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Second-order Properties of Noisy Distributed Gradient Descent

Lei Qin, Michael Cantoni, and Ye Pu

Abstract— We study a fixed step-size distributed gradient
descent algorithm for solving optimization problems in which
the objective is a finite sum of smooth but possibly non-
convex functions. Random perturbations of the gradient descent
directions are introduced at each step to actively evade saddle
points. Under certain regularity conditions, and with a suitable
step-size, it is established that each agent converges to a
neighborhood of a local minimizer; the size of the neighbor-
hood depends on the step-size and a probabilistic confidence
parameter. A numerical example is presented to illustrate the
effectiveness of the random perturbations in terms of escaping
saddle points in fewer iterations than without the perturbations.

Index Terms— Non-convex optimization; consensus-based
distributed optimisation; first-order methods; random pertur-
bations; evading saddle points

I. INTRODUCTION

We consider the optimization problem
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where each f; — R is smooth but possibly non-
convex, and x € R"™ is the decision vector. The aim is
to employ m agents to iteratively solve the optimization
problem in (1), over an undirected and connected network
graph G(V,€). Each agent i« € V := {1,...,m} only
knows the corresponding function f; and its gradient. The
pair of agents (i,7) € V x V is able to directly exchange
information if and only if (¢, j) € £. Collaborative distributed
optimization over a network is of significant interest in
the contexts of control, learning and estimation, particularly
in large-scale system scenarios, such as unmanned vehicle
systems [1], electric power systems [2], transit systems [3],
and wireless sensor networks [4].

In optimization, two primary classes of distributed meth-
ods can be identified: dual decomposition methods and
consensus-based methods. Dual decomposition methods
minimize an augmented Lagrangian based on agreement-
enforcing constraints through iterative primal-dual updates
[5]. The distributed dual decomposition algorithm in [6]
involves agents alternating between updating their primal
and dual variables and communicating with their neighbors.
In [7], it is established that distributed alternating direction
method of multipliers (ADMM) exhibits linear convergence
rates in strongly comvex settings. Consensus-based meth-
ods, originating from the models in [8], seek to eliminate
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disagreements through local iterate exchange and weighted
averaging. The distributed (sub)gradient methods proposed
in [9] and [10] use this concept to solve problem (1) with
convex f;. In the case of diminishing step-size, each agent
converges to an optimizer [10]; with constant step-size,
convergence is typically faster, but only to the vicinity of
an optimizer [9].

This paper investigates a perturbed variant of Distributed
Gradient Descent (DGD) [9], using a constant step-size. In
fixed step-size DGD, the update for each agent ¢ € V at
iteration k is given by

Zwm

where o > 0 is the constant step-size, V f; is the gradient
of f;, x; € R™ is the local copy of the decision vector x at
agent ¢ € V, and W; is the scalar entry in the i-th row and
j-th column of a given mixing matrix W &€ R™*™_ The
mixing matrix is consistent with the graph G(V,€) in the
sense that W;; > 0 for all i € V, W;; > 0if (4,5) € &,
and W;; = 0 otherwise. The convergence rates of DGD
in strongly convex settings are examined in [11] and [12].
Several techniques like Nesterov momentum [13], inexact
proximal-gradient method [14], and gradient tracking [15],
[16] are employed in (strongly) convex settings to enhance
convergence rates, handle non-smooth functions, and achieve
exact consensus with a constant step-size, respectively.

In non-convex settings, gradient descent methods may
struggle due to saddle points. Use of the Hessian can
be beneficial, but may be computationally expensive for
large problems. In [17], fixed step-size DGD is shown
to retain the property of convergence to a neighborhood
of a consensus stationary solution under some regularity
assumptions. Further, it is shown in [18] that fixed step-size
DGD converges almost surely to a neighborhood of second-
order stationary solutions. However, random initialization
is required to avoid the zero measure manifold of saddle
point attraction, and moreover, the underlying analysis lacks
techniques for actively escaping saddle points.

