process, which we will
elaborate on in section three of this chapter, we choose the sample space Q as Q@ = (S x A)*° and
for w € 2, we have w = (s1,a1, $2,a2,...).

Further, we define the random variable X; as the state at time ¢ € T', the random variable Y; is
defined as the action at time ¢ for ¢ € T and the random variable Z; is the history process at time
t € T, when the observed sequence of states and actions is w. Therefore, we have X;(w) = s,
Yi(w) =at, Z1(w) =51 and Zy(w) = (81,a1,...,8¢)-

We denote the initial distribution of the state by the probability distribution Pj(-), most times
we will assume that Pj(s1) =1 for some s1 € S. If we have a history dependent and randomized
policy m = (dy,da, ...,dN—1), then the probability P™ on our measurable space (2, B(€)) is induced
through the following probabilities for t € T

PT({X1=s}) = Pi(s), (3.6)
PT({Yi=al| Zi = ht}) = qq4,(n,)(a), (3.7)
Pﬂ—({Xt =S | Zt = (ht_l,at_l,st%}/% = at}) :pt(S | St,at>, (38)

such that the probability of a sample path w = (s1,a1, 82,0a2,...an_1,SN) is given by
P™(w) = P7(s1,a1,82,a2,...aN—1,SN) =

P1(8)44, (s1)(@1)p1(52 | 81,01)day(hy)(a2) - day_ o (hy ) (@N—1)PN-1(5N | sSN-1,an-1). (3.9)

The last equation (3.9) can be simplified if the policy 7 is deterministic, so it can either be history
dependent and deterministic or Markovian and deterministic. In this case the expression will be

P™(w) = P"(s1,a1,82,a2,...an—1,5n) = Pi(s)p1(s2 | s1,a1)...pN—1(sn [ sn—1,an—1), (3.10)

because qq, (s,)(a1) =1 and qg,(p,)(a) =1 for alla € A; and t € T. Further, for a non-deterministic
policy, we have the following expression for t € T'

s
P7™(s1,a1,82,a2,...a4—1,8t) =

P1(5)qa, (s1)(@1)p1(52 | 51,01)qdy (ho)(@2) -+ Qd,_ (hy_1)(@t—1)Pt—1(5¢ | St—1,a1-1) (3.11)

Therefore, we can calculate for the non-deterministic policy the conditional probability
Pﬂ-(atv St+1,0t+1,---GN—-1,SN | 51,01,---Q¢—1, St)
by division of equation (3.9) and equation (3.11), hence

P”(sl,al,SQ,ag,...aN_l,sN)
Pﬂ(Sl,al,SQ,GQ, '“at—last)

P”(at,st+1,at+1,...aN_l,sN | sl,al,...at_l,st) = (3.12)
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The expression (3.12) simplifies to
P (at,8t4+1,0t+1,--GN—1,5N | 81,01,..0¢—1,5t) =

g (he) (@)Dt (St41 | $6,04) 0, (hyyr)(@t41) - day_ (hy_1)(@N—1)PN-1(sN | sSN—1,an—-1) (3.13)

In a similar way, we have that the conditional probability
P”(at,st+1,at+1, . AN—-1,SN | s1,01, ...atfl,st)
for a Markovian policy is given by
P (at,8141,0141,.-aN—1,SN | $1,a1,...a¢—1,5t) = P™(at,S4+1,04+1,.--GN—1,SN | St), (3.14)

because d; depends only on the current state of the process and not on the past states since it
satisfies the Markov property. Lastly, the Markov reward process is defined as a stochastic
process {(X¢,r¢(X¢,Yy)) |t € T}, when the policy 7 is Markovian. The first component of the
reward process, Xy, represents the state of the process at time ¢. The second component, r¢(X,Y;),
represents the reward received in state X; at time t, when action Y; is used.

In the next section, we will discuss finite-horizon Markov decision processes.

3.2 Finite-Horizon Markov Decision Processes

In this section, we will explain discrete-time finite-horizon Markov decision processes. We will
introduce the following concepts; optimality criteria, optimal policies and optimality equations.
We will start with the optimality criteria. As we have seen before, the decision maker receives
rewards in each decision epoch T'={1,2,...,N}, N < co. Since the rewards are unknown prior to
choosing a policy, the decision maker must observe the sequence of rewards as random, which we
denote as R = (R1,Ra,...,Ry). The set of all possible reward sequences is denoted by R. Further,
once a policy is selected it induces a probability distribution Pf(-) on R, which is defined as

PR (p1,p2,.-spn) = P"({(s1,01,...an—1,5Nn) | (r1(s1,01),...,r~(sn)) = (p1,p2,--,pN)})

So the goal is to choose a policy that corresponds to a sequence of rewards that is most rewarding
for the decision maker. Thus we need to compare the different policies based on the decision
makers preferences for the different sequences of rewards and the probability in which these rewards
sequences occur. Hence, we need to develop methods to compare sequences of rewards with each
other. The first way to compare reward sequences is using a utility function ¥ : RN — R.
The utility function has the property that W(u) > ¥(v), whenever the decision maker prefers the
sequence of rewards u = (uy,u2,...,uy) over the sequence of rewards v = (v1,vs,...,on5). If the
decision maker does not prefer the sequence of rewards u = (uy,us,...,un) over the sequence of
rewards v = (v1,v2,...,vx ), then ¥(u) < ¥(v). If he does not favour one over the other, then we
have that ¥(u) = ¥(v). Another way, is to use the expected utility of policy 7, which is defined
as

ETWR)] = 3 (o1 o) PR(p1s o), (3.15)

(p1,--,pN)ER

and we will assume that ¥(pq,...,pn) = Zf\;l p;i- In that case, if the decision maker favours policy
7 over policy v, then the expected utility criterion is given by E™[U(R)] > E¥[¥(R)] for the
reward sequence R = (R1,Ra,..., Ry). If the policies are equivalent and the decision maker does
not favour any policy over the other, then we have E™[U(R)] = E¥[¥(R)]. Another method of
comparing is the expected total reward criterion. This criterion states that the decision
maker should favour the policy m with the highest expected total reward, which is denoted by
vh- The expected total reward for a history dependent and randomized policy = with state s as
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initial state is defined as

