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ABSTRACT

This paper focuses on the decentralized optimization prob-
lem, where agents in a network cooperate to minimize the
sum of their local objective functions by information ex-
change and local computation. Based on alternating direction
method of multipliers (ADMM), we propose CC-DQM, a
communication-efficient decentralized second-order opti-
mization algorithm that combines compressed communica-
tion with event-triggered communication. Specifically, agents
are allowed to transmit the compressed message only when
the current primal variables have changed greatly compared
to its last estimate. Moreover, to relieve the computation cost,
the update of Hessian is scheduled by the trigger condition.
To maintain exact linear convergence under compression, we
compress the difference between the information to be trans-
mitted and its estimate by a general contractive compressor.
Theoretical analysis shows that CC-DQM can still achieve an
exact linear convergence, despite the existence of compres-
sion error and intermittent communication, if the objective
functions are strongly convex and smooth. Finally, we vali-
date the performance of CC-DQM by numerical experiments.

Index Terms— decentralized optimization, ADMM, effi-
cient communication, second-order algorithms.

1. INTRODUCTION

In recent years, the decentralized optimization problem has
attracted increasing attention due to its extensive application
in multi-robots network [1], smart grids [2], large-scale ma-
chine learning [3], wireless sensor networks [4], etc. A large
number of first-order algorithms including [5, 6, 7] have been
proposed for decentralized optimization problems. Compared
with the first-order algorithms which just utilize the gradient
of the objective function, the second-order algorithm lever-
aging the extra Hessian information can accelerate the con-
vergence. Recently, several decentralized second-order algo-
rithms are proposed, see [8, 9, 10, 11, 12], to name a few.
Decentralized optimization relies on communication be-
tween agents. In most existing decentralized second-order
algorithms including [8, 9, 10, 11, 12], agents need to trans-
mit accurate updates at every iteration, which can cause high

Corresponding author: Shaofu Yang (sfyang @seu.edu.cn).

communication costs due to the large payloads and frequent
communication. High communication costs is undesirable for
the scenarios with limited bandwidth and power constraints.
Moreover, in many second-order algorithms including [8, 9,
10, 11], to approximate the Newton direction, agents are re-
quired to implement several rounds of inner-loop where extra
communication is needed. Hence it is very necessary to im-
prove the communication efficiency of the second-order algo-
rithm.

To relieve the communication cost, a popular method is
to compress the exchanged message so that fewer bits are
transmitted per communication round. In decentralized opti-
mization, many algorithms with compressed communication
[13, 14, 15, 16, 17, 18] have been proposed, among which
[13, 14, 15] belong to ADMM-based quantization algorithms
where solving subproblem at every iteration is required and
[16, 17, 18] belong to first-order communication-compressed
methods. Based on DGD [5], the work of [16] proposes
a well-designed quantization scheme and achieve the exact
convergence. In [18], a gradient tracking algorithm with com-
pressed communication is introduced, which can converge
exactly at a linear convergence. Based on the first-order al-
gorithm NIDS[19], the authors in [17] propose a compressed
communication algorithm which can also achieve linear ex-
act convergence. Despite the progress, few decentralized
second-order algorithms with compressed communication
are reported.

An alternative method to alleviate the communication
cost is intermittent communication which can reduce total
communication rounds. The event-triggered communication
scheme is a very appealing method in reducing communi-
cation rounds. It can also be regarded as the celebrated
communication-censoring mechanism[20, 21] whose main
idea is only to transmit informative message. Recently, many
decentralized algorithms with event-triggered communica-
tion are reported, see [21, 22, 23], to name a few. Moreover,
there are some works, including [14, 24, 25], that combine
compressed communication with event-triggered communi-
cation.

In this paper, we aim at developing a decentralized
communication-efficient second-order algorithm with a linear
convergence rate to the exact solution. Since the communi-
cation cost is determined by the total communication rounds



and the bits per communication round, we improve com-
munication efficiency from these two aspects. Our main
contributions are as follows.

e Based on ADMM, We develop a communication-
efficient second-order algorithm by combining com-
munication compression with event-triggered commu-
nication termed CC-DQM. Compared with our prior
work C-DQM [23], an event-triggered communication
algorithm, CC-DQM can save the transmitted bits per
communication round. Compared with the existing
quantized ADMM [13, 24], CC-DQM can achieve an
exact convergence due to the implementation of a to-
tally different contractive compressor. Compared with
CQ-GGADMM [14], CC-DQM can be applicable to
a general contractive compressor, not just a specific
quantizer. Moreover, CQ-GGADMM can only apply
to bipartite graphs while C-DQM can apply to non-
bipartite graphs.

e We theoretically prove that CC-DQM can achieve an
exact linear convergence if the objective functions are
strongly convex and smooth. Numerical experiments
demonstrate the effectiveness and efficacy of the pro-
posed algorithm.

