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Abstract

We consider an urn model, whose replacement matrix has all entries nonnegative and is bal-
anced, that is, has constant row sums. We obtain the rates of the counts of balls corresponding
to each color for the strong laws to hold. The analysis requires a rearrangement of the colors
in two steps. We first reduce the replacement matrix to a block upper triangular one, where the
diagonal blocks are either irreducible or the scalar zero. The scalings for the color counts are
then given inductively depending on the Perron-Frobenius eigenvalues of the irreducible diago-
nal blocks. In the second step of the rearrangement, the colors are further rearranged to reduce
the block upper triangular replacement matrix to a canonical form. Under a further mild tech-
nical condition, we obtain the scalings and also identify the limits. We show that the limiting
random variables corresponding to the counts of colors within a block are constant multiples
of each other. We provide an easy-to-understand explicit formula for them as well. The model
considered here contains the urn models with irreducible replacement matrix, as well as, the
upper triangular one and several specific block upper triangular ones considered earlier in the
literature and gives an exhaustive picture of the color counts in the general case with only pos-
sible restrictions that the replacement matrix is balanced and has nonnegative entries.

Key words: Urn model, balanced triangular replacement matrix, Perron-Frobenius eigenvalue,
irreducible matrix.
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1 Introduction

Consider an urn with balls of D colors. The colors will be labeled by natural numbers as 1,2,...,D.
We start with an initial configuration of balls of different colors, where count of each color is strictly
positive and add up to one. Note that the term “count” is an abuse of notation and it need not
be an integer, but can be any positive real number. The fact here and later that “count” may not
be integers does not cause much problem, as these numbers are used to define certain selection
probabilities only in the sequel. The word “count” allows us to use the more picturesque language
of “drawing a ball”. Let the row vector C,, which we assume to be a probability vector with all
components positive, denote the initial count of balls of each color. The composition of the urn
evolves by adding balls of different colors at times n = 1,2,3,... as follows. The evolution of the
composition of the urn will be governed by a replacement matrix R.

Throughout this article, we shall assume that the replacement matrix R = ((r;;)) is a D X D non-
random balanced (that is, each row sum is same and hence, without loss of generality, one) matrix
with nonnegative entries. Again note that the entries r;; need not be integers, but real numbers. Let
Cy denote the row vector of the counts of balls of each color after the N-th trial, N =1,2,.... We
describe the evolution of Cy inductively. At the N-th trial, a ball is drawn (or a color is selected)
at random from the urn with the current composition C,_;, so that the i-th color appears with
probability Cy_,;/N, i = 1,...,D. If the i-th color appears, then, for j = 1,...,D, ri; balls of j-
th color are added to the urn before the next draw, together with the drawn ball, that is Cy ; =
Cn-1,j t1ij, for j=1,...,D, when i-th color appears in the N-th draw. It is of interest to study the
stochastic behavior of Cy as N — oo.

If the replacement matrix is balanced with the common row sum 1 and has nonnegative entries,
then it can be viewed as a transition matrix of a Markov chain on a finite state space of size D and it
will be meaningful to talk about the reducibility or irreducibility of the matrix. However, the notion
of irreducibility can easily be extended to any matrix with all entries nonnegative, see, for example,
Chapter 1.3 of|Senetal (2006).

Definition 1.1. A D x D matrix R with all entries nonnegative is called irreducible if for each 1 <
i,j < D, there exists n = n(i, j) such that the (i, j)-th entry of R" is strictly positive. A matrix, which
is not irreducible, will be called reducible.

Note that, for an irreducible matrix, there may not exist a common n such that R" has all entries
strictly positive. As an example, for the matrix ((1)(1)), the (1,1)-th entry of all odd powers and
(1,2)-th entry of all even powers will be zero. Any irreducible matrix has a positive eigenvalue
of algebraic multiplicity one, which is larger than or equal to all other eigenvalues in modulus.
Such an eigenvalue is called the Perron-Frobenius eigenvalue of the irreducible matrix. Since no
other eigenvalue equals the Perron-Frobenius eigenvalue, which is real and positive, the Perron-
Frobenius eigenvalue is strictly larger than the real part of any other eigenvalue. The left and the
right eigenvectors corresponding to the Perron-Frobenius eigenvalue have all entries strictly positive.
The Perron-Frobenius eigenvalue will be contained in the interval formed by the smallest and the
largest row sum. The Perron-Frobenius eigenvalue will be in the interior of the interval unless the
matrix is balanced. For a discussion on the Perron-Frobenius eigenvalues of irreducible matrices, we
refer to Chapter 1.4 of|Senetal (2006)).

In case the replacement matrix R is irreducible, its Perron-Frobenius eigenvalue will be 1, as it is
balanced with common row sum 1. Let 7ty be the left eigenvector of R, normalized so that the sum of
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the coordinates is 1, corresponding to the Perron-Frobenius eigenvalue. Then 7y is also the unique
stationary distribution satisfying mzR = 7z and will have all coordinates strictly positive. Then (see,
for example, Gouet (1997) Cy /(N + 1) — 7wz almost surely. This strong law for the color counts in
the irreducible case has been studied in more general setups and further strong/weak laws, central
and functional central limit theorems for linear combinations of color counts are well known. We
refer to Bai and Hu (1999) for the martingale approach and to Janson (2004) for the branching
process approach; both papers also contain detailed references to the literature.

However, when the replacement matrix is not irreducible or balanced, the balls of different colors
may increase at different rates and strong/weak limits for C,, are not known in full generality. Fla-
jolet et al.| (2006)); Janson| (2006)); Bose et al.| (20094, |b) and the references in these papers contain
some results in these directions which are relevant in this context. The case of upper triangular R
has been studied in these papers, sometimes under suitable assumptions.

Actually some strong laws are also available for more general case of reducible R. For example, the
case of balanced block triangular R with irreducible diagonal blocks have been identified in |Gouet
(1997) as an important class among the reducible ones. The assumption of balanced rows leads to
convenient application of martingale techniques. More precisely, let us assume that R is balanced
and upper block triangular with K + 1 blocks, like

Ql e
0 Q
0 -~ 0 Qg -
o --- 0 0O P

where Q;,...,Qx are irreducible (but not necessarily balanced) matrices with Perron-Frobenius
eigenvalue less than 1 and P is irreducible and obviously balanced with Perron-Frobenius eigenvalue
1. Let 7tp satisfy mp = mpP. Then Proposition 4.3 of \Gouet] (1997) says that for such an R, Cy /(N +
1) — (0,0,...,0, wp) almost surely, that is the vectors of color counts corresponding to the first K
blocks are killed if scaled by N. This raises the question whether the rates of the vectors of color
counts corresponding to the first K blocks can be identified.

Janson| (2006) has studied a two color urn model with reducible replacement matrix. He took the
matrix to be lower triangular, but did not put any further restrictions. The matrix was allowed to
have different row sums, as well as, possibly negative entries. The asymptotic behavior of the color
counts were discussed in details using branching process techniques.

The above two urn models inspired Bose et al.| (2009b) to consider the urn model with triangular
replacement matrix and, under some technical assumptions, the rates of individual color counts
were identified. It is clear that the triangular model, where one deals with blocks of size one, is
a special case of block triangular models with irreducible diagonal blocks. Section 1.2 of |Seneta
(2006) sketches an arrangement which reduces a matrix with nonnegative entries to a block lower
triangular one. By further rearranging the states in a reverse order, the matrix can be made into
a block upper triangular one. In fact, any balanced replacement matrix can be reduced to a block
upper triangular one where the diagonal blocks are either irreducible or the scalar zero through
a rearrangement of the colors. It should be stressed that the result is true for any matrix with
nonnegative entries and the equality of row sums is not important. The states can be identified with
colors. Note that any rearrangement of colors is same as a similarity transform by a permutation
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matrix. Here the nonzero irreducible diagonal block need not be balanced. The rearrangement is
quite simple in nature, but we have not come across any detailed ready reference in the literature.
So we quickly outline a proof of the rearrangement in the following lemma.

Lemma 1.2. Any matrix R, with all entries nonnegative, is similar to a block upper triangular matrix,
whose diagonal blocks are either irreducible or the scalar zero, via a permutation matrix.

Proof. As already explained, we shall explain the proof through a rearrangement of colors, which is
equivalent to a similarity transform through a permutation matrix.

