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Abstract

Motivated by recent studies of big samples, this work aims to construct a parametric
model which is characterized by the following features: (i) a ‘local’ reinforcement, i.e.
a reinforcement mechanism mainly based on the last observations, (ii) a random per-
sistent fluctuation of the predictive mean, and (iii) a long-term almost sure convergence
of the empirical mean to a deterministic limit, together with a chi-squared goodness-of-
fit result for the limit probabilities. This triple purpose is achieved by the introduction
of a new variant of the Eggenberger—Pélya urn, which we call the rescaled Pélya urn.
We provide a complete asymptotic characterization of this model, pointing out that, for a
certain choice of the parameters, it has properties different from the ones typically exhib-
ited by the other urn models in the literature. Therefore, beyond the possible statistical
application, this work could be interesting for those who are concerned with stochastic
processes with reinforcement.
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1. Introduction: framework and motivation

The well-known Pearson chi-squared test of goodness of fit is a statistical test applied to
categorical data to establish whether an observed frequency distribution differs from a theoret-
ical probability distribution. In this test the observations are always assumed to be independent
and identically distributed (i.i.d.). Under this hypothesis, in a multinomial sample of size N,
the chi-squared statistics

k
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(where k is the number of possible values, and O;, E;, p; = O;/N, and p; =E;/N are the
observed and expected absolute and relative frequencies, respectively) is proportional to N,
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which is multiplied by the chi-squared distance between the observed and expected probabili-
ties. Therefore, the goodness-of-fit test based on this statistics is highly sensitive to the sample
size N (see, for instance, [8, 36]): the larger N, the more significant a small value of the chi-
squared distance. More precisely, the value of the chi-squared distance has to be compared
with the ‘critical’ value X12—(9 (k—1)/N, where X12_9 (k — 1) denotes the quantile of order 1 — 6
of the chi-squared distribution y2(k — 1) with k — 1 degrees of freedom. Hence, it is clear that
the larger N, the easier the rejection of Hp. As a consequence, in the context of ‘big data’ (e.g.
[8, 11]), where one often works with correlated noised data, suitable generative models and
related chi-squared goodness-of-fit tests are needed.

Different types of correlation have been taken into account and different techniques have
been developed to control the performance of the goodness-of-fit test based on (1) (see, among
others, [8, 14, 26, 29, 43, 44, 46, 52], where some form of correlation is introduced in the
sample, and variants of the chi-squared statistics are proposed and analyzed mainly by means
of simulations). Our approach differs from the one adopted in the previously quoted papers.
Indeed, our starting point is that a natural way to get a positive correlation between events of
the same type is to deal with the Dirichlet-multinomial (D-M) distribution: briefly, the param-
eters of the multinomial (M) distribution are randomized a priori with a Dirichlet distribution,
yielding an exchangeable (not independent) sequence. The variance—covariance matrix of the
D-M distribution is equal to that of the multinomial distribution, multiplied by a fixed constant

greater than 1: precisely, given the k parameters bg = (b1, - . . , box) of the D-M distribution
and setting |bg| = Z{F:l by ;, we have
bo; boi \ N + |bo| N + |bo|
Varp-m(0;) =N—(1 - ) = Varm(0) ————,
“ lbol lbol ) 1+ [bo| "1+ [bol
boiboj N + |bol N + |bo| .
Covpm(0;, O))=—N — = Covm(0;, O)) ————, fori #j.
p-M(O;, O)) bl 14 Dol M(O; j)1+|b0| #J
Therefore, if we set |bg| = 1;52, we have, forany i, je {1, ..., k},
Covp-m(0;, 0) = (1 + (N — 1)p?) Covm(0;, 0)), )

where p represents a correlation parameter. Roughly speaking, the D-M model adds variance
to the multinomial model by taking a mixture or by adding a positive correlation. The prop-
erty (2) is fundamental for our purpose. In fact, as highlighted in [47], the two conditions
(i) pi = O0;/N — p; almost surely for N — oo and (ii) Cov(0;, 0;) = ACovm(0;, Oj) with A > 1
imply that the statistics XZ, defined in (1), is asymptotically distributed as Xz(k — 1)A (see [47,
Corollary 2]), so that the critical value for the chi-squared distance becomes Xlz_g(k — DA/N,
where A mitigates the effect of N. As already observed, the D-M model satisfies (ii), but it is
well known that it does not meet the condition (i). In this paper we present a variant of the D-M
model such that the condition (i) holds true and the chi-squared statistics (1) is asymptotically
distributed as x2(k — DA with A > 1.

The D-M distribution may be generated by means of the standard Eggenberger—Pdlya urn
(see [25, 38]), a model that has been widely studied and generalized (some recent variants can
be found in [5, 6, 7, 10, 12, 13, 15, 17, 18, 27, 28, 37]). This urn model with k colors works as
follows. An urn contains Ny; balls of color i, fori=1, ..., k. At each discrete time, a ball is
drawn from the urn, and then it is again placed in the urn together with o > 0 additional balls

https://doi.org/10.1017/apr.2021.56 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2021.56

Rescaled Pélya urn 851

of the same color. Therefore, if we denote by N, ; the number of balls of color i in the urn at
time n, we have for n > 1

Nui=Np_1;+ oy,

where &,; = 1 if the extracted ball at time 7 is of color 7, and &,,; = 0 otherwise. The parameter
o regulates the reinforcement mechanism: the greater «, the greater the dependence of N, ;
on Y . _ &ni. In addition, it is well known that the conditional expectation of the sequential
extractions, i.e. E[£,41;| ‘past’], also known as the predictive mean, converges almost surely to
a beta-distributed random variable, forcing the empirical mean &y ; = ZnNzl &,i/N to converge
almost surely to the same limit.

In this work we exhibit an urn model that preserves the relevant aspects of the models above:
a reinforcement mechanism, together with a global almost sure convergence of the empirical
mean of the sequential extraction toward a fixed limit. However, differently from the previous
models, for a certain choice of the parameters, the predictive mean E[&,11 ;| ‘past’] randomly
fluctuates without converging almost surely, asymptotically forming a stationary ergodic pro-
cess. As a consequence, since the classical martingale approach and the standard stochastic
approximation require or imply the convergence of E[£,+1;| ‘past’] (e.g. [1, 9, 37]), in order
to prove asymptotic results for the new urn model introduced, we need mathematical methods
that are not usual in the urn modeling literature.

Rescaled Polya urn. We introduce a new variant of the Eggenberger—P6lya urn with k colors,
which we call the rescaled Pélya (RP) urn model. In this model, the almost sure limit of the
empirical mean of the draws will play the role of an intrinsic long-run characteristic of the
process, while a local mechanism generates persistent fluctuations. More precisely, the RP
urn model is characterized by the introduction of the parameter g, together with the initial
parameters (bo)i=1...., x and (Bo;)i=1,..., k, next to the parameter « of the original model, so that

Nyi=bo;+ Bui with

3
Byi=BBy—1i+ak,;, n>1

Therefore, the urn initially contains bq; 4+ By ; balls of color i, and the parameter 8 > 0, together
with o > 0, regulates the reinforcement mechanism. More precisely, N, ; is the sum of three
terms:

e the term bg;, which remains constant along time;

e the term BB,_1;, which links N,; to the ‘configuration’ at time n — 1, through the
‘scaling’ parameter § that tunes the dependence on this factor;

e the term «&, ;, which links N, ; to the outcome of the extraction at time n, through the
parameter o that tunes the dependence on this factor.

