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Abstract
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velop comparable convergence rate upper bounds that are capable of approximately
matching the convergence rate in the weak subgeometric lower bound. These results
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1 Introduction

Let m be a Borel probability measure on a Polish space X. Adaptive Markov chain
Monte Carlo [8, 16] is a widely successful framework to simulate realizations from 7 when
optimal tuning parameters for the Markov chain are not readily available. The adaptive
process (I'y, X¢)g2, is constructed from a family of Markov kernels indexed by a set of
potential tuning parameters. The discrete-time adaptive process first updates the tuning
parameter I';|(T's, Xs)o<s<t—1 with an adaptation strategy utilizing previous history and
next, updates X;|I'y, X;_1 using a Markov transition kernel. The goal is for the adaptive
process to “learn” optimal tuning parameters so that the marginal distribution of the
random variable X; produces a close approximation to the measure 7.

With a large option for adaptation strategies, theoretical convergence rates of adap-
tive algorithms are less understood than for non-adaptive Markov chain Monte Carlo
(MCMC) where fixed tuning parameters are chosen carefully beforehand. In particular,
a theoretical understanding of the rate of convergence is essential in applications as it
helps to ensure a stable and reliable Monte Carlo simulation. However, adaptive MCMC
can exhibit empirical performance superseding the performance of standard MCMC even
though much of the theoretical understanding is lacking. For example, adaptive MCMC
is widely used to automatically learn the covariance in random-walk Metropolis-Hastings
[8], which is often difficult or impossible to choose optimally with only fixed tuning pa-
rameter choices.

The main contributions of this paper develop general subgeometric lower bounds in to-
tal variation and the weak convergence rate of adaptive MCMC paired with upper bounds
under strong conditions on the rate at which adaptation diminishes. Applications of the
theory are demonstrated on an adaptive unadjusted Langevin algorithm, Metropolis-
Hastings independence sampler, and an adaptive Metropolis-Hastings random-walk. The
lower bounds for convergence hold under arbitrary adaptation plans and serve as a mea-
surement of the optimal convergence behavior for adaptive MCMC. The techniques for
obtaining these lower bounds are based on finding large discrepancies between the tail
probabilities of the marginal adaptive process and the target measure 7. Since the con-
vergence rate is determined by tail properties, this may guide further theoretical un-
derstanding of some modern adaptation strategies that restrict adaptation to compact

sets [15]. Convergence rate lower bounds can also be of practical use in applications to



determine if an appropriate rate is achievable so that central limit theorems may hold
2, 14].

One barrier in developing lower bounds for adaptive MCMC is due to the non-
Markovian, non-reversible nature of these processes and spectral analysis for reversible
Markov processes is not directly available. To the best of our knowledge, the lower bounds
for weak convergence developed here are novel, even when applied to non-adapted Markov
chains, and general total variation lower bounds have not yet been explored for adap-
tive MCMC. In specific situations, adaptive random-walk algorithms have been shown to
improve “local” behavior but fail to adapt to “global” properties of the target measure,
such as the tail probabilities, and proven to experience poor convergence properties [18].
Related research develops general lower bounds in total variation for Markov processes
[9, Theorem 3.6, Corollary 3.7]. More recently, this technique has also been extended
to polynomial rate lower bounds in unbounded Wasserstein distances for some Markov
processes [17, Theorem 1.2]. When the tail decay of the target measure is unavailable,
lower bounds for Markov processes in total variation have recently been developed, but
a precise computation of the constants is not available [3].

In addition to lower bounds, we develop explicit quantitative subgeometric upper
bounds in total variation that can match the lower bound rate if the adaptation di-
minishes sufficiently fast. The condition required on the adaptation is similar to the
well-known diminishing adaptation condition [16] often used for the asymptotic conver-
gence of adaptive MCMC. To the best of our knowledge, this is the first subgeometric
upper bound to quantify the mixing for adaptive MCMC in total variation. In compar-
ison, existing convergence results require strong assumptions for adaptive MCMC |[2, 1]
or develop central limit theorems through Poisson’s equation [14].

The organization of this article is as follows. Some preliminary definitions are pre-
sented in Section 2 and Section 3 first develops lower bounds in total variation for large
classes of adaptation strategies and then extends these lower bounds to weak convergence
when the state space is Euclidean. A lower bound is shown on a concrete example for
the adapted unadjusted Langevin algorithm. Section 4 proves comparable upper bounds
under diminishing conditions on the adaptation plans that are capable of approximately
matching the lower bound rates. Section 5 illustrates the lower bounds on a toy exam-
ple with an adaptive Metropolis-Hastings independence sampler, and Section 6 applies

the lower bounds to the popular adaptive random-walk Metropolis-Hastings. Section 7



provides a final discussion on the results and future research directions.

2 Preliminaries

For two Borel probability measures u,v on X, let C(u,v) be the set of all couplings
consisting of Borel probability measures on X x X satisfying I'(- x X') = pand I'(X' x -) =
v. Denote then the total variation distance between p and v as the best probability of

the off-diagonal over all possible couplings, that is,

—v = inf r,Y) EX XX x )
[ ||TV 56(3(#,1/)5({( Y) #Y})

Denote the min and max of a,b € R by a A b and a V b respectively. On a Polish space
(X,d) where d : X x X — [0,00) is a metric, we denote the Wasserstein distance that

metrizes the weak convergence of probability measures [5, Theorem 11.3.3]

Wani(pov) = _int /X [da,) A 1JE(d. dy).

Let X be a Polish space and ) be a Borel measurable space equipped with their Borel
sigma-algebras B(X) and B()) respectively where X is the state space and ) is the
space for tuning parameters. We now define the adaptive process (I'y, X;)22, on Y x X
using the filtration H;, = B(T's, X5,0 < s < t). Let Q define an adaptation plan which
denotes the map t — Q; for all t € Z, where Q; : (¥ x X)! x B(Y) — [0,1] is a Borel
probability kernel. The kernels Q; act on Borel functions g : )V — R and Borel measures
von (Y x X)) with

(th)(’YOal‘Ow"77?5—171'15—1):/g(’Yt)Qt(/y(thv"'7’7t—17xt—17d7t)

X

(VQt)('):/ Qt('YOaxO?-'-77t717xt717')y(d'70>dx07'--yd’)/tfladxtfl)
X

for all t € Z, and 7, %o, ..., V1,71 € (Y x X)'. Initialized at fixed zg,7 € X x ),

the discrete-time adaptive process first updates the tuning parameter

Ft|(rsa Xs)OSsSt—l ~ Qt((rsa Xs)OSsSt—ly )



using an adaptation plan. Let (P,),ey be a family of Borel Markov kernels where P, :
X x B(X) — [0,1] for each v € Y and for each z € X, v +— P, (x,-) is Borel measurable.
The Markov family acts on Borel functions f : X — R and Borel measures p on X with

0= [ f)P (o) WP = [ P(a )

for all (z,7) € X x ). The process then updates the state space given the updated tuning
parameters

Xi|ly, Xim1 ~ Pry(Xi-1, )

using the Markov kernel.

