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In the design of efficient simulation algorithms, one is often beset with
a poor choice of proposal distributions. Although the performance of a given
simulation kernel can clarify a posteriori how adequate this kernel is for the
problem at hand, a permanent on-line modification of kernels causes con-
cerns about the validity of the resulting algorithm. While the issue is most of-
ten intractable for MCMC algorithms, the equivalent version for importance
sampling algorithms can be validated quite precisely. We derive sufficient
convergence conditions for adaptive mixtures of population Monte Carlo al-
gorithms and show that Rao—Blackwellized versions asymptotically achieve
an optimum in terms of a Kullback divergence criterion, while more rudimen-
tary versions do not benefit from repeated updating.

1. Introduction.

1.1. Monte Carlo calibration. In the simulation settings found in optimization
and (Bayesian) integration, it is well documented [20] that the choice of the instru-
mental distributions is paramount for the efficiency of the resulting algorithms.
Indeed, in an importance sampling algorithm with importance function g(x), we
are relying on a distribution g that is customarily difficult to calibrate outside a lim-
ited range of well-known cases. For instance, a standard result is that the optimal
importance density for approximating an integral

J= / f)m(x)dx

is g*(x) o | f(x)|(x) ([20], Theorem 3.12), but this formal result is not very
informative about the practical choice of g, while a poor choice of g may result in
an infinite variance estimator. MCMC algorithms somehow attenuate this difficulty
by using local proposals like random walk kernels, but two drawbacks of these

Received January 2005; revised December 2005.
1Supported in part by an ACI “Nouvelles Interfaces des Mathématiques™ grant from the Ministere
de la Recherche.
AMS 2000 subject classifications. 60F05, 62112, 65-04, 65C05, 65C40, 65C60.
Key words and phrases. Bayesian statistics, Kullback divergence, LLN, MCMC algorithm, pop-
ulation Monte Carlo, proposal distribution, Rao—Blackwellization.

420


http://www.imstat.org/aos/
http://dx.doi.org/10.1214/009053606000001154
http://www.imstat.org
http://www.ams.org/msc/

ADAPTIVE MIXTURES FOR IMPORTANCE SAMPLING 421

proposals are that they may take a long time to converge [18] and their efficiency
ultimately depends on the scale of the local exploration.

The goals of Monte Carlo experiments are multifaceted and therefore the effi-
ciency of an algorithm can be evaluated from many different perspectives. In par-
ticular, in Bayesian statistics the Monte Carlo sample can be used to approximate
a variety of posterior quantities. Nonetheless, if we try to assess the generic effi-
ciency of an algorithm and thus develop a portmanteau device, a natural approach
is to use a measure of agreement between the target and the proposal distribution,
similar to the intrinsic loss function proposed in [19] for an invariant estimation of
parameters. A robust measure of similarity ubiquitous in statistical approximation
theory [7] is the Kullback divergence

dr(x)
dm(x)

and this paper aims to minimize &(s, 7) within a class of proposals 7.

E@r, ) =/log m(dx),

1.2. Adaptivity in Monte Carlo settings. Given the complexity of the original
optimization or integration problem (which does itself require Monte Carlo ap-
proximations), it is rarely the case that the optimization of the proposal distribution
against an efficiency measure can be achieved in closed form. Even the computa-
tion of the efficiency measure for a given proposal is impossible in the majority of
cases. For this reason, a number of adaptive schemes have appeared in the recent
literature ([20], Section 7.6.3) in order to design better proposals against a given
measure of efficiency without resorting to a standard optimization algorithm. For
instance, in the MCMC community, sequential changes in the variance of Markov
kernels have been proposed in [13, 14], while adaptive changes taking advantage
of regeneration properties of the kernels have been constructed by Gilks, Roberts
and Sahu [12] and Sahu and Zhigljavsky [23, 24]. From a more general perspec-
tive, Andrieu and Robert [2] have developed a two-level stochastic optimization
scheme to update parameters of a proposal towards a given integrated efficiency
criterion such as the acceptance rate (or its difference with a value known to be
optimal—see Roberts, Gelman and Gilks [21]). However, as reflected in this gen-
eral technical report of Andrieu and Robert [2], the complexity of devising valid
adaptive MCMC schemes is a genuine drawback in their extension, given that the
constraints on the inhomogeneous Markov chain that results from this adaptive
construction are either difficult to satisfy or result in a fixed proposal after a cer-
tain number of iterations.

Cappé, Guillin, Marin and Robert [3] (see also [20], Chapter 14) developed a
methodology called Population Monte Carlo (PMC) [16] motivated by the obser-
vation that the importance sampling perspective is much more amenable to adap-
tivity than MCMC, due to its unbiased nature: using sampling importance resam-
pling, any given sample from an importance distribution g can be transformed into
a sample of points marginally distributed from the target distribution = and Cappé
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et al. [3] (see also [8]) showed that this property is also preserved by repeated and
adaptive sampling. (In this setting, “adaptive” is to be understood as a modifica-
tion of the importance distribution based on the results of previous iterations.) The
asymptotics of adaptive importance sampling are therefore much more manage-
able than those of adaptive MCMC algorithms, at least at a primary level, if only
because the algorithm can be stopped at any time. Indeed, since every iteration
is a valid importance sampling scheme, the algorithm does not require a burn-in
time. Borrowing from the sequential sampling literature [11], the methodology of
Cappé et al. [3] thus aimed at producing an adaptive importance sampling scheme
via a learning mechanism on a population of points, themselves marginally dis-
tributed from the target distribution. However, as shown by the current paper, the
original implementation of Cappé et al. [3] may suffer from an asymptotic lack of
adaptivity that can be overcome by Rao—Blackwellization.

1.3. Plan and objectives. This paper focuses on a specific family of impor-
tance functions that are represented as mixtures of an arbitrary number of fixed
proposals. These proposals can be educated guesses of the target distribution, ran-
dom walk proposals for local exploration of the target, nonparametric kernel ap-
proximations to the target or any combination of these. Using these fixed proposals
as a basis, we then devise an updating mechanism for the weights of the mixture
and prove that this mechanism converges to the optimal mixture, the optimality
being defined here in terms of Kullback divergence. From a probabilistic point of
view, the techniques used in this paper are related to techniques and results found
in [4, 6, 17]. In particular, the triangular array technique that is central to the CLT
proofs below can be found in [4, 10].

The paper is organized as follows. We first present the algorithmic and math-
ematical details in Section 2 and establish a generic central limit theorem. We
evaluate the convergence properties of the basic version of PMC in Section 3, ex-
hibiting its limitations, and show in Section 5 that its Rao—Blackwellized version
overcomes these limitations and achieves optimality for the Kullback criterion de-
veloped in Section 4. Section 6 illustrates the practical convergence of the method
on a few benchmark examples.