We shall say a color i leads to a color j, if for some n, the (i, j)-th entry of R" is positive. The colors
i and j are said to communicate if both i leads to j and conversely. The class of i is defined as
%; = {j : i communicates with j}. Note that either %, is empty or contains i. The colors with empty
classes will be called lone colors. For two different colors i and j, either their classes coincide or
they are disjoint. Further note that the submatrices of R corresponding to each nonempty class is
irreducible. Next, make singleton classes of each lone color. The collection of all distinct classes
(including the singleton classes of the lone color) forms a partition of the collection of all colors and
they will form the required blocks after a permutation. A class € is said to lead to another class 6’
if some color in % leads to another color in 6’ and we shall write € < €’. It is easy to see that “=<”
is a well-defined, transitive and anti-symmetric relation and hence is a partial order on the collection
of distinct classes. So the collection of distinct classes can be rearranged in a non-decreasing order.
The corresponding rearrangement of colors will have the replacement matrix in the required block
upper triangular form with zero or irreducible diagonal blocks. The diagonal blocks corresponding
to nonempty classes of some color will give the irreducible ones, while the lone colors will give the
scalar zero diagonal blocks. O

It should be noted that the eigenvalues together with multiplicities remain unchanged under simi-
larity transforms. Also, as the similarity transform is done by a permutation matrix, this will result
in the eigenvectors being rearranged correspondingly. In this article, without loss of generality, we
only consider the case of balanced block triangular R with scalar zero or irreducible diagonal blocks.
Note that, for irreducible replacement matrix, we have only one block. A special case of two irre-
ducible diagonal blocks, both of which are balanced, was treated in Bose et al.| (2009a)). The strong
law there is given in Proposition 4.2(iii) and the proof follows from the proof of Theorem 3.1(iv) of
the same article. The proof essentially used the strong law for the irreducible case mentioned earlier
along with the introduction of a stopping time. However, when the irreducible diagonal blocks are
not balanced, we require new techniques to handle the strong convergence of the vectors of color
counts corresponding to the diagonal blocks. This article presents these new techniques along with
a simplification of earlier proofs using Kronecker’s lemma. The limits are identified later in the ar-
ticle after a further rearrangement and an extra technical assumption is made. The limits involve
suitably normalized left and right eigenvectors of the appropriate irreducible diagonal blocks corre-
sponding to their Perron-Frobenius eigenvalues. The initial zero diagonal blocks identified after this
rearrangement give a different type of limits.

As a consequence of the rearrangement mentioned in Lemma|[1.2] the D x D balanced, block upper
triangular replacement matrix R with nonnegative entries is assumed to have K + 1 blocks, where
the diagonal blocks are either irreducible or the scalar zero and none but last of which need to be
balanced. The k-th block contains d;, many colors with d; + -+ 4+ dg,; = D. We shall denote the
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blocks by Q;;, where k,l = 1,2,...,K + 1. Thus, Q;; will be of dimension d; x d; and Q;; = O,
whenever k > [. We shall generally denote the diagonal block Qi by Q.

Let y y be the row vector called the incidence vector whose m-th entry will be 1 and all other entries
0, if m-th color is drawn at the N-th draw. The subvectors of Cy and g corresponding to k-th block
of colors will be denoted by C%{) and x%{) respectively. Let Zy denote the o-field generated by the

collection of random vectors {y 1, ..., xx}. We have the following evolution equation:
Cn+1=Cn+ XnR ey

We shall show that the rates of growth of the color count subvector will be constant in each block
and the rate for the k-th block will be of the form N% logP N

Definition 1.3. If the color count subvector corresponding to the k-th block grows at the rate
N%1logP N, that is, C](\f) /(N%*1ogPx N) converges almost surely and in L2, then we shall denote
the rate by the rate pair (ay, Bi).

The ordering of the rates of growth induces an ordering on the rate pairs, which is the lexicograph-
ical ordering, that is, the color count subvector of the k-th block grows at a rate faster than that of
the k’-th block if and only if either a; > a;/ or a;, = a and B > Py

One of the goals of this article is to obtain the rate pairs of the count subvectors corresponding to all
the blocks, which we do in Theorem[3.1] The rate pairs depend on the Perron-Frobenius eigenvalues
of the diagonal block matrices, whenever it is irreducible. This introduces another important notion
of this article.

Definition 1.4. For a square matrix Q with nonnegative entries, which is either irreducible or zero,
we define its character u as the Perron-Frobenius eigenvalue, if Q is irreducible, and as 0, if Q = 0.

For an upper triangular matrix R formed by nonnegative entries with K + 1 diagonal blocks
{Qr}1<k<kx+1, which are either irreducible or zero matrices, the character of the k-th block will
be denoted by .

We shall show that the rate pair of the first block (a;, ;) = (1, 0). The rate pairs of the later blocks
will be defined inductively. The rate pair of the k-th block will be determined by the (lexicographi-
cally) largest among the rate pairs (o, 8,,) with m =1,...,k — 1 satisfying Q,,x # 0. If the largest
such pair is denoted by (a, 3), then a; = max{a, u;} and fB; will be 5, f + 1 or 0 according as
a is greater than, equal to or less than u;. This shows the crucial role played by the character in
determining the rates.

In Section 2| we bring in some notations and prove some results which are useful for obtaining
the rates of growth of the color counts. Using these results, we prove the rates, as defined above,
in Section We introduce further notions, the rearrangement to the increasing order and the
assumption (A) in Section [4} Finally, in Section [5] we identify the limits for the replacement matrix
in the increasing order under the extra technical assumption (A). Suitably normalized left and
right eigenvectors corresponding to the Perron-Frobenius eigenvalues of the irreducible diagonal
blocks play an important role in identifying the limits. Thus, we obtain the rate of the color count
subvectors for all urn models with only possible restrictions of nonnegativity of the entries and the
balanced condition on the matrix. We identify the limits as well, but under the extra technical
assumption (A). In the process, we identify the very important role played by the characters of
all the diagonal blocks and suitably normalized left and right eigenvectors of certain irreducible
diagonal blocks corresponding to their Perron-Frobenius eigenvalues.
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2 Notations and some auxiliary results

We begin this section by recalling the notion of Jordan canonical form of a matrix. We need to
introduce the square matrix F for that purpose. The order of the matrix will be clear from the
context. The matrix F will have all entries zero except the ones in the diagonal just above the main

diagonal, namely,
1, ifj=i+1,
fij= {

0, otherwise.

If the order of the matrix is 1, then the corresponding scalar is defined as 0. The matrix F is
nilpotent. In particular, if F has order d, then F 4 = 0. Further, for any1<i<d,F ! has all entries
zero except the i-th diagonal above the main one, which has all entries one. If v is an eigenvalue
of a matrix R, then, define the Jordan block corresponding to v as D, = vI 4+ F. We also have a
matrix Z, of full column rank, whose columns are Jordan vectors corresponding to v. In fact, the
first column of 8, is a right eigenvector of R corresponding to v and E, satisfies RE, = E,D, . In the
Jordan decomposition of R, given by RE = DE, the matrix D is block diagonal with diagonal blocks
given by D,, corresponding to some eigenvalue v. The total number of blocks (possibly of different
dimensions), that an eigenvalue v contributes to D equals its geometric multiplicity and the sum of
the dimensions of the blocks corresponding to v equals its algebraic multiplicity. The matrix Z is
obtained by concatenating the matrices &, in the corresponding order.

If z is a non-zero complex number, we denote by T, an upper triangular matrix, which has (i, j)-th
entry is z~U~D for j > i. As F is a nilpotent matrix, we have

1 2 1 \! 1 1 \! .
Tz=;{1+;(;1:)}=;(1—217) =(z] —F)™L.

Now, if A is a positive number larger than the absolute value of any eigenvalue of a matrix R, then
(AI —R) is invertible. If v is an eigenvalue of R with the corresponding Jordan decomposition
2, =8,D, =E,(vI +F), then we have (A —-R)E, =&, (A—v)I-F) = EVTZEV and hence

2,T,_,=(AI-R)'B,. 2)

We further use the following notation, defined for all complex numbers z, except for the negative

integers,
N-1

m@=[](1+=5).

n=0

which satisfies Euler’s formula for the Gamma function,

Iy (2) ~N*/T'(z + 1). 3)

For a vector &, the vectors |£|? and £2 will denote the vectors whose entries are squares of the
moduli and squares of the entries of the vector & respectively. For two real vectors & and § of same
dimension, inequalities like & < ¢ will correspond to the inequalities for each coordinate.

For a complex number z, we shall denote its real and imaginary parts by %z and 3z respectively.
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We are now ready to do the analysis for obtaining the rates of the color counts for each block. The
presence of diagonal blocks as matrices with possibly complex eigenvalues introduces additional
complications compared to the triangular case. Also in the block triangular case, it is not wise to
study the individual color counts directly. We consider the linear combinations of color counts in
each block with respect to eigenvectors and Jordan vectors. Before obtaining the rates for each color
count, we state some auxiliary results in this section, which will be useful later in proving the rates.
The first result concerns a simple observation regarding (possible complex valued) martingales,
which follows from two simple applications of Kronecker’s lemma.

