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Abstract

We provide a new convergence analysis of stochas-
tic gradient Langevin dynamics (SGLD) for sam-
pling from a class of distributions that can be non-
log-concave. At the core of our approach is a novel
conductance analysis of SGLD using an auxiliary
time-reversible Markov Chain. Under certain con-
ditions on the target distribution, we prove that
O(d*e2) stochastic gradient evaluations suffice
to guarantee e-sampling error in terms of the total
variation distance, where d is the problem dimen-
sion. This improves existing results on the conver-
gence rate of SGLD [Raginsky et al., 2017} [Xu
et al.l 2018]]. We further show that provided an
additional Hessian Lipschitz condition on the log-
density function, SGLD is guaranteed to achieve
e-sampling error within O(d'%/*¢=3/2) stochastic
gradient evaluations. Our proof technique provides
a new way to study the convergence of Langevin
based algorithms, and sheds some light on the de-
sign of fast stochastic gradient based sampling al-
gorithms.

1 INTRODUCTION

We study the problem of sampling from a target distribu-
tion using Langevin dynamics [Langevin, |1908]] based al-
gorithms. Mathematically, Langevin dynamics (a.k.a., over-
damped Langevin dynamics) is defined by the following
stochastic differential equation (SDE)

dX (t) = =V f(X(t))dt + /287 1dB(1), (1.1)

where 8 > 0 is called the inverse temperature parameter and
B(t) € R? is the Brownian motion at time ¢. It has been
proved in |(Chiang et al.|[1987], Roberts and Tweedie|[1996]
that under certain conditions on the drift term —V f(X (¢)),
the Langevin dynamics will converge to a unique stationary

distribution 7(dx) o< e~#/*)dx. To approximately sample
from such a target distribution 7, we can apply the Euler-
Maruyama discretization onto (I.1), leading to the Langevin
Monte Carlo algorithm (LMC), which iteratively updates
the parameter xj, as follows

0B~ e, (1.2)

Xpp1 = Xp — NV f(xp) +
where k = 0, 1, ... denotes the time step, {€j }x=0,1,... are
i.i.d. standard Gaussian random vectors in R?, and n>0is
the step size of the discretization.

In large scale machine learning problems that involve a large
amount of training data, the log-density function f(x) can
be typically formulated as the average of the log-density
functions over all the training data points, i.e., f(x) =
Y (x)ﬂ where n is the size of training dataset and
fi(x) denotes the log-density function for the i-th training
data point. In these problems, the computation of the full
gradient over the entire dataset can be very time-consuming.
In order to save the cost of gradient computation, one can
replace the full gradient V f (x) with a stochastic gradient
computed only over a small subset of the dataset, which
gives rise to stochastic gradient Langevin dynamics (SGLD)
[Welling and Teh, [2011].

When the target distribution 7 is log-concave, SGLD prov-
ably converges to 7 at a sublinear rate in 2-Wasserstein
distance [[Dalalyan and Karagulyan, 2019} Dalalyan} 2017a),
Wang et al.| 2019]]. However, it becomes much more chal-
lenging to establish the convergence of SGLD when the
target distribution is not log-concave. When the negative
log-density function f(x) is smooth and dissipative, the
global convergence guarantee of SGLD has been firstly es-
tablished in|Raginsky et al. [2017ﬂ via the optimal control

'In some cases, the log-density function f(x) is formulated as
the sum of the log-density functions for training data points instead
of the average. To cover these cases, we can simply transform the
temperature parameter 3 — n/3 and thus the target distribution
remains the same.

2 Although this paper mainly focuses on the convergence anal-
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theory and further improved in Xu et al|[2018] by a di-
rect analysis of the ergodicity of LMC. Nonetheless, these
two works require extremely large mini-batch size (e.g.,
B = Q(e*)) to ensure sufficiently small sampling error,
which is prohibitively large or even unrealistic compared
with the practical setting. [Zhang et al.|[2017]] studied the
hitting time of SGLD for nonconvex optimization, but can
only provide the convergence guarantee for finding a local
minimum rather than converging to the target distribution.
Recently, |Chau et al.| [2019]], [Zhang et al.|[2019]] studied
the global convergence of SGLD for nonconvex stochas-
tic optimization problems and proved faster convergence
rates than those in Raginsky et al.|[2017]], Xu et al.| [2018]].
However, their convergence results require an additional
Lipschitz condition in terms of the input data (rather than
the model parameter) on the stochastic gradients, which
restricts their applications to a small class of SGLD-based
sampling problems.

In this paper, we consider the same setting in [Raginsky et al.
[2017], Xu et al. [2018]] and aim to establish faster con-
vergence rates for SGLD with an arbitrary mini-batch size.
In particular, we provide a new convergence analysis for
SGLD based on an auxiliary time-reversible Markov chain
called Metropolized SGLD [Zhang et al., 2017]], which is
constructed by adding a Metropolis-Hasting step to SGLlfl
The key idea is that as long as the transition kernel of the
constructed Metropolized SGLD chain is sufficiently close
to that of SGLD, we can prove the convergence of SGLD to
the target distribution. Compared with existing proof tech-
niques that typically take LMC or Langevin dynamics as
an auxiliary sequence, the advantage of using Metropolized
SGLD as the auxiliary sequence is that it is closer to SGLD
in distribution as its transition distribution also covers the
randomness of stochastic gradients, thus can better char-
acterize the convergence behavior of SGLD and lead to
sharper convergence guarantees. To sum up, we highlight
our main contributions as follows:

* We provide a new convergence analysis of SGLD for
sampling a large class of distributions that can be non-
log-concave. In contrast to [Raginsky et al.| [2017]], [ Xu
et al.| [2018] that require a very large mini-batch size, our
convergence guarantee holds for an arbitrary choice of
mini-batch size.

* We prove that SGLD can achieve e-sampling error in
total variation distance within O(d*3%p~%¢~?2) stochastic
gradient evaluations, where d is the problem dimension, 3
is the inverse temperature parameter, and p is the Cheeger
constant (See Definition of a truncated version of
the target distribution. We also prove the convergence of

ysis of SGLD for nonconvex optimization, part of its theoretical
results also reveal the convergence rate for sampling from a target
distribution.

3This Markov chain is practically intractable and is only used
for the sake of theoretical analysis.

SGLD under the measure of polynomial growth functions,
which suggests that the number of required stochastic
gradient evaluations is O(¢~2). This improves the state-
of-the-art result proved in|Xu et al.[[2018] by a factor of
O(e3).

* We further establish sharper convergence guarantees for
SGLD under an additional Hessian Lipschitz condition
on the negative log density function f(x). We show that
O(d¥3/437/4p=7/2¢=3/2) stochastic gradient evaluations
suffice to achieve e-sampling error in total variation dis-
tance. Our proof technique is much simpler and more
intuitive than existing analysis for proving the conver-
gence of Langevin algorithms under the Hessian Lipschitz
condition [Dalalyan and Karagulyan, 2019} Mou et al.}
2019, [Vempala and Wibisonol 2019], which can be of
independent interest.

Notation. We use the notation x A y and z V y to de-
note min{x, y} and max{x, y} respectively. We denote by
B(u,r) the Euclidean of radius > 0 centered at u € R?.
For any distribution  and set A, we use p(A) to denote the
probability measure of A under the distribution 1. For any
two distributions p and v, we use ||u—v||ry and D, (@, v)
to denote the total variation distance and Kullback—Leibler
divergence between 1 and v respectively. For u,v € R?,
we use Ty, (v) to denote the probability of transiting to v
after one step SGLD update from u. Similarly, 7;,(.A) and
T (A) are the probabilities of transiting to a set A C R?
after one step SGLD update starting from u and the set
A’ respectively. For any two sequences {a,, } and {b,}, we
denote a,, = O(b,) and a,, = Q(b,) if a, < Cib, or
an, > Caby, for some absolute constants C; and Cs. We use
notations O(-) and ©(+) to hide polylogarithmic factors in
O(-) and §(-) respectively.

2 RELATED WORK

Markov Chain Monte Carlo (MCMC) methods, such as ran-
dom walk Metropolis [Mengersen et al., [1996]], ball walk
[Lovasz and Simonovits, |1990], hit-and-run [[Smith) {1984
and Langevin algorithms [Parisi, [1981]], have been exten-
sively studied for sampling from a target distribution, and
widely used in many machine learning applications. There
are a large number of works focusing on developing fast
MCMC algorithms and establishing sharp theoretical guar-
antees. We will review the most related works among them
due to the space limit.

Langevin dynamics (T.I) based algorithms have recently
aroused as a promising method for accurate and efficient
Bayesian sampling in both theory and practice [Welling
and Teh| 2011} Dalalyan, [2017b||. The non-asymptotic con-
vergence rate of LMC has been extensively investigated in
the literature when the target distribution is strongly log-
concave [Durmus and Moulines, 2016} [Dalalyan, [2017b),



Durmus et al., 2017b]], weakly log-concave [Dalalyan|
2017a, [Mangoubi and Vishnoi, 2019], and non-log-concave
but admits certain good isoperimetric properties [Raginsky|
et al., 2017, [Ma et al., 2018\ [Lee et al., 2018, Xu et al.,
2018}, [Vempala and Wibisono, |2019]], to mention a few. The
stochastic variant of LMC, i.e., SGLD, is often studied to-
gether in the above literature and the convex/nonconvex
optimization field [Raginsky et al., 2017, [Zhang et al.; 2017,
Xu et al., 2018}, |Gao et al., 2018}, [Chen et al.,[2019a, |Deng
et al.| 2020]]. Another important Langevin based algorithm
is the Metropolis Adjusted Langevin Algorithms (MALA)
[Roberts and Tweediel [1996], which is developed by intro-
ducing a Metropolis-Hasting step into LMC. Theoretically,
it has been proved that MALA converges to the target dis-
tribution at a linear rate for sampling from both strongly
log-concave [Dwivedi et al., [2018]] and non-log-concave
[Bou-Rabee and Hairer, 2013|] distributions.

Beyond first-order MCMC methods, there has also emerged
extensive work on high-order MCMC methods. One pop-
ular algorithm among them is Hamiltonian Monte Carlo
(HMCQC) [Neal et al., |2011]], which introduces a Hamilto-
nian momentum and leapfrog integrator to accelerate the
mixing rate. From the theoretical perspective, Durmus et al.
[2017a] established general conditions under which HMC
can be guaranteed to be geometrically ergodic. Mangoubi
and Vishnoi| [2018| [2019]] proved the convergence rate of
HMC for sampling both log-concave and non-log-concave
distributions. Bou-Rabee et al.|[2018]], Chen et al.| [2019b]]
studied the convergence of Metropolized HMC (MHMC)
for sampling strongly log-concave distributions. Another
important high-order MCMC method are built upon the
underdamped Langevin dynamics, which incorporates the
velocity into the Langevin dynamics (T.I)). For continuous-
time underdamped Langevin dynamics, its mixing rate has
been studied in |[Eberle| [2016]], [Eberle et al.| [2017]. The
convergence of its discrete version has also been widely
studied for sampling from both log-concave [[Chen et al.}
2017, |Zou et al., 2018]] and non-log-concave distributions
[Chen et al., 2015, |Cheng et al.,|2018, |Gao et al., 2018} Zou
et al.,2019b].

3 REVIEW OF THE SGLD ALGORITHM

For the completeness, we present the SGLD algorithm
[Welling and Teh} [2011]] in Algorithm[T} which is built upon
the Euler-Maruyama discretization of the continuous-time
Langevin dynamics (I.I)) while using mini-batch stochastic
gradient in each iteration.