N—-1
ET[D re(Xe,Yy) +rn(Xn)]. (3.16)
t=1

If we have a history dependent and deterministic policy 7, then we can express the expected total

reward as
N-1

EZ[) re(Xe,de(he)) +rn(Xn)], (3.17)
t=1

since we have Y; = d;(hy) for each decision epoch. This criterion assumes that a unit reward is
received in each of the N decision periods is equal or less valuable than a sequence of rewards
in which all N units of rewards are received in the first or last decision period. In other words,
the timing of rewards is insignificant for the decision maker. However, if the timing of receiving
rewards becomes significant for the decision maker, because the value of reward depends on when
it is received, then we can use a discount factor. The discount factor is a scalar A\, 0 < A < 1,
which determines the value at time ¢ of a one unit reward received at time ¢+ 1. For a history
dependent and randomized policy 7, the expected total discounted reward is defined by

N-1
v a(s) =Eg| Z ATy (X0, Y2) + M ey (X)) (3.18)
t=1

When we start with the infinite-horizon Markov decision processes, then discounting will play a
major part. This will be explained further in section three of this chapter. Now, we will discuss
optimal history dependent and randomized policies more specifically. So in a Markov decision
process, we are interested in finding a policy 7* which has the largest expected total reward and
determining the value of that expected total reward. Hence, we want to find a policy 7* for which

U}{,*(S)ZU}TV(S) for s€S and 7weIlZE,

Such a policy is called a optimal policy. If this optimal policy 7* does not exist, then we want
to find an e—optimal policy. An e-optimal policy 7} is a policy with the following property

*

v (8)+e>v(s) for €>0, s€S and meIlH

Further, for an optimal policy 7*, the value of the Markov decision problem v} is defined as

vn(s) = sup vj(s) for s€S. (3.19)

rellHR

If we do not have a optimal policy, but only an e-optimal policy 7}, then the value is given by

*

Ui (8)+e>vj(s) for €>0 and s€S. (3.20)

For an an optimal policy 7*, the expected total reward is given by

*

vy (s) =vi(s) for seS. (3.21)

Lastly, we will discuss optimality equations, which are also known as the Bellman equations. For a
history dependent and randomized policy m we define the optimal value functions v : Hy -+ R
by
upi= sup uf(hy)
TcllHR
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with uf (hy) the expected total reward. The optimality equations or Bellman equations are
then given by

ug(he) = Sljl4p {rt(st,a)—l—Zpt(j|st,a)ut+1(ht,a,j)} for t=1,...,N—1 and hy=(hi—1,a¢t—1,5t) € Hy.
ac St jGS

(3.22)
For t = N, we have

UN(hN) = TN(SN) for hy = (hN_l,aN_l,sN) S I‘IN7 (3.23)

which we refer to as the boundary condition. The importance of the Bellman equations is that
they are used to verify that a given policy is optimal. Now, we will state a simple lemma, which
will later be used in an important theorem.

Lemma 3.2.1. Let w be a real-valued function on an arbitrary discrete set W and suppose that
q(+) is a probability distribution on that arbitrary discrete set W. Then

sup w(u) > 3 glu)w(u).

ueW wew

Proof:
Define w* = sup, ¢y w(u). Then,

Theorem 3.2.1. Suppose uy, u; : Hy — R, is a solution of the Bellman equations stated in (3.22)
for t=1,...N —1 and suppose that uy satisfies the boundary condition (3.23). Then

a. ut(ht):uf(ht) VYhy € Hy and t=1,...,.N
b. u1(s1) =vi(s1) Vs1 €8

Part (a) implies that the solutions of the Bellman equations are the optimal value functions from
time ¢ onward and part (b) implies that the solution obtain at time ¢ =1 is the value of the Markov
decision problem.

Proof:
We start with proving part (a), which will be done by proving the following two claims.

Claim 1: ut(ht)zuz‘(ht) Vhi € Hy and t=1,....N

Claim 2: Ve >0 37" ¢ IIHP (7' is a history dependent and deterministic policy) for which

uF (hy)+ (N —t)e > ug(hy) Vhy € Hy and t=1,..,N

We will now proof both claims by backwards induction on .
Proof of claim 1:
For the induction start, we observe that for ¢ = IV the result holds true, because there are no
decisions made in period N, hence we have the boundary condition
uN(hN) = TN(SN) = ’u"&(h]\]) for hy = (hN_l,aN_l,sN) € Hy and we HHR.
Therefore,
UN(hN) = u}kv(hN) Vhy € Hy.
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For the induction hypothesis, we assume that the result holds true for t =n+1,..., N, hence we
assume ug(h) > uf(hy) Yhy € Hy and t=n+1,...,N.

For the induction step, we will prove that the result holds true for ¢ = n. Suppose that 7’ =
(dy,db,...,dx_,) is an arbitrary policy in II£. Then, the Bellman equation for ¢ = n is given by

Un(hn) = Ssup {Tn(snva)+zpn(j ‘ Snaa)un—i-l(hnaaaj)}'
a€Asn jes

Hence, by applying the induction hypothesis and lemma (3.2.1), we obtain the following:

Un(hn) = sup {rn(sn,a)+ Y pn(j| sn@)uny1(hn,a,5)}
aeAsn jes

> sup {rn(sn,a)+ Y pn(i | sn@)uyy (hn.a,j)}
aEAsn jes

/
Z sup {7"”(8”,0,)+ E Pn(] | Snaa)ug+1(hnaa,j)}
(lEAsn jes

> Z Qd’n(hn)(a)(Tn(Snaa>+an(j|Sn7a)ug+1(hn7a7j))
a€As, JES

=l (hn)

HHR

Since the policy " = (d},d5,...,d_) is an arbitrary policy in , we have

un(hn) = sup ug(hn) =uy, (hn).
mellHR

The last equality is by definition of the optimal value functions. So we have proven claim 1.
X

Proof of claim 2:
Let 7" = (d,d},...,d},_;) be a policy that is constructed by choosing d (h:) = a for a € As,, such
that
. " .
re(se, dy (he)) + ZPt(J | se,di (he))ugys (he,df (he), §) + € > ue(he).
JjES
This is possible, if we assume that u¢(hy) satisfies the Bellman equations.
This claim will also be proven by induction.
"
For the induction start, we observe that the result holds true for t = N, since u%; (hy) =un(hn).
For the induction hypothesis, we assume that the result holds true for t =n+1,..., N, hence we
1"

assume ul (hy)+ (N —t)e > ur(hy) for t=n+1,...,N.
For the induction step, we will prove that the result holds true for ¢t =n. So

uZ"(hn) = n(sn, dp (hn)) + an(] | Snvdg(hn))“gll(hmdg(hn)vj)
JES

> Tn(sn,d;;<hn)) + an(J | Snadg(hnﬁun#—l(hnvdg(hn)J) —(N—=n—1)e
j€eS
> Un(hn) - (N_n)e'

Hence,
"

ur (hn)+ (N —n)e > un(hy).
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So we have proven claim 2.

