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Propagation of chaos for a balls into bins model*
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Abstract

Consider a finite number of balls initially placed in L bins. At each time step a ball is
taken from each non-empty bin. Then all the balls are uniformly reassigned into bins.
This finite Markov chain is called Repeated Balls-into-Bins process and is a discrete
time interacting particle system with parallel updating. We prove that, starting from a
suitable (chaotic) set of initial states, as L — 400, the numbers of balls in each bin
become independent from the rest of the system i.e. we have propagation of chaos.
We furthermore study some equilibrium properties of the limiting nonlinear process.
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1 Introduction

We consider N balls and L bins. Initially the balls are placed into bins in an arbitrary
way. At each time step a ball is taken from each non-empty bin. Then all the balls are
uniformly reassigned into bins.

The random evolution of the number of balls in each bin is an ergodic finite state
Markov chain called the Repeated Balls-into-Bins (RBB) process [2]. This system is a
conservative interacting particles system in discrete time with parallel updates. We
can think to the RBB process as a zero-range process [10] on the complete graph with
constant jump rates and parallel updates but, because of the parallel updating, it is
not reversible. For this reason its invariant measure is difficult to compute and, to our
knowledge, unknown.

The RBB process appears naturally in different applicative contexts. For example we
can think to balls in every bin as customers in a queue. Customers are served at discrete
times and each served customer is reassigned to a random queue. In this setting the
RBB process is a discrete time closed Jackson network [5, 7]. The parallel updating is
justified [2] by thinking to customers as tasks (or tokens) in a network of parallel CPU
which are reassigned at every round.

In this paper we are interested in the behavior of the RBB process for large L. We
prove that starting from a symmetric initial distribution where the number of balls in
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each bin becomes independent from the rest of the system as L — +o00, these properties
are preserved for any finite time. This phenomenon is called propagation of chaos [6, 11].
The limiting evolution of the system is described by a nonlinear Markov process. The
interesting fact, citing [11], is that “the study of every individual gives information on
the behavior of the group”. The price to pay for this simplification is that the limiting
process evolves accordingly to a nonlinear equation.

Propagation of chaos is a largely studied topic in literature, see for example [11] and
references therein for an introduction. In recent years, motivated by several applications,
the interest focused on models with parallel jumps updating, see for example [1] and
references therein. Propagation of chaos for these models is not obvious, as parallel
jumps may interfere with asymptotic independence. In particular in [1] the authors prove
propagation of chaos for a wide class of models with simultaneous jumps. However, due
to a different simultaneous jump mechanism, the RBB is not contained in this class and
a different approach is needed.

The paper is organized as follows. In Section 2 we define the RBB process and the
nonlinear process. Furthermore we study some of the equilibrium properties of the
nonlinear process. In Section 3 we prove propagation of chaos for the RBB process.

2 Construction and basic properties

In this section we first introduce the RBB process next we define the nonlinear
process and the M/D/1 queue process. The nonlinear process is involved in the proof of
propagation chaos for the RBB process while the M/D/1 queue process in the study of
the equilibrium properties of the nonlinear process.

2.1 The repeated balls-into-bins process

Consider a finite numbers of balls initially placed in an arbitrary way in L € IN bins.
At each time step ¢t = 1,2,... a ball is taken from each non-empty bin. Then each ball is
uniformly reassigned into bins. The total number of balls is thus conserved.

More precisely for any n € Z% define w(n) := (1(n > 0),...,1(nr > 0)) and Ly, :=
>_; 1(n; > 0). The RBB process 1" = (n*(t));>0 has state space Z and transition matrix
Py, given on functions f : Z — C by

Punn = g X (0 ) - w o)

g
UGZi

So if n¥(t) = n, then
nt(t+1) :==n—w(n) + B(n), (2.1)

where B(7n) is an L-dimensional multinomial random variable of parameters Lwy,(n) and
(1/L,...,1/L).

