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Abstract

We consider a particle system on Z¢ with compact state space and interactions of
infinite range in a high-noise regime. Assuming that the rate of change is continuous
and that a Dobrushin-like condition holds, we obtain a Kalikow-type decomposition
of the infinite range change rates as a mixture of finite range change rates. As an
application of this decomposition we obtain a feasible perfect simulation algorithm to
sample from the stationary process.
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1 Introduction

In this paper we present a Kalikow-type decomposition for interacting multicolor systems
on Z% having compact state space and interactions of infinite range. By a Kalikow-type
decomposition we mean a representation of the infinite range rates as a countable mixture
of local change rates of increasing range. This decomposition extends the notion of random
Markov chains to interacting particle systems and has many potential theoretical conse-
quences and applications. As an example we present here a perfect simulation algorithm
which based on the decomposition.

We do not assume that the system has a dual, or is attractive, or monotone in any sense.
Our system is not spatially homogeneous. The basic assumptions are the continuity of
the infinite range change rates together with a high-noise or Dobrushin-like condition
(Condition (??) : fast decay of the long range influence on the change rate and a cer-
tain subcriticality-criterion). This regime has traditionally been studied by perturbation
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methods which rely on sophisticated combinatorial estimations (see for instance Brydges
1984). This is not the approach we follow here. Our approach is probabilistic, based on
an explicit construction and gives probabilistic insight into the structure of the stationary
law of the process, without combinatorial or complex-analysis techniques. Let us stress
that our approach is not an alternative to cluster expansions. It has a different regime of
validity and different aims.

Our construction is reminiscent of Harris’ graphical representation for particle systems and
it is similar in spirit to procedures adopted in Bertein and Galves (1977), Ferrari (1990),
Van den Berg and Steif (1999), Ferrari et al. (2002), and Garcia and Mari¢ (2006) among
others. However, all these papers only consider particular models, satisfying restrictive
assumptions which are not assumed in the present paper. Our approach works for any
infinite range continuous interaction under the only assumption of high-noise.

By a perfect simulation algorithm we mean a simulation which samples in a finite window
precisely from the stationary law of the infinite process. More precisely, for any finite set
of sites F' we want to sample the projection of the stationary law on F'. Our approach is
feasible in the sense that it stops almost surely after a finite number of steps.

There are several techniques for perfect simulation of Markov processes. Among the most
popular ones figures Coupling from the Past (CFTP) originally proposed by Propp and
Wilson (1996) and applied to several special cases in a vast literature. A good review
can be found in Kendall (2005). This kind of technique applies to invariant measures of
Markov processes with finite coalescence time. One main point of the CFTP technique
is that one has to be able to control the coalescence times uniformly with respect to all
possible starting points. This is an issue that becomes particularly difficult in the case of
“big” state spaces. The problem of large state spaces can be overcome for processes with
certain monotonicity properties or for some specific cases. For example, for spatial point
processes there is a vast literature on the subject, we point the works of Kendall (1998),
Kendall and Thonnes (1999), Kendall and Mgller (2000) among others.

For continuous state spaces, Cai (2005) proposes a non-monotone CFTP but as he points
out “the detailed construction of the non-monotone CFTP algorithm is problem specific”.
Connors and Kendall (2007) show that for a large class for positive recurrent Markov
processes it is always possible to perform CFTP, although not always feasible. However,
for interacting particle systems with continuous state spaces, it seems to be out of reach
to apply CFTP successfully. In general, the continuous case requires more complicated
coupling techniques, such as e—coupling or Nummelin splitting, see for instance Nummelin
(1978) and Locherbach and Loukianova (2008). See also, Murdoch and Green (1998) and
Fernéndez, Ferrari and Grynberg (2007) for some special cases. The aim of the present
article is to present an efficient perfect simulation technique which allows to overcome
these problems without requiring any duality or monotonicity properties.

We conclude by recalling that the notion of random Markov chains was introduced ex-
plicitly in Kalikow (1990) and Bramson and Kalikow (1993) and appeared implicitly in
Ferrari et al. (2000) and Comets et al. (2002).

This paper is organized as follows. The model and the Kalikow-type decomposition (The-
orem ?7) are presented in Section 2. In Section 7?7 we present examples where all terms
involved in the convex decomposition are explicitly given. In particular, we apply The-
orem 77 to the important case of Gibbs measures with infinite range interactions and
continuous spin values. In Section ?? we present the perfect simulation algorithm as a



main application of the convex decomposition. In particular, Theorem 7?7 shows that the
proposed algorithm is feasible under a Dobrushin-like condition. The proofs are given in
Sections 7?7 and ?7?7. We conclude the article with a small section on the impatient user
bias.

2 Definitions, notation and convex decomposition

We consider interacting particle systems on Z¢ having compact state space and interactions
of infinite range. The elements of the state space are called colors. To each site in Z¢ we
assign a color. The coloring of the sites changes as time goes by. The rate at which the
color of a fixed site ¢ changes from a color a to a new color b is a function of the entire
configuration and depends on b.

