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Abstract: A classical approach for approximating expectations of func-
tions w.r.t. partially known distributions is to compute the average of
function values along a trajectory of a Metropolis—Hastings (MH) Markov
chain. A key part in the MH algorithm is a suitable acceptance/rejection of
a proposed state, which ensures the correct stationary distribution of the
resulting Markov chain. However, the rejection of proposals causes highly
correlated samples. In particular, when a state is rejected it is not taken
any further into account. In contrast to that we consider a MH importance
sampling estimator which explicitly incorporates all proposed states gen-
erated by the MH algorithm. The estimator satisfies a strong law of large
numbers as well as a central limit theorem, and, in addition to that, we
provide an explicit mean squared error bound. Remarkably, the asymptotic
variance of the MH importance sampling estimator does not involve any
correlation term in contrast to its classical counterpart. Moreover, although
the analyzed estimator uses the same amount of information as the clas-
sical MH estimator, it can outperform the latter in scenarios of moderate
dimensions as indicated by numerical experiments.
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1. Introduction

Motivation. A fundamental task in computational science and statistics is the
computation of expectations w.r.t. a partially unknown probability measure p
on a measurable space (G, G) determined by

dp p(z)

Qo r)="—" @ € G, (1.1)
where py denotes a o-finite reference measure on G and where the normaliz-
ing constant Z = [, p(x) po(dz) € (0,00) is typically unknown. Thus, given
a function f: G — R the goal is to compute E,(f) = fG f(@)p(dz) only by
using evaluations of f and p. Here, a plain Monte Carlo estimator for the ap-
proximation of E,(f) based on independent p-distributed random variables is,
in general, infeasible due to the unknown normalizing constant Z and the fact
that we only have access to function evaluations of p. However, a possible and
very common approach is the construction of a Markov chain for approximate
sampling w.r.t. p. In particular, the well-known Metropolis—Hastings (MH) al-
gorithm provides a general scheme for simulating a Markov chain (X,,),en with
stationary distribution p. Under appropriate assumptions the distribution of X,
of such a MH Markov chain converges to u and the classical MCMC' estimator
for E, (f) is then given by the sample average

Sulf) == 3 F(X). (12
k=1

The statistical efficiency of S, (f) highly depends on the autocorrelation of
the time series (f(X,))nen. In particular, a large autocorrelation diminishes
the efficiency of S, (f). An essential part in the MH algorithm is the accep-
tance/rejection step: Given X,, = z, a sample y of Y41 ~ P(x,-) is drawn,
where P denotes a proposal transition kernel. But only with a certain probabil-
ity this y is accepted as the next state, that is X, 41 := y, and otherwise it is
rejected, such that X,, 1 := z. This indicates that a potential reason for a high
autocorrelation is the rejection of proposed states. Hence, the question arises
whether it is possible to derive a more efficient estimator for E,(f) based on
the potentially less correlated time series (f(Y,))nen determined by the sample
of proposals Y,.

Main result. In this paper we consider and analyze a modification of the
classical estimator from (1.2) of the form

Y w( X, Vi) f(Yi)
Anlf) = D1 w(Xy, Yi)

which we call MH importance sampling estimator. The (importance) weight w
is chosen in such a way that we obtain a consistent estimator. More detailed,
we set w(x,y) = %(y) - p(y) assuming the existence of the density %
for each « € G. The appeal of the modified estimator is that it is still based
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on the MH algorithm and needs no additional function evaluations of p and
f, while, after appropriate tuning in scenarios of moderate dimensions, it can
outperform the classical estimator as we illustrate in a few numerical examples
in Section 4. Moreover, it can be seen and studied as an importance sampling
corrected MCMC estimator, or as an importance sampling estimator using an
underlying MH Markov chain for providing the importance distributions. In
this paper we have chosen the first point of view and exploit the fact that the
augmented MH Markov chain (X,,Y,)nen inherits several desirable! proper-
ties of the original MH Markov chain (X, )nen such as Harris recurrence, see
Lemma 3.1. By using those properties we prove the following results for the
estimator A,:

e Theorem 3.1: A strong law of large numbers (SLLN), i.e., for functions
f € L'(u) we have almost surely A, (f) = E,(f) as n — oo;

e Theorem 3.2: A central limit theorem (CLT), that is, for any f € L?(u) the
scaled error /n(A,(f) —E,(f)) converges in distribution to a mean-zero
normal distribution N (0, 0% (f)) with asymptotic variance o (f) given by

D= [ ]G0 =B gt udntio)

e Theorem 3.3: An estimate of the mean squared error E |A,,(f) — IE“(f)|2
for bounded functions f: G — R.

Here, we denote by LP(u), p € [1,00) the Lebesgue space of functions f: G — R
which are p-integrable w.r.t. p. It is remarkable that in the asymptotic variance
02 (f) of the CLT there is no covariance or correlation term. However, there
appears the density of p w.r.t. P(z,-) which quantifies the difference of the
employed importance distribution given by the proposal transition kernel P(x;, -)
and the desired distribution .

Related literature. Importance sampling is a well-established technique for
approximating expectations, see [4, 27] for textbook introductions, which has
recently attracted considerable attention in terms of theory and application,
see for example [1, 6, 15, 34]. In particular, its combination with Markov chain
Monte Carlo methods is exploited by several authors. For example, Botev et al.
[3] use the MH algorithm in order to approximately sample from the minimum
variance importance distribution. Vihola et al. [39] consider general importance
sampling estimators based on an underlying Markov chain and Martino et al.
[22] propose a hierarchical approach where a mixture importance distribution
close to p is constructed based on the (accepted) samples X} in the MH algo-
rithm. Schuster and Klebanov [35] follow a similar idea to the latter, but rather
use the proposals Yj, of the MH algorithm and their asymptotic distribution as
the importance distribution. Indeed, the idea of using all proposed states gen-
erated in the MH algorithm for estimating expectations such as E,(f) is not
new. For instance, Frenkel suggests in [11, 12] an approximation scheme which

1Surprisingly, the augmented MH Markov chain is in general not reversible but still has a
stationary distribution.



860 D. Rudolf and B. Sprungk

recycles the rejected states in a MH algorithm. In the work of Delmas and Jour-
dain [8] this method is used in a control variate variance reduction approach
and it is analyzed in a general framework. It turns out that for the Barker-
algorithm the method is indeed beneficial, whereas for the MH-algorithm this is
not necessarily the case. In particular, an estimator similar to A, (f) as above
but for sampling from normalized densities was already introduced by Casella
and Robert [5]. However, besides some numerical examples it was not further
studied in [5] whereas their main focus, variance reduction of sampling methods
by Rao-Blackwellization, got extended by [2, 9]. In particular, the theoretical
results of Douc and Robert [9] provide variance reduction guarantees for their
MH based estimator while keeping the additional computation cost under con-
trol. In contrast to that, using the estimator A,, does not increase the number
of function evaluations, but we also do not provide a guarantee of improvement.

Outline. First, we provide some basic preliminaries on Markov chains and
the corresponding classical MCMC estimator S,,. In Section 3 we introduce
the MH importance sampling estimator, study properties of the aforementioned
augmented MH Markov chain (X,,, Y, )nen and state the main results. In Sec-
tion 4 we compare the classical MCMC estimator S5,, with A,, numerically in
two representative examples and draw some conclusions in Section 5.

2. Preliminaries on Markov chain Monte Carlo

Let (2, F,P) be a probability space. The random variables considered through-
out the paper (mainly) map from this probability space to a measurable space
(G,G). A (time-homogeneous) Markov chain is a sequence of random variables
(Xn)nen which satisfy for any A € G and any n € N that P-almost surely

P(X,11 €A X1,...,.X,) = K(X,,A),

where K: G x G — [0, 1] denotes a transition kernel, i.e., K(x,-) is a probability
measure for any € G and the mapping z — K(x, A) is measurable for any
A € G. Our focus is on Markov chains designed for approximate sampling of
the distribution p. Such Markov chains typically have p as their stationary
distribution, i.e., their transition kernels K satisfy pK = u, where pK(A) :=
Jo K(z, A) p(dx) for any A € G.

