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On Nonconvex Decentralized Gradient Descent
Jinshan Zeng and Wotao Yin

Abstract—Consensus optimization has received considerable at-
tention in recent years. A number of decentralized algorithms have
been proposed for convex consensus optimization. However, to the
behaviors or consensus nonconvex optimization, our understand-
ing is more limited. When we lose convexity, we cannot hope that
our algorithms always return global solutions though they some-
times still do. Somewhat surprisingly, the decentralized consensus
algorithms, DGD and Prox-DGD, retain most other properties that
are known in the convex setting. In particular, when diminishing
(or constant) step sizes are used, we can prove convergence to a
(or a neighborhood of) consensus stationary solution under some
regular assumptions. It is worth noting that Prox-DGD can handle
nonconvex nonsmooth functions if their proximal operators can
be computed. Such functions include SCAD, MCP, and �q quasi-
norms, q ∈ [0, 1). Similarly, Prox-DGD can take the constraint to
a nonconvex set with an easy projection. To establish these proper-
ties, we have to introduce a completely different line of analysis, as
well as modify existing proofs that were used in the convex setting.

Index Terms—Nonconvex dencentralized computing, consen-
sus optimization, decentralized gradient descent method, proximal
decentralized gradient descent.

I. INTRODUCTION

W E CONSIDER an undirected, connected network of n
agents and the following consensus optimization prob-

lem defined on the network:

minimize
x∈Rp

f(x) �
n∑

i=1

fi(x), (1)

where fi is a differentiable function only known to the agent
i. We also consider the consensus optimization problem in the
following differentiable+proximable∗ form:

minimize
x∈Rp

s(x) �
n∑

i=1

(fi(x) + ri(x)), (2)
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∗We call a function proximable if its proximal operator proxαf (y) �

argminx {αf (x) + 1
2 ‖x − y‖2} is easy to compute.

where fi, ri are differentiable and proximable functions, respec-
tively, only known to the agent i. Each function ri is possibly
non-differentiable or nonconvex, or both.

The models (1) and (2) find applications in decentralized
averaging, learning, estimation, and control. Some typical ap-
plications include: (i) the distributed compressed sensing prob-
lems [14], [30], [39], [45], [49]; (ii) distributed consensus [9],
[29], [55], [58], [61], [69]; (iii) distributed and parallel machine
learning [15], [21], [33], [43], [55]. More specifically, in these
applications, each fi can be: 1) the data-fidelity term (possibly
nonconvex) in statistical learning and machine learning [15],
[62]; 2) nonconvex utility functions used in applications such
as resource allocation [6], [20]; 3) empirical risk of deep neural
networks with nonlinear activation functions [3]. The proximal
function ri can be taken as: 1) convex penalties such as nons-
mooth �1-norm or smooth �2-norm; 2) the indicator function for
a closed convex set (or a nonconvex set with an easy projection)
[4], that is, ri(x) = 0 if x satisfies the constraint and∞ other-
wise; 3) nonconvex penalties such as �q quasi-norm (0 ≤ q < 1)
[11], [49], smoothly clipped absolute deviation (SCAD) penalty
[16] and the minimax concave penalty (MCP) [68].

When fi’s are convex, the existing algorithms include the
(sub)gradient methods [8], [10], [24], [37], [40], [46], [59],
[65], and the primal-dual domain methods such as the decen-
tralized alternating direction method of multipliers (DADMM)
[9], [51], [52], DLM [31], and EXTRA [53], [54]. When fi’s
are nonconvex, some existing results include [4], [5], [18], [27],
[35], [36], [56], [57], [60], [62], [69]. In spite of the algorithms
and their analysis in these works, the convergence of the simple
algorithm Decentralized Gradient Descent (DGD) [40] under
nonconvex fi’s is still unknown. Furthermore, although DGD is
slower than DADMM, DLM and EXTRA on convex problems,
DGD is simpler and thus easier to extend to a variety of settings
such as [23], [38], [47], [64], where online processing and delay
tolerance are considered. Therefore, we expect our results to
motivate future adoptions of nonconvex DGD.

This paper studies the convergence of two algorithms: DGD
for solving problem (1) and Prox-DGD for problem (2). In each
DGD iteration, every agent locally computes a gradient and then
updates its variable by combining the average of its neighbors’
with the negative gradient step. In each Prox-DGD iteration,
every agent locally computes a gradient of fi and a proximal
map of ri , as well as exchanges information with its neighbors.
Both algorithms can use either a fixed step size or a sequence of
decreasing step sizes.

When the problem is convex and a fixed step size is used,
DGD does not converge to a solution of the original problem
(1) but a point in its neighborhood [65]. This motivates the
use of decreasing step sizes such as in [10], [24]. Assuming
fi’s are convex and have Lipschitz continuous and bounded
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TABLE I
COMPARISONS ON DIFFERENT ALGORITHMS FOR CONSENSUS SMOOTH OPTIMIZATION PROBLEM (1)

gradients, [10] shows that decreasing step sizes αk = 1√
k

lead

to a convergence rate O( ln k
k ) of the running best of objec-

tive errors. [24] uses nested loops and shows an outer-loop
convergence rateO( 1

k 2 ) of objective errors, utilizing Nesterov’s
acceleration, provided that the inner loop performs substantial
consensus computation. Without a substantial inner loop, their
single-loop algorithm using the decreasing step sizes αk = 1

k 1 / 3

has a reduced rate O( ln k
k ).

The objective of this paper is two-fold: (a) we aim to show,
other than losing global optimality, most existing convergence
results of DGD and Prox-DGD that are known in the convex
setting remain valid in the nonconvex setting, and (b) to achieve
(a), we illustrate how to tailor nonconvex analysis tools for
decentralized optimization. In particular, our asymptotic exact
and inexact consensus results require new treatments because
they are special to decentralized algorithms.

The analytic results of this paper can be summarized as
follows.

a) When a fixed step sizeα is used and properly bounded, the
DGD iterates converge to a stationary point of a Lyapunov
function. The difference between each local estimate of x
and the global average of all local estimates is bounded,
and the bound is proportional to α.

b) When a decreasing step size αk = O(1/(k + 1)ε) is used,
where 0 < ε ≤ 1 and k is the iteration number, the ob-
jective sequence converges, and the iterates of DGD are
asymptotically consensual (i.e., become equal one an-
other), and they achieve this at the rate ofO(1/(k + 1)ε).
Moreover, we show the convergence of DGD to a station-
ary point of the original problem, and derive the conver-
gence rates of DGD with different ε for objective functions
that are convex.

c) The convergence analysis of DGD can be extended to the
algorithm Prox-DGD for solving problem (2). However,
when the proximable functions ri’s are nonconvex, the
mixing matrix is required to be positive definite and a
smaller step size is also required. (Otherwise, the mixing
matrix can be non-definite.)

The detailed comparisons between our results and the existing
results on DGD and Prox-DGD are presented in Tables I and
II. The global objective error rate in these two tables refers

to the rate of {f(x̄k )− f(xopt)} or {s(x̄k )− s(xopt)}, where
x̄k = 1

n

∑n
i=1 xk(i) is the average of the kth iterate and xopt is a

global solution. The comparisons beyond DGD and Prox-DGD
are presented in Section IV and Table III.

New proof techniques are introduced in this paper, par-
ticularly, in the analysis of convergence of DGD and Prox-
DGD with decreasing step sizes. Specifically, the convergence
of objective sequence and convergence to a stationary point
of the original problem with decreasing step sizes are justi-
fied via taking a Lyapunov function and several new lemmas
(cf. Lemmas 9, 12, and the proof of Theorem 2). Moreover,
we estimate the consensus rate by introducing an auxiliary se-
quence and then showing both sequences have the same rates
(cf. the proof of Proposition 3). All these proof techniques are
new and distinguish our paper from the existing works such as
[4], [10], [18], [24], [35], [40], [57], [62]. It should be men-
tioned that during the revision of this paper, we found some
recent, related but independent work on the convergence of
nonconvex decentralized algorithms including [19], [21], [22],
[33]. We will give detailed comparisons with these work lat-
ter. Some numerical results can be found in [67] due to page
limit.

The rest of this paper is organized as follows. Section II de-
scribes the problem setup and reviews the algorithms. Section III
presents our assumptions and main results. Section IV discusses
related works. Section V presents the proofs of our main results.
We conclude this paper in Section VI.

Notation: Let I denote the identity matrix of the size n× n,
and 1 ∈ Rn denote the vector of all 1’s. For the matrix X , XT

denotes its transpose, Xij denotes its (i, j)th component, and

‖X‖ �
√〈X,X〉 =

√∑
i,j X

2
ij is its Frobenius norm, which

simplifies to the Euclidean norm when X is a vector. Given
a symmetric, positive semidefinite matrix G ∈ Rn×n , we let
‖X‖2G � 〈X,GX〉 be the induced semi-norm. Given a function
h, dom(f) denotes its domain.

II. PROBLEM SETUP AND ALGORITHM REVIEW

Consider a connected undirected network G = {V, E}, where
V is a set of n nodes and E is the edge set. Any edge (i, j) ∈ E
represents a communication link between nodes i and j. Let
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TABLE II
COMPARISONS ON DIFFERENT ALGORITHMS FOR CONSENSUS COMPOSITE OPTIMIZATION PROBLEM (2)

TABLE III
COMPARISONS ON SCENARIOS APPLIED FOR DIFFERENT NONCONVEX DECENTRALIZED ALGORITHMS�

x(i) ∈ Rp denote the local copy of x at node i. We reformulate
the consensus problem (1) into the equivalent problem:

minimize
x

1T f(x) �
n∑

i=1

fi(x(i)),

subject to x(i) = x(j ) , ∀(i, j) ∈ E , (3)

where x ∈ Rn×p , f(x) ∈ Rn with

x �

⎛

⎜⎜⎜⎝

– xT(1) –
– xT(2) –

...
– xT(n) –

⎞

⎟⎟⎟⎠ , f(x) �

⎛

⎜⎜⎜⎝

f1(x(1))
f2(x(2))

...
fn (x(n))

⎞

⎟⎟⎟⎠ .

In addition, the gradient of f(x) is

∇f(x) �

⎛

⎜⎜⎜⎝

– ∇f1(x(1))T –
– ∇f2(x(2))T –

...
– ∇fn (x(n))T –

⎞

⎟⎟⎟⎠ ∈ Rn×p . (4)

The ith rows of the matrices x and ∇f(x), and vector f(x),
correspond to agent i. The analysis in this paper applies to any

integer p ≥ 1. For simplicity, one can let p = 1 and treat x
and ∇f(x) as vectors (rather than matrices).

