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ABSTRACT ARTICLE HISTORY

This paper presents how to use common random number (CRN) Received 27 June 2024
simulation to evaluate Markov chain Monte Carlo (MCMC) conver-  A\ccepted 10June 2026
gence to stationarity. We provide an upper bound on the Wasser- KEYWORDS

stein distance of a Markov chain to its stationary distribution Common random number;
after N steps in terms of averages over CRN simulations. We synchronous coupling;
apply our bound to Gibbs samplers on a model related to James- Markov chains; MCMC;
Stein estimators, a variance component model, and a Bayesian convergence rate; Gibbs
linear regression model. Using our examples, we show that the sampler; drift and
CRN-based simulation combined with a coalescing condition to ~ Minorization
generate a total variation bound converges to zero much more

faster than the available drift and minorization bounds, while also

converging at the same rate as the one-shot coupling bound.

1. Introduction

Markov chain Monte Carlo (MCMC) algorithms are often used to simulate from
a stationary distribution of interest (see e.g.[?°1). One of the primary questions
when using these Markov chains is, after how many iterations is the distribution
of the Markov chain sufficiently close to the stationary distribution of interest, i.e.
when should actual sampling begin(?]. The number of iterations it takes for the
distribution of the Markov chain to be sufficiently close to stationarity is called
the burn-in period. Various informal methods are available for estimating the
burn-in period, such as effective sample size estimation, the Gelman-Rubin diag-
nostic, and visual checks using traceplots or autocorrelation graphs!17-27-43,52],
While these methods “can detect problems with an MCMC simulation, [. . .] they
cannot prove that the simulation is generating a representative sample”*°].
Convergence analysis studies the distance of a Markov chain to stationarity
and is traditionally measured in terms of total variation distance (e.g.!4->7]),
though more recently the Wasserstein distance has been considered!(?!-30-37-42],
However, finding upper bounds on either distance can be quite difficult to
establish[2%-2>31 and if an upper bound is known, it is usually based on

complicated problem-specific calculations!3%-41->455] This motivates the desire
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to instead estimate convergence bounds from actual simulations of the Markov
chain combined with less complicated calculations, which we consider here via
common random number (CRN) simulation.

CRN simulation occurs when we initiate two copies of the chain with dif-
ferent values, but use the same sequence of random variables to simulate a
specific random function representation of the chain (see Section 2 for a for-
mal definition). This simulation method is also sometimes referred to as syn-
chronous coupling!*1%-2°] and falls under the general framework of “auxiliary
simulation"[!?), i.e. using extra preliminary Markov chain runs to estimate the
convergence time needed in the final run. Estimating Markov chain convergence
rates using CRN simulation was first proposed in!3?! to find estimates of mixing
times in total variation distance. Further, one of the first Wasserstein bounds
generated on a Markov chain model used CRN in its construction!?!!. More
recently,l”] showed how CRN simulation could be used for estimating an upper
bound on the Wasserstein distance (their Proposition 3.1), and provided useful
applications of the CRN method to high-dimensional and tall data (their Section
4). CRN simulation to estimate convergence rates has been used on a wide
range of applications including Langevin algorithms!'8, stochastic gradient
descent[*®], stochastic differential equations (SDE)[*), and Hamiltonian Monte
Carlo!®23],

The use of CRN to generate tight bounds on the Wasserstein and total varia-
tion distance is promising. In this paper we show that for the Gibbs sampler for
a model related to James-Stein estimators and the variance component model,
CRN bounds perform significantly better than drift and minorization (DnM)
bounds (see Figures 2 and 5 and commentary in Numerical Example 5.1 for
more details). Under certain conditions,!*! and[??} show that CRN is the optimal
coupling of the Wasserstein distance between simulated solutions of SDEs
and two random variables in the £? metric, respectively.['®] shows that CRN
simulation on the independent Metropolis-Hastings algorithm is the maximal
coupling of the total variation distance.!'%) shows that the distance between two
reflected Brownian motion processes simulated using CRN converge to 0 almost
surely.

In Theorem 3.2, using CRN simulation, we provide an estimated upper bound
between the Wasserstein distance of a Markov chain and the corresponding
stationary distribution when only the unnormalized density of the station-
ary distribution is known. Furthermore the 95% confidence intervals of our
estimates in the real data examples are fairly narrow. See Lemma 3.3 and its
implementation in the Figures 1, 4, 5 and 6 and Tables 5 and 7 for more details.

This paper is organized as follows. In Section 2, we present definitions and
notation. In Section 3, we establish convergence bounds of a Markov chain to
its corresponding stationary distribution using CRN simulation when the initial
distribution is not in stationarity. In Section 4, we apply Theorem 3.2 to a Gibbs
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Figure 1. The upper bound on the Wasserstein distance for the Gibbs sampler model related

to James-Stein estimators. The estimate uses the mean of 1000 simulations and initial value
(6o, 1o, Ag) = (100)912. The vertical axis is log scaled.r = 1.

sampler for a model related to the James-Stein estimator and compare the CRN
bound to a DnM and one-shot coupling bound in Real Data Example 4.1. In
Section 5 we apply Theorem 3.2 to a Gibbs sampler for a variance component
model and compare the CRN bound to a DnM bound in Numerical Example
5.1 and another DnM bound in Real Data Example 5.1. In Section 6 we apply
Theorem 3.2 to a Gibbs sampler for a Bayesian linear regression model.

For all of the cases where we compare the CRN bound, which is measured
in Wasserstein distance, to the DnM and one-shot coupling bound, which are
measured in total variation distance, we must state a coalescing condition. The
coalescing condition bounds the total variation distance with respect to the
Wasserstein distance and is a part of a one-shot coupling bound!**]. Further,
since the one-shot coupling bound uses a contraction condition, which is
established using CRN, we expect the empirical CRN simulation bound and
the theoretical one-shot coupling bound to approach zero at the same rate (see
Figure 2 as an example).

For each numerical example, we also provide the Gelman-Rubin diagnostic
and traceplots for comparison (see Section 8.1). The Gelman-Rubin statistic
assesses convergence by comparing within-chain and between-chain variability
across chains initialized from dispersed starting points. It is not immediately
clear under what conditions the Gelman-Rubin statistic will produce a more
conservative cutoff than the CRN bound. In three of the four numerical and
real-data examples, the Gelman-Rubin statistic suggests an earlier cutoff than
the CRN-based criterion. Also, since the initial distributions may vary (Gelman-
Rubin statistic requires an overdispersed initial distribution), we are cautious in
comparing the two methods. Trace plots provide a visual diagnostic for assessing
convergence by illustrating whether chains initialized at different starting values
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Figure 2. Comparison of an upper bound on the total variation distance on the Gibbs sampler for
a model related to James-Stein estimators (Real Data Example 4.1) using a CRN simulated bound, a

DnM bound and a one-shot coupling bound. The CRN estimate uses the mean of 1000 simulations.
For all of the bounds, (6o, Lo, Ag) = (100)7F2,

have converged to the same stationary distribution. The traceplots in our exam-
ples use the same initial distributions as our numerical examples. In all of the
numerical and real-data examples, the traceplots indicate mixture sooner than
the Gelman-Rubin statistic and the CRN bound.

The code used to generate all of the tables and calculations can be found at
github.com/sixter/CommonRandomNumber/.

2. Background and notation

2.1. Metrics on distributions

Let (X, d) be a Polish metric space and F the associated Borel o -algebra. The
LP— Wasserstein distance between distributions 77 and v on (X', F) is defined
as Wy, p(mr,v) = infx~p y~ E[d(X, Y)P1Y/P. The Wasserstein space P, (X) is
the set of Borel probability measures on the metric space (X, d) such that for any
1€ Py(X), [, d(xo, x)P1u(dx) < oo for some xq € X. Total variation distance
is defined as [|7 — v||7y = infx~r y~y P(X #Y) = sup 7|7 (A) — v(A)].
The total variation distance can be written as a special case of the Wasserstein
distance, ||7 — v||ry = Wg, 1(r, v) where d;(X,Y) = Ix1y. f X CRY,q €

N, define the norm over a vector as ||x||, = (Ziq=1 |x;|?)Y/P where p € [1, 00).

1
Define the p-norm over a function ¢ : X — Roas [|¢], = (fX qb(x)pdx) r,
If X L1 Y,then X and Y are independent. If 7 < v, then 7 is absolutely
continuous with respect to v.

2.2. CRN and Markov chains

Define a Markov chain {X,},>; in X such that X, = kg, (X,—1), where
{6,}n>1 are i.i.d. random variables on some measurable space ® and random


http://github.com/sixter/CommonRandomNumber/

STOCHASTIC MODELS @ 5

measurable mappings kg, : X — X. The set of random functions kg, , kg, . ..
is called an iterated function system. Any time-homogeneous Markov chain
can be represented as an iterated function system!®?!. We can also write X,, =
ke, (ke,_, (kg,_, - . . ko, (x0))) = ke, (xo) where ®, = (01, ...,6,)and 6; L1 6},
i # j.CRN simulation in this context occurs when we simulate two Markov
chains {X,},>1 and {Y,},>1 with different initial values xo # yo, but with the
same transition functions. That is, 6, are the same in X,, = k¢, (X,—1) and ¥,, =
ko, (Yy—1), n > 1.In different notation, the ®, is the same in X,, = kg, (x¢) and
Y, = ke, (o). See Algorithm 1 for more details. The stationary distribution of
X, isdefined as L(X ) = 7.

2.3. Distribution functions

IG(w, B) represents the inverse gamma distribution with density function

ficx |a, B) = %x‘“‘le_ﬂ/x. N (11, 0'%) represents the normal distribution
_(x—/t)2

with density function fy(x |, 0?) = L_ ¢~ 22 . For a distribution v, the

V2mo?

density function is denoted as f,,.

