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Abstract

Watanabe, Sawai and Takahashi [9] proposed an approximation method of the expected
state for homogeneous Markov chains, named as pseudo expectation. It is based on sim-
ple probabilistic recurrence formulas. The aim of this work is to give a bound on the
approximation error of the pseudo expectation.

Two bounding techniques are explained. Both are given as recurrence formulas.

The first one uses statistical properties of the process. It requires at least a bound on
the 2nd moment, e.g. the variance.

The second one, the so called linearisation error, which captures the non-linearity of
the process, is expressed in terms of the function f used to iteratively calculate the pseudo
expectation.

The use of these techniques is demonstrated by an example, giving an explicit error
formula (in closed form) for the considered process.
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Chapter 1

Introduction

Markov chains or Markov processes have numerous applications in almost all fields of
engineering. Very often, one is interested in the average behavior of a Markov process
over time. The study of Markov processes is an established area, and for analyzing them,
various techniques have been developed. But if its state space is huge, conventional
techniques for analyzing the average behavior of the Markov process are in most cases
not useful due to their computational complexity.

In some situations, the process follows a simple rule, though this does not necessarily
mean that the state space is small. For analyzing some of such a kind of Markov processes,
which often can be seen as a model of a randomized algorithm, Watanabe (see, e.g., [9])
has proposed to use a simple probabilistic recurrence formula — a pseudo expectation.
Watanabe, Sawai, and Takahashi [9] showed, through computer experiments, that this
pseudo expectation approximates well some Markov process for analyzing the behavior of
some randomized algorithm. Later stochastic properties of this pseudo expectation have
been investigated by Takahashi and Niikura [8]. Unfortunately, though, no theoretical re-
sult has been shown to bound the difference between the real and the pseudo expectation,
although some investigations have been reported recently ( [6], [7]).

The goal of this thesis is to estimate and bound the error of the pseudo expectation.
For this goal, we propose two approaches.

(1) Stochastic Approach:
We consider the distribution of states at each step. We assume/ estimate a certain
concentration around the pseudo expectation, thereby deriving an error bound.

(2) Mechanical Approach:

We estimate the approximation error by investigating the function used to define
the pseudo expectation.

For each of these approaches, we propose methods for analyzing the approximation
error. Using these methods, we indeed obtain ”reasonable” bounds for a simple example.



1.1 A simple example

In order to illustrate our goal concretely, we introduce here a simple Markov process -
1-dimensional process.

1. Player A and B have A,, > 0 and B,, > 0 balls at time n respectively.
2. If A (B) wins, A (B) gives min{d, A,,} (min{d, B, }) balls to B (A).

3. The probability of the event A wins depends on A,. Let N be the total number of
balls. Then

w-A
rob(4,) = —*—
prob(4,) w-A,+ B,
This process will be used throughout this thesis as a basic example. More details are
given in section 2.4.

The rule for this process is very simple. Nevertheless, it does not mean that the state
space is small. In fact, the size of the state space, N in this example, could be very
large, which makes the analysis hard. For example, the size of the transition matrix is
N2. Because of this it is not so easy to compute the real expectation E[X,,]. (Note: Even
if the transition matrix is large, since it is sparse, one may be able to use some clever
algorithm to compute E[X,]. But it seems hard to reduce the computational complexity
significantly more than O(n - N).)

1.2 Motivation: Analysis of randomized algorithms

Simple Markov processes (as the one shown above in 1.1) can be seen as a model of
randomized algorithms on random instances. In fact, Watanabe ([9] and [7]) proposed to
use Markov processes to analyze the performance/properties of randomized algorithms.
In order to illustrate this approach and give a motivation for our investigation, we give
one example:

Consider the following variation of 3-SAT, one of the famous NP-complete problems.

Definition 1.2.1. (Random 3-SAT (5 Occurrence) Problem) An instance is a Boolean
formula F on n Boolean variables of the 3-conjunctive normal form. That is, F is of the
form

F=CNCyN---NC,,

where each C; consists of 3 literals. (A literal is a variable or its negation.) Assume
that every variable appears 5 times in the formula.



The obvious task is to find one satisfying assignment for F' (if it exists). In a random
scenario F' is given uniformly at random from all possible 3-CNF formulas (see definition
1.2.1).

We then consider the following simple randomized local search algorithm:

LocalSearch3SAT (input F);
begin

a «— (0,...,0);

repeat the following M AXS times {
if (F(a) = 1) output a and halt;
for each variable z;, compute its penalty™®) pen;;
ng < number of penalty 0 variables;

n1 < number of penalty 1 variables;

ns «— number of penalty 5 variables;

select x; with

prob. = W; /(W1 *nq + ... + W5 * ns);
flip the assignment for x;;

}

output "fail” and halt;

end

(*) pen; = the number of unsatisfied clauses (under the current assignment) having the

variable x;.

It would be more standard to select a variable to flip from those with the highest penalty.
But by choosing Wy =0, W; < Wy < --- < W5, the algorithm executes almost the same way as

the standard one.

Now let us approximate the behavior of the algorithm by using a simple Markov process. A
state is a tuple of six numbers (ng,n1,...,n5), which expresses the number of variables of each
penalty. Thus, we have ng + n1 + --- + n5 = n. As in the algorithm, we select, at each step,
k, 0 < k < 5, with probability p(k) = Wy - ng/T, where T = Wyng + Winy + -+ + Wsns.
Suppose that k& = 4 is selected. Then we need to decrement ny by one, and increment n; by
one, simulating the flip of some variable x; with penalty 4. Some more updates are necessary
because there are some variables whose penalty is changed by flipping x; (and clauses having x;
get satisfied/unsatisfied). There are exactly 10 = 2 x 5 such variables (assuming no repetition).

In the algorithm, those 10 variables are fixed from F'. But for the Markov process approximation,



we select these 10 variables randomly (more precisely, randomly proportional to (ng, ..., n5)). The
one step transition of our Markov process is determined in this way. (Here we omit writing down
all the details.)

Of course, this Markov process is just an approximation of the real execution, one may
expect that it is close to the real one, in particular, if the time bound M AXS is not so large
and not so many variables are flipped more than once during the execution. Thus, we may hope
that some of the characteristics of random executions of the algorithm on random instances can
be investigated by using this Markov process.

For analyzing the behavior of the algorithm, we would like to see, for example, how ng
increases on average. Our pseudo expectation can be useful for such an analysis. Note that the
state space is O(n®), which is quite large even for small n. Therefore, the conventional Markov
chain analysis is hard to use. On the other hand, we can estimate the expected value of ng at
t-th step by

Englngy] & (fuo) ™ (05", .,ng")),
where 7 is a function for computing the average state change at each step, fflgl( -+ ) is the first
component of the state obtained from the initial state (néo), ...,néo)) by applying 7 fort —1
times. Furthermore, by studying (fp,)" (e.g., computing its first derivative), we can investigate

how ngy grows on average. This is the advantage of using the pseudo average.



1.3 Summary of results

The goal of this thesis is to estimate and bound the error of pseudo expectations. For this goal,

we obtained the following main results.

Two general bounding techniques are explained. Both are given as recurrence formulas.
The first one, given in chapter 4, uses statistical properties of the Markov chain, e.g. requires

at least a bound on the 2nd moment of the stochastic process.

The second one, the so called linearisation error, which captures the non-linearity of the
process, is expressed in terms of the function f, which is used to iteratively calculate the pseudo

expectation.

Apart from that a technique for computing a lower and upper bound for the convergence
speed of the pseudo expectation is given (see section 3.1). For the considered example process,

a tight bound for the steady state error has been obtained (see section 3.2).



Chapter 2

Preliminaries

Some definitions needed for the technical discussion done in the following chapters are given.

First of all, some notations used in this thesis are explained in section 2.1. The definitions
of Markov chains in 1 and 2 dimensions are stated in section 2.2.1 and 2.2.2.

Besides, the notation of the pseudo expectation is explained in more detail - again in 1 and
2 dimensions (section 2.3.1 and 2.3.2 respectively).

Finally, a concrete example of a one dimensional stochastic process is given in section 2.4

and illustrated by some numerical instances in 2.4.1.

2.1 Notation

To allow a fast and smooth way of reading, as few non-standard abbreviations and new definitions

as possible were used.

The interval [c, d] is defined for both ¢ > d and d < ¢. In case ¢ > d, just set [c, d] := [d, .

The interval |c, d[ stands for [c, d], but the points ¢ and d are excluded from the interval.

A
o= (1)

(A,B)=(X,Y)s A=Xand B=Y

In the expression

the letter T denotes the transpose.



2.2 General Model of the process

Only homogeneous Markov chains with discrete time, finite state space and fixed inital state
are considered. For a short definition of these terms for one dimension see section 2.2.1 or for a

more detailed description Norris [1]. Section 2.2.2 gives the definitions in 2 dimensions.

2.2.1 1 Dimension

The construction of a Markov chain requires two basic ingredients, namely a transition matrix
and an initial distribution. To begin with, consider the definition of the transition matrix.
Assume a finite set S = {1,...,m} of states. Assign to each pair (i,j) € S? of states a real

number p;; such that the properties

pij > 0V(i,j) € S?

Zpij:1V’L'ES

JjeS

are satisfied and define the transition matrix P by

P11 P12 ... Pim
p_ p.21 P?2 ce p2‘m
Pm1 Pm2 --- DPmm

Definition 2.2.1. (Markov chain) The sequence of random variables(X,,)nen, with X; € S is
called a homogeneous Markov chain with discrete time and inital state X, state space S, and

transition matrix P, if for every n € Ny the condition
prob[X, 11 = j|Xo =io,..., Xy = in] = prob[X,11 = j| X, = in] = pi,;j
is satisfied for all (iq,...,i,,J) € S"+2, for which
prob[Xy =ig,..., X, =i, >0

The first identity in definition (2.2.1), which is also called “Markov property”, defines the
“memory” or “order” of the chain. In this case, the order equals one since the transition
probabilities are entirely determined by the preceding state. The restriction to order-one chains
is no serious limitation since processes with arbitrary finite memory s can be interpreted as
order-one Markov chains on the product space S®. The second identity in the above definition
is called homogeneity condition. It assures that the transition probabilities do not vary with the

time n.



2.2.2 2 Dimensions

The concepts are the same as for the 1 dimensional case, thus only the definition is given.

Definition 2.2.2. (Markov Chain) The sequence of random variables (4, By,) with n € Ny and
(An, Bp) € Sa x Sp is called a homogeneous Markov chain with discrete time and inital state

(Ao, Bop), state space S = Sy x Sp, and transition matrix P, if for every n € Ny the condition

prob[(An_H, Bn—l—l) = ]‘(A[)v BO) = iOv ceey (Aru Bn) = Zn]
= prob|(A,41, Bny1) = j|(An, Bn) = in] = Pinj

is satisfied for all (ig,...,%n,7) € S"*2, for which prob[(Ag, By) = iq, ..., (An, By) = in] > 0.



2.3 Pseudo expectation

The notion of the pseudo expectation (and some basic properties of it) as well as the error
between the real and the pseudo expectation are concretized in 1 (see 2.3.1) and 2 dimensions
(see 2.3.2).

2.3.1 1 Variable

Given a Markov chain as defined in (2.2.1) and let f be a function such that
E[Xp+1|Xn] = f(Xn), a.s. (2.3.1)

then the pseudo expectation f™ is just the iterated application of f for the constant inital state

Xo, e.g. f(f(... f(X0)...)).

n—times
The steady state expectation is approximated by the fix point of the function f. More
precisely, if 0 < f/(z) < 1 for all z € Ig , where

Is := [min S, max S|
S S
then f is contract and has only one fix point bs, given by the solution of the equation:

f(bg) = bf (23.2)
This statement is well-known in literature (see 3.1.1).

The error of the approximation is simply given by
err(n,a) = E[X,|Xo = a] — f"(a) (2.3.3)

Note that, the error after the first step is zero due to the definition of f (2.3.1).

If f is linear
E[XTL-H] - E[E[Xn+1|XnH = E[f(Xn)] = f(E[Xn])

and therefore for all n:
E[X,] = f"(Xo) (2.3.4)

But for a non-linear f in general E[X,,] # f™(Xo).

2.3.2 2 Variables

The definition of the pseudo expectation for a Markov chain as defined in (2.2.2) is a straight
forward extension of the case, where the pseudo expectation depends on 1 variable.

In higher dimensions the expectation becomes a vector of functions e.g.

E[A, B] = (E4[A, B],Ep[A, B)”



Let 7) = (fa(A, B), fg(A, B))T be a function such that

—

N
f(Ai, Bi) = E[A;11, Biy1|Ai, Bi (2.3.5)
then the pseudo expectation F is given by:

- n n T

f (AvB) = (fA(A7B)7fB(A7 B))
with f% defined as

FA(A,B) = fi7(£(A,B)T)

fp is analogous.

Define the interval Ig, as [mingecg, *,max,es, «] and Ig, analogously and also
IS = ISA X ISB

Again, the steady state expectation is approximated by the fix point of the function 7
More precisely, if 0 < w < land 0 < % < 1 for all (a,b) € Ig, x Ig,, then 7 is
contract and has only one fix point b—f> = (bf;, bg)T, given by the solution of the equation:

FoyT) =15 (2.3.6)

This statement is well-known in literature (see 3.1.1).

The error err(n,a,b) = (erra(n,a,b),errg(n,a,b))’ of the approximation is simply given
by

—

&rt(n, a,b) := E[An, Bn|(Ao, Bo) = (a,b)] — f"(a,b) (2.3.7)

As for the one dimensional case, the error after the first step is zero due to definition (see
2.3.5).