2. PROBLEM SETUP

Consider n agents connected through a communication net-
work cooperatively solve the following consensus optimiza-
tion problem

n

min Zfi(x), €))

Rd
s

where x refers to the decision variable and f; : R* — R is the
local objective function owned by agent . Denote the com-
munication graph as G = {V, £}, where V = {1,2,--- ,n}
is the set of agents and &€ C V x V is the set of edges.
(j,1) € & implies that message can be transmitted from agent
j to agent i. Moreover, there does not exist self-loop in G,
ie, (i,i) ¢ £ Weuse N; = {j | (j,i) € &} to repre-
sent the set of neighbors of agent i and d; = |Nj| to rep-
resent the degree of agent ¢. The degree matrix is repre-
sented by D = diag{d;,ds,--- ,d,} and denote the adja-
cent matrix of G as W, where w;; = 1if (j,4) € £ and
w;; = 0 otherwise. The signed Laplacian matrix is defined
as L = D — W and the unsigned Laplacian matrix is de-
fined as L, = D + W. Denote the eigenvalues of L with
ascending order as \; < Ay < --- < \,. Similarly, we use
5\1 < 5\2 <. < 5\n to represent the eigenvalues of L. The
Euclidean norm of vector x is denoted by ||x]|.

3. ALGORITHM DEVELOPMENT

In this section, we develop a communication-efficient decen-
tralized second-order method. To solve problem (1), based on
ADMM, the authors in [12] proposed an elegant second-order
method DQM, where the update of agent ¢ is as follows:

—1
Xik+1 = Xik — (QCdiI + szi(xi,k)> (Vfi(ngk)

e Y (Xik—Xjk) + dh,zc) (2a)
JEN;
Dijr1 = Pix tC Z (Xi k1 = Xj kt1)s (2b)
JEN;

where the penalty parameter c is a positive constant. DQM
is an ADMM-type algorithm, which reduces the computa-
tion burden of DADMM [26] by approximating the objective
function quadratically. In DQM, information is required to
be transmitted at every iteration, which is undesirable for
settings where the communication source is limited. To
relieve the communication burden of DQM, in our prior
work [23], a communication-censored mechanism is lever-
aged to reduce the communication round. In order to fur-
ther reduce communication costs, we not only schedule the
communication instants by communication-censored mech-
anism but also compress the exchanged information. The
resulting algorithm is termed communication-censored and
communication-compressed DQM, abbreviated as CC-DQM.

Communication compression. The compression scheme
we implement is a common J-contractive compressor, which
is defined as follows:

Definition 1. The compressor C : R® — R? is called §-
contractive compressor if it satisfies

E(llx —C(x)|%) < d|x[|* VzeRY, 3)
where 0 < 6 < 1.

Many important sparsifiers and quantizers satisfy defini-
tion 1. Next, We introduce some contractive compression op-
erators.

Example 1. [27] C(x) = ¢(x)T — x| 0o 14, where [¢(x)]; =
(el 4 3] 7= 2o/ (20 - ).
Example 2. [17] Denote sign (x) and |x| as the elementwise

sign of x and the elementwise absolute value of x, then the
compressor is defined as

2b71‘x|

[1%][ 0o

C(x) = (JIx]loo sign (x)27¢7V) - +ul,

where - stands for the the Hadamard product and u is a ran-
dom vector uniformly distributed in [0,1]%.



Algorithm 1 CC-DQM

1: For any agent ¢, randomly choose x; o € RY. Let Qi =
07 yi,O =0.

