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Abstract: Strong invariance principles in Markov chain Monte Carlo are
crucial to theoretically grounded output analysis. Using the wide-sense re-
generative nature of ergodic Markov chains, we obtain explicit bounds on
the almost sure convergence rates for partial sums of multivariate ergodic
Markov chains. Further, we present results on the existence of strong in-
variance principles for both polynomially and geometrically ergodic Markov
chains without requiring a 1l-step minorization condition. Our tight and
explicit rates have a direct impact on output analysis, as it allows the
verification of important conditions in the strong consistency of variance
estimators.
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1. Introduction

Markov chain Monte Carlo (MCMC) is the workhorse computational algorithm
for Bayesian inference. In MCMC, given a target distribution — typically a multi-
dimensional Bayesian posterior — an ergodic Markov chain is constructed such
that its stationary distribution is the desired target distribution. Specifically, let
7 be a distribution with support X', equipped with a countably generated o-field,
B(X). In a typical Bayesian problem, 7 denotes a posterior distribution and for
a function f : X — RY, interest is in estimating E,(f(X)). Having constructed
a m-stationary Markov chain, {X;}:>1, Ex(f(X)) may be estimated using the
Monte Carlo average

n

fur= 2 m TS (X0
t=1

Naturally, the quality of estimation depends critically on the variability of
fn and its limiting distribution. Until recently, focus was on the simpler case
of d = 1 [16, 24], but the increasing complexity of modern data and modeling
strategies warrants the need for ensuring multivariate quality assessment of
MCMC averages. [40, 43] highlighted that a multivariate central limit theorem
holds for fn if there exists a d x d positive-definite matrix ¥y such that as n — oo

Vit (fu = B (F(X)) S NO.).

Estimators of X ¢ are then employed to assess the estimation quality in fn and
determine a sufficient Monte Carlo sample size; see [37, 41] for recent reviews.
In [19], the authors highlight that strong consistency of variance estimators is
necessary for valid sequential stopping rules in simulation. Strong consistency
results of estimators of MCMC variances often require the assumption of a
strong invariance principle (SIP) on the underlying Markov chain [6, 34, 43].

A popular estimator of X is the batch-means estimator of 7], which we now
describe. Let the Monte Carlo sample size n be such that n = a,b,, where a,
denotes the number of batches and b,, is the batch-size. For k = 1,..., a,, define
the mean vector of the k' batch as, fp = b;* Zfi’(‘kfl)bnﬂ f(X4). Then the
batch-means estimator of X is

An

D M (AL (A )

a, — 1
n k=1

[11, 24] studied the strong consistency of the popular batch-means estima-
tor when f is univariate. The path to establishing strong consistency typically
assumes the existence of a SIP and thus many works have focused on estab-
lishing sufficient conditions under which a univariate SIP holds. Using estab-
lished results on univariate SIPs for mixing processes, [24] arrived at verifiable
conditions for strong consistency for univariate batch-means estimators. Con-
sequently, sufficient conditions on a,, and b,, are available, providing guidelines
to users guaranteeing almost sure convergence. On the other hand, verifiable
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sufficient conditions are not known for multivariate inference. The best known
multivariate SIP results for Markov chains employed in MCMC are due to [43],
where the conditions are not verifiable due to unknown constants in the SIP rate
of convergence. This makes it challenging for practitioners to employ theoret-
ically grounded simulation techniques in their Bayesian inference models. Uti-
lizing wide-sense regenerative properties of ergodic Markov chains, we present
conditions for when a multivariate SIP holds under polynomial and geometric
ergodicity. Our rates are explicit and the tightest known in this framework.

Let ||-]| denote the Euclidean norm. Let (€2, F,P) be the underlying probabil-
ity space that is assumed to be suitably rich, implying that independent copies
of random variables can exist. Let L be a d X d positive-definite matrix, and
k: N — R be an increasing function. A multivariate SIP holds if on a suitably
rich probability space, one can construct { f(X;)}+>1 along with a d-dimensional
Wiener process {W (¢) : ¢ > 0} so that as n — oo,

ISn — E(Sy) — LW (n)|| = O(k(n)) with probability 1.

The rate x(n) often depends on the moments and the amount of correla-
tion in the process. For independent and identically distributed (iid) univariate
processes exhibiting a moment generating function, [25, 26] obtained the rate
#(n) = log(n); if f(X1) has r moments for r > 3, they obtain rate x(n) = n!/";
we will refer to this result as the KMT result after authors Komlds, Major, and
Tusnddy. These are the tightest rates possible. For correlated sequences, [35]
collate the various known SIP rates for ¢-mixing, a-mixing, non-stationary, and
regenerative processes. The rates obtained are of the form x(n) = n'/?2=* where
A is known.

The situation is quite different in the multivariate case. Although for iid vec-
tors [15] extend the KMT result, the proof techniques used in the univariate
case for stochastic processes do not, in general, yield explicit rates in the multi-
dimensional one [32]. For general ¢-mixing processes, [4, 14, 28] obtain a rate of
n'/2=A for some unknown 0 < A < 1/2. The best known result is due to [29] of
order #(n) = n!'/" for some 2 < r < 4, and we use their main results to facilitate
our result for Markov chains.

For the univariate case, [24] obtain explicit rates for uniformly ergodic Markov
chains. For polynomially ergodic univariate continuous-time Markov processes
with 7 moments, [34] obtain rate max{n'/*log(n), n'/"log?(n)}. If the Markov
chain exhibits a 1-step minorization, it is classically regenerative. Let p denote
the moments of the regeneration time and let the partial sum of a regenerative
tour exhibit 24-6 finite moments; then [8] obtain rate n™ax{1/(2+0),1/(2p),1/4}og ().
This work forms the basis of obtaining explicit rates for Markov chains with [24]
obtaining an expression for geometrically ergodic Markov chains and [30] ob-
taining the KMT result for geometrically ergodic bounded Markov chains. For
univariate Markov chains exhibiting an I-step minorization, [39] obtain a rate
of n'/2=* for some unknown 0 < A < 1/2. The best known result under this
setting is that of [13] and [45], who obtain rate n™ax{1/(2+0):1/p.1/4} 1og(n) for
univariate and multivariate processes, respectively, under moment assumptions
on the regeneration time.
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We obtain multivariate SIP rates for MCMC that match the existing uni-
variate rates, while also significantly weakening the conditions. Specifically, the
univariate literature requires the Markov chain to exhibit a 1-step minorization,
a condition that can be challenging to verify, even when it holds. We require
an [-step minorization condition for any [ > 1; this condition is trivially satis-
fied by all Harris ergodic Markov chains. Our reliance on an [-step minorization
also allows us to reformulate the asymptotic covariance matrix, 3, yielding a
wide-sense regeneration based estimator.