Standard gradient descent methods can take exponential
time to escape saddle points [19]. It is shown that adding
noise (random perturbations) to descent directions is effective
for escaping saddle points in [20] and [21]. However, these
works are limited to centralized algorithms. In [22], it is
shown that distributed stochastic gradient descent converges
to local minima almost surely when diminishing step sizes
are used. For constant step-size, the diffusion strategy with
stochastic gradient in [23] and [24] only returns approximate
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second-order stationary points, rather than outcomes that lie
in a neighborhood of a local minimizer with controllable
size.

In this paper, the main contribution is an analysis of a
fixed step-size noisy distributed gradient descent (NDGD)
algorithm for solving the optimization problem in (1). To
this end, we expand upon and combine ideas from [20] and
[21] on centralized stochastic gradient descent, and from
[11], [17], [18] on unperturbed DGD. In particular, random
perturbations are added to the gradient descent directions at
each step to actively evade saddle points. It is established
that under certain regularity conditions, and with a suitable
step-size, each agent converges to a neighborhood of a local
minimizer. We determine a probabilistic upper bound for the
distance between the iterate at each agent and the set of
local minimizers after a sufficient number of iterations. A
numerical example is presented to illustrate the effectiveness
of the algorithm in terms of escaping from the vicinity of
a saddle point in fewer iterations than the standard (i.e.,
unperturbed) fixed step-size DGD.

A. Notation

Let I,, denote the n X n identity matrix, 1,, denote the n-
vector with all entries equal to 1, and A;; denote the entry
in the i-th row and j-th column of the matrix A. For a
square symmetric matrix B, we use Apin(B), Amax(B) and
|IB]| to denote its minimum eigenvalue, maximum eigenvalue
and spectral norm, respectively. The Kronecker product is
denoted by ®. The distance from the point x € R" to a given
set Y C R™ is denoted by dist(x,)) := infycy [|x — y]||.
We say that a point x is d-close to a point y (resp.,
a set ) if dist(x,y) < ¢ (resp., dist(x,)) < d). We
use the Bachmann-Landau (asymptotic) notations including
O(g(z,v)), Qg(x,y)) and O(g(x,y)) to hide dependence
on variables other than = and y.

II. PROBLEM SETUP AND SUPPORTING RESULTS

In this section, we present a reformulation of the op-
timization problem defined in (1) and provide a list of
assumptions used in subsequent analysis. We then provide
some supporting lemmas (see Lemma 2.3.1-2.3.4), which
will be used to establish relevant properties of the local
minimizers of f (see Theorem 2.1).

A. Problem Setup

By introducing additional local variables, the optimization
problem in (1) can be reformulated as

min

- xE(Rﬂ)W Z fixs) 3)

s.t. X; = x; for all (z,j) €&,

where X; € R" is the local copy of the decision vector x at

agenti € V, and x = [x7,.-- X7 € (RM)™

Definition 2.1 For differentiable function h, a point X is said
to be first-order stationary if |Vh(x)|| = 0.

Definition 2.2 For twice differentiable function h, a first-
order stationary point x is: (i) a local minimizer, if
V2h(x) = 0; (ii) a local maximizer, if V2h(x) < 0; and (iii)
a saddle point if Apin(V2h(x)) < 0 and Apax(V?h(x)) >
0.

Assumption 2.1 (Local regularity) The function f in (1)
is such that for all first-order stationary points X, either
Amin(V2f(x)) > 0 (ie, x is a local minimizer), or
Amin(V2f(x)) < 0 (i.e., x is a saddle point or a maximizer).

Assumption 2.2 (Lipschitz gradient) Each objective f;
has Lg Llpschltz continuous gradient, i.e., for all x,y € R"

(%) = VSfi(y)ll SL?,i\|X*Y||-

Assumption 2.3 (Lipschitz Hessian) Each objective f; has
Lf -Llpschltz continuous Hessian, i.e., for all x,y € R™ and

fix) = V2 fiy)ll SLIfIIX—yH-

If Assumption 2.2 holds, then F' defined in (3) has
L%-Lipschitz continuous gradient with Lj, = max;{L% }.
Further if Assumption 2.3 holds, then F' has LH L1psch1tz
continuous Hessian with L = max;{L f}

Assumption 2.4 (Coercivity and properness) Each local
objective f; is coercive (i.e., its sublevel set is compact) and
proper (i.e., not everywhere infinite).

