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Abstract: Sequential Monte Carlo (SMC) methods are a general class of tech-
niques to sample approximately from any sequence of probability distributions.
These distributions are approximated by a cloud of weighted samples which are
propagated over time using a combination of importance sampling and resam-
pling steps. This article is concerned with the convergence analysis of a class
of SMC methods where the times at which resampling occurs are computed on-
line using criteria such as the effective sample size. This is a popular approach
amongst practitioners but there are very few convergence results available for
these methods. It is shown here that these SMC algorithms correspond to a
particle approximation of a Feynman-Kac flow of measures on adaptive excur-
sion spaces. By combining a non-linear distribution flow analysis to an original
coupling technique, we obtain functional central limit theorems and uniform ex-
ponential concentration estimates for these algorithms. The original exponential
concentration theorems presented in this study significantly improve previous
concentration estimates obtained for SMC algorithms.
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Méthodes de Monte Carlo séquentielles et
adaptatives

Résumé : Cet article porte sur la modélisation et I’analyse de la convergence
de méthodes de Monte Carlo séquentielles et adaptatives. Ces techniques de sim-
ulation stochastiques sont fondées sur I’évolution aléatoire de systéemes de par-
ticules en interaction et associées a des criteres d’adaptation. Nous présentons
des interprétations de ces algorithmes en termes d’approximation de type champ
moyen de flots de mesures de Feynman-Kac dans des espaces d’excursions. Les
instants d’interaction sont calculés en lignes selon des criteres d’adaptation em-
piriques tels des criteres de tailles de ré-échantillonnage effectives et des criteres
d’entropie relative de type Boltzmann. Ces stratégies d’adaptation empiriques
sont d’un usage courant en pratique souvent présentées comme de simples heuris-
tiques, sans aucun fondement mathématique rigoureux. Nous présentons de
nouvelles techniques d’analyse de type semi-groupe fondées sur des couplage de
processus a valeurs mesures. Cette analyse permet d’obtenir des théoremes de
la limite centrale fonctionnels et des résultats de concentration exponentielle
uniformes par rapport au parametre temporel. Notons enfin que ces travaux
sont les premieres études rigoureuses sur la concentration et les fluctuations de
ces classes d’algorithmes de simulation adaptatifs. Par ailleurs, les théoremes
de concentration exponentielle présentés dans cette étude améliorent de récents
travaux sur ce théemes dans le cadre des interprétations particulaires de flots de
mesures de Feynman-Kac.

Mots-clés : Méthodes de Monte Carlo séquentielles et adaptatives, for-
mules de Feynman-Kac, méthodes particulaires de type champ moyen, taille
d’échantillonnage effective, criteres adaptatifs fonctionnels.
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1 Introduction

Sequential Monte Carlo (SMC) methods are a generic class of simulation-based
algorithms to sample approximately from any sequence of probability distribu-
tions. These methods are now extensively used in statistics, computer science,
engineering, and physics; see [4], 9 [12] for many applications. SMC methods
approximate the target probability distributions of interest by a large number
of random samples termed particles which evolve over time according to a com-
bination of importance sampling and resampling steps.

In the resampling steps, new particles are sampled with replacement from a
weighted empirical measure associated to the current particles; see Section[2.1.2)
for more details. These resampling steps are crucial and, without them, it is
impossible to obtain uniform (in time) convergence results for SMC estimates.
However, resampling too often has a negative effect: it decreases the number
of distinct particles, increases the variance of SMC estimates and thus should
only be applied when necessary. Consequently, in most practical implementa-
tions of SMC methods, the times at which resampling occurs are selected by
monitoring a criterion which assesses the quality of the current particle approx-
imation. Whenever this criterion is above or below a given, user-set, threshold
then resampling occurs. This approach was originally proposed in [13] and,
subsequently, has been widely adopted.

For this class of adaptive SMC methods, the times at which resampling oc-
curs are computed on-line using our current SMC approximation and thus are
random. However, most of the theoretical results on SMC algorithms assume
resampling occurs at deterministic times; see [§] for an exception which is dis-
cussed later on. The objective of this article is to provide a thorough treatment
of this problem.

Sharp convergence results are provided for this type of SMC algorithms; this
is achieved through a coupling argument. Under weak assumptions, the random
times at which resampling occurs converge, almost surely as the number of par-
ticles goes to infinity, toward some deterministic resampling times. We consider
a reference SMC algorithm which resamples at these deterministic times; the
times are not explicitly known so this algorithm cannot be implemented but all
the convergence results developed in the literature hold for it. It is then shown
that the difference, in probability, between this reference SMC algorithm and
the adaptive algorithm is exponentially small in the number of particles. This
approach allows us to transfer rather straightforwardly the convergence results
of the reference SMC algorithm to the adaptive SMC algorithm. In particular,
we establish multivariate and functional central limit theorems, yielding what
seems to be the first results of this type for this class of algorithms. Moreover,
for standard SMC methods and the adaptive SMC schemes presented here, we
present new exponential concentration estimates, including time uniform esti-
mates which significantly improve over those presented in [4]. These results
allow us to calibrate the number of samples so as to achieve a given precision
with a given probability, uniformly with respect to the time parameter.
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4 Del Moral, Doucet € Jasra

1.1 Structure of the Article

The rest of the paper is organized as follows. Note that the proofs of some
technical results are given in the appendix.

In Section 2} we detail some generic models (Section [2.1.2]) and present the
class of adaptive SMC algorithms studied here (Section rious resampling
criteria that are used by practitioners are discussed in Section [2.3] It is shown
that they correspond to empirical approximations of limiting criteria defined in
Section [2.4.1] This allows us to present our main coupling result in Section [2.4]
the difference in probability between the reference SMC algorithm using these
limiting criteria and the adaptive SMC algorithm using approximations of these
limiting criteria is exponentially small in the number of particles.

In Section [3] a precise description of the sequence of distributions approxi-
mated by the reference SMC algorithm is given. We review Feynman-Kac distri-
bution flows in Sections and then describe such flows on excursion spaces
(Section [3.3). In Section [3.4]a general class of functional criteria which are used
to define the deterministic resampling times are presented; the construction of
these times is detailed in Section 35l We further detail the construction of these
times for the criteria previously introduced in Section 2.4.1]

In Section (] a theoretical analysis of the reference SMC algorithm is pre-
sented; this is defined formally in Section A concentration analysis is given
in Section which significantly improves the exponential estimates for SMC
approximations presented in earlier studies; e.g. those in Section 7.4.3 of [4].
These results are used to obtain a concentration result for the empirical criteria
around their limiting values.

The results above are used, in Section |5, to bound the differences between
the deterministic resampling times and their empirical approximations, up to an
event with an exponentially small probability. This is achieved by introducing
a randomized criterion. Finally we analyze the fluctuations of adaptive SMC
algorithms in Section [6]

2 Adaptive SMC Algorithms and Main Results

2.1 Target distributions on path spaces
2.1.1 Some Notation

Standard notation used in this article is as follows. M(E), P(E), and By(FE),
respectively denote, the set of bounded and signed measures, the subset of all
probability measures on some measurable space (F, &), and the Banach space
of all bounded and measurable functions f on E when equipped with the uni-
form norm | f|| = sup,eg |f(z)]. Osci(E) is the convex set of £-measurable
functions f with oscillations osc(f) = sup(, yyep2 {|f(x) — f(W)I} < 1. u(f) =
J u(dz) f(z), is the integral of a function f € By(E), w.r.t a measure yu € M(E).
In a slight abuse the notation, let ©(A) = u(1a) with A € £ and 14 the indica-
tor of A. Recall that a bounded integral operator M from a measurable space
(E,€) into an auxiliary measurable space (F,F), is an operator f — M(f)
from By(F) into By(E) such that the functions M(f)(z) = [, M(z,dy) f(y)
are measurable and bounded, for any f € B,(F). A bounded integral operator
M from a measurable space (E, &) into an auxiliary measurable space (F,F)

INRIA
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also generates a dual operator p — puM from M(E) into M(F) defined by
(LM)(f) = p(M(f)).

2.1.2 Motivation and Models

Most of the research in Monte Carlo simulation is centered around the compu-
tation of integrals, for a wide range of f

Wf) = / f(z) G(z) pldz) = E (f(X) G(X))
o) = A (2.1)

where X is a random variable distributed according to g on some measur-
able space (E, &), G is a given non-negative potential type function on F and
[ € By(E). If it is possible to draw independent copies (X*);>; from p, an
approximation of the pair of measures (v, 7) can be obtained as

N

RPEER P d oN() SR G
.—Ng 5}(@ () d 7 ()*;Zj\,:lG(X]) dx:(+)

where ¢, is the Dirac measure at the point a € E. In practice, these approxima-
tions can suffer from several problems. For instance, assume that G = 14 and
w(A) :=P(X € A) ~ 1077, for some large parameter p > 1. In this situation, it
may not be possible to find a sample X? within the set A, so that vV (-) = 0 and
the measure ™ (-) is not well defined. To overcome this difficulty, importance
sampling techniques are often used. This strategy consists of finding an aux-
iliary importance distribution, say p’, such that p < p/ with Radon-Nikodym
derivative ;—I‘j,, and to set

1D =E () GX) = [ 160) G0 w(dn) with G'la) = Glo) ()
where X’ ~ p and p' a distribution on E. This new model has exactly the
same form as the one discussed above, so that we can use the same Monte Carlo
strategy, replacing the pair of parameters (u, G) by (¢, G').

For importance sampling, even if we have found a good importance distri-
bution, another significant problem often arises. Namely, the Radon-Nikodym
derivative reflects the relative differences between the desired reference measure
and the importance sampling one. These weight functionals are generally de-
generate (also known as weight degeneracy). For instance, assume X represents
the path of a sequence of random variables (X{(,...,X), and the potential
functions G are a product of a sequence of functions from the origin up to a
given time horizon n

X=(X{,....X}) and GX)= [[ G(x

0<p<n

where G’ is a potential function of the random state XI’, As n increases, so
does the relatlve variance of G, and accurate estimation of (2.1)) is very dlfﬁcult
In this situation, the pair of measures (v,7n) given below depend on the time
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6 Del Moral, Doucet € Jasra

parameter, and they are given for every test function f, on the path space by
the following Feynman-Kac integral representation formulae

Nn(fn) = (fn)/ (1) with 4, (fn) =E (fn (X(l)aalem) H G;)(Xgla)> .
0<p<n
(2.2)
From a pure mathematical point of view, we emphasize that every importance
sampling/change of measure, of the type discussed above, reduces to the same
type of Feynman-Kac model.

These probabilistic models and their SMC approximations appear in nu-
merous fields including: probability, Bayesian statistics, theoretical chemistry,
quantum physics and engineering sciences. For instance, in signal processing,
(X, )n>0 is often a Markov chain and represents a signal process and the poten-
tial functions are the likelihood functions associated with some noisy observa-
tions. The corresponding measures 7, are the conditional distributions of the
random paths of the signal, given a series of observations. In particle physics, the
law of an unabsorbed particle X, evolving in an absorbing medium E,, associ-
ated with an energy well V' is given by a Feynman-Kac integral formulae. In this
case, there is a Boltzmann-Gibbs potential function G/, (X)) = exp (=8 V(X))).
For more details on these models and their connections to molecular simulation
and particle filtering techniques, see, for example, chapter 12 of [4].

