J Stat Phys (2014) 157:234-281
DOI 10.1007/s10955-014-1087-7

Comparison Theorems for Gibbs Measures

Patrick Rebeschini - Ramon van Handel

Received: 13 December 2013 / Accepted: 26 July 2014 / Published online: 8 August 2014
© Springer Science+Business Media New York 2014

Abstract The Dobrushin comparison theorem is a powerful tool to bound the difference
between the marginals of high-dimensional probability distributions in terms of their local
specifications. Originally introduced to prove uniqueness and decay of correlations of Gibbs
measures, it has been widely used in statistical mechanics as well as in the analysis of algo-
rithms on random fields and interacting Markov chains. However, the classical comparison
theorem requires validity of the Dobrushin uniqueness criterion, essentially restricting its
applicability in most models to a small subset of the natural parameter space. In this paper
we develop generalized Dobrushin comparison theorems in terms of influences between
blocks of sites, in the spirit of Dobrushin—Shlosman and Weitz, that substantially extend
the range of applicability of the classical comparison theorem. Our proofs are based on the
analysis of an associated family of Markov chains. We develop in detail an application of
our main results to the analysis of sequential Monte Carlo algorithms for filtering in high
dimension.

Keywords Dobrushin comparison theorem - Gibbs measures - Filtering algorithms

1 Introduction

The canonical description of a high-dimensional random system is provided by a probability
measure p on a (possibly infinite) product space S = [];¢; Si: each site i € I represents
a single degree of freedom, or dimension, of the model. When [ is the set of vertices of a
graph, the measure p defines a graphical model or a random field. Models of this type are
ubiquitous in statistical mechanics, combinatorics, computer science, statistics, and in many
other areas of science and engineering.

P. Rebeschini - R. van Handel (B<1)
Sherrerd Hall, Princeton University, Princeton, NJ 08544, USA
e-mail: rvan@princeton.edu

P. Rebeschini
e-mail: prebesch@princeton.edu

@ Springer



Comparison Theorems for Gibbs Measures 235

Let p and p be two such models that are defined on the same space S. We would like to
address the following basic question: when is p a good approximation of p? Such questions
arise at a basic level both in understanding the properties of random systems themselves, and
in the analysis of the algorithms that are used to investigate and approximate these systems.
Of course, probability theory provides numerous methods to evaluate the difference between
arbitrary probability measures, but the high-dimensional setting brings specific challenges:
any approximation of practical utility in high dimension must yield error bounds that do
not grow, or at least grow sufficiently slowly, in the model dimension. We therefore seek
quantitative methods that allow to establish dimension-free bounds on high-dimensional
distributions.

A general method to address precisely this problem was developed by Dobrushin [5]
in the context of statistical mechanics. In the approach pioneered by Dobrushin, Lanford,
and Ruelle, an infinite-dimensional system of interacting particles is defined by its local
characteristics: for finite sets of sites J C I, the conditional distribution p(dx”|x"\/) of
the configuration in J is specified given that the particles outside J are frozen in a fixed
configuration. This local description is a direct consequence of the physical parameters of
the problem. The model p is then defined as a probability measure (called a Gibbs measure)
that is compatible with the given system of local conditional distributions; see Sect. 2.1. This
setting gives rise to many classical questions in statistical mechanics [12,21]; for example,
the Gibbs measure may or may not be unique, reflecting the presence of a phase transition.

The Dobrushin comparison theorem [5, Theorem 3] provides a powerful tool to obtain
dimension-free estimates on the difference between the marginals of Gibbs measures p and
/5 in terms of the single site conditional distributions p(dx/ [x"\M71y and 5(dx/ |x"\U1) In its
simplified form due to Follmer [10], this result has become standard textbook material, cf.
[12, Theorem 8.20], [21, Theorem V.2.2]. It is widely used to establish numerous properties
of Gibbs measures, including uniqueness, decay of correlations, global Markov properties,
and analyticity [11,12,21], as well as functional inequalities and concentration of measure
properties [13,15,26], and has similarly proved to be useful in the analysis of algorithms on
random fields and interacting Markov chains [2,18,22,27].

Despite this broad array of applications, the assumptions required by the Dobrushin com-
parison theorem prove to be rather stringent. This can already be seen in the easiest qualitative
consequence of this result: the comparison theorem implies uniqueness of the Gibbs mea-
sure under the well-known Dobrushin uniqueness criterion [5]. Unfortunately, this criterion
is restrictive: even in models where uniqueness can be established by explicit computation,
the Dobrushin uniqueness criterion holds only in a small subset of the natural parameter
space (see, e.g., [25] for examples). This suggests that the Dobrushin comparison theorem
is a rather blunt tool. On the other hand, it is also known that the Dobrushin uniqueness
criterion can be substantially improved: this was accomplished in Dobrushin and Shlosman
[4] by considering a local description in terms of larger blocks p(dx” |x/\/) instead of the
single site specification p(dx/|x/\/}). In this manner, it is often possible to capture a large
part of or even the entire uniqueness region. The uniqueness results of Dobrushin and Shlos-
man were further generalized by Weitz [25], who developed general combinatorial criteria
for uniqueness. However, while the proofs of Dobrushin—Shlosman and Weitz also provide
some information on decay of correlations, they do not provide an analogue of the powerful
machinery for obtaining quantitative estimates on the difference between the marginal distri-
butions of different Gibbs measures p and p that the Dobrushin comparison theorem yields
in its more restrictive setting.

The aim of the present paper is to fill this gap. Our main results (Theorems 2.3 and
2.9) provide a direct extension of the Dobrushin comparison theorem to the much more
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general setting considered by Weitz [25], substantially extending the range of applicability
of the classical comparison theorem. While the classical comparison theorem is an immediate
consequence of our main result (Corollary 2.4), the usual proof does not appear to extend
easily beyond the single site setting. We therefore develop a different, though certainly related,
method of proof that systematically exploits the connection of Markov chains. In particular,
our main results are derived from a more general comparison theorem for Markov chains
that is applied to a suitably defined family of Gibbs samplers, cf. Sect. 3 below.

Our original motivation for developing generalized comparison theorems was the inves-
tigation of algorithms for filtering in high dimension. Filtering—the computation of the
conditional distributions of a random dynamical system given observed data—is a problem
that arises in a wide array of applications in science and engineering. Modern filtering algo-
rithms utilize sequential Monte Carlo methods to efficiently approximate the conditional
distributions [1]. Unfortunately, such algorithms suffer heavily from the curse of dimen-
sionality, making them largely useless in complex data assimilation problems that arise in
high-dimensional applications such as weather forecasting (the state-of-the-art in such appli-
cations is still dominated by ad-hoc methods). Motivated by such problems, we have begun
to investigate in [18] a class of regularized filtering algorithms that can, in principle, exhibit
dimension-free performance in models that possess decay of correlations. For the simplest
possible algorithm of this type, dimension-free error bounds are proved in [18] by systematic
application of the Dobrushin comparison theorem.

In order to ensure decay of correlations, [18] imposes a weak interactions assumption that
is dictated by the Dobrushin comparison theorem. As will be explained in Sect. 4, however,
this assumption is unsatisfactory already at the qualitative level: it limits not only the spatial
interactions (as is needed to ensure decay of correlations) but also the dynamics in time.
Overcoming this unnatural restriction requires a generalized comparison theorem, which
provided the motivation for our main results. As an illustration of our main results, and as a
problem of interest in its own right, the application to filtering algorithms will be developed
in detail in Sect. 4.

The remainder of this paper is organized as follows. Section 2 introduces the basic setup
and notation to be used throughout the paper, and states our main results. While the compari-
son theorem, being quantitative in nature, is already of interest in the finite setting card / < oo
(unlike the qualitative uniqueness questions that are primarily of interest when card /I = 00),
we will develop our main results in a general setting that admits infinite-range interactions.
The proofs of the main results are given in Sect. 3. The application to filtering algorithms is
finally developed in Sect. 4.

2 Main Results
2.1 Setting and Notation

We begin by introducing the basic setting that will be used throughout this section.

Sites and Configurations

Let I be a finite or countably infinite set of sites. Each subset J C [ is called a region; the
set of finite regions will be denoted as

J:={J C I :card J < o0}.
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To each site i € I is associated a measurable space S, the local state space. A configuration
is an assignment x; € S’ to each site i € 1. The set of all configurations S, and the set S’ of
configurations in a given region J C [, are defined as

S :=Hs", s’ .= Hsi.
iel ieJ

For x = (x;)ic1 € S, we denote by x7 = (x1)ies € S the natural projection on S’. When
JNK = &, we define z = x/ yX e S/YK such that 7/ = x”/ and zK = yX.

Local Functions

A function f : S — Ris said to be J-local if f(x) = f(z) whenever x’ = z/, that is, if
£ (x) depends on x’ only. The function f is said to be local if it is J-local for some finite
region J € J. When [ is a finite set, every function is local. When [ is infinite, however, we
will frequently restrict attention to local functions. More generally, we will consider a class
of “nearly” local functions to be defined presently.

Given any function f : S — R, define for / € J and x € S the J-local function

@ = @)
f is called quasilocal if it can be approximated pointwise by the local functions ij :

lim If () — f(x)| =0 forallx,z €S,

€

where limjcg a; denotes the limit of the net (ay);ecg where J is directed by inclusion €
(equivalently, a; — 0 if and only if a;, — O for every sequence Ji, Jo, ... € J such that

Ji € J, € - and |J; Ji = I). Let us note that this notion is slightly weaker than the
conventional notion of quasilocality used, for example, in [12].

Metrics

In the sequel, we fix for each i € [ a metric n; on S’ (we assume throughout that 7; is

measurable as a function on S’ x §'). We will write ||n; || = sup, . 1 (x, 2).
Given a function f : S — Randi € I, we define
N O R (]}

vozeS\i=g1\i - Mi (Xis Zi)

The quantity §; f measures the variability of f(x) with respect to the variable x;.

Matrices

The calculus of possibly infinite nonnegative matrices will appear repeatedly in the sequel.
Given matrices A = (A;}); jer and B = (B;;); je; with nonnegative entries A;; > 0 and
B;; > 0, the matrix product is defined as usual by

(AB)ij = Z Ak By
kel

This quantity is well defined as the terms in the sum are all nonnegative, but (AB);; may
possibly take the value +o00. As long as we consider only nonnegative matrices, all the usual
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rules of matrix multiplication extend to infinite matrices provided that we allow entries with
the value +o00 and that we use the convention +o0o - 0 = 0 (this follows from the Fubini—
Tonelli theorem, cf. [6, Chap. 4]). In particular, the matrix powers Ak k > 1 are well defined,
and we define A? =  where [ := (1;— )i, jer denotes the identity matrix. We will write
A < oo if the nonnegative matrix A satisfies A;; < oo forevery i, j € I.

Kernels, Covers, Local Characteristics

A transition kernel y from a measurable space (2, F) to a measurable space (2, F’) is a
map y :  x ¥ — R such that w — ¥,,(A) is a measurable function for each A € F’ and
Yo (+) is a probability measure for each w € 2, cf. [14]. Given a probability measure p on 2
and function f on €', we define as usual the probability measure (uy)(A) = f u(dw)y,(A)
on Q' and function (yf) (@) = [ yu(dw') f(«') on Q. A transition kernel y between product
spaces is called quasilocal if y f is quasilocal for every bounded and measurable quasilocal
function f.

Our interest throughout this paper is in models of random configurations, described by
a probability measure p on S. We would like to understand the properties of such models
based on their local characteristics. A natural way to express the local structure in a finite
region J € J is to consider the conditional distribution yXJ (dz”) = u(dz’|x"\) of the
configuration in J given a fixed configuration x’\/ for the sites outside J: conceptually, y’
describes how the sites in J “interact” with the sites outside J. The conditional distribution
v/ is a transition kernel from S to S”. To obtain a complete local description of the model,
we must consider a class of finite regions J that covers the entire set of sites /. Let us call a
collection of regions J € J a cover of I if every site i € [ is contained in at least one element
of J (note that, by definition, a cover contains only finite regions). Given any cover J, the
collection (y’ ) 7eg provides a local description of the model.

In fact, our main results will hold in a more general setting than is described above. Let
w be a probability measure on S and y7/ be transition kernel from S to S/. We say that p is

v/ -invariant if for every bounded measurable function f

/M(dx)f(x) Z/,u(dx) vl @z’ £ x"\V)y;

by a slight abuse of notation, we will also write sf = wy’ f’. This means that if the
configuration x is drawn according to pu, its distribution is unchanged if we replace the
configuration x” inside the region J by a random sample from the distribution y./, keeping
the configuration x/\’ outside J fixed. Our main results will be formulated in terms of
a collection of transition kernels (y’ )7seg such that J is a cover of I and such that p is
y”/ -invariant for every J € J. If we choose ny (dz”) = pu(dz’ |x"\7) as above, then the y” -
invariance of y holds by construction [ 14, Theorem 6.4]; however, any family of y 7 _invariant

kernels will suffice for the validity of our main results.

Remark 2.1 The idea that the collection (y”);cg provides a natural description of high-
dimensional probability distributions is prevalent in many applications. Statistical mechanical
models are usually defined in terms of such a family: to this end, one fixes a priori a family
of transition kernels (y7)eg, called a specification, that describes the local characteristics
of the model. The definition of 37 is done directly in terms of the parameters of the problem
(the potentials that define the physical interactions). A measure p on S is called a Gibbs
measure for the given specification if 1 (dz” |x'\) = yxj (dz”) for every J € 7, cf. [12,21].
The construction of Gibbs measures from specifications is not essential for the validity or
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applicability of our results, however: for example, in the application in Sect. 4 the model
is defined by certain conditional distributions of a high-dimensional Markov chain, and the
collection () scg is merely a device that is used in the proof. For this reason, we have not
phrased our results in terms of Gibbs measures, but rather in the more general setting of a
probability measure together with a family of invariant kernels.

2.2 Main Result

Let p and p be probability measures on the space of configurations S. Our main result,
Theorem 2.3 below, provides a quantitative bound on the difference between p and p in
terms of their local characteristics. Before we can state our results, we must first introduce
some basic notions. Our terminology is inspired by Weitz [25].

As was explained above, the local description of a probability measure p on S will be
provided in terms of a family of transition kernels. We formalize this as follows.

Definition 2.1 A local update rule for p is a collection (y”) je g where J is a cover of I, y/
is a transition kernel from S to S/ and p is y/ -invariant for every J € J.

In order to compare two measures p and 5 on the basis of their local update rules (y7) scg
and (57) g, we must quantify two separate effects. On the one hand, we must understand
how the two models differ locally: that is, we must quantify how y/ and 7 differ when
acting on the same configuration x. On the other hand, we must understand how perturbations
to the local update rule in different regions interact: to this end, we will quantify the extent
to which y./ and yZJ differ for different configurations x, z. Both effects will be addressed by
introducing a suitable family of couplings. Recall that a probability measure Q on a product
space 2 x 2 is called a coupling of two probability measures 1, v on € if its marginals
coincide with w, v, thatis, if Q(- x Q) = and Q(2 x -) =v.