The remainder of the paper is organized as follows. In Section 2 we define
our notations, and present our main results. Our main SIP result requires finite
moments on the regeneration time, and we show when these moments results
exist for both polynomially and geometrically ergodic Markov chains. In Sec-
tion 3, we leverage our results to arrive at batch-sizes choices that guarantee
strong consistency of Sgy. Our SIP result also allows the construction of a new
regeneration based estimator of ¥y. We explore the practicality of this new es-
timator in Section 4 via two examples, and also demonstrate the performance
of the batch-means estimator under conditions where strong consistency is both
known and unknown.

2. Definitions and main result
2.1. Markov chains and wide-sense regeneration

Consider a 7-Harris ergodic ! Markov chain with a one-step Markov transition
kernel

P(x,A) =Pr(Xpy1 €A | Xpy=2) fork>1,xe X, and A € B(X).
Similarly, for n > 1, the n-step Markov transition kernel is
P*(x,A) :=Pr(Xpin€A| Xpy=2) fork>1,ze X, and A € B(X).

Our SIP results will apply to Markov chains exhibiting certain rates of con-
vergence measured via the total variation distance:

[P (z,") = 7()rv = sup [P"(z,A) —n(A)] < M(z)G(n), (2)
AeB(X)

where, since the chain is assumed to be ergodic, G(n) — 0 as n — oo and
0 < E;[M(X)] < oo; here we use notation Er to denote expectations when
X, ~ F. If G(n) = n~" for some k& > 1, the Markov chain is polynomially
ergodic of order k and if G(n) = t" for some 0 < ¢ < 1, the Markov chain is
geometrically ergodic.

1We use shorthand “m-Harris ergodic” to mean a Markov chain that is w-irreducible, ape-
riodic, and Harris recurrent. Please see [31, 36] for definitions. Close to all MCMC algorithms
employed in practical problems are m-Harris ergodic, as this implies convergence of sample
estimators to population quantities.
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Markov chains employed in MCMC are typically m-Harris ergodic and thus
exhibit an [-step minorization [2]. An [-step minorization for [ > 1 is said to
hold if there exists h : X — [0,1] with 0 < E;[h(X)] < co and a probability
measure Q(-) such that for all z € X', A € B(X)

Pl(z, A) > h(z)Q(A). (3)
Equation (3) allows the following representation of the I-step transition kernel,
Pl(z, A) = h()Q(A) + (1 — h(z))R(, A), (4)

where R(z, -) is the residual distribution. Consider the augmented Markov chain,
{(X{,0¢)}t>1 where §’s are binary variables such that X7 ~ @ and 6| X} ~
Bernoulli(h(X7)), and for ¢ > 2, if 6; = 1, X}, ~ Q, else X7, ~ R(X},").

By virtue of (4), X} £ X,. Time index i such that 6, = 1 is known as a
regeneration time. Denote the k*" regeneration time as Ty, with Ty = 0. We will
use the wide-sense regenerative properties of X; to obtain the SIP result.

Definition 1 ([18]). A Markov chain is wide-sense regenerative if for each
k>0, (X1,4+s:8>0) is independent of Ty,.

Let 7, := T} — Tp_1 be the time to the k' regeneration from the (k —
1)® regeneration. Denote p := Eg(71). For k& > 1, define the sum of a tour
as Zy = ZtTiTk,IH f(X¢), and let n := Eg(Z1). When | = 1, the Markov
chain is classically regenerative and (Z, 74)k>1 are iid. For the one-dimensional
case, this feature is exploited by [8] to arrive at an SIP using classical KMT
results. These results have been adapted to MCMC by [24]. However, for many
MCMC samplers, I = 1 is a limiting assumption in that it can be challenging
to verify. Since all Harris ergodic Markov chains satisfy an [-step minorization
for some [ [see 2, for e.g.], the assumption of an I-step minorization is no longer
limiting. However, for general [, [18] explain that (Zj, 7% )x>1 is a one-dependent
stationary process 2, and thus the classical KMT results can no longer be used
to establish an SIP.

2.2. Main result

We now present our main results establishing a multivariate SIP. The following
covariance matrix will appear in the limiting covariance expression of the SIP:

Yz :=Varg <Z1 — En) + Covqg <Z1 — E77,Z2 — 277)
H 1Y I

T2 T1
+ Cov <Z - —n,Z ——77). )
Q\ L= i ()

The result below establishes an SIP rate under general conditions on a 7-
Harris ergodic Markov chain.

2A process {Yi};>1 is 1-dependent if for all k, the joint variables (Y3), <) are independent
of the joint variables (Yn)p>k+2-
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Theorem 1. Let {X;}4>1 be a m-Harris ergodic Markov chain and thus (3)
holds. Suppose

(a) Eq(17) < 0o for some p > 1 and,
(b) for some § >0 and some §* >0

t=1

24640"
FX) - gH) <oo. (6)

Then, on a suitably rich probability space, one can construct { f(X;)}i>1 together
with a d-dimensional standard Wiener process {W(t) : t > 0} such that for
B =max{1/(2+9),1/(2p),1/4}, as n — oo, with probability 1

n 1/2
S F(X0) - nEL[£(X)] - Ejﬁmn) — O(n” log(n)). (7)
Proof. See Appendix B. O

Remark 1. Theorem 1 is the first result we know that matches the SIP rate of
[8] for general multivariate functionals. Additionally, similar to [13], we remove
the assumption of a 1-step minorization. Under the same assumptions, [13, 45]
obtain the rate with 5 = max{1/(2 + 6),1/p, 1/4}, hence our rates are tighter.

For practical application to MCMC, it is important to assess when and for
what values of p is Eg(7f) < oo. For a 1l-step minorization, [22] show that
71 has a moment-generating function when {X;};>1 is geometrically ergodic.
The next two lemmas are critical to obtaining moment conditions over 7 for
polynomially and geometrically ergodic Markov chains. Additionally, Lemma 3
and Lemma 4 aid in proving the moment existence of regenerative sums. Proofs
of the following lemmas are in Appendix C.