Lemma 2.1. Let {My} be a (possibly complex valued) martingale with the martingale difference
sequence AMy = My, — My satisfying E[|AMy|*] = O(cy) for some sequence of positive num-
bers {cy}. If for some other sequence of positive numbers {ay}, which diverges to infinity, we have
Zzozl(cn_l/aﬁ) < oo, then My /ay — 0 almost surely, as well as, in L.

Proof. Observe that E[|AMy/ay|?] = O(cy/ alz\,), which is summable. Thus, Zf:_ol AM, /a, forms
an L2-bounded martingale, which converges almost surely. Then both the real and the imaginary
parts of this martingale will also converge almost surely. Further, as ay — oo, using Kronecker’s
lemma, both R My /ay and SMy /ay converge to 0 almost surely. Thus My /ay — 0 almost surely.

Further, since ay diverges to infinity and {cy_; /azzv} is summable, we have, again using Kro-
> N N-1
necker’s lemma, anl cn_l/a?v converges to zero. Further, E[|My|?] = Mg + ano E[|AM,|*] =

0 (05 cu). Thus, E[IMy[*1/a% —0. .

For the second result, we consider a block upper triangular replacement matrix with three blocks.

Lemma 2.2. Consider an urn model with the replacement matrix

Q Q2 qi3
R=]10 Q 4qo|, “4)
0 0 1

which is balanced and has all entries nonnegative, with d,, d, and 1 colors in three blocks respectively.
None of the submatrices need to be balanced and, except for Q,, none of the submatrices need to be
irreducible either. However; Q, is assumed to be irreducible with the Perron-Frobenius eigenvalue u and
the corresponding right eigenvector §. Let v be another eigenvalue of Q, with Jordan decomposition
given by Q,E, = E, D,.. The rows of Q15 are {q;}1<;<q,, Some of which may be the zero row vectors.
The color count vector and its subvectors are denoted as before.

Also assume that there exists a > u and an integer 3 > 0, such that, for all |l = 1,...,d;, satisfying

q; # 0, we have,
Cny

N%logf N
where u; is nonnegative, but can be random. Further assume that

—u; almost surely and in LZ, 5

C ](\?)g' /(N%logP N)  converges almost surely and in L?

to a nondegenerate random variable. Then

2
C
%EV — Z u;q,E,Tq_, almost surely and in L. (6)
N%log" N 1<I<d,
l:q;#0
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Proof. Let Zy denote the o-field generated by the collection {y,..., x5} as before. The incidence
vector and its subvector are defined as before. Let &,,..., &, be the columns of E, with t > 1. Define
&, = 0. By the definition of T,_,, it is equivalent to prove that, fori =1,...,t,

(2)
TR TN Y ! . | o i 12
- 19 ( &+ )i_1€2+ + .| almost surely and in L,

N%logf N = a—v) (a—v (a—v)
l:q;7#0
(7)
which we shall do by induction.
Now, from the Jordan decomposition, for i = 1,...,t, we have Q;§;, = §._; +v&, = ?g’ Further,
using the evolution equation (I]), we have
2y _ ~2) @7F
Cy & =Cy &+ Z N8+ 2N S
1<I<d,
l:q,;#0
From this, we obtain the martingale
@) N-1
Cy & 1
My = - Cradi§; +CP8,_ 8)
N0 2 D) | |2, S G
l:q;7#0

having martingale difference

1 1 1 g
2) )
AMy = ———— E Ani1— ——C ,)q <+(x -——C )
N Iy (v) 1515d1(N+1’ N+1 M 15 N+l N4 1N 5
l:q;#0

Since,{ is a right eigenvector corresponding to the Perron-Frobenius eigenvalue of Q,, it has all

coordinates positive and hence, for some ¢ > 0, we have |§ |2 < c§. Hence, using Euler’s formula

(2)

and the fact that at most one of yy,q; for [ =1,...,d; and gy,

we have,

can be nonzero simultaneously,

E[laMyl’] =0 (N_(Hm) (E |:Zlilid1CN,l|ql€i|2:| +E [cﬁ)g]) )
l:q;#0
Hence, by the assumptions made on the rates of convergence of Cy; for [ =1,...,d; with q; # 0,
and CI(\?)Q', we obtain E[|AMy|?] = O(logP N/N1+2%7=2)  Next, we apply Lemma with ¢y =
logP N/N1+2%v=a anq ay = N logP N. Since a > p > 0 and v < u < a, Lemma applies
and My /(N* ™ 1og? N) and hence My /(N*~" logP N) converges to zero almost surely and in L2,
Thus, from Euler’s formula and the definition of the martingale My in (8), we have,

e 1 S mr) lgfn+2)  Guaid
D NTlooB N Nevao Na— 1ooP N Hv=a b
N=coN*log' N N=N*Vlog'N , 42} #=5 M (MP(v+1) (n+1) (n+1)*log’(n+ 2)
l:q,;#0
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1 & (+y logP(n+2) cWe, |
+ lim T )
N—oo Na=V]ogh N & Tl (VIT(v + 1) (n+ 1)MV7% (n + 1)* logP (n + 2)

where the limits are both in almost sure and in L? sense and we use in the last step.
. . . . / .
Since a > u > Rv, the first term above simplifies to ﬁz u;q,&;, where the sum is over all

[=1,...,d;, such that q; # 0. If for some i > 1, limy_, cﬁ)gi_l/(Na logﬁ N) exists almost surely
and in L2, then

(2) (2)
Cc ; 1 Z 1 C .

lim
N—00 NalogﬁN a—v =) — v N—>oo NalogﬁN
l:q;#0

almost surely and in L2. For i = 1, since & o = 0, we immediately have (7). Assuming the induction
hypothesis fori — 1, can now easily be extended to i as well. O

Remark 2.3. If g; =0 foralll =1,...,d;, the argument of the above proof still goes through with
the obvious modification that any sum over the indices [ = 1,...,d; such that q; # 0 will be zero,
and the limit in (6]) will also be zero.

Finally, we obtain some moment bounds for the color counts in the block upper triangular model,
as reduced by Lemma We first obtain the expectation of the linear combination of the count
vector of a block.

Lemma 2.4. Consider an urn model with balanced, block upper triangular replacement matrix R
formed of nonnegative entries, where the k-th diagonal block Qy, is either irreducible or the scalar zero
with the character uy. If Qi is irreducible, let { be a right eigenvector corresponding to the Perron-
Frobenius eigenvalue, which is also the character, . If Qi is the scalar zero, let § be the scalar one.
Then

’ [C%()g] i) C(k)§ " 1<n;{ 1 ;) (n+ 1)Hn+1(.u'k) [CE{")kag] : 9)
m:Qu#0

Proof. From the evolution equation (I)), we get C (k)g Cy (k) 16+ Zm 1IN )kag Taking condi-
tional expectation, we have

My
E[CV41Py ] = (1 + =k ) cPig+ > Lem guc. (10)
N N
1<m<k-1
m:Q 70
Taking further expectation and iterating, the result follows. O

Next, we define a martingale and obtain a bound on the square moments of the martingale differ-
ence.

Lemma 2.5. Consider an urn model with balanced, block upper triangular replacement matrix R
formed of nonnegative entries, where the k-th diagonal block Q. is either irreducible or the scalar zero
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with the character uy. If Qi is irreducible, let § be a right eigenvector corresponding to the Perron-
Frobenius eigenvalue, which is also the character, . If Qi is the scalar zero, let § be the scalar one.
Then

(k N-1
_ CN)g _ C%m)kag (11)
Oy(u) oz 28 (i D ()
M:Qpk#0

is a martingale and, for the martingale difference AMy = My,1 — My, we have, for some constant
c>0,

2 (m)
[(AM””—(N+1)(HNH(W)) 2, Blei], (12)

1<m<k

M:Q k70
where Qi = Qi. When Q. is the scalar zero or equivalently u;, = 0, the above bound simplifies to

> E[ci]. (13)

1<m<k-1
M:Q k70

E[(AMy)] <

c
T (N+1)

Proof. The fact that My is a martingale follows from the expression for the conditional expectation
in (10). We also have

1 1 1
(k) (k) (m) (m)
AMy = ——— (x -—c )+ S (x S )Qk :.
HN+1(.Uk) N+1 N 1 N = N+1 N 1 N m

m:Q 70

Since xl(\,"fl cannot be nonzero simultaneously for two distinct values of m, taking conditional ex-

pectation and ignoring the negative terms, we have,

1

AMy)?|Zy ] < 2cp2 4 c™ Q.. a4
LM 1% ] < Gy e | MOV 2 O (@)
m:Qum#0

Since 1 has all coordinates equal to one, and hence, positive, we have, for some constant ¢ > 0,
¢*<cl and for m = 1, ...,k — 1 satisfying Q. # O, (kag)2 < c1. Putting these bounds and the
fact that u? <1 in (I4) and taking expectation, follows.

