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Introduction

Urn processes has been an active area of research in mathematics for a very long time. They are
a special kind of random processes with reinforcement. In general, these are systems with either
one single component which evolves according to some reinforcement rules or systems with multiple
components that update randomly in such a way that the evolution of each component depends on all
or some of the other components. In 2007, R. Pemantle published a survey titled ‘Random Processes
with Reinforcement’ (also the title of his doctoral thesis in 1998) in Probability Surveys [1]. There,
he notes that:

In 1988 | wrote a Ph.D. thesis entitled “Random Processes with Reinforcement”. The first section was a
survey of previous work: it was under ten pages. Twenty years later, the field has grown substantially. In
some sense it is still a collection of disjoint techniques. The few difficult open problems that have been

solved have not led to broad theoretical advances.

Since the publication of that survey more than ten years ago, the field of random processes with
reinforcement has grown further into different directions, however, the tools to study these problems
are more or less the same. In this thesis, we focus on one such direction, namely, the ‘interacting
urn models’. As noted above, such models consist of multiple components/urns that are reinforced
randomly at every time step such that the reinforcement of each urn depends on some of the other
(or all) urns in the system. In the last few years, a considerable attention has been given to the

study of such systems. Several models of interacting urns have been studied (see [2], [3] and [4]).

A classical urn process consists of an urn with balls of two colours where a ball is drawn from the
urn uniformly at random at each time-step and depending on the colour of ball drawn, more balls
of the same or opposite colour are added to the urn. Such an operation is performed repeatedly.
Typically, we are interested in understanding the asymptotic properties of the urn. That is, does the
fraction of balls of a particular colour converge to a (possibly random) limit and is that limit same
for all the urns as t — co? What is the rate of convergence? What are the distributional properties
of the limit if it is random? Finally, how do the fluctuations of fraction of balls of each colour around
the limit behave? Early classical urn models have been extended to random reinforcement, infinite

colour models etc in the recent past (for instance, see [5] and [6]).

In this thesis, we study interacting urns with multiple drawings. Urns with multiple drawings
have been studied before in [7]. In these models, instead of drawing one ball at each time-step, a

finite number of balls, say s, are drawn from the urn. The urn is then reinforced depending on



the composition (in terms of colours) of balls drawn. The questions of interest are similar to those
discussed above. Interacting urn processes consist of a set of urns (we restrict our discussion to
finite number of urns) such that the reinforcement of each urn depends on the rest of the urns or
a non-trivial subset of all the other urns (for instance, see [§]). In this case, we are interested in
questions of synchronization. That is, do balls of each colour converge to the same limit across all
the urns? One may also impose spatial structures or conditions on such models. Recently, some
work has been focused on graph based interactions, where each vertex of the graph represents an

urn and each urn interacts only with its neighbours in the graph (see [3] and [9]).

The thesis is organized as follows. Chapter 1 is a general discussion on urn models, its extensions
and the known results in this area of research. In Chapter 2, we consider a two-colour model
(consisting of white and black balls) with N interacting urns. At each time step t and for each
individual urn, a biased coin is tossed with probability of head being p. Depending on the result of
the toss, we draw s balls from that same urn in case of a heads and from the super urn (an imaginary
urn formed by combining all the individual urns together) in case of a tails. Then, we reinforce the
urns with two different types of reinforcement schemes. Due to this duality in the type of scheme,
we call one of the models, the ‘Pdélya-type model’ and the other, the ‘Friedman-type model’ . The
difference is that in case of the former, for every ball drawn out while sampling for an urn, we put
back C balls of the same colour back in that urn; while in case of the latter, we put back C balls
of the opposite colour back in that urn. Note that this model consists of two qualitative aspects: it
is an interacting urn model because of the possibility of balls being drawn from the super urn and
it is also a multiple drawing model. This makes this model a straightforward generalization of the
models studied in |7] (a single urn model with multiple drawings) and [8] (consisting of N interacting
urns but no multiple drawings). We prove synchronization results and the Central Limit Theorems
for both the models and calculate £2 convergence rates for the ‘Pélya-type model’ using ideas and
methods used in [§], [10] and [11].

For both kinds of models discussed above, synchronization of colours is observed to occur across
the urns (that is, the fraction of balls of a particular colour in each urn converges to the same
limit), but the results are consistent with classical urn models: in case of the ‘Pdlya-type model’,
the common limit is random while in case of ‘Friedman-type model’, the fraction of balls of each
colour converges to 1/2 almost surely. This contrast motivates us to expand the two-colour model to
a general d-colour model, which we study in Chapter 3. We present a synchronization result in order
to prove that cross-reinforcement of colours (reinforcement of a colour by another colour which is a
feature of the two-colour ‘Friedman-type model’) leads to fraction of balls of those colours converging
to a common random variable almost surely even in a general d-colour setup while fraction of balls

of a colour which reinforces itself converges to a different random variable.

Finally, we consider graph based models in Chapter 4. We place urns containing balls of two
colours on the vertices of a fixed deterministic undirected graph with self loops. The reinforcement
in each urn now depends only on its neighbouring urns. Depending on the type of reinforcement
(Pdlya or Friedman type), we again have two kinds of models. We prove synchronization results for
both the models. As expected, for Pélya-type model, the synchronization of colours occurs across

the connected components of the graph G ; whereas, in case of the Friedman-type reinforcement, the



fraction of balls of each colour converges to a common fraction of 1/2 in all the urns, regardless of

the graph structure. In Chapter 5, we present some of the simulations we performed for our models.






Chapter 1

Urn Models: An introduction

An Urn process is a Markov Random Process consisting of an imaginary exercise involving urns
containing balls of different colours. The system evolves at discrete times. At each time instant,
balls are added or removed from the urn depending on the kind of model and based upon the sample
of balls drawn. Typically, one is interested in the convergence points of the proportion of balls of
different colours in the urn. Urn models are used to model real world problems in many diverse
fields like genetics, ecology, physics, and economics. In particular, they can be used to model disease

spread and/or opinion dynamics. Urn processes have been extensively used to model clinical trials.

1.1 Classical Urn Models

One of the first urn models to be studied was the classical Pélya urn model introduced by George
Pélya in 1923. The model consisted of an urn which initially contains a finite number of balls of
different colours. At any given time instant ¢, a ball is drawn from the urn uniformly at random
and after noting down its colour, it is replaced along with another ball of the same colour. This
reinforcement is carried out at every time-step and is repeated ad-infinitum. For a two-colour Pélya-
Eggenberger urn model (a slight variant of the classical Pélya urn model with the difference that s
balls of the same colour are added for every ball drawn instead of one), a celebrated result states
that the fraction of balls of either colour converges to a random limit as ¢ — oo and the distribution
of the random limit is given by beta distribution, with parameters depending upon the initial state

(initial number of balls of either colour) of the system. More precisely:

Theorem 1.1.1 (Eggenberger and Pdlya, 1923). Let W,, be the number of white ball drawings in the

P’olya-Eggenberger urn after n draws. Then, as n — oo,

n

such that W ~ 3 (%, %), where B(-,-) denotes Beta distribution.

Bernard Friedman generalized the Pélya urn model in 1949. In a two-colour Friedman’s urn
model, consisting of say white and black balls, at every time instant, a ball is drawn uniformly at

random and is replaced with « balls of the same colour and [ balls of the other colour. It is known



that the fraction of balls of both the colours converges to 1/2 provided that « and [ are both strictly
positive. That is,

Theorem 1.1.2. Let W, be the number of white balls in a Friedman’s urn after n draws. Then, as
n — oo,

W’IL a.s. 1
—

n 2’

In [12], D. Freedman used method of moments to obtain the fluctuating limit theorem for two-
colour Friedman urns. He proved the following (W,, and B, refer to the number of white and black

balls respectively in the urn after n draws ):

Theorem 1.1.3 (Theorem 3.1 in [1]). Let p:=a — B/a+ 8. Then
(a) If p > 1/2 then n=P(W,, — By,) converges almost surely to a nontrivial random variable;

(b) If p=1/2 then (nlogn)_l/z(Wn — B,,) converges in distribution to a normal with mean zero and

variance (o — B)?;

(c) If 0 # p < 1/2 then n='/2(W,, — B,) converges in distribution to a normal with mean zero and
variance (o — 8)*/1 — 2p.

The classical urn models have been studied extensively (see |13] for other classical urn models
like Ehrenfest urns, Bagchi-Pal urns and OK-Corral process). The study of urn processes falls under
the umbrella of random processes with reinforcement. These also include reinforced random walks.
Some of the well-known methods to study random processes with reinforcement, that are also used
frequently in this thesis, are described briefly in the Appendix. In the next section we talk about two
types of generalizations of classical urn models, namely, urns with multiple drawings and interacting

urn models.

1.2 Urn Models with multiple drawings

Unlike the classical urn models discussed above, where only one ball is sampled at a particular time
instant, we now describe models with multiple drawings (ones that involve drawing of a fixed number
of finite balls). For example, authors in [7] look at a model called Generalized Friedman’s urn (a
single urn model with two kinds of balls: white and blue), from which samples of a given size,say
s (> 1 balls) are taken out of the urn at each time instant, and the colours of the balls are noted
down. The drawn sample is returned back to the urn, and a “Friendman-type” reinforcement occurs:
if there are 0 < k < s white balls in the sample, the urn is reinforced with Ck € N blue balls and
C(s — k) white balls. Here, C' is a fixed constant. The sampling of balls in such models can be done

in two ways:

(i) With replacement: a ball is drawn, its colour is noted and is replaced back in the urn, a second

ball is drawn, its colour noted, again replaced and so on until s balls have been drawn.
(ii) Without replacement: s balls are drawn together.

Clearly, the distribution of the number of balls drawn in both the cases differ: in the former, the

distribution is binomial, while in the latter, the distribution is hypergeometric. Note that no matter

6



how many balls of any one colour are drawn in a particular sample, at any time instant a total of
C's balls are added back to the urn. Such an urn where the total number of balls at any time instant
is deterministic and not random, is called a balanced urn. Note that all the urn models we will be
considering in this thesis will necessarily consist of balanced urns and the sampling will always be
one with replacement.

In [14] and [15], a similar multiple drawing model is considered with “Pélya type” reinforcement.
That is, once s balls are drawn such that k of them are white, the urn is reinforced with Ck € N
white balls and C(s — k) blue balls.

We refer the readers to [7], |8] and [10] for results on these models. We combine the multiple
drawing models with interacting urns models and consequently obtain some of the results from these

papers as special cases of our results.

1.3 Interacting Urn Models

As noted before, an interacting urn model is one which consists of several urns which may influence
each other’s reinforcement. So, the reinforcement for a particular urn at any time instant depends
not only on the state of that urn at that instant, but also on that of the other urns. In [3], the
authors describe a two-colour interacting urn process as follows:

We define a general two-colour interacting urn model as follows: suppose that there are N urns
with configurations (W}, Bt) for 1 < i < N and t > 0, where W} and B! denote the number of

white balls and black balls respectively, at time t, in the it wrn. The reinforcement scheme of each
Wi
be the proportion of white balls in the i*" urn and I! be the number of white balls added to the i'"

urn depends on all urns or on a non-trivial subset of the given set of N urns. Let Z! :=

urn at time t. We write: Wf“ =W+ If“. Suppose the evolution of the it" wrn depends on urns
{i1,...ip,} € [N]:={1,...,N}. We call this set the dependency set of the i'" urn. If we think of
urns as nodes of a network, a natural choice for the dependency set of a vertex is the neighbourhood
of that vertex. Then the random process I' = (I%,... 1Y), that defines the reinforcement scheme,

evolves as follows:
P =l F) o f e (20000028 ) (1.1)

where for allt >0, of € ZT and f; ,or1 : ZF % [0,1]% — [0, 1], for every i € [N].