If the function f4 and fp are linear then the approximation is exact (for a proof see (4.3.1)).

10



2.4 Example process

To illustrate the techniques for the error analysis, the following game is used throughout the

document:
1. Player A and B have A,, > 0 and B,, > 0 balls at time n respectively.

2. If A (B) wins, A (B) gives min{d, A,,} (min{d, B, }) balls to B (A). (Let the total number
of balls N divided by d be an integer).

For the rest of the document d is implicitly assumed to be 1, if it is omitted.
3. The probability of the event A wins depends on A,. Then

Vn, A + B, = N (2.4.1)

Let prob(A,,) and prob(B,,) be the probability of the event A wins and B wins respec-
tively. Then
Vn, prob(A4,,) + prob(B,) =1

Ani1 A, A, —prob(A,) + prob(B,)
B B, B, prob(A,) — prob(B,)
The winning probability for A, is given by

prob(4,) =

= 1- : due to (2.4.1)

and for B,, by

B,

b(B,) = — "
prob(B;,) w A 1B,

where the weight w is a positive constant such that 1 < w < TN;[. Due to (2.4.1) and because of
the linearity of expectation we have

vn,E[A,] + E[B,] = N

For that reason, it is sufficient to consider E[4,,] to obtain the state of the game. The function

f becomes:
f(An) = E[Ani1|An]]
= d- (prob(B,) — prob(4,))
2-w- A,
= d-(1- (w—l)-An—f-N)
Remarks:

11



1. For w = 1 the function f is linear in A,:

fAn) = (=28 4 a

Thus the approximation is correct due to (2.3.4).

2. The range 0 < w < 1 is symmetric in the sense that B, instead of A, is weighted by

w = % €]1, ], e.g. the probabilities of A and B wins are given by:

w-A A
prob(dn) = B T T B, r A,
B, w - B,
prob(B,) = l

w-A,+B, A,+a-B,

For the considered interval of w, the function f is contract, e.g. 0 < f’(z) < 1 for any
x € [0, N]. Besides, the first derivative f’ and the second f” are also continuous for x € [0, N]

as can be seen below:
2-w-N

fe)=d - Frm_n2

5 <1 (2.4.2)

and
_4-d-w-(w—-1)-N

I@) = N =1y 2

Since f is contract the fix point by can be calculated using (2.3.2):

flby) = by
N

2.4.1 Illustration

To get a better feeling of the behavior of the error and the process, some numerical instances

and figures are discussed for the example process.

Numerical results are given for the error, the variance of the process and the behavior of the
probability distribution over time. This is done for different weights and starting states. The
number of balls N is fixed to 40, since for big N and big number n of steps the computations
take too long. (In each step 2 matrixes have to be multiplied, which gives a running time of
O(N?2376 . n)).

To begin with the case A9 = N = 40 for w = 2 and w = 10 is considered. The pseudo and
real expectation are quite close (figure 2.1 below). By looking at figure 2.2, it can be seen that
the error has a maximum. The same also holds for the variance (see figure 2.3). To capture
this non-monotone behavior, especially bound the maximum tightly, can be regarded as the
7ultimate” goal.

The figures 2.4 and 2.5 for the probability distribution reveal that the maximum probability
as a function of n, e.g. max,¢(y y) Prob(A;) has a minimum for some n, which is roughly ~ N.
Besides for a fixed step n the probabilities decay very fast when moving away from the most

likely state.

12



Real and Pseudo Expectation for A_0 =40

404

304

state 20

Figure 2.1: Pseudo and real expectation for Ay = N

Erar A 0=40
0.4
0.34
E(A_n)-fnia_0)
0.24
0.14
0
stepn

——  erorw=2
-------- = errorw=10

Figure 2.2: Error for Ag = N

13



Yariance, A_0=40
404

30

vatiance 204

stepn

Yariance w=2
________ —  Marance w=10

Figure 2.3: Variance for Ag = N

Prabability distribution over time for w=2 A _0=40

0.84

Figure 2.4: Probability distribution of states for Ag = N and w = 2
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Probability distribution over time for w=10, A 0= 40

0.5

Figure 2.5: Probability distribution of states for Ag = N and w = 10
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For the sake of completeness, the same plots but for Ag = 0 and w € {2,10} are also shown
(figure 2.6, 2.7 and 2.8). For this case the maxima for the error and the variance seem to be

very small or non-existent.

Real and Pseudo Expectation for A 0=0
40+

304

state 204
e
S
10 o
/
g 20 n BN g 00 120

Figure 2.6: Pseudo and real expectation for Ay =0
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Errar A 0=0

0.44

0.3

E(An-#na D) s ]

0.14

&0 a0 100
stepn
arror w=2
'''''''' = errorw=10
Figure 2.7: Error for Ay =0
Yariance, A 0=0
40
30
vatiance 20
T —
P
u 20 40 &0 a0 100
step n

Yariance w=2
YWariance w=10

Figure 2.8: Variance for Ag =0
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Chapter 3

Some properties of the pseudo
expectation

In this chapter several characteristics of the pseudo expectation in 1 variable are derived. But
apart from the convergence speed of the pseudo expectation in section 3.1, these properties
(namely ”steady state distribution and error for steady state” in 3.2, ”relation between the
state with maximum probability and the fix point” in 3.3) are more or less specific for the

considered example (defined in 2.4).

3.1 Bound on the convergence speed of the pseudo
expectation

Two general techniques are applied to the example (see section 2.4). Using the Banach fix point
theorem 3.1.1 will give a first bound on the convergence speed of the pseudo expectation. Later

on, it will be improved (section 3.1.2), using integrals.

In fact, the number of steps until the distance to the fix point is less than 1 is investigated,

since it takes oo many steps to actually reach the fix point.

3.1.1 Application of Banach fix point theorem

The Banach fixed point theorem 3.1.1 is well known in literature. It also gives a bound on
the speed of convergence for a contraction mapping such as the function f defining the pseudo

expectation.

Theorem 3.1.1. (Banach Fized Point theorem) Let X be a non-empty complete metric space.
Let G : X — X be a contraction mapping on X , i.e, there exists a real number ¢ < 1 such
that ||G(z) — G| < ¢llx — y|| for all z,y € X . Then the map G admits one and only
one fized point & € X (this means G(T) = & ). Furthermore, this fized point can be found

as follows: start with an arbitrary element (¥ (and define a sequence by z" = G(x(”_l)) for

18



n=1,2,3,... This sequence converges, and its limit is T. The following inequality describes the
speed of convergence:
- q"
& - 2] < <L jja® 20|
q

(For a proof, see for instance, Agarwal [5])
Lemma 3.1.2. Let Ag, A1, ..., A, be a Markov process as defined in section 2.4 and also % >
w > 1, then for the pseudo expectation with fix point by holds:

If Ag > by then after

_w-N w- N

1
n 5 n( 5 )
steps and if Ag < by then after
2-N 2-N
n=——"In( )
w w

steps
/" (Ao) — by <1

Proof. Applying theorem 3.1.1 for the case f'(Ap) € [bf, N, yields for ¢:

< !
q < Er[g%]f(w)

= f'(N)
2

= 1-—— 1.1
—N (3.1.1)

Since at most one ball can be taken per step, the difference between any two steps is at

most 1. In particular for the starting state and the state after the first step holds:

2 - 20 <1

Using this and the previous inequality (3.1.1) for ¢ for n = % - In(“4Y) steps gives:

_L L.IH(L)
7 lz® — 2@ < - )22 °
1—q TN
o In(=)
< _2
w-N
< 1

For fi(Ap) € [0,by], the constant ¢ can be bound in the same way:

19



G[O,bf]
f'(by)
2-w-N
(N+(w-1)-F5)?
2w
1_N'(1+“’—*1)2
w+1
1 (w+ 1)2
2-w-N
w
2.N

The difference between two steps is - as before - bounded by 1:

Combining that with the inequality (3.1.2) for n =

1—g¢q

Thus, lemma 3.1.2 is proven.

T o) 2]

3.1.2 Improved bound

Jo® =2 <1

% : ln(%) steps yields:
2-N 2-N
(1 — o) % Mo
S m
2-N
e In( 2“?])
<
— w
2-N
<1

(3.1.2)

Next, a different technique is used to bound the number of steps to get close to the fix point.

The idea is to consider the number of steps, which are needed to get from state a to a &1 and

then sum over all a from the starting point to the fix point +1. This technique requires apart

from the continuity of f that |f(a) — a| decreases monotonically, when a gets closer to the fix

point.

Theorem 3.1.3. Let Ag, A1, ..., A, be a Markov process as defined in 2.4 and also % >w > 1,

then for the pseudo expectation with fix point by holds:

If Ag < by then after

steps and if Ag > by then after

steps



Proof. Consider a € [by, N| first.
Denote the number of steps to go from state a to a £1 by st,+1. Then for st,4+1 must hold:

fleti(a) < a1

Since f(a) — a decreases with decreasing a for a € [by, N}, it follows

1
Sta—l <

~ fla=1)=(a—1)

(For more details, see also the remark 3.1.1) Thus the total number of steps sty to get from N

to by + 1 becomes

N

Stiot = Z Sta—1

(I:bf+2

N 1
SD DI ey ey ey

a:bf+2

IN

N-1

1

/ ———— Since f(a) — a decreases with decreasing a for a €]bs, N]
a:bf+1 f(a) —a

N-1
< / —
— _ 1— 2-w-a
a=bj+1 N+(w—1)-a

w—1)-
</N N+(w-1)-a
" Ja=pa N—(w+1)-a

N 1

a
< N. ~da+(w—1)-/
a=bpr1 NV —(w+1)-a a=br1 NV —(w+1)-a

N

~da (3.1.3)

The integrals can easily be solved by substituting u = N — (w + 1) - a:

_N—u
w41
and p
U
—_— = — 1
o (w+1)
Thus
N —w-N
1 -1 1
/ .da = —_— *'du
a:bf—i-lN_(w_'—l)'a w+1 u=—(w+1) U
_ 1 -ln(w.N)
w+1 w+1
> In(V)
w
and also
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N a 1 —w-N N-u
/ cda = . / wtl | du
a=bs+1 N — (w + 1) ta w+1 u=—(w+1) U

~1 NN
aoEs o ARG
u=—(w+1)

= (w+11>2-<N-ln(N)+w'N—(w+1)>
Nomv) | N

Plugging the results for the integrals in the previous formula (3.1.3) gives:

N

a
sttt < N - ~da+(w—1)-/ -da
’ a=bpr1 N —(w+1)-a a=b;1 N —(w+1)-a
In(N N -In(N N
N qu—n<lg)+>
w w w
2-N
< -(In(N) + =
< 2N (V) + 5)
The case a € [0,by] is treated in the same fashion.
The basic calculations will be given:
by—2
Sttot = Z Sta+1
a=0
bp—2 .
<
- aZ:% fla+1)—(a+1)
by—1
< / ———— Since f(a) — a decreases with increasing a for a € [0,by[
a=1 f(a) —a
br—1 1
< / - _2wa
a=0 "~ N+(w—1)a
< N- -da
B a=0 N — (w + 1) " a
bp—1 a
+w—1-/ -da 3.14
w-0- [ (3.1.4)

Again the integrals can be solved by the same substitution and will be bounded as follows:

bf—l 1 _1 w—+1 1
/ -da = —-du
a=0 N—(w+1)-a w+1 -y u
1 N
= In(——)
w41 w41
o ln(%)
- w
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and also

— —w- N—
/bf 1 @ da = — / N du
a=0 N — (w + 1) - a w41 u=—(w+1) u

-1 w—+1 N

(w+1)?2 Joon

< M-(N-ln(g)erJrl—N)

N - ln(%)

Analogously, plugging these results for the integrals in the previous formula (3.1.4) gives:

bf—l 1

a
tiot < N- -d —-1)- -d
st < N[ ey e e [ ety e
In(¥ N-In(X
< N. n(“’)—i—(w—l) I;(w)
w w
2-N N
< 2 m()
w w

This completes the proof of theorem 3.1.3. O
Remark 3.1.1. A lower bound can also be calculated by considering m instead of 7 (al)—a| .

This can best be seen by looking at figure 3.1. In this figure area II A;;, meaning the area in

the rectangle, gives the true number of steps needed to get from a to f(a), which is obviously 1:

1 — .
|f(a) =

The hatched area shows the error for the upper bound e.g. the difference between the integral

A = |f(a) —al =1

f xf:(?l) | f(xl)fx\ and the correct value Ajy:

/f(a) 1 i A
m JR—
v—a 1 f(x) — 2] &

The doted area gives the error for the newly introduced lower bound, e.g. the difference

between the integral f lf:((;) m and the correct value Ajy.

f(a) 1 a 1
= dr— A= L du— A
/x:a TRCET /y:f_l(a) o =g Wy —An

where the substitution of x = f(y) and consequently % = f’(y) leads to the second expression.

Thus a lower bound for the total number of steps to get from N to by £ 1 can be obtained.
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Theorem 3.1.4. Let Ag, A1,..., A, be a Markov process as defined in 2.4 and also % >w > 1,
then for the pseudo expectation with fix point by holds:
If Ag < by then after at least

N -N
nzi.g.ln(wi
2w +1)

) — In(

3 (w

steps and if Ag > by then after at least

steps
/" (Ao) — by <1

Proof. Again the case Ag > by will be investigated first.
As for the upper bound, denote the number of steps to go from state a to a £ 1 by stg+1.