B. Distributed Gradient Descent

Assumption 2.5 (Network) The undirected graph G(V, &)
is connected.

The DGD algorithm in (2), with constant step-size o > 0,
can be written in a matrix/vector form as

£ = WP — aVF (%), 4)
where W := W @ I,,. Note that from this point on, the
mixing matrix W is taken to be symmetric, doubly stochastic
and strictly diagonally dominant, i.e., W;; > > i W, for
all ¢ € V. Thus, W is positive definite by the Gershgorin
circle theorem. As proposed in some early works, including
[11], [17], [18], we can analyze the convergence properties
using an auxiliary function. Let the @, denote the auxiliary
function,

() =3 filko) 5= DD (%) (%)
i=1 =1 j=1
= FR) + 5 K02 g )

consisting of the objective function in (3) and a quadratic
penalty, which depends on the step-size and the mixing
matrix. We use X* to denote a local minimizer of (),. Note
that the DGD update (4) applied to (3) can be interpreted
as an instance of the standard gradient descent algorithm
applied to (5), i.e.,

)Ack+1 _ )A(k

—aVQu(x). (6)

Thus, iteratively running (4) and (6) from the same initial-
ization yields the same sequence of iterates.
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If Assumption 2.2 holds, then ), defined in (5) has Lg
Lipschitz continuous gradient with L7, = L7 + a‘l(l —
Amin(W)) = max;{L} } + o~ (1 - )\mm(W)). We have
that 1 — A\pin(W) >0 because the spectrum of a symmetric,
positive definite and doubly stochastic matrix is contained in
the interval (0, 1] by the Perron—Frobenius theorem, with 1
being the only largest eigenvalue (the Perron root). Further,
if Assumption 2.3 holds, then @, has Lga-Lipschitz con-
tinuous Hessian with Lga = maxl-{Lfc{} =LA,

C. Relationships between Local minimizers of f and Q,,

In this section, we show that X, the component of a local
minimizer X* of ), associated with agent 7, can be made
arbitrarily close to the set of local minimizers x* of f by
choosing sufficiently small o > 0 (see Theorem 2.1). This
expands upon the outcomes in [18] and is further used to
prove the main theorem (see Theorem 3.1). Full proofs of
intermediate lemmas are provided in the extended version of
this work [25].

Let A7 and Xéa denote the set of local minimizers of f
and @, respectively:

Xf ={xeR": Vf(x) =0, V2f(x) = 0},
X5, ={xe€ (R")™: VQu(%X) =0, V*Qqa(x) > 0}.
Lemma 2.3.1 Let Assumption 2.5 hold. Given o > 0, let X*
be a local minimizer of Q. Then, for each i € V,

AVEE)]
1—X

)

IXi = x| < @

where X* = %(1m®IH)T§c*, and 0 < Ay < 1 is the second-
largest eigenvalue value of W.

Lemma 2.3.2 Let Assumptions 2.2, 2.5 hold. Given o > 0,
let X* be a local minimizer of Q. Then

meVF( Ol
PV

where X* = %(1m®1n)T§<* and 0 < Xy < 1 is the second-
largest eigenvalue value of W.

IV

)< o

Lemma 2.3.3 Let Assumptions 2.3, 2.5 hold. Given o > 0,
let X* be a local minimizer of Q4. Then

2|VE
)\min(VQf(x*)) LHm ”V ( )”7
1— Mo
where X* = %(1m®1n)T§<* and 0 < Xy < 1 is the second-

largest eigenvalue value of W.

Lemma 2.3.4 Let Assumptions 2.1, 2.2, 2.3 hold. Then, for
any given compact set X C R",

lim(s i X7): XeNnXx}) =
(g%(bup{dlst(x, F)ixeXFNAX}) =0,

where X = {x : [|[Vf(x)|| < a- 1, Amin (V2 f(x)) >
—a - co}, with
_pmEIVEE] PG
At RV 1—)X

By combining Lemmas 2.3.1 through 2.3.4, the following
theorem can be established.

