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Abstract

We investigate the finite-time analysis of finding
(9, €)-stationary points for nonsmooth nonconvex
objectives in decentralized stochastic optimiza-
tion. A set of agents aim at minimizing a global
function using only their local information by in-
teracting over a network. We present a novel
algorithm, called Multi Epoch Decentralized On-
line Learning (ME-DOL), for which we establish
the sample complexity in various settings. First,
using a recently proposed online-to-nonconvex
technique, we show that our algorithm recovers
the optimal convergence rate of smooth noncon-
vex objectives. We then extend our analysis to the
nonsmooth setting, building on properties of ran-
domized smoothing and Goldstein-subdifferential
sets. We establish the sample complexity of
O(6~te3), which to the best of our knowledge
is the first finite-time guarantee for decentralized
nonsmooth nonconvex stochastic optimization in
the first-order setting (without weak-convexity),
matching its optimal centralized counterpart. We
further prove the same rate for the zero-order ora-
cle setting without using variance reduction.

1. Introduction

At the heart of many practical machine learning problems,
we must deal with nonconvex optimization of nonsmooth
objective functions. Examples include training neural net-
works with ReLU activation functions, blind deconvolution,
sparse dictionary learning, and robust phase retrieval. De-
spite the significant practical success of such schemes, the
vast majority of prior work in theoretical analysis of nons-
mooth nonconvex optimization focused on asymptotic con-
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vergence results (Rockafellar & Wets, 2009; Clarke et al.,
2008). More recently, finite-time analysis of this class of
problems has attracted significant attention (Jordan et al.,
2023; Majewski et al., 2018; Davis & Drusvyatskiy, 2019;
Daniilidis & Drusvyatskiy, 2020; Tian et al., 2022).

On the other hand, decentralization is a crucial mech-
anism to scale up optimization problems. For nons-
mooth objectives, though the class of convex problems
is well-understood in decentralized optimization (Nedic &
Ozdaglar, 2009; Scaman et al., 2018), the characterization
of optimal finite-time rates for nonconvex problems has re-
mained elusive (except for weakly-convex problems (Chen
etal., 2021)). In the present work, we address the finite-time
analysis of decentralized nonsmooth nonconvex stochastic
optimization.

We consider a decentralized optimization problem where
a group of n agents aim at minimizing a global function.
However, each agent has limited information about this
global objective and interacts with its neighbors to solve the
global problem, formulated in the following form

. IR
min {f(x)— n;f(w)}- (D
Local functions f° are in the form of fi(z) =
E¢,~p,; [F(z,&;)], where F(z, ;) are stochastic with ran-
dom index &;, and &; corresponds to a data sample from
local dataset of agent . We assume that the local functions
are nonconvex and Lipschitz continuous but do nof neces-
sarily have Lipschitz continuous gradients, i.e., they are
nonsmooth.

In an optimization problem, a tractable optimality criterion
is required for finite-time convergence guarantees. For non-
smooth nonconvex objectives, e-stationarity cannot be guar-
anteed in finite time (Kornowski & Shamir, 2021; Zhang
et al., 2020b). Instead, the notion of (4, €)-stationarity is
a tractable criterion (Zhang et al., 2020b), where we seek
vectors with norm less than e among the convex hull of the
subdifferential set of a ball with radius § (see Definition 2
for exact mathematical definition). The goal of this paper is
to identify a (0, €)-stationary point of the global function f
when agents have access to either the first-order oracle (i.e.,
VFi(-,&)) or the zero-order oracle (i.e., F(-,&;)).
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1.1. Contributions

In this paper, we address the finite-time analysis of decen-
tralized nonsmooth nonconvex stochastic optimization. We
present a novel algorithm, called Multi Epoch Decentralized
Online Learning (ME-DOL), for which we establish the
sample complexity in various settings. Our contributions
are three-fold.

* We adopt the online-to-nonconvex conversion tech-
nique of Cutkosky et al. (2023) to streamline the
finite-time analysis of ME-DOL for decentralized non-
smooth nonconvex optimization. First, for smooth ob-
jectives, we prove that the complexity of finding (9, €)-
stationary points is O(6~te~2) (Theorem 1). This rate
implies the optimal complexity of O(e~*) for finding e-
stationary points of smooth objectives (Arjevani et al.,
2023; Lu & De Sa, 2021).

* For nonsmooth stochastic optimization with first-
order oracles, ME-DOL achieves the same complexity,
O(6~te~3), matching its centralized counterpart (The-
orem 2). To the best of our knowledge, this is the first
finite-time guarantee for decentralized nonsmooth non-
convex stochastic optimization in the first-order oracle
setting. Prior to our work, Chen et al. (2021) provided
finite-time guarantees only on the Moreau Envelope of
weakly-convex functions.

¢ For the zero-order oracle setting, ME-DOL achieves
the best known complexity result in terms of § and e,
i.e., O(671e=3) (Theorem 3), which also matches its
centralized zero-order counterpart (Lin et al., 2022).
In the decentralized setting, this rate was previously
achieved only with the variance reduction mechanism
(Lin et al., 2024).

1.2. Highlights of Technical Analysis

Randomized Smoothing. Finite-time analysis of nons-
mooth objectives is mainly based on smooth approxima-
tions of these objectives. Randomized Smoothing (RS) and
Moreau Envelope (ME) are the most common approxima-
tion methods. In ME, the original function is approximated
with 3" (z) = minycga { f(y) + 5 [ly — 2[*} (Davis &
Drusvyatskiy, 2019; Scaman et al., 2018; 2020). ME ap-
proximation provides theoretical guarantees when applied
on structured objectives with regularizer or used with weak-
convexity assumption (Davis & Drusvyatskiy, 2019), but
it might be practically unrealistic in some applications that
use ReLU neural networks and p-margin SVMs (Tian et al.,
2022). On the other hand, in RS the original function f is
approximated by f**(z) = E[f(z + du)], where u comes
from a Gaussian distribution or a uniform distribution on
the unit ball. In RS, the smoothness parameter depends on

the ambient dimension as \/g but it provides favorable theo-
retical properties (see Proposition 1). Specifically, finding a
(8, )-stationary point of a nonsmooth L-Lipschitz function
f can be pursued via finding an e-stationary point of f5 with
a L approximation error. RS does not require additional
assumptions beyond Lipschitz continuity of the function,
and this makes RS more tractable in practical applications.
In this work, we develop our algorithm based on RS.

Nonconvex to Online Conversion. Another important tech-
nique in nonsmooth optimization is a reduction from nons-
mooth nonconvex optimization to online learning (Cutkosky
et al., 2023). In its original form, the method works on
centralized optimization, where an online algorithm runs
for a certain period, a candidate point is generated, and
at the end of the period the online algorithm is restarted.
The implementation of the online algorithm can be written
explicitly in the form of gradient clipping (Kornowski &
Shamir, 2024). From a technical perspective, the use of
regret bounds in online learning streamlines the complexity
analysis in the nonsmooth optimization. In our paper, we
utilize decentralized online algorithm of Shahrampour &
Jadbabaie (2018) to address decentralized nonsmooth non-
convex optimization. Compared to the centralized problem
(Cutkosky et al., 2023), in the decentralized setting, the
discrepancy between local variables and global variables
makes the analysis more challenging.

