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Abstract—We consider a distributed stochastic optimization
problem in networks with finite number of nodes. Each node
adjusts its action to optimize the global utility of the network,
which is defined as the sum of local utilities of all nodes. Gradient
descent method is a common technique to solve the optimization
problem, while the computation of the gradient may require
much information exchange. In this paper, we consider that
each node can only have a noisy numerical observation of its
local utility, of which the closed-form expression is not available.
This assumption is quite realistic, especially when the system is
too complicated or constantly changing. Nodes may exchange
the observation of their local utilities to estimate the global
utility at each timeslot. We propose stochastic perturbation based
distributed algorithms under the assumptions whether each node
has collected local utilities of all or only part of the other nodes.
We use tools from stochastic approximation to prove that both
algorithms converge to the optimum. The convergence rate of the
algorithms is also derived. Although the proposed algorithms
can be applied to general optimization problems, we perform
simulations considering power control in wireless networks and
present numerical results to corroborate our claim.

Index Terms—optimization, stochastic approximation, conver-
gence analysis, distributed algorithms

I. INTRODUCTION

Distributed optimization is a fundamental problem in net-
works, which helps to improve the performance of the system
by maximizing some predefined objective function. Significant
amount of work have been done to solve the optimization
problems in various applications. For example, in power
control [2], [3], [4] and beamforming allocation [3], [6], [7],
[8] problems, transmitters need to control its transmission
power or beamforming in a smart manner, in order to maxi-
mize some performance metric of the wireless communication
systems, such as throughput or energy efficiency. In medium
access control problem [9], users set their individual channel
access probability to maximize their benefit. In wireless sensor
networks, sensor nodes collect information to serve a fusion
center, an interesting problem is to make each node indepen-
dently decide the quality of its report to maximize the average
quality of information gathered by the fusion center subject to
some power constraint [[10], [11]], note that a higher level of
quality requires higher power consumption.

This paper was presented in part at 55th Annual Allerton Conference on
Communication, Control, and Computing, Monticello, IL, United States, Oct
2017 [1].

W. Li and M. Assaad are with the Laboratoire des Signaux et Sys-
temes (L2S, UMR CNRS 8506), CentraleSupélec, France (e-mail: wen-
jie.li@lss.centralesupelec.fr; mohamad.assaad @centralesupelec.fr).

W. Li and M. Assaad are also with the TCL Chair on 5G, CentraleSupélec,
France.

This paper considers an optimization problem in a dis-
tributed network where each node adjusts its own action
to maximize the global utility of the system, which is also
perturbed by a stochastic process, e.g., wireless channels. The
global utility is the sum of the local utilities of all nodes of
the network. Gradient descent method is the most common
technique to deal with optimization problems. In many sce-
narios in practice, however, the computation of gradient may
require too much information exchange between the nodes,
examples are provided in Section Furthermore, there are
other contexts also where the utility function of each node does
not have a closed form expression or the expression is very
complex which makes it very hard to use in the optimization,
e.g., computation of the derivatives is very complicated or
not possible. In this paper, we consider therefore that a node
only has a noisy numerical observation of its utility function,
which is quite realistic when the system is complex and time-
varying. The nodes can only exchange the observation of
their local utilities so that each node can have the knowledge
of the whole network. However, a node may not receive
all the local utilities of the other nodes due to the network
topology or other practical issues, e.g., it is not possible to
exchange much signaling information. In this situation, a node
has to approximate the global utility with only incomplete
information of local utilities. We have also taken in account
such issue in this paper.

In summary, our problem is quite challenging due to the
following reasons: i) each node has only a numerical obser-
vation of its local utility at each time; ii) each node may have
incomplete information of the global utility of the network;
iii) the action of each node has an impact on the utilities of
the other nodes in the network; iv) the utility of each node is
also influenced by some stochastic process (e.g., time varying
channels in wireless networks) and the objective function is
the average global utility.

In this paper, we develop novel distributed algorithms to
optimize the global average utility of a network, where the
nodes can only exchange the numerical observation of their
local utility. Different versions of algorithms are proposed
depending on: i) whether the value of action is constrained or
unconstrained; i) whether each node has the full knowledge
of local utilities of all the other nodes or only a part of the
utilities of other nodes. We have proved the convergence of
the algorithms in all situations, using stochastic approximation
tools. The convergence rate of different algorithms are also
derived, in order to show the convergence speed of the
proposed algorithms to the optimum from a quantitative point
of view and deeply investigate the impact of the parameters



introduced by the algorithm. Our theoretical results are further
justified by simulations.

Some preliminary results of our work have been presented
in [1]]. This extended version provides the complete proof of
all the results. Moreover, the constrained optimization problem
and the analysis of the convergence rate in this paper are not
considered at all in [1]]. As we will see in Section the
derivation of the convergence rate is especially challenging.

The rest of the paper is organized as follows. Section [[I| dis-
cusses some related work and highlights our main contribution.
Section [I1I| describes the system model as well as some basic
assumptions. Section[[V]shows motivating examples to explain
the interest of our problem. Section [V|develops the initial ver-
sion of our distributed optimization algorithm using stochastic
perturbation (DOSP) and shows its convergence. Section
presents the first variant of the DOSP algorithm to deal with
the situation where a node has incomplete information of
the global utility of the network. Section proposes the
second variant of the DOSP algorithm to solve the constrained
optimization problem. Section [VII] focuses on the analysis of
the convergence rate of the proposed algorithms. Section [VIII|
shows some numerical results as well as a comparison with
an alternative algorithm and Section [[X]| concludes this paper.

II. RELATED WORK

Most of the prior work in the area of optimization consider
that the objective function has a well known and simple closed
form expression. Under this assumption, the optimization
problem can be performed using gradient ascent or descent
method [12]]. This method can achieve a local optimum or
global optimum in some special cases (e.g. concavity of
the utility, etc.) of the optimization problem. A distributed
asynchronous stochastic gradient optimization algorithms is
presented in [13]]. Incremental sub-gradient methods for non-
differentialable optimization are discussed in [14]. Interested
readers are referred to a survey by Bertsekas [[15] on incremen-
tal gradient, sub-gradient, and proximal methods for convex
optimization. The use of gradient-based method supposes in
advance that the gradient can be computed or is available at
each node, which is not always possible as this would require
too much information exchanges. In our case, the computation
of the gradient is not possible at each node since only limited
control information can be exchanged in the network. This
problem is known as derivative-free optimization, see [16]]
and the references therein. Our goal is then to develop an
algorithm that requires only the knowledge of a numerical
observation of the utility function. The obtained algorithm
should be distributed.

Distributed optimization has also been studied in the litera-
ture using game theoretic tools. However, most of the existing
work assume that a closed form expression of the payoff is
available. One can refer to [[17]], [18] and the references therein
for more details, while we do not consider non-cooperative
games in this paper.

Stochastic approximation (SA) [19], [20] is an efficient
method to solve the optimization problems in noisy environ-
ment. Typically, the action is updated as follows

apy1 = ag + Prgy- (D

where g, represents an estimation of the gradient g,. An
important assumption is that the estimation error €, = g, —g;,
is seen as a zero-mean random vector with finite variance, for
example, see [21]]. If the step-size () is properly chosen, then
ay, can tend to its optimum point asymptotically. The challenge
of our work is how to propose such estimation of the gradient
only with the noisy numerical observation of the utilities.

Most of the previous work related to derivative-free op-
timization consider a control center that updates the entire
action vector during the algorithm, see [L6] for more details.
However, in our distributed setting, each node is only able
to update its own action. Nevertheless, a stochastic approxi-
mation method using the simultaneous perturbation gradient
approximation (SPGA) [22] can be an option to solve our
distributed derivative-free optimization problem. The SPGA
algorithm was initially proposed to accelerate the convergence
speed of the centralized multi-variate optimization problem
with deterministic objective function. Two measurements of
the objective function are needed per update of the action.
The approximation of the partial derivative of an element ¢ is
given by