2. Population Monte Carlo. The Population Monte Carlo (PMC) algorithm
introduced in [3] is a form of iterated sampling importance resampling (SIR). The
appeal of using a repeated form of SIR is that previous samples are informative
about the connections between the proposal (importance) and the target distribu-
tions. We stress from the outset that this scheme has very few connections with
MCMC algorithms since (a) PMC is not Markovian, being based on the whole
sequence of simulations and (b) PMC can be stopped at any time, being validated
by the basic importance sampling identity ([20], equation (3.9)) rather than by a
probabilistic convergence result like the ergodic theorem. These features motivate
the use of the method in setups where off-the-shelf MCMC algorithms cannot be
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of use. We first recall basic Monte Carlo principles, mostly to define notation and
to make precise our goals.

2.1. The Monte Carlo framework. On a measurable space (€2, #4), we are
given a target, that is, a probability distribution 7 on (€2, 4). We assume that
7 is dominated by a reference measure u, ¥ < w, and also denote by 7 (dx) =
(x)p(dx) its density. In most settings, including Bayesian statistics, the density
7 is known up to a normalizing constant, 77 (x) & 7 (x). The purpose of running a
simulation experiment with the target  is to approximate quantities related to 7,
such as intractable integrals

7(f) = / Fm(dx),

but we do not focus here on a specific quantity s (f). In this setting, a standard
stochastic approximation method is the Monte Carlo method, based on an i.i.d.
sample xi, ..., xy simulated from 7, that approximates 7 ( f) by

N
ANC(H =N fa),
i=1

which almost surely converges to mw(f) (as N goes to infinity) by the law of
large numbers (LLN). The central limit theorem (CLT) implies, in addition, that if
7(f?) = [ f2(x)m(dx) < oo, then

VNGENC(f) = ()} 2 N O, Vi (£)),

where V, (f)=n(f —n(f 3. Obviously, this approach requires a direct i.i.d.
simulation from 7 (or 77), which often is impossible. An alternative ([20], Chap-
ter 3) is to use importance sampling, that is, to choose a probability distribution
v K uon (2, A) called the proposal or importance distribution, the density of
which is also denoted by v, and to estimate 7 ( f) by

#15,(f) = IZﬂxl (%)

If 7 is also dominated by v, 7 < v, then 7 n v (f) almost surely converges to 7 (f)
and if v(fz(n/v)z) < 00, then the CLT also applies, that is,

VNS -2 E w (0w, (1)),

As the normalizing constant of the target distribution 7 is unknown, it is not pos-
sible to directly use the IS estimator fr,f’SN( f). A convenient substitute is the self-
normalized IS estimator,

N -1 N
AN (f) = (Z(:r/v)(xi)) G /v) (),

i=1 i=1
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which also converges almost surely to = (f). If v((1 + f 2y (n / 1)?) < o0, then the
CLT applies:

NGNS (f) — nu»%A(aVJU—nqngD.

Obviously, the quality of the IS and SNIS approximations strongly depends on
the choice of the proposal distribution v, which is delicate for complex distribu-
tions like those that occur in high-dimensional problems. (While multiplication of
the number of proposals may offer some reprieve in this regard, we must stress at
this point that our PMC methodology also suffers from the curse of dimensional-
ity to which all importance sampling methods are subject in the sense that high-
dimensional problems require a considerable increase in computational power.)

2.2. Sampling importance resampling. The sampling importance resampling
(SIR) method of Rubin [22] is an extension of the IS method that achieves simula-
tion from 7 by adding resampling to simple reweighting. More precisely, the SIR
algorithm operates in two stages. The first stage is identical to IS and consists in
generating an i.i.d. sample (x1, ..., xy) from v. The second stage builds a sample
from 7, (x1,...,Xpy), based on the instrumental sample (xp, ..., xy), by resam-
pling. While there are many resampling methods ([20], Section 14.3.5), the most
standard (if least efficient) approach is multinomial sampling from {x, ..., xy}
with probabilities proportional to the importance weights [%(xl), e %(XN)],
that is, the replacement of the weighted sample (xi,...,xy) by an unweighted
sample (X1,...,Xy), where X; = x;, (1 <i < M) and where (Ji,...,Jy) ~
M(M, 01, ...,0nN), the multinomial distribution with probabilities

T
PlJe =ilx1, ..., xn] = 0i ¢ —(x;), I<i<N,1<t=<M.
v
The SIR estimator of 7 (f) is then the standard average

M
AR (=M1 FG),
i=1

which also converges to 7 (f) since each X; is marginally distributed from 7. By
construction, the variance of the SIR estimator is greater than the variance of the

SNIS estimator. Indeed, the expectation of nSIR .n(f) conditional on the sample
(x1,...,xpn) is equal to JTSNIS( f). Note, however, that an asymptotic analysis of
~ SIR

71, v,y (f) s quite delicate because of the dependencies in the SIR sample (which,
again, is not an i.i.d. sample from ).

2.3. The population Monte Carlo algorithm. In their generalization of impor-
tance sampling, Cappé et al. [3] introduce an iterative dimension in the production
of importance samples, aimed at adapting the importance distribution v to the tar-
get distribution . Iterations are then used to learn about 7 from the (poor or
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good) performance of earlier proposals and that performance can be evaluated us-
ing different criteria, as, for example, the entropy of the distribution of importance
weights.

More precisely, at iteration t (+ =0, 1, ..., T) of the PMC algorithm, a sample
of N values from the target distribution 7 is produced by a SIR algorithm whose
importance function v; depends on ¢, in the sense that v; can be derived from the
N x (t — 1) previous realizations of the algorithm, except for the first iteration
t = 0, where the proposal distribution vy is chosen as in a regular importance
sampling experiment. A generic rendering of the algorithm is thus as follows:

PMC ALGORITHM. Attimer=0,1,...,T,

1. generate (x;;)1<i<n by i.i.d. sampling from v; and compute the normalized
importance weights @; ;;

2. resample (X;;)1<i<n from (x;;)1<i<y by multinomial sampling with weights
67)i,t;

3. construct v;41 based on (x; ¢, ®; 1)1<i<N.0<r<t-

At this stage of the description of the PMC algorithm, we do not give in detail
the construction of v, which can thus arbitrarily depend on the past simulations.
Section 3 studies a particular choice of the v;’s in detail. A major finding of Cappé
et al. [3] is, however, that the dependence of v; on earlier proposals and realizations
does not jeopardize the fundamental importance sampling identity. Local adaptive
importance sampling schemes can thus be chosen in much wider generality than
was previously thought and this shows that, thanks to the introduction of a temporal
dimension in the selection of the importance function, an adaptive perspective can
be adopted at little cost, with a potentially large gain in efficiency.

