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Abstract

Stochastic gradient Langevin dynamics (SGLD) and stochastic gradient Hamiltonian Monte
Carlo (SGHMC) are two popular Markov Chain Monte Carlo (MCMC) algorithms for
Bayesian inference that can scale to large datasets, allowing to sample from the posterior
distribution of the parameters of a statistical model given the input data and the prior
distribution over the model parameters. However, these algorithms do not apply to the
decentralized learning setting, when a network of agents are working collaboratively to learn
the parameters of a statistical model without sharing their individual data due to privacy
reasons or communication constraints. We study two algorithms: Decentralized SGLD
(DE-SGLD) and Decentralized SGHMC (DE-SGHMC) which are adaptations of SGLD
and SGHMC methods that allow scaleable Bayesian inference in the decentralized setting
for large datasets. We show that when the posterior distribution is strongly log-concave and
smooth, the iterates of these algorithms converge linearly to a neighborhood of the target
distribution in the 2-Wasserstein distance if their parameters are selected appropriately.
We illustrate the efficiency of our algorithms on decentralized Bayesian linear regression
and Bayesian logistic regression problems.
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GURBUZBALABAN, GAao, HU AND ZHU

1. Introduction

Recent decades have witnessed the era of big data, and there has been an exponential
growth in the amount of data collected and stored with ever-increasing rates. Since the
rate at which data is generated is often outpacing our ability to analyze it in terms of
computational resources at hand, there has been a lot of recent interests for developing
scaleable machine learning algorithms which are efficient on large datasets.

In the modern world, digital devices such as smart phones, tablets, wearables, sensors or
video cameras are major sources of data generation. Often these devices are connected over
a communication network (such as a wireless network or a sensor network) that has a high
latency or a limited bandwidth. Because of communication constraints and privacy con-
straints, gathering all these data for centralized processing is often impractical or infeasible.
Decentralized machine learning algorithms have received a lot of attention for such applica-
tions where agents can collaboratively learn a predictive model without sharing their own
data but sharing only their local models with their immediate neighbors at some frequency
to generate a global model; see e.g. Arjevani et al. (2020); He et al. (2018); Hendrikx et al.
(2019); Kungurtsev (2020).

A number of approaches for scaleable decentralized learning have been proposed in the
literature such as decentralized stochastic approximation and optimization algorithms (Gor-
bunov et al., 2019; Nedic, 2020; Scaman et al., 2019; Uribe et al., 2017) or decentralized
maximum-likelihood estimation approaches (Blatt and Hero, 2004; Rabbat and Nowak,
2004). However, these approaches are optimization-based or in the maximum-likelihood
settings, and therefore lead to point estimates for the model parameters to be learned. On
the other hand, Bayesian methods allow a characterization of the full posterior distribution
over the parameters, and therefore can provide a more detailed grasp of uncertainties that
are part of the learning process and offer robustness to overfitting. There are a number of
scaleable Bayesian methods in the literature based on variational inference methods (Sato,
2001; Hoffman et al., 2010; Lin, 2013), Bayesian coreset methods (Huggins et al., 2016;
Campbell and Broderick, 2019) and Markov Chain Monte Carlo (MCMC) based meth-
ods including Stochastic Gradient Langevin Dynamics (SGLD) (Welling and Teh, 2011),
Stochastic Gradient Hamiltonian Monte Carlo (SGHMC) (Chen et al., 2014; Zou et al.,
2018a) and their variants that can handle streaming data (Broderick et al., 2013). There
are also versions of these methods such as consensus Monte Carlo methods which distribute
and parallelize the computations needed for Monte Carlo sampling across many computa-
tional nodes on a cluster (Ahn et al., 2014; Xu et al., 2014; Rabinovich et al., 2015; Broderick
et al., 2013), however none of these methods are applicable to the decentralized setting ei-
ther because they need to move the data to a centralized location or because they require
a global computational unit with which each learning agent is in communication or is the
main thread on a multi-threaded computer which is not applicable to decentralized learn-
ing applications. In this paper, we consider two algorithms DE-SGLD and DE-SGHMC
which are adaptations of the SGLD and SGHMC algorithms to the decentralized setting
and show that they can be both theoretically and practically efficient for sampling from the
posterior distribution when the density of the target distribution m(z) o< e=/(®) is strongly
log-concave (i.e. f is strongly convex) and f is smooth.
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Before introducing the DE-SGLD algorithm, we consider the problem of decentralized
Bayesian inference: We have N agents connected over a network G = (V,€) where V =
{1,2,..., N} represents the agents and &€ C V x V is the set of edges; i.e. ¢ and j are
connected if (i,j) € £ where the network is undirected, i.e. (i,5) € & then (j,i) € €£.
Let A = [aq,...,a,] be a dataset consisting of n independent and identically distributed
(i.i.d.) data vectors sampled from a parametrized distribution p(A|x) where the parameter
r € R? has a common prior distribution p(z). Due to the decentralization in the data
collection, each agent i possesses a subset A; of the data where A; = {ail, aé, ceey Oy, } and
n; is the number of samples of the agent i. The data is held disjointly over agents; i.e.
A =U;A; with A; N Aj =0 for j # i. The goal is to sample from the posterior distribution
p(z|A) x p(Alx)p(x). Since the data points are independent, the log-likelihood function
will be additive; log p(Alz) = SN | > i logp(aé\x). Thus, if we set

Zf@ . file) Zlogp Zlfc)—*logp() (1)

j=1

the aim is to sample from the posterior distribution with density 7 (z) := p(z|A) x e~ /(®).
The functions f;(z) are called “component functions” where f;(x) is associated to the local
data of agent ¢ and is only accessible by the agent ¢. Clearly, different choices of the
log-likelihood function and therefore the component functions result in different problems.
In particular, this framework covers many Bayesian inference problems such as Bayesian
linear regression (Hoff, 2009), Bayesian logistic regression (Hoff, 2009), Bayesian principal
component analysis (Dubey et al., 2016) or Bayesian deep learning (Wang and Yeung, 2016;
Polson and Sokolov, 2017).

Let xz(k) denote the local variable of node ¢ at iteration k. The decentralized SGLD
(DE-SGLD) algorithm (previously considered in Swenson et al. (2020) in the non-convex
global optimization setting) consists of a weighted averaging with the local variables xg-k) of
node i’s immediate neighbors j € ; := {j : (i,j) € G} as well as a stochastic gradient step
over the node’s component function f;(z), i.e.

k+1 Z me(k U@fi (mz(k)> 4 \/%wzgkﬂ)’ (2)

JEQ;

where 7 > 0 is the stepsize, W;; are the entries of a doubly stochastic weight matrix W

with W;; > 0 only if ¢ is connected to 7, w,gk) are independent and identically distributed
(i.i.d.) Gaussian random variables with zero mean and identity covariance matrix for every

i and k, and Vf; (:cz(k)) is an unbiased stochastic estimate of the deterministic gradient

Vfi (a:z(k)) with a bounded variance (see (12) for more details). When the number of
data points n; is large, stochastic estimates \Y, fi(z) are cheaper to compute compared to
actual gradients V f;(z) and can for instance be estimated from a minibatch of data, i.e.
from randomly selected smaller subsets of data. This allows the DE-SGLD method to be
scaleable to big data settings when n; can be large. When gradients are deterministic, DE-
SGLD algorithm reduces to the decentralized Langevin algorithm previously considered

and studied in Kungurtsev (2020). Without the Gaussian noise, the iterations are also
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equivalent to the decentralized stochastic gradient algorithm (Swenson et al., 2020a; Fallah
et al., 2019) which has its origins in the decentralized gradient descent (DGD) methods
introduced in Nedic and Ozdaglar (2009).

Contributions. In this paper, our contributions can be summarized as follows:

First, we give non-asymptotic performance guarantees for DE-SGLD when each of the
components f;(x) is smooth and strongly convex in which case the target distribution has
density m(z) o e /®) that is strongly log-concave (i.e. f is strongly convex) and f is

smooth. More specifically, we provide an explicit upper bound on the Wasserstein distance
(k)

between the target distribution m(x) and the distribution of the iterate =, of node i. Our

results show that the distribution of the iterates :L‘Z(-k) converges to a neighborhood of the
posterior distribution 7(x) linearly (geometrically fast in k) in the Wasserstein metric with a
properly chosen stepsize. We also provide explicit bounds on the size of this neighborhood
as a function of the noise level ¢? in the stochastic gradients, the number of agents N
and the dimension d. We can also show similar results for the averaged iterates z(¥) =
% Zf\i 1 a:z(k). Our proof technique relies on analyzing DE-SGLD as a perturbed version of
the Euler-Maruyama discretization of the overdamped Langevin diffusion (properly defined
in Section 2) and use the fact that this diffusion admits the posterior distribution with
density m(z) o< e=/(®) as the stationary distribution where the perturbation effect is due
to the stochasticity of the gradients and due to the “network effect” where agents are only
able to communicate with their immediate neighbours. For achieving the results, we first

derive a uniform Ls bound on the gradients (Lemma 6) as well as a uniform Lo bound on
(k)

the deviation of the iterates Z;” from their mean ) over the agents (Lemma 7). Then,

we derive an L? bound on the error between the average of gradients % sz\i Vi (:cl(k))

and the scaled gradient of the average %V f (f(k)) (Lemma 8). Finally, we control the error
between the mean iterates and the discretization of the overdamped diffusion (Lemma 9)
and build on the existing results which characterizes the Wasserstein distance between the
overdamped diffusion and its discretization. Putting everything together, we obtain our
main result for DE-SGLD (Theorem 2).

Second, we propose a new algorithm decentralized SGHMC (DE-SGHMC) which can
be viewed as the decentralized version of the SGHMC algorithm. In centralized settings, it
is known that SGHMC algorithm can be faster than the SGLD algorithm both in practice
and in theory (Gao et al., 2018; Chen et al., 2014). The underlying reason is that SGHMC
is based on a discretization of the (underdamped) inertial Langevin diffusion which can
converge to its equilibrium faster than the overdamped diffusion due to a momentum-based
acceleration effect (Gao et al., 2018; Eberle et al., 2019). This effect is analogous to the
fact that momentum-based optimization methods can accelerate gradient descent (Polyak,
1987; Nesterov, 1983; Su et al., 2016). We show that with proper choice of the stepsize and
momentum parameters, the distribution of the DE-SGHMC iterates asgk) will converge to
a neighborhood of the posterior distribution 7(z) linearly (in k) in the Wasserstein metric
(Theorem 12). To our knowledge, these are first non-asymptotic performance guarantees
for SGHMC methods in the decentralized setting. The approach we take is analogous
to our analysis of the DE-SGLD however obtaining stability (uniform L) bounds on the
iterates requires significantly more work. For this purpose, we develop a novel analysis
where we show that the DE-SGHMC iterates can be viewed as a noisy version of Polyak’s
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(deterministic) heavy-ball method (Polyak, 1987); the noise comes from stochasticity of the
gradients (which is proportional to the stepsize 1), the injected Gaussian noise (which is
proportional to /1) and the network effect where iterates can only access information from
their neighbors. When the stepsize n is sufficiently small, the Gaussian noise dominates the
stochastic gradient noise and therefore existing analysis for stochastic heavy-ball methods
(Can et al., 2019b; Kuru et al., 2020) are not directly applicable to obtain stability estimates
(i.e. uniform Ls bounds) when 7 is sufficiently small. Our analysis relies on a careful
choice of the Lyapunov function and obtaining sufficient conditions on the stepsize and the
momentum parameters of the DE-SGHMC algorithm to guarantee stability (Lemma 14).
As a by-product, our results contribute to the growing literature about the stability of the
heavy-ball methods where it has been observed repeatedly that optimization methods such
as heavy-ball and Nesterov’s accelerated gradient methods are more sensitive to noise in the
iterations compared to gradient descent methods (Aybat et al., 2020; Fallah et al., 2019;
Flammarion and Bach, 2015; Devolder et al., 2014; Can et al., 2019b). Recent literature
focused on the amount of noise heavy-ball methods can tolerate before they diverge and on
their convergence rate subject to noise and perturbations (Can et al., 2019b; Flammarion
and Bach, 2015; Liu et al., 2020; Kuru et al., 2020). Our analysis in the proof of Lemma 14
provides sufficient conditions for noisy heavy-ball iterations to be stable when subject to
noise that is on the order of the square root of the stepsize.

Finally, we provide numerical experiments that illustrate our theory and showcase the
practical performance of the DE-SGLD and DE-SGHMC algorithms: We show on Bayesian
linear regression and Bayesian logistic regression tasks that our method allows each agent
to sample from the posterior distribution efficiently without communicating local data.

Related literature. Decentralized optimization has been studied in the literature in
the last few decades, at least going back to the seminal works of Bertsekas and Tsitsiklis
(1989); Tsitsiklis (1984) which studied minimization of objective functions when the pa-
rameter vector can be decentralized. There has also been a growing literature and a lot of
recent interest on decentralized optimization with first-order methods for both deterministic
and stochastic optimization; See e.g. Swenson et al. (2020b); Fallah et al. (2019); Arjevani
et al. (2020); Can et al. (2019a); Pu et al. (2020) and also the surveys Nedic (2020); Yang
et al. (2019). Among the papers published in this area, Swenson et al. (2020); Swenson
et al. (2020a) are most relevant to our paper, where the authors study a class of algorithms
including DE-SGLD and show that DE-SGLD iterates with a particular decaying stepsize
schedule converge in probability to the set of global minima for non-convex objectives under
some assumptions. Momentum-based acceleration techniques based on heavy-ball method
(Xin and Khan, 2020) and Nesterov’s accelerated gradient method have also been studied
for solving optimization problems in the decentralized setting (Fallah et al., 2019; Arjevani
et al., 2020; Qu and Li, 2016; Xu et al., 2020), we refer the readers to Nedic (2020) for a
survey in decentralized optimization. However, these papers are focused on solving opti-
mization problems and the results do not apply to our setting where we are interested in
sampling from the posterior distribution.

There are also a number of papers for distributed Bayesian inference based on data-
parallel MCMC algorithms (Ge et al., 2015; Neiswanger et al., 2014; Xu et al., 2014; Scott
et al., 2016; Rabinovich et al., 2015; Scott, 2017; Rendell et al., 2020; Ahn et al., 2015)
where the computations are parallelized in a distributed computing environment, however
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these papers are not applicable to the decentralized setting either. The variational inference
methods which approximate the posterior distribution with a tractable distribution in the
exponential family can be applied in the decentralized setting (Campbell and How, 2014;
Lalitha et al., 2019) where agents average the parameters of their local parametrized dis-
tribution that estimates the posterior distribution, however to our knowledge, convergence
rate guarantees to a posterior distribution for such approaches in the decentralized setting
are not provided except the special case when the posterior distribution is in the exponential
family (Lalitha et al., 2019). There are also other parallel MCMC techniques (Wang and
Dunson, 2013; Neiswanger et al., 2014; Wang et al., 2015; Chowdhury and Jermaine, 2018;
Nishihara et al., 2014) which require a central node to aggregate the samples generated at
each computational node to estimate the posterior distribution; these methods are also not
directly applicable to the decentralized setting.