X
Claims 1 and 2 together show that for any e > 0, there exists a policy 7 € IT® such that
ug (he) + (N —t)e > ui (he) + (N —t)e > uf (he) = ug (he)
fort=1,...,N and hy € Hy. Since N is a fixed number, we let € approach zero, hence
ug(he) = uj (hye).
Part (b) follows from the fact that uq(s1) =uj(s1) = vy (s1).
|

In the following section, we will discuss the infinite-horizon model.

3.3 Infinite-Horizon Markov Decision Processes

In this section, we will explain discrete-time infinite-horizon Markov decision processes, hence
T =1{1,2,..}. We will introduce different criteria, such as the expected total reward criterion,
the expected total discounted reward criterion and optimality criteria. Throughout this dis-
cussion we will assume that our data is time-homogeneous, which means that we assume that
the rewards r¢(s,a), the transition probabilities p;(j | s,a) and the set of decision rules D}
(K e {MD,HD,MR,HR}) do not change over time. Hence, for all t € T, r(s,a) = r(s,a),
pi(j | s,a) =p(j|s,a) and m =d*° = (d,d,...). The latter means that in every decision epoch we
have the same decision rule. Before, we start discussing the criteria, we will discuss the value of
a policy. Given a discrete time-homogeneous infinite-horizon Markov decision processes. Each
policy 7 = (d1,dg,...) induces a reward process, denoted by {(X;,7:(X¢,Y2)) |t € T} as we have
seen in section one of chapter three. The first component of the reward process, X;, represents the
state of the process at time ¢. The second component, r(X¢,Y:), represents the reward received
in state X; at time ¢, when action Y; is used. The action Y; is determined by the decision rule d;
in the following way:

e For d; € DMP  a Markovian and deterministic decision set, we have

Y; = di(Xy).

e For d; € DD a history-dependent and deterministic decision set, we have
Y =di(Zy).
The random variable Z; denotes the history up to time ¢ as we have seen before.

e For d; € DME 4 Markovian and randomized decision set, we have

P{Y: = a}) = da,(x,)(@)-

e For d; € DR 3 history-dependent and randomized decision set, we have

P({Y: = a}) = qq,(z,)(a)-

We will now discuss how to assign a value to a policy 7 € II 2 which we also did for the discrete-
time finite-horizon Markov decision process. The expected total reward for a history dependent
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and randomized policy 7 with state s as initial state is defined as

T(s):= lim ET (X, )] = i A . .24
v (s) im Zrt t,Y1)] NgrloovN+1(s) (3.24)

N—o0

Note that this limit does not need to exist and may be £oo. If the limit exist and we may
interchange limit and expectation, then we may write

v (s) =EF[Y_re(X1, Y1)). (3.25)
t=1

For a history dependent and randomized policy m, the expected total discounted reward is

defined by
N

vy (s):= lim ET Nl (X, Yy 3.26
To) = Jim ET(D N (X0, Y0) (3.26)
for 0 < A < 1 the discount factor.
Note that this limit only exists when sup,cgsupgealr(s;a)| < oo.
If the limit exists and we may interchange limit and expectation, then we may write

=E7 fo (X4, V7)) (3.27)

Lastly, the average reward of a history dependent and randomized policy 7 is defined by

N

. 1
g™ (s) = A}gnoo —IE Zrt(Xt,Y})] = A}gnoo NU}{Hl(s). (3.28)
t=1

We will now consider the following example.

Example 3.3.1. This is a sequel of example (3.1.2). Again, consider the following representation
of the two state Markov decision process.

In this example, we assume that the rewards and transition probabilities are the same at each
epoch. There are two states S = {S1,52}. In state Si, the decision maker chooses either action
a11 or action aj2. In state So the only choice the decision maker has is action as;. Choosing
action aq; in state S7 leads to an immediate reward of five units, and the system will evolve to
state S7 with a probability of % and to state So with a probability of % as well. If the decision
maker chooses action ajs in state Si, then he will receive an immediate reward of ten units and
the system evolves to state Se with a probability of 1. In state Sz, the decision maker has no
other choice than to choose action as;, by doing so he will receive an immediate reward of minus
one unit and the system stays in state Se with probability 1.

There are two deterministic Markovian decision rules, namely d; and ds.

For state S1, we have d{VID(sl) =ay1 and dé‘/[D(sl) =ajs.

And for state Sz, we have d{wD(sQ) = a9y and dé\/[D(sQ) =as].

The rewards for N > 1 are given by vy (s1) =5~ 0.5-(N 1), v (s1) =10~ 1-(N — 1) and
Ujl\,l (52):v7\? (s9)=—1—1-(N—1)=—N.
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Hence, the expected total reward is equal to

lim vd(fo(s )= lim vdgo(s )= lim vd(fo(s )= lim vdgo(s )=—00
N—)ooN ! 7N—>ooN 17N—>ooN 27]\!—>c>oN 2 '

For the expected total discounted reward, it can be shown that

@ 5-55\ e, 1
o ) =aoEsnasy Y =TT
ds° dg° 1
Uy (Sl)zlo—m, Uy (52)=—m~
We will collaborate on Uigo (s2) = fﬁ. We know that Zi\;l A1 = % We also know that
UdNQOO (s2) = —N. Therefore,
N
AV —1 1 1
li AL N =1 ~N=—"=— .
Ng>nootz::1 Ngnoo A—1 A—1 1-A

The average reward of both deterministic Markovian policies, d; and ds, is equal to -1, since we
have an absorption in state So, hence g1 (s1) = g% (s1) = g% (s2) = g% (s2) = —1.

¢

We will now start with the expected total reward criterion. The goal is to find a policy 7
with the largest value of
v™(s) = lim V7R (s). (3.29)

The only problem is that this limit does not need to exist, as we have seen before. We will solve this
problem by providing certain conditions for rewards r(s,a) and transition probabilities p(j | s,a),
such that they ensure the existence of the limit (3.29). We will define the following quantities:

vl (s) =EF[Y_rT (X, Y3)] (3.30)
t=1
and -
vT (s) =EI[) r (X4, Y1), (3.31)
t=1

with 77 (s,a) = max{+r(s,a),0} and r~(s,a) := max{—r(s,a),0}.