Obviously, when the construction of the proposal distribution v; is completely
open, there is no guarantee of permanent improvement of the simulation scheme,
whatever the criterion adopted to measure this improvement. For instance, as illus-
trated by Cappé et al. [3], a constant dependence of v, on the past sample quickly
leads to stable behavior. A more extreme illustration is the case where the sequence
(v;) degenerates into a quasi-Dirac mass at a value based on earlier simulations and
where the performance of the resulting PMC algorithm worsens. In order to study
the positive and negative effects of the update of the importance function v,, we
hereafter consider a special class of proposals based on mixtures and study two
particular updating schemes, one in which improvement does not occur and one in
which it does.

3. The D-kernel PMC algorithm. In this section and the following ones,
we study adaptivity for a particular type of parameterized PMC scheme, in the
case where v; is a mixture of measures ¢; (1 < d < D) that are chosen prior to
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the simulation experiment, based either on an educated guess about 7 or on local
approximations (as in nonparametric kernel estimation). The dependence of the
v¢’s on the past simulations is of the form

D

v(dx) =Y ey ta({xii—1. @ii—1}<i<n. dx)
d=1

D N
Z Zcb 1-10a(xj -1, dx),

where the w;;’s denote the importance weights and the transition kernels Qg
(1 <d < D) are given. This situation is rather common in MCMC settings where
several competing transition kernels are simultaneously available, but difficult to
compare. For instance, the cycle and mixture MCMC schemes discussed by Tier-
ney [25] are of this nature.

Hereafter, we thus focus on adapting the weights (a})1<q<p toward a better fit
with the target distribution. A natural approach to updating the weights (a/))1<a<p
is to favor those kernels Q4 that lead to a high acceptance probability in the re-
sampling step of the PMC algorithm. We thus choose the a;’s to be proportional to
the survival rates of the corresponding Q,’s in the previous resampling step [since
using the double mixture of the measures Q4(x;;—1,dx) means that we first se-
lect a point x; ;1 in the previous sample with probability @; 1, then select a
component d with probability a; and, finally, simulate from Q4 (x;;—1,dx)].

3.1. Algorithmic details. The family (Qg)1<d<p of transition kernels on
Q2 x A is such that (Q4(x, -))1<4<D, xeq 1s dominated by the reference measure
u introduced earlier. As above, we set the corresponding target density and the
transition kernel to be 7w and ¢g4(-, -) (1 <d < D), respectively.

The associated PMC algorithm then updates the proposal weights (and gener-
ates the corresponding samples from 1) as follows:

D-KERNEL PMC ALGORITHM. Attime O,

(a) generate x; e vo (1 <i < N) and compute the normalized importance
weights @; o o< {7 /vo}(xi.0);
(b) resample (x; 0)1<i<y into (X;0)1<i<ny by multinomial sampling

(Ji,0)1<i<sN ~ M(N, (wi0)1<i<n), thatis, Xj0=xy,.0;
() setay™ =1/D (1<d < D).
Attimer=1,...,T,

(a) select the mixture components (K; ;)1<j<ny ~ M(N, (OtijN)lgng);
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(b) generate independent x; ; ~ gk, , (X ;—1,x) (1 <i < N) and compute the nor-
malized importance weights w; ; x 7w (x;;)/qk;, (Xit—1,Xit)s

(c) resample (x;;)1<i<n into (X;;)1<i<y by multinomial sampling with weights
(@i,1)1<i<N);

(d) setoy™ N =N @ l(Kip) (1 <d < D).

In this implementation, at time ¢ > 1, step (a) chooses a kernel index d in the
mixture for each point of the sample, while step (d) updates the weight oy as the
relative importance of kernel Q in the current round or, in other words, as the rel-
ative survival rate of the points simulated from kernel Q. (Indeed, since the sur-
vival of a simulated value x; ; is driven by its importance weight ; ;, reweighting
is related to the respective magnitudes of the importance weights for the different
kernels.) Also, note that the resampling step (c) is used to avoid the propagation
of very small importance weights along iterations and the subsequent degeneracy
phenomenon that plagues iterated IS schemes like particle filters [11]. At time
t =T, the algorithm should thus stop at step (b) for integral approximations to be
based on the weighted sample (x; 7, @i 7)1<i<N-

3.2. Convergence properties. In order to assess the impact of this update
mechanism on the performance of the PMC scheme, we now consider the conver-
gence properties of the above algorithm when the sample size N grows to infinity.
Indeed, as already pointed out in Cappé et al. [3], it does not make sense to con-
sider the alternative asymptotics of the PMC scheme (namely, when 7' grows to
infinity), given that this algorithm is intended to be run with a small number 7" of
iterations.

A basic assumption on the kernels Qg is that the corresponding importance
weights are almost surely finite, that is,

(A1) vd e{l,...,D} 7 Q@m{qi(x,x)=0}=0,

where £ @ ¢ denotes the product measure, that is, § @ (A x B) = [, g £(dx) X
¢(dy). We denote by y, the uniform distribution on {1, ..., D}, that is, y, (k) =
1/D for all k € {1, ..., D}. The following result (whose proof is given in Appen-
dix B) is a general LLN on the pairs (x; ;, K; ;) produced by the above algorithm.

PROPOSITION 3.1. Under (Al), for any © ® v, -measurable function h and
everyt € N,

N

_ N
Y i ih(xig, Kit) =B 7 @ yulh).
i=1

Note that this convergence result is more than we need for Monte Carlo pur-
poses since the K;;’s are auxiliary variables that are not relevant to the original
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problem. However, the consequences of this general result are far from negligible.
First, it implies that the approximation provided by the algorithm is convergent,
in the sense that Z,N: 1 @it f(xi;) is a convergent estimator of 7 (f). But, more
importantly, it also shows that for ¢ > 1,

N
oV =@ 1u(Ki) SSF1/D.

i=1
Therefore, at each iteration, the weights of all kernels converge to 1/D when the
sample size grows to infinity. This translates into a lack of learning properties for
the D-kernel PMC algorithm: its properties at iteration 1 and at iteration 10 are
the same. In other words, this algorithm is not adaptive and only requires one
iteration for a large value of N. We can also relate this to the fast stabilization of
the approximation in [3]. (Note that a CLT can be established for this algorithm,
but given its unappealing features, we leave the exercise for the interested reader.)