In what follows, ¢ will be a bounded non-singular non-negative reference measure on
(R, B(R)) with compact support A € B(R). The initial lowercase letters a, b, c,... will
denote elements of A. We endow A with its Borel o—algebra A = B(A) and denote
by S = AZ? the configuration space with its product sigma algebra, S. We will call
configuration any element of S. Configurations will be denoted by Greek letters 1, (, &, ...
A point i € Z¢ will be called site. We define on Z¢ the L' norm, [i|| = Zizl lig|. For
k > 0, let the ball of radius k£ to be denoted as

Vi(k) = {j € 2%5 —i| < k}.

As usual, for any i € Z% (i) will denote the value of the configuration 7 at site i.
By extension, for any subset V C Z¢, n(V) € AV will denote the restriction of the
configuration 7 to the set of positions in V. For any 7, i and a, we shall denote " the
modified configuration

n>*(j) = n(4), for all j # i, and n>*(i) = a.

For any i € Z¢, n € AZd, let a — ¢i(a,n) be a positive A — B(R;)—measurable function
such that, for any i € Z%, there exists a constant I'; < 400 with

ci(a,n) < Ty, (2.1)

for every n and p—almost all a.

A multicolor system with interactions of infinite range is a Markov process on S whose
generator is defined on cylinder functions by

G5 = 3 [ eldayeamlrr) - sn), (22)
iezd A
where g is a non-singular arbitrary reference measure.

By Theorem 3.9 of Chapter 1 of Liggett (1985) the following condition implies that G is
the generator of a Feller process (o;) on S :

sup > _supsup{ [ p(da)|ci(a,n) — ci(a,n’?)[} < oc. (2.3)
i€Z4 ki M beA JA



In the following we shall work under conditions stronger than (??) ensuring not only that
G is the generator of a unique Feller process, but also the possibility of perfect simulate
the stationary process correspondent to this infinitesimal generator. As a byproduct this
implies that the system admits the existence of a unique invariant measure p for the
system.

The main result of this article is a Kalikow-type convex decomposition of the change rates.
We will prove that the change rate can be decomposed as

k>0

where

o M;,icZ%are positive constants,

for each i € Z¢, {\;(k),k > —1} is a probability distribution,

-1

for each i € Z¢4, D; ]() is a probability density on A with respect to the reference

measure o, which does not depend on the configuration,

for each k > 0 and for each n € S, p[k]( In(Vi(k)) is a probability density with respect
to the reference measure g, depending only on the local configuration n(V;(k)).

For convenience of the presentation we will add additional invisible jumps in (??). This
is obtained by adding a cemetery A to A and defining A* := AU {A}. Define also

0" = o+ da.
Denote
M; := sup /ci(a,n)g(da). (2.5)
nGAZd

Notice that M; is finite under condition (?7), and define

ci(A,n) == M; — /Acl-(a,n)g(da). (2.6)

Observe that
inf ¢;(A,n) =0. (2.7)
n

Therefore we can rewrite the generator given by (77) as

=3 [ et nii) - ol 28)

i€Zd
where, by convention, for any i € Z% and any n € S = AZ" we define
i, A
nos =

It follows that (??) is a representation of the same generator as (77).



In order to obtain the decomposition we need the following continuity condition.
Continuity condition. For p—almost all a,
sup sup |ci(a,n) = ci(a, )| =0, (2.9)
€2 n,¢n(Vi(k))=C(Vi(k))
as k — oo.

To describe the convex decomposition of the rate function ¢;, we have to introduce the
following quantities. Define

a;(—1) = / inf ¢;(a,()o*(da), (2.10)
A* geAZd
and for any k£ > 0,
o;(k) = inf / inf ci(a, () o*(da ) ) 2.11
) weAVi<k)< Ax GC(Vi(R)=w (a,¢)e"(da) (211)

Note that by (77?)
/ inf ¢;(a,()o"(da) :/ inf ¢i(a,()o(da).
A* ceAZ? A ¢eard

Further, by construction, we have that «;(k) < a;(k + 1), for each k > —1 and

k—o0

To obtain equality (??), fix some w € AY(¥) and observe that

/A* e inf Ci(“’og*(da):/ inf  ¢i(a,¢)o(da)+M;—  sup /ACi(CZ,C)Q(da).

Vi (k))=w A GV (k) =w CC(Vilk))=w

But

inf ci(a,()o(da) — sup /ci a,C)o(da) — 0
/AC:C(Vi(k))w (a.C)elda) CCVi(k)=w J A (@ Oelda)

as k — oo thanks to condition (?7).

Hence to each site ¢ we can associate a probability distribution A; by

Ni(-1) = =, (2.13)

and for £ >0

a;(k) — a;(k — 1).

