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CONVERGENCE PROPERTIES OF WEIGHTED
PARTICLE ISLANDS WITH APPLICATION TO THE
DOUBLE BOOTSTRAP ALGORITHM
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University of New South Wales*, Ecole Polytechnique, INRIA XPOP',
KTH Royal Institute of Technology*, ONERA/CNES

Particle island models [31] provide a means of parallelization of
sequential Monte Carlo methods, and in this paper we present novel
convergence results for algorithms of this sort. In particular we estab-
lish a central limit theorem—as the number of islands and the com-
mon size of the islands tend jointly to infinity—of the double boot-
strap algorithm with possibly adaptive selection on the island level.
For this purpose we introduce a notion of archipelagos of weighted is-
lands and find conditions under which a set of convergence properties
are preserved by different operations on such archipelagos. This the-
ory allows arbitrary compositions of these operations to be straight-
forwardly analyzed, providing a very flexible framework covering the
double bootstrap algorithm as a special case. Finally, we establish
the long-term numerical stability of the double bootstrap algorithm
by bounding its asymptotic variance under weak and easily checked
assumptions satisfied typically for models with non-compact state
space.

1. Introduction. This paper discusses approaches to parallelization of
sequential Monte Carlo (SMC) methods (or particle filters) approximating
normalized Feynman-Kac distribution flows. At present, SMC methods are
used successfully for online sampling from sequences of complex distribu-
tions in a wide range of applications, including nonlinear filtering, signal
processing, data assimilation [see, e.g., 19, 6, 27, 3, 9, and the references
therein], and rare event analysis [11, 5]. These algorithms evolve, recursively
and randomly in time, a sample of random draws, particles, with associated
importance weights. The particle cloud is updated through selection and
mutation operations, where the former duplicates or eliminates, through
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resampling, particles with large or small importance weights, respectively,
while the latter disseminates randomly the particles over the state space and
updates accordingly the importance weights for further selection.

SMC methods are computationally intensive, which may be critical in
online applications. In particular, since the particle interaction enforced by
the selection operation is of “global” nature (as it draws, with replacement,
each particle from the entire particle population rather than from a subset
of the same), running SMC methods in parallel on multicore processors is
not straightforward. A natural ideal, which is the basis also for the present
paper, is to parallelize the algorithm by, instead of considering a single batch
of N particles, simply dividing the particle population into N7 batches of
each Ny particles (i.e., N = NjNs), where each batch is referred to as a
particle island (or simply an island).

Parallel implementation of SMC was first proposed in [2] in the form of an
algorithm referred to as the local exchange particle filter (LEPF), in which
groups of particles are spread across computational units. This algorithm
was later improved in [1] (see also [20] where a detailed convergence analysis
of the LEPF is carried out). As indicated by the almost 300 Google Scholar
citations at the time of writing, the LEPF has triggered a substantial interest
in parallelization of SMC. Most notably, variations of the LEPF are found
in the contexts of multitarget tracking [30], optical tracking [29], and state
estimation [28].

In the present paper we consider an algorithm suggested in [31], which
may be viewed as a variant of the LEPF algorithm. In this framework,
each island evolves according to the standard SMC scheme subjecting al-
ternatingly the subpopulation to selection and mutation. Unfortunately, the
division of the particle population introduces additional bias which may be
of note for moderate island sizes Ny. Thus, in [31] it is proposed to reduce
this bias by performing additional selection also on the island level by re-
sampling multinomially, when needed, the islands according to probabilities
proportional to the weight averages over the different subpopulations. Se-
lection on the island level may be performed systematically, as in the double
bootstrap (B?) algorithm (in the present paper we have chosen to denote the
algorithm “B?” rather than “2B”, as we consider it more correctly described
as a “square bootstrap” rather than a “double bootstrap”; nevertheless, the
algorithm must not be confused with the SMC square (SMC?) algorithm
proposed in [8], which is, if still of a related form, of a different nature) or
may be activated adaptively by some criterion measuring the skewness of
the island weights. The latter approach will be referred to by us as the dou-
ble bootstrap algorithm with adaptive selection on the island level (B?ASIL).
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At the end of the day, a sequence of Monte Carlo estimators is obtained by
weighing up, using the island weights, the self-normalized empirical mea-
sures associated with the different particle islands.

Needless to say, the theoretical analysis of B2-type algorithms is challeng-
ing due to the intricate dependence structure imposed by the island selection
operation and the “double asymptotics” introduced by the two sample sizes
N; and Nj. The authors of [31], who base their theoretical analysis on a
reformulation of the particle island model as an extended Feynman-Kac
model on an augmented space of dimension N, detour the latter difficulty
by letting first the number N; of islands and then the number Ny of in-
dividuals of each island tend to infinity. By separating the asymptotics in
this manner, the analysis can, not surprisingly, at least in the case of the B2
algorithm, be handled using classical techniques from SMC analysis, and in
this way the authors establish convergence of bias and variance when these
quantities are scaled with the size N of the system. However, working with
this somewhat synthetic mode of convergence (with separated limits), the
authors fail to supplement their consistency results with a central limit the-
orem (CLT). Moreover, they do not provide any convergence results for the
B2?ASIL algorithm.

Nevertheless, even though the islands are allowed to interact through
selection, any two individuals of the system should become more and more
statistically independent as the number of islands as well as the size of
the islands grow (cf. the propagation of chaos property of standard SMC
methods [10]). Thus, we may expect a law of large number as well as a CLT
to hold when N; and Ny tend jointly to infinity. Moreover, in analogy with
similar results for standard, single batch SMC methods [see 12, 7, 22, 15],
we may expect the rate of such a CLT to be v/N.

The aim of the present paper is to improve the existing theoretical analy-
sis of particle island models by establishing results of the previous type. For
this purpose we will introduce a notion of archipelagos of weighted islands
that generalizes the particle models studied in [31] and consider three kinds
of convergence properties of such archipelagos, namely consistency (conver-
gence in probability), asymptotic normality (convergence in distribution in
terms of a CLT with rate v N ), and large deviation (an exponential inequal-
ity of Hoeffing-type that holds uniformly over all islands). After this, we
perform single-step analyses of three kinds of operations on archipelagos,
namely selection on the island level, selection on the individual level, and
mutation, and show how these operations preserve the convergence proper-
ties under consideration. As a consequence, we are able to establish that the
convergence properties in question are preserved through an arbitrary com-
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position of the mentioned operations, including the B? algorithm as a special
case, and to provide explicit expressions of the associated asymptotic vari-
ance. Moreover, the flexibility of our results, which generalize those obtained
in [15] for standard, single batch SMC methods, makes these well-suited for
analyzing particle island algorithms with adaptive resampling strategies such
as the B2ASIL scheme, for which we provide a detailed analysis (including
a CLT). In our proofs, which rely on limit theorems for triangular arrays
obtained in [15], the working process is highly inductive. Since the intricate
dependence structures of the particle model force us to define triangular ar-
rays on the island level, we will often, when establishing the preservation of
a certain convergence property of a certain operation, face a situation where
the only way of obtaining some critical limit or bound is to add the same to
the list of induction hypotheses. After this, one establishes that the opera-
tion in question preserves also this additional property (limit or bound), by
possibly adding, if needed, further assumptions to the list, and so on. At the
end of the day, we have obtained a more or less minimal set (a hexad in the
case of asymptotic normality) of properties that need to be checked at each
induction step. In this machinery, the large deviation property is a critical
component, since it provides, as a consequence of the distribution-free char-
acter of Hoeffding-type inequalities, uniform control of the deviation of the
empirical measures associated with the different islands from their common
mean.

As a last contribution, we establish the numerical stability of the B2
algorithm by bounding uniformly the asymptotic variance of its output.
We carry through this analysis under a strong mixing condition as well a
local Doeblin condition (see Section 5.10 for details), where the latter is
considerably weaker than the former and easily verified for a large variety
of models with possibly non-compact state space. When operating under
the local Doeblin condition, we let the Feynman-Kac model be indexed by
a strictly stationary sequence of random parameters (corresponding, e.g.,
to random observations in the case of optimal filtering in hidden Markov
models) and show, using novel results in [17], that the sequence of asymptotic
variances is stochastically bounded (tight) in this setting. On the other hand,
imposing the strong mixing assumption, which is classical in the literature
of SMC analysis [13, 10], allows an explicit, deterministic uniform variance
bound to be obtained using standard methods.

To sum up, the contribution of the present paper is threefold, since we

e introduce a general theory of archipelagos of weighted particle islands
and analyze thoroughly the convergence properties, as the number
N7 of islands and the common size Ny of the islands tend jointly to
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infinity, of such objects when subjected to certain operations. For this
purpose, we develop a machinery that allows triangular arrays defined
on the island level to be analyzed and which may be used for handling
double asymptotics appearing in other kinds of island-type particle
algorithms.

e apply the previous theoretical results to the B? and B?ASIL algorithms,
yielding laws of large numbers and CLTs for these schemes.

e establish the long-term stability of the B? and B?ASIL algorithms un-
der weak and easily checked assumptions.

The paper is organized as follows. In Section 2 we introduce, after some
prefatory notation, the concept of archipelagos of weighted islands, and de-
fine the three different convergence properties of such archipelagos. Our
main results are, along with the three different operations under considera-
tion, presented in Section 3, and Section 4 discusses the application of these
results to the B?ASIL algorithm. In particular, in Corollary 4.3 we establish
the asymptotic normality of this algorithm, which implies the asymptotic
normality of the B? algorithm as a special case (see Corollary 4.4), and pro-
vide a formula for the asymptotic variance; moreover, in Section 4.3 estab-
lish the long-term stability of the algorithm by showing that the asymptotic
variance of the B? algorithm may, under suitable assumptions, be bounded
uniformly. The proofs are gathered in Section 5. Finally, Appendix A pro-
vides some technical results that are used frequently in Section 5.

2. Preliminaries.

2.1. Some notation. For (m,n) € Z? such that m < n we denote [m,n] £
{m,m+1,...,n} C Z. Moreover, we denote by and Ry and R’ the sets of
nonnegative and positive real numbers, respectively, and by N* the set of
positive integers. For any quantities {a,}}_, we will use the vector notation
mon = (am, - - -, ap) with the convention @, = @ if m > n.

In the sequel we assume that all random variables are defined on a com-
mon probability space (2, F,P). For some given measurable space (X, X') we
denote by M(X) and My(X) C M(X) the set of measures and probability
measures on (X, X'), respectively. In addition, we denote by F(X') the set of
real-valued measurable functions on (X, X') and by Fy(X) C F(X) the set of
bounded such functions. For h € F,(X) we denote the sup norm A =
sup,ex |h(7)| and the oscillator norm osc(h) = SUpP (5 zyexz |h(z) —h(z')|. For
any v € M(X) and f € F(X) we denote by vf £ [ f(z)v(dz) the Lebesgue
integral of f under v whenever this is well-defined. Now, given also some
other (Y,)) measurable space, an unnormalized transition kernel K from
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(X, X) to (Y,Y) is a mapping from X x Y to Ry such that for all A € Y,
x +— K(z,A) is a nonnegative measurable function on X and for all z € X,
A — K(z,A) is a measure on (Y,)Y). If K(z,Y) =1 for all z € X, then K
is called a transition kernel. The kernel K induces two integral operators,

one acting on functions and the other on measures. More specifically, let
f € F(X) and v € M(X) and define the measurable function

Kf:XaxH/f(y)K(x,dy)

and the measure
VK Y5 A /K(:ﬁ,A) o(dz)

whenever these quantities are well-defined. Finally, let K be as above and
let L be another unnormalized transition kernels from (Y, )) to some third
measurable space (Z, Z); then we define the product of K and L as the
unnormalized transition kernel

KL :Xx Z53 (z,A) H/K(x,dy)L(y,A)

from (X, X) to (Z, Z) whenever this is well-defined.

