OPTIMAL SCALING OF RANDOM-WALK METROPOLIS
ALGORITHMS ON GENERAL TARGET DISTRIBUTIONS
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ABSTRACT. One main limitation of the existing optimal scaling results for Metropolis—
Hastings algorithms is that the assumptions on the target distribution are unrealistic. In
this paper, we consider optimal scaling of random-walk Metropolis algorithms on general
target distributions in high dimensions arising from practical MCMC models from Bayesian
statistics. For optimal scaling by maximizing expected squared jumping distance (ESJD),
we show the asymptotically optimal acceptance rate 0.234 can be obtained under general
realistic sufficient conditions on the target distribution. The new sufficient conditions
are easy to be verified and may hold for some general classes of MCMC models arising
from Bayesian statistics applications, which substantially generalize the product i.i.d.
condition required in most existing literature of optimal scaling. Furthermore, we show
one-dimensional diffusion limits can be obtained under slightly stronger conditions, which
still allow dependent coordinates of the target distribution. We also connect the new
diffusion limit results to complexity bounds of Metropolis algorithms in high dimensions.
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1. INTRODUCTION

Markov chain Monte Carlo (MCMC) algorithms [BGJM11; GRS95; Liu08; MT12; RC04]
are now routinely used in many fields to obtain approximations of integrals that could not
be tackled by common numerical methods, because of the simplicity and the scalability
to high-dimensional settings. The running times of MCMC algorithms are an extremely
important issue of practice. They have been studied from a variety of perspectives, including
convergence “diagnostics” via the Markov chain output [GR92], proving weak convergence
limits of sped-up versions of the algorithms to diffusion limits [RGG97; RR98], directly
bounding the convergence in total variation distance [MT94; Ros95; Ros96; RT99; JHO1;
Ros02; JH04; Bax05; FHJO08], and non-asymptotic guarantees when the target distribution
has a smooth and log-concave density, e.g. [BREZ18; Dall7; DCWY18; DK19] and the
references therein.

The optimal scaling framework [RGG97; RR98; RRO1] is one of the most successful
and practically useful ways of performing asymptotic analysis of MCMC methods in high-
dimensions. Optimal scaling results (e.g. [CRR05; NR06; Béd08; BR08; NR08; NR11;
NRY12; JLM15; JLM14; RR14; ZBK17]) facilitate optimization of MCMC performance by
providing clear and mathematically-based guidance on how to tune the parameters defining
the proposal distribution for Metropolis—Hastings algorithms [MRRT+53; Has70]. For
instance, classical results include tuning the acceptance probabilities to 0.234 for random-
walk Metropolis algorithm (RWM) [RGG97] and 0.574 for Metropolis-adjusted Langevin
algorithm (MALA) [RR98]. Moreover, optimal scaling results have been used to analyze
and compare a wide variety of MCMC algorithms, such as Hamiltonian Monte Carlo (HMC)
[BPRSS+13], Pseudo-Marginal MCMC [STRR15], multiple-try MCMC [BDM12]. This
yields guidance which is widely used by practitioners, especially via self-tuning or Adaptive
MCMC methodologies [AT08; Rosl11].

In the original paper, Roberts, Gelman, and Gilks [RGG97] dealt with the RWM algorithm
starting in stationarity for target distributions which have i.i.d. product forms. The i.i.d.
condition for the target and the assumption for the chain to start in stationarity are two
main limitations of the optimal scaling framework. Particularly, the product i.i.d. condition
is very restrictive. From a practitioner’s perspective, target distributions of the i.i.d. forms
are too limited a class of probability distributions to be useful, since they can be tackled by
sampling a single one-dimensional target due to the product structure. To this day, optimal
scaling results have mainly been proved for target distributions with a product structure,
which severely limits their applicability. On the other hand, practitioners use these tuning
criteria far outside the class of target distributions of product i.i.d. forms. For example,
extensive simulations [RR01; SFR10] show that these optimality results also hold for more
complex target distributions.

There exists only a few extensions for correlated targets and most of them are derived
for very specific models. For example, Breyer and Roberts [BR00] studied target densities
which are Gibbs measures and Roberts and Rosenthal [RR01] studied inhomogeneous target
densities. Breyer, Piccioni, and Scarlatti [BPS04] studied target distributions arising in
nonlinear regression and have a mean field structure. Neal and Roberts [NR06] considered
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the case where updates of high-dimensional Metropolis algorithms are lower dimensional than
the target density itself. Later, Bédard and Rosenthal [BRO8] studied independent targets
with different scales (see also [Béd07; Béd08]) and Bédard [Béd19] studied a special family
of hierarchical target distributions. Neal and Roberts [NRO8] studied spherically constrained
target distributions and non-Gaussian proposals [NR11]. Sherlock and Roberts [SR09]
considered elliptically symmetric unimodal targets. Neal, Roberts, and Yuen [NRY12] studied
densities with bounded support. Durmus, Le Corff, Moulines, and Roberts [DLCMR17|
considered target distributions which are differentiable in L mean. Recently, Mattingly,
Pillai, and Stuart [MPS12] studied diffusion limits for a class of high-dimensional measures
found from the approximation of measures on a Hilbert space which are absolutely continuous
with respect to a Gaussian reference measure (See also [PST12; BRS09; BRSV08; CRSW13]).
Important examples of this scenario required by [MPS12] in uncertainty quantification
problems are given in [HSV11; Stul0; CDPS18]|. However, in this paper we shall concentrate
on the situation where absolute continuity with respect to a Gaussian is not a reasonable
assumption, as is the case in many Bayesian statistics applications.

Furthermore, we do not consider the transient phase of the Metropolis—-Hasting algorithms
in this paper. The transient phase of high-dimensional Metropolis—Hasting algorithms are
studied for example in [CRR05; JLM14; JLM15; KOS18; KOS19]. Kuntz, Ottobre, and
Stuart [KOS19] studied the RWM algorithm starting out of stationarity in the settings of
[MPS12; JLM15] when non-product target distributions are defined in a Hilbert space being
absolute continuous with respect to some Gaussian measures. Such target distributions in
[KOS19] can arise for example in Bayesian nonparametric settings, but not in many other
Bayesian statistics applications which we focus on in this paper.

In this paper, we consider optimal scaling of RWM algorithms on general target distribu-
tions in high dimensions arising from practical MCMC models in Bayesian statistics. First,
for optimal scaling by maximizing expected squared jumping distance (ESJD), we show
the asymptotically optimal acceptance rate 0.234 can be obtained under general sufficient
conditions on the target distribution. Very briefly speaking, 0.234 is asymptotically optimal
if (i) each coordinate of the Markov chain is only strongly dependent with a subset of other
coordinates (see assumptions Al and A3); (ii) the target distribution satisfies some smooth-
ness conditions (see assumptions A2 and A4); (iii) as the dimension goes to infinity, a key
quantity of “roughness” of the target concentrates to a nonzero value (see assumption A5).
The new sufficient conditions are easy to check in practice and may hold for some general
classes of practical MCMC models. Our results substantially generalize the commonly used
product i.i.d. condition. Furthermore, we show one-dimensional diffusion limits can also
be obtained under relaxed conditions which still allow dependent coordinates of the target
distribution. Finally, we also connect the new results of diffusion limits to complexity bounds
of RMW algorithms in high dimensions. Note that although the whole paper is focused on
RWM algorithm, we believe the technical proofs in this paper can be used to relax restrictive
conditions on the target distribution for more general Metropolis algorithms.

The paper is organized as follows. In Section 2, we give a brief background review of
optimal scaling for Metropolis—Hastings algorithms and complexity bounds via diffusion
limits. In Section 3, we present our main results, which include three parts: optimal
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scaling by maximizing ESJD, optimal scaling via diffusion limits, and complexity bounds
via diffusion limits. In Section 4, we demonstrate the new optimal scaling result holds for
some useful MCMC models. In Appendix A, we prove Theorem 3.10, which is one of our
main results. The proofs of lemmas used for proving Theorem 3.10 and other main results,
such as Theorems 3.19 and 3.21, are delayed to Appendices B to D.

2. BACKGROUND ON OPTIMAL SCALING

Practical implementations of Metropolis—Hastings algorithms suffer from slow mixing for
at least two reasons: the Markov chain moves very slowly to the target distribution when
the proposed jumps are too short; the Markov chain stays at a state for most of the time
when the proposed jumps are long but the chain ends up in low probability areas of the
target distribution. The optimal scaling problem [RGG97] considers the choice of proposed
distribution to optimize mixing of the Metropolis—Hastings algorithm. We focus on one
of the most popular MCMC algorithms, the RWM algorithm. This algorithm proceeds
by running a Markov chain {X%(t),t = 0,...,00} as follows. Given a target distribution
7¢ on the state space R? and the current state X%(t) = x%, a new state is proposed by
V¢~ N (Id, aﬁ] ), which is sampled from a multivariate Gaussian distribution centered at x4,
then the proposal is accepted with probability min{1, 7¢(Y'?)/7?(z?)} so that X4 (t+1) = Y.
Otherwise the proposal is rejected and X?(¢ 4+ 1) = z?. This is precisely to ensure the
Markov chain is reversible with respect to the target distribution 7¢. It can be shown that
the normal proposals automatically make the RWM algorithm 7%irreducible, aperiodic, and
hence ergodic [RS94; MT96]. Therefore, it will converge asymptotically to 7¢ in law. Note
that the only computational cost involved in calculating the acceptance probabilities is the
relative ratio of densities. Within the class of all Metropolis—Hastings algorithms, the RWM
algorithm is still widely used in many applications because of its simplicity and robustness.

2.1. Optimal Scaling via Diffusion Limits. The most common technique to prove
optimal scaling results is to show a weak convergence to diffusion limits as the dimension of
a sequence of target densities converges to infinity [RGG97; RR98]. More specifically, even
though different coordinates of the Markov chain are not independent nor even individually
Markovian, when the proposal is appropriately scaled according to the dimension, the
sequence of sped-up stochastic processes formed by one fixed coordinate of each Markov
chain converges to an appropriate Markovian Langevin diffusion process. The limiting
diffusion limit admits a straightforward efficiency maximization problem which leads to
asymptotically optimal acceptance rate of the proposed moves for the Metropolis—Hastings
algorithm. In [RGGY7], the target distribution 7¢ is assumed to be an d-dimensional product
density with respect to Lebesgue measure, that is

d
w2 =[] (=), (1)

i=1
where ¢ = (z1,29,...,24). It is shown that with the choice of scaling 02 = ¢2/(d — 1)
for some fixed ¢ > 0, individual components of the resulting Markov chain converge to
the solution of a stochastic differential equation (SDE). More specifically, denoting X% =
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(X& X4, ..., Xg), the first coordinate of the RWM algorithm, X¢, sped up by a factor of d,
ie. {X{(|dt]),t =0,1,...}, converges weakly in the usual Skorokhod topology to a limiting
ergodic Langevin diffusion.

