A Stochastic Gradient Tracking Algorithm for
Decentralized Optimization With Inexact
Communication

Suhail M. Shah

Abstract— Decentralized optimization is typically stud-
ied under the assumption of noise-free transmission. How-
ever, real-world scenarios often involve the presence of
noise due to factors such as additive white Gaussian noise
channels or probabilistic quantization of transmitted data.
These sources of noise have the potential to degrade the
performance of decentralized optimization algorithms if not
effectively addressed. In this paper, we focus on the noisy
communication setting and propose an algorithm that
bridges the performance gap caused by communication
noise while also mitigating other challenges like data het-
erogeneity. We establish theoretical results of the proposed
algorithm that quantify the effect of communication noise
and gradient noise on the performance of the algorithm.
Notably, our algorithm achieves the optimal convergence
rate for minimizing strongly convex, smooth functions in
the context of inexact communication and stochastic gra-
dients. Finally, we illustrate the superior performance of
the proposed algorithm compared to its state-of-the-art
counterparts on machine learning problems using MNIST
and CIFAR-10 datasets.

Index Terms— Distributed Optimization, Network Opti-
mization, Optimization Algorithms

[. INTRODUCTION

The seminal works [1], [2] were one of the earliest works to
formally study the problem of decentralized decision making
and optimization. These works helped launch the field of de-
centralized optimization, where a connected network of multi
agents collectively optimize an objective function by only
exchanging information between neighboring agents in the
network. Formally, the problem of decentralized optimization
in its most succinct form can be stated as:

min f(x) def %ifl(xl)
i=1

qujERd
st =x;,Yi,j € {1,2,- ,n} )

where X := (21, - ,2,) € R" with x; being the copy of the
optimization variable held by the ith node (agent) of a network
and f; : R? — R is the expected value f;(.) = Eg, [F(.,&;)]
of the stochastic function Fj(.,&;) : R? — R private to node
1. Problems of this nature arise in several applications with
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a prominent example being machine learning, where the f;
is a function of the data held at node 7. The formulation
also subsumes deterministic optimization for which F;(z,£) =
fi(z), V¢&.

A key aspect of decentralized algorithms is the need for
communication between nodes to achieve consensus (z; =
xj, Vi,j € [n] :={1,2,--- ,n}). However, this communica-
tion is typically not noise-free. For instance, in large-scale
distributed systems used for machine learning applications,
communicated vectors are often quantized to reduce overall
communication costs, resulting in inexact communication [3].
Such inexactness, if not properly addressed, can degrade the
algorithm’s performance. Even fundamental algorithms like
decentralized gradient descent (DGD) do not possess con-
vergence guarantees or assured performance in the presence
of inexact communication [4, Theorem III.8] or, Section 1V,
ibid. Therefore, it is essential to develop a framework that
incorporates inexact communication to design algorithms that
effectively mitigate its adverse effects.

Data heterogeneity poses another challenge in decentralized
optimization. Here, data heterogeneity refers to the fact that
the training data is decentralized over the nodes or generated
on client devices so that each node has only access to f;(-).
Fundamental algorithms such as stochastic decentralized gra-
dient descent (S—DGD), used to solve (1) are adversely affected
by data heterogeneity [5]. To overcome these limitations,
Gradient Tracking (GT) type methods [6], [7] have been
developed which communicate an additional vector that tracks
the gradient of the global objective function. However, any
inexactness in the communication can again severely degrade
the overall performance [4], [8]. In fact, with quantization, GT
can empirically show divergent behavior [4, Section IV].

In this paper, we consider the question of whether the inade-
quacies in performance resulting from inexact communication
in decentralized algorithms can be properly addressed while
retaining the benefits such as achieving consensus or removing
data heterogeneity dependence. Specifically, our focus is on
designing and analyzing algorithms based on the GT strategy in
the setting where the information, which could be the current
iterate or the gradient tracking vector, is corrupted by additive
zero-mean noise with finite variance.

A. Related Work

Several works explored the topic of inexact communication
in the context of decentralized optimization, including [12]-
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TABLE |: Comparison of convergence rates for strongly convex, smooth functions with stochastic gradients/communication noise for related

works.
Reference Grad. Noise ~ Comm. Noise No. of iterations to e-acc.
[51, [7], [9] - Gradient Tracking (GT) X X O(Llog )
2
) - 1%  VLog f X L
[10] - Stochastic DGD v X (’)(nH z+ I NG + T + log )
[5], [11] - Stochastic GT v X O($%+T£"\/g€+ L log 1)
2 2 2
[12] - ODGD x v (’)(ﬁ";g + L )
[13] - S-Near DGD? v v Non convergent.
This work, (IC-GT) v v O(mTJF ﬁ”\/%JrE?Jr—log )

Notation: ag Gradlent noise Variance, o2: Communication noise variance, X Data heterogeneity constant satisfying n -1 S IVfi(z)—

)| < x? for optimal point z*.

Vif(x

L, u, 7,n: Smoothness constant, strong convexity parameter, constant depending on network topology, total number of nodes.
For S—Near DGD, t denotes the number of consensus steps during each iteration and convergence is inexact even with ¢ — co. The convergence

2
is to a neighbourhood of size O (7% x? + oz Lro2).

[19]. Notably, one of the earliest and significant works in this
setting is [20]. The current work extends them in several ways,
including the utilization of GT to address data heterogeneity
and the assumptions about the underlying functions. These dif-
ferences allow us to achieve superior theoretical and empirical
convergence properties compared to contemporary works, as
documented in Table 1 and discussed in Section III.

Another related line of research to our work is that of decen-
tralized optimization with randomized compressed communi-
cation [21]-[23]. These works focus on iterate quantization for
smooth and strongly convex deterministic optimization prob-
lems using randomized compression operators. However, there
are significant distinctions between our work and these prior
works, including differences in the underlying assumptions.
Specifically, the algorithms proposed in the aforementioned
works assume access to the compression error vector, which is
transmitted to the receiving node for error compensation over a
noiseless channel. Furthermore, the error variance is assumed
to be controllable ( [21, Assumption 2]) with the convergence
performance being intricately linked to it( [21, Theorem 1]).
In our setting, neither of these assumptions are applicable as
they are violated in many practical scenarios, as discussed in
Section II. On a related note, the work [24] explores a noisy
iterate setting for accelerated algorithms while [25] solves the
consensus problem in a continuous-time setting.

The benefits of using the GT strategy to address data
heterogeneity have been extensively studied in numerous
works [5], [7], [9].In the deterministic setting, algorithms
such as EXTRA [6] achieve linear convergence for strongly
convex, smooth functions. For the stochastic optimization
setting (without communication noise), [5], [11] demonstrate
that GT based DGD is agnostic to the data heterogeneity.
Furthermore, variants of GT such as NEXT [26] or the D2
algorithm proposed in [27] have been shown to mitigate the
effects of data heterogeneity. Other works exploring the GT
strategy in various contexts include [7], [9], [28]-[31].

B. Contributions

The main contributions can be summarized as follows:

- We propose and analyze a novel variant of the Gradient
Tracking algorithm called Inexact Communication based
Gradient Tracking (IC-GT) to address the challenges
posed by communication noise and data heterogeneity.
Unlike previous approaches, our method not only retains
the benefits of GT but also effectively eliminates the
negative impact of inexact communication on algorithm
performance through careful design interventions.

