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In this paper, we give quantitative bounds on the f-total variation distance from convergence of a Harris
recurrent Markov chain on a given state space under drift and minorization conditions implying ergodicity
at a subgeometric rate. These bounds are then specialized to the stochastically monotone case, covering
the case where there is no minimal reachable element. The results are illustrated with two examples, from
queueing theory and Markov Chain Monte Carlo theory.
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1. Introduction

Let P be a Markov transition kernel on a state space X equipped with a countably generated
o-field X'. For a control function f:X — [1, 00), the f-total variation or f-norm of a signed
measure ¢ on X is defined as |||l s := SUp|g < s ()] When f =1, the f-norm is the total
variation norm, which is denoted || ||Tv. We assume that P is aperiodic positive Harris recurrent
with stationary distribution 7r. Our goal is to obtain guantitative bounds on convergence rates,
that is,

r(m)|P"(x,) — | s <g(x) for all x € X, (1.1)

where f:X — [1, 00) is a control function, {r(n)},>¢ is a non-decreasing sequence and g : X —
[0, o] is a function which can be computed explicitly. As emphasized in (Roberts and Rosen-
thal [18], Section 3.5), quantitative bounds have a substantial history in Markov chain the-
ory. Applications are numerous, including convergence analysis of Markov Chain Monte Carlo
(MCMC) methods, transient analysis of queueing systems or storage models, etc. These re-
sults have since been extended, using similar techniques, by Klokov and Veretennikov [10].
In their work, the authors consider truly subgeometric sequences that is, {r(n)},>0 € A satis-
fying lim,,_, oo ¥ (n)n ™" = oo for any « > 0, for a more general class of functional autoregressive
process.

In this paper, we study conditions under which (1.1) holds for sequences in the set A of sub-
geometric rate functions from Nummelin and Tuominen [17], defined as the family of sequences
{r(n)}s>0 such that r(n) is non-decreasing and logr(n)/n | 0 as n — oo. Without loss of gen-
erality, we assume that r(0) = 1 whenever r € A. These rates of convergence have seldom been
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considered in the literature. Let us briefly summarize the results available for convergence at
subgeometric rate for general state-space chains. To the best of our knowledge, the first result
for subgeometric sequences was obtained by Nummelin and Tuominen [17], who derived suf-
ficient conditions for || P"(x, -) — 7 ||ty to be of order o(r—!(n)). The basic condition involved

in this work is the existence of a petite set B satisfying sup, .p IEX[Z]?; 61 r(k)] < oo, where

B def inf{n > 1, X,, € B} (with the convention that inf & = o0) is the return time to B. These
results were later extended by Tuominen and Tweedie [25] and Dai and Meyn [2] to f-norms
for general control functions f :X — [1, co) under the assumption of the existence of a petite
set B satisfying sup,.p EX[Z,ZB: 61 r(k) f (Xx)] < oo. These contributions do not provide com-
putable expressions for the bounds in (1.1). A direct route to obtaining quantitative bounds for
subgeometric sequences has been established by Veretennikov [26,27], based on coupling tech-
niques (see Gulinsky and Veretennikov [8] and Rosenthal [21] for the coupling construction of
Harris recurrent Markov chains). This method consists of relating the bounds (1.1) to a moment
of the coupling time through Lindvall’s inequality; see Lindvall [11,12]. Veretennikov [26,27]
focus on a particular class of Markov chains, the so-called functional autoregressive processes,
defined as X, +1 = g(X,,) + Wy+1, where g:Rd — R4 is a Borel function and (Wp)n>o0 is an
i.i.d. sequence, and provides expressions for the bounds in (1.1) with the total variation dis-
tance (f = 1) and polynomial rate functions r(n) = nf, n > 1. These results have since been
extended, using similar techniques, to fruly subgeometric sequences that is, {r(n)},>0 € A satis-
fying lim,,_, oo (n)n ™" = oo for any « > 0, in Klokov and Veretennikov [10], for a more general
class of functional autoregressive process.

Fort and Moulines [7] derived quantitative bounds of the form (1.1) for possibly unbounded
control functions and polynomial rate functions, also using the coupling method. The bound
for the modulated moment of the coupling time is obtained from a particular drift condition
introduced by Fort and Moulines [6], later extended by Jarner and Roberts [9]. These results are
tailored to the polynomial rate and cannot be adapted to general subgeometric rates (see Fort [5]
for comments).