Then for st,+1 to be a lower bound must hold:
fileti(a) > a1

Due to the monotone behavior of f this can be written as: (see also beginning of this section
together with 3.1)

a—1 1
Sta—1 > / —  dx
¢ - r=a |f_1(:c)—x]
Thus the total number of steps st;,; to get from N to by + 1 becomes
bf+2 1
Stior > / ———dx
? =N ’f 1(:E)—CC’

/ R ST
= TN y)ay
y=f"1(N) |f(y) =yl

(AV2
ce\
<
Z  F

w
=
S

_ /bf+3N+(w—1)-yd
y=N N—(w+1)-y
B VSN 4 (w—1)-y 2-w-N d
/yN N=(w+1)-y N+ @w-1)-y*"

/bf+3N+(w—1)-y
y=N N-(U]—i-l)y

bf+3 2. w- N
_/yN (N—(w+1).y).(N+(w_1>_y)dy (3.1.5)

The first integral in 3.1.5 is almost the same as before in 3.1.3 apart from the integration

limits.
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Using the same technique (namely substitution) again, we have:

N w.N.<w—1+ln(%)> —3-(w?—-1)
(w+1)2

+1n<2.w.3]\',(f;252— 1))

Stiot

N N 3 N
> 2 (w— -2 - = > 1.
> 5 <w 1+ln(4)> 5 ln(l—i—w) w>3 (3.1.6)

The case where the starting state Ao < by is analyzed in the same manner:

bf—2 1
stior > / —dx
~ Je=mo |fTH2) — 2

Fief-2) o
- /yfl(m ORI

bf—3 1 /
/yo ORI

v

Thus we get:

w-N-(Q-ln( w- ¥ )—1)+N+3-(w2—1)

3-(w+1)
Slior 2 (wt1)?
3 (w+1)?
+ln<2-w~N—3~(w2—1)>
N w- N N
> — 21 —In(— > 1.
Z g TG ) ) w2 (3-17)

To obtain a tighter bound, one could use a function ¢(a) which satisfies the condition:

f(a) 1
o | e

and then calculate the number of steps from d to e by

¢ 1
Sttotap = /a;d |C(IL‘) ’ m|dw

Stiot — 1 < Sttotap < Stgor + 1

which gives

Since the integrals for the example are not so easy to handle, this approach is not demon-
strated.
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9 * state

p— 47 S

Figure 3.1: Pseudo and real expectation for Ag = N
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3.2 Steady state distribution

This chapter consists of some general remarks about the steady state distribution in section
3.2.1 and a deduction of it for the example process in 3.2.2 (and moreover an error bound for

the steady state is given).

3.2.1 General

In general the steady state distribution pg of a Markov chain with transition matrix P has to

satisfy the following condition:

P-ps=ps (3.2.1)
For ps to be a distribution, it must hold that
N
S pe(A=j)=1 (3.2.2)
j=0
Vi€ [0,N] ps(A=35)>0 (3.2.3)

For any application, where the number of states is a parameter ¢ (e.g. our example process
described in section 2.4), these conditions give a system of linear equations, where the number
of equations also depends on this parameter and (usually) cannot be easily solved without the

knowledge of t.

Remark: As an alternative to looking at linear equations, in some cases an eigenvalue

analysis of P might be preferable (for details see Mehdi [3], p.100 and following).

Obviously, once the steady state distribution is obtained, the expectation can be calculated.
The error for the steady state is then just the difference between the fix point by and the true

expectation.

3.2.2 Example

For the considered example (see section 2.4), in general the expectation of the process does
not converge to a single value, but changes between two converging series. Note that given
the process is in some state i, then in the next state the probability of this state will always
be 0, since the Markov process leaves this state with probability 1. Mathematically speaking,
prob(B,, = i) > 0 = prob(B,+; = i) = 0. The Markov process has period 2. For that reason,
the limit of P™, where P denotes the transition matrix, does not exist.

But if one looks at the Markov process at steps with an even and odd number separately and

considers lim,, ., prob(P?™) and respectively lim,, ., prob(P?"*1)  then these limits exist.

Theorem 3.2.1. Let Ag, A1, ..., A, be a Markov process as defined in section 2.4, let N = Ny-d
with No € N | let Ay also be a multiple of d and denote prob(A,) as the probability distribution
of the state at step n, then the steady state distribution ps is

wNo—i-1. i (w— o . .
ON0~(1$\1[3)41_\’0(*1 D) . (]\Z(O) ifj=i-d,i€N

S Nl

otherwise
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and furthermore

lim prob(As, = j)

n—oo

(3.2.4)

0 otherwise

B { 2-ps(A=j) if Ay even

2-ps(A=j) if Ay odd

n—oo 0 otherwise

lim prob(Az, 1 = j) ZZ{

Remarks:

1. For w = 1 the steady state distribution becomes the binomial distribution:

ps(A=j) = (J;[)‘?N (3.2.5)

2. Since the proof given below, is more or less just a verification of the conditions (e.g. 3.2.1,
3.2.2 and 3.2.3), required for pg to hold, the following question remains: How can one
deduce such a formula? In fact it was obtained by considering several examples with fixed
number of states (e.g. balls N) and solving the linear system given by the previously
mentioned conditions.

Proof. At first, it will be shown that ps(A = j), which is assumed to be written as a row vector,
is indeed the steady state distribution of the transition matrix P. More precisely, ps satisfies
the conditions for being a steady state distribution (3.2.1, 3.2.2 and 3.2.3).

In general the transition matrix P looks like:

Po,d
Pd.,0

PN—d,N

O PN,N-d

The steady state equations (3.2.1) expressed in terms of ps(A = i) become:

ps(A =d) - prob(A = 0|A = d) ifi=0
ps(A=N—d) -prob(A=N|A=N—-d) ifi=N

ps(A=1i)=4q ps(A=i—d) prob(A=ilA=i—d)
+ps(A=i+d)-prob(A=ilA=i+d) if0<i<Nand?3eN
0 otherwise

To begin with, look at the first equation for ¢ = 0. Evaluating the right hand side using the

expression for ps with ¢ = d and the transition probability from ¢ = d to ¢ = 0 and for the left
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hand side ps with ¢ = 0, yields equality between the two sides:

wNo=1 . Ny B w w2 (Ng +w — 1) N
No-(1+wM-1 = Ny+w—-1  Ny-(1+w)No-1 0
1 =1
Similarly for ¢ = IV, one obtains:
w - (No+No-(w—1)) 1 _(N0+(N0—1)'(w—1))_N
No - (1 + w)No-1 T w-(Np—1)+1 No - (1 + w)No—1 0
1 1
R4 =
Ny - (1 + w)NO_l Ng - (1 + w)NO_l

In case 0 < i-d < N with i € Ny, the equation are of the form (already multiplied by
(14 w)No—1):

1w%%*«me«w—Dx<Mj

2 N() 1

B w- (i+1) ‘leOi2-(N0+(i+1)~(w—1))'(N0>
w-(i+1)+N—-i—1 2 No i+ 1

N N—i+1 '1wN0_i'(N0+(i—1)-(w—l)).(NO)
w-(i—1)+N—i+1 2 No i—1

The right hand side can be transformed into the left hand side:

w-(i+1) 1whNo=i=2 (Ng + (i+1)- (w—1)) [ No
w-(i+1)+No—i—1 2 No '<z’+1>

No—i+1 LwM=. (Ng+(i—1)- (w—1)) [ No
+w-(i—1)+N0—i+1'§ No '<¢—1>

_Jw%””<@+D%%+@+D%w—m'<%>
2 Ny w-(i+1)+Ng—i—1 i+1
(N—i+1)-(w-(No+(i—1)-(w—1))) [ No
+ w-(i—1)+Ng—i+1 '(z‘—1>>
~ lwMNomi =t /N No+(i+1)(w—1) 4
T2 Ny '(z‘>'<w-(i+1)+No—z‘—1'(N°_Z>
w~i-(N0+(i—1)-(w—1)))
(w-(i—1)+Ng—i+1)

1 wNO—i—l N, . '
szj'<;>0%_”+”0

1w (Ng+i- (w—1))  (No
2 No i

Next it will be shown that pg is a distribution. The first condition (3.2.3) that all probabil-

ities are at least 0 follows directly from the definition of pgs. It remains to verify that the sum
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over all probabilities equals 1 (3.2.2):

N No No—i—1 .
, lw =4 (Ng+i-(w—1)) [Ny
A = = — .
7=0 =0
No
2-No- (14 w)No=1 \ w pr i
(14+w) o

No
w—1 No—i - NO

(1+w)N0*1 -No

= 3. G :_ w)No—1'<(1 + w)No +(w—1)-(1+ w)No—l)
_ D1
2-w

(A good reference for handling binomial coefficients is Zeilberger [4].)

Thus the last step, is to show that 3.2.4 holds. Intuitively this holds since the sum of the
steady state distribution for odd and even states equals % for each case (the calculations are
omitted). Thus normalization gives the factor 2 occuring in 3.2.4.

More formally, this can be derived in the following way: The Markov chain is irreducible
and positive recurrent, since the state space is finite and all states communicate. Using Theorem
VIII (p.107, Berger [2]), with r(z,y) = (z — y) mod (2 - d) justifies (3.2.4) and concludes the
last step of the proof of theorem (3.2.1).

O

Error for steady state

First the steady state expectation is obtained (lemma 3.2.2) and then the steady state error is
calculated (see 3.2.3).

Lemma 3.2.2. Let Ag, A1,..., A, be a Markov process as defined in section 2.4, let N = Ng-d
with No € N, then the expectation of the process E[A,] for large n (n — o0) is bounded by

n—00 2-(w+1)

Proof. Since the expectation might oscillate between two values, first the arithmetic mean of
the oscillating expectation is calculated :
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lim E[A] + E[Ag11] _ iv:ps(A — )i
=0

k—o00 2

2 No - (1 + w)No—1 i

N
= 1 . &.Zow]vo_i.i. NO
2 -No-(14+w)No—1 \ w pr i
(1+w)No—1. Ny

No
w—1 No—i ;2 [ No
+ w ;w ! 7

(1+w)N0*2-N0~(N0+w))

d w—1
p— —_— N —_— N
2.w< O+w—i—1 ( 0—|—w)>
d-(2-No+w-—1)
= 2.
2-(w+1) (3:26)

The limit of the maximum difference between the oscillating expectations limy_, o |E[Ax] —

E[Aj+1]| is less or equal to d, which will be shown next. Assume Ny odd:

k—o00
L)
= klim Z(prob(Ak =2-7)-2-i—prob(Az1 =2-i+1)-(2-i+ 1))’
L%
= klim <pr0b(Ak =2-4)-2-i—prob(A;y =2-i) -E[Ag41]|4r =2 z]> ‘
—00| 4
=0 1(2:)
L)
= klim < (prob(Ay =2-1)-2-i— f(2- z)|)> <d (3.2.7)

<d

where [2 -7 — f(2-1)| < d, since in expectation at most d balls are taken or given to B in one
step.
For Ny even, the derivation is almost the same, only the sum needs to be changed slightly:

No

2
lim (Z(prob(Ak =2-1—1)(2-i—1) — prob(Aj4; =2-17)-2- z))
k—o0 P
Obviously, for the arithmetic mean ab := “T*'b of two numbers a,b with |a — b] = ¢ holds
that: )
la — ab| = |‘L; | < % (3.2.8)
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and also b
—a|l _c
— < = 3.2.9
Using the previous inequalities ((3.2.8) and (3.2.9)) together with the bound on the mean
(3.2.6) for the oscillating expectations and the maximum difference between the expectation

between two steps (3.2.7) completes the proof of lemma 3.2.2. O

|b—ab| =

Next the steady state error, e.g. the difference between the real and pseudo expectation
after ”infinitely” many steps, is calculated. It turns out to be independent of the number of
balls N and the weight w, which is rather surprising. More precisely, the error is less than d,
e.g. 1, if only one ball is moved per step.

Corollary 3.2.3. Let Ag, A1, ..., A, be a Markov process as defined in section 2.4, let N = Ny-d
with Ng € N | then the error errs for the steady state can be bounded by:

errs < d
Proof. Using lemma 3.2.2 and the expression for the fix point (2.4.3) gives

errs < max lim err(n,a)
a€l0,N] n—o0

— max lim <E[An|A0 - f"(a)>

a€[0,N] n—o0

d, @ Notw-1) N_
-2 2. (w+1) w+1

d d - N d- -1 N

2 w+1l 2-(w+1) w41
< d
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3.3 Relation between state with maximum probabil-
ity and fix point
It seems almost trivial that for a highly concentrated process the expected and the most likely

state are close for any time step n.

Experiments have shown that for the considered example (see 2.4) the pseudo expectation
and the most likely state almost coincide. But only for the steady state this could be confirmed
analytically. In fact, it could be shown that the most likely state and the fix point are equal,
given that the fix point is an integer e.g. an element of the finite state space.

Lemma 3.3.1. Let Ay, Aq,..., A, be a Markov process as defined in section 2.4 and let the fix

point by = :H-Lw be an integer and let % <w < g, then the probability of the state by is the
mazimum steady state probability:
N
arg max A=i)=—
9 iElon] Ps( ) 1+w

Intuitively, this holds due to lemma 3.3.2, which says that it is more likely to move towards
the fix point than away from it, and the fact that the loop probabilities are 0 for all states.
Let ¢© be a random variable, which denotes the number of visits of state a before the chain

Arp, Ary1,... hits b conditioned on A7 = a.

¢ = Zprob(Aj =aand Ap p #b (Vj >k >0) | Ar =a)
j=T
Proof. The goal is to show that ps(A = by) > ps(A = i) Vi.
Equivalently, it will be proven that:

E[¢;,] > E[¢’] (3.3.1)

Or in words: The expected number of visits of by given the chain starts from the fix point bf
before the state ¢ is visited is at least the expected number of visits of ¢ given the chain starts

from state ¢ before the fix point is hit.