As the RBB process preserves the number of particles it is clear that it is a finite state
Markov chain aperiodic and irreducible so it is ergodic. Observe that while the transition
(1,...,1) = (L,0,...,0) is allowed the reverse is not. This implies that the RBB process
is not reversible. As far as we know an explicit formula for the invariant measure is
unknown, as usually happens for non-reversible Markov chains. Irreversibility comes
from the parallel updating mechanism. For the same model with sequential updating the
invariant measure is the uniform (Bose-Einstein) distribution. For the RBB process this
is not the case. For example if N = L = 3 the invariant measure puts a mass of 4/21 on
the configuration with one particle in each site, 1/21 on the 3 configurations with three
particles on a single site and 1/9 on the remaining 6 configurations.
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2.2 The nonlinear and the M/D/1 queue processes

The nonlinear process (7)(t)):cz, takes values in Z, and can be defined in the follow-
ing way. Let n(0) an initial random state, p(0) := P(n(0) > 0) and N; an independent
Poisson random variable with expected value p(0) (a Poisson random variable with ex-
pected value 0 being defined as the 0 random variable). Then define the new state 7(1)
as:

n(1) == n(0) — 1(5(0) > 0) + ..

Now iterate the above construction so that, if 7(¢) is the state at time ¢t > 0, define
p(t) := P(n(t) > 0) and N1, an independent Poisson random variable with expected
value p(t). Then the new state n(t + 1) is:

n(t+1) :=n(t) — 1(n(t) > 0) + Neiq. (2.2)

The nonlinear process can be started from any distribution. However if the initial
distribution has finite expectation this property is conserved.

Lemma 2.1. Assume E(n(0)) =r € [0, +00]. Then E(n(t)) =r, V¢t > 0.

Proof. The proof is obtained by induction. Assume first that » < +00. By equation (2.2):

E (n(t +1)In(t)) = n(t) — 1(n(t) > 0) + p().

Then
E(n(t+1)) =E[E @t +1)nt)] =En(t) — Pn) >0)+p) =r.

When r = 400, again by (2.2), we have that 7(¢ + 1) is obtained by adding a finite mean
random variable to a infinite mean one. O

The M/D/1 queue with arrival rate p > 0 [8, 9] is a Markov chain related to the
nonlinear process. It can be defined as follows. Fix an initial state (y € Z and consider
a sequence (M;);en of ii.d. Poisson random variables with expected value p. Then
(¢(t))tez, is recursively defined for ¢ > 0:

Ct+1) = C(t) — 1(C(t) > 0) + Myyy. (2.3)

Some of the main properties of this chain are given in the next result.
Theorem 2.2. The M/D/1 queue with arrival rate p > 0 is an irreducible aperiodic
Markov chain. It is transient for p > 1, is null persistent for p = 1 and is positive
persistent for p < 1. In the latter case its invariant measure m, has characteristic
function _ _

) (1— p)(e — ) exp {p(c” — 1)}

’/Tp(l’) = iz iz

e —exp {p(e’* — 1)}

Furthermore if p, :=1+1r—+1+7r2,1r >0, then ), km, ({k}) =r.

) r €R. (2.4)

Proof. Equation (2.4) is equation (2.3) obtained in [9]. The others properties follow by
standard Markov chains considerations. O

The invariant measure of the M/D/1 queue (see equation (2.4) in [9] for an explicit
formula) can be used as a starting distribution of the nonlinear process. In this case the
nonlinear process becomes the M/D/1 queue at equilibrium. More precisely we have the
following lemma.

Lemma 2.3. The nonlinear process starting from m, is the M/D/1 queue with arrival rate
p. Furthermore it is stationary if and only if n(0) ~ =,,.
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Proof. Assume that 7(0) ~ m,. For t = 0 (2.2) holds with a Poisson random variable
N1 with expected value p. Then equation (2.2) defines the one step evolution of the
M/D/1 queue with arrival rate p. As 7, is its stationary distribution 7(1) ~ m, and
p(1) =P(n(1) > 0) = p. Iterating this argument we obtain that p(¢t) = P(n(t) > 0) = p for
any t > 0 and the nonlinear process is the M/D/1 queue with arrival rate p. This proves
also that the nonlinear process starting from 7, is stationary.