Finally, very recently Kungurtsev (2020) showed that in the special case when the gra-
dients are deterministic (i.e. when o = 0), DE-SGLD algorithm converges to the target
distribution 7(x) with rate (’)(ﬁ) for decaying stepsize oy = % in the Wasserstein metric
for strongly convex and smooth f with bounded gradients. Since strongly convex functions
on R? cannot have bounded gradients, these results are not applicable to problems we con-
sider in this paper. In a concurrent work, Parayil et al. (2020) studied a Bayesian learning
algorithm based on the decentralized Langevin dynamics in a non-convex setting. They
obtained theoretical convergence guarantees in KL-divergence and evaluated the proposed
algorithm on a wide variety of machine learning tasks. In another recent work, Cadena
et al. (2021) proposed a modified Langevin dynamics algorithm for sensor networks. This
algorithm can be implemented in a decentralized manner, where each sensor communicates
with a randomly selected subset of sensors either via direct links or via multi-hop mecha-
nism. The authors also show that when the gradient of the logarithm of the target density is
bounded and Lipschitz, the proposed algorithm converges to the true centralized posterior
distribution for networks where the communication delays are bounded.

2. Preliminaries and Background

Langevin algorithms. Langevin algorithms are core MCMC methods in statistics that
allow one to sample from a given density 7(z) of interest. The classical Langevin Monte
Carlo algorithm is based on the overdamped (or first-order) Langevin diffusion; see e.g.
Dalalyan (2017); Durmus and Moulines (2019, 2017); Dalalyan and Karagulyan (2019):

dX (t) = =V f(X(t))dt + V2dW;, (3)

where f : R — R and W, is a standard d-dimensional Brownian motion that starts at
zero at time zero. Under some mild assumptions on f, the diffusion (3) admits a unique
stationary distribution with the density 7(x) o e~7(®)  also known as the Gibbs distribution
(Pavliotis, 2014). For computational purposes, this diffusion is simulated by considering
its discretization. Although various discretization schemes are proposed, Euler-Maruyama
discretization is the simplest one:

Tpt1 = T — 0V fzg) + /20wy (4)
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where n > 0 is the stepsize parameter, and wy, € R? is a sequence of i.i.d. standard Gaussian
random vectors N (0, I;). But then the discretized chain (4) does not converge to the target
m and has a bias that needs to be properly characterized to provide performance guarantees
(Dalalyan and Karagulyan, 2019).> There has been growing recent interest in the non-
asymptotic analysis of discretized Langevin diffusions (4), motivated by applications to
large-scale data analysis and Bayesian inference. The discretized Langevin diffusions admit
convergence guarantees to a stationary distribution in a variety of metrics and under various
assumptions on f; see e.g. Dalalyan (2017); Durmus and Moulines (2017, 2019); Bubeck
et al. (2015); Cheng and Bartlett (2018); Erdogdu and Hosseinzadeh (2020); Dalalyan and
Karagulyan (2019); Barkhagen et al. (2021); Raginsky et al. (2017); Xu et al. (2018); Chau
et al. (2019); Zhang et al. (2019).

On the other hand, one can also design sampling algorithms based on the underdamped
(a.k.a. inertial or kinetic) Langevin diffusion given by the SDE; see e.g. Cheng et al. (2018);
Cheng et al. (2018); Dalalyan and Riou-Durand (2020); Gao et al. (2018, 2020); Ma et al.
(2021); Akyildiz and Sabanis (2020); Cao et al. (2019); Zou et al. (2019):

dV (t) = =V (t)dt — Vf(X (t))dt + /2vd W5, (5)
dX (t) = V(t)dt, (6)

where v > 0 is the friction coefficient, X (¢), V(t) € R? models the position and the momen-
tum of a particle moving in a field of force (described by the gradient of f) plus a random
(thermal) force described by the Brownian noise, and W; is a standard d-dimensional Brow-
nian motion that starts at zero at time zero. It is known that under some mild assumptions
on f, the Markov process (X (t),V(t)):>0 is ergodic and admits a unique stationary dis-
tribution 7 with density m(z,v) oc exp (— (||v]|> + f(2))) (Pavliotis, 2014). Hence, the
z-marginal distribution of the stationary distribution with the density 7(z,v) is exactly the
invariant distribution of the overdamped Langevin diffusion. For approximate sampling,
various discretization schemes of (5)-(6) have been used in the literature; see e.g. Cheng
et al. (2018); Teh et al. (2016); Chen et al. (2016a, 2015).

Decentralized setting. Agents are connected over a network G = (V, E) where f; :
R? — R is the local objective of the agent i and we assume G is connected. Agents can only
communicate with immediate neighbors using links defined by the edge set £. We associate
this network with an N x N symmetric, doubly stochastic? weight matrix W. We have
Wij = Wy > 0if {i,j} € E and i # j, and Wij = Wj; =0if {i,7} ¢ F and ¢ # j, and
finally W;; = 1—>" ki Wi; > 0 for every 1 < ¢ < N. The eigenvalues of W ordered in a
descending manner satisfy:

=M >AV > >2\ > -1, (7)

1. In principle, Metropolis-Hasting correction step can be employed to correct for the discretization errors,
however for large-scale datasets, this correction step is computationally expensive and thus it is often
not employed (Dalalyan and Riou-Durand, 2020; Dalalyan and Karagulyan, 2019; Teh et al., 2016). For
this reason, we will not consider Metropolis-Hasting steps in our algorithms and analyses.

2. A square matrix A € RV*¥ is called doubly stochastic if its entries A;; are non-negative and if its rows
and columns all sum up to 1, i.e. if Zjvzl A;;j = 1forall i =1,2,...,N and Zfil A;; = 1 for all
ji=12,...,N.
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with W1 = 1 where 1 is a vector of length N with each entry equal to one. For any
connected G, there is always a choice of W that satisfies the eigenvalue conditions (Can
et al., 2019b; Boyd et al., 2006). A possible choice is the Metropolis weights (Xiao et al.,
2006; Olshevsky, 2017) where W;; = m if (i,7) € € where d; is the degree (number
of neighbors) of the node i. The mixing matrix W can also be chosen in many other ways
(Can et al., 2019a; Boyd et al., 2006). In this paper, we will assume that W is given and
fixed.

Our objective is to sample from a target distribution with density 7(z) o< e=/(®) on R?
where

fla) =Y fila). 0

The agents can only pass vectors between their neighbors (not matrices) as the com-
munication is typically more expensive than local computations in modern applications
(Woodruff and Zhang, 2017). Throughout this paper, we assume f; € SH,L(Rd) for ev-
ery i = 1,2,..., N, where S, (R?) denotes the set of functions from R? to R that are
p-strongly convex and L-smooth, that is, for any g € S, L(R%), for every x,y € RY,

Zlle—yl* > g(2) — o(y) ~ Vo) @ ) > Kl — gl )

Wasserstein distance. Define Py(R?) as the space consisting of all the Borel probability
measures v on R? with the finite 2nd moment (based on the Euclidean norm). For any two
Borel probability measures vy, v € Po(R?), the 2-Wasserstein distance W (see e.g. Villani
(2009)) is defined as: Wa(1,10) := (infE [||Z) — Z2)|2])"/*, where the infimum is taken
over all joint distributions of the random variables Z, Zo with marginal distributions v, 1o
respectively.

Notations. For two matrices A € R™*" and B € RP*?, we denote their Kronecker
product by A ® B. We use I; to denote the d x d identity matrix; if the dimension d is
clear from the context we will also use I to denote the identity matrix. We denote x, € R¢
as the (unique) minimizer of f € S, 1, defined in (8). Moreover, we also denote

xt = [xz,xz, . .,JJZ]T e RV, (10)

For any random variable X, we use £(X) to denote the probability distribution of X. We
say that the distribution 7(x) oc e=/(®) is strongly log-concave if f(x) is p-strongly convex
for some p > 0. Given two functions g(z) and h(x) defined on a subset D of real numbers,
we say h(z) = O(g(x)) as  — a if there exist positive numbers § and M such that for all
x € D with 0 < |z —a|] < 6, we have |f(z)| < Mg(x) whereas we say h(z) = ©(g(z)) if
there exist positive numbers § and Mj, My such that for all x € D with 0 < |z — a| < 4,
we have Mig(z) < |f(z)| < Mag(z). The dependency to the point a will be omitted if it is

k k
clear from the context. Given real scalars z,y, we consider the ratio h(z,y) := % with

the convention that h(y,y) := lim,_, h(z,y) = ky*~ L.

3. Our results in this paper would also hold if f; € Sy, r,(R?) and one considers y = min; y; and L =
max; L; in our main theorems.
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3. Decentralized Stochastic Gradient Langevin Dynamics

We recall from (2) that decentralized stochastic gradient Langevin dynamics (DE-SGLD)
are based on stochastic estimates Vfi(z) of the actual gradients Vfi(z). We make the
following assumption throughout this paper regarding the stochastic estimates v fi(x) which
basically says that the gradient error is unbiased with a finite variance. This is a common
assumption in the literature for analyzing stochastic optimization and stochastic-gradient
MCMC algorithms; see e.g. Dalalyan and Riou-Durand (2020); Chen et al. (2016b); Liu
et al. (2020).

(k

Assumption 1 Let z; ) denote the local variable of node i at iteration k. At iteration

k, node © has access to @fz (xgk),zgk)) where zl-(k) is a random variable independent of
(k)

{z](-t)}j:17,__,N,t:1,_,_, _1 and {z(k)}#i To simplify the notation, we suppress the z;" depen-

k—1
dency and let V f; <x£k)) denote V f; ( (k)>. We assume the gradient noise defined as

=i (o) = (o) (11)
is unbiased with a finite second moment, i.e.,

E [gg’““))fk} —_0, E 5§’“+”H2 <o? (12)

(®)

where Fy, is the natural filtration of the iterates x; ' up to (and including) time k.

Based on (11), we rewrite the DE-SGLD iterations (2) in terms of the gradient noise

D) o

k+1 Z sz:c —nVf; (xgk)) _ ngi(kﬂrl) + \/%wl(kﬂ),

JEQ,;
(k)

where 7 > 0 is the stepsize, w; ’ are i.i.d. Gaussian noise with mean 0 and covariance being
identity matrices and Q; = {j : (i,j) € G} are the neighbors of the node i.* By defining the

column vector T
L) [(xg’“))T, (xgk)>T,..., (mE@)T] e RV,

which concetenates the local decision variables into a single vector, we can express the
DE-SGLD iterations further as

2D = We® _ pyp (fc(k)) — g 4 onw ) with W=W®I;,  (13)

where we recall that ® denotes the Kronecker product, F': RN? — R is defined as

N
F(x):=F(z1,...,a5) = »_ fi(x), (14)
=1

4. We adopt the convention that the node is a neighbor of itself, i.e. (i,7) € G.
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and

WD) .= [(wgk—kl))T, (w§k+1)>T>"" (w](\’;ﬂ))T]T

are i.i.d. Gaussian noise with mean 0 and with a covariance matrix given by the identity
matrix. The vectors

£(k+1) — [(€§k+1)>T,< ék-&-l))T"“’( §\I;+1))T:|T

are the gradient noise so that

2
E [é’f“)‘ﬂ] —0, E H§<k+1>H < o?N. (15)
Let us define the average at k-th iteration z(*) : =5 Zl 1 x . Since W is doubly stochastic,
we get
S (k)
=(k+1) _ ~(k) _ & ) ( _ o e(k+1) —(k+1)
z 3" -+ ; i () =m0 4 /2, (16)
where
1

that satisfies

E {g(kﬂ)’]:k} —0, E Hg(kﬂ)”2 < a (18)

N
We now state the main result of this section, which bounds the average of W5 distance
between the distribution of xz(»k) and the target distribution 7 (that has a density propor-
tional to exp(—f(x))) over 1 <4 < N. This result provides also a bound on the W, distance
of the node averages () and the target distribution 7. To facilitate the presentation, we
define the second largest magnitude of the eigenvalues of W as

~ —max{|)\2 |, W‘} (19)

which is related to the connectivity of the graph G. For instance, consider Metropolis
weights where W;; = W if (i,j) € € where d; is the degree (number of neighbors)
of the node i with the convention that each node is a neighbor of itself. In this case, for
complete graphs with N nodes where each node is connected to all the other nodes, we
have f‘y = 0 whereas for a circular graph with N nodes we have d; = 3 for every i and
¥ =1+ 2cos(3) =1-0O(+) (see Chung and Graham (1997, Example 1.1 and Example

1.5)).

10
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w
Theorem 2 Assume E||z(9|? < oo and n € (0,7) where 7 := min( 1+2N , ﬁ) Then, for

every k, DE-SGLD iterates azgk) given by (2) and their average ¥ satisfy

Wy (£ (29) 7)< (1~ )t <(IE||3‘:(0) - :,;,F||2)1/2 + 2u1dN1>

k 1/2
L o2k
_2(1—nu(1—%>> -7 9L o2\
|7 ; 7w E]) -+ e,
(o= )
and
1.65L
B, 65 IN-T 4+ o
a p(l— %N
1/2
N n N (14 nL)? / <4L2D2n N 4L%0%n N 8L2d >1/2
pl=") (1= )2 NA-7?2"0-7) (1-9))
Furthermore,

1 (k)
N (e (o) )

< (1= ) (&1 - ?) "+ vEmTawT) + 2 (8]0 N

VN
k 1/2
L (=) - e o)
+|7 L = E[e@")  + v +nEs,  (0)
(i)
with Fy := E1 + \%L_Q and E3 := \ﬁQD \/1 =, where x, 1is the minimizer of f,
0 = ZZ 1 Z , D is defined in (26), L <£Cl(k)) denotes the law of xgk) and m s the

Gibbs distribution wzth probability density function proportional to exp(—f(x)).