In the k-th iteration, SGLD samples a mini-batch of data
points without replacement, denoted by Z, and computes the
stochastic gradient at the current iterate xg, i.e., g(xx,Z) =
1/B Y ,c7 Vfi(xk), where B = |Z| is the mini-batch size.
Based on the stochastic gradient, the model parameter is

Algorithm 1 Stochastic Gradient Langevin Dynamics
(SGLD)

input: step size 7; mini-batch size B; inverse temperature
parameter [3;
Randomly draw x from initial distribution .
fork=0,1,..., K do
Randomly pick a subset Z from {1,...,n} of size
|Z| = B; randomly draw €5, ~ N(0,I)
Compute the stochastic gradient g(xy,Z) =
1B ez Vii(xk)
Update: X, 11 = x; — ng(Xx,Z) + \/2n/ ek
end for
output: xx

updated using the following rule,

Xp1 = Xk — 18Xk, L) +/2n/B - e,

where €, is randomly drawn from a standard normal distri-
bution N (0,I) and n > 0 is the step size.

4 MAIN RESULTS

In this section, we present our main theoretical results. We
start with the following two definitions. The first one quan-
tifies the goodness of the initial distribution compared with
the target distribution, and the second one characterizes the
isoperimetric profile of a given distribution. Both defini-
tions are widely used in the convergence analysis of MCMC
methods [Lovasz and Simonovits, |1993| [Vempalal 2007,
Dwivedi et al., 2018, |Mangoubi and Vishnoi, [2019].

Definition 4.1 (A-warm start). Let v be a distribution on
). We say the initial distribution pg is a A-warm start with
respect to v if

sup Ho (A)

<\
Aaaco v(A)

Definition 4.2 (Cheeger constant). Let p be a probability
measure on (2. We say p satisfies the isoperimetric inequality
with Cheeger constant p if for any A € €, it holds that

Ap) — u(A)

lim inf p(An)

i in - > pmin {p(A), 1 — pu(A)},

where Ap, = {x € Q:Jy € A ||x —yl|2 < h}.

Next, we introduce some common assumptions on the neg-
ative log density function f(x) and stochastic gradients

g(x,7).

Assumption 4.3 (Dissipativeness). There are absolute con-
stants m > 0 and b > 0 such that

(Vf(x),x) > m|x||3 —b, forallx e R



This assumption has been conventionally made in the con-
vergence analysis for sampling form non-log-concave distri-
butions [Raginsky et al., 2017} Xu et al.l 2018, [Zou et al.,
2019al]. Basically, this assumption implies that the log den-
sity function f(x) grows like a quadratic function when x
is outside a ball centered at the origin. Note that a strongly
convex function f(x) simply satisfies Assumption but
not vice versa.

Assumption 4.4 (Smoothness). There exists a positive con-
stant L such that for any x,y € R? and all functions f;(x),

IVFi(x) = Vfi(y)ll2 < Llx = y]l2.
This assumption has also been made in many prior works

[Raginsky et al., 2017 Zhang et al., 2017} Xu et al.,[2018]].

We now define the following function that will be repeatedly
used in the subsequent theoretical results:

S 625dlog(4/z) 4dlog(4L/m) + 45b
R(z) = {max{ e , e )

4d + 8/dlog(1/2) + 8log(1/2) H v
mf .

A.1)

Based on all aforementioned assumptions, we present the
convergence result of SGLD in the following theorem.

Theorem 4.5. Forany € € (0,1), let 7* oc e A7) 1 (x €
B(0, R)) be the truncated target distribution in © = B(0, R)
with R = R(eK~1/12), and p be the Cheeger constant of
7*. Under Assumptionsd.3|and[4.4] we suppose P(||xo |2 <
R/2) < €/16, and set the step size as = O(p2d—25"1 A
B2%p2d=*371), then for any A\-warm start with respect to 7,
the output of Algorithm I]satisfies

SGLD <\(1— x , Cin'/? oont/2 4 €
1552 = il < AL = Con) + DI+ gtz 4

where Cy = O(p?67"), C1 = O(Rdp™"$%/?) and Cy =
9] (dp’1 B/ 2) are problem-dependent constants.

Theorem[4.3] shows that the total variation distance between
the distributions p3SP and 7 can be upper bounded by
the sum of four terms. Specifically, the first term corre-
sponds to the sampling error of Metropolized SGLD, which
converges to zero at a linear rate. The second and third
terms correspond to the approximation error between SGLD
and Metropolized SGLD, which is in the order of O(n*/?).
Moreover, the third the third term corresponds to the vari-
ance of stochastic gradients, which decreases when increas-
ing the mini-batch size B. The last term can be understood
as an approximation error that comes from the technical
proof.

Remark 4.6. For a general non-log-concave distribution, it
is difficult to prove a tight bound on the Cheeger constant p.

One possible lower bound of p can be obtained via Buser’s
inequality [Buser, 1982} Ledoux 1994, which shows that
the Cheeger constant p can be lower bounded by Q(d~'/ 2ep)
under Assumption [#.4] where c,, is the Poincaré constant of
the distribution 77*. Moreover, Bakry et al.[[2008]] gave a sim-
ple lower bound of c,, showing that ¢, > e=P9~f /(2 R?),
where Oscr f = supyep(o,r) f(X) — infxeno,r) f(X) <
LR2%/2. Assuming R = O(d*/?), this further implies that
p=Q(d1)- e~OB") = ¢=0(d) Tn addition, better lower
bounds of p can be proved when the target distribution
enjoys better properties. When the target distribution is a
mixture of strongly log-concave distributions, the lower
bound of p can be improved to 1/poly(d) [Lee et al., 2018].
Strengthening Assumption[4.3to a local nonconvexity con-
dition yields p = e~ 9&) [Ma et al., [2018]. The lower
bound of Cheeger constant has been extensively studied
for log-concave distributions [[Kannan et al., [1995] |Lee and
Vempala, [2017, |Chen} 2021]], among them |Lee and Vempala
[2017]] proved that the Cheeger constant p can be lower
bounded by p = Q(1/(Tr(X?))!/*), where X is the covari-
ance matrix of the distribution 7*. When the target distri-
bution is m-strongly log-concave, based on (Cousins and
Vempalal [2014]], Dwivedi et al.|[2018]], it can be shown that

p=Q(vm).

Note that the upper bound of the sampling error proved in
Theorem relies on the step size, mini-batch size, and
the goodness of the initialization (i.e., ). In order to guar-
antee e-sampling error of SGLD, we need to specify the
choices of these hyper-parameters. In particular, we present
the iteration complexity of SGLD in the following corollary.

Corollary 4.7. Under the same assumptions made in
Theorem [.5] consider Gaussian initialization po =
N(0,1/(2BL)), then for any mini-batch size B < n and
e € (0,1), if set the step size and maximum iteration number

as
- 2 2 B222
n:O(pe/\ '”),

d2p d*p
. d?’ﬁg d552
K:O(p462 v sz4€2)7

SGLD can achieve an e sampling error in total variation
distance.

It is worth noting that the iteration complexity in Corol-
lary holds for any mini-batch size 1 < B < n, as
opposed to [Raginsky et al.| [2017], [ Xu et al.|[2018]] that
require the mini-batch size to be poly(e~!) in order to guar-
antee vanishing sampling error. Moreover, if we set the
mini-batch size to be B = O(d), the number of stochastic
gradient evaluations needed to achieve e-sampling error is
K -B=0(d*8?p~%2).

Based on Corollary we further show prove the con-
vergence of SGLD under the measure of any polynomial



growth function.

Corollary 4.8. Under the same assumptions and hyper-
parameter configurations as in Corollary let h(x) be
a polynomial growth function with degree D, i.e., h(x) <
C(1 + ||x||?) for some constant C, and K be defined in
Corollary then the output of SGLD satisfies

Elh(xk)] — E[h(x™)] < C'e,

where x™ ~  denotes the random vector sampled from 7
and C’ = O(dP/?) is a problem-dependent constant.

Remark 4.9. Similar results have been presented in|Sato
and Nakagawal [2014], |Chen et al.| [2015], Vollmer et al.
[2016]], [Erdogdu et al. [2018]]. However, |Sato and Nakat
gawal [2014] only analyzed the finite-time approximation
error between SGLD and the SDE rather than the con-
vergence to the target distribution. The convergence results
in|Chen et al.| [2015]], Vollmer et al.|[2016]], Erdogdu et al.
[2018] also differ from ours as their guarantees are made
on the sample path average rather than the last iterate. In
addition, these works assume that the Poisson equation solu-
tion of the SDE has polynomially bounded i-th order
derivative (¢ € {2, 3,4}), which is not required in our result.

Let us consider a special case that h(-) = f(-), which was
studied in [Raginsky et al.| [2017], Xu et al.| [2018]]. As-
sumptionimplies that h(x) is a quadratic growth func-
tion. Then Corollary .8 shows that in order to guarantee
E[f(xx)] — E[f(x™)] < ¢, SGLD requires O(e~2) stochas-
tic gradient evaluations. In contrast, in order to achieve the
same error, Raginsky et al.| [2017], Xu et al.|[2018] require
O(e8) and O(e~?) stochastic gradient evaluations respec-
tively, both of which are worse than ours.

S IMPROVED CONVERGENCE RATES
UNDER HESSIAN LIPSCHITZ
CONDITION

In this section, we will show that the convergence rate of
SGLD can be improved if the log density function addi-
tionally satisfies the Hessian Lipschitz condition, which is
defined as follows.

Assumption 5.1 (Hessian Lipschitz). There exists a posi-
tive constant H such that for any x, y € R?, it holds that

IV2f(x) = V)|, < Hllx =yl

op —

This assumption has been made in many recent papers to
prove faster convergence rate of LMC [Dalalyan and Karag}
ulyanl 2019, Vempala and Wibisonol 2019, Mou et al.,|2019]]
for sampling from both log-concave and non-log-concave
distributions.

With this additional assumption, we state the convergence
result of SGLD in the following theorem.

Theorem 5.2. Forany ¢ € (0,1), let 7* o< e A7) 1 (x €
B(0, R)) be the truncated target distribution in © = B(0, R)
with R = R(eK~1/12), and p be the Cheeger con-
stant of 7*. Under Assumptions and sup-
pose P(||xpll2 < R/2) < €/16. Setting the step size
n = 6(p2d_25_1B2 A p/(d3/? + d,Bl/Q)), then for any
A-warm start with respect to 7, the output of Algorithm
satisfies

1/2
Clg + Con + %
where Cy = O(B~1p?), C1 = O(R2dp~'p3%?) and
Cy = O(d3/2p=1 + Rd*2Bp=1) are problem-dependent
constants.

13" = 7llry < A(1— Con)™ +

The four terms in Theorems [5.2] have the same meaning as
those in Theorem[4.5] Compared with the convergence result
in Theorem [4.5] the improvement brought by Hessian Lips-
chitz condition lies in the approximation error between the
transition distributions of SGLD and Metropolized SGLD,
which is improved from O(n'/2) to O(B~!n/2 + 7).

Dalalyan and Karagulyan! [2019], Mou et al.|[2019]], |Vem/
pala and Wibisono| [2019]] also improved the convergence
rate of LMC using the Hessian Lipschitz condition. How-
ever, |Dalalyan and Karagulyan| [2019] only focused on
strongly log-concave distributions and the theoretical re-
sults in Mou et al.|[2019], [Vempala and Wibisono| [2019]
cannot be easily extended to SGLD.

