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Abstract

We study stochastic decentralized optimization for the problem of training machine learning
models with large-scale distributed data. We extend the widely used EXTRA and DIGing
methods with variance reduction (VR), and propose two methods: VR-EXTRA and VR-
DIGing. The proposed VR-EXTRA requires the time of O((ks+n) log %) stochastic gradient
evaluations and O((kp + K¢) log %) communication rounds to reach precision €, which are
the best complexities among the non-accelerated gradient-type methods, where ks and k
are the stochastic condition number and batch condition number for strongly convex and
smooth problems, respectively, k. is the condition number of the communication network,
and n is the sample size on each distributed node. The proposed VR-DIGing has a little
higher communication cost of O((kp + k2) log %) Our stochastic gradient computation
complexities are the same as the ones of single-machine VR methods, such as SAG, SAGA,
and SVRG, and our communication complexities keep the same as those of EXTRA and
DIGing, respectively. To further speed up the convergence, we also propose the accelerated
VR-EXTRA and VR-DIGing with both the optimal O((,/nk; +n)log 1) stochastic gradient
computation complexity and O(,/kyk. log %) communication complexity. Our stochastic
gradient computation complexity is also the same as the ones of single-machine accelerated
VR methods, such as Katyusha, and our communication complexity keeps the same as
those of accelerated full batch decentralized methods, such as MSDA. To the best of our
knowledge, our accelerated methods are the first to achieve both the optimal stochastic
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gradient computation complexity and communication complexity in the class of gradient-type
methods.

Keywords: Stochastic decentralized optimization, EXTRA, DIGing, variance reduction,
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1. Introduction

Emerging machine learning applications involve huge amounts of data samples, and the data
are often distributed across multiple machines for storage and computational reasons. In
this paper, we consider the following distributed convex optimization problem with m nodes,
and each node has n local training samples:

m n
min 3 fo) (@), where fiy(@) =~ 3 fos(2), (1)
TERP i1 n =

where the local component function f; ; represents the jth sample of node 7, and it is not
accessible by any other node in the communication network. The network is abstracted as a
connected and undirected graph G = (V, &), where V = {1,2,...,m} is the set of nodes, and
E CV xV is the set of edges. Nodes ¢ and j can send information to each other if and only
if (i,j) € £. The goal of the networked nodes is to cooperatively solve problem (1) via local
computation and communication, that is, each node ¢ makes its decision only based on the
local computations on f;), for example, the gradient, and the local information received
from its neighbors in the network.

When the local data size n is large, the cost of computing the full batch gradient V f;)
at each iteration is expensive. To address the issue of large-scale distributed data, stochastic
decentralized algorithms are often used to solve problem (1), where each node only randomly
samples one component gradient at each iteration (extendable to the mini-batch settings
with more than one randomly selected component). Most decentralized algorithms alternate
between computations and communications. Thus to compare the performance of such
methods, two measures are used: the number of communication rounds and the number
of stochastic gradient evaluations, where one communication round allows each node to
send information to their neighbors, for example, O(1) vectors of size p, and one stochastic
gradient evaluation refers to computing the randomly sampled V f;) ; for all ¢ € V in parallel
(Kovalev et al., 2020b).

Although stochastic decentralized optimization has been a hot topic in recent years,
and several algorithms have been proposed, to the best of our knowledge, in the class of
algorithms not relying on the expensive dual gradient evaluations, there is no algorithm
optimal in both the number of communication rounds and the number of stochastic gradient
evaluations (Kovalev et al., 2020b), where “optimal” means matching the corresponding lower
bounds. In this paper, we extend two widely used decentralized algorithms of EXTRA (Shi
et al., 2015) and DIGing (Nedié et al., 2017; Qu and Li, 2018), which have sparked a lot of
interest in the distributed optimization community, to stochastic decentralized optimization
by combining them with the powerful variance reduction technique. Furthermore, we propose
two accelerated stochastic decentralized algorithms, which are optimal in the above two
measures of communications and stochastic gradient computations.
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1.1 Notations and Assumptions

Denote z(;) € R? to be the local variable for node 7. To simplify the algorithm description
in a compact form, we introduce the aggregate objective function f(x) with its aggregate
variable x and aggregate gradient V f(x) as

z() m Vi (za)”
x=| |, f=Yfolkw) VIix)-= : . 2)
Zm) = Y fom) (m)) "

Denote z* to be the optimal solution of problem (1), and let x* = 1(2*)”, where 1 is the
column vector of m ones. Denote I as the identity matrix, and /\/(i) as the neighborhood
of node i. Denote Ker(U) = {x € R™|Uz = 0} as the kernel space of matrix U € R™*"™,
and Span(U) = {y € R™|y = Uz,Vz € R™} as the linear span of all the columns of U. For
matrices, we denote || - || as the Frobenius norm for simplicity without ambiguity, since it is
the only matrix norm we use in this paper. The notation A > B means A — B is positive
semidefinite.
We make the following assumptions for the functions in (1).

Assumption 1 Fach f; (x) is L;)-smooth and p-strongly convex. Each f(i)J(x) is L) -
smooth and convex.

We say a function g(z) is L-smooth if its gradient satisfies ||Vg(y) — Vg(x)|| < L|ly — x]|.
Motivated by (Hendrikx et al., 2021, 2020), we define several notations as follows:

_ 1< _ — L L
Ly =maxLgy, Ly =— ZL(i),ja Ly =max L, *ks= “Lom="Lo @)
i n i i 1
Then f(x) is also p-strongly convex and L y-smooth. It always holds that L;y < Z(i) < nL(i)l,
which further gives

Lfgffgan and Ky < ks < NKY. (4)

We follow (Hendrikx et al., 2021) to call k; the batch condition number, and x, the stochastic
condition number, which are classical quantities in the analysis of batch optimization methods
and finite-sum optimization methods, respectively. Generally, we have ks < nky, see (Allen-
Zhu, 2018) for the example and analysis.

In decentralized optimization, communication is often represented as a matrix multipli-
cation with a weight matrix W € R"™*™. We make the following assumptions for this weight
matrix associated to the network?.

Assumption 2
1. W;; # 0 if and only if agents i and j are neighbors or i = j. Otherwise, W; ; = 0.

2. W=WT, I>W »=wl, and W1 =1.

1. See footnote 14 in (Allen-Zhu, 2018) for the analysis.
2. The weights can be assigned heuristically or optimized given the fixed graph structure (Boyd et al., 2004).
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We let w = 0 for EXTRA, and w = ? for DIGing. We can relax w to be any small

positive constant for DIGing?, and fix it to g to simplify the analysis. For EXTRA, we
can also relax the condition to I = W = (=1 + d)I for any small positive constant 6. Part
2 of Assumption 2 implies that the eigenvalues of W lie in [w, 1], and its largest one o1 (W)
equals 1. Moreover, if the network is connected, we have o3(WW) < 1, where o2(WW) means
the second largest eigenvalue. We often use

1

T 1-aa(W) ®

Re
as the condition number of the communication network, which upper bounds the ratio
between the largest eigenvalue and the smallest non-zero eigenvalue of (I — W), which is a
gossip matrix (Scaman et al., 2017).

As will be introduced in the next section, we often use k; and x. to describe the number
of communication rounds, and ks for the number of stochastic gradient evaluations in
stochastic decentralized optimization.

1.2 Literature Review

In this section, we give a brief review for the decentralized and stochastic methods, as well
as their combination. Table 1 sums up the complexities of the representative ones.

1.2.1 FurLL BATCH DECENTRALIZED ALGORITHMS

Distributed optimization has gained significant attention for a long time (Bertsekas, 1983;
Tsitsiklis et al., 1986). The modern distributed gradient descent (DGD) was proposed in
(Nedi¢ and Ozdaglar, 2009) for the general network topology, and was further extended in
(Nedié, 2011; Ram et al., 2010; Yuan et al., 2016). These algorithms are usually slow due to
the diminishing step-size, and suffer from the sublinear convergence even for strongly convex
and smooth objectives. To avoid the diminishing step-size and speed up the convergence,
several methods relying on tracking the differences of gradients have been proposed. Typical
examples include EXTRA (Shi et al., 2015), DIGing (Nedi¢ et al., 2017; Qu and Li, 2018),
NIDS (Li et al., 2019), and other similar algorithms (Xu et al., 2015; Xin et al., 2018).
Especially, EXTRA (Li and Lin, 2020) and NIDS (Li et al., 2019) have the O((ks + ) log 1)
complexity both in communications and full batch gradient evaluations to solve problem (1)
to reach precision €, which is the best among the non-accelerated algorithms. DIGing has
a slight higher complexity of O((kp + x2) log %) (Alghunaim et al., 2021). Another typical
class of distributed algorithms is based on the Lagrangian function, and they work with
the Fenchel dual. Examples include the dual ascent (Terelius et al., 2011; Scaman et al.,
2017; Uribe et al., 2020), ADMM (Iutzeler et al., 2016; Makhdoumi and Ozdaglar, 2017;
Aybat et al., 2018), and the primal-dual method (Lan et al., 2020; Scaman et al., 2018; Hong
et al., 2017; Jakoveti¢, 2019). However, the dual-based methods often need to compute the
gradient of the Fenchel conjugate of the local functions, called dual gradient in the sequel,
which is expensive.

3. In this case, condition (15) is relaxed to ||Vx||* < (1 — w?)||x||?>. By the similar proofs of Theorem 2, we
can obtain the O(Z (ks + r2)log 1) complexity for DIGing.

4. In this case, the complexity of EXTRA becomes O(5 (kb + k) log 1).
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Nesterov’s acceleration technique is an efficient approach to speed up the convergence of
first-order methods, and it has also been successfully applied to decentralized optimization.
Typical examples include the distributed Nesterov gradient with consensus (Jakoveti¢ et al.,
2014), the distributed Nesterov gradient descent (Qu and Li, 2020), the multi-step dual
accelerated method (MSDA) (Scaman et al., 2017, 2019), accelerated penalty method
(Li et al., 2020b), accelerated EXTRA (Li and Lin, 2020), and the accelerated proximal
alternating predictor-corrector method (APAPC) (Kovalev et al., 2020b). Some of these
methods have suboptimal computation complexity, and Chebyshev acceleration (CA) (Arioli
and Scott, 2014) is a powerful technique to further reduce the computation cost. Scaman
et al. (2017, 2019) proved the £2(/Rpkc log %) lower bound on the number of communication
rounds and the £2(,/kp log 1) lower bound on the number of full batch gradient evaluations,
which means that any first-order full batch decentralized methods cannot be faster than
these bounds. The MSDA and APAPC methods with CA achieve these lower bounds.