Conversely if the nonlinear process is stationary p(t) = P(n(t) > 0) = p(0) for any
t > 0. In this case equation (2.2) becomes (2.3) which, defines the M/D/1 queue with
arrival rate p(0). As the M/D/1 queue is a Markov chain it is stationary if and only if it is
started from equilibrium. O

Next lemma assures a uniform bound on exponential moments of the M/D/1 queue
chain and will be used in the proof of Theorem 2.5.

Lemma 2.4. Let (((t))icz, be the M/D/1 queue with arrival rate p < 1. Then there exist
positive constants A, and C,, depending only on p, such that for any X € (0, \,]

]Eg(e)‘C(t)) < C’pe)‘c,
forany( € Z,.

Proof. Let f(¢) := e*® and P the transition matrix of (((t))cz,. We claim that there
exist v € (0,1) and C > 0, constants depending only on p, such that

Pf(C) = f(Q) < —f(O) +C. (2.5)

Iterating we obtain

c
PO < (I=m)'f(0)+ 5 teZy,
and the result follows. To prove (2.5) observe that

Pf(¢) = Ec(eMW) = exp{A(¢ = 1(¢ > 0)) + p(e* — 1)}

Thus
_ Jexp{p(er —1)} -1 if (=0,
Pf(C) - f(C) - {e/\c(exp{p(e/\ _ 1) _ )\} _ 1) if ¢ > 0.

For any p we can find A, such that p(e* — 1) < X for any \ < Ap- Then choosing
C = exp{p(e* — 1)} and v = 1 — exp{p(e’ — 1) — A\, } equation (2.5) follows. O

The following result gives the long time behavior of the distribution of the nonlinear
process. We think that the hypothesis » < 1 is technical. It is needed as we prove uniform
integrability of the nonlinear process by coupling it with a M/D/1 queue with arrival rate
p=r.

Theorem 2.5. Assume that E(1(0)) = r € [0,1) and E(e*"(*)) < 400 for some A > 0, then
n(t) = m,, ast — +oo, where p, has been defined in Theorem 2.2.

Proof. We first observe that by Lemma 2.1 we have E(7(¢)) = r for any ¢ > 0 and this,
via Markov inequality, implies the tightness of the sequence of distributions of (7(t)):ez. -
Furthermore, by equation (2.2) we have, for any = € R,

E (emﬂt“)) _E [E (eim(t“)m(t))} —E {eiz(n(t)*l(n(tbo)) E (eiINt+1|n(t))}

= exp {p(t)(e” = 1)} E (eir<n<t>—1<n<t>>o>>) .
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By tightness we can choose a subsequence (1(t))zcz, of (1(t))iez, with weak limit point
7. Taking the limit, for £ — +oo, in the previous equation we get:

E (") = exp {p(e"* — 1)} E (e”(ﬁfl(ﬁw”) , (2.6)
where p = lim;_, ., p(t). Observe that

E (e 10>0)) — (67,7 = 0) + ¢ B (7,7 > 0)
=1—p+e ™ [E (") —(1-p)].
Plugging this expression in the right hand side of equation (2.6) and solving it we get

(1 =p)(e™ —1)exp {p(e™ ~1)}
e —exp{p(e® — 1)}

E (e“"ﬁ) =

Thus, by Theorem 2.2, 77 ~ 7, and the limit points of the distributions of (7(t)):;cz. belong
to {m, : p € 0,1)}. To identify a unique limit point we will show that

