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Abstract

We study interacting two-color urn models. We consider N interacting two-
colour Pélya and/or Friedman urns. Each urn i assigns a weight vector p;
to all the other urns. At each time step, all the urns are updated simultane-
ously according to the Friedman scheme (or the Pélya scheme) such that the
reinforcement probabilities for a given color in urn ¢ depend on the vector p;
and the fraction of balls of that color across all the NV urns. An interesting
characteristic in study of the interacting urn models of these kinds is the
possibility of synchronization (common limiting distribution of the fraction
of balls of each color) of all the urns as ¢ — co. We obtain expressions for
the rate of synchronization in our model. We also use stochastic approxima-
tion and stable convergence techniques to further study our model and prove
fluctuation results.
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Introduction

Random Processes is a study of randomly evolving systems with certain prop-
erties. Urn models are special case of random processes with reinforcement
where at each discrete time step the state of the system is reinforced via a
randomly evolving process. In recent times, randomly evolving systems that
interact with each other have gained interest for research in Mathematics,
Physics, Computer Science etc. In this thesis, we study a model of interact-
ing Friedman and Pélya urns.

As mentioned above, urn models are an important class of Random re-
inforcement processes. The idea of urn model problems was first given by
Jacob Bernoulli in 1713 in his famous book Ars Conjectandi(The Art of
Conjecturing) [4]. He considered the problem of determining proportion of
different coloured pebbles in the urn after drawing some pebbles from the
urn. This problem is known as the Inverse Probability Problem. The
classical Polya urn model was proposed by G. Pélya in 1923 and is defined
as follows: Consider an urn with balls of finite number of colors. At any give
discrete time ¢, a ball is drawn from the urn (with replacement) uniformly
at random and its colour is observed. Another ball of the same colour is
then added to the urn. This reinforcement is carried out at every time-step
t. Asymptotic properties of this urn process have been of interest in several
areas including modeling epidemic spread. The simplest case is to study an
urn with balls of two colours, namely, white and black. The most well-known
result for two-colour Polya urns establishes that the fraction of balls of either
color converges to a random limit as t — oo. The distribution of the random
limit is given by beta distribution with parameters given by the initial state
of the system. Numerous studies have been done to generalize this simple
model. One of the earliest known extensions of Pélya urns was given by
Bernard Friedman in 1949. In a two-colour Friedman urn model at time ¢
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the ball drawn from the urn (again, uniformly at random) is replaced along
with « balls of the same colour and (3 balls of another color. A celebrated
result states that as long as both o and f are strictly positive (and the urn
has non-zero number of white and black balls in the beginning), the fraction
of balls of each colour converges to a deterministic limit of 1/2.

In recent times, single urn models have been extended to understand the
more complicated phenomenon of interacting or dependent random processes
as many system that evolve at multiple nodes with certain dependence in the
reinforcement step can be modelled using such interacting processes. In par-
ticular, dynamics of interacting urns has become a topic of interest for many
researchers in Applied Mathematics as well as interdisciplinary areas like
Network Science. Urn models are used in understanding epidemic spread,
opinion dynamics etc. In [10], authors study network epidemics where the
opinions are modelled as balls in the urns placed at each node and the opin-
ion update depends on a ball is drawn from the “super urn” which consists
of all the balls from the urn and its neighbours. In [7], pair-wise interaction
of neighbours on a graph are taken into account. In [12] the interacting urns
have a reinforcement scheme which is exponential. [9] takes into account
random step sizes in stochastic approximation schemes for urn models. [18§]
is a P.h.D. dissertation on Pdlya urn models with Countably infinite number
of colors.

In this thesis, we study a model of N interacting two-colour urns such
that the probability of adding o white balls (and § black balls) to each urn
at time-step t depends on weighted fraction of white balls across all urns. In
other words, we associate a non-zero weight vector p; = (p},...,pY) to each
urn U; for 1 <14 < N. At any time ¢, o balls of white colour (g balls of black
colour) are added to i urn U; with probability given by the inner product
of the weight vector of U; and the vector of fraction of white balls in each
urn at time ¢. The motivation for this model comes the interacting Polya urn
model of P. Dai Pra et. al [16], where an interacting system of Pélya urns
is considered such that the weightage given to total fraction of white balls in
the system at time ¢ is p and that of ™" urn is (1 — p) for a fixed 0 < p < 1.
To some extent, our work in this thesis generalizes the results in [6],[16] and
[17].

It is expected that in such interacting systems, each component synchronizes
to the same “composition” as t — co. The aim is to understand the asymp-
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totic limits of fraction of balls of white colour by studying various properties
of the interacting model. For single urn models as well as for interacting urns,
several probabilistic techniques like the method of moments, the martingale
method, stochastic approximation etc. are used to study the convergence
and fluctuation properties. We discuss these methods throughout the thesis
as and when required. For a detailed study of methods used in single urn

models and the details on the connection of urn models to random walks see
[15].

The thesis is organized as follows: In chapter 1, we discuss some basics
of single urn models and results for limiting distributions of Friedman and
Pélya urns using method of moments [8] and Exchangeability of Random
Variables [14] respectively.In chapter 2, we introduce the model and compare
it with the interacting urn model in [16] and [17]. We also obtain the rate
of convergence for synchronization. Chapter 3 consists of fluctuation results
obtained using the theory of stochastic approximation as well as ideas from
stable convergence. Chapter 4 briefly discusses the embedding of urn model
into a continuous time branching process introduced by K. B. Athreya and
S. Karlin [2].

The appendix consists of some auxiliary results on solving difference equa-
tions and the notion of stable convergence. In the appendix, we also define
and briefly discuss few other concepts mentioned in the thesis.

The results obtained in this thesis are an extension or a more general
form of existing results on a class of interacting Poélya and Friedman urns.
These models can be further extended by considering random reinforcements,
dependence of interaction parameter or interaction matrix on time and/or
dependence on the underlying graph structure. All of these are interesting
problems and are possible directions to explore in future.
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Chapter 1

Prerequisites

The simplest urn model consists of a single urn with balls of two colors.
At a given time ¢, a ball is drawn out of the urn and depending on the
color of this ball, some balls are added or subtracted from the urn. This
process of drawing and adding balls to the urn is a Stochastic process
[4.6.1] with ratio of balls of each color as the State Space and discrete time
as Parameter Space. We will now discuss some general terminologies and
notations used for urn models

1.0.1 Urn Scheme

Consider an urn with balls of k colors (or a k-color urn). Let C} denote the
number of balls of color i in the urn at time ¢ and Cy = (C},...CF) denote

k
the corresponding vector. Clearly, > C/ is the total number of balls in the
i=1
urn at time ¢. An urn scheme is defined as follows:
Definition 1.0.1 (Urn Scheme). An Urn Scheme is a kxk matriz (a;j)1<i j<k
in which the entry a;; denotes the number of balls of color j that are added
to the urn, when a ball of color i is drawn out of the urn.

The matrix:

ap; a2 . . . . Qik
asgy Q92 . . . . A9k
A=
_akl . e e akk_
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is also known as the reinforcement matrix of the urn model. Then, the
reinforcement of the model is given by:

Cip1 = AC,

Assume that each entry of this matrix is an integer. If any of the entries is
negative, then modulus of that many balls has to removed from the urn.

Throughout this thesis, we limit our discussion to two-color urns. Results
obtained can be extended to urns with balls of finitely many different colors.

1.0.2 Tenability Conditions
Suppose we have a 2 color urn containing white and black balls with urn
scheme

-1 1

-1 1

Then no matter which color is drawn out of the urn, a white ball will always
be removed from the urn, which will ultimately lead to extinction of white
balls from the urn. At this point the urn scheme cannot be further executed.
Such an urn is called Untenable.