We remark that in most of the application areas discussed above, the free
evolution process X/, and the potential functions G, are given by the phys-
ical problem at hand. In other instances, the choice of these parameters is
more flexible. Let us assume that the target measure is defined in terms of a
Boltzmann-Gibbs mass transformation of a reference ‘static’ measure A, with
respect to some potential function g, on some measurable space F; that is

mn(dz) = ¥, (N)(dz) = Zi gn(z) Mdz) with Z, := A(gn).
n

For instance, in combinatorial counting problems A often represents the uniform
measure on a given finite set £ and g, = 14, the indicator function a subset
A, C E. In global optimization problems, A may represent a reference measure
on a given space E and g, = exp (—3,V) a Boltzmann-Gibbs factor associated
with an inverse temperature parameter 3 and an energy type non-negative func-
tion V. Numerous algorithms have been proposed in the Markov chain Monte
Carlo community to sample from these Boltzmann-Gibbs measures; that is, we
design Markov kernels M with a prescribed invariant measure 7,, = m, M. For
instance, Metropolis-Hastings transitions consist of sampling a candidate, and
to accept or reject it according to an appropriate acceptance ratio which ensures
that the target measure 7, is reversible w.r.t these local transitions. The well-
known simulated annealing algorithm consists of finding a judicious schedule 3,
increasing sufficiently slowly to ensure that successive Metropolis-Hasting moves
between these changes are close to equilibrium. Another strategy, consists of
finding a sequence of multiplicative potential functions, so that

(Gnt1 =9gn x G, and 7w, =1, M) = mpy1 = Ve (1) M), . (2.3)
Returning to the examples discussed above, we can choose the exponential

Boltzmann-Gibbs potential and respectively the indicator potential functions

INRIA
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defined by
G, = exp(—(Bnt1 — Bn)V), andrespectively G, =14, (2.4)

with a non-decreasing inverse temperature parameter 3, and a non-increasing
sequence of subsets A,.

Using the Markov property and the multiplicative structure of the Feynman-
Kac measures , it can be proved that the measures 7, given in coincide
with the n-time marginals of the path measures defined in ; that is

mu(f) < E (f 1 G’p(X,:)) and Mga) = Ago)x [ 7 (Ghen).
0<p<n 0<p<n

(2.5)
We underline that these integral representation formulae are valid for any choice
of the parameters (G!,, M) satisfying the pair of admissibility conditions pre-
sented in the L.H.S of . This formula is known as Crooks identity in sta-
tistical physics [2]; see [7] for a generalization. It is a discrete-time version
of the celebrated Jarzynski identity [I0]; see [14] for a continuous-time SMC
implementation.

2.2 Adaptive sequential Monte Carlo

SMC methods are a popular class of methods for approximately sampling ran-
dom variables according to the Feynman-Kac path measures and com-
puting their normalizing constants. These algorithms are sometimes referred
to as population Monte Carlo, branching and interacting particle systems or
diffusion/quantum Monte Carlo methods. The central idea is now given.

First, N particles evolve according to the free path evolution of the reference
Markov chain X/ . In a second stage, particles with low G/ -potential value are
killed, and those with a relative larger potential are duplicated. In this sense, we
define a branching particle model with a genealogical tree occupation measure
that approximates the desired measures (2.2)) as N tends to co. The theoretical
foundations of these algorithms are now rather well understood. From the
pure mathematical point of view, they can be regarded as a mean field particle
approximation of a non-linear Feynman-Kac flow of distributions.

In recent years, researchers have built new branching/resampling strategies.
The idea is to evolve the particles up to some times that depend on criteria
computed using the current particle approximation. These adaptive algorithms
have several advantages over standard methods:

1. In the context of the Feynman-Kac path measures , these criteria
can be used to design online strategies controlling the ‘quality’ of the cur-
rent particle approximation. Popular criteria include the variance of the
weights, or entropy like distances between the free evolution distribution
and the weighted one.

2. In the context of Boltzmann-Gibbs measures (2.3), they allow us to de-
fine adaptive temperature schedules or adaptive subset sequences. For
instance, we can decide to change the temperature parameter at some
appropriate time periods. These time parameters and the next cooling
temperature may depend on the performance of the exploration of the
individuals in the energy landscape.

RR n° 0123456789



8 Del Moral, Doucet € Jasra

In terms of the latter point, some related investigations can be found in [11].

2.2.1 Adaptive Framework

Adaptive SMC algorithms proceed as follows. Let ((E;l, S;))n>0 be a sequence
of measurable spaces. The idea is to propagate forward a collection of N sample
paths copies (ngN’Z) € E!)

vi<i<N o VM= (M LY )

of the path valued random variables (X, ..., X/y) up to the first time tV the
1
importance weights

W(]tN (Nl) H G, (Y(NZ)

o<p<td¥

(Gj = 1, although this need not be the case), of the N path samples become,
in some respect, degenerate; see Section for more details. Loosely speaking,
at time t¥ the weighted occupation measure of the system

OTE) ppITE

N,j
i=1 Zj:l Wo,t{\’( f j))

is an N particle approximation measure of the updated target measure given by

Sy (9

B =5/Mm0) with W) =E(f (X X)) [T Gxy)

o<p<td

The precise analysis of these approximations is one of the objectives of the
article will be discussed later.

To prevent the Welghted measure 71V from becoming degenerate after the se-
lected time period t{¥, these measures are replaced by a bootstrap type empirical

measure N
v = iZ(;A ) ()
= N 2 yl(N,z)

associated with N path particles j)\l(N’i) = (}70(1\7&1')’ }71(1V]Qi), e Yt(N tll) that are
S st
resampled; for instance randomly from the current weighted measure 7.

In a second stage we propagate forward, from every end point ?t(p],vtl]\), of the
1"

selected paths 371(N’i), a collection of N sample path copies

(Ni) y-(Ni) (N,2)
(}/tN-i-l’}/tN-i-Q’”")/tév )

of the path-valued random variables (X X! X!y ) starting at X/ =

N1 N 420 )
Yt(NNfA),, up to the first time ¢}, the importance weights of the N path samples
1 %1
given by
Ny g
Wiy ") = [T G,05%)

tN <p<td

INRIA
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again become degenerate. In the above expression, y§N7i) stands for the result-

ing path sequences of length tY + 1 given by the formula
N,i (NG N,i N,i N,i
D= (PO, v )

tV+17 "tV 420
The following weighted occupation measure of the system

N,
al Wt{",té\’ (yQ( ))

DOEDY

N N,j
i=1 Zj:l Wtf’,tg’(yz( j))

6y ()

is an approximation of the updated target measure at time ¢ :

() =5(N/A0) with () =E | f (X Xy) [I Ghxp)

o<p<td

As before, to prevent the degeneracy of the weighted measures, after the se-
lected time period 2, the weighted measure 72’ is replaced by a bootstrap type
empirical measure

1 N
W ()= N Z%;Nw(')
=1

associated with IV particle paths ji\éN’i) = (?(N’i) }71(N’i) o ,?(N’i)) resampled

0,6 71l o t
from the current weighted measure 72, and so on up to the desired final time
horizon.

Remark 2.1 This adaptive excursion model is quite flexible. For instance, in
the context of the Boltzmann-Gibbs model , it is possible to choose the same
potential function Gix , := G, between the interaction times th <p<th,.
In other words, the pgtentials are only changed at the random interaction times
ty

Vg <p <ty G,i=Givgy

|
N N —
Vipin <P <tpy Gy = ;571:]+1+1
|

As an example, a temperature schedule can be used with the same decay rate
between the interaction times th < p <t ,, and then changed only at the
interaction times. Using this strategy, we have used only n different potential
functions at time t1, ,:

! / !
Gtgf+1WGt{\’+1W"'WGt{qY+1W‘

Without further work, the forthcoming analysis can be extended to situations
where the potential functions (G;) at a given level n, depend on the series

p>tN’
of parameters (t)Y, ... tN). More formally, it is possible to choose
N N
Vi, <p<th G () = Z,(tzy,...,tzy)(x) (2.6)

RR n° 0123456789
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for some collection of mappings G;’ (torostn)? with 0 =ty < --- < t, <p. In
much the same way, in the context of the Boltzmann-Gibbs model , we

can use a sequence of Markov transitions (le))p>tN as well as an adaptive
n

resampling criterion at a given level n that depends on (t8',... tN).

2.3 Some empirical criteria

A few empirical criteria have been proposed in the SMC literature to measure
the degeneracy of the weighted samples; these criteria can be used to design
adaptive resampling strategies. In all of these situations, the resampling times
(tnN )n>0 are random variables that depend on the current SMC approximation.

Four criteria are now presented which are termed 1)-4), in the order that
they appear. Due to their practical importance, and to better connect these
strategies with existing results in the literature, we present a rather detailed
discussion on the resulting adaptive resampling strategies.

2.3.1 Adaptive control of the weights

In this case, the particles explore the state-space with a series of local transitions

S(N,i N.i N.i N
TR —— ) —— ) —— L — v )
up to the first time s = tJ',; (> t)') the proportion of particles with a weight
of at least size s, is below a prescribed a,,-threshold

1 i
CtJZV,s =5 Card{1<i<N : H G;C(YIC(N’ )) >5, 0 <apn (2.8)

tN<k<s

where 0 < a, < 1. To our knowledge, this type of criteria was first discussed as
an heuristic type resampling schedule in [3]. Next, we provide some comments
on the choice of the adaptive parameters (s, a,). The forthcoming discussion
applies to all the criteria discussed in the article.

For [0, 1]-valued potential functions G7, it is sensible to choose s, € [0,1].
In this situation, the random mappings

s € [ty 00) = O , €[0,1]

are non-increasing functions starting at Ct]}fv’ .~ = 1 (the standard convention
[Ip = 1 is used). It should be noted that when none of the sampled particles
at time s = t + 1 have a weight greater than the prescribed threshold s,,,
then ¢ = t) and the above sampling strategy is restarted. As discussed
in Remark our framework is general enough that it allows us to analyze,
without further work, fully adaptive algorithms. For example, we may use a
sequence of threshold parameters that depend on the previous times steps

sp=sh(t, .. tNY and  a, = al,(t),...,tY)

for some functions s’ and a/, on R’™". So, in cases where t}, | = ¢%', it is possible
to either choose to restart the complete run with the same set of potentials and

INRIA
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Markov transitions used before and/or to decide to decrease the weight size
parameter s,, as well as the threshold level a,,.

The choice of these threshold parameters depends on the problem at hand.
From the previous discussion, if s,, is excessively large, the algorithm may get
stuck at a given time step t2 during several runs. In the further developments of
the article, we provide a set of regularity conditions under which these empirical
criteria approximate a limiting functional integration criteria. It will be shown,
that the random times tY converge, as N tends to 0o, to a series of deterministic
times t,, expressed in terms of these functional criteria. In this situation, for a
large population size N we ensure that ¢ 1> IV with high probability as soon
as tp41 > tn.

