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ON THE COMPUTATIONAL COMPLEXITY OF MCMC-BASED
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BY ALEXANDRE BELLONI' AND VICTOR CHERNOZHUKOV?
Duke University and Massachusetts Institute of Technology

In this paper we examine the implications of the statistical large sample
theory for the computational complexity of Bayesian and quasi-Bayesian esti-
mation carried out using Metropolis random walks. Our analysis is motivated
by the Laplace—Bernstein—Von Mises central limit theorem, which states that
in large samples the posterior or quasi-posterior approaches a normal density.
Using the conditions required for the central limit theorem to hold, we estab-
lish polynomial bounds on the computational complexity of general Metropo-
lis random walks methods in large samples. Our analysis covers cases where
the underlying log-likelihood or extremum criterion function is possibly non-
concave, discontinuous, and with increasing parameter dimension. However,
the central limit theorem restricts the deviations from continuity and log-
concavity of the log-likelihood or extremum criterion function in a very spe-
cific manner.

Under minimal assumptions required for the central limit theorem to hold
under the increasing parameter dimension, we show that the Metropolis algo-
rithm is theoretically efficient even for the canonical Gaussian walk which is
studied in detail. Specifically, we show that the running time of the algorithm
in large samples is bounded in probability by a polynomial in the parameter
dimension d and, in particular, is of stochastic order d? in the leading cases
after the burn-in period. We then give applications to exponential families,
curved exponential families and Z-estimation of increasing dimension.

1. Introduction. Markov chain Monte Carlo (MCMC) algorithms have dra-
matically increased the use of Bayesian and quasi-Bayesian methods for practical
estimation and inference. (See, e.g., books of Casella and Robert [9], Chib [12],
Geweke [18] and Liu [34] for detailed treatments of the MCMC methods and their
applications in various areas of statistics, econometrics and biometrics.) Bayesian
methods rely on a likelihood formulation, while quasi-Bayesian methods replace
the likelihood with other criterion functions. This paper studies the computational
complexity of MCMC algorithms (based on Metropolis random walks) as both the
sample and parameter dimensions grow to infinity at the appropriate rates. The

Received April 2007; revised June 2008.
1Supported by an NSF grant and IBM Herman Goldstein Fellowship.
2Supported by an NSF grant and Sloan Foundation Research Fellowship and Castle Krob Chair.
AMS 2000 subject classifications. Primary 65C05; secondary 65C60.
Key words and phrases. Markov chain Monte Carlo, computational complexity, Bayesian, in-
creasing dimension.

2011


http://www.imstat.org/aos/
http://dx.doi.org/10.1214/08-AOS634
http://www.imstat.org
http://www.ams.org/msc/

2012 A. BELLONI AND V. CHERNOZHUKOV

paper shows how and when the large sample asymptotics places sufficient restric-
tions on the likelihood and criterion functions that guarantee the efficient—that
is, polynomial time—computational complexity of these algorithms. These results
suggest that at least in large samples, Bayesian and quasi-Bayesian estimators can
be computationally efficient alternatives to maximum likelihood and extremum
estimators, most of all in cases, where likelihoods and criterion functions are non-
concave and possibly nonsmooth in the parameters of interest.

To motivate our analysis, let us consider the Z-estimation problem, which is
a basic method for estimating various kinds of structural models, especially in
biometrics and econometrics. The idea behind this approach is to maximize some
criterion function
2

(1.1) 0,(0) = Y mUi,0)| ., 0eOCR,

H 1
Vi3
where U; is a vector of random variables, and m(U;, 6) is a vector of functions
such that E[m(U;, 8)] = 0 at the true parameter value 6 = 6y. For example, in
estimation of conditional «-quantile models with censoring and endogeneity, the
functions take the form

(1.2) m(U;, 0) = W(a/pi(0) — 1(Y; < X;0))Z,.

Here U; = (Y;, X, Z;), Y; is the response variable and X; is a vector of regressors.
In the censored regression models, Z; is the same as X;, and p; () is a weighting
function that depends on the probability of censoring that depends on X; and 6
(see [49] for extensive motivation and details), and in the endogenous models,
Z; is a vector of instrumental variables that affect the outcome variable Y; only
through X; (see [11] for motivation and details), while p;(6) =1 for each i; the
matrix W is some positive definite weighting matrix. Finally, the index « € (0, 1)
is the quantile index, and X6 is the model for the ath quantile function of the
outcome Y;.

In these quantile examples, the criterion function Q, () is highly discontinuous
and nonconcave, implying that the argmax estimator may be difficult or impossi-
ble to obtain. Figure 1 in Section 2 illustrates this example and similar examples,
where the argmax computation is intractable, at least when the parameter dimen-
sion d is high. In typical applications, the parameter dimension d is indeed high
in relation to the sample size (see, e.g., Koenker [32] for a relevant survey). Simi-
lar issues can also arise in M-estimation problems, where the extremum criterion
function takes the form Q,(0) =Y 7_, m(U;, 0), where U; is a vector of random
variables, and m (U;, 0) is a real-valued function, for example, the log-likelihood
function of U; or some other pseudo-log-likelihood function. Section 5 discusses
several examples of this kind.

As an alternative to argmax estimation in both the Z- and M -estimation frame-
works, consider the quasi-Bayesian estimator obtained by integration in place of
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optimization

Jo 0 exp{Qn(0)}do
Joexp{Qn (61} d0’

This estimator may be recognized as a quasi-posterior mean of the quasi-posterior
density m,(0) o exp @, (0). (Of course, when @, is a log-likelihood, the term
“quasi” becomes redundant.) This estimator is not affected by local discontinu-
ities and nonconcavities and is often much easier to compute in practice than the
argmax estimator, particularly in the high-dimensional setting; see, for example,
the discussion in Liu, Tian and Wei [49] and Chernozhukov and Hong [11].

At this point, it is worth emphasizing that we will formally capture the high
parameter dimension by using the framework of Huber [23], Portnoy [41] and oth-
ers. In this framework, we have a sequence of models (rather than a fixed model),
where the parameter dimension grows as the sample size grows, namely, d — co
as n — 0o, and we will carry out all of our analysis in this framework.

This paper will show that if the sample size n grows to infinity and the dimen-
sion of the problem d does not grow too quickly relative to the sample size, the
quasi-posterior

(1.3) 0 =

exp{Qn(0)}
Joexp{Qn(6")}d0’

will be approximately normal. This result in turn leads to the main claim: the
estimator (1.3) can be computed using Markov chain Monte Carlo in polynomial
time, provided that the starting point is drawn from the approximate support of the
quasi-posterior (1.4). As is standard in the literature, we measure running time in
the number of evaluations of the numerator of the quasi-posterior function (1.4)
since this accounts for most of the computational burden.

In other words, when the central limit theorem (CLT) for the quasi-posterior
holds, the estimator (1.3) is computationally tractable. The reason is that the CLT,
in addition to implying the approximate normality and attractive estimation prop-
erties of the estimator 6, bounds nonconcavities and discontinuities of Q,(6) in a
specific manner that implies that the computational time is polynomial in the pa-
rameter dimension d. In particular, in the leading cases the bound on the running
time of the algorithm after the so-called burn-in period is O, (d?). Thus, our main
insight is to bring the structure implied by the CLT into the computational com-
plexity analysis of the MCMC algorithm for computation of (1.3) and sampling
from (1.4).

Our analysis of computational complexity builds on several fundamental papers
studying the computational complexity of Metropolis procedures, especially Ap-
plegate and Kannan [2], Frieze, Kannan and Polson [16], Polson [40], Kannan,
Lovasz and Simonovits [29], Kannan and Li [28], Lovasz and Simonovits [36]
and Lovdsz and Vempala [37-39]. Many of our results and proofs rely upon and
extend the mathematical tools previously developed in these works. We extend the

(1.4)
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complexity analysis of the previous literature, which has focused on the case of
an arbitrary concave log-likelihood function, to the nonconcave and nonsmooth
cases. The motivation is that, from a statistical point of view, in concave settings
it is typically easier to compute a maximum likelihood or extremum estimate than
a Bayesian or quasi-Bayesian estimate, so the latter do not necessarily have prac-
tical appeal. In contrast, when the log-likelihood or quasi-likelihood is either non-
smooth, nonconcave or both, Bayesian and quasi-Bayesian estimates defined by
integration are relatively attractive computationally, compared to maximum likeli-
hood or extremum estimators defined by optimization.

Our analysis relies on statistical large sample theory. We invoke limit theorems
for posteriors and quasi-posteriors for large samples as n — oco. These theorems
are necessary to support our principal task—the analysis of the computational
complexity under the restrictions of the CLT. As a preliminary step of our com-
putational analysis, we state a CLT for quasi-posteriors and posteriors under para-
meters of increasing dimension, which extends the CLT previously derived in the
literature for posteriors and quasi-posteriors for fixed dimensions. In particular,
Laplace circa 1809, Blackwell [7], Bickel and Yahav [6], Ibragimov and Hasmin-
skii [24], and Bunke and Milhaud [8] provided CLTs for posteriors. Blackwell
[7], Liu, Tian and Wei [49], and Chernozhukov and Hong [11] provided CLTs for
quasi-posteriors formed using various nonlikelihood criterion functions. In con-
trast to these previous results, we allow for increasing dimensions. Ghosal [20]
previously derived a CLT for posteriors with increasing dimension for log-concave
exponential families. We go beyond this canonical setup and establish the CLT for
the non-log-concave and discontinuous cases. We also allow for general criterion
functions to replace likelihood functions. This paper also illustrates the plausi-
bility of the approach using exponential families, curved exponential families and
Z-estimation problems. The curved families arise, for example, when the data must
satisfy additional moment restrictions, as for example, in Hansen and Singleton
[21], Chamberlain [10] and Imbens [25]. Both the curved exponential families and
Z-estimation problems typically fall outside the log-concave framework.

The rest of the paper is organized as follows. In Section 2, we establish a gen-
eralized version of the Central Limit Theorem for Bayesian and quasi-Bayesian
estimators. This result may be seen as a generalization of the classical Bernstein—
Von Mises theorem, in that it allows the parameter dimension to grow as the sample
size grows. In Section 2, we also formulate the main problem, which is to char-
acterize the complexity of MCMC sampling and integration as a function of the
key parameters that describe the deviations of the quasi-posterior from the normal
density. Section 3 explores the structure set forth in Section 2 to find bounds on
conductance and mixing time of the MCMC algorithm. Section 4 derives bounds
on the integration time of the standard MCMC algorithm. Section 5 considers an
application to a broad class of curved exponential families and Z-estimation prob-
lems, which have possibly nonconcave and discontinuous criterion functions, and
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verifies that our results apply to this class of statistical models. Section 5 also veri-
fies that the high-level conditions of Section 2 follow from the primitive conditions
for these models.

COMMENT 1.1 (Notation). Throughout the paper, we follow the framework
of high dimensional parameters introduced in Huber (1973). In this framework, the
parameter " of the model, the parameter space ©®, its dimension 4" and all
other properties of the model itself are indexed by the sample size n, and " — oo
as n — 0o. However, following Huber’s convention, we will omit the index and
write, for example, 8, ® and d as abbreviations for 0™, ®™ and d™, and so on.

2. The setup and the problem. Our analysis is motivated by the problems
of estimation and inference in large samples under high dimension. We consider
a “reduced-form” setup formulated in terms of parameters that characterize local
deviations from the true parameter value. The local parameter A describes con-
tiguous deviations from the true parameter shifted by a first-order approximation
to an extremum estimator . That is, for 6 denoting a parameter vector 6, the
true value, and s = \/n (5 — 6o), the normalized first-order approximation of the
extremum estimator, we define the local parameter A as

A =/n —6y) —s.