- We show IC-GT can recover (upto logarithmic factors)
the optimal convergence rate requirements of O(1/¢)
iterations required to achieve e-accuracy for stochastic
optimization while removing the data heterogeneity de-
pendence even in the presence of communication noise.
By extending the theory for exact communication based
decentralized optimization [5], [32], our results improve
upon the existing works which consider communication
and gradient noise under similar assumptions and achieve
either a worse convergence rate or inexact convergence
(cf. Table 1).

- To validate our theoretical results, we report experimental
results that compare IC-GT with similar methods like
DGD [1], DIGGing [7], and EXTRA [6]. Our experiments
demonstrate the superior performance of IC-GT on lo-
gistic regression and image recognition problems on well
known datasets.

The paper is organized as follows. We introduce the notation
that is used through out the paper in the rest of this section. In
Section II, we describe the problem formulation and in Section
III, we present the proposed algorithm and its implementation.
Section IV provides the convergence analysis while Section
V presents the numerical evidence in its support. Future
directions of research and conclusions are listed in Section
6.

Notation:  We use R to denote the set of real numbers
and N to denote the set of all strictly positive integers. We
use x, € R™ to denote the stacked version of {Zik Fiem)



where z;; € R¢ is a column vector which denotes the
value of the objective variable held by node ¢ at iteration
k, ie. xi = (x1k, -+ ,Tnk). We define X; := %(17@15 ®
I)xp = (L0 @ik, -, 2 30 %), where the column
vector 1,, := (1,---,1) € R™ and I; € RY*? being the
identity matrix. The symbol ® is used to denote the Kronecker
product between any two matrices while || - || is understood
to be the ¢5-norm of a vector or a matrix depending upon
the argument. The /5 inner product between any two vectors
is denoted using (-,-). The following notation is used for
the gradients, Vf(xy) = (Vfi(z1x), -, Vfn(2nk)) and

VExL) = (Vfi(Tk), -,V n(Zk)). We also define the
matrices,
- 1,1Te1
L=1,®I, and I,:=1,— o2l
n

Finally, for any two real valued functions f(-) and g(-), f(x) =
O(g(x)) denotes the standard Big-O notation which implies
that there exists a finite constant C' > 0 and zg such that
|f(x)] < Cg(x) for all z > x9. We use O(-) when ignoring
logarithmic factors.

[I. PRELIMINARIES

In this section, we provide preliminaries regarding the
network and communication model, and also state the assump-
tions that are used in the paper.

The network is represented by a (undirected) graph G =
{V, £}, where V denotes the set of nodes and £ represents the
set of edges. We use the matrix Q = [gi;]; jen) € R™*™ to
denote the mixing matrix (or consensus matrix) that captures
the connectivity of the network. By this, we mean that the
entry ¢;; > 0 (assumed to be equal to g;;), if there is an edge
between any two nodes i, j € V. We use N (4) to denote the
set of neighbours of i, i.e., the set j € V with j # i for
which ¢;; > 0. We make the following assumption regarding
the matrix Q.

Assumption 1 (Mixing matrix). The mixing matrix Q) is sym-
metric and doubly stochastic. Furthermore, the eigenvalues

{Xiticm) of Q satisfy 1 =X > Xy > --- > A\ > —L

Remark 1. The symmetric and double stochasticity assump-
tion of Q is standard in decentralized optimization along with
Ao < 1 which implies that the graph is connected. Therefore,
it implies that (Q ® Ig)x = x if and only if x; = x; for
all 1,5 € V. Moreover, it also ensures that the spectral gap
(@) = 1 — max{|Aa], | \n|} is greater than zero which in
turn ensures that the consensus error decreases linearly after
each averaging step, i.e.,

1,17 2

H(Q@Id)x ( ®Id>x

1,17
x—( non ®Id)x
n

for any x € R™. For undirected graphs, this assumption can
be guaranteed by using the Metropolis weights ( [7, Section
3]).

<(1-96)?
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We next describe the communication model considered in
this work. We make the assumption that when any node i € [n]
sends a signal vector x;; € R? to a neighboring node j at
iteration £ € N, node j receives the vector p.(z;) € R¢
instead of the original vector x; i, where ¢.(-) : RY — R?
represents a random transformation given by

VelZig) = Tik + €ike,

where €; 1 € R¢ is a random vector. We emphasize that we
do not assume access to the values of €; .. We make the
following assumption concerning €; j .

Assumption 2 (Noisy signal transmission). The random noisy
vector €; i . is assumed to be zero mean conditioned on xy,
with bounded variance for all i € [n] and k € N, ie.,

Eleikclwie] =0, E[lein.l’] < o?,
for some finite o, > 0.

We note that inexact communication settings with noise
satisfying Assumption 2 are widely studied in the context
of decentralized optimization [13], [14], [16], [33], [34]. We
emphasize that we define ¢.(-) instead of directly stating
a zero-mean white noise assumption on the communication
noise to highlight the fact that the noise in the communication
process can arise from fundamentally different processes. To
illustrate, we describe two important examples of .(-) for
which Assumption 2 is satisfied.

Additive White Gaussian Noise channel (AWGN): The most
common approach to modeling an analog based communica-
tion channel between two nodes is through an AWGN channel
[35]. In this scenario, when a node transmits a signal ¥, € R to
a neighboring node, the received signal at the receiving node,
denoted as y,., can be represented as

Yre = hytr + €,

where i € R captures channel effects like fading [36], and
€. represents zero-mean Gaussian noise with variance o2,
independent of the transmitted signal y. Assuming that the
receiving node possesses a prior estimate of h [37, Chapter
4], it can construct an estimate of the true signal ¢ as,

. 1 €c

Yre = Eyrc = Y + E
Hence, in this scenario, we can express ¢.(+) as,
€
ﬁa
implying Assumption 2 is satisfied since E [@¢(y)] = v and
E [lloc(ye) — ell?] < 02 /B2,

ro(ytr) = Ytr +

Probabilistic Quantization: Another significant example of
operator (. arises in the context of quantization with unbiased
compression operators. Specifically, consider a scalar x € R.
The quantized value ¢.(x) can be determined based on the
following rule:

oo(z) = {mp with probability ([z], — z)A,

[x], with probability (z — [z],)A, ©)



where |z |, and [z], denote the operations of rounding down
and up to the nearest integer multiple of A%) respectively,
and A, is a positive integer. The operator ¢. defined in
(3) satisfies E[pc(z)] = 2 and E[|p.(z) — z]?] < x7 as
shown in [38] implying Assumption 2 is satisfied. Howeéver,
it is important to note that [38] provides only a simplistic
analysis and does not take into consideration the saturation
errors ( [39], [40]) that arise in quantization. Moreover, other
quantization approaches, such as uniform quantization, natural
compression, and LM (see [41] and references therein), while
satisfying the unbiasedness assumption, exhibit varying
variance rather than bounded variance.

We also make the following assumptions regarding the objec-
tive function.

Assumption 3 (Regularity and convexity). Each local function
fi is L-smooth and p-strongly convex.