To illustrate this idea, suppose that (X} )x>o is a Markov chain on E; = Z
starting at the origin Xj = 0. For instance, X}, can be taken as a simple random
walk on the integer lattice. If we choose the indicator potential functions and
the unit weight size parameters

Gl =1lgo) and s, =1 (2.9)
then we find

[I o™z (v <k<s vV =)

tN<k<s

for every 1 < i < N. Thus,
1 i
CﬁJ)S:NCard{lgigN:Vtg<k§s vV =k (2.10)

When a,, = 1/2, we find that ¢, ; is such that

tnN+1 :inf{sztﬁ/ :

Card {1<i <N 5 V) 2 41, YD 2l 42, YN > s} < vy2)
Roughly speaking, for the simple random walk model, this ensures that about
half of the N particles are able to reach the next upper level set at every ele-
mentary time step. In this situation, the random times ¢, ; are more likely to
take the value Y + 1, or to return the value ¢)Y. If we take a lower threshold
parameter, say a, = 1/100, these random times 1 are more likely to take
large values. Indeed, in this case, about N/2 particles will be able to reach
the first level, then about N/4 the second, N/8 the third one, and so on up to
N/128 the seventh. Therefore, for a,, = 1/100 it is expected that t,]:[H =t +6.

The random walk model discussed above can easily be extended to multi-
splitting branching excursion type models, absorbed at some lower level set
B Cc ZNR_. Here, the random path processes (Y,C(N’Z))kzw are independent
copies of a random excursion starting from a given level set Y and ending at
the absorbing set B. The next adaptive step ¢’ |1 coincides with the first upper
level set the N particles are able to reach with a proportion less than a,, (that
is, before being absorbed by the set B). The resulting algorithm for adaptive
multi-level splitting coincides with the adaptive branching algorithm for rare
event simulation discussed in [I].

RR n° 0123456789



12 Del Moral, Doucet € Jasra

2.3.2 Normalizing constants

In this scenario, the particles explore the space with a series of local transitions
1) up to the first time s = tfy_H the average of the importance weights - which
is an estimate of a normalizing constant - goes below a prescribed threshold a,,

i :_72 [T ¢:v™) <an. (2.11)

=1 tN<k<s

For indicator potential functions, this criterion coincides with the one discussed

above; see (2.10). Furthermore, for (0, 1]-valued potential functions Gj, it is
2.11]

convenient in (2.11)) to set a, € [0,1]; the random mappings
€ [tilva ) = tN ,5 [07 1]

are non-increasing functions starting at C, .y = 1. Notice that a, = 1 =

N
v 1= tN. For (0,1)-valued threshold parameters, we have the rather crude
estimates

g, = inf G, <sup G}, =gy,

4
I g.=cX,<cX,< Ct" =1 9 (2.12)
tN<k<s tN<k<s

This pair of estimates can be improved by considering the infimum and the
supremum of the potential product weight functions along the M} -admissible
paths sequences ([2.7]) starting at the selected states Y;(]évtll\), Note that (2.12

n

implies

-N
<t <tpy

tN
“n+1 n+1

with
N . N N N . &V
lyyq =inf{s >t CtN s<app and ., :=infis>t) @ Oy <ayg.

For instance, for the exponential Boltzmann-Gibbs potential given in ([2.4)),
we have

Vi=infV<supV:=V = 9, = e~ (Brr1=B)V  anq I, = e~ Brir=Fr)V
This clearly implies that
CtN s—¢€ (ﬁ”l_ﬁtﬁj“)v and éi\{;s =e (ﬁsﬂ_ﬁty“)z.

In addition, further assume that the temperature schedule (8),,~ after time

tlV is associated with a fixed decay rate d,, > 0, then

vl <k ABpsr1 = (Bryr — Br) = 0n = (ﬂs+1 — ﬁt5y+1) = (3 - tff) on

CtN . — 6_(s_t2]) On 4

n 2"

Gl = ) n
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Adaptive Resampling Procedures for Sequential Monte Carlo Methods 13

From the previous discussion, it can be concluded that

1
th+ — log(1/ay) =t < th,, < N =tV + log (1/ay).

5nV - o - 5nv

For small values of the inverse temperature decay rates ¢, it is ensured that
the criterion (2.11]) is met in at least = log(1/a,) time steps. Alternatively,

if we want to ensure that (| is met in at least m, time steps then 4, <
(mn, V)~ log(1/ay) is needed that is

O < (M V)7 log (1/an) = () —t)) > m.

2.3.3 Variance of the weights

In this situation, the particles explore the state-space with a series of local
transitions 1) up to the first time s = & 1 the empirical particle variance is
larger than some prescribed threshold a,

>(1+an)/N

N,i

i o cpee GLOG)
-
=\ Iy cpe G

or equivalently

—-1>a,.

N,i
RS oy ciee GLOG™)
tN ST AT N N,j
N i=1 % Zj:l Htﬁ)’<k§s G;c(Yk( j))

This is equivalent to resampling when the so-called effective sample size is be-
low a prescribed threshold. This popular strategy was first proposed in [I3].
For indicator potential functions, this criterion coincides with those above; as
(GL)? = G-

2.3.4 Boltzmann’s entropy

Assume that the potential functions G, take values in (0,00). In this case, the
particles explore the state-space with a series of local transitions up to
the first time s = & 1 such that the relative entropy of the empirical particle
measures w.r.t its weighted versions are larger than some threshold a,,

— 1y (N,0)
CN = NZ > logGL(Y ) = ap. (2.13)
i=1tN<k<s
For the exponential Boltzmann-Gibbs potential given in (2.4)), we have
1N
Ny
CHem 2 T (G- BV

=1 tN<k<s

In this situation, the random mappings

€ [tan 00) tN s € [0,1]
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14 Del Moral, Doucet € Jasra

t
tion » ; = 0). Arguing as above, we have the rather crude estimates

are non-decreasing functions starting at cn, N = (using the standard conven-
n''n

Vi=infV<supV:=V

4

Co o= (Bepr = Buysr) V. < CN < Cpvy = (Bupr — Biyr) V.

This implies that

N N N
tn+1 S tn+1 S tn+1

with

. =N N .
tnNH ::1nf{sztﬁy : Ctg,SZan} and 1, ::mf{sztﬁy : Qi\gfyszan}-

When the temperature schedule (), ,~ is associated with a prescribed and
fixed decay rate 4,, > 0, it follows that

CN.=(s—tY) 6,V and Cpn,=(s—t)) 6,V
and therefore
QZYH =1y +an/(6,V) < tr]y+1 < fgﬂ =t +an/(0,V).

In this case, to ensure that the criterion (2.13) is met in at least m,, iterations,

we need to choose an inverse temperature decay rate 6, < a,/(m,V); that is

6n < an/(mp, V) = (), —tl) > m,.

2.4 Statement of some results

The following Section provides a guide of the major definitions and results in
this article; these will be repeated at the relevant points in the paper.

2.4.1 A limiting reference SMC algorithm

Let (tn)n>0 be the deterministic sequence of time steps obtained by replacing
the empirical criteria C’tJYV . by their limiting values C;, s, i.e. as N T oo; e.g. in
the examples 1) and 2)

tpt1 :=inf {t, <s : Cp, s < an}

In all situations, set tJ =ty = 0.

In the examples 3) and 4), the limiting times (¢, ),>0 are defined as above
by replacing condition (%, s < a, by the condition Cy, s > ay,. In the four
situations discussed above, these limiting criteria Cy, s are respectively given
by

tn<k<s tn<k<s

INRIA



Adaptive Resampling Procedures for Sequential Monte Carlo Methods 15

and

Enfzn th<k<s GZ(XIQ)Q
( - )2—1 4) = Y Eng, (logGi(Xp)
E,q. (th<k§s G;(X,;)) b <h<s

with the updated Feynman-Kac path measures 7),, given below

3)

ﬁn(f) ::Y\n(f)/:y\n(l) with :Y\n(f) =E f(X(/)a"'vXén) H G;(X;/;)

0<p<tn

In the above formulae, |, 5, is the expectation w.r.t the law of a free evolution
X, starting at time ¢, at the end point X; = X{ , of a random path A;, :=
(X0.4,» X145+ X{, 4, ) with distribution 7,,; that is

’ ! !
My, 11 My, 42 My, 43 M;

Ko on ~ T ——— Xp 41— X} 1o X! (2.14)

Definition 2.2 Let
VI = (YN0, YD, )

and N R N R
I = (P02, P

denote the N particles associated to the adaptive SMC' algorithm resampling at
times (tﬁ)’)nm and let

AN = (VD XN V)

and
RO o (B0, V), B0)

denote the N particles associated to the reference SMC algorithm resampling at
times (t”)nZO' We also suppose that (Xy(lN),/ﬁ(LN)) and (yﬁlN);jz(lN)) coincide

on every time interval 0 < n < m, as soon as the random times tﬁ’ = t,, for
every 0 <n < m. This condition simply corresponds to the coupling of the two
processes on the events No<n<m{th =t,}.

2.4.2 An exponential coupling theorem

We give our main results, which hold under the following regularity condition:

(@) Wm0 = s (GL@)/GL) <oo.  (21)
(z,y)€(E),)?

The analysis of more general models is technically more involved and often
requires some additional assumptions on the free evolution process. We refer
the interested reader to [4] for a more thorough discussion on these technicalities.

The first result is a non-asymptotic exponential concentration estimate. Be-
low, if constants are written with an argument, then they depend only on this
given argument.
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16 Del Moral, Doucet € Jasra

Theorem 2.3 For any n > 0, f, € Osci(Ey x --- x Ef ), any N > 1 and
any 0 < e < 1/2, there exist ¢c; < 00, 0 < co(n) < oo such that we have the
exponential concentration estimate

P ([ =] (fa)| 2 €) <1 exp{=N ¢*/es(n)}

for the empirical measures

1
0= 37 2 O (e ) O
In addition, under appropriate reqularity conditions on the potential transitions
G). and on the Markov chain X;, given in Section the above estimates
are valid for the marginal measures associated with the time parameters t, 1 <
p < tn, for some constant ca(n) = ca whose values does not depend on the time
parameter.

The second result is the following exponential coupling theorem.

Theorem 2.4 Assume the threshold parameters (an)n>0 are sampled realiza-
tions of a collection of absolutely continuous random variables A = (Ap)n>0-

Then, for almost every realization of the sequence (an)n>0, (X,EN)J?,&N))@O

and (y,SN), A,(LN))HZO are such that, for every m >0 and any N > 1, there exist
0 < c1(m),ca(m) < oo and almost surely e(m, A) = e(m) > 0 such that

P(30<n<m N, 90) # @V, 2N) | A) < ex(m) e N om/eatm),

The proofs of Theorem and Theorem are detailed, respectively, in
Sections and Some direct consequences of the exponential coupling
Theoremare as follows. The reference SMC algorithm (X,(LN), /fn)nzo can
be regarded as a ‘standard’ SMC algorithm as it resamples at deterministic
times. A variety of convergence results have already been developed for these
algorithms (see for instance [4]), including non asymptotic exponential estimates
and LL,-mean error bounds. Up to an event having an exponentially small
occurrence probability, Theorem allows us to transfer all of these estimates
to the adaptive SMC algorithm that approximates these deterministic times.