Similarly, in (8], the authors consider a two-colour model with N urns where at every time
instant, a ball is sampled for each urn depending on the outcome of the toss of a biased coin (say
P(TAILS) = «). One ball is sampled from that same urn in case of a heads, and from the super

uwrn (an imaginary urn formed by combining all the urns together) in case of a tails. That is, the
N

probability of i’ urn getting a white ball at time ¢ is given by (1 — a)Z! + a4 > Z} (Z} denotes
=1

the fraction of balls of the concerned colour in the 5" urn at time ¢ for 1 < j < N). Several special
cases of the above set-up of interacting urns with reinforcement of the form (|1.1)) have been studied

recently.

In this thesis, we combine the two types of generalizations described above in sections [1.2] and
to study interacting urn models with multiple drawings. We restrict ourselves to positive rein-

forcement, that is, at every time-step non-negative number of balls are added to the urns (in other



words, balls are never thrown out of the urns). We also only consider the case of finitely many urns
and balls of finitely many colours. From the next chapter, we start with a detailed study of the

models that we have looked at in this thesis. The following definitions will be useful throughout:

Definition 1.3.1 (Reinforcement of a colour by another colour). For a model with drawing of s
balls, we say that a colour J is reinforced by a colour L( denoted by L — J ) if given that 0 < k < s

balls of colour L are drawn, we put back Ck balls of colour J back in the concerned urn.

Definition 1.3.2 (Self reinforcement of colours). We say that a model exhibits self reinforcement of

colours, if all the colours reinforce themselves (and are not reinforced by any other colour).
For a two colour model, we define:

Definition 1.3.3 (Mutual reinforcement of colours). We say that a two colour model exhibits mutual

reinforcement of colours if the two colours reinforce each other (and none of them is reinforced by

itself ).

Note that interchangeably, we call the Pdlya-type model as self reinforcement model and the

Friedman-type model as mutual reinforcement model.



Chapter 2

Interacting two-colour Urns with

Multiple Drawings

2.1 Polya-type model (Self reinforcement of colours)

The model consists of N urns, initially containing non-zero number of balls of two colours: white
and black. The system evolution happens in discrete time. Initially (at time ¢ = 0), the i'" urn
contains a; white and b; black balls such that a; + b; = m for all 1 < i < N (m is a fixed positive
integer). An imaginary urn is formed by combining all the N urns. We call this the super urn. At
each time instant ¢, a biased coin is tossed (with probability of heads = p) for each urn. Depending
on the outcome of the toss , s number of balls are sampled from each urn (in case of a heads, that
is, with probability p) or from the super urn (in case of a tails, that is, with probability 1 — p). If k
out of s balls sampled are white (0 < k < s), then C'k number of white and C(s—k) number of black
balls are added to the urn, where C' is a fixed positive integer.

This reinforcement is done for each urn at every (discrete) time instant and is repeated over and
over. Note that at every time-step a total of C's balls are added to each urn. So, while the number
of white balls added is random, the total number of balls added is deterministic (this is an example
of what is known in the literature as a balanced reinforcement scheme). At time ¢, the total number

of balls in each urn is m + Cst.

We fix some notation that is used throughout the thesis.
e W, (i): number of white balls in the i** urn at time .

e Z;(i): fraction of white balls in the i*" urn at time ¢.

e 7, : fraction of white balls in the super urn at time t.

e Y, 1(i): number of white balls added to the i** urn at time t (note that Y;(7)’ s are conditionally
independent).

o We define: a = Z=t% and 7, = (Z,(1), Z,(2) ... Z(N))

e The o-field F; is defined as: F; = 0(Zo(1),Zp(2)... Zo(N) ... Z:(1),Z:(2) ... Z:(N)). For
t > 0,{Fi}1>0 defines a filtration.



Theorem 2.1.1 below has two parts: the first part gives an explicit formula for E[Z(i)] for 1 <i < N
and the second part is a synchronisation result. It states the fact that the the fraction of white balls

in each urn converges to a common fraction.

Theorem 2.1.1. The following holds for 1 <i < N

%+p+t71)

(@E%@F%%—®L@ﬁr+m

(b) limy_soo(Z(i) — Z;) =0V 1<i< N as.

Proof For0<k<s1<i<N

. s . s s\, 5k = s
PWina(i) = OHF) = () @0 - 20~ + (- 9) () 204 - 2
Since the total number of balls is deterministic, we have :

7, = Zim Zi(0)
N

We now write the evolution of Z;(i) as a Stochastic Approximation Scheme. For 1 <i < N:

Wi(i) + Yis1(4)

Zen () m+ Cs(t+1)
~ Z0) - CsZ(i) Yi1(9)
! m+Cs(t+1) m+Cs(t+1)
— 200+ g M)~ BV DR+ 20D @)

Here, h(Zi(i)) = E[Yi41(0)|F] — CsZ.(i). Now,
B = 0k [op) iz o - z6r 0 - () @ra - 2]

= gcm (Z) (Zi(i)*(1 = Zu(i))* ™ + Z C(1 - p)k(Z) (Zo)F(1— Z,)*

k=0

= Cps(Z(i)) Z (Z : 1) (Zt(i))k_l(l _ Zt(i))s_l_(k_l)

k=1

- C“—Pﬁwﬂfi@ﬁﬁ)wamwl—af**hw

k=1
= CpsZ(i)+C(1 —p)sZ;

= Cs[pZ(i)+ (1 —p)Z]
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Hence,

hZy(i)) = EYi1(i)|F] — OsZ(i)
= CpsZi(i) + C(l —p)sZy — CsZy(i)

Taking conditional expectation with respect to F; on both sides of (2.1)), we get:

h(Zy(i))
m+Cs(t+1)
Cs(1 = p)[Z — Z4(9)]
m+ Cs(t+1)

E[Z41(1)|F] Zy (1) +

= Zi(i)+
Now,

E[Zt+1|ft] - E N

N .
D oie1 Zev1 (i) |]__t1

N
> ElZia ()| F

 Cs(1—p)[Zs — Zy(i)]
(Zt(l) + m+ Cs(t+1) >

2|

Il
-

I
2| =
-

Il
—

3

I
N

t

Hence, Z; is a Martingale w.r.t F;. Taking expectation on both sides of (2.2)), we get:

Cs(1 —p)|E[Z:] — E[Z:(i)]]

E[Z41(i)] = E[Z:(i)] +

m+ Cs(t+1)
Since,Z; is a Martingale,we have :
N
B12) = B[] = 2= —
Hence,
N . Cs(1 —p) Cs(1 —p)a
ElZen(®] = BlZ(0) (1 m+ Cs(t + 1)) T s+ 1)

= ElZ()ft + gt

Here, f; = 1- L”l and g, = -S2U=P)e_ The reader is directed to the appendix for a discussion

m~+Cs(t+1) m~+Cs(t+1) "
on how to solve the above kind of recurrence relations. Now,

ﬁf ﬁ<1 Cs(1—p) ) ﬁ03+k+p
k S SRR )
o o m+ Cs(k + 1) :0@+k+1

(Z4p+m)(@) (5

—_ ] 1/
(& +m T DIz +p- D) (&)

11



Hence,

Bz = (] ) (E[zo(m " Im )
k=0

m’'=0 Hk ofk
(%ﬂ?_t_l) [a; &2 Cs(l —p)a
- —m | + m’
(e [m mZ::o (ITkzo fe)(m + Cs(m/ + 1))

_ & _@+§ Cs(1—pa(¥ 00 1
(&) Im a= )

(&+1;+t—1) ‘ai t—1 (5—”7:/71’1“) ]
= —m o |- +t0-pa ET——
Ey om0 )
Now,
Zrm+ 1 (@ + D& +m +1) (@) + 1)1 m \ m'+1
Hence,
(Cl+p+t 1) § (Finfl)
E[Z(i)] = ~mt—" |a; + (1 —p)aCs mm,]
(% )m o (Sni™)
Using Lemma see appendix), we calculate the following:
ti (& Xt: (%)
( (Estptmy +p+m &5 tp— 1+k)
m'=0 \ m’'+1 k=1

Lety= & +p—1,s=tand z = & — 1 So,

ti (&) g rr-n(TET) m
m’=0 (KT:{:;’”) (% - % —p+ 1) (t+1+tcf1+p_1> CS(l _p)
(t +Cs+p)(t+1) m

-n (75 O
Hence,

(Frnr)

E[Z:(i)] = “E

(1-1p) (t+ &5 +P) Cs(1—p)

t+ & +p) (15
ai-l-(l—p)ozCs(( &+ () - mn
We can simplify this expression further to get:

%-ﬁ-p-&-t—l)

BZ,(i)] = (% —a) ((M) ta

m

The above equation holds for all 1 < ¢ < N. This completes the proof for the first part of the
theorem.

12



For the second part, we write the Stochastic Approximation Scheme for Z; in order to prove the
second part. Let Yiy1 = (Yig1(1), Yeq1(2) ... Y21 (N)). We have:

7 g CsZy }/tJrl
T T i Cs(t+1) | m+ Cs(t+ 1)
1
=%+ gy Ve — BV L+ b))

Here,
W Zy) = (W(Z(1),M(Z4(2) ... W(Ze(N)) = Cs(1 — p)(Z — Zi(1), Zy — Z4(2) ... Zy — Zy(N))

Since the zeroes of h(Z;) give the limit points of Z;, we are done (see appendix for details about the

stochastic approximation theorem and how it has been applied to our models all through the thesis).
|

As noted before, our model is a generalization of the model studied in [8]. The next theorem has
been proven using the same techniques as used there, with minor modifications. It is interesting that
the asymptotic estimates calculated below are the same as those calculated there, despite the added
complexity of multiple drawings which is missing in their model. Also, note that the probability of
heads in our case is p while the analogous variable used for the same probability by the authors in [8]
is (1 — ) for a € [0,1].

Theorem 2.1.2. Assume that a; = a for all1 <i < N. In the following statement, for two positive

sequences a; and by we write a; ~ by if
L. a . a
0 < liminf — < hmsup—75 < 400
t—oo by t—oo bt

The following asymptotic equations hold:

t=20-p) L op<i
VCLT(Zt(Z') — Zt) ~ t_llogt p= %
1 0

Proof Since a; = a for all 1 <7 < N, we therefore have:

E[Z(i)— Z]) =0V 1<i<N

Let

Then,

tip1 = Var(Zya (i) — Zepr) = EVar(Zga (i) — Zepa | Fe)] + Var(BlZeg (i) — Zega | F)])

13



Now,

Hence,

Now,

Var(Ziyq1(i) —

Zypa (i) = Zu(i) —

Zt+1

Zt+1|]:t) =

_ OsZ al Y (i
By L : G
1

CsZy(i) Yiy1(4)
m+Cs(t+1) m+Cs(t+1)

)
m+ Cs(t+1) N(m+Cs(t+1))

E [(Z141(0) = Zet1 — E[Ze41 ()| F] + ElZe41|F2)*| Fe]

N CsZ) Vi (3)
P {Zt(z) m+Cs(t+1) m+Cs(t+1)
CSZt N }/;:+1 .
Ot D) 2 Nm ot ose ) 20
CsZ(i)  E[Yi1(i)|F 5 CsZ;

m+Cs(t+1) m+Cs(t+1) Y om+Cs(t+1)
N

ElYi1 ()5 o

(m+Cs(t+1))

2
Yt+1> E[Yis1 (i) F] +N Bl G = Yin@) | 5
m+ Cs(t+1) ‘ N(m+Cs(t+1)) !

j=1

o Cj(t | (1 ) G0 - B 17D

2
1 1.,
(m+ Cs(t+1))? {E[(l N N) (Y41 (0) = E[Yes1 ()| F2])?|F]
IS (BI¥ea ()1F] — Yiea ()1
T

2(1- 1) () BIa) ~ B

N
(Z(E[Ytﬂ(j)\]:t} - Yt+1(j)))]:t}}
o

For i # j, we have (since Y;11(¢) and Y;11(j) are conditionally independent):

E[(Yi1(i) —

EYp()IFNEN 1 ()IF] =Y )R] = B () FEY 41 ()| F]

—EYi41(8) Y1 (4)[F]
= 0

14



Hence,

1

Var(Zya (i) = Zen | Fr) = (m+Cs(i+1)? {(1 - ]1,) Var(Ye1(i)| )

Fi

Jj=1
J#i

N
+ %E I:(Z(E[Yt+l(j)]:t] - YtH(j))

|

Due to conditional independence, we again have that :

_ 1 1)?
Var(Zi1(i) — Zia|Fe) = £ Csi £ 1)) {(1 - N> Var(Yiy1(4)|F)

N
+ 33 2 (BUENA ()17 - mlu»?ﬂb}

Now,

(Y ()] = 20%2[ ( ) ()L Zu(i)) +(1_p>(2)<z)k(1_z)s_k]

= C?p[s(s — 1)(Z(i))* + sZy(i)] + C*(1 = p) [s(s — 1)(Z:)* + sZ4]

Hence,
Var(Yin ()| F) = E[(Yera(0)*|F] — (B[Yira(6)1F))?