Note that the case 8 =1 corresponds to the standard Eggenberger—Pdlya urn with an initial
number No; = bgy; + B ; of balls of color i, while, when g # 1, the RP urn does not fall among
the variants of the Eggenberger—P6lya urn discussed in [45, Section 3.2], and, as explained in
detail in Section 2, it does not belong to the class of reinforced stochastic processes studied in
[1,3, 2,20, 21,23, 50].
The quantities po 1, - . . , pox defined as
boi

poi=—F—— 4)
Z]]-Ll b
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can be seen as an intrinsic probability distribution on the possible values (colors) {1, ..., k},
that remains constant over time, and that will be related to the long-term characteristic of the
process, while the random variables (B, 1, . .., Bpx) model random fluctuations over time, so
that the probability distribution on the set of the k possible values at time 7 is given by

_ Nei boi+ Bni
= K = K k :
2t Naj o Xjsiboj+ X By

1/fni

Assuming for By, ; the dynamics (3) with g > 0, the probability v, ; increases with the number
of times we have observed the value i (see Equation (13) below), and so the random variables
&, are generated according to a reinforcement mechanism. But, in particular, when 8 < 1, the
reinforcement at time n associated to observation &,,;, withm =1, ..., n, increases exponen-
tially with m (we refer again to (13) below), leaving the fluctuations to be driven by the most
recent draws. We refer to this feature as ‘local’ reinforcement. The case 8 =0 is an extreme
case where ¥,,; depends only on the last draw &,; (and not on &,,; withm=1,..., n—1).
Hence, we are mainly interested in the case 8 € [0, 1), because in this case the RP urn exhibits
the following distinctive characteristics:

(a) for each i, the process (¥, i), randomly fluctuates, driven by the most recent observations
(‘local’ reinforcement), and does not converge almost surely;

(b) for each i, the empirical mean &y ; = ZQIZI &,i/N, that is, the empirical frequency O;/N,
converges almost surely to the deterministic limit p; = pg;

(c) the chi-squared statistics (1) is asymptotically distributed as x2(k — 1)A with A > 1.

As stated before, owing to (a), the usual methods adopted in the urn literature do not work for
B < 1, and so different techniques are needed for the study of the RP urn model.

We have also considered the asymptotic results for 8 > 1, to complete the study of the RP
urn model. In this situation, the process (¥, ;), converges exponentially fast to a random limit,
and so even faster than in the classical Eggenberger—Pdlya urn. Therefore, in this case, we
may apply the usual martingale technique (e.g. [1, 9, 37]). Note that at 8 = 1 we have a phase
transition: for the empirical means, we pass from a deterministic limit (the case 8 < 1) to a
random limit (the case 8 > 1), and for the predictive means, we pass from fluctuations (the
case B < 1) to almost sure convergence (the case § > 1).

In Figure 1 we show the properties (a) and (b) for 8 =0 and g8 € (0, 1) (Figure 1(A) and
Figure 1(B), respectively) compared with the classical behavior of the processes for g =1 and
B > 1 (Figure 1(C) and Figure 1(D), respectively).

Goodness-of-fit result and its statistical application. Given a sample (&1, ..., §v) (where &,
denotes the random vector with components &,;, i=1, ..., k) generated by an RP urn, the
statistics

N
Or=#{n:6ni=1)=) &  i=l....k

n=1

counts the number of times we have observed the value i. When g € [0, 1), the theorem
below states the almost sure convergence of the empirical mean & ; = O;/N toward the prob-
ability pg;, together with a chi-squared goodness-of-fit result for the long-term probabilities
pot, ..., pok- More precisely, we prove the following result.
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(A) (B)
1.00 1.00
0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
0 5000 10000 15000 20000 0 5000 10000 15000 20000
(©) (D)
0.940 0.690
0.935 0.685
0.930 0.680
0.925 0.675
0.920 0.670
0 5000 10000 15000 20000 0 5000 10000 15000 20000

FIGURE 1. Simulations of the two processes (Y, 1), (grey) and (Ex1)n (black), with n=1, ..., 20000,
po1= % and for different values of @ and B: (A) « =199, f=0; B) a=1, =0.975; (C) a =1,
B=1;(D)a=0.5 8=1.0001. As shown, when 8 < 1, (¥, 1), exhibits a persistent fluctuation, locally
reinforced, and (&, 1), converges to the deterministic limit pg ;. When g > 1, the y-axis is zoomed to show
the random fluctuations of both the processes towards the same random limit.

Theorem 1. Assume po; >0 for all i=1,..., k and B €0, 1). Define the constants
y and A as
o
y=B+0-p8) e 1) and (%)
(1-B Y boi+a
1 — 2
- (2 A 2<1+2L)>1. (6)
(y =B +U—-y?) l—y
Then Oi/ngo,-and
k
O0; —N,
Z( i o i) _d> W, = AW,

where Wy has distribution xz(k —1)= F(@, %), and consequently W, has distribution

k—1 1
F(T’ ﬂ)
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From a mathematical point of view, the proof of the above result easily follows from
Theorem 2, whose proof occupies the main part of the present work.

A possible application we have in mind was inspired by [11, 41] and is the following. We
suppose we have a sample {§,:n=1, ..., N}, where the observations cannot be assumed
i.i.d., but they exhibit a structure in clusters, with independence between clusters and with cor-
relation inside each cluster. This is a usual circumstance in many applications (e.g. [16, 34,
53, 55]). More precisely, we consider the situation when inside each cluster the probability
that a certain unit chooses the value i is affected by the number of units in the same cluster
that have already chosen the value i, according to a reinforcement rule. For example, we can
imagine that our dataset collects messages from the online social network Twitter: ‘tweets’
referring to different topics can be placed in different clusters. If the topics are distant from
each other, we can assume independence between clusters. Inside each cluster, the tweets are
temporally ordered and the associated ‘sentiment’ is observed to be driven by a local reinforce-
ment mechanism: the probability of having a tweet with positive sentiment is increasing in the
number of past tweets with positive sentiment, but the reinforcement is mostly driven by the
most recent tweets, leading to a fluctuations of the predictive means [4]. A different clustering
of the tweets can be obtained with different slots of time, sufficiently far from each other.

Another example is the following. Each cluster corresponds to an agent. The agents act
independently of each other (independence between clusters). At each time-step, each agent
has to choose between k brands that are related to a loyalty program: the more often the agent
selects the same brand, the more loyalty points he/she gains. This fact induces the reinforce-
ment mechanism, and it could make sense that the reinforcement is mostly driven by the most
recent actions. Finally, we can have the case where clusters are associated to some products,
and at each time-step a customer has to give a vote to each product on an online platform. Each
cluster collects the votes for the corresponding product. If the products belong to very differ-
ent categories, we can assume independence between clusters; while, if the customers can see
the votes given by the previous customers, we may have a reinforcement mechanism, mainly
based on the last observations.

Formally, we suppose that the N units are ordered so that we have the following L clusters

of units:
-1 Y4
cg={ZNl+1,..., ZN;], e=1,..., L
=1 =1

Therefore, the cardinality of each cluster Cy is Ny. We assume that the units in different clusters
are independent; that is,

e gl [y B ] [ o 8]

are L independent multidimensional random variables. Moreover, we assume that the obser-
vations inside each cluster can be modeled as an RP urn with 8 € [0, 1). We denote by
po1(€), ..., por(£) the intrinsic long-run probabilities for the cluster Cy, which we assume
strictly positive, and we assume the same parameter A > 1 for each cluster (but not necessarily
the same parameters « and $), so that all of the L random variables

k (P 2
Ql — Z (01(6) pr()t(g)) s with Ol(g) = #{n € C[ . sni = 1},
i=1

Nepoi(€)
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are asymptotically distributed as 1"( 7 21) Since Oy, ..., Qr are independent because they
refer to different clusters, when all the cluster sizes N, are large, we can estimate the parameter
A by means of the (asymptotic) maximum likelihood and obtain

X_M%(L(k—l) L(k—l))
T Lkk=1) > T )

Note that E[’):] A; that is, the estimator is unbiased. Moreover, ’):/ A has asymptotic distri-

bution F(L(k D L(kz 1)) (that does not depend on A), and so it can be used to construct

asymptotic confidence intervals for 1. Moreover, given certain (strictly positive) intrinsic prob-
abilities pg (€), . . ., p§,(£) for each cluster Cy, we can use the above procedure with pg ;(€) =
py (0 fori=1, , kand £ =1, , L to obtain an estimate A* of A, and then use the statis-

tics Q¢ with po;(€) =pg;(£) and the correspondmg asymptotic distribution F( > ZA*) to
perform a x2-test with null hypothesis

Ho: poi(0)=py(6)  Vi=1,..., k.

Regarding the probabilities p{;;(£), some possibilities are as follows:

e we can take pjj,({)=1/k forall i=1, ..., kif we want to test possible differences in
the probabilities for the k different values;

e we can suppose that we have two different periods of time, and so two samples, say
{&" n=1..... N} and (" :n=1..... N} take pj () =Y ,cc, &,/ /Ne for all
i=1,..., k, and perform the test on the second sample in order to check for possible
changes in the intrinsic long-run probabilities;

e we can take one of the clusters as a benchmark, say £*; set pg ;(6) = }_,cc,. &ni/Ne- for
alli=1,..., k and £ # £*; and perform the test for the other L — 1 clusters in order to
check differences with the benchmark cluster £*.