Ni(k) = i

(2.14)
Now we are ready to state the decomposition theorem.
Theorem 1 Let (¢;);cza be a family of measurable rate functions satisfying conditions

(7?), (??) and (??). Then, for each site i, for M; defined by (?7), and \;(-) defined by
(7?) and (??), there exist



° pl[_l] a probability density with respect to o with support A*,
e a family of conditional probability densities pgk],k > 0 on A*, with respect to o*,
depending on the local configurations n(Vi(k)) € AVi(%)

such that for all a € A*,
ci(a,n) = M;pi(aln) (2.15)

where

pi(aln) = Xi(-1 (a) + >~ Xi(k)p (aln(Vi(k))). (2.16)

k>0

As a consequence, the infinitesimal generator G given by (??) can be rewritten as

S [M—l) [ @) = et (2.17)

i€z

+ N [ ol Vi) ) = rmle o

k>0

Note that for &k = —1, pg_l] (a) does not depend on the configuration and A;(—1) represents
the spontaneous self-coloring rate of site ¢ in the process. We will see in the proof that

pg_ Vis defined in such way that p[ 1](A) = 0 and therefore, the choice k¥ = —1 implies
always a choice of a real color a € A, not of a = A.

The decomposition given in Theorem 7?7 was designed in such way that the probability of
self-coloring is maximized. This is important to speed up the perfect simulation algorithm.
Obviously, slight modifications can be employed for different purposes as we will see in
Example 2 (Section ?7).

The representation given by (??) provides a random finite range description of the time
evolution of the process. We start with an initial configuration n at time zero. For
each site i € Z%, we consider a rate M; Poisson point process N*. The Poisson processes
corresponding to distinct sites are all independent. If at time t, the Poisson clock associated
to site ¢ rings, we choose a range k with probability A;(k) independently of everything else.
And then, we update the value of the configuration at this site by choosing a symbol a
with probability pl[k}(a\at(%(k:)))g* (da). Choosing the symbol A means that we actually
keep the current value of the spin.

In Section 7?7 we give examples of infinite range interacting systems where all terms in the
decomposition (?7) and (??) are explicitly computed.



3 Proof of Theorem ?7?

Put for any a € A",

A@) = d ),

[0] . .
¢ (aln(t = inf  ¢(a, (),
D)) = inf ea.0

AP ai(@) = eMaln(@) - ).

For any k£ > 1, define

(k] = i
M aln(Vi(k — inf c\a,§),
AR = i )

A (aln(Vi(k))) = e aln(Vi(k)) — e (aln(Vitk - 1))).

Then we have that for any a € A,
cilan) = 3 Alaln(Vi()) + |eia,m) = aln(Vik)] (3.18)

Note that

CE_I](A) =inf¢;(A,n) = M; — SUP/ ci(a,n)o(da) =
n n A

Therefore, for a = A decomposition (??) starts with j =0,
i k
= > AT @mEiG)) + [ei(a,m) — P AmViR))] -
7=0

By continuity of ¢;(a,n) for every fixed 7, we have for p*— almost all a € A* that
M aln(Vi(k))) = ci(a,n) as k — oco.

Hence for ¢o*— almost all a and all 7,

ZAMM i) = cia, ).

Jj=—1

Taking into account (??) and (77)

Mmeuzégﬂmmmy

Hence we can define

(-1
-1, A7 (a)
“(@_MMA)
and
[ 1](A) 0



[-1]

Hence, p; '(a) is a probability density with respect to ¢*. Now, for & > 0, put
- 1 .
Ntk n(Vitk)) = 3 | A @ln(Vi))e’ (da), (3.19)

and for any 7, k such that A\;(k,n(Vi(k))) > 0, we define

(K]
Py (aln(Vi(k))) A k. (Vi(R))

For i, k such that \;(k,n(V;(k))) = 0, define ﬁgk] (aln(Vi(k))) in an arbitrary fixed way.

Hence for o*— almost all a € A*,
cilan) = M; | N(=1)pl @) + 37 Xtk n(Vik) (aln(Vik))) | - (3.20)
k=0

In (??) the factors \;(k,n(Vi(k))),k > 0, still depend on 7(V;(k)). To obtain the decom-

position as in the theorem, we must rewrite it as follows.

For any i, take M; as in (??) and the sequences «;(k), \i(k),k > —1, as defined in (?7?)
and (77?), respectively. Define the new quantities

a;(k,n(Vi(k))) = M; Zj\z(lﬂ?(vz(l)))

1<k
Finally, for any k > 0, we define the conditional finite range probability densities by

o (aln(Vi(k))) =

k—1
Y Y= 1mvir—1)<ea(b—1) <as (Vi) Hea (Vi) <as (k) Se i+ 1n(Vi (1))}
—1=U<l
a; (', n(Vi(l')) — ei(k — 1) /
. ,L l
2 EnO) e B D ity
l ~
Ai m,n ‘/’L m)) .im
by 2l V) ol 1 7 1y
Ai(k)
m=l'"+1
ai(k) — ai(l,n(Vi(l))) _i+1] _
The desired decomposition follows from a straightforward computation. °
4 Examples

In this section we show that the decomposition presented in Theorem ?7 can be effectively
implemented in several interesting Gibbsian systems with compact-valued spins. In all the
examples we take A = [—1,1].



Definition 1 A pairwise potential is a collection {J (i, j), (i,) € Z¢x Z} of real numbers
which satisfies

J(i,3) = 0, sup Z |J(i,7)] < oo. (4.21)
ZEZdeZd

In what follows we use the notation

Si= > 16, 5)]

jezd
For any i € Z¢, let 1(i) be the value of the spin at site 4 in the configuration n € S.