When Q is the scalar zero or equivalently u; = 0, then follows from the simple observations
that [Ty, 1(0) = 1 and the first term within the bracket in (14) is absent. O

Remark 2.6. 1f Q,,;, =0 for all m =1,...,k — 1, then the results and the arguments of Lemmas
and will still go through with obvious modifications. The last sum within the bracket on the
right side of (9) and the last term in the definition of the martingale in will be absent. The sum
on the right side of Will reduce to E[C(k)l] If further Q; = 0, then C(k) (k) for all N and
the martingale defined in ((11) will be a constant, as w;, = 0 as well. This W111 give E[(AMN)Z] =0

in (13).
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3 Rates of color counts

We are now ready to give an inductive method to obtain the rates of the color count subvectors
corresponding to each block.

Theorem 3.1. Consider an urn model with a balanced, block upper triangular replacement matrix R
formed by nonnegative entries and with blocks {Q,;1}1<m 1<x+1, Where the diagonal blocks Q. = Qi
are either the scalar zero or an irreducible matrix, for k = 1,...,K 4+ 1. Let the characters of the
diagonal blocks be {u;}1<k<x+1. The color count vector and its subvectors are defined as before. Then,
for k=1,...,K+ 1, there exists nonnegative real numbers a; and nonnegative integers f3;, such that
(ax, Bi) are the rate pairs for C](\I;), that is, C%() /(N%logPx N) converges almost surely, as well as, in
L2 The pairs {(ag, Br)}1<k<k+1 are defined inductively as follows: For k =1, a; = u; and f3; = 0.
Having defined (aq, 1), ..,(0x_1, Pr_1), let (a, 3) be the (lexicographically) largest rate pair in the
set {(ay, Bry) : 1 <m < k—1,Qp,x # 0}. If the set is empty, declare (a, 3) = (—00,0). Then, we define

oy = max{a, (i}

and
0, if.U'k >,
Be=1B+1, fu=a
B, if ug < a.

Proof. We use induction on the number of blocks k. For the case k = 1, if u; = 0, then the first color
count remains constant and hence converges without scaling. If u; > 0, then Q; is irreducible with
Perron-Frobenius eigenvalue u; and a corresponding right eigenvector ¢. Since § has all coordinates
positive, choose ¢ > 0 such that §? < c¢{. It is then easy to see that My = C](\})Q/HN(,ul) is a
martingale with the martingale difference

H &) 1 (1))

AM, = ——— (x -——C .
Ny (u) "M N+ J

Since 0 < u; < 1, we get, using Euler’s formula (3)), E[ (AMI’V)z] <cE [M](,] /(N + DTy 41 (ug)) =

(0] (N _(H“l)), which is summable. Hence Mz(r is an L2-bounded martingale, which converges to a

nondegenerate random variable almost surely and in L2, and thus, by Euler’s formula (3), C 1(\/1)§ /N*
also converges to a nondegenerate random variable Y; almost surely and in L2.

Next consider any eigenvalue v of Q; other than the Perron-Frobenius one, u;. Let the correspond-
ing Jordan decomposition be Q;(§; : --- : §,) = (§; : --- : §,)D,, for some t > 1. Note that
Q. §,=¢&,_,tv§;, fori=1,...,t, where §, = 0. We define the martingale

(1 N-1 1
M// — CN gi _ C% )gi—l
NooTy(v) A (n+ D, (v)

as in the proof of Lemma and arguing similarly, we get E[ (AM N )2] = Q(N~(+2%=t)) Then,
again applying Lemma with ¢y = N~0+2% =) and g = N¥1~™ and arguing as in the proof
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of Lemma we have M[//N*17" — 0 almost surely and in L?. Again, simplifying using Euler’s
formula (3)), we have,

I g — Sty L o T
NIH;O ]WCN gi - Nméo N~V Z I, (VI(v+1)( 1)1-ma+v 1)’

where the limits are both in almost sure and in L? sense. As &, = 0, the limit is zero for i = 1 and
then inductively, it can be shown that the limits are zero for alli =1, ..., t. This gives C S)EV /N¥1 —
0 almost surely and in L. Finally, consider RE = ED, the Jordan decomposition of R, where ¢ is
the first column of E. Then C](\})E/N‘“ —Y7(1,0,...,0) and hence

C](Vl)/N“1 — Y;m  almost surely and in L2, (15)

where 7 is the first row of 2~1 and is a left eigenvector (normalized so that ©§ = 1) of Q; cor-
responding to the Perron-Frobenius eigenvalue of Q. Hence 7t has all coordinates positive. This
shows the rate pair (aq,81) = (41,0) = (u;,x;). This technique of handling nonzero characters
will be repeated for the later blocks as well. For a block with a nonzero character, which is then the
Perron-Frobenius eigenvalue of the corresponding irreducible diagonal block, we first find out the
rate of the linear combination of the corresponding count subvector with respect to a right eigenvec-
tor corresponding to the Perron-Frobenius eigenvalue. The limit will be a nondegenerate random
variable, which will be a function of previous such random variables, unless the block is the leading
block of its cluster with the order of the corresponding leading character zero. We then obtain the
limits of the linear combinations corresponding to the Jordan vectors as well with the same rate and
combine them to get the final result for the count subvector.

Assume that the rate pairs have been obtained for the first k—1 blocks. We define (a, #) and (ay, Bx)
as in the statement of the theorem and show that (ay, B;) is the required rate pair for the k-th block.
If a = —o0, then Q,,,;, = 0 for all m < k. If we further have y; = 0, that is, Q; = 0, then C](\f) = Cgk)
for all N and the rate pair will be (ay, B;) = (0,0) as required. So assume either a # —oo or u; # 0.
Equivalently we have

Qi #0 forsomem=1,...,k. (16)

First consider the case u; = 0, that is, Qj is the scalar zero. Hence, from (16)), we have Q,,,; # 0 for
some m = 1,...,k — 1. Then the set {(a,,, ) : 1 <m < k—1,Q,x # 0} is nonempty and a; is a
nonnegative real and f3; is a nonnegative integer. Define the martingale My as in Lemma [2.5| with
¢ as the scalar one, since y; = 0. Then using and the choice of (a, 3), we have

E[(AMy)*] =0 (N~ P 10gf N). (17)

Then we apply Lemma with cy =N"0-9) log? N and ay = N%* logPtN. Since Ur =0 and a is
nonnegative, we have only two possibilities, @ > u; = 0 and a = y; = 0. Observe that

1

CN-1 Nlogﬁ”N’

2 1

an ——————, if a> ux =0, or equivalently, ¢ = a and B, = f
Nltalogh N

if a = ux =0, or equivalently, a; =0 and B, = +1,
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and thus ZN(CN_l/aI%,) < 00. So, from Lemma we have My /(N%logPk N) — 0 almost surely
and in L2. Simplifying using Euler’s formula (3), the definition of the martingale, the choice of
(a, B) and the facts that ¢ is the scalar one and N % logﬁk N — 00, we have

2 L O Qui, if 0
1m mk> Ima=u="9,
c 1emia B 1N=o0logh N
lim —N = m: Qi 0 (m) (18)
N*“?NakkgﬁKN' 1 Cy
Z — lim —————Q«, ifa>u,=0,
1<iSh 1 AN=o N logf N
m:Qyi 70

where the limits are almost sure, as well as, in L2. Also, all the limits are nonnegative and as (a, 8)
is the largest rate pair, at least one of them is nondegenerate. So the limit above is nondegenerate
and we have the rate pair (ay, ;) as suggested in the statement of the theorem. The limit in (L8]
will be denoted by Y.

Next consider the case u; > 0. Then Qy is irreducible with the Perron-Frobenius eigenvalue u.
Choose § as a right eigenvector of Q; corresponding to u,. Since ¢ has all coordinates positive,
choose ¢ > 0, such that 1 < c¢.

If a = —o0, that is, Qx =0 forall m = 1,...,k — 1, we shall apply Lemmas and keeping
Remark in mind. In this case a; = y; and f; = 0. From Lemma we have ETC](\’;)Q’ ] =
O (N#). Defining the martingale My as in Lemma we have E[(AMy)?] = O(N ~(1+1d) which is
summable. Thus, My and hence, by Euler’s formula (3)), C%{)g J/NMe = c%‘)g /(N%logPx N) converges
almost surely and in L? to nondegenerate limits and the limit of the second sequence will be denoted
as Y.