= C%pls(s — 1)(Z:(i))* + 5Z:(i)] + C*(1 — p)[s(s — 1)(Z)* + 5Z4]

— C?SP*(Z:(0))* + (1= p)*(Z0)? + 2p(1 — p) Z4(i) Z4] (2.4)
Now,

EVar(Y,(i)] = E[Var(Yy(j)] Vi # j
So,
BWVarlZen(i) - ZealF)] = oo {( %) + NN‘I} ElVar(Yia ()| 7
1 N -1 .

Taking expectation on both sides of (2.4), we get:

EVar(Yis1 (i)|Fo)] = C?ps(s(1 — p) = DE[(Z:(1))’] + Bl(Z:)*)C?s(1 — p)(—sp — 1) + C*sax

15



Now,

E[Zi11(i) = Zen|F] = E |:Zt(i) - féit(( l 0tm +YtCJ’r;((Z)Jr )
. CsZ, al Yt (4)
At O ; N(m ++Cls(t +1)) |ft]
_ _Cs(l—p) N5
B (1 m+Cs(t+ 1)) Zi(i) ~ Z)
Hence, )
Var(ElZun(i) - Zenl7) = (1- — G20
Thus,
_ 1 N-1 . Cs(1—p) \°
W = TG ETDR ( - )E[Var(ym(z)ft} 4 (1_ m+Cs(t+1)> »
~ N(m +N6;(1—|— )2 {C?ps(s(1 — p) = 1) B[(Z:(0))?]
+  E[(Z)*C?%s(1 —p)(—sp— 1) + C?sa} + (1 - m> Tt (2.5)
Now,
x = Var(Zi(i) — Zi) = E((Z(i) — Z1)?] = El(Z4())%] + El(Z:)?] — 2E[Z.(i) Z4]

= E[(Z:())’) + El(Z)’] - QW=E[<Zt<z‘>>2]+E[<Zt>2]—2E[<Zt>21
= E[(Z,(i))*] - E[(Z:)?]

So, E[(Z(i))?] = E[(Z:)?] + 4. Substituting this value of E[(Z;(7))?] in (2.5) and simplifying, we
get the following:

e <1_ Cs(1—p) )2+(N—1)C2p8[8(1—p)—1] L (N =1)C?s(a — B[(Z)%)
o m+ Cs(t+1) N(m + Cs(t+ 1) N(m + Cs(t +1))2

We show that the term o — E[(Z;)?]is strictly positive. Since Z; is a Martingale, we have:

VaT(Zt+1) = VCLT(E[Zt+1|JT"t]) + E[VCLT(Zt+1|.Ft)]

= Var(Zt) + E[Var(2t+1|}'t)] (26)
Now, recall (2.3):
5 N
= = CSZt Kt+1(l)
Zor =2y — ———2t
i K m+Cs(t+1)+z;N(m+Cs(t+l))

16



Hence,

N N 2
> _ Yii1(2) EYi41(9)| 7]
Var(Zyq|Fy) = E (,:1 N(m+ Cs(t + 1)) z:z1 N(m+ Cs(t + 1)) | Ft
1 .
- (m + Cs(t+1))2N2 ; Var(Yi41(i)|7) (2.7)

Taking expectation on both sides, we get:

N
EVar(ZealF)) = g (t1+1))2 = ;E[Var(mla)m)] (2.8)
Now,
Var(Ye1 ()| F) = E[(Yey1(0)*|F] — (B[(Yee (4)*|F])?

= Cps(s — 1)(Zu(i))* + C?psZy(i) + C*(1 — p)s(s — 1)(Z,)? + C*(1 — p)sZy
— C*SP*(Zu(0))? + (1= p)*(Z0)* + 2p(1 — p) 2, Z4(i)]

= (Z:(1))*[C?ps(s — 1) = C*s*p?| + (Z,)*[C*(1 = p)s(s — 1) — C*s*(1 — p)?]
+ C%psZi(i) + C*(1 — p)sZ; — 2C*s*p(1 — p) Z,: Z4 (i)

Taking expectation on both sides,we get:

ElVar(Yi1()F)] = E[(Z(i))?][C?ps(s — 1) — C*s°p?] + E[(Z)*][C*(1 — p)s(s — 1)
— C?s*(1—p)?) + C?psE[Z,(i)] + C*(1 — p)sa — 2C°s*p(1 — p) E[Z, Z4(i)]

Putting this value of E[Var(Yi11(i)F;)] in (2.7), we get:

N
EVar(Zi1|F)] = it Cs(tlJr D {E[Z(Zt(i))Q]CQPS[S(l —p) = 1]+ NVar(Z;) + o?)

N
x  C%s(1—p)(sp—1)+ C?*sNa — 20?%s?p(1 — p) Z E[ZtZt(i)}}
i=1
Since a; = a V1 <1i < N, hence:
N

N
" E[2:2:0)] = EIZ: Y Z(0)) = NE(Z)*) = N(Var(Z) +a?)

i=1

17



Recalling equation (2.6)) and putting these values there, we get :

_ - 1 il A\2712
Var(Ziy) = Var(Z)+ o Tene {;E[(Zt(z)) J[C?ps(s(1 - p) — 1]

+ NVar(Z) +o*)C?s(1 —p)(sp— 1) + C*sNa — 2C*s*p(1 — p)N(Var(Z,) + o) }

N
(m + Cs(tl-|- 1))2]\[2 {ZE[(Zt(i))ZHCst(S(l _p) _ 1]

+ N(Var(Z) +a*)C?s(1 —p)(—sp— 1) + C?sNa}

= Var(Z) +

_ c? - 2
= VarlZ)+ o G T e {;E[(Zt(z)) lps(s(1 —p) — 1]

+ NVar(Z)+a®)s(1—p)(—sp—1) + sNa}
N

Var(Z;) + (m + ng+ 1))2N?2 {;E[(Zt(i))z]pSQ(l —p)+ sNoz}

IN

Note that: N N
N2E[(Z:)*) = E[()_(Z:(i))%] = Y El(Z4(i))?]
Hence,
02

Var(Zyy1) < Var(Zy) +

(m+Cs(t+1))

This is same as:

02

VarZin) < VarlZ) + ey (V7

Var(Z;) + o®)ps*(1 — p) + sNa}

Rearranging the terms, we get:

Var(Ziy1) < Var(Zy) (1 + p(1—p) > n (a2p(1 -p) n o

(&5 +t+1)2 Se+t+1)2  Ns(g:+t+1)2

Since, E[Z;] = a, we have:

. > p(l—p) a?p(1 - p) a
B[(Z11)%] = o® < (Bl(Z:)*] - o) <1 + (Z i+ 1)2) + (& t+1)2 + Ns(Zt +t+1)2

Rearranging once again, we get:

El(Ze1)"] - E(Z)%] < El(Z))?] (;(i t_f)l)Q N e

Since E[(Z;)?] is bounded above by one, we have :

= 2 > \2 p(l_p) @
E[(Zt+1) ]_E[(Zt) ] < (%+t+1)2 + Ns(% +t+1)2

Since Zy = «, we have :

18



It follows that:

7 \2 2 « 1
a—E[(Z))>a-a —;(pu—pwm)wma—a)

It doesn’t make sense to have a model in which the balls in the urns initially are either all white or

all black. So, we can assume that a # 0, m which gives:

azﬁ#(),l
m

Therefore, we have that :

a— E[(Z)Y >0

Recall:
Tip1 = fiwe + gr, (2.9)
2 ) 7 \2
_ Cs(1—p) (N-1)C”ps[s(1—p)—1] _ B A _ (N=1)(a=E[(Z)"])
where fi = (1 - m+CS<t+1>> TN osT 1+(%+t+1)2_ Z e and g = Ns(&+t+1)”
Here, A=2(1—p)and B = (1—p)? + W@%. Now,
N —1)ps(1 —p) (N —1)p(1 —p)
B<(1-p)? ( =(1=1p)2
<(1-p°+ Na (I-p)*+ N
Since,% < 1,we have:
N —1)p(1 —
Be@-pp+ WD gy gy —1-p<n
Now,OSWSland%S%ﬁl. So,
~N-Dp
Ns -

Hence, B > 7(NN7;1)” > —1. Thus, we have shown that:
-1<B<1
Now, (Z;)? is a bounded submartingale since E[(Z;)?] < a. So,

lim B((Z0)%] = E|(Ze)*) = sup B[(Z,)]

t—o0

Hence,
(N —1)(a — E[(Z0)?]) o
< <" 2.1
0< Ns(@+t+1)2 9= (@ ret1p (2.10)

We now show that 0 < f; < 1. Note that,
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1-p? 20-p) (N-Dp[s—p)—1]
0)=1+ - +
f0) (11?2 Z+1 SN(ZE 4+ 1)
Considering f(0) as a function of p and differentiating we get,
2(p—1 2 N-—-1)(s—2ps—1 2Nm+ (s —1)C(N — 1) +2pC's
(F(0)) = i )2 N ( )(m i ) _ (s—1) m( 2)
(&+1)2 0 &+1 sN(& +1) CsN(& +1)

Since s > 1 and N > 1, we have (s — 1)C(N — 1) > 1. Hence, (f(0))’ > 0. At p =0, we have :

1 2 1 \?
0)=1+ - =(1- >0
0= g (g 2

So, f(0) = 0 only if m = 0. But since m is a strictly positive integer, we have f(0)(p) >0V p € [0,1].

Now,

) —2B A 1 m
= = A t+1)—-2B
R e Ul (Rl

- o +2t+1)3 {(1—p) (%+t+%) +(N]\_,Sl)p} >0

So, f; is increasing in t. Clearly,

lim f; =1
t—o0
Hence, 0 < fy <1V te N. Now set:
Ty
Gt =
Hk ofk
By (2.9), we obtain 6,41 = 0, + F(t), where F(t) := Hg(t)f Since 6y = z¢ = 0, we get:
k=0
t—1
0, => F
i=0

The above equation is same as:

t—1 t—1
. (H f(k)> SR )

Now, as t — oo:

re—1
B A
— E 1 _
f(k) exp k_()log( + — 5 g;+k+1>

k=0 (e+k+1)
i t—1 1
= exp|—2(1 —p) — +0(1)
— exp[—2(1— )log (t+ C—) +0(1)] ~ 207 (2.12)
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Since by ([2.10)), we have g(t) ~ t~2, hence F(t) ~ t?*(1=P)=2_ Therefore,

1 1 5 <p< 1
Ht = ZF(’L) ~ logt p= % (2.13)
= PO g<p<
By (2.11), (2.12)) and (2.13]) the conclusion follows. O

We now present some CLT results for our model. Such results have been proven in [10]. For
the time being, we switch to the terminology that has been used in |10] in order to state our results
and to perform similar calculations as those that have been performed there. This will be more
convenient for the reader. Hence, we replace Z; with Z; and p with 1 — a. Also, we assume that
Y:(j)/Cs = It(j) and D:(j) = Z:(j) — Z¢ for all 1 < j < N,t > 0. Using the synchronization result
proved above, we have that :

lim Z;(i) = tlim Zy=Z(say)as.V1<i<N

t—o0

We state the following results (note that we still retain the assumption that a; =a V1 <i < N):

Theorem 2.1.3. Vt(Z;, — Z) Stably, N (0, Z]T,éZF)
The above sequence also converges in the sense of the almost sure conditional convergence with respect
to the filtration F.