4. The Kullback divergence. In order to obtain a correct and adaptive ver-
sion of the D-kernel algorithm, we must first choose an effective criterion to eval-
uate both the adaptivity and the approximation of the target distribution by the
proposal distribution. We then propose a modification of the original D-kernel al-
gorithm that achieves efficiency in this sense.

As argued in many papers, using a wide range of arguments, a natural choice
of approximation metric is the Kullback divergence. We thus aim to derive the D-
kernel mixture that minimizes the Kullback divergence between this mixture and
the target measure 7,

() () ) ,
1 1 dx,dx").
M // Og(n(x)zleadqdu,x') (r @ m{dx, dx)

This section is devoted to the problem of finding an iterative choice of mixing co-
efficients oy that converge to this minimum. A detailed description of the optimal
PMC scheme is given in Section 5.

4.1. The criterion. Using the same notation as above, in conjunction with the
choice of weights oy in the D-kernel mixture, we introduce the simplex of RD,

D
S =3a=(a1,...,ap); Vd€{l,...,D},ag>0and Y oy = 1},

d=1

and denote 7 =7 @ . We now assume that the D kernels also satisfy the condi-

tion

vde{l,..., D}
(A2)
Exlllogga(X. X1 = [ [ Nlogqutx, )l (dx,dx') < oo,
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which is automatically satisfied when all ratios 7 /g, are bounded. From the Kull-
back divergence, we derive a function on . such that for @ € .,

D D
&z (o) = / / log ¥ " aqqq(x, X7 (dx,dx") =Ez |:log > aaqa(X, X’)]
d=1 d=1
By virtue of Jensen’s inequality, &5 () < [ 7 (dx)logm(x) forall v € ..
Note that due to the strict concavity of the log function, &z is a strictly concave
function on a connected compact set and thus has no local maximum besides the
global maximum, denoted o™**. Since

o™ s the optimal vector of weights for a mixture of transition kernels such that
the product of 7 by this mixture is the closest to the product distribution 7.

D
/ log w (x)m(dx) — &z (a) =Ez (logn(X)n(X/) / rr(X){ > waqa(X, X
d=1

4.2. A maximization algorithm. We now study an iterative procedure, akin to
the EM algorithm, that updates the weights so that the function &5 () increases at
each step. Defining the function F on . as

D
F(a) = <E7—T |:Ofd¢]d(X, X') / Yo ajqi(X, X’)D ,
j=1 1<d<D

we construct the sequence (a');>; on . such that al = (1/D,...,1/D) and
o't = F(a') for t > 1. Note that under assumption (A1), for all 7 > 0,

D
Ez (qcl(X, X/)/Z oz;qj(X, X/)) >0
=1

and thus forall t > 0and 1 <d < D, we have afi > 0. If we define the extremal
set

1D={a€Y;Vde{1,...,D}, either g =0 or

Eﬁ( _ga(X. X' >: 1}’
Zj:lanj(X’X/)

we then have the following fixed-point result:

PROPOSITION 4.1.  Under (A1) and (A2),

(i) &z o F — &3 is continuous;
(ii) foralla € %, €z o F(a) > &z (a);
(i) Ip={a e Fl@)=a}={a € .; & oF(a) =&z (x)} and I p is finite.
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PROOF. &3 is clearly continuous. Moreover, by Lebesgue’s dominated con-
vergence theorem, the function o — Ez (egq4(X, X’)/Z?:1 ajq;(X, X")) is also
continuous, which implies that F is continuous. This completes the proof of (i).
Due to the concavity of the log function,

&z (F(a)) — &z ()

D
aqgqq(X, X') q4(X, X")
:Eﬁ 10g|: E,‘T( ):|)
< ;::1 Y2 ajgi(X, X)) Y2 ajqi(X, X

D / /
X, X X, X
ZE&[Z aga( )/ngﬁ( _a4X. X) )}
d:le:lanj(XvX) Zj:lajCIj(X,X)

D / /
Z oy n( ga4(X, X") )logIE-< DéId(X X') )

10‘1‘11(X X') —19;q;(X, X’)

Applying the inequality ulogu > u — 1 yields (ii). Moreover, the equality in
ulogu > u — 1 holds if and only if u = 1. Therefore, equality above is equiva-
lent to

D
Vag#0  Ez (qd(x, X/)/ZajCIj(X, X’)) =1.
j=1

Thus, dp = {0 € .¥; €7 o F(a) = 6z («)}. The second equality, dp = {«x € .;
F () = «}, is straightforward.

We now prove by recursion on D that { p is finite, which is equivalent to proving
that

lwedp; ag#0Vde{l,...,D}}
is empty or finite. If this set is nonempty, then any element « in this set satisfies

qa(X, X") ) .
D ajqix.xn/)

vdef{l,..., D} IE;,(Z

which implies that
0= Zamax( ( qa(X, X) ) 1)
Z} lOlJQJ(X X)
_E- (Zdzl oy ™qq.(X, X" 1)
- b
Y2 ajqi(X, X"
i1 %5 qa (X, X/)) 0
Y2 ajqi(X, X

> Ez (log
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Since the global maximum of &; is unique, we conclude that @ = «™** and
hence (iii) follows. [

4.3. Averaged EM. Proposition 4.1 implies that our recursive procedure satis-
fies €z (@' T1) > &z (a!). Therefore, the Kullback divergence criterion (1) decreases
at each step. This property is closely linked to the EM algorithm ([20], Section 5.3).
More precisely, consider the mixture model

V~MUA,{ar,...,ap}) and W= (X,X)|V~n@dx)Qy(x,dx")

with parameter o. We denote by E, the corresponding expectation, by py (v, w)
the joint density of (V, W) with respect to 1 ® u and by p, (w) the density of W
with respect to . It is then easy to check that &z (o) = [ log(py(w))7 (dw), which
is an average version of the criterion to be maximized in the EM algorithm when
only W is observed. In this case, a natural idea, adapted from the EM algorithm, is
to update o according to the iterative scheme

o' ! = arg max / Eqr [log po (V, w)| w7 (dw).
aeS

Straightforward algebra can be used to show that this definition of o’*! is equiv-
alent to the update formula o’*! = F(a) that we used above. Our algorithm then
appears as an averaged EM, but shares with EM the property that the criterion
increases deterministically at each step.

The following result ensures that any « different from oe™#* is repulsive.

PROPOSITION 4.2. Under (Al) and (A2), for every a # a™* € ., there ex-
ists a neighborhood V,, of a such that if o« € V,, then (a' )i>1, leaves Vi, within a
finite time.