2.1. The Metropolis—Hastings algorithm

Let P: G x G — [0,1] be a proposal transition kernel satisfying the following
structural assumption.

Assumption 2.1. For any 2 € G the proposal P(x, -) possesses a density p(z, )
w.r.t. uo and for any y € G assume

ply) >0 = px,y) >0 Vaed.
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This condition has some useful implications, see Proposition 2.1. Moreover,
for example for G C RY, G = B(G) and po being the Lebesgue measure, any
Gaussian proposal, such as a Gaussian- or Langevin-random walk, satisfies it.
Assumption 2.1 allows us to define the finite “acceptance ratio” r(z,y) for the
MH algorithm for any z,y € G according to [38, Section 2] by

2w)p(y,x)
r(z,y) = { P@PEY) p(x)p(z,y) >0,
1 otherwise.
Then, the MH algorithm, which provides a realization of a Markov chain (X, )nen,
works as follows:

Algorithm 2.1. Assume that X,, = z, then the next state X, is generated
by the following steps:

1. Draw Y,, ~ P(z,-) and U ~ Unif[0, 1] independently, call the result y and
u, respectively.

2. Set ax,y) :=min{1,7(z,y)}.

3. Accept y with probability a(z,y), that is, if u < a(z,y), then set X, 41 =
y, otherwise set X, 41 = .

The Markov chain generated by the MH algorithm is called MH Markov
chain, and its transition kernel, which we also call MH (transition) kernel, is
given by

K(z,A) ::/Aoz(amy)P(:v,dy)—|—1,4(;5)/Gac(:v,y)P(ac,dy)7 Aeg, (21)

where a¢(z,y) := 1 — a(z,y). It is well-known that the transition kernel K in
(2.1) is reversible w.r.t. p, that is, K(z,dy)u(dz) = K(y,dz)u(dy). In particu-
lar, this implies that p is a stationary distribution of K.

2.2. Strong law of large numbers, central limit theorem and mean
squared error bound

For convergence, in particular the strong law of large numbers, we need the
concepts of ¢-irreducibility and Harris recurrence: Given a o-finite measure ¢
on (G,G), a Markov chain (X, )nen is ¢-irreducible if for each A € G with
¢(A) > 0 and each = € G there exists an n = n(z, A) € N such that P(X,, € 4|
X1 = z) > 0. Furthermore, a Markov chain (X,,)nen is Harris recurrent if it is
¢-irreducible and satisfies for each A € G with ¢(A) > 0 that for any z € G

P(X,, € A infinitely often | X; = z) = 1.

It is proven in [37, Corollary 2] that p-irreducibility of a MH Markov chain
(X, )nen implies Harris recurrence. Moreover, it is known that Assumption 2.1
ensures p-irreducibility and, thus, Harris recurrence:
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Proposition 2.1 ([25, Lemma 1.1]). Given Assumption 2.1 the Markov chain
(X )nen realized by the MH algorithm is p-irreducible.

We recall the SLLN of the classical MCMC estimator S, (f) given in (1.2)
based on the concept of Harris recurrence.

Theorem 2.1 (SLLN for S,,, [26, Theorem 17.0.1]). Let (Xy)nen be a Harris
recurrent Markov chain with stationary distribution p on G and let f € L'(u).
Then,

Sn(f) % Eu(f)a

for any initial distribution, i.e., any distribution of X;.

This theorem justifies that the classical MCMC method based on the MH
algorithm yields a consistent estimator. Moreover, for S, (f) also a central limit
theorem can be shown. Deriving a CLT is an important issue in studying MCMC
and a lot of conditions which imply a CLT are known, for an overview we refer
to the survey paper [16] and the references therein. We require some further
terminology. Let K: L?(u) — L?(u1) be the transition operator associated to the
transition kernel K of a Markov chain (X,,)nen given by

0= [ 1K@, feriw.
For n > 2 and f € L?(u) we have
K" f(a / F ()K" (z, dy),
where K" is the n-step transition kernel, which is recursively defined by
K"(z,A) ::/GK(y,A)anl(:c,dy), Aeqg.

Note that the transition operator recovers the transition kernel, namely, for
n > 1 we have

(K"14)(z) = K"(z,A), x€G, Aeg.

We also need the concept of the asymptotic variance: Let (X),en denote a
Markov chain with transition kernel K starting at stationarity, i.e., the station-
ary distribution yu is also the initial one. Then, for f € L?(u) the asymptotic
variance of the classical MCMC estimator S, (f) for E,(f) is given by

0§(f) = lim n- Var (% > f(X;g))
k=1

whenever the limit exists. One can easily see that the asymptotic variance admits
the following representation in terms of the autocorrelation of the time series

(f(X3))nen. Namely,

o%(f) = Var,(f (1 42 Z Corr(f (XH,C))) (2.2)
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where Var,(f) := E,(f—E,(f))? denotes the variance of f w.r.t. y and Corr(-, )
the correlation between random variables.

Theorem 2.2 (CLT for S,,). Let (X,,)nen be a Harris recurrent Markov chain
with transition kernel K and stationary distribution u. For f € L*(p), if either

oo 7,-3/2 k=1 1-4 2 1/2
1S K (BAS S K — Bu(D)F) T <o or
2. K is reversible w.r.t. u and o%(f) < oo,

then we have for any initial distribution
Va(Su(F) = Eu(£) —— N(0,03(1)

with o%(f) as in (2.2).

The theorem is justified by the following arguments. First, by [25, Propo-
sition 17.1.6] it is sufficient to have a CLT when the initial distribution is a
stationary one. In that case the Markov chain is an ergodic stationary process.
Under condition 1., where no reversibility is necessary, the statement follows
then by arguments derived in the introduction of [24]. Under condition 2. the
statement follows based on [18, Corollary 1.5]. Although MH Markov chains
are p-reversible by construction, we encounter in the following a non-reversible
Markov chain and derive a CLT by verifying condition 1.

The SLLN and the CLT only contain asymptotic statements, but one might
be interested in explicit error bounds. For f € L?(u) the mean squared error of
the classical MCMC estimator S, (f) is given by E |S,,(f) — Eu(f)\g. Depending
on different convergence properties of the underlying Markov chain different
error bounds are known, see for example [17, 20, 21, 31, 32, 33]. In particular,
there is a relation between the asymptotic variance a%( f) and the mean squared
error of Sy,: If X7 ~ p, then

lim n - E|S,(f) = Eu(f)* = 05(f),

n— oo

and some of the error bounds have the same asymptotic behavior, see [20] and
also [33].

3. The MH importance sampling estimator

The CLT for the MCMC estimator S, (f) shows that its statistical efficiency
determined by the asymptotic variance o%(f) is diminished by a large auto-
correlation of (f(X))nen or (f(Xn))nen, respectively. A reason for a large
autocorrelation is the rejection of proposed states. In particular, the sequence
of proposed states (f(Y,))nen is potentially less correlated than the MH Markov
chain itself, since no rejection is involved. For example, if a proposal kernel P
on G = R% is absolutely continuous w.r.t. the Lebesgue measure, and X,, ~ p,
then we have

0=P(Ys1 = Y) < B(Xp = X,)) = /G o®(,y) P, dy) p(da).
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Thus, one may ask whether it is beneficial, in terms of a higher statistical effi-
ciency, to consider an estimator based on (f(Y},))nen rather than (f(X,))nen.
Such an estimator might be of the form

Soroiwif(Ye)
D1 W

with suitable weights wy,. The reason for the latter is the fact that ¥;, ~ P(X,, ")
does not follow the distribution p. In fact, even if X,, ~ p, then Y,, ~ uP,
hence, we need to apply an importance sampling correction in order to obtain a

consistent estimator A, (f). To this end, Assumption 2.1 ensures the existence
of:

An(f) =

pla,y) =2 deé/; W) VryeG. (3.1)

Indeed, by the fact that p(z,y) = 0 implies p(y) = 0 (Assumption 2.1) we have

o) = p(y)/p(z,y), ply) >0,
pLey) {0, ply) =

Moreover, the acceptance ratio r(z,y) can be expressed only in terms of p:

p(y,x)  ~
T(.I, y) —_ '5(357?/) p('ra y) > 07
1 otherwise.

e

As it turns out, p provides the correct weights wy for an estimator A, (f), as
indicated by the next result.