The parameter space for 6 is ©, and the parameter space for A is therefore A =
Vn(® —6p) —s.

The corresponding localized likelihood or localized criterion function is de-
noted by £(X). For example, suppose L, (#) is the original likelihood function in
the likelihood framework or, more generally, L, (0) is exp{Q,(0)}, where Q,(0)
is the criterion function in extremum framework, then

€)= Ln(60 + (A +5)/v/n)/La(60 + 5/5/n).

The assumptions below will be stated directly in terms of £(A). In Section 5, we
further illustrate the connection between the localized set-up and the nonlocal-
ized set-ups and provide more primitive conditions within the exponential family,
curved exponential family and Z-estimation framework.

Then, the posterior or quasi-posterior density for A takes the form, implicitly

indexed by the sample size n,

L)
2.1 A)=—7"7T—,
(2.1) f&) Tt do

and we impose conditions that force the posterior to satisfy a CLT in the sense of
approaching the normal density

2.2) ¢()

1
= exp(——k’]k).
2m)d/2 det (J-1)1/? 2
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More formally, the following conditions are assumed to hold for £(1) as the sample
size and parameter dimension grow to infinity:

n—oo and d— oo.
We call these conditions the “CLT conditions™:

C.1 The local parameter A belongs to the local parameter space A C R, The vec-
tor s is a zero-mean vector with variance €2, whose eigenvalues are bounded
above as n — 00, and A = K U K¢, where K is a closed ball B(0, || K]|) such
that [, f(M)dr>1—0p(1)and [ p(A)dr>1—o(1).

C.2 The lower semi-continuous posterior or quasi-posterior function £()\) ap-
proaches a quadratic form in logs, uniformly in K, that is, there exist positive
approximation errors €1 and €; such that, for every A € K,

(2.3) Ine) — (—3XJA)| <e1+e2- 1 JA/2,

where J is a symmetric positive definite matrix with eigenvalues bounded
away from zero and from above uniformly in the sample n. Also, we denote
the ellipsoidal norm induced by J as ||v||; := ||J'/?v].

C.3 The approximation errors €] and €; satisfy €; =0, (1) and €3 - || K ||3 =o0p(1).

COMMENT 2.1. We choose the support set K = B(0, || K||), which is a
ball of radius || K| = sup, g [IA]l, as follows. Under increasing dimension, the
normal density is subject to a concentration of measure, namely that selecting
|K|| > C - +/d, for a sufficiently large constant C, is enough to contain the sup-
port of the standard normal vector. Indeed, let Z ~ N (0, I;), then Pr(Z ¢ K) =
Pr(| Z||> > C*d) — 0, for C > 1, as d — oo, because ||Z||2/d — p 1. For the case
where W ~ N(0, J~") = J~1/2Z we have that Pr(W ¢ K) < Pr(| Z||/~/*min >
IK|) — 0 for | K| > C+/d/Amin for C > 1, as d — oo, where An;, denotes the
smallest eigenvalue of J. Moreover, since || K || 7 = Amax || K ||, where Apax denotes
the largest eigenvalue of J, we need to have that || K || ; > </dAmax/Amin- In view of
condition C.3, this requires €2d Amax/Amin = 0, (1), and hence ex2d = 0,(1). Thus,
in some of the computations presented below, we will set

Kl =Cvd/Amin and |K|l; =Cvdimax/*min  for C>1.

Finally, even though we make the assumption of bounded eigenvalues of J, we
will emphasize the dependence on the eigenvalues in most proofs and formal state-
ments. This will allow us to see immediately the impact of changing this assump-
tion.

These conditions imply that

LX) =a(r) -m(A)
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>of

FI1G. 1. This figure illustrates how In£()\) can deviate from Ina (), allowing for possible disconti-
nuities in In£()).

over the approximate support set K, where
(2.4) Ina(r) = —31'JA,
(2.5) —€1 — N JIA/2<Inm(L) <€+ A JA/2.

Figure 1 illustrates the kinds of deviations of In£(A) from the quadratic curve
captured by the parameters €] and €, and it also shows the types of discontinuities
and nonconvexities permitted in our framework. Parameter €| controls the size of
local discontinuities and parameter €, controls the global tilting away from the
quadratic shape of the normal log-density.

THEOREM 1 (Generalized CLT for quasi-posteriors). Under condi-
tions C.1-C.3, the quasi-posterior density (2.1) approaches the normal density
(2.2) in the following sense:

fA £ 0D — Ol dA = 0,(1).

Theorem 1 is a simple preliminary result. However, the result is essential for
defining the environment in which the main results of this paper—the computa-
tional complexity results—will be developed. The theorem shows that in large
samples, provided that some regularity conditions hold, Bayesian and quasi-
Bayesian inference have good large sample properties. The main part of the paper,
namely Section 3, develops the computational implications of the CLT conditions.
In particular, Section 3 shows that polynomial time computing of Bayesian and
quasi-Bayesian estimators by MCMC is in fact implied by the CLT conditions.
Therefore, the CLT conditions are essential for both good statistical properties of
the posterior or quasi-posterior under increasing dimension, as shown in Theo-
rem 1, and for good computational properties as shown in Section 3.
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By allowing increasing dimension (d — 00), Theorem 1 extends the CLT previ-
ously derived in the literature for posteriors in the likelihood framework (Blackwell
[7], Bickel and Yahav [6], Ibragimov and Hasminskii [24], Bunke and Milhaud
[8], Ghosal [20] and Shen [45]) and for quasi-posteriors in the general extremum
framework, when the likelihood is replaced by general criterion functions (Black-
well [7], Liu, Tian and Wei [49] and Chernozhukov and Hong [11]). The theorem
also extends the results in Ghosal [20], who also considered increasing dimen-
sions but focused his analysis to the exponential likelihood family framework. In
contrast, Theorem 1 allows for nonexponential families and for quasi-posteriors in
place of posteriors. Recall that quasi-posteriors result from using quasi-likelihoods
and other criterion functions in place of the likelihood. This substantially expands
the scope of the applications of the result. Importantly, Theorem 1 allows for
nonsmoothness and even discontinuities in the likelihood and criterion functions,
which are pertinent in a number of applications listed in the Introduction.

The problem of the paper. Our problem is to characterize the complexity of
obtaining draws from f(A) and of Monte Carlo integration for computing

/ g F () dA,

where f()) is restricted to the approximate support K. The procedure used to ob-
tain the basic draws as well as to carry out Monte Carlo integration is a Metropolis
random walk, which is a standard MCMC algorithm used in practice. The tasks
are thus:

I. Characterize the complexity of sampling from f(A) as a function of (d, n, €1,
€2, K);

II. Characterize the complexity of calculating [ g(A)f(1)dA as a function of
(d,n, €1, €, K);

III. Characterize the complexity of sampling from f (1) and performing integra-
tions with f(X) in large samples as d,n — oo by invoking the bounds on
(d,n, €1, e, K) imposed by the CLT;

IV. Verity that the CLT conditions are applicable in a variety of statistical prob-
lems.

This paper formulates and solves this problem. Thus, the paper brings the CLT
restrictions into the complexity analysis and develops complexity bounds for sam-
pling and integrating from f () under these restrictions. These CLT restrictions,
arising from the use of large sample theory and the imposition of certain regular-
ity conditions, limit the behavior of f(A) over the approximate support set K in
a specific manner that allows us to establish polynomial computing time for sam-
pling and integration. Because the conditions for the CLT do not provide strong
restrictions on the tail behavior of f(X) outside K (other than C.1), our analysis of
complexity is limited entirely to the approximate support set K defined in C.1-C.3.
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By solving the above problem, this paper contributes to the recent literature
on the computational complexity of Metropolis procedures. Early work was pri-
marily concerned with the question of approximating the volume of high dimen-
sional convex sets where uniform densities play a fundamental role (Lovasz and
Simonovits [36], and Kannan, Lovédsz and Simonovits [29, 30]). Later, the ap-
proach was generalized for the cases where the log-likelihood is concave (Frieze,
Kannan and Polson [16], Polson [40] and Lové4sz and Vempala [37-39]). However,
under log-concavity the maximum likelihood or extremum estimators are usually
preferred over Bayesian or quasi-Bayesian estimators from a computational point
of view. Cases in which log-concavity is absent, the settings in which there is great
practical appeal for using Bayesian and quasi-Bayesian estimates, have received
little treatment in the literature. One important exception is the paper of Applegate
and Kannan [2], which covers nearly-log-concave but smooth densities using a dis-
crete Metropolis algorithm. In contrast to Applegate and Kannan [2], our approach
allows for both discontinuous and non-log-concave densities that are permitted to
deviate from the normal density (not from an arbitrary log-concave density, like
in Applegate and Kannan [2]) in a specific manner. The manner in which they de-
viate from the normal is motivated by the CLT and controlled by parameters €
and €, which are in turn restricted by the CLT conditions. Using the CLT restric-
tions also allows us to treat nondiscrete sampling algorithms. In fact, it is known
that the canonical Gaussian walk analyzed in Section 3.2.4 does not have good
complexity properties (rapidly mixing) for arbitrary log-concave density functions
(see Lovasz and Vempala [39]). Nonetheless, the CLT conditions imply enough
structure so that even a canonical Gaussian walk becomes rapidly mixing. More-
over, the analysis is general in that it applies to any Metropolis chain, provided
that it satisfies a simple geometric condition. We illustrate this condition with the
canonical algorithm. This suggests that the same approach can be used to establish
polynomial bounds for various more sophisticated schemes. Finally, as is standard
in the literature, we assume that the starting point for the algorithm occurs in the
approximate support of the posterior. Indeed, the polynomial time bound that we
derive applies only in this case because this is the domain where the CLT provides
enough structure on the problem. Our analysis does not apply outside this domain.

3. The complexity of sampling using random walks.

3.1. Set-up and main result. In this section, we bound the computational com-
plexity of obtaining a draw from a random variable approximately distributed ac-
cording to a density function f as defined in (2.1). (Section 4 builds upon these
results to study the associated integration problem.) By invoking condition C.1,
we restrict our attention entirely to the approximate support set K, and the ac-
curacy of sampling will be defined over this set. Consider a measurable space
(K, #A). Our task is to draw a random variable according to a density function f
restricted to K. This density induces a probability distribution on K defined by
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Q(A) = [, f(x)dx/ [ f(x)dx for any A € 4. Asymptotically, it is well known
that random walks combined with a Metropolis filter are capable of performing
such a task. Such random walks are characterized by an initial point uo and a one-
step probability distribution, which depends on the current point, to generate the
next candidate point of the random walk. The candidate point is accepted with a
probability given by the Metropolis filter, which depends on the likelihood func-
tion £, on the current and on the candidate point, and otherwise the random walk
stays at the current point (see Casella and Robert [9] and Vempala [51] for details;
Section 3.2.4 describes the canonical Gaussian random walk).

In the complexity analysis of this algorithm, we are interested in bounding the
number of steps of the random walk required to draw a random variable from Q
with a given precision. Equivalently, we are interested in bounding the number of
evaluations of the local likelihood function £ required for this purpose.

Next, following Lovasz and Simonovits [36] and Vempala [51], we review de-
finitions of concepts relevant for our analysis. Let g (x|u) denote the probability
density to generate a candidate point and 1,(A) be the indicator function of the
set A. For each u € K, the one-step distribution P,—the probability distribution
after one step of the random walk starting from u—is defined as

_ [ g ulx) -
(3.1) P,A) _/ImA mm{if(u)q(xlu)’ l}q(xlu)dx + (11— p)1,(A),

where

[ Sl
3.2) Pu= fK mln{ e’ 1}q(x|u) dx

is the probability of making a proper move, namely the move to x € K, x # u,
after one step of the chain from u € K.