Geometric Lemma of (Kornowski & Shamir, 2024). The
optimality criterion for nonsmooth analysis is constructed
on the Goldstein subdifferential set. The technical result
of Kornowski & Shamir (2024), which links the Goldstein
subdifferential set of fs to fsy, for p,0 > 0, plays an
important role in our analysis. Basically, for the goal of
finding a (4, €)-stationary point of f, we can use a proportion
of §, namely ad (for 0 < a < 1), for smoothing and use
the rest of the budget to identify a ((1 — a)d, €)-stationary
point of the smoothed function f,5 with the smoothness
parameter L; = O(a~'d~1). This approach allows us to
efficiently control the discrepancy terms.

Remark 1. In decentralized nonsmooth nonconvex optimiza-
tion, our goal is to find a (§, €)-stationary point of global
function f with randomized smoothing using partial infor-
mation. For smooth objectives, the complexity of finding
e-stationary points in terms of the smoothness parameter
Ly and € is O(Lie~*) (Lu & De Sa, 2021). For the nons-
mooth objectives, a straightforward application of random-
ized smoothing with L; = O(6~!) leads to the overall com-
plexity of O(6~te~%), which is sub-optimal. To improve
this rate, we develop a technique inspired by Cutkosky et al.
(2023) and based on decentralized online learning, and we
obtain a finite-time bound, in which some of the terms de-
pend on L;. With the geometric lemma of Kornowski &
Shamir (2024) we control the complexity of L;-dependent
terms. As a result, we obtain the same complexity rate (up
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to constant factors) for decentralized nonsmooth noncon-
vex stochastic optimization as previously achieved in the
centralized setting (Cutkosky et al., 2023).

1.3. Literature Review

Nonconvex optimization is well-studied under Lipschitz-
smoothness assumption. In this setting, the goal is to find
an e-stationary point z satisfying ||V f(x)|| < e. For the
deterministic setting, it is well-known that gradient descent
(GD) achieves a O(e~2) sample complexity, and this rate
is optimal (Carmon et al., 2020). In the stochastic setting,
SGD achieves O(e~*) rate with the assumption of unbiased,
bounded variance gradients (Ghadimi & Lan, 2013). This
rate is also optimal as shown by Arjevani et al. (2023). We
now discuss several strands of related literature.

Nonsmooth Nonconvex Optimization. The first non-
asymptotic analysis for nonsmooth nonconvex objectives
was provided by Zhang et al. (2020b), showing that finding
e-stationary points in finite time is impossible. Furthermore,
it was proved by Kornowski & Shamir (2021) that obtaining
a near e-stationary point is also impossible in nonsmooth
optimization. Therefore, the goal of finding (9, €)-stationary
points considered in Zhang et al. (2020b) is a tractable opti-
mality criterion for nonsmooth objectives.

First-Order Nonsmooth Nonconvex Setting. (4, ¢)-
Goldstein stationarity of nonsmooth objectives has been
analyzed in various settings (Tian et al., 2022). Davis et al.
(2022) showed that O(6~'¢~3) can be achieved for Lips-
chitz continuous objectives when function values and gra-
dients can be evaluated at points of differentiability. More
recently, Cutkosky et al. (2023) proved that the O(6~1e=3)
sample complexity is optimal in the stochastic first-order
setting.

Zero-Order Nonsmooth Nonconvex Setting. Another
line of work focuses on zero-order setting in nonsmooth non-
convex optimization. Lin et al. (2022) proposed a gradient-
free method GFM and its stochastic counterpart SGFM,
which achieve O(d? 6~ ¢ —*) sample complexity. Chen et al.
(2023) improved this complexity to O(d2 6~1e~3) by apply-
ing variance reduction. Furthermore, Kornowski & Shamir
(2024) improved the dimension dependence to O(d§~1e=3)
based on online-to-nonconvex conversion technique intro-
duced by Cutkosky et al. (2023).

Deterministic Nonsmooth Nonconvex Setting. In the de-
terministic setting, even in the absence of noise, it is hard
to deal with nonsmooth objectives, and randomization is
necessary to obtain a dimension independent guarantee. Fur-
thermore, deterministic algorithms require zero-order oracle
for finite-time convergence guarantees (Jordan et al., 2022;
2023; Tian et al., 2022).

Distributed Smooth Setting. In the literature the term
distributed may refer to different layers of optimization,
i.e. application, protocol or network topology (Lu & De Sa,
2021). In federated learning, it refers to the application layer
where each agent uses its local data with shared parameters
(McMabhan et al., 2016). In fully decentralized scenarios,
each agent updates its local parameter using local data and
communicates through a connected network. For nonconvex
objectives, decentralized SGD has gained a lot of attention
(Lian et al., 2017) due to the linear speed-up property. Many
works analyzed decentralized algorithms under identically
distributed data or bounded outer variance assumption for
smooth problems (Tang et al., 2018; Koloskova et al., 2019;
Li et al., 2020; Wang et al., 2020; Xu et al., 2023).

Decentralized Nonsmooth Setting. For decentralized non-
convex nonsmooth optimization, though the asymptotic anal-
ysis was previously explored in Swenson et al. (2022), there
exists a scant literature on the finite-time analysis. For \-
weakly-convex nonsmooth objectives, Chen et al. (2021)
provided finite-time guarantees on ME. More recently, Lin
et al. (2024) proposed an algorithm (DGFM) that achieves
O(d3/?6='e=*) complexity rate in the zero-order setting.
In the same setup, they also proposed DGFM+ by incor-
porating variance reduction to obtain the O(d/26~1¢=3)
complexity rate.

We also focus on decentralized nonsmooth nonconvex
stochastic optimization in the present work. We develop a
fully decentralized method that mimics a restarting decen-
tralized online learning algorithm. Under mild technical
assumptions (e.g., Lipschitz continuity of the objective func-
tion and unbiased, bounded variance gradients), we analyze
the finite-time performance of the algorithm. We study three
settings: (i) smooth first-order, (ii) nonsmooth first-order,
and (iii) nonsmooth zero-order. For all of them, we establish
the optimal sample complexity as previously derived for the
centralized stochastic optimization (Tables 1-2).

2. Problem Setting

Notation: We denote by ||z|| the Euclidean norm, by [n] the
set {1,2,3,...,n},by B(z,d) := {y e R¢: ||y — z|| < 4},
by conv(-) the convex hull operator, and by unif(A) the
uniform measure over a set A. |-||» denotes the Frobe-
nius norm and ||-||, denotes the spectral norm. We use the
standard notation O(-), ©(+) , Q(+) to hide the absolute con-
stants and O(-) to hide poly-logarithmic factors. 14 and
S?-1 denote the vector of all ones and the unit sphere in RY,
respectively.

