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Streszczenie

Ponizsza rozprawa skoncentrowana jest wokol probleméw zwiazanych z tancuchami Markowa
na skoiniczonych przestrzeniach stanéw, ktére mozemy rozwiazaé wykorzystujac pewne dual-
noéci miedzy lancuchami. W ogélnosci méwimy, ze taicuch X* z macierza przejscia P x« jest
tancuchem dualnym do X z macierza przejscia P x jesli zachodzi (pomijamy warunki na rozktady
poczatkowe)

APx =Px-A,

gdzie A jest tzw. linkiem. Rozne linki wyznaczaja rézne dualnosci. Dla konkretnych rodzajow
dualnosci potrzebne sa dodatkowe zalozenia na macierze przejé¢. Zatozenia te sa mocno zwiazane
z porzadkiem, najczedciej czesciowym, przestrzeni stanow.

W pierwszym rozdziale rozprawy rozwazamy monotonicznosé Mébiusa, jej zwiazek z innymi
monotoniczno$ciami (w tym m.in. ze stochastyczng monotonicznoscia) i z symulacjg doskonata
(ang. perfect simulation) — metoda, ktéra zwraca nieobciazona probke z rozktadu stacjonarnego
zadanego ergodycznego taricucha Markowa. W tym rozdziale prezentujemy nowy algorytm do
wspomnianej symulacji doskonalej bazujacy na tzw. mocnej dualnosci stacjonarnej (ang. strong
stationary duality), jego uzycie wymaga wspomnianej monotonicznosci Mobiusa.

Kolejny rozdzial poswiecony jest wielowymiarowym modelom ruiny gracza. Okazuje sie, ze
iloczyny Kroneckera dobrze wspélpracuja z macierzowymi wzorami dla dualnosci, co pozwala
uogolni¢ klasyczne wyniki. W szczegdlnosci, pokazujemy duza rodzine wielowymiarowych tancu-
chow (ktore odpowiadaja jakim$ wielowymiarowym wersjom modelu ruiny gracza), ktére maja
takie samo prawdopodobienistwo wygrania (na co podajemy wzor) i/lub taki sam rozktad czasu
do wygranej/przegranej (podajemy jego strukture).

Ostatni rozdzial zwiagzany jest z rozkladem czasu trwania gry w modelu ruiny gracza (jed-
nowymiarowym) pod warunkiem zwyciestwa badZz porazki — rozwazamy model z dowolnymi
prawdopodobieristwami wygrania/przegrania w jednym kroku. Pokazujemy m. in. interesujace
symetrie wynikéw dla modelu oryginalnego i modelu z odwréconymi prawdopodobieristwami
wygrania/przegrania. Stosujac uzyskane wyniki (oraz mocna dualnosé stacjonarna), polepszamy
wyniki dotyczace predkosci zbieznosci do stacjonarnosci dla symetrycznego btadzenia po okregu.






Abstract

The dissertation focuses on problems related to Markov chains on finite state spaces, which can
be solved using certain dualities between the chains. In general, we say that the chain X* with
the transition matrix P x« is dual to the chain X with the transition matrix Px if (we omit the

conditions for initial distributions)
APx =Px-A,

where A matrix is a so-called link. Different links define different dualities. For specific types
of duality, additional assumptions on transition matrices are needed. These assumptions are
closely related to the ordering, most often partial, of the state space.

In the first chapter of the dissertation, we consider the Md&bius monotonicity, its relations
to other monotonicities (including, among others, stochastic monotonicity) and with perfect
simulation — a method that returns an unbiased sample from the stationary distribution of
a given ergodic Markov chain. In this chapter, we present a new algorithm for this perfect
simulation based on the so-called strong stationary duality, its use requires the aforementioned
MGébius monotonicity.

The next chapter is devoted to multidimensional gambler’s ruin models. It turns out that
the Kronecker products work well with matrix formulas for duality, which allows to generalize
the classical results. In particular, we show a large family of multidimensional chains (which
correspond to some multidimensional versions of the gambler’s ruin model) that have the same
probability of winning (we provide the exact formula) and/or have the same distribution of time
till win/lose (we provide its structure).

The last chapter is related to the distribution of the game duration in the gambler’s ruin
model (one-dimensional) conditioned on the event of winning or losing — we consider model
with arbitrary winning/losing probabilities in one step. We show, among others, interesting
symmetries of the results for the original model and the model with swapped winning/losing
probabilities. Using the obtained results (and strong stationary duality), we improve the results
on the speed of convergence to stationarity for the symmetric random walk on a circle.
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Preface

The dissertation consists of three articles, one article per chapter. The articles included here
differ from the original ones, mainly in pagination, typographical details and numbering of
equations, theorems, lemmas etc. The articles and corresponding chapters are following;:

e Chapter 1. Lorek, P., Markowski, P., Monotonicity requirements for efficient exact sam-
pling with Markov chains. Markov Processes And Related Fields, 23(3), 485-514, 2017.

e Chapter 2. Lorek, P., Markowski, P., Absorption time and absorption probabilities for a
family of multidimensional gambler models. ALEA-Latin American Journal of Probability
and Mathematical Statistics, 19, 125-150, 2022.

e Chapter 3. Lorek, P., Markowski, P., Conditional gambler’s ruin problem with arbitrary
winning and losing probabilities with applications. Submitted.

The thesis deals mainly with the theory of Markov chains. The first chapter is an in-
depth study of several notions of monotonicities in Markov chains. The theoretical findings on
relations between the monotonicities allowed to construct a new perfect simulation algorithm.
The understanding of monotonicities and dualities was later extended to multidimensional chains
— in the second chapter we studied generalizations of a gambler’s ruin model. Among others, we
consider games with several players involved, at one step we may win/lose with several players,
the probabilities can depend e.g., on the current fortune. We provide the winning probabilities
and the structure of a game duration of such models. In the last chapter we provide new
results on birth and death chains — we provide the formulas (in terms of the parameters of the
system) for a conditional (conditioned on winning or losing) game duration. The approach here
is matrix-analytics. As a consequence we show interesting symmetries in such models (which
were earlier known only for constant birth and death rates). As an application, using dualities,
we show the exact rate of convergence (measured in the separation distance) — thus we improve
known results — for the symmetric random walk on circle.

In the end I would like to appreciate my supervisor Dr. Pawel Lorek for all help with putting
thoughts into words, and being so patient. I am also thankful to all the professors and teachers
at the University and from the earlier levels of education for all the wisdom that they tried to
pass over to me. Last but not least I want to thank my dear wife and family who were very
supportive and thoughtful through the process.

Piotr Markowski,
Wroctaw, 2022.
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Introduction

In this thesis we deal with some problems related to Markov chains on a finite state space. We
start with describing the state of the art of the problems under study, later in Sections 1, 2 and
3 we shortly describe the problems solved in the thesis, which are later on presented in details
in corresponding Chapters 1, 2 and 3.

State of the art of the problems under study

We need to introduce some notation. The aforementioned finite state space is denoted by
E = {e1,...,en}, whereas by X = {X;}?2, ~ (v,Px) we denote a discrete-time Markov chain
with a transition matrix Px and an initial distribution v. By vP% we denote the distribution
of the chain at step k, i.e., the distribution of X;. We assume that E is partially ordered by
<. Moreover, throughout the thesis we assume that e; is the minimal, and e,; is the maximal
state, i.c., Ve € E we have e; < e < ey. For A C E we define Px(e, A) := Y ., Px(e,€),
{e}T:={e':e=<e'}, {e}t :={e' : e < e} and §(e,e’) = 1(e = €’). Whenever the ordering of
the state space is linear, we denote the elements of E as consecutive numbers starting from 0 or
1, i.e., E={1,..., M}, and the ordering by <.

The crucial components of all chapters constituting the thesis is the Siegmund duality
and the strong stationary duality (SSD). We will start with the Siegmund duality since the
latter duality can be define in terms of the first one.

Siegmund duality and winning probabilities in gambler models. Assume X is an ergodic
chain with the stationary distribution w. A Siegmund dual Z (of X) with the transition matrix
P is a chain fulfilling the following;:

V(e1, ey € E) Px (e, {ex}*) =Py(es, {e1}1). (1)

In [LS16] it is shown that the matrix Pz is non-negative iff X is M6bius monotone (more details
below). However, it will be a substochastic matrix — then we add one extra absorbing state, say
{—o0} and then we make — still calling it Pz — a stochastic matrix on E' = EU {—oo}. It is
relatively easy to show that Z must have two absorbing states, the introduced {—oc} and the
maximal one ej;.

Relation (1) implies that we actually have P (e;, {e;}¥) = P%(e;, {e;}") for any n > 1 and
any 1 <i,7 < M. Then, calculating lim,,_,,, we have

m({e;}') = P(Tey, < T-o0lZ0 = €;) =: p(e;), (2)



where 7 := inf{n : Z,, = e} (first hitting time). This is the fundamental relationship between
the stationary distribution of an egodic chain and the absorption (winning) probabilities of its
Siegmund dual. We can also start with a chain Z having already two absorbing states, then we

i) remove the row and column corresponding to the losing state {—oo} from Py;
ii) solve (1) for Px;

iii) compute the stationary distribution of X ~ Py ;

iv)

use (2) to compute the winning probabilities.

Thus, the main application of Siegmund duality is to provide the formula for winning proba-
bilites in gambler’s ruin-like problems (chains with two absorbing states).

Strong stationary duality and rate of convergence to stationarity for ergodic Markov
chains. Consider an ergodic Markov chain X ~ (v,Px) on E with a stationary distribution .
By the rate of convergence of the chain to its stationary distribution we understand a knowledge
on number of steps guaranteeing that the distance between the distribution at this step and =
is small. Often total variation distance is used

dry (vP% 1) := sup [vP% (A) — n(A)].
ACE

By “mixing time” we usually understand
7(e) = min{k : dry (vP%, ) < e}.
We say that X* ~ (v*,Px~) on E is the strong stationary dual (SSD) chain if:
a) Px- has one absorbing state, say ey, and

b) there exists a stochastic matrix A such that:

A(eM7-) :7‘1’(.)7 l/:y*A7 APx =Px-A. (3)

Then in [DF90b] it is shown that the absorption time T™* for X* gives the following bound:

sep(vP% 1) < P(T* > k), where sep(vP% ) := mea]éc(l —vPk (e)/n(e))
e

(sep is called the separation distance). On the other hand, it is known that dry (vP% 7) <
sep(vP% 7). In other words, once we have an SSD, the problem of studying the rate of con-
vergence translates to studying the absorption time (usually easier to handle). In [LS12b] it is
shown that for a given ergodic X there exists its SSD X* iff time reversed chain X is M&bius
monotnone %v.r.t. the partial ordering <). The time reversed chain § is the one with transi-
x(ei,e;) = :Ez gP(ej, e;) (many examples are reversible chains, then Px = P x).
The transitions of the SSD are following

tion matrix

Pr-(enes) = rog O ules.e)Pxle.fer}), (@

e:ere;

where H(e) = ...z, 7(€') and p is the Mébius function of the ordering <. The nonnegativity
of Px« corresponds (iff condition) to M&bius monotonicity of y (see below). Later, in [LS16]



it was shown that this construction yields optimal SSD: the absorption time 7% is a FSST for
X, i.e., we have
sep(VP ) = P(T* > k). (5)

Moébius monotonicity. The existence of a Siegmund dual chain and strong stationary dual
chain for linearly ordered state spaces was known for quite a long time. Namely, the usual
stochastic monotonicity was required. However, it was not known how to extend the results to
partial orderings. As already mentioned, it was done in [LS12b|, [Lorl8|. It turns out that the
Mébius monotonicity (which is equivalent to stochastic monotonicity for linearly ordered state
space, but it is quite different notion of monotonicity for partial non-linear ordering) is required
(of the chain — in case of Siegmund dual, or of the time-reversed chain — in case of an SSD), we
will thus provide some details.

Recall, we consider partial ordering < on E = {e1,...,epn}. Let C(e;, e;) = 1(e; < e;). We
can always rearrange the states so that e; < e; implies ¢ < j. Then the matrix C is 0-1 valued,
upper triangular, and thus invertible. The inverse C~! is often denoted by p and is called the
Mbobius function. Let f,F : E — R. The famous Mébius inversion formula states:

Let F(e) = Y f(e'), then f(e)= > pu(e,e)F(e).

e're e're

We say that the function F' : E — R is Mébius monotone if Yerre p(e,e)F(e’) > 0 for all

e € E. Let us define Fe,(e’) = Px(e/,{ez}V), for any states e,e’ € E. We say that the chain
X is Mdbius monotone if F, are Mdbius monotone for all e € E, i.e.,

V(ei,e; €B) Y plei,e)Px(e,{e;}*) >0. (6)

e:ere;

1 Mobius monotonicity, its relations to other monotonici-
ties and perfect simulation

Markov chain Monte Carlo (MCMC) methods are a class of tools for approximate sampling from
a prescribed distribution 7. The main application is for distributions on large state spaces which
are hard/impossible to sample with other methods. Rougly speaking, we construct a chain with
7 being its stationary distribution. Then, running the chain long enough we approximately
sample from 7. Perfect simulation is the art of converting a Markov chain into an algorithm
which returns an unbiased sample from its stationary distribution. There are two popular (the
first one being the most popular) perfect sampling algorithms:

e Coupling from the past (CFTP). It was introduced in a ground breaking paper [PW96].
The ingenious idea of the algorithm is to realize the chain as a stochastic flow and evolve
it from the past (rather than into the future). In order to be able to use it efficiently, the
chain must be realizable monotone.

e Fill’s rejection algorithm. It was introduced in [Fil98]. A general version of this
algorithm can be applied assuming stochastic monotonicity of the time reversed chain.
Although in theory it has wider applications (realizable monotonicity implies stochastic
monotonicity), in practice it is harder to apply (compared to CFTP). Some more details
and extensions are provided also in [FMMRO00].



In Chapter 1 we also present a new perfect sampling algorithm:

e Strong stationary dual-based perfect sampling algorithm. It turns out that once we
compute SSD for a given ergodic chain, then we may be able to perform perfect sampling.
Thus, in principle, we are able to construct an SSD if the time reversed chain (of the
ergodic chain) is M6bius monotone.

In Chapter 1 we study in-depth relations between several notions of monotonicities in Markov
chains: usual stochastic monotonicity; weak monotonicity (two versions); Mobius monotonicity
(also two versions) and realizable monotonicity. We mentioned that stochastic monotonicity and
Mébius monotonicity are equivalent for linear orderings (actually they are equivalent, also with
realizable monotonicity, for “tree-like” orderings) and in general they are different for partial
orderings. Surprisingly, we show that we can have e.g.,

e a chain which is stochastically, but not M&bius monotone,

e a chain which is Mdbius, but not stochastically monotone (thus also not realizable mono-
tone).

Note that the latter example means that for some chains only Strong stationary dual-based
perfect algorithm out of three mentioned ones may be applied.

My contribution

e My main contribution is Theorem 5.1 (page 19), i.e., the relation between several notions
of monotonicities of Markov chains defined w.r.t. some fixed partial ordering of the state
space: realizable monotonicity R; stochastic monotonicity S; two versions of weak mono-
tonicities (W' and W*) and two version of Mobius monotonicities MT and W*). To obtain
this result I had to combine and transform definitions appropriately, mainly to be able to
work in terms of Mdbius function. The real challenge I was trying to get a full picture of
relations between those monotonicities. The relations between the aforementioned mono-
tonicities are presented in the Figure 1 (page 21). I showed almost full characterization. I
provided examples (in Appendix 6 in 26) for each case except one (which is — until today —
an open problem): I was unable to show if there is a chain which is in MT, M* and ST but
not in M". I came up with those examples on the train from Rawicz to Wroctaw. I am
grateful to my coauthor for making me write the proper checker in the Julia language
(some of those examples were wrong in the prepublished version).

e Also Theorem 5.2 (page 22) is my contribution. It is a special case of Theorem 5.1 for
a specific (tree-like) partial ordering. It turns out that in such a case the monotonicites
actually reduce to only three: S,R and M*' (each of any other is equivalent to one of
these).

e The whole idea for studying the relation between monotonicities and relating them to
perfect simulation algorithms came from my coauthor. Other then that, we have discussed
and developed all of the other parts together, it is hard to single out any of the results
as my own. For example for our more general version of Fill’s rejection algorithm — my
coauthor have adapted the algorithm and checked that it is still mathematically correct.



2 Multidimensional gambler models — winning probabilities
and absorption time

In [Lor17] the following multidimensional gambler’s ruin model was studied: we play with d > 1
other players. Assume our current fortune with each of the players is (i1,...,1q) (d.e., i; is
the amount of money on j-th “table”), where i; < N; (fixed integers). At each step we may:
win one dollar with player j with probability p;(i;), lose one dollar with probability ¢;(i;), we
assume that p;(i;) > 0,¢;(¢;) > 0 and Zzzl(pk(ik) + qi(ir)) < 1. We also assume that we win
the whole game if we win with all the players (i.e., the state (Ny,..., Ng) is the winning state)
and we lose the whole game if we lose with at least one player (additionally introduced losing
state —00). Denote the chain by Z. The following winning probability (provided we start at
(41,...,1;)) was derived in [Lorl7]:

The M&bius monotonicity w.r.t. coordinate-wise ordering was used. An ergodic chain X was
found such that it was M&bius monotone w.r.t. coordinate-wise ordering and such that Z is its
Siegmund dual. Then the result was derived exploiting (1).

In Chapter 2 we construct multidimensional gambler models in such a way that its winning
probability is a product of underlying one-dimensional chains. As a special case (when these
underlying chains are birth and death chains) we show the whole family of multidimensional
gambler models such that their winning probability is still given by formula (1.3) — for example
we may have the following scenarios:

e We may play with r < d players at one step.

e If our current total fortune (with all the players) is less than 100$ we play with say at
most 2 players at one step. But once we have > 100$ we may play with all the players at
one step.

Moreover, in this Chapter 2 we also study the (structure of) absorption time of such mul-
tidimensional models. We show that, in a sense, the structure of absorption time of some
chains (under suitable assumptions) is similar to the absorption time of birth and death chains.
Roughly speaking, we show that it may be expressed in terms of the absorption time of another
pure-birth chain. By pure-birth multidimensional chain we mean that at any step no coordinate
may decrease its value. To achieve the results we heavily exploit the notion of Kronecker sums
and products. For winning probability results we use Siegmund duality, whereas for results
related to absorption time we use some intertwining between chains.

My contribution

e Theorem 2.1 (page 40) is my main contribution. In the article of my coauthor [Lorl7]
(which was a starting point for generalised gambler models) the winning probability for
some specific multidimensional game was provided. The aforementioned Theorem 2.1 is
a (significant) extension: it provides a way to construct a variety of multidimensional



gambler models out of one-dimensional games in such a way, that if we know winning
probabilities of these one dimensional games, we know the winning probability of the
resulting multidimensional game. The proof of the theorem is based on careful operations
on matrices, eigenvectors and Kronecker sums and products. For clarity, it was split into
Lemma 4.1 (page 48) and and Corollary 4.2 (page 49), whose proofs are mine.

e Theorem 2.3 (page 42) deals with the structure of absorption time 7" for multidimensional
models. My coauthor spotted that for some subclass of models resulting from Theorem 2.1
the probability generating function pgf of T' can be expressed as a mixture of absorption
times of some simpler (in a sense) models. T have proposed the formulation of assumptions
and proven those with Kronecker product operations (Section 4.3 page 50), while my
coauthor suggested the other way — using intertwining between absorbing chain and ergodic
chain (Section 5 page 51) .

e The most interesting point in Theorems 2.1 and 2.3 are the assumptions that are very
general (it takes over half a page to state them for each of the theorems). Basically, in
Theorem 2.1 we propose whole family of processes for which the winning probability have

product form (2.3) page 40:
p(it, ..., id HPJZJ

In Theorem 2.3 we show the following: we start with d one dimensional birth and death
chains (gambler models) and construct a family of d dimensional multivariate gambler
models (using weighted sums of Kronecker products). Denote its absorption time in N =
(N1,...,Na), provided it started with distribution v*, by T}. y. Then, for each of such
models we show another d dimensional model which has only upward transitions. Denote
its absorption time in N, provided it started in & = (é1,...,¢é4), by Ts. Then both of those
chains are complicated but the formula connecting they’re pgf’s is quite simple:

pefr..  (s) =D 7(&)pefz, ( Hpj

éckE

To show how we can work with such complicated assumptions we had to show some
examples. First two of them (provided in subsections 6.1 and 6.2) were proposed by my
coauthor and calculated by me, while I have came up (and calculated) myself with the
other two (provided in subsections 6.3 and 6.4). I am satisfied with those, because it
is hard to get results for multidimensional Markov chains with useful non-mathematical
description.

e Discussion in the end of Section 2 on consequences of Theorem 2.3, as well as discussion
on dualities in Section 3 are results of our joint work, but they were properly written down
mostly by my coauthor.

e | would like to acknowledge Bartlomiej Blaszczyszyn for suggesting Kronecker products
as a tool which turned out to work nicely with multidimensional Markov chains.

3 Conditional gambler’s ruin problem

Let us go back to one dimensional gambler’s ruin problem, i.e., the birth and death chain on
{0,1,..., N} with the probability of winning one dollar in one step p(j) and losing it with



probability ¢(j),7 = 1,...,N — 1. As usual, we identify state 0 with losing and state N
with winning. Denote the chain by Z. This time we are interested in absorption time T; and
conditional absorption time W; (conditioned on winning), both in case when we start at i. To
be more specific, for a gambler’s model Z we define

T, = inf{n>0:Z,=0o0r Z, =N, Zy=1i},

W; = 1T; conditioned on Z7, = N.

In Chapter 3 our main results are the formulae for E7T; and EW;, both stated only in terms
of the parameters of the model, i.e., in terms of p(j) and ¢(j). As far as we are aware, these
formulas were not known previously.

Let WP9 be the conditional absorption time for a chain with swapped rates, i.e., p'(j) = q(j)
and ¢'(j) = p(j). An interesting symmetry was earlier noted for the classical gambler’s ruin
problem, i.e., with constant rates p(j) = p,q(j) = ¢. To be more exact first in [Ste75] it was
shown that EWy /o, = EVV]I\’,ZOl for even N and in a model with no ties, i.e., p + ¢ = 1. Later

in [BW77] it was shown that actually in such a case a symmetry in a distribution holds, i.e.,
W; £ I/VipHOl (and any ¢). Authors said that it was a surprising and paradoxical result.
We extend the result: the formula for EW; we provide in Chapter 3 implies that EW,; =

EVViqu as long as r = gg; is constant (and we conjecture that actually in this case the the

distribution of conditional absorption time is symmetric, i.e., W; 4 WP,

Moreover, in Chapter 3, as a side effect we provide detailed analysis of the rate of convergence
to stationarity of a random walk X on a circle (i.e.,, on integers 0, 1,...,d, we cyclically move
to the left or to the right with probability p). Roughly speaking, we introduce some non-trival
ordering on the circle and compute its SSD X* using formula (4). It turns out that X* is a
birth and death chain with non-constant birth and death rates, for which we are able to compute
expectation of its absorption time. Using the fact that such a construction yields an optimal
SSD, we have (5). As a consequence, for example for p = 1/3 and d being some power of 2, we

have 1 )
ET = -d*+ -.
8 + 4
Thus we improve upon a result of Fill and Diaconis [DF90b|, where they show a construction
of not optimal Ty such that ETy = %CF + 1. It is worth noting that ET and ET, differ by %

independently of d.

My contribution

e Theorem 2.1 (page 62) with equation (2.1) are my contribution. In Chapter 3 one-
dimensional gambler ruin problem is considered. The main result of the theorem — equation
(2.1) — is the expectation of absorption time (aka game duration). Although the idea for
the proof is straightforward — apply “first step analysis’, the computations are far from
obvious. The formula for expectation was known e.g., in terms of the eigenvalues of the
transition matrix, whereas in Chapter 3 a formula in terms of the parameters of the system
is provided:

Zfb:l‘ﬁLl [dn Z:— j+1 p( l)d ] izl i—1 n 1
ETj:i:k == =J =} =J p(s)ds Zdn . Z dn Z 1
Zn:j dn n=j n=j+1 s=jt+1 p(S)ds

where ds = [[;_; 4 28 = [I;—,;;17(@) (with convention d; = 1). Tt is a case j < i < k

where j is the losing state and k is the winning state.



e Theorem 2.2 (page 62) was also prooven by me — it is a consequence of Theorem 2.1 for
only one absorbing state.

e Theorem 2.3 (page 63), which is the main result of Chapter 3, was done be me. It is about
expected conditional game duration (conditioned on winning, or symmetrically on losing).
The proof in principle also uses first step analysis, but is much more involved. E.g., it
uses some matrix-analytics approach for indices inferred from the aforementioned first
step analysis (see Lemma 5.1). The formula itself requires introducing lengthy notations,
it itself is

i—1 LGE=1-n)/2] ‘
EWpyy = 3y 20wt N~ gnttint,
s=0

Here 1 < i, this is the formula for game duration conditioned on winning (which is reaching
state i, state 0 is the losing state). Because of the complexity of the formula, it was
important to provide all-telling examples. The ideas for those (in Sections 2.1, 2.2, 2.3
and 2.4) were not mine, but most of the calculations were mine.

e Similarly with applications for random walk on a polygon and symmetric random walk on
a circle, the ideas came from the coauthor, but calculations (namely: proofs of Theorem
3.1 on page 72 and Lemma 4.1 on page 75) were mine. To be precise, coauthor came
up with the whole concept of computing an optimal strong stationary dual chain for the
problem, which turned out to be absorbing birth and death chain. Then using Theorem
2.2 (page 62) we computed the expectation of the so-called fastest strong stationary time
for this random walk, improving this way the results of Diaconis and Fill [DF90D].