Next we show that indeed
(3.3.1) = ps(A = by) > ps(A =)

Since the transition matrix P is irreducible and has an invariant distribution (theorem 3.2.1),
all states are positive recurrent (theorem 1.7.7, Norris [1]), meaning that it only takes finite time
to go from any state to any other. So the hitting time of every state is finite. Therefore (3.3.1)
intuitively suggests that in the long run by will be visited more often than ¢, independent of the
starting state Ag.

Let the random variable T;' be the first passage time of b given that the chain starts from

a. Assume, Ay = i, where iy is an arbitrary state € [0, N]. Using the strong Markov property
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(theorem 1.4.2, Norris [1]) for the chain Ao, Ay, ... conditional on A i, = by, the process will
by

. ,ATZ-O_I. Until by is hit for

start afresh after time Tbi;’ from b; independent of its past Ag, Ay, ..
b
f

the first time (starting from (), at most E[Cf 7] are made to i, since

E[Visits of i before by is hit|Ag = ig] = E[Cff] - prob(i hit before ig|Ag = o)

<1

Using the strong Markov property again for the chain A,,, Any+1,... with ng = TZ;, the
process will start afresh from by after ng + Tibf steps from ¢ and finally, after another random
time Tg the process will start again from b; and the loop is complete. Within the first loop,

f

starting and ending in 4 or by (depending on the starting state i), in expectation by will be hit

more often, if
; b
B[G),] ~ EIG] > 0
That is to say (3.3.1) holds. Looking at the long term behavior, meaning at infinitely many
cycles, we obtain that

lim (E[Visits of by within n steps] — E[Visits of ¢ within n steps])

n—oo

= lim k- (E[G},] - E[¢)]) — E[Visits of i before b is hit|Ag = ]

1

> lim k- (E[¢],] —E[¢']) — E[('] =00 & (3.3.1)

7
k—oo

Using the ergodic theorem 1.10.2 together with theorem 1.7.7 (see Norris [1]), the steady
state probability of a state j of the Markov chain is given by

Visits of j within n steps

ps(A =7)= lim

n— oo n

This yields that (3.3.1) = ps(A = bf) > ps(A =1).

In order to show (3.3.1) the next lemma is useful. It says that the transition probability

towards the fix point is greater than going further away from it.

Lemma 3.3.2. Let Ag, Aq,..., A, be a Markov process as defined in section 2.4 and let the fix
point by be an integer and let % <w < %, then for the probability of the state by holds:

prob(A, 1 =by +i+1/A, = by +1i) < prob(A,41 =by +i—1|A, =by +1)
prob(A4, 1 =bs —i+1]A, =by —i) > prob(A,41 =by —i—1|A, = by — 1)

where 0 <3< N andi=Fk-d with k € Ny.

Proof. The proof will be done by straight forward calculation using the definition of the transi-
tion probability function for each case in the lemma.

The transition probability from the fix point (e.g. ¢ = 0) is independent of the direction:

1
prob(A,41 =bs £ 1|4, =bf) = 3

34



The likelihood of getting closer to the fix point, if the number of balls of B is by +1i (i > 0),
is bigger than %

w-No+w?-(i+1)+w-(i+1)

prob(Anyy = by +i = 1|dn = by +19) = 2-w-No+w?-(i+1)—-(i+1)

>

N |

Thus moving away from the fix point is < %

To come closer to the fix point, if the number of balls is by —i (i > 0) is greater than %, too.

) . w-No+(i—1)—w-(i—1) 1
b(A =br— 1|4, =br—1i) = > —
prO(TL-l-l f 7+ ‘ n f Z) 2UJN0+(Z—1)—w2(Z—1) 2
Thus going further away is < %
This concludes the enumeration of all cases and verifies lemma 3.3.2. O
Now (3.3.1) will be proven.
Assume by > i for the following statements. Then
E[¢;’) = E[Transitions from by to by — 1 until i is hit|4y = by] - E[¢,’ '] (3.3.2)

In this formula E[C;:;c _1] gives the number of times, by is visited before the chain moves one
step in the direction of 7 or in other words: before it does a transition from by to by — 1.

The other term
E[Transitions from by to by — 1 until ¢ is hit| Ay = by]

gives the number of times the chain moves back and forth between by and by — 1 plus 1 (for the
last transition from by to by — 1) without hitting i.

So due to the strong Markov property (see theorem 1.4.2, Norris [1]) for every transition
from by to by — 1 (at least 1 takes place before hitting ¢) in expectation by is visited IE[CZJ{ _1]
times.

Substituting (3.3.2) and the analogue for E[Cgf] into (3.3.1) gives

E[,) > E[¢’]
<~

E[Transitions from by to by — 1 until ¢ is hit|Ag = by] - E[(g;fl]
> E[Transitions from i to 4 4+ 1 until by is hit|Ag = i] - E[¢}] (3.3.3)

(2

Comparing the corresponding terms is the last part of the proof.

Let us consider E[Cg;_l] first. With prob(A,+1 = by + 1|A, = by) the process goes to
by + 1. (Observe that there always exist states by 1 because by = Hiw must be an integer and
0 < w < o0). Since the Markov chain is positive recurrent, the process will certainly return to

by in finite time before i is hit (Recall that by > 7 is assumed).
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The number of visits to other states than by is not of any interest and also the number of
steps it takes to do them. Accordingly, it is appropriate to consider a Markov chain C,, instead,
which transition matrix is defined by the graph of the chain A, with all states greater than by

removed:
pI‘Ob(Cn.H = bf + 1|Cn = bf) =0

and the loop probability of by equal to
prob(Cp11 = bf|C,, = by) = prob(A,41 =bs +1|A, = by)

For C,, the expectation of Cg;'_l is

bf_l] = Zprob(Cn+1 =bs|Cp =by)" = Zprob(An+1 =bp+ 1A, =bs)"

Elc”
n=0

n=0

which is the same as the expectation of C:Jf*l for A,,.
= > 2 gprob(A,_ =i— 1|4, =)™

Analogously, E[(i”l]
Using lemma (3.3.2) gives that
prob(Cp1 =i —1|C, =1i) < prob(Chy1 = by +1|C,, = by)

and therefore
(3.3.4)

El¢, ] > B[

Before comparing the second term of (3.3.3), the following definition and lemma is required:

The probability to return to a state a within two steps by visiting a + 1 is

prob(Cpi2 =a and Cyy1 = a + 1|C), = a)

prob(cycle hit a + 1)
prob(Cp4+1 =a+ 1|C,, = a) - prob(Cp12 = a|Cry1 = a+ 1)

Lemma 3.3.3. Fora € [by, N — 1]
prob(cycle hit a) > prob(cycle hit a + 1)

and for a € [0,by — 1]
prob(cycle hit a) < prob(cycle hit a + 1)

Proof. The case a € [by, N — 1] is investigated first. By elementary calculation for a = by it

follows for w €] %, §[ that
1 w- (w3 +3w? + 3w+ 1) >0
2 (w4+w-N-1)-(w?2+2w-N—-1)

prob(cycle hit by) — prob(cycle hit by 4+ 1) =
= prob(cycle hit by) > prob(cycle hit by + 1)
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Due to this and the fact that prob(cycle hit a) is a continuous function for a € [by, N — 1],
it follows that if

Ja with  prob(cycle hit a) < prob(cycle hit a + 1)
then there must also
Ja with  prob(cycle hit a) = prob(cycle hit a + 1)

Solving the equation for a gives:
w-(a+1)(N —a)
(w=1)-a+N)- (N+(a+1)-w—(a+1))
_ w-(a+2)(N —(a+1))
((w=1)-(a+1)+N)-(N+(a+2) - w—(a+2))
@azm"@f;» a ¢[bs, N —1]

For that reason there exists no such a and the claim follows. For a € [0,b; — 1] the proof is

analogous. 0

The next statement is needed for the final step of the proof, where
E[Transitions from by to by — 1 before i or by + 1 is hit|Ag = by]
is expressed in terms of cycle probabilities.

Lemma 3.3.4. For numbers ¢; (j € [0,D]) with ¢; > ¢j41 holds that
Co(l + 01(1 + 62(1 + ..(1 + CD)))) > CD(l + CD_1(1 + CD_Q(l + ..(1 + Co))))

Proof. The lemma follows from a simple expansion of both sides and comparing each term:

C()(l + 61(1 + 02(1 -+ (1 + CD)>)) > CD(l + CD(l + CD_1(1 -+ (1 + CQ))))

D D
< co + cpc1 + cpercg + ..+ H ¢; > ¢p-+cpcp-1+cpcp-i1cp-2+ ...+ H Cj
j=0 j=0
O
Now the second terms of (3.3.3) are compared. More precisely:
E[Transitions from by to by — 1 until 7 is hit|Ag = by]
> E[Transitions from 4 to i 4+ 1 until by is hit| Ay = 1]
=
[e.9]
Z (14 prob(cycle hit by)™) - (1 4 prob(cycle hit by —1)"2) -
n1+n2+...+nbf,i,lzbffifl, n;>1
(14 ...(1 + prob(cycle hit i 4 2)"*r~71)))
[e.e]
> > (1 + prob(cycle hit i + 1)™) - (1 + prob(cycle hit i + 2)"2) -

n1+n2+---+nbf_i_1:bf—i—17 nj>1
(1+ ...(1 4+ prob(cycle hit by — 1)"s7"71)))
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This follows by definition of the expectation. (One might also find the formula with the expanded

product given in the proof of lemma 3.3.4 more instructive.)

Observe that both sums have the same number of summands and in both the same cycle
probabilities occur, but in the opposite order (apart from the first term prob(cycle hit i + 1)

and prob(cycle hit bf)). Once again, the individual terms are examined. Due to lemma 3.3.3
prob(cycle hit i + 1) < prob(cycle hit by)

Applying lemma 3.3.4 for all common summands D = by—i—1, co = c¢p = 1, ¢; = prob(cycle hit j+
i+ 1) shows that

(1 + prob(cycle hit by — 1)) - (1 + ...(1 + prob(cycle hit i + 2)"s7"7")))

> (1 + prob(cycle hit i +2)"2) - (1 + ...(1 + prob(cycle hit by — 1)"s~""1))

The case for 7 < by is analogous.

Finally, this shows (3.3.3) and (3.3.1) which concludes the proof of lemma 3.3.1, that the

probability is maximum at the fix point. O
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Chapter 4

Recurrence Formula For Error Of
Pseudo Expectation

In the current chapter a recurrence formula for the error is stated for the pseudo expectation
depending on one and two variables (section 4.1 and 4.3). Unfortunately, it depends on the
second moment e.g. on the variance for the pseudo expectation in one dimension. This is a
serious drawback and might make it hard to use. An example application is only given in one

dimension (see section 4.2).

4.1 1 Dimension

A recurrence formula for the error is given, which can be directly applied for almost any kind of
f. As stated before, since the error bound depends on the variance at step n, which is usually

not known, but might be bounded, the application is in general not straight forward.

Theorem 4.1.1. Let Sy, S1,...,S, be a Markov process as defined in 2.2.1 and let its state
space S be a subset of R, where prob(Sy = k) =1 for an arbitrary k € S. Let the function f for
the pseudo expectation (2.3.1) be such that it and its derivatives up to order 2 are continuous
on Ig, then

f//(En)

5 (var(Sy) + err(n, 50)2)

err(n+1,50) = f'(f"(S0)) - err(n, So) +

where ¢, € Is and f"(So) denotes the iterated application of f.

Remark
1. If the function f is linear, then f” = 0 and the approximation is exact.

2. In case of a deterministic process (Vn var(S,) = 0), there is also no error.

Proof. As a first step E[S,,] is expressed in terms of f and the probability distribution of the

random variable S,.
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E[S,] = ) _prob(S,=1)-i

€S

= Zprob(Sn,l = Z) E[Sn|snfl = Z]
€S

= ) prob(S, 1 =1i)- f(i)
€S

Next we use the Taylor expansion of the function f at point f"~!(Sp) up to order 1. In
order to do this, f must be continuous on Ig as well as its first derivative and the 2nd derivative

has to exist on Ig. The Taylor expansion becomes:

F@) = £SO 4 (1 (S0) - (o = £ (50) + L) o (g2 (4L
—_—

2
fr(So)
where x € Ig and ¢_; denotes a constant in the interval [Sp,z].

Using the previous Taylor expansion (4.1.1) and the obvious fact that all probabilities of all
states add up to 1 (3 ;. Prob(S,_1 = i) = 1), the expectation of S,, becomes:

ElS,] = Z prob(Sy—1 =1) - f(i)
€S
= S prob(S,a = i) (£ + 1 S0) (- £ (50) +
€S
B f“(so)f)

= 3 prob(S,_1 =) f"(So) + 3 prob(S,_1 = i) - (/" (S0)) - (i — £ (S0))

i€S i€S
3 prob(s,- = i) - L) prois)2
i€S

= f”(So)‘Zprob(Sn_lzz)

£ pron(s, = i) B i)
€S
= (S0 + 7 S0 (B8] - 1 50))
+ Zprob(Sn_l =1)- f(czln_l) (i — f1(Sp))? (4.1.2)
€S
The analysis of the last term )", g prob(S,_1 = 1) f”(;ﬁrl) (i — f*7(S0))? requires some

prerequisites.
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Lemma 4.1.2. Let d(i) and n(j) be two sequences of non-negative numbers and ¥i € [1,dp] let
d(i) € [a,b], then there exists d € [a,b] such that

Proof. Tn case Y% n(i) = 0, d can be any number in [a,b]. If not, then one can define the

function p as p : i — % Obviously p(i) > 0 and Z?il p(i) = 1. So p is a probability
=17

distribution and d = 2?21 d(i) - p(1) is simply the expectation, which exists and is always within
[a, b]. O

Since f” is continuous on Ig, there exist for all f§ € [min; f”(cfl_l),maxj f”(cfl_l)] an
z € [min; 0;1—17maxj ¢l ], such that f”(z) = f§. Therefore Lemma 4.1.2 can be applied with
d(i) = f"(c,_;) and n(i) = 3 - prob(S,_1 = 1) - (i — f"71(Sp))? which yields that there exists a
Cn—1 such that

Sicgprob(S, 1 = i) - Gt (= prm1(s)))?
= LGt 5 o prob(Sy—1 =) - (i — "7} (S0))?