1.2.2 STOCHASTIC ALGORITHMS ON A SINGLE MACHINE

Stochastic gradient descent (SGD) has been the workhorse in machine learning. However,
since the variance of the noisy gradient will not go to zero, SGD often suffers from the
slow sublinear convergence. Variance reduction (VR) was designed to reduce the negative
effect of the noise, which can improve the stochastic gradient computation complexity to
O((ks +n)log %) On the other hand, full batch methods, such as gradient descent, require
O(kplog 1) iterations, and thus O(nk; log 1) individual gradient evaluations for finite-sum
problems with n samples, which may be much larger than O((n + k) log 1) when r, < nry.
Representative examples of VR methods include SAG (Schmidt et al., 2017), SAGA (Defazio
et al., 2014), and SVRG (Johnson and Zhang, 2013; Xiao and Zhang, 2014). We can further
accelerate the VR methods to the O((,/nk;s + n)log 1) stochastic gradient computation
complexity by Nesterov’s acceleration technique. Examples include Katyusha (Allen-Zhu,
2018) and its extensions in (Zhou et al., 2019; Kovalev et al., 2020a). Other accelerated
stochastic algorithms can be found in (Lan and Zhou, 2018; Lin et al., 2018; Fercoq and
Richtarik, 2015; Lin et al., 2015). Lan and Zhou (2018) proved the £2((y/nk, + n)log 1)
lower bound for strongly convex and smooth stochastic optimization, and Katyusha achieves
this lower bound.

1.2.3 STOCHASTIC DECENTRALIZED ALGORITHMS

To address the issue of large-scale distributed data, Chen and Sayed (2012) and Ram et al.
(2010) extended the DGD method to the distributed stochastic gradient descent (DSGD). To
further improve the convergence of stochastic decentralized algorithms, Pu and Nedié¢ (2021)
combined DSGD with gradient tracking, Mokhtari and Ribeiro (2016) combined EXTRA
with SAGA, and proposed the decentralized double stochastic averaging gradient algorithm,
Xin et al. (2020b) combined gradient tracking with the VR technique, and two algorithms are
proposed, namely, GT-SAGA and GT-SVRG. Li et al. (2020a) generalized the approximate
Newton-type method called DANE with gradient tracking and variance reduction. See (Xin
et al., 2020a) for a detailed review for the non-accelerated stochastic decentralized algorithms.
Hendrikx et al. (2021) proposed an accelerated decentralized stochastic algorithm called
ADFS for problems with finite-sum structures, which achieves the optimal O(\/kpr.log %)
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communication complexity. However, ADFS is a dual-based method, and it needs to compute
the dual gradient at each iteration, which is expensive. Recently, Hendrikx et al. (2020)
further proposed a dual-free decentralized method with variance reduction, called DVR,
which achieves the O(rp/kclog 1) communication complexity and the O((ks 4 n)log 1)
stochastic gradient computation complexity. These complexities can be further improved to

O(/FpFey | 2 log 1) and O((y/nrs +n)log 1) by the Catalyst acceleration (Lin et al., 2018),

KRs
respectively, where O hides the poly-logarithmic factor, which is at least O(log xyp)°. We see
that DVR-Catalyst achieves the optimal stochastic gradient computation complexity up to
log factor. However, its communication cost is increased by a factor O(, /”T'Zb) compared

with ADFS, which is always much larger than 1 in machine learning applications®, and it is
of the O(y/n) order in the worst case. Hendrikx et al. (2021) proved the £2((,/nks +n)log 1)
stochastic gradient computation and the £2(,/rpk. log i) communication lower bounds. The
study on acceleration for the general stochastic problems without finite-sum structures
can be found in (Dvinskikh and Gasnikov, 2021), (Gorbunov et al., 2019), and (Fallah
et al., 2019). See the recent review (Gorbunov et al., 2022) for the accelerated stochastic
decentralized algorithms.

1.3 Contributions

Although both the decentralized methods and stochastic methods have been well studied,
their combination still has much work to do. For example, as far as we know, there
is no gradient-type stochastic decentralized method achieving both the state-of-the-art
communication and stochastic gradient computation complexities (either accelerated or
non-accelerated) of the decentralized methods and stochastic methods simultaneously. In
this paper we aim to address this issue. Our contributions include:

1. We extend the widely used EXTRA and DIGing methods to deal with large-scale
distributed data by combining them with the powerful VR technique. We prove the
O((ks+n)log 1) stochastic gradient computation complexity and the O((kp+ k) log 1)
communication complexity for VR-EXTRA, which are the best complexities among
the non-accelerated stochastic decentralized methods as far as we know. The stochastic
gradient computation complexity is the same as the single-machine VR methods, while
the communication complexity is the same as the full batch EXTRA. For VR-DIGing,
we establish the O((ks + n)log 1) stochastic gradient computation complexity and
the O((kp + x2)log ) communication complexity. The latter one is a little worse
than that of VR-EXTRA on the dependence of x.. Due to the parallelism across m
nodes, running VR-EXTRA and VR-DIGing with mn samples is as fast as running
the single-machine VR methods with n samples.

2. To further speed up the convergence, we combine EXTRA and DIGing with the
accelerated VR technique. The proposed Acc-VR-EXTRA achieves the optimal
O((y/nks + n)log %) stochastic gradient computation complexity and the optimal

5. See Proposition 17 in (Lin et al., 2018) and Corollary 7 in (Li and Lin, 2020).
6. As discussed in Section 1.2.2 for the comparison between the VR methods and gradient descent, stochastic
methods have no advantage when ks =~ nkp. We often assume ks < nkp.
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Table 1: Comparisons of various state-of-the-art decentralized and stochastic algorithms.
See (3) and (5) for the definitions of ky, K5, and ke. O hides the poly-logarithmic
factors. The complexities of Acc-VR-EXTRA and Acc-VR-DIGing hold under
some conditions to restrict the size of k.. See part 1 of Remarks 9 and 12. Acc-
VR-EXTRA-CA and Acc-VR-DIGing-CA remove these restrictions.

stochastic gradient communication dual
Methods computation fom lexit, complexit; gradient
P P Y P Y based ?
Full batch decentralized algorithms
EXTRA
(Shi et al., 2015) O (n (kp + kc)log T) O ((kb + Ke) log 1) no
(Li and Lin, 2020)
DIGing
(Nedi¢ et al., 2017) O (n (ko + K2) log 1) O ((ko + K2) log 1) no
(Alghunaim et al., 2021)
MSDA+CA 1 1
(Scaman et al., 2017) © (n Vi log ;) 0 ( Vitic log ;) yes
APAPC+CA : 1
(Kovalev et al., 2020b) O (ny/rylog ) O (Vpficlog ) no
Stochastic algorithms on a single machine
VR methods
(Schmidt et al., 2017) 1
(Defazio et al., 2014) 0 ((FLS +n)log Z) \ no
(Johnson and Zhang, 2013)
Katyusha 1
(Allen-Zhu, 2018) O ((v/nFs +n)log ) \ no
Stochastic decentralized algorithms
GT-SAGA 2 2 1 9 9 1
(Xin et al., 2020b) O ((I{slic + n) log 6) (@] ((/{Smc + n) log 6) no
GT-SVRG 2 2 1 9 2 1
(Xin et al., 2020b) O((HSHC log ks +n) log E) @ ((HSKC log ks +n) log E) no
ADFS 1 1
(Hendrikx et al., 2021) O ((vnks +n)log ¢) O (Vrrclog ;) yes
DVR+CA 1 1
(Hendrikx et al., 2020) O (s +n)log ¢) O (roy/Relog ) no
DVR+-Catalyst = 1 ~ TRy 1
(Hendrikx et al., 2020) © (( ks +n)log 5) © ( A VA log 5) e
Lower bounds 1 1
(Hendrikx et al., 2021) ? (( /s +n)log Z) Q ( Vistie log ;) \
Our results for stochastic decentralized optimization
VR-EXTRA O ((ks +n)log 1) O ((kb + ke) log ) no
VR-DIGing O ((ks +n)log 1) O ((kb + K2) log 1) no
Acc-VR-EXTRA O ((y/nks 4+ n)log 1) O (VFokelog L) no
Acc-VR-DIGing O ((/nrs +n)log 1) O (Key/kp log 1) no
Acc-VR-EXTRA+CA O ((y/nks 4+ n)log 1) O (rokclog 1) no
Acc-VR-DIGing+CA O ((y/nks +n)log 1) O (/Fokclog 1) no
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C’)(mlog%) communication complexity under some mild conditions to restrict
the size of k.. The proposed Acc-VR-DIGing has the optimal O((\/nks + n)log %)
stochastic gradient computation complexity and the O(k¢./kplog %) communication
complexity with a little worse dependence on k.. The two methods are implemented
in a single loop, and thus they are practical. We further combine Acc-VR-EXTRA
and Acc-VR-DIGing with the Chebyshev acceleration to remove the restrictions on
the size of k., and improve the communication complexity of Acc-VR-DIGing to be
optimal. Our complexities do not hide any poly-logarithmic factor. To the best of our
knowledge, our methods are the first to exactly achieve both the optimal stochastic
gradient computation complexity and the communication complexity in the class of
gradient-type methods.

Table 1 summarizes the complexity comparisons to the state-of-the-art stochastic decen-
tralized methods. Our VR-EXTRA has the same stochastic gradient computation complexity
as DVR-CA, but our communication cost is lower than theirs when r. < O(k2). On the other
hand, by combining with Chebyshev acceleration, our VR-EXTRA and VR-DIGing can also
obtain the O(kpy/kKclog %) communication complexity. For the accelerated methods, our
Acc-VR-EXTRA-CA and Acc-VR-DIGing-CA outperform DVR-Catalyst on the stochastic
gradient computation complexity at least by the poly-logarithmic factor O(log ky), and our

communication cost is also lower than that of DVR-Catalyst by the factor O (, /m). On

Ks
the other hand, DVR and its Catalyst acceleration require O(np) memory at each node,
while our methods only need O(p) memory’. Although ADFS has the same complexities as
our Acc-VR-EXTRA-CA and Acc-VR-DIGing-CA, our methods are gradient-type methods,
while theirs requires to compute the dual gradient at each iteration, which is much more
expensive.

2. Non-accelerated Variance Reduced EXTRA and DIGing

We first review the classical EXTRA and DIGing methods in Section 2.1. Then we develop
the variance reduced EXTRA and DIGing in Sections 2.2 and 2.3. At last, we discuss the
complexities of the proposed methods in Section 2.4.

