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Abstract: The Wang-Landau algorithm (Wang and Landau (2001)) is a recent
Monte Carlo method that has generated much interest in the Physics literature
due to some spectacular simulation performances. The objective of this paper is
two-fold. First, we show that the algorithm can be naturally extended to more
general state spaces and used to improve on Markov Chain Monte Carlo schemes
of more interest in Statistics. In a second part, we study asymptotic behaviors
of the algorithm. We show that with an appropriate choice of the step-size, the
algorithm is consistent and a strong law of large numbers holds under some fairly
mild conditions. We have also shown by simulations the potential advantage of the
WL algorithm for problems in Bayesian inference.
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1. Introduction

Although the idea of Monte Carlo computation has been around for more
than a century, its first real scientific use occurred during the World War II when
the first generation computer became available. Nick Metropolis coined the name
“Monte Carlo” for the method when he was at Los Alamos National Labs and it
quick evolved to an active research area due to the active involvements of leading
physicists in the Labs. Ever since then, physicists have been at the forefront of
the methodological research in the field. One of their latest additions is an algo-
rithm proposed by F. Wang and D. P. Landau (Wang and Landau (2001))). The
Wang-Landau (WL) algorithm has been successfully applied to some complex
sampling problems in physics. The algorithm is closely related to multicanoni-
cal sampling, a method due to B. A. Berg and T. Neuhaus (Berg and Neuhaus
(1992)). Briefly, if 7 is the probability measure of interest, the idea behind mul-
ticanonical sampling is to obtain an importance sampling distribution by parti-
tioning the state space along the energy function (—log m(z)) and re-weighting
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appropriately each component of the partition so that the modified distribution
7" spends equal amount of time in each component, i.e., uniform in the energy
space. The method is often criticized for the difficulty involved in computing the
weights. The main contribution of the WL algorithm is in proposing an efficient
algorithm that simultaneously computes the balancing weights and samples from
the re-weighted distribution.

The objective of this paper is to take a more probabilistic look at the WL
algorithm and to explore its potential for Monte Carlo simulation problems of
more direct interest to statisticians. We achieve this goal by proposing a general
state space version of the algorithm. Then we show that the WL algorithm offers
an effective strategy to improve on simulated tempering and trans-dimensional
MCMC.

From a probabilistic standpoint, the WL algorithm is an interesting exam-
ple of adaptive Markov Chain Monte Carlo (MCMC). Adaptive MCMC is an
approach to Monte Carlo simulation where the transition kernel of the algorithm
is sequentially adjusted over time in order to achieve some prescribed optimality.
Some early work on the subject includes |Gilks, Roberts and Sahu (1998)), [An-
drieu and Robert| (2001]), and [Haario, Saksman and Tamminen| (2001)). See also
Brockwell and Kadanel (2005), and [Mira and Sargent| (2003). Early theoretical
analysis includes (Atchadé and Rosenthal (2005)), [Andrieu and Moulines (2006),
Andrieu and Atchadel (2007), and [Rosenthal and Roberts (2007)). We take a
similar path-wise approach to analyze the WL algorithm. The analysis of the
WL algorithm is not a straightforward application of the theory in the aforemen-
tioned papers because of the specific adaptive control involved. The key point is
the stability of the algorithm. We say that the WL algorithm is stable if no com-
ponent of the partition receives infinitely more visits than any other component
as n — oo. On a stable sample path, and under appropriate conditions, we show
that the WL algorithm learns the optimal weights and satisfies a strong law of
large numbers (Theorem 4.1). In the specific cases of multicanonical sampling
and simulated tempering, which includes the original the WL algorithm, we show
that the algorithm is stable and that the aforementioned limit results hold.

It came to our attention after the first draft of this paper that a similar
extension of the WL algorithm has been proposed independently by F. Liang
and coworkers (see e.g., [Liang, Liu and Carroll (2007)). Their approach differs
from the WL approach in that these authors took a more classic approach based
on stochastic approximation with step-sizes set deterministically.

Our proposed generalization to the WL algorithm is presented in Section
2. Some particular cases are discussed in Section 3. The theoretical analysis is
discussed in Section 4, but the proofs are postponed to Section 6 to facilitate the
flow of ideas.
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2. The Wang-Landau Algorithm

In multicanonical sampling, we are given a state space X and a probabil-
ity measure m. A& is then partitioned as X = UA;, where X; N &; = ¢ and
7 is re-weighted in each component X;. An abstract way to do the same and
much more is the following. We start with (X;,B;,A\;) ¢ = 1,...,d, a finite
family of measure spaces where A; is a o-finite measure. We introduce the
union space X = Ule X; x {i}. We equip X with the c—algebra B gener-
ated by {(A;,7), i € {1,...,d}, A; € B;} and the measure ) satisfying A\(A,i) =
Ai(A)1p,(A). Let h; : X; — R be a non-negative measurable function and de-
fine 0% (i) = [y, hi(x)\i(dz)/Z where Z = 330, [\ hi(2)Xi(dzx). We assume that

0*(i) > 0 for all i = 1,...,d, and consider the following probability measure on
(X, B):
hi
7 (d, i) 9*((”;)) 1, ()N (da). (2.1)

Our objective is to sample from 7*. The problem of sampling from such a
distribution arises in a number of different Monte Carlo strategies. For example,
and as explained above, if 7 is a probability measure of interest on some space
(X,B,)\), we can partition X along the energy function — log(w) and re-weight
7 by w(X;) in each component X;. The sampling problem then becomes of the
form (ZI). This powerful strategy appeared first in the Physics literature as
multicanonical sampling (Berg and Neuhaus| (1992))). This is discussed in some
more details is Section 3.1.

Sampling from (2.7]) also arises naturally when optimizing the simulated tem-
pering algorithm (Marinari and Parisi (1992), and |Geyer and Thompson| (1995)).
In simulated tempering, the states space X is not partitioned but, instead, some
auxiliary distributions 7, ..., 74 are introduced (take m; = 7). These distribu-
tions are chosen close to ™ but easier to sample from. For good performances,
one typically imposes that all the distributions have the same weight. Taking
each probability space (X, B, m;) as a component in the formalism above leads to
a sampling problem of the form (2.I]). Multicanonical sampling and simulated
tempering have been combined in [Atchadé and Liu (2006]) giving an algorithm
which can also be framed as (2.I)). Sampling from (21]) can also be an efficient
strategy to improve on trans-dimensional MCMC samplers for Bayesian inference
with model uncertainty. This is detailed in Section 3.3.

The main obstacle in sampling from #* is that the normalizing constants
0* are not known. The contribution of the Wang-Landau algorithm (Wang and
Landaul (2001))) is an efficient algorithm that simultaneously estimates 6* and
sample from 7*. The algorithm was introduced in a discrete setting with the 7*



212 YVES F. ATCHADE AND JUN S. LIU

being uniform in 4. In this work we extend the algorithm to general state spaces
and to arbitrary probability measures. To carry on the discussion in our general
framework, we introduce the family of probability measures {mg, 6 € (0,00)%}
on (X,B,)\) defined by:

hA
o(da, i) o 0((”“;) 1, ()N (dz). (2.2)
i
We assume that for all § € (0,00)?, we have at our disposal a transition
kernel Py on (X, B) with invariant distribution mp. Note that my and Py remain
unchanged if we multiply the vector 6 by a positive constant. How to build such

Markov chain Py typically depends on the particular instance of the algorithm.
We give some examples later.