Chapter 1. Monotonicity requirements for
efficient exact sampling with Markov
chains

1 Introduction

Monte Carlo Markov Chain (MCMC) methods are a class of tools for approximate sampling from
a given distribution (usually intractable by other methods). The method is based on constructing
an ergodic Markov chain that has the desired distribution as its stationary distribution. Then
the algorithm outputs a state after simulating the chain for some number of steps. The ergodicity
implies that the more steps are performed, the closer it is to the stationary distribution. However,
to say something about the error, one needs to have some theoretical bounds on the rate of
convergence, e.g., the mixing time. In many practical problems this is an obstacle that is hard
to overcome.

Exact (or perfect) simulation refers to the art of converting a Markov chain (usually obtained
from MCMC methods) into an algorithm which returns an unbiased sample from its stationary
distribution. In this chapter we briefly present three such algorithms. Our main focus is on the
monotonicity requirements for efficient application of these algorithms. Each of the algorithms
requires then a different notion of monotonicity. The monotonicities will be defined with respect
to a partial ordering (in the applications, a state space usually has some natural underlying
partial ordering). The idea of all the algorithms is based on a coupling.

Coupling from the past (CFTP) is probably the most famous exact sampling algorithm,
introduced in a ground breaking paper [PW96]. The ingenious idea of the algorithm is to realize
the chain as a stochastic flow and evolve it from the past (rather than into the future). Doing so
requires considering coupled realizations of chains started at all possible starting points. This is
infeasible in most cases. However, if the chain is so-called realizable monotone, we need only
to simulate two chains, thus making the algorithm very effective. Although many variations
of the algorithm have been invented, often with slightly different requirement for monotonicity,
see, e.g., [HN98, Hub03, Ken98, KMO00|, we focus on this (widely used) monotonicity.

The second exact sampling algorithm is Strong Stationary Dual-based. The notion was
introduced in [DF90b] and exploited mainly for studying the rate of convergence. However,
having such a dual chain (including a so-called link), we can couple two chains in such a way that
when the dual chain hits a specific state, then the original chain has the stationary distribution.
The point is that there is no general way to come up with such a dual chain. In [DF90b],
the authors give a recipe only for chains whose time reversals are stochastically monotone.
This duality for total ordering has been exploited in many contexts, see, e.g., [DSCO06], [Fil09a,
Fil09b, FL14] (most of them deal only with birth and death chains). However, many interesting
distributions are given on a state space possessing a natural non-linear ordering. The existence
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(and recipe) of such a dual for a partial ordering was given in [LS12a]. We briefly present an exact
sampling algorithm based on the coupling from [DF90b| and the dual given in [L.S12a|. This dual
exists (and thus we can use the algorithm) if and only if the time reversal is Mébius monotone.
For examples of Mobius monotone chains, see [LS16], for connections with Siegmund duality on
partially ordered state spaces, see [Lorl8] and [Lorl7].

The last algorithm we will present is the so-called Fill’s rejection algorithm [Fil98|. The
author presents the algorithm already assuming some monotonicity. We present here a more
general version of the algorithm, together with a short proof of correctness. Similarly to the
previous algorithms, it is hard to apply it to a general chain. However, the algorithm can be
applied assuming stochastic monotonicity (w.r.t. the partial ordering) of the time reversed
chain. For more details and/or extensions of the algorithm, consult, e.g., [CLR01, Dim01,
FMMRAO0].

The three exact sampling algorithms presented, require, as already mentioned, three differ-
ent monotonicities for efficient application: realizable monotonicity, Mobius monotonicity, and
stochastic monotonicity. The relation between the first and the last one is already known: for a
general partial ordering, realizable monotonicity implies stochastic monotonicity, whereas they
are equivalent for total or tree-orderings, see [FMO01], [Mac01]. However, Mobius monotonicity
has not been studied as extensively as the other two. Theorem 5.1 and Fig. 1 show all the rela-
tionships between the orderings (including also weak monotonicities and distinguishing between
Mébius-T and Mobius-+ monotonicities). In particular, one interesting (from both points of view:
theoretical and practical) implication is that the chain (and/or its time reversal) does not have
to be stochastically monotone (and thus realizable monotone) but can be Mdbius monotone.
Thus we can still use one of the exact sampling algorithms. We also present several examples of
orderings and chains showing all possible cases of being/not being monotone in a specific sense.
However we are forced to leave one open problem (see open problem 1): we cannot prove
or disprove that there exists a chain and ordering such that the chain is Mobius-T, Mobius-V,
stochastically monotone, but is not realizable monotone.

The organization of this chapter is as follows: In Section 2 we present the aforementioned
exact sampling algorithms in their full generality. In Section 3 we formally introduce the mono-
tonicities. Section 4 contains applications of the monotonicities the three algorithms mentioned
above (i.e., to their efficient applications). In Section 5 we present the relationship between the
monotonicities, whereas the examples are postponed to the Appendix.

2 Three general methods for exact sampling

We consider an ergodic Markov chain X = {X},},>¢ with the initial distribution v, finite state
space E = {e1,..., e}, transition matrix P = [P(e, €')]ce’cr, and stationary distribution 7.
The distribution of the chain at step k, started with the initial distribution v, is denoted by
vP¥(.). For a measure f on E we write

f(A) =" f(e) for ACE.

ecA

It is said that § is the time reversed chain of the chain X if § is defined on the same space as
X and has t.m.

One can simulate the Markov chain using an update rule:

10
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Definition 2.1. A function ¢ : E x [0,1] — E is an update rule for the chain X with the
transition matrix P if:

1. for fixed e € E the function ¢(e,w) is piecewise constant, and
2. for all e,e’ € E we have fol 1(¢p(e,u) = €')du = P(e,€’).

Note that for the uniformly distributed random variable U ~ Unif[0, 1] we have P(e,e’) =
Pr(¢(e,U) = €'). Having such an update rule, one can recursively simulate the chain:

Xo~v, Xpi1=0(Xe,Urt),

where Uy, Us, ... is an iid sequence of random variables uniformly distributed on [0, 1].

The usual Monte Carlo Markov Chain (MCMC) provides methods for approximate sampling
from the desired distribution 7, usually intractable by other methods (such as, e.g., inverting
the distribution function). Roughly speaking, the methods include constructing an ergodic
chain with 7 being its stationary distribution. Thus, simulating X, X1, ... long enough, the
distribution of X} will be close to the stationary distribution (since ergodicity implies that
limy,_, 00 vP¥(-) = 7(+)). Note that: 7) usually it will never be exactly the stationary distribution;
i1) to know how close it is to the stationarity the distribution of X}, one needs to know the rate
of convergence.

We briefly recall three methods for exact sampling (often called perfect sampling), i.e., ob-
taining an unbiased sample from 7. All of them rely on the concept of coupling. A coupling of a
pair of Markov chains with a common transition matrix P is a bivariate process {(Xx, Y%)}x>o0
such that marginally {Xx}r>0 and {Y3}r>0 are Markov chains with the transition matrix P
(in particular, the processes may be, and usually are, dependent, and have different initial
distributions).

2.1 Method 1: Coupling from the past

One of the most known algorithms for exact sampling is called coupling from the past (CFTP) (or
the Propp—Wilson algorithm, cf. [PW96]). Given an increasing sequence Ny, Na, ... of positive
integers (usually N, = 2771), the algorithm is as follows:

Algorithm 1 Coupling from the past (CFTP).
Require: State space E, ergodic chain X with update rule ¢.

1: Set n = 1.
2: For each e € E simulate the Markov chain starting at time —N,, in state e and run it till
time 0 using the same update rule ¢ and iid random variables U_n, +1,U_n, 12,--.,U_1,Uo

uniformly distributed on [0, 1] (the same for each chain).

3: If all chains in the previous step end up in the same state ey at time 0, then output ey and
stop.

4: Set n =n+ 1 and go to Step 2 (keep the previously used {U;}o<i<—n, +1 for new n).

The very rough idea of the CFTP algorithm is the following: assume at some time “in the
past,” say at —N,,, for each e € E we started a chain. Later on, using the same update rule and
the same uniform random variables driving the chains, all the chains have coalesced before time
0. If we had started the chains earlier, even at “minus infinity,” but from —V,, on using the same
uniform random variables, we would still end up in the same state at time 0. And from “minus

11
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infinity” till 0 it surely has already “reached” stationarity, thus the output of the algorithm is a
random variable with the distribution being the stationary distribution of the chain. For more
technical details (e.g., that it always terminates), see [PW96].

2.2 Method 2: Fill’s rejection algorithm

Let p(-), ¢(+) be two probability distributions on E = {ey,...,ep }. Assume that for some ¢ € R
we have p(e) < cg(e) for all e € E (then ¢ > 1, but ¢ > 1 if the distributions are different).
The classical acceptance-rejection algorithm lets us simulate from p(-) if we are able to simulate
from ¢(-):

Algorithm 2 Acceptence-rejection algorithm.

Require: Distributions p(-), ¢(+) on E, constant ¢ : p(e) < cg(e).
1: Generate Y ~ ¢(-).
2: Flip a coin with Head probability 51((};,)). If Head, then return X :=Y.
3: Else go to Step 1.

Based on this algorithm, Fill [Fil98] came up with a tricky idea for simulating from a sta-
tionary distribution 7 of an ergodic Markov chain. We will present here its slightly generalized
version (without specific assumptions on the transition matrix). We include also a short proof of
its correctness (although it is similar to that of Fill). Fix an integer k¥ > 1 (time instance) and a
state e; € E. In the above settings, we want to simulate from p(-) = 7 (), given that we are able
to simulate from ¢(-) = P(Xy = | Xy = e;) = P*(ey,-) (which can be done straightforwardly).

Let ¢ be an update function of the time reversed chain X with t.m. g(e, e) = ;((i))P(e', e).

Similarly as in the CFTP algorithm, we can use a sequence N, = 2"~

Algorithm 3 Fill’s rejection algorithm.

Require: State space for all the following chains E = {ey,..., e}, ergodic chain X with a
transition matrix P.
1: Set n = 1.
2: Simulate the Markov chain X starting at time 0 in state e; and run it till time k = N,
using the transition matrix P. Denote X = e,.
3: Treat (X = e,, Xx—1,...,Xo = e1) as a path of the time reversed chain (yo, . ,E) For

s=0,...,n do: Assume ys =e and X, = €. Then generate Us; ~ Unif{u: ¢ (e,u) =
e'}.

4: Start M chains ?j,j =1,...,M so that ?{) = j and couple them simulating ?gﬂ =
¢(Y§,Us+1) (using the common update function ¢ and the randomness obtained in the
previous step%

5. If all chains Y7,j = 1,..., M have coupled before time k& (and thus at time k they are all
in state e ), output e, and stop.

6: Erase all information, set n =n + 1 and go to Step 2.

In Step 3 we simulate random variables Uy, ..., Uy in such a way that if we started the time
reversed chain at e, then we would obtain exactly the trajectory (Xx = e,, Xj—1,...,Xo = e1).

And this is what will happen for sure with one of Y7 (the one starting in e,). That is why if all
J,5=1,..., M coalesce, then we must have ?fc =ep forall j=1,...,M. Let Cx(e) denote

12



Monotonicities in Markov chains — efficient exact sampling

the event that all the chains ?j have coalesced before time k and that at this time they are all
in e. Of course we have for any e that gk(e,ez) < Pr[Ck(e;)]. Now we are ready to choose

the constant ¢ from Alg. 2.
r(e) _ (e rle)
Pk(e,e) Fk(e,el) = Pr(Cy(e1)]

Thus we simulate from distribution P*(ey,-), say e. was obtained. We should accept e, with
probability

m(e,) _ PriCr(e1)] w(e,) _ Pr(Cr(e1)]
cPk(eq,e,) m(e1) Pk(ep,e.) Fk(ez,el)'
The whole point is that this is exactly the acceptance probability in Alg. 3:
Pr(?,lC :...:‘?24 =e | ?0 :em%k :el,?gzej,j: 1,..., M)
B Pr(?}c:...:?kM:el \ yozez,?é:ej,jzl,...,M)
Pr(?k:el|§0:ez,?%:ej,j:1,...,M) '
In this setting, X, and Y/ are independent, thus
PT(?}c =...= ?ﬁ/[ =ey | ?{) =e;,j=1,...,M) Pr{Cy(e.)]
Pr(yt =ey | ?0 =e,) ?k(ez,el) .

2.3 Method 3: Strong stationary duality

A random variable T is a Strong Stationary Time (SST) for X if it is a stopping time
independent from X7 such that Xt has the distribution 7. It was introduced in [AD86] mainly
for studying the rate of convergence of the chain, but it is also applicable for exact sampling,
simply by simulating the chain until time 7" we obtain unbiased sample from 7. Although there
are many examples where such SST was find (probably the best example is Top-To-Random
card shuffling), the problem is that the examples were usually found “ad hoc”, in general it is
not easy to come up with SST.

Diaconis and Fill [DF90b| came up with a systematic way of finding an SST, which we will
describe here directly with application to exact sampling.

Let E* = {e},...,eN} be the state space of an absorbing Markov chain X* with initial
distribution v* and transition matrix P*, whose unique absorbing state is denoted by e},. An
N x M matrix A is said to be a link if it is a stochastic matrix such that A(ek;,e) = w(e) for
all e € E. We say that X* is a strong stationary dual (SSD) of X with link A if

v=v*A and AP =P*A. (2.1)

In this chapter we assume that the SSD has the same state space, i.e., E* = [E. For the general
case, see [DF90b]. The sample path of the chain X* can be constructed from a sample path of
X as follows. Start with X, = e® and (using additional randomness) set

v* (e*())A(e*(]’ e(])
v(el) ’

X; =e* with probability

Then we proceed as follows. Assume X = €°,..., Xz = e*~1 and Xp=eY. . X} | =
e* =1 If X, = e* have been chosen, then set

P*(e*(kil), e*(k))A(e*k, ek)

* _ %k : BE
X = €™ with probability Ao D), oF) ,

13
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where A = P*A. This construction yields a bivariate chain (X}, Xy) such that Pr(X; =
X5 =e0, ..., X} =e**) = A(e**, ) (consult [DF90a], [DF90b]). This implies that 7, the first
time the chain X* hits the state e}, (the absorbing one) and the value of Xp are independent.
Moreover, the distribution of Xr is A(e}, ) = w(e).

In summary, we are able to couple two chains in such a way that when one hits a specific
state (e?;) then the other has a stationary distribution. This way we can obtain an unbiased
sample from 7, i.e., we can perform an exact sampling. Note that having the SST T lets one
also study the rate of convergence (the main application of this duality in [DF90b]): the time
to absorption T for X* is an SST for X. In many examples, SST have been found ad hoc. The
above duality approach provided the first systematic way of finding them. Below we present the
above mentioned description of SSD-based exact sampling in algorithmic form.

Algorithm 4 Exact sampling based on SSD.

Require: Ergodic chain X and absorbing chain X* on the same state space E, link A.

Start with X = € and set X} = e** with probability %

If X§ = e} then output X, and stop.

Set n = 1.

Having X,, 1 = e" ! set X,, = e" with probability P(e""!,em).

Having X,_1 = e" 1 X, = e* X! = e™ 1 get X = e with probability

n—1

P*(e* ("~ " (M)A (e*™ o) .
Ao (m=1),em) , where A = P*A.

If X} = e}, then output X,, and stop.
7: Set n =n+ 1 and go to Step 4 (keep previously simulated X,, = €™, X = e*" for new n).

>

3 Monotonicites in Markov chains

In the previous section we briefly described some methods for exact sampling. Note however
that CFTP and Fill’s rejection algorithm, as they stand, are very inefficient (the number of
chains one has to simulate is equal to the cardinality of E) and no concrete way for finding the
SSD was given (how to choose/find A and P*). This is where monotonicities come into play.
Each of the methods can be efficiently applied if the chain is monotone in some way.

So far we did not need any structure on E. However in many examples there is a natural
ordering of the state space, e.g., a total ordering, a coordinatewise ordering, etc. From now on
we assume that E is equipped with a partial ordering <, making (E, <) a poset. We also assume
that e; is the minimum and ej; is the maximum. We will use the following notation. We say
that U € E is an upset if (e; < eg,e; € U) = es € U. Similarly, we say that D € E is a
downset if (e; < es,ex € D) = e; € D. For given e € E we define {e}! := {e’ : e < €'} and
{e}t := {e' : ¢ < e}. Note that each {e}T ({e}*) is an upset (downset), but, in general, not
vice versa.

All the monotonicities we are about to define are defined for chains on a common state space
E with respect to a fixed partial ordering <. By X € P we mean that X has monotonicity
property P keeping in mind that it is defined w.r.t. the fixed partial ordering <.

Usual and weak stochastic monotonicity.

Definition 3.1. A Markov chain X with transition matrix P is stochastically monotone
(we write X € §) if and only if for all upsets U and all e < € € E we have P(e,U) < P(e/,U).

14
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Remark 3.1. Since the complement of any upset is a downset, the condition for stochastic
monotonicity can be equivalently given by: for all downsets D and all e < e € E we have
P(e,D) > P(¢/, D).

Stochastic monotonicity can be equivalently defined in the following way. For two random
variables Y7, Y (with distribution functions v4,v5) on E, we say that Y7 <4 Ya (or v <4 12)
< E[f(}1)] < E[f(Y2)] for all nondecreasing (w.r.t. =) functions f : E — R. Then the
Markov chain X with the transition matrix P is stochastically monotone if and only if 17 <z v
implies 1 P <4 1o P.

Recall that K is an upward kernel if it is a Markov kernel such that K(e;,-) is supported on

{ej € E:e; < e;}. The following lemma goes back to Strassen [Str65] (and is part of Theorem
1 in [KKOT7]).

Lemma 3.1. A Markov chain X with transition matriz P is stochastically monotone if and only
if for alle < €' there exists an upward kernel K¢ o such that P(e’,e;) =" P(e,e;)Ke e (€5, €j).

e;:e;=e;

Replacing any upset (downset) in Definition 3.1 with a specific one we obtain the notion of
weak monotonicity.

Definition 3.2. A Markov chain X with transition matrix P is weakly-T monotone (we write
X € W) if and only if for all e < €’,e; € E we have P(e, {e;}T) < P(e/, {e;}").

The chain is weakly-* monotone (we write X € W*) if and only if for all e < €', e; € E
we have P(e, {e;}}) > P(e,{e; }Y).

We define W := W n W+,
Realizable monotonicity. This notion of monotonicity is defined in terms of the update rule of
the chain given in Definition 2.1.

Definition 3.3. A Markov chain X with transition matrix P is realizable monotone if there
exists a monotone update rule (preserving the ordering), i.e.,

V(we [0,1]) Ve 2 &) dle,u) < ole;u).
This definition implies that for any states e < €’ and upset U we have
d(e,u) € U = ¢(e',u) € U. (3.1)

Finding a monotone update rule is often a challenging task, and proving that none exist can be
even harder.

Moé6bius monotonicity.

We can identify the ordering < with the matrix C(e;, e;) = 1(e; =< e;). We can always rearrange
the states in such a way that C is upper triangular (keeping in mind that the enumerations of
the states in C and P must preserve the same order), thus invertible. The inverse of C is usually
denoted by x4 = C~! and called the M&bius function.

Definition 3.4. The function f : E — R is Mébius-+ (M&bius-T) monotone if f(CT)~! > 0
(fC~1 > 0), i.e., each entry is nonnegative.

15
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Definition 3.5. A Markov chain X with transition matrix P is Mdbius-* monotone (we
write X € MY) if
C 'PC >0 (each entry nonnegative).

Equivalently, in terms of the transition probabilities,

V(ei,e; € E) Z n(ei,e)P(e, {e;}') > 0.

ere;
The chain is M&bius-T monotone (we write X € M?) if
(CT)~'PCT >0 (each entry nonnegative).

In terms of the transition probabilities this is

V(ei,e; € E) Z (e, e;)P(e, {e;}1) > 0.

exe;

We define M := MT N M*t,

In the applications, checking Md&bius monotonicity is usually not harder than checking
stochastic monotonicity. First, note that the inverse of C (i.e., the Mobius function of the
ordering) is known for many natural partial orderings (however, its derivation is often not triv-
ial). To mention a few:

E1l ForE = {1,..., M} and a linear ordering <:=< the Mdbius function is given by pu(é,7) = 1,
w(i,i+1)=—1and u(i,j) =0 for j ¢ {i,i +1}.

E2 For E = {0,1}¢ with the coordinate-wise partial ordering e < €', if e(i) < €'(i),i =
1,...,d, the Mobius function is given by p(e,e’) = (—1)l¢I=1¢'l if e < €’ and 0 otherwise

(where |e] = 21, (i)

E3 For E = {0,1,..., N}? with coordinate-wise partial ordering e < €', if e(i) < €/(i),i =
1,...,d, the Mdbius function is given by pu(e,e’) = (=1)l¢1=Iel if &/(k) = e(k) or €/(k) =
e(k)+1foreach k =1,...,d.

E4 For a finite set I let P(I) be the set of all partitions of I. Let o, 8 € P(I). The typically
considered partial order is the following: o < 5 if V(A € o)3(B € 8)(A C B). As derived
in [Com70], the Mobius function is given by u(a, ) = la<g(—1)lelF18l [Ieslly — DY
where [% is the number of atoms from « in B € f3.

Checking the M6bius monotonicity of a chain having a Mdébius function turns out to be feasible
in many cases. For the total ordering (E1), exemplary calculations are given in [Lorl8]. The
computations checking Mobius-+ monotonicity for some nonsymmetric random walk on the cube
(E3) are given in [LS12a]. For the chain corresponding to a nonstandard queue network, the

computations are given in [Lorl8|. The partial ordering on partitions (E4) was considered in
the context of duality in [HMI16].

4 Applications of monotonicites

4.1 Realizable monotonicity and an efficient coupling from the past
algorithm

The CFTP algorithm given in Alg. 1 is very inefficient. The number of chains we have to run
is equal to the size of the state space. In most cases where CFTP is to be applied, the size of
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the state space is huge (e.g., exponential in some parameter). The main idea of the algorithm
was to run the chains “from the past” and check if all of them have coupled before time 0. Note
that if we have a monotone update rule and say X_,, =e < X_ =€, then

’ ’

X—7rz+1 = QZ)(X—m; U—m+1) = (b(X—m’ U—7n+1) = X—m—i—l'

Thus it is enough to start only two chains: X} = e; and X2 = ej;. Summarizing, if the chain is
realizable monotone and has the minimum and the maximum, then we have an efficient CFTP
algorithm:

Algorithm 5 Efficient coupling from the past.

Require: State space E, ergodic chain X, monotone update rule ¢

1: Setn=1

2: Start two chains at time —N,, one at the minimum e;, the other at the maximum
ey Run the chains till time 0 using the same update rule ¢ and iid random variables
U_n,+1,U_nN, +2,...,U_1,Up uniformly distributed on [0, 1] (the same for each chain).

3: If both chains in previous step end up in the same state ey at time 0, then output ey and
stop.

4: Set n =n+ 1 and go to Step 2 (keep previously used {U,}o<i<—n, +1 for new n).

4.2 Stochastic monotonicity and an efficient Fill’s rejection algorithm

Similarly to the general CFTP algorithm given in Alg. 1, Fill’s rejection Alg. 3 is very inefficient.
This is due to the fact that we have to start (and simulate) as many chains as there are elements
of the state space. It turns out that the algorithm can be made efficient by assuming stochastic
monotonicity of the time reversed chain ? (This condition is weaker, as forthcoming sections
will show, than being realizable monotone).