Proposition 2.1. [RGG97, Theorem 1.1] Suppose density f satisfies that f'/f is Lipschitz

continuous and
[l s [ romen

Then for U(t) := X&(|dt]), as d — oo, we have U? = U, where = denotes weak convergence
in Skorokhod topology, and U satisfies the following Langevin SDE

AU (t) = (h(0))Y2dB(t) + h(f)mdt, (3)
with h(€) := 2€2<I>(—€\ﬁ/2) is the speed measure for the diffusion process, I := [ [];((;U))] ’ f(z)dz,

and ® being the standard Gaussian cumulative density function.

This weak convergence result leads to the interpretation that, started in stationarity and
applied to target measures of the i.i.d. form, the RWM algorithm will take on the order of d
steps to explore the invariant measure. Furthermore, it may be shown that the value of ¢
which maximizes the speed measure h(¢) and, therefore, maximizes the speed of convergence
of the limiting diffusion, leads to a universal acceptance probability, for the RWM algorithm
applied to targets of i.i.d. forms, of approximately 0.234. Proposition 2.1 is proved in
[RGGI7] using the generator approach [EK86]. The same method of proof has also been
applied to derive optimal scaling results for other types of MCMC algorithms: for example,
the convergence of MALA to diffusion limits when % = %/ d'/3 (see e.g. [RR98; RROI;
BPS04; CRRO05; NR06]) with asymptotically optimal acceptance rate 0.574.

2.2. Optimal Scaling by maximizing ESJD. Another popular technique to prove opti-
mal scaling is by maximizing expected squared jumping distance (ESJD) [PG10; ARR11;
RR14], which is defined as follows.

Definition 2.2. (Expected Squared Jumping Distance)

: d_ yd)2 ml(Y)
ESJD(d) .:]EXdNﬂ.d]Eyd ||Y - X H 1A ﬂ_d(Xd) (4)
where the expectation over Y? is taken for Y4 ~ N (¢, %I) for given X% = 2% and || - ||
denotes the Euclidean distance, i.e. |[Y¢ — X%||? = Z?ZI(Y; - X;)%

Choosing a proposal variance to maximize ESJD is equivalent to minimizing the first-order
auto-correlation of the Markov chain, and thus maximizing the efficiency if the higher order
auto-correlations are monotonically increasing with respect to the first-order auto-correlation
[PG10]. Furthermore, if weak convergence to a diffusion limit is established, then the ESJD
converges to the quadratic variance of the diffusion limit. This suggests that maximizing
the ESJD is a reasonable problem. For example, Atchadé, Roberts, and Rosenthal [ARR11]
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considered to maximize the ESJD to choose optimal temperature spacings for Metropolis-
coupled Markov chain Monte Carlo and simulated tempering algorithms. Later, Roberts and
Rosenthal [RR14] proved a diffusion limit for the simulated tempering algorithms. Using a
new comparison of asymptotic variance of diffusions, Roberts and Rosenthal [RR14] showed
the results in the choice of temperatures in [ARR11] does indeed minimize the asymptotic
variance of all functionals. Another example is the optimal scaling result for HMC, with
asymptotically optimal acceptance rate 0.651 when o2 = ¢%/d** [BPRSS+13], is proven by
maximizing the ESJD.

Although establishing weak convergence of diffusion limits gives stronger guarantee than
maximizing ESJD, the price to pay is to require stronger conditions on the target distribution.
Maximizing ESJD instead can lead to (much) weaker conditions on the target distribution.
Later in this paper, we will show that we are able to relax the restrictive product i.i.d.
condition on the target distribution for both cases. In particular, the new sufficient conditions
on the target distribution for maximizing ESJD are weak enough to allow target distributions
arising from realistic MCMC models.

2.3. Background on Complexity Bounds. Because of the big data world, in recent years,
there is much interest in the “large d, large n” or “large d, small n” high-dimensional regime,
where d is the number of parameters and n is the sample size. Rajaratnam and Sparks
[RS15] use the term convergence complexity to denote the ability of a high-dimensional
MCMC scheme to draw samples from the posterior, and how the ability to do so changes as
the dimension of the parameter set grows. This requires the study of computer-science-style
complexity bounds [Cob65; CooT71] in terms of running time complexity order as the “size”
of the problem goes to infinity. In the Markov chain context, computer scientists have been
bounding convergence times of Markov chain algorithms focusing largely on spectral gap
bounds for Markov chains [SJ89; LV03; Vem05; LV06; WSH09a; WSH09b]. In contrast,
statisticians usually study total variation distance or other metric for MCMC algorithms.
In order to bridge the gap between statistics-style convergence bounds, and computer-
science-style complexity results, in one direction, Yang and Rosenthal [YR17] recently
show that complexity bounds for MCMC can be obtained by quantitative bounds using
a modified drift-and-minorization approach. In another direction, Roberts and Rosenthal
[RR16] connect existing results on diffusion limits of MCMC algorithm to the computer
science notion of algorithm complexity. The main result in [RR16] states that any weak limit
of a Markov process implies a corresponding complexity bound in an appropriate metric.
More specifically, Roberts and Rosenthal [RR16] connect the diffusion limits to complexity
bound using the Wasserstein metric. Let (X, F, p) be a general measurable metric space, the
distance of a stochastic process {X(¢)} on (X, F) to its stationary distribution 7 is defined
by the KR distance

[1£2(X(t)) — mlkr == sup [E[g(X(t))] —(g)]

gGLip%

where £;(X(t)) denotes the law of X (t) conditional on starting at X(0) = z, 7(g) :=
[ g(z)m(dz) is the expected value of g with respect to m, ‘KR’ stands for ‘Kantorovich—
Rubinstein’, and Lip? is the set of all functions g from X to R with Lipschitz constant no

—~
ot
~—
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larger than 1 and with |g(z)| <1 for all z € X, i.e.

Lip; == {g: X > R,[g(z) — g(y)| < p(z,y),Vz,y € X,|g| < 1}. (6)

Note that the KR distance defined in Eq. (5) is exactly the 1-st Wasserstein metric. Then it
can be shown that the m-average of the KR distance to stationarity from all initial states
X (0) in X is non-increasing, which leads to the following complexity linking proposition.

Proposition 2.3. [RR16, Theorem 1] Let X¢ = {X%(t),t > 0} be a stochastic process on
(X, F,p), for each d € N. Suppose X? converges weakly in the Skorokhod topology as d — oo
to a cadlag process X°°. Assume these processes all have the same stationary distribution w
and that X converges weakly to w. Then for any € > 0, there are D < oo and T < oo such
that

E xa(oy~r | Lxcao)(X4(t) — 7llkr <€, Vt>T,d>D. (7)

Proposition 2.3 allows us to bound the convergence of the sequence of processes uniformly
over all sufficiently large d, if the sequence of Markov processes converges weakly to a limiting
ergodic process. Combining Proposition 2.3 with previously-known MCMC diffusion limit
results, Roberts and Rosenthal [RR16] prove that the RWM algorithm in d dimensions takes
O(d) iterations to converge to stationarity. However, in [RR16], the target distribution needs
to be product i.i.d. with density satisfies all the assumptions of Proposition 2.1. Furthermore,
the condition Eq. (2) is replaced by a stronger condition

N [ S

3. MAIN RESULTS

In this section, we show our main results on optimal scaling of RWM algorithms on
general target distributions. We first consider optimal scaling by maximizing ESJD in
Section 3.1. We show asymptotic form of the ESJD in Theorem 3.10 under very mild
conditions on the target distribution. Then we show in Theorem 3.13 that if we directly
maximize the asymptotic ESJD, we can obtain 0.234 as an upper bound of the asymptotically
optimal acceptance rate. Next, we show the acceptance rate 0.234 is asymptotically optimal
under one more weak law of large number (WLLN) condition on the target distribution in
Theorem 3.14. In order to give the reader a brief idea that to what extend the class of target
distributions can be enlarged. We first present an example of a non-product non-i.i.d. class
of distributions, which is a straightforward corollary of our main result in Theorem 3.14.
Note that our main result includes much more general class of distributions that this simple
example. Recall that a (probabilistic) graphical model is a family of probability distributions
defined in terms of a directed or undirected graph [Jor04]. Suppose that the statistical model
can be represented as a graphical model, then we have the following corollary.

Corollary 3.1. (A Simple Corollary of Theorem 5.14) If the following three conditions hold,
0.234 is indeed the asymptotic acceptance rate: (i) in the graph representation, each node of
the graph has at most o(d'/*) links; (ii) the target density =@ is bounded and logw® has up to
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2
the third bounded partial derivatives; (iii) for X% ~ 79, 52?:1 (8%1 log ﬂ'd(Xd)> converges
to a positive constant as d — oo.

In Section 3.2, we consider optimal scaling via diffusion limits. We prove the new conditions
for weak convergence to diffusion limits in Theorem 3.19. We then strengthen this result
to consider fixed starting state in Theorem 3.21. Finally, in Section 3.3, we apply our new
result on diffusion limits with fixed starting state to obtain complexity bounds for the RMW
algorithm, which is given in Corollary 3.23.

Before presenting our main results, we first define a sequence of “sets of typical states”.

Definition 3.2. We call {F;} a sequence of “sets of typical states” if 7¢(Fy) — 1.

Next, we enlarge {Fy} in different ways, which will be used later for the new conditions
on the target.

Definition 3.3. For a given sequence of “sets of typical states” {Fy}, we define

Féi) ={(x1,...,Ti-1,Y, Tit1,-..,2q) : Ix1,...,24) € Fy,such that |y — z;| < y/logd/d}.
(9)

Furthermore, we define Fj = U?Zl Féi).

Remark 3.4. 1t is clear from the definitions that F y) is to enlarge the i-th coordinate of
z? € Fj by covering it with an open interval (z; — \/logd/d, z; + /logd/d); Fj is the
union of Féi) ,t=1,...,d. Then clearly we have Fy C Féi) - Fj . In practice, the difference
between F(;L and Fy is usually asymptotically ignorable in high dimensions. N

Finally, we introduce the idea of “neighborhoods” of a coordinate, which is later used
to capture the correlation among different coordinates. We use H; to denote a collection
of coordinates which are called “neighborhoods” of coordinate i. That is, H; C {1,...,d}.
We also assume ¢ € H;. Although the definition of the set H; is quite arbitrary, we expect
that j € H; implies the coordinates ¢ and j are correlated even conditional on all other
coordinates. This idea of “neighborhoods” become clearer if the target distribution comes
from a model which can be written as a probabilistic graphical model [Jor04]. For a graphical
model, it is convenient to define the “neighborhood” j € H; if there is an edge between
nodes ¢ and j. In this definition, clearly j ¢ H; implies that the two coordinates i and j are
conditional independent given all the other d — 2 coordinates.

3.1. Optimal Scaling for Maximizing ESJD. Suppose {F;} is a sequence of “sets of
typical states” and {H;} are collections of “neighborhoods” for each coordinate. Throughout
the paper, we assume sup;c(y gy |Hi| < la where lg = o(d).