2: fork=0,1,2,--- do

3 for: =1to N do

4 Update x; 141 by eq. (4a);

S: if Hxi,k+1 — Yi,k” > ug then

6

7

8

9

Compute C(X; k+1 — Yik);
Transmit C(X; g+1 — Yi k)5
Letyirt1 = C(Xikt1 — Yik) + Vi

else
10: Lety; k+1 = Yiks
11: Do not send any message.
12: end if
13: Update ¢, ;.. by eq. (4b).
14: end for
15: end for

Example 1 is a deterministic quantizer and 32 + bd bits
are required to quantize a vector with d dimensions. Example
2 is a stochastic quantizer and 32 4 (b + 1)d bits are required
to quantize a vector with d dimensions.

For any agent ¢, since it can not get X; , the exact iter-
ates of its neighbors j, to estimate x; ; and its iterates X; j,
two state variables y; ;. and y; ; are introduced respectively.
It is worth noting what we compress iS X; y+1 — Y4k, the
difference between the decision variable x; 11 and the state
variable y; 1.

Communication-censored mechanism(Event-triggered
communication mechanism). The key idea of this mech-
anism is that communication is allowed only when the dif-
ference between the current decision variable and the latest
estimate is sufficiently large. Specifically, if the innovation
| k+1 — ¥i,x] is greater than the threshold 1, agent ¢ will
compress X; p+1 — Yi,, and transmit it to the neighbors. Oth-
erwise, agent ¢ does not transmit any message. After receiving
all the information, agent ¢ updates the state variables y; r41
with j € ¢ UN;. Moreover, to reduce the computation cost
resulting from calculating the inverse of 2cd;I + V f(x; ).
the update of Hessian is scheduled by th triggered condition.
Specifically, for agent ¢, if communication is un-triggered
at iteration k, then it does not need to perform the matrix
inversion step at iteration k£ + 1. The detailed procedure of
our proposed algorithm is shown in Algorithm 1.

According to the above discussion, we give the update of
x; and ¢;, which are as follows:

1
Xik+l = Xik — (20di1 + szz‘(}’z',k)) (vfi(xi,k)

+e Y (Yik—yik) + ¢,k> (4a)

JEN;

Gipir =i+ ¢ > (Yiksr — Yikr1)- (4b)
JEN;

Compared with the quantized ADMM [13, 24], CC-DQM can
converge exactly and enjoy a smaller computation cost since it
does not need to solve a subproblem at every iteration. Com-
pared with the communication-censored ADMM [21, 23, 28],
CC-DQM can reduce the transmitted bits per communication,
thus relieving the communication cost greatly. Moreover, as
we will show later, compared with the quantized first-order
method [17, 25], CC-DQM enjoys a faster convergence rate,
thus achieving a smaller communication cost. The work in
[29] proposed an elegant compressed second-order decentral-
ized algorithm, which can achieve an asymptotic local super-
linear convergence. Compared with CC-DQM, it reduce the
communication round by accelerating the convergence rate
not by intermittent communication. Moreover, due to the ex-
change of Hessian and multi-step consensus, it may transmit
more bits per communication round.

4. CONVERGENCE RESULTS

In this section, we will show the convergence properties of
CC-DQM.

Assumption 1. The local objective function f; is v;-strongly
convex and its gradient is {;-Lipschitz continuous, i.e.,
Vo, € RY, (Vfi(2') — Vfi(x),2' —x) > vi||a' —2 2
and ||V fi(z") = Vfi(2)|| < bi]|2" — z||.

Assumption 2 (Communication Graph). G is undirected,
connected and L, is positive definite.

Assumption 1 is very common in decentralized optimiza-
tion. Under Assumption 1, we can know f is v-strongly con-
vex and ¢-smooth, with v = min;{v;} and ¢ = max;{¢;}.
Assumption 2 implies that L is semi-positive definite with a
simple zero eigenvalue. Note that a positive definite L, means
G is non-bipartite. We first give the convergence result when
the event-triggered communication is absent.

Theorem 1. Under Assumptions 1 and 2, let C be §-contractive
compressor, in CC-DOM, if uy, = 0, ¢ and § are chosen such
that