Assume for the moment that y is realizable monotone (this will soon be relaxed to stochastic
monotonicity). Assume that e; < e; and that 37; =e; < Yg = e; for some s < k. Realizable

monotonicity implies that ??_H = qﬁ(?i, Us) < qﬁ(?g, Us) = Y7, ,. This means that then in

S

Step 5 of the ak%()rithm, checking the coalescence of all M chains is equivalent to checking only
that the chain Y (
other words, it is enough to simulate just one chain ?M .

the one started in ejs) has already reached the minimum e; at time k. In

Now we relax the realizable monotonicity requirement, assuming only that y is stochastically
monotone. Similarly, we want to have an efficient version of the algorithm simulating only one

chain ?M (denoted simply by Y). This time we do not generate Uy as in Step 3 of Alg. 3. We
make use of Lemma 3.1 instead. Assume that at some step s we have ys =e1, Xsp1 = €2
and ?5 = e;. Then, since e; < ez, we may choose a state e; for ?s“ with probability
Ko, e;(€2,€;). This constructions ensures that ys = ?s, s =0,...,k. Thus, similarly, only the

condition Y j = e; must be checked. In summary, we have:

17
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Algorithm 6 Efficient Fill’s rejection algorithm.

Require: State space E = {ey,...,ep}, ergodic chain X whose time reversal y is stochastically
monotone and set of kernels K¢ o for all e < €.
1: Setn=1

2: Simulate the Markov chain X starting at time 0 in state e; and run it till time k = N,
using the transition matrix P. Denote X; = e,

3: Simulate the chain Y starting at the maximum, i.e., Y ¢ = e); in the following way: Assume
at time s we have Xy = e,Y, = e; and X, 1 = ep. Set Y 1 = e; with probability
Kehei (627 ej)'

4: If Y, = eq, then output e, and stop

5. Erase all information, set n =n + 1 and go to Step 2.

4.3 Mobius monotonicity and strong stationary duality

In Section 2.3 we presented an exact sampling algorithm based on strong stationary duality.
Note however that no recipe was given on how to find such a dual. The duality was introduced
in [DF90b], where the recipe was given only in case the time reversed chain X was stochas-
tically monotone w.r.t. a total ordering. In [LS12a] an extension to partial orderings was
given. Surprisingly, it turned out that not the usual stochastic monotonicity, but rather Mébius
monotonicity, was required. We recall here the main theorem from [LS12a].

Theorem 4.1 (Lorek and Szekli [LS12al). Let X be an ergodic Markov chain on a finite state
space E = {ey,...,en} which is partially ordered by =< and has the maximum ep. For a
stationary distribution ™ and an initial distribution v we assume that

(i) g(e) = ZEE; is Mébius-+ monotone,

(i) X is Mébius-* monotone.

Then there exists a strong stationary dual chain X* on E* = E with link a truncated stationary

distribution A(ej,e;) = 1(e; < ej)g((zf_)), where H(e;) =3 q.o<e, m(€). The initial distribution

and the transitions of X* are given, respectively, by

vi(e) = H(e) Y plese)g(e), (4.1)

eere;

Pilene) = —2 3 ulee)Ple{elh). (4.2)

eiere;

(The Mébius monotonicity of the function g(e) means that the resulting v*(e) is nonnegative).

Remark 4.1. Note that the existence of the minimum is not required in Theorem 4.1. However,
if it exists and if the chain X starts at the minimum (i.e., Pr(Xo = e;) = 1), then so does
the dual chain (i.e., Pr(Xg = e1)). Similarly one can construct an SSD chain when there is a

minimum e; and the time reversed chain § is Mobius-T monotone, see Corollary 3.1 in [LS12a].

More examples of SSDs constructed on partially ordered state spaces can be found in [LS16].

18
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5 Relations between monotonicities in Markov chains

Fix a state space E = {ey,...,ep} and partial ordering <. Recall that by X € P we mean that
the chain has the monotonicity property P, which is defined with respect to this given state
space and ordering. For example, the implication “if X € P; then X € Py” means that if X is
P1-monotone then it is Po-monotone with respect to the same state space and ordering. For a
general ordering <, we present the relations between the different concepts of monotonicity in
Theorem 5.1.

Theorem 5.1. For a discrete time Markov chain X on a finite state space E = {e1,...,ep}
which is partially ordered by <, we have the following implications:

1. If XeR then X e S
2. If X € S then X ¢ W'
3. If X € 8 then X € W+
4. If X € M" then X € WT
5. If X € MV then X € Wt

We derive and recall some useful properties of the Md&bius function of a partial ordering.
First we will show that ) _ i pu(e;,e) = 0 for any poset with the minimum state (we denote it
by e1) and that > . u(e, e;) = 0 for any poset with the maximum state (denoted by exs).

It is known (see [Rot64]) that the matrix C~! = i can be calculated recursively:

1 if €; =€
U(eivej) = 7Zei—<ekjej M(ek’ej) if € < €y, (51)
0 otherwise,

or by inverting the matrix C using Gauss—Jordan elimination by columns instead of rows:

1 if €; =¢€;j
= - Zeijek-<ej :u(ei7 ek) if e; < €, (52)
0 otherwise.

Therefore, using (5.1): for any poset with the minimum state and any state e which is not the
minimum, we have

Suene)= Y ulene)+ Y plene)+ulere)

e, €k e;€E:e; Ae e;<e;<e

=0—p(er,e) + p(er,e) =0.

Similarly, using (5.2): for any poset with the maximum state and for any state e which is not
the maximum, we have

Sulee)= Y ulee)+ S ule.e)+ ule en)

e, €E e, €E:eXe; exe;<en

=0—ple enm) + p(e,en) = 0.
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We will write e’ for an arbitrary successor of e. For a poset (E,=<) with the maximum
ey we can consider the subspaces {e}", {e*}T with the minimum states e and e* respectively.
From the above consideration, we have

Z M(eh e/) = Z (e, e/) - Z M(eia e/) = (53)

e;:e<e;,et Ae; e;:eXe; ey e;:et e;Xey
1-0 if e =e, 1 ife=e,
0-1 ifef=et = —1 ife=e, (5.4)
0—0 otherwise 0 otherwise.

Similarly, for a poset (E, <) with the minimum state e; we can consider the subspaces {e}+, {e* }}
with the maximum states e and e™ respectively. We have:

Z ﬂ(e/vei) = Z :u(e/aei) - Z N(elvei) = (5.5)

e;:e;%et e;Ae e;:e;<e;<et e;:e;Xe;<e
0-1 ife =e, -1 ife =e,
1-0 ifef=et, =¢{ 1 ife =et, (5.6)
0—0 otherwise 0 otherwise.

Proof of Theorem 5.1. Implications 1-3 are known (see, e.g., [FMO01]), we include short proofs
in our notation for completeness.

1. We want to show that for any states e; < e; and any upset U, the inequality P(e;,U) <
P(e;,U) is fulfilled. From the definition of update function and the property of realizable
monotonicity (3.1), we have

1 1
P(e;,U) :/0 1(¢p(e;,u) € U)du < /0 1(¢(ej,u) € U)du =P(e;,U)

as the indicator of set is equal to 1 when the indicator of its subset is equal to 1.

& 3. For any state e, {e} is an upset and {e}* is a downset. Thus stochastic monotonicity
implies that the monotonicity is preserved for any {e}" and {e}+, which is the definition
of T-weak and *-weak monotonicity.

& 5. Mobius-+ monotonicity means

Ve<ex Z p(e, e)P(e;, {ex}') >0,

e;:e<e;

thus for arbitrary e; € E we have

S Y ulee)Plen{en}t) > 0.

iy + i:ese;
ee; je,ej Ae€iréne;

Changing the order of summation we have

> > u(e, e;)P(e;, {ex}) > 0,

e;e;<e; e:e=e;,e; je,e;r Ae

Z P(eiv {ek}i) Z M(ea ei) > 0.

e;:e;=e; e:e=e;,e; je,e?’ Ae
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Using (5.4) for each e; for the (sub-)poset ({e;}+, <) (where e; is the maximum) with its
subspaces {e}T, {e*}T, we have

Ple;. {er}') — Ple] . {er}!) >0

for any ey, ey.
The proof that Mobius-T monotonicity implies weak-" is similar.

In Fig. 1, Theorem 5.1 is summarized.

wh\ whumh)
W\ WU M)
WA\ M

MW
MW

M

(MT AW\ Mt
(MW \ MT

S\R

Figure 1: Relation between monotonicities. General partial ordering.

We know of no other implications involving the monotonicities we have considered. More pre-
cisely, the only one we do not know is whether M&bius-1, Mobius-| and stochastic monotonicities
imply realizable monotonicity (which is stated below as an open problem). The nonexistence
of other implications is proven by presenting examples in Appendix A (the numbers in Fig. 1
correspond to the enumeration of these examples).
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Open problem 1. Does there exist a chain X, state space E, and partial ordering < such that
XeMAMINS\R ?

Remark 5.1 (On M6bius monotonicity). For a total ordering (denote the states by E = {1,..., M}),
the stochastic monotonicity of X can be written as

V(i <i2) Px(in, {j}1) <Px(i2, {}1) = Pux(in, {j}*) > Px(iz, {s7}).
In this ordering we can think of this monotonicity in two different (though equivalent) ways:

e “Understanding 1”7. For any upset U and V(i; < is) we have Px(i1,U) < Px(is,U) (or
equivalently: for any downset D and V(i < ig) we have Px (i1, D) > Px/(ia, D)).

e “Understanding 2”. For any upset U define Fy (i) := Px(¢,U). Then X is stochastically
monotone if the function Fy (i), treated as a function of ¢, must be “like” a distribution
function, i.e., V(Zl S ZQ)FU(Zl) S FU(ZQ)

Equivalently: for any downset D define Fp(i) = Px(i, D). Then X is stochastically
monotone if the function Fp(i), treated as a function of i, must be “like” the tail of a
distribution function, i.e., V(iy < i2)Fp(i1) > Fp(i2).

Extending “Understanding 1” to a partial ordering < (we simply have different downsets and
upsets, and each i; < iy is replaced by e = €’) leads to stochastic monotonicity as defined
in Definition 3.1. Extending “Understanding 2” with Fy(-) being like a distribution function
(Fp(-) being like the tail of a distribution function) leads to Mobius-+ (Mé&bius-T) monotonicity,
as defined in Definition 3.5.

5.1 Tree-ordering and total ordering

For a general partial ordering, we have, in Theorem 5.1, determined all the monotonicity rela-
tions. In this section we restrict our attention to some special cases: tree ordering and linear
ordering.

Tree ordering. Let us start with a definition of this ordering.

Definition 5.1. A partial ordering < on E is called a tree ordering if there exists a maximum
(which has no predecessor) and every other (non-maximal) state e has exactly one predecessor.

This definition affords a straightforward algorithm for inverting the matrix C = 1(e; < €;).
For a column corresponding to the state e, it is enough to subtract the columns corresponding
to the successors of e. We obtain the matrix

1 if e; = e;,
wulei,e;) =< —1 if el =ej, (5.7)
0 otherwise.

Theorem 5.2. Let X be a Markov chain on E with a tree ordering <. Then the following
statements are equivalent.

(i) XeS8
(ii) X eR
(iii) X € M*
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(iv) X € Wt
Proof.

Implication (i7) = (i) follows from implication 1 of Theorem 5.1, whereas (i) = (i) follows
from Theorem 4.3 in [FMO1].

o (iii) < (iv)
Implication (iii) = (iv) follows from implication 5 of Theorem 5.1. To show (iv) = (%)
(

we assume Mobius-+ monotonicity, i.e., we have (the M&bius function given in Eq. (5.7))

V(eie; €E)  0<Plei{e;}*) ~Plef, {e;}}) = Y nlei,e)P(e, {e;}}),

ere;
which is exactly weak-+ monotonicity.

o (i) < ()

Implication (i) = (iv) follows from implication 3 of Theorem 5.1. To show (iv) = (3),
note that any downset D can be written as a disjoint union of sets of the form {e;}t,
e, D = [Jyex{er}t for some K C E. For any e, weak-* monotonicity implies that
P(eia {ek}i) - P(e;‘_» {ek}i) > 07 thus

P(e;, D) —P(e]. D)= > _ (P(e;, {ex}") — P(e], {ex})) >0,
keK
which implies stochastic monotonicity.

O

The monotonicity relations for tree-ordering are summarized in Fig. 2. The examples num-
bered 17, 18, 19 and 20 are given in Appendix A.
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o v

) rR=s=mt=w!

> > D> > D> > D> D

D
[\
DDDEDDDD

Figure 2: Relation between monotonicities. Tree-like ordering.

Total ordering. For this ordering let us denote the elements of state space E by {1,...,M}.
The Mobius function is following:

1 if j=1i
p(i,f) =14 —1 if j=i+1, (5.8)

0 otherwise,

with ones on the diagonal and minus ones directly above it. For this ordering, we have the
following lemma.

Lemma 5.1. Let X be a Markov chain on E with total ordering =:=<. Then all the mono-
tonicites S, R, MT, M¥ WT W+ are equivalent.

Proof. By Theorem 5.2 it is enough to show that W' is equivalent to W+ and that WT = M.
For a total ordering, all upsets are of the form {k}T = {k,..., M} and all downsets are of the
form {k}* = {1,...,k}. Hence (since the complement of a downset is an upset and vice versa),
they are equivalent to each other and actually denote stochastic monotonicity.

Note that
> ulk, Pk, {5}1) = P(i + 1,{j}") — P(i, {}"),
keE

which means that W' and M" are equivalent.

24



Monotonicities in Markov chains — efficient exact sampling

6 Monotonicities and Siegmund duality

As mentioned, strong stationary duality was introduced in [DF90b]. However, a somewhat
general recipe for such an SSD was only given in the case when the time reversal was stochas-
tically monotone with respect to a total ordering. In Section 4.3 we recalled the theorem
from [LS12a], that for a given ergodic chain X there exists a strong stationary dual chain X*
(with the link being a truncated stationary distribution) if and only if the time reversal of X
is Mobius monotone. It turns out that there is a close connection between SSD and another
duality. We say that the chain Z is a Siegmund dual of X if for any n > 0,e;,e; € E we
have Pr(X,, = e;|Xo =e;) = Pr(Z, = e;|Zy = e;). Siegmund [Sie76] showed that for a total
ordering, such a dual exists if and only if X is stochastically monotone. Lorek [Lorl8] gives an
extension to partial orderings (the existence of the minimum and the maximum is required).
The main result is that the Siegmund dual exists if and only if the chain is M&bius-+ monotone.
Moreover, in the latter article it is shown that the SSD from [LS12a] can be constructed in the
following three steps: i) Calculate the time reversal of X; ii) Calculate its Siegmund dual; iii)
Calculate the appropriate Doob h-transform.

The results of this chapter are relevant for SSD and Siegmund duality. The general construc-
tions of the SSD and the Siegmund dual were unknown for partial orderings. For Siegmund
duality, for partially ordered state spaces, it was known that stochastic monotonicity is “not
enough.” Liggett, in [Lig04] a book on particle systems) writes (p. 87) “having a (reasonable)
dual is a much more special property than being monotone, when the state space is not totally
ordered.” However, we can obtian an SSD or a Siegmund dual for a chain which is not stochas-
tically monotone, such as is shown with the chain with the transition matrix Pg in Appendix A
(the chain is not stochastically monotone, but is both Mébius-+ and M&bius-T monotone).
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A. Examples

The relations between monotonicities were given in Theorem 5.1 for a general partial ordering
and in Theorem 5.2 for a tree ordering. They were summarized in Figures 1 and 2 respectively.
In this section we prove (except for Open problem 1) that all the intersections in these figures
are non-empty.

Given P and C, checking all monotonicities except realizable monotonicity is straightforward
(it only requires some matrix operations):

e Checking Mdbius-+ and Mébius-T monotonicity is straightforward from Definition 3.5.

e For weak monotonicities we need to precompute the offspring matrix R. Let O(e;) =
{e:e; < eand!3e, (e; < e <e)} be the set of offspring of the state e;. The offspring

matrix is defined as R = (RE,...,RL )T, where Re, is the [O(e;)| x |E| matrix such

e
that Re,(e;,€;) = 1 and Re,(ej,€e;) = —1 for e; € O(e;), all other entries being equal to
zero. Note that O(e;) for all e; € E and thus the matrix R is computed from C. Weak-"
monotonicity means that all entries of RPCT are nonpositive, whereas weak-+ means that

all entries of RPC nonnegative.

e For stochastic monotonicity, we additionally need the matrix of all upsets (denoted by S)
instead of “just” the ordering matrix C (S is computed from C). Stochastic monotonicity
means that all entries of RPS are nonnegative.

The functions checking all the above monotonicities are available in The Julia Language
[LM17]. The functions require the transition matrix P and the ordering matrix C. Also, the
script checking the above monotonicities of all the examples that follow is available. The proofs
concerning realizable monotonicites are given after introducing the examples. Recall that for a
tree ordering, realizable monotonicity is equivalent to (among others) stochastic monotonicity,
thus checking the latter is enough.

The pairing of the ordering matrices and the transition matrices:
e C; for processes P3,Pg, P7, P11, P12, P13, P14, P15, Pg,

e C, for P, P,

e Cj; for Py, P5, Pg,Pg and

o C, for Py7,P15, P19, Pog.

Order matrices and Hasse diagrams:
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C, =

OO O OO
OO OO ==

O OO OO oo
SO OO OO

OO OO
OO O ==

OO O OO
O OO OO

o

0

SO = O S oo oo~ O [leell el

S OO OO

0

O = O O OO OO OO OO =

SO O OO

— e e OO OO — - O = O = =

SO OO

The transition matrices

L Wh\ wWrumh

P,

3/8
1/4
1/4
1/4
0

0
0
0

1/8
1/4
0
0
1/8
0
0
0

2. W\ (WU MY

1/8
0
3/8
1/8
1/8
1/4
1/8
1/8

e

OO R OO
O OO = O

O O FE OO
e e

1/8
1/8

1/4
1/8

_ o = e e e

1/8

1/8

1/4
1/8

1/8 1/8 0

1/8 1/8

1/4 0 1/8

1/4
1/4
1/8
1/4
1/8

1/8
1/4

1/8
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5/8 0 1/8 1/8 0 1/8
1/8 1/8 1/4 1/4 1/8 1/8
3/8 0 1/8 0 1/4 1/4
1/4 1/4 14 0 0 1/8 1/8 0
1/8 1/8 1/4 1/8 0 1/8 1/4
1/8 0 1/4 0 0 3/8 0 1/4
1/8 1/8 0 1/8 1/8 0 1/4 1/4
0 1/8 1/8 0 1/8 1/8 1/8 3/8

o O O

P,

O~ O O O

3. W\ (MUS)

1/2 1/6 0 1/3 0 0
1/3 1/6 1/6 1/3 0 0
1/3 1/6 0 1/3 1/6 0
1/6 1/6 1/6 0 1/6 1/3
1/6 0 1/6 1/6 1/3 1/6
0 1/6 1/3 0 1/6 1/3

)
w
I

4. M\ WY

2/5 1/5 1/5 1/5 0
2/5 1/5 1/5 1/5 0
P,=| 0 2/5 2/5 1/5 0
0 2/5 1/5 2/5 0
0 1/5 2/5 0 2/5
5. M\ W?T
2/5 0 2/5 1/5 0
0 2/5 1/5 2/5 0
Ps=| 0 1/5 2/5 2/5 0
0 1/5 1/5 1/5 2/5
0 1/5 1/5 1/5 2/5

6. M\'S

17/24 0 0 1/8 1/8 1/24
1/8 5/16 5/16 1/12 1/12 1/12
1/8 5/16 5/16 1/12 1/12 1/12
112 1/12 1/12 5/16 5/16 1/8
112 1/12 1/12 5/16 5/16 1/8
1/24 1/8 1/8 0 0 17/24

P =

7. S\ MTUMFUR)

1/3 1/3 1/3 0
1/3 1/3 0 1/3
1/3 0 1/3 1/3
0 1/3 1/3 1/3 0 0
0 1/6 1/6 1/6 1/6 1/3
0 1/6 1/6 1/6 1/6 1/3

o O O
o O o

P, =
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8. SNMM\ (MYUR)

2/5 1/5 1/5 1/5 0
2/5 1/5 1/5 1/5 0
Ps=|2/5 0 1/5 1/5 1/5
1/5 1/5 2/5 1/5 0
0 2/5 1/5 0 2/5

9. SN M\ (MTUR)

2/5 0 1/5 2/5 0
0 1/5 2/5 1/5 1/5
Po=| 1/5 1/5 1/5 0 2/5
0 1/5 1/5 1/5 2/5
0 1/5 1/5 1/5 2/5

10. Aforementioned open problem.

11. R\ (MTUMY)

1/3 1/6 1/6 1/6 1/6 0
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
0 1/6 1/6 1/6 1/6 1/3

Pll =

12. RN MM\ M+

1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
0 1/3 1/6 1/6 1/6 1/6

Py =

13. RN M\ MT

1/6 1/6 1/6 1/6 1/3 0
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6

Pis = 1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6

14. RN M
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1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6
1/6 1/6 1/6 1/6 1/6 1/6

Py =

15. W M\ (MY US)

17/24 0 0 1/8 1/8 1/24
1/8 5/16 5/16 1/12 1/12 1/12
1/8 5/16 5/16 1/12 1/12 1/12
/12 1/12 1/12 5/16 5/16 1/8
/12 1/12 1/12 5/16 5/16 1/8
1/24 1/16 1/16 1/16 1/16 17/24

o
—
o2

|

16. WM\ (MTUS)

17/24 1/16 1/16 1/16 1/16 1/24
1/8 5/16 5/16 1/12 1/12 1/12
1/8 5/16 5/16 1/12 1/12 1/12
112 1/12 1/12 5/16 5/16 1/8
112 1/12 1/12 5/16 5/16 1/8
1/24 1/8 1/8 0 0 17/24

P =

Examples 17-20 deal with tree-ordering.

17. W\ 8
/2 1/2 0 0 0 0 O
0o 0 1/2 1/2 0 0 0
/2 1/2 0 0 0 0 0
Pi-=| 0 0 1/2 172 0 0 0
O 0 0 0 1/2 1/2 0
0o 0 0 0 1/2 1/2 0
o 0 0 0 1/2 1/2 0
18. S\ MT

17 1/7 1)7 1)7 1)1 1)7 1)7
17 17 17 17 1)7 1)7 1)7
17 17 17 17 1)7 1)7 1)7
Pis=|1/7 1/7 1/7 1)7 1)7 1/7 1)7
17 1)7 17 1)7 17 1)7 1)7
17 1/7 1)1 1)7 1)1 1)7 1)7
17 17 17 17 1)7 1)7 1)7
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19. WnSnmt

1000000
0100000
001 0000
Pig=|0 00 1 0 0 0
0000100
0000010
00 0O0O0TO0 1
20. MT\'S
/2 1/2 0 0 0 0 0
0 0 1/2 1/2 0 0 0
/2 1/2 0 0 0 0 0
Pyxy=|0 0 1/2 1/2 0 0 0
O 0 0 0 1/2 1/2 0
O 0 0 0 1/2 1/2 0
o 0 0 0 0 0 1

As already stated, checking all monotonicities except realizable monotonicity can be done
automatically on a computer. Note that if the chain is not stochastically monotone, then it
cannot be realizable monotone. That is why we only need to prove that

e The chains with the transition matrices P11, P12, P13, P14 are realizable monotone.
e The chains with the transition matrices P7, Pg, Py are not realizable monotone.

To prove realizable monotonicity it is enough to provide a monotone update rule, whereas
showing that a given chain is not realizable monotone (i.e., that no monotone update function
exists) is more challenging.

Monotone update rules for the chains with the transition matrices P11, P15, P13 and
Py. For U?Zl A; = [0,1] and P(U € A;) =1/6 for i = 1,...,6 and U ~ Unif[0,1] the
following functions are monotone w.r.t. the partial ordering defined by C;.

0P11
olej,u) = e ifuedA, fori=1,...,6,j=2,...,5,
e; if ’LLEAg,
e, u) =
oleru) {ei if weA,i=1,....5
€g if uGAl,
e, u) =
¢les u) {ei if weA,i=2,...,6.
o Pis
¢(ej,u) = €; ifUGAl',fOI‘i:1,...,6,j:1,...,5,
eg if ’LLEAl,
e, u) =
#lesv) {ei if weA;,i=2,...,6.

31



Monotonicities in Markov chains — efficient exact sampling

0P13
olej,u) = e ifueA, fori=1,...,6,j=2,...,6,
€] if UGA(,‘,
e, u) =
oleru) {ei if weA,i=1,....5
o Py

plej,u) = e ifuedfori=1,...,6,j=1,...,6.