Structure of the paper. Summing up, the sequel of the paper is structured as follows. In
Section 2 we set up our notation and formally define the RP urn model with parameters o > 0
and B > 0. In Section 3 we provide a complete characterization of the RP urn for the three cases
B=0,8€(0,1),and B > 1. (We do not deal with the case 8 = 1 because, as stated before, it
coincides with the standard Eggenberger—P6lya urn, whose properties are well known.) In par-
ticular we show that for each i, the empirical mean of the &,; almost surely converges to the
intrinsic probabilities pg; when 8 € [0, 1), while it almost surely converges to a random limit
when B > 1. We obtain also the corresponding central limit theorems (CLTs), which, in partic-
ular for B € [0, 1), are the basis for the proof of Theorem 1. For completeness, we also describe
the case o = 0, which generates a sequence of independent draws. Section 4 contains the proof
of Theorem 1, which gives the possibility of constructing a chi-squared test for the intrinsic
long-run probabilities when the observed sample is assumed to be generated by an RP urn with
B €10, 1). Finally, the paper contains an appendix: in Section A.1 we state and prove a general
CLT for Markov chains with a compact state space S C R¥, under a certain condition which we
call the ‘linearity’ condition, and in Section A.2 we explain a fundamental coupling technique
used in the proof of the CLT for g € (0, 1).
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2. The rescaled Poélya urn model

In all the sequel (unless otherwise specified) we suppose given two parameters o > 0
and B > 0. Given a vector x = (x1, . .. ,xk)—r c R¥, we set x| = Zle |x;| and ||x||2 =x"x=
Z;‘:] |x;|>. Moreover we denote by 1 and 0 the vectors with all the components equal to 1 and
equal to 0, respectively, and by {eq, . .., e} the canonical base of R¥.

To formally work with the RP urn model presented in the introduction, we add here some
notation. Throughout the sequel, the expression number of balls is not to be understood lit-
erally; all the quantities are real numbers, not necessarily integers. The urn initially contains
bo; + Bo; > 0 distinct balls of color i, with i=1, ..., k. We set bg=(bg1, ..., bor)' and
Bo=(Bo1, ..., Box)". In all the sequel (unless otherwise specified) we assume |bg| > 0.
Consistently with (4), we set pg = %. At each discrete time (n+ 1) > 1, a ball is drawn at

random from the urn, producing the random vector &,41 = (§p+11, - - - » Ent1 «) | defined as

1 when the ball extracted at time n + 1 is of color i,

§n+l i = .
0 otherwise,

and the number of balls in the urn is updated as follows:
Nut1=bo+Byp11 with B, 1=8B, + a£n+1 s (N

which gives (since |§, 1] =1)
|But1| = B|Bn| +a. ®)

Therefore, setting r} = |N,,| = |bo| + |Bn|, we get

Fog1 =1 + (8= DIBy| +a. )]
Moreover, setting Fq equal to the trivial o-field and F,, =0 (&1, ..., &,) for n> 1, the con-
ditional probabilities ¥,, = (Y1, ..., ¥n " of the extraction process, also called predictive
means, are
N, byo+B
¥, = El&11Fnl = - = T — z forn>0. (10)
INa| ry

It is obvious that we have |¢,,| = 1. Finally, for the sequel, we set EN = 22]:1 &,/N.
We note that, by means of (10), together with (7) and (9), we have

'ﬁn - wn—l = _(l—li)lb(]'('ﬁn—l _PO) + %(Sn - 'ﬁn—l)' (11)
rl’l rn

As previously stated, the RP urn for =1 coincides with the well-known standard
Eggenberger—Pdlya urn, and so we will exclude it from the following analyses. When 8 # 1,
because of the first term in the right-hand side of the above relation, the RP urn does not belong
to the class of reinforced stochastic processes (RSPs) studied in [1, 3, 2, 20, 21, 23]. Generally
speaking, by reinforcement in a stochastic dynamics we mean any mechanism for which the
probability that a given event occurs, i.e. the predictive mean, has an increasing dependence
on the number of times that the same event occurred in the past. This ‘reinforcement mecha-
nism’, also known as a ‘preferential attachment rule’, ‘rich get richer rule’, or ‘Matthew effect’,
is a key feature governing the dynamics of many biological, economic, and social systems
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(see e.g. [45]). The RSPs are characterized by a ‘strict’ reinforcement mechanism such that,
at each time-step, we have a strictly positive increment of the predictive mean associated to
the extracted color. As an immediate consequence, the ‘general’ reinforcement mechanism
is satisfied; that is, the predictive mean for a given color has an increasing dependence on
the number of past extractions of that color. When B # 1, the RP urn model does not sat-
isfy the ‘strict’ reinforcement mechanism, because the first term in the right-hand side of (11)
is positive or negative according to the sign of (1 — 8) and of (1/fn_1 — po). However, when
o, B >0, it satisfies the general reinforcement mechanism. Indeed, by (7), (8), (9), and (10),
using Y-~ " = (1 — ¥")/(1 — x), we have

£ _|p ¢ an: ¢ 12
"n—|0|+m+ﬂ <| 0|—m> (12)

and
_bo+p"Bot+ad B "Em _ B"bo+Bo+a)_,_i B"ém

bol + 125 + 8" (1Bol — 1%5) B~ (1bol + 125 ) + Bol — 125

Yn (13)

In particular, for 8 > 1, the dependence of ¥, on &, exponentially decreases with m, because
of the factor 7. For § < 1 we have the opposite behavior; that is, the dependence of ¥,, on
&, exponentially increases with m, because of the factor "=, and so the main contribution
is given by the most recent extractions. We refer to this phenomenon as ‘local’ reinforcement.
The case B =0 is an extreme case, for which ¥, depends only on the last extraction &,: at
each time-step n 4 1 > 2 we extract a ball from an urn with bg; + « balls of color i, if i is the
color extracted at time 7, and by ; balls for each color j # i. This particular case corresponds to
a version of the so-called ‘memory-1 senile reinforced random walk’ on a star-shaped graph
introduced in [33], but the study done in that paper differs from ours. Finally, we observe
that Equation (11) recalls the dynamics of an RSP with a ‘forcing input’ (see [1, 20, 50]),
but the main difference relies on the fact that, for the RP urn, the sequence (rj:) is such that
ry—r*>0,andso ), 1/rf=+4coand ), 1/(rj;)2 = +00, when 8 €0, 1), and such that
>, 1/ <+oo(and Y, 1/ (rjj)2 < +00) when B > 1. These facts lead to different asymptotic
behavior for (¥,,). Specifically, for the RP urn with 8 € [0, 1), the predictive mean ¥,, randomly
fluctuates and does not converge almost surely, while, for the RP urn with 8 > 1, the sequence
(¥,,) almost surely converges to a random variable ¥, and |¢,, — ¥,| = O(B™"). By contrast,
for the RSP with a ‘forcing input’, the almost sure convergence of ¥, toward the forcing input
(which is a constant) holds true, and the corresponding rate of convergence depends on a model
parameter y € (1/2, 1] and equals n~7/2.

3. Properties of the rescaled Pélya urn model

We study separately the three cases 8 =0, B € (0, 1), and 8 > 1. In particular, the case
B =01is placed at the end of this section, because it is elementary.

3.1. The case 8 € (0, 1)

In this case, we have lim, 8" =0 and }_ . " = B/(1 — p). Therefore, setting r = ﬁ
and r* = |bg| + r, we have by (8) and (9)

1y = |bol + [Bu| = |bo| + r + B"(IBo| — 1) —> r* > 0, (14)
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and so we have that the denominator r}; in ¥, (see Equation (10)) goes exponentially fast to
the limit r*. Moreover, recalling the definition of the constant y in (5), we have 8 <y <1
(remember that |bg| > 0 by assumption),

yop=2 amd 1oy= IO (s)

Therefore, by (14), the terms M and ‘)i in the dynamics (11) converge exponentially
fast to (1 —y) and (y — B), respectrvely Furthermore as we will see, the fact that the con-
stant y is strictly smaller than 1 will play a central rdle, because it will imply the existence
of a contraction of the process ¥ = (¥,,), in a proper metric space with (sharp) constant y.
Consequently, it is not a surprise that this constant enters naturally in the parameters of the
asymptotic distribution, given in the following result.