Network Setup: In decentralized learning, we have n
agents that communicate through a network. We assume
that the network is connected, i.e., there exists a (potentially
multi-hop) path from any agent ¢ € [n] to j # 4. The net-
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Table 1. The sample complexity of finding (J, €)-stationary points
in centralized nonsmooth nonconvex stochastic optimization. d :
ambient dimension, v = f(xo) — inf, f(z) where o is the initial
point, G*: bound on the second moment of stochastic gradient (for
first-order methods) and bound on the second moment of Lipschitz
constant (for zero-order methods). “*’: Oracle requires an addi-
tional constraint on the directional derivative. The dependence to
dimension d is only reported for zero-order methods.

ORACLE METHOD REFERENCE COMPLEXITY
FIRST* SINGD  (ZHANG 0(2&)
ET AL., 2020B)
FIRST PSINGD (TIAN ET AL., O(jsff)
2022)
FIRST O2NC  (CUTKOSKY 0(1%)
ET AL., 2023)
3, g4 4GB
ZERO SGFM (LIN ET AL., O(d2(EG + %7))
2022) '
ZERO GFM+  (CHEN ET AL., O(d%(f—;Jr”gf;))
2023)
ZERO OSNNO (KORNOWSKI 0(4g)
&  SHAMIR,
2024)

Table 2. The sample complexity of finding (4, €)-stationary points
for decentralized nonsmooth nonconvex stochastic optimization.
“*#7: weakly convex setting, ‘**’ : variance reduction. The depen-
dence to dimension d is only reported for zero-order methods.

ORACLE METHOD REFERENCE COMPLEXITY
FIRST* DPSM (CHEN ET AL., 2021) 0(5’4)

ZERO DGFM (LIN ET AL., 2024) O(d2 57t
ZERO** DGFM+  (LIN ET AL., 2024) O(dz 57 e™?)
ZERO ME-DOL  Our Work O(ds™te™3)
FIRST ME-DOL  Our Work o6~ 'e™®)

work topology is governed by a symmetric doubly stochas-
tic matrix P = [P;;];";—, € R™*", where 1,, P = 1, and
P1, = 1,, (Assumption 1). Throughout the learning pro-
cess, agent ¢ receives only information about its local func-
tion f* in the form of stochastic gradients or noisy function
evaluations. Note that P;; € [0, 1] and if P;; = 0 agents
1 and j do not directly share information with each other.
However, if P;; > 0 agents share their decision variables as
described in the ME-DOL (Algorithm 1). As such, the neigh-
borhood of agent i is defined as \V; := {j € [n] : P;; > 0}.

Information Oracles: We assume that each agent ¢ €
[n] has access to its information oracles. In the first-order
setting, the oracle Oy returns stochastic gradient at query
point z given by (9} (r) = VF(z,&;). For the first-order
oracles we assume that the oracle returns unbiased estimates
of the gradient with bounded variance (Assumption 4). In

the zero-order setting, agents have access to the stochastic
function value oracle O, at query point z, that is O’ (x) =
F*(z,¢&;) with Assumption 2 in place.

2.1. Stationarity Metric in Nonsmooth Analysis

In nonconvex smooth optimization problems, finding an
e-stationary point z, i.e. |[Vf(z)|| < eis a well-known
tractable optimality condition. For nonsmooth objec-
tives, a more relaxed criterion called near e-stationarity
can be considered for a point z with min{||g|| : g €
UyeB(2,6)0f(y)} < e. However, both could be intractable
criteria for nonsmooth objectives (Kornowski & Shamir,
2021). By Rademacher’s Theorem, Lipschitz continuous
functions are almost everywhere differentiable. For this
class of functions, we can study (J, €)-stationarity. Let us
first define Goldstein -subdifferential as follows.

Definition 1. Goldstein J-subdifferential of f at x is the set

05 f(x) := conv(Uyep(a,5)0f(¥)),

where the Clarke subdifferential set 0f(x) := conv{g :
g= lim Vf(z,)}.
Ts—T

Since Goldstein ¢-subdifferential is the convex hull of a
set of Clarke subdifferentials, it is possible that an element
of Goldstein §-subdifferential is not an element of Clarke
subdifferential set of points y € B(x,d) for a nondiffer-
entiable function f. An example of a function that has a
(6, )-stationary point that is not near e-stationary is given in
Kornowski & Shamir (2021) (Proposition 2).

Definition 2. Given a Lipschitz function f : RY 5 R, a
point z € R%and § > 0, denote ||V f(z)||5 := min{]|g]| :
g € 0sf(x)}. A point x is called a (d, €)-stationary point of

FOIVE(@)|s < e

This is a weaker notion than e-stationarity or near e-
stationarity. In case of differentiable functions with L,
Lipschitz gradients, an (57 o £)-Goldstein stationary point
is also e-stationary (Zhang et al., 2020b).

2.2. Properties of Randomized Smoothing

In the nonsmooth analysis, finding (J, €)-stationary points
of the global function f(z) = 13" | fi(z) is a reason-
able and tractable optimality criterion using randomized
smoothing.

Definition 3. Given an L-Lipschitz function f, we denote
its smoothed surrogate as f5(z) := E,.p[f(x + du)],
where P is the uniform distribution on the unit ball, i.e.,
unif(B(0,1)).

Proposition 1. (Lin et al., 2022) Suppose that the function
f :R% — Ris L-Lipschitz. Then, it holds that:

* 1fs() = O < 6L
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* fs(-) is L-Lipschitz.

o f5(-) is differentiable with cv/dL5~"-Lipschitz gradi-
ents for a numeric constant ¢ > 0.

o Vfs(-) € Osf(-), where Os f(-) is the Goldstein subd-
ifferential.

RS allows us to work with a “smoothed” objective fs with
the cost of §L approximation error. Also, the last item
in Proposition 1 links finding a (4, €)-stationary point of a
nonsmooth objective f with finding an e-stationary point
of the smoothed objective fs. Furthermore, we will use the
following lemma for nonsmooth analysis.

Lemma 1. (Kornowski & Shamir, 2024) For any §, 11 > 0 :
Opfs(x) € Opysf(x) .

Proposition 2. By Lemma 1 and Definition 2 for ||-||; we
have |V f(z)l[5 < IV fas(2)[l (1 —qy5 for any a € (0,1).

For the task of finding (4, €)-stationary points of a function,
0 denotes the radius of the ball as in Definition 1. Lemma
1 allows us to distribute § such that we can use a portion
of it for smoothing and allocate the remaining part to the
radius of the ball around the critical point. In Proposition 2
by choosing a = 3 we have |V f(z)||5 < ||Vfg (x)||g

Using these lemmas and randomized smoothing, we can
facilitate our convergence analysis. In the context of decen-
tralized optimization, we can use the surrogate function f;
of global function f, and by the linearity of expectation we
have fs = 13" | (f")s. Furthermore, using the follow-
ing lemma, summation of gradients of smoothed functions
LS V(fY)s(x;) canbe related to £ Y7 | V f5(x;).