1) G
< (8) SR @)
(1=V0)2  3ehy + 2c8M, + 532
with G(8) > 0, 8 > %, where

e\ 20>

GB) = 2 2eBAu— 2

(2N 4 402)
Cﬂ)\g
then the sequence E(Xy) with X, = [X1k,...,Xn k] is con-

vergent to the optimal solution x* at a linear rate O(a*) with
0<o< L




The introduction of compression makes the update inex-
act and therefore may slow down the convergence rate. But
when the J is not very large, the effect is almost negligible.
To satisfy (5), & can not be too large, which means that exces-
sive compression of the information to be transmitted should
be avoided. The RHS of (5) has a global maximum F'* only
determined by the communication graph, meaning that the
choice of ¢ is related to the graph but not the objective func-
tion. When § is chosen such that the LHS of (5) is less than
F*, then there always exists a sufficiently large c such that (5)
holds. Moreover, when we adopt Example 1 or Example 2, §
decays exponentially as the number of quantization bits b in-
creases. So a very small b can satisfy the requirement, which
will be demonstrated in our experiment. The restriction on §
implies that to ensure a linear convergence, the decaying rate
of the compressed error can not be too slow.

Corollary 1. Under Assumptions 1 and 2, let C be §-
contractive compressor, when py, = 0 and C is unbiased, i.e.

b o A £ 20-v8)?
E(C(x)) =x, if G < axy @ e> S ey
the sequence E(Xy,) is convergent to the optimal solution x*

at a linear rate.

Finally, we will give the result of combining the compres-
sion with the communication-censored mechanism.

Theorem 2. Under Assumptions 1 and 2, let C be §-contractive
compressor, if ¢ and § are chosen such that (5) holds and
pr = ap®~t witha > 0,0 < p < 1, the sequence E(Xy,) is
convergent to the optimal solution x* at a linear rate O(6%),
where & = max(o, p).

Theorem 2 shows that CC-DQM can still achieve an ex-
act and linear convergence after combining event-triggered
communication with compression if pj decays linearly. It
is worth noting that the convergence rate parameter ¢ equals
max(o, p), which implies that the convergence rate of CC-
DQM can not exceed the decaying rate of the threshold.

5. NUMERICAL EXPERIMENTS

This section provides numerical simulations to show the
performance of CC-DQM. We consider a logistic regres-
sion problem where the dataset comprises German credit
data from the UCI Machine Learning Repository. De-
fine the connectivity ratio 7 as the number of edges di-
vided by @ The communication graph is a stochas-
tic graph with connectivity ratio 7 = 0.4. There exist
n = 100 agents in the graph and each agent holds m; = 10
samples. The optimization problem is minycra f(x) =
it
resents the feature vector and b;; € {1, —1} represents the
[l —x" ||

ll3c0—x* ||
the convergence. We tune the parameter ¢ such that DQM

) log <1 + efbiijaij) , where a;; € R?* rep-

label. Moreover, we define errp := to measure

can achieve the fastest convergence and p is tuned to make
C-DQM get the best communication rounds performance.
We first compare CC-DQM with the existing ADMM-
type communication-efficient algorithm including COCA,
DQM, C-DQM. COCA [21] is a communication-censored
ADMM, where agents need to solve subproblems at ev-
ery iteration. C-DQM [23] is the communication-censored
version of DQM. In this experiment, the compressor we
implement is Example 1, the deterministic quantizer. The
relevant results can be seen in Fig. 1. As we can see, CC-
DQM is the most communication efficient as it can not only
save communication rounds but also reduce the transmitted
bits per communication round. Our Theorem 1 shows that
to achieve a linear and exact convergence, the number of
quantization bits can not be too small. In our experiment,
CC-DQM can converge linearly when we implement 2 bit
deterministic quantization. Moreover, it is worth noting that
the convergence of CC-DQM is nearly the same as DQM.
We then compare CC-DQM with the existing first-order

——CC-DQM(2bit)
—+—CC-DQM(3bit)
—o—CC-DQM(4bit)
—k—C-DaM
—e—DaM
—+—CocA

——CC-DQM(2bit)
—+—CC-DQM(3bit)
—o—CC-DAM(4bit)
—+—C-DaM
—e—DaM
—*—CocA

err

150 200

05 1 15 2 25 3 35
Total communication bits  »10®

Fig. 1. Comparison with the existing ADMM-type
communication-efficient algorithm.

communication-efficient methods, including SPARQ-SGD
[25] and LEAD [17]. SPARQ-SGD combines event-triggered
communication with compressed communication and LEAD
is a communication-compressed algorithm. For a fair com-
parison, in SPARQ-SGD, we use the full gradient instead
of the stochastic gradient. We consider biased compressor
Example 1 and the unbiased compressor Example 2. In both
schemes, we let b = 2. As shown in Fig. 2, compared with
the existing first-order methods, no matter what kind of com-
pressor is implemented, CC-DQM always enjoys the smallest
communication cost. This is because CC-DQM enjoys a
faster convergence rate than other algorithms.