The objective of this paper is to generalize the results mentioned above in two directions. We
consider Markov chains over general state spaces and we study general subgeometric rates of
convergence instead of polynomial rates. We establish a family of convergence bounds, extend-
ing to the subgeometric case the computable bounds obtained in the geometric case by Rosen-
thal [21] and later refined by Roberts and Tweedie [19] and Douc, Moulines and Rosenthal [4]
(see Roberts and Rosenthal [18], Theorem 12, and the references therein). The method, based on
coupling techniques, provides a short and nearly self-contained proof of the results presented in
Nummelin and Tuominen [17] and Tuominen and Tweedie [25].

This paper is organized as follows. In Section 2, we present our assumptions and state our
main results. In Section 2.1, we specialize our results to stochastically monotone Markov chains.
Examples from queueing theory and MCMC theory are discussed in Section 3.

2. Statement of the results

The proof is based on the coupling construction (briefly recalled in Section 4). It is assumed that
the chain admits a small set:



Computable convergence rates for Markov chains 833

(A1) There exists a set C € X, a constant &€ > 0 and a probability measure v such that, for all
xeC, P(x,:)>¢ev().

For simplicity, only one-step minorization is considered in this paper. Adaptations to m-step
minorization can be carried out, as in Rosenthal [21]. Let P be a Markov transition kernel on
X x X such that, forall A € X,

P(x,x', A x X) = P(x, A)lcxcy (x, ') + Q(x, A)lexc (x, x7), @2.1)
P(x,x', X x A) = P(x', A)Lcxcy (6, x') + Q(x', A)lcxe(x, x'), 2.2)

where A€ denotes the complement of the subset A and Q is the so-called residual kernel defined,
forx e C and A € X, by

(1—e)"(P(x, A) —ev(A)), 0<e<l,

V(A), e=1 23)

Q(x, A) ={

One may, for example, set
Px,x'; Ax A= P(x, AP, A)Licxoy (x, x') + 0(x, A)Q(', A)lcxc(x,x), (2.4)

but, as seen below, this choice is not always the most suitable. For (x, x) € X x X, denote by Hv”x, X
and E, v the law and the expectation, respectively, of a Markov chain with initial distribution

8¢ ® &, and transition kernel P.

Our second condition is a bound on the moment of the hitting time of the bivariate chain to

C x C under the probability If”xyxr. Let {r(n)} € A be a subgeometric sequence and let R(n) def

1L r(k). Let ocxe Einfln > 0, (X, X)) € C x C} and texe Zinf{n > 1, (X,, X,) € C x
C} (the first hitting and return time to C x C) and let

ocxC
U, ) EE, [ 3 r(k):|. 2.5)
k=0
Let v:X x X — [0, o0) be a measurable function and set
. oCcxC
Vi x) =By 0 { > v(X, X,L)}. 2.6)
k=0
(A2) For any (x,x") € X x X, U(x,x") < 00 and by < 0o where
Texc—1
by sup PUGx)= sup Eoo| Y o). 2.7)
(x,x")eCxC (x,x")eCxC k=0

(A3) For any (x,x") € X x X, V(x,x’) < 0o and by < oo where

TcxC
by= sup PVx,x)= sup K, > u(Xk, Xp) |- (2.8)
(x,x")eCxC (x,x")eCxC k=1
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We will establish that R is the rate of convergence associated with the total variation norm. On
the other hand, we will show that the difference P(x,-) — P(x’, -) remains bounded in f-norm
for any function f satisfying f(x) + f(x’) < V(x, x’) for any (x, x") € X x X. Using an interpo-
lation technique, we will derive a rate of convergence 1 < s < r associated with some g-norm,
0 < g < f. To construct such an interpolation, we consider a pair of positive functions («, 8)
satisfying, for some 0 < p <1,

aw)B) < pu+(1—pv for all (u,v) e RT x RT. (2.9)

Theorem 2.1. Assume (Al), (A2) and (A3). Define

11— 1-—
My & sup{(bUr(k)—g — Rk + 1)) } and My &by~ (2.10)

keN & + I

where (x) def max(x, 0). Then, for any (x,x") € X x X,
Ux,x")+ My

P"(x,)— P"(x',- S—, 2.11
I P"(x, ) @ )Ty < R0+ My (2.11)
[P"(x,) = P"(x',)lf < V(x,x")+ My, (2.12)

Sfor any non-negative function f satisfying, for any (x,x') e X x X, f(x)+ f(x") < V(x,x") +
My. Let (a, B) be two positive functions satisfying (2.9) for some 0 < p < 1. Then, for any
(x,xYeXxXandn>1,

pUx,x") +My) + (1= p)(V(x,x") + My)

[P"(x,-) = P"(x', g < ao{R(n)+ My)

, (2.13)

for any non-negative function g satisfying, for any (x,x") € Xx X, g(x)+g(x’) < Bo{V(x,x")+
My}

The proof is postponed to Section 4.