3 Lower bounds on the convergence of adaptive MCMC

Let S(X,)) denote the set of all possible adaptation plans Q that define the Borel kernels
Q; updating the tuning parameters at every iteration time ¢. For a chosen adaptive
strategy Q € S(X,)), we denote the marginal of the adaptive process at iteration time
t by X; ~ Ag)((%, xo), ). We will develop conditions to lower bound the total variation

over all feasible adaptation strategies, that is, to lower bound

st [A9000.9 -

QeS(X,Y) ™V

fort € Z,.
The main tool will be a function prescribing a subgeometric rate defined implicitly
as an inverse which we now define. For concave functions ¢ : (0,00) — (0,00) and

wp € [1,00), define

Y dv
Ho, () = / (1)
" wo (V)
for all w > wp. The assumptions on ¢ imply it is non-decreasing and H,, ,(-) is strictly
increasing as well as the inverse H,! () exists. Depending on the form of ¢, the inverse
function H! . w< ) defines a polynomial, subgeometric, or geometric function increasing to

infinity.



The first lower bound in total variation uses a technique extended from [9, Corollary

3.7] to adaptive MCMC over all adaptive strategies.

Theorem 1. Assume there is a Borel function W : X — [1,00) and constants C,k > 0

where

(W >r)>Cr" (2)

holds for all r > 0 and there is an o > k and a concave function ¢ : (0,00) — (0, 00)
such that
(PAW*)(x) = W(x)* < (W (x)%) (3)

holds for all (z,v) € X x Y. Then for allt € Z,

. M
Qeé?)fc,y) HAS) (%0, 0, °) = WH TV = (H‘;/l(;po)a,gp(t)) =5
where
M = C75 [(/a) 7% = (5/a)77 | (4)

Proof. Let V(x) = W*(z), and let t € Z,, so then we have
E V(X)) = V(X)) < o(VI(X0)).

Since E [V(X1)] — V(zo) < ¢(V(xg)), then assume by induction for all 1 < k <t —1,
E [V (Xk1)] —E[V(Xk)] < o(E[V (X)) and E[V(X)] < co. By the induction hypothesis

and Jensen’s inequality,

E [V(Xt+l)] —E [V<Xt)] =E [E (V(Xt—i-l)‘Ht) - V(Xt)]

< E e[V (X)]]
< p[E V(X)) (5)



The inverse function theorem implies the derivative

d _
EHV(IIOW(S) - gOUL‘IV(IJE()),@(8))'

Since H, 15(0) = V(z0), assume by induction Hy/ 1o(k) = E[V(Xy)] for all & < t.

(z0), (z0),

Since ¢ is non-decreasing combined with the fundamental theorem of calculus and (5),

t+1
—1 -1 -1
Hy () ot +1) = Hy ) (8) +/t P(Hy (1) 5 (5))ds

Vv

Hy gy o (8) + 0y () (1))

v

V(X)) + oE V(X))

E
E[V(Xi)]-

By Markov’s inequality,

P(W(X;) >7r) <

Optimizing r gives the lower bound

[]

Assumption (3) of Theorem 1 requires the Markov family (P, ),ecy to satisfy a simulta-
neous growth condition for some concave function ¢. We look at some concrete examples
of concave functions that lead to common subgeometric convergence rates that have been

explored previously for upper bounds [4].

Example 2. (Polynomial lower bounds) Assume (2) holds with constants C' > 0 and
x = 1 and additionally, (3) holds with function W (-), a = 2, and p(w) = cw” for some
constants ¢ > 0 and 3 € (0,1). Then a straight forward calculation gives HI;}( )2 so(t) =

Zo)“,



1
((1 = B)ct + W (20)**=")TF and Theorem 1 implies for all t € Z,,

2
ot 4800200~ > c -
Qe T 4L Bt £ W (o) 20-P)

Ezample 3. (Subgeometric lower bounds) If (2) holds with constants C' > 0 and k = 1 and
(3) holds with W (), a = 2, and () = c(z + Kp)/ log(x + Kz)? where Kz = exp(8+1),
then

i o) < (W (w0)? + Kg)exp ((1+ Betri= )
By Theorem 1, then for all t € Z

02
>
™v — 4(W(x)? + Kp

inf HA 0, Lo —7TH
QeS(X,Y) 7’ ’)

) exp (—(1 + B)ctﬁ) .

Now we obtain a matching weak lower bound rate under essentially the same condi-

tions as total variation in Euclidean spaces. Let ||-|| denote the Euclidean norm.

Theorem 4. Let X = RY for d € Z,. Assume (2) holds with C,x and (3) holds
with W(-), and «, and let M be defined as in (4). Assume for each r > 0, the sets
{x € RY: W(x) <r} are compact. Then for any € € (0,1),

(1-
inf inf E{r,y e X X X i ||z —y|| > 6 }) > =
QES(XY) gec[AD (ro.or).a] Hy e (1) 5

holds for some 6. € (0,1) and all t > Hy(yy)e,, (KC(1 —€)*/ar). In particular,

‘ 0 (1 —e)M
inf W a1 (A(Qt)<707x07')77r) = _1< ) =
QES(X7y) Hw(mo)a7§0(t)a_“

Proof. Let r > 1 and let T'= {x € X : W(z) > r}. Since W is continuous, then 7' is
closed and by Strassen’s theorem ([19] and [20, Corollary 1.28]), then for any § > 0,

[Ami(nf | ]5({%1/ €EX XX |z —y|>d})>n(T) - AY (70,20, T?)
§eC o \70,T0,"),™

where T° = {y € R? : dist(y, T) < 0} and dist(y, T) = inf,er |2 — y||. Thus, we will find
a discrepancy between m ({W > r}) and .A(Qt) (70, o, {W > (1 — €)r}) for small € and the

8



s ——

W>1—-er W=r

Figure 1: The diagram illustrates intuition for a discrepancy between the set {W > r}
for the adaptive process and the target measure and also {WW > (1 — €)r} for small e.

intuition is illustrated in Figure 1.