[ ar +7Ar) — f (ar — 7Ark)
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Gik = 2
where vy, > 0 is vanishing and Ay = [Aqk, ..., Ay ]
with each element A;j zero mean and i.i.d. Two succes-
sive measurements of the objective function are required to
perform a single estimation of the gradient. The interest
of the SPGA method is that each variable can be updated
simultaneously and independently. Spall has also proposed an
one-measurement version of the SPGA algorithm in [23] with
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Such algorithm also leads aj to converge, while with a de-
creased speed compared with the two-measurement SPGA. An
essential result is that the estimation of gradient using (2)) or (3)
is unbiased if 7, is vanishing, as long as the objective function
f is static. However, if the objective function is stochastic and
its observation is noisy, there would be an additional term of
stochastic noise in the numerator of (IZI) and (EI) which may
seriously affect the performance of approximation when the
value ~, is too small. As a consequence, the SPGA algorithm
cannot be used to solve our stochastic optimization problem.
The authors in [24] proposed a fully distributed Nash
equilibrium seeking algorithm which requires only a mea-
surement of the numerical value of the static utility function.
Their scheme is based on deterministic sine perturbation of
the payoff function in continuous time. In [25], the authors
extended the work in [24]] to the case of discrete time and
stochastic state-dependent utility functions, convergence to a
close region of Nash equilibrium has been proved. However,
in a distributed setting, it is challenging to ensure that the
sine perturbation of different nodes satisfy the orthogonality
requirement, especially when the number of nodes is large.
Moreover, the continuous sine perturbation based algorithm
converges slowly in a discrete-time system. Stochastic pertur-



bation based algorithm has been proposed in [26]] to solve an
optimization problem, the algorithm is given by

apt1 = ai + puif (ar +vi), 4

with vy, the zero-mean stochastic perturbation. The behavior of
@]) has been analyzed in [26], however, under the assumption
that the objective function is static and quadratic. Our proposed
algorithm is different from () as we use the random per-
turbation with vanishing amplitude. In addition, the objective
function is stochastic with non-specified form in our setting,
which is much more challenging. Furthermore, we consider a
situation where nodes have to exchange their local utilities to
estimate the global utility and each node may have incomplete
information of the local utilities of other nodes.

III. SYSTEM MODEL

This section presents the problem formulation as well as
the basic assumptions. Throughout this paper, matrices and
vectors are in boldface upper-case letters and in in bold-face
lower-case letters respectively. Calligraphic font denotes set.
||la|| denotes the Euclidean norm of any vector a. In order to
lighten the notations, we use

oF 0’F

F/ (a) - aai (G,), Z/,/j (a) = aa18a] (a)7

and VF (a) = [F] (a),...,Fy (a)] in the rest of the paper.

A. Problem formulation

Consider a network consisting of a finite set of nodes
N = {1,...,N}. Each node i is able to control its own
action a; , at each discrete timeslot k, in order to maximize
the performance of the network. Introduce the action vector
ap =laig,. .. ,aNJC]T which contains the action of all nodes
at timeslot k. Let A; denote the feasible action set of node 1,
ie, a; € A;. Introduce A = A; x ... x Ay. In general,
the performance of a network is not only determined by the
action of nodes, but also affected by the environment state,
e.g., channels. We assume that the environment state of the
entire network at any timeslot & is described by a matrix
Si € S, which is considered as an i.i.d. ergodic stochastic
process.

For any realization of @ and S, we are interested in the
global utility f (a,S) of the network, which is defined as the
sum of the local utility function w; (a, S) of each node i, i.e.,

f(a,8)=> ui(a,8).
1N
The network performance is then characterized by the average
global utility

F(a)=Es(f(a,8)).

In this work, we consider a challenging setting that nodes do
not have the knowledge of S nor the closed-form expression
of the utility functions. Each node ¢ only has a numerical
estimation u; j of its local utility u; (ax, Si) at each timeslot.
Assume that

Uik = Ui (g, Sk) + Mi ks &)

with 7; ;, some additive noise. Nodes can communicate with
each other so that each node 7 can get a approximate value
fir of the global utility f; (ag, Sk).

As a summary, our aim is to propose some distributed
solution of the following problem

(6)

maximize F (a)=Eg(f(a,S)),
subject to a; € A;, Vi € N.

An application example is introduced in Section to high-
light the interest of this problem.

B. Basic assumptions

We present the basic assumptions considered in this paper in
order to guarantee the performance of our proposed algorithm.
Denote a* as the solution of the problem (6). Since the
existence of a* can be ensured by the concavity of the
objective function F' (a), we have the following assumption.

o Al. (properties of objective function) Both F! (a) and
F/'; (a) exist continuously. There exists a* € A such that
F/(a*) = 0 and F/; (a*) < 0, Vi € N. The objective
function is strictly concave, i.e.,

(a—a*)" -VF(a) <0, Va e A (7)

Besides, for any i € N and j € N, there exists a constant
a1 € RT such that

|F; (a)] < ax. (8)
We have some further assumptions on the local utility func-

tions, which will be useful in our analysis.

o A2. (properties of local utility function) For any i € N,
the function @ — wu; (a,S) is Lipschitz with Lipschitz
constant Lg, i.e.,

ui (a,8) —ui(a,S)|| < Ls[la—af. (9

Besides, Es (u; (a,S)) < oo, Vi € N, so that F'(a) is
also bounded.

From A2, we can easily deduce that a — f (a,S) is also
Lipschitz with Lipschitz constant N Lg, since

If (a,S) = f(a,8)] =

> (ui(a,8) - ui (@, s>>H
1EN
<Y lui(a,8) —wi (@8)| < NLs |la —al|.

ieN

(10)

In the end, we consider a common assumption on the noise
term 7); ;. introduced in (5).

e A3. (properties of additive noise) The noise 7); j, is zero-
mean, uncorrelated, and has bounded variance, i.e., for
any ¢ € N, we have E (1, ) =0, E (nfk) =y < 00,
and E (n; xn; %) = 0 if 7 # j.
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Figure 1. (I) A D2D network with N transmitter-receiver pairs; (II) Downlink
multi-cell network, each eNB (or base station) may serve multiple UEs (users).

IV. MOTIVATING EXAMPLES

This section provides some examples and shows the limit
of the classical gradient-based methods.

We consider the power allocation problem in a general
network with N transmitter-receiver links. A link here can be
seen as a node in our system model as presented in Section [[TI}
For example,

e in a D2D network with N transmitter-receiver pairs,
each transmitter communicates with its associated re-
ceiver and different links interfere among each other, see
Figure [T] (D).

e in a multi-cell network, each base station may serve
multiple users. We focus on the downlink, ie., a user
is seen as its receiver and its associated base station is
seen as a transmitter, see Figure |I| ID.

In both models, the action a; i, is in fact the transmission power
of transmitter ¢ at timeslot &k, of which the value cannot exceed
the maximum transmission power ap,,. Thus we have A; =
[0, amax], Vi € N. The environment state matrix Sy, represents
the time-varying channel state of the network. More precisely,
S, = [Sijvk]iGN,jEN’ in which each element s;; denotes
the the channel gain between transmitter 7 and receiver j at
timeslot k.

The utility function can be various depending on different
applications, e.g., throughput and energy efficiency [27]].

In our first example, the local utility of each node i is given
by

(1)

u; (ag,Sy) = wlog (1 47 x) — Kk,

where w, k € R, ka, ; represents the energy cost of trans-
mission, and r; ; denotes the bit rate given by

Qi kSiik

r;r = log (1 + SINR; ) with SINR, ;, =

(12)
Note that the maximization of log-function of the bit rate is
of type proportional fairness, which is used to ensure fairness
among the nodes in the network. With the above notations,

2 e
o "‘Zj;ﬁia],ksu,k

the global utility function can be written as
1
fY (ar,Sk) = =K Y ain
ieN
@i,k Sii,k
02+ > s G kS k

+wzlog 1+log |1+
ieN

. (13)

It is straightforward to show that f(!) (ay,, Sy,) is concave with
respect to ay, hence the existence of the optimum a* can be
guaranteed.

In order to maximize the average global utility
Es, (f(l) (ak,Sk)), one may apply the classical stochastic
approximation method described by (I). An essential step is
that, each transmitter or receiver should be able to calculate
the partial derivative, i.e.,

. ofm WSINR,
= — _
gi Oaig (L4+rig)aik
wSINR? ,
- Z n,k Snik (14)

neN (1 + T'n,k) (1 + SINRn,k) An, kSnn,k .

From (IE[) we find that the direct calculation of the partial
derivative is complicated and nodes should exchange much
information: Each node ¢ should know the values of SINR,, j,
the cross-channel gain s,,; 1, as well as a,, 1 Spn i Of all nodes
n € N. Moreover, in the situation where the channel is time-
varying, it is not realistic for any receiver n to estimate the
direct-channel gain s,,, ;, and all the cross-channel gain s,,; ,
Vje N\ {n}.

We consider the sum-rate maximization problem as a second
example, i.e., to maximize y, = Zie A Tik- The challenge
come from the fact that y;, is not concave with respect to a; j
if the rate r; j is given by @) For this reason, we have to
consider the approximation of 7; ;, and some variable change to
make the objective function concave, which is a well known
problem [28]. It is common to use change of variable (i.e.,
consider e** as the transmission power instead of a; ;) and
consider the approximation 7; ;, ~ log (SINR; ;) [28], so that
the global utility function is written as

Sii k€1 F

(2) S.)= 1
f(ay, Sk) wz 8 02+ )i i kEHE

iEN

— /{Zeaivk.
ieN
15)
It is straightforward to show the concavity of f(2). Similar to
(T4), we evaluate

N af2
Gik =
8ai’k
Sin keai’k a;
=w-—w E . — K E e’k
2 ) -y @k ’
nen? T 2175” 0j.kSin ke ieN

(16)

of which the calculation also requires much information, such
as the cross-channel gain s;,, Vn € N\ {i}, and all
the interference estimated by each receiver. All the channel
information has to be estimated and exchanged by each active
node, which is a huge burden for the network.