Theorem 2. We have &y 25 po and

N
VN(Ey —po) = W SN,

where
»? = i(diag(po) — Popy)
with A defined in (6) as a function of B and y .

Remark 1. Note that in Theorem 2 we do not assume bg; > 0 for all i, but only |bg| > 0 (as
stated in Section 2). The asymptotic result given above fails when bg =0, and a different
behavior is observed. Indeed, from (11), we have

Vo= V1= (60 — V1), (16)

n
and hence (¥,,) is a martingale. Therefore the bounded process (¥,,) converges almost surely
(and in mean) to a bounded random variable ¥,. In addition, since r}; — r=«/(1 — §), from
(16), we obtain that the unique possible limits ¥, are those for which &, = ¥, eventually.
Hence ¢, takes values in {ey, . .., ex}, and since we have E[Y¥,]1 = E[Yo] = Bo/|Bo|, we get
P(Yo=ei)= \BOl| foralli=1, , k.

We will split the proof of Theorem 2 into two main steps: first, we will prove that the
convergence behavior of §N does not depend on the initial constant |By|, and then, without
loss of generality, we will assume |Bg| = r and we will give the proof of the theorem under this
assumption.

3.1.1. Independence of the asymptotic properties of the empirical mean from |Bg|. We use a
coupling method to prove that the convergence results stated in Theorem 2 are not affected by
the value of the initial constant |Bg]|.

Set &, m =§, and w(l) w,,, which follows the dynamics (11), together with (10), starting

from a certain initial point 1[}0 = ¥y. By (7) and the relations (15), we can write

(1) 0]
W _botBButag), bt B(rivs” —bo) +atl,
n+1 = ¥
n+l n+1
o o (L=PBby L))
= 1310( ) + * + r* sn+l

Tt Tnt1

=Y+ (v — B+, (w“) g1) + = v)po,
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where
M r n
Lyt y) = —1)[A=ypo+ = By]+( = Bx.
n+1 rn—i—l
Since, by (14), we have r*/r | — 1 =0(8"t!) and r}/r¥, | —1=0(B"""), we get |l( )1| =

O(B"*!). Now, take §@ = (E,(,z))n and y@ = ( '(12));1 following the same dynamics given in
an , but starting from an 1nitial point wit =r. eretore, we have
(10) and (11), b ing f initial point with [BY| = r. Theref h

v =2 + (v — PED, + (1~ ypy.

Both dynamics are of the form (A.9) withap =8, a1 =(y — B),c =(1 — y)p,, cfll) =", and
cﬁlz) =0, and, by (10), the condition (A.10) holds true. Hence we can apply Theorem 10 so that

there exist two stochastic processes l/l( ) and %2), following the dynamics (A.11) (with the
same specifications as above), together with (A.12), starting from the same initial points and
such that (A.14) holds true; that is,

n+1
H'/’Ezl-s)-l 1”531”1[’62)’ 'ﬁ(()l)] < n+lw(l) (2)| +0<Zyn+l_]ﬁ/>
j=1
= O((n +2) max(y, B)"™) = O((n +2)y" ™).

Since y < 1, if we subtract (A.11) with £ =2 from (A.11) with £ = 1, we obtain that

>

n=

) _ 7O
&, — &,

]<+oo,

@

O
—&u

< 400 almost surely. Recall that “;‘n €{0,1} and &, €

which implies Y15
{0, 1}, and hence

@ 7@
Sn _En

eventually (i.e. for sufficiently large n). 17

Therefore, if we prove some asymptotic results for £?, then they hold true also for E(z) (since

they have the same joint distribution); then they hold true also for E(l) (since (17)), and finally
they hold true also for £V (since they have the same joint distribution). Summing up, without
loss of generality, we may prove Theorem 2 under the additional assumption |Bg| =r.

3.1.2. The case |By| = r. Thanks to what we have observed in the previous subsection, we here
assume that |Bg| =r=«/(1 — B), which implies |B,| = r and

r=r*=|bo| +r (18)

n

for any n. Hence, we can simplify (10) as

boi+Bni  boi+ Bni
i = P = 11F) = = .
wnl (Sn«Ht | n) |b0| Tr pe
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The process ¥ = (¥,,)n>0 is then a Markov chain with state space
bo; b
S:{x:x,-e[o’ °’+r] ||—1}
r* r*

which, endowed with the distance induced by the norm | - |, is a compact metric space.
In the sequel, according to the context, since we work with a Markov chain with state space
S C R¥, the notation P will be used for the following:

e akernel P: S x B(S) — [0, 1], where B(S) is the Borel o-field on S and we will use the
notation P(x, dy) in the integrals;

e an operator P : C(S) — M(S), where C(S) and M(S) denote the spaces of the continuous
and measurable functions on S, respectively, defined as

(PHH(x) = /S JWP(x, dy).

In addition, when f is the identity map, that is, f(y) =y, we will write (Pid)(x) or (Py)(x).
Moreover, we set P°f =f and P"f = P(P"~'f).
By (11), together with (15) and (18), the process ¥ = (¥,,), follows the dynamics
a-p
wﬂ+1:ﬁ¢n +bo -

+ §n+1 =B, + (1 —y)pg + (¥ — Béun+1. (19)

Therefore, givenz = (z1, . . ., zk)T and setting

o r T
Z(i)=<z1,...,z,-+r—*,...,Zk) =@ ..zt =B, ),

foranyi=1, ...,k we get
k
(B0 = [ () =] = 3 o /(B +po1 =), )- (20)
In particular, from the above equality, we get
(Pid)x) —po = E[ ¥ 11 —Pol¥n =x] =y (x — py)- @1

We now show that ¥ is an irreducible, aperiodic, compact Markov chain (see Definitions
3 and 4).

Checking that ¥ is a compact Markov chain: By Lemma 1, it is sufficient to show that P
defined in (20) is weak Feller (Definition 1) and that it is a semi-contractive operator on Lip(S)
(Definition 2). From (20), we have immediately that the function Pf is continuous whenever
f is continuous and hence P is weak Feller. In order to prove the contractive property, we
start by observing that the dynamics (19) of ¥ is of the form (A.9) with ag = 8, a; = (y — B),
¢ =po(1 —y), and I, = 0 for each n. Moreover, by (10), the condition (A.10) holds true. Then
we let ¥ and ¥@ be two stochastic processes following the dynamics (A.9) with the same
specifications as above, together with (A.10), and starting, respectively, from the points x and y.
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Applying Theorem 10, we get two stochastic processes 171(1) and 1;(2), evolving according to
(A.11), together with (A.12), starting from the same initial points x and y and such that

S B [T B

Therefore, if we take f € Lip(S) with

) —fx)l

Vo=, 0 =

we obtain
(BN - enel = e[ (#7) |55 =y] - [ (31") |35 =x]|
=] [(#7) )]

< Pl E[[#7 = 91" |] = 1y v =

and so
[(PO)lLip=sup (EF)O) = )60 <vlflLip,
x,yES, Xy ly — x|

with y < 1, as desired. O

Checking that ¥ is irreducible and aperiodic: We prove the irreducibility and aperiodicity
condition stated in Definition 4, using Theorem 7. Therefore, let us denote by 7 an invariant
probability measure for P. Moreover, let ¥ and ¥® be two processes that follow the same
dynamics (19) of ¥, but for the first process, we set the initial distribution equal to 7, while
for the second process, we take any other initial distribution v on S. Again, as above, since
(19) is of the form (A.9) with ag = B, a1 = (y — B), ¢ =po(1 — y), and I, = 0 for each n, and,
by (10), the condition (A.10) holds true, we can apply Theorem 5.2 and obtain two stochastic
processes J(l) and 1;(2), evolving according to (A.11) (with the same specifications as above),
together with (A.12), starting from the same initial random variables 1ﬁ((}l) (with distribution )

and w(()z) (with distribution v) and such that

(0] (@) 2 7@ Hz® 3@
E[|F - T |[767. 96 = v 90 - 9|

Hence, since y < 1, we have E[‘wﬁ(l) 1/I§,2)

] — 0, and, since the distribution of %,1)

always 71 (by the definition of an invariant probability measure), we can conclude that l/l(z),
and so w,, 2 (because they have the same distribution), converge in distribution to . O