Let 0A = cl(A) \ int(A) denote the boundary of a set A where cl is the closure
and int is the interior. Since R? is convex, we have that d(x,T) = d(x,0T). Since
K = {z € RY: W(z) < r} is compact, then W is uniformly continuous on K. For
e € (0,1), we can then choose d. depending on € sufficiently small so that W (z) > (1 —¢)r
if dist(z,T") < d. and so

P(X, € T%) <P(W(X,) > (1 —€)r).

Markov’s inequality and (3) imply that

E[W*(X)] _ Hyage o)
FWIX) 2 (1= o) < i ee < 1 gare

Optimizing, we get for ¢ large enough so that




and this yields the lower bound

o Wi (AS (o0, ) 7) = inf e({my e -yl > 0)
560[«42)(70@0,-),#]
-1
g _ HW(xO)O[?SD(t)
e (1 —e)ore
QK M
> (1—e)or—— -

HW(IO)QM(L‘)&_K
where M is defined by (4). The conclusion follows since € is arbitrary. ]

An interpretation of Theorem 4 is the best possible rate of convergence for adaptive
MCMC satisfying (3) for target measure satisfying (2). The conclusion of Theorem 4
can also be extended to general path-connected state spaces X. The mild assumption of
compact level sets for the function W often holds in many applications. However, there is
a significant drawback to the Wasserstein lower bound being the constant is non-explicit
compared to the explicit lower bound in total variation.

What is surprising about the lower bounds in this section is the requirement only on
the Markov family (P,),cy to satisfy (3) and does not directly depend on an adaptation
strategy. For example, it is common scenario in adaptive MCMC for the parameter space
Y to be compact. In this case, the simultaneous growth condition (3) often holds if a
Markov kernel satisfies some mild regularity conditions and (3) holds with only fixed
parameters.

Ezample 5. (Adaptive Unadjusted Langevin algorithm) Consider the multivariate Stu-
dent’s t-distribution 7 on R? with d > 1 and v > 0 degrees of freedom. The Lebesgue

density is defined by
(v+d)/2

Dnl@) = w2y omyr

exp(—U (7))

where U(z) = “1og(1 + |z||*). The adapted unadjusted Langevin process (I'y, X;)i0
on (0,1) x R? is defined by

Xip1 =Xy =T VU (2) + /2011 Zia

where T';.1 € (0,1) and Z;,; is an independent standard normal random vector. Subge-

ometric drift conditions have been shown for unadjusted Langevin in the non-adaptive

10



case for heavy tailed target measures [12].
Let oo > 0 and W (z) = (1+ ||z||*)®+9/2. By Ito’s formula, for large enough ||z||, there
is a constant € > 0 such that the second term is bounded using the moment generating

function of non-central chi-square random variables by
EW*(Xer)|Tesr =7, Xe = 2] = W*(x)

=E UOW VW (x)" - dXt} +E U; tr (V2W (z)*z) dt

<a+d) [—v(v+2)+ alv+d) + € (1 + ||x||2)a(v+d)/2—1 .

It follows that for some constant C, > 0 and for all z,~,
E [W(Xi1)[Tess = 7, Xo = 2] — W (2) < CuW(z)! ~507a.

One has the lower bound for some constant C > 0

C

(W >r)> Ao /(urd)

If v+d— 2> 0, then by Theorem 4, there is a constants M > 0 such that

M
inf Wy (AY ,0,9),m) > —m .
oef  Whini(Ag (0, 0,),m) 2 (A5 1)
Of particular interest is that the rate cannot be geometric even when considering weak

convergence.

In certain situations, the tail probability decay on 7 in (2) may be difficult to establish.
In this case, we consider finding a function that is not integrable with respect to m, but
this results in a trade-off of only a having a lower bound for a subsequence. An analogous

result will also hold in total variation.

Theorem 6. Let X = R? for d € Z,. Assume for some Borel function W : X — [1, 00)
such that fx Wdn = oo but also for some o > 1 and some concave function ¢ : (0,00) —
(0,00),

(P, W) (&) = W(2)* < p(W(x)%) (6)

11



holds for all (x,7) € X x Y. Assume additionally for each r > 0, the set {x € R :
W(x) < r} is compact. Then there is a constant M, > 0 and a subsequence t, € Z,
increasing to infinity such that for any B € (0,1) with a > 1+ 3,

M,

inf W, ((t”’g) : ,-,>> .
QE‘IS'r(lX,y) I-IAL AQ (”Yo Zo )7T _< - 148

a—1-48
Hwa(xo»so(tn))

Proof. Since f + Wdn = oo, there is a sequence (rn)n with lim, r,, = oo such that with
T, ={x: W(z) >r,},
2a+1
7(T,) >

jtil 1 .

The conclusion follows by Theorem 4. m

4 Subgeometric upper bounds for adaptive MCMC

This section is dedicated to studying conditions such that an upper bound convergence
rate can be obtained for adaptive MCMC comparable to the lower bounds in the previ-
ous section. We first consider a quantitative alternative to the widely-used diminishing
adaptation condition [16] that is stronger in the sense that it requires a specified rate of

decay.

Definition 7. An adaptive process satisfies quantitative diminishing adaptation with a
function G : Z, — (0, 00) strictly decreasing to 0 if for any € € (0, 1), there is a nonneg-
ative integer s. such that with probability at least 1 — e,

HPFtH (z,-) = Pr,(z, ')HTV < G() (7)

holds for all x € X and ¢ > s..

Next, we consider a simultaneous version of a subgeometric drift condition on the Markov

family.

Definition 8. A Markov family (P, ),y satisfies a simultaneous subgeometric drift condi-

tion if there is a Borel function V' : X — [1, 00) and a concave function ¢ : [0, 00) — [0, 00)

12



strictly increasing to infinity with lim, ., ¢(v)/v = 0 and a constant K > 0 such that
(PyV)(x) = V(z) < —p(V(z)) + K (8)

holds for every (z,7) € X x Y.