Theorem 2.1 Let Assumptions 2.1, 2.2, 2.3, 2.4, 2.5 hold.
Given Ay > 0, there exists threshold &(Ay) > 0 such that,
if0 < a<alAy), and X* is a local minimizer of Q., then
dist(x7, X}*) < A; for each i € V.

Proof: Given a > 0, by the triangle inequality,
dist(x7, A7) < [[%] — X*|| + dist(x*, X}), where X* =
1(1,, ® I,,)T%x*. By coercivity and properness of each f;
(see Assumption 2.4), F' is coercive and proper. Therefore,
/?5& is bounded, and there exists an upper bound G > 0 such

that for all x* € )25@ (x*)]| < G. By Lemma 2.3.1, if

A1(1=Xg)

2G
and xX* € Xéa defined in (7), then |%Xf — x*|| < Ay/2
holds for each 7 € V. Now, note that X* € X J‘B‘ in view of
Lemmas 2.3.2 and 2.3.3, with XJ?“ as defined in Lemma 2.3.4.
As such, by application of Lemma 2.3.4 with X = {x*},
there exists @3(A1) > 0 such that if 0 < o < @s(Aq), then
dist(x*, A7) < A1/2 holds. Therefore, if

0<a<alAr):=min{a; (A1), (A1)},

then dist(x}, Xf) < A as claimed. |

O<a< 6(1<A1) =

III. METHOD AND MAIN RESULT

The Noisy Distributed Gradient Descent (NDGD) method
is formulated in Algorithm 1, as a variant of fixed step-
size DGD. The key innovation is the addition of random
perturbations to the distributed gradient descent directions
at each iteration. The required properties of the noise £¥ in
Algorithm 1 are presented in Theorem 3.1, which establishes
the second-order properties of the NDGD algorithm.

Algorithm 1 Noisy Distributed Gradient Descent (NDGD)
Initialization;
for k=0,1,--- do
for : =0,1,--- ;m do
Sample i.i.d ff;
Xt =300 W) —

a(V fi(xF) + €);

end for
end for

As per (7), recall that X ]2‘ and fén denote the set of local
minimizers of f and @), respectively. Further, given € > 0,
v>0,u>0,0>0, and a > 0, define

Ll = {x:|[VF&X) +a (L, — W)X|| > ¢},
2 I 2 I -1
Lo, =% Aain(VIF(x) < =y —a }: (8)
L35 = 1% Auin(VEF (X)) > p, dist(%, X') <},
where X' = {x : |[VF(X) + o YT, — W)X|

0, Amin(V2F(X)) > 0}. With this, the main result of the
paper is formulated below; a proof is given in Section IV.
Note that the focus of the result relates to the role of the
given step-size a and confidence parameter (; as such, the
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factors with polynomial dependence on all other parameters
(including A4, €, v, 4, 6 and o) are hidden.

Theorem 3.1 Let Assumptions 2.1, 2.2, 2.3, 2.4, 2.5 hold,
and given A1 > 0 and 0 < ( < 1, suppose the following:
1) There exist € > 0, v € (0,L%], p € (0,L%], 6 > 0,
and o € (0,6(Ay,C)), such that L}, (VL2 ULE
(R™)™, where

(A1, Q) =

aué_

V2 -1
Ly L%

>\mm (W)
-max{1,log(¢{~

min{@(Ay), >0
D}
with &(A1) as per Theorem 2.1;

2) The random perturbation §f at step k > 0 is i.id.
and zero mean with variance o® < o2, (¢) =
(Amin(W)e?)/(mn);

3) The generated sequence {Q,(X*)} is bounded.

Then, with probability at least 1 — ¢, after K(a,() =
O(a~2log(™Y) iterations, Algorithm 1 reaches a point
K (@O ¢ (RM)™ that is Ay(a,()-close to X5, where
Az(e, () = O(Valog(at(T)).
infxexy [1%; g (e0) — X|| is such that X is Aq-close to X7,
whereby for all 1€V,

dist(%; K0y

Moreover, X* =

;) < A1 + AQ(O&,C).