Theorem 2.1.4. For1/2<a <1 and1<j <N, we have

21
VHZG) — 2) 0, (O’ z 8(2sa)(—11) N))

Fora=1/2 and 1 < j < N, we have

L(Zt(]) —Zy) stably, ar (0’ (Z — 2'52(1 _ Jb)>

In(t)

Theorem 2.1.5. For1/2<a<1and1<j <N, we have

| z—z2+<ziz><1&>D

Vi(Z,(j) - 2) 2 N (o, -

s N 200 — 1

Fora=1/2 and 1 < j < N, we have

i) 22 (o E= 50 0)

In(t)

We refer the readers to [10] for a discussion on stable convergence. Here, we would only like to
mention that the notion of stable convergence is stronger than that of convergence in distribution.

Therefore, the above results imply convergence in distribution to Gaussian random variables with
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zero mean and variance depending on s and N as stated above. Note that putting s = 1 reduces the
above results to Theorems 3.1, 3.3 and 3.4 of [10].

We can use a completely similar method to prove the above results as that used in [10] since the
P’olya-type urn model is a generalization of the model studied there. In fact, we will see that their
proofs follow identically for our model with some minor modifications. So, instead of writing out
whole proofs with all the tiny details, we sketch out some of the analogous calculations performed by
the authors of [10] for our model. A complete comprehension of how to prove the results will hence
only be possible if the reader is familiar with [10]. We now give a short sketch of the main ideas

involved in the proofs of the theorems stated above. Note that in our model, we have:

Zia(j) — Zu(j) = Yii1(j) — CsZ4(j)

m+ Cs(t+1)
_ YtEls(j) - Z(5)
oot +1
_ It+1(.j) B Zt(.]) (214)
& +Ht+1
Hence,
2 g Zi:l]{[i+1(z) _ Zt
1 — Lt =
s Tt + 1
Now,
. EY; )| Fi CslpZi(j)+ (1 —p)Z .
E[It+1(l)|ft] _ [ t+éi])| t] _ [p t(])os( p) t] :pZt(])+(1_p)Zt
Hence,
g |Zhilnl) o] - NeZiNO-pZ_,
N t N '
Also,
~ , Cs(1=p)[Zt = Z:(j)] _ (1 =p)[Z — Z4(§)] —aDy(j)
EZi1(5) — Z:(G)|F] = = ™ = m
m+ Cs(t+ 1) e t+t+1 o tt+1

Comparing with [10], the reader will notice that the details of the proof for our model are almost

identical to those in [10] with some minor exceptions (for example, m gets replaced with m/C's).
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Now,

N N
ZVaT[Ik(i)\fk—ll - Z 02132 [E[(Ya(i)?[Fr-1) = (B[Y5 ()| Fu-1])’]
N
= @ Z[CQPS(S — 1)(Z1(4))* + C?psZi(i) + C*(1 — p)s(s — 1)(Zy)?
+  C?*(1 —p)sZy — C%s*(pZ1(5) + (1 — p) Zy)?]
N
o s% 3 ls(s — )2 + 52 — $*2?)
. vz-z)
Hence,

2
2 SN (i) 2 a
FE i=1 — Zy_ _ = —_ I (i _
(& +k)2 ( N e (& 1 k)2N? ;V”[ e 1]
oo (Z—ZON  Z— 2
a.s. 5N2 o sN
Therefore (for Theorem 2.1.3),
Z -7
V= sN
For simplicity, let Dy = D;(j). Then,
E[Dp1|Fe] = ElZk1(d) — Zis1|Fi]
o Cs(L—p)[Zk — Zi(j)]
-z iy
k) + m+ Cs(k+ 1) *
. Cs(1—p)
= (Z -7 1—-—
(Z(5) ‘“)( m+ Cs(k+1)

(6%
= Dk<1—m>

Using (2.14)), we have:

2
ER*(Zi1 () — Ze()*| Fe] = ME[(I;QH(j)—Zk(j))?}‘k]
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Now,

E[(Ixg1(j) — Z1(4))* Fi]
= El(es10))*Frl + (Z1(5))? — 2Zk(§) E[Ljs1 () | Fx]
C?(1 —p)sZi + C?ps(s — 1)(Zi(4))* + C?psZ(j) + C*(1 — p)s(s — 1)(Zx)?

C?2s2
oy 2Z0()CsZi(G) + (1 — P)Z,
+ (Zu(j))? - KOsl kgs) E—
k;:o (1—p)sZ+ps(s—1)Z ;psZ +(1-ps(s—1)Z Y722 2Z[pZ + (1 - p)Z]

_ (1—p)sZ +s(s —1)Z> + psZ + s°Z° — 25° Z[pZ + (1 — p) Z]

B Z — 72

o s
Hence,

_ 7Z- 72
kli_{l(r}lo Ek*(Zi1(G) = Z1(4))*| F] =
Note that:
N .
A
E \(Ix1(5) — Zr(5)) (W - Zk) ]:’“]
Loa()? N Lo () i (G .
= E[( ]H]lv(])) +i_21 231 ?Vkﬂ(]) — Zidk41(4)
i#j
N .
. .
_ Zk(j)w + 73,25 (§)| Fi] (2.15)
Now,
Elle1(G)1Fr] = pZ1(5) + (1 — p) Zk k::O Z

Also,

E[(Ik+1(5))*|Fx]
B[(Yit1(5))*|Fk]

C2s2
C2ps(s — 1)(Z1(4)* + C?psZk(j) + C*(1 — p)s(s — 1)(Z,)* + C*(1 — p)sZk
- C2s2
koo pS(s—1)Z%2+psZ+ (1—p)s(s—1)Z%2+ (1 —p)sZ
a.s. 52
(s—1)2%+Z

S

Putting the convergent values calculated above in (2.15) after taking limit on both sides, we get:

lim F

k—o0

N - Ns N

(Ir41(9) — Zi(7)) (M Zk> LB;| (s— 1)Z2+Z N (N — 1)22 o
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Now, we calculate (for Theorem 2.1.4):

V = lim E[Y;|F]
k—o0

Here,
Vi = K[(Zes1(h) — Ze())? + (Zisr — Z1)* = 2(Zis1(§) — Z0(5))(Zks1 — Zi)]
. . N Lol 2 . D N (
e Cumw&w»2+ gl -2\ () — Zi() 2R - 2
L k+1 Lo k+1 L k+1 Lo k+1

From above calculations, we get that:

zZ-7* 7Z-27? (s—1)2>+7Z (N-1)22
= -2 — 7?2
v s + sN + [ sN + N }
 Z-L)n-4
S

2.2 Friedman-type model (Mutual reinforcement of colours)

All notations are the same as that of the previous model. The urn process is also the same except for
one modification: for every k white balls drawn for a particular urn, we put back C(s— k) white balls
back in that same urn (instead of Ck), that is, instead of self reinforcement, mutual reinforcement of
colours takes place. We now prove limit results for this model. The first part of the theorem below

states a synchronization result, while the second part is the fluctuation theorem.

Theorem 2.2.1. Let Z, = (Z(1), Z(2) ... Z,(N)). The following holds:

(a) Foralll <i<N,

. ) 1
tlggo Zi(i) = 5 -5

(b) Vt(Z; —0) converges in distribution to N'(0,).

Here, 0 = (%, %, %, ey %) and ¥ is the covariance matrix and is given by the following integral:
L[ 010+ 2T (9 5(0)+
Y= -, (e 2 e 2 )%du

and V(0 )is the Jacobian of f evaluated at 0, where:

[1-(1+p)Z(1) - (1-p)Z(t)
1—(1+p)Z(2) — (1 - p)Z(1)

11— (1+p)Zi(N) — (1 —p)Z(1)
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We use the theory of stochastic approximation to prove the above theorem. A similar approach
to get such a result has been used in [11] where the authors use a weakened version of a result by
Zhang ( Theorem 5 in |11], reproduced in the appendix).

Proof The Stochastic Approximation Scheme remains similar to that of the previous model, except
that now we have that for 0 <k <s,1 <i<N:

S S

P (i) = OHF) = () @)1= 2@ + (-0} ) 200 - 20

Hence,
EWiIF] = 300G = Rplzi) () 1 -z
k=0
D ST AN (A EEP AR
k=0
= Csp—CpsZi(i)+ Cs(1 —p) — C(1 — p)sZ;
= Os[1-pZ(i) — (1 - p)Z]
Hence,
hZi(i)) = EYi1(d)|F] — CsZ(d)
= Cs[l—pZ(i) — (1 = p)Zi] — CsZ(i)
= Cs[l—(1+p)Z(i) - (1 - p)Z]
This gives:

We calculate the zeroes of h(Z;):

1—(14+p)Zi(i))—(1-p)Z; =0V 1<i<N

Rearranging the terms,

1+p)Z(i)+(1—p)Z;=1V1<i<N

Adding all the N equations, we get :

(1+p)NZy+(1-p)NZ,=NV1<i<N

Hence,

Putting the value of Z; back in the N equations, we get:
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1

Since the zeroes of h(Z;) give the limit points of Z;, we are done proving the first part of the theorem.

Now,
hZ(i)) = Cs[l—(1+p)Z(i) — (1 —p)Zi]
[ N ,
= (Cs|1- (1 +p)Zt(2) _ (1 7p) z]i]i:l Zt(l)
_ L (1—p) X751 Zi(j)
= (s 1_(1+p+Tp)Zt(i)— Nj;éz
Hence,
1—(1+p+1%)2t(1)—%Zt(g)_%ZtQ _I;NPZt(N)
— 2270~ (14 p+ 52)Z(2) — 52 Z(3) ... — 2 Zi(N)

1-527,(1) = 52 2Z,(2) — K2 Z(3) ... — (L+p + Z2)Z(N)

We calculate the Jacobian to get:

Lt lg I i
1-p 1+p+ 12 1-p
~Vh=Cs N o N
1— 1— 1—
~ N~ o LEpt R
=CsA

Here, A denotes the matrix above. Let 1% =a. Then,p=1— Na and

1—
1+p+7p:1+1—Na+a:27a(N71)

N
So,
2—a(N-1) e o
! 2—a(N-1) --- o
A . (. )
! ! oo 2—a(N-1)
Let = det(A — A\I). Then,
2—a(N—-1)—2A a «
a 2—a(N-1)—X - «
x = det )
a e o 2—a(N-=1)=X
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2—a(N-1)—- A\ @ o

—2-aN-})) 2—-a(N-1)—X --- @
0 o
= det 0 o
0 o
0 a e 2—a(N-=1)—A

Simplifying further, we get:

00 --- 0 0
0 0 0 0
0 1 0 0
z=(2—aN - N1
000 1 (N — 1)«
000 -1 2—a(N—-1)—-2)
Hence,
r = 2-aN-M)""12-a(N-1)= A+ (N —1)a]

(2-=N)(2—-aN - \N-1

Putting x = 0, we get A = 2,2 — aN. Now,

1—-—»)N
9 oN—9_ L=PIN

—1
N tp

Hence, the eigenvalues of A are 2 and 1 + p. We use Theorem (see appendix) with f(Z;) =
h(Z;)/Cs to conclude the proof. The eigen value of —V f with the largest real part is 2 which is
greater than 1/2. For t > 0, E(AMtHAMtHT\Ft) is an N x N matrix whose non-diagonal entries
are all zero because the random variables {Y;4+1(7) }1<i<n are pairwise independent V ¢ > 0.