To ensure that every stochastic path is possible for the urn, entries of the
urn scheme must follow certain tenability conditions.

We limit our discussion on tenability to 2-color models. Consider a 2 x 2
urn scheme for an urn containing black and white balls.

a b
A=l
The tenability conditions of this urn can easily be calculated.

Tenability conditions for various urn models are discussed in detail in Chap-
ter 2 of [14]. We reproduce a summary of that discussion below.

e The cases

- == + |- +] |+ -
are not tenable under any conditions since they have negative columns.
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I

+ o+
An urn is said to be in a “Critical State” if balls of one color are
completely exempted from the urn. Let us say the urn has W, white
balls and By black balls. One of the “most critical path” is to draw a
white ball whenever possible.For such a path W, must be a multiple

of |a|.At this stage the Urn must contain at least one blue ball for the
continuation of the process. This gives

b
By—Wy— >0
a

The next critical stage is when number of white balls in the urn is again
0(Hence, W, must be a multiple of ¢). At this stage we must have non
zero blue balls in the urn i.e.

b b
By —Wy—+2d—c—=>0
a a

the urn must be tenable at each ' critical stage. Hence,

b b
Bo—Wo—+(i—1d—(i—1)e=>0 forall i>1
a a

a

b b
BO—WO—><i—1) <C——d) forall i>1
a
Since ¢ is arbitrary large and LHS is positive, we must have

b g
a

Summarizing, urn of this case is tenable only if:

1. Wy and ¢ are both multiples of |al.

2. det(A) <0
a b
3. det W, By <0
+ . . .
The case [_ _} is symmetrical to this case.
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Similarly one can calculate tenability conditions for other cases. For detailed
discussion see [14].

[+ ]

1. Wy and ¢ are both multiples of |al.
2. By and b are both multiples of |d|.
3. Both b and c are positive.

-
[ J
-]
Wy and ¢ must be multiple of |a| and if b = 0, By must be positive.
+ +
[ ]
+
c=0and Wy =0
1.1 The Pdlya Eggenberger Urn

G. Pélya and F. Eggenberger first studied 2 x 2 Urn scheme of the type

a 0

0 «
i.e. if a white ball is drawn out of the urn, we put another o white balls in
the urn along with this ball and vice-versa if a black ball is drawn.

We will now look at the distribution of white balls in the urn as t — oo

Theorem 1. (Theorem 3.2 in [1}])
Let Wy and By be the number of white and black balls respectively in Polya
urn at time t = 0. Let W,, be the number of times a white ball is drawn in n

drawings from the urn. s
W, Wy B
Wn p 4 (_0, _0)
n s s
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Proof. (Sketch of the proof)
We can choose k white balls from any of the n time instants. At rest of
the times,a black ball is chosen.

- (n) ()

PWa=h) =, (o

By Stirling’s approximation we have; as x — 0o

D(x+7r)

__ TS r—s—1
Tats) "4+ 0(x )

So as n — 0o

x W, B
W/o uTO_l(l — u)TO_ldu

1.2 Bernard Friedman’s Urn

In 1949, Bernard Friedman extended the idea of Pélya urns to a model where
black as well as white balls are added to the urn on drawing of a ball. Such
Urns are called Friedman’s urn [8]. At each time step, a ball is drawn uni-
formly at random and it is added back to the urn along with « balls of the
same color and [ balls of the other color. urn scheme for a Friedman urn is

a p

b «
Unlike Pélya urns, in Friedman’s urn fraction of balls of either color ap-
proaches % with probability 1.

In the simulations below, Friedman’s urn is simulated 1000 times and a graph

for frequency v/s Ratio of white balls is plotted. A sharp peak appears in all
the cases because of asymptotic approach of ratio of white balls to one-half.
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231 100

p<1/2 p=1/2

204 80 4
Freg. 15 4 60 4
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10 40 -
5 204
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Ratio of white balls Ratio of white balls
70+
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60+ P
50 4
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10
P L L L L ‘ILL..M

0-— T T — T T T
0.482 0.484 0486 0488 0490 0492 0494 049 0498
Ratio of white balls

Here,

a—p

a+p

This choice of p will be clear as we discuss limit theorem for Friedman urns
in the next section.

p:

In 1964, in the paper titled “Bernard Friedman urn”, David A. Freedman
proved that in certain regimes (depending on p) the fluctuation of fraction of
balls of either color around the limit % is Gaussian. We reproduce the results
and a sketch of the proof that uses method of moments as an important tool.
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1.2.1 Method Of Moments and Limit Theorems for
Friedman’s Urn

Theorem 2. (David A. Freedman [8],1965)

e Forp> %,
lim n™?(W,, — B,)
n—oo
converges to a finite random variable with probability 1 and in r*" mean
0<r<oo0).
e For p =1 the distribution of (nlog n)z (W, —B,) converges to normal
with mean 0 and variance (o — (3)2.

o Forp< % the distribution of n_Tl(Wn — B,,) converges to normal with

mean 0 and variance (1 —2p)~'(a — B)%

We will now illustrate how Method of Moments[8] and Difference Equa-
tions[4.4] is used to prove the theorem in case p > 3

Notation:
a—pF 0
p: = —
a+p o
S:W0+B0
. Jo
n =1
an () t o

zn(k) = E[(W,, — Bn)k]

Lemma 3. (David A. Freedman ,1965, [8])
For each nonnegative integer k,

iy, oo P*E[(W,, — B,)*] = u(k)
with 0 < p(k) < oo. If k is even, then u(k) > 0.

Proof. The result is trivial for £ = 0, and u(0) = 1.The proof follows by
induction for even k.

E{(Wn—f—l - Bn+1)2k+2|~’rn}
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W, B,
o e e A e (U Rl
W. :| 2k+2 (Qk’ + 2) . 2kt
_ n ' & W, — B, +2—j
{(S +on) j;) J ( )
B, 1 /2k+2 . »
+ [ . } 2 ( : ><—5>J<Wn — B,
(s+on) s J
— an(2k + 2)(W,, — B,)?+?
k 2k+2
Z (21{3 + 2) (8(2_|j—+01-21) 62j+1 (Wn . Bn)2k+272j + 62k+2

So, we have

Tnt1(2k + 2) = a,(2k + 2)2,(2k + 2) + b,(2k + 2)

with
by (2k + 2)
& 2%+2
_ Z 2k + 2\ o, n (2j+1) S| g 2k42-2 4 §2k+2
— 2j (s +on) "

Suppose the Lemma is true for even & < 2k. Then 0 < b,(2k + 2) =
O(n**), and by Lemma, 14,

lim z,(2k + 2) Hay (2k +2)7"

n—00
v=0

= 20(2k +2) + i b;(2k +2) ﬁ ay(2k +2)7

7=0 v=0

which is positive and finite. By (4.5) [] a.,(2k+2) ~ n®***27 and hence the
v=0
theorem holds for 2k+2. By induction, it holds for even k.

Also,
E{(Why1 — Bn+1)2k+2|Fn} = a,(1)(W, — By)
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So,

Since [] a,(1) ~ n” by [4.6], the Lemma holds when & = 1. The proof for
—0

odd k;yc_an be similarly done by induction.
O

Now, for the proof of case p > %

Define

n—1

Zy = (Wn — By) H au(l)il

v=0
Note that Z, : n > 0 is a martingale. Also by the above Lemma,

sup, E(Z,) < co. So, by Martingale Convergence Theorem, Z,, converges to
a finite limit with probability 1.

n—1

Since [] a,(1) ~ n?, lim n=?(W —n — B,) = Z exists and is finite with
=0 n—oo

probability 1.

1.3 Other Extensions

Other then Pdlya and Friedman urns, there have been several attempts to
generalize these urn models. See [14].