2
= LG 5 g prob(S,-1 = i) (i~ B[S,-i] +ervin — 1,50

= o). {Zprob(sn_l = z)<z - E[Sn_1]>

€S

E[(Sn-1~E[Sn-1])?]=var(Sn-1)
- Z prob(S,_1=1)-2-err(n—1,50) - E[Sp-1]) + Z prob(S,_1=1)-2-i-err(n—1,5)

€S €S
2-err(n—1,50)-E[Sp—1]) 2-err(n—1,50)-E[Sn—1])
+ Z prob(S,_1 =1)-err(n —1, 50)2}
=

err(n—1,5p)2
= @ <var(5n1) +err(n—1, 5’0)2> (4.1.3)
Combining (4.1.3) and (4.1.2) gives:
f//(En—l)

E[S,] = f"(So)+ f'(f"1(Sy)) - err(n—1,80) + — <var(5’n_1) +err(n —1, 5’0)2>

which completes the proof. O
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4.2 Example

In this section the previous recurrence formula for the error 4.1.1 is applied to the example
process (defined in 2.4).

Since the terms in the recurrence formula depend on n, their maximum over all steps is
used. Thus the coefficients become constant and the fix point of the recurrence equation can be
calculated. Unfortunately, for the variance, a maximum could only be conjectured. Moreover,
since the maximum is taken, the modified recurrence formula only converges for small w, say
N < 18 (See remark (4.2.1)).

The missing element to turn the conjecture into a theorem is to show that var(S,) < %,

where % is the variance of a random variable X, which is distributed binomial(n, p) with n = N
and p = 3. Intuitively, this is reasonable since for w = 1 the bound is exact (e.g. var(n)
grows with n up to %. It was previously shown (see remark after 3.2.1), that the steady state
distribution becomes the binomial distribution for w = 1).

The example process becomes more concentrated for bigger w and it is obvious that the
variance becomes smaller. But a proof is still outstanding. For any value of w bigger than 1,
experiments have shown, that the variance has a maximum, which is less than the conjectured
bound of & (see figures 2.3 and 2.8).

Since the variance gets smaller the more concentrated the process is, e.g. with decreasing
w, % is a bad bound for small w as can be seen be looking at the rough bounds stated in the

remark section (e.g. expression (4.2.10) and (4.2.10)).

Conjecture 4.2.1. Given the stochastic process defined in 2.4. Let N > 2 and 1 < w < % and
let

L= frn = /U — 17 = 4 fvar,,

ETrTy = 2
then if err,, is a real number and
0< frntfm-z<l  z€0,erry (4.2.1)

it follows that

max err(n, Ag) < errp,
n

where

fon = max{f'(Ao), f'(by)}

" 4-(w-1)
o i=  max 5|
ze{Aobr} (w—1) -z + N)
N
Vary =

To begin with, it will be shown that f;, and f// are indeed the maximum coefficients.
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Let’s consider f/,. The next statement gives an interval for the possible values for the first

derivative:

max f(x) € {'(c), '(d)} (42.2)

x€[e,d]
For the non-linear case (w # 1) the second derivative is always non-zero in the interval [0,N]:
4-w-(w—-1)-N
" o
P = N w1 2

If1 <w< &, f”>0. This implies that f’ is strictly monotone increasing. Because of this
property of f”, f' has neither its maximum nor minimum inside the interval, but instead on the

boundary, which shows (4.2.2).

1
12
1 2-w-N

Additionally, the first derivative is always within |0, 5[, since VN >0, 1 < w < %

Since 0 < f/ < 1 the limit lim,, o f"(Ao) converges to a fix point by and the convergence

is monotone, meaning that for a start point Ag less than the fix point by holds ¥n > 0:

FTH(Ag) > fM(Ag)

and for Ag > bf
FTH(Ag) < f™(Ag)

It also follows that the iteration f"(Ag) always stays within the starting point and the fix point
by:
max f"(Ao) € {Ao, by} (4.2.4)

Due to the claim (4.2.2), that f’ takes its maximum on the boundary and the monotone

convergence of f™, the coefficient for err(n, Ap) is bounded by

ma £/(£(40)) = mas{'(As). £/ (b)) = £l
Now a bound for f/ will be calculated. Recall that f”(¢,) is an expectation
N .
fEn) =Y ") - pi
=0

where p; (0 < i < N) is a distribution. For that reason f”(,) < max;e(o n]ne(o,00] /" (¢h)-
Solving the Taylor expansion (4.1.1) of f(¢) given by

) = £(@) + (@) - = a) + L) 2

where a = f""1(Ap) for the second derivative gives

woiy o J) = fla)+ f(a)(a—1)
f(cn) = 2 (Z-_a)g

4-(w—1)w-N
(w—=1)-i+N)((w—=1)-a+ N)?
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For ¢ = 0 the previous expression becomes maximum:

4-w-(w-—1)
((w—=1)-a+ N)>?

max f”(c},) =
3

The second derivative f”(ct

') also decreases with a. The maximum for a is max, f"(Ay) =

MaXge(a,p,} @ (see (4.2.4)). For that reason

, 4-(w—1
max f"(c,) = max (w=1) 5
1,4 aE{Ao,bf} (('U} — 1) -a+ N)

This proofs the claim for f.

Taking a closer look at each of the terms of the bound given by theorem 4.1.1 reveals that:

For w > 1,
. /! n f//(aﬂ) 2
err(n+1,40) = f'(f"(Ao)) -err(n,Ao) + (var(Ay,) +err(n, Ao)?) (4.2.5)
—_— 2 —_——— —
€F/(A0). £ (b)) ;>0 >0
>0
The error bound is defined as errb(1) = errb(0) = 0 and
"
errb(n +1) := f/ - errb(n) + 7’” - (vary, + errb(n)?) (4.2.6)

Since the coefficients in (4.2.5) have no sign change and the signs for the terms containing
err(n, Ag) are equal, the maximum coefficients can be taken to bound the error: errb(n) >
err(n, Ap).

The iteration errb(n) might not converge. In that case the fix point equation errb(n+ 1) =
errb(n) has two solutions with an imaginary part, but if it does converge the fix point equation
has the real solution(s):

L /(= 12 — 4 2 2vary,
> 7,

Both solutions are feasible in the sense that errbsy > 0, since f,, > 0 and

errbfi =

0> 1—f + () —1)2 —4f" Pvary,
N——
€lo,1[, see (4.2.3) <(1-f5)?

Finally, errb(n) converges towards errbs_, since the first derivative of errb(n + 1) (4.2.6)
has to be within ]0, 1] in the interval [0, erry,_], e.g. condition (4.2.1) has to be satisfied.

Remark 4.2.1.
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1. To get a better understanding, when the iteration converges in terms of N and w, the two
extreme cases Agp = 0 and Ay = N are considered. By looking at the definition of f/, and
fV it is not hard to see that the error of one of the two cases gives the maximum possible
error for any starting state Ag € [0, N]. Furthermore, if the bound exists (e.g. err,, in
conjecture 4.2.1 is a real number and 4.2.1 is satisfied) for Ayg = 0 and Ag = N, it exists
for any Ap € [0, N], too.

The bound for Ay = N becomes a function of w and N. In this case 1—f,, =1— f'(N) =

2 (w+1)3-(w—1)

— and for by the second derivative f, = 5z N2 18 maximized. So the fix point

equals:

w13 (w—
N \/(ﬁ)2 —4- (U g
9. (w+1)3-(w—1)
w2 N2

4-w-N—+/16-w?- N2 —(w+1)6- (w—1)2-N
2-(w+1)3 - (w—-1)

errby_ =

The iteration converges if the root is a real number:

0 < 16-w?> N2—(w+1)°% (w—-12-N
<w < VN-1

Similarly for Ay = 0 the bound is maximized for 1 — f,, = 1 — f'(by) = (W+D® ond

2-w-N
4w (w—1) . .
"= % is maximized for 0. So the bound for the error becomes:

(w+1)? _\/((w+1)2)2_4 (4w(w 1))2.1\/

b . 2-w-N 2-w-N N2 4
errvy— = 9. 4w(w 1)
( N — \/ ’LU+1 _ 64wt (w 1)2
N 16 - w? - (w—1)

But in this case the number of balls N has only to be approximately w™2:

64 - w* - (w—1)

0 < (w+1)*— ~ (4.2.7)
=64 -(w—-12 < N (4.2.8)
cw < \/5 (4.2.9)

For illustration some plots showing the error for fixed N and variable weight w for the
extreme cases with Ag = N and Ay = 0 are given (see figure 4.3 and 4.1). Besides it is
also shown in figure that the condition 4.2.1 is satisfied for the considered range of w (see
figure 4.4 and 4.2).
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Error bound for M=100000, and A 0= M
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error g j
£

41
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B 2 3 4 5

Figure 4.1: Error bound for N = 100000 and Ay = N

fom + " m*err_m; A O=N

0.9995996
0.993994 4
0.9939921
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BIor 0 999955 |
0.999556
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0.9995952

0.99955 4
1

Figure 4.2: Condition 4.2.1 < 1 for Ao = N, N = 100000

46



Errar bound for N=1000, we2 and A 0=10
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Figure 4.3: Error bound for N = 1000 and Ay =0

form + 1" m* err_m; A_0=0

0.99599595 1
0.925995 4

error  0.9999985 9
0.995935

0.9993575

0399987 2476 3953

Figure 4.4: Condition (4.2.1) < 1 for Ap =0, N = 1000
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2. A rough bound looks as follows: For Ay < by and N = wk with k& > 6, we have:
L= frn=1-f(N)=2-wF

and 5
f//_(w+1) ‘(w_l)
me 9 2 (14k)

9. w1k 4 \/4 w2 (—1-k) _ 4. (M)z . wk

2.w2 (1K) 1

errbpy = ” CEEyEH e
2.2 (1K)
N 4wtk 4 \/16 - w2 (1+k) — 8 .k
- 2wt
= 4.3 (4.2.10)
For Ag > by and N = wF with k > 2

1—fr,=1—f'(bs) =
and
=4 w% . (w—1)

So the bound for the error becomes:

1)2 1) _o. k
u;—)‘:;ﬁ—)l +\/ (kaH 4 (4 w2k (w—1))2. u
24 w2k . (w—1)

(W — 16 - wh(1—k) . ok

errbpy =

Q

8. -(1fk)
B wk1 + \/w2 — 64wk
N 16
k—1
- w8 (4.2.11)
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4.3 2 Dimensions

Theorem 4.3.1 is a direct extension of theorem 4.1.1.

Theorem 4.3.1. Let (A, B)y = (a,b), (A, B)1,...,(A, B), be a Markov process given by defini-
tion 2.2.2 and 7} be a function as stated in 2.3.2. Let f4o and fp be such that they and all of

their partial derivatives up to order 2 are continuous on Is, X Ig,, then

erra(n,a,b) = %Jj:(?"l(a, b)) -erra(n—1,a,b)
1) —
YT 0 ) - errntn — 1,0.0)
1 8°fa (AdB) (B.dB) 2
+g g (e = D, e(n = 1)) var (Bu-1) + errp(n — 1,a,b)
2
" % ‘ %f;ﬁ (c(n — 1) c(n — 1)B4D). (”ar(An—n Ferra(n—1a, b)2>
O f
b (eln = 1 AAD) of - 1) (BB

<cov[An_1, Bn_1]+erra(n—1,a,b) -errg(n —1,a, b)>

where c(n —1)A44 | c(n —1)A4B) gnd c(n —1)A4B) denote constants in the interval Is, and
in the same way c(n — 1)BA4Y | ¢(n — 1)BAB) and ¢(n — 1)B4AB) gre constants in the interval

Is

B

Remark 4.3.1.

1. The formula for errg(A,, By,) is symmetric, e.g. switching the indexes of err and f from

A to B or the other way, results in a formula of the same type.

2. If the function f4 is linear in its arguments, then the partial derivatives gjgfg = 0,% =0

and %ng‘ = 0 and therefore the approximation is exact for A. The same holds for fp and
B.

3. In case of a deterministic process (Vn var(A4,) = 0, var(By) = 0 and cov[A,, By]) = 0,

there is also no error.

Since theorem 4.3.1 is a straight forward extension of the 1 dimensional case (e.g. theorem

4.1.1), the proof also follows the ideas for one dimension.

The derivation of the formula for the error of A,, erra(A,, By,) and the error of By, errg(Ay,, By,)
is exactly the same. Thus only the proof for err4(A,, By) will be given.