We calculate the diagonal entries of E(AMt+1AMt+1T|ft) (label them E(AMt+1AMt+1T|ft)(l), .
...JE(AMtHAMtHT\}})(N) in the usual order). Then, for 1 <¢ < N:

EYe1(0)*1F] = (BYera (9)| F2)?
(242
C252 + C2s((s — 1)Z:(i)” + Zu(i)] — 20252 Z,(i) — C%s*(1 — Zy(i))?
(252

~ ~ T
E(AMp 1AMy | F)(3)

Using the first part of the theorem proven above, we have (for 1 <i < N):

€232 + 0 [(s— (3 + 3] - 2072 (3) - 0% (1 - )
. ~ -~ T . 2 2 2 2 1
tgr&E(AMt+1AMt+1 | Fe) (i) = { 0}282 s as
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Hence,
1

I=—I
4s NXN

The second part of the theorem hence immediately follows.
O

As noted before, the above model is an extension of the Generalized Friedman’s urn model studied
in [7] which doesn’t have the interaction aspect and has only a single urn. Note that theorem 2 of |7]
follows directly from the result above by putting N = 1 and p = 1. Indeed, with these substitutions,

we have:

-Vfi=1[]

Using the above theorem, we calculate the covariance matrix (which is not a matrix anymore):

S [l e -
4s Jo 12s

Hence, the central limit theorem reduces to the following:
W, 1 d 1
S — % —_—
ﬁ(m—FCsn 2) n—00 N<0’ 125)

W, — %(m + Csn) d 1
\/ﬁ( m+ Csn ) n—oo N<0’125>

Separating the terms leads to:

Simplifying, we get :

W, — 1Csn sm d ( 1 >
% + Csyn % + Csy/n n—oco "12s

Taking limit and scaling by C's gives:

W, — %C’sn Y. 0 0723
\/ﬁ n—00 12

The above equation is same as that in the statement of Theorem 2 in [7].

We now obtain expressions for expectation of Z; and Zy(i) for i € {1,2,..., N} respectively.

Theorem 2.2.2. (a)

(b)

N (& —D(E) (B — 1) + 2 (B 1)
Elz,()] = (E - O‘) (t+ gﬂ — 1)(tC+ Z) + 2(tc—|— Z)(t+ Ccﬂ —01)

for1<i<N.
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Proof Recall that:

Zi41(1) = Z4 (i) +

Yiq1(i) — CsZy(d)
m+ Cs(t+1)

Taking conditional expectation with respect to F; on both sides, we get:

E[Z1(1)|F]

Z(3) +

ElYin (i) 7] = CsZi(i)
m+ Cs(t+1)
Cs[l —pZ(i) — (1 — p)Zs] — CsZy(4)

= Z(i 2.1
H0)+ m+ Cs(t+1) (2.16)
This gives:
- _ COs[l—pZ— (1 —p)Z) — CsZ,
E[Z =
[Z+1l 7] et m+ Cs(t+1)
S Cs(1—227;)
P m Os(t+1)
Taking expectation on both sides, we get:
= = CS(]. - 2E[Zt])
EZ = FE _—
[Ze+1] 12i) m+ Cs(t+ 1)
- 2C's Cs
= E[Z —
[2i) ( m+C’s(t+1)) + m+ Cs(t+1)
Hence,
E|Z1] = [ B Zi] + g1
Here, f; =1 — m+é€(§+1)and gt = m+CCs?t+1)
Now,
m m 2C's St Cs(k—1)
e R
Pt ptes m+ Cs(k+1) Pt m+Cs(k+1)
_ ﬁ(gfs+k—1>: (& —1)(&)
o \Gs th+1 (& +m/) (& +m' +1)
So,
9, B Cs (& +m')(& +m/ +1)
1, m+ Cs(m’ +1) (& —1)(&
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Now,

t—1 g;n 1 t—1 ﬂ m/
mZ::o M, e (@E-1 Z_:O(Cs + )
_ 1 {t(t— 1) mt]
(B 2 Cs

Hence,

Taking expectation on both sides of (2.16)), we get:

. . Cs(1+p) Cs Cs(1—p)E[Z]
ElZ = F|Z 1-— _
[Z6+1(0)] [ t(’)]( m+Cst+1)) " m+Cs(t+1) m+Cs(t+1)
= [iE[Z(i)] + gt
_ Cs(1+p) _ Cs Cs(1=p)E[Z,]
Here, fi =1 — m-‘rC(’s(tI-:-l) and g: = SrEsEr m+c§(t+1)
Now,
ﬁfk _ ﬁ (1_ Cs(1+p) ) T &tk
o o m+ Cs(k + 1) o Cs +k+1
m m Forsas +m/
@ epreE)y (5
(& —p—DUE +m/ +1)! (an:l:lm')
So,
g, (EHE) Cs s _p)E[z;n}}
e fe (20 Um+ Cs(m/ +1)  m+ Cs(m’ +1)
cs (B4)
T m (%*erm’) (1= =p)E[Zmw]]
m’+1
Now,
Ze+m/ Ztm’ -2 masm mm! "' —1
B(Z,) L) _ (%5 5) ()@ — 1) + o +
(507 (@& -0 -2 Gt =D +m)
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Hence,

Im Cs (%+m’) "
m - = m/+1 G-+m'—2
Hk:o fk m (%—p-‘rm/) - ( p)a (mm/-i-l )
m/+1 Cs -2 (@;/Ii:—lrn/)
_ (1 — ) /(ﬂJ/T_l—Z (1_ o ) N ,
(f—p-&-m )( m . ) sm (m’ — 1)(cs+/m —2)
EVE V-8 (A - (A -
_ Cs (a,*'m/) oy ) (&5 = D& —2)
_ 05 Ga)  d-pa (B
m (Cs P+m) o ﬂ_;; i
- '+1 s (Csm’+1 ")
_ )( p+m %4_ (%+m’_2)
(*—P-‘rm ) m — m’+1
(1= p)Cs( e Y (2.17)
—p m - .
) syt = f 4ol = DY)
m(Cs m/ m m
& +m’ ( o )(7 - D55 - 2)
= Q(WSL’H) (1-0p) ( Ltm/ 2)
m (&*Zﬂ*m’) - 2 m JF+1
m/’ 7@ — &5 —ptm
AR ()
T +m
B (ﬁ*pfrsn’ pm+m)( T I B D10t Ol i)
N (PN
1-— m m’+1 Cs m.o__ 9
- ics(m —p+m)m — () (1-p)Cs( |
&s—p+m/ m m S(= — mo
m( m/+1 )(7_ )(7_2) 2m(mp+m/p)( 1)( ,:+1 2)
Now, m/+1 ) Cs — )(ﬂ—Q)
(m' — 1)(%+m'—2 .
(%wiﬁif“ ) _ @& e (& - PR
m/+1 ) s —pt+m/ + _2Cs p+1)(0°m/+1 2)
m’+1 ) (%*Per’
(e —p—1 &5 +m’ =2 m m/+1
R
Similarly, ) (%0
(m' —1)(&Hm2) m
o m/4+1 . (7 —p—2 Zetm’ -2 m . )
(ajs;lfrm/) - (g;p)2(+m"}'+1 ) — (& _p)(an:'nllﬂ)
Now e ) (20 (2.18)
(Z —p+m)(m! — 1)(Em2)
G (& —p— D0 = (%)
m’4+1 ) Er—— m/'+1
(i
= ﬁ +m
oo (B B
(1sing @18 ) (F i)
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(&) (L) e (F)

m/+1

Putting the values of

(&—wm') and (%ﬂﬁm,) calculated above in the last
m/+1 m/+1

two terms of (2.17)) and clubbing similar terms together, we get :

g _ s (D) () ((Upn, 0oni o
TN o G WP B E T gy

S S ((&5/11‘2)) (o o)

2m(Z —2)(& — 1) &l (& =2 -1
N (L-=p)(& —p)Cs(gs —p—1)  (1=p)Cs(G —p—- (& — )}
2m(g; —2)(&5 - 1) 2m(&s = 2)(gs - 1)

Now,

5 t—1 q,
w01 = (I (0 2 )
&5 —pt+t—1 a t—1 '
_ (CL;H) ) <m+ > ggfk:) (2.19)

t m’'=0 k

Using Lemma [5.2.1] we calculate the following;:

v (@) _er&-pGE)  om

= (&Y ) (e Cs(L+p)

m

’
t
D Emor -

1

(
-1 (%+m/_2) B (t—l—% _p)(t+§1—2) m _ 9
m’=0 (

t—1 (%er’%)

2
Z m' 41 - )_%_2
& —p—1+m’y t+ & —p—1
o (&™) p("TT) p
Using the values of these sums, we calculate an,l 0 Hnng

After putting the value of Zm, 0 I q}" in and simplifying, we finally get :
k

(o (BT Rt 1) e
Bz = (5 o) FE) T a0

To obtain the result in [7], we substitute p = 1 in the equation above.
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mo_g
(") eruBE -+ E(E -

Bz = (%-a)

m ("TE5) 2+ J)(t+ & —1)
= (%) (G-D(&)  #+uE-D+EE -
m (t+ & - D+ &) 2t+ )+ 2 —1)

2ma; — 2a;Cs + t2C?%s% + 2mtCs — tC?s?
2(m+ Cs(t — 1))(m + Cst)

Switching to the notation used in |7], we make the following substitutions: a; = Wy, m =Ty, t =n
and Z;(i) = W, to obtain:

E[Wn] o 2W0(T0 — OS) + 028271(71 — 1) + 2T0087’L
To+Csn 2(To + Cs(n —1))(To + Csn)

That is,
_ 2Wy(To — Cs) + C?s*n(n — 1) + 2T,Csn
B 2(Ty + Cs(n — 1))

E[W,]

The above expression is the same as the first moment calculated by the authors in [7].
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Chapter 3

Interacting d-colour Urns with

Multiple Drawings

3.1 A general d- colour urn model

3.1.1 Model description

Consider N urns each with balls of d colours, where the colours are labelled as C1,Co,...,Cq. We
still retain the assumption that each urn has a fixed number of total balls in the beginning of the
process. We sample s balls after a coin toss like before, that is, for a particular urn, we draw from
that same urn if a heads shows up and draw from the super urn in case of a tails. However, since
there are more than two colours, there are multiple ways in which reinforcement can occur (unlike
the two colour case where the reinforcement could take place only in two ways). We assume that
each colour is reinforced by one and only one other colour and that the reinforcement scheme is fixed
for each urn in terms of which colour reinforces which. The reinforcement scheme is defined below.

We first introduce some definitions.

Definition 3.1.1 (Full mixing). A set of m > 2 colours, denoted by {C1,Cs,...,Cn}, is said to

undergo full mizing when for each i € [m|, C; is reinforced by C; for some j € [m], j # i.

Here, [m] denotes the set {1,2,...,m}. Note that the assumption that each colour is reinforced

by one and only one other colour forces an order of the form C;, — C;, — ... — C;,_, where

m?

{i1,d2,.. . im} = {1,2,...,m} and the notation C;, — C;, means that the colour Cj, reinforces the

colour Cj; .