Proofs that P;, Pg, Py are not realizable monotone w.r.t. the partial ordering defined
by Cl.
e The transition matrix P.
The idea of the proof is the following: we try to construct a monotone update function ¢
and deduce a contradiction. Start with defining an arbitrary update function at state e;:

pler,u) =e; fueA;,i=1723,

for |J2_, A; = [0,1], P(U € A;) = 1/3, i =1,2,3 and U ~ Unif[0,1]. Since e; < ey we
have the following requirements for ¢(es,-): namely ¢(es,u) = e; for u € A;,i = 1,2,3.
Thus the function is uniquely determined:

e if uEAl,

¢(62,u) = e if ue AQ,
ey if we As.

Similarly, since e; < e3, we conclude that
e, if wue Al,

¢(63,’U,) = es if wue€ Az,
e, if wueA,.

Also, since e; < ey4, we conclude that
ey if wue€ A,

oPleq,u) = e3 if wue A,
€y if ue Ag.

But this function is not monotone, since for u € Ay we have ¢(e3, u) = es £ ez = ¢(eq, u).

e The transition matrices Pg and Pyg.
The idea of the proof is similar to the previous case. It will be done only for Pg (the proof
for Py is almost identical, since Py(e;, e;) = Ps(es—i,€6—;),%,5 =1,...,5).
We can start with defining an arbitrary update function at state e;:

B e; if UEA07
¢<e1’“){ei if weA;,i=1234

for |}, Ai = [0,1], P(U € A;) = 1/5,i=0,...,4 and U ~ Unif[0,1]. Since e; < es,
we have the following requirements for ¢(es, -): namely ¢(es, u) = ¢(e1,u) for u € A;,i =
0,...,4. Thus the function is uniquely determined:

e, if weAygUA,
€5 if ue AQ,
es if wue 1437
ey if wue Ay

pes,u) =
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Also, since e3 < e5, we conclude that

if weAgUAy,
65, if uwe Ay U Ay,
if we 1437

Since e; =< e4, we conclude that there are two choices for ¢(eq,u). We can have

e if wue€ A,

es if we A UA;,
ey if wu € A,

e, if we 1447

u) =

but then for u € A; we have ¢(es,u) = e3 £ e2 = ¢(e5, u). We can also have

e4a
e if we A17
e e3 if wue AyUAs,
4 U e if wue A27
ey if w € Ay,
but then for u € Ay we have ¢(eq,u
monotone.

e3 £ e = ¢(es,u). Thus, the function is not
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Chapter 2. Absorption time and
absorption probabilities for a family of
multidimensional gambler models

1 Introduction

In the one-dimensional gambler’s ruin problem two players start a game with the total amount
of, say, N dollars and with initial values k and N — k. At each step they flip the coin (not
necessarily unbiased) to decide who wins a dollar. The game is over when one of them goes
bankrupt. There are some fundamental questions related to this process.

Q1 Starting with ¢ dollars, what is the probability of winning?

Q2 Starting with 4 dollars, what is the distribution (or the structure) of the game duration
(i.e., the absorption time)? Or, what is the distribution (or the structure) of the game
duration conditioned on winning/losing?

In this chapter we will answer above questions for a wide class of multidimensional generaliza-
tions of gambler’s ruin problem. The proofs will be probabilistic in most cases, utilizing either
Siegmund duality or intertwining between chains.

Generalized multidimensional gambler models In [Lorl7] the following generalization
was considered. There is one player (referred to “we”) playing with d > 1 other players. Our
initial assets are (i1,...,%q) and assets of consecutive players are (N7 —i1,..., Ng—1iq) (IN; > 1
is the total amount of assets with player j). Then, with probability p;(i,;) we win one dollar with
player j and with probability ¢;(i;) we lose it. With the remaining probability 1 72221 (px(35)+
g;(ix)) we do nothing (i.e., ties are also possible). Once we win completely with player j (i.e.,
i; = N;) we do not play with him/her anymore. We lose the whole game if we lose with at
least one player, i.e., when ¢; = 0 for some j = 1,...,d. The game can be described more
formally as a Markov chain Z with two absorbing states. The state space is E = {(i1,...,44) :
1 <i4; <N;,1 <j<d}U{—oco} (where —oo means we lose). For a convenience denote
p;j(N;) = ¢;(N;) =0,7 =1,...,d. Assume that for all i; € {1,...,N;},j € {1,...,d} we have
p;(i;) > 0,¢;(¢;) > 0 and ZZ=1(pk(ik) + gr(ix)) < 1. With some abuse of notation, we will
sometimes write (4}, ...,i;) = —oo. The transitions of the described chain are the following:
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Multidimensional gambler models

PZ((il;---aid)ﬂ(illa"'vi:i)) =

p;(ij) it i =i+ 1,4 =ik, k # J,
q](z]) if Z;:ZJ_LZ;c:Zkak#.]v
1= o4y (owin) + qelin) if & =i;,1 <5 <d,
1 i (g, .. 0q) = (i}, ..., i) = —oco.
The chain has two absorbing states: (Ni,..., Ng) (we win) and —oo (we lose). Let
p((irs .- viq)) = P(T(ny,.. Ng) < T—oolZo = (i1, -, 1a)), (1.2)

where 7(;; iy = inf{n > 0 : Z, = (i},...,7)}. Roughly speaking, p((i1,...,iq)) is the
probability of winning starting at (i1,...,44). In [Lorl7] the formula for this probability was
derived, namely
d 4 my—1

> 1T (45)
j=1 \n;=1 r=1 p;(r)

p((i1,-..,1q)) =

Ny n;—1 (13)

ﬁ S0 (%‘(T))

j=1 \n;=1 r=1 p;(r)

In this chapter we consider a much wider class of d-dimensional games - the chain given in (1.1)
is just a special case. For example, within the class we can win/lose in one step with many
players. The multidimensional chain is constructed from a variety of one-dimensional chains
using Kronecker products. For this class:

e We give expressions for the winning probabilities and prove that it is a product of the
winning probabilities corresponding to one-dimensional games. In particular, for a subclass
of multidimensional chains, constructed from one-dimensional birth and death chains, the
winning probabilities are given in (1.3). The main tool for showing winning probabilities
is the Siegmund duality defined for partially ordered state spaces, exploiting the results
from [Lor1§].

e We give formulas for the distributions of the absorption time. In some cases a probability
generating function is given, in other cases we show that the absorption time is equal,
in distribution, to the absorption time of another chain, which is, in a sense, a multidi-
mensional pure-birth chain. In many cases, the probabilistic proof is given. To show the
absorption distribution, we exploit the spectral polynomials given in [Fil09b|, and their
variations considered in [GMZ12], [MZ17].

To have a feeling on what kind of results related to absorption time we obtain, let us have a
look at Figure 1 (note that the caption can be fully understood once further sections are read).
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N>

Hdoz
»—Cioz

_\®
p2(i2) 1=,
Q2 5 | q1 (1) p1(i1) 125 L 1-— )\511)

q2(i2)

: : : ' : :
3 i 5 7 N1 3 i1 ° i N

Figure 1: Sample transitions for the example from Section 6.3 with d = 2 and r = 1: X* (left)
and X (right). State N = (Ny, Ny) is the only absorbing one in both chains. Probabilities of
staying are not depicted. If X* starts at (1,1), so does the X and T(*1,1)7N = T(l,l),N provided
q;(1) =0,7=1,...,d. If say, v*((i1,42)) = 1 then the pgf of T3,

1 i2) N is a mixture of pgfs of
T

i1.4a),N for j1 <iiy, jo <y (shaded area).

On the left hand side of Fig. 1 a chain X* constructed from two one-dimensional birth and
death chains is presented (i-th chain has only one absorbing state N;,¢ = 1,2). The chain is
constructed in a specific way which results in the bivariate chain with independent moves (either
up, down, left or right). Its transitions are consistent with transitions of a chain given in (1.1)
— except there is just one absorbing state N = (Ny, Na) (i.e., there is no —oo state). We will
show that the time to absorption of the chain X* started at (i1,72) is a mixture of times to
absorption of a pure-birth chain X starting at states (i}, i}), where if < iy, i}, < iy (shaded area
on the right hand side of Fig. 1). In particular, if X* starts in (1,1), so does the chain X. The
chain X has also the only absorbing state N, it is pure-birth in the sense, that only up and
right transitions are allowed. The probabilities of its transitions are related to the eigenvalues
of one-dimensional birth and death chains from which X* was constructed.

Remark 1.1. In [Lorl7] the chain given in (1.1) was considered. The chain is constructed from
d one-dimensional birth and death chains in a very specific way. The method from this chapter
is much more general, we can construct a variety of multidimensional chains from given d one-
dimensional birth and death chains. It is worth mentioning, that even for the case (1.1), the
proof is quite different (from the one in [Lorl7]).

Several variations (including multidimensional ones) of gambler’s ruin problem have been
considered. Researchers usually study absorption probabilities, absorption time, or both. In
[KP02] authors consider a two-dimensional model (they consider two currencies) and study the
expected game duration. In [Ros09] some multidimensional game is considered: at each step two
players are randomly chosen, these players play a regular game, all till one of the players have
all the coins. Author derives the probability that a specific player wins, the expected number of
turns in total and between two given players. In [RS04] the following multidimensional game is
considered: there are n players, at each step there is one winner who collects n — 1 coins from
other players, whereas all others lose 1 coin. An asymptotic probability for an individual ruin
and dependence of ruin time are studied. In [Tzi19] the multidimensional case is considered,
in which with equal probability a unit displacement in any direction is possible. Moments of
leaving some ball are considered. In [CSV18] authors present a new probabilistic analysis of
distributed algorithm re-considering a variation of a banker algorithm. Mathematically, it is
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random walk on a rectangle with specified absorbing states. The results are generalized to the
case with many players and resources.

The absorption probability of a given chain may be related to the stationary distribution of
some ergodic chain. This relation is given using the Siegmund duality, the notion introduced
in [Sie76]. This is also the tool we use for showing winning probabilities. Already in [Lin52]
similar duality between some random walks on integers was shown. It was also studied in
financial mathematics, where the probability that a dual risk process starting at some level
is ruined, is equal to the probability that the stationary queue length exceeds this level (see
[AA10], [AS09]). In all these cases the Siegmund duality was defined for the linear ordering of
the state space. The existence of a Siegmund dual for a linearly ordered state space requires
stochastic monotonicity of the chain. In [Lorl8| if and only if conditions for the existence of
the Siegmund dual for partially ordered state spaces was derived (roughly speaking, the Mobius
monotonicity is required). In this chapter, we exploit this duality defined for a coordinate-wise
partial ordering.

It is worth mentioning that for one-dimensional gambler models there are several approaches
to (each having its advantages and disadvantages) study the winning probability and/or game
duration, including conditioning, difference equations (the most common approach to provide
the formula for the winning probability in the classical — i.e., the one with constant birth and
death rates — gambler’s ruin problem), generating functions and martingale-based methods
(e.g., [Len09a]), path counting (e.g., [Len09b]).

Absorption time Consider a one-dimensional game corresponding to the gambler’s ruin prob-
lem. Let N be the total amount of money. Being at a state i € {2,..., N — 1} we can either
win one dollar with probability p(7) > 0 or lose it with probability ¢(¢) > 0, with the remaining
probability nothing happens. Assuming p(1) > 0 and p(N) = ¢(N) = p(0) = ¢(0) = 0 the
transitions are following:

(i) it i =041,
Py (i,i') =4 q(i) if if=i-1, (1.4)
1—(p(i) +4q(2)) if & =i.

States 0 and N are absorbing. Consider two cases:

Case: ¢(1) = 0 Roughly speaking, if started at ¢ > 1 the chain never reaches 0 and this is
actually a birth and death chain on {1,..., N} with N being the only absorbing state. Define
Top=inf{n >0:Y, =b |Yo = a}. A well known theorem attributed to [Kei79] states that the
probability generating function pgf of 717 is the following:

N—1

1 _

pgfr,  (u) := EuTty = H [< Ak)u} , (1.5)
’ el 1-— )\ku

where —1 < Ay < 1,k =1,...,N—1are N —1 non-unit eigenvalues of Py. The proof was purely
analytical. Note that (1.5) corresponds to the sum of N geometric random variables, provided
that all eigenvalues are positive (which, in this case, is equivalent to the stochastic monotonicity
of the chain). For this case, [Fil09b] gave a probabilistic proof of (1.5) using strong stationary
duality and intertwinings between chains. Note that in this case (1.5) can be rephrased as:

Theorem 1.1. Let X* be an absorbing chain on E = {1,..., N} starting at 1 with the transition
matriz P x« given in (1.4) having positive eigenvalues A\, > 0,k =1,...,N. Then TV N has the
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same distribution as TLN, the absorption time ofX onE=E starting at 1 with the transition
matric
11— ifd =i+1,
Py (i,i') = i if i =1,
0 otherwise.

The chain Y on {1,...,N} is called pure-birth if Py (i,5) = 0 for j < ¢. Similarly, a
multidimensional chain ¥ on E = {(i1,...,4q) : 1 < i; < N;,1 < j < d} is said to be pure-
birth if the probability of decreasing any set of coordinates at one step is 0.

Simply noting that for any 1 < s < NV we have 71 y = T1 5 + T v and that 77 s and T n
are independent (see Cor. 2.1 [GMZ12] for a continuous time version) we have

ST = M)
1[5
pefr,  (u) == EyTon = F=1 (1.6)

Ei

s—1 l )\[sj) ]
bt} )\LSJ

where /\,EiJ are the eigenvalues of the substochastic (s — 1) x (s — 1) matrix

p(i) if ' =i+1,1<i<s-2
P, i) = { (i) if i'=i-1,2<i<s—1,
1—(p(i) +q(i)) if @ =i1<i<s—L

Case: ¢(1) > 0 In this case, authors in [GMZ12] (different proof is given in [MZ17]) derived
formulas for pgf of T, ny and T, (more precisely, they derived formulas for continuous time
versions), which, in discrete case, are given by

pefr,  (u) = Bu'*» = p(s) (1.7)

Ts, s—1 (1 )\]ESJ )U
=1 [ 1 )‘IL:J“

fﬁl (1= Mp)u

T i) 1-— )\ku

pngs,O (U) =Eu"*" = (1 - p(S))Nfs_fl [s]
(1—X
k=1 1= )‘ll;S]u

where p(s) is the probability of winning (i.e., (1.2) with d = 1,i; = s) and )\,ESW are the eigen-
values of the substochastic matrix (of the size N — s — 1)
(i) if i =i+ls+1<i<N-2,
PG,y = a() if i"=i-1,s+2<i<N-1
1— (p(i) +q@@) if @ =is+1<i<N-1.
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In this chapter we aim at presenting results similar to Theorem 1.1 and to (1.7) for a wide class
of multidimensional extensions of gambler’s ruin problem.

2 Kronecker product and main results

To state our main results we need to recall a notion of the Kronecker product. Let A be a
matrix of size n x m. Then, for any matrix B the Kronecker product of the matrices is defined
as follows:

a11B a12B e almB
A ® B-— a21B QQQB . agmB
ap1B a2B ... ap,,B

For square matrices A and B it is also convenient to define the Kronecker sum as:
A®B=AxIp+1Is®B,

where I (Ig) is the identity matrix of the same size as A (B).
Both, product and sum, are extended as:

QA =(..(A1RA)DA3) .. )DA, =A0A®...®A,
i=1

and .
PA=(. . (A1SA)DA;). . )BA, =AI B A ... BA,.
i=1
Notation For a convenience, for the given substochastic matrix Py on E' = {eq,...,ex} by

Py = Fe, (P} ) we denote a stochastic matrix on E = {ep} UE’ constructed from P% in the
following way:

ZekEE/ Py (ei,er) if e €E e; =ep,

if €; =€; = €g.

P’Y(ei,ej) if €;,€e; € E,
1—

Py(eiej) =4 4

0

if e = €0, €; € E.

Similarly, for a stochastic matrix Py on E = {eg} UE' let P}, = F '(Py) be a substochastic
matrix on [ resulting from Py by removing the row and the column corresponding to the state
€.

For a Markov chain Y on E = {ey,...,ep} we say that A C E is a communication class if
for all e,e’ € A we have P} (e,€’) > 0 for some n > 0.

For a given chain Y we define T, o := inf{n > 0 :Y,, = €'|Yy ~ v}. Slightly abusing the
notation, by Te ¢ we mean T, o with v = de. For E = {ey,...,ep} and for f : E — R, we define
a row vector f = (f(e1),..., f(en)). For N; > 0,5 =1,...,d we define N = (Ny,..., Ng).
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2.1 Absorption probabilities

Before stating the result, let us provide some intuition behind it. Assume we play with d players
(i.e., we have d one-dimensional games), the winning probability playing only with player j
is given by p;(i;), provided we started with ¢; dollars. Now, if we play with all the players
independently and we define that we win the whole game if we win with all the players, lose the
whole game if we lose with at least one player, then the probability of winning the whole game
is a product of probabilities i.e., H?:l p;(i;) (the formula is given in (2.3) below).

However, one can ask the following question: Can we combine the games in some other
way, so that the resulting winning probability is still of a product form? For example: can we
combine d = 10 games so that at one step we can play with at most » = 5 other players? Can
the rules (for combining the games) depend on the current fortune? These type of questions
(to which the answers are yes) were the motivation for the next theorem, where a wide class of
possible combinations is allowed. The examples are provided later in Section 6.

Theorem 2.1. Fix integersd > 1,m > 1. Fork=1,...,m let A, C{1,...,d}. Assume
e V(1<k<m)P,uw = fO(PIZ<k)) is a stochastic matriz corresponding to a Markov chain
J J

Z](-k) on E; ={0,1,...,N;} such that fori € E; we have
PP (i) = P(ry, < 10|127(0) = i) = p; (). (2.1)

In other words, ZJ(-k) arem (k=1,...,m) chains having the same winning probability at
every state i.

o Let

. P’Z]?") if j € Ag,

AR e
J I; if j & Ay,

where 1; is the identity matriz of size N; X Nj.

o Let B;,i=1,...,m be either
— any real numbers (i.e., By € R) such that >, B, =1, or

— square matrices of size H?Zl N; x H;l:l N; such that y_;" | By =1 (identity matriz
of the appropriate size)

e The matrix Pz = F_oo(Pz/) with
A - 22
k=1 j<d "’
is stochastic on E = {—00} U Q)4 E}, set E\ {{N} U {—o0}} is a communication class.

Then, the winning probability (i.e., the absorption at N) of the Markov chain Z onE = {—co}U
{1,..., N1} x ... x{1,..., Ng} with the transition matriz Pz = F_o(P';) is given by

d
pliv, ... ia) = [ ] pi(iy). (2.3)
j=1
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The proof is postponed to Section 4.2.

Note that P, ) in Theorem 2.1 are general. If we only know the winning probabilities of

P, (they cann:)t depend on k), then we know the winning probabilities of Z. Taking P ()

corresponding to gambler’s ruin game given in (1.4) we have:

Corollary 2.2. Let P for j =1,...,d be the birth and death chain given in (1.4). Then,
i

the winning probability of Pz = F_.(P;) is given by (1.3).

Proof. For P, the winning probability is known (shown in (3.5)), it is
J

ST (40)

n;j=1 r=1

piliy) = S . (2.4
Z H <(]j(7“)>
nj=1 r=1 Pj (7")
Assertion of Theorem 2.1 completes the proof. O
The chain Z can be interpreted as a d-dimensional game, with state (Ni,...,Ny) corre-

sponding to winning and state —oo corresponding to losing.

Remark 2.1. In [Lorl7, Theorem 2| we showed that the non-negativity of the resulting P/,
is not required (for showing a product form formula for the winning probability of the model

considered therein) — it is only required that (in our settings) for all (i},...,#,;) € E we have
. "moger ./ . . _ . . . - _
TLh—>H;OPZ (89, oy i), (B1y e oyia)) = 7((E1, - -+ 2a)), Z w((i1,...,iq)) = 1.
(il,...,id)GE

A one-dimensional example was provided in [Lorl7, Section 4]. It is left for a future research to
check if the assertion of Theorem 2.1 holds also without the assumption of the non-negativity
of P’, (in this chapter we focused on stochastic proofs, whenever possible).

2.2 Absorption time

Let us start with some motivation. As recalled in the introduction, we have some expressions
for the absorption time of a one-dimensional birth and death chain X* on 1,..., N with one
absorbing state N. If we start at state 1, this time is expressed in terms of the eigenvalues
of the transition matrix (formula (1.5)). Moreover, if the eigenvalues are non-negative (which
corresponds to stochastic monotonicity of the chain), we have a stochastic interpretation: its
absorption time is equal to the absorption time of a pure-birth chain X , whose transitions involve
the aforementioned eigenvalues (formula (1.1)).

In case when we start at s > 1, this absorption time of X* can be expressed in terms of
the eigenvalues of the transition matrix and of the truncated substochastic transition matrix
(formula (1.6)). Using the duality-based approach given in [Fil09b], it is relatively easy to
show that it can be expressed as a mixture of absorption times of a pure-birth chain starting
at s/ < s. To be more precise, the probability generating function of the absorption time of
X* is a mixture of probability generating functions of the absorption time of X. Moreover,
if the mixture coeflicients are non-negative, we have stochastic interpretation (a sample-path
construction) of this absorption time.
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These observations were our motivation for a multidimensional extension. Do similar results
hold then? Can we have a similar stochastic interpretation in some cases? How to construct
a multidimensional chain out of many one-dimensional birth and death chains, so that the
absorption time of the constructed chain can be somehow expressed in terms of pure-birth
chains, whose transitions involve eigenvalues of underlying birth and death chains? In the next
theorem we provide a wide class of multidimensional chains (ways of constructing such a chain
from one-dimensional birth and death chains), for which we are able to express the absorption
time in the aforementioned desired way.

Theorem 2.3. Fix integersd > 1,m > 1. Fork=1,...,m let A, C{1,...,d}. Letb; e R,i =
1,...,m such that > ;" b =1. Let, for 1 < j < d, Px- be the stochastic matriz corresponding
to a birth and death chain X; on E; = {0,..., N;} with transitions given in (1.4) with birth
rates p;(i) and death rates q;(i). Let, for 1 < j < d, P’X; = .F(;l(PX;) be the substochastic
matriz on B} = {1,...,N;} and

, Py. if j€ Ay,
R *(k) — !
X L, ifjé A,

where 1; is the identity matriz of size N; x N;. Le., R/X*(k) is either matriz P’X; or an identity
i

matriz. Let )\gj) <...<Z )\%])__1 < )\%J) =1 be the eigenvalues of P'y..
Assume

A1 The chains PX;,j =1,...,d are stochastically monotone.

A2 The matriz Px- = F_oo(P'y.) with

IX* - Zbk ®R/ *(k) (2.5)

7j<d

is a stochastic matriz on E = {—00}UQ), ., E, set E\{{IN}U{—00}} is a communication
class, N = (Ny,..., Nyg).

A3 The matriz P ¢, given below in (2.6), is non-negative.

Let X* be a chain with the above transition matriz Px«. Assume its initial distribution is v*.
The state N is the absorbing state, denote its absorption time by T}
Then the time to absorption T},  has the following pgf

d
ngT;*,N(S) = Z v(€)pefy, H

écE

where p;(1) is the winning probability of X starting at 1,
v=v ®A_

A; are given in (3.8) calculated for Pl. and Tsn is the time to absorption for the chain
X ~ (86, P ) with:
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P ((i1,. -y ia), (i5,...,i)) =

I1 (1 - Agj)) oo loe JI A it =i+ 1,
jeB "7 kBCA, JEA\B
jeBC{L,...,d},B £,
(2.6)
oo [T A if i = i;forj = 1,...,d,
k=1 jEA,
0 otherwise.
We also have
Ve e E)v*(e) #0 = 3J(e' =e)i(e) >0 (2.7)

Moreover, the eigenvalues of Px~ and P ¢ are the diagonal entries of P .

Note that X is a pure-birth chain. Moreover, at one step it can increase values of coordinates
by +1 on a set B such that B C Ag, for k=1,...,m.

Remark 2.2. In case b; > 0,i=1,...,m (i.e., (b1,...,by) is a distribution on {1,...,m}), the
matrix P x~ in assumption A2 is stochastic (thus A2 is only about E\ {{IN} U {—o0}} being a
communication class) and so is the matrix P ¢ given in (2.6) (i.e., A3 is fulfilled).

Remark 2.3. Note that the formula for the transitions of the resulting multidimensional chain
given in (2.5) is very similar to the formula (2.2), i.e., the one used in Theorem 2.1 (providing
results for the winning probabilities). The main difference is that in (2.2) we have some By’s
which can be either numbers summing up to 1 or some matrices summing up to the identity
matrix, whereas in (2.5) they must be numbers summing up to 1. Consequently, the class of
the resulting multidimensional chains constructed in Theorem 2.1 is larger than the class of the
chains constructed in Theorem 2.3.