Corollary 5.3. Under the same assumptions made in
Theorem [5.2] consider Gaussian initialization 1o =
N(0,I/(28L)), then for any mini-batch size B < n, if
set the step size and maximum iteration number as
[ 2 B2¢2
n=0(20- A P ;
dQﬁ d3/2 +d,81/2
. 4532 d5/2 42 3/2
K= O( L2 B ES)
p*BZe p3e
SGLD can achieve an ¢ sampling error in terms of total
variation distance.

Note that the required number of stochastic gradient evalu-
ations is K - B = O(d°B?/(Bp*e?) + Bd*?%/2 /(p3¢)).
"l;herefore, if setting the mini-batch size as B =
O([d*/*B'/2 pe]'/?), it can be derived that the gradient com-
plexity of SGLD is O(d5/437/4p=7/2¢=3/2) This strictly
improves the stochastic gradient complexity (i.e., number
of stochastic gradient evaluations to achieve e-sampling
error) of SGLD without Assumption [5.1] by a factor of
O(dM/4BY/4p=1/2¢=1/2),

6 PROOF OUTLINE

In this section, we will sketch the proof of the main results
(Theorem [4.5)). The missing proofs for the other theorems,



corollaries and lemmas are deferred to the appendix. We
first highlight the key proof technique and its novelty and
difference compared with prior works. Then we will go over
each of the key steps in detail.

6.1 PROOF TECHNIQUE AND NOVELTY

Proof Technique. Our proof relies on two sequences
(green arrows in Figure : Projected SGLD (x;”**") and
Metropolized SGLD (x)"). Projected SGLD is constructed
by adding an accept/reject step to the standard SGLD al-
gorithm, which was first studied in [Zhang et al.| [2017]].
Metropolized SGLD is a “virtual” sequence constructed
by further adding a Metropolis Hasting step into Projected
SGLD (the Metropolis Hasting step is computationally in-
tractable so that Metropolized SGLD is not a practical al-
gorithm and we only use it for theoretical analysis). Due to
such Metropolis Hasting step, Metropolized SGLD is a time-
reversible Markov chain and thus enjoys good conductance
properties. Based on these two auxiliary sequences, we will
prove the convergence of SGLD following three steps: (1)
show that the output of Projected SGLD is close to that of
SGLD in distribution (see Lemma [6.1)); (2) show that the
transition distribution of Projected SGLD is close to that of
Metropolized SGLD (see Lemma @]); and (3) prove the
convergence of Projected SGLD based on the conductance
of Metropolized SGLD (see Lemma [6.4).

Technical Novelty. In order to prove the convergence rate
of SGLD, prior works [Raginsky et al.| 2017} Xu et al.,
2018]| typically make use of the LMC iterates x}* and de-
compose the sampling error of SGLD (the error between
X and x™) into two parts: (1) the error between SGLD iter-
ates and LMC iterates; and (2) the sampling error of LMC
(though Raginsky et al.|[2017]], |Xu et al.|[2018]] bound the
sampling error of x} in different ways). We illustrate the
roadmap of different proof techniques in Figure|[I] Note that
their results on the error between x;, and x;'¢ diverge as
k increases, due to the uncertainty of stochastic gradients.
This suggests that LMC may not be a good enough auxiliary
chain for studying SGLD. In contrast, our constructed aux-
iliary sequences (i.e., Projected SGLD and Metropolized
SGLD) are closer to SGLD since they also cover the ran-
domness of stochastic gradients (this randomness can be
included as part of the transition distribution, see Section
for more details). Therefore, our proof technique can
lead to a sharper convergence analysis than those in [Ra{
ginsky et al.|[2017], Xu et al.|[2018]], which consequently
gives a faster convergence rate of SGLD for sampling from
non-log-concave distributions.

We would also like to point out that while the construction of
Metropolized SGLD follows the same spirit of Zhang et al.
[2017], it has a different goal and thus the corresponding
analysis is not the same. Specifically, Zhang et al.|[2017]]

LMC LD

/  — Xt\
Proj-SGLD

Xk \ixk : > Xll\c/IH > X
Figure 1: Illustration of the analysis framework of SGLD in
different works: Raginsky et al. (2017), Xu et al. (2018),
this work. The goal is to prove the convergence of SGLD
iterates xy, to the point following the target distribution x™.
Note that, X, x;**” and x} denote the k-th iterates of
LMC, Proj-SGLD, and Metropolized SGLD respectively;

x}” denotes the solution of (I.I) at time ¢; x™™C denotes the
point following the stationary distribution of LMC.

Uy

LMC
Xk—>X7T

only characterizes the hitting time of SGLD to a certain set
by lower bounding the restricted conductance of SGLD, but
does not prove its convergence to 7. In contrast, we focus on
the ability of SGLD for sampling from a certain target dis-
tribution. Thus we not only need to analyze the conductance
of SGLD, but also need to bound the approximation error
between the distribution of x;, and the target one (see Lem-
mas [6.4] and and their proofs for more details), which
is more challenging. As a consequence, we prove that the
sampling error of SGLD to the target distribution can be
upper bounded by O(,/7), while the analysis in|Zhang et al.
[2017] can only give O(1) sampling error.

6.2 PROJECTED SGLD AND ITS EQUIVALENCE
TO SGLD

Projected SGLD is constructed by adding an extra step in
Algorithm 2| with the following accept/reject rule:

i1 = {Xk+1 Xkt1 € B(xg,r) N B(0, R); ©.1)
Xk otherwise.

This step ensures each new iterate X1 does not go too far
away from the current iterate and all iterates are restricted in
a (relatively) large region B(0, R). The entire algorithm is
summarized in Algorithm 2] Due to the above accept/reject
rule, Projected SGLD is slightly different from the standard
SGLD algorithm (see Algorithm [T). However, we can show
that Projected SGLD is nearly the same as SGLD given
proper choices of R and r. In particular, in the following
lemma, we will show that the total variance distance be-
tween the distributions of the outputs of both algorithms can
be arbitrarily small.

Lemma 6.1. Let £35"P and 157> be the distributions

of the outputs of the standard SGLD algorithm and the
projected SGLD algorithm. For any € € (0, 1), set

R=R(eK~'/4), r=1/2nd/B(2+ \/2log(8K/e)/d).



Algorithm 2 Projected SGLD

input: step size n; mini-batch size B; inverse temperature
parameter [3; radius R, 7;
Randomly draw xg from initial distribution 1.
fork=0,1,..., K do
Randomly pick a subset Z from {1,...,n} of size
|Z| = B; randomly draw €; ~ N(0,I)
Compute the stochastic gradient g(xp,Z) =
1/BY ier Vfi(xk)
Update: xx11 = xx — n8(xx,Z) + /21/Pex
if xi11 & B(xg, ) N B(0, R) then
Xk+1 = Xk
end if
end for
output: xx

Suppose P(||xp]|2 < R/2) < €¢/16 and setting n < (LR +
G)~271d, then we have

SGLD __ , Proj-SGLD

€
HHK P HTV < 4

6.3 CONSTRUCTION OF METROPOLIZED SGLD

Projected SGLD will approximately generate samples from
the following truncated target distribution since it restricts
all iterates to the region 2 := B(0, R),

o= BF (0

T (dx) = {W“wdy

0 otherwise.

dx xe€
6.2)

Then we will characterize the convergence of Projected
SGLD to 7*. In particular, we will introduce an useful aux-
iliary Markov chain called Metropolized SGLD, i.e., SGLD
with a Metropolis-Hasting step. We will first give the tran-
sition distribution of the Markov chain corresponding to
Projected SGLD.

Transition distribution of Projected SGLD. Let g(x,Z)
be the stochastic gradient computed at the point x, where Z
denotes the mini-batch of data points queried in the stochas-
tic gradient computation. Then it is clear that Algorithm 2]
can be described as a Markov process. More specifically,
let u and w be the starting point and the point obtained
after one-step iteration of Algorithm 2] the Markov chain
in this iteration can be formed as u — v — w, where v
is generated based on the following conditional probability
density function,

P(vlu) = Ez[P(v|u,T)]

:EI[WQXP(‘

[v—u+ ng(u,I)I%) H
4n/B ’
(6.3)

which is exactly the transition probability of standard SGLD
(i.e., without any accept/reject step). Let R > 0 be a tunable

radius and recall that Q@ = B(0, R), the process v — w can
be formulated as

(6.4)

v veBur)ny
u otherwise.

Let p(u) = Py p(jw[v € B(u,r) N Q] be the acceptance
probability in (6.4), and Q(w]|u) be the conditional PDF
that describes u — w, we have

Q(wlu) = (1 —p(u))du(w)
+ P(wla) -1 [w € B(u,r)NQ],

where P(w]|u) is computed by replacing v with w in (6.3).
Similar toZhang et al |[2017]], Dwivedi et al.|[2018]), we con-
sider the 1/2-lazy version of the above Markov process, i.e.,
a Markov process with the following transition distribution

Ta(w) = S0u(w) + 3Q(wlw)

6.5)
where dy,(+) is the Dirac-delta distribution at u. However,
it is difficult to directly prove the ergodicity of the Markov
process with transition distribution 7, (w), and it is also
hard to tell whether its stationary distribution exists or not.
Besides, SGLD is known to be asymptotically biased [Teh
et al.; 2016, |Vollmer et al., 2016], which does not converge
to the target distribution 7 even when it runs for infinite steps.
It remains unclear whether Projected SGLD can converge
to the target distribution given the formula of its transition
distribution.

Metropolized SGLD. In order to quantify the sampling
error for the output of Projected SGLD in Algorithm[2]and
prove its convergence, we follow the idea of Zhang et al.
[2017]], which constructs an auxiliary Markov process by
adding an extra Metropolis-Hasting correction step into
Algorithm 2] We call it Metropolized SGLD. Given the
starting point u, let w be the candidate state generated from
the distribution 7y, (+). Metropolized SGLD will accept the
candidate w with the following probability,

P oxp [ (7w~ )] |

Let 7 (-) denote the transition distribution of such auxiliary
Markov process, i.e.,

T (W) = (1 = au(w))é(u) + an (W) Tu(w),

which is time-reversible and easy to verify. Due to this
Metropolis-Hastings correction step, the Markov chain can
converge to a unique stationary distribution 7* oc e /(%) .
1(x € Q) [Zhang et all [2017]. It is worth pointing out
that Metropolized SGLD cannot be implemented in practice
since we are only allowed to query a subset of the training
data in each iteration of SGLD, thus we are not be able
to exactly calculate the accept probability oy, (w), which



involves the expectation computation over the stochastic
mini-batch of data points. Nevertheless, we will only use
this auxiliary Markov chain in our theoretical analysis to
show the convergence of Algorithm 2]

We will further show that the transition distribution of Pro-
jected SGLD (7, (+)) can be d-close to that of Metropolized
SGLD (7 (-)) for some small quantity 6 governed by 7,
which is provided in the following lemma.