Definition 2 A probability measure pn on (S,S) is said to be a Gibbs state relative to the
potential {J(i,7)} if for all i € Z2, a version of the conditional probability density of n(i),

given n(j),j # 1, is given by

exp (2,4 J (0. 5)n(3) )
zn ’

u(n(i) = aln(j) for all j # i}) =
where

7 = /A exp a;J(i,j)n(J’) o(da).

In the following we consider the interaction J? = 3.J, where 3 is a positive parameter. The
associated Gibbs measure will be denoted p without indicating explicitly the dependence

on S. Now, put
Ci(a, 77) — eﬁa Zjezd J(ZJ)??(J) (422)

Then, by construction, the process (o) with generator (??) and this choice of change rates
is reversible with respect to the Gibbs state u corresponding to the potential Jg(i,j) =
BJ(i,7). It is immediate to see that condition (??) implies the continuity condition (?7).

We now give the explicit decomposition in two special cases.

Example 1. Take o(da) = %da, a € [—1,1], and nearest neighborhood interactions

ci(a,n) =exp | Ba Y (i, 5)n() |,
J

where
J(i,7) = 01if j ¢ Vi(1) \ {i}.

In other terms, in this case we are considering only nearest neighbor interactions. Then

we have 1
= BY_ BE
M; = 555 (e e ) ,
1
i(~1) = 3(0) = 55 [1 — exp (-5



Oéi(l) = Mz‘

-1,  _ exp(—plal%;)
p; (a)= W7
p M) =o,
(1 _ ci(a,n) — exp(—Bla|%;)
D; (a|77) = M, — ai(—l)

and
M; — [ ei(a, n)o(da)

(1] _

To check the above expressions we start by calculating the constant M;. Notice that

1 o o
. _ B2 J(@3)n) =B 32, J(@.5)n()
ci(a,n)o(da) = — — (e” & —e J .
/ (a,m)e(da) 28%2; J(i,5)n(4) ( )

Maximizing the above expression with respect to n yields

1 , _B%.
M; = S‘%P/Ci(a, n)o(da) = 235, (6521 —e ﬂzl) .

1

We are now going to calculate the coefficients «;(k). Since ¢;(a,n) does not depend on

n(i), we have that a;(—1) = a;(0). Moreover, due to the nearest neighborhood interaction,

a;(k) = a;(1) = M; for all k > 1. So we only have to evaluate «;(—1). First observe that
i%f ci(a,n) = exp (—Blal%;) .

Integrating this with respect to o(da) yields

1) = [ (i estarn)) olda) = 5 11— exp (53]

and thus
1 —exp (—f5%;)
exp(B%;) — exp(—F%;)

Note that \;(—1) <1 and evidently, A;(—1) > 0. Finally note that, in this special case,

Ai(—1) =2

MALav) = [ AlMane @)
= ; — | d™a)o(da Ci
= (/E ci(a,m)o(da) /A . (a)o(d )> +ci(A,n)
= M;— Oéi(*l) = Mi(l - )‘i(*l))v
which does not depend on 7, so
Ai(1,m) = \(1) and ﬁg”(a|n) :pgl](a|n).

In particular, this yields

1y _ exp(=BlalZ)
p; (a) ai(—1) )

10



p A =o,

ci(a,n) — exp(=p|al%i)
M;Ni(1)

p(aln) =

and
M; — [} ci(a,n)o(da)
M; (1)

pH(Aln) =

Example 2. The following example is a Gibbsian time evolution with infinite range
interaction. The decomposition we present here is inspired by the one presented in Galves
et al. (2010) in the case of two colors systems. In Galves et al. (2010), for coupling
reasons, it was convenient to give a slightly different decomposition. The goal there was
to be able to couple together the infinite range Gibbsian system with the finite range
Gibbsian system obtained by truncating the potential interaction. For the sake of the
readers, we recall here their decomposition in a more general case by adding an external
field. Let
o(da) = 61(da) + d_1(da).

Let {h;,i € Zd} be a collection of real numbers, representing the external field, and put
ci(n) = ci(=n(i),n) = exp | =B>_ J(i,5)n(i)n(j) — Bhin(i)
J

Then the decomposition (??) holds with

M; = 2652j ‘J(i,j)|+ﬂ|hi|’

Ai(=1) =exp [ =28 | Y 1T )]+ Rl | ]

J

X(0) = exp | =283 1G] | =M=,

)\Z(l) — e—BZj;Hifﬂpl [ (2.9) _ 6_25 Zj [ (2,)]

and for k > 2,
(k) = e BT stigok O =By jizk 1),

Moreover, for all n € S and for any k£ > 2, we define the update probabilities
pyf] (—n(i)|n) = %e—ﬁhm(i)gﬁ > iliegll <k J@D0(ON()
i
67/8 Zj:“i—jH:k J(@)m@n() _ e*ﬁ Zj:”i—j“:k [J(3,5)]
1 — e B gi-gi=r @I ’

for k =1,

p[l](_n@')’n) _ 76—,5%1‘77(1') 6_5 Zj;Hifjngl CLIOLIF) e_ﬂZj;Hifj“Sl 1J(2,5)]
: M; 1 — e 2P gui—il < WG =B imsys1 1G]

11



and for £ =0,

—Bhin(i) _ o—Blhi
0] _ L —plnil € €
A (i) ) = Se -
To obtain a probability measure on A, we define for all £ > 0,
K, . k .
Pm(@ln) = 1= p(=n()n).
Finally, for k = —1, we define
) =p 1) = 5. (4.23)

Example 3. We specialize Example 2 in the case where the spin distribution g is sym-
metric and the external field h = 0.