Remark 3.5. For graphical models, if we define H; as the collection of nodes that is directly
connected to i by an edge, then l; = o(d) rules out “dense graphs” for which g o< d. <

Now we introduce the first assumption Al on the target .

0% log me(z?) 0% log e (z?)
sup  sup ————= =o(1), sup  sup ————= = o(+\/d/ly). Al
(i):i¢H; ier}  OTiOT; (i)i€H; vier}  OTi0T; (A1)
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Remark 3.6. For graphical models, if node ¢ is not directly connected to node j, we always

9% log ¢ (x?) . .
have T Dwidz, = 0. Therefore, in order to make A1 hold, it suffices to check for each edge

of the graph, say (i, ), that %@ngd) = o(1/d/lg). Since we have assumed [ = o(d), this
is a very weak condition. For example, A1 holds for all graphical models with bounded
second partial derivatives. N

Next, we denote the conditional density of the i-th and j-th coordinates, given all the
other coordinates fixed, by m; jj_;_; := 7z, 25 |v—i—j) where _;_; with i < j denotes all
coordinates of 2% other than the i-th, and j-th coordinates, i.e.

T = (X1, T, Ty - s Tjm 1, Tjg Ly - - L)
Note that 7; j_;_; is a probability measure in R2. Then we introduce the next assumption
A2 on the target as follows.
0% O 1
sup sup / salizj O Migl—i=y drde; = o(1).  (A2)
(i) EH; {2_sjadeFs) Oz; Oz5  Mijl-ij

Remark 3.7. The assumption A2 is very weak, since it is only to require that the target has
a “flat tail”. To see this, consider the target distribution 7% has the special i.i.d. product
form of Eq. (1), then A2 reduces to

0% f (i) f (ay) O f(wi) f(zj) 1 P Y I (GO 2 ,
/ 922 972 f(xi)f(xj)dxldxj = </ 12 d > =0, (10)

? J

when f has a “flat tail” so that dﬁ(;) — 0 when |z| — oco. Similarly, for graphi-
cal models, if there is no edge between i and j, then when 7¢ has “flat tail” we have

2y i Oy i i
JJl—i—j 3,3 —i—j 1 d _
x;dx; = 0. q
J oz} oz migjl—i—y

The next assumption is about conditions on the third partial derivatives.

03 1log ?(z?) 03 log w¢(x4)
sup  sup ————— =o0(1), sup  sup ————— = o(d/lg),
(i)t wieret  OT]0x; (ij)j€H; aderd  0%70T; (A3)
A3
31 d(gd 31 d(..d
Sup sup w _ o(d'?), sup | 2108™ @D ) g2y,
i gdcRd 8'7;2 it i 2k zdeRd szax](?a;k

Remark 3.8. We consider graphical models that satisfy A3. The first three equations of
A3 are similar to A1l and they hold for all graphical models with bounded third partial
derivatives. Recall that, in graph theory, a n-clique of a graph is a fully-connected subset of
nodes of the graph with cardinality n. The last equation of A3 then involves the number
of 3-cliques in the graph. Note that for many realistic hierarchical models, there are no

2% logmd(z?)|
W = (0. Even for the

3-cliques for the corresponding graphs, which implies ), Lith
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worst case, considering a graph that has d nodes and each has [; neighbors, since there are
dly/2 links, the number of 3-cliques is at most (lg)d/?) = O(I2d). Therefore, A3 holds for

any graphical model with Iy = o(d"/*) and bounded third partial derivatives. <

The next assumption is the last assumption before our first main result. We first define a
quantity which measures the “roughness” of log .

d 2
Iy(z?) = %Z (8(30 log Trd(xd)> . (11)
i=1 !

Similarly, we can consider I;(X?) where X% ~ 7% as a random variable. Later we will see
that it turns out that I;(X?) is a key quantity for optimal scaling results. Assumption A4
is as follows.
There exists a with 0 < o < 1/2 such that
d(,.d
sup sup 9log (") = 0(d*), sup 7lah) =o(dV?* ), sup 1/I4(z%) = O(d*/?).
i xdEFlgi) Iz xdEF;_ xdGF;

(A4)

Remark 3.9. For A4, the first two conditions do not even require 7¢ and the first par-
tial derivative of log7® to be bounded. Thus, they are quite weak. For the last condi-
tion, although the mode of 7% is ruled out from Fj, the condition can hold as long as

SUP; SUP o () %ajmd) = O(d*/?) and I;(X%) is tight. That is, V0 < € < 1, there exists

K. > 0 such that P(I3(X9) > K.) < 1 —¢€). To see this, one can choose F; using the
tightness such that supgacp, 1/I4(z%) = O(d*/?). Then we can replace Fy by F; since
inf acp, To(z?) — inf g ot Ii(z%) = O(d*?(logd)/?2d=Y?) = o(d~"*) = o(d—*/?). Note
that I;(X?) being tight is a very reasonable assumption, since if I;(X?) is not tight, the
target 7% becomes “flat” at almost every state . N

We are now ready to present our first main result using the assumptions A1, A2, A3, and
A4. We establish the following results on asymptotic ESJD and asymptotic acceptance rate.

Theorem 3.10. (Asymptotic ESJD and acceptance rate) Suppose ©@ satisfies A1, A2, A3,
and A4, then as d — 0o, we have

de?

ESID(d) — 25—

]EXdNﬂ.d

® (EV IC;(Xd)H ‘ —0, (12)
(SN o

d(vd
m(Y)
Edeﬂ.d]Eyd <1 AN 7'{‘d()(d)) - 2]EXd~7rd

where the expectation over Y is taken for Y ~ N (x?, %I) for given X4 = 2.

Proof. See Appendix A. O



OPTIMAL SCALING ON GENERAL TARGET DISTRIBUTIONS 11

Since the assumptions required by Theorem 3.10 are very mild, the result of Theorem 3.10
holds for a large class of realistic MCMC models. As an example, we give a class of graphical
models that all conditions A1, A2, A3, and A4 hold. Therefore, the asymptotic ESJD and
acceptance rate by Theorem 3.10 hold for this class of graphical models. We will further
discuss realistic MCMC models later in Section 4.1 and Section 4.2.

We give a simple criterion that the assumptions A1, A2, A3, and A4 hold. More discussions
and examples are delayed to Section 4.

Corollary 3.11. If a graphical model satisfies (i) either each node has at most lg =
o(d**) links or the number of 3-cliques of the graph is o(d*/?); (ii) I;(X®) is tight; (iii)
7@ has bounded density and log 7@ has up to the third bounded partial derivatives, then the
assumptions A1, A2, A3, and Aj hold. Therefore, the asymptotic ESJD and acceptance rate
results by Theorem 3.10 hold.

Proof. First, the assumption Al holds when second partial derivatives of log 7% are bounded.
Next, the assumption A2 automatically holds for graphical models. Furthermore, I; = o(dl/ 4)
implies that the number of 3-cliques is 0(d3/ 2). Then one can easily verify that the assumption
A3 holds using the fact that the third partial derivatives of log7¢ are bounded. Finally, the
assumption A4 holds since I;(X?) is tight. O

Note that Theorem 3.10 suggests that under mild conditions on the target distribution,
the expected acceptance rate

Exd o iEya <1 A\ ::l(yvd)> — 2Eya, 4 [(I) (—W)] . (14)

(X9)
Therefore, we can define asymptotic acceptance rate as a function of £ as follows.
Definition 3.12. (Asymptotic Acceptance Rate) The asymptotic acceptance rate function
is defined by
o (_Ex/ld(Xd)>] |
2

a(l) :=2Exa,d (15)

The next theorem shows that if the target distribution satisfies A1, A2, A3 and A4, then
if we maximize the asymptotic ESJD, the resulting asymptotic acceptance rate is no larger
than 0.234.

Theorem 3.13. Defining the optimal parameter for maximizing the asymptotic ESJD by 2,
i.e.
0/ Ty(X 4
o <—°‘;( )>] : (16)

(:=argmaxh(f), h(l):=20%Eya_,a
¢

then we have a(f) < 0.234 (to three decimal places).

Proof. We follow the arguments in [Taw17, Lemma 5.1.4]. First, it can be verified by taking
the second derivatives of h(¢) with respect to ¢ that the maximum of h(¢) is achieved at ¢
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such that 8}5—(;) = 0. Therefore, the optimal { satisfies

. (_Mmd))] WIX o, (_é@(xd))] a7
2 2 2 ’

2]Exdwﬂ-d

— }Exd,\,ﬂ-d !

Therefore, the asymptotic acceptance rate

olf) = B [fv XD (JW fd2<Xd>)

=Exapa [~ (V)@ (@71(V))], (18)

where V := @ —“;(Xd)). By [She06], the function —®~!(z)®’ (®~!(z)) is a concave

function for any z € (0, 1). Therefore, we have
a(l) =Exa e [~ (V)® (@71 (V))] € =@ Exara (V)] [@ 7 (Exama(V))]. (19)

Defining m := —® ! [E ya._a(V)], we can then write a(f) = 2&(—m) < m®(—m). Finally, it
suffices to show that 2®(—m) < m®’(—m) implies 2®(—m) < 0.234 (to three decimal places).
Note that the function 2?®(—x) is maximized at 772 such that 2®(—1m) = Mm®'(—m) ~ 0.234.
By [Tawl7, Lemma 5.1.4], the function 2®(—x) — 2®'(—z) is positive for z < 7 and
negative for x > . Therefore, 2&(—m) < m®’'(—m) implies that m > m. Since ®(—xz) is

A

monotonically decreasing with x, we have a({) = 2®(—m) < 20(—m) ~ 0.234. O

The next result is our main result for optimal scaling by maximizing ESJD. Defining the
following WLLN condition for the target 7%:

I(X% —I; — 0 in probability (A5)
where X9 ~ 7% and I := Eya.a[l4(X?%)], we show that if the target distribution 7¢ satisfies

Al, A2, A3, A4, and the WLLN assumption in A5, then the acceptance rate 0.234 is
asymptotically optimal.

Theorem 3.14. (Optimal Scaling for Mazimizing ESJD) Suppose the target distribution 7¢

satisfies A1, A2, A3, AJ, and A5. Then the asymptotic optimal acceptance rate a(f) ~ 0.234
(to three decimal places).