Considering initial distribution having whole mass at (1,...,1) and/or all ¢;(1) = 0,5 =
1,...,d we have special cases, which we will formulate as a corollary.

Corollary 2.4. Consider the setup from Theorem 2.3.

a) Moreover, assume that ¢;(1) =0 for all j = 1,...,d. Le., each X7 has actually only one
absorbing state (state 0 is not accessible). Then, N is the only absorbing state of X*,
Yecr?(€)=1, p;(1) =1,j=1,...,d and we have

(s) = 3 ie)pefs, (5):

eckE

pefr-

v* N

b) Moreover, assume that both ¢;(1) =0 for all j = 1,...,d and v*((1,...,1)) = 1. Then
T(*l,...,l),N 4 T(17,,.)1)7N, where 2 denotes the equality in the distribution.

¢) Moreover, assume that v*((1,...,1)) = 1. Then assertions of Theorem 2.3 hold with
v((1,...,1)) =1 and we have

T,...1),~ with probability H?Zl p;(1),

T N = | a
—00 with probability 1 —[];_; p;(1).
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Sample-path construction It turns out that when # resulting from 7 = v*A~! is a distri-

bution (which is always the case in, e.g., Corollary 2.4 b) and c)), we can have a sample-path
construction. Le., for X* we can construct, sample path by sample path, a chain X, so that
1)~ has the distribution expressed in terms of T97N as stated in Theorem 2.3. The construc-
tion is analogous to the construction given in [DF90b] (paragraph 2.4) - note however that the
construction therein was between ergodic chain and its strong stationary dual chain (i.e., the
chain with one absorbing state) and the link A was a stochastic matrix (it can be substochastic

in our case). Having observed X§ = e} (chosen from the distribution v*) we set
D(€0)A (€0, €p)
v*(ep)

Then, after choosing X; =ej,..., X ; =e)_; and X; =&;,..., X, =&, we set

X, = & with probability

. P A An— aA" A A”’ "
X, = &, with probability )El()e /1\)((3@) (ee* ;3")
X * n—1, n

This way we have constructed the chain X sothat APy- =P A and v* = DA with the property
that X,, = &y if and only if X* = e%,.

Theorem 2.3 is actually neither an extension of (1.6) nor (1.7) to the multidimensional case,
since for one-dimensional case the formula for pgf of T \; has a different form, as examples given
in Section 6 show.

3 Tools: dualities in Markov chains

Siegmund duality and intertwinings between chains are the key ingredients of our main theorems’
proofs.

3.1 Siegmund duality

Let X be an ergodic discrete-time Markov chain with the transition matrix Px and a finite
state space E = {ej,...,ep} partially ordered by <. Denote its stationary distribution by .
We assume that there exists a unique minimal state, say e;, and a unique maximal state, say
ey For ACE, define Px (e, A) := >, ., Px(e,€) and similarly 7(A) := >" ., 7(e). Define
also {e}T:={e’cE:e<e€'}, {e}t :={e' cE: e < e} and (e,e’) = 1{e = e'}. We say that
a Markov chain Z with the transition matrix Pz is the Siegmund dual of X if

V(ei,e; € E) V(n > 0) Pi(e; {e;}*) = Phle;, {e;}T). (3.1)

In all non-degenerated applications, we can find the substochastic matrix P/, fulfilling (3.1).
Then we add one extra absorbing state, say eg, and define Pz = Fe,(P’;). Note that then Pz
fulfills (3.1) for all states different from E. This relation also implies that es is an absorbing
state in the Siegmund dual, thus Z has two absorbing states. Taking the limits as n — oo on
both sides of (3.1), we have

m({e;}) = limn o Phlej, {ei}) = P(rey, < TelZ0 =e;) = ple;). (32)
The stationary distribution of X is related in this way to the absorption of its Siegmund dual

Z.
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It is convenient to define the Siegmund duality in a matrix form. Let C(e;, e;) = 1(e; < €;),
then the equality (3.1) can be expressed as

P%C =cCP,MT. (3.3)
Relation (3.2) can be rewritten in a matrix form as
p=mC.

The inverse C~! always exists, usually it is denoted by u and called the Mébius function. To
find a Siegmund dual it is enough to find Pz fulfilling (3.3) with for n = 1.

Let <:=< be a total ordering on a finite state space E = {1,..., M}. The chain Y is stochas-
tically monotone w.r.t to the total ordering if Vi; < iy Vj Py (i, {j}*) < Py (i1, {j}¥). We
have

Lemma 3.1 ( [Sie76]). Let X be an ergodic Markov chain on E = {1,..., M} with the tran-
sition matrix Px. The Siegmund dual Z (w.r.t. the total ordering) exists if and only if X is
stochastically monotone. In such a case Pz = F(P’,), where

Py (j,1) = Px (i, {7}") = Px(i+1,{j}")
for i,j € E (we mean Px (i +1,-) =0).
Since the proof is one line long, we present it.
Proof of Lemma 3.1. The main thing is to show that (3.1) holds for n = 1. We have
Py(i) = PLGAD) - PLG{i+ 1)) =Px (i, {j}*) - Px(i+ 1L {j}).
The latter is non-negative if and only if X is stochastically monotone. O
Let X be an ergodic birth and death chain on E = {1,..., M} with the transition matrix
P (i) if ¢ =i+1,
Py(i,i) =4 d'(0) if i =i—1, (3.4)
1= @) +q6) if ' =i,

where ¢'(1) = p/(M) =0and p'(i) >0,i=1,...,.M —1,¢'(i) > 0,4 = 2,..., M. Assume that
p(i—1)+4¢ (i) <1,i=2,..., M (what is equivalent to stochastic monotonicity).

It is easily verifiable that when we rename transition probabilities: p(i) = ¢'(i),q(i) =
p'(i — 1), then the transitions Py defined in (1.4) are the transitions of the Siegmund dual of
P x resulting from Lemma 3.1. From the known form of the stationary distribution of an ergodic
birth and death chain, and from relation (3.2), it follows that for Py given in (1.4) we have

(3.5)
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3.2 Intertwinings between absorbing chains

Let A be any nonsingular matrix of size M x M. We say that matrices Px- and P ¢ of size
M x M are intertwined by a link A if

APx. =P A,
Similarly, we say that vectors 7 and v* of lengths M are intertwined if
v =DA. (3.6)
We say that a link A is e}-isolated if
#0 if ée=eéy,
A(é,ey) (3.7

=0 otherwise .

Lemma 3.2. Let X* and X be Markov chains on E* = e U E and E with transition matrices
Px- and P 3 respectively. Moreover, assume X* has the initial distribution +* and two absorbing

states: ej and e};, whereas X has one absorbing state €,;. Assume that P, = ]-"e_gl(P x+) and
P ¢ are intertwined via an ej};-isolated link A. Let & = v*A~1. Then we have
pefr., . (s) = A(éwn ely) > v(e)pefs,, ()
oM eck
Proof.
P(T,. <t) = PX*(=ci)= 3 v(e)Ph.(e" el
e*cE*\{e}}
= Y Y (e)Aee")Pk. (e, e}
ecE excE*\{e}}
= D> (@)P (e é2)A(er, e}
écE g ¢l
= Aén,eh) Y #(&)P (&, én).
écE
Now, for pgf we have:
ngT:* o (s) =
M
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O

Corollary 3.3. Let assumptions of Lemma 3.2 hold and, in addition, let © be a distribution.

Then, we have
* _ A * O\
TV*,e}‘VI - A(eM7 eM)TlheM :

From [Fil09b] we can deduce the following lemma.

Lemma 3.4. Let X* be a birth and death chain on E* = {0,..., M} with the transition matrix
Px- given in (1.4) with two absorbing states: 0 and M. Let P%. = Fy ' (Px-). Assume the

eigenvalues of P’y are positive, denote them by 0 < Ay < ... <Ay =1.
Define Q; :=1 and

(Pl — MI)--- (P — AprT)
(T=A1) - (1= Ap—1)

Let A be the lower triangular square matrix of size M x M defined as

Qi = Jk=2...,M

A(k,) =Qx(1,:), k=1,...,M.
Then, P’y and Py are intertwined by the link A, where
1-XN ifd=i+1,
Pi(ii')=q A\ if i =1,
0 otherwise.

is a matrix of size M x M.

(3.9)

Note that Lemma 3.4 is similar to Theorem 4.2 in [Fil09b], the difference is that therein A
is a stochastic matrix, whereas in Lemma 3.4 it can be substochastic (it is strictly substochastic
if ¢(0) > 0). An almost identical A was considered in [GMZ12]|, their Proposition 3.3 yields:

Lemma 3.5.

e The matrices Qg, 1,..., M are non-negative and substochastic.

e The matrix A is non-negative and substochastic, it is lower triangular and

AL, 1) =1, A(M, M) = p(1),

thus A is nonsingular.

Remark 3.1. Note that in case X* has no transition to 0, i.e., g(1) = 0, it is actually a chain
on {1,...,M} and P’. = F; ' (Px-) is a stochastic matrix. Then A is a stochastic matrix and

A(M, M) = 1.

4 Proofs

4.1 Properties of the Kronecker product

In this section we recall some useful properties of the Kronecker product and formulate a lemma

relating eigenvectors and eigenvalues of some combination of Kronecker products.

We will exploit the following properties
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e bilinearity:
A(B+C)=A®B+A®C, (P1)
e mixed product:
(A®B)(C®D)=(AC)® (BD), (P2)
e inverse and transposition:
(A@B) ' =(A)"'®([B), (P3)
(AeB)" =(A)" o (B)". (P4)

eigenvalue and eigenvector:

having eigenvalues «; with corresponding left eigenvectors a; for each

matrix Aj;, j < n,we note that >, a; with @, a; and [],, a; P5
with &) j<n @; are the eigenvalue and the left eigenvector of A = @J<n j (P5)
and A’ = ®J§nA respectively.

Last property leads us to the following lemma.

Lemma 4.1. Forall 1 < j < nand 1 <7 < m, let a; be the left eigenvectors with the
corresponding eigenvalues «; of square matrices Ag-i) of sizes k; respectively.

Let B;,i = 1,...,m be square matrices of sizes H?Zl kj such that Y_." | B; = I, where I is the
identity matrix of size [[j_, kj. Then [, ., a; with &
eigenvector of A = 37" (&)<, Ag-i))Bi.

Similarly, if b;,i = 1,...,m are real numbers such that """, b; we have that ®j<n a; is the left

j<n j<n @; are the eigenvalue and the left

eigenvector with the corresponding eigenvalue [];_, ; of the matrix A = Z:’;;(@ i<n A;i))bi.
Proof. We have
Qa2 (@A7B: = 3 Qa(@AB: =3 @A)
j<n =1 j<n i=1j<n  j<n i=1 j<n
= Z®a3a7B = a7®a7
i=1j<n i=1 j<n i<n
= HO‘J®“JZB = [ @ e
j<n  j<n =1 j<n  j<n
Similarly,
Qo 2 (@A = 2 Qu@ATh =3 QA
j<n i=1 j<n i=1j<n i<n i=1j<n
= > Rajabi=> [ Qabi
i=1j<n i=1j<n j<n
= Haj®aj2bi:Haj®aj.
j<n j<n i=1 j<n j<n
O
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Substituting stochastic matrices P;i)

with stationary distributions (forall1 <j<n, 1<
i < m) to matrices Ay) with left eigenvectors o (forall 1 < j <mn, 1<1i<m)gives us the
following corollary (keeping in mind that 1 is the eigenvalue corresponding to the eigenvector
being the stationary distribution):

Corollary 4.2. Let Py) be a stochastic matrix of size k; with 7; being its stationary distribution
forall 1 < j <n,1 <i<m. Let B;,; 1 <i < m be square matrices of sizes H?Zl k; such
that >2;", B; = I, where I is the identity of size [;_, k;. Similarly, if b;, 1 < i < m are real
numbers such that 7, b; = 1, then the stochastic matrices of the form >3 (&), <, Pg.i))Bi

or Zi=1(®j<n P( ))b have the stationary distribution of the form ®J<n

4.2 Proof of Theorem 2.1

We will find an ergodic Markov chain X with the transition matrix P x and some partial ordering
of the state space (expressed by the ordering matrix C) and show that (3.2) is equivalent to
(2.3).

Let P( ) (on E; = {0,...,N;}) be as in the theorem. Let X( ) be the ergodic chain on
E. ={1,..., N;} with the transition matrix P(X)7 such that Z( ) s its Siegmund dual w.r.t. the
total orderlng Le., let Cj(s,t) = 1(s < t), and duahty means that

k k
Pg(J) C; =G, (P(Z;,))T»

where P(k)

z = F_l(P(Z’?). Assumption (2.1) and relation (3.2) imply that for fixed j, the chains

X(k) k =1,...,m have the same stationary distribution, denote it by m;. The relation (3.2)
means that p] = m;C;. On the state space E = ® <4 E; let us introduce the ordering expressed
by the matrix C = ®]<d C;. From (3.3) we can calculate the matrix Px:

Py = cPic = (R)C)) ZB (QEZ) | (&@c)™

j<d j<d j<d
U (@e) [ L @eEnst ) @cr
j<d k=1 j<d i<d
Y| Bi®cr
k=1 j<d j<d j<d
(£2) zm:((g)c Ry)TC@ C)BEE C )
k=1 j<d j<d j<d

Let us define

~ Py ifjecA
R* — . R(k,) To-1_ X; J k>
X 3 Zj) J I, ifj¢ A,

In the case j € Ay, the distribution 7, is the unique stationary distribution. In the case j ¢ Ay,
any distribution is an invariant measure, however, we fix it to be 7;. We have

Z@R QR CHBL(QC; )

k=1 j<d 7<d 7<d
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From the property (P1) we have that
Y@ CHBIRC) =(QC) D BIURC; = (QCHRC;) =
k=1 j<n i<n i<n k=1 i<n i<n i<n

thus Corollary 4.2 implies that w = ®j<d 7 is the stationary distribution of P x, thus p = wC,
what is equivalent to (2.3). B

O

4.3 Proof of Theorem 2.3

To prove the theorem we will construct an N-isolated link A, so that P’y. and P, given in
(2.5) and (2.6) respectively, are intertwined via this link.
Consider the matrix P’X;. Define the stochastic matrix P X, of size N; x N; as:
129 if i =i,
Py (i) =4 AV if i =1,
0 otherwise.

Let A; be the link intertwining matrices P’y. and P ¢ given in (3.8). Define
J J

P)A(J_ if j € Ay,
R =
’ I if j ¢ Ayg.
Note that matrices RX* and RX(k) are also intertwined via A; for any j = 1,...,d and any
k=1,...,m. Any link 1ntertw1nes two identity matrices, which is the case for j ¢ Ak Le., we

have A RX; =RimAj,j=1,...,d. Define
A=A,
j<d

We have

APy = XA, Zbk ®R e Zbk ®AR )

j<d 7j<d i<d

Zbk QRymA; Zbk QR | QA

j<d i<d i<d

m
Simple calculations yield that P ¢ given in (2.6) can be written as Z by, ® R ¢
k=1 j<d 7
have AP’y = P ¢ A. Now, let us calculate = v*A~! (note that A is nonsingular because of the
property (P3) and the fact that each A;,j =1,...,d and identity matrices I, are nonsingular).
In other words, we have v* = UA. The equation (2.7) holds, since A is lower triangular.
Moreover, A is (Ny,..., Ny)-isolated, since we have

. Thus, we

d ||d pl(l) ifi;=N;forallj=1,...,d
* 1F) J J ’ [
A((il,...,id),N) = I | A(Z]7N]) (—_) !

j=1 0 otherwise ,
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where in © we used Lemma 3.5. Applying Lemma 3.2 completes the proof.

O

5 The outline of an alternative proof of Theorem 2.3: strong
stationary duality approach

In Theorem 2.3 we related the absorption time T 5 of X* with the absorption time Tj n of X.

This was done by finding a specific matrix A, such that AP x= = P ¢ A, exploiting the existence
of such A for X* and X being birth and death chains. The exploited A is related to spectral
polynomials of the stochastic matrix P x«. Such a link appeared first naturally as a link between
an ergodic chain X and an absorbing chain X*. The proof of Theorem 2.3 in case ¢;(1) = 0
(i.e., Corollary 2.4 a)) can be different, using intermediate ergodic chain. In this section we will
describe its outline.

Strong stationary duality Let X be an ergodic Markov chain on E = {eq,...,ex} with
the initial distribution v and the transition matrix Px. Let E* = {ef,...,e},;} be the, possibly
different, state space of the absorbing Markov chain X*, with the transition matrix Px- and
the initial distribution »*, whose unique absorbing state is denoted by e},. Assume that A* is
a stochastic M x N matrix satisfying A(e},;,e) = w(e). We say that X* is a strong stationary
dual (SSD) of X with link A* if

v=v'A and A'Px=Px-A" (5.1)

[DF90b] prove that then the absorption time T of X* is the so called strong stationary time for

X. This is a random variable T" such that X7 has the distribution 7 and T is independent of X .
The main application is to study the rate of convergence of an ergodic chain to its stationary
distribution, since for such a random variable we always have dry (vP%, 7) < sep(vP%,7) <
P(T > k), where dry stands for the total variation distance, and sep stands for the separation
‘distance’. For details, see [DF90b]. We say that SSD is sharp if T* corresponds to stochastically
the smallest SST, then we have sep(vP%,m) = P(T* > k), the corresponding SST T* is often
called the fastest strong stationary time (FSST).

Strong stationary duality for birth and death chain Let X be an ergodic birth and
death chain on E = {1,..., M}, whose time reversal is stochastically monotone with transitions
given in (3.4). [DF90b| show that an absorbing birth and death chain X* on E* = E with
transitions given by

Py-(ii—1) = TEUp(),
Px.(ii+1) = TZEg(i+1),
P (i,1) = 1-(@)+d({+1)),

is a sharp SSD for X. Here we have
H(j) = w(k), A, ) =1{i<j =
() ];j (k) (1,5) = I{ }H(])

(5.2)
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Figure 2: Intertwining between absorbing chains X* and X via ergodic chain X.

Moreover, starting from an absorbing birth and death chain X* on E = {1,..., M}, whose
unique absorbing state is M, Theorem 3.1 in [Fil09b] states that we can find an ergodic chain
X (and some stationary distribution 7), such that X* is its sharp SSD with the link given in
(5.2).

Spectral pure-birth chain Again, let X be an ergodic birth and death chain on E =
{1,...,AM}. Assume its eigenvalues are non-negative, 0 < A\; < ... < Am = 1. Then, the
chain X with transitions given in (3.9) is its sharp SSD with the link A given in (3.8).

The outline of an alternative proof As in previous section, the main idea is to show
that two absorbing birth and death chains X7 and X; (pure-birth) on E; = {1,..., N;} are
intertwined by an Nj-isolated link A;. Collecting above findings, we have (skipping conditions
on initial distributions):

e Let X be an ergodic chain on E;, whose X is a sharp SSD, i.e., we have AJPx, = PX; AZ.
e Let X; be a pure-birth sharp SSD for X, i.c., we have A;Px =Py A;.

It means that absorption times 7™ and T are equal in distribution (since both X* and X are
sharp SSDs of X). Mathematically, we have

AjP)(;f = PXjAj, where Aj = Aj (A;)il,

i.e., X7 and X ; are intertwined by the link A;, which is Nj-isolated. Intertwining between two
absorbing birth and death chains via an ergodic chain is depicted in Fig. 5. Taking A = &) i<d Aj
and 7 = v*A~! we proceed with the proof of Theorem 2.3 as in previous section.

6 Examples

In first two subsections 6.1 and 6.2 we will present examples on the absorption time of some
one-dimensional birth and death chains. Although we mainly focus on multidimensional gen-
eralizations, we consider these examples worth presenting. Next two subsections 6.3 and 6.4
contain some non-trivial multidimensional gambler models, for which we either provide results
for both, the winning probability and the absorption time (Example 6.3) or only for the winning
probability (Example 6.4).
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6.1 A one-dimensional gambler’s ruin problem with N = 3: calculating
23

Here we present a simple example for calculating 755 in a one-dimensional gambler’s ruin

problem using Theorem 2.3. We also check that calculations agree with the formula (1.6).

Example 6.1. Let d = 1,N; = 3 and p1(1) = p1(2) = p > 0,¢1(1) = ¢21(2) = ¢ > 0 such that
p# qand p+q+ /pg < 1. The transition matrix of P x: is following

1 0 0 0

po. | ¢ l1-p—gq p 0
= 0 q l—-p—q p
0 0 0 1

Then, the pgf of the time to absorption starting at 2 is given by:
pla+p+ap)(—g —p+ap)u(l —u(l —q—p))
pPH+ap+¢*) (1 —ull—g—p—/ap)(~1+u(l—q—p+qp)

Proof. We have P x- = Px:. The eigenvalues of P'y. = fo_l(PX*) are \{ = 1—p—q—+/pq, \a =
1—p—q+/pPq, A3 = 1. The transitions of P ¢ are following

ngT;YS(S) = ( (6.1)

Mo1—X\ 0
Po=| 0 xn 1-Xx
0 0 1
Thus,
(1 — )\1)(1 — )\2)82 (1 — )\2)8
f - = X =
Pef . (5) = T s T = s PE 72 = T 009
Calculating A from (3.8) (for Px+) we obtain

1 0 0
A= VPq P
g+p+v/ap  qt+p+/ap
0 0 p(1)

Calculations yield (we have v*(2) = 1)

V*AI(\/E;1+(]+\/E)~
p p p

:é 53,2‘ =1,2,3. Finally,

pefrs () = o(1) (= Loty (o) + (14 2+ 1) oty ).

what can be written as (6.1). On the other hand, (1.7) states that

1%

=
S b

From (1.6) we have p(i) =

-
LS

2
A=A)(=X2)s? 7 _ (4 2]
1-A18)(1—A2s 1T — XM )1 = X)s2(1 = \s
pafry , (s) = p(2) =) - (p> A=A = A)s (1= A s)

a=a)s 1 <g)3 (1= Ars)(1 = Ags)(1 — ALZhys’
1-al2 P
where Alm =1—(p+ q), which, as can be checked, is equivalent to (6.1). O
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6.2 A one-dimensional gambler’s ruin problem related to the Ehren-
fest model: calculating 77, \

Here we present a concrete example of a birth and death chain on E = {1,..., N} with N
being the only absorbing state, for which we provide pgf of the absorption time provided the
chain started at an arbitrary m € E. We use Lemma 3.2 to calculate the link A. As far as we
are aware, this pgf cannot be given using results from [GMZ12] i.e., (1.6). This is because the
eigenvalues of the transition matrix P x« are known, but the eigenvalues of the truncated matrix

Pg(",f] are not known for an arbitrary m € E.

Example 6.2. Let X* be a Markov chain on the state space E = {1, ..., N} with the transition
matrix P x« of the form:

gziw if i —=i—1,i<N,

N—2 Y
NS if i/ =4,i <N,
Px-(i,i') = 1 ifi=4=N,
D ey ') EENPRE
N5 722.:2 Ef:ilg ifid =4+1,
0 otherwise.

Then the absorption time starting at m € E has the following pgf:

ngT;;wd(S) = Z ﬁ(j)ngTj,d(S): (6.2)

j<m

where

2i=1(_1\m+i(m — 4 1 N-1 m N—-1 k=1 s
sy = 2D DO () i l( A=)

N—l) and png])N(S) = ]__/€—1‘| . (63)

. m—1
(N =530 (Cx N_1%

In particular, we have

N—-1
E(T;,x) = (N - T

]<m k::J

(6.4)

?T‘

Proof. Let

if i =1,

N
Noigf ¢ =4+ 1,

o

otherwise.
To show the result using Lemma 3.2 it is enough to find A such that APx- = P¢A and
v*A~! = 0, where v*(j) = 1{j = m}.