The triple (K, A, {P, :u € K}), along with a starting distribution Qq, defines a
Markov chain in K. We denote by Q; the probability distribution obtained after ¢
steps of the random walk. A distribution Q is called stationary on (K, 4) if for
any A € A,

(3.3) /K Py (A)dQ(u) = Q(A).

Given the random walk described earlier, the unique stationary probability distri-
bution Q is induced by the function f, Q(A) = [, f(x)dx/ [ f(x)dx for all
A € A (see, e.g., Casella and Roberts [9]). This is the main motivation for most of
the MCMC studies found in the literature since it provides an asymptotic method
to approximate the density of interest. As mentioned before, our goal is to properly
quantify this convergence and for that we need to review additional concepts.

The ergodic flow of a set A with respect to a distribution Q is defined as

P(A) = /A Py (K\A)dQ(u).
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It measures the probability of the event {u € A,u’ ¢ A} where u is distributed
according to Q and u’ is distributed according to P,; it captures the average flow
of points leaving A in one step of the random walk. The measure Q is stationary
if and only if ®(A) = & (K\A) for all A € A, since

<I>(A)=/APM(K\A)€1Q(M)=/A(1 — Py(A))dQ(u)

=Q(A)—/APM<A>dQ(u>=/KPu<A>dQ(u>—APu<A>dQ(u)
— B(K\A).

A Markov chain is said to be ergodic if ®(A) > 0, for every A with0 < Q(A) < 1,
which is the case for the Markov chain induced by the random walk described
earlier due to the assumptions on f, namely conditions C.1 and C.2.

Next, we recall the concept of a conductance of a Markov chain, which plays
a key role in the convergence analysis. Intuitively, a Markov chain will converge
slowly to the steady state if there exists a set A in which the Markov chain stays
“too long” relative to the measure of A or its complement K\A. In order for a
Markov chain to stay in A for a long time, the probability of stepping out of A
with the random walk must be small, that is, the ergodic flow of A must be small
relative to the measures of A and K\ A. The concept of conductance of a set A
quantifies this notion:

D(A)
min{Q(A), Q(K\A)}’
The global conductance of the Markov chain is the minimum conductance over

sets with positive measure

34 0= AeA:0i<n£(A)<1 P(A).

P(A) = 0<Q(A) <1.

Lovész and Simonovits [36] proved the connection between conductance and
convergence for the continuous state space, and Jerome and Sinclair [26, 27]
proved the connection for the discrete state space. We will extensively use Corol-
lary 1.5 of Lovdsz and Simonovits [36], restated here as follows: Let Qg be
M -warm with respect to the stationary distribution Q, namely

Qo(A) M

3.5 =
AcA:0(A)>0 Q(A)

Then, the total variation distance between the stationary distribution Q and the
distribution Q;, obtained after ¢ steps of the Markov chain starting from Qy, is
bounded above by a function of global conductance ¢ and warmness parameter M :

¢2 t
(3.6) 10: — Qllry = sup |Q:(A) — Q(A)] < «/M(l _ 7) .
AeA
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Therefore, the global conductance ¢ determines the number of steps required to
generate a random point whose distribution Q; is within a specified distance of the
target distribution Q. The conductance ¢ also bounds the autocovariance between
consecutive elements of the Markov chain, which is important for analyzing the
computational complexity of integration by MCMC (see Section 4 for a more de-
tailed discussion). The warmness parameter M, which measures how the starting
distribution Qg differs from the target distribution Q, also plays an important role
in determining the quality of convergence of Q; to Q. In what follows, we will
calculate M explicitly for the canonical random walk.

The main result of this paper provides a lower bound for the global conductance
of the Markov chain ¢ under the CLT conditions. In particular, we show that 1/¢
is bounded by a fixed polynomial in the dimension of the parameter space even
for a canonical random walk considered in Section 3.2.4. In order to show this, we
require the following geometric condition on the difference between the one-step
distributions.

D.1 There exist positive sequences h, and c, such that for every u,v € K, |lu —
v|| < hy, implies that

| Py — Pylltv <1 —cp.

D.2 The sequences above can be taken to satisfy the following bounds:
1

cp min{A, ~/Amin, 1}
Condition D.1 holds if at least a ¢, -fraction of the probability distribution asso-
ciated with P, varies smoothly as the point u# changes. Condition D.2 imposes a
particular rate for the sequences. As shown in Theorem 2 below, the rates in con-
ditions D.1 and D.2 play an important role in delivering good, that is, polynomial
time and computational complexity. We show in Section 3.2.4 that conditions D.1
and D.2 hold for the canonical Gaussian walk under conditions C.1, C.2 and C.3.
with

= 0,(d).

1/hy=0,(d) and 1/c, = 0,(1),

and Anpip bounded away from zero. Moreover, the rates in condition D.2 appear
to be sharp for the canonical Gaussian walk under our framework. It remains an
important question whether different types of random walks could lead to better
rates than those in condition D.2 (see Vempala [51] for a relevant survey). Another
interesting question is the establishment of lower bounds on the computational
complexity of the type considered in Lovész [35].

Next we state the main result of the section.

THEOREM 2 (Main result on complexity of sampling). Under conditions C.1,
C.2 and D.1, the global conductance of the induced Markov chain satisfies

Q2e+elKl3/2) )

3.7) /¢ = 0(0,1 min{fn/Amin, 1}
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In particular, a random walk satisfying these assumptions requires at most

In(M/¢)
3.8 N. = 0, [ eHertelKl;/2) )
G T <e (Cn Mt~ Fomins 11)2

steps to achieve ||Qy, — Qlltv < €, where Qg is M-warm with respect to Q.
Finally, if conditions C.1, C.2, C.3, D.1 and D.2 hold, we have that

1/p=0,(d),
and the number of steps N, is bounded by

(3.9) 0,(d*In(M/e¢)).

Thus, under the CLT conditions, Theorem 2 establishes the polynomial bound
on the computing time, as stated in equation (3.9). Indeed, CLT conditions C.1
and C.2 first lead to the bound (3.8) and, then, condition C.3, which imposes
€1=o0p(l)and e - [| K ||3 =0, (1), leads to the polynomial bound (3.9). It is also
useful to note that, if the stated CLT conditions do not hold, the bound on the
computing time needs not be polynomial: in particular, the first bound (3.8) is ex-
ponential in €] and €3 || K || % It is also useful to note that the approximate normality
of posteriors and quasi-posteriors implied by the CLT conditions plays an impor-
tant role in the proofs of this main result and of auxiliary lemmas. Therefore, the
CLT conditions are essential for both (a) good statistical properties of the posterior
or quasi-posterior under increasing dimension, as shown in Theorem 1 and (b) for
good computational properties, as shown in Theorem 2. Thus, results (a) and (b)
establish a clear link between the computational properties and the statistical envi-
ronment.

The relevance of the particular random walk in bounding the conductance is
captured through the parameters ¢, and 4, defined in condition D.1. Theorem 2
shows that as long as we can take 1/c¢, and 1/ h;, to be bounded by a polynomial in
the dimension of the parameter space d, we will obtain polynomial time guarantees
for the sampling problem. In some cases, the warmness parameter M appearing in
(3.9) can also be related to the particular random walk being used. This is the case
in the canonical random walk discussed in detail in Section 3.2.4.

3.2. Proof of the main result. The proof of Theorem 2 relies on a new iso-
perimetric inequality (Corollary 1) and a geometric property of the particular ran-
dom walk (condition D.1). After the connection between the iso-perimetric in-
equality and the ergodic flow is established, the geometric property allows us to
use the first result to bound the conductance from below. In what follows we pro-
vide an outline of the proof, auxiliary results and, finally, the formal proof.
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3.2.1. Outline of the proof. The proof follows the arguments in Lovasz and Si-
monovits [36] and Lovasz and Vempala [37]. In order to bound the ergodic flow of
A € A, consider the particular disjoint partition K = §1 U §2 U §3, where S 1 CA,
S CK \A and S3 consists of points in A or K\ A for which the one-step proba-
bility of going to the other set is at least ¢, /2 (to be defined later). Therefore we
have

d(A)=| P,(K\A)d —1 P,(K\A)d ! P,(A)d
<>—/A L (K\A) Q(u)—E/A L (K\A) Q(u)+5fK\A L (A)d Q)

>1/ P(K\A)dQ<u>+1/ P(A)d Q) + < 0(35)
juiy 2 §1 u 2 §2 u 4 )

where the second equality holds because ®(A) = ®(K\A).

Since the first two terms could be arbitrarily small, the result will follow by
bounding the last term from below. This will be achieved by a new iso-perimetric
inequality tailored to the CLT framework and derived in Section 3.2.2. This result
will provide a lower bound on Q(S3), which is increasing in the distance between
S 1 and §2.

Therefore, it remains to show that the distance between §1 and §2 s suit-
ably bounded below. This follows from the geometric property stated in condi-
tion D.1. Given two points u € 51 and v € Sz, we have P,(K\A) < c¢,;/2 and
P,(A) < ¢, /2. Therefore, the total variation distance between their one-step dis-
tributions is bounded as

1Py — Pylitv = [Pu(A) = Py(A)| =1 —¢y.

In such a case, condition D.1 implies that the distance ||u — v| is bounded from
below by h,,. Since u and v are arbitrary points, the distance between sets S) and
S, is bounded below by h,,.

This leads to a lower bound for the global conductance. After bounding the
global conductance from below, Theorem 2 follows by invoking the conductance
theorem of [36] restated in equation (3.6) and the CLT conditions.

3.2.2. An iso-perimetric inequality. We start by defining a notion of approx-
imate log-concavity. A function f:R? — R is said to be log-B-concave if, for
everyx €[0,1],x,y € R9, we have

flax+ 1 —a)y) = Bf@)* fF)' ™

for some 8 € (0, 1], and f is said to be log-concave if 8 can be taken to be one. The
class of log-B-concave functions is rather broad, including, for example, various
nonsmooth and discontinuous functions.

This concept is relevant under our CLT conditions C.1-C.3, since the relations
(2.4) and (2.5) imposed by these conditions imply the following:
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LEMMA 1. Over the set K, the functions f (L) :=4€(A)/ [, £(A)d\ and £(})

—1/20J

can be written as the product of a Gaussian function, e , and a log-B-

concave function with parameter

B = e 2etalKij/2),

The representation of Lemma 1 gives us a convenient structure to establish the
following iso-perimetric inequality.

LEMMA 2. Consider any measurable partition of the form K = S§1 U S U S3
such that the distance between S| and Sy is at least t, that is, d(S1, S2) > t. Let
Q(S) = [y fdx/ [x fdx. Then, for any lower semi-continuous function f(x) =

x|? . .

e 1" m(x), where m is a log-B-concave function, we have
_42

e ! /4

N

The iso-perimetric inequality of Lemma 2 states that if two subsets of K are far
apart, the measure of the remaining subset of K should be comparable to the mea-
sure of at least one of the original subsets. This iso-perimetric inequality extends
the iso-perimetric inequality in Kannan and Li [28]. The proof builds on their proof
as well as on the ideas in Applegate and Kannan [2]. Unlike the inequality in Kan-
nan and Li [28], Lemma 2 removes the smoothness assumptions on f, covering
both non-log-concave and discontinuous cases.

The following corollary extends Lemma 2 to the case of an arbitrary covariance
matrix J.

2
0(83)=p min{Q(S1), Q(52)}.

COROLLARY 1 (Iso-perimetric inequality). Consider any measurable par-
tition of the form K = S; U S3 U Sy, such that d(S1, S2) > t, and let Q(S) =
[ fdx/ [x fdx. Then, for any lower semi-continuous function f(x) =
e_l/zx,”m(x), where m is a log-B-concave function and J is positive definite
covariance matrix, we have

a8 [ 2
0(83) = BV Aminte ™" ;mln{Q(Sl), 0(S2)},
where Amin denotes the minimum eigenvalue of J .