Proof. As afirst step E4[A,,, By is expressed in terms of f4 and the joint probability distribution

of the random variables A,, and B,,.
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Ea[An, Bn] = Z prob((An, Bn) = (i, 7)) - i

(i,5)€S

= > prob((4n_1,Bn1) = (i,5)) - Ea[An, Bu|An_1, By 1]
(i,5)€S

= Z prOb((Anflanfl) ( )) fA( n— 17 n— 1)]
(3,7)€S

—
Next we use the Taylor expansion of the function fa at point f " !(a,b) up to order 1. In
order to do this, f4 must be continuous on Ig, x Ig, as well as its first partial derivatives and

the 2nd order partial derivatives have to exist on Ig, X Ig,. The Taylor expansion becomes:

Fn—1
———
f(a,b), due to definition, see 2.3.2

P2 Tt ) (@ 1y @)

8fA(f" Ya,b) - (v — £ (a.b))

2
L et etn - 7))
2
+% ' %éﬁ (ctn— 1) e(n —1)P) - (y — f3 " (a,b)?
$ DI A en - 1)P) (- P @ b)) (o~ T (@ b))
9A0B ’ A BRI T e

where x € Is,, y € Is, and c¢(n — 1)4, ¢(n — 1)P denote constants in the interval [Ag,r] and
[Bo.yl.

Using the previous Taylor expansion (4.3.1) and the obvious fact that the probabilities of
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all states add up to 1 (32, ;cg Prob((An, Bn) = (i,7)) = 1), the expectation of A, becomes:

EA[AmBn] = Z pI‘Ob n-1, B ) ( )) fA( n—1; Bn— 1)]
(i,5)€S
3 prob((dus, But) = (0) £

(i,4)€8

YA Tt - - 1w )

6’*’”*(f” Yo, b)) - (G — 157 (a,5))
2

by S e = 1,6, ) eln = 1,0)) G- 717 (@)
2

by S = 1 G e = 1,6.9)) G - S b))

2
+86Ag%(0(n =1, (0, 9) % e(n =1, (i,4)")
(= 7 (@) (= f3 e b>>)
= [i(a,b)
afA(fn Ya,b)  (Bal(Apn_1,Bn_1)] — f *(a,b))
oL a n—1, Bn—1 A \&
errg(n—1,a,b)

S5 (F"7H(@:0) - (Epl(An1, Bar)] = 5 (a,))

errg(n—1,a,b)

+ 3" prob((Au—1, But) = (i) -

5fA

(3,5)€S
2
<; ' 8811124 (C(n -1 (z’,j))A,c(n -1 (17]))3) ’ (7’ - fz_l(a’ b))2
2
% . ;; é‘A (c(n—1, (i, i)™ e(n — 1, (i, )B) - (5 — 2 (a,b))?
2
+08A£/}(c(n —1,(6,5)" eln =1, (5, )7) -
(= £ (a,b)) - (G — g—%a,b))) (43.2)

In the above formula ¢(n—1, (i, 7)) denotes a constant, which depends on the step n— 1 and

the state (¢,5) € S. Next this constant will be replaced for each term (e.g. the ones containing

gjgfé,%ﬁg‘ and %2];9) by another one, which is independent of the state (i, 7).

To do so, some prerequisites are required.

Lemma 4.3.2. Let d(i,j) and n(k,l) be two sequences of non-negative numbers and ¥(i,j) € S
let d(i,7) € [a,b], then there exists d € [a,b] such that

Zdzg zy—dz

(i,9)€S (i,5)€S
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Proof. In case )
function p as p : (i,7) — % Obviously p(i,j) > 0 and Z(i7j)esp(i7j) =1 Sopisa

i.pes (i, j) =0, d can be any number in [a, b]. If not, then one can define the

probability distribution and d = Z(m)es d(i,7) - p(i,7) is simply the expectation, which exists

and is always within [a, b].

O]

Lemma 4.3.2 will now be applied. This can be done since all partial derivatives are continu-

ous on the considered interval. The details will only be given for 2 5 AQ . Because of its continuity,

there exist for any n and all

" . 0? .
0 € lmingh (c(n—1,(i,5)*, ctn —1,(i,4)))
82
max ST e = 1,3 e~ 1, 9))
x € mine(n — 1, (4 ,j))A, max c(n — 1, (i,j))A]
(4,9) (4,9)
and a

y € [mine(n — 1 (z,j))B, max c(n — 1, (iaj))B]
(i,9) (,9)

such that ‘9;};? (x,y) = fy where (i,7) € S.

For that reason Lemma 4.3.2 can be applied with

0%fa

oz (en =136, 9)" e(n =1, (i, 1)) ")

and
(i) = 5 Prob((An1, Ba-1) = (1:9)) - (i = 5~ (@,0))

which yields that there exists a pair (¢(n — 1)(444) ¢(n — 1)(B:44) such that

S prob(Au-1, But) = (i3)) 5
(1,5)€S

2

R e 1) el = 1))~ 73 @ b))
— % . ?;{? (c(n — 1)AdD) o(n — 1)BAA)Y) .

> prob((An-1,Bu-1) = (i,)) - (i — f4"(a,0))?
(i.4)€s

In the above formula ¢(n — 1)(B’dA) is a constant, which depends on step n — 1. The symbol

dA should indicate, that this constant is related to the term containing %21‘2“.

To further simplify the remaining expression, remember that the error was defined as
erra(A, B) :=E4[A, B] — fa(A, B).
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l\D\r—l

> prob((An_1,Bn1) = (i,4)) -

(4,5)€S
0? . . . e
811124 (C<n - 17 (7'7.7)>A7c<n - 17 (Zaj))B) ' (l - fA l(av b))2
19
=5 G (eln = DA e(n - 1)ED)
Z prob((A,_1,Bn_1) = (i,7)) - (i = Ba[An_1, Bu_1] + erra(n —1,a,b))?
(i.9)€S
1 0*f
=5 g (en = D e(n — 1))
Z prob((An—1, Bp-1) = (i,)) - (i = Ea[An—1, Bp-1])?
(i.9)es
+ > prob((An_1,Bn1) = (i,4)) - (i = Ea[An_1, Bu-1]) - erra(n — 1,a,b)
(i.5)€s
+ Z prob((A,—1, Bn-1) = (4, j))-errA(n—l,a,b)2>
(3.5)€S
_ L 2/ 1)(A.dA) 1)(B.d4) A 1,a,b)%) (4.3.3
=3 8A2( c(n—1) ye(n—1) )-( var(Ap—1) + erra(n —1,a,b) (4.3.3)

The derivation for the term in (4.3.2) containing % f 4 is completely analogous. Therefore

only the result is given:

l\’)\>—~

S prob((4,-1. But) = (1.0)-
(i.4)es

TSN el = 1..9)) eln = 1.6.3)) - = 5 (a0)?

=3 et~ 1><AvdB>, ol — 1)(B8)

> prob(Awr. Buy) = () - (i~ 5 (a.b) (434

(i,5)€S

0%fa

Next the term in (4.3.2) containing 534% is examined.
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Z prob((A,—1,Bn-1) = (i,])) -

S (e =1, ) en = 1, (. ))P) - (= £ @) - (= F5(@D)

2
_ 0 fa (c(n - 1)(A’dAB,C(n - 1)(B,dAB))

0AOB
- Y prob((4n—1,Bp1) = (i) - (i = i (a,b)) - (j = [~ " (a,b))
(i,5)€S
2
_ aaAgAB (C(’I’l - 1)(A’dAB,C(n o 1)(B,dAB))
- Y prob((4,—1,B,1) = (i,5)) -
(i,5)eS
(1t —Ea[Ap—1,Bn_1] + erra(n —1,a,b)) - (j — E[An—1, Bn-1] + errg(n — 1,a,b))
_ aangB (c(n _ 1)(A’dAB,C(n _ 1)(B,dAB)) .
< Z prob n-1, B ) = (Zaj)) : (l - EA[An—laBn—l]) ' (] - EB[An—laBn—l])
(i,7)€S
+ Z prOb n— 17Bn—1) == (Z,]))((Z - EA[A’VL—th—l]) . GTTB(TL - 170’7 b)
(i,7)€S

+(j — Ep[An—1, Bn-1]) - erra(n — 1, a, b))

+ Z prob((A,—1,Bn—1) = (i,7)) - errg(n — 1,a,b) - erra(n — 1,a,b)
(i,5)€S
82fA (A,dAB (B,dAB)
<cov[An1, B,_1] +erra(n—1,a,b)-errg(n —1,a, b)> (4.3.5)

Plugging the results for the partial derivatives (4.3.3),(4.3.4) and (4.3.5) into (4.3.2) and
using the definition of the error completes the proof. O
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Chapter 5

Linearisation error

This chapter includes a technique to bound the error of the pseudo expectation in one and two
dimensions (see section 5.1 and 5.3). It is applied to an example process in section 5.2. The
technique is independent of the probability distribution of the states and uses only the properties

of the function f, used to calculated the pseudo expectation.

5.1 Error bound in 1 dimension

In this section a new concept for expressing the error is introduced. The linearisation error

dL(n,a) for step n and state a is defined as:

dL(nwL) = (Z prob(A1 = CU‘AO = a) . fn(x)) . fnJrl(a)
z€S
Since the pseudo expectation is correct for linear functions f, the error depends only on the

non-linear part of the function f™. The Taylor expansion of f™ at f(a) can be written as:

n! (e 2
P = e+ (e- @) + TR (s @) e
frti(a)

where ¢ is a constant in [z, f(a)]. In order to do this (f™)" must be continuous and (f™)” must
exist in the interval [z, f(a)]. As will be deduced later, the 15¢ derivative of f™ can be expressed
as a product of f/(fi(x)) where f'(z) € Ig (see 5.1.3), therefore it is enough to show that f’ is
continuous on Ig. The 2"¢ derivative of f™ can as well be expressed in terms of products and
sums of f'(f™(x)) and f”(f™(x)) (see 5.1.5) which implies that the Taylor expansion is possible,
if f"(x) exists for x € Ig.

Remark:
Of course, a Taylor expansion of a higher (or lower) order can be considered as well (given that

f fulfills the requirements to do so). A lower order expansion was considered in section 5.2.2.
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Theorem 5.1.1. Let Ag, Aq,..., A, be a Markov process as defined in 2.2.1, and let f' be

continuous on S and let f" exist on S then for the linearisation error dL(n,a), it holds that

AU 2
dL(n,a) < Zprob(Al =z|Ag=a)- M(x - f(a))

2
zeS

where ¢, denotes a constant in [z,f(a)].

Proof. Using the Taylor expansion (5.1.1) in the definition of dL(n,a) yields:

L) = Y prob(s = aldo =) (/") + (MG (- 1(0))

z€S
(e 2
+(f )2( $)(x_f(a)> ) _fn+1(a)
= Zprob(Al =xz|Ag =a)- f"(a)
z€S
frti(a)
+(") (f(a)) - Y_ prob(A; = z|Ag = a) - (z — f(a)) +
xeS
=0
(e 2
S prob(s =slo <o) S (o))
AT 2
= ) prob(4; =z|Ag=a)- W (:g - f(a)>

zeSs
]

Besides, the error of the pseudo expectation can be expressed as a sum of linearisation

€rrors:

Lemma 5.1.2. Let Ag, A1,..., A, be a Markov process as defined in section 2.2.1, then for the
error of the pseudo expectation holds:

n—1

< dL(i
err(n) < 2 max (i,a)

Proof.

err(n+1,a) = E[A,11]A0=a] — fn-i-l(a)
= (3 prob(4s = o|dy = a) - B[4, |41 = a)) - /" (a)
zeS

= () _prob(A, = z|4g = a) - (E[A|4A1 = 2] — f*(x))
€S
+(>_prob(A; = z|4g = a) - f"(z) - f"(a))
€S

= Z prob(A; = z|Ag = a) - err(n,x) + dL(n,a) (5.1.2)
xeS
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The recursive evaluation becomes quickly computationally infeasible for growing n and
Markov chains, where a large number of states has more than one transition.

For the example process, described in section 2.4 holds that, each state (apart from 0 and
N) has two transitions, thus to calculate a bound for the nt" step requires O(2™) given that
dL(n,a) is in O(1).

Apart from that, it is hard to obtain a closed form for (5.1.2) in general. Because of this,
expression (5.1.2) is further bounded:

err(n+1) < maxerr(n,b)+dL(n,a)

bes
n

= max dL(i,b)
o besS

Observe that the error for the first step is 0 since the function f is defined as f(A4,) := E[An+1|A4,)]

(see 2.3.1). In mathematical notation: err(1,a) = 0. Thus the summation starts from 2.
Besides, note that the error bound is now independent of the starting state and moreover

of the probability distribution for A,,. O

Corollary 5.1.3. Let Ag, Aq,..., A, be a Markov process as defined in section 2.2.1, then for

the error of the pseudo expectation holds:

n i) (b 2
err(n+1) < Zmachprob(Al =2|Ag =10) - (f)2(z)<x — f(b))
=2

be
eSS

where b denotes a constant in [z, f(D)].

Remark 5.1.1.

In total there are n - |S| constants).

As a next step, the second derivative (f™)” is expressed in terms of sums and products
of f/ and f” depending on f(x). This might be useful, since non-recursive expressions of the
derivatives of f™ become complicated even for small n. This also holds for the function f” itself,
but in some cases it might be easier to deal with f™ than with its derivatives. For an example,

see section 5.2.

Primarily, a recurrence and explicit formula in terms of f? for computing the first derivative
of f" is given. For n > 1 it is true that:

(f"@) = (@)

- [ (513)



The product for H;:10 f'(f%(z)) is defined as 1. Because the derivative of (f°)(x) := x is 1

as well, the formula in product form is valid for n > 0.