2.2. Weighted particle islands and archipelagos. Let {N1(N)}nen+ and
{N2(N)}nen+ be sequences of positive integers such that Nj(N)Na(N) = N
for all N € N* and N;(N) — oo and No(N) — oo as N — oo. For lucid-
ity we will often omit the index N from the notation and write simply Ny
and Nj. In the following, let {({n(4,7), wn(4,7)); (4,7) € [1, N1] x [1, N2]}
be an array of X-valued random variables (the {y) with associated non-
negative (possibly unnormalized) weights (the wy). For each i € [1, Nq],
the subset {(fN(i,j),wN(i,j))}jyﬁl of the array will be referred to as an is-
land. With this terminology, a random variable £xn(i,7) in the array will
be referred to as an individual or a particle. Finally, we associate each is-
land {({n(%,7), wn(4,7)) évjl with a nonnegative (possibly unnormalized)
weight Qv (4). In the following, the set {(Qn (4), {(En (4, 5), wn (i, 4)) } 21 vy
of islands with associated weights will be referred to as an archipelago
on (X,X). We will always require the island weights to be positive and
the particle weights to be positive and uniformly bounded, i.e., there ex-
ists some constant |w| such that 0 < |wn(7,))| < |w|eo for all (i,j) €
[1,N1(N)] x [1,N2(N)] and N € N*.
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2.3. Conwvergence properties of archipelagos. In the following, any limit
(—), limit in probability (L), and limit in distribution (£>) is supposed
to hold as N — oo if not specified differently.

DEFINITION 2.1 (consistency). An archipelago {(Qn(7),{({n(4,7),
wN(z',j))}j-\Zl)}f\Ql on (X, X) is said to be consistent for n € My (X) if for all
h e Fb(X),

Ny . N> ..
Qn (i) wn (i, 7) . P
ZZ:; oLy On (i) ; YN wn(i, )
Qn(7) P
B SN o
ZGHLNl]] Z’i/;l QN(Z/)

(C2)

Note that the estimator in (C1) assigns the weight Qx(7)/ Zf&l Qn () to
the self-normalized importance sampling estimator E;Vil wn (i, j)h(En(i, 7))/

;YQ:I wn (7, ') associated with island i € [1, N1], and the smallness condi-
tion (C2) formalizes the fact that this weight, and thus the contribution
of each island to the estimator associated with the archipelago as a whole,

should vanish asymptotically as N — oo.

DEFINITION 2.2 (exponential deviation). In the following, letn € M1 (X)
and o and {c}?_, be positive constants. An archipelago {(n (i), {(én(i, 7)),
wN(i,j))}jyil)}fvzll on (X,X) is said to satisfy exponential deviation for
(n, o, {Cg}%zl) if for all h € Fi,(X), N1 € N*, Ny € N*, and € > 0,

N2
1
D) P — i VRh(En(, §)) — Bl >
(D) e N2]§:1WN(Z’]) (En(i,7)) —o xnh| > ¢

&2
< c¢1Nyiexp —c2N2—2 .
17115

The exponential deviation inequality in (D) provides uniform control on
the deviations of the unnormalized importance sampling estimators
Z;V:Ql wn (7, 7)h(En(i,7))/Na, i € [1,N1], associated with the different is-
lands from their common mean level ¢ x nh. The factor Ny on the right
hand side of the equality is required to compensate for the maximum with
respect to the island index. Assumption (D) implies, by a straightforward
extension of the generalized Hoeffding inequality derived in [14, Lemma 4],
that also the deviations of the properly normalized importance sampling es-
timators associated with the different islands from the expectations targeted
by the archipelago can be uniformly controlled as follows.
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LEMMA 2.3. Assume that (D) holds for (n,0,{ce}7_;). Then for all
h € F,(X), N1 € N*, Ny € N*, and € > 0,

s wn(ing) B
(21)  P| max Z {h(En (i, §)) —nh}| = €

€lLhl 5= >, M wn(i,4)
<2ciNyexp | —coNo———-
4 ||h||

Finally, we introduce a third convergence property describing weak con-
vergence in the sense of a CLT. Let N denote the Gaussian distribution.

DEFINITION 2.4 (asymptotic normality). In the following, let

0?2 Fp(X) — R% and V2 Fp(X) — R* be functionals.
e 1€ Mi(X) and {pe};_; C M(X) be measures.

An archipelago {(QN(Z)a {(€N<Z7j>7 OJN(i, j))}j\gl)}i\/ll on (X7 X) is said to be

asymptotically normal for (1, 0%, v, {ue}3_,) if for all h € Fp(X),

Na .
AN1) VN ONGI)  pen(ing)) — nh} -2
(AN Z ]/“19 <>;Z§Y%w]v<z ry (e () k) =
N(0, o (h))
and, in addition,
2
Ny . No ..
Qn (i) wn (4, J)
AN2 N i —nh
(AN2) - N2 S o) \ 2 T ) VB 0) = )
oy 2(h),

(€N (i, ) — ph,

2N2
m) 2T i)

No

p

. . 2
(AN4) NZ( in( ; (N‘”N—”)> h(En (i, 7))

Zjlzzl wn (i, J')
L5 pah,

(AN3) le:( W Q o

wn(2,7)
(

Ny

Q . Ny . 2
=

i=1 j’2:1 wN(Zajl)
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Qn(7)

(AN6) lim sup P max Ni—x—"——-2>A]=0.
A—00 NeN* iEULNl]] Zil;l QN(Z’)

Here (AN1) corresponds to a CLT and implies straightforwardly (C1).
In addition, since (ANG6) implies immediately (C2) we may conclude that
asymptotic normality is stronger than consistency. Assumptions (AN2-6)
guarantee the existence of asymptotic variance; see Remark 3.11 for further
comments.

3. Main results.

3.1. Operations on weighted archipelagos. In the following we let
P({a(i)}M,) denote the categorical probability distribution induced by a set
{a(i)}M, of positive (possibly unnormalized) numbers; thus, writing V' ~
P({a(i)}},) means that the random variable V takes the value i € [1, M]
with probability a(i)/ S>3, a(i).

3.1.1. Selection on the island level. The first operation, described in Al-
gorithm 1, is referred to as multinomial selection on the island level (SIL).
This operation consists in converting an archipelago {(Qn (), {({n(3,J),
wn (1, j))}jvil)}fvzll targeting some distribution 7 into an archipelago {(1,
{(én(i,5), on (i, j))}jvil)}f\f:ll with uniform island weights targeting the same
distribution 7. This step allows islands with small/large weights to be elim-
inated/duplicated, respectively. More precisely, a new family of islands is
generated from the existing ones by selecting, conditionally independently
given the input archipelago, new islands according to probabilities propor-
tional to the island weights {QN(z)}fV:ll After this, the weights and the
particles of the selected islands are copied deterministically (which of course
implies that the particle weights of the new archipelago are bounded by the

same constant |w|s as the ancestor archipelago).

Data: {(Q (i), {(En(6,5), wn (6,5) 12
Result: {(1, {(x(i, 1), @n (i, 7))} 214
for i + 1 to N; do
draw In (%) ~ P({QN(i/)}f\/h:l);
for j < 1to N2 do
set En(7,7) < En(IN(2),5);
set On(i,7) + wnv(In(2),7);
end
end

Algorithm 1: Multinomial selection on the island level (SIL)
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In the following we will abbreviate Algorithm 1 by writing

UL (). @i N Y)Y,
 SIL ({0, (i d)son (2D I ) ™

The following theorems state conditions under which SIL preserves consis-
tency, exponential deviation, and asymptotic normality. The input and out-
put in Algorithm 1 are respectively denoted by {(Qn(7),{({n(7]),

on (i DY) and {(1, {(Ex(i ). @x (. 1)} 1 and all proofs are
found in Section 5.

THEOREM 3.1.  Assume that {(Qn(2), {(En (i, 7), wN(i,j))}jyjl)}fvll is con-

sistent forn. Then also {(1,{(En(i,7), on (i, ) N2 V¥ is consistent for .

THEOREM 3.2.  Assume that {(Qn (i), {(€n (i, §), wn (i, §))} 12} sat-
isfies exponential deviation for (n,0,{c¢}2_,). Then also {(1,{(En(i,7),
@N(i,j))}jyil)}]vll satisfies exponential deviation for (n, o, {ce}s_,).

We impose the following assumption, guaranteeing that N7 grows only
subexponentially fast with respect to Ns.

(S) For all 8 > 0, Nyexp(—8N2) — 0 as N — oo.

THEOREM 3.3 Assume (S) and that {(Q (i), {(En (4, 5), wn (6, )} 22 il

satisfies exponential deviation for (n, o, {C@}e 1) and s asymptotically nor-

mal for (n,0%, 0%, {ueY_y). Then also {(1,{(n(i,5), @n (i, 1)} )2} is
asymptotically normal for (n,52%,v2,{n, us, us}), where for all h € F,(X),

&%(h) = o*(h) + v*(h)
(i.e. the SIL operation modifies only o2, p1, and uz).

3.1.2. Selection on the individual level. A second operation, described in
Algorithm 2, is referred to as multinomial selection on the individual level
(SiL), and consists in converting a weighted archipelago {(Qn(7), {(¢n (4, 7),

2

wn(2,7)) ;V 1)} | targeting some distribution 7 into an archipelago {Qx (i),

{(gN(z’,]), )}]: }Z.:1 with uniform particle weights targeting the same dis-
tribution 7. This step allows particles with large/small weights to be du-
plicated/eliminated, respectively. Note that the island weights remain unaf-
fected.
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Data: {(Qn(4), (§N~(iﬂj)7wN(i’j))};vﬁl)}zNzll
Result: {(Qn(4), {(En (i, 5), ) }20) 1,
for i< 1 to N; do
for j + 1 to N2 do
draw Jn (i, §) ~ P({wn (i, 5)}2);
set EN(Za]) <~ é-N(iv JN(Zvj))v
end
end

Algorithm 2: Multinomial selection on the individual level (SiL)

Trivially, the particle weights are bounded by |w|o = 1 in this case. As
for the SIL operation, we will express Algorithm 2 in a compact form by
writing

L (@), {Ev i), DY 2N
 SIL ({(@n (), {En (1), on (6, D H2) I ) .

The following theorems state conditions under which Sil preserves con-
sistency, exponential deviation inequality, and asymptotic normality. Here,
{(Qn @) {(En (i g) wn (@, 5)) 12 2 and {(Qn (), {(En (7). D)2 1D
denote the input and output, respectively, of Algorithm 2.

THEOREM 3.4, Assume that {(Qn (i), {(En (4, 5), wn (i, §)) } 20}y is con-

sistent for n. Then also {(Qn (i), {(En(i, ), 1)}§v:21)}f\[:11 is consistent for 1.
THEOREM 3.5.  Assume that {(Qn (i), {(€n (i, §), wn (i, §))} 12} sat-
isfies exponential deviation for (n, 0,{ce}?_,). Then also {(Qn (i), {(En(i, ),

1)}§V:21)}ZN:11 satisfies exponential deviation for (n,1,{¢/}7_,), where & =

4(1Ver) and & = (1A (c20%/2))/8.

THEOREM 3.6.  Assume that {(Qn (i), {(En (i, §), wn (i, §))} 12} sat-
isfies exponential deviation for (n, o, {Ce}?zl) and is asymptotically normal
fOT’ (777 O-Qa VQ’ {Mﬁ}izl)'

Then also {(QN(i),{(fN(i,j),l)}jy:QI)}f»V:ll is asymptotically normal for
(n,5%, 72, {u1, u1,n}), where for all h € F(X),

{&2(h) o?(h) + pi{(h = nh)*},
v*(h) = v*(h) + n{(h —nh)?}.

Again, proofs are found in Section 5.
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3.1.3. Mutation. The last operation we consider is Mutation, described
in Algorithm 3. This operation converts, using importance sampling on the
individual level, an archipelago {(QN(Z'),{(fN(i,j),wN(i,j))}jyjl)}f\Ql tar-
geting € Mj(X) into another archipelago {Qn(i),{(En(i,7),
On(2,7)) j.\’gl}f’;l targeting some other probability distribution 7, defined
on another state space (X, X ). The distribution 7 is related to n through the
identity

nQh 5

(3.1) nh = (h € Fyp(X)),

nQ1g

where @ : X x X — R, is a possibly unnormalized transition kernel. In the
algorithm that follows, let R : X x X — R, be a (normalized) transition
kernel such that Q(x,-) < R(x,-) for all z € X, and denote the corresponding
Radon-Nikodym derivatives by

dR(zx,")

w(z, ) & (@) ((z,%) € X x X).

In the sequel, we will refer to the mapping w as the importance weight
function and assume that w € Fp,(X ® X') and Q1 € Fy,(&X).