The structure of the WL algorithm is as follows. We start out with some
initial value (Xo,Ip) € X, ¢o € (0,00)% and set Oo(i) = ¢o(i)/ X 1—; do(J),
i = 1,...,d. Here 0y serves as an initial guess of #*. At iteration n + 1, we
generate (Xp11,lp4+1) by sampling from Py, (X, I,;-) and update ¢, to ¢,y1,
which is used to form 6,,11(i) = ¢n41(4)/ -, Pn+1(J). The updating rule for ¢,
is fairly simple. For ¢ € {1,...,d}, if X,,4+1 € &; (equivalently, if I,,;1 = i), then
Gnt1(i) = Pn(i)(1 + p) for some p > 0; otherwise ¢y, +1(i) = ¢, (). This leads to
a first version of the WL algorithm.

Algorithm 2.1. (The Wang-Landau algorithm I). Let {p,} be a sequence of
decreasing positive numbers. Let (Xo, o) € X be given. Let ¢pg € R? be such that
do(i) > 0, and set Oo(i) = ¢o(i)/ >_; do(d), i = 1,...,d. At some time n > 0,
given (X, I,) € X, ¢, € R?, 0, € Re:

(1) sample (Xni1, Int1) ~ Py, (Xn, In;+);

(11) fOT'i = 1, e ,d, set ¢n+1(2) = ¢n(l)(1 +pn1{ln+1:i}) cmd 0n+1(Z) = ¢n+1(l)/
Zj d)n—i-l(])

It remains to choose the sequence {p,}. As we show below, {6, } as defined
by Algorithm 2.1 is a stochastic approximation process driven by {(X,,I,)}.
The general guidelines in the literature to choose {p,} are: p, > 0, > p, = o0,
and 3" pite < oo for some € > 0, often £ = 1. The typical choice is p, o< n7L.
In practice, more careful choices are often necessary for good performance. To
the best of our knowledge, there is no general, satisfactory way of choosing the
step-size in stochastic approximation. Interestingly, Wang-Landau came up with
a clever, adaptive way of choosing {p,} that works very well in practice. We
describe their approach next, again in more probabilistic terms.

Let vy, 1,(i) denote the proportion of visits to X; x {i} between times n + 1
and k. That is, vy (i) = 0 for K < n and for k > n + 1, v, 1(i) = [1/(k —
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n)] Z;?:n_H 1{I; = i}. Let ¢ € (0,1) be a parameter to be specified by the user.
We introduce two additional random sequences {x,} and {a,}. Initially, ko = 0.
For n > 1, define

Kp=1inf ¢k > Kk,_1: max
1<i<d

) 1 c
sl - 3 < 5} (2.3

with the usual convention that inf() = co. We need another sequence {~,} of
positive decreasing numbers, representing “stepsizes”. Then, {a,} represents the
index of the element of the sequence {7,} used at time n : a9 = 0, if k = &;
for some j > 1, then ap = ap_1 + 1, otherwise ar = ap_1. In words, we start
Algorithm 2.1 with a step-size equal to vy and keep using it until time x; when
all the components are visited equally well. Only then do we change the step-size
to 71 and keep it constant until time ko etc... Combining this with Algorithm
2.1, we get the following.

Algorithm 2.2. (The Wang-Landau algorithm II). Let {v,} be a sequence of
decreasing positive numbers. Let (Xo,Iyp) € X be given. Set ag = 0, k = 0,

€ (0,1), ¢g € R? such that ¢o(i) > 0, and 0y(i) = Go(i)/ > ; 0(d), i=1,....d.
At some time n > 0, given (Xp,1,) € X, ¢pp €RY, 0, € RY, a,, and k:

(ii) fori=1,...,d, set ¢pi1(i) = In (i) (1 + Vo, L(1, 1 =i}) and Ony1(i) = Pni1(i)
/225 onta(9);

(iii) of max; |vent1(?) — (1/d)| < ¢/d then set K = n+ 1 and apy1 = ap + 1,
otherwise an4+1 = ap,.

Remark 2.1.

1. The performances of Algorithm 2.2 depends very much on the choice of {v,}
and c. We show that the choice 7,, o n~! guaranties the convergence of the
algorithm but, in practice, this type of step-size can be overly slow. The user
might then consider 7, o a™" (a > 1) originally proposed by Wang-Landau,
but we were not able to obtain the convergence of the algorithm for summable
step-sizes. A good compromise is to start the sampler with v, oc ¢™™ until
Y < € (e.g., ¢ = 107%) and then switch to 7, = n~!. There is a bias-variance
trade-off involved in the choice of ¢. For ¢ close to 0, Algorithm 2.2 will have
a low bias (in estimating 6*) but a high variance. Such values of ¢ are more
suitable for 7, oc ™" whereas for larger values of ¢, the bias will be high with
a low variance. For ¢ = d — 1, we get a standard stochastic approximation
algorithm with deterministic step-size for which a step-size that sums to oo is
necessary for convergence. We found empirically from our simulations that ¢
in the range 0.4 — 0.2 yields reasonably good samplers.
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2. In the actual implementation of the algorithm, it is not necessary to re-
normalize ¢, into 0, as in (ii). In fact, for computational stability, we
recommend carrying out the recursion on a logarithmic scale: log ¢, (i) =
log -1 (1) + 108(1 + Va1 )1 (1)

3. Another interesting feature of Algorithm 2.2 is that Step (iii) can serve as a
stopping rule: we stop the simulation when ~,, get smaller than some pre-
specified value.

4. Under some regularity conditions, if f : X — R issome function of interest
that is m-integrable and {(X,, I,,,0,)} is as described in Algorithm 2.2, we
will show below that

1 n
ﬁzf(Xk’I’“) — 7m(f), a.s. as n — oo.
k=1

If we denote by m; the distribution on X; with density with respect to A;
proportional to h;(z)1ly,(z), we can estimate integrals with respect to m; as

well:
Y oke1 S (X Te) 1x, (Xi)
ZZ:I 1y, (Xk)
Now if we denote by 7 the distribution on X whose density with respect to A
is proportional to h;(z) on A&j;, the ratio m(x,7)/7*(x,4) is d#* (i) and integrals

— mi(f(-,4)), a.s. as n — oo.

with respect to m can also computed by importance sampling;:

%Zf(XkaIk)ek(Ik) — 7(f), a.s. as n — oo.
k=1

Various methods for recycling Monte Carlo samples can be implemented as
well. All these results follow from Theorem 4.1.

3. Some Applications

In this section, we detail briefly some applications of the general algorithm to
multicanonical sampling, simulated tempering, and trans-dimensional MCMC.