Remark 3 We observe that in the setting of Theorem 2, the asymptotic error with respect
to the target distribution in 2- Wasserstein satisfies lim supy,_,,, Wa (C (f(k)) ,71') =0 (\/ﬁ) ,
where O(-) hides other constants (d, p, L, o, N and 7). This shows that the asymptotic
error can be made arbitrarily smaller by choosing n > 0 small enough. In particular, for

sufficiently small n, it is easy to check that <1 — N (1 — %)) > 52 and consequently from
Theorem 2,

Wy (g (ﬁm) Jr) < <1—W <1— ’72L>)K¢0+0(¢ﬁ) (21)
< e (=) K g0 4+ O (/) (22)

11
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for some ag (that depends on the initialization x(o),d,u,L,J,’_y and N) where K is the
iteration budget. Given K, if we choose n = MLK for some constant c, then the right-hand
side of (21) becomes O(1) as K — oo; this is because (1 — )5 — e =0(1) as K — oo
for any constant ¢ > 0. This is not desirable, as ideally, we want the Wasserstein error
bound (right-hand side of (21)) go to zero if the iteration budget K — oo. This can be

achieved by choosing a stepsize such asn = CIOET\/E for a constant ¢ > 1. Then, given ¢ > 1

fized, if K is large enough satisfying K > K with K = max(e, %) where a = S yhen

2u(1+X)°
the stepsize n = CIOET\/E satisfies the assumptions of Theorem 2 (this follows simply from

the inequality log(K) <1+ % for K > e). Consequently, from (22), we obtain

W (L (mK)) ,W) —0 ((\/%)C n ci;)}g?(K)) _ 0 (%) , (23)

where the last O(-) term hides constants that depends on 20 g, w,L,o,7, N and c. This
shows that to sample from a distribution that is € close to the target in the 2- Wasserstein
distance, it suffices to have (’)(6%) iterations of DE-SGLD, ignoring logarithmic factors. The
appearance of logarithmic factors in the iteration complexity as well as in (23) is related
to the fact that constant stepsize is used, and similar logarithmic factors also appear even
in centralized SGLD methods with constant stepsize (see Dalalyan and Karagulyan (2019,
Theorem 1 and Section 2)). It is possible to avoid the logarithmic terms by employing a
time-varying stepsize similar to Dalalyan and Karagulyan (2019, Theorem 2).

Remark 4 The upper bound given for the 2- Wasserstein distances to the target m in The-
orem 2 is monotonically increasing in the parameter 5. To see this, consider the func-

tion H(x,y) = zi:gky = Zi‘:ol ziy*= for x € (0,1),y € (0,1) with the convention that

H(y,y) := ky®. For given x fized, the partial derivative 0, H (z,y) = Zf;ol(k:—i)xiyk_l_i >
0. Therefore H is monotonically decreasing in y, so is the function vV H. If we set y = 72
and x =1 —nu(l — %), the third term that appears in the bound (20) is an affine function

of VH and hence monotonically increasing in 4 and in 7. Finally, after a straightforward
computation it can be seen that the remaining terms Fy, Fo and E3 that appear in the bound
(20) are also monotonically increasing in . It follows from this argument that closer ¥ to
zero, better connectivity properties the network has (with ¥ = 0 for complete graphs that
are fully-connected) and the Wasserstein distance to the target becomes (smaller) better.
Hence, roughly speaking, the parameter 5 determines the additional cost of the distributed
algorithm (i.e. increased bias and variance) when there is not full connectivity among the
nodes.

Remark 5 In Assumption 1, we assumed that the variance of the gradient noise is bounded.
It is a reasonable assumption in many applications including linear regressions with stochas-
tic gradients estimated using minibatches, since one can show that if the stepsize n > 0 is
small enough the variance of the gradients for DE-SGLD will stay bounded and satisfy our
assumptions on the gradient noise (Assumption 1) with an analysis similar to Aybat et al.
(2019, Section K). We will illustrate this point in detail in Appendiz D.

12
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3.1 Proof of Theorem 2

To facilitate the analysis, let us define zj, from the iterates:

1
Tyl = T — ﬁﬁvf(ka) + /200", (24)
where xg = Zo = % Zfil :1350) and w*+1) is defined in (17). This is an Euler-Maruyama

discretization (with stepsize n) of the continuous-time overdamped Langevin diffusion:
1 f———
dXt = *NVf(Xt)dt + 2N71th, (25)

where W; is a standard d-dimensional Brownian motion.

i

To bound the average of W distance between L (x(k)> and 7 over 1 < ¢ < N, the
main idea of our proof technique is to bound the following three terms: (1) the L? dis-

k
tance between l’gk) and their average (mean) z(*) = #xi) for 1 <4 < N; (2) the L?
distance between the average iterate £(*) and iterates zj, obtained from Euler-Maruyama
discretization of overdamped SDE; and (3) the W, distance between between £ (xj) and T,
i.e. the convergence of Euler-Maruyama discretization of the overdamped SDE. The next

subsections are devoted to controlling each of these three terms.

(k)

3.1.1 UNIFORM L? BOUNDS BETWEEN x; ' AND THEIR AVERAGE

We first state a key lemma which provides L? bounds on the gradients VF (x(k)) that are

uniform in k, where F is defined in (14). Recall from (10) that =, € R? denotes the unique
minimizer of f(x), and z* = [mip, xl .. ,xf]T is an Nd-dimensional vector. We view DE-
SGLD as a decentralized gradient descent (DGD) method subject to stochastic gradient and
Gaussian noise, and our analysis is inspired by the proof techniques of Yuan et al. (2016)

for analyzing DGD methods. The proof of this lemma is provided in the Appendix.
Lemma 6 Under the assumptions of Theorem 2, we have,
W\ |I* ~ p2
]EHVF (ac( ))H < D*,  for any k,

where

2 82 C2n?N  2L?(no?N + 2dN)

*\ (12
1-92 " p@+ ¥ —nL) +4[VE @) (26)

D? = ALK Hx@) -

Here, x* € RN? is given in (10), 7 is defined by (19) and

2(L+p)

C1 Z—Cl-<1+
1

N
) , where  Cyi= |20 (£ (0) = f7), f7 = min fi(x).
=1

z€R4
(27)

13
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It is clear from the DE-SGLD iterations that the deviations between the iterates xl(k)
and their means Z(*) depend on the magnitude of the gradients VF (aj(k)), the stepsize as
well as the magnitude of the injected Gaussian noise. Building on Lemma 6 which gives us
a control over the second moment of the gradients, in the next result we provide uniform Lo

(%)

bounds between the iterates x; " and their means. The proof can be found in the Appendix.

Lemma 7 Under the assumptions of Theorem 2, for any k, we have

2 4D%p%  402Nnp?>  8dNp
EH ) _ 7k H <4,szEH H + L — + —,
Z (1-%2 (1-%) (1-%)

where D is defined in (26) and 7 is given in (19).

Note that we can deduce from (16) that

S(k1) _ () _ W%Vf (:ﬂ’“) s — nEEHD L\ fanptD), (28)

where
1 N k)
1=
We observe that the average iterate (%) in (28) follows a gradient descent dynamics subject
to gradient errors and Gaussian noise, if we view & as a gradient error term. Since V f; is
Lipschitz by our assumptions, the gradient error (29) can be controlled based on Lemma 7.

In particular, as a corollary of Lemma 7, we obtain the following result; the proof is given
in the Appendix for the sake of completeness.

Lemma 8 Under the assumptions of Theorem 2, for any k, we have
4L272"7 4L2D%*p? 4LP0%n?>  8L%dy

2
Fleal= NI—ap ) Ty

e+
where Eyq is defined in (29).

3.1.2 L? DISTANCE BETWEEN THE MEAN AND THE DISCRETIZED OVERDAMPED SDE

Recall the iterates xj defined in (24) which is an Euler-Maruyama discretization of the
continuous-time overdamped Langevin SDE in (25) with stepsize 7, and the mean z*) in
(28). Since the L? bound of the error term &1 can be controlled as in Lemma 8, we will
show that the mean z(*) and z;, are close to each other in L? distance. Indeed, we have the

following estimate:

Lemma 9 Under the assumptions of Theorem 2, for every k,

2 22 2 2 2
EHj(k) _kaQ < n N (14+nL) ( 4L D_n 4L 0’_7) N 8Lfi >
p(l ="y 21 -2 ) \N1-7)?2  (1-9) (1-%°)
k
~2k __ _ _ nt _
7702L . gl (1 u (1 2 )) 4L2v2EHx(o>H2_
p(l = %)N 72—1+77,u<17%> N

~
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3.1.3 Wy DISTANCE BETWEEN THE ITERATES AND THE (GIBBS DISTRIBUTION

Bounds on the Wy distance between the Euler-Maruyama discretization x; of the over-
damped Langevin diffusion and Gibbs distribution 7 has been established in the literature.
We note that the function % [ is &-strongly convex and %—smooth, and we state Theorem 4
in Dalalyan and Karagulyan (2019) as follows.

2N]
)

Lemma 10 (Theorem 4 in Dalalyan and Karagulyan (2019)) Foranyn € (0, 7,

we have
1.65L

M&(E@%%W)S(1—AmVW%(£@m%W)+47;*v%dN*?

The proof of this lemma is based on the so-called “synchronous coupling” technique to
control the Wh distances, see Dalalyan and Karagulyan (2019) for details. Next, we bound
the L? distance between the minimizer of f and Gibbs distribution 7; the proof is provided
in Appendix C.

Lemma 11 Let z, be the unique minimizer of f(x). Then, we have Exr||X — z.? <
2dN "1
TRt

Putting all the pieces together, the stage is set for the proof of Theorem 2.

3.1.4 PROOF OF THEOREM 2
(0)

Since 7o = & SN 2, we have El|zo|? < oo. By Lemma 11,

Wa (L(x0),7) < (Bllzo — 4]|2) " + (Bxanl| X — 2.]2) "
< (Ellzo — .|2)"? + V25 TdN T,

Under our assumptions on the stepsize 7, we have clearly n € (0, %] as N > 1. Therefore

Lemma 10 is applicable. More specifically, it follows from Lemma 10 that,

1/2 1.65L
W (L), m) < (0= p)* ((Blla — .]?)'7* 4 Vop TaN=T) 4 =52 /d N,
Moreover, it follows from Lemma 9 that

Wo (5 <:E(’“)> ,c(xk))

< (efst-af) "

1/2
1/2 n__ ., (+nl) ! < AL*D%*p | 4L%*y = 8L%d )1/2
T 2 )

: —i Tea-me) NIt T
Jiio 2k (1 — N (1 - %Dk 1/2 - ol 1/2
" w( —’72L)N+ ’?2—1—#7)#(1—%) \/N(EHx H) ‘
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Hence, we conclude that

W (c (sz)) ,77) < (1 - <<E\|x(0) - x*H2>1/2 + \/2u1dN1>

1/2

Lo (1)) ) s z
' <<177u(( ZL))))WQ %<E“x(0)“2> Tk,

(30)
with
1 65L
By e O T
p(l— %)N
1/2
. n_ . (L4l / < ALPD?) | AL%0%) 817 )1/2
p(l=1)  p2(1— %2 N1-72" (1-%)  (1-%))
Finally, by the Cauchy-Schwarz inequality,
1 " 1 & .
L3 (ee)-£ () = 33w (e o) i)
i=1 i=1
N
1 ® _ —w|
< N; [l (31)
Also, by Lemma 7, we have
472k 4D%p? Ao2m? 1/2
ZEH —x(kH <7 E o H + + =Ty 8d72>
N N1=7)2 (1-%) (1-%%)
(EH H >1/2 n 2077 \/2d
B VeV
The inequality (20) then follows from the triangular inequality for the 2-Wasserstein dis-
tance. This completes the proof. O

4. Decentralized Stochastic Gradient Hamiltonian Monte Carlo

We introduce the following algorithm which we call decentralized stochastic gradient Hamil-
tonian Monte Carlo (DE-SGHMC): For each agent i =1,..., N,

oD _ 0 [ 0 Ly, ( 2! )} + /29wl (32)
(k+1 Z Wz]x (k) + nv(k+1)7 <33)
JEQ;
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starting from the initializations ngo)’ vi(o) € R?, where n > 0 is the stepsize, wEkH) are i.i.d.

Gaussian noise with mean 0 and covariance being d—dimensional identity matrices. We
note that in this section, we are abusing the notation for simplicity of the presentation and
using xgk) to denote the DE-SGHMC iterates instead of DE-SGLD iterates. This algorithm

is a natural adaptation of the SGHMC algorithm to the decentralized setting: If the term
(k)

ZjeQi Wij:cgk) is replaced by x;"’, then the resulting dynamics at each node reduces to
SGHMC which is a discretization of the underdamped Langevin diffusion given in (5)-(6)
(see e.g. Gao et al. (2018)).

Note that the gradient noise fi(kﬂ) = @fz(xl(k)) — Vfi(xgk)) satisfies Assumption 1 so
T _
that ¢+ .= {({Yﬁl))T, ¢ ](\’fﬂ))T} satisfies (15) and {F+) .= L >V, 5£k+1) satisfies
(18). By defining the column vectors

20 i= [ () ()] e
o= [(o) " () ()] e

where ng) and acz(k) satisfy (32)—(33), we can rewrite the DE-SGHMC as follows:

oD — k) _ [ *) | v F( k)) i g(kﬂ) 2w+ (34)
2 ® D) = W ®) 4y k+D) (35)

where W = W @ I; and F : RV? — R is defined as F(z) := F(z1,...,7n) = Zi\il filxy),
w®t1) are i.i.d. Gaussian noise with mean 0 and covariance being Nd—dimensional identity
matrix. Let us define the average at k-th iteration as:

1 1
—(k) ._ (k) —(k) ._ (k)
z#) = N E z; ", k) = I g v, (36)

Since W is doubly stochastic, we get

@(k+1) — @(k)

o Zsz< 2! ) n€F D 4\ Sy D),

FHD) Z 50) 4 kD)

where £FH1) = L Ly & +1) and @k+1) = ¥ Ly w k+1) ~ ﬁN(O,Id).

We now state the main result of this section which bounds the average of W, distance
between the distribution of the node iterates l‘gk) and the target distribution 7. The re-
sult shows that if the parameters 1 and ~ are suitably chosen, then this distance decays
geometrically fast (in k) to a level of O(n). This result also bounds the W, distance of
the node averages ) and the target distribution 7. The main idea of the proof is to
analyze DE-SGHMC as a perturbed heavy-ball method (see Section 4.1 and the proof of
Lemma 14) which appears to be a new technique to analyze SGHMC methods. Recall

) from (19), and z, is the minimizer of f(z).
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Theorem 12 Assume E||z(|? and E|[v9||? are finite. Let n be given satisfying

w
< (050 6

Then, we can can choose v € (0, %] such that B :=1—~n € [0,1) and satisfies the inequality

_ 1 W _ An2 14+ \W
< 3= min (HNWWS CW3<+N>) ,

4 64 (38)
where
1 n*p
‘=3 2 ’
(1+8)+1-5) (W)

and for every k, DE-SGHMC iterates xz(k) given by (33) and their average %) satisfy

W (£ (2) 7)< (1 o)’ ((E [=® - <. 2>1/2 - 2M_1dN—1>

5 k 1/2
2 (1 —nu (1 B nQL)) -7 2L
+ -
L

v 2 (B0 o
(en(- ) )

(39)
with

1/2
2 1 2L2
E4::\/§< n + ( +77 ) )

2 2
p(1—ZE) (1 - BEy?