1.3.1 Bagchi-Pal Urns

Bagchi and Pal (1985) introduced a more general model with urn scheme:

 d

However, tenability conditions restrict the generality of this model by the
following conditions:
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1. a+b=c+d= K ,Where K is some positive integer.
2.6>0,¢>0
3. if a < 0, then a divides Wy and c.

4. if d < 0, then d divides By and b.

1.3.2 The Ehrenfest Urn

The Ehrenfest Urn scheme is
-1 1
1 -1

This urn is slightly different from the rest since number of balls in this urn
does not change with time.

Ehrenfest urns are ideal for modelling a confined two particle two compart-
ment system where removal and addition of a ball is analogous to movement
of the ball to one of the two compartments of the system. In fact, the idea
comes from the Ehrenfest model of diffusion in physics. It was first pro-
posed by Tatiana and Paul Ehrenfest. Various other urn schemes have been
studied,especially those which replicate stochastic processes of practical im-
portance. For example, following two urn schemes have been studied in [11]:

N

Such an urn scheme is ideal for modelling a process of removal of
defective(black) items from a box and replacing them with the non-
defective(white) ones.

0 0
2 [0 2
This model corresponds to mere removal of defective(black) items from
the box.

1.3.3 O0O.K. Corral Urn Model
-1 0
0 -1
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The process starts with Wy = By = N and stops when either W,, or
B,, is zero. The process was used to model famous gunfight at O.K. Corral
Arizona, United States and was first introduced in 1998 by David Williams
and Paul Mcllroy.

In the next chapter, we consider an extension of these single urn models
to multiple dependent processes.
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Chapter 2

Proposed Interacting Urn
Model: Synchronization

In recent times, interacting urn models have garnered a lot of interest from
researchers in Mathematics, Physics, Computer Science etc. It could emerge
as an important way to model random processes that update or reinforce in
a dependent manner.

A general set-up of interacting urn models is as follows:

Consider N urns such that the probability of adding a,. balls of color r to i*"
urn at time ¢ depends not only on the composition of i'® urn at time ¢ but
also on composition of all or a subset of N urns at that time ¢.

h

If X7 (i) denotes number of balls of color 7 in i*" urn at time ¢.

Xin (i) = X7 () + Y (4)
where Y/, = o, with probability f(X; (1), X7 (2),.., X](N)).

In this thesis, we study a special case of this general set-up.

2.1 Proposed Model

We consider N urns labelled 1,2,..., N. We assume that all urns contain
equal number of balls m at time ¢ = 0. Each urn contains a; > 0 white and
b; > 0 black balls (a; +b; =m, V1 <i < N) at time ¢t = 0. We consider a
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system where that all the urns are updated simultaneously at discrete time
steps t > 0.

In this generalized model, we are looking at the interaction of N identical
urns each reinforced with Friedman’s urn scheme. By interaction we mean
that the probability of a white ball drawn from urn ¢ depends on the com-
position of i*" as well as the other N — 1 urns.

Interaction between urns is governed by the following fixed N x N Matrix:

BN N
Py Py oo - - Py
=
N Y
. N
where p! = weightage of j* urn when updating i urn and > p} < 1. The
j=1

matrix P is called the interaction matrix of the model.

We use the following notation:

e X,;(i) = Number of white balls in urn 7 at time ¢.

e Z,(i1) = Fraction of white balls in urn ¢ at time ¢.

e Y;(i) = Number of white balls added to urn ¢ at time ¢.

Note that at each time step a total number of a4+ 5 balls are added to each
urn. Therefore, the total number of balls in each urn at any given time is
same. More precisely, the total number of balls in each urn at time ¢ is given

by Ny = m + (o + B)t. Hence Z,(i) = X(i)/Ny.

28



Define:

1. n-dimensional vectors: p; = [p},p?,...,pl¥], the weight-vector associ-
ated with i urn (note that this is independent of time), and Z, =
(Z:(1), Z4(2), ..., Z;(N)], the vector of fraction of balls of white color in
each urn at time .

2. (pi, Zt> = Z;Vﬂ p{Zt(j) is the usual inner-product.

The reinforcement depends on the random variables {Y; (i)}, for ¢ > 1.
Let F; denote the o-field generated by {Y;(1),...,Y;(N)}. The reinforcement
scheme for the model is given by:

Yor () o with probability (p;, Z;)
1) = ~
o B with probability 1 — (5, Z,)

(2.1)

With the above reinforcement scheme we have:

X (i) = Xo(i) + Yira (4)

In other words,

(a+ B)t+m , 1 .
D +m O e em Y

The corresponding n-dimensional recursion relation is:

(a+p)t+m = 1
(a+)t+D+m™" " (a+p8)({t+1)+m

where, }7;:1 = [V (1), Y (2), ..., Yea (V)]

Zt+1(i) =

Zi1 = Yer (22

Remark. The model described above generalizes the models in [17] and [16].
In particular, taking p’ = p/N fori # j and p; = 1—p+p/N fori=1,...,N
gives the model considered in [16]. With the same substitution for p{ 's and
for a =1 and =0, we get the model in [17].
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2.2 L% Synchronization

In this section, we study the synchronization of Friedman urns with interac-
tions defined by the proposed model. By synchronization, we mean that the
convergence of fraction of balls of white color in each urn to a common limit
as t — 00. In case of Friedman urns, this limit is 1/2. We obtain the rates
of convergence of:

o Var(Z,(i) — Z)

e Var(Z(i) — Z.(7)) where Z,(0) — é PiZ)

Throughout this section we use the following notation from [16]:
For two positive sequences ay, by, a; ~ by if

.. a . a
0 < liminf - < hmsup—lt < +00
t—=+o0 Oy t+oo g

N
Theorem 4. Let p = g—;g and Zy = = > Zy(i)
i=1

(
({0t ) . |
t ER AN ER (BRSPSt VO
i#j
Var(Z(i)=2Z;) ~ { t'logt for {(1 — %) pi— Zp;} p= %
i7j
t1 for %<{(1—%)p§—%2p§}p<l
\ i#]

The idea of the proof is similar to the proof of Theorem 1 in [16].
Proof. We first compute Var (Y 1(i)|F;)

Var(Yip1(§)|F) = E(Yea (D)2 F) — (E(Yia ()| 7))
= o’ Zp{fzxj)w? (1 — prfzt@')) - (aZp{ZtU) +8 (1 - Zpi’&(j)))
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[ — B -2(a—-p

So, we have

Var(Yo ()| F) = (o — B) >_ %))

Set x; = Var(Z(i) — Zy)

L1 = E [V(M"(Zt_,_l(i) -

EVar(Zy(i) —

Zip|F)l =F

1

ZpiZt <ZpiZt )2

Zi|F)] + Var|E(Z (i) —

1 —przto')

(2.3)

Zip|F)] (24)

Var( (o + B)t +m

er it +m ( i __Zyt“

=F

1

V‘””{(aw)(

t+1)+m (t“ __Z

Since Y;(i)’s are conditionally independent,

1

((a+B)(t+1) +m)’

E

N
Var (Y (1) F) — Z

Putting equation (2.2) in the above equation we get

EVar(Z1(i) —

Note that,

Zi| )] =

(o — B)?