10°

B B B A ) o1 e

—

——CC-DQM(biased)
—+— CC-DQM(unbiased) 102

—o— LEAD(biased)
-~ LEAD(unbiased)
~-@-- SPARQ-SGD(unbiased)
-+~ SPARQ-SGD(biased)

0 50 100 150 200 250
k Total communication bits x107

Fig. 2. Comparison with the performance of existing first-
order algorithms.
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Supplementary Material

A. PREPARATION FOR THE PROOF

We first give the matrix form of CC-DQM, which is as follows:

Xpr1 = %p — D7 (Vf(ik) + ¢ + cLS'k) (6a)
Prp1 = @i+ cLyrs1 (6b)

where D = 2¢D + V2 (). To proof Theorem 1 and Theorem
2, we introduce a key Lemma estimating the error caused by event-
triggered communication and compression. Define €, = yr — Xx.

Lemma 1. Denote C as the contractive operator with the parameter
6 €[0,1), in CC-DOM, the error &1 satisfies

- - o - -
E(||&1]l*) <VE(&xl) + - \/EE(”kaLl - %%
+ R (7
Proof. For agent 7 at iteration k + 1, if h; = ||Xi k+1 — Yikl —

tr+1 < 0, then communication is not triggered and y; k+1 = Yi,k-
So we can get

€ k+1 = ||xi,k+1 - Yi,k+1|| < Mg+1 (8)

When h; i > 0, yik+1 = C(Xi k+1—Yi,k) +¥i k- SO we can know

€ikt+1 =C(Xikt1 — Yik) — (Xik+1 — Yik) )
According to the property of compressor, we can obtain:

E(lles ks l*[yi e, Xik+1) < 8% k41 — yikl?
< 8|Ixikr1 — Xin — (yik — %)

<O+t N (ki k1 — xinl?)

+6(1+1t)lei k] (10)
Lett = %ﬁs — 1 and take expectations, then we can obtain
)
E([leir+1]12) < VOE(llesr]3) + WE(IIXZ;W — xii?)
an
By combing (8) and (11), then we can finish the proof. | |

Since CC-DQM is an ADMM-type algorithm, according to [26],
we give its optimal condition.

Lemma 2. Suppose (X*,2", A\") is a primal-dual optimal pair of the
augmented Larriangian. Then, it holds that MIX* = 0, %Mui* =
z”, and there exist a unique p* lying in the column space of M
satisfying ¢* = M pu*, X* = [u*; —p*], and

Vix")+¢" =0. (12)

Next, we show the relationship between ry and ¢,,. As ¢, = 0,
by recursive computation based on (6b), we have ¢, ; = ¢, +
czljill Ly, = czlz;rll Ly.. AsL = 2M"M, we further have

Gry1 = 2cM 1, (13)

1.
rp+1 =Tk + ZM}’kJrL (14)

Recalling Lemma 2, by letting r* = 5~ p*, we have ¢p* = 2cM 'r*.
The remain task is to show the convergence of (X, rx) to (X*,r™).
Define

c - w2 |2 = 12
Vi = SE(lIxr = X7[|, ) + 4cE(|lre —r7%) +rE(]l&x]%),
15)
where r is a positive constant, which will be determined later. It is
clear that the convergence of CC-DQM is equivalent to V3, — 0 as

k — oo. Regarding the evolution of V. We have the following
lemma, which is infrastructural for our main result.

Lemma 3. Under Assumptions 1, 2, 3 if c and § is chosen such that

s . G(8) (16)

(1=V8)> " 3eAy + 2¢BAn + Gt

with G(B) > 0, 8 > %, where

G(8) = i APcBrr (AL +40°)
) 4cBAov — 202 o ’

then there exists v > 0, n > mﬁ% and & > 0 such that the

sequence Vy, generated by CC-DOM satisfies

1
146

Vier1 < Vi + nappi 41,

— (B~ +480)22
where ) =1+ 5 (1.50)\n + 2¢BAn + T)
smmin{ A= ulErE = 1= VBE)
VG 4 220D VErde + 20N (1 4+ V6)
cha(eh — 27‘—1_‘;\/5 - 25, —1_5\/3 —4nl?) — 2(PA2 +40*) 87!
8c2A2 + 3202 + 4¢2A2 + dehor —2~ ’

1—Vs
N 21
ch2(2v An) B } >0, a7
2o\, + 02

éz + él\/g CX1 - 47]62 025\2 + 462 =
=T < i il v mvr Rt =l?