Definition 2.2 A coupled update rule for (p, p) is acollection (7, 77, 07, Q])jeg, where
d is a cover of I, such that the following properties hold:

1. (v)) Jeg and (2! Jeg are local update rules for p and p, respectively.
2. Q] .isacouplingof y/, ./ forall J € 4, x,z € S with card{i : x; # z;} = 1.
3. Q7 isacoupling of y/, 7/ forall J € §, x €.

‘We can now state our main result.

Theorem 2.3 Let J be a cover of I, let (wy) jeg be a family of strictly positive weights, and

~

let (', 77,07, 07)jcg be a coupled update rule for (p, p). Define

Wiji=1;=; z wy,

Jegdiel
1
Rij == sup m Z wy Q,{,Zni,
x,zE€S: ASYERY) .
N Jedies
* ~
aji= 3wy [ tn 0l

Jed:jeld
fori, j € 1. Assume that y” is quasilocal for every J € J, and that

Wi <1 and lim > (I =W+ R} (p®p)n; =0 foralli e I. )
n—oo <1
J€
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Then we have

oo
lof = Bf1 = 2 8if DijWilaj where D=3 (W'R)",
i,jel n=0

for any bounded measurable quasilocal function f such that 8; f < oo foralli € I.

Remark 2.2 While it is essential in the proof that 7 and 7/ are transition kernels, we do not
require that Q7 and Q7 are transition kernels in Definition 2.2, that is, the couplings Q){ Z

and Q ){ need not be measurable in x, z. It is for this reason that a; are defined in terms of an
outer integral rather than an ordinary integral [23]:

/*f(x)p(dx) := inf ‘ /g(x) pldx): f<g, gis measurable].

When x > O In j is measurable this issue can be disregarded. In practice measurability will
hold in all but pathological cases, but may not always be trivial to prove. We therefore allow
for nonmeasurable couplings for sake of technical convenience, so that it is not necessary to
check measurability when applying Theorem 2.3.

The proof of Theorem 2.3 will be given in Sects. 3.1-3.3. At the heart of the proof lies
a general but rather elementary comparison theorem for the invariant measures p and p of
two given Markov kernels G and G, which is proved in Sect. 3.1. If ZJ wy < oo, then p, p
are invariant for G o« > ; wyy’ and G ; wy 7’ by construction, and the application
of the general comparison theorem of Sect. 3.1 is straightforward. In this case, an essentially
complete proof is obtained in Sect. 3.2. The main complication in Theorem 2.3 is that we
have not assumed summability of the weights; the analysis of the general case is performed
in Sect. 3.3.

In the remainder of this section, we formulate a number of special cases and extensions
of Theorem 2.3. A detailed application is developed in Sect. 4.

2.3 The Classical Comparison Theorem

The original comparison theorem of Dobrushin [5, Theorem 3] and its formulation due to
Follmer [10] correspond to the special case of Theorem 2.3 where the cover J = Js := {{i} :
i € I} consists of single sites. For example, the main result of [10] follows readily from
Theorem 2.3 under a mild regularity assumption. To formulate it, recall that the Wasserstein
distance dy (1, v) between probability measures v and v on a measurable space 2 with
respect to a measurable metric 7 is defined as
dy(p, v) = Q(-gg):u On,
0(2x)=v

where the infimum is taken over probability measures Q on 2 x 2 with the given marginals
wn and v. We now obtain the following (cf. [10] and [11, Remark 2.17]).

Cm“ollary 24 ([_10]) Assume S' is Polish and n; is lower-semicontinuous for all i € I. Let
(y i and 711 be local update rules for p and p, respectively, and let

iy i}
dy. , V2
Cij — sup i v )

x,z€S: nj(xj,z;)
ANy AT

* . .
b= [ B dy, ol A0

@ Springer



Comparison Theorems for Gibbs Measures 241

Assume that y') is quasilocal for every i € I, and that

nli)ngozcl-"j(p ®p)n;j =0 foralli €.
jel

Then we have

o0
lof —AfI < D 8if Dijbj where D:=» C",

i,jel n=0

for any bounded measurable quasilocal function f such that 8; f < oo foralli € I.

If Q/{ri,}z, Qi'} are minimizers in the definition of d, (yx{i}, yz{i}), dy, (yx{i}, )7x{i}), respec-
tively, and if we let § = Js and wy;; = 1 foralli € I, then Corollary 2.4 follows immediately
from Theorem 2.3. For simplicity, we have imposed the mild topological regularity assump-
tion on S and n; to ensure the existence of minimizers [24, Theorem 4.1] (when minimizers
do not exist, it is possible to obtain a similar result by using near-optimal couplings). Note
that when 7; (x, z) = 1y, is the trivial metric, the Wasserstein distance reduces to the total
variation distance

ot v) = Sl —vll =5 sup luf —vfl when n(r,9)= Lo
SAfl=t

and an optimal coupling exists in any measurable space [5, p. 472]. Thus in this case no

regularity assumptions are needed, and Corollary 2.4 reduces to the textbook comparison

theorem that appears, e.g., in [12, Theorem 8.20] or [21, Theorem V.2.2].

While the classical comparison theorem of Corollary 2.4 follows from our main result,
it should be emphasized that the single site assumption J = Js is a significant restriction.
The general statement of Theorem 2.3 constitutes a crucial improvement that substantially
extends the range of applicability of the comparison method, as we will see below and in
Sect. 4. Let us also note that the proofs in [5,10], based on the “method of estimates,” do not
appear to extend easily beyond the single site setting.

2.4 Alternative Assumptions

The key assumption of Theorem 2.3 is (1). The aim of the present section is to obtain useful
alternatives to assumption (1) that are easily verified in practice.
We begin by defining the notion of a tempered measure [11, Remark 2.17].

Definition 2.5 A probability measure p on S is called x*-tempered if

sup/u(dx) ni (xi, x7) < 0.

iel
In the sequel x* € S will be considered fixed and p will be called tempered.

It is often the case in practice that the collection of metrics is uniformly bounded, that is,
sup; [Imi || < oo. In this case, every probability measure on S is trivially tempered. However,
the restriction to tempered measures may be essential when the spaces S' are noncompact
(see [5, Sect. 5] for an illuminating example).

Let us recall that a norm || - || defined on an algebra of square (possibly infinite) matrices
is called a matrix norm if || AB|| < ||A|| || B||. We also recall that the matrix norms || - ||o and
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| - II1 are defined for nonnegative matrices A = (A;}); jer as

IAlloo == sup >~ Ayj, Al == sup > Ayj.
. up

i€l g Jel g

The following result collects various alternatives to (1). It is proved in Sect. 3.4.

Corollary 2.6 Suppose that p and p are tempered. Then the conclusion of Theorem 2.3
remains valid when the assumption (1) is replaced by one of the following:

card I < oo and D < oo.

card I < 00, R < 00, and |(W™'R)*|| < 1 for some n > 1, matrix norm || - |.

sup; Wi < oo and |[W™'R||« < 1.

sup; Wi; < o0, IRW oo < 00, and |(RW ™1 lso < 1 for some n > 1.

sup; Wi; < 00, > Inill < oo, and |[RW Y|} < 1.

sup; W;; < oo, there exists a metric m on I such that sup{m(i, j) : R;; > 0} < oo and
sup; >_; ¢ PP < oo forall B > 0, and ||IRW =" < 1.

A e

The conditions of Corollary 2.6 are closely related to the uniqueness of Gibbs measures.
Suppose that the collection of quasilocal transition kernels (y7) ey is a local update rule
for p. It is natural to ask whether p is the unique measure that admits (yJ )Jeg as a local
update rule (see Remark 2.1). We now observe that uniqueness is a necessary condition for
the conclusion of Theorem 2.3. Indeed, let o be another measure that admits the same local
update rule. If (1) holds, we can apply Theorem 2.3 with 7/ = y/ and a j = 0 to conclude
that p = p. In particular, Zj —-w+ R)l'.f,. — 0 in Theorem 2.3 implies uniqueness in the
class of tempered measures.

Of course, the point of Theorem 2.3 is that it provides a quantitative tool that goes far
beyond qualitative uniqueness questions. It is therefore interesting to note that this single
result nonetheless captures many uniqueness conditions that appear in the literature. In Corol-
lary 2.6, Condition 3 is precisely the “influence on a site” condition of Weitz [25, Theorem
2.5] (our setting is even more general in that we do not require bounded-range interactions).
Conditions 5 and 6 constitute a slight strengthening of the “influence of a site” condition of
Weitz [25, Theorem 2.7] under summable metric or subexponential graph assumptions, in
the spirit of the classical uniqueness condition of Dobrushin and Shlosman [4]. In the finite
setting with single site updates, Condition 2 is in the spirit of [8] and Condition 4 is in the
spirit of [7].

On the other hand, we can now see that Theorem 2.3 provides a crucial improvement
over the classical comparison theorem. The single site setting of Corollary 2.4 corresponds
essentially to the original Dobrushin uniqueness regime [5]. It is well known that this setting
is restrictive, in that it captures only a small part of the parameter space where uniqueness of
Gibbs measures holds. It is precisely for this reason that Dobrushin and Shlosman introduced
their improved uniqueness criterion in terms of larger blocks [4], which in many cases allows
to capture a large part of or even the entire uniqueness region; see [25, Sect. 5] for examples.
The generalized comparison Theorem 2.3 in terms of larger blocks can therefore be fruitfully
applied to a much larger and more natural class of models than the classical comparison
theorem. This point will be further emphasized in the context of the application in Sect. 4.

Remark 2.3 The “influence of a site” condition | RW~!||; < 1 that appears in Corollary 2.6
is slightly stronger than the corresponding condition of Dobrushin—Shlosman [4] and Weitz
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[25, Theorem 2.7]. Writing out the definition of R, our condition reads

1
-1 -1 J
IRW =l =supW ' D" sup ———— > wy o) mi< 1,
jel M icl  XzES: nj(xj,zj) Jegiel ,
I\ =71\ !

while the condition of [25, Theorem 2.7] (which extends the condition of [4]) reads

_ 1
sup Wjj1 sup 72 Z wy Q){,zm < 1.

Jel X/\fcj")zzezsf\(” i (xj’ Z'/) icl Jegdiel
The latter is slightly weaker as the sum over sites i appears inside the supremum over
configurations x, z. While the distinction between these conditions is inessential in many
applications, there do exist situations in which the weaker condition yields an essential
improvement, see, e.g., [25, Sect. 5.3]. In such problems, Theorem 2.3 is not only limited
by the stronger uniqueness condition but could also lead to poor quantitative bounds, as the
comparison bound is itself expressed in terms of the uniform influence coefficients R;;. It
could therefore be of interest to develop comparison theorems that are able to exploit the finer
structure that is present in the weaker uniqueness condition. In fact, the proof of Theorem
2.3 already indicates a natural approach to such improved bounds. However, the resulting
comparison theorems are necessarily nonlinear in that the action of the matrix R is replaced
by a nonlinear operator R. The nonlinear expressions are somewhat difficult to handle in
practice, and as we do not at present have a compelling application for such bounds we do
not pursue this direction here. However, for completeness, we will briefly sketch how such
bounds can be obtained in Remark 3.1 below.

2.5 A One-Sided Comparison Theorem

As was discussed in Sect. 2.1, it is natural in many applications to describe high-dimensional
probability distributions in terms of local conditional probabilities of the form w(dz” |x1\).
This is in essence a static picture, where we describe the behavior of each local region J
given that the configuration of the remaining sites /\J is frozen. In models that possess
dynamics, this description is not very natural. In this setting, each site i € I occurs at a given
time t(i), and its state is only determined by the configuration of sites j € I in the past
and present 7(j) < t(i), but not by the future. For example, the model might be defined
as a high-dimensional Markov chain whose description is naturally given in terms of one-
sided conditional probabilities (see, e.g., [9] and the application in Sect. 4). It is therefore
interesting to note that the original comparison theorem of Dobrushin [5] is actually more
general than Corollary 2.4 in that it is applicable both in the static and dynamic settings. We
presently develop an analogous generalization to Theorem 2.3.

For the purposes of this section, we assume that we are given a function t : [ — Z that
assigns to each site i € I an integer index (/). We define

Io:={iel:t@i) <k}, S :=S=,
and for any probability measure p on S we denote by p<; the marginal on S<y.

Definition 2.7 A one-sided local update rule for p is a collection (y”) j¢ g where

1. Jis acover of I such that min;c; 7(i) = max;c; (i) =: 7(J) forevery J € J.
2. )/] is a transition kernel from S<.(y) to s”.
3. p<r(y) is y’ -invariant for every J € J.
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The canonical example of a one-sided local update rule is to consider the one-sided
conditional distributions yx] (dz”) = p(dz’ |x"s«»\). This situation is particularly useful
in the investigation of interacting Markov chains or probabilistic cellular automata, cf. [5,9],
where 7 (j) denotes the time index of the site j and we condition only on the past and present,
but not on the future.

Definition 2.8 A one-sided coupled update rule for (p, p) is a collection of transition kernels
(v’, 77,07, 07) jeg such that the following hold:

1. (y)) Jeg and 02 Jeg are one-sided local update rules for p and p, respectively.
2. Q){’Z is a coupling of yxj, yzj for J € d,x,z € S<ryy s.tocard{i : x; #z;} = 1.

3. Q{ is a coupling of yxj, )7XJ for J € J,x € S<¢(y).
We can now state a one-sided counterpart to Theorem 2.3.

Theorem 2.9 Let (y’, 77, 07, QJ)Jeg be a one-sided coupled update rule for (p, p) and
let (wy)jeg be a family of strictly positive weights. Define the matrices W and R and the
vector a as in Theorem 2.3. Assume that y” is quasilocal for every J € §,

o0
Z Dij (p® p)nj < oo foralli € I where D := Z(W_IR)”, 2)
jel n=0

and that (1) holds. Then we have

~ -1
lof =Bf1< D 8if Dy Wila

i,jel
for any bounded measurable quasilocal function f such that 8; f < oo foralli € I.

Note that the result of Theorem 2.9 is formally the same as that of Theorem 2.3, except
that we have changed the nature of the update rules used in the coefficients. We also require a
further assumption (2) in addition to assumption (1) of Theorem 2.3, but this is not restrictive
in practice: in particular, it is readily verified that the conclusion of Theorem 2.9 holds under
any of the conditions of Corollary 2.6.

3 Proofs
3.1 General Comparison Principle

The proof of Theorem 2.3 is derived from a general comparison principle for Markov chains
that will be formalized in this section. The basic idea behind this principle is to consider two
transition kernels G and G on S such that pG = G and G = p. One should think of G as
the transition kernel of a Markov chain that admits p as its invariant measure, and similarly
for G. The comparison principle of this section bounds the difference between the invariant
measures p and p in terms of the transition kernels G and G.In the following sections, we
will apply this principle to a specific choice of G and G that is derived from the coupled
update rule.