3.2.3. Proof of Theorem 2. Fix an arbitrary set A € 4, and denote by A° =
K\ A the complement of A with respect to K. We will prove that

2 .
(G10)  (A) = Czﬁ\/; mln{7¢xmin, l}mm{Q(A), 0(4%)),
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where g = e 2(€1tellK 13/2) is as defined in Lemma 1. This result implies the de-

sired bound on the global conductance ¢.
Consider the following auxiliary definitions:

~ Cn ~ Cn
Slz{ueA:Pu(Ac)<7}, Szz{veAC:PU(A)<3},
S3=K\(S1 US>).

In this case Q(§1) < Q(A)/2, we have

) ] cn
cI><A)=fAPu<A )dQ(u)zfA\gl Pu(A )dQ(mz/A 2 aow

\Sl

which immediately implies the inequality (3.10). In the case Q(§2) < Q(A9/2,
we apply a similar argument.

In the remaining case Q(S;) > Q(A)/2 and Q(S») > Q(A)/2, we proceed as
follows. Since ®(A) = ®(A€), we have that

. 1 1
<I><A)=fAPM(AL)dQ<u>=EfAPu<AC>dQ<u)+5/AC P,(A)dQ(v)
1 . 1
23 [ 5 Peardow 5 [ Paaow)

1 Cn Cn o~
> — —d = — S s
_2f§3 20w =06
where we ujed tha£ §3 = K\(§1 U 53) = (A\§1~) U (Ac\gz). Given the definitions
of the sets S; and Sy, for every u € S; and v € S5, we have
| Py — Pyllty = Py(A) — Py(A) =1 — Py (A°) — Py(A) = 1 —cy.

In such a case, by condition D.1, we have that |lu — v|| > h, for every u € S
and v € Sy. Thus, we can apply the iso-perimetric inequality of Corollary 1, with
d(S1, $2) = hy,, to bound Q(S3). We then obtain

/ P, (A°)dQ(u) > max C—”ﬂﬁﬂmmre—mmfzmin{Q<§1>,Q(S'z)}
A 0<t<h, 4 b5

> C—"ﬁ\/z min{h—”wmm, l}min{Q(A), 0(4%)),
4 Te 2

L2,
where we used the fact that maxo</<p, Aominte”1/8*min’” s bounded below

by min{h,+/Amin, 2}¢”!/? and that min{Q(S)), Q(52)} = min{Q(A), Q(A9)}/2.
Thus, the inequality (3.10) and the lower bound on conductance (3.7) follow.
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The bound (3.8) on the number of steps of the Markov chain follows from the
lower bound on conductance (3.7) and the conductance theorem of [36] restated
in equation (3.6). The remaining results in Theorem 2 follow by invoking the CLT
conditions. [

3.2.4. The case of the Gaussian random walk. In order to provide a concrete
example of our complexity bounds, we consider the canonical random walk in-
duced by a Gaussian distribution. Such a random walk is completely characterized
by an initial point ug, a fixed standard deviation o > 0 and its one-step move.
The latter is defined by the procedure of drawing a point y from a Gaussian dis-
tribution centered at the current point u with covariance matrix o2/ and then, if
y € K, moving to y with probability min{ f (y)/f («), 1} = min{£(y)/£(u), 1}, and
otherwise staying at u.

We start with the following auxiliary result.

LEMMA 3. Leta:R" — R be a function such that Ina is Lipschitz with con-
stant L over a compact set K . Then, for every u € K and r > 0,

inf > e L7,
yeB(lﬂr)ﬂK[a(y)/a(u)] >e

Given the ball K = B(0, || K||), we can bound the Lipschitz constant of the
function —A'JA/2 by

(3.11) L = sup [|JA|| = Amax[| K-
rekK

We define the parameter o of the Gaussian random walk as

(3.12) a:min{#,m}.
4/dL 120d
Using (3.11) and that | K| > +/d/Amin, it follows that
1
(3.13)

o> )
1200max V|| K ||

In order to apply Theorem 2 we rely on o being defined in (3.12) as a function
of the relevant theoretical quantities. More practical choices of the parameter, as
in Robert and Rosenthal [43] and Gelman, Roberts and Gilks [17], suggest that we
tune the parameter to ensure a particular average acceptance rate for the steps of the
Markov chain. These cases are exactly the cases covered by our (theoretical) choice
of o (of course, different constant acceptance rates lead to different constants in the
proof of the theorem). Moreover, a different choice of covariance matrix for the
auxiliary Gaussian distribution can lead to improvements in practice but, under
the assumptions on the matrix J, does not affect the overall dependence on the
dimension d, which is our focus here.
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Next we verify conditions D.1 and D.2 for the Gaussian random walk. Although
this approach follows that in Lovasz and Vempala [37-39], there are two important
differences which call for a new proof. First, we no longer rely on the log-concavity
of f. Second, we use a different random walk.

LEMMA 4. Let u,v € K := B(0, |K|), suppose that o < mln{4fL, llzlf)ﬂl}

and ||u — v|| < %, where L is the Lipschitz constant specified in equation (3.11).
Under conditions C.1-C.2, we have for 8 = e~2@+e2llKI3/2) thay

B
”Pu_Pv”TVSl_—-
3e

COMMENT 3.1. Therefore, the Gaussian random walk satisfies condition D.1
with
(3.14) =L and n,=C.
3e 8

Under the CLT framework, that is, conditions C.1, C.2 and C.3, we have that ¢,
and A, as defined in (3.14) satisfy condition D.2 with

1/hy=0,(d) and 1/c, = 0,(1),

and Anpin bounded away from zero.
By applying Theorem 2 to the Gaussian random walk, the conductance bound
(3.7) becomes

1/¢p = O(Amaxd 2(El+€2||K|J/2)) = 0,(d)

min

and the bound on the number of steps N, in (3.8) becomes

(3.15) 0,(d*In(M/¢)).

Next we discuss and bound the dependence on M, the “distance” of the initial
distribution Qg from the stationary distribution Q as defined in (3.5). A natural
candidate for a starting distribution Qg is the one-step distribution conditional on
a proper move from an arbitrary point u € K. Thus,

L (F gl
or=p;" [ mm{if(u)q i 1}q(x|u>dx,

where

f @ wlx)
u = m _ d
pu= i {f(u)q( ) ot ds

is the probability of a proper move, namely the move to x € K, x # u, after one
step of the chain from u € K. We emphasize that, in general, such choice of Qg
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could lead to values of M that are arbitrarily. In fact, this could happen even in
the case of the stationary density being a uniform distribution on a convex set (see
Lovasz and Vempala [39]). However, this is not the case under the CLT framework
as shown by the following lemma.

LEMMA 5. Suppose conditions C.1 and C.2 hold, then for B =

e~2 +alKI3/2) e have that with a probability p, > B/(3e) the random walk
makes a proper move. Moreover, let u € K and Qg be the associated one-step
distribution conditional on performing a proper move starting from u, then Qg is
M -warm with respect to Q, where

InM = O(dIn(IK|) + K7 + e + el K[3).
Under conditions €] = 0,(1), &|K|l; =0,(1) and | K| ; = O (+/d) we have
InM = 0,(dInd) and p,>1/Q3e)+o0,(1).

COMMENT 3.2 (Overall complexity for Gaussian walk). The combination of
this result with relation (3.15), which was derived from Theorem 2, yields the
overall (burn-in plus post burn-in) running time

0,(d’Ind).

4. The complexity of Monte Carlo integration. This section considers our
second task of interest—that of computing a high dimensional integral of a
bounded real valued function g:

@.1) o= [ sra0@).

Theorem 2 showed that the CLT conditions provide enough structure to bound the
conductance of the Markov chain associated with a particular random walk. Below
we also show how the conductance and CLT-based bounds on conductance impact
the computational complexity of calculating (4.1) via standard schemes (long run,
multiple runs and subsampling). These new characterizations complement the pre-
vious well-known characterizations of the error in estimating (4.1) in terms of the
covariance functions of the underlying chain (Geyer [19], Casella and Roberts [9]
and Fishman [15]).

In what follows, a random variable A’ is distributed according to Q;, the proba-
bility measure obtained after iterating the chain ¢ times, beginning from a starting
measure Q. The chain A/, 1 =0, 1, ... has the stationary distribution Q. Accord-
ingly, a standard estimate of (4.1), called the long-run (Ir) average, takes the form

B+N

4.2) flg=— Y. 8O,
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discarding the first B draws and the burn-in sample, and using subsequent N draws
of the Markov chain.

The dependent nature of the chain increases the number of post-burn-in draws N
needed to achieve a desired precision compared to the infeasible case of indepen-
dent draws from Q. It turns out that, as in the preceding analysis, the conductance
of the Markov chain is crucial for determining the appropriate N.

The starting point of our analysis is a central limit theorem for reversible
Markov chains due to Kipnis and Varadhan [31]. Consider a reversible Markov
chain on K with a stationary distribution Q. The lag k autocovariance of the sta-
tionary time series g(A/),i = 1,2, ..., obtained by starting the Markov chain with
the stationary distribution Q is defined as

vk = Covg(g(Ah), gL Thy).

Then, for a stationary, irreducible and reversible Markov chain,

400
(4.3) NE[(fg — 1> o= Y n

k=—00

almost surely. If ag is finite, then
(4.4) VN (g — 11g) — N, ol).

In our case, yyp is finite since g is bounded. Let us recall a result, due to Lovisz
and Simonovits [36], which states that 65? can be bounded using the global con-
ductance ¢ of a stationary, irreducible and reversible Markov chain: Let g be a
square integrable function with respect to the stationary measure Q, then

24 K] 4
(4.5) Iyl < <1—¢7> yo and ang)/o(@)-

We will use these conductance-based bounds to obtain bounds on the complexity
of integration under the CLT conditions.

There exist other methods for constructing the sequence of draws in construct-
ing estimators of the type (4.2) (see Geyer [19] for a detailed discussion). In ad-
dition to the long run (Ir) method, we also consider the subsample (ss) and multi-
start (ms) methods. Denote the number of post burn-in draws corresponding to
each method as N, Ngg and N,5. As mentioned above, the long run method con-
sists of generating the first point using the starting distribution Q¢ and, after the
burn-in period, selecting the &V, subsequent points to compute the sample average.
The subsample method also uses only one sample path, but the N;; draws used in
the sample average are spaced out by S steps of the chain. Finally, the multi-start
method uses N, different sample paths, initializing each one independently from
the starting probability distribution Qg and picking the last draw in each sample
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path after the burn-in period to compute the average. Thus, all estimators discussed
above take the form

N
Zg()\‘l B

with the underlying sequence A2, 2>8 ... AN-B produced as follows:

o forlr, "5 =2"*5 where B is the burn-in period;
e for ss, )J*.B = AI5+B_where S is the number of draws being skipped;
o for ms, A2 are i.i.d. draws from 03, that is, AB ~ 2B for every i.

There is a final issue that must be addressed. Both the central limit theorem
of [31], restated in equations (4.3) and (4.4) and the conductance-based bound of
[36] on covariances restated in equation (4.5) require that the initial point be drawn
from the stationary distribution Q. However, we are starting the chain from some
other distribution Qg, and in order to apply these results we need first to run the
chain for sufficiently many steps B, to bring the distribution of the draws Q g close
to Q in total variation metric. This is what we call the burn-in period. However,
even after the burn-in period there is still a discrepancy between Q and Q g, which
should be taken into account. But once Q p is close to Q, we can use the results on
complexity of integration where sampling starts with Q to bound the complexity
of integration where sampling starts with Qp, where the bound depends on the
discrepancy between Qp and Q. Thus, our computational complexity calculations
take into account all of the following three facts: (i) we are starting with a dis-
tribution Qg that is M-warm with respect to Q, (ii) from Q¢ we are making B
steps with the chain in the burn-in period to obtain Qp such that ||Qp — Q|lTv
is sufficiently small, and (iii) we are only using draws after the burn-in period to
approximate the integral.