2.1 Review of EXTRA and DIGing

A traditional way to analyze the decentralized optimization model is to write problem (1) in
the following equivalent manner:

m

min Zf(z) (x(z)), s.t. ZC(l) = .T(Q) == l’(m)

()T m) S5

Following (Alghunaim et al., 2021) and using the notations in (2), we further reformulate
the above problem as the following linearly constrained problem:

1
min f(x) + %HVXHQ, s.t. Ux =0, (6)

7. This is similar to the memory cost comparison between SAG/SAGA and SVRG.
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where the symmetric matrices U € R™*™ and V € R™*™ satisfy
UX=0<:>:L‘(1) == Tm) and VX:0<:>:U(1) == T(m)- (7)

where i |Vx||? can be regarded as the augmented term in the augmented Lagrange method
(Bertsekas, 1982), which may speed up the convergence than the methods based on the pure
Lagrangian function. Introducing the following augmented Lagrangian function

1 1
L(x,\) = — Vx| + = (Ux, A
(%, A) = f(x) + o Vx[" + — {Ux, 4)
we can apply the basic gradient method with a step-size @ in the Gauss—Seidel-like order to
compute the saddle point of problem (6), which leads to the following iterations (Alghunaim
et al., 2021; Nedié et al., 2017):

xFH = xk — (an(xk) +UN+ szk> ,
>\k+1 _ )\k + ka+1‘

(8)

Iteration (8) is a unified algorithmic framework, and different choices of U and V' give
different methods (Alghunaim et al., 2021). Specifically, when we choose U = \/# and

V =4/ #, (8) reduces to the famous EXTRA algorithm (Shi et al., 2015), which consists
of the following iterations:

1
XL = (T4 W)xk — ;kaq _

a (Vf(xk) - Vf(xk’l)) .
When we choose U =1 — W and V = I — W2, (8) reduces to the DIGing (Nedi¢ et al.,
2017) method with the following iterations:

P = Wwsk + VxF) - VMY,

< = Wk — agk L

Both EXTRA and DIGing rely on tracking the differences of gradients at each iteration.

2.2 Development of VR-EXTRA and VR-DIGing

Now, we come to extend EXTRA and DIGing with the variance reduction technique proposed
in SVRG (Johnson and Zhang, 2013). Specifically, SVRG maintains a snapshot vector wé‘;)
after several SGD iterations, and keeps an iterative estimator V T (:U’(“z)) =V f(i)d(xl(“i)) -
Vi), (wé‘;)) + Vi (w@)) of the full batch gradient for some randomly selected j. When
extending EXTRA and DIGing to stochastic decentralized optimization, a straightforward
idea is to replace the local gradient V f; (33’(‘;)) in (8) by its VR estimator V f; (xl(“z)) However,
in this way the resultant algorithm needs the same number of stochastic gradient evaluations
and communication rounds to precision €. As summarized in Table 1, our goal is to provide
computation and communication complexities matching those of SVRG and EXTRA /DIGing,
respectively, which are not equal. To address this issue, we use the mini-batch VR technique,
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that is, select b independent samples with replacement as a mini-batch S;), and use this
mini-batch to update the VR estimator. By carefully choosing the mini-batch size b, we
can balance the communication and stochastic gradient computation costs. Moreover, to
simplify the algorithm development and analysis, we adopt the loopless SVRG proposed in
(Kovalev et al., 2020a). Combining the above ideas, we have the following VR variant of (8)
described in a distributed way:

1 1 .
V=7, —— (Vf( (@) = V oy (why )) + Ve (wy), Vi (9a)
b 1P (i),
eS’&) ’
ZL‘](CSFI = ZL‘]&) — OZVI(Z) + Z Uz_])\ ) + Z Z‘]:E \V/Z, (gb)
J€NG) JENG)
Nt =M+ Y Uga(t, Vi (9¢)
JEN(Z
k  with probability 2,
wZ.J)rl _ { ;) with probability o vi. (0d)

w@) with probability 1 — %7

where the mini-batch VR estimator update rule (9a) is motivated by (Allen-Zhu, 2018),

in which each sample j on node i is selected with probability p;) ; = % The
probabilistic update of the snapshot vector in (9d) is motivated by (Kovalev et al., 2020a),
in which we update the full batch gradient V f(;(w k“) if wé“)rl = ’(CZ.); otherwise, we use the
old one. Steps (9b) and (9c) come from (8), but replacmg the local gradients by their VR
estimators. In steps (9a) and (9d), each node selects S?) and computes wf) independent
of the other nodes.

At last, we write (9a)-(9d) in the EXTRA /DIGing style. Similar to (2), we denote

vk = : (10)
(V)"

to simplify the algorithm description. From steps (9b) and (9c¢), we have

xEHL = (2T — U2 — V)xk — (1 - VA)xF 1 _ o (V’“ - Vk‘l) (11)

W into (11), we have

in the compact form. Plugging U = \/% and V =

I
S (T W)k — %ka—l Ca (Vk: _ vk—l) 7

which is the VR variant of EXTRA, called VR-EXTRA. Plugging U = I — W and V =
I — W? into (11), we have

+_ ok — 2%kl _ ¢ <vk - vk—l) 7

10
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Algorithm 1 VR-EXTRA and VR-DIGing
Initialize: :c(()) = w?i) = Zint, )\(()i) = 0, compute J:b) and w(l) for all ¢ by (9b) and (9d),

i i
respectively. Let o = O(m) and b = %, where k = 2k, for EXTRA, and

x = k2 for DIGing. Let s%) = Vi (w? ) for DIGing.

i i)

_ Layg
nL(i)

Let distribution Dy;) be to output j € [1,n] with probability p;) ;
for k=1,2,... do
Step 1: S’(“i) < b independent samples from D;) with replacement, Vi,
Step 2: Compute V@) by (9a), Vi,

Step 3: For EXTRA, compute a;l(“;)rl by

1
k1 _ |k NP I O | k-1 ko ookh-1)
SO Ol > Wiag;) 5 | %o T > Wija 04<V(i) Vi ),VZ,
JENG) JENG)

For DIGing, compute a;’(“:)rl by

K+l _ ok ko okl k1 _ ok k1 -
syt = D Wity + Vi Vi it = Y Wialy —asill i,
JEN ) JENG)

Step 4: Compute w@'{l by (9d), Vi.
end for

which is further equivalent to the following method, called VR-DIGing,

Sk‘-l-l — Wsk‘ + Vk _ Vk_l,

R .

We see that VR-EXTRA and VR-DIGing are quite similar to the original EXTRA and
DIGing. The only difference is that we replace the local gradients by their VR estimators.
Thus the implementation is as simple as that of the original EXTRA and DIGing. We give
the specific descriptions of VR-EXTRA and VR-DIGing in Algorithm 1 in a distributed way,
including the parameter settings. To discuss EXTRA and DIGing in a unified framework,
we denote

k = 2k, for EXTRA and # = k2 for DIGing. (12)

See Lemma 1 for the reason. We will use k frequently in this paper when we do not
distinguish EXTRA and DIGing, and the readers can use (12) to get the specific properties
of EXTRA and DIGing, respectively.

2.3 Extension to Large x

The particular choice of the mini-batch size b in Algorithm 1 may be smaller than 1 when
k is large, which makes the algorithm meaningless. We discuss EXTRA and DIGing in a

11
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unified way in this section, so we use x in this section, which is defined by (12). In fact,
b > 1if and only if kK < max{ks,n}, see the proof of Theorem 2 in Section 4. In this section
we consider the case of k > max{ks,n}.

Intuitively speaking, when « is very large such that x, + kK > ks 4+ n, to reach the desired
O((kp + k) log 1) communication complexity and the O((ks + n)log 1) stochastic gradient
computation complexity, as summarized in Table 1, we should perform less than 1 stochastic
gradient evaluation in average at each iteration. This observation motivates us to introduce

some zero samples, that is to say, let f;),41 = -+ = f)w = 0 for all 4, and consider
problem
. m 1 n’
;E%R%Zf(li)(x)u where f(/i)(l") Y Zf(i),j(x)' (13)
i=1 j=1

The zero samples do not spend time to compute the stochastic gradient. We see that
problems (13) and (1) are equivalent. To use Algorithm 1 to solve problem (13), we denote

, _
nun' —nL; )
L(’L),] = Tn(z) for all n < Vi S n,,
and let each sample be selected with probability # Then we select the samples in
B j=1"(i),3 _
[1,n] with probability i%), and select the zero samples with probability 1 — Lo 1t can be

un/

. L; . .
seen that f(’i)(a:) is nnE” -smooth and 7;LT*,‘—strongly convex. Define the following notations:

n
;. LY ; nL(i) _ an 7! Zj=1 L(i)vj - -/
n =k, w = ?, Lf = miaX o = o s L(’L) = T, Lf = m?XL(l) (14)
: _ 1 _ (L _ max{Zjn/p'}
We can eaSﬂy check oo = O(m) = O(a), and b = WJW =1. See the prOOf

of Theorem 4 in Section 4. Then we can use Algorithm 1 to solve problem (13).

2.4 Complexities

We prove the convergence of VR-EXTRA and VR-DIGing in a unified framework. From
Assumption 2, we have the following easy-to-identify lemma, where the third inequality in
(15) can be proved similarly to Lemma 4 in (Li et al., 2020b).

Lemma 1 Suppose that Assumption 2 holds with w =0 for EXTRA. Let U =V = \/%.
Then we have

1
|| < [Vx|?, 1V < Sll® and  [JUAI* > —[IAI%, YA € Span(U), (15)

| =

where Kk = $(W) = 2K¢. Suppose that Assumption 2 holds with w = g for DIGing. Let

U=I1-W andV =1 —W?2. Then (15) also holds with k = W = k2.

12
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Denote the following set of random variables:

Sk :U?ilgl(i')v Ek: {So7wlaglaw2"' 7Sk_1awk}'
The next theorem gives the communication complexity and stochastic gradient computation
complexity of algorithm (9a)-(9d) in a unified way.

Theorem 2 Suppose that Assumption 1 holds, and U and V satisfy (7) and (15). Let
o= —t—and \ =0
28 max{Ly,mp} :

max{Lnu}

1. If k < max{ks,n}, let b = max{Lr ]
x{Lyf,ku}
of O((kp + k) log L) communication rounds and O((ks + n)log 1) stochastic gradient

evaluations to find x* such that Egk[ka —x*[|?] <e.

Then algorithm (9a)-(9d) requires the time

2. If k > max{ks,n}, let b=1. Then algorithm (9a)-(9d) requires the time of O((kp +
k) log 1) communication rounds and O((ky + k)log ) stochastic gradient evaluations
to find x* such that Eer [[Ix" —x*|?] <e.