1-V6 —s b
~ 3cAn )2 ~ 3chn A2
= 2¢BAn + —, gy = .

1= Ty P2t o5 2= 75 taog,

Proof. Before proceeding, inspired by [12], we define the approxi-
mated error on V f(Xx11) as 8, = Vf(Xr) + V2F (k) (Rer1 —
Xk) — Vf(Xg+1). Sine f satisfies £ smooth, we can know ||d%|| <
Y|IXk+1 — Xi|| with v = 2£. Next, we begin to give our proof.
Denote V2 f () as Hy. According to (6a), we can obtain that

Vf(Xk+1)
= Vf(xk) + He (X1 — Xi) — Ok
=D&k — Xit1) — Oy — cLyk + Hi (X1 — Xi) — O
— 2eD(Ry, — Rns1) — by, — LR + &1) — 6x
— Lu(Rn — K1) — Liis1 — ¢y — cLéy — 8

= CLU()N(k — )~Ck+1) — CL(S’k+1 — ék+1) — d)k — CLék — (Sk



= cLu(Xr — Xp11) — @pyy + cL(€rp1 — &) — Ok, (18)

where the third equality utilizes D — Hj, = 2¢D and ¥ = Xx + €,
the fourth equality utilizes 2D = L, + L. By noting that V f(x*) =
—¢", we have

E((Rkt1 — %) (Vf(Rnt1) — V(%
= cE((Rns1 — %) ' Lu(Xp — Xpet1) )
) (¢" — bpi1)) +

~ %

"))

+ E((Xkg1 — E((X" — %k+1)' k)

4

¥
U]

+ E((Xpt1 — %) "L(&rt1 — &r)) -

E3

19

Next, we further estimate the above four terms. Regarding =1, by
using 2x" Ay = [x +y|a — Ix[fa — [ly[4. we have

1=

C ~ ~% (12 ~ ~%x12 ~ ~
5 (BOR. = 12, - BliRen - %712, ~ B~ a,) ).

[1]

Regarding =2, as ¢, — ¢* = 2cM ' (rp41 —1*), MX* = 0, and
Tp41 — Y = iMykJ’»l, one has

E2 = — 2cE (X} M (11 — 7))
= — 2B((Fr41 — &k41) M (11 — 7))
= 168 e =17 = s =17 = i = v )
+ QCE(éZHMT(rkH -r’))
R e e R e
+ 2¢BE(&441Légs1) + B E(|lrigr — r*|?).

Regarding =3, we have

=

5 =

1M M ek+1 — ek))

(%&
E((§kt1 — k1) M M(&k11 — &)

N oo

CE I‘k+1 — I‘k M(ékJrl — ék)) + CE(éZ+1L(ék — ék+1))

E((&k+1 — &) L(8k1 — &) + 4B ([[rir — ri[?)

IN
[\VY e

+ cE (&}, Léx).

Regarding =4, we have

= n 2 1 =~ ~ %12
=4 < —E(||6 —E _
< JE(I8) + 5 (e — )
7772 5 = 12 1 - %2
< MBS = %) + 5 Bl — ).

Define

¥ Cc ~ ok *
Vi = SE(I%. — % I7,) + 4B — ).

Due to the v-strongly convexity of f, we have (X1 —
VF(E")) > v %k 2, which yields

VE(|[Rrs1 — %)

)V f(Res1)—

<E1+E2+E3+Ey
< Vi = s + (1 = 50 )Bllxess - 50l)
4 o8 B (feus — 1) +eAn(28 + DE(oe )
+ B4 + AnE (6 [oxs1]) + 5-E( IR — %)

<V~ (14 6) Vs + (ﬂ - C—l)E(uxW )

2 2
+ i + c&;\n
2n 2
+ (cﬁ_l + 4c&>E(Hrk+1 )

A (48 + 3 - -
+ 2 Dn(Yor ) + el ).