Remark 1 Intuitively, condition 1) in Theorem 3.1 requires
all points where the gradient of QQ, is small to either result
in sufficient descent or reside within a neighborhood of a
local minimizer, where local strong convexity holds.

Remark 2 For condition 2) in Theorem 3.1, one way to
generate the required i.i.d. noise is to sample & uniformly
from an n-dimensional sphere with the radius r. This ensures
E(¢H) = 0, B(¢H(€))T) = (r2/n)L,, and ||¢¥]| < r for all
i € Vand k € N. By choosing r*> < no2,. (), we have
E(€*(65)7) = (r2/n)Lnn < 02 ()Lun:

Second-order guarantees of DGD have been studied in
[18] and [22] based on the almost sure non-convergence
to saddle points with random initialization. In this paper,
we propose to use random perturbations to actively evade
saddle points. The second-order guarantees of NDGD stated
in Theorem 3.1 do not require any additional initialization
conditions. Second-order guarantees of the stochastic variant
of DGD have been studied in [23] and [24], although they
only show the convergence to an approximate second-order
stationary point. Here, an upper bound is given for the
distance between the iterate at each agent and the set of
local minimizers after a sufficient number of iterations.

IV. PROOF OF THEOREM 3.1

A proof of Theorem 3.1 is provided in this section.
First, we consider the behavior of NDGD for the following
three different cases, in line with the development of the
related result in [20] for centralized gradient descent: i)
large in norm VQ,(%x*) (see Lemma 4.1.1); ii) sufficiently
negative Amin(V2Qq(X*)) (see Lemma 4.1.2); and iii) %"

in a neighborhood of the local minimizers of @), with local
strong convexity (see Lemma 4.1.3). Combining the outcome
of this with Theorem 2.1, we then prove that with probability
at least 1 — ¢, after K (o, () iterations, the state X¥ of each
agent ¢ € V in the NDGD algorithm is Ay + Az (a, ¢)-close
to some local minimizer of f.

A. Behavior of NDGD for three different cases

The following lemmas rely on the proofs of Lemma 16
and Lemma 17 in [20]. Detailed proofs can be found in the
extended version of this work [25]. Given ¢ > 0, v > 0,
u>0,86>0,and a > 0, define

Ty = {%: [VQu®) 2 ¢},
T2, = {%: Au(%) < 7}, ©)
I3, 5= 1% Aa(%) > p, dist(x, X,) < 6},

where Aq (X) = Anin (V2Qa(X)).

Lemma 4.1.1 Let Assumption 2.2 hold. Given ¢ > 0,
suppose the random perturbation §f in Algorithm 1 is
iid and zero mean with variance o*> < o2, (€) =
(Amin(W)€?)/(mn). Then, given 0 < o < 1/L%, for any
%% such that |VQu(X*)|| > € after one iteration,

E[Qa(f{k+l) | kk] - Q(x(f{k) < —ll(Oé),
where 11 (a) = Q).
Lemma 4.1.2 Let Assumptions 2.2, 2.3 hold. Let v €
(0,L%]. Given € > 0, suppose the random perturbation
fk in Algorithm 1 is iid. and zero mean with variance

0? < 02..(6) := Amin(W)e?)/(mn). Further, given 0 <
a < (V2 = 1)/L%, suppose that the generated sequence

{Qo(%%)} is bounded. Then, for any X* with |V Q. (X%)| <
€ and Amin (V?Qu (X)) < —, there exists a number of steps
T(%x*) > 0 such that

E[Qa (%76 | %] — Qa(%*) < ~1x(a),

where lo(a) = Q(a). The number of steps T(X*) has a
fixed upper bound Ty () that is independent of X*, i.e.,
T(%*) < Thnax (@) = O(a™1) for all X*.