Lemma 1. Let {X;},;>1 be a m-stationary polynomially ergodic Markov chain
of order £ > (24 0)(14 (24 9)/6*) for some § > 0 and §* > 0 and E, (M) < oo.
Then for all p € (0,¢), Eg[r]] < cc.

Lemma 2. Let {X;};>1 be a w-stationary geometrically ergodic Markov chain.
Then Eg[7{] < oo for any p > 1.
Lemma 3. Let {X,;};>1 be a m-Harris ergodic Markov chain so that (3) holds.

Let E; (|[f(X)||"*°") < oo for some 7 > 1 and 6* > 0 and E,(r0) < oo for
¢ >r(r+96%)/0*. Then,

Ex

(Zl|f<xi>|> ] <o

Lemma 4. Let {X,;};>1 be a m-stationary geometrically ergodic Markov chain
so that (3) holds. Further, let E; {(||f(X)||)T+6} < oo for some r > 1 and

6* > 0. Then .
(Z ”f(Xi)”) ] < oo0.
i=1

Ex
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The above lemmas allow the following result on the existence of an SIP for
MCMC under verifiable conditions.

Theorem 2. Let {X;};>1 be a m-Harris ergodic Markov chain and thus (3)
holds. Suppose the chain is either

(a) polynomially ergodic of order & > (2+0)(1+(246)/0*) for some 6 > 0 and
some 6* > 0, Ex (| £(X)[?*+°+%7) < 00, and E.(M) < oo; or,

(b) geometrically ergodic and E, (||f(X)|?**°+°") < oo for some § > 0 and
some §* > 0,

then (7) holds with § = max{1/(2+¢),1/4}.
Proof. See Appendix C. O

Theorem 2 marks a three-fold improvement over the existing results of [24]
in MCMC; (i) the assumption of a 1-step minorization is completely removed,
(ii) an explicit SIP rate for polynomially ergodic Markov chains, and (iii) the
critical extension to multivariate functionals.

Remark 2. The assumptions in Theorem 2 are sufficient and are not known
to be necessary. Further, when enough moments exists, we obtain a rate of
r(n) = n'/*. This is now the best known rate for general Markov chains in the
multivariate setup, but this is not sharp. The lack of sharpness, [32] describe,
is a consequence of the proof techniques available for the multivariate case, and
an improvement on these rates remains an open problem in the area.

Remark 3. Theorem 2 presents reasonably weak and verifiable conditions for
the existence of a multivariate SIP. To see this, we first note that since § < 1/2,
the SIP implies a weak invariance principle, and thus, a CLT. [23] summarize
that for geometrically ergodic Markov chains, the conditions required for a CLT
are the same as Theorem 2b. However, for polynomially ergodic chains, an order
of £ > (1+2/(6 4 6*)) is sufficient for a CLT, whereas our SIP results require
slightly larger order of £ > (2 + 0)(1 + (2 + 4)/6*). Finally, note that since the
SIP result implies a CLT for f,, Yr=%z/p.

Remark 4. For any w-Harris ergodic Markov chain, an [-step minorization
always holds for some [ > 1, and the chain is wide-sense regenerative. Utilizing
the one-dependent nature of the process {(Z;, ;) }+>1, estimators of Xy = X7/
can be obtained. This, however, requires detecting wide-sense regenerations from
a simulated Markov chain, which can be fairly challenging. We expand on these
points in Section 3.2.

3. Application to MCMC variance estimation

We discuss the direct impact of our main results in MCMC variance estimation.
First, the explicit rates obtained in Theorem 2 now allows theoretically valid
tuning of the popular multivariate batch-means estimator. Further, the form of
the limiting variance in Theorem 2 allows for a wide-sense regeneration based
estimator of the Monte Carlo variance
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3.1. Batch-means estimator

Having generated the process {X;};>1 through an MCMC algorithm, the sam-
ples are employed to estimate E.[f(X)] via the Monte Carlo average since,

n

1 a.s.
fn:EZf(Xt)%Eﬂ'[f(X)] as n — 00.
t=1
When a Markov chain CLT holds for fn, there exists a positive-definite matrix
>t such that as n — oo,

Vit (fu = EAl£(0]) S N0, 3)), ®)

where

o0

Y = Var, [f(X)] + Z [Cov(f(X1), f(Xi4s)) + Cova(f(X1), f(X145) "]

Estimation of ¥ is widely discussed, both in the univariate case [3, 5, 11,
17, 12, 24, 16], and the multivariate case [27, 10, 40, 43, 44, 42]. Estimators of
Y ¢ are employed in deciding when to stop the simulation. Thus, the MCMC
simulation stops at a random time and [19] show that validity of the subsequent
estimators require strong consistency of estimators of 3. Much effort has thus
gone into ensuring that estimators of ¥ are strongly consistent. One particu-
lar estimator that stands out due its computational efficiency and theoretical
underpinnings, is the batch-means estimator defined in (1). An existence of a
multivariate SIP is often assumed for the strong consistency of the batch-means
estimators. [43] showed that if the Markov chain is polynomially ergodic, then
for some (unknown) 0 < A < 1/2 a multivariate STP holds with rate n'/2=?.
However, strong consistency of e also depends on choosing appropriate rates
for the batch-size, b,, for which it is necessary that A be known. Theorem 2
overcomes this issue considerably as we will now elucidate.

Assumption 1. The batch size b, is such that

(a) b, — oo and n/b, — oo as n — oo where, b, and n/b, are monotonically
increasing,
(b) there exists a constant ¢ > 1 such that Y, (b,n™1)¢ < co.

Often b, = [n”] for some v > 0 so that Assumption 1 is trivially satisfied.
Common choices in the literature are b, = [n'/?] and b,, = |n'/?]. The following
theorem from [44] presents the conditions for strong consistency of the batch-
means estimator.

Theorem 3 ([44]). Suppose P and f exhibit a multivariate SIP with rate r(n).
If b, satisfies Assumption 1 and b, ' log(n)x%(n) — 0 asn — oo, then gy — X
with probability 1 as n — oo.
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The above theorem highlights the dependence of the the batch size, b,,, on
the SIP rate; typically, slower mixing Markov chains will have a slower rate in
k(n) requiring larger b, and vice-versa for fast mixing chains. The following
corollary is a consequence of Theorems 2 and 3.