3.1. Multicanonical sampling

Multicanonical sampling is a powerful algorithm proposed by [Berg and
Neuhaus (1992). It holds the potential of improving on mixing times of classical
MCMC algorithms. It fits naturally in the framework above, but the imple-
mentation can be tedious. Assume that we want to sample from a probability
measure w(dx) « h(x)A(dr) on some probability space (X,.4,\). We use the
energy function E(z) = —log(h(z)) to build a d-component partition (X;); of X,
Xy ={xe€X:E_1 < E(x) <E}, where —c0o < Ey < E; < -+ < EBg <
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are predefined values. Let 6*(i) = m(X;) and assume 6*(i) > 0. As above, we
introduce the union space X = |J & x {i}. The idea of multicanonical sampling
is to sample from
h
7 (dx,i) o 9*((1;)) 1y, (x)A(dx),

which is of the form (2.1]). There is a simpler formulation of the algorithm. Since
the component of the partition to which a point x belongs can be obtained from x
itself, multicanonical sampling is equivalent to sampling from 7* on (X, .A) given

by

d
7 (da) o< 3 g(é)) 1, (z)\(d2), (3.1)
=1

and the union space formalism is not needed. After sampling from 7* in (B.1]),
a straightforward importance sampling estimate allows one to recover w. The
algorithm tries to break the barriers in the energy landscape of the distribution
by re-weighting each component X;. Clearly, the success depends heavily on a
good choice of the energy rings Ey, ..., FEy. This typically requires some prior
information on 7 or some pilot simulations. We point out that, although the
energy function E is a natural candidate to utilize to partition the space, the
idea can be extended to other functions.

In the description of multicanonical sampling given above, taking ¥ as a
discrete space, m the uniform distribution on X, and X, = {z € ¥ : E(z) = e},
e€ {e€R: E(x) =e for some z € ¥} yields the Wang-Landau algorithm of
(Wang and Landaul (2001))).

3.2. Simulated tempering

The method can be applied to the simulated tempering of Marinari and Parisi
(1992) and |Geyer and Thompson| (1995)) by taking (X;, B;, A;) = (X1, B1, A1) and
h; = Rt 1 =t < .-+ < tg. Simulated tempering is a well-known Monte
Carlo strategy for sampling from difficult target distributions. Assume that the
distribution of interest is 7 (dz) o< h(xz)A(dx). Typically for large temperature ¢,
R/t is a more well-behaved distribution for which faster mixing Markov chains
can be built. In simulated tempering, we try to take advantage of these faster
mixing chains by targeting the distribution

hl /ti (x)
0()
on the union space (X, B,\). A MCMC sampler Py with invariant distribution

7y is readily designed. Typically Py takes the form

mo(dzr,i) = 1y, ()1 (do), (3.2)

Py((2,i); A x {j}) = By g(i, j) PV (z, A), (3.3)
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where B, is a transition kernel on {1,...,d} with invariant distribution
(hj(2)/0(5))(>; hi(x)/ 0(i))~" and Pl a transition kernel on (X, B;) with in-
variant distribution proportional to h;(z)A(dz). Typically, one takes By g(i,j) =
(hi(x)/0(i)) (X, hi(z)/0(i))~*.  Another common choice is to take B,y as a
Metropolis-Kernel on {1,...,d} with proposal ¢(i,7). By standard importance
sampling techniques, we can convert samples from the higher temperature dis-
tributions to estimate 71. The method holds for any # € R%, §(i) > 0, but the
choice of 6 can significantly impact the efficiency. Heuristically it seems that, to
improve on mixing, we need a 6 that allows samples from fast converging distri-
butions (but close to 7); but since 7 is the distribution of interest, for statistical
efficiency, we need a 6 that favors m. One easy way to resolve this trade-off is
to choose 6 such that all the distributions are equally visited. For this we need
to choose 0(i) = 6*(i) < [ hi(z)A1(dz) and sample from

i/t (x)
0* (i)
This can be done with Algorithm 2.2.

7 (dx, i) 1y, (z)A1(d).

Example 1. We compare a plain simulated tempering with weight (i) = 1
and the Wang-Landau simulated tempering described above for sampling from
a multimodal bivariate Gaussian mixture distribution. The target distribution
given below was taken from [Liang and Wong] (2001])

20
@) = 5oy Do wrenp { = (e~ (e = ), (3.4
=1

where ¢ = 0.1 and w; = 0.05. The p;’s are listed in Table 1. The distribution is
highly multimodal and it is clear that a plain Random Walk Metropolis algorithm
for this distribution does not mix in a reasonable time. Simulated tempering can
be particularly efficient in such situations. We compare two strategies: a plain
simulated tempering where (i) = 1 in (8.2]) and the WL adaptation of simulated
tempering as described above. We use the temperature scale 1 < 7.7 < 31.6 <
100.

Table 2 presents the mean squared errors (MSEs) of the two methods in
estimating the first two moments of the two components of m. We can see that
the WL version is about three-four times more efficient than the plain version
in terms of MSE. The estimates are based on 30 independent replications of the
samplers. We ran each sampler for 100,000 iterations. In applying Algorithm
2.2, we used v, = 1/n and ¢ = 0.3.
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Table 1. The 20 means of the two-dimensional Gaussian mixture.

T g fhi2 1 i1 fhi2 { i1 Lhi2 { i1 fhi2
1 218 5.76 6 325 347 11 541 265 16 493 1.50
2 867 9.59 7 170 050 12 270 7.8 17 1.83 0.09
3 424 8.48 8 459 560 13 498 3.70 18 2.26 0.31
4 841 1.68 9 691 581 14 114 239 19 554 6.86
5

393 882 10 687 540 15 833 950 20 1.69 8.11

Table 2. Mean Square Errors of the plain and the WL simulated tempering
algorithms. Based on 30 independent replications with 100, 000 iterations of
each sampler.

E(Xy) E (X,) E (X?) E (X3)
Plain ST 0.113 0.132 11.201 12.501
WL-ST 0.029 0.041 2.818 4.023
Ratio 3.89 3.25 3.97 3.11

3.3. Application to trans-dimensional MCMC

It is often the case in Statistics that many alternative models are considered
for the same data. One is then interested in issues like model comparison, model
selection, and averaging. Let f(Datalk,zy) be the likelihood of model k with
parameter xp. Assume that we have a finite number d of models and that zj €
(X, Bi, A\k). Let X = Ug-l:1 X; x {i} be the union space equipped as above with
the o-algebra B and the o-finite measure A. (X,B,\) is the natural space to
consider when dealing both with model uncertainty and parameter estimation.
In the Bayesian framework, a prior density (with respect to A) p(xg, k) in (X, B) is
specified for (z, k). The posterior distribution of (xg, k) is therefore m(zy, k)
hi(zx) = f(Datalk,zi)p(zk, k). In this framework, one is often interested in
the Bayes factor of model i to model j deﬁned as B,j = 0*(i)p(4)/(0*(5)p(7)),
where 0*(i) o< [, ™ v, ™(@i, ) Ai(dw;) and p(i = [ p(xi,i)N\i(dz;). Trans-dimensional
MCMC is a set of spemahzed MCMC algorlthms to sample from distributions
like 7 defined on spaces of variable dimensions. The reversible-jump algorithm
of Green (Green! (1995))) is the most popular such sampler.