Here we assume lim, ., ¢(v)/v = 0 to exclude the geometric case. Subgeometric
drift conditions for Markov chains has been studied previously [4, 11] but we adjust the
previous conditions to hold over feasible tuning parameters ). We now combine this drift

condition with a simultaneous local contracting condition.

Definition 9. A Markov family (P, ),y satisfies a simultaneously locally contracting con-

dition on a set S C X x X if there is a constant « € (0,1) where
[Py(,) = Py, )lpy 1 —a (9)

holds for all (z,y) € S and v € V.

Local coupling conditions have been studied in the subgeometric case for Markov
chains [6]. For example, a minorization condition can be used to verify the Markov
family is simultaneously locally contracting (see [16]). Under these three conditions, we

can establish an upper bound for the adaptation process.
Theorem 10. Assume the following assumptions hold for the Markov family (Py)yey:
1. mPy = for ally € ).

2. A simultaneously subgeometric drift condition (8) holds with a Borel function V :
X — [0, 00).

3. A simultaneous locally contracting condition (9) holds on the set S = {x,y € XXX :
V(z)+V(y) <2K/(1—20)} for some § € (0,1).

Additionally, assume the quantitative diminishing adaptation condition (7) holds. Then
for any e € (0,1) and all t € Z,

6+ [r(1) +1] (V(zo) + [Vdr + KT.;) + C

[ 4G+ ((20, w0), ) = = e

<
TV -1 t
6H1"P (—log(H;;(t))/IOg(l—a)Jrl)

13



where T,y = sejo + (1/G)71(2t%/€) and

r(-) = @(H;;(-)), R=¢p '(2K/(1-9)), C=[r(1)+1] {R+ %(R+ 4K)} :

There are many ways to verify quantitative diminishing adaptation (7) through con-
centration inequalities and almost sure convergence. One specific way to verify quan-
titative diminishing adaptation (7) when ) is a Euclidean space is through Lipschitz
continuity properties of v — P, combined with choosing an adaptation strategy so that
(I'ts1—T'4)/G(t) convergences almost surely. For example, if for each z € X, v — P, (z, )

is Lipschitz with constant ., then

1Pren () = Prae, )y < (sgﬁx) ICos — T

holds for all x € X and (7) follows immediately if sup,c 8, < co. The Lipschitz conti-
nuity used above can be verified under certain conditions when adapting the covariance
in Gaussian random-walk proposals for Metropolis-Hastings [2]. A concrete example to
satisfy the almost sure convergence of (I'yy1 — I'y)/G(t) is the widely-used adaptation
with stochastic approximation when I'yyq = 'y + hyLy(To, Xo, ..., Ty, Xi) such that L, is
bounded and h; is a step size tending towards zero with a specified rate.

Theorem 10 requires satisfying quantitative diminishing adaptation (7) with a suffi-
ciently fast rate. Table 1 compares approximate upper bounds for different combinations
of ¢(-) and G(-). The upper and lower bounds may be also combined and in particu-
lar, Theoerem 10 can guarantee the adaptive process approximately achieves the lower
bound rate if the adaptation diminishes sufficiently fast. For example, if in addition to
the assumptions of Theorem 10, there are constants C, x > 0 such that

(V. zr)=Cr", (PVZ)(2) = V(2)™ < o(V(2)™)
holds for every (z,7) € X x Y. Then Theorem 1 and Theorem 10 imply some constants
M*, M,,a > 0 such that
M, . < HA(QYL,t+t)((70’xO)7') _ 7TH < M*T,, te

V(20)? ,<p< Hl,so <_1og(H;;(t))/1og(1—a)+1>

14



Examples of upper bound rates from Theorem 10

G(t) p(w) = cw’, B € (0,1) | p(a) = c(z + K)/log(x + K)’, 5 € (0,1)
exp(—at),a >0 x (1+(1—l;)g£f))1/<175> oc log(t) exp <—(1 + 5)ctﬁ>

o 1/ o _1
exp(—17),0 € (01) | o s o log (1)1 exp (=(1 + B)ct ™7

—a 2/ o 1
= a>1 x (1+(1_2>ct>1x<1—ﬁ> o 2/ exp (—(1 - ﬁ)ctlﬂs)

Table 1: Upper bound convergence rate comparisons from Theorem 10 for different com-
binations of ¢(-) and G(-). The table entries specify a convergence rate upper bound up
to an explicit constant.

holds for all ¢t and €. More interestingly, Theorem 4 implies this also holds with alternative
constants when X = R? with the total variation replaced by the Wasserstein distance

corresponding to weak convergence.

Proof of Theorem 10. Let (I'y, X;)i>0 be an adaptive process initialized at zg,7v,. We
first specify a finite adaptation plan Q7 with a time 7' € Z_ defining a stopping point
of adaptation. This defines an adaptive process (I'}, X});>¢ initialized at xq, o where for
all t > T, I'y = I'p and (I, X))[(T'}, X{)s<t—1 ~ 07 (-)Pr, (X{_y,) and dr;, denotes the
Dirac measure at I'7.. Using this finite adaptation process, we have an upper bound via

the triangle inequality

A(T—i—t) 7 ) — H
|48 (0 20), ) |

< [AG 0, 70),) — AL (0,70, + A% Go,w0), ) ]| 10)

We will bound each term on the right hand side of (10) separately. For the first term
n (10), fix e € (0,1) and choose T' = T,,.
Let

Be:{llprtﬂ(xa')_PFt(x < G(t),xEX,tZse/g}

")HTV

be the set where (7) holds and is Borel measurable by assumption. Using the triangle

15



inequality, we have that

sup H,PFT-H (l‘, ) - 7)Fq"(x? .)HTV
TEX

t
< Z Slglg |”PFT+S (.Z‘, ) o PFT+s—1 (l‘, .)HTV
_l z

< tG(T)

holds on B.. Let D = {u,v € X : u = v} denote the diagonal set. Proposition 17 implies
there exists a family of Borel measurable joint kernels (K, ), ey on X x X such that
forl1 <s<t

XT+87 Xéq_s | FT-‘,—s =7, FT = ’7/7XT+5 = m7X§“+s = ~ K:%,Y/((JJ,ZE,), )

and on the set B,

€
ICFT+S7FT(('T7 x)7D) > 1 — 2—t

holds for all z € X. Using the synchronous coupling for I'; and I'} and since both processes
are initialized at the same point, we can construct a coupling where X; = X! for s < T

and using these joint kernels after 7. We then have the lower bound

T+t T4t—1
(H Ip(Xy, X;)1 ) ( H Ip(Xg, X lg)f(/ /CFT+t,FT((5U:33)a(d%dy/))[Be)
x y,y' €D

k=1
T+t—1
> (1-¢/t)E ( H In( Xk,Xk)f&)

(g
()

AV,

v

Then it follows that the optimal coupling is controlled so that

"Ag€7t+t)((70,$0)7 ) — Ag:?::rt ((70, o), *)

<P (Xp1 # Xpp)

<e.