Remark 1. Because the sequence {r(k)} is subgeometric, limg_, oo ¥ (k) /R(k+ 1) = 0. Therefore,
the sequence {byr(k)(1 —¢e)/e — R(k)} has only finitely many non-negative terms, which implies
that My < oo.

Remark 2. When assumption (A2) holds, (A3) is automatically satisfied for some function v.
Note that

. ocxe 5 ocxc
Ey x |: Z r(k)j| =E; v |: Z r(ocxc — k):|

k=0 k=0
On the other hand, for all (x, x’) € X x X,

]Ex,x/ [r(GCXC - k)]]-{(fcxczk}]

=E, v [EXk,X; [r(ocxc)ioeyc=k)] = Ex,x’[vr(xka X Lioe ek ]
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where v, (x, x") def IVEX‘X/[r (ocxc)]. This relation implies that

. oCxC . oCcxC
By v { > r(k)j| =E, [ > v (Xs, X,’{)j| for all (x,x’) € X x X.

k=0 k=0

To check assumptions (A2) and (A3), it is often useful to use drift conditions. Drift conditions
implying convergence at polynomial rates were recently proposed in Jarner and Roberts [9].
These conditions have since been extended to general subgeometric rates by Douc et al. [3].
Define by C the set of functions

C def {qb (1, 00) —> RT, ¢ is concave, differentiable and

$(1) >0, vl_i)rréod)(v):oo,vl_i)n;od(v):O}. (2.14)

For ¢ € C, define Hy(v) def f 1”(1 /@ (x))dx. Since ¢ is non-decreasing, Hy is a non-decreasing
concave differentiable function on [1,00) and lim,_, o Hy(v) = 0o. The inverse, Hq; ! : [0,
o0) — [1,00), is also an increasing and differentiable function, with derivative (H¢_ 1)’ =
¢o H¢_l. Note that (log{¢ o H(;l})’ =¢ o H¢_1. Since Hy is increasing and ¢’ is decreasing,
¢o Hq;l is log-concave, which implies that the sequence

rem)E po Hy'(n)/¢ 0 Hy ' (0) (2.15)

belongs to the set of subgeometric sequences A. Consider the following assumption:

(A4) There exist functions W : X x X — [1, 00) and ¢ € C such that PW(x,x) < W(x,x')—
¢ o W(x,x") for (x,x") ¢ C x C and sup, ynecxc PW(x,x") < oo.

It is shown in Douc et al. [3] that under assumption (A4), assumptions (A2) and (A3) are satisfied
with the rate sequence ry and the control function v = ¢ o W. More precisely, we have the
following.

Proposition 2.2. Assume (A4). Then (A2) and (A3) hold withv=¢ o W,r =14 and

/ r¢(1) / !/
Ux,x) <1+ W{W(x,x ) — I cxcye(x, x), (2.16)
V(x,x") < sup po W+ W(x,x)Lcxey(x, x'), (2.17)
CxC
bU§l+M{supIBW—l}, (2.18)
o) lexe
by < sup ¢ o W + sup PW. (2.19)

CxC CxC
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The proof is in Section 5. Proposition 2.2 is only partially satisfactory because assumption (A4)
is formulated on the bivariate kernel P. It is, in general, easier to directly establish the drift
condition on the kernel P and to deduce from this condition a drift condition for an appropri-
ately defined kernel p (see Roberts and Rosenthal [18], Proposition 11). Consider the following
assumption:

(A5) There exist a function Wy: X — [1, 00), a function ¢y € C and a constant by such that
PWy < Wy —¢go Wy+ bolc.

Theorem 2.3. Suppose Vthat (A1) and (AS) are satisfied. Let dy def infygc Wo(x). Then, if
do(do) > bo, the kernel P defined in (2.4) satisfies the bivariate drift condition (A4) with

W(x,x") = Wo(x) + Wo(x') — 1, (2.20)

¢ = Ao, forany ), 0 <X <1 —bo/po(dy), 2.21)
sup PW < 2(1 —8)_1{supPW0—£v(Wo)} —1, (2.22)
CxC C

where the kernel Q is defined in (2.3).

The proof is postponed to the Appendix.

2.1. Stochastically ordered chains

Let X be a totally ordered set and denote by < the order relation. For a € X, denote by (—o0, a]
the set {x € X:x < a} and by [a, +00) the set {x € X:a < x}. A transition kernel P on X is called
stochastically monotone if for all a € X, P(-, (—o0, a]) is non-increasing. Stochastic monotonic-
ity has been seen to be crucial in the analysis of queuing networks, Markov Chain Monte Carlo
methods, storage models, etc. Stochastically ordered Markov chains have been considered in
Lund and Tweedie [14], Lund et al. [13], Scott and Tweedie [23] and Roberts and Tweedie [20].
In the first two of these papers, it is assumed that there exists an atom at the bottom of the state
space. Lund er al. [13] cover only geometric convergence; subgeometric rates of convergence
are considered in Scott and Tweedie [23]. Roberts and Tweedie [20] covers the case where the
bottom of the space is a small set but restricts its attention to conditions implying a geometric
rate of convergence.