Finally consider the possibility that a # —oo and u; > 0. Then a is a nonnegative real and f3 is a
nonnegative integer. From Lemma we have,

C(k)g} _ C(k)g+ Z Nif logf(n+2) (n+ 1) . C™MQ,ug .
N 0 A+ D g () | (n+1)%logP (n +2)
m:Q 70

E [—1
My ()

By the choice of (a, ), the expectations in the sum of the right side above are bounded. Hence,
using Euler’s formula (3]), we have

O(NHK), if up > a,
E [c%‘)l} <cE [cl(v")g] = Lot logf* N, if g = a,
O(N%logfN),  ifur<a

= O(N% logPx N).

Observe that the rate pair (ay, Bi) is lexicographically larger than or equal to (a,8) and hence
(ax, Br) gives the highest rate, giving,

> E[c{P1] =0 (N%loghN).

1<m<k

M:Q k70
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Then define the martingale My as in Lemma [2.5]and we have from (12,
E[(aMy)*] =0 (N~0+2uadjogh N) .

We then apply Lemma [2.1| with ¢y = N~(*24%~ %) JogPc N and ay = N%* HlogPt N. Observe that
cy_1/a% ~ N~UFa)log™Pk N, Now a = max{a, i} > pr > 0 and hence Y. (cy_1/a?) < oo.
So, again from Lemma we have My /(N% *1logP N) — 0 almost surely and in L2. Further
simplifying using Euler’s formula (3)), the definition of the martingale and the choice of (a, 8), we
have

(k)
C
N—oo N % logﬁk N
N-1 B © (m)
. D3 log?(n+2) (n+ 1) CMQuid (19)
- N—oo N logﬁkN e =+ D T ()T (g + 1) (n+ 1)%logP (n+2)

m:Q 70

where the limits are almost sure, as well as, in L2. Again, all the limits are nonnegative and as
(a, B) is the largest rate pair, at least one of them is nondegenerate. So the limit above is nonde-
generate and will be denoted by Y;. If ux < a = a; and u,, denotes the almost sure and L? limit of
C](Vm)/(N"‘ logﬁ N) form=1,...,k—1 with Q,,x # 0, then the limit in can be further simplified
to

¢y 1 .
lim = Z qumkg = Z qumk(akI - Qk) g (20)

N=o Nologh N oy — i 1<m=<k-1 1<m<k-1
m:kany m;ka;éo

Thus, C ](\I,()g /(N%logPx N') converges to a nondegenerate limit Y, both almost surely and in L? and
for uj < a, the limit is given by the right side of (20).

Next consider an eigenvalue v of Q; other than the Perron-Frobenius eigenvalue with the corre-
sponding Jordan decomposition Q;E, = &, D,. Then club all the colors after the k-th block into
a single one and make the first k — 1 blocks into one group and the k-th block into another. This
gives us the replacement matrix in the form (4). Also, by the choice of (a, f8), holds with the
rate pair (a, ) and hence (ay, ;). (Note that O is a possible limit in (5).) We also have that
C %()g /(N% logPk N) converges to a nondegenerate random variable Y; almost everywhere, as well
as in L2. Thus, by Lemma 2.2} we have

(K
Cy =
akllv—ﬁvk—> Z uq8, T, ., almostsurely and in L? 21
N%log™* N  1q<diFmtd,_,
l:q;#0

where u; is the almost sure and L? limit of C N,/ (N% logPx N) for any index [ allowed in the sum. If
a = —oo, thatis,q; =0foralll =1,...,d; +--- +dy_q, then, by Remark [2.3] the limit in still
holds with the interpretation that the limit is zero.

If u > a (this includes the case a = —00), then observe that the rate pair (ay, B;) gives a higher rate
than (a, #) and thus the limits u,, in are all zero, which gives C ](\i'()EV /(N%1ogPx N) — 0 almost
surely and in L2. If u; < a, then g < a = ay, then from (2)), we have EvT gy = (o — Q) E,.
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Also, observe that, by the induction hypothesis, the rates are same within a block. Thus, if any index
[ is included in the sum on the right side of (21I]), we can include any other index I’ in the same
block with q;; =0, as Cy - /(N% logP* N') will also converge to u;: almost surely and in L2, but will
not contribute anything extra. Further, for the m-th block, the limit vector u,, in consists of
such u;’s only. So we can rewrite as

(k) g
cy'=
lim —Y " — u,Q k(akI—Qk)_lﬁ .
N—o00 N % logﬁkN 15%_1 meem Y
M:Q i #0

Finally, consider Q;Z = ED, the Jordan decomposition of Q;, where the first column of E is . Then,
we have

; cVe Y,(1,0,...,0), if ux > a,
Nooo N logfi N 215851;01 U Qui(agl — Q) 'E, if uy < a.
*Smk

Observing, as in the case k = 1, that 2~! has the first row as 7, a left eigenvector (normalized so
that 7§ = 1) of Q, corresponding to the Perron-Frobenius eigenvalue, which has all coordinates
positive, we conclude that

) Ykﬂ:, if Ug > a,
. CN _ _ -1 if
lim — = U Qi ] —Q)™, if g <a. (22)
N=0o N%log" N 1<m<k-1
m:Q i #0
This shows that (ay, B ) is the rate pair for the k-th block and completes the induction step. O

4 Rearrangement to the increasing order

To identify the limits when the color counts are scaled as in Theorem 3.1} we need to first rearrange
the colors further and reduce the replacement matrix to the increasing form (see Definition [4.3))
and make a technical assumption (A). The rearrangement to the increasing order is an extension of
Proposition 2.4 of Bose et al.| (2009b). Before going into the rearrangement, we need to introduce
some notions in analogy to Section 2 of [Bose et al.| (2009b)).

Note that, in Lemma (1.2} we have required the zero diagonal blocks to be scalar. However, we do
not impose any such condition here. We shall require zero diagonal blocks of higher dimensions for
the rearrangement to the increasing order in Lemma Also, if Q is irreducible, then the character
u is its Perron-Frobenius eigenvalue, and hence all its eigenvalues are smaller than or equal to u in
modulus. If Q = 0, then all its eigenvalues are zero. Thus, in either case, all the eigenvalues of Q is
smaller than or equal to its character in modulus.

Definition 4.1. For a block upper triangular matrix R formed by nonnegative entries with K + 1
characters {uy}i<x<g+1, let 1 <ip < iy < --- <i; <ijy; < K+ 1 be the indices of the running
maxima of the characters, that is, u = p;, < p;, < -+ < Y, < ;. and for i; < k < i;;; with
j=1,...,Jori; <k <K+1with j =J+ 1, we have u; < Wij-
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Since the replacement matrix R is assumed to be balanced, we necessarily have Qg is balanced
and ug,; = 1. Also, the row sums of all other diagonal blocks are less than or equal to one and
hence y, <1 for k=1,...,K. So we necessarily have i;,; =K + 1.

Definition 4.2. In a balanced block upper triangular matrix R formed by the nonnegative entries
with characters {ui}<k<x+1 and their indices of running maxima {i;},<j<;;1, the blocks indexed
by i,i;+1,...,ij41 — 1 form the j-th cluster for j =1,...,J and the i;,,-th block alone forms the
(J +1)-th cluster. For j =1,...,J +1, the i j-th block is called the leading block of the j-th cluster.

We shall define the leading character as A; = Wi, for j =1,...,J + 1 and the order of the leading
character as, for j=1,...,J +1,

KJ:#{]/<]:A‘J/:AJ}:#{]{<]:‘U,k:‘ull]}, (23)
which counts the number of earlier occurrences of the character of a leading block.

The concepts of clusters and the leading blocks are to be viewed in comparison to the notions of
the blocks and the leading colors in Bose et al.| (2009b). Since the characters are nonnegative, if
A; = 0 for some j = 1,...,J + 1, then we must have A, =---=24; =0, {; =1,...,i; = j and
K1 =0,...,k; = j—1. Thus, if there are zero diagonal blocks at the beginning, all of them will form
clusters of size one and these are the only leading zero diagonal blocks.

Any balanced block upper triangular matrix R, formed by nonnegative entries and reduced to the
form where all diagonal blocks are either irreducible matrices or the scalars zero, can be further
reduced to a form which we describe next.

Definition 4.3. A balanced block upper triangular matrix R, formed by nonnegative entries and

blocks {Qj;}1<k 1<k+1, Which are either irreducible or zero matrices, with indices of running maxima

of characters {i; }jill and leading characters {4; };;’11, is said to be in the increasing order if
i. All non-leading zero diagonal blocks are scalar.

ii. For index k of any non-leading block, that is, i; < k < i¢j;q) with j=1,2,...,J, we have

k-1
D Qu #0.

m:lj

iii. If A ;=0 and x ;>0 for some j =2,...,J, then each column of the submatrix Qij—l,ij must be
nonzero.