Lemma 2. Suppose that n local functions { f*}*_, have
Ly-Lipschitz gradients and f(z) = 13" | fi(x). Con-
sider the set of points {wy ;} for i € [n],t € [T], and let
wy = L3 wy;and |Jwy; — wyl| < 1, Vi € [n],VE €
[T). Then, we have

—|— 2TL1.

1 T
TR RATE
t=1 i=1

2.3. Assumptions

We assume that agents communicate synchronously through
the network. For example, agent 7 takes a weighted average
of the decision variables in its neighborhood as follows

=2 P me

JjEN;

T4, Vi € [n],

as elaborated in Algorithm 1. The communication matrix P
is fixed over time and satisfies the following assumption.

Assumption 1. The network is connected and the com-
munication matrix P € R"*" is symmetric and doubly
stochastic. p denotes the second largest singular value of
the matrix P. Given that the network is connected, we have
that p € [0,1).

Assumption 1 is widely used in the decentralized optimiza-
tion literature (see e.g., (Shahrampour & Jadbabaie, 2018)).
Regardless of whether the network structure is fixed or time-
varying, some connectivity assumption is needed to solve
the global problem. Here, the quantity p determines the con-
nectivity of the network, and a smaller p indicates a more
well-connected network topology.

Assumption 2. We assume that local objective functions
have the form f(x) = E¢[F'(x,&)], where £ denotes the
random index. The stochastic component of local functions
Fi(-,€) : R?T — Ris L(&)-Lipschitz for any &, i.e., it holds
that

for any x,y € R% and i € [n]. L(£) has a bounded second
moment such that E¢[L(€)?] < L2,

We note that Assumption 2 is weaker than assuming that
F'(-,€) is L-Lipschitz (Chen et al., 2023; Kornowski &
Shamir, 2024). Taking expectation from above, it can
be shown that local functions f are Lipschitz continuous.
However, we do not assume that gradients are Lipschitz. Fur-
thermore, directional differentiability holds for commonly
used nonsmooth functions (e.g., ReLU) and enables the use
of Lebesgue path integrals (Zhang et al., 2020b).

Assumption 3. The local objectives f? : R? — R are lower
bounded (f%)* := inf, f(x) > —oo. Therefore, the global
function f is also lower bounded, and we define y such that
f(Zo) — inf, f(x) < v, where Ty is the average of initial
points (among agents) for the algorithm.

We also make the following standard assumptions on the
stochastic gradients (Shahrampour & Jadbabaie, 2018;
Zhang et al., 2020b) .

Assumption 4. We assume that the first-order ora-
cle returns unbiased, bounded variance estimate of
the gradient such that [VFi(a:,«f)] = V/fi(z) and
E[|VF(z,§) — Vfi(x H < o2, Furthermore, we as-
sume that the second moment of the stochastic gradient is
bounded such that E[||V Fi (2, &) ||*] < G2,

3. Algorithm and Main Technical Results

In this section, we present our decentralized algorithm for
finding a (0, €)-stationary point of the global objective f in
(1). Our algorithm is termed Multi Epoch Decentralized On-
line Learning (ME-DOL), for which we establish the sample
complexity in different settings. First, we present our result
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Algorithm 1 Multi Epoch Decentralized Online Learning

Algorithm 2 First-Order Gradient(F, z, 6’, £)

Input: ¢’ € R>g, K € N, T € N, decentralized online
learning algorithm A with bounded domain D, doubly
stochastic communication matrix P.
Initialize: y9 , = 0 for all i € [n].
fork=1to K do
Restart .4
Let gk, = yh;' . Vi € [n]
fort =1toT,Vic [n] do
Get Af, for all agents from A (Algorithm 4)
zy, = yf—l,i + AF,
s ; ~unif0,1]
wfl = yffu + Sf,iAf,i
yfz = Z?:l Pijzf,j = ZjeM Pijzf,j
if Information Oracle == Zero-Order then
9¢ ; = Zero-Order Gradient(F*, wf ;, &', £F;)
else /
g ; = First-Order Gradient(F*, wf ;, &', &F )
end if
Send gf ; to A as gradient
end for
Setwk = LS ST wh, for k € [K]
end for
Sample w°* ~ unif{w?, ..., wx}
Output : w°"!

on smooth nonconvex objectives (Theorem 1), and we then
extend our results to nonsmooth nonconvex objectives with
randomized smoothing in first-order and zero-order settings
(Theorems 2 and 3, respectively). Our technique is based
on a reduction from nonsmooth nonconvex decentralized
optimization to decentralized online learning.

In Algorithm 1, we have periods of length 7", where in each
epoch k € [K] a decentralized online algorithm A is used
to generate action A} ; for agent i € [n] at iteration ¢ € [T7].
The action space D is bounded such that ||A|| < D for all
A € D. At each epoch k, A must run on a linear optimiza-
tion problem with the objective of agent ¢ as Zthl (A, gﬁ i)
where gf} ; 1s the stochastic gradient (respectively, approxi-
mation of the stochastic gradient using noisy function eval-
uations) in the first-order (respectively, zero-order) setting.
We use Algorithm 4 (Shahrampour & Jadbabaie, 2018) for
A. Based on action Af’i the variable 33?,1‘ is generated and
then averaged over neighborhood of i to get yfl The set
of nT points wy; Vi € [n],Vt € [T, at which the gradi-
ents are evaluated, are averaged to produce the final output
of each epoch, denoted as w". These points are proposed
as candidates for identifying a (, €)-stationary point of the
global function f. Algorithm 1 outputs a randomly selected
candidate point @' where | ~ unif[K].

Remark 2. Note that P;; = 0 if agents ¢ and j are not

Input: Function F, point z, smoothing parameter ¢,
random seed €.

Sample z ~ unif(B(0,1))

g=VF(z+§z7¢)

Output: ¢

Algorithm 3 Zero-Order Gradient(F, x, §’, £)
Input: Function F', point z, smoothing parameter ¢’,
random seed £, dimension d.
Sample z ~ unif(S% 1)
Evaluate F'(x + §'2,€) and F(z — §'2,¢)
g= %(F(x +82,8) — F(z — (YZ,{))Z
Output: g

neighbors. Therefore, updates yf ;= Z;’L:I P xf ; (in
Algorithm 1) and A¥ 1= >i—1 PijAf; (in Algorithm
4) do not contradict the decentralized nature of the learning.
Basically, for each agent ¢ € [n], the sum always reduces to
a weighted averaging over the neighborhood of agent :.

Remark 3. The original implementation of Algorithm 4
in Shahrampour & Jadbabaie (2018) is based on mirror
descent, but here we use the Euclidean distance as the gen-
erator of Bregman divergence, reducing the algorithm to
decentralized online gradient descent.