For a general stochastically monotone Markov kernel P, it is always possible to define the
bivariate kernel P (see (2.1)) so that the two components {X,},>0 and {X}},>0 are pathwise
ordered, that is, their initial order is preserved at all times.

The construction goes as follows. For x € X, u € [0, 1] and K a transition kernel on X, denote
by G (x, u) the quantile function associated with the probability measure K (x, -):

Gy (x,u) =inf{y € X, K(x, (=00, y]) > u}. (2.23)
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Assume that (A1) holds. For (x,x’) € X x X and A € X ® X, define the transition kernel p by

1
LiexoyaayP(x,x's A) = /0 1A(Gp(x,u), Gp(x',u))du

1
+Lexe(x,x) /0 14(Go(x,u), Go(x", w)) du,

where Q is the residual kernel defined in 2.3. It is easily seen that, by construction, the set
{(x,x") € X x X:x < x'} is absorbing for the kernel P.

In the sequel, we assume that (A1) holds for some C def (—00, x9] (i.e., that there is a small
set at the bottom of the space). Let vg: X — [1, c0) be a measurable function and define

oc oc
Uo(x) ¥R, [Z r(k):| and Vo(x) =, [Z vo(Xk)]. (2.24)
k=0 k=0

Consider the following assumptions:

(B1) For any x € X, Up(x) < oo and sup,- QU = by, < oo.
(B2) For any x € X, Vp(x) < oo and sup- QVy = by, < oo.

Theorem 2.4. Assume that (A1), (B2) and (B3) hold for some set C def (—00, xg]. Then (A2) and
(A3) hold with U (x,x") = Up(x V x"), V(x,x") = Vo(x vV x'), v(x, x") = vo(x Vv x'), by = by,
and bv = bV0~

The proof is omitted for brevity. As mentioned above, drift conditions often provide an easy
means to establish (B2) and (B3). Consider the following assumption:

(B4) There exists a non-negative function Wy : X — [1, 0o) and a function ¢ € C such that for
x¢C, PWy < Wy— ¢ oWy and sup- PWy < oo.

Using, as above, Douc et al. [3], it may be shown that this assumption implies (B2) and (B3) and
allows the constants to be computed explicitly.

Theorem 2.5. Assume (A1) and (B4). Then (B2) and (B3) hold with vo = ¢ o Wy, r =ry and

Uot) < 1+ D (w0) — 110 (o), (2.25)
- o)
Vo(x) < supg o Wp + Wo(x)Lce(x), (2.26)
c
Up <1+—=(U-9) sup PWo —ev(Wo)¢ — 1, 2.27)
o) c
by, <sup¢g o Wy +(1 —5)_1{supPW0—8v(Wo)}. (2.28)
c c

The proof is analogous to that of Proposition 2.2 and is hence omitted.



838 R. Douc, E. Moulines and P. Soulier
3. Applications
3.1. M/G/1 queue

In an M/G/1 queue, customers arrive into a service operation according to a Poisson process with
parameter A. Customers bring jobs requiring service times which are independent of each other
and of the inter-arrival time with common distribution B concentrated on (0, co) (we assume
that the service time distribution has no probability mass at 0). Consider the random variable X,
which counts customers immediately after each service time ends. {X,},>0 is a Markov chain
on integers with transition matrix

a ay a as
a a a az ...

p=|10 a a a .. (3.1)
0 0 ay a

where for each j >0, a; def Jo {e™ A1)/ /j1}dB(t) (see Meyn and Tweedie [15], Proposi-

tion 3.3.2). It is known that P is irreducible, aperiodic and positive recurrent if p & Amy =

2311 Jjaj <1, where for u > 0, m, défft“ dB(t). Applying the results derived above, we will

compute explicit bounds (depending on A, x and the moments of the service time distribution)

for the convergence bound || P"(x, -) — || y for some appropriately defined function f.
Because the chain is irreducible and positive recurrent, Ty < oo Py-a.s. for x € N. By construc-

tion, forall x = 1,2, ..., 7,_1 < 10, Px-a.s., which implies that E,[tg] = E,[t,—1] + E;_1[70]
and, for any s € C such that |s| < 1, Ey[s™] = E,[s™!]E,_[s™], where 7,_ is the first return
time of the state x — 1. For all x = 1,2, ..., we have P,{t,_1 € -} = P{{7g € -}, which shows

that E, [t9] = xE1[79] and E,[s™] = e (s), where e(s) dzef]El [s™]. This relation implies that

o 00
e(s)zmo+2aygy(s)zsf M- 4 1),
0
y=1

By differentiating the previous relation with respect tos and taking the limit as s — 1, we have
Ei[tg]=(1— p)_l. Since {0, 1} is an atom, we may use Theorem 2.4 with C = {0, 1}, =1 and
vo = 1. In this case,