Data: {(ij(z), (€N~(i7j)7wN(i>j))};y=21)}z]'v=117 , R
Result: {(Qn(2),{(E~n(3,7),On (%, 7)) 5\21)}5\;11
for i < 1 to N; do
for j <1 to Nz do

set Wn (%, 7) < w(En(%,7),En (3, 7))wn (3, 5);
end
et G(i) o () 2t V)

7 [ R e —
N TN on (i)

end

Algorithm 3: Mutation

As before, we will abbreviate Algorithm 3 by writing
L (i), {(En i), Dn i, ) Y21,
e Mut(@Q) (1@ (D), (G, 1), wn (i D2 R) 7,

where the kernel @ is included in the notation for the sake of complete-
ness. Note that the Mutation operation forms indeed a proper weighted
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archipelago with 0| = |w|ss ||w||o- In conformity with the SIL and SiL
operations, the Mutation operation preserves consistency, exponential devi-
ation, and asymptotic normality. This is established below, where {(Qx(7),
{(En (i, 5),wn (@, )32 e and {(Qn (), {(En (i, 1) @n (6, 5)) 172 ey de-
note consequently the input and output of Algorithm 3, respectively.

THEOREM 3.7 Assume that {(Q (i), {(§n (4, 5), wn (i, )} 221}y is con-
sistent for 1. Then {(Qx (i), {(gN(i,j),(Z)N(i,j))}jyil)}ﬁll is consistent for i
defined in (3.1).

THEOREM 3.8.  Assume that {(Qy(0), {(€n (i, §), wn (i, )} 12} sat-
isfies exponential deviation for (n,o0,{c/}?_,). Then {(Qn(i), {(En(i, ),
wn (i, §)) 02 )}f\[:l1 satisfies exponential deviation for (i, 8,{¢r}7_,), where

j=1
0=0xnQlg, ¢ =2(2Ver), and

1 (&)

1
52 ==l =A 7) )
2 <52 2/|Q1g|I%
with § £ |@]oo + |w]oo |QLg |-

THEOREM 3.9.  Assume that {(Qn (i), {(En(i, 5),wn (i) 2} sat-

isfies exponential deviation for (n,0,{ce}?_,) and is asymptotically normal
for (n, 0%, v%, {pwe}3_,). Then the mutated archipelago {(QN(i),{(EN(i,j),
oT:N(i,j))}j-\gl)}fill is asymptotically normal for (7,62, 0%, {jic}s_,), where
i is defined in (3.1) and for all h € Fi,(X),

(52(h) = (o*{Q(h —ijh)} + pa R{w? (h — 7jh)*}
—p2{Q*(h = 7ih)}) /(nQ1g)?
7*(h) = (V*{Q(h —7h)} + paR{w?(h — 7h)*}
—pu3{Q*(h = 7ih)}) /(nQ1x)*
fnh = 11 Qh/nQ1g,
fish = paR(w?h)/(nQ1x)?,
fish = p3R(w?h)/(nQ1g)?,

(where Q*h(z) £ {Qh(z)}? and R(w?h)(z) £ [w*(x,2")h(z’) R(z,da’) for
all z € X and h € Fy(X)).

REMARK 3.10. Note that Theorem 3.6 and Theorem 3.9 hold true re-
gardless of the intermutual rates by which N1 and No tend to infinity with
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N. In particular, these results do not, on the contrary to Theorem 3.3, re-
quire the condition (S). This is in line with what we expect, as the SiL and
Mutation operations do not involve any island interaction.

REMARK 3.11. As clear from the previous, the SiL, SIL, and Mutation
operations modify a given archipelago by means of either resampling of is-
lands, local, island-wise resampling of individuals or random mutation of
all the individuals of the archipelago. Assumptions (AN2-4) regulate the
increase of asymptotic variance brought forth by subjecting the archipelago
to each of these operations, respectively. Thus, when the archipelago is sub-
jected to a given operation, only one of these conditions plays the active role
for the propagation of the CLT in (AN1); however, since we want to be
able to analyze arbitrary, possibly random (as in the B*ASIL algorithm in
Section 4.2) compositions of the operations, we are required to keep a record
of the incremental variances disengaged by each one. Still, the conditions
(AN2-6) are nested intricately in the sense that for a given operation, one
or several conditions play active roles for the propagation of another. In this
way, the condition (ANS5), which does not requlate directly the increase of
asymptotic variance for any of the operations, bridges the mutation and is-
land resampling operations in the sense that it requlates the limit (AN2) in
the case of mutation.

4. Applications.

4.1. Feynman-Kac models. For a sequence of unnormalized transition
kernels {Q}nen defined on some common measurable space (X, X) and
some probability distribution 79 € M1 (&X), a sequence {n, }nen of Feynman-
Kac measures is defined by

b
(4.1) h 2 7]1 . neN, heFyX),

TnlX

where

n—1
vt 2 [ [ o) mlao) T @ulayedain) - (1€ Fu))

p=0

(with the usual convention szm ap, = 1 when m > n). We may express
recursively the sequences of unnormalized and normalized Feynman-Kac
measures as, for h € F,(X) and (m,n) € N with m <n,
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Ynh = YmQm - - Qn-1h and
'YQO' "Qn—lh _ anm"‘Qn—lh
”YQO s Qp—11x anm T Qn—lﬂx’

Nnh =

respectively, with the convention @, - - - Q¢(x, h) = h(x) if m > £. In partic-
ular,

n@nh
ann]lX

which means that we may cast the model into the framework considered in
Section 3.1.3.

(4'2) nn+1h = (h € Fb(X)an € N)7

EXAMPLE 1. A special instance of the previous framework is formed
naturally by specifying, first, a sequence {My,}nen of normalized (Markov)
transition kernels on (X, X) with an associated initial distribution x and,
second, potential functions {gy }nen+, where g, : X — R for all n € N*,
and letting Quh(x) & My, (gny1h)(z) for alln € N*, x € X, and h € Fy(X).
In addition, ng £ x. This setup covers a large variety of important models in
probability and statistics, such as optimal filtering in hidden Markov models
(or state-space models; see, e.g., [4]) and models for the analysis of rare
events [11, 5]. We will return to this setting in Section 4.3.

Using a Feynman-Kac model in practice is typically non-trivial as nei-
ther the distribution flow {~, }nen nor {n, }nen can be computed in a closed
form in general (with the exception of the very specific cases of optimal
filtering in linear state-space models, in which case the solution is pro-
vided by the Kalman filter, or hidden Markov models with finite state
space).

4.2. The double bootstrap algorithm with adaptive selection. In this sec-
tion, our aim is to form online a sequence of archipelagos targeting the
Feynman-Kac flow {n,},en by using sequentially the operations described
in Section 3. A special feature of the approach that we consider is that the
SIL operation is not performed systematically at every iteration of the al-
gorithm, but only when the island weights fail to satisfy some appropriately
defined skewness criterion. In this way we avoid adding unnecessary variance
to the estimator. More specifically, we will analyze an algorithm proposed
in [31, Algorithm 3], where SIL is executed on the basis of the so-called
coefficient of variation (CV; see [21] and [24]) given by CVZ({Qn(i)}Y),
where
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2
(4.3) CV% (RN 3 {a(@) ) — Ny Z( " )) —1.
/ Lia(i

The CV is closely related to the efficient sample size (ESS, proposed in
[23]), which is the criterion used in [31}' nevertheless, since the ESS can
be expressed as Ni/[1 + CV% ({a(i)};2)], the two criteria are equivalent.
Note that the CV is minimal (zero) when all island weights are perfectly
equal and maximal (N} — 1) in the situation of maximal skewness, i.e.,
when the total mass of the system is carried by a single island (a situa-
tion which is however not possible in our framework, as we always assume
the island weights to be strictly positive). More specifically, as long as the
CV stays below a specified threshold 7 > 0, we let the Ny islands evolve
without interaction according to mutation and selection on the individ-
ual level. However, when the island weights get too dispersed as measured
by the CV criterion, the islands are rejuvenated by SIL. The scheme, re-
ferred to by us as the double bootstrap with adaptive selection on the is-
land level (B?ASIL), is described in Algorithm 4, where we have added
the iteration index p to the weighted archipelagos returned by the algo-
rithm.

Using the theoretical results obtained in Section 3 we may prove the fol-
lowing result, establishing that exponential deviation and asymptotic nor-
mality are preserved through one iteration of the B?ASIL algorithm. As a
by product we obtain the incremental asymptotic variance caused by an
iteration. Since focus is set on asymptotic normality, we provide recursive
formulas describing precisely the evolution of the functionals and measures
involved in (AN1-5), while leaving the derivation of the analogous formu-
las for the constants of the exponential deviation bound (D) to the reader.
The proof of this result provides a nice illustration of the efficiency by which
the theoretical results obtained in Section 3, despite appearing somewhat in-
volved at a first sight, can be applied for analyzing sequences of archipelagos
produced by executing alternatingly the SIL, Sil., and Mutation operations
in an arbitrary order.

THEOREM 4.2. Assume (S) and suppose that {(Q(n)() {(fj(\?)(z 7),
Wi )( ]))}N2 )}N1 satisfies exponential deviation and is asymptotically nor-
mal for (n,, o2, n,{,uen }3_1), n € N*. Then the archipelago {(QE\T;H)(Z),
{( ](\}Hl)(z 7), w%”rl)(z j))}N2 )}2111 generated through one iteration of Algo-

rithm 4 is asymptotically normal for (nn+1,0721+1, 1/34_1, {,ugnﬂ)};’:l), where
Nnt1 1S given by (4.2) and for all h € Fy(X),
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( 2 _ U%{Qn(h - 77n+1h)} + EnVr%{Qn(h - 77n+1h)}
0n+1(h) -
(annILX)
+5n77n n{w (h — 77n+1h) P4 (11— 8n)/~‘1 n{w (h — 77n+1h) }
9 (ann21X) 5 ’
2 () = Vil@n(h — 1)} + R {w;: (h — i1 h)}
) (ann:ﬂ-X)
(n+1)h: 1—¢ Hq th—i—E h
Hq ( n) Th(zC)Qn]lx nTn+17,
n 2
(D), — (o (i) g,
lu’2 ( n)2 (ann]lX)2 nMs )
(D, Mnfen ()
. 3 (annﬂx)27

A
where €, = l{ugn)ﬂx>7+1}'

PROOF. First, note that since the input archipelago satisfies (AN3), it
holds that b
OVR QW @}E) = i 1x — 1.

which implies

P
Loz (o @y — 7 &

where ¢, is defined in the statement of the theorem. Consequently, after
the if-else statement in Algorithm 4, the resulting archipelago { (Q%)(i),

{(fN (,7), wgv)(z j))}N2 )} satisfies, by Theorem 3.2 and Theorem 3.3,
exponential deviation and asymptotic normality, the latter for

{(nn,an, V2, {3 ) if e, =0,

(Un,% + Vn, Vn,nn,ﬂén),ué )) if e, = 1.

Thus, the archipelago {(Q( (1), {(§N (1,7), 1)}?;21)}5\21 obtained after addi-
tional SiL satisfies, by Theorem 3.5 and Theorem 3.6, exponential deviation

as well as asymptotic normality, the latter for

(0, 02(C) + 15 = 0021 020) + mad = 102 8™ 8™ 1)
if &, =0,

(s 02 () + v () + 0o ¢ = 1) 12 () + 00 = 10)?}s s 10y 1)
if e, = 1.
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Data: {Rp}p 0, T
Result: {(QF (), {(€V (i,3), 0 (5, 9)},20) 10, p € [0,n]
/* initialization
for i <+ 1 to N1 do
for j + 1 to N2 do
i, 4) ~ no;
W (i,4) 1

end

QV6) + 13
end
{QF (), {(EF (), 0l G, ) 2R,
Mut(Qo) ({(L, {68 G.). DI} Ro )
/* main loop
forp<1ton—1do
/* checking island weight skewness
if V4P (i)}¥) >  then
/* selection on the island level
{9 6), {(EX (,5), 0% (G, )2 <
SIL ({9 (@), 169 (i, ), w0 G AN F2DH, )5
else
/* no action

{2 (0), {(EL (1, 5), @2 (1, )) 2 )1,
{QW (), {6 (i, 5), w¥ (0, 9)) 12

end
/* selection on the individual level

{QF (). AER (@0, DYZ0NE «

SiL ({Q9 (), €Y @), 08 (N2 );
/* mutation

{@QF @O AEF ™ (0.9), LI
Mut(@,) ({(@F (), {0 (5.), D})2) 30 1,Rp)

(p+1)(

end

Algorithm 4: The B?ASIL algorithm

*/

*/

*/

*/

*/

*/

*/

Finally, considering also the final Mutation operation in Algorithm 4, and
propagating, for the two different values of ¢,,, the quantities of the previous
display through the updating formulas of Theorem 3.9, establishes, together
with Theorem 3.8, the statement of the theorem. ]

COROLLARY 4.3.

