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Distributed Non-Convex First-Order Optimization
and Information Processing: Lower Complexity
Bounds and Rate Optimal Algorithms

Haoran Sun

Abstract—We consider a class of popular distributed non-convex
optimization problems, in which agents connected by a network
G collectively optimize a sum of smooth (possibly non-convex)
local objective functions. We address the following question: if the
agents can only access the gradients of local functions, what are the
fastest rates that any distributed algorithms can achieve, and how
to achieve those rates. First, we show that there exist difficult prob-
lem instances, such that it takes a class of distributed first-order
methods at least O(1/+/€(G) x L/€) communication rounds to
achieve certain e-solution [where £(G) denotes the spectral gap of
the graph Laplacian matrix, and L is some Lipschitz constant].
Second, we propose (near) optimal methods whose rates match the
developed lower rate bound (up to a ploylog factor). The key in
the algorithm design is to properly embed the classical polynomial
filtering techniques into modern first-order algorithms. To the best
of our knowledge, this is the first time that lower rate bounds and
optimal methods have been developed for distributed non-convex
optimization problems.

Index Terms—Non-convex distributed optimization, Optimal
convergence rate, Lower complexity bound.

I. INTRODUCTION

A. Problem and Motivation
E CONSIDER the following distributed optimization

problem
_ 1 &
;gﬂlgré fly) = i i:Zlfi(y)y o))

where f;(y) : RS — R is a smooth and possibly non-convex
function accessible to agent ¢. There is no central con-
troller, and the M agents are connected by a network de-
fined by an undirected and unweighted graph G = {V, £}, with
|[V| = M vertices and |£] = E edges. Each agent ¢ can only
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communicate with its immediate neighbors, and it can access its
local component function f;.

A common way to reformulate problem (1) in the dis-
tributed setting is given below. Introduce M local variables
x1,...,xy € RS and a concatenation of M variables x :=
[£1;...;200] € RIM*L then the following formulation is
equivalent to (1) whenever G is connected

M
, 1 .
min, f(z) = 7 ;fz(xl), st.a; =xj, V(i,j) €€
(2)

where f(z) : R%M — R. After the reformulation, the objective
function now becomes separable, and the linear constraint en-
codes the network connectivity pattern.

B. Distributed Non-Convex Optimization

Distributed non-convex optimization has gained considerable
attention recently. For example, it finds applications in training
neural networks [2], clustering [3], and dictionary learning[4],
just to name a few.

The problem (1) and (2) have been studied extensively in
the literature when f;’s are all convex; see for example [5]-[7].
Primal based methods such as distributed subgradient (DSG)
method [5], the EXTRA method [7], as well as primal-dual based
methods such as distributed augmented Lagrangian method [8],
Alternating Direction Method of Multipliers (ADMM) [9], [10]
have been proposed.

On the contrary, only recently there have been works address-
ing the more challenging problems without assuming convexity
of f;; see [2], [4], [11]-[23]. The convergence behavior of the
distributed consensus problem (1) has been studied in [4], [11].
Reference [12] develops a non-convex ADMM based methods
for solving the distributed consensus problem (1). However the
network considered therein is a star network in which the local
nodes are all connected to a central controller. References [14],
[15] propose a primal-dual based method for unconstrained
problem over a connected network, and derives a global conver-
gence rate for this setting. In [13], [17], [18], the authors utilize
certain gradient tracking idea to solve a constrained nonsmooth
distributed problem over possibly time-varying networks. The
work [19] summarizes a number of recent progress in extend-
ing the DSG-based methods for non-convex problems. Refer-
ences [2], [16], [20] develop methods for distributed stochastic
zeroth and/or first-order non-convex optimization. It is worth
noting that the distributed algorithms proposed in all these works
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converge to first-order stationary solutions, which contain local
maximum, local minimum and saddle points.

Recently, the authors of [22], [24]-[26] have developed
first-order distributed algorithms that are capable of computing
second-order stationary solutions (which under suitable con-
ditions become local optimal solutions). Other second-order
distributed algorithms such as [27], [28] are designed for convex
problems, and they utilize high-order Hessian information about
local problems.

C. Lower and Upper Rate Bounds Analysis

Despite the strong interests and many recent contributions in
this field, one major question remains open:

(Q) What is the best convergence rate achievable by any
distributed algorithms for the non-convex problem (1)?

Question (Q) seeks to find a best convergence rate, which is
a characterization of the smallest number of iterations required
to achieve certain high-quality solutions, among all distributed
algorithms. Clearly, understanding (Q) provides fundamental
insights to distributed optimization and information processing.
The answer to (Q) offers meaningful estimates on the total
amount of communication and computation efforts that are re-
quired to achieve a given level of accuracy. Further, the identified
optimal strategies capable of attaining the best convergence
rates will also help guide the practical design of distributed
algorithms, convex and non-convex alike.

Convergence rate analysis (aka iteration complexity analysis)
for convex problems dates back to early works by Nesterov,
Nemirovsky and Yudin [29], [30], in which lower bounds
and optimal first-order algorithms have been developed; also
see [31]. Inrecent years, many accelerated first-order algorithms
achieving those lower bounds for different kinds of convex
problems have been derived, both for centralized [32], [33]
and distributed settings [34]. In those works, the problem is to
optimize min,, f(x) with convex f, and the optimality measure
usedis f(z) — f(x*). The lower bound can be expressed as [31,
Theorem 2.2.2]

2% — 2*|| L
(t+2) "

where L is the Lipschitz constant for Vf; z* (resp. z°) is
the global optimal solution (resp. the initial solution); ¢ is the
iteration index. Therefore to achieve e-optimal solution in which

f(xt) — f(x*) < ¢, oneneeds \/1z=2%IL jterations. Recently the
above approach has been extended to distributed strongly convex
optimization in [35], where problem (1) is considered, with each
fi being strongly convex. The authors provide lower and upper
rate bounds for a class of algorithms in which the local agents
can utilize both V f;(x) and its Fenchel conjugate V*f;(x).
We note that this result is not directly related to the class of
“first-order” method, since computing the Fenchel conjugate
V* fi(x) requires performing certain exact minimization, which
involves solving a strongly convex optimization problem. Other
related works in this direction also include [36] and [37], both
are for convex cases. In particular, the work [37] is a non-smooth
extension of [35], where the lower complexity bound under the
Lipschitz continuity of the global and local objective function are
discussed and the optimal algorithm is proposed. The work [36]

flah) = fla*) < 3)
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studies the optimal convergence rates for distributed convex op-
timization problems, including both strongly convex and convex,
smooth and non-smooth cases.

When the problem becomes non-convex, the size of the gra-
dient function can be used as a measure of solution quality.
In particular, let % := ming<t<7 ||V f(2")||?, then it has been
shown that the classical (centralized) gradient descent (GD)
method achieves the following rate [31, page 28]

I < coL(f(z°) — f(z7))
T+1

It has been shown in [38], [39] that the above rate is optimal
for any first-order methods that only utilize the gradient in-
formation, when applied to problems with Lipschitz gradient.
However, no lower bound analysis has been developed for
distributed non-convex problem (1); there are even not many
algorithms that provide achievable upper rate bounds (except for
the recent works [12], [15], [40]), not to mention any analysis
on the tightness/sharpness of these upper bounds.

, Where ¢y > 0 is some constant.

D. Contribution of This Work

In this work, provide answers to (some specific versions of)
question (Q). Our main contributions are given below:

1) We develop the first lower complexity bound for a class of
distributed first-order methods to solve problem (1). We show
that, to achieve certain e-optimality, it is necessary for any such
algorithm to perform O(1/,/2(G)x L /¢) rounds of communication
among all the nodes, where £(G) is certain spectral gap of the
graph Laplacian matrix, and L is the averaged Lipschitz constant
of the gradients of local functions. On the other hand, it is
necessary for any such algorithm to perform O(L/e) rounds
of computation among all the nodes.

2) We design an optimal algorithm that is based on a novel
approximate filtering -then- predict and tracking (XFILTER)
strategy, which achieves our derived lower complexity bounds
(up to a ploylog factor).

In Table I, we specialize some key results developed in the
paper to a few popular graphs, and compare them with the
achievable rates of centralized GD.

Notations: For a symmetric matrix B, A\pax(B), Amin(B) and
Amin (B) denote the maximum, the minimum and the minimum
nonzero eigenvalues; Ip denotes an identity matrix with size
P, 1), denotes an all one vector of size M, and ® denotes the
Kronecker product. [M] denotes the set {1, . .. , M }. Fora vector
x, x[i] denotes its ith element; We use O to denote O(log(M))
where M is the problem dimension; use ¢ ~ j to denote two
connected nodes 7 and j, i.e., for a graph G := {V,E}, i ~ j if
i # j,and (i, j) € &; use col(X) to denote the column space of
a matrix X.

II. PRELIMINARIES

To properly address (Q), we need to specify the concrete
classes of problems, networks, algorithms, and the solution
measures under consideration.

A. The Class P, N, A
M if.

Problem Class. A problem is in class P
Al. The objective is an average of M functions; see (1).
A2. Each component function f;(z)’s has Lipschitz gradient:

|V fi(zi) = Vfi(z)| < Lillzi — 2|, Vo, 2z € RS, Vi,
4
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TABLE I

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 67, NO. 22, NOVEMBER 15, 2019

THE MAIN RESULTS OF THE PAPER WHEN SPECIALIZING TO A FEW POPULAR GRAPHS

Problem CI
Network Instances Uniform Lipschitz U eple Ngni?zﬁgrm Lipschitz {L;} Rate Achieving Algorithm
Complete/Star O(U]e) O(1/e x>, Li/M) XFILTER (proposed)
Random Geometric | O(UVM /(y/log Me)) | O(VM/(y/log(M)e) x 3, Li/M) xFILTER (proposed)
Path/Circle O(UM/e) O(M/e x>, Li/M) xFILTER (proposed)
Grid O(UVM /€) O(VM /e x >, Li/M) XxFILTER (proposed)
Centralized O(U/e) O(1/e x>, Li/M) Gradient Descent

The Entries Show the Best Rate Bounds Achieved by the Proposed Xfilter Algorithm for a Number of Specific Graphs and Problem Class;

L; is the Lipschitz Constant for V f; [see (4)]; for the Uniform Case U = L, ..

., L. For the Uniform Lipschitz the Lower Rate

Bounds Derived for the Particular Graph Matches the Upper Rate Bounds (we only Show the Latter in the Table). The Last Row Shows
the Rate Achieved by the Centralized GD Algorithm. The Notation O Denotes Big O with Some Polynomial in Logarithms, i.e, use O to

Denote O(log(M)) Where M is the Problem Dimension

where L; > 0 is the smallest positive number such that
the above inequality holds true.