(a+pB)(t+1)+m

) @t - 217

)
o))

Y;H—I “Ft)]

((+ B)(t+ 1) +m)

‘ 1
EVar(Zi1(i) — Zia|F)] ~ 2

Moving on to second term of equation (2.3),

Var|E(Zi1(i) — Zia|F)] =

31

B | Z0) (1-Z200) - 20—

(2.5)




1

5 Var
((a+B)(t+1)+m)

((a+ B)t +m)(Z:(i) — Zi) + E(Yiia (1) F) —%Z (Y (J ‘Ft]

= ! sVar
((a+ B)(t+ 1) +m)

1 S
Y {(a = 8)2_ %) +5N”

(a+B)t+m)(Zi(i) = Z)+{ (a = B)Z(@) + B |

i
((a+p)(t+1)+m)

(o — B)? ey .
((a+B)(t+1) +m)? #jv { N_H%}Zt(J)

((a+ﬁ)t+m+ {(1—%)192?—%2293} (a—ﬁ))
Var(Z(i) — Zy)

(o = ﬁ)2 pﬁ -1’ ar 1 L ovariance terms
e ) Ve t

Hence,

((a—i—ﬁ)t—i—mﬂL{(l—%)pi—;p;}(a—
((a+p)(t+1) +m)

()

Combining equations (2.3),(2.4) and (2.5) we get

)
Var(Z,(i)—Z;)
(2.6)

Var[E(Zy (1) = Zia | F)] =

<<a+6>t+m+{(F%)pé—%ipﬁ}(a—ﬁ))
l’t—f—O(

e (a+B)(t+1) +m)

So,
1
Top1 = f(t)r + O (t_2>
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i#]
((+ B)(t+ 1) +m)?

(1—{0—%)%—%;%}/)) 2(1—{(1—%>pz—@p;}p)

QWHM+m+{“‘ﬁM—%Zm}m—m>
ft) = _,

_|_

(t+1+m)? e
a—f m
Ll = d m =
e P=ars M S
Note that
thm ft)=1 and 0< f(t) <1
— 00
Now set
G = Tt
R N
[Tizo £(2)
Co1 =G+ F(t)
Where,

Ct:iF(i)

t—1 i—1

Hf(k)zeXp Zlog 1_2(p§p1)+< {( )p #jp p

k=0 k=0 E+m' +1 (k+m/+1)2
1 | t—1 I

- —211- 1— — v 7 )

exp[ ( {( N)pz N;pj}p>kok+m’+l O(1)
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= exp [—2 <1— {(1—%) {(1—%)10;1—;;9;} —%ij}p) log(t +m') + O(1)
i#j i#j

Hence,
o) (1= L)pin L 5 pi
F(t) ~t 2{(1 W Ni%p]}p
.
! brOé{@—ﬁﬁ—%Zm}ﬂ<%
i#]

t—1
CtZZF(i)N logt for {(1—%)p§—%2p§}p:%

i#£]
1-2¢ (1-% )pi—+ Zp"}p
t {< X ’ for

i#]

N[

Jo-pr-t g

i#]

Hence,

(
2(1—-9 (1-4 )pi—4% Zp§}p> ) )

i#]
T~ St tlogt for (I-%)p—x>pirp=3
7]
t! for %<{(1—%)p§—%2p§ p<1

i#]

Note that if P is doubly stochastic, then

1y, 1 s 1
{(1_N>Pi_ﬁzpj}—pi N

i#j
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I N
Theorem 5. Let p = 3_4:/53 and Zy(i) = > plZ(7)

j=1
( )
1+{(1—%)p —% > p]}(a—ﬂ)

- ath o 2<1+{(1—}V)pi—]{; > pj}(oc—ﬁ)>
t if p <0

Var(Z.(i)~Z() ~ o(1+{ 0=t £ b))
t~tlogt if aﬂﬁf =0

2(1+{(1§)pzifv ;p;}(aﬁ)>
[t if e >0

Proof. The computation method in this proof is exactly same as that of the
previous proof. Set y;, = Var(Z1(i) — Zi41(7))

Y1 =E [V@T(Ztﬂ( ) = Zia (i )\ft)] + Var[E(Zu (i) — Zia ()| F))

E [VCM"(ZtH( ) = Ziya (i )|~7:t)} =

E\Var <(a S—Oéﬁ—g(f)j— —;)ﬂ—il- m> <Zt(i) a m)

1
+(a+5)(t+1)+ ( 11 (i ZPZY;SJA ) |]-"t]

1
Var{(a+ﬁ)(t+1)+ ( t+1 ZPW%H ‘E) }]

=F

_ ((Wrﬁ(‘))‘(tfi”m)z];[(1—pg)zt( <1—Zt )+§ (1 - Z:())
So,
B [Var(Zen (i) ~ Zer 1)) ~
Similarly,

Var[E(Zt+1( ) Zt—i—l( )|‘Ft)] -
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1
((a+B)(t+1)+m)

((a+ B)t +m)(Z:(1) — Zu(i) + E(Yea (1) F2) — ZP?E(E+1(j)|ft)]

5 Var

1
C((a+ P+ + m)QVC”"

{(a+ﬁ)t+m—(H{(l—%)pﬁ—%%p@}(a—ﬁ))} )
7 Var(Z,(i)—Z,(i))+0 (-)

((a+B)(t+1) +m)* 2

() ) B0+ { 20 + 370 |

Hence, we have

{<a+6)t+m—(H{(l—%)pﬁ—%gjp;}m—ﬁ))} ,
Yiy1 = yi+0 <t_2)

B ((a+B)(t+1)+m)

By following the same construction in the previous section and replacing ¢,
f(t) and F(t) by ¢, f(t) and F(t)" respectively, we get

Y1 = [y + O (%)

where
2
{(a—i—ﬁ)t—i—m— (1—1— {(1—%)]02—%;]93}(04—@)}
i7#j
f(t) =
((a+ B)(t +1) +m)*
2(1+pk(a—5))
F'(t) ~t atp
o1+ (- wi 4 5 o)
1 if T <0
t—1 2( 145 (1-% )pi—% X P p(a—B)
(= F'(i)~ | logt if - =0
=0 1+{(17%)p§7% _é:,pé-}(afﬁ)
2 i
= (-t g eon)
Y if o >0
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So,

1+{(1—%)p§—% .gp;l}(a—ﬁ)
-2 s 1

at+h * 2<1+{(1—1{,)p§—}v Z_pj}(a—ﬂ))

t if 3 7 <0
Yr ~ 2<1+ (1-%)pi-% = p;'}(aﬁ)

t~tlogt if T3 ] -0

X 2<1+{(1—}V)p:ﬁ—}v ; p;'-}(oc—ﬁ))
— . 1#£]
L if p >0

]

2.3 Almost Sure convergence Results

Again, taking inspiration from [16] and [17], we try to get an almost sure
convergence result for the proposed model of interacting Pélya and Friedman
urns by using the convergence theorem of Quasi-Martingales. We first define
what are Quasi-Martingales

Definition 2.3.1. A stochastic process A; on probability space (Q, F, P) is
a Quasi-Martingale if

ZEHE<At+1’Ft) — Af] < o0

t=0

Lemma 6. Z; is a Quasi-Martingale when P is a doubly stochastic matrix
and Z(i) is always a Quasi-Martingale.

Proof. For Z;:

0o N
1 s, B
ZE|E Zya|Fil—=2i| = ZE Nt+1 N.NtJrl(O‘_ﬁ)Z<pi7Zt>+Nt+1_Zt

t=0 i=1

= E' N_Jiftﬂ (=)D (Q_P)Z() + Nil _ (icvzlﬁ) 2

%(i(ipj) - 1)Zt(j) - %( 3 (ip?) + 1)Zt(j) +ﬁ‘

j=1 i=1




(if in matrix P along with row sums one,all the columns also sum up to one
i.e. P is doubly stochastic then)

(e 9]

Z

(5 0)

t+1

- 1
DI TR
5 2N |2

Since for Friedman’s urn Z; — % almost surely, Z; is a quasi-Martingale if P
is a doubly Stochastic Matrix.