3. Estimating Markov chain convergence rates using CRN simulation

We propose bounding the L” — Wasserstein distance between the nth iteration
of a Markov chain {X},},>; and the corresponding stationary distribution
through CRN simulation. Our main result is Theorem 3.2. Using CRN simu-
lation as a convergence diagnostic tool was first discussed in[*?! for bounding
total variation distance.

We first provide a method for bounding the Wasserstein distance between
L(X,) and the corresponding stationary distribution 7, Wy ,(L(X,), ) by
proposing an auxiliary random variable Yy ~ v. That is Wy ,(L(X,), 7) is
bounded above by the product of the ‘distance’ between 7w and L(Y)) (K (7, v),
s > 1)and E[d(X,, Y,)].

Theorem 3.1. Let {X,},>1 and {Y,},>1 be two copies of a Markov chain with
stationary distribution 7w and initial distributions L(Yy) = v, L(Xo) = n where
Xo L1 Yy. Assume v < v. Then forr > p > 1ands > 1, the following holds

s—1

w0 5[ ()]

Wa,p(L(Xyn), 7) < K (r, WY E [d(Xn, Yn)”]r% (1)
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See Section 8.2 for a proof.

s—1

Remark 1. If we take K1 (7, v) = limg )1 Ey,~y [(?’:gg;)r_l] , then from

Theorem 3.1 we get that K (, v) = ess sup,cy fr(x)/f,(x) and

Wa p(L(X,), ) < K1t WY E [d(X,, Y)Y

The case of s | 1 can be proven using the rejection sampler or the separation
distance (see the proof of this special case in Section 8.3.1). The use of rejection
sampling to generate an upper bound on the expected distance between a
proposal density function v and a stationary density function 7w was motivated
by!32], which used rejection sampling to generate similar upper bounds in total
variation distance. This case is used in Lemmas 4.1 and 6.2

Remark 2. Applying d;(X,Y) = Ixxy to Remark 1, and setting p = r =
1, the total variation distance between a Markov chain and the corresponding
stationary distribution is bounded above as follows,

1L(X,) —mllrv < Ki(w, v) P(X,, # Yy) (2)

And so, for stopping time v = min{n : d(X,, Y,) = 0}, ||1L(X,) — 7|7y <
Ki(m,v)P(t > n).

The following are additional observations regarding K (7, v).

1. K¢(m, v) is related to the f-divergence between the initialized and target
distribution. The f-divergence suffers from the curse of dimensionality!3¢->3]
and so K (7, v) may become very large as dimension increases.

2. In many cases, the normalizing constant for f is unknown. That is, we only
know of a function g(x) such that % g(x) = fr (x) where L is unknown. For
cases like this, we note that for allx € X and any B C X,

s s
[ g@)dx = [ g(x)dx

This upper bound on f; is used to upper bound K in all of the examples,
which we calculate analytically.
3. The quantity K;(w, v) can also be estimated using importance sampling,

since (fj‘j gg;)ﬁ typically becomes large on low-probability events under

Ja(x) = (3)

V. As K;(m, v) increases, the more computationally expensive it will be to
calculatel?],

Next we define Algorithm 1, which generates an estimate of E[d (X, ¥;,)"]
using CRN simulation.
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Algorithm 1 An estimate using CRN of FE[d(Xy, Yn)"]
LM dGn i, yv )"
fori=1,...,M do
Zo,i ~ M, Yo, ~ v where xq; 1L yo;
forn=1,...,Ndo
0, ~ L(O)
Tni < ken (Infl,i)
Ynyi < k(in (;1/71,71.,;)
end for
end for
return ﬁ Xl d(zn; —yni)"™®

&

Combining Algorithm 1 with Theorem 3.1, we can simulate an upper bound
on the Wasserstein distance between the law of a Markov chain at iteration N,
L(X ), and the corresponding stationary distribution, 7, as follows.

Theorem 3.2. Let {X,},>1 and {Y,}n>1 be two copies of a Markov chain with
stationary distribution m, initial distributions L(Yy) = v, L(Xo) = p (Xo LL
Yo) and simulated according to Algorithm 1. Assume w < v. Then forr > p >
1 and s > 1, the following holds almost surely for N > 1, where K (7, v) =

s—1

E [<§_:§§3;>H] and L(Xy), L(YN) € Prs(X).

rs

M
1
Wa.p(L(Xn). ) < Ky, )" (1)2“00 M ;d(XN’“ YNJ)”) ?

Proof. Since L(Xn),L(Yn) € Pr(X), E[d(Xy,Yn) ] < o0 and so
by the strong law of large numbers, limp/_, o % Z?i1d(XN,i, Yn.i)"™ =
Eld(Xn,YN)"™]. By Theorem 3.1, Wy ,(L(Xn),m) =<  K(m, v)l/r

1
a.s.

E[d(Xy, YW)"15 = KGwn)' (1imM—>oo 7 i d(X N i, YN,i)rs>E
O

To optimize this bound we can choose v that is close to 7. If K (7, v) is very
large (which may happen in high dimension), we can choose an » > p such
that Ky (7, v)!/" is a reasonable value. However, choosing a larger r increases
the value of E[d(X,, Y,)"S ]%, resulting in a tradeoff between the two effects.
Nevertheless, when the CRN simulation produces expected values close to those
of an optimal coupling, the distance d(X y, Y ) is often small, and the resulting
CRN-based bound may still perform well empirically even in high-dimensional
settings with large r.

Next we state the confidence interval on our bound. We use this confidence
interval in Figures 1, 4, 5 and 6 and Table 5.
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Lemma 3.3. The 1 — o confidence interval on the Wasserstein upper bound, based
on a simulation estimate of E[d(Xy, YN)”]% is given by,

[KS(N’ 2l (m a Z“/zam/m)rls  K(w, vy (m + Za/zam/mys]

Where m = ﬁ Z 1dXni, YND™, a is the sample variance of m and
ﬁ(XN), E(YN) € PZVS(X)'

Proof. Since L(X ), L(YN) € P5,5(X), the variances are finite and we can apply

the Central Limit Theorem. That is, P(m — % < Eld(Xp, Y»)"] < m+

1
Za/20m ~ _ % _ Za/20m \ TS %
vl ) 1 o. And so, P(K(m,v) (m i ) < K, v)

1
E[d(Xp, Y,)"* 1% < Ky(, v)7 (m + /—m)) ~1-a O

Note that since we are applying the Central Limit Theorem, this is an asymp-
totic confidence interval with respect to M — ooc.

The approach of Biswas and Mackey!”!

Algorithm 1 closely resembles Algorithm 1 ofl”). Biswas and Mackey show

7} how CRN simulation can be used to estimate the CUB estimator, which is
defined as follows for a given p € [1, 00),

1/p
CUBM,N,T = (M(T N)Z Z d(Xl’lla nz) ) (5)

i=1 n=N+1

By Corollary 3.2 of7), under certain regularity conditions, the CUB estimator
bounds the Wasserstein distance between the sample means,

var (¢t 32 ) £ (s 22 )

< lim CUBMNT
M— 00

If weset N, T — N — 0o we obtain a bound on the stationary distributions,
Wa,p(L(Xoo), L(Y0)) < lim CUBwm N, T
M,N—>o00,T—N—o0

Inl”], the CUB estimator eventually bounds the Wasserstein distance between
the corresponding stationary distributions, but does not tell us precisely when
it will happen or by how much. That is, if the starting points of the two Markov
chains are close in distance but are far from stationarity, the results from!”] would
conclude, for some fixed iteration N, that the distance between the two chains
is close (true), but it would be incorrect to state that the distance to stationarity
is close. In comparison, Theorem 3.2 measures distance to stationarity for any
initial distribution on X and iteration N € N.
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The approach of Johnson!3?!

The motivation of Theorem 3.2 comes from[*2], which provides a bound in
total variation distance between a Markov chain and its corresponding stationary
distribution using CRN simulation. The following is a simplification of the
results with altered notation to match this paper. For complete details, refer
tol32]. For a discussion on when CRN is applicable within the setting ofl32],
seel13],

Let 7 be a ‘stopping’ time, T = min{n : d(X,, Y,) < €}. Theorem 2 of!32]
states that the total variation between two Markov chains {X,,},>1, {¥,}»>1 both
with initial distribution v and stationary distribution 7 is as follows,

32]

llm — LX)y < 2K1(, v)P(z = n) + O(e)

The notation O (¢) means that for some fixed ¢y > 0, there existsan M € N
such that for any € € (0, €9), |7 — L(X,)||Tv < fI_Jr(ENZ'f))) + Me.

In[32], Ki(m,v) = Tlrrv) where r (7, v) is the rejection rate in a rejection
sampler with stationary distribution 7 and proposal distribution v (See Defi-

nition 8.2). By Equation 8.2, m = esssup, ?Z: ((g)) . Thus, both Theorem
3.2 (with s; = 1,5, = o0) and Theorem 2 of!3?) require calculating upper

bounds on r(r, v). However, Theorem 3.2 estimates an exact upper bound on
the Wasserstein distance while Theorem 2 of!*?} estimates an upper bound on
the total variation distance with an unknown component that converges to 0 as
€ = 0.

Applying total variation distance to the bound generated by Theorem 3.2 and
taking € = 0, we get a similar result tol32 |7 — LX)|I7y < Ki(w, v)P(T >
n). See Remark 2 for more details. In our simulations, exact simulation of
d(X,,Y,) = 0 was not realistically attainable, however. This is why!>?} intro-
duces the error €. This points to CRN simulation being a better fit for bounding
Wasserstein distance compared to total variation distance.