Define L := ﬁ Zf\il L;, Lyax = max; L;, and Ly,
similarly. Define the matrix of Lipschitz constants as:

L:=diag([Ly,...,Ly)) ® Is € RMSMS — (5)
A3. The function f(z) is lower bounded over z € RM5 je.,
o= inf f(z) > —o0. )

These assumptions are rather mild. For example an f; satisfies
[A2-A3] is not required to be second-order differentiable.

Network Class. Let " denote a class of networks represented
by an undirected and unweighted graph G = {V, £}, with |V| =
M vertices and |£| = E edges. In this paper the term ‘network’
and ‘graph’ will be used interchangeably. Also, we use N3/ to
denote a class of network similarly as above, but with M nodes
and a diameter of D, defined below [where dist(-) indicates the
distance between two nodes]: D := max,, yey dist(u, v).

Following the convention in [41], we define a number of graph
related quantities below. First, define the degree of node ¢ as d;,
and define the averaged degree as:

1 XM
d::M;di (7)

Define the incidence matrix (IM) A € RF*M a5 follows: if e €
€ and it connects vertex ¢ and j with ¢ > j, then A, = 1/vd,
ifv=1, Aey, = —1/vd, if v =7 and A., = 0 otherwise [41,
Theorem 8.3]. The graph Laplacian matrix and the degree
matrix are defined as follows (see [41, Section 1.2]):

L:=ATAcRMM P .—diag[dy,...,dy] € RM*M,

(3)
In particular, the elements of the Laplacian are given as:
1 ifi=j
Llij = — i i~ di#)
0 otherwise.

We note that the graph Laplacian defined here is sometimes
known as the normalized graph Laplacian in the literature, but
throughout this paper we follow the convention used in the
classical work [41] and simply refer it as the graph Laplacian.
For convenience, we also define a scaled version of the IM:

F:= AP'/? e RFXM, )
It is known that the scaled IM satisfies the following:

Fly = APY?1,, = 0. (10)

Define the second smallest eigenvalue of £, as A ,;,,(£):

T
) x' Lz

Ao (L) =  inf — AT
min o M 5

@3 2= widi=0 Zi:l rid;

Then the spectral gap of the graph G can be defined below:

Amin(‘C)
f(g) - Amax(ﬁ)
Algorithm Class. Define the neighbor set for node i € £ as
Niz={ilin~j,j#i} (13)
We say that a distributed, first-order algorithm is in class A if it
satisfies the following conditions.

[B1.] At iteration O, each node can obtain some network
related constants, such as M, D, eigenvalues of the graph
Laplacian L, etc.

[B2.] At iteration ¢t 4 1, each node i € [M] first conducts
a communication step by broadcasting the local x! to all its
neighbors, through a function Q(-) : R® — R, Then each
node will generate the new iterate, by combining the received
message with its past gradients using a function W} (-):

vi= Qi) o e W ({{vfYens, VEilal) af Hia).
——

communication step computation step

(1)

<1. (12)

(14)

In this work, we will focus on the case where the Q%(-)’s and
W(-)’s are linear operators.

Clearly A belongs to the class of first-order methods because
only local gradient information is used. It is also a class of
distributed algorithms because at each iteration the nodes only
communicate with their immediate neighbors.

Additionally, in practical distributed algorithms such as DSG,
ADMM or EXTRA, nodes are dictated to use a fixed strategy to
linearly combine all its neighbors’ information. To model such
arequirement, below we consider a slightly restricted algorithm
class A’, where we require each node to use the same coefficients
to combine its neighbors (note that allowing the nodes to use a
fixed but arbitrary linear combination is also possible, but the
resulting analysis will be more involved). In particular, we say
that a distributed, first-order algorithm is in A’ if it satisfies [B1]
and the following:

[B2’.] At iteration ¢ + 1, each node i € [M] performs:

t

vl = Qlat), e Wi ({3 ol Vi(ak), o

JEN;
(15)



SUN AND HONG: DISTRIBUTED NON-CONVEX FIRST-ORDER OPTIMIZATION AND INFORMATION PROCESSING

We remark that, in both algorithm classes, one round of com-
munication occurs at each iteration, where each node broadcasts
its local variable z} once. Therefore, the total iteration number is
the same as the total communication rounds. However, the total
times that the entire gradient {V f;(x;) } 4, is evaluated could be
smaller than the total iteration number/communication rounds.
This is because when we compute mﬁ“, the operation W/ (-)
can set the coefficient in front of V f; (21) to be zero, effectively
skipping the local gradient computation.

B. Solution Quality Measure

Next we provide definitions for the quality of the solution.
Note that since we consider using first-order methods to solve
non-convex problems, it is expected that in the end some first-
order stationary solution with small ||V f|| will be computed.

The measure we provided below is directly related to local
variables {x; € R}M . At a given iteration T', we say that
{«T} is a local e-solution if the following holds:

M

. Vit |
h* — K3
po=minl >~
1 t t112
e 2 VEBlnal e

(4,5):i~j
(16)
Clearly this definition takes into consideration both the con-
sensus error and the size of the local gradients. It is easy to check
that when A’ goes to zero, a first-order stationary solution for
problem (1) is obtained. Note that the constant m
is needed to balance the two different terms. The “minger)”
operation is needed to track the best solution obtained until
iteration 7', because the quantity inside this operation may not
be monotonically decreasing.
In our work we will focus on providing answers to the fol-
lowing specific version of question (Q):

For any e > 0, what is the minimum iteration 7' needed
for any algorithm in class .4 (or class A’) to solve instances
in classes (P, ), so to achieve h¥. < €?

C. Some Useful Facts and Definitions

Below we provide a few facts about the above classes.

On Lipschitz constants. Assume that each f; has Lipschitz

continuous gradient with constant L; in (4). Then we have:
IVF(y1) = V)l < Ly —v2ll, ¥ y1, vo.

We also have the following

a7

M
1
va(x)_vf(z)HQZWZ||vfi($i)_vfi(zi)u27 Vi, 2
i=1
which implies

IV5) = V@) < g7l =), Vaz  (a®)

where the matrix L is defined in (5).
On Quantities for Graph G. Let us present some usfeul
properties for graph G. Define the following matrices:

Y :=diag[oy,...,op] = 0, Y :=diag([f1,...,Bm]) = 0.
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For two diagonal matrices Y2 and Y2 of appropriate sizes, the
generalized Laplacian (GL) matrix is defined as:

Lo=T'FIS2pr— 1 (19)
and its elements are given by:
2
ving Pig p .
Zq'lﬁ; L ifj =
(Lalij = o2 .
' i if (ij) €E,i#j
Bi < Bj ) .
0 otherwise
Define a diagonal matrix KX € R”* as below:
L;L; ife=gq, and e = (1,7)
[K]e,q = ’ . )
0 otherwise
Then when T = PY/2L1/2 and 2 = K, GL becomes:
L:=L 2P PETKFP\V2L12, 1)

Note that if any diagonal element in the matrix L is zero, then
L~! denotes the Moore - Penrose pseudoinverse. Similarly, if
Y = L'/2 and X2 = K, then the GL matrix becomes:

L:= L Y2FTKFL /2,

These matrices will be used later in our derivations.
Below we list some useful results about the Laplacian [41]—
[43]. First, all eigenvalues of £ lie in the interval [0, 2]. Also

because )i, (£) = Ay (P~Y/2FTFP~1/2), we have

(22)

Arnin(‘c) S Amin(FTF)' (23)
Also we have that [41, Lemma 1.9]
1
. > 24

The spectral of £ for some special graphs are given below:

1) Complete Graph: The eigenvalues are 0 and M /(M — 1)
(with multiplicity M — 1), s0 £(G) = 1;

2) Star Graph: The eigenvalues are O and 1 (with multiplicity
M —2),and 2,50 £(G) = 1/2;

3) Path Graph: The eigenvalues are 1 — cos(mm /(M — 1))
form=0,1,...,M —1,and £(G) > 1/M?>.

4) Cycle Graph: The eigenvalues are 1 — cos(2mm /M) for
m=0,1,...,M —1,and £(G) > 1/M?>.

5) Grid Graph: The grid graph is obtained by placing the
nodes on a v/M x v/M grid, and connecting nodes to their
nearest neighbors. We have £(G) > 1/M.

6) Random Geometric Graph: Place the nodes uniformly in
[0,1]% and connect any two nodes separated by a distance less
than Ra € (0,1). Then if Ra satisfies [43]

Ra = ( log't¢(M) /M) , forany e > 0, (25)

then with high probability £(G) = O(%).

III. COMPLEXITY LOWER BOUNDS

We begin to develop the complexity lower bounds for algo-
rithms in A to solve problems P over network N. We will
mainly focus on the case where f;’s have uniform Lipschitz con-
stants L; = U € (0,1), Vi € [M]. At the end of this section,
generalization to the non-uniform case will be discussed. Our
proof combines ideas from the classical work of Nesterov [44],



5916

~

12

&

i

i
LSl
B

®
-
g

-

function value
o
o =
/‘/W .
function value

°
&

A b owm s o
T
1
1
!
|
|

d‘_“
o
L
&
o
@

Fig. 1. The functional value, and derivatives of ¥ and W.

as well as two recent constructions [39] (for centralized non-
convex problems) and [35] (for strongly convex distributed
problems). Differently from [44] [35], in our construction we
can only use first-order differentiable, gradient Lipschitz contin-
uous, but not second-order differentiable functions. Comparing
with [39], we need to carefully construct network structures
so that it is challenging for algorithm in A to achieve local-¢
solutions.
To begin with, we construct the following two functions:

1 & 1 &
x) = i ;m(zy), = ;fv@?)»

as well as the corresponding versions that evaluate on a “cen-
tralized” variable y

3. T

Here we have z; € RT, for all i, y € R”, and z:=
(xl,. xM) c RTMx1 In our subsequent constructions, we
will make h and h easy to analyze, while make f and f fall
in the desired class PU

(26)

| M
fi(y). 27
g

A. Path Graph (D =M — 1)

First we consider the extreme case in which the nodes form
a path graph with M nodes and each node ¢ has its own local
function h;. For notational simplicity assume that M is a multi-
ple of 3, that is, M = 3C for some integer C' > 0. Also assume
that 7" is an odd number without loss of generality.

Define the component functions /;’s in (26) as follows.

hi(zi)

Oz, 1) + 310 (a1, 29), ie[1,]
={ O(xzy,1), ie [ +1,2]
Oz, 1) + 3502 02,25 +1), i€ [2M 11, M)
(28)
where we have defined the following functions
O, j) := V(—z;[j — 1)) (—i[j])
= V(zi[j —1])@(wslj]), Vi =2
O(wi, 1) := =W (1)®(z4[1]). (29)

The component functions ¥, ® : R — R are given as below

0 w <0

U(w) ::{1—61”2 w0, and ®(w) =4arctanw + 2.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 67, NO. 22, NOVEMBER 15, 2019

Suppose 1 = x9 = --- = xp; = y, then the average func-

tion becomes:

M T
h(y) i= 37 Do hilw) = O, 1)+ Y 0(w.1)
— ~V(VB(y)
T
+Z yli 1)) @ (—yli)) =¥ (y[i —1]) 2(y[a])]

Further for a given error constant € > 0 and a given averaged
Lipschitz constant U € (0, 1), let us define

1507e z; U
fiws) = U i (757”/?) .