WP G N

Ny
=1’

Assume (S). Then all archipelagos {(QE\T,L)(Z), {(fj(\?) (i,7),
n € N, produced by the B*ASIL algorithm satisfy ex-
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ponential deviation and asymptotic normality, where for h € Fy(X) and
n € N*,
n—1 n—1 2 2
R s Quo1(h —mph
Ug(h)ZE : 1+ z : €p Te f{wéQﬁ-i—l Qn 1( Tn ) }

. P :
=0 pti1 (1eQe - - Qn-11x)
n—1

2 = MeRAw;Qoi1 - Quo1(h —nnh)?}
Valh) = % (neQe -+ - Qn—11x)? ’

Mgn)h = nh

(under the standard conventions that [[,_, ar = 1, >y ag = 0, and
Qm - Qn=1d if m > n), and {e,}nen= is given in Theorem 4.2. In addi-

tion, ugo) =1y and

a5(h) = v§(h) = no{(h —moh)*}  (h € Fyp(X)).

PROOF. The non-recursive expressions above are verified using induction.
More specifically, one assumes that the given expressions of (02,12, ,ugn))
hold true for some n € N (and for all h € Fy(X)) and plug the same into
the recursive expressions established in Theorem 4.2 under repeated use of

the identities

QZ T anl{Qn(h - 77n+1h) - ann(h - 7]n+1h)} = Qé te Qn(h - 77n+1h)
(h € F(X), £ € N),

and

Qe Qn-11x X MnQnlx = Q- - Qnlx (£ €N).
We leave this to the reader. To verify the base case n = 1, note that
the initial archipelago {(1, {(fj(\(,)) (2,7), 1)}5\[:21)}?21} is, by the standard CLT
and law of large numbers of for independent random variables, asymp-
totically normal for (ng,03,02,10,M0,M0), Where o3(h) = no{(h — noh)?},
h € Fp(X), and satisfies, by Hoeffding’s inequality, exponential deviation

for (no,1,2,1/2). Now, by Theorem 3.8 and Theorem 3.9 also the weighted
archipelago {(Qg\l,) (1), {(51(\})(1',j),w%)(i,j))}fjl)}f\gl, obtained by mutating
the initial archipelago, satisfies exponential deviation and asymptotic nor-

mality for ugl) = and

_ moRo{w§(h —mh)*}
(n0Qolx)?

Under the standard conventions, this is however in agreement with the for-
mula in the statement of the theorem. This completes the proof. ]

ot (h) = vi(h)

(h € Fp(X)).
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Of special interest is of course the special case where SIL is applied system-
atically at every iteration, corresponding to 7 = 0. This yields the standard
B2 algorithm, in which case the asymptotic variance is given by the following
corollary.

COROLLARY 4.4. Assume (S). Then all archipelagos {(Q (n)(') {( (n)(z 7),

Wl )(z j))} 2 )}Z 1» n € N, produced by the B? algorithm satisfy exponential
deviation and asymptotic normality, where for h € Fy,(X) and n € N*,

n—1
201\ _ neRe{wi Qo1 -+ - Qn1(h — nyh)*}
(44  onm) =) (-0 Qe Qu1ix)?

and

o5 (h) = no{(h —moh)?}.

PROOF. The result is an immediate consequence of Corollary 4.3, as 7 =0
implies that €, = 1 for all n € N*. O

On the other hand, letting &, = 0 for all n € N* in Corollary 4.3, corre-
sponding to the case where SIL is never applied, yields the variance

S RAwEQusr - Qur (b — muh)?}

(4.5) (NeQe -+ Qn—11x)? ’

=0

which we recognize as the well-known formula for the asymptotic variance
of the standard SMC algorithm (more specifically, the sequential importance
sampling with resampling, SISR, algorithm). This is completely in line with
our expectations, as such an algorithm would simply propagate N; inde-
pendent (non-interacting) islands, each island evolving as a standard SMC
algorithm based on N, particles.

4.3. Long-term stability of the double bootstrap algorithm. As a last part
of our study we establish the long-term numerical stability of the B? algo-
rithm by providing a time uniform bound on the asymptotic variance of its
output. Throughout this section we will, in the spirit of Example 1, assume
that each unnormalized transition kernel @),, p € N, can be decomposed
into a normalized transition kernel M, : X x & — [0, 1] and a nonnegative
potential potential function g,11 : X = Ry, i.e., forall h € F,(X) and z € X,

(4.6) Qph(x) = Mp(gp+1h)(x).
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In this setting, given a sequence {R,}pen of proposal kernels such that
My(z,) < Rp(z,-) for all z € X and p € N, the importance weight function
is given by

dM, (.CE', ) 2
wy(z,2') = 9p+1(33/)m (z,2") € X

REMARK 4.5. Instead of letting the Feynman-Kac distribution flow be
generated by the unnormalized kernel (4.6), one could, as in [31], consider
an alternative model with a flow {7, }pen generated by

(4.7) Qph(x) = gp(x)Mph(xz) (h € Fp(X),xz € X,p € N¥),

with Qo = My and 7o = x. In [10] the two models (4.6) and (4.7) are
referred to as updated and prediction Feynman-Kac models, respectively.
For the prediction model, it is, in the case of the B* algorithm, possible to
achieve full adaptation (borrowing the terminology of [26]) of the algorithm,

, to generate archipelagos {(1,{(1 §(p)( ))}N2 NN p e N, with uni-
formly weighted islands and individuals targetmg the distribution sequence
of interest, by letting R, = M, for all p € N and decomposing the dynamics
(4.7) into the product

(4.8) Qp = GpM,,

where Gph(xz) = gp(x)h(x), (z,h) € X x Fp(X), is the Boltzmann multi-
plicative operator associated with the potential g,. Now (4.8) allows also the
Feynman-Kac transition according to Qp to be decomposed into two subse-
quent Feynman-Kac sub-transitions, the first according to Gy, and the other
according to M,. The former corresponds to the Mutation operation

(4.9) (R ()@ ,4), é”(' j))}fv%)}f-“l
= Mut(Gy) ({01401, €0 ) 21 a),

which simply assigns each particle and island the weights wn(i,j) =

gp(ﬁz(\z;) (i,7)) and QS\Z;) (i) = Zj\f:zl gp(ﬁz(\z;) (i,7))/Na, respectively (where we as-
sumed that we start with uniformly weighted islands and individuals). After
this weighing operation, the output (4.9) is, in accordance with Algorithm /
(with T = 0), subjected to the SIL and SiL operations followed by the Muta-
tion operation

{0068V 62N, — Mut(M))
(AP G2, M, ).
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yielding an archipelago with perfectly uniform island and individual weights
approzimating the Feynman-Kac distribution 7,11 at the next time point.
Also this algorithm may be analyzed straightforwardly using our results, and
carrying through this analysis retrieves exactly the variance expression ob-
tained in [31, Equation 43]. We leave this as an exercise to the interested
reader.

The previous way of obtaining an archipelago with uniformly weighted
islands and individuals approximating the prediction Feynman-Kac distribu-
tion flow can be viewed as a special instance of a general auxiliary double
bootstrap algorithm (extending the so-called auxiliary particle filter pro-
posed in [26]) based on the decomposition

Qp = Tpr»

where Tph(z) = t,(x)h(x), (z,h) € XxFu(X), is a Boltzmann multiplicative
operator associated with some positive auziliary importance weight function
t, € Fp(X), and

Qp(:r:, h) & t;l(ac)Qph(fn) (z € X, h € Fp(X)).
In analogy with the previous, we may thus construct an alternative algorithm
approzimating {np }pen by furnishing the main loop of the B? algorithm with
a prefatory weighing operation
(410) {QF0)A@F (0. 5). &8 G H2
= Mut() ({9 60)A@R ). 68 G DI id)

and, after intermediate SIL and Sil. operations, a terminating Mutation
operation

(@2 @), L&), €87V (0, )y N2 )y,
= Mut(@) (1L L ER G2 By )

where, consequently, the all weights are given by the importance weight func-

tion
iyl o)) = 4 () TREESE) (@) €30)

Thus, choosing tp(z) as some prediction of the value of the derivative
dQp(z,-)/dRy(x, ) in the support of Ry(z, -) yields close to uniformly weight-
ed islands and individuals (i.e., a close to fully adapted algorithm);
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for instance, following [26], a possible design is ty,(x) = dQp(z,-)/
dRy(z,-)(Rpid(x)). Of course, also this algorithm can be analyzed easily us-
ing our results (we refer to [16] for such an analysis of the standard auziliary
particle filter).

4.4. Time uniform convergence under the strong mizing assumption.
When studying the numerical stability of the B? algorithm we will first
work under the following strong mizing condition.

(M) (i) There exist constants 0 < o_ < o4 < 0o and ¢ € M;(X) such
that for all p e N, x € X, and A € X,

o_p(A) < My(x,A) < 0, 0(A).

(i) It holds that wy £ sup,cy [[wp]|, < oo.
(iii) It holds that c_ £ inf(, ;)enxx @plx(z) > 0.

The assumption (M) (i), implying that each M, allows the whole state
space X as a 1-small set, is rather restrictive and requires typically the state
space X to be a compact set. Still, it plays a vital role in the literature of
SMC analysis [see, e.g., 13, 10, 4, 16, 25, 18]. On the other hand, the weaker
assumption (M) (ii) is satisfied for most applications and (M) (iii) does not
require the potential functions to be uniformly bounded from below; the
latter is a condition that appears frequently in the literature. Under (M),
denote

(4.11) p21- 2=,
04

then the previous assumptions allow the following explicit time uniform
bound to be derived.

COROLLARY 4.6. Suppose (M). Then the sequence of asymptotic vari-
ances of the B? algorithm (see Corollary 4.4) satisfies, for all n € N and
h e Fb(X),

osc2(h)
(1—p)2(1 = p?)2c.’

(4.12) oo (h) < wy

where p is defined in (4.11).

The proof is found in Section 5.10. In addition, by comparing the formulas
of the asymptotic variances of the B?ASIL and B? algorithms provided by
Corollary 4.3 and Corollary 4.4, respectively, we conclude that at each time
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step, the asymptotic variance of the latter algorithm is always bounded by
the that of the former (as the indicator variables {e)},en+, determining the
asymptotic island selection schedule of the B?ASIL algorithm, are either zero
or one for all p). The following corollary is hence immediate.

COROLLARY 4.7. Suppose (M). Then also the asymptotic variances of
the B*ASIL algorithm (see Corollary 4.3) satisfy the bound (4.12).

4.5. Time uniform convergence under a local Doeblin condition. The ex-
plicitness and simplicity of the variance bound in Corollary 4.6 are obtained
at the cost of restrictive model assumptions that are rarely satisfied in
real-world applications. Thus, in this section we will discuss how the as-
sumptions of (M) can be lightened considerably and turned into easily
verifiable conditions, satisfied for many models of interest, by considering
assumptions under which the asymptotic variance is stochastically bounded
(tight) rather than bounded by a deterministic constant. Since the asymp-
totic variance (4.4) of the B2 algorithm differs only from that of the SISR
algorithm (see (4.5)) by the factors n — ¢, the results obtained in this sec-
tion will rely heavily on similar results obtained in [17] for the standard
bootstrap particle filter. For this purpose, assume that each potential func-
tion depends on time through some random parameter only, i.e., for all
p € N*, g, = g(Zp), where {Z,}pen is some stochastic process taking values
in some state space (Z,Z) and g(z) € Fp(X) for all z € Z. Moreover, we
assume that the normalized transition kernels of the model are time homo-
geneous, i.e., M, = M for all p € N, and that Mutation is based on the
underlying dynamics of the model, i.e., R, = R = M, and, consequently,
wy(z,2") = wy(Zpi1)(x,2") = g(Zps1)(2') for all p € N and (z,2") € X2
Thus, in this case the model generates a parameter dependent Feynman-Kac
flow {np(Zop) }pen. (For instance, in the case of a hidden Markov model, the
sequence {Zp }pen plays the role of noisy observations of some Markov chain
(the state process) {X,}pen with transition kernel M on (X, &’). Condition-
ally on the state process, the observations are assumed to be independent
and such that the conditional density Z 5 z — ¢(z)(x) of each Z,, depends
on the corresponding state X, = x € X only. In this important framework,
np{Zo:p) is the so-called filter distribution at time p, i.e., the conditional dis-
tribution of the latent state X, given the observations Z.,.) In this case, the
asymptotic variance o2 (h) of the B? algorithm is a function of the random
vector Zo.,, and we write 02(Zo.,) (h) to emphasize this fact. We will replace
the condition (M) (i) by a considerably weaker condition of the following

type.
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DEFINITION 4.8. A set C € X is local Doeblin with respect to M if there
is pc € M1 (X) with c(C) =1 and constants 0 < o¢ < ol such that for all
reCand Ae X,

ocpc(A) < M(z,ANC) < alpc(A).