For Z,(i):
ZE‘ (Zew1 ()| F2) = Z,(0)
-3 e (M a5+ S D
_ZE‘_< ffzﬂ 6+ﬁ 2 >+Ntﬁ+1 " ((thHﬁ)Zt(”
- e 32 (a0 - 5) + 4Dz - 20)

Which converges (Using the fact that in Friedman urn fraction of balls of

either color converges to one-half and theorem 5).
O

In fact, one can show that Zt converges to v = (%, %, - 2) almost surely

using theory of stochastic approximation which we shall discuss in the next
chapter.
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Chapter 3

Proposed Interacting Urn
Model: Fluctuations

In Chapter 1, Theorem 2 we discussed David A. Freedman’s limit theorems
for a single Friedman urn. Those results can be re-written to express fluc-
tuations of the fraction of white (or black) balls around the limit 1/2. In
this chapter, we prove similar fluctuation results for the proposed model of
interacting urns (Friedman and/or Polya). We take two different approaches:

1. Using the theory of Stochastic Approximation (for details see [5]).

2. Using the method proposed by Giacomo Aletti, Irene Crimaldi and
Andrea Ghiglietti in [1].

Similar results are obtained for the special case of pf =p/N for i # j,

pi=1—p+p/N for Pélya urns in [16] and for Friedman urns in [17].

3.1 Stochastic Approximation scheme for the
Proposed model

We limit our discussion on Stochastic Approximation to the results relevant
for the analysis of our model. For more details see [5].

A stochastic approximation scheme in R? is given by :

Tyl = Xy -+ a(t -+ 1)[h<xt) + Mt+1],t Z 0 (31)
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with following assumptions:

Al.

A2.
A3.

Ad.

The map h : R* — R%is Lipschitz: ||h(x) —h(y)|| < L||z —y|| for some
0 <L <oo0.

{a(t)} are called step sizes satisfying Y, a(t) = oo; >, a(t)* < 0o

{M,} is a martingale difference sequence with respect to the increasing
family of o-fields

ft = G(Im7Mm7m < t) - U(Io,Mh "7Mt)7n >0

That is,
EMy1|F]=0 as. t>0

Furthermore, {M,} are square-integrable with
E(||Mena |1 7] < KL+ [la][*) a.s. t>0
for some constant K > 0.

sup||ze]| < 00 a.s.

In this section we will try to get a stochastic scheme for our model.
Equation (2.2) can be rewritten as

—~— = (a4 5) ~ 1 —
Zt+1_Zt_(a+6)(t+1)+m ! (omtﬁ)(fhtl)+th+1
1 — 1 ——
Where

E(Yi1(1)|F) (p1, Z:t> 1
__ E(Y11(2)[F) (D2, Zy) 1

ElYi|F] = : = (a—p) : + B
E(YtJrléN)‘]:» (p}v; Z;) 1

(F, is the sigma algebra generated by (Zo, Z1, ...., Z;))

a—j3

Putting p = ==% in above equation we get,

a+p
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o — 1 <p27Zt> ﬁ 1
iy =i+ T~ |P : + —Zi| + 3.2
b+l t (t—i‘l)—i‘m ‘ Oé+ﬁ ) ! ( )
<p'}V7Z~t> 1
1 Vit — E(Yi|F)
t+1)+ 45 (a+pB)

Lemma 7. Equation (3.2) is a stochastic approximation scheme with
Yi — B[Yin |7
(a+5)

<p~172:t> 1
(P2, Zt) g |1

Mt+1 =

<p}\77 Z~t> 1
1

(t+ 1)+ 2

a(t+1) =

Proof. 1. To show that h(Z,) is Lipschitz we need to show that
for any t,t, € N U{0}, [|M(Z, — Z,)|| < K||Zy, — Zy,]| for some
constant K.
<p~17 Zj1 - Z~t2>
N . <p~2> Zt1 o Zt2> — —~
Hh<Zt1 _Zt2>H =p : _(Ztl _ZtQ)

<p}VJZ~tl - Z~t1>
< ||Zt1 - Ztl”
<p~1aZ~t1 _ZJ52>

(P2, Z1, — Z1,) NN
< P . + (Ztl - Zt2>

<p§Va ZNtl - Z~t1>
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Hence assumption Al. is satisfied

. Note that step size of our model:
a(t) =

Satisfies assumption A2.

Yi1 — E[Y,1|F]
(a+5)

E[Mt+1|~7:t] =F

7| o

Also,
Bl|Myn|]P| 7] = El|(Yerr — E[Yi () F]I1*1F

= Z E[(Yea(i) — E(Yipa (4| F)) | F]

Z E[(Yer1(8))?|F)+E[E(Yiy1 (i) | F)) | Fe) —2Y341 (1) E[E (Ve (8)| )| F)

[0 (P, Z2) + B°(1— (P, Z4)] +Z El(a(pi, Zi)+B(1— (b, Z2))* | F)

1 i=1

M-

(2

_22Em+l<¢>[a<ﬁi, Z) + B(1 — (pi, Z)))|F]

[0 (i, Z)+B2 (1= (B, Zo)+(alpi, Zo)+B(L—(pi, Z2) 2 =2(alpi, Zo)+B(1—(pi, Z)))?)

M-

=1

= > _[0* 0 20 + 81— (51, Z) — (o, Zu) + B(1 = (5 2)))°
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<(a-— B)QNZZt(J)
< (o= OPN?1+ Y0 Z2)

Hence, B
E([[Men|P|F] < (a = B)*N?[L + (| Zi]|’]

Therefore assumption A3. is satisfied

4. Since 0 < Z,(i) < 1for all t and 1 <i < N we have

supy||Zy|| < oo a.s. and hence assumption A4. is satisfied.

]

Theorem 8. (theorem A.1 in [13]) For a general stochastic Approximation
scheme given by

Tipr = + a(t)[h(z) + My

The set ©> of limiting values of h ast — oo is a.s. a compact connected
set, stable by the flow of

ODE), =i = h(x)

Furthermore if * € ©% is a uniformly stable equilibrium on ©> of ODE},
then

Ty — T a.s. as t— o0

Theorem 9. From Lemma 7 and Theorem 8, we conclude that Z, — v a.s

where ¥ = (3,...,3)
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3.2 Fluctuation Theorems

Theory of Stochastic Approximation can also be used to understand fluctu-
ations around the limit. Recently these methods were used in [13] to study
urn models quite effectively.

The following result for our model is on the same lines as Theorem A.2 in
[13].

Theorem 10. For Our Proposed Model, assume that the function h is differ-
entiable at v and all the eigenvalues of —Dh(7y) have positive real parts. Assume
that for some § > 0,

supisto B[|| M1 ||P | F) < o0 a.s.
E[M M |F] =T as. asn— oo
where T' is a deterministic symmetric definite positive matrix.

For step size a(t) = m
a+pB

(a) Forp < 3

1
(Re()\min

\/E<Z—7>—>N(0,2 ))_12) as n — +oo

Amin denotes the eigenvalue of —Dh(v) with the lowest real part
2= /00 ¢~ (-DhQ) =y ~(=Dh(n)~Fu g,
0
BIMyaME | F) 225 T

(b) Forp=3,
n

(Z — 7) - N(0,Y)

logn
as n — 0o

’ 2
finite random variable.

(c) For p € (0,3), ntmin (Z —7) a.s. converges as n — oo towards a
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Proof.

(p1, Z) 1
~ (P2, 1) P
hZy) = |p . P — 7
(v, Z) 1

Considering Z;(i) and Z,;(j) independent for all 7, j jacobian of h is given by:

[(pp1—1)  ppi - - - . pp0 ]
ppy  (pp3—1) - . . . ppd
PPN : coo (=1

The Jacobian can be written as pS'—1I where S is a matrix with row sums one.

Hence the maximum eigenvalue for Dh would be p — 1 and minimum eigen-
value for —Dh would be 1 — p.