3 Description of the models

For the convenience of the reader, in the first two sections we briefly
introduce an abstract Feynman-Kac flow of distributions. The Feynman-Kac
flow of distributions in excursion space associated to a prescribed sequence of
resampling times is presented in Section [3.3

The definition of the functional criteria dicussed in this work is provided in
Section and the precise definition of the associated ‘limiting’ deterministic
time parameters (¢, ), >0 discussed in the introduction is provided in Section
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Adaptive Resampling Procedures for Sequential Monte Carlo Methods 17

3.1 Feynman-Kac distributions flow

We consider a sequence of measurable state spaces S,,, a probability measure
1o on Sp, and a sequence of Markov transitions M,,(x,,—1,dz,) from S, _; into
Sn, with n > 1. Let (X")n>0 be a Markov chain with initial distribution

Law(Xy) = no on Sy and elementary transitions
P(X, €edy | X1 = z) = My (,dy).

Let (gn)n>0 be a sequence of non-negative and bounded potential-likelihood

functions on S,,. To simplify the presentation, and to avoid unnecessary tech-
nicalities, it is supposed that Go = 1 and for n > 1, G,, € (0,1) with

(9) Gn = sup (Gn(x)/Gn(y)) < oo. (3.1)

(z,y)€S7

This regularity condition can be relaxed in various ways; see [4]. The Boltzmann-
Gibbs transformation ¥,, associated with a given potential function G, is the

mapping

Uy € P(Sh) o Un(p) € P(Sy) with U, (u)(de) = @ G (@) plda).

Notice that ¥, (1) can be rewritten as a non-linear Markov transport equation

U, (1) (dy) = (S (dy) = / w(dz) S, dy)

n

with the accept-reject type selection transition
Snp(@,dy) == Gn(2) 62(dy) + (1 = Gn(z)) Vp(p)(dy).

Let (Mn, T )n>0 be the flow of probability measures, both starting at ng = o,
and defined for any n > 1 by the following recursion

Notice that (7,)n>0 and (7, )n>0 satisfy the nonlinear recursion

~

Nn+1 = (I)n+1(77n> = LI’n(77n)~/\/ln+l and 741 = q)nJrl(ﬁn) =V (ﬁnMnJrl) .

It is worth mentioning that the one step mapping <T>n+1 can be rewritten as
follows

Tpyp1 (7) = Uy, () Mg

with the Boltzmann-Gibbs transformation U,, associated with a given poten-
tial function G, = M;,4+1(G,) and the Markov transition M,,;1 given for any
bounded measurable test function f on S,1, and any x € S, by the formula

_ _ Mu1(Gn (@)
M1 (f)(x) = M:H(gn)(w) '

From the pure mathematical point of view, this shows that the flow (7,)n>0
has the same dynamical structure as the flow (7,),>0. Thus, w.l.o.g we shall
concentrate our analysis on the flow of measures (7, ),>0-
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To get one step further, it can be readily checked that the flow of measures
(Mn)n>o satisfies the non-linear transport equation

NMn+1 = ﬂn’Cn+17nn with ICTLJrl,nn = Sn,ﬁnMn+1'

Also recall that the solution (7,7, ) of these recursive updating-prediction equa-
tions have the following functional representations

M (fn) = ¥ (fn)/ (1) and  §n(fn) = Fn(fn)/Fn(1) (3.3)

with the unnormalized Feynman-Kac measures 7, and 7, defined by the for-
mulae

3.2 Feynman-Kac semi-groups

To analyze SMC methods, it is necessary to introduce the Feynman-Kac semi-
group associated to the flow of measures (v, )n>0 and (1,)n>0. Let us start by
denoting by Q41 (2, dx,+1) the bounded integral operator from S,, into Sy, 11;
this is defined by the elementary multiplicative formula

Qn+1(wn7 dmn+1) = gn (xn) MnJrl (wn; d-rnJrl)-

Let (Qp.n)o<p<n be the corresponding linear semi-group defined by

Qp,n = Qerl Qp+2 cee Qn

with the convention @, ,, = I, the identity operator. Note that Q, ,, is alterna-
tively defined by:

Qo) =E | 1) T[] 6u) | %= (39

p<k<n

Using the Markov property, it follows that

) =E B | £ T gw«k)]xp TT 6ot | = (Qun(fi)).

p<k<n 0<k<p

The last assertion shows that (Qp »)o<p<n is the semi-group associated with the
unnormalized measures (7, )n>0. Denote its normalized version by
Qp.n(fn)

,Pp’n(fn) = 0, ) . (3.6)

Finally, denote by (®, »)o<p<n the non-linear semi-group associated to the flow
of normalized measures (7, )n>0:

(Dp,n = (I)no --'O(bp-‘rQO@p-'rl

with the convention ®,, , = I, the identity operator. From the previous dis-
cussion, note that (P, ,)o<p<n is alternatively defined in terms of (Q, »)o<p<n
with the following formulae:

O =S e

(3.7)

INRIA
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3.3 Path space and excursion models

Let (X;L)n>0 be a Markov chain taking values in some measurable state-spaces
E! with elementary transitions

P(X) € daly | Xy =y ) = M)(, . da)

and the initial distribution #{, = Law(X{)). In addition, introduce a sequence of
potential functions G’, on the state spaces E!,. To simplify the presentation, it
is assumed that the GJ, take values in (0,1).

Associate, with a prescribed non-decreasing sequence of time parameters
(tn)n>0, the excursion-valued random variables

Xo=X{ and Vn>1 Xpo=(X, 1. X} 4o, X[)
and the random path sequences
X, = (Xo,...,. Xp) = (X4, X1,..., X[ e By, =Eyx...x E| .

Note that (X")n>o forms a Markov chain

X1 = (Xpy Xg1) = (Xn, (Xt’nH, - ,ng)) (3.8)

taking values in the excursion spaces S, := Fy, . Furthermore, choosing, in

(3.4), the potential functions

n*

tn_1<k<t,

then we readily find that

'Yn(fn):]E fn(Xn) H gk(-)(k)]

L 0<k<n

=E|fu(Xo..... X)) ] Gk(Xk)]

L 0<k<n

0<k<tn_1

By definition of the potential functions G, of the excursion Feynman-Kac
model (3.9)), it is easily proved that the condition (G) (eq. (3.1])) is satisfied, as
soon as (G') introduced in (2.15) holds true. More precisely, it holds that
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where the essential supremum M’ — sup{.} is taken over all Mj-admissible

paths (v} 41,2} 4o9,..-5% ) and (yi . 1,¥;, _ 19,---,>¥;,) of the under-
lying Markov chain Xj. Moreover, the marginal 7, of v, on the state space

Sp = (Ej 41 x ... x Ej_ ) is again given, for any o € By(Sy), by

0<k<n

3.4 Functional criteria

In Section [3.3] we have assumed that a non-decreasing sequence of time parame-
ters (¢, )n>0 was available. We now introduce the functional critera which will be
used to build this sequence. To connect the empirical criteria with their limiting
functional versions, the latter need to satisfy some weak regularity conditions
which are given below.

Definition 3.1 We consider a sequence of functional criteria

Vn >0 Vp <gq HM MGP(Eq)HHqu) (1) € Ry

p.q )

satisfying the following Lipschitz type reqularity condition
MG ) = 152 )] < [ o = a) (0 | ) (310)
for some collection of bounded measures Hgﬁl) on By(E,) such that
5(H1(,Z)) = sup / osc(h) Hz()z) (dh) < 0.
heOsc, (By)

To illustrate this rather abstract construction, we provide four examples of
functional criteria corresponding those discussed in Section All of them
are defined in terms of the importance weight function

Wpg ¢ (@hs.. 7)€ By Wyg(ap,...,ah) = [[ Gi(z}) € (0,1)

p<k<q

In all the situations described below, the measures Ht(:,)s in li have a finite
support with one or two elements.

1. Weights thresholds control: The functional defined below
e () = (AG)  with AL = {0, € Byt Wyg(w,) = sa}

measures the proportion of the path sequences with a weight product
larger than some parameter s,.

2. Normalizing constants: In some sense, the functional defined below

HY (1) = p(Wp,q)

measures the degeneracy of the normalizing constants for large values of
the parameter (¢ — p).

INRIA



Adaptive Resampling Procedures for Sequential Monte Carlo Methods 21

3. Variance of the weights: The functional defined below

H (1) = p <[M<V;/%_1D

coincides with the variance of the weights w.r.t the reference measure p.

4. Boltzmann’s entropy: The functional defined below

MY (1) = Ent (du | Wy,q dp) := —pu (log W q)

p.q

measures the relative entropy distance between the reference measure p
and the updated weighted measure.

3.5 Resampling time construction

We now explain, precisely, how to define the sequence of resampling times
(tn)nzo-

Definition 3.2 For any pair of integers 0 < p < n and any n € P(E,), we
denote by Py, n) the law of a random path sequence of length n, starting with
an initial distribution n on the path space E, and performing (n—p) elementary
moves with the local probability transitions Mj,, with p < k <n. More precisely,
P, (pn) 18 the measure defined by

]P)n,(p,n) (d(xp7 x;)-‘,-la tee 733/”)) = T](d.fp) Mg/)—&-l(x;)’ dx;)-&-l) R M'rlz(‘r;b—la dx/n)
€P(E, x (B, X...x E)) =P(Ey)

where dx, = d(zj, ..., ;) denotes an infinitesimal neighborhood of a path se-
quence
Ty = (x0,...,2,) € By = (Ejy x ... X E}).

Given Hz(,?q) , with n > 0 and 0 < p < ¢, we define a non-decreasing sequence
of deterministic time steps (t,,)n>0 and a flow of Feynman-Kac measures (1, 1)
as follows:

e Set n =0 and ¢, =0 and 7y = 1y = ).

e Suppose that the time step t, is defined as well as the pair of measures
(Nn,1n) € P(E4,)? at a given rank n. To define the time step t,,+1 and the

pair of measures (1,41, n+1) € P(EL,,,)?, we consider 'HEZ?S, with s > t,
and a given interval I,, C Ry of the form I,, = [a,,o0) or I, = (—00, a,]
such that

Hg:,)tn (]P)';]\nv(tnvtn)) g In

The resampling time ¢,,;1 is defined as the first time s > ¢,, the quantity
HE:?S (P5,.(t...s)) hits the set I,; that is

tntl i= inf {tn <s : Hg:?s (Pﬁm(tn,S)) S In}
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Given tp4+1(> ty,), set

M1 = Pa, (b tnyy) a0d Dng1 = Wit (Mnt1) (3.11)

with the Boltzmann-Gibbs transformation ¥, 41 associated with the po-
tential function G, 1 = Wy, 1.,

We end this construction with an important observation. By definition of
the Markov transition M,,;; of the excursion model X, defined in Section [3.3]
it can be checked that

M1 = Pa (b tnsr) = TaMapt1. (3.12)

This yields the recursion

(3.11) and  (B.12) = nuy1 = ¥y (Nn) Mig1.