Proposition 3.1. Let Assumption 2.1 be satisfied. Then, for any f € L*(u),

we have
fG fc y)P(z,dy)p(dx)
Ja fgp z,y)P(x, dy)p(dx)

E.(f) =

with p as in (3.1).
Proof. We have

o P | [ 10?

_ _Jele f( )Pz, dy)p
fcfgp ,y) (x,dy) (dz)

where the last equality follows from

Z:/ y)po(dy) = /dgfo)(y)p(y)P(x7dy)

p(y)P(x,dy)pu(dx)

P(x,dy)u(dr)

P(z, dy)p(dz).

=Lt
://-xy



Metropolis—Hastings importance sampling 865

Proposition 3.1 motivates the following estimator.

Definition 3.1. Let Assumption 2.1 be satisfied and let (X,),en be a MH
Markov chain, where (Y, )nen denotes the corresponding proposal sequence.
Then, given f € L'(u), the MH importance sampling estimator for E,,(f) is

._ ZZ:l ﬁ(ka Yk)f(Yk)
Anlf) = > k1 P( Xk, Yi)

(3.2)

with p defined in (3.1).

Remark 3.1. The dependence on p in A, is explicitly given within p, whereas
the dependence on p of the classical estimator Sy, realized with the MH algorithm
1s rather implicit. Namely, it appears only in the acceptance probability of the
MH algorithm. However, in many situations the computational cost for function
evaluations of p are much larger than for function evaluations of f, such that it
seems counterintuitive to use the information of the value of p at the proposed
state, which was expensive to compute, not any further.

Remark 3.2. The estimator A,(f) is related to self-normalizing importance
sampling estimators for E,(f) of the form

ZZ:l wi f (&)
ZZ:1 wy,

where (&g)ren s an arbitrary sequence of random variables & ~ ¢ and where
wy = %(gk)p(fk) are the corresponding importance weights. For (§g)ren =
(Yi)ken being the proposal sequence in the MH algorithm for realizing a p-
reversible Markov chain (Xy)ren, we recover A,(f) with ¢p = P(Xg,-). In
other words, A,(f) can be viewed as an importance sampling estimator where
the importance distributions ¢i are determined by a MH Markov chain.

Remark 3.3. Related to the previous remark we highlight a recent approach
similar but slightly different to ours. Namely, the authors of [35] propose and
study a self-normalizing importance sampler where the importance distribution
s ¢, = uP, i.e., the stationary distribution of the proposal sequence in the MH
algorithm. Moreover, we remark that the particular form of the estimator A, (f)
in the case of already normalized weights appeared in [5, Section 5], but without
any further analysis. Since self-normalizing is rather inevitable in practice, we
continue studying A, (f) as given in (3.2).

3.1. The augmented MH Markov chain and its properties

In order to analyze the MH importance sampling estimator A, we consider the
augmented MH Markov chain (X,,Yn)neny on G X G consisting of the original
MH Markov chain (X,,),en and the associated sequence of proposals (Y;,)nen.
The transition kernel K, of the augmented MH Markov chain is given by

Kaug ((2,y),dudv) := 6, (du) P(y, dv)a(z, y) + 0z (du)P(z, dv)a(z, y)
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for x,y € G, where §, denotes the Dirac-measure at z € G. Now we derive
a useful representation of K., and the MH kernel K, which simplify several
arguments. To this end, we define the probability measure

v(dzdy) := P(z,dy)p(dz) (3.3)

on (G x G,G®G) and let L?(v) be the space of functions ¢g: G x G — R which
satisfy

lall = ( | |g<x,y>|2u<dxdy>>l/2 “ oo,

By Kaug the transition operator Kaug: L?(v) — L?(v) is induced. Furthermore,
for a given proposal transition kernel P we define a linear operator P: L%(v) —

L?(u) by

~

(Po)(a) = [ ale.9)Pla.dy).
G
It is casily seen that its adjoint operator P*: L2(u) — L%(v) is given by

(P*f)(z,y) = f(2),

ie., (f’g,f}u = (g,P*f),, where (-, ) and (-,-), denote the inner products in
L?(u) and L?(v), respectively. Let H be the transition kernel on G x G given
by
H((z,y),dudv) := a(z,y)dy, ) (dudv) + a®(2,y)d(g,4) (dudv)

and let H: L?(v) — L%(v) denote the associated transition operator. The fol-
lowing properties are useful for the subsequent analysis.
Lemma 3.1. With the above notation we have that

1. His self-adjoint and [[H|| 12,y 12,y = 1;

2. P*P: L(v) — L2(v) is a projection and

IPll2)—r2) = IP* L2y 120y = 15

3. K = PHP* and K., = HP*P;
4. v given in (3.3) is a stationary distribution of Kgug;
5. Kt =HP*K" P and K" = PK?_'HP* for n > 2.

aug aug

Proof. To 1.: Let g1,9o € L*(v). Then, by the choice of a(z,y) we have
a(z, y)v(dedy) = a(y, 2)v(dydz), and self-adjointness follows from

(Hg1,92)v =/G G(a(:ay)gl(y,w) +a“(z,y)g1 (2, y))g92(z, y)v(dzdy)

:/ 91(y, z)g2(z, y)o(x, y)v(dedy)
GxG

+ / a“(z,y)g1(x, y)g2(z, y)v(dedy)
GxG
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- / 012, 9)g2 (0, )y, 2w (ddy)
GxG

+ / ac(z,y)g1(z, y)g2(z,y)v(dzdy)
GxG

= <gl7Hg2>V'

Since H is induced by the transition kernel H the operator norm is one.

To 2.: It is easily seen that P*P is a projection. Moreover, it is well-known
that the norm of an operator and its adjoint coincide, which yields the statement
in combination with

P?|

lz‘PP

Pz IO
To 3.: The representations can be verified by a straightforward calculation.
To 4.: For any A, B € G we have

VK pg(A x B) = /3 (PP 1Lyscp) (2, ) P, dyu(de)

_ [3 (PHP*Plaxp)(z)u(dz)
_ / (KP1ax5)(2)p(de)
G

_ /G (Plaxp)(@)p(dz) = v(A x B),

where the last-but-one equality follows from the fact that p is a stationary
distribution of K. Since the Cartesian products A x B provide a generating
system of G ® G the result follows by the uniqueness theorem of probability
measures.

To 5.: These representations are a direct consequence of 3. d

Note that statement 5 of Lemma 3.1 yields for n > 1 and g € L?(v) that

(K3 9)) = alew) [ gl 0)Plu,do) K" (g, du
@ (3.4)
+ af(x,y) /G2 g(u, v)P(u, dv) K" (z, du).

Remark 3.4. In general, the transition kernel K,,4 s not reversible w.r.t. v.
Since reversibility is equivalent to self-adjointness of the Markov operator this
can be seen by the fact that K, = P*PH, which does not necessarily coincides
with Kaug. For convenience of the reader we also provide a simple example which
illustrates the non-reversibility. Consider a finite state space G = {1,2} equipped
with the counting measure pg with p(i) = 1/2 and P(i,j) = 1/2 for alli,j € G
such that a(i,j) = 1. Then the transition matriz K q.,q is given by

Kuusl(63), (5,0 = 2P
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for any i,j, k.t € G. Here reversibility is equivalent to K,.4((2,7), (k, ) =
Koug((k,0), (2,7)) for all i, j,k,£ € G, which is not satisfied for i =j =40 =1
and k = 2.