4. Gibbs sampler for a model related to James-Stein estimators

Consider a Gibbs sampler for a model related to the James-Stein estimator, which
we will apply Theorem 3.2 to simulate convergence bounds on the Wasserstein
distance. The James-Stein estimator is similar to a variance component model
(Example 5.1), but each 6; has only one observation, Y;. Its significance in the
frequentist statistics literature comes from Stein’s paradox, which proves that

for 0; the estimator, (1 — ﬁ) Y;, has smaller risk than the intuitive
=Y ) 4

estimator, Y;, when I > 3[%]. Here, we look at the same model setup, but
through a Bayesian statistics lense. See!>®) for more details on this example.
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Algorithm 2 The Gibbs sampler algorithm for a model related to James-Stein
estimators.

Initialize (5()./ Ho, A(])
forn=1,...,Ndo
For each i € 17 e q, generate 077,,1',‘#71713 Anfl; Y ~ AV(

YiAn—1+tpn—1V VA, )

An 1tV ViAn
Generate /Ln|9:17An,17 Y ~ N(6,, An_1/q) where 0,, = % 7 0n
Generate A,J@,,., fn, Y ~ IG ((1 + %, M + 3)
end for

Example 4.1 (A model related to James-Stein estimators). Suppose that we have
the following observed data Y € R? where

Yi|6; ~ N(@6;,V)

for known V > 0 and unknown 6; ~ N (u, A) (6;s are i.i.d.), where u has a flat
priorand A ~ IG(«a, B).

The joint posterior density function of 6,1, A | Yis proportional to the
following equation,

q q
g@. 1 A1Y) = fig(Ala. By x [[ v 16, V) x [] fu®i | 1. A) (6)
i=1 i=1
The Gibbs sampler for a model related to James-Stein estimators.
Algorithm 2 shows how to apply a Gibbs sampler on this example.

We will bound the Wasserstein distance between a Markov chain and its
corresponding stationary distribution using Lemma 4.1.

Lemma4.1. Let {X,}u=1 = On. ttn, An)n=1 and (X }n=1 = 6, ), A )p=1 be
two copies of the Markov chain initialized with 56 ~ N, (Y, Vi), Ay~ IG(a +
(q — 1)/2, B), uy ~ N6}, Ay), and Xo L L X{. Fix p € (1, o] and let 7t be
the corresponding stationary distribution. Then for r > p

I+ (g —1)/2)2n)Y? 1
pata—-1/2 L

1/r
Wa,p(L(Xp), 1) < ( Eld (X, X;Y])

A

WhereL:fB&e }d(,ud,A)cmdBCRXRJr

(A+V)ir2
is a bounded set.

The proof is in section 8.4.

4.1. Real Data Example 4.1

We apply our results to the batting averages (V) for 18 (¢ = 18) major league
baseball players in 1970(°28]. We want to find the estimated upper bound on
the Wasserstein and total variation distance for a Gibbs sampler applied to the



STOCHASTIC MODELS @8 11

James-Stein estimator using the baseball data. We set the priorstoa = 0.01, =
2and V = Var(Y) = 0.00485. The initial value of our Markov chains are
independently drawn; Xy = (50, o, Ag) = (100)22 and Xj is distributed
according to Lemma 4.1. Using Lemma 4.1, K (77, v) = 5.9535 and

Wi (L(Xn), m) < 5.9535E[||X, — X,,|11]

holds almost surely.

Using the CRN technique, we simulated [|X,, — X/ ||; one thousand times
(M = 1000) over 20 iterations (N = 20). At iteration 1, ﬁ l-liolo X1 —
X1 |l1 = 1994.712. By iteration 9, 1o Y2y [1 X0, — X} ;|11 = 0.00012. Figure
1 graphs the upper bound of the Wasserstein distance between £(X,,) and 7 on
alog scale.

At iteration 9, the bound on the Wasserstein distance first hits below 0.01 and
Wij1.1(L£(Xo), ) < 0.00073.

Before we bound the Markov chain and the corresponding stationary distribu-
tion in total variation we introduce Theorem 4.8 of!>*], which provides an upper
bound in total variation based on the expected differences between the Markov
chains through the constant K7y . This theorem will also be used to generate the
one-shot coupling bound.

Proposition 4.2 (Theorem 4.8 ofl>*]). For two copies of a Gibbs sampler on
a model related to the James-Stein estimators with flat priors on p and A, the
following holds for g > 3,

1 n—1
I1L(Xn) — LX) v < KrvE[|Ao — Agl] (5) 7)
(5/2)% S _qT_3 g+l q = 5
where Kpy = rh (ﬁ) "2 and S =3Y1_ (v, - Y)%

Using Proposition 4.2, we get K7y = 0.0047. Therefore by Lemma 4.11 of >4,
I£(X) = 7li7y < 0.0282E[||X, — X;11]

So, by iteration 6, || L(Xs) — 7 ||7v < 0.00866.

We compare our bound to Proposition 4.2 and Theorem 4 of!>%), which use
one-shot coupling and DnM arguments, respectively, to generate a theoretical
bound in total variation. The methodologies and assumptions are outlined in
Table 1.

Note the minor variations in the examples, Proposition 4.2 assumes that the
prior on A is flat. In Theorem 4 oft°%! the prior on A ~ 1G(—1,2) with the
intent of generating a flat distribution. In our real data example we set the prior
to A ~ 1G(0.01, 2), which could approximate a flat distribution. We will assume
the minor variations are comparable.

Table 2 and Figure 2 compare the bounds on total variation distance using
three different methods: CRN, DnM, and one-shot coupling. The one-shot
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Table 1. Theoretical bounds that are benchmarked against the CRN simulated bound.

Method Common random number Drift and minorization One shot coupling
Source Lemma 4.1 Theorem 4 ofl 50! Proposition 4.2 and Proposition
6 of(42]
Prior A ~ 1G(0.01, 2) and A~1G(—1,2)and faocland fj o1
S fu o1
Bound I1£(Xn) =77y < I1£(Xn) —xl7y < I1£(Xn) —mliTy < .
! n n
0.0282E[|Xn,— X, 0.967" + (0.935)" x ) 0.(%2782 E[|Ag — A1]] (%8)
where X, X, are (1,17 + 2?21 ; — y)z)

simulated using CRN.

All bounds have initial value Xo = (50, 1o, Ag) = (100)972. f denotes the density function.

Table 2. Comparison of total variation bounds to stationarity for methods outlined in Table 1 of the
Gibbs sampler for a model related to James-Stein estimators.

Iteration CRN DnM One-Shot Coupling
1 56.2430 167,409.95 58.6595

2 336.0368 156,528.33 3.2589

3 20.0791 146,354.02 0.1811

4 1.4003 136,841.04 0.0101

5 0.0898 127,946.40 0.0005

6 0.0087 119,629.91 3.1049e-05
7 0.0007 111,853.99 1.7247e-06
8 6.0301e-05 104,583.51 9.5814e-08
9 3.4421e-06 97,785.60 5.3230e-09
10 2.6439e-07 91,429.56 2.9572e-10
249 1.6957e-307 0.0099 2.7286e-310

The values for each method that first reach less than 0.01 are in bold.

coupling bound indicates total variation distance of less than 0.01 by iteration 5.
The DnM bound indicates total variation distance of less than 0.01 by iteration
249. Thus, the one-shot coupling bounds performs the best closely followed by
the CRN bound and significantly better than the DnM bound.

The bound generated from CRN simulation and one-shot coupling are
expected to be very similar since to generate the geometric convergence rate of
the one-shot coupling bound (the 1/18 in Table 1) we use CRN (seel29:54:55,62],
This is confirmed by Figure 2 where the CRN bound and the one-shot bound
are approximately parallel.

Finally, we compare our convergence rates with informal methods in Figure
7. The Gelman-Rubin statistic is evaluated for each parameter. By iteration 5,
the Gelman-Rubin statistic for all of the parameters graphed is less than 1.05.
The traceplot paints a similar picture suggesting that all parameters have con-
verged by iteration 6. Thus, the CRN bound indicating total variation distance
convergence by iteration 6, is tight.
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Yig,... Y, Yau,... Yo, Yra, .. Yo,

Figure 3. Schema of the variance component model where 6; ~ N(u V), Yij ~ N(49 W). The
parameters W, V, 1 are unknown. 6; [, V L1 0|, V and Y;; j1|9 WllY,, /z|9 w.

5. Gibbs sampler for a variance component model

Consider a Gibbs sampler on the variance component model (seel**)), which
we will apply Theorem 3.2 to simulate convergence bounds on the Wasserstein
distance. Convergence rate bounds on the total variation metric for the variance
component model have already been discussed in Theorems 1 of!12:33:4%],

Example 5.1 (Variance component model a.k.a. random effects model a.k.a.
hierarchical model). Suppose that we have a population that has overall mean
w, which consists of I groups of mean 6; ~ N(u, V) and where each group
has J; observations with distribution ¥;; ~ N (6;, W). Conditional on 6 and W,
the Y;;‘s are independent. Conditional on « and V/, the 6; ‘s are independent. The
parameters jt, 6, V, W are unknown. See Figure 3 for a graphical representation.

Propose the following priors on the unknown parameters where
ai, by, az, by, bz > 0.

V ~1G(ar, bi))W ~ IG(az, ba)p ~ Nas, b3) (8)

The unnormalized posterior distribution of (5 , V., W, ) is written as follows,

g6, v, w, )

1
= f16(V | a1,b1) fig(W | az, by) fn (1t | a3, b3) (H NG|, V)>
i=1
1

Ji
[T]1 /v 16 w)

i=1 j=1
We would like to sample from the normalized posterior distribution.
The Gibbs sampler for the variance component model.
Algorithm 3 shows how to apply a Gibbs sampler on this example.