Remark 3 Let’s explain the time of one communication rounds and one stochastic gradient
evaluation. At each iteration, algorithm (9a)-(9d) performs one round of communication, that

18, each node i receives information m’(“ and )\’(“j) from its neighbors for all j € Mi). Then

7)
each node i selects S’(‘“i) randomly and computes V@) with b stochastic gradient evaluations.
Vf(i)(wf;)rl) is updated with probability b/n, and each time with n stochastic gradient evalu-
ations. So each node computes b stochastic gradients in average at each iteration. Since the
computation is performed in parallel across all the nodes, we say that each iteration requires

the time of one communication round and b stochastic gradient evaluations in average.

From Theorem 2, we see that when k > max{ks,n}, the stochastic gradient computation
cost increases to O((ky, + #) log 1). We can use the zero-sample strategy described in Section
2.3 to reduce the computation cost to O((ks+n) log %), as described in the following theorem.

Theorem 4 Suppose that Assumption 1 and conditions (7) and (15) hold. Assume Kk >
max{ks,n}. Applying Algorithm 1 to solve problem (13), it requires the time of O((kp +
r)log 1) communication rounds and O((ks 4+ n)log 1) stochastic gradient evaluations to find
an e-precision solution of problem (1) such that Eq.[[|x* — x*||?] < e.

We see that by introducing the zero samples with carefully designed n’ and L, for
n < j <n’, the complexities in Theorem 4 keep the same as those in part one of Theorem 2.

For the particular VR-EXTRA and VR-DIGing methods, we have the following com-
plexities accordingly, where we replace x in Theorems 2 and 4 by 2k, and k2, respectively.

Corollary 5 Suppose that Assumptions 1 and 2 hold with w = 0. Use the zero-sample
strategy if 2k, > max{ks,n}. Then the VR-EXTRA method in Algorithm 1 requires the
time of O((ky + kc)log 1) communication rounds and O((ks +n)log 1) stochastic gradient
evaluations to find x* such that Eer[||xF — x*[|?] <.

13
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Corollary 6 Suppose that Assumptions 1 and 2 hold with w = @ Use the zero-sample

strategy if k2 > max{rs,n}. Then the VR-DIGing method in Algorithm 1 requires the
time of O((ky + k2)log L) communication rounds and O((ks +n)log L) stochastic gradient

evaluations to find x* such that E@[ka —x*?] <e.
Remark 7

1. The communication complexity of VR-DIGing has a worse dependence on k. than

that of VR-EXTRA. This is because EXTRA uses U = \/% in problem (6), while

DIGing uses U = I — W. From Lemma 1, we see that different choice of U gives
different order of k..

2. From Table 1, we see that EXTRA and VR-EXTRA have the same communication
complezity, and DIGing and VR-DIGing also have the same communication complexity.
Thus extending EXTRA and DIGing to stochastic decentralized optimization does not
need to pay a price of more communication cost theoretically.

3. When k < max{ks,n}, running VR-EXTRA and VR-DIGing with mn samples needs
the time of O((ks+n)log %) stochastic gradient evaluations by parallelism, which is the
same as that of running the single-machine VR methods with n samples when we ignore
the communication time. On the other hand, when we run the single-machine VR
methods with mn samples, the required time increases to O((rs +mn)log ). Thus the
linear speedup is achieved when n is larger than ks. The situation of k > max{ks,n}
1s more complicated because at each iteration, some machines would be computing
gradients, while others would be idle if the zero-sample is chosen. Parallelism is
destroyed and the actual running time would be larger than the time of O((ks+n)log %)
stochastic gradient evaluations.

4. Both in theory and in practice, we can choose a larger mini-batch size b than the
particular choice given in Algorithm 1, at the expense of a higher stochastic gradient
computation complexity than O((ks+n)log %) However, the communication complexity
remains unchanged. See the proof of Theorem 2. Denote T to be the ratio between the
practical running time of performing one communication round and one stochastic

gradient computation. If ks +n < 7(kp + k), that is, communications dominate the
max{L¢,np} 7(ky+r)
max{Ljy,kpu} Ks+n
does not increase the total running time of O(7(ky + k) log 1).

total running time, we can increase the mini-batch size to =7, which

3. Accelerated Variance Reduced EXTRA and DIGing

In this section, we develop the accelerated VR-EXTRA and VR-DIGing methods. In
algorithm (9a)-(9d), we combine (8) with the loopless SVRG to get the non-accelerated
methods. To develop the accelerated methods, a straightforward idea is to combine (8) with
the loopless Katyusha proposed in (Kovalev et al., 2020a), which leads to the following
algorithm (16a)-(16f). We give the parameter settings in Algorithm 2. We will not write
(16a)-(16f) in the EXTRA/DIGing style since the resultant methods are complex, and they

14
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Algorithm 2 Acc-VR-EXTRA and Acc-VR-DIGing

ce e . max{+v/nL¢/un} L
Initialize: x?i) = z?z.) = w?i), )\?i) =0forall i, « = O(L%% b= max{#\/%, L—;},
01 = min{3 2“, 1}, 6y = 2L 5, where k = 2k, for EXTRA, and x = k2 for DIGing.

Let U=V = \/_T for EXTRA, and U =1 — W and V = v/I — W? for DIGing.
Let distribution D(;) be to output j € [1,n] with probability p(;) ; n(lez
for k=0,1,2,... do

S]("’Z.) < b independent samples from D(;) with replacement, Vi,

Perform steps (16a)-(16f), Vi,
end for

are not very similar to the original EXTRA and DIGing besides the feature of tracking the
differences of gradients.

éf) = 012’?.) —|— 92’11)?:) (1 - 0]_ - 92)33@), \V/'l, (163‘)
k: .
CEEDY s (Vaalely) ~ Vhostely) + Vholuty), Vi (160)
eSk
1 jire’ 1 .
k—l—l k k . k 2 .. k
0 T 1y (g Yoo g, iyt 2 Uiy 0 Z Wizt ¥ (16)
o €N €N
k+1 _ yk kA ;
iyt =My +00 D UGyl Vi, (16d)
JENG)
R k+1 _ _k :
(’L) ( ) —+ 01 ( ( ) — Z(z)> 5 VZ, (166)

zk. with probability 2,
k—i—l_{ (i) WP Y Vi. (16f)

0] wé“i) with probability 1 — %,

In the above algorithm, steps (16a) and (16e) are the Nesterov’s acceleration steps, which
are motivated by (Allen-Zhu, 2018; Kovalev et al., 2020a). Steps (16¢) and (16d) involve

the operation of Ux, which is uncomputable for U = /L }W in EXTRA in the distributed

environment. Introducing the auxiliary variable M = UM and multiplying both sides of
(16d) by U leads to

1 po 1 ~
k+1 _ Pk Lok~ (o 7F 23k g, 12 k)
Z 1+%§1<91y +z 01<a + +01V°z ,

Nt — 3k 4 g, 25

(17)

in the compact form. From the definitions of U =V = \/%, we only need to compute

Wz, which corresponds to the gossip-style communications. For DIGing, we do not need
such auxiliary variables.

15
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3.1 Complexities

Theorem 8 gives the complexities of algorithm (16a)-(16f) in a unified way, and Corollaries
10 and 11 provide the complexities for the particular Acc-VR-EXTRA and Acc-VR-DIGing
methods, respectively.

Theorem 8 Suppose that Assumptzon 1 holds, and U and V satisfy (7) and (15). Let

0 = mln{§ f-cu 1} 0y = N'=0, and b= max{iiﬁ\/im’:i, ﬁ;}

1. If k < nf—Lff, such that b = % m, then algorithm (16a)-(16f) requires the
time of O((k+ y/Fvk) log 1) communication rounds and O((y/nks +n)log L) stochastic

gradient evaluations to find z such that Egx (|27 — x*||?] <e.

a =
2Lfb’ 10Lf’

2. If k > Z—ff, such that b = ﬂ then algorithm (16a)-(16f) requires the time of O((k +

VFoR) log 1) communication rounds and (’)( (H + /Fok) log L) stochastic gradient
evaluations to find z* such that Egr [[|2" — x*|| ] <e.

Remark 9

1. As introduced in Section 1.1, we have kp < kg < nkyp, and we always assume kg <K Nk
in the analysis of stochastic algorithms. Thus we can expect =L Z, to be large for large-

scale data. On the other hand, k. depends on the network scale and connectivity.
For example, k. = O(1) for the commonly used Erdés—Rényi random graph, and
ke = O(mlogm) for the geometric graph. In the worst case, for example, the linear
graph or cycle graph, we have k. = O(m?) (Nedié et al., 2018). Thus we can also
expect k to be not very large when the number of distributed nodes zs lzmzted and the
network is well connected. So we can expect that the assumption k < 7- always holds

for large-scale distributed data, for example, thousands of nodes cmd each node with
millions of data.

2. Similar to VR-EXTRA and VR-DIGing, both in theory and in practice, we can choose
a larger mini-batch size b than the particular choice given in Algorithm 2, at the
expense of higher stochastic gradient computation complexities than the ones given
in Theorem §. However, the O((\/kpk + k) log %) communication complezity remains
unchanged. See the proof of Theorem 8. We take part one of Theorem 8 as an example.
Recall the definition of T in Remark 7(4). If max{\/nks,n} < 7max{/kyk, K}, that
s, communications dominate the total running time, we can increase the mini-batch

max{y/nLs/pn} T max{\/Kpk,x}

max{\/feLf/,u, K} max{y/nksn}

of O((y/kpk + k) log 1).

Corollary 10 Suppose that Assumptions 1 and 2 hold with w = 0. Under the parameter
settings in Theorem 8 with kK = 2k¢, if 2k, < % and ke < Ky, the Acc-VR-EXTRA algorithm
requires the time of O((ke + /Fpke) log L) = O(\/Rpkclog ) communication rounds and
O((y/nks +n)log 1) stochastic gradient evaluations to find z* such that ]Egk[HZk —x*?] <e.

size to = 7, which does not increase the total running time

16



VARIANCE REDUCED EXTRA AND DIGING AND THEIR OPTIMAL ACCELERATION

Corollary 11 Suppose that Assumptions 1 and 2 hold with w = @ Under the parameter

settings in Theorem 8§ with k = K2, if K2 < nf—Lf and k% < ky, the Acc-VR-DIGing algorithm
;

requires the time of O((k2 + key/Fp) log 1) = O(key/Rylog L) communication rounds and
O((y/nks +n)log %) stochastic gradient evaluations to find z* such that ]Egk[”Zk —x*|I!] <e

Remark 12

1. From Table 1, we see that the communication complexity and stochastic gradient
computation complexity of Acc-VR-EXTRA are both optimal under the restrictions of
2k < nf—l;f and ke < k. Stmilarly, the stochastic gradient computation complexity of
Acc-VR-DIGing is also optimal. However, its communication complezity is worse than
the corresponding lower bound by the O(\/k.) factor.