Proof of the almost sure convergence: We have already proven that the Markov chain ¥ has
one invariant probability measure 7. Furthermore, from (19) we get

1
Ent1 —Po= m[¢n+l — BV, —po(1 = )] -

- #ﬁ[(w,,ﬂ —po) — B(¥n —po)]. (22

https://doi.org/10.1017/apr.2021.56 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2021.56

862 G. ALETTI AND I. CRIMALDI

Therefore, applying [31, Corollary 5.3 and Corollary 5.12], we obtain

_ 1 & 1-81 & o)
EN—P():ﬁrnX::l(im—Po):yTﬁZE[Wm—Po]'F—

m=1

as. 1P () _
s =L ED o).

where (wﬁf ))n>0 is a Markov chain with transition kernel P and initial distribution 7, and so
stationary. From (21), we have

LW o] = EDWTs = ELELWs —po | 1) = v EVEE o]

and so, since y <1, we get E[¢§;’>—p0]:0. This means that fsxn(dx) =po and
Ey —> py. O

Proof of the CLT: We apply Theorem 9, taking into account that we have already proven that
¥ is an irreducible and aperiodic compact Markov chain. By (22) and what we have already
proven before, we have

1
Ent1 —Po =f (Y. Yup1) With fr,y)= S plo P — o Po)]

5l
and py = /. X m(dx). Hence f and P form a linear model as defined in Definition 5 (see also
Remark 5). Indeed, we have A| = —y‘%ﬂld and Ay = y+ﬁld' Moreover, by (21), we have
P(id)(x) — py = y (x — pg), which means Ap = y Id. Therefore Theorem 9 holds true with

vd=48 . a-A

G-Bl—y) 7 ’

Do=(1=y)"d, Di=- DY)

and so, after some computations, with

(1=B2(1+y) (1_,3)2( % >
v2 2 = 14+2—— |2, 23
G_BRl—p " —pr\ 71 ™ )

In order to conclude, we take a Markov chain (1#5,” ))n>0 with transition kernel P and initial
distribution 7 and we set B

£ —po=F(W, W) = Ao (W —po) + A1 (¥ —py ).

Then we observe that, by (A.4) and (A.5), we have

diag(po) — pary = E[ (£ ~po) (7 ~ 1) ]
=A1D2A] + A R2A) FAID2ALA) + AApE2A,
_ =P+,
(v —B? "
Finally, it is enough to combine (23) and (24). U

(24)
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3.2. The case 8 > 1
In this case, lim, 8" = +o00 and anl B7"=1/(B — 1). Moreover, by (12), r} increases
exponentially to +oc0. Hence, the following results hold true.

Theorem 3. We have

+ —
Uy —5 Yoo = Bot Otzn:faﬂ L
IBol + 551

and
[N — Yool = O(B7M).

Moreover, Y, takes values in {x €0, l]k x| = 1}, and if Bo; >0 foralli=1, ..., k, then
P{Ysoi € (0, 1)} =1 for each i.

Note that ¥, is a function of & = (§,,),>1 which takes values in ({x € {0, }¥: x| = 1})™.
Proof. By (13), we have

_bot+By _ bop™N +Bot+ad,, B,

v = .
YT bolB TV + IBol + 5 (1- V)

Hence, the almost sure convergence immediately follows because | > a1 BTE ,,’ <
Zn>l B~ < +00. Moreover, after some computations, we have

—a(1Bol + 51 ) Soowst B0+ BR

\Bo| + ﬁ) (lBol +55 + ﬂ*N(le - %))

)

7/’N—'/’oo=<

where N
o o —n
R=<|Bol+ﬁ>bo—(|bo|—ﬁ> <30+(¥;ﬂ §n>-

Therefore, since | Y_,oyy 1 B7"Enl <D oy 1 B = B~N/(B —1) and |R| is bounded by a
constant, we obtain that

Wy — Yool Z O(B7Y).

In order to conclude, it is enough to recall that, by definition, we have ¥ € [0, 1]k with
|| =1 and observe that, if By ; > 0 for all i, then we have

By; - _ Boit+a) ;2 B "E - Boi+ 55

0< ————F— < i =
Bol+ 55— [Bol + 5% [Bol + 5%

< 1.

Theorem 4. We have &y 2% Yoo, and
VN@Ey —¥n) > N(0, %) and VN(Ey — V) —> N (0, =2),

where £? = diag(¥o) — Yo 1ﬁ; and — means stable convergence.

Note that if B; > 0 forall i=1, ..., k, then £7; € (0, 1) for each pair (i, )).
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Stable convergence was introduced in [48]; for its definition and properties, we refer to
[19, 22, 32].

Proof. The almost sure convergence of EN to ¥, follows by the usual martingale argu-
ments (see, for instance, [9, Lemma 2]) because E [$n+1|]-",,] =¥, = Y, almost surely and

anl E[”E,,Hz]n_z < anl n=2 < +o0.

Regarding the CLTs, we observe that, by means of (11), we can write

H AM,
Yot — = 20) | Ay, (25)

Fnt1 Fnt1

where H(x) = (8 — 1)|bg|(x — py) and AM 11 = &t(&u41 — V). Therefore, we get

N@Ey — ¥) = ——(NEy — Noiy) = — Z A+ 1 (Yt — V)]

T Nn:l
N
Z Nn+QN’
where
Y _lg. 1/’n 1 _ Aan
N.,n \/N oz\/]T/
and
| N
QN:ﬁrgn(fo—m = Zl = H(¥,_1) + AM,,).

Since Zn>1 n/ry < +ooand |H(1ﬁ,, 1) | + |AM,| is uniformly bounded by a constant, we have

that O converges to zero almost surely. Therefore it is enough to prove that Z —1 YN con-
verges stably to the desired Gaussian kernel. For this purpose we observe that £ [YN,,, | Fr— 1]

0, and so, to prove the stable convergence, we have to check the following conditions (see [22,
Corollary 7] or [19, Corollary 5.5.2]):

(c1) E[ maxj<u<y |¥n.n| ] = 0, and

P
(@) Yo YaYy, — 32

Regarding (c1), we observe that

max |YN,,|<—ma &0 — Y 1|<——>0

1<n= VN 1= VN

In order to conclude, we have to prove the condition (c2), that is,

N N
1 T P
Z YN,nY}—l\—I’n = ﬁ Z (Sn - Wn—l)(gn - 'ﬁn—l) - 22'
n=1 n=1
The above convergence holds true even almost surely by standard martingale arguments (see,
for instance, [9, Lemma 2]). Indeed, we have ) - E[”S" -V, ||2] /n* < D ons1 n? <400

and
Eli(sn - '/’n—l) (En - ‘/’n—l)—ru:nfl] = diag(wn—l) - '/’n—l'pn—l o 22

https://doi.org/10.1017/apr.2021.56 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2021.56

Rescaled Pélya urn 865

The last stable convergence follows from the equality

VN(Ey — Vo) = VN(EN = ¥) + VN Uy — Y.

where the last term converges almost surely to zero by Theorem 3. (]

Remark 2. Equation (25) implies that the bounded stochastic process ¥ = (¥,,), is a positive
(i.e. nonnegative) almost supermartingale [49] and also a quasi-martingale [39], because H(¥,,)
is uniformly bounded by a constant and Zn> U/ < oo

3.3. Trivial cases

We here consider the two elementary cases f =0 and o =0.

3.3.1. The case B =0. In this case, by (7), (8), and (9), we have foralli=1, ...,k

boi+ Boi boi+ abni
= — and | = — f0rn>l. 26
YOI = o + Bl = e o = (20)

We now focus on ¢, for n > 1. The process (¥;,)»>1 is a k-dimensional Markov chain with a
finite state space S = {s1, ..., Sk}, where

1
|bo| + o

§i=

(bot, .- boi+a,...,bo) .  fori=1,... k,

and transition probability matrix

|bol
bo| +

= o (o +atdg) = (1m0 + g1k

which is irreducible and aperiodic. Now, since 1 pOT is idempotent and commutes with the
identity, we have

1

#=(ata) (S ) o+ (')
= () () () Jum+ (&)10)

o n
=1,py" (Id ~1 T)
kPo +(|b0|+a> k— 1k pg

=Lpy + V"(Idk - 1kP0T) )

where y is the constant given in (5), which becomes equal to TolTa ‘ —s for $=0. We note that

y < 1 (since |by| > 0 by assumption) and so P" — 1; py ', and the unique invariant probability
measure on S is hence w = p,.