We use the mean-square error as the measure of closeness for a consistent esti-
mator as follows:

MSE(fig) = E[(fig — 11¢)*].
THEOREM 3 (Complexity of integration). Let Qo be M-warm with respect
to Q, and let g := sup, cx |g(X)|. In order to obtain
MSE(jig) < &

it is sufficient to use the following lengths of the burn-in sample, B, and post-burn-
in samples, Ni;, Nys, Nis:

(3

6 2
1 ( VO>’ Nms:ﬂ~
¢ 3¢

and
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TABLE 1
Burn-in and post burn-in bounds on the complexity of integration of a bounded function
via conductance

Method Quantities Complexity

52
Long run B+ Ny, l(l (M))‘F L(M)
Subsample B+ Nis - S > (ln(24fg )+ 2(*”0 In(220))
Multi-start B X Ny po (ln(24\/_g ) X %

The overall complexities of the Ir, ss and ms methods are thus B + Ny, B + SNg;
and B X Ny;.

For convenience, Table 1 tabulates the bounds for the three different schemes.
Note that the dependence on M and g is only via log terms. Although the opti-
mal choice of the method depends on the particular values of the constants, when
€ \{ 0, the long-run algorithm has the smallest (best) bound, while the multi-
start algorithm has the largest (worst) bound on the number of iterations. Table
2 presents the computational complexities implied by the CLT conditions, namely

IKIl;=0(d), e =o0,(1) and e|K|3=0,(1),

and the Gaussian random walk studied in Section 3.2.4. The table assumes yp and g
are constant, though it is straightforward to tabulate the results for the case, where
1o and g grow at polynomial speed with d. Finally, note that the bounds apply
under a slightly weaker condition than the CLT requires, namely that €; = O, (1)
and &2||K ||3 = 0, (1).

5. Applications. In this section, we verify that the CLT conditions and the
analysis apply to a variety of statistical problems. In particular, we focus on the
MCMC estimator (1.3) as an alternative to M- and Z-estimators. Here our goal is

TABLE 2
Burn-in and post burn-in bounds on the complexity of integration of a bounded function using the
Gaussian random walk under the CLT framework with | K || ; = O(V/d), €] = op(1),

ellK|3 =0p(1) and g = 0(1)

Method Burn-in complexity Post-burn-in complexity
Long run 0,,(d3lnd-lns_l) —|—0p(d2~5_1)
Subsample 0,(d3Ind -ne™1) +0pd?-e7! el

Multi-start 01,(d3 lnd~ln57]) X OP(afl)
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to derive the high-level conditions C1-C3 from appropriate primitive conditions,
and thus show the efficient computational complexity of the MCMC estimator.

5.1. M-estimation. 'We present two examples in M -estimation. We begin with
the canonical log-concave cases within the exponential family. Then we drop the
concavity and smoothness assumptions to illustrate the full applicability of the
approach developed in this paper.

5.1.1. Exponential family. Exponential families play a very important role
in statistical estimation (cf. Lehmann and Casella [33]), especially in high-
dimensional contexts (see Portnoy [41], Ghosal [20] and Stone et al. [46]). For
example, the high-dimensional situations arise in modern data sets in technomet-
ric and econometric applications. Moreover, exponential families have excellent
approximation properties and are useful for approximation of densities that are not
necessarily of the exponential form (see Stone et al. [46]).

We base our discussion on the asymptotic analysis of Ghosal [20]. In order to
simplify the exposition, we invoke the more canonical conditions similar to those
given in Portnoy [41]. Moreover, we assume that these conditions, numbered E.1
to E.4, hold uniformly in the sample size n.

E.1 Let Xy,..., X, be i.i.d observations from a d-dimensional canonical expo-
nential family with density

h(x;0) =exp(x'0 — ¥ (0)),

where 6 € © is an open subset of R?, and d — 0o as n — o0o. Fix a sequence
of parameter points 6y € ®. Set u = ' (0p) and J = " (6p), the mean and
covariance of the observations, respectively. Following Portnoy [41], we im-
plicitly re-parameterize the problem, so that the Fisher information matrix
J=1.

For a given prior 7w on ®, the posterior density of 8 over ® conditioned on the
data takes the form

mn(0) x(0) - [ [ h(Xi:0) =7 (6) - exp(nX'0 — ny (9)),
i=1

where X = Y7, Xi/n is the empirical mean of the data.
We associate every point 6 in the parameter space ® with a local parameter
rEA=n(®—0)—s, where

A =/n(0 —6o) —s,

and s = \/n(X — ) is a first-order approximation to the normalized maximum like-
lihood and extremum estimate. By design, we have that E[s] =0 and E[ss'] = I,;.
Moreover, by Chebyshev’s inequality, the norm of s can be bounded in probability,
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sl = Op (Vd). Finally, the posterior density of A over A = /n(® — 6y) — s is

given by f(}) = L\ﬁ%’ where

A+s

L) = exp(f(/\/ﬁk - nlﬁ(@o + 7) + ’””(‘90 + %))

(9 . A +s) / <9 4 s )

X 7T — | /7 — ).

0 Jn 0 N

We impose the following regularity conditions (following Ghosal [20] and Port-
noy [41]):

(5.1)

E.2 Consider the following quantities associated with higher moments in a neigh-
borhood of the true parameter 6y, uniformly in n:

Bin(c) :=sup{Eq|n'(x;i — pw)I>:n € 89,116 — 6p||* < cd/n},
0,n

Bou(c) :=sup{Eq|n' (x;i — w)[*:n € 89,116 — 6p||* < cd/n},
0,n

where §9 = {n e Rd:||n|| = 1}. There are p > 0 and cg > 0 such that
B, (c) < co+ cP and By, (c) < cg + cP, for all ¢ > 0 and all n.

E.3 The prior density 7 is proper and satisfies a positivity requirement at the true
parameter

sup In[7 (0) /7 (60)] = O(d),

0ec®
where 6 is the true parameter. Moreover, the prior 7 also satisfies the local
Lipschitz condition

lIn7 () —In7 (00)| < V(c)V/d||0 — boll,

for all 6 such that ||6 — 60||2 < cd/n and some V (¢) such that V(¢) < co+c?,
with the latter holding for all ¢ > 0.
E.4 The parameter dimension d grows at the rate such that d3/n — 0.

Condition E.2 strengthens an analogous condition of Ghosal [20] and implies
an analogous assumption by Portnoy [41]. Condition E.3 is similar to the condition
on the prior in Ghosal [20]. For further discussion of this condition, see [4]. Con-
dition E.4 states that the parameter dimension should not grow too quickly relative
to the sample size.

THEOREM 4. Conditions E.1-E.4 imply conditions C.1-C.3, with ||K| =
C\/c_lforsome C>1.
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COMMENT 5.1. Combining Theorems 1 and 4, we have the asymptotic nor-
mality of the posterior,

fA £ 0D — Ol dA = 0,(1).

Furthermore, we can apply Theorem 2 to the posterior density f to bound the
convergence time (number of steps) of the Metropolis walk needed to obtain a
draw from f (with a fixed level of accuracy). The convergence time is at most

0,(d%
after the burn-in period; together with the burn-in, the convergence time is
0,(d*Ind).

Finally, the integration bounds stated in the previous section also apply to the pos-
terior f.

5.1.2. Curved exponential family. Next, we consider the case of a d-dimen-
sional curved exponential family. The curved family is general enough to allow
for nonconcavities and even nonsmoothness in the log-likelihood function, which
the canonical exponential family did not allow for. We assume that the following
conditions, numbered as NE.1 to NE.4, hold uniformly in the sample size n, in
addition to the previous conditions E.1 to E.4.

NE.1 Let X, ..., X, bei.i.d observations from a d-dimensional curved exponen-
tial family with density

h(x; 0) =exp(x'0(n) — ¥ (O (n)).

The parameter of interest is n, whose true value 7 lies in the interior of a
convex compact set ¥ C R%. The true value of 6, induced by 7 is given
by 6o = 6(179). The mapping 1 — () takes values from R4 to R¢ where
c-d <dj) <d, for some ¢ > 0. Finally, d — 0o as n — 0.

NE.2 True value 19 is the unique solution to the system 6(n) = 6y, and we have
that ||6(n) — 8(no) || = €olln — nol|, for some €y > 0 and all n € W.

Thus, the parameter 6 corresponds to a high-dimensional linear parametriza-
tion of the log-density, and 1 describes the lower-dimensional parametrization of
the log-density. There are many classical examples of curved exponential families
(see, e.g., Efron [14], Lehmann and Casella [33] and Bandorff-Nielsen [3]). An
example of the condition that puts a curved structure onto an exponential family is
a moment restriction of the type

/m(x, a)h(x,0)dx =0.

This condition restricts 6 to lie on a curve that can be parameterized as {#(n), n €
W}, where the parameter = (c, 8) contains the component o as well as other
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components B. In econometric applications, moment restrictions often represent
Euler equations that result from the data x being an outcome of an optimization by
rational decision-makers (see, e.g., Hansen and Singleton [21], Chamberlain [10],
Imbens [25] and Donald, Imbens and Newey [13]). Thus, the curved exponential
framework is a fundamental complement of the exponential framework, at least in
certain fields of data analysis.

We require the following additional regularity conditions on the mapping 6 (-).

NE.3 For every «, and uniformly in y € B(0, k+/d), there exists a linear operator
G :R% — RY such that G’G has eigenvalues bounded from above and away
from zero, uniformly in n, and for every n

V(0o +y/v/n) —0mo)) =rin + (Ia + Ran) Gy,
where |71, < 81, [|R2n|l < 821> 814v/d — 0 and 82,d — 0.

Thus, the mapping n — 6(n) is allowed to be nonlinear and discontinuous. For
example, the additional condition of 81, = 0 implies the continuity of the mapping
in a neighborhood of 79. More generally, condition NE.3 does impose that the map
admits an approximate linearization in the neighborhood of 719, whose quality is
controlled by the errors &1, and §,. An example of a kind of map allowed in this
framework is given in Figure 2.

Given a prior w on ®, the posterior of n, given the data, is denoted by

n
() (@) - [[h(Xi: n) =7 @) - exp(nX'0(n) — nr (O(n))).
i=1
In this framework, we also define the local parameters to describe contiguous de-
viations from the true parameter as

y=n—mn)—s, s=(GG)'G'Vn@E—p),

3

FIG. 2. This figure illustrates the mapping 0(-). The (discontinuous) solid line is the mapping while
the dash line represents the linear map induced by G. The dash-dot line represents the deviation band
controlled by ry,, and Ry,.
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where s is a first-order approximation to the normalized maximum likelihood and
extremum estimate. Further, we have that E[s] =0, E[ss'] = (G'G)~! and ||s| =
0,,(\/6_1). The posterior density of y over I', where I' = \/n(W —no) —s,1is f(y) =

L(y)
Jrty)dy’

Uy) = exp(:«)’(/(e(no + y—jﬁs) - 9(770 + %)))
52 me(con(o(r ) (o 22))
(o4 ZE2)) n (oo + ).

The condition on the prior is the following.

where

NE.4 The prior () o w(6(n)), where 7 (0) satisfies condition E.3.

THEOREM 5. Conditions E.1-E.4 and NE.1-NE.4 imply conditions C.1-C.3
with || K || = Cy/d/Anin for some C > 1, where \piy is the minimal eigenvalue of
J=G'G.