[EoeR ST

1.65L
+ IO aNT 4
7

o(1),
p(l - LN
and
1 XN :
N ;1 Wo (E (a:Z ) ,7r>
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with E5 = E4 + % = O(1), and B = O(n*) where O(:) hides the constants that

depend on d, p, L, 0 and ¥ and N, L (i“(k)) denotes the law of 2% and 7 denotes the
Gibbs distribution with probability density function proportional to e @ and ¢5 is defined
m Lemma 14.

Remark 13 We observe that in the setting of Theorem 12, the asymptotic error with respect
to the target distribution satisfies imsupy_,.. + Zfil Wa ([, (xl(k)) ,7T) = O(n), where
O(+) hides other constants (d, p, L, o, N and 7). In particular, for n small enough, it is
easy to check that (1 —n?u (1 — 77271’)) > 42 and consequently from Theorem 12, defining
a :=n?, we obtain

Wy (5 (@(QK)),W> <(1-au (1—0‘2L>)Kb0+o(ﬁ) (41)

e (1=5) Ky 4+ 0 (Va) (42)

IN

for some by (that depends on the initialization x(o),d,,u,L,a,fy and N) where K is the

iteration budget. We observe that this bound in « is similar to that of DE-SGLD case

analyzed in (21)—(22) if we were to replace n in (21)—(22) by «. By following the same

clog]x(/f
“w

argument as in Remark 3, if we choose o = n? = , where the constant ¢ > 1, then

we obtain
W (£ (229) 7)) =0 (%) .

We conclude that in order to sample fwerom a distribution that is € close to the target in
the 2-Wasserstein distance, it suffices to have (’)(8%) iterations of DE-SGHMC, ignoring
logarithmic factors. This iteration complexity bound is of the same order with that we
obtained for DE-SGLD (see Remark 5). However, in practice we have seen that DE-SGHMC
outperformed DE-SGLD in some cases (see Section 5.5). We also note that, with a similar
analysis to that in Remark 4, it can be shown that all the terms appearing in the performance
bounds is monotonically increasing as a function of 4 in the setting of Theorem 12 except
the constant cs whose dependency to v is more complicated to determine within our analysis.

4.1 Proof of Theorem 12

To facilitate the analysis, we introduce the iterates (zj) (with slight abuse of notations):

1
Tyl = Tp — UQNVf(xk:) +V2na D), (43)

where @*+1) is the Gaussian noise given in (17) and z¢ = Z(®). This is an Euler-Maruyama

discretization (with stepsize 1?) of the continuous-time overdamped Langevin diffusion:
1
dXt = —NVf(.%'k)dt +V 2N_1th,

where W, is a standard d-dimensional Brownian motion. We also define iterates (Zy):

- N 1 - _
Trpr = T — 0”5 V() + 2y, (44)
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where Ty = xg = 7).

We recall that SGHMC can be viewed as a discretization of the kinetic (inertial)
Langevin SDE (5)—(6). It is also known that as the friction coefficient v — oo, the paths of
this SDE becomes more and more similar to the paths of the overdamped Langevin SDE
(see e.g. Leimkuhler et al. (2016)). However, this is not the case when v > 0 is small
enough. Therefore, the stepsize 7 is small enough and the friction coefficient « is large
enough, it is reasonable to expect that the node averages z(¥) of DE-SGHMC given by (36)
track the overdamped SDE dynamics. In the setting of Theorem 12, we consider such a case

1

when the stepsize 7 is small enough and v ~ (see (37)-(38)). We will next show that node

averages Z(®) and the discretized overdamped SDE iterates will be close to each other in the
2-Wasserstein metric and that the iterates a;f;k) will remain close to their average 7% in Ly
distance. We note that in general, the optimal choice of v is not known in the decentralized
setting; and it is only known in the centralized setting for special cases: For centralized
Langevin dynamics with deterministic gradients and p-strongly convex quadratic objec-
tives, it is recently shown that the choice of v = 2,/u1 optimizes the convergence rate to
the stationary distribution in the 2-Wasserstein distance (Gao et al., 2020). Studying the
convergence of DE-SGHMUC iterates for other choices of the friction coefficient v will be left

as a future work, as our current proof techniques do not allow arbitrary choice of ~.
(k)

i

In the proof of Theorem 12, to bound the W» distance between the average of £ (x

and 7w over 1 <1i¢ < N, we follow a similar approach to the analysis of DE-SGLD where the
idea is to bound the following four terms: (1) the L? distance between :ng) and the average
iterate (*); (2) the L? distance between the average iterate Z(¥) and iterates Zj, in (44); (3)
the L? distance between the iterates #; and the iterates zj in (43); (4) the Wy distance be-
tween L (xy) and 7, i.e. the convergence of overdamped Langevin dynamics. For analyzing
the first term, we first present a technical lemma (Lemma 14) on uniform L? bounds on the
iterates v(®), 2(¥) in (34)-(35). The result will be used in the proof of Lemma 15. The proof
idea is to analyze DE-SGHMC as a perturbed heavy-ball method. Momentum-based first
order methods such as heavy-ball methods are less robust to noise compared to gradient
descent methods (see e.g. Can et al. (2019b); Kuru et al. (2020); Flammarion and Bach
(2015); Mohammadi et al. (2021); Devolder et al. (2014)), and achieving this result requires
significantly more work compared to the analogous result we obtained for DE-SGLD. The
proof of this result (and all the other lemmas) are given in the Appendix.

We first provide uniform L? bounds on the iterates v¥), z(¥) in (34)—(35) in the following
lemma.

Lemma 14 Under the assumptions of Theorem 12, there exist constants c4 and cs (that
do not depend on n or 7y) that can be made explicit such that

i;rl)E z®) 4 l—ﬁﬁ (:U(k) - $(k_1)) H2] <, (45)
ig}fmax (E“v(k)HQ,EHx(k)H2> <c¢s5- (46)

With this lemma, we can bound the deviation of xl(k) in (33) from the mean z*) in (36).
We state the result in the next subsection.
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4.1.1 UNIFORM L2 BOUNDS ON THE DEVIATION FROM THE MEAN

Lemma 15 Under the assumptions of Theorem 12, for any k, we have

> s < 2yel0] 4 22T
AN} e 0,1).

Note that we have
g+ = k) — ’Vm?( V=~ Vf( ) + nEkr1 — €Y 4 2™ (47)
where &1 = —Vf ( ) ~ ZZ 1 Vfi ( x, ) As a corollary of Lemma 15, we have the
following estimate.
Lemma 16 Under the assumptions of Theorem 12, for any k, we have

< 2L27y2k 2L2C5T]2

N1 —7)*

E €] E[|«©] + (19)

4.1.2 L2 DISTANCE BETWEEN THE MEAN AND DISCRETIZED OVERDAMPED SDE

Given the dynamics of the average iterate (), z(®)) in (47)-(48), we next show ) is
close to the iterates Zy in (44), which is close to the iterates xj in (43) obtained from an
Euler-Maruyama discretization of an overdamped Langevin SDE. By plugging (47) into
(48), we get

2* ) = 20 4 pp®) — 250 — Vf (if )+77 Expr — €W + /2yt (50)

z(k) _z(k—1)

By (47), we get 5% = , so that (50) becomes:

1 _
Fk+1) — z(k) _UQNvf <j(k)> +8 <j(k) _ j(k_l)> FPEh1 — 2ERHD /21— By,
where we recall that 5 =1 — vn. Also recall that we define Z, from the iterates:
- - 1 - _
Tpy1 = T — UQNVf(ﬂ%) +/2(1 = By, (51)
©)

where Zg = % Zf\i 1x; . We have the following estimate.

Lemma 17 Under the assumptions of Theorem 12, we have for every k,

2 2 1 2L 2 2 2L2 2 2 2
gt ] <o (T s L) (B Syt
p(l="15=)  p*(l—"157) N 1-7) p(l = 552)N
2 k
(1o (1))
72—1+?72u(1—"27L)

where the constant cs is as in Lemma 14.

* i
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Next, recall the iterates xj defined in (43):

1
Tyl = Tp — nzﬁvf(xk) +V2naoktD),

where xg = Zog = 70, This is an Euler-Maruyama discretized version of the continuous-

time overdamped Langevin diffusion with stepsize n?. Since 8 = 1 — 7 is small (see (38)),
we will then show that 5 and xj, are close to each other in L? distance. Indeed, we have
the following estimate.

Lemma 18 Under the assumptions of Theorem 12, we have for every k,

EHi'k:_-kaQSQ( 772 + (1+7]2L)2 > <(M—1)2 d>

2 2 2 AT
p(l = BE) T p2(1 - Ly 7N

4.1.3 PROOF OF THEOREM 12

: 0
Since 29 = % PR xl( ),

Then, it follows from Lemma 10 and Lemma 11 that for xj; defined in (43) we have

we have E||zg]|? < co. By assumption we have also n? < %

1.65L
W (L(zy), ) < (1= pn?)" ((EHxO — x4+ 2u—1dN—1> VPN
Moreover, it follows from Lemma 17 that

Ws (c (5:(’“)) ,c(:zk))

< (e]et )"

1/2
el s (52c5+ 2L )1/2
T\ =) 2 - mhy N N1 =7)?
1/2
2k _ (1 _ .2 IIAN _ 1/2
no 0l (1 Ui ,u(l 2 )) 2L (EH:):(O)H2) /
p(l — BN V=14 (1— "QTL) VN

whereas it follows from Lemma 18 that

W (L), L)) < (8 7 — i)

Sﬁ( n? N (1+7]2L)22>1/2 <(\/fﬁ_l)2d>l/2‘

2 2 N
p(l=158) (1= 1)

n> N
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Hence, we conclude that
o 1/2
) +2u~tdN —1>

(5 m) = 1 ( (20 -
1/2

(1—772M (1 WT ) — 2k 2Lfy( H H )1/2+77E4,

(1 (1=5)) =

+

(52)

with

1/2
2 1 272
E4::\/§< nn% * (z+nn2L) 2)
M(l—T) M(l—T)

Finally, by (31), we have

I v (k)

— WolL(z;” ), L

N ; 2 < < ) (
On the other hand, by Lemma 15,

Wl (2 > 2e? \Y?
O = (el
- < I B T

B (eleo) s A

_gz(k)HZ.

Kl
=
~—
~—
INA

We then obtain (40) by applying the triangular inequality for the 2-Wasserstein distance.
Finally, since 3 satisfies the inequality (38), we have 8 = O(n?) as 7 — 0 and this implies
that £y = O(1) and E5 = O(1) as claimed. This completes the proof. O

5. Numerical Experiments

We present our numerical results in this section. We conduct several experiments to validate
our theory and investigate the performance of DE-SGLD and DE-SGHMC. We focus on
applying our methods to Bayesian linear regression and Bayesian logistic regression prob-
lems. In our experiments, each agent has its own data in the form of i.i.d. samples. We will
consider three different network architectures: (a) Fully-connected network (b) Circular net-
work (c) A disconnected network with no edges as illustrated in Figure 1. Fully-connected
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(a) Fully-connected (b) Circular (c) Disconnected

Figure 1: Illustration of the network architectures.

network structure corresponds to the complete graph where all the nodes are connected to
each other whereas for the circular graph, each node can communicate with only “left” and
“right” neighbors. Disconnected graph corresponds to the case when nodes do not commu-
nicate at all with each other. The disconnected network is considered as a baseline case for
comparison purposes to see how the individual agents would perform without sharing any
information among themselves.

Before we proceed to the numerical experiments, we remark that the following examples
all satisfy the assumptions in our paper. We will have a discussion on this in the Appendix in
detail. In particular, Appendix D shows that the variance of the gradient noise is bounded,
and Appendix E shows that the gradient of the component functions are Lipschitz.

5.1 Bayesian linear regression

In this section, we present our experiments on the Bayesian linear regression problem, where
our main goal is to validate Theorems 2 and 12 in a basic setting and show that each agent
can sample from the posterior distribution up to an error tolerance with constant stepsize.
In this set of experiments, we first generate data for each agent by simulating the model:

5~ N (0,67, X;~N(O,I), yj=2"X;+35;, (53)

where the noise term 0; are i.i.d. scalars with £ = 1, z € R?, and the prior distribution
of z follows N(0,\I) where we take A = 10 in the experiments. For the Bayesian linear
regression, we can derive the posterior distribution as:
_ -1 1y -1
(@) ~N(m, V), m= (S +XTX/e*) (XTy/e?), V= (XTX/&+571) ",
where ¥ = AI is the covariance matrix of the prior distribution of z, X = [XT,X1,...]T
and Y = [y1,%2,...]7 are the matrices containing all data points. We simulate 5,000 data
points and partition them randomly among the N = 100 agents so that each agent will have
the same number of data points. Each agent has access to its own data but not to other
agents’ data. The posterior distribution 7(z) oc e 7@ is of the form f(z) = NN, fi(x)
with
fi(w) ==Y logp (yjlv, Xj) — - logp(w) = ) (v — " X;)" +
j=1 j=1

l]1?,

1
2AN
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where

1 i T yi)2
6*2572(3/]‘*1 Xj)

p (y;|x7X,;) = ’ p($) X e*%HIEHa

1
\/2mE?
and agent i has n; = 50 data points {(X}, y;)}z“zl

In the first experiment, we report the performance of the DE-SGLD method on the fully-
connected, circular and disconnected networks in Figure 2. We tune the stepsize 1 to the

dataset where we take n = 0.009. We consider the case when gradients are deterministic
(k)

, follows a Gaussian distribution, i.e.

(k)

%

(i.e. o = 0). In this case, it can be seen that x

(%)

.~ and covariance matrix ¥;”’. Based on

:L'Z(-k) ~ N (mgk), ng)) for some mean vector m

100 independent runs, we estimate the parameters mz(-k) and ng) and then compute the
2-Wasserstein distance with respect to the posterior distribution m(xz) ~ N(m,V) based
on the explicit formula (Givens and Shortt, 1984) which characterizes the 2-Wasserstein
distance between any two Gaussian distributions. This allows us to plot the 2-Wasserstein
distance to the stationary distribution for each agent and for the distribution of the average
k) = ZZ]\L 1 mgk) /N over the iterations in Figure 2. We observe that for both complete
and circular graphs all the agents will converge to the posterior distribution up to an error
tolerance. In the case of the disconnected network, we observe that individual agents do
relatively worse compared to the fully-connected and circular network cases; as they do not
leverage any information about their neighbors’ data points. For the disconnected case, the
nodes averages z(F) (which is neither computed nor accessible by agents) is closer to the
target distribution than the individual iterates azgk) as it contains information from each
agent; however the performance of the node averages () is still worse compared to the
performance of node averages for the fully-connected case as expected. We observe that the
experiments in the fully-connected network converges faster than the circular network. This
behavior is predicted by Theorem 2. Since the fully-connected network has a larger spectral
gap 1 —7 compared to the circular network (see the paragraph after (19)), our performance
bounds for the fully-connected network is better compared to the circular network case.’