The two examples clearly shows the limit of the classical
methods and motivates us to propose some novel solution



where low informational exchange are required. In this paper,
we consider that the nodes can only exchange their numerical
approximation of local utilities. It is worth mentioning that
the information exchange in our setting is much less than the
gradient based method. We present our distributed optimiza-
tion algorithms as well as their performance, in the situations
where each node has the complete or incomplete knowledge of
the local utilities of the other nodes, respectively. It is worth
mentioning that, apart from the examples presented in this
section, the solution proposed in this paper can also be applied
to other type of problems such beamforming, coordinated
multipoint (CoMP) [29], and so on.

V. DISTRIBUTED OPTIMIZATION ALGORITHM USING
STOCHASTIC PERTURBATION

This section presents a first version of our distributed
optimization algorithm. We assume that each node is always
able to collect the numerical estimation of local utilities from
all the other nodes. In this situation, each node can evaluate the
numerical value of the global utility function at each iteration
(or timeslot) k by applying

Fla,Se) = Tin= (ui(a,Sk)+nix)

1EN 1EN
= f(a,Se)+ > _ ik, (17)
ieEN

since each node knows the complete information of u; j for
any 1 € N. We first consider an unconstrained optimization
problem, ie., A = RY, in Section The constrained
optimization problem with A; = [@; min, @i max), Vi € N is
then presented in Section

A. Algorithm

The distributed optimization algorithm using stochastic per-
turbation (DOSP) is presented in Algorithm [I]

Algorithm 1 DOSP Algorithm for each node ¢

1) Initialize £ = 0 and set the action a; ¢ randomly.

2) Generate a random variable ®; j, perform action a; j +
VP k-

3) Estimate u; j, chhange its value with the other nodes
and calculate f (ap + v ®r, Sk) = > cnr Wi k-

4) Update a; ;41 according to equation @

5) k=k+1,goto2.

At each iteration k, an arbitrary reference node ¢ updates
its action by applying

i1 = i g+ Be®iif (ag + @1, Sy),  (18)

in which 8j; and ~;, are vanishing step-sizes, ®; j is randomly
generated by each node i and ®; = [®1 ks - .., P k). Recall
that the approximation f of the global utility is calculated
by each node using (I7), of which the value depends on the
actual action performed by each node @; , = a; ,+7,x®; , and
the environment state matrix Sg. Note that @; 5 is very close
to a;, when k is large as <y is vanishing. An example is

presented in Section to describe in detail the application
of Algorithm [I]in practice.

Obviously, (I8) can be written in the general form (IJ), in
which

= ®; 1 f (ar +7:®%,Sk) .

As we will discuss in Section ik can be an asymptoti-
cally unbiased estimation of the partial derivative 9F/da; and
aj can converge to a*, under the condition that the parameters
Bk, Vi, and @y, are properly chosen. We state in what follows
the desirable properties of these parameters.

Gik (19)

o A4. (properties of step-sizes) Both (3 and - take real
positive values with limg_,o, S = limg_oo v = 0,
besides,

o0 oo
Y Bm=o00, > Bi<oc.
k=1 k=1

o A5. (properties of random perturbation) The elements of
®; are ii.d. with E (®; ,P; ) =0, Vi # j. There exist
as > 0 and agz > 0 such that

E ((I)?k) =g, |Pixl < oas.

The conditions on the parameters can be easily achieved. We
show in Example [I] a common setting of these parameters,
which are also used to obtain the simulation results to be
presented in Section [VIII]

Example 1. An easiest choice of the probability distribution
of @, ;. is the symmetrical Bernoulli distribution with ®; ;. ¢
{-1,1} and P(®; 1, =1) = P(®;, = —1) = 0.5, Vi, k. We
can verify the conditions in A5 with ae = a3 = 1.

Let B, = Bo(k+1)""" and v, = o (k+1)" " with the
constants Sg,70,v1,72 € R, so that both 8y and ~; are
vanishing. Since Y-, 87 converges if v1 > 0.5; > po; Brve
diverges if v +v5 < 1. Clearly, there exist pairs of v; and v;
to make fj and -y satisfy the conditions in A4.

Remark 1. The proposed algorithm has similar shape com-
pared with the other existed methods proposed in [26], [24],
[25]. The difference between our solution and the sine per-
turbation based method [24], [25] is that, we use a random
vector ®; instead of some deterministic sine functions as
the perturbation term. Comparing @) and (I8), we can see
that the amplitude of random perturbation is vanishing in our
algorithm, which is not the case in the algorithm presented in
[26].

B. Application example

This section presents the application of Algorithm [I] to
perform resource allocation in a D2D network, in order
to highlight the interest of our solution. We focus on the
requirement arisen by Algorithm [T} in terms of computation,
memory and informational exchange.

Figure [2] briefly shows the algorithm procedure during one
iteration. Recall that @; 5, denotes the actual value of the action
set by transmitter ¢ at iteration k. In order to update @; , each
transmitter i needs to
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Figure 2. (I) At iteration k, each transmitter ¢ transmits to its associated
receiver with transmission power @; j; (II) Each receiver i sends the approx-
imate local utility %; j to its transmitter, every transmitter can receive and
decode this feedback information.

« independently and randomly generate a scalar ®; ;, under
the condition A5;

o use a pre-defined vanishing sequence -, which is com-
mon for each link;

« independently update a; ; by applying (]Lg[), more details
will be provided soon.

Then @; j, is given by @; & = a; k + V&P k-

Each transmitter ¢ transmits to its associated receiver with
the transmission power of value @; ;. The associated receiver 4
should be able to approximate the numerical value of its local
utility u; j and send this value to transmitter ¢ as a feedback.
All the transmitters can evaluate f(ak) using under the
assumption that every transmitter is able to receive and decode
the feedback from all the receivers.

Then iteration & + 1 starts, each transmitter 7 needs to
update its power allocation strategy, what is required is listed
as follows:

o use a pre-defined vanishing sequence [;

o reuse of the local random value ®; ;, which was gener-
ated by transmitter ¢ at iteration k. It means that the value
of ®; ; should be saved temporarily

o use the numerical value of fj (@), which has been
explained already.

Each transmitter can then update a; ;1 independently using

In the following step, each transmitter updates @; 41 in the
same way as the previous iteration, i.e., @; k41 = G k41 +
Vi+1Pi k41, with ®; 311 a newly generated pseudo-random
value.

We can see that Algorithm [I] can be easily applied in
a network of multiple links: the algorithm itself has low
complexity and each receiver only needs to feedback one
quantity (u; ) per iteration to perform the algorithm.

C. Convergence results

This section investigates the asymptotic behavior of Algo-
rithm [I] For any integer k£ > 0, we consider the divergence
(20)

to describe the difference between the actual action aj and
the optimal action a*. Our aim is to show that d; — 0 almost
surely as k — oo.

dy = |lax — a*|?

In order to explain the reason behind the update rule (T8),
we rewrite it in the generalized Robbins-Monro form [20], i.e.,

Qi1 = ap + Brgy
= ay, + Bk (2 VF (ar) + g — 2 VF (ar) + g, — G

e
= ay + a2 Bk <VF (ag) + by, + —~ ) ,
Q2

21

where g, represents the expected value of g, with respect to
all the stochastic terms (including ®, S, and 7)) for a given
ag, i.e.,

9. =Esan(gy), (22)

note that we prefer to highlight the stochastic terms in (22),
an alternative way is to write (22) as g, = E (g, | ax); by
denotes the estimation bias between g,, and the actual gradient
of the average objective function F, i.e.,

T

a2k
and e can be seen as the stochastic noise, which is the
difference between the value of a single realization of g, and
its average g, as defined in @, ie.,

— VF (ay); (23)

er =3y — g 24

Remark 2. The analysis presented in this work is challenging
and different from the existed results. An explicit difference
comes from the unique feature of the algorithm itself as
discussed in Remark [} we are using a different method
to estimate the gradient. Besides, the objective function is
stochastic with general form in our problem, while it is
considered as static in [22], [23] and it is assumed to be static
and quadratic in [26].

To perform the analysis of convergence, we have to inves-
tigate the properties of by and ey.