We first recall a standard notion in the analysis of high-dimensional Markov chains [9]
(note that our indices are reversed as compared to the definition in [9]).
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Definition 3.1 (V;;); jer is a Wasserstein matrix for a transition kernel G on S if
8iGf <D 8if Vi
iel

for every j € I and bounded and measurable quasilocal function f.
‘We now state our general comparison principle.

Proposition 3.2 Let G and G be transition kernels on S such that pG = p and 5G = p,
and let Qy be a coupling between the measures G and Gy for every x € S. Assume that G
is quasilocal, and let V be a Wasserstein matrix for G. Then we have

*
or =012 3 ar N [ 5@n 0+ X as Vi o ® .
ijel ijel

where we defined

n—1
N® =" vk
k=0
for any bounded and measurable quasilocal function f andn > 1.

Theorem 2.3 will be derived from this result. Roughly speaking, we will design the kernel
G such that V = I — W + R is a Wasserstein matrix; then assumption (1) implies that the
second term in Proposition 3.2 vanishes as n — oo, and the result of Theorem 2.3 reduces
to some matrix algebra (as will be explained below, however, a more complicated argument
is needed to obtain Theorem 2.3 in full generality).

To prove Proposition 3.2 we require a simple lemma.

Lemma 3.3 Let Q be a coupling of probability measures i, v on S. Then

lwf —vfl <D 8 f Omi

iel
for every bounded and measurable quasilocal function f.

Proof Let J € J. Enumerate its elements arbitrarily as J = {ji, ..., j-}, and define Ji
={j1,..., jk} for 1 <k <r and Jy = @. Then we can evidently estimate

@ = K@< D IR NV = (e < 785 0z, 2.
k=1 jeJ

As f is quasilocal, we can let J 1 [ to obtain

1f@) = FOI <D 8if mizi, %)

iel
The result follows readily as |uf — vf| < [1f(2) — f(2)| Q(dz, dZ). O

We now proceed to the proof of Proposition 3.2.
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Proof (Proposition 3.2) We begin by writing

lof —pfl=1pG"f — pG" f|

<D PG HIGH f — 5GTRGE f1 410G f — 5G]

|
—_

I
—_ O

= > 1pGG* f — GG  f|+1pG" f — pG" fI.
k=0

As G is assumed quasilocal, G* f is quasilocal, and thus Lemma 3.3 yields
5GGHf = BGGHf1 = [ 5dx) 16,6 = G.GH 1

< [ 50 38,64 0y

Jjel

=S arvh [ san o

i,jel
Similarly, as p ® p is a coupling of p, p, we obtain by Lemma 3.3

pG" f = pG" fI < D 8;G"f(p@ ) < D 8if Vli(p® ).
jel i,jel

Thus the proof is complete. O

3.2 Gibbs Samplers

To put Proposition 3.2 to good use, we must construct kernels G and G for which p and
are invariant, and that admit tractable estimates for the quantities in the comparison theorem
in terms of the coupled update rule (y”/, 77/, 07, QJ)Jeg and weights (wy)eg. To this
end, we will use a standard construction called the Gibbs sampler: at each time, we draw
a region J € J with probability v; o wy, and then apply the transition kernel y7 to the
current configuration. This defines a transition kernel G for which p is G-invariant (as p
is 7 -invariant for every J € J). The construction for G is identical. As will be explained
below, this is not the most natural construction for the proof of our results; however, it will
form the basis for further computations.

We fix throughout this section a coupled update rule (yJ, )71, 0/, Ql)jeg for (p, p) and
weights (w ) jeg satisfying the assumptions of Theorem 2.3.Letv = (v;) jcg be nonnegative
weights such that > 7 vy < 1. We define the Gibbs samplers

GY(A):=1-> vy 1A(x)+zu,/1A(zfx’\’)yX’(dz’),
Jed Jed
GYA) = (1= v/ | a0 + D vy / 14"y 7l 2.

Jed Jed

Evidently GY and G" are transition kernelson S, and pG" = p and 5G" = by construction.
To apply Proposition 3.2, we must establish some basic properties.
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Lemma 3.4 Assume that y” is quasilocal for every J € J. Then G is quasilocal.

Proof Let f : S — S be abounded and measurable quasilocal function. It evidently suffices
to show that y” 7 is quasilocal for every J € J. To this end, let us fix J € J, x,z € S, and
Ji,J2,...€Jsuchthat J; € J, € --- and | J; J; = I. Then we have

7 i—»oo g .
Yoy > V; setwise

as 7 is quasilocal. On the other hand, we have

fzjix,\,[ —— f; pointwise
as f is quasilocal. Thus by [19, Proposition 18, p. 270] we obtain

J J =00 J o)
Vi yINJ; leixl\Jl- — v 17

As the choice of x, z and (J;);> is arbitrary, the result follows. O

Lemma 3.5 Assume that y”’ is quasilocal for every J € §J, and define

Wi‘;' = 1,':./' z vy,

Jegdiiel

Vo 1 J
Rij = supS m Z vy Qx,zni.
x,z€S: VASIERY m
AU\ Jedies
Then V¥ =1 — WY + RY is a Wasserstein matrix for G.

Proof Let f : S — S be a bounded measurable quasilocal function, and let x,z € S be
configurations that differ at a single site card{i € I : x; # z;} = 1. Note that

vl =wlesanf v =0 esnf

As QAJ,,Z is a coupling of yXJ and )/ZJ by construction, the measure Q/{,z ® 8,1 @8, isa
coupling of y/ ® 8,1/ and yzj ® 8,1s. Thus Lemma 3.3 yields

v 1=y 1 < Z&'f (Q].®8,10 ®8.0)mi

iel
=D 85f 0l i+ D 8ifnilxiz).
ieJ iel\J

In particular, we obtain

GV f(x) = G¥ f(2)] < (1 - w)lf(x) —F@I+ D vl 7 —v! £

Jegd Jed

< (1 — Zvj) Z&'f ni (xi, zi)

Jed iel
" zw(zw ol i+ S ﬁifm(xi,z,'))
Jed iel iel\J

=D 5= WiniGioz) + D 8if D v QL mi.

iel iel Jediel
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Now suppose that x/\/} = z/\J} (and x # z). Then by definition
Z vy Q){,zm < RYinj(xj,vp),
Jegdied
and we obtain
|G f(x) — G f(2)]

nj(xj,z;)

<8 fUL— WY+ D 8 f Ry

iel
Thus VY =T — WY + RY satisfies Definition 3.1. O

Using Lemmas 3.4 and 3.5, we can now apply Proposition 3.2.

Corollary 3.6 Assume that v’ is quasilocal for every J € §J. Then
lof =Bf1< D 8 f NS ay+ D 6if (L= WY+ RV (p ® )
i.jel i.jel
for every n > 1 and bounded and measurable quasilocal function f, where

n—1
NYO =1 = WY+ RV
k=0

and the coefficients (a}’)jel are defined by ajv. = Z]eﬁ:je.] vy f* p(dx) QA){r]j.

Proof LetG = GY,G = G",V = I—WY+RY inProposition 3.2. The requisite assumptions
are verified by Lemmas 3.4 and 3.5, and it remains to show that there is a coupling Qy of
G and Gy such that f* p(dx) Oxnj < a; forevery j € I. But

0.8 = (1 —Zvj)g(x,x)—i-ZUJ/Q){(dzf,dzf)g(szI\JijI\J)

Jeg Jed

is easily verified to satisfy the necessary properties. O

In order for the Gibbs sampler to make sense, the weights v; must be probabilities. This
imposes the requirement > ; v; < 1. If we were to assume that >, w; < I, we could
apply Corollary 3.6 with v; = w;. Then assumption (1) guarantees that the second term in
Corollary 3.6 vanishes as n — oo, which yields

o0
lof =Afl < D 8if Nijaj with N:=> (I-W+RE
i,jel k=0

The proof of Theorem 2.3 would now be complete after we establish the identity

o0 o0
N=>U-W+R'=> W 'RfWw!=Dw"
k=0 k=0
This simple matrix identity will be proved in the next section. The assumption that the weights
w are summable is restrictive, however, when [ is infinite: in Theorem 2.3 we only assume
that W;; < 1 for all i, so we cannot set v; = wy.
When the weights w; are not summable, it is not natural to interpret them as probabil-
ities. In this setting, a much more natural construction would be to consider a continuous
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time counterpart of the Gibbs sampler called Glauber dynamics. To define this process, one
attaches to each region J € J an independent Poisson process with rate w,, and applies
the transition kernel 7 at every jump time of the corresponding Poisson process. Thus w
does not represent the probability of selecting the region J in one time step, but rather the
frequency with which region J is selected in continuous time. Once this process has been
defined, one would choose the transition kernel G to be the transition semigroup of the con-
tinuous time process on any fixed time interval. Proceeding with this construction we expect,
at least formally, to obtain Theorem 2.3 under the stated assumptions.

Unfortunately, there are nontrivial technical issues involved in implementing this
approach: it is not evident a priori that the continuous time construction defines a well-
behaved Markov semigroup, so that it is unclear when the above program can be made
rigorous. The existence of a semigroup has typically been established under more restric-
tive assumptions than we have imposed in the present setting [17]. In order to circumvent
such issues, we will proceed by an alternate route. Formally, the Glauber dynamics can be
obtained by an appropriate scaling limit of discrete time Gibbs samplers. We will also utilize
this scaling, but instead of applying Proposition 3.2 to the limiting dynamics we will take the
scaling limit directly in Corollary 3.6. Thus, while our intuition comes from the continuous
time setting, we avoid some technicalities inherent in the construction of the limit dynamics.
Instead, we now face the problem of taking limits of powers of infinite matrices. The requisite
matrix algebra will be worked out in the following section.

Remark 3.1 Let us briefly sketch how the previous results can be sharpened to obtain a
nonlinear comparison theorem that could lead to sharper bounds in some situations. Assume
for simplicity that >, wy < 1. Then V = I — W + R is a Wasserstein matrix for G by
Lemma 3.5. Writing out the definitions, this means §(Gf) < §(f)V where

(BV);j =D _Bi sup [1,-,(1 -> wJ) n/(x”m > wy Q“m}

: x,z€S: .
iel U=\ Jiel Jiield

(here we interpret § = (Bi)ier and 8(f) = (3; f)ier as row vectors). However, from the
proof of Lemma 3.5 we even obtain the sharper bound §(Gf) < V[§(f)] where

VB, = Zﬂl{ t_.,»(l -> w,) n,(x,,z/) > wy Q“m]

Fina Z,\mle1 JieJ Jiiel

is defined with the supremum over configurations outside the sum. The nonlinear operator V
can now be used much in the same way as the Wasserstein matrix V. In particular, following
the identical proof as for Proposition 3.2, we immediately obtain

n—1 %
lof —hfl < szk[a<.f>]j/ pldx) Qenj+ D V"8 (p @ p)nj,

jel k=0 jel

where V¥ denotes the kth iterate of the nonlinear operator V. Proceeding along these lines,
one can develop nonlinear comparison theorems under Dobrushin—Shlosman type conditions
(see Remark 2.3). The nonlinear expressions are somewhat tedious to handle, however, and
we do not develop this idea further in this paper.
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3.3 Proof of Theorem 2.3

Throughout this section, we work under the assumptions of Theorem 2.3. The main idea of
the proof is the following continuous scaling limit of Corollary 3.6.

Proposition 3.7 Let t > 0. Define the matrices

0 ik ,—t
— _ k mn._N1¢ B k
N._g(l W+RK Vv ._§ a =W R

Then we have, under the assumptions of Theorem 2.3,
lof —Bf1< > 8if Njaj+ > 8 f Vi (o ® pn;
i,jel i,jel
for every bounded measurable quasilocal function f such that é; f < oo foralli € I.

Proof Without loss of generality, we will assume that f is a local function (so that only
finitely many §; f are nonzero). The extension to quasilocal f follows readily by applying
the local result to ij and letting J 1 [ as in the proof of Lemma 3.3.

As the cover J is at most countable (because J is countable), we can enumerate its elements
arbitrarily as § = {Ji, J2, .. .}. Define the weights v = (v'}) jeg as

o wy when J = Ji fork <,
7710 otherwise.

For every r € N, the weight vector uv" evidently satisfies >, uv’, < 1 forall u > 0
sufficiently small (depending on r). The main idea of the proof is to apply Corollary 3.6 to
the weight vector v = (¢/n)v", then let n — o0, and finally r — oo.

Let us begin by considering the second term in Corollary 3.6. We can write

. . t t , -\
(I — Wa/mv" 4 Ru/mviyn ((1 — 5)1 + ;(1 - WY +RY ))

! n t n—k t k v N
:zk 1—— -) U-WY +RY)
=0 n n
=E[(I - WY +R")™],

where we defined the Binomial random variables Z,, ~ Bin(n, t/n). The random variables
Z, converge weakly as n — oo to the Poisson random variable Z, ~ Pois(#). To take the
limit of the above expectation, we need a simple estimate.

Lemma 3.8 Let (c;) je; be any nonnegative vector. Then

DU=WY + R e <28 max D (I =W+ R ¢,
jel

foreveryi € I and k > 0.
Proof As RY is nondecreasing in v we obtain the elementwise estimate

I—WY 4RV <I+R<I+(—-W+R),
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where we have used W;; < 1. We therefore have

SU-W + R e <> U+ =W +RD ¢

jel jel
(K
¢
=> (z) DU=W+R) ¢,
£=0 jel
and the proof is easily completed. O

Define the random variables
Xy =g(Zy) with gk)y= D 8fU—-W" +R)(p®p);.
ijel

Then X,, — X~ weakly by the continuous mapping theorem. On the other hand, applying
Lemma 3.8 with ¢; = (p ® p)n; we estimate g(k) < C2F for some finite constant C < 00
and all £ > 0, where we have used (1) and that f is local. As

lim sup sup E[2% "1pzn5y] < llm u” ' sup E[4%] = 11m uted =0,
u—00 n>1 —>00 n>1

it follows that the random variables (X, ),>1 are uniformly integrable. We therefore conclude
that E[X,] — E[X] as n — oo (cf. [14, Lemma 4.11]). In particular,

lim > 8if (1= WY 1 RN (0@ pyny = D 8if Vil (o @ By,

n—o00

i,jel i,jel
where
0] 0 tkeft .
rlr] _ _ v \d
Vit = kEO 7 (I—-W" 4+ R")".