Theorem S. We have EN 25 po and

N
\/]TJ(EN —I’o) = M N—d) N(O’ 22)’
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where
52 = (diag(pe) — papo ). (8)
with A defined in (6) (taking B =0).
Proof. We observe that, by (26), we have for each n >0

{Env1i=1} =¥y =sil.
Therefore, the strong law of large numbers for Markov chains immediately yields

N
£ 1 T as.
En= N Z (]l{ilf,,=s1}, R ]l{1//,,=Sk}) gpo,

n=1

Take a vector ¢=(cq,...,cx)Y and define g(x) =cT(x —pg)- Recall that g(§,)=
g(]l{./,n:sl}, cee ]l{,l,nzsk}) and apply the CLT for uniformly ergodic Markov chains (see, for
instance, [40, Theorem 17.0.1]): the sequence

Yoe1 860
N

converges in distribution to the Gaussian distribution N (0 ( ) with
UCZ = Var[g(&, (”) +22C0v §(n)) g(&,(,”)))
n>1
=c (Var[g(”) +2 Z Cov §(”) §(”)))
n>1
where

() _
nn _<]l{'/,£1,,)_sl},... ]1{ (”)Sk}>

and ( ( ))n>0 is a Markov chain with transition matrix P and initial distribution 7, that is, p.
Now, by definition, §0”)§(”) = diag(§, (”)) and hence Var[, (")] diag(pg) — pop§ - Moreover,
by means of (27),

E[Eé’”s(’” ] diag(po)P" = popo ' +y”(diag(po)—me)~

Hence, since y < 1, we have anl y"=vy/(1 — y) and so

Var[Eéﬂ)] +2 Z Cov g(n) g(n)) <dlag(p0) DoPo )(1 + 2_)/)

1—
n>1
By the Cramér—Wold device, the theorem is proved with %2 given in (28). (]

Remark 3. Note that in Theorem 5 we do not assume bg; > 0 for all i, but only |bg| > 0 (as
stated in Section 2). A different behavior is observed when by = 0. In this case, (26) gives
¥, =&, for n> 1. Since ¥,; = P(§,+1, = 1|Fy), the above equality implies recursively ¥,, =
&, =& for each n > 1. In other words, the process of extractions & = (§,,),>1 is constant, with
P(&1i=1)=1v0;=Boi/|Bol.
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3.3.2. The case a = 0. The model introduced above for o > 0 also makes sense when o = 0.
For completeness, in this section we discuss this case. Recall that we are assuming |bg| > 0
and by ; + Bo; > 0 (see Section 2). For the case 8 > 1, we here assume also |By| > 0.

When o =0, the random vectors &, are independent with

boi+ B"Byi
P | 1 = | =
(%-n—i-ll ) lﬂm |b0| +ﬂn|BO|
Therefore, we have
bo;+ Boi
W}li =
|bo| + |1Bol

for all n if B =1 (which corresponds to the classical multinomial model) and

o if Belo, 1),
Yni —>
Boiifp>1.

Moreover, the following result holds true.

Theorem 6. We have
b =1

[bol+[Bo]
Ev—> =10y =p0 IBe0, D),
& ifp>1.

Moreover, we have

VN (By ~Ea) 5 N (0. 22).

where $? = diag(¥o,) — ¥ ‘ﬁ; and —> means stable convergence.

Proof. The almost sure convergence follows from the Borel-Cantelli lemmas (see, for
instance, [54, Section 12.15]). Indeed, we have the following:

o if Yo Wi < +00, then Y0 £yi —> oo, With P(Ej < +00) = I

o if ano Yn,i = 400, then Zf;’:l £ni/ Z;V=1 Yno1i 501

Hence, the statement of the theorem follows because

(i) if =1, then Y, ¥ni = +00 and

N
boi+ Boi

3 oy L0t oy

= lbo| + |Bol

(i) if €0, 1) and by; > O, then ), . ¥ ; = +00 and
N

bo; ,
D i~ —0N=P0iN,

n=1
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(iii) if B € [0, 1) and bg; = 0, then
Zwm_ ol Z,B <400
n>0 n>0
and so anl &ni < 400 almost surely; that is, £, ; = 0 eventually with probability one;
(iv) if B> 1and B; > 0, then Y, _o ¥ni = +00 and 30| —1;~ | B(;IN
(v) if 8> 1 and By; =0, then
boi _
D Yni< Bl Zﬂ
n>0 n>0
and so anl &,i < +o0 almost surely; that is, £,; = 0 eventually with probability one.

gn 'l’nl
TUN

For the CLT we argue as in the proof of Theorem 4. Indeed, we set Yy , = so that we

have N N
\/N(EN—EOO)ZZYN,n‘i‘LNZ(wn 1 )
n=1 n=1

where the second term converges to zero because

N 0 1f,3 =1,
Y Wt~ Bl = {O(Z0m87) ifBeln,
" 0<ZnN=1 ,37"> if g>1.

Therefore it is enough to prove that Z _1 YN, converges stably to the desired Gaussian ker-
nel. To this end we observe that E[Yx »|F,—1]1=0, and so, to prove the stable convergence,
we have to check the following conditions (see [22, Corollary 7] or [19, Corollary 5.5.2]):

(cl) E[ maxi<y<y [¥n.u|]— 0, and
P
) YN Yy Yy, — 22

Regarding (c1), we note that

max |YN,,|<—m E — ¥, 1|<——>O

1<n<N ~JN i< N
Regarding (c2), we observe that

N 1 N s,
S ¥V = D G = Vu )6t r) >
n=1

n=1

because (see, for instance, [9, Lemma2]) ) ., E[|& — V1 ||2]/n2 <D st n~? < +ooand

E[ (60 = Yt (6 = Yut) 1501 | = diag(Vua) = Vs vua " > 2%
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4. Proof of the goodness-of-fit result (Theorem 1)

The proof is based on Theorem 2 (for 0 < 8 < 1) and Theorem 5 (for 8 = 0), whose proofs
are in Subsections 3.1 and 3.3.1, respectively. The almost sure convergence of O;/N immedi-
ately follows since O;/N = ;. In order to prove the stated convergence in distribution, we
mimic the classical proof for the Pearson chi-squared test based on the Sherman—Morrison
formula (see [51]); however, see also [47, Corollary 2].

Proof. We start by recalling the Sherman—Morrison formula: if A is an invertible square
matrix and 1 —vTA~'u 0, then

—1,,Ta—1
1 1 AT'w'A
A—w') =A"1T4——
( ) 1—viA~1lu
Given the observation &,=(,1,..., & o), we define the ‘truncated’ vector )‘;‘,";z

(E:l, e, én k—l) , given by the first k — 1 components of &,. Theorem 2 (for 8 € (0, 1)) and
Theorem 5 (for 8 = 0) give the CLT for (£,,),, which immediately implies

VN (E}‘{, —p*> - W LN N(o, 23), (29)

where p* is given by the first k — 1 components of p, and
52 = (diagp") —p'p*").
By assumption pg; >0 for all i=1,..., k and so diag(p*) is invertible with inverse

diag(p*)~! =di ag(pm e [ﬁ), since (diag(p*)~!)p* =1 € R*"!, we have

k—
T -
1 —p* diag(p™) 1p*:1—ZponZPOi—ZPOi:p0k>O-
i= i i

Therefore we can use the Sherman—Morrison formula with A = diag(p*) and u =v =p*, and
we obtain

(‘25)_1=%(diag(p*)—p*p*T)_1 1(dlag(m, '-"poi_1>+$1ﬂ)- (30)

Now, since Y5 (Ey; —poi) =0, we have &y —pox = — r=) (En: — poi), and so we get

Xk:(Oi NP012: Xk: Ni— POz . |:k2: gNz pOt +(§Nk_p0k)2:|

Pok

Pok

E ), (Z) Evi- po:))z}

- 1
=N Z ENil—pon)(?Niz—pol-z)<8 —+—),

i
i1ih=1 Poi, POk

where 8;12 is equal to 1 if i; = i and equal to zero otherwise. Finally, from the above equalities,
recalling (29) and (30), we obtain

k 2

O; — Npyi — R
> O g ) (52 B ) L a= e
i=1 !
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where W, is a random variable with distribution x2(k — 1) = I'((k — 1)/2, 1/2), where I'(a, b)
denotes the gamma distribution with density function

b 1 —b
_ a—1 _—bw
fw)= 7 @ w' e,
As a consequence, W, has distribution I'((k — 1)/2, 1/(21)). U

Appendix A

A.1. A central limit theorem for a multidimensional compact Markov chain

In this section we prove the general CLT for Markov chains, used for the proof of
Theorem 2.