TV

16



To bound the second term in (10), the following is adapted from previous arguments
for subgeometric upper bounds for non-adapted Markov chains [6], but modified for adap-
tive MCMC, and the constants are improved and explicit. There is a Borel measurable

conditional total variation distance by Proposition 17 so that

|45 Goswo). ) = 7| < E[IPE, () = 7l ]

vV
Let 7¢ = inf{n > 1: X,,,Y,, € S} be the first hit time to the set S. For n € Z, let 0,
denote the shift operator applied n times so that 0,(X;) = X, for all i € Z,. Define

the successive hit times to S recursively by

n+1
T = Ts, T+l = Tn +Ts 00, = E T

for each n € Z,. The inverse function theorem implies the derivative r(s) = £ H- ;(s) =
@(H; (s)) for s > 0. Thus, H;} is convex since its derivative is monotone increasing by

Lemma 18. By Markov’s inequality and Jensen’s inequality,

RG]
Bl 2 1) < ==t m)

+ Zk 1 [ (Tk)}

ST Ium)

For any t,m € Z, with t > m, the local contraction condition (9) implies an upper

bound via a coupling argument with [10, Lemma 3.1] so that for all v € Y and z,y € X,

[Pi) = Py < 1= 42 (S

k=1

- Zk 1 [ (Tk)]
1,@(t/m) '

Since ¢ is concave, it is subadditive so p(V(z) + V(y)) < p(V(z)) + ¢(V(y)). Since

<(1l—-a)"+ =2
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 is strictly increasing, by the drift condition,

(PyV)(@) + (P,V)(y) — [V(2) + V()] < =[e(V(2)) + o(V(y))] + 2K

—lp(V(z) + V()] + 2K

IN A

holds for all x,y € X. Using Lemma 19,
(PyV)(@) + (P, V)(y) — [V(2) + V(y)] < =0[e(V(z) + V(y)] + (R + 2K)Ic(z, y).

By [4, Proposition 2.2],

sup E, ,
z,yeC

= “12K/(1-0))  (R+2K)r(1
(Zr@)?& RE/A-0) , ( +MO)><>.

1=0

We have that r(-) = @(Hf;()) is log-concave and so r(s +t) < r(s)r(t) for all £,s > 0
[4, see the proof of Proposition 2.1]. We then have the upper bound for k > 2,

E[H; ()] =E :IEXT“ ( /0 Tkr(s)ds)}

<E|By ( r<z>)]

<E[Ex,_, (r(rc))| = 7(0) + E

<[r(1) + 1JE

Ex, (2 r(z’>>] ~(0)

1=0

<= e i) e )

For k = 1, similarly, we have

E [Hyj(re)] € == {V(x) Fv(y) + B 2ol } .

18



Combining these upper bounds,
Hy! iir <MDy s v+ e+ " (R ar)
\m — o A Y r(0) .

The simultaneous subgeometric drift condition (8) implies

E[V(X7)] < V(zo) + KT.

Choosing m = my; = [log(H; 4(t))/log(1/(1 — «))], we have the upper bound

HA(T—H) (Y0, 20), -) _WH
v

[r(1) + 1 { V(o)

W (R + 4K)}
<(1—a)™+

OH g (t/my)
_o+lr {V:c0+KT+de7r}+C
- Lo (t/me)

5 Example: adaptive Metropolis-Hastings indepen-

dence sampler

In many cases, it is difficult to choose a proposal for Metropolis-Hastings that approx-
imately matches the tail behavior of a complex target measure and adaptive MCMC is
often employed. The point of this toy example is to concretely demonstrate this scenario.
We will use the upper and lower bounds on the convergence to investigate the sensitivity to
different adaptation strategies. Consider the target measure m(dx) = exp(—x)Ijo o) (z)d.
Let (74,7*) be the interval for some potential tuning parameters 1 < 7, < 7* and consider
a Metropolis-Hastings Markov chain with independent proposal v exp(—vz)Ijp«)(z) and
Markov kernel defined for (x,v) € [0,00) X (7«,7*) and all Borel sets A C [0, c0) by

Py (x, A) = / 0, (@, ) exp(—v)dy + 8, (AR, (2) (11)
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where the acceptance function is a,(z,y) = exp[(y —1)(y — )] A 1 and the rejection
probability is R,(z) = 1 — [° a,(x,y)yexp(—yy)dy. Since we restrict v > 1, the tail
probabilities of the proposal and the Metropolis-Hastings kernel are lighter than the
target. Due to this restriction, we will have a polynomial lower bound over any possible

adaptation plan.

Proposition 11. Let Ag) (70, o, -) be the marginal of the adaptive independent Metropolis-
Hastings process at time t € Zy from (11) with adaptation parameter set (v«,v*) and
initialized at xo,7 € (0,00) X (v4,7*). Then

inf HAS)(%,O, ) - 7TH > _ M. -
Q€e5([0,00),(v+,7*)) TV (et 4 1)%1
— _1/(’7*_1) _'\/*/(’Y*—l) - * %
where M, = 7. — V= andc*—%—i—”}/ — 1.