However, since X* has only one absorbing state, we can — and we will — follow the outline of
an alternative proof. I.e., we will indicate intermediate ergodic chain X on E with the transition
matrix Px and find A* and A such that A*Px = Px-A* and APx = P¢A. Then, we will
automatically have A = A(A*)~! and we will show that v*A~! = v*A*A~1 = i,

54



Multidimensional gambler models

Let X be a chain on E with the following transition matrix:

ﬁ if i/ =4—1,
i if 4/ =i,
Px@i=y o if i =it
2(N—1) )
0 otherwise,

i.e., X corresponds to the Ehrenfest model of N — 1 particles with an extra probability (half) of

staying (and states are enumerated 1, ..., N, whereas in the classical Ehrenfest model these are
0,...,N —1). Its stationary distribution is the binomial distribution 7(j) = 21\,%1(1;[__11), thus

the classical link (cf. (5.2)) is given by
o)
N ) = <= e
o ()

i.e., we have A*PX = Px-A (X*is a sharp SSD of X). The eigenvalues of X are known,
these are y—,% = 0,...,N — 1, thus X is its pure-birth spectral dual. The link A such that

APy = PXA is known (see Eq. (4.6) in [Fil09b]), it is given by
i1
)

2i—1 "

1{j <1},

AGi,j) =
It can be checked that

j—1

A =y ()

Note that the i-th row of A~1 corresponds to the coefficients’ in expansion of (2z — 1)i-1
Thus, as outlined in Section 5 we have APx- = P ¢A with A = A(A*)™!. We need only to

check that v*A~! = v*A*A~! is equal to ¥ given in (6.3). We have

p(j) = (@A*A ZA* m, k)A~(k, §)
— ﬂ vi—koj—1(k—1
- as%g:m > (Y7 o <j - 1)

- s, 2 6560

T

0 D 5 (7))

r=0 r i<k<m

where in & we used the identity (k 1)(’c D =" (XZ]). As for the last sum we have

j—1 J—1/\N—-k

W (N—j W (N—j

> ey - X e (30
i<h<m j<h<m

Eor(s) e ()

1The on-line encyclopedia of integer sequences, sequence http://oeis.org/A303872.
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where in =’ we used the identity? ngzo(—l)k(:) = (=1)M(""). Finally,

P Y

Jj—1 m—j

Y (YN ’

(4)

what is equal to (6.3).

Note that the pgf given in (6.3) corresponds to the distribution of Zgz_jl Yk, where Y} is a
geometric random variable with parameter % and Y7,...,Yy_1 are independent. We have

EY), = &= thus (6.4) follows from (6.2) and (6.3).
O

Note that calculating © we have actually calculated the link A, which is given by

2D ()

,. : if j < N,
o N-NZize (i) A
A(i,j) =14 0 j=N,i<N,
1 j=N,i=N.

Next two subsections 6.3 and 6.4 contain results for some non-trivial multidimensional gambler
models.

6.3 A multidimensional case, winning probabilities and the absorption
time: changing r coordinates at one step in a d-dimensional game

We will present an example for both Theorems, 2.1 and 2.3. The chains P 400 In Theorem

2.1 are quite general, but in this example we consider birth and death chains Z'J.e., we will use
P, = Px;: from Theorem 2.3 (birth and death chains given in (1.4)). Similarly, we have

=R ., and Pz =Px-.
Z](}c) X;(k) Z X

Example 6.3. The idea of the example is following. We construct a d-dimensional game from
one-dimensional games, in such a way, that at one step we play with r other players, where

r € {1,...,d}. In other words, the multidimensional chain can change at most r coordinates in
one step.

Moreover we will take, as B; := b; real numbers. In both theorems let us take 0 < r < d,
m = (f) +land by =1,k=1,....m—1,b,, =1— (f) Let us enumerate combinations of r
positive numbers no greater than d in some way (see e.g., [Mud65]). Let Ay, be k-th combination
from this numbering, for k =1,...,m — 1 and A,, = (. Then we have

= ’éBk QR w | = - ®R’Z§m — <(f> — 1) Q1. (6.5)

Vi
j<d k=1 \j<d j<d

We have that R/ZJ(,’” =P’ if {j} € Ay and R/ZJ(’“) =1, otherwise (for {j} ¢ Ay), thus P, =

Y @uerse( @ Dees( @ Liery e @ 1-((1) 1)@t

1<i1<in<...<ip<d j<is i <j<is i1 <j<ir ir<j<d j<d

2See Partial sums at https://en.wikipedia.org/wiki/Binomial _coefficient
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In other words, we combine d one-dimensional birth and death chains in such a way, that the
resulting d-dimensional chain can change at most r coordinates by +1 at one step.
We can rewrite this formula for some cases:

P, =P, .

e r = d, independent games

j<d
er=d-—1
Z@P’ L@ (QPy,) — (d—1) Q)T
k=1 j<k i>k j=>d
o r—2
d d y
PoY S @Uerh e (@ ners (@ u- (1) 1) @
k=1i=k+1 j<k k<j<i i<j<d j>d
o r—1

d
P, => (QL)aP, @ QL) - (d—1)X)1;.

k=1 j<k j>k j>d

y =Py —(d-1) X1,

Jj<d Jj<d

This can be rewritten as

Pz = F_o(P’,) are exactly the transition corresponding to the generalized gambler’s ruin
problem given in (1.1).

In all above cases, the winning probability for the chain Py is given in (1.3). This is since
the winning probabilities for Pz, are given in (2.4), thus using (2.3) the relation is (1.3) proven.

In all above cases, if we replace P/, with P X, and P, with P ¢, then we have a special
cases for formula for P ¢ given in (2.6). If in addltlon we assume that v*((1,...,1)) = 1, then
from Corollary 2.4 ¢) we have

T,..1),~ Wwith probability HJ 1 pi(1),
T(*1,...,1),N =
+o0 with probability 1 — Hj:1 p;(1).
For example, in case r = 1 (then we have m = d 4+ 1 and take by = 1,k = 1,...,d,bgs1 =

1—d, Ay ={k},k=1,...,d and Ayzy1 = 0) we have

1- Y if i =i;+1,
P((inseeovia) (fsevig) = 41— (1—A§j>) it i =i, =1,...,d,
<N
0 otherwise.

Sample transitions for case d = 2,7 = 1 are depicted in Fig. 1.

In Figure 3 the transitions of X are presented for d = 3:

e When r = 1 only transitions along blue dotted arrows (sssss-) are possible.
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e When r = 2 only transitions along blue dotted arrows (seee-) and green dashed arrows
(==») are possible.

e When r = 3 all transitions, along blue arrows (sees>-), green dashed arrows (==») and red
curly arrow (ww») are possible.

Figure 3: Sample transitions of X for the example from Section 6.3 with d = 3: transitions for
7 =1 (blue eseer-), 7 = 2 (blue wep-and green ==») and r = 3 (blue ee-, green ==» and red

6.4 A multidimensional case, winning probabilities: changing r (de-
pendent on the current fortune) coordinates at one step in a d-
dimensional game

Now we will make use of the possibility that By’s appearing in Theorem 2.1 can be matrices.
We will provide an extension of the previous Example 6.3 — this time we will only provide the
result on the winning probabilities (since the result on the absorption time provided in Theorem
2.3 requires By’s to be numbers).

Example 6.4. Before providing intricate details of the example, let us clarify what we aim to
achieve. In the previous Example 6.3 we showed how one may construct a multidimensional
chain, so that at most » < d coordinates can be changed in one step (in other words, we can
play with at most r < d players in one step). Now we extend this situation: we want r to be
state-dependent. To be more exact: if we are in a state from a set S, then we may play with at
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Multidimensional gambler models

most 7 players. For example setting:

d
Sq = {(i1,...,iq Z > 100}, Sy ={(is,...,iq sz<100}

and S, = 0 for r ¢ {2, d} models a game in which:

e If we have at least 100 dollars we may play with all the players;

o If we have less than 100 dollars we may play with at most 2 players.

Consider a partition of the state space into disjunctive sets S,.,r =0,...,d, i.e., E = Uf«l:o S,
Each S, is a set of states from which we can change at most r coordinates in one step. Let Ig_
be a matrix with ones only on positions (i,4), where i € S,.. Let m, = (f) +1 and set B} =1Ig,

for 1 <i <m, and B}, = (1 — (‘:)) Is,. Let us enumerate combinations of r positive numbers
no greater than d in some way (again, see e.g., [Mud65]). Let A7 be i-th combination from this
numbering, for i = 1,...,m, — 1 and A}, =9.

Now we will renumerate everything to fit to the notation used in Theorem 2.1. For 1 <

k < m there exists 1 < b < d,1 < ¢ < my4; such that k = (Zi: mr) + i, we then set

By = B(Ei_%mr)ﬂ =B and Ay = A(Zf P )i = A?’. In this notation — using (2.2) — the
transition matrix of the resulting chain is given by:

However, we can rewrite it in a more intuitive way, letting k, = > _; m, we have:

d my
P/Z = bz::l ; Bkb71+i gRIZ;kbl+i)
d mp p
= Z ZISb ®R/Z(‘kb_1+i) - ISb ((b) — ]_) ®I]
b=1 | =1 j<d i i<d

d myp
- S (@ ) - ((7) 1) @1
b=1 Jj<d

i=1 \j<d 7

d
Thus, P/, can be rewritten as P, = ZIS,)P/ZZ’, where matrices P/Zb correspond to the

b=1
previous Example 6.3, cf. (6.5). Concluding, Theorem 2.1 implies that the winning probability
of the chain Z with the transition matrix Pz = F_.(P’) is of the product form provided in
(1.3).
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Chapter 3. Conditional gambler’s ruin
problem with arbitrary winning and losing
probabilities with applications

1 Introduction

The classical gambler’s ruin problem is following. Having initially 4 dollars, 1 <i < N — 1, in
one step we either win one dollar (i.e., we move to i + 1) with probability p € (0,1), or we lose
one dollar (i.e., we move to ¢ — 1) with probability ¢ = 1 — p. The game ends when the player
reaches N (wins the game) or 0 (goes broke). The typical questions one can ask are:

e What is the probability of winning (i.e., reaching N before 0)?
e What is the (expected) game duration?

e What is the (expected) conditional game duration (i.e., game duration given we win or
given we lose)?

e Is the (expected) conditional game duration symmetric in p and g7

Similarly, one can consider random walk on Z,,11 = {0,...,m}: being at state ¢ we either
move clockwise with a probability p € (0,1) (i.e., from i to ¢ + 1 mod (m + 1)) or we move
counterclockwise with a probability 1 — p (i.e., we move from ¢ to ¢ — 1 mod (m + 1)). We will
refer to this as to the classical random walk on a polygon (cf. [Sar06]). Assuming we start at i,
the typical questions one can ask are:

e What is the probability that all vertices have been visited before the particle returns to ?
e What is the probability that the last vertex visited is j 7
e What is the expected number of moves needed to visit all the vertices?

e What is the expected additional number of moves needed to return to ¢ after visiting all
the vertices?

All above questions were answered in the classical settings. Several generalizations were stud-
ied. The probability of winning in a gambler’s ruin problem with general winning and losing
probabilities (i.e., p(i) being probability of moving from ¢ to i + 1 and ¢(¢) being the probability
of moving from ¢ to ¢ — 1, with p(i) +¢q(¢) < 1,7 € {1,..., N — 1}) goes back to Parzen [Par62],
revisited in [ES09]. Siegmund duality based proof is given in [Lorl7] (where more general, mul-
tidimensional, game is considered). In [Len09b] the questions related to the conditional game
duration are answered for the classical gambler’s ruin problem with ties allowed, i.e., p4+¢ <1
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(with probability 1 — (p + ¢) we can stay at a given state). In [Lef08] author considers specific
generalization, namely p(i) = ¢(i) = m, ¢ > 0 (thus the probability of staying is 1 — ﬁ)
and answers the question about the winning probability and the expected game duration (and
also considers the corresponding diffusion process). In this chapter we present formulas for
the expected (conditional) absorption time in terms of parameters of the system (i.e., win-
ning/losing probabilities p(7), ¢(¢)). Similar problem was considered in [ES00], the recursion for
the expected conditional game duration is given therein (equations (3.4) and (3.5)), however
it is not solved in its general form — later on author considers only constant winning/losing
probabilities. In [GMZ12| (similar results with different proofs are presented in [MZ17]) the
generating function of absorption time (including a conditional one) is given in terms of eigen-
values of a transition matrix and eigenvalues of a truncated transition matrix. The questions for
the classical random walk on a polygon were answered in [Sar06]. Some generalizations (rather
then allowing arbitrary winning/losing probabilities, symmetric random walks on tetrahedra,
octahedra, and hexahedra, are considered) are studied in [SM17].

In 1977 in [BW77] it was shown that for a classical gambler’s ruin problem with p(n) =
p=1—gq(n) =1— g, the distribution of a conditional game duration is symmetric in p and g,
i.e., it is the same as in a game with p’ = ¢ and ¢’ = p. In 2009 in [Len09b] it was extended
to a case p+ g < 1 (i.e., the classical case with ties allowed). In this chapter we show that
that the expected conditional game duration is symmetric also for non-constant winning/losing
probabilities p(n), ¢(n) as long as ¢(n)/p(n) is constant (thus, including for example the spatially
non-homogeneous case).

In Section 2 we introduce gambler’s ruin problem with arbitrary winning and losing proba-
bilities p(7), ¢(7) together with main results. In Section 2.1 the main result is applied to constant
r(i) = r = q(i)/p(i), in Section 2.2 it is applied to non-homogeneous case, whereas the classical
case is recalled in Section 2.3. The main example is given in Section 2.4. The results are applied
to a random walk on polygon in Section 4. Last Section 5 contains proofs of main results.

2 Gambler’s ruin problem
Fix an integer N > 2. Let

p = (p(0),p(1),....p(N)), a=(q(0),q(1),...,q(N)),
where p(0) = ¢(0) = p(N) = ¢(N) = 0 and p(i),q(i) > 0,p(i) +q(i) < 1forie {1,2...,N—1}.
Consider a Markov chain X = {X}x>0 on E = {0,1,..., N} with transition probabilities
0, i j=it 1,
Px(i,j) =4 4(1) if j=i-1,
1—(p(i) +4q(@)) if j=i.

We will refer to X starting at 7 as to the (gambler’s ruin) game G(p,q,0,4, N). Note that
the chain will eventually end up in either in N (the winning state) or in 0 (the losing state).

To simplify some notation, let (i) = Zég forie{1,...,N -1}
Define 7; = inf{k : X}, = j}. We will study the following smaller games G(p, q, j, %, k) with
k as the winning state and j as the losing state (j < i < k), i.e., p(j) = q(§) = p(k) = q(k) = 0.
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Let us define:

pjik = Plme < 7] Xo =1),

Tiik = inf{n>0:X,=jor X, =k, Xo=i},
Wik = Ty conditioned on Xp,,, =k,

Bj.ikx = Tj.x conditioned on Xr, ., = j.

In other words: pj.;.x is the probability that a gambler starting with ¢ dollars wins in the
smaller game; T}.;.; is the distribution of a game duration (time till gambler either wins or goes
broke); Wj.i.. is the distribution of T}.;; conditioned on X7, ,, = k (winning) and similarly
Bj.i.x is the distribution of T}.;.;, conditioned on X7, ,, = j (losing).

Notation. For given rates p,q by p <> q we understand new rates p’ = q,q’ = p. For some
random variable R (one of p, T, W, B) for a game with rates p,q, by R(p <> q) we understand
the random variable defined for a game with rates p’ = q,q’ = p (and similarly, e.g., ER(p <> q)

is an expectation of R defined for such a game). We say that R (ER) is symmetric in p and q
distr

if R°="R(p +»q) (ER=ER(p > q)).

By f(n) = 0(g(n)) we mean 3(cq,c2 > 0) I(ng) V(n > ng) c1g(n) < f(n) < cag(n). In this
section we use the convention: empty sum equals 0, empty product equals 1; however in Section
4 we use some nonstandard notation, see details on page 72.

In next theorem we provide formulas for expected game duration, for completeness (and
since we will need them later) we also include known results for p;.;.x.

Theorem 2.1. Consider the gambler’s ruin problem on E ={0,1,..., N} described above. We
have

> T 3 T

n= j+1 3—J+1 n=j+1 s=5+1

Pjik = = 5 1
S
> I (%) > 1w
n=j+1s=j+1 n=j+1s=j+1
Z = +1[d Es i+1 p(s i_l
ETj.p, = L e oA Zd 3 (2.1)
Zn:j d’ﬂ n=j+1 S= j+1

where ds = [[7_; 4 ;178 =1[=; 41 7(i) (with convention d; = 1).

The proof of Theorem 2.1 is postponed to Section 5.1.1. We will also need a formula for ETj.;.j,
in case when k is the only absorbing state.

Theorem 2.2. Fiz j < i < k and consider a birth and death chain on {j,...,k} with rates
p(s),q(s),s = 7,...,k with q(j) = p(k) = q(k) = 0 and q(s) >0 fors =j+1,...,k—1 and
p(s) > 0 for s = j,....k —1 (i.e., k is the only absorbing state). Then, the expectation of
absorption time, starting from i is given by

k—1 n 1
ETj:i:k = Z dn
n=t s=j p(S)ds

62



Conditional gambler’s ruin problem

Now we go back to situation with two absrobing states, i.e., also p(j) = 0. Next theorem
(our main contribution) gives the formulas for EW}.;.x, and EBy.;.. First, let us introduce some
necessary notation. With some abuse of notation let us extend

n;lsﬁl <Z8> . n_z;lsilif(s)
k. n—1 —
2 <q<)) > 11 )

S
n=j+1s=5+1 p( ) n=j+1 s=5+1

Pjuick =

for k < i (but still & > j). Note that in such a case we may have pj.;.;, thus this has no
interpretation in terms of probability anymore.
For given integers n, m, k such that n < m,k € {0, [(m —n +1)/2|} define

=gz ki =n+ 1 <myji < i —2for 1 <i <k -1}, (2.2)
For given p,q and j € j;™ define

5j"7m = (=1)* Hr(s) H 1+ r(s), (2.3)

565 se{nmIJUG-1)
where {n,...,m} is an empty set for n > m and j—1 = {j1 — 1,j2 — 1,...,jx — 1} for
j = {jl,jg, A ,jk}. Finally, let

=) e, (2.4)

NS
Now we are ready to state our main theorem:.

Theorem 2.3. Consider the gambler’s ruin problem on E = {0,1,..., N} described above. We
have

EWo.in = EWoa:n — EWoa4, where (2.5)
- - i—1 oo [(i—1-n)/2] i
0:1: = 7;1 o(n) ; & (2.6)
Moreover, we have
EBoin = EW{n_in, (2.7)

where W{.x_;.n s defined for a gambler’s ruin problem with rates p'(i) = ¢(N — 1) and ¢'(i) =
p(N —1i) forie€E.

The proof of Theorem 2.3 is postponed to Section 5.1.2.

2.1 Constant r(n) =r ]%Z)

N

In this section we will apply Theorems 2.1 and 2.3 to a gambler’s ruin problem with constant
r = %. The winning probabilities pg.;.y are known (they are the same as in the classical

formulation of the problem), we will focus on a game duration. We have
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Corollary 1. Consider the gambler’s ruin problem on E = {0,..., N} with constant r =
We have

i _j k—1 n 1 i—1 n 1
r=1: lgjyﬁtk = ; jg: - y
k—j n=j+1s=j+1 p(s) n=j+1s=j+1 p(s)
. N-1 n i—1 n
1 1 1
EToin = — Z — = —
N n=1 s=1 p(S) n=1s=1 p S)
; i k—1 n i—1 n
Y —Ss —s
7'7£ 1: lgj}:kk = 154441%; 2{: rn T _ P r ’
(g} s=j L P(s) n=j+1 s=j L P(s)
;i N—1 n i—1 n
1—7 r—° r—°
ETO:i:N = TN [Tn ] - [Tn Z ‘| .
1—r n=1 s=1 p(s) n=1 s=1 p(s)
Proof. We have dj, = H§=1 r = rk. Simple recalculations of (2.1) yield the result. O

For constant r we have that d;"™ (given in (2.3)) for all i € {1,..., N — 1} depends on j only
through k£, thus

G 3 AT = O ()L, (28)

jeipy™

where C;"™ = [j}"™|. Moreover, we have |j;"™| = T(m + 1 —n, k), where T(n, k) = (") is the

number of subsets of {1,2,...,n — 1} of size k containing no consecutive integers L

The proof of the next corollary requires the following lemma.
Lemma 2.4. Let n € N and r > 0. We have

1 — pntl

i A= if r#1,
kz:(:) (n § k) <_(1+Tr)2)k - ::;) e . (2.9)
on .

The proof of Lemma 2.4 is given in Section 5.1.2.

Remark 2.1. Note that the assertion of Lemma 2.4 can be stated in the following form (simply

substituting ¢ = W) for n € N and ¢ € (0,1/4] we have

_ ~An+l _ 1 —
n L, where 7:1 Zet VI 40, if c € (0,1/4),
3 (n - k‘) (—e)f = (1+7)"(1 =) 2c
k
k=0 ntl if ¢ = 1/4.
2’I’L

Thttp://oeis.org/A011973
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These sums for ¢ € {—1, 1} were known (F'(n) is the n-th Fibonacci number):

> (")

F(n+1),

1 if nmod6 € {0,1},

- —k
> (nk )(—1)‘“ = 0 if nmod6 e {25},
-1 if nmod6 € {3,4}.

We will give formulas for EW.;.; for several cases (EWjy.;.y can be calculated via (2.5)).

Corollary 2. Consider the gambler’s ruin problem on E = {0,..., N} with constant r = gg;
We have:

i—1 . L(i—1—n)/2] ie1 ni
r=1: EWyi,; = i nt+li—1 _ i),
0:1:% HZ::I p(n) ; s ;p(n)( )
pO L(i—1—n)/2] _ 7rn(1 ri—n)
r#1: EWyi,; = ni grtli=l i (2.10)
; z:: p(n)(1—r)
Additionally, if p(n) = p is constant (so is g(n) then, since r(n) is constant) we have
i—1 ) )
1 n,. t—1@GE+1)
r 0:1: , ; ; (t—n) & (2.11)
r#£1: EWyiy = - Z — ri—”) _ 1 S(l . ’I“n>(1 _ Ti_n)
. 0:1:2  — 1 —r - p(l _ Tz)(l _ ’I’) —
i +7“)_(1+’“)1117_ 1 (147 147
pA—m)a-r  pA-n\'T-r 1-7)

Proof. We will only show case r = 1, general p(n) (the proof for r # 1 is very similar). Let us
calculate €71~ first. From (2.8) and form of C;"™ for r = 1 we have

. ) i—m—1—3s 1\°
n+1,2—1 Cn+1 i—1 1 321—n—1—2$ — 21—n—1 ? n _ - .
& (-1) . ;

From Theorem 2.3 (eq. (2.6)) and the fact that pg.,.; = n/i (since r = 1) we have
i—1 nfi L(i-1-n)/2]

EWy.1. = Z Z grtList

s =

L S i T () ()
n=1 p(n) s=0 8 4
i—1 . . i—1 .

Lemma 2.4 7’L/Z i—n—10— TN — 1+1 n/z i

= 2 - = —(2—n),

2 ) gt 2y "
what finishes the proof. O

65



Conditional gambler’s ruin problem

In 1977 Beyer and Waterman [BW77] showed that for a classical case i.e., for constant birth
p(n) = p and death g(n) = ¢ rates such that p + ¢ = 1, the distribution of Wy is symmetric
in p and ¢ (é.e., it has the same distribution for birth rate p’ = ¢ and death rate ¢’ = p). In
2009 Lengyel [Len09b] showed that this holds also for the classical case with ties allowed, i.e.,
p+¢q < 1. In the following theorem we show that EWj.;.ny is symmetric in p and q (i.e., it
is the same for case with birth deaths p’(n) = ¢(n) and death rates ¢’(n) = p(n)) as long as

r(n) = ;EZ; is constant.

N2

Theorem 2.5. Consider the gambler’s ruin problem on E = {0,..., N} with constant r = Z(—z
We have

Z

EWy.i.n = EWoan(p < q),
(i.e., EWy.;.n is symmetric in p and q).
Proof. By (2.5) it is enough to show that EWy.1.; = EWg.1.4(p < Q).

Let Wy.1.; be defined for rates p and q, whereas W(.; be defined for rates p’ = q and q’ = p,

thus 7/ = 1/r. Since r = ZEZ;, we have p'(n) = q(n) = rp(n).

21 -0 i rd =)=t

EWlq, = = ’1 ,
0:1: — p/(n) (1 _ 77) (1 _ 1 — Tp ,rn 1—7r ) Ti—n(l _ T‘)
e (= (1— THL)
2w =) (1-n
what is equal to (2.10). O

It is natural to state the following conjecture.

Conjecture 2.6. Consider the gambler’s ruin problem on E = {0,..., N} with constant r = qu) .
Then, the distribution of Wy.;.y is symmetric in p and q.

Z

S|

2.2 The spatially non-homogeneous case

In this Section we consider gambler’s ruin problem with birth rates p(n) = 525 and death
rates q(n) = 5,57, where ¢ is a non-negative constant. This is often called the spatially
non-homogeneous gambler’s ruin problem. We will thus still consider case with constant r(n),
but with specific rates. As far as we are aware, all results in this section, except the one for
p(n) = q(n) = 1/2, are new.