Uo(x) = Vo(x) = 1 + Ex[oc] =1+ Ex_i[ro]lpe=y = 1 + (1 = p) ' (x = D12y
Theorem 2.1 shows that for any (x, x’) € N x N and any functions « and 8 satisfying (2.9),
am|P"(x,) = P& g <14+ (1= p) ' V' = DLjvwsa).

Convergence bounds a(n)|| P"(x, ) — ||g can be obtained by integrating the previous relation
in x’ with respect to the stationary distribution 7 (which can be computed using the Pollaczek—
Khinchine formula).
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It is possible to choose the set C in a different way, leading to different bounds. One may

set, for example, C = {0, ..., xo}, for some x¢ > 2. For simplicity, assume that the sequence
{a;j}j>0 is non-decreasing. In this case, forall x e C and y € N, P(x,y) = ay_x411{y=r—1) =
def o0

ayl{y>x,—1) and the set C satisfies (Al) with ¢ = )
Again taking r (k) = 1 and vo(x) = 1, we have

y=x9—1 ay and v(y) = 87161}’]]'{)’2)‘0—1}'

Up(x) = Vo(x) = 1 + Ey[rc]lee (x) = 1 + By [z ]1ce (x)
=1+ Ey_y[r0]lce(x) =14 (1 — p) ' (x — x0)Lce (x).

To apply the results of Theorem 2.4, we finally compute a bound for by, = sups QUy =
(1 - 8)_1[supc PUy — ev(Up)], which can be obtained by combining a bound for sup- P Uy
and the expression for v(Up). An expression for v(Up) is computed by a direct application of
the definitions. The bound for sup. PUy is obtained by noting that for all y > xp and x € C,
P(x,y) < P(x0,y) =ay_y,+1, which implies that

PUy(x) = Exltc] = 1 4+ Ex[Ex, [tc]Lize=13] = 1 + Ex[Ex, [1x, 1 11x,¢0}]

o o0
=1+0=p)" > —x)PEN<I+A=p)"" D (v —x0)ay yot1-
y=x0+1 y=x0+1

We provide some numerical illustrations of the bounds described above. We use the distribution
of service times suggested in Roughan et al. [22] and given by

OéB_le_(a)/Bx, x<B,
aB%e—ax—otl x> B,

b(x) = { 3.2)
where B marks where the tail begins. The mean of the service distribution is m; = B{l +
e %/(a — 1)}/ and its Laplace transform, G(s) = fooo e 'dB(t), s € C, Re(s) > 0, is given
by

1— e—(sB—i—oz)

G)=a——— B*Re™*s*T (—a, s B),
(s) =« Bt +a s“T'(—a,sB)

where I'(x, z) is the incomplete I" function. The probability generating function P (z) of the
stationary distribution is given by the Pollaczek—Khinchine formula

(1-=p)(z—-1DGMAA-2)
z— GOl —2))

P(z) =

In Figure 1, we display the convergence bound || P"(x, -) — 7|lTv as a function of the iteration
index n, for x = 10, o = 2.5, different choices of the small set upper limit xo = 1, 3, 6 and two
different values of the traffic, p = 0.5 (light traffic) and p = 0.9 (heavy traffic). Perhaps sur-
prisingly, the bound computed using the atom C = {0, 1} is not uniformly better in the iteration
index n. There is a trade-off between the number of visits to the small set where coupling might
occur and the probability that coupling is successful. In the heavy traffic case (p = 0.9), the
queue is not very often empty, so the atom is not frequently visited, explaining why deriving
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Figure 1. Convergence bound for the total variation distance. Bottom panel: light-traffic case: p = 0.5,
o = 2.5; Top panel: heavy-traffic case: p =0.9, « =2.5.
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the convergence bound from a larger coupling set improves the bound (this effect is even more
noticeable for a critically loaded system).

3.2. The independence sampler

This second example is borrowed from Jarner and Roberts [9]. It is an example of a Markov
chain which is stochastically monotone with respect to a non-standard ordering of the state and
which does not have an atom at the bottom of the state space.