Now let » — oo. Note that WY 4 W and RY 4 R elementwise and, as in the proof of
Lemma 3.8, we have I — WY + RY < I+ (I — W + R) elementwise where

k—t
Zzt S U+ =W+ R (0@ o
k=01i,jel
<e'sup D Sif(I—W+R);(p®p)n;
>0

i,jel

is finite by (1) and as f is local. We therefore obtain by dominated convergence

t/n)v" (t/n)v" 1
rgrgongrgozlaf(l W + RYDYYL (p® pynj = Zlafv” (p® ).
L,J€ i.je

That is, the second term in Corollary 3.6 with v = (¢/n)v" converges asn — oo andr — 00
to the second term in statement of the present result.
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It remains to establish the corresponding conclusion for the first term in Corollary 3.6,
which proceeds much along the same lines. We begin by noting that

1S ; = k
2 > (GO Ty
k=0

()-5) () o ewy
1 —— —) U—-—W" +R")
l n n

> p w4+ R
=0

I
3\»—
M»

where we have defined

1n—] k P k—¢ ¢ ¢

(n)

W=z ()0-5) ()
ni= 14 n n
1 t ¢ t sn/t]|—¢ ¢ l

=/, )00 ().

t o/n V4 n n

for £ < n. An elementary computation yields

o) ) o) _ 1 ["ste
Ep =1 and p, —>pZ :7/ ds.
t Jo 2!
(n)

We can therefore introduce {0, 1, .. .}-valued random variables Y, with P[Y, = {] = p,
for £ < n, and we have shown above that ¥, — Y., weakly and that

nl

72(1 W(t/n)v R(t/n)v’)k :E[(l _ WVr _’_er)yn].
The first term in Corollary 3.6 with v = (¢/n)Vv" can be written as

n—1
S8 S S = WY 4 RUMY L WY gy, ),

ijel k=0
where we have defined
hky= > 8if (I —W" + R a}
ijel

We now proceed essentially as above. We can assume without loss of generality that

iugZ(Sf(I—W+R)lja]<oo
>

i,jel

as otherwise the right-hand side in the statement of the present result is infinite and the
estimate is trivial. It consequently follows from Lemma 3.8 that i (k) < C2* for some finite
constant C < oo and all k¥ > 0. A similar computation as above shows that (h(Y,)),>0
is uniformly integrable, and thus E[h(Y,)] — E[h(Ys)]. In particular, the first term in
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Corollary 3.6 with v = (#/n)v" converges as n — o0 to

n—1

- , Pk /v :
Jim D08 f D (= WY ROUDYYE G = D i f Nfjay
ijel k=0 ijel

where
s ! Skeis r N
ro_ _ wY v
N —kgo/o 0 ds (I — WY +R")".

Similarly, letting r — oo and repeating exactly the arguments used above for the second
term of Corollary 3.6, we obtain by dominated convergence

n—1
Tim lim 78 f D (1= WY RO QY =S 5 N aj,
ijel k=0 ijel

where
B o0 tske—s ‘
N:Z/O - ds (I — W + R)*.
k=0

To conclude, we have shown that applying Corollary 3.6 to the weight vector v = (¢/n)v”
and taking the limit as n — oo and r — 00, respectively, yields the estimate

lof —pf1 < > 8if Njaj+ . 8if Vil (0@ pyn;.

i,jel i,jel

It remains to note that tXe ' / k! is the density of a Gamma distribution (with shape k + 1 and
scale 1), so fot ske_s/k!ds < 1 and thus N < N elementwise. O
We can now complete the proof of Theorem 2.3.

Proof (Theorem 2.3) Once again, we will assume without loss of generality that f is a local
function (so that only finitely many §; f are nonzero). The extension to quasilocal f follows
readily by localization as in the proof of Lemma 3.3.

We begin by showing that the second term in Proposition 3.7 vanishes as t — oo. Indeed,
for any n > 0, we can evidently estimate the second term as

0k ,—t nook,—t
the P - ¢ _ the
> Zaif<lfw+k>,»j(p®p>njsiggzaifafww),-ﬂmmm >
k=0 i,jel =V jel k=0
+sup D8 f (U —W+R (p® P
{>n

i,jel

By assumption (1) and as f is local, the two terms on the right vanish ast — oo andn — oo,
respectively. Thus second term in Proposition 3.7 vanishes as t — 00.
We have now proved the estimate

lof =Bl < D 8if Nijaj.

ijel
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To complete the proof of Theorem 2.3, it remains to establish the identity N = DW~!. This
is an exercise in matrix algebra. By the definition of the matrix product

P
I-W+RP=> > (I=W)*R---(I - W)" R(I — W)™,
k=0 NQyeens ”kZO
no+-+ng=p—k

We can therefore write

[e°]

DU=WHRP=D" > > Iygrogmmpilisp( = WY R+ (I = WY" R(I — W)"

p=0 k=0 ng,...,nx>0 p=0

o0
=z Z (I=W)Y*R---(I — WY"R(I — W)"
k=0 ng,...,ny=0
o0
=S W Ry w-,
k=0

where we used W—! = ZZOZO(I — W)™ as W is diagonal with 0 < W;; < 1. ]
3.4 Proof of Corollary 2.6

Note that sup; W;; < oo in all parts of Corollary 2.6 (either by assumption or as card / < 00).
Moreover, it is easily seen that all parts of Corollary 2.6 as well as the conclusion of Theorem
2.3 are unchanged if all the weights are multiplied by the same constant. We may therefore
assume without loss of generality that sup; W;; < 1.

Next, we note that as p and p are tempered, we have

sup (o ® P)ni < suppn;(-,x;)+suppni(x/, ) <oo

iel iel iel
by the triangle inequality. To verify (1), it therefore suffices to show that
. k .
Jim DU =W+R); =0 foralli el )
jel
We now proceed to verify this condition in the different cases of Corollary 2.6.

Proof (Corollary 2.6.1) It was shown at the end of the proof of Theorem 2.3 that

oo oo
SDU-WH+R => W 'Rfw ! =pw
k=0 k=0

As W1 has finite entries, D < oo certainly implies that (I — W 4+ R)*¥ — 0 as k — oo
elementwise. But this trivially yields (3) when card / < oo. O

Proof (Corollary 2.6.2) Note that we can write
o0 n—1 e
D= WI'R* =D W'RP> (W IR)"™.
k=0 p=0 k=0
Therefore, if R < oo and ||[(W~'R)"|| < 1, we can estimate

n—1
Z(W_IR)”

p=0

DWW R | < oo

k=0

1Dl =

@ Springer



Comparison Theorems for Gibbs Measures 255

Thus D < oo and we conclude by the previous part. O

Proof (Corollary 2.6.3) We give a simple probabilistic proof (a more complicated matrix-
analytic proof could be given along the lines of [20, Theorem 3.21]). Let P = W~'R.
As |P|looc < 1, the infinite matrix P is substochastic. Thus P is the transition proba-
bility matrix of a killed Markov chain (X,),>0 with P[X,, = j|X,—1 = i] = P;; and
P[X,isdead| X, = i] =1 — Zj P;j (once the chain dies, it stays dead). Denote by
¢ = inf{n : X,, is dead} the killing time of the chain. Then we obtain

P[{ > n|Xo = i] = P[X, is not dead|Xo = il = D> Plj < [P"lloo < [ PIl%.

jel
Therefore, as || P|lcoc < 1, we find by letting n — oo that P[¢ = oo|Xo = i] = 0. That is,
the chain dies eventually with unit probability for any initial condition.

Nowdefine P=1—-W+R=1—W+ WP. As sup; W;; < 1, the matrix P is also
substochastic and corresponds to the following transition mechanism. If X,,_; = i, then at
time n we flip a biased coin that comes up heads with probability W;;. In case of heads we make
atransition according to the matrix P, butin case of tails we leave the current state unchanged.
From this description, it is evident that we can construct a Markov chain (f(n)”zo with
transition matrix P by modifying the chain (X,),>0 as follows. Conditionally on (X ),>0,
draw independent random variables (§,),>0 such that &, is geometrically distributed with
parameter Wy, x,. Now define the process ()? n)n>0 such that it stays in state X for the
first & time steps, then is in state X for the next & time steps, etc. By construction, the
resulting process is Markov with transition matrix P. Moreover, as { < 00 a.s., we have
¢ :=inf{n : X, is dead} < oo a.s. also. We therefore obtain

. n o__ 1 - — 7 —
nlingoZ}(I—W+R)ij = lim P[{ > n|Xo=i]=0
VS

for every i € 1. We have therefore established (3). ]

Proof (Corollary 2.6.4) We begin by writing as above

i(! —W+Rk= i(W‘lR)kW_l = i WL (RWHE,

k=0 k=0 k=0

where the last identity is straightforward. Arguing as in Corollary 2.6.2, we obtain

Wi > > (I =W+R), = ZZ(RW )Ijg

k=0 jeI ]elk 0
— o0
—1 —1 k
< Z IRW =M D INRW A, < o0
p=0 k=0

It follows immediately that (3) holds. O

Proof (Corollary 2.6.5) Note that

SRWHE Il < IRW DD iyl < IRWHIE D Il

jel jel Jjel
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Thus > ; [In;Il < oo and [RW=L, < 1yield

) o
DD U= WA Rl = W' DS (RWHln < oo,

k=0 jelI k=0 jel

which evidently implies

. k ~ _ .
Jim SU-W+R(p®pFn; =0 foralliel.
jel

We have therefore established (1). ]

Proof (Corollary 2.6.6) Letr = sup{m(i, j) : R;; > 0} (which is finite by assumption), and
choose B > 0 such that |RW || < e~#". Then we can estimate

IRW =1 g = sup D" P D RW) ;< e IRW )y < 1.
Jelier

As m is a pseudometric, it satisfies the triangle inequality and it is therefore easily seen that
|l - II1,pm is a matrix norm. In particular, we can estimate

I RWTHE < IRWT I pm < IRWTT
for every i, j € 1. But then
IRW ™) oo = sup D (RW™NL < [[RWT[1 5, sup D" e P00 < o0
iel jel iel jel
for all n. We therefore have ||[RW ~!|ss < 00, and we can choose n sufficiently large that

I(RW~1" || < 1. The conclusion now follows from Corollary 2.6.4. m]

3.5 Proof of Theorem 2.9

In the case of one-sided local updates, the measure p<j is yJ -invariant for t(J) = k (but
not for t(J) < k). The proof of Theorem 2.9 proceeds by induction on k. In each stage of
the induction, we apply the logic of Theorem 2.3 to the partial local updates ) e 9t (J)=k>
and use the induction hypothesis to estimate the remainder.

Throughout this section, we work in the setting of Theorem 2.9. Define

I<p:={iel:t() <k}, L:={iel:t@) =k}

We can assume without loss of generality that R;; = 0 when t(j) > 7(i). Indeed, the
local update rule y,/ does not depend on x j for ©(j) > ©(J), so we can trivially choose the
coupling Q){,z for x/\} = z/\J} such that Q){,Zm = 0foralli € J. On the other hand, the
choice R;; = 0 evidently yields the smallest bound in Theorem 2.9. In the sequel, we will
always assume that R;; = 0 whenever 7(j) > (7).

The key induction step is formalized by the following result.

Proposition 3.9 Assume (1). Let (B;)icI,_, be nonnegative weights such that

lp<k—18 — P<k—181 < D 8ighi

i€l<p—y

@ Springer



Comparison Theorems for Gibbs Measures 257

for every bounded measurable quasilocal function g on S<x—1 s.t. §;g < oo Vi. Then
lo<kf — p<k f1 < Z [5jf + Z 8 f Dis (W_lR)lj] B;+ Z i f Dij Wj_jlaj
jel<k—1 ilely i,jel
for every bounded measurable quasilocal function f on S<j with §; f < oo Vi.
Proof We fix throughout the proof a bounded and measurable local function f : S<4 — R
such that §; f < oo for all i € I<,. The extension of the conclusion to quasilocal functions
f follows readily by localization as in the proof of Lemma 3.3.
Let GY and GV be the Gibbs samplers defined in section 3.2. Enumerate the partial cover
{J € d:t(J)=k}as {J1, ]2, ...}, and define weights V"' as in the proof of Proposition

3.7. By the definition of the one-sided local update rule, p<; is G*Y -invariant and jy is
GV -invariant for every r, u such that >, uv’;, < 1. Thus

lo<kf =< f1 < D Sf N @ a™ +1p<(G™)" f = p<r(G*)" f]
i,jel<k

as in the proof of Corollary 3.6, with the only distinction that we refrain from using the
Wasserstein matrix to expand the second term in the proof of Proposition 3.2. We now use
the induction hypothesis to obtain an improved estimate for the second term.

Lemma 3.10 We can estimate

lp<kg — h<igl < D 8igBi +3 D 8ig (p ® p)ni

i€l<x—q i€l

for any bounded measurable quasilocal function g : S<x — R with §;g < oo Vi.
Proof For any x € S<x we can estimate

lp<k& — P<k&| < |p<k—18x — P<k—18x| + o<k (g — &) + o<k (g — &),

where we defined g, (z) := g(z/st-1x%). By Lemma 3.3 we have

18) = &I < D 8ig mi(zi, xi).
iely
We can therefore estimate using the induction hypothesis and the triangle inequality
lp<kg — B=kgl < D 8igBi+ D siglomi(+, Xi) +ni(Xi, xi) + pmi( -, xi)}
ielsk_l iEIk

forallx, X € S<k. Now integrate this expression with respect to p(dx) p(d X ). ]

To lighten the notation somewhat we will write v = uv" until further notice. Note that
by construction a}’ = 0 whenever 7(j) < k, while Rl.vj = 0 whenever t(j) > 7(i) by
assumption. Thus we obtain using Lemma 3.10 and Lemma 3.5

o<k f — B fl < D S f N al+3 > 8if (1= WY+ R} (0 ® p)nj

i,jely i,jely
+ > D sifU=W R By,
i€l<y jel<k—1

provided that >°. &; f (I — WY + RY)}; < oo forall j.
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Asvy; =0fort(J) < k, we have RIV/. = W[‘;. =0fori € I<x—;. Thus

VY RY
V_71_wY v
Vi=I-W'+R (0 1),

where VV = (Vi},‘)iajEIk and RY := (R;'j)iglk,j515k71. In particular,

VARV n—1 vk BV
(- WY+ RV = ((V()) iR )

Moreover, as Rl.vj = 0 whenever 7(j) > (i), we evidently have (\V/V)fj = (Vv)fj for
i, j € Ir. Substituting into the above expression, we obtain

o<k f — =i f1 < D Sf N ay+3 > 8if (1= W'+ RY)}; (0 ® Py,

ijel ijel
D IRITED AT AT
Jjel<k—1 ilely

provided that >, §; f (I — WY 4 RY)!. < oo for all j. But the latter is easily verified using
(1) and Lemma 3.8, as f is local and §; f < oo for all i by assumption.

The rest of the proof now proceeds precisely as in the proof of Proposition 3.7 and Theorem
2.3. Wesetv = (t/n)v",letn — oo and then r — 00. The arguments for the first two terms
are identical to the proof of Proposition 3.7, while the argument for the third term is essentially
identical to the argument for the first term. The proof is then completed as in Theorem 2.3.
We leave the details for the reader. O

We now proceed to complete the proof of Theorem 2.9.

Proof (Theorem 2.9) Consider first the case that k_ := inf;c; (i) > —oo. In this setting,
we say that the comparison theorem holds for a given £ > k_ if we have

o<k f — p<k f1 < Z i f Dij Wj_jlaj
i,jel<k
for every bounded measurable quasilocal function f on S<4 such that §; f < oo Vi. Theorem
2.3 shows that the comparison theorem holds for k_. We will now use Proposition 3.9 to
show that if the comparison theorem holds for k — 1, then it holds for k also. Then the
comparison theorem holds for every k > k_ by induction, so the conclusion of Theorem
2.9 holds whenever f is a local function. The extension to quasilocal f follows readily by
localization as in the proof of Lemma 3.3.