Define for any i € Z? and any k > —1,

stE= 3" gl s = Y 196G

gilli=il>k gilli=jll<k
Note that ¥; = S~
Then
1
M; = (e“ﬁzi +e—a52i> o(da). (4.24)
0
Moreover,
1
a;(—1) = 2/ e~ %%ig(da) (4.25)
0
and
b apssk sk s
a; (k) :Mi—i-/o W5 e aPS; g(da)—/o e¥Fig(da). (4.26)
Finally,
1 —a,@El d
A(=1) =2 Js o(da) (4.27)
Jy (e98%i 4 e=aB%:) o(da)
and
i(k) =

[l eopSE" T gmaps? (eaﬁ Listg—ill= @I _ =08 2= ‘J(Lm) o(da)

fol (eaﬁzi + e*aﬁzz‘) Q(da) (428)

Expression (??) follows from the definition of M; in (?7?) together with

/ cs(a,m)olda) = / (eﬁaZjJ(l»J)n(J) +e—ﬁa2ﬂ<za)no>)g(da),

-1 0

by symmetry of the measure p. Maximizing this expression with respect to n yields (?7).

12



Equation (??) is an immediate consequence of the definition (??) since

inf ¢;(a,n) = e Plal*:,
n

Concerning (?7?), note first that

inf  c;(a,¢) = e Listi-isk TG00 o~lalBSTE
G:¢(Vi(k))=w

Integrating this with respect to o yields
1
inf c(a,C)ol(da
/_1 ey (0 )200)

1
— / e—aBST" (eaﬁzj:u]’—iuszc J@w(s) 4 g=aB X j-ij<k J(iJ)W(J')> o(da),
0

by symmetry of p. Moreover, by definition of ¢;(A,n),

inf (A, () = M; — sup /ci a,()o(da
C:C(Vi(k))=w ( ) C:C(Vi(k))=w (:C)elda)

1
M~ swp / (6aﬁzjf(i,j><<j) +e—aﬁ2ﬂ<m<u)) o(da).
¢:((Vi(k))=w JO

Maximizing the expression with respect to ¢ under the integral yields

inf C; A, == Mi—
C:C(Vi(k))=w (8,0

1
/0 (eaﬁ(l S iilizn S GO ) | =aB( i< J(i,j)w(j>|+55k>) olda).

Putting things together we conclude that

1
iIlf cila, Q* dCL _
/—1Cz<(W(k)>w (a,)o"(da)

1 . .
Myt [ ek T (o007 — 0557 ).
0

Taking finally the infimum with respect to w, and noticing that e=aBSTF _ eaBSTF < 0, we
obtain that
1 BSSk _ ,BS>k 1 B,
a;(k) = M; +/ ePPi e Wi o(da) —/ e"?*io(da).
0 0
As a consequence we obtain that

i nBSE a7 (o8 sk MG _ =09 sk 6N o)

Ai(k) fOl (eaﬂEi + e—aﬁzi) o(da)

13



5 Perfect simulation

The goal of this section is to give an application of the Kalikow-type decomposition given
by Theorem ??. This application is a perfect simulation algorithm for the invariant mea-
sure of an interacting multicolor system. We assume that the interaction rates are con-
tinuous and satisfy a Dobrushin-like condition. The basis of the algorithm is the convex
decomposition given in Theorem ?7. First of all, the Proposition 77 gives a sufficient
condition for exponential ergodicity which is based on the construction of a dominating
branching process.

From now on we will denote by (c}) (and (o}')) the multicolor system having generator
G given by (??7) with a fixed initial configuration 7 ( a random configuration chosen with
probability distribution ).

Proposition 1 Let (¢;);cza be a family of rate functions satisfying the conditions of The-
orem ?77. Furthermore, assume that

M= inf M; >0 (5.29)
i€Z4d
and
sup > [Vi(k)|Ai(k) =7 < L. (5.30)
i€Z4 k>0

Then, the process (o¢) admits a unique invariant probability measure u. Moreover, for any
finite set of sites F C Z4, for any T > 0 and any initial configuration 1, there exists a
coupling between the process (o)) and the stationary process (o}') such that

P(0}(F) # o (F)) < |Fle M0,
Let us compare the above proposition to known results in the literature on particle systems.

1. Condition (?7?) is stronger than Liggett’s existence condition (??) which does not
imply the uniqueness of the invariant measure.