E(7) = _lim E(n(t)) =, (2.7)

t——+oo

by proving uniform integrability of the sequence (7(t)).cz, (see for example Theorem
25.11 of [3]). In fact the nonlinear process (7(t));cz, can be coupled with a M/D/1
queue (((t));ez, with arrival rate r, so that P(n(t) < ((t)) = 1 for any ¢ > 0, and uniform
integrability of (1(t)):ez, will follow by uniform integrability of ({(t)):cz. -

First observe that

p(t) = P(n(t) > 0) < E(n(t)) = r

and take ¢(0) = n(0). For any t > 0 take a sequence of i.i.d. Bernoulli random variables
Y1+, Y2y, ... with parameter p(t)/r such that sequences with different ¢ are independent
and independent from M, ; in (2.3). Now choose Ny, in (2.2) as a thinning of M;:

M1
Nt+1 = E Yi¢.
k=1

This implies Ny < M1y a.s. for any ¢t > 0 so that 7(¢t) < ((¢) a.s. for any ¢ > 0. To
obtain uniform integrability of the nonlinear process observe that by Lemma 2.4, taking
A > 0 small enough,

B(e1) <3 P(n(0) = n) By(eV) < G B(eM?) < oo, .
n

3 Propagation of chaos for the RBB process

We present here the main result of this paper. Consider a chaotic initial state for the
RBB process, i.e. an initial state sequence n”(0) with symmetric distribution such that
the components become independent as I. —+ 4+00. We will show that the RBB process
preserves this property at each time t and if we look at the time evolution of n(t) for
t € [0, 7], in the limit L — 400, it behaves as the product of independent copies of the
nonlinear process defined in Section 2.2. This property is known as propagation of chaos
for the distribution of n” [11]. More precisely
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Theorem 3.1. Assume that for any L € IN the initial state sequence n*(0) is finitely
exchangeable and that for some probability measure p on Z.,

Jim P(n{(0) =&1,..., 0k (0 H“{fk

foranyn € N and &,&9,...,&, € Z4.
Then (nL(t))t€Z+ is finitely exchangeable and for any T € IN and for all bounded path
functionals ®;. 1

(I)kT(nL) = q)kT(nlg(O)’nlg(l), s anlg(T))’ k= 1) s

we have

I1 ‘I’kT(WL)] = ﬁ E (@)1 (n)], (3.1)
k=1

where 1 = (1(t))tcz, is the nonlinear process defined in Section 2.2 with initial state
n(0) ~ p.

Proof. The exchangeability property follows from the fact that the evolution of the RBB
process preserves symmetry at each time step, see equation (2.1).
To prove equation (3.1), using characteristic functions properties (see for example

[3] §26), it is sufficient to show that
t
exp {z‘Zm(s)n(s)H , (3.2)
s=0

t n n
exp{iZka( s)nE(s }] HE
k=1
foranyt € Z, and any zx(s) e R, k=1,...,n, s=0,...,t. We proceed inductively.
For ¢t = 0 (3.2) holds because by hypotesis 7(0) ~ u. We assume (3.2) for some ¢ and
we prove it holds for ¢t + 1. Using conditional expectation we have:

E |exp {i iixmsmﬁ(s)}]
=0 k=1

exp {Z Zwk(S)n;f(S)}]E (eizgzlxk(tﬂ)ﬂt(tﬂ) nt(s): s < t)] .
s=0 k=1

lim IE
L—+o0

=E

Define
1
Iy = = 1
wr, (1) I ;

Using Markov property, equation (2.1) and the expression of the characteristic function
of multinomial distribution we obtain

E (6iz:':1 Ik(tH)nf(tH)‘ nh(s) s < t)

i S0y ok (1) (nf () —1(nf (£)>0)) BN iz (t41))) LOL (D) (3.3)
— ' Zk=1 & k (1_52(1_6 ))

k=1
Define

n

() = exp {0 S0 S an(hnf (s) +1 3 anlt+ D@E@) - 10f ) > 0)}, B

s=0 k=1 k=1
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n

ar, ::( Z - m’“(tﬂ)) )

k:

and p%(t) := E(wL(t)). We observe that, from exchangeability and inductive hypothesis
at time ¢

lim_p"(t) = p(t) = P(n(t) > 0).