Now, using Lemma 3.1 we show that stability properties of the MH kernel K
pass over to Kayug. The proof of the following result is adapted from [39, Lemma
24].

Lemma 3.2. Assume that ¢ is a o-finite measure on (G,G) and let K denote
the MH kernel as in (2.1).

o If K is ¢-irreducible, then Kgyg s ¢p-irreducible on G X G, where the
o-finite measure ¢p is given by ¢p(dady) := P(x,dy)p(dz).
e If K is Harris recurrent (w.r.t. ¢), then Kaug is also Harris recurrent

(w.r.t. dp).
Proof. For A€ G® G and = € G define
As(z) :={y e G: (z,y) € A} € G,
Ay Z:{(EGGZAQ(iE)?é@}Gg,

so that As(x) is the slice of A for fixed first component z and A; is the “pro-
jection” of the set A on the first component space. For € > 0 let

Ai(e) :={x € G: P(z, Az(x)) > €}.

By the use of (3.4) we prove the irreducibility statement: Assume that A € GRG
with ¢p(A) > 0. Then, ¢(A1) > 0, since otherwise

op(A) = /A Pz, dy)p(dz) = /A P, Aa(z)) $(da)

is zero. By the same argument, one obtains that there exists an € > 0 such that
@(Ai1(e)) > 0, since otherwise

op(A) = /U P, A(x)) 6(dz)

A1(€)

e>0

is zero. Because of the ¢-irreducibility of K, we have for z,y € G that there
exist ng,n, € N such that K" (z, A1(¢)) > 0 and K™ (y, A1(¢)) > 0. Hence, if
az,y) > 0, then

(3.4)
Kt (w,y),4) > a(x,y)/AP(uvdv)K""’(yvd“)

aug

= ofz,y) /A P(u, Aa () K™ (y, du)

> ofx,y) /A Pl () )

> a(z,y)e K™ (y,Ai(e)) > 0.
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Otherwise, if a¢(z,y) = 1, we obtain analogously

K2t (2,y), A) > (2, y) / Plu, dv) K™ (2, du) > € K™ (z, Ay (¢)) > 0.
A
In other words, for (z,y) € G x G we find an n € N (depending on a(z,y)) such
that K[\, ((w,y), A) > 0, which proves the ¢p-irreducibility.
We turn to the Harris recurrence: Let K be Harris recurrent w.r.t. ¢ and let
¢p(A) > 0. As above, we can conclude that there exists an € > 0 such that
?(A1(g)) > 0. Furthermore, for the augmented Markov chain (X,,, Y, )nen with

transition kernel K,,, we have
P((Xn, Yn) € A) =P (Y, € A3(X,,)) = P(X,, A2(X,)).

By ¢(A1(e)) > 0 and the fact that (X,),en is Harris recurrent w.r.t. ¢, with
probability one there are infinitely many distinct times (73 )ken, such that X, €
Ay (g) for any k € N. Hence

e R S
n=1 n=1
=P <Z Lay(x,) (V) = oo) :

k=1

Note that by construction 14, ka)(YTk) are Bernoulli random variables with
success probability of at least €. Moreover, they are conditionally independent
given (X, )ren. Hence,

P (Z Las(x,,) (Yr,) = 00 ' (er)keN> =1 Pas.
k=1

yields

P (Z Lay(x,)(Yr) = OO> =E lﬂ” (Z Ly (x,,)(Yr,) = 00 ’ (Xm)keNﬂ =1,
k=1 k=1

which shows that the augmented MH Markov chain is Harris recurrent. O

Remark 3.5. Another consequence of Lemma 3.1 interesting on its own is that
also geometric ergodicity is inherited by the augmented MH Markov chain. How-
ever, since this fact is not relevant for the remainder of the paper, we postpone
the discussion of geometric ergodicity and its inheritance to Appendiz A.

3.2. Strong law of large numbers and central limit theorem

A consistency statement in form of a SLLN of the MH importance sampling
estimator defined in (3.2) is stated and proven in the following. A key argument
in the proofs is the inheritance of Harris recurrence of (X, )nen to the augmented
MH Markov chain (X,,, Y, )nen-
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Theorem 3.1. Let Assumption 2.1 be satisfied. Then, for any initial distribu-
tion and any f € L*(u) we have

1y o
aur) = 2R LETICN ey g () (35

Proof. Assumption 2.1 implies p-irreducibility and Harris recurrence of the MH
Markov chain (X,,)nen due to Proposition 2.1. This yields, due to Lemma 3.2,
that also the transition kernel K, is Harris recurrent. Hence, by Theorem 2.1
we have for each h € L!(v) that

1< as
=3 h(Xg,Yi) =2 B, (h).
n el n—oo

Define hq(z,y) := p(z,y)f(y) and ha(z,y) := p(z,y). Since E, (he) = Z < o0
and E, (h1) = E,(f) - Z < oo, we have hy,hs € L*(v) and, thus, the numerator
and denominator on the left-hand side of (3.5) converge a.s. to E,(hy) and
E,(h2). The assertion follows then by the continuous mapping theorem and

Ey (h1)/E, (h) = B, (f). H

The next goal is to derive a CLT, which provides a way to quantify the
asymptotic behavior of A,,. Since the augmented Markov chain (X,,, Y3, )nen is,
in general, not reversible w.r.t. v, we aim to use condition 1 of Theorem 2.2.

Theorem 3.2. Let Assumption 2.1 be satisfied and assume for f € L*(p) that

._ dp
A= [ 00 =Bl g5 ) s
1s finite. Then, for any initial distribution, we have
ViAW) = Eu(f) —— N(0,04(/)).
Proof. We frequently use the identity
[ stepta)Pe.dy) =2 [ glo.putan) (36)
G G

for any x € G and any ¢g: G2 — R for which one of the two integrals exist. Define

the centered version of f by f.(y) := f(y)—E,(f) and set hs(z,y) := p(x,y) fe(y)
for z,y € G. Note that E,(h3) = 0 and hz € L?(v), since

B03) = [ [ 1025w Pl dputan)
29 2p(x T
= Z/G/ch(y) p(, y)p(dy) p(dz)

dp
=2 /G /G fc(y)zdp(x’ 3 (Y pu(dy)p(dz) = Z20%(f) < oo.
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With the representation (3.4) one obtains for any k > 2 that
Kiyehalo,n) = [ plu,0)fu(0) Kbyl dudy)
GxG
—a(e.y) [ [ o0 £ )Pl do) K g,
ala
+ ac(x,y)/ / p(u, v)fc(v)P(u,dv)Kk_l(x, du)
cla
=0

where the last equality follows from

/ch(v)ﬁ(u,v)P(u,dv) 19 7 E.(fe)=0 Yued.

By the same argument we obtain K,,zhs = 0. Hence, for the augmented MH
Markov chain (X,,, Y, )nen condition 1. of Theorem 2.2 is satisfied for the func-
tion hs and by the inheritance of the Harris recurrence from K to Ky, see
Lemma 3.2, we get

1 « D )
%;hg(Xk,Yk) m} N(O,O’S(hg)).
Here

U%(hg) = VaI‘(h3(X1, Y1>) + QZ COV(]”L;),(X&,Y&)7 hg(Xk+17Yk+1)).
k=1

By exploiting again the fact that K¥ _hs = 0 for k > 1 we obtain

aug

Cov(hs(X1,Y1), ha(Xkt1, Yir1)) = / (KEghs)(z, y)hs(z, y)v(dedy) =0,
GxG
such that
o5(hs) = Var(hs(X1,Y1)) = Z%05(f).