PROOF. Let o 2 o™#*. Then using the inequality u — 1 > logu, we have

O max q4(X. X')
Zad Eﬁ D / —1
d=1 > i=12jqi(X, X')

D amxg, (X, X/)) 0
>V,
> ajgi(X, X"

which implies that there exists 1 <d < D such that

D
Ez (qd(X, x’)/z o;q;(X, x’)) > 1.
j=1

>Ez (log
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Using a nonincreasing sequence (W,),>o of neighborhoods of « in .7, the
monotone convergence theorem implies that

qa(X, X" . qa(X, X"
1 <E; 5 =Ez( lim inf )
Zj:]aJ'Qj(XaX/) n—>00 BeW, Zj:]ﬁij(XaX/)
X, X'
< lim inf E,—,( qu( . X)) )
N0 pEW, 2 i=1Bigi(X, X")

Thus, there exist Wy, = V4, a neighborhood of & and 1 > 1 such that
D

() VB e Vy Eﬁ(é]d(X,X/)/Zﬁqu'(X, X')) > 1.
j=1

Now, forall t >0 and 1 <d < D, we have 1 > ozé > (0. Combining (2) with the
update formulas for o = F(a'~") shows that (a);>¢ leaves V, within a finite
time. [

We thus conclude that the maximization algorithm is convergent, as asserted by
the following proposition:

PROPOSITION 4.3. Under (Al) and (A2),

lim o' = o™,
1—00

PROOF. First, recall that 4p is a finite set and that o™ ¢ {p, that is,
Ip ={PBo, Bi1, ..., Br} with By = «™*. We introduce a sequence (W;)o<j<s of
disjoint neighborhoods of the §;’s such that for all 0 <i < I, F(W;) is disjoint
from | ki W [this is possible since F(fB;) = B; and F is continuous] and for all
ie{l,..., I}, W; C Vg, where the (Vpg,)’s are defined as in the proof of Proposi-
tion 4.2.

The sequence (€z(a'));>0 is upper-bounded and nondecreasing; therefore it
converges. This implies that lim;_, o, €7 o F(a') — &z (a') = 0. By continuity of
&7 o F — &5, there exists T > O such that forall r > T, o; € Uj W;. Since F(W;)
is disjoint from Uj#i W, this implies that there exists i € {0, ..., I} such that for
all t > T, o' € W;. By Proposition 4.2, i cannot be in {1, ..., I}. Thus, for all
t>T,a" € Wy, which is a neighborhood of By = a™*. [

5. The Rao-Blackwellized D-kernel PMC. Update of the weights oy
through the transform F thus improves the Kullback divergence criterion. We
now discuss how to implement this mechanism within a PMC algorithm that re-
sembles the previous D-kernel algorithm. The only difference with the algorithm
of Section 3.1 is that we make use of the kernel structure in the computation of the
importance weight. In MCMC terminology, this is called “Rao—Blackwellization”
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([20], Section 4.2) and it is known to provide variance reduction in data augmen-
tation settings ([20], Section 9.2). In the current context, the improvement brought
about by Rao-Blackwellization is dramatic, in that the modified algorithm does
converge to the proposal mixture that is closest to the target distribution in the
sense of the Kullback divergence. More precisely, a Monte Carlo version of the
update via F' can be implemented in the iterative definition of the mixture weights,
in the same way that MCEM approximates EM ([20], Section 5.3.3).

5.1. The algorithm. In importance sampling, as well as in MCMC settings,
the (de)conditioning improvement brought about by Rao—Blackwellization may be
significant [5]. In the case of the D-kernel PMC scheme, the Rao—Blackwellization
argument is that it is not necessary to condition on the value of the mixture com-
ponent in the computation of the importance weight and that the improvement is
brought about by using the whole mixture. The importance weight should therefore
be

D
t,N ~ ~
n(xi,r)/zad qa(%ig—1,xi,¢) rather than 7 (xi ) /qk,, (Fii—1, Xis),
d=1

as in the algorithm of Section 3.1. As already noted by Hesterberg [15], the use
of the whole mixture in the importance weight is a robust tool that prevents infi-
nite variance importance sampling estimators. In the next section, we show that
this choice of weight guarantees that the following modification of the D-kernel
algorithm converges to the optimal mixture (in terms of Kullback divergence).

RAO-BLACKWELLIZED D-KERNEL PMC ALGORITHM. At time 0, use the
same steps as in the D-kernel PMC algorithm to obtain (X; 0)1<; <y and set a:i’N =
1/D (1 <d < D).

Attimetr=1,...,T,

(2) generate (Kj )<<y ~ M(N, (@f™)1za=p);

(b) generate independent x; ; ~ gk, ,(Xi;—1,x) (1 <i < N) and compute the nor-
malized importance weights @; ; n(xi,;)/zf?:] a;’qu (Xit—1,Xi )5

(c) resample (x;;) into (X;;)1<ij<y by multinomial sampling with weights
(@i,)1<i<N)s

(d) setay"N =N @ 14(Ki) (1<d < D).

5.2. The corresponding law of large numbers. Not very surprisingly, the sam-
ple obtained at each iteration of the above Rao—Blackwellized algorithm approxi-
mates the target distribution in the sense of the weak law of large numbers (LLN).
Note that the convergence holds under the very weak assumption (A1) and for any
test function £ that is absolutely integrable with respect to the target distribution 7.
The function 4 may thus be unbounded.
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THEOREM 5.1. Under (A1), for any function h in L}T and forall t > 0,

N N
1

S @i ih(xi) SF w () and Nzh@i,aN—??n(m.
i=1

i=I

PROOF. First, convergence of the second average follows from the conver-
gence of the first average by Theorem A.1, since the latter is simply a multino-
mial sampling perturbation of the former. We thus focus on the weighted average
and proceed by induction on ¢. The case t = 0 is the basic importance sampling
convergence result. For # > 1, if the convergence holds for t — 1, then to prove
convergence at iteration ¢, we need only check, as in Proposition 3.1, that

N

LS i) Y3 ),

NI
where w;; denotes the importance weight m(x;,) /fozl a;’N qd(Xi 1—1,Xi ).
(The special case h = 1 ensures that the renormalizing sum converges to 1.)
We apply Theorem A.1 with Gy = o ((X;r—1)1<i<N, (a;’N)ldeD) and Uy ; =
N_la)i,,h(x,-,;). Then conditionally on G, the x; ;’s (1 <i < N) are independent
and

D
LN
xidgn ~ Y ay Qa(Xii-1,°).

d=1

g

N 7w (xi 1 )h(xi )
== ]E( 2 2
=

D t,N ~
N Zdzl a, qd(Xit—1, Xi,t)

we only need to check condition (iii). The end of the proof is then quite similar to
the proof of Proposition 3.1. [

Noting that

XN:E<wi,th(xi,t)
N

i=1

9>N) =n(h),

5.3. Convergence of the weights. The next proposition ensures that at each
iteration, the update of the mixture weights in the Rao—Blackwellized algorithm
approximates the theoretical update obtained in Section 4.2 for minimizing the
Kullback divergence criterion.