Hence the flow of measures 7, and 7, coincide with the Feynman-Kac flow
of distributions defined in with the Markov chain and potential function
(X, Gn) on excursion spaces defined in and (3.9). The only difference
between these models and the ones discussed in Section [3.3] comes from the fact
that the sequence of time parameters (¢,),>0 is inductively defined in terms of
a prescribed sequence of functional criteria. The SMC approximation of these
distributions is discussed in Section [l

3.6 Some applications

In this Section, we examine, in detail, the inductive construction of the deter-
ministic resampling times ¢,, introduced in Section for the criteria 1)-4) in
Section 2.3

3.6.1 Adaptive control of the weights

Consider [0,1)-valued potential functions. The resampling times are built to
control the degeneracy of the Feynman-Kac weights through

M Br) = Bn L (Koo X)

Pr 3, H Gi(X1) > s

tn<k<s

where 0 < s, < 1 and

AL =S @) € B yocox B s T Gileh) 2 s

tn,<k<s

Here E,, 5, denotes the expectation w.r.t the law P, 5 of a free evolution X},
starting at time ¢, at the end point X of a random path (Xo,...,X,) with
distribution 7),, on the space E,,.
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The mappings

th <s+— P,z H GL(X}) > sn
tn<k<s

are clearly non-increasing functions starting at 1 for s = ¢,,. If we choose an
interval
I, := (—o00,a,] for some a, <1

then the resampling time ¢, 41 coincides with the first time s the sequence of
probabilities
s—=Pug | ] GLXD) = sn
tn<k<s

goes below the level a,; that is

tpp1:=inf ¢ t, <s : Py 5 H GL(X}) > sn | <an
tn<k<s

This strategy allows us to decompose the trajectories of the reference free motion
X, into a sequence of excursion-processes

Xo=X}§ and VYn>1  X,:=(X, ., XI o...,X)  (313)

with
Vs < tpia Pog, | [ G(Xh)=sn| > an
tn<k<s
and
s=tnr = Pug | [ Gl 28| <an.
tn<k<tni1

We illustrate this construction with the random walk model discussed in
(Section [2.3.1). In this situation, recall that X}, is a Markov chain on Fj = Z
starting at the origin Xy = 0. If the indicator potential functions, G}, = 1k ),
are chosen then

Eoa | J] Ge(Xi) | =P(X{>1..., X} >k).
0<k<ty

When ay = 1/2, we find that ¢; coincides with the first level k the chain X, can
reach with a probability less than 1/2 with X{j = 0; more formally, we have

ti=inf{k>0 : P(X;>0, X] >1...,X;, > k) <1/2}.

Similarly, when a,, = 1/2, t,,+1 coincides with the first level k the chain X; can
reach with a probability less than 1/2 with X/ = z} ; more formally, we have

tppr=inf{k>t, : Pog, (X{ o1 >t +1,..., X, > k) <1/2}.
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3.6.2 Normalizing constants

The resampling times are built to control the degeneracy of the normalizing
constants estimates. To be more precise, set

Hg:,)s (Pﬁn,(tn,s)) = En,ﬁn H G%(X]IC)

tn<k<s

ty,<k<s

= [ o) B, | TT 6%

N (dzy,,) t,n+1(33;nad$::n+1) S

cox MYl _y,dxl) ] Grlah)-

tn<k<s

We have
s = tn - H?E:L,)tn (Pﬁn,7(tnatn)) =1

When the potential functions take values in [0, 1), one concludes that the map-
ping
s 2ty = 1y (Ba (tn.o)

is clearly non-increasing starting at 1 at time s = ¢,,. If we choose an interval
I, .= (—00,a,] for some a, <1
then the resampling time t,1 coincides with the first time s the quantities
S = Env;/\n H G;C(X]/c)
tn<k<s
go below the level a,; that is, we have
tnpri=infty <s : Eng | [ Gu(XR) | <an
tn<k<s

This criterion allows us to decompose the trajectories of the reference free motion
X, into a sequence of excursion like processes

Xo=X, and Vn>1 Xp=(X{ 1. X| o, X[) (3.14)
with
Vs <tny1 En g, H Gi(Xp) | > an
t,<k<s
and

tn <kStn+1
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3.6.3 Variance of the weights

The resampling times are built to control the variance of the weights. To be
more precise, set

[T, <r<s Ge(X%)
En 5, (th<k§s G;C(Xllc»

_ B (Mo GOD?)

2
Eng, (T, <ece GLXD)

-1

H (Pa ts) = i,

In this case,
s=ty = H" (Pr, (1) =0

The variance mappings s — H{", (P5 (..+) are generally increasing. For
instance, in the case of indicator potential functions G}, =1 A, we have
-1
Via<s<r AL (Prs) = Bua | [1 GHXD) -2
tn<k<s

H (Pa ) -

For another example in filtering problems, we refer the reader to [5]. One natural
way to control these variances is to choose an interval

IN

I, :=[an,00) for some a, >0

then the resampling time ¢, coincides with the first time s the function

2

s—Eua | [ Ge&XD*| /Eus | T GR(XD)

tn<k<s tn<k<s
goes above the level 1 + a,; that is

tnpr o= infet,<s : Bug | [] GR(XL)?

tn<k<s
> [1+an] Epnpg, H G(Xk)
tn<k<s

This construction allows us to decompose the trajectories of the reference free
motion X, into a sequence of excursion like processes

Xo=X{, and Vn>1 Xpo=(X, 1. X} 4o, X[) (3.15)
with controlled Feynman-Kac weights variances
Eng. (ITe, <nes GLXD?)

7 <l+an
En, (I, <xce GL(XD)

th S s < tn—i—l
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and for s = t,,41

En g (Tnchstnn GeX0?)  Bup (Guos(Xnss)?

N[ ~—
\Y
p—
_|_
S
3

2
E. 5 X
]Envﬁn (th<k§tn+1 G;C(X//c)> ,7n (Gn+1< n+1))

3.6.4 Boltzmann’s entropy

This criterion allows us to control the entropy like distance between the free mo-
tion trajectories and the weighted Feynman-Kac measures. To be more precise,
set

H, (P ) = Ent (Pr 1) | Qautn) == D Eng, (log GL(X}))
t,<k<s
with the weighted measures Q,, (,») defined by

Q. (p,n) (d(p, $;+1’ ) = Py (p.n) (d(p, x;+17 ) X H Gl ().

p<k<n

For (0, 1)-valued potential functions, the mappings

tn S § = Ent (P;\]rw(tnys) | Qﬁn7(tn75))

are clearly non-decreasing functions starting at 0 for s = ¢,,. If we choose an
interval
I, :=[ay,00) for some a,, >0

then the resampling time t,,41 coincides with the first time s the entropy distance
goes above the level a,,; that is,

o1 =1inf {t,, < s : Ent (Pa, (t,s) | Qi (t25) = @n }-

This construction allows us to decompose the trajectories of the reference free
motion X, into a sequence of excursion like processes

Xo = X(/) and Vn>1 X, = (thn71+17thn71+27 - ,X;n) (3.16)
with
Vs < tp41 Ent (Pﬁn,(tn,S) | Qﬁm(tn,S)) < Qp

and
Ent (Ps, (t,s) | Q5 (tn,s)) = G

4 Convergence analysis of the reference SMC
algorithm

In Section we present the reference SMC algorithm which resamples at the
deterministic times (¢,)n>0. The concentration analysis of this algorithm is de-
veloped in Section In Section we provide a brief discussion on the
set of constants arising in our estimates and introduce assumptions ensuring
a uniform control of these constants w.r.t the time horizon. In Section [£:2.2]
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several estimates on the bias and IL,,-mean errors are provided, whereas Sec-
tion [£:2.3] gives an original non-asymptotic exponential concentration estimate.
In practice the times (t,)n>0 are unknown and are approximated, on-line, us-
ing the current SMC approximation. In Section we use the concentration
results obtained in Section to analyze the convergence of these empirical
approximations towards their limiting functional values.

4.1 A reference SMC algorithm
The SMC interpretation of the evolution equation (3.2)) is the Markov chain

XN = (X,(LN’l),X,gN’Q),...,X,&N’N)> e sy

n

with elementary transitions

IP’(X( ) € dwnsy | X<N) H sty (XN, dat ) (4.1)

with

Koty = SngyMuy1 and ) () : Zaxw (4.2)

Loosely speaking this integral decomposition shows that this SMC algorithm has
the same updating/prediction nature as the one of the ‘limiting’ Feynman-Kac
model. More precisely, the deterministic two-step updating/prediction transi-
tions in distribution spaces

Snnn M1
M~ 0 = TS, = Yn(n) ——— Nnt1 = Mg (4.3)

have been replaced by a two-step resampling/mutation transition in a product
space

resampling ~ mutation
PG BN) ¢ pN T ()

N N
Xr(z ) € E;, n+l

e BN (4.4)

tnt1

where it is recalled that the state-space at the (n + 1)-th iteration is the path
space given by

B, = (E{) X...x Bl

trnt1

) = F;, x (E{n+1 X ... X E{Hl) .

In our context, the SMC algorithm keeps track of all the paths of the sampled
particles and the corresponding ancestral lines are denoted as follows

B = (R0 X0 LX)
XT(LNJ) = (X(g,]tv,;ixng)’ .. ,Xt(ivt?> € E;, = (E{) N E,{) )

By definition of the reference Markov model X, given in , every path par-

ticle XN ¢ B,

1 keeps track of the selected excursion X N e E,;, and it

n41
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evolves its terminal state )?,givtl) with (t,4+1—t,) elementary random moves with
the Markov transitions Mj,. More formally, we have that

(N,i) _ (N,) (N,i) (N,i) (N,i) (N,i)
XnJrl - (XO,tn_H ’ Xl,tn+17 ... 7th,tn+1>7 (Xt,,,+1,tn+1a ce ath+1,tn+1)
Y (N,i N,i N,i
= ( X Co (LX) )

with the (¢,4+1 —t,) M/ -exploration transitions given by the following synthetic
diagram:

o M, L M oML M )
KXW I e (N R (NG " x (V)
tn,tn tn+1 tn+2 e tny1

From this discussion, it is worth mentioning a further convention that the par-
ticle empirical measures

ﬂn+1 =N Z g X(N i) (Xuv D x(ND) L x (N o))()

F1 420N g

are the terminal values at time s = ¢,,41 of the flow of random measures

0 s Bl )= 2 (e s o)) O

X1 X, 20

4.2 Concentration analysis
4.2.1 Introduction

This Section is concerned with the concentration analysis of the empirical mea-
sures 7Y associated with (4.2)) around their limiting values 7, defined in (3.3).
Our concentration estimates are expressed in terms of the following constants

Qpn(1)(2)
n = A 1NV d n) = S sc(P, n
E e O R 1 O R

where @, ,, is the linear semi-group and P, its normalized version (3.6).
Note that these parameters can be expressed in terms of the mixing properties
of the Markov transitions M,. It is clearly out of the scope of the present
article to derive these estimates; we refer the interested reader to chapter 4 of
[4]. Nevertheless, under appropriate mixing type properties we can prove that
the series ZZ:O 4y, B(Pp,n) is uniformly bounded with respect to the final time
horizon n, for any parameter a > 0. Most of the results presented in this Sec-
tion are expressed in terms of these series, including bias estimates, L,,-mean
error bounds, as well as exponential concentration estimates. As a result, these
non-asymptotic results can be converted into uniform in time convergence re-
sults. To get a flavor of these uniform estimates, let us assume that the Markov
transitions My, satisfy the following regularity property

INRIA



Adaptive Resampling Procedures for Sequential Monte Carlo Methods 29

(M), There exists an m € Z4 and a sequence (d,),>0 € (0, DY such that
Vp >0 V(z,y)€ Sz My ptm(x,2) > 6 My prm(y, ).