The algorithm DGD [40] for (3) is described as follows:
Pick an arbitrary x0 . For k = 0, 1, . . . , compute

xk+1 ←Wxk − αk∇f(xk ), (5)

whereW is a mixing matrix andαk > 0 is a step-size parameter.
Similarly, we can reformulate the composite problem (2) as

the following equivalent form:

minimize
x

n∑

i=1

(fi(x(i)) + ri(x(i))),

subject to x(i) = x(j ) , ∀(i, j) ∈ E . (6)

Let r(x) �
∑n

i=1 ri(x(i)). The algorithm Prox-DGD can be
applied to the above problem (6):

Prox-DGD: Take an arbitrary x0 . For k = 0, 1, . . . , perform

xk+1 ← proxαk r (Wxk − αk∇f(xk )), (7)

where the proximal operator is

proxαk r (x) � argmin
u∈Rn ×p

{
αkr(u) +

‖u− x‖2
2

}
. (8)
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III. ASSUMPTIONS AND MAIN RESULTS

This section presents all of our main results.

A. Definitions and Assumptions

Definition 1 (Lipschitz differentiability): A function h is
called Lipschitz differentiable if h is differentiable and its gra-
dient ∇h is Lipschitz continuous, i.e., ‖∇h(u)−∇h(v)‖ ≤
L‖u− v‖,∀u, v ∈ dom(h), where L > 0 is its Lipschitz
constant.

Definition 2 (Coercivity): A function h is called coercive if
‖u‖ → +∞ implies h(u)→ +∞.

The next definition is a property that many functions have
(see [63, Sec. 2.2] for examples) and can help obtain whole
sequence convergence† from subsequence convergence.

Definition 3 (Kurdyka-Łojasiewicz (KŁ) property [2], [7],
[34]): A function h : Rp → R ∪ {+∞} has the KŁ property at
x∗ ∈ dom(∂h) if there exist η ∈ (0,+∞], a neighborhood U
of x∗, and a continuous concave function ϕ : [0, η)→ R+ such
that:

i) ϕ(0) = 0 and ϕ is differentiable on (0, η);
ii) for all s ∈ (0, η), ϕ′(s) > 0;

iii) for all x in U ∩ {x : h(x∗) < h(x) < h(x∗) + η}, the
KŁ inequality holds

ϕ′
(
h(x)− h(x∗)) · dist

(
0, ∂h(x)

) ≥ 1. (9)

Proper lower semi-continuous functions that satisfy the KŁ
inequality at each point of dom(∂h) are called KŁ functions.

Assumption 1 (Objective): The objective functions fi :
Rp → R ∪ {+∞}, i = 1, . . . , n, satisfy the following:

1) fi is Lipschitz differentiable with constant Lfi > 0.
2) fi is proper (i.e., not everywhere infinite) and coercive.
The sum

∑n
i=1 fi(x(i)) is Lf -Lipschitz differentiable with

Lf � maxi Lfi (this can be easily verified via the definition of
∇f(x) as shown in (4)). In addition, each fi is lower bounded
following Part (2) of the above assumption.

Assumption 2 (Mixing matrix): The mixing matrix W =
[wij ] ∈ Rn×n has the following properties:

1) (Graph) If i �= j and (i, j) /∈ E , then wij = 0, otherwise,
wij > 0.

2) (Symmetry) W = WT .
3) (Null space property) null{I −W} = span{1}.
4) (Spectral property) I �W � −I.
By Assumption 2, a solution xopt to problem (3) satisfies

(I −W )xopt = 0. Due to the symmetric assumption of W ,
its eigenvalues are real and can be sorted in the nonincreasing
order. Let λi(W ) denote the ith largest eigenvalue of W . Then
by Assumption 2,

λ1(W ) = 1 > λ2(W ) ≥ · · · ≥ λn (W ) > −1.

Let ζ be the second largest magnitude eigenvalue of W . Then

ζ = max{|λ2(W )|, |λn (W )|}. (10)

†Whole sequence convergence from any starting point is referred to as “global
convergence” in the literature. Its limit is not necessarily a global solution.

B. Convergence Results of DGD

We consider the convergence of DGD with both a fixed step
size and a sequence of decreasing step sizes.

1) Convergence Results of DGD With a Fixed Step Size: The
convergence result of DGD with a fixed step size (i.e., αk ≡ α)
is established based on the Lyapunov function [65]:

Lα (x) � 1T f(x) +
1
2α
‖x‖2I−W . (11)

It is worth reminding that convexity is not assumed.
Theorem 1 (Global convergence): Let {xk} be the sequence

generated by DGD (5) with the step size 0 < α < 1+λn (W )
Lf

.

Let Assumptions 1 and 2 hold. Then {xk} has at least
one accumulation point x∗, and any such point is a sta-
tionary point of Lα (x). Furthermore, the running best rates‡
of the sequences§ {‖xk+1 − xk‖2}, and {‖∇Lα (xk )‖2}, and
{‖ 1

n 1T∇f(xk )‖2} are o( 1
k ). The convergence rate of the se-

quence { 1
K

∑K−1
k=0 ‖ 1

n 1T∇f(xk )‖2} is O( 1
K ).

In addition, ifLα satisfies the KŁ property at an accumulation
point x∗, then {xk} globally converges to x∗.

Remark 1: Let x∗ be a stationary point of Lα (x), and thus

0 = ∇f(x∗) + α−1(I −W )x∗. (12)

Since 1T (I −W ) = 0, (12) yields 0 = 1T∇f(x∗), indicating
that x∗ is also a stationary point to the separable function∑n

i=1 fi(x(i)). Since the rows of x∗ are not necessarily iden-
tical, we cannot say x∗ is a stationary point to Problem (3).
However, the differences between the rows of x∗ are bounded,
following our next result below adapted from [65]:

Proposition 1 (Consensual bound on x∗): For each iteration
k, define x̄k � 1

n

∑n
i=1 xk(i) . Then, it holds for each node i that

‖xk(i) − x̄k‖ ≤
αD

1− ζ , (13)

where D is a universal bound of ‖∇f(xk)‖ defined in
Lemma 6 (Section V.A), ζ is the second largest magnitude
eigenvalue of W specified in (10). As k →∞, (13) yields the
consensual bound

‖x∗(i) − x̄∗‖ ≤
αD

1− ζ ,

where x̄∗ � 1
n

∑n
i=1 x∗(i) .

Take x0 = 0 for proof simplicity. This proposition can be
proved by applying Lemma 7 (Section V.C) to

xk − x̄k = −α
k−1∑

j=0

(
Wk−1−j − 1

n
11T

)
∇f(xj ).

In Proposition 1, the consensual bound is proportional to the
step size α and inversely proportional to the gap between the
largest and the second largest magnitude eigenvalues of W .

Let us compare the DGD iteration with the iteration of cen-
tralized gradient descent (15) for f(x). Averaging the rows of

‡Given a nonnegative sequence ak , its running best sequence is bk =
min{ai : i ≤ k}. We say ak has a running best rate of o(1/k) if bk = o(1/k).
§These quantities naturally appear in the analysis, so we keep the squares.
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(5) yields the following comparison:

DGD averaged: x̄k+1 ← x̄k − α
(

1
n

n∑

i=1

∇fi(xk(i))
)
. (14)

Centralized: x̄k+1 ← x̄k − α
(

1
n

n∑

i=1

∇fi(x̄k )
)
. (15)

Apparently, DGD approximates centralized gradient descent by
evaluating ∇f(i) at local variables xk(i) instead of the global
average. We can estimate the error of this approximation as

∥∥∥∥∥
1
n

n∑

i=1

∇fi(xk(i))−
1
n

n∑

i=1

∇fi(x̄k )
∥∥∥∥∥

≤ 1
n

n∑

i=1

‖∇fi(xk(i))−∇fi(x̄k )‖ ≤
αDLf
1− ζ .

Unlike the convex analysis in [65], it is impossible to bound
the difference between the sequences of (14) and (15) without
convexity because the two sequences may converge to different
stationary points of Lα .

Remark 2: The KŁ assumption on Lα in Theorem 1 can be
satisfied if each fi is a sub-analytic function. Since ‖x‖2I−W is
obviously sub-analytic and the sum of two sub-analytic func-
tions remains sub-analytic, Lα is sub-analytic if each fi is so.
See [63, Sec. 2.2] for more details and examples.

Proposition 2 (KŁ convergence rates): Let the assumptions
of Theorem 1 hold. Suppose that Lα satisfies the KŁ inequal-
ity at an accumulation point x∗ with ψ(s) = cs1−θ for some
constant c > 0. Then, the following convergence rates hold:

a) If θ = 0, xk converges to x∗ in finitely many iterations.
b) If θ ∈ (0, 1

2 ], ‖xk − x∗‖ ≤ C0τ
k for all k ≥ k∗ for some

k∗ > 0, C0 > 0, τ ∈ [0, 1).
c) If θ ∈ ( 1

2 , 1), ‖xk − x∗‖ ≤ C0k
−(1−θ)/(2θ−1) for all k ≥

k∗, for certain k∗ > 0, C0 > 0.
Note that the rates in parts (b) and (c) of Proposition 2 are of

the eventual type.
Using fixed step sizes, our results are limited because the

stationary point x∗ of Lα is not a stationary point of the orig-
inal problem. We only have a consensual bound on x∗. To ad-
dress this issue, the next section uses decreasing step sizes and
presents better convergence results.

2) Convergence of DGD With Decreasing Step Sizes: The
positive consensual error bound in Proposition 1, which is pro-
portional to the constant step size α, motivates the use of prop-
erly decreasing step sizesαk = O( 1

(k+1)ε ), for some 0 < ε ≤ 1,
to diminish the consensual bound to 0. As a result, any accu-
mulation point x∗ becomes a stationary point of the original
problem (3). To analyze DGD with decreasing step sizes, we
add the following assumption.

Assumption 3 (Bounded gradient): For any k, ∇f(xk ) is
uniformly bounded by some constant B > 0, i.e., ‖∇f(xk )‖
≤ B.

Note that the bounded gradient assumption is a regular as-
sumption in the convergence analysis of decentralized gradient
methods (see, [4], [5], [18], [27], [35], [36], [56], [57], [62] for
example), even in the convex setting [24] and also [10], though
it is not required for centralized gradient descent.