The values of 77 (s,a) as well as r~(s,a) are non-negative, hence both quantities v7 (s) and v™ (s)
are guaranteed to exists, but could be equal to infinity. To rule out the possibility that both
quantities v7 (s) and v™ (s) are infinite, we need to make the following assumption. For all history
dependent and randomized policies m and for all s € S, at least one of the quantities v’ (s) and
vT (s) is finite. Under this assumption, we have that the limit (3.29) exists and that the expected
total reward is equal to v™(s) = v7 (s) — v (s).

We will now formulate a definition, in which we categorize the several classes of models that
satisfies the given assumption.
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Definition 3.3.1. Suppose we have a discrete time-homogeneous infinite-horizon Markov decision
process. Then we can categorize the following classes of models:

e A process belongs to the class of positive bounded models if for each s € S, there exists
an a € Ag, such that 7(s,a) > 0 and v7 (s) is finite for all history dependent and randomized
policies 7

e A process belongs to the class of negative models if for each s € S and for all a € Ag, the
reward r(s,a) <0 and v™(s) > —oo for some history dependent and randomized policy =

e A process belongs to the class of convergent models if for each s € S, the quantities of
v’ (s) as well as v7 (s) are finite for all history dependent and randomized policies 7

The limit (3.29) exists for a process that belongs to one of these classes. A positive bounded model
has the property that there exists a stationary policy with a non-negative expected total reward,
so as a consequence the optimal value function will be non-negative. For a negative model we
have that v7 (s) = 0 for all history dependent and randomized policy 7. So for a negative model,
our goal is to find a policy 7 that minimizes v™ (s). And for a convergent model, we require that
both quantities v7 (s) and v (s) are finite. Which means that

o™ (s) = X[ Ir(Xe, Yo)l] = o7 () v (s) < o0
t=1

holds for all history dependent and randomized policies 7w and states s € S.

We will now discuss the expected total discounted reward criterion. The discount factor
A €[0,1) is a measure for the present value of one unit with respect to the future value of that
unit. So if we have 10 units in the present state and our discount factor is A = 0.5, then in the next
state we have 0.5-10 = 5 units. The value v} (s) denoted the expected total discounted reward as
we have seen before. We will now define another value in which we make use of the horizon length
1, that follows a geometric distribution with parameter A € [0,1) and is independent of the policy
7. This geometric distribution is given by P(u=n) = (1-A)A""! for n=1,2,....

Let vT(s) denote the expected total reward that is obtained by using policy m when the horizon

“w

length y is random and independent of the chosen actions. Then v (s) is defined by:

o (s) = BX[E, [ (X1, Y1) (3.32)
t=1

Proposition 3.3.1. Suppose that the limit of v{(s) (3.26) exists and suppose that p has a
geometric distribution with parameter A\. Then

vi(s) =vj(s) forall s€S.

Proof:

We know that v (s) = ET[>"52 A= 1ry (X, Y3)] (3.27) if we may interchange limit and expectation.
Further, v (s) == ET[E,[> {2, 7(Xt, Y2)]] (3.32).

We will rewrite vj] (s) as follows:

vp(s) =EF[EL[Y r(Xe, V)] =
t=1

ET[Y (L=NA"1Y r(Xe, V)] =

n=1 t=1
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[ee]

ET[Y_r(Xe,Ye) ) (1-N)A" 1=
t=1 n=t
ET[Y r(XeYe)-(1=2)) A" =
t=1 n=t
Note that > o2 | A"~ = i)n hence 37 A" )1\t /\1
So [e¢)
ZT (X4, Yy)-(1— )\)Z)\n_l] =
t=1 n=t

e Atl
BT r(Xp,Y:) - (1= X)- 1=
t=1

EZ[S A Tr(X, Y3)] = o (s)

t=1
|

The last subject we will discuss in this section is optimality criteria. As we have seen before, a
policy is called a optimal policy if the value function of that policy is the largest. We will discuss
those optimality criteria in the following definition.

Definition 3.3.2. Suppose we have a discrete time-homogeneous infinite-horizon Markov decision
process. We assume that 7* is an history-dependent and randomized policy.

e The value of the Markov decision process is defined as

v*(s):= sup v"(s) for s€S
rellHR

if the limit of expected total reward v™(s) exist, see (3.19) and (3.25). We call a policy 7*
a total reward optimal policy if

*

V™ (5) >v™(s) forall s€S and meITHE,

e The discounted value of the Markov decision process is defined as

vy(s) = sup vi(s) for s€S
TcllHR

if the limit of expected total discounted reward vf(s) exist, see (3.26). We call a policy 7*
a discount optimal policy if

U;\T*(S)ZU;\T(S) forall s€ S and 7 eIIf%,

e The optimal gain of the Markov decision process is defined as

g (s):= sup v"(s) for s€ S
7T€HHR

if the limit of the gain ¢™(s) exist, see (3.28). We call a policy 7* a gain optimal policy if

*

g™ (s)>g"(s) forall s€S and 7ellfE
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In the next chapter, we will discuss partially observed Markov decision processes.



Chapter 4

Partially Observed Markov
Decision Processes

In this chapter, we will introduce the basic components of a discrete-time partially observed
Markov decision process. A partially observed Markov decision process differs from a Markov
decision process in the way that not all information is available to the decision maker. The
decision maker is unsure in which state he is, he only receives an observation and a reward. The
decision maker bases his decisions on observations and past actions.

A partially observed Markov decision process consists of seven elements: decision epochs or times,
states, actions, rewards, transition probabilities, observations and observation probabilities. The
first five components we have seen in the model formulation of Markov decision processes in section
one of chapter three. Besides the decision epochs, states, actions, rewards, transition probabilities,
observations and observation probabilities we have a decision maker that observes the process and
may select actions at each decision epoch to influence the system and gain rewards. The only
differences here is that not all information is available as we said before. So mathematically, we
can formulate a partially observed Markov decision process by the collection of the seven elements

{T,S,As,0,p(-| s,a),p0(- | 8),7¢(s,a) [t €T, s € S,a € As,0 € O}.

The seven elements and its notation will be explained below, the first five components will be
discussed briefly since we have seen it before. After that we will discuss an example of the
difference between a Markov decision process and a partially observed Markov decision process.
We will now start with the explanation of the components of a discrete-time partially observed
Markov decision process.