We also introduce the following quantities:

Yk <1 mz—bupH < qu

k<p<l (y k<p<l

with the collection of constants (g,)>1 introduced in . In the above dis-
played formula, the supremum is taken over all admissible pair of paths with
elementary transitions M,,.

Under the condition (M),, we have for any n >m > 1, and p > 1,

[n/m]—1
~1 2
dp,p+n < 5p Tpptm and  B(Pppin) < H (1 - 51) p+km+1,p+(k+1) )
k=0

(4.6)
The proof of these estimates relies on technical semi-group techniques; see chap-
ter 4 of [4] for details. Several contraction inequalities can be deduced from these
results. To understand this more closely, assume that (M),, is satisfied with
m=1,0=Ap0, >0and ¢ =V,>1¢,. In this case,

— n
dpp+n < 6t g and B( ;D;DJrn) < (1 - 52)

4

Ya >0 Z Ty ) < qa/5(2+a)

More generally, assume (/\/l)m is satisfied for some m > 1 and that the
parameters d,, and rj; are such that

Nop =6 >0 Vp Tpptm =T <00 and Vprpiipym =1 <00. (4.7)

In this situation,

dp.ptn < 5 '7% and O( pern) < (1 o 52£71)Ln/mJ

and therefore

Vo >0 qu " ) < mor /6%, (4.8)

It is well known that the mixing type condition (M),, is satisfied for any ape-
riodic and irreducible Markov chains on finite spaces, as well as for bi-Laplace
exponential transitions associated with a bounded drift function. We also men-
tion that this mixing condition is of course never met for the complete historical
process X, = (X} )o<p<t, on S, = HOSpStn E;, discussed in Section
Nevertheless, under appropriate conditions on the Markov transitions M],
it is satisfied for the time marginal model associated with the excursion valued

Markov chain model on [[,  _ ., F. For instance, if

Vk>1 V() e (B)  Mi(z,.) >0 M(y,.)

for some ¢’ > 0, then condition (M),, is met with m =1 and 6, = ¢’.

RR n° 0123456789



30 Del Moral, Doucet € Jasra

4.2.2 Some L,,-mean error bounds

At this point, it is convenient to observe that the local sampling errors induced
by the mean field particle model are expressed in terms of the collection of local
random field models defined below.

Definition 4.1 For any n > 0 and any N > 1, let V.V be the collection of
random fields defined by the following stochastic perturbation formulae

S (= = )
(4.9)

For n = 0, the conventions K~ (z,dy) = no(dy) and ngllComgl = 10 are

N _ N
N = nn—llcn,nfy_l +

adopted.

In order to quantify high order LL,,-mean errors we need the following Kint-
chine type inequality for martingales with symmetric and independent incre-
ments. This result is more or less well known. For the convenience of the
reader, a proof is provided in the appendix.

Lemma 4.2 (Kintchine’s inequality) Let M, :=3 . ., A, be a real-valued
martingale with symmetric and independent increments (Ay)n>0. For any in-
teger m > 1, and any n > 0, we have

E (|M,[™)™ < b(m)]E([M];n’ﬂ)”m/ with [M], == Y A2 (4.10)
0<p<n

where m’ stands for the smallest even integer m' > m and (b(m))m,>1 is the
collection of constants given below:

2m + 1
b(2m)?™ == (2m)p, 27" and  b(2m 4+ 1) = Cm A+ Dim+y 9= (m+1/2),
m+1/2

(4.11)

Proposition 4.3 For any N > 1, m > 1, n > 0 and any test function f, €
By(Sy) we have the almost sure estimate
1

E (VN ()" ‘f}jﬁ{) ™ < b(m) osc(f). (4.12)

Proof:
By construction, we have

N
VN(f) = > Al (f)

i=1

with )
N i Ni
A () = e [N — K ()@ 50)]
Given X,EJR, we let (y,SN’“)ISiSN be an independent copy of (X,SN’i))1<i<N

We readily check that

AN =B (2 [ - £eE)] | 20)

=
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This yields the formula
N N
V() = E (MU(5) | 4)

where MTSAQ( fn) is the terminal value of the martingale sequence defined below

: L1 4 4
ie {1, Ny MMV ()= — [fn(X,SN’”) ~ W]
=1V
Using Kintchine’s inequality the end of the proof of (4.12) is clear. ]

The proof of the following lemma is rather technical and is provided in the
appendix.

Lemma 4.4 For any 0 <p <n, any n,u € P(Sp) and any f, € Oscy(S,), we
have the first order decomposition for the non-linear semi-group ®,, ,, defined in

)
[Py (1) = Ppn(M] (fn) =2 GpnB(Ppn) (1t — 0] Upnim(fn)) + Rpm(psn)(fn)

with a remainder term

[Rpun (1, m) ()l < 4 a0 BPpn) |1t =1 Voo ()] % [l = 0] Wp,nn(f))]

and a collection of functions Up n.n(f), Vpnn(f), Wonn(f) in Osci(Sp), whose
values only depends on the parameters (p,n,n).

We now present a bias estimate and some LL,,, bounds of independent interest.

Theorem 4.5 For anyn >0, f, € Osc1(S,) and any N > 1,

N E @0 (£)) = mn(f)| € o1 with 010 =43 2 B(Ppa).

p=0

In addition, for any m > 1 we have

VN E (|[n) = ] (fn>|m)% <

1
I b(2m)? 1., + b(m) o2.n
with .

On 1= 2 Z dp,n 5(Pp,n)'
p=0

Proof:
Using Lemma |4.4] we have the telescoping sum decomposition

WT]LV = \/N [ery*ﬁn}

=VN Z [q)p,n(%]av) —®pn (q)p(n;])v—l)” = Iflv + jrfv

p=0
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with the pair of random measures (Z, JN) given for any f,, € Oscy(S,,) by

Irjzv(fn) =2 Z QP,n /Q(Pp7n) ‘/pN (up,n,{)p(ng_l)(fn))
p=0

jva(fn) = VN ZRPJL (mﬂva (I)p(n;iv—ln (fn)-
p=0

Now, observe that
Using Proposition for any f,, € Oscy(S,) it can be checked that

1

E (|:[;V(fn)|m)E < b(m) oz

In much the same way, we find that

VRE (|75 (") < bem)? o (113

The end of the proof is now clear. [

4.2.3 A concentration theorem

The following concentration theorem is the main result of this Section. It im-
proves the exponential estimates presented in Section 7.4.3 in [4], by removing
a multiplicative correction factor of order v/ N in front of the exponential decay.

Theorem 4.6 For anyn >0, f, € Osc1(S,), N > 1, and any 0 < e <1/2,

N N ¢
P(|[nh —mn] (fa)] > €) <6 exp (—8 - ) (4.14)
where the constant o1, is defined in Theorem .

In addition, suppose (M), is satisfied for some m > 1 and condition
holds true for some 6 > 0 and some finite constants (r,T). In this situation, for
any value of the time parameter n, for any f, € Osc1(Sy,), N > 1 and for any
p € (0,1) the probability that

N ar - [2mrT 6
[’ =ma] (F)] < 55 4| F7g loe <p>

is greater than (1 — p).

Proof:
We use the same notation as in the proof of Theorem Recall that b(2m)*™ =
E(X?™) for every centered Gaussian random variable with E(X?) =1 and

2 _ ﬂ m 2m 1
Vs €[0,1/2) E(exp{sX?}) _mzzom! b(2m)?™ = A=
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Using (4.13)), for any f,, € Osc1(S,) and 0 < s < 1/(2071,,) it follows that

(s01,0)™ 2 1
E (exp{sVNIN(f,)}+) < SR p(2m)? = —————— . (4.15)
(ovfoviazin)) < 32 7 e
To simplify the presentation, set
fpn =U, p,n, By (fn) and oy =2 qpn B(Ppn)

where Uy, ,, , (-) was introduced in Lemma In this notation, it follows

3 (Nﬂ)
VY () \Fz (N (AN — Ko, (Fon) (2,25 )).

Recalling that E(e!X) < et/ 2 for every real-valued and centered random
variable X with | X| < ¢, we prove that

E (exp {t apn V¥ (52} %)

. toap,n N (VK X(N i)
= HNl/ van;f)\rfl (X(N77I)7dm> € VN <fp,n( ) p,né\il(fp 77,) )>

Tterating the argument, we find that
E (et Iflv(f”)) =E (exp {tiapn vy ( N )}) < exp (7520’21> (4.16)
= ’ p p,n - 2
with

=4 Z qpm Tl

From these Laplace upper bounds, the proof of the exponential estimates
now follows standard arguments. Indeed, for any 0 < s < 1/(201,) and any

€ >0, by (4.15) we have

(VN TN ()2 €) < ﬁ exp {—es}.

Replacing € by eN

P (J,iv(fn)/\/ﬁ > 6) < \/112ﬁ

Now, if choosing s = 3/(801,5,), then

exp{—es N}.

P (TN (VN 2 ) < 2 exp{—eN/(Boya)}
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To estimate the probability tails of Z.Y (f,,), we use (4.16) and the fact that e > 0

and t >0 )
P () 2 ) sen{- (a5 a2) ).

Now choosing t = €/¢2 and replacing ¢ by v/Ne then we obtain

Ve > 0 ]P’(Iflv(f)/\/ﬁz e>§exp<—N62>.

202
Using the decomposition
[ =] =T /YN + T VN
we find that for any parameter o € [0, 1]
P ([0 =] (fa) 2 €) <P (TX(J)/VN = ac)+B (TV(f)/VN = (1-a)e).

From previous calculations,

B (Y =] () 2 o <o (-2 ) 2 e (-T2 g

Now choose a = (1 —€)(> 1/2), then o? > 1/4 and
Neé? 49 N ¢
_e exp [ —
80’% *P 30’1,n

3 N ¢2
X _— .
P\ T8 (010 v 02)

pn >1 and B(Pppn) <1= Ufl <oin

]P’([ﬂfzv—ﬁn] (fn) > 6) <

AN

®

e
e}

IN

It remains to observe that

and
A [777]1\] - nn} (fn) = € or [ThJLV - Wn] (—fn) > €

so that

]P)(‘ WLV _TIn] (fn){ > 6) < P([ﬂfzv _nn] (fn) = €)+]P(W _TIn] (=fn) > 5) .

