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Abstract

Since stochastic approximation (SA) based algorithms are easy to implement and need less memory, they are very popular
in distributed stochastic optimization problems. Many works have focused on the consistency of the objective values and
the iterates returned by the SA based algorithms. It is of fundamental interest to know how to quantify the uncertainty
associated with SA solutions via the confidence regions of a prescribed level of significance for the true solution. In this paper,
we discuss the framework of constructing the asymptotic confidence regions of the optimal solution to distributed stochastic
optimization problem with a focus on the distributed stochastic gradient tracking method. To attain this goal, we first present
the asymptotic normality of Polyak-Ruppert averaged distributed stochastic gradient tracking method. We then estimate the
corresponding covariance matrix through online estimators. Finally, we provide a practical procedure to build the asymptotic
confidence regions for the optimal solution. Numerical tests are also conducted to show the efficiency of the proposed methods.
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1 Introduction

This paper studies the following distributed stochastic
optimization (DSO) problem

min f(z) = Zf](x)v (1)

z€RY

over the undirected networks composed of n agents,
where f;(z) := E[g;(;(;)] is the local objective func-
tion of agent j, (; is a random variable defined on a
probability space (2, F,P), g;j(z;(;) is a measurable
function and E[] denotes the expectation with respect
to probability P. In problem (1), each agent privately
holds the local objective function and can exchange in-
formation only with its immediate neighbors. The DSO
problem (1) has a wide range of applications, such as
large-scale machine learning [6,23,42] and sensor net-
works [36,3,11], which have been well studied in the
past decades [4,40,47].

Algorithms for the distributed optimization prob-
lem have been studied extensively in the literature,
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such as stochastic (sub)gradient descent method
[32,5,24,27,43,18,14], dual averaging method [44,15],
primal dual method [21,48], stochastic gradient push
method [25,2,35]. Recently, many distributed algo-
rithms based on the gradient tracking method have
been proposed: [26] introduces a distributed gradient
tracking (DGT) method for strong convex optimization
and obtains the linear convergence rate of iterates; [31]
extends DGT to the distributed stochastic gradient
tracking (DSGT) method and shows that the iterates
generated by each agent converge to a neighborhood
of the optimal solution in a linear rate; [46,33] propose
the AB/push-pull method which applies the gradient
tracking method to solve a strongly convex optimiza-
tion problem over a directed graph; [45] discusses the
convergence rate of several fundamental algorithmic
frameworks, where the stochastic gradient tracking has
been combined with variance reduction techniques.

While existing distributed optimization algorithms fo-
cus on estimating the optimal solution, less attention
has been paid to the statistical inference for the dis-
tributed optimization algorithms that update based on
random samples. In real-world applications, we are often
not just interested in obtaining the optimal solution esti-
mation, but also a measure of the statistical uncertainty
associated with the estimation. The statistical inference
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can provide credibility and validity for the estimation in
some critical applications, such as recommender system
[1] and autonomous driving [37]. Recently, there are a se-
ries of works [10,51,20,8] that study the inferential prop-
erties of the stochastic optimization problem equipped
with SA based algorithms. Although these works have
achieved much progress in this field, all of them focus
on the single-machine scenario. In fact, data are usually
distributed on different devices in many real-world ap-
plications. It is necessary to equip distributed stochastic
optimization with inferential capabilities.

The aim of the paper is to investigate the problem of
statistical inference of the optimal solution of the DSO
problem (1) when SA based algorithm is implemented.
We provide computationally efficient methods to build
the asymptotic confidence regions of the optimal solu-
tions to the DSO problem (1) when DSGT [31] is em-
ployed. Indeed, the confidence regions of the DSO prob-
lem have been studied in [10,49]. [10] considers the case
that all the agents have the same objective function. As
the agents do not need to solve the problem collabora-
tively, a center may do the statistical inference by collect-
ing all information of agents. [49] uses Sign-Perturbed
Sums method to build the non-asymptotic confidence re-
gion for the optimal solution to the DSO problem. How-
ever, [49] is a region estimation method which is not
suitable for the case where the estimation of the optimal
solution is needed.

The statistical inference on the optimal solution of DSO
problem (1) includes two steps: (I) establish the asymp-
totic normality for the Polyak-Ruppert averaged [38,29]
DSGT and (II) estimate the corresponding covariance
matrix in the normal distribution through online esti-
mators. Research on asymptotic normality results for
the SA based algorithm can be traced to the works in
the 1950s [13,17]. In particular, [29] shows that the av-
eraged SA iterates is asymptotically normal with op-
timal covariance matrix and optimal convergence rate
for strongly convex stochastic optimization problem. For
DSO problem without constrains, [5] shows the asymp-
totic normality of the distributed stochastic gradient de-
scent (DSGD) algorithm under the condition that the
weight matrix is doubly stochastic; [24] relaxes the con-
dition on the weight matrix to doubly stochastic in mean
sense and establishes the asymptotic normality of the
DSGD; [21] focuses on the distributed primal-dual algo-
rithm and presents the asymptotic normality of the solu-
tions. For a DSO with constrains, [39] studies a nonlinear
least squares parameter estimation problem and demon-
strates the asymptotic normality of solutions when the
true parameter x* is the interior point of the constraint
set; [50] studies the stochastic distributed dual average
algorithm and shows the asymptotic normality of the it-
erates when the optimal solution is on the boundary of
the constraint set.

To construct an asymptotic confidence region, we need

further to construct consistent estimators of covariance
matrix in the limit normal distribution. An early work
[19] develops a covariance matrix estimator for SA based
algorithm by simulating multiple independent replica-
tions of iterations. Note that this method needs the his-
torical data, it may lose the advantage of stochastic ap-
proximation scheme in terms of data storage. More re-
cently, the seminal work [9] provides two online methods
'plug-in” and ’batch-means’ to estimate the covariance
matrix when vanilla SGD is implemented on stochas-
tic optimization problems, and shows that the conver-

gence rates of these two methods are close to O(kl—lm)
and O (7 ) respectively. [20] extends the batch-means
method to the zeroth order stochastic gradient algorithm
on stochastic convex optimization problem and obtains
the similar convergence rate. [8] employs the plug-in
method to do the statistical inference of online decision
making and the convergence in probability of the plug-in
estimator has been established. To the best of our knowl-
edge, no one has discussed either the plug-in method or
the batch-means method for distributed stochastic op-

timization problems.

As far as we are concerned, the contribution of the paper
can be summarized as follows.

1. We establish the asymptotic normality of DSGT. We
show that the Polyak-Ruppert averaged DSGT con-
verges to a normality distribution for each agent. The
key issue for showing the asymptotic normality of
Polyak-Ruppert averaged DSGT is the convergence
rate of the iterates of DSGT. By analyzing the intrin-
sic structure of the accumulated stochastic gradient
noise during the step of gradient tracking, we show
the stability and agreement of iterates through an ex-
tended version of technical result [5, Lemma 3] and
then the convergence rate of DSGT. Compared with
the convergence rate of DSGT in [31], the new result
does not need the boundedness of the variance of lo-
cal stochastic gradient. Then we present the asymp-
totic normality of Polyak-Ruppert averaged DSGT by
employing the technical tool in [16, Proposition 2],
where the asymptotic normality of stochastic dual av-
eraging method has been studied. Different from the
asymptotic normality results on DSO problem men-
tioned above [5,24,21,39,50], the asymptotic normal-
ity of Polyak-Ruppert averaged DSGT is based on
global stochastic gradient tracker rather than the lo-
cal stochastic gradient.

2. We present two estimators for the covariance matrix

in the limit normal distribution. We extend the plug-
in and batch-means methods in [9] to DSGT. For the
plug-in method, each agent updates their local esti-
mator by aggregating neighbors’ estimator and then
plugs the local stochastic gradient product and the
second-order derivative in the aggregator at each iter-
ation. The distributed plug-in method does not rely on
the gradient tracker, which means it is also suitable for



the distributed stochastic algorithms based on local
stochastic gradient. For the batch-means method, al-
though the generalization of the batch means method
from SGD to DSGT is straightforward, the proof of
its consistency is not straightforward at all, where the
tough job is to study the convergence rate of the fourth
moment of the iterations and the agreement errors.
As far as we know, the extended methods are the first
online methods for estimating the covariance matrix
for DSO problem.