Therefore we also have, if 1 = 25 =

(30)

- =z = vy, then

1507‘1’6— yU
szz U (757r@)'

First we present properties of the component functions 7.
Lemma 3.1: The functions ¥ and ® satisty the following.
1) Forallw <0, ¥(w) =0, ¥(w) =0.
2) The following bounds hold for the functions and their first
and second-order derivatives:

(€29

0<W(w) <1,0<W(w) </,

4
- — < V'(w) <2,Yw >0

es ~
0 < ®(w) < 4m, 0 < ' (w) <4,

3) The following key property holds:
U(w)®'(v) >1, Vw>1, |v] < 1.
4) The function A is lower bounded as follows:
hi(0) — 13161f hi(z;) <107T, h(0) — ir;fh(x) <1077

5) The first-order derivative of h (resp. h;) is Lipschitz
continuous with constant £ = 757 (resp. {; = 757, Vi).
The next lemma is a simple extension of the previous result.
Lemma 3.2: We have the following properties for the func-
tions f and f defined in (31) and (30).
1) We have Vo € RTMx1

,Vw € R

(32)

F(0) — int f(a) + = o] < 2P0
where we have defined
do := [V f1(0),...,Vfr(0)]. (33)
2) We have
va H_ ( yu )  VyeRTL
75m\/ 2¢

3) The first-order derivatives of f and that for each
fj.j€[M] are Lipschitz continuous, with the same
constant U > 0. B

The next result analyzes the size of Vh.
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Lemma 3.3: 1f there exists k € [T such that |y[k]| < 1, then
the following holds

Vit 1< 0
Z M;m i(y)| >

Lemma 3.4: Define 7 := M Zf\il x;, and assume that U €
(0,1). Then we have
2

|Vh(y) 1.

u 2
+MAmin(P1/2LP1/2) Z ||I2793JH

(4,5)xi~g

1 a2
Lemma 3.5: Consider using an algorithm in class 4 or in
class A’ to solve the following problem:

LM
T) = MZ’M(%),

over a path graph. Assume the initial solution: x; =0, Vi €
[M]. Letz = & Zf\il x; denote the average of the local vari-

ables. Then the algorithm needs at least (% + 1)T iterations to
have z;[T] # 0, V i and Z[T'] # 0.

Now we are ready to show our first main result.

Theorem 3.1: Let U € (0,1) and € be positive. Then for
any distributed first-order algorithm in class A or A’, there
exists a problem in class P[]JV[ and a network in class A, such
that it requires at least the following number of iterations and
communication rounds

L (1) —inf, f@) + 55 ) U
RENA) 165072

to achieve the following error hy < e.

To prove this result, the main idea is to construct a path graph
and a particular special problem in P such that to reduce h},
it is necessary to traverse the entire graph once.

Next, for the problem class with non-uniform Lipschitz con-
stants, we can extend the previous result to any network in class
N (by properly assigning different values of L;’s to different
nodes). In this case the lower bound will be dependent on the
spectral property of L as defined in (22).

Corollary 3.1: Let € be positive. For any given network in
N, and for any algorithm in 4, there exists a problem in P
such that to achieve the accuracy h; < e, it requires at least the
following number of iterations and communication rounds

o1 {(ﬂm —infy f(2) + |ldoll7 /M) L _,
3\/€(L)
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IV. THE PROPOSED ALGORITHMS

min
IeRT}\lxl

(35)

et (36)

(37)

In this section, we introduce our proposed algorithm for
solving problem (2). The algorithm is near-optimal, and can
achieve the lower bounds derived in Section III except for a
multiplicative polylog factor in M. To simplify the notation, we
rewrite problem (2) in the following compact form:

Zfz xz

(F®Ig)z=0. (38)

min f(x
ZEGRSIW
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It can be verified that, by using the definition of F’, the con-
straint in this problem is equivalent to the ones given in (2).
For notational simplicity, in the following we will assume that
S = 1 (scalar variables). All the results presented in subsequent
sections extend easily to case with S > 1.

A. The xFILTER Algorithm

To motivate our algorithm design, observe that the commu-
nication lower bound O(1/,/¢(¢)xL/e) in Section III can be de-
composed into the product two parts, O(1/,/€()) and O(L /e),
corresponding roughly to the communication efficiency and the
computational complexity, respectively. Such a product form
motivates us to separate the computation and communication
tasks, and design a double loop algorithm to achieve the desired
lower bound.

Our proposed algorithm is based on a novel approximate
filtering -then- predict and tracking (XFILTER) strategy, which
properly combines the modern first-order optimization methods
and the classical polynomial filtering techniques. It is a “double-
loop” algorithm, where in the outer loop local gradients are
computed to extract information from local functions, while in
the inner loop some filtering techniques are used to facilitate ef-
ficient information propagation. Please see Algorithm 1 for the
detailed description, from the system perspective. It is important
to note that the algorithm contains an outer loop (S3)—(S4) and
an inner loop (S2), indexed by r and ¢, respectively. Further, the
local gradient evaluation only appears in the outer loop step (S3).

To understand the algorithm, we note that one important task
of each agent is to update its local variable so that it is close to

the average 77 Zf‘i 1 x;. Let us use d; to denote a local variable
that approximates the above average. At the beginning of the
algorithm, d is just a rough estimate of the average, so we
have d; = = x; + ¢;, where ¢; is the deviation from the
true average, and7 it can be viewed as some kind of “estimation
noise”. To gradually remove such a noise, in step S1) we resort to
the so-called graph based joint bilateral filtering used for image
denoising [45], [46], which can be formulated as the following
regularized least squares problem:
r+1 . . 1 12 1 T T2

2,7 = arg min, §||a: —d"||52 + 2% F'Y*Fz, (39)
where d" is the noisy signal, F'is a penalty high pass filter related
to the graph structure (in our case, F' is the adjacency matrix),
and Y? is a regularization parameter. Its solution, denoted as
2" +1 as given below, will be close to the “unfiltered” signal
d", while having reduced high frequency components, or high
fluctuations across the components:

Rz =d", with R:=Y2F"S2F + I,,. (40)

It is important to note that if 27! indeed achieves consensus,
then by (10) we have F'X2F2 ! = 0, implying 27t = d",
which says d” should “track” 27 1.

Unfortunately, the system (40) cannot be precisely solved in
a distributed manner, because inverting R destroys its pattern
about the network structure embedded in the product F'' X2 F.
More specifically, F'TYX2F is the weighted graph Laplacian
matrix whose (4, j)th entry is nonzero if and only if node i, j are
connected, but (Y2 F T2 F + I,,)~!is adense matrix without
such a property. Therefore in S2), we use a degree-() Chebyshev
polynomial to approximate x” 1. The output, denoted as z" 1,
staysin a Krylov space span{d”, Rd", ..., R9d"}. Specifically,
at each iteration, the only step that requires communication is
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the operation Ru, which is given by
(Rug-1)[i] = (Y F "5 Fug1)[i] + dg-1[i]

H Tt

Jij~i

—d"[i]) + ug-1[i], Vi,

uq1

(41)

so this step can be done distributedly, via one round of local
message exchange.

After completing Q > 0 such Chebyshev iterations (46)
(C-iteration for short), the obtained solution 2" t* will be an
approximate solution to the system 40, with a residual error
vector "1 as given below

Ra™' =d" + Re with 1= — 27t (42)

Up to this point, the filtering technique we have discussed
aims at removing the “non-consensus” parts from a vector
d=[dy,...,dy]". However, recall that the goal of distributed
optimization is not only to achieve consensus, but also to opti-
mize the objective function ), f;(z;). Therefore, a prediction
step (S3) is performed to incorporate the most up-to-date local
gradient V f;(z;), followed by a tracking step (S4) to update
d. Ideally, one would like the new d:“ to have the following
three properties: 1) It is close to the previous d;; 2) it takes into
consideration the new local gradient 1nf0rmat10n offered by the

“predicted” x T“ 3) it is a “low frequency” signal, meaning
d; ™' and a7+ are relatively close, for all i # j. Taking a closer
look at the “tracking” step, we can see that all three components
are included: It adds to the previous d” the differences of
the last two predictions, and it removes some non-consensus
components among the local variables.

To end this subsection, we emphasize that, the filtering step
(S2) is critical to ensure that the proposed algorithm achieve
performance lower bounds predicted in Section III. Intuitively, it
helps to accelerate information propagation across the network.
Indeed, as will be shown shortly, the number @ in (S2) is directly
related to properties of the underlying graph.

B. Discussion

Below we provide remarks about the proposed algorithm.

Remark 4.1: (xFILTER as a primal-dual strategy) First,
we provide an interesting interpretation of the XFILTER strategy.
Let us introduce an auxiliary (dual) variable A" € R¥, which is
updated as follows:

N =\ 22F2 ) with, At = 0.

Then according to (47), (48) and the initialization z~!

(43)
=0,

d~1 = -T2V f(0), we have the following relationship
= =YV () + (2 - T2V f(a?)
_ (xfl _ 72vf(x71))) _ T72FT>\0
=2 — Y2V f (%) — T 2FTAO.

By using the induction argument, we can show that for all » > 0,
the following holds
d"=a" =Y 2Vf(z") - Y 2FT\". (44)
Combining (40) and (44), we obtain the following useful
alternative expressions of (40) and (42):

T2(Vf@")+ FT(\ +S2Fai ™) + (2t —2") =0
(45a)
T2 (Vf(@")+F (W +EF2" ™))+ (2" — 2") = Re™t.

(45b)
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Algorithm 1: The XFILTER Algorithm (Global View).

(S1) [Initialization]. Assign each node i € N with 3; > 0;
Assign each edge (ij) € & with 0;; > 0; Initialize ' =0,
dt=-Y2Vf(z Y)and 7t =21 - Y 2Vf(z ).
Compute R by (40);

(S2) [Filtering]. At iteration r + 1, » > —1: For a fixed
constant () > 0, run the following C-iterations (with
parameters {cg, 7})

(I = TR)ug + d",
ug = og(I = TR)ug_1 + (1 — ag)ug—2

ug=2x", u; =

+r1od, g=2,...,Q; (46)
Set 2"t = ug;
(S3) [Prediction]. Compute " +! by:
P =2t TRV () (47)
(S4) [Tracking]. Compute d"+! by:
A =d" 4+ (7T - 3") - YRR F T (48)

Setr =r 4+ 1, go to (S2).