In the spirit of the WL algorithm, an alternative to sampling directly from
7 is to sample from the distribution

0*(7)
By such re-weighting, we give the same posterior weight to all the models. The
WL algorithm then offers an effective strategy to sample from 7* and we recover

7 by importance sampling. This strategy can improve on the mixing of the
sampler

m*(dzi, 1)

1y, (z)Ni(dx;). (3.5)
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Figure 1. Marginal posterior distribution of models. (a) estimate from the
plain WL-RJIMCMC; (b) estimate from the RIMCMC; (c) true posterior
distribution. Estimates were based on 10 x 106 iterations for the plain RJM-
CMC and 2 x 109 iterations for the WL-RJMCMC.

Example 2. We set X; = R’ for i = 1, ..., 20, and consider the following rather
trivial trans-dimensional target distribution:
(@i, 1) x ai_le_‘xi|2/2,

where we let a; = 1 for i # 4, and a4 = (277)*16/2. In this distribution, z; € RY,
the i-dimensional Euclidean space, and 7(x;, i) restricted to R? is proportional to
the standard normal distribution. We are interested in the marginal distribution
p(i) of 4. This distribution, as shown in Figure 1, is bimodal with modes at 4
and 20.

We pretend that this distribution is intractable and sample from it using a
Birth-and-Death Reversible-Jump MCMC. For the fixed-dimensional move, we
use a Random Walk Metropolis kernel with a Gaussian proposal with covari-
ance matrix o,l;, 0, = 0.1. We implement a Birth-and-Death move for the
trans-dimensional jump. Given (z,i), we randomly select j € {i — 1,7+ 1} with
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respective probability w;;—1,w;;+1. We choose wj ;41 = 1/2 with the usual cor-
rection at the boundaries. If j = i+ 1, we propose y = (z;,u) where u ~ N(0, 0?)
with o = 0.1. We accept (y,j) with probability min(1, A), where

A =TI Gt o 2ot
m(z, 1) wij

Similarly if j =i — 1, we write z = (y, ') with v’ € R and propose (y, 7). This
value is then accepted with probability min(1, A) with

A — W(y’j)% 1 efu’2/202‘

m(x,1) wij V2710

This vanilla RJIMCMC sampler fails to sample from 7. Depending on its

starting point, the sampler typically found one of the two modes and got stuck
there even after 10 millions iterations (see Figure 2a). In contrast, the WL algo-
rithm provided a reasonable estimate of the distribution in only 2 millions iter-
ations. In this example, computationally, each WL iteration step costs roughly
that for 1.2 step of the vanilla sampler. For the WL approach we used ¢ = 0.4

and 7y, = 27" until 10~* before switching to v, = n~%.

4. Some Theoretical Results

We look at some theoretical aspects of the algorithm. We investigate the
convergence of #,, to 8* and a strong law of large numbers for {(X,, I,,)}. The
difficulty comes in proving that the algorithm is stable in the following sense.

Definition 4.1. Let v, (i) be the occupation measure of X; by time n : v, (i) =
(1/n)>7%_1 1i1,—ip- The Wang-Landau algorithm is said to be stable if

max lim sup n(v, (i) — v, (j)) < 00, a.s.. (4.1)
4,7 n—oo

This is an essential property of the algorithm. When the algorithm is stable,
we show that all the stopping times x; defined in Algorithm 2.2 are finite and the
step-size 7, will gradually converges to 0. Moreover (Theorem 4.1 below) on a
path where the algorithm is stable, 8,, — 6* and a strong law of large numbers
holds for (1/n)Y"y_, f(Xk, I;). Then, we derive some verifiable conditions under
which the algorithm is shown to be stable. To maintain the flow of ideas, some
of the proofs are postponed to Section 6.

4.1. Ergodicity

Let © = {# € R : % 0(6) = 1, 6(i) € (0,1), i = 1,...,d} and
((Xo,10),6p) € X x © be the initial state of the algorithm. This initial state
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is considered fixed but arbitrary. Let {7,} be the step-size sequence. Let Pr be
the distribution of the process { Xy, I,,, 0,,} started at (Xo, Ip,0y) with step-size
sequence {7, }, and let E be the expectation with respect to Pr. To simplify the
notation, we omit explicit mention of the dependence of Pr on (X, Iy, 6y) and
{yn}. All statements made almost surely are with respect to Pr. For § € R,
|0 denotes the Euclidean norm of 6. For any € € (0,¢,), where ¢, = min; 0*(7),
let ©. = {6 € ©, 0(i) > ¢, i =1,...,d}. Our main assumption is that the
family {Py,0 € ©.} is Lipschitz and uniformly V-ergodic. See e.g., [Andrieu and
Moulines| (2006) for some examples of MCMC samplers where these assumptions
hold. Before stating them, we need some notation. For any functions f : X — R
and W : X — [1,00) we take |f|y, := sup,ex[(|f(2)])/(W(x))], and introduce
the set of W-bounded functions Ly := {f meas., f: X — R,[f|;;, < oo}. A
transition kernel on (X, B) operates on measurable real-valued functions f as
Pf(z) = [ P(x,dy)f(y), and the product of two transition kernels P; and Ps is
the transition kernel P Py(z, A) = [ Pi(z,dy)Ps(y, A). For two transition kernels
Py and Py, ||P1 — Py, the W-distance between Py and P; is

121 = Poflyy := s |PLf = Pafly -
<1

flw <

(A1) There is a measurable function V : X — [1,00), a set C C X, and a
probability measure v on (X, B) such that v(C) > 0, with the following
property. For all € € (0,¢,), we can find constants A. € (0,1), b € [0, 00),
Be € (0,1] and integer ng . such that:

einef P (x,A) > Bv(A)le(z), z€ X, A€ B; (4.2)
€6:
sup PV (z) < AV (x) +b1c(z), xe€X. (4.3)
(JS(CH

The inequality (43]) of (A1) is the so-called drift condition and (£2) is the
so-called minorization condition.

(A2) For all a € [0,1], for all ¢ € (0,e,), there exists K = K(a,e) < oo such
that, for all 0, §' € ©,,

1P = Porllye < K [0 =0

, (4.4)

where V' is defined in (Al).

(A3) {v,} is non-increasing, v, > 0, > 7, = o0, and 7, = O(n~!) as n — oco.
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For B > 0, we introduce the stopping time:

7(B) := inf {k; > 0 : max k(vg (i) — vp(5)) > B}, (4.5)
Z’J

with the usual convention that inf ) = oo. 7(B) is the first time that one compo-

nent accumulates B visits or more than some other component. Thus, Definition

4.1 is precisely equivalent to 7(B) = oo for some B. With this in mind, the next

results says essentially that if the algorithm is stable, and (A1-3) hold, then it is

ergodic.