Corollary 1. Let {X;};>1 be a m-Harris ergodic Markov chain and thus (3)
holds. Suppose the chain is either

(a) polynomially ergodic of order & > (2+9)(1+4 (24 9)/*) for some 6 > 0 and
some §* > 0, Ex (|| f(X)[|>T**7) < oo, and E, (M) < oc; or,

(b) geometrically ergodic and E (|| f(X)||****") < oo for some § > 0 and
some §* > 0,

then the batch means estimator is strongly consistent for b, = |n”] for v >
max{2/(2 +¢),1/2}.

Proof. See Section D. O

For strong consistency in the univariate case, [24] assumed the same condi-
tions on the batch size; for geometrically ergodic Markov chains under a 1-step
minorization, [24] showed that a univariate SIP holds with x(n) = n”logn,
where 3 is the same as Theorem 2. This implies that the batch size should be
chosen such that v > max{2/(2 + §),1/2}. For geometrically ergodic Markov
chains, this is the best known batch size condition.

For the multivariate case, the only known MCMC SIP result was that of [43]
with k(n) = n'/2=* for some unknown 0 < X < 1/2. This implies a choice of v >
1—2) but since \ is unknown, the condition, b, ! log(n)x?(n) cannot be verified.
Now, by Corollary 1, we match the univariate condition of v > max{2/(2 +
4),1/2}. We note, as did [11, 12], that this condition excludes common choices
of b,, like b, = Lnl/ 3|. In Section 3, we compare the performance of b, =
|nt/ 2+'0'(/)001J — a choice that satisfies the conditions of Corollary 1 — versus
b, = [nt/3].

3.2. Regenerative estimator

Given that (Zy, Tk)r>1 is a one-dependent stationary process and X = X7/,
if the regeneration times could be identified, we can construct estimators of
Y using (5). Although regencrations, particularly wide-sense regenerations, are
notoriously difficult to identify, it is natural to consider a wide-sense regenerative
estimator of X ¢, even if it is for a theoretical exposition. In Section 4, we identify
examples and situations in which wide-sense regenerations can be identified. For
1-step minorization, [22, 40] present regenerative estimators, and for univariate
wide-sense regenerative processes, [21] provide an estimator of E;[f(X)]. Here,
we present a regenerative estimator of 3.

For an observed Markov chain of length n, denote the number of regenerations
by R. Using the fact that ¥; = ¥ /u, we obtain a wide-sense regenerative plug-

in estimator of X ;. Define Z:=R! Zf;l (Zi — T¢f>. We can estimate p and



Multivariate strong invariance principles in MCMC 2459

Y.z with,
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Using (9) and (10), the estimator for ¥y is ¥; = ¥z//. Since as n — oo,
R — o0, using strong law of large numbers for one-dependent processes [see for
e.g. 39, 2f is strongly consistent for 3.

Employing this estimator in practice has two significant challenges: (i) de-
tecting wide-sense regenerations can be difficult since one requires knowledge of
! and the minorization kernel @, and (ii) when minorizations can be established,
the bounds in the minorization constant are fairly weak, yielding prohibitively
large regeneration times. Even still, there are certain situations where employing
these estimators is possible, and we identify two such examples in the sequel.

4. Tllustrative examples

With the help of two examples, we demonstrate the utility of our discussions in
Section 3. Our primary objective in these examples is to demonstrate that our
results allow us to choose batch-sizes that guarantee strong consistency of the
multivariate batch-means estimators. In the first example, we also compare the
batch-means and regenerative estimators. Reproducible R code for the examples
is available at https://github.com/Arkagit/Multivariate-SIP-for-MCMC.

4.1. Bivariate normal Gibbs sampler

For known constants p1, ps, 01, 02 and p such that ;09 > p2 we consider a
bivariate normal target distribution

()= (C2)- (' 4)

In this toy problem, we will employ a deterministic scan Gibbs sampler that
alternates updates between the X and Y components using the conditional
distributions:

X|Y=y)~N Loy — 2 P
(X | Y) p1+ =y — p2),07 — =
03 02


https://github.com/Arkagit/Multivariate-SIP-for-MCMC
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2
p p
(YIXZ:E)NN(uer;(m—ul),ff%——z)~

1 07

The consequent 1-step Markov transition density for any i*" step of the deter-
ministic scan Gibbs sampler is

kps (Tit1, Yiv1 | Ty vi) = 7(Yit1 | Tivr) T(@iv1 | ¥i)-

For this deterministic scan Gibbs sampler, the asymptotic covariance matrix
in (8) is known [see 20, Theorem 6], and is given by

1 ( o2 (J%O’% + p2) 20%02p ) .

YBNG = 333
2 32 22 2(.2 2 2
oios — p? 20705p 03 (o303 + p?)

Let y* € R be a “distinguished point” and let D C R be a “small set” as
described by [33]; by using the distinguished point technique of [33], the following
1-step minorization can be established

{ m(z | yi)
m(z | y*)
=:5(yi) Q(Tit1,Yiv1)s

kps (@it1, Yit1 | 4, yi) > inf

o }W(yiﬂ | Zip1) T(@igr | Y™) ID(Tig1)

where the forms of s(y;) and Q(z;4+1,¥i+1) are known explicitly and presented
in Appendix E.1. Consequently, we can show that a 2-step minorization holds
as well, since

kds (Tit2, Yitra | i, ys)

= / / kps (xi+2,y¢+2 | $i+1,yi+1) kps ($¢+1,yi+1 | xiayi) dy¢+1 d$i+1
RJR

> s(yi) Q(rit2,Yit2) /R/Rs(yi+1)Q($i+lyyi+l) dyit1 dripa
= 5"(yi) Q(Tiv2,Yit2) -

Here, s*(y) := s(y)Eq(s(y)) and can be estimated using Monte Carlo.

We fix our target distribution to have 07 = 1, 03 = 5, p = 1.5, 3 =
o = 0. To identify both 1-step and 2-step regenerations using the distinguished
point approach, we set y* = 0 and D = {(z,y) : € [-1,1],y € [-1,1]}. For
increasing Monte Carlo sample size, n, we compare the batch-means estimator
for b, = |n!'/210-0001| and b, = |n'/3| along with regenerative estimators for
1-step and 2-step regenerations. We assess the performance of the estimators by
measuring the Frobenius norm distance |3 — Sgngl|r for all estimators, and
by studying running estimates of the multivariate effective sample size. The
multivariate effective sample size for estimating E,(f) was defined by [44] as

det (Var,,(f))>1/” .