Using (45a), it is clear that 27! can be equivalently written
as the optimal solution of the following problem:

27 = argmin (Vf(z") + FTA", 2 — 2")

1 1
+ S IZFal? + ST (@ —anl®. 49)
It follows that, the iterates {z"*!} can be viewed as trying to
approximately optimize the primal variable of the following

augmented Lagrangian (AL),
AL(z,A) = f(z) +

while the update (43) updates the dual variable. For simplicity,
we will use AL" to denote AL(z", \").

Remark 4.2: (Implementation and Algorithm Classes)
First, to compute d"’s, note that d~* = =Y 2V f(0). Then if
d"~! is given, by combining (48) and (47), it is easy to show
that each d] can be updated as

1
(\, Fzx) + 5||2F:c||2 (50)

di =d "+ (af —a] ") - Mﬂg (Vfi(zh) = V(i)
o2

- Zﬂ—f;(m; ) (51)
Jig~a T

Combining the above expression with (41) for computing
Rug_1, it is clear that all the computation only involves local
communication and local gradient computation.

The above observation also suggests that for a general choice
of parameter matrix X2 - 0, xFILTER is in class \A. Further, if
»? is a multiple of identity matrix (i.e., there exists o > 0 such
that ©2 = ¢°I), then the computations in (51) only involve the
sum of neighboring iterates, therefore the algorithm belongs to
class A’ as well.

V. THE CONVERGENCE RATE ANALYSIS

In this section we provide the analysis of the convergence
rate of XFILTER. All the proofs can be found in the appendix.
For convenience, the algorithm will be analyzed based on the
primal-dual interpretation in Remark 4.1.

Step 1. We first analyze the dynamics of the dual variable.
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Lemma 5.1: Suppose that f(x) is in class P . Then, for all
r > 0, the iterates of XFILTER satisfy

—( 3 : .
o G pa e

3B HTRET - OP). 6
where we have defined the following
1 1
K= 53
T RMEFT Y Ame) O
wt = (2™ —2") — (2" — 2" ). (53b)

Step 2. In this step we analyze the dynamics of the AL (38).
Lemma 5.2: For all v > 0, the iterates of xFILTER satisfy

: N 1
AL™H — AL" < f§||:vr+1 —x (54)

"Nrep
T2R—5%
+ (T?Re™ g Tt

_ x7'> +

+ 38w %, + 3R TR(e! — €))°.

3K . —
WHT lL(f -z I)HQ

Step 3. In this step, we analyze the error sequences {e" 1}
generated by the xFILTER. First we have the following well-
known result on the behavior of the Chebyshev iteration; see,
e.g., [47, Chapter 6] and [48, Theorem 1, Chapter 7].

Lemma 5.3: Consider using the Chebyshev iteration (46) to

solve Rz = d". Define 2’1 = R~'d", with
R:=T2(F'S%F +71?). (55)
Define the following constants:
)‘min(R) 2 /\min(Tz)
= Ny =1 = S =
B(R) := Amin (R) + Amax(R): (56)
Choose the following parameters:
2 4 1—-¢(R)
= 9R)’ ar =2, a1 = = o po = 1T ¢(R)
Then for any 7 € (0, 1), achieving the following accuracy
lug — 2" %2 < nlluo — I3, (57)

requires the following number of iterations
1
Q = 5 n(n/N)/1/ER).

Recall thatin Algorithm 1 the initial and final solutions for the
Chebyshev iteration are assigned to 2" and 2"+, respectively.
Define € := ug — 27! = 2" — 271, which is the error before
running the C-iteration. We have

Ra"=Rug=R(ug — ") + R’ .= Re" +d" ¥V r > —1.

Plugging in the definition of d" in (44), we obtain
Re" = Ra" + Y 2(Vf(z") + F'\" —T%2"). (58)

Using the definition of ¢"*! in (45b), and the fact that R is
invertible, we obtain the following key relationship

T =t " V> 1. (59)
Recall that ¢! := " — 27+ and 2™ = ug, 2" = uy,

then (57) implies

e R < nllem 1% (60)
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By combining Lemma 5.3, (59) and (60), the following re-
sult provides some essential relationships between the error
sequences {¢" "1} with the outer-loop iterates {z"T1}.

Lemma 5.4: Choose the inner iteration of XFILTER as

1 62
@=-gh (16 128 M max{ Amae (T2R), 1}) L/&4(R).

(61)
2)}. Then we have

where 6 := £(T2R)E(T?) x min{1, Apin (T
the following inequalities

IT2REH? < oo = a7, (620

€4 e < g o™ = a3 (620

ITREH? < ™ — o ag, (620

(TR, 271 — 37y < %WH e (624)
(R 2™ —a") < a2

+ i||zr+1 — 2" ||32p- (62e)

16

Clearly, using the Chebyshev iteration is one critical step
that ensures fast reduction of the error {¢""1}. In particular, to
achieve constant reduction of error, the total number of required
Chebysheyv iteration is proportional to /1/£(R), rather than
1/&(R) in conventional iterative scheme such as the Richard-
son’s iteration [47]. Such a choice enables the final bound to be
dependent on /1/£(G), rather than 1/£(G).

Step 4. Let us construct the following potential functions
(parameterized by constants ¢ > 0)

— AU 3

Pola"™, a7 A1) - I @ = a2

3K

e T
+ o = ot | P

E r+1 _ 72
+5lle oy x2n g

(63)
For notational simplicity we will denote it as P"*!. Next we
show that when the algorithm parameters are chosen properly,
the potential functions will decrease along the iterations.

Lemma 5.5: Suppose that f(z) is in class P37, @ is chosen
according to (61), and the rest of the parameters of XFILTER are
chosen as below

8 LY 2L
¢ =8k = Ll — 64
C=8R= S sErerTs)y L - o (O
(1/4 — 3k — &)Y?R — (1 +26)L/M — J?TLT L = 0.
(64b)

Then for all » > 0, we have

~. =~ 1

Br— Bt S = g Al R (69)
Step 5: Next we show the boundedness of {WPT“}
Lemma 5.6: Suppose that f(z) isinclass P and the param-

eters are chosen according to (64) and (61). Then the sequence
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{P"+1} generated by xFILTER satisfies

P> f vr>0, P°<f(a")+ %dgrldo. (66)
where f and d, are defined in (6) and (33), respectively.
Step 6: We are ready to derive the final bounds for the
convergence rate of the proposed algorithm.
Theorem 5.1: Suppose that f(z) is in class P and the
parameters are chosen according to (64) and and (61). Let 7.

denote the outer iteration index in which XFILTER satisfies
M 2
i=1

+||ZF2"|* < e (67)
Then we have the following bound for the error:

T,) := mi
0= i

~ C
e<(Cq x ?f, (68)
with the following constants
Cr = f(z%) — f+ %dJL*ldo (69a)
B M 1
Cy =128 (;52 +3+ 3275) (69b)

VI. RATE BOUNDS AND TIGHTNESS

In this section we provide explicit choices of various param-
eters, and discuss the tightness of the resulting bounds.

A. Parameter Selection and Rate Bounds for xFILTER

First, recall that the matrices L and L are defined in 21)-(22).
Below we will provide two choices of parameters.

Choice 1. We focus on a class of graphs such that there exists
an absolute constant k£ > 0 such that the following holds :

kP > dIy (70)

where d is the averaged degree (7). Condition (70) says that the
degrees of the nodes are not very different from their average.
For example the following graphs satisfy (70): Complete graph
(k = 1), star graph (k = 2), grid graph (k = 2), cubic graph
(k = 1), path graph (k = 2), and any regular graph (k = 1).
For the class of graphs satisfies (70), let us pick the parameters
for xFILTER as follows:
96k

52 _ 48><96k~ , 2_ K pipppe gy
Zi diAmin(‘C) Z d
Using the above choice, we have
96L;d;k  96L;d;k
2 1 10
2 — = _ 72
and that the matrix Y satisfies the following
96k 96
Y? = = P/?LP'/? = —L. 73
ZZ dl M ( )
Plugging these choices to L in (19) we obtain
Lo="Y1FTY2pY !
— 48~ L71/2P71/2FTKFP71/2L71/2
Amin (‘C)
48
=L (74)
Amin ([’)
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Therefore by (53a) we have

i = Amin(’c) _ i
48Arnin (Z) 48 .
Also in this case we have
R=Y2F"S’F 41

_ I papppazptgp + 1.
Amin (‘C)
By noting that the matrix P~'/2L~'P~'/2FT KF and £ share
the same set of eigenvalues, we obtain

(75)

48 max (L) 50 L
Amax(R) < (Amm % + 1) g—g %) Amin(R) =1, (76a)
A8 A max (L) &(L)
f(R)Zl/</\min(£~)+l>Z50- (76b)

Choice II. For general graphs not necessarily satisfying (70), let
us pick the parameters for XFILTER as follows

48 x 96 96
2o X P poy2_o D 7
MAmin(‘C) M
Using the above choice, we have
96L;
2 7
s = . 78
B; i (78)
We have that
4 4 ~
Lo = 8 [vepTgppro 8 7 (79)
Amin Amin (‘C’)
Therefore by (53a) we have
A1
_ L - 80
: mln( ) 48 ( )
Also in this case we have
48

L 'F'KF+1.
Amin(‘c)

By noting that the matrix L' F" K F and L share the same set
of eigenvalues, we obtain

4 >\max C
Amax(R) < <8(A) + 1) < 5—9, Amin(R) =1,

R="2F"22F+1=

Amin(£) £(£)
(81a)
48\ max (L) 40
§R) =1/ (mm() + 1) 25 (81b)

Remark 6.1: (Choices of Parameters) The above two
choices of parameters differ on whether Y? is scaled with the
degree matrix or not. The resultlng bounds are also dependent
on the spectral gap for L and E one inversely scaled with the
degree matrix, and the other does not. Note that the spectral gap
of L and £ may not be the same. For example for a star graph
with L, = L;, {(L£ L) = O(1/M) but £(L£) = O(1). Therefore
one has to be careful in choosing these parameters so that £(R)
is made as large as possible.

Additionally, since we are mainly interested in choosing the
parameters so that the resulting rate bounds will be optimal in
their dependency on problem parameters, the absolute constants
in the above parameter choices have not been optimized.

The following result is a consequence of Theorem 5.1.
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Theorem 6.1: Consider using XFILTER to solve problems in
class (PM, \), then the following holds.

Case L. Further restricting N3/ to a subclass satisfying (70).
If parameters in (71) is used, then the condition (64b) will
be satisfied. Further, to achieve e(T") < e, it requires at most
the following number of iterations (where 1" denotes the foral
iterations of the xFILTER algorithm), see (82) shown at the

bottom of this page, where C'5 is given by

~ 96k <
Cy <128 <ZM > diLi+ 19) : (83)

i=1" =1

Case II. Suppose parameters in (77) are used. Then the condition
(64b) will be satisfied. Further, to achieve e(T") < e, it requires
at most the following numbez of iterations, see (84) shown at the

bottom of this page, where C5 is given by

N 96 M
Cy <128 (M Z;L + 19) . (85)

We note that compared with (68) in Theorem 5.1, the addi-
tional multiplicative term in (82) accounts for the Chebyshev
iterations that are needed for every outer iteration 7.