Since p — 1 is negative, real part of eigenvalues of Dh are negative which
implies that real part of eigenvalues of —DHh are all positive.

(a), (b) and (c) of Theorem holds respectively for p < 1, p = 1 and
pe(0,3) O

We explicitly calculate T', ¥ and E[M; 1 M |F].

e Calculation of T’

We need to calculate E[M; 1 M/, |F]

LA~ BJlAT - B7)

Ml = @5 57
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Where A =

V()

[ E[Yi1(1)]F] ]

B[Y,11(2)| 7 K

E[Yy1 (M) F) Lov, Z0) 1

Note that E[M1 M}, |F:] will be symmetric matrix

e Diagonal Elements of E[M M} || F]

((a—ﬁ)@,Zt>+6>2+E[(E+1(i))2\E]—2((04—5)(@,Z>+B> (7. 7

_ <(a_@)<ﬁi,Zt)+ﬁ)2+(a2—52)<@>Zt>+52—2<(a—5)<@,2t>+5) A

Since our model is a friedman’s urn model Z;(i) — 3 a.s. as ¢ — oo for
all 1.

Hence (p;, Z,) — s a.s. t — oo for all i.

Hence the diagonal elements of I will be

(CY /6 ) i (CYQ /é 2) 2 (Ck /6 ) 1
3 2 6)2 (CK /é Ck/ﬁ)
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e Off-Diagonal Elements of E[M,, M} |F]

(=975 2+ 5) (0= 955, 2+ 8) + BLes) Vs DI
(=515, Z0+8) (5,20 ~ (o - 515 20 + 8) 51 Z)
= (0= 90320+ 5) (@ = 955, 2 + 8) + @25, 20053, 22
+6° (1203120 ) (153,20 ) v (51 20+ 35, B 2050 205, 20) )

(e = 81522+ 8) 5. Z) = (0= )73, 2 + 5) 5. )

Which converges to

(@=B8) N, o B ((a=p) aff
(T—FB) +Z+Z—(T+B>+7
1
2

(Q2+52)+C¥ﬂ— (agﬁ)

e (Calculation of X2

T
0

T
= limT—H—oo/ eue(Dh(x*)u)tFe(Dh(x*))Udu
0

3.3 Stable Convergence Approach

In [1] authors study a model with interacting reinforced stochastic processes.
Our model is a particular case of this model where these reinforced stochas-
tic processes are urn models. We will discuss some similarities between our
model and the model in the [1]. Their method can be adopted to obtain CLT
of the fluctuation results for our model of interacting Pélya urns.

Following definition is given in [1]:
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Definition 3.3.1. A Reinforced Stochastic Process is a S-dimensional stochas-
tic process, where S is a finite set such that Y = [Y(x) : © € S] has each
component Y (x) = (Y, (2))n>1 a stochastic process.

Conditional probabilities for these Y, s are given by:

PV (2) = 1 Zo(2), Yi(2), ..., Ya(2)) = Zn(2)

Where
Zn(x) = (1 = 1p_1)Zp-1(x) + 11 Yo (2) (3.3)

with 0 < r, <1 and Zy(x) are random variables.

Note that for our model, S is the Number of urns in the network i.e. N
and Y,,(z) gives the number of balls added to urn z at time n.
For our model of friedman urns:

(a+B)t+m -
(a+B)(t+1)+m !

ZtJrl = iJrl (34)

(a+B)t+1)+m
Where B
Zy = Z,(1), Z4(2), ..., Zy(N)]

And B
¥, = [Vi(1), Vi(2), .. Yi(V)

Zy(i) is the fraction of balls in i'® urn at time ¢ and Y;(i) is the number of
balls added to urn ¢ at time ¢.

On comparing equation (3.3) and (3.4) we get that our model is a Rein-
forced Stochastic Process with

(a+5)
(a+B)(t+1)+m

Tt =

In [1], The transpose of Matrix P from our model is referred as the weighted
adjacency matrix.
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Assumptions and Notations

The Matrix P is irreducible and Diagonalizable. The diagonalizability of P
ensures that there exists a nonsingular matrix U such that U7 PT(UT) is
diagonal with \; € Sp(P")( where Sp(M) for a matrix M is its spectrum) .

Without loss of generality we may assume that norm of every column in U is 1

Define V = ((NJT)*1 Note that each column u; of U is a left eigenvector
of PT corresponding to the eigenvalue \; € Sp(PT) and each column v; of

V is a right eigenvector of PT

From the definition of V we have

uJij =1 and u{vj =0, Vh#j

Using Frobenius-Perron theorem and the fact that P is doubly stochastic,
we have: The eigenvalue \; := 1 of PT has multiplicity 1,
Amaz = 1 and

U = v = N-Y?1 and
[vl]j = ULj c (0,+OO) VJ = 1, ..,N

Other Notations

e U and V denote matrices whose columns are respectively left and right
eigenvectors of PT corresponding to Sp(P")\{1}. Note that U and V'
are sub matrices of U and V respectively.

e \*is an eigenvalue of P such that

Re(X*) = maz {Re()\;) : A; € Sp(PT)\{1}}

Interacting Pélya Urns: Asymptotics

This section gives CLT convergence results for a simplified version of our
model using stable convergence (Appendix-B).

49



Consider N interacting Pélya urns with updation scheme of our model given
by interaction matrix P and urn scheme

b

Following theorem for our model is on the same lines as Theorem 3.1 in
1]

Theorem 11. There exists a random variable Z, such that

where o« > 0

Z — Z1
Proof. 1. As P is irreducible and diagonalizable, we have:

VTul = UTU1 =0 VTU — UTV =7 and I = U1’U,{ 4 UvT

(3.5)

Also, if D is the diagonal matrix whose elements are \; € Sp(P?)\{1}
we have,

P =up{ +UDV" (3.6)

2. The dynamics for a Pélyaurn interacting network can be expressed as:

— t+m =~ R
Lig1 = ——— —Y
1T e mr1 !
—~ =~ — ~ — — 1
L1 —Zy = VA Yii1 — ElY, 1| F]|+————aPZ
S e p——— t+t+m—|—1 t+1 [Yii|Fi +t+m—|—1a t
Above equation can be written as:
P -1 ~
Lyon —y=———I —aP)Z; + ————AM, 3.7
t+1 t t—i—m—l—l( a)t+t+m+1 t+1 (3.7)

Where AM; = ﬁ — aPZ is a martingale difference sequence with
respect to the filtration F := (F;);. Now, if vy is a right eigenvector of
PT then it will also be a right eigenvector of aPT.

So, v aP = (aPTv;)T = vf, which gives v{ (I — aP) = 0.

Hence, from equation (3.7) we deduce that (vl Z;); is a bounded real
martingale.
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3. Idea in [1] is to decompose Z, into a vector, cach of whose component is
a martingale and a process which approaches to zero vector as t — oc.

Zt — Ztl + Zt
where Z, = N2 0T Z, = N"'117Z, and Z, = (I — N-'117)Z,
4. To show: Z, =2 7.

Note that Z, = N1177, = N1 Zfil Zyi. Hence Z; is bounded.
Also from equation (3.7) we have:

Zy1— Zy = N712 (vf AM;4q)

t+m—+1

Which gives E[Z;1 — Z;|F;] = 0 Hence, by Martingale Convergence
Theorem we have
Zy == Zog

Where Z,, is a finite random variable
5. To show: Zt 250

(a) Pu; = (uf PTYT = uy
Which gives (I — PT)u; = uy

Hence,

~

(I —P)Z = (I — P)(wVNZ+ Z;) = (I — P)Z,
Using the above relation, equation (2.13) can be written as

1 1
t+m+1 t+m—+1

Multiplying both sides by UVT

1
t+m+1

Z;—ZZ— (I—P)Zt+ AM; 14

L . 1
Zi—2y = — UVT UV (wyof +UDVT)] 24

— —  UVTAM,
+m+1UV t41
1 T T\ 77

S — —UDvVhZ
rrmaiVV )2+

1 .