3. We construct the asymptotic confidence region of the
optimal solution of the DSO problem based on the
asymptotic normality of DSGT and the two estima-
tors of covariance matrix. Through numerical experi-
ments on ridge regression problem, we conclude that
plug-in method needs more information and returns
a better estimator of the covariance matrix, batch-
means method does not need to communicate with
neighbor and returns a relatively rough estimator of
covariance matrix.

The rest of this paper is organized as follows. Section
2 presents notation and preliminary conditions on DSO
problem. Section 3 studies the convergence rate of it-
erates and then establishes the asymptotic normality
of Polyak-Ruppert averaged DSGT. Section 4 extends
plug-in and batch-means methods for vanilla SGD to dis-
tributed stochastic gradient tracking method. Numeri-
cal results are presented in Section 5 to illustrate the
performance of the proposed methods.

2 Notation and preliminary conditions

In this section, we introduce notation and preliminary
conditions on stochastic distributed optimizations. R¢
denotes the d-dimension Euclidean space endowed with
norm ||z|| = /{(z,x). Denote 1 := (1 1...1)T € R",
0=(00...0)T € R% I; € R¥¥9 denotes the identity
matrix. A ® B denotes the Kronecker product of matrix
A and B. For a sequence of random vectors {u;} and

a random vector u, pi 4 1 denotes the convergence
in distribution, Cov(u) denotes the covariance matrix
of random vector u. N (z,Y) is the normal distribution
with mean z and covariance matrix Y. For any sequences
{ar} and {by} of positive numbers, ar = O(by) if there
exists ¢ > 0 such that ax, < by and ag < b if ap, = O(by)
and by, = O(ay). For any sequences {wy} and {z} of
random variables, wy = Op(z) if for any € > 0 there
exists ¢ > 0 such that P(Jwg/2k| > ¢) < € for all k > 0.

For the distributed optimization problem, the communi-
cation relationship between agents is characterized by a
graph, G = (V, &), where V = {1, 2,...,n} is the node set
with node ¢ € V representing agent : and £ CV x V de-
notes the edge set connecting nodes. G is an undirected
graph if (,7) € € implies that (j,7) € £. Ga = (V,€A)
denotes the graph induced by the nonnegative matrix

A = [a;5] € R"*" whereV = {1,2,...,n} and (j,7) € Ea
if and only if a;; > 0. Each agent 7 is able to call a
stochastic first-order oracle, which can return a noisy
gradient sample of the form Vg;(x,¢;) for the input .

Next, we recall the distributed stochastic gradient track-
ing method [31] in Algorithm 1.

Algorithm 1 distributed stochastic gradient tracking
method: At each nodei € V = {1,2,...,n}

Require: initial value x;0 € R?, yi0 = Vg;(2:.0;Ci0),
weight matrices A = [a;;], stepsize aj > 0.

1: Fork=1,2,--- do

2: State update:

n
Tik+1 = E QijTjk — OkYik- (2)
=1

3: Gradient tracking update:

n
Vi1 = D igYsk + VGi(@igr1; Gikr1) = VGi(@ins Gin),

j=1

where (;, Gi,0,Gi,15 "
cally distributed.
4: end for

are independently and identi-

DSGT is a stochastic gradient variant of distributed
gradient tracking method [26]. Different from the dis-
tributed stochastic gradient descent method, Step
2 updates the iterates by tracker y;j; rather than
Vi (xzka Ci,k)~
Throughout our analysis in the paper, we make the
following assumptions. For ease of the explanation of
the assumptions, we define the stochastic gradient noise
€k = Vgi(xig;Gr) — Vii(zik), and the filtration
Fo = 0{%2'70,1. € V},
Fr=0{zio,€:1€V,0<t<k—-1},k>0.
Obviously, z; » and y; 1 are adapted to Fj.

Assumption 1 (Objective function)(i) f(z) is p-
strongly convex (x> 0) in z, that is,

J() 2 @) VI (@) y=a)+ Slla—y]?, Va,y e R

(ii) V2f(x*) is positive definite and there exists ¢ > 0

such that

Yz e RY,
3)
where z* is the optimal solution to problem (1).

IVF(@)=V2f (") (@ — ") || < cllz—a™|]?,

Assumption 2 (Stochastic gradient) For Vi € V,



(i) there exists a positive random variable L;(¢;) such
that

IVgi(w:¢:)—Vgi(y; G| < Li(G)lla—yll,  Va,y € R

(ii) there exist constants p > 2 and ¢y > 0 such that
E[L?(()] < oo and

E[IVgi(a*;¢)17) < 2. (4)

Assumption 3 (Weight matrices and networks)(i)
Nonnegative weight matrix A is doubly stochastic,
ie., Al =1 and 1TA = 17. In addition, a;; > 0 for
some 7 € V.

(ii) The graph Ga corresponding to the network of agents
is undirected and connected.

Remark 1. Assumption 1 (i) guarantees the uniqueness
of the optimal solution of DSO problem (1). Assumption
1 (ii) is the standard condition for studying the asymp-
totic normality of stochastic approximation based algo-
rithms [9,29]. A sufficient condition for the positive defi-
niteness of the second-order derivative is the strong con-
vexity of the objective function, which has been well used
to study the convergence rate of DSGT [31,45]. More-
over, (3) holds if V f(z) is globally Lipschitz continuous
in x.

Assumption 2 implies the Lipschitz continuity of V f;(-),
ie.,

IVfi(z) = Vi)l < Lllx —yll,

where L = maxi<;<, {/E[LY(¢;)]. From the perspective
of the variance of the stochastic gradient, Assumption 2
implies that

E[IVgi(z;¢G) = VAE@)IP] <ee (1+ ]z —2"]?) )
5
where ¢, is some constant. Obviously, the variance of the
stochastic gradient may be unbounded as it is related to
2. We need the case p > 2 in Assumption 2 (ii) for estab-
lishing the asymptotic normality of Polyak-Ruppert av-
eraged DSGT and p = 4 for estimating the convergence

rate of estimator of covariance matrix.

Assumption 3 implies that (%11T) A=A (%llT) =
%11T and the spectral norm p of the matrix A — %11T
satisfies p < 1 [22, Lemma 4].

For ease of catching up with the proof of the main results
of paper, we introduce the notations used in the following

sections. Denote

T
T T T
Lk = |:$1,k:’x2,k"" 7xn,kj| )
T
U R S ¢ T
Yk = [yl,k,ayzkv e vyn,k:| )

€k = [el,k’eg,k"" 7€;,krv

€ik = Vi (Tix: Gix) — Vi(Tir),

VFy = [Vfi(zie)", Vi (@r) Vi (@)™,

VG = [Vgi(z1r;C )T, Vga(wo ;) Ty - s
v.gn(mn,k§<n,k)T]Ta

17 1T
Ty = ( ® Id) Tk, Yk = < ®Id) Y
n n
(6)

where xy, yr, VFg, VG and €, are formed by stacking
all agents’ iterate, gradient tracker, accurate gradient,
stochastic gradient and its noise, Z, ¥, are the average
of all agents’ iterates and gradient tracker.

Following the notations in (6), Algorithm 1 can be com-
pactly rewritten as

Thi1 = ATk — ki, Yer1 = Ay + VGip1 — VG,

(7)
where A := A ® I;. Throughout this paper, we set step-
size ar, = a/(k + b)* with o € (1/2,1), a,b > 0 and
e < m, where Ly = maxi<i<n E[L;({;)]. More-
over, by (7) and the double stochasticity of A,

The1 = Tk — Ok Yk, (8)

i IRS
k1 = o Z Vg5 (2,541 Gt 1)- 9)
=1

3 The asymptotic normality of DSGT

The asymptotic normality of stochastic approximation
based algorithms can be traced to the works of [13,17].
Recently, the asymptotic normality of the distributed
stochastic algorithms based on local stochastic gradient
have been studied in [5,24,21,39,50]. In this section, we
focus on the asymptotic normality of Polyak-Ruppert
averaged DSGT. We need to study the agreement and
convergence rate of DSGT first. Indeed, the agreement
and the convergence rate of DSGT have been discussed
in [31]. By setting stepsize a, = a/(k + b) (a and b are
some positive constants) and that the variance of the
stochastic gradient is bounded, [31] shows that the de-
cay rates of agreement error and optimality gap in the
second-order moment sense are O(1/k?) and O(1/k) re-
spectively. Here, we focus on the case where the variance
of the stochastic gradient may be unbounded.