The end of the proof of is now easily completed. We further assume that
the mixing condition (M), is satisfied for some m > 1 and condition holds
true for some 6 > 0 and some finite constants (r,7). In this situation, by
the following uniform concentration estimate holds

2 §5
supP(Hnylzv_Un] (fn)‘ > €) <6 exp (_NG(S3>

n>0 2mrr
The proof of the theorem is concluded by choosing € := LN ? 27'gﬁ log %.
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Remark 4.7 Returning to the end of the proof of Theorem[].6, it can be o0b-
served that the exponential concentration estimates can be improved, marginally,
by choosing in the parameter o = ay(€) € [0,1] such that a,(e) a® =

bn (1 —«), with ay(€) := 55z and b, = ﬁ Elementary manipulations yield
bn 4ay,(€)
n = 1 — =1
an(e) = 29 L
o2 1 601
= n = 2n o 1
30_1)71 € + 0',% (*) 10 )

and therefore

62
w20 B -n) ()2 9 <8 e (N S a2o)

4.3 Approximating the criteria

By construction, the particle occupation measures IP’NH (tn5) approximate the
measures P (¢ ) introduced in Definition that is, in some sense

N
PEN (tn,s) =N1oo Py (ta,s)-

Conversely, observe that IP’%’ (tn.5) T (bn
of the measures n,JLVH, and respectively 7,11 w.r.t the (s —t,) + 1 first coordi-

nates. In other words, the measures ]P’%VN (tn.5)? and respectively P are

, and respectively P ,s) are the marginals

Mns(tn,s)
the projections of the measures 12 "1, and respectively 1,41 on the state space

Ey:=Ey, x (B ;1 x...xEl).

For instance, the following proposition is more or less a direct consequence
of Theorem

Proposition 4.8 For any N > 1, n >0, t, < s < t,y1 and any € > 0, the
concentration inequality:

N 2
P (152 (B3 ) — A (Bs0)] 2 ) < 0 e/ BT) e (— 575 )

holds for some finite constant c(n) < oo whose values only depend on the time

parameter. In addition, when the measures Ht(:,)s have a finite support, the
concentration inequality:

P[0 (PR 1)) = A (P en)| 2 €) < ca(m) exp (—CQ(;))

also holds, with a pair of finite constants c1(n),ca(n) < oo whose values only
depend on the time parameter.
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Proof:
By theorem 7.4.4 in [4], for any N > 1, p > 1, n > 0 and any test function
fn € Osci(Ey,), we have

sup VIV E ([n (f) = mn(fa)[) " < bp) e(n)
N>1

with some finite constant ¢(n) < oo and with the collection of constants b(p)
defined in (4.11)). These estimates clearly imply that for any ¢, < s < t,11, and
any test function h, € Oscy(E;)

sup VN E < p)% < b(p) c(n).

N>1

IE‘D'rjn (tn,s) (hn) - IEDﬁn,(tn,s) (hn>

Under our Lipschitz regularity condition (3.10) on the criteria type function-

als Ht s and using the generalized integral Minkowski inequality, it can be
concluded that

1

n P P n
sup VIV E ([ (PR 1) = i (Paen))| )7 < 00) ) oCHL,).

N>1

The proof of the exponential estimate follows exactly the same lines of argu-
ments as the ones used in the proof of corollary 7.4.3 in []; thus it is omitted.
The last assertion is a direct consequence of Theorem [£.6] This ends the proof
of the proposition [

4.4 An online adaptive SMC algorithm

The above proposition shows that the functional criteria Hg:?s (Pﬁn,(tn,s)) can
be approximated by HE")S (]P’ﬁNN (tn S)), up to an exponentially small probability.

Therefore, as we cannot compute the deterministic resampling times (¢,,), it is
necessary to approximate the reference particle model:

Definition 4.9 We use the letters Y and Y to define the particle model as-
sociated to the following approximation of the reference particle model. More

precisely, the particle systems YNV = (y(N’i)), JA)(N) = (y(N’i)) Ys(év’i) and
}/}S(év’i) are defined as XNV) = (X(N7i)), xW) = (f(N7i)), and Xs(f:”i) and )?S(JXZ)
by replacing in the inductive construction of the deterministic sequence (t,)n>0

the measures Py (1. ) by their current N-particle approzimation measures

tN 42777

N
Pﬁf)’,(tn ,S) ]172_: <yT(I’N ) (Yuv )y () Y(N,i)>)(')~

Here Y (1) = + Zf\il 537§LN,7;>(~) denotes the updated occupation measure of the

particle model JAJT(LN). We also assume that both models are constructed in such a
way that they coincide on every time interval 0 < n < m, as soon as the random
times tlY = t,,, for every 0 < n < m.
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It is emphasized that the measures @;’YN,(tN,S) generally differ from the ref-
tnrs) introduced in 1) Indeed, the reference

) are built using the deterministic times ¢,, based on the func-

erence empirical measures }P’g,v (
P

measures P,
M > (tn

tional criteria H75 (IP% \.(tn_1,5))» Whilst the empirical measures P%V,(ty,s)
are inductively constructed using random times ¢ based on the current empir-
ical criteria ’H(n 2 (@N )
_ 158 7771 17(tn 175)
By constructlon, for the four functional criteria discussed in Section we

=N .. . . .
have Hig)s (Pﬁw (N S)) = Cg}’\, < Where Cg}’\, . are the empirical criteria discussed
n? n n ? n n

5 Asymptotic analysis

5.1 A key approximation lemma

To go one step further in our discussion, it is convenient to introduce the fol-
lowing collection of events.

Definition 5.1 For any § € (0,1), m > 0, a, € R and N > 1, we denote by
QN (8, (an)o<n<m), the collection of events defined by:

Q% (6, (an)o<n<m)

={V0<n<m Vt, <s<tpi1

’H(") (BY, ) — HE (%(tms))’ < ‘H(m P (bn5)) — n

Lemma 5.2 On the event QN (3, (an)o<n<m), for any n < m and for any t,, <
5§ < tpt1, we have

th75 ( nnf(tnas)) > an = Hg:?s (P%v(tn,s)) > n

HE (B i0) < = M2, (BB ) < 0

Proof:
Observe that

‘th,s (PN N (tn, 9)) Ht7175 ( Mns (tn’s))‘ < 0 ‘H(n) ﬂn,(th)) — Qn

is equivalent to saying that

D, (Patn) =8 [Fi (o) — an| < M, (PR (1, )

and

HEZ?Q (P%a(tnﬁ)) S HE:?Q (Pﬁna(tnvs)) + 6 ‘HE;’;)? (Pﬁn,(tn,s)) — Qn| -
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Thus, if H{"), (P5, (1,.5)) < an then

D, (BB 1) < e (Pritn) +0 (a0 = HEDs (B 1))

<4 a,+ (1 — (S) HE:?S (Pﬁn,(tn,S)) < Qp-

Similarly, if we have Hif?s (Pﬁn,(tn,s)) > a, then we also have

HISZ,)S (PﬁN'L 7(tn,5)) 2 H%:?S (P?]nv(tnvs)) - 6 (ng,)s (Pﬁ”’(t"“s)) - an)
>4 a, + (1-9) Hiff,)s (PA (tn5)) > an-

This ends the proof of the lemma. [

Proposition 5.3 Assume that the threshold parameters a, are chosen so that
H§”>S (Pﬁn,(tn,s)) # an, for any n > 0. In this situation, for any § € (0,1),

m >0 and N > 1, we have

mOSnSm{ tfy =ty } ) Q% (57 (an)oﬁnﬁm)

Proof:

This result is proved by induction on the parameter m > 0. Under our assump-
tions, for m = 0 we have t)) = tq = 0. Thus, by our coupling construction the
pair of particle models coincide up to the time (t{v A tl). Therefore,

—N
VS < (t{v A tl) P%N,(to,s) = P;]\é\]7(t(1)\l7s).
By Lemma on the event QN (6, (an)o<n<m) we have tI¥ = ¢;. This proves
the inclusion for m = 0 and m = 1. Suppose the result is true at rank m.
Thus, on the event QX (8, (an)o<n<m) it is the case that t) = t,, for any
0 < n < m. By our coupling construction, the pair of particle models coincides
up to (tfylﬂ A tm+1); that is,

—N
th =ty and V<s< () Atmyr) PRy (1) = Pan (o0 -
Once again, by Lemma on the event Q) | (6, (an)o<n<m+1) it also follows
that t%—&-l = t;m+1- This ends the proof of the proposition. [

5.2 Randomized criteria

The situation where the threshold parameters coincide with the adaptive crite-
ria values HE:)S (Pﬁn,(tn,s)) = a,, cannot be handled using our analysis. Indeed,
in this rather degenerate situation it is impossible, at least with our approach,
to compare the random times (tnN )n>0 with the reference deterministic ones
(tn),>0- The analysis of this situation is clearly more involved since it requires
us to control both the empirical approximating criteria and the mean field ap-

proximation model.
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To avoid this technical problem, one natural strategy is to introduce ran-
domized criteria thresholds. We further assume that the parameters (a,),>0 are
sampled realizations of a collection of absolutely continuous random variables
(An)n>0; in practice, this element can be incorporated into the simulation, with
no real change in the performance. The main simplification of these randomized
criteria comes from the fact that the parameters

€Em = inf inf HE:}?S (Pﬁm(tms)) — ap,

0<n<m t, <s<tnt1

are strictly positive for almost every realizations A, = a, of the threshold
parameters.

Theorem 5.4 For almost every realization of the random threshold parameters,
and for any 6 € (0,1), we have the following exponential estimates :

N§%e?,
P(30<n<m t) #t, | (An)oznzm) < c1(m) (1 ) em\/];) e c2(m)

for some constants c1(m), ca(m) < oo whose values only depend on the time
(n)
S

)y

parameter m. In addition, when the measures H have a finite support, for

any 6 €]0,1/(2e,,)]

2 2
P (30 sn<m tnN 7é tn | (An)ogngm) < C1 (m) €_N6 6m/62(m)
holds, for a possibly different pair of finite constants c¢i(m), co(m) < co.

Proof:
Using Proposition 4.8 we obtain the rather crude estimate

P (Q = Q% (6, (An)o<n<m) | (An)ogn<m = (an)o<n<m)
=D DU iy

(2

tn,s

)

(P%,@,L,s)) —H", (Pﬁmams))‘ > 6 (Hif,)s (P (t05)) — @n
< S i P[0 (BN ) = (Paens)| 2 6 em)

<ci(m) (146 €m\/N/2) exp (—N6? €2, /ca(m))

for a pair of finite constants ¢1(m), co(m) < oo whose values only depend on the
time parameter. The final line is a direct consequence of Proposition [£.8] and
an application of Proposition [5.3| completes the proof. ]

We conclude that for almost every realization (A, )o<n<m = (an)o<n<m the

pair particle models (Xy(lN), )/(\,(LN))ogngm and (y(N>,377SN))0§n§m only differ on
events Q0 — QN (8, (an)o<n<m) With exponentially small probabilities:

P (EIO S n S m (y(N)vj}'r(LN)) 7é (X’r(lN)a )?751\’)) ‘ (An)OSngm = (an)OSnSm)

< c1(m) (140 €m\/N/2) exp (—Nb? €2, /ca(m)).
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6 A functional central limit theorem

6.1 A direct approach

In this Section some direct consequences of the exponential coupling estimates,
presented in Section[5.2} are discussed. For almost every realization (A, )o<n<m =
(an)o<n<m and for any test function f,, € Oscy(E:,) the following decompo-
sition holds (writing 7YY for the online adaptive approximation introduced in

Deﬁnition

VN [ﬁg —Un] =VN [771]:7 —nn] +VN [ﬁfj —777];[} 1Q—Q§V”(6,(an)0§§m)
with
E (\/JV [y =] (fn) 1979%(5,(%)09@)) < VN P (Q— Q)5 (an)o<ncm)) -

—Ntoo O

Thus we can conclude directly that, for almost every realization (A4, )o<n<m =
(an)o<n<m, the random fields

Wﬁf = \/N [ﬁﬁf — 7’]n] = and Wév = \/N [1771:[ - nn]

converge in law, as N T oo, to the same Gaussian and centered random field
W,.