Now, impose the following assumption.

(L) The process {Z,}pen is strictly stationary and ergodic. Moreover, there
exists a set K € Z such that the following holds.

(i) P(Zp € K) >2/3.
(ii) For all € > 0 there exists a local Doeblin set C such that for all
z €L,

sup 9(2)(@) < €llg(z)loc < oo

(iii) There exists a set D € X such that inf,cp M (z,D) > 0 and
E |In~ inf g(Z .
[n inf o o)(a?)] < oo

In (L) (iii), In~ denotes the negative part of the natural logarithm. The
condition (L) can be checked easily for a large variety of models; see [17,
Section 4] for examples.

REMARK 4.9.  The condition (L) can be weakened further by requiring the
local Doeblin condition to hold only for some iterate Q(z1) -+ Q{zy), 214 €
Z", with a minorizing measure oc and constants o¢, Jé_ possibly depending
on the block z1.,; we refer to [17] for details. In this paper we have however
chosen to state the most basic version of the condition (corresponding to
r = 1) for simplicity.

Under (L), define M;(X,D) C M1(X) as the set of all x € M{(X) for
which there exists D' € X such that (i) infyep M(2,D) > 0, (ii)
E[ln~ inf,cp g(Zp)(z)] < oo, and (iii) x(D’) > 0. Then the following holds
true.

COROLLARY 4.10.  Assume (L) and suppose in addition that ny € M1(X, D).

Then for all h € Fy(X), the sequence {02(Zo.n)(h)}nen of asymptotic vari-
ances of the output of the B? algorithm is tight, i.e., it satisfies

lim supP (02(Zp.n)(h) > ) = 0.

The previous result is obtained by inspecting the proof of [17, Theo-
rem 11]; see Section 5.11 for some details.
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5. Proofs. As mentioned in the introduction, our consistency and as-
ymptotic normality proofs rely on limit theorems for triangular arrays devel-
oped in [15]. More specifically, [15] developed Theorem A.1 and Theorem A.2,
which are re-stated in Appendix A for completeness, for the purpose of prov-
ing consistency and asymptotic normality for weighted samples of particles,
whereas we use the same results for establishing these properties for weighted
samples of particle islands. However, whereas the elements of the arrays con-
sidered in [15] correspond mainly to single particles, the arrays defined by us
will be considerably more complex with each element being generally itself
a weighted average of particles associated with an island. In this section we
will use repeatedly the same notation {U. N(z)}f\[:l1 to denote triangular arrays
(in the sense of Theorem A.1 and Theorem A.2), even though the roles of
these arrays change throughout the proofs.

5.1. Proof of Theorem 3.1. We apply Theorem A.l. For this purpose,
define the triangular array and filtration

Ny N .
Un (i) 2 wn (In (i), J)
v Z NN wn(In (i), )
(z € [1, Ni(N)], N € N¥),
Fu 2o ({0 Aen (i), on N2 ) (Ve N,

h(En(In(i),5))
(5.1)

respectively. Now, since the island indices {Iy(: )}N !, are, conditionally on

Fn, ii.d. with common distribution P({Qx (i )}N ' ,) it holds, as the ancestor
sample is assumed to be consistent,

(5.2) ZIE [Un (i) | Fn]

= NlE[UN(l) \ FN]

aE wn(%,7) P

= 1, h.
Z N 1QN( );Z%lw(”) (En(i,5)) —

Thus, since |Un (7)| < ||| /N1 < oo for all i € [1, N1], it is enough to check
the conditions (A1) and (A2) in Theorem A.1. The tightness condition
(A1) is straightforwardly satisfied as sequences that converge in probability
are tight. Moreover, to check (A2) we may apply Lemma A.3 with Vy =
||l /N1 and Yy = Xy = 0. Thus, the limits, in probability as N — oo,
of the series SN Uy (i) and SN E [Un (i) | Fy] coincide, which completes
the proof.
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5.2. Proof of Theorem 3.2. Trivially, since {In (i)}, C [1, N1] it holds
for all € > 0,

P (I I — o X nh| >
ier[ﬁ%(l E wn(INn(i), ))R(ENn(IN(D), J)) — o xn €
<P| m E — h| > ,
ie[[l%clﬂ wn (i, J)h(En (i, 5)) —oxnh| > €

where the right hand side has an exponential bound by assumption. This
completes the proof.

5.3. Proof of Theorem 3.3. In order to check (AN1) using Theorem A.2,
define the array

53) \/7¢5j{j NUNET) e (1 0), ) = ni)

i wn(In (), )
(i € [1,N1], N € N¥),
and let {Fn}nen+ be the filtration (5.1). We first note that E[U% (i) | Fn] <
4Ny HhHio /N1 < oo for all i € [1, N1]. Along the lines of (5.2) (note however

that the definition (5.1) of the triangular array in (5.2) differs slightly from
that of the array (5.3) considered here),

N1 Nl
S UMD = S (Un(i) - EUN ) | Fa)
=1 =1
Ny . No .
JN Qn (i) wn(B,7) g i )) — nht.
i ;Zyil N (i) JZ;Z’ 1WN<Z]){ ot =

By assumption, the second term on the right hand side of (5.4) converges
in distribution to a Gaussian random variable with zero mean and variance
o2(h). To treat the first term using Theorem A.2 we first consider

(5.5) ZE U%(i) | Fn]

N2 wn(iyg)
7 —nh
QE QN( ) > ZN21°JN(ZJ){ (En (i, 7)) — nh}

J=1

— VQ(h),
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where the limit holds as the ancestor archipelago is assumed to satisfy
(AN2). In addition,

N1
> E? [Un(i) | Fy]
i=1

2
N1

SN (Vi g LU LS N IR
M o1 2=t N (@) j=1 ij2:1 wn (&, 5")

P
— 0,

as the right hand side tends, as the ancestor archipelago satisfies (AN1),
in distribution to a scaled y?-distributed random variable as N — oo.
Combining the two previous displays shows that the condition (B1) in
Theorem A.2 holds with limit ¢2(h) = v2(h). To check the condition (B2)
in the same lemma, we note that max;ep n,7 [Un(i)] < Vv + XNV, with
XN = YN =0 and

(5.6)
Ny |2 wn (%, 7) b . b N e N
VN—iG%?Ji,(l] N ;W{ (En(i,5)) —nh}| (N € N¥).

Note that the sequence {Vy } ven+ is Fy-adapted and vanishes in probability
as N — oo since the ancestor archipelago is assumed to satisfy (D) and
thus (2.1). We may then apply Lemma A.3 to check the condition (B2) in
Theorem A.2, implying that for all u© € R,

E

Ny
exp (iuz {UN(0) ~ E[UNG) | fN}}> | fN] Py exp(—utrA(h)/2).
=1

Now, using this limit, the decomposition (5.4), and the hypothesis that the
ancestor archipelago satisfies (AN1), we conclude, via Lemma A.5, that for
all u € R,

E

N1
exp (iuz UN@))] By exp(—u{o?(h) + 2(h)}/2),
=1

which concludes the proof of (AN1).

We establish Assumption (AN2) by applying Theorem A.1, this time
to the array Uy (i) 2 UZ(i), i € [1,N], N € N*, where {Un (i)}, is de-
fined by (5.3), and the filtration { Fy } yen~ is defined by (5.1). To prove that
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Z Uy (i) converges in probablhty, we first note that the sum ZNl E[Uy (i) |
Fn] converges in probability to v2(h) by (5.5). Moreover, the two con-
ditions (A1) and (A2) in Theorem A.l are straightforwardly satisfied
for the array under consideration, the latter condition by Lemma A.3 as
maX;e[1,N,] Uy (3)] < V2, where Viy is defined in (5.6) and VZ vanishes in
probability by Lemma 2.3. Consequently, (AN2) is satisfied with 7% = v/2.

In the case of multinomial island selection, (AN3) coincides with the
consistency property, which is implied by (AN1); thus, fi; = 7.

We preface the proof of (AN4) by the following lemma.

LEMMA 5.1.  Assume (D) and (S). Then

w (i, J) _
lim sup P max N, 2 = 0.
Ao NeN+  \ ()ElLMIx[LND 3702 ) wi(i, j')
ProOF. Using the boundedness of the particle weights,

-1

.. Ny

WN(Za.]) 1 ..
max No———— " < |w max — wn (2,7 ,

(i.4)€[1,N1]x [1,N3] Zﬁilwzv(tj’) | |O°i6[[1,N1]] Na ]Z (6.4)

where the quantity on right hand side is tight as it converges in probability
to |w|eo/0 by (D), (S) and Lemma A.4. O

Now, to check (AN4) we apply Theorem A.1 to the array

Na N 2
UN@)é%jZ( R .,)> e InGi), )

j=1 j/ile(IN(Z)a]
(i € [1, N1], N € N¥).

associated with the same filtration as previously. Since the ancestor archipel-
ago satisfies (AN5),

(5. 7)
ZE [Un (i) | Fn]

No . 2
QZ QN( N > <%) h(EN(i, §)) — psh,

j=1 / 1WN(Z]
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and we show that Z ', Un (i) tends to the same limit by using Theorem A.1.
First, Un (i) < No? ||h||, /N1 < oo for all i € [1, N1] and N € N*; moreover,
be reusing (5.7) for |h| we check (A1l). To check the Lindeberg condition
(A2), we bound, using {In (i)}, < [1, N1],

max |Un(i)| < max QM
i€[1,M] (i.7)€[1,N1] % [1,Nz2] s wn (')

1 |Ra  wn(ig)

N ..
X max -— —h{ 7)),
RN 2 T w7 )

where the first factor on the right hand side is tight by Lemma 5.1 and
the second term is bounded by |[/h| ., /N1, which tends to zero when N
tends to infinity. Thus, Lemma A.4 can be applied for checking (A2), which
establishes that fio = pus.

Finally, in the case of selection on the island level, (AN5) coincides with
(AN4) and (ANG6) is trivially satisfied.