Lemma 1. If all the conditions in AI-A5 are satisfied, then

s o
bkl < wNEZ =0 (), (25)
(5]
which implies that ||bg|| — 0 as k — oc.
Proof: See Appendix [A] [ ]

Lemma [I] implies that g, defined in Algorithm [1] is a
reasonable estimator of the gradient with vanishing bias.

Lemma 2. If all the conditions in AI-A5 are satisfied and
lak|l < oo almost surely, then for any constant p > 0, we
have

K/
lim P | su exl| > =0, Vp>0. (26
Jim K/sz ];(ﬁk k|| =P p (26)
Proof: See Appendix [B] [ ]

Based on the results in Lemma [I] and in Lemma 2] we can
build conditions under which a; — a* almost surely.

Theorem 1. If all the conditions in AI-A5 are satisfied and
lar|] < oo almost surely, then a,, — a* as k — oo almost
surely by applying Algorithm [I}

Proof: See Appendix [C| [ |



D. Distributed optimization under constraints

In this section, we consider the constrained optimization
problem, in which the action of each node takes value from
an interval, i.e., A; = [@; min, Gimax)s Vi € N. We assume
that a* is not on the boundary of the feasible set A, i.e.,
al € (@ min, Gimax), Vi € N. For example, in the power
allocation problem, a;j presents the transmission power of
transmitter ¢, which should be positive and not larger than a
maximum value.

Recall that the actually performed action by nodes is a, =
ai + 7 Pr. At each iteration, we need to ensure that a, j, €
[@i min, @i.max]. A direct solution is to introduce a projection
to the algorithm, i.e., (I8) turns to

ap+1 = Proj (ak + Brgy) (27)

in which for any i € V,

;41 = min {max {a; x + BrGi k> Gimin + ¥3Ve+1}

@i max — OZ3")/]€+1} . (28)

As |®i,k‘ < as by A5, leads to a; k41 + Vi+1 ‘q’i,k+1| S

[ai,mina Gj max]|-

Remark 3. In order to write (28) into the form similar
to (2I), one has to re-define the bias term b;j and the
stochastic noise e; ;, because of the operator Proj. Therefore,
it is not straightforward to deduce of the convergence of the
constrained optimization algorithm from the results presented
in Section [V-C|

Theorem 2. In the constrained optimization problem where
Ai = [ai,min7ai,max} and af € (ai,minyai,max)) Vi € N, by
applying the projection ([27), we have ar, — a* as k — oo
almost surely under the assumptions Al-AS5.

Proof: See Appendix [D] [ |

VI. OPTIMIZATION ALGORITHM WITH INCOMPLETE
INFORMATION OF UTILITIES OF OTHER NODES

A limit of Algorithm [1]is that each node is required to know
the local utility of all the other nodes. Such issue is significant
as there are many nodes in the network. It is thus important to
consider a more realistic situation where a node only has has
the knowledge of the local utilities of a subset Z; ;. of nodes,
with Z; , € N\ {i}. Throughout this section, we have the
following assumption:

e AO0). at any iteration k, an arbitrary node ¢ knows the
utility u; 5, of another node j with a constant probability
p € (0,1], i.e., the elements contained in the set Z; j, is
random, for any j # ¢, we have

P(j&ZLix) =1—p.

Notice that we do not assume any specified network topology

and each node ¢ has a different and independent set Z; j,.
We propose a modified algorithm and then show its asymp-

totic performance. The algorithm is described in Algorithm [2]

P(j€Zik) =p, (29)

The main difference between Algorithm [I] and Algorithm [2]
comes from the approximation of the objective function, i.e.,

.]?;(I) (a7 ska Iz,k)

e B e, T I Tl 0
0, if [Zikx| = 0.

Similar to (T8)), the algorithm is given by

i j+1 = Qi + ﬂkfffl;)f = a5+ 51@‘1%',1@};(1) (a,Sk,Zi k)
(€29)

The basic idea is to consider (N — 1) >~z t; /| Zik| asa
surrogate function of JEN\{3} Uj,k, in the case where the set
Z; 1 is non-empty. Otherwise, node ¢ does not know any utility
of the other nodes, it then cannot estimate the global utility
of the system. As a result, node ¢ keeps its previous action,
i.e., ajp+1 = a; . Note that different users may have different
knowledge of the global utility as Z; j, is independent for each
node i. For example, node ¢ may know u;, of a different
node j, whereas node j may not know u; j.

Algorithm 2 DOSP algorithm for each node ¢ with incomplete
information of the utilities of other nodes

1) Initialize £ = 0 and set the action a; ¢ randomly.

2) Generate a random variable ®; ;, perform action a; j, +
Y Pi k-

3) Estimate w; j, exchange its value with the other nodes
and calculate fim using based on the collected local
utilities.

4) Update a; ;+1 according to equation (3T).

5) k=k+1, goto 2.

Due to the additional random term Z;j, the convergence
analysis of Algorithm [2] is more complicated than that of
Algorithm [T} We start with Lemma [3] which is useful for
the analysis in what follows

Lemma 3. The expected value of EI) (a,Sk,Z; ) over all
possible sets L, j, is proportional to f (a,Sg), i.e.,

EL‘,,k (ﬁ(l) (av Skvzzk)) = (1 - (]. —p)N)f(a, Sk) . (32)

Proof: See Appendix [E] [ |
To simplify the notation, introduce

q=P(Zix| #0)=1—-(1—-p)".

Similar to 1)), we rewrite (3I)) as
)
e
lv’“) (34)
@247k

(33)

Qikt1 = Qi + Q2qBrYk (le (ar) + ng;f *

with
-
biy = — F} (ay), 59
; 24k
=) Esona (3 e

We need to investigate the property of bgl,)c and eEI,)C in order
to show the convergence of Algorithm [2] The proof is more



complicated because of the additional random term Z;; in
both bgli and egll)c compared with b; ; and e; j, discussed in
Section [V]

Theorem 3. In the situation where nodes do not have the
access to all the other nodes’ local utilities and the objective
function is approximated by applying [B0), then we still have
ar — a* as k — oo almost surely by applying Algorithm
as long as the assumptions A1-A6 hold and ||ai|| < oo almost
surely.

Proof: See Appendix [ [ |

Remark 4. Although the asymptotic convergence still holds,
the convergence speed is reduced if the information of the
objective function is incomplete. By comparing (21)) and (34),
we can see that the equivalent step size is decreased by ¢ times.
Moreover, the variance of the stochastic noise e% is higher,
as the randomness is more significant when we use n < N
random symbols to represent the average of NV symbols. More
discussion related to the convergence rate will be provided in

Section

VII. CONVERGENCE RATE

In this section, we study the average convergence rate
of the proposed algorithm in order to investigate how fast
the proposed algorithms converge to the optimum from a
quantitative point of view. The analysis also provides a detailed
guideline of setting the parameters /3, and 7, which determine
the convergence rate. We start with the analysis considering
general forms of 5 and ~;. A widely used example is then
considered afterwards.

A. General analysis

As a common setting in the analysis of the convergence
rate [30], we have an additional assumption on the concavity
of the objective function in this section, i.e.,

e A7. F (a) is strongly concave, there exists as > 0 such
that

Va € A.
37

In this section, we are interested in the evolution of the average
divergence Dy, = E(|lax —a*||2) In order to distinguish
the two versions of algorithms with com;;lete and 1ncomplete
information of local utilities, we use D( and D to denote
the divergence resulted by Algonthm and Algorithm
respectively.

An essential step of the analysis of the convergence rate
is to investigate the relation of the divergence between two
successive iterations.

Denote M(©) and MM as the upper bounds of E(|[gy||3)

and of ]E(H/g\g)
tively. Our result is stated in Lemma ().

(@—a*)" VF (a) < —as |la —a’||3,

2
‘ ) in Algorithm [I{ and Algorithm [2| respec-
2

Lemma 4. Assume that A7 holds, for any k > 1, D,(CC) resulted
by Algorithm [1] is such that

D;(fr)l < (1 = 2az0587k) D;(fc)
+N3aiadfidy/ D + MO (38)
Similarly, D,(fl) resulted by Algorithm @ is such that
D,(fll < (1 —2020a598k7k) D,(CI)
+ NEayaqBint %DTJ) +MUBL (39)

Proof: See Appendix [G| [ ]
We can see that both (38) and (39) can be written in the
simplified general form

Di1 < (1= ABiwe) Dic + BBu1i/Di + CB, - (40)
with positive constants

A© = 20,05, B© = N3ajaj, ¢ = M©  (41)
in (38)) and

AW = 2¢aya5, BY = qN%alag, c® =pO (42)
in (39).

Remark 5. In the constrained optimization problem, we can
obtain the same result as Lemma ] directly from (68), for
any k > K. In fact, the unconstrained optimization problem
can be seen as a special case of the constrained optimization
problem with a@; min = —00, @i max = +00, and K. = 0. For
this reason, we consider the general problem with K. taken
into account, in the rest of this section.