Let (S, d) be a compact metric space and denote by C(S) the space of continuous real
functions on S, by Lip(S) the space of Lipschitz continuous real functions on S, and by Lip(S x
S) the space of Lipschitz continuous real functions on S x S. Moreover, we define ||f||cc =
sup,cs [f(x)| for each f in C(S) and, for each f in Lip(S),

[flLip=sup o) —fel

and  fllip = lzip + If lloo-
xyes.xty A, y) ip ip 0

Let P(x, dy) be a Markovian kernel on S and set (Pf)(x) = f <JOP(x, dy). We now recall
some definitions and results concerning Markov chains with values in S.

Definition 1. We say that P is weak Feller if (Pf)(x) = f <JP(x, dy) defines a linear operator
P:C(S) — C(S). A Markov chain with a weak Feller transition kernel is called a weak Feller
Markov chain.

Remark 4. If P is weak Feller, then the sequence (P"),>1 of operators from C(S) to C(S) is
uniformly bounded with respect to || - ||oo: indeed, we simply have

1P floo =sup P71 =sup | [ FIP"x. )
xeS xes S

<sup </S sup [f()IP"(x, dy)) =sup [f(I = [[flloo-

xe$§ yes yes

Moreover, the existence of at least one invariant probability measure for P is easily shown.
In fact, the set of probability measures P(S) on S, endowed with the topology of weak
convergence, is a compact convex set. In addition, the adjoint operator of P, namely

P*:P(S) —> P(S), (P*v)(B) =/ v(dx)P(x, B),
N

is continuous on P(S) (since P is weak Feller). Then, the existence of an invariant probability
measure 7 is a consequence of Brouwer’s fixed-point theorem.

Definition 2. We say that P is semi-contractive or a semi-contraction on Lip(S) if it maps
Lip(S) into itself and there exists a constant y < 1 such that

[PflLip < ¥ IflLip
for each f € Lip(S).
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We now give the definition of compact Markov chain (see [42, Chapter 3] for a general
exposition of the theory of these processes, and [24] for the beginning of this theory).

Definition 3. We say that P is a Doeblin—Fortet operator if it is weak Feller and a bounded
operator from (Lip(S), || - l|Lip) into itself, and there are finite constants np > 1, y <1, and
R > 0 such that

IP™flLip < ¥ flLip + RIlf lloo
for each f € Lip(S). A Markov chain with a Doeblin—Fortet operator on a compact set S is
called compact Markov chain (or process).

Note that the Doeblin—Fortet operator, the weak Feller property, and the semi-contraction may
also be defined for a non-compact state space. In general, a compact Markov process is a
Doeblin—Fortet process in a compact state space. In our framework, since S is compact, the
two concepts coincide and the result below follows immediately.

Lemma 1. If P is weak Feller and a semi-contractive operator on Lip(S), then P is a Doeblin—
Fortet operator. In other words, a weak Feller Markov chain such that its transition kernel is
semi-contractive on Lip(S) is a compact Markov chain.

Definition 4. We say that P is irreducible and aperiodic if
Pf = eief, withd e R, fe€Lip(S)= =1, and f = constant.

A Markov chain with an irreducible and aperiodic transition kernel is called an irreducible and
aperiodic Markov chain.

Under the hypotheses of the theorem of Ionescu-Tulcea and Marinescu in [35], the spectral
radius of P is 1, the set of eigenvalues of P of modulus 1 has only a finite number of elements,
and each relative eigenspace is finite-dimensional. This theorem can always be applied to a
compact Markov chain (see [42, Theorem 3.3.1]). More specifically, every compact Markov
chain has d disjoint closed sets, called ergodic sets, contained in its compact state space S.
These sets are both the support of the base of the ergodic invariant probability measures, and
the support of a base of the eigenspaces related to the eigenvalues of modulus 1 (see [42,
Theorem 3.4.1]). In addition, each of these ergodic sets may be subdivided into p; closed
disjoint subsets. The number p; is the period of the jth irreducible component, and the ergodic
subdivision gives the support of the eigenfunctions related to the p; roots of 1 (see [42, Theorem
3.5.1]). Then, as also explained in [42, Section 3.6], there are no other eigenvalues of modulus
1 except 1 (aperiodicity) and no other eigenfunctions except the constant for the eigenvalue
equal to 1 (irreducibility) if and only if the compact Markov chain has but one ergodic kernel,
and this kernel has period 1. In other words, the following result holds true.

Theorem 7. Let = (Y,)n>0 be a compact Markov chain and let w an invariant probability
measure with respect to its transition kernel. If ¥ = (Y¥,)n>0 converges in distribution to m,
regardless of its initial distribution, then 7 is the unique invariant probability measure and
is irreducible and aperiodic.

We now note that if P is Doeblin—Fortet, irreducible, and aperiodic, then it satisfies all
the conditions given in [30, Définition 0] and [30, Définition 1]. Therefore, it has a unique
invariant probability measure 7, and for any f € Lip(S x S), there exists a unique (up to a
constant) function uy € Lip(S) such that

up(x) — Pus(x) = /S fCe, P(x, dy) — /S /S S, yP(x, dy)m (dx).
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By means of this function uy, it is possible to define the (unique) function f'(x, y) =f(x, y) +
ur(y) — ur(x) so that we have

m(f) = /S fs e PG, dy)m(dy) = /S /S £/ PG, dy)e(d) = m(F).

In addition, we may define the quantity o2(f) > 0 as follows (see [30, Equation (6)]):
() = /S /; [f' e, y) — m(f’)]zP(x, dy)m (dx)

2
= /S /S [f(x, y) = m(f) + up(y) — up(x)]"P(x, dy)m (dx). (A.1)
Finally, we have the following convergence result.

Theorem 8. ([30, Théoreme 1 and Théoreme 2]) Let Y = (V,)n>0 be an irreducible and ape-
riodic compact Markov chain and denote by w its unique invariant probability measure. Let
f € Lip(S x S) such that m(f) = 0 and o >(f) > 0. Then, setting Sn(f) = eryz_olf(wn, Ynt1), we

have Swif)
N d 2
I o0,
and

sup [P(Sw(f) < 1v/N) = N (0, () (—00, | = O(1/3/N).

Now let us specialize our assumptions, taking as S a compact subset of R¥. Therefore, in
the sequel we will use boldface to highlight the fact that we are working with vectors.

Definition 5. (‘Linearity’ condition.) We say that P and f : S x § — R¢ form a linear model if
f is linear (in x and y) with m(f) = 0 and the function

(Py)(x) = fS YP(x, dy)

is linear (in x).

Remark 5. Denote by py = | X7 (dx) the mean value under the invariant probability measure
m of P. If P and f form a linear model, then there exist two matrices Ay, A € R4>k guch that

S, y) =A1(x —pg) + A2y — py) (A.2)

and a square matrix Ap € R such that
(P =p))= [ = poPes,dy) =Arx —po). (A3)
Indeed, if (Py)(x) = Apx + b, using that 7 is invariant with respect to P, we obtain
po= fs yrdy) = [S [S YPGx, dy)(dx) = fs [Apx + bl (dx) = Appy +b.
and hence (P(y — pg))(x) = Ap(x — pg). Moreover, if f(x,y) = A1x + Asy + b, then
m(A1x + Ay +b)= /S P(x, dy) /SAlxn(dx) + /SAzyn(dy) +b

=(A1 +A2)py + b,
and hence, if m(f) =0, we obtain f = A;(x — pg) + A2y — py)-
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Theorem 9. Let v = (Y,)n>0 be an irreducible and aperiodic compact Markov chain, and
denote by P its transition kernel and by 1 its unique invariant measure. Assume that P and f
form a linear model and let A1, Az, and Ap be defined as in (A.2) and in (A.3). Then, setting

Sn(f) = 22/;01 S, ¥ 1), we have
Sn(f) d

22
VN N:;N(O’ )
where
»2=D22D] 4+ D122A,D] + DyApS2D| + Dy 32D),
with

22 = [ 6= pote —po) ()
s
(the variance—covariance matrix under the invariant probability measure 1),
Di=A; — Dy, and D;=A;+ Dy,

where Dy = (A1 + A2Ap)(Id — Ap)~". Moreover; for any ¢ € R¥,
sup [ P(Sw(f) < W) = N (0, ¢ £%e)(—o00, | = O(1/V/N).
t

Proof. As a consequence of Definition 2, the spectral radius of Ap must be less than one,
and hence Id — Ap is invertible. Therefore, we may define

us(x) = Do(x — pg) = (A1 +ArAp)(Id — Ap)~ (x — py),
so that we have

up(x) — (Pup)(x) = (A1 + A2Ap)(Id — Ap) ™" (x — py)
— (A1 + AxAp)(Id — Ap) ' Ap(x — py)
= (A1 + A2Ap)(x — py)

=A1(x —py) /S P(x,dy) + A /S (y —po)P(x, dy)
:/;f(x?y)P(x?dy)_o
= /S S, y)P(x, dy) — /S /S S, y)P(x, dy)r (dx).