Next the second derivative of f™ for n > 0 will be investigated. For n equals 0, the second

derivative is 0:
(@) = (@) =0
(f(x))"" can also be computed recursively using expression (5.1.3) for (f")'
(@) = <f’(f”‘1(:v))-f”‘1(x)’)/
= S ) S
= FU @) @)+ N H f1(f

= FU @) @)+ N Hf (fi(x (5.1.4)

This can also be expressed non-recursively in a straight forward fashion, which can easily
be seen by substituting (f™)” by (5.1.4) and replacing again (f"~!)" in the result by (5.1.4) and

SO OI.
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n—1
(f* @) = FEH @) @) @) [ @)
= n—2 .
= [ @) (f’(f”—%x)) SR @) - T f’(fl(x))2>

=0
+f” fn 1 Hf fz
= SN ) - f(f" 2(@) - P ()"

n—2
HF U @) - @) - T A (@)
=0
n—1
+( @) - [T £ (F ()2
=0
= (@) LR @) - @) T )
n—3
HF @) - F R @) R @) - [ P ()
=0
n—2
HF @) @) - [ P ()2
=0
n—1
+F( @) T P )?
n—1 n—1 = 7 '
= X (II rute - e 110 e)?)

=0 “k=i+1 7=0

n—1 n—1 i
- L0 ( > ) T (o) (5.15)
k=0 =0 =0
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5.2 Bound for example

Now the technique presented in the previous section 5.1 is applied to the example process defined
in 2.4. First (in section 5.2.1) the Taylor expansion of f up to order 1, e.g. involving expressions
up to the second derivative is used. In 5.2.2 this bound is improved by avoiding the second

derivative.

5.2.1 Using 2nd derivative

Theorem 5.2.1. Let Ag, Ay,..., A, be a Markov process as defined in 2.4, then for the error
of the pseudo expectation holds:

err(n) < 8+ 11—6(10 —1)-(w+1)?

In essence, theorem 5.2.1 is an application of the technique presented in the previous section
5.1, where the error can be bounded by a sum of second derivatives (f™)”. These can be written
in terms of sums and products of f’ and f” (see 5.1.5). This expression for (f™)” will be upper

bounded to prove theorem 5.2.1.

Due to definition the linearisation error dL(n,a) for step n at state a is

dL(n,a) = prob(A,i1 =a— 1|4, =a)- f*(a—1)
+PI‘0b(An+1 =a-+ 1|An = a) . fn(a + 1) . an(a)

Thus for the example, graphically speaking, the linearisation error dL(n,a) equals the distance
between the function f™ and a straight line between the two points f™(a — 1) and f™(a + 1) for
the argument f(a) (see figure 5.1).

Before stating the proof of 5.2.1 some prerequisites are derived.

Corollary 5.2.2. Let Ag, A1,..., A, be a Markov process as defined in 2.2.1, then for the error
of the pseudo expectation holds:

n—1
< dL(i
err(n) < ‘ ael[{l,?\fx—l] (i,a)

i=1
Proof. Essentially, this follows from theorem 5.1.2. Only a small detail namely the range of
states is not the continuous interval between the minimum and maximum state of the state space
S =0,1,...,N, eg. [0,N], but instead [1, N — 1]. For the linearisation error for a € {0, N}
holds:

dL(n,0) = prob(A,41 = —1|A, =0)-f"(~1) + prob(4,41 = 1|4, = 0)-f"(1) — /"*(0)

-~ ——
=1 @)

=0
= dL(n—1,1)
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a1 fd) atl

Figure 5.1: Linearisation error for example

and analogously
dL(n,N)=dL(n—1,N —1)

In other words, if the state a lies on the boundary the linearisation error for the first step is
0. O

Lemma 5.2.3. Let Ay, Aq,..., A, be a Markov process as in 2.4, then for the linearisation
error dL(n,a) holds that

n\/
dL(n,a) < max (") (=)
z€[0,N] 2

Proof. The results basically follows from theorem 5.1.1. Only some details need to be derived.

Recall that
f(a) :=a—prob(A,+1 = a— 1|4, = a) + prob(4,+1 = a+ 1|4, = a)

and
prob(A,+1 =a—1|A, =a) + prob(4,11 =a+ 1A, =a) =1
Because of this,
(a—1)— f(a) = (a—prob(4,+1 =a— 1|4, =a)—prob(4,41 =a+ 1|4, =a))
—(a —prob(4,4+1 =a— 1|4, = a) + prob(A,11 =a+ 1|4, = a))
= —2.prob(4,+1 =a+ 1|4, =a) (5.2.1)
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and in the same way

(a+1) = f(a) = (a+prob(dni1 =a— 14, =a)+ prob(A,11 =a+ 1[4, = a))
_(a — pI‘Ob(An_H =q— I‘An = a) + prob(An_H —a-+ 1‘An — a))
= 2.prob(4,11 =a—1]4, =a) (5.2.2)

The first derivative f’ and the second f” are obviously continuous for z € [0, N] as shown
in 2.4.
Thus theorem 5.1.1 can be applied. (5.2.1) and (5.2.2) will also be used:

n\/ c 2
dL(n,a) = Y prob(4; =z|4g=a)- W<x — f(a)>

zeS ?
= prob(4,+1 =a—1|A, = a)_<(f”)”2(c_1)'<a —1- f(a)>2>
+prob(A,+1 =a+1|A, = a).<(fn)”2(6+1).<a+ 1-— f(a)>2)

2

(") "(er1)
2
= 2 -prOb(An+1 =qa— 1|An = (1) . prob(An+1 =a -+ 1‘An e a) .

<(fn)”(c—1) -prob(4,+1 =a+ 1|4, = a)

n\/
— prob(An = a— 1J4, = a) ((f)() 2. prob(Ayy; = a-+ 1|4, = a>2)

+prob(A,41 =a+ 1|4, = a)-< -2-prob(A,+1 =a— 1A, = a)2>

+(f™)"(c41) - prob(Any1 = a — 1|4, = a))

The constants c41 and c_; are undetermined values in the interval [f(a),a+ 1] and [a — 1, f(a)]
respectively.
As maximum 1 ball is moved per step a—1 < f(a) <a+1landalso0<a—-1<a+1< N,

a constant ¢, € [0, N] can be chosen such that
(/™) (e1) < (/") (em) and also (/)" (c41) < ()" (cm)
This allows to bound dL(n,a) and to write it in a simpler way:
dL(n,a) = 2-prob(A,+1 =a—1]|4, =a) prob(4,;1 =a+ 14, =a) -

<(fn)//(c_1) -prob(A,+1 =a+ 1|4, = a)

HIMY ) prob(Aes =a = 114, =)

< 2-.prob(A,+1 =a—1|A, =a) -prob(4,11 =a+ 1A, =a)- m[%XN](f”)"(cm)
cm€|0,

<

.

n\/"
C e Uen)
cm€[0,N] 2

This completes the proof of lemma 5.2.3. O
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Finally, the proof of theorem 5.2.1 will be pointed out.
Proof. Note that max,cjo n)(f™(2))” can be bounded as follows:

max (f")"(x) = max{ max (f")"(z), max (f")"(x)}

z€[0,N] x€[0,b] z€lbs,N]
< 7 n\/" 5.2.3
< max (7)) 4 mox (7)'(0) (5.2

Also observe that for any j € Ny
f7(x) € [0,by] for z € [0,by]
and
fi(z) € [by, N] for = € [by, N]
since 0 < f’(x) < 1 as shown in 2.4. Thus for an arbitrary function g, e.g. f’ and f”, and for

x € [a,b], where either [a,b] = [0,bf] or [a,b] = [by, N] holds that

max g(f*(x)) = max g(c) (5.2.4)

This allows to select the maximum independent of step k.

Using the previous observation and the non recursive formula (5.1.5) for the interval [a, b] €
{[0,by],[bs, N} allows to obtain a bound for (f")"(x) with « € [a,b] without any sums and
products, which limits depends on n.

n—1 7
max (") (z) = mafo (@) ( f”(fi(x))-Hf%ff(a:)))

z€[a,b] z€la, b] i=0 7=0
n—1 7
<  max H f'(c1) <Z f"(c2) - f/(61)>
c1,c2€[a, b] i—0 §=0
n—1 i
_ H (Zf// Hf/ )) (5.2.5)
k=0 Jj=0

= @) Sy ( roy)

_ fa)- o) (f (b —-1)
= O (5.2.6)

In order to show step (5.2.5) of this deduction, the first and second derivative are analyzed:

4-w-(w—1)-N
" .
e @) = e N w—1)-2)

The maximum depends on whether w < 1 or w > 1. As stated in the conditions for theorem
(5.2.1) to be true, only the case w > 1 is considered. This gives the biggest f” for the smallest
value in the considered interval.
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For f'(f%(x)) the same advisements are valid. But by looking at
2-w-N
(N+(w—=1)-2)2
it can be seen that the maximum is reached for the maximum possible value for x.
Next >0 | max,, co,n](f")"(an) will be examined. When doing this, the bound (5.2.6) for
max,e(q,p)(f™)" (), where x € [a,b] is used as well as (5.2.3).

fla)=1-

max (/") (an) < Z( max (/")'(x) + max <f”>"<x>)

— an€[0,N] p—t x€[0,b] xz€[by,N]

o0 f”O-’b no(f(h — 1
—Z< (0) - f'(bp)"™ - (f(bp)" = 1)

— f'bg) =1
L) SN (SIN)" 1)
J'(N) =1
0 Y- (b - (F(b)” — 1
_ (L@ ) 521
vt f'bg) =1
© ") FIUNY - (FI(N) —1
LS (L ) N ()
2 FN)—1
Next a closed formula for an expression of the form (5.2.7) is stated.
Let 0 < ¢; <1 and let ¢ be an arbitrary positive constant then
o~ (c2 - (df - 1)> €2 = < 2-n+1 n>
= . c —c
- Co C1 1
- Cc1 — 1 1-— C% 1— C1
_ 02 < a_ 1>
(61*1)'(1*61) 1+¢
N (1—61)2'(1-1—01)
>1
C2
< = 5.2.8
- (1 — 01)2 ( )
The previous formula can be applied to our problem, since % > w > 1 and therefore
0< f<1.
Using it for the first case, meaning Ay < by and therefore a = f'(bs) and b = f”(0), where
N 2-w-N
f’(?) = 1= I N o
w (N+(w—1) 37)
_ 4 2w
R
_ g (w+ 1)2
B 2-w- N



and

4-w-(w-—1)

o) = =

yields:

/o

(fbp) =12 (wtl2y
w3 (w—
_ 16 v +(1)4 Y <16 (5.2.9)

This result is quite surprising, since the error is less than a constant for any N and 1 < w <

w2

Using (5.2.8) for the second case (Ag > by) implying a = f'(N) and b = f”(bs), where

, .2
PN =1-
and
1 N o (w_l)'(w+1)3
f(w—l—l) B 2 (w- N)?
gives
(f'(N) —1)? (o)

- é(w —1) - (w+1)3 (5.2.10)

This result is much worse, since it depends on w and for w > v/N it becomes bigger than
the trivial bound,e.g. err(n) < N.

Adding the bounds for (Ag > by) and (Ag < by) gives due to (5.2.7):

00 0 " Ll n., (g n+l _
s (V) < 3o(LQ L0 -1)

=1 an€lO.N] o — f’(bf -1
o~ (£ - f1N)" - (F1(N)"H - 1)
e
= 16+1(w—1)-(w+1)3

8
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Combining this with both corollary 5.2.2 and lemma 5.2.3:

o0

< dL .a %
err(n) < 2 airél[%,}](\/] (i,a;)

=

o0

- max (f9)"(a)

o1 a;€[0,N]

o0

IN
N | =

. 1 & .
< = max (f)"(z) + = - max (f")"(x) due to ref (5.2.3
e (7)) 453 e (7)) (5:2:3)

DO | =

1
< . _1). 3
< 8+16 (w—1) - (w+1)

This concludes the proof of theorem 5.2.1.

5.2.2 Using 1st derivative

Theorem 5.2.4. Let Ay, A1,..., A, be a Markov process as defined in 2.4, then for the error
of the pseudo expectation holds:
err(n) <21-w+ 132

Remark 5.2.1.
Experiments have indicated that the bound must be in O(w). Thus it seems that O(w) is the

best one can hope for, when the probability distribution of the states is ignored.

Proof. In essence, theorem 5.2.1 is an application of the technique presented in the previous

section 5.1, where the Taylor expansion is only done up to the first derivative:

@) = ) +(f”)’(6)-<x - f(a)> (5.2.11)
frti(a)

The constant ¢ is in [z, f(a)]. In order to do the expansion (f™)" must exist for the interval
[z, f(a)]. As was deduced earlier (see 5.1.3), the 1% derivative of f™ can be expressed as a
product of f/(f*(z)) where fi(x) € Ig, therefore it is enough to show that f’ exists on I, which
is the case for the example process (see (2.4.2)).