Next, we consider the term ||rj, 1 — r*||
have

)E(Ilik+1 _2 )

(20)

. Recalling (18), we

Vi&Xe+1) = V(%

= CL(ék+1 — ék) — QCMT(I‘kJrl — I‘*)

") + cLy(Xk+1 — Xk) + Ok
(21)

Denote the left-side and right-side of equation (21) as Z;, and Zg,
respectively. By applying [[x +y|* > 5llyl* — [x]* to |Er]?,
we obtain

2
1l > 3 [2eMT (ras )| = ¢ I L(enss — e

> 4 Nlrigs — v P = 2N ([lexll® + flensa ).

Regarding || =1 ||, we have

IE]? < 26%||%ps1 — 7| +4<025\i + 72) [[%h41 — %[>

Combining estimation on || Zx||* and ||= || yields

c/\ + 2
2o E
2

An
+ S B (el + e l?)

E(|[resr —x|*) < (I%k+1 — %il|*)

2

fg ~ *
+ 5 Ell%eer — x"[?).

22
2(22 )\2 ( )

Substituting (22) into (20), we have

(1 4+ &)Vk_g_l — Vk
—1 ~ 232 2 A 2
+46)(2A2 + A — 5 _
< 8 )(c ) Ay E([[&es1 — %62
C)\z 2
1 oA (B +46) . 2
+ <% i T v —v)E(\IXk+1 -x")
3chn . (1+468)ch2 _ 9
+(2Bchn + =7+ %af JE([|€k+1[17)
21
3chn  (14+468)c)2 . 2
+ (204 L) e ), @3

[1]
N



According to the definition of V}, we can know Rearrange the terms, then we can obtain:

Vi = (1+6)Vir =V + rE([[&x]*) — (14 6)Vara 5 i _oans (A7)
~ ~ 2 4cBrgu—24 cBAa
— (1+6)rE(]|8k1]*). (24) < (29)
(1-5)2 3cAn + 282 + 2

In Lemma 1, the relationship between E(||&x41]|?) and E(||&x?) i

estimated, which can be seen in (7). To estimate V}, we substitute Define the RHS of (29) as

(7) and (23) into (24), thus obtaining
. A A2y28 (232 4+7)
+6)Vit1 — Vi F(e, ) = 5 - 4c5)\2;1—222 B cz,(‘?/\;
c)\1 —ny? n (B~ +46) (X2 ++7) 3An + 28\, + /3)\7512
2 cha . .
r(1+6)6 = 5 )E(Hi . H2) It is easy to obtain
1-v6 16 S Ao AR
1 codn (B +46) ) 2 F(c,B) < F(o0,8) = —2—F22
+(go+ G2+ 0 (iR - %) Shn+ 200 + 20
= B* =

+ (r(l + &)\/54— Ve —r+ EZ>E(HékH2) We find that F'(co, 3) has a global maxi;num when B
2u + 4 /4u? + l;‘\—g + 3u, where u = /\AA
< F(o0, 8%), then there always exist a sufficient

+ (r(l +06)+ 51)nui+1- (25)  such that = f)g
large ¢ which can ensure that (29) is satisfied. |
To obtain the result, the coefficients associated with the E(||%x+1]|?),
(1% |1?) and E(||&x+1||?) in (25) are required to be negative. That
is B. PROOF OF THEOREM 1 AND THEOREM 2
r—22—E1vVo—(1+ &)T\/g 20, Proof. According to Lemma (3), we can know
1 sed (BTN 446)
2n 2 2cAz =" Vi1 < +&Vk + neppi 41, with
3 = R 1 4+ 46c)A2
ch1 — 2 _(r+E1)0  réc ) = _ (1_56)\71_#205)\”_%%) .
2 1-V6  1-+6 7 2
B (A2 4437 + 46) >0 When p, = 0, then we can obtain:
e o 1 1 Vi
0
< -
Define Vi1 < 4o Vi < 0+0) Vi—1+-- < (1+ GYFFT (30)
= = 3cA 20 + BN
ST Ste=0 = 2y Define o = 4, then the proof of Theorem 1 is completed.
- 3cAn  cBTIAL When g, = ap®~!, we can get obtain
Ho = H2fp=0 = .
2 22
As & can be chosen as a sufficiently small positive real number, it Vir1 < 1 Vi (€28
suffice to require ; -
. - k-1 nypapy 2
r—Es —E1V6 — 1V > 0, (26) S (P + o < ...
=’ (r+E0)8 (AL )BT b
5 - =5 - e > 0, 27) < Vool 4 anapz(k—t)at
1 2! Ao =0
v— —— — >0=n> ——mFF——. k—1
2o 2k ' 2 — M (1 + mbaot 3 (2)) (32)
Regarding (26), we can get =0 7
r> S2 +E1V0 Let & = max(o, p*), according to (32), when & # p?, we can know
1-V6
) k
To ensure (27) can be satisfied, in (27), let r = :2’1’&7:\1[56 and n = Vieyr <g*+t (Vo + nibas Z %
MWCL\W, then we can obtain =0
N 5 N . ~k+1 g
A (Ei+E)I e (@49 (Vo + nypas ™) =—. (33)
2 (1-— \/5)2 4chov — 23142 cfB A2
(28) When & = p?, we can get Vi1 < k6T (Vo + nypas™). |