Lemma 6.2. Under Assumption let G =
maX;e(y) |V fi(0)|[2, and set r = \/lOnd/ﬂ(l +

log(8K /€)/d), where K is the total number of iterations
of Projected SGLD. Then there exists a constant

5= [den L 10L(LR + G)dV/2 g/ 23/
+ 128(LR + G)*dn/B + 26*(LR + G)4n2/B}

- (14 1og (8K /e) /d)°

such that for any set A C € and any point u € €2,

(1= 0)TF(A) < Tu(A) < (1+6)TI(A).  (6.6)

6.4 CONVERGENCE OF PROJECTED SGLD

In this part, we will characterize the convergence of Pro-
jected SGLD, which consists of two steps: (1) given the
d-closeness result in Lemma [6.2] we prove that Projected
SGLD can converge to the truncated target distribution 7*
up to some approximation error determined by d; and (2)
we prove that with a proper choice of the truncation radius
R, the total variation distance between 7* and the target
distribution 7 can be sufficiently small.

Convergence of Projected SGLD to 7*. We first pro-
vide the definition of the conductance for a time-reversible
Markov chain as follows.

Definition 6.3 (Conductance). The conductance of a time-
reversible Markov chain with transition distribution 7.5 (+)
and stationary distribution 7* is defined by,

s me LTOWrE
T AACOr (A)e0,1) min{r*(A), T (Q\A)}

where (2 is the support of the state of the Markov chain.

In Lemma|[6.2] we have already shown that the transition
distribution of Algorithm 2] i.e., 7 (+) is d-close to that of
Metropolized SGLD, i.e., 7.5 (-), for some small quantity
4. Besides, from|Lovész and Simonovits|[[1993]], Vempala
[2007]], we know that a time-reversible Markov chain can
converge to its stationary distribution at a linear rate depend-
ing on its conductance. Therefore, we aim to characterize
the convergence rate of 7,(-) based on the ergodicity of
T (). We utilize the conductance parameter of 7. (), de-
noted by ¢, and establish the convergence of 7, (-) in total
variation distance in the following lemma.

Lemma 6.4. Let u];goj'SGLD be the distribution of the output

of Algorithm 2] Under Assumption 4.4} if 7y (-) is 6-close
to 7(+) with § < min{1 — v/2/2, ¢/16}, then for any \-
warm start initial distribution with respect to 7*, it holds
that

)5 +165/¢.

Proj-SGLD 2
™™ = 7 lrv < A(1—¢7/8
Lemma |6.4] shows that Projected SGLD converges to 7*
in total variance distance with approximation error up to
166/¢. The next step is to characterize the conductance

parameter ¢ and reveal its dependency on the problem de-
pendent parameters, which we state in the following lemma.

Lemma 6.5. Under Assumptionsd.3|and[.4] if the step size
satisfies n < [35(Ld+ (LR+ G)*Bd/B)] A [258(LR+
G)?]71, there exists an absolute constant ¢y such that

¢ZCOP\/77/ P

where p is the Cheeger constant of the distribution 7*.

Bounding the difference between 7 and 7*. Lemmas (6.4
and [6.5] together guarantee that Algorithm 2] converges to
the truncated target distribution 7*. Thus the last thing re-
maining to be done is ensuring that 7* is sufficiently close
to . The following lemma characterizes the total variation
distance between the target distribution 7 and its truncated
version 7* in 5(0, R).

Lemma 6.6. For any ¢ € (0,1), set R = R(¢/12) and let
Q = B(0, R) and 7* be the truncated target distribution in
Q. Then the total variation distance between 7* and 7 can
be upper bounded by ||7* — 7|7y < €/4.

Proof of Theorem4.5] The rest proof of Theorem is
straightforward by combining Lemmas [6.1] [6.4] and [6.6]
using the triangle inequality. We defer the detailed proof to
Appendix [A] O

7 CONCLUSION

In this paper, we proved a faster convergence rate of SGLD
for sampling from a broad class of distributions that can be
non-log-concave. In particular, we developed a new proof
technique for characterizing the convergence of SGLD. Dif-
ferent from the existing works that mainly study the con-
vergence of SGLD based on full-gradient based Markov
chain suchs as LMC or continuous Langevin dynamics, the
key of our proof technique relies on two auxiliary Markov
chains: Projected SGLD and Metropolized SGLD, which
can better capture the behavior of SGLD since they also
cover the randomness of the stochastic gradients. Our proof
technique is of independent technical interest and can be po-
tentially adapted to study the convergence of other stochastic
gradient-based sampling algorithms.
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A  PROOFS OF THE MAIN THEOREMS AND COROLLARIES

In this section, we present the detailed proofs of our main theorems and corollaries.

A.1 PROOF OF THEOREM

Now we provide the detailed proof of Theorem[.5|based on the key lemmas presented in our proof roadmap.

Proof of Theorem WEe first characterize the condition on the step size required in Lemmas and|[6.5] From Lemma
we know that if < [253(LR + G)?]~! and 3 > 1, the transition distribution 7y () can be J-close to 7.(-) with

2
8 = [10Ldn + 10L(LR + G)d'/?B**1*/? + 12B(LR + G)*dn/B + 28*(LR + G)*n?/B] - (1 + bg(i%)
2
< [14Ldn + 14(LR + G)*Bdn/B] - (1 + @g(sz/e)) . (A1)

Besides, note that Lemmarequires 4 < min{l — V2 /2,¢$/16}, which can be satisfied if

log(8K /€)

y ) < min{1 — v2/2,¢/16}.

[14Ldn + 14(LR + G)*Bdn/B] - <1 +

Then based on the requirement of 7 and the lower bound of ¢ in Lemmal[6.3] it suffices to set the step size to be

YIS <1+ log(8dK/e)>_4

Now we are able to put the results of these lemmas together to establish the convergence of Algorithm[2] Note that if /10
is a A-warm start to 7, it must be a A\-warm start to 7* since 7*(A) > 7(A) for any A € Q. Then Lemma [6.4] applies.
Combining Lemmas 6.1}6.4] andand setting R = R(e/12) for arbitrary € € (0,1/2], we have

1 1 cop 2
m { 95B(LR + G)2’ 35(Ld + (LR + G)2Bd/B)’ (16\/3(14Ld +14(LR + G)?8d/B) ) }

HMSGLD _ 7T||TV < ||7T _ 7T*||TV + ||MPmJ SGLD *HTV + HMSGLD MZroj—SGLD”TV
160
<Sia1-¢? 220
<3 ChA(-e2/8)" 3
< 5 AL Con) + (C1B™! + Capn' /2,
where Cy = 3p?/(88), C1 = 224(1 + y/log(8K/e)/ ) (LR + G)?B32dp=t/cy, C2 = 224(1 +
log(8K/e)/ d)4Ld61/ 2p=1 /¢y are problem-dependent constants. This completes the proof. O

A.2 PROOF OF COROLLARY

We first present the following technical lemma.

Lemma A.1. Under Assumption the objective function f(x) satisfies

N o

m *
F) = FlxlE + f(x7) =
Now we prove Corollary

Proof of Corollary[d.7} The first step is to characterize the quantity of . Direct calculation gives

po(dx) _ Jpae MV dy - e~ BLIxII3+8 (x)
m(dx) = [, e PLIvIEdy ‘




By Assumption 4] we have
* L * |2 * * (|12 2
FE) < fx7) + Sl = x7lz < f(x7) + Ll 1z + Lix]lz,

which implies that

e BLIx|I3+B1(x) < PP FLIx 131

Moreover, by Lemma[A.T] we have

d/2
/ eI gy < B0 -0/ [ mmslyid/agy - (47T> o—BLIG)—b/2]
Rd mp3

Rd

Besides, we have

BLIyI3 w\"?
—BLIylzdy = [ — .
/Rde Y <Lﬁ)

/2 ‘
A < max Ho(dx) < g GBILIX"|3+0/2] _ ,O(d) (A2)
Tox W*(dx) ~—\m . .

Combining the above results, we can get

In order to ensure that the sampling error ||, — 7||7y is smaller than e, it suffices to choose 1 and k such that

€

)\(1 — Coﬁ)k = -, 01371771/2 + 027’1/2 =

L
N

Note that we have R = R(e/12) = O(d'/281/2). Then it follows that Cy = O(p*8~1), C; = O(d2p~1Y/2) and
Cy = O(dp~''/?). Plugging these into the above equation immediately implies that

2.2 2,22 332 5 32
_ ~(p°c¢ B?pe _ log(\/e)\ ~(d°pB g
n_0<d2ﬂ /\7&5 )andK-O(C,O?7 =0 i \/73%462 ,

which completes the proof. O

A.3 PROOF OF COROLLARY

Proof of Corollary[.8] Let py, be the distribution of the SGLD iterate x;, and denote Q=8 (0, f%) for some R which we
will specify later, then it holds that,

Q

Blh(xic)] — BB = [ 3
< \ [ nemitax) ~ [ neoe(ax)

h(x)uK(dx)—/ h(x)m(dx)

+ /R - h(x)m(dx).

Note that h(x) is a polynomial growth function with degree D, thus by definition, for all x € Q, we have
hix) < C(1+ |x7),

for some absolute constant C. Then by Corollary 4.7} we know that ||k — 7[/7v < €. Thus it follows that

[ et = [ wtax)

The rest of the proof will be proving the upper bound of f]Rd\ﬁ h(x)m(dx). We first introduce an auxiliary distribution
defined by

‘/~h(x)uK(dx)—/~h(x)7r(dx) < C(1+ RP) < CO(1+ RP)e.
Q Q

o—mBIxII3/8

1) = Bajmp)e



Note that the stationary distribution 7 takes form

where Z = fRd e~ () dz is the normalization coefficient. By Raginsky et al.[[2017] ((3.21) in Section 3.5), we know that
under Assumption it holds that Z > exp(—Bf(x*)) - [2r/(BL)]%?. Then it is clear that if

d/2
e Blrearmiz/s] < o (- Bf(x")) - (;’2) ,

we have 7*(x) < ¢(x). By Lemma[A.1] we know that
m b N m
—Fe) + g lxll3 < 5 = £ = S I3 (A3)
8 2 8
Therefore, it can be guaranteed that 7(x) < ¢(x) if ||x||2 > 4m~1(8 'dlog(4L/m) + b). Therefore, for any R? >
4m~1 (B~ dlog(4L/m) + b) it holds that,

71 XD - eX —m X2 X
fo 10070 < e [ O D) e (- malxl/s)a

p1/2-1p—/2
<20 bz 2~ dg,
B /zzm5§2/4 ! 24/21(d/2) :

where the second inequality follows from the probability density function of x2 distribution and the fact that R > 1.
Moreover, assuming d > D, it is easy to verify that when z > 2Dd, we have

Id/Qflefa:/Z (l,/z)d/Qflefx/él

H/2
24/20(dj2) =  29/20(d/2)

X

Thus, if R? > 8Dd/(mg3), we have

d/2—1,—x/2 9)d/2-1,—x/4
T e (z/2) e dz — 9P

H/2-7d </ - 2|z > E28.
Aywmﬂx P2 = osren 2PT(d)) sz 2 mOR/H]

By standard tail bound of x? distribution, we have
Pz [z > d+2+/dlog(1/6) + 2log(1/6)] <.

Therefore, set R = [8(d + 2/dlog(1/e) + 2log(1/¢))/(mB) V 8Dd/(mB)]"/* = O(d"/?), we have

/ h(x)m(x) < 4Ce.
RI\O
Combining all previous results, we obtain
E[h(xx)] — E[A(x™)] < C(5 + RP)e.

Applying the fact that R=0 (dl/ 2), we are able to complete the proof. O

A4 PROOF OF THEOREM

The main body of the proof of Theorem [5.2]is the same as that of Theorem [4.5] The only difference/improvement is that
provided Assumption a sharper approximation error between the transition distributions 7.7 (+) and 7T, (-) can be proved,
implying SGLD is closer to its metropolized counterpart. We formally state this result in the following lemma.