Suppose that we have the following proposal density,
H@. VW, 0) = fig(V | 2a1+1,2b1 — 1) fic(W | 2az + 1, 2by)

! W
fnGulas. b) [ fv <9i | Yi, ﬁ) 9)

i=1
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Algorithm 3 A Gibbs sampler algorithm for the variance component model

Initialize (%70, Vo, Wo, o) = (%., Vo, Wo, Ho)
forn=1,... Ndo
(Yij—0n—1,:)?

Generate IV n‘an 1~ 1G <(12 + ][/2 by + ‘%

I -
Generate Vi1, 0,1 ~ IG (a1 +1/2,by + ——1<(’+ﬂ4>2>
Generate ji,,|Vy,, 0,1 ~ N (‘“V b33 On1i Vg )

Vn+1Ibs 7 Vn+1b3
inWatVa 371 Vi vow, >

Wrn+JVn P WntJVn

For each i € I, generate 0, 7\1/;,7 W, o, ~ N (

end for

The following lemma bounds the Wasserstein distance between the variance
component model Gibbs sampler and the stationary distribution using the above
proposal distribution.

Lemma 5.1. Let X, = (5,1, Vi, Wo, n) and X)) = (5,2, vV, W, u,) be two
copies of the variance component Gibbs sampler initialized with X[ ~ v where
fo is defined in Equation 9 and Xo L1 X{. Fix p € [1,00) and let 7w be the
corresponding stationary distribution. Then forr > p, by > 1/2,

Wy p (LX), ) < Ka(m, )Y E[d(X,, X)) ¥ 17 (10)

Where

o Ky(m,v) = 1C1C1/2

(n—a3)? oL
o [ = fB(bik)_ale_ 21733 (b*)_(az) d(@ M) where B - RI+1

_ L) Tl S T 244125172
hd Cl - F(a*)bal I'(a *)bal (27.[) 1 b

. Cr— B roasl) B et rd/2-1 r(r-1
27 T(an)? @b1—1)217T T(ay)? (2by)22 1 I Ji)1/221+Z,‘1=1Ji7,T+1/2 §T=1

> 1(9 —1?

e af =a1+1/2and b = by +
o ai=ay+Yi_ Ji/2and b} _b2+2,_12

¢ S= Y/ (T YE - ) and T = ¥, G112
The proof is in Sectzon 8.5

(Yu —60;)°

Note that in Lemma 5.1 the value of K, (7, v) still has an integral, which must
be bounded from below, L = fB g(é, v, w, u)d(é, V, W, u). To address this,
we use the adaptIntegrate function in R.

For this variance component model, upper bounds in total variation distance
have been established. In Real Data Example 5.1, we compare our bounds in
Wasserstein distance to the total variation bounds generated in[33].

(491 also provides an upper bound on the total variation distance between
the variance component Gibbs sampler model and its corresponding stationary
distribution (See Theorem 1 of!*°]). However the constants required to obtain
an explicit upper bound are difficult to calculate (see Remark 6 of!*°1). An upper
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Table 3. Summary of simulated data used in33! (see their Table 1) and in Numerical Example 5.1.
I=57=10,57_, 1% (i — ) = 32.990.
Cell 1 2 3 4 5

Y; —0.80247 —1.0014 —0.69090 —-1.1413 —1.0125

Table 4. Hyperparameters used in Numerical Example 5.1 and Table 1 of33l, ¥
15 J
77 2iz1 2= Yij-

Hyperparameter aj by ap by as b3

~i

From[33] and this paper 2.5 1 1 1

bound in total variation distance for this example is also established inl!?].
Discussions of convergence diagnostics on total variation distance for variations
of this example can be found inl!-2431:47:56],

Upper bounds in Wasserstein distance of the variance component model have
also already been discussed.[*?] analyzes the variance component model when
the prior on p is o 1 instead of u ~ N (a3, b3). In particular Proposition 25
oft*2] states that if lim;_, oo J2/(I3T?%) = oo for some § > 0 and the model is
properly specified (condition (E2) in!*2]), then the geometric rate of convergence
for this model goes to 0. Proposition 24 of!*?] also bounds the total variation
distance in terms of the Wasserstein distance. Discussions of convergence rates

for the variance component model in Wasserstein distance are also presented
inl15,61]
in .

5.1. Numerical Example 5.1

We are going to compare our convergence bounds to the bounds from[*3]. The
data for this example is simulated in33} and summarized in Table 3.33) generates
an upper bound on the total variation distance between a Markov chain and
its corresponding stationary distribution using a DnM bound stated in!*8) (see
Theorem 12 of!*®) and Theorem 3.1 of\33]). The hyperparameters for the DnM
bound are defined in Table 4.

Applying Lemma 5.1, K, (7, v) = 48.7818 and the following holds for r = 1,

1
Wi (L£(X,), ) < 48.7818E [(|1X, — X, 111)*]?

The initial value of Xg = (50, Vo, Wo, no) is Vo ~ I1G(ay, by), Wy ~
1G(ay, by) and (50, o) = the initial value defined in[33], Remark 4.1 ofl33].
The initial value of X, satisfies Equation 9.

We simulated (|| X,, — X,/1||1)2 1000 times (M = 1000) using CRN. Figure
4 graphs the estimated upper bound on the Wasserstein distance between
the Markov chain and its corresponding stationary distribution while Table 5
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Upper bound on W)jj,1 (£(Xy), 7)
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Figure 4. A Wasserstein distance upper bound on the Gibbs sampler for a variance component model
(NumeLicaI Example 5.1) using CRN. The estimate uses the mean of 1000 simulations with initial values
of 110, 6o satisfying the initial values defined in[33! (see their Remark 4.1). The vertical axis is a log scale.

Table 5. Wasserstein bound estimates and confidence intervals for the variance component model,
Numerical Example 5.1.

n 101% 2},?3‘1 N Xnm — X;,,mlh)2 99% lower C.l. Estimated bound 99% upper C.I.
1 397506.3 0 3075.601 5594157

2 6.0002 112.7212 119.4924 125.8998

3 0.1835 17.3169 20.8980 23.9495

4 0.0076 3.2230 42734 5.1123

5 0.0004 0.7855 0.9132 1.0251

6 2.4539e-05 0.1837 0.2417 0.2881

7 1.4015e-06 0.0441 0.0578 0.0687

8 1.0485e-07 0.0114 0.0158 0.0192

9 5.4138e-09 0.0027 0.0036 0.0043

provides the bound estimates and the 99% confidence intervals using Lemma
3.3.

The CRN bound indicates Wasserstein distance of less than 0.0099 by iteration
9 (W),.1(L(X9), ) < 0.00359). The bound for!33! indicates total variation
distance of less than 0.00999 by iteration 3415 (||£(X3415) — ||rv < 0.00999)
(See Table 2 ofl33]). Note that the CRN bound is measured in Wasserstein
distance while the bound in(®} is measured in total variation distance. The
large disparity between the DnM and the CRN bound is consistent with the
conclusions of #°] that say that the convergence rate bounds based on single-step
DnM tend to be overly conservative.

Finally we compare our convergence rates with informal methods. The trace-
plot (Figure 8) suggests that convergence of u, V, and W is nearly immediate.
The Gelman-Rubin statistic is evaluated at different iterations in Table 8. By
iteration 10, the Gelman-Rubin statistic is close to or less than 1.05 for V, W,
and u.
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Table 6. Hyperparameters used in Real Data Example 5.1 and!'?! (see their Section 4).

Hyperparameter aj by ap by as b3
Froml[12] 0.5 1 1 0 0 1012
This paper 0.5 1 1 1 0 1012

The hyperparameters follow the same notation as in Equation 8.

5.2. Real Data Example 5.1

We are given the yield of dyestuft from 6 batches of 5 yield measurements in
grams (i.e. | = 6 and J = 5). This data was published in Davies!!4]. The data
can be structured as a variance component model where 6; represents the mean
yield for batch i.

We are going to compare our Wasserstein bound to the total variation bound
from!!?] generates an upper bound on the total variation distance between a
Markov chain and its corresponding stationary distribution using a modified
version of the popular DnM condition stated in(#3! (see Theorem 12 of!*8! and
Proposition 1 of! 12) and estimates the required DnM parameters (A, A, €) using
simulation. The hyperparameters for the DnM bound are defined in Table 6.

In our comparison, we will first generate an upper bound on the Wasserstein
distance between the Markov chain and the corresponding stationary distribu-
tion. Next, we will generate an upper bound on the total variation distance based
on the Wasserstein distance using Proposition 24 ofl 42,

Proposition 24 of!*?) will be used to bound the total variation distance given
the Wasserstein distance. Note that in4?], the prior on yu ~ 1 is flat. Since in this
example i ~ N (0, 1012), we assume that they are the same.

Proposition 5.2 (Proposition 24 ofl42!). Let X,, be a variance component Gibbs
sampler generated according to the priors of V.~ G (a1, b1), W ~ [G(az, b),
and . o 1. Assumethat I > 2. Then foreachn > 1and X = (50’ Vo, Wo, o) €
R/ x Ry x Ry x R,

L(X,) —mllry < Koy W1 (L(Xp—1), ) (11)
where Kty = (c1 + ¢2)J**I and

2 (1 21 | el s 1
ca=i(G+a)(1+ 2+ 50) (V& +77)
1J7/2+ar—1
_ 2 (1J 2 1 [J 2
® =T (7 + az) (1 + N + b21212> (2 b+ bzﬁl)

We bound the whole chain in Proposition 5.2 (971, Vi, Wy, i) rather than
the marginal chain (O, 14n) as presented in Proposition 24 ofi*?! due to de-
initialization properties*°]. See Section 5.1 of!4?] for more details.

Applying R simulation to Lemma 5.1, we calculate K (77, v) = 0.00198. The
following holds,

1
Wi (L£(X,), ) < 0.00198E [(|1X, — X,,111)*]?



18 @ S.SIXTAETAL.