In the next experiment, we investigate the performance of the DE-SGHMC method on
the same data set with (the same) three network structures. The stepsize ) and the friction
coefficient v are tuned to the dataset where we take = 0.1 and v = 7. The results are
displayed in Figure 3. The results are qualitatively similar to the DE-SGLD case. The
convergence of DE-SGHMC is fastest for the fully-connected case and is the slowest for the
disconnected case.

In the next set of experiments, we investigate the effect of changing stepsize, batch
size and the network structure on the speed of convergence where we stick to the DE-
SGLD method for this set of experiments. We measure the 2-Wasserstein distance to the
target m with a similar approach as before by fitting a Gaussian distribution A/ (ml(-k), Egk))
to the empirical distribution of xz(k) over 100 independent runs. The results are shown
in Figure 4. Both Figure 4(a) and Figure 4(b) are based on the fully-connected network
architecture. In Figure 4(a), we fix the stepsize to n = 0.009 and vary the batch sizes (the

5. This is a consequence of the fact that our upper bounds given for the 2-Wasserstein distances to the
target m in Theorem 2 and Theorem 12 are both monotonically increasing in 4 (see Remark 4 and
Remark 13).
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Figure 2: Performance of DE-SGLD for Bayesian regression on different network structures
with NV = 100 agents. The results of the first 4 agents CL‘f and the node averages

Tk = Zf\il :cz(.k)/N are reported.
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(a) Fully-connected (b) Circular (c) Disconnected

Figure 3: Performance of DE-SGHMC method for Bayesian regression on different network
structures. The stepsize n and the friction coefficient v are tuned to the dataset
where we take n = 0.1 and v = 7.

number of data points sampled with replacement to estimate the gradient). We conclude
that different batch sizes affect the asymptotic error the iterates have with respect to the
2-Wasserstein distance. Larger batch sizes reduce the amount of noise (i.e. the upper bound
o2 on the gradient noise) and therefore lead to smaller asymptotic error as predicted by
Theorem 2. In Figure 4(b), we used stochastic gradients with batch size b = 25 while we
varied the stepsize. The result clearly demonstrates the trade-off between the convergence
rate and the asymptotic accuracy; for larger stepsize the algorithm converges faster to an
asymptotic error region but the accuracy becomes worse as predicted by Theorem 2 (see
also Remark 3). In Figure 4(c) we report the effect of network structure with a constant
stepsize 7 = 0.008 and batch size b = 25 where we report the performance of a randomly
picked agent. The fastest convergence is observed for the fully-connected network. For the
disconnected network, each agent will converge to a stationary distribution based on its
own data rather than the posterior distribution based on the whole data set; therefore the
asymptotic error in 2-Wasserstein distance will be bounded away from zero.
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Figure 4: Performance of DE-SGLD method for Bayesian regression under different settings.
Figures are based on one randomly picked agent. The y-axis is presented in a
logarithmic scale in (a) and (b) .

5.2 Bayesian logistic regression

In Bayesian logistic regression, we are given a dataset of input-output pairs A = {aj};-‘zl
where a; = (X;,y;), X; € R? are the features and y; € {0,1} are the binary labels. We
assume that X; are independent, and that the probability distribution of the output y;
given features X; and the regression coefficients x € R? is given by

1

P(y; = 1|X; = —.
(y; | X, ) e

(54)
The prior distribution p(z) is often taken as a Gaussian distribution N (0, AI) for some A > 0
(see e.g. Chatterji et al. (2018); Dubey et al. (2016); Zou et al. (2018b)). If each agent
i possesses a subset A; of the data where A; = {(X;:,yj-)}:-il, then the goal in Bayesian

logistic regression is to sample from 7(z) o e~ /@) with f(x) = 3, fi(z) where

ng s

i ) ) 1 : _.Txi 1
filz) == logp (4 = 11X},2) — T logp(a) = > _log (147 ) + ——lz|* (55)
j=1 j=1

is strongly convex and smooth. We first test our algorithms on synthetic data where we
simulate (54) by

L ifp < — e
X] NN(072OI)7 by ~ Z/[(O, 1)7 Yj = Lte _—
0 otherwise

where U(0,1) is the uniform distribution on [0,1], * = [z1,72,23]7 € R?® and the prior
distribution of z follows N(0,\I) where we take A = 10 in the experiments. Similar to
the case of Bayesian linear regression, we separate the data points approximately equally
among all the agents, where we take N = 6. FEach agent can access to one part of the
data set. Unlike Bayesian linear regression, where the posterior distribution admits an
explicit formula, the posterior distribution 7(x) of Bayesian logistic regression does not
admit an explicit formula. In principle, one can approximate the stationary distribution
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Figure 5: The plots show the the accuracy over the data set versus number of iterations
for the DE-SGLD method on different network structures. Figures are based on
one randomly picked agent. Here, the stepsizes are tuned to the dataset where
we take 1 = 0.0003. We use the stochastic gradient with batch size b = 32 in the
experiments.

by running the algorithm over many runs and compute the Wasserstein distance between
this approximate distribution and the empirical distribution of the iterates and report this
distance as a performance measure. However, this is not practical. Instead, we resort
to another performance measure for each agent, which is the distribution of the accuracy
over the whole data set where accuracy is defined as the ratio of the correctly predicted
labels. This ratio is relatively simpler to compute and serves as a measure correlated with
the goodness of fit to the training data. For this purpose, w(ek)run the DE-SGLD method

multiple times and for each realization of the k-th iterate x;
whole data set based on xgk) and calculate the accuracy over n = 1,000 data points. Over
100 independent runs of the DE-SGLD algorithm with batch size b = 32, we estimate the
distribution of the accuracy for each agent at step k. We report the mean and the standard
deviation of the accuracy in Figure 5. We can clearly observe that the DE-SGLD method
works well for both fully-connected and circular networks for Bayesian logistic regression,
which supports our theory. In the right panel of Figure 5, we show the results of the DE-
SGLD method for the disconnected network. The performance on the disconnected network

is worse compared to the fully-connected and circular network settings as expected.

at node i, we classify the

In our next set of experiments, we investigate the DE-SGHMC method in Figure 6 where
we take n = 0.02 and v = 30 after tuning these parameters to the dataset. We use the
batch size b = 32 in this set of experiments. We see that the performance of DE-SGHMC for
fully-connected and circular networks is also better compared to the disconnected setting
as expected.
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Figure 6: The plots show the accuracy over the data set versus number of iterations for
the DE-SGHMC method on different network structures. Figures are based on
one randomly picked agent. Here, the stepsize n and the friction coefficient v are
tuned to the dataset where we take n = 0.02 and v = 30. We use the stochastic
gradient with batch size b = 32 in the experiments.
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Figure 7: The plots show the accuracy over the data set versus number of iterations for the
DE-SGLD method on different network structures over Breast Cancer data set.
Figures are based on one randomly picked agent. Here, the stepsizes are chosen
as n = 0.0008. We use batch size b = 32 in the experiments.

5.3 Bayesian logistic regression with real data

In this section, we consider the Bayesian logistic regression problem on the UCI ML Breast
Cancer Wisconsin (Diagnostic) data set® and MAGIC Gamma Telescope data set”. The
Breast Cancer data set contains 569 samples with dimension 31 and each sample describes
characteristics of the cell nuclei present in a digitized image of a fine needle aspirate (FNA)
of a breast mass. The Telescope data set contains 19,020 samples with dimension 11 and
each sample describes the registration of high energy gamma particles in a ground-based
atmospheric Cherenkov gamma telescope using the imaging technique.

6. The corresponding data set is available online at https://archive.ics.uci.edu/ml/datasets/Breast+
Cancer+Wisconsin+(Diagnostic).
7. The data set is available at https://archive.ics.uci.edu/ml/datasets/magic+gamma+telescope.
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Figure 8: The plots show the accuracy over the data set versus number of iterations for
the DE-SGHMC method on different network structures over Breast Cancer data
set. Figures are based on one randomly picked agent. Here, the stepsize n and
the friction coefficient 7 are well tuned to the data set so that we take n = 0.05,

v = 10. We use batch size b = 32 in the experiments.
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Figure 9: The plots show the “distribution of the accuracy over the data set” versus number
of iterations for the DE-SGLD method on different network structures over the
training data and the test data of Telescope data set. Figures are based on one
randomly picked agent. Here, the stepsizes are chosen as n = 0.008. We use batch

size b = 100 in the experiments.

Figure 7 and Figure 8 illustrate the results of using DE-SGLD and DE-SGHMC methods
applied to the classification problem over the Breast Cancer data set. For Breast Cancer
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Figure 10: The plots show the accuracy over the data set versus number of iterations for
the DE-SGHMC method on different network structures over training data and
test data from the Telescope data set. Figures are based on one randomly picked
agent. Here, the stepsize 1 and the friction coefficient v are tuned to the data set
where we take n = 0.07, v = 5. We use batch size b = 100 in the experiments.

data set, we separate the data set into N = 6 parts with approximately equal sizes and
each agent can access to only one part of the whole data set. Similar to the previous
section, we use the distribution of accuracy over the whole data set as the performance
measure and report the performance of a randomly picked agent. The performance in the
disconnected network setting is worse compared to the connected setting. We observe that
the convergence of DE-SGHMC method displayed in Figure 8 compared to DE-SGLD is
slightly faster with a smaller standard deviation of accuracy in general.

Figure 9 and Figure 10 illustrate the results of using DE-SGLD and DE-SGHMC meth-
ods for classification over the Telescope data set. For Telescope data set, we separate the
data set into training data and test data, where test data has 10% data points. Then
we separate the training data into 6 parts same as before. We report the accuracy over
both training data and test data in the figures. We get similar results that illustrate that
both methods perform better for fully-connected and circular networks compared to the
disconnected network setting. These results illustrate our theoretical results and show the
performance of our methods for decentralized Bayesian logistic regression problems.
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6. Conclusion

In this paper, we studied DE-SGLD and DE-SGHMC methods which allow scalable Bayesian
inference for decentralized learning settings. For both methods, we show that the distribu-
tion of the iterate ZUZ(-k) of node i converges linearly (in k) to a neighborhood of the target
distribution in the 2-Wasserstein metric when the target density 7(z) oc e™/ (®) is strongly
log-concave (i.e. f is strongly convex) and f is smooth. Our results are non-asymptotic
and provide performance bounds for any finite k. We also illustrated the efficiency of our

methods on the Bayesian linear regression and Bayesian logistic regression problems.
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Appendix A. Proofs of Technical Results in Section 3.1
A.1 Proof of Lemma 6

In this proof, we aim to provide an L? bound on the gradients VF (l'(k)) that is uniform in
k, where F' is defined in (14). Let us define

By, (z) := ;nxT(I —~ W)z + F(z). (56)

-2V

Then Fyy , is p-strongly convex and L,-smooth with L, = + L, and we can re-write

the DE-SGLD iterates as

20D = o) _ R, (x(k)> e ) with W=W eI, (57

Define z; as the minimizer of Fyy ;. Since VF(zr) is L-Lipschitz, we have

“ 2| vE @)

ofor () el () -t
< 2L%E | [+ ® — | +2)vr (23|

<2LE |||a® —22|["| +4||VF (23) — VF (°)|]° + 4||VF ()]

- ) )
<2L7E |||a®™ — 2} || | + 4L ||z} — 2*||" + 4[IVF (a")]*, (58)
where we recall from (10) that z* = [:cz,x*T, . ,mI]T, where z, is the minimizer of f(x).

Therefore, in order to derive Lemma 6, we need to have a control on ||z} — 2*||. This is
provided in the following lemma, which follows from Corollary 9 in Yuan et al. (2016).

1+AY

Lemma 19 Ifn < min(—% ’L%-u)’ then
N
|z — %[ < Clz\ﬁ, with 7 = max{}/\gv ) )\]V\[ﬂ} ,
-7
where C1 is defined in (27).
Proof of Lemma 19 The proof of Lemma 19 will be provided in Appendix C. U

Next, to continue with the proof of Lemma 6, we control the term E [Hx(k) - :L':‘ZHQ] in

(58) by deriving a recursion. From (57), we get
g+ — Ty = ) — zy —nVFy, (x(k)> — et 4ot with W =W @ .
Since Fyy,, is L,-smooth and p-strongly convex, we have

IVFwy (2) = VB, ) 7 Y2,y € R (59)
pllz =yl Vzy e RL (60)

L77<VFW,T] (2) — VFwn, (Y),z—y)

>
(z =y, VFw, (2) = VFw, (y) =
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*
n

2] — 2k <:c(k) — 2, VFy, (:x(k)>>

2 2
+ PR [HVFWW () H } +1°E Hg(’f“)H + 2pdN

2] —2n <1 — 772L7,> E <x(k) =z, VEw, (x(k))>

+n%02N + 2ndN

< (1 — 2un ( — 77;”7)) E [Hm(k) —

(1—pn(1+ AWV — nL))E [Hx(’“) -z,

If we choose z = z(¥) and y = z; and use the fact that VEyy , (:U ) = 0, we obtain

2] =E [Hx(k) -z

E [Hx(kﬂ) -, "

<E [Hm(k) — :z:;';

2 2 2
]+770N+277dN

2 2 2
]+770N+277dN,

where we used % < 1 and pn(1 + A —nL) € (0,1) which follows directly from our

assumptions on the stepsize. Therefore,
P [wa) 2 > 5o?N 4 2dN

+ .
p(1+ AN —nL)

] < (1 —un(1+ )\]V\I,/ — nL))k Hx(o) — x;';

I

Now we are ready to bound E HVF (x(k)) . We can compute from (58) that

E HVF (N)) HQ < 2I°E {Hx(k) — 2} +AL? o, — 2*||* + 4[|V F (2%

2 2L%(no?N + 2dN)
p(l+ Y —nL)

<20 (1 — (1 + A — nL))k Hx(o) -,

+4L ||y — 2*|* + 4| VF (@)
<AL2 (1 - (1 + AW —nL))" H:U(O) _|

ki e sp2
+4L% (1 — un(1 + AN = L)) |z* — aan
2L2%(no®N + 2dN)
L+ AN —nl)
<AL (1 — (1 + A — nL))k Hx(o) —z*
2L2(no®N + 2dN)