Corollary 3. Consider the spatially non-homogeneous gambler’s ruin problem. We have

1 2c 2c
=1:ETy,. = —[iN[14+ =N 1+ —
r=ti BT = g (i (14 5) = (145 ).

1 1—7t (er+¢) 9  (er+c) .
1: ETo.;. = _¢N2_N _N 2 ‘
r# 0:4:N p(r—l)(l—rN< c 1 )-i—cz —Hir—l +1

Proof. Applying Corollary 1 we have:
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e Caser =1

N—1 n i—1 n N—1 n i—1 n
1 1 1 ) 2ecn+ 1 2ecn+ 1
ETo.on = — — = — == -
N n=1 s=1 p(S) n:lg p(S) N n=1 ; p 7;1; p
1/ Nt i—1
= —-|= nlen+c+1)—» n(en+c+1)
p N n=1 n=1
L LNV C 1)V @2e(N 1) +3) = 21— 1)(i(2e(i + 1) + 3)
= —| —==(N- c — —(i—1)(¢(2c(d
p \NG6 6
1 2c 2c
= —[iN(1+ZN) = (1+54) ).
o (v (145 ) - (1+57)
e Caser #1
1 —’/‘i N—-1 n s i—1 n s
ETyin = ~ [7‘” 1 - Z r ]
L—r n=1 s=1 p(S) n=1 s=1 p(S)
1 1 —’I"i N-1 n i—1 n
= ’ (1—rN T"Zr‘9(205+l) — [r" r=*(2cs + 1) > .
n=1 s=1 n=1 s=1
We have

Z r~°(2cs + 1) ( 4 e (20r7’+1 —2¢nr +2en — 2er + T — " —p 4 1)
r_

and
k—1
|:r 207“ — 2enr 4 2en — 2er + T — P — 4 1)]
n=1
_ 1 (7 2er(r=r") ok — Dk + e(k — 1)k — 2er(k — 1)
(r—1)2 r-l

_ .k _ Lk
G 7‘)+r - +r—kr+k:—1)

r—1 r—1

B k2 (2cr +7r —1)(rk —1)_ et
- (rl)“'( K2(r—1) + — k(cr + ¢+ 1)).
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Thus,

1 1—rt :
ETpun = (—enir—1)+ G T -1)
o p(r—1)2{ Tw| TN D =1 (er+etr—1)

—(—cz’2(r—1)+(2”+T_—12(Ti_1)—i(cr+c+7"—1))}

r—

= p(ril)Q{ 11::;( —cNQ(r—l)—N(cr—i—c—&—r—l))

tci(r —1) +i(er +c+r— 1)}

1 1—rt (er +c¢) o (er+c) .
= —cN? - N-—2 _N 2
p(r—l)(l—rN( ¢ r—1 >+CZ T r—1 R

what was to be shown.

Remark 2.2. Note that for p(n) = q(n) = 1/2 we have ETp..n = iN (1 4+ ¥N) —i? (14 %),
i.e., we obtained Proposition 2.1 from [Lef08].

Concerning the conditional game duration (because of (2.7) it is enough to provide formula
only for EW).;.ny) we have
Corollary 4. Consider the spatially non-homogeneous gambler’s ruin problem. We have

re1: BWyy = VDN (- D+ 1)

6p 6p
cN+1 [r+1 rN 41 ci+1 r+1 ri 41
]. . EW g = — _ s i .
r# 0:i: p(1—r1) <r—1 ’I“N—l) p(1—r7) (r—l Zr’—l)
Proof. Applying Corollary 2 we have:
e r=1
i—1 . _
nfi . 1 n (zfl)(z+1)(cz+1)
EWga. = i—mn)=— —(1—m)2en +1
ot nzlp(n)( p,;z ) )= 6p
o r#£1
i—1 . i—1 .
(I=rm1—r—") 1 1=rm1—-r")
EWyis = = - - 2 1
g ST 2 =) p2 G- Gt
_ (a+1)((r+ D(rt—1) —i(r —1)(r* + 1))
B p(1—=r)(1—r)?
_ ct+1 T+1_Z,ri+1
 op(l—-r)\r—1 ri-1)°
Applying (2.5), i.e., EWy...n = EWo.a.8y — EWp.1.4, completes the proof. O
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2.3 The classical case.

For constant winning/losing probabilities we recover known results (all given in Sarkar [Sar06]).
We state them here for completeness and will indicate how they can be derived from our more

general results.

Corollary 5. Consider the gambler’s ruin problem on E = {0,1,..., N} with constant win-
ning/losing probabilities p(i) = p,q(i) = ¢,i=1,...,N —1,p+ ¢ = 1. We have

P0:i: N

ETo..n

EWO:'L':N

EBy..n

L_re ifr=1,

1—rN

£ if r# 1,

i(N —1i) ifr=1,

b (i N5 AL

(N —i)(N +1i) if v =1,

el [Neett —iztl] i1

%i(QN — ) ifr=1,
pl NIt - (V- )5t it L,

Results for ETy.;.n follows from Corollary 1 (case r = 1); EWy..y from Corollary 2 eq.
(2.11) followed by (2.5); EBg.;.n follows from results on EWjy.;.y and Theorem 2.3 (eq. (2.7)).

2.4 Example

Fix an integer N and some p, ¢ > 0. Consider a gambler’s ruin problem with rates

p(i) =

p(]. + Oéli)
2ci +1

. q(1+ oot
: ﬂ@zl—fﬁl
2ci + 1

)

with fixed aq,ag,¢ > 0 such that p(i),q(¢) > 0,p(i) + q(i) < 1,i € {1,...,N}. We want to

calculate EWy.1.n.

241 N=3
We have

_ [, Pd+a1) p(l+2a1) _(y dd+a2) gq(1+2as)

p<Q 2etr1 0 2er1 ) T\ Ty e YY)
Note that in general (for ay # ag) r(n) = % = %E}IZ?Z; is non-constant, thus we will apply
Theorem 2.3. Eq. (2.6) takes form
’ Po 3“27”)/2J P0:1:3 2,2 | P0:2:3 »3,2
EWO;1;3 _ m: £g+172 _ :1: § 24 :2: g 2
2 m (D) 0 )%
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We need winning probabilities pg.1.3 and pg.2.3, which can be calculated from Theorem 2.1:
i

n—1
ZH’F(S) 1—}-(1'—1)3@ .1_1_(7;_1)21-*'&

O0visa = n=1s=1 _ 1+ (i —Dr(1) _ p 1+a; _ p 1+a;
W3 = T3 1 = - 1+a 2 (14+a2)(14+2a2) ~ ° ’
Z H'r(s) 1+T’(1)+7‘(1)7‘(2) ].+ %1_,'_05 + pﬁ(1+a?)(1+2a?) ’7(1}7 Qaalaa2)
n=1 s=1
We also need £ and £5%. We have jo* = jo° = {0}, thus
2,2 _ 2.2 q1+2a 3,2 _ 3,2
= (5.7 = 1 2 = 1 - = (5.’ = 1
& : +r(2) +p1+20417 & i
(in the latter the second product was 1, since {3,...,2} = 0).
Finally,
1 2 1 1+2 1 4c+1
EWp.1:3 = [ cr <1+q(+a2)>+<1+q( +a2)> ct ] (2.12)
(P, g o1, a) [1+ay p (14 20) p(14+a)) 1420

Special cases:

e a1 = ay = . Then (2.12) reduces to
1+1 (2c+1 4c+1>
p<1+%+%"2’) l+a 142

EWp.1.3 = (2.13)

Note that in this case r(n) = % is constant, thus (2.13) could be derived in an easier way

using Corollary 2:

2
n 2cnm+1 2 (2¢c+1 de+1
r=1: EWO;Lg :Z (3—n)z< + ),

n:1§p(1+a1n) p\1+a 142«
2 1—r (1 _ ,r3—71) 2¢n + 1 1— r2 2c+1 4C+ 1
1: EWyi3 = L =
T # 0:1:3 nzl (1—7) p(1+ain)  p(l—r3) <1+a 1+2a) )

what is equivalent to (2.13) in both cases. Note also that this is not a spatially non-
homogeneous case as long as a > 0.

e a1 = ay =0. Then (2.12) (and thus (2.13)) reduces to
2 (1 + g) 1
EWp.1 = P <310+ > . (2.14)
p(1+2+5) \1+a

Note that this is a spatially non-homogeneous case, thus (2.14) could be derived from
Corollary 4 (we skip the calculations).

e a1 =ay =0 and ¢ =0, then (2.14) reduces to

2 (1 + 1%)
EWois = —F——— -
p(1+2+%)
This situation corresponds to a gambler’s ruin problem with constant birth and death

rates. In particular, for p = ¢ = 1/2 we have EWy.1.3 = % what agrees with Example 1
in [Len09b).
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2.4.2 General N >3 p=qgqand as =a; =1

We thus have p(i) = I;(Cllill),q(z) = qQ(ClJ_’l) This is constant r(n) = % = 1 =1 case, which is

however not spatially non-homogeneous. We skip the lengthy calculations, but we can obtain
EWy.1.ny from Corollary 2 (Hy is the N-th harmonic number):

N—-1
_ n(N —n)(2en + 1)
EWO:l:N = Z pN(l T n)
= L(§(N=5)(N+2)+3B+N)) + 5;2c—1)(1+ N)Hy = 55 N* + O(N),

which for p(i) = p(1 +1),q(i) = ¢(1 +9) (i.e., for ¢ = 0) simplifies to

N+3 1
2p Np

N

2.4.3 General N >3,p=qgand ax = a; =«

1

%

n(i —n)(2cn + 1)
pi(1+ an)

EWo.a. =

Il
_

= i (01 = D(@%i(2e(i 1) +3) 4 a(6 — 6ei) — 12)+

=2}
Q
i

6(a—2e)(ai+1) [ (1+3) v (i+3)]),

where 19 is a digamma function. It is known that ¢(m) = H,,_1 — v, where v = 0.5772156...
is a known Euler-Mascheroni constant. Let us assume that o = % and m is an integer. Then
60+ 2) =0+ 1) = Hy— oo

3 Random walk on a polygon

Fix an integer m > 2. Let

where p(i),q(i) > 0,p(i) + q(i) < 1 for i € {0...,m}. Consider the following random walk
X = {X;heny on E = Z,,11. Being in state ¢« we move to the state ¢ + 1 with probability
p(i), we move to the state ¢ — 1 with probability ¢(¢), and we do nothing with the remaining
probability. Throughout the chapter, in the context of a random walk on a polygon, all additions
and substractions are performed modulo m+1. We will refer to this walk as to a random walk on
a polygon. The notation intentionally resembles that of gambler’s ruin problem. Throughout
the section we consider fixed p,q and m > 2 (and omit subscripts p,q in random variables
below). We are interested in:
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irj
Vij

Vi

{X: X0 =10,Xp, = 0,Voct<cn Xt # 1, VierJo<i<n Xt = k}
{X: Xo =1, Xn = J,Yoct<n Xt # J, VeerJo<t<n X¢ = k}
inf{n >1: Xy =1,X,, = j,VierTo<t<n Xt = k}

inf{n >1: Xy =i, VikerJo<t<n Xt = k}

inf{ne >1: Xo =19, Xp,4n, = 4,01 = inf{n > 1: ViergTo<i<n Xt = k}}

In other words: A; is the event that the process starting at i will return for the first time to ¢
after all other vertices are visited; L; ; is the event that the process starting at ¢ will reach for
the first time state j after visiting all other vertices; V; ; is the number of steps of the process
starting at 7 to reach for the first time state j after visiting all other vertices; V; is the number
of steps of the process starting at ¢ needed to visit all vertices; R; is the number of additional
steps for the process starting at ¢ needed to reach ¢ after visiting all the vertices.

For j < i =< k, where < is a cyclic order, i.e., j < i< kori < k< jork <j<ilet
G(p,q,J,1, k) denote a gambler’s ruin game with i being a starting state, j being a losing state
and k being a winning state. Note that independently of j, i, k, winning and losing probabilities

P, q are fixed.

. . . t t
Notation. In contrast to a usual notation neither ), _ ap =O0nor [[,_ ar = 1fort < s—1.
Since we are considering operations in Z,,,1, we define

Fort<s<m,s—t>1: Zak =as+as41+...+am+ao+ ... +a,

t
Hak = Qg - Qg41 oo Q- AQ -~ ... " Ay,
k=s

t t
Fors=t4+1modm+1: Zak:O Hak:zl.
k=s k=s

In all other cases we use usual sums and products. Using this notation, we are ready to state

our results.

Theorem 3.1. Consider the random walk on a polygon described above. We have
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1 1 1
P(a) = T+7@) | izt n-t T (3.1)
> oo > (o)
n=1+1 s=i+1 n=i+2 s=n
j—1 n-1 % n—1
X S I v r(s)
n=t+1 s=542 n=j5+2 s=j5+2
P(L;;) = S E— T E— + I (3.2)
S| S e s IS
n=j+42 s=5+42 n=j+1s=5+1 n=j+42 s=n
EV.; = pjtrij—1 (EWjt145-1 + EBjt1-1 + ETj.j11:5)
+(1 = pjtiiij—1) (EBjt1ij—1 + EWjijia—1 + ETjj-1:5) (3.3)
i—1
EV; = Y P(Li;)EV;, (3.4)
j=it1
i—1
ER;, = Z P(Lj k) ET; ki (3.5)
k=it+1

The proof of Theorem 3.1 is postponed to Section 5.2.1.

— = )
Constant r(n) =r = R

In this case the starting point does not matter, we consider ¢ = 0. Note that P(A;) and
P(L; ;) depend on p(n) and ¢(n) only through r(n), thus they must reduce to known results
for constant birth p(n) = p and death ¢(n) = g rates (see (3.1) and (3.3) in [Sar06]). Indeed,
substituting r(n) = r to (3.1) and (3.2) yields

Corollary 6. Counsider the random walk on polygon with constant r(n) = %, then we have

L if r=1

P(Ay) = moom . ’
(4o) { r+%ﬁ if r#1,
PL B + if r=1,
(Loj) = rm';i(i"fl) if £

We skip the formulas for EVj ;, EVy and ERy in this case, noting that they can be derived
from Corollaries 1 and 2.

Constant ¢(n) = ¢,p(n) =p
First, let us recall formulas for EV}, ERy for the case p+ ¢ = 1.

Corollary 7. [Sar06] Consider the random walk on a polygon with constant g(n) = ¢,p(n) =
p,p+qg=1. We have
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- m(’rr2L+1) T 1,
= 2
’ rtb lm— by -+ ] AL
fm+1)(m+2) if r=1,
ERO = r4+1 r m(m+2) (m+1)2 .
—1 [m - —m-1 T T,,,Lﬂ_l} if r#1,
In the case p + ¢ < 1 note that EB;.;., = ﬁEBJ{M, EWj.ipe = ﬁEWj{i:k7 ETjp =
p7(11+r) Ele:i:k, where superscript 1 denotes the case p + ¢ = 1. Thus Theorem 3.1 implies

EVy = EVy,ERy = ER}, i.e., we have

Corollary 8. Consider the random walk on a polygon with constant ¢(n) = ¢,p(n) = p. We
have

mimi1) if r=1
EV, = P 2 ST ’
{ ﬁ |:7’TL - 7‘£1 T orm 1 + 7(-m‘*J'r11—)1:| lf r # 1’
e ﬁ(erl)(erQ) if r=1,
0o = . m(m m 2 .
o [ - 2R ] g

4 Fastest Strong Stationary Time for a symmetric random
walk on a circle

Consider an ergodic Markov chain X = {X;}y>0 ~ (v,Px) on a finite state space E =
{e1,...,en} with a stationary distribution =, initial distribution » and a transition matrix
Px. We are interested in measuring nonstationarity of Xj via separation “distance”

k
sep(vP% 1) = max (1 - I/P;E(e()e)) .

Note that it is not symmetric, that is why it is not an actual distance, however it is an upper
bound on a total variation distance dry (vP%,7) =1/23 ¢ |P(X; =€) — w(e)|.
A random variable T is a strong stationary time (SST) T for X if it is a randomized stopping
time for X such that

V(e € E) P(Xy, =e|T =k) =m(e).

The notion of separation distance fits perfectly into a notion of SST, in [AD87] it is shown that
for an SST T we have
sep(vP%, 1) < P(T > k).
We say that T is a fastest strong stationary time (FSST) if sep(vP% ,7) = P(T > k).
In this section we consider a symmetric random walk on a polygon with constant rates
p(i) = q(i) = p on d points (i.e., m = d—1). Moreover, we will refer to the random walk as to a
symmetric random walk on a circle (to be consistent with [DF90b]|, we will compare our result

to a result from this article) on Zgy, i.e., {0,...,d — 1}. We will show a construction of a fastest
strong stationary time for this symmetric random walk on a circle, moreover we have
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Lemma 4.1. For the fastest strong stationary time T for a symmetric random walk on a circle
with d = 2N we have

2N? 41
T;— for pe (0,1/3] and N > 1,
ET = 1 for p€ (0,1/4] and N =1,
P
1
—— 1/4,1/2 dN=1.
51— %) or p € (1/4,1/2) an

Remark 4.1. A construction of a strong stationary time for a symmetric random walk on a circle
with p = 1/3 is presented in [DF90b]. For d = 2% a > 1 their construction yields an SST T

such that 3 1

BT, = S2% (2—4 $270 4. g2 Loy 2—2“) = S+ 1
(see the bottom of the page 1484 in [DF90b]), whereas Lemma 4.1 states that a fastest strong
stationary time T fulfills (N = d/2)

1
17
what means that a construction from [DF90b| does not yield a fastest strong stationary time (au-

thors mention this fact in their Example 3.1). Note that ET and ETj differ by % (independently
of d).

1
ET = —d’
g4+

Strong stationary duality For a general description of a strong stationary duality see
[DF90b| (total ordering and set-valued chains) and [LS12a], [Lorl8] (general partial ordering).
Here we will describe this duality for chains on the same state space. Let both X ~ (v, Px) and
X* ~ (v*,P%) be chains on E = {ey,...,ep}, chain X is ergodic with a stationary distribution
7, whereas X* is an absorbing chain with a unique absorbing state e;;. We say that a stochastic
matrix of size d X d is a link if A(ep,e) = w(e) for all e € E. We say that X* is a strong
stationary dual of X with the link A if

v=v*A and APx =P%A. (4.1)

Diaconis and Fill [DF90b] proved that the absorption time 7™ of X* is an SST for X. If the
corresponding 7™ is an FSST for X, then the chain X* is called a sharp SSD.

Fix some partial ordering < on E, such that e; is the minimum and e,; is the maximum.
Let C(e;,e;) = 1(e; = e;) be the corresponding ordering matrix (always invertible, the inverse
C~! is called the Mdbius matrix). Assume that v(e;) = 1 (i.e., chain X starts in e1), then
%.1) implies that also v*(e;) = 1. Let P x be a transition matrix of a time reversed chain, i.e.,

x(ei,e;) = %Px(ej,ei). We have
Theorem 4.2 (Theorem 2 in [LS12a], Remark 2.2 in [LS16], simplified version). Let X ~
(v,Px) be an ergodic Markov chain on a finite state space E = {eq,...,epn} starting at e;
(i.e., v(e1) = 1), with a stationary distribution m, partially ordered by < (with ordering matriz
C), with ey being the minimum and ey being the mazimum. Assume that C™1P xC is a
non-negative matriz. Then there exists a sharp SSD X* ~ (v*,P%) on E with v*(e1) =1 and
transitions H(e))
* €5 —1
PX(eiaej) = H(ej) (C F.X(j) (ej7ei) (42)

with a unique absorbing state eyr, where H(e) =Y., o m(e).
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Remark 4.2. The condition that C_lg x C is a non-negative matrix was called +_M6bius mono-
tonicity in [LS12a).

Proof of Lemma 4.1. First, we will construct a sharp SSD for this symmetric random walk on
a circle using Theorem 4.2. It will be more convienient to work with states numerated as
1*,2*,...,d* = (2N)* (instead of 0,1,...,2N —1). Our walk X moves either right or left, or it
does not move, i.e., it has the transition matrix:

1—2p if j*=i*,
Px(i*j)={ p  if (" =(i+1)%i" £ QN)) V (* = (- )*i" #19)
V (5* = 1,i* = (2N)*) V (j* = (2N)*,i* = 1).

It will be even more convienient to work with another enumeration of states. Consider a set of
states {1,...,2N} and let us define a bijection between this set and the set {1*,...,(2N)*} in
the following way:

2i — 1 if <N, ()" if  is odd,
k) =1/
o(i*) = ; o (i) = ,
22N —i+1) if i>N. (2N —£+1)" if iseven
The bijection for d = 2N = 8 is following
o((1%,2%,3%,4%,5%,6%,7%,8%) = (1,3,5,7,8,6,4,2),
07'((1,2,3,4,5,6,7,8)) = (1*,8%,2",7% 3" 6%,4* 5%,
it is depicted in Fig. 1 (left). The transition matrix of the chain X can be rewritten as:
1—-2p if i=j,
Py(ij)={ p i li—jl=2V (i=1j=2)V (i=2j=1)V
(i=2N—1,j=2N) V (i=2N,j=2N—1).

Continuing our example d = 2N = 8 we have (using enumeration of states 1,2,...,2N))

[1-2p p p 0 0 0 0 0
p 1—-2p 0 P 0 0 0 0
p 0 1—-2p 0 P 0 0 0
0 p 0 1—-2p 0 P 0 0

Py =

0 0 p 0 1—-2p 0 P 0
0 0 0 p 0 1-2p 0 P
0 0 0 0 P 0 1-2p P

L 0 0 0 0 0 P P 1-2p |

We will now compute an SSD chain using total ordering 1 < 2 < ... < 2N. Mapping the total
ordering 1 < 2 < ...2N into the ordering on original states 1*,2* ... (2N)*, we have

it <jteo(i’) <oi"),
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Note that < is also a total ordering, we have
I"<@2N)" <2< (2N -1)* < --- < (N+ 1"

We will thus work with total ordering 1 < 2... < 2N — which is equivalent (with easier notation)
to working with 1* < (2N)* < ... < (N +1)*.

The ordering matrix for total ordering is C(4,5) = 1(¢ < j), the Mdbius matrix (i.e., the inverse
of C) is then following:

—1 if i=j—1,i<2N.

1 if Q=4
c-1<i,j>={ ‘i

We have .
HG) =Y m() =Y g = g (43)

J<i J<i

Using above derivations and the fact that the chain is reversible (? x = Px), for i < 2N we
have:

(c'PxC)(.j) = (CT'PxC) (i) = C7/G.) Y Px(,k)
l

k<j
= > Px(i,k)—Px(i+1,k)
k<j

= Px(i,j)+ | D Px(i,k) = Px(i+1,k+1) | =Px(i+1,1),
k<j

whereas for ¢ = 2N we have

if 7 <2N —2,
p if j=2N -2
2p if j=2N -1,
1 if j=2N,

(C1PxC) (15) = Y Px(2N,k) =

k<j

We also have:
p if (i=1,j=2)V (i=2,j=1),

Px (i, k)-Px(i+1,k+1) =
—p if (i=2N—-1,j=2N-2) V (i=2N—2,j7=2N —1).

Using above derivations we can easily calculate all the cases:

1-92p if 1<i=j<2N-1,
1-3p if i=j=1Vi=j=2N_1,
(cPxC) (i) =4 1 if i=j=2N, (4.4)
p i limjl=2, jA2N,
9  if i=2N, j=2N 1.
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Continuing our example d = 2N = 8 we have (again, using enumeration 1,2,...,8)
[1-3p 0 p 0 0 0 0 0]
0 1-2p 0 P 0 0 0 0
P 0 1-2p 0 P 0 0 0
0 0 1-2 0 0 0
C'PxC= P P P
0 0 p 0 1-2p 0 p 0
0 0 0 P 0 1-2p 0 0
0 0 0 0 P 0 1-3p 0
L 0 0 0 0 0 P 2p 1 ]
Combining (4.4) with (4.3) and noting that H(( )) = 7, Theorem 4.2 and yields the following

transitions of a sharp SSD chain X* (written using the original enumeration of states)

Pi(i.j") = ) (1B ) () = BT (1B ) (0(5%). o).