Further,
=2 hs(X;,Y;)
An(f) —E = Y]
veldn) =Bl = =15 S5

The denominator converges by Theorem 2.1 to Z as well as

—1/2 - ) D 2 2
n I;hd(Xkayk) — N(0, Z%05(f)),

such that by Slutsky’s Theorem the assertion is proven. O
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Remark 3.6. It is remarkable that the asymptotic variance o (f) of An(f)
coincides with the asymptotic variance of the importance sampling estimator

D1 P(Xk, Vi) f(YVa)
>t A( Xk, Yi)

given independent random wvariables (Xy,Yy) ~ v for k € N, see [1, Sec-
tion 2.8.1] or [27, Section 9.2]. Here, v denotes the stationary measure of
the augmented MH Markov chain given in (3.3). Hence, the fact that A,(f)
is based on the, in general, dependent sequence (X, Yy)ren of the augmented
MH Markov chain, does surprisingly not effect its asymptotic variance.

Remark 3.7. Often it is of interest to estimate the asymptotic variance ap-
pearing in a CLT. For a given f € L'(u) the corresponding quantity, given by
Theorem 3.2, can be rewritten as

_ Jaxa(F(w) = Eu(f)?p(x,y)* Pz, dy)u(dx).
(foG ﬁ(xay)P(%dy)u(dx))

aA(f)

Given this representation of 0% (f) we suggest estimating it by

ne S [F0R) — LS, £ a0 Yi?
(o P(X, Yi))”
where %Z?:l f(X;) can also be replaced by A, (f).

Now we turn to a non-asymptotic analysis, where the error criterion is the
mean squared error.

3.3. Mean squared error bound

In this section we provide explicit bounds for the mean squared error of A,,.
Those estimates are an immediate consequence of the following two lemmas,
which are similar to the arguments in [23, Theorem 2] and [1, Theorem 2.1].

Lemma 3.3. Let (X,,Y,)nen denote an augmented MH Markov chain. For
f: G — R define

D(f) = /G I )Pl dy)p(da),
Du(f) = 37 X, YTV,

Then, for bounded f, i.e., || f|l., = supgeq |f(x)| < 0o, we have

2

E|A4.(D ~E.DF < 5732

(1712 E1D() = Du()F +E[Du(f) = D).
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Proof. Observe that D(1) = Z. Further

s[548
Du(f) Du(f) | Du(f) D(H)|?
R R

Using the fact that (a + b)? < 2a? + 2b2 for any a,b € R gives

2 2

ElA(f) - B < 28| g - 2oy g | Do) D)
_ 2 p|Duld) © 2EIDu(f) = D)’
ﬁ]E‘Dn(l) (Dn(1) - 2)| + 7
2

IN

=5 (IFIZEIDa (1) = 2P + E[Du(f) - DUF) . 4

Lemma 3.4. Assume that the initial distribution is the stationary one, that is,
X1 ~ . Then, with the notation from Lemma 3.3, we have

n-E|Du(f) - D(f)P = / 1y 2P (2, dy)u(da) — Z°E,(f)°.
Proof. Observe that
n=[ | twsenpeauan 2 25,0,

Define the centered function g.(x,y) := p(z,y) f(y) — Z -E,(f) for any z,y € G.
We have

E|D,(f) - niz 000X, Y;

nii Z E [g0(Xs, Yi)ge(X;, ;)]

Jj=li=j+1

Exploiting the fact that the initial distribution is the stationary one we obtain
for 4 > j that

E [g0(X:, Yi)ge(X;, Y;)] = /G oclew) (Kido0 (@) Pl dy)pfde).
X
In the case k := i — j > 1 we have by representation (3.4) that
k _ k—1
K, 00(, ) = (2, y) /G /G e, 0) P, dv) K1 (y, du)

o) [ [ gewo)Plundo) K . du
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and

(3.6)

[ aetwo)Plude) = [ a0 Plude) - 2-Eu(5) 2o
G G

leads to K% . g.(x,y) = 0. By similar arguments we obtain Kaugge(z,y) = 0.
Hence,

E|Dn(f) — D(f)?

LB [0, 11)7]

> ([ fw2ate.p P anutan) - 207

By the combination of both lemmas we derive the following theorem.

Theorem 3.3. Assume that the initial distribution of an augmented MH Markov
chain (Xn,Yn)nen is the stationary one, i.e., X1 ~ p. Then, for bounded
f: G — R we obtain

du
xG dp(x7 )

Bl ~BuDP < LI [ (v)n(dy)u(da).

Remark 3.8. Let us mention here two things: First, we assumed that the initial
distribution is the stationary one. This assumption is certainly restrictive, we

refer to [20, 33] for techniques to derive explicit error bounds for more general
initial distribution. Second, the factor

A [ s wndtio)

in the estimate is an upper bound of the asymptotic variance o (f) derived in
Theorem 3.2. We conjecture that the estimate actually holds with o2 (f) instead
of this upper bound.

3.4. Optimal calibration of proposals

Given the explicit expression for the asymptotic variance o%(f) involving the
proposal kernel P, we can ask for an optimal choice of the kernel P: G x G —
[0,1] in order to minimize o (f). However, finding an optimal kernel among
all admissible kernels is, in general, an infeasible task. In practice, one often
considers common types of proposal kernels P = P, with a tunable step size
parameter s > 0 and ask for the optimal value of s. For example, given a measure
pon G C RY we can use the random walk proposal

Py(x,-) = N(z,s°0), s> 0, (3.7)

where # € R? and C € R%¥? denotes a covariance matrix, within a MH algo-
rithm. For this proposal and the classical path average estimator S, (f) it is
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widely known that a good step size s§ is chosen in such a way that the average
acceptance rate is

/ a(z,y) Py (z,dy) p(dr) ~ 0.234.
G

For a justification and further details we refer to [29]. For the MH importance
sampling estimator A, (f) we look for an optimal step size s%. Optimal in the
sense that it minimizes the asymptotic variance of A, (f), thus, we ask for

% :=argmin V(s s) = - 2_PW) x
o= mgminV(s), V()= [ [ (10) = B0 E S (e,

where pg(x,-) denotes the density of Ps(z,-) w.r.t. the reference measure pg. If
we assume that the mapping s — ps(z, y) is differentiable for each (z,y) € GXxG
with derivative %ps(a:, y), then any s minimizing V' (s) satisfies

d 2 %ps(% Y)
0= 5V = [ [ 1w -E0Po e pnude). (33

By the fact that p(dy)u(dz) o ps(z,y) Ps(z,dy)pu(dzr), where ps(z,y) = %

we can rewrite (3.8) and approximate %V(s) by using (X, V%), k=1,...,n,
from the augmented Markov chain. Thus

Lps(x,y)

ps(z,y)
2

0= /G /G (F@) — Eulf)? 22(2.0) Py, dy)pu(dz)
. L po(Xi, Yi)

1 1 & _2
%_Z f(yk)_E;f(Xj) ps(Xk7Yk) ps(Xp, i) :

n
k=1

In practice we can calibrate s such that the empirical average on the right-hand
side is close to zero. We demonstrate the feasibility of this approach for two
common proposals.