Lemma 4.1.3 Let Assumptions 2.2 hold. Let v € (0, L%).
Given ¢ > 0, suppose the random perturbation 55 in
Algorithm 1 is i.id. and zero mean with variance o2 <
02..(6) = Amin(W)e?)/(mn). Further, given § > 0,
0 <ac< (/\mm(W))/(L% max{1,log(¢™1)}) and local
minimizer X* € X}, , suppose Amin(V2Qo (X)) > pfor all X
such that || x—%*|| < 6. Then, there exists 01(a) = O(Wa) €
[0,8) such that, for any x* with ||x* — x*| < 61(a), with
probability at least 1 — (/2,

X' < As(a,Q)
for all s < K(a,() = O(a2log(¢™1)), where Ag(a, () =
O(yalog(a™1¢1)) < 4§

Intuitively, the above results show that when the norm of
VQu (%) is large enough (see Lemma 4.1.1), the expectation
of the function value decreases by a certain amount after one

” Sk+s
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iteration. For X* with small gradient and sufficiently negative
Amin(V2Qo(%*)) (see Lemma 4.1.2), there exists upper
bound Tiax() such that the expectation of the function
value decreases by a certain amount after 7' < Tyax()
iterations. Finally, when the iterate X* is close enough to
a local minimizer (see Lemma 4.1.3), with high probability

subsequent iterates do not leave the neighborhood.

B. Main proof

Proof: The main proof includes two steps: i) it is shown
that three sets defined in (9) cover all possible points with
respect to (J,; ii) it is shown that the upper bound of the
decrease in (), can be used to derive a lower bound for the
probability that the K («, ¢)-th update at each agent is close
to a local minimizer of f.

Step 1. By the supposition in Theorem 3.1, given A; > 0
and 0 < ¢ < 1, there exist ¢ > 0, 0 < v < L%,
0<pu<L% §>0and 0 < a < &(Ay,¢) such that
Ll U ng U £3 = (R™)™, with respect to (8), and thus
Ea s 2 (£1 U £2 ~)¢, where the superscript ¢ denote
set complement If x € L., [[VQu(X)| = [[VF(x) +
a Y (Lnn — W)X| > e if X € L2, then by Weyl’s
inequality, mm(V Qa(X)) = Anin(V? F(X) +a Iy, —

W)) < —yifxefd 50 then again by Weyl’s inequality,

Aunin(V?Qa (%)) = Mnin(VZF(X) + @ Ly — W)) >
and dist(x, X .) < 6. Therefore, £},  CZ) ., L2 C I,;% o
K;} s C 73 .5 Whereby YA Ifw U I37 s (R")m

a,i,0 = (Il UIQ )c

Step 2. Define stochastic process {k;} C N as

0, i=0

Kio1+ 1, XMt e L UTD 5, (10)
Kio1 + T(X%-1), xFi-t EIEW

where T(X) < Thax(a) = O(a™?) for all X as per Lemma

4.1.2. By Lemma 4.1.1 and Lemma 4.1.2, (), decreases by
a certain amount after a certain number of iterations for x €

T, .. and X € T2 _, respectively, as follows
B )~ Qu) | £ RIS
E[Qa(X"1) — Qu(X™) | X% € T2 ] < —ls(a),

where [;(a) = Q(a) and lh(a) =
Lemma 4.1.1 and Lemma 4.1.2.

Defining event & := {(3j < i) x" € L3 o0 ) DY law of
total expectation,

Q(a) are defined in

EiQa (XRHI) - Qa ()A(m)]
=E[Qa(X") — Qa(x™) | &] - PE]
+E[Qa(X™) — Qa(x™) | &1 PIET].

Combining (10) and (11) gives

ElQa(Xx™ ) = Qa(x™) | & < =) - Ak,
where I(a) = min{l(a),l2(a)/Thax()} = Q(a?
AK; = Kit1 — k. Since P[€;_1] < P[&;], we obtain

E[Qa(x"1)] — E[Qa(x™)]

) and

SE[Qa(x™) | &] - (PIE&] - P€i1])

Since the generated sequence {Q.(%x*)} is assumed
bounded, there exists b > 0 such that ||Q,(X*)|| < b for

— () - Ak;.

all k=0,1,---. As such,
BlQa(x™#1)] — E[Qa(Xx")]
< b (P[E] = P& 1)) — U(a) - A - PIES],

Summing both sides of the inequality over ¢ gives

E[Qa(x™)] = E[Qa(x™)]