Theorem 4.1. Let (A1-3) hold and B > 0 be given. Then
(i)

00, — 0| 17 (By>ny — 0, a.s. as n — oo. (4.6)

(ii) For any function f € Ly, writing f = f — 7*(f), we have

1~ ;
ng(Xkalk)l{-r(B)>kfl}_’07 a.s. as n — oQ. (47)
k=1

Proof. See Section 6.2.

4.2. Checking (A1-2)

We impose the drift condition and the minorization condition (A1) uniformly
for 0 € ©,, not uniformly for § € ©. This is an important point. Indeed, and
as we see now, a drift and minorization condition uniformly-in-6 for 6 € O is
almost always true as soon as one Py satisfies these conditions (Proposition 4.1),
whereas a minorization and drift condition uniformly-in-0 for § € © is almost
never true.

Indeed, suppose that each Py is a Metropolis-Hastings kernel with invari-
ant distribution my and proposal kernel Q). That is Pyf(x,i) = Myf(z,i) +
ro(z,1)f(x,i), where

d
Myf(z,i) = min <1,
’ 32::1/)(3

283(%]‘; z, i)> [y, 7)Q(w,i; dy, j),

d .
(CURIEDY / win (1, zg))R(y,j;ﬂ:J)>Q(x,i;dyjj),

and R(z,i;y,7) the Radon-Nikodym density of w(dz,1)Q(x,; dy, j) with respect
to 7(dy, /)Q(y, j; dz, ).
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With 6 = (1,...,1), we use m (resp. P and M) to denote 7y (resp. Py and
Mpy). The next result states that we only need to check that P is geometrically
ergodic to obtain (A1-2).

Proposition 4.1. Suppose there is a measurable function V : X — [1,00), a
set C C X, a probability measure v on (X, B) such that v(C) > 0, and constants
A€ (0,1), b € [0,00), B € (0,1] and finite integer ng such that M™ (z, A) >
Br(A)1lc(z), z € X, A € B, and PV(z) < A\V(x) + blc(z), v € X. Then
(A1-2) hold.

Proof. See Section 6.1.

4.3. Stability

Theorem 4.1 asserts that under (A1—3), the WL algorithm converges to the
right limit on stable paths. This raises the question of checking the stability of
the algorithm, difficult in general. The next theorem gives some easily checked
conditions under which the algorithm is stable.

Theorem 4.2. The WL algorithm is stable under either of the following two
conditions.

(a) There ezist e € (0,1), K € (0,00) and integer ng > 0 such that for any i,j €
{1,....d} and 0 € RY, 0(i)/0(j) > K implies that P} ((x,i), X; x {j}) > ¢
for all x € X;.

(b) There exists € € (0,1), such that for any j € {1,...,d} and 6 € RY, 6(j) <
minj<;<q 0(7) implies Py((x,7), X; x {j}) > € for all x ¢ X; and all i # j.

Proof. See Section 6.3.

4.4. Application to multicanonical sampling

Consider the multicanonical sampling of Section 3.1. Suppose that Py is
the Independence-Sampler with proposal distribution Q(dz) = q(z)\(dz) and
invariant distribution mp(dz) o Zle(h(x)/O(i))lxi (z)A(dz). Assume that the
function w(z) < h(x)/q(x) is bounded with supremum wy. Then clearly, for all

x € X,
Py(x, X;) > min <1, z((;))) /Xj min (1, woigo’))Q(dy) > €,

as soon as 0(i) > 60(j), taking ; = f)(j min(1, [(w(y))/(wo)]))Q(dy) > 0 (since
7(&X;) > 0). Thus for any i,7 € {1,...,d}, ¢ ~ j and, by Theorem 4.2, the WL

algorithm is stable. Now, since w is bounded, each Py satisfies a drift condition
and a minorization condition, which implies (A1—2) by Proposition 4.1.
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Similarly, if Py is a Random Walk Metropolis with proposal kernel ¢(y — x)

we have
Py(x, Xj) > min <1, Z&) /Xj min (1, :Ei;) q(y — z)dy.

It follows that if X is compact and 7, ¢ are positive and continuous, then i ~~ j
for all 7, 5. Under the same assumption, (A1—2) also hold.

Corollary 4.1. In the case of multicanonical sampling of Section 3.1, assume
one of

(i) Py is an independent-Metropolis sampler with proposal distribution Q(dz) =
q(x)A(dx) and w x h/q is bounded;

(ii) Py is a RWM sampler with proposal q(y — x); X is compact, and © and q are
positive and continuous.

Then the algorithm is stable and, under (A3),

|0, — 0*| — 0; and 15 f(Xg) = 7*(f) a.s. as n— 0
n
k=1

for any bounded measurable function f.

4.5. Application to simulated tempering

Theorems 4.1. and 4.2. can also be applied to the WL version of simu-
lated tempering as described in Section 3.2. We consider the simulated tem-
pering algorithm with kernel Pp((x,4); A x {j}) = Bayg(i,j)PV!(x, A) where
By g(i,5) o< hj(z)/6(j) and PV is a transition kernel (not necessarily Metorpolis-
Hastings) with invariant distribution h;. The following corollary is easily proved
and omitted.

Corollary 4.2. Suppose that Xy is compact, h positive and continuous, and {~vy}
satisfies (A3). Suppose that there exist € > 0, a probability measure v and an
integer ng such that v(X;) > 0 and (PP (z, A) > ev(A), i € {1,...,d}. Then

1 n
|0y, — 0"| — 0; and —g f(Xg, Ix) = 7 (f) a.s. as n— 0
n
k=1

for any bounded measurable function f.

5. Discussion and Open Problems

In this paper, we propose an extension of the WL algorithm to general state
spaces. The WL algorithm differs from other adaptive Markov Chain Monte
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Carlo algorithms based on stochastic approximation by the adaptive nature of
its step-size. We have shown through examples that the algorithm can be used
effectively to improve on simulated tempering and trans-dimensional MCMC
algorithms. We have also studied the asymptotic behavior of the WL algorithm.
We have shown that on stable sample paths, and with an appropriate step-size,
0, converges to 0* and a strong law of large numbers holds. Finally, when the
state space is compact we have shown that, in most cases, the algorithm is stable
and the aforementioned limit results apply.

Two main questions have remained unanswered. The first concerns the sta-
bility of the algorithm in unbounded state spaces. Second, in order to exploit
the full potential of the algorithm, a more precise understanding of its efficiency
is needed. In particular, we need to understand how the rate of convergence and
the asymptotic variances of the algorithm are related to the parameter ¢ and
step-size 7v,. We are currently investigating some of these questions.

6. Proofs

The techniques used here can be found in various forms in Benveniste,
Métivier and Priouret| (1990), Delyon! (1996)), and [Andrieu, Moulines and Priouret
(2005). Throughout, C. denotes a generic constant whose value can be differ-
ent from one equation to another. The key result in the proof of Theorem 4.1
is Lemma 6.6, which states that the weighted sum of the noise process in the
stochastic approximation followed by {6, } is summable.