Assumption 4 (Unbiased gradient samples). Each node i
has access to conditionally unbiased, finite variance gradient
samples NV F;(z; k., &) of Vfi(zix) for any given x; ) € RY,
k € N. That is,

Ee, . VEi(wi g, &) |win] = Vfi(zir)
Ee, , [IVFy (i, & k) — Vi(@ig) ] < o)

for some finite o, > 0 with & being assumed to be
independent of €; i, ..

Remark 2. The finite variance assumption in Assumption 4
can be relaxed along two possible lines with minor modi-
fications to the convergence analysis. One relaxation would
be to allow the noise to grow with the gradient norm (cf.
Assumption 3b, [32]). The other possibility is to replace o>
with 02 := LS |[VF(2*,&) =V f(x*)||? the noise at the
optimal point x*, as in [42].

Remark 3. The convergence analysis can also be extended to
a non-convex setting by modifying the measure of stationary
to be the {o-norm of the gradient.

[1l. THE IC-GT METHOD

In this section, we describe the proposed method that
accounts for inexact communication, referred to as Inexact
Communication based Gradient Tracking (IC-GT) designed
to solve the problem (1). Algorithm 1 presents the pseudo code
of (IC-GT).

Algorithm 1 INEXACT COMMUNICATION based GRADIENT
TRACKING (IC-GT)

1: Input Graph G(V, €); Matrix Q = [qij]i jen) € R™*™ ; Operator
pec(+); Noise attenuation parameter v > 0; Step size parameter o > 0.

2: Initialization ;0 € Rd, Vi, Yi,0 = VFi(:Ei,m fi,0)7 V.

3: while £ > 1 in parallel: do

4:  for alli € [n], do

5: Vigk = (L= )@k +V0i%ik + 7 2 jen (i) Ui Pe(Th,k)

6: Tik+1 = Vik — QYik

7: Yik+1 = (L= Vi k + Y0¥k T 7 2 jens) GiPe(sk) +
VFi(xik+1,&k+1) — VFi(24,5, & k)

8: end for

9: k—k+1
10: end while

To express IC—-GT in matrix form, we introduce the matri-
ces Q" = [q;;]i je[n) and Q := [Gij]i je[n) defined as follows:
s def

QY (1, -QeI QL (Q — diag(Q) @Iz, 4)

where diag(Q)) denotes the diagonal matrix with entries g;;
for ¢ = 7 and O otherwise. Using the communication model,
cpc(:cj,k) = Tk + € ke, WE can express the iteration for v; j
as follows:

Vi = (1 =(1 = gis)) wir + Z Gijpe(Tj k)
JEN(3)
=2k =YL= g))Tik +7 Y, Gtk
JEN(3)
+ Z Qij€k,c-
JEN (@)
Performing a similar manipulation for the y update, we can
express IC—GT using (4) as follows:

vi = (I = 7Q")xk + Qe (5)
Xg+1 = Vi — QY (6)
Vir1 = (L, — vQ")yx + VF(Xk11, €kr1) — VF (X, &)

+7Qépc (7)
s €nkc)

where & ;. = ©c(Yik) — Yik> €ke = (€lk,er "
and VF(xy, &) == (VEU (@15, &00), VL (Zn 1 §nk))-

We next discuss the main modification made to the standard
DGD algorithm [1] utilized in IC~GT to better understand its
communicating and computational capabilities.

(i) Use of I, — vQ’: In the context of IC-GT, the weight
matrix I,, — yQ’ is employed instead of the typical Q used in
DGD [1]. To illustrate its effectiveness in mitigating communi-
cation noise, let us examine the sequence {xy}x>o generated
according to the recursion:

xi = (I, — Q' )xk—1 + 7Qex—_1,c, (8)

where the noise term €,_; . satisfies Assumption 2. The
recursion in (8) can be interpreted as a distributed averaging
algorithm using the weight matrix I,, —yQ’. Specifically, when
v=1and €;,_1 . = 0, (8) reduces to the standard distributed
averaging algorithm [43]. Next, we consider the expression
for the averaged iterates X; obtained by multiplying (8) by
% (lnlz; X Id):

1 ~
X = Xp—1 — ’Yﬁ(lnlg 02y Id)ka—l,ca 9

where we used (lg ®Id) (In — ny') = (1T ® 1;) from
Assumption 1. Subtracting (9) from (8) and defining Q :=
(L, = n 11,17 ® I,) Q and recalling I, := I, — 11:;771@”(1
we get,

[l

I, — Q) (xp_1 — K1) + 7Q€r_1.c
= (L, — Q") (xk—1 — Xk—1) + 7Q€x_1,¢
1n1£ ® 1y

xp — X = (I,

(Xp—1 — Xp—1)

- (in - ’}/Q/)(Xk,1 - ikfl) + ’YQEkfl,m



where the second equality is due to 1"137/@["’@( —Xp_1) =
q y n k—1 k—1) =

0. Applying norms and taking squares yields,
lIxs — % ||* < |IL,

—7Q") (xk

-1 ik—1),Q€k—1,c>
(10)

+27<(

Using the conditional zero mean and finite variance assump-
tion for €;_1 . (Assumption 2), we get,

E]|xx, — %x|1%]
< (1-9(1-22)°E
where we used ||, —yQ’|| < 1—7(1—\y) since elgenvalues of
—~Q' are of the form 0 and 1 —~(1—\;) fori =2,--- ,n,

and Q> < 2. Applying the above inequality repeatedly
through iteration k£ = 0 yields,

[I¢r—1 = Re—1[*] + 20702,

2n ag
Ellpo = R[] < (1= 7(1 = )™ o = R0l + 5
(11)

(11) unveils a fundamental trade-off between two crucial
aspects: the rate of decay of the consensus error and the
mitigation of the influence exerted by the communication
noise variance. As the parameter y decreases, a smaller final
consensus error can be achieved. However, this improvement
comes at the expense of a slower convergence rate in reducing
the consensus error. In view of this trade-off, the parameter 7 is
referred to as the ‘noise attenuation’ parameter. An important
work [44] which studies adaptive filtering (specifically the
LMS adaptation algorithm), relates to these features of our
algorithm. However, our algorithm incorporates additional
considerations such as function optimization and weighted
averaging over neighboring nodes rendering the analysis and
results presented in the paper not applicable to our case.

(ii) Use of Gradient Tracking: Another crucial feature of
IC-GT is its ability to track gradients while accommodat-
ing inexact communication through gradient tracking. The
inclusion of gradient tracking offers the advantage of making
the algorithm agnostic to data heterogeneity. To elaborate,
the number of iterations required to achieve e-accuracy using
stochastic DGD depends on O (\/\%2
constant satisfies the inequality

igwi(w*) Vi

with z* denoting the optimal solution of (1). In contrast,
IC-GT eliminates the dependence on Yy entirely and, more-
over, recovers the linear convergence rate in scenarios where
the variances of both the gradient and communication noise
are zero.

[32], where y is a

<K

IV. CONVERGENCE ANALYSIS

In this section, we establish theoretical convergence guar-
antees for the proposed IC—~GT algorithm. We build up to our
main result through a series of technical lemmas which we
state next.