Example 3.1 (Optimal calibration of the random walk-MH). We consider g
as the Lebesgue measure on G C RY and P, as in (3.7). Thus,

o sdy/det(2wC) 2s?

where ||y — 93||20 =y—2)TC Yy —2x), and

xp (L5l
—ps(z, — —dS_d_l +S_d_3 —r 2 s
ToPa(@ ) = ( ly — z)12) i@

= (—ds™ "+ 573y — 2|&) ps(z,y).
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Hence, the necessary condition (3.8) boils down to

0= / / (F(0) — Ep (1) () (—ds™* + 573y — 2]2) Pule, dy)u(da),
GJaG

which can be rewritten as
2 _ Ja ol W) —Bu(f)® pi(z,y) lly — 2l|& Po(x, dy)u(da)
d [ Jo(F (W) —Eu(f))? pi(z,y) Ps(z, dy)u(dz)
In practice, we then can seek an s, > 0 such that for n states (Xk,Yy) of the

augmented MH Markov chain generated by the proposal Py, (z,-) = N (x,s2C)
we have

2
X (P - A F)) R (K Ye) 1Y - Xl

Aoy (P00 — 2 X0 FOG)) 22, (X, Vi)

Example 3.2 (Optimal calibration of the MALA). Another common proposal
on G = R% is the one of the Metropolis-adjusted Langevin algorithm (MALA),
given by

2
*

(3.9)

S

2
Py(z,) =N (x + %Vlogp(x), s2Id) , (3.10)

where we assume that log p: G — R is differentiable and I; denotes the identity
matriz in R?. The resulting proposal density is

v = ms(r)z) ,

1
ps(z,y) = si(amyir P ( 952

with ms(z) ==z + %Vlog p(z). In order to compute the derivative <Lp,(z,y)
we first obtain

Sy~ ma()|? = ~25(y — ma () TV log p(a),

which then yields

%ps(fm y) = (—ds™ 4573y — m(2)|I*+57 (y — mas(x)) " Viog p(x)) ps(z,y).

Thus, in the case of MALA the necessary condition (3.8) is equivalent to
2 Jo Jo(UF ) —Eu(f))? Pi(x,y) lly — ms(@)]|* Ps(z, dy)u(de)
Jo Ja(F(y) = Eu(f)? p2(z,y) [d — (y — ms(2)) TV log p(x)] Ps(z, dy)p(dz)’

Again, in practice we seek for an s, > 0 such that given n states (Xj,Yy) of the
augmented MH Markov chain generated by the MALA proposal Ps, in (3.10)
we have 52 close to

S (F0) = 250, £06)) 22 (X i) Y — e, (X012

Sy (P00 =2 S0 £(X)) 72, (X Yo [d = (¥i = m, (X0)TVlog p(X2)]
(3.11)

S
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4. Numerical examples

We want to illustrate the benefits as well as the limitations of the MH importance
sampling estimator A, (f) at two simple but representative examples. To this
end, we compare the considered A, (f) to the classical path average estimator
Sn(f) as well as to two other established estimators using also the proposed
states Y generated in the MH algorithm. Namely

e the waste-recycling Monte Carlo estimator, for further details we refer to
[11, 12, 8], given by

n

WRL(f) =Y (1= a(Xy, Yi)) F(Xk) + a(X, Vi) £ (Yi);
k=1

e another Markov chain importance sampling estimator also based on the
proposed states, see [35], given by

o anl @H(Xlﬂh Yk)f(yk) p(Yk)
B, (f) = %Zﬂ{[)n(xm,n) ’ S

The notation Xi., within B, (f) stands for Xi,...,X,. In the following we
provide two comments w.r.t. B,, and the other estimators.

{Uvn(Xlzny Yk) =

Remark 4.1. For the convenience of the reader we justify heuristically that
By, (f) approzimates E,(f). For this let vy be the marginal distribution of the
stationary probability measure v on G x G of the augmented Markov chain
(kayk)keN; that iS,

vy (dy) := /G v(dady) = /G P(z,dy)p(dz).

Intuitively, vy can be considered as the asymptotic distribution of the proposed
states. The empirically computed weights Wy (X1.n,Yr) in By(f) approximate
importance sampling weights w(Yy) o ddT’;(Yk) resulting from the asymptotic
distribution vy of the proposed states Yy. Now if we substitute W, (X1, Ys)
within By (f) by w(Yy) we have an importance sampling estimator based on the
proposed states which approzimates E,,(f).

Remark 4.2. By the fact that within the estimators S, (f), An(f), and WR,,(f)
only one or two separate sums over k = 1,...,n appear, the number of arith-
metic operations and therefore the complexity is O(n). In contrast to that, within
the alternative Markov chain importance sampling estimator B, (f) an addi-
tional summation of complexity O(n) is required for the computation of each
weight W (X1, Yx), k = 1,...,n, such that the overall number of arithmetic
operations is O(n?) for B, (f). To take this into account, we often compare the
former three estimators to Bﬁ(f). Besides that an optimal tuning of the pro-
posal step size of the estimator By (f) is left open in [35], however, the authors
suggest to simply use the usual calibration rule for the classical path average
estimator Sy, (f) from [29].
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Negative log posterior density
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Fic 1. Contour plot of the normal prior and the resulting posterior density for the example
of Section 4.1.

4.1. Bayesian inference for a differential equation

We consider a boundary value problem in one spatial dimension x € [0, 1] which
serves as a simple model for, e.g., stationary groundwater flow:

= (et ghp)) =1 §O =0 p0=wa @)
Here, the unknown parameters u = (u1,us) involving the log-diffusion coeffi-
cient u; and the Dirichlet data us at the righthand boundary x = 1 shall be
inferred given noisy observations y € R? of the solution p at x; = 0.25 and
xo = 0.75. This inference setting has been already applied as a test case for
sampling and filtering methods in [10, 13, 14]. We place a Gaussian prior on
u = (uy, uz), namely, g ~ N (0, Iy) where I denotes the identity matrix in R2.
The observation vector is given by y = (27.5,79.7) and we assume an additive
measurement noise ¢ ~ N(0,0.0113), i.e., the likelihood L(y|u) of observing y
given a fixed value u € R? is

100 100
L) = 52 e (150l - )

where ||-|| denotes the Euclidean norm and F': R? — R? the mapping (u1,uz) —
(p(x1), p(x2)) with

p(z) = ugx + W(b@—xz), x € 10,1].
The resulting posterior measure for u given the observation y follows then the
form (1.1) with p(u) := L(y|u). The negative log prior and posterior density are
presented in Figure 1.

For approximate sampling of the posterior u we apply now the random walk-
MH algorithm and MALA, see Section 3.4, with various values of the step size s.
We let the Markov chains run for n = 10* iterations after a burn-in of ng = 103
iterations. Then, we use the generated path of the (augmented) MH Markov
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Random Walk-MH MALA
100 100
—--S.() -e-A D B, (f) —-S () -¢-A D B, (f
werWR(f) =B 12(f) “ wepee WR(f) =B 12(f)
-1 Qv\ e aad

W 107 2 & __v--v-V"VNJ
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Fic 2. RMSE for computing the posterior mean w.r.t. average acceptance rate for the ezample
of Section 4.1.

chain in order to estimate the posterior mean E,(f) where f(u) := (fi(u), f2(u))
with f;(u) := u;. We approximate E,(f) by the various estimators E,, (f) dis-
cussed at the begining of this section, that is,

En(f) € {Su(£), An(£), B (£), Ba(£), W R, (£)}.

The true value E,(f) of the posterior mean is computed by Gauss quadra-
ture employing 1500 Gauss—Hermite nodes in each dimension which ensures a
quadrature error smaller than 10~%. For each choice of the step size s we run
M = 1,200 independent Markov chains and, thus, compute M realizations of
the estimators S, (f), An(f), Bu(f), B 5 (f), and W R, (f), respectively. We use
these M realizations in order to empirically estimate the root mean squared
error (RMSE)

RMSEj (f) := (]E 1, () — Eu(f)||2)1/2 ,

of the various estimators E, (f) € {S,(f), A.(f), Bn(f), B 5 (f), WR,(f)} for
each chosen step size s of the proposal kernels. The results are displayed in
Figure 2 and Figure 3, respectively.?