6.2 Functional central limit theorems

To demonstrate the impact of this functional fluctuation result and to connect
this work with related studies, we provide a brief discussion on the proof of this
multivariate central limit theorem.

Let us begin by recalling a rather well-known functional fluctuation theorem

of the local errors associated with the mean field particle approximation intro-
duced in (4.9). This result was initially presented in [6] in the case of elementary
genetic type models. It has been extended to general mean field particle models
in Section 9.3 in [4].
Theorem 6.1 For any fized time horizon n > 0, the sequence (V;,N)ogpgn con-
verges in law, as N tends to infinity, to a sequence of n independent, Gaus-
sian and centered random fields (V,)o<p<n with, for any fp, g9, € By(E,), and
I<p<mn,

E(Vo(fo)Vp(9p)) = mp—1 K, 7np71(|:fp - Kp,npfl(fp)][gp - Kp,npfl(gp)b- (6.1)

Using arguments fairly similar to those in the proof of Lemma[£.4] we obtain
the first order decomposition formula:

(@ (1) = Lo (M](f) = (L = 1) Dy + R ()

with the signed measure R, (u,n) given by
1
Rn(ﬂvn)(f) =T s [/J_m@ﬂ(gn,n@])n,n(f)) with gn,n = gnfl/n(gnfl)
M(gnm)

and the bounded integral operator

Do (f)(@) 3= Gny(x) X My (f = u(n)(f)) (2)-
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Definition 6.2 Denote by D, ,, the semi-group associated to the integral oper-
ators Dy, := Dy, .., ; that is,

Dp,n = Derl e anan.
For p =n, we use the convention D, ,, = Id, the identity operator.

It should be noted that the semi-group D, , introduced above can be ex-
plicitly described in terms of the semi-group @, with the following formula

— Qp,n
np(Qp,nﬂ))

The next technical lemma provides a key first order decomposition of the
random fields WYV in terms of the local fluctuation errors. Its proof follows an
elementary induction on the time parameter n, and is in the appendix. Note
that R, is a remainder term that can be understood in the proof.

Dypn(f) (f = (f))-

Lemma 6.3 For any N > 1 and any 0 < p < n, we have

n n—1
WY =3 "VND,,+RY with RY :=VN > Ryi1 (0), 1) Dpyrn- (6.2)
p=0

p=0

Using the LL,,-mean error estimates presented in Section [4.2.2] it is easily
proved that the sequence of remainder random fields R, introduced in (6.2)),

converge in law, in the sense of finite distributions, to the null random field as
N tends to oco. Therefore the fluctuations of W, follows from Theorem

Corollary 6.4 For any fized time horizon n > 0, the sequence of random fields
(W) >0 converges in law, as N tends to infinity, to the sequence of Gaussian

and centered random fields (W, )n>0 given below

V>0  Wy=Y V,Dpn.

6.3 On the fluctuations of weighted occupation measures

We end this article with some comments on the fluctuations of weighted occupa-
tion measures on path spaces. Returning to the online adaptive particle model,
given a pair of time steps (t3,¢Y, ;) = (t,,, tn41) the N-particle measures

N

1
=N
Mnt1 = 37 Ly i i i i
n N Z (nyN’ ),(Y(N' Ly Ly )))

’ N oY N o
i=1 ty +17 42 1

can be used to approximate the flow of updated Feynman-Kac path distributions
(Mn+1,8)t,<s<tn.. given for any bounded test function f,11 € By(Sp+1) by

s € [tmtn+1] = 7/7\n+1,8(fn+1) xE fn+1(X(l)7 s 7Xt/n+1) H G;c(Xl/c)
0<k<s
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Indeed, if we choose the weighted functions

T (fasa) (@l oot ) = fara(@hoe ozt ) ] Galeh)

tn<k<s

then in some sense

T (T (Far) e (T (fa)

G e0) I Y CZUNTYY

ﬁrjy+1,s(fn+1) =

where 7,41 is the flow of Feynman-Kac measures on path spaces introduced in
Section B3]

Since the adaptive interaction time is taken such that tJ,; = t,41, it holds
that

N
1 ~ ~
N > Opno “Nfoo Tt 1tnpr = Tnt1-
i=1
In other words, the marginal type functions are chosen
7(0) / ’ o / /
n+1(fn+1>($07 v ’xtn+2> = fn+1(x0v s ’xt"+1)
SO
7' =7 E Xp,.., X! G (X;
Nn+-2 n+1(fn+1) = Nn+1(fas1) S (Xos -+ tn+1) H k(Xk)
O<k§tn+1

and therefore
X
_ 0 S(Ni 0
M2 (Tq§+)1(fn+1)) =5 Z fnt1 (nyJrf)) ~Ntoo Mn+2 (T7§+)1(fn+1)) .
i=1

From the previous discussion, for almost every realization (A, )o<n<m = (an)o<n<m
a central limit theorem is easily derived for the collection of random fields given
below

W (Far) = VN [T (T (Fas) ) = mara (T2 (Fas) )|

and
W (Farr) = VN [0 (Far1) = Frugts ()]

as well as for the mixture of random field sequences
TSN TSN,(1 TN, (0
Wn+1,s = 1t5§’§s<t{;’+l Wn+(1?s + 1s:t§+1 Wn+(1 )- (6.3)

The fluctuation analysis of these random fields strongly relies on the func-
tional central limit theorem stated in corollary [6.4] In particular, the fluctua-
tions of the random fields depend on the fluctuations of a pair or random
fields. From elementary stochastic calculus, the corresponding fluctuations can-
not be deduced directly from the separate fluctuations of each components.
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6.4 Related work

To our knowledge, the article [§] is the only reference providing convergence re-
sults for a specific adaptive SMC scheme in a state-space models context. The
authors establish a central limit theorem using an inductive proof w.r.t deter-
ministic time periods; this does not account for the randomness of the latter
quantities. They implicitly avoid the degenerate situation where the threshold
parameter coincides with the limiting functional criterion. The fluctuations of
the sum of the weighted and the resampled empirical approximations is de-
duced from the fluctuations of each separate components without the use of any
multivariate type central limit theorem.
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Appendix
Proof of Lemma [4.2]

We prove the lemma by induction on the parameter n. The result is clearly
satisfied for n = 0. Suppose the estimate (4.10) is true at rank (n — 1). To
prove the result at rank n, use the binomial decomposition

2m
m 2 m—
(Maoy + An)? =Z( , )M (An)
p=0

Using the symmetry condition, all the odd moments of A,, are null. Conse-
quently,

(anmr o) =3 () m(i) st
p=0

Then, via the induction hypothesis, the above expression is upper-bounded by
the quantity

i () 20 tm =) B (M) (7).

To take the final step, use the fact that

(o) 2 Clm = =g () wd )z

to conclude that

&=
—_
5
L
+
g
3
o
3
N——"
IA
y
3
o
3
3
[
N\
= 3
SN——
&=
g
=
T3
L
~—~7~
&=
P
=
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For odd integers, apply the Cauchy-Schwarz inequality twice to deduce that

E(|M,|"")? < B(M7™) E(MA"Y)

<27CmHY (2m),, (2(m+ 1)) (myr) B ([M]mH) o

n

Since we also have that

2(m+ 1) (2m + 1)!
and 1 @m+1)l 1
m4+1)!
om),, = - om + 1
@m)m =5 T a1 2t Dy

it can be concluded that

/ 2 Dm ) 1= 3oy
E(|Mn\2’”+1) < 9= (m+1/2) (m;;—:(l/;) FE <[M];zn+1> A

This ends the proof of the lemma. [

Proof of Lemma [4.4]
Using (3.7)), for any f € By(Sp+1) we find that

1

[@p,n (1) = Lpn(MI(f) = m (1t =1)Dpnn(f)

with the bounded integral operator
Dy (f)(@) = Gpnn() X Ppn (f = Ppn(n)(f)) (z)

where G, .., and P, ,, stand for the potential function and the Markov operator
is given by

Gpnm = Qpn(1)/n(Qpn(1)) and Ppn(f) = Qpnl(f)/Lpn(1).
Now, since 7 (Gp n,n) = 1, it is now immediate to check that
[@pn (1) = Ppn(m)] = (0= 1) Dpny + Rop.n 1t )
with the measure R, ,,(u,n) given by

1

“aGoy = M G © D ()

Rp,n(,“a m(f) =

Using the fact that

Dpnn(f)(@) = Gpnn() / (Po.n(£)(2) = Ppn(F)W)] Gp.nn(y) nldy)

we find
Vf € Osci(Ey) ||Dp,n,n(f)|| < Gpn ﬂ(Ppﬂz)~

INRIA



Adaptive Resampling Procedures for Sequential Monte Carlo Methods 45

Finally, for any f € Oscy(S,,) observe that
R (M) (H < (45,0 BPpn)) |l = 1% (Gpnin ® Dpnn(f))]

with the pair of functions

= Gp,n, = Dy (f
Gpmm = 2};7[3: and Dy pny(f) = 2%1;5("7(%1) € Oscy(Sp).

This ends the proof of the lemma. ]

Proof of Lemma [6.3]

The lemma is proved by induction on the time parameter n. For n = 0, we
readily find that WY = ViV = VN [} — ®¢(n,)], with the convention
Do (nY,) = no. Assuming that the decomposition is satisfied at rank n it may
be proved that

Wé\il = Vn]YH + VN [(I)n+1(77¢]:[) - (I)n+1(77n)]
= Vn]YH + W7]zVDn+1 +VN R, (77'){2]’ 77n)

n
= Vn]Y&-l + Z VpNDp,n+1
p=0

n—1
+ \/ﬁ Z RP+1 (77]13\[’ np) DP+1JL+1 + \/N Rn+1 (nrlzva nn) .
p=0

Using the convention D1 41 = I it follows that

n n+1
Vrﬁ-l + Z VpNDpﬂH-l = Z VpNDp,n—&-l
p=0 p=0
n—1 n
Z Rp1 (0, 1p) Dpsimst + Rogr (0 vnn) = ZRp—i-l (1) 1p) Dps1,ns1
p=0 p=0
from which we conclude that (6.2) is satisfied at rank (n + 1). This ends the
proof of the lemma. n
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