B. Tightness of the Upper Rate Bounds

We present some tightness results of the upper rate bounds for
xFILTER. In particular, we compare the expressions derived in
Theorem 6.1, and the lower bounds derived in Section III, over
different kinds of graphs and for different problems. We will
mainly focus on the case with uniform Lipschitz constants, i.e.,
L; = U, Vi. We will briefly discuss the case of non-uniform
Lipschitz constants at the end of this section.

First, consider the class P,]J” with the following properties:

M
1
L1=L2=--.LM=MZLi :=U, L=UIy. (86)
i=1

It follows that in this case £ = £, and £ = P/2LP/2. Let us
first make some useful observations.

Remark 6.2: Let us specialize the parameter choices for
xFILTER algorithm in (71) and derive the bounds for Cs x
1/4/¢(Z) in (83) for the following special graphs.

Complete graph. Complete graphs satisfy (70) with k = 1.

5921

the expression (83) we obtain the following:

CSOmP 5 < 125000 + 2560.

§(£)
Grid graph. Grid graphs satisfy (70) with k& = 2. Italso satisfies

Amin(£) > 1/M. Therefore using the expression (83) we obtain
the following:

ngrld >

87)

1
< (125000 + 2560) x /M.

- (88)
§(£)
Star graph. Star graphs satisfy (70) with k& = 2. It also has

&(L) = 1/2. Therefore using the expression (83) we obtain the
following:

1

)

Random Geometric graph.~ If the radius Ra satisfies (25),
then with high probability £(£) = O(% ). Further, from the

proof of [49, Lemma 10], for any € and ¢ > 0, if
Ra=Q (\/1og1+€(M) /(Mw))

then with probability at least 1 — 2/M¢~1, the following holds

log'te M — V2clog M < d; < log't¢ M + v/2clog M, V i.

This means that (70) is satisfied (with k = O(1)) with high
probability (also see discussion at the end of [43, Section V]).
Therefore using the expression (83) we obtain the following:

1 VM )
¢(2) log(31) /-

Cycle/Path graph. Cycle/path graphs satisfy (70) with k£ = 2.
We also have \,;,, (£) > 1/M?. Therefore using the expression
(83) we obtain the following:

C;ycle «

~star
2 X

< (12500U + 2560) x V2. (89)

pANy
o

(90)

~geometric
CS X

< (125000 42560) x O <

< (125000 + 2560) x M. 1)

§(£)

We also note that for the xFILTER algorithm, the fact that
L; = U, V iimplies that the matrix X2 givenin (71) is a multiple
of identity matrix. Therefore by Remark 4.2, we can conclude
that in this case XFILTER belongs to both A and A'.

Now we are ready to present our tightness analysis.

Theorem 6.2: Consider the problem class P}, and a sub-
class of NV satisfying (70). Then the convergence rate in (82) is
tight (up to a polylog factor).

Proof: When L; = L;, Vi # j, and when (70) is satisfied, it
is easy to verify that the following holds

It also satisfies \,,;,(£) = M/(M — 1) > 1. Therefore using hy < e(T), and £ = L. ©2)
1 5 ~ 1 502(M Lmax/Lmin)* x (164128 Mmax{50 x 96k Lmax, 1 ~
1< (50— £+ ol ) x G pin | XM Emes o) 2 € d D) \Js0/e(2)
€ M 4 &3 (L) x min{1,962k2L%. /M?}
(82)
1 5 -~ 1 502 ( Liax/ Linin)* % (164128 M 50 X 96 Lynax /M, 1 =
T< <f(:c0) —f+ ||d0||%1> « Oy x L1 [ 20 Emasx/Lmin)” X ( i max{50 x MV fs0se8)
€ M 4 §3(L) x min{1,962L2; /M?}

(84)
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To bound the total number of iteration required to achieve h7, <
¢, note that when (70) is satisfied, we can apply the bound (82)
in Theorem 6.1 and obtain, see (93) shown at the bottom of this
page. Comparing with the lower bound in Theorem 3.1, it is
clear that except for the multiplicative In(-) term, the remaining
bound is in the same order as the lower bound (36). [ |

Remark 6.3: (Optimal Number of Gradient Evaluations)
It is important to note that the “outer” iteration of the xFILTER
required to achieve e-local solution scales with O(U/¢), which
is independent of the network size. Because local gradients are
only evaluated in the outer iterations, the above fact suggests
that the total number of gradients V f(z") required is also in
O(U/¢). This is an optimal order because it is the same as what
is needed for the centralized gradient descent.

Remark 6.4: (Performance Gap Compared with Existing
Methods) An existing algorithm called distributed gradient
primal-dual algorithm (D-GPDA) has also been developed re-
cently, which has explicit characterization of various conver-
gence rates [50]. In particular, this algorithm is not optimal, in
the sense that at each iteration, O(1) local communication and
gradient computation are to be carried out, and the total number
of iterations scale with O(% x @) Obviously the D-GPDA

algorithm costs a lot more compared with xFILTER, for example
for path/star graph, it requires O(M?) times more gradient
computation effort, and O (M) times more communication effort
than what is required by the xFILTER.

Remark 6.5: (Non-uniform Lipschitz Constants) We com-
ment that for the general case L; # L;, Vi, j, we can use similar
steps to verify that the bound (84) derived in Theorem 6.1 is
optimal, in the sense that they achieve the lower bound (37)
predicted in Corollary 3.1.

VII. NUMERICAL RESULTS

This section presents numerical examples to show the effec-
tiveness of the proposed algorithms. Two kinds of problems
are considered, distributed binary classification and distributed
neural networks training. We use the former one to demonstrate
the behavior and scalability of our algorithm and use the latter
one to show the practical performance.

A. Simulation Setup

In our simulations, all algorithms are implemented in MAT-
LAB R2017a for binary classification problem and implemented
in Python 3.6 for training neural networks, running on a com-
puter node with two 12-core Intel Haswell processors and
128 GB of memory (unless otherwise specified). Both synthetic
and real data are used for performance comparison. For synthetic
data, the feature vector is randomly generated with standard
normal distribution with zero mean and unit variance. The label
vector is randomly generated with uniformly distributed pseudo-
random integers taking the values {—1, 1}. For real data, we use
the breast cancer dataset' for binary classification and MNIST?
for training neural network. The breast cancer dataset contains

Uhttps://archive.ics.uci.edu/ml/datasets/Breast+Cancer+Wisconsin+(Diagnostic)

Zhttp://yann.lecun.com/exdb/mnist/
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Fig.2. M =20,B =200, K = 10.

a total of 569 samples each with 30 real positive features. The
MNIST dataset contains a total of 60,000 handwritten digits,
each with a 28 x 28 gray scale image and a label from ten
categories.

B. Distributed Binary Classification

We consider a non-convex distributed binary classification
problem [51], where each component function f; is given by

B
1
filw) = 5 > log (1+ exp(—yia! vij)) +

j=1 s=1

Here v;; € RS denotes the feature vector with dimension S,
yij € {1, —1} denotes the label for the jth date point in ith agent,
and there are total B data points for each agent. Unless otherwise
noted, the graph £ used in our simulation is generated using the
random geometric graph and the graph parameter Ra is set to
0.5. The regularization parameter is set to A = 0.001, « = 1.

To compare the convergence performance of the proposed
algorithms, we randomly generated M B data points with di-
mension K and distribute them into M nodes, i.e. each node
contains B data points with K features. Then we compare
xFILTER with the D-GPDA [50], the distributed subgradient
(DSG) method [52], the Push-sum algorithm [53], and the
NEXT algorithm [13]. The parameters for NEXT are chosen
as 7 = 1,a[0] = 0.1 and . = 0.01 as suggested by [13], while
the parameters for XFILTER are chosen based on (71).

Simulation results on synthetic data for different M, B, K
averaged over 30 realizations are investigated and shown in
Fig. 2 to Fig. 3, where the x-axis denotes the total rounds of
communications required, and the y-axis denotes the quality
measure (16). Note that the curves xFILTER (outer) included
in these figures show the number of communication rounds
required for XFILTER to perform the “outer” iterations (which
is equivalent to r in Algorithm 1, since in each outer iteration
only one round of communication is required in Step S3). The
performance evaluated on real data is also characterized in Fig. 4,
in which we choose M = 10, B = 56, and K = 30. These
results show that the proposed algorithms perform well in all
parameter settings compared with existing methods.

We further note that these figures also show (rough) com-
parison about computation efficiency of different algorithms.

1 5
< = 0y _ 2
T < - (f(a: )— [+ MU||d0|| ) x 128 (96kU + 19)

1
4

—1In

502M* x (16 + 128M max{50 x 96kU, 1})
( €3(G) x min{1,962k2U2/M?2} > 50/£(9).
(93)
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Fig. 5. Comparison of NEXT and xFILTER over path graphs with increasing
number of nodes (M € [10, 150] in (a) and M € [5, 50] in (b)). Each point
in the figure represents the total number of communication needed to reach
hi. <e.

T —=

Specifically, for D-GPDA, DSG and Push Sum (resp. NEXT),
the total rounds of communication is the same as (resp. twice as)
the total number of gradient evaluations per node. In contrast,
the total rounds of communication in the outer loop of XFILTER
is the same as the local gradient evaluations. Therefore, the
comparison between XFILTER (outer) and other algorithms in
Fig. 2 to Fig. 3 shows the relative computational efficiency of
these algorithms. Clearly, xFILTER has a significant advantage
over the rest of the algorithms.

Further, we compare the scalability performance of the pro-
posed algorithms with increased network dimension M. In
particular, in Fig. 5 we compare the total communication rounds
required for NEXT and the xFILTER for reaching k% < 10710
and h%. < 107!, over path graphs with increasing number of
nodes. Overall, we see that the XFILTER performs reasonably
fast and exhibits the desired linear scaling.

We do want to point out that although the proposed algorithms
compare relatively favorably with NEXT in our numerical tests,
NEXT can in fact handle a larger class of problems because it is
designed for nonsmooth and constrained nonconvex problems.
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Fig. 6. Comparison of DSG and xFILTER over path graphs on distributed
training neural networks; Plot (a) shows the dynamic of the categorical cross-
entropy loss, and plot (b) shows the training classification accuracy. The param-
eters are chosen based on their best practical performance through grid search.
The curves xFILTER (outer) and XFILTER (total) again represent the number
of outer iteration, and the total number of iterations required for XFILTER.

Further, for all the algorithms we have used, we did not tune the
parameters: For xFILTER and D-GPDA, we use the theoretical
upper bound suggested in Theorem 5.1, and for NEXT we use
the parameters suggested in the paper [13]. It could be possible
to fine-tune the stepsizes to make them faster, but since this paper
is mostly on the theoretical properties of rate optimal algorithms,
we choose not to go down that path.