As we have seen before, Decision epochs or decision times are given points in time, where
decisions are made by the decision maker. We denote T as the set of decision times and we assume
that the set T is discrete. We make this assumption, because we are only interested in discrete-
time partially observed Markov decision processes. Further, we denote the elements of the set T
as t, which we refer to as time t. Secondly, we will explain the state, the observation and actions
set. The process occupies a state at each decision time, we denote the set of all possible states by
S. The elements of S will be denoted by s.The difference between a Markov decision process and
a partially observed Markov decision process is that the states will not be observed, the decision
maker does not know in which state he is. So instead of a state, the decision maker receives an
observation at each decision epoch, we denote the set of all observations by O. The elements of
the set of observations will be denoted by o. The probability that the decision make observes a
certain observation is given by the conditional observation probability po(o | s,a). When the

37
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decision maker observes the system at a certain observation o € O at a given decision time ¢, then
he may choose an action a € A, where Ay is the set of possible actions in state s even though he
did not observed that state. Lastly, we will discuss the rewards and the transition probabilities.
The reward function r:(s,a) denotes the value of the reward received at time ¢t € T for s € S
and a € A. The transition probability function p.(j | s,a) denotes the probability that the
system will be in state j at the next decision epoch ¢+ 1, when the decision maker chooses an
action a € Ay in state s € S at decision time ¢.

We have discussed the components of a discrete-time partially observed Markov decision process
model. So we can conclude that the partially observed Markov decision process can be formulated
by the collection of the seven elements, hence

{T,S,As,0,p:(- | 5,a),p0(- | 5,a),7¢(s,a) |t €T,s € S,a€ As,0€ O}.

We will now discuss a really simplistic example that elaborates the difference between a Markov
decision process and a partially observed Markov decision process.

Example 4.0.1. In this example, we will give a simple representation of a Markov decision process
and a partially observed Markov decision process. Each figure consists of two states S; and S
and one action A; and one reward R;.

We will start with Markov decision process.

In this figure, we see that the decision maker observes state S1 and chooses action A, which gives
him a reward Ry and the system will evolve to the next state Ss.

Now, we will give a representation of a partially observed Markov decision process. Please note
that within the dashed box is not observed by the decision maker.

In this figure, we see that the decision maker receives observation O; and chooses action A;, which
gives him a reward R; and the system will evolve to the next state S3. The decision maker does
not observe state So, but again he receives an observation, Os.

So the difference between the two is that in the second case the states are not observed.

¢

In the next chapter, we will discuss the applications of Markov decision processes in the medical
sciences.



Chapter 5

Applications in Medical Sciences

In this chapter, we will discuss the applications of Markov decision processes in the medical
sciences. We will discuss two different cases, namely infectious diseases and ischemic heart disease.

5.1 Infectious Diseases

In this section, we will discuss the SIR-model and Markov decision process for an influenza epi-
demic. We will start with introducing some terminology. In order to control the spread of an
emerging infectious disease, such as influenza, we need health policies. A health policy makes
real-time recommendations, in order to respond to changing disease characteristics, population
characteristics and resource constraints. One could think of infectivity and resistance to antibiot-
ics as disease characteristics. For population characteristics one could imagine disease prevalence
and the proportion of individuals that are immune for the disease. Lastly, vaccines, antibiotics,
budget and health care staff are examples of resource constraints. These health policies allow
the decision maker to use the current data from the epidemic and the resource availability to
make decisions or interventions at any point in time. The goal is to determine the optimal health
policy for controlling the spread of infectious disease during an epidemic. There are several things
that may be involved by the control of an influenza epidemic, namely reducing susceptibility of
uninfected individuals, reducing contact rates in the population and reducing the infectiousness
of infected individuals. This may be done through vaccination, isolation and treatment. Further,
the control of an emerging influenza epidemic is bounded by the availability of vaccines and the
availability of money and resources for vaccine procurement, diagnosis and treatment of new cases.
With those resource constraints in our minds, we define the optimality of a health policy as the
efficient use of available resources to maximize the overall health of the population.

We start with describing the influenza epidemic by using a SIR model, this model will be refor-
mulated as a Markov decision process further on in this section. A SIR model or a Susceptible-
Invective-Recovered model assumes that individuals who are recovered from the infection are now
permanent immune to that specific infection. The SIR model consists of the five components,
namely states, decision sets, actions, rewards and transition probabilities. After we have discuss
these five components, we will discuss decision rules, health policies and optimally.

Again, we will start with some terminology. Decision times are given points in time, where
decisions are made by the decision maker. We denote T as the set of decision times and we
assume that the set T' is discrete. The set of decision epochs T' can either be finite of infinite,
hence T'={1,2,.....M} or T ={1,2,....,} respectively. In the first case, we have a finite horizon
and in the second case an infinite horizon. We have seen this before in chapter three section one.
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We denote Xg(t) as the number of susceptibles at time ¢, X;(t) as the number of infectives at
time ¢ and Xpg(t) as the number of recovered individuals at time ¢. Further, we will make the
assumption that the population size does not change during the epidemic. In this case, we denote
the population size by V.

Now, we will discuss disease states and actions. The disease state or the state of the disease
spread is denoted by s; = (Xg(t), X;(¢)) for any given time ¢. The set of all states or state space
is denoted by S, which is defined as S := {(zg,7;) € N? | x5 +x; < N}. There are two possible
interventions or actions to control the spread of the infectious disease, namely vaccination and
transmission-reducing intervention. We can implement vaccination in our model as follows. The
decision maker has the opportunity to select a number of susceptibles to vaccinate at any decision
time conditional on the availability and the price of the vaccine. The decision to immunize is
denoted by z; € Ay, with Ay = [0, N] the set of all possible numbers of susceptibles to vaccinate.
We assume that vaccination at decision time ¢ result in immunization at decision time £+ 1. So
the number of susceptibles at decision time ¢ is Xg(t) and at the next decision epoch the number
reduces to Xg(t+1) = Xg(t) — z;. Further, the implementation of transmission-reducing interven-
tions can be done as follows. Transmission-reducing interventions may include social distancing,
hygienic interventions and treatment or isolation. The set of transmission-reducing interventions
is denoted by Ar ={0,1,...., M}, where A7 = 0 implies no interventions at all. The decision to em-
ploy transmission-reducing interventions is denoted as a; € A7 at decision time ¢. As we have seen
before, the number of susceptibles Xg(t) at decision time ¢ reduces to Xg(t+1) = Xg(t) — z; at
decision time t+1 when the decision maker chooses to employ vaccination at time ¢, t ={0,1,2,...}.
We have now discussed states and actions. In the next paragraph, we will elaborate on rewards
and transition probabilities.