Proof. By convexity of the function ®(—xz) when x > 0, we can immediately obtain a lower

bound
CExd ona [CI) (-eVIdQ(Xd)M > 2 [@ (—KEX“”[ Id(Xd”)] . (20)

2

Under A5, this lower bound is asymptotically tight. Therefore, as d — 0o, according to
[RGGI7], we have (to two decimal places)
p 2.38 p 1.3
l— , h(l) — 5 (21)
Exarra[v/Ia(XY)] (Exdwd[ Id(Xd)D
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The acceptance rate which maximizing the asymptotic ESJD is

o <_é\ /Ié(xd)>] 9 (_éEdedQ Id(Xd)> 22)

a(f) = 2K ya,. 4

: T(Xx1?
~20 [ — 2.38 E xarga v 1a(X9)] = 28(—1.19) ~ 0.234. (23)
Exdra[y/Ia(X?)] 2

O

Remark 3.15. Comparing the results of Theorem 3.13 and Theorem 3.14, it is clear that the
“roughness” of ¢, I;(X?), is the key quantity which determines the optimal acceptance rate
a(f) < 0.234 when only the tightness of I;(X%) can be verified, or a(f) ~ 0.234 when the
concentration of I;(X?) as defined in A5 can be verified. We will later demonstrate how to
verify A5 for some realistic MCMC models in Section 4.1 and Section 4.2. N

3.2. Optimal Scaling via Diffusion Limits. In this subsection, we consider sufficient
conditions on 7¢ for establishing weak convergence of diffusion limits. As we discussed before,
establishing such results gives stronger guarantee for optimal scaling than maximizing ESJD.
However, it also requires stronger conditions on the target distribution. As we will see in the
following, we need to strengthen assumptions A2, A3, A4, A5 and add one more assumption
A6.

We first strengthen A2 to a new assumption A2+ as follows.

d d d 82 d 1 82 d 1 82 d 1
ZZZ_:/ < 9% 7 ) (8;] d ) (a; d )”ddxdzo(d”> (A2+)

i=1 j=1 k=1

for some 6 > 0.

Remark 3.16. The new assumption A2+ is stronger than A2 but is still very mild. To see
this, we consider graphical models as examples. For graphical models with d nodes each
with O(ly) links, there are at most O(dl2) 3-cliques. Therefore, A2+ holds for any graphical
model with Iy = o(d'/?>~?) and bounded second partial derivatives of log 7?. Note that this
is only for the worst case, as many realistic graphical models do not have 3-cliques. N

Next, we slightly strengthen A3 and A4 to A3+ and A4+.

31 d(pd 31 d(.d
sup  sup M =o(1), sup  sup 8%277% =o(+\/d/ly),
(i) M aderd  OT;0T; (ij): €M wierd 01705 .
3+
03 log me(z?) 3/2 ( )
Z sup |[———————=| | = o(d”’?).
ik zdecRd 8:@-6@8%
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Suppose exists 0 < a < 1/2 that

0% log w4 (x?) dlog 7w (x?)

= o(d® -0 da/2
P g o) T o,
JZdEFd ? LL’dEFd (f\—l“r)
sup (2% = o(d"/?7®), sup 1/I4(z%) = O(d*/*).
zdeFf zdeF}
Furthermore, we strengthen the WLLN condition A5 to the following A5+-.
sup |Ig(x?) — 1:‘ —0 (A5+)
zleFf

where I := lim,_, . I, exists.

Remark 3.17. A3+ is only slightly stronger than A3 on the rates. A4+ also includes a

.. 21 d(,.d
new condition on the rate of 8027;@)
2 d '

(zt,2%,...,29,...) where 2’ € F;" converges to the same limit I, so it is (slightly) stronger
than WLLN condition in A5. It will become clear in the proof of Theorem 3.19 that A5+
is to ensure the speed measure of the diffusion process h(¢) does not depend on the state

x. q

which is quite weak. A5+ requires any sequence

Finally, we define a new assumption A6 on the target distribution. Roughly speaking, the
new assumption is to require the first coordinate of 7% is asymptotically independent with
the rest.

d
lim sup |— [log 721 |z_1) — log 7?(3;1)] ‘ =0, (A6)
d—ro0 gacprt |dT1
where x_1 := (x2,...,24), 7 is a one-dimensional density and (log )" is Lipschitz continous.

Remark 3.18. Note that A6 is a strong condition, which may not be satisfied for many
realistic MCMC models. However, it might be necessary in order to get a one-dimensional
diffusion limit for the first coordinate. In the proof of the optimal scaling via diffusion limits
result in Theorem 3.19, the assumption A6 is to ensure the SDE for the first coordinate xq
doesn’t depend on the values of other coordinates. Furthermore, although we do not pursue
in this paper, if in A6 we instead assume not just the first component but a finite collection
of components are asymptotically independent from the rest, a version of weak convergence
to multi-dimensional diffusion limits could be obtained following similar arguments as the
proof of the one-dimensional diffusion limit case in Theorem 3.19. N

Now we are ready for the main result of optimal scaling via diffusion limits, which is
given in Theorem 3.19. We show that, even though different coordinates of the Markov
chain are not independent nor even individually Markovian, the sped-up first-coordinate
process converges to a limiting diffusion limit under much more general conditions on the
target distribution. Comparing with the assumptions in Theorem 3.14, the new sufficient
conditions for diffusion limits include strengthening A2 to A2+, A3 and A4 to A3+ and
Ad+ A5 to A5+, and adding A6. We also require slightly stronger condition on the sequence
of “sets of typical states” {Fy}.
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Theorem 3.19. (Optimal Scaling via Diffusion Limits) Suppose the sequence {Fy} satisfies
Wd(FC‘f) = O(d='°) for some § > 0, the target distribution 7@ satisfies A1, A2+, A3+, Aj+,
A5+, and A6, then for U%(t) := X{(|dt]), as d — oo, we have U = U, where = denotes
weak convergence in Skorokhod topology, and U satisfies the Langevin SDE

T (U(1))
au(t) = (h(e)2aB(t) + h(e) =) 4 24
(1) = (1) 24B(0) + h(O) 3= ot (24)
where h(0) := 202®(—\V'1/2) is the speed measure for the diffusion process.
Proof. See Appendix C. O

Remark 3.20. Note that Theorem 3.19 allows dependent coordinates on the target distri-
bution, which is much more general than the product i.i.d. condition. The only strong
assumption is A6 which requires the first coordinate is asymptotically independent with
other coordinates. <

Next, we present another result with slightly stronger conditions, which allows the RWM
algorithm to start at a fixed state. This stronger convergence result later allows us to establish
a complexity bound for the RMW algorithm in Section 3.3 Let X¢ = {X%(¢),t > 0} ford € N
be the RWM processes defined earlier. Without loss of generality, suppose {X¢,d =1,2,...}
are defined in a common measurable metric space (R>, F, p) as independent processes.

Theorem 3.21. (Optimal Scaling via Diffusion Limits with fized starting state) Suppose X{l
converges weakly in the Skorokhod topology as d — oo to a cadlag process X7°. Moreover,
assume these processes {X% d =1,2,...} all have the same marginal stationary distribution
w1 for the first coordinate and that the first coordinate of X*° converges weakly to m1. Suppose
the sequence {Fy} satisfies m*(F5) = O(d~27°) for some § > 0, the target distribution m?
satisfies A1, A5+, Aj+, A5+, and A6. We strengthen A2+ to the following condition

Pr_y Pny Prq 9Pmq Prg 1\’ 4. 4 3-60
> /( 02 0a 012 ol <m>”dx_o(d )

i,5,k,l,mef{2,....d j
(A2+4+)
Then as d — oo, we have ;U = .U, where ,U(t) := (X{(|dt])| X{(0) = z) is the first
coordinate of the RWM algorithm sped up by a factor of d, conditional on starting at the
state x, and U is the limiting ergodic Langevin diffusion U in Eq. (24) also conditional on
starting at x.

Proof. See Appendix D. O

Remark 3.22. The new assumption A2++ is stronger than A2+ but is still not strong. To
see this, for graphical models with d nodes, each with O(l4) links, we have at most O(dl?)
3-cliques. Under flat tail assumptions, at most O(d?(3) terms in the summation in A2-++ is
not zero. Therefore, A2++ holds for any graphical model with Iy = o(d'/3~2%) and bounded
second partial derivatives of logm?. Note that this is only for the worst case, as many
realistic graphical models do not have 3-cliques. N
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3.3. Complexity Bounds via Diffusion Limits. In the following, by combing Theo-
rem 3.21 and Proposition 2.3, we present a complexity bound for the RWM algorithm which
holds for much more general target distributions comparing with [RR16]. More specifically, if
the target distribution satisfies the conditions given in Theorem 3.21 which allows dependent
coordinates of the target distribution, the RWM algorithm in d dimensions takes O(d)
iterations to converge to stationarity.

Corollary 3.23. (Complexity Bound for RWM Algorithms) Under the conditions of Theo-
rem 3.21, for any € > 0, there exists D < oo and T < 0o, such that

E a0y I x(0)(XT([dE])) = millkr < ¢, V¢>T,d> D, (25)
where 1 denotes the marginal stationary distribution of the first coordinate.

Proof. The result directly comes from Proposition 2.3 and Theorem 3.21. O

4. EXAMPLES AND APPLICATIONS

In this section, we further discuss examples and applications of the main results in
Section 3. We first discuss in Section 4.1 on verifying the assumptions of Theorem 3.14 for
realistic MCMC models. We have explained in Remarks 3.6 to 3.9 that A1, A2, A3, and
A4 are typically very weak conditions and they hold for some classes of graphical models.
However, as discussed in Remark 3.15, the assumption A5 may need to be verified case by
case. Particularly, in order to satisfy A5, we may need to make additional assumptions on the
observed data. Fortunately, we show by a simple Gaussian example in Example 4.1 that, in
some cases, A5 can be easily verified without any further assumptions. Then, in Section 4.2,
we extend the simple Gaussian example in Example 4.1 to a more realistic MCMC model in
Example 4.5 and show it satisfies all the assumptions required by Theorem 3.14. Thus, the
acceptance rate 0.234 is indeed asymptotically optimal for this realistic MCMC model.

4.1. Discussions on Theorem 3.14. The optimal scaling result for maximizing ESJD in
Theorem 3.14 requires one to verify that the target distribution satisfies A1, A2, A3, A4,
and A5. We discuss how to verify the conditions on the target distribution required by
Theorem 3.14 in practice. We explain that A1, A2, A3 and A4 are quite mild and usually
easy to be verified. Therefore, we usually only need to focus on the WLLN condition in A5,
which might be difficult to check in practice. Throughout this subsection, we demonstrate
verification of all the assumptions by a simple Gaussian example, which can be seen as a
simplified version of typical Bayesian hierarchical models.