The following lemma is a generalization of [5, Lemma 3]
which serves as a technical tool for studying the stabil-



ity and agreement of the distributed stochastic gradient
descent algorithm.

Lemma 1 Suppose that positive sequences {vi}, {px},
{on} satisfy

(i) {’yk} {pk} are [0,1]-valued sequences such that
e

re0 Vi < 00, limsupy,_, o oy =1

(i)

lim sup (%\/qsk + ¢’“‘1> < >t < o0,
k— o0 ¢k =0

likrg'géf (wk\/di)_l <% - pk) > 0.

(10)

If sequences {uy}, {vr} satisfy that

Ukt1 < prug + My ug (1 + ug + vg)

k k
+ M~} <1 DA TED Y p’”vt> , (11)

t=ko t=ko
Vg1 < vk + Mug, + M/ up(l + ug + vg)

k k
+ M~ (1 D IATED Y p’“‘%) , (12)

t=ko t=ko

for k > ko, where scalars M > 0,1 > p > 0 and integer
ko > 1, then

lim sup ¢rug < co.

sup v < 00,
k k—o0

Different from the distributed stochastic gradient de-
scent algorithm in [5], DSGT updates the k-th state
x; 1, based on the tracker y; ;. Since y; j is related to
all the past stochastic gradients, the last terms on
the right hand side of (11)-(12) are Zf:ko pF~tu; and

Zf:ko p*~tv; rather than uy, and vy, in [5, Lemma 3.

The following lemma presents the stability and agree-
ment of DSGT.

Lemma 2 Suppose that Assumptions 1, 2 (with p =
2, 4) and 3 hold. Then there exists positive constant ¢
such that

Efllzr — 1 ® Z[P] < o

(13)

Proof. See Supplementary Materials Section B for the
detailed proof. O

sup B[}z — 2"[IF] < &,

Next, we study the convergence rate of the optimal gap
2 — 2.

Theorem 3 (Convergence rate of DSGT) Suppose

that Assumptions 1, 2 (with p=2, 4) and 3 hold. Then

there exists constant ¢ such that
Eflzx —2*|”] < ca}’®.

Proof. Recall inequality (B.3)
AE[ ||k — 2 — an/nV £ (7)) x
(T — 2" — ap/nV f(z1), ar, (Gp — 1/nV f(Z1))) ]
<4E[ka—x —*Vf H

1< 1,
-~ ; Vii(zin) =~V f(zx) H}

(14)
in Supplementary Materials Section B. By (14) and
Young’s inequality,

4E [|Jan — o* — an/nV f (@) x
(Tp — 2" — o /nV f(Zk), ar (Jr — 1/nV f(Z1)))]
_ Qg N
< 37E U)xk -zt — —Vf(xk)H ]
n

4

773E | ||

- %Vf(fk)

1 n
- > V(@)
j=1

(15)
Substitute (15) into inequality (B.2) in Supplementary
Materials Section B,

I[N
<(1+4+77) (1 - %Oék>4 E [ka - x*Hﬂ
+ (3 2 )€ low - 1/ @I]

4

1
+773E - ﬁVf(a’sk)

1 n
-~ jz:; Vfi(zjk)

<(1+4+77) (1 - %Oék>4 E [ka - x*Hﬂ

4 L

+27 (3 + ) al (E [||xk ~1® azk\l“]
T n

+2L'E [||5ck - a:*||4} + c‘;‘)

T30l L

n

+ E |llex — 1 @20

4
T30l Lt

4
<(1+77) (1- %ak> E [lax — = |I*] + T2k o

4\ (L, 4~ 2
+27134+ —)ap | —car +2L%¢c+c% |,
) k\n ok I



where ¢ and ¢ are defined in Assumption 2 and Lemma
2 rebpectlvely, the first 1nequality follows from the fact
|z —a* = 2wV ()| < (1-Layg) |z — 2*| by [34,
Lemma 10], the second mequality follows from inequal-
ity (B.5) in Supplementary Materials Section B and the
Lipschitz continuity of V f;(+), the third inequality fol-
lows from Lemma 2. Let 7 = %ak, we have

E [lzre1 —2*'] < (1= Ban) E [lan — 7] + O(a).

By [28, Lemma 5, page 46], there exists constant ¢ such
that E {Ha‘ck - :c*||4} < ca?. The proof is complete. O
Theorem 3 establishes the convergence rate of DSGT
with p = 2,4 where the variance of the stochastic gradi-
ent may be unbounded, which plays a key role in show-
ing the asymptotic normality of DSGT and estimating
the asymptotic covariance matrix [9,51]. When the vari-
ance of the stochastic gradient is bounded, the conver-
gence rate of DSGT with p = 2 has been established in
[33, Theorem 2]. As shown in (5), the variance of the
stochastic gradient is related to iterates of DSGT, which
induces difficulty in showing the stability and agreement
of DSGT. We have to provide a tighter upper bound
for the stochastic noise accumulated during the gradient
tracking step. Then, we may employ Lemma 1 to show
the stability and agreement of DSGT, which plays a key
role in establishing the convergence rate of DSGT.

With the convergence rate of iterates of DSGT in Theo-
rem 3, we are ready to present the asymptotic normality
of DSGT.

Theorem 4 (Asymptotic normality of DSGT)
Suppose that Assumptions 1, 2 (with p>2) and 3 hold.
Then, for anyi € V,

o
—

1
= (i —2") -5 N (0,H'SH™Y),  (16)

t

Il
=

whereH := V2 f(2*) andS := Cov (Z?Zl Vgj(z*; Q))

Proof. By Lemma 2,

= =
E[kzo(xt—x)—\/%tz;(xm—m)H
k—1

1 Vi
< — Efllzs —1® %)% < —= ap — 0.
\/Et: \/ || t t” \/E; t

Then Slutsky’s theorem [12, Theorem 1 in Chapter 8.1]
implies (16) if

k-1
! Z z—2*) S N(O,H'SH™Y)  (17)
k t=0

holds. In what follows, we show (17) by Lemma C.2 in
Supplementary Materials Section C.

Firstly, we rewrite the recursion z; — x* in the form of
(C.2) in Lemma C.2. By (8) and (9),

Tpp1 — "
_ (Id - ak%VQf(x*)> (@ — 27)
. (%Vf(fk) - %sz(x*) (@ — x*))

% (:L Zng(i‘k;Cj,k) - :va(i‘k)>

1« 1«
k (n > Vg (@ Giok) — - > Vg;(@; Cm)) :
=1 j=1

(18)
Denote
= * 1 2 *
Ay = — a7, G:EV J(x®), = ag,
1 & 1 (19)
R= > V(@ Gr) + ~Vf(zx)
=1
and
_ 1 V — 1 VQ * — *
== f(xk)_ﬁ f(@) (Ze —27)
- (n Z Vg (%jk; k) — - Z Vg;(Zk; Cj,k)) .
Jj=1 j=1
The linear recursion (18) can be rewritten as
Apyr = (Lg —mG) Ag + % (0 + 1) 5 (21)

which is in the form of (C.2) in Lemma C.2.

Next, we verify the conditions (i)-(v) of Lemma C.2.
According to the definition «j and the strong convexity
of f(-), conditions (i), (ii) of Lemma C.2 hold obviously.
Denote

) ZVgJ ; Cik)
,ug) = ng] Ty Gk) + — Vf )+ = ZVQJ 5 Gik)

Then the martingale difference sequence pj can be

decomposed into py = M(O) + ,ul(c ) where {/lg))} and



u,(cl)} are all martingale difference sequences. More-

over, by Assumption 2, there exists constant ¢ such that

2 2
E[Hu,io’H fk} <e E[HM?H m} < el Agl.