We immediately get that the function g(x, y) =f(x, y) + us(y) — us(x) is linear and it may be
written as g(x, y) = D1(x — pg) + D2(y — py)- Taking into account that

/S /S (v — po)P(x, dy) (dx) = fs (v — po)e(dy) =0,

/S /S » —po)y —po) ' P(x, dy)rt (dx) = fs ¥ —Po)y —po)  7(dy) = T2, (A4)
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and
fs /S (v —Po)x —pg) " P(x, dy)7 (dx) = Ap /S (x —po)x —pg) ' 7(dx) =ApZ2, (A5)

we can compute the quantity

/S /S g(x,y)g(x,y)" P(x, dy)r (dx)

:/S/S[Dl(x—p0)+D2(Y —po)]

.

[D1(x —py) + D2y — py)] P(x, dy) (dx)
=D122D] +D122A.D] + DyApS2D| + Dy 22D)
=32

By the Cramér—Wold device, the theorem is proven with £2 given above if we prove that, for
any c,
S Sn(c”.
¢’ NG = n(e'f) LN N(0, cTZc).
W W N—o0
Therefore, in order to conclude, it is enough to note that the above convergence is a con-
sequence of Theorem 8 with f =¢ ' f. Indeed, by definition f € Lip(S x S) and the function
uy € Lip(S) in (A.1) may be chosen as uy = cTuf, so that m(f) = 0 and O’z(f) =c' Zc. O

A.2. Coupling technique

The result proven in this subsection plays a relevant réle in the proof of Theorem 2. Indeed,
it shows that, under suitable assumptions, two stochastic processes can be ‘coupled’ in a
suitable way, preserving their respective joint distributions.

Set S* ={x:x; >0, |x| =1} (i.e. the standard (or probability) simplex in R¥), and recall
that {eq, . . ., ex} denotes the canonical base of R¥. We have the following technical lemma.

Lemma 2. There exist two measurable functions h(l), h® . 5% x §* x ©0,1)—{e1, ..., e},
such that for any x, y € ¥,

/(0 N ]l{h(l)(x,y,u):ei}du =x;, Vi=1,...,k,

(A.6)
/(0 N ]l{h(z)(x,y,Lt):e,-}du =y, VYi=1,...,k,
and
1 du< I (A7)
o ey ey} =T
As a consequence, we have
/ KOGy, 1) — KO, y, w]du < |x . (AS)
©.1)
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Proof. Given x,y e S*, define xy=xAy so that Xy, = min(x;, y;). Set ug = |xy| =
Z;‘:l min(x;, y;), and note that 0 < uy < 1. Moreover, for any i € {1, ..., k}, set

i—1 i

Ayi= u:u0+z —xy <u<u0+2 —x_yj)
]1

Ayi= u:uo—i-z —xy <M<M0+Z —)gj)
j=1

and let
hVx,y,uy=e;  ifu€cAy;UA.;, and

WPy, u)=e;  ifucAy;UAy;

Observe that since 1=up+ Y+, (xi — Jgi) =up+ Y5 (vi— x_yl.), the equalities above
uniquely define BV, k® on the whole domain. Moreover, since x; = xy, + (xl- —xy l,) and
yi=xy,+ (yi —xy i), the two conditions collected in Equation (A.6) are satisfied.
To check (A.7), just note that hV(x, y, u) is equal to hP(x, ¥, u) on the set U;Ayy ; = (0, up),
and we have -
k k
21 —up)=) xi+y yi—2) xy, =y (xi+y—min(x, y)) — min(x, y;)
, , , Py
k

=) max(x;, y;) — min(x;, y;) = & —y|.
i=1

Finally, (A.8) follows immediately from (A.7) since BV — h®| <2. O
Now we are ready to prove the following ‘coupling result’.

Theorem 10. Ler V) = (wfll))n and y¥ = (1#,52))" be two stochastic processes with values
in §* that evolve according to the following dynamics:

[ [ [ [

Di=av + g 10 (W0 69,) e e=1.2, (A9)
where ag, a1 >0, ¢ € RK, Er(ﬁl are random variables taking values in {e1, . .., ex} and such
that

L 4 L
P(e =ailyl. &9, ) =
© e © *.10)
P(§n+1—e, ( )) Y., fori=1,...,k,
and l( ) Ly are measumble functions such that |l(e) 1\ = ( iﬁl) Then there exist two stochastic
processes 1/1 = (1#512))00, £ =1, 2, evolving according to the dynamics
70 70 ) {4 0 =z
Vol =aoly +aikyl, +l§,jl( s,,+1) Ye, 0=1,2, (A1)
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with ¥ =y an

(©) 1 2
P(Enti =i ,/,< Ly

7 7@ z() @
VLB =

©
<£n+1
and such that, for any n > 0, we have

72 (Y] 1 72 72 (1) (1) 2)
[ ¢n+1 n+lH¢ m ,mfn]f(ao—i-a])‘l/l,, |+0( n+l)+0(cn+l)'

(A.13)
Remark 6. As a consequence, for each £ =1, 2, the two stochastic processes 1;( and 8(8)
~ (0

have the same joint distribution of ¥® and of 9, respectively. Indeed, Yy = w(e) and by

(A.12)

3 ) =080 fori=1... k

(A.9), (A.10), (A.11), and (A.12), the conditional distributions of - , ; given [1#0 ¢ff)]
and 0f§fl+1 given [108!), 5“) .. ‘;'ile)] are the same as those of 10 nt1 given [1ﬁ“) R ,Se)]
and of Erf +1 given [ng)’ El(e) cees “)] respectively.

Moreover, from the inequality (A.13), by recursion, we obtain

(2) 1) 1 2 2 1
H'ﬁn+1 7/’n+lH'ﬁ( ) ( ):I < (aO +a1)n+1 },'/,( ) _'ﬁ(g )|

+0(n§(ao+a1) <(1)+c(2))>

j=1

(A.14)

Proof. We set 1/1(0 1#50, for £ =1, 2, and we take a sequence (U,)p>1 of i.i.d. (0, 1)-

uniform random variables, independent of O'(l/l(l) 'p(z)) Then we take the two functions
h(l), h?® of Lemma 2, and for each ¢ and any n > 0 we recursively define

(9] {4 () 52
E :h( )('ﬁn ) n Un+l)

~ () 7 () =) (£) L) =)
Yoy =ao¥, +ai§, +ln+1<¢n ’En—H)

Setting Fu= o(wﬁ(l) 1/f(2) uy,..., U,,), we have that U, is independent of Fp and, by

definition, Eﬁf) and l//,, are ]-",,-measurable, for any £ =1, 2 and n > 0. Therefore, using the
relation (A.6), we get, forany £ =1, 2,n>0,andi=1, ..., k,

=) ~ ()
P(EnH:ei‘fn):/ {h(g)w(l) !0(2) _e}dM—I/f .
This means that (A.11), together with (A.12), holds true. Finally, by the relation (A.8), we have

E[[s 3 -6 ]| 7] = fm) 0T T )~ (355, u) |

(O (2)
< v,
hence, subtracting (A.11) with £ =2 from the same relation with £ = 1, we obtain
2 () @ (1) @ (1) (1) 2)
H'/’n+1 !”n+1H]'—]<a I n | +all¥, n | +0(c3,) +0(c)))

and so the inequality (A.13) holds true. O

5
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