Proof. Define W (x) = exp(z), and we have by a standard computation 7(W(x) > r) =

r~1. Assume 1 < v, < 7. For a < 7, the identity holds

(P,W*)(x) — W*(a)

= /[0 | exp(ay) {1 A fexp [(v — 1)(y — 2)]]} v exp(—vyy)dy — exp(ax)E (ay(z,Y)) .
We also have for any a < -,

/[O | exp(ay) {1 A [exp [(v — 1)(y — 2)]]} v exp(—y)dy

_ PyeXpOE(iI )] /033(& —Dexp[(a—1)y]dy
n 71a /:O(fy—a)exp [—(v —a)yldy
:{ail+71a}wpkw—anm—ailwpkw—iﬂl (12)

Using (12) with a =0, [ a,(z,y)yexp(—yy)dy = yexp((1 —v)z) + (1 — ) exp(—7yz). So
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then

(PW) (&) — W ()

:{ail+71a+’y—1}exp[—(7—o¢)x]—

1+a—v

T exp[—(y = a] = 7W(2)"

It follows that

Teml =%
’)/ 14y%—v

%_1%M—W—U@—7W”@)%

< C4. (13)

P )= W) = =Tt =Ty L el = 20)

With the upper bound in (13), we can now use Theorem 1 with ¢ = ¢*, kK = 1, and

a = 7,. We then have the lower bound

M,
|48 Go,0, ) = 7| = 1

TV [C*t —+ exp('y*xo)] Y —1
holds for every t € Z, uniformly in the adaptation strategy Q. O]

In Table 2, we compute the lower bound in Proposition 11 for different choices of
(7, 7*). The large values from Table 2 illustrate that even in this toy example, it is
possible to observe poor convergence behavior of adaptive MCMC with certain tuning
parameter sets independently of the adaptation strategy. However, this limitation on the
convergence rate can be avoided if the adaptation plan is capable of crossing the critical
boundary v = 1. By Theorem 4, the lower bound rate in Proposition 11 will be the same
even when converging weakly.

We now look at upper bounds from Section 4 where we require adaptation is restricted

to a compact set. This is a commonly used strategy in adaptive MCMC [15].

Proposition 12. Fort € Z,, let A(Qt) (70, X0, ) be the marginal of an adaptive indepen-

dent Metropolis-Hastings process defined in Proposition 11 and assume for each t € Z,,

21



Lower bound computations from Proposition 11

Iteration | (v.,7") = (3,5) | (7%,7%) = (4,6) | (7,7") = (8,10)
103 0.0048 0.0247 0.173
101 0.0015 0.0115 0.125
107 0.0005 0.00532 0.0898
106 0.0001 0.00247 0.0646

Table 2: Lower bound computations from Proposition 11 for the adaptive Metropolis-
Hastings independence sampler.

Pr,., (@, ) = Pr,(z,-) for all x > r for some r > 0. Additionally, assume

I Ui — Ty
1m —

T R

almost surely for some function G(-) strictly decreasing to 0. If v* < 2 — € for some
e €(0,1), then for all 6 € (0,1) and t € Z,

M, . 2[r(1) + 1] KTs, + C
- < HAgJ, +t)((’70,0)7 ) o 7TH < [7"( ) + ] o,t + : 4+ 5

[ (Ts + 1) + 1]5 rv =

t -1
[1 + gt/ log(lfa)+1j|

where Ty = ss + (1/G) ™ (Jt?/6) for some ss € Z, and

1 1 . ) .
‘]:2/75—’_71—'__70:’7 7K: 2 , O = 7*—17T(1):(C+1)27*_¥ )
’Y* 1 — € ’y* - 1+€ (2[(),\/175

R=AK)7 7 ,C=1+2r(1)+ 11+ e+ [r(1) + 1] {R+r(1)(R+4K)}

and M, c, are defined in Proposition 11.

Proof. We will use Theorem 10 to establish the upper bound. We first verify the quan-
titative diminishing adaptation condition (7). Let ¢ : R — [0, 1] and for > 0 and let
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V2(y) = v(y) — ¢(z). Then
Pyro(x) — Pyp(a) = Pytha() — Pythe()
= / Ve (y) lay (@, y)7 exp(—"y) — ay (2, y)y exp(—yy)] dy
<y =] / ly — x|y exp(—"y)dy + / 17 exp(—7'y) — v exp(—y)|dy

*

1
< @2/ + el =T+ =l
Let J=2/v2+1r+ % and so quantitative diminishing adaptation (7) since

Slelg H,PFH1<SL’, ) - ’P[‘t(l’, ')HTV < J|Ft+1 - 1—\t|

Next, we verify the simultaneous subgeometric drift condition. Let V(z) = exp(x),
and using the identity (12), for € € (0, 1),

*
2—e—~*

R P SRR

Now we satisfy the simultaneous local contraction with a minorization condition. If
V(z) < R, then exp((y—1)z) < Ri=. Define vy(-) = Z7' [ 1A[exp((y — 1)y)] v exp(—7y)dy

where Z is the normalizing constant. So then

V(I‘BQRIPW(IJ') 2> VV(')'

]

If adaptation diminishes fast enough, Proposition 12 shows the upper bound rate is
essentially (1 + t)llf;v and depends on the largest tuning parameter v*. This is due to
the adaptation plan possibly concentrating on v*, which is farthest from the optimal
choice. On the other hand, the lower bound rate (1 + t)ﬁ depends on the smallest
tuning parameter v, being closest to the optimal choice. In particular, there can be a
gap in the upper and lower bounds on the convergence characterized by potential tuning
parameters. In Table 3, we compare the upper bound convergence rates with ¢ = .01,
G(t) = exp(t), and 0 = (1 + ct)ll—%e*. We observe that the upper bound is sensitive to the
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Upper bound computations from Proposition 12

Iteration ¢ | (v, 7*) = (1.2, 1.5) | (7, 7*) = (1.2,1.6) | (7., 7*) = (1.2,1.7)
103 2.048 - 107! 7.859 - 10° 7.368 - 102
104 2.217-1073 1.784 - 1071 2.867 - 10
10° 2.379-107° 4.018 - 1075 1.106 - 10°
106 2.550 - 1077 9.04-107° 4.26-1072

Table 3: A comparison of the upper bounds from Proposition 12 for the adaptive

Metropolis-Hastings independence sampler with ¢ =

(1+ ct) T,

tuning of v*.

01, G(t) =

6 Example: Adaptive random walk Metropolis

exp(t), and § =

Adaptive random-walk Metropolis is a popular simulation algorithm for Bayesian statis-

tics [8].