C. PROOF OF COROLLARY 1

Proof. Revisiting (19), since the compressor is unbiased, then we
can obtain

S5 = cE ) L(ks1 — &r)) = —cE(&fLXri1),

(Rt
E((Fh+1 — 8r41) Lér) = cE((Frr1) Lék)
QCE( 41 — I‘k Mék)
(

cAn
E(||rr+1 —I‘k|| )+ 7E(H k” )

A

- QCE(f(lHMT(rkH —r"))
— 2B ((Frh41 — 8k41) M (rig1 — 7))

- 4cE( R rkmf)
T B (80 ]2)
L e e R )

+ AnE([[&r+1])-

[1]
¥

By reusing the strong convexity of f as (20), we can know:

VE(|[%ki1 — %1%
<E1+E24+E3+4+5E,

1 ~ ~ %
+ 5 Bl = X7I%) (34)
According to the definition of V41, we can obtain:

Vi = Vi
=Vi—(1+0) E(||%n+1 — %"[1%)
+ (1 + 0)rE(|[&x1])

Vi = (L4 0)Vis + S AE([Rki1 = X7?)

2
— rE([|&x]1*) + dcoB|rqr — x|

1 I < é
+ ﬂﬁ:(”xk“ —x|?) + r((1+ o)Wo — 1)]E(Hek‘|2)
1-V0o
+ 4coE||rg41 — 1'*”2
22) CO‘S\n 20%0

<Vie— (14 0)Vit1 +(

4c*0)2  dov?
+(CO‘ oy

~ Sx 2
2 TR - %)

2672 co
Vo) e

(1+o)ro
(1-V5)

(DY) + CcAa (1 —

#2220 B = R0) + ({1 + 0)V ~ ) (o)
+ 220005, 2) 4 (e, + S B(l6)

(35)
Substitute (35) into (34) and rearrange the terms, then we can get:
Vk _ (1 + O')Vk+1

(M mP
—\ 2 2 (1—

2002 co _ 4620:\?L + 4072
\/3)/\2 cAz

_(A+o)rd e
1—vV6  1-+6

+ (r—r(l-i-a)\/g—

) E(%1 — %)
222 co(1 4+ V9)

- \/gc/\n

1 ~ Sx 2
+ (U*T*W*E)E(HMH*X ") @6

To ensure the linear convergence of Vj, let the RHS of (36) be greater
than 0, that is, the coefficient of each term should always be positive,
which yields

CcoAn 20%c 1
-l = 7
YT o w2 37)
r—r(l+0)V3— M Voch, — 2 >0
2
ci _ ﬁ _ 20672 co _ 40205\i + 40+
2 2 (1 — \/S))\Q CA2 ’
_(A+o)rd e >0 (38)
1-V6 1-+6
Since ¢ > 0 can be arbitrary small, to satisfied (38), we need
A Ve, + 42
r(1—+3§ >\/Sc)\n+c—n:>r>72,
( )= 2 2"/
1 1
— = > >
Y 2n ~ 0=mnz 20’
e 0> rd dchn
- - - > 0. 39
2 2 1—vV6 1-+6 (39)
Rearrange (39), we can get
5\1 3)\n 5 ’72
- —. 40
(3 -7 (1_\/5)2)>4v 0

Since ¢ > 0 and v = 2/, to make sure the existence of ¢, let % —

SQ" ﬁ > 0, then we can obtain
2 2(1 — V6)?
> —= ( \[) 41)
v A (1 - \/3)2 —3\nd
the penalty parameter cin DQM [12] |
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