6.1. Proof of Proposition 4.1

Lemma 6.1. Under the conditions of Proposition 4.1, (A2) holds.

Proof. Let € € (0,*) and o € (0,1]. For 6 € O, |f| <V, and (z,i) € X, we
have Pyf(x,i) = My f(x,i) + f(x,i)(1 — Mge(z,i)), where e(z,i) = 1, and

L (66 o
Myf(xz,i) = ;/)@ min <1, H(j)r(y,j,x,z))f(y,j)Q(x,z,dy,j).

As a consequence, for 8, 01 € O, 1Py, — Pollya < 1Mo, — Mo, lya + 1Mo, —
My, lrv, where |P|l;, = ||P|l,, with V' = 1. For (z,i) € X, the function
0 — Myf(x,i) is differentiable and:

D

Jj=1

0
69]' Of(xvl)

d
<03 Mf| (i),
=1

(A2) then follows by the Mean Value Theorem and the drift condition on P.
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Next we show that for any € € (0,¢*), the family (Fp)gco. ) satisfies a uniform
(in @) drift condition.

Lemma 6.2. Under the conditions of Proposition 4.1, (A1) holds.

Proof. The minorization is immediate. Since min(1,ab) > min(1, a) min(1,b)
for a,b > 0, Py(x,i; A) > My(x,i; A) > (1/e)Mo(x,i; A) > B/ev(A)1e(x,i).

The argument to show the uniform drift is fairly simple, and we only sketch
it here. Let By, = ©.NB(0,) the open ball of ©. with center § € ©. and radius
r > 0. It follows from Lemma 6.1 that by choosing r > 0 small enough, if Py
satisfies a drift condition toward a small set C, then the family {Py, 6’ € By}
satisfies a uniform (in 6’) drift condition toward C. Therefore, starting from P,
we can find an open coverage of ©. by the By, such that, on each such By ,, a
uniform drift toward C' holds. Since O is compact it admits a finite coverage by
the By, and, using the maximum of the constants of the drift condition toward
C for each such ball, we get a uniform drift toward C for {P, 6 € ©.}.

6.2. Proof of Theorem 4.1.

We start with some preliminary remarks. For any € € (0,¢,) and a € (0, 1], it
is known from Markov chain theory that (A1) implies the existence of C; o, < 00,
pea € (0,1) and b, as in (A1), such that

sup |7y = mollye < CeapZas (6.1)
€0¢
sup mp(V) < be. (6.2)
0cO,

For a proof, see e.g., [Baxendale (2005) and the references therein. Define £(e) =
inf{k > 0: 0, ¢ ©.}. An easy calculation using (A1) gives that

E |V(X,, In)1{€(6)>n}} =k {V(Xm In)1e.(00) - - - 1e.(6n)

be

< ALV (Xo, o) + ]
€

from which we deduce that
sup E (V(Xn, In)1{£(€)>n}> < Q. (63)

The proof of the theorem is based on some nice properties of solutions of
the so-called Poisson equation. These solutions allow us to obtain a martingale
approximation to the process >, f(Xy, I). For f € Ly, a € (0,1] and
0 € O, let

ho = i PE(f =), (6.4)
k=0
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hg solves the Poisson equation f — m(f) = hg — Pyhg. By (A1), hy exists and
hg € Lya. For f € Lya and 6,60" € O, writing fy = f — ma(f), we have

70(F) = mor ()] = o [P For |

k
| Py ([ ]+Z7T9[ Py~ (Py — Py)PY (fo)
Jj=

gca<p’;+ye—ef»ng—1),
j=1

using (A1—2), from which we deduce that there exists a finite constant C. such
that

[

sup [mo(f) — mo ()] < Ce 6], (6.5)
fe€Lya

The constant C; is not necessarily the same from one equation to the other.
Similarly, with Py as the operator Py — mg, we have

Pfo— i fo| = |PEs - Phs

k
= Z Py (Py— Py)PL' f
j=1
<C.|0—0|kpt Ve,
using (A1—2). This, together with (6.5, implies the existence of a finite constant
C: such that for all « € (0,1], 6,6 € O,

\hg = her|ya + [ Pohg — Pyhgr |y < Cc |6 — 6] (6.6)

In our analysis, we mainly see {6,,} as a stochastic approximation sequence. The
recursion on {6, } has

. ¢n+1(i)
0pt1(t) = ——m—"t—
S S
_ d’n(l) + 7an¢n(i)1{ln+1:i}
S bn(e) + Yay bn(Lns1)
_ L+ Yo 11, 41=i)
B 9 ( ) 1+ ’Van‘gn(InJrl)
= 00(7) + Yan Hi(On, Int1) + 'anri,n(em Int1), (6.7)
where H;(0,1) = O(i)(l{lzi}—H(I)) and r;,(0,1) = —9(2')9([)[(I{I:i}—O(I))/(H-
Ya, 0(1))]-
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The mean field function h;(0) = mg(H;) is
0*(i) — 6(1)
hi(0) = .
NS S ERYIE

Lemma 6.3. Under (A3), let B > 0 be given and ¢y = 2Bd/c. Then on
{r(B) > n}, an, > |n/co|. Moreover Y ~,, = oo, and 272n1{7(3)>n} < 00
almost surely.
Proof. On {7(B) > n}, for any k¥ < k¥ < n, and for any i € {1,...,d},
(v (1) —1/d) < 2B/(K' — k). Therefore if lcg < n < 7(B), ki < n. That is,
an > |n/co| on {r(B) > n}.

Since {7y} is non-increasing and a, < n, > v, > D Yo = 00. On the other
hand Z'ygnl{T(B)>n} < Cc¢ ZTL_2 < o0.

For any € > 0, we introduce the stopping time £(¢) := inf{k > 0: 6; ¢ O.}.
We need the following result. The proof is omitted.

(6.8)

Lemma 6.4. Let {v,, n > 0} be a non-increasing sequence of positive number
and {vp,n > 0} be a sequence of numbers such that | Z;XZO vg| < B for all N > 0.
Then | ngv:o Yevk| < 0B for all N > 0.

The following lemma relates 7(B) and £(g).

Lemma 6.5. Under (A3), for any B > 0 we can find € € (0,%) such that
T(B) < &(¢).