Definition 3.1.2 (Non-trivial mixing). For r ki, ko,..., k..l € N U {0} such that
2<k <dvV1<i<rand i k;+1 = d, we call the reinforcement scheme a {k1, ks, ..., k.,1}-mizing
if for every k; (1 <i < r)jztlhe set of colours {CZlejle’ . "022:1 Ky 1tk + (assume ko =0)
are mized fully in the sense of definition[3.1.1] and the rest of the | colours reinforce themselves, that
is, if j € {il ki +1,...,d}, then C; reinforces itself.
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Note that if [ = d, we have a Pdlya type reinforcement and each colour reinforces itself. For
each 1 < i < r, the set {OZ';:l k141 CZ};l k;_1+k; J(where we assume that the set of colours
{CZj-:l k41 CZ§:1 k;_1+k; + undergoes full mixing) is called a mizing set.

Thus, every partition of [d] defines a unique number of mixing sets and therefore a different
partition leads to a different reinforcement scheme for the urn system. Renumbering or renaming
the colours, if necessary, we can assume that the colours reinforce each other according to the scheme

given below (the following holds for all 1 < i < r while assuming that ko = 0):

COsi ka1t 7 Oy a2 Osi by tkm1 2 Ossi kg =7 O i

We use the following notations: for 1 < i < N,1 < j <d, let Z;;(t) denote the fraction of balls
of the colour C; in the " urn at time t. For 1 < j < d, let Z;(t) denote the fraction of balls of

the j'" colour in the super urn at time t. Then, Z;(t) = Z Z;;(t)/N for 1 < j < d. In order to

denote a vector A with Nd entries, we divide the entries of that vector into N blocks, so that the
vector can be thought of as being composed of the entries of N d-vectors placed sequentially next
to each other. More precisely, A = (Aj, A, As...Ay) is an Nd-dimensional vector, obtained by
sequentially placing the entries of the d-vectors, where each A; is a d-dimensional vector.

3.1.2 Main Results and Proofs

We show that if the urn process is given an infinite amount of time, not only do the colours synchronise
across urns (that is, the fraction of balls of a particular colour becomes the same across all the urns),
but also that the fraction of balls of colours belonging to the same mixing set become equal almost

surely.

Theorem 3.1.3. For 1 <i,j < N,i# j,

tlim (Za(t) — Zj;(t)) =0 as V 1<1<d.
— 00
Theorem 3.1.4. Suppose 1 <14,j < d,i # j are such that C; and C; belong to the same mizing set.
Then,
lim (Z;(t) — Z;;(t)) =0 a.s.V 1 <I<N.

t—o0

We prove both the theorems simultaneously using the method of Stochastic Approximation.

Proof Let Z; = (Z11(t), Z12(t) ... Z14(t), Zo1 () . .. Z2a(t) ... ZNn1(t), Zn2(t) . .. Zna(t)).

Note the sequence in which we have numbered the elements of Z;: we first write the fraction of balls
of the d colours of the first urn, followed by the fraction of balls for the d colours of the second urn
and so on. This will be important while writing the Stochastic Approximation scheme for Z;.
For1<j<d,1<i<N, we define:

r;5:= number of balls drawn for the it" urn (j*" colour type) at time t.

Let >0, k; = a.

Let Y;41 denote the vector whose entries consist of the number of balls of different colours added to

each urn at time t (sequenced in a manner identical to Z; ).
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So, Yi11 = C(B1,Bs...By), where for 1 <i < d, each B; is a d-vector defined as follows:

B; = (riklv'rilaﬁ% s Tk =1) Ti(ky4k2)s Ti(ka+1) < - -5 Ti(ky+ka—1) s Ti(ky+katks)s Ti(ki4ka+1) - - - Ti(ky+katks—1)
Ti(ky+kotkz...4k-—1) Ti(a+1)> Ti(a+2) - - ~7“id)
Now,

N
ElYi1|F] = > C(B1,Bz... By) [] (7“ Ay T2 T /d)

Zd rij=s ¥ 1<i<N m’/=1

d d
{ H mrg() + 1_p)H(Zq(t))Tm/q}

g=1

E[Yii1|F:] is itself an Nd-vector (represented as a column matrix).
Let
ElYi1|F) = (BElYer1 (V)| F), BYia (2)|F] - B[V (Nd)| )T

Let us calculate E[Y;11(1)|F]:

N
s
EY; =
[Yes1(1)| 7] Z Cri, H (rmq,rm/z---rm/)
Zf L rig=s ¥ 1<iSN m'=1

d
Aofimor= oo o)

q=1

d d
> Crik, ( ° m) {p I @) +0-n]] (Zq(t))“q}

4 11,712 .- .
j=1T1;=5

0<r;<s V 1<j<d

X

Tm’1sT™m’2 - - -
YO rg=s V 2<i<n om/=2 N T

0<r;;j<s V 2<i<N,1<j<d

+ (=) [T @) })

SIS (FOUERN ) CAvTSRs O }

Tm’1,sTm!’2 - -«
S4_ rgms v 2<i<y mi=2 N DI
0<ri;<s V 2<i<N,1<j<d

N d d
S
S D ) [P TT Gty + @ - p Iz} =
m/—=2 d X "m/1,Tm’2 - - - T'm’d
=2 Yioirij=s V¥V 2<i<N
0<r;;<s V 2<i<N,1<j<d

3 I —— {pf[wm/q(t»’"m'q

Now,
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Hence,

E[Yy1(1)[F]

S
D S )4
11,712 ---T1d

Z?:l T1j =58
0<ry;<s V 1<j<d

s d d
= C Z T1k, ( ) {p H (Z1g@)™ + (1 —p) H (Zq(t))mq}

711,712 ---T1d -
Sy ry=s =1

0<r1;<s V 1<j<d,j#k1
1<rip, <s

s—1 d 1
SO ST CR ) I1 2o (2 o)

Tk —1...7’1d

d d
(Z1 )™ + (1 -p) ] (Zq(t))”q)}

q=1 g=1

—

2

d =
> T=s q¢k1
0<r1;<s V 1<j<d,j#k1 a7
1<rip, <s

s—1 T T —1
+ Cs(1 —p)Z, (t T1k Z,()) ' ((Zy, () T
(EREACIEND S (o S Y T @0 ()
>j_1r=s
0<r1;<s V 1<j<d,j#k:
1<rik, <s

Since r1g, > 1 and Z;l:l r1; = s, we have that : r; # s for 1 <j <d,j # k1.
Let Tk, — 1= f

Hence,
s—1 d
Z (7’11 r12...T1p — 1 Tld) H (Zrg(£) 1 ((Z1g, (1))
Sy ’ T ! T g=1
0<r;<s v llgjl'Jgd,j;ékl q#k1
1<rik, <s
s—1 d
) 2 R | CRORDICTE
Zdj—l rij+f=s—1 2. q=1
J qFk1
J#k1
0<r; <s—1V 1<j<d,j#k
0<f<s—1
=1
Similarly,

d
Z (7"11 12 -~ ) H (Zg(8)) 0 ((Zh, (£)™ 1) =1
qq?é:kll

Tk, — 1...7‘1d
Sfir=s
0<ry;<s V 1<j<d,j#k1
1<rik, <s
Therefore, we have :

EYi (D F] = Cs(pZur, () + (1 = p) Zk, (1))

We can calculate the other terms of E[Y;+1|F:] in a similar manner.
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Now,
Zy(m + Cst) + Y1 7 Yii1 —CsZ,

m+ Cs(t+1) T m+Cs(t+1)

Ziy1 =
Hence,
h(Zt) = E[}/,g+1|ft] - CSZt

Let h(Zt) = CS(Eh EQ,E3 ..... Ed)T
For 1 <i < d,we have that:

PZi(ky—1)(t) + (1 = p) Z(j,—1)(t) = Zig, (t)
PZi(ky 1) () + (L= D) Z(ky 482) (B) = Zi(ry 41 (2)
PZiky+1)(8) + (1 = ) 2k, +1) (1) — Zik, +2)(1)
PZi(ky+ko—1) (1) + (1 = D) Z(hy 11y 1) () — = Zi(hy +12) (1)

PZi(ky+kot ko—1) () + (1= D) Z(ky 4 ha b k1) () — Zi(hy ha . ) (D)
PZia+1)(t) + (1 = p) Z(a11)(t) = Zias1)(t)

pZia(t) + (1 —p)Za(t) — Zia(t)
We solve the set of linear equations obtained by setting h(Z;) = 0 in order to study the limit points
of Z;.

For 1< i < d, we label the d terms of E; as follows:

Let E; = (Ein, Eio......Eiq).

We put the Nd linear terms equal to zero in an appropriate sequence:

Putting F;; equal to zero for a+1 < j <d,1 <4 <N, we get:

Zij(t)=Z;t)Va+1<j<d1<i<N

Hence, we have:

Z1(ar) () = Zaar1)(t) = Z3(as1)(H) = -+ ZN(ar1) (1) = Z(ay1) (D)
Z1(a+2)(t) = Zagaga) (t) = Zs(as2)(t) = - - ZN(at2)(t) = Z(as2)(t)
Zra(t) = Zoa(t) = Zsalt) = ... Znalt) = Za(t)

Hence, we have shown the synchronisation (of the colours which reinforce themselves) across the

urns. Putting F;; equal to 0 for 1 <4¢ < N and adding up all the N equations together, we get:
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N

N
Py Zin, () + (L= p)NZy, () =D Zu(t) =0

i=1
That is,
pNZk1 (t) + (1 _p)NZkl (t) - NZl(t) =0

This gives:
Zr, (t) = Z1(t)

Putting F; equal to 0 for 1 < i < N and adding up all the N equations together, we similarly get:

Z1(t) = Z»2(1)

Proceeding in the same way, we finally get:

Z1(t) = Zo(t) = Zo(t) = ... = Z (1)
Ziky41) () = Z(gy12) (1) = Z(ry13) (1) = -+ = Zhy 140 (1)
Z(k1+k2+k3+ ----- kr—1+1)(t) = Z(k1+k2+k3+ ----- kr_1+2) (t) =...= Z(k1+k2+k3+ ----- kr—l+kr)(t)

We put Ev — E12, Fi2 — Ei3, Bz — Eia... By, —1) — Eix, equal to zero (and use the equalities

above) to get the following set of equations:

(p+1)Z11(t) = pZuy, (t) + Z12(1) (A1)
(p+1)Z12(t) = pZu1(t) + Z15(t) (A.2)
(p+ D) Z1ky —1)(t) = pZ1g, —2(t) + Z1x, (1) (A.(k1-1))
(p+1)Z1k, (t) = D21k, —1(t) + Z11(2) (A.ky)

We perform the following operations:
Subtract (A.1) from (A4.2), (A.2) from (A.3)...(A.(ky — 1)) from (A.1) to get the following:

Z11(t) — Z13(t) = p(Z1k, (t) — Z12(1)) (B.1)
Z12(t) = Z14(t) = p(Z11(t) — Z13(1)) (B.2)
Z1 (ki —1)(t) — Z11(t) = p(Z1(ky—2) (1) — Z1k, (1)) (B.(k1-1))
Z1ky (1) — Z12(t) = p(Zy(k, —1) (1) — Z11)(1)) (B.k1)

Now, put the value of Z1;(t) — Z13(t) from (B.1) in (B.2) to get:
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Z13(t) — Z1a(t) = p*(Zuk, (t) — Z12(t)) (C1)

Put this value of Z15(t) — Z14(t) in (B.3) to get:

Z13(t) — Z15(t) = p*(Zuk, (t) — Z12(t)) (C2)

Keep proceeding in a similar manner to get:

Z1a(t) — Z16(t) = p*(Z1k, (t) — Z12(t)) (C.3)
Zyey—1y(t) — Z11(t) = p" N (Zun, (t) — Z12(1)) (C.(k1-2))
Zi, (t) = Zaa(t) = ¥ (Zuk, () — Z1a(t)) (C.(k;1-1))

Assuming p # 1, we have (using (C.(k; — 1))) that :

Zik, (1) = Z12(t)
Using equations (C.1), (C.2) ...(C.(ky — 1)) and the fact that Zyx, (t) = Z12(t), we get that:

Zi(t) = Zus(t) = Zus(t) = ...
Zia(t) = Zua(t) = Zig(t) = ...