2. Condition (3.3) of Liggett (2000), page 22, is equivalent to

sup sup/Ci(a, n)o(da) = sup M; < oo,
) n 7

which is implied by conditions (??) and (??). Moreover, it can be easily seen that
the quantity M appearing in Equation (3.8) of Liggett (2000), page 26, can be upper
bounded by

sup M 3" A (W|ViCk)|

i€74 k>0
Since sup; M; < oo, condition sup;cza Y ;5o [Vi(k)[Ai(k) < oo implies Condition
(3.8) of Liggett (2000).

3. Condition (??) is a high-noise condition which implies a Dobrushin-like condition,
see Dobrushin (1968). It is a sufficient condition ensuring that there is no phase
transition.
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4. For infinite range Gibbs measures, in the situation of Example 3, a sufficient condi-
tion for (77?) is

sup Y [Vi(B) | D0 1J(0,4)] | < oo
k

€74 T
<z Jilli=ill=k

and 8 < f., where 3. is solution of

28 | ViR)l Y G ] =1.

k>1 gilli—ill=k
This follows from (?7?), using that 1 —e™® < x for z > 0.

We are now in position to present the perfect simulation scheme. Suppose we want to
sample the configuration at site ¢ under u. In a first step, we determine the set of sites
whose spins influence the spin at site ¢ under equilibrium. We call this set of sites ancestors
of 4 and this stage backward sketch procedure. First, we climb up from time 0 using a reverse
time Poisson point process with rate M;. We stop when the last Poisson clock before time

0 rings. At that time, we choose a range k with probability A;(k). If £ = —1, we decide the
value of the spin using the law pgfl]dg, independently of everything else. If k is different
from —1, we restart the above procedure from every site j € V;(k). The procedure stops
once each site involved has chosen range —1. When this occurs, we can start the second
stage, in which we go back to the future assigning spins to all sites visited during the first
stage. We call this procedure forward spin assignment procedure. This is done from the
past to the future by using the update probability densities pgk] starting at the sites which
ended the first procedure by choosing range —1. For each one of these sites a spin is chosen
according to pl~!dp. The values obtained in this way enter successively in the choice of

the values of the spins depending on a neighborhood of range greater or equal to 0.

We now give the precise form of the algorithm. Fix a finite set F' C Z%. The following
variables will be used.

e N is an auxiliary variables taking values in the set of non-negative integers {0, 1,2, ...}
° Nél;)op is a counter taking values in the set of non-negative integers {0,1,2,...}

e [ is a variable taking values in Z¢

e K is a variable taking values in {—1,0,1,...}

e B is an array of elements of Z¢ x {—1,0,1,...}

e (' is a variable taking values in the set of finite subsets of Z¢

e W is an auxiliary variable taking values in A*

e o is a function from Z% to A*

Algorithm 1 Backward sketch procedure

1. Input: F'; Output: Nél;)OP’ B

15



10.
11.

12.

(F)

. N+ 0, Ngrpp < 0, B0, C«+ {F}
. WHILE C # 0
.N+ N+1

. Choose randomly a position I € C and an integer K > —1 according to the proba-

bility distribution
M;Xi(k)
EjeC 21271 M;A;(1)

PI=iK=k) =

IFK=-1,C« C\{I}

ELSE C + C U B/(K)
ENDIF

. B(N) « (I, K)

ENDWHILE

(F)
Ngrop < N

RETURN N, B.

Now we use the following Forward spin assignment procedure to sample from the invariant
measure p. Recall that the choice of A in (?77?) implies that the system does not change
its colors. This explains Step 9 in Algorithm 2.

Algorithm 2 Forward spin assignment procedure

. Input: Né};w)op, B; Output: {(i,0(i)) :i € F}

F)

(
. N < Ngrop
. 0(j) + A for all j € 74

. WHILEN >1

(I,K) « B(N).

. IF K = —1 choose W randomly in A according to the probability distribution

Py do
ELSE choose W randomly in A* according to the probability distribution
K
P ([o)de’

ENDIF

AF W #AAputo(l) « W
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10. ENDIF

1. N« N -1

12. ENDWHILE

13. RETURN {(i,0(i)) : i € F}

The next theorem summarizes the properties of Algorithms 1 and 2.

Theorem 2 Suppose that the sub-criticality condition (?7) holds. The Algorithm 1 stops
almost surely after a finite number of steps and

sup P(N{ip > N) < [P, (5.31)

i€zd
where v is given in (??). The law of the set {(i,o(i)) : i € F} printed at the end of
Algorithm 1 and 2 is the projection on AF of the unique invariant measure pu of the
process.

The proofs of Proposition ?? and Theorem 7?7 will be given in the next section.

6 Proofs of Proposition 7?7 and Theorem 77

The proofs rely on the notion of black and white time-reverse sketch process that we will
introduce now. The black and white time-reverse sketch process gives the mathematically
precise description of the backward black and white Algorithm 1 given above.