Introduce
Ky = argmin k
k>Kc,Beye<l/A
which implies that 1 — ASgy, > 0 and k > K. as k > K.
Lemma {4 provides us the relation between Dy and Dy.
Our next goal is to search a vanishing upper bound of Dy
using (@0). In other words, we aim to search a sequence

Uky,--.,Ug,...such that
Uk+1 < Uy and Dy, < Uy, Yk > K.

)

This type of analysis is usually performed by induction:
consider a given expression of Uy, and assume that Dy < Uy,
one needs to show that D1 < Uiy by applying (@0).

An important issue is then the proper choice of the form of
the upper bound Uj. Note that there exists only one step-
size P in the classical stochastic approximation algorithm
described by (T, it is relatively simple to determine the form of
Uy, with a further setting 8, = Bok ™!, see [30]. Our problem
is much more complicated as we use two step-sizes [ and
~vr with general form under Assumption A4. The following
lemma presents an important property of Uy.

Lemma 5. [f there exists a decreasing sequence
Ukys---, Uk, ... such that Dy < Ugy1 can be deduced
from Dy, < Uy, and ({0), then ,

B B\? , . Cp
>
Ug > A’Yk+\/(2A> k+A'y

(43)



Proof: See Appendix [H] [ |
Note that the lower bound of U is vanishing as 7, —
0 and Bk /v — 0. Such bound means that, using induction
by developing (@0), the convergence rate of Dj, cannot be
better than the decreasing speed of 77 and of B /vi. After
the verification of the existence of bounded constant 9 or p
such that Dy, < 9242 or Dy, < 0®vx/ Bk, we obtain the final
results stated as follows.

Theorem 4. Define the following parameters:

1 _ Ye+1 2
N/

Xk = ;€1 = IMax Yy, €2 = IMax &, (44)
B k> Ko k>Ko 73
1— 5k+1’Y_;:14:1 3
wE = A,e;ﬁ = max wy, €4 = max Tk 45)
Bk k>Ko k=Ko \| B
If x < A for any k > K, then
Dy, < 9*93, Yk 2 Ko, (46)
with
v/Dg, B B2 +4Ce; (A —
¥ > max Ko, +\/ +4Ces ( <) , @7
YK, 2 (A — 61)
If wy < A for any k > K, then
Dy < 0>, Yk > Ko, (48)
Yk
with
2
D, VK, Bey + \/(364) +4C (A - 63)
0 > max )
6K0 2 (A — 63)
49)
Proof: See Appendix [I [ |

For general forms of 8y and -y, Theorem [] provides two
upper bounds of the average divergence D,(CC) and D,(CI). The
conditions that x; < A and wj) < A can be checked easily
considering any fixed [ and 7. In the situation where both
conditions are satisfied, we have

Dy, < min {1927;3, @2@6} , Vk > K.
Tk

From Theorem [4] we can see that the decreasing order of
D,(CC) and D,(CI) mainly depend on the step-sizes [ and -y, the
incompleteness factor ¢ only has the influence on the constant
terms v and p, which are functions of the parameters A, B,
and C defined in @I)) and @#2)). The results of convergence rate
are useful to properly choose the parameters of the algorithm.
Intuitively, we need to make 7,% or B /v decrease as fast as
possible, having the constant €;, €3, €3, and ¢4 as small as
possible.

B. A special case

In this section, we consider an example as mentioned in
Example

Br=Po(k+1)"" and v =70 (k+1)"".

Recall that 0.5 < 1 < 1 and 0 < 5 < 1 — vq in order to
meet the conditions in A4.

Theorem 5. Consider () and i, with given forms (50), if
Boyo = max{2uq, 1y — 1o} /A, then there exists Q0 < oo,
such that

(50)

Dy, < Q(k + 1)”min{Zvemi=rey g s e (51)

Proof: See Appendix [| [ |

We can see the explicit impact of each parameter on the

upper bound of the convergence rate from Theorem [3] It is
easy to show that

max {2vs, 11 — 2} < 0.5

with the equality holds when vy = 0.75 and v = 0.25, which
corresponds to the best choice of 11 and vy to optimize the
decreasing order of the upper bound of Dj. Theorem [5] also
provides a sufficient condition on the parameters that should
be satisfied in order to ensure the validation of the convergence
rate.

In what follows, we present a toy example to verify Theo-
rem

Example 2. Consider N = 2 and a simple quadratic function
f(a,S) = —s1a? —s2a2+ajaz+ay +as with ay, as € [0, 3).
Both s; and s5 are realizations of a uniform distributed random
variable S which takes value from an interval [0.5, 1.5]. Taking
the average, the objective function is

F(a) = —a? — a3 +ajaz + ay + as.

It is straightforward to get that F' (a) takes its maximum value
when a; = as = 1. We can also deduce that F' is strongly
concave with a5 = 1 in (37). We set the perturbation Py

as introduced in Example E], with v = 1. Thus we have
A =2a005 = 2 by " Let Br = Bo (k + 1)70'7‘) and v, =
(k+1)7%%.

By setting 8y € {0.23,0.28,0.5}, we can verify the impor-
tance of the condition Byyy > 0.25 = max {29,117 — 12} /A
as presented in Theorem [5] Figure [3] shows the comparison
results between the divergence D) averaged by 1000 sim-
ulations and the bound Q (k +1)"%° from . Note that
we are mainly interested in the asymptotic decreasing order
of Dy, thus we set the constant term 2 = 2 mainly to
facilitate the visual comparison of different curves. We find
that the curves of D}, decrease not-less-slowly than the bound
as By € {0.28,0.5}. When Sy = 0.23 < 0.25, the convergence
rate cannot be guaranteed, which further justify our claim in
Theorem

Now we fix the values of [y and -y and consider
(v1,12) € {(0.55,0.15),(0.7,0.15) , (0.5,0.2) , (0.65,0.35) }.
Notice that all the four pairs of (v1,12) lead to the
same decreasing order of the upper bound (5I)), as
min {2v9,11 — 5} = 0.3. The curves of Dy (averaged



by 2000 simulations) are compared with the upper bound
Qk+ 1)_0‘3 in Figure El Clearly, when the number of
iterations is large enough, all the curves decrease with the
same speed or even faster, compared with the bound.

B < /?070=0~5
ﬂ070:0.28
,U070=0.23

= — —bound: 2-k%7

102 F

102 10° 104
iterations

1078

100 101 105

Figure 3. Comparison of the theoretical upper bound 2 (k + 1)_0‘5 with the
evolution of the average divergence Dy (by 2000 simulations) using B =
Bo (k+1)%7 and v, = (k + 1)%2%, with 8o € {0.23,0.28,0.5}.

100 & B pbr 1
107 TR
2
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1/]=0.5, z/2=0.2
©,=0.65, v,=0.35
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Figure 4. Comparison of the theoretical upper bound 2 (k + 1) ~%% with
the evolution of the average divergence Dy (by 2000 simulations) us-
ing B, = 04 - (k+1" and v, = (k+1)"2, with (v1,v2) €
{(0.55,0.15), (0.7,0.15) , (0.5,0.2) , (0.65,0.35)}

VIII. SIMULATION RESULTS

In this section, we apply our algorithm to a power control
problem as introduced in Section [[V] in order to have some
numerical results. We consider (I3)) as the local utility function
of each node. The time varying channel h;; between node %
(transmitter) and node j (receiver) is generated using a Gaus-
sian distribution with variance o7 = 1 and 01-2]- =0.1, Vi # j.
Notice that the channel gain is s;; = |hij|2. Besides, we set
02=02 w=20and k = 1.

A. Simulations with 4 nodes

In this section, we consider N = 4 nodes. In all the simu-
lations (applying different algorithms), the step size follows
Bk = 2.5k7%75, and the initial values of ag; (Vi € N)
are generated uniformly in the interval (0, 20]. In both Algo-
rithm |1{ and Algorithm [2| ~;, = 12k=0-25 apd ®, ;. follows

the symmetrical Bernoulli distribution, ie., P(®;, =1) =
P(®;, = —1) = 0.5, Vk, .

We first compare our proposed algorithm with the sine
perturbation based algorithm in [25]], considering the situation
in which every node has access to all the other nodes’ local
utilities. The sine perturbation based algorithm has a similar
shape as our stochastic perturbation algorithm, with the pertur-
bation term ®; ;, replaced by a sine function A; sin (2t + ¢;)
where ty = S5 _; B Qi # Qi and Qy+Q; # Qi Vi, i i
In the simulation, we set 2; = 63, Qo = 70, Q3 = 56,
Q4 =49, \; = 1.5 and ¢; = 0, Vi € N. Notice that this
algorithm is not easy to implement in practice as it is hard
to choose all the parameters properly, especially when |A] is
large.