+4L? ||z — a*|)* + 4| VF ()]

* 8L ||o —

+4||VF (2|2,
where we recall from (10) that z* = [x*T,:B*T, e x*T]T where z, is the minimizer of f(x).
Finally, we apply Lemma 19 to complete the proof of Lemma 6. g

A.2 Proof of Lemma 7

In this proof, we aim to provide uniform Lo bounds between the iterates xgk) and their
means Z(®). First, by the definition of (%), we get

e* ) — (W @ I)z® — gV F <£L‘(k)) — e+ S,
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It follows that

2® = (WF @ 1) —p ki (W= 2 1) VF (o)

s=0
k—1 k-1
_ 772 (Wk—l—s Q Id) f(S—H) + /2772 (Wk—l—s ® Id) w(s—i—l)' (61)
s=0 5=0
Let us define x(®) .= [z(®T ... ,:E(k)T]T € RNV, Notice that

x(M) = % (In1R) ® Ig) 2™

where 15 € RY is a vector of ones; i.e. it is a column vector with all entries equal to one
and the superscript 7 denotes the vector transpose. Therefore, we get

2

R A | TR T RO

S|

Note that it follows from (61) that

9~ L (1y1%) ® 1) 2

= (W’fN @ 12 -+ ((WEW) © 1) 2
o (90 1) 9 () 0 8 () 1) 98 ()
- ”]:Z_; (WE17r 0 1) €6 k_: % ((1x1fwh =) o 1) o+
k-1 k—1
VI (0 ) A () )
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By the Cauchy-Schwarz inequality, we have

2
O % (151%) ® 1) 2

4 H(W’“ @ ) — % ((1n1hw*) @ 1) 2

X (1) 9 () 4030 (1) ) 9 (o)
=0 =0

L4 nZ(Wk 1-s ) (s+1) _ ”Zi; <<1N1]vak_1_s> ®Id> gls+1) 2
=0

k—

2

2

—_

91

(Wk_1_5® Id) (s+1) _ MZ;(ON@W’“‘I‘S)@ Id) (s

s=0

+4

2

1 (n1%) ® 1) 2©

— 4 ko 1)20
H(W &® d)x N

_ 2
4 —nki(w’f—l—S@Id)ww( )+nz (1v1%) ®Id)VF< <>)
=0

2

E
—_

+4lly (qu s ) (s+1) _ 772 1N1N ® I4) gls+D)

S

Il
=)

2

e
—_

+4 \/% (kalfs ) (s+1) _ \/72 1N1N ®Id) (s+1)

S

)

I
=)

where we used the property that W is doubly stochastic. Therefore, we get

2

O % (1n1%) ® 1) 2™

<4 H ((W’f - ]blNl%) ® Id> 20

2

k—1
+ 4?72 Z <(Wkls _ jilele}) &® Id) VF (x(8)>
5=0
k—1 1 2
+ 4,'72 Z ((Wk:—l—s _ NlNljz\}) ® Id> €(S+1)
5=0

2

+ 8n (62)

k—1 1
Z <<Wk‘—1—5 _ N1N1%> ® Id) w(8+1)
s=0
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Note that

2

k—1
4n? <<W’H—S 1N1§> ®Id) VE (2
> v (+)
k—1 2
§4772( <Wk_1 s 1N1N>®Id HVF( ))H>
s=0
k—1 1
g4n2< wh=l=s _ 11Tl HVF H)
> N (=)
k—1 2
o (S for ()]
s=0
k—1 2 k=1 _k—1—s s
k11— > 07 HVF( : H
— 4772 ,yk 1 s) < 5= -
<Zo Yoo
k—1 2k—1  _p_q_g )
§4n2< 7’“‘“) Y VF (2 \ , (63)
s=0 s=0 Z?zé P_Yk_l_s ( )

where we used Jensen’s inequality in the last step above, and the fact that W*~175 has eigen-
values ()x}/v)k_l_s with 1 = )\II/V > /\gv >0 > /\}/VV > —1, and hence HWk_l_s - %1]\[1;{,” =
max{| A [F=1=5 |A\W|k=1=5} = 5k=1=5 Recall from Lemma 6 that for every k =0,1,2, ...,

E[[|VF (®)|"] < D?, where D is defined in (26). Therefore, by (63), we have

2

4n’E

k—1
1
Wh=l=s _ 1N1]TV> ® Id> VF (2
(v g (=)

S

Similarly, we can show that

2
(- o)

<4 H (Wk _ ]1[1N1§> ® I, i me)Hz

e
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1
k—1-s N1N1%> ®Id> wE+D

1 — 1 2 2
<4 %EH ‘ AD*P 14 - ik Efet|
e R e E R vty Bl

k—1 1 T 2 y|?
ph-i=s NlNlNH E w0
5 1 k—1
S4,7y21f1[,3H96(0)‘ +4D2772(1_7) +402N7}22'y (k—1— s)+8dan,y2(k 1-s)
s=0
2 4D%p% 40’ Nnp? 8dN77
§4f72’“IEHx(O)‘ e A R A
Q-2 (1-%) (1-%?)
The proof is complete. O
A.3 Proof of Lemma 8
By Lemma 7, we can compute that
2
k _
E €] = N Z (Vfi (565 )) - V/i <$(k)>>
< gl () o o)
N i i [
1 2
< NLQZE | ==
252k 2 2792,,2 2522 2
S4L7 EH H+4LD172+4L - +8LC£Z‘
N1-%?2 (1-%) (1-%%)
The proof is complete. O

A.4 Proof of Lemma 9

In this proof, we aim to
is close to zj in L? dist

show that the mean of the iterates Z*) which is defined in (28)
ance, where zj, is defined in (24) which is an Euler-Maruyama

discretization of the continuous-time overdamped Langevin SDE in (25).
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First, we can compute that
D — gy =3 — gy — % [Vf (f(k)> - Vf(l”k)] + 9Eks1 — nEFTY,
where &1 = %V (20) = & 52X, v (2f7), and this implies that

2
—(k+1
[ = |

e 3 [ (5 -] [ e - 00

+2(20) — 2, = L |Vf (30) = V(e néis —ngD)
2

97 (39) - V()]
-2 <$(k) - 331@,77% [Vf (i(k)) - Vf(xk)} > +n? ka+1 - 5(k+1)H2
+2 <37(k) — T — 77% [Vf (f(k)> - Vf(xk)] s MEk+1 — nf(’““)>
20 | <f<k> i[5 (a9) - v MD
—2 <f(k) - 33k777% [Vf (f(k)) = Vf(fk)} > +7? ka+1 - 5(k+1)H2
+2 <$(k) — T — 77% [Vf (f(k)> - Vf(xk)] s NEk+1 — ﬂf(k+1)>
< (-2 (1)) o e -]

+2 <:7:(’“) =g [95 (29) = V1@0)] g - nﬁ_(’““)> . (69)

2
— ||z — ka s

IA

where we used L-smoothness of % f to obtain the second term after the first inequality
above and p-strongly convexity of % f (inequalities (59)-(60) apply to the function % f as
well if we replace the smoothness constant L, by L) and the assumption that n < 2/L
to obtain the first term after the second inequality above. Note that according to (12),
£(+1) has mean zero conditional on the natural filtration of the iterates till time & and by
Lemma 8,

4L272REH (O)Hz AL*D?*p?  4L?0?n* | 8L%dp
T

2
< .
Bl =~y Ni-2? T - -

(65)
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Also, we recall from (18) that E Hf(k“) H2 < "—]\? By taking expectations in (64) and applying
(12), we get

E Hj(k—s—l) — kaHQ
(oo (1)) o o e
+E [2 <x<k> ~ =y [95 (29) = V@] e - nék*”ﬂ (66)

L 2 - 9
= (1= 2 (1= 22) ) B[a® - + sE R+ 0]

+E [2 <f(k) — T — 77% [Vf (ff(k)) - vf(xk:)} a77€k+1>] (67)
< (1 — 2np (1 - 772L)> E wa — kaHz + 0B ||Epia|® + 772(;5
+ 2+ L) [[a% - |- €] (68)

where we used L-smoothness of % f. For any z,y > 0 and ¢ > 0, we have the inequality

_nL
2zy < cx? + % Applying this inequality with ¢ = “%_ﬁ ) to (68), we obtain

2
B o) - i
L 2 o?
< (1 — 2np (1 - Z)) E Hﬂ‘c(’“) - ka + 1B [l +n* 5

1- 1t 2 14qL
+(1+nL)n ("()E |o® — ai|| + =L E|iy )

L+nL (1 = %)
nL (k) 2 (1+nL)? 2 20°
= 1—77/1(1—))1[3 o =zl N+ ——— EHgk—i-lH +n" =,
(-1 2 o 2228 :

where we note that the leading term 1 —nu (1 — %) € [0,1) by our assumption on stepsize

n. By applying (65), we get

2
B[ o

< (om(5)) el

I SR 0 <4L272’“EH93(0>H2+ AL2D*p?  4LPc*n?  8LPdn )+ 20°
YA NI-7)? "= 1=
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for every k. Note that E H:)‘:(O) — x0H2 = 0. By iterating the above equation, we get

N (14 nL)? ( 412 D?n? N 4L20%n? N 8L2dn ) N NE
. "7 T’ — — — 77 JE—
p(l—"1) ) \N1L-=%)?  (1-5) (1-5% N

AN (L+9L)? | 4L2520620 2
+ (17;#(1 >77<17+ E|lz
« (1 — %) N H H

N (1+nL)? ( 412 D?n? N 4L%0%n? N 8L2dn > N N
AN = - = 0~
p(l—"1) ) \AN1L=7)?  (1-%5) (1-5% N

k
i U] Uk )
A '

Hence®, for every k.

(14nL)? (4L2D2n2 4L20%n> 8L2dn) 429
i 2 w1y ) \NO=)2 T o) T ) TN
2t -af <

1—(1—W(1—

+

(14nL)? ( 4L2D%; | 4L%c
N (77 - M(1—"2L)> N(1-7)? T (1-5
L

The proof is complete. 0]

k k
8. We recall that the last term is proportional to the ratio h(z,y) = zx:z with £ = 5% and y =

(1 - nu( - %)) and according to our notation (see Section 2), we interpret this ratio as ky*~' in
the special case when = = y.
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A.5 Proof of Lemma 11
The proof of Lemma 11 will be provided in Appendix C. g

Appendix B. Proofs of Technical Results in Section 4.1
B.1 Proof of Lemma 14

In this proof, we aim to provide uniform L? bounds on the iterates v(*), z(*) in (34)-(35).
Based on the expression (34) for v**1_ first we rewrite the DE-SGHMC iterates (35)
for k>1 as

— Mm%>+n(d“—n{ww%+VF(ﬂ@)+§%“ﬂ4— 2me“0
= Wz —p?vF <x(k)> + (1 — ) 4 AG+D

= wz® —2VF (:U(k)> + (1 —17m) (:L'(k) — W:U(k_l)) + Ak (69)

where
NG R —7725(k+1) + 2777w(k+1)-

If we consider

then (69) is equivalent to
cFHD = k) _ oV (m(k)> + 5 (x(k) - Wac(k_l)) + A+

= 2™ _qVF (aj(k)> + 5 (:c(k) — m(k71)> + A+ (71)
where § =1 — yn and

1 _
F(z):= F(z) + ﬁgcT(I - W)z, AFFLD . AR+ B(I — W)x(kfl)'

Let 27, be the unique minimizer of F'(z). Since a > 0, the function F(z) is strongly convex
with parameter p and smooth with parameter

1- AW
o

Lo=1L+

(72)

In the special case, A*+1) = 0, the iterations (71) would exactly coincide with the iterations
of the heavy-ball method of Polyak applied to the function F(z) with momentum parameter
B. Therefore, we can view the iterations (71) as a perturbed heavy-ball method with
perturbation A®*1 at iteration k. For the heavy-ball method, linear convergence to the
optimum of F(z) is obtained if the parameters o and 3 are properly chosen. In the rest of
the proof, we will extend the proof technique of Ghadimi et al. (2015) for the convergence
of the heavy-ball method to allow perturbations A*+1) and show that the second moments
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of the iterates remain bounded. First of all, we notice that the assumptions (37)—(38) on
the choice of 7 and 3 can be restated in terms of conditions on a = 7? as follows:

1+ AW
v (0370 "
1+ —4
0<p <N (74)
1+ A%
5 < ey LEAY), (75)

where we see after a straightforward computation that the constants ¢; defined by (38) can
be rewritten in terms of the smoothness constant L, as
1 apLe
Cl = = .
2 (1= B)(La + p) +2Laf3
In particular, the condition (74) implies g € [0, %) due to the fact that )\% < land a,p > 0.
Next, we introduce

(76)

s _
#M:175<ﬂ@_x%D>, (77)
for k > 1. From the update rule (71), it follows that
1 p
(k+1) (k1) — _ ~  (k+1) _ (k)
x +p 11— 51‘ 11— Ba:
) ) O g () ¢ L A
x4+ p 1_5VF<$ )—l—l_ﬁA .
This implies that
Hx(k:-i-l) ypltD g 2
2 200 _
—lp®) k) o ||” (k) _ o* (k)
HZL‘ +p T, 1_6<£L' xa,VF<:E )>
2 _ 2 203 _
> k) ||" = 222 (k) _ (k-1) (k)
TR |77 (=] (1-3) (o =0, F (o))
1 ~ 2 « _ 1 <
= ||AG+D 2028 L k) T g (R _ p* AE+1)
+(1_@)2H | +2(a® 4 =57 (%) Yo 1 p) !

where we used the definition (77) of p¥). Next, we bound the last two terms by applying
the Cauchy-Schwarz inequality:

[ g A < 2 [ (a2l - wt )]

1—p)?
=
< (1_25)2 (7]402]\7 + 17327Nd) + (12_52)2 (1 — )\E/VV)Q H:L‘(k_l)HQ )
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where E; denotes the conditional expectation with respect to the natural filtration up to
time k (which includes the history of the iterations up to (and including) z(*)). Similarly,

Ey, [2 <:c<’“) +ph - 2 VF (N)) B A<k+1>>}

1-5 Y (1-p5)
PN N NN (S DR 1 () W N S V2 SR )|
—2<:c +p 1_ﬁVF<:U ) xa’(l—ﬁ)ﬁ(l W)z >
2 2
W k) o (@ ol L BT 2| e |
s e p 1—5VF(x ) o +cl(1—ﬁ)2(1 Av) H‘x H ’

where we use Cauchy-Schwarz and ¢y is the constant given by (76). Combining everything,

2

«

’ 20 <a:(k) —zt VF (x(k)>>

E, Hx(Hl) 4 plhHD) g

< quf) ) g

-

g TP O - g (R () 0
where

g1 i —26)2 (102N + 1P2yNd) + ¢1 ||2®) + p®) — : S‘BvF (x(k)> — :
(o d) w0l
< (rmgp (N + )
+ 201 [ +p® — g 2c1(1i‘25)2 |V (=) H2
+ (24 2) -y (20 o 2hs?)

and in the last step we used the Cauchy-Schwarz inequality, i.e.