ESS=n ( det (%)
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Fi1c 1. Left: For varying sample sizes, evolution of the Frobenius norm distance of estima-
tors of Ypyg from the truth. Right: Running estimates of estimated ESS /n using different
estimators.

In Figure 1, we present the Frobenius norm distance || — Spng||# and esti-
mated ESS /n, averaged over 1000 replications. Since the target is a bivariate
normal, moment conditions of Theorem 3 are easily satisfied and batch-size
by, = |n!/?10-0001 | vields strong consistency of the batch-means estimator. On
the other hand, strong consistency under the popular b,, = Lnl/ 3| is unknown.
Figure 1 shows that these two choices yield similar performing estimators, with
b, = |n!/?+0-0001 | ensuring theoretical validity. The 1-step and 2-step regener-
ative estimators perform better than the batch-means estimators, but of course
did require a lot more effort to set up.

4.2. Bayesian probit regression model

For a Bayesian probit regression model, [38] studied 1-step regenerations for
some deterministic scan Gibbs samplers. We adapt their setup to establish both
1-step and 2-step minorizations. We found that no regenerations were identified
for even a chain of length 10%, and so in this example we only implement the
batch-means estimators. '

For j = 1,2,...,m, [38] consider the model Y;|3 nd Bernoulli(@(xfﬁ))
where z; € R? are given and 8 € RP is the vector of coefficients. Set X =

(x{,29,...,2,)" and consider a flat prior for 3 yielding the posterior density

w(8y) = [[{2@] Ay {1 - 2@ p)) .

j=1

Although the complete analytical form of w(8]|y) is unavailable, [1] provide
a deterministic Gibbs sampler using an auxiliary variable, denoted by z =
(2%, 22,...,2™)T. We refer to this sampler as the AC sampler and implement a

random scan version of the AC sampler:
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e with probability p, update 8: draw 3’|z ~ N, (X" X)7'X Tz, (XTX)™1).
e with probability (1 — p), update z: for all j = 1,2,...,m, draw (27)'|8 i
Truncated Normal(ﬂc;ﬁ, 1,y,), where if y; = 0, (—o0, 0] is the truncation
range and if y; = 1, (0, 00) is the truncation range.

The 1-step transition density for the random scan AC sampler is

kRS(ﬁiJrl,Zz‘H | 5¢7Zi)
= pm (Bi+1 | 2i) 02, (Ziv1) + (1 — p)7 (Ziv1 | Biv1) 0p, (Biv1)-

Consequently, the 2-step random scan transition density is

kis (Biva, Ziva | Birzi) = p°m (Biva | Zit2) 0z, (Zit2)
+p(1 = p)7 (Bit2 | Ziv2) 7 (2it2 | Bi)
+p(1 = p)7 (zit2 | Biv2) ™ (Biv2 | 2i)
+ (1= p)*m (ziya2 | Bi) 05, (Biva). (11)

Since a 1-step minorization of the deterministic scan AC sampler is available, a
2-step minorization of the random scan Gibbs sampler is easily obtained:

ks (Bivaszit2 | Birzi) > p(1 —p)s(zi) Q(Bis2,Zit2)
= 5'(2i) Q(Biy2,%iy2), (12)

where the specific form of s’ and @ is given in Appendix E.2.

We use the above Bayesian probit regression model to analyze the popular
Titanic dataset. The response is an indicator on whether a passenger survived
the tragedy or not. The covariates are the sex of the passenger, the age, the
number of siblings and spouses accompanying the passenger, number of children
and parents accompanying the passenger, and the fare of their ticket. We fit
a model with intercept, yielding a p = 6 dimensional posterior, and aim to
estimate the posterior mean.

We run the random scan AC sampler for varying lengths, and compute the
batch-means estimator with b, being both |n!/2+9-0001 | and |n!/3]. Unfortu-
nately, we did not observe any 2-step regenerations, and thus are unable to
compare the regenerative estimators in this example. Further, since the true Xy
is unknown, we only present the running estimates of the effective sample size.
Averaged over 500 replications, we plot the estimated ESS /n for both batch-
means estimators in Figure 2. Here it is evident that in addition to guaranteeing
theoretical convergence and consistency, batch-size b,, = Lnl/ 2+0.0001 | performs
significantly better than the cuberoot batch-size, reaching to a point of stability
faster than the cuberoot batch-size.

Appendix A: Some preliminary results

Lemma 5. Let {X;};>1 be a m-Harris ergodic Markov chain. Recall f,7n, and
w from Section 2.1. Then,

B [f(X)] =]
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Proof. By [18], {(Zk, %) : k > 1} form a stationary 1-dependent process. By a
strong law of large numbers for 1-dependent processes,

Z; “S Eq(Z1) as R — oo and, (13)

= =

WE INgE

7“3 Eg(m) as R — o0. (14)

==

1

<.
l

By a strong law for ergodic Markov chains and from (14),

! .- /R R— Z1 a.s.

R R )
= <1/RZTi> % S Eo(n)E-[f(X)] as R — o0

R
= <1/RZZi> 3 Eo(r)EL[f(X)] as R — oo. (15)
Thus, by (13) and (15),
Eq(Z1) = Eq(m)Ex[f(X)] = Ex[f(X)] =

n
I

The following lemma will be employed for the proof of Theorem 2 and is an
extension of [22, Lemma 1] to the multivariate and I-step minorization case.
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Lemma 6. Let {X,;};>1 be a m-Harris ergodic Markov chain so that (3) holds.
Then, for any measurable function ¥ : X — R?

E;||¥(X1, X2, X35,...)|| > Ex[h(X)|Eq||¥ (X1, X2, X35,...)] - (17)
Proof. For all A€ B(X) and z € X,
n(4) = (=P) (4) = [

X

w(dz) P! (z, 4) > Q(A) / h(z)m(z) = Q(A)E[h(X)).