We now complete the induction step. When the comparison theorem holds for k — 1 (the
induction hypothesis), we can apply Proposition 3.9 with

Bi = z D;i; szlaj.
J€l<k—1
This gives
lo<kf —p< 1< D D 8if Dit (W' Ryyy Dyj W'a;

Jsq€l<k—1il€ly

+ Z (S,’fD,’j Wj;laj—i— Z (SifDij Wj_jlclj
i,j€l<k—1 i,j€l
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for every bounded measurable quasilocal function f on S<; sothat§; f < oo Vi. To complete
the proof, it therefore suffices to show that we have

D= > D> Diu(W'RyyDy foriel, jelg .
gel<j_y1 €I}

To see this, note that as R;; = 0 for (i) < 7(j), we can write

Dy > (W' R)j, - (WIR) s WTIR)

J1s-esjp—1€l:
T(H=T(= =t (fp-1)=k

oo p
D000 DL WRT W TRy, (W R

p=1 n=1 lelx qel<_

vt

fori € Iy and j € I<;_1, where we have used that when 7(j;) < --- < 7(j,—1) < k there
exists 1 <n < psuchthat ji,..., j,—n € I<t—1 and jp_pt1,..., jp—1 € I;. Rearranging
yields the desired identity for D;;, completing the proof for the case k— > —oo (note that in
this case the additional assumption (2) was not needed).

We now turn to the case k— = —oo. Let us say that (8;);e/_, is a k-estimate if

lp<kg — B<kgl < D 8ig B

iel<

for every bounded measurable quasilocal function g on S<4 such that ;g < oo Vi. Then
the conclusion of Proposition 3.9 can be reformulated as follows: if (8;);es_,_, is a (k — 1)-
estimate, then (B/);e;., is a k-estimate with 8/ = B; fori € I and

—1 —1
Bi= 2. 2 Du(W 'Ry i+ D DijW'la;
jEISk_llEIk jEIk

for i € Ix. Thus we can repeatedly apply Proposition 3.9 to extend an initial estimate. In
particular, if we fix k € Z and n > 1, and if (B)iei,_, i a (k — n)-estimate, we obtain a
k-estimate (B]);cs_, by iterating Proposition 3.9 n times. We claim that

k—r
—1 -1
CEIDYR D3 WTRIIURS A7
s=k—n+1 | jel<x—p L€l Jelg

forO <r <n—1landi € It,. To see this, we proceed again by induction. As (;)ier;_,
is a (k — n)-estimate, the expression is valid for » = n — 1 by Proposition 3.9. Now suppose
the expression is valid for all u < r < n — 1. Then we obtain

—1 -1
Bi= 2. 2. DuW 'Ry B+ >, DyWla
Jel<k—plel—y J€lk—u
k—u—1 N

+ T > D > Du(WTR) Dy (WR) g By

s=k—n+1 jelgleli_y t=k—n+1gel<x_, pel;
k—u—1 K

+ > 3> > D> DuWIRY Dig Wy a,

s=k—n+1 jelslely_, t=k—n+1q€el,
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for i € I, by Proposition 3.9. Rearranging the sums yields

Bi= 2, D DuW 'Rypj+ D DijW;'a

jEngfn lely—y J€lk—u
k—u—1
. -1 . —1
21 2 2D W R B+ D Dip Wap
t=k—n+1 | gel<x_, pel; pel;

fori € Iy_,, where we have defined

t—1

Dij = > Diu (W 'Ry Dy,

l=s gely lel;

wheneveri € I; and j € I fors < t. Butas Dy; = 0 when 7(¢g) < 7(j), we have

Dij= > D> Du(W 'Ry, Dy =Dij foriel, jelqy
gel<_1 lel;

using the identity used in the proof for the case k_ > —oo, and the claim follows.

‘We can now complete the proof for the case k_ = —oo. It suffices to prove the theorem for a
given local function f (the extension to quasilocal f follows readily as in the proof of Lemma
3.3). Let us therefore fix a K-local function f for some K € J, and let k = max;cx (i)
and n > 1. By Lemma 3.3, we find that (8;);c/_,_, is trivially a (k — n)-estimate if we set
Bi = (p ® p)n; fori € I<;_,. Therefore -

lof —pfl < Z i f Dij Wj_jlaj-i-z Z 8i f Dij (p ® p)n;j

i,jel i€l jel<j_y

from the k-estimate (ﬂi’ )iel., derived above, where we have used that DW~IR < D.But
as f is local and §; f < oo for all i by assumption, the second term vanishes as n — oo by
assumption (2). This completes the proof for the case k_— = —oo. O

4 Application: Particle Filters

Our original motivation for developing generalized comparison theorems was the investiga-
tion of algorithms for filtering in high dimension. In this section we will develop one such
application in detail. Our result answers a question raised in [ 18], and also serves as a concrete
illustration of the utility of our main results.

4.1 Introduction and Main Result

Let (X, Y,,)n>0 be a Markov chain. We interpret X,, as the unobserved component of the
model and Y;, as the observed component. A fundamental problem in this setting is to track
the state of the unobserved component X, given the history of observed data Y7, ..., ¥,. Such
problems are ubiquitous in a wide variety of applications, ranging from classical tracking
problems in navigation and robotics to large-scale forecasting problems such as weather
prediction, and are broadly referred to as filtering or data assimilation problems.

In principle, the optimal solution to the tracking problem is provided by the filter

m, :=P[X, € -|Y1,..., Y]
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If the conditional distribution 77, can be computed, in yields not only a least mean square
estimate of the unobserved state X, but also a complete representation of the uncertainty
in this estimate. Unfortunately, when X, takes values in a continuous (or finite but large)
state space, the filter is rarely explicitly computable and approximations become necessary.
In practice, filtering is widely implemented by a class of sequential Monte Carlo algorithms
called particle filters, cf. [1], that have been very successful in classical scientific and engi-
neering applications.

The major problem with particle filtering algorithms is that they typically require an
exponential number of samples in the model dimension to achieve a fixed approximation
error. Such algorithms are therefore largely useless in high-dimensional problems that arise
in complex applications such as weather forecasting. We refer to [ 18] for a detailed discussion
of these issues and for further references. In many applications, the high-dimensional nature
of the problem is due to the presence of spatial degrees of freedom: X, and Y, at each time
n are themselves random fields that evolve dynamically over time. In practice, such models
are typically expected to exhibit decay of correlations. We have started in [18] to explore
the possibility that such properties could be exploited to beat the curse of dimensionality
by including a form of spatial localization in the filtering algorithm. In particular, the initial
analysis in [18] has yielded dimension-free error bounds for the simplest possible class of
local particle filtering algorithms, called block particle filters, under strong (but dimension-
free) model assumptions that ensure the presence of decay of correlations.

It should be noted that the block particle filtering algorithm exhibits some significant
drawbacks that could potentially be resolved by using more sophisticated algorithms. These
issues are discussed at length in [18], but are beyond the scope of this paper. In the sequel, we
will reconsider the same algorithm that was introduced in [18], but we provide an improved
analysis of its performance on the basis of the generalized comparison Theorem 2.3. We will
see that the use of Theorem 2.3 already yields a gualitative improvement over the main result
of [18].

In the remainder of this section we recall the setting of [18] and state our main result on
block particle filters. The following sections are devoted to the proofs.

Dynamical Model

Let (X, Yn)n>0 be a Markov chain that takes values in the product space X x Y, and whose
transition probability P can be factored as

P((x,y), A) = / 14(x", ) p(x, x") g(x', y) ¥ (dx") p(dy’).

Such processes are called hidden Markov models [1]. The definition implies that the unob-
served process (X,),>0 1S @ Markov chain in its own right with transition density p (with
respect to the reference measure ), while each observation Y, is a noisy function of X,
with observation density g (with respect to the reference measure ).

Our interest is in high-dimensional hidden Markov models that possess spatial structure.
To this end, we introduce a finite undirected graph G = (V, E) that determines the spatial
degrees of freedom. The state (X, Y,,) at each time 7 is itself a random field (X}, ¥,))yev
indexed by the vertices of G. In particular, we choose

x=[]x" v=]]¥". v=Qv" ¢=Q¢"

veV veV veV veV
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it1 i1 it+1
Y’n—l 1/7714+ Yn—‘rl
Yo 4 Y, Yo
i—1 i1 i—1
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anl Xn Xn+1

time

Fig. 1 Dependency graph of a high-dimensional filtering model of the type considered in Sect. 4

where (XY, ¥) and (Y?, @) are measure spaces for every v € V. To define the dynamics
of the model, we introduce for each v € V alocal transition density p¥ : X x XV — R, and
local observation density g¥ : XV x YV — R, and we set

px.) =[] r'e2), g =]]e"" .

veV veV

Therefore, each observation Y,” at location v is a noisy function of the unobserved state
X, at location v, and the current state X is determined by the configuration X, _; at the
previous time step. We will assume throughout that the dynamics is local in the sense that
pl(x,z%) = p¥(X, z%) whenever xV® = XN® where N(v) = {v' € V : d(v, V) < r}
denotes a neighborhood of radius r around the vertex v with respect to the graph distance d.
That is, the state X at time n and vertex v depends only on the past Xy, ..., X,_1 through
the states X flv_(l{) in an r-neighborhood of v in the previous time step; the interaction radius r is
fixed throughout. The dependence structure of our general model is illustrated schematically
in Fig. 1 (in the simplest case of a linear graph G with r = 1).

Block Particle Filters

An important property of the filter 7, = P[X, € - |V, ..., Y,] is that it can be computed
recursively. To this end, define for every probability measure p on X the probability measures
Pp and C,, p as follows:

’ Yn d
Pp(dx) := v (dx') / P, x) p(dx), Cup(dx) := %

Then it is an elementary consequence of Bayes’ formula that [1]
7w, = Fpmy—1 := C,Pm,—; foreveryn > 1,
where the initial condition is g = p := P[Xp € - ]. In the sequel we will often write

m} == F, ---F1u to make explicit the initial condition of the filtering recursion.
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To obtain approximate algorithms, we insert additional steps in the filtering recursion that
enable a tractable implementation. The classical particle filtering algorithm inserts a random
sampling step SV in the filtering recursion that replaces the current filtering distribution by
the empirical measure of N independent samples: that is,

N
1
SN,o = N ZSX(I-) where (x(i));=1,... n areii.d. samples ~ p.

i=1

This yields a sequential Monte Carlo algorithm that maintains N approximate samples from
the current filtering distribution at any time; cf. [1, 18] and the references therein. As N — oo,
the sampling error vanishes by the law of large numbers and the particle filter converges to
the exact filter. Unfortunately, the number of samples N needed to achieve a fixed error is
typically exponential in the dimension card V.

To alleviate the curse of dimensionality we must localize the algorithm so that it can benefit
from the decay of correlations of the underlying model. The simplest possible algorithm of
this type inserts an additional localization step in the filtering recursion in the following
manner. Fix a partition X of the vertex set V into nonoverlapping blocks, and define for any
probability p on X the blocking operator Bp as

Bp = ® BXp,

KeX

where we denote by B/ p for / C V the marginal of p on X’ That is, the blocking operation
forces the underlying measure to be independent across different blocks in the partition XK.
The block particle filter 7t} is now defined by the recursion

#l=F,---Fiu, Fr:=CiBSVP.

This algorithm is very straightforward to implement in practice, cf. [18].

Analysis of [18]

We first introduce some notation. Recall that in our model, each vertex v interacts only with
vertices in an r-neighborhood N (v) in the previous time step, where the interaction radius r
is fixed throughout. Given J C V, define the r-inner boundary as

aJ ={veJ:Nw £ J}.

Thus 9J is the subset of vertices in J that can interact with vertices outside J in one time
step of the dynamics. We also define the quantities

|X|oo := max card K,
KeX
A :=maxcard{v' e V :d(v, V) <r},
veV

Ag = max card{K' € X : d(K, K') < r},
KeX
where d(J, J') := minycy miny ¢y d(v, v') for J, J' € V. Thus | K| is the maximal size
of a block, while A (Ag) is the maximal number of vertices (blocks) that interact with a

single vertex (block) in one time step. Note that r, A, Ag are local quantities that depend
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on the geometry but not on the size of the graph G. We finally define, for each J C I, the
following local distance between random measures p, p’:

o —plll;:= sup Ellpf —p fI*1"/?
fexs|fi=1

where X7 is the set of J-local measurable functions f on X. We will write 7;¥ := 7" and

A

Ay . . o e, 1e .
7T,y 1= 7," when the filtering recursions are initialized at a point x € X.

‘We can now recall the main result of [18].

Theorem 4.1 (Theorem 2.1 in [18]) There exists a constant 0 < g9 < 1, depending only on
the local quantities A and A, such that the following holds.
Suppose there exist eg < ¢ < 1 and 0 < k < 1 such that

1

e<p'r,z) <e !, k<g'("y) <k~ YveV, x,ze€X, yeY.

Then for everyn > 0,0 € X, K € X and J C K we have

. ok, Pl

Iy, — A, Ml < otcardj[e*ﬂl (JK) 4 71]
N2

where the constants 0 < o, By, B2 < oo depend only on €, k, r, A, and Ag.

The error bound in Theorem 4.1 contains two terms. The first term quantifies the bias
introduced by the localization B, which decreases when we take larger blocks. The second
term quantifies the variance introduced by the sampling SV, which decreases with increas-
ing sample size N but grows exponentially in the block size. Traditional particle filtering
algorithms correspond to the choice of a single block X = {V}, and in this case the error
grows exponentially in the dimension card V. To avoid this curse of dimensionality, we must
tune the block size so as to optimize the tradeoff between bias and variance. As all the con-
stants in Theorem 4.1 depend only on local quantities, the optimal block size results in a
dimension-free error bound. We refer to [18] for a full discussion.

Main Result

The intuition behind the block particle filtering algorithm is that the localization controls the
sampling error (as it replaces the model dimension card V by the block size | K|, ), while the
decay of correlations property of the model controls the localization error (as it ensures that
the effect of the localization decreases in the distance to the block boundary). This intuition
is clearly visible in the conclusion of Theorem 4.1. It is however not automatically the case
that our model does indeed exhibit decay of correlations: when there are strong interactions
between the vertices, phase transitions can arise and the decay of correlations can fail much
as for standard models in statistical mechanics [16], in which case we cannot expect to obtain
dimension-free performance for the block particle filter. Such phenomena are ruled out in
Theorem 4.1 by the assumption that ¢ < p' < ¢! fore > g0, which ensures that the
interactions in our model are sufficiently weak.