The condition holds for any non-leading block. In fact, the condition in the above definition
implies that at least one entry of the submatrices Q, for m =1ij,...,k — 1 to be nonzero. However,
the condition extends the requirement to the leading blocks as well, when the leading character
is zero and has a positive order. Further, in this case, we not only have the submatrices as nonzero,
we indeed have each of the columns of the submatrices as nonzero. Note that the condition in

the above definition is vacuous if A; > 0.

It was shown in Proposition 2.4 of Bose et al.| (2009b)) that any balanced upper triangular matrix can
be reduced to another block upper triangular matrix satisfying the condition of Definition
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by a similarity transform using permutation matrices. As in Section (1, the similarity transform
using a permutation matrix will be viewed as a rearrangement of the states, will not change the
eigenvalues with their multiplicities and will rearrange any eigenvector accordingly. We extend that
rearrangement in the following result.

Lemma 4.4. Any balanced block triangular matrix R, with all entries nonnegative and diagonal blocks
either an irreducible matrix or the scalar zero, is similar to a matrix in increasing order via a permuta-
tion matrix.

Proof. As in the proof of Lemma (1.2} we shall describe the similarity transform by a permutation
matrix through a rearrangement of the states. We do it in two steps. In the first step, we obtain
a matrix satisfying condition in Definition alone. The rearrangement is very similar to
Proposition 2.4 of Bose et al.| (2009b), where we replace the diagonal entries by the characters of
the blocks, the leading colors by the leading blocks and the blocks by the clusters. We do not repeat
the proof here. By an abuse of notation, we shall use the same set of notations for the rearranged
matrix. Note that all the zero diagonal blocks remain scalar after this rearrangement.

If the first diagonal block is nonzero and hence all the leading characters are nonzero, the condi-
tion in Definition [4.3] becomes vacuously true and the proof is complete. Thus, without loss of
generality, assume that the first M(> 0) diagonal states are zero. They are the only leading blocks,
which are zero. In the second step, we shall rearrange the colors in these M states to satisfy the con-
dition in Definition Thus the condition in Definition [4.3| will remain unaffected. Also
none of the non-leading zero diagonal blocks will be affected and they will remain scalar satisfying
the condition (i) in Definition Note that this second step of rearrangement may coalesce some
of the initial zero diagonal states and hence the overall number of blocks may reduce. We shall
proceed by induction. The m-th step will produce a zero diagonal block (not necessarily scalar),
which is also a cluster, with the (leading) character zero and order m — 1. We shall show that after
m-th induction step with m > 1, the rearranged matrix is block upper triangular, the first m blocks,
and thus clusters, have {d;}; <<, states and satisfy the condition in Definition [4.3] and for the
remaining M —(d; +- - -+d,,) states, the columns have at least one entry corresponding to the blocks
after the first m — 1 ones, that is, at least one entry with index more than d; +---+d,,_;, as nonzero.

Observe that since A; = 0, the first column must be the zero vector. We first bring all states (which
includes the first state), whose columns are zero vectors, to the front and declare that they constitute
the first block, as well as the cluster. The order of the states within the block is not important.
Note that this rearrangement maintains the block upper triangular structure. The condition on the
remaining states among the first M ones also holds, since all zero columns have been collected.
Again, by abuse of notations, we shall use the same set of notations for the matrix thus rearranged.
If the size of the first block d; = M, we are done. Otherwise, assume that we have obtained m > 1
blocks of sizes {dy};<x<m, Which, except the first one, satisfy the condition in Definition[4.3|and
for the remaining M — (d; + - - - + d,;,) states, the columns have at least one of the entries, indexed
more than d; + ---+ d,,_;, as nonzero. Also, the rearranged matrix is block upper triangular. As
before, by an abuse, we retain the notations. If d; +-- -+ d,, = M, we are done.

Otherwise, we consider the remaining M —(d; +- - -+d,,) states among the first M ones. The columns
corresponding to all these states have at least one entry with index more than d; 4+ -+ d,,,_; as
nonzero, by the induction hypothesis. Thus, for any column having all entries with index more
than d; + --- + d,, as zero, one of the entries indexed d; + --- + d,,_; + 1 through d; +--- + d,,
must be nonzero. The (d; + -+ + d,, + 1)-th column satisfies this condition and thus the set of the
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states satisfying this condition is nonempty. We collect all the states satisfying this condition, that
is, with the corresponding columns having entries with index more than d; +--- 4+ d,, as zero and
bring them forward, after the m-th block, ahead of the rest, to form the (m + 1)-th block, as well
as the cluster. The order of the states within the block is again not important. Since the columns
have all entries with index more than d; + ... + d,, zero, the block upper triangular structure is
retained. Also, after rearrangement, this block satisfies the condition in Definition [4.3| as,
corresponding to each state, the column has at least one entry corresponding to m-th block, indexed
d; +---+d,_1+1 through d; +-- - +d,,, as nonzero. Further, since we have collected all the states
with the corresponding columns having entries with index more than d; + --- + d,, as zero, the
remaining states, if any, should have at least one of the entries with indices more than d; +---+d,,
as nonzero. This completes the induction step. O

Thus, for the rest of this article, we shall, without loss of generality, assume that the balanced
replacement matrix R with all entries nonnegative has diagonal blocks zero or irreducible and is in
the increasing order.

Remark 4.5. The arguments in the proof of Theorem can be repeated when the replacement
matrix is in the increasing order and it will be possible to identify the rate pairs more directly for the
replacement matrices in the increasing order. Note that the arguments in the proof of Theorem
assumed that Qy is the scalar zero, whenever u;, = 0, whereas the increasing order allows some of
the leading zero diagonal blocks to be of higher dimension. However, we can break the leading zero
diagonal blocks into the blocks of single colors and obtain the rate pairs separately. It is then easy to
see that, if the k-th block is in the j-th cluster, that is, i; < k <i;;; for some j =1,...,J or k =1i; for
j=4J +1, then a; becomes the leading character of the cluster A;. Further, if the leading character
of the cluster A; or its order «; is zero, then f3; is the order of the leading character of the cluster,
k. It is not possible to identify f in such a simple form, if both A; and «; are positive and we need
to make the further assumption (Al), which we are going to make in the next paragraph, to complete
the identification. We obtain the complete identification of the rates and the limits in Theorem
under the assumption (A)). Yet, it would be important to note that much of the identification of the
rate pairs for the replacement matrix in the increasing order in simple closed form is possible even
without the assumption (A).

To prove Theorem as in Bose et al.| (2009b), we need to extend the condition of Defini-
tion to the leading block of the (j + 1)-th cluster, if the order of the leading character of the
cluster is positive, that is k1 > 0, or equivalently A; = A, ;. In particular, we make the following
assumption on a balanced, block upper triangular replacement matrix R in the increasing order,
formed by nonnegative entries, with blocks {Q,;;}1<m 1<k+1, indices of the running maxima of the
characters {i;};<j<s41, the leading characters {4;},<j<;41 and their orders {x;}1<j<j1:

A. Whenever A; > 0 and ; > 0, we have Zg;ijil Qni, # 0.

This extension may not be possible in general. As a counterexample, consider the following upper
triangular replacement matrix

05 0 05
R=| 0 05 0.5
0 O 1
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Note that we do not make the assumption (A) when A; = 0, as, by Lemma this extension is
possible if the character 0 is repeated.

To reiterate, we shall assume, for the rest of the article, that the balanced replacement matrix R,
with all entries nonnegative, has diagonal blocks zero or irreducible and is in the increasing order
and further that the assumption (A holds. The assumption is made for the leading block of the j-th
cluster for j =1,...,J + 1, whenever the leading character of the cluster is positive and the order of
that leading character is also positive. Only (A]) has to be assumed, while the rest of the form can be
obtained as a reduction from a general balanced replacement matrix with nonnegative entries using
Lemmas[1.2] and [4.4.

For ease of understanding, we present below the j-th cluster, as a typical one, containing blocks with

indices i;,1; +1,...,1j4; — 1 (note that the block with index i;,, actually goes to the next cluster):
(Q Qii+1 Qi 0 Qi1 )
0 Qiv1 - Qivik Qi1
0 0 @ o Qs
oy ol

The characters A; = uij,uk,kjﬂ = Ui, of the diagonal blocks Qi QQ;,, respectively, satisfy
P < Aj < Ajyq, for i; < k < ijyy. The index k; counts number of times A; has occurred as a
character before i;-th diagonal block.