COMMENT 5.2. Theorems 1 and 5 imply the asymptotic normality of the pos-
terior,

/F|f(y>—¢(y>|dy=op<1>,

where

1 1
o) = exp(—57'(G' Gy ).
2m)4/2 det (G'G)~1)'/? 2
Theorem 2 implies further that the main results of the paper on the polynomial
time sampling and integration apply to this curved exponential family.

5.2. Z-estimation. Nextwe turn to the Z-estimation problem, where our basic
setup closely follows the setup in, for example, He and Shao [22]. We make the
following assumption that characterizes the setting. As in the rest of the paper, the
dimension of the parameter space d and other quantities will depend on the sample
size n.

ZE.0 Thedata X1, ..., X, arei.i.d, and there exists a vector-valued moment func-
tion m : X x RY — RY! guch that

E[m(X,0)] =0 at the true parameter 6 =6y € ©,, C B(6y, T,) C RY.

Both the dimension of the moment function d; and the dimension of the
parameter d grow with the sample size n, and we restrict that cd] <d < d
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for some constant c. The parameter space ®, is an open convex set contained
in the ball B(6y, T,;) of radius 7,, where the radius 7;, can grow with the
sample size n.

The normalized empirical moment function takes the form

S,(0) = me(XZ,G)

The Z-estimator for 6y is defined as the minimizer of the norm |.S,(0)|. How-
ever, in many applications of interests, the lack of continuity or smoothness of the
empirical moments S, (f) can pose serious computational challenges to obtaining
the minimizer. As argued in the introduction, in such cases the MCMC method-
ology could be particularly appealing for obtaining the quasi-posterior means and
medians as computationally tractable alternatives to the Z-estimator based on min-
imization.

We then make the following variance and smoothness assumptions on the mo-
ment functions in addition to the basic condition ZE.O.

ZE.l Let S = {n e R : In]l = 1} denote the unit sphere. The variance of
the moment function is bounded, namely SUp, ¢ ¢y E[(f'm(X, 0p))?*] =
O(1). The moment functions have the following continuity property:
sup, csa1 (EL(7'(m(X, 0) — m(X, 60)))* )"/ < 0(1) - |0 — fol|*, uniformly
in 0 € ®,, where o € (0, 1] and is bounded away from zero, uniformly in .
Moreover, the family of functions F = {n'(m(X,0) —m(X,6p)):0 € ©, C
R?, 5 € §9} is not very complex, namely the uniform covering entropy
of ¥ is of the same order as the uniform covering entropy of a Vapnik—
Chervonenkis (VC) class of functions with VC dimension of order O (d),
and F has an envelope F a.s. bounded by M = O(+/d).

The smoothness assumption covers moment function both in the smooth case,
where o = 1, and the nonsmooth case, where o < 1. For example, in the classical
mean regression problem, we have the smooth case « = 1 and in the quantile re-
gression problems mentioned in the introduction, we have a nonsmooth case, with
o = 1/2. The condition on the function class ¥ is standard in statistical estimation
and, in particular, holds for # formed as VC classes or certain stable transforma-
tions of VC classes (see van der Vaart and Wellner [50]). We use the entropy in
conjunction with the maximal inequalities similar to those developed in He and
Shao [22]. The condition on the envelope is standard, but it can be replaced by an
alternative condition on SUp fe g n1 i f 4 (see, e.g., He and Shao [22]) which
can weaken the assumptions on the envelope.

Next, we make the following additional smoothness and identification assump-
tions uniformly in the sample size n.
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ZE.2 The mapping 6 +— E[m(X,0)] is continuously twice differentiable with
I sup, e 52 VG EIm(X,0)][n, nl|| bounded by O(+/d) uniformly in 6, uni-
formly in n. The eigenvalues of A’A, where A = VE[m(X, 6p)] is the Jaco-
bian matrix, are bounded above and away from zero uniformly in n. Finally,
there exist positive numbers  and § such that, uniformly in n, the following
identification condition holds

(5.3) IEIm (X, )]l = (Villo — 6ol A 8).

This condition requires the population moments E[m (X, 8)] to be approximately
linear in the parameter 6 near the true parameter value 6y, and also ensures identi-
fiability of the true parameter value 6.

Finally, we impose the following restrictions on the parameter dimension d and
the radius of the parameter space 7,.

ZE.3 The following condition holds: (a) d*log?n/n — 0, (b) d*>T®logn/n® — 0
and (c) dTnz"‘ logn/n — 0.

These conditions are reasonable. Indeed, if we set « = 1 and use radius 7, =
O(dlogn) for parameter space, then we require only that d*/n — 0, ignoring
logs, which is only slightly stronger than the condition d3/n — 0 needed in the
exponential family case. In the latter case, the information on higher-order mo-
ments lead to the weaker requirement. Also, an important difference here is that
we are using the flat prior in the Z-estimation framework, and this necessitates us
to restrict the radius of parameter space by 7;,. Note that even though the bounded
radius T, = O(1) is already plausible for many applications, we can allow for the
radius to grow, for example, 7, = O(d logn) when o = 1.

In order to state the formal results concerning the quasi-posterior, let us define
the quasi-posterior and related quantities. First, we define the criterion function as
0,(0) = —||S,(0)||* and treat it as a replacement for the log-likelihood. We will
use a flat prior over the parameter space ®, so that the quasi-posterior density of 6
over ® takes the form

exp{Qn(0)}
Joexp{Qn(0")}d0"

We associate every point 6 in the parameter space ® with a local parameter
reA=.n(® —0) —s,where . = /n(@ —6y) —s,and s = —(A’A) "' A’S, (6p)
is a first-order approximation to extremum estimate. We have that E[m (X, 6g) x
m(X, 6p)'] is bounded in the spectral norm, and (A’A)~!' A’ has a bounded norm,
so that the norm of s can be bounded in probability, ||s|| = O, («/3 ), by the Cheby-
shev inequality. Finally, the quasi-posterior density of A over A = /n(® —6p) — s
is given by

7 (0) =

Foy=tt/ /A ey di,
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where
€(A) =exp(Qn (60 + (A +5)/v/n) — Ou(B0 + s/:/n)).

THEOREM 6. Conditions ZE.O-ZE.3 imply conditions C.1-C.3 with || K || =
C./d [ in for C > 1, where Ay is the minimal eigenvalue of J =2A’A.

COMMENT 5.3. Theorems 1 and 6 imply the asymptotic normality of the
quasi-posterior,

[ 157Gy =g @1dr=o, 0.
where
(L) ! ( 1)\/1,\)
=———>——>¢exp|l—= .
Q)2 det 7172 P\ 72
Theorem 2 implies further that the main results of the paper on the polynomial

time sampling and integration apply to the quasi-posterior density formulated for
the Z-estimation framework.

6. Conclusion. In this paper we study the implications of the statistical large
sample theory for computational complexity of Bayesian and quasi-Bayesian es-
timation carried out using a canonical Metropolis random walk. Our analysis per-
mits the parameter dimension of the problem to grow to infinity and allows the un-
derlying log-likelihood or extremum criterion function to be discontinuous and/or
nonconcave. We establish polynomial complexity by exploiting a central limit the-
orem framework which provides the structural restriction on the problem, namely,
that the posterior or quasi-posterior density approaches a normal density in large
samples.

We focused the analysis on (general) Metropolis random walks and provided
specific bounds for a canonical Gaussian random walk. Although it is widely used
for its simplicity, this canonical random walk is not the most sophisticated algo-
rithm available. Thus, in principle, further improvements could be obtained by
considering different kinds of algorithms, for example, the Langevin diffusion
[1, 42, 44, 47]. (Of course, the algorithm requires a smooth gradient of the log-
likelihood function, which rules out the nonsmooth and discontinuous cases em-
phasized here.) Another important research direction, as suggested by a referee,
could be to develop sampling and integration algorithms that most effectively ex-
ploit the proximity of the posterior to the normal distribution.
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APPENDIX A: PROOFS OF OTHER RESULTS

PROOF OF THEOREM 1. From C.1 it follows that

flf()»)—¢>()»)|d?»§/ If()»)—¢(k)|dk+/ (f ) + ) dar
A K K¢

- /K £ — ¢ di A+ 0p(1).

_ el detyH"”?
Now, denote C,, = T lwdo

il tewa=,

Combining the expansion in C.2 with conditions imposed in C.3,

and write

C, -exp(lnﬁ(k) — (—%A’JA)) — l’qb(k) dh.

A) "I —
A’m_1’¢(x)dkgfl<|cn-exp(61+€2)» JA) —1p(r)dr

+/ |Cp, - exp(—e] — A/ JA) — 1| (L) dA
K

< 2[ |Cy - 2D — 1] (1) dr
K
<2|Cpe?r™ 1.

The proof then follows by showing that C;, — , 1. Using condition C.1 on the set
K = B(0, |K]) and C.2,
—1/2) Tk ,—€1—€2/2( T 1)
Jx () dx / >fKe e / dx
(14o0() [ e VI hdp = (1+0(1)) [ e /2XIrdn
e

B —€1 det(J)
T (140()\ det(J +e2J)

X fK 8_1/2A/(J+621))»/[(2n)d/2 det((J + 62.])_1)1/2] dx
fK e—l/ZA/JA/[(zn)d/Z det(]‘l)l/z] dn

=

1
Cn

Since €3 < 1/2, we can define W ~ N (0, (1 +62)_1J_1) and V ~ N (O, J‘l), and
we rewrite our bound as

1 e ( I )d/2P<||W||s||K||>
Co ~ (o) \l+e/ PVI=IKI)

e~ €l 1 dj/2
>
_(1+0(1))<1+62> ’
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where the last inequality follows from P(|W| < |K|)) > P(|/1+eW]| <
IKI) =PIV <[KID. Likewise,

d/2
Lo KB 1y
Cn = [xe /2 Than — 1—e

Therefore C, — ) 1 since € —, 0 and €2 -d —, 0 (cf. Comment 2.1). [

PROOF OF LEMMA 1. The result follows immediately from equa-
tions (2.4)—(2.5). O

2
PROOF OF LEMMA 2. Let M := ﬂ%. Take any measurable partition of

K =81 U8 U 83, with d(Sy, S2) > ¢. It suffices to prove that

/(Mlgi () — Ls,(0)) f()dx <0 fori=1ori=2.
We will prove this by contradiction. Suppose that

/(Mlgi () — Ls,(0)) f(x)dx >0 fori=1andi=2.

We will use the Localization Lemma of Kannan, Lovasz and Simonovits [29] in
order to reduce a high-dimensional integral to a low-dimensional integral. [

LEMMA 6 (Localization lemma). Let g and h be two lower semi-continuous
Lebesgue integrable functions on R¢ such that

/g(x)dX>0 and fh(x)dx>0.
R4 R4

Then, there exist two points a and b € R? and a linear function 7 :[0,1] — R
such that

1 1
f 797N 0g((1 —ta +1tb)dt >0  and / 7Y OR(A = ta + ) dr > 0,
0 0
where ([a, b], ) is said to form a needle.