It is notoriously challenging to obtain sharp quantitative results for interacting models,
and it is unlikely that one could obtain realistic values for the constants in Theorem 4.1 at the
level of generality considered here. More concerning, however, is that the weak interaction
assumption of Theorem 4.1 is already unsatisfactory at the qualitative level. Note that there is
no interaction between the vertices in the extreme case ¢ = 1; the assumption ¢ > &g should
be viewed as a perturbation of this situation (i.e., weak interactions). However, setting ¢ = 1
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turns off not only the interaction between different vertices, but also the interaction between
the same vertex at different times: in this setting the dynamics of the model become trivial.
In contrast, one would expect that it is only the strength of the spatial interactions, and not
the local dynamics, that is relevant for dimension-free errors, so that Theorem 4.1 places an
unnatural restriction on our understanding of block particle filters.

Our main result resolves this qualitative deficiency of Theorem 4.1. Rather than assuming
pU(x, z%) =~ 1 as in Theorem 4.1, we will assume only that the spatial interactions are weak
in the sense that p¥(x, z”) =~ ¢¥(x", zV), where the transition density ¢" describes the local
dynamics at the vertex v in the absence of interactions.

Theorem 4.2 For any 0 < § < 1 there exists 0 < g9 < 1, depending only on § and A, so
that the following holds. Suppose there exist eg < ¢ < 1and 0 < k < 1 so that

£q"(x",2") < p'(x.2") <& g (x". "),
§<q'(x", ") <87,
k<" y) <!

foreveryv e V,x,z € X, y €Y, where g* : X" x XY — Ry is a transition density with

respect to V. Then for everyn > 0,0 € X, K € X and J C K we have

eﬁzmoo]

~ —p1d(J, 0K
|||n;—n;|||,5acard1[e AR + ——

where 0 < y < % and 0 < a, B1, B2 < oo depend only on'$, ¢, k, r, A, and A«.

In Theorem 4.2, the parameter ¢ controls the spatial correlations while the parameter §
controls the temporal correlations (in contrast to Theorem 4.1, where both are controlled
simultaneously by the single parameter ¢). The key point is that § can be arbitrary, and only
& must lie above the threshold &g. That the threshold ¢y depends on § is natural: the more
ergodic the dynamics, the more spatial interactions can be tolerated without losing decay of
correlations.

The proof of Theorem 4.1 was based on repeated application of the classical Dobrushin
comparison theorem (Corollary 2.4). While there are some significant differences between
the details of the proofs, the essential improvement that makes it possible to prove Theorem
4.2 is that the generalized comparison theorem (Theorem 2.3) enables us to treat spatial and
temporal degrees of freedom on a different footing.

Organization of the Proof

As in [18], we consider three recursions

wli=Fy o Fip, #lti=FyFiu, #l=F Fiu,
where F,, := C,P, F, := C,BP, and IA:n := C,BS"P. The filter 7/ and the block particle
filter 77" were already defined above. The block filter 77/ is intermediate: it inserts only the
localization but not the sampling step in the filtering recursion. This allows to decompose
the approximation error into two terms

My =y < Wy = 7y + iy — 7l

by the triangle inequality. In the proof of Theorem 4.2, each of these terms will be considered
separately. The first term, which quantifies the bias due to the localization, will be bounded

@ Springer



266 P. Rebeschini, R. van Handel

in Sect. 4.2. The second term, which quantifies the sampling variance, will be bounded in
Sect. 4.3. Combining these bounds completes the proof.

4.2 Bounding the Bias

The goal of this section is to bound the bias term ||;] — 7. || 7, where we denote by

lw—=vly:= sup |uf—vfl
fextfi=1
the local total variation distance on the set of sites J. [Note that |x — v||; < K for some
K € R evidently implies |||u — v|||; < K; the random measure norm ||| - |||; will be
essential to bound the sampling error, but is irrelevant for the bias term.]

Let us first give an informal outline of the ideas behind the proof of the bias bound. While
m7 is itself a high-dimensional distribution (defined on the set of sites V'), we do not know
how to obtain a tractable local update rule for it. Thus we cannot apply Theorem 2.3 directly.
Instead, we will consider the smoothing distribution

p:PU[X17'~~7Xn € '|Y13'~'7Yn]a
defined on the extended set of sites I = {1, ..., n} x V and configuration space S = X". As
(XY, YY) k,v)er is a Markov random field (as is illustrated in Fig. 1), we can read off a local
update rule for p from the model definition. At the same time, as ) = P°[X, € -|Y1, ..., Y,]

is a marginal of p, we immediately obtain estimates for 77 from estimates for p.

This basic idea relies on the probabilistic definition of the filter as a conditional distri-
bution of a Markov random field: the filtering recursion (which was only introduced for
computational purposes) plays no role in the analysis. The block filter 77,7, on the other hand,
is defined in terms of a recursion and does not have an intrinsic probabilistic interpretation.
In order to handle the block filter, we will artificially cook up a probability measure P on S
such that the block filter satisfies 7,7 = 13[X,, € -1y, ..., Y,], and choose the corresponding
smoothing distribution

p=PIXi,....Xy € -|V1,.... V]
This implies in particular that
lmy — 27y =l — pllinyxds

and we can now bound the bias term by applying Theorem 2.3.

To apply the comparison theorem we must choose a good cover J. It is here that the full
flexibility of Theorem 2.3, as opposed to the classical comparison theorem, comes into play.
If we were to apply Theorem 2.3 with the singleton cover Js = {{i} : i € I}, we would
recover the result of Theorem 4.1: in this case both the spatial and temporal interactions must
be weak in order to ensure that D = >, (W~!R)" < oo. To avoid this problem, we work
instead with larger blocks in the temporal direction. That is, our blocks J € J will have the
form J = {k+ 1,...,k 4+ g} x {v} for an appropriate choice of the block length ¢. The
local update ny now behaves as ¢ time steps of an ergodic Markov chain in X": the temporal
interactions decay geometrically with ¢, and can therefore be made arbitrarily small even if
the interaction in one time step is arbitrarily strong. On the other hand, when we increase g
there will be more nonzero terms in the matrix W—!R. We must therefore ultimately tune
the block length ¢ appropriately to obtain the result of Theorem 4.2.
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Remark 4.1 The approach used here to bound the bias directly using the comparison theorem
is different than the one used in [18], which exploits the recursive property of the filter.
The latter approach has a broader scope, as it does not rely on the ability to express the
approximate filter as the marginal of a random field: this could be essential for the analysis
of more sophisticated algorithms that do not admit such a representation. For the purpose of
this paper, however, the present approach yields a shorter proof that is well adapted to the
analysis of block particle filters.

Remark 4.2 The problem under investigation is based on an interacting Markov chain model,
and is therefore certainly dynamical in nature. Nonetheless, our proofs use Theorem 2.3 and
not the one-sided Theorem 2.9. If we were to approximate the dynamics of the Markov
chain X, itself, it would be much more convenient to apply Theorem 2.9 as the model is
already defined in terms of one-sided conditional distributions p(x, z) ¥ (dz). Unfortunately,
when we condition on the observations Y,,, the one-sided conditional distributions take a
complicated form that incorporates all the information in the future observations, whereas
conditioning on all variables outside a block J € J gives rise to relatively tractable local
expressions. For this reason, the static “space-time” picture remains the most convenient
approach for the investigation of high-dimensional filtering problems.

We now turn to the proof details. We first state the main result of this section.

Theorem 4.3 (Bias term) Suppose there exist 0 < €, § < 1 such that

eq”(x",z%) < p'(x,2%) < e 'g'(x", 2%,

§<q'(x¥,2") <57}

foreveryv € Vandx, z € X, where q¥ : X' x X¥ — Ry is a transition density with respect
to Y. Suppose also that we can choose ¢ € N and 8 > 0 such that

¢ = 3g AP (1 — 2AFD) L P (1 — £282) 4 P11 — £76%)7 < 1.
Then we have
78 =7, < % (1 — 2@ty card J ¢=P4U-9K)
foreveryn >0,0 € X, K €e XandJ C K.
In order to use the comparison theorem, we must have a method to construct couplings.
Before we proceed to the proof of Theorem 4.3, we begin by formulating two elementary

results that will provide us with the necessary tools for this purpose.

Lemma 4.4 [If probabilities i, v, y satisfy u(A) > ay(A) and v(A) > ay(A) for every
measurable set A, there is a coupling Q of i, v with f 1,2, Q(dx,dz) <1 —a.

Proof Define it = (u —ay)/(1 —a), v = (v —ay)/(1 —a), and let

Qf=Ot/f(x,X))/(dX)ﬁL(l—a)/f(x,z)ﬁ(dX)f)(dz)-

The claim follows readily. O

@ Springer



268 P. Rebeschini, R. van Handel

Lemma 4.5 Let Py, ..., P, be transition kernels on a measurable space T, and let
px(dwr, ..., dog) = Pi(x, do1) P2(01, dw?) - - - Pg(wg—1, dwg).

Suppose there exist probability measures vy, ..., v, on T so that P;(x, A) > av;(A) for
every measurable set A, x € T, and i < q. Then there exists for every x, z € T a coupling
Oz of . paz 50 that [1,, 40y O o(de,de') < (1 — @) foralli < q.

Proof Define the transition kernels P = (P; —av;)/(1 —a) and
Oif(x,0)=0a / SO ) vi(dx) + (1= @) Ly / fO, ) Pilx, dx') Pi(z, d2)
+0 - 1x=z/f(x/sx/) Pi(x, dx").

Then Q,-(x, z, - ) is a coupling of P;(x, -) and P;(z, - ). Now define
Q::(dwi, do), . ... dwy, do) = 01(x,z,dw;, dw)) - Qg(wg—1, |, dog, dw)).
The result follows once we note that f 1,2y Q,-(x, z,dx’,dz) < (1 — o) 1eg,. ]
We can now proceed to the proof of Theorem 4.3.

Proof (Theorem 4.3) We begin by constructing a measure P that allows to describe the block
filter 7,7 as a conditional distribution. We fix the initial condition o € X throughout the proof
(the dependence of various quantities on o is implicit).

To construct f’, define for K € X and n > 1 the function

W) = [ 7o) [T p'afel 2,
vedK

Evidently hX is a transition density with respect to @), ¥". Let

Pax,2) = [T hi .2 [ p'ex.2",

KeX veK\JK

and define P, (dx’) := v (dx") / P,(x, x) u(dx). Then Isnﬁ,‘l’_l = BP#7_, by construc-
tion for every n > 1, as 77_, is a product measure across blocks. Thus

7’ =C,P-..C\Ps,, 77 =C,P,---C\P}5,,

that is, the filter and the block filter satisfy the same recursion with different transition
densities p and P,. Thus we can interpret the block filter as the filter corresponding to a
time-inhomogeneous Markov chain with transition densities P,: that is, if we set

PI(X1,...., Xy, Y1,...,Yy) € A

= / LAGen, s X, Y10 vn) Prio, x) [ ] PeComrs x0) g Goies o) ¥ (doxe) @(d )
k=2

(note that P° satisfies the same formula where Py is replaced by p), we can write

70 =P[X, € - |Y1,..., Y]
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Let us emphasize that the transition densities P, and operators Py themselves depend on the
initial condition o, which is certainly not the case for the regular filter. However, since o is
fixed throughout the proof, this is irrelevant for our computations.

From now on we fix n > 1 in the remainder of the proof. Let

p=P[X|,....Xp € -|V1,.... Y], p=P[X1,....Xp€ -|¥I,..., ¥l

Then p and p are probability measures on S = X", which is indexed by the set of sites
= {1,...,n} x V (the observation sequence on which we condition is arbitrary and is
fixed throughout the proof). The proof now proceeds by applying Theorem 2.3 to p, p, the
main difficulty being the construction of a coupled update rule.
Fix g > 1. We first specify the cover § = {J : 1 <1 < [n/q],v € V} by

P o={l—-Dg+1,....lgAan} x{v} forl <l<[n/q]l, veV.

We choose the local updates y;/ (dz7) = p(dz’|x!\/) and 7/ (dz’) = p(dz’|x"\)), and
postpone the construction of the coupled updates Q ){ . and Q ){ to be done below. Now note
that the cover J is in fact a partition of 7; thus Theorem 2.3 yields

g =l =l —pllmyxs <2 Z ZDub

nixJ jel

provided that D = >'72 ) C* < oo (cf. Corollary 2.6), where

J@ /
Cij= sup /lwi#w; Qx,(zl)(dw’dw)’
x,Z€S:
Y YT

sup/lwi#w; Q){(i)(dw,dw/),

x€S

b;

and where we write J (i) for the unique block J € 7 that contains i € /. To proceed, we must
introduce coupled updates Q7 . and Q7 and estimate C;; and b;.

Fix until further notice a block J = J € J. We will consider first the case that 1 <
| < [n/q7; the cases I = 1, [n/q] will follow subsequently using the identical proof. Let
s = (I — 1)g. Then we can compute explicitly the local update rule

flA(x])p (x5, X s+1)Hm =s+1 gv(xll”r)z’Yv)HwEN(v) pw(xm,x$+1)wv(dxv)
S po(xs, x Y+1)Hm o187 (s Yy )HweN(v)p (X, Xy ) YV (dxy)

v (A) =

by Bayes’ formula, the definition of P’ (in the same form as the definition of f’), and as
p¥(x, z%) depends only on x¥® . We now construct couplings Q){,Z of y/, sz where x, z
differ only at the site j = (k, w) € I. We distinguish the following cases:

k=s,we Nw)\{v}h

k=s,w=uv;

ke{s+1,....,s+q},we UMGN(U)N(M)\{U};
k=s+qg+1,weNv\{vh
k=s+qg+1Lw=nv.

NS

It is easily verified that y/ does not depend on x;” except in one of the above cases. Thus
when j satisfies none of the above conditions, we can set C;; = O fori € J.
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Case 1. Note that
LA g Ol D T L 87 YD) Tency P Coms X2 ) WP ()
Jav (xv’xv+1)l_[m o118 b Yo [lueny P Goms X ) ¥V (dxg)

and the right hand side does not depend on x;” for w # v. Thus whenever x, z € S satisfy
x NI = I\ for Jj = (s, w) with w € N(v)\{v}, we can construct a coupling Q . using

¥l (A) > e

Lemma 4.4 such that C;; < 1 — &2 for everyi € J.
Case 2. Define the transition kernels on XV

flA(xz)p%kaV L v)H”" g (xm, V) Mueny P Cons X240 ¥ (dx))
fpv(“’xk 1 ’xk)an U Vo) Tlweny P Gy X 11) W0 (di)

fork=s+1,....58 +q. As Prx(x;_;,dx}) = yx (dxklxprl,...,
we are in the settmg of Lemma 4.5. Moreover, we can estimate

20 J1aGDTT | (xm,Y ) Mwen ) P Gy X2 ) WP (dx)

Prx(w, A) =

X;{_,) by construction,

Pix(w,A) > ¢

+
fHS : m? Ym) HweN(v) p (xm, xm+1) w (dxm)
where the right hand side does not depend on . Thus whenever x, z € S satisfy x/\U!}
= 7I\U} for j = (s,v), we can construct a coupling Q){’Z using Lemma 4.5 such that

Cij < (1 -8 fori = (k,v) withk =s+1,...,5 +q.
Case3.Fixke{s+1,...,5+¢q}and u # v. Note that

J1aG?) pP G xl DT Ly 80 (e Yo Tluven oy Bl G X124 ) ¥ ()
IDACEIADY | SR LIC N Yo Twen ) B Goms X ) ¥ (dxl)

where we define B, (X, X, |)

w = u, and we define B, (xp,, x$+1
this expression does not depend on x; as the terms ¢

VXJ (A) > £2B+D 5

= q"(x,, x,, ) if either m = k orm = k — 1 and
) = p¥(xm, X, 1) otherwise. The right hand side of
Y (X s Xy q) Tor w ;é v cancel in the
numerator and denominator. Thus whenever x, z € S satisfy xIMIY = I\ for j = (k,u),
we can construct a coupling Q7 Y.z using Lemma 4.4 such that C;; < 1 — 23+ for every
ielJ.