We take the step size sequence:

αk =
1

Lf (k + 1)ε
, 0 < ε ≤ 1, (16)

throughout the rest part of this section. (The numerator 1 can
be replaced by any positive constant.) By iteratively applying
iteration (5), we obtain the following expression

xk = Wkx0 −
k−1∑

j=0

αjW
k−1−j∇f(xj ). (17)

Proposition 3 (Asymptotic consensus rate): Let Assump-
tions 2 and 3 hold. Let DGD use (16). Let x̄k � 1

n 11T xk .
Then, ‖xk − x̄k‖ converges to 0 at the rate of O(1/(k + 1)ε).

According to Proposition 3, the iterates of DGD with de-
creasing step sizes can reach consensus asymptotically (com-
pared to a nonzero bound in the fixed step size case in
Proposition 1). Moreover, with a larger ε, faster decaying step
sizes generally imply a faster asymptotic consensus rate. Note
that (I −W )x̄k = 0 and thus ‖xk‖2I−W = ‖xk − x̄k‖2I−W .
Therefore, the above proposition implies the following result.

Corollary 1: Apply the setting of Proposition 3. ‖xk‖2I−W
converges to 0 at the rate of O(1/(k + 1)2ε).

Corollary 1 shows that the sequence {xk} in the (I −W )
semi-norm can decay to 0 at a sublinear rate. For any global
consensual solution xopt to problem (3), we have ‖xk −
xopt‖2I−W = ‖xk‖2I−W so, if {xk} does converge to xopt , then
their distance in the same semi-norm decays at O(1/k2ε).

Theorem 2 (Convergence): Let Assumptions 1, 2 and 3 hold.
Let DGD use step sizes (16). Then

a) {Lαk (xk )} and {1T f(xk )} converge to the same limit;
b) limk→∞ 1T∇f(xk ) = 0, and any limit point of {xk} is a

stationary point of problem (3);
c) In addition, if there exists an isolated accumulation point,

then {xk} converges.
In the proof of Theorem 2, we will establish

∞∑

k=0

(
α−1
k (1 + λn (W ))− Lf

)‖xk+1 − xk‖2 <∞,

which implies that the running best rate of the sequence
{‖xk+1 − xk‖2} is o(1/k1+ε). Theorem 2 shows that the ob-
jective sequence converges, and any limit point of {xk} is a
stationary point of the original problem. However, there is no
result on the convergence rate of the objective sequence to an
optimal value, and it is generally difficult to get such a rate
without convexity.

Although our primary focus is nonconvexity, next we assume
convexity and present the objective convergence rate, which has
an interesting relation with ε.

For any x ∈ Rn×p , let f̄(x) �
∑n

i=1 fi(x(i)). Even if fi’s are
convex, the solution to (3) may be non-unique. Thus, let X∗ be
the set of solutions to (3). Given xk , we pick the solution xopt =
ProjX∗(xk ) ∈ X∗. Also let fopt = f̄(xopt) be the optimal value
of (1). Define the ergodic objective:

f̄K =
∑K

k=0 αk f̄(x̄k+1)
∑K

k=0 αk
, (18)
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where x̄k+1 = 1
n (1T xk+1)1. Obviously,

f̄K ≥ min
k=1,...,K+1

f̄(x̄k ). (19)

Proposition 4 (Convergence rates under convexity): Let
Assumptions 1, 2 and 3 hold. Let DGD use step sizes (16). If
λn (W ) > 0 and each fi is convex, then {f̄K } defined in (18)
converges to the optimal objective value fopt at the following
rates:

a) if 0 < ε < 1/2, the rate is O( 1
K ε );

b) if ε = 1/2, the rate is O( lnK√
K

);
c) if 1/2 < ε < 1, the rate is O( 1

K 1−ε );
d) if ε = 1, the rate is O( 1

lnK ).
The convergence rates established in Proposition 4 are almost

as good as O( 1√
K

) when ε = 1
2 . As ε goes to either 0 or 1, the

rates become slower, and ε = 1/2 may be the optimal choice
in terms of the convergence rate. However, by Proposition 3,
a larger ε implies a faster consensus rate. Therefore, there is a
tradeoff to choose an appropriate ε in the practical implementa-
tion of DGD. The proof of this proposition can be found in [67]
due to page limit.

Remark 3: A related algorithm is the perturbed push-sum
algorithm, also called subgradient-push, which was proposed
in [25] for average consensus problem over time-varying net-
work. Its convergence in the convex setting was developed in
[41]. Recently, its convergence (to a critical point) in the non-
convex setting was established in [57] under some regularity
assumptions. Moreover, by utilizing perturbations on the up-
date process and the assumption of no saddle-point existence,
almost sure convergence to a local minimum of its perturbed
variant was also shown in [57].

Remark 4: Another recent algorithm is decentralized
stochastic gradient descent (D-PSGD) in [33] with support
to nonconvex large-sum objectives. An O( 1

K + 1√
nK

)-ergodic
convergence rate was established assuming K is sufficiently
large and the step size α is sufficiently small. When applied to
the setting of this paper, [33, Th. 1] implies that the sequence
{ 1
K

∑K−1
k=0 ‖ 1

n 1T∇f(xk )‖2} converges to zero at the rateO( 1
K )

if the step size 0 < α < 1−ζ
6Lf
√
n

, where ζ is defined in (10). From

Theorem 1, we can also establish such an O( 1
K )-ergodic con-

vergence rate of DGD as long as 0 < α < 1+λn (W )
Lf

. Similar
rates of convergence to a stationary point have also been shown
for different nonconvex algorithms in [18], [28], [57].

C. Convergence Results of Prox-DGD

Similarly, we consider the convergence of Prox-DGD with
both a fixed step size and decreasing step sizes. The iteration (7)
can be reformulated as

xk+1 = proxαk r (x
k − αk∇Lαk (xk)) (20)

based on which, we define the Lyapunov function

L̂αk (x) � Lαk (x) + r(x),

where we recallLαk (x) =
∑n

i=1 fi(x(i)) + 1
2αk
‖x‖2I−W . Then

(20) is clearly the forward-backward splitting (a.k.a., prox-
gradient) iteration for minimizex L̂αk (x). Specifically, (20)

first performs gradient descent to the differentiable function
Lαk (x) and then computes the proximal of r(x).

To analyze Prox-DGD, we should revise Assumption 1 as
follows.

Assumption 4 (Composite objective): The objective func-
tion of (6) satisfies the following:

1) Each fi is Lipschitz differentiable with constant Lfi > 0.
2) Each (fi + ri) is proper, lower semi-continuous, coercive.
As before,

∑n
i=1 fi(x(i)) is Lf -Lipschitz differentiable for

Lf � maxi Lfi .
1) Convergence Results of Prox-DGD With a Fixed Step Size:

Based on the above assumptions, we can get the global conver-
gence of Prox-DGD as follows.

Theorem 3 (Global convergence of Prox-DGD): Let {xk}
be the sequence generated by Prox-DGD (7) where the step
size α satisfies 0 < α < 1+λn (W )

Lf
when ri’s are convex; and

0 < α < λn (W )
Lf

, when ri’s are not necessarily convex (this case

requires λn (W ) > 0). Let Assumptions 2 and 4 hold. Then
{xk} has at least one accumulation point x∗, and any accumula-
tion point is a stationary point of L̂α (x). Furthermore, the run-
ning best rates of the sequences {‖xk+1 − xk‖2}, {‖gk+1‖2}
and {‖ 1

n 1T∇f(xk ) + 1
n 1T ξk‖2} (where gk+1 is defined in

Lemma 16, and ξk is defined in Lemma 17) are o( 1
k ). The

convergence rate of the sequence { 1
K

∑K−1
k=0 ‖ 1

n 1T (∇f(xk ) +
ξk )‖2} is O( 1

K ).
In addition, if L̂α satisfies the KŁ property at an accumulation

point x∗, then {xk} converges to x∗.
Theorem 3 assumes λn (W ) > 0 when ri’s are nonconvex. If

this fails to hold, we can establish with W being replaced by
I+W

2 . As this changes the spectral property of W , it may slow
down the convergence rate. The rate of convergence of Prox-
DGD can be also established by leveraging the KŁ property.

Proposition 5 (Rate of convergence of Prox-DGD): Under
assumptions of Theorem 3, suppose that L̂α satisfies the KŁ
inequality at an accumulation point x∗ with ψ(s) = c1s

1−θ for
some constant c1 > 0. Then the following hold:

a) If θ = 0, xk converges to x∗ in finitely many iterations.
b) If θ ∈ (0, 1

2 ], ‖xk − x∗‖ ≤ C1τ
k for all k ≥ k∗ for some

k∗ > 0, C1 > 0, τ ∈ [0, 1).
c) If θ ∈ ( 1

2 , 1), ‖xk − x∗‖ ≤ C1k
−(1−θ)/(2θ−1) for all k ≥

k∗, for certain k∗ > 0, C1 > 0.
2) Convergence of Prox-DGD With Decreasing Step Sizes:

In Prox-DGD, we also use the decreasing step size (16). To
investigate its convergence, the bounded gradient Assumption 3
should be revised as follows.

Assumption 5 (Bounded composite subgradient): For each
i, ∇fi is uniformly bounded by some constant Bi > 0, i.e.,
‖∇fi(x)‖ ≤ Bi for any x ∈ Rp . Moreover, ‖ξi‖ ≤ Bri for any
ξi ∈ ∂ri(x) and x ∈ Rp , i = 1 . . . , n.

Let B̄ �
∑n

i=1(Bi +Bri ). Then ∇f(x) + ξ (where ξ ∈
∂r(x) for any x ∈ Rn×p ) is uniformly bounded by B̄. Note
that the same assumption is used to analyze the convergence
of distributed proximal-gradient method in the convex setting
[8], [10], and also is widely used to analyze the convergence of
nonconvex decentralized algorithms like in [35], [36]. In light
of Lemma 17 (Section V.F), the claims in Proposition 3 and
Corollary 1 also hold for Prox-DGD.
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Proposition 6 (Asymptotic consensus and rate): Let As-
sumptions 2 and 5 hold. In Prox-DGD, use the step sizes (16).
There hold

‖xk − x̄k‖ ≤ C
⎛

⎝‖x0‖ζk + B̄

k−1∑

j=0

αjζ
k−1−j

⎞

⎠ ,

and ‖xk − x̄k‖ converges to 0 at the rate of O(1/(k + 1)ε).
Moreover, let x∗ be any global solution of the problem (6). Then
‖xk − x∗‖2I−W = ‖xk‖2I−W = ‖xk − x̄∗‖2I−W converges to 0
at the rate of O(1/(k + 1)2ε).