Lemma A.2. Under Assumptionsand let G = ||V f(0)]|2 and set 7 = /10nd/B(1 + \/log(8K/€)/d). Then there

exists a constant
§ = [28Hd*?B71/21¥/2 + 10L(LR + G)d"/?B*/*n*/? + 12B(LR + G)*dn/B + 28*(LR + G)*n*/ B]

. (1 N log<8dK/e>)2

such that for any set A C 2 and any point u € €2, it holds that

(1=0)Ti(A) < Ta(A) < (14 )T, (A).

Proof of Theorem[3.2] Similar to the oof of Theorem we first characterize the feasible range of 7 that satisfies all
J A2

requirements in Lemmasand 5| Then by Lemmal|A.2| we know thatif n < [25d8(LR+G)?] “AL2Bd1H2/25
and 5 > 1, the transition distribution 7, (-) can be d-close to 75 (-) with

§ = [28Hd*?B~Y/21>/2 + 10L(LR + G)d'/?B*/*n*/? + 128(LR + G)*dn/B + 28*(LR + G)*n*/ B]

(1+ log(de/e>>2

log(8K /) > 2'

< [14(LR + G)2Bdn/B + [28Hd*23~/2 4 10L(LR + G)d1/251/2]n3/2} : (1 + ;

Then based on the requirement of 7) and the lower bound of ¢ in Lemma[6.3] it suffices to set the step size to be

. 1 1 Cop ’
= min { 55B(LR + G)?' 35(Ld 1 (LR 1 G)2Bd/B)’ (224(LR + GWS/Qd/B) 7

Cop } ) <1 1Og(8K/e)>4
16v/B[28Hd*2B-172 + 10L(LR + G)d'/2B1/2] e

Therefore, by Lemma set R = R(e/12), we have

HuiGLD _ 7T||TV S ||7T _ 7T*||TV + ||M£r0j_SGLD o 7T*||TV + HuzGLD _ MZroj—SGLD”TV
€ k166
< = 4+ (1= ¢? i
S5 +A(L-¢%/8) + p
< % + A1 = Con)* + CLB™t? 4 Can,
where Co = &p?/(88), C1 = 224(1 + log(SK/e)/d)4(LR + G)2B3%dp~Y/co, O3 = (1 +
10g(8K/e)/d)4p_1 [448Hd®/? + 160L(LR + G)d*/?B] /cy are problem-dependent constants. O

A.5 PROOF OF COROLLARY

Proof of Corollary[5.3} From (A.Z), we know that /19 is a \-warm start with respect to 7* with A\ = (%), Then in order to

guarantee that the sampling error |32 — 7r|| 7 < e, it suffices to set

M1 —Con)F =€/6, CLB™'nt? = ¢/6 ,Con = €/6.

Note that we have R = R(e/12) = O(dY/28721og'/?(¢)), Co = O(p*B~Y), C1 = O(d?p~'5"/?) and Cp =
O(d*?p=" + dp'/?p~1), plugging these into the above equation gives
/2 B22
n=0 P2 A pe
d4ﬁ d3/2 erﬂl/Q

_(log(Me)\ | ~( d°B*  dO/?B+d*p3/?
16_0(0077 =0 p43262+ g .

This completes the proof. O



B PROOF OF LEMMAS IN SECTION@

In this section, we provide the proof of Lemmas used in Section [6]

B.1 PROOF OF LEMMA

The idea is to show if the quantities R and r satisfy

R > max {25<d1°g(4m> 1/2,4(“6:2”6_1)1/2}, r>/2nd/B(2 + /21og(2K/6)/d), (B.1)

mf m

and ||xo||2 < R/2 holds with probability at least 1 — §,/2 for arbitrary § € (0, 1), Algorithm 2] generates the same output as
that of the standard SGLD with probability at least 1 — 4.

We first show why this is sufficiently to prove the upper bound on the total variation distance between £8P and uiéoj"SGLD.

In particular, we have

||M§(GLD _ /J'l;?j_SGLDHTV = sup ‘:U/%}LD(VLU _ ,U/E;OJ_SGLD (A)|
AeR4

Let x i and X be the outputs of SGLD and projected SGLD, we can rewritten X as
Xg =Xk - 1(xp = XK) + xx - L(xp # XK )-
Then for any set A4, it holds that
Ixg € A) =1(xg € A) - 1(x, =Xg) + L(xgx € A) - 1(x # Xk)
=1(Xg € A) —1(Xg € A) - 1(x) # X)) + L(xg € A) - 1(xp, # Xk).

This further implies that

Ixg € A) —1(Xg € A) < L(xg € A) - L(xx # Xk) < L(x1, # XkK);

Ixg e A)—1(Xgk € A) > —1(Xx € A) - 1(Xg # xK) > — 1(x1 # Xk ).
Taking expectation on both sides, we can get that

1SS (A) — p SO ()| < E[L(xy # %)) < 6,

for any A € R?, and thus

||N§?LD 7 M];;Oj-SGLDHTV < 5.

The next step is to show that Projected-SGLD generates the same outputs as that of the standard SGLD with probability at
least 1 — §, which suffices to show that with probability at least 1 — §, Projected-SGLD will accept all K iterates. In other
words, let {xy }x=0,... ik be the iterates generated by the standard SGLD (without accept/reject step), our goal is to prove
that with probability at least 1 — ¢, all x;’s stay inside the region B(0, R), and ||x; — x;_1]2 < r for all ¥ < K. These
properties are summarized in the following two facts.

Fact 1: With probability at least 1 — §/2, all iterates stay inside the region B(0, R)

Fact2: Given Fact 1, with probability at least 1 — §/2,

X, — Xg—1lle <rforalk < K.
The following lemma will be useful to the proof.

Lemma B.1 (Lemma 3.1 in[Raginsky et al.|[2017]]). Under Assumption there exists a constant G = max;e,] ||V f:(0)||2
such that for any x € R? and i € [n], it holds that

IVfix)ll2 < L2+ G.



Now we will proceed to proving these two facts.

Proof of Lemmal6.1] Regarding Fact 1, we first take a look at ||x||3. By Assumption we have

Ellxns1[131xk] = E[||x% — ng(xi, T) + v/20/Ber || %]

2d
= |Ixkll3 — 2nE[(xk, g(xk, T))|xk] + n°E[|lg(xk, T)|131xx] + 777
2 2 9 | 2dn
< (1 —=2mn)||xkllz + 200 + n*(L]|xk|l2 + G)" + B
2.2 262 4 2d77
< (1 = 2mm + 2L*n?)||xx ||% + 20b + 20°G 5

where the first inequality follows from Assumption[#.3]and Lemma[B-1] and the last inequality is due to Young’s inequality.
If we choose 7 < 1 A m/(4L?), the above inequality implies that

2dn

5
Then it is clear that if ||xx||3 > (4b + 4G? + 4dB~"')/m, the above inequality implies that E[||xj41(|3]xx] < (1 —
mn)||xx||3. Note that in order to prove ||xx|l2 < R for all k < K, we only need to consider x;, satisfying ||xx||3 >
(4b + 4G? + 4dB~1)/m since our choice of R satisfies R > 2+/(4b + 4G? + 4dB~1) /m (see (B.1)), otherwise || x> <

V/(4b + 4G? + 4dB~1)/m < R naturally holds. Then by the concavity of the function log(-), for any ||xx||2 > R/2, we
have

Efl|xp+1ll3xk] < (1 = 3mn/2)|xkll3 + 2nb + 2nG* +

Eflog([[xx+1113)xx] < log (E[llxk+1]13)[xk]) < log(1 —mn) +log(|[xx3) < log(l|x[3) —mn.  (B.2)
Besides, by triangle inequality it holds that
[%krallz = [1xkll2 < nllgGer, )iz + v/ Bllex]l2-
Note that ||€;||2 is the square root of a x(d) random variable, which is subgaussian and satisfies P(||ex||2 > Vd +

V2t) < e forall z > 0. Besides, if ||xx|l2 < R, by Lemmawe have ||g(xx,Z)|l2 < LR + G, then assume
n < d(LR + G)~1/j, this further implies that

P(|xkt1ll2 = [xkll2 = 2¢/nd/B + /2n/Bt) < e
for all z > 0. Further note that we assumed ||xx||2 > R/2, it follows that

2/xk+1ll2 = 2[[%l2

log(|[xk+1/13) — log(lxkll3) = 2log(l|x+1ll2/lIxkl2) < lIxks1ll2/Ixkll2 =1 <

R
Therefore we have log(||xx11/|3) — log(||x%||3) is also a subgaussian random variable and satisfies
P (log([[xx+1/13) — log(l|xkll3) > 4v/nd/BR™" +2t/2n/BR™") < exp(—t). (B.3)

We will consider any subsequence among {xk}k:L“_, K, with all iterates, except the first one, staying outside the region
B(0, R/2). Denote such subsequence by {yx }r=o,... k', where y satisfies ||yo|| < R/2 and K’ < K. Then it can be
seen that yg,yr+1 satisfy (B:2) and (B:3) for all £ > 1. Further note that by our assumption on the initialization g,
with probability at least 1 — §/4 we have the initial point x¢ satisfies ||xo||2 < R/2. Then it suffices to prove that with
probability at least 1 — 6/4 all points in {y }r=1,... x’ Will stay inside the region 5(0, R). Then let & be the event that
Iy ]2 < Rforall ¥ <k, and Fr, = {yo,...,yx} be the filtration, it is easy to see that & C &£;_1 and thus the sequence
{1(Ek=1) - Qog(|lyxl3) + kmn)|Fx—1}r=1,.. K is a super-martingale. Besides, we can show that the martingale difference
has a subgaussian tail, i.e., for any ¢ > 0,

P(|lyr+1ll3 + (k + 1)ymn — log(|lyx||3) — kmn > 5y/nd/BR™" + 2t\/2nd/BR™") < exp(—t?),



where we use the fact that n < d3~'m~2 and d > 1. Let 2 = 5+/nd/BR™! + 2t\/2nd/BR~*, we have t = \/j3/(8nd) -
(Rz — 5/nd/B). Then note that (a — b)? > % —b?/3 forall a,b € R, we have

2 > pR?Z: 25
= 32pd 24

Therefore, for any z > 0 we have

9 5 BR?*2? 25 BR?2?
(el + G+ D toe(lye ) b > ) < exp (= G2 4 31) < s (= G550,

which implies that the martingale difference is subgaussian. Then by Theorem 2 in|Shamir| [2011]] (one-side), we have for a
given k, conditioned on the event £ _1, with probability at least 1 — §”,

log(llyxl[3) + kmn < log(llyol|3) + 52v/kndlog(1/8") / (BR?)

for some absolute positive constant R. Taking union bound over all k = 1,..., K’ (K’ < K) and defining § = 40'K’, we
have with probability at least 1 — 6/4, forall k = 1,..., K’ it holds that

log([ly13) < 2log(R/2) + 52\/kndlog(2K/5)/(BR?) — mkn
700d log(2K/0)
< —_—.
< 2log(R/2) + mOR?
Applying our choice of R in (B.I) gives

700d log(2K/9)
—= < .
mBR? < 2log(2)

Therefore, for all k = 1, ..., K, we have with probability at least 1 — §/4 that
log([[yx[3) < 2log(R/2) + 2log(2) = log(R?),
which is equivalent to ||y%||2 < R. Combining with the fact that with probability at least 1 — §/4 the initial point X stays

inside B(0, R/2), we can conclude that with probability at least 1 — §/2, all iterates stay inside the region 5(0, R), which
completes the proof of Fact 1.