We start by introducing some more notation. For each i € Z¢, denote by ... T, <T! <
Ti <0< Ti<Ti<...the occurrence times of the rate M; Poisson point process N’ on
the real line. The Poisson point processes associated to different sites are independent. To
each point T associate an independent mark K! according to the probability distribution
(Ai(k))k>—1. As usual, we identify the Poisson point processes and the counting measures
through the formula
NZ[S, t] = Z 1{5§T};§t}'
nez

<t<T:

It follows from this identification that for any ¢ > 0 we have T]’w 04 < Ni(0,t

for any ¢ <0, T* i, o ST <T2 Nigy g1

417 and

For each i € Z% and t € R we define the time-reverse point process starting at time t,
associated to site ¢,

7EZ7t) = t - T]ZVZ'(O,t]—n—&-l’ t 2 0,
R Iy (032
We also define the associated marks
U= Kihiogensr t20,
7(Iz,t) _ KZ—Ni(t7O]—n+1’ t < 0. (6.33)
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For each site i € Z%, k > —1, the reversed k-marked Poisson point process returning from

time ¢ is defined as
NP5 ) Zl{ <760 <y Ll (6.34)

To define the black and white time-reverse sketch process we need to introduce a family of
transformations {7("%) i € Z¢ k > —1} on the set of finite subsets of Z%, F(Z%), defined
as follows. For any unitary set {j},

zk:) (k)v ifj =1
({5} = {{]} . } (6.35)

otherwise
Notice that for k = —1, 7*¥)({i}) = §. For any set finite set F C Z%, we define similarly

rP(F) = Ujern ™D ({7}). (6.36)

The black and white time-reverse sketch process starting at site ¢ at time ¢ will be denoted
by (Cgl’t)) $>0- Cgl’t) is the set of sites at time s whose colors affect the color of site ¢ at
time t. We call this set C’(Z D set of ancestors of v at time s before time t. The evolution of

this process is defined through the following equation: C = {i}, and
FOf) = + 35 [P - e RO ), (630
k>— leZd

where f : F(Z?) — R is any bounded cylindrical function. This family of equations

characterizes completely the time evolution {Cs(i’t),s > 0}. For any finite set F C Z4
define
CgF»t) — UlEFC£Z7t)

The following proposition summarizes the properties of the family of processes defined
above.

Proposition 2 For any finite set F C Z¢, {CS(F’t),s > 0} is a Markov jump process
having as infinitesimal generator

= My > NRF(CUViR) = FO)]+N(=DIF(C\{i}) - F(O)],  (6.38)

1€C k>0

where f is any bounded cylindrical function.

Proof The proof follows in a standard way from the construction (?7). .

If we are interested in simulating from the invariant measure of the process, then we will
start the black and white time-reverse sketch process at time ¢ = 0, if however we wish
to construct the process at time ¢, we shall start the black and white time-reverse sketch
process at that time ¢ precisely.

18



6.1 Backwards oriented percolation and sub-criticality

(ist)

For the algorithm to be successful it is crucial to show that (.5 Cs
of any site i, is finite with probability one. Formally, let

, the set of ancestors

TS%OP = inf{s : C(:0) = ()}

be the relaxation time. We introduce the sequence of successive jump times T,gi),n >1,
of processes NU*) whose jumps occur in (??), for t = 0. Let f’l(l) = T(Z 9 and define
successively for n > 2

TO = inf{t >TW, : 3j € cg;g? Tk NGR(TW 1)) =1}, (6.39)
n—1

We write R}(f) for the associated marks. Now we put

i) _ ~(1,0)
cl) = Co (6.40)

and ' ‘
Ng%op = inf{n : C = p}.

This is the number of steps of the backward sketch process — and it is exactly the number
of steps of Algorithm 1. For the perfect simulation algorithm to be successful, it is crucial

to show that both relaxation time TéT)O p and the number of steps N, é%o p are finite. To

this aim we start estimating the volume of the set Cj (FH — ierCs” () Wwhere F is a bounded
set of Z.

Lemma 1

E(|CI)) < |[Fle M= (6.41)
where M is defined in (??7) and v in (?77?).
Proof Fix some N € N. Let L = \Cs(i’t)] and
Ty = inf{t: L > N}.

Then by (?77),

8/\TN
L, < 1+ZZ/ — iy N NUER) ()
k>1]€Zd
SAT)
-y " oy NOE=D (du). (6.42)
0 {reciy
jezd

Recall that that M = inf; ;4 M; > 0. Passing to expectation and using that, by condition

(??)7

O MWk - 1) = N(-1) | < —M(1-7) <0,
k>1
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this yields
E(Lingy) < 14 M [ Q0 NBIVi(R) =1]) = Xi(=1)

- S/\TN
XE/O 1{jeC£if)}du
8/\TN .
< 1-MQ1-7) E/ L; du. (6.43)
0
Letting N — oo, we thus get that
S
B(L) <1- M) [ B,
0

and Gronwall’s lemma yields '
B(Ll) < e M0=7)s, (6.44)

Hence, since \CgF’t)\ <D icr ]Cgi’t)\ =Y ier Lt

E(IC{V]) < |Fle-t0=0 (6.45)

6.2 Proof of Proposition 7?7

The proof of Proposition 77 is an immediate consequence of the following Lemma.