Example 4.1. (A Gaussian Example) Consider a simple Gaussian MCMC model
Yii | 6i; ~N(6i5,1), i,5€{l,...,n}
Oij | pj ~N(pj, 1), ie€{l,....n}
pi | v~ N(,1)

v ~ flat prior on R,

(26)
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where {Y;}7',_; are the observed data, and z? = (v, {miti—1,{0i;}1;=1) are parameters.
Note that we have the number of parameters d = n? + n + 1 in this example. The target
distribution (i.e. the posterior distribution) satisfies

n n 2 2 2
1 (kj—v) 1 (055—14) 1 (Ys5—045)
d(..d d n —7 7 g 7 Sl et R
7 (a) =P(2® | {Yi;}i=1) o HH e 2 —===€ 2 =t 2. (27)
ity V2T \/ﬂ V2T

Note that the hyperparameters v is conditionally independent given {6;;}. Therefore, v is
only directly dependent with n coordinates {; }’]7:1. We can define the “neighborhoods”
of v using the collection of j1j,7 = 1,...,n. Similarly, u; is directly dependent with v and
{6}, and 6;; is directly dependent with p;. Therefore, if we choose the directly dependent

coordinates as “neighborhoods”, we have l; =n + 1 = O(d/?). N

4.1.1. Verifying A1 to AJ. First of all, the two conditions for (i,75) : j # H; in Al and
A3 hold trivially for graphical models. Furthermore, in Example 4.1, the parameter v is
conditional independent with all 6;; and the corresponding conditional posterior distributions
all have Gaussian tails, which implies A2 holds for any pair of coordinates (v, 6;;). Similarly,
one can easily verify the assumption holds for other pairs of parameters.

Next, all the conditions on the third partial derivatives of log 7® hold, since there is no
3-cliques. Moreover, in Example 4.1, we have [j = (’)(dl/ 2). The second partial derivative is
O(1), and the density 7 is bounded, so the following conditions hold without the need of
choosing {Fy}:

521 d(..d
sup  sup 9 logm(a) = o(\/d/ly), sup w(z?) = o(d/*™). (28)
(ig)ieHs gacrf  Oi0T; ieF;

Finally, the last two conditions are almost immediately true once A5 has been verified:

d(,.d
sup sup M — O(da)7 sup ]./I(de) — O(da/2) (29)
i€{1,...d} gde Ff Ox; vdeF}

2 _ _ _
To see this, under A5, we have 52?:1 (8%1- log Fd(l'd)) — 1. If I; — I and I > 0, then

we can select constant Ko > 0 small enough such that I> Kgd_o‘/2 > 0 then I; > Kgd_a/2
for all large enough d. Next, by choosing the typical set F such that for any 2 € Ff, we

have aloga#;(w < Kpd®, I(z?) > Kod=/2, where K is a large enough constant. Then

it suffices to check if {Fy;} is a valid sequence of typical sets such that 7¢(Fy) — 1. For
Example 4.1, we have X? = (v, {vi}i—1:{0:53721)- We will show later that A5 holds such

2
that under X¢ ~ 7¢ we have éZ?:l (B%i log Wd(Xd)) — 3. For example, we can choose
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K> =0.01, K; = 100, and the typical set F; such that, for any X% = 2% € FF, we have

1 d
Iy(z®) > 0.01n"7, 0 ?;iﬂ =n(fi —v) < 10003, (30)
1 d 0
9 ;iff = (n+1) (Znij” - uj> < 100n2, (31)
J
dlog 71 Y + 9
=222 _p;) <1000 32
o, 2< 5 ij | < 100n*?, (32)

where av < 1/2 can be arbitrarily close to 1/2. Observing that, under X 4~ 7 we have the
following conditional distributions.

Oij | Yijopj  ~"P N <M]J;”2> ;4,7 €4{1,...,n},
indep. \r [ 2oibiy Tv 1 , N
MjZ@‘pVNmepj\f( ’Zrz—i-l 1) ie{l,...,n}, (33)
1
1
umwv(n,).
n

Then it can be easily verified that 7?(F,) — 1.

4.1.2. Verifying A5. One assumption of Theorem 3.14 that could be difficult to verify in
practice is A5. It requires the sequence of random variables {I7(X%)} converge to a sequence
of constants in probability. We feel this assumption has to be checked case by case and it
is hard to get general sufficient condition for it to hold. For realistic MCMC models, this
may require assumptions on the observed data so that the posterior distribution has certain
“concentration” properties as d — oo.

Fortunately, for Example 4.1, we can verify that A5 holds without any further assumption
on the observed data {Y;;}. Note that in Example 4.1, we have

2

8log7rd 2 2 /- 2 o)
(P57) = (Zw-n ) =wa-v2, (34)

J

(f“"g”d)Q = <Z<em~ ) = —v>>2 = 1 (P ‘“J‘)Q’ >

8/@ p
alogwd 2 9 Yvij"’_,ufj 2 -
90, - = ((Yij = 0i5) = (0 — p1))" =4 5 T 0 ) - (36)
ij
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Hence, if suffices to show that, under X% = (v, {Nj}?:l, {Qij}?jzl) ~ 7%, the following three
terms converges to some constants in probability or in distribution:

1 [/ dlogn® 2 n? _ 9 o
d< 81/ > _n2+n+1(u_y)7 (‘;’)
1 dlog m? ? (n+1)2 > bij+v 2 :
— R e L - y ?8
d?( Op; ) n“rnJrlZ n+1 M) (38)

J
1 dlogm\* 4 Yij + pj ? ,
d%:( e ) :d%:<2 —&y) : (39)

We have observed that the target distribution 7% has conditional independence structure in
Eq. (33), which immediately leads to

i i v 2 1 Yij + Hy ‘pl
(n—v)?=to, Z <Zn+]1 —,uj> P, dz< J 5 ! —(97;]‘> —F 3 (40)
j ij

Therefore, A5 is satisfied.

Overall, we have checked all the assumptions of Theorem 3.14 for our simple Gaussian
example. Therefore, by Theorem 3.14, we have the following optimal scaling result for
Example 4.1.

Proposition 4.2. The optimal scaling for Example 4.1 by mazximizing ESJD is to choose

to two decimal places) § o ——2:38 4 238 1 37 and the corresponding asymptotic
( p ) Ea ,Td[\/ml V3 P g asymp

acceptance rate is (to three decimal places) 0.234.

4.2. Optimal Scaling of a Realistic MCMC Model. We first discuss sufficient con-
ditions for two more classes of graphical models. In Proposition 4.3, we give sufficient
conditions for the first equation of A1, A2, and the first equation of A3 to hold for one
particular class of graphical models. In Proposition 4.4, we give sufficient conditions for A5
to hold for one specific class of graphical models.

First, we consider the class of graphical models represented by the factor graphs:

Kq
m (@) oc [T ve{mi i € Gk}, (41)
k=1

where Cy, are cliques, 9 are potentials, Kj denotes the number of potentials.

Proposition 4.3. For the class of graphical models represented by Eq. (41). Let mg denotes
the mazimum number of cliques a coordinate can belong to. If all the potentials 1 have
“flat tails” in the sense that for all k we have %—ﬁf — 0 as |x;| = oo for all i € Cy, and the
cardinality of Cy, satisfies supy, |Cx| = o(d/myg), then the first equation in A1, A2, and the
first equation in A3 hold.

Next, we consider Bayesian hierarchical modeling where K denotes the number of “layers”
or “stages” of the model. We use ) k =1,...,K to denote the parameter vector with
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length ny, for the k-th layer, where (%) = (0§k), . ,On’?). We consider the special structure
of the graphical model such that 6% is only connected to 0~ and §*+1) . Using factor
graphs, let 2% = (8, ... 05)) we can represent the target distribution as

K
rh(@?) oc [T we(0®1,0%), (42)
k=1

where d = Z{f:l ng, {1} are the potentials, and without loss of generality we assumed 6(*)
to be the observed data.

In the following, we show that A5 hold for the class of graphical models represented by
Eq. (42) under certain conditions.

Proposition 4.4. For the class of graphical models represented by Eq. (42), if o) —
(Hgk),Gék), e ,9553) are independent conditional on 0% and 0+ and this holds for all k.
Moreover, if under X* = (), ..., 0U)) ~ 7 all the potentials 1y satisfy

Ologvi| _ (\/m) 7 sup | 2108Vk| _ o (\/m) (43)

26" jelmi 1} | 00V

sup
ie{lv--'7nk}

then A5 holds.

Next, we extend the simple Gaussian example in Example 4.1 to a more realistic MCMC
model which belongs to both classes of graphical models in Eqgs. (41) and (42) and show
that all the assumptions for the optimal scaling result in Theorem 3.14 hold.

Example 4.5. (A Realistic MCMC Model) Consider a realistic MCMC model
}/ij |(97,J NN(GZ']',W), i,jE{l,...,n}
eij|MjNN(Mj,V), iE{l,...,n}
pi | v~ N(v, A) (44)
v ~ flat prior on R,
A ~1G(a,b),

where 24 = (v, A, {y; 7 1,10} ;=) are parameters, {Y;;} are the observed data, and
a,b, W,V are known constants. N

We further assume that the observed data {Yj;} is not abnormal so that the posterior of
the hyperparameter A concentrates to some unknown constant.

Assumption. The posterior of the hyperparameter A in Example /.5 concentrates to some
unknown constant Ay > 0 as n — 00.

Note that this is a very reasonable assumption which implies the MCMC model is not
seriously misspecified. We do not discuss sufficient conditions on the observed data {Y;;}7 =1
for concentration of posterior distribution of A here since it is not the focus of this paper.
Next, we show that, under this assumption, the realistic MCMC model satisfies all the
conditions required for optimal scaling in Theorem 3.14. Therefore, the acceptance rate
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0.234 is indeed asymptotically optimal for this MCMC model in the sense of maximizing
ESJD.

Proposition 4.6. Under the above assumption, the optimal asymptotic acceptance rate for
the realistic MCMC model in Example /.5 is (to three decimal places) 0.234.

Proof. See Appendix E. O
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A. PROOF OF THEOREM 3.10

Throughout the proof, for simplicity, we assume the coordinates are linear ordered. The
“neighborhoods” of a coordinate is defined by H; := {j : |[i — j| < lq}. Therefore supy; ;).;cn,
can be simplified to supj;_;|<;, and sup; j).j¢s, can be simplified to sup|;_;>;,. Note that
the use of linear ordering is only for simplifying notations. It is straightforward to extend
the proof to the cases of general ordering.