< b (PlEi—a] = Pl&o]) — () - (ks — k1) - PET].
Since [|Qq(%x*)|| < b for all k = 0,1,---, it follows that
—2b < b—I(a) - (ki — k1) - P[EF], which leads to

BlEs) < — 0

l(a)(ki — k1)
Therefore, if x; — k1 grows larger than 6b/1(«), then P[Ef] <
1/2. Since k1 < Thax(@ ) = (’)(a‘l), after K'(a) =
6b/1() + Timax () = O(a?) steps, {x*} must enter L, , ;
at least once with probability at least 1/2. Therefore, by
repeating this step log (! times, the probability of {x*}
entering Ez; 4,6 at least once is lower bounded:

DO [y

PI{(3k < K(a,()) X*

where K(a,¢) = O(a"?log(~!). Combining this with
Lemma 4.1.3, we have that, after K(«,() iterations, Al-
gorithm 1 produces a point that is As(c,()-close to
)25 with probability at least 1 — ¢, where As(a, () =
O(y/alog(a=1¢~1)). For given A; > 0, since «
a(Aq) satisfies requirements of Theorem 2.1, X*
infrery (%) —%|| is such that %} is A;-close to X;.
To summarize, we have for i € V),

dist(%/ ), XF) < Ay + Ao(a, )

€ Lot 21—

)

Al

as claimed. |

V. NUMERICAL EXAMPLE

Consider the following non-convex optimization problem
over X = (21, Z2):

= min Z
xe]R2 fl

where f1(x) = 0.25x7 — 2% — 23, fo(x) = 0.2521 4+ 0.523 +
1522, f3(x) = —22 + 22, fi(x) = 0.52F — 0.522, and
f5(x) = 2% + 0.524. The mixing matrix is taken to be

06 0 02 0 02
0 06 0 02 02
W=1(02 0 06 02 0
0 02 02 06 O
02 02 0 0 06

It can be verified that x = (0,0) is a saddle point of

f, and that x = (—?,O) and x = (%,0) are two

local minimizers. We compare the performance of DGD and

min f

4 2, 4, 2
) =] —a] + T3 + x5,
xeR2
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NDGD with constant step-size a = 0.005, both initialized
from x° = (107¢,107%) (i.e., close to a saddle point). For
NDGD, we generate the i.i.d noise from a sphere of radius
0.5 according to Remark 2.

0.0 4+———————— A= ——=aio ——’—,/ ===
l"
-0.1 ":
o
B !
i -0.2 !
g !
£ -0.3 1 !
o '
N ]
g —04 4 ','
2 !
© _0.5 4 !
N ——- agentl by DGD
~0.6 ',' ——- agent2 by DGD
/ —— agentl by NDGD
A —— agent2 by NDGD
=0.7 + T = T T
0 2000 4000 6000 8000

Iteration Index

Fig. 1: Evolution of two agents’ optimization errors by DGD
and NDGD.

From Fig. 1, although not trapped forever, it does take
DGD about 5000 iterations to escape the vicinity of the
saddle point and converge to the neighborhood of a local
minimizer. In contrast, NDGD escapes the vicinity of the
saddle point after about 1000 iterations and converges to
the neighborhood of a local minimizer. The effectiveness of
NDGD over DGD is evident through this example.

VI. CONCLUSION

A fixed step-size noisy distributed gradient descent
(NDGD) algorithm is formulated for solving optimization
problems in which the objective is a finite sum of smooth
but possibly non-convex functions. Random perturbations are
added to the gradient descent at each step to actively evade
saddle points. Under certain regularity conditions, and with a
suitable step-size, each agent converges (in probability with
specified confidence) to a neighborhood of a local minimizer.
In particular, we determine a probabilistic upper bound on
the distance between the iterate at each agent, and the set of
local minimizers, after a sufficient number of iterations.

The potential applications of the NDGD algorithm are vast
and varied, including multi-agent systems control, federated
learning and sensor networks location estimation, particularly
in large-scale network scenarios. Further exploration of dif-
ferent approaches to introducing random perturbations, and
analysis of convergence rate performance can be pursued in

future work.
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