Comparison of bounds on ||L(X},) — 7||7v

1e+11

1e+06

1e+01

1e-04

Logscale of [|L(6,, u, Ay) =7k,

0 100 200 300 400 500
n=iteration

Bound — CRN Estimate DnM — CRN 99% upper C.1

Figure 5. Comparison of total variation distance upper bounds on the Gibbs sampler for a variance
component model (Real Data Example 5.1) using CRN simulation and a DnM bound. The CRN estimate
uses the mean of 500 simulations. The initial values of X satisfy Equation 9 inl2!,

Table 7. Total variation bound estimates and confidence intervals for the variance component model,
Real Data Example 5.1.

n =55 3000 (1 Xnm — Xy l11)? 99% lower C.I. CRN 99% upper C.I. DnM

10 3.1983e + 11 0 686202.5 1210249 1.7888
50 5742313 413.0225 919.4749 1232.997 1.7821
100 61787.44 0 301.6105 4837103 17737
250 10979.74 0 127.1430 231.2048 1.7490
461 9.0992¢-06 0 0.0037 0.0067 1.7149

Comparison of the estimated total variation bound using CRN with the total variation bound generated from{'2], which
was calculated using DnM.

Applying Proposition 5.2, K7y = 611.4339 and so,
1
I1£(Xa) = 7llry < 1.21338E [(||Xx — X, |1D)°]?

The initial value of X is 50 = the initial values defined in Equation 9 oft12]]
Vo ~ IG(al,bl), Wy ~ 1G(a2,b2) and ;19 = Y. The initial value of X} is
distributed according to Equation 9.

We simulated X, and X, 500 times (M = 500) using CRN. Figure 5 graphs
the estimated upper bound on the total variation distance between the Markov
chain and its corresponding stationary distribution. Table 7 provides the total
variation bound estimates and the 99% confidence intervals using Lemma 3.3.

The CRN bound indicates total variation distance of less than 0.01 by iteration
461 (||L(X461) — 7|lTy < 0.0037). The DnM bound indicates total variation
distance of less than 0.01 by iteration 98, 750 (||£(X9s,750) — 7 ||7v < 0.0072).
The two bounds are compared in Figure 5 and Table 7. The large disparity
between the DnM and the CRN bound is consistent with the conclusions of!4°!
that say that the convergence rate bounds based on single-step DnM tend to be
overly conservative. See Figure 5 for a graphical comparison between the two
bounds.
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Table 8. Gelman-Rubin statistic at various iterations for Numerical Example 5.1.

Iteration ' W %

10 1.064556 1.046249 1.062693
20 1.026606 1.021977 1.034042
30 1.017409 1.013104 1.021825
40 1.013610 1.011070 1.014756
50 1.010736 1.008834 1.011396
60 1.009296 1.007351 1.010150

The range of is-2t0 0.

Table 9. Gelman-Rubin statistic at various iterations for Real Data Example 5.1.

n \%4 w " 01

50 1.186270 2.052273 2.984139 2.792903
100 1.095662 1.591515 1.597947 1.587649
150 1.083923 1454056 1.241374 1.215334
200 1.062822 1.208700 1.086050 1.097018
250 1.054723 1.074812 1.038007 1.056482

The range of V is (0.5, 3.5), W is 1000, 20000, and w, 67 is (1400, 1600). Note that because the range of initial values
to calculate the Gelman-Rubin statistic is larger than the initial values in our bound, the convergence rates cannot be
blindly compared. Rather, the Gelman-Rubin statistic indicates that the chains move relatively slowly.

Finally, we compare our convergence rates with informal methods. The trace-
plot (Figure 9) suggests that convergence of i, V, and W to stationarity occurs
after the first few iterations (the variance of ju seems to slightly increase with
n, however). The Gelman-Rubin statistic is evaluated at different iterations in
Table 9. By iteration 250, the Gelman-Rubin statistic is close to or less than 1.05
for V, W, u, and 0;.

6. Gibbs sampler for a Bayesian linear regression model

Consider a Gibbs sampler for the Bayesian linear regression model with semi-
conjugate priors (see Chapter 5 of*3]) for which we will apply Theorem 3.2 to
simulate convergence bounds on the Wasserstein distance. For this particular
example, we can also provide an upper bound on the total variation distance
given the Wasserstein distance using similar calculations as!>*].

Example 6.1 (Bayesian linear regression model). Suppose that we have the
following observed data ¥ € R¥ and X € R*¥*¢ where

Y|B, 0% ~ Ni(XB, o I})

for unknown parameters 8 € R?, 52 € R.. Suppose that we apply the prior

distributions on the unknown parameters,

Vo U()C(Z)
2 2

B ~ Ny(Bo, Tp)o* ~ IG (—,
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The joint posterior density function of B, a2|Y, X is proportional to the
following equation,

1
2y _
8(B.o%) = (02)K+u0) /241

(12)
1 T 1 Tl U()C(Z)
exp <_F(Y —XB) (Y — XB) — E(ﬁ —Bo)" X (B — Bo) — F) .
(13)

The Gibbs sampler on the Bayesian linear regression model is based on the
conditional posterior distributions of ,, anz and is defined as follows initialized
at Bo, 0'02:

M ,Bn|0',%_1, Y, X~ Nq(’g‘fnzfl’ Vﬂvo'rffl)
(2) 071Bs, ¥, X ~ IG ("*2“", Lo + (Y — XB) T (¥ — X,Bn)])

where

-1

1% _(Lxtx s B =V LXTY+2—1,3

Bogy = o2 B ’ op 1 = VBor o2 g PO
n—1 n—1

1/2
0_2

Replacing 8, = B,> TV
n— “n—1

for o and with 1G,, ~ IG(kJZUO, 1), we get that

Zy,, where Z,, ~ N4 (0, I,) into the equation

I (X —Y+XV,0% z))T
= 1/2
2.2 e (XPoz | —V + XV ,folzn)
ojlo,_1,Y, X = 5 + 5 1G, (14)

where (Z,,, 1 G,), are independent for all n.

Although the Markov chain may be high-dimensional in B, special properties
of this Gibbs sampler allow us to upper bound the total variation distance
between the law of two joint Markov chains, C(J,%, Bn) and L‘(aozo, Boo) = 1, in
terms of the L! distance between o2 and o2 only.

Lemma 6.1. The total variation distance between L(f,, a,f) and the correspond-
ing stationary distribution, 7w, can be bounded by the expected distance as follows,

(k + vo)?

2

Ello;_; — 0]l
WAV Yers

Hﬁ(ﬁn» Unz) - 7THTV =

The proof is in Section 8.6.
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Lemma 6.1 shows that total variation distance can ignore the difference
between B, and B),. The Wasserstein distance, on the other hand, must take into
account the distances between both 8, B and 62, 0> as shown below.

Lemma 6.2. Let (8, U,/%)nzl and (B, o,;z)nzl be two copies of the Markov chain
with o> ~ 1G(', B') and B ~ N, (Bo, £p) where @' = (k + vg)/2 — 2
and B/ = U()C(z)/z. Fix p € [1,00) and let T be the corresponding stationary
distribution. Then for r > p

Wi, p (LB, o), 1) < K1(t, )Y E[d(Bu, 52), (B, 00) V"

Where K1(t, v) = %
. 16T ((k-+vo)/2—2) (27)7/2 det(£p) /2
T T ((k+v0) /2 (Y =X B)T (Y =X B))? (vocd/2) T2 22
P G AR PR R
L t: Js mamio—xpra—xpaE
sel.

d(B) and B C R? x R is a bounded

The proof is in Section 8.6

Convergence diagnostics for variations of the Bayesian linear regression
Gibbs sampler can be found in!>®19:26:445458] However, we could not find
any explicit bounds on this version of the Gibbs sampler for a Bayesian lin-
ear regression (i.e. the bounds were applied to more simpler examples or the
analysis did not provide an explicit bound). Using example 6.1 notation, the
papers!4#>458] assume that Tg = 0>% where ¥ is known. That is, the
variance of Y and the variance of B are proportionally the same. Putting
the results of>*] and[*4] together, it is shown that the geometric convergence
rate that is generated when using one-shot coupling is the actual geometric
convergence rate (see Theorem 3.1 of\*4] compared with Theorem 4.4 of!>*)).
The actual geometric convergence rate is calculated using the spectral gap
in[*4]. The papers (152°]) assume that the error of Y |8, o are non-Gaussian
(to take into account outliers) and provide sufficient conditions for geometric
ergodicity with respect to k (dimension of ¥) and ¢ (dimension of g).[*°]
tells us that the Bayesian regression Gibbs sampler with semi-conjugate priors
is geometrically ergodic regardless of the size of k compared to g¢. Finally,!°]
generates upper bounds in total variation between two copies of a linear regres-
sion Gibbs sampler model. The model in!®! adds slightly more complexity to
example 6.1 by taking X4 as random. Similar to our results, the chains converge
quickly.

Using Lemma 6.2 we show how an upper bound on the convergence
rate in Wasserstein distance can be simulated in Real Data Example 6.1.
We further provide an estimate of the upper bound in total variation using
Lemma 6.1.
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Upper bound on ||£(02, 8,) — 7||7v
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Figure 6. Total variation distance upper bound on the Gibbs sampler for a linear regression model
(Real Data Example 6.1) using CRN. The estimate uses the mean of 10000 simulations with initial values
002 = 100and By ~ N(0, 1,). The vertical axis is log-scaled and r = 5.

6.1. Real Data Example 6.1

Suppose that we are interested in evaluating the carbohydrate consumption (Y)
by age, relative weight, and protein consumption (X) for twenty male insulin-
dependent diabetics. For more information on this example, see Section 6.3.1
oft17],

We want to find the estimated upper bound on the Wasserstein and total
variation distance to stationarity for a Bayesian linear regression Gibbs sampler.
In this case, there are 20 observed values and 4 parameters (k = 20,g = 4).
We set the priors to By = 0, Yg = 14, vg = 6, c% = 140. The initial values
of our Markov chains are 002 = 100, By ~ N4(0, 1), a(;z ~ IG(11, 420) and
By ~ Na(0, I4). We can apply Lemma 6.2 as follows, where K (77, v) = 1025971
andr = 5.