— Q| llxk-1 = Ke—1* + 77| Qex—1.c]”

Preliminaries

For the sake of brevity, we assume €, . = €, . in (5)-(7) for
all £ € N without loss of generality. We begin by expressing
the algorithm in terms of the difference between the variables
and their corresponding averages, which we refer to as the
consensus error. To denote this, we adopt the notation Az :=
z — z for any \;ariable z € R™_ where Z denotes the average,
i.e., Z:= (1’% ® Id)z. We first establish a recursive relation
for the consensus error.

Lemma 1. [Recursive relation for consensus errors] Sup-
pose €. = € in (5)-(7) for all k € N. Then, the iterates
generated by IC—-GT satisfy the following recursive relation:

Ve =J,Vp_1+aEp_q, (12)
where
def Avy, def -0’ _ 0 _(jn - VQ,)
e e A R A
alyy 0 0 I, — Q'
(13)
def 7Y Qekc 0
Ek 1 = a Qek 1,c 0
aQGk 1,c I, (VF(X]C7£]€> - VF(kahgkfl))
with I o= (I =25 ) 0 1, @ (L, - Q) @ 1, @
(Q — diag(Q)) ® I and Q def g 1,0.

The proof of this lemma is provided in Appendix I. One
of the challenges in analyzing IC-GT is that the matrix J,
defined in (13) is not necessarily a contractive matrix. In other
words, the condition ||J,|| < 1 is not guaranteed to hold.
However, the following result demonstrates that despite this
restriction, there exists a positive integer 7 such that ||J, || <
1.

Lemma 2. [Strict contractive property for J,] Suppose
Assumption 1 holds. For any given 6 € (0,1), v € (0,1/4)
and \o associated with the matrix Q, suppose T € N satisfies

<'y(1 —X2)—1In \{f) }“ , (14

where [-] denotes the ceiling function. Then, ||J7||> <6 <1,
where J' :=J X -+ X J.
T times
The proof of this lemma is provided in Appendix II. The

next result establishes a descent relation for the consensus
error E[||[W;,[|?] in terms of E[||¥,|?].

Lemma 3. [Descent relation for consensus error, E[||¥,||?] ]
Suppose Assumptions 1-4 hold and €y, . = €y in (5)-(7) for
all k € N. If v and « satisfy (20), then, for a given 0 < p' <



1/4, there exists a T € N such that the following relations are
satisfied for t > T:

t—1
E[||9:[%] < pB[|W;—-|*] + 5760°7L> > E

i=t—T

+647% (2 + o*(7* + 1/2) + &*t)no’T + 196n(7 + 1)a’o)

(111

t—1
+13440%r - E[|VfE) - )| as)
i=t—T
and for any £ < T:
£—1
E[[|We|*] < 2(1 +7%)[|Wo|* + 5760°7L> Y E[[| 4[]
i=0

+647% (2 + o*(7* + 1/2) + &*t)no’T + 196n(7 + 1)a’o)

VeIF) ae)

¢
+13440°r Y E [||Vf(ii) -
i=0
The proof of this lemma is provided in Appendix III. We
next prove an auxiliary result that will be useful for bounding

the consensus error.

Lemma 4. Suppose the non-negative scalar sequences
{at}1>0 and {e;}i>0 satisfy the following recursive relation
for a fixed T € N:

pa’t T+ Ztha+CZth +T lftZT

ap <
p'ao + 7 Zloaﬂrczf;éeﬂrr ift<r
(17)

where b, c, v, p”’ are non-negative constants satisfying b <
p' /4 and p' € (0,1/4]. Then, for any t € N,

7) ag + 60c 2(1——)_ 1—+2—ir7

(18)

as < 20p”(1

where p:=1—2p'.

The detailed proof of this lemma is provided in the online
version of this paper [45]. We are ready to state and prove the
main convergence result.

Main Result

For convenience, we define Axj as

[z —=7]7] ,

where z* is the optimal solution of (1).

Az vk € N. (19)

Theorem 5. [Convergence rate of IC-GT] Suppose Assump-
tions 1-4 hold and €y, . = €y in (5)-(7) for all k € N. If

1

< mi _
@ = {1’ 1612807

} and 0 <~y <1/4, (20)

where

T= [ﬁ max {41n (ﬁ) ,Y(1—X2) +1In 16}1'
2n

Then, for any T € N, we have,

Axy < (1- au/4) (Awé +

4(1+ 20" Ta) 12
o o
33280(2 + (12
Jr
W
4 101920 nL(7 + 1)a?
+( =+ p

800(1+73)L .
el

+

SRR

+ 1) +a27)L 2) o
nr-y

%
o
We make the following remarks regrading Theorem 5.

Remark 4. (Dependence of T on network) The parameter
T depends on the network connectivity (\2) and the noise
attenuation parameter v (cf. (21)) which highlights the role
played by -~y in shaping the consensus properties of IC-GT
(cf. Lemma 3). From (21), we note that a smaller value of
~ increases T but reduces the impact of the communication
noise variance o2 in (22) which is reminiscent of the trade-off
discussed in Section III.

(22)

Remark 5. (Iteration complexity of IC—-GT) (20) and (21)
suggest that the choices of the step size o and the noise
attenuation parameter vy are inherently connected. Using (21)
in (20), we have the following relation:

« ~ 1—>\2
7—0( I )

To establish the iteration complexity, i.e. calculate the number
of iterations T required to reach e-accuracy (i.e., T' such that
Azh <€), we consider the contributions of the noise terms
in the complexity bound of Theorem 5 individually. To keep
the representation clear, we use the big-QO notation which only
considers the dependence on the free parameters (T, «, ~v) and
hides the dependence on constant factors such as i, L, n, Axj
and ||Wyl|?. Accordingly, we note that the contribution of the
gradient noise terms in (22) is given by

O((a+ azn)ag/n) O(aag/n)

(23)

= ifa<l/n (24)

while the contribution of the communication noise terms in
(22) is given by:

2
O<<(1+Ta)’y
«
2 2 2

where we used T = O(1/~) and ignored the dependency on
other problem parameters. If we set v = O(«) such that (23)
is satisfied, (25) simplifies to

2
O(((1+Ta)a+na+na3T) 06).
n
For any given ¢ > 0, we can set o« = € implying that

T = @(6*1) iterations are required to achieve the specified
€-accuracy.



Remark 6. (02 =0,02 =0 and 02 =0, 02 > 0): In the
absence of communication or gradient approximation errors
(02 =0, 0’3 = 0), we can achieve the deterministic linear
convergence rate of the gradient tracking algorithm [7].
Referring to equation (22), we obtain the following inequality:

. 7 n . 800(1+7%)L 2
Aai < (1 ap/a)" (A + St T wol?)
The case o2 = 0, 0_3 > 0 considers stochastic decentralized
optimization with no communication noise. For this scenario,
with a constant o« > 0, we have linear convergence to a
neighbourhood of size O((a*n + a)ag/n) [11]. A point to
be remarked here is that IC—-GT not only removes the data
heterogeneity terms which arise in the convergence bound for
DGD (cf. Table 1) but also makes sure that the variance scales
linearly with the number of nodes provided o < 1/n (cf. (24)).

Remark 7. (Consensus Error): We can establish convergence
error bounds for the expected consensus error E[|U||?] by
combining the results of Lemma 3 and Theorem 5. However,
for brevity, we omit the explicit presentation of these results
as they are of the same order as the results for Ax.