C. Distributed Neural Network Training

In our second experiment, we present some numerical results
under a more realistic setting. We consider training a neural
network model for fitting the MNIST data set. The dataset is
first randomly partitioned into 10 subsets, and then gets dis-
tributed over 10 machines. A fully connected neural network
with one hidden layer is used in the experiment. The number
of neurons for the hidden layer and the output layer are set
as 128 and 10, respectively. The initial weights for the neural
network are drawn from a truncated normal distribution centered
at zero with variance scaled with the number of input units.
The algorithms are written in Python, and the communication
protocol is implemented using the Message Passing Interface
(MPI). The empirical performance of the XFILTER is evaluated
and compared with the DSG algorithm [52]. Fig. 6 shows that,
compared with DSG, the proposed algorithm achieves better
communication and computation efficiency, and has improved
classification accuracy.

Note that despite the fact that some global parameters (such
as the Lipschitz constants) are unknown, the rules provided in
(71) or (77) still can help us roughly estimate a set of good
parameters. For example, we choose the following parameters

2 _ g 2 _ ppr
Zi diAmin(‘C) ’ Zl dZ ’
and tune the parameter § and o by search from the sets
{0.1,0.2,0.5,1,2,5,...,100,200,500}. Based on the best

practical performance over 10 runs, we choose 5 = 100 and
o = 20 for xFILTER and @ = 0.1 for DSG.

(94)

VIII. CONCLUSION AND FUTURE WORKS

This paper represents the first work that investigates the
performance of optimal first-order algorithms for non-convex
distributed optimization problems. We provide a lower com-
plexity bound that characterizes the worst case performance for
any algorithm in class .4, and propose an algorithm capable of
(nearly) achieving the lower bound in various settings. In Fig. 7,
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Fig. 7. Graphical comparison of various bounds analyzed in this work, illus-

trated over a path graph with M nodes.

we illustrate various bounds discussed in this work by using a
path graph.

To the best of our knowledge, the proposed algorithm is the
first and the only available distributed non-convex algorithm
in class A that can achieve the (near) optimal rate performance
for problem/network classes (P, N'). However, they still require
some global information to initialize the parameters, so it will
be of interest to design global information free algorithms that
only require local structures to set parameters (just like in the
convex case, see discussions in [54]). It will also be desirable
to consider the problem where only the average function f has
Lipschitz gradient, but not the local f;’s.

APPENDIX

A. Proof of Lemma 5.1

Proof: For simplicity we will denote ¢g" := V f(z"). First
note that V7 > —1 the following holds according to (45b),

g+ FTO\" 4+ S2Fzm ) 4 Y227+ — g7) = T2ReH,
95)
Second, by using (95) and the update (43), we obtain
FIA = _gr — Y2(g™1 — g7) + T2Re L. (96)
Then subtracting the previous iteration leads to
FTO™ ") = —(g" — g™ 1) — T2+
+T2R(e"T —€), Vr > 0.
Note that the matrix Y2 = 0, £2 > 0, then we have
TUER) TSI AT = — T (g7 — g™
—Yw T+ TR — ).
Then using the fact that
YN AT = SFe" € col(BF),

o7

we can square both sides and obtain the following
Amin(ZFT_QFTZ)||Z_1()‘T+1 - )‘T)HQ

<3llg" =g R+ 3llw T[T + TR — )

(18) 3 -1 T r—1\1(12
< WHT L(z" —a" )|

+3[|w M Fe 4 BITR(€ = €[>, Vr >0, (98)

This concludes the proof. |
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B. Proof of Lemma 5.2

Proof: Consider (50), using the Lipschitz gradient assump-
tion (18), we have

AL(z"+1, \") — AL(2", A7)
S <vf(m7') _|_FT)\7‘ +FT22F$T,IT+1 _ IT>

T T 1 T T
+ 5pplle ™ = a1} + SIS - )
_ <Vf(.13T) _|_FT/\T' +FTZ2Fxr+17xr+1 _ $r>
+ <T2(zr+1 o zr)’errl o $T> + m||mr+l o ITH%

1
I = o) = a7 = 0 By e

(95) ‘s s TzR L s T
< —(a:+1—1:)T< 5 —W>(z+1—z)

+ (Y2Re™ T 2™t — 27, (99)
Using the update rule of the dual variable, and combine the above
inequality, we obtain

1
+1 +1 2
AL —AL" < —§||xr — xTHTQR_%

+<T2R€r+1’ xr+1 _Ir>_|_</\r+1 _)\r’ FI,’I“+1>

]' T T
et AR N
+<T2RET+1, $T+1 _xr>_’_||271()\r+1 _)\7")”2.
Combined with Lemma 5.1 we complete the proof. |

C. Proof of Lemma 5.4
Proof: Let us choose
n = 02/(4 + 32M max{A\pnax (Y?R), 1}). (100)
Then from Lemma 5.3, it is clear that if () satisfies (61), then
TR < 0ll€ 17 (101)
Note that Y2R = FT32F + Y2 - 0, then it follows that
)\max(RTszR)
Amin(’r2)
(6<0) nAmaX(RTszR)
o )\min(TZ)
< nAmax(RTQTQR))\maX(TQ)
- >\min(T2)
- NAmax (RY2T2R) Amax (T2)
~ Amin (RT2T2R) Amin (’1‘2)
<o 2| T2RE .
Using the above relation, we can then obtain the following
IT2Re 1 < 200 " (|| TR T2 + | T2 R(e T — )]?)

le

IT*Re* < e+ 1%

€113

[l

1% Rem?

(59)
< 200 2 (| T2 R TP+ T2 R —a")|?).
Therefore, we obtain
IT2Re™12 < 20072 /(1 — 2002 T*R(a™! — 27) ||,
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Plugging the definition of 7 in (100), we have
IT2RE™H? < Amax (T2 R)20072/(1=20072)||2™ —2" L2
(100)
< 1/(6M)|jx" T — 2" ||Fep, V> -1

To obtain the second inequality, notice that

e e g < 07 € e < O72nl[€ 3o (102)
where the last inequality is due to the fact that § < 1. Then
repeating the above derivation we can obtain the desired result.
The third inequality in (62) can be derived in a similar way, and

the last two in (62) can be obtained by using Cauchy-Swartz
inequality. |

D. Proof of Lemma 5.5
Proof: Notice that the following identities hold true

1 1
(@a=bc—d) < Slla=b*+ e —d|” (103)

(a — b, Bb) = b||%, with B = 0.

(104)

1 1
§||CLHQB - §||b||2B + gHa -

Using the optimality condition from (96) we have
(FTA™ 4 V(™) + T2 (2™ — 27)
— T2Re™ ! — g7y = 0
(FIA" V@™ + 12" — 2™ )
—Y2Re", " — 2" 1) =0,

Subtract the above two equations, use (103)—(104), and apply
the bounds (62d), (62¢), we obtain

1 1
SISFEr P+ St — o
2 2

1 ) 1, . 1
< SISF 2+ Sl — o e - 5
+1/@M) " = o+ 1/ @M 2

+1/4)|z" — 2" |Feg + 1/4l|2" — 2" |32, V>0
(105)

W

r—12
Iz

By using the potential function deﬁned in (63), we have

ﬁrJrl _ ﬁr —AL™H _AL" + 7HT 1L( r+1 ’I")H2

3K — r r—
- T L@ =2 )

3K
+ (et -

- a7 = 2" zp)

T2
2 =

c
5 (ISP P+ 2 = a1, o, )

c
— S (I=Fa 2+ " =2 2 12n ) -

Multiplying (105) with ¢, then adding to (54), and use the
estimate of the size of € in (62¢) and (62d), we can obtain

}57‘+1 N ﬁr < l_r)TV(:L,r+1 - ZT)

7“—1”2

1
T (prtl
5

c ~ T
- (2 - 3:‘{,) HU/ +1H2'r2.
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with the matrix V' defined as follows

L 6K
. 2 -2
_ T?R(24k + 6 + 16¢)
16 '
Therefore in order to make the potential function decrease, we
need to follow (64). [ |

E. Proof of Lemma 5.6
Proof: We can express the AL as (for all » > 0)

1
AL f(ar ) = (0 S - ) SR
1 —1yr —1yr
=3 (1= A2 = =2
HIETT AT = A2+ [2F2?)
Since inf, f(x) = f is lower bounded, let us define
AL = AL — f f(a) = f(a) — £ >0,
prtt . prtl f.
Therefore summing over r = —1--- T, we obtain
Z AL’r‘+1 HE 1)\T~‘r1||2 ||271)\71H2)
r=-—1
1 1
’I-‘rl - ZF r+1)2 - 271 )\rJrl_)\r 2 .
+§:( N R DR

Using the initialization A= 0, then the above sum is lower
bounded by zero. This fact implies that the sum of P"*1 is also
lowAer bounded by zero (since besides KL, the remaining terms
in P are all nonnegative)
T

Y Ptt>0, YT >0,

r=0
Note that if the parameters of the system are chosen according
to (64), then P:'H is nonincreasing, which implies that its
shifted version P"*! is also nonincreasing. Combined with the
nonnegativity of the sum of the shifted potential function, we
can conclude that

Pt1>0, and Pt >inf f(z), Yr>0.  (106)
Next we compute P°. By letting 7 = —1, and use z~! = 0 and
A1 = 0, we obtain
AL~ 7(a) = 5 (2150 + [SFa0) = S m ).