Wi 11 (L2, Bo), 1) < 15.93E[||(02, Bn) — (0, Bu)151V/°

holds almost surely.

2
By Lemma 6.1 the total variation distance is bounded above by % =
0
0.40238 times the expected distance between o2 and 02, and so,
1/5

12 ) = iy < 641E 1107, Bu) — (@7, BII]

Using CRN simulation, we simulated ||(02, B,) — (o,%/, Bx) |1 ten thousand
times (M = 10000) over 100 iterations (N = 100). Figure 6 graphs the upper
bound on the total variation distance.

By iteration 58, the total variation distance first hits below 0.01, | |£(0528, Bsg)—
7|lry < 0.0016. In comparison, the Gelman-Rubin statistic first hits below 1.05
at iteration 49 (see Figure 10) and the traceplot suggests convergence after the
first few iterations (see Figure 11).
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Figure 7. Gelman-Rubin statistic and traceplot for Real Data Example 4.1.
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Figure 8. Traceplot for u, V, and W for Numerical Example 5.1.

Proof of Theorem 3.1. Let X,,, Y, be two copies of the Markov chain such that
Xn = ke,(Xo) and ¥, = ke (Yo) (see Section 2 for more details on the
notation). If X, ~ 7, then ko) (Xoo) ~ 7.
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Figure 9. Traceplot for i, V, and W for Real Data Example 5.1.
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Figure 10. Gelman-Rubin statistic of o.2.

\
\
-l | M
5.0e+07 - /\ “ /“ | ( A \
) | Ca Ao i
oooronl HLA ;‘\ Ml/ ‘L M L /\.r;’ﬁ“,,,é\ U Al Al me\,\ i
° = n=it;?ation ” '
Figure 11. Traceplot of 10 simulations of o;? where o = 100.
First we show that E[d(X,, Xx)'] = E [d(Xn, Y,)" ‘31’5((5(‘:))] where

drn (Yo)/dv(Yo) = fr(Yo)/fv(Yo) and drr/dv is the Radon-Nikodym derivative.

E[d(Xn, Xoo)"] (15)
= E[Eld(ke, (X0), ke, (Xo0)" | Xo, On, O] (16)
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_E f d(k(an(Xo),k@,g(Y))rdﬂ(y)i| (17)
_E f d(ke, (Xo). key ()" o (( ))d v )] (18)
_E [d(ko (Xo). key, (Yo)Y' ((") \Xo,@)n,@’ﬂ (19)
T dr(¥o)

_E_d(Xn,Y,,) dU(YO)} (20)

s—1

By Holder’s inequality, for s > 1 and K(w,v) = E [(gzgg)))m] s

dm (Yo)
dv(Yp)

E[d(Xy, Xoo) 1= E [d(Xn, Y, ] Ky (7, v)E [d(X,. Y, )”]%

(21)
Thus, the L"-Wasserstein distance is bounded above as follows,
1 1 1
Wd,r(ﬁ(Xn)a 7[) = E[d(Xm Xoo)r]; < K; (77, U); E [d(Xn» Yn)”] s (22)
Finally by Remark 6.6 oft™, for p < r, Wy ,(L(X,), 7) < Wy, (L(X,), 7)
and so, by Equation 22,

Wa, p (LX), 1) < Wa, (LX), ) < K (1, v)7 E [d(X,, m”]*

7. Alternative proof of Theorem 3.1 whens =1

First we define essential supremum and infimum.

Let f : X — Rbe a function and A be the Lebesgue measure. The essential
supremum is the smallest value a € R such that A(x | f(x) < a) = 1. More
formally, ess sup, f(x) = infser{a | A(x | f(x) > a) = 0}. The essential
infimum is likewise the largest value @ € R such that A(x | f(x) > a) = 1. Or,
essinfy f(x) =sup,cgpla | A(x | f(x) <a) =0} [38].

7.1. Rejection rate and separation distance

We will define rejection sampling and separation distance and show how they
are related.

Definition 8.1 (Rejection sampling). Suppose that we have a target distribution
7, which we want to sample from, but is difficult to do, and we have a proposal
distribution v that is easier to sample from. Suppose also that for the correspond-
ing density functions f(x) and f,(x), fu(x) = 0 = fr(x) = 0, where
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x € X and that Kq(7,v) = esssup,.y fx(x)/fv(x). To generate a random
variable X o, £(Xo) = 7 we do the following,

(1) Sample X ~ vand U ~ Unif (0, 1) independently.
Q) IfU < m J}’z 8(()) then accept X as a draw from 7. Otherwise reject X
and restart from step 1.

Definition 8.2 (Rejection sampler rejection rate). For the rejection sampler algo-
rithm defined above, denote the event A = {X is accepted as a draw from 7}.
The rejection rate is r(r, v) = 1 — P(A) =1 — 1/K(, v) where K (7, v) =
ess sup,cy fx (x)/fo(x).

Proof. See Section 11.2.2 of!>1), O]

We further define the separation distance on the continuous state space X’
as follows. Separation distance was first defined inl?! for discrete state spaces.
We use the definition of separation distance defined in!''} where the density
functions are known.

Definition 8.3 (Separation distance (Remark 5 oft!11)). Let v and 7 be two
probability distributions defined on the same measurable space (X, F) with

densities f), and fr such thatforx € X, f(x) = 0 = f,(x) = 0. The

separation distance is s (7r, v) = ess sup, (1 — ;;(();))>

It turns out that the separation distance and the rejection rate of the rejection
sampler are the same.

Lemma 8.1. Let v and m be two distributions defined on the same measurable
space (X, F).If f, isthe proposal density and f5 is the target density in a rejection
sampler, then the rejection rate equals the separation distance,

s(m,v) =r(m,v)

Proof.
s(mw, v) = ess sup (1 — fV(x)) =1 —ess inf fox)
xeX S (x) xeX fr(x)
1
—1— —1——— = (7, )
€SS SUp,. y 5‘75(())3 Ky (m,v)

O
Alternative proof of Theorem 3.1 for when s; = 1,5, = oo. In this

proof, we use rejection sampling, which is similar to the proof method
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presented in(32]. Let X, ¥, be two copies of the Markov chain and A =
{Accept Yy as a draw from 7 }. Recall from Definition 8.2 that 1 —1/K; (7, v) =
r(m,v) =1 — P(A)andso P(A) = 1/K;(m, v). Note that L(Yy|A) = 7 and
so, L(Y,|A) = 7.
Eld(Xu, Y))P1 = Eld(X,, Yu)P | AIP(A) + E[d(X,, V)P | A°]P(A°)
> E[d(Xn, X0)P1P(A)
> Eld( X, Xoo)' | —————
> Eld( OO)]Kl(T[,V)
Thus,

Wa,p(L(Xn), w) < E[d(Xn, Xo0)"] < K1(w, v)E[d(Xp, Yn)"]

O
Further note that by combining Definition 8.2 and Lemma 8.1 we can write
K as follows
1 _ 1

K, v) = 1—s(z,v) 1—r(r,v)

7.2. Proofoflemmarelated to the Gibbs sampler for a variance component model

Proof of Lemma 5.1. First note that the unnormalized ]omt density function of
(9 V, W, ) is written as follows ( f (0 V.W,pn) =1 g(@ V, W, i) where L
is unknown),

" b b2
g(Q, V, W, u) = (ﬁe—bl/vv—m—l) (#e—bz/WW—az—l)
ai

I I
1 w a3> (0 u>2 Yij—
| | e 2w
(«/ 27'rb ) ( - > - 2n W

I
= fic(V | a1, b1) fic(W | az, by) fn (1 | a3, b3) (l_[ INn (il V))

1=

—

I J;

[TIT] rvijien w

i=1j=1
For the variance component model, we will use Theorem 3.1 and set s =
2 (so, ;=7 = 2). Denote L as a lower bound on fR’xR+xR+ng(9 V, W,

d(@, V, W, ). We want to find
1/2

- 2

6.V. W, . .

K, (1. v) = f SOV WY o G v w. 0d@.v. w. w
RI+1XR2 fv(ea Va W» M)
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1/2

L fv(e, V’ W, /’L)

1 @.V. W. w)? 12
= — / u (95 V’ W, /'L)
L\ Jri+1xr2 £,(6,V, W, )

. £@.V.W.p)?
Step 1: Find an upper bound on [, YRZ Wd(@ V, W, 1)

To find an upper bound on the integral of the ratio, note the following ratios,

2
b! e b1/Vy-—a—1
frc(V | a1, by)? _ T(an ©

fic(V | 2a; +1,2b; — 1) %e—(Zbrl)/Vv—Qaﬁl)—l

=f (“ﬁlﬂl%nwVWuwevwm
R/+1xR3

byl —2b1/V v/ —2a1—2
T(a?® 4

- (2?1(2 1)1‘11;1 e—(2b1—1)/Vy—2a-2
ai

_ " Tea+1 y
I'(a1)? (2b; — 1)2atl

( L _bZ/Ww—az—l)z
fic(W | az, by)? a2 €
f16(W [ 2a+1,2by) QT o Wy 211
e/
B %e—%z/ww—mz—z

_B® TQay+1)
T T(a2)? (2by)2at]

2(y..,9.)2
I J; » . 2 I Ji 1~
l_[izl nj:l fN(Ylj | 6;, W) . l_[izl nj:l W€ v
7 = W - 2J; (V; —6;)2
| A I A i/ R
l_[lzl fN(el | b 2],‘) Hi:l 1 W e 2w
27y
Z (¥ -6;)?
HI 1 %
_ Hi=1 Gawy7®
I 1 e_M
=1 JaW/J;
Ji
Zjl IYU—ZYUH +9
I 1 W
1—[ (ZnW)’
T (V)2 =20, ¥;0;+ 1,62
i=1 - w

(nW/J iz €
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I (7 Ji
B 1_[ 1 ejl(Yl)z_v%jzl v2
o U2 w) i
1 Z,-’:l(Ji(?i)vZV—ZJJ-":l v2)
= e
(1_[1'1=1 Jl.)l/ZzZ;':l Ji(z W)Z,-I=1 Ji—1/2

1 =S
= e
(1, J)V2Xim Y ()T

w

where $ = Y/ (Y7L, Y2 — Li(¥pH and T = Y/, Ji — 1/2.
We evaluate the following integral, which will be used evaluating the integral
8@V W)
H(0,V.W. 1)

I 1 2
o 1 6;—1)?
P |, V)2dd = f ( o~ S ) @,
/Rll.l] ! E R \V2tV '
1
1 _O-w?
el fR )
i=1

1 _Gn?
= e 207 do;
=1 R

Qr V)l .