The purpose of the Metropolis—Hastings independence sampler is to sample from a probability
density r (with respect to some o -finite measure @ on X), which is known only up to a scale
factor. At each iteration, a move is proposed according to a distribution with density ¢ with

def g(x) m(»)

700 700 A 1. The transition kernel

respect to ;. The move is accepted with probability a(x, y) =
of the algorithm is thus given by

P(x. A) =an<x, Mgy + L4 () /X(l —a(n ))gudy),  xeX Aed.

It is well known that the independence sampler is stochastically monotone with respect to the
ordering x’ < x & 7"{8 < J‘ig )) Without loss of generality, it is assumed that 77 (x) > 0 for all

x € X and that ¢ > 0 7-a.s. For all > 0, define the set
c d_ef{ eX E ; n} (3.3)

For any n > 0, we assume that 0 < 7(C;) < 1 and denote by v,(-) the probability measure
vy () =7(-NCy)/m(Cy). Forany x € Cy,

p(x,mz/(@A q(y)>n< ye(dy)
ACBRETS

= /Amc (zgc; 4 Ziy;>”(Y)M(dy) > (AN Cy) =nm(Cy)vy(A),

showing that the set C), satisfies (A1) with v = v, and ¢ = n7 (Cy)).

Proposition 3.1. Assume that there exists a decreasing differentiable function K : (0, 0c0) —
(1, 00), whose inverse is denoted by K ~\, satisfying the following conditions:

(1) the function ¢(v) = vK ' (v) is diﬁerentiable, increasing and concave on [1,00),
limy_ 50 ¢ (V) = 00 and limy_, 5o ¢’ (v) =

@) [T uk (u) dys (u) < oo, whereforn >0, vmE1-7(C,).
Then, for any n* satisfying {1 — ¥ (n*)}¢ (1) > fo (u A n*)K ) dy (u), (B4) is satisfied with
Wo=Ko(g/m),C=Cy and ¢o(v) ={1 =¥ (n*)}¢(v) —fooo(u AN K (u) dyr (u). In addition,
Sup,.ec,. PWo < JoT%% uK ) dyr (u) + K ().
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To illustrate our results, we evaluate the convergence bounds in the case where the target den-
sity r is the uniform distribution on [0, 1] and the proposal density is g (x) = (r + 1)x" Lo, 17(x).
Proposition 3.1 provides a means to derive a drift condition of the form PWy < Wy — ¢ o Wy
outside some small set C for functions ¢ € C of the form ¢(v) = cv!~V/* + d for any
o € [1,1 4 1/r). In this case, the function v is given by ¥ (n) = (n/(r + 1)/ for 5 €
[0,r 4+ 1] and ¥ (n) = 1 otherwise. We set, for u € [0, + 1], K(u) = (u/(r + 1))~%. The in-

tegral [uK (u)dy (u) = % is finite provided that @ < 1 + 1/r. The function ¢ (u) =

uK~'(u) =u'""1%@ 4 1) belongs to C provided that « > 1.

Using these results, it is now straightforward to evaluate the constants in Theorem 2.1; this
approach can be employed to calculate a bound on exactly how many iterations are necessary
to get within a prespecified total variation distance of the target distribution. In Figure 2, we
have displayed the total variation bounds to convergence for the instrumental densities g (x) =
3x2 (r =2) and q(x) = (3/2)4/x. We have taken a = 1.1 and n* = 0.25 for r =2 and taken
a =1.5and n* =0.5 for r = 1/2. When r =2 and « = 1.1, the convergence to stationarity is
quite slow, which is not surprising since the instrumental density does not match well the target
density at x = 0: according to our computable bounds, 500 iterations are required to bring the
total variation to the stationary distribution below 0.1. When r = 1/2, the degeneracy of the
instrumental density at zero is milder and the convergence rate is significantly faster. Less than
50 iterations are required to reach the same bound.

4. Proof of Theorem 2.1

The proof is based on the pathwise coupling construction. For (x,x) e X x Xand A € X ® X,
define P, the coupling kernel, as follows:

P(x,x',0; A x {0}) = (1 — elexc(x, x)) P(x, X', A),
I3(x,x/,0; Ax {1} = s]chc(x,x')v(A N{(x,x)eXx X, x =x/}),
P(x,x', 1; A x {0}) =0,

Px.x', 1; A x{l})=/P(x,dy>nA<y,y>.

For any (x, x") € X x X, denote by ]f”x’ vand E x.x the probability measure and the expectation,
respectively, associated to the Markov chain {(X,, X}, d,)}»>0 With transition kernel P starting
from (Xo, X;, 0) = (x, x’, 0). By construction, for any n, (x,x’) e X x X and (A, A") e X x X,
we have
P 0(Zn € AXxXx{0,1}) =P, v o(Xy € A) = P"(x, A)
and
Prx0(Zn €Xx A" x {0,1}) =P, v o(X; € A) = P"(x', A).