3.1. Challenges in the Analysis of Decentralized
Algorithm

In centralized optimization, the difference of function val-
ues in consecutive iterations, f(z;) — f(z:—1), depends on
the update rule. The update rule can be written as x; =
x¢—1 + Aq. For example, in SGD, Ay = —nVF (z1-1,§).
Various algorithms use the past information to generate
Ay or process the latest information as in the normalized
gradient descent (Murray et al., 2019) or gradient clipping
(Zhang et al., 2020a). For any algorithm with the update rule
Xy = Tp—1+A¢, one can write f(x:) = f(xi—1)+ (A, Vi)
where V; = fol V f(xi—1 + sA;)ds. Cutkosky et al. (2023)

Algorithm 4 Decentralized Online Optimization Algorithm
A (Shahrampour & Jadbabaie, 2018)

Input: Domain D, doubly stochastic matrix P, learning
rate 1), stochastic gradients gﬁ i

Initialize: A} , = 0 foralli € [n] and k € [K].
i,
Iterations : Step ¢ > 1, update for each i € [n]:
. 2
af, = argmin{n(A, g, )+ 1A - Ak, |7}
A€ED 2’

k _ n Ak
At+%,¢ = D=1 P
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observed that A; can be generated via an online learning
algorithm (e.g., online gradient descent (OGD)), in which
case the summation of the differences for 7" rounds can be
written as follows

f(HJT

T

Z Atvvt

t=1
T T T

= Z<gt’At — ’U,> + Z(Vt — gt,At + Z ge, U
t=1 t=1 t=1

where {g; } are the stochastic gradients provided to the on-
line learning algorithm. This equation holds for any u in
hindsight, and the first summation term corresponds to the
regret of the online algorithm. The second term has expec-
tation equal to O (if gradients are unbiased), and for the last
term we have freedom to select an optimal w.

In the decentralized counterpart of this conversion, which is
the focal point of our analysis, the main difference is that the
change in the global function depends on the average action,
e, Ay = 7 — g, but f(T,) = f(Z—1) + (A, Vi)
where V, = fol Vf(Zi_1 + sAy)ds. The key techni-
cal challenge is the discrepancy between V,and V, =
Z?:l Vt,i/n, where VtJ‘ = fol Vfi(yt—l,i + SAt7i)dS.
In the decentralized analysis, we have the decentralized re-
gret term and an additional discrepancy term that arises due
to the difference between @t — V4, which requires careful
analysis.

3.2. Smooth Analysis
Let us now present our first result on smooth objectives in
the following theorem.

Theorem 1. Let Assumptions 1, 3, 4 hold and further as-
sume that f* is L-Lipschitz and has L1 -Lipschitz gradient
foralli € [n]. Let d,¢ € (0,1) and choose

e N:=KT=0(5"t31-p)2),

« T=0((1-p)5 (6N)*),
e D — =p)
D= 2T\/%’

cn=0(/1-p )

Then, running Algorithm 1 with &' = 0 for N rounds
gives an output that satisfies the following inequality for the

global function f(z) = 23 fi(z),

VIV F@®)]]] < e

Remark 4. For smooth objectives this result implies that a
(6, €)-stationary point can be found in N = O(6~1e~3) iter-
ations. This rate results in the optimal complexity of O(e~%)

Epnuni i

for finding an e-stationary point of nonconvex smooth objec-
tives (Arjevani et al., 2023; Lu & De Sa, 2021) as § = O(e).
Furthermore, the dependence of N to (1 — p)~? indicates
that in a well-connected network (smaller p), we need less
iterations to find a (4, €)-stationary point.

For smooth objectives we do not need randomized smooth-
ing, so we choose ¢’ = 0. We can use the full budget § for

; — 3(=p) : ;
the search radius, so we set D = 5 N order to satisfy

w* — wk .|| < §. The complete proof of Theorem 1 can be
t,2 p p

found in the Appendix (Section A.3).

3.3. Challenges in Nonsmooth Analysis

For nonsmooth objectives, we utilize randomized smooth-
ing. The straightforward application of randomized smooth-
ing, such as merely replacing the task of finding a (4, €)-
stationary point of a nonsmooth function f with the task of
finding an e-stationary point of the smoothed function would
result in the sub-optimal complexity of O(6~1e=%) since
the optimal rate for decentralized smooth nonconvex objec-
tives is O(Lie~*) (Lu & De Sa, 2021), and L; = O(67 1)
for the smoothed function according to Proposition 1.

To address this, we must control § that affects the smooth-
ness parameter L;. In the proof of Theorem 1, we have the
following inequality (see Equation 9), which also plays an
important role in the nonsmooth analysis.

|52 S e

2vT\/n o N ¢l n 0L1(1 — p)es
“ON({1—-p) nT VT 2T\/n
However, for nonsmooth objectives, f must be replaced
by a smoothed function f(;_,)s in the left-hand side, and
using Proposition 2, we can consider finding an (ad, €)-
stationary point of f(;_q)5 for 0 < a < 1. A larger a
increases the “radius of possible stationarity” but decreases
the “smoothness”, and we need to balance this trade-off.

3.4. Nonsmooth Analysis with First-Order Oracle

For nonsmooth objectives, we can choose a = %, and the
goal is to find a (g, €)-stationary point of f 5. Then, we
can extend the result of Theorem 1 with the smoothness
parameter L = QC\/ZZL(S_l, where ¢ is a constant that
depends on the geometry of the problem (see Appendix B).

Theorem 2. Let §,¢ € (0,1). Suppose that Assumptions 1,
3, 4 hold and that f* is L-Lipschitz for all i € [n]. Choose

N,T,n as in Theorem 1, and set D = i(jl,\}

ning Algorithm 1 with §' = gfor N rounds gives an output
that satisfies the following inequality

Ekmuni ex) ||V f (@

Then, run-

1

)|5] < es(ON)75 <e
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where cs = O((1 — p)~3) and it does not depend on § and
N (see Appendix A.4 for the exact quantification of cg).

To the best of our knowledge, the above theorem estab-
lishes the first complexity rate for nonsmooth nonconvex
functions in decentralized stochastic optimization (with-
out weak-convexity assumption). In terms of § and ¢, the
rate N = O(6~1e~?) matches the best known rates in the
centralized setting (Cutkosky et al., 2023). This rate also
recovers the optimal results in the smooth nonconvex setting
when 0 = O(e).

3.5. Nonsmooth Analysis with Zero-Order Oracle

In the first-order setting, we used Assumption 4 that implies
access to unbiased, bounded variance gradient estimates.
In the zero-order setting, agents do not have access to the
gradient information, but they can estimate the gradient
using noisy function values. The output of Algorithm 3
provides an unbiased gradient estimator with bounded vari-
ance (Shamir, 2017), and it can be used in lieu of stochastic
gradients returned by the first-order oracle.

Lemma 3. (Kornowski & Shamir, 2024) Let w = x + sA
be a point with s ~ uni £{0, 1]. The gradient estimator

d

as generated by Algorithm 3 satisfies the following condi-
tions

Ee :lglz, s, Al = Vs (x + sA) = V for (w),

and
Ee.[lgl|” |z, s, A] < 16v/2mwdL>.