2
* (12
+ 2|25 ll”

«

e <l

Since F is p-strongly convex and L, smooth, we have also

2 e -l o 9F () < (o -t 07 ().

F <x(k>> _F (xwfl)) I g wa) _ x(H)HQ < <a;(k) _ )y (x<k>)> 7
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(see e.g. Nesterov (2013)). These inequalities combined with (78) implies

208 (5 (o) = F*) 4 By o0 4000 — g

(1-p5)? “
< i (P (s ) = ) o0 =t |- e o) —
e ] Y e e e | A )] IRt
Plugging the upper bound for E(k+1), we obtain
2 (£ (e0) )
< ogp (F () - )
+ Hx“‘” T+ =t [F (14 2e0) - 1 —25055 ) H —az|
s o o0 2 (25 - o+ 1) 9 ()
+ a —25)2 (n'o®N + n*2yNd)
- (12_5;)2 (1—AW)? <1 + 261) <2 wa—n — 2 ey ||x;|12> : (79)

By Lemma 20, the coefficient in front of HVF (x(k)) H2 is negative, i.e.

o « « 2 2ci o
o= 2 (25~ st 108) <O )

We then move the term with HVF (:U(k>) HQ to the left-hand side of (79) to obtain

26”3)2 <ﬁ%(aﬂk)> 4,15*) *’H1£k+1)4*lxk+l)‘*$z 2

oo fopc]

(1-58
e G R R e ]
TSl - ]
+ i —25)2 (n'o*N + n*2yNd)

+(12_5;)2<1_w)2(1+ )( o= — 2 zu2>. (s1)

By standard inequalities for p-strongly convex functions from Nesterov (2013, Section 2.1),

also
2 (F (sW) - F) < HVF (=®) ’ (82)
ot g < i[F (a1) = P (a2)] (83)
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where F* := F(z}) is the global minimum of F'. In particular, by multiplying both sides of
the first inequality (82) with —k, 3 > 0 we obtain

b gt (F (290 = F*) < ko5 [V F (29) H2 (84)

Inserting the estimates (83) and (84) into (81), we obtain
b (F (%) = ) o+ oo+ 4 69 2
< a(F (2070) = F*) 4 ||o® 4 50 -2

N

2

2 B 2apLq (k) _ »
(1 +2¢1) = =5 T 10 [ =2

(n402N + 7732’yNd) + 62||a:ZH2 ,

(1 B)?
where
 2ap 2cy
a = 7(1_5)2—#- " s (85)
 2af . 2a 8 — pa 20 2a0p
=g o=y (T e TN5)

where k, g is defined by (80), and

432 1
c 1= i —65)2 (1—)\%)2 <1+C1>'

We can also write

quf) 40 | = [zac)]T M2®) |

67

where
B
2R = [x(k) — ¥, 2% — :E(k_l)}T and M = i—pld .
)’ ’ Jéj Id (1676)2161

Therefore, we can write

b (F (%) = F) B | () ar (:0)
<o (F(47) =F) + (M) @ () + g (N + 1) + ol

where
20uLq
(e - 2 ) w250+ 2001

87)
142¢1)8%—aB (
ﬁ(l + 2¢1)14 (((11175)2“) Iq

By Lemma 21 and Lemma 22, for a given positive scalar s, we have sM = @ as long as
s> qo and a < sb as long as s > ¢q; where ¢1,¢2 € [0,1) and are defined by (106) and (107)
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respectively. If we introduce ¢ := max(q1,¢2) and choose s = ¢, then we obtain

b (F (x(k)) - F) R, [(z(kﬂ))T M (z“““)ﬂ
<q (b (7 () = ) + (=) ar (zw))
T

Let us introduce the Lyapunov function

Vhp:EP(F@W)_ﬁ)+G%MYj4G®mﬂ

= o (F (00) = ) (=0) " (s}

for £ > 0. Then, taking expectations, we get

+ 17402N + 77327Nd) + ca HxZHQ .

Vi1 < qVi + n*o?N +032yNd) + ca ||| .

"
(1-p)?
This recursion implies that

bE [F (fo)) - F} +E men Fpk g Z oy

1 2 "
< Vit + 1 (g (1N 4PN e a3 (58)

1—g¢q

where we recall that ¢ = max(qi,¢2). From the representation, (38), and the fact that
a = n? we observe that

o 1 aup
2 =a s
(]' +6) + (1 _/B) (1—)\%:{772[/)

(89)

N =

~2(1+p)"

Using the fact that the function h(a) := %
N

positive real line and by the assumption (37), we obtain

is monotonically increasing on the

14+ AW 14+ AW
h(a)§h< +N>= W (+N)MW =0(1).
2(L + p) L+ AL +2(1 = AL + p)
Therefore, we also have the following lower bound for ¢;:
1 ap
- <eci. 90
21+ 5)+ (- pem = )
It follows then from (90) and (89) that
¢ =0(a) =0 (%) . (91)
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Consequently, by our assumption (38), we have

B=1-my=0(Ve) =0 (n") =0 (a®), m=1-pF=06(). (92)

Then, it follows from the definition of ¢y that

2
czze)(,@? (1+;>> :(’)<52+6a> :
Since 8 = O(a?) by (92), we obtain
co =0 (ag) ) (93)

This also implies that

2
e [F (20 _ F* O 4 B (0 L0 _
Vi bE[F(x ) F}+Em +1_B<x . ) zt (94)
2 2 2 2
< bLg 2@ — 2% —|—2EH3:(0)_953 L% 2IEHx(1)—w(O)H : (95)
(1-5)
where
_ 2a (- pa 2u 2cap) 9
=125 (T + o - T e, 0)
where we used the fact that 8 = O(a?), 1 — AW = ©(1) and (91). Then,
1-AY
bLo=b(—X + L) =0(a). (97)

From the definition of a given in (85), we have also a = O (aff +¢2) = O (ag) , Where we
used 8 = O(a?) and ca = O(a?) obtained in (93). Then, it follows from (96) that

a
=3 =0(a). (98)

We also see that
g2 = max(0,1—2¢;) =1 — O(a), (99)

due to (91). This estimate and (98) implies
o= max(inm) =1 0a), 1o =g =0 (). (100)
On the other hand, a consequence of Lemma 19 is that
el = O(1). (101)
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Then, we get from (97) and (95) that V3 = O(1). Combining this fact with the estimates
(91), (93), (92), (98), (99), (100) we conclude that the terms on the right-hand side of (88)

satisfy Vig* = © ((1 -0 (n2))k> , and

1 2 42 3 L) Omd)
N + °2yNd _ _
1_q<(1_5)2 ('o*N +0*2yNd) + ealla* ) = G55 = O
= — 2
Viy1 = bE [F (x(k)) — F*} +E Hw(kﬂ) 4 plktD) 25| < ey,

for some constant cg3 = O(1) and every k > 0. Resorting to the estimate (101), we conclude
that this proves (45). The last inequality also implies that

S i [F (x(k)) - F] < % (102)

ol

as well as the inequality

2
(k—1)
(1 + B) zF) — Bx

E 1-5 1-8

= [« +p<k)H2

2 * 2< * (12
+ 2[[z3 |17 < 2e3 + 2|5 |17

[0}

< 2E |2 4 p® -z

where we applied the Cauchy-Schwarz inequality. If we apply the Cauchy-Schwarz inequality
again, we obtain

IEH (k <EH<1+ Bﬁ>x(k)

2

1—

(k—1)
< 9E <1+1fﬁ>x<k>—ﬁx 19K

(k—1) 2
< 9F <1 + 1_%) 20 _ ﬂzv 4 20 . (Z]E Hx(k—l) —

* 262 203
< ey +4IEIP + ( + 2l a||2>

z:||2)

where we used (102).
Within our assumptions on the stepsize and momentum 3, b = O(a?) and ||z | = O(1).
Furthermore, we have 3 = O(a?) as well as b = O(a?) = O(n*). Therefore, we conclude

that E Hm(k) H2 = O(1), which is equivalent to (46). This implies that

where we used L-smoothness of F'. Consequently, we find from the update equation (34)
that

E HVF (;Ak)) H2 <=1 (HVF( )2+ SupE|fo H

E Hva“) H2 —E HM’@ _VF (:Nf)) H2 +17202N + 2ynNd (103)

2 2
< 28R HM“ H + 2K HVF (xU“)) H 202N + 29pNd,  (104)
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which implies that for any k,

21%é4 + 20N + 2ynNd B
1—232 N

2 2
E HU(HUH <¢5:=E HU(O)H + 0(1), (105)

where we used the fact that 262 < 1 by our assumptions. This completes the proof of
Lemma 14.
O

The next three technical lemmas are used in the proof of Lemma 14.

Lemma 20 In the setting of the proof of Lemma 14; if the parameters o and B satisfy the
inequalities (73) and (74), then ko3 < 0 where kq g is defined by (80).

Proof of Lemma 20 The proof of Lemma 20 will be provided in Appendix C. U

Lemma 21 In the setting of Lemma 14, let o and 8 satisfy the conditions (73), (74) and
(75) where « is defined by (70). Then, we have

€(0,1), (106)

SalES]

q1 =
where a and b are defined in (85) and (86).
Proof of Lemma 21 The proof of Lemma 21 will be provided in Appendix C. U

Lemma 22 In the setting of the proof of Lemma 14, we have sM — Q = 0 if

. _ apule
$ > @ := max (O, 1 T 2La5> . (107)

Proof of Lemma 22 The proof of Lemma 22 will be provided in Appendix C. O

B.2 Proofs of Lemma 15— 18

The proofs of Lemmas 15 and 16 are inspired by the proofs of Lemmas 7 and 8 respectively,
and the proofs of Lemmas 17 and 18 are inspired by the proof of Lemma 9. We will present
the proofs of Lemmas 15-18 in Appendix C. U
Appendix C. Additional Technical Proofs

C.1 Proof of Lemma 11

Note that Ex || X — 24> = E|| Xoo — 7«2, where X is the unique stationary distribution
of the overdamped Langevin diffusion:

1
dX; = —NVf(Xt)dt + V2N ~LdW,
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where W; is a standard d—dimensional Brownian motion. By It6’s formula, we have

t
N Xy — zo||? = || Xo — x| —|—2\/2N—1/ el (Xs — 24, dWs)
t ‘ 1
—2/ et® <Xs—x*,Vf(Xs)>ds

0 N

t t

+2N1d/ e“sds—l—,u/ eS| X s — x| ?ds
0 0

¢ ¢
< |1 X0 — 24 ||* + 2V 2N‘1/ e (X — @y, dW,) + 2dN 1 / eM®ds,
0 0

where we used p-strongly convex property of z +—» % f(z). This implies that

B 2dN 1
E[| Xe — 2] < e )| Xo — 2| + .

and therefore E|| Xoo — z4])? < %. The proof is complete. O

C.2 Proof of Lemma 15

In this proof, we aim to provide uniform Lo bounds between the iterates xz(k) and their
means £, First, by the definitions of z®), we get

e * D) — (W @ I;)2®) 4+ o+,

It follows that

k—1
2 = (Wk ® Id> 9 g Z (Wkilfs ® Id> ot
5=0
Let us define x®) := [z(®) ... ()] ¢ RN Notice that

x4 = = (1n1h) @ 1) .

Therefore, we get

2

N 2 2 1
3 [ - 20" = [ — =" = |29 - L (1n1%) @ 1) 2
=1
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and by the Cauchy-Schwarz inequality

2
20 _ % (1n1%) ® 1) 2®

<2 H (W’“ ® Id) z® % ((1N1£Wk) ® Id) Lol

2

) (Wk—l—s % Id) W+ ”Z% ((1N17]\“[Wk—1—s> o Id) H(5+1)

k—1 k—1
1
+ 2 —n (Wk—l—s ® Id) U(S+1) + n N ((]-NlN) ® Id) ’U(s+1)
s=0 s=0
2 k—1
_ [N 0) 2 k—1-s (s+1
=2||( (W= vk ) @ La ) 2@ + 29 S ((w vk ) o1y )v
s=0
Note that
k—1 1 2
772 Z ((Wk—l—s _ N1N1N> ® Id) ’U(S+1)
s=0
k-1 2
< ,,72 ( (Wk—l—s N1N17]\}> ® I ’ ,U(S-H)H>
s=0
E—1 1 2
S ,’72 <Z Wk—l—s N]-Nl% ‘ U(S+1)H>
s=0
k—1 2
— (Z L HU(sH)H)
s=0
k—1 2 k=1 —j—1— 2
= n? <Z ,ykls> (Zso A HU(SH)H>
k=1 —j_1_
s=0 ZSZO ’Yk 1-s
k—1 2 k-1 k-1 )
< (L7) St e
s=0 s=0 Zs:O ,-Yk:—l—s

where we used Jensen’s inequality in the last step above.
2
Recall from Lemma 14 that for every s, E [HU(SH) H } < ¢5. Therefore, we have

2

k—1
1
an Z (<Wk’—1—s o N1N1]’1\1f> ® Id) ,U(S+1)
s=0
k—1 2 k-1 h-1-s 1
< esn’ (Z 7k_1_5> Yoo S e
s=0 s=0 Zs:O ’Ykilis (1 - 7)
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Similarly, we have

Sa

1 2
H <<Wk - N1N1%> ® Id) 20

The proof is complete. O

C.3 Proof of Lemma 16

By Lemma 15, we can compute that

LS (9 () =5 (+)
=1
_ ;Ziwuw () -5 ()|

<ol -

2L2’)/2k

2
E||&l® =E

A
Kl

2L%c5n?
N(1-7)*
The proof is complete. U

| /\

el + 5

C.4 Proof of Lemma 17

In this proof, we aim to show that the average iterates 7*) are close to the iterates #j which
is defined in (44). First, we can compute that

2 —,
S s =39 [0 (500) © 91(a0] £ (29— 5D g P,

where N
1 (k) (0
Eps1 = Vf( )- ;sz (=)

We also observe that under our assumptions n € (0,/2/L), n*u(1 — 77QTL) < 1. Then, it
follows from the proof of Lemma 9 that we have

EHx(kH)_@kHH?_(1_nu<1_7722L>>EH( _ka A

N
2 (2 (LHPLN B oy )
+n (77 +u(1—7L) E 2 (w T )+6’k+1
2

2L 2
(ol D)k oot

ﬂ(l—f
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where we used ) — z(#=1) = (%) and (18). We recall from Lemma 16 that