Recall Lemma C.3 in Supplementary Materials Section
C,
1
Zw 4 (o, Qs) .
n
Then condition (111) of Lemma C.2 holds.

By Assumption 1 (ii) and the Lipscitz continuity of
ng(’ij)a

1 _ " L _
Ellnl] < —E [llzx — " |*|+—5E [llzx — 1 ® ] = O(aw).

NG

Then ), %\/Tkl” < 00. Monotone convergence theo-

rem implies Zfio \H/Z’fTHl < 00. Subsequently, Kronecker

lemma [7, Chapter 2.7] implies condition (iv) of Lemma
C.2.

By Lemma C.4 in Supplementary Materials Section C,
Ay — 0 almost surely. Theorem 3 and monotone con-
vergence theorem imply

Z th -z ||

almost surely. Then, Kronecker lemma induces the con-
dition (v) of Lemma C.2.

Summarize above, all the conditions of Lemma C.2 hold.
Then

1

k-1
Z 7 —2*) -5 N (0,H 'SH™}).
k t=0

The proof is complete. O

Theorem 4 shows that the error between the Polyak-
Ruppert average %Zf:_ol x;,¢ and the optimal solution

x*, normalized by the square root of the iteration
counter, converges to a normal random vector in distri-
bution. Indeed, the asymptotic normality of SA based
algorithms can be traced back to the 1950s [13,17].
More recently, the asymptotic normality of distributed
stochastic optimization algorithms has been well stud-
ied, such as stochastic gradient descent [5], dual av-
eraging [50], and primal-dual [21]. As far as we know,
Theorem 4 is the first asymptotic normality theorem for

the gradient-tracking based algorithm, which paves the
way to construct the confidence regions of the optimal
solution of the problem (1). Moreover, the asymptotic
normality of the constant stepsize DSGT and other
(stochastic) gradient tracking algorithms is an interest-
ing topic. We leave it for future research.

4 Online estimation of asymptotic covariance
matrix

Statistical inference is a core topic in statistics, and
confidence regions have been widely used to quantify
the uncertainty in the estimation of model parameters.
The asymptotic normality of Polyak-Ruppert averaged
DSGT is the first step in building the confidence regions
of the optimal solution to the DSO problem. Next, we
present estimators of the asymptotic covariance matrix
for building the asymptotic confidence regions. Recently,
Chen et al. [9] propose two consistent estimators of the
asymptotic covariance matrix of Polyak-Ruppert aver-
aged SGD, namely, the plug-in estimator and the batch-
means estimator. As for distributed optimization, each
agent can access to local information only, we need to
extend the plug-in and batch-means methods in [9] to
the DSO problem.

4.1  Plug-in method

The idea of the plug-in estimator is to separately esti-
mate S and H in (16) by some S and H and then use
H!SH™! as an estimator of H"'SH~!. For the DSO
problem, since each agent is unable to collect global
information Y27, Vg;(x;; i), the plug-in method
cannot be used directly. An intuitive way is to replace
the global information Z?=1 Vgi(z;r;Cir) with its
tracker y; 5. Unfortunately, y; . does not converge to
3 Vgs(esk; ¢ [31, Corollary 2]. This motivates
us to focus on the case that the covariance matrix
Cov (Z?Zl ng(o:*;ﬁj)) has the separable structure,

that is,

Cov Zng(x*;Cj) 5¢)) - (22)

= Z Cov (Vyg,(z
j=1

Condition (22) ensures that agent ¢ may provide an es-
timation of Cov (Vg;(z*;(;)) by local information and
then shares the estimation among neighbors through
communication, which means we may track the covari-
ance matrix. The sufficient condition for (22) is that
the ¢; and (; are uncorrelated for any different agents
i and j. Indeed, uncorrelation of random variables
of different agents is the standard assumption in dis-
tributed stochastic optimization problems, for example,
distributed robust estimation problem [36], distributed



maximum likelihood estimation problem [41] and dis-
tributed machine learning problem [10], where the sam-
ples or observations of different agents are independent.
In this subsection, we assume that (22) holds. Then we
may provide a distributed variant of plug-in method for
DSO problem, which reads as follows.

Fori eV, set H; o and S; o as zero matrices and update

Sik

E—1<
= T Zaijsj,kfl
j=1

n Vi (Vgik — Vgik—1)" + (Vgik — Vgik—1) Vgi

k 2 ’
(23)

n

2
ik 24
5V ik (24)

k-1
H,;; = 5 Zainj,k—l +

Jj=1

where Vg, 1 := Vi (i k; Gik), V20ik = V20 (25,13 Gike)
S; . and H, ;, are the estimators of S and H respectively.

Note that the estimator H; j relies on the Hessian matrix
of the loss function, we need the stability of the second

order derivative of the objective function.

Assumption 4 [9] For any ¢ € V, there exists positive
scalars L; and Lo such that

E[|V20i(w:6) — V2gu(a™: G)|[] < Laflw — 7]
El|V2gi(2*; )] < Lo.

Theorem 5 Suppose that Assumptions 1, 2 (with p =
4), 3 and 4 hold. Then, for anyi € V,

El1Su 811 =0 (17 ) (25)

and )
el R =0 (s ). o)
where o € (1/2,1).

Proof. We just study (25) as the proof of (26) is similar.

For any ¢ € V, let C; o be the zero matrix and

k-1 1
Cip=—— Z a;;Cjk—1+-nVgir (Vgir — Vgir—1)".

’ k

j=1

k

(27)
C; r+C]
——5—"£. Then

By the definition of S;  in (23), S;r =
by the triangle inequality,

[Sik — S|l < |ICik — Cill + ICk — Axll + | A% — S|,

where

— = 1 * *

Cri=)_ ~Ciks Vi = V(a7 ),
= (28)
1 * * *

Ay = % Z Zng,t (Vi —Vgii1)'-

t=1j=1

We may finish the proof by studying the conver-

gence rate of E [Hci,k - Cy, H, E [HCk - Ak”] and
E [||Ax — S||] respectively.

Step 1: The convergence rate of E [chk — CkH]- De-
note

Cr = [C.lr,kﬂc;kv'” »Cl,kr’
(27) can be rewritten compactly as
k—1 -~ n
Cr=——AC,_1+ — W, 29
k A k—1+ rri e (29)

where

Wi =n [(Vguc = V91,5-1)V] 1y (Vg2.x — Vg2,-1)Vgg .

T
Tty (vgn,k - Vgn,k—l)vg;k

Note that |D| < |D|r < Vd|D|| for YD € R™*4,

it is sufficient to study the convergence rate of
E[Hckfl(g)ckHF]'

By the recursion (29) of Cj and the definition of Cy,
Efl[Cr—1@Cul 4]
k—1+ 1
=E|||—ACj_1 + -W
H A k—1+ L

117 k—1 - 1
| — el ——AC,_ 1+ W,
k k F

n
k—1 /(- 117 _
=E H’k (A - ®Id> (Ck—l -1 ®Ck—1)

.