When the decision maker chooses to employ vaccination at time ¢, he receives a reward r(s¢, 2¢),
r¢(St,2¢) = —pzi, where p is the unit price of a vaccine and z; the number of susceptibles that are
immunized at time ¢. If the decision maker chooses to employ transmission-reducing interventions,
a; € Ap, at decision time ¢, then the disease spread at decision time ¢+ 1 is determined by the
transition probability p:(- | s¢,a:). In this case, the decision maker receives a reward r(s¢,at).
To define this reward, we need to define some additional parameters, since the control of an epi-
demic may be bounded by the availability of medical and monetary resources. These additional
parameters are:

e )\: The willingness to pay for health. This is a constant.
e ¢: The cost incurred for each infection. This is a constant.

e cr(at): The cost for implementation of transmission-reducing interventions a; € A at de-
cision time t. We assume that c¢7(0) = 0, hence if the decision maker does not intervene then
there are no cost.

e u(sy,a¢): The expected cost incurred during period ¢ if the disease spread at time t is at
state s; and the decision maker chooses to implement the transmission-reducing interventions
at € A7 at decision epoch t.

e w: The loss in health due to infections. This is also a constant.

e [(sy,at): The expected loss in health of the population during period ¢ if the disease spread
at time ¢ is at state s;, and the decision maker chooses to implement transmission-reducing
interventions a; € A at decision epoch t. So I(s¢,ar) = wE[I(t) | s¢,a¢] with I(¢) the number
of new infections during period .

We can now define the reward r;(s¢,a;) received by the decision maker as
re(se,ar) = M(s¢,at) —u(se,ar). Now we have discussed the five components of the SIR-model, we
will continue with decision rules, health policies and optimality.
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As we have seen in chapter three section one, a decision rule prescribes an action for each state
for a given decision time. We will now describe the decision rules. For decision time t =0, the
decision rule is defined as a function dy : S — Aj. This function specifies the number of susceptibles
zo € Aj to vaccinate given the initial disease state sop = (Xg(0),X7(0)) € S. For decision time
t ={1,2,...}, the decision rule is defined as a function d; : S — Ap x A;. This function specifies
for each disease state a transmission-reducing intervention a; € A and a number of susceptibles
zt € A1 to vaccinate. This decision rule is Markovian, since it depends only on the current state of
disease spread. Throughout this discussion we will assume that the decision rules are Markovian.

Now, we will discuss health policies. A health policy 7 is a sequence of decision rules, so
m = (do,d1,...). We denote II as the set of all health policies. Further, a health policy is called
stationary if d; = d for all t € T. This means that a health policy prescribes the same decision d
at every decision time ¢ regardless of the state s;. Throughout this discussion we assume that all
health policies are stationary.

If we assume that the influenza spread is at state sy at decision epoch ¢t =1, then the expected
total discounted reward is defined as

o0
vl (s1) = EF, [Z’yt_lrt(st,dt(st)) | s1] with v €0,1] the discount factor.
t=1

We have seen something similar, when we discussed infinite-horizon Markov decision processes in
section three of chapter three, (3.26). If we now assume that the influenza spread is at state sg at
decision epoch ¢t =0, then the expected total reward is defined as

T™(s0) :=1¢(s0,do(s0)) +7v™ (s1) with v €[0,1] the discount factor.

Again, we saw something similar before in section three of chapter three, (3.24).
A health policy = is said to be an optimal health policy 7* if

T’T*(so) >Y"(s9) forall sp€S and well

The model we just described is called a SIR-model, with some modifications we can use a Markov
decision process to find the optimal health policy 7n*. If we can use a discrete-time Markov
chain to model the disease dynamics and if the states are observable throughout the epidemic,
then we can obtain the optimal health policy 7#* by using a Markov decision process. To be
able to use a Markov decision process for describing an influenza epidemic, we need to make
some simplifying assumptions. First, we assume that the population size does not change during
the epidemic. Secondly, we assume that individuals only become infected through contact with
other infected individuals. Thirdly, we assume that contacts occur according to a homogeneous
Poisson distribution with rate uAt for t € T' during the time interval [¢,t+ At]. Lastly, we assume
that a susceptible individual who is infected during time interval [t — At,t] becomes infectious
and symptomatic at time t. This individual will come in contact with other individuals during
time interval [t,t+ At]. The probability that a susceptible individual becomes infected when the
individual comes in contact with an infected individual is denoted by «(t). Further, we denote
the probability that the next interaction of a random susceptible individual is with an infected
individual by §(t). In the case no social distancing has occurred, 3(¢) is equal to the number of
the infected individuals X (¢) divided by the total population N, hence §(t) = XIT(t) We can
alter the variables «(t) and (t) by introducing transmission-reducing interventions. The overall
probability that a susceptible individual becomes infected is denoted by ¢(t), with

p(t) = 1— e nata®B), (5.1)
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Now, we will explain how we obtained this expression (5.1). We assume that a susceptible indi-
vidual will come in contact with n individuals during time interval [¢,t+ At]. This contact will
occur according to a homogeneous Poisson distribution with rate pAt for ¢t € T' as we have seen
before. Further, we will assume that among those n individuals, j individuals will be infected.
Lastly, the probability that the susceptible individual becomes infected is one minus the prob-
ability that none of the interactions with the j infected individuals results in infection, hence
1—(1—a(t))?. Thus, we have a binomial distribution (n,3(t)). Therefore, (t) is a composition
of a Poisson distribution and a binomial distribution. So

oo
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Equation (5.2) can be rewritten as

Z uAt o—uAt Z() — B (1 - a(t))? (5.3)

We will now rewrite the expression > 7, (?) (B())7 (1 = B(t))" 7 (1 —a(t))? using the identity
(z+y)" =31 0( ) ny"~k_ In our case, we choose z as B(t)(1—a(t)) and y as (1 —B(t)).

Therefore,
Z ( ) I(1=B()" I (1—-a(t)) =

(B()(L—a(t))+(1—B(t)" =
(B(t) —a(t)B(t) +1-B(1)" =
(I—a(t)B(t)".

Now, we substitute this in our expression (5.3). Hence,

olt)=1- (Z B A) (1-a()5(0)" (54)

n=0

Lastly, we rewrite the expression Y 2 (“ﬁi!t)n ceTHAL (1 —a(t)B(t)".

3 (ui!t)" e A (1—a(t)B(t)" =

w3 (880" (1= a()3(0)"

= n!
v 30 (A —a(5(0)"
= n!

e~ HAL  (uAt(1-a(t)B(t)) _
e HALFRAt—pAta(t)B(E) —
e HALa()B(1)

Again, we will substitute this in our expression (5.4). Hence,

Q(t) =1 — e HAtaB1) (5.5)
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as required.