For any x ∈ Rn×p , define s̄(x) =
∑n

i=1 fi(x(i)) + ri(x(i)).
Let X† be a set of solutions of (6), xopt = ProjX†(xk ) ∈ X†,
and sopt = s̄(xopt) be the optimal value of (6). Define

s̄K =
∑K

k=0 αk s̄(x̄
k+1)

∑K
k=0 αk

. (21)

Theorem 4 (Convergence and rate): Let Assumptions 2, 4
and 5 hold. In Prox-DGD, use the step sizes (16). Then

a) {L̂αk (xk )} and {∑n
i=1 fi(x

k
(i)) + ri(xk(i))} converge to

the same limit;
b)
∑∞

k=0

(
α−1
k (1 + λn (W ))− Lf

)‖xk+1 − xk‖2 <∞
when ri’s are convex; or,

∑∞
k=0

(
α−1
k λn (W )−

Lf
)‖xk+1 − xk‖2 <∞ when ri’s are not necessarily

convex (this case requires λn (W ) > 0);
c) if {ξk} satisfies ‖ξk+1 − ξk‖ ≤ Lr‖xk+1 − xk‖ for each

k > k0 , some constant Lr > 0, and a sufficiently large
integer k0 > 0, then

lim
k→∞

1T (∇f(xk ) + ξk+1) = 0,

where ξk+1 ∈ ∂r(xk+1) is the one determined by the
proximal operator (8), and any limit point is a station-
ary point of problem (6).

d) in addition, if there exists an isolated accumulation point,
then {xk} converges.

e) furthermore, if fi and ri are convex and λn (W ) > 0, then
the claims on the rates of {f̄K } in Proposition 4 hold for
the sequence {s̄K } defined in (21).

Theorem 4(b) implies that the running best rate of ‖xk+1 −
xk‖2 is o( 1

k 1 + ε ). The additional condition imposed on {ξk} in
Theorem 4(c) is some type of restricted continuous regularity of
the subgradient ∂r with respect to the generated sequence. This
condition is only used to establish the desired inequality (68). If
∂r is locally Lipschitz continuous in a neighborhood of a limit
point, then such Lipschitz condition on {ξk} can generally be
satisfied, since {xk} is asymptotic regular, and thus xk will lies
in such neighborhood of this limit point when k is sufficiently
large. There are many kinds of proximal functions satisfying
such assumption as studied in [66] (see, Remark 5 for detailed
information). Theorem 4(e) gives the convergence rates of Prox-
DGD in the convex setting.

Remark 5: A typical proximal function r satisfying the as-
sumption of Theorem 4 (c) is the �q quasi-norm (0 ≤ q < 1)
widely studied in sparse optimization, which takes the form
r(x) =

∑p
i=1 |xi |q .¶ From [11] and [66], there is a positive

¶When q = 0, we denote 00 = 0.

lower bound for the absolute values of non-zero components of
the solutions of �q regularized optimization problem. Further-
more, as shown by [66, Property 1(b)], the sequence generated
by Prox-DGD also has the similar lower bound property. More-
over, by Theorem 4(b), we have ‖xk+1 − xk‖2 → 0 as k →∞.
Together with the lower bound property, we can easily obtain the
finite support and sign convergence of {xk}, that is, the supports
and signs of the non-zero components will freeze for sufficiently
large k. When restricted to such nonzero subspace, the gradi-
ent of ri(u) = |u|q is Lipschitz continuous for any |u| ≥ τ and
some positive constant τ , where τ denotes the lower bound.
Besides �q quasi-norm, there are some other typical cases like
SCAD [16] and MCP [68] widely used in statistical learning,
satisfying the condition (c) of this theorem.

Remark 6: One tightly related algorithm of Prox-DGD is
the projected stochastic gradient descent (Proj SGD) method
proposed by [4] for solving the constrained multi-agent opti-
mization problem with a convex constraint set. When restricted
to the deterministic case as studied in this paper, the convergence
results of Proj SGD are very similar to that of Prox-DGD (see,
Theorem 4 (c)–(d) in this paper and [4, Th. 1]). However, there
are some differences between [4] and this paper. In short, Proj
SGD in [4] uses convex constraints, which correspond to set-
ting r(x) in our paper as indicator functions of those convex sets.
Our paper also considers nonconvex functions like �q quasi-
norm (0 ≤ q < 1), SCAD, and MCP, which are widely used in
statistical learning. Another difference is that Proj SGD of [4]
uses adaptive-then-combine (ATC) and Prox-DGD of this pa-
per does combine-then-adaptive (CTA). By [4, Assumption 2],
Proj SGD uses decreasing step sizes like O(k−ε) for some
ε > 1/2. We study the step sizeαk = O(k−ε) for any 0 < ε ≤ 1
for Prox-DGD, as well as a fixed step size.

IV. RELATED WORKS AND DISCUSSIONS

We summarize some recent nonconvex decentralized al-
gorithms in Table III. Most of them apply to either the
smooth optimization problem (1) or the composite optimization
problem (2) and use diminishing step sizes. Although (1) is a
special case of (2) via letting ri(x) = 0, there are still differences
in both algorithm design and theoretical analysis. Therefore, we
divide their comparisons.

We first discuss the algorithms for (1). In [57], the authors
proved the convergence of perturbed push-sum for nonconvex
(1) under some regularity assumptions. The convergence results
for the deterministic perturbed push-sum algorithm obtained in
[57] are similar to those of DGD developed in this paper un-
der similar assumptions (see, Theorem 2 above and [57, Th. 3]).
The detailed comparisons between two algorithms are illustrated
in Remark 3. In [33], the sublinear convergence to a stationary
point of D-PSGD algorithm was developed under the nonconvex
setting. DGD studied in this paper can be viewed a special D-
PSGD with a zero variance. In [18], a primal-dual approximate
gradient algorithm called ZENITH was developed for (1). The
convergence of ZENITH was given in the expectation of con-
straint violation under the Lipschitz differentiable assumption
and other assumptions. The last one is the proximal primal-dual
algorithm (Prox-PDA) recently proposed in [21]. TheO( 1

k )-rate
of convergence to a stationary point was established in [21].
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Latter, a perturbed variant of Prox-PDA was proposed in [22]
for constrained composite (smooth+nonsmooth) optimization
problem with a linear equality constraint.

Table III includes three algorithms for solving the composite
problem (2), which are related to ours. All of them only deal
with convex ri (whereas ri in this paper can also be noncon-
vex). In [36], the authors proposed NEXT based on the previous
successive convex approximation (SCA) technique. The iterates
of NEXT include two stages, a local SCA stage to update local
variables and a consensus update stage to fuse the information
between agents. While NEXT has results similar to Prox-DGD
using diminishing step sizes. Another interesting algorithm is
decentralized Frank-Wolfe (DeFW) proposed in [62] for non-
convex, smooth, constrained decentralized optimization, where
a bounded convex constraint set is imposed. There are three
steps at each iteration of DeFW: average gradient computa-
tion, local variable evaluation by Frank-Wolfe, and information
fusion between agents. In [62], the authors established conver-
gence results similar to Prox-DGD under diminishing step sizes.
The stochastic version of DeFW has also been developed in [27]
for high-dimensional convex sparse optimization. The next one
is projected stochastic gradient algorithm (Proj SGD) [4] for
constrained, nonconvex, smooth consensus optimization with a
convex constrained set. The detailed comparison between Proj
SGD and Prox-DGD are shown in Remark 6.

Based on the above analysis, the convergence results of DGD
and Prox-DGD with decreasing step sizes of this paper are
comparable with most of the existing ones. However, we allow
nonconvex nonsmooth ri and are able to obtain the estimates
of asymptotic consensus rates. We also establish global conver-
gence using a fixed step size while it is only found in ZENITH.

V. PROOFS

In this section, we present the main proofs of our main theo-
rems and propositions.

A. Proof for Theorem 1

The sketch of the proof is as follows: DGD is interpreted as
the gradient descent algorithm applied to the Lyapunov func-
tion Lα , following the argument in [65]; then, the properties of
sufficient descent, lower boundedness, and bounded gradients
are established for the sequence {Lα (xk )}, giving subsequence
convergence of the DGD iterates; finally, whole sequence con-
vergence of the DGD iterates follows from the KŁ property
of Lα .

Lemma 1 (Gradient descent interpretation): The sequence
{xk} generated by the DGD iteration (5) is the same sequence
generated by applying gradient descent with the fixed step size
α to the objective function Lα (x).

A proof of this lemma is given in [65], and it is based on
reformulating (5) as the iteration:

xk+1 = xk − α(∇f(xk ) + α−1(I −W )xk )

= xk − α∇Lα (xk ). (22)

Although the sequence {xk} generated by the DGD iteration (5)
can be interpreted as a centralized gradient descent sequence of

function Lα (x), it is different to the gradient descent of the
original problem (3).

Lemma 2 (Sufficient descent of {Lα (xk )}): Let Assump-
tions 1 and 2 hold. Set the step size 0 < α < 1+λn (W )

Lf
. It holds

that

Lα (xk+1) ≤ Lα (xk )

− 1
2
(
α−1(1 + λn (W ))− Lf

)‖xk+1 − xk‖2 , ∀k ∈ N.

(23)

Proof: From xk+1 = xk − α∇Lα (xk ), it follows that

〈∇Lα (xk ),xk+1 − xk 〉 = −‖x
k+1 − xk‖2

α
. (24)

Since
∑n

i=1 ∇fi(x(i)) is Lf -Lipschitz, ∇Lα is Lipschitz with
the constant L∗ � Lf + α−1λmax(I −W ) = Lf + α−1(1−
λn (W )), implying

Lα (xk+1) ≤ Lα (xk ) + 〈∇Lα (xk ),xk+1 − xk 〉

+
L∗

2
‖xk+1 − xk‖2 . (25)

Combining (24) and (25) yields (23). �
Lemma 3 (Boundedness): Under Assumptions 1 and 2, if

0 < α < 1+λn (W )
Lf

, then the sequence {Lα (xk )} is lower

bounded, and the sequence {xk} is bounded, i.e., there exists a
constant B > 0 such that ‖xk‖ < B for all k.