Proof of Theorem 5: Using (5) and recalling that X :=
(1n1D)®Ta

n

X, the recursion for X can be expressed as

Xkt+1 = Vg — Ozyk

= Xp + V€k,c — Oy, (26)

where €. = %(1,@5 ® Id)()ehc and the last equality is
due to Vi = Xy + Y€k . Similarly, the recursion for y; :=
11,17 @ I4)ys, can be given as,

_ _ 1

Vi =Yi-1+ E(lnlz; @ Ia) (VF(xk, &) — VF (X1, €r-1))
+"Yék—1,c-

Taking telescopic sum from O to k leads to the following

recursion:

k
1
$i = — (L1} © L) VF(xe, £) +7 Y &1.c

j=1

27)

since yo = (1,17 ® I4) VF(xo, &). Plugging (27) in (26),
we get,

k—1

«
Rpiq = X €rc — — (1,17 @ I;)VF(xy, &) — €j.c
Rpr1 = X + Y€k, n( @ 14)VF(xp, &) ’YOZZ%

j=0
N k—1

=%k - (L,1) ® 1) VE(xk) + 7 | €k — Z €j.c
j=0

+ (1017 © L) (VEGe) = V F(x. &)
=X; — 2 (1,1 @ 1) VE(xk) + c€p g + Ve,
n D ——

Ok

(28)

k—1
-y E €jc
Jj=0

defined to be €y = +(1,1I ®
1) (Vf(xk) - VF(xk,ﬁk)) with E[epq/x;] = 0 and

Elllergll’] < of from Assumption 4. Now, let Fy e
o(x0,&0,€0,c," "+ ,&k—1,€K—1,c) be the sigma algebra gener-
ated by the random variables up to iteration k. Then, for any

constant 5 > 0, we have,

where €5, is

E[||%g+1 — x*[|*| F%]
— « T * 2

< (14 BE[I%x — —(Inly ® La) VEGk) = X7 + 04| | 7]
2

+(1+ 571)012721?3 € ’]:k

_ « *

=(1+8)||xx — 5(1”15 ® I4) VE(xy) — x*||?
2

k—1
E €jc ‘fk
Jj=0

(29)

+ (1+ B)E[||6x 1| Fx] + (1 + B~ 1)a®+y*E

where the equality is due to E[dx|F;] = 0 from Assumption
3. From Assumptions 2 and 4, we have,

E[[164)1°] = Ellaerg + vencll’] < a’of +7707,  (30)

where we have used E[(€, ¢, € )] = 0. Furthermore, we have,

2

k—1 k—1
E[D el | =E D l&.l’
=0 §j=0

k—1

+ Y ElEe&o)] <Y ol =kol, ()
1<p,p’'<k—1 j=0

where we use E[(€, ¢, €y )] = E[E [(€p.c, €y c)|Fp]] = 0 for

p < p’. Taking full expectations in (29), it then follows that,

]

+ (L4 B) (VP02 + ®0)) + k(1 + B~ a’y?0?l).

E[|[%e+1 — x*[|]

<(1+B)E [ka - %(mf ® 1) VE(x)) — X

where we used (30) to get the inequality. We note that since

_ T 2 _ .
[Rks1 —x)12 = [[H220 (x0 = x)||° = nf|@xgr — 2712
the above inequality leads to,

E [Tk — 27||°]
" 2
« *
<(1+BE [z — — Z;Wi(xi,k) —x
+n (14 B) (ol + a’og) + k(1 + B~ 1ay0?).
(32)



Considering the first term on the right hand side of (32), we
have,

*27 - * (12
et =z, — 2|

Hifk - Zivﬁ(%,k) -
—2;05 <§; Vfi(xik), T — I*>+042H71L évfi(%,k)H2~

(33)

The second term on the right hand side of (33) is bounded as

O Viilai), 2 — 2%)

=1

Vi i(@ik) T — Tik) + (Z Vii(zig), zik —x*)

=1

I
= 11-

[fi(fk) — fi(zig) — g”ﬂfk — k|

1=1

+ fiwia) = file) + Ellwis 2|2
>3 [ filan) - fila") = =5

i=1

+ Lz — a2 (34)

where the second inequality is due to Assumption 3 and the
last inequality is due to the inequality ||z, — z*||? < 2||Zx —
T; k||? 4+ 2||@; x — 2*||?. The last term on the right hand side
of (33) can be bounded as

[ v = |5 3 v - 5 st
+ EZVJCZ(@Q - gZsz(x )
i=1 i=1

<z lewk—xmll - Z( i(Zk) — fi(2")),
i=1 5)

where in the second summation, we used the fact that
IV fi(z) =V fi(x*)[|* < 2L(fi(Zx) — fi(z*)) by Assumption
3 [46, Theorem 2.1.5]. Using (34) and (35) in (33) along with
a < 1/4L, we have,

251 — 2"

< (1 - au/2)l|lz, — 2*|* —

Zfz fi(z"))

3L/2+ pn)a 3
+M2nxk—xi,m\2

n :
=1

" _ S5alL
< (1 —ap/2)||zr —z*|* — o (f(xy,

+ 51l
(36)

) —f(x7)) +

where the last inequality is due to ||Axy||? < ||[W|%.
(36) in (32), we get,

Using

Bl T —a"|?] < (1 + 5){(1 — ap/2)E[[| 7, — 2*||?]

X))+ E);LLE[II%Q]}

+l((1+ﬁ)('yzaf+ao)+k(l+ﬂ Ha?~?0?2).

— o (E[f(x)] - £(

Set g & (1’17‘2;) We note that (1 + 37!') < 4/au and

(1+8)= (1 z%;g with 1 < (1 + ) < 2. Then, we have,
E [[|Z5+1 — 2*[°] < {(1 — ap/4)E [||zx — 2*||°]
L
~ (Bl )] ~ 1)) + 2B}

1
+ - ((2+4p "ka)y?o? + 20[203). 37

Multiplying both sides of (37) by wxs1 = (1 — ay/4)~+1),
we have,

w1 Az < (1— ap/dw Ay

S5al

2 g B W) — w1 (BIE(R)] — £(x7))

+ %(7 (2 +4kp~ " a)o? + 20%07).

Rearranging the terms, we get,

S5aL

0 S 'LU]CAI'Z - wk+1AmZ+1 + ka-‘rlE[H\Ijk”Q] — OWg+1

x (B [f(g)] — £(x7)) + % (122 + 4k~ a)o? + 20%02).