Case 4. Let u € N(v)\v. Note that

2 J1aCD) Pyl D T 8" G Yo Tluew o By Goms i DY (doxy)
+
S @l xl DT L g Gl Y0 Tuen ) BE G X2, DV (dx)
where we set ﬁ:j{(xm, Xpo1) = gV, xp ) if m = s+ g and w = u, and we set

By X, X,y +1) =p (xm, X, +1) otherwise. The right hand side does not depend on x;’ gt
as the term g (xY g Xy + q 41) cancels in the numerator and denominator. Thus whenever

¥l (A) = e

X,z € S satisfy xI\UE = ZI\JY for j = (s + ¢ + 1, u), we can construct a coupling Q){’Z
using Lemma 4.4 such that C;; <1 — &2 for every i € J.
Case 5. Define fork = s + 1, ..., s 4 ¢ the transition kernels on X"

S 1A PP s x2 ) Tmgst 8°Gh Y2 Tluen) Bl o Com. X2, ) ¥V (dx)

P x(w, A) =
fp (xé’ A+])Hm s+1g (xm’ m)HweN(v)ﬂm w(x"“ m+1)w (dx )
where ﬂmw’w(xm,xnfﬂ) = p'(,w) if m = k and w = v, and ,B,lr‘[’w(xm,x,’ﬁﬂ)
= p¥(xm, X, ) otherwise. As Py r(x ,dx)) = yXJ dxglxggs - x;’ﬂ) by construc-

tion, we are in the setting of Lemma 4.5. Moreover, we can estimate
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2 J1AGD s, ) Tzt 87005 Y2 ey B Coms X2 ) ¥ (dxc)
fp (x5, x 3+])Hm s+18° (X m)HweN(v)ﬂ (o, x m+1)‘/’ (dxy)

where we define S, (X, x%_l) = 1ifm = kand w = v and B}, (xp, x;jl’H)
= p”(xm, x,,, 1) otherwise. Note that the right hand side does not depend on w. Thus when-
ever x, z € Ssatisfy x/\Ut = z/\U} for j = (s +¢ + 1, v), we can construct a coupling Q){’Z
using Lemma 4.5 such that C;; < (1—¢282)St9+ 1=K forj = (k, v) withk = s+1, ..., s+q.

We have now constructed coupled updates Q){, . for every pair x, z € S that differ only at
one point. Collecting the above bounds on C;;, we can estimate

ST PO
(k' el
< 265(%-")(1 _ 82)A + eﬂ(q+2r‘)(1 _ 82(A+1))A2q
+ eﬁ(k—s)(l _ 8282)](—.8‘ + eﬂ(s+q+1—k)(1 _ 5252)S+q+1_k

Pix(w, A) > %5

<3gA%PUT (1 = 2BHDy L B — 6282 4+ P11 — £26%)1 =: ¢,

when (k, v) € J. In the last line, we have used that a*tl 4 @97 s a convex function of
x € [0, g — 1], and thus attains its maximum on the endpoints x = 0, g — 1.

Up to this point we have considered an arbitrary block J = J € Jwith 1 < < [n/q]. 1t
is however evident that the identical proof holds for the boundary blocks/ = 1, [n/q7, except
that for / = 1 we only need to consider Cases 3—5 above and for | = [n/g7 we only need
to consider Cases 1-3 above. As all the estimates are otherwise identical, the corresponding
bounds on C;; are at most as large as those in the case 1 </ < [n/q7. We therefore obtain

IC oo, pm = max > P C;j < c,
e jel

where we define the metric m(i, j) = [k — K|+ d(v V') for (k, v), (K',v') € 1.

Next, we construct couplings QJ of yx and y yx and to estimate the coefficients b;. To this

8°K

end, let us first note that 2X (x, z?X) depends only on x?" X, where

2K = U Nw)NK
wedK

is the subset of vertices in K that can interact with vertices outside K in two time steps. It is
easily seen that ny = )7XJ, so we can set b; = 0 fori € J, unless J = J withv e 92K for
some K € XK. In the latter case we obtain by Bayes’ formula

f lA(xJ) HH_q 8 (xt s YU) h;.;,.] (xt, xta_f]) HweN(v)mK\aK P (xs, x;‘_).,_]) d‘/’J
+
SILZE ev et Y hE L G x XD Tl ennrnox P2 G x5 dyr?

for1 <[ < [n/q], wheres = (I — 1)q and dy”/ = ®(k,v)e] ¥’ (dx}). Note that

H pw(x, Zw) > SA H qw(xw, Zw)7

7l(A) =

weN W\(K\IK) weN W\ (K\IK)
while
hE (x, 27Ky > &8 H qw(xw,zw)/ﬁ,zfl(dw) H P KV \E 2y,
weN (v)NIK wedK\N (v)
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Thus we can estimate y;/ (A) > 2@TDAT(A) and 77/ (A) > e2@+DAT(A) with

flA(xj)HHq 8" (xy, Y, )ﬂ(xm’xm+l)nw€N(v)ﬂK\de (Xm, X m+1)d‘ﬂ
IHA-HI 8 (xv er)ﬁ(xm’ m+1)HweN(v)ﬁK\3Kp (Xm, m+1)dwj

where we define (x,z) = ¢ (x z)ifv € 9K and B(x,z) = 1ifv € 82K\BK We can
therefore construct a coupling QJ using Lemma 4.4 such that b; < 1 —2@+D2 foralli e J
in the case 1 < [ < [n/q7. The same conclusion follows for [ = 1, [n/q] by the identical
proof.

We are now ready to put everything together. As || - ||, g is @ matrix norm,

T(A) =

)

1
1Dlloo.pm < chnwm <<
k=0

Thus D < oo, to we can apply the comparison theorem. Moreover,

sup Z D;j = supe —pm(i,J") z Pt )D < ¢ PmUJ. J)||D|| o0, fm-

ieJ jes ieJ jeJ’

Thus we obtain
Iy =g lly <201 =@ > X Dy
ie{n}xJ je{l,...,n}xd2K

< —2 (1 — gatha card J ¢~PAU.02K),
=1z
But clearly d(J, 92K) > d(J,dK) — r, and the proof is complete. ]

Remark 4.3 In the proof of Theorem 4.3 (and similarly for Theorem 4.8 below), we apply
the comparison theorem with a nonoverlapping cover {({ — 1)g + 1, ...,lg An},l < [n/q].
Working with overlapping blocks {s + 1, ..., s+ ¢}, s < n —q would give somewhat better
estimates at the expense of even more tedious computations.

4.3 Bounding the Variance

We now turn to bounding the variance term |||77) — 7,7 ||| ;. We will follow the basic approach
taken in [18], where a detailed discussion of the requisite ideas can be found. In this section
we develop the necessary changes to the proof in [18].

At the heart of the proof lies a stability result for the block filter [ 18, Proposition 4.15]. This
result must be modified in the present setting to account for the different assumptions on the
spatial and temporal correlations. This will be done next, using the generalized comparison
Theorem 2.3 much as in the proof of Theorem 4.3.

Proposition 4.6 Suppose there exist 0 < €,8 < 1 such that
gqv(xv’ Zv) < pv(x, Zv) < (gflqv(xv’zu)7
§<q'(x", ") <87

foreveryv € Vandx, z € X, where ¢V : XV x XY — Ry is a transition density with respect
to V. Suppose also that we can choose g € N and 8 > 0 such that

c:=3gA%PI(1 — 2 ATDy L P (1 — £28%) 4+ P1(1 — 2671 < 1.
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Then we have

2
IFn- - Fot18o —Fp - Fopidslly < 1

card J e B(=9)

foreverys <n,0,6 € X, K €eXandJ C K.

Proof We fixn > 0, K € X, and J € K throughout. We will also assume for notational
simplicity that s = 0. As Fy differ for different k only by their dependence on different
observations Y, and as the conclusion of the Proposition is independent of the observations,
the conclusion for s = 0 extends trivially to any s < n.

As in Theorem 4.3, the idea behind the proof is to introduce a Markov random field p of
which the block filter is a marginal, followed by an application of the generalized comparison
theorem. Unfortunately, the construction in the proof of Theorem 4.3 is not appropriate in
the present setting, as there all the local interactions depend on the initial condition o. That
was irrelevant in Theorem 4.3 where the initial condition was fixed, but is fatal in the present
setting where we aim to understand a perturbation to the initial condition. Instead, we will
use a more elaborate construction of p introduced in [18], called the computation tree, that
we presently recall.

Define for K’ € X the block neighborhood N(K') := {K" € X : d(K', K") < r} (we
recall that card N (K') < Agc). We can evidently write

BK’r:S ® MK” :Cf’PK’ ® MK”,

K"eX K"eN(K")
where we define for any probability 7 on XX’

f IA(XK/) HveK/ grxv, YY) n(dxk/)
S Tloex 8" Y2) (dxX")

and for any probability  on xUkrenwn K

CK'n(A) =

(PX'n)(A) = / 1465 T PP x) v @x) n(dz).

vekK’

Iterating this identity yields
BXF,.--Fis, =CKPF X [...C§ZPK2 X [C{“PKI X aaxo]..}.
Kn-1€N(K) KieN(K2) KoeN(K1)

The nested products can be naturally viewed as defining a tree.
To formalize this idea, define the tree index set (we write K, := K for simplicity)

T :={Ky, -Ky-1]:0<u<n, K € N(Ks41) foru <s < n}U{[&]}.

The root of the tree [@/] represents the block K at time n, while [K,, - - - K,,_1] represents a
duplicate of the block K, at time u that affects the root along the branch K,, — K, 1| —
-+ — K,,_1 — K. The set of sites corresponding to the tree is

I = {[Ku"'anl]U : [Ku"'anl] €T, ve KM}U{[Q]U ‘v e K},

and the corresponding configuration space is S = [[,; X¢ with X[V .= X¥. The following
tree notation will be used throughout the proof. Define for vertices of the tree 7' the depth
d([K, ---Ky—1]) := u and d([@]) := n. For every site [t]v € I, we define the associated

@ Springer



274 P. Rebeschini, R. van Handel

vertex v(i) := v and depth d(i) := d([t]). Define also the sets Iy :={i € [ : d(i) > 0} and
To :={[t] € T : d([t]) = 0} of non-leaf sites and leaf vertices, respectively. Define the set
of children c(i) of site i € I as

c([Ky--Kp—1]v) :={[Ky—1--- Kn—l]U/ : Ky—1 € N(Ky), v e N ()},

and similarly for ¢([@]v). Finally, we will often identify a vertex [K,, --- K,,—1] € T with
the set of sites {[K, - -- K,—1]v : v € K,,}, and analogously for [&].
Having introduced the tree structure, we now define probabilities p, p on S by

S iy, p"0 GO, 208" O G YYD (dx) [jyjeq, 8o (dx'™)

p(A) = . — —— - - ,
T Ticr, P*O GO, 2" D o, Y1)y (dx) [y, Ot (dx)
Soa)— S Ties, PP 0@, xHg" O, YOO (dx') [Ty, 8510 (dx')
T Thicr, PO 2@ (el Y)Y oO (dxd) [Teq, S50 (@xll)
where we write glKoKn1l .= 5Ko and v/ = Y;((ll)) for simplicity. By construction,

BX I::,l e I::18(, coincides with the marginal of p on the root of the computation tree, while
BXF, - .- F85 coincides with the marginal of 5 on the root of the tree: this is easily seen by
expanding the above nested product identity. In particular, we obtain

IF,--Fi8s —Fp---Fis1s = llo — plliz1s

and we aim to apply the comparison theorem to estimate this quantity.

The construction of the computation tree that we have just given is identical to the con-
struction in [18]. We deviate from the proof of [18] from this point onward, since we must
use Theorem 2.3 instead of the classical Dobrushin comparison theorem to account for the
distinction between temporal and spatial correlations.

Fix ¢ > 1. In analogy with the proof of Theorem 4.3, we consider a cover J consisting
of blocks of sites i € I such that (/ — 1)g < d(i) < Iq A n and v(i) = v. Here, however,
the same vertex v is duplicated many times in the tree, so we end up with many connected
blocks of different lengths. To keep track of these, define

Ip:={iel:di)=0}, L[:={iel:di)=(1I-1)qg+1}
for1 <1 < [n/q], and let
LKy, ..., Kp—1]v) :=max{s > u: K, = K41 =--- = K;}.
We now define the cover J as
d=1{J]:0<1<Tn/ql, i€l
where
Jo =i}, J =Ky Kpalv: (= Dg+1<u<lgrt@)

fori = [Kg—1)g+1---Kn—1]lv € [ and 1 <1 < [n/q]. Itis easily seen that J is in fact a
partition of of the computation tree / into linear segments.

Having defined the cover J, we must consider a coupled update rule. We choose the natural
local updates yxj(dzj) = p(dz’ |x"\) and ij(dz]) = p(dZ’ |x"N), with the coupled
updates Q ){ . and 0 7 to be constructed below. Theorem 2.3 yields

IFy - Fido —Fp---Fidslls = llp — pliers <2 Z ZDijbj
iel@)J jel
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provided that D = >"72 ) CF < oo (cf. Corollary 2.6), where

/
Cij= sup /1@#%{ 019w, do),
x,z€S:
K\ =1\
R AJ (i) /
b; = sup lwi;éw; 0;"(dw,dw),
xesS

and where we write J (i) for the unique block J € 7 that contains i € I. To proceed, we must
introduce coupled updates Q ){ . and Q J and estimate C; jand b;.

Fix until further notice a block J = Jli € Jwithi = [Kq_1)g+1---Ky—1]v € I; and
1 <1 < [n/q]. From the definition of p, we can compute explicitly

J1aGT) PP D ) Taernewpe PP @@ 2 TThey 87 G2, YD) y¥ (dx?)
J PP (x¢®, xt) ety inc@zo Y@@ x4 []ye; 87 (xb, YP) Yo (dxb)

v (A) =

using the Bayes formula. We now proceed to construct couplings Qz{,z of yxj and yZJ for

x, z € S that differ only at the site j € /. We distinguish the following cases:

d(j) = (I —Dg and v(j) # v;

d(j) = —Dgandv(j) =v;
(I—=Dg+1=d(j) =lgnL@)andv(j) # v;
d(j) =1g AL@{)+ Land v(j) # v;

d(j)=Ig AL()+ Tand v(j) = v.