E[[|Cr-1 —1® Cra| ]

1 117
+- <In><d -—® Id> Wi
k n

— 11 = 117
SkHA—®Id
k n

1 117
+E InXd_T®Id El[Wkll 7]
k—1 _
<E o 186,
1 117
+E In><d_7®]:d ElIWkllz]



where p is the spectral norm of matrix A — 11° and the
first inequality follows from ||[CD|r < ||C||T|DHF By
the definition of Wy, right after (29),

2
> IV k(Vgsk = Vgie-1)TII5

E[|Willz] =E
j=1
<2n*Vd sup E[HVngH]
JEV,E>0 ( )
31
Denote
Cq = sup E . 32
9

Jjev
By the Lipschitz contmulty of Vg;(-;¢5),

cg <2 sup
FEV,k>0

< 00,

(E [LQ @i, —2*||° + ||ng(9c*7Cj,k)H2D

where the last inequality follows from Lemma 2 and The-
orem 3. Substitute ¢, into (31), E[||Wg| »] < 2n?Vdc,.
Therefore, (30) implies the following inequality recur-
sively,

JCASTLAN
1 _
< L (e[| - 1G]

k
+22pk*t

117
Liva ——®I4

n? dcg>

k
2 117
EZ nXd_T@)Id n2\/gcg
t=1
<2 Toxa — 5 ®Id||n2\fcg
~k 1 _
Note the boundedness of QHI”Xd_ifil a||n® fcq

Efl|Cr — 10 Cyf| 5] = O (3)-

Step 2: The convergence rate of E [H(_jk — A H] By the
definition of Cj and recursion of (29),

_ 1T k—1 - 1
C.=—0I14 ——AC,_1+ -W,
n k k

kE—1_
=——Ci- 1+k;Vng (Vgjk — Vgjn-1)T

k n
Z Z 95t (Vgje —Vgji-1)T,

?rM—‘

where the second equality follows from the fact
(L el)A=(YA)®L; =1 @I, Then

E[l[Cr — Axl]
k

1 - .
<z DD Ell(Vaie = Vi) (Vgie = Vgja-1)T

t=1 j=1

~Vg;5: (Vi — = V)]

—kZZ\/ (19950 = Va5, I*| E[1Vg50 = Vg1

t=1 j=1
k n

#5232 ( [I9il’] (8 19— v
[|ngt 1 Vg}‘,tleQD)l/g

% g g \/2691325 [lzse — 2|7
+ 1Y (2% s - Y]

t=1 j=1

1/2
+26L7E (o1 - 2"IP])

Vgt +Vgji—1

(33)
where ¢, and ¢y are defined in (32) and (4) respectively,
the second inequality follows from Hélder inequality and
the third inequality follows from the Lipschitz continuity
of Vg;(-;¢;). Then by Lemma 2 and Theorem 3,

=0 (m)

Step 3: The convergence rate of E[||[A; — S||]. By the
definitions of Ay and S,

<o - aul] = 3 ot

E[Ax -S|
k n n
1
=E |22 Ve (Va5 — Ve )" = )8,
t=1 j=1 j=1

k
> Vi (Vo) —E [V (V)]

t=1

" 1
SZE[ %

j=1

+ZE

=1

k
1 * * * *
% ZVQj,t (ng,t—l)T - V/fj (ij )T

t=1

|

where S; = Cov(Vg;(z*,(;)), Vg; = Vg;(z*,;), Vi =
V f;(z*). It is sufficient to study the convergence rate of

|2 |

t=1

k
1
Ell=
[k

t=1

(Vg;0)" —E[Vg; (Vg;)']

(Vg;yt—l) ' Vf; (Vf;)T

|



respectively. In fact,

~E[Vy; (V)]

k
1 * *
% 2; ng,t (vgj,t)T
t=
1
t
=tr (E(;
t=1
* * T 2
*Etf ((ng,o (Vgi0)') -

:“’(k>’

where the first inequality follows from the fact that
|IB|? < tr(B?) for any symmetric matrix B, the second
equality follows from that for ¢1 # o,

2
V. (V6;.)" ~E (955 (7)) ) )

M=

£ (55 (7)) ) )
(E[Vg; (ve)"])")

M)~

(Vore (Vaie)

* * 2
[VQJ tlvg] t1 v-gj to VQJ tz] = (E [VQJ (Vg] )T]) :
In addition,

x 2
(1 > V95 (Vo50-1) = VI (V] ;)T>

t=1

k k
1 * *
l?z Z (Vo5 (V5-1)T V0, (952-1)7]
1=1to=
- (v ; (V)T
1
oy

[Vg;,tl (Vg;,tlfl)T Vi, (g;irl)T]

[t1—t2|>1
1 k
2z > EVG. (V950 -1) Ve (95-1)]
|t17t2|:1
k

JrE*Zngt vQJt 1) VQJt(Vg]t 1)T

- (ij (ij) )’
2k —2 * * \T * * \T
==z (Vg1 (Vg0 Vei2 (Vei1)']
~ (V5 )T)
1
+ 4 (E V90 (V0) V50 (950)]
— (V£ (vf;).r)z) ’

where the first equality follows from the fact

E [Vg;,tl (Vgi,tl—l)T] =V/fj (Vf;)T

10

the third equality follows from the fact

E[Vdie (Vo-1)" Ve, (Vo-1)T]
=E [Vg;ﬂfl (Vg;:tl—l)T] E [v-g;,tz (Vg;'(,h—l)-r}

= (Vf;—k (Vf;)T)Q
for |ty — t2| > 1. Then,

2

k
1 * * * *
72V (Vo) = VI (V)T

t=1

k
1
<tr|E| -

> Ve (Vaie)" -
t=1
= 22k (4, (Va30) Vi (V)"
o (vfj* (Vf.;k)-r)2)2
+ %Etr (Va0 (Vg50)" Vs (950)
1

AR

2
VﬁWﬁN)

where the last equality follows from the boundedness of
E (Vg™ )| for vj e .

Summarizing the three steps above, (25) holds. The
proof is complete. O

Theorem 5 shows that the estimations H;, and S;

of all agents converge to the same limit H and S re-

spectively. Following from Theorem 5, we could obtain

the consistency result of the proposed plug-in estimator
-1 -1

Hi7ksi7kHi,k

Theorem 6 (Convergence rate of plug-in method)
Suppose that Assumptions 1, 2 (with p=4), 3-4 hold.
Then for anyi € V,

1
st —mosat <o, (7).

where a € (1/2,1).

Theorem 6 illustrates that the distributed plug-in esti-
mator is consistent, that is, HZ_;SMH:; converges to
H~'SH™! in probability. Similar to the plug-in estima-
tor for SGD [9, Corollary 4.3], distributed plug-in es-
timator achieves convergence rate O, (ka%) In order
to avoid the possible singularity of H; ; from statisti-
cal randomness, we can replace H; , with a nonsingular
estimator by using a thresholding scheme introduced in
[9], and obtain the convergence rate O ( = /2) in expec-
tation. Note that the distributed plug-in method does



not rely on the gradient tracker, it is also suitable for
the distributed stochastic algorithms which are based on
local stochastic gradient.

4.2 Batch-means method

Different from the plug-in method, the batch-means
method only uses the iterates from DSGT. Note that
Lemma 2 has shown the agreement of the iterates of
agents, that is,

E [llwi — zl|'] — 0,VieV.

Therefore, each agent should be able to estimate the
covariance matrix by using individual iterates.

For the fixed agent i € V, let {x; 0,21, - ,Tik—1} be
the sequence of iterates generated by DSGT. We split

them into M + 1 batches with the size mg, mq, - ,mps:
{xi,S()a e 7xi,€0}7 {mi,sl7 e 7xi,61}7 T {xi,sM; e 7xi7€M}7
0—th batch 1—th batch M —th batch

where s; and e; are the starting and ending index of [—th
batch with sg =0,s;, =e;_1 4+ 1, and ej; = k — 1, the I-

th batch satisfies 7' |, < N and N = £-%.1 Then
the batch-mean estimator [9] of H-!SH~ " is glven by

M
1 N A N N T
i Zml (Xi,ml - Xi,M) (Xi,ml - Xi,M) . (34)
=1
where
enM
zml :—7Z$zt7 i,M: Zirzta

ep — €
tsl M Ots

(35)
and m; = ¢, — s; + 1.

The generalization of the batch means method from SGD
to DSGT is straightforward, but the proof of its consis-
tency is not straightforward at all, which requires the
convergence rate of the fourth moment of the iterations
and the agreement errors.