Summing the above inequality from k =0 to T — 1, we get

E W41

fx)).
(38)

We note that we can write the relations (15)-(16) in Lemma

3 in the form of (17) with

b:=576a°L*r*  c:=1344a’7

ri=64v% (24 ®(7* + 1/2) + o*T)nor + 196n(r + 1)a’o2

e =L [||Vf(5<k) — Vf(x*)\|2] (39)

and we have taken p’ = 1/4 which fixes 7 in (21) according

to the bound (14) (cf. (83)). Note that since o < 27% ,
b< b =1

- . Then, with a; ° E[[|¥,|?] in Lemma 4, we
get,

1
wrAzxy < wolAxd + n( V(2 44T ') a + 2020

5aL
Zwk+1E 1] _azwarl Xp)] —

Bllw < 401+ ) (1- 32 ) Jol?
+ 6002 (1 - > - E [|VE(x;) —

VE(x*)|?] + 52r

(40)



with p"" = 2(1 + 72) ||\I/1U and p =1 —2p" = 1/2. We next
bound the summation >, —, wk+1E||\I/k||2 in (38). To do this,
we multiply both sides of (40) by w4, and sum from ¢t =0
toT —1:

T-1

31— ap/4) B w P
k=0
T—-1 3p k
2 2 _ —(k+1) _
<9000+l 31— (1-%)

T-1

k—1 t—j
_ 3p
-+ 60c g (1—ap/4) (k+1) jZO (1 — 47) e; +52rWr_q,

k=0
(41)
where Wpr_1 = ZkT;()l Wg+1. From (20), we have,
ap/2 <3p/dt = ap/2(1 —ap/8) < 3p/ir
= 1-3p/dr < (1 —ap/4)?. 42)

We use (42) to bound the two summations on the right hand
side of (41) as follows:

T-1 T-1

Z(l ap/4) =k +1) ( —) Z (1—ayu/4)F~

k=0 =0 ap’
(43)

and

ki
2 o

M7T

(1 — ap/4)~k+D) Z (

k=0
T—1k-1 .
) 3p\k—J
=33 ap/d)” <k+1>+ﬂ“(1f L) wiae
T
k=0 j=0
= 4165
== 1—au/4
T—1k-1
< Z (1 —ap/4)* Twjiie
k=0 j=0
T-1 T-1
(1 —aup/4)" Z Wy1ep < — Z Wi1€, (44)
k=0 k=0 pe

where the first equality is due to (42) and the second in-

equality is obtalned using the relation Z Zf é ai—;b; <

T-1
k0 @ Z =0 ! by, for any two non-negative scalar sequences

ag, b, k > 0. Plugging the previous two bounds in (41), we
get,

160ws (1 + 72) || Wo||2
ap

T-1
S w7 <

k=0
240ncL
J1%e"

Z wi i1 (B[f(Xg)] — £(x*)) + 52rWr_1,
k=0

where we have additionally used the fact that |exl|? =
E [[|[VE(xr)) — VEx*)|?] < 2nL(E[f(X))] — £(x*)) from
Assumption 3 [46, Theorem 2.1.5]. Finally, using the above

bound in (38), we get,

1
wrAzy < wolAxd + - (72(2 +4Tp ra)o? + 20&203)WT_1

5L [ 160w, (1 +72)||Woll2  240ncl <= _
+ ( i ol + Zwkﬂ(]E[f(Xk)]
n Qo po

k=0
T-1

—a Yy wen (B[f(R)] — £(x7)).

— f(X*)) + 527‘WT_1>
k=0

Rearranging the terms in the above inequality and recalling
that ¢ = 1344027, we get,

1 . 800w (1+72)L
{Amo + ———— 1%
T nu

2 [ 22+4Tp 'a)e?  20%02
+{7( pla)ol | 2005 |
ji%e’ n n

Azl <

520Lr
nu

16128007 L.2 =
R R b e L)
k=0 >0

<0

where we used Wr_1 /wr < 2/uc. The last term on the right
had side is less than zero due to the condition on « (see (20)).
Plugging the value of r from (39) in the above inequality
completes the proof. O

V. NUMERICAL EXPERIMENTS

In this section, we present an empirical evaluation of
the performance of IC-GT through two sets of numerical
experiments. The first set focuses on logistic regression on
the MNIST dataset, while the second set explores the effect
of different noise variances in a deep learning setting. All ex-
periments were implemented using PyTorch, with a dedicated
CPU core functioning as a node.

Logistic regression

We first consider /5 regularized logistic regression problems
of the form,

{L(m Y, Z) = ——Z{z log o(xTy")

+ (1 —2")log(1 - w(wTyi))} + 2||sc||2}, (45)

min
R4

where * € R? denote the learnable model parameters,
{y®, 2'}™ | denote the set of m data points, () denotes the
sigmoid function, and A\ > 0 is the regularization parameter.
We use the MNIST dataset which consists of 60,000, 28 x28
pixel grayscale images of handwritten single digits between 0
and 9. The data is partitioned in a disjoint manner amongst the
nodes by assigning each node 10® data samples independently.
To simulate the inexact communication setting, we incorporate
zero-mean Gaussian noise with a variance of o2 into the
transmitted model estimates independently. We adopt a star
topology with n = 10 for the communication structure.
In evaluating the performance, we employ the ¢ distance
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Fig. 1: (a)-(b) Optimality Error, Average consensus error vs. communication rounds for MNIST dataset with star topology (n = 10). (¢) Final Optimal
error ||z — 2*||2, T = 5 x 10° for n € {5, 10, 15, 20, 25} for different topologies. (d) Final Optimal error ||z — 2*||? for 0. € {1073,1072,10~1, 1}

between the averaged variable Zj; and the optimal point z*.
The optimal point x* is computed using the L-BFGS algorithm
from the SciPy library in Python. We also include the average
consensus error as a performance metric, which is computed
as \71| >gyee 1T — z;]2, wher§ € represents thf.l edge set.
We compare our proposed algorithm (IC-GT) with several
baselines, including the NEAR-SGD algorithm from [13], the
EXTRA algorithm proposed in [6], and the gradient tracking
method [5]. Additionally, we include the performance of the
DGD algorithm for comparison purposes.

In our experiments, we set the batch size to 32 and tune the
step size « using a grid-search over the range o € [107%, 1] to
obtain the best performance for all the algorithms. The total
number of communication rounds is set to T =5 x 103. We
selected ~ using the results of Theorem 5 (which suggests the
noise attenuation parameter be set as v = «log T'), where «
is the step size. While fine tuning, we found that, in general,
the ratio ¢ € [0.1,0.01] tends to give the best performance.
Outside this range, the performance began to steadily decrease
with increase or decrease in the ratio. Accordingly, we set
the attenuation noise parameter v to v = « X log7. The
performance results are reported in Figure 1(a)-(b). For the
comparative experiments (Fig 1 (a)-(b)), we incorporated zero-
mean Gaussian noise with a variance of o> = 0.01 into the
transmitted model estimates for all the compared algorithms.
From the plots, it is evident that IC~GT outperforms all the
other algorithms in terms of both the optimality error and the
COonsensus error.

To assess the scalability of IC-GT and examine the impact
of graph connectivity on its convergence accuracy, we con-
ducted experiments with varying network sizes, specifically
n € {5,10,15,20,25}. We kept the noise variance fixed
at 02 = 0.01 for the following graph topologies: (i) Fully
connected (f.c.), (ii) Erd6s-Rényi graph with an edge proba-
bility of 0.5 (rand), (iii) Ring topology, and (iv) Star topology.
From Figure 1(c), we observe that as the graph connectivity
deteriorates, the final performance of IC—GT also deteriorates.
In the case of a fully connected graph, there is an improvement
in performance with an increasing number of nodes due to
a decrease in gradient variance resulting from an increased
effective mini-batch size. Finally, we also investigate the effect
of varying o2 on the performance of IC-GT, as depicted in
Figure 1(d).