2L2’y2k 2 2L%csn?
Blénl® < =52« + 550 !
HngrlH + N(l _ :Y)Q’ ( 09)
and by Lemma 14, we get
2
ool < L Saf - el < 5 o
N
By applying (109)-(110) to (108), we get
2
B o - dun|
2L 0.2
s R et
<1 nu(l 2>)EH Ty, Ty
(1 +7n*L)*\ [ Bcs 2L272k 2 2L%csn?
ot [ Ly |, 2L
( p(l = 2Ly ) \n?N N(1-7)?

for every k. Note that E Hi(o) — :iOHZ = 0. By our assumption on stepsize 7, we have
1—n’u (1 — 77ZTL) € [0,1). By following the same argument as in the proof of Lemma 9, we

conclude that for every k,

2 2
o <n2 | L= 2)> (ﬁi% + o) + '
- <

w(l—

E =
" 1= (1= (1- %))
jﬂ (o)) 4L272EH o,
(i)
which completes the proof. O

C.5 Proof of Lemma 18

In this proof, we aim to show that the iterates Zj, which is defined in (44), is close to
the iterates zj in (43) obtained from an Euler-Maruyama discretization of an overdamped
Langevin SDE. First, we can compute that

2

Tt1 — Tyl = Tk — T — T [Vf(Zg) — Vf(zy)] <\/17_ ) k1)

N

It follows from the arguments in the proof of Lemma 9 that we have

2
et =< (1 (1 750) ) o -

o (e 85 s (- i
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By taking the expectations, we get

2
T

< (1 1) - (o GG (VT

for every k. The rest of the proof follows similarly as in the proof of Lemma 17. O

C.6 Proof of Lemma 19

Note that z; by its definition coincides with the fixed point 2 of the decentralized gradient
descent without noise:

D = wi® _ v F (93(’“)) :

i.e.
T =Wi>® —nVF (%),

and ry; = 2°°. Since z;, and z* do not depend on 9 to get a bound on |z, — 2|, we
can assume that (9 = 0, and apply Corollary 9 in Yuan et al. (2016) which is re-stated in
Fallah et al. (2019):

Hsﬁfo—x*HSC'lln_, where szmax{|/\gv},})\jv\lf/‘},
-
where z* = (I, 2T ..., 21)T, where 2* is the minimizer of f(z), which yields that
N
Hx;—x*H §Cl717\ﬁ, where 7 := max{‘)\gv , )\W{}
-7
The proof is complete. O
C.7 Proof of Lemma 20
By the definition of L, given by (72), we have
« « 2 2c1 ¢
kog:i= — + . 111
o (1—5)<1—,8 1=+ (L+ pa 1—ﬂ) (111)
1+
Due to (73), we have (L + p)a < —52, therefore
« « 2ay 2ci«
kosg < — + . 112
a’ﬁ_(1—5)<1—5 L=V 4+ (1+2%)/2 1—,8> (112)

Furthermore,

_1 ap 1o _1
T30 -_BA(tp/La) 28 2145 "2 (113)

&1
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where we used the fact that /L, > 0. Therefore, by replacing ¢; in (112) with its upper
bound (113), we obtain

< a? < I 2 I a,u)
A= \I-8 1A+ (@+AY)/2 1-5

o < 1 4 N au)
S (1= \1-8 3-AW 1-8/)°

Since a > 0 and 8 < 1/2 by our assumptions, % > 0 and ko < 0 if and only if

1 4 ap
— + <0,
1-8 3=-NY 1-p

which is equivalent to

- L+ A + apAl —3ap

B 4

(114)

By our assumption (74) on 3, we have

W _
< LT AN Z o

4
and noticing that /\JV\I,/ > —1 and au)\lfvv > —apu, we conclude that the inequality (114) holds.
Hence, we obtain k, g < 0 and the proof is complete. O

C.8 Proof of Lemma 21
Using the definitions of a and b from (85) and (86), we have

o= &2 2B AL AN )+ 1 er) i

b 2q (6 — po+ 2#5;1(;@ — 2clau)

where ¢; is given by (76). Therefore, the condition ¢; € (0,1) is equivalent to

(1-5)
Lo+

b(1 — B)% =2 (5 — po+ 2 — 2cloz,u> >0, (115)

where b is defined by (86) and

(1-8)
Lo+p

208 + 43 (1—)\%)2(1+1/01)/u< 2a <B—,uoz+2,u 20104,u> . (116)

It suffices to show that under our assumptions on « and (3, these two conditions are satisfied.

The first condition (115) is satisfied because b = % —2kqa gp > % > 0 by Lemma 20.
We next prove that the second condition (116) holds. We re-organize (116) as
1 —
43 (1- )\]"\‘[/)2 (c1+1) <2c1pa <—uo¢ + ZM(L+/8) — 20106M> ) (117)
ot
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We note that
_1 an <,

2(1-8)(1+p/La) +28 ~ 2(1+5)
where in the first inequality we used the fact that p/L, > 0 whereas in the second inequality
we used the assumptions (73) and (74). Therefore, ¢c1+1 < 2 and 2¢c;ap < 2au#. Hence
it suffices to have

C1

&ﬂﬁA%ﬁg2qmm<;u+2uu_ﬁ)2 ‘W)

a
Lo+ p "1 +p)
(1- B)a ap
=2cipa | —po+ 2 —2apu——r |,
tH (“ N+ L+ wa 20+ 5)
where we used the definition of L, given in (72). By assumption (73), we have a <
(1+A%)/(2(L + p)); therefore it suffices to have

2(1_\W 2 . (1-08) . ap
86% (1 - Ay )" < 2cipa “a‘+2“1._ng+l+gﬁ QaMQKTIES (118)
1—
_ 2 2 (1-5) ap
=21 p <—1—|—43_)\% - (1+5)> . (120)

By differentiating the right-hand side of (120) with respect to [, it is easy to see that the
right-hand side is a decreasing function of 8 under our assumptions. Therefore, by plugging

in the largest allowed value W for 8 on the right-hand side of this inequality, we can
relax condition (120) to

1+)\Wf4au

14+ 2\
8B2 (1 — )\ﬁf < 2clu2a2 —-1+4 OWN))

—ou —201M2042< 3 AW
AN

4
3 AW
Since AW € (—1,1), it suffices to have
1+ Ay
8B2(1-'A%j2féznu2a2<OW(+_1V)>,

which holds if and only if

1+
2 . 3,3 ( N .
Frsapa (muA%V>
Since AW € (—1,1), it suffices to have

14+ 2\
2 - 3.3 N
B_Clﬂ'a 64 )

which is exactly the condition (75) we assumed in the statement of the lemma. We conclude
that the inequality (116) is also satisfied. Finally, we infer from (115) and (116) that
q1 € (0,1) completing the proof.

O

57



GURBUZBALABAN, GAao, HU AND ZHU

C.9 Proof of Lemma 22
Consider the matrix pencil S5 = sM — @ with s > 0. We have

S, = o1
R A ()

:As®Ida

where ® denotes the Kronecker product of matrices and A, is the 2 x 2 matrix

2cp1L e
PR R e (e a7 (s _);2_ 3;1)]
s s—1—2c +o
(s —1-20) (=

By the properties of the Kronecker product, the symmetric matrix Ss has the same eigen-
values with the 2 x 2 matrix Ag and S; is positive semi-definite if and only if as A, is positive
semi-definite. Therefore, Ss is positive definite if and only if the principal minors of A are
non-negative, i.e.

2oLy

Q=B Latp) =

s—1—2c; +

and

(““2‘” (1—250)412%:—1-#)) <(8_1_<12?23€2+W> - ((1%(5‘1‘2“))2 |

After some computations we observe that the last inequality is equivalent to

2L, S
(1= B)(La + p) +2Laf8

We conclude that S is positive semi-definite if and only if

0.

s—1—2c; +

20pLa 1 aple,
(1=B)(La+p)+2LaB (1= B)(La+p) +2LapB"

where we used the definition (76) of ¢; in the last equality. This completes the proof. [

s>1+42c —

Appendix D. Discussions on Gradient Noise Assumptions

In our analysis, we assumed that the variance of the gradient noise is bounded (Assump-
tion 1). This is a reasonable assumption since it can be shown that if the stepsize n > 0 is
small enough the variance of the gradients will stay bounded and satisfy our assumptions
on the gradient noise (Assumption 1) with an analysis similar to Aybat et al. (2019, Section
K). We can illustrate this point in detail as follows.

Consider a more general gradient noise setting than Assumption 1:

B[V - V@[] =0 B[[¥h@ - Va@[ o] scp).

(see e.g. Jain et al. (2018)) where C' is a positive constant. The assumption (121) is satisfied
for a wide class of f; functions when gradients are estimated over mini-batches. Consider the
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linear regression example in the empirical risk minimization setting, where the stochastic
gradients V f;(x) are estimated from mini-batches of size b at a point z, i.e.

b
_2n T 1
Vfl = Zy]k—;r XZ —i-)\—Nyc
k=1
where j1, jo2,...,Jp are selected uniformly random with replacement over the index set

{1,2....,n;} of the data points where n; are finite and fixed. In this setting, it is well-
known that the gradient error satisfies (121). The Lo-regularized logistic regression case
will be similar.

In the following, we will show that for DE-SGLD, when the stepsize 7 is sufficiently
small, the assumption (121) implies that:

- ~ 2
E Vfi(a;)—wi(x))x} —0, IEHVfi(x)—Vfi(a;)H <02, (122)

for some o > 0, which is the precisely the assumption we had for gradient noise (Assump-
tion 1) and hence our main result (Theorem 2) holds under the assumption (121). This is
primarily because the second moments of the iterates are uniformly bounded and taking ex-
pectation with respect to « in (121) would result in a condition like (122). To see this in more

@fz(x) — sz(:lc)H2 < o2, as

detail, we recall that in the proof of Lemma 6, by assuming E ‘

in Assumption 1, we had

B o0 -5

2] <(1—pn A+ — L)) E [Hx(k) o

} +n?0*N + 2ndN, (123)

provided that the stepsize 7 is sufficiently small, where z(*) = {(xgk))T, (:1:%0)

xy is the minimizer of Fyy ,(z) = %xT(I — W)z + F(z), where F(z) = Zi:l fi(x;). Now,
if we assume (121), instead of (122), we will obtain

, and

E[Hw(kﬂ)—m* 1 < (1—m (1+)\]V\I//—UL))E[HHC(I€)— 2}
+n*CN + n*CE [Hm(k)HQ] + 2ndN
<(1—pn(1+ AV — nL))E [Hm(k) -z, 1
+n*CN + 20°CE [H ®) _ gz ] +2i2C ||z || + 2ndN.
By Lemma 19, for sufficiently small stepsize n > 0, |z} —2*| < C} Tﬁ,, where C1,% are
constants defined in (27) and (19), and we recall from (10) that z* = [a:f, e ,x*T}T where

x4 is the minimizer of f(z) = Zf\il fi(x) which is unique by strong convexity. Therefore,
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we obtain

2 [fer -

< (1= pn (142N —9L)) E [Hx(k) -

|

2 N
+n*CN + 2n°CE [Hm(k) -, ] +40%C ||=*|)* + 47740012W + 2ndN
-7
1 W &) x|
< 1_§M77(1+)‘N —nL) |E Haz —
N
+ n2CN + 4n%C ||=z*||* + 47740012W + 2ndN, (124)

for sufficiently small . This implies that for sufficiently small n, such that % un(l + /\JV\I,/ —
nL) € (0,1), we have the following uniform Ly bound:

E [wa) _

for some constant C; > 0. Finally, by taking the expectation w.r.t. z in (121) and applying
the tower property, we conclude that (122) holds for some o > 0. Hence, the assumption
(121) implies the assumption (122) which is used in Assumption 1. This argument shows
that our assumption on the finiteness of gradient noise variance is satisfied when data is
sampled with mini-batches such that (121) holds.

2 .
x; ] < Ch, for any k € N, (125)

Appendix E. Discussions on the Lipschitz Gradient Assumption

In our analysis, we consider sampling from the target distribution with density 7(z) o
e f@) = e Zﬁvzlfi(x), where f; is the loss function of the agent ¢ for : = 1,2,..., N. We
assume that the gradients V f;(z) are (uniformly) Lipschitz with some Lipschitz constant L.
In the linear regression example in Section 5, we consider the empirical risk minimization
setting, where the number of data points n; that agent ¢ possesses is finite and the dataset
is given and fixed. The Lipschitz constant L will in general depend on the dataset, but will
be finite as long as the number of data points n is finite. For example, in the case of linear
regression, we have

fi(z) = an (y] - xTXl) + 2)\1NH3:|]2 (126)

where agent i possesses a dataset D; := {(X ,y])} ', of n; data points. The Hessian of f;
satisfies

2fi(x) =2 XZ —1
V2 fi( Z +)\N

where [ is the identity matrix. Therefore, Hessian of f; is uniformly bounded satisfying
V2 fi(x)| <2 Doty I XH1? + - Therefore, we can take the Lipschitz constant to be

n; 112 1
L= 22 {HQaXN (ijl HX;H )+ AN’
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and this constant is finite because the number of samples n = Zi\; 1 M is finite and the data
points X;: are given and fixed. This is the setting considered in our paper, and therefore
our uniformly Lipschitz assumptions are satisfied.

More generally, one can try to bound L almost surely, i.e. for almost every realization
of the dataset. If we take X; to be random without a compact support (i.e. when data is
Gaussian), then L will not be bounded almost surely. However, if the input data is bounded
(which can often hold in machine learning practice naturally after normalizing/preprocessing
data if necessary), then we will have L finite almost surely and our Lipschitz assumption will
hold for almost every realization of the dataset. By similar computations, we can have the
same conclusions for logistic regression. In other words, in the empirical risk minimization
setting that we consider when each agent has finitely many data points and the dataset is
fixed, our uniform Lipschitz gradient assumption will hold although the Lipschitz constant
L will depend on the dataset. If we assume further that data has compact support, our
Lipschitz assumption will hold almost surely.

It is worth noting that the recent elegant approach in Barkhagen et al. (2021) applies
even if the data does not have compact support and when n goes to infinity and can
handle non-i.i.d. L-mixing data streams. However, Barkhagen et al. (2021) considers the
centralized setting and distributed setting is not discussed. It is not clear how to apply
their techniques to the distributed setting but this would definitely be an interesting future
research direction. Also, Barkhagen et al. (2021) does not discuss the stochastic gradient
Hamiltonian Monte Carlo case, whereas our analysis framework provides a uniform approach
where we study the stochastic gradient Hamiltonian Monte Carlo as well in the distributed
setting.
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