Given the disease state sy = (Xg(t), X1(t)), the number of new infections I(t) = Xg(t) — Xg(t+ At)
during time interval [t,t+ At] will have a binomial distribution with Xg(¢) the number of trials
and o(t) the probability of success. Thus,

Xs(t)
P(I(t)=k| Xs(t),X1(t)) = k
0 otherwise

><so<t>>k<1—so<t>>Xs<t>—k for 0<KSXs(), o

We will now provide a framework to construct the transition probabilities of the Markov chain
{(Xs(t),X1(t)) |t =0,1,2,...}. The first step of the framework is to define the dynamics state
equation. For a population of fixed size N, the dynamics state equation is defined to be

Xs(t)+ X1(t)+ Xg(t) = N, therefore two classes Xg(t) and X;(t) are sufficient to construct a
Markov model. The second step is to find the probability distribution of the driving events. We
have two driving events in this Markov model, namely the number of new infections I(t) during
time interval [¢,t+ At] and the number of recovered individuals R(t) during time interval [¢, ¢+ At].
The probability distribution of the driving event I(¢) is given by equation (5.6). For the driving
event R(t), we assume that a susceptible individual who is infected during time interval [t — At, ]
becomes infectious and symptomatic at time ¢ and will come in contact with other individuals
during time interval [t,t 4 At]. At time ¢+ At this individual will be recovered and removed from
the population. Hence, the probability distribution of the driving event R(t) is defined as

1 for r=Xj(t),

. (5.7)
0 otherwise

P(R(t) =7 | Xs(t), X1(t)) = {

The third step is to form the dynamics driving and feasibility constraints. The dynamics driving
constraints will be defined as

I(t) = Xs(t)— Xs(t+At), teT (5.8)
R(t)=Xr(t) - Xr(t+At)+Xg(t) — Xs(t+At), teT. (5.9)

Further, the feasibility constraints are defined as follows
0< Xg(t)— Xg(t+At) < Xg(t), teT (5.10)

0<X;(t) - X;(t+At)+Xg(t) — Xg(t+At) < Xy(t), teT. (5.11)

The joint probability distribution of (I(t),R(t)), P(R(t),I(t) | Xs(t),X(t)) is nonzero if and only
if R(t) =X (t). Since,
P(R(t),I(t) | Xs(t), X1(t)) =

P(R(t),1(t) | Xs(t), X1 (1), R(t) = X1 (1)) - P(R(t) = X1(t) | Xs5(t), X1 (t))+
B(R(E),1(t) | Xs(t), X1(£), R() # X1 (8)) -B(R() # X (£) | Xs(1), X1 (£)).
By equation (5.7) we know that
B(R(t) = X1(t) | Xs(t), X;(t) =1 and

P(R(t) # X1(t) | Xs(t), X1(t) =0.

Hence,
P(R(1), 1(t) | Xs(t), X1(t)) =P(I(t) | Xs(t), X1(2)).
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Therefore, the dynamics driving and feasibility constraints can be simplified. This can be done as
follows
R(t)=X(t) and R(t)=X;(t)— X;(t+At)+ Xg(t) — Xs(t+ At)

So
Xr(t)=Xr(t) - X;(t+At)+ Xs(t) — Xs(t+At) =
—Xr(t+At)+ Xs(t) — Xg(t+At) =0 =
X1(t+At) = Xg5(t) — Xg(t+ At).
Hence,
It)=Xs(t)— Xs(t+At)= X (t+At), teT (5.12)
0< Xg(t)— Xg(t+At) < Xg(t), teT. (5.13)

The transition probability of the Markov chain is now obtained by using the constraints, the state
space

Sixs).x 0 = Lxs,21) EN? [0 < 25 < Xg(t),0 <27 < Xg(t), 25+ 77 = Xs(t)}

and the fact that I(¢t) = X7(t + At) (5.12). Therefore, the transition probabilities of the Markov
chain are

P(R(1),1(t) | X5(t), X1(t))

:{P(I(t)_l'[Xs(t),X](t)) for 0<zg<Xg(t),0<z; <Xg(t),xzs+z; =Xg(t),

. (5.14)
0 otherwise

which we deduced earlier.

Again, we will consider the two possible interventions or actions to control the spread of the
infectious disease. Those interventions were vaccination and transmission-reducing interventions.
For the purpose of illustration, we will assume that no vaccines are available during the epidemic,
so the stationary health policy m only specifies the optimal transmission-reducing intervention
af € Ar, t € T. Further, we also assume that there is only one kind of transmission-reducing
intervention available, thus Ap = {0,1}. The probability that the epidemic will be in state j at
decision epoch t+ At given that the epidemic is in state s at decision epoch ¢ and the decision
maker chooses action a € 0,1 at decision epoch ¢ is denoted by p(j | s,a). The optimal health
policy during the epidemic is now obtained by solving the following set of recursive equations or
optimality equations

v*(s)—max{rt s,a —&—’yZpﬂsa ()} for seS. (5.15)
JjeS

It can be shown that the solution of the set of equations is given by

a*(s )—azgenol?x{n(s a +v]§€;p jls,a)v*(j)}. (5.16)

In the following section, we will discuss the application of partially observable Markov decision
processes in the medical sciences, specifically for the treatment of ischemic heart disease.
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5.2 Ischemic Heart Disease

In this section, we will discuss the application of partially observable Markov decision process
for the treatment of ischemic heart disease. First, we will give an explanation of ischemic heart
disease. Secondly, we will formulate the partially observable Markov decision process for this
specific problem. Ischemic heart disease or coronary artery disease means that the heart is not
getting enough oxygen and is often caused by narrowing of the coronary arteries. Ischemic heart
disease is a progressive disease and tends to worsen over time. The decision maker or in this
case the physician has different options to intervene (actions), namely do nothing, treatment with
medication, surgery or perform more test in order to get more information about the status of
the disease. These interventions differ in cost, where the cost stands for economic cost, quality
of life and invasiveness of procedures. The goal is to develop a strategy that would minimize the
expected cost of the treatment. As we have seen in chapter four, a partially observable Markov
decision process consists of seven elements: decision times, states, actions, rewards, transition
probabilities, observations and observation probabilities. We will now discuss those elements.
Decision times are given points in time, where decisions are made by the decision maker or in
this case a physician. We denote T' as the set of decision times and we assume that the set T
is discrete. We make this assumption, because we are only interested in discrete-time partially
observed Markov decision processes. Further, we denote the elements of the set T as ¢, which we
refer to as time ¢. Secondly, a state is defined as the state of a patient at any point in time. The
set of all possible states is denoted by S. An element of the set is denoted by s. The different
states for ischemic heart disease are:

e Coronary artery disease: normal, mild-moderate, severe
e Ischemia level: no ischemia, mild-moderate, severe

e Acute myocardial infarction (heart attack): true, false
e Decreased ventricular function: true, false

e Chest pain: no pain, mild, severe

e EKG ischemia: true, false

e Stress test: not available, negative, positive

These states are only valid for a patient that is alive. This structure is a bit different then we
have seen, since it is hierarchically structured. The state variables are capable to provide more
detailed description of the patient state only when the patient is still alive. Further, the states
described above represent also the observations, since the states are not necessary observable.
For example, a patient with severe chest pain has not per definition ischemic heart disease. So
severe chest pain is perfectly observable, whether ischemic heart disease is not. We denote the set
of all observations by O. The elements of the set of observations will be denoted by o. In the case
of ischemic heart disease, an action is defined as a treatment or investigative procedure. The set
of all possible actions is denoted by As. The different actions are:

e No action

Medication treatment

Angioplasty; procedure to widen narrowed arteries
e Coronary artery bypass graft surgery

e Stress test (investigative procedure)

e Coronary angiogram (investigative procedure)

Further, the reward or cost refer to the economic cost and the physical cost, such as the discom-
fort of a patient. The reward obtained in state j given state s € S and action a € A is denoted
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by r:(j,a,s) = r¢(j) +r¢(a), where r¢(j) stands for the costs associated only with the state of a
patient and r4(a) stands for the costs associated with action a € As. Lastly, we will discuss trans-
ition and observation probabilities. The transition probability function p:(j | s,a) denotes the
probability that the process will be in state j at the next decision epoch ¢+ 1, when the decision
maker /physician chooses an action a € A, in state s € S at decision time ¢t. In medical terms, the
transition probability denotes the state of a patient after a specific treatment. The same is true
for the observation probability. An observation probability po(o | s,a) denotes the probability
that the decision maker/physician observes a certain observation. Now, we will discuss a simple
example.

Example 5.2.1. Suppose a physician sees a patient at time ¢t. The physician observes the patient’s
status: alive or dead. Assume that the patient is alive and has severe chest pain due to an
underlying condition. The physician can observe the chest pain, but the underlying condition,
coronary artery disease, is hidden. This is shown in the figure, the purple circles stands for
observable states and the white circles stands for hidden states. When the patient is alive there
are multiple states and observations possible, this is shown inside the dashed box. After observing
the chest pain, the physician decides to employ investigative procedures or actions. These actions
are a stress test and a coronary angiogram. After doing a stress test and a coronary angiogram,
the process evolves to decision time ¢+ 1. The physician sees the patient again at decision time
t+ 1. He now observes chest pain and coronary artery disease due to the investigative procedures
he employed at time t.

Patient
status at
time t+1

Patient

Stress test; Coronary
status at

angiogram

Dead

disease
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We have now formulated the partially observable Markov decision process for the treatment of
ischemic heart disease and discussed an example. Once a partially observable Markov decision
process is defined it could be converted into a belief state Markov decision process. We have
not discussed belief state Markov decision processes before, since it is a bit beyond the scope of
this thesis. However, we will give a short motivation on belief state Markov decision process such
that we can apply it later in our model for the treatment of ischemic heart disease.

A belief state b assigns a probability to all states s € S. The probability that the process is in
state s is denoted by b(s), with ) _gb(s) = 1. The probability of observing a certain observation
0 € O given action a € Az and belief state b is given by

plo]b,a) = polo|da)d pi(i|i,a)b(i), (5.17)

JES i€S

where i € S is the current state, j € S the next state and b(7) the probability that the process
is in state i. We can now update our belief, this means that we can formulate the next state
belief, which is acquired after observing a certain observation o € O and choosing action a € Ag.
Therefore, the updated belief ¥’ is defined as

po(o | i7a) Zjespt(i | jva)b(j)
p(o]b,a)

b (i) = and p(o]b,a) >0, (5.18)
where ¢ € S is the current state, j € S the next state and b(j) the probability that the process is in
state j. Without any proof, we will state the Bellman equations for a belief state Markov decision
process. The optimality equations or Bellman equations are given by

v*(b) = max {r(b,0) +v§)p(0 b,y ()},

where b is a belief state, b’ updated belief state, 7(b,a) the expected reward and ~ € [0,1] the
discount factor.

If we apply this theory to our model for the treatment of ischemic heart disease, then this will lead
to two improvements. The first improvement is that not all information is needed, so we can work
with less information and still manage to solve the problem. This comes from the fact that not all
state variables at a given time are necessary to define the belief state. It is enough to use a belief
state that is defined only over the state variables that are directly used in the transition from
one decision epoch to the other. So in example (5.2.1), it suffices to use only the state variables
patient status, coronary artery disease and chest pain in stead of all possible states in order to
define the belief state. Those variables are called information state variables and are denoted
by d. The second improvement is using a so-called hybrid information state. A hybrid information
state {og4,bq} consists of two components, namely a vector of observable information states o4 and
a vector of belief information states by. This is a improvement, since the decision maker can work
with the actual value of a state when it is perfectly observed rather than the beliefs. So in case
that some variables are perfectly observable and others are hidden, we would like to work with
hybrid information states. Hence, a belief state Markov decision process has some improvements
over a partially observable Markov decision process. The next chapter will contain the conclusion
of this thesis.
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Conclusion

In this thesis, we explained Markov decision processes and partially observed Markov decision
processes. We started with the explanation of a sequential decision process and after that we
elaborated on Markov chains. In our elaboration on Markov chains, we discussed the Markov
property, the Chapman-Kolmogorov equations and various properties associated with the clas-
sification of states. Further, in our explanation of Markov decision processes, we discussed the
five components, decision times, states, actions, transition probabilities and rewards, decision
rules and policies. Also, we explained the finite-horizon and the infinite-horizon Markov decision
processes. In our elaboration on partially observed Markov decision processes, we discussed the
seven elements, which were decision times, states, actions, observations, transition probabilities,
observation probabilities and rewards. We have seen that Markov decision processes and partially
observed Markov decision processes differ in observability. A Markov decision process is perfect
observed, so the decision maker has all information available at all times. However, a partially
observed Markov decision process is not perfect observed. In this case, the decision maker has not
all the information, so he has to make his decision based on observations and previous actions.
Lastly, we showed some applications of Markov decision processes and partially observed Markov
decision processes to medical sciences, in particular the spread of infectious disease and the treat-
ment of ischemic heart disease. We needed to make some simplifying assumptions in order to
apply Markov decision processes in medical sciences.
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