]

1
1
= G .ZIW

1

(rV)!/?

~ vyl
1

T2 (@V)IP

Next, we put all of the ratios together.
We first integrate with respect to 6.

8. V. W, 1n)?
fRHlxRi m
(fic(V | a1, by) fic(W | az, b2) fn (i | as, b3)
(M sv @ 1))
- fRHlxRi f16(V | 2a1 + 1,20y — 1) fig(W | 2a2 + 1, 2b3) fn (i | a3, b3)
1=y T, S (X 1 6, W)
[Ti=y fn (@i | Yi, W/2J0)

:/ b T'Qa; +1) v b3 T'(ay+1)
ri+ixr2 I'(a1)? (2by — )20t [(a2)? (2by)?@+1

d@, Vv, w, u)

d@, v, W, )
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1
fnulas, ba) [ ] v | . v)?
i=1
1

(]‘[ ) 1/222, i w)T

_ 0" TQa+1 5" TQa+l
[(a1)? (2by — D*1+1 T (az)? (2by)2@+!

1
/ ( / [T/ w, V>2dé> eV fn(u | as, bs)
RIxRE \/R! ;3

1
[Tz JV22%m % e w)T

eWd@, V, W, 1)

eVd(V, W, )

Next we integrate with respectto V, W, u

b TQa+1 b TQa+1)
"~ T(a1)? (2by — 1)20F1 T (ap)? (2by)202+]

1 1V
- , b
/RIXREr T VI® v | as, b3)
1
eWd(V, W, )
(]‘[ L) 1/222, i(mW)HT
b TQa+1) b TQa+1) 1
= [(a1)? 2b; — )20+ T (ay)? (2by)2a2+] (1—[ J; )1/221+Z Jig T+I/2
1 —yv 1 3
— ,b3)—=ewd(V, W,
/RlxRi vz NGl as, by) e d( i)
B TQa+1D b TQa+1) 1
= F(m)z (2b;, — 1)2a1+1 F(az)z (2b2)2az+1 (1—[1_121 Ji)1/221+2,»1:1 JigT+1/2
(T — 1)
F(1/2 = D)—r

To summarize, we get,

6,V.W, w)? . -
C, = / 86 V. W. )" 4G vow. )
RIJrlXRi_ fl)(97 V7 W’ /’L)

_ 0" T@a+D b TQa+D
— ]_'(611)2 (2b1 — 1)2a1+1 F(Clz)z (2b2)202+1
ra/2-1 (T — 1)

(HiI:l Ji)1/221+2i1=1 Jig T+1/2 ST-1

Step 2: Find a lower bound on fR’xR+xR+xR g(é, v, w, ,u)d(é, v, w, 1)
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To find a lower bound over the integral we estimate the above integral over a
closedset B C R! x Ry x Ry x R.

N bal baz
g0, V. W, ) = (s t—e Py o) ([ e/ Wy—arl
['(a1) I'(az)

(J;T_b = a3>2> (IL[ L R0 u)) lillj

=1 =1
b
— (;e_bl/v _al 1) —bz/WW aj)— 1)
[(ay) F(az)

1 e a3>2 X 6-w?
2V
< an )((271V)U2 )

! I Xi—6)?
_< i= 12/1% /W

_(=6)?
2W

(27-[)21':1 Ji/2 WZi:l Ji/2

I 6-w?
ay _ =11 —a 2
= b—le <b1+ 2 >/Vv—(a1+l/2)—1 (;e_(ﬂzby>

3

C(ay)(2m)!/2 NGZA
I (Y62
by’ W@+ Ji/z)—le_(b”zi[:l 2 %)/W
[ (az) (2m) izt 412
Define
1 2
I 0 —
ai“:al-}]/z b’lk:b1+zl—l(+u)
1 I T
~ (Yij —60)?
k . *
az_a2+ZJ,/2 bz_b2+ZZ—2
i=1 i=1 j=1
Taking the integral of g with respect to V and W, we get,
/ g(6. v, w, d(@, v, w, 1)
R/ xRy xRy xR
a —a 2
_ f (_”11 e—b’f/VV—ai“—1> ( 1 e—“‘zb;))
R xRy xRy xR \I'(a1)(2m)!/2 V2mbs
baZ * * -
2 - W2 1e=02/W ) 4@, v, w, W)
T (ap) (2m)2i=1 i/

() ()
~ Jrie \T(@)@m)/2 V! 27h;

r * baz
( () (b3) ™ )d(e 1w

[(az) (2m) izt %2
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The integral can then be defined as follows,
f g(6. v, w. W@, v, w, )
R/ xR xRy xR
_ T(a})by" T (a3)by? 1
© T@)  T(@) (m)Sichi/zd+n/2pl2

*—aj e 2b a3’ w\—(@3)
R1+1(b1) e 3 (b) d(G w)

-1 o —a* _(w—a3)?
RI+1

ST (65) Y @,
S1_ T@Hb D@pb? L
Where Cl = T T(a2) (271)2{:1 Ji/2+(1+1)/2b;/2

Combining step 1 and step 2, we get,

5 1/2
1 f g®, vV, W, 4@ )
= = - - __ _______ , U, W, W
[ 80, V. W, )d@, V, W, u) \Jri+1xr2 f,(0,V, W, 1)

_ —CICI/Z

—af _(M;%)z W\ —@3) 3.7
Where L = [ (b7) e 5 (b}) d@, w)
Fla) _T(ar) S 24 I41)/2,1/2
T T(a)bi' I'a *)b“z(zn) - b
C, — U reatn B Teaptn r(/2-1) rr-n g
27 T @b =P T@)? Ch™ ¥ i g1+ ey ST

7.3. Proof of lemma related to the Gibbs sampler for a James-Stein estimator

Proof of Lemma 4.1. First note that the density function of v is as follows,

fo(@, 1, A)
/ga+(q—1)/2

q
— 1_[ ;e—(Yi—Oi)z/(ZV) A—e—(g=1/2-1,-p/A
V2V F(a+(q = 1)/2)

( 1 e—(u—@')/m))
2w A

Next, we want to calculate the supremum of the ratios where the function g is
defined as in Equation 6.
8O, 1, A)
sup =
(@10, A)eRI+1 xR, fo(@, 1, A)

q 1 0; 24)\ B* p—a—1,-B/A
(,1 e —?/( ))WAO’ =B/

e—(u—9)2/(2A)) BTV 4 g /241/2-1,—p/A

= sup

@10, A)eRIH xR, (J217r7

[a+g—-1)/2)
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_Tle+@=D/2 1 sup TS E-ea)
I (er) @2rp)a—b/2

1, A)eRIH xR,
e+ —-1)/2)
- T()@2rp)la—D/2

The last equality follows since O—p)? < Zq 16 /,L)2 by Jensen’s inequality.
Next we partially calculate f]Rq“'lx]R g(@ w, A | Y)d(@ uw, A).

/ g6, 1, A Y)@, u, A)
Rq+1XR+

_ p a—1 —B/A 1
o A /2 /2
Ra+1xR, [ (@) QrV)4/2Q2m A)4

q
» (l—[ e—(e,-—mz/(zw—w,»—mz/(zA)) d@. . A)

i=1
— / ’301 —a—1_—8/A 1
Ri+1 xR, | () (2m)9(AV)4/?

q
< <l—[ 6—0.5[(9i2—26iYi+1/,-2)/V+(0i2—29,~u+u2)/A]> d@, i, A)
i=1

_ / B a1 pa L
Re+1xR, (@) (2m)4(AV)4/2

2 9
—0.502(H+1)—20; (41 +(y—"+“—)] R
l_[e [ 7+%) (V A) VA d@. . A)
Y2 2
_% ?=1<TZ+M7)

_ / B™ y—a-1,-8/4¢
_ .
Re+lxR, [ (@) 2m)1(AV )1

Yijn
4 —0-5(‘1/+/§){9i2—29,- YJ‘} }
X € VAL Ld@, pu, A)
i=1
Y2 2
:/ ﬁA*aflefﬂ/A;e_% 5’:1(7’“7)
RxR, (@) (2m)4(AV)4/?
. 2
Ly @ 1 q/2
xe’ v 21— du, A
(v +3)
Y2 2
:f ﬁA—a—le—ﬂ/A;e_% ?=1<7l+%)
RxR, I'(@) (2m)4(AV)4/2
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1 q
fZizl T, T
X e VTA 27T

AV q/2
d(un, A
A+V) (1, A)

:/ B —a—1,-B/A 1
rxR, I'(@) (2m)1/2(A 4 V)4/2
22 Gl
3y (Fs) Snn
e v

d(u, A)