X

By taking conditional expectation over X;
E |9 (X1, X2, X3,...)|| = Ex (B{|| Y (X1, X2, X3,.. )] | X1}). (19)
Since E{|| ¥ (X1, X2, X3,...)|| | X1} is a positive function of X, by (18) and (19)

EWH\IJ(Xl,XQ,Xg,...)H :/ E{”\I/(Xl,XQ,Xg,.. )” |X1 = SL‘}ﬂ'(diE)
X

> B, [h(X)] /X E(|W(Xy,.. )] | X1 = ) Qdx)

= Ex[M(X)|Eq[[¥(Xy,...)|
= Ex[|¥(Xy, .. )] 2 Ex[R(X)|EqQ[[ W (X, .. )| O

Appendix B: Proof of Theorem 1

We will be using [29, Theorem 2.1] for our SIP result. The original statement
of the theorem is presented in generality, and here we present a version is that
amenable to our setup.

Theorem 4. [see 29, Theorem 2.1 for more details| Let {e, : n > 0} be iid
random elements and let {Ay}r>1 be such that Ay = g(eg, €1,...,€;) for some
measurable function g. Let B(Ay) = 0 and for 2 < r < 4, let B||A;|"*° < oo for
§ > 0. Further, as n — oo, let Cov (}.}_, Ax) /n — D, where D is a positive
definite matriz. Define A} = g(€i, €1,...,€x), where € is an #d copy ey. If

Onsa4s 1= Z Ak — Akl 245 = O (n*(T*Q)/@(‘l*T))*‘S) for alln > 1,
k=n

then on a suitably rich probability space one can construct a Wiener process
{W(t) : t > 0}, such that

Xn:Ak —E (zn: Ak> - Dl/ZW(n)
k=1 k=1

Proof of Theorem 1. We will start by showing some moment properties of the
sequence of regeneration times in order to prove strong convergence. Denote the
number of regenerations in a sample of size n by:

e O(nl/’“).

E&n):=sup{k>1:Ty <n}=inf{k >1: Ty >n}.
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By [18], {(Zk, %) : k > 1} is a stationary 1-dependent process. Further, by the
conditions in the theorem Eq(7') < oo for p > 1. Define p’ = min{2, p} for

p > 1. Thus, Eq(7} ) < oo0. By a Marcinkiewicz-Zygmund strong law of large
numbers for 1-dependent process [see 39, for e.g.], for 1 < p’ < 2,

&(n)
37— €| = Tepny — Em)ul = o(E(n)/7). (20)

i=1
With n < T¢(n)41, subtracting &(n)u from both sides
n—&m)p < Temyr — (E(n) + D+ p.

Now, using (20), Te(n)+1 — (£(n) +1)p = O((£(n) + 1)1/?") and hence Te(n)+1—
(&(n) + D+ 1 = O((E(n) + 1)M?"). Thus

n—&nmp L O((Em) + 1))
= n =& =0 = £n) = n/u+ O@!) (21)
= [&(n) —n/u = OM"). (22)
Further, by the assumption in (6) and Lemma 6,
- 245
E. < f(Xt)—Q‘D <0
t=1 r
. 245
=Eq ( f(Xt)—QH> < 00
t=1 H
246
()
i
244
= ‘ Eq (21 - rlg> < o0, (23)

where the last implication follows from Jensen’s inequality.

Define, Si = (317 1 Xiy Siim 11 Xi, To—Ti—1—2) 7 forall k > 2 where

Sti= (X o X SR 1 Xi, Ti—To+1-2)" and Sp ~ Sy independently. By
construction Si’s are iid vectors [see 18, Section 2]. Consequently, g(Sp, S1) =
(Z1—7 %) for some measurable function ¢(-). Again X, +; ~ @ and independent
to all previous elements in the chain; define g(Sp, S1,52) = (Z2 — TQ%). Hence,
for all k > 1 we can say ¢g(So,S1,-..,Sk-1,5%) = (Zx — Tk%)

Define, (Z} — T;%) = g(S§, 51, - Sk—1, k), where S5 is an iid copy of Sp.
See that (Z;; — 1) = (Zx — %) for all k > 1. So, Opiats = 332, [1(Z) —
Thit) = (Z; — 7 ll2+6 = 0 for all n > 1. Also from (5)

& (7 o
e (Ek—é(gjk i) g,
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which is a positive definite matrix. By Theorem 4, for the stationary 1-dependent
process {(Zk — 7kt) : k = 1} and {W(t) : t > 0}, a d-dimensional standard
Wiener process,

£(n)
D 2= Tegnysy = B W(Em)| 2 O(€(m) ¢+)
k=1
£(n)
= (130 2k = Ty, = 7P WE() | 2 Ot/ G+, (24)
k=1

By (21) and [9, Proposition 1.2.1],
W (E(n)) = W(n/w)ll = Obn),

where for positive constants ¢ and ¢/,
1/2
) + log log Wu)))

= (2o (o (21
l-1/¢ i
— <2cn <log < ) + loglog (n/u)>>

< nM ) (logn) .

Consequently,
IW(E(n) = Wn/w| = On ) logn). (25)
Using triangle inequality and since T¢() < n < Te(n)41,
Te(n)+1 0
Yen) i= Z f(Xi) — H
1=Tg(n)+1 K
- U
> Z (f(Xl) - _>
i=Te(n)+1 H
n n &(n) n
=D (f(XZ-) — —) - <Zk — Tk—> . (26)
i=1 H k=1 H

By construction, {Yj }x>1 are positive and identical random variables generated
from the sum of absolute values of correlated units sampled through wide-sense
regeneration. By the integral transformation inequality and the assumption in
equation-(6)

ZPr <Y2+5 ) ZPr (Y 246 z)

=1

< / Pr (Y12+6 > x) dx
1
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< / Pr (Y12+6 > x) dx
0

= Eq[V1**’]
< o0.
Consequently,
ZPr <Yi2+6>i) <oo:>ZPr (Yi>z’ﬁ> < 00. (27)
i=1 1=1
Thus by Borel-Cantelli lemma
Y, 20 (nﬁ) as n — 0o. (28)

From (26) and (28) as n — oo

Ve 20 (&(n)?

+|~

)
<[ (o) -5 ()=

k=1

29)

G
7~
S
d

~
>
~—
—~

Using the triangle inequality and (24), (25), and (29)

sz;f(Xz‘) —ng - X\J;Z;W(n) < ZZ; (f(Xi) — Z) _i(z_n:j <Zk _TkZ)

&(n)
sz—n(n — /2 W (£(n))

oo w (2]

= O D) L O/ )y L O(n/Plogn).