Furthermore, in order to show the efficiency of our algo-
rithm, we simulate also an ideal algorithm using the exact
gradient calculated by (I4) which is costly to be obtained in
practice as discussed in Section [[V]

We have performed 500 independent simulations to obtain
the average results shown in Figures [5] and [6] Figure [j|
represents the utility function f (a,S)/N as a function of
number of iterations. We find that our algorithm converges
faster than the reference algorithm proposed in [25] E Figure
|§| shows the evolution of the power (action) of the four nodes.
Notice that the four curves representing the action of each
node are close in average in each sub-figure, since we consider
the model with symmetric parameters. We find the oscillation
of the power (action) is more significant by applying the
reference algorithm.

ideal
4 —Algo. 1
ref. Algo.

global utility function
o

2 4

1) ]

I I
3000 4000

I I I I I
5000 6000 7000 8000 9000

iteration

0 I I
0 1000 2000 10000

Figure 5. Evolution of the utility function, average results by 500 simulations

Now we consider the situation where each node has incom-
plete collection of local utilities. We perform 100 independent
simulation with p € {1,0.5,0.25,0.1}. Recall that p defined
in (29) represents the level of incompleteness. The results are
shown in Figure [7]] We can see that the convergence speed
decreases as the value of p goes smaller. Such influence is not
significant even if p = 0.5, i.e., a node has only 50% chance
to know the local utility of another user, which reduces a lot
the information exchange in the network. As the value of p
is very small, i.e., p = 0.1, same trend of convergence can
be observed, although the algorithm converges slowly. On the

I'The reference algorithm is quite sensitive to the parameters, the presented
results are the best that we have found so far.
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Figure 6. Evolution of power (action) of 4 nodes, average results by 500
simulations

figure, we show the results obtained after up to 10? iterations
only, which explains why for p = 0.1 the algorithm has not
converged yet to the optimal solution.
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Figure 7. Evolution of Dy /N, average results by 100 simulations, with
p € {1,0.5,0.25,0.1}.

B. Simulations with 10 nodes

In this section, we consider a more challenging case with
N = 10. We choose 8; = 2(k+1)""" and
12 (k +1)""?°. The results are presented in Figure |8 iw1th
p € {1,0.5,0.25,0.1}, note that we have also plotted a line
representing the optimum value of the average utility function.
The shape of the curves in Figure [§] is similar to those in
Figure [7} The algorithm converges slower as the number of
nodes increases, yet the influence of the incompleteness of
the received local utilities is less important.

IX. CONCLUSION

In this paper we have a challenging distributed optimization
problems, under the assumption that only a numerical value of
the stochastic state-dependent local utility function of the node

9 —p=1
~<_ ——p=0.5
102k T ——p=0.25
———p=0.1
— — —bound
10"
.
Q
100
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10-2 1 1 1 1
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iterations

Figure 8. Evolution of Dy /N, average results by 100 simulations,with p €
{1,0.5,0.25,0.1}.

is available at each time and nodes need to exchange their local
values to optimize the total utilities of the network. We have
developed fully distributed algorithms that converge to the
optimum, in the situations where each node has the knowledge
of all or only a part of the local utilities of the others.
The convergence of our algorithms is examined by studying
our algorithm using stochastic approximation technique. The
convergence rate of the algorithms are derived. Numerical
results are also provided for illustration.

APPENDIX

A. Proof of Lemma []|

In this proof, we mainly need to find the relation between
g, (the expected estimation of gradient) and VF' (ay) (the
actual gradient of the objective function), so that the upper
bound of ||bg|| can be derived.

From the definition of g, we have

9. =Esan | ®r | f(ar +7Pr,Sk) + Z i,k
iEN
= Eg (®4Es (f (ar + 6Pk, Sk)))
=Eg (®PrF (ar +®Pr)), (52)

recall that the additive noise 7; j, is zero mean and F is the
expected value of f by definition.

Based on Taylor’s theorem and mean-valued theorem, there
exists ay, locating between ay and ay + ¢ ®y such that

=F(ar)+ Y _w®;.F} (ar)
JEN

'7 ~
Z kq)]17k¢J2,ij1 Jj2 (ak) .
Ji,d2€N

F(ar + 7 ®r)

(53)



Benefit from the properties of ®, (A4), we have, Vi € N,
Gip =F (ar)Ee (Pig) + 7 Y F) (ar) Ea (0540 )

JEN
2
+ Y EEa (Pirya®in i F 5, (@)
j1,J2EN
= ok (F (ar) + big), (54)

from (32) and (33), with
Yk ~
bik= D S0y B (P04 ®jy kP 1 F 5, (@)
J1.J2€N

From assumptions A2 and A4,

b; 1| can be upper bounded by

Vi _
bkl < Y 2721% (1Pi k] - 1P, k|- 1@y k] - |FL 5, (@k)])
J1,52€N
< Z %EQ (adon)
J1,J2€N 2
OZSCY
= Th 2%, (55)

then we can get (25). Thus [|b|| — O as ~; is vanishing,
which concludes the proof.

B. Proof of Lemma

The proof of Lemma [2] is mainly by the application of
Doob’s martingale inequality [31]].
We first need to show

{Zk:/K 6kek}K/>K

as g, and g, are independent if k # k" and

that the sequence
is martingale, which is straightforward

Es s (er) = Es.ay (9, — Es.an(gy) =0.

Then, by Doob’s martingale inequality, for any positive con-
stant p, we have

2

T'6k/

@ 1

ES<1>71
2 ]
p

D

k=K

~ ~ 2
5 > Bsan (0218, ~ s (@1)])
k=K

Y 68 (Bsawn (16:1°) - Bs0m @0IP)

k=K

AN
w"_‘
M8

BiEs.e.n (194°)

—~
=
=

(56)

where (a) holds as E (ef - ;) = 0 for any k # k' and (b) is
by Lemma [f] as stated and proved in the end of this section.
Since img 00 D po e B2 = 0 by Assumption A4 and M is
bounded, we have p—NZI > he i B7 vanishing for any bounded
constant p. Therefore, the probability that HZkK:’ x Brex H >p
is also vanishing, which concludes the proof.

Lemma 6. If all the conditions in AI-A5 are satisfied and
|lar]| < oo almost surely, then there exists a bounded constant

M > 0, such that Eg & (H§k||2> < M almost surely.

Proof: For any i € N, we evaluate

Es.a.n (07 k)

Qi xf (ar + 1 Pr, Sk) + Pi Z 7).k
JEN

=Esan

(2

Es,a ((q)i,k'f (ar + 7Pk, Sk))2> + Nazay

®)
< o2Es o ((f (an +7k<1>k,sk))2) 4 Nagay

(c)
< a3Es. (£ (0,8)I| +NLs, llar + 1 ®x])°) + Nazas

(d)

2
< 203Es (U%k +N?L§, (”ak” + ’YkN%Oés) > + Nagay

©

2
203 (u + N?L (||ak|| —|—*ykN%o¢3> ) + Nagay

< 00 (57)

2
where (a) is due to Eg ((@i’k Zje/\/ Wj,k) = Nasay
and (b) is by Assumption A4. From (10), we have

If (@, )= (0,8)[ < If (a,S) = f(0,8)]| < NLs [|al|,

so ||f(a,S)]| < ||f(0,S)]| + NLs ||a||, (¢) can be obtained.
We denote pus, = | f(0,Sg)| in (d) and the inequality is
because of (x+1vy)/2 < /(2?2 +y?) /2, Vz,y € R. In (e), we
introduce 1 = Eg (13, ) and L = Eg (L§,).