Now we proceed to prove Fact 2, of which the key is to prove ||x; — xx—1]|2 < r for all £ > K. Note that in each iteration,
the proposal distribution of x4 is an expected Gaussian distribution. Besides, note that for all possible mini-batch, the
drift term satisfies

ngxk )2 < n(LR + G).
This implies that the probability that x4, ¢ B(xx, r) can be upper bounded by
P[Xk?+1 ¢ B(le T)] < ]P)zmaxi [QUﬂ_lz < (7" - 77(LR + G))Q] = Pz~x3 IZ\/E < [T - n(LR + G)]/(?r]ﬂ_l)l/ﬂ .

Note that ) < (LR + G)~237'd, we have n(LR + G)/(2n3~1)'/2 < d'/2. Then by standard tail bound of Chi-square
distribution and our choice of r in (BI)),

Plxi1 & B(xk, )] <Py [Vz < dY? +/210g(2K/6)] <1—6/(2K).

Taking union bound over all iterates, we are able to complete the proof of Fact 2.

Combining Fact 1 and Fact 2 and set § = ¢/4 complete the proof of Lemmal6.1] O



B.2 PROOF OF LEMMA

Before providing the detailed proof of Lemma[6.2] we first present the following useful lemma.

Lemma B.2. Let g(x,Z) be the stochastic gradient with mini-batch size |Z| = B < n, then for any vector a and ||x||2 < R,
there exists a constant A/ = LR + G such that

Ez[exp ((a, g(x,Z) = Vf(x)))] < exp(M?|[al|3/B).

Moreover, we have Ez[exp ((a, g(x,Z) — Vf(x)))] = 1if B =n.

Proof of Lemmal6.2] Note that the Markov processes defined by 7. (-) and 7y (-) are 1/2-lazy according to (6.5]). We prove
the lemma by considering two cases: u ¢ A and u € 4. We first prove the lemma in the first case. Note that when u ¢ A,
we have

7:1*(./4)Z/Aﬁ(w)dw:/Aau(w)Tu(w)dw. (B.4)

By (6.4), we know that w is restricted in w € B(u,r) N B(0, R)\{u}. For sufficiently small step size 1, we can ensure
0 < 1/2.In the rest of this proof we will show that (W) > 1 — 6/2 for all w € B(u,r) N B(0, R)\{u}, which together

with (B-4) implies
(1=0/2)Tu(A) < T3 (A) < Tu(A),

and thus (6.6) also holds since cy (W) > 1 — 6/2. Then, it suffices to prove that

-exp(—B(f(w) — f(w)) 21-4/2. (B.5)

By the definition of 7,,(w), it is equivalent to proving

—w w 2

Ez, {exp < — Bf(w) - Wg/(ﬁf)l) M
w—u u,Z,)l||2

Ez, [exp ( — Bf(u) - W) u}

where 7, Z, C [n] are two independent mini-batches of data. Let I; and I denote the numerator and denominator of the
L.H.S. of the above inequality respectively. Then regarding I, by Jensen’s inequality and convexity of the function exp(-),
we have

>1-6/2,

2 o - ) - EllU g I

4n/p
2 2 2
= oxp (- o) - L 2atnwe V) o s D ] )
— w2 —w W 2 W2 4 n2 /2
> exp (_ﬁf(w) _lw—wlE +2n(u ,vf(4n)/>5+n IV f(w)|[3 + 7> M d/B>7 ®6)

where the last inequality is by Lemma[B.2] Then we move on to upper bounding I5,

w3 + 2np(w —u,g(w, Tp)) + nzlg(u»Iz)IE> H
4n/ B

Iy = exp (— ff(u)) - Eg, {GXP <

— oxp ( — Bf(u) - [w —ull5 + in(/vg —u, Vf(U)>>
‘Ez, {exp ( _2B(w - u,g(u?Iz) - V4f(U)> + Bng(u,fz)||%> H '

I3



Note that

lg(w, Zo) I3 = IV f()ll3 + 2(Vf(u),g(w,Z2) — Vf(w) + [[g(u, Z2) — Vf(u)ll3
> V()3 +2(V f(u),g(w, ) — Vf(u)).

Then we have the following regarding I3,

< exp <52M2||w f:; an(u)ll%) e ( - 517||Vi"(u)||§>’

where the last inequality holds due to Lemma[B.2] Then by Young’s inequality, I3 can be further upper bounded by

Iy < exp (/BQMQ(“W ~ul - PIVIIE) ﬁnnvif(u)n%)
< exp (/BQM?(IIW - uH2%B+ (LR+G)*p%) ﬁnHVi(u)H%)’

where the second inequality is by Lemma [B.T} Combining the previous results for I; and I», we have

1z e (= A(7w) - fa) - A= T 2T
u 2 _ W 2 2012 W —u 2 2,2 2
p (PAITHIBZ ISR Nl (LRGP £ )

It is well known that the smoothness condition in Assumption #.4] [Nesterov} 2018] is equivalent to the following inequalities,

Fw) < £+ w0, 9 () + A0
) > Fw) + (- w, V) — A0
which immediately implies
[F(w) = () — {w —w, V. (w) + f(wp/2| < ¥ 1l B8
In addition, by Lemma|[B.T]and Assumption[.4] it holds that
IV ) E — VA w) 3] < [ £(w) = V£l - [V50) + V5 w)]
< 2L(LR+ G)|w — ul. (B.9)

Now, substituting (B.8) and into (B27) and using the fact that [|w — ul|s < r = /10nd/B8(1 + \/log(8K /€)/d), we

have

s e < _LB|w—ul}  BL(LR+G)|lw —ul,

2 2 2
- BPMP(|w —ull3 + (LR + G)*n + ndB~"/2)
2B
2 2 27712
Zexp{(1+ log(gf/e)) ~(5Ldn+5L(LR+G)d1/261/2773/2+GBJ\Z‘; dy M LR+G ﬂ

>1— [5Ldny —5L(LR + G)d'/*p~'/*y?/* — 68M?dn/B — B*M*(LR + G)*n*/B] - (1 log(ZK/6)>

=1-6/2,



where we plug in the fact that K = LR + G in the last equality. This completes the proof for the case u ¢ A.

In the second case that u € A, we can split A into {u} and A\{u}. Note that by our result in the first case, we have
(1=0)Tr(A\{u}) < Tu(A\{u}) < (1 + )T} (A\{u}). Therefore, it remains to prove that (1 — §)7.5 (u) < Ty(u) <
(14 6)TJ (u). Note that starting from u, the probability of the Markov chain generated by 7* stays at u is

Ta () = Tu(u) + (1 = Ta(w) - (1 = Ewar, (wiwsu) [0 (W) u)).
By our previous results, we know that a, (W) > 1 — /2 for all w € B(u,r) N Q\{u}. Therefore, we have
Ta(w) < 77 (0) < To(u)(1+6/2),
where the inequality on the right hand side of 7,f(u) is due to the fact that 7,,(u) > 1/2 and thus T, (u) > (1 — Ty (u)).

Then it is evident that we have (1 — )7} (u) < Ta(u) < (14 9)7,;(u), which completes the proof for the second case. [

B.3 PROOF OF LEMMA

Now we characterize the convergence of the projected SGLD to the truncated target distribution 7*. Note that Markov
chains defined by 7y () and T} (-) are restricted in the set @ = B(0, R). Here we slightly abuse the notation by denoting p,
be the distribution of the iterate x;, of Project SGLD (Algorithm 2). Then define the following function

hi(p) = sup pi(A) — 7 (A), Vpe[0,1].
A:ACQ,n* (A)=p

Based on definition of the total variation distance between py and 7, we have
e —7*[rv = sup |pk(A) — 77 (A)]
A:ACQ

= sup max {p(A) — 7 (A), 7 (A) — e (A) }

A:ACQ

= sup max {(A) = 7 (A), s (NA) — 7 (2\A) }
A:ACQ

= sup puip(A) —7*(A).
A:ACQ

Then in order to prove the result in Lemmal[6.4] it suffices to show that

hi(p) < A(1 - 62/8)" + 1%‘5,
forallp € (0,1).

Lemma B.3. Let 7.7(-) be a time-reversible Markov chain with unique stationary distribution 77*(-). Then for any approxi-
mate Markov chain Ty, (+) satisfying (1 — 8)7.(-) < Ta(-) < (1 +0)T5(-) with 6 < min{1 — v/2/2, ¢/16}, there exist
three parameters ¢y, ¢y and ¢y, depending on py(+) that satisfy ¢ > @,

21— 0)é < i < d < 21+ e and \/1 - G+ /14 B <201 63/9),
such that the following inequality holds for all p € (0, 1),
1 ~ 1 ~
hi(p) < 5’%—1 (p—oulp) + §hk—1 (p+ éxlp) + 200%/T),

where I', = min{p, 1 — p}.

Proof of Lemmal6.4] By Lemma we know that if § < min{1 — v/2/2, ¢/16}, there exist three parameters ¢y, ¢, and
¢r, depending on p(+) such that when p € (0,1/2],

[hi—1(p — Oxp) + hie—1 (0 + )] + 2061\/D, (B.10)

N | =

hi(p) <



and when p € (1/2,1),

(hi—1(p — k(1 = D)) + hi—1 (p + G(1 — p))] + 2604+/T — p.

l\.’)\»—~

hi(p) <

Then, we will prove the desired result via mathematical induction. Instead of directly proving the inequality in this lemma,
we aim to prove a stronger version,

169

p) <min{/p,/T—p}- |A(1—¢%/8)" + 5 (B.11)

We first verify the hypothesis (BIT) for the case k = 0, based on the definition of ho(p) we have that there exists a set
Ao C Q satisfying 7*(.Ag) = p such that

ho(p) = po(Ao) — 7 (Ao).

When p < 1/2, by the definition of A-warm initialization in (@) , it holds that

ho(p) < max{po(Ao) = 7 (Ao), 7" (Ao) = ol Ao)} < Wp < V/p- (A + ff)

When p > 1/2, similarly we have

ho(p)

(1- MO(Q\AO)) — (1 =7 (Q2\Ao))
AL -

164
F (x + ¢)

which verifies the hypothesis for the case £ = 0. Now we assume the hypothesis holds for 0, ...,k — 1. According
to Lemma [B.3] the following holds when p € (0,1/2],

IN

IN

A

hi(p) < % [hie—1(p — oxp) + hi—1(p + gkp)] + 20¢1+/p

< Vo~ W; Vo dur (A(l — /R 1?) +2061/p

(\/1—¢k+\/1+¢k)<

164
%

— ¢%/8)F 1 + ) +209x/D,

where the second inequality is based on the hypothesis for £ — 1. Again from Lemma we know that /1 — 5;6 +
\/1+ ¢ < 2(1 — ¢2/8), which further implies
2 2 /Q)k—1 4 169
hi(p) < VP (1= 65/8) (M1 - ¢°/8) 5 ) T 20vp
9 169
<V (A1 - ¢%/8)F + ry — 2607 /¢ + 206y,

< vp- (M- g+ 1),

where the last inequality is due to ¢ < ¢. Similar result can be proved when p € (1/2,1) and thus we omit it here. Thus
we are able to verify the hypothesis for k. L



B4 PROOF OF LEMMA

In order to prove a lower bound of the conductance of 7,S(+), we follow the same idea used in|Lee and Vempala [2018],
Mangoubi and Vishnoi| [2019]], which is basically built upon the following lemma.