Proof. Take ¢ = (1 + (d — 1)eP)~! > 0. Without any loss, we assume that
e < ex and ¢ < min; 0y(i). We need to show that min; 6,(i) > ¢ for all n <
7(B). But 6,(i) = (1+ Z#Z[@n(j))/(gbn(z))])_l It is thus enough to show that
Gn(5)/Pn(i) < eB0 for all i # j and for any n < 7(B). But

i” (é; = exp ( i Yp (an,n/wpﬂ (7) = Ny <Z)>> 7
n p=0

where Ny (i) = 0 if m < 1 and Nyy(i) = 3200, 1a,(X,) otherwise (Njm (i)
is the number of visits to A; from time [ + 1 to m). For any n < 7(B),
130Ny marpsr (1) = Nepmaryar ()] < B for all P> 0. Lemma 6.4 thus
implies that ¢,,(1)/¢n(j) < €705,

Lemma 6.6. Under (A1-3), let B > 0 be given. Let {7} be a sequence that
satisfies (A3) such that Z’YLn/aJ'YILn/aJ < oo for all a > 0. For § € O, Let
Hp: X — R be a measurable function such that Hy € Ly,1/2. Then

00
Z’Y;kl{T(B)>k} Hek(Xk+1’Ik+1) *WQk(HQk) <00, a.s.. (69)
k=0
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Proof. Let € > 0 as in Lemma 6.5. From (A1) there is a function hy € Ly1/2
that solves the Poisson equation hy — Pyhg = Hy — mp(Hy) for all § € ©.. Using
this we can write

Z Vo L{r(B)>k} [Hek (Xka1, Ikt1) — T, (Hek)}
k=0
- 1 2 3
= Z Var L{r(B)>h) <U1£+)1 + UIE+)1 + U15431)v
k=0

where

U,gi)l = ho, (Xit1, Lpt1) — Po,ho, (Xi, 1),

U;Ei)l = Py, ho, (X, Ir) — Po, . hoy o, (Xir1, Tiy1),

UD, = Poy, hoy o, (Xisrs Tst) — Poghoy (Xirn, T
Clearly M, = Y, rYél,kl{T(B)>k}Uk(;i_)1 is a martingale; using Lemma 6.3,
(63) and since hg and Pyhy € Lys1/2, we have

E(M;) < C. ZE [(’Yék)Ql{r(B»k}V(Xkﬂ, Ik+1)]
k=0

<O Oea)E [ Lrmoiy V(Xin T
k=0

<C: (7/Lk/COJ)2 < 0.
k=0

By Doob’s Convergence Theorem for martingales, Y -, ’Yébkl{T(B)>k?}Ul§1+)1 is fi-
nite a.s.
2 - 2 o
On {r(B) =1} (I < 50), X230 Yo s>y Uit = Lot Vo Uiy which is
finite almost surely. On {7(B) = oo}, we can write

n
2)
Lir(B)=oc} X Ve Lr(B)>k} Upta
k=0

= Yao Poo 100 (X0, 10) — Vo, Lir(B)=00} Fons1 10,1 (Xny1s Int1)

n—1
k=0
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NOW E I:(PY(/lnl{T(B):OO}PHTL-Fl h0n+1 (Xn+17 In+1))2] S CE (fy/Ln/cOJ )2 a’nd Z(fyltn/cOJ )2 <
00, thus v, 1¢r(B)=oo} Foys1 10,1 (Xnt1, Ing1) converges a.s. to 0, and

1
Z ‘(%llkﬂ - ’Y(;k)l{T(B):OO}PekH h6k+1 (Xk+15 Li1)
k=

Co Y (Vo = Vs )L (B)=00} V2 (X1, T
k=0

Since aj only changes at the stopping times k;, we have

o

k=0

= [2(721 — V)L (B)=oo} V2 (X 41, Ink+1)]
k=1

= 2(72—1 —7)E [1{7(3):00}V1/2(Xnk+1, ]nk-&-l)}

k=1

< Ce Z ('Yk—l - 'ch)
k=1

< Crp

By Lebesgue’s Dominated Convergence Theorem, we can conclude that

d

This is sufficient to conclude that y 7° 7(’%1{7( B)>k}U,§i)1 is finite almost surely.

Using ([6.6);

oo

Z(’Yt/lkﬂ - ’y;k)l{T(B)ZOO}Pek+1h9k+l (X415 Lit1)

} < 0.
k=0

Z'Yakl{r >k}’Uk+1‘ < C: Z%k%kl{r( 1oy VY 2(X i1, Do)
= k=0

< C. Z Vnjeo) Vin/eo) 1{T(B)>k}V1/2(Xk+1, Iitq),
k=0

and

E[Z’Y[n/coﬂm/coj1{T(B)>k}v1/2(Xk+1,Ik+1)} <C: Z’V/Ln/COJ’YLn/COJ < o0
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by ([@3]). With Lebesgue’s Dominated Convergence Theorem, we deduce that
[e.e] 3 oo
E [Z%kl{rw»k} ’U1§+)1” < Ce Z%n/comn/coJ < 00,
k=0 k=0

which implies that >}, %kl{T( B>k U, ,ﬁ)l converges almost surely to a finite
limit. This completes the proof of the lemma.

We are now in position to prove Theorem 4.1. We start with (i).

Proposition 6.1. Under (A1-3), let B > 0 be given. Then |0n, — 0*| 117(By>n}
— 0 with probability one as n — oo.

Proof. The idea of the proof is borrowed from [Delyon| (1996). We saw in
67) that 0,41 = On + Ya, H(On, Lny1) + WZnTn, where H = (Hy,...,Hy), r, =
(Tn1s -5 Tnd)s Hi(0,1) = 0(i)(1y—y — 0(1)) and rn = —0(0)0(I)[(117=s) —
0(1))/(1 + v4,0(I))]. We note that |[H| < 1 and |r,| < 1. Let € € (0,¢*) be
such that 7(B) < £(e) (Lemma 6.5). We recall that the mean field function
O/f the recurosion is hi(0) = (0*(i) — 9(2))/Z?Zl[(ﬁ*(j))/(ﬁ(]))] VV/e introduce
On = On+2_72, Ya; Lir(B)>5} [H (0, Ij+1) —h(0;)]. From Lemma 6.6, |0}, — 0,] — 0
almost surely. {0/} satisfies the recursion

;z+1 = 97/1 + Yan M) + 'Yanl{r(B)gn} [H(‘gm Lnyr) — h(en)] + 'anTn-
We can then deduce that

01— 0" Ly my
= }07,1 - 0*‘2 1{7'(B)>n} + 2'7(1” <0fn - 9*7 h(en)> 1{T(B)>n} + Fyanl{T(B)>7’l}7ﬂ;7,
< (1=229,) [0, =0"[* L grmysmy + ou Loy (Tt (0, =07 h(62) ~h(6) ),

where 7/, — 0 almost surely as n — oo. Since 6,, remains in the compact O, h is
continuous and since |0, — 6,,| — 0, it follows that (0, — 8%, h(0,) — h(6),)) — 0.
We can summarize the situation like this. Writing U,, = |6/, — 9*\2 L7 (B)>n}, We
have

Unt1 < (1= 26%0,)Un + Yan s (6.10)

where 7‘;; — 0 as n — oo. This implies that U, — 0 which, given Lemma 6.6,
proves the Proposition.

To see why U, — 0, let § > 0 be given. Take ng > 0 such that for n > ng,
ril < 26 and (1 — 26%a, ) 1{r(By>ny > 0. Then for n > ng, (Upny1 —9) <
(1 — 2674, )(Un — 8) + 2674, (11, /26 — §) < (1 —2e74,,)(Uy — ), which implies that
lim sup(U,, — ¢) < 0 and, since § > 0 is arbitrary, we conclude that lim U,, = 0.
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Proposition 6.2. Under (A1-3), let B > 0 be given. For any function f €
Ly1y2, denoting f = f —7*(f), we have:

l Zf(Xk7Ik)1{T(B)>k—1} - 0, a.s. as n — o0. (611)
k=1

3

Proof. In view of Proposition 6.1 and (6.5), we only need show that
1 n
- > (f(XkaIk) - Wek,l(f)) 1Bysk-13 — 0 a.s. (6.12)
k=1

Kronecker’s Lemma applied to (69) of Lemma 6.6 with +/, = 1/n, Hy = f
yields (6.12)).