Based on , we see that E (H§k||2> = enE (@21@)
is also bounded, which concludes the proof. |

C. Proof of Theorem |

In this proof, we start with the evolution of the divergence
d as defined in (20), then we show that dj should be
vanishing almost surely by applying Lemma [I] and Lemma [2}

By definition, we have

djt1 = |laksr — a*|)* = |ak + Brgy, — a*|?
= di + B2 1G> + 2Bk (ar —a")" -G (58)

We sum both sides of (38) to obtain

K
dic1 = do+ Y (B2 [94]° + 28 (ax — @) -Gy ) . (59)
k=0



Consider (2T)), we can rewrite (59) as

K K
dry1=do+ ZB;% IG5 II” + QZﬁk (ar, —a*)" - e
k=0 k=0
K

+ 20 Zﬂk% (ar —a*)" - (VF (ay) +bg). (60)
k=0

As stated in Lemma we have limg _ oo HZkKZO ,Bkek.H <
oo (a.s.), besides |lar — a*|| < oo a.s., thus

lim
K—o00

< o0, as. 61)

K
> B (ar—a’)" e
k=0

From Lemma EL we have ||g,||> < oo almost surely. Then, by
A5, the following holds almost surely as well,

K
. TE 2
A kE_O Bilgwll” < oo (62)

From the above equations (60)-(62), we conclude that there
exists W < oo such that dg 1 < W + 2k, with

K

Zg = 2Q9 Zﬁk’yk (ak — a*)T . (VF (ak) + bk) .
k=0

(63)

Since dx 1 > 0 by definition, we have zx > —oo.
Recheck (53)), we can say that for an arbitrary small positive
value ¢y, there exists K such that,

IVF (ar) + bill > (1 =) [VF (ar)|, VE > Ky,  (64)

which also implies that (aj — a*)” - (VF (az) + bg) < 0,
vk > Kjp, by the concavity of F' in . Therefore 0 <
dr41 < oo for any large K and limg oo dy1 = d exists.
The following steps of the proof is similar to the classical
proof in [32].
Assume that: HI) d >0, i.e., a; does not converge to a*,
then for any &5, > 0, there exists K} such that
(ap —a*)" -VF(ay) < —ep, Vk> K,  (65)

From and (64), we get that Vk > K,,, = max {Kj, Ky},

(ar —a*)" - (VF (ap) +bp) < —en (1 =),  (66)
which leads to
K
. T
Klgnoo Z Bevk (ax —a®)" - (VF (ax) + by)
k=Kn
K
< —¢en(1—ep) Klgﬂoo k; Brye < —00, (67)

as »_ fry, diverges by assumption A4.

We find that zx < —oo and dgxy; < —oo. However
dx 1 should be positive by definition. Therefore, the hypoth-
esis HI cannot be true, there should be lim;_,,.dr = 0,
limg— 0o VF (ar) = 0, and limy_, o, ar = a* almost surely,
which concludes the proof.

D. Proof of Theorem ]

We learn first the property of the projection (28) in order
to find an efficient way to simplify the proof. Otherwise, as
stated in Remark [3] the proof can be complicated.

Define C; j = [@i min + @37k, Gimax — @37k for any i €
N and Cp = Cy ... XCp k. Obviously, Proj (ay + Bxgy) €
Ck+1 by @ Since ~; is a decreasing sequence, we find that
Cr C Ci1. Furthermore, we have limy_,o Cx = [O,amax]N
as limg_oo 7 = 0. Hence, there exists K. € N, such that
a* € Cy4q for any k > K. It is straightforward to prove that

[Proj (ak + frgy) — a’|| < llak + Brg), — @[, Vk > K,

meaning that the projection makes ay4; closer to a* in the
Euclidean space when ax41 € Ci+1 and a* € Cp41.
Re-consider the divergence as defined in @), we have

dj11 = |[Proj (ax + Bigy) — a*||.
< llak + Bigy, — a*|)*, Vk > Ke.

from which we get

(68)

K K
dici1 <dic,+ Y B> +2 ) Brlar—a’)" e

k=K. =K.
K
+205 Y Bk (ax —a”)" - (VF (ar) +b), (69)
k=K.

where b, and ej are the same as those defined in and
(24). The results presented in Lemma [I] and in Lemma [2] are
valid as well.

Clearly, (69) has similar shape compared with (60). Using
similar steps in Appendix [C} Theorem [2] can be proved.

E. Proof of Lemma

We start with the conditional expectation, based on (30), we
have

Br,.. (7 (a.8%. i) | 1Tl = 1)

_ Ui + %ELI& (ZjEL‘k ﬂj»k| |Ii,k‘ = n) , ifn#0,
0, if n=0.
(70)

Denote Z/Ii(”) as a collection of all possible sets Z;; such
that |Z; x| = n, e.g, UM = {{1}, ... {i— 1}, {i+1},...}.
Since each node has an equal probability to be involved in
Z; 1, the sets in Z/li(") are also equiprobable, i.e.,

1 n
P (Zix =T| |Ii,k|=n)=ﬁy Vzeui( ),
N1y

note that the cardinal of Mi(”) is ("), We evaluate

E-Zi,k Z aj,k |Ii,k =n
J€Li,k
L o (") _
= Z ﬁzuﬂl’f: (N71) N_-1 Z Uj ke
Ieuf") n JjET n FEN\{i}
:Nril D Gk (71)
JEN\{i}



Combine (70) and (71), for any n € {1,...,N — 1}, we have As Z;;, and Z; s are independent for any k # k', the
sequence {Zk K%e()}K»K is martingale. By applying
Ez, . (fm (a,Sk,Zi k) | |Zi k| = n) = f(a, Sk). (72) Doob’s inequality, we have

7

According to the basic rule of expectation, sup Z Bke >p
K'>K
E (7" (a,81.Ti0)) K 2
1
N-1 < ;Es,@,n,zi,k Z Brer

= P(|Zi x| = n)Ez, , (J?i(l) (a,Sk,Zik) | |Tik| = n)

n=0 oo
= LY R Y Esann, ((@)). 00

= P(|Zx| = n) f (a,Sk) k=K €N

n=1

(1= P(T.x| = 0) F (a Si) where (a) can be obtained using similar steps in . In order
= k| = k

(1 ( ) N) f (a,S) to evaluate the average of (@(I,)c) , we need to consider, for
= - - P a,Sg), 7

any n € {1,...,N — 1},

which concludes the proof. E; <(A( )) |\ Zie| = n)
i,k
2
N-—-1
— P2 . - . | =
F. Proof of Theorem [3] = PisEz, Uik + n Z Ujk \Zik| =n
J€Li k
As the analysis in Section we mainly need to check: () N_1)\2
< o2
e CI) whether bEI,)C is vanishing; < o3(n+1) ( ik T < n )
e C2) whether .7, ﬁkeg) converges.
~92 _

The proof of these two statements are more complicated as Bz, , Z Uj ke Zikl =n
compared to Appendix [A] and Appendlx Bl since there is an 7€Lik
additional random term Z;  in both b  and e(l,)c, compared ) N —1
with b; 5 and e; j discussed in Sectlon E Then Theorem E| = § (n+1) Uu;, k + n Z Nf k
can be proved in the end. JEN\{i}

1) Proof of C1: We start with the bias term, by Lemma [3] (e)
we have <a | (n+1)ag, +2(N-1) Z ~?k ) (75)

JEN\{i}

=~y _ 7D )
Es.@n.7 (gzk) =Es.en7: ((I)’kai (a, S’“I’vk')) where (a) is by @7, < a3 and Y 1%, 2 /m < /Y xF /m,
e b) can be proved using the same way as (71), and (c¢) is due
= qBs.an (DS (a,51)). ( :
0Es.2.n (ikf (a,S) tol<(n+1)/n<2asl<n<N-1L
Since @(I,)C = 0 as n = 0 by definition, we have

We then find that b( ,)c in this section is the same as b; j, defined

e s (60

~ N—-1
Es.en (®if (. S)) _ _ _a B
W) _ 4Es,.®n ( Pixf (a,Sk) Y (ar) - Z (IZix| = n)Eg, , < gf,)f ‘Lk| n)
i,k qQoiYk g n=1
= bi k- 73) < Ez, (ITikl) odad,+
2 | ~ 72
Therefore, b( . can be vanishing as -y, is vanishing according P(|Zi k] #0) - a5 | @iy +2(N = 1) Z Wj ke
to Lemma |I[, C1 is verified. JEN\{i}
2) Proof of C2: The second step is to analyze the stochastic 9 ~ 5
noise to check C2. From the definition (36) , we have =az [ (p(N =1 +q)uj,+2(N—-1)q Z Ujk | >

JeEN\{i}
(76)

Es & 7.1, (€§I)> Es o1 (91() Es &5z (gfl)»
AN e \TRR e ATk where Bz, , (|Zix]) = (N —1)p and ¢ = P (|Z, | #0) is
=0. defined in (33).