For Theorem 3.10, we only prove

ESID(d) — 2 ddﬁ Eya [cp (vadQ(Xd) >” o, (45)

-1

since the proof of

7Td d /
]EXdNﬂd]Eyd <1 /\ 7["1E;/(d))> - QEdeﬂd [(P (—gld;)(d))] ' — 0 (l())

follows similarly.
First, we write ESJD as ESJD(d) =: Zle ESJD;(d), where

ESJD;(d) := Eya_,aEya [(Yi - X;)? (1 A ”Z(Yd) )] . (47)

Then it suffices to show that

ESJD;(d) — 2 Exaora [‘P <—“§(Xd)>] ‘ =o(d™). (48)

sup

1e{1,....d} d—1

Writing ESJD;(d) = Exa.Ey; [(YZ - X;)*Ey._, (1 A %)}, it suffices to show that uni-

formly over i € {1,...,d}

d(yvd 2
Exdqa |Ey, {(Yz - X;)’Ey_, <1 A ;,rdg;d;>] B dzf 1(1) <_€ IC;(Xd)>' (49)
o, (0 289) o (S

=o(d™). (51)
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It then suffices to show

d(yd /T (7d
)2 _ T (Y ) _ _L‘M 59
o [0ty [ (10 25 - (-1 v
d Yd /T d
<Ey, { (Yi—az;)?  sup Ey_ (1/\7Td( d)) - 20 —fg(m) =o(d™"),
yd(i)ethi),xdEFd T (gj )
(53)
where y4(i) := (21,...,2i_1,Y;, Tis1,...,Tq). Defining Mi? (Y;) :=Ey_, <1 A 7;2((};:))), since
mi(Y9) mi (V) (Y= |Y5)

1 —1 log T\ %) 54

o8 md(zd) 8 i () tog iz | x;) (54)

mi(Y3) T_i(z—i|Y) T i(Y_i|Y:) _

— (1 log T=8E=ilTi) ) oo Tl i1 7i) 5

O R e i) R b N

we can write
d(yd d(yd
@y — Y] _ T (Y)
M (Y;) =Ey, {1 A @) | = Ey , |1 Aexp | log () (56)
(Y —i(r—i|Y; —i(Y_; Y]
=Ey . |1 Aexp 1og7r< )+log7T (2| Z)4—log7rz( i[¥) . (57)
' i (4) T_i(r_i|x;) _i(x—i|Y:)
Note that the expectation is taken over Y_; and only the last term, log %, involves

Y_,.
In the following, we then first focus on approximating log % for given 2¢ € F j .

Since Y4 ~ N (2 L7 ), we first approximate log % by the first two terms of its

v d—1
Taylor expansion.

Define
m{ (V_i,2%) == (Vlogm_)T (Yoi — 2_;) + %(Y—i —a) [V ogm ] (Yo —2),  (58)
where
(Viogm_)T(Y_; —2_y) == Z Olog Wazil‘@ |2) (Y; — ;) (59)
GE{L,....d} i !

and [V?log7_;] denotes the (d — 1) x (d — 1) matrix with elements

{62 logm_i(z—; | ;) }
0x;0xy, Joke{1,...d},j#i ki

Then, we have the following result.
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Lemma A.1. Uniformly overi € {1,...,d}, we have

. . Y_. .
sup Ey | Hm&l)(Yi,xd) —log milVoi] @)
e mi(wi | i)

Proof. See Appendix B.1. d

Next, we approximate the second order term of the Taylor approximation %(Y_i —

] — 0. (60)

9% logm_;
81‘]2- :

;) [V?logm_;](Y_; — x_;) by a non-random term %% D it

Lemma A.2. Uniformly over i € {1,...,d}, we have

2 2
logm_;
sup By , ||(Voi— 2 )T [V2logm (Vi —o_i) — — Za BT 0. (61)

zdeFf d—1 por 8%2.
Proof. See Appendix B.2. O
Defining
m$) (Y_i,2%) = (Viogm_i)T(Yo; —2_;) + % dgz > i lgfg”, (62)
J#i j
we have
m (Vi 2%) ~ N (ﬁsfj) /2, eQRfj)) , (63)
where
R&i) _ ﬁ ; (810gﬂaig£ji ’%))2’ Sg) _ di 1 ; 0? 10g7T8;(§E¢ | l‘i)' (64)

Next, we show we can approximate Sy) by —Rg).
Lemma A.3. There ezists a sequence of subsets of states {F}}, such that 7(F}) — 1 and

sup  sup — 0. (65)

i€{l,....d} zle€F)

Proof. See Appendix B.3. O

RO 4 50

Now defining

i 17 log m_i(z— | z:) )
m$ (V_i, %) == (Viogm_i) T (Yoi — 2_i) + = E_ 3y Ologm (? 2D (66)
2d—1 oz Ox;

we have

m (Vi 2%) ~ N (—ﬁRfj’ /2,0RG ) . (67)
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By triangle inequality, we can write

(i) d mi(Yoi | i) (i) d mi(Y_i| @) "
Y, 2%) — log T=n A=) o Yo, 2d) — log T\ i1 %) 68
m3 ( T ) og F—i(x—i ’xz) ml ( x ) og ﬂ—i(x—i | xz) ( )
s, 2 — (0 (69)
| (V) - w2 (70)
Therefore, using Lemmas A.1 to A.3, we get
i —i(Yoi| @ -
sup sup Ey , ng)(Y_i,xd) —log L\x) ] — 0. (71)
i€{1,.d} zie P} OF) mi(w—i| i)
Next, we abuse the notation a little bit by defining
2
(i) 1 Ologm_i(x_;|x; = y) .
= — . 2
R )= g 3 (G (72)
J#i
Then by the definition of mgi), we replace x¢ by y?(i) = (21,...,%;_1,Y;, Tis1, ..., Tq), which
yields
m{ (Vi y(0)) = (Vlog mi(w— | Vi) T (V=i — 2-) (73)
1 22 dlogm_i(w_; | Y;)\?
= . 74
T < 0 ) (74)
J#i
Then, we have
m (Vi (i) ~ N (~CRY (V)/2, 0B (1)) (75)
Recall that M{i? (Y;) = Ey, [1 A exp (log 283 + log % + log %)} , defining
~r (i i (Y5) (v |Y;) i : e
M (V) =By, [1 hew <1°g ey Tl ey A Oy ) | (70

we next apply the following two lemmas from [RGG97].
Lemma A.4. ([RGGY97, Proposition 2.2]) The function g(x) = 1 Ae” is Lipschitz such that

l9(z) —g(W) <z —yl, Va,y. (77)
Lemma A.5. ([RGGY7, Proposition 2.4]) If z ~ N (i1, 0?) then
E(LA e®) = B(u/o) + exp(u + 0%/2)B(—0 — /o). (78)

By Lemma A.4 and Eq. (71), we have that uniformly over i € {1,...,d}

sup | MY (vi) - M8 (vi)] 0. (79)
yd(i)eF NF
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Applying Lemma A.5 to Mifl)(Yz) yields

~ (i i _ _ d(yd(i i
) = o (R 2 (¢ 10g T enlf v 2) (s0)
©exp (log wiféij)))) o <_€R£l¢) (Y)2/2 — log Wigzéij))R(i)m)—l/zgq) .
(81)

xd

y 0RO p
Note that it is easy to check that M (z;) = 2P (— f‘l > We then show M(fi)(aci)
x
converges to 2P <—”;(Id)>.

Lemma A.6.

(4)
R / d
sup sup |29 V) 9p (_“;(a:)) — 0. (82)

Proof. See Appendix B.4. O

Finally, using Taylor expansion together with Ey, (Y; —z;)? = ¢?/(d—1) and Ey;|Y; —2;|3 =

O(d—3/?), we have
M(Z)(Y) _92® (_E\/ Id(xd)) ‘}
xd 7 2

f2 _g\/RS) e (_g /Id(l'd)> (84)
2 2

—

Ey, {(YZ —x;)%  sup 83)
yd

(G)eF;

< sup [2%
d— zleFf
) (o)
+0d3?) sup | —22 (). (85)
du
yd(i)EFj Yi

For the last term, we have the following lemma.

Lemma A.7.

dnr (y,
sup sup ﬂ()ﬁ) =0 <d1/2) . (86)
i€{1,...d} yd(i)e dy;
Proof. See Appendix B.5. O

The proof of Theorem 3.10 is completed by applying Lemma A.6 and Lemma A.7.
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B. PrROOF OF LEMMAS IN APPENDIX A

B.1. Proof of Lemma A.1. For 2% € F, by Taylor expansion and mean value theorem,
we have

|log m_i(Y_;i | ;) — log m_i(x_; | 23) — my(Y_, 29| (87)
1 03 log (%) .
< sup |= ——— (Y —x)) (Y, — x) (Y — x)| - 88
< sup I3 2 O 0mi0m (Y — ) (Vi — 21) (Y1 — x1) (88)
In the above summation, the summation over the cases of j = k = [ equals to
3100 1 (7%
sup | 2B o)y, — ) = o(@/)0 (a(/PIA- D)) = o). (50)

For the cases of j = k # [, we have

og m_i(%¢ og m_i(7¢
> PIBTAT) ) vy = 30— 0 T ) 3y o)

2 2
S axjf)xl I I 8xj6xl

9% logm_;(2%)
W(Yl )

By Assumption A3, we have E ‘Z#l = O(lg/d)o(d/lg) = o(1) since

%ﬁgﬂi) goes to zero when |k —i| > lg. Then, by E|Y; — ;| = O(1/d), the summation
j

over all cases of j = k # [ equals to dOp(1/d)op(1) = op(1).
Finally, for j # k # [, it suffices to show

03 log m_;(2%)

su
p &nj&xkaxl

BIERT | jotbAlti
<> [
ikl \TIER?

Note that {|(Y; — ;) (Yx — 2)(Y; — 21)|} j#k-4 are independent random variables which don’t
depend on the values of x;, z}, z;, and

|(Y; = 2) (Vg — ) (Y — )| = Op (( 2/(d— 1))3) = Op(d—/?). (93)

Therefore, the summation for cases j # k # [ is op(1) under Assumption A3. We have
proven the result for fixed i. Finally, it is easy to check the proof holds uniformly over
ie{l,...,d}.

(Y — i) (Vi — 2x) (Y1 — 21) (91)

O3 log m_;(2%)
aa:j al’k 83:;

) (Y — ) (Ve — a) (Vi — @) = op(1).  (92)

B.2. Proof of Lemma A.2.
Lemma B.1. (Quadratic Form of Gaussian Random Vector) If 2% ~ Ny(u,¥), then
E(zTAz) = tr(AX) + pT Ap,  var(zTAz) = 2tr(AXAY) 4+ 4uT AX Ap. (94)
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Note that Y_; ~ Ny_1(z_;, de—flI) and (Y_; — 2_;)T[V2logm_;](Y_; — 2_;) is a quadratic
form of Gaussian random vector. By Lemma B.1,

0? 0?logm_; _
E [(Yv_Z - HJ_Z‘)T[Vz lOg W—i](Y—i — .’IJ_Z)] = d—1 E 81‘2 . (9))
ji J

Therefore, it suffices to show the variance of the quadratic form goes to zero. Using the
assumptions, the variance satisfies

204
(- 1)2 tr ([VZ1log m_;][V2log 7_;]) (96)
0?logm_; 2 -
(d—1)2 ZZ ( > (97)
1 j;ﬁz ki ox 8xk
204 02 log ¢ 2 7
—1) (d—1)2 Z Z (M) (98)
1=0 {jk:lj—k|=1} I
92 log ¢ 2
[T Z > <M> (99)
l<ld{Jk|J k|=1} e
0?log m? 2 -
(d—1)2 Z Z (33703%) (100)
>la {g,k:|5—k|=1} /
204 0? 10g7rd>2
< d—1lg s S - 101
204 92 log ¢ 2
+ = —5(d—1)" sup sup () (102)
@Y, wiept \ 070
= O(lg/d)o(d/13) + o(1) = o(1), (103)