PROOF. See Kannan, Lovasz and Simonovits [29].
By the Localization Lemma, there exists a needle (a, b, ) such that

1
fo PN F((1 = Da +16) (M 15, (1 = Da +1b) — 15,((1 — Da + b)) du > 0,

for i =1, 2. Equivalently, using y (u) = y(u/||b — al|) and v := (b — a)/||b — a],
where ||b — a|| > t, and rearranging, we have, fori =1, 2,

lb—all
M/ v w) f (a + uv)ls, (a + uv) du
(A1) 0
lb—all
>/O Y u) 15y (a + uv) f(a + uv) du.
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In order for the left-hand side of (A.1) to be positive for i = 1 and i = 2, the
line segment [a, b] must contain points in S7 and S,. Since d(S1, S2) > ¢, we have
that S3 N [a, b] contains an interval [w, w 4 t] whose length is at least . Thus, we
can partition the line segment [a, b] into [0, w) U [w, w + ] U (w + ¢, ||b — all].
We will prove that, for every w e R suchthat 0 <w <w +¢ < ||b —a,

/wﬂ v w) f(a + uv)du > Mmin{/ow vy w) f(a + uv) du,

(A-2) llb—all
[y +uv>du},

wt
which contradicts the relation (A.1) and proves the lemma.

First, note that f(a + uv) = eI+l (g 4wy = e A (g - ),
where r; :=2a’v and ry := —||a||2. Next, recall that m(a + uv)yd_l(u) is still a
unidimensional log-B-concave function on u. By Lemma 9 presented in Appen-
dix B, there exists a unidimensional logconcave function /7 such that Smi(u) <
m(a + uv)ydfl(u) < m(u) for every u. Moreover, there exists numbers so and
s1 such that 7i(w) = spe’™ and i (w + 1) = spe’! @) Due to the log-concavity
of /i, this implies that

m(u) > spe’™ foru e (w,w+1) and mu) <sge’” otherwise.

Thus, if we replace m (a + uv)y?~!(u) by spe*'* on the right-hand side of (A.2)
and replace m(a + uv)y?~!(u) by Bsoe’'™ on the left-hand side of (A.2), and
define 71 = r; + 51 and 7y := ro + In sg, we obtain the relation

w+t 2~ - ) w 2~ lb—al|
ﬁ/ e WO gy > Mmln{/ e W HTIUATO du,/
w 0

— 124y
e u“+riu-+rg du}.
w—+t

This relation is stronger than (A.2) and thus implies (A.2). This relation is equiva-
lent to

5 / U R D AT g,
w
(A3) > M min{ / Y R gy
0

/”b_“” o =T/ DR /4 g, }
wtt
Now, cancel the term "0+71/4 on both sides and, since we want the inequality (A.3)
holding for any w, (A.3) is implied by

w+t o, 2te_t2/4 . w5 o 5
(A4) / e " du> mln{/ e du,/ e du}
w ﬁ —00 w+t

holding for any w. This inequality is Lemma 2.2 in Kannan and Li [28]. O
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. . - 1/2
PROOF OF COROLLARY 1. Consider the change of variables ¥ = £ ﬁx and

S = LJ;? Then, in X coordinates, f(X) = e)”m(\/ij_l/z)?) satisfies the assump-

tion of Lemma 2 and d(S1, S) > t—vj_‘znm The result follows by applying Lemma 2
with X coordinates. [

PROOF OF LEMMA 3. The result is immediate from the stated assumptions.
O

PROOF OF THEOREM 2. See Section 3.2. O

PROOF OF LEMMA 4. Define K := B(0, R), so that R is the radius of K;

also let r := 4/do (where 02 < i 6(} 2 ), and let g (x|u) denote the normal density

function centered at u with covariance matrix o>/. We use the following notation:
B, =B(u,r), B, =B(v,r) and A, , = B, N B, N K. By definition of r, we have
that [p g(xlu)dx = [p q(x|v)dx > 1 = P{{U| >4} > 1 — 1/10*, where U ~
N(,1).

Define the direction w = (v —u)/||v —ul|. Let Hy = {x € B,NBy:w'(x —u) >
lv—ull/2}, Hy={x € B, N By:w'(x —u) < ||[v — u|/2}. Consider the one-step
distributions from u# and v. We first observe in view of Lemmas 1 and 3, that
infyep(y.r) f(x)/f(y) > Be L. Then, we have that

|Py— Pyllty <1 — / min{d Py, dP) <1— [ min{dP,.dP,)
K Auv
=1 —/ min{q(xlu)min{&, 1},
Au,v f(u)

q(x|v)min{%, 1”dx

<1 —ﬂe’L’/A min{q (xu), ¢ (x]v)) dx

1 — —Lr( )’
< Be /HmK q(x|lu)dx + /HZHK q(x|v)dx

where ||[u — v|| < o/8. Next we will bound from below the last sum of integrals
for an arbitrary u € K.

We first bound the integrals over the possibly larger sets, respectively Hj
and Hj. Let h denote the density function of a univariate random variable dis-
tributed as N(0,c2). It is easy to see that h(t) = fw/(x_u):tq(xlu)dx, that
is, h is the marginal density of ¢(-|u) along the direction w up to a transla-
tion. Let Hy = {x:—|ju — v||/2 < w'(x — u) < ||lv — u||/2}. Note that B, C
Hy U (Hy — ||lu — v]||lw) U H3, where the union is disjoint. Armed with these obser-
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vations, we have

/q(x|u>dx+f q<x|v>dx=/ g (xlu) dix + q(xlu) dx
H; Hy H;

Hy—|lu—vljw

z/Buq<x|u)dx—fH3q(x|u>dx

lu—vll/2
=/ q(xlu)dx—f h(t)dt
By

—llu—vll/2

1 /uu—vu/z o—12/207

A5 >1 - — dt
(A-5) - 104 Joju—vi2 V270
>1 ! I [ !
———llu—v
- 104 2mo
1 1
100 82w
9
> PN
— 10

where we used ||u — v|| < /8 by the hypothesis of the lemma.

In order to take the support K into account, we can assume that u, v € 9K, that
is, |lu]l = ||lv]l = R (otherwise the integral will be larger). Let z = (v 4+ u)/2 and
define the half space H, = {x:z'x < 7'z} whose boundary passes through u and v.
(Using ||u|| = |lv|| = R, it follows that v = 7'u = 7'z/2).

By the symmetry of the normal density, we have

[ aewdi=1 [ gt
H\NH, H

Although HiNH, does not lie in K in general, simple arithmetic shows that H; N

(H: — 15 €
R
Using that fH N\(Hoer22)(R|)2 )y 4 X |10) = o i h(t)dt, we have
[ atxwax= [ g (x|u) dx
HiNK HiN(Ho—r22/(R]2])

2

r“/R
2/ q(xlu)dx—/ h(t)dt
H\NH, 0

2
ndeed, take ye HHN(H;, — R ||Z||) We can write y = HzH (Ilzll) + s, where ||s|| < r [since
ly — H(H)” <ly- ZII ly — 42 < 2||y —ull + zlly — vl <r] and s is also orthogonal

to z. Since y € (H; — ), we have MR A Izl — 2 < R — > Therefore Iyl =
< M ann Tzl =Tz — R =W = F = R Y=

r2
(ED2+1IsI2 < (R — B2 4r2= R —r2(1- L) <R
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r2/R g=1*/20°

dt
«/ o
1

fro

30\/_ since r = 4/do and" 120d'
By symmetry, the same inequality holds when u and H; are replaced by v
and Hj, respectively. Adding these inequalities and using (A.5), we have

A6) (f ( )d+f (|>d) LA S
(A. quxlu X q(x|v x_20 ISJE_/

Thus, we have

1
=5 [, atwdx - |
/q(x|u)dx 4do ——

where we used that %

1Pu— Pyl <1— ge—“,

and the result follows since Lr < 1. O

PROOF OF LEMMA 5. We calculate the probability p of making a proper
move. We will use the notation defined in the Proof of Lemma 4. Let u be an
arbitrary point in K. We have that

pu= [min] Z0 gt vz et [ etz pet,

K f(u) BuNK 3
where we used that infyep(y, ) f(X)/f(y) > Be Lr by Lemmas 1 and 3 and the
bound (A.6) for the case that u = v so that B, = H; U Hj. Since Lr < 1, we
conclude that p, > 8/3e.

We then note that, for Q(A) > 0, the ratio Qg(A)/Q(A) is bounded above
by sup,cx dQo(x)/dQ(x); dQop(x)/dx is bounded above by pu_le_“x”z/zg2
Qro?)~/2 < pu_1 - 2mo?)~4/2; and dQ(x)/dx is bounded over x € K be-
low by (27)~9/2det(J1/2)e= 12X 1% g1/2 > (2)=d/2) U2~ 1/2IK1G 172 where
B = e~2eFealKI/2), Thus, we can bound

Qo(4) < prlodn dI21/20K 1] g =172
AcA: Q(A)>0 oA — min

d 2
< 3¢[1207/ dAmax | K I| /v hmin] !/ K17 g =372
< 3[120”Kl|%]de361+2€2\|](||%+1 ’

where we used the bound on o given in (3.13) and the fact that || K || 7 > /Amin|| K ||
and | K |7 > v/d/*max/*min (cf. Comment 2.1).

The remaining results in the lemma follow by invoking the CLT conditions.
O
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PROOF OF THEOREM 3. We have, for A? denoting the random variable with
law Qp and A denoting the random variable with law Q, MSE(jig|X) denoting
the mean-square error E[(ilg — Mg)2|X ] conditional on the element A%8 drawn
according to X = A8 or X = A, the following:

d A
MSE(R,) = Eo, MSE(, ) = Eo [ MSE( 1 2o |

do®)
dQp(L

= EQ[MSE(iig|M]+ Eg [MSE(;’IgM)( dQQB(i)) — 1)]

dQp(A) 1”

dO()

= (0g n/N) +82°1Q5 — Qll1v.

where o, 18 N times the variance of the sample average when the Markov chain
starts from the stationary distribution Q. We also used the fact that || Qp — Q|lTv =
5[1dQp/dx —dQ/dx|dx.

The bound on o2 y Will depend on the particular scheme, as discussed below.
We begin by boundlng the burn-in period B.

We require that the second term in the bound for MSE (ZZg) be smaller than /3,
which is equivalent to imposing that | Op — Q||Tv < Using the conductance

< EQIMSE(; 1)) +48°Eo|

2

24 2432°
theorem of [36] restated in equation (3.6), since Qo is M -warm with respect to Q,

we require that
2 52
2 24/ Mg

M (1 _ ¢_> <VMe B¥ 2 < _°¢ B> 21 <7)

2 = 2432 o — ¢? .

Next, we bound crg2 ~- Specifically, we determine the number of post-burn-in
iterations Ny, Ngs or Ny, needed to set MSE(ji,) < €.

1. To bound Ny, note that o*gZ’ N= Vo%, where the last inequality follows from

the conductance-based covariance bound of [36] restated in equation (4.5). Thus,
N,=2% ¢6 and B set above suffice to obtain MSE(ji,) < ¢.

2. To bound N, we first must choose a spacing S to ensure that the autoco-
variances are sufficiently small. We start by bounding

¢2 S
ag,N§V0+2N|VS|§)/o+2NyO(1—7> ,

where we used the conductance-based covariance bound of [36] restated in equa-
tion (4.5) and A2 and A'*+1-8 are spaced by S steps of the chain. By choosing §

as
2\ S
(1—¢—) <SP o —1 <6y0)’
2/ - ~ 6y ~¢? €
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and using Ng; = iﬂ we obtain

_ 1 _
MSE(fig) < ~—(yo +2NsslysD + 832105 — QllTv

s

€ 3v0 € ) o &
<= 220, = — <.
—3yo(“’+ e V) T8

3. To bound N,,,, we observe, using that A8, i =1,2, ..., are i.i.d. across i,
that MSE(fi,) < Ny—;’v + ¢/3 < ¢ provided that N,,; > 2y9/(3¢). O

PROOF OF THEOREM 4. Given
K = B(0, [ K]), where | K||> = cd,

condition C.1 holds by an argument given in proof of Ghosal’s Lemma 4. Let

A(c) = %Bln(O) + %an (c). Our condition C.2 is satisfied by an argument
similar to that given in the proof of Ghosal’s Lemma 1 with

€1 = 0((OlsI?) = 0p(n(e)d) = 0p(@*?/n'?) = 0,(1) and
€2 = 00 (0)) = 0p(d?/n'/?) = 0, (1/d),
and our condition C.3 is satisfied since ;|| K ||3 =op,(1). O
COMMENT A.1. Ghosal [20] proves his results for the support set K' =
B(0, Cv/dlogd). His arguments actually go through for the support set K =

B(0, C+/d) due to the concentration of normal measure under d — oo asymp-
totics (see [4] for details).