The bound on the second moment helps us replace G and
o in the first-order setting (Assumption 4) by a quantifiable
constant. Running ME-DOL using (the noisy version of)
smoothed functions f{ and the gradient estimator in Algo-
rithm 3, we have the following convergence guarantee for
the zero-order setting.

Theorem 3. Let §,¢ € (0,1). Suppose that Assumptions 1,
2, 3 hold and that the zero-order oracle returns unbiased
estimates of the function values. Choose N, T,n as in The-

orem 1, and set D = i(:;\_fi)' Then, running Algorithm 1

with §' = g for N rounds gives an output that satisfies the
following inequality

where ¢11 = O(d3 (1 — p)~3) and it does not depend on
0 and N (see Appendix A.5 for the exact quantification of
c11)-

Similar to previous results, the complexity of finding a (J, €)-
stationary point is N = O(6~'e~3) in terms of § and e.
In decentralized zero-order nonsmooth nonconvex stochas-
tic optimization, our result matches the best known rate
O(6~te3) as shown in Table 2 without recourse to vari-
ance reduction.

Remark 5. In the zero-order setting (Table 2), the dimension
dependence of our algorithm is O(d), which improves upon
DGFM and DGFM+, where the dimension dependence is
O(d?). This result also matches with the optimal dimension
dependence in the centralized setting following the analysis
of Kornowski & Shamir (2024).

4. Numerical Experiments

To validate the performance of our algorithm, we conduct
experiments on several datasets!.

Model. We consider the nonconvex penalized SVM with
capped-{; regularizer. The model trains a binary classifier
x € R? on the training data {a;, b; } ;, where a; € R? and
b; € {—1, 1} are the (normalized) feature vector and label
for the i-th sample, respectively. Local objective functions
can be written as

m;

@) = == S U0 o) + vta),

where [(y) = max{l — y,0}, m = I, m;, v(z) =
)\Zgzl min{|z(j)|,a}, and A\, > 0. Similar to experi-
ments of Lin et al. (2024), we set A = 107°/n and o = 2.
For each dataset, we divide the training samples equally
among agents, i.e., m; = m/n.

Setup. We consider a network of n = 20 agents with a ring
topology. Hyper-parameters of our algorithm, n and D, are
selected based on the theorems, where = ©(D/v/T). We
set 7 = 0.01 x D and vary D in the range of 10~ to 102
in different experiments.

Results. To empirically analyze the performance of ME-
DOL, global gradient norms ||V f(w")|| for k& > 1 are
calculated for both first-order and zero-order settings. We
use three datasets (ijcnn, rcv, SUSY) to illustrate the de-
cay of gradient norms with respect to iterations. The plots
are reported in Figs. 1 and 2. This observation validates
Theorems 2 and 3 in our paper, respectively.

We further evaluate the classification accuracy over the test
data. We compare our algorithm in the zero-order setting
with DGFM in Lin et al. (2024) on three datasets (a9a,
HIGGS, covtype), and accuracy plots are reported in Fig.
5 (see Appendix C). We can see that our algorithm dom-
inates DGFM in terms of the test classification accuracy.

!Codes for numerical experiments are available at
https://github.com/emreesahinoglu/Decentralized-Nonsmooth.git
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Figure 1. Evaluation of the gradient norm in the first-order setting.
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Figure 2. Evaluation of the gradient norm in the zero-order setting.

In the first-order setting, we compare our algorithm with
DPSGD in Lian et al. (2017) on three datasets (a9a, HIGGS,
covtype), and accuracy plots are depicted in Fig. 6 (see
Appendix C), where again our algorithm achieves a better
performance in terms of the classification accuracy. Note
that DPSGD was originally proposed for smooth problems,
but the same algorithm with projection (DPSM) was ana-
lyzed in the nonsmooth setting as well (Chen et al., 2021).

Impact of Network: We also evaluate the effect of net-
work connectivity on the ring-based graphs with n = 20
agents, using the number of neighbors from {7,9, 11, 13}.
The corresponding p values are {0.81,0.70,0.57,0.44}, re-
spectively. As the number of neighbors increases, the graph
becomes more connected, and the value of p decreases. In
Fig. 3 we observe that better connectivity (smaller p) results
in a faster convergence in the first-order setting.

To further evaluate the effect of network topology, we design
the communication matrices based on Erdos-Renyi random
graph G(20, p), where p represents the probability of ex-
istence of an edge. In this experiment, p is selected from
{0.5,0.6,0.7,0.8}, for which the corresponding p values

ijcnn rcv SUSY
1‘5.\ —— nbr:13 -»N\\\ —— nbr: 13 T —— nbr:13
021 I\ mori11 | E2) i nor:11 | E 041 nbr: 11
= ‘1'\\ ~ nbr: 9 = ‘\“\ -~ nbr9 |Z 1\ nbr: 9
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g — | B g | LN
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Figure 3. Ring graphs in the first-order setting.
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Figure 4. Random graphs in the first-order setting.

are {0.83,0.63,0.56,0.47}. The plots are presented in Fig.
4, where again we observe that larger probability, which
implies (possibly) better connectivity, results in a faster con-
vergence. Note that since in this experiment the graphs are
generated randomly, one might get different values for p
even by trying the same edge probabilities.

5. Conclusion

We presented a novel algorithm for decentralized nons-
mooth nonconvex stochastic optimization in first-order and
zero-order oracle settings. We adopted recent techniques
on online-to-nonconvex conversion (Cutkosky et al., 2023)
and the geometric lemma on Goldstein subdifferential sets
(Kornowski & Shamir, 2024) to streamline the finite-time
analysis of the algorithm. Our algorithm achieved the op-
timal sample complexity of O(6~1e=3) for finding (J, ¢)-
stationary points of the global objective in three settings,
namely (i) smooth first-order, (ii) nonsmooth first-order,
and (iii) nonsmooth zero-order. Notably, to the best of our
knowledge, we provided the first finite-time convergence
characterization in the nonsmooth first-order setting (with-
out weak-convexity assumption (Chen et al., 2021)), and
our result on the nonsmooth zero-order setting does not use
variance reduction. Future directions include the investiga-
tion of high probability bounds (as opposed to expectation),
the optimal dependence to network parameters, as well as
convergence in the deterministic regime.

In our theorems, we found that N = O((1 — p)~2), but it
is challenging to evaluate the optimality with respect to p
in the nonsmooth setting using the (J, €)-stationarity con-
cept. There is currently no lower bound on the communica-
tion complexity for the decentralized nonsmooth nonconvex
stochastic optimization, i.e., in the nonsmooth setting the op-
timal dependence on p in finding (6, €)-stationary points has
not been explored yet. For the smooth decentralized setting,
the lower bound on p-dependency is given as O((1 — p)_%)
(Lu & De Sa, 2021), using a carefully designed commu-
nication protocol that allows for network structure change.
Whether the optimal dependence to p in the nonsmooth set-
ting is the same and whether that potential gap can be closed
are interesting research questions.
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A. Proof of Theorems

First, we state the following lemma to use in the proof of Theorem 1.