2
where we have used SUDae it SUP|j_k|<l, %xlfa; = o(y/d/ly) from Assumption Al.
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B.3. Proof of Lemma A.3. Note that

2 2
@ o) _ 1 dlogm_; 1 92 logm_; "
J#i e J
1 dlog d 2 2 log 7 )
= 10
d—1§{< oz, ) 22 (105)
1 1 /97\*> 9 [dlogr?
= o 106
e (5) o (Ce)) o
1 1 (on?\* o (1 ond )
=T d\2 . to- |\ o (107)
d—1 P (m4)2 \ Oz; Oxj \ 74 0x;
2,d a2
_ 1 1 arh\ > N Wdaax? B (%) (108
d=l = | @9)? \ Oz, (md)? 2
1 9%rd 1
= > - (109)
(d—1) po ﬁac? md

i i 9?1 9%t 1 -
E [Sup(Ré) —i—SC(l))Q] - /supzz ( 8:6 3 ) <8:L‘ 7rd> rldz? (110)

JFi ki

Prl 1\ (Pr 1N 44 2 Pri 1\
(%) () o - [ () o

0?*md 1 0?md 1 d
— 1 112
(m%)(axkﬂ) da + o(1), (12)

where the last equality follows from

@-17 1nfz< - ) dz > (d_21)2/infz<82182g;_i> rldz?  (113)

J
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When |j — k| > g, by Assumption A2, we have

% 1 ?rd 1 _
/ ( 522 ﬂd) (axg wd) rdat (115)
J
% ?rd\ 1 d
_ b 116
/<8x2><axk> dx (116)

=gk \ [ O*7jp—j—k 1
= : _i_pdo_;_pdx;d 117
/< O Oz} Tia—g IR o
=gk \ [ O*7jpl—j—k 1
< sup/ ’ dr;dxy | m—;_pdr_i_k (118)
/LdeFd < dx? oz Tikl—j—k ’ ’
— 0. (119)

This implies E [supi(R( Dy S( )) } O(dld)(d(fl;)éd)%(l) +0(1) — 0. Therefore, uniformly over

1, R((j) + SC(;) — 0 in probability, then there exists a sequence {F;} such that IP’(RE;) +S C(li) IS
F},Vi) — 1 and the following holds

R+ 9]

Sup sup
i zdeF)

(120)

B.4. Proof of Lemma A.6. Note that Assumption A4 implies

sup  sup 0 log 7d(z?) = o <d1/2) . (121)
ie{l,...,.d} szF; Oz;

Then, by the definitions of R((j) and I4(z?), we have

() d 1 Ologm_i(z—i | =) 21 d ?
R, —Id(x):mz T gz —logﬂ ) (122)

J#i j=1
d
~ (M) S () o
— éRS) - % (amz log7rd(gc"l)>2 =0 (124)
B.5. Proof of Lemma A.7. Recall that we have shown
M) =@ (R )2 (1o ”Zﬁ’fi%” —m 1) 2) (125)
+ exp (bg ”ii(afd)) )) (_mgp (¥;)'/2/2 — log ”idﬁf)))RSR )12



APPENDIX 35

(4)

For notational simplicity, we omit the index ¢ and write I
we note that Miil) (y) has the following form

by Rg4. To simplify the derivation,

M) =@ (F)a(0) - 37700 ) + expla)® (~3770) - Slaw)) (127

where f~1(y) := KRcll/Q(y) and g(y) = log 7(y%(i)) — log 7%(2%). Taking the derivative with
respect to y, we get

) w1 2059 = 172 (128)
+exp(g)®'(— f 1/2—fg) ,(fa= 1" '/2) (129)
+onlo) (o) ¥-fa - 172 (130)

<H<I>’|oo‘dfg+jz ;dgy (131)
+exp(o)|@o [0+ $2 7+ 390 (132)
+expls) | 191 (133)

Note that both ® and ® are bounded functions. It then suffices to show

dg df .
exol0)| 2] = o), exp(a)| o] = ola) (134)
dg 1/2 df! 1/2 ar
expo) [ 21] = o). expla) |5 | = ofa) (135)
Observing that déy = 1(R! /Rl/2 and % = _%ER%RR?Q’ if we can show

(@)
dR
W) B R (136)
ie{l.dy 4y (R, (y)]'/?
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then we can get %; = o0(1) and % = 0(1/Ry). Using Rg) — Iy(2%) from Appendix B.4, it
suffices to show

d(..d
(sup Wd(xd)> sup sup Olog m(x") = o(d'/?), (137)

wdeF i gaep® 0%

sup md(z?) sup
zleFF zleFfF

(sup ﬂd(md)> sup sup

sieF} i paept

1og<wd<xd>>/fd(xd>\> = o(d'/?), (138)

0log 7w (x?)

S / = o(d'/?). (139)

Id(azd)

One can easily verify that the above equations hold under Assumption A4.
Finally, we complete the proof by showing Eq. (136). Recall that

2
@, 1 dlogm_i(x_; |z =y) 14
R = o 3 (TR . (140
J#i
For notational simplicity, we write
RV (y Z £(y) (141)
J#Z
where f;(y) := Olog Liéﬁ? [zi=y) Then, by Cauchy—Schwartz inequality
ORY )( P ,
d = ny S PN HODT IR (142)
L5z i i
I . / 92 log 7?(x%)
Note that by AL, if [i — j| > lq then fi(y) < supgecp, w0z, 0 Hence, we have
i 2 . f2? () |2
sup ng)(y) 1 < sup d—1 \/Zy;ﬁz fj (y) Zg;ﬁz ’f] (y)| (14%)
) (4) - ‘
ic{ldy Y[R (y))1/2 i \/ﬁ > )
1 1 & lq
— QSll}p -1 ; 1fi)? <2 d_ljzjl |fiw)?=o ( d —(Vd/la)? > =o(1). (144)
j#i =

C. PROOF OF THEOREM 3.19

Similar to Appendix A, we assume the coordinates are linear ordered for simplicity. The
proof follows the framework of [RGG97] using the generator approach [EKS86].
Define the (discrete time) generator of z¢ by

7Td d ,
(Gaf)(z?) : = dEya {[f(Yd) — flzh)] (1 A W}é;) } , (145)
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for any function f for which this definition makes sense. In the Skorokhod topology, it
doesn’t cause any problem to treat (G4 as a continuous time generator. We shall restrict
attention to test functions such that f(x%) = f(x1). We show uniform convergence of Gy
to G, the generator of the limiting (one-dimensional) Langevin diffusion, for a suitable large
class of real-valued functions f, where, for some fixed function h(¢),

1

(@)= 1O { 37" (an) + lox ) ) o)} (146)

in which 7 is a one-dimensional density of the first coordinate of 7. Since we have assumed
in A6 that (log7)" is Lipschitz, by [EK86, Thm 2.1 in Ch.8], a core for the generator has
domain C2°, which is the class of continuous functions with compact support such that all
orders of derivatives exist. This enable us to restrict attentions to functions f. € Cg° such
that fc(md) = fe(z1).

Note that using Assumption A2+, and the assumption 7¢(F§) = O(d~17?), following
the arguments in the proof of Lemma A.3 we can get a stronger version of Lemma A.3 for

Fy:={a? : sup; !Rﬁf) + SC(;)’ < d~%}. Then using a union bound yields
P(X(|ds]) ¢ Fan Fy,30 < s <t) = 0. (147)

Therefore, for any fixed ¢, if d — co then the probability of all X%(|ds]),0 < s <t are in
Fy N F)} goes to 1. Since Fy N F}; C FJ NE;C Fj, it suffices to consider z¢ € FJ.
Note that Y4 ~ N (z¢, %I), we can write

d d
(Gaf)w = v, {1£01) = flenBv, |10 T | (145)

where Ey_, [] is short for Ey,  y,|y;[] and 7¢ denotes the target distribution in d-dimension.
The goal is then to prove (Gyf.) converges to (Gf.).

Recall the definition Eq. (56), we omit the index to write Mm(? as M,a, which is defined
by

dyd
T (Y?) ,
Then we have previously shown in Eq. (79) that M_4(Y7) can be approximated by

7Td(Y1, .CC_1)
md(xd)
ﬂ-d(Y17x—1) Yla'r—l)

w4
““O%7wm%%4%MW%—m e

M,i(Y)) =@ (Rd(Yl)_l/Q (e—l log — eRd(Yl)/2>> (150)

For z¢ € F7, some properties of de is given as follows.
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Lemma C.1. For de, we have

1/2
Ma(zy) = 20 <—£R‘12(x1)> , (152)
1/2
L) =0 (_md 2(:131)> d[log 71 (x) —i—(liog LCY L)) PR, (153)
X

M y(z1) = o(d"/?),  sup M, = o(d"/?). (154)

IdEFd+
Proof. See Appendix C.1. 0

Since f.(Y1) — fe(z1) is bounded, it suffices to show

Evy {dlfe(11) = folan)[Na(V1) } > (GF) (@), (155)

Now using mean value theorem and Taylor expansion of Ey, {[ fe(Y1) — f c(xl)]de(Y1>} at
(Yl — .Tl) yields

[fe(Y1) = fe(21)|Ma(Y7) (156)
= [f(/;(l’l)(Yi - xl) + %fé’(m)(Yl — 1'1)2 + K(Yl - $1)3:| (157)
: [de(xl) + M (1) (Y1 — 21) + % 17, (2') (Y1 — xl)ﬂ (158)

= f(x1)Mya(x1)(Yr — 1) + |:1fé,($1)de(l'1) + fé(m)M;d(ﬂcl)] (Y] — x1)? (159)

2
* [KMzd(xl) - %fg(“)M;d(xl) + %M!d (x')fé(wl)] (Vi —z1)* (160)
+ [le A;’d(x’)fé’(m) + KM;d(xl)} (Y1 — ;1;1)4 + % A;/d(a:’)K(Yl _ 51:1)5, (161)

where K is a constant since f. has bounded third derivative. Note that both f.(x;) and
f(x1) are bounded as well. Therefore, taking expectation over Y1 and using M/, (x1) =

o(d"/?), Sup . Mg/c/d = 0(d"/?) in Lemma C.1, we have

2

d—1

+o(d™).
(162)

By, {LAY) Ao V(1) } = | 31200 sl + feo) o)
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Finally, by Assumption A6, we have

FUla)Mpalwr) + 5 2w V(o) (163
00 (_m}/;(xl)> < % ) + % P (:El)d[logm(z:) + Cllc;gﬁl(xl |2)] (m1)> (164
-2 <—€R5/;<”“)> (37tte + Sty TERLE N ) ) (165
o <_” o W) (37t + 30 M2 ) (166)
-2 (—”_;/2) (3200 + a0 T2 ) ) (167)

which implies that Ey; {d[ fo(¥1) — fc(xl)]dem)} — (Gf.)(x1) where h(£) := 2020~V /2).