Proof: The lower boundedness of Lα (xk ) is due to the
lower boundedness of each fi as it is proper and coercive
(Assumption 1 Part (2)).

By Lemma 2 and the choice of α, Lα (xk ) is nonincreas-
ing and upper bounded by Lα (x0) < +∞. Hence, 1T f(xk ) ≤
Lα (x0) implies that xk is bounded due to the coercivity of
1T f(x) (Assumption 1 Part (2)). �

From Lemmas 2 and 3, we immediately obtain the following
lemma.

Lemma 4 (�22-summable and asymptotic regularity‖): It holds
that

∑∞
k=0 ‖xk+1 − xk‖2 < +∞ and that ‖xk+1 − xk‖→0

as k →∞.
From (22), the result below directly follows:
Lemma 5 (Gradient bound): ‖∇Lα (xk )‖ ≤ α−1‖xk+1

− xk‖.
Based on the above lemmas, we get the global convergence

of DGD.
Proof of Theorem 1: By Lemma 3, the sequence {xk} is

bounded, so there exist a convergent subsequence and a limit
point, denoted by {xks }s∈N → x∗ as s→ +∞. By Lemmas 2
and 3, Lα (xk ) is monotonically nonincreasing and lower
bounded, and thereforeLα (xk )→ L∗ for someL∗ and ‖xk+1 −
xk‖ → 0 as k →∞. Based on Lemma 5, ‖∇Lα (xk )‖ → 0 as
k →∞. In particular, ‖∇Lα (xks )‖ → 0 as s→∞. Hence, we
have ∇Lα (x∗) = 0.

The running best rate of the sequence {‖xk+1 − xk‖2} fol-
lows from [13, Lemma 1.2] or [26, Th. 3.3.1]. By Lemma 5, the
running best rate of the sequence {‖∇Lα (xk )‖2} is o( 1

k ).

‖A sequence {ak } is said to be asymptotic regular if ‖ak+1 − ak ‖ → 0 as
k →∞.



2842 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 66, NO. 11, JUNE 1, 2018

By (11), ∇Lα (xk ) = ∇f(xk ) + α−1(I −W )xk , which im-
plies 1

n 1T∇f(xk ) = 1
n 1T∇Lα (xk ) due to 1

n 1T (I −W ) = 0.
Thus,
∥∥∥∥

1
n
1T∇f(xk )

∥∥∥∥
2

=
∥∥∥∥

1
n
1T∇Lα (xk )

∥∥∥∥
2

≤ ‖∇Lα (xk )‖2 ,

which implies the running best rate of {‖ 1
n 1T∇f(xk )‖2} is also

o( 1
k ).
By Lemmas 2 and 5, it holds

‖∇Lα (xk )‖2 ≤ 2
α(1 + λn (W )−αLf ) (Lα (xk )−Lα (xk+1)),

which implies

1
K

K−1∑

k=0

‖∇Lα (xk )‖2 ≤ 2(Lα (x0)− L∗)
α(1 + λn (W )− αLf )K .

Moreover, note that ‖ 1
n 1T∇f(xk )‖2 ≤ ‖∇Lα (xk )‖2 . Thus, the

convergence rate of { 1
K

∑K−1
k=0 ‖ 1

n 1T∇f(xk )‖2} is O( 1
K ).

Similar to [2, Th. 2.9], we can claim the global convergence
of the considered sequence {xk}k∈N under the KŁ assumption
of Lα . �

Next, we derive a bound on the gradient sequence {∇f(xk )},
which is used in Proposition 1.

Lemma 6: Under Assumption 1, there exists a point y∗ sat-
isfying∇f(y∗) = 0, and the following bound holds

‖∇f(xk )‖ ≤ D � Lf (B + ‖y∗‖), ∀k ∈ N, (26)

where B is the bound of ‖xk‖ given in Lemma 3.
Proof: By the lower boundedness assumption (Assumption 1

Part (2)), the minimizer of 1T f(y) exists. Let y∗ be a minimizer.
Then by Lipschitz differentiability of each fi (Assumption 1
Part (1)), we have that ∇f(y∗) = 0.

Then, for any k, we have

‖∇f(xk )‖ = ‖∇f(xk )−∇f(y∗)‖ ≤ Lf ‖xk − y∗‖
(Lemma 3) ≤ Lf (B + ‖y∗‖).

Therefore, we have proven this lemma. �

B. Proof for Proposition 2

Proof: Note that

‖∇Lα (xk+1)‖ ≤ ‖∇Lα (xk+1)−∇Lα (xk )‖+ ‖∇Lα (xk )‖
≤ L∗‖xk+1 − xk‖+ α−1‖xk+1 − xk‖
= (α−1(2− λn (W )) + Lf )‖xk+1 − xk‖,

where the second inequality holds for Lemma 5 and the Lip-
schitz continuity of ∇Lα with constant L∗ = Lf + α−1(1−
λn (W )). Thus, it shows that {xk} satisfies the so-called rela-
tive error condition as list in [2]. Moreover, by Lemmas 2 and
3, {xk} also satisfies the so-called sufficient decrease and con-
tinuity conditions as listed in [2]. Under such three conditions
and the KŁ property of Lα at x∗ with ψ(s) = cs1−θ , following
the proof of [2, Lemma 2.6], there exists k0 > 0 such that for

all k ≥ k0 , we have

2‖xk+1 − xk‖ ≤ ‖xk − xk−1‖+
cb

a

× ((Lα (xk )− Lα (x∗))1−θ − (Lα (xk+1)− Lα (x∗))1−θ),
(27)

where a� 1
2 (α−1(1+λn (W ))− Lf ) and b�α−1(2−λn (W ))

+ Lf . Then, an easy induction yields

k∑

t=k0

‖xt+1 − xt‖ ≤ ‖xk0 − xk0−1‖+
cb

a

× ((Lα (xk0 )− Lα (x∗))1−θ − (Lα (xk+1)− Lα (x∗))1−θ).

Following a derivation similar to the proof of [1, Th. 5], we can
estimate the rate of convergence of {xk} in the different cases
of θ. �

C. Proof for Proposition 3

In order to prove Proposition 3, we also need the following
lemmas.

Lemma 7: ([40, Proposition 1]) Let Wk �
k︷ ︸︸ ︷

W · · ·W be the
power ofW with degree k for any k ∈ N. Under Assumption 2,
it holds

∥∥∥∥W
k − 1

n
11T

∥∥∥∥ ≤ Cζk (28)

for some constant C > 0, where ζ is the second largest magni-
tude eigenvalue of W as specified in (10).

Lemma 8: ([48, Lemma 3.1]) Let {γk} be a scalar se-
quence. If limk→∞ γk = γ and 0 < β < 1, then limk→∞

∑k
l=0

βk−lγl = γ
1−β .

Proof of Proposition 3: By the recursion (17), note that

xk − x̄k =
(
Wk − 1

n
11T

)
x0

−
k−1∑

j=0

αj

(
Wk−1−j − 1

n
11T

)
∇f(xj ). (29)

Further by Lemma 7 and Assumption 3, we obtain

‖xk − x̄k‖ ≤
∥∥∥∥

(
Wk − 1

n
11T

)∥∥∥∥ ‖x0‖

+
k−1∑

j=0

αj

∥∥∥∥W
k−1−j − 1

n
11T

∥∥∥∥ · ‖∇f(xj )‖

≤ C
⎛

⎝‖x0‖ζk +B

k−1∑

j=0

αjζ
k−1−j

⎞

⎠ . (30)

Furthermore, by Lemma 8 and step sizes (16), we get
limk→∞ ‖xk − x̄k‖ = 0.

Let bk � (k + 1)−ε . To show the rate of ‖xk − x̄k‖, we only
need to show that

lim
k→∞

b−1
k ‖xk − x̄k‖ ≤ C∗
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for some 0 < C∗ <∞. Let j′k � [k − 1 + 2 logζ (b
−1
k )] (where

[x] denotes the integer part of x for any x ∈ R). Note that

b−1
k ‖xk − x̄k‖

≤ Cb−1
k

⎛

⎝‖x0‖ζk +B

k−1∑

j=0

αjζ
k−1−j

⎞

⎠

= C‖x0‖b−1
k ζk + CBb−1

k

j ′k∑

j=0

αjζ
k−1−j

+ CBb−1
k

k−1∑

j=j ′k +1

αjζ
k−1−j

� T1 + T2 + T3 , (31)

where the first inequality holds because of (30).
In the following, we will estimate the above three terms in

the right-hand side of (31), respectively. First, by the definition

of j′k , for any j ≤ j′k , we have b−1
k ζ

k −1−j
2 ≤ b−1

k ζ
k −1−j ′

k
2 ≤ 1.

Thus,

T2 ≤ CB
j ′k∑

j=0

αjζ
(k−1−j )/2 . (32)

Second, for j′k < j ≤ k − 1,

b−1
k αj ≤ (k + 1)ε

Lf (j′k + 1)ε
≤ (k + 1)ε

Lf (k − 1 + 2ε logζ (k + 1))ε
,

and also b−1
k αj ≥ (k+1)ε

Lf (k+1)ε = 1
Lf

. Thus, for any j′k < j ≤
k − 1, limk→∞ b−1

k αj = 1
Lf
. Furthermore, note that limk→∞

b−1
k ζk/2 = 0. Therefore, there exists a k∗ such that for k ≥ k∗,
b−1
k αj ≤ 2

Lf
and b−1

k ζk/2 ≤ 1. The above two inequalities im-
ply that for sufficiently large k,

T1 ≤ C‖x0‖ζk/2 , T3 ≤ 2CB
Lf

k−1∑

j=j ′k +1

ζk−1−j . (33)

From (32) and (33), we get

b−1
k ‖xk − x̄k‖ ≤ C‖x0‖ζk/2

+ CB

⎛

⎝
j ′k∑

j=0

αjζ
(k−1−j )/2 +

2
Lf

k−1∑

j=j ′k +1

ζk−1−j

⎞

⎠ . (34)

By Lemma 8 and (34), there exists a C∗ > 0 such that

lim
k→∞

b−1
k ‖xk − x̄k‖ ≤ C∗. (35)

We have completed the proof of this proposition. �

D. Proof for Theorem 2

To prove Theorem 2, we first note that similar to (22), the
DGD iterates under decreasing step sizes can be rewritten as

xk+1 = xk − αk∇Lαk (xk ), (36)

where Lαk (x) = 1T f(x) + 1
2αk
‖x‖2I−W , and we also need the

following lemmas.
Lemma 9 ([50]): Let {vt} be a nonnegative scalar sequence

such that

vt+1 ≤ (1 + bt)vt − ut + ct

for all t ∈ N, where bt ≥ 0, ut ≥ 0 and ct ≥ 0 with
∑∞

t=0 bt <∞ and
∑∞

t=0 ct <∞. Then the sequence {vt} converges to
some v ≥ 0 and

∑∞
t=0 ut <∞.