Theorem 7 (Convergence rate of batch-means

method) Suppose that Assumptions 1, 2 (with p=4)
and 3 hold. Then for anyi €V,

Jigeo
-H~ 1SH 1|\
—0 (N‘5 M (NM)ﬁ) ,

z ,mp

. . T
) (Xi,ml — Xi,M)

1 In this paper, we set N =< M =< ke

11

where a € (1/2,1).
Proof. Define two auxiliary sequences {d; ; } and {U, } as
Ut»

(;i,t = (Zl'i’t — {E*) —

1 1 &
Uiyr1 = U — oy —HU; — ap— €it, Uy=1Tg—x".
t+1 t v HU: tnz it 0 0

j=1

By the similar analysis as the proof of [9, Theorem 4.3],
1 M .
%MZW@w-
+ = ZmlEtr [( i,m; — &,M) (Si’ml — &,M)T]
L2 J S mitn [ (U Osr) (D — 0]

\J ZmlEtr [( imy — gi,M) (Si,ml - Si,]\/])T:|,
(37)

where Uml and Uy, are defined as in (35) with x; ; being
replaced by Uy, d;m, and d; pr are defined as in (35)
with x;+ being replaced by §; ;. Then, we could finish
the proof by studying the convergence rate of the three
terms on the right hand side of (37) respectively.

oy — Xi,M)T ~H'SH™

|

|

) (%

Zml Upy — UM) (Uml - UM) —H 'sH™!

Through mimicking the proof of [9, Lemma 4.7] by re-
placing martingale difference & in SGD iterates with the
new martingale difference sequence €, := %2?21 € ks
the first term on the right hand side of (37)

1 ]

|
—O(NTH 4 MTE 4+ (NA)TR ) 2 (38)

% %ml (Uml - UM) (Uml - UM)T _H'SH-
=1

Note that (38) implies the boundedness of

flmum_wﬂ%ﬁmyy

By the definitions of Si,mz and Si,M,



Z mytr (&,ml - 8i,M> (Sz,ml - Sz,M)T

=1

=S (60 (BT ) — b1 (il )
=1

M
<> mutr (Sin 8], ) - (39)
=1

§i,ml

2
Then, a proper bound for ﬁ Zl]\il mE U } will

provide the convergence rate of the last two terms on
the right hand side of (37).

Denote 6; := (T — 2*) — Uy and 571” = E o o Oy, we
have

miE [18im ]

2
R 1 &
= E 6m - it— X
my .+ - t:ZSl(x +— Tt)
. 2
E|[l6,0, 7] + 2 ||| i:( 7:)
<2 H ” — -
< 2my . =+ 2my e P Tit — T¢

On the one hand, by the similar analysis in studying the
bound of m;E [Hgml ’
Materal],

2
] in [9, page 31-32 in Supplement

miE (10 ]12] = © (s 4+ mus ).
On the other hand, by Lemma 2,

€l 2

1 -
myE my Z(l“i,t — Tt) < Z E [”xi’t N jt“ﬂ
t=s; t=sy
el
<3 [l -10m]
t=s;

e
< EZ =0 (mlsf%‘) .

t=s;

Then

E (1351

=[-

/—\/\”MS
sHMa

m, 5?+m1512a)>
MZ N Ly N))

=O(N‘'+M), (40)

where the second equality follows from the facts s; <
(lN)ﬁ and my < [T NToa by [9, Lemma D1 in Sup-
plement Materal], the third equality follows from the
facts @ > 1/2 and & S0, 177 = O (M~1).

Summarizing (37)-(40), (36) holds. The proof is com-
plete. O

Recall that N =< M = k'z°,

achieves the convergence rate of O (k‘

the batch-means method
%), which is
slower than that of the plug-in method. On the other
hand, the batch-means method has less computation and
storage cost as it does not need to calculate the stochastic
Hessian matrix. The plug-in estimator is online, which
returns immediate estimations of H and S at each iter-
ation after receiving the noise observations of the gradi-
ent and Hessian matrix. The batch-means method is not
a fully online method as the construction of the covari-
ance matrix estimator requires the information on the
total number of iterations. It is hard to establish a sim-
ple algebraic relation between the successive estimators.
More recently, [51] proposes a fully online batch-means
method to estimate the asymptotic covariance matrix
of the average SGD solution. Extending the fully online
batch-means method [51] to the distributed stochastic
optimization problem will be the subject of our future
works.

5 Experimental results

In this section, we report some preliminary numerical re-
sults on the confidence regions of the optimal solution to
distributed stochastic optimization problem. According
to the asymptotic distribution as given in Theorem 4,

{y Hy—2)T R (y—2) < iX%(d)}

defines an approximate 1 — 8 confidence region for
the optimal solution to DSO problem (1), where

S =H'SH™, & = £ Y77 7iy, x3(d) is defined as
the number that satisfies P (U > X%(d)) = B for a x?

random variable U with d degrees of freedom.
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Fig. 2. Cross section of approximate confidence region (PI).
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Fig. 3. Cross section of approximate confidence region (BM).

We report the empirical performance of the proposed
methods through the ridge regression problem [31]:

n

> (E[@]e=v)*] +alal?), (D)

j=1

min f(x) =

r€eRd

where f;(z) :=E [(wgm - vi)ﬂ +7]|z||? is the objective
function of agent 7. In problem (41), each agent € V has
access to sample (w;,v;) given by the following linear
model

Vi = wlTi‘z + vy,
where w; is the regression vector accessible to agent
i, v; is the observation noise of agent ¢ and Z; is un-

13

known parameter. Assume that random variables w;
and v; are independent and then the unique solution is

-1
ot = (Z?:l E[w;w]] + n'yI) > =1 E[wjw]]z;.

In this experiment, d = 3,n = 20, for all i € V, ran-
dom variables w; € [0,20]® are uniformly distributed, v;
are drawn from the Gaussian distribution N(0,1), pa-
rameters Z; = [1, 50, 100]T and v = 1. For the weight
matrices, we use the similar setting of network topol-
ogy in [30]. An undirected graph G = (V,€) is gener-
ated by adding random links to a ring network, where
a link exists between any two nonadjacent nodes with a
probability p > 0.7. The weights a;; are defined by the



Metropolis rule [40]:

1

max{n;,n;}+1 JEN
aj; = 41— Z Aji j = i, (42)
JEN;
0 otherwise,
where Nj = {j|(i,j) € £,j # i} is agent i's set of
neighbors, n; := | ;| is the cardinality of AV;. Moreover,
the stepsize is ag, = 0.1/(k + 1)9-°05,

We first carry out tests on the asymptotic normality of
iterates (Theorem 4). We do 100 Monte-Carlo simula-
tions of running DSGT with 30000 iterations. In Figure
1, the black solid curve and red circle curve denote the
estimated density of agent 1 and average of all agents
respectively, the blue dash-dot curve denotes the true
density. Figure 1 seems to confirm Theorem 4 since we
can see that the estimated density of a component of
normalized estimation error is close to the density of the
limiting normal distribution, which is also confirmed by
a Kolmogorov—Smirnov test.

Next, we construct the asymptotic confidence regions of
the optimal solution. We record the confidence regions
with the nominal coverage probability 1 — 8 to 95% and
the covariance matrix are constructed by plug-in (PI)
and batch-means (BM) methods after k& = 2000, 5000
and 30000 iterations respectively. For the stability, we
perform 50 Monte-Carlo simulations and report the re-
sults with the average covariance matrix and the average
of iterates. Figure 2 depicts the confidence regions with
PI, where the red solid, blue solid and blue cross ellipses
denote the confidence regions for agent 1, average of all
agents and the true one respectively. As we can observe
from Figure 2, the ellipses for agent 1 and the average
of all agents are coincide for iteration k& = 2000, which
indicates the agreement of PI. For iteration k£ = 30000,
the three confidence regions are almost coincide, which
confirms the convergence of PI in Theorem 6. Similar
to PI, the agreement of BM is observable for k& = 2000
iteration in Figure 3. We can conclude that there is a
tendency for the convergence of the confidence regions
based on BM to true one, which confirms Theorem 7. Ob-
viously, the convergence of PI in Figure 2 is faster than
the convergence of BM in Figure 3, which verifies the
fact that PI and BM have convergence rates O, (= /2)
and O (W) (in expectation) respectively. Just as
we commented at the beginning of subsection 4.2, the
underlying reason is that BM estimates covariance ma-
trix based on individual iterates rather than communi-
cating additional quantities with their neighbors.

We report the coverage rate of the confidence regions.
We perform 500 Monte-Carlo simulations and record the
percentage of the 95% confidence regions containing the

14

Table 1. Coverage rate(%).