Thus analogously as for the 2nd derivative dL(n,a) we have:
Lemma 5.2.5. Let Ay, Ay, ..., A, be a Markov process as defined in 2.4, and let f’ exist on S
then for the linearisation error dL(n,a), it holds that
dL(n,a) <Y prob(Ay = | = a) - (f")/(e.) - (a = f(a)
z€S

where ¢, denotes a constant in [x,f(a)].
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Proof. Using the Taylor expansion (5.2.11) in the definition of dL(n,a) yields:

dL(n,a) = Y prob(4; =z|Ag=a) (f”“(a) + (") (ca): <:1: - f(a)> — " (a)

zeSs

= Zprob(Al =z|Ap=a)- fn+1(a)

€S

frti(a)

+Y_prob(4; = z[4g = a) - (/") (2) - (x = f(a)) = [ (a)

€S

O

Applying lemma 5.2.5 and for the difference a =1 — f(a) (see (5.2.1) and (5.2.2)) to the

example process given in section 2.4 yields:

dL(n,a) = ) prob(A; =u|do=a)- (") () - (z — f(a))

z€eSs

= probldui =a - 114, =) (M (e (a1 @) )

+prob(A,4+1 =a+ 1A, =a) ( "(es1) <a +1- f(a)>> (5.2.12)
= —prob(A,41 =a—-1/A,=a < -2-prob(A,4+1 =a+ 1|4, = a))
+prob(A,+1 =a+ 1|4, = a)- < '(¢41) -2 - prob(A,+1 =a—1|A, = a)>
< 2-.prob(4,4+1 =a—1|A, =a) -prob(4,11 =a+ 1|4, =a)-
>3
((f")(a+1) = (1) (a=1))
< % (M) @+ 1) = (") (a=1)) (5.2.13)

Using ¢41 =a+ 1 and c—; = a — 1 to get an upper bound is doable due to the monotonicity of

1’ (see (2.4.2)) and the recurrence formula for (f™)" (see (5.1.3).

Substituting the recurrence formula for (f™) gives:

(™)'@ +1) = (f") (fv -1

= (/" Nz +1)) Hf (fie+1) = (" -1 [ F(fiw-1)

=0 =0

n—2
— N 1)) (Hf (Fila+ 1) >—Hf'<fi<x—1>>)

+<f’(f"1(af+1)) S ) Hf (fila

Z( Il /1) D)-(FF e+ 1) = P - 1) ) Hf (f5(z — 1)

i=7+1
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As a next step, several stages for fi(xz — 1) are considered. Let the parameter R be greater
than the fix point, e.g. R > by. Let 0 < h; < ... < hg, where K = w — 2. Then the stages for
fi(x — 1) become:

i=0~h;—1 (w—1)-R < fi(z—1) < w-R(<N-1)
i=hy~hy—1 (w—2)-R < fi(z—1) < (w—1)-R
i=hy~hg—1 (w=3)-R < fi(z—1) < (w—2) R
i=hg_1~hg—1 ck R < fi(x—l) < (CK—|—1)-R
i=hg~h—1 0 < fi(x—1) < ckx-R.
Note that if x — 1 < ¢- R for some integer ¢ < w, then it follows hy = hy =+ = hy. = 0.
Similarly if ¢- R < f"!(x — 1) < (¢ + 1) - R for some integer ¢ > 2, then we would have
hw_cy1 = -++ = hg = n. Thus, these definitions are valid for all z — 1 and n. For each k,

0<k<K,let cp, =w—Fk and let sy = hy11 — hi be the length of each stage.

Next observe that

F(fi@+1) = f(fiz—1))

2.w-N 2-w-N
(1_(N+(w—1)-fi(w+1))2))_<1_(N+(w—1)'fi(x—1))2)>
2-w-N (w—1)-(fi(x+1)—fi(x—1))-<(w—1)-(fix+1)+fi(:c—1))+2.N>
N (N+ (w—1)- fifz—1))2- (N + (w— 1) fi(z + 1))
4-w-N-(w—1)-(fi(z+1)— fi(z—1))
= (N + (w—1)- fi(z — 1))
8 - w2 - N

< -

TN+ (w=1)- fix—1))
Consider any i € {hg, ..., hgr1 — 1} such that (cp — 1) - R < f(z — 1) < ¢x - R holds with some
¢ > 3. Then it follows, using the definition of R

o L 2.w-N
f(ff(x+1) = 1 (N+(w—1)-fi(1:+1))2
< 1- 2-w-N
- (N+(w—1) (e R+2))?
2
= 1_R-(Ck+1+%)2
2
= " R-(c,+3)?

The last bound holds because R > by > 1, since the weight by definition(see section 2.4) must
be s.t. 1§w§%.

Later, it will be needed that (Recall ¢ > 2).



and

1 1/ i 8-w? N
f(f(a:—l—l))—f(f(:v—l)) < (N—i—(w—l)-fi(x—l))?’
8 - w?- N
T (N+(w—1)-(x—1)- R)3
8
S R g1y

For any i such that 0 < fi(z — 1) < 2- R, we have the same bounds as above with ¢, = 2.
Using the last few inequalities a partial sum (for one stage) in (5.2.14) can be bounded as
follows:

j—1

hgy1—1 , n—2 J
> (I s ) (7(es ) - £ =) T (- 1)

j=h Ni=j+1 k=0
hpy1—1 n—2 J—1
Sﬁ Z H f( fZl"?L Hf/(fk(xfl))
(ck j=hy =il k=0
hpy1—1 np—2
SRQ—_l > I r#e+y)
(ck J=hy i=0,i#j
1 hk+1 1 K Sk
<(max ) S H( )
— 2 2.
bl nGe/ B T i C’f“”)
<9-8k_ﬁ N B
SR (-1 L R-(cp +3)2

Note that for any h, the previous expression depends only on the choice of s, ..., sx and R

and not on z.

Corollary 5.2.6. For any z, 0 < x < N, and for any t > 0, we have

1
fa)22 R = @) < f) -
Proof. For every x € [N,2-byf] at least % of a ball is taken per step.

2-w-x
N+(w-1)-z

fle)—z = 1-—

This expression is minimal for the smallest possible value of x € [2- by, N]

9.N. 2.N 2w 2N
f( )_ = 1- wil 2N
< _‘“Viwﬂ 1
= 3.N — 3
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We know from corollary 5.2.6 that each s is at most 3+ R (except for s). Thus, it follows:

K K Sk
P D) = P -1) < 3 H(l - 3(2)2)

P R2-(ck—1)3 50 Ck+3
. \~_93-R ﬁ(1— 2 )k
o o R2 (Ck—l)g o R (Ck+3)2

K
9 SK Sk
1

B n el (B e
< (% R 27 + 2\ 9.5
- 5 kZOR-(ck—1)3 5 R?2-8

K-1

23\ °K 27 23\°% 9.5y
< - . - .
= (25) kZ_()R-(ck—l)3+< 5) R2-8
o (BYT T (BT 9
- 5 R 25 R?2-8

where s =h —3-R-w, since sk >h—3-R-(w—2)>h—3-R-w. The last bound follows

from2_3+3_3+---<%.

Noting that s - (22)* is increasing for s < 11.5 - R and decreasing for s > 11.5. Therefore,
we further have

5 if n<11.5-R,
n n 23\° 7 9 | 115R(E)15R
F@+1)=f (" (z=1)) < <25> SRS %’), if 11.5R < h < 3R(w — 2) + 11.5R, and
H5)' if 3R =
R if 3R(w—2)+11.5R < h (t =h — 3wR)

Finally the sum of the linearisation error over all time steps (and thus the error (see theorem
5.2.2)) is bounded by:

() < 503 max | f(Flat 1)~ F(f e =1)

1=0
-2 R 25 R 8- R2 25
h=0 s=0
2 /23\" 9-¢
+§<25 8R2>
1 9 R-3-R-w) 9 —11.5/12.5
§2~<21-w—|—88—|—8-]%2—1-8-(3-11.5-@ / ) -w + 176
<16
<21 -w+ 132
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This concludes the proof of theorem 5.2.4
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5.3 Error bound in 2 dimensions

The two dimensional case turns out to be (not surprisingly) a straight forward extension of the
one dimensional bound of section 5.1.
—
The linearisation error dL(n, a,b) for step n and state a is defined as:

.
dL(’I’L, a, b) = (dLA (’I’L, a, b)a dLB (na a, b))T
with
dLa(n,a,b) :=( Y prob((As, Bi) = (z,y)|(Ao, Bo) = (a,b)) - fi(z,y)) — f5+ (a,b)
(z,y)ES
and dLp(n,a,b) defined in the same manner. For the rest of the chapter only dL 4(n,a,b) will
be considered, since dLg(n,a,b) can be deduced in exactly the same way.

N
Since the pseudo expectation is correct for linear functions f (for a proof see (4.3.1), the

—_
error depends only on the non-linear part of the function f™. The Taylor expansion of f" at

e .
f (a,b) can be written as:

—

fA(z,y) = JA( [ (a,b)) (5.3.1)
—_—
fit(ab), due to definition, see 2.3.2
ofy —
tg4 (f(a,0) - (@ = fala, b))
ofy —
+87§( f(a,b) - (y— fB(a,b) + Ry, (ab)
The remainder R, ) (a.5) of the Taylor expansion is defined as:
1o
Ray)@h) = 5 gz (CUa@ba) Cstaby) (@ = fala,b)?
1 82fn
t5 TB’;(C(fA(a,b),x), (fpapyy) - (U — fB(a,b)?
0%
+8AaB(C(fA(a,b),x)a C(fu(ab)y)) (@ = fala,b)) - (y — f(a,b))

The constants c(¢,(a,p),z) a0 €(f(a,b),y) are undetermined values in the interval [f4(a,b), z] and
[fB(a,b),y] respectively.

In order to perform the Taylor expansion, f% and fz must be continuous on Ig, and Ig,
respectively and as well as their first partial derivatives and the 2nd order partial derivatives
have to exist in this interval. As will be deduced later, all partial derivatives (of 1st and 2nd
order) of f% and f3 can be expressed as a product of partial derivatives of f4 and fp. Therefore
it is enough to show that the first order partial derivatives are continuous and the 2"¢ order

partial derivatives exist on the considered interval.

Remark 5.3.1.
Of course, a Taylor expansion of a higher (or lower) order can be considered as well (given that

fa and fp fulfill the requirements to do so).
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Theorem 5.3.1. Let (Ao, By), (A1, B1),...,(An, Bn) be a Markov process as defined in 2.2.2,
and let f' be continuous on S and let f" exist on S then for the linearisation error dL a(n,a,b)
holds that

dL(n,a,b) < Y prob((A1, By) = (2,y)|(Ag, Bo) = (a,b)) - Riz ) (ab)
(Iy)GS

Proof. Using the Taylor expansion (5.3.1) in the definition of dL(n,a,b) yields:

dLa(n,a,b) = () prob((Ai, Bi) = (z,9)|(Ao, Bo) = (a,b)) - fA(z,y)) — f47(a.b)

(z,y)ES

= % prob({nB1) = (@.)[(Ao, Bo) = (0.0) (370
(z,y)€S
afA fA

SL(F (@) - (2= fala,b)) + SA(F (a.0) - (y = fo(a,h))

+R(m,y>,<a,b>) — fa" ! (a,b)

aft —
= 87/114( f (a7 b)) :
Y prob((4y, By) = (z,y)|(Ao, Bo) = (a,b)) - (x — fa(a,b))
(z,y)€S
-0
of %
+87§( f(a,b)) -
> prob((Ay, By) = (z,9)|(Ao, Bo) = (a,))) - (y — f5(a, b))
(z,y)€S
-0
+ > prob((A1, B1) = (z,9)[(Ao, Bo) = (a,])) - Rz ()
(z,y)eS
= Y prob((A, B1) = (z,y)|(Ao, Bo) = (a,)) - Rizy) (a)
(z,y)ES

O
Lemma 5.3.2. Let (Ao, Bo), (A1, B1),- .., (An, Bn) be a Markov process as defined in 2.2.2 then
for the linearisation error dLa(n,a,b) holds
n—1

erra(n,a,b) max dLa(t,x
( ; max_dLa(t,2,)
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Proof.

erra(n+1,a,b) = EzlAn+1, Bnt1|(Ao, Bo) = (a,b)] — f"+1(a b)
= () prob((41,B1) = (z,9)|(A0, Bo) = (a,)) - Ba[An, Ba|(Ar. B1) = (z,y)]) — f4(a.b)

sy)es

= (i isprob((Al,Bl) = (2, 9)|(Ao, Bo) = (a,b)) - Ea[An, Bn|(A1, B1) = (z,y)] = fi(z,y))
(( isprob((Al,Bl) = (z,9)(Ao, Bo) = (a,b)) - fi(w,y)) — F1(a,b)

=( yz prob((Ay, B1) = (z,9)|(Ao, Bo) = (a,b)) - erra(n,z,y) + dLa(n,a,b)

< (ggfserm(n z,y) + dLa(n,a,b)

<Z rg?gdeA —1,2,9) (5.3.2)

Observe that the error for the first step is 0 due to definition of f4 (see (2.3.5)). For that reason
the summation starts from 2. O

Next a recurrence formula for computing the first order partial derivative a%if’b) is given.
For n > 1 it is true that:

0fk(a,b) _ 0fa(f*"'(a,b))

0A 0A
afA n—1 af,TAL_l(a’ﬂ b) afA n—1 8fg_1(a7 b)
T (i a by - AT FA oy B0
and in the same way for f%f’b):
dfpa,b) — dfa(f"'(a,b))
0A B OB
afB Ofi'(a,b) afB Ofg " (a,b)

_ n—1 . n—1 .
= i) A B la,) -
The other first order partlal derivatives follow the same pattern.

2 rn
Next a recurrence formula for computing the second order partial derivative 015 (ab) is

0A2
given. For n > 1 it is true that:
n— af7 (a,b n— afr=Y(a,b
gy O U @) ey ) - i)
0A2 N 0A
_ 5fB -1 52fﬁ_1(avb) 3fB -1 0°f5(a,b)
= i) A B Hay)) B
3 fB

8A2 (fn 1( )) (afZ;ZC% b)) 82fB W>2

Sy (Me
ofi Y a,b) ofr(a,b) Ofs .,
AaA 5 aasg " @b)

Recurrence formulas for the remaining partial derivatives can be obtained in the same way.

+2.
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