H(i*) H (o (%))
thus
1-2p if 1<o(j*) =0(i*) <2N -1,
1-3p if o(j*)=0(i*) =1Vo(j*) =o(i*) =2N — 1
Pi (it ") =¢ 1 if o(j*) =o(") =2N,

PZ((Z:)) if |o(j*) —o(i*)] = 2,0(i*) # 2N,

224 if () =2N,0(*) = 2N - 1.
We leave it to the reader to check that the condition |o(5*) — o(i*)| = 2 for j,i < N or j,i > N
is equivalent to |j —i| = 1, whereas for j < N,i > N or for ¢ < N,j > N the condition is never
met. Thus, the transition matrix of X* can rewritten in the following way, using ordering <:

1-2p if % =*,2" <" < N or (N +1)* <i* < (2N)*,
1-3p if =i e {1%, N*},

1 if  j* =i = (N +1),
@Hr i =4 1,17 5 <N

Py (i",j") = Gidpf 1,17 < < N7
@N-De i =it (N +2)7 =< 2N)
CRZHDp if  j=i—1,(N +2)* < < (2N)*,
ANp o if = NY = (N 1)

e First, let us consider case p € (0,1/3] and N > 1.
Note that the assumption p € (0,1/3] implies that P% is a transition matrix. Continuing
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the example d = 2N = 8, we have (using the enumeration 1*,2*, ..., (2N)*)

[ 1-3p 3p 0 0 0 0 0 0
p/3 1—2p 5/3p 0 0 0 0 0
0 3/6p 1—2p 7/5p 0 0 0 0
P — 0 0 5/7p 1-3p 182 0 0 0
X = 0 0 0 0 1 0 0 0
0 0 0 0 4/3p 1-2p 2/3p 0

0 0 0 0 0 3/2p 1-—2p p/2

|0 0 0 0 0 0 2p 1-2p

Note that the resulting chain (recall, it starts at 1*) will never reach states (N+2)*,...,(2N)*.
Denote the resulting chain on {1*,..., (N +1)*} by Y*. This is a birth and death chain
with a unique absorbing state (N + 1)*, let us write down the relevant transitions only
1-3p if j=iie{l,N}

1-2p if j=i,2<i<N,

1 if j=i=N+1,

Py =4 @t ¢ j_it11<i<n,

e if i=N,j=N+1,

B3e 4 j=i-1,1<i<N.

For d = 2N = 8 the transitions are depicted in Fig. 1 (right).

8

@)

B
" @ 3
1-2p
2
1

"y

X and the “Zig-zag” ordering A sharp SSD X*

Figure 1: Case d = 2N = 8: “zig-zag” ordering and state space of X (left), the corresponding
sharp SSD Y* (right)

Since there is no confusion (in the chain Y*), we will identify a state ¢* simply with i. Let
T = T1.1.n+1 denote the absorption time (in N +1) of Y* (starting at 1). Using Theorem
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2.2 we have:

N n
1
ETiiNy1 = dn (4.5)
ey
Let us write a formula for p(s) explicitly:
2s5+1 . .
(25 P < N,
p(s) = (4.6)
P if = N.
We need to compute d(s). For 1 < s < N we have
s . s 2i—3
q(i) 2i—1 3
ds= 1| —% = ,
g p(i) 1:1_[2 S H 2i+1 (25— 1)(25+1)
and for s = N we have
N—
qu le q(N) 3 gNj_ 3
= = iN_ :
(i) p(N) ~ (2N —3)(2N —1) ;38 ~ IN(2N — 1)
Plugging above formulas for p(s),ds in (4.5) (and using a formula Y. (25 — 1)? =
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w) we obtain for N > 1: ETI:I:N+1 =

n=1 s=1
N-1T n
= dn
n=1 L s=1 p(S dg
N—-1T n N-1 d
= d, +dn -
= ;p( ds ; P )dn
N-1T n N-1
3 1 3 1 1
= 2 1)(2 1 Z 2s+1 3 + AN (2N 1 Z 2s+1 + 4N
—t _( n—1)02n+1) & p5i 2s—D)(2s+1) 2N -1) = p3H 25— 1)(23+1) PaN—
N—-17T n N—-1
1 N —1
= Z (25 —1)? +
— |p2n—-1)2n+1) 4N(2N —-1) = p4N
= 1 n(2n — 1)(2n + 1) 1 (N-1DEN-3)eN-1) 2N -1
- 2 p(2n-1)(2n+1) 3 pAN(2N — 1) 3 pAN
1= ~1)(2N-3) 2N -1
IR +
3p & p12N pAN

4N N(N -1) n (N —-1)(2N -3) n 3(2N - 1)
12pN 2 pl12N pl2N

2N2(N — 1)+ (N — 1)(2N — 3) + 3(2N — 1)
12pN

2N® —2N2 + 2N? —5N +3+6N —3 2N34+ N 2N%+41
12pN 12pN 12p

e Now consider case N = 1.

We can directly compute a separation distance sep(vP%, ) for X starting at 1 (i.e.,
v = (1,0)). We have

sep(vP% 1) = max l—w =1-2 min P%(1,i). (4.7)
PEXT) = ie{1,2} icfi2y X '

Spectral decomposition yields

w11 <1 10 11 L1+ (1 —4p)k 1—(1—4p)F
Px =3 _An\k _ =5 (1 — Ak Ak

2\ 1 1 0 (1-—4p) 11 2\ 1—-(1—-4p)® 14 (1—4p)
(4.8)

and thus

(L—4p)* if pe(0,1/4),

sep(vP%,m) = 1 —min{l+ (1 —4p)* 1— (1 —4p)*} =
(4p —1)F if pe(1/4,1/2).
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On the other hand we know that there always exists a fastest strong stationary time T'
(see Proposition 1.10 (b) in [DF90b]), i.e., sep(vPk,7) = P(T > k). For p € (0,1/4) we
have that T has distribution Geo(4p), whereas for p € (1/4,1/2) we have P(T > k) =
(4p — 1) = (1 — 2(1 — 2p))*, thus T has distribution Geo(2(1 — 2p)). It implies that

1
» it pe(0,1/4),
Er={ "

O

Remark 4.3. For a case N = 1 and p < 1/4 we can have a duality-based proof, similar to the
one we had for N > 1. From equation (4.6) we have p(1) = p(N) = 4p, using Theorem 2.2 we

directly have

1 1 1
ETyq0 =d =
TN eMd,  p(1) 4

Let us have a closer look at this case. Note that both, a random walk on a circle and a
resulting strong stationary dual, are the chains on two points. The ordering matrix is given by

C= < 1l > and we directly have

0 1
PX:(I—Qp 2p >7 1$XC (1—4p 2p>.

2p 1—-2p 1

From (4.2) we obtain (with w(1) = w(2) = 1/2)

§ 1—4p 4

The transitions of X and X* are depicted in Figure 2.

1-2p 2p 1-2p
Random walk X* A sharp SSD X*

Figure 2: Case d = 2N = 2: Original random walk on a circle X (left), the corresponding sharp
SSD X* (right)

Of course, time to absorption in X* has Geo(4p) distribution, thus ET = ﬁ.

Remark 4.4. Note that the assumptions on p in Lemma 4.1 (i.e., p < 1/3 for N > 1 and casee
p < 1/4,p € (1/4,1/2) for N = 1) are equivalent to non-negativity of the resulting matrix
P%. In other words the assumption implies that X is T-M&bius monotne (it is if and only if
condition).
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5 Proofs

5.1 Gambler’s ruin problem, absorbing birth and death chain

5.1.1 Proof of Theorems 2.1 and 2.2

Proof of Theorem 2.1. Consider the birth and death chain with j and k (j < k) as recurrent
absorbing states (p(j) = ¢(j) = p(k) = q(k) = 0). First step analysis yields (for j <i < k)

ETj:i:k = p(Z)(l + ETj:H—l:k‘) + q(Z)(l + ETj:i—l:k) + (1 - Q(Z) - p(l))(l + ETjii:k’)v (51)

thus .
ETji41:0 = BT} + @ (ETj:i:k —ETj 1. — 1) . (5.2)
p(i) q(7)

Since ET}.j., = 0, we have:

(j+1))_Q(j+1) 1

q
ET:ron = EToq [ 14+ L7 : Sa—
sk Lk ( p(Gi+1)/) p(G+1)q(i+1)

Recall that d, = Hf:j 41 % (where d; = 1), iterating the above equations yields:
i—1 i—1 s 1
ETj.i.. = ETj.j41: ds — ds — |, 5.3
ok = BTy ) de= 3 |ds D —rosae (5:3)
s=j s=j+1 m=j+1

what can be checked by induction. Plugging (5.3) into (5.2) we have:
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ETj:i-‘,—l:k -
i—1 i—1 n .
ETj. i1k Z d, — Z d,
n=j n=j+1 s=j+1 p(s)dq
-1 i—1 n
q(i) 1
RS 1k Z d, — Z d,
2 SN R O
1—2 i—2 n 1 )
ET d, — d b
j]—Hknz:J n:zj—:i-l[ nm;i_l p(s)ds] q Z)
i—1 n )
= ET]]—O—lkZd - Z d, Z
n=j n=j+1 s=j+1 p(S)ds
(J(l) i—1 1 !
+ —< | ET. di_ d; —d
(i) Jii+Lk@i—1 1 ;rl (s)ds diq(i)
i—1 i—1 [ n 1 1 )
= Fljgrak ) dn = dn ETjjs14d; — di .
S ”Z —z: _Z p(s)ds T gk Z ds dip(z)
=J n=j+1 L s=j+1 _]+1
i—1 n 1
RS ST ol I
n=j n=j+1 s=j+1 p(s)ds _]+1
= ETji1x Z d, — Z d, Z or
n=j n=j5+1 L s=j+1 p S_
Since ETj.p. = 0, we have:
k-1 n .
d,
b1 - n;ﬂ ;1 2(5)ds
0=FETj 1% Z dn — Z dn Z = ETjj 10 = - |
n=j n=j+1 5= j+1 Z ;
n=j
thus
PRI Iy ol [ S .
Hh = Shim Y |an Y
Z d rL—J 7L—j+1 s=j+1 p(S)dS

what was to be shown.
O

Proof of Theorem 2.2. Similarly as to proof of the Theorem 2.1 we consider birth and death
chain on {j,...,k} (j < k), however now only k is absorbing (i.e., p(k) = q(k) = q(4)0, but
p(j) > 0). For i:j <i <k we can rewrite Eq. (5.1):
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ETjip = p(@)(1+ ETjiv1) + q(0) (1 + ETji—1:%) + (1 — (i) — p(3)) (L + ETj.i1),

we have (0 )
ql?
ET':i:k = ETi kT TN <ET':i:k - ET':i— k ) .
! TR p(d) ! TR ()

However, for i = j we have
ETj = (1= p()) (1 + ETjjx) + p(3) (1 + ETjj41:1),

i.e.,
1
ETj . = —= + ET}. 541k
T p()) ol

Recall that ds, = [];_ i1 Zgg (where d; = j), iterating the above equations yields:

g
ETj = ETj 11 + Z O
— p(s)ds

what can be checked by induction. Plugging (5.5) (for ¢ := i — 1) into (5.4) we have:

q(i)
p(i)

di,1 1

p(s)ds q(i)

i—1
ETjs0 = FETjuyin— ETj0 — | BTy + Z
s=j

d; — diy di—1

ETjir1:0 + 5 .
gtk di—1 ; p(s)ds * p(i)d;

i d;
- ET‘:i 1:k T .
gt ; p(s)dg
Since BT}, = 0, we have:
=1
ET':kf k= bl
’ ' s=1 p(s)d‘s

Iterating the above equations yields:

k-1 nooq
ETj.. = Z ld" Z p(S)ds] 7

n=u

what was to be shown.

5.1.2 Proof of Lemma 2.4 and Theorem 2.3

(5.4)

Proof of Lemma 2.4. Denote by f(n) lhs of (2.9) and by h(n) its rhs. We will show that gener-
ating functions of f and h are equal. Let us start with gs(x), the generating function of f at

Z:
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gr(z) =
,if(”)x" - i;(n;kﬂ <1Ir>2)k“:§§(n;k>( i) )k '
- S () ()
- ii@( i) MZ;( i) > i@x
Applying g (Z) a" = (156;)’““ we have
o = £ ) - (o)
1 (147)%(1 —x) (1+47)?

(1+7r)2(1—2)+ra?

On the other hand, the generating function of & is following;:

. 1—r"+1 1

on ()
n= 0

;}h(n Z (1+r)

n __ - 1 n __ - r" n
e R Ry (;_:0(14—1“)"96 Z(1+r)”x>

oo

1 = 1 meoo Y 1 147 147
o (1-7) <7;)(1+r)”x 7120(1—1—7“)"I)(1—7“)(1—&—7‘—91: Tl—l—r—xr)

147 14+r—ar—r—r2—2ar 1+7r

B (1+r1—-r)

1-7) A4+r—az)(1+7r—2ar)

(1+7)?
(14721 —z)+7rz?’

(=) 47r)2 =1 +r) (x4 zr) +a2r

thus gy (z) = g¢(z), what finishes the proof.

The following lemma will be needed in the proof of Theorem 2.3.

Lemma 5.1. Consider the gambler’s ruin problem with general rates p, q. Define

a = _Potd

' p(i)

o )+ g
' ' p(i) ’
G = _Iqjggpo:imﬂ.

Then, for all N > 1 we have
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bj ¢ aj 1 0 a1 1 0 An
II{r o o 1 0 0)]=[(1 0 Anx_1],
j=2\0 0 1 0 0 1 0 0 1
where
Moy [(M—n)/2] L
AM:* ——~ PO:n:M+1 nth )
2 2

M wwas defined in (2.4).
Proof. Recall that j'™ was defined in (2.2) as
jZ,m - {{jhj?a DR 7jk)} : jl Z n+ 1aj/€ S m7ji S ji-‘rl —2for i S {17k - 1}}

For given p,q, by, ¢, and j € j;°™ define

,n’im p—
Dj = bnbn+1 e bj1—2cj1bj1+lbj1+2 . bjg—Qng e bjk71+1bjk71+2 N bjk—QCjkbjk-i-lbjk-‘rQ e

and let
Sp™= Y Dpm.

sn,m

J€iy
Let

B = pi..zlJrr(i),

D™ can be rewritten as
D™ = ponmt1BnBntr - Bji—27js Bis+1Bjn+2 -+ Bia—2Vjs -
B 1 +1B55_1+2 -+ - Bin—2Vin Bin+1Bj5+2 *+* Bm

= -D"[]r0 II L+7() = pormim+10]"™.

EIS] se{n,...m}\juj—1

bm

Thus S = Z Dg"m = Po:n:mi1 Z 6J.”’m =: pom:m+1&) and Aps can be rewritten as

sn,m

jeip™ €y,
M [(M—n)/2]
Ay = Za” Z SZJrl,M'
n=1 k=0
We will show this by induction.
e For M =1 we have

1 [(1—n)/2] [0/2]
4=Ya S S —a Y 62— ast = a,
n=1 k=0 k=0
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e For N > M > 2 assuming Ay, = Zn 1 0n ,E(Ag m/2] S"+1 M e shall prove that Ay =

bN+1AN + CN+1AN,1 + an+1. We have
b1 AN +FeNy1AN—1 Fans1 =

N [(N=n)/2] N-1 [(N—n-1)/2]

n+1,N n+1,N—1
bN+1E an E Sp. +cnt E an E Sy +ant+1

= k=0 n=1 k=0
N [(N—n)/2] N-1  [(N-n-1)/2]

n+1,N n+1,N—1
= § Gnp, § b1 § Dn+1N + § Gnp E CN+1 § Dn+1N 1 tan+1
n=1 k=0 n+1 N n=1 k=0 Jz+1 N-1
N [(N+1—n)/2]
n+1,N+1
= § an E § Djn+1,N+1
k
n=1 k=0 JE NG AN+
N L(N+1-n)/2]
n+1,N+1
+ § Qp E § D nt1,N+1 +an+t1
n=1

k=0 JLNEL G N

N+1  [(N+1-n)/2] N+1  [(N+1-n)/2]
= D Z > DR =D e > ST =Ang
n=1 Jn+1 N+1 n=1 k=0
what finishes the proof.
O
Proof of Theorem 2.3. First step analysis yields (for N > i > 1):
EWoin = 14+ EWpi—1.n)P(X1=i—1|Xo=14,X7=N)
+(1 + EWoiun ) P(Xy = i|Xo = i, X7 = N)
+(1+ EWoir1.8)P(X1 =i+ 1| Xg =i, X7 = N).
We have EWy.n.xy = 0 and for simplicity we also set EWy.0.n = 0. We have
, . P(X1=i—1|Xo=i)P(Xp=N| X, =i— q(2)po:i—1:N .
P(X=i=1Xo =i, Xp = N) = FEOSSRaRRasgiisct) - SHBEER — g(i)oni-1a,
1 - ) - -Z" . .
PG =ilXo =i Xp=N) = G PO=aOhoin gy o)
P0:i: N
. . 1 K : .
PX1=i+1[Xo=1,Xr=N) = PlOpoi1n = p()po:it1:i-

P0:i:N

For 1 = 1 we have
EWpa.n = [1 + EWo.n](1 — p(1) — q(1)) + [1 + EWo.2.n]p(1) po:2:1,

thus
_ 14 @) +a(@)poa

M (
) o) e

EWO:Q:N = (p(

For 1 <7 < N we have
EWo.i:n = (1+EWo.i-1:8)q(2) pozi—1::+(1+EWo.i:n ) (1—p(8) —q(3)) + (1+EWo.it1:8)P(2) porit1:
(5.6)

and
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_ _ (P +49(@))poiir  q(d) o posiitl
EWO:1+1:N - p(’t) p(i)pOnfl:H»l 1 p(z)

(p(i) + Q(i.))pO:i:i+1 EWo..n

_|_
p(i

q(7)
— —poi-1:i+1EWoi—1:N,
p(i) "
= bitc—1+a;+bEWpin +c;EWoi—1.n
© a; + b EWo.i.n + ¢, EWoi—1:n,s (5.7)

where a;, b;, ¢; were defined in Lemma 5.1 and in (*) we used the fact that

bv, + ¢ p(l) p(i)po:z:z—&-l

i n—1 ( q(k) i—1 7yn—1
p(i) + () T T3 (38) gy Tt T
) i+1 n—1 k ; it n—1
p(l) Zn:l k=1 (fﬁ) p(Z) Zn=1 k=1
4 -1 i k ) i1 1 qk
Z:L:I Z:l (Z(T) + q( F10) Zn 1 k 1 (%) - ZEZ‘; Z;:l Zzl (%)
o i+1 n—1 k
Zn:l k=1 (%)

i a(k) ), a(i) q(k)
_ Zn:l k 1 (p(k)) p(i) Zn zH (p( ))
i+1 n—1 ( q(k)
pRiey | A (m)
i n—1 k) i+1 ppn—1 k
Zn:l k=1 (q( ) + Hk 1 ((7)) Zn:l k=1 (%) -1
+1 -1 [ qlk +1 -1 (atk)
22:1 1::1 (%) ZL:I Zzl (%)

Equations (5.6) and (5.7) can be written in a matrix form:

EWoiir1:n by ¢ ay EWo.i:n
EWO:i:N = 1 0 0 EWO:iflzN . (58)
1 0 0 1 1
Note that ¢; = W0 =—-L0=0and
1 n—1 ( q(k) (1)
by = () + ¢())pors  p(1) + q(1) 2n=1 [T (Wv)) R S 1
N 1 N 1 2 n—1(qk)\ 1 ¢ 7
p(1) p(1) pI | (%) 1+ p(1)
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thus using (5.8) recursively we obtain

0 EWO:N:N N—-1 bj Cj  Qy 1 0 ai EWO:l:N
EWon-1:n | = | EWon-1N | = 10 0 1.0 0 EWos.o.n
1 1 =2 \0 0 1 0 0 1 1
1 0 An—y EWp.1.n
= 1 0 Ay_o 0 ,
0 0 1 1
where Ay is given in Lemma 5.1, what implies
EWO:I:N = _ANfl
and thus proves (2.6). Equation (2.5) follows from the fact that Wy.1.n (distr) Wo:s + Woun

(Markov property, Wy.1.; and Wy.;.n are independent).
O

5.2 Random walk on a polygon

5.2.1 Proof of Theorem 3.1

Proof of eq. (3.1) . Let F; denote the event that at the first time we leave state ¢ (recall, ties
are allowed) we move clockwise. Similarly, let Ff denotes the event that at the first time we
leave state ¢ we move counterclockwise. We have

p(i) 1

PR = v T
c qé) ()
PED = S0 +a ~ 140
and
PUA) = PUEYPAAR) + PUEP(AEE) = [ PULIR) + s PUAEY)

e For P(A;|F;) we have: we start at i + 1 and we have to reach i — 1 before reaching ¢. This
is the probability of winning in the game G(p,q,?,7 + 1,7 — 1). We thus have

1
P(A|F}) = pisitriio1 = ——1 -
2 1L
n=i+1 s=i+1

o Similarly for P(A;|Ff) we have: we start at ¢—1, and we have to reach i+ 1 before reaching
i which corresponds to losing in the game G(p,q,i+ 1,7 — 1,7). We thus have

i—1 n—1 i—1
Z H r(s) H r(s)

PUAIFE) = 1= papmag = 1 - A2 et
S Mo X I 3 I (o5)
n=i+2 s=i+2 n=i+2 s=i+2 n=i+2 s=n r(s)
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Finally
P(AZ) = i_ll n—1 + t(z)z—l 1
)Y Mo a1 (75)
n=t+1 s=i+1 n=1i+2 s=n
1 1
= + i i :
. 1
(14 r(i Z H (L+7() Y H(T(S))
n=i+1 s=i+1 n=i+2 s=n

O

Proof of eq. (3.2). Let us define T} = inf{t : X; = j—1V X; = j + 1|Xo = ¢} and consider
separately two cases when at 77 we are at j — 1 or j + 1. The first one corresponds to winning,
whereas the second one corresponds to losing in the game G(p,q,j + 1,4,5 — 1). The winning
probability is
Pj41::5—1-

In the first case (when we get to the j — 1 before j + 1) vertex j will be the last one if we reach
j + 1 earlier - this can be interpreted as losing in the game G(p,q,j+1,j — 1,7), what happens
with probability:

_ _ j—1
IR II ()
n=j+2 s=j5+2 s=j+2

1- Pj+1:j—1:j = 1- 7 n—1 = j n—1
2 Ao 2 1L
o =j+2 n=j+2 s=j+2

In the second case (when we get to the j + 1 before j — 1) vertex j will be the last one if we
reach j — 1 earlier - this can be interpreted as winning in the game G(p,q,j,j + 1,7 — 1), what
happens with probability:

1

SRIED

n=j+1s=5+1

Pjj+1:5-1 =
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Finally:
P(L;j;) = (1= pjt1::5-1)pj5415-1 + pjr1ai—1(1 — pje1-1:5)

i n—1 i n—1 j—1
> II > I II
- 1 n=j+2 s=j+2 1 n=j+2s=j+2 s=j+2
- T i1 a1 j—1 n—1 j—1 —1 j n—1
> Il & X I« > II e X 11 e
n=j+2s=35+2 n=j+1s=35+1 n=j+2s=j5+2 n=j+2s=j5+2
j—1 n-1 i n—1 j—1
> I e > Il II e
n=i+1s=3542 1 n=j+2s=j54+2 s=j+2
= i—1 n-1 -1 n-1 S b n_1
Z H r(s) Z r(s) Z H r(s) Z H r(s)
n=j+2s=j+2  n=j+ls=j+1 n=jt2s=j+2  n=jt2s=j+2

J n—1
r(s) > II &

n=j+1s=j+1 n=j+2 s=j+2

-1 i—1
> Il e

n=j+2 s=j+2

i n—1

rs) > Il

s=j+2 n=j+2s=j+2
n—1 J j—1

j—1 n-1 i n—1 j—1
[ r(s) ( > 11 r(s)) ( 11 r(s))
n:z?lkl s=7+2 + n=j+2 S:]".*‘2 s=j+2

O

Proof of egs. (3.3), (3.4) and (3.5) . Let us start with the expectation of V; ; — number of steps
to visit all vertices starting at ¢ when j is the last visited vertex. As earlier, let 77 = inf{¢ :
X =j—1VX;=j+1}. We have two cases:

e If X7, = j—1 (and j was the last visited vertex) then the expected game time consists of:
expected time to win in G(p, q,j+1,4,j—1), expected time to lose in G(p,q,j+1,7—1,7)
and expected duration of the game G(p,q,j,j + 1,5). That is:

EWji14:5-1 + EBjia-15 + ETj 115

o If Xrn = j+ 1 (and j was last visited vertex) then the expected game time consists of:
expected time to lose in G(p,q,j+1,i,7—1), expected time to win in G(p,q,j,j+1,7—1)
and expected duration of the game G(p,q,j,j — 1,7). That is:

EBji145—1+EW 4151+ ET 1
Now, conditioning on Xr,, we obtain:
EVij=pjyrij—1 (EWjirij-1 + EBjy1j-1.5 + ETjjy1.5)

+(1— pjt1:j—1) (EBjt1j—1 + EWjy15-1 + BT 1) -
Equations (3.4) and (3.5) are simply obtained by conditioning on the states.
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