This implies,

Thus, with 8 = max{1/(2+6),1/(2p')} = max{1/(2 +),1/(2p),1/4} and by
Lemma-5 as n — oo
1/2
—ZZ_wWwi(n
PR (n)
n 21/2

N_n —Z2Z w(n
;fom E.[f(X)] ﬁm )

2 O(n” logn) (30)

= “ 0P logn).
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Appendix C: Proof of Theorem 2

Definition 2. Let {X;};>1 be a stationary stochastic process on a probability
space (Q, F,P), and let Fi= o(Xp,...,Xy) for some ¢ > p. The process is
said to be a-mizing or strongly mizing if a(n) — 0 as n — oo where

a(n) = sup sup |Pr(ANn B) — Pr(A) Pr(B)|.
k>1 AeFf;BeFes,

Proof of Lemma 1. {X;}4>1 is a polynomially ergodic sequence of random vari-
ables of order ¢ for £ > (24 6)(1+ (2+6)/5*). So in (2), G(n) = n~¢. Further,
from [23] we have that a(n) < n~¢ for n > 1 (see Definition 2 for a(n)). Con-
sequently, for p < £

oo o0
anfla(n) < z:np*ln*5 < 00.
n=1 n=1

By [39, Proposition 3.1]
E [m] < oo for p € (0,€). (31)

From Lemma 6 we have Eg[r] < oo for p € (0,¢). O

Proof of Lemma 2. Since {X,};>1 is geometrically ergodic, G(n) = ¢™ for some
0 <t < 1 (see Definition 2 for a(n)). From [23], a(n) < t" for n > 1. Conse-
quently for p > 1,

o0 o0
Z nP"ta(n) < Z nP ",
n=1 n=1

By a ratio test, for all p > 1

1 p—ltn+1
lim (n+ P lim (14 1/n)P" 't =t < 1.

n—o00 nP—1n n—oo
So,

an_la(n) < oo forp>1.
n=1
By [39, Proposition 3.1]

E;[m] < oo forp>1. (32)

From Lemma 6, Eg[r]] < oo for p > 1. O

Proof of Lemma 3. For r > 1 and using triangle inequality for L"-distances on
m, Holder’s inequality, Markov’s inequality, and, infinite sum of r-series,

(Ew @1 IIf(Xz*)H)T] ) "
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(Zn i <) f(X >|)TD1/T

1/r

i (PrW(T{b . i¢))6*/r(r+5*)

8 Jr(r+6*
1+ S\ [ Ep () frieeen)
2|

1/(r46%) 5 fr(r+6%) &2 /1 \ O /r(r+dT)
(7)) > () <o,
=1

¢

Proof of Lemma 4. Since {X,}¢>1 is geometrically ergodic, by ( 2)

U
) ﬂ[ ] o0
for ¢ > 1. Proceeding similarly as Lemma 3, E- (371, || f(X,)[)") < |

Proof of Theorem 2. (a) {X;}:>1 is polynomially ergodic of order ¢ for & >
(24+6)(14 (24 6)/0*). Thus (31) holds. Then by Lemma 1,

Eg[r]] < > for p € (0,¢). (33)

By the assumption in the theorem, E (|| f(X)||2+9+97/2+97/2) < oo for some
0 >0 and §* > 0. By (31) and Lemma 3

. 246457 /27
(Z ”f(Xi)') <00
i=1

- 246457 /2
= E, [(2 F(X) — gH) < 0. (34)
By Theorem 1, (33), and (34),
if(Xi) —nE-[f(X)] - i/QW(H) = O0(n” log(n)) (35)
i=1 Vit
as n — oo where § = max{1/(2+9),1/(2p),1/4} for all p € (0,&). Since & > 2

always, f = max{1/(2+4),1/4}.
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(b) Let {X;}>1 be geometrically ergodic. So (32) holds. By Lemma 2

Eq[m] < oo Vp > 1. (36)
Since E (|| f(X)||(3+0+97/2+97/2) < o0 for some § > 0 and 6* > 0, by (32) and
Lemma 4
. 246+6% /27
(Z ||f(X¢)|> <0
245457 /2]
- H) < o0. (37)
By Theorem 1, (36), and (37), with 8 = max{1/(2 + 5) 1/4} asn — 0
$1/2
) —nEL[f(X)] - “Z£-W(n = O(nPlog(n)). 38
(X)] N (n) ( (n)) (38)
g

Appendix D: Proof of Corollary 1

From Theorem 2, 8 = max{1/(2 + §),1/4}. Hence, if b, ' log(n)x?(n) — 0 as
n — oo, then log®(n)n{max{2/(2+6).1/2}=v}} _ 0 as n — co. Hence, a choice of
by, such that v > max{2/(2+4),1/2} will ensure the strong consistency of batch
means estimator.

Appendix E: Theory for illustrative examples
E.1. Bivariate normal Gibbs sampler

A 1-step minorization is obtained from kpg by using a “distinguished point
technique” as described in [see 33|. Define a distinguished point y* in a small
set D = {(u,v) | u € [p1 — h, pp1 + h],v € [pp2 — h, p2 + h]; A > 0} and 7 denote
the bivariate Gaussian target density. Then,

m(Tiy1 | i)
m(Tiy1 | y*)

. T | Yi *
i {ZE I nys i) wloien [9°) To(oisa)

= s(yi) Q(xiv1,Yit1),

kps (Tig1, Yigr | Ti,ys) = T(Yitr1 | Tiv)T(Tigr | Y*)

v

where Q(xi11,yiv1) = € m(yir1 | 2iv1) ©(@iz1 | ¥*) Ip(ziy1) such that for
®(u; 52)(+) to be the probability measure for Normal(y, o?)

€= / / T(Yir1 | Tiv1) T(@ipr | ¥7) Ip(zig1) dyivr daigy
RJR



Multivariate strong invariance principles in MCMC 2471

:/ {/ T(Yitr1 | Tiy1) dyi+1} T(2ip1 | Y") doigq
D R
Z/ m(Tip1 | Y") driga

D

- (I)(m-irfg(y*—uz); Uf—’%) D).