Let U : R — R and consider the target measure with normalizing constant

Z = [gaexp(—=U(z))dz defined by m(dx) = Z 'exp(—U(x))dz. We make the follow-

ing regularity assumptions on the target m which have been used previously to show

convergence results in MCMC [4]. Let ||-||» denote the Frobenius norm.

Assumption 13. Suppose U is twice continuously differentiable and there exists a mini-

mum such that x, and U(z,) = 0. Assume there are constants dy, Dy, > 0 for k = 1,2, 3
such that for all x € R? with ||z| > R for some R > 0,

dy [|z]|™ <

U(x) < Dy ||z

ds ||z < IVU (@) < Dy ||z,

ds ||z < || VU (2

)| < Ds x| 2.

VU(z) =
[T

>r

Y

]

(14)
(15)

(16)

While Assumption (13) is strong, the Weibull distribution is one example (see [7]).

Let gx be a Lebesgue density on R? used for the proposal supported on a compact set
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K C R? satisfying

() = gre (€]} for all € € R, inf g1c(6) > 0. (1)

For v € Y, define the random-walk Metropolis Markov family for z € RY and Borel
A CR? by

Py (2, 4) = / 0,7 +4"2€) g (€)dE + 6,(A) R, (2) (18)

with acceptance function a(z,y) = exp[U(z)—U(y)]Al, and rejection probability R, (z) =
1— [paalz, o +yY28) g (€)dé. We define an adaptive random-walk Metropolis process by
adapting the covariance of the proposal [8] with dynamics I';|(I's, Xs)s<¢—1 first updating
the covariance matrix, and then X;|T';, X;_; updating the current state with random-walk
Metropolis.

For the tuning parameter set ), we consider the set of symmetric positive definite

matrices on R? such that the eigenvalues are bounded by constants \,, \* > 0, that is,
Y={yeR™: NI <y< NIy =4}. (19)

One example is to adapt a sample covariance matrix scaled by h > 0 using the following
identity
t
h t—1 h

Ft - ? Z(Xs - Xt)(Xs - Xt)T - Trt—l + t—i——l(Xt - Xt—l)(Xt - Xt_l)T (20)
s=0

where X; = (t +1)7' 320, X, [8, 2. The set Y is convex and one way to ensure the
updates remain in ) is to truncate the eigenvalues of (20).

Under Assumption (13), we first obtain a lower bound on the convergence rate for the

adaptive random-walk Metropolis process.

Proposition 14. Fort € Z,, let A(Qt) (70, o, ) be the marginal of the adaptive random-
walk Metropolis process initialized at zo,vo € R x Y from the Metropolis-Hastings family
(18) and adaptation parameter set (19). If Assumption (13) holds for w, then there are
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constants c, > 0 depending on m and M, depending on m and xo such that

inf W, (A@ 20, -), )>Aﬁ (_Jﬁﬁy
Qe‘lsr(lxy) -1 Q(’Yo To,-), T ) > exXp C

In order to proceed, we will first establish a simultaneous growth condition on the Markov

family.

Lemma 15. With W(x) = exp(U(z)), there are constants My, No, L > 0 depending on
m such that for any o > 0 and (z,7) € X X Y,

(P,W) (@) = W(x) < Moa® /™ o — NoJ p(W*(x)) + L (21)

where for K, =exp(2/(m —2)+1) and w > 1,

B w+ K,
IOg [w + Km]Q/m—Q-

p(w)

Proof. Similar to [7, Lemma B.4], using the fundamental theorem of calculus and (15)

Wz + %)
sup
¢eK We (ff)

We(z +ty'2¢) 1 m—1
I L e A R 2
cexel] | cek  We(x) 0

It follows that

we 1/2
lim sup sup (z+7 ) <1.
T pzreex  We(z)

Using the fundamental theorem of calculus twice with (15) and (16), there is a constant

M > 0 such that for large enough ||z||

We(z 4+ ~1/2%€) /2
TR
1 [}
< W I;f;z;)cg) {PWV2VU (& + t41%€) - €2 + af -4 V2V2U (x + tyV26)7 26} (1 — t)dt
0

< @*M ||z|*" .
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Similarly, we obtain
lexp(U(z) — Uz + Y26)) — 1 4+4Y2VU(2) <M ]2

Let 7,(z) = {y € R?: U(z) < U(z + v*?y)} denote the rejection region. By [7, Lemma
B.3] combined with (15), there is a constant a > 0 such that for large enough ||z||

Applying these bounds, for large enough ||z||,

(P,W)(z)
We(z)

<a / VYU (2) - €ala, x +~+1%€) gre (€)dE + Ma? |||V
]Rd

-1

= Oz/ ( )’71/QVU($) € (eXP[U(Jf) — Uz + 71/25)] _ 1) gr (€)dE + Ma? ||x||2(m71)

<o [ VUG- a0 + Mol el
< aa [VU ()| + Ma? ",

Applying (14) and (15), there are constants My, N, K, > 0 such that ||z| sufficiently
large

(P,W®)(z) = W (x) < Moa [a = No] U(WT(/QZ
We(z) + K

log(We(z) + K, )2/m=2

< M()Od372/m [CY — No]

For small ||z ||, we have by continuity, the sub-level sets of W are compact and (P, W*)(x)—

We(x) is bounded on compact sets, so the conclusion follows at once. O

We may now apply Lemma 15 to obtain the lower bound.
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Proof of Proposition 14. Changing to polar coordinates, we have for r large enough

m (exp(U(x)) 2 7) 2 @ (||=]|™ = log(r))
27Td/2 -1 m
> W/SMZT s exp(—s™)ds
27?2 1
= ZmI(d/2)r

where Z is the normalizing constant and I'(t) = [ u'"'exp(—u)du for ¢ > 0 is the

0
Gamma function.
By Lemma 15, for « sufficiently large, we have constants M, K,, > 0 depending on

a,m such that

N N W (x) + K,
(PW) (o) = Wa) < My D S

holds for all (x,v) € R? x Y. Therefore, there is a constant ¢, > 0 depending on m such
that

v log(z + K,y,)2m2
We(x) r+ Ky,

H;%A/a(xo)(t) < M exp(aU(zg)) exp <cmtﬁ> '

Heywo gy (u) = M dx

Since W (-) has compact sublevel sets, the lower bound then follows by Theorem 4. [

We investigate now an upper bound with the quantitative diminishing adaptation
condition (7) that can approximately achieve the lower bound rate. The following upper
and lower bounds show that the convergence of adaptive random-walk Metropolis in this
situation is not geometric. One drawback is that we do not obtain explicit constants in

the upper and lower bounds.