5.4. Proof of Theorem 3.4. We first note that (C2) is trivially satisfied.
In order to check (C1) we apply Theorem A.1 to the array

QN(
Na S0, Qi)
associated with {Fn}nen given by (5.1). Note that all indices {Jn(i,7) €

[1, N1] x [1, N3]} are condltlonally independent given Fy. Moreover, for all
i € [1, N1] it holds that {Jx (4, ])}] 1~ P{wn(i,j )}N2 )®Nz Hence,

Un(i) =

Zh En(i, In(i,5))) (i € [1,N1],N € N")

Ny

Ov(i) & wnlisg) -
E U F 1,
Z (i) | Fn] = ;z%ma/);z%wun (en(i, 7))

N nh,

where convergence holds by assumption. First, note that Uy(i) < ||h,,

oo for all i € [1,N;] and N € N*. Moreover, (Al) is trivially satlsﬁed
Thus, consistency is established by showing that (A2) is satisfied, which
is an immediate implication of Lemma A.3 with Xy = Yy = 0 and Vy =
1]l oo Max;eq, QN(Z)/Zﬁll Qn (i), which is Fy-adapted and tends to
zero in probability thanks to (C2). Hence, by Theorem A.1, the series
SN Un (i) and SN E[Un (i) | Fy) have the same limit nh in probability.
This completes the proof.
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5.5. Proof of Theorem 3.5. We may bound the quantity of interest ac-
cording to

Jmax 5 Zh (& (i, In (i, 5))) — nh

No No

< max 2 [S bn(i)|+ max ZM h(En(i,)) = nh| .

e[l N | i€[1,N] | = Z 32w (i, 5)

where we have set

Ny

5.8)  On(i,j) 2 h(en(i, In(,J))) — ON(T) e,
(5.8) ~ (i J) = h(En (i, In (4, 5))) j;Zj-Vu"’:le(ijj”) (En (i, g")

((Zvj) S [[LNl]] X [[17N2]])
By Lemma 2.3, the second term on the right hand side satisfies

No ..
P max ZTMV# (én(i,§)) —nh| > e/2

el = Yoty wn (i, j')

€22
< 2c1Nyexp —02N272 .
16 [| |5,

For each i € [1, Ni], the variables {(5N(i,j)}§\[:21 are, conditionally on Fy,
independent and identically distributed with zero mean; moreover, as
10N (i, 7)| < 2]h| o for all (z,7) € [1,N1] x [1, N2], Hoeffding’s inequality
implies that for all € > 0,

(5.9)

Ny &2
1
P max on(i, )| >¢€/2 | F < 2Njex -
ie[Lwi] Nz JZ_l n(0,5)| 2 €/2| Py ! p( QSWLH )

Combining the previous two displays shows that (D) is satisfied with the
choice of ¢; and ¢ given in the theorem.

5.6. Proof of Theorem 3.6. We start with (AN1). In order to apply
Theorem A.2, define the array

N1 QN
Ny 297;1 Q@
((7’7.7) € [[17N1]] X H17N2ﬂ)7

(5.10) Un(i) 2 Z{h En (i, In (i, §))) — nh}
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equipped with the usual filtration {Fn}nen given by (5.1). We first note
that Uy (i) < 2V N ||h||l,, < oo for all i € [1, N1] and N € N*. In order to
check (B1), write, following the arguments of the proof of Theorem 3.4,

ZE U% (i) | Fn]

e 3S (2 )'SE ) ey
1 ZNl . N- .. N\%, )] n

i=1 i'=1 QN(Z ) j=1 Zj/il WN(ZJ/)
M anti) \’
+ Ny (Np — 1) z; (725;1 QN(Z,,)>

j=1 ,le(Zj)

N2 .. 2
9 (Z W{h@w,j))nh}) -

Moreover, since

ZEQ [Un (i) | FN]

2 No ..
_NZ< Ny Q ()> ZN(A)N#{ h(én(i,5)) —nh} ]

Dt j=1 2uj'= 2 wn (i)

we obtain
(5.11)

Z{IE UZ (i) | Fn] —E*[Un(3) | Fn]}

- Nli (QNi(’)iM{ (x i, ) — nh)?
— \ 0 Qn() S0 wn (i, §7)

j=1 22j'=1 %N

N i( ) )2 3 ey
— V1 =N . =N . " N - .
i=1 297;1 Qn (i) =1 ]\/] 1WN(Z 7’)

Since the ancestor archipelago satisfies (2.1) and is consistent for 7, we

deduce that
2

2 [ Ny ..
N12< ]Yllﬂ ()> Z%@,/{h(&v(i,j))—nh} =o0.

j=1 §'=1 WN(ZJ )
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Then, since the ancestor archipelago also satisfies (AN3) we conclude that
the variance (5.11) tends in probability to u;{(h —nh)?}. Consequently, the
triangular array satisfies Assumption (B1) with limit u1{(h — nh)?}. In
order to check Assumption (B2) we may apply Lemma A.3 by bounding

max |Un(i)| < Vv + XnYZ (N € N¥),
iElI].,Nl]]

with, for N € N*,

VN = VN max 7}\{91\[(1)
i€l 3L, Qn (i)

WN(Z’]) ..
Y = {h(En (i, 5)) — nh} |,
T e i)
XN = N1 - max ]ngNi(l).’
el TN, O (7)

N. 1 &
Y2 _ V2 L Sn (i i
N =R, e sz; N(z,J)‘,

where the s are defined in (5.8). Here {Vy } yen+ is Fy-adapted and tends
to zero in probability by (AN6) and Lemma 2.3. In addition, {Xn}nen~
is Fy-adapted and, by (ANG), tight. Moreover, for all N € N*, Y has, by
(5.9), a tail of the type

X MaXie[1,Nq]

4
P(Yn > ¢ | Fn) < 2Njexp <—N1€72) .
2[pl5%
Thus, Lemma A.3 applies, which establishes (B2). Finally, we may conclude,
by using Lemma A.5, the proof of (AN1) to obtain that 5%(h) = o2(h) +
p{(h —nh)?}.
To check (AN2) and prove that the series vazll Un (i), where
2

Un(i) =

Qn (i) ak
5 N ;{h(fN(laJN(m))) —nh}

(1 € 1, N1], N € N),

converges in probability as N — oo, let {Fn }nen be defined as in (5.1) and
consider the sum

(5.12)

Ny
> E[Un(i) | Fnl
i=1
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S~ ) S ww(in)
=3 ) 2 S i g () —n?
i=1 2ui'=1 v

j=1 ZJ/ Lwn (5

2
N1

QN(Z) N2 wN(i j)
No — E E {2 - h 9
Ry i=1 25;1 Qn (i) j=1 ZA/TQ ywn (i, ){ () =)

where we used, as previously, that for each i € [1,N;], the variables
{h(&n (i, In (1, j)))}NQ1 are, conditionally on Fy, independent and identically

distributed with common mean Z 2 wn (i, 4)h(En (4, j))/Z], Lwn (3,7).
The first term of the right hand 81de of (5.12) tends in probability to
n{(h — nh)?} by consistency, while the second term tends in probability to
v2(h) by (AN2). Since this establishes the condition (A1) in Theorem A.1,
the series SN U (i) and .M E[Un (i) | Fn] have the same limit 5{(h —
nh)?} + v2(h) in probability as soon as the condition (A2) in the same
theorem can be checked for the array in question. However, write

max _|Un(i)| < Vv + XnYy (N € N,
7,6[[1 Nl]]

where, for N € N*,

Vi = 2N, max QNi()
ze[[lNl]]Z/ 1 (/)

No o __on@i) poen(s, J))‘)Za

= 1ZN2 wn (4,5')
XNy =2 max NlNgN#,
i€L,n] 3 Qe (i)

No
1
Yzmax—i& i, 7)1,
\ N i€[1,N1] \/N‘jl v J)'

X <maxie[[1,Nl]]

and the dys are defined in (5.8); then, since Vi tends to zero in probability
(by (AN6) and Lemma 2.3), Xy is tight, and Yx has an exponential tail
(by Equation 5.9), Lemma A.3 applies, establishing that the array satisfies
Assumption (A2). Consequently, we obtain that 72(h) = n{(h — nh)?} +
v2(h).

To verify (AN3) we retain to the previous machinery and study the array

N an) )
N A 1 N2 . .. . *
Un(i) = N, (m) j§1 h(&n (i, In(i, 7)) (i € [1,M], N € N)
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associated with the filtration {Fn}nen+ defined in (5.1). To establish the
convergence of vazll Un (i) we reapply Theorem A.1 and consider

(5. 13)

ZE [Un (i) | Fn]

2N2

- Z( ]Yuﬂ (i >> S D (i) B i,

j=1 Zj/221 wn (i, j')

where convergence follows since the ancestor archipelago satisfies (AN3).
By reusing (5.13) for |h| we check that the condition (A1) in Theorem A.1
is satisfied. Moreover, since

] 2
max |[Un(d)| < [|hl] (JNTNQN#> :

€[1,M] 2ty O ()

where the right hand side vanishes in probability by (ANG6), Lemma A.3
implies that the array satisfies (A2) as well. Thus, (AN3) holds true with
fl1 = p1.

In addition, since Assumption (AN4) coincides with (AN3) in the case
of uniform particle weights, we obtain immediately that jis = 1. Moreover,
(ANS5) coincides precisely with (C1), which is satisfied as the output satisfies
the stronger condition (AN1), and we obtain fi3 = 7. Finally, (ANG6) holds
trivially true.

5.7. Proof of Theorem 3.7. First, note that

i=1 25;1 QN(Z./) j=1 Eé\/[2:1 @N(i,j/) 7
_ SO SN ) SR GG
Z;’Xlzl QN(Z'//) ; ny;l QN(i/) jz::l Zl\lfz le(z j ) (fN( 7]))7

using the definition of {Qy (i )}ZN ', in Algorithm 3. In order to determine the
limit in probability of this quantity we apply Theorem A.1 to the array

. No ~ ..
Un (i) £ QN(Z)( )Z On( )z 6y e[l N, N € N

25;1 Qn (2 ?/72:1 WN (ia ]/)
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associated with the filtration {Fn}nyen+ given in (5.1). For each (i,j) €
[1,N1] x [1, N3], the conditional distribution of &xn(i,7) given Fy is
R(ﬁN(%])v )a thus,

(5.15)
B [ (i, 0h(Ev (. 3)) | ] = wn(i.d) [ wlén(i, ), (@) Rién (i j),da)

= wn (i, §)Qh(En (3, ),
implying that

(5.16) ZE Un(i) | Fn]

s wn (i) P
= h 1,7)) — nQh,
Z = 1QN(2);Z]Y21WN(’L 7’ )Q (Evna) e

where convergence holds since the ancestor archipelago satisfies Assump-
tion (C1). This implies (A1). To check also the condition (A2) we apply
Lemma A.3 with Xy = Yy = 0 and Vy = [Jw||, |kl maxieqi n,) Qn(7)/
Zz, 1 Qn (i), where Viy is Fn-adapted and tends to zero in probability
by the assumption (C2). Hence, Theorem A.1 ensures that the two series
SN Un (i) and SN B [Un (i) | Fu] have the same limit nQh in probabil-
ity. Moreover, by setting h is equal to the constant function 1y we deduce
that

SMooy@) 1
N1 ¢ . Q]1~’
S Q@) nQIx

which allows us to complete the proof of (C1) using Slutsky’s lemma.
Finally, Assumption (C2) is checked straightforwardly by just noting that

QN<'> QN< ) S Qn(i)

max —< N <

max ~ )
i€[1,N1] Z Qn (i) i€[1,N1] Z Qn (i) 2%1:1 Qn (i)

where the right hand side tends to zero in probability by (5.17) and the fact
that the ancestor archipelago satisfies (C1).

(5.17)

5.8. Proof of Theorem 3.8. Note that o x nh = ¢ x nQh and bound the
quantity of interest according to

1 Qe

(5.18)  max_ E;wu,j)h(sw,j)) — o xnQh
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No

1

— 13" (i, /) Qh(En (i, 7)) — hl,
+i61|ﬁ?‘]i§1ﬂ Ny j=1 v NEN () = e

where

(5.19) on(i,7) £ on(i, Hh(En (i, ) — wn (i, ))Qh(En (i, 5))
((4,5) € [1,N] x [1, N2]).

Since the input archipelago satisfies (D) it holds that

Na
P I[nNHNi ;{ww(i,j)Qh(éN(i,j))—Q><77Qh} > ¢ /2

2
€
< Nicpexp (—02N2 3 3 )
4{|Q1x5 [l

For each i € [1, N1], the random variables {0y (i, §) j-V:Ql are, conditionally on
Fn, independent and, by (5.15), zero mean. Moreover, since for all (i,7) €
[1, M) x [1, Na], |05 (3, 5)| < 6 ||hl.,, where § is defined in the statement of
theorem, Hoeffding’s inequality implies that for all € > 0,

(5.20)

No 2

1 = €
Pl max — on(2,5)| > €/2 | F <2Njexp | —-No——— | .
iehina] N jzl wlnd)) 2 /2 | Fx : p( 2252\\h\|§0>

By combining the two previous displays we may conclude that (D) is satisfied
with ¢, and &y defined as in the theorem statement.

5.9. Proof of Theorem 3.9. We preface the proof by the following auxil-
iary result, which is obtained as a straightforward extension of the general-
ized hoeffding inequality in [14, Lemma 4].