By Douc et al. [4], Lemma 1 we may relate the expectations of functionals under the two prob-
ability measures P, v o and P, s, where P, ,+ is defined in (2.1): for any non-negative adapted
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Figure 2. Convergence bound for the total variation distance for the independence sampler. Bottom panel:
q(x) =3x2. Top panel: g(x) = 1.5,/x.

process (xx)k>0 and (x, x") € X x X,

Ev v o[ xnLir=n ] = Ex v lxa (1 — &)1, (4.1)
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where T & inf{ln >1:d, =1} and N, oo Yo oLexe(Xi, X)) is the number of visits to the set

C x C before time n. Let f:X — [0,00) and let g:X — R be any Borel function such that
sup,.x 1g(x)|/f (x) < o0o. The classical coupling inequality (see, e.g., Thorisson [24], Chapter 2,
Section 3) implies that

|P"(x,8) — P"(x', @)| = |Ey v 0[g(Xn) — g(XII
< sup 1gCOI/f COEx v o[ (f(Xn) + £ (X)) L{dy = 0}]

and (4.1) implies the following key coupling inequality:
1P (x, ) = P"(x )l < B { (£ (Xa) + £(X))) (1 — &)1} (4.2)

Because a(u)B(v) < pu + (1 — p)v for all (u, v) € RT x RT, for any non-negative function f
satisfying f(x)+ f(x") < BoV(x,x) forall (x, x") € X x X, the coupling inequality (4.2) shows
that

ao{R(n)+ My}|P"(x,) — P"(x', )l
<ao{R(mn)+ MyYE, v[{f(Xn)+ f(XD}(1 —g)Nr-1]
< p{R(n) + My)E, o [(1 —&)M=114 (1 = p)E, [V (Xn, X,)(1 — &)N-1].

For any n > 0, let U, (x, x') = IVEX,X/[ZZ%C r(n+k)]. It is well known that {U,, },>0 satisfies the
sequence of drift inequalities

PUpy1 < Uy —r(n) + byr(m)Lexc. (4.3)
Similarly, PV <V — v + by Lcxc. Define, for n > 0,

n—1 n—1

def def
WO S U (X, X))+ Y rt)+ My, WS VX, X))+ Y v(Xi, X)) + My,
k=0 k=0

with the convention that ZZ = 0 when u > v. Since, by construction, for any n > 1, Wn(o) > R(n)
and W,gl) > V(Xn, X)), the previous inequality implies that

oo R)|IP"(x,") — P"(x', )¢
< pEe o [WO 0 = )M 1]+ (1 = p)B, o [WP (1 —e)V1].
We must now compute bounds for ]EX,X/[W,Si)(l —¢)Mn-1], i =0, 1. Define

—1 .
WO 4 byri)lexe (X, X))

|

and
0)
i=0 W;

X ] “4.4)
W by lexe(Xi, X))

TOET]

M
i=0 Wi
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Ife=1, (1 —¢g)MN-1 = Ligy>n}» Where op = inf{n > 0| (X,, X},) € C x C} is the first hitting
time of the set C x C: Tn(t)]]-{agzn} = 1ysy>n) < 1. Now consider the case ¢ < 1. By construction,
for Ny—1 =0, T,”) = 1 and for N,_; > 0,

Np—1—1 - (0) Np—1—1 (1)
Wy + byr(o;) Ws.” + by
O _— 9i ! 1 — i
Tn - 1_[ W(O) and Tn - l_[ W(l) s (45)
i=0 o; i=0 oj

where o; are the successive hitting times of the set C x C recursively defined by 01 = inf{n >
;| (Xn, X,) € C x C}. Because W,” > R(n+ 1)+ My and 1 +byr(n)/{R(n + 1) + My} <
1/(1 —¢), for N,—1 > 0, we have

Ny_1—1

byr(o;)
TO (1 — g)Na—1 ({1 U—} 1— ) 1. 4.6
O —g)Ni-1 < ];[) ST (1-g)) < (4.6)

Similarly, because W,gl) > My and 1 +by /My <1/(1 —¢), we have Tn(l)(l —g)Mn—1 < 1. These
two relations imply, for i =0, 1, that

k I -1
By o [WO —e)V1] < B, o [WO{T®}7'],
k I -1

B W00 - ] < B (W 70) .