Lemma 10: Let αk satisfy (16). Then it holds

α−1
k+1 − α−1

k ≤ 2εLf (k + 1)ε−1 .

Proof: We first prove that

(1 + x)ε − 1 ≤ 2εx, ∀x ∈ [0, 1]. (37)

Let g(x) = (1 + x)ε − 1− 2εx. Then its derivative

g′(x) = ε(1 + x)ε−1 − 2ε < 0, ∀x ∈ [0, 1].

It implies g(x) ≤ g(0) = 0 for any x ∈ [0, 1], that is, the in-
equality (37) holds.

Note that

α−1
k+1 − α−1

k = Lf
(
(k + 2)ε − (k + 1)ε

)

= Lf (k + 1)ε
((

1 +
1

k + 1

)ε
− 1
)

≤ 2εLf (k + 1)ε−1 , (38)

where the last inequality holds for (37). �
The following shows that {(α−1

k+1 − α−1
k )‖xk+1‖2I−W } is

summable.
Lemma 11: Let Assumptions 1, 2, and 3 hold. In DGD,

use step sizes αk in (16). Then {(α−1
k+1 − α−1

k )‖xk+1‖2I−W }
is summable, i.e.,

∑∞
k=0(α

−1
k+1 − α−1

k )‖xk+1‖2I−W <∞.
Proof: Note that

‖xk+1‖2I−W = ‖xk+1 − x̄k+1‖2I−W
≤ (1− λn (W ))‖xk+1 − x̄k+1‖2 . (39)

By Lemma 10,

(α−1
k+1 − α−1

k )‖xk+1‖2I−W ≤ 2εLf (k + 1)ε−1‖xk+1‖2I−W
≤ 2εLf (k + 1)ε−1(1− λn (W ))‖xk+1 − x̄k+1‖2 . (40)

Furthermore, by (40) and Proposition 3, the sequence {(α−1
k+1

− α−1
k )‖xk+1‖2I−W } converges to 0 at the rate of O(1/(k

+ 1)1+ε), which implies that the sequence {(α−1
k+1 − α−1

k )
‖xk+1‖2I−W } is �1-summable, i.e.,

∑∞
k=0(α

−1
k+1 − α−1

k )‖xk+1

‖2I−W <∞. �
Lemma 12 (convergence of weakly summable sequence): Let
{βk} and {γk} be two nonnegative scalar sequences such that

a) γk = 1
(k+1)ε , for some ε ∈ (0, 1], k ∈ N;

b)
∑∞

k=0 γkβk <∞;
c) |βk+1 − βk | � γk ,

where “�”means that |βk+1 − βk | ≤Mγk for some constant
M > 0, then limk→∞ βk → 0.

We call a sequence {βk} satisfying Lemma 12 (a) and (b)
a weakly summable sequence since itself is not necessarily
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summable but becomes summable via multiplying another non-
summable, diminishing sequence {γk}. It is generally impossi-
ble to claim that βk converges to 0. However, if the distance of
two successive steps of {βk} with the same order of the multi-
plied sequence γk , then we can claim the convergence of βk . A
special case with ε = 1/2 has been observed in [12].

Proof: By condition (b), we have

k+k ′∑

i=k

γiβi → 0, (41)

as k →∞ and for any k′ ∈ N.
In the following, we will show limk→∞ βk = 0 by contra-

diction. Assume this is not the case, i.e., βk � 0 as k →∞,
then lim supk→∞ βk � C∗ > 0. Thus, for every N > k0 , there
exists a k > N such that βk > C ∗

2 . Let

k′ �
[
C∗

4M
(k + 1)ε

]
,

where [x] denotes the integer part of x for any x ∈ R. By con-
dition (c), i.e., |βj+1 − βj | ≤Mγj for any j ∈ N, then

βk+i ≥ C∗

4
, ∀i ∈ {0, 1, . . . , k′}. (42)

Hence,

k+k ′∑

j=k

γjβj ≥ C∗

4

k+k ′∑

j=k

γj ≥ C∗

4

∫ k+k ′

k

(x+ 1)−εdx (43)

=

{
C ∗

4(1−ε)
(
(k + k′ + 1)1−ε − (k + 1)1−ε) , ε ∈ (0, 1),

C ∗
4 (ln(k + k′ + 1)− ln(k + 1)) , ε = 1.

Note that when ε ∈ (0, 1), the term (k + k′ + 1)1−ε − (k +
1)1−ε is monotonically increasing with respect to k, which im-
plies that

∑k+k ′
j=k γjβj is lower bounded by a positive constant

when ε ∈ (0, 1). While when ε = 1, noting that the specific form
of k′, we have

ln(k + k′ + 1)− ln(k + 1) = ln
(

1 +
k′

k + 1

)
= ln

(
1 +

C∗

4M

)
,

which is a positive constant. As a consequence,
∑k+k ′

j=k γjβj will
not go to 0 as k → 0, which contradicts with (41). Therefore,
limk→∞ βk = 0. �

Proof of Theorem 2: We first develop the following
inequality

Lαk + 1 (x
k+1) ≤ Lαk (xk ) +

1
2
(α−1

k+1 − α−1
k )‖xk+1‖2I−W

− 1
2
(
α−1
k (1 + λn (W ))− Lf

)‖xk+1 − xk‖2 , (44)

and then claim the convergence of the sequences {Lαk (xk )},
{1T f(xk )} and {xk} based on this inequality.

a) Development of (44): From xk+1 = xk − αk∇Lαk (xk ),
it follows that

〈∇Lαk (xk ),xk+1 − xk 〉 = −‖x
k+1 − xk‖2
αk

. (45)

Since
∑n

i=1 ∇fi(x(i)) is Lf -Lipschitz,∇Lαk is Lipschitz with
the constant Lk � Lf + α−1

k λmax(I −W ) = Lf + α−1
k (1−

λn (W )), implying

Lαk (xk+1)

≤ Lαk (xk ) + 〈∇Lαk (xk ),xk+1 − xk 〉+ Lk
2
‖xk+1 − xk‖2

= Lαk (xk )−
1
2
(
α−1
k (1 + λn (W ))− Lf

)‖xk+1 − xk‖2 .
(46)

Moreover,

Lαk + 1 (x
k+1)

= Lαk (xk+1) +
1
2
(α−1

k+1 − α−1
k )‖xk+1‖2I−W . (47)

Combining (46) and (47) yields (44).
b) Convergence of objective sequence: By Lemma 11 and

Lemma 9, (44) yields the convergence of {Lαk (xk )} and
∞∑

k=0

(
α−1
k (1 + λn (W ))− Lf

)‖xk+1 − xk‖2 <∞ (48)

which implies that ‖xk+1 − xk‖2 converges to 0 at the rate of
o(k−ε) and {xk} is asymptotic regular Moreover, notice that

α−1
k ‖xk‖2I−W = α−1

k ‖xk − x̄k‖2I−W
≤ (1− λn (W ))Lf (k + 1)ε‖xk − x̄k‖2 .

By Proposition 3, the term α−1
k ‖xk‖2I−W converges to 0 as

k →∞. As a consequence,

lim
k→∞

1T f(xk ) = lim
k→∞

(
Lαk (xk )−

‖xk‖2I−W
2αk

)

= lim
k→∞

Lαk (xk ).

c) Convergence to a stationary point: Let ∇̄f(xk ) �
1
n 11T∇f(xk ). By the specific form (16) of αk , we have

α−1
k (1 + λn (W ))− Lf

= α−1
k (1 + λn (W )− Lf αk )

≥ α−1
k

(
1 + λn (W )− 1

(k0 + 1)ε

)
(49)

for all k > k0 , where k0 = [(1 + λn (W ))−
1
ε ], i.e., the integer

part of (1 + λn (W ))−
1
ε . Note that

‖x̄k+1 − x̄k‖ =
∥∥∥∥

1
n
11T (xk+1 − xk )

∥∥∥∥

≤ ‖xk+1 − xk‖. (50)

Thus, (48), (49) and (50) yield
∞∑

k=0

α−1
k ‖x̄k+1 − x̄k‖2 <∞. (51)

By the iterate (5) of DGD, we have

x̄k+1 − x̄k = −αk ∇̄f(xk ). (52)
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Plugging (52) into (51) yields

∞∑

k=0

αk‖∇̄f(xk )‖2 <∞. (53)

Moreover,

|‖∇̄f(xk+1)‖2 − ‖∇̄f(xk )‖2 |
≤ ‖∇̄f(xk+1)− ∇̄f(xk )‖ · (‖∇̄f(xk+1)‖+ ‖∇̄f(xk )‖)
≤ 2B‖∇̄f(xk+1)− ∇̄f(xk )‖
≤ 2B‖∇f(xk+1)−∇f(xk )‖
≤ 2BLf ‖xk+1 − xk‖, (54)

where the second inequality holds by the bounded gradient
assumption (Assumption 3), the third inequality holds by the
specific form of ∇̄f(xk ), and the last inequality holds by the
Lipschitz continuity of ∇f . Note that

‖xk+1 − xk‖
= ‖xk+1 − x̄k+1 + x̄k+1 − x̄k + x̄k − xk‖
≤ ‖xk+1 − x̄k+1‖+ ‖x̄k − xk‖+ αk‖∇̄f(xk )‖
� αk , (55)

where the first inequality holds for the triangle inequality and
(52), and the last inequality holds for Proposition 3 and the
bounded assumption of ∇f . Thus, (54) and (55) imply

|‖∇̄f(xk+1)‖2 − ‖∇̄f(xk )‖2 | � αk . (56)

By the specific form (16) of αk , (53), (56) and Lemma 12, it
holds

lim
k→∞

‖∇̄f(xk )‖2 = 0. (57)

As a consequence,

lim
k→∞

1T∇f(xk ) = 0. (58)

Furthermore, by the coercivity of fi for each i and the conver-
gence of {1T f(xk )}, {xk} is bounded. Therefore, there exists
a convergent subsequence of {xk}. Let x∗ be any limit point of
{xk}. By (57) and the continuity of∇f , it holds

1T∇f(x∗) = 0.