Note that all the blocks have Perron-Frobenius eigenvalue less than or equal to 1. As observed
earlier, the last block is balanced with row sum 1 and has the Perron-Frobenius eigenvalue, and thus
the character, 1 and hence forms the last cluster. If possible, suppose some earlier block has the
character, and thus the Perron-Frobenius eigenvalue, 1, then it should also be balanced with row
sum 1. Thus it will be a leading block and all other blocks in the same row will be zero submatrices.
Hence, by the condition of Definition the immediately succeeding diagonal block cannot
have the character less than 1. So the next block will also have the character 1 and will be a leading
block and now the assumption (A]) will be violated for two successive leading blocks with the same
leading character. Thus, for a balanced block triangular matrix with all entries nonnegative, which
is in the increasing order and satisfies the assumption (Al), except for the last block, no other block
will have the character, and thus the Perron-Frobenius eigenvalue, 1. Also, the last block will form
the last cluster in itself.

When Qy is irreducible, the left and right eigenvectors of Q. corresponding to the Perron-Frobenius
eigenvalue u; will be denoted as 7(X) and 4 () which are normalized so that 791 =1 = g ),
Then, 7% and ¢®) have all entries positive.

We now describe the main result to be presented in Theorem Recall that the clusters with zero
as the leading character are formed by a single block and are at the very beginning and the cluster
with one as the leading character is the last one, that is, (J + 1)-th one and is formed by the last,
that is, (K + 1)-th block. If the leading character of the j-th cluster, A; = 0, then

1 )

1 .
Tog i NN - ﬁcgl)leng . --Qij_l,i]_ almost surely and in L2.
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If i; = 1, the continued product of the matrices above is interpreted as the identity matrix and
as Cgl) is assumed to be nonzero, by the condition of Definition we have the limit as a
nonzero constant vector for all the clusters, if any, with zero leading character. For the last cluster,
which contains only the (K+41)-th block, the scale is N and the limit random vector is &+ In the
j-th cluster, with the leading character 4; € (0, 1), corresponding to the leading block, we have a
non-degenerate random variable V; such that

1 (@) i) . 9
—————C\" — V;mn*’ almost surely and in L~.
N%ilog"i N

Recall that, since the leading character )Lj is nonzero, the submatrix Ql-j is nonzero and irreducible

and has the Perron-Frobenius eigenvalue A; and the corresponding left eigenvector 7% normalized
so that the sum of the entries is one. For other blocks in the j-th cluster, we use the same scaling
and the limit random vector is again constant vector multiple of V;, where the constant vector is
obtained by multiplying (%) on right by a constant matrix. Further, if & j >0, then V; is a constant
non-zero multiple of V;_;. The matrix and the scalar multiples have been defined in and
respectively. Thus, within a cluster, the scale remains same. Further, in the clusters where the
leading characters are same, the scales change by powers of log N, but the limiting random vectors
continue to be constant vector multiples of one scalar random variable. The random variable is
degenerate, if the leading character is zero or one. Thus, the number of random variables involved
in the limit equals the number of distinct leading characters A4; in the open interval (0, 1).

In the triangular case discussed in [Bose et al. (2009b), the scaled count of the leading color of
a block converged to a random variable. In the block triangular case, we analogously consider the
scaled color count subvector corresponding to the leading block of a cluster. Here the limiting vector
still has one dimensional randomness, as it is a constant vector multiple of a scalar valued random
variable. Further, in the triangular case, the scaled count subvector for a block converged to a vector
which is a constant vector multiple of the limit random variable corresponding to the leading color.
Analogously, the scaled count vector for a cluster in the block triangular case converges to a vector
which is a constant matrix multiple of the limit vector corresponding to the leading block. Moreover,
in the triangular case, if the diagonal entries corresponding to two successive leading colors are
same, then the corresponding limiting random variables are multiples of each other. However, in
the block triangular case, the limit vectors corresponding to two successive leading blocks with the
same Perron-Frobenius eigenvalues are not scalar or matrix multiples of each other. Yet, the scalar
random variables associated with the limit vectors are multiples of each other.

5 Identification of the limits

For the purpose of this section, the replacement matrix R has nonnegative entries, is balanced, block
upper triangular, in the increasing order and satisfies the assumption (A). The notations for the
blocks, the characters, the leading characters and their orders, the eigenvalues and the eigenvectors
remain the same.

K+1
k=1
blocks and another sequence of constants {Wj}}.’:ll corresponding to the clusters. Actually, these

matrices and constants are useful only when the corresponding characters and leading characters

To identify the limits, we need to define a sequence of matrices {W} corresponding to the
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are positive, but we define them in all the cases. We define them inductively. We first define the
matrices W, ’s. For the definition of {W}, we only require the replacement matrix R to be in the
increasing order but we do not need to assume (A), as follows:

i. If k corresponds to a leading block, that is, k = i; for some j = 1,...,J + 1 (this includes the
cases k =1 and k =K + 1), define W, = I, the identity matrix of order d;, where, recall that
d;. is the number of colors in the k-th block.

ii. If k corresponds to a non-leading block, that is, i; < k <i;;; for some j =1,...,J, define
k—1 .
Wi= > WoQui (MI-Qc) (24)

a matrix of order dl-j X dp.

Note that, for i; < k < 111, Uk, the character, and hence the Perron-Frobenius eigenvalue, of Qj
satisfies uj < A;. Hence the absolute values of all the eigenvalues of Q;, which are smaller than or
equal to uy, are strictly smaller than A;, making (4;I — Q) invertible. Further,

a1 = (1 i
()LJ'I_Qk) = A_J {I‘i‘; (Xij) ] ,

where the sum on the right side converges. Observe that all the matrices in the summation on
the right side have all entries nonnegative. Further, if u; > 0, or equivalently, Q; is irreducible,
for each element of the matrix on the left side, some power of Q; has the corresponding element
strictly positive. Thus, (A;I — Q) ! has all elements strictly positive, whenever u; > 0. If y, = 0,
or equivalently, Q; is the scalar zero, then (A;I — Q) l=1/ A; is a finite positive number too, as
A;>0.

The constants w’s are defined, when the replacement matrix R is in the increasing order and satisfies
the assumption (A), as follows:

]., lfAJ:OOI'KJZO,
ii—1
w.=4 1 . : . (25)
J = -1) (@) ;
Tl E w - otherwise.
Kj m:i];l QOl]g

Note that if k;j >0 and Aj > 0, then )Lj = kj_l > 0 as well. Thus, Qij_l and Qij are both irre-

ducible and it is meaningful to define the left and the right eigenvectors 7z(i-1) and 4 @) respectively
corresponding to the respective Perron-Frobenius eigenvalues A;_; and 2;.

Next proposition shows that right multiplication of a vector with all coordinates positive by W
keeps all coordinates of the resultant vector positive. This is important to show that the limit random
vector obtained by scaling the count vectors have all coordinates non-degenerate.

Proposition 5.1. Let 7t be a vector with all coordinates strictly positive and the replacement matrix R
be in the increasing order. Then, for all 1 < k < K 4 1, the vector tW . has all coordinates strictly
positive.
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Proof. The proof is done through induction. For k = 1 =i;, we have W; =TI and hence W, =7
has all coordinates strictly positive. Then, assume nW , > 0 for all m < k. We consider two cases of
k separately.

For k =i; for some j =1,...,J + 1, by definition W, =1 and W == has all coordinates strictly
positive.

Next consider k such that i; < k <i;, for some j=1,...,J. Then, by (24),

k-1
Wy = Z W 3 Qe (A1 — Qk)_l'

m:lj

By induction hypothesis, for all i; < m < k, W, have all coordinates strictly positive. Next, we
consider two subcases separately according as u, is zero or positive.

First, we assume u; = 0. Since we are considering a non-leading block, the diagonal block must
—1 k-1 . .
be the scalar zero. Then #W, = lj 1S m=i, W, Q..x, Where Q,; are d,,-dimensional column

vectors. Since, 7W,, have all coordinates positive, for all i; < m < k, and by the condition in
Definition at least one of the column vectors Q. with i; < m < k must be nonzero, we must
have W is a nonzero scalar.

Next, we assume Qy is irreducible and then we have observed that (A;I — Q;)7 ! has all elements
strictly positive. Also, by the condition of Definition we have, for some i; < m <k, Qi
must have at least one element strictly positive. Thus, for that m, nW,,Q,,(A;1 —Q;) ! will have all
coordinates strictly positive. All other summands on the right side have all coordinates nonnegative.
Thus W, has all coordinates positive.

This completes the induction step. O

We next show that the constants wj’s are positive. This will show that for a cluster with the Perron-
Frobenius eigenvalue of the leading block same as that of a previous cluster, the limit random vector
obtained from the scaled color counts is non-degenerate.

Corollary 5.2. Let the replacement matrix R be in the increasing order and satisfy the assumption (A]).
Then, for all 1 < j <J +1, we have w; > 0.