72

Similarly, the minorization constant will be

s(y;) == e inf {M}

ceD | (x| y*)

(2~ — & (s — p2)? — (2 — i — (5" — )’

=€ inf |ex —
zeD P

203(0t03 — p)

> inf [exp{paﬁ(xm)(yi y)}] .

zeD o203 — p?

~ cexp [_pz {(i —p)® — (v" - M)Q}}

Clearly, the value of x required for minimizing the above function is dependent
on p and (y — y*). A detailed table of (x — u1) values are given in the following
table.

| » y-y) (@—m) |
p>0 (y—y*)>0 —h
p>0 (y—y")<0 h
pP<0 (y—y*)=>0 h
p<0 (y—y)<O0 —h

The 2-step minorization kernel for the deterministic scan Gibbs sampler can
be achieved as

khs (Tiva, Yivo | Tiy i) i= / / kps (Tit2, Yive | Tiv1,Yiv1) X
RJR

kps ($i+1,yi+1 |Ii,yi) dyi+1 dfl?i+1
> 5(yi) Q(Tit2, Yiv2)X

/R/Rs(yi-i-l)Q(mi-i-layi-&-l) dyi+1 Az

= 5"(yi) Q(Tit2,Yit2),

*

where s*(y;) := s(yi)Eq(s(y)). Determining the form of s* and hence the form
of Eg(s(y)) is crucial for determining regeneration times.

E.2. Probit regression model

Establishing a 1-step minorization with the corresponding small set calculations
has been done for deterministic scan Gibbs samplers (see [33], [38]). Using a
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random scan version of the Gibbs sampler of [1], we present a framework for
identifying wide-sense regenerations.

The deterministic scan AC sampler is geometrically ergodic [see 38, Theorem
1] and regenerations can be identified using “distinguished point” technique
of [33]. For a distinguished point z* € R™ and a rectangular small set D* =
[c1,d1] X [e2,d2] X ...[cp,dp] the minorization kernel is

Q(Bit1,2i41) == %W(ﬁiﬂ | 2°,y)m(2ig1 | Bit1,¥)ID=(Bit1) .

where € = [o, [on T(Biv1 | 2°,Y) T(2Ziy1 | Biv1,¥) D+ (Bit1) dzip1dBiy1. For t;
being the j* term of t = (z; — z.)T X, the minorization constant will be

€ exp (X0, (estilor (t) + dit; T (1)) )
32 = 08 T X T (XTX)"1X () — 05(2") T X T (X7 X)X (2))"

Consequently, the minorization holds with

kps(Bit1,Zit1 | Bir2i) > 5(2;) Q(Bit1,2Zit1)- (39)

For A being the Dirac measure, the one-step random scan AC-sampler kernel
is defined as

krs(Bit1,Zit1 | Bir2i) =pm (Bit1 | 2i) Az, (Zig1)
+ (1 =p)7 (zit1 | Biv1) Bp, (Biv1)-

Similarly, the 2-step random scan Markov transition kernel is

ks (Bive, Zive | Bi,2i)

2/ / kRS(ﬁi+2,Zi+2 | 5i+17Zi+1)kRs(5i+1,Zi+1 \ 51,21‘) dZi+1dﬂi+1
RP JR"

N /]Rp /n (P (Bitz | Zit1) g,y (Zig2) + (1= )7 (Ziv2 | Biv1) Dp,. (Bit2))
(p7 (Bit1 | 2i) Ag, (Zir1) + (1 — )7 (zig1 | Bi) Ap, (Bis1)) dzit1dBiia
- /]Rp /Rn PP (Bive | 2ie1) ™ (Bivr | 20) g, (2i11)Ag ., (2i42) d2ip1dBin

+ p(1 = p)m (Biv2 | Zi1) ™ (zit1 | Bi) Ap, (Biv1) Az, (Ziv2) dZiy1dBiv1

P n

+ p(L = p)7 (Zit2 | Bit1) ™ (Biv1 | 2i) Da, (2i41)Ap, 1 (Bit2) dziv1dBita

n

(1= p)*7 (Zira | Biv1) ™ (Zit1 | Bi) Dp, (Bis1) D, (Bir2) dzip1dBig.

n

p

+

——
——

p
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So,

ks (Bivz Zive | Birzi) = 07 (Bive | Ziv2) Ag, (Zi42)
+p(L = p)7 (Biv2 | Ziv2) 7 (zit2 | Bi)
+p(1 = p)7 (Zite | Biv2) T (Biv2 | 2i)
+ (1= p)°7 (2is2 | Bi) g, (Biv2)- (40)
Using the 1-step minorization of the deterministic scan Gibbs sampler and with
#(z:) = p(1 - p)s(z), we get
kks (Bive: ziva | Bis2i)
= P’ (Bira | Zit2) Dz, (2ig2) + p(1 = p)7 (Bita | Zit2) 7 (22 | i)
+p(1 = p)7 (Zita | Biva) T (Biva | 2:) + (1 — p)*7 (ziv2 | Bi) Ag, (Biya)
> p(1 = p)7 (Zita | Biya) T (Biva | i)
> p(1 = p)s(zi) Q(Biv2,Zit2)
= 5'(zi) Q(Bit2,2i12)- (41)
Following the ideas in [33] and [38], we can obtain the probability of a regen-
eration from the observed chain in the following way:
ni =Pr(6; =11 (8i,2), (Bir2,2i+2));
P X =y | Xi=2,0,=1)Pr(6; =1 | X; =2)Pr(X; =z)
Pr(X;.2 =y | X; =2)Pr(X; = 2) ’
Pr(Xjpo=y | Xy =2,6; =1)Pr(6; =1 | X; = x)
Pr(Xipo =y | X; =2) '
~ 5'(zi) Q(Biy2,Ziv2)
 kig (Bitaszite | Binzi)
exp(—0.5(z;) " X" (X" X) " X (2)))
=P =) 0 5 (2 T X T (XTX) 1 X ()

X exp {Z(CitiIR‘*' (ti) + ditilp- (ti))} ;

=1

x T(Bite | 27, y) m(Zit2 | Biv2,¥) D+ (Bit2);
1
kg (Biv2,Zivo | Biszi)
The n; can be calculated analytically from a run of the random scan Gibbs

sampler. By drawing Bernoulli samples with success probability 7; we identify
the regenerations if the outcome of a trial is 1.
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