PROOF OF THEOREM 5. Take K = B(0, |K|)), where |K|* = Cd; for
some C sufficiently large independent of d (see [4] for details). Let A,(c) =

,/%Bln(O) + %an (c). Then, condition C.1 is satisfied by the argument given
in the proof of Ghosal’s Lemma 4 and NE.3. Further, condition C.2 is satisfied by
the argument similar to that given in the proof of Ghosal’s Lemma 1 and by NE.3
with

€1 = 0, (810d"? + 82pd + 1 (C) (810d"? + 82,d"1* + d)) = 0,,(1),
€= 0, (C) = 0,(d"?/n'/?) = 0,(1/d),

and condition C.3 is satisfied since ;|| K ||?, =o0,(1). O

COMMENT A.2. For further details, see [4].
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PROOF OF THEOREM 6. We will first establish the following linear approxi-
mation for S, (@) in a neighborhood of 6y:

(A7) sup [15,(6) — Sp(B0) —n'/> A0 — 60)|| = 0,(d™ /),
60—6oll<Cvd/n

for any fixed constant C > 0. For notational convenience, let

80 (0) = Su(6) — S, (60) —n'/>A(6 — 6p),
(A.8)

Wi (0) = Sp(0) — Sn(60) — E[Sn(0) — Sn(60)].
Let £, = {n’(m(X,0) — m(X,00)):110 — 6|l < pn.n € s }. Under condi-
tion ZE.1, we apply the following maximal inequality adopted from He and Shao
[22] (see [5] for details) to an empirical process indexed by members of F;:

1/2
= Op<x/7,/logn( sup E[fz] +n_1VM210gn> )

feFa

Here, the multiplier /V arises as the order of the uniform covering entropy inte-
gral, where V is the VC dimension of a VC function class ¥, or an entropically
equivalent class ¥,. We assumed in ZE.1 that V = O(d). Also, M is the a.s. bound
on the envelope of %, assumed to be of order O(+/d). Finally, we assumed that
SUp e, (ELf 2= O(py ). Therefore, we have that uniformly in 6 € ©,,

Al W (0)]| = O, (y/dlogn([16 — 6011** +n~'dM*logn)'/?)
= 0,(y/dlogn||6 — 6||% +n~'2a3* 10gn).

Note that (A.10) and an expansion with an integral reminder around 6 — 6y
shows that uniformly in 6 € ®,,

18, | < [Wa (@)l + IVZELS,(E)] - [0 — 6o, 0 — o]l
= 0,(d"*10g!* n)|0 — 6o||* +n~12a%?1ogn)

+ 0,(Vdnl||o — 6?),

where £ lies between 6 and 6y and we used ZE.2 that imposes IV2E[S, &) -
¥, v1ll = O(/dn|ly||*). The condition (A.7) follows from the growth condi-
tion ZE.3(a).

Building upon (A.7), Lemmas 7 and 8 verify that conditions C.1-C.3 hold, prov-
ing Theorem 6. [J

LEMMA 7. Under conditions ZE.1-ZE.3, conditions C.2 and C.3 hold for
K = B(0, C/d), for any fixed constant C > 0.
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PROOF. Lets=—(A’A)"'A’S,(6p) bea first-order approximation for the ex-
tremum estimator. For 8 =6y + (s + A)/+/n and 6 =0y + s//n,
In€G) = =115 @)1 + 1. )
= —NA AL — |Ira||> = 2r) AL — 2] S, ()
=N A AL+ o0,(1),

where r,, = §,(0) — 3, (5) for 6,,(6) defined in (A.8). Indeed, using (A.7) we have
162 = 0,(d~"/?) and |16, (8) || = 0,(d~"/?) uniformly over A € K ; using (A.7)
we have ||S,(0) | = 0, (d"/?); and moreover, |A]| = O(d'/?), and ||s|| = O, (d"/?)
by Chebyshev inequality. Thus, conditions C.2 and C.3 follow with €; = 0,(1),
eo=0and J =24'A. [

LEMMA 8. Under the conditions ZE.1, ZE.2 and ZE.3 there exist a constant
C > 0 such that by setting K = B(0, C/d) we have Jxc EQ)dr =0, ([x €(1)dL)
and condition C.1 holds.

PROOF. For notational convenience, we conduct the proof in the original pa-
rameter space. Let 6 = 6y + s//n and & > 0 be any small positive constant. Since
Is] = Op(dl/z), there is a constant C such that |s|| < Cd'/2, with asymptotic
probability no smaller than 1 — ¢. Below, we replace the last phrase by “wp 1 —¢g.”

Now, since E[S,(6p)] =0, we have that

(A.11) Sn(0) = Wy (0) + S, (60) + E[Sn(0)],

where W, (0) is defined El (ALIO).
Next, define for C > C + C the sets

(A.12) K = B(f. Cy/d/n) €K = B(f, Cy/d/n),

where the inclusion holds wp 1 — ¢. Note that these sets are centered on different
points. We will show that, for a sufficiently large constant C,

[ xS @)1 d6 =0, ( [ exp-15,0)1%) as)
which implies the claim of the lemma.

Step 1. Relative bound on || S, (6o)||. Note that || S, (60)|l = O, (d'/?) by Cheby-
shev inequality. Using equation (5.3) of condition ZE.2, we have that

2 =~ 2 >
IELS. 1% = (Va(/ill6 — 6ol A8))” = (Cy/uvd)” V0 €K,
since |60 — 6| = CJd /n. Therefore, there exists C such that wpl—e¢
(A.13) NELS, )] = 5118, (@)l uniformly in 0 € Ke.
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Step 2. Relative bound on ||W,(0)]. Using equation (A.10), we have that, for
uniformly in 6 € ®, C B(0, T,,),

IW,(0)]| = O, (y/dlogn||6 — 6ol +n~2d3? logn).

Building on that, we will show that |W,(0)| = o, (Vn( A 10 — o)) uniformly
on 6 € K¢, and therefore

(A.14) IWn (@)l = o, (IE[Sn()]I) uniformly in 6 € K€.

For the case that § < |0 — 6p|| < T, it suffices to have /dlognTy +
n=12d3/21ogn = o(n'/?). On the other hand, for C/d/n < |60 — 6p|| < 6, it
suffices to have /dlogn||0 — 6o||¢ + n~2d*?logn = o(/n|6 — 6l)). In-
deed, /dlognllo — 6ol|* = (Vnllo — 6oll) if /dlogn = o(/n|l0 — 6pll'~*),
which is implied by /dTogn = o(/n(d/n)1=¥/%). Moreover, n~'/2d*/*logn =
o(Jnll6 —6l) if n=12d3/?1ogn = o(/n/d/n). All of the above conditions hold
under condition ZE.3.

Step 3. Lower bound on || S, (0)]]. We will show that

(A15)  [1Su@)I> = [ ELSy(0)] + Su(60) + Wu(®) > = SIELS. ()]

uniformly, for all 6 € K¢ wp 1 —2e.

For any two vectors a and b, we have [la + b||?> > (la|| — ||b])? = ||la||* —
2llalll1b]l + 151> = lall*(1—2]bll/|all). Applying this relation with a = E[S, (6)]
and b = W, (0) + S,,(6p), (A.13) and (A.14), we obtain (A.15).

Step 4. Bounding the integrals. Using (A.15) and ZE.2, wp 1 — 3¢

/A exp(—[152(6)]1%) d6
KC
< f exp(— 15, (8)]1%) d6
KC

1
< [, exp( =5 IEIS, @) ) do

K

1 1
5f~ exp(——un”@—@ollz) d9+fN exp(——un(Sz) do
Ke 2 Ke 2

< Q) muw)y~PP(|U| > CVd/n) + exp(—%,unéz) vol(©®,)

C—1/ym)? 1
< (27T)d/2(nl,b)_d/2 CXP<_%CZ> + VdT,,d CXP<—§MI’!52>,

where vy is the volume of the d-dimensional unit ball, which goes to zero as d
grows, and U ~ N (0, #Id). In the first line we used the inclusion (A.12), and in
the last line we used a standard Gaussian concentration inequality, Proposition 2.2
in Talagrand [48] and the fact that E[|U||] < (E[|U|*)/? = ﬁ./d/n.
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On the other hand, by Lemma 7 we have
~IS2 @)1 + 1S, O)II> =l A©@ = O)|1* +0,(1)
uniformly for 6 € K. This yields that wp 1 — ¢

/1? exp(— 1S, (8)1%) d6 > exp(— 1S, (O)[1*) /gexp(—nnAw — D) +0,(1))do
> exp(—Cad) /E exp(—C1n 6 — 6]%) d6

> exp(—Cad)(2m)**(Cin)™?(1 — P(|U| < C/d/n))
> exp(—Cad) 27)*?(C1n) ™42 (1 — o(1)),

where constant C; is maximal eigenvalue of A’A, constant C; is such that
||S,,(9)||2 <Cyd wp1l—¢ebyLemma?7and U ~ N(0, 11 1;). In the last line we
used the standard Gaussian concentration inequality, Proposition 2.2 in Talagrand
[48], with constant C > 2/4/C7 to get P(||U|| < C/d/n) =o(1).

Finally, we obtain that wp 1 — 5¢

Jgeexp(—11S.(®)[1) do
[z exp(— 1S, (®)12) do

(2n)d/2</m> 2 exp(—(C = 1/ym)*1/2d) + vaT,! exp(—1/21uns?)
exp(—Cad)(2m)?/2(C1n)=4/2(1 + o(1)) ’

where the right-hand side is o(1) by choosing C > 0 sufficiently large, and noting
that terms (277)4/2n~4/2 cancel and that d In T,, = o(n) by condition ZE.3.
Since ¢ > 0 can be set as small as we like, the conclusion follows. [

APPENDIX B: BOUNDING LOG-8-CONCAVE FUNCTIONS

LEMMA 9. Let f:R — R be a unidimensional log--concave function. Then,
there exists a logconcave function g : R — R such that

Bg(x) < f(x)<g(x)  foreveryx cR.

PROOF. Consider 4(x) =In f(x) a (In 8)-concave function. Now, let m be the
smallest concave function greater than /(x) for every x, that is,

k k k
m(x) = sup{inh(yi) keNAeRNA>0,) 0 =1 dyi=xg.
Recall that the epigraph of a function w is defined as epi,, = {(x, 1) :t <w(x)}.
Using our definitions, we have that epi,, = conv(epiy) (the convex hull of epij),
where both sets lie in R?. In fact, the values of m are defined only by points in the
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boundary of conv(epiy). Consider (x, m(x)) € epi,,, since the epigraph is convex,

and since this point is on the boundary, there exists a supporting hyperplane H at

(x,m(x)). Moreover, (x,m(x)) € conv(epi, N H). Since H is one dimensional,

(x, m(x)) can be written as convex combination of at most 2 points of epij,.
Furthermore, by definition of log-8-concavity, we have that

In1/8> sup Ah(y)+ (1 —Ah(z) —h(ky + (1 — A)z).
rel0,1],y,z

Thus, h(x) < m(x) < h(x) + In(1/8). Exponentiating gives f(x) < g(x) <
% f(x), where g(x) = ") s a logconcave function. [
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