PROPOSITION 5.1.  Under (Al), forallt > 1,

3) vi<d<D oN %4,

where o' = F(a'™1).
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Combining Proposition 5.1 with Proposition 4.3, we obtain that, under assump-
tions (A1)-(A2), the Rao—Blackwellized version of the PMC algorithm adapts the
weights of the proposed mixture of kernels, in the sense that it converges to the
optimal combination of mixtures with respect to the Kullback divergence criterion
obtained in Section 4.2.

PROOF OF PROPOSITION 5.1. The case t = 1 is obvious. Now, assume (3)
holds for some ¢ > 1. As in the proof of Proposition 3.1, we now establish that

1 % I (K: ) 1 i ”(xi,l) I (K )N—>oo i+1
- Wi tlg(Kjt) = — » d\Kijt) —pd,;
N D N = Z[Dzlalt’NQI(xi,tflvxi,z)

the convergence of the renormalizing sum to 1 being a consequence of this con-
vergence. We apply Theorem A.1 with Gy = o ((X; ;—1)1<i<N, (oe;.’N)ISdSD) and
Uni= N_la),-,,]Id(Kiyt). Conditionally on Gy, the (K;;,x;;)’s (1 <i <N) are
independent and for all (d, A) in {1, ..., D} x 4, we have

P(Ki;=d,xi; € Algn) = a;’NQd()Ei,tflv A).

To apply Theorem A.1, we need only check condition (iii). We have, for C > 0,

o)

/ N qa(Ei -1, %) ]1{ 7 (%)
j=1 i=1 Zl.;lol;’qu(ii’tfl,x) D_lqj(ii,l—la-x)

N
U)i,t]ld(Ki,t)
E( > —~ Lo (14 (Ki )>C)
i=1

> C}rr(dx)

H{ (x)

= > C}n(dx)
D q;(Xii—1,x)

D
N—oo _ 7T(X)
r Z”(D—lqjoccx) g C)’

by the LLN of Theorem 5.1. The right-hand side converges to 0 as C tends to
infinity since by assumption (Al), 7 ({g;(x,x") = 0}) = 0. Thus, Theorem A.1
applies and

1 Y 1 Y N
5 2 @iilla(Kip) = E(ﬁ > i 1a(Kis) 9N) ~—>F0.
i=1 i=1
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To complete the proof, it simply remains to show that

1 N
E(ﬁ Zwi,rﬂd(Ki,r) 91\1)
i=1

a;”qu(il l‘—lax) N—oo 41

Z/ — 7 (dx) —>pad+ .
Zz 1 0‘1 6Il(xi,z—l, x)

It follows from the LLN stated in Theorem 5.1 that

1 N t % , t X, )'d
5) —Z/n(dx) ngdt(xl,t~ 1,X) N0 Eﬁ—( gdCIdt( ) ):aéﬂ
N = D10 qr(Xip—1,X) Yz1oqi(X, X))
and it thus suffices to check that the difference between (4) and (5) converges to 0
in probability. To show this, first note that forallt > 1 andall 1 <d < D, O%ti >0
and thus, by the induction assumption for all 1 < d <D, (oz; —al)/al, —p 0.

Using the inequality |— — —| |4 3 || B+ | <l D| we have, by stralghtfor—
ward algebra, that

4

zN—)

LN .
‘ o qa(Xig—1,%) ohqa(Xii—1,x)
D N _ - D 1 (=

Yoo @ Fi—1,x) 2Ly qi(Xig—1, %)

t,N ~
oaf qa(Xir—1,x)

( o d
sup LS
D _tN 7

Z 19" qj(Xi1—1,X) \I€(l,....D} (o7

)

t,N t

+‘O‘d —Qy ade(ii,t—l,X)
t D t ~
ay D1 qr(Xip—1,Xx)
t,N t
o o
<2 sup |——5—
le{l,...,D} (2%}

. N
The proposition then follows from the convergence (a;’N —alp)/d 2350 O

5.4. A corresponding central limit theorem. We now establish a CLT for the
weighted and the unweighted samples when the sample size goes to infinity. As
noted in Section 2.2 for the SIR algorithm, the asymptotic variance associated with
the unweighted sample is larger than the variance of the weighted sample because
of the additional multinomial step.

THEOREM 5.2. Under (Al),
() for a function h such that 7{h*(x" )7 (x)/qq(x, x')} < oo for at least one

1 <d < D, we have

N
(6) VN S @i (h(xi) — w(h)} -5 N (0, 02),

i=l
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where o} = 7 ({h(x") — (Y7 (&) /L7y @lyqa(x, X'));
(i1) if, moreover, 7T(h2) < 00, then

1 N
7 7= ;{h(x,-,,) — ()} -5 V(0,02 + V(1))

Note that amongst the conditions under which this theorem applies, the integra-
bility condition

@®) 7 (hz(x’)Lx)/) <00
qd(x, x")
is required for some d in {1, ..., D} and not for all d’s. Thus, settings where some

transition kernels ¢4(-, -) do not satisfy (8) can still be covered by this theorem
provided (8) holds for at least one particular kernel. An equivalent expression of
the asymptotic variance otz is

_ D
o’ =V, ({h - n(h)}%) where v(dx, dx") = m (dx) ( Z ol Qalx, dx/)).

d=1

Written in this form, o> turns out to be the expression of the asymptotic variance
that appears in the CLT associated with a self-normalized IS algorithm (SNIS)
(see Section 2.1 for a description of the algorithm), where the proposal distribution
would be v and the target distribution 7. Obviously, this SNIS algorithm cannot
be implemented since, given the above definition of v, the proposal distribution
depends on both 7 and the weights (cr’;), which are unknown.