Lemma 4. Given Assumption 1, for the update in Algorithm 1, we have for any i € |n], t € [T), k € [K] that

It — il < 2

Proof. We have based on the update rule that
n n n
k k k k
ri =Y Pyrt; =Y Pyyfi;+ Y Pyl
j=1 j=1 j=1

Let yF € R" be the concatenation of vectors yf 1,yf72, . ,yfm, and ¢ € R™ be the concatenation of vectors
S PUAY Y Poj Ay, 300 Paj AL ;. We then have
k k
= PNy, + ¢
Without loss of generality let y& = 0. Then,

n t—1 n t—1

=D D PTG = vt - = ZZ(Pt =7 — 1) LI

j=17=0 j=17=0
Combining the geometric mixing bound of 377, |Pf; — +-| < v/np’ (Liu & Liu, 2001) and the fact that [|C¥,, ;|| < D, the
proof is complete. O
A.1. Proof of Proposition 2
Proof. By Lemma 1 we have 0, f5(¥) C 044 f(x). Using Definition 2, we have ||V f(2)|| , 5 < [V fs(2)]| ,- Replacing &
with ad and p with (1 — a)é for a € (0,1) gives [V f(2)[|s < [V fas(2) | (1—0)s- O
A.2. Proof of Lemma 2
Proof. We know that

1 n ) 1 n
- > Vi) = V(@) = -~ > Vi(w)
i=1 =1

Using L; smoothness of f* and f and [w;; — ] < r, we have that ||V f'(w;) — Vfi(w;)|| < rL; and

IV f(w; ;) — Vf(i0;)|| < rLy. Therefore,
> Vi(wei) = > Vf(wm
1=1

1 T n 1 T
o7 2 2 V] <57 22
%ZZW(W

t=1 i=1

T n
S V)

t=1 i=1

n

1 T
T

D OVF@) =Y VI (w)
i=1 i=1

—+ 27’L1,

which completes the proof. ]

A.3. Proof of Theorem 1

Proof. Throughout the proof, superscript k denotes the k-th epoch, subscript ¢ denotes the agent index, and subscript ¢
represents the iteration.

12
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Let us start with the following definitions:

gf, = (93} (wéC ;) (stochastic gradient returned by the oracle)

g == £ 31, gr; (average of local stochastic gradients)

Afyi is generated based on the decentralized online learning algorithm A (Algorithm 4)
Af = % Sy Af’i (average of local actions)

Vii= fol Vfiys 1 + sAF;)ds (expected local gradient)

VE = % Z?:l nyi (average of expected local gradients)

vk = fol Vf(@F_, + sAF)ds (expected global gradient)

For any Lipschitz continuous function and an update rule x; = x;_1 + A; we have
1
f(@e) = flae-1) = / (V@1 + sAy), Ap)ds = (Vi, Ay).
0
In our decentralized update rule it follows by doubly stochasticity of P that

1 n 1 n n 1 n o n 1 n

—k ._ - ko _ ~ ek T ek T k _. sk

Bm vt = g D Pty = 00 3 Paviy = ) ey =il
i= j=

i=1 j=1 j=1i=1

and since 27, = yf_, ; + Af,;, we get that T} = Z} | + Af.

Therefore, we can write the following for the global function f(z) = 2 37" | fi(z),
F(@5) = f(@5) = (Vi AF),

and summing both sides over ¢t € [T gives

There are two sources of randomness in the algorithm, namely £F; and s¥ ,. Taking expectation over those, we can decompose
above into four terms:

T
E[f(@}) — £(z0)] = Y_E[AF, VE)]

t=1
T ~ T T B ~ B T B ~
= E[(gf, AF —uF)]+ > E[(gF,uf)] + ) E[(AF,VE - VH]+ Y E[(AF, Vg5, (@
t=1 t=1 t=1 t=1
RE (uF) T Ts

where the last term equals zero due to the unbiased gradient assumption that E[gF] = V¥. The above holds for any u*, and
_p X X VS wr)

. , we have that
||Zz:1 i Vfl(wf,i)

choosing u* =

T, = E[é gt b)) = B[, iiivﬂwm] +E[<u’€§;gf - ;iivﬂ(wm
1 T n ) D n
<z|-or| > S| +2 |2 S-S @t -t
1 e~ T
<E|-DT ﬁ;;Vﬂ(wﬁi) +Da\/;,
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where we used Assumption 4 and Jensen’s inequality in the last line.

Rearranging Equation (2) using above and dividing by DT yields

T P = T _ Y T — ~ _
E||-L 3 zn: Vit < E[f(z5) — f(@F)] L B[}, (gF, AF — uF)] . E[XF  (AF, VE - VF)]
nT £~ ¢ L = DT T DT DT '
t=1 i=1
e—term sub—optimality noise regret—term discrepancy

3
We will now average above over K epochs and bound each term. It is only the sub-optimality term that will telescope. Other
terms can be bounded independent of £, i.e., bounds for noise term, regret term and discrepancy term are independent of
epochs. Recall that N := KT.

Sub-optimality Term: Let v := f(Zo) — inf, f(z). Summing the sub-optimality term over k € [K] and dividing by K,
the sum telescopes as follows due to the initialization at the start of each epoch k € [K]:

1 -~ ElA(@) — f@h)] _ @) ElfER)] o

K Pt DT DTK ~ DN’

“

Regret Term: For the regret term, we can use Theorem 5 of Shahrampour & Jadbabaie (2018) with a fixed learning rate 7,
where for any k € [K]:

R (uh) <

4D2 G*T  2TG(L+G)\/n
+77( 5 T (1 )f)'
—p

8D_ where ¢; = 4\/G2(1*p)+4G(L+G)\/ﬁ

Choosing n = VT 5(=p) gives
DvT
regret — term < g;cl =0T~ /3. 5)

Discrepancy Term: For this part, we remove the superscript k for simplicity as the results hold for any k € [K]. First,
recall that ||A¢|| < D since the domain D in Algorithm 4 is bounded. Next, we will bound ||V; — V|| under the assumption
that local functions f? are L;-Lipschitz smooth. Note that due to doubly stochasticity of P we also have Z; = ¥;. Therefore,

~ _ 1< 1 . _ .
Vt - Vt = ﬁ Z/ (Vfl(gt_l + SAt) — Vfl(yt_l,i + SAt,i))dS.
i=170

Then, we have

n

@?<L1n1* A «A«d<L1n* i1+ Ap— Ay
H t— t||_n;/0 Hyt—l-i-s t —Yt—1,45 — S t,zH 5_?;”%—1—%—1,1”4‘%2” t— t,zH-

=1

The first term can be bounded with Lemma 4 as ||§,—1 — y—14|| < DV Wwe can bound the second term with