Neural network based experiments

In this subsection, we investigate a deep learning scenario
that involves random compressed communication using proba-
bilistic quantization (see (3)). We assume a star-based topology
with n = 10 for both the MNIST and CIFAR datasets. For
the MNIST dataset, we utilize a learning model with a total
of 8.4K parameters. This model comprises two convolution
layers, the first with 250 parameters and the second with 5K
parameters, followed by a fully connected layer with 3.2K
parameters. For the CIFAR-10 dataset, we adopt the standard
LENET architecture, which consists of three convolution layers
and two fully connected layers. This architecture has a total of



0.54M parameters. The configuration of the max-pooling and
batch normalization layers follows the standard settings used
in LENET models.

We compare IC-GT with two other strategies commonly
employed to address noise in an inexact communication set-
ting. The first strategy involves utilizing a decreasing noise
variance policy, where the variance decreases as the number
of communication rounds progresses. In this approach, we
employ GT with quantization and adjust the quantization levels
to become finer as the rounds increase. Specifically, in the
case of (3), we increase the parameter A, from A, =1 to
A, =5 x 10% as the rounds progress. This results in higher
levels of noise variance in the initial rounds and lower levels
in the final rounds. The second strategy maintains a uniform
quantization level of A, = 10? throughout all communication
rounds, leading to a fixed noise variance. We employ the same
quantization level of A, = 102 for IC-GT.

The results of the comparison have been plotted in Fig-
ure 2(a)-(b). In both plots, the baseline represents the highest
achievable accuracy that can be obtained in a centralized
setting using the models employed. From the plots, we ob-
serve that for both the CIFAR-10 and MNIST datasets,
the performance of IC-GT is the closest to the baseline.
The performance difference between IC-GT and the baseline
appears to be more pronounced in the case of CIFAR-10
compared to MNIST.

VI. FINAL REMARKS

In this paper, we proposed a gradient tracking based algo-
rithm for decentralized optimization in an inexact communica-
tion scenario. We established theoretical convergence guaran-
tees and analyzed the impact of communication and gradient
noise on performance. Our algorithm effectively mitigates the
impact of communication noise and data heterogeneity, and
achieves optimal iteration complexity for strongly convex,
stochastic smooth functions. Experimental results on logistic
regression and neural networks demonstrated the superiority
of the proposed algorithm over existing methods. As future
work, the algorithm can be extended to other settings, such
as directed graphs and asynchronous updates, and incorpo-
rate variance reduction techniques to enhance convergence
rate. Moreover, probabilistic quantization can be subject to
saturation errors ( [39], [40]) and other complex quantization
approaches, which are commonly used in machine learning,
may involve different noise models that do not satisfy As-
sumption 2 [41]. Investigating the impact of such errors on
IC-GT and decentralized optimization algorithms, in general,
could be another potential avenue for future research.

APPENDIX |: PROOF OF LEMMA 1
Proof: From (5), we have,

vi, = (I, — 7Q)x + 7Qéx c. (46)
Multiplying both sides of (46) by 11,17 ® I, we get,
Vi =X + %(LLIZ ® Id)Q@c,c
= (I, — 7Q")% + %(m% ® 1) Qere.  (47)

where we used %IZQ’ = 0 to get the first inequality and
(I, — vQ")Xs, = X;, to get the last inequality. Subtracting (47)
from (46) and adding —%LﬂZAxk, we get,

Avy, = (I, = 7Q')Axy. + Qe . (48)
From (6), the expression for Axj can be written as,
Axp = Avg_1 — aAyg_1. 49)

Substituting for Ax; in (48) using (49) yields the following
recursive relation for Avy in terms of Avg_1 and Ayy_1:

Avy, = (I, = 7Q")Avy_1 — a(I, — 7Q")Ays_1 + Qe

Next, the recursive relation for Axy in terms of Axy_1 and
Ay_1 is obtained by substituting for Avy_; in (49) using
(48). That is,

Axy = (I, = 7Q)Ax,_1 +7Qex_1.c — AAY)_1.

The recursive expression for Ay can be obtained similarly
using the expression for yj; and subtracting it from (7),
concluding the proof.

APPENDIX II: PROOF OF LEMMA 2

Proof: Using mathematical induction, we can show that
J', for any 7 € N is given as,

(in - VQ/)T B 0 *f(in - ’YQ/)T
E=| 0 (@) —r(ly Q)Y
0 0 (I, — 'yQ/)T

Taking norms in (50) and using triangle inequality, we get,

711 < 1 =Q) 7 147 (L =7 Q") V7| (L =7 Q) |-
(Sh

We will next bound the terms on the right hand side of (51).

Note that the smallest eigenvalue of the matrix (I, — yQ')"

is zero and the remaining eigenvalues are of the form (1 —

v(1 —X))" fori =2,...,n, where \; are the eigenvalues of

@ defined in Assumption 1. Therefore,

10 —7Q) Il = max (1=~(1= X))

(11— A" (52)

. _ Inv3/4 _ Inv5/2
From (14), it follows that 7 > 2 (1 — 223/ > /o2

Substituting this inequality in (52), we get,

Vo

(1=7(1=22))" <exp (= my(1= X)) < o~

We next bound the second term in (51). For convenience, we
define Q, def 7(I, — yQ’)™~!. The smallest eigenvalue of
Q; is zero and the remaining eigenvalues are of the form
7(1 —~(1 =X)L, for i = 2,...,n. Therefore,

Qi < 7(1 =~(1 = A2))" ™" < Texp(—(7 = 1)y(1 = A2)).
(54)

(53)

Taking logarithm on both sides of (54) yields,

In Q|| <In7— (7 —1)y(1 = Ap). (55)
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nT

Now, consider IT as a function of 7 and observe that it is We next consider E;. whose definition is recalled here:
monotonically decreasing for any 7 > exp(1) since its first
derivative =87 < 0. From (14), we have 7 > 16In4 > Ep 1=

exp(1l) since v < 1/4 and A2 € (—1,1). For convenience, Qey.c 0
we define €5, = w € [0,1/4). Therefore, from(14), it 7 Qer_1.c | + B 0
follows that, @ aQer_1,¢ L, (VF(xy, &) — VF(xp—1,8k-1))
In7 _ In ==+l —— _ (1= ) E_, E{_,
R Ty Ve e R T (60)
(56)  for all k € N. We note that
1 n\/g/4 : 7—1 2 i —1 2
Using (56) and 7 > 2 (1 — ! - in (55), we get, L L
( ~(1 )\2)) E ZJ; i 1Et+i <92FE ZJ; i 1E§+z’
I [|Q In7— (7 —1)y(1 =Xy =0 Ili=0
Ty(1 = X2) — 2
S (Tl =X) +2E [|DIEL| | 6D
T i=0
27(1—)\2)(1—§> . ,
We first bound the first term on the right hand side of (61).
<In \/5/ 4. Using the expression for the matrix product J;_’_l for any
Therefore, 0<i<71—1(cf. (50)), we have,
7—i—1 e
1Qull < V3/4. O
I NT—i—10 ;
Finally, we bound the third term in (51) as, _ (I, " 79_)1 - Q(Et“ﬂ'lvc *,O‘(T -t N 1_)6_3*2“)
B ) (L —7Q) Q- a(r —i— (I, —1Q) Q) €rtic
7T — Q)7 < [1Q ]| < V5/4. (58) a(l, —7Q) 1 Qepyic
62
Combining, (51), (55),(57) and (58), we get, 62)
) Note that, using ||@Q]|, ||diag(Q)|| < 1, we have,
0 (VB B ] | A |
W31 < (2 tot | =9 (L= Q) 7HI* <1, QI = [[(Q'—diag(Q")@1a]| <2,
- 117 .
QI < |1, — =l 10l <2 (©3)
APPENDIX II1: PROOF OF LEMMA 3 Taking norms in (62) and using the bounds (63), we get,