We also need to find a upper bound of Eg ( ) for According to (57), we have shown that E (H§k||§) < M©

any i € NV, the following steps are similar to (57), almost surely, with M () a bounded constant. Meanwhile, we
Es.s. (1)) evaluate
, P, 7, T T
=Es.an ((Ui (ar + 7% ®r, Sk) +ni k)2> E ((ak —a’) gk) = axnl ((ak —a’) (VF(ax) + bk)) ’
(81)

=Ess ((uz' (ar + 7P, Sk))z) +ay

(a)
< Esa ((lui (0,80 + Ls, llar +3@xl)°) +as

which can be obtained by using and E (e;) = 0. We have

N
(ar —a*) bx < laik — aj| |bix]

(b 2 i=
< 2Es (Lék +Lg, (||ak|| + VNWkOéS) ) +a L N
aja .
© 2 < N22371’Yk Z |ai,i — aj|
) (L +L <||ak|| + \/N%ozg) > + ay < 00 (77 az o
N

where: (a) is by (I0); in (b), we introduce s, = < N? 043011 Z (aip —a?
max;en {||ui (0,S)]|} < oo as an bounded upper bound P ok

of [Ju; (0,S;)]; in (c), we denote + = Eg (13, ) and L =

E%@MMWWWWWWMMY wgwwwm (32)
1€ N.
Based on (76) and (77), we evaluate From (8T). (82). and the strong concavity (37), we have
~(I E ( P T ~ )
Es.®n1 ((g(;)c) ) (ar —a*)" g,
5 Ozg

>+ N3

L o'l )

. < agviE (
=Esan (Ezi,k <(g§'L) >)

= —anq E(a —a* 2)
<o} (20N -1 g+ (N =1)p+q)- 2asE ([lay — a*|2

5 a3a1
2 + Nz 32— 2\/E a —a*||,)?
(2 <L+L(ak||+\/]v7ka3> ) +a4) ) 2 Y\ [E (fla 1)
‘. (78) = —azasuDi+ iNgozg’aw,%\/Dk. (83)
From and 1| we can conclude that Y o, ﬂkeg) By combining , Ii and the fact that E (||§k||§) <
converges almost surely. M(©) we can obtain (38).
3) Proof of convergence : Finally, we can show th.e conver- We have the similar steps to prove (39) for Algorithm[2] the
gence of Algorlthmg Consider the evolution of the divergence (1)
0 ) main difference comes from the upper bound of E( H H
= Hak —a*| , we get
and
T E(a —a* TA(I))
I k g
B =t 3 o[+ 23 (o) )l ey | \
= qaokE ((ak —a’) (VF (ar) + by, ))
ey * M ey 1
+ 20 Zﬂlﬂk (ak —a ) : (VF (a’k ) + by, ) ; <q <a2a5'yka + iNgagaw;%\/ Dk> , (84)
k=0

(79) " which is similar to (83) and the difference comes from the
with the same shape as (60) and be obtained using the presence of the parameter g in the generalized Robbins-Monro
same steps. The following proof is also similar to that in form (34), note that bg) = by, as shown in .

Appendix [C| as we have already shown that b,(c) and e](c) have

similar properties as by, and e;,. H. Proof of Lemma 3]

From and D, < Uy, we get
G. Proof of Lemma @0 k< Ug g

2/ 2
We investigate the relation between the two successive Dir1 < (1= ABpve) Uk + BBV Uk + CB,
average divergence. We mainly demonstrate (38), as the proof because 1 — AByyx > 0 when k > Kj. In order to perform
of (39) is quite similar. the induction, we need to have
In Algorithm |1} we have
© £ U , , (1 = ABwyi) Ur + BB/ Uk + CB < Upyr < Uy,
Dk+1 - E (||ak+1 - a’*HQ) = E (Ha’k + /Bkgk‘ - a*||2) Which leads to
C ~ T ~
= D + BE (|G l13) + 268:E ((ar — )" Gy.) AUy~ Brg /Ty — CBy > 0. (85)

(80) By solving , we obtain as VU > 0.



L. Proof of Theorem

We start with the proof of (6), which is realized by
induction.

It is straightforward to get Dk, < ¥?~%, according to the
definition of . We mainly needs to verify that D), < 9243
leads to Dyy1 < 9?47, for any k > K.

Suppose that Dy, < 9242, from , we have

Dieyr < (1= ABx) 79 + BBenid + CB¢.
We then need to show that there exists ¥ € R, such that

(1 — ABkvi) %9* + BByt + CB < Ui
= 192’71%+17
which can be written as

(xk — A)9* + BY + CBpy; <0,

1— (k41 2
with y, = % > 0 as defined in . By assumptions
presented in Theorem EL Xt — A < 0, we can deduce from the

inequality (86) that ¥ > ¥y, with

— B B Bt
9>, = —— 4 - ) +C k.
=T (A ) \/(2<Axw) A= xi

recall that both B and CByv, 3 are positive by definition.
Consider €; and e as defined in (@3)), we have

B, B 2+
A*El A*El

We can thus prove that Dy, 1 < 9247, with ¢ defined in

Then we turn to prove (@8). Similar to the previous situation,

we have Dy, < 92%. For any k > K, if D;, < QQ%, then
0

(86)

4062
A— €1 ’

20, <

Br 3
Djy1 < (1 — ABri) %92 + B (Biyr)? 0+ CBi.
A sufficient condition to ensure Dy < 92% is that

3 X
(1 — ABk) g s b (Brk)? 0+ CBE < Bria 2.
Tk V41

Thus o should satisfy

Bi _ Br+1
Yk VYe+1
62

k

Br _ Br+1 2 s —
If. w’: e < AP}, then the condition on p should be ¢ > g,

with

A) 0>+ BB iyt o+ C <0

1 _1 3\2
Bﬂkzy,gﬂ/(wkw,g) +4C (A - =)
2 (A — wy) ’

where w, = ;7 (% _ %) > 0 as defined in li
Consider €3 and €4 given in @3], we have

Bes + 1/ (Bea)® +4C (A — e3)
2(A—e) 7

0 <

then we can prove (@9).

J. Proof of Theorem 3]

From Theorem {4} we can see that the order of the conver-
. . 2 —2v3
gence rate mainly relies on v and vy, as 7 o (k+1)
and 2t o (k + 1)7(”7"2). However, before the conclusion,
we should still verify two points:

o i) whether the conditions €; < A and €3 < A are satisfied;
o ii) whether the constant terms 1) and o are bounded.

We start with an elementary and useful result.

Lemma 7. For any a,b,x € (0, 1], we always have
g(z)=a"¢ (1 —(1+ a:)fb) < b.
Besides, lim, _,og(z) =basa=1.

Proof: Since =% < x~! for any z € (0,1] and a € (0, 1],
we have g (r) < o1 (1 -1+ x)_b> = h (z). We calculate
the derivative of h (), i.e.,

B (z) = 22 (((b F e+ ) (1+a) - 1) .

=s(x)

Thus the monotonicity of & (z) depends on whether s(z) is
positive or negative. We further evaluate

(@) =-bb+1)z(1+z)"2<0,

as b > 0 and z > 0. Thus s(x) is a decreasing function of
x over (0,1]. It is easy to get lim,_,o s (z) = 0, hence, there
should be s (x) < 0 and &' (z) < 0, Vz € (0,1]. We have

1—(1+a)"°
hz) < limh(z) = 20D~y
z—0 T
which concludes the proof. [ ]

With the help of Lemma [7] we can easily verify ¢; < A
and e3 < A.

Lemma 8. Consider f3; and ~j, with given forms (30), there
always exist bounded [y and 7y to guarantee ¢; < A and
€3 < A.

Proof: Consider (50), €; can be bounded

—2v5
1
1—(1+T+1) 1*(14’%)721}2
€1 = max —— S max ——~— '/
B B (r 1) 77 = o Bovean
a) 2
(<) Vo ’ (87)
Bovo

where (a) is obtained by the application of Lemma (7| with
a = v1+15 and b = 2v5. Therefore, we concludes that e; < A
if Boyo > 2v9/A. Similarly, we can show that e5 < A if

Bovo > (11 —1v2) /A, as

1 —(v1—v2)
1 - (1 + r—l-l) V1 — V9

€3 = max ——
Boyo (k+1)""7% Bovo

k>K,

(88)

|

The remain work is to verify whether the constant term in

presence of the convergence rate can be bounded. Our main
result stated in Theorem [5] can be easily obtained.



We start with the analysis of €5 and ey, i.e.,

and

& = fong® puax (1+ k)77

Bovg > (1+ Ko) ™™ | if 1y > 3us,
00, if 1 < v,
_% % 1 i v —3vo
= 2
€4 =Py "6 ]?215}?2( + k)
_1 3 vy —3vy .
Bo 25 (L+Ko)™ =, if 11 < 3us,
00, if v1 > 3vs.

We can see that e5 and ¢4 cannot be bounded under the same
condition, unless v; = 3vs.

When vy > 31s, € is bounded, we can say that ¥ is also
bounded by its definition, as long as SByyo > 212 /A (recall
Lemma @) Meanwhile, o — oo as €4 — oo, which makes
the bound (Pf;g[) loose. Therefore, there exists some bounded
constant 1, such that Dy, < Q4 (k + 1)72"2.

When v; < 3vg, €4 is bounded whereas €5 — oo. Then
there exists 0o < oo, such that Dy < Qs (k + 1)_(”1_"2) if
Bovo > (11 — 1e) /A.

When 1 = 3us, both €5 and ¢4 are bounded, the similar
result can be obtained, which concludes the proof.
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