Nk L =

It is easily seen that yxj does not depend on x/ except in one of the above cases. Thus when
J satisfies none of the above conditions, we can set C,; = 0 fora € J.
Case 1. In this case, we must have j € c(i) with v(j) # v. Note that

1A @ O 3 [aer, sne@pe PP @2 Tlhey 87 G, YOPY dx")
Ja(xi=, x7) ety inct e pr@ @@, x) [, ; 8V (xP, YO) Yo (dx?)

vl (A) z &% x ,
where i_ € c(i) js the (unique) child of i such that v(i_) = v(i). As the right hand side does
not depend on x/, we can construct a coupling Q ){ . using Lemma 4.4 such that Cyj < 1— &2
for every a € J and x, z € S such that x/\U} = z/\U},

Case 2. In this case j = i_. Let us write J = {i1,...,i,} where u = card J and
d(ix) =(—1)g+kfork=1,...,u.Thusi; =i, and we define i) = i_. Let us also write
Jr = {ik, ..., i,}. Then we can define the transition kernels on X"

JLaG) pPlox N XN TT 7 g PP @D XD [Ty, 8° G2 YD) YV (dx?)

P y(w, A) = — -
k,x( ) fp”(wx”(’k)\’k—‘ | x‘k) Hikmc(a);éz pv(a)(xc(a)’ xa) Hbeik g"(xb, yh) I/IU(dxb)

fork = 1, ..., u. By construction, Pk,x(x""*1 ,dxik) = yxj(dxiklxi‘, ..., x%=1), so we are
in the setting of Lemma 4.5. Moreover, we can estimate

282 f 14 (xik) ijﬂc(a);é@ pu(a) (xc(a)’ xa) Hbefk gv (-xb, Yh) 1plfu(d.xb)

Prx(w, A) = ¢
x fl_[ikmc(a);&ra pv(t/l)(xc(a)7 x%) Hbeik g”(xb, Yb) w”(dxh)

J

Thus whenever x, z € S satisfy x/\/} = z/\U} we can construct a coupling Oy . using

Lemma 4.5 such that C; ; < (1 — 8282)1‘ foreveryk =1,...,u.
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Case 3. In this case j € Uer,.snc@)ze €@ or J Nc(j) # @, with v(j) # v. We
remark for future reference that there are at most ¢ A2 such sites j. Note that

f IA(xJ) pv(xc‘(i)’ xi) Huel+:jmc(a)7&z B4 (xt‘(a)7 x4) Hhej gv(xb’ Yb) 1[/"(dxh)
TP D3 [aer, mees B GO@,x) [Tpes 800, ¥0) 47 (dx?)

VXJ(A) > 82(A+1) x

s

where B¢(x¢@, x4 = ¢"@(x% x% when j = a or j € c(a) and B%(x¢@, x%)
= p¥@(x¢@ x%) otherwise. The right hand side of this expression does not depend on
x/ as the terms q”(“) (x%, x%) for v(a) # v cancel in the numerator and denominator. Thus
whenever x, z € S satisfy x/\U} = z/\J} we can construct a coupling quz using Lemma
4.4 such that C,; < 1 — &2 +D foreverya € J.

Case 4. In this case J N c(j) # @ with v(j) # v. Note that

J1aG?) p D ) et sne@ne B E@, x) [They 872, Y2 ¥ (dx?)

W ze D), xi @ b yb b
PO x5 [aer, une@ze BC@, x) [pey 87 (X2, YP) Yo (dx?)

)

where we have defined ,B“(xc(“), x4 = q”(“)(x“—, x%) whenever j = a, and we define
B(xC@ x7) = p”(”) (x¢@ | x@) otherwise. The right hand side does not depend on x/ as the
term ¢V (x/-, x/) cancels in the numerator and denominator. Thus whenever x, z € S satisfy
x\U} = 2\ we can construct a coupling Q){’Z using Lemma 4.4 such that Cy; < 1 — g’
foreverya € J.

Case 5. In this case j_ € J. Note that the existence of such j necessarily implies that
£(i) > lgq by the definition of J. Thus we can write J = {iy, ..., i,} whered(iy) = lg —k+1
fork =1,..., g, and we define iy = j. Let us also define the sets fk = {ix,...,14}. Then
we can define for k = 1, ..., ¢ the transition kernels on X"

J1a™) PP X Maer, retarpe PG 3 Tpey, 8" Y2y (@)

Py (w, A) = - - -
ol ) j pv(xc(lq)’ x'e) Haebr:jkﬁc(a)#g 53)()‘6({1)’ x®) Hhe]_k gv(xb’ Yb) ¢U(dxb)

with ,B(j‘)(x"(”), x4 = p*(x°@, ) if a = ix_; and ,Bff)(xc(“), x%) = p¥@ (x¢@  xay other-
wise. By construction Py y (x'*-!, dx'*) = yXJ (dx'™|x't, ..., x"*=1) so we are in the setting
of Lemma 4.5. Moreover, we can estimate
Pix(w, A) > £°8°
[ LaG9) PG 60 [y ineiarps BGE 6 Ty, &' G Y2 92 (@)
PG X)) Tor et co B 0@, x4 [Tyeg, 87 (P, YD) Yo (dxb)

X

where B%(x¢@ x%) = 1ifa = ix_ and B*(x°@, x%) = p¥@ (x¢@  x) otherwise. Thus
whenever x, z € S satisfy x/\/1 = z/\J} we can construct a coupling Q){,Z using Lemma
4.5 such that C;, ; < (1 — 8282)" foreveryk =1,...,q.

We have now constructed coupled updates Q){, . for every pair x, z € S that differ only at
one point. Collecting the above bounds on the matrix C, we can estimate

D PN, <3gATeP1(1 — 2 AHD) 4 P (1 - £28%) + P1(1 — £76%)1 =: ¢
Jjel

whenever a € J, where we have used the convexity of the function a4 gd—x,
Up to this point we have considered an arbitrary block J = J/ € J with 1 <[ < [n/q].
However, in the remaining case / = 0 it is easily seen that )/x] = 6, does not depend on x,
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so we can evidently set Cy; = 0 for a € J. Thus we have shown that

IClloo,pm = I?ezl;czeﬂm(i’j)Cij <c,
jel
where we define the pseudometrlc m(i, j) = |d(i) —d(j)|. On the other hand, in the present
setting it is evident that yx = yx when J = J, I egwith1 <[ < [n/q]. We can therefore

choose couplings Q){ such that b; < 14¢)—0 for all i € . Substituting into the comparison
theorem and arguing as in the proof of Theorem 4.3 yields

~ ~ ~ ~ 2
IFn---Fiée = Fu---Fisl7 < 1 card J e P",
—C

Thus the proof is complete. O

Proposition 4.6 provides control of the block filter as a function of time but not as a
function of the initial conditions. The dependence on the initial conditions can however be
incorporated a posteriori as in the proof of [18, Proposition 4.17]. This yields the following
result, which forms the basis for the proof of Theorem 4.8 below.

Corollary 4.7 (Block filter stability) Suppose there exist 0 < &, § < 1 such that
eq"(x".2") < p'(x.2") <& 'g"(x". "),
§<q¢"(x"2") =87

foreveryv € Vand x, z € X, where q¥ : X x XY — Ry is a transition density with respect
to Y. Suppose also that we can choose g € N and 8 > 0 such that

c:=3gA%PI(1 — 2 ATDy L P (1 — £28%) 4+ P1(1 — 2671 < 1.
Let p and v be (possibly random) probability measures on X of the form

w=Quk. v= Q¥

KeX KeX

Then we have

= = = 2
IFn- Foriw —Fp- Foprvlly < 1 Card-,e_'g(n_s),
—C

as well as

E[|IF, - Fopip =y Bl 3172
2 1
< -
1 —c (8)2%l
foreverys <n, K € Xand J C K.

card J (e P Agc)"™ max E[||uX — vE|?)1/2,
KeX

Proof The proof is a direct adaptation of [18, Proposition 4.17]. O

The block filter stability result in [18] is the only place in the proof of the variance bound
where the inadequacy of the classical comparison theorem plays a role. Having exploited
the generalized comparison Theorem 2.3 to extend the stability results in [18] to the present
setting, we would therefore expect that the remainder of the proof of the variance bound
follows verbatim from [18]. Unfortunately, however, there is a complication: the result of
Corollary 4.7 is not as powerful as the corresponding result in [ 18]. Note that the first (uniform)
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bound in Corollary 4.7 decays exponentially in time 7, but the second (initial condition
dependent) bound only decays in 7 if it happens to be the case that e # Agc < 1. As in [18]
both the spatial and temporal interactions were assumed to be sufficiently weak, we could
assume that the latter was always the case. In the present setting, however, it is possible that
e P Agc > 1 no matter how weak are the spatial correlations.

To surmount this problem, we will use a slightly different error decomposition than was
used in [18] to complete the proof. The present approach is inspired by [3]. The price we
pay is that the variance bound scales in the number of samples as N7 where y may be less
than the optimal (by the central limit theorem) rate % It is likely that a more sophisticated

method of proof would yield the optimal N > rate. However, let us note that in order to
put the block particle filter to good use we must optimize over the size of the blocks in X,
and optimizing the error bound in Theorem 4.2 yields at best a rate of order N % for some
constant « depending on the constants 1, B2. As the proof of Theorem 4.2 is not expected to
yield realistic values for the constants 81, B>, the suboptimality of the variance rate y does
not significantly alter the practical conclusions that can be drawn from Theorem 4.2.

We now state the variance bound. The following is the main result of this section.

Theorem 4.8 (Variance term) Suppose there exist 0 < ¢, 8, k < 1 such that
eq"(x¥,2") < p'(x,2") <& 'q" (", "),

§<q"(x". ") <67,
k<g'ly) <!

foreveryv € V, x,z € X, and y € Y, where ¢V : X" x X" — Ry is a transition density

with respect to ¥'. Suppose also that we can choose q € N and B > 0 so that

¢ :=3gA%PI(1 — 2AFD) L P (1 — 257 4+ P11 — £26%)7 < 1.
Then for everyn > 0,0 € X, K € X and J C K, the following hold:
1. Ife P Ag < 1, we have

32A5 2 —e P Ay (e8k2%)~HKl
7 — 7511, < card g 0% 22 A (O

—C l—e_ﬁAg( N%
2. Ife P Ay = 1, we have

. 168~ 1A 3+ 1log N
178 =77l < card J 1687 A o sictacy—4iKles 3T108 N

. -
3. Ife PAx > 1, we have
A 1 S A%y 4K oo
175 — 20|l < card J =% [ ] (e81c55) |
tme el N TR

The proof of Theorem 4.8 combines the stability bounds of Corollary 4.7 and one-step
bounds on the sampling error, [18, Lemma 4.19 and Proposition 4.22], that can be used
verbatim in the present setting. We recall the latter here.

Proposition 4.9 (Sampling error) Suppose there exist 0 < ¢, 8, k < 1 such that
eq"(x",2") < p'(x.2") <& g (x". "),
§<q'(x", ") <87,
k<" y) <!
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foreveryv e V,x,z € X and y € Y. Then we have
3 . 24 =2 Koo
~0 ~0
glgéllanﬂ,,_l = Furty 4l < T
and
12 16 Ak (£8) 21K loo e =4 Koo Axc

= v T

max E[|Fy 1 For )y = Foi o1 ]
forevery) <s <nando € X.
Proof Immediate from [18, Lemma 4.19 and Proposition 4.22] replacing € by &6. O
We can now prove Theorem 4.8.
Proof (Theorem 4.8) We fix for the time being an integer ¢ > 1 (we will optimize over ¢ at

the end of the proof). We argue differently when n <t and whenn > t.
Suppose first that n < ¢. In this case, we estimate

|||ﬁ;17 - ﬁ:”l_[ = |||Fn T Fl(sa - Fn te F180|||]
n
< Z”“:n co BBy — Fu P Py M1,
k=1
using a telescoping sum and the triangle inequality. The term k = n in the sum is estimated

by the first bound in Proposition 4.9, while the remaining terms are estimated by the second
bound of Corollary 4.7 and Proposition 4.9. This yields

32A SicBx)—4Kloo —BAN—1
W77 —#71Il, < card J =—=% (edk )1 [(e %) +1]
1—c N3 e PhAg —1

(in the case e=# A = 1, the quantity between the brackets { - } equals n).
Now suppose that n > t. Then we decompose the error as

Wazg =7y < 1Fn- Facen g, — Fu o Faseni 1IN,
n
+ D P PPl = Foe o BBl
k=n—t+1

that is, we develop the telescoping sum for ¢ steps only. The first term is estimated by the
first bound in Corollary 4.7, the sum is estimated as in the case n < ¢. This yields

card J |:Ze_ﬁl N 32A 5 (8825 ) 4Kl [ (e Ag) 1 — 1 N 1]]

1—c¢

79 _ 7O <
175 =7 l, < o1 Py
(in the case e P Ag = 1, the quantity between the brackets { - } equals 7).

We now consider separately the three cases in the statement of the Theorem.
Case 1. In this case we choose ¢t = n, and note that

(e PAg) -1 _2-efax

foralln > 1.
e PAy — 1 . 1 —ePAx oratin =

Thus the result follows from the first bound above.
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Case 2. In this case we have

card J 32Aqc (881 2% )~ H Kl
Wzg — 2N, < [wﬂ+ (0" %) @

1—c N%
for all £, n > 1. Now choose t = [(28)! log N7. Then

card J

~0 ~0
|||7Tn _nn|||J§ _c

log N 34Ax(e8kc2%)~4Kls
|:16:3_1A9<(88KA9<)—4\5<I00 Ogl i g (e8kBXK) }

Nz N2
which readily yields the desired bound.
Case 3. In this case we have

card J [Ze*ﬂt n 32Ag<(88/<A]3<)—4\9<|oo [(e_ﬁAK)t—l 1 . 1”
N2 e PAg —1

~0 ~ 0
A7 =271, < T

forall #,n > 1. Now choose t = {211352; —‘ Then

N . 32
7y — a7, <cardJ .

5

Agc 1 s (e81c A3 )= HKloo
e PAg —1 T
NZIOgAjK

and the proof is complete. O

The conclusion of Theorem 4.2 now follows readily from Theorems 4.3 and 4.8. We
must only check that the assumptions Theorems 4.3 and 4.8 are satisfied. The assumption
of Theorem 4.3 is slightly stronger than that of Theorem 4.8, so it suffices to consider the
former. To this end, fix 0 < § < 1, and choose ¢ € N such that

1—-8>+ (1 -89 <1.
Then we may evidently choose 0 < &9 < 1, depending on § and A only, such that
3gA%(1— 2By 41 — 6282 4 (1 — 62677 < 1

for all 9 < ¢ < 1. This is the constant gq that appears in the statement of Theorem 4.2.
Finally, we can clearly choose 8 > 0 sufficiently close to zero (depending on §, €, r, A only)
such that ¢ < 1. Thus the proof of Theorem 4.2 is complete.
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