Lemma 2 Fiz a time t > 0, some finite set of sites F C Z% and two initial configurations
d . .
n and ¢ € A" Then there exists a coupling of the two processes (01)s and (0%)s such that

P(o}(F) # 0$(F)) < |Fle M0,

From this lemma, it follows immediately that p is the unique invariant measure of the
process and that the convergence towards the invariant measure takes place exponentially
fast.

Proof of Lemma ?7?7. We use a slight modification of Algorithm 1 and 2 in order to
construct ;. The modification is defined as follows. Let Tsrop and T be variables taking
values in (0,00). Replace Steps 1 — 3 of Algorithm 1 by

1. Input: F'; Output: Nél;)OP,B,C.
2. N(—O,NéTOP(—O,B(—@,C(—F,TSTO}D(—O

3. WHILE Tsrop <t and C # ()

3’. Choose a time T' € (0,4+00) randomly according to the exponential distribution with
parameter » .~ M;. Update

Tsrop < Tsrop + 1.
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Finally replace Step 12 of Algorithm 1 by

12. RETURN N5) . B, C.

In this modified version, we stop the algorithm after time ¢, hence the output set C' might

Ct(F,t)

not be empty. The output C' is exactly the set , the set of sites at time 0 whose

colors influence the colors of sites in F' at time ¢.

Concerning Algorithm 2, replace Step 1 of Algorithm 2 by

1. Input: Négﬂ)OP,B,C; Output: {(i,0(i)) : i € F}.

and Step 3 by
3. 0(j) +n(j) for all j € C; o(j) + A for all j € Z¢\ C.

Then the law of the set {(i,0(i)) : i € F'} printed at the end of the modified Algorithm 2
is the law of o}/(F'). Now, in order to realize the coupling, we use the same realizations of

T,I and K for the construction of o, and af . Write Ly for the cardinal of C’LEF’t). Clearly,

both realizations of o} and Jg do not depend on the initial configuration n, ¢ respectively
if and only if the output C of Algorithm 1 is void. Thus, by Lemma 7?7

P(o](F) # 0;(F)) < P(Tsrop >1)
= P(L;>1)
< BE(Ly) < |Fle M0t

This concludes the proof of Lemma ?77. e

6.3 Proof of Theorem 77

We only have to prove (?7). Let

9 = i)
be the cardinal of the set C\¥) after n steps of the algorithm (recall (??)). Then due to our
)

assumptions, Lg can be compared to a multi-type branching process Z,, having offspring

mean which is bounded by v at each step, such that Lg) < Z, for all n. Thus,
P(NG) o >n) = P(LY > 0) = P(LY) > 1) < P(Z, > 1) < E(Zy) = 4™

When starting with the initial set F' instead of the singleton {i}, then the above estimates
remain true by multiplying with |F'|, due to the independence properties of the branching
process.

7 Impatient user bias
Perfect simulation procedures, very often cannot be run until the algorithm stops either

by limitations of time or limitations of buffer. In this section we give upper bounds for
the probability of these two types of errors.
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According to our construction, the perfect simulation algorithm of p presented in this
article is a function F : [0, 1]N*2" t0 § such that, if (Up)n = (Un(i),i € Z%),, is a sequence
of i.i.d. families, indexed by Z?, of uniform in [0, 1] random variables, then for any site
i € 7%, there exists a stopping time N gj)ﬂo p» such that F' depends only on the first N S%O P
families of (U, )y, i.e. for any measurable B € A,

PIF((U1(1)j5 - Uy (5));)) € B = ulo(i) € B).

STOP

Note that N, g%o p is not the number of uniform random variables that have to be simulated

in order to sample from p, this number will in general be considerably larger. N g%O p is
the number of steps of the backward sketch procedure.

A first kind of “impatient user bias” occurs whenever the user, for reasons independent of
the algorithm, has to stop the algorithm after, say N steps maximal. In this case, we do
not sample from pu, but instead sample from

PE@ G5, Uy (1)) € BINGop < N].

STOP

By Proposition 6.2 of Fill (1998), compare also to section 6 of Ferrari et al. (2002), the
error made above can be bounded by

P(Ngi)FOP>N) < v
1= P(NGop>N) 177

N7

see Theorem 77 above.

At each step of the backward sketch procedure, a range of order k is chosen, where k
is, in general, not bounded from above. In practical situations, however, a user will be
limited in the choice of the interaction range and will restrict the simulation to the choice
of ranges bounded by a a certain upper bound L that he decided to fix in advance. More
precisely, writing

Tél) = inf{f,gi) : f(ff) > L},

the use will therefore sample from the measure
P E(UG))ss-- Uy (D)) € B{NSpop < NYN{TL > Trop) |-

In order to control the error made induced by this “space-time impatient user bias”, we
have to control A ‘
P(T} < Trop):

Using arguments similar to Lemma 2 of Galves et al. (2010), this can be bounded by

i i M; — o; (L 1
P(Té)STS)CI“OP)Ssellzg( Mi( )>1—’Y'
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