LEMMA 5.2.  Let the assumptions of Theorem 3.8 hold. Then for all N1 €
N* Ny e N* ande >0,
Qn (i)
Qn (i)

— ]l,.
’L'G[[].,Nﬂ] UQ X

(5.21) P ( max

> 5) < Niéiexp (—62N252) )

where & 2 2(c; V &) and ¢ 2 {(c2/ |w||%) A éa}o? /4.
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To check (AN1), take h € F,(X') and assume without loss of generality
that nh = 0 and, consequently, nQh = 0. We again rewrite the estimator
according to (5.14) and apply Theorem A.2 to the second factor. For this
purpose, define the array

. No ~ ..
6522 Un(i) 2 VN0 =2 ond) i, )

25;1 Qn (! j\//z:l WN (Za ]/)

(i € [1,N1], N € N¥),

and furnish the same with the filtration {Fx}yen+ defined in (5.1). We may
now write

Ny
(5.23) Z Un(i) =Y {Un(i) —E[Un(i) | Fnl}
=1
N (7) ok wn (i, ) -
+ \/_Z Z Ny Qh(gN(va]))a

= ZIY119 (4 )j:1zj/ 1wN(Z])

where, by assumption, since ||Qh|| ., < [|h] o |Q1x|loo, the second term on
the right hand side satisfies the CLT

N2 .o
VN N9 onieni, 1)) 25 N(O, 0%(QR)).
Z Jyllg ();Z%mm@ (n(i. 1)) 2> N(0,0%(Qh))

Our main challenge will be to handle the first term on the right hand side
of (5.23). Since all individuals of the mutated archipelago are conditionally
independent given Fy, we notice that for all ¢ € [1, N1],

2
N2

ol | gL LG RN I

N-
j=1 '/2:1 WN(ZJ/)

2
= Z (“’N—jm> R(w*h?)(€n(i, )

2y wn(

2
No

WN(ivj) h i
+ ;—Z;VQIWN@])Q (&n(i, )

2
—Z (“’N—j)> (Qh)X(enis5)-

’ 1WN(Z J
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Using this, we turn to the variance and deduce the expression

ZmUN|m]WWMHmH

2 Ny L. 2
=N M) R w2h2 'i7 .
Z ( ’ =1 N(Z/)> Z (Zé\,&l wn (i, ) ( )(En (i, 5))

J=1

2 Ny .. 2
—NZ< ),>Z<ﬁ$&QT>@W@mm,
’ =1 N(Z ) j=1

§'=1 WN(Za J )

which tends in probability to ps R(w?h?) — pa(Qh)? as the input archipelago
satisfies Assumption (AN4). This implies that Assumption (B1) in
Theorem A.2 holds with the same limit. To verify the Lindeberg condition
(B2) in Theorem A.2, note that proceeding as in (5.18) yields

(5.24) max ‘UN( )| < Vyn —I—XNYN (N S N*),
’LElI]. Nlﬂ

where, for N € N*,

Vy = VN max & max Z N(UN#
i€[1,N1] Z ( ) i€[[1,N1] = ZJ/2 L (,UN(Z i )

_ QN( )
RS i A S ( )
Ny E (Za )

Y2=,/—= max |=I=/ "7 |,
N Ny ie[1,N] lele(z, )

Qh(gN(Za ])) ’

Here {Vn}nen+ is Fny-adapted and tends to zero in probability by (ANG6)
and Lemma 2.3, { Xy} yen+ is Fn-adapted and tight by (ANG6), and Yy has,
by (5.20), (D), and the extension of Hoeffding’s inequality in [14, Lemma 4],
a tail of the form (A.1) (with @ = 2). Thus, by Lemma A.3, (B2) holds
true, and we may conclude the proof of (AN1) using first Lemma A.5 and
then Slutsky’s lemma.

We turn to (AN2) and decompose the quantity under consideration
according to

2

Ov() (> onGd) |, -
(5.25) Ny ; ST o) ; S (07 )h(&v(z,y))
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WL O RN () (OnG) 1
e Sty QO (i) ;Zw L QN (i) <QN(Z') ”Q1>2>
2
(D) e )
j=1 Zj/2:1 WN(iajl)
1y 1QN< '>§ O (i)
nQ]lX Z ( ) i=1 folz1 QN(i//)

2

A an(ig) :
Y = h(En (i)
j=1 Zj’2:1 wn (4,5
The convergence in probability of the second term on the right hand side
will now to be established using Theorem A.1. For this purpose, define the
triangular array

2
No

A Qn (i) wn (4, ) F o
5.26 Un(i) 2 Ngp— "~ — 0 h(én(i,
(5:26)  Un(i) & No o Z T (7] (En(i,))

(i € [1, N1], N € N¥),

and associate the same with the o-field Fy defined in (5.1). We now apply
the previous machinery and study the convergence of the series

ZE [Un (i) | FN]

No . 2
22 N( )Z< LdE) ) RO ) (Ex (i, )

j=1 §'=1 WN (’57 J )

2

No ..
+N2Z N1 Q <> S D) G, g)

=1 i1 it 2y wn (i)

Na . 2
wn (%, 7) 2 .
N> (Qh)*(&n (7, 5)),

Z %“19 (¥ E (Z;Y%wzv@ J >>
which tends in probability to v2(Qh)+ s R(w?h?) — u3(Q?h) as the ancestor
archipelago satisfies (AN2) and (AN5). Thus, the condition (A1) in
Theorem A.1 is checked. In addition, (A2) is checked using Lemma A.3, as

max |Un(i)] < Vi + XyYZ (N € N¥),
ZE[]. Nl]]
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where for N € N*, Vy =0 and

Qn (e
XN:Nllma NlNi()”
i€[1,N1] Zi:l Qn (i)
N .
N wn (4, 4) .
Yy =4/ =— max _ NIy, i ’
N Ny ie[1,N1] ; ;Yile(i,j’) (En(3,9))

where { Xy} nen+ is Fy-adapted and tight by (AN6) and each Yy has, by
[14, Lemma 4], since the input and output archipelagos satisfy (D), a tail of
the form (A.1) (with @ = 1). Thus, (A1) holds true, and we may conclude
that the series Zi\gl Un (i) and Zf\;ll E[Un(7) | Fn] tend to the same limit
in probability.

We turn to the first term of (5.25) and show that this tends to zero
in probability. Indeed, note that the absolute value of the same is, up to
the factor S0, Qn(7')/ oML, Qn(i”), which converges in probability by
(5.17), bounded by

O (3! 1 N1 Qn (i
max ~N(Z,) — NQZ—N ~ (i)
Z.IE[[lv]\fl]] QN(Z,) 77Q]1)2 i=1 Zi“lzl QN(’L”)
2

No o (Z ) _
<D = h(én (i) |

N .
j=1 j/2:1 WN(%]/)

where the first factor vanishes in probability by Lemma 5.2 and Lemma A .4,
and the convergence of the second factor was established above. This estab-
lishes Assumption (AN2).

To check Assumption (ANG6), consider the bound

(5.27) N; max NQNiEZ)
i€[L,N] 37t Qe (i)

I L (

a Zﬁll QN(i/) 1
ie[L,N] S0 Qe (i)

SN Qn(ir)  nQlx

n 1

nQLlg )’
where the second factor on the right hand side is tight as the ancestor
archipelago is assumed to satisfy (ANG6). Moreover, as the third factor
tends to 1/nQ1Lg in probability by (5.17) we conclude that (AN6) holds
true also for the output.

In order to check (AN3), pick h € F,(&X') and decompose the quantity of
interest according to
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(5.28)
* o (i, ) -
N ———— h(En(i,g
12( 1Y119 ( )) ]Zl ]\/f 1@N(Zj) (SN( ]))
SMoav) VO av) ) [ On()
= 7’[’: — _ ]1~
Nl (fov;lﬂzv(i’)> ;(zﬁ;lm(i')> <QN(i) e X)

> onlid) e
3 e (i)

N. )
j=1 j/2:1 wn (i, ')

+ N (M)N (ﬂwim)
1My Zi&QN(“) — ny;lQN(i/)

AN %)) .
— NI h(Eni, 5)).
X;Z/ (i) (€n(4,5))

In order to handle the second term of this decomposition, we apply
Theorem A.1 to the array

ov() \'2x an(i)
Un (i éN N\ WN\Z, ] h ng i, .
(i € [1,N1], N € N¥)

furnished with the filtration {Fn}yen+ given by (5.1). First, we observe that

Z[E Un(i) | Fnl

2 Ny .o
=M Z( o e )> S 0D Ghien(i, i) > m@n

Dt j=1 Zg' y wn ()

as the ancestor archipelago satisfies Assumption (AN3). Thus, the condition
(A1) in Theorem A.1 holds true. In addition, as

2
QN(')
Un(i)| < h N SNOn )
zer[ﬁazif(ﬂl‘ N@)| < Jwllo 12l o <\/71 I[ﬁaNﬂZ Qn (7 )>

also (A2) is verified by Lemma A.3 (applied with Xy = Yx = 0) and the
fact that the input archipelago satisfies (ANG6). Consequently, the also series
Z Un (i) tends in probability to the limit u1Qh, which, by (5.17), implies
that the second term of (5.28) tends to p1Qh/nQLg. To treat the first term
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of (5.28), note that this is, up to the factor ZfY;l QN(z’)/Zylzl Qn (i),
which converges in probability by (5.17), bounded by

(i) A NOTRAY
N N

; (nyil QN(l”))
Na

Qn (i)
won (i, ) Wl(En (i i
X ;—Zj\f&le(l I )\ |(En (7, 9)),

Ny

—nQ1g

max
ZElIlleﬂ

which tends to zero in probability by the previous computation and Lemma 5.2.

This completes the proof of (AN3).
In order to prove (AN4), introduce the array

Qn(7) 2 N o (i, 7) 2

UNG) 2 N { oo %) oy

() (ZZ{YQQN(WJ ;( ¥ (ir ) (€n (i, 7))
(i € [1,N1], N € N¥)

and equip the same with usual filtration {Fy } yen+. With this notation, the
quantity of interest in (AN4) can be written as

Ny . 2N
(—Ziﬂ L ) > Un ),

Zﬁll QN (2/) i=1

where the first factor tends to 1/(nQ1¢)? by Lemma 5.2. Thus, it is enough
to show that the second factor tends to poR(w?h) in probability, and for this
purpose we use Theorem A.1. As the ancestor archipelago satisfies (AN4),
the quantity

ZE [Un (i) | Fn]

E 2 N .. 2
) wN(z,]) ) o

- Z = .| B i,

( on )> = (ij21w1v(i,j’)> (w”h)(En (i, 5))

tends in probability to the desired limit o R(w?h). This implies the condition
(A1) in Theorem A.l. In addition, (A2) is checked using Lemma A.3;
indeed,

max |Un(i)]
ZE[[]. Nﬂ]

. 2
< Joloo [0l Al (VA7 max @D o N2
ieltLn] 3L Qn (i)

i€l M 502, wn (3, )
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where the the right hand side is adapted to {Fn}nyen+ and vanishes in
probability by Lemma A.4, as the ancestor archipelago satisfies (ANG6) and
(D). This shows (AN4).

Finally, in order to prove (AN5) we decompose the quantity of interest
according to

o~ Ol A (e ),
(5.29) N2; m Z (m) h(&n (i, 7))

o (D) YA w6 () 1
- (Z oy QO (i ”)) ; Zf&l Qn (i) <QN(Z) anl;()

2
x Z <L> h(Enli, §))

y 1wN(Z J")
1L (S0 onG) <5 Qn(i)
v nQlg (Efﬁll QN(Z"’)) ; >, (@)
N2 on (i, §) )2 .
— | h ,7)).
x; (Z]Y o7 (En(i,4))

To deal with the second term we reapply Theorem A.1, this time to the
array

QO (i) No o (i, ) 2

Un(i) = N N2 WN\Z, ] >h~i,'

N( ) 229[;1 QN(@I) ; ( j\/b:l wN(i,j/) (éN( ]))
(1€ [1,N], N € N¥).