C.1. Proof of Lemma C.1. The proof is quite tedious. In order to simplify the notations,
we first introduce the following lemma.

Lemma C.2. For the function M (y) defined by

M) =@ (Fla() = 57700 ) + 8 (<50 = Few)) . (109

we have

dM (y)
dy

= ®(fg - 1725 (o= £7/2) (169)
+€g‘1"(—f_1/2—f9);y(—fg— 71/2) (170)

oo @g) B(—fg— /2. ()
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2 2 2
T -1 [d<fg—f-1/2>] S (g S DI g — 17 2) (72
+ef (;ﬁ) o'(—f 1/2—fg) ,(fo—1 '/2) (173)
2
+e9{<1>"< D -ta- 172 + ¥t fg—f1/2>}
(174)
vt (o) ¥ dg - 5D fa - (175)
2 2
+®(—fg—f1/2) [e (5;29) +e9 <ddyg> ] : (176)
Furthermore, if g(x1) = 0, then we have
“ﬁ;y)m):( (1 2)a (g 5 17)
®'(—f 1/2> ,(T9 =172 (178)
+ <(fyg) @ (- ‘1/2>> (1) (179)
, _ d _ d _
= (vt g+ () ) @) (150)
~1(y 1 “1(y
— <_f 2( 1)> dfdy(y) (x1)+(1g(1(31y)($1)(b <_f2(1)> (181)
Remark C.3. Let g(y) = log © (g(fdl and f~1(y) = ERcl/z(y) then M,a(y) = M(y). q

Now substituting ¢g(y) = log % and f~1(y) = ER;Q(y) to Lemma C.2, we have

1/2
Na(zy) = 20 <_W> , (182)
and
o) = ) (153)
(RY*(21) d[logmi(z) + log 71 (21 |7)] ,,

R (xy) ¢ , .
_® (_ cl2 1 ) 2R1/2< )Rd(ajl). (185)
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Since @’ is bounded and by Eq. (136), R&(xl)/R;ﬂ(ajl) — 0, therefore

(R i

&’ (- a (@1) s Ri(a1) = o(1). (186)
2 QRd (331)

Also, M,;d(xl) = o(d/?) éince algiil_”d = O(d*/?) = o(d"/?).

Now we prove sup,a M ;’d = o(dl/ 2). For simplicity, we keep the notations of f and g
(recall that g(y) = log Wi(jl(’;;)l) and f~1(y) = ER;/Q(y)) and use the results in Appendix B.5.
Since ®,®’, & are bounded, it suffices to bound all the following terms to be o(d'/?):

) dy

d B B dg\ d B .
[dy<fg—f 1/2)] (fg— F/2). explo) <dy>dy(—fg—f 1/2), (187)
d ~ 2 d2 - d2g dg\?

exp(g) [dyug—f 1/2)] e AIC ) (dy) exp(9) (dy<) .>
188

Next, we show that most of them can be verified using Assumption A4+, and the results in
Appendix B.5:

2 d 2
1

[d<fg - f‘1/2)] —0|( swp logri(ho(@/) + sup L1287 (189)
dy :chF; mdeF; o0x1

-0 [(da/4 logd + d“/Q)Z} = o(d/?), (190)

1 d

(S L (pg- f‘1/2)’ =0 | sup 7’z sup Odoam (do‘/“ logd+d°‘/2> (191)

dy”dy zdeFf zlerf Z1

= o(d"?*d*/?(d*/*log d 4 d*/?)) = o(d'/?), (192)

2
exp(g) di(fg = f1/2)] = o(d'/*~*d*) = o(d'/?), (193)

Y
d? 2] d
exp(g) <d‘(§>‘ =0 | sup 7(z?) sup ai; = o(d/2=)O(d¥) = o(d"/?), (194)
Y wdeFy sicpr 007
dg\* dlog 74\ 2 _
exp(g) (j) =0 sup, m(z?) Sup+< &fz ) ] = o(d"/*=)0(d*/?)? = o(d'/?).
zrely zd€F) 1

(195)

The only terms left are g—;(fg — f71/2) and exp(g)%(fg — f71/2). Therefore, it suffices to
show
d2

d—y(fg — f71/2) = 0(d"). (196)
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Note that
d? _ d 1. _
@(fg—f 1/2):@(f/9+g,f—§df Y (197)
d |1 R] 1 , 1R,
29 — 5 198
~dy | Ry Rl/2 9+ PCEETE (198)
/ ! !/
1 R, , 1 R, 1 1 R}, -
= g+t 5 9+ —59"+ g —= ) (199)
TRy R1/2 (Rd Rcll/2 Rclz/Z R1/2 2 R;/Q

Note that we have shown R/, = O(RCI/ 2) in Appendix B.5. Similarly, we also can show using
Assumption A3+ that

A = s S S e (200)
J#1 j#1 £l
= d— T2 \/ Zf2 dilzw’)g (201)
J?ﬂ §#1
= Ola/d)o((/d[1a)*) + o<R3/ Vi d(Vafl)?) = o), (202)

where f;(z) := Olog ng’;;l [21=2) " Therefore Rl = O(Rcll/ %) as well. Finally, we can complete

the proof by verifying Eq. (196) using Assumption A4+ as follows.

1 R, , 1 dlog e
=0 (= )o(1)0 = O(d**)o(d*/? de 203
Rde/gg <Rd> o(1) (525; D1 (d*)o(d™'") = o(d®), (203)
/ 3/2 N2 pl/2
1 R, RIR)™ +3/2(R,)?R; 1,
— gl=0 =0 |—=(R9) (204)
(o) R?’ e
= O(d*/*)o(1 )(’)(da/2 = o(d (205)
1 21
R, zdeFf
/
1 / 610g7—rd a/4 /2 o
—_— = = 1 = =
(Rém) g ( 3/2 ) (1/Rq)O (;2}% o971 O(d**)o(d™*) = o(d™),
(207)
’ R//R1/2_1<R/)2 1
Rél d*'d 2 d Rclz/Q " 1/2
pr— pr— o 2 7
(R}/2>| 7 (Rd/R ) o(1) = o(d®). (208)
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D. PrRoor orF THEOREM 3.21

We follow the same approach as in the proof of [RR16, Proposition 3]. The idea is to
follow the proof of Theorem 3.19 except in the proof of Eq. (79), we need a stronger version
of Lemma A.3 to determine the sequence of “typical sets” {F}}.

Given fixed time ¢, considering the sequence of “typical sets” {F} defined by

Fi:={z%: |Ry+ Sy <d~°}, (209)

where § > 0 and we used R; and S; to denote Rfil) and Sél) for simplicity. We need to
guarantee that when d is large enough, we always have X4(|ds|) € FyN F),V¥0 < s < t and
this happens for almost all starting state X¢(0) = z. That is, defining

p(d,z) :==P(X(|ds]) ¢ Fyn F},30 < s <t]| X{(0) =x), (210)

letting m; denote the marginal stationary distribution for the first coordinate, we want to
show that for any given € > 0, as d — oo

Py [p(d,z) > €, infinite often] = 0. (211)

We prove it using Borel-Cantelli Lemma. Note that the application of Borel-Cantelli lemma
is valid since we have assumed all of the processes are jointly defined on the same probability
space as independent processes. First, note that

Epmr [p(d, )] = dtPa((Fy N E))°) = dtPa(FS U (F))©) < dtPa(F3) + dtPa((F})°).

(212)
For any given € > 0, we have
= o B [p(d, )] 21!
D B(p(r,d) 2 ) < Y S (213)
d=2 d=2
<ﬂ§:P a(|R, +S|>d*5)+@§:P(Xd¢Fd) (214)
R e € = ' A

By 7(F§) = O(d~%7%), we have dt > o0, P(X? ¢ F,;) < co. Now in order to use Borel-
Cantelli Lemma, the condition we need is that for some number of moments m such that

E‘Rd + Sd‘m

= d™E|Ry + Sq|™ = O(d~%79), (215)

P a(|Rg + Sq| > d_d) <
which leads to > 57, P(p(x,d) > €) < co. In order to obtain non-trivial conditions, we let
m = 5 and Assumption A2++ implies E|Ry + Sq|° = O(d=27%9). We can then use this
sequence of typical sets {F} in the proof of Theorem 3.19 to replace the sequence of {F}}
used in Lemma A.3. The residual proof follows the same as Theorem 3.19.
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E. PROOF OF PROPOSITION 4.6

Note that we have the number of parameters d = n? 4+ n + 2 in this example. The target
distribution (i.e. the posterior distribution) satisfies
d¢,.d d
7 (2?) = P(a® | {Yij}i=1)

a u =? L (Os5=n5) (vij =0:5)°
x b Ao 1—b/A H 1 @_MJT H 71 e~ 32;] ! e~ mw
I'(a) i1V 2w A o venv 2rW

(216)

Clearly, this model can be represented by the graphical model in Eq. (41). It can be easily
checked that the maximum number cliques any coordinate belongs to is n + 1 and the
cardinality of cliques is bounded by constant 2, so supy, |Cx| = o(d/mg) = o(n). Furthermore,
the target distribution clearly satisfies “flat tail” condition required by Proposition 4.3 since
all the conditional distributions are standard distributions. Therefore, the first equation in
AT, the first equation in A3, and A2 hold by Proposition 4.3.

Next, we verify A5 using Proposition 4.4. Note that this model can be represented by
the graphical model in Eq. (42) using K = 3 layers. In order to check the conditions in
Proposition 4.4, note that

b 2l =) 05— ) (Y — 0i)°
I d —a—1-" _ 2 = g Ly
ogm® o (—a—1 2)logA yi S o7 o

(217)
Observing that, under X¢ = (v, A, {53 0537 20) ~ 7, we have

Wy + VY VW - .
1,... 218
ey )+ i€l (1)

. Al +V A
ujZQij,u,AdeepN(ZZ it Vv 4 ) i€{l,...,n}, (219)

Oij | Yijpj  ~0P N (

nA+V  "nA+V

A

n 1 9
A ’ {/Aj},I/NIG a+§,b+§Z(uj —l/) . (221)
J

Therefore, we have

b+%2‘(/‘j_y)2 a+1+% 1/2 e
j42 - = Op(d'/?). (222)

dlog ¢
0A
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since QHX'”M —p “HAJFO'”M = O(d"/?) and Sl = v)? = X — 1)+ Lo = Op(d/?).
Other coordinates can also be verified, which are shown as follows.

<>(<>> (5) - oo, =
(816())5]#d) < Mj; V)zz(an—V)z <A§Z:i—i‘—/1/y —Mj>2 (224)
_ 0 [(m + V) /ﬂfv] — Op(d/n), (225)

<8§§ijd> = ( ' W“J) = (W +V)? <V}%1V;’” - eij)Q = Op(d/n?).
(226)

(227)

Therefore, A5 holds by Proposition 4.4. Finally, all the other conditions in A1, A3, and A4
can be verified in a similar way as in Section 4.1 for Example 4.1.
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