PROOF OF THEOREM 5.2. Without loss of generality, we assume that
w(h) =0.Letdy €{l,..., D} be such that ﬁ(hz(x/)n(x)/qdo(x, x")) < 0o. A con-

. N
sequence of the proof of Theorem 5.1 is that % ZlN: | @i “3T 1, s0 we only need

to prove that

1 Y £
N > wih(xi)) —> N0, 07).
i=1

We will apply Theorem A.2 with

€))

7 (xi )h(xi )
VN ZdDzl sziN‘Id()zi,t—I, Xit)

1
Un,i=—=wih(xi;)=

VN

Gy = o {(FisrDi<i<n, (@) 1<a<p)}-

Conditionally on 4y, the (x;;)’s (1 <i < N) are independent and

D
t,N ~
Xidlgn ~ oy QaFii—1. ).

d=1
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Conditions (i) and (ii) of Theorem A.2 are clearly satisfied. To check condi-
tion (iii), first note that E(Uy ;|9 n) = w (h) = 0. Moreover,

N
Ay =Y EUZ ;19n)

i=1

1 N
— —thz(x) T 7(dx).
N i=1 Dode19y qa(Xii—1,X)
By the LLN for (X; ;) stated in Theorem 5.1, we have
1Y b4
= —Z/hz(x) R (x{ 7 (dx) 5% o7,
> d=1 ayqd(Xi—1, x)
To prove that (iii) holds, it is thus sufficient to show that | By — An/| N—io]; 0. Since
ocfi N N_m]fﬁ g, > 0, we need only consider the upper bound
]I{a‘tj() >2 Old()}|Blv B AN|
o —atVN 1 & h2(x)7 (x)
S]I zN>2 lat, ) sup (%)NZ/ (dX)
%) 1<d=D oy = Yoo Nqa i1, %)
of —a; h2(x)m
< sup ( d d ) / ; ) fx) 7w (dx) N—_)fﬁ 0.
1<d<D 2~ OldOCIdo(xi,t—l, X)

Thus, condition (iii) is satisfied. Finally, we consider condition (iv). Using the same
argument as was used for condition (iii), we have that

L WZE[ of h%m)ﬂ{z e ) i) CHs’eN}

ooy Qd(xzt 1, Xit)

/hz( )2 7 (x) ]1{ T (x)h(x) - C}n(dx)

lad Gy (Xit—1,X) 2_1052'061d0(fi,z—1sx)

N—_)>°§ﬁ<h2(x) 7 (x) ]I{ 7 (x)h(x) >C}),

27 oy qay (X, x) 127 ) gy (%, x)

which converges to 0 as C tends to infinity. Thus, Theorem A.2 can be applied and
the proof of (6) is completed. The proof of (7) follows from a direct application
of Theorem A.2, as in the SIR result, by setting Uy ; = \/Lﬁh(i,-,,) and Gy =

o{(xi,)1<i<N, (Wi )1<i<N}. O
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6. Illustrations. In this section, we briefly show how the iterations of the
PMC algorithm quickly implement adaptivity toward the most efficient mixture
of kernels, through three examples of moderate difficulty. (The R programs are
available from the last author’s website via an Snw file.)

EXAMPLE 1. As a first toy example, we take the target 7 to be the density of
a five-dimensional normal mixture,

3
(10) Z%JVS(O, i),
i=1

and an independent normal mixture proposal with the same means and variances
as (10), but started with different weights ozfi’N . Note that this is a very special case
of a D-kernel PMC scheme in that the transition kernels of Section 5.1 are then
independent proposals. In this case, the optimal choice of weights is obviously
oy = 1/3. In our experiment, we used three Wishart-simulated variances X;, with
10, 15 and 7 degrees of freedom, respectively. The starting values agll’N are indi-
cated on the left of Figure 1, which clearly shows the convergence to the optimal

o ]
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lterations

FI1G. 1. Convergence of the accumulated weights ai’N and ai’N + aé’N for the three-component

normal mixture to the optimal values 1/3 and 2/3 (represented by dotted lines). At each iteration,
N = 1,000 points were simulated from the D-kernel proposal.
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values 1/3 and 2/3 for the two first accumulated weights in less than ten itera-
tions. (Generating more simulated points at each iteration stabilizes the conver-
gence graph, but the primary aim of this example is to exhibit the fast convergence
to the true optimal values of the weights.)

EXAMPLE 2. As a second toy example, consider the case of a three-
dimensional normal .43(0, X) target with covariance matrix

6.986 0.154 3.523
¥ =0.154 15433 3.528
3.523 3.528 18.463

and the mixture of three kernels given by
(1) ey B, B0+ N Gty B2) + oy N Gy, B3),

where the ¥;’s are random Wishart matrices. [The first proposal in the mixture
is a product of unidimensional Student ¢-distributions with two degrees of free-
dom, centered at the current values of the components of x; ;—; and rotated by
JTrdiag(z1/%).]

A compelling feature of this example is that we can visualize the Kullback di-
vergence on the R simplex in the sense that the divergence

3
E(m,7) =Ez |:10g(71(X’)/[ > aaqa(X, X@})] = e, a2, @3)
d=1

can be approximated by a Monte Carlo experiment on a grid of values of (a1, ).
Figure 2 shows the result of this Monte Carlo experiment based on 25,000
A5(0, ) simulations and exhibits a minimum divergence inside the R3 simplex.
Running the Rao-Blackwellized D-kernel PMC algorithm from a random starting
weight (o1, ao, o3) always leads to a neighborhood of the minimum, even though
a strict decrease in the divergence requires a large value for N and a precise con-
vergence to o™ necessitates a large number of iterations 7.

EXAMPLE 3. Our third example is a contingency table inspired by [1], given
here as Table 1. We model this dataset by a Poisson regression,

xij ~ P (exp(ai + B;)), i,j=0,1,
with g = O for identifiability reasons. We use a flat prior on the parameter
0 = («1, Po, B1) and run the PMC D-kernel algorithm with a mixture of ten nor-
mal random walk proposals, JV(éi,t_l, le(é)), d=1,...,10, where I(é) is
the Fisher information matrix evaluated at the MLE, 6 = (—0.43,4.06,5.9), and
where the scales g4 vary from 1.35e—19 to 1.54e+07 (the g4’s are equidistrib-

uted on a logarithmic scale). The results of five (successive) iterations of the Rao—
Blackwell D-kernel algorithm are as follows: unsurprisingly, the largest variance
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04

FIG. 2. Grey level and contour representation of the Kullback divergence e(ay, oy, a3) between
the A3(0, X) distribution and the three-component mixture proposal (11). (The darker pixels cor-
respond to lower values of the divergence.) We also represent (in white) the path of one run of the
D-kernel PMC algorithm when started from a random value (o1, o, a3). The number of iterations
T is equal to 500, while the sample size N is 50,000.

kernels are hardly ever sampled, but fulfill their main role of variance stabiliz-
ers in the importance sampling weights while the mixture concentrates on the
medium variances, with a quick convergence of the mixture weights to the lim-
iting weights—the accumulated weights of the 5th, 6th, 7th and 8th components
of the mixture converge to 0, 0.003, 0.259 and 0.738, respectively. The fit of the
simulated sample to the target distribution is shown in Figure 3, since the points of
the sample do coincide with the (unique) modal region of the posterior distribution.
This experiment also shows that there is no degeneracy in the samples produced:
most points in the last sample have very similar posterior values. For instance,
20% of the sample corresponds to 95% of the weights, while 1% of the sample