Lemma B.4 (Lemma 13 inLee and Vempalal [2018])). Let 7.} (-) be a time-reversible Markov chain on 2 with stationary
distribution 7*. Fix any A > 0, suppose for any u, v € Q with |ju — v||2 < A we have |75 (") — T ()||lrv < 0.99, then
the conductance of 7} (-) satisfies ¢ > CpA for some absolute constant C, where p is the Cheeger constant of 7*.

Similar results have been shown in Dwivedi et al.| [2018]], Ma et al.|[2018]] for bounding the s-conductance of Markov chains.
In order to apply Lemma we need to verify the corresponding conditions, i.e., proving that as long as ||[u — v|2 < A
we have || T5(-) — 7o ()]lrv < 0.99 for some A. Before moving on to the detailed proof, we first recall some definitions.
Recalling (6.3), we define

P(s]u) = Ez[P(au, 7)] = E[ Iz “*”g“"m) M

ot <_
(4mn/B)a2 P 4n/B

as the distribution after one-step standard SGLD step (i.e., without the accept/reject step). Note that Algorithm [2] only
accepts the candidate iterate in the region 2 N B(u, ), we can compute the acceptance probability as follows,

p(u) = PZNP(-|U) [Z cQn B(u, 7")]
Therefore, for any z € Q N B(u, r), the transition probability 7.} (z) takes form

T () = 222 “’(;)(1 — (@) 5 )+ O‘“Q(Z)P(zm) Az € QN Blu,r)].

Then the rest proof will be proving the upper bound of || 7;(-) — 7 ()||rv, and we state another two useful lemmas as
follows.

Lemma B.5. If the step size satisfies n < [40d~*(LR + G)?B]~L, for any u € , the acceptance probability p(u) satisfies
p(u) > 0.4.

Lemma B.6. Under Assumption for any two points u, v € R?, it holds that
1+ Ln)|lu— vl

V2n/8

Lemma gives a lower bound of the probability p(u) and Lemma provides an upper bound of the total variation
distance between the distributions P(-|u) and P(:|v). Then we are ready to complete the proof of Lemma [6.5]as follows.

1P(fw) = PO v < &

Proof of Lemmal6.3] LetS, = QNB(u,r)and Sy = QN B(v,r), by triangle inequality and the definition of total variation
distance, we have there exists a set A € Q such that

174 () = Ty Ollzv = [T (A) = T (A)]

< e [2 20 + 20 - )
2

I

3 ‘ /zeA () P(zlu) 1(z € Sy) — o (2)Pl2]v) 1(2 € S,)dz .

I3
Then we aim to upper bound the quantities /; and I, separately. In terms of 11, Lemma[6.2] combined with implies that

max ay(z) > 1—194/2, (B.12)

u,z



where ¢ is the approximation factor between 7y(-) and 7 (-) defined in Lemma By Lemma we know that
p(u) > 0.4 for any Z and u € K. Then combining with (B-12)), I; can be upper bounded by

I; <0.8+0.16.

Regarding I5, by triangle inequality we have
I, < / (1 — au(z))P(z|u)1(z € Sy)dz +/ (1—ay(z))P(z|v)1(z € Sy)dz
zCA z€ A
+| [ otPa) - o) Plalv)iz

<6+‘/ P(zlu)1(z € Sy) — P(z|v) 1(z € Sy)dz

I3

where the last inequality is by (B.12). Regarding I3, we further have,

I3 < ‘/EA]I(Z € SV)(P(z|u) |v dz ’/ (ze€Sy)—1(z e Sv)]P(Z|u)dz

< |IP(-lu) = P(:|v)|lTv + max { / P(Z\u)dz,/ P(z|u)dz}
z€S8y \Su z€S,u\Sy

< |IP(-lu) — P(-|v)|lTv + max {/ P(z|u)dz,/ P(z|u)dz}.
zERIN\S, z€RI\S,,

For any Z, note that P(z|u,Z) is a Gaussian distribution with mean u — ng(u,Z) and covariance matrix 2nI/3, thus we
have

/R o, Pl D0 < B (=2 0530 — gl D))/ )

/Rd\s P(z|u,I)dz < P,z (2 2 0.58(r — nllg(u, Z)|l2 — [[u — v]|2)*/n).

Note that the above inequalities hold for any choice of Z. Thus, if |[u — v|| < 0.1r and n < 0.1d3~/(LR + G)?, by
Lemma L we have r — 7)||g(u, Z)||2 — |ju — V|2 > /6.4nd/B since r > 1/10nd/ (3, and then

max { / P(z|u)dz,/ P(z|u)dz} <P, 2 (z < 3.2d) < 0.1.
ZERI\ Sy ZERI\ S, d

Then combining the above results and apply Lemma assume 1) < 1/L, we have

Iy <01+ ||P(Ju) = P(v)[lzv < 0.1+ v/28][u = vll2/ /7.
This immediately implies that I < 6 + /28|[u — v||2/,/17 4 0.1 and finally

VB|[u— vl
NOENME <ILL+1,/2<0. 16 _
1Ta () = Ty llrv <1+ 1/2 < 0.85 + 0.16 + ~————— oo
By Lemmal6.2] we know that if < [253(LR + G)?]~%, we have
§ = 10Ldn + 10L(LR + G)d"/*p"/2p3/% + 12B(LR + G)?dn/B + 28*(LR + G)'n*/B

< 14Ldn + 14(LR + G)*Bdn/B.

Thus if
1 V2n
< d — < —<0.1
" S5k G Bidtr Rt asap ¢ luovilesqioE =01

we have || 75 (-) — 75 () |rv < 0.99. Then by Lemma[B.4] we have the following lower bound on the conductance of 7.} (+)

¢ 2 COPW?

where ¢ is an absolute constant. This completes the proof. O



B.5 PROOF OF LEMMA

We present the following useful lemma that characterizes the probability measure of the region 5(0, R) under the target
distribution 7.

Lemma B.7. Under Assumptions[4.3|and[4.4] let Q = B(0, R(¢)) for some ¢ € (0, 1), it holds that

m(Q)>1-¢.

Proof of Lemmal6.6] According to the definition of total variation distance, we know that there exists a set A € R? such
that

% = wllry = [7*(A) = m(A)] < |7 (AN Q) — 7(AN Q)|+ 7(A\Q)
< (ANQ) — 1(AN Q)| + 7 (RN\Q),

where the first inequality is by triangle inequality. By Lemma we have 7(R%\Q) < (. For the first term on the R.H.S.
of the above inequality, we have

[T (ANQ) —7(ANQ)| = ‘ / 7 (du) — / m(du)|. (B.13)
ANQ ANQ
Recall the definition of the truncated distribution 7*, for any u € §2, we have
e AIWdu e AW du 7(du)
du) = —————— d7*(du) = =
m(dw) f]Rd e~ BIxdx’ and *(du) fQ e—Bfx)dx ()’
which immediately implies
*(du) (du) L 1)m(du) < < (du)
™ -7 =|—= -1« 7r .
() —1-¢
Plugging this into (B.13) yields
« ¢ ¢
[T (ANQ) —7(ANQ)| < —— m(u)du < ——.
1-CJana 1-¢
Combining the above results, we have for any ¢ < 1/2 that
I — ey < ¢+ —— < 3¢,
< 1—¢=
Set ¢ = €/12 we are able to complete the proof. O

C PROOF OF LEMMAS IN APPENDICES [A|AND
C.1 PROOF OF LEMMA

Proof of LemmalA.I} We will prove this for two cases: 1) ||x[|2 < y/2b/m and 2) ||x||2 > /2b/m. For the first case, it is
evident that

1) 2 70) 2 fx) + el o

where the last inequality is due to the fact that ||x||2 < 1/2b/m. For the second case, based on Assumption , define
g(x) = f(x) —m||x||3/4, itis clear that

(Vg(x),x) = (V(x),%) = 2 Il = I3 — .



Therefore, if ||x||2 > 1/2b/m, we have (Vg(x),x) > 0 and thus we have (Vg(x), ax) > 0 for any o > 0. Then, for any x
with [|x||2 > /2b/m, lety = /2b/mx/||x||2, we have

1
g(x) =g(y) + /O (Vg(y +t(x —y)),x —y)dt > g(y), (C.1)

where the inequality is due to the facts that ||y + t(x — y)[2 > /2b/m and y + t(x —y) = a(x — y) with o =
t+ /2b/m/(||x||2 — \/2b/m). By the definition of function g(-), we have that for any y with ||y||> < \/2b/m,
9(y) = f(y) = mllyll3/4 > f(x*) = b/2. (C2)
Plugging (C.2) into (C.I)) gives
9(x) = g(y) = f(x") — b/2.

thus it follows that

N o

F60) = Tl + £ - 3, (€3)

which completes the proof. O

C.2 PROOF OF LEMMA

Proof of Lemma[A2] Similar to the proof of Lemma the essential part is to prove that a,(w) > 1 — §/2 for all
w € B(u,r) N Q\{u}. We will prove that under Assumption[5.1} the first term on the R.H.S. of (BZ7) can be improved. By
Assumption [5.1|and [Nesterov] [2018]], we know

Fw) = Flw) < (w =, V() + g (w = w) V2 () (w — w) + o fw — wl,

Flw) = Fw) 2 o=, VF(w) + 3 (= w) 9 Fw) (= w) — o fju— wilE
Thus it follows that
[2(w) — 2f() ~ (w ~ w, V() + f(w)]
o )T (V) - 92 () (w )]

IN

< ?HW — ulf3,

where the second inequality is by Assumption[5.1]as well. Then combining with (B:9), let I; and I be the same as those in
the proof of Lemmaand note that |w — ulls < r = 1/10nd/B(1 + \/log(8K/e)/d), we can derive the following by

)

s g - S0 ul§ LR +G)|w —uls
2

12 2
_ BMA(|w — |3 + (LR + G)*n* + B~ 'nd/2)
2B
68M?2d 2M2(LR + G)2n?
> exp ( CAHEPPE V2 SL(LR + G)d 22— P ! n_ M 2B+ )1 )
>1—14Hd*?3~ Y232 —5L(LR + G)d*/?B'/?13/? — 68(LR + G)%dn/B — B*(LR + G)*n*/B
=1- 5/2,

where we use the fact that M/ = LR + G in the last inequality. Then following the same procedure as in the proof of Lemma
[6:2] we are able to complete the proof. O



C.3 PROOF OF LEMMA [B.2]
Proof of Lemma[B.2] Note that we have ||x|| < R, then by Lemma [B.1] we know that
I8(x,Z1) = VI()ll2 — ll8(x,Z2) = V(X2 < llg(x,T1) — g(x, T2)[l2 < 2LR + 2G,
for all x. Then by Hoeffding’s lemma, we have that there exists a constant M/ = LR + G such that
Ez[exp ((a,8(x,T) — Vf(x)))] < exp(M?|alf3)

for any a € RY. Moreover, note that Z is uniformly sampled from [n] without replacement. Let Z’ be the stochastic
mini-batch sampled from [n] with replacement, by Lemma 1.1 inBardenet et al.|[2015]] and the convexity of function exp(-),
we have

Ez[exp ((a,g(x,I) — Vf(x)))] < Egq [exp ((a,g(x,I’) — Vf(x)))]
Then based on the fact that each element in Z’ is independently drawn from [n], we have
o [oxp (2.0, 7) = ¥£60)] = 52| [] e (g tante 1) - 910 )|
i€Z’

- [T (G stx ) - 916 |

i€l

< 1 exp (02%]all5/B?)
i€l
= exp (M?[al3/B).