2. Running Acc-VR-EXTRA and Acc-VR-DIGing with mn samples needs the time of
O((y/nks+n)log %) stochastic gradient evaluations, which is the same as that of running
the single-machine Katyusha with n samples when we ignore the communication time.
On the other hand, when we run the single-machine Katyusha with mn samples, the
required time increases to O((y/mmnts +mn)logl). Since acceleration takes effect only
when kg > mn, the parallelism speeds up Katyusha by the \/m factor. On the other
hand, when ks < n, the linear speedup is achieved.

At last, we compare VR-EXTRA and VR-DIGing with Acc-VR-EXTRA and Acc-
VR-DIGing. Both the accelerated methods and non-accelerated methods have their own
advantages.

1. The accelerated methods need less stochastic gradient computation evaluations than
the non-accelerated methods when x5 > n and k < nzﬂ In this case, acceleration takes

effect. Otherwise, the accelerated methods have no advantage over non-accelerated
methods on the computation cost. Moreover, the non-accelerated methods have the
superiority of simple implementation.

2. The accelerated methods need less communication rounds than their non-accelerated
counterparts when x < k. When dealing with large-scale distributed data in machine
learning, we may expect that computation often dominates the total running time.
Otherwise, the full batch accelerated decentralized methods such as APAPC (Kovalev
et al., 2020b) may be a better choice.

3.2 Chebyshev Acceleration

In this section we remove the restrictions on the size of k. in Corollaries 10 and 11, which
come from matrix U, as shown in (15). To make x small, our goal is to construct a new
matrix U by U such that Ker(U) = Span(1) and ||[U\||? > LA for all A € Span(U7), where
¢ is a much smaller constant than k. Moreover, the construction procedure should not take
more than O(/k.) time. Then we only need to replace U and V' by U and some matrix
V in algorithm (16a)-(16f), where U and V should satisfy the relations in (15). We follow
(Scaman et al., 2017) to use Chebyshev acceleration to construct U , which is a common
acceleration scheme to minimize c.
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3.2.1 REVIEW OF CHEBYSHEV ACCELERATION

We first give a brief description of Chebyshev acceleration, which was first used to accelerate
distributed optimization in (Scaman et al., 2017). We first introduce the Chebyshev
polynomials defined as Ty(x) = 1, T (z) = z, and T4 (z) = 22Tk (x) — Ti—1(z) for all & > 1.
Given a positive semidefinite symmetric matrix L € R"™*" such that Ker(L) = Span(1),
denote Ai(L) > Xo(L) > -+ > Ap—1(L) > Ay (L) = 0 as the eigenvalues of L. Following the

notations in (Scaman et al., 2017), we define (L) = ’\T;\L;(lL()L), c1 = ; ’YEB, cy = izgég,
¥

+§m71(L)‘ Then c3L has the spectrum in [1—c, ', 14 ¢, !]. For any polynomial
pe(x) of degree at most ¢, Theorem 6.1 in (Auzinger and Melenk, 2017) tells us that the
solution of the following problem

and c3 = D)

min max pe(r) — 1
pepe(0)=0z€[1—c5 ' 1+4c5 "] (=) |

. Ti(es(1 — )
Tt(CQ)

Moreover, from Corollary 6.1 in (Auzinger and Melenk, 2017), we have

Pt(il‘):l—

2 t
min max Ipe(z) — 1] = %,
pe:pt(0)=0 pe[1—c; ! 1+4¢; 1] 1+ ¢t
which means that the spectrum of P;(csL) lies in [1 — %, 1+ 1103%}. For the particular
1 1
1/3/4(L)\ 3
choice of t = —2—, it can be checked that ¢! < < (1 — L ) ) < 73, which
NET0) 1> v(L) > w

further leads to % < M% < 0.1. Thus the spectrum of P;(c3L) is a subinterval of
[0.9,1.1]. On the other hand, it can be checked that P;(c3L) is a gossip matrix satisfying
Ker(P;(csL)) = Span(1) (Scaman et al., 2017). In practice, we can compute the operation
Pi(esL)x by the following procedure (Scaman et al., 2017):

Input: x,

Initialize: a® =1, a' = ¢, 20 = x, 2! = co(I — c3L)x,

for s=1,2,....,t—1do

a*tt = 2c90® — a*7 1,

25Tt = 2¢9(I — c3L)z° — 2°~ 1.
end for
Output: Pi(csL)x =x — Z—i

3.2.2 REMOVE THE RESTRICTIONS ON THE SIZE OF K.

For the particular choice of U = V = (/Z5%, define U=V = 35 Py (c3U?), where
c3 = m Then we have |[Vx|? < lIx[|? and T2 > SN = [|A|? for all
A € Span(U) with t = \/7?U2) = )/173—2(W) = O(y/Re). So U and V satisfy the relations in
(15), and replacing U and V by U and V' does not destroy the proof of Theorem 8. In the
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algorithm implementation, we only need to replace the operations U?z and V?z in (17) by
ﬁPt(%UQ)z. Moreover, replacing x by the constant 3 in Theorem 8, we can expect that the
assumptions on x always hold. Since we need O(y/k) time to construct U at each iteration,
so the communication complexity remains (W log %)

Corollary 13 Suppose that Assumptions 1 and 2 hold with w = 0. Under the parameter
settings in Theorem 8 with k = 3, Acc-VR-EXTRA with Chebyshev acceleration (CA)
requires the time of (\/Rpkclog L) communication rounds and O((y/nks +n)log L) stochastic
gradient evaluations to find z* such that Egk[”zk —x*]?] <e.

For the particular choice of U = I — W and V = /I — W2, define U = 25.\2/5]3,5(63[]),

W= {— U,and V = I —-W2, WhereAc;z, = m Then we have ||[Vx|? < 3|x|?

and |[UA|]> > 55| A||? for all A € Span(U) with ¢t = \/% = O(y/Kc). Similar to the above
&

analysis for the Acc-VR-EXTRA-CA method, we have the following complexity corollary.

Note that since we replace k by the constant 20 in Theorem 8, and use the fact that the
construction of U needs O(,/k.) time at each iteration, we can reduce the communication

cost from O(kcy/kplog L) to O(y/Fpkclog1).

Corollary 14 Suppose that Assumptions 1 and 2 hold with w = ? Under the parameter
settings of Theorem 8 with k = 20, Acc-VR-DIGing-CA requires the time of O(\/kpkclog %)
communication rounds and O((y/nks + n)log 1) stochastic gradient evaluations to find z*

such that Egi[||zF — x*[|?] <.
Remark 15

1. From Corollaries 18 and 14, we see that the restrictions on k. in Corollaries 10 and
11 have been removed, and the communication complexity of Acc-VR-DIGing has been
improved to be optimal by Chebyshev acceleration.

2. We can also combine Chebyshev acceleration with the non-accelerated VR-EXTRA and
VR-DIGing, and give the O ((HS +n)log %) stochastic gradient computation complexity
and the O ((Rb\/FTC) log %) communication complexity, which are the same as those of
DVR (Hendrikz et al., 2020).

4. Proof of Theorems

We prove Theorems 2 and 8 in this section. We first introduce some useful properties. For
L-smooth and convex function f(x), we have (Nesterov, 2004)

fy) = fx) —(Vf(x),y —x) = i”vf(}’) - Vi) (18)

Recall that z* is the optimal solution of problem (1), then x* is also the optimal solution of
the following linearly constrained convex problem

m}gn f(x), st. Ux=0, (19)
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where U satisfies (7). Furthermore, there exists A* € Span(U) such that
1
Vi) + aUA* =0. (20)

The existence of \* is proved in (Shi et al., 2015, Lemma 3.1). Ux* = 0 and (20) are the
Karush-Kuhn-Tucker (KKT) optimality conditions of problem (19).

4.1 Non-accelerated VR-EXTRA and VR-DIGing

We first give a classical property of the VR technique (Johnson and Zhang, 2013; Xiao and
Zhang, 2014).

Lemma 16 Suppose that Assumption 1 and condition (7) hold. Then for algorithm (9a)-
(9d), we have

o 94 = V767 <1 (16 - )+ - (300
4Lf

() = ey (viowt)).

Proof From the proof of Lemma D.2 in (Allen-Zhu, 2018), we have

ESZ)[HVZ) (xz 7] < EJ ~D(i) [

2
np(i),j ] ’
where Dy;y is defined in Algorithm 1. Using identity [la 4 b[|* < 2||b||* + 2]|b]|? and (18), from
the proof of Lemma D.2 in (Allen-Zhu, 2018) and recalling that p;) ; n( 03 we have

L@y’

E k' _ ) k“ 2
S’&.)[Hv(l) V fiiy (@)1

9 1 . AP
< LB~ F—— (Vf(i),j(f’f(i)) = Via,(@ )) ]
(4),J
9 2
4Z(,)

< =9 (fo ety - fo @) - <Vf<i><$*)7w'é>—w*>)

! (i why) = fo@?) = (Thp @), ufy —a")).

From the convexity of f(;)(z), the definitions in (2), (3), and (10), and the fact that S’(‘“i) and

Sl(“j) are selected independently for all ¢ and j, we have

o 19— V)] <22 () = 1) = (T — )
% (£ — 1) — (T 56), wh = x7))
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From the optimality condition in (20) and Ux* = 0, we have the conclusion. |

The following property is also useful in the analysis of mini-batch VR methods.

Lemma 17 For algorithm (9a)-(9d), we have
Egr [VF] = Vf(xF). (22)

Proof From the definition of VI&) in (9a), and the fact that the elements in Sl(“i) are selected
independently with replacement, we have

1

k k k k k

Bt [Viy] =Einpi {np(@-)j (VHwalaly) = Vo)) + Vf(zo(w(i))} = Vi (@G)-
Using the definitions in (2) and (10), we have the conclusion. |

The next lemma describes a progress in one iteration of (9a)-(9d).

Lemma 18 Suppose that Assumption 1 and conditions (7) and (15) hold. Then for algorithm
(9a)-(9d), we have

Egx [f(xk+1) — f(x*)+ é <)\*, ka+1>}

L p * 1 *
< (55— 5) I =P = 5B [l =P o
23

1 " *
5 (I = X = Bge [ — 37|17 )

1 k k2 1 k2 1 74+ Ly Bl k2
+§Egk[HVf(X)—VH]—£HVX [ o 2 Egr [l — x*|17],

for some 7 >0 and Ly, = max{Ly,rku}.