Moreover, by Proposition 3, x∗ is consensual. As a consequence,
x∗ is a stationary point of problem (3).

In addition, if x∗ is isolated, then by the asymptotic regularity
of {xk} (Lemma 4), {xk} converges to x∗ [44].

�

E. Proofs for Theorem 3 and Proposition 5

In order to prove Theorem 3, we need the following lemmas.
Lemma 13: ([10, Proposition 3]) Let h : Rd → R be a con-

tinuously differentiable function whose gradient is Lipschitz
continuous with constant Lh . Then for any x, y, u ∈ Rp ,

h(u) ≥ h(x) + 〈∇h(y), u− x〉 − Lh
2
‖x− y‖2 .

Lemma 14 (Sufficient descent of {L̂α (xk )}): Let Assump-
tions 2 and 4 hold. Results are given in two cases below:

C1: ri’s are convex. Set 0 < α < 1+λn (W )
Lf

.

L̂α (xk+1) ≤ L̂α (xk )

− 1
2
(
α−1(1 + λn (W ))− Lf

)‖xk+1 − xk‖2 ,∀k ∈ N.

(59)

C2: ri’s are not necessarily convex (in this case, we assume

λn (W ) > 0). Set 0 < α < λn (W )
Lf

.

L̂α (xk+1) ≤ L̂α (xk )

− 1
2
(
α−1λn (W )− Lf

)‖xk+1 − xk‖2 ,∀k ∈ N.

(60)

Proof: Recall from Lemma 2 that ∇Lα (x) is L∗-Lipschitz
continuous for L∗ = Lf + α−1(1− λn (W )), and thus

L̂α (xk+1)− L̂α (xk )

= Lα (xk+1)− Lα (xk ) + r(xk+1)− r(xk )

≤ 〈∇Lα (xk),xk+1 − xk 〉+ L∗

2
‖xk+1 − xk‖2

+ r(xk+1)− r(xk ). (61)

C1: From the convexity of r, (8), and (20), it follows that

0 = ξk+1 +
1
α

(
xk+1 − xk + α∇Lα (xk)

)
, ξk+1 ∈ ∂r(xk+1).

This and the convexity of r further give us

r(xk+1)− r(xk ) ≤ 〈ξk+1 ,xk+1 − xk 〉

= − 1
α
‖xk+1 − xk‖2 − 〈∇Lα (xk),xk+1 − xk 〉.

Substituting this inequality into the inequality (61) and then
expanding L∗ = Lf + α−1(1− λn (W )) yield

L̂α (xk+1)− L̂α (xk ) ≤ −
(

1
α
− L∗

2

)
‖xk+1 − xk‖2

= −1
2
(
α−1(1 + λn (W ))− Lf

)‖xk+1 − xk‖2 .

Sufficient descent requires the last term to be negative, thus
0 < α < 1+λn (W )

Lf
.

C2: From (8) and (20), it follows that the function r(u) +
‖u−(xk −α∇Lα (xk ))‖2

2α reaches its minimum at u = xk+1 . Com-
paring the values of this function at xk+1 and xk yields

r(xk+1)− r(xk ) ≤ 1
2α
‖xk − (xk − α∇Lα (xk))‖2

− 1
2α
‖xk+1 − (xk − α∇Lα (xk))‖2

= − 1
2α
‖xk+1 − xk‖2 − 〈∇Lα (xk),xk+1 − xk 〉.
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Substituting this inequality into (61) and expanding L∗ yield

L̂α (xk+1)− L̂α (xk ) ≤ −
(

1
2α
− L∗

2

)
‖xk+1 − xk‖2

= −1
2

(
α−1λn (W ) − Lf

)‖xk+1 − xk‖2 .

Hence, sufficient descent requires 0 < α < λn (W )
Lf

. �
Lemma 15 (Boundedness): Under the conditions of

Lemma 14, the sequence {L̂α (xk )} is lower bounded, and the
sequence {xk} is bounded.

Proof: The lower boundedness of {L̂α (xk )} is due to
Assumption 4 Part (2).

By Lemma 14 and under a proper step size, L̂α (xk )
is nonincreasing and upper bounded by L̂α (x0). Hence,∑n

i=1(fi(x
k
(i)) + ri(xk(i))) is upper bounded by L̂α (x0). Con-

sequently, {xk} is bounded due to the coercivity of each fi + ri
(see Assumption 4 Part (2)). �

Lemma 16 (Bounded subgradient): Let ∂L̂α (xk+1) denote
the (limiting) subdifferential of L̂α , which is assumed to exist
for all k ∈ N. Then, there exists gk+1 ∈ ∂L̂α (xk+1) such that

‖gk+1‖ ≤ (α−1(2− λn (W )) + Lf )‖xk+1 − xk‖.
Proof: By the iterate (20), the following optimality condition

holds

0 ∈ α−1(xk+1 − xk + α∇Lα (xk )) + ∂r(xk+1), (62)

where ∂r(xk+1) denotes the (limiting) subdifferential of r at
xk+1 . For any ξk+1 ∈ ∂r(xk+1), it follows from (62) that

∇Lα (xk+1) + ξk+1

= α−1(xk − xk+1) + (∇Lα (xk+1)−∇Lα (xk )),

which immediate yields

‖∇Lα (xk+1) + ξk+1‖
≤ α−1‖xk+1 − xk‖+ ‖∇Lα (xk+1)−∇Lα (xk )‖
≤ (α−1 + L∗)‖xk+1 − xk‖
≤ (α−1(2− λn (W )) + Lf )‖xk+1 − xk‖.

Thus, then the claim of Lemma 16 holds. �
Based on Lemmas 14–16, we can easily prove Theorem 3

and Proposition 5.
Proof of Theorem 3: The proof of this theorem is similar to

that of Theorem 1 and thus is omitted. �
Proof of Proposition 5: The proof is similar to that of

Proposition 2. We shall however note that in (27), a = 1
2 (α−1

(1 + λn (W ))− Lf ) if ri’s are convex, while a = 1
2 (α−1λn

(W )− Lf ) if ri’s are not necessarily convex and λn (W ) > 0.
�

F. Proofs for Theorem 4 and Proposition 6

Based on the iterate (7) of Prox-DGD, we derive the following
recursion of the iterates of Prox-DGD, which is similar to (17).

Lemma 17 (Recursion of {xk}): For any k ∈ N,

xk = Wkx0 −
k−1∑

j=0

αjW
k−1−j (∇f(xj ) + ξj+1), (63)

where ξj+1 ∈ ∂r(xj+1) is the one determined by the proximal
operator (8), for any j = 0, . . . , k − 1.

Proof: By the definition of the proximal operator (8), the
iterate (7) implies

xk+1 + αkξ
k+1 = Wxk − αk∇f(xk ), (64)

where ξk+1 ∈ ∂r(xk+1), and thus

xk+1 = Wxk − αk (∇f(xk ) + ξk+1). (65)

By (65), we can easily derive the recursion (63). �
Proof of Proposition 6: The proof of this proposition is sim-

ilar to that of Proposition 3. It only needs to note that the subgra-
dient term∇f(xj ) + ξj+1 is uniformly bounded by the constant
B̄ for any j. Thus, we omit it here. �

To prove Theorem 4, we still need the following lemmas.
Lemma 18: Let Assumptions 2 and 4 hold. In Prox-DGD,

use the step sizes (16). Results are given in two cases below:
C1: ri’s are convex. For any k ∈ N,

L̂αk + 1 (xk+1) ≤ L̂αk (xk ) +
1
2
(α−1

k+1 − α−1
k )‖xk+1‖2I−W

− 1
2

(
α−1
k (1 + λn (W ))− Lf

)‖xk+1 − xk‖2 . (66)

C2: ri’s are not necessarily convex. For any k ∈ N,

L̂αk + 1 (xk+1) ≤ L̂αk (xk ) +
1
2
(α−1

k+1 − α−1
k )‖xk+1‖2I−W

− 1
2

(
α−1
k λn (W )− Lf

)‖xk+1 − xk‖2 . (67)

Proof: The proof of this lemma is similar to that of
Lemma 14 via noting that

L̂αk + 1 (x
k+1) = L̂αk (xk ) + (L̂αk + 1 (x

k+1)− L̂αk (xk+1))

+ (L̂αk (xk+1)− L̂αk (xk )),
and

L̂αk + 1 (x
k+1)− L̂αk (xk+1) =

1
2
(α−1

k+1 − α−1
k )‖xk+1‖2I−W .

While the term L̂αk (xk+1)− L̂αk (xk ) can be estimated simi-
larly by the proof of Lemma 14. �

Lemma 19: Let Assumptions 2, 4 and 5 hold. In Prox-DGD,
use the step sizes (16). If further each fi and ri are convex, then
for any u ∈ Rn×p , we have

L̂αk (xk+1)− L̂αk (u) ≤ 1
2αk

(‖xk − u‖2 − ‖xk+1 − u‖2).

The proof of this lemma can be found in [67] due to page
limit.

Proof of Theorem 4: Based on Lemmas 18 and 19, we can
prove Theorem 4. The proof of Theorem 4(a)–(d) is similar to
that of Theorem 2, where one minor difference is that (54) in
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the proof of Theorem 2 is updated as

|‖∇̄f(xk+1) + ξ̄k+1‖2 − ‖∇̄f(xk ) + ξ̄k‖2 |
≤ ‖(∇̄f(xk+1) + ξ̄k+1)− (∇̄f(xk ) + ξ̄k )‖
× (‖∇̄f(xk+1‖+ ‖∇̄f(xk ) + ξ̄k‖)
≤ 2B̄‖(∇̄f(xk+1) + ξ̄k+1)− (∇̄f(xk ) + ξ̄k )‖
≤ 2B̄‖(∇f(xk+1) + ξk+1)− (∇f(xk ) + ξk )‖
≤ 2B̄(Lf + Lr )‖xk+1 − xk‖, (68)

where ξ̄k � 1
n 11T ξk , and the final inequality holds for the

Lipschitz assumption on {ξk} for large k in Theorem 4(c).
The proof of Theorem 4(e) is very similar to that of

Proposition 4. �

VI. CONCLUSION

In this paper, we study the convergence behavior of the al-
gorithm DGD for smooth, possibly nonconvex consensus op-
timization. We consider both fixed and decreasing step sizes.
When using a fixed step size, we show that the iterates of DGD
converge to a stationary point of a Lyapunov function, which
approximates to one of the original problem. Moreover, we esti-
mate the bound between each local point and its global average,
which is proportional to the step size and inversely proportional
to the gap between the largest and the second largest magnitude
eigenvalues of the mixing matrix. This motivate us to study the
algorithm DGD with decreasing step sizes. When using decreas-
ing step sizes, we show that the iterates of DGD reach consensus
asymptotically at a sublinear rate and converge to a stationary
point of the original problem. We also estimate the convergence
rates of objective sequence in the convex setting using different
diminishing step size strategies. Furthermore, we extend these
convergence results to Prox-DGD designed for minimizing the
sum of a differentiable function and a proximal function. Both
functions can be nonconvex. If the proximal function is convex,
a larger fixed step size is allowed. These results are obtained by
applying both existing and new proof techniques.
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[34] S. Łojasiewicz, “Sur la géométrie semi-et sous-analytique,” Ann. Inst.
Fourier (Grenoble) vol. 43, no. 5, pp. 1575–1595, 1993.