2
Proof: 'We begin by iterating the relation (12) with k = E[|J7 7 'E{ %] < 40%(2(1 +a?(t—i—1)%) +a*)x

t+7:
“1.E [lleerilI”]}
Vitr =3y ¥iyr—1 + aEr 42
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where the last inequality is due to Assumption 2. Hence,

ZE[HJT B

8y* 20,2 2
< y(l +a*(7* + 1/2))no’T,

(65)
where the equality is due to Assumption 2 and the fact that
the cross terms of the form (ei,c,ej’c> are all zero. That is,
if we denote Fj, def o(x0,&0,€0,¢," "+ Ek—1,€k—1,c) tO be
the sigma algebra generated by the random variables up to
iteration k, we have for any ¢, j with ¢ < j, E[(€; ¢, €j.c)] =
E[E [{€i.c, €).c)| F5]] = 0.

Next we consider E{ to bound the second summation in
61). Let g, ' VF(xy, &) — VE(x)) and dj = VE(x;) —
V£(x*). We note from Assumption 4, gk is a zero mean vector
given xj with variance na . Using Q = def (I, —vQ') and the
expression for the matrix product JT -1 (cf. (50)), we have,
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Q7 L( (8t+it1 — 8t4)
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+E D QT T (digigr — dig) }7
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(66)

where the inequality is obtained by adding and subtracting
the terms VE(x¢1;41), VE(x¢14), and VE(x*) in each of the
three terms in the first equality. We bound the first term on
the right hand side of (66) and follow a similar approach to
bound the rest of the terms. However, before proceeding, we
state the following fact whose proof is provided at the end of
this appendix:

1| <4

H(z’ +1)Q™! Vi e N.

(67)

The first term on the right hand side of (66) is bounded as,

2

T—1
E Z(T —i = 1)Q" " L1 — i)
i=0
T—1
— E[ S ((r=i)Q L — (r—i— 1)Q " g,
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<3S |r =)Q L — (1 — i — QT 'L *Elllgy 1)
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+]|r = DQ L Elllg, )%
T—1
< 42E[Hgt+i||2] + nag < 4Tn0§ (68)
=1

where the first inequality is due to Assumption 4 and the fact
that the cross terms of the form E[(g,, g, )] = 0, for any
p < p/, and the second the inequality is due to Assumption 4,
(67), and the fact that 7|, — vQ'||""Y|L.|| < 1(cf. (57)).
Following a similar approach, we can bound the rest of the
terms involving g, as:

_ 2
E Z (r—i-1)Q" "L, (84iy1 — 8eyi) = 47”‘72
=0
2
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(69)

Similarly, considering the second term in (66), we have,
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2
where the first inequality is due to the fact that HZ’ o ail| <

T o ! ||ag]|? for any a € R?. The same bound also holds for



the fourth term in (66) while for the last term, we have,

2

<47y Elldi]].
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We next bound the summation Y, E[||d¢4; ||*. For all i <

VE(%i4:) + VE(Xe1:) — VEXY)|?
VE)?, (72

||dt+i||2 = || VE(x¢4:) —
<202 Wi 4 2| VE(Res) —

where the second inequality is due to Assumption 3. Now, for
1 = 7, we have,

ldesr]|* < 2070 ppr || + 2| VERes ) — VE)|?
<202y [P+ 4 VEResr) — VEResr—1) |2
+ 4| Ve 1) — VE)|?
2L Wir |2+ ALKt — R ||
+ 4| VERe1 1) — VE) |12
(73)

The expression for X;,, can be written as (cf. (28)),

_ _ «
Xtpr = Xpdr—1 — g(lnlg ® Id)Vf(XtJr'rfl) T €14

t+7—2
+7€t+7—1,c —ary Z gj,w
j=0
where e, < 1(1,17 ® I,) (Vf(xk) - VF(xk,gk)) and

€k.c def 1 11,17 ® Id)Qekc for any k € N. Taking square
norms and expectations, we get,
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p < p’. Combining (74), (75) and (76), we have,
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Taking expectations in (73) and using (77), we get,
Efl|d;+ %]
< 2L2E[|W14r||*] + 4E[||VE(Reqr—1) — VE(x )HQ]
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+8L% (%02 + 7% (1 + a*(t + 7))o? )
< 2L%E[|| Wy, ||%] + 5E[|| VE(Resr—1) — VE(x")|?]
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where the last inequality is due to o? < 1/16L2. Using (72)
and (78) in (71), we have,
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(74) + 87 L°E[|| 4y [|*] + 327L7 (a0 + (1 + &*(t + 7))0?)

where we used the fact that L (1,17 ® I,) Vf(x*) = 0. From
Assumptions 2 and 4, we have for all £k € N,

Elaey,g+7€k,c[Fi] = 0, E[||cer, g +'Y€k,6||2} <a’o +'72037
(75)
and
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where the last inequality is due to the fact that
El(€p,ci€pc)] = E[E[(€pec,€pc)[Fp]] = 0 for any

(79)

The rest of the terms involving dj, in (66) can be bounded in
the same manner. Using (68), (69) and (79) in (66), we get,

T—1 T—1

SRR NP < 24n(r + 1ol + 727L7 Y B[ W4y
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Using (65) and (80) to bound the right hand side in (61), we



have,
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where we used a? < 1/3847L2. Next, taking square norms
and expectations in (59), we get,
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i=0
T—1 2
< 2 o] + 207 || a7 b
i=0
(82)

From Lemma 2, it follows that there there exists a 7 such that
[J7]1> < ;o' for a given p' € (0,1/4]. Therefore,

AT < TN < A2 83)

To conclude, we substitute (81) and (83) in (82) to get the
required inequality,
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which proves the bound (15). The bound (16) for ¢ < 7 is
proved exactly along the same lines with the only modification
being that the first term is scaled by HJ |%, ¢ < 7 instead of
[J7]1?. The former can be bounded by using the expression

+1/2) + a*(t + 7))no’T + 98n(r + 1)a’o;

for J¥ (cf. (50)) as follows:

135 Wo|2 < [|(T, — 7Q")° — (L, — vQ)*||*|Avo 2
+ (@ = 7Q) — (L, — Q)P Axof?
2| Q)| Ay, 2

2(1+ 2)(|Avo I + [ Axo||* + o[ Ay, 1*)

<
< 2(1+ 7)o

nel?
—WQ)H <1

where the second inequality is due to H (in
and the last inequality is due to £ < 7.

To conclude, we provide the proof of (67).
Claim: ||(i + 1)Q"L, —iQ'L,|?> < 4.
Proof: We have

16+ DQI, — Q'L |2

<I(i4+1)Q™! —iQ'|?|L, ||

<max|(i + 1)(1 — (1 — X)) —
J€[n]
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where the second inequality is due to ||I,|| < 1 and the last

inequality is due to y(1 — A) € [0, 1].
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