1-p
||At — At,i” < 2D. Hence, ||@t — V|| € LiDecy where ¢y := % + 1. The discrepancy term can then be bounded as
discrepancy — term < DLqcs. (6)
Substituting (4), (5), and (6) into (3), we get
1 &1 K& ¥ o c
E|Z - Viiwr )| < =5 + — + —= + DLyco. 7
Dt < gy S o o

In the left-hand side of (7), we have the average of local gradients. Using Lemma 2, we can connect this to the average
Dyn

of global gradients. To this end, we need r such that |w, — wy| < 7. Since [|7/_y — yf_ ;]| < T2
waZ —wk| < |gF, — yfq,i” +2D < D( 1\@) + 2). Now, utilizing Lemma 2 with r = D(% + 2), we obtain

1 1 e 2/
=2 > Vi) g‘nTZZVfl(wf;i) +DL1(1_p+4). ®)
t=1 i=1 t=1 i=1

, we have

14
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Combining (7) and (8), we obtain
1 T n
[K > LSS vrt
t=1 i=1

wherec3;:02+21%§+4:%§+5.

g &
] L+7+71T+DL163,

We must have ||wf; — @"|| < d to bound ||V f(@")]|;.
Juh,; —wh|| < 2+ DT = D22 14+ T). T > 3and 2 > 2, choosing D = 20— guarantees that
waz — wk|| < 4, and thus

i~ wh g < ok I+ I
We have Hwt” wy, 5| < JJwg s — wt1 + wtl th +

K T n
_ 1 2yT+\/n o 1 0L1(1—p)es
Exmuni V f(w — \v4 wk < + + + 9
kunie(x] [[[VF (@ KZ thzl lel flwts) ] NI—p) VT VT e Y
This inequality will also be used in the proof of Theorem 2 and Theorem 3. Now, we can use § < 1 and T to get
K T n
1 1 29v/n 1 o 1—p
E|— — k < ———T+—|— Lh——= .
K; nTgi;W(wf)]—(sNap) +~FT(\/E+CI+ 12ﬁc3>

2
Choosing T' = ¢, (5]\/‘)% where ¢y 1= ((1—p)(2a+2c1 ﬁ+L1(1—P)03)> 3 . we have

8yn
11 & . i (2yhes 1
E[K/; Tﬂ,;;vf(wt)‘|<(5N) <1_p +\/a<f+01+L1 \f ))—05((5]\])

2 1
=Y 2 aq
where cg := Giy_\/pﬂ&l _ 63_\/5 ((17P)(20+2018\4;7LL+L1(17P)63)) 3 _ % (’7(20+201(\1/f;r)f:/15(1fﬂ)63) )a n terms of the network

w\H

connectivity measure 1 — p, ¢; = O((1 — p)~3). As a result, we derive

Ki nTZi

which means that given {4, ¢, p}, we can find a (6, ¢)-stationary pointin N = © (6~ e ~3(1 — p)~2) rounds. For smooth
functions 6 = O(€), so the overall rate matches the optimal rate of N = O(e~4). O

Ejounitir) [[|VF(@)]|,] <E < O((6N)~%),

A.4. Proof of Theorem 2

Proof. Recall from Proposition 1 that (f%)s and in turn f5 have L;-Lipschitz smooth gradients with smoothness parameter

Ly = ¢LV/ds~', where L is due to Lipschitz continuity of the original functions f* and f. Now, in Equation (9) replacing &

2<Lf

by g and f by f 3, the smoothness parameter becomes L, = , which yields

K

E (10)

< 47’Tf G +iJrcL\/g(l—p)c;;
SON(L-p) | VaT T 2T/

where 7' := v + L due to the approximation error incurred in (4), and o is also replaced by G. For the last term we can use

1 1
Tgﬁtoget

K
k=1

_75N(1—p) +\/T — +a+ NG

1 T n
— gzvfg (wg;) Tn

Choosing T = ¢z (5N)% where c7 := ((17’))(%‘“61‘/H‘LCL\/E“*”)C‘?))§, we have

] < 44'\/n T 1 ( G cLVd(1 —p)03> '

16+'n
Ly~ Ly _1 (A Ve 1 G cLVd(1 — p) _1
E ?k:l ﬁ;;vf%(wm) ] S((SN) 3 ( (1_p) +T7 74—01 2\/ﬁ 3 :CS(5N) 3,
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2 , 1
where cg = 1211;{507 _ 12177\’)/5 ((1—0)(2G+2C11\é§,-i7-1(:L\/g(1—ﬂ)03)) 5 _3 ('y (2G+201$jp0)[f\>/ﬁg(l—p)03)2) 5 Using Propo-
sition 2 on the left-hand side of above completes the proof. In terms of the network connectivity measure 1 — p, we have
¢s = O((1 - p)~4):. O
A.S. Proof of Theorem 3

Proof. Similar to the proof of Theorem 2, in Equation (9), we replace J by g and f by f 4,80 the smoothness parameter

becomes L = %;\/E. Applying Lemma 3, we can bound o by v/ 16v/27dL? as well. Therefore, we have
K 1 T n
B X [ D st

t=1 1=1
where ¢1g := 4\/ (= pH?fS’(pI)JJrCQ)‘F and ¢y := \/16v27dL2.

If we follow similar steps as in the proof of Theorem 2, we have the following result

1 T n
w2 2V,

SON(-p) \/ﬁ T 2Tvn

] o ATV VI6VETLE | e | eLVA(L— pey

1 X
7

k=1

k
wfz

M:h

‘| < 011(6N)7%

1
/ v 2\ 3
where ¢11 1= 3 (7 (2V16 Qﬂdp;fc_l;)\\//ﬁgdﬁ“*p Jea) ) . Using Proposition 2 on the left-hand side of above completes
2

the proof. In terms of the network connectivity measure 1 —p and ambient dimension d, we have ¢;; = O(d% (1—p)~5). O

B. Constant Terms

The smoothness parameter of f is lﬁ(ddill!)” %, where Kk = % if d is even, and k = 1 otherwise. Thus, the geometric constant

c:= /ﬁﬁ (df!i),, We note that lim ¢ = 11m m\lf (dd'i) = /5 (Yousefian et al., 2012). Here, we summarize the constant

d— o0
terms used throughout the proofs:

. _4\/G2(1—p)+4G(L+G)\/ﬁ
L 2(1 - p)

3\/5

C3 =
1—
3( 2a+261\f—|—[xl(1— p)cs )2);’
2 - p)vn
=3 ~'( 2G+201f+cL\F(1* p)cs)? :
h 41— p)v/n
16\/§dL2
4\/ 1— +4C9(L+Cg)f
Cilo = )
(e mﬂwﬂ+%mm+dWM—m@2%
e 4(1-p)v/n

C. Numerical Experiments Results

In this section, we present the plots of test accuracy comparisons (Figs. 5-6), described in our experiments.
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Accuracy

Accuracy
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Figure 5. Evaluation of the test accuracy of our algorithm and DGFM in the zero-order setting.
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Figure 6. Evaluation of the test accuracy of our algorithm and DPSGD in the first-order setting.
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