Comparison of A, (£) to Sy, (f): In Figure 2 we observe that for a certain range
of s, the MH importance sampling estimator A, (f) provides a significant error
reduction for both proposal kernels, the random-walk and MALA. In particular,
the global minimum for the error of A, (f) is smaller than for S, (f). In fact, it
is roughly half the size for both proposals. Hence, given the optimal step size s
the MH importance sampling method can indeed outperform the classical path
average estimator. In this example, we could reduce the RMSE by 50% without

2We note that in each setting the squared norm of the bias of the estimators En(f;) is
roughly the same size as their variance, i.e., the magnitude of the displayed RMSE coincides
basically with /2 times the standard deviation of the corresponding estimator. For a larger
sample size n the percentage of the bias in the RMSE would have decreased, however, the
computation of By (f) would have become unfeasible.
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a significant additional cost. We comment below on how to find this optimal
step size for A, (f).

Comparison of A, (f) to other estimators: We observe in Figure 2 that the
waste recycling estimator W R,,(f) basically coincides with the classical path
average estimator S, (f) for both proposals and all chosen step sizes s, i.e., it
yields no improvement and is outperformed by A, (f). Concerning the Markov
chain importance sampling estimators B, (f) we obtain a further improvement
on A, (f) and nearly can reduce the RMSE by an order of magnitude compared
to S, (f). However, this performance comes at the price of a signicant larger
complexity. If we consider the Markov chain importance sampling estimators
B s (f) with the same complexity as the other estimators S, (f), A,(f), and
W R, (f), we in fact observe a worse performance to the other estimators for all
chosen step sizes. Thus, in the error-vs-complexity sense the estimator A, (f)
performs best among all considered estimators if calibrated correctly.

Optimal calibration of A, (f): Concerning the optimal step size for A, (f) we
present in Figure 3 a verification of the approach outlined in Section 3.4. For
both MH algorithms, the random walk-MH and MALA, we display in the top
row the RMSE of S,,(f) and A, (f) w.r.t. the chosen step sizes. In the bottom
row we display for each step size value s the relation of s? to the empirical
functionals

2
e [|E ) — £ S 1) | A2k Vi) 1Y = Xl

2
a5 £ = 3 1) 2Kk Vi)

Jf(S) =

and
D P (X, Vi) [V — Xl

d3 ko1 P2(Xk, i)
for the random walk-MH and the corresponding Jg(s) and J(s) for MALA based
on (3.11). In Section 3.4 we derived as a necessary condition for the optimal
step size s, that s2 ~ Jg(s,) for both kind of proposals. Here, we can indeed
verify this condition: the optimal s,, which was calibrated by hand following
the rule s? ~ Ji(s,), shows indeed also the smallest RMSE in the top row.
The optimal s,, Je(s«), and its RMSE are highlighted by a green marker in
Figure 3. Besides that, choosing the rather “objective” functional J(s), which
is independent of the particular quantity of interest f, and apply the alternative
calibration rule s2 ~ J(s,) does not yield to a step size with minimal RMSE for
A, (f) — although the alternatively calibrated step size and the resulting RMSE
are not that far off from the true optimum. In summary, Figure 3 verifies that
the approach in Section 3.4 can indeed be applied in practice for finding the
optimal step size for the MH importance sampling estimator A, (f).

J(s):

4.2. Bayesian inference for probit regression (PIMA data)

The second example is a test problem for logistic regression, see, e.g., [7] for a
discussion. Here, nine predictors z; € R? such as diastolic blood pressure, body
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Random Walk-MH MALA
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Fia 3. RMSE for mean w.r.t. step size s for the example of Section 4.1.

mass index, or age are fitted to the binary outcome y; € {—1,1} for diagnosing
diabetes for NV = 768 members i = 1,..., N, of the Pima Indian tribe. For more
details about the data we refer to [36]. Following [7] the likelihood L(y|3) for
the outcome y € {—1,1}" of the diagnosis is modeled by

N

L(ylB) = [ [ @(w:B =),

i=1

where & denotes the cumulative distribution function of a univariate standard
normal distribution and 8 € R? the unknown regression coefficients (includ-
ing the intercept). Moreover, we take independent Gaussian priors for each
component of 8 as suggested in [7], i.e., the prior is pg = N(0,A) where
A = diag(\1,...,Ag) with Ay = 20 and A\; = 5 for ¢ > 2. Given the data
set (w5, y:)Y, € RI9N the resulting posterior for 3 is of the form (1.1) with
po = N(0,A) and
N
p(B) =[] ®wiB ).
i=1
For this example we test the performance of the MH importance sampling
estimator in several dimensions d = 2,...,9. To this end, we modify the re-
gression model for each d by setting 3 = (B1,...,084,0,...,0) € R? and only
infer the values of the components 3; for i = 1,...,d. Hence, the posterior
from which we would like to sample is a measure on R% d = 2,...,9. For
each d = 2,...,9 we perform the same simulations as in the first example, i.e.,



882 D. Rudolf and B. Sprungk
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Fic 4. Total variances of estimators w.r.t. average acceptance rate in various dimensions for
the example from Section 4.2.

we generate Markov chains by the MH algorithm using the Gaussian random
walk proposal from Section 4.1 with varying step size parameter s. Then, we
compute the estimates E,, (f) := (E,(f;))i=1,....a for £(8) = (fi(8))i=1,...,a with
fi(B) = B; where E,(f) is again a placeholder for the particular estimator at
choice, i.e., E,(f) € {Sn(f), An(f), Bn(f), WR,(f), B 5 (f)} as in Section 4.1.
For each choice of the step size s we repeat this procedure M = 1,200 times
and use the results to compute empirical estimates for the total variance of the
estimators E,, (f) given by

d
Var(E,(f)) := Z Var(E,(f;))-
i=1

The number of iterations of the MH Markov chain as well as the burn-in length
are the same as in Section 4.1. In Figure 4 we present for several choices of d the
resulting plots for the total variance of the estimators w.r.t. average acceptance
rate in the MH algorithm, similar to Figure 2 in the previous section. Further-
more, Table 1 displays the ratios of the total variances Var(E,(f))/ Var(S,(f))
for various estimators E, (f)) (each one with its optimal step size) in dimensions
d=2,...,9. Our results can be summarized as follows.

Performance of A,(f): For small dimensions, like d = 2,...,5, we observe



Metropolis—Hastings importance sampling 883

TABLE 1
Ratio of the minimal total variances Var(Ey(f))/ Var(Sn(f)) for various estimators E, and
dimensions d for the example of Section 4.2.

Var(B f

Dimension d  Vftd=()  Yar(@a@) MR Sy
2 0.30 0.02 0.98 12.68

3 0.41 0.02 0.98 14.56

4 0.59 0.03 0.99 18.63

5 0.79 0.03 0.99 24.19

6 1.40 0.03 0.99 31.98

7 2.11 0.04 0.99 43.59

8 2.98 0.06 0.99 48.84

9 3.86 0.07 1.00 55.10

that the minimal total variance of A, (f) is smaller or at most as large as the
minimal total variance of Sy, (f), see also Table 1. However, for dimensions d > 6
the MH importance sampling estimator A, (f) shows a higher total variance than
the classical path average estimator S, (f). In particular, we observe in Table 1
that the performance of A, (f) compared to S, (f) seems to decline more and
more for increasing dimension.

Performance of other estimators: As in Section 4.1 the waste recycling es-
timator W R, (f) basically coincides with the path average estimator S, (f) for
any considered dimension d. Also for the Markov chain importance sampling
estimators B,,(f) and B /;(f) the performance compared to S, (f) and A, (f) is
similar to Section 4.1, i.e., B, (f) outperformes all other estimators — but at a
higher cost — whereas its cost-equivalent version B \/,;(f ) performes worse than
any other estimator. However, also By, (f) and B /;(f) seem to suffer from higher
dimensions of the state space as indicated in Table 1, i.e., their total variance
relative to the total variance of S, (f) becomes larger as d increases.