Proof From the Ls-smoothness of f(x) and the definition of L,,, we have

f(karl

~—

Ly,
PO+ (V) 5 o) o S a2

L
:f(xk) + <vf(xk) — vk xR Xk> + <vk’xk+1 _ Xk> + 7m||X1c+1 _ XkH2
1 L
SPGR) 4 oIV £ = VR 4+ T k2
2T 2 (24)
+ <Vk,xk+1 — x*> + <Vk,x* — xk> ,
where we use Young’s inequality in % Since
1 1 1
VF = Z(xF — xF) — —UNF - —V2xF, (25)
@ Q@ «
)\k‘+1 — Ak + ka+17 (26)
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from (9b) and (9c), we have

1 <>\k AF AR )\k> 1 <ka7 ka+1>
(0% (0%
_ % <ka o X*HZ _ HXkJrl _ X*”Q o ”xk+1 _ XkH2>
1 " %
5 (I = X2 = I = X2 X = AR 2)
1 1
o (||VX'I€H2 + HVXk+1||2 _ HVXk _ ka+1||2> - <)\*7 UXk+1>
2 a
i i <ka o X*HZ _ HXkJrl o X*HQ) + i (H)\k o )\*H2 o H)\k+1 - )\*H2>
— 2a 2c

2
1 T R ST NS R T S /AN 27)

— SVt 2 = b — — (Ut
2c 4o «

where we use Ux* = 0, Vx* = 0, and the symmetry of U and V in g, (26) in =, ||NFFL —

d
APF||2 = [ UxFH12 < |[VxFT2 and ||V (x*T1 — x7)||2 < 2||xF*! — xF||2 in <. On the other
hand, from (22) and the strong convexity of f(x), we have

Bon [(VFx" —x)| = (Vi) x" —xb) < 1) = x5 = Bt =2 (28)
Plugging (27) and (28) into (24), we have
Egr [f(x*1)]
< F6) = Bl = x| 4 B [V — V4]

1 * * 1 * *
5 (I = )2 = B [l — 7] ) + 5 (14 = X2 = Be [IAF! = 37|17 )

2a
1 k(2 I 7+ Lm k1l k21 L « 71kt
= V17 = (= T Y B o ) = L [, 0]
Rearranging the terms, we have the conclusion. |

To prove the linear convergence, we should make the constant before |A\¥ — \*||2 in (23)
smaller than that before | \**! — X\*||2, which is established in the next lemma.

Lemma 19 Suppose that Assumption 1 and conditions (7) and (15) hold. Let o = ﬁ
and \° = 0. Then for algorithm (9a)-(9d), we have

1 * 1 *
iESk [f(xkﬂ) — f(x") + o <)\ ,ka+1>]
(20)
L . 1 *
< (5 - &) I = 1P - B I -
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+ (55~ o ) X = NI = B [ - X
- 16+ () ) gt () = e+ L (v owt)).

with v = 3149,

Proof From the optimality condition in (20) and the smoothness property in (18), we have

PO~ Fx) 4

VI =
1

[I=

(x ka+1>zf(xk“)*f(X*)*<Vf( )
1

T MCARE 31l F ) £ X
2L,,02 X —x

H Bk LR Z A 1 V2xE £ aVE — oV f(xF) +aV f(xF) —aV f( k+1)H
1—
SO

1 1
M2 - 2 H Bl _ ok y2yk
R T ( )x X"+
1

+aV* — aVf(x") + aV f(x") - onf(X'““)H2
2
S - X -

1 k1 k)2
T ’") ( 1)”" <
2 1

S k_

Lm(y )Hv vy

2 1
k(2 k|2
Sl —Lma2<y—1) V=",

where we use (25) in =,

(30)
la — > >

b
(1—v)al* = (£ = 1)|Ib]|* in > for some 0 < v < 1
(15), | 0 aill*> < n > |lail|?, the Ly-smoothness of f(x), and ||V 2x*||2 < ||[Vx¥||? in >
where the requirement of \¥ —
in ,
have

3Bt |1 = S+

Lix Uxmﬂ
<(55-5) -

A* € Span(U) in (15) holds since \° € Span(?]) the update
(9¢), and A\* € Span(U). Dividing both sides of (30) by 2 and plugging it into (23)
1

1
2 k+1
2 - LB I e
1 1—-v 1
)\k % 2
* <2a 4k L a2> | I

Egk [H Ak—’_l
+ ! + ! L 1
27 L, \v

)\*HQ]

1 1 1
E AR v A A 2 kn2
) sk[IIVf(X) V) - (5 - oz (2 1) ) IV
1 T+ L, 1 1 k k1112
- —=- - L ~—1)|E —x 12
(o= () (51) el
Letting 7 = 12.5L,,, v = %, and a = ﬁ, such that i - ﬁ(% —-1) >0,
%_(LJOKQ + L )(;_1) > Oa and 27+T(%_1) < ﬁa
we have the conclusion.

and using (21),
|

23



L1, Lin, AND FANG

Now, we are ready to prove Theorem 2.
Proof From step (9d), we have

R )
= % (foyby) = (T (@), afy) - rc>) + (1 - z> (Fowhy) = (Vi) wfy — 7))

From the definitions in (2), the optimality condition in (20), and the fact that each wf;)rl is
computed independently at each node, we further have

By [f (Whh) = f(x") + é (v, ka+1>]

= (50 = s+ £ (30t (31)

+ (1 - z> <f(wk) ~ ) é <)\*, ka>> .

Multiplying both sides of (31) by 7 (f — ﬁ —5 L b) and adding it to (29) taking expectation

k 1 b
with respect to £, from the easy-to-identity equation (5 — w2~ — 6Lm ) (1 — 7) + 6L 5 <

b\2 = Ton
n(l b Ly b Ly
(53— 10n — s2.3)(1 — 1) under the condition -5 <1, we have

Eee | £ = )+ 1 (3 U4

«

1 b ff k+1 1 E+1
- == — - Ecx 1y - * =N, UwrT
+b<2 10n 6Lmb> ﬁ"“[f(w ) f(x)+a< oW >
1 k+1 * (12 1 k+1 * (12
+%E£k+1 [HX _x H ]+%E£k+1 [H)\ L\ H ]

e N

n (1 b Ly k % L/« k
#5 (5 ton ) Be [F - 16+ (o)

1 L L ,
o [l — x| + B [IF X }

b b 1—v
| L R
% max{ 5o’ 1om O 2ana}’
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where we use the fact f(x)+ (A*,Ux) > f(x*)+= (A\*,Ux*) for any x, and 7_W_76L:1b >0

a
in <. From the setting of o = we know the algorithm needs O((3 + LT’" + k) log %) L

1
28Lm
O((3 + % + k) log 1) iterations to find x* such that Egx [[[x" — x*[|?] < e, where we use
Ly, = max{Ly,rku} in 2 Recall that each iteration requires the time of one communication

round and b stochastic gradlent evaluations in average, see Remark 3. So the communication
complex1ty is O((§ + f + k) log ), and the stochastic gradient computation complexity is

(’)((n+ f+b/<)log ) O((nerLT’")log%).

Case 1. If v < max{%,n}, we have rpu < max{Ly,nu} and b = %ﬁgﬁ >
max{Lsnu} - + ~ max{Lsnu}
7111%@%%} = 1, where we use Ly < Ly < max{Ly,nu}. We also have b = mmax{ L i1} <

%ff’n“} < n, where we use ff < nLy givenin (4) and Ly > p. This verifies that the setting
max{Lnu} Ls Ly
R Ly

of b is meaningful. On the other hand, since b = , we have b = (L] =

nLm nLy,
max{Lynu} — NH

and ¢ = = max{ﬂ k}. Then the communication complexity is

O((% + k) log 1), and the stochastic gradient computation complexity is (9(( +n)log 1),

Ly, L
whereweusebLTm:ngf—{—n.

max{Lnu}
L'"L

If we choose b > , similar to the above analysis, we also have LL—fb <1 and

5 < max{%, k}. So the communication complexity remains unchanged, but the stochastic
gradient computation complexity increases. This verifies Remark 7(4). Specially, if we let

_ (T o o) o
b= max{Lf mu} Kstn we have T = T(Hb + I‘i).

Lf < Lf < 1. The communi-

b - 7n -

cation complexity and stochastic gradient computation CompleX1ty are both (’)(( +n+

r)logl) = (’)((7 + k) log 1), where we use k > n. [ |

Case 2. If k > max{— n}, letting b = 1, we have Lf

Now, we prove Theorem 4, which reduces the stochastic gradient computation complexity
from O((% +x)log 1) to (’)((% +n)log 1) in the case of k > max{%, n} by the zero-sample
strategy.

I
o . . . . T nﬁ Ll ]
Proof From the definitions in (14), it can be easily checked that L/(i) = w =
, —
i1 Ly, i+ ni1 Ly B nL( )+n,un nL< y max{Lg,n'p'}
j 2 = — = nu, Lf—L()—n,u,andb max{L] '}
$:"“—1 where we use Kk > K > Lr
max{nL np} T Tt

Replacing n, Ly, p, and Lf in the proof of Theorem 2 by n, Lf, w, and Lf given in
(14), respectively, we know L,, = max{L’ T

= Zﬁ = 1. So the algorithm

’ L
needs O(( + M—Jf + k) logl) = O((k + L )log ) = O(/ilog g) iterations to find x* such
that Egx [[x* — x*||?] <e. So the communlcatlon complexity and the stochastic gradient
computation complexity are both O(k log %) Since we select the samples in [l,n] with
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.. 1Ly L L .
probability EijliL(” = % = %, and the zero samples do not spend the computation
j=1"%(i),5

. . . . " . S Ly 1\ Ly 1
time, so the valid number of stochastic gradient evaluations is O(W/{log )= (9(7 log ).
On the other hand, we compute the full batch gradient with probability % = %, which takes
O(nirlogl) = O(nlogl) valid stochastic gradient evaluations in total. So the final valid

stochastic gradient computation complexity is (’)((% +n)log %)

At last, we explain that the zero samples do not destroy the proof of Theorem 2. For
the zero sample f(;) ;(z) = 0, we have V f(;) ;(x) = 0. So it also satisfies the convexity and
L;) j-smooth property (18) even for positive L(; ;. We can check that (21) and (22) also
hold. In the proofs of Lemmas 18 and 19, we use the smoothness and strong convexity of
f(’i) (z), as explained in Section 2.3, which also hold. [ |

4.2 Accelerated VR-EXTRA and VR-DIGing
From Lemma D.2 in (Allen-Zhu, 2018) and similar to Lemma 16, we have
2L
Boi [|VF = VAP < SE (P00 = 165 = (VA wh = yF)) . (82)
Similar to (22), we also have
Egr [VF] = V(™). (33)

The following lemma is the counterpart of Lemma 18, which gives a progress in one
iteration of procedure (16a)-(16f).