As usual, we study first the series

ZE [Un (i) | Fn]

=N i e i (—ww 4 )2 R(w?h)(€n (i, 7))
i=1 Ziyil Qn (i) j=1 Z]\fb W (i, ) ,
— pzR(w?h),

where the limit is a consequence of the fact that the ancestor archipelago
satisfies (AN5). This establishes (A1) in Theorem A.l. To check also
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Condition (A2), consider the upper bound

max _|Un(7)]
ZElIl Nﬂ]

Qn (i) No
S o) max e
[[1 N]] Z Qu (') i€l 3752 wi (2, 7)

which is { Fy } ven+-adapted and tends to zero in probability by Lemma A.4,
as the ancestor archipelago satisfies (C2) and (D). Now, Theorem A.1
guarantees that SN Un(i) and SN E[Un(i) | Fy] have the same limit
p3R(w?h) in probability. Moreover, note that the second term of (5.29) is,
up to the factor S0, Qn(#')/ S0, Qn (i), bounded by

< wloo ]l 12l

9

Ny Qn (i)
;Zy = O ()

No - (. .) 2
PN h 3 Z.7. )
xz(zm )) (i)

j=1 ’ 1‘*"N(2 J'

Qi
Ny max ~N(l) !
1€[1,N1]

which tends to zero in probability by (5.21) and Lemma A.4. Thus, also
(ANS5) holds true.

5.10. Proof of Corollary 4.6. First, a prefatory lemma.

LEMMA 5.3.  Assume (M). Then for all (¢,n) € N? such that { < n and
h € Fb(X),

n—~_

(5.30)

HQ@ Qna(h=mh)|  _ p osc(h)

neQe - - Qn-11x Hoo_l—p

where p is defined in (4.11).

ProoF. For z € X, write

Q-+ Qn-1(h —mnh)(x)

NeQe - - Qn—11x
- QE e anlh(x) - Qé e anﬂlX(l’)
C Qe Qnalx Qe Qnoalx
_ Qe Qn71]1X($) Qe anlh(x) . UZQZ “Qn-1h
Qe Quoilx Qe Quoilx(z) Qe Quo1lx

Nl

(5.31)
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Note that since Qy...Qp—1h(x) = 0,Qp...Qn_1h (where 0, denotes the
Dirac mass located at x) we may, under (M), apply [18, Proposition 10.20],
yielding the uniform bound

(5.32) 00 Quh Q- Quh < p"tosc(h) (x€X).

02Qp -+ Qnlx  MQp--- Qnlx| ~
Combining (5.31) and (5.32) with the uniform bound

Q(‘ . ‘anlj]-X(m) < U_+ — L ([L‘ c X)

Qe Qn1lx ~—o- 1—p

yields (5.30). O

For arbitrary (¢,n) € N? with £ < n, combining the identity

Qe+ Qn-11x = NrQelx X Np1Qe+1 - - - Qr—11lx

with the bound 7,Qy_11x > c_(the latter implied by (M) (iii)) yields

neR{w; Qi1 -+ - Qu-1(h — nyh)?}
(eQe - - - Qn—11x)?
Qet1- - Qn-1(h —nyh)
Ney1Qeq1 -+ Qno11x

2

—1
<o ||wzuoo\
o0

Now, using Lemma 5.3 we obtain

R Qi1+ Quos(h — 1uh)*} _ . p2n—t-1)
(eQe -+ - @n-11x)? =T (1= p)e-

Finally, the proof of Corollary 4.6 is concluded by summing up the terms.

osc?(h).

5.11. Proof of Corollary 4.10. Since the £th terms of the asymptotic vari-
ances (4.4) and (4.5) differ only by the multiplicative constant n — ¢, the
proof follows straightforwardly by direct inspection of the proof of the anal-
ogous result for the standard bootstrap particle filter given in [17, Theo-
rem 11] (which in turn is an adaptation of the proof of Theorem 10 in the
same paper, providing the analogous result for the particle predictor). More
specifically, the result is obtained by

e embedding, using a trivial extension of Kolmogorov’s extension theo-
rem, the stationary sequence {Z, },cn into a stationary process {Z,}pez
with doubly infinite time.
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e bounding, for a given n € N, using [17, Equations 34-35], 02(Zo.,)(h)
by a quantity of form ¢y (n—£€)Ap_¢(h)(Z_oct—1, Zo:n), where ¢ is
a P-a.s. finite random variable and each function A, (h) : Z*° — Ry,
m € N, is of the same type as the terms of the sum in [17, Equation 35].

e using the stationarity to conclude that Y (n —€)A,_¢(h)(Z_cou—1,
Zy.,) has the same distribution as Y, 0Ap(h)(Z_oc:—t—1, Z—10).

e bounding, using [17, Equation 39], each term of the sum as
A Z_ooi—t-1,Z_p0) < dB, P-a.s., where d is a P-a.s. finite ran-
dom variable and 3 < 1 is a constant. This shows that 02(Zy.,)(h) <
cd> 02 (8% < 00, P-a.s., which concludes the proof.

APPENDIX A: TECHNICAL RESULTS

We first recall two results, obtained in [15], which are essential for the
developments of the present paper.

THEOREM A.1 ([15]). Let (2, A, {Fn}nen,P) be a filtered probability
space. In addition, let, for a given sequence { My} nen of integers such that

My — 00 as N — oo, {Un(i)}MN, N € N, be a triangular array of random

variables on (2, A,P) such that for all N € N, the variables {UN(z)}f‘ijf are
conditionally independent given Fy with E[|[Un(i)| | Fn] < oo, P-a.s., for
all i € [1, My]. Moreover, assume that

My

(A1) lim sup P Y E[[Un(i)| | Fn] = A | =0.
A—00 NeN P

(A2) Foralle >0, as N — oo,

My

S [[UNG) Ly (e | Fn] — 0.
=1

Then, as N — 00,

m m

> Un(i) =Y E[Un(i) | Ful

i=1 i=1

P
max — 0.

me[[l,MN]]

THEOREM A.2 ([15]). Let the assumptions of Theorem A.1 hold with
E[U%(i) | Fn] < oo, P-a.s., for all i € [1,My], and (A1) and (A2)
replaced by:
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(B1) For some constant s> >0, as N — oo,

Mn
Z (E[U?\/(l) | Fn] — E? [Un(3) | ]:N]) P, 2.
i=1

(B2) Foralle >0, as N — oo,

Mn

S E[UR ) un <) | Fa] — 0.
=1

Then, for allu € R, as N — oo,
My P
E lexp (iuz {Un(@i) —E[Ux(i) | ]—"N]}) \ ]-"N] — exp (—u%?/2).
=1

The following lemma is useful when verifying the tightness conditions (A 2)
and (B2).

LEMMA A.3.  Let the ({My}nen, {Un (@)} N, {Fn}nen) be the triangu-
lar array given in Theorem A.1. Assume that there exist sequences {Vn}nen,
{XN}nen, and {Yn}nen of nonnegative random variables such that

(i) for all N € N, P-a.s.,

Un(i)| < Vy + XnNY32,
ieﬁl’fﬁvﬁ N()| < VN NYN

(i) {VN}nen and {Xn}nen are {Fn}nen-adapted and such that Vi N
0 as N = oo and
lim sup P(Xy > A) =0,

A—00 NeN
(iii) for some o € {1,2}, v >0, ¢ >0, and C > 0, P-a.s.,
(A1) P(Yn >y | Fn) < CMy exp (—eMyy*).
Then for p € {1,2},
My
lim sup P (ZE [|U% ()| | Fn] > A) =0
i=1

A—00 NeN

My
= > E[|UX () Lyuy iyze} | F] 250, Ve>0, as N — o
=1
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PROOF. We start with the case p = 1. First, note that for all v > 0,
E [YJ%H{Y]%ZU} | ]:N}

:/OO}P’(YNZ\/W}'N) dy + P (Yy > Vv | F)

[e.9]

< CMN/ exp (—eMyy®) dy + CMpyvexp (—cMyv®),
v

where we used the condition (iii) in the second step. Thus,

(A.2)
v+ My"/e) CMy exp (—eM¥v for a =1,
E [szzfﬂ{ylgzu} | fN] < {( N'/e) CMay exp (M)

(v+My"/(2cv)) CMy exp (—cM¥v?)  for a=2,

using the standard upper tail bound for Gaussian distributions. In any case,
P

(A.3) MNE [YVi1y2s, | Fi| 0.

In addition, note that (ii) implies, for all ¢’ > 0 and all § > 0, the existence
of a constant Ay < oo such that for all A > Ay,

My
(A4) supP <1{XN2A} > E(Un()| | Fn] > s’> <supP(Xy >\ <6
NeN i—1 NeN

Now, for any € > 0 and A > 0 the quantity of interest may be bounded as

My
. g
Y E[IUNG Loy | Fy] < MyVNP (YN >3 | fN)
=1
My
+ (Lixyzay + Lvyzes2y) O EIUNG)] | FN]
=1

+ AMyE [Yﬁl{n%zw(w} |7 N} ’

where the upper bound may, by (iii), (A.3), and (A.4), be made arbitrarily
small in probability by increasing first A and then IN. This completes the
proof in the case p = 1.

We turn to the case p = 2. However, by letting Un(i) £ U3 (i), i €
[1, My], N € N*, and noting that max;c[; ary] Un(i) < Viv + XyY2, where
Vy & 2V]\2,, Xy 2 2X]2V, and Yy £ Yﬁ,, we thus realise that the proof of the
case p = 1 goes through if we can verify that (A.3) and (A.4) hold true when
Xy, Yy, and {UN(Z)}f‘ifi’ are replaced by Xy, Yy, and {f]N(z)}f\i]lV, respec-
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tively. Nevertheless, (A.4) holds straightforwardly as tightness of {Xy}nyen
implies tightness of {Xxn}nen. Moreover, using condition (iii) one shows,
along previous lines, that

E [571\2/1{?132@} | ]:N}

=/ P(Yn > ¢y | Fn) dy +oP (Yy > Vo | Fn)

SCMN/

For a =1,

[e.o]

exp (—cMK,yO‘/2) dy + vC' My exp (—CMK[UQ/2) .

E Vi35, | P
< (2VoMRY e+ 2M7% /¢ 4+ v) CMy exp (—eM%+/0) .

while the case o« = 2 corresponds to the first case of (A.2). Consequently, as
N — o0,

= P
MNE V3725, | Fi| =0,
which completes the proof. ]

LEMMA A4. Leta € R be nonzero, a # 0, and let {XN(i)}Z]-V:ll, Ny € N¥,
be random wvariables such that Xn(i) # 0 for all i € [1, N1]. Assume that

maxX;eqi n,] | Xn (i) — al L0 as N = co. Then

X6 —a ] S0
e [ X (0) — o]

PrOOF. Pick € > 0; then we may write for all n > 0,

P Xt —a Y >e) <P XN (i) —al >
(s X510 a7 2 2) < P po X0 - al 2 )

+P | max |Xv'()—a ' >e, max |Xn(i)—al< ,
(L X2 7| > e, o (i) —al <)
where the first term tends to zero as N tends to infinity for any n by as-
sumption. For all ¢ € [1, N1], there exists, by Taylor’s formula, {n(i) €
(Xn (i) Aa, Xn (i) V a) such that | X' (i) — a™t| = (3*(4)| XN (i) — a|. Thus,
ifa>0and 0 <n<a,

P max |Xy'(i)—a | >e, max |Xn()—al< )
(ie[ufvin‘ (@) —aT| z e g [Xn () —al <n
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<P max |Xn(i)—al>efa—n}?),
<P max 1Xn ()~ ol > efa—n)?)
where the right hand side tends, by assumption, to zero as N tends to
infinity. On the other hand, if ¢ < 0 and 0 < 7 < —a,

P max |X3'(i)—a | >e, max |Xn(G)—al<
<ie[[1,fvi]]‘ (@) =a| z e g [Xn () —al <n

<P Xn(i) —al > 2,
< <i€%g>v<l]] [ XN (i) —al > e{a+n} >
where again the right hand side tends to zero. This concludes the proof. [

LEMMA A.5.  Let {Zn}nen be a sequence of random variables such that
for some constant zoo € R, as N — o0,

E[ZN] — 200

and is uniformly bounded by some constant zT € R. Let { Xy} be a sequence
of random wvariables that (i) converges in probability to some constant r~, €
R and (ii) is dominated by some integrable random variable. Then, as N —
Oo)

E [XNZN] — TooRoo-

PROOF. The result is obtained straightforwardly by writing
E[XNZN] — Toozoo| < 2TE[| XN — 2ool] + [Zoo| [E [ZN] — 2e0]

where the right hand side tends to zero as N tends to infinity by assumption
and dominated convergence. O
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