Bk

e

X e

_ B —a—1,-B/A 1
= _A 5 -
RxR, (@) Qm)4/2(A 4+ V)4a/

2
Y; u)
Yin 5
1y u_i_ﬁ
2 i=1 1 1% A

1
ESERES
X e

Thus we get that
1 -
- d(97 M, A)
f]Rq‘HX]R+ g(@, u, A I Y)
_ T(a)@m)i/? 1
- _ 2
P 1y <%+%) 7w
patgpa | v
Jrxr, "G e d(u, A)
So
1 6,1, A
Ki(m,v) = = = sup —g( = w4
fB g(@, M, A)d(@, M, A) (§7M,A)€R4+1><R+ fV(97 Hu, A)
q/2
< F(a)}(;n) 1 _—
% Z"I—l |: (71;%1) _YlZ_MAZ}
A—a—1,—B/A - vta
Jrxr, “avar e d(u, A)
Mo+ —-1)/2)
[(@)(2np)a—D/2
T+ (g —1)/2)20)'?
o pota=1/2
1
X 2
1y <%+%> e
—a—1,—B/A 2 =1 %-"% v A
A% le
Jrxr, “aTvar e d(u, A)
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—a—1,-B/A __:|
LetL = foR+ We d(u, A). Then by Equa-

tion 3 coupled with Remark 1, forr > p

%

1

—+7> 2
1y (V A Yrow?
7 2i=1 I A

T(a+ (g —1)/2)@m)* 1
pat@—1/2 L

1/r
Wd,p(ﬁ(Xn)» ) < ( Eld(X,, Yn)r])

7.4. Proof of lemmas related to the Gibbs sampler of a Bayesian linear
regression model

Proof of Lemma 6.1. 1t follows from the de-initializing property of the Markov
chain [45, Example 3] that

|21 o) = LBl 00| = [ced - cEod]

Using CRN, let G, = G, where G, ~ Gamma(e, 1) Z, ~ N(0, I,) are
independent and denote

2
3 1/2
voch X'BU"Z*I - XVUV%_IZ,,
W, = +
"2 2
3 1/2 2
vy | ¥Por TV XV %
W/ — 0 + n—1 ,
" 2 2
so that o2|o? | = Wnc%, and 02|02 | = W,;Gi;l Denote A = W, — W,, and
without loss of generality, assume W, > W,. Since G, ~ Gamma(c, 1) where

a="~ +2U° ,let 71/, denote the density of 1/ G, and similarly denote the density

T(14+A/Wy) /Gy for (1 + A/W,)/G,. So we have

TG, (x) x el /x

—a—1
X
TA+A ) Wy)/ Gy (X) X ) o~ (LFA/Wa)/x

1+ A/ W, (l-l—A/Wn
o (1 4 A/Wn)(xxft)l*le*(l+A/Wn)/x'

Using the coupling characterization of total variation
1L(0,)) = LoD Irv

< E[IIEWa/Gn | Zus 071, 0,20 = LW, /Gy | Zu 0y 02Dl ]
By Proposition 2.2 of [54]
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=F

=F

By Proposmon 2.1 of [54]

T1/G, (%)

1L/ Gl Za, 021 0,2 )= LW+ 8)/ G| Zn 021, 0, Dl 7]

/ A
||£ (G—n|zn, o |, o,f_l)—ﬁ ((HW,,)

1 /
2 2
G |Zn,6n_lsan—1) ||TV]
n

<FE

E |:sup {1 -
| x>0

By Lemma 6.16 of of [34]

TA+A ) Wy)/ Gy (X)

} ‘ Z”’Gr%—l’

This implies that,
5 . B x—a—le—l/x
I1£(oy) = LTy < E sup {1 T 0T AW, )a T (AW H
B eA/Wn/x
— £ sup {1 _ —”
[ x>0 1+ A/ W)
- ) :|
=FE|l————|.
(14+ A/ Wy«
Define f(x) = x—la, flix) = —Otxa%. By the mean value theorem, f(1 +
AJWa) = f(D) = gz § € L1+ A/Wy).So, f(AL+A/Wy) = 1 —agp-

Now,

1L(©02) — LGD)Tv

A
< FE 1) — 1+ —
<E[f)—-fA+ Wn)]
[ A A
<Ell-(-a—)|=E|a—
| Wy Wy
[k + vg 2 . + Vg U()Co
<E A— | sincea = and W, > —
| 2 VoCy
_k+w
= E[|Wn W, 11
k—l—v e
~ E[|W, — WEIG, IEIG, 17!
k
+ UOE[IWn/G W,/Z/G,,|]E[Gn_1]_1 by independence
(k + v)?
_—OE[|Wn/G W,/ Gall
(k + vo)?
= — 2 Ello2 — o, 21

2U()CO
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[l

Proof of Lemma 6.2. Define &’ = (k + v)/2 — 2 and B’ = vyc3/2. Note that
ﬂlot, 1

2 —B'/o? —q/2
Sv(B,07) = o) (GZ)THe 7 x@n)™
det(p)~1/2¢ 2P —P0)" 2 (B=Fo)
This implies that,
g(B,o?)

sup @ ———
(B.o)eRxR, Jo(B.0?)

e P (~5a (Y — XB) (Y~ Xp) =3
(B~ BOTZ; (B~ Bo) — 53

202

ﬁ/a’

2 2 . _ _lg_g\Tx-l(g—
@) (02)(k+zl;)/272+1e Wt/ 207 (277)=4/2 det(Sg) 112~ 2 PP g (P F0)
(@) ?exp (=52 (Y = XB)T (Y — XP))

Lar 2m) =9/ det(p) 12

The numerator of the last equality is proportional to an inverse gamma density

function with «* = 1 and g* = %(Y — XB)T (Y — XB). Thus, the mode occurs

2% _ B _ Y—XpT(-XB)
wheno**_a*H_ 1

and so,

sup g(B,a?%)
(B.oHeRxRy fu(B, o)

< 16 €xp (_ z(y_Xﬂ)AlT(Y_XlB) Y — X:B)T(Y - Xﬁ))
(Y = XpT (Y — XB))?

%(271)*4/2 det(x)~1/2

B 16 T(a')(2)/% det(Xp)!/?
(Y = XB)T(Y — XB))? B e?
- 16 T(a')(27)4/% det(Xp)!/?
(Y = XPT(Y — XB))? p'e?

Where ,[§ = (XTX)"1x7Y is the maximum likelihood estimator. Next we
find a lower bound on fB g(B, o?)d(B, o)

f g(B,0%)d(B, %)
Rq XR+

_ 1

— - X]R+ (0,2)(k+v())/2+1
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2
exp (—Mizw_xﬁf(Y—Xﬂ)—%(ﬁ—ﬁofzgl(ﬁ—ﬁw— %)dw, o)



38 @ S.SIXTAETAL
1 2 T 2
_ —(cg/2+ (Y =X (Y =XB)/2) /0 § (52
N qu ( p, @HFr0ETe 4 )>
-1
¢ 2 BP0 5 (B—Fo) g g
I'((k 2 _lg_pTx-1(p—
_ . ((k + v)/2) BB ES BP0 g )
re (voc§/2+ (Y — XB)T (Y — XB)/2)k+v0)/2

o1 B—F0)" 5" (B—Fo)
Re (Voc3/2 + (Y — XB)T (Y — XB)/2)k+0)/2

o~ 1B=F0" 5" (B—Fo)
B (Woc3/2 + (Y — XB)T (Y — XB)/2)k+vo)/2
where B C R? x R is a bounded set.

=I'((k +v0)/2)

d(g)

=Tk +v0)/2)

d(g)

Thus we get that
1 g(B,a%)
Ki(mT,v) = su _
: Jeoxi, 8B-0DAB.02) (5 orenr, fo(Br0?)
1
<

- 1B 25 B-po)
F((k + UO)/2) fB (Uocg/Z—i-(Y—X,B)T(Y—Xﬂ)/Z)(k+U0)/2 d(ﬂ)
16T ((k + vo) /2 — 2)(27)7/? det(Xp) /2
(Y = XB)T (Y — XB))? (voc3/2) T2 2
1
1 Ts—1
e—z(ﬁ—ﬂo) Zg (B=Po)
Jp (002 /2+(Y—XB)T (Y —XB)/2)FF0)/2 d(g)
16T ((k + v)/2 — 2)(27)4/% det(Xp) />
5 N k 2—-2
C((k + v0)/2) (Y — XB)T (Y — XB))? (vocd/2) T2 2
So by Equation 3 combined with Theorem 3.2, forr > p

C 1/r
Wd,p(E(Xn)v 77) =< <ZE[d(Xn, Yn)r]>

16T ((k+v9)/2—2)(27)/% det(Tp)'/?
T ((k+v0)/2)((Y =X B)T (Y =X B))? (voc3 /2) “FH02 22
1B 5 5 p0)
and L = [y Gamia—xpra—xpprrrd6)

Where C =

[l

Remark 3. For Real Data Example 6.1, we want to prove that E[||(8,, a,%) -
(B, o)1 < coforn € N.

Since 6¢ = 100 and o2 ~ IG((k 4 vg)/2, voc/2), E[|od]] < oo and
E[log2]] < oo.

Suppose that E[|o2|] < co. By Equation 14, 02 = kz, 16,(07_,), SO

Ello;|1 = E[Elkz,,16,(0,_)l0o,_1] < cc.
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Further, since 8, ~ N, (50,%’ Vg.02) and 8, ~ N, (,3(,122, Vﬂvff,?)’ E[|Bnl] < 00
and E[|B)]] < oco.

Thus, we have established that E[[|(6.2, B,)|11] < oo and E[[|(5,2, B})||1] <
00. By the triangle inequality, E[||(0:2, B,) — (6,2, B)|I1] < o<.
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