[35] P. D. Lorenzo and G. Scutari, “NEXT: In-network nonconvex opti-
mization,” IEEE Trans. Signal Inf. Process. Over Netw., vol. 2, no. 2,
pp. 120–136, Jun. 2016.

[36] P. D. Lorenzo and G. Scutari, “Distributed nonconvex optimization over
time-varying networks,” in Proc. Int. Conf. Acoust., Speech, Signal Pro-
cess., 2016.

[37] I. Matei and J. Baras, “Performance evaluation of the consensus-based
distributed subgradient method under random communication topologies,”
IEEE J. Sel. Topics Signal Process., vol. 5, no. 4, pp. 754–771, Aug. 2011.

[38] H. McMahan and M. Streeter, “Delay-Tolerant algorithms for asyn-
chronous distributed online learning,” in Proc. Int. Conf. Neural Inf. Pro-
cess. Syst., Montreal, Canada, 2014.

[39] G. Mateos, J. Bazerque, and G. Giannakis, “Distributed sparse linear
regression,” IEEE Trans. Signal Process., vol. 58, no. 10, pp. 5262–5276,
Oct. 2010.

[40] A. Nedic and A. Ozdaglar, “Distributed subgradient methods for multi-
agent optimization,” IEEE Trans. Autom. Control, vol. 54, no. 1,
pp. 48–61, Jan. 2009.

[41] A. Nedic and A. Olshevsky, “Distributed optimization over time-
varying directed graphs,” IEEE Trans. Autom. Control, vol. 60, no. 3,
pp. 601–615, Mar. 2015.

[42] M. Nevelson and R. Z. Khasminskii, Stochastic Approximation and Re-
cursive Estimation [translated from the Russian by Israel Program for
Scientific Translations; translation edited by B. Silver]. Providence, NY,
USA: Ame. Math. Soc., 1973.

[43] S. Omidshafiei, J. Pazis, C. Amato, J. P. How, and J. Vian, “Deep de-
centralized multi-task multi-agent reinforcement learning under partial
observability,” in Proc. 34th Int. Conf. Machine Learning, 2017, vol. 70,
pp. 2681–2690.

[44] A. M. Ostrowski, Solution of Equations in Euclidean and Banach Spaces.
New York, NY, USA: Academic, 1973.

[45] Stacy Patterson, Yonina C. Eldar, and I. Keidar, “Distributed compressed
sensing for static and time-varying networks,” IEEE Trans. Signal Pro-
cess., vol. 62, no. 19, pp. 4931–4946, Oct. 2014.

[46] G. Qu and N. Li, “Harnessing smoothness to accelerate distributed opti-
mization,” IEEE Trans. Control Netw. Syst., to be published.

[47] M. Raginsky, N. Kiarashi, and R. Willett, “Decentralized on-
line convex programming with local information,” in Proc. Amer.
Control Conf., San Francisco, CA, USA, 2011, pp. 5363–5369,
doi: 10.1109/ACC.2011.5991212.

[48] S. Ram, A. Nedic, and V. Veeravalli, “Distributed stochastic subgradient
projection algorithms for convex optimization,” J. Optim. Theory Appl.,
vol. 147, pp. 516–545, 2010.

[49] C. Ravazzi, S. M. Fosson, and E. Magli, “Distributed iterative threshold-
ing for �0 /�1 -regularized linear inverse problems,” IEEE Trans. Signal
Process., vol. 61, no. 4, pp. 2081–2100, Apr. 2015.

[50] H. Robbins and D. Siegmund, “A convergence theorem for nonnegative
almost supermartingales and some applications,” in Proc. Optim, Methods
Statist., 1971, pp. 233–257.

[51] I. Schizas, A. Ribeiro, and G. Giannakis, “Consensus in ad hoc WSNs
with noisy links—Part I: Distributed estimation of deterministic sig-
nals,” IEEE Trans. Signal Process., vol. 56, no. 1, pp. 350–364,
Jan. 2008.

[52] W. Shi, Q. Ling, K. Yuan, G. Wu, and W. Yin, “On the linear convergence
of the ADMM in decentralized consensus optimization,” IEEE Trans.
Signal Process., vol. 62, no. 7, pp. 1750–1761, Apr. 2014.

[53] W. Shi, Q. Ling, G. Wu, and W. Yin, “EXTRA: An exact first-order
algorithm for decentralized consensus optimization,” SIAM J. Optim.,
vol. 25, no. 2, pp. 944–966, 2015.

[54] W. Shi, Q. Ling, G. Wu, and W. Yin, “A proximal gradient algorithm
for decentralized composite optimization,” IEEE Trans. Signal Process.,
vol. 63, no. 22, pp. 6013–6023, Nov. 2015.

[55] G. Scutari, F. Facchinei, P. Song, D. P. Palomar, and J.-S. Pang, “De-
composition by partial linearization: Parallel optimization of multi-agent
systems,” IEEE Trans. Signal Process., vol. 62, no. 3, pp. 641–656,
Feb. 2014.

[56] T. Tatarenko and B. Touri, “On local analysis of distributed optimiza-
tion,” in Proc. Amer. Control Conf., Boston, MA, 2016, pp. 5626–5631,
doi: 10.1109/ACC.2016.7526552.

[57] T. Tatarenko and B. Touri, “Non-convex distributed optimization,” IEEE
Trans. Autom. Control, vol. 62, no. 8, pp. 3744–3757, Aug. 2017.

[58] G. Tychogiorgos, A. Gkelias, and K. K. Leung, “A non-convex distributed
optimization framework and its application to wireless ad-hoc networks,”
IEEE Trans. Wireless Commun., vol. 12, no. 9, pp. 4286–4296, Sep. 2013.

[59] J. Tsitsiklis, D. Bertsekas, and M. Athans, “Distributed asynchronous de-
terministic and stochastic gradient optimization algorithms,” IEEE Trans.
Autom. Control, vol. AC-31, no. 9, pp. 803–812, Sep. 1986.

[60] H. T. Wai, T. H. Chang, and A. Scaglione, “A consensus-based
decentralized algorithm for nonconvex optimization with applica-
tion to dictionary learning,” in Proc. IEEE Int. Conf. Acoust.,
Speech, Signal Process., South Brisbane, QLD, 2015, pp. 3546–3550,
doi: 10.1109/ICASSP.2015.7178631.

[61] H. Wai and A. Scaglione, “Consensus on state and time: Decentralized
regression with asynchronous sampling,” IEEE Trans. Signal Process.,
vol. 63, no. 11, pp. 2972–2985, Jun. 2015.

[62] H. Wai, A. Scaglione, J. Lafond, and E. Moulines, “Decentralized Frank-
Wolfe algorithm for convex and nonconvex problems,” IEEE Trans. Au-
tomat. Control, vol. 62, no. 11, pp. 5522–5537, Nov. 2017.

[63] Y. Xu and W. Yin, “A block coordinate descent method for regularized
multiconvex optimization with applications to nonnegative tensor fac-
torization and completion,” SIAM J. Imag. Sci., vol. 6, pp. 1758–1789,
2013.

[64] F. Yan, S. Sundaram, S. Vishwanathan, and Y. Qi, “Distributed au-
tonomous online learning: Regrets and intrinsic privacy-preserving prop-
erties,” IEEE T Knowl. Data Eng., vol. 25, no. 11, pp. 2483–2493,
Nov. 2013.

[65] K. Yuan, Q. Ling, and W. Yin, “On the convergence of decentralized
gradient descent,” SIAM J. Optimization, vol. 26, no. 3, pp. 1835–1854,
2016.

[66] J. Zeng, S. Lin, and Z. Xu, “Sparse regularization: Convergence of iterative
jumping thresholding algorithm,” IEEE Trans. Signal Process., vol. 64,
no. 19, pp. 5160–5118, Oct. 2016.

[67] J. Zeng and W. Yin, “On nonconvex decentralized gradient descent,”
arXiv:1608.05766.

[68] C. H. Zhang, “Nearly unbiased variable selection under minimax concave
penalty,” Ann. Statist., vol. 38, no. 2, pp. 894–942, 2010.

[69] M. Zhu and S. Martinez, “An approximate dual subgradient algorithm
for multi-agent non-convex optimization,” IEEE Trans. Autom. Control,
vol. 58, no. 6, pp. 1534–1539, Jun. 2013.

Jinshan Zeng received the Ph.D. degree in ap-
plied mathematics from Xi’an Jiaotong University,
Xi’an, China, in 2015. He is currently an Assis-
tant Professor with the School of Computer and In-
formation Engineering, Jiangxi Normal University,
Nanchang, China.

Wotao Yin received the Ph.D. degree in operations
research from Columbia University, New York, NY,
USA, in 2006, respectively. He is currently a Pro-
fessor with the Department of Mathematics, Univer-
sity of California, Los Angeles, Los Angeles, CA,
USA. His research interests include computational
optimization and its applications in signal processing,
machine learning, and other data science problems.
During 2006–2013, he was with Rice University. He
was the NSF CAREER award in 2008, the Alfred P.
Sloan Research Fellowship in 2009, and the Morn-

ingside Gold Medal in 2016, and has coauthored five papers receiving best-
paper-type awards. He invented fast algorithms for sparse optimization and has
been leading the research of optimization algorithms for large-scale problems.

http://dx.doi.org/10.1109/ACC.2011.5991212
http://dx.doi.org/10.1109/ACC.2016.7526552
http://dx.doi.org/10.1109/ICASSP.2015.7178631


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