Methods
PI Plave | BM | BMave
Iterations
2000 89.4 | 89.6 63 63.4
5000 93.8 | 94 70 70
30000 94.6 | 94.8 82 82

true solution in Table 1, where the columns of PI, Plave,
BM and BMave record the results for agent 1 and the
average of all agents by PI and BM respectively. From
the Table 1, we can see that PI gives better coverage
rate than BM, where the coverage rates at iterations k =
5000 and k& = 30000 are nearly 95%. On the other hand,
the coverage rate of BM has a tendency of converging
t0 95%. Moreover, we can also observe the agreement of
PI and BM from the second and the third columns, the
fourth and the fifth columns respectively.
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A Some technical results of proof of Lemma 2

Lemma A.1l. Suppose that Assumptions 1, 2 (with p=2, 4) and 3 hold. Then there exists a
constant c. such that

k k
EfI€kI] < 2/ (1 + Y P E e~ 1@zl + Y P E|Z - fv*Hp]> - (A

t=0 t=0

Proof. We just study the case p = 4 as the analysis for case p = 2 is similar.

Recall that
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k-1
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= A(k,t)ﬁt,
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where A(k,t) :== AF17t(A —1,,4) for t < k and A(k, k) = I,44. Then
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where v(k,t) = A(k, t)e;. By Assumption 3,

)

<plarta-n)| <A -1

HA’f (A—1,)

Denoting ¢, = max {1, M},

)
HA(/c,t)H < capt. (A.2)
Subsequently,
kK ok ok k
[l < e DD >0 > pt il (|l |lllesllews e ]
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kok ko k
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a4 &
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Recall the definition of €, := [e{,t, €4 ,efm} :
n
E [lleell*] <nd E[llejell’]
j=1
n
=n Y E[IVgi(x;4 ) — Vgi(a*; ) + V fi(2*)
j=1

—Vfi(@je) + (Vgi(a™;¢ie) — V(@ *))||4]
< 54nL%E [||z; — 1 @ o*||*|] + 216n°c f
< 432nL'E [|la: — 1 @ 24||"|]] + 43202 L E [|| 2 — 2™ "||] + 216n°cF, (A.4)



where c¢f is defined in Assumption 2 (ii), the second inequality follows from Assumption 2.
Substitute (A.4) into (A.3),

Eflléx ]

4
_ %

k
<4 S pF 7t (4320 L°E [lae — 1 @ 3]
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216n2c? .
1, ﬁpcf } The proof is complete. [J
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where ¢, = W max {232n L

B Proof of Lemma 2

Proof. We just study the case p = 4 as the case p = 2 is similar. We employ Lemma 1 to
prove
sng [lzr —2*|*] <& E[llzx — 1@ z*] < eaj. (B.1)

and the proof can be finished by the following two steps: find relationships of u; and vy in the
forms of (10) and (11) in Lemma 1 firstly, and then verify conditions (i)-(ii) of Lemma 1.

Step 1. Let 6 and A3 be any random vectors and 7 be any positive scalar. Obviously,

E (16 + 6a11"] = E (16212 + 16211 + 2061, 62))°
= E[I0111" + 11621 + 20161 |121162)12 + 41611 (61, 62)
+4)1021 (01, 02) + 4 ({61, 02))7]
<E (611" + 10211 + 6116121022 + 411611261, 62)

+4)|6a2] (161 1111621)]
<El6* + 301020 + 816121162117 + 4016117 (61, 02)]

< L anE (1601 + (347 ) E16al") + 48 (16017 61,60)]

where the first inequality follows from Cauchy-Schwarz inequality (x,y) < ||z||||y||, the second

inequality follows from Young’s inequality ab < %p + %, % + % =1 (p = 2), the last inequality

follows from the fact ||01]%]|02?> = (7*0'5\\01H)2 (70'5||92H)2 and Young’s inequality (p = 2).
Choosing

01 =T — 2" — ol /nV f(Zr), 02 =—ar(gr —1/nVf(Zk)),



we have Tp41 —2* = 01 + 62 and
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For the third term on the right hand side of (B.2),
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where the equality follows from the fact
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Substitute (B.3) into (B.2),
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where the first inequality follows from the fact ||z — 2* — L,V f( H (1 - Lay) ||z — z*| by

[4, Lemma 10], the second inequality follows from the fact a®b < 7a* + “2Tb2 and the Lipschitz
continuity of V f;(+), the third inequality follows from the Holder inequality. For the second term




on the right hand side of (B.4),
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where ¢y is defined in Assumption 2, the equality follows from the fact %Z?:l Vfi(z*) =0,
the second inequality follows from the Lipschitz continuity of V f;(-) and Vg;(-;(;). Substitute
(B.5) into (B.4),
E [”ffkﬂ - fE*”ﬂ
ke lb a3 _ 114
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T n
+LE [z — o))" + ¢3) + 47 (1- %)3 W\/E lzw =o' E[lox — 10 2))"]. (B6)
k ¥ . " k k kIl :

Let 7 = <, then for any & > 0,

ean (122 (-2 - (1488 (- 2 < -2

Subsequently,
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On the other hand, for any vectors 61, 62 and positive scalar T,

2
16y + 6211 < (16117 + (1621 + 2[161]1]6211)
= [1011* + 16211 + 411611621 + 41620111611 + 61611710

SRy (e ) N (o )
ca o) (=) o (0 i) (G) Himl) @9

27 3 9
< (1437))60u)* + (1 +t 3t ot T) 162/, (B.9)

where the second inequality follows from Young’s inequality (p = 4/3,4/3 and 2 for the last three
terms in (B.8) respectively). Choosing

11T _
0, = A—T®Id (zp — 1@ Ty),
117
Oy = —ay, (Inxd_n ®Id> Yk

n (B.9), by the equality z;11 = Aack — oy, and the double stochasticity of A, we have x4 —
1® Zpy1 =01 + 62 and
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Denote auxiliary sequences {£,} and {y,} as

& =A& 1t —e1, &= <o,
Yps1 = Ayp + VFis1 — VFy, yy = VE,.

By the definitions of 3 and y;c, we have y, = y;f + & and that
’ ’ ’ 4
E |llyell’] = E [Hyk — 10§, — 19 (1/nV @) - 5) + 10 UnVi) +&| }
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: I L
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n
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+64c2 > pHIE [th 1@ @Hﬂ +64¢2 +64¢2 3 pFE ||z — 27[Y] . (B.AD)
=0 =0

where gj;c = (ln—T ® Id) y;c, the first inequality follows from the Lipscitz continuity of V f;(-), the
fact g, = 1/n > i=1 Vfj(zjk) and the cr-inequality E [‘ > i XjH <nhYUE [1X5"] [3,



9.1.a in Chapter 9|, the second inequality follows from Lemma A.1. Take expectation on both
sides of (B.10) and substitute (B.11) into it,
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where p < 1 is the spectral norm of A — %11T, the inequality follows from settings 7 = 1&] £ and

117 4

27 3 9
) Lixg——®1Iy
n

01:64<1+3++
T T

71/3

Choosing

< 117 , ’
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117
n

0y = <In><d — X Id> (VF]H_l — VFk)

in (B.9), by the definitions of y;H and g}HP we have y;CH -1® gj;ﬁl =01 + 05 and
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117
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Inxd_ — ®Id
n

where p is the spectral norm of A — %11T. By the Lipschitz continuity of Vf(-),
IV Fpi1 = VE[* < L* [|login — ]
- 4
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4

Substitute (B.14) into (B.13) and set 7 = —16;@1 ,
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where ¢5 = 8L* (1 + 3—3 + % + %) HInxd — 1—71; ® IdH4. Take expectation on both sides of above

inequality,

4 — 4
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where the inequality follows from (B.11).