(107)

Then we have

. 3% _ 3.
PO = AL® + T3 T Ll + ZRllC e

G
+ 2 (IR0 4+ 1o By ) » (1080

ALY < f(2°) 4+ 2|2F2%?, 2t =0, A =0, (108b)
20 P pir-2yr) — O, et P rtr2v ).
(108c)
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Use the above relation, we have
P° < f(:vo) + (xO)TZxO, with Z defined as
= 3
2 = =\ Ae2

élL
— L 2FY?F < 3Y%R
+ot

where the last inequality follows from our choice of parameters
in (64b). Therefore we have

(2°) T Z2° < 3(2°) " Y2 Ra”

< 3(Vf(0) = Y2R)TRIT2(Vf(0) — T2RO)

6(Vf(0) RIT2VF(0) 4+ 6(c”) ' T2 Re"

< 3M(Vf(0)) LIV f(0) + 8?\/[”950”1(21%

where in (i) we have used the Cauchy-Swartz inequality; the last
inequality uses (62), the choice of the parameters (64b) (which
implies Y2R > 4L/M). The above series of inequalities imply
that

2N < (3= ga7 ) Io°lBen <3M (V1O LV110)

Therefore overall we have

(2°)T Za0 < 3( NTY2Re? < 5M(V£(0)) LIV £(0).
By observing 1 d do = ||V f(0)]|?, the desired result is ob-
tained. |

F. Proof of Theorem 5.1

To show the result, we consider the optimality condition (95),
and multiply both sides of it by the all one vector, and use the
fact that F'1 = 0 to obtain

1TV ")+ 17722 —2") = 1T T?Re™ 1,
Squaring both sides and rearranging terms we have
1 & i
i S V)| <2 —an) i et
i=1

— ")

+ 2T Y2RI1 T 2R

(62)
S 2(£UT+1 o LET)TT2((£T+1 o :L'T) % I]_T—r2]]_

+M/(AM)]|2" — 27 |Fe g

(i) M
< et — 272 g x 2 <1 +Zﬁ3> ,

i=1

©) M
< 64(PT— P x2 (14> ), Vr>0.
i=1
where in (i) we used Y2R = T2 + FTY2F = T2

To bound the consensus error, we first use (62) and obtain
IR = )2 < o™ = o3

4M||'r r71||%2R'
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Then we apply Lemma 5.1 to obtain
[SFa" 2

< 35 (Jla"" xrn"% S

e = g e )
Q) )
< 20ja"* — & Fe g + 3R [Jw" |3
+2[|a" — 2" H3ep, Vr>0 (109)
where (i) is a consequence of (64b), which implies
2Y2R - 3% (LT_QL T R) (110)

By combining (109) and the following inequality
[SF"|* < 2SF (@™ —a")|* + 2 SF2" 2,
we have

ISF"|* < 4fla™ — 2|30 gy proe e + 68w 3

+4)z" — 2" Fep
65 - - -
< 64(P" — Py 4 64(PT - PT), Vr>1
|SFz0|? < 64(P° — P') + 4|2°|}2 5.
So overall we have that
T,
> Zsz + |SF2|?
r=0
M T, _ -
< 64 (1 +) B+ 1) S (P =Py (P - PY)
i=1 r=1
+64(P° — PY) +4]|2°| 2.

M
<128 <1 +) B+ 2) (P° — f) + 4]2°| 22 (111)

i=1

where the last inequality utilizes the descent property of P" in
Lemma 5.5, and the boundedness property in Lemma 5.6. Note
that from (107), (108a) and use ¢ = 8k in (64a), we obtain

PO > f(20) + 720 % . (112)
Therefore From (66) and Lemma 5.6 we have that
1(P° - £@”)
4)2°Fep € ——=—F
K
() 4 (f(2°) + grdg L "o — f) @.

R R
Combining the above two relations leads to

LS~ (1 2L Vi) .

M
<128 (Zﬁ2 +3+ o= ) Cy/T,.
=1

This completes the proof. |
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X. SUPPLEMENTAL MATERIAL: THE COMPLEXITY ANALYSIS

A. Proof of Lemma 3.1

Proof. Property 1) is obviously true.
To prove Property 2), note that following holds for w > 0:

T(w)=1—e", V(w)=2"""w, ¥ (w)=2" —de ™ w? ¥Yw>0. (113)

Obviously, U(w) is an increasing function over w > 0, therefore the lower and upper bounds are ¥(0) = 0,¥(c0) = 1;

¥/ (w) is increasing on [0, %] and decreasing on [%, oo], where U”'( %) = 0, therefore the lower and upper bounds are

T'(0) = ¥'(c0) = 0,\11/(%) = 1/2; U"(w) is decreasing on (0, \/g] and increasing on [\/g, oo) [this can be verified by

checking the signs of U"'(w) = 4,9‘1”210(211)2 — 3) in these intervals]. Therefore the lower and upper bounds are U"/( \/g) =
—40"(0%) =2, ie,
e2

2 4
0<T(w) <1, 0S¥ (w)<y/=, —— <¥'(w)<2, Yw>0.
e ez
Further, for all w € R, the following holds:
4 8w
®(w) = darctanw + 2w, P'(w) = T " (w) = RS (114)
Similarly, as above, we can obtain the following bounds:
0<®(w) <dm, 0<d'(w)<4, -— 37\/3 < P"(w) < 37\/3, YVw € R.

We refer the readers to Fig. 1 for illustrations of these functions.
To show Property 3), note that for all w > 1 and |v| < 1,

U(w)®' (v) > ¥(1)P'(1) =2(1—e ) > 1

where the first inequality is true because W(w) is strictly increasing and ®’(v) is strictly decreasing for all w > 0, and that
P'(v) = '([v]).
Next we show Property 4). Note that 0 < ¥(w) < 1 and 0 < ®(w) < 4x. Therefore we have h(0) = —¥(1)®(0) < 0 and
using the construction in (28)
LT/2]
inf hi(w;) > —U(1)@(z;[1]) - 3 > W(w)®(v) > —4r — 67T > 10T (115)
j=1

where the first inequality follows ¥ (w)®(v) > 0 and second follows ¥(w)®(v) < 4w, we reach the conclusion.

§
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S

Fig. 8: The functional value for ©(w,v) = ¥(w)®(v).



Finally we show Property 5), using the fact that a function is Lipschitz if it is piecewise smooth with bounded derivative.
From construction (28), the first-order partial derivative of h,(y) can be expressed below.
Case I) If 7 is even, we have

on 3(=W (—yli —1]) @' (—y[i]) = ¥ (yli — 1) @' (y[d]), q €1, %]
B {i] - 0 ge[¥+1,21] . (116)
Y 3(—W (—yli]) @ (—yli +1]) — ¥ (yli]) @ (y[i + 1)), g€ [3+1,M]
Case II) If 7 is odd but not 1, we have
oh 3(—W (—y[d]) @ (—yli + 1)) = V' (y[i)) @ (yli +1])), g€l %]
il ) ‘ _ aelm L] (117

3(—W (—yli — 1)) @' (—yli)) — W (yli — 1]) @' (y[i])), qe[3"+ i,M]
Case III) If 7 = 1, we have

Ohy _{ —P)P(y]) +3 (-2 (—y) @ (—y2) -V WID @ (B2]), a€ll, 3]

oy[1] —U(1)®'(y[1]), ge i 1 , M|

Obviously, gy—% is a piecewise smooth function for any i, ¢, and it either equals zero or is separated at the non-differentiable
point y[i] = 0 because of the function .
Further, fix a point y € R and a unit vector v € R” where Z?:l v[i]?> = 1. Define

9q(8;y,v) = he(y + 6v)

to be the directional projection of h, on to the direction v at point y. We will show that there exists £ > 0 such that
lgq” (0;y,v)| < £ for all y # O (where the second-order derivative is taken with respect to 6).
First we can compute g, (0;y,v) as follows:

(118)

5y Z 8y [i1] ay hq (y) vlin]ulia] = Z Zay 5yz+5 hq (y) v[i]v[i + 4],

11,02 6€{0,1,—1} =1

where we take v[0] := 0 and v[T + 1] := 0.
The second-order partial derivative of hy(y) (Vy # 0) is given as follows when i is even:

o, 3(W (—yli — 1) " (—yli)) — ¥ (yli — 1)) " Wli]). g€ (1]

dylijoyli] 0, ge X +1,2] (119)
aytlont] 30" (—yfi]) @ (—yli+1]) — 0" W) @ (wli + 1)), g€ [2L+1,M]
0 _ 0, qe 1,2

Byloyli 1] ‘{ 3(W (—yli) B (~yli + 1) — ¥ (i) ¥ (ufi +1))), g€ 2441, M] (120)
Phy [ B (—yli— 1) (~yli)) ¥ (i — 1)V (wli]), qe (1]

aymay[z‘u‘{ 0, g2, M) (120

By applying Lemma 3.1 — i) [i.e., \IJ( U (w) = ¥’ (w) =0 for V w < 0], we immediately obtain that at least one of the
terms U (—y[i — 1]) ®” (—y[i]) or =¥ (y [ 1]) @” (y[d]) is zero. It follows that

U (—yli = 1) " (~yli]) = ¥ (yli - 1]) @ (y[i]) < sup [¥(w)|sup |27 (v)]-

Similarly,
T (—yli]) @ (—yli + 1)) — " (y[i]) @ (y[i +1]) < sup 0" (w)| sup |®(v)]

' (—yld]) @ (—yli +1]) — W' (y[i]) @' (y[i + 1]) < sup [¥'(w)|sup |’ (v)].
Therefore, take the maximum over equations (119) to (121) and plug in the above inequalities, we obtain
‘ 8%h,
dyli1|0yliz]

< 3max{sup | ¥ (w)| sup |®(v)|, sup |¥(w)| sup |®”(v)|,sup |¥'(w)|sup |’ (v)|}

w

= 3max {87r 3\2[ \/7} < 2bw, V11 being even, V i
e

where the equality comes from Lemma 3.1 — ii).
We can also verify that the above bound for ¢ being odd but not 1 is exactly the same.
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When ¢ = 1 we have following:

0%hy _{ —U(1)e"( [Hg 3(—" (—y[1]) @ (—y[2]) - " (y[1]) @ (y[2))), q€[1, %]

oy[LJoy1] —v(ne ”(Z[l] ; g€ +1,M)
0%hq :{ 3 (= (—y[1]) @ (—y[2) — W' (y[1]) @' (y[2]), €1, %]
dy(1]0y[2] 0, q €[4 +1,M]
Again by applying Lemma 3.1 — i) and ii),
d?h,

‘ < max{sup [¥(1 )@" (w)| + 3sup " (w)[ sup [@(v)], 3sup [V’ (w)| sup [ (v)[}

3vV3 2
= max {\Qf(l —e 1) + 24m, 12\/7} < 257, VY is.
e

Summarizing the above results, we obtain:

‘ BylTouTa]

TGRS Zay T ) vleli +3

5€{0,1,~1} i=1
Z [i]v[i + 4]

<2m Yy
6€{0,1,—1} li=1
T
2 Zv[z]v[z +1]
i=1
T
< 75772 |v[i]*| = 757
Overall, the first-order derivatives of h, are Lipschitz continuous for any ¢ with constant ¢ = 75,
To show the same result for the function h, we can apply (17). This completes the proof. Q.E.D.

T
2571'(

B. Proof of Lemma 3.2

Proof. To show that property 1) is true, note that from the definition of f;(z;) we have

IiU
sz(l‘,) = \/Z X th (757[_\/%) .

Therefore the following holds:

1d2—2€zM: Vh-02—26§[:\111<1>’02—32 1—exp(—1))2 122
pldol” = 5 IO = 72 3 ¥ OF = 3261 - expl-1))* (122)

Therefore we have the following:

£(0) — inf £(a) + % - % (h(O) ~infh(x) +

Then by applying Lemma 3.1 we have that for any 7" > 1, the following holds

. ldoll?> _ 150me 150me
— - . <
£(0) ngff(:c) tom ST < (107T 4 0.03) < T

Property 2) is true due to the definition of f.
Property 3) is true because the following

197(e) - Vil = vae |[vh (202 ) - v (2= )| < ol -

where the last inequality comes from Lemma 3.1 — (5). This completes the proof. Q.E.D.