Optimal calibration: We observe that for S, (f) the total variance becomes
minimal for average acceptance rates between 0.2 and 0.25. This is in accordance
with the well-known asymptotic result on optimal a-priori step size choices, see
[29]. The same optimal calibration holds true for the waste recycling estima-
tor WR,(f). For MH importance sampling estimator A, (f) the minimal total
variance is obtained for smaller and smaller average acceptance rates as the
dimension d increases. In fact, the numerical results indicate that the optimal
proposal step size s for A, (f) remains constant w.r.t. the dimension d. This
is in contrast to the classical MCMC estimator where the optimal asymptotic
a-priori step size s behaves for a product density p like d~! for the Gaussian ran-
dom walk proposal, see [29]. Moreover, for each dimension d the minimal total
variances of A, (f) where obtained for step sizes satisfying the optimal calibra-
tion rules outlined in Section 3.4. Concerning the estimators B, (f) and B,/ (f)
we also observe that the optimal performance occurs for decreasing acceptance
rates as the dimension d increases. Here, the numerical results suggest that the
optimal proposal step size s even increases mildly with the dimensions d.
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5. Conclusion

In this work we studied a MH importance sampling estimator A,, for which we
showed a SLLN, a CLT, and an explicit estimate of the mean squared error.
A remarkable property of this estimator is that its asymptotic variance does
not contain any autocorrelation term, in fact

COI‘I‘(ﬁ(Xk,Yk)f(Yk),ﬁ(Xm,Ym)f(Ym)) = 5k({m})

This is in sharp contrast to the asymptotic variance of the classical MCMC es-
timator Sy, see (2.2). Additionally, we performed numerical experiments which
indicate that the MH importance sampling estimator can outperform the clas-
sical one. This requires the correct tuning of the underlying MH Markov chain
in terms of the proposal step size where the estimator A,, seems to benefit from
rather small average acceptance rates in contrast to optimal scaling results for
the MCMC estimator. However, we exhibit a decreasing efficiency of the MH
importance sampling estimator for increasing dimension in the numerical ex-
periments. Indeed, the classical MCMC estimator performs better for larger di-
mensions. This is very likely related to the well-known degeneration of efficiency
for importance sampling in high dimensions, see for example the discussion [1,
Section 2.5.4].

Appendix A: Inheritance of geometric ergodicity

A transition kernel K: G' x G — [0, 1] with stationary distribution p is L?(u)-

geometrically ergodic if there exists a constant r € [0,1) such that for all prob-

ability measures n on G with S—Z € L?(p) there is C, € [0, 00) satisfying
drv(p,nK") < Cyr™  Vn €N, (A1)

where dtv denotes the total variation distance. Note that if S—Z exists, then

1
drv(p,m) = sup ln(A) —n(A)| = §/G

j—Z(Jj) - 1’ p(dx).

In addition to the exponential convergence, L?(u)-geometric ergodicity also
yields advantages concerning the CLT for the classical MCMC estimator S, (f)

for E,(f).

Proposition A.1 ([28, Corollary 2.1]). Let (X,)nen be a Markov chain with
p-reversible, L?(u)-geometrically ergodic transition kernel. Then, for f € L?(u)

we have 0%(f) < 00 and v/i(Su(f) — Eu(f)) 2> N(0,03(f)) as n — oo.

A further important aspect, see e.g. [28], is the relation between L?(i)-
geometric ergodicity of a p-reversible transition kernel K and spectral proper-
ties of the associated self-adjoint transition operator. To this end, we introduce
L3(p) as the space of all g € L?(u) satisfying E,(g) = 0.
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Proposition A.2 ([28, Theorem 2.1}, [19, Proposition 1.5]). Let the transition
kernel K : Gx G — [0,1] be p-reversible. Then, K is L*(p)-geometrically ergodic
if and only if

KN 22— 220y < 1- (A.2)

The condition (A.2) is often referred to as the existence of a positive L?(p)-
spectral gap of K:

gap,, (K) == 1= K|l 12 () r2(u) > 0-

By Lemma 3.1 we obtain easily the following relation between the norms of
K: L3(p) — LE(w) and the corresponding operator Kaug: LE(v) — LE(v) of the
augmented MH Markov chain.

Lemma A.1. With the same notation introduced in Section 3.1 we have that
-1
1. HKn”Lg(u)—)Lg(u) < ||K2ug HL%(V)%L%(V) and

HKZugHLg(u)—)Lg(V) < HKn_l HLg(u)aLg(u)

forn > 2;

2. HKHL(Z)(ﬂ)—}Lg(/J,) < ||Kaug||L3(u)—>L§(u) and the spectrum of Kaug is non-
negative and real as well as the spectral radius r(Kaug | L3(v)) of Kaug on
L3(v) satisfies

PRy | Z30)) < 1Kl 30230 -

Proof. To 1.: Note that P*f € L3(v), Hg € L*(v) and Pg € L3(p) for any
f € L3(p) and g € L(v). By applying Lemma 3.1 we have

HK"HL%(;LHLg(H) = HﬁKZu_nglg* L3 ()= L2 (1) < HK;LU_;HL(ZJ(V)%LS(V)’
since
HP' L)~ L3 (1) = HP’ L2 (v) =L () =1 nd ‘ P L3 (m)—Lg(v) =t
Similarly
HK;L“gHLg(V)%L%(V) - HHf)*KnilA’ L2(v)—L3(v) = HKnilHLg(u)—wﬁ(u)'

To 2.: By the fact that K: LZ(u) — LZ(p) is self-adjoint, properties of the
spectral radius formula for self-adjoint operators and statement 1 we have

: n 1/n : n—1 1/n
1Kl 2302 = Jm IR 230" < lim (K 1002300

= [ Kaugll 20) 230
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Unfortunately, K., is in general not reversible, see Remark 3.4, such that
Kaug is not self-adjoint. Thus, we can only estimate the spectral radius of
Kaug: L3(v) = L&(v), but not the operator norm. The same argument yields to

7(Kaug | Ly(v)) < ||K||Lg(u)ﬁ[,g(ﬂ)~

Finally, since Kay,g is a product of two self-adjoint operators and, additionally,
the projection P*P is positive, we obtain by [30, Proposition 4.1] that the spec-
trum of Kaug: L3(v) — L&(v) is real and non-negative. d

Since K,ug is not reversible, we can not argue that a positive L?(v)-spectral
gap of Kayg, which due to statement 2 of Lemma A.1 is implied by a positive
L?(u)-spectral gap of K, yields the L?(v)-geometric ergodicity of the augmented
MH Markov chain. However, by using also statement 1 of Lemma A.1 we indeed
obtain the inheritance of geometric ergodicity.

Corollary A.1. Assume that the MH transition kernel K with stationary dis-
tribution p on G is L*(p)-geometrically ergodic. Then, the augmented MH tran-
sition kernel K gy is L*(v)-geometrically ergodic with v as in (3.3).

Proof. By Proposition A.2 and the p-reversibility of K we have that r :=
||K||L§(u)—>L§(u) < 1. Let n be a probability distribution on G x G such that

% € L%(v). With the notation of the adjoint operator we use (for details we
refer to [33, Lemma 3.9]) that

d(nFGug) noye [0
T(a@y) = (Kiug) {5] (z,y), v-a.e.
as well as
H(K;lug)* LE()—L3(v) HKaLugHLg(V)aLg(u)'

Then, for n > 2 we have

d(nK3)
QdTV(VanB:Lg)::j( £ (x,y)4’1 V(d%dy)
GxG

dv

* d ]
:/ (Kgug) {dn (z,y) — 1| v(dzdy)
Gx@G V]
noye |0
. / (Kug) {d(z,y) - 1] v(dzdy)
fee v
n e (40
< H(Kaug) {@ - 1”
dn
< HKZugHLg(y)aLﬁ(u) dv 1
n—1 dn n
S ||K||Lg(,u)_>L3(N) ‘d_l/ -1 S C’l7 T

with G, := 1 g—z — 1‘ , where we used the fact that (3—2 —1) € L3(v) as well

as statement 1 of Lemma A.1. O
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