Lemma 20 Suppose that Assumption 1 and conditions (7) and (15) hold. Let 61 + 02 < 1.
Then for algorithm (16a)-(16]), we have

]ESk |:f(Xk+1) - f(X*) + é <)\*’ UXk+1>:|
< (10, - o) (f(x’“) — )+ (WU Xk>)
+ 0, (f(w‘“) — )+ (0 ka>>

# (5 - 02) (50 - 16— (550wt =41 31
i 07 | pb
+gbllat =P - (g1 4 20 ) Bl -]

1 k * (12 1 k+1 * (12
il _ . o) _
o A = X = B [ - X))

03 k2 07 107 + Lb7 k41 _ky21 MOt k1 k)2
—%HVZ [ o 92 Esk[\\z+ -z H]—TESk[”ZJF -y ]7

for some 7 > 0.

26



VARIANCE REDUCED EXTRA AND DIGING AND THEIR OPTIMAL ACCELERATION

Proof From the Ls-smoothness of f(x), similar to (24), we have

M

~—

L
<FOR) + (VAR = yh) Lt 2
1 T+ L
SFEH) + VAR = VA2 4+ T = g h 24 (V- )

o 1 76% + L 9>
L10) + 5 IVIY) = VAP + = 2
+ 61 <Vk, 2"l — ¥

(35)
> + 6, <Vk,z* — zk> .

where we use

XEHL gk — g (L — gy

(36)
in £, which comes from (16e). Since
1
Vi %(zk —2Fh 4 pu(yt — 2R — aU)\k - %VQZk, (37)
ML= 2k 9, Uz (38)
from (16¢) and (16d), similar to (27), we have
01 <Vk, zF — X*>
_ ﬁ <Zk e X*> + b, <yk _ gk gl X*>
!
1 <)\k7 Uzk+1> _ Gj <Vzk7VZk+1>
! a
b ﬁ <Zk _ gk gl x*> + b <yk _ gk gk x*>
!
b

-2 () Lt )

k * k * k k
o (I = x| = [l — x| = |24+ = 21
pb ko oox k « k k
+ 55 (Il =12 = I — x| = 12— v
1 k * k * k k
5 (I = X2 = A= X2 A - X 2)

I 0
_ 271 (HVzk”? V2R = vt - VzkHZ> N </\*’ Uzk+1>
@ (0%
c 92 k * k * /,691 k " i .
Sk —x2 —  —x2) + E (xR
+ L <||>\k — N2 = AR — )\*||2) — ﬁHVZkHQ _ QiHZkH |2
2c 20 4o

6 0
= B2y - (vt
2 o}

27
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where we use (38) in <, [|NFL — AF||2 = [|0,Uz"1 )2 < 62||[VZF|? and ||V (2! — 29|12 <
12"+ — 2¥||2 in <. On the other hand, from (33), we have
0, E Kvk’X* _ Zk>] — 0, <Vf(yk)’x* _ Zk:>

4 <Vf(yk), B1x* + Oow” 1+ (1 — 6; — 62)xF — yk>

=6 <Vf(yk’),><* — y’“> +(1—6; — o) <Vf(y’“),xk - yk> + 0y <Vf(yk),wk - yk>

< 00 (F )= FH) =Sl = 12) 4 (1=01=0) (FOH) £ (7)) 462 V), wh =)

= 007 (10 02) F () — (1 02) 1)~ 2y x40 (V£ (), wh ) (40)

where we use (16a) in i, and the strong convexity of f(x) in =. Plugging (39) and (40) into
(35), and using (32), we have

Ege [f(x*h)]

< OLFO) + (1 01— 82)F(8) + 0 (5%) = “5H I =57 P (V75 wh = )

l
~

n (f(wk) —f") - <Vf(yk)7wk - yk>)

* * 9 * *

+ 5 (12" =12 = Ee [l = x|7] ) + 55 (Ily* = x"|12 = Bee [+ —x7|17])
1 * * 9 *

o (IXF = X2 = B IV = X7 ) = B [ (X, U244

_ 293||Vzk||2 . (Zi - 7'9% —|-2Lf(9%> Egk [”Zk—l-l _ Zk||2} _ MTHIESI@ [||Zk+1 - kaQ]
L0 f(x*) + (1= 01 — ) f(x*) + O f (wh)
L
(T -0 (10— 164 - (V11w 54))

02 * 92 Hal *
+ bl =P - (g1 + 1) Bl -1

> 3
SRS

+ i (X = X112 = Bge [N = X717
B éEsk [<X", UxF — 6,UwF — (1 -6, — 02)ka>}

03 k2 07 107 + L67 k1 _ky21 MO 1 k2
—%HVZ 1 — P S— Egr [||lz°+" — 2*||°] _TES’C[HZ -y I’

where we use (16a) and (16e) in L Rearranging the terms, we have the conclusion. |

Similar to Lemma 19, we establish the smaller constant before ||A\*¥ — A\*||? than that
before [[A¥+1 — A\*||? in the next lemma.
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Lemma 21 Suppose that Assumption 1 and conditions (7) and (15) hold. Choose b such

that 0y = Qifb < 1 . Let 0, < , o= 10L , and A = 0. Then for algorithm (16a)-(16f), we
have

(1 - 61) Egy. [f(XkH) — f(x*) + é <)\*, ka+1>]
s(1=01=0,) <f<x’“> P+ ~(x, ka>> + 0 (f(w’“) — () + é (v, ka>2
1

(4
62 * 0 /,6191 *
# gL = x - (2 + ) B x|

1 (1-v)t k 9 1 k1 2
— — T INF = AH)F = —Eq [N = A
+ <2a 4kL o > I I 2a¢ Sk[” | ]’

127

with v = 158"

Proof From (18) and (20), similar to (30) we have

f(xk“) ~HO) 4 (VDR 2 e e ) 4 X

a

2Lfa2 H (2L — yR) 4 01 (2F T — 2F) L U — A 1 0,122k

+aVFk — onf(yk) + onf(yk) — Osz(xk“)H2

1—v 1 1
> A )2 — 2 H FH1 _ okY 4 g (gF ] _ gk
> S lOE =3 = g (5 =1) fontat ™ =y + 60— )

v

2
+01V22E + aVF — aVf(y®) + aVf(y*) — an(ka)H
b 1—v 5u2 (1 502 1
> )\k_)\*Z_ Z 1 k+1 k2 7_1 k2
S el = I S (51 I -y - va|
5 1 k ky2 59% 5Lf‘9% k+1 k2
A R | _ i | _
st (5= 1) 19 = 960 = (kg + 242 ) (5 1)t a2

where we use (37) in =, (15), the Léf—smoothness of f(x), (36), and ||V22*|2 < ||V2*|]? in >

Multiplying both sides of (42) by %5 and plugging it into (34), using (32), we have

(1- %) B [0 - s 5 (3,01
< (000 () - )+ (0%
w02 (1) = 0y 4 2 (3 0wt
#(H+ T (1) —0n) (504 - 159~ (V0w = 5)

02 62 0
+ iuzk _ X*Hz _ < 1 + :ul) Egk [sz—l—l _ X*”2]

(42)

20 2
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1 (1-v)6 ko oyx 2 Bl oy 2
+ <a M) A" = A7 = ES IR A%

6? 503 (1 k2 pby  5u26; k1 k2
(o () J v = (5= (5 ) Bl )

«9% T@% + LfQ% 59:1" 5Lf9i)’ 1 L
_ (21 _ Z 1 E +1 _ k2 )
<4a 2 <4Lfa2+ 4 ) <u )) (12 —2"I]

[\

: 1 L 127 1 Ly  5Ls6:
Letting 6, SQ,@QZTJ;b, =3Ls, v =158, anda:msuchthat—f—k 2Lffb (7—1) 0, <
0% 59% 1 uh1 5#201 1 9% T9%+Lf9% 59 5Lf9
0, g5~ az,er (=1 20,5 = (0= 1) 2 0 and g = =52~ (g + ) (5 —1) 2 0,
we have the conclusion. |

Now, we are ready to prove Theorem 8.

Proof Let b > max{max{— VrLs/unt 2}, then we know 09 = f 5 < % and b > 1, where we

max{\/kLs/p,K} » Ly

- max{+/nL¢/un} 2 @ T 2 -
use Ly > Ly. We also have max{—max{\/mn}, Lf} < max{max{ Lhon} Lf} =

max{“%,,/,’i‘;, Lf} < n, where < uses k > 1 and u < Ly < Ly < nLy given in (4).
This verifies that the setting of b is meaningful.
Multiplying both sides of (31) by - 92 and adding it to (41), we have

n 20k

()5 1o 0

4 5 9271Ewk+1 |:f(Wk+1) _ f(x*) + é <)\>1<7 ka+1>:|

n 20K
(1 ot zbee> (76 = )+ 5 (xr,0x))

n 20k (43)

+<92—|—<1—n>2 2001> <f(Wk)—f(X)+a<)\,UWk>)

9% ”Z (gi M) Egk [sz-i—l - X*||2]

k *(12 k+1 *12

+ (2@— Gt I = X2 = B[~ NP

We can easily check that

b 0 )
1—«91—924-579_971:1—01—92-{—1_nel
n 20k 20bk
LU 0 38
=1+ 20 Sy =1 o
+1 20b 1+39 39 1
K
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Ly
77

_ [ nLy [n2u nfy ¢ _nly nLy wLy _ 1
0 \/ and b > max{\/ "L\ KLy? L,} So we have g5t = 10L,5%x = 0Lm nL; 40
d 20 — KR < ey - here < the setting of 6. S ¢ <
an 200k 40()5 ff S @ nTN ff = E’ where = uses € setting o 2. OO we get <.

b
where we check < in the following two cases. In the first case, if Kk < we have

. L L
In the second case, if £ > =L, we have §; = 3 and b > max{y/~£1 2 L—} > So we
m w KK’ Ly K*
have 557 92 < o0 <4 70 and 2’&3)2 = To0bs < 4 40> Where < uses fp < 1 5 derived at the beginning

of this proof. So we also get S
Taking expectation with respect to £¥ on both sides of (43) and rearranging the terms,

we have
<1 — 91) E§k+l {f(XkJrl) - f(X*) + é <)\*, ka+1>:|

B [f(w’““) -+ 2 (o)

b
n 20r§
07 | pb1 2 1 k1 y# (2

N
< <1 - 3891> o [f(xk) ) + é (X ka>]

e (1 ) B[00 = ) (300w
)91

1 k (|2 (I-v k (2
AR _ — LR _
L I~ + (57— Gpast) B[ 3P

+ 2
‘ {(1 . 021> Eex [f(xk) ~ () + é <)\*, ka>]
g B [184) = 16+ (X, 0w
b (g + ) Bl 1) + B[ - 311}

1— 2 9 1 1-v)0
X max { —39_— 1,1——1, a,l—( V)01 ,
1— 1—|—‘Lf1 2L o

nb1 1

f
where < uses the fact that f(x + L (\*,Ux*) for any x, and gL < &

in the above analysis such tha

t—p\_/
Q\*—‘
>~
\.*
-
LS

Vv

=

%
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_ 38
01
From the settings of #; and o and x > 1, we can easily check - . 21
2

1861 _ 0 1 o u
— 84 =14, T <1-45 —O(l—m) due to po = 10Lf < 10\/7<91, and

1— (21;221 =01 - ?). Thus the algorithm needs O((g> + Lf61 )log 1) iterations to find z*
such that Egx [lzF — x*||)] <e
We first consider the communication complexity.