TABLE 1
Two-by-two contingency table

0 1 Total
60 364 424
1 36 240 276

Total 96 604 700
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5.75 5.80 5.85 590 5.95 6.00 6.05
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F1G. 3. Distribution of 5,000 resampled points after five iterations of the Rao—Blackwellized D-kernel PMC sampler for the contingency table exam-
ple. Top: histograms of the components a1, Py and PB1; bottom: scatterplots of the points (a1, Bo), (a1, 1) and (By, B1) on the profile slices of the
log-likelihood.
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corresponds to 31% of the weights. A closer look at convergence is provided by
Figure 4, where the histograms of the resampled samples are represented, along
with the distribution of the log likelihood and the empirical cumulative distribu-
tion function cdf of the importance weights. They do not signal any degeneracy
phenomenon, but, rather the opposite—a clear stabilization around the values of
interest.

7. Conclusion and perspectives. This paper shows that it is possible to build
an adaptive mixture of proposals aimed at a minimization of the Kullback diver-
gence with the distribution of interest. We can therefore set different goals for a
simulation experiment and expect to arrive at the most accurate proposal. For in-
stance, in a companion paper [9], we also derive an adaptive update of the weights
targeted at the minimal variance proposal for a given integral J of interest. Rather
naturally, these results are achieved under strong restrictions on the family of pro-
posals in the sense that the parameterization of those families is restricted to the
weights of the mixture. It is, however, possible to extend the above results to gen-
eral mixtures of parameterized proposals, as shown by work currently under de-
velopment.

A more practical direction of research is the implementation of such adaptive
algorithms in large-dimensional problems. While our algorithms are in fine impor-
tance sampling algorithms, it is conceivable that mixtures of Gibbs-like proposals
can take better advantage of the intuition gained from MCMC methodology, while
keeping the finite-horizon validation of importance sampling methods. The major
difficulty in this direction, however, is that the curse of dimensionality still holds in
the sense that (a) we need to simultaneously consider more and more proposals as
the dimension increases (as, e.g., the set of all full conditionals) and (b) the number
of parameters to tune in the proposals exponentially increases with the dimension.

APPENDIX A: CONVERGENCE THEOREMS FOR TRIANGULAR
ARRAYS

In this section, we recall convergence results for triangular arrays of random
variables (see [4] or [10] for more details, including the proofs). We will use these
results to study the asymptotic behavior of the PMC algorithm. In what follows,
let {Upn,i}n>1,1<i<n be a triangular array of random variables defined on the same
measurable space (€2, #4) and let {$x}y>1 be a sequence of o-algebras included
in A. The symbol Xy —>p a@ means that X y converges in probability to a as N
goes to infinity.

DEFINITION A.l. The sequence {Un ;}n>1.1<i<y 1S independent given
{Gn}n>1 if for all N > 1, the random variables Uy 1, ..., Uy n are independent

given §n.
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F1G. 4. Evolution of the samples over four iterations of the Rao—Blackwellized D-kernel PMC sampler for the contingency table example (the output
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DEFINITION A.2. The sequence of variables {Zy}y>1 is bounded in proba-
bility if
lim sup P[|Zy| > C]=0.

C_)OONZI

THEOREM A.1. If

(1) {Un,i}n>1.1<i<n is independent given {$n}N>1;
(i1) the sequence {Z,N:1 ElUn.il19N1}N=1 is bounded in probability;

(ili) foralln >0, ) E[|UN. i Ly, 1=n1$8] —>P O,
then YN | (Uy.; — E[Uy.i|9Nn]) —> 0.

THEOREM A.2. If

(1) {Un.i}N>1.1<i<N is independent given {GN}N>1;
(i) forall N > 1,Vi e {1,..., N}, E[|Un.||9n] < o0;
(iii) there exists o* > 0 such that Y1 (E[U% ;1951 — B[Un.iI§8D?) —>p
2.
(iv) forall n >0, ¥]_ E[U} Ly, 1>n|§n] —p O,

then for all u € R,

N u202
E[exp(iu Z(UN,Z' —E[UN,ilgN]))‘gN}—)JP’ exp(— 5 )
i=1

o

APPENDIX B: PROOF OF PROPOSITION 3.1

We proceed by induction with respect to ¢. Using Theorem A.1, the case t =0
is straightforward as a direct consequence of the convergence of the importance
sampling algorithm.

For t > 1, let us assume that the LLN holds for ¢t — 1. Then to prove that
ZlNzl w; th(x;, K;;) converges in probability to w ® y, (h), we need only check
that

N
_ 7 (x; N
N7 ") Kin) YR @ ),
i=1 in,t (-xi,l‘—l ) xi,l‘)

the special case h = 1 providing the convergence of the normalizing constant for
the importance weights. Applying Theorem A.1 with

7T (Xi,t)

qk;, (Xit—1, Xi,r)

Un.,i =N_1 h(xi, Kir)

and

~ t,N
Gn =0 {(Xi—1<i<N, (@; )1<d<D},
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where o {(X;);} denotes the o-algebra induced by the X;’s, we need only check
condition (iii). For any C > 0, we have

Y 7 (Xir)
N ZE[

i=1 qK,'_,(ii,t—ls xi,t)

7T(xi,z)
QK[J (-;Cll',tfl ’ xi,t)

(12) x h(xis, Ki,t)ﬂ{ hxis Kip) > C”Q»N]

D N
=Y N7 Y Fe(igor. dyey®,
d=1 i=1

where Fe(x, k) = [ m(du)h(u, k)]I{qZ’(i“L)h(u, k) > C}. By induction, we have

N
o =3 @i 11u(Ki—1) —>p 1/D  and
i=1

N
_ - N—
NS Fe(&ii—1.k) == n(Fc (-, k).

i=l

Using these limits in (12) yields

vl iE[mi,ofz(xi,,, Kio), {n(xi,»fz(x,-,,, Kis) _ CH M
= Lak, Ki—1.xi0) U gk, (Xi—1, Xi0)

N—o00

—p 7 ® y,(Fc).

Since © ® y, (Fc) converges to 0 as C goes to infinity, this proves that for any
n>0,

N—o00

> N’7H9N] —p 0.

o’ iE[ﬂ(xi,t)fl(xi,t, Ki,t)H{ n(xi,t)fl(xi,t, Kir)
i=1 4K, (Xit—1,Xit) qK;, Xi.i—1, Xi1)

Condition (iii) is satisfied and Theorem A.1 applies. The proof follows. (|
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