= U{I-D)WV"Z
t+m+1 ( WV 2zt

——UVTAM,
t+m+1 t+1

1 T
- AM 3.8
t+m-+1 uv i ( )
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(b) Define Zy,; = vTZ,
From equation (3.5) we have Z; = UZyy, so it is enough to show
that Zy,; converges almost surely to O.

From equation (3.8) we have

1 1
A =|]—— (I —D) | Z —  VTAM
Vi+l ( t—i—m+1< )) V’t+t+m+1v t+1
So,
—=T
El|Zvin|PI1F) = E[Zy, 1 Zva | Fi
. 1 _ 1
=7 [——(I—D I—— (I —-D) | Zy,
W( t+m+1( ))( t+m+1< )) Vint
1 7 T
mE[AMtJrIVV AMt+1|]:t}
—T 1 —T — 1
=/, Ly — ————/ 20—- D - D) Z _—
vl = 2wl ) vt T rme e

where (&), is a suitable bounded sequence of F;-maesurable ran-
dom variables.

Since Re()\;) < 1for any \; € Sp(PT)\{1},the matrix 2/ —(D+D)
is positive definite i.e. a symmetric matrix with all positive eigen-
values. So, we can write

1
BNzl 17 < 12l + 0 (3

Hence (||Zv;|[?), is a bounded positive almost submartingale and
so it converges almost surely. In order to prove that the limit is
zero, it is enough to prove that E[||Zy,|[%] converges to zero.

_ 1 - 1
EZ 2:E ZT [_ [_D ]_—[—D Z
[ V,t+1||} |: V,t( t+m+1( )>< t+m—|—1( )) V,t:|‘|‘
1 T 17y, T
T AMa VA

<E [7@ (1 - —5)> (1 - D>> Zv’t]
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1

ci—M
T me

For some constant C; > 0.

Also,
1 — 1
I-———(I-D))|(I-———(I-D) =
t+m—+1 t+m—+1 i
—o b - R+ 1= A2
t+m+1 A (t+m+1)2 !

Set a; =1 — Re()\;) and a* = min;{a;} =1 — Re(N).

We have

E\|Z, I—;(I—E) -— Y 1-p))=z
vt t+m+1 t+m+1 vt
a 1 - 1
D O] CHE T N V2L, C S
_j2( a”t+m+1) Vil + “t+m+1)?
<(1-20— 2 VENZ00?] + ot
= t4+m+1 ! (t+m+1)2

Set z; := E[||Zv.||?], then above inequality can be written as

Tt + (01 + CQ)

(t+m+1)2

<(1-20——
xt“—( “ t+m+1)

Since we have Re(A\*) < 1 ,above recursion implies that
lign ;=0

which concludes the proof.

Following two convergence results for our model with interacting Pdlya urns
are on the same lines as Theorem 3.2 in [1] and Theorem 3.3 in [1] respectively.

Theorem 12. The following holds for the Proposed model with Pdlya urns:
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1. if Re(\*) < 3, then

V(Zy — Zo1) = N(0, Zoo(1 — Zoo (S +5)) stably,

where,
S Y s
Yy ="——"11
N
and X )
Y :=USUT
with
[S]--—L with 2<h,j<N
h,j - ]-_(Ah_’_/\]) = 73_

2. if Re(\*) = % then,

2

In(n)

(Zy = Zool) = N(0, Zoo(1 — Zoo) S stably
where, X R
Y*i=USUT
and
Ase U%—‘Uj Zf )\h+)\]:O
[5%]n = .
0 if A+ #0
with 2 < h,j < N.
Theorem 13. For any h,j € {1,2.., N}, h # j, we have:
1. if Re(X\*) < 3, then
VI(Z(h) = Zi(3)) = N(0, Zuo(l = Zo)Shy)  stably,

where,

~ ~ ~

Shi = lnn + 25 — 2[2]h,
2. if Re(\) >

N

, then

In(n)

(Zi(h) = () = N(0, Zo(1 ~ Z.)S5;;)  stably

where, ) ) )
Shg = e + X5 — 22y

o4



We omit the proofs as they follow from the same argument as in [1].
Although, the same results can be obtained via stochastic approximation

(as seen in section 3.1), we believe that understanding a new approach to
obtain the same results would be useful.
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Chapter 4

Branching Processes and Urn
Models

In this chapter, we discuss the concept of embedding a suitable discrete time
process into a continuous time Branching Process. Once we get a branching
process that is stochastically same as an Urn Model, various results from
branching processes and Markov chain theory can be obtained for the model.
This process of Embedding also has applications in study of contagious dis-
eases. This embedding was introduced by K.B. Athreya and Samuel Karlin
in their paper [2].

We will first state the definition and construction of a multi-type branching
process and Continuous Time Markov Branching Process and then discuss
the concept of Embedding from the book [3].The idea is to find a suitable
sequence of stopping times such that the continuous time process observed
at these times is stochastically similar to a discrete urn process.

4.1 Multi-Type Branching Process

A multi-type branching process allows finite number of particle types in which
every particle of every type can have any number of offsprings of any type.

For a r-type process, we need r generating functions, each in r variables.
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Generating function for type ¢ particle is defined as:

f(i)(Sl,...,ST) == Z p(i)(jl’,,’jr>8]1‘1....83‘r
j17j27--~7.j7‘20

0<s,<1 a=1,..r

pD (51, j2,,,.jr) = the probability that a type i parent produces j; particles
of type 1,j2 particles of type 2 and so on.
The generating function for the whole process is given by:

f(3) = (F), . f))
where §€ (0,1)".

Definition 4.1.1. r-type branching process is a Markov chain {A,;n =
0,1,2...} on R with transition function

e
)

= coefficient  of & in [f(g)]l

4.2 The Continuous time Multitype Branch-
ing Process

Let A;(t) = the number of type j particles existing at time ¢, and set
A(t) = (Ax(t), ., Ar(t));

Definition 4.2.1. (See Chapter 5, [3])
A stochastic process {A(t,w);t > 0} on a probability space (), F, P) is called
a r-dimensional continuous time Markov branching process if:

1. Its state space 1s Z

2. It is a stationary strong Markov process with respect to the fields

F, = o{A(s,w); s < t};
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3. The transition probabilities P(i,j;t) satisfy

(%

Y PGit)d =] | D] Pler.ist)d

jJERT. k=1 | jeR"
for allie R and 5€ (0,1)".
The transition functions are determined by the parameters

a=(ai,...,a,) € R,

jez+
Let
f3) = (), ., [73),
where
FiE) = ")
jezr,
Let

' (3) = ailf1(5) - s

The function u(s) is called the infinitesimal generating function for the con-

tinuous time branching process.

Now, we describe the embedding of urn models into a multi-type contin-
uous time branching process. Given an embedding, it is enough to describe

the infinitesimal generating functions.

4.3 Embedding of Urn Model into continuous

time Branching process

We first discuss embedding of a single Friedman Urn into a continuous time
branching process. Let W; and B; denote number of white and black balls

respectively in the Urn at time ¢.
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Consider a two-type branching process A(t) = (A;(t), Aa(t)) with infinitesi-
mal generating functions

a1 = Q9 = 1
hus) = s+1s]
ho(s) = sP g+
This branching process is such that if any paticle dies, then it gives rise to

a + 1 particles of its own type and ( particles of the other type.Let 7’s be
the times at which any particle dies. Then we have the following result:

Theorem 14. (Theorem 1 in [2])
The stochastic processes {(Wy, By);t = 0,1,2...} and {A(1) = (A1(1), Aa(Tt));t =
0,1,2...} are equivalent.