16(1 — exp(—1))?
75T > '

x 117T.

C. Proof of Lemma 3.3

Proof. The first inequality holds for all k € [T, since - Zi\il %Mhi(y) is one element of Zi\il Vhi(y).
We divide the proof for second inequality into two cases.
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Case 1. Suppose |y[j — 1]| < 1 for all 2 < j < k. Therefore, we have |y[1]] < 1. Using (118), we have the following
inequalities:
i) £ —w@ i) € -1, (123)
ay[] "~ ’

where (i) is true because ¥/ (w), ®(w) are all non-negative from Lemma 3.1 -(2); (ii) is true due to Lemma 3.1 — (3). Therefore,

we have the following
LS o) 2| L300
= A N

Case 2) Suppose there exists 2 < j < k such that |y[j — 1]| > 1.
We choose j so that |y[j — 1]| > 1 and |y[j]| < 1. Therefore, depending on the choices of (i,;) we have three cases

=3 (W (—yli — 1)) ' (—y[j]) + ¥ (y[i — 1)) @' (y[j])), q¢€ [1 {X,’i

a[] = 0, qe[ 132§/Ii
o =3(V (~yli]) @ (=yli + 1)) + ¥ (yls]) @ (y[i + 1)), q € [55F + 1, M]

IVR)[| = > 1,

If ¢ € [1, %], because |y[j — 1]| > 1 and |y[j]| < 1, using Lemma 3.1 — (3), and the fact that the negative part is zero for
U, and @’ is even function, the expression further equals to

(32)

=3 (lylj = UD’ (D] < =3, (124)
If g€ [ + 1, M] the expression is obviously non-positive because both ¥’ and ® are nonnegative. Overall, we have
M M/3
1 Ohi(y 1
W ol | 7|3 &)
This completes the proof. Q.E.D.
D. Proof of Lemma 3.4
Proof. First let us derive a useful property. Define d := [d1;da; - - ; da] where d; is the degree for node ¢; further define
z :szi’ Ti=x — &, T:=[T1;%2; - ;&M

It is easy to observe that :
"1 =0, and ¢ Null(F'F).

Then the following holds:
2T FTPe= > |oi—alP= Y [&-&l°=8"F Fi> )\ (F F)|Z|°. (125)

(4,5):irv] (2,5) i

Therefore the following holds:

ZIII*%H

Based on the above property, we have the following series of inequalities

1 2
FTF) 2 Mei—al’ = s—prapprey D el (126)

Auin (1,5):in~g (4,)ri~g

vaz xz

M
[V < 2| 4 3 (VA0 - V(e

G) 2 M 1 2
<27 2 |Vl Z% = V(@) —;vmxn
(Q)sz i%x x 2—|—2H1§I:Vf(x) :

B Mi:l Mj:l ! Z Mi:l o

(iii) 2U 5 1
S M\, (PY2LP1/2) Z zj — 2l +2HMZVfi(zi)

(4,5):ir]
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where in (i) and (iii) we have used the convexity of the function || - ||?; in (ii) we used Lemma 3.2 — (3); in (iii) we have
also used the assumption that U € (0, 1) and (126). Overall we have

1 M
e S wie|
=1

This completes the proof. Q.E.D.

U 1 \p2
T i pErp 2 i al 2 Ivi@I

Smin (1,5):imj

E. Proof of Lemma 3.5

Proof. For a given k > 2, suppose that x;[k], x;[k + 1], ..., z;[T] = 0, Vi, that is, support{z;} C {1,2,3, ...,k — 1} for all 4.
Then W' (x;[k]) = ¥’ (—x;[k]) = 0 for all 4, and h; has the following partial derivative when k is even:

Ohi(x;) —3(U (—xi[k — 1)) D (—4[K])) + 3 (U (x5[k — 1)) & (x4[K])), i€ [1,%4]
Dk { 0, ie 541 M (127)
and the following partial derivative when k is odd and k& > 3:
5hi($(1i) _ 0, S [15 M]
I =\ a0 (ol 1) (<) 30 (- ) i), G g 0

Recall that for any algorithm in class A or A’, each agent is only able to compute linear combination of historical gradient
and neighboring iterates [cf. (14) and (15)]. Therefore, for a given node 4, as long as the kth element of the gradient as well
as that of its nelghbors have never been updated once, z;[k] remains to be zero. Combining this observation with the above

i

two expressions for On ([k]), we can conclude that when support{z;} C {1,2,3,. — 1} for all 4, then in the next iteration

x;[k] will be p0551b1y non-zero on the node i € [1, 4] for even k and i € [2} + 1, M] for odd k, and all other nodes still
have z;[k] =0,V j # i.

Now suppose that the initial solution is z;[k] = 0 for all (4, k). Then at the first iteration only adhxf[zl]) is non-zero for all
i, due to the fact that aahg;(f‘f]) = U(1)®'(0) = 4(1 — e~ 1) for all i from (118). If follows that even if every node is able to
compute its local gradient, and can communicate with their neighbors, it is only possible to have xz;[1] # 0, Vi. At the second
iteration, we can use (127) to conclude that it is only possible to have 6; (o) # 0 for some r € [1, M/3], therefore when
using an algorithm in class .4, we can conclude that z;[2] = 0 for all i ¢ [1 M /3].

Then following our construction (28), we know the nodes in the set [1, Af ] and the set [2M + 1, M] have minimum distance
M /3. It follows that using an algorithm in A or A’, it takes at least M /3 iterations for the non-zero z,.[2] and the corresponding
gradient vector to propagate to at least one node in set [2M /341, M]. Once we have x;[2] # 0 for some j € 2M/3+1, M],
then according to (128), it is possible to have 2 9z, (zJ) # 0, and once this gradient becomes non-zero, the corresponding variable

x;[3],j € 2M/3 + 1, M] can become nonzero.

Following the above procedure, it is clear that we need at least iterates and T' computations to make x;[T"] possibly

non-zero. Q.E.D.

J\/IT

FE. Proof of Theorem 3.1

Now we are ready to prove our first main result.

Proof of Theorem 3.1. By Lemma 3.5 we have Z[T] = 0 for all ¢t < %T. Then by applying Lemma 3.2 — (2) and
Lemma 3.3, we can conclude that the following holds

o Z[T\U
ViT)|| = v2e ( )H > V2 (129)
ViG] = Tomy/2e
where the second inequality follows that there exists k € [T'] such that | x[k]U | = 0 < 1, then we can directly apply Lemma 3.3.

Then by applying Lemma 3.4 gives h>(kM+3)T/3 > €, where h is deﬁned 1n (16).
The third part of Lemma 3.2 ensures that f;’s are U-Lipschitz continuous gradient, and the first part shows
2 2
Ildo]| < 16507 ET,
MU — U

f(0) —inf f(z) +

Therefore we obtain

£(0) — inf, f(z) + Lol ¢
r= ( 165072 MU) e (130)
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% nodes

% nodes %‘{ nodeb% ¥ nodes ‘
A B c O

% + 1 distance

Fig. 9: The path-star graph used in our construction.

Summarizing the above argument, we have

2

£(0) — inf, f(z) + lol) 7

t2M+3T2M+3 ( MU) 1
3 3 165072

By noting that for path graph £(G) > 1/M?2, this completes the proof. Q.E.D.

G. Generalization

1) Uniform L;, Fixed D and M: 1In this subsection, we would like to generalize Theorem 3.1 to a slightly wider class of
networks (beyond the path graph used in our construction). Towards this end, consider a path-star graph shown in Fig. 9.
The graph contains a path graph with D — 1 nodes, and the remaining nodes are divided into D — 1 groups, each with either
|[M/(D—-1)—1] or [M/(D—1)—1]4+1 nodes, and each group is connected to the nodes in the path graph by using a star
topology. We have the following corollary to Theorem 3.1.

Corollary 10.1: Let U € (0,1) and € be positive, and fix any D and M such that D < M — 1. For any algorithm in class
A or A', there exists a problem in class 7?{]‘/1 and a network in class N3, so that to achieve accuracy h} < e, it requires at
least the following number iterations

o lldo?
o | (O -ntiw U
-3 165072

Alternatively, the above bound can be expressed as the following

7@ | (£0) it f(a) + Y0

3/2(0) 165072 ‘

Proof. Fix any D and M such that D < M — 1, we can construct a path-star graph as described in Fig.9, whose diameter
is D.

To show the lower bounds for such a graph, we split all M nodes into three sets A, B, C based on the main path, each with
M nodes (assume M is a multiple of 3), where A4 and C has minimum % distance (assume D — 1 is a multiple of 3). Then

3
we construct the component functions h;’s as follows.

LT/2]
O(zi,1) +3 Y O(x;,2)), icA
j=1
hi(zi) = { O(z;,1), ieB (131)
LT/2]
O(zi, 1) +3 Y O(x;,2j+1), i€C
j=1

Since the graph has diameter D in the above construction, and the distance between any two elements in .4 and C is at least
% (assume D — 1 is a multiple of 3), by a similar step in Lemma 3.5 we can conclude that we need at least ( % +1)T
iterations to achieve x;[T"] # 0. By applying (130), we can obtain the desired result.
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To show the second result, note that from (24) we have

1
Ei:diD > W73 (132)

For the path-star graph under consideration, we have

> di=2D-1)-2+M<3M

so the following holds: /
D/3M
D*> 1
N Amin(‘c)
The desired result is then immediate. Q.E.D.

Finally, for the problem class with non-uniform Lipschitz constants, we can extend the previous result to any network in
class NV (by properly assigning different values of L;’s to different nodes). In this case the lower bound will be dependent on
the spectral property of £ as defined in (22) (expressed below for easy reference)

L:=L'"2FTKFL™/2 (133)

H. Sketch of Proof for Corollary 3.1

To prove this result, we select the values of the coefficient set {L;}},, so that the “effective” network topology becomes
a path. In particular, for any given network in A/, we can construct local functions as follows: First, along the longest path
of size D, we distributed the functions into three sets A, B,C, where A and C denotes the first and last % nodes on the path
respectively, and B denotes the rest nodes on the path. Second, for the rest of the functions not on the path, denoted as set D,
set their local functions to zero (or equivalently, set the corresponding L;’s to zero). Then, the local function belongs to each
set can be expressed as:

L7/2]

M 3M
—O(xi, 1)+ — > O(x;,2)), icA
D D
M )
hi(wi) = 4 D O@i L ieB (134)
|7/2
M 3M
—O(x;, 1)+ — > O(x;,2j+1), ieC
D D
0, i€D

This way the network reduces to a path graph. Note that the Lipschitz constant for the gradient of h(y) = 7 Zf\il hi(y) is

still 1, and we can use the similar constructions and proof steps leading to Theorem 3.1 to prove the claim.
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