6.3. Proof of Theorem 4.2

Proof. Assume that [a] hold. Define ap = (1 4 79)+70)*¥ and suppose that
limsup,,_, .. n(vn (i) — vu(j)) = oo. This implies the existence of an increas-
ing sequence of integers {ny, k > 1} such that ng(vy,, (i) — vy, (j)) > o and
(Xonps Ing) € X x {i}, but (X, tng, Ingtno) € Xj x {j} for all £ > 1. Clearly,
1k (vn, (4) — v, (4)) > o implies that 6, (7)/60,, (j) converges to +oo. But, since
1 leads to j, we can then find € > 0 and kg such that, for & > ko,

Pr [(Xnk+no7lnk+no) ¢ Xj X {]}|fnka (Xnkalnk) € & x {Z}a
(0 (3) = 00, (7)) > o] < (1= 2).

Thus Pr(lim sup,,_, o, 7(vn (i) — v,(5)) = 00) < limg (1 — €)% = 0.

Assume that [b] hold. Define a; = (14 79)?* and suppose that limsup,,_,
n(max; v, (i) — min; v,(j)) = oo. Then we can find iy € {1,...,d} and an
increasing sequence of integers {ny, k£ > 1} such that min;v,(j) = vn(io),
nk(man vnk(j) - Unk(i())) > Qg (X”k7lnk) ¢ Xio X {ZO} and (Xnk+17[nk+1> ¢
Xi, x {ig} for all k£ > 1. Then we can proceed as above and conclude.

Acknowledgements

The authors are grateful to Christophe Andrieu, David P. Landau and Eric
Moulines for very helpful discussions. We also thank David P. Sanders and
the referees for comments which helped to improve the paper. This work is
partly supported by the National Science Foundation grant DMS 0244638 and
by a postdoctoral fellowship from the Natural Sciences and Engineering Research
Council of Canada.



232 YVES F. ATCHADE AND JUN S. LIU

References

Andrieu, C. and Atchade, Y. F. (2007). On the efficiency of adaptive MCMC algorithms. Elec-
tron. Comm. Probab. 12, 336-349.

Andrieu, C. and Robert, C. P. (2001). Controlled MCMC for optimal sampling. Technical report,
Université Paris Dauphine, Ceremade 0125.

Andrieu, C. and Moulines, E. (2006). On the ergodicity properties of some adaptive MCMC
algorithms. Ann. Appl. Probab. 16, 1462-1505.

Andrieu, C., Moulines, E. and Priouret, P. (2005). Stability of stochastic approximation under
verifiable conditions. STAM J. Control Optim. 44, 283-312 (electronic).

Atchadé, Y. F. and Liu, J. S. (2006). Discussion of “Equi-energy sampler” by Kou, Zhou and
Wong. Ann. Statist. 34, 1620-1628.

Atchadé, Y. F. and Rosenthal, J. S. (2005). On adaptive Markov Chain Monte Carlo algorithm.
Bernoulli 11, 815-828.

Baxendale, P. H. (2005). Renewal theory and computable convergence rates for geometrically
ergodic Markov chains. Ann. Appl. Probab. 15, 700-738.

Benveniste, A., Métivier, M. and Priouret, P. (1990). Adaptive Algorithms and Stochastic ap-
prozimations. Applications of Mathematics. Springer, Paris-New York,

Berg, B. A. and Neuhaus, T. (1992). Multicanonical ensemble: A new approach to simulate
first-order phase transitions. Phys. Rev. Lett. 68,

Brockwell, A. E. and Kadane, J. B. (2005). Identification of regeneration times in MCMC
simulation, with application to adaptive schemes. J. Comput. Graph. Statist. 14, 436-458.

Delyon, B. (1996). General results on the convergence of stochastic algorithms. IEEE Trans.
Automat. Control 41, 1245-1255.

Geyer, C. J. and Thompson, E. A. (1995). Annealing Markov Chain Monte Carlo with applica-
tions to pedigree analysis. J. Amer. Statist. Assoc. 90, 909-920.

Gilks, W. R., Roberts, G. O. and Sahu, S. K. (1998). Adaptive Markov Chain Monte Carlo
through regeneration. J. Amer. Statist. Assoc. 93, 1045-1054.

Green, P. J. (1995). Reversible jump Markov Chain Monte Carlo computation and Bayesian
model determination. Biometrika 82, 711-732.

Haario, H., Saksman, E. and Tamminen, J. (2001). An adaptive Metropolis algorithm. Bernoulli
7, 223-242.

Liang, F. and Wong, W. H. (2001). Real-parameter evolutionary Monte Carlo with applications
to Bayesian mixture models. J. Amer. Statist. Assoc. 96, 653-666.

Liang, F., Liu, C. and Carroll, R. J. (2007). Stochastic approximation in Monte Carlo compu-
tation. J. Amer. Statist. Assoc. 102, 305-320.

Marinari, E. and Parisi, G. (1992). Simulated tempering: A new Monte Carlo schemes. Euro-
phys. Lett. 19, 451-458.

Mira, A. and Sargent, D. J. (2003). A new strategy for speeding Markov Chain Monte Carlo
algorithms. Stat. Methods Appl. 12, 49-60.

Rosenthal, J. S. and Roberts, G. O. (2007). Coupling and ergodicity of adaptive MCMC. J.
Appl. Probab. 44, 458-475.

Wang, F. and Landau, D. P. (2001). Efficient, multiple-range random walk algorithm to calculate
the density of states. Phys. Rev. Lett. 86, 2050-2053.



THE WL ALGORITHM IN GENERAL STATE SPACES 233

Department of Statistics, University of Michigan, Anu Arbor, MI48109, U.S.A.

E-mail: yvesa@umich.edu

Department of Statistics, Harvard University, Cambridge, MA02138, U.S.A.
E-mail: jliu@stat.harvard.edu

(Received June 2007; accepted December 2008)


file:yvesa@umich.edu
file:jliu@stat.harvard.edu

	1. Introduction
	2. The Wang-Landau Algorithm
	3. Some Applications
	3.1. Multicanonical sampling
	3.2. Simulated tempering
	3.3. Application to trans-dimensional MCMC

	4. Some Theoretical Results
	4.1. Ergodicity
	4.2. Checking (A1--2)
	4.3. Stability
	4.4. Application to multicanonical sampling
	4.5. Application to simulated tempering

	5. Discussion and Open Problems
	6. Proofs
	6.1. Proof of Proposition 4.1
	6.2. Proof of Theorem 4.1.
	6.3. Proof of Theorem 4.2