Proposition 16. Fort € Z,, let A(Qt) (70, X0, ) be the marginal of an adaptive random-
walk Metropolis process as in Proposition 14. Assume the proposal g is a truncated Gaus-

stan on a centered closed ball and

P

m e
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almost surely with G(-) strictly decreasing to 0. Then there are constants M,, M* depend-
ing on xg and ¢, c*, J* > 0 such that for all e € (0,1) and allt € Z,,

M. exp | =e.(Ter H)ﬁ] < Wiiar (A(QTE’M)((%,:UO), -),w) < M*T,,exp [—c*tﬁ] te

where T,y = S + (1/G)~' (J*t?/¢) for some S, € Z,.

Proof. We will apply Theorem 10 to obtain the conclusion. Choosing « sufficiently small
in the simultaneous drift condition from Lemma 15, and a compactness and continuity
argument shows a simultaneous minorization condition holds.

It remains to verify quantitative diminishing adaptation (7). For v € ), define

f4(y) = exp (—% log(det (7)) — %yT71y> :

Following [2, Lemma 13|, the mean value theorem gives the upper bound

1
/|fv L) dy < = //f%(y)\tr(%‘l(v/—v)+7{1ny7§1(7’—7))!dtdy
R2 JO
d(2m)¥?
< 0 i

Since the proposal gx is symmetric, then for Borel ¢ : X — [0, 1], let ¥(z,y) = (¢(y) —
p(z))a(z,y) and

Pyo(z) /1/1 z,y)gr (Y -1/ 2( —x))dy — /vay)gK(V_m(y—x))dy
/ — Jq d
fKeXp —HzH /2)d z/x+K|f7 (y) — fy(y)| dy
< IY =l

where J* = 2d(2m)%?/[\, [, exp(— |2||? /2)dz]. Taking the supremum over @, we then
have for each t € Z,

Slelg HPFt+1( ) PFt HTV < J Hrt-‘rl F75HF :
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7 Final discussion

The general weak lower bound convergence rates developed here in combination with total
variation upper bounds for adaptive MCMC can provide useful guidance in designing
adaptation strategies in MCMC. We showed that the lower bound for weak convergence
in Theorem 4 can produce the same rate as the lower bound in total variation from
Theorem 1. We also used a novel quantitative diminishing adaptation condition (7)
to show these lower bounds can be accompanied by upper bounds with subgeometric
convergence rates. Our contributions are useful not only in understanding the convergence
of adaptive MCMC, but also for gaining intuition for constructing adaptation strategies
in practice.

Choosing an optimal adaptation strategy for an adaptive MCMC simulation remains
a difficult task in general and our subgeometric upper bounds are limited by requiring
the adaptation to diminish sufficiently fast according to (7). While this is to be expected,
some interesting future research directions could include finding more precise classes of
adaptation strategies that are capable of achieving upper bounds that can approximately
match the lower bound rate. Another area of interest is studying requirements on the

adaptation that result in geometric convergence rates for adaptive MCMC.
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Supporting technical results

The following is a technical result to ensure Borel measurability of conditional Wasserstein
distances used in adaptive MCMC.

Proposition 17. Let X be a Polish space and Y be a Borel measurable space. Assume

v+ iy is Borel measurable where jiy, is a Borel probability measure on X and v € ).

30



Let c: X x X — [0,00) be a lower semicontinuous function and for each v,y € Y, let

Welpo) = ot | ol do).

E€C 1yt )

Then there is a Borel measurable choice of the function

v, ’}/ — Wc(ﬂ'ya ,U’y/)'

Proof. Let M;(X x X) be the set of probability measures on X x X'. Let T be the set of
Borel optimal couplings £* on X x X satisfying

inf / c(u,v)é(du, dv) = / c(u, v)& (du, dv)
£eClpw) Jxxx XXX

for some Borel probability measures pu, v on X. Let ® : T — M;(X x X) be the function
defined by ®(§) = (u,v) for the optimal couplings £ € C (u,v). Then the pre-images
®~1(u,v) are compact nonempty sets of optimal couplings [21, Corollary 5.21]. By con-
struction, ® is continuous with respect to the weak topology as it is the projection onto
the first and second coordinates. Then ®(U) is open for every open set U C T, and
by Kuratowski and Ryll-Nardzewski [13], there is a Borel measurable selection of ®~1.
Now let ¥ : 7,9 = (p, 1) be Borel measurable and thus ®~1(¢)) is Borel measurable
completing the proof. O

The following provides useful properties for the function H; , and ¢ defined in Sec-

tion 3.

Lemma 18. Let ¢ : (0,00) — (0,00) be concave and define for w > 1,

|
]r-_717<p(74)):/1 gp(v)dv' (22)

Then ¢ is non-decreasing and H(-) is strictly increasing.

Proof. The fundamental theorem of calculus implies H; ,(-) is strictly increasing and then
this implies that H ;() exists. We need to show that ¢ is non-decreasing. Suppose by
contradiction that for some u < v that ¢(v) < ¢(u). By the subgradient inequality using
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concavity, for any subgradient dp(u) > 0, ¢(v) < p(u) — dp(u)(v — u). But for large v,
this contradicts that ¢ > 0. O

The next simple lemma is used for drift conditions.

Lemma 19. Assume there is a Borel function V : X — [0,00), an strictly increasing

function ¢ : [0,00) — [0,00), and a constant K > 0 such that
(P V)(2) = V(x) < —p(V(z)) + K (23)

holds for every (z,7) € X x Y. Then for any § € (0,1) and Cs = {x € X : V(z) <
P (K (1= 0))},

(P V)(x) = V(x) < =00V (@) + [¢ 7 (K/(1 = 8)) + K] Ic, (x)

holds for all x € X and all v € Y.

Proof. By the drift condition,

(PV)@) = Vi) < (5 —1) eV < ~dp(V ()

holds for all p(V(x)) > K/(1 —0). Since ¢ is strictly concave, it is strictly increasing, so
then

(PV)(2) SV(2) + K <o ' (K/(1-0))+ K

for all p(V(x)) < K/(1—-19). O
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