Furthermore, note that if B = n, we have Ez[exp ((a, g(x,Z) — V f(x)))] = 1. This completes the proof. O

C.4 PROOF OF LEMMA

Lemma C.1 (Lemma 1.2 in|Lovasz and Simonovits| [1993]]). For any atom-free distributions x and v on 2, define function

)= sw [ geoul@n) s [ guiex) =

g:Q—10,1]

Then there exists a set A € Q with v(A) = p such that ¢(p) = u(A).

Proof of Lemma|[B.3} Similar to the proof of Lemma 1.3 in[Lovész and Simonovits|[1993]], we first define the following
functions for all u, A4 € €,

gl(u,A)Z{ (Q)’T“(A)*l’ E;j gz(u,A)Z{ ;’TU(A), Ezj

It is easy to see that g; (u, A
as in (6.3)), we have g1 (-, -),

)+ g2(u, A) = 274 (A) for all u € 2. In addition, for a 1/2-lazy Markov process 7y (-) defined
92(-,+) € [0, 1]. Based on the above definitions, we can further derive that

/ g1, A)r (du) = / 274(A) — 1]7* (du)
Q A
_ /A [ — 270 (Q\A)] 7 (du)

T (A) - 2 /A TH(Q\A)m* (du) — 2 /A [Tal@\A) — T2 (N A)] 7 (du), C.4)

T1



and
/ g2(u, A)*(du) = 7*(A) +/ 2Tu(A)7* (du)
Q O\A

=m"(A) +2 Ta (A)m*(du) 42 / [Ta(A) = T3 (A)]7* (du)
QA O\A

= 7t (A) +2 / T (@\A)r* (du) + 2 / [TalA) — T2 (A)]7* (du),
A O\ A

T2

(C.5)

where the last equality is by the fact that 7 (-) is a time-reversible Markov chain with stationary distribution 77*(-). Note
that we have (1 — 0)7;(A) < Tu(A) < (14 0)TS(A), the approximation error terms r1 and ro can be upper bounded as

follows,

] <6 /A T\ A)r* (du)

ol <6 [ TH(A)(du) = / TH(O\A)r* (du).
o\A A

Then, combining (C.4) and (C.3)) gives
[ lanua, )+ galun A (@) =20 () = 211 + 202
Q

Based on the definition of hy(p), we know that there exists a set .4y, satisfying 7* (A ) = p such that

hi(p) = pun(Ar) — 7 (Ag).

(C.6)

C7

Moreover, note that the distribution i (+) is generated by conducting one-step transition (based on transition distribution

Tu(+)) from distribution py,_1(-), we have

i Ar) = /A ik (du) = / Ta(Ai )1 (du).

Based on the definitions of functions g; and g», the above equation can be reformulated as

1

) = 5 [ [on (0. 40) + a0, A s )

By (C.6), we know that
[ o100, 40) + g2, Al () = 257 (Ay) = 214 + 21,
Q
where r1 and r, are two approximation error terms satisfying
rillrel <8 [ TH@\A0 7 ().
Ap
Then based on Lemma we know that there exist two sets A,lg_l, Ai_l C Q) satisfying
pri= (AL ) = / 1 (u, A (du) and  py = (A2 ) = / g (1, Ag) 7 (du),
Q Q
such that

/gl(u»Ak)Nkfl(du) < pr—1(AL_,) and /gz(u»Ak)Nkfl(du) < -1 (AZ_y).
Q Q

(C.8)

(C.9)

(C.10)

(C.11)



Therefore, based on (C.8) and (C.9), we have

hi(p) = pr(Ax) — 7 (A)

— %/Q (91 (u, Ar) + g2(u, Ap)] pre—1(du) — %/Q 91 (0, Ag) + ga(u, Ap)] 7 (du)
— 71472

= %[uk_l(A’i—l) + “k—l(Ai—l) - W*(Allc—l) - W*(Ai—l)] +|r1 =12

< %[hk—l(]?l) + hk—l(pQ)} + |r1 —ral,

where the first inequality is by (C.9) and (C.I1)) and triangle inequality, and the last equality is by the definition of function
hi—1(-). Recalling (C4), (C.3), and (C.I1)) the probabilities p; and po can be reformulate as

p1=p—dpmin{p,1 —p} and p» =p+ ¢ min{p,1—p},

where
~ 2 [y, T (Q\Ag)m* (du) — 2 4 o 2 [, Ta(Q\Ag)7*(du) + 2r;
= min{p, 1 — p} ne o= min{p, 1 — p} '
We further define
Ja, T (Q\Ag)7*(du)
or = :
min{p, 1 — p}

Apparently, according to Deﬁnition it holds that ¢y, > ¢;. In addition, by (C.10) and our definitions of 5;6 and $k it can
be also derived that

o~

2(1 - 8)d1, < ¢k < o1 < 2(1 + 8) ¢y

Since the transition kernel 7y, (-) is 1/2-lazy, we have ¢, < 1. Then, if § < min{1 — v/2/2, ¢/16}, we have br > V20
and ¢y, — ¢y, < 466y, < ¢2 /4. Moreover, note that /1 — 2z <1 —z/2 — 2?2 /8 forall z € (0, 1), we have

\/1—$k+\/1+$k=\/1—<Z§k+\/l+</§k+$k—$k

ok b7 Ok
<1 Py Ok
< 5 8+ +2
o7
<2-—- £,
- 4

Moreover, (C.10) also implies that

|r1 — o] <20 Ta (N\Ag)7* (du) = 20¢, min{p, 1 — p} < 24¢);, min {\/ﬁ, V1 —p},
Ag

Therefore, we can finally upper bound Ay (p) as follows,

hi(p) < % [he—1(p — $r min{p, 1 — p}) + hi—1(p+ ¢, min{p, 1 — p})]
+ 20 ¢ min {\/;5, v/ 1— p},

which completes the proof. O



C.5 PROOF OF LEMMA

Proof of Lemma|[B.5] For any Z, we have

/ (z|u,7)d / (z|u,7)dz —/ P(z|u,7)dz
QﬁB(u,r) B(u,r) B(u,r)\Q

/ (z|u,Z dz—/ P(z|u,7)dz. (C.12)
B(u,r) RI\Q

I

Y

Thus the remaining part is to prove that the R.H.S. of the above inequality is greater than 0.4. Regarding I, note that
P(z|u,Z) is a Gaussian distribution with mean u — ng(u, Z) and covariance matrix 2nI/j, thus we have

/B Pl T2 B (- <0530 — nli(e. D).

By Lemma we know that ||g(u,Z)||2 < LR + G. Therefore, based on our choice r = /10nd//, it is clear that if

__ 01d
"= BIRY G

we have r — 7||g(u,Z)||2 > +/8nd/S and thus

/ P(z]u,T)dz > P, 2 (2 < 4d) > 0.95. (C.13)
B(u,r)

Then we will prove the upper bound of 5. Note that the set €2 is a ball centered at the origin and u € €2, we can construct a
point w as follows,

(R — VR — r2)u

[[ull2

It is easy to see that a half space of B(w, ) is contained by the set Q. Let Q(z|w) = N(w, 2nI/j), it follows that

1
[Quwiaaz [ Quwizzg [ Qwi
Q QNB(w,r) 2 B(w,r)
Note that )(z|w) is a Gaussian distribution with mean w and covariance matrix 2n1/4, thus we have
1
/QQ(z|w)dz > §Pze><§(2 < 5d) > 0.475.

Moreover, by Pinsker’s inequality [Cover and Thomas| [2012]], we have

’/QP(z|u,I)dz—/QQ(z|w)dz

Note that P(-|u,Z) and Q(:|w) are Gaussian distributions with the same covariance matrices, we have
Dir(P(-|w,Z),Q(:|w)) = B|lu — v||3/(4n). Therefore, it follows that

’ /Q P(z|u, T)dz — /Q Q(z|w)dz

By our construction of w, we have

|w—uls = R—VR>—r2=R(1-\/1-r2/R?) <r?/R = 1;);7%(1

< [PCu,Z) ~ QCIw)llrv < /2Dxr(P(u.2).Q(|w)).

< = (UJ_%H’I))”Q < V720 (Ilw = ullz + 1llg(w, D)ll2).




By Lemma|[B.1] we know that ||g(u,Z)||> < LR + G. Therefore, if the step size satisfies

n< —(dB 'R+ (LR+G)BY*) 7",

L
— 40
we have ||P(:|u,Z) — Q(:|w)|lrv < 0.025, and thus
/ P(zlu,Z)dz=1— / P(z|u,Z7)dz <1 - / Q(z|w)dz + 0.025 = 0.55.
RA\Q Q Q
Combining with (C:13), we have the following by (C-12),

/ P(z|u,Z)dz > / P(z|u,7)dz — / P(z|u,Z)dz > 0.95 — 0.55 = 0.4.
QNB(u,r) B(u,r) RI\Q

This completes the proof.

C.6 PROOF OF LEMMA

Proof of Lemma[B.6] By the definition of total variation distance, we know there exists a set A € R? such that

[P(-[u) = P(-|v)[rv = [P(AJu) — P(Alv)]

Ez[ [ Plou.7) - P(z|V,I)dz}

< EI[HP(Zlu,I) - P(Z‘V,I)HTVL

where the last inequality is by triangle inequality and the definition of total variation distance. By Pinsker’s inequality, we
have

_ Ju=ngu,7) - (v —ng(v,7))lls

V2n/B ’

where the last equality follows from the fact that P(-|u,Z) and P(:|v,Z) are two Gaussian distributions with different
means and same covariance matrices. By triangle inequality, we have

|P(zlu,Z) — P(z|v,T)|rv < \/2DKL (P(~|u,I),P(-|v,I))

lu—ng(u,Z) — (v —ng(w,I))llz < [u—vl2 +nllg(u,Z) —g(v,I)ll2 < (1 + Ln)[lu — vz,
where the second inequality is by Assumption [#.4] Therefore, we have

(1+ In)u—vls.

V2n/8

This completes the proof. O

[1P(:[w) = P(|v)l[lrv < Ez[||[P(z]u,Z) — P(z|v,T)[|7v] <

C.7 PROOF OF LEMMA B.7]
Proof of Lemma[B7} Define a Gaussian distribution ¢(x) = e~™8IxI3/8 /[87/(m3)]%/2. Then by (A.3) and proof of

Corollary[4.8] we have g(x) > 7 (x) if [|x[|3 > 4m~! (3~ 'dlog(4L/m)+b). Thus, for any o > 4m~ (8~ 1dlog(4L/m) +
b), we have

m(dx) < xdx:}P’zNXzzZmaél,
/lxlgza()/ a(x) 2[> > mBa/4



where the last equality is due to the fact that ¢(x) is a Gaussian distribution with mean 0 and covariance matrix 41/(mp3).
By standard tail bound of Chi-Square distribution, for any ¢ € (0, 1) we have

Pz [z > d+24/dlog(1/8) + 21log(1/6)] <.

Therefore, define by Q = B(0, R(¢)) with

_ 4dlog(4L/m) + 48b 4d + 8\/dlog(1/3) + 8log(1/5) 11"/
e e mp i

we have

which completes the proof. O
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