1. If k < %, we have 0; = %,/Z—’; and O((g- + Lfgl)l og 1) = Of ﬂlog%). So the

2 1
communication complexity is O(4/ % log %)

<1-186, <

2. If K > %, we have ¢ = 3 and O((g + Lfel)l ogl) = O((k+ £ )log ) = O(rlog?).
So the communication complexity is O(ﬂlog ).

So the algorithm needs the time of O(max{w/ ,ki}log 1) communication rounds to find

an e-optimal solution z* such that Eex [lz" — x H } <e.
Next, we consider the stochastic gradient computation complexity.

1. If max{ %, n}% > max{/ %, k} such that b = maxtynls/mnt e stochastic gra-

max{/kLs/p.x}’
dient computation complexity is O(bmax{ f ,k}log?l) max{\/ L n}log?)
2. If max{ anf, J < max{\/ L Kk} such that b = the stochastic gradient

f
computation complex1ty is O(bmax{y/"~ T’ rk}logl) = % ax{\/ L k}log?)
3. If we choose b > max{max{— ”an/“’n}, %}, the stochastic gradient computation com-
max{/kLys/u,k} " +f

plexity is higher than the above ones. But the communication complexity remains
unchanged. This verifies Remark 9(2).

At last, we discuss the condition max{ an }% > max{\/%,/i}. We know that
s

¢(k) = max{ % Kk} is a piece—wise increasing function with respect to s such that

kL L . wkL
b(x) = ’/Tf’ 1f0</@< #, and 6(x) ij, 1f¢(n):\/7f,
K.

K, if K > %, > %, if ¢(k) =
1. Iin Z , we have max{y/ =%, } = ?f > Luf So the condition max{ L }Lf >
max{ \/KHI ,k} is equivalent to z—f 2 K.
2. If n < %, we have max{ nLy n}ﬁ = nE? < L go max{ "Lf }ﬂ

T f L_T
ha

max{\/ Lk} is equivalent to ,/ > /5 t is, L > K. -
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5. Numerical Experiments

Consider the following decentralized regularized logistic regression problem:

& p 1 ¢
min Z fiy(x), where f;(z) = §H$||2 + Z log (1 + eXp(—y(i),jAr(’;)JiU)) )
j=1

TERP 4
i—

where the pairs (Ag);,¥@);) € R? x {1,—1} are taken from the RCV1 dataset® with

= 47236, m = 49, and n = 500. Denote A(l) = [A(i),laA(i),Z’ e 7A(z),n] € RP*™ as the

data matrix on the i¢th node. For this special problem and dataset, we observe Ly =
12 _

max; % +p~0.016 + p and Ly = max; 14 (””F + u 4 + p, respectively. We test the

performance of the proposed algorithms on dlﬁerent ratios between ks and n. Specifically, we

teston p=5x10"% 1 =5x1075 and . = 5x 1077, which correspond to k, = % ~ 5x 103,

ks ~ 5 x 10% and ks &~ 5 x 10°, respectively. Note that n = 500. We also observe 77~ 31.9.
We test the performance on two kinds of networks: the Erdés—Rényi random graph
and the two-dimensional grid graph, where each pair of nodes has a connection with the
ratio of 0.2 for the first graph, and m nodes are placed in the \/m x y/m grid and each node
is connected with its neighbors around it for the second graph. Theoretically, k. = O(1)
for the first graph, and k. = O(mlogm) for the second graph. Practically, we observe
ke = 4.62 and k., = 19.9 for the two graphs, respectively. We set the weight matrix as
W = %Z:I for both graphs, where M is the Metropolis weight matrix (Boyd et al., 2004)

1 . . .
e d(0),dG)} if (i,7) € €,
with M;; =< 1— Zlex\/(i) My ifi=j, , d(7) is the degree of node i, and
0 if (i,7) ¢ € and i # j.

Amin < 0 is the smallest negative eigenvalue of M.

We compare the proposed VR-EXTRA, Acc-VR-EXTRA, Acc-VR-EXTRA-CA, VR-
DIGing, Acc-VR-DIGing, and Acc-VR-DIGing-CA with EXTRA (Shi et al., 2015), DIGing
(Nedi¢ et al., 2017), GT-SVRG (Xin et al., 2020a), APAPC (Kovalev et al., 2020b), and
accelerated DVR (Acc-DVR) (Hendrikx et al., 2020). For the case of i = 5 x 1075, we choose
the best step-sizes a = Lif for Acc-VR-EXTRA, Acc-VR-EXTRA-CA, Acc-VR-DIGing, and

Acc-VR-DIGing-CA, o = L% for VR-EXTRA, VR-DIGing, and GT-SVRG, and o = Lif
for EXTRA and DIGing. The other parameters are chosen according to the theories. We
set the parameters of APAPC according to Theorem 2 in (Kovalev et al., 2020b). For
Acc-DVR, we follow the suggestions in the experimental section in (Hendrikx et al., 2020)

to set the number of inner iterations to 1_pzlomm (one pass over the local dataset), and the
batch Lipschitz constant as Ly = 0.0lff, which leads to better performance of Acc-DVR

2
than the theoretical setting of Ly = max; ”A(”HQ + p. We follow Algorithm 2 and Theorem
5 in (Hendrikx et al., 2020) to choose other parameters of Acc-DVR, that is, o = 2

Lflic’

1 — 1 comm

n= mln{pcomm(ﬁ + ’u’)’ m} B = 25 — Wy Peomm = (1 T n:—:j) » Pij = pT’
/<L'8 = BLJFH, and /ﬁb = BLJF 9. For the case of u =5 x 1077, we choose the same parameters

8. https://www.csie.ntu.edu.tw/ cjlin/libsvmtools/datasets/binary.html
9. We do not find the parameters in APAPC and Acc-DVR in the role as step-sizes in the form of (Q(L—lf)7

thus we set the parameters according to their theories directly.
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as above. For the case of u = 5 x 107°, we set the step-sizes a = L% for VR-EXTRA,
VR-DIGing, and GT-SVRG, and a = L% for EXTRA and DIGing, and other parameters

are chosen the same as above. §pecially, since "T'zb < 2k and "R—’?’ < k2 for the grid graph,

we set the mini-batch size b = é—; for Acc-VR-EXTRA and Acc-VR-DIGing according to

Remark 9(1).

Figures 1 and 2 plot the results on the Erdés—Rényi random graph and grid graph,
respectively, where f* is approximated by the minimum value of the objective function over
all iterations of all the compared algorithms. We have the following observations:

1. VR-EXTRA and VR-DIGing need less gradient computations than EXTRA and
DIGing to reach the same precision for all cases of . This verifies the efficiency of
variance reduction in decentralized optimization to reduce the computation cost.

2. When considering the communication cost, VR-EXTRA and VR-DIGing perform worse
than EXTRA and DIGing in practice, although they have the same communication
complexities theoretically. This is reasonable since EXTRA and DIGing go through
all the data at each communication round, while VR-EXTRA and VR-DIGing only
use a mini-batch. We observe the mini-batch size of b = % ~ 16 in our experiment.

3. Acc-VR-EXTRA and Acc-VR-DIGing perform better than VR-EXTRA and VR-
DIGing on both computations and communications when kg4 is much larger than n. For
example, ks = 1000n in the top plots and ks = 100n in the middle plots. Otherwise, as
seen in the bottom plots with ks = 10n, Acc-VR-EXTRA and Acc-VR-DIGing perform
quite similarly to VR-EXTRA and VR-DIGing, especially on the computations. This
verifies that acceleration only takes effect to reduce the computation cost when ks > n.

4. When considering the communication cost, Acc-VR-EXTRA performs similarly to the
optimal full batch method of APAPC. This observation matches the theory that the
two methods have the same communication complexity.

5. Acc-VR-EXTRA-CA and Acc-VR-DIGing-CA do not perform well in practice, although
they are theoretically optimal. Thus Acc-VR-EXTRA-CA and Acc-VR-DIGing-CA

are more interesting in theory, but they are not suggested in practice.

6. Conclusion and Future Research

This paper extends the widely used EXTRA and DIGing methods with variance reduction,
and four VR-based stochastic decentralized algorithms are proposed. The proposed VR-
EXTRA has the O((ks 4+ n)log ) stochastic gradient computation complexity and the
O((kp + ke) log %) communication complexity. The proposed VR-DIGing has a little worse
communication complexity of O((xp + 2)logl). Our stochastic gradient computation
complexities keep the same as the single-machine VR methods such as SVRG, and our
communication complexities are the same as those of EXTRA and DIGing, respectively.
The proposed accelerated VR-EXTRA and VR-DIGing achieve both the optimal O((y/nks +
n)log %) stochastic gradient computation complexity and O(,/rpk.log %) communication
complexity. They are also the same as the ones of single-machine accelerated VR methods
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Figure 1: Comparisons on Erdés—Rényi random graph with = 5x 1077 (top), p = 5x 1076
(middle), and u =5 x 10~° (bottom).
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p="5x 1075 (bottom).
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such as Katyusha, and the accelerated full batch decentralized methods such as MSDA,
respectively.

DIGing, called gradient tracking in other literatures, is a fundamental decentralized
algorithm in the distributed optimization community. However, its state-of-the-art complexity
is O((ky + k2)log 1), which is worse than the O((ky + ) log 2) one of EXTRA. An open
problem is that can we improve it from O((ky + £2)log 1) to O((ky + k) log 1)? Recently,
Koloskova et al. (2021) gave some potential directions, where the complexity is improved
from O(k}k?log %) (Qu and Li, 2018) to O(kpkclog 1). That is, the dependence on x? has
been reduced to k.. Currently, it is unclear whether the complexity can be further improved
to O((kp + ke) log 1).

In our Algorithms 1 and 2, we set the parameters dependent on r., Ly, and Ly, where k.
needs the global knowledge of the network, while L; and ff needs to know the parameters of
the other nodes. It is important to design practical algorithms only dependent on the local
parameters, such as the Lipschitz constant L(;) and strong-convexity constant ji;), while
still keep the optimal complexities. Another open problem is whether the reformulation (6)
can be extended to directed graphs, where U and V cannot simply take the ones in this
paper. Other interesting extensions include compression, asynchrony, and so on.
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