Proof. If k; =0 or A; =0, then w; = 1 and the result holds. Thus, without loss of generality, we

can assume ; > 0 and A4; > 0. Since n(i-1) is a left Perron-Frobenius eigenvector of an irreducible

matrix Qij_l, it has all coordinates positive. So, by Proposition for all [jo1 =m<ij, ﬂ:(iffl)Wm
has all coordinates positive. Since § @) is the right Perron-Frobenius eigenvector of an irreducible
matrix Qi it again has all coordinates positive. Since x; > 0, by the assumption (A), we have,
for some i;_; < m < i, Qmij must have at least one element strictly positive. Thus, for that m,

n(ij—l)WQOij g(if) > 0. Also, for i;_; <m < i, Qi have all elements nonnegative. Hence, w; > 0.

This completes the induction step. O

Now, we are ready to identify the limits.

Theorem 5.3. Consider an urn model with a balanced, block upper triangular replacement matrix
R, formed by nonnegative entries, having K + 1 blocks, which is in the increasing order with J 4+ 1
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clusters having the leading characters {A;}1<j<j11 and their orders {x;}1<j<j41. We further assume
that R satisfies the assumption (Al). Then the color count subvector corresponding to the k-th block, for
k=1,...,K, satisfying i; < k <ijy,, for some j=1,...,J, we have,

i:
1 i ,
1w ﬁcg)an,mH’ ifA;=0
N%logiN N g ) m=1 .

Vjﬂ: b Wk, lfk] >0

almost surely and in L2, where V; is a nondegenerate random variable for j < J. For A; = 0, the
continued product in the limit above is interpreted as I.

Furthermore, for the random variables V;, j =1,...,J, if k; > 0, we also have

Finally, for the last count subvector we have

iC%HD — g&+D)

N almost surely and in L2.

Proof. Note that the result for the (K + 1)-th block is in |Gouet| (1997). The rest we prove by
induction on k. Much of the argument has already been completed during the proof of Theorem (3.1

We shall now use the special structure of the replacement matrix in the increasing order and the
assumption (A) to identify the limits. The rate pair (a, ) will mean same as in Theorem 3.1

For k = 1, we are in the leading block of the first cluster. If A; = u; = 0O, then clearly CI(VU = Cgl)
and we have the required limit. For A; = u; > 0, we use the argument given in the proof of
Theorem and by choosing § = ¢ (M as the normalized right eigenvector, we obtain from (15),
C](\P /N*1 — v; (D) almost surely and in L?, for the nondegenerate random variable V; = Y;, as
required.

Next, we assume that the result holds for all blocks till (k — 1)-th block and we study the k-th
block. We first identify the rate pairs as obtained in Theorem [3.1]using the fact that the replacement
matrix is in the increasing order and the assumption (A has been made. Recall that an intermediate
rate pair (a, ) was defined as the lexicographically largest one in the set {(a,,,,) : 1 < m <
k —1,Qu .k # 0}. Then, we obtained a; = max{a, u;} and 5, equaled O, 8 + 1 or 8 according as u
is larger than, equal to or smaller than a. We consider three cases separately, namely, k-th block is
the leading one of its cluster with the corresponding order 0 in the first case, positive in the second
case and the block is a nonleading one of its cluster in the third case. In the first case k = i; for
some j =1,...,J +1and x; = 0. Thus, for all 1 <m < k — 1, we have u,, < u; and hence for all
j’=1,...,j—1, we have Ajr < ug- So, by the induction hypothesis, forallm =1,...,k—1, (ap, )
are, and as a consequence, (a, ) is lexicographically strictly smaller than (uy,0). This gives a <
and (ag,Br) = (Ur,0) = (4j,x;). In the second case k = i; for some j = 2,...,J and x; > 0.
(Note that k; = 0 and the last (J 4+ 1)-th cluster is the only cluster with the leading character 1 and
hence k;,; = 0.) Also u = A; = A;_; and x;_; + 1 = «; in this case. If uy = A; = 0, then using
the condition of Definition and, if ux = A; > 0, then using the assumption (A), we have
Qmij # 0 for some m = [i15eeslj— 1. Then, using the induction hypothesis, the (lexicographically)

largest rate pair (a, ) is attained at such a value of m and (a, 8) = (Aj_1,xj_1) = (Aj,x; — 1).
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Hence a = y and (ay, Bx) = (A, k). For the third case, i; < k < i;;; for some j =1,...,J. By
the condition of Definition we have Q,,,; # 0 for some m =i;,...,k — 1. Then, using the
induction hypothesis, the (lexicographically) largest rate pair («, 8) is attained at such a value of m
and (a,8) = (Aj,x;). Since the k-th block is nonleading, we have u; < A; and hence a > u; and
(ak, Bx) = (Aj,x;). Thus, considering all the three cases, we have that the rate for the k-th block,
which is in the j-th cluster, is (ay, B;) = (4;, ;). Also the three cases that a is less than, equal to or
greater than u, are equivalent to the cases that the k-th block is the leading block of its cluster with
the order of the leading character positive, the same with the order of the leading character zero or

the k-th block is a nonleading block of its cluster respectively.

Next, we identify the limits by simplifying the results obtained during the proof of Theorem
using the fact that the replacement matrix is in the increasing order and the assumption (A) has
been made. First observe that the situation that @, = —oo and u; = 0 require that Q,,,;, = 0 for all
m =1,...,k and hence for all m, as the matrix is block upper triangular. However such colors have
been included in the first block by the construction in the proof of Lemma and this situation
does not occur for k > 1. So we can assume that Q,,x # 0 forsome m =1,...,k.

First consider the case y; = 0. We shall assume that the k-th block is in the j-th cluster, for some
j=1,...,J. As in the limit in (18), we have two subcases, namely, @ = u; = 0 and a > u; = 0.
Recall that the subcase @ = u; = 0 is equivalent to the fact that the k-th block is the leading
block of the j-th cluster with the order of the leading character being positive. Thus the leading
character is 0 and the k-th block is actually the k-th initial cluster with zero character and then
K = k—1 > 0. Also, using the induction hypothesis and the condition in Definition [4.3] only
m = k — 1 contributes to the limit in and it simplifies to

1 1 (1) ik—z 1 (1) ik—l
— C | | Q Qi_1xr=—C | | Q .
0 m,m+1<k—1,k 0 m,m+1

k—1(k—2yn° 11 Kt 014

The subcase a > u; = 0 is equivalent to the fact that the block is a non-leading block of the j-th
cluster and, by the condition (i) of Definition contains a single color. Also the diagonal block
is the scalar zero, making A;I — Q; the scalar A;. Further, by the induction hypothesis and the
condition of Definition only m = ij,...,k — 1 contributes to the limit in (18). Note that
some of the corresponding Q,,;, may be the zero matrix, but the corresponding extra terms will not

affect the limit. So the limit simplifies to, using (24),

k—1
1 1 ‘
—Vint > W Qi = VR OW LT - Q) = Vin W,
J m=i; ]

]

Finally consider the case w;, > 0. We identify the limit for the blocks with positive character
from (22)). We shall consider three subcases u;, > a, ur < a and y; = a. The subcase u; > a
is equivalent to the fact that the k-th block is the leading block of the j-th cluster for some
j=1,...,J +1 with x; = 0. Then, using § = g(if) and hence 7 = n(i) in the argument of the
proof of Theorem , we have the limit in the required form, where we declare V; = Y and use
the fact that w; =1 The second subcase u; < ais equivalent to the fact that the k-th block is a
nonleading block of its cluster. Also, by the induction hypothesis, the limit vectors u,, in will be
nonzero only for m =ij,...,k — 1. If some m = ij,...,k — 1 has Q,, = 0, they still can be included
in the sum in (22)), as they all contribute zero vectors. Then, by the induction hypothesis, the fact
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that o, = A; and (24)), the limit becomes

k-1
Va3 Wi QueyT = QU7 = in W

m:lj

At the end, we consider the subcase u; = a, which is equivalent to the fact that the k-th block is
the leading block of its cluster with the order of the leading character being positive. Thus, we
have k = i; for some j = 1,...,J and k; > 0. As in the subcase u; > a, by considering § = Q’(if)
and hence © = (i), together with the fact that Wi =1 and denoting V; = Y, =Y, we have,

from , the limit as V; nWW, . So, to complete the proof, we only need to check [26), which
is done by simplifying - Observe that for the subcase w; = a, we have a = a; = Y = A;

and B = B +1 =«; = k;_; + 1. Then, by the assumption (A) and the induction hypothesis, only
the terms corresponding to m =i;_y,...,k — 1 will contribute to the limit in (19). Also, the terms
corresponding to m =i;_y,...,k — 1 with Q;; = 0 can be included in the sum in the limit, as they
do not contribute anything extra. Thus, recalling the facts that §{ = ¢ () and k = i; and using (25),
the limit in simplifies to

k-1
1 . ,
Y=V, = —V;_ynli-D E W Qi § ) = w;Vj4

KJ m=ij_1

and proves (26]). O
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