Clearly, this can be extended to consider embedding of more than one
independent Friedman urns. This is done in the following example.

Example:
Consider two independent Friedman Urns with Urn schemes

a1 Q9 Q3 Oy

Qg Qg Q3
This set of independent Friedman urns can be embedded in a four-type
branching process with infinitesimal generating functions:

(s) = 3455
hals) = 557155
ha(s) = 5745y
hals) = 5471550

For our model, urns are not independent (their dependence is governed
by the parameters p!’s and therefore a new approach is needed to understand
interacting (or dependent) urn processes from the branching processes point
of view.
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Appendix

We state some of the definitions and results mentioned or used in the thesis.

4.4 Appendix-A (Difference Equations)

We need various results from Difference equations in order to understand
the proof for theorem 2. The following results for Difference Equations have
been taken from [8].

Let z,, a,, b, be real numbers for n > 0 with

Tyl = AnXy + by (4.1)
Since above equation is a recurrence relation, we can write x,,11 in terms of

Zo
n n—1 n
Tnil = Xo H a, + Z b; H a, + b, (4.2)
v=0 7=0

=0 v=j+1
n n J
- (H a,,) (1’0 + Z b; H a;l) (4.3)
v=0 7=0 =0
When, a, # 0 for 0 < v <n.

Suppose b > 0, ¢ > 0, a is real and

(b+ ¢n)

a, =1+ for n>0 (4.4)

Then,

(4.5)




Hence,using Stirling approximation we have

na:&n% 4.6
VHOV - (4.6)

((a+b) )

Using equation (3.1) and (3.6) we can conclude

Lemma 15. (Lemma 6.4 in [8])
If {a,} is defined by (3.4) with a > 0; and b, = O(n?) withd < c"'a—1; and

n 0 J
{x,} satisfies (3.1):then lim, ooy [] a,t = zo+ Y. b; [] @, the series
v=0 7=0 v=0
converging absolutely.

4.5 Appendix-B (Stable Convergence)

The following section is taken from the paper [1] (Appendix B: Stable con-
vergence and its variants).

Definition 4.5.1. Let (2, A, P) be a probability space, and let S be a polish
space, endowed with its Borel o— field. a kernel on S, or a random probability
measure on S, is a collection K = {K(w) : w € Q} of probability measures
on the Borel o— field of S such that, for each bounded Borel real function f
on S, the map

o Kfw) = [ @)Kw)(ds)
18 A— measurable.

Given a sub-o-field ‘H of A, a kernel K is said to be H—measurable if all
the above random variables K f are H—measurable.

On (2, A, P), let (Y,) be a sequence of S— valued random variables, let
‘H be a sub-o-field of A and let K be a H- measurable kernel on S. Then we
say that Y,, converges H— stably to K, and we write Y,, — K H-stably, if

P(Y, € |H) X BIK()|H]  for all
HeH with P(H)>0
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4.6 Appendix-C (Auxiliary Results)

4.6.1 Stochastic Processes
A collection of random variables {X(t),t € T} defined on the probability
space(€), F, P) is called a stochastic process.

X:TxQ—=R

X(t,w) = X, (¢)
Note that X '{(—o0,z]} € F, Vz €R

The set {t € T'} is called the parameter space(T) of index set. Whereas
the collection of all possible values of X(t) for ¢t € T is called the state
space(S).

4.6.2 Exchangeable Random Variables

A finite sequence of Random Variables X, Xo, ..., X} are said to be Exchange-

able if

D
(X1, Xo, .o, Xi) = (Xiy, Xiyy oo X3y

1k

For any permutation (iy, ..., ) of (1,2..., k).

An infinite sequence of Random Variables is said to be Exchangeable if every
finite collection of its variables is Exchangeable.

De Finetti’s Theorem for Indicators

Theorem 16. (Theorem 1.2 in [14])
Let X1, Xo, ... be an infinitely Exchangeable sequence of indicators. Then, there
is a distribution function F(x) such that

1
P(X1 = 1, ,Xk = 1,Xk+1 = 0, ,Xn = O) = / Ik<1 — x)"*de(a:)
0

For eachm and 0 <k <n

62



Bibliography

Giacomo Aletti, Irene Crimaldi, and Andrea Ghiglietti. “Synchroniza-
tion of Reinforced Stochastic Processes with a network based inter-
action”. In: The Annals of Applied Probability 27.6 (2017), pp. 3787—
3844. DOI: 10.1214/17-AAP1296.

Krishna B. Athereya and Samuel Karlin. “Embedding of Urn Schemes
into continuous time Markov Branching processes and related limit the-
orems”. In: The Annals of Mathematical Statistics 39.6 (1968), pp. 1801
1817.

K. B. Athreya and P. E. Ney. Branching Processes. Dover Books on
Mathematics. Dover Publications, 2004. 1SBN: 0486434745.

Jacob Bernoulli. Ars Conjectandi. 1713.

Vivek S. Borkar. Stochastic Approzimation:A Dynamical Systems View-
point. Texts and readings in Mathematics. Cambridge University Press,
2008. 1SBN: 9789386279385.

[. Crimaldi, P. Dai Pra, and 1. Minelli. “Fluctuation theorems for syn-
chronization of interacting Polya’s Urns”. In: Stoch. process. Appl. 126
(2015), pp. 930-947.

M. Benaim et.al. “A generalized Polya’s Urn with graph based inter-
actions”. In: Random structures Algorithms 46 (2015), pp. 614-634.

David A. Freedman. “Bernard Friedman’s Urn”. In: The Annals of
Mathematical Statistics 36.3 (1965), pp. 956-970. DOI: 10.1214/aoms/
1177700068.

Ujan Gangopadhyay and Krishanu Maulik. “Stochastic Approximation
with Random Step Sizes and Urn Models with Random Replacement
Matrices”. In: (Sept. 2017).

63



[10]

[11]
[12]
[13]
[14]
[15]

[16]

Mikhail Hayhoe, Fady Alajaji, and Bahman Gharesifard. “A Polya
Contagion Model for Networks”. In: IEEE Transactions on Control of
Network Systems PP.99 (Dec. 2017), pp. 1-12. pDO1: 10.1109/TCNS.
2017.2781467.

Norman L. Johnson and Samuel Kotz. “T'wo Variants of Polya’s Urn
Models”. In: The American Statistician 30.4 (1976), pp. 186-188.

Mickael Launay. “Interacting Urn Models”. In: arXiv:1101.1410 (2012).

Sophie Laurelle and Gilles Pags. “Randomized Urn Models revisited
using Stochastic Approximation”. In: The Annals of Applied Probability
23.4 (June 2013), pp. 1409-1436. pOI: 10.1214/12-AAP875.

Hosam M. Mahmoud. Polya Urn Models. Texts in Statistical Science
Series. Chapman & Hall/CRC, 2009. 1SBN: 9781420059830.

Robin Permantle. “A Survey of random processes with reinforcement”.
In: Probability Surveys 4 (Feb. 2007), pp. 1-79.

P.Dai Pra, P. Y. Louis, and 1. G. Minelli. “Synchronazation via in-
teracting reinforcement”. In: Journal of Applied Probability 51 (Mar.
2016), pp. 556-568. DOI: 10.1239/jap/1402578643.

N. Sahasrabudhe. “Synchronization and Fluctuation Theorems for In-
teracting Friedman Urns”. In: J. Appl. Prob. 53 (2016), pp. 1221-1239.

Debleena Thacker. “Infinite Color Urn Models”. PhD thesis. Indian
Statistical Institute, 2015.

64