1—p! 7 on both sides of inequality (B.15), we have
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pymng dea|| AT
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Adding above inequality and (B.12), we have
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Denote
wp = E [lax = 10 3 '] + ¢E [y — 1@ 71l

vp = E[||zx —2*'], =



and pp = max {#, # + (e1/c + 6402)a§}. Then by inequalities (B.7) and (B.16),

k k
w1 < pruk + My ur(1+ ug + vg) + Mo <1 +> o+ Zpk_tvt> ; (B.17)
=0 =0
k k
kg1 < Ok + Myey/up(L + ug + vi) + Mg <1 + Z Py + Z Pktvt> ) (B.18)
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where

/ 32
M = max {2(01 + 64cac) (L4 + cg) ,27 (3@0 + Mn> (cfc + L4)} :

(B.17) and (B.18) are in the forms of (10) and (11) in Lemma 1.

Step 2. By the definitions of 4 and pg, there exists positive integer kg such that ~¢, pi
are [0, 1]-valued when k > ko (without loss of generality, suppose ko = 0). Then condition (i) of
Lemma 1 holds.

Let ¢ = 1/a}. Obviously,

lim sup <7m/¢k + ml) =2, ) ¢! <o,
k00 Pr =
o 1 (k1 1=
lim inf ('Yk\/ ¢k) ( o pk) == >0

which implies the condition (ii) of Lemma 1. Then by Lemma 1, supy, E [||Zj41 — 2*[|*] < oo and

1 _ / ’ _/
up 5 (E fllex ~ 1@ 2ll') + ¢ E [l ~ 10 5] ) < oo
k

The proof is complete. [J

C Some technical results of proof of Theorem 4

Lemma C.1. [5] Let (Q,F,P) be a probability space and {Fy} be a nondecreasing sequence of
o-algebra. Let {vi}, {ar}, {br} and {pr} be sequences of nonnegative random variables adapted
to Fi. If Y poqax <00, > poy by < 0o almost surely and that for all k,

Elvk+1]Fk] < (1 + ak)vg + b — dx. (C.1)
Then {v} converges to a finite random variable voo and Y poy ¢ < 00 almost surely.

Lemma C.2. [2, Proposition 2] Let (2, F,P) be a probability space and {Fj} be a nondecreasing
sequence of o-algebra. Let {AY, {ux} and {ni} be sequences of random vectors in RY, {y;.} be
the nonnegative scalars. I; € R¥? be the identity matriz. If recursion

A1 = (I = %G) Ay + v (1x + 1) (C.2)

satisfies following conditions:



(i) m=0 (), a € (1/2,1).
(i) G is a positive definite matriz.

(iii) py has the decomposable structure py, = ,u,(co) —i—u,(:), where ,u,iO) and M,(:) are both martingale

sequences adapted to Fii1. In addition,

k
1 ) d
vk =

where 0 = (0 0...0)T € RY, and there exists a constant ¢ such that

e [

A <o e[

]—"k] < c|| Akl (C.3)

(iv) ny is adapted to Fr41 and ﬁ S5l — 0 almost surely.

(v) Ay is adapted to Fr, A — 0 and ﬁ Ele |A¢]|? — 0 almost surely.

Then

k
VEY A4 N(0,GTIRGTY).
t=1

Lemma C.3. Suppose that Assumptions 1, 2 (with p > 2) and 3 hold. Then

0) d 1
pO 4 N (0, ngs> , (C.4)
where

1 - k - *
i === Y Vgt Ge), S =Cov | D Vgylati¢)
j=1 j=1
Proof. We show (C.4) by [1, Lemma 3.3.1].
Denote

(0)

k-1
1 T
kit 7 Kyt [gk,t&k’t} k ;_0 kot

R,:=E |:£k,t§]1€-7t

5]6,07 e 7§k,t1:| .

Then Lemma C.3 falls into the setting of [1, Lemma 3.3.1]. We just need to verify the conditions
of [1, Lemma 3.3.1].

Since {ugo)} is a martingale difference sequence,

E [ﬁk,t

5/4:,07 o aé-k‘,t—lj| = 07

10



which implies the condition (3.3.1) of [1, Lemma 3.3.1].

Next, we verify the conditions (3.3.2)-(3.3.3) of [1, Lemma 3.3.1]. By the definition of ¢,

1y . o0 )| 1P
E e P] = E ||| 22om YOG
’ vk
n * 2
o S ElVe i Golr) _ ¢ s
- nkp/2 = kp/2’ ’
where the last inequality follows from Assumption 2. Then,
key
supZE [Hgktu } < supz €PN < sup = = ¢;. (C.6)
Note that S ; = %%COV (Z?_l Vyj(x ,Q)) = %#S,
k—1 1
Sy = ; Ski = —S. (C.7)

(C.6) and (C.7) imply the condition (3.3.2) of [1, Lemma 3.3.1]. Moreover, the fact Ry = S,
almost surely implies the condition (3.3.3) of |1, Lemma 3.3.1] directly.

It is left to verify the condition (3.3.4) of [1, Lemma 3.3.1|. For any 6 > 0, by the Holder

inequality,
2 2(p/2)]\ 2P e
E el Ly, 150] < (E[Iese ™))™ (B |11g.0 0

= (E[ll&relP))* PY4 (||l > 0)
pz/p ((E g\
g (1)

1+1/(2q)
C
< fi
= k41 Qesl/e’

IA

where p is defined in Assumption 2, ¢ is the constant satisfying 2/p + 1/¢ = 1, the second
inequality follows from Markov inequality, the third inequality follows from (C.5). Then

k ke }+l/(2q)
. 2
Jim STE kel Ly on | < Jm rmas = 0

which implies the condition (3.3.4) of [1, Lemma 3.3.1].

Summarizing above, all the conditions of [1, Lemma 3.3.1] hold, then

k—

(0) 4 1
Z W0 4 N ( HQS).
The proof is complete. [J
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Lemma C.4. Suppose that Assumptions 1, 2 (with p > 2) and 3 hold. Then ZTj converges to x*
almost surely.

Proof. By the recursion Zy+1 = T — o,
|Zks1 — 2°|% = |7 — 27|* — 20y, (@ — 2, 1/nV £ (z1,))
+ 20y, (T — 2, 1/nV f (7)) — G) + [lewdil|”
< (1 - %ak) @5 — @™ |” + 20 (T — 2%, 1/nV f(&x) — Tx) + |lawgel®,  (C.8)

where the inequality follows from the strongly convexity of f(-). Taking conditional expectation
on both sides of (C.8),

E[[|Z+1 — 2 I ‘]—'k} < @ — ¥ + 20y, <£L‘k—l‘ 1/nVf(z —fZij Tk >

+E [Jlongell? | 7
2

< (14 ad) o — a1+ ||1/nV f(z) — Vi)

+E [l | ] (C.9)

where the first inequality follows from the fact
1 n
E [Jk|Fi] =E ZV!J (2505 i) | Fi | = Ezvfj(ﬂﬁj,k)
j=1

and the second inequality follows from the fact 2(a, b) < 2||a||||b]| < ||a||? + ||b]|*>. Denote

vk = [|Ze — 2P, ap =of,
2

b = |[1/nV f(z JZWJ w30)|| +E [lowgiel” | 7]

Then (C.9) can be rewritten as
Elvg+11Fk] < (1 + ag)vy + b,
which is in the form of (C.1) in Lemma C.1.

By the Lipschitz continuity of V f;(-),

2

iE 1/nVf(z ——ZVf] (x¢) gljOOE[th—1®xt||2}§L;CZat2<oo,

t=0 t=0 t=0
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and by the Lipschitz continuity of Vg;(-;(;),

> E [lal’]
t=0

2
n

D fE [[[1/nY (Vgi(wie Ga) — Vi (™5 ¢Ga) +1/n > Vg™ ()
=0 j=1 j=1
Za? (2L2/nE [th -1® x*||2} + 2Cf>

= i O(a7) < oo,

t=0

where the second equality follows from Lemma 2.

Monotone convergence theorem implies

2

S| nvie) - = S V| <o S E[lawl? 7] < oo (C.10)
t=0 j=1

t=0

Then Y 77, br < oo almost surely. By Lemma C.1, ||Zj — z*||* converges to some random
variable.

Combine Theorem 3 with Fatou lemma,

E |liminf ||z — :c*H2] < liminfE {ij - g:*||2} =0.
k—o0 k—o0

Then Z; converges to z* almost surely. The proof is complete. [J
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