It now remains to compute a bound for . [W,” {7,"}~"1. By construction, we have, for n > 1,

- -1
Ee o [WATO)Y | Fi]
(0)
Wn—l
WO +byr(n — DicxeXn1, X))

=, [WO | Fi] (2", @

N
where F, = o {(Xo, X(), ..., (X, X},)}. Now, (4.3) yields
Ee o [WO | Fasi] < W +byr(n — Dicxe Xa—t, X, 4.8
x,x' | Wy n—l]_ n—1+ ur(n Ylcxe(Xn—1, n—l)' (4.8)
Combining (4.7) and (4.8) shows that {W,SO){T,SO)}—l }n>0 1s an F-supermartingale. Thus,

By o [WO =)V 1] <Bp o [WOUTOV ] < By o [W D] = Uo(x, x) + My.

Similarly, ]Ex,xr[W,fl)(l — &)M-11 < V(x,x’) + My, which concludes the proof of Theo-
rem 2.1. ([l
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5. Proof of Proposition 2.2, Theorem 2.3

Proof of Proposition 2.2. By applying the comparison theorem (Meyn and Tweedie [15]) and
(Douc et al. [3], Proposition 2.2) we obtain the following inequalities. For all (x, x") € X x X,

5 Texc—1 onl 1
Eco| Y ¢oH,'(b)|< W(x,x’)—l—i—bqb—qil()]chc(x,x’), (5.1)
k=0 ¢oHy (0)
5 Texc—1
Eu,[ > ¢oW(Xk,X,;)j| < W(x,x') 4+ bleye(x, x'). (5.2)
k=0

The sequence {¢ o H(ﬁ_l(k)}kzo is log-concave. Therefore, for any k > 0, ¢ o H¢_1(k +1)/¢o
Hq;l k)y<¢o H;] (1)/¢o qul (0). Then, applying (5.1), we obtain

. ocxcC
Ey x [ > ¢o H;‘(k)]
k=0
TcxC

=¢o H(;I(O) +IVEX,X/|:Z ¢o H(,,_l(k)} Lcxeye (x, x7)
k=1

oH 11 . Texe
§¢oH¢;‘<0>+¢ o [

———E, v Z(bOH*l(k— 1)i|11(0xc)v(x x")
—1 X, X ¢ ’ ’
pon, 0 L5
showing (2.16). The proof of (2.17) is along the same lines. O

Proof of Theorem 2.3. Since dy = infy¢c Wo(x), if (x,x") ¢ C x C, then W(x, x") > do and
1c(x) +1¢c(x’) < 1 since either x ¢ C, x” ¢ C (or both). The definition of the kernel P therefore
implies that
PW(x,x) < Wo(x) + Wo(x) — 1 — o 0 Wo(x') — ¢ 0 Wo(x") + bo{Lc (x) + Lc(x)))
S W(-xa x/) - ¢0 o W(.x, x,) + b()a
where we have used the following inequality: forany u > 1l and v > 1, ¢po(u +v — 1) — po(u) <

$o(v) — ¢po(1). For (x,vx’) ¢ C, by < —Mepod) < — Ly o W(x,x’) and the previous
inequality implies that PW (x, x’) < W(x,x") — ¢ o W(x, x'). a

Appendix A: Proof of Proposition 3.1

Let W be any measurable non-negative function on X. Then, for n > 0 and x ¢ C,, we have

PW(x)—W(kx) < /

X

(,7 R w> W G)p(dy) — W) / atx, y)g(y)u(dy).
(y) X
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Ifx¢C,andyeCy, then y <x and a(x, y)q(y) = (g(x)/7(x))m(y). Thus,

/a(x,y)q(y)u(dy) Z/ a(x, y)q(y)pu(dy) = wﬂ(Cn) = @(1 — ¥ ().
X Cy m(x) (x)
Altogether, we obtain, for all x ¢ C,,
PW(x)—W(x) =< / (n A %)W(y)ﬂ(y)u(dy) —{1- w(n)}%W( ). (AD

The definition of Wy implies that

(y)

/ (n q(y)>wo<y)n<ym<dy> / (1 A ) K () di () < 0.
X

By Lebesgue’s bounded convergence theorem, lim,) fooo(n Au)K (u)dyr(u) = 0. Since, more-

over, lim,_,o ¥ (n) = 0, it follows that for sufficiently small 5, {1 — ¥ (n)}¢ (M) > fooo(n A

u)K (1) dyr (u), hence n* is well defined. Now, (A.1) and (A) yield, for all x ¢ C»,

PWo(x) — Wo(x) < /o * AWK ) dy () — (1= ¢ (")) Wox) K~ o Wo(x)

= —¢o(Wo(x)).

For x € Cy+, we have Wy(x) < K (n*). Finally, we have, for any x € Cy»,
PWo(x) < / 4O Wo((dy) + Wo(x)

/ 90) g (M>ﬂ(y)ﬂ(dy)+wo(x)
xT(y) \7@(y)

< / WK () dy () + K ().
0
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