Using (A.2) and the fact that Z11(t) = Z13(t), we get:

Z11(t) = Z12(t)

Therefore, we have shown that :

Z0(t) = Zia(t) = Zus(t) = ... = Zup, (1)

Hence, we have shown the synchronisation of colours of the first mixing set of the first urn.
We can use an identical procedure to show the synchronisation for other urns and for other mixing

sets, so that we finally have:
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Z; (t) =7 (t) = Zig(t) =... Zikl (t)
Zitky+1)(t) = Zitry+2) (1) = Ziy43) (1) = wovos = Zi(hy 412) (1)

Ziky+hatobir 141 () = Zitky thotky142) () = Zi(kythot o ke 143) () = - = Zi(hy that . k1 +k0) (1)

The above equations hold for all 1 <¢ < N.

Hence, the proof for synchronisation across the mixing sets is complete.

Now, we show that the first colour synchronises across all the urns:

We put E;; equal to 0 (and use the fact that Z, (t) = Z;1(t) V1 < i < N to get:

Za(t) = Zi,() V1 <i<N

We can similarly prove synchronisation across urns for all the colours which belong to the mixing
sets. We had already shown synchronisation for the colours not belonging to the mixing sets.

Since the zeroes of h(Z;) give us the limit points of Z;, we are done.

3.2 A model with random permutations

3.2.1 Model description

We use the same terminology as used in the above model. The entire process is the same except that
the reinforcement scheme is different.

At each time instance, we randomly choose a permutation of colours for the purpose of reinforce-
ment for all the urns. Then for each urn, we toss a coin. In case of a heads, we draw s balls from
that same urn and reinforce according to that chosen permutation. In case of a tails, we do the same
except that this time we draw s balls from the super urn.

For example, suppose there are three colours (say red, blue and black labelled as 1, 2 and 3

respectively). Let s = 4 and C = 2. Suppose the chosen permutation of colours is ; ; ? . At
some time instance, let us say we drew 4 balls and they came out to be: red, black, blue and red (in
that particular order).

According to the permutation, the red colour reinforces the blue colour, the blue colour reinforces
the black colour and the black colour reinforces the red colour. Since there are 2 red balls drawn,
we put back 4 blue balls back in the urn (C = 2). Similarly, we put 2 red and 2 black balls back in

that urn.

3.2.2 Main result

We show that for this model, the fraction of balls of each colour converges to a common fraction

acCross every urn.
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Theorem 3.2.1. For 1 <i< N,1<j5<d,

1
tlgglo Z;;(t) = g o
Proof The Stochastic Approximation Scheme remains similar to that of the above model. Recall
that:

h(Zt) = E[K+1|ft] - CSZt

Also, recall that Z; denotes the vector with entries consisting of fraction of balls of all the colours
in different urns at time t in the sequence defined above and Y;,; denotes the number of balls of
different colours added to each urn at time ¢ for different urns (in a sequence identical to that of Z;).
We will calculate E[Y;41|F:] for this model, and study the zeroes of h(Z;).

For 1 <i<d, let F; = (ry1,7i2, .- -Tid)-

Like before,we use the following notation :

r;7:= number of balls drawn for the i'" urn (j'" colour type) at time t (1 <i < N, 1< j <d).

So,

C N d .
E[Y;Jrﬂ]:t] - Z E(Fh F27 o 7 ; =1 (Tm/la T'm’2 Tm’d) {p H (Zmlq(t)) N
o d m'=

Ed L Tij=$ V 1<1<N

d
a-n]] <Zq<t>>7"m/a<q>}
q=1

We first calculate E[Y;11(1)|F:]. By > we denote the sum over {Z?Zl ri; =s V¥ 1<i< N} such
Tig

that 0 <7;; <sV1<i<N,1<j5<d

d

Tij gESgm/=1 q=1

d
+ a-p]] (Zq<t>>rm'v<q>}
= ZZCT( i ) [ty + - [T Gty
= an d p 1q pq:1 q

T11,7T125 -+,

oc€Sq Tij g=1
d d
<z IL( ) [P IT Gava== + 0~ [T a0
/=9 "m/’1,Tm’2, -+, Tm’d =1 =1
ij
C s d
= 2 2 o o ) I @ty
4 . r11,712,---,71d -
o€54 Zj:l T1j=8 a=1

1<r11<5,0<r<s V 2<5<d

d
+ (1-pn]l (Zq(t))””“”]

q=1
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Thus,

d
BN (IF] = % Z Z [p(rn - 1,87":2,1. .. ,rld) H S

o€Sq Zyd'zl 1 =5 =1
1<r11<5,0<r1;<s V 2<j<d

d
+ (1-p]I (Zq(t))””(‘”]

q=1

Now,

> ( Sl.ﬁ)ﬁMWWw>

T11 — 1 T12, - -
Z?:l ri;=s ’ ) q=1
1<r11<5,0<r;<s V 2<5<d

d
s—1 Tio(q ri1—1
B Zl(oil(l))(t) Z (7"11 —1,712,... 7"1d> H (Z1q(2))"17® (Zl(U’l(l))(t))( ny
Zfl: r1;=8 ’ ’ ’ g=1
1§T11SS,OJ§T11]'§JS v 2<j<d q#o~ (1)

= Zy,-11y) ()

Similarly, for the super urn:

d
> ( Sl.ﬁ)meWM=%%W>

11 — 1 12, ..
27:1 T1;=§ ’ ’ q=1
1<r11<5,0<r1;<s V 2<5<d

Hence,
ElYi1 (1) F] = % > (pzl(o’l(l))(t) +01- p)Zafl(l)(t))

o€Sq

Other terms of E[Y;;1|F:| can similarly be computed to get:

C
EYi 1| F] = dff Z (L1, La,...,LN)

oc€Sy

where, for 1 <i < N:

Li = (pZ;(o-11)) () +(1=P) Zo-1(1) (1) PZ; (=1 (2)) () F(1=D) Zo—1(2) (1) - - - PZ; =1 (ay) () +(1=P) Zg-1(a) ) (1))

Since Zi=1 Zi(t) =1V 1<4i< N, we have that:
For1<i< N, 1<j<d:

Y Zig-igyt) = (d = 1)

o€Sy
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Also, for 1 < j < d:

1<J>> (t) 1

D Zolt

o€Sy

Hence, E[Y;41|F] = €(1,1,...,1). This gives:

HMZ

h(Zt) =Cs (Cll — Zn(t),% — Zlg(t) e é — Zld(t)7é — Zgl(t) ey é — ng(t),. cey 1 — ZNd(t)>

Since the zeroes of h(Z;) give the limit points of Z;, we are done.
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Chapter 4

Graph based models

In each of the models we have studied until now, there has been one common feature: while sampling
the balls, we always drew them from the super urn in case of a tails, where super urn was formed by
merging all the urns together. Now, we study a more general model where reinforcement probability
of each urn depends only on a subset of the set of all urns.

Consider an undirected graph G = (V, E) such that |[V| = N. We allow the graph to have
self-loops (in fact, in the model we study, we have a self loop at every vertex) but no multi-edges
between any two vertices. We place an urn with non-zero number of balls of either colour at each
vertex (we restrict our discussion to urns containing balls of only two colours). Let A denote the
adjacency matrix of the graph. In this model, the sampling scheme and hence the reinforcement
depends on the adjacency matrix: while sampling for an urn, we draw balls from all its immediate
neighbours (including from the urn itself since there is always a self loop for each urn) in case of
a tails, while we sample balls from only that urn in case of a heads. So, we can think that there
is a different super urn corresponding to each urn in this model. More precisely, each urn has an

associated super urn, formed by merging each of its neighbouring urns.

Given such a sampling scheme, we can again have two types of two-colour models depending on
the type of reinforcement: we call one the graph based Pélya model (self reinforcement of colours)
and the other as graph based Friedman model (mutual reinforcement of colours). For urns ¢ and j
(1 <i,j < N),let i ~ j represent the fact that ¢ and j are neighbours, that is, (i,j) € E. Note that:

1 i~7
Aij = ’
0 iy

We use the same notations as before with the addition that for 1 < i < N, we denote the fraction
of white balls in the super urn corresponding to the i** urn by Zt(z) and denote the degree of the
i*" urn by d;. That is,

> Zi(9)

Z,(i) = %
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4.1 Graph based Pdélya model

Theorem 4.1.1. Let the graph G have k connected components labelled as C1,C5...Ck. For 1 <
1 <k and for j,l € C;(j #1):
lim (Z;(5) — Z:(1)) =0 a.s.

t—o0

Proof We prove the theorem by writing the Stochastic Approximation Scheme which is similar to
that of the ordinary Pdlya urn. Recall that Y;11 () denotes the number of white balls added to the
i urn at time ¢ for 1 <4< N. For 1 <i< N,0<k <s:

S S

PYies(i) = CHiE) = () @041 - 20y + 0 9) () B - ZuGo)

Just like the Pélya model, we therefore have:

Zy(N) = Zu(N)
Setting h(Z;) equal to 0, we get the following matrix equation:
(D'A-NnNz" =0 (4.1)

Here,
dq

D =
dn
Note that, since d; > 1V 1 <i < N, D™} exists, is well defined and not a zero matrix. Hence, (4.1])

is equivalent to:
(D—-A)Z" =0 (4.2)

We first assume that d; > 2V 1 <i < N (that is each urn has at least one more immediate neighbour

except for itself).

Observe that D — A is the Laplacian matrix. Since the graph is undirected, the Laplacian is sym-
metric. The rank of a symmetric matrix is equal to the number of its non zero eigenvalues. Also, we
know that, a simple graph G has k connected components iff the algebraic multiplicity of 0 in the
Laplacian is k (Theorem 3.10 in |16]). Since the graph G is not simple (it has self loops), in order to

apply the above result, we need to make some adjustments:

Corresponding to A, we define another matrix A’ where :

Aij i#]

AL =
! 0 i=j
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The degrees of all the vertices in the graph corresponding to A’ have been reduced by one when
compared to the graph G. But the number of connected components is still the same (because of

the assumption above). Corresponding to A’, we define:

dp—1
D' =
dy —1

Hence, we have that:
D—-A=D-A

So, (4.1]) is equivalent to :
(D' —AYZ," =0

The graph corresponding to A’ is simple. We therefore have that the number of free variables in the
solution to is equal to the number of connected components in the graph G. Let those free
variables be labelled as ri,7o...7,. For 1 < j <k, let us set Z,(I) =r; ¥ I € C;. Hence, we have
that:

Zi(i) = Z(i))V1<i<N

Therefore, setting the fraction of white balls for urns in a common connected component equal to
one common free variable gives a solution of the equation h(Z;) = 0. Since, we cannot have any
other kind of solution, and since the zeroes of h(Z;) give the limit points of Z;, we have proven the

theorem subject to the above assumption.

Even if we relax the assumption above, it is easy to see why the theorem still holds. Assume that r
out of N urns are isolated (they have only themselves as their immediate neighbour). We can leave
these r urns out. Now, we have N —r urns and k —r connected components left. The above theorem
still holds for these k — r connected components because for them the assumption above still holds.
As for the remaining r runs, each of these forms a connected component, and the theorem holds

trivially for these connected components.
|

4.2 Graph based Friedman model

We use the same notations and assumptions as that in the Pélya graph based model except that we

change the reinforcement scheme to a mutual reinforcement one.