L—4o00
Furthermore
I _ ip (t41) _ }:: .
Jim ap = exp{Z(e 1) a
k=1
Then
t+1 n ~
eXp{ SN sk (s } =E [\Pt(nL)aZ’L(t)}
s=0 k=1

=K [q]t(nL)(a?L(t) _ apL(t)):| +E [\pt(nL)] (apL(t) _ ap(t)) +E [\I,t(nL)] aP®)

The second term above goes to zero as . — +o0. By the inductive hypothesis applied to
¥, we obtain for the third term

Jim B [0(")]

~IIE [ Zfﬁk $) i (t+ D0(E) — 109(e) > 0)) }er@T0 -0,
k=1

So the result follows showing that the first term goes to zero as L — +oc0. Observe that
B [y (@pt = O)] | < B[lap @ - o O] 4 ]a @ - 0"
The second term above goes to zero as L — +oo, while for the first one fix § > 0 we have
E[|ay™® = af O] <E[lap™® = af O], [ (t) - o*(1)] < 4]
+ 1 [[af* " — " O o) - o (1)] > 6]

By Taylor expansion the first term above can be bounded by a constant, depending only
onxp(t+1), k=1,...,n, times ¢; the second term can be bounded by

B 5 -

Jwn(t) = pH(0)] > 6] < CP(we(t) - pH(1)] > 6),

where C is a positive constant depending only on z(t + 1), £ = 1,...,n. By using
Chebyshev inequality we have that

1
P(lws(t) ~ p ()] > 6) < 55 (17 + POF(D) > 0.0k (0) > 0) o1 (1), 3.5)
Observe that by inductive hypothesis

Jim [P (t) > 0,m (1) > 0) = p" ()] = P(n(t) > 0)* = p(t)* = 0.

Then, fixed € > 0 we can choose § > 0 small enough so that the first term is smaller than
¢/2 for any L and choosing L large enough the result follows. O
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Remark 3.2. The previous result describes the propagation of chaos for the RBB process
in finite time intervals. Unfortunately this is not enough to prove that, as naturally
expected, the same behavior holds in the infinite time limit. However consider the RBB
process with L bins and N := rL particles and let v be its stationary measure. We can
show that if Vﬁ’ is chaotic then it is 7, -chaotic. In fact, using (3.3) and stationarity we
have

n

i et ] _ [ Siey ek o) (1 L _ i)

E[e k1kk]7E{6 b1 Tk (Mg —wk (1 Lz(l etk (3.6)
k=1

forany z,...,z, € R. Let 7 be a weak limit point of n” and, passing to a subsequence, as-

sume that n” = 7). By chaoticity we can follow the same lines of the proof of Theorem 3.1,
take the limit as L — +oo in (3.6) and

E {ei22:1 Ikﬁk:| =K {eiZZzl $k(ﬁk*wk(ﬁ))} exp {ﬁ Z(ewk _ 1)}7
k=1

where p = P(7; > 0). This means that the distribution of 7 is invariant under the
evolution of a product of infinite independent copies of the M/D/1 queue with intensity p
and 7 ~ w?‘x’. To conclude we have to show that p = p,.

Differentiating twice (3.6) and using the fact that nf + --- + n& = rL, an explicit
computation yields
(r+1)L—-1 L

2 .
L—1 "I -1

Cov(wi (1), w2(n")) = — E(wi (n"))* + 2 E(wi ("))
Taking the limit as L — +oo in this equation we obtain
0= COV(wl(f]),wz(ﬁ)) = _ﬁQ + 2p~<’l" + 1) - 27"7

which, by Theorem 2.2, implies p = p;..
Observe that the same lines can be followed if in (3.5) chaoticity of Vﬁ’ is replaced by
the negative association property P(nf > 0|nf > 0) < P(nf > 0).
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