Theorem 4.2.1. For1<j < N:
1
lim Z:(j) = 5 s

t—o0

Proof For1<i< N,0<k<s:

S

PWina() = OHF) = () @011 = 2@ + 0= 9) () G- 20
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Writing the Stochastic Approximation Scheme like we did for the Friedman model, we get:

Setting h(Z;) equal to zero, we get:

1= (1+p)Z:(1)

QD) |

1-(1 +'P)Zt(N)

This is same as:
1

o+ a—pp gzt (4.3)

1
Now, assume that the matrix (1 + p)I + (1 — p)D~1A has zero as an eigenvalue. Then, there exists
a non zero vector v such that:
14+p)I+(1—p D 'Av=0

Rearranging,we get:

D™t Ay = 1+p +pv
p—1

Hence, % is an eigenvalue of the matrix D~'A. Assuming that p # 0, we have :

1

p—1

But D~!A is a stochastic matrix. Hence, the absolute value of its eigenvalues is less than or equal to
1. This leads to a contradiction. Therefore, the concerned matrix cannot have zero as an eigenvalue.
Hence, it is invertible. Therefore, has a unique solution. It is easily verified that Z; = (%, % . %)
satisfies it. 0

We have only obtained asymptotic limit results for the graph based models. We believe that by
using techniques from [7], we can also obtain fluctuation results as well as £? rates of convergence

for this model.
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Chapter 5

Simulations

Computer simulations are a remarkable tool to verify and visualise results obtained using theoretical
tools and in order to predict and dismiss some possible results that can be potentially obtained. We
present some of the simulation results that we obtained for our models.

First, we verify whether the £2 rates obtained in Theorem 2.1.2 are correct. So, we simulate
a two-colour urn model with two urns such that Zy(1) = Zy(2) = 1/4, m =4, C =2 and s = 3.
We plot Var(Z,(1) — Z,) against time in Figure 5.1 for large values of ¢ for three different values of
p(1/3,1/2 and 2/3). In order to better compare the slopes of the graphs of Var(Z;(1) — Z;) against
time when p = 1/3 and when p = 1/2, we plot these two graphs separately in Figure 5.2. The results
obtained in the two figures are compatible with the predictions of Theorem 2.1.2.

It has been long known that the fraction of white balls in a classical Pélya- Eggenberger converges
to a random variable with distribution that of a Beta distributed random variable (Theorem 1.1.1).
It is a difficult and yet unsolved problem to find out what will be the distribution of the convergent
random variable in case of a model with multiple drawings because such models lack a property
called exchangeability (see [13]). In absence of theoretical tools necessary to know the distribution of
the convergent random variable in case of the ‘Pdlya-type model’ we studied above, we take help of
simulations. We simulate a two-colour urn model with two urns such that Zy(1) = 1/4, Zp(2) = 1/2,

m =4, C =2 and s = 3. Since the colours synchronize across urns, we have that :

tlggo Z:(1) = tlggo Z1(2) = Z (say) a.s.

Since we are interested in knowing the distribution of the random variable Z, we run several
simulations of the urn process and draw a histogram (plotting the values of Z on x-axis and frequency
on y-axis). Then we fit the histogram with a beta distribution (Figure 5.3) and with a normal
distribution (Figure 5.4). We find that beta distribution seems to give an almost perfect fit for our
model compared to the normal distribution which gives a much poorer fit. However, the authors

in [14] claim that the distribution for such models is not a beta distribution.
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Figure 5.1: A plot of Var(Z;(1) — Z;) against time for values of p in all the three regimes.
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Figure 5.2: A plot of Var(Z;(1) — Z;) against time for values of p in two of the three regimes.
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Figure 5.3: A plot of frequency against Z fitted with a beta distribution.
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Figure 5.4: A plot of frequency against Z fitted with a normal distribution.
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We also simulated a four-colour model with two urns such that Z;1(0) = Z14(0) = 1/8, Z12(0) =
1/4, Z13(0) = 1/27221(0) = ZQQ(O) = Z23(0) = Z24(0) = 1/4, m = 87 C =2 and s = 3. In this
model, we allow the first two colours to reinforce each other while the rest of the two colours reinforce

each other. Since the colours synchronize across urns and across mixing sets, we have that :

tllgolo le(t) = tli)Igo Zlg(t) = tll}l& Zgl(t) = t1l>I?o ZQQ(t) = Zl (say) a.s.

Also,

tlgrolo Z13(t) = tlggo Zoas3(t) = Zy (say) a.s.

We run several simulations of the urn process and again draw a histogram (plotting the values of
Zy on x-axis, values of Zy on y-axis and the frequency on z-axis). The resulting histogram is shown

in Figure 5.5 and a top view of it is shown in Figure 5.6.

600

500 N i

Frequency

Figure 5.5: A plot of frequency on z-axis against Z; on x-axis and Zs on y-axis.
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5.6: A descriptive colour diagram corresponding to the histogram in Figure 5.5.

55



o6



Appendix

In [1], the author discusses various methods used to study asymptotic properties of random processes
with reinforcement. We studied and used some of these methods in our analysis. In particular, we
studied [7] where method of moments is used, |10] where Martingale theory is used to obtain almost
sure convergence and stable convergence to a Gaussian limit in some cases and finally and [8] where
stochastic approximation is used to study urn processes. We briefly explain the methods and present

relevant results below.

5.1 Theory of Stochastic Approximation

A stochastic approximation scheme in R¢ is given by :

Ti41 = Tt + G(t + 1)[]7,(.’17,5) + Mt+1],t Z 0

with the following assumptions:

Al. The map h : R* — R? is Lipschitz: ||h(z) — h(y)| < L||z — y|| for some 0 < L < oo

A2. {a(t)} are called step sizes satisfying ), a(t) = oo and ), (a(t))® < oo

A3. {M,} is a Martingale difference sequence with respect to the increasing family of o-fields:

Fi = 0(xm, Mp,m < t) =oc(xo, My ... My),n >0

That is,
E[Mt+1|.7:t] =0 a.s.,t Z 0

Furthermore, {M,} are square-integrable with E[|M;41|*|F] < K(1 + ||z¢]|*) a.s t > 0 for some
constant K > 0.
Ad. supg|ze]| < oo as.

Theorem 5.1.1. (Theorem A.1 in [17]) For a general stochastic Approximation scheme given by
Ti41 = Tt + a(t + 1)[h(.27t) + Mt+1]at Z 0

with the above set of assumptions:

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

ODEy, =% = h(x)
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Furthermore if x* € ©% is a uniformly stable equilibrium on ©°° of ODE}, then
Ty — T a.S. as t— 0

Note that whenever we use the theory of stochastic approximation in the thesis, we implicitly

make use of the following lemma (which we prove below):
Lemma 5.1.2. A linear function h : R* — RY is Lipschitz with respect to the Euclidean norm.
Proof Since h is linear, there exists a d X d matrix A such that
h(z) = Az V x € R?
For z,y € R? (z # y):

h(z) — h(y) = A(z — y)

Let © = (z1,22...74) and y = (y1,¥2 . ..yq) Where z;,y; € R for all
1 <i<d. Also, let Aij:aij for 1 <i,5 <d.

Hence,

@11 a1z - Qid 1 — U

ad1  Qd2 -+ Qdd Td — Yd

Using Cauchy Schwartz Inequality, we have that:

For 1 <i<d,
2
d d d
Dag(ri—y) | <D a” | | Do — )
j=1 j=1 j=1
Adding up all of these d inequalities, we get that:
2
d d d d
D2 ailmi—w) | <3 (e’ | | (@ —w)?
=1 \j=1 =1 \j=1 j=1
Hence,
2
d d d
S Jaiga—y) | <KD (2 —yy)°
i=1 \j=1 j=1

d
where K = /> ai;?.

Taking square root on both sides of the above equation, we get that:

1h(z) = h(y)|| < K|z = yl|
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Since the above inequality holds for arbitrary x,y € R%(z # y), the linear function & is Lipschitz.
O

Whenever we apply the theory of stochastic approximation to our models, h(x;) is always linear.
Hence, the condition Al. is always satisfied, given the above lemma. Condition A.2 is satisfied
because we always have a(t) ~ A/t for some A > 0. Also, in all our cases, we have M; ; =
41 — Elxeq1|F]. Hence,

E[Mi11|F] =0 as.,t>0

The rest of the conditions follow trivially since we always apply the theory to vectors which

consist of fraction of balls of different colours (each element of the vector is hence bounded by one).

5.1.1 The Central Limit Theorem

The following result has been taken from [11]( Theorem 5) and has been used while proving Theorem
2.2.1 above.

Theorem 5.1.3. Consider the sequence of random vectors (0,,),>0 defined by the following recursion:

Y n > nop; 9n+1 =0, + ’Yn+1f(0n) + 7n+1(AMn+1 + én+1)

where f : R4 — R? is a differentiable non-null function, 0y is a deterministic vector, for all n > ny,
AMn s an F,-increment martingale and €, is an Fy-adapted remainder term.
Assume in addition that

) N 2

€n — 0, suanOE[HAMnHH |]:n] < o0

Assume that 0, satisfies the above recursion with v, = % and that there exists € R% a stable zero

of f such that 6,, converges to 0 with positive probability. Also assume that, for some §d >0 ,
suanOE(||AMn+1||2+6\fn) < o0, and E(AMn+1AMn+1t|fn) 22 T almost surely,
where T is a deterministic symmetric positive semi-definite matriz and for some n > 0
n3E[|ent10* 10, o <nlFn] 2225 0.

Let A be the eigenvalue of =V () with the largest real part. If we assume that 0,, converges almost
surely to some deterministic limit 0, then:

e If Re(A) > 1, then /n(0, — 0) 5 N (0,2) in distribution, where

Z _ / (T OF ey PV HO+ gy,
0

Assume additionally that f is twice differentiable, and that all Jordan blocks of V f(8) associ-
ated to A have size 1.

Then:

o If Re([\) = % then /ﬁ(@n —6) DTN (07 2), in distribution, where
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logn
> = lim ’ (VIO 5wy (VI O+ Eu gy,

n—oo 0

e If Re(A) < 1, then nRe(A)(Hn —0) converges almost surely to a finite random variable.

5.2 Auxiliary Results

The following lemma is a result directly taken from [18] and is used multiple times while calculating
first moments. We present it here without a proof although it follows trivially using the telescopic

technique of summation.
Lemma 5.2.1.

For z,y e R and s € N :

YU CE R e S

() et 1wy

Martingales

Definition 5.2.2 (Martingales). A stochastic process {Z,,n > 1} is a martingale if
E[Z,] < 00 and E[Zu|Zy,..., Zn-1] = Zn ¥ 10 >2

Theorem 5.2.3 (Martingale Convergence Theorem). Let F = (F,),s, be a filtration with
Foo = 0(Un>0Fn) Let {X,,}n>0 be a submartingale adapted to F such that

sup{E[X, "] : n >0} < occ.

Then there exists an Fu- measurable random variable X with E[X ] < oo and X, RimiN Xeo

almost surely.

Note that while the martingale convergence theorem helps us to show that a sequence admits an
almost sure limit, it does not say anything about the distribution of the limit. In urn models, it is
often useful (but also cumbersome) to compute moments of the converging sequence to determine the
distribution of the limiting variable X when we know that the sequence {X,, },>¢ converges (almost
surely) to X. This method was used by D. Freedman in [12] to prove Theorem [1.1.3]

5.3 Solving first order non homogeneous recurrence relations

with variable coefficients

The concerned recurrence relation is of the form:

Ap+1 = fnan + dn
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The above equation is same as:

An41 fnan 9n

szo fr - HZ:O fr B HZ:ofk

That is,
An+1 QAp, _ gn
[lico v TIZo e Ilico fo
Let
Ay =—n
Hk 0 fk
Then, we have:
dn
Ay — Ay = =2
" k=0 Jr
Now,
n—1
(Am+